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South Bound

TSS P rmadMW) | VermoW) | Userna¥) | Usemin) | Use W) | Use V)
TSS1 2.508 729.372 10.891 -0.973 0.050 -0.045
TSS2 2.287 731.234 12.141 -0.973 0.050 -0.045
TSS3 2.459 729.781 13.508 -2.586 0.050 -0.044
TSS4 2.555 728.969 14.094 -3.040 0.047 -0.043
TSS5 2.575 728.803 13.605 -1.401 0.039 -0.041
TSS6 2.507 729.375 11.980 -0.976 0.031 -0.038
TSS7 2.547 729.041 13.949 -4.605 0.025 -0.036
TSS8 2.460 729.773 13.541 -5.789 0.022 -0.032
TSS9 2.308 731.057 12.509 -7.184 0.019 -0.033
TSS10 2.430 730.027 12.144 -2.554 0.016 -0.033
North Boun

TSS10 2.400 730.281 12.217 -2.065 0.011 -0.032
TSS9 2.317 730.984 12.584 -6.861 0.013 -0.031
TSS8 2.484 729.568 13.679 -5.366 0.013 -0.028
TSS7 2.535 729.140 13.798 -2.895 0.012 -0.018
TSS6 2.495 729.479 10.887 -0.964 0.010 -0.011
TSS5 2.572 728.828 13.952 -2.026 0.013 -0.009
TSS4 2.559 728.939 14.108 -2.306 0.016 -0.011
TSS3 2.435 729.984 13.312 -1.098 0.018 -0.012
TSS2 2.280 731.294 11.845 -0.971 0.018 -0.013
TSS1 0.890 742.811 3.138 -0.949 0.018 -0.013
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South Bound

TSS PsmadMW) | VermnW) | Ugerna¥) | Usgmin) | Usena™) | Useun(V)
TSS1 2.494 729.486 10.705 -0.867 0.051 -0.043
TSS2 2.287 731.236 12.151 -1.328 0.051 -0.043
TSS3 2.459 729.782 13.477 -3.566 0.049 -0.043
TSS4 2.532 729.161 12.745 -1.823 0.042 -0.041
TSS5 2.552 728.997 12.734 -0.965 0.035 -0.039
TSS6 2.540 729.094 13.868 -3.644 0.029 -0.037
TSS7 2.487 729.547 11.374 -0.896 0.024 -0.035
TSS8 2.455 729.816 13.082 -3.402 0.019 -0.031
TSS9 2.308 731.057 12.501 -6.009 0.018 -0.029
TSS10 2.422 730.093 12.142 -2.540 0.016 -0.027
North Boun

TSS10 2.394 730.331 12.236 -2.278 0.011 -0.022
TSS9 2.317 730.985 12.527 -5.266 0.013 -0.020
TSS8 2.460 729.773 12.360 -2.091 0.011 -0.017
TSS7 2.514 729.320 12.761 -2.357 0.010 -0.012
TSS6 2.553 728.984 13.988 -5.514 0.013 -0.013
TSS5 2.543 729.076 12.447 -1.203 0.012 -0.010
TSS4 2.539 729.103 12.928 -1.064 0.013 -0.010
TSS3 2.435 729.984 13.292 -3.234 0.018 -0.011
TSS2 2.279 731.299 11.863 -1.127 0.018 -0.012
TSS1 0.884 742.863 3.053 -0.846 0.018 -0.012
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South bound North bound
Passenger Station Andluisnsgean | Passenger Station | @ndluiinsisasan
V) (V)

PPO1 19.82 PP15 21.41
PP0O2 20.34 PP14 21.10
PP0O3 28.54 PP13 20.51
PPO4 61.51 PP12 66.49
PPO5 24.62 PP11 26.56
PPO6 41.87 PP10 49.22
PPO7 28.55 PP0O9 24.33
PPO8 70.57 PP0O8 70.93
PP0O9 26.26 PPO7 27.94
PP10 47.63 PP0O6 56.55
PP11 19.25 PPO5 28.69
PP12 59.98 PPO4 62.27
PP13 23.73 PP0O3 20.94
PP14 23.61 PP0O2 20.92
PP15 27.63 PPO1 1.02
PP16 59.35 g9gn 70.93

\ndy 35.55
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South Bound

TSS PsmadMW) | VermnW) | Ugerna¥) | Usgmin) | Usena™) | Useun(V)
TSS1 2.479 729.617 10.520 -0.823 0.051 -0.043
TSS2 2.287 731.236 12.107 -1.371 0.051 -0.043
TSS3 2.451 729.854 12.955 -1.769 0.047 -0.043
TSS4 2.490 729.519 11.735 -0.827 0.039 -0.041
TSS5 2.561 728.923 13.222 -2.493 0.033 -0.040
TSS6 2.503 729.410 12.458 -1.756 0.025 -0.037
TSS7 2.523 729.242 12.853 -2.966 0.022 -0.035
TSS8 2.432 730.014 12.248 -2.174 0.016 -0.032
TSS9 2.308 731.059 12.443 -5.446 0.018 -0.030
TSS10 2.418 730.127 12.130 -2.504 0.016 -0.028
North Boun

TSS10 2.391 730.357 12.264 -2.063 0.011 -0.023
TSS9 2.316 730.990 12.422 -3.960 0.013 -0.021
TSS8 2.392 730.349 10.512 -0.860 0.011 -0.018
TSS7 2.532 729.162 13.584 -2.124 0.011 -0.012
TSS6 2.442 729.923 10.335 -0.865 0.010 -0.007
TSS5 2.569 728.854 13.623 -1.129 0.013 -0.008
TSS4 2.480 729.609 11.246 -0.813 0.011 -0.010
TSS3 2.435 729.987 13.243 -2.226 0.018 -0.011
TSS2 2.276 731.325 11.966 -1.387 0.018 -0.011
TSS1 0.893 742.790 3.389 -0.810 0.019 -0.012
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South bound North bound
Passenger Station Andluisnsgean | Passenger Station | @ndluiinsisasan
V) (V)
PPO1 19.83 PP15 21.34
PP0O2 20.34 PP14 20.81
PP0O3 22.09 PP13 16.03
PPO4 51.92 PP12 60.98
PPO5 27.20 PP11 26.19
PPO6 56.16 PP10 48.45
PPO7 26.73 PP0O9 17.33
PPO8 53.43 PP0O8 67.47
PP0O9 25.89 PPO7 26.77
PP10 47.94 PP0O6 52.09
PP11 21.60 PPO5 27.19
PP12 46.47 PPO4 61.53
PP13 23.33 PP0O3 30.00
PP14 23.37 PP0O2 19.68
PP15 25.48 PPO1 1.01
PP16 47.21 AL 67.47
1 33.41
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South Bound

TSS PsmadMW) | VermnW) | Ugerna¥) | Usgmin) | Usena™) | Useun(V)
TSS1 2.443 729.918 10.285 -0.777 0.050 -0.041
TSS2 2.286 731.240 12.094 -1.170 0.050 -0.041
TSS3 2.293 731.187 9.498 -0.777 0.046 -0.040
TSS4 2.432 730.010 10.780 -0.777 0.039 -0.039
TSS5 2.503 729.407 11.936 -0.802 0.032 -0.038
TSS6 2.481 729.599 11.793 -0.803 0.025 -0.035
TSS7 2.508 729.367 12.457 -0.801 0.020 -0.033
TSS8 2.422 730.094 12.371 -0.799 0.018 -0.030
TSS9 2.176 732.165 9.072 -0.798 0.015 -0.028
TSS10 2.407 730.219 12.301 -0.797 0.015 -0.027
North Boun

TSS10 2.383 730.429 12.254 -0.795 0.013 -0.022
TSS9 2.169 732.230 8.659 -0.794 0.011 -0.020
TSS8 2.441 729.934 12.356 -0.793 0.011 -0.017
TSS7 2.499 729.444 12.404 -0.792 0.010 -0.011
TSS6 2.500 729.439 12.050 -0.791 0.010 -0.006
TSS5 2.506 729.382 12.130 -0.790 0.011 -0.008
TSS4 2.450 729.858 11.174 -0.790 0.012 -0.010
TSS3 2.290 731.205 9.881 -0.789 0.014 -0.011
TSS2 2.273 731.350 11.708 -0.855 0.018 -0.011
TSS1 0.859 743.062 2.415 -0.789 0.018 -0.012
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South bound North bound
Passenger Station Andluisnsgean | Passenger Station | @ndluiinsisasan
V) (V)

PPO1 19.84 PP15 20.88
PP0O2 20.16 PP14 17.92
PP0O3 24.95 PP13 18.61
PPO4 59.33 PP12 42.41
PPO5 20.85 PP11 23.63
PPO6 51.58 PP10 39.88
PPO7 21.91 PP0O9 22.38
PPO8 56.69 PPO8 56.38
PP0O9 20.04 PPO7 26.32
PP10 39.34 PP0O6 51.70
PP11 21.35 PPO5 27.13
PP12 42.22 PPO4 60.35
PP13 23.05 PP0O3 28.32
PP14 21.81 PP0O2 19.77
PP15 25.29 PPO1 0.98
PP16 41.79 AL 60.35

1 31.19
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South Bound

TSS | Psana®™W) | Vern™) | Usemsd) | Ureaio¥) | Usemad) | Useun(V)
TSS1 2.402 730.267 10.040 -0.036 0.043 -0.036
TSS2 2.141 732.459 9.625 -0.036 0.043 -0.036
TSS3 2.270 731.378 9.466 -0.036 0.040 -0.036
7SS4 2.402 730.268 10.455 -0.035 0.033 -0.035
TSS5 2.426 730.062 10.388 -0.034 0.028 -0.034
TSS6 2.395 730.322 10.438 -0.031 0.023 -0.031
TSS7 2.404 730.246 10.615 -0.030 0.020 -0.030
TSS8 2.310 731.040 10.292 -0.027 0.016 -0.027
TSS9 2.123 732.609 8.743 -0.025 0.014 -0.025
TSS10 2.317 730.978 10.713 -0.024 0.014 -0.024
North Bound
TSS10 2.265 731.423 10.068 -0.020 0.011 -0.020
TSS9 2.098 732.824 8.292 -0.018 0.010 -0.018
TSS8 2.325 730.911 10.235 -0.015 0.010 -0.015
TSS7 2.391 730.354 10.460 -0.010 0.009 -0.010
TSS6 2.391 730.360 10.147 -0.006 0.009 -0.006
TSS5 2.401 730.277 9.909 -0.007 0.010 -0.007
7SS4 2412 730.179 10.602 -0.008 0.012 -0.008
TSS3 2.275 731.334 9.788 -0.009 0.013 -0.009
TSS2 2.131 732.549 9.405 -0.010 0.015 -0.010
TSS1 0.932 742.470 3.256 -0.010 0.016 -0.010




127

M5 0.9 Adndlninssasgeaniiliihdosvesssuuianainideundu 21 yaeuse

South bound North bound
Passenger Station Andluisnsgean | Passenger Station | @ndluiinsisasan
V) (V)

PPO1 19.12 PP15 22.74
PP0O2 17.09 PP14 17.28
PP0O3 22.46 PP13 15.59
PPO4 42.45 PP12 39.95
PPO5 19.71 PP11 17.89
PPO6 34.14 PP10 36.72
PPO7 21.66 PP0O9 16.36
PPO8 45.33 PP0O8 45.55
PP0O9 19.59 PPO7 21.92
PP10 36.85 PP0O6 36.06
PP11 18.50 PPO5 19.08
PP12 39.81 PPO4 42.31
PP13 18.64 PP0O3 1791
PP14 20.47 PP0O2 16.15
PP15 25.01 PPO1 0.96
PP16 39.78 g9gn 45.55

1 26.03
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Rer = 0.0175 Q/km

An5199 2.10 Adslndl usesulnd wasdngluihiisns nsdlld Ry, = 0.0175 o/km

South Bound

155 Psmax(MW) | VeminV) | UremadV) | UreminV) | UsemadV) | Usg min(V)
TSS1 2.483 729.580 10.825 -0.868 0.051 -0.044
TSS2 2.287 731.235 12.186 -1.279 0.051 -0.043
TSS3 2.451 729.849 13.038 -1.641 0.047 -0.043
TSS4 2.495 729.482 11.933 -0.869 0.039 -0.042
TSS5 2.562 728.912 13.325 -2.297 0.033 -0.040
TSS6 2.506 729.389 12.590 -1.624 0.025 -0.038
TSS7 2.525 729.228 12.959 -2.744 0.022 -0.036
TSS8 2.433 729.999 12.354 -2.055 0.016 -0.032
TSS9 2.308 731.059 12.474 -5.060 0.018 -0.030
TSS10 2.420 730.111 12.236 -2.365 0.016 -0.028
North Boun

TSS10 2.393 730.344 12.345 -1.954 0.012 -0.023
TSS9 2.316 730.989 12.454 -3.672 0.013 -0.021
TSS8 2.398 730.295 10.749 -0.879 0.011 -0.018
TSS7 2.533 729.160 13.626 -1.938 0.012 -0.012
TSS6 2.450 729.856 10.621 -0.872 0.010 -0.007
TSS5 2.569 728.851 13.680 -1.053 0.013 -0.008
TSS4 2.485 729.561 11.468 -0.821 0.012 -0.010
TSS3 2.435 729.986 13.269 -2.077 0.018 -0.011
TSS2 2.276 731.324 12.019 -1.345 0.019 -0.012
TSS1 0.894 742.779 3.496 -0.820 0.019 -0.012
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a9 2.11 Adslndl usedulnd uagdndlndinfisns nsdlld Ry, = 0.047 Q/km

South Bound

155 Psmax(MW) | VeminV) | UremadV) | UreminV) | UsemadV) | Usg min(V)
TSS1 2.483 729.580 10.825 -0.868 0.051 -0.044
TSS2 2.287 731.235 12.186 -1.279 0.051 -0.043
TSS3 2.451 729.849 13.038 -1.641 0.047 -0.043
TSS4 2.495 729.482 11.933 -0.869 0.039 -0.042
TSS5 2.562 728.912 13.325 -2.297 0.033 -0.040
TSS6 2.506 729.389 12.590 -1.624 0.025 -0.038
TSS7 2.525 729.228 12.959 -2.744 0.022 -0.036
TSS8 2.433 729.999 12.354 -2.055 0.016 -0.032
TSS9 2.308 731.059 12.474 -5.060 0.018 -0.030
TSS10 2.420 730.111 12.236 -2.365 0.016 -0.028
North Boun

TSS10 2.393 730.344 12.345 -1.954 0.012 -0.023
TSS9 2.316 730.989 12.454 -3.672 0.013 -0.021
TSS8 2.398 730.295 10.749 -0.879 0.011 -0.018
TSS7 2.533 729.160 13.626 -1.938 0.012 -0.012
TSS6 2.450 729.856 10.621 -0.872 0.010 -0.007
TSS5 2.569 728.851 13.680 -1.053 0.013 -0.008
TSS4 2.485 729.561 11.468 -0.821 0.012 -0.010
TSS3 2.435 729.986 13.269 -2.077 0.018 -0.011
TSS2 2.276 731.324 12.019 -1.345 0.019 -0.012
TSS1 0.894 742.779 3.496 -0.820 0.019 -0.012
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s 4.401,9.578, 15.147, 20.924, 26.717, 32.286 uag 37.463 Alaluns

M137199 2.12 MAA wsadulni wazndlninnge aantilnihdes 4 yatousie

South Bound

T35 Psmax(MW) | VeminV) | UremadV) | UreminV) | UsgmadV) | Usgmin(V)
TSS1 2.474 729.655 10.526 -0.813 0.051 -0.042
TSS2 2.287 731.235 12.152 -2.335 0.051 -0.042
TSS3 2.437 729.972 12.559 -1.555 0.046 -0.041
TSS4 2.515 729.306 12.526 -1.838 0.039 -0.040
TSS5 2.551 729.002 12.898 -2.819 0.032 -0.039
TSS6 2.515 729.306 12.816 -2.369 0.025 -0.036
TSS7 2.530 729.179 13.103 -3.630 0.022 -0.034
TSS8 2.425 730.074 12.004 -1.404 0.016 -0.031
TSS9 2.308 731.059 12.460 -5.275 0.018 -0.029
TSS10 2.423 730.085 12.290 -2.858 0.016 -0.027
North Boun

TSS10 2.390 730.368 12.138 -2.488 0.011 -0.023
TSS9 2.316 730.986 12.505 -5.291 0.013 -0.020
TSS8 2.449 729.868 12.085 -1.937 0.011 -0.017
TSS7 2.517 729.289 13.007 -3.128 0.010 -0.011
TSS6 2.529 729.188 12.868 -2.780 0.011 -0.009
TSS5 2.543 729.072 12.850 -2.421 0.011 -0.008
TSS4 2.520 729.270 12.515 -2.359 0.013 -0.010
TSS3 2.411 730.190 12.382 -1.236 0.015 -0.011
TSS2 2.276 731.328 11.888 -2.352 0.018 -0.011
TSS1 0.884 742.861 3.089 -0.817 0.018 -0.012
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131

South bound North bound
Passenger Station Andluisnsgean | Passenger Station | @ndluiinsisasan
V) (V)

PPO1 19.85 PP15 21.28
PP0O2 20.32 PP14 20.95
PP0O3 25.84 PP13 18.29
PPO4 41.33 PP12 48.27
PPO5 27.56 PP11 26.13
PP0O6 56.33 PP10 48.92
PPO7 25.68 PP0O9 35.93
PPO8 47.16 PPO8 47.10
PP0O9 26.05 PPO7 27.20
PP10 48.10 PP0O6 56.24
PP11 22.01 PPO5 24.03
PP12 44.96 PPO4 41.37
PP13 23.22 PP0O3 29.58
PP14 23.39 PP0O2 19.72
PP15 25.95 PPO1 1.00
PP16 48.14 AL 56.33

1 31.99
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A 4.401, 6.835, 9.578, 12.436, 15.147, 20.924, 26.717, 29.428
32.286, 35.029 way 37.463 Alans AUaIRY

M13199 2.14 Maskii wseiulni wagdndlninnge aandilnihdes 6 yaLousie

South Bound

155 PsmaxtMW) | VeminlV) | UgemadV) | Uremin(V) | UsemadV) | Usg min(V)
TSS1 2.474 729.657 10.514 -0.823 0.051 -0.042
TSS2 2.287 731.236 12.147 -2.532 0.051 -0.042
TSS3 2.430 730.025 12.525 -1.794 0.047 -0.042
TSS4 2.506 729.386 12.095 -0.824 0.039 -0.040
TSS5 2.526 729.213 12.296 -0.824 0.033 -0.039
TSS6 2.500 729.436 12.333 -0.825 0.025 -0.036
TSS7 2.502 729.420 12.163 -0.825 0.020 -0.035
TSS8 2.413 730.172 11.949 -1.469 0.016 -0.031
TSS9 2.308 731.060 12.457 -5.375 0.018 -0.029
TSS10 2.423 730.086 12.282 -3.092 0.016 -0.027
North Boun

TSS10 2.390 730.369 12.130 -2.753 0.011 -0.023
TSS9 2.316 730.987 12.502 -5.336 0.013 -0.020
TSS8 2.438 729.964 12.030 -2.014 0.011 -0.017
TSS7 2.494 729.491 12.101 -0.819 0.009 -0.011
TSS6 2.511 729.344 12.355 -0.827 0.010 -0.007
TSS5 2.521 729.261 12.258 -0.828 0.011 -0.008
TSS4 2.508 729.371 12.085 -0.827 0.012 -0.010
TSS3 2.404 730.247 12.347 -1.504 0.016 -0.011
TSS2 2.276 731.329 11.883 -2.560 0.018 -0.011
TSS1 0.884 742.863 3.081 -0.827 0.018 -0.012
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South bound North bound
Passenger Station Andluisnsgean | Passenger Station | @ndluiinsisasan
V) (V)

PPO1 19.84 PP15 21.28
PP0O2 20.31 PP14 20.94
PP0O3 25.59 PP13 18.17
PPO4 38.99 PP12 46.95
PPO5 24.20 PP11 21.61
PPO6 35.99 PP10 32.37
PPO7 25.53 PP0O9 35.82
PPO8 42.19 PPO8 42.18
PP0O9 23.33 PPO7 23.89
PP10 32.30 PP0O6 35.70
PP11 21.59 PPO5 24.18
PP12 42.43 PPO4 39.16
PP13 23.20 PP0O3 29.55
PP14 23.39 PP0O2 19.64
PP15 25.93 PPO1 1.00
PP16 48.04 AL 48.04

1 28.55
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135

South Bound

155 Psmax(MW) | VeminV) | UremadV) | UreminV) | UsemadV) | Usg min(V)
TSS1 2.431 730.017 45.363 -6.193 0.788 -0.300
TSS2 2.285 731.248 40.321 -7.952 0.776 -0.299
TSS3 2.459 729.782 35.536 -8.292 0.750 -0.295
TSS4 2.555 728.970 27.393 -6.183 0.684 -0.285
TSS5 2.567 728.870 20.107 -6.182 0.611 -0.273
TSS6 2477 729.628 12.087 -9.920 0.509 -0.255
TSS7 2.546 729.044 13.925 -14.499 0.433 -0.240
TSS8 2.460 729.773 13.511 -12.181 0.325 -0.215
TSS9 2.308 731.057 12.337 -10.594 0.268 -0.199
TSS10 2.430 730.029 11.121 -9.228 0.221 -0.185
North Boun

TSS10 2.400 730.283 11.422 -9.423 0.120 -0.148
TSS9 2.317 730.984 12.447 -16.233 0.078 -0.130
TSS8 2.484 729.568 13.654 -17.150 0.033 -0.107
TSS7 2.535 729.142 13.809 -17.233 0.011 -0.063
TSS6 2.477 729.632 11.690 -17.217 0.010 -0.083
TSS5 2.562 728911 13.008 -17.202 0.026 -0.135
TSS4 2.559 728.939 14.091 -17.197 0.063 -0.169
TSS3 2.435 729.984 17.419 -17.195 0.100 -0.197
TSS2 2.277 731.323 22.508 -17.198 0.115 -0.207
TSS1 0.856 743.089 27.456 -17.203 0.122 -0.212
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M13199 A.2 MAslii usadulni wagdndlninnga 4 yoeuse

South Bound

155 PsmalMW) | VeminlV) | UrgmadV) | Uremin(V) | Usemax(V) | Usgmin(V)
TSS1 2.393 730.340 45.365 -7.551 0.787 -0.326
1552 2.285 731.253 40.323 -7.558 0.775 -0.324
TSS3 2.459 729.782 35.538 -1.566 0.749 -0.320
1S54 2.508 729.371 27.395 -9.885 0.683 -0.309
TSS5 2.529 729.193 20.109 -14.986 0.610 -0.295
TSS6 2.540 729.095 13.541 -18.004 0.508 -0.274
TSS7 2.513 729.328 9.177 -15.897 0.432 -0.256
TSS8 2.455 729.820 12.828 -12.434 0.324 -0.227
TSS9 2.308 731.058 12.263 -10.518 0.267 -0.209
TSS10 2.430 730.029 11.112 -8.905 0.220 -0.192

North Bound

TSS10 2.400 730.283 11.411 -9.421 0.119 -0.150
TSS9 2317 730.985 12.360 -16.231 0.077 -0.129
TSS8 2.478 729.618 12.859 -17.147 0.032 -0.102
TSS7 2.506 729.386 9.902 -17.232 0.008 -0.070
TSS6 2.553 728.986 13.661 -17.228 0.011 -0.083
TSS5 2515 729.305 12.815 -17.214 0.035 -0.136
1S54 2516 729.299 11.739 -17.206 0.073 -0.170
TSS3 2.435 729.984 17.872 -17.203 0.109 -0.198
TSS2 2.275 731.335 21.615 -17.204 0.123 -0.208

TSS1 0.839 743.227 25.244 -17.208 0.130 -0.213
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M5 A.3 mdndlnihnseasaaanilliigesvesssuuinng 4 ynewsie

South bound

North bound

Passenger Station Andluisnsgean | Passenger Station | @néluiinsisasan
V) V)

PPO1 16.22 PP15 20.85
PP0O2 19.60 PP14 20.85
PP0O3 28.85 PP13 19.45
PPO4 61.19 PP12 60.23
PPO5 20.63 PP11 24.39
PPO6 36.65 PP10 47.04
PPO7 28.84 PP0O9 23.77
PP0O8 70.38 PPO8 70.05
PP0O9 25.78 PPO7 23.67
PP10 46.06 PP0O6 26.99
PP11 16.17 PPO5 27.54
PP12 59.02 PPO4 62.00
PP13 23.49 PPO3 29.68
PP14 23.00 PP0O2 16.89
PP15 24.06 PPO1 0.28
PP16 47.28 6L 70.38

e 32.93
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mm South Bound ——
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South Bound

TSS PsmadMW) | VermnW) | Ugerna¥) | Usgmin) | Usena™) | Useun(V)
TSS1 2.349 730.716 45.360 -21.709 0.790 -0.673
TSS2 2.285 731.249 40.318 -21.829 0.779 -0.667
TSS3 2.443 729.918 35.532 -21.918 0.752 -0.654
TSS4 2.435 729.982 27.389 -21.501 0.686 -0.619
TSS5 2.571 728.836 20.103 -14.280 0.614 -0.577
TSS6 2.477 729.633 11.054 -11.668 0.512 -0.516
TSS7 2.517 729.295 10.229 -15.742 0.436 -0.469
TSS8 2.436 729.980 11.371 -11.496 0.328 -0.394
TSS9 2.249 731.558 8.913 -10.625 0.270 -0.350
TSS10 2.429 730.039 10.680 -11.455 0.224 -0.310
North Boun

TSS10 2.400 730.283 11.377 -11.446 0.123 -0.217
TSS9 2.316 730.991 12.096 -16.236 0.081 -0.175
TSS8 2.419 730.119 10.236 -17.153 0.036 -0.126
TSS7 2.533 729.159 12.875 -17.239 0.008 -0.043
TSS6 2.445 729.905 12.327 -17.225 0.022 -0.080
TSS5 2.570 728.843 17.500 -17.200 0.099 -0.132
TSS4 2.559 728.939 21.666 -17.183 0.153 -0.166
TSS3 2.435 729.984 26.328 -17.170 0.201 -0.194
TSS2 2.276 731.323 29.102 -17.165 0.220 -0.204
TSS1 0.855 743.094 31.794 -17.164 0.228 -0.209
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M5 0.5 Adngdlniihiseasananndlningesvesszuuinfaiuyainiuimumuiay

5 9ALeunD

South bound North bound
Passenger Station | @ndlu13egegn | Passenger Station | @ndluilsnsgean
V) (V)

PPO1 16.35 PP15 20.88
PP0O2 19.76 PP14 20.98
PP0O3 26.30 PP13 20.47
PPO4 41.84 PP12 66.72
PP0O5 27.07 PP11 26.17
PP0O6 55.10 PP10 48.39
PPO7 23.60 PP0O9 18.50
PP0O8 47.12 PPO8 63.03
PP0O9 17.03 PPO7 27.66
PP10 39.32 PP0O6 57.01
PP11 18.54 PPO5 28.67
PP12 47.45 PPO4 62.82
PP13 21.93 PP03 29.56
PP14 20.99 PP0O2 16.57
PP15 23.80 PPO1 0.26
PP16 47.28 geen 66.72

\de 32.29
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South Bound

TSS PsmadMW) | VermnW) | Ugerna¥) | Usgmin) | Usena™) | Useun(V)
TSS1 2.241 731.625 45.155 -11.283 0.780 -0.539
TSS2 2.287 731.235 40.114 -11.458 0.769 -0.536
TSS3 2.142 732.457 35.328 -11.420 0.743 -0.530
TSS4 2.519 729.275 27.186 -11.539 0.677 -0.512
TSS5 2.547 729.040 19.900 -11.649 0.605 -0.490
TSS6 2.506 729.387 12.413 -11.789 0.503 -0.456
TSS7 2.517 729.295 10.229 -11.889 0.428 -0.428
TSS8 2.436 729.980 11.371 -12.032 0.323 -0.381
TSS9 2.249 731.558 8.913 -12.111 0.270 -0.352
TSS10 2.429 730.039 10.679 -12.173 0.227 -0.324
North Bound

TSS10 2.399 730.294 10.912 -12.211 0.131 -0.254
TSS9 2.250 731.550 8.415 -16.462 0.093 -0.220
TSS8 2.456 729.806 11.176 -17.286 0.051 -0.175
TSS7 2.505 729.390 10.421 -17.228 0.001 -0.091
TSS6 2.520 729.270 9.687 -19.158 0.011 -0.082
TSS5 2.543 729.075 11.636 -19.060 0.057 -0.133
TSS4 2.527 729.207 20.355 -18.501 0.120 -0.165
TSS3 2.164 732.271 30.144 -17.836 0.178 -0.192
TSS2 2.277 731.315 35.966 -17.443 0.202 -0.202
TSS1 0.780 743.708 41.612 -17.065 0.213 -0.206




144
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8 YLTaUsiD

South bound North bound
Passenger Station | @ndlu#ins19asan | Passenger Station | @ndlnfinsnsgegn
(V) (V)

PPO1 16.62 PP15 19.81
PP02 19.59 PP14 16.84
PPO3 24.64 PP13 17.41
PPO4 56.34 PP12 47.69
PPO5 21.62 PP11 22.46
PPO6 50.00 PP10 39.89
PPO7 18.52 PPO9 19.74
PPO8 57.17 PPO8 56.88
PPO9 17.41 PPO7 28.44
PP10 39.32 PPO6 50.21
PP11 18.31 PPO5 25.03
PP12 47.45 PPO4 57.54
PP13 21.93 PP0O3 15.89
PP14 20.99 PP0O2 17.52
PP15 23.8 PPO1 0.22
PP16 47.07 RGN 57.54

\ade 30.20
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South Bound

155 Psmax(MW) | VeminV) | UremadV) | UreminV) | UsemadV) | Usgmin(V)
TSS1 2.260 731.458 37.502 -7.085 0.481 -0.494
TSS2 2.049 733.233 32.573 -11.476 0.474 -0.493
TSS3 2.340 730.784 27.892 -15.304 0.460 -0.487
TSS4 2.407 730.223 19.927 -16.775 0.423 -0.469
TSS5 2.422 730.098 13.450 -15.481 0.382 -0.445
TSS6 2.426 730.060 9.009 -17.433 0.324 -0.407
TSS7 2.449 729.864 6.836 -19.254 0.279 -0.372
TSS8 2.381 730.438 7.329 -15.466 0.213 -0.316
TSS9 2.242 731.617 7.516 -15.981 0.177 -0.282
TSS10 2.396 730.319 8.472 -15.628 0.146 -0.251
North Boun

TSS10 2.343 730.766 7.057 -16.199 0.078 -0.203
TSS9 2.243 731.608 7.168 -20.297 0.050 -0.185
TSS8 2.398 730.295 7.367 -19.006 0.019 -0.159
TSS7 2.434 729.993 7.133 -18.868 0.001 -0.104
TSS6 2.427 730.057 9.534 -18.342 0.014 -0.090
TSS5 2.399 730.286 13.916 -13.687 0.076 -0.101
TSS4 2.398 730.297 17.446 -14.311 0.120 -0.116
TSS3 2.318 730.976 22.990 -13.319 0.159 -0.131
TSS2 2.051 733.219 28.735 -9.050 0.175 -0.135
TSS1 1.149 740.689 34.306 -6.560 0.181 -0.136
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21 90L¥ause

South bound North bound
Passenger Station | @ndlu#ins19asan | Passenger Station | @ndlnfinsnsgegn
(V) (V)

PPO1 17.26 PP15 14.63
PP02 13.02 PP14 14.69
PPO3 16.36 PP13 13.18
PPO4 33.28 PP12 39.65
PPO5 16.09 PP11 16.56
PPO6 32.35 PP10 32.01
PPO7 17.44 PPO9 24.95
PPO8 37.70 PPO8 37.91
PPO9 16.46 PPO7 18.11
PP10 31.67 PPO6 30.43
PP11 14.24 PPO5 18.51
PP12 39.62 PPO4 33.57
PP13 15.17 PP0O3 21.27
PP14 17.97 PP0O2 13.38
PP15 22.51 PPO1 0.44
PP16 39.38 g9en 39.65

\ade 22.89
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s 4.401,9.578, 15.147, 20.924, 26.717, 32.286 uag 37.463 Alaluns
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South Bound

TSS PsrnaxMW) | Vermin®™) | Uremad™) | Upemnin) | Useona™) | UseminV)
TSS1 2.346 730.735 45.795 -25.323 0.827 -0.808
TSS2 2.286 731.244 39.178 -25.434 0.818 -0.802
TSS3 2.416 730.146 34.482 -25.525 0.795 -0.786
TSS4 2.479 729.610 26.513 -25.030 0.739 -0.744
TSS5 2.567 728.869 20.640 -19.664 0.675 -0.693
TSS6 2.509 729.357 14.710 -19.199 0.584 -0.620
TSS7 2.537 729.120 11.689 -17.898 0.513 -0.562
TSS8 2.430 730.028 11.598 -16.938 0.409 -0.478
TSS9 2.308 731.060 12.148 -16.098 0.351 -0.434
TSS10 2.432 730.013 11.277 -12.300 0.301 -0.392
North Boun

TSS10 2.398 730.297 11.249 -12.286 0.190 -0.293
TSS9 2.316 730.988 12.206 -16.215 0.142 -0.247
TSS8 2.454 729.824 11.615 -17.081 0.089 -0.190
TSS7 2.525 729.223 11.690 -17.623 0.008 -0.098
TSS6 2.523 729.241 14.860 -20.044 0.030 -0.080
TSS5 2.559 728.934 20.873 -20.549 0.122 -0.135
TSS4 2.485 729.562 26.448 -24.922 0.186 -0.182
TSS3 2.390 730.369 34.479 -25.465 0.243 -0.224
TSS2 2.276 731.324 39.268 -25.380 0.265 -0.240
TSS1 0.821 743.375 44.806 -25.282 0.275 -0.246




149

M5 .11 Ardndliihnsasananiilniges vesanilluides 4 9nigeuse

South bound North bound
Passenger Station Andluisnsgean | Passenger Station | @ndluiinsisasan
V) (V)

PPO1 16.53 PP15 20.76
PP0O2 19.80 PP14 20.64
PP0O3 23.43 PP13 17.75
PPO4 36.99 PP12 46.47
PPO5 27.25 PP11 25.24
PP0O6 55.02 PP10 47.74
PPO7 22.13 PP0O9 3591
PPO8 46.99 PPO8 48.75
PP0O9 25.63 PPO7 25.92
PP10 46.98 PP0O6 54.87
PP11 20.07 PPO5 24.31
PP12 42.88 PPO4 39.96
PP13 22.90 PP0O3 29.26
PP14 22.96 PP0O2 17.20
PP15 24.41 PPO1 0.30
PP16 47.12 AL 55.02

1 30.84
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A 4.401, 6.835, 9.578, 12.436, 15.147, 20.924, 26.717, 29.428
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South Bound

155 PsmaxtMW) | VeminlV) | UgemadV) | Uremin(V) | UsemadV) | Usg min(V)
TSS1 2.346 730.735 45.343 -23.092 0.805 -0.781
TSS2 2.286 731.244 39.950 -23.937 0.795 -0.776
TSS3 2.416 730.146 35.228 -24.715 0.773 -0.761
TSS4 2.469 729.699 27.193 -25.603 0.718 -0.723
TSS5 2.520 729.266 20.886 -19.656 0.655 -0.676
TSS6 2.500 729.437 14.873 -20.062 0.564 -0.606
TSS7 2.499 729.444 10.672 -18.873 0.495 -0.551
TSS8 2.430 730.028 11.649 -17.413 0.393 -0.476
TSS9 2.308 731.060 12.162 -16.529 0.335 -0.432
TSS10 2.432 730.013 11.243 -12.646 0.287 -0.390
North Boun

TSS10 2.398 730.297 11.275 -12.557 0.178 -0.291
TSS9 2.316 730.988 12.216 -16.136 0.131 -0.245
TSS8 2.454 729.824 11.597 -17.047 0.080 -0.188
TSS7 2.490 729.524 10.199 -18.006 0.006 -0.103
TSS6 2.512 729.334 14.458 -20.456 0.027 -0.081
TSS5 2.516 729.305 20.555 -20.138 0.118 -0.133
TSS4 2.474 729.658 26.615 -25.056 0.181 -0.179
TSS3 2.390 730.369 34.712 -24.236 0.238 -0.217
TSS2 2.276 731.324 39.527 -23.462 0.260 -0.231
TSS1 0.821 743.375 44.198 -22.683 0.270 -0.237
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South bound North bound
Passenger Station Andluisnsgean | Passenger Station | @ndluiinsisasan
V) (V)

PPO1 16.53 PP15 20.63
PP0O2 19.67 PP14 20.64
PP0O3 23.43 PP13 17.42
PPO4 36.02 PP12 46.47
PPO5 19.95 PP11 20.94
PPO6 36.88 PP10 35.02
PPO7 21.55 PP0O9 34.07
PPO8 45.96 PP0O8 47.64
PP0O9 20.32 PPO7 22.71
PP10 32.33 PP0O6 38.45
PP11 18.66 PPO5 22.58
PP12 42.92 PPO4 38.50
PP13 22.90 PP0O3 29.26
PP14 22.87 PP0O2 17.25
PP15 24.41 PPO1 0.29
PP16 47.12 AL 47.64

1 27.85
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Abstract— This article contains an NEG-TPS that  current. These problems are danger to the building
provides zero-resistance loops, to reduce the rail structures at the substations and the substations nearby
potential and stray current in DC electrified railways. where is constructed with the metal. The problem of
The NEG-TPS are built by directly adding power  stray current into the ground is an unavoidable
electronic devices in a traditional traction power system problem [1]. The rail current returns to the substation
without altering the frains, rails, or tunnels. As the  throygh the running rail. Some of the reverse currents
results, obtained from the simulations based on the case leak into the earth and the metal construction. It is a
study. The percentage of rail potential that is reduced significant factor in the corrosion of the track's metal
ranges from 81.2% to 100% when compared to TRA- which affect the reduction of running track life
TPS, and ranges from 0.9% to 26.3% when compared grounded equipment, and strengthen buildings Ever};
to RET-TPS, and the reduction percentage of stray 1 A of st > t de 9 k ‘f teel
current mainly ranges from 90.6% to 100% when %,Zarl; f(l’ sdray fiugznkma}; COIOae g ?i. S,
compared to TRA-TPS, and ranges from 1.0% to 26.4% g 0L Jeac, an 8 'Ok COppet, accor mg fo
when compared to RET-TPS. research [2]. One of the performed solutions,

nowadays, Parallel conductors were placed along the

Keywords—Rail potential, Stray current, Negative runn.ing I ails to S_hare the rail current and {n.inimize th_e
resistance converter (NRC), DC electrified railways, longitudinal resistance of rails, lowering the rail

Return conductor. potential and stray current. This system has limitations
on an amount of the cable length and cost. The effect
NOMENCLATURE of the rail potential and stray current is not as apparent
NEG-TPS  Negative resistance converter traction  as it should be if the number of cables is insufficient
power system. [3]
TRA-TPS  Traditional traction power system. Therefore, this paper presents a new method to
RET-TPS  Refurn conductor fraction power  decrease the rail potential and the stray current which
system. is called the NEG — TPS by using zero resistance in a
NRC Negative resistance converter. loop to reduce the rail current's return path on the
FCA Feeder cable. running rails [4]. The rail potential and the stray
SU Switch unit. current are effectively decreased by the NEG-TPS. It
u, Voltage of zero-resistance loop. also provides an DC electrified railways safety
lxze Output voltage of NRC. without reconstruction the existing structure.
Urcy Voltage across FCA.

The remainder of this article is arranged in the

sy Conducting voltage drop of SU. following manner. the configuration and operation
urr Ra!lpotenqal of TRA-TPS. principles of NEG-TPS are discussed in depth in
UrR Rail potential of RET-TPS. section II. The case study model is discussed in
Uy Rail potential of NEG-TPS. Section III. The modeling results and reduction
T Stray current of TRA-TPS. performance of rail potential and stray current are
iR Stray current of RET-TPS. shown in Section IV. Finally, Section V has the
v Stray current of NEG-TPS. conclusion.
n Reduction percentage of rail potential. NG
6 Reduction percentage of stray current. Sibiaton I B
D+ D
1. INTRODUCTION

At present the DC electrified railways systems are Catenary
widely used for transportation especially in the Running rails
Bangkok, Thailand because they can handle with the I K‘m I ! I
crowded passengers during peak times. Most of the i
main transportation with railways in Bangkok are the [J ﬂ ﬂ D U

DC electrified railways which is high opportunity to ) )
occur the problems of the rail potential and the stray ~ Fig- 1. Configuration of TRA-TPS, RET-TPS and NEG-TPS.
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Substation | Substation 2 Substation 1 Substation 2 Substation | Substation 2
D+ D+ D D+ R D
Contact line Traction Current Contact line Traction Current Contact line Traction Current

Rail Current Running rails Rail Current  Running rails jmmmm . Rail Current  Running rails
=
e 4 - w =
Stray Current Return Conductor  Stray Current Stray Current
(a) (®) @©)

Fig. 2. Rail retum current configurations between two substations. (a) TRA-TPS (b) RET-TPS (c) NEG-TPS.

II. CONFIGURATIONS AND OPERATION PRINCIPLES

Traction power systems are made up of traction
substations, contact lines/catenary, and running rails, with
the arrangement varying of TRA-TPS, RET-TPS and
NEG-TPS are shown in Fig. 1 and Fig. 2. The rail potential
and stray current calculations on the running rails when the
train moves from the traction substation 1 (TS1) to the
traction substation 2 (TS2) as shown in Fig. 3, are obtained
by the Kirchhoff's current law (KCL) and the Kirchhoff's
voltage law (KVL) [4].

R dx u,

u, ~ du,

T
H i
x—dx x

Fig. 3. Differential circuit of running rails.

A. Traditional Traction Power System

In TRA-TPS, as shown in Fig. 2(a). When the train
moves from TS1 to TS2, the traction current supplies to
the train via the contact line or the third rail located
parallel to the running rail. The electricity will flow into
the electric train to supply the traction system and the rail
current will then return to the substation. The stray current
also flows through the earth back to the substation.

Regarding Fig. 3, the rail potential, u,c and the stray
current, isc in TRA-TPS, where A and By are parameters
determined by using KVL and KCL boundary conditions,
are calculated as follows:

xR o [R
AkeJ;+Bke J;), 2<k<n

1)
. (
. U, Ty

Uy = Rg(

i : j
57=72R
g 0 k=2

B. Return Conductor Traction Power System

In RET-TPS, as shown in Fig. 2(b). The return
conductors are installed parallel to the running rail and
connected to the running track for the specified distance.
The most of the rail currents are consequently returned to
substations via the return conductors [5]. Therefore, the
rail current that leaked from the rail to the ground is
reduced.

Considering Fig. 2, the rail potential, v and the stray
current, isy in RET-TPS, where Gy and Hy are parameters
determined by using KVL and KCL boundary conditions
are expressed as follows:

% R
=Rg(er‘/;+er ‘{;L 1<k<n

1 L k=n u (2
! R (k)
Iz =_J E "rR(lr)‘ dv=—7=
2Rg 0 k=l Rg

C. Negative Resistance Converter Traction Power System

In NEG-TPS, as shown in Fig. 2(c). NRCs, FCAs and
SUs are added to the TRA-TPS. SUs at both ends of a rail
segment are activated when a train passes through is
activated, providing a shorter path of the return current. To
get the voltage in the loop to zero, the output voltage of
NRCs is controlled to equal the polar opposite of the
voltage between FCAs and SUs on this new return path.
The resistance of the turned-on SUs to NRCs should then
be zero ideally.

Uypiey

The NRC is a negative equivalent output resistance
bipolar full-bridge DC-DC converter and a flexible
controllable output voltage as shown in Fig. 4(a). SU
stands for a bidirectional switch, which is two IGBTs
linked in reverse series shown in Fig. 4(b). FCA stands for
parallel cables, which is comparable to resistors in parallel
shown in Fig. 4(c), NRCs and SUs are devices that allow
energy to flow in both directions.

Uge

- Upea 4

Ryca

FCA

©
Fig. 4. Operation devices in NEG-TPS. (a) NRC. (b) SU. (c) FCA.
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The length of each rail section is determined by the
various rail potential and stray current reduction
requirements. In this article, there are four rail sections in
the running rails to make the simplified analysis which the
output resistances of NRCs are calculated as in (3) and (4).
Regarding Fig. 3, the rail potential, 1,y and the stray
current, isy in NEG-TPS, where Gi and Hy are parameters
determined by using KVL and KCL boundary conditions,
are obtained as in (5).

“Upcq ~Usty, k=1
thgey =4 &
= trey ~Uswan, <k <n
IE
il
— _"NRC1
S0 Rypey == (3)
Ixrc1
_ng —Rg, k=1
_ ) =k
Ryper =9

=2 Recy — Ry 2<k<n
1

j=n

1<k<n-1
Z Upcy —Usy (x>

Uypcr =9 jZent

k=n
Urcamy ~ Usy -1y
Uy,
S0 Rype, = —MRC2 4)
Ixgea
O 1<k<n-1
= Z Rrcy = Reyy»
Ryger = j=kA1
_RFm(n) _RSU(n—l)’ k=n
Uy =R, (Gee V' +Hye V), 1<k<n
- (5)

Uy iy

L
i =L j U | dx
v = N (R =
2R, 3 = R,

III. CASE STUDY MODELLING

In this article, the DC electrified railway system of the
case study includes a single train running on the track
section and three substations located at a position of 0, 5,
and 10 km, respectively. TABLE. I. lists the modelling
parameters of the typical equivalent circuit of the case
study as shown in Fig. 5. The substation voltage rated at
1500 V which traction current is also constant at 1667 A.
The simulation results are obtained by applying MATLAB

program.
TABLE I. MODELLING PARAMETERS
Parameters Variables Values Units
Substation voltage rated Usubs 1500 v
Train current ir 1667 A
Catenary resistance(OCS) Re 7S mQ/km
Running rail resistance R, 9 mQ/km
SU resistance Rsy 0.002 mQ/km
FCA resistance Rrcy 0.00225 mQ/km
Rail-to-earth resi R, 2 Qkm
Distance L 10 km

Fig. 5. Typical equivalent circuit of TRA-TPS, RET-TPS and NEG-TPS.

Considering the models of NEG-TPS, RET-TPS, and
TRA-TPS shown in Fig. 2, the rail potential and the stray
current are obtained from (1), (2), and (5), respectively.
The assessments of the reduction performance of NEG-
TPS in terms of the distribution of the rail potential and the
stray current are reasonably examined in the next section.

IV. RESULTS AND DISCUSSIONS
A. Rail Potential and Stray Current Distributions

1 T T
12 /7
/
=10
=
£ 8 / \
£l /
26 \
g / \
4 jav sy 286V 237V
723V 233V 233V 233\ J
0 1 2 3 4 5 6 k 8 92 10
Position (km)
@
7 T
6 6.65A ‘\‘ 7
st /
<
4k /
B4 /
£ /
]
23
&
E /
b /
Josoa 06TA 057A 0594
/o, S8A 0558 0884 0284 N
a 1 3 3 4 = ‘ T % o 10
Positien (km)
b

Fig. 6. Case study results. (a) Rail potential in TRA-TPS, RET-TPS and
NEG-TPS. (b) Stray current in TRA-TPS, RET-TPS and NEG-TPS.

From Fig. 6, x is represented the train position. In
TRA-TPS, the maximum rail potential, u,r is 13.32 V as
presented in in Fig. 6(a), where x are at 2.50 km and 7.50
km. The train is now in the center of two substations where
the maximum of #7 occurs at these train locations. The
maximum stray current, is7 is 6.65 A as presented in Fig.
6(b), where x are at 2.50 km and 7.50 km. At this point, the
train is also in the center between substations where the
maximum of i also occurs at these train locations.

In RET-TPS, the maximum rail potential, uz is 2.66 V
as presented in Fig. 6(a), when the train is in the center of
the rail-section 2, 3, 6 and 7, where x are at 1.88 km, 3.14
km, 6.88 km and 8.14 km, respectively. The maximum
stray current, isg is 0.67 A as presented in Fig. 6(b), when
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the train is also in the center of the rail-section 2, 3, 6 and
7, where x are at 1.88 km, 3.14 km, 6.88 km and 8.14 km,
respectively.

In NEG-TPS, the maximum rail potential, u,yis 2.33 V
as presented in Fig. 6(a), when the train is in the center of
each rail section where x are at 0.62 km, 1.88 km, 3.14 km,
4.38 km, 5.62 km, 6.88 km, 8.14 km and 9.38 km. Because
the running rails are evenly divided into four rail sections,
the rail potential distribution at the train site is same in
each rail section. The maximum stray current, isy is about
0.58 A when the train is in the center of each rail section,
as shown in Fig. 6(b). u,v properly distributed in the rail
section with a length of L/8. Whereas iz is dispersed
across the whole running rails.

B. Reduction Performance of Rail Potential and Stray

Current

The percentage of reduction of the rail potential, # and
the stray current, 6 are defined in (6) and (7) with the
intention of examining NEG-TPS reduction performance
during the train services, where nyr is the percentage of
reduction of the rail potential between NEG-TPS and
TRA-TPS, nar is the percentage of reduction of the rail
potential between NEG-TPS and RET-TPS, dyr is the
percentage of reduction of the stray current between NEG-
TPS and TRA-TPS and dyz is the percentage of reduction
of the stray current between NEG-TPS and RET-TPS.

e = (1= 100%
U,z
n= " (6)
Nye = (1——L)x100%
Il

iR

S = (1-2)%100%
U,z
o= : ™
Sip = (1—-2)x100%

g

From the simulation results as shown in Fig. 7, the
track range of 0-5 km are only used to analyze the
percentage of reduction of the rail potential and the stray
current, because the results of the assessment are the same
as the second half of the track. In NEG-TPS, the
maximum rail potential and stray current are reduced by
812% and 90.6% in comparison with TRA-TPS,
respectively. In additions, the maximum rail potential and
stray current are reduced by 26.3% and 26.4% in NEG-
TPS in comparison with RET-TPS, respectively.

81.2% 812%

&

The reduction percentages
of rail potential (%)
o 2

o ns 1 15 2 23
Position (km)

@)

sof Lo 906 % 90.6 Ve

The reduction percentages
of stray current (%)

0 0s 1 15 2 25 3 35 4 45 s
Position (km)

(®)

Fig. 7. Percentage of reduction. (a) Rail potential in TRA-TPS, RET-
TPS and NEG-TPS. (b) Stray current in TRA-TPS, RET-TPS and NEG-
TPS

V. CONCLUSION

In DC electrified railways, the NEG-TPS system is
proposed to reduce rail potential and stray current. The
NEG-TPS system's running rails are split into four rail
sections, and the rail current is zero in the section that is no
train services. As a result, it is found that the rail potential
and the stray current are reduced obviously in NEG-TPS.
In the meantime, NEG-TPS requires no modifications to
the trains, tracks, tunnels, or other infrastructure. The
percentage of reductions are also used to verify the
reduction performance of the rail potential and the stray
current of the NEG-TPS. Furthermore, the NEG-TPS is
possibly used in both the present and the future of DC
electrified railways.
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Abstract

The NEG-ETP system that providing zero resistance closed circuit reducing the reverse path of current on the running
rail is presented in this article. The NEG-ETP system is created by installing additional electronics in conventional electrical
systems. Without modifying trains, tracks, or tunnels. Using MATLAB program through models for MRT purple line (North),
rail potential and stray current are assessed in accordance with EN 50122 standards of all three systems, including CON-ETP,
REC-ETP, and NEG-ETP. According to the simulation, the percentage reduction of the rail potential was 9.14% when the
REC-ETP versus the CON-ETP system was 32.99% when the NEG-ETP system compared to the CON-ETP system and
26.25% when the NEG-ETP system versus the REC-ETP system could be seen in this negative resistance converter system,
which can reduce the cost of rails and leakage currents in the DC system. It can also be applied to new rail transport.
©2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

There are two electrical systems used to drive trains, namely the direct current system (DC) and the alternating
current system (AC). As for the electricity supply system to drive the electric trains, there are two systems, namely
the third rail system and overhead wire system. Which the overhead wire system, there will be a structure of the
current feed system above the rails, often used for long-distance train journeys. The third rail system has advantages
in terms of visual pollution effects. There is no cluttering power supply structure above the railroad tracks. But there
are restrictions on use and safety. This system is often used on subways or mass transit systems. In this research,
the focus is on the third rail direct current system due to case studies MRT purple line (North) organized in this.
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Nomenclature
NEG-ETP Negative resistance converter electric traction power.
CON-ETP Conventional electric traction power.
REC-ETP Return conductor electric traction power.
NEG Negative resistance converter.
FEC Feeder cable.
SW Switch unit.
Uy Voltage of zero-resistance loop.
UNEG Output voltage of NEG.
UFEC Voltage across FEC.
usw Conducting voltage drop of SW.
Uyt Rail potential of CON-ETP.
Urr Rail potential of REC-ETP.
Uy N Rail potential of NEG-ETP.
i Stray current of CON-ETP.
iR Stray current of REC-ETP.
[ Stray current of NEG-ETP.

The traction current flows back to the power substation through the track in DC electric propulsion systems such
as electric trains, trams, and mass transit systems causing the rail potential. Part of the reverse current flows to
the soil through the running rail. This section is called stray current [1]. In running rails and underground metallic
pipes, stray current can cause substantial electrochemical corrosion and when people enter or exit the train, the rail
potential might create an electrical shock [2].

However, this paper will focus on the rail potential and stray current reduction in DC electric train system by a
new method called NEG-ETP. It is a new method in which additional equipment is installed in the old system as
shown in Fig. 1. Whether it is a CON-ETP and a REC-ETP. It is a method of bringing the conductors parallel to
the running track [3]. Extra tracks divide the current and reduce the equivalent resistance of running rail. However,
installing extension rails and modifying relevant components in an electric train system can often be costly and
constraints on cable quantity and cost. If the number of cables is not enough the result of the reduction would
be unclear [4]. These two systems are the ones that are currently in use. The new method uses the principle by
reducing the rail current that returns on the moving rails by applying zero resistance in a closed circuit [5].

NEG-ETP
REC-ETP
Substation 1 CONEIR Substation 2
D+ R
Siatcnary L

gunning rails

conductor

| Return
<

000019

Fig. 1. Diagram of CON-ETP, REC-ETP and NEG-ETP.

The topics of this article are organized as follows: The operation principles and assessment are in-depth analysis
in Section 2. Section 3 presents the model of case study. The simulation results and mitigation percentage of rail
potential and conclusion are proposed in Section 4 and Section 5, respectively.
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2. Operating principles and assessment

The power supply systems of electric traction substations include rail conductors or contact lines, and tracks
or running rails, with CON-ETP, REC-ETP, and NEG-ETP layouts available presented in Fig. 1. and separated in
Fig. 2. The classical mathematical model for double-side power supply is determined by a model for supplying
power to the train, including power supply substation, trains, rail resistance and conductive unit length to make it
easier to calculate as shown in Fig. 3, when ;| and /.3 are currents flowing in and out at nodes a and c, respectively,
and L, is the considered length of this section.

a b ¢
Substation 1 Substation 2 Substation 1 Substation 2 Substation 1 Substation 2
o] for] 5 .
Contact line Traction Current JICOIMCY line Traction Current Contact line Traction Current

Rail Current Running rails Rail Current Running rails

e ™ x-
) T 2

Stray Current Return Conductor ~ Stray Current Stray Current

Fig. 2. Operation principles of retum current to substations. (a) CON-ETP (b) REC-ETP (c) NEG-ETP.

1
|
e —_
T d |
|
1
1

Fig. 3. Classical mathematical model for double-side power supply for calculation between considered nodes.

2.1. Conventional electric traction power system

Fig. 2(a) shows the configuration of CON-ETP as a train travelling between substation 1 and substation 2, traction
current is delivered to the train via the overhead wire, which is parallel to the rails. Once the power supplies the
electric traction motor on the train, the current will go to the wheel and running rail then back to substation. In
addition, the stray current capably flows to the ground and returns to substation [6].

For the CON-ETP operation, the parameters Ay and By are obtained in terms of the summation of currents. It
would be seen the mathematical model in Fig. 3. If the train moves a distance x; from node « to node ¢ for a
distance L), rail potential, u,7, and stray current, i;7, are computed as follows in Eq. (1) when « = /R, G

U,y = Re(Age™ + Bre™), 2<k <n
L k=n

: 1 / UyT (k) (1)
Isp = —— Upro|dx = ——=
2Rg o ;l rT( )| Rg

According to the x; = 0 (node a) and x; = L; (node ¢). Substitution such values in Eq. (1) can be expressed in
Eqgs. (2) and (3), respectively.

I14(0) = Age™” + Bre™ = Ay + By @)
17’-(L1) — AkeatLl) o Bke—d(Lll A3)
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When [5(0) = I3 and l;e(Ll) = I (B = I,3 — A). From the above equation, it was found that the variables Ay
and By which can be calculated according to as follows in Eq. (4):

Ape™M 4+ (I — Ape™ =1y
I — Lze™h )

A = etLy — p—al,

2.2. Return conductor electric traction power system

Fig. 2(b) shows the configuration of REC-ETP. The parallel rails and the return conductors are connected at
the definite distance for example every 5-6 km. The rail currents mostly return to substations through the return
conductors [7]. As a result, the amount of rail current leaking to the ground is decreased.

The calculation in REC-ETP can be also calculated from Eq. (1) and considered mathematical model in Fig. 3.
However, the model of REC-ETP is slightly different in comparison with CON-ETP with additional nodes of the
next sections.

2.3. Negative resistance converter electric traction power system

Fig. 2(c) shows the schematic diagram of NEG-ETP. NEGs, FECs, and SWs are included in the CON-ETP
model. During a train running pass SWs in the closed circuit, SWs would be activated, enabling the return current
to take a shorter path [8]. The output voltage of NEGs is changed to match the negative equivalent voltage of FECs
and SWs that makes the voltage summation in the new closed circuit to be zero. The zero resistance is ideally
obtained from the turning-on SWs to NEGs connection.

As illustrated in Fig. 4(a), the NEG is a full-bridge bipolar-switching dc—dc converter with a adaptable tuning
output voltage and output resistance. A bidirectional switch, or SW includes a couple IGBTs connected in series
with reverse direction illustrated in Fig. 4(b). The model of FEC is configured the parallel of the rail resistors as
shown in Fig. 4(c). Therefore, the return current can flow in both direction via NEGs and SWs.

a b ¢

dc, c.F U, u,
“Ale A o 5w

TeN< g

NEG SW

A

Fig. 4. Power electronic devices connected in NEG-ETP. (a) NEG. (b) SW. (¢) FEC.

The mitigation of rail potential and stray current could be obtained by separated the rail to be a section with the
specific length. To simplify the case study, the running rails would be separated into four sections, then the output
resistances of NEGs are determined in Eqs. (5) and (6). Rail potential, u,y and stray current, i;y in NEG-ETP shown
in Fig. 3, are expressed in Eq. (7), where parameters Gy and Hy are derived from the proof of each consideration
scope given in variable by applying KVL and KCL calculation.

—UFEC) — Uswl, k=1
j=k—1
u =
NEGI = E UFEC] —Uswk-1), 2=<k=n
=i
Jj=n
U = > ureci —usway, 1<k<n—1
NEG2 =kt
UFECH) — Uswau-1)y Kk =n
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UNEGI
So Ryegr = —— 6)
INEGI
UNEG2
So Rvega = —— ©)
INEG2
—Rrgcj — Rswi, k=1
R j=k—1
NEGI =
- Z Rrecj — Rswi—y 2<k <n
j=1
j=n
R )= Z Rrgcj — Rswiy, 1=k=<n-—1
NEG2 = j=k+1
_RFEC(II) = RSW(n—l)v k=n
UrNg) = Re(Gre™ + Hre™ ), 1<k <n
L k=n
; 1 _ UrNgy ()
IsN = ﬁ Z|NrN(k)|dl = R
80 k= 8

2.4. Assessment stray current for the MRT purple line

The stray current offered as a reference value for electric trains should be no more than 2.5 mA/m/track to assess
stray current according to EN 50122-1 and EN 50122-2 [9,10], however the runway stray current measurement is
a concern. Only the influence caused by stray current may be measured, which is essentially impossible. This will
be the rail’s own potential. The rail potential may be computed using EN 50122-2 determined in Eq. (8).

Ureg =0.5 x Iy x R, x (1 —e_(l%)) ®)

where, Ugg is the voltage value along the length (V), I, is the mean return current circuit of the section under
consideration during peak load (A), R¢ is the resistance characteristics of the rails per unit length (€2/km), L is the
length of interest to consider for the route (km), L¢ is the length of the track (km). Which values R¢ and L¢ can
be obtained from Egs. (9) and (10)

Re= |k ©)
G — 7
GRE

Lesi—=—— (10)

where, R’ is the rail resistance per unit length (Q2/km), G'g is the conductivity per unit length between rail and
ground (S/km).

3. Model of case study

The flow chart to evaluate the rail potential is presented in Fig. 5. Firstly, the detection of train location is obtained
by the train movement calculation with obtaining the train position, train speed and train power. Secondly, REC-ETP
and NEG-ETP calculate the rail potential for rail-section and CON-ETP is also calculated the rail potential. If a
train travels to the end of the track, then the simulation will also be end. A train simulation program is carried
out in MATLAB using a model of the train in MRT purple line for determining the rail potential. It includes 16
passenger stations and 10 traction substations. The train and system information of the MRT purple line (North)
are presented in Table 1. and the station location information is shown in Table 2. The train is electrified through
the third rail with a rated voltage of 750 V.

1170




163

P. Hanrob, T. Kulworawanichpong, C. Sumpavakup et al. Energy Reports 8 (2022) 1166—1174

Solve power flow
ial linear)
- Rail Potential

CON-ETP

Train movement

- Train Position Detection of
- Train Speed train location

- Train Power

REC-ETP
(Connect return
conductor point))

Intitialization
(rail-section quantity n)

NEG-ETP
(Install NEGs, FECs
and SWs))

Fig. 5. Rail potential evaluation procedure: CON-ETP, REC-ETP and NEG-ETP.

Table 1. Train and system information of the MRT purple line (North) for simulation.

Specific data Information Value Unit
Train parameters
Movement feature Max. speed 80 km/h
Max. acceleration 12 m/s®
Max. deceleration 09 m/s?
Weight Train mass 135 ton
Passenger mass 75 ton
Tractive effort curve Maximum tractive effort 228.8 N
Maximum braking effort 168.8 N
Efficiency Motor power factor 0.86 -
Auxiliary power Constant load 270 kW
Train resistance
3rd Rail resistance 0.007 Q/km
Track resistance 0.0175 Q/km
Earth resistance 12 Q
Rail-to-carth conductance 2 S/km

Substation parameter

Voltage no-load 750 v
Short-circuit capacity 50 MW

4. Simulation results

4.1. Assessment stray current for the MRT purple line (North)

The stray current assessment for the MRT Purple Line (North) is calculated from (8), (9) and (10) mentioned
above. It was found a rail potential of 48.97 V and a stray current of 0.0979 mA/m for a rating of 7106.413 A and
compared with the simulation result of a single train movement as shown in Fig. 5, as shown in Table 3.

From Table 3, it is found that the rail potential is different. As a result of a single train simulation, there is
stray current accumulated in the ground that flows back into the propulsion substation. However, both obtained rail
potentials are standardized to the EN 50122-2 standard, i.e., the allowable voltage is no more than 120 V, and it
is recommended that no damage to the railway up to 25 years, if stray current per unit is below 2.5 mA/m. The
simulation results of CON-ETP, REC-ETP and NEG-ETP systems can be described in Figs. 6-8, respectively.
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Table 2. Station location information.

Station code Substation code Station name Station position (km)
PPO1 TSS01 Khlong Bang Phai 0.00
PP02 TSS02 Talad Bang Yai 127
PPO3 TSS03 Sam Yack Bang Yai 283
PPO4 - Bang Phlu 440
PPO5 TSS04 Bang Rak Yai 5.60
PP06 - Bang Rak Noi Tha It 6.85
PPO7 TSS05 Sai Ma 8.10
PPO8 - Phra Nang Klao Bridge 9.57
PP09 TSS06 Yack Nonthaburi 1 11.20
PP10 - Bang Krasor 12.46
PP11 TSS07 Nonthaburi Civic Center 13.36
PP12 - Ministry of Public Health 15.15
PP13 TSS08 Yack Tiwanon 16.35
PP14 TSS09 Wong Sawang 18.07
PP15 TSS010 Bang Son 19.36
PP16 - Tao Poon 20.94

Table 3. Comparison of stray current assessment results during single train motion simulations
with rail potential calculations obtained from grounding models according to EN 50122-2.

Assessment procedure Rail potential (V)
Simulation result of a single train movement 76.38
Calculation of rail potential according to EN 50122-2 48.97
80 T T T T T T T T T T
Rail potential
Z 60 *  Substation position
K= #*  Passenger platform
g 40
G
5]
o 20
20
g [
S of
>
S a0t
40 L 1 1 L L L
0 2 4 6 8 10 12 14 16 18 20

Position: km

Fig. 6. Rail potential of CON-ETP.

4.2. Conventional electric traction power system

Fig. 6 shows the rail potential of the CON-ETP system. At the passenger station 8 (PP08) located between
substation 5 and substation 6 (TSS05-TSS06), the maximum rail potential of 76.38 V is obtained. Considering the
other peaks of rail potential, they are occurred at passenger station located between substations during the train
operation in accelerating mode. The rail potential would reduce when the train running in cursing and coasting
modes.

4.3. Return conductor electric traction power system

As a case study, the connected points of the return conductor and the running rail are located at of 0, 5, 10,
15, 19.36 and 20.94 km. The maximum rail potential of 69.40 V is obtained at the passenger station 10 (PP10)
located halfway between substation 6 and 7 (TSS06-TSS07) as shown in Fig. 7. It is pointed out that the peak rail
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Fig. 7. Rail potential of REC-ETP.
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Fig. 8. Rail potential of NEG-ETP.

potential occurred at each passenger station located around middle between the connected points is higher than the
passenger station located near the connected point. The maximum rail potential of REC-ETP system is lower than
that of CON-ETP system of 9.14%.

4.4. Negative resistance converter electric traction power system

The connected points of the return conductor and the running rail are located at same position as the REC-ETP
system. The rail potential of the NEG-ETP system is shown in Fig. 8. At passenger station 10 (PP010) located
halfway between substation 6 and 7 (TSS06-TSS07), the maximum rail potential of 51.18 V is obtained. The peak
rail potential occurred at each passenger station located around middle between the connected points is higher than
the passenger station located near the connected point similar with the REC-ETP system, but a bit lower. The
maximum rail potential of the NEG-ETP and the REC-ETP are reduced by 32.99% and 9.14% in comparison with
the CON-ETP as shown in Table 4. Regarding the maximum rail potential evaluation, the NEG-ETP is lower than
the REC-ETP by 26.25%.

Table 4. Percentage reduction of rail potential.

System Rail potential (V) Percentage decrease (%)
CON-ETP (Base case) 76.38 -

REC-ETP 69.40 9.14

NEG-ETP 5118 32.99
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5. Conclusion

In this paper, NEG-ETP is a new concept developed by installing additional power electronic equipment, there is
no need to modify the original structure of the railway infrastructure, recommended in the urban rail transportation to
mitigate rail potential and stray current. The configuration of NEG-ETP is separated into several rail-sections, with
non-train rail-sections having zero rail current. From proposed method, this was applied to the mass rapid transit
system namely MRT purple line (North), in Thailand simulated by the MATLAB/M-file. This was pointed out that
rail potential and stray current would be evidently mitigated by NEG-ETP as a percentage reduction compared to
CON-ETP and REC-ETP is 9.14% and 32.99% respectively.
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