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1. Introduction

The test samples consist of 100 foot sections of steel conduit enclosed power circuits. Each 100
foot circuit consisted of one steel conduit, one phase conductor, one neutral conductor, one
safety ground. All conductors were appropriately selected with respect to the conduit size. The
set of circuits used are listed in Table A-1.

Table 1: List of Steel Conduit Enclosed Power Circuits

Circuit Conduit Phase Neutral Safety Test Current
No. Conductor Conductor Ground (Amperes)
1 EMT % #8 Cu, Insu #8 Cu, Insu #10 Cu, bare 40/160/320
2 IMC % #8 Cu, Insu #8 Cu, Insu #10 Cu, bare 40/160/320
3 GRC % #8 Cu, Insu #8 Cu, Insu #10 Cu, bare 40/160/320
4 EMT 1-inch #4 Cu, Insu #4 Cu, Insu #8 Cu, bare 80/240/480
5 IMC 1-inch #4 Cu, Insu #4 Cu, Insu #8 Cu, bare 80/240/480
6 GRC 1-inch #4 Cu, Insu #4 Cu, Insu #8 Cu, bare 80/240/480
7 Stainless Steel #4 Cu, Insu #4 Cu, Insu #8 Cu, bare 80/240/480
1-inch
8 EMT 2-inch 3/0 Cu, Insu 3/0 Cu, Insu #6 Cu, bare 200/800/1600
9 IMC 2-inch 3/0 Cu, Insu 3/0 Cu, Insu #6 Cu, bare 200/800/1600
10 GRC 2-inch 3/0 Cu, Insu 3/0 Cu, Insu #6 Cu, bare 200/800/1600
11 EMT 3-inch 500kcm, insu 500kcm, insu #3 Cu, bare 350/1400/2800
12 IMC 3-inch 500kcm, insu 500kcm, insu #3 Cu, bare 350/1400/2800
13 GRC 3-inch 500kcm, insu 500kcm, insu #3 Cu, bare 350/1400/2800
14 Stainless Steel 500kcm, insu 500kcm, insu #3 Cu, bare 350/1400/2800
3-inch

Each 100 foot circuit was supported by 2x4” wood beams to avoid conduct with the concrete
floor. Figure 1 illustrates the installation.
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Figure 1: Installation of the Fourteen 100 ft Conduit Enclosed Circuits



Figure 3: Current Source
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Figure 5: Current Shunt Arrangement (1500A, 50 mV)

Each 100-foot circuit was instrumented to measure: (a) the total voltage applied at the power
circuit source side, (b) the electric currents through the conduit, neutral and safety ground, and
(c) the conduit temperature at selected points along the conduit. Note that the phase conductor
current does not need to be measured directly, since it can be computed as the sum of currents on
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the remaining conductors and conduit. Figure A-2 illustrates the instrumentation setup for each
of the 14 circuits.

Precision Current
Sampling Resistors
‘ Phase
Neutral
‘ Safety Ground

Source

Conduit/Conductors under Test

Thermistors

Ground

—— 3 Current Channels

Voltage Channel )

4 Temperature Channels

Figure 3: Test System

Precision Current Shunt Specifications

cl:?ua:zrelgt Cu\r/fe:la"cgs;ting Accuracy Manufacturer Part Number
200 A 100 mV 0.25% Crompton Instruments FH-200-100
500 A 100 mV 0.25% Crompton Instruments FH-500-100
1500 A 50 mV 0.25% Crompton Instruments FH-1500-50




2. Results Summary

Table 1: 3” EMT Conduit Tests — 500 kcm Phase & Neutral Conductor

. . Current | Voltage Imped_ance Impedance Temperature
# | Configuration A Vv Magnitude Phase C)
(A) (V) (mQ) (Degrees)

1 345 3.159 9.159 52.2 20.17
2 P-N, C-G 1336 14.36 10.74 56.5 20.30
3 1981 25.71 12.98 60.37 20.58
4 1429 12.87 8.999 51.79 22.94

P-N-C-G
5 2300 25.27 10.99 55.59 24.19
6 oG 1404 20.83 14.84 43.13 30.34
7 1763 26.24 14.89 43.36 30.74

Table 2: 3” GRC Conduit Tests — 500 kcm Phase & Neutral Conductor

. . Voltage | Current Impeqance Impedance Temperature
# | Configuration Vv A Magnitude Phase C)
(V) (A) (mQ) (Degrees)
1 3.461 385.7 8.974 52.90 20.43
2 P-N, C-G 14.36 1413 10.16 56.54 20.43
3 25.81 2050 12.59 61.30 20.45
4 12.10 1420 8.515 56.91 20.58
P-N-C-G

5 25.26 2299 10.98 61.08 20.72
6 4.734 354.3 13.36 41.48 21.93
7 P-C-G 20.79 1395 14.89 45.49 22.08
8 26.33 1734 15.18 44.98 22.47
9 3.086 355.0 8.695 53.15 24.23
10 P-N-C (NG) 14.27 1428 9.985 56.10 24.33
11 25.39 2161 11.75 58.20 24.43
12 12.89 350.3 36.78 29.43 24.99
13| P-C(NG,FN) 27.65 1041.8 26.55 32.02 25.42
14 21.14 701.3 30.15 31.15 26.35




Table 3: 3” IMC Conduit Tests — 500 kcm Phase & Neutral Conductor

= | Eantfeaian Voltage | Current II\T&?ger?i?lecs Imgﬁgzgce Tem poeratu re
(V) (A) (mQ) (Degrees) (C)
1 3.308 368.1 8.987 55.17 20.96
2 P-N, C-G 14.93 1448 10.31 55.59 24.18
3 25.40 2029 12.51 60.48 24.26
4 PNC.G 11.39 1387 8.209 56.44 23.13
5 24.88 2302 10.81 61.07 23.47
6 4.629 361.2 12.81 46.70 20.97
7 P-C-G 20.60 1357 15.17 47.39 21.29
8 26.16 1720 15.20 47.08 21.77
9 2.955 357.6 8.266 51.57 25.04
10 P-N-C (NG) 13.54 1394 9.707 55.33 24.52
11 25.10 2160 11.62 58.02 24.66
12 12.76 361.9 35.25 34.73 26.26
13| P-C(NG,FN) 20.76 691.7 30.01 35.09 29.62
14 27.54 1053.9 26.13 35.93 27.79
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Table 4: 3” STAINLESS Conduit Tests — 500 kcm Phase & Neutral Conductor

. . Voltage | Current Imped_ance Impedance Temperature
# | Configuration vV A Magnitude Phase C)
(V) (A) (mQ) (Degrees)
1 2.668 351 7.599 49.02 21.29
2 P-N, C-G 11.68 1431 8.154 46.46 27.79
3 24.24 2489 9.738 52.29 28.05
4 9.793 1389 7.046 48.31 26.68
P-N-C-G
5 22.02 2574 8.552 53.68 27.00
6 4.028 344.9 11.68 35.07 21.31
7 P-C-G 17.34 1460 11.87 32.87 21.74
8 25.54 2009 12.71 29.43 24.56
9 2.513 339.4 7.406 43.67 29.09
10 P-N-C (NG) 10.90 1416 7.696 44.95 29.11
11 23.98 2597 9.233 50.12 29.26
12 9.574 397 24.12 7.478 29.74
P-C (NG,FN)
13 27.43 1238 22.15 8.363 30.08
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Comparison with Model

The WinIGS simulated conduit self-impedance for 100 ft conduit is 16.55 mQ. Adding the
estimated coupling impedance ( at 0.56 mQ per coupling x 9 couplings ) yields:

Zmodel = 16.55 + 9 X 0.56 mQ = 21.59 mQ

The above is consistent with the measured value range of 22 — 24 mQ.

3" Stainless Steel Conduit ( 100 feet)
with 500 kem Copper Conductor

BUS0003 H S0006

| . .
| Case: |

M|Steel Conduit Enclosed Circuits

19.14 mV (11.36D) 16.55 mV (-0.37D)
- '1.000 A (0.00D) 1.000 A (180.00D) e
T —"
2.748 nV (-90.37D) 16.55 mV (-0.37D)
1000.0 mA (180.00D) 1.000 A (-0.00D)
le = 2.748 nA (-90.37D) Ploss = 18.76 mW le = 0.000 pA (-131.63D) 53

WinIGS/GEMI Simulation Result
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Table 5: 2” EMT Conduit Tests — 3/0 Copper Phase & Neutral Conductor

= | Eantfeaian Voltage | Current II\T&?ger?i?lecs Imgﬁgzgce Tem poeratu re
(V) (A) (mQ) (Degrees) (C)
1 3.223 201.5 16.00 30.5 20.85
2 P-N, C-G 14.52 793.6 18.30 39.56 20.91
3 26.71 1219.4 21.91 38.03 30.94
4 PNC.G 12.61 806.2 15.63 37.47 22.29
5 26.35 1423.0 18.52 42.30 27.86
6 6.571 205.6 31.96 23.72 22.95
7 P-C-G 23.42 789.6 29.67 27.68 25.90
8 27.52 968.4 28.42 26.92 25.44
9 3.231 207.1 15.61 28.72 41.13
10 P-N-C (NG) 14.27 1428.9 9.984 56.09 24.33
11 26.48 1374.7 19.27 38.27 32.92
12 12.48 212.4 58.76 29.95 41.71
13| P-C(NG,FN) 28.06 696.2 40.29 29.93 41.66
14 28.00 681.7 41.08 27.37 38.43
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Table 6: 2” GRC Conduit Tests — 3/0 Copper Phase & Neutral Conductor

= | Eantfeaian Voltage | Current Il\r/rl]a?ger?i?l:]dcs Imgﬁgzgce Tem poeratu re
(V) (A) (mQ) (Degrees) (C)
1 3.288 204.9 16.05 31.26 20.33
2 P-N, C-G 14.00 800.8 17.48 36.94 20.35
3 26.65 1306.8 20.39 39.56 25.05
4 PNC.G 12.14 788.6 15.39 35.68 20.55
5 26.35 1477.4 17.84 42.61 24.39
6 6.643 201.3 33.01 20.13 21.12
7 P-C-G 23.98 766.1 31.30 24.09 21.48
8 27.64 893.0 30.95 24.05 23.33
9 3.157 205.0 15.40 30.93 31.69
10 P-N-C (NG) 13.78 798.6 17.26 36.03 31.54
11 26.55 1431.3 18.55 38.59 26.26
12 12.47 214.8 58.07 26.07 32.02
13| P-C(NG,FN) 28.11 674.0 41.70 27.59 30.41
14 28.25 690.1 40.94 24.77 27.12
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Table 7: 2” IMC Conduit Tests — 3/0 Copper Phase & Neutral Conductor

= | Eantfeaian Voltage | Current II\T&?ger?i?lecs Imgﬁgzgce Tem poeratu re
(V) (A) (mQ) (Degrees) (C)
1 3.116 198.0 15.73 29.66 21.24
2 P-N, C-G 14.55 796.3 18.28 39.95 21.24
3 26.43 1273.3 20.76 39.95 27.79
4 PNC.G 12.23 795.9 15.37 36.43 21.64
5 26.11 1458.5 17.90 41.65 27.11
6 6.580 195.7 33.63 24.66 22.39
7 P-C-G 25.68 780.02 32.92 25.07 23.49
8 27.34 917.7 29.79 27.66 27.11
9 3.108 202.9 15.32 28.87 36.74
10 P-N-C (NG) 13.93 797.6 17.47 36.70 36.23
11 26.27 1358.3 19.34 37.15 29.07
12 11.65 201.3 57.90 32.40 35.85
13| P-C(NG,FN) 27.92 655.2 42.61 29.92 36.16
14 27.78 650.3 42.72 26.32 32.76
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Table 8: 1” EMT Conduit Tests — #4 Copper Phase & Neutral Conductor

= | Eantfeaian Voltage | Current II\T&?ger?i?lecs Imgﬁgzgce Tem poeratu re
(V) (A) (mQ) (Degrees) (C)
1 2.291 42.74 53.62 9.839 21.16
2 P-N, C-G 9.420 172.4 54.63 9.958 21.13
3 24.87 374.8 66.35 9.879 21.52
4 PNC.G 7.630 155.2 49.16 10.16 29.78
5 27.12 466.4 58.15 9.479 33.84
6 18.32 229.4 79.87 12.73 46.21
7 P-C-G 28.49 337.6 84.39 12.85 47.91
8 28.37 390.07 72.60 13.40 37.68
9 3.846 82.83 46.45 11.95 22.84
10 P-N-C (NG) 11.50 233.2 49.34 11.74 22.92
11 23.79 453.2 52.51 12.92 23.37
12 9.859 82.27 120.0 24.55 27.05
13| P-C(NG,FN) 22.45 237.6 94.50 23.08 28.61
14 28.69 311.4 92.13 21.10 33.49
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Table 9: 1” GRC Conduit Tests — #4 Copper Phase & Neutral Conductor

= | Eantfeaian Voltage | Current II\T&?ger?i?lecs Imgﬁgzgce Tem poeratu re
(V) (A) (mQ) (Degrees) (C)
1 4.626 83.89 55.14 9.426 20.25
2 P-N, C-G 13.35 235.3 56.74 10.32 20.27
3 27.91 411.5 67.83 10.84 30.76
4 PNC.G 10.74 237.7 45.19 11.02 20.62
5 24.50 453.7 54.01 11.77 27.19
6 5.737 83.81 68.45 12.03 21.69
7 P-C-G 16.32 237.0 68.88 12.52 21.75
8 28.08 385.8 72.78 13.51 23.18
9 4.608 87.26 52.81 10.44 35.53
10 P-N-C (NG) 13.09 240.1 54.53 10.62 35.07
11 26.72 464.1 57.58 12.60 34.18
12 11.08 82.54 134.0 20.99 36.58
13| P-C(NG,FN) 24.46 236.7 103.0 21.04 36.36
14 28.45 293.5 96.92 20.80 35.63
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Table 10: 1” IMC Conduit Tests — #4 Copper Phase & Neutral Conductor

= | Eantfeaian Voltage | Current II\T&?ger?i?lecs Imgﬁgzgce Tem poeratu re
(V) (A) (mQ) (Degrees) (C)
1 4,785 86.51 55.31 9.665 20.82
2 P-N, C-G 13.40 233.9 57.29 10.37 21.07
3 27.69 416.6 66.47 11.07 34.19
4 PNC.G 10.30 232.1 44.37 11.38 21.73
5 24.48 473.4 51.72 12.50 31.31
6 4.962 80.67 61.51 14.53 22.40
7 P-C-G 16.40 234.9 69.82 13.16 22.66
8 28.33 357.8 79.16 12.94 26.32
9 3.823 78.39 48.78 11.54 35.51
10 P-N-C (NG) 12.65 239.3 52.88 11.59 34.94
11 26.79 485.7 55.15 13.38 35.80
12 9.723 80.61 121.0 22.80 36.63
13| P-C(NG,FN) 24.77 240.7 103.0 21.04 36.02
14 28.44 291.3 97.63 21.23 36.63
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Table 11: 1” Stainless Steel Conduit Tests — #4 Copper Phase & Neutral

Conductor

# | Configuration Voltage | Current Il\r)?apgerﬂ?l:]g: Imgﬁi{;\gce Tempoerature

V) (A) (mQ) (Degrees) (C)
1 4.549 82.47 55.16 7.543 21.31
2 P-N, C-G 13.45 237.6 56.61 7.670 21.32
3 28.06 428.9 65.42 7.627 27.07
4 BNC.G 11.00 239.9 45.87 7.354 21.77
5 23.87 473.4 50.43 7.561 25.17
6 6.367 84.03 75.77 5.090 22.13
7 P-C-G 16.88 234.0 75.12 4.860 22.33
8 28.23 385.3 73.26 4.683 23.65
9 4,711 85.59 55.04 6.499 32.48
10 P-N-C (NG) 12.79 233.9 54.69 6.432 32.14
11 26.62 465.7 57.16 6.867 29.82
12 11.53 79.27 146.0 1.715 32.75
13| P-C(NG,FN) 19.59 150.2 130.0 1.982 32.78
14 28.65 232.2 123.0 2.116 31.49
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Comparison with Model

The WinIGS simulated conduit self-impedance for 100 ft. conduit is 16.55 mQ. Adding the
estimated coupling impedance ( at 0.56 mQ per coupling x 9 couplings ) yields:

Zmodet = 102.1 + 9 x 1.26 mQ = 113.45 mQ

The above is near the measured value range of 123 — 146 mQ.

1" Stainless Steel Conduit ( 100 feet)
with #4 Copper Conductor

" —

TBUS0001 H 50004

| [V co

Case: \
M‘Steel Conduit Enclosed Circuits
128.0 mV (1.76D) 102.1 mV (-0.12D)
v 1000.0 mA (-0.00D) 1.000 A (180.00D) -
T
10.46 nV (-90.12D) 102.1 mV {-0.12D)
1000.0 mA (180.00D) 1.000 A (-0.00D)
le = 10.46 nA (-90.12D) Ploss = 127.9 mW le = 0.000 pA (178.21D) ISV

WinlIGS/GEMI Simulation Result
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Table 12: 3.” EMT Conduit Tests — #8 Copper Phase & Neutral Conductor

_ _ Voltage | Current Imped_ance Impedance Temperature
# | Configuration vV A Magnitude Phase C)
(V) (A) (mQ) (Degrees)
1 5.411 36.63 137.0 3.494 20.63
2 P-N, C-G 21.34 147.3 145.0 4.145 20.84
3 27.41 177.1 155.0 4.283 22.10
4 18.07 156.9 115.0 5.770 26.03
P-N-C-G
5 18.07 156.9 115.0 5.770 26.03
6 oG 21.34 144.4 148.0 9.385 38.45
7 27.34 180.6 151.0 9.299 41.40
8 19.67 142.9 138.0 7.299 29.91
P-C-IG
9 27.00 194.1 139.0 7.560 35.08
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Table 13: %” GRC Conduit Tests — #8 Copper Phase & Neutral Conductor

= | Eantfeaian Voltage | Current II\T&?ger?i?lecs Imgﬁgzgce Tem poeratu re
(V) (A) (mQ) (Degrees) (C)
1 5.831 43.05 135.0 3.906 19.87
2 P-N, C-G 21.99 151.9 145.0 4.467 19.91
3 28.13 183.2 154.0 4,553 20.23
4 17.21 159.9 108.0 5.736 22.69
P-N-C-G
5 26.33 243.1 108.0 6.251 23.79
6 5.976 44.68 134.0 8.352 24.85
7 P-C-G 21.38 162.2 132.0 8.639 25.10
8 28.19 212.0 133.0 8.819 25.63
9 5.014 43.52 115.0 7.168 25.99
10 P-N-C (NG) 18.86 156.8 120.0 6.982 25.84
11 27.90 220.2 127.0 7.449 26.12
12 8.781 43.35 203.0 17.15 27.51
13| P-C(NG,FN) 25.35 152.1 167.0 16.44 27.87
14 28.40 174.1 163.0 16.17 28.65
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Table 14: 3%.” IMC Conduit Tests — #8 Copper Phase & Neutral Conductor

_ _ Voltage | Current Imped_ance Impedance Temperature
# | Configuration vV A Magnitude Phase C)
(V) (A) (mQ) (Degrees)
1 5.656 41.22 137.0 3.752 20.66
2 P-N, C-G 22.28 152.7 146.0 4.433 20.87
3 28.06 187.8 149.0 4.848 21.39
4 16.57 153.1 108.0 5.981 24.11
P-N-C-G
5 27.79 249.9 111.0 6.548 25.40
6 5.296 42.44 125.0 10.56 26.86
7 P-C-G 21.66 163.9 132.0 9.463 27.03
8 28.17 208.5 135.0 9.386 27.38
9 4.654 42.85 109.0 8.635 27.16
10 P-N-C (NG) 18.78 158.9 118.0 7.797 26.92
11 24.94 203.7 122.0 7.919 26.91
12 8.155 42,51 192.0 20.60 27.92
P-C (NG,FN)
13 25.30 152.1 166.0 17.72 28.25
14 28.39 174.4 163.0 17.28 28.70
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Table 15: 3” Stainless-Steel Conduit Impedance Test Results

Test Configuration (@) (b) (©
Injected Current 165.4 A 218.6 A 142.7 A
Voltage Along Cable 0.295V 0.592 VvV 0.207
Voltage Along Conduit 1.185V 0.329V 1.078
Total Circuit Voltage 1.443V - -
Conduit Self-Impedance 7.159 mQ - 7.546 mQ
Conductor Self-Impedance 1.764 mQ 2.665 mQ -
Mutual-Impedance - 1.457 mQ 1.424 mQ

Table 16: 1” Stainless-Steel Conduit Impedance Test Results

Test Configuration (@) (b) (©
Injected Current 64.82 A 1709 A 65.15 A
Voltage Along Cable 0.217V 0.716 V 0.125V
Voltage Along Conduit 1.459V 0.320V 1.475V
Total Circuit Voltage 1.670V - -
Conduit Self-Impedance 22.53 mQ - 22.64 mQ
Conductor Self-Impedance 3.326 mQ 4.180 mQ -
Mutual-Impedance - 1.861 mQ 1.860 mQ
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Appendix A —3” EMT Raw Data Plots
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Figure A-1: Case Name EMT3_001
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1336.8 A
0.847 mA

0.746 Ohms
10.74 mOhms
10.66 mOhms

56.79 Degrees
56.58 Degrees
1.314 Degrees

3" EMT/ 500 kem, Phase to Neutral Connection, 1400 Amperes
Conduit & Ground Bonded at both Ends
09:13:15, December 13, 2018

/\V/ V\/( W)/\/\ \/A\/ﬂ\/A\Z/\\/ﬂ\JA\/A\/ﬂ\/A\/A\/A\/A\fﬂ\/\/,\/\/\AN\N\

/ T AR

3 T_01(C) - (DIF)

a T_02(C) - (DIF)

3 T_03(C) - (DIF)

— Vrms (V) = HARM(VoItage,BO.D,H

— Irms (A) = HARIV](NeutraI,BO.DA)

3\ Impedance_Mag|n(Ohms} = Vrms /Irms

a/lmpedance_Pha{se (Degrees) = PHASE(Voltage,60.0,1) - PHASE(NeutraI.Sb.D.H

0.000s L:99.99ms DT:0.300s R:0.400s 0.500s

Figure A-2: Case Name EMT3_002
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3" EMT/ 500 kecm, Phase to Neutral Connection, 2000 Amperes

36.26 V—
25.711V
-36.28 V

Conduit & Ground Bonded at Both Ends
09:17:01, December 13, 2018

28151 A—
19815 A -
-2814.6 A

V\“/ i/ | i"/’\/\/ M/ﬂ\/ﬂ\/ﬂ\ﬂ\/ﬂ\/\\/ﬂ\/ﬂ\/A\fﬁ\fﬂ\/\\fﬂi/\/\/\AN\/\/\/\/l

121.4 A—

68.37 A —
1137 A

NVAAAAAAAMAAMAMAARARAAN

138.0 A—

80.01 A n
A27.7 A

A AN
AN

2051 C T_01(C)

2047 C

2056 C

\ ‘ |
20.61C T_02(C)
‘ ‘ I

21.00C T_03(C)
20.95C

\
25.72V—

2571V —
0.282 mV

Vrms (V)

1986.5 A—
1981.2 A 1
79.30 mA

Irms (A)

26.76 mOhms —;; Impedance_Magh (Ohms)
12.98 mOhms #

3.553 mOhms

66.14 Degrees —
60.37 Degrees —

Impedance_Pha'};e (Degrees)

-41.34 Degrees

0.000s L:99.99ms DT:0.300s R:0.400s 0.500s

Figure A-3: Case Name EMT3_003
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3" EMT/ 500 kem, Phase to Neutral Connection, 1400 Amperes
Phase, Neutral, Conduit & Ground Bonded at Both Ends
09:24:06, December 13, 2018

W\/\/ \/ \7 \/ \/\ A/A\/ﬂ\/ﬂ\/ﬂ\/ﬂ\/ﬂ\/\m WA /\/\/V\/W\/\/\
e WWW/\W\/\WNW\/W\/\/\W/\
e ST A AN
T AAAAAMAAAY
= i e
22-::.26 Ca T_02 (C) - (DIF) I I I ‘ I ‘ l

2292C

23.28C T_03 (C) - (DIF)

23.24 C

12.88V— Vims (V) = HARM(VOI|tage,60.D,1}.
12.87V —

0.446 mV T T T T

14331 A— Irms (A) = HARM(Neufral+Ground+Conduit,60.0,1)

1429.8 A 1

76.55 mA : : :

9.022 mOhms — Impedance_Magn(Ohhns} = Vrms /Irms
8.999 mOhms /'/
2.794 mOhms

360.8 DegreesY)edance_Phase (Dégrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+¢-iround+Conduit.50.D.1)

51.73 Degrees —|
51.57 Degrees T T T T

|
0.000s L:0129s DT:0.271s R:0.400s 0.500s

Figure A-4: Case Name EMT3_004
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35.40V—
25.28V
-35.42V

3" EMT 500 kcm, Phase to Neutral Connection, 2200 Amperes
Phase, Neutral, Conduit & Ground Bonded at Both Ends
09:26:02, December 13, 2018

/\\/l\“/f\l/(i/ \(/DI\F}D\/\ \//\\/\ /\ ﬂ\/ﬂ\/\\/ﬂ\/ﬂ\m b /\/\/\ /\N\AAA

2085.6 A—

1457.0 A —
-2071.9 A

TR

791.2 A
536.3 A

-190.9 A

627.4 A—

3976 A n
6296 A

T TAMAMAAAMAANARAMA
T A

2421 ¢C T_01(C) - (DIF)
24.18C

24.22 C _02(C) - (DIF)
u9c jv‘ i q,w,mwwwwwmmmwmwwwwwwww
2418 C

24.69C

T_03(C) - (DIF)

2465C

25.28V—
2527V —
0.618 mV

Vrms (V) = HARM(VoItage,BO.D,H

2303.9A—
23004 A 1
0122 A

Irms (A) = HARIV](NeutraI+Gr0und+Conduit,60.D,1)

11.10 mOhms —
10.99 mOhms —
2.187 mOhms

Impedance_Mag|n (Ohms) = Vrms /Irms

55.10 Degrees —
54.59 Degrees —|

Impedance_Pha'};e (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+¢-iround+Conduit.50.D.1)

-146.3 Degrees

0.000s L:99.99ms DT:0.300s R:0.400s 0.500s

Figure A-5: Case Name EMT3_005
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29.20 V—
20.83V
-29.21V

|

3" EMT, 1400 Amperes
Phase, Conduit & Ground Bonded at Remote End
09:27:27, December 13, 2018

Voltage (V) - (DlFDAﬂA[\/\f\/\[\[\ﬂﬂ/\ﬂ[\/\

AR A

58.64 A*
3149 A
-56.67 A

Mmm”wAﬂﬂﬂﬂﬂﬂﬂﬂﬁﬂﬂﬂﬁﬂﬂﬂﬂmmmﬂmﬂ

1316.5 A—
9145 A

AT

-1308.0 A

762.5 A—
4919 A
-160.1 A

V\/V\/UW\/V\/V\W\NW/\/WW\WV

29.71C
29.70C
29.68C

3 T_01(C) - (DIF)

\
30.35C

3034 C
3033 C

j0.90C
30.88C

a T_02(C) - (DIF)
‘ T

j0.87C
20.84 V—
20.83V N
1.089 mV

3 T_03(C) - (DIF)
‘ T T T T T T T |

Vrms (V) = HARM(VoItage,BO.D,H

1404.7 A—
1403.9 A
41.57 mA

Irms (A) = HARIV](Ground+C0nduit,60.D,1}.

26.19 mOhms —
14.84 mOhms —
13.09 mOhms

Impedance_Mag|n (Ohms) = Vrms /Irms

43.18 Degrees —
43.13 Degrees —|

I
Impedance_Pha'};e (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+k20nduit.50.0.1 )—

).000 pDegrees

0.

000s L:99.99ms DT:0.300s R:0.400s 0.500s

Figure A-6: Case Name/ EMT3_006
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3" EMT, 2200 Amperes
Phase, Conduit & Ground Bonded at Remote End
09:49:50, December 13, 2018

ze{{ii‘ ‘°'F“/\ﬁ VARAAAAANMAMAAARA
w_%if}f{i“ ““’A/W\ANW\/\/\/WW\MWM
o \/\/\/V\/\/W\/V\/\A/\MN\/WVW\/W\/\A

30.03C T_01(C) - (DIF)
30.01 C

30.76 C T_02(C) - (DIF)
30.73C

3.26C T_03 (C) - (DIF)
31.23¢C

26.25V— Vrms (V) = HARM(Voltage,60.0,1)
26.24 V -

1.385 mV T T T T

1764.0 A— Irms (A) = HARIV](Ground+C0nduit,60.D,1}.
1763.0 A -

73.99 mA : : : :

18.72 mOhms — Impedance_Mag|n(Ohms} = Vrms /Irms
14.89 mOhms N

10.88 mOhms N //
366.7 Degrees—HLImpedance_Pha{se (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1) + 360.0

43.36 Degrees —|
43.32 Degrees T T T T

0.000s L:99.99ms DT:0.300s R:0.400s 0.500s

Figure A-7: Case Name EMT3_007
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Appendix B — 3” GRC Raw Data Plots
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4.908 V—

3" GRC, 350 Amperes
Phase-Neutral Bonded & Ground-Conduit Bonded at Remote End

16:09:05, December 14, 2018
NN Aﬂﬂﬂﬂﬂ

/Voltage V)

3.462V

Y \I/ VALY

-4.898 V

569.1 A—

385.9A —

-557.6 A

84.31 A—

4649 A —

-86.39 A

44.65 A—

15.94 A —

-36.89 A

Conduit (A) - (DIF)

20.05C T_01(C) -(DIF)
20,01 C
2045C T_02(C) -(DIF)
2041 ¢C

20.50 C T_03(C) -(DIF)
2047 C

3.463 V—

3461V —

18.75 uv

Vrms (V) = HARM(Voltage.60.0.1)

S~

387.2 A—

385.7TA =

14.75 mA

Irms (A} = HARM (Neutral.60.0.1)

.

17.71 mOhms —

8.974 mOhms
1.271 mOhms
83.59 Degrees
52.90 Degrees
1.314 Degrees

Impe

edance Magﬁ(Ohms) = Vrms /Irms

2

Impedance_Phask (Degrees) =

PHASE(Voltage,60.0,1) - PHASE(Neutral.60.0,1)

0.000 s

L:99.99ms DT:0.300s R:0400s
Figure B-1: Case Name GRC300_001
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2033V

14.36 V
-20.34 V
20116 A

1414.0 A
-20184 A
2644 A

173.6 A
-256.2 A
104.8 A

57.74 A
-102.5 A
20.05C

20.03C
20.01C
2045C

2043¢C
2041C
20.50C

2048 ¢C
20.46 C
14.36 V

14.36 V
0.768 mV
1416.2 A

1413.7 A
46.62 mA
16.47 mOhms
10.16 mOhms
7.634 mOhms
56.65 Degrees
56.54 Degrees
0.000 Degrees

3" GRC, 1400 Amperes
Phase-Neutral Bonded & Ground-Conduit Bonded at Remote End
16:10:06, December 14, 2018

AR AAAMAARARRAAY
_- w (DW\/\/W\/\/\/V\/\NV\AW/\/\WN

— Condun (A) (DIF

3 T_01(C) - (DIF)

3 T_02(C) - (DIF)

3 T_03(C) - (DIF)

— Vrms (V) = HARIVIHVoItage.ED.D.1}

— Irms (A} = HARMI:NeutraI.ED.DA}

— Impedance_Magn (Chms) = Vrms /Irms

1,

— Impedance_Phasp (Degrees) = PHASE(Voltage.60.0,1) - PHASE(Neutral,60.0,)

0.000s L:99.99ms DT:0300s R:0400s 0.500s

Figure B-2: Case Name GRC300_002
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3" GRC, 2800 Amperes
Phase-Neutral Bonded & Ground-Conduit Bonded at Remote End
16:11:29, December 14, 2018

\/\/\/ /\/W\/W\AW\/\/\A W A\/ﬂvﬂ\/\/\/
\/V\/V\/\/W\/\WV\MN\/\/ WY
G WWMWN\/W\/W\WMWW\/\

172.7 A— Conduit (A) - (DIF

1048A
174.9 A_| , |
20.08C— T_01(C) -(DIF)

2006 C WWMWW%M M«‘MWMWM
20.05C | , . .

2047 C T_02(C) -(DIF)
2044 C

20.53 C T_03(C) -(DIF)
20.48 C

25.82V— Vrms (V) = HARM(Voltage,60.0,1)

2581V —

0.902 mV : : :

2052.7 A— Irms (A) = HARM (Neutral,60.0,1)

2050.7 A -

0.108 A : : :

12.60 mOhms — Impedance_Magnr (Ohms) = Vrms /Irms

12.59 mOhms -

3.676 mOhms

71.54 Degrees — Impedance_Phasp (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral,60.0,)

61.30 Degrees —

0.000 Degrees . , ,

0.000s L:99.99ms DT:0300s R:0400s 0.500s

Figure B-3: Case Name GRC300_003
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1710 V—

1210V

AWANA

Voltage (V) (DIF)

3" GRC, 1400 Amperes
Phase-Neutral-Ground-Conduit Bonded at Remote End
16:13:19, December 14, 2018

-17.10 V

VALY

ﬂﬂﬂﬂﬂ/

AN

VAV

1367.6 A—

957.9 A —

-1357.0 A

mwmwmwmwmwmm

3923 A

270.7T A —

-3973 A

327.9 A—

2144 A —

-3254 A

Conduit (A) - (DIF

2017 C T_01(C) -(DIF)
20.14 C

20.59 ¢—| T_02(C) - (DIF)
20.56 C

20.67 C T_03(C) -(DIF)
20.64 C

|
1210 V—

1210V —

0.633 mV

Vrms (V) =

HARM (Voltage,60.0,1)

1421.6 A—y

1420.7 A -

56.87 mA

Irms (A)

= HARM (Neutral+Ground+Conduit,60.0,1)

11.13 mOhms —

8.515 mOhms -

5.427 mOhms

Impedance_Magr (Qhms) = Vrms /Irms

/

57.25 Degrees —

56.91 Degrees —

Impedance_Phasb (Degrees) =

PHASE(Voltage,60.0.1) - PHAS E(NeutraI+GroL:|nd+Conduit.60.0.1 y

0.000 Degrees

0.000s

L:99.99ms DT:0.300s R:0400s

Figure B-4: Case Name GRC300_004
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35.65V—

25.26 V

3" GRC, 2800 Amperes
Phase-Neutral-Ground-Conduit Bonded at Remote End

Voltage (V) (DIF)

AWANA

-35.65V

MMN
YUY

21159 A—y

1496.4 A

-21154 A

AN AN
T (D'UW\/W\/\/\/\MNV\AW WA

603.5 A—

428.1A

-604.5 A

. mmw\/\ /W\/WWV\MNW W\/W

659.9 A—

4279 A

-660.8 A

Conduit (A) - (DIF

20.36 C
2034 C
20.33 C

3 T_01(C) - (DIF)

|
20.73 C

20.72¢C
2070 C

a T_02(C) - (DIF)

[
20,93 C—

2091¢C

20.89 C

T_03(C) - (DIF)

25.26 V—

2526 V

1.173 mV

Vrms (V) = HARIVIHVoItage.ED.D.1}

2300.7 A—

22991 A

0.108 A

Irms (A) = HARMI:NeutraI+Ground+Conduit.60.D.1}.

10.99 mOhms —

10.98 mOhms -

5.214 mOhms

Impedance_Magr (Ohms) = Vrms /Irms

62.63 Degrees —

61.08 Degrees —

Impedance_Phasb (Degrees) = PHASE(Voltage.60.0,1) - PHASE(NeutraI+GroL:|nd+Conduit.60.0.1}-

).000 pDegrees

0.000s

L:99.99ms DT:0.300s R:0400s 0.500 s

Figure B-5: Case Name GRC300_005
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6.725 V—

4.735V

AN

3" GRC, 350 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Open
16:20:58, December 14, 2018

AAAAAS

-6.723 V

VU\

FRARAAMAAAAAAAAAY

VAUV VY

33.94 A—

9.229 A

-31.00 A

il MWWM‘WWWWWWWW&M

3594 A—

2424 A

-363.0 A

1724 A—

1124 A

-176.6 A

Conduit (A) - (DIF

21.19C—

2118 C

21.16 C

T_01(C) -(DIF)

21.95¢C
2193 C
21.92C

3 T_02(C) - (DIF)

2216 C
2215C
2212 ¢C

3 T_03(C) - (DIF)

4.735V—

4.734V

0.177 mV

Vrms (V) =

HARM (Voltage.60.0.1)

354.8 A—
3543 A

19.24 mA

Irms (A) =

HARM (Ground+Conduit,60.0,1)

13.39 mOhms —
13.36 mOhms -

5.029 mOhms

Impedance_Magr (Qhms) = Vrms /Irms

51.29 Degrees —

41.48 Degrees —|

Impedance_Phasb (Degrees) =

PHASE(Voltage,60.0.1) - PHAS E(Ground+Con|duit.6D.D.1 }

).000 pDegrees

0.000s

L:99.99ms DT:0.300s R:0400s 0.500 s

Figure B-6: Case Name GRC300_006
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29.36 V—

20.79V

3" GRC, 1400 Amperes

Phase-Ground-Conduit Bonded at Remote End

Voltage (V) (DIF)

AR

Neutral Open
16:22:14, December 14, 2018

-29.36 V

VU

Aﬂﬂﬂﬂ/

W\/\MN\/\/\/\NW b

VYUY

57.19 A—

2917 A -

-58.41 A

12411 A— Ground (A) - (DIF)
-1239.8 A

W/\/\/\/\/\/\M/\/\/W\/\/\/\/MWW\/\

805.5 A—

531.0A —

-798.6 A

21.33C—

2131¢C
21.30C

T_01(C) - (DIF)

MWWWWW

[
22.10 C—

22.08C -

2207 C

T_02(C) - (DIF)

22.34 C T_03(C) -(DIF)
22.30 ¢ : : : : : : ‘

20.79 V—
20.79V —

Vrms (V) =

HARM (Voltage.60.0.1)

0.857 mV

1396.6 A—
1395.9 A —

6.221 mA

Irms (A) =

HARM {

Ground+Conduit,60.0,1)

0.138 Ohms —

14.89 mOhms —L
14.83 mOhms

Impedance_Magr (Qhms) = Vrms /Irms

45.53 Degrees —

45.49 Degrees —|

0.000 Degrees

Impedance_Phasb (Degrees) =

PHASE(Voltage,60.0.1) - PHAS E(Ground+Con|duit.6D.D.1 }

0.000s

Fig

L:99.99ms DT:0.300s R:0400s

ure B-7: Case Name GRC300_007
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3" GRC, 2800 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Open
16:23:20, December 14, 2018

26{{2:_\]\\;{ T/e i N\/\/\/\/\ i N\N\/ﬂ Hiis ﬂ\/\\/ﬂ\/ﬂ\/

73.02 A— Neutral (A) (DIF)
T143 A _
1496.8 A— Ground (A) (DIF)
14954 A
1058.1 A— Conduit (A) - (DIF
=i T
-1056.7 A , . ) | | |

21.82C T_01(C) -(DIF)
251c WM"WMMW WMWWW{MW
21.79 C

2249 C— T_02(C) -(DIF)

22.45 C | : . . ‘

2282C T_03(C) -(DIF)
2278 ¢

26.34 V— Vrms (V) = HARM(Voltage.60.0.1)

26.33V —

1.389 mv : : :

1735.3 A— Irms (A) = HARM|Ground+Conduit,60.0,1)

17343 A —

54.77 mA , , ,

25.36 mOhms — Impedance_Magn (Ohms) = Vrms /Irms
15.18 mOhms -

12.97 mOhms

45.03 Degrees — Impedance_Phasb (Degrees) = PHASE(Voltage.60.0,1) - PHASE(Ground+Con|duit.6D.D.1}

44.98 Degrees —|

).000 pDegrees . . ,

0.000s L:99.99ms DT:0300s R:0400s 0.500s

Figure B-8: Case Name GRC300_008
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4372V

3.087 V
4.363 V
4641 A

314.8 A
-454.0 A
4552 A

17.66 A
-44.13 A
7842 A

40.87 A
-75.78 A
23.15C

2313¢C
23.11¢C
24.25C

24.23C
24.22C
24.38C

24.37C
24.35C
3.087V

3.086 Vv
6.805 uv
356.3 A

355.0 A
1440 mA
15.27 mOhms
8.695 mOhms
0.473 mOhms
60.18 Degrees
53.15 Degrees
-44.21 Degrees

AN

Voltage (V) (DIF)

3" GRC, 350 Amperes
Phase-Neutral-Conduit Bonded at Remote End
Ground Conductor Removed
16:29:47, December 14, 2018

VAL

AL

S

VYUY

a T_01(C) - (DIF)

a T_02(C) - (DIF)

3 T_03(C) - (DIF)

Vrms (V) =

I

HARM (Voltage.60.0.1)

-

Irms (A) =

HARM (Neutral+Conduit,60.0,1)

Impedance_Magr (Qhms) = Vrms /Irms

7

Impedance_Phasb (Degrees) =

PHASE(Voltage,60.0.1) - PHASE(Neutral+C on¢luit.60.0.1 )

0.000s

L:99.99ms DT:0.300s R:0400s

Figure B-9: Case Name GRC300_009
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2012V —

1427V

3" GRC, 1400 Amperes
Phase-Neutral-Conduit Bonded at Remote End
Ground Conductor Removed
16:31:21, December 14, 2018

-20.13 V

AR AMMMANARARRAAS

o T

113.2 A— Ground (A) (DIF)
1173 A

2894 A— Conduit (&) - (DIF)
. vvvvvvvvvvvvvvvvvvwwwwwwwwwww

-278.9 A

23.21¢C T_01(C) -(DIF)
23.18 C

24.35C T_02(C) -(DIF)
24.32C

24.51C—

2450C -

24.48 C

T_03(C) - (DIF)

14.27 V—
1427V —

0.391 mV

/

Vrms (V) = HARM(Voltage.60.0.1)

1430.9 A—
1428.8 A —

32.71mA

/

Irms (A) = HARMI:NeutraI+Conduit.60.D.1}.

50.62 mOhms —
9.985 mOhms -

9.970 mOhms

T
)Gedance_m agr (Ohms) = Vrms /Irms
T

66.70 Degrees —

56.10 Degrees —

Impedance_Phasb (Degrees) = PHASE(Voltage.60.0,1) - PHASE(Neutral+Con¢luit.60.D.1}
l/-x,

1.314 Degrees

0.000s L:99.99ms DT:0300s R:0400s 0.500s

Figure B-10: Case Name GRC300_010
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35.80 V—

2539V

3" GRC, 2800 Amperes
Phase-Neutral-Conduit Bonded at Remote End
Ground Conductor Removed
16:32:02, December 14, 2018

-35.79 V

A AR MM

25353 A—y

1798.6 A

-2536.3 A

TMMHWWAAAAAAAAAAAAAAAAA\AAAAA

147.9 A—

9437 A =

1471 A

670.2 A—

426.3 A —

-672.9 A

23.29C T_01(C) -(DIF}
23.26 C

24.45C— T_02(C) -(DIF)
24.42 C

24.64 C T_03(C) - (DIF)
24.61C_|

2539 V—
2539V —

1.319 mV

Vrms (V) = HARM(Voltage.60.0.1)

21624 A—
2161.0 A —

85.99 mA

Irms (A) = HARMI:NeutraI+Conduit.60.D.1}.

15.34 mOhms —
11.75 mOhms -

7.446 mOhms

Impedance_Magr (Qhms) = Vrms /Irms

/

58.62 Degrees —

58.20 Degrees —

0.000 Degrees

Impedance_Phasb (Degrees) = PHASE(Voltage.60.0,1) - PHASE(Neutral+Con¢luit.60.D.1}7

0.000s L:99.99ms DT:0300s R:0400s 0.500s

Figure B-11: Case Name GRC300_011
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18.22 V—

1289V

3" GRC, 350 Amperes
Phase-Conduit Bonded at Remote End
Ground Conductor Removed, Neutral Open
16:34.00, December 14, 2018

-18.22 Vv

AN

26.02 A Neutral (A) - (DIF)
-3042 A

30.37 A—

1089 A -

-30.81 A

Ground (A) - (DIF)

mmwwwwmwwmmw

528.6 A—

351.5A —

-546.1 A

T

23.84C T_01(C) -(DIF}
23.81¢C

25.00C T_02(C) -(DIF)
2497 C

[
25.25C—

2523C —
25.22 C

T_03(C) - (DIF)

|
1289 V—

1289V —

0.616 mV

Vrms (V) = HARM(Voltage.60.0.1)

351.2 A—
3503 A —

9.739 mA

Irms (A) = HARMI:Conduit.ED.DA}

63.47 mOhms —
36.78 mOhms -

35.82 mOhms

Impedance_Magr (Qhms) = Vrms /Irms

29.56 Degrees —

29.43 Degrees —

13.36 uDegrees

Impedance_Phasb (Degrees) = PHASE(Voltage.60.0,1) - PHASE(Conduit.ED.D.|1}

0.000s L:99.99ms DT:0300s R:0400s 0.500s

Figure B-12: Case Name GRC300_012
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39.01V—

27.65V

3" GRC, 1400 Amperes

Phase-Conduit Bonded at Remote End

Ground Conductor Removed, Neutral Open

Voltage (V) (DIF)

AN

16:35:10, December 14, 2018

-39.03 Vv

/UU

ﬂﬂﬂﬂﬂﬁ

AR

AR

58.35 A—

1731 A -

-42.29 A

|
72.24 A—

31.20 A —

-64.39 A

1600.7 A—

1045.7 A —

-1595.7 A

Conduit (A) - (DIF

AAMAMANY

24.32C—

24.30C
24.28 C

T_01(C) - (DIF)

Il

25.44 C T_02(C) -(DIF)
25.40C

[
25.77 C—

T_03(C) - (DIF)

nmc:MWWWWWWWWWWWWMWWWMMWWWMWWWWMW

25.711C

27.66 V—
27.65V —

0.637 mV

Vrms (V) =

HARM (Voltage.60.0.1)

1053.8 A—
1041.8 A —

49.75 mA

Irms (A) =

HARM (Conduit,60.0,1)

27.75 mOhms —
26.55 mOhms -

7.068 mOhms

Impedance_Magr (Qhms) = Vrms /Irms

46.76 Degrees —

32.02 Degrees —

0.000 Degrees

Impedance_Phasb (Degrees) =
L\J

PHASE(Voltage.60.0,1) - PHASE(Conduit,60.0)1)

0.000s

L:99.99ms DT:0.300s R:0400s

Figure B-13: Case Name GRC300_013
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3" GRC, 700 Amperes
Phase-Conduit Bonded at Remote End
Ground Conductor Removed, Neutral Open
16:35:49, December 14, 2018

”“""_/ﬂ‘{/ 'f{‘/?‘* T W\N\AN\/\/\/\/\/\N\ i /\ : A\/A\/AUA\/A
WWWWWM«WWWMM
= W/WW\/\/\/WWWW
- WWWW it m.wmeWWWMWWWMWW

25.27 C

26.37 C— T_02(C) -(DIF)

26.33C

26.91Cc— T_03(C) -(DIF)
26.87 C | , : : : : ‘ ‘

21.144 V— Vrms (V) = HARM(Voltage.60.0.1)

2114V —
0.891 mV | . . .
711.0 A— Irms (A) = HARM{Conduit,60.0,1)
7013 A ]
1051 mA_| , , ,
84.72 mOhms — Impedance_Magn (Ohms) = Vrms /Irms
30.15 mOhms —L
29.56 mOhms | ; ; ;
32.08 Degrees — Impedance_Phasb (Degrees) = PHASE(Voltage.60.0,1) - PHASE(Conduit.ED.D.|1 ) —m4—mm

31.15 Degrees —

0.000 Degrees . , ,

0.000s L:99.99ms DT:0300s R:0400s 0.500s

Figure B-14: Case Name GRC300_014
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Appendix C — 3” IMC Raw Data Plots
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3" IMC, 350 Amperes
Phase-Neutral Bonded & Ground-Conduit Bonded at Remote End
12:12:16, December 14, 2018

/\/ /\/\M/W\/\/\/\/\/\/\/\/\ Hiih A\/\/ﬂ\/\/ﬂ
e ] \W\'/‘ \/ MW\/WV\AM/W\/\/\/\J\/\/\W
= WAV

5.913 A— Conduit (A) - (DIF)

1.211A —

-3.881 A

20.59 C T_01(C) -(DIF)
20.56 C

2098 C T_02(C) -(DIF)
20,94 C

21.22C T_03 (C) -(DIF)
2119 C

3.310 v— Vrms (V) = HARM(Voltage.60.0.1)
3.308 V _/
0.163 mvV —|

368.6 A— Irms (A) = HARM.ﬁNeutral.su.u.n

368.1 A —/
4.246 mA

38.34 mOhms — Impedance_M agﬁ (Ohms) = Vrms /Irms

8.987 mOhms _L

8.868 mOhms , , ,

55.24 Degrees — Impedance_Phasb (Degrees) = PHASE(Voltage,60.0,1) - PHASE(NeutraI.BD.D.ﬂ}

55.17 Degrees —

0.000 Degrees

0.000 s L:99.99 ms DT:0.300s R:0400s 0.500s

Figure C-1: Case Name IMC300_001
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3" IMC, 1400 Amperes
Phase-Neutral Bonded & Ground-Conduit Bonded at Remote End
12:38:36, December 14, 2018

/ﬂv’\/ W\/WW\/V\/\/\/\/\/\ b ﬂ\/“\/“\ﬁ\/\
MWWW\W\W\W\/\/V\/\/\/“
wzz:;; WA AR

66.55 A— Conduit (A) - (DIF)

3249 A —

-61.88 A :

24.10C T_01(C) -(DIF)
24.06 C

24.20 C— | T_02(C) - (DIF)
2417 ¢

2410C T_03(C) -(DIF)

24.06 C , : ,

14,93 V— Vrms (V) = HARM(Voltage,60.0,1)

1493V —

0.622 mV : : :

1451.5 A— Irms (A) = HARM|Neutral,60.0,1)

1448.3 A -

5439 mA : :

0.347 Ohms — Impedance_Magr (Qhms) = Vrms /Irms

10.31 mOhms -

10.28 mOhms

55.70 Degrees — Impedance_Phasb (Degrees) = PHASE(Voltage.60.0,1) - PHASE(NeutraI.ED.D.ﬂJ}

55.59 Degrees —

1.314 Degrees I , . |

0.000s L:99.99ms DT:0300s R:0400s 0.500s

Figure C-2: Case Name IMC300_002
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35.96 V—

2539V

3" IMC, 2800 Amperes
Phase-Neutral Bonded & Ground-Conduit Bonded at Remote End
12:39:31, December 14, 2018

-35.95V

J\Z}T\T MM/\W\/WW\“ bk

Aﬂﬂﬂﬂ/

AT

2884.2 A—

2030.2A —

-2889.3 A

2454 A—

158.8 A —

-252.7 A

71.86 A—

3552 A —

-65.35 A

Conduit (A) - (DIF

24.04 C T_01(C) -(DIF)
24.01¢C

24.28 C T_02(C) -(DIF)
24.25C

2416 C T_03(C) -(DIF)
24.13C_|

2541V —

2540V —

1.358 mV

Vrms (V) = HARIVIHVoItage.ED.D.1}

20334 A—

2029.9 A -

57.84 mA

Irms (A) = HARMI:NeutraI.ED.DA}

23.47 mOhms —

12.51 mOhms -

9.727 mOhms

Impedance_Magr (Qhms) = Vrms /Irms

60.57 Degrees —

60.48 Degrees —

Impedance_Phasp (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral,60.0,)

0.000 Degrees

0.000s

L:99.99ms DT:0.300s R:0400s

Figure C-3: Case Name IMC300_003
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16.14 V—

1139V

3" IMC, 1400 Amperes

Phase-Neutral-Ground-Conduit Bonded at Remote End

ANANA

12:33:38, December 14, 2018

ﬂﬂﬂﬂﬂf

-16.16 V

UUU

RAAAAAAAAANAAAAAR

VA

1359.8 A—

945.2 A

-1350.7 A

Neutral (A) - (DIF)

WWW\/\/\/WWV\/\/W\/

4504 A—

299.5A

-440.9 A

226.6 A—

143.0 A

-226.0 A

Conduit (A) - (DIF

22.70C
2268C
22.67 C

3 T_01(C) - (DIF)

|
23.14 C

2313 ¢C
23.11C

a T_02(C) - (DIF)

[
2292C

2291¢C
22.90C

a T_03(C) - (DIF)

|
11.39V—

1139V

0.444 mV

Vrms (V) =

HARM (Voltage,60.0,1)

1389.5 A—y

1387.2 A

72.56 mA

Irms (A} = HARM

{Neutral+Ground+Conduit,60.0,1)

8.223 mOhms —

8.209 mOhms -

2.955 mOhms

Impedance_Magr (Ohms) = Vrms /Irms

63.90 Degrees —

56.44 Degrees —

Impedance_Phasb (Degrees) =

PHASE(Voltage,60.0.1) - PHAS E(NeutraI+GroL:|nd+Conduit.60.0.1 )

).000 pDegrees

0.000s

L:99.99ms DT:0.300s R:0400s 0.500 s

Figure C-4: Case Name IMC300_004
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3518 V—

24.88V

3" IMC, 2800 Amperes

Phase-Neutral-Ground-Conduit Bonded at Remote End

Voltage (V) (DIF)

AN

12:35:30, December 14, 2018

-3517 V

VALY

AAAAN

PN

UVVUV

21438 A—

15194 A —

-2145.0 A

”””WmmﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂWAAAAA

670.8 A—

472.2 A —

-674.2 A

556.7 A—

346.5 A —

-545.2 A

CVVVVVVVVVVVVVVVVVVVVVVVVVVVV\

T T T T T T T ‘
23.51C T_01(C) -(DIF)
2349¢C WWMWW
23.47 C

2348 C T_02(C) -(DIF)
2345C

23.32C T_03(C) -(DIF)
S
23.29C

24.89 V—

24838V —

0.740 mV

/

Vrms (V) =

HARM (Voltage,60.0,1)

23043 A—

23024 A -

58.61 mA

/

Irms (A) =

HARM (Neutral+Ground+Conduit,60.0,1)

51.03 mOhms —; Impedance_Magn (Ohms) = Vrms /Irms
10.81 mOhms —)\\

10.80 mOhms

61.19 Degrees —

61.07 Degrees —

Impedance_Phasb (Degrees) =

PHASE(Voltage,60.0.1) - PHAS E(NeutraI+GroL:|nd+Conduit.60.0.1 y

-23.02 Degrees

0.000s

L:99.99ms DT:0.300s R:0400s

Figure C-5: Case Name IMC300_005
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Ph

3" IMC, 350 Amperes
ase-Ground-Conduit Bonded at Remote End
Neutral Open
12:16:00, December 14, 2018

o \lronagﬂv?\ww\ {\W/\N\/\/\/\/\/\Mﬂ A \ f\ A
JPE RTATRIRY SV VY \/‘
4.820 A— Neutral (A) (DIF)

4299 A _
353.2 A, Ground (A) - (DIF)

- \/\/ \/WW/\/W\/\/W\/VWWW\
-354.6 A—|
165.5 A—, Conduit (A) - (DIF)

e WA
644 A \ ‘ ‘ : . ‘ ‘ ‘
20.61C— T_01(C) -(DIF)

2050¢ WWM’%WWM
20.57 ¢ — , . . | |
20.99 C— T_02(C) - (DIF)

20.95 C | , . . |
21.23¢— T_03(C) -(DIF)

21.20 ¢ , . . | ‘
4.632V— Vrms (V) = HARM(Voltage.60.0,1)

4629V -

0.167 mV — , . .
361.6 A— Irms (A) = HARM|Neutral+Ground+Conduit,60.0,1)

61.2A
1.353 mA_| , . .

0.399 Ohms — Impedance_Magr (Qhms) = Vrms /Irms

12.81 mOhms i
12.79 mOhms 7L

46.75 Degrees —

46.70 Degrees —|

-3.963 Degrees

Impedance_Phasb (Degrees) =

PHASE(Voltage,60.0.1) - PHAS E(NeutraI+GroL:|nd+Conduit.60.0.1 y

0.000s

L:99.99ms DT:0.300s R:0400s

Figure C-6: Case Name IMC300_006
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3" IMC, 1400 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Open
12:26:11, December 14, 2018

_ J \/\/ i W\W\WMN\/\A i /\/\/ﬂvﬂ\/ﬁv
nasa W\N\/\/\f\/V\/\/W\f\/\/\/W\/\/\/\N
o /wv VAN
-2 AT TAAAMAAAATAAAMA

21.05C T_01(C) -(DIF}
21.02 ¢

21.30C T_02(C) -(DIF)
21.27C

2153 C T_03(C) -(DIF)

21.50 € : : : ‘

20.60 V— Vrms (V} = HARN(Voltage,60.0,1)
2080V |

0.810 mV : : :

1358.9 A— Irms (A) = HARM|Ground+Conduit,60.0,1)

1357.7 A —

1.290 mA : : :

0.914 Ohms — Impedance_Magr (Qhms) = Vrms /Irms
15.17 mOhms -
15.13 mOhms 7L

47.42 Degrees — Impedance_Phasb (Degrees) = PHASE(Voltage.60.0,1) - PHASE(Ground+Con|duit.6D.D.1}

47.39 Degrees —|

-1.314 Degrees ; ; ;

0.000s L:99.99ms DT:0300s R:0400s 0.500s

Figure C-7: Case Name IMC300_007
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37.02V

26.16 V
-37.00 V
7118 A

38.03 A
-64.68 A
1583.2 A

11134 A
-1582.6 A
9364 A

612.9 A
-940.3 A
21.50C

2148¢C
21.46 C
21.78 C

21.77¢C
21.75C
21.92C

21.90C
21.88 C
26.16 V

26.16 V
0.172 mV
1721.7 A

1720.8 A
55.52 mA
36.94 mOhms
15.20 mOhms
3.104 mOhms
52.88 Degrees
47.08 Degrees
-32.36 Degrees

3" IMC, 2800 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Open
12:28:20, December 14, 2018

MMM

AR AAAAAA

VTN AAAAAAAR A

a T_01(C) - (DIF)

a T_02(C) - (DIF)

3 T_03(C) - (DIF)

/

Vrms (V) = HARM(Voltage.60.0.1)

Irms (A) = HARMI:Ground+Conduit.60.D.1}.

1/

j@edance _Magr (Ohms) = Vrms /Irms

Impedance_Phasb (Degrees) = PHASE(Voltage.60.0,1) - PHASE(Ground+Con|duit.6D.D.1}

0.000s L:99.99ms DT:0300s R:0400s 0.500s

Figure C-8: Case Name IMC300_008
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3" IMC, 350 Amperes
Phase-Neutral-Conduit Bonded at Remote End
Ground Conductor Removed
12:51:08, December 14, 2018

2,955V

- A AAAARARANS

430.5 A— Neutral (A) - (DIF).\
L wwwwwwwwwwwwwwwwwwwwwwww

-426.9 A

52.27 A— Ground(A) (DIF)

-40.07 A

127.0 A— Conduit (A) - (DIF)
mwAvvvvvvvvvvvvvvvvvwwwwwwmwwwwf

-117.8 A

2448 C T_01(C) -(DIF)

24.45¢C

25.05C T_02(C) -(DIF)

25.02C

2524C— T_03(C) - (DIF)
25.21¢C |

2.956 V—
2,955V —

.

Vrms (V) = HARM(Voltage.60.0.1)

43.63 uv

361.9 A—
357.6 A —

10.93 mA

Irms (A) = HARMI:NeutraI+Conduit.60.D.1)

.

24.67 mOhmsf
8.266 mOhms -

3.991 mOhms

Impedance_Magr (Qhms) = Vrms /Irms

f

74.45 Degrees —

51.57 Degrees —

1.314 Degrees

Impedance_Phasb (Degrees) = PHASE(Voltage.60.0,1) - PHASE(Neutral+Con¢luit.60.D.1}
(N

0.000s L:99.99ms DT:0300s R:0400s 0.500s

Figure C-9: Case Name IMC300_009
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13.54 V

3" IMC, 1400 Amperes
Phase-Neutral-Conduit Bonded at Remote End
Ground Conductor Removed
12:47:04, December 14, 2018

-19.19 Vv

- AR AAAAAMAR

17114 A—

1208.3 A

-1720.7 A

Neum.. (A) o) /\ /\/\/\/\ /\/\ /\ /\/\ /V\ /\N\/\/\ /\ WM/\

108.5 A—

63.22 A -

-99.99 A

303.2 A—

194.8 A —

-304.7 A

CW\’/WWWVW\/\/\/\/\/WW\/W\/W

23.91C T_01(C) -(DIF}
23.88 C

24.53C— T_02(C) -(DIF)
2450 C

2469 C T_03(C) -(DIF)
24.66 C

13.54 V—
13.54 V —

0.672 mV

Vrms (V) = HARM(Voltage.60.0.1)

1398.5 A—
1394.5 A —

63.92 mA

Irms (A) = HARMI:NeutraI+Conduit.60.D.1}.

10.51 mOhms —
9.707 mOhms -

5.350 mOhms

Impedance_Magr (Ohms) = Vrms /Irms

363.3 Degrees —

55.33 Degrees —

53.43 Degrees

Ypedance_Phasb (Degrees) = PHASE(Voltage.60.0,1) - PHASE(Neutral+Con¢luit.60.D.1}+360.D

0.000s L:99.99ms DT:0300s R:0400s 0.500s

Figure C-10: Case Name IMC300_010
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35.46 V—

2510V

3" IMC, 2800 Amperes
Phase-Neutral-Conduit Bonded at Remote End
Ground Conductor Removed
12:48:04, December 14, 2018

-3546 V

[\(/ﬂ;ge i \/\/\/\/\N\N\/\WA/\ \/\ Ak /\\/A\/\\/\\/A\

25101 A—y

1781.9 A

-2523.0 A

/\/\A/\AW\/WV\/\/\/\/\/\/\/\W/\

152.6 A—

9140 A -

-147.8 A

681.7 A—

436.4 A —

-688.6 A

CWY/VWMWN\W\/W\WN\M

24.02C T_01(C) -(DIF)

23.99C

24.68 C T_02(C) -(DIF)
2465 C

24.81C T_03(C) -(DIF)

24.77 C

2511V —
2510V —

1.155 mV

Vrms (V) = HARM(Voltage.60.0.1)

2163.9 A—
2160.6 A —

0.105 A

Irms (A) = HARMI:NeutraI+Conduit.60.D.1}.

11.64 mOhms —
11.62 mOhms -

5.506 mOhms

Impedance_Magr (Qhms) = Vrms /Irms

58.02 Degrees —

362.2 Degrees Ypedance_Phasb (Degrees) = PHASE(Voltage.60.0,1) - PHASE(Neutral+Con¢luit.60.D.1}+360.D

57.21 Degrees

0.000s L:99.99ms DT:0300s R:0400s 0.500s

Figure C-11: Case Name IMC300_011
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1811 V—

12.76 V

3" IMC, 350 Amperes
Phase-Conduit Bonded at Remote End
Ground Conductor Removed,Neutral Open
12:59:07, December 14, 2018

-18.11V

AR AMAMARY

4.032 A—

0.955 A -

-4.476 A

Y WWWMMWWMWWW

4.643 A—

1.870 A —

-5.039 A

527.5 A—

363.2 A

-526.4 A

WMMNWFAAAAAAAAAAAAAAAAAAAAAAA/

25.34 C T_01(C) -(DIF)

25.31¢C

26.27 C—

26.26 C =

26.24 C

T_02(C) - (DIF)

26.48 C T_03(C) -(DIF)
26.45 C

12,76 V—
12.76 V —

Vrms (V) = HARM(Voltage.60.0.1)

0.451mV

362.2 A—
361.9 A —

19.99 mA

Irms (A) = HARMI:Conduit.ED.DA}

35.44 mOhms —
35.25 mOhms

13.10 mOhms

Impedance_Magr (Qhms) = Vrms /Irms

44.64 Degrees —

34.73 Degrees —

Impedance_Phasb (Degrees) = PHASE(Voltage.60.0,1) - PHASE(Conduit.ED.D.|1}

).000 pDegrees

0.000s L:99.99ms DT:0300s R:0400s 0.500s

Figure C-12: Case Name IMC300_012
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29.35V—

20.76 V

3" IMC, 700 Amperes
Phase-Conduit Bonded at Remote End
Ground Conductor Removed,Neutral Open
13:03:54, December 14, 2018

-29.36 V

4.948 A

U{"{’/}‘T\T M /\/\N\/\N\N\MA MM [\\/A\M\/ﬂ\/f

7.827 A—

3.295A =

-8.303 A

i Neutral (A) - (DIF)
-4'090 A | T T T T T T T ‘

Ground (A) - (DIF)

PAAMAMASANAWMBAAARAN

1041.1 A—

694.7 A

-1040.0 A

TTMAAAAMAAAMAAAAIA

28.77C T_01(C) -(DIF)
2876¢ %WWW«W ey
28.714 C

29.63 C T_02(C) -(DIF)
2960 C

2962 C T_03(C) -(DIF)
29.59 C

|
20.76 V—

20.76 V —

0.892 mV

Vrms (V) = HARM(Voltage.60.0.1)

692.0 A—
691.7 A —

39.14 mA

Irms (A) = HARMI:Conduit.ED.DA}

30.04 mOhms —
30.01 mOhms —

14.39 mOhms

Impedance_Magr (Ohms) = Vrms /Irms

40.36 Degrees —

35.09 Degrees —

0.000 Degrees

Impedance_Phasb (Degrees) = PHASE(Voltage.60.0,1) - PHASE(Conduit.ED.D.|1}

0.000s L:99.99ms DT:0300s R:0400s 0.500s

Figure C-13: Case Name IMC300_013

61



26.13 mOhms —
14.15 mOhms
362.3 Degrees —
35.93 Degrees —
35.90 Degrees

38.94 V—

27.53V

3" IMC, 2800 Amperes
Phase-Conduit Bonded at Remote End
Ground Conductor Removed,Neutral Open
13:00:53, December 14, 2018

-38.90 V

WAL

5511 A—

1.576 A -

-5.392 A

11.83 A—

4.961 A —

-10.28 A

1594.3 A—

1058.3 A

-1593.3 A

26.92C—

T_01(C) - (DIF)

wooe mm%M@MmmwwwwwmmewmﬁwwwWMMMMMMMMWHMWMWWMW
26.88 C —| : : : : : :

27.82 C—

27.79C —

27.77 C

T_02(C) - (DIF)

MMWWMWMWWWWWWMWWWWWWWWW

27.714 C—

nnc_WWWWWWWmWMWMWWWWWWWMMWWWWWWWWM

27.70 C

T_03(C) - (DIF)

27.54 V—
27.54V —

1.295 mV

MM/\
IRIRIAIAN

s

Vrms (V) = HARM(Voltage.60.0.1)

10544 A—
1053.9 A —

58.19 mA

Irms (A) = HARMI:Conduit.ED.DA}

26.14 mOhms —

Impedance_Magr (Ohms) = Vrms /Irms

Ypedance_Phasb (Degrees) = PHASE(Voltage.60.0,1) - PHASE(Conduit.ED.D.|1} +360.0

0.000s

Figure C-14: Case Name IMC300_014
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Appendix D — 3” Stainless Steel Raw
Data Plots
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3" Stainless Steel, 350 Amperes
Phase-Neutral Bonded, Ground-Conduit Bonded at Remote End
16:01:10, December 13, 2018

\7}\'{78 /\MMN\MANW Ak A/A\/A\/\/A\/A\
e AU ‘°'”W\/\/\M/\W/\MN\/V\/\MMA/\
zs-i{EZiL/‘;v””\"/“U’v‘W\M/\WAWNWWW\WW
< A AMATAALAA

2131¢C T_02(C) - (DIF),

21.28¢C ‘ . , : ; ; ; |
2137¢— T_03(C) - (DIF)

21.36 C Wwwm W%MMMWMW
21.34¢ ‘ , , . . . .

2670V— Vrms (V) = HARM(Voltage.60.0.1)
2.668 V :/
24.92 uV—,
3514A— Irms (A) = HARM(Neutral,60.0.1)
351.0 A —/
15.99 mA —

9.445 mOhms — plmpedance_Magn {Ohms) = Vrms /Irms

7.599 mOhms -

0.547 mOhms ; T T T T T T

57.40 Degrees — Impedance_Phase\(Degrees} = PHASE(Voltage,60.0,1) - PHASE(Neutral,60.0,1)
49.02 Degrees -

-45.52 Degrees T T T T T T

0.000 s L:99.99ms DT:0.300s R:0400s 0.500 s

Figure D-1: Case Name STAINLESS300 001

64



3" Stainless Steel, 1400 Amperes
Phase-Neutral Bonded, & Ground-Conduit Bonded at Remote End
16:40:21, December 13, 2018

A A

2043.2 A
14318 A
-2049.3 A
2766 A
185.7A
-2756 A
106.1 A
62.14 A
1141 A
27.57C
27.55C
27.54C
27.80C
27.79C
27.78 C
27.89C
27.88C
27.86 C
11.68 V
11.68V
57.64 uv
14345 A
14319 A
59.97 mA
12.05 mOhms
8.154 mOhms
0.348 mOhms
75.84 Degrees
46.46 Degrees
0.000 Degrees

| VW”/ AAAMAMAMAMAN \W\/W

2 VWW\/\A/\/\M/V\A/W\/\/\/\/\/\/W\/\W

? T_01(C) - (DIF)

? T_02 (C) -(DIF)

? T_03 (C) - (DIF)

Vrms (V) = HARM Voltage 60.0.1})

Irms (A) = HARM(fNeutraI.E»D.D.ﬂ

Impedance_M agn\ (Ohms) = Vrms /Irms

Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral,60.0,1)

0.000s L:99.99ms DT:0.300s R:0.400s 0.500s

Figure D-1: Case Name STAINLESS300 002
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3" Stainless Steel, 2800 Amperes
Phase-Neutral Bonded, & Ground-Conduit Bonded at Remote End
16:42:51, December 13, 2018

_ \/\/ /\/W\/\/\/V\MMM Y /\/ﬂ\/\\/ﬂ\/\/
e 3T / /W\A/\A/W\/W\/\AMN\ AR

28.07C T_02(C) - (DIF)
28.05¢C WWMM ){MMMW
28.03 C | , , , . | ‘
28.19C— T_03(C) - (DIF)
2818C | 'MM{ MWMWMWW W V W“LM WMM HW
28.16C | :
24.24V— Vrms (V) = HARM(Voltage.60.0.1)
2424V /
0.218 mv _|
2491.7 A— Irms (A) = HARM{Neutral,60.0,1)
2489.0A | /
88.96 mA _|

22.43 mOhms —/Qa&dance _Magr) (Ohms) = Vrms /Irms

9.738 mOhms -

2.447 mOhms . . ;

57.61 Degrees — Impedance_Phasb (Degrees) = PHASE(Voltage,60.0,1) - PHASE(NeutraI.ED.D.ﬂ

52.29 Degrees —

-35.38 Degrees ; ; ;

' \
0.000 s L: 99.99 ms DT:0.300s R:0.400s 0.500 s

Figure D-1: Case Name STAINLESS300_003
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13.92V—

9.796 V

-13.92V

3" Stainless Steel, 1400 Amperes
Phase-Neutral-Ground-Conduit Bonded at Remote End
16:34:53, December 13, 2018

/V\/I \7\(7 )\/( v )\M \JA\/A\/A\/A\/A\/A\/A\/AUA : A A AAN N\/\AN

1425.7 A—

9953 A -

-1427.7 A

349.5 A—

2336A -

-345.5 A

318.9 A—

209.1A -

-320.6 A

WWVWWWMWW\/W\/WV\/\/\/\/

2711¢C T_01(C) -(DIF)
27.08C

26.70C T_02(C) -(DIF)
26.67C

27.09C T_03(C) - (DIF)
27.06C

9.796 V—

9.793V -

0.220 mV

T T T |
Vrms (V) = HARN|(Voltage.60.0.1)

7

1392.0 A—

1389.9 A -

71.39 mA

Irms (A) = HARM{[NeutraI+Conduit+Ground.60.D.1}

/

7.146 mOhms—

7.046 mOhms —

1.339 mOhms

Impedance_Magr (Ohms) = Vrms /Irms

67.95 Degrees —;

48.31 Degrees —

).000 pDegrees

! I
Impedance_Phasle (Degrees) = PHASE(Voltage.60.0.1) - PHASE(Neutral+C onjduit+Ground.60.0,1)

0.000s L:99.99ms DT:0.300s R:0400s 0.500s

Figure D-1: Case Name STAINLESS300_004
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3115V
22.01V
=31.17 V
2600.0 A
1826.9 A
-2600.9 A
607.2 A
420.5 A
-609.9 A
664.6 A
4564 A
-675.5 A
27.25C
27.23C
27.21C
27.02C
27.00C
26.99C
27.24C
21.22C
27.21C
22,03V
22.02V
1.176 mV
2577.5 A
25749 A
87.49 mA
13.44 mOhms
8.552 mOhms
6.478 mOhms
53.83 Degrees
53.68 Degrees

0.000 Degrees

3" Stainless Steel, 2800 Amperes
Phase-Neutral-Ground-Conduit Bonded at Remote End
16:36:34, December 13, 2018

W \/ W\W\/\/A\/A\/A\/A\/A\/ﬂ\}ﬂvﬂ\/\\A kilh A/\N \/\N\A/\/

AT \A/\/\/\MW\/VW\/\/W\ VU

\/WV\WW\/\/V\/\/W\/\/\/WWW\/\/

? T_01(C) - (DIF)
‘ T T T T T T T |
? T_02(C) - (DIF)

? T_03(C) -(DIF)

— Vrms (V) = HARM(Voltage.60.0.1)

— Irms (A) =

HARM |[Neutral+Conduit+Ground,60.0,1)

— Impedance_Magn (Ohms) = Vrms /Irms

— Impedance_Phasle (Degrees) =

PHASE(Voltage.60.0.1) - PHASE(Neutral+Conlduit+Ground.60.0.1)

0.000s

Figure D-1: Case Name STAINLESS300_ 005

L:99.99ms DT:0.300s R:0400s
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3" Stainless Steel, 350 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Open
16:07:00, December 13, 2018

3\/ \P A [\/ﬂvﬂ\/\ﬁ W W\/\ W\/\M

5109 A

Neutral (A) - (DIF)
4,958 A
319.7 A— Ground (A) (DIF)
. /\M/\W\MW/\/\/WW\W\
3206 A
182.9 A— CondUIt(A) (DIF)
= TR
-183.1 A
20.79C T_01(C) - (DIF)
20.76 C

21.33¢C T_02(C) -(DIF)
21.30C

2140C T_03(C) -(DIF)
21.37¢C

T T |
4.030 V— Vrms (V) = HARN (Voltage,60.0,1)

4.028V —/
26.75 uv
3450 A— Irms (A} = HARM{[Conduit+Ground.6D.D.1}

3449 A /
8.510 mA

35.20 mOhms Impedance_Magr (Ohms) = Vrms /Irms
11.68 mOhms?JL
3.143 mOhms

37.54 Degreesg‘/mpedance Phasl (Degrees) = PHASE(Voltage.60.0,1) - PHASE(Conduit+Grgund.60.0.1)

35.07 Degrees
-23.28 Degrees

0.000s L:99.99ms DT:0.300s R:0400s 0.500s

Figure D-1: Case Name STAINLESS300_006
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3" Stainless Steel, 1400 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Open
16:18:53, December 13, 2018

_ \W\t/? it /\/\/\/W\MNWW\ i ﬂ\/\/\vﬂ\/\
A
= AN
oo ST

21.76 C T_02 (C) -(DIF)
21.73 C

21.79 C T_03 (C) -(DIF)
21.76 C

17.34 V— Vrms (V) = HARM(Voltage.60.0,1)

1734V —

0.363 mV : : ,

1461.6 A— Irms (A) = HARM|Conduit+Ground,60.0,1)

1460.8 A —

65.16 mA : : :

12.35 mOhms — plmpedance_Magr (Ohms) = Vrms /Irms

11.87 mOhms -

2.663 mOhms

40.32 Degrees — Impedance_Phasb (Degrees) = PHASE(Voltage.60.0,1) - PHASE(Conduit+Gro:|.|nd.6D.D.1}

32.87 Degrees —

-37.18 Degrees . , ,

0.000s L:99.99ms DT:0300s R:0400s 0.500s

Figure D-1: Case Name STAINLESS300_007
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36.27 V—

2555V

A

Voltage (V) -

3" Stainless Steel, 2800 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Open
16:26:44, December 13, 2018

Aﬂﬁﬂﬂﬂ

-36.28 V

U\

W ”\N\WN\/\/\/\/\/W bl

RIS

80.54 A—

43.06 A

-74.52 A

1667.6 A—

1163.3 A

-1658.1 A

Ground (A) (DIF)

/\/V W

AAAMAAAAANAN

1249.8 A—

859.7 A

-1249.3 A

24.52C
24.51¢C
24.48 C

TR AN

24.58 C
24.56 C
24.54 C

a T_01(C) - (DIF)
| T T T T T T ‘
a T_02(C) - (DIF)

i

24.74C

24.72 C

| T
24.77 C—

T_03(C) - (DIF)

WWMWWWWMWMWWWWWMWMW%

2555 V—

2554V

0.198 mV

Vrms (V) =

HARNu(Voltage.su.u.n

2010.2 A—y
20093 A

64.96 mA

Irms (A) =

HARM (Conduit+Ground,60.0,1)

20.78 mOhms —
12.71 mOhms -

1.128 mOhms

Impedance_Magr (Qhms) = Vrms /Irms

50.89 Degrees —

29.43 Degrees —

Impedance_Phasb (Degrees) =

PHASE(Voltage.60.0,1) - PHASE(Conduit+Grolind,60.0,1)

0.000 Degrees

0.000s

L:99.99ms DT:0.300s R:0400s 0.500 s

Figure D-1: Case Name STAINLESS300_008
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3.578 V—

2513V

3" Stainless Steel, 2800 Amperes
Phase-Neutral-Conduit Bonded at Remote End
Ground Removed
16:54:10, December 13, 2018

-3.567 V

ﬂﬂﬂﬂﬂ

J"{T“ J\N\/\/\MW\/\W bt

VYUY Y

443.9 A—

301.9A

-438.3 A

44.65 A—

17.51A -

-48.18 A

Ground (A) - (DIF)

NWWMWWMWMMWWW

92.51 A—

4611 A —

-86.10 A

28.07 C T_01(C) -(DIF}

28.03 C

29.11C T_02(C) -(DIF)

29.08 C

28.96 C T_03(C) -(DIF)

28.93 C

2514 V—
2513V —

/

Vrms (V) = HARM(Voltage.60.0.1)

1.220 uv

342.9 A—
3394 A —

12.54 mA

Irms (A) =

1/

HARM (Neutral+Conduit,60.0,1)

13.53 mOhms
7.406 mOhms
97.28 uOhms
50.52 Degrees
43.67 Degrees
-36.99 Degrees

j@edance _Magr (Ohms) = Vrms /Irms

Impedance_Phasb (Degrees) =

PHASE(Voltage,60.0.1) - PHASE(Neutral+C on¢luit.60.0.1 )

0.000s

Figure D-1: Case Name STAINLESS300_009

72

L:99.99ms DT:0.300s R:0400s
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1548 V—

10,90V

3" Stainless Steel, 1400 Amperes
Phase-Neutral-Conduit Bonded at Remote End
Ground Removed
16:55:56, December 13, 2018

-15.47 V

/\I\;ﬁ\‘/ (/ /\/\/\N\/\AN\/\/\MA ik A\/\\/\\/ﬂ\/\\/ﬂ

1783.2 A—

1248.9 A

-1789.0 A

VW \W\WWM/V\/WWVW A

1123 A—

68.46 A =

-112.9 A

316.7 A—

2117 A —

-323.7A

W\/‘UWW\MNWWWV\W/W

28.11C T_01(C) -(DIF}
28.08 C

2912 C T_02(C) -(DIF)
29.09C

28.95C T_03(C) -(DIF)
28.92C

10,90 V—
10,90V —

Vrms (V) = HARM(Voltage.60.0.1)

i

0.501 uv

14204 A—
1416.5 A —

53.07 mA

Irms (A) = HARMI:NeutraI+Conduit.60.D.1}.

1/

14.02 mOhms —
7.696 mOhms -

9.446 uOhms

/@oedance _Magr (Ohms) = Vrms /Irms

74.99 Degrees —

44.95 Degrees —|

0.000 Degrees

Impedance_Phasb (Degrees) = PHASE(Voltage.60.0,1) - PHASE(Neutral+Con¢luit.60.D.1}

0.000s L:99.99ms DT:0300s R:0400s 0.500s

Figure D-1: Case Name STAINLESS300_010
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33.97 V—

23.98V

3" Stainless Steel, 2800 Amperes
Phase-Neutral-Conduit Bonded at Remote End
Ground Removed
16:57:27, December 13, 2018

-33.99 Vv

AR

3165.2 A—

2260.5 A

-3158.6 A

ﬂ”mmmmAAAAAAAAAAAAAAAAA%AAAAAﬂ

197.5 A—

124.0 A =

-185.7 A

7253 A—

499.7T A —

7203 A

28.17 C—

T_01(C) - (DIF)

28.14 C

29.27 C T_02(C) -(DIF)
2924 C

2904 C T_03(C) -(DIF)
29.01¢C |

23.99 V—
2398V —

1.283 mV

Vrms (V) = HARM(Voltage.60.0.1)

2601.7 A—y
25974 A —

93.46 mA

Irms (A) = HARMI:NeutraI+Conduit.60.D.1}.

13.73 mOhms —
9.233 mOhms -

7.025 mOhms

Impedance_Magr (Qhms) = Vrms /Irms

~

50.20 Degrees —

50.12 Degrees —

-105.9 Degrees

Impedance_Phasb (Degrees) = PHASE(Voltage.60.0,1) - PHASE(Neutral+Con¢luit.60.D.1}

0.000s L:99.99ms DT:0300s R:0400s 0.500s

Figure D-1: Case Name STAINLESS300_011
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58.97 mOhms — Impedance_Magn (Ohms) = Vrms /Irms
2412 mOhms :L

2.762 mOhms
12.59 Degrees —
7.478 Degrees

0.000 Degrees

13.57 V—

9.578V

3" Stainless Steel, 350 Amperes
Phase-Conduit Bonded at Remote End
Ground Removed, Neutral-Floated
17:01:03, December 13, 2018

Voltag

]

-13.58 V

U (fi AL M/\/\/\/\N\/\/\ /\ /\ : [\\/A\XA\/A\/A\/\\/\

31.43 A—

7.590 A —

-3419 A

Neutral (A) - (DIF) ﬂMWWMWMWWWMWMWWM

34.80 A—

1237 A —

-38.92 A

582.8 A—

3971 A —

-584.2 A

WY/A’V‘V\/\WNV\/\WW\MWV\/WW

28.54 C T_01(C) -(DIF}
28.51C

29.75 C T_02 (C) -(DIF)
29.73C

29.45C—

2944 C -
29.42C

T_03(C) - (DIF)

|
9.576 V—

9.574V —

/

Vrms (V) = HARM(Voltage.60.0.1)

7.899 uv

399.7 A—
397.0A —

2.859 mA

/

Irms (A) = HARMIfConduit.ED.DJ)

Impedance_Phasb (Degrees) = PHASE(Voltage.60.0,1) - PHASE(Conduit.ED.D.|1}

0.000s L:99.99ms DT:0300s R:0400s 0.500s

Figure D-1: Case Name STAINLESS300_012
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38.95V—

2742V

3" Stainless Steel, 1400 Amperes
Phase-Conduit Bonded at Remote End
Ground Removed, Neutral-Floated
17:02:08, December 13, 2018

-38.97 V

AT AR

47.64 A—

16.04 A —

-40.27 A

Neutral (A) - (DIF)

MMMMWWWMWMWW

73.02 A—

33.57TA —

-59.95 A

1776.6 A—

1238.7 A —

-1790.7 A

Conduit (A) - (DIF

28.85C—

28.83C —

28.82C

T_01(C) - (DIF)

30.10 C T_02(C) -(DIF)
30.07 C

[
29.72C—

T_03(C) - (DIF)

,,M,mewwwwmwmmwwwwmwwwwww
29.68 C

27.43 V—
2743V —

1.461 mV

Vrms (V) = HARM(Voltage.60.0.1)

1241.2 A—
1238.5 A —

66.45 mA

Irms (A) = HARMI:Conduit.ED.DA}

22.19 mOhms —
2215 mOhms -

19.73 mOhms

Impedance_Magr (Ohms) = Vrms /Irms

8.821 Degrees —

8.363 Degrees —

).000 pDegrees

Impedance_Phasb (Degrees) = PHASE(Voltage.60.0,1) - PHASE(Conduit.ED.D.|1}

0.000s L:99.99ms DT:0300s R:0400s 0.500s

Figure D-1: Case Name STAINLESS300_013
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Appendix E —2” EMT Raw Data Plots
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2" EMT, 200 Amperes
Phase & Neutral Bonded, Conduit & Ground Bonded at Remote End
13:11:07, December 13, 2018

/v“’ ‘°'/\/\/\/\ AAAAARRRARA W\/\/\/\/W\

-4.591V

S

7.586 A Ground (4) - (DIF)
-5.231 A : ‘ ‘

8.519 A— Conduit (A} (DIF)

3.291A -

-8.657 A

20.20¢ — T_01(C) }(DIF)

20.25C

20.88C
20.85C
20.83C

T_02(C) } (DIF)

21.16 C 03(C) } (DIF)
niac W mﬁ
21.12¢C

3.227V— Vrms (V) |- HARM(Voltage, 60.0, 1)

3223V N /

94.71 uVv

202.6 A— Irms (A) =5= HARM(Neutral,60.0,1)

201.5A N

9.850 mA

16.08 mOhms —;

16.00 mOhms

5.384 mOhms

Impedanck_Magn (Ohms) = Vrms / Irms

37.10 Degrees —

30.50 Degrees —

-37.60 Degrees

Jedanc,‘e_Phase (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral,60.0,1)

0.000 s L: 52.87 ms DT:0.431s R:0.484s 0.500 s

Figure E-1. Case Name EMT200_001
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20.66 V —

14.52V -

-20.65 V

Phase & Neutral Bonded, Conduit & Ground Bonded at Remote End
13:13:09, December 13, 2018

/Volt ag/e

i

N

2" EMT, 800 Amperes

"/\/\/\/\/\M/\MM/\M/\{\/\/\/\/\/\/\%

M1M31.7 A—

796.1 A

-11324 A

/etIA)

<‘"a~i_ﬂs

/&

MR AARARAAAAS

10.48 A —

4.394 A -

-10.96 A

Ground (A) -

{DIF)

20.48 A —,

1210 A -

-21.43 A

%

20,34 C
20.32C
20.30C

T_01(C) -

i

- (DIF)

=

[
20.93C

20.91C
20.80 C

T 02(C) -

- (DIF)

=

21.20C
21.18C

T 03(C) -

(DIF)

21.16 C

14.53 V —

14.52v N

0.666 mV

Vrms (V)

B

= HARM(Voltage,60.0,1)

794.7T A—

793.6 A N

Irms (A) = HARM(Neutral,60.0,1)

15.42 mA

43.21 mOhms —

18.30 mOhms

18.11 mOhms

Impedance_Magn (Ohms)

L

= Vrms / Irms

39.63 Degrees —

39.56 Degrees —

0.000 Degrees

7edance_Phase (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral,60.0,1)

0.000 s

L: 68.06 ms DT:0.405s R:0.473s

Figure E-2: Case Name EMT200_002
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Phase & Neutral Bonded, Conduit & Ground Bonded at Remote End

38.03 V— , Voltag

26.72V -1 /
-38.03 V

2" EMT, 1600 Amperes

13:57:19, December 13, 2018

iV \N\/\MM\MMMMW\/\/\/\NN\

T, i

156.8 A— Ground (A} - \(DIF)

90.16 A -

-148.9 A

WA

98.49 A — Condult (A 4 (DIF)
-99.13 A

20.11¢ 01(C) (II?IF)
2010¢C WW

29.08C

30.95 ¢ 02 (C) - (DIF)
30.94 C W

30.92C

30.08C — T_03(C) - (DIF)

30.04 C ‘ |

26.72V— Vrms (V) = HARM(Voltage,60.0,1)

26.71V N

0.458 mV ‘ ,

12264 A— Irms (A) =
/

12194 A N

HARM(Neutral,60.0,1)

54.05 mA T T

23.55 mOhms — lmpedance_Wagn (Ohms) = Vrms/ Irms

21.91 mOhms

3.576 mOhms ; .

46.52 Degrees — Impedance_Fhase (Degrees)

38.03 Degrees —|

-40.02 Degrees .

= PHASE(Voltage,60.0,1) - PHASE(Neutral,60.0,1)

0.000 s

L:64.91ms DT:0.393s R:0.458s

Figure E-3. Case Name EMT200_003
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17.91V

12.57 V
17.92V
838.7 A

589.7 A
-839.5 A
164.1 A

1129 A
-164.5 A
163.5 A

109.6 A
-163.3 A
21.73¢C

21.71¢C
21.70C
22.31¢

22.29C
22.26 C
22.59C

22.57 C
22.55¢C
1261V

1261V
0.506 mV
807.0 A

806.2 A
9.077 mA
55.72 mOhms
15.63 mOhms
15.56 mOhms
37.52 Degrees
37.47 Degrees
0.000 Degrees

2" EMT, 800 Amperes
Phase, Neutral, Conduit & Ground Bonded at Remote End
13:24:02, December 13, 2018

/W"ag”v’ T /\/\ A ﬂ ﬂ A ﬂ A ﬂ A ﬂ / W\/\N\/\A/\

TmmMWAAAAAAAAAAAAAAAAAAAAF

AT

WYAAAMAAAAAAMNAAN

‘:I T _01(C) -(DIF)

3 T_02(C) - (DIF)

} T_03(C) - (DIF)

Vrms (V) = HARM(‘HoItage.B0.0A}

Irms (A) = HARM{Neutral+Ground+C onduit,60.0,1)

Impedance_Magn (ths) = Vrms/Irms

L

Impedance_Phase (Degrees) = PHASE(Voltage.60.0.1) - PHASE(Neutral+Ground+Conduit.60.0,1)

0.000 s L:8643ms DT:0.346s R:0.432s 0.432s

Figure E-4: Case Name EMT200_004
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2" EMT, 1600 Amperes
Phase, Neutral, Conduit & Ground Bonded at Remote End
13:54:14, December 13, 2018

37.44 V— )y Voltage (V) - (DIF
sav WA AAAAAARARAAAA
1439.6 A— p Neutral (A) - DIFI\
e P AMAAAN AN
o AN

413.0 A— , Conduit (A) - (DIF)
AL
414.6 A—. ‘ / . : : ; :
26.32C— T_01(C) -(DIF)
26.30 C WN‘MW
26.28C

27.88C— T_02(C) -(DIF)
s W
2784 C

2710C T_03(C) -(DIF)
27.06C ] ‘ , , ,
26.36 V— Vims (V) = HARM(Voltage,60.0,1)

2635V |
0.279 mV : , ,

14271 A— Irms (A) = HARM(NeutraI+Gr0und+C0nduit,60.0,1)
1423.0 A -
60.19 mA ; , ,

18.52 mOhms —

23.61 mOhms/\lmpedance_Madn (Ohms) = Vims /Irms

1.743 mOhms T T T

50.35 Degrees — Impedance_Phabe (Degrees) = PHASE(VoItage,60.0,1)-PHASE(NeutraI+Ground+Conduit,$0.0,1
42.30 Degrees —

42.84 Degrees T T T

0.000s L:92.96 ms DT:0.372s R:0.465s 0.465 s

Figure E-5: Case Name EMT200_005
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2" EMT, 200 Amperes
Phase, Conduit & Ground Bonded at Remote End
13:28:46, December 13, 2018

3/\/\/\/\ \/\/A\/\/A\,/A\/\/A\AA/\Aﬁ\ﬂ

5447 A Neutral (&) - (DIF)
TN -
-4.926 A

! ‘ ' ' ' ' \
166.4 A— ,Ground (A) - (DIF)

s YTTDAMANANNADANNS
A65.3A | ‘ : : , i , : ‘
142.9 A— Conduit (A) - (DIF]

i AVAVAVAYAVAYAVAVAVAVAVAVAVAVAVAVATS
A442.0 A —| ‘ ‘ ; . i . . l
22.39C T_01(C) - (DIF)
22.35¢

2297 C T_02(C) -(DIF)
22.93C

23.25C T_03(C) -(DIF)
23.21C

£ 2 £

6.572V— Vrms (V) = HARNYVoltage,60.0,1)
6.571V -

0.303 mV , : : :

205.8 A— Irms (A) = HARM(Ground+C onduit,60.0.1)

205.6 A -

10.94 mA T T T T

31.99 mOhms — Impedance_Magn [Ohms) = Vrms/Irms
31.96 mOhms

19.53 mOhms T T T T
24.13 Degrees — Impedance_Phase| (Degrees) = PHASE(Voltage.60.0.1) - PHASE(Ground+Conduit,60.0,1)———
23.72 Degrees

-135.4 Degrees T T T T T ‘

0.000 s L: 5428 ms DT:0.223s R:0.278s 0.295 s

Figure E-6: Case Name EMT200_006
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33.29V—
2348V

2" EMT, 800 Amperes
Phase, Conduit & Ground Bonded at Remote End
13:34:58, December 13, 2018

-33.29V

Voltage ¢)|F
S O\I/) W AT ATATATATATATATATATA

6.380 A Neutral (Al
1.684 A WMMNWWWWWWWWW
5939 A

470.9 A—
3326 A
470.2 A

JTIRAAMANMANAA AN

7221 A—
4708A
T2A.TA

TTAAAAAAAAAN

¥

24.66 C T_01(C) -(DIF)
2464C -
24.58C

2591C
2590C

T 02(C) - (DIF) w

25.88C—

2549 C— | T_03(C) -(DIF)
2547C W
2545C

|
2345V —
2342V -

Vrms (V) = HARM (Voltage,80.0,1)

1.258 mV

790.9 A—
789.6A
36.41mA

Irms (A} = HARM(Ground+Conduit,60.0,1)

34.56 mOhmsi
29.67 mOhms -
23.65 mOhms

Impedance_Magn (Ohms) = Vrms /Irms

27.85 Degrees —|
27.68 Degrees —
0.000 Degrees

Impedance_Phase (Degrees) = PHASE(Voltage,60.0,1) - PHASE (Ground+Conduit,60.0,1)—

0.000 s L:66.52ms DT:0.303s R:0.370s 0.383 s
Figure E-7. Case Name EMT200_007
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2" EMT, 1600 Amperes
Phase, Conduit & Ground Bonded at Remote End
13:47:33, December 13, 2018

:_ Whﬁgew i /\/\MN\MN\/\/\/W Y A\M\/\

3567 A Neutral (A) | (DIF)
13.77T A
43.64 A

577.6 A— ;Ground (A)|- (DIF)

T AN
574.2 A
940.5 A— Conduit (A IF)

R / \/ \/\/W\NW\/\N\/\AWN\/\N\N\/W\
9265 A
24.69C— T_01(C) -(DIF)

24.67C %MWM
24.65C— ‘ : : :

2545C— T_02(C) -(DIF)
2541C

2538C— T_03(C) -(DIF)
saoc il

2534 C : . . .

27.53V— Vims (V) =| HARM(Voltage,60.0,1)
27.52V =
1.167 mV ‘ , . ,

975.8 A— Irms (A) = HARM(Ground+Conduit,60.0,1)

968.4 A -
20.44 mA— ‘ . : :
57.08 mOhms Impedance| Magn (Ohms) = Vrms /Irms
28.42 mOhmsi
28.17 mOhms ‘ T ‘ T ‘ ‘ ; .

26.92 Degrees

27.16 Degreesa ImpedanceJ_Phase (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)—
0.000 Degrees i ; . .

0.000s L: 73.15ms DT: 0.427s R:0.500s 0.500 s

Figure E-8: Case Name EMT200_008
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2" EMT, 200 Amperes
Phase, Neutral & Conduit Bonded at Remote End
Ground Removed
14:17:14, December 13, 2018

. —, Volta e(V) (DIFF)

SR AR
4585V YAY; Y YAV \ VALY
239.3 A—, Neutral (A) - (DIF)

\/ NWW\WW\MW\/\M/\
237.0A
7.570 A Ground (A) - (DIF)

7.242 A
63.97 A Conduit (A) - (DIF)

SRS
64.98 A
39.91Cc— T_01(C) -(DIF)

39.90C WMWMWN
39.89C

4115C— T_02(C) -(DIF)
41.13¢C WMWWW
a112¢ ‘ , , , ,
4156 C— | T_03(C) - (DIF
41.54C
4153C— | . : : :
3.232V— Vrms (V) = HARM(Voltage,60.0,1)
3231V -

92.40 uv T T T T

2083 A— Irms (A) = HARM(Neutral+Conduit,60.0,1)
2071A —
0.622mA . . . .

0.149 Ohms Impedance_Madn (Ohms) = Vims /Irms
15.61 mOhmsaL

15.51 mOhms i . . T T

28.72 Degrees
).000 pDegrees i : T T T

0.000s L:86.43ms DT: 0.346s R:0.432s 0.432s

29.10 Degreesa Impedance_Phabe(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)—

Figure E-9: Case Name EMT200_009
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3" GRC, 1400 Amperes
Phase-Neutral-Conduit Bonded at Remote End
Ground Conductor Removed
16:31:21, December 14, 2018

_/ 7)/ I A/A\/A\/ﬂ\/\/\ WY [\/\/\/W\/\/\/\/\/\
1797.0 A— A) - DI|

woen 3TV AAAANAA
ot AT TNV
O

24.35C— T_02(C) -(DIF)
24.32C

24.51C T_03(C) -(DIF)

24.48C— ‘ . ; . .

14.27 V— Vrms (V) = HARM(Voltage,60.0,1)
1427V -

0.391 mV T T T T

14309 A— Irms (A) = HARM(Neutral+Conduit,60.0,1)
1428.9 A =
32.71 mA T T T T

50.86 mOhms Impedance_Mégn (Ohms) = Vims /Irms
9.984 mOhms?J\\
9.970 mOhms

56.09 Degrees

66.70 Degreesa/lny\)’edance PHase(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)
1.314 Degrees i I I I I

0.000s L:83.84ms DT:0.370s R:0.454s 0454 s

Figure E-10: Case Name EMT200_010
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2" EMT, 1600 Amperes
Phase, Neutral & Conduit Bonded at Remote End
Ground Removed
14:02:47, December 13, 2018

o AL ALAAAAALARAPARAARA

e T Vi/\/\/\MNWV\WVW\M/W\

o ITTAAAAANAAMA AN
32.9.3 ca T 01(C) ‘_ (DIF | | ‘ ‘ ' :

33.92¢C T_02(C) -(DIF)
33.90C
33.89C— ‘ . ; | .

3421C— T 03(C) -(DIF)
34.18C

‘ T T T T T
26.50 V— Vims (V) = HARM(Voltage,60.0,1)
2648V

1.335mV . . . .
13835 A— Irms (A) = HARM(Neutral+Conduit,60.0,1)
13747A -
40.02 mA— . . . .

33.34 mOhms — Impedance_M%agn (Ohms) = Vims /Irms
19.27 mOhms —

17.87 mOhms ; . : T

38.62 Degrees — Impedance_Pﬁase (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)—
38.27 Degrees —
0.000 Degrees I I I I

0.000s L:80.86ms DT: 0.362s R:0.443 s 0443 s

Figure E-11: Case Name EMT200_011
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58.76 mOhms —
58.60 mOhms

1.314 Degrees

17.74 V—

2" EMT, 200 Amperes
Phase & Conduit Bonded at Remote End
Ground Removed, Neutral Floating
14:12:29, December 13, 2018

/Volta DIFF)

12.46V
-17.74 V

T

\ f\/\/\/\/\/\/\/\/\/\r
LAY \/\ SV VYV U VVY

5511 A
1.333A
4.604 A

a Neutral (A) - (DIF)

5913 A
1437 A

3 Ground iA) - (DIF)

6.341 A

323.0 A
2134 A
3224 A

TR

4044 C
4043 C
4041 C

a T_01(C) -(DIF)

\
41.72C
41.71C

4261C
42.59C

. T_02(C) - (DIF)
41.70 C—

1249 V—
1248V

: a T 03(ci -iDIF)
42.58 C—

Vrms (V) = HARM(Voltage,60.0,1)

0.184 mV

213.0 A
2124 A
1.774 mA

HARM(Conduit,60.0,1)

Irms (A) =

0.524 Ohms —

1

Impedance_Magdn (Ohms) = Vrms /Irms

32.25 Degrees |
29.95 Degrees —

IrJ]pedance_Phabe (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1)

0.000s

L:95.25ms DT:0.381s R:0.476s 0476 s

Figure E-12: Case Name EMT200_012
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39.77TV—

2" EMT, 800 Amperes
Phase & Conduit Bonded at Remote End
Ground Removed, Neutral Floating
14:13:38, December 13, 2018

—/\VOM UV v(\m N\A/\/\/\/\/\N\/\/A /\A ik /\ A ” A /\

6.299 A Neutral (A) - (DIF)
5.489 A

7.200 A Ground (A) - (DIF)
6.180 A

7?}3‘33:23/ AN

40.33C T_01(C) -(DIF)
40.30C

41.68C T_02(C) -(DIF)
41.66 C %N
41.65C

4224Cc— T_03(C) -(DIF)
42.21C

|

28.06 V|

28.05V -
1.500 mV

Vrms (V) = HARM(Voltage,60.0,1)

697.0 A—
696.2A
28.75mA

Irms (A) = HARM(Conduit,60.0,1)

52.19 mOhms—_
40.29 mOhms —
32.36 mOhms

Impedance_Magdn (Ohms) = Vrms /Irms

30.03 Degrees |
29.93 Degrees —
0.000 Degrees

Impedance_Phalse (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1)

0.000s L:90.73ms DT:0.363s R:0.454s

Figure E-13: Case Name EMT200_013
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3970V
28.03V
-39.70V

2" EMT, 1600 Amperes
Phase & Conduit Bonded at Remote End
Ground Removed, Neutral Floating
14:06:10, December 13, 2018

— Voltage| -DIF
qﬂ\hﬁ(\AAAAAAAAAAAAANAAAAAAAAA

49.09 A— Ground|(A) - (DIF

14.28 A -
-38.63 A

10727 A—

. Condun| (DIF
wan \/ W\/\/WM/\MNW\/W\/\/\/\/\/V\
10740 A—
T_01(C) -(DIF)

3641C—
— e oy b b AT

36.37C — MM«“MWMWWWWM&MM g w et
T T T

36.33C

el ol

3848C— T_02(C) - (DIF)
38.43C 1 M
[yt

38'37 C_ T T T T T T T

38.35C—] T_03(C) -(DIF)
3831C - M

38.27C

28.01 V— Vrms (V) = HARM(Voltage,60.0,1)

28.00V 7
0.554 mV

685.9 A— Irms (A)) = HARM(Conduit,60.0,1)

681.7TA 7
27.97 mA

41.08 mOhms —

51.03 mOhms—fLInl)edalhce_Magn (Ohms) = Vrms /Irms

11.65 mOhms

34.80 Degrees — Impedahce_Phase (Degrees) = PHASE(Voltage,60.0,1) - PHASE (Conduit,60.0,1)

27.37 Degrees —

-26.81 Degrees ]

0.000s L:55.55ms DT: 0.444s R:0.500s 0.500 s

Figure E-14: Case Name EMT200_014
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Appendix F —2” GRC Raw Data Plots
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2" GRC, 200 Amperes
Phase-Neutral Bonded, & Ground-Conduit Bonded at Remote End
15:05:57, December 14, 2018

4.683V— Voltage DIF

s TAANAAAAA AR
293.5 A—, Neutral (A) - DIF)

NE T \/W\W/WW\MN\/W\/WV
-9.220 A— ‘ ) ‘ : ‘ ‘ : .

5913 A Conduit (A) - (
1.640 A
-5.296 A— . . .

2019C— T_01(C) -(DIF
20.17¢C
20.15C

20.35C— T_02(C) -(DIF)
20.32C

2057TC T_03(C) -(DIF
2054C—| ‘ , I ,
3.291 V— Vrmms (V) = HARM (Voltage,60.0,1)

3.288V —
0.177 mV T T T

2054 A— Irms(A) = HARM(NeutraI,60.0,1)
2049 A —
9.496 mA T T T

18.59 mOhms — Impedance_Madn (Ohms) = Vrms/Irms
16.05 mOhms

12.64 mOhms — /
31.62 Degrees — Impedance_Phase (Degrees) = PHASE(Voltage,60.0,1) - PHASE (Neutral,60.0,1)}————
31.26 Degrees ]

0.000 Degrees ; ; ;

0.000s L:86.43ms DT:0.346s R:0432s 0432s

Figure F-1: Case Name GRC200_001
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19.90V
14.03V
-19.89 V

1141.6 A
798.7T A
-1142.0 A

2214 A
1218 A
-21.76 A

9.387 A
2873A
-7.676 A

2017C
2015C
2014 C

2036 C
20.35C
20.33C

20.58C
20.56 C
2054 C

14.01V
14.00V

0.735mV_|

801.8 A
800.8 A

28.67mA—|

25.63 mOhms
17.48 mOhms
15.20 mOhms

AN,

2"

GRC, 800 Amperes

Phase-Neutral Bonded, & Ground-Conduit Bonded at Remote End
15:07:26, December 14, 2018

AAN\AAM\/\N\/\

VYV VYV VY

ALY

-ﬁﬁﬁﬁﬁﬂﬂﬂﬂﬂﬂﬂAAAAAAAAAAAAAA

WY

Conduit (A) -(

TAAAAAN AN

a T 01(C) - (DIFi

T 02(C) -(DIF

a T_03(C) -(DIF)

Vrms (V) = HARM (Voltage,80.0,1)

Irms (A} = HARM(Neutral,60.0,1)

Impedance_Magdn (Ohms) =

Vrms/Irms

36.98 Degrees —|

36.94 Degrees
).000 pDegrees

Impedance_Phase (Degrees) = PHASE(Voltage,60.0,1) - PHASE (Neutral,60.0,1)——

0.000s

Figure F-2: Case Name GRC200_002

L:88.55ms DT:0.354s R:0.443s
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37.82V
28.75V
-37.82V

1877.0 A
1309.2 A
-1875.4 A

2136 A
1349A
2084 A

46.09 A
12.70 A
4577 A

2449C
24.48C
2446 C

2507C
25.05C
25.04C

2536 C
2535C
25.33C

2665V
26.65V

1.287 mV |

13090.9 A
1306.8 A

68.95mA |

20.44 mOhms
20.39 mOhms
11.35 mOhms

42.16 Degrees
39.56 Degrees
).000 pDegrees

2" GRC, 1600 Amperes
Phase-Neutral Bonded, & Ground-Conduit Bonded at Remote End
15:29:16, December 14, 2018

TR AAMAANAAAAAAANA
ElA UFM/\M/W\WNWW\MA

TR

Conduit (A) - (DIF)

3 T 01 NC) -(DIF)

T_02(C) - (DIF)

3 T 03 ﬁ - (DIF)

— Vrms (V) = HARM (Voltage,60.0,1)

— Irms (A) = HARM(Neutral,60.0,1)

— Impedance_Magn (Ohms) = Vims/Irms

— Impedance_Phalse (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral,60.0,1)

0.000s L:88.55ms DT:0.354s R: 0443 s 0443 s

Figure F-3: Case Name GRC200_003
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2" GRC, 800 Amperes
Phase-Neutral-Ground-Conduit Bonded at Remote End
15:10:04, December 14, 2018

TN
T
TR
S ALY
5 o

20.57C T_02 (C) -(DIF)
20.54 C

20.77C T_03 (C) -(DIF)
2074 C

1214 V— Vrms (V) = HARM (Voltage,60.0,1)
1214V |

0.648 mV : : : ,

789.0 A— Irms (A) HARM(NeutraI+Gr0und+Conduit,60.0,1}

788.6 A -
3240 mA , , , ,
20.18 mOhms — Impedance_Magn (Ohms) = Vrms /Irms
15.39 mOhms ]
12.66 mohms |~ , , ,
35.77 Degrees — Impedance_?hase (Degrees) = PHASE(Voltage,60.0,1) - PHASE(NeutraI+Ground+Conduit,6¢.0,1)

35.68 Degrees —

).000 pDegrees T T T T T

0.000s L:63.58 ms DT:0.329s R: 0.392s 0.392s

Figure F-4: Case Name GRC200_004
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2" GRC, 1600 Amperes
Phase-Neutral-Ground-Conduit Bonded at Remote End
15:26:17, December 14, 2018

/\/ / MN\/\/W\/\/W W A\/\/A\/A\/\f

= A
299.7TA—] Ground (A) - (DIR)

oz ST AANAAAARAAA

344.8 A— ,Conduit (A) - (DIF)
- SV
-348.6 A : . | . ‘ ‘ .

24.05C T_01(C) -(DIF)
24.02¢C

24.40C T_02 (C) - (DIF)
24.37C

24.79C T_03 (C) -(DIF)

24.75C— ; : : :

26.36 V— Vrms (V) = HARM(Voltage,60.0,1)
26.35V ]

1.166 mV T T T T

1480.0 A— Irms (A) HARM(NeutraI+Ground+Conduit,60.0,1}

14774 A -
18.42 mA . , , , ,
63.29 mOhms — Impedance_Madn (Ohms) = Vrms /Irms
17.84 mOhms _L
17.67 mOhms | , , , ,
42.73 Degrees — Impedance_Pha%se (Degrees) = PHASE(Voltage,60.0,1) - PHASE(NeutraI+Ground+Conduit,6¢.0,1)

42.61 Degrees —|
0.000 Degrees T T T T T

0.000s L:90.73 ms DT:0.363s R: 0.454s 0454 s

Figure F-5: Case Name GRC200_005
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9.450 V—
6.669 V
-9.429V

2" GRC, 200 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Open
15:13:46, December 14, 2018

AR

Voltage (V) (DIF1)

[ AL
\J\

VY VYV

5.077 A
0.952 A

-4.604 A

161.1 A—
1109 A
-160.3 A

3 Neutral (A) -(DIF)
AN

128.8 A—
91.62 A
-129.4 A

20.69C
20.68C
20.66 C

\TTTAMANARMAAAAAIAN

3 T_01 (C) - (DIF)

2114 C
2112¢C
2111 C

3 T_02 (C) - (DIF)

2131 C
21.29C

3 T_03 (C) - (DIF)

21.27C

6.644 V—
6.643 V
89.47 uv

Vrms (V) = HARU\H(Voltage,B0.0,1)

.

201.4 A—
201.3 A
1.056 mA

Irms (A) HARM (Ground+Conduit,60.0,1)

S~

0.342 Ohms —
33.01 mOhms |

32.97 mOhms

Impedance_Madn (Ohms) = Vrms /Irms

-

20.17 Degrees —
20.13 Degrees —
-5.307 Degrees

Impedance_Phaise (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)—

0.000 s L:84.35ms DT:0.337s R:0422s 0422s

Figure F-6: Case Name GRC200_006
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34.04 V—
23.89V
-34.03V

2" GRC, 800 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Open
15:15:12, December 14, 2018

S AR AAAAAAANY

6.010 A—
1.504 A =

-4.894 A

534.2 A—
371.0A m
-533.7TA

A AAAAAAAAALAAAN

593.2 A—
395.7TA -
-593.0 A

A A

21.03¢C T_01 (C) - (DIF)
21.00C

21.50C T_02 (C) -(DIF)
2146 C

21.75¢C T_03 (C) -(DIF)
e MWMW
2171 ¢C

23.98V—
23.98V —
1.231 mV

Vrms (V) = HARU\H(Voltage,B0.0,1)

/

767.3 A—
766.1 A -
29.82 mA

L/

HARM(Ground+Conduit.60.0.1)

Irms (A)

41.29 mOhms —
31.30 mOhms -

28.22 mOhms

Impedance_Madn (Ohms) = Vrms /Irms

24.13 Degrees —
24.09 Degrees —
0.000 Degrees

Impedance_Phaise (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)—

0.000 s L: 8643 ms DT:0.346s R:0432s 0432s

Figure F-7: Case Name GRC200_007
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39.25V—
27.69V
-39.23V

2" GRC, 1600 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Open
15:23:25, December 14, 2018

J v Q{C/}\{\)/-/Tl/ﬂ\//\/\/\/\N\/\/\/\/\A/\/\\/\\/\\/\\/\\/ﬂ\/\\/ﬂ

39.44 A—
14.52 A

-39.98 A

677.8 A—
4535 A
-666.1 A

AAAAMAAAAAAAAN

669.1 A—
443.5 A
-687.0 A

22.90 C—
22.89C
22.87C

AN AN

T_01 (C) -(DIF)

23.35C
23.33C
23.31C

i

T_02 (C) -(DIF)

23.69 C—
23.68C

T_03 (C) -(DIF)

23.66 C i

27.64V—
27.64V
1.309 mV

Vrms (V) = HARM(Voltage,B0.0,H

8952 A
893.0A
28.32 mA

HNRM(Ground+Conduit.60.0.1)

Irms (A)

46.22 mOhms —
30.95 mOhms -

29.73 mOhms

Impedance_Magn (Ohms) = Vrms /Irms

24.11 Degrees —
24.05 Degrees —

).000 pDegrees

Impedance_Phase (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)—

0.000 s

L:72.35ms DT:0.348s R: 0.421s 0421s

Figure F-8: Case Name GRC200_008
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4,487 V—

3162V
-4.479V

2415 A
1674 A
-241.6 A

4450 A
1.559 A
-3.961 A

5448 A
37.24 A
-55.62 A

31.59C
31.58C
31.56 C

M.71¢C
31.69C
31.68C

31.80C
31.78C
M.77¢C

3158V
3157V
0.167 mV

2051 A
205.0A
10.41 mA

16.00 mOhms
15.40 mOhms
10.95 mOhms
364.0 Degrees

30.93 Degrees
30.86 Degrees

AVoltage V) - (DIF1)

2" GRC, 200 Amperes
Phase-Neutral-Conduit Bonded at Remote End
Ground Conductor Removed

ﬂﬂﬂﬂﬂﬂﬂf

YAV AAAAAAAAA YAVAVAY

A

Conduit (&) - (DIF)

3 T_01 (C) -(DIF)

3 T_02 (C) - (DIF})

3 T_03 (C) -(DIF)

/

Vrms (V) = HARU\H(Voltage,B0.0,1)

V.

HARM (Neutral+Conduit,60.0,1)

Irms (A)

Impedance Madn (Ohms) = Vrms /Irms

ﬂ/

Impedance_ Pha!se (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1) + 3¢0

0.000 s

L:7842ms DT:0.314s R: 0.392s 0.392 s

Figure F-9: Case Name GRC200_009
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19.54 V—
13.75V

1000

2" GRC, 800 Amperes
Phase-Neutral-Conduit Bonded at Remote End
Ground Conductor Removed

15:52:563, December 14, 2018
Voltage(V) (bIF) [\/\ /\ﬂ

-19.55V

AR AN

970.4 A—
681.0 A
-969.6 A

TR

10.16 A—
5.910A

i

G

TERAWAAWAAA

-10.31 A

176.0 A—
1196 A
1754 A

T AMAMAAMAMAAAAAN

3j1.40cC
31.38C
31.37C

3 T_01 (C) -(DIF)

31.55C
31.54 C
31.52C

3 T_02 (C) -(DIF)

\
31.63C

31.61C

? T_03 (C) -(DIF)

31.60C i

13.79V—
13.78 V
84.62 uV

Vrms (V) = H|ARM(VOItage,60.0,1)

798.8 A—
798.6 A
20.45 mA

y
/

Irms (A) = HA«RM(NeutraI+Conduit.60.0.1

50.26 mOhms —
17.26 mOhms —

4.138 mOhms

j@edance_h{lagn (Ohms) = Vrms /Irms

57.52 Degrees —
36.03 Degrees —

Impedance_F’fhase (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)
[

1.314 Degrees

0.000 s L:74.20ms DT:0.369s R:0.443s 0443 s

Figure F-10: Case Name GRC200_010
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37.62V—
2647V

2" GRC, 1600 Amperes
Phase-Neutral-Conduit Bonded at Remote End
Ground Conductor Removed
/VOItage (V) - (DIF1)

-37.63V

15:37:32, December 14, 2018
iy \ Aﬂﬂﬂ

A

1635.7TA—
11495 A

-1646.1 A
109.8 A—
61.55 A N
-110.6 A

Ground (A) -(DIFi)

\/VWV\/\/\/\/W\/\/\/\/\/\/\/\/\/\/\/\

462.7 A—
287.TA
-462.5 A

T A AR

25.48C
2546 C
2544 C

? T_01 (C) -(DIF)

\
26.27C

26.26 C
26.24 C

3 T_02 (C) - (DIF})

26.39C
26.37C
26.35C

3 T_03 (C) -(DIF)

26.55 V—
26.55V
0.898 mV

Vrms (V) = HARU\H(Voltage,B0.0,1)

14361 A—
14313 A
0.798 mA

HARM (Neutral+Conduit,60.0,1)

Irms (A)

2.208 Ohms —
18.55 mOhms —
18.48 mOhms

Impedance_Madn (Ohms) = Vrms /Irms

38.76 Degrees —
38.59 Degrees —
1.314 Degrees

Impedance_Phaise (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)——

0.000 s

L:88.55ms DT:0.354s R:0.443s 0443 s

Figure F-11: Case Name GRC200_011
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17.67 V—
12.52V

2" GRC, 200 Amperes
Phase-Conduit Bonded at Remote End
Ground Conductor Removed, Neutral Open
15:48:04, December 14, 2018

-17.68V

TR AAAMAAAARAR

5.270 A Neutral (A) - (DIF}
-4.443 A
3.710 A Ground (A) -(DIFi)
-3.205 A

\

3235 A

2164 A -
-322.2 A

31.76 C T_01 (C) -(DIF)

31.73C

32.04C T 02 (C) -(DIF)
32.01¢C

32.22¢C T_03 (C) - (DIF)
3219C

\
1248 V—

1247V —
0.302 mV

Vrms (V) = HARU\H(Voltage,B0.0,1)

2152 A—
2148 A -
1.526 mA

HARM (Conduit,60.0,1)

Irms (A)

0.198 Ohms —
58.07 mOhms -
57.97 mOhms

Impedance_Madn (Ohms) = Vrms /Irms

26.18 Degrees —
26.07 Degrees —
0.000 Degrees

Impedance_Phaise (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1)

0.000 s L:84.35ms DT:0.337s R:0422s 0422s

Figure F-12: Case Name GRC200_012
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39.71V—

1/

2" GRC, 800 Amperes
Phase-Conduit Bonded at Remote End
Ground Conductor Removed, Neutral Open
15:46:44, December 14, 2018

Voltage (V) - (DI /\ /\ /\ /\

2821V
-39.72V

PHATAMAAAAAAAAAAAARAAAA

VAV

5.383 A
1128 A

3 Neutral (A) - (DIF)

-4.250 A ‘

5.608 A*
2816 A
-6.518 A

1032.6 A—
680.6 A
-1032.8 A

V\A/V\/\A/\/W\/V\/\/\MM/W\

3018 C—
3016 C
3015C

T_01 (C) -(DIF)

typratiptith

\
3043 C

3041 C
30.39C

3 T_02 (C) - (DIF})

\
30.75C

30.73 C

? T_03 (C) -(DIF)

30.711C ‘

28.12V—
2811V
0.991 mV

Vrms (V) = HARU\H(Voltage,B0.0,1)

674.7 A—
674.0 A
7.436 mA

Irms (A} = HARM(Conduit,60.0,1)

0.133 Ohms —
41.70 mOhms

41.55 mOhms

Impedance_Madn (Ohms) = Vrms /Irms

27.62 Degrees —
27.59 Degrees —
0.000 Degrees

Impedance_Phaise (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1)

0.000 s

L:84.35ms DT:0.337s R:0.422s 0422 s

Figure F-13: Case Name GRC200_013
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39.93V—

2" GRC, 1600 Amperes
Phase-Conduit Bonded at Remote End
Ground Conductor Removed, Neutral Open
15:40:17, December 14, 2018

Voltage (V) (DIF])

28.34V
-39.94V

AR

\/\

3847 A
8.088 A
-32.26 A

51.79 A
1748 A
-47.70 A

1083.9A
693.9 A
-1077.6 A

26.58 C
26.56 C

? T_01 (C) -(DIF)

26.53 C i

27.14 C—
2712cC
2710C

T_02 (C) - (DIF})

Bl i

\
27.42 C—

2740C

T_03 (C) -(DIF)

B s

27.37C |

28.26 V—
28.25V
25.35uV

Vrms (V) = HARU\H(Voltage,B0.0,1)

.

692.5 A—
690.1 A
11.49 mA

Irms (A} = HARM(Conduit,60.0,1)

S

0.155 Ohms—
40.94 mOhms -

2.207 mOhms

Impedance_ Madn (Ohms) = Vrms /Irms

?

27.05 Degrees —
24.77 Degrees —
-14.97 Degrees

Impedance_Phaise (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1)

0.000 s L:84.35ms DT:0.337s R:0422s 0422s

Figure F-14: Case Name GRC200_014

106



Appendix G —2” IMC Raw Data Plots
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2" IMC, 200 Amperes
Phase-Neutral Bonded & Ground-Conduit Bonded at Remote End
10:08:52, December 14, 2018

4.421 V—y, Voltage DIF)

o ATRVAMAMAAAMAMAAA
286.0 A—, Neutral (A DIF\

A A

cisx - ARAAAAAAAAAAARMAAAMAARAA
-5:64DA | Conduit(‘A)-(DllF) | | | | | |

1.294 A
5.344 A

20.69C— ;T_01(C) -(DIF
20.67C
20.65C

21.26C— T 02(C) -(DIF)
21.22C

21.32C T_03(C) -(DIF)
21.28C

3.120V— Vims (V) = HARM (Voltage,60.0,1)
3116V |
83.75 uV : , ,

198.8 A— Ilrms(A) = HARM(NeutraI,60.0,1)
198.0A —
0.167 mA T T T

15.73 mOhms
15.68 mOhms i . : :

29.85 Degreesa Impedance_Phase (Degrees) = PHASE(Voltage,80.0,1) - PHASE (Neutral,60.0,1——

0.500 Ohmsa\ Impedance_Magdn (Ohms) = Vrms /Irms

29.66 Degrees
0.000 Degrees

0.000s L:92.96 ms DT:0.372s R:0.465s 0.465 s

Figure G-1: Case Name IMC200_001
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2061V
14.56 V
-20.60V

1133.9 A
793.9A

11349 A

19.53 A
11.21A
-20.03 A

7.296 A
2045 A
-7.161 A

2068C
20.67C
2065C

21.26 C
21.24C
21.22C

21.31C
21.29C
21.27C

14.56 V
14.55V

0.452mV |
797.1 A—

796.3 A

41.34mA—|

18.42 mOhms
18.28 mOhms
5.585 mOhms

i

2" IMC, 800 Amperes
Phase-Neutral Bonded & Ground-Conduit Bonded at Remote End
10:10:23, December 14, 2018

HTAMAAAMAAARARARAARA

ITAMAAAMAAAMMANAAAA

J W\/\/\f\/\N\/\/\/\/\/\/\/\/\/\/\/\/\/\N\/\/\/\f

Conduit (A) - (DIF)

3 T 01(C) -r":t

3 T OZiCi -aDIF;

a T 03(C) - aDIF)

Vrms (V) = HARM (Voltage,80.0,1)

Irms (A} = HARM(Neutral,60.0,1)

/

Vrms/Irms

Impedance_Magdn (Ohms) =

42.08 Degrees —

39.95 Degrees
-68.70 Degrees

LS

Impedance_Phase (Degrees) = PHASE(Voltage,80.0,1) - PHASE (Neutral,60.0,1}——

0.000s

L:92.96 ms DT:0.372s R:0.465s 0465 s

Figure G-2: Case Name IMC200_002
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2" IMC, 1600 Amperes
Phase-Neutral Bonded & Ground-Conduit Bonded at Remote End
10:41:47, December 14, 2018

\/\f\/w | _/([il/)\ /\/ﬂ\/ﬂ\/\/\ W A A /\/A\/\MMM
1832.0 A Neutral - (DIF)

/W\/\/WN\WWM/\M
81-§§z::i/i7i7i7'v“fyvm/\/wmm\/\mwmm/\/

iz!»

77.55 A— ,Conduit (A) - (DIF)
37.99A
-73.36 A ‘ ‘ : ‘ ‘ . .

27.03C T_01(C) -(DIF
27.02C
27.00C ‘ ‘ T . |

27.81C— T_02(C) -(DIF)
27.78C

2748C T 03(C) -(DIF
2747C

2745C ‘ T T T

26.44V— Vims (V) = HARM(Voltage,60.0,1)
26.43V =
0.502 mV T T |

1278.0 A— Irms (A) = HARM(NeutraI,60.0,1)
1273.3 A —
22.83 mA T T T

0.113 Ohms Impedance_Magdn (Ohms) = Vrms /Irms
20.76 mOhms?jL
20.68 mOhms

39.95 Degrees

40.36 Degrees a}npedance_Phabe (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral,60.0,1)————
-16.14 Degrees ‘ ; ; ;

0.000s L:82.33ms DT:0.329s R:0412s 0412 s

Figure G-3: Case Name IMC200_003
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17.31 V—
12.20V

2" IMC, 800 Amperes
Phase-Neutral-Ground-Conduit Bonded at Remote End
10:13:37, December 14, 2018

1731V

FAAAAAANAAANAAAS

8329 A—
584.2 A
-829.6 A

AR

165.6 A—
1156 A m
-168.1 A

A AAAAAANA

1529 A—
104.2 A —
1531 A

T AN

20.98C T_01 (C) -(DIF)
20.94 C

21.66C T_02 (C) - (DIF)
21.62C

21.69C T_03 (C) -(DIF)
21.65C

\
12.23V—

1223V —
98.81 uV

Vrms (V) = HARU\H(Voltage,B0.0,1)

796.3 A—

795.9 A -
29.90 mA

Irms (A) HARM (Neutral+Ground+Conduit,60.0,1)

23.21 mOhms — Impedance_Madn (Ohms) = Vrms /Irms
15.37 mOhms /\\¥

1.178 mOhms

61.36 Degrees —
36.43 Degrees —

).000 pDegrees

Im\[fdance_Pha‘}se (Degrees) = PHASE(Voltage,60.0,1) - PHASE(NeutraI+Ground+Conduit,6¢.0,1)

0.000s L:80.30 ms DT:0.321s R: 0.402s 0.402s

Figure G-4: Case Name IMC200_004
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2" IMC, 1600 Amperes
Phase-Neutral-Ground-Conduit Bonded at Remote End
10:38:29, December 14, 2018

/\ H/\/\/\/\/W\M/\M \A \f /\/A\/A\/A\/\
wrrn IV ﬂNWNWNWNmNMNMA
275.6 A— Ground (A)-(DIFi)

wz;;uvVVVVVVVVVVVVMM%%%%%%%%%K

403.9 A— Conduit (A) - (DIF)
= AV
-407.8 A

26.53C T_01 (C) -(DIF)
26.50 C

2713¢C T_02 (C) - (DIF)
27.09C

26.83C T_03 (C) -(DIF)
26.79¢C

26.11 V— Vrms (V) = HARM(Voltage,60.0,1)

2611V /
0.855 mV i

1460.7 A— Irms (A}

1458.5 A —/
6.933 mA

HARM (Neutral+Ground+Conduit,60.0,1)

0.407 Ohms — Impedance_Madn (Ohms) = Vrms /Irms
17.90 mOhms _L
17.85 mOhms | , , , ,
41.78 Degrees — Impedance_Pha%se (Degrees) = PHASE(Voltage,60.0,1) - PHASE(NeutraI+Ground+Conduit,6¢.0,1)

41.65 Degrees —|

1.314 Degrees T T T T T

0.000s L:84.35ms DT:0.337s R:0422s 0422s

Figure G-5: Case Name IMC200_005
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9324V
6.598 V
9311V
4466 A
0.979 A
4.057 A

157.0 A
107.9 A
-160.0 A

138.6 A
9245 A
-136.5 A
21.53C
21.52C
21.50C

2241C
22.39C
2237C

2234 C
2232C
2231 C

6.582V
6.580 V
0.263 mV
195.8 A
195.7T A
10.24 mA

33.71 mOhms
33.63 mOhms
17.30 mOhms
28.23 Degrees
24.66 Degrees
-36.90 Degrees

2" IMC, 200 Amperes
Phase-Ground-Conduit Bonded at Remote End

A

10:17:12, December 14, 2018

Voltage (V) - (DIF)
PAAAAANAAAAA
a Neutral (A) - (DIF}

\/\/V AMAMAMAAMAY

T_01(C) - (DIF
| T T T T T T
T_02(C) - (DIF)
| T T T T T T
T_03(C) - (DIF)
| T T T T T T
—  Vrms (V) = HARM(Voltage,60.0,1)

HARNI(Ground+Conduit,60.0,1)

Irms (A) =

Impedance_Magr (Ohms) = Virms / Irms

Impedance_Phasp (Degrees) =

%

0.000s

PHASE(Voltage,80.0,1) - PHASE(Ground+Conduit,60.0,1)

L:88.55ms DT:0.354s R:0.443s 0.443 s

Figure G-6: Case Name IMC200_006
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36.26 V—
25.64V
-36.25V

2" IMC, 800 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Open
10:18:54, December 14, 2018

/\Q}‘f&'ﬂ{‘/’f \\(/?;\H;/\\/\/\A/\N\AN\A/\ﬁ \/ﬂ\/\\/ﬂ\/ﬂ\/\/\\/\/\

5.383 A—
1.635A —

-4.443 A

483.0 A—
334.7TA m
-465.2 A

AN

709.2 A—
457.0 A -
-10.5A

22.27¢C T_01 (C) - (DIF)
2224 ¢C

TTAAMAMMAAAAARAMAN

2351 ¢C T_02 (C) -(DIF)
23.47C

23.18C T_03 (C) - (DIF)
2313C

\
25.69V—

25.68V —
0.854 mV

Vrms (V) = HARU\H(Voltage,B0.0,1)

781.6 A—
780.2 A -
9.679 mA

HARM(Ground+Conduit.60.0.1)

Irms (A)

88.24 mOhms —
3292 mOhms -

32.79 mOhms

Impedance_Madn (Ohms) = Vrms /Irms

25.12 Degrees —
25.07 Degrees —
0.000 Degrees

Impedance_Phaise (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)—

0.000 s L: 8643 ms DT:0.346s R:0432s 0432s

Figure G-7: Case Name IMC200_007
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2" IMC, 1600 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Open
10:26:07, December 14, 2018

38.55 V—, Voltage (V) - (DI

-2 AT ERAAMMAAAAAAMAAAy
ansav U Y [V VALY
68.25 A— Neutral (A) - (DIF)

2.275A 4 WVJNMWAN
15,302 A Pt e
577.0 A—~ Ground (A) - (DIR)

<= WTTAMAMAMAAAMAAAN,
5723 A—
822.5 A— Condmt(A (DIK)

wor WAAAAAAVAAAAAAAN,
-826.2 A—
26.02C T_01 (C) -(DIF)

26.00 C MWM
25.98C

2713 ¢C T_02 (C) -(DIF)
2710¢C

26.58 C T_03 (C) -(DIF)
26.54 C

27.34V— Vrms (V) = HARM(Voltage,60.0,1)

27.34V /
0.909 mV i

918.4 A— Irms (A)

9MM7.7TA —/
9.228 mA

HARM(Ground+Conduit.60.0.1)

98.45 mOhms — Impedance_Madn (Ohms) = Vrms /Irms

29.79 mOhms ]

29.70 mOhms | ; ; . ;

27.67 Degrees — Impedance_Phaise (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)—

27.66 Degrees —

0.000 Degrees T T T T

0.000 s L:79.94ms DT:0.320s R: 0.400s 0.400s

Figure G-8: Case Name IMC200_008
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4.399 V—

WA A AAAAAAY

3100V
-4.387V

2" IMC, 200 Amperes
Phase-Neutral-Conduit Bonded at Remote End
Ground Conductor Removed
11:02:46, December 14, 2018

236.1 A— Neutral (A) - (DIF)
we AN

2355 A ,

4.209 A Ground (A) - (DIR)

-3.736 A— : : ‘ : ‘ | .

59.63 A— Conduit (A) - (DIK)
40.25 A —\/

-60.33 A

36.10C T_01 (C) -(DIF)

36.07C

36.76 C T_02 (C) -(DIF)
36.73¢C

3715¢C T_03 (C) -(DIF)
.
3713 C

3108 V—
3108V —
0.166 mV

Vrms (V) = HARU\H(Voltage,B0.0,1)

203.7 A—
2029 A -
9.673 mA

HARM (Neutral+Conduit,60.0,1)

Irms (A)

17.16 mOhms —
15.32 mOhms —
12.06 mOhms

Impedance_Madn (Ohms) = Vrms /Irms

29.29 Degrees —
28.87 Degrees —
0.000 Degrees

Impedance_Phaise (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)——

0.000 s L: 8643 ms DT:0.346s R:0432s 0432s

Figure G-9: Case Name IMC200_009
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19.67V
13.96 V
-19.68 V

9516 A
666.8 A
-951.0 A

1018 A
5.691 A
-9.960 A

1948 A
129.8 A
-193.9 A

35.67C
35.66 C
35.65C

36.24 C
36.23 C
36.21C

36.63 C
36.62C
36.60C

13.93V
13.93V
0.741 mV

798.4 A
7976 A
31.24 mA

23.70 mOhms
17.47 mOhms
14.48 mOhms
36.76 Degrees

36.70 Degrees
0.000 Degrees

—NM

2" IMC, 800 Amperes
Phase-Neutral-Conduit Bonded at Remote End
Ground Conductor Removed

11:03:55, December 14, 2018
Hﬂf NAADT

AR

oltage (V) - (DIF1)

WMW”WWAAAAAAAAAAAAAAAAAAAA/

SRRV

WA

Conduit (A) - (DIF)

SV

? T_01 (C) -(DIF)

3 T_02 (C) -(DIF})

3 T_03 (C) -(DIF)

/

Vrms (V) = HARU\H(Voltage,B0.0,1)

V/

HARM (Neutral+Conduit,60.0,1)

Irms (A)

Impedance_Madn (Ohms) = Vrms /Irms

Impedance_Phaise (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)——

0.000 s L:88.55ms DT:0.354s R: 0443 s 0443 s

Figure G-10: Case Name IMC200_010

117



2" IMC, 1600 Amperes
Phase-Neutral-Conduit Bonded at Remote End
Ground Conductor Removed
10:47:35, December 14, 2018

< AR ARAANAA
-37.08V 7/ \/ \ \ \/ U \/ \/
1537.4 A— MNeutral (A) - (DIF}
e VY W\/WV\/\W/WW\NW\M
1536.5A—
97.14 A—, Ground (A) - (DIF)
e AN
-106.5 A— : : ‘ : ‘ ‘ :
448.9 A— Conduit (A) - (DIF)
= PNV
-456.1 A— : : ‘ / ‘ ‘ J
28.66 C— T_01(C) -(DIF)
864C -
28.61C NWWWWM , : :
29.09 C— T_02(C) -(DIF)
2907¢ -
29.05 C — . . . .
29.13Cc— T_03(C) -(DIF)
2011 ¢C M
29.09 C : : : ,
26.28V— Vrms (V) = HARM(Voltage,60.0,1)
2627V -
0.998 mV —. , : : :
1363.0 A— Irms (A) = HARM(Neutral+Conduit,60.0,1)
13583A -
9.690 mA — : : , :
0.103 Ohms — Impedance_Madn (Ohms) = Vrms /Irms

19.34 mOhms fL
19.21 mOhms

37.35 Degrees —
37.15 Degrees —
0.000 Degrees

Impedance_Phaise (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)——

0.000 s

L:88.55ms DT:0.354s R:0.443s 0443 s

Figure G-11: Case Name IMC200_011
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2" IMC, 200 Amperes
Phase-Conduit Bonded at Remote End
Ground Conductor Removed, Neutral Open
10:57:56, December 14, 2018

ST

4.948 A Neutral (A) - (DIF)
4.218 A

3.967 A Ground (A) - (DIR)

S3AT3A

306.4 A Conduit (A) - (DIF)
3v \/V\/\/\MM/WW\/W\/\M/V\
-305.1 A

35.07C T_01 (C) -(DIF)
35.05C

35.87C T_02 (C) -(DIF)

35.84C

36.17C T_03 (C) -(DIF)

3614 C

11.66 V—
11.65V —
0.495 mV

Vrms (V) = HARU\H(Voltage,B0.0,1)

201.8 A—
201.3 A -
11.56 mA

HARM (Conduit,60.0,1)

Irms (A)

58.11 mOhms —
57.90 mOhms -
28.22 mOhms

Impedance_Madn (Ohms) = Vrms /Irms

37.92 Degrees —
32.40 Degrees —

).000 pDegrees

Impedance_Phaise (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1)

0.000 s L:88.55ms DT:0.354s R: 0443 s 0443 s

Figure G-12: Case Name IMC200_012
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39.25V
27.94V
-39.23 V

5077 A
1.203 A
-5.039 A

6.862 A
3.263 A
-6.582 A

1016.5 A
662.3 A
-1019.9 A

3513 C
35.12C
35.10C

36.17C
36.16 C
36.14 C

36.51C
36.50C
36.48C

27.93V
27.92V
1.468 mV

655.8 A
655.2 A
34.01 mA

43.18 mOhms
42.61 mOhms
29.77 mOhms

363.6 Degrees
29.92 Degrees
29.88 Degrees

AVoltage

ANk

2" IMC, 800 Amperes
Phase-Conduit Bonded at Remote End
Ground Conductor Removed, Neutral Open
10:59:35, December 14, 2018

TR

V) - (OIF
\/f, i \)/Ax/\/‘\M/\'/\/\'/\A'A'/\“A“Aj,ﬂ\/ﬂ\/ﬂ\/mvﬂ\/ﬂ\/ﬂ\/

RARASAANANARAR AR A

mM“WmMmemmmmmwwmw

Condun

CATAMMAMAAAAMAMARA

a T_01(C) - (DIF)
|

3 T _02(C) - (DIF}

3 T_03(C) - (DIF}

Vrms (V) =

HARM(Voltage,60.0,1)

Irms (A)

= HARM(Conduit,60.0,1)

Impedance_Madn (Ohms) = Vrms/ Irms

?edance_Phdse (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1) + 360.0

0.000s

L: 90.73ms DT:0.363s R:0454s 0454 s

Figure G-13: Case Name IMC200_013
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2" IMC, 1600 Amperes
Phase-Conduit Bonded at Remote End
Ground Conductor Removed, Neutral Open
10:50:44, December 14, 2018

_ /\\/ I{C/? Y i /\/\/W\MNWW ik [\ : A\/\/

38.09 A— Neutral (A) - (DIF)

-36.T0 A

51.98 A, Ground (A)- (DIF)
43.64 A

1025.4 A— Condu DIFF
10183 A |
- (DIF)

31.51C— T_01(

31.49C m l “
3146 C

32.78C T_02(C) -(DIF)

3276 C N
32.72¢C

‘%MWWMMWW'

32_65(:* T_03(C) -(DIF)
pere ] WMWWWWWWMWWWW

32.59 C

27.79V— Vims (V) = HARM(Voltage,50.0,1)

27.78V m

1472 mV

6534 A— Irms(A) = HARM(Conduit,60.0,1)

650.3 A m
33.20mA

44.33 mOhms—
42.72 mOhms
31.89 mOhms

Impedance_Magn (Ohms) = Vrms /Irms

364.5 Degreesi
26.32 Degrees -

—JImpedance_Phake (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1) + 360.0

26.10 Degrees

0.000s L: 8855 ms DT:0.354s R:0.443s 0443 s

Figure G-14: Case Name IMC200_014
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Appendix H-1” EMT Raw Data Plots
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1" EMT, 40 Amperes
Phase & Neutral Bonded, Conduit & Ground Bonded at Remote End
10:58:52, December 13, 2018

3.225 v— Voltage )- (DIFF)
2 AT A AAAAAMAMAMANY
3.220 V|
62.41 A Neutral DIF
-62.73A
2.410 A Ground (A) - (DIF
2.755 A

2327 A Conduit (A) - (DIF)
0.744 A
2.762 A— . . .

2052C— T_01(C) -(DIF
20.48C— ‘ . : :
2118C— T_02(C) -(DIF)
21.14C ‘ . . :
21.82C— T 03(C) -(DIF)
21.80C MWW
21.78C ‘ ! , ,
2.207V— Vims (V) = HARM(Voltage,60.0,1)
2201V -

49.90 uvV —| , , ,
43.37 A— Ilrms (A) = HARM(NeutraI,60.0,1)

4274A -
1.306 mA—| , , ,
58.92 mOhms — Imm_MMniﬂlrmsllrms
53.62 mOhms —f
28.86 mOhms — , , ,

14.06 Degrees —| Imm_Phabe Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral,60.0,1

9.839 Degrees —

-11.35 Degrees . : :

0.000s L:90.73ms DT:0.363s R: 0454 s 0454 s

Figure H-1: Case Name EMT100_001
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1" EMT, 160 Amperes
Phase & Neutral Bonded, Conduit & Ground Bonded at Remote End
11:00:02, December 13, 2018

/\\/ /” 7 N\/\/\/\/W\/\/\/\/\ YL A\/A\/\/A\/
men SN \/\A/\AM/WW\A/\W/\MN
AR

2.751 A— Conduit (A) - (DIR)
0.760 A
-2.524 A , , , |

20.50 C T_01 (C) -(DIF)
2047 C

2115¢C T_02 (C) - (DIF)
2111 C

21.77C T_03 (C) -(DIF)
21.73C : : . .

9.427 V— Vrms (V) = HARM(Voltage,60.0,1)

9420V /
0.498 mV i

1731 A— Irms (A)

1724 A —/
8.732 mA

HARM (Neutral,60.0,1)

57.02 mOhms — Impedance_Madn (Ohms) = Vrms /Irms

54.63 mOhms ]

50.72 mOhms — , , | , | | ,
10.18 Degrees — Impedance_Pha%se (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral,50.0,1)

9.958 Degrees —
0.000 Degrees T T T T T

0.000s L:88.55ms DT:0.354s R: 0.443s 0443 s

Figure H-2: Case Name EMT100_002
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34.99V—
2479V

1" EMT, 320 Amperes
Phase & Neutral Bonded, Conduit & Ground Bonded at Remote End
11:01:27, December 13, 2018

-35.00V

A RAMAAAMAMAMAMARARAR

532.2 A—
373.9A
-532.6 A

M AMAMAAMAAAAAARANAR

3.890 A—
1.556 A m
-3.585 A

yﬁWWWWwwmwﬂmmmmﬂmmwmwwwvvw
|

2777 A
0.709 A
-2.967 A

Conduit (A) - (DIF)

20.95C T_01 (C) -(DIF)
2091 ¢C

21.54C T_02 (C) - (DIF)
21.50C

22.07C T_03 (C) - (DIF)
e b
22.03¢C

\
24.89V—

24.87V —
0.161 mV

Vrms (V) = HARU\H(Voltage,B0.0,1)

3755 A

3748 A -
0.956 mA

s e

HARM (Neutral,60.0,1)

s (A)

0.613 Ohms —
66.35 mOhms —
66.21 mOhms

-

Impedance_Madn (Ohms) = Vrms /Irms

9.967 Degrees —
9.879 Degrees —
-2.635 Degrees

Impedance_Pha%se (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral,60.0,1)

0.000s L:88.55ms DT:0.354s R: 0.443s 0443 s

Figure H-3: Case Name EMT100_003
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10.72V—
7.628V

1" EMT, 160 Amperes
Phase, Neutral, Conduit & Ground Bonded at Remote End
11:04:50, December 13, 2018

-10.71V

A AAANAAAAANAN

127.9 A—
88.33 A
127.7TA

FTAWAA AN

53.08 A—

36.50 A m
-5342 A

ST AAAAAMAARANAN

46.36 A—

31.29 A —
-46.29 A

TTAAAAMMAAAAAAANAN

29.33C T_01(C) - (DIF)
29.31€ W
29.29C

29.80C— T_02(C) - (DIF)
e W
29.76 C

\
29.62 C—

T_03 (C) - (DIF)

o i
29.58C

\
7.635V—

7.630V —
0.153 mV

Vrms (V) = HARU\H(Voltage,B0.0,1)

.

1556 A—

155.2 A -
4.382 mA

Irms (A) HARM (Neutral+Ground+Conduit,60.0,1)

N

56.38 mOhms
49.16 mOhms
23.57 mOhms

17.09 Degrees
10.16 Degrees
0.000 Degrees

— ~Impedance_ Madn (Ohms) = Vrms /Irms

7

— Imﬁedance_Pha‘}se (Degrees) = PHASE(VoItage,60.0,1)-PHASE(NeutraI+Ground+Conduit,6¢.0,1)

0.000s L:84.35ms DT:0.337s R:0422s 0422s

Figure H-4: Case Name EMT100_004
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1" EMT, 480 Amperes
Phase, Neutral, Conduit & Ground Bonded at Remote End
11:06:49, December 13, 2018

/\/ i PAAMAANAANAAD
T
o A MAAAL AN

142.0 A— Conduit (A) - (DIF)
o NI MAAAAMAAAMAN
1423 A

33.81C— T_01(C) -(DIF)
3379¢ -
33.86C— T_02(C) -(DIF)

33.84 C m m
33.82C

33.19¢C T_03 (C) - (DIF)
3347¢C WWWM
3345C : : : .
2712V— Vrms (V) = HARM(Voltage,60.0,1)
2712V -

0.920 mV : : : ,

4671 A— Irms (A) HARM(NeutraI+Gr0und+Conduit,60.0,1}

466.4 A -

12.46 mA T T T T

73.83 mOhms — Impedance_Madn (Ohms) = Vrms /Irms
58.15 mOhms -

58.01 mOhms ; . ; ;

9.533 Degrees — Impedance_Pha%se (Degrees) = PHASE(Voltage,60.0,1) - PHASE(NeutraI+Ground+Conduit,6¢.0,1)
9.479 Degrees —
0.000 Degrees T T . ‘ '

0.000s L: 8643 ms DT:0.346s R:0.432s 0.432s

Figure H-5: Case Name EMT100_005
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25.73V—
18.26 V

1" EMT, 240 Amperes
Phase, Conduit & Ground Bonded at Remote End
11:14:36, December 13, 2018

-25.74 V

TRTAAAAAAAAAAAAAA

AAAAN
FRVATRIAY

3.303 A Neutral (A) - (DIF)
1.006 A WWW
-2.863 A

169.9 A—
117.2A
-170.6 A

164.4 A—
1M1.7A
-164.4 A

45.80 C—
4579 C

T_01(C) - (DIF)

%WMWMWW

45.77 C ‘

46.22 C
46.21 C
4619 C

3 T_02 (C) -(DIF)

\
44.58 C

44.56 C
44.55C

3 T_03 (C) - (DIF)

18.34 V—
18.32V
0.855 mV

Vrms (V) = HARU\H(Voltage,B0.0,1)

.

229.8 A—
2294 A
1210 mA

Irms (A)

S

HARM(Ground+Conduit,60.0,1}

79.93 mOhms —
79.87 mOhms —

Impedance_Madn (Ohms) = Vrms /Irms

—

58.50 mOhms |

14.68 Degrees —
12.73 Degrees —
-20.99 Degrees

Impedance_Pha

ke (Degrees) =

(=]
[=
(=
(=]
7]

L:84.35ms DT:0.337s R: 0.422s

0422s

Figure H-6: Case Name EMT100_006
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40.00 V—
2843V

1" EMT, 240 Amperes
Phase, Conduit & Ground Bonded at Remote End
11:15:32, December 13, 2018

M/\/\

40.03 V

\,‘”"a“ TTAMAMAAMAARAARAA

VAV

3.651 A Neutral (A) - (DIF)
4.022 A

|

2431 A—

167.6 A
2428 A

T

263.6 A—
171.8 A

\/ AAAMAAAMAAAMAAAS

-263.1 A

48.21 C—
4818 C

T_01(C) -(DIF)

i M,w- WMWWWWMWWMWMW

4815C

47.93 C—
4791 C

T_02(C) -(DIF)

45.73C—]
4571 C
4569 C

47.88C

e WNWMWWWWWMWWMWM

I
28.50V—

2849V
1.285 mV

Vrms (V) = HARM(Voltage,60.0,1)

3378 A
337.6 A
17.80 mA

Irms (A) = HARM(Ground+Conduit,60.0,1)

84.49 mOhms—

84.39 mOhms
60.56 mOhms

16.01 Deg rees |

12.85 Degrees
0.000 Degrees

Impedance_Magn (Ohms) = Vrms /Irms

Impedance Phake (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)

0.000s L: 90.73 ms DT:0.363s R:0454s 0454 s

Figure H-7: Case Name EMT100_007
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1" EMT, 480 Amperes
Phase, Conduit & Ground Bonded at Remote End
500 A Shunts
11:30:28, December 13, 2018

39.95V— V0|t397 {

v T I\H\‘)/A\N\/W\/\/\/\A/W\ SAY
T s AL

i . . . .
263.5 A— Ground (A) - (DIF)

= AR
-264.8 A— ! : ‘ ; ‘ ‘ .
341.0 A— Conduit (A) - (DIF)

- TN
-340.2 A— : . ‘ ; ‘ ‘ .
37.14Cc— T_01(C) -(DIF)

T iy
3r10cC

37.69C T_02 (C) -(DIF)
37.66 C

37.04C T_03 (C) -(DIF)
37.01 C

28.37V— Vrms (V) = HARM(Voltage,60.0,1)
2837V

0.506 mV T T T T

.

HARM(Ground+Conduit.60.0.1)

3911 A— Irms (A)

390.7A —/
11.40 mA ] . : T T
92.82 mOhms — Impedance_Madn (Ohms) = Vrms /Irms
72.60 mOhms _f\x
29.33 mOhms | ; ; . ;
21.69 Degrees — ImL[iedance_Phaise (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)

13.40 Degrees —

).000 pDegrees T T T T

0.000 s L: 8643 ms DT:0.346s R:0432s 0432s

Figure H-8: Case Name EMT100_008
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5.461V—
3.853V

1)

1" EMT, 80 Amperes
Phase, Neutral, Conduit Bonded at Remote End
12:30:49, December 13, 2018
)-(D |
L/ \ f

Voltage(

-5.461V

PV VYA AAAAAAAAAAAAAAAA%AAAA/

90.34 A—
59.42 A
-89.71 A

5913 A
1.802 A
-5.231 A

VUVVVVVVVMWwﬁﬁﬂAAA&%N%VVVV

a Ground (A) - (DIR)

\
39.57T A

2491 A
42,77 A

22.04C
22.02¢C

AV A

22.00C ‘

22.86 C
22.84 C
22.82C

? T_02 (C) -(DIF)

2314 C
2312cC
23.10C

3 T_03 (C) - (DIF)

3.846 V—
3.846 V
0.142 mV

Vrms (V) = HARU\H(Voltage,B0.0,1)

84.84 A—
82.83 A
2.329 mA

HARM (Neutral+Conduit,60.0,1)

Irms (A)

60.80 mOhms —
46.45 mOhms

i

Impedance_Madn (Ohms) = Vrms /Irms

45.32 mOhms

13.21 Degrees —
11.95 Degrees —
0.000 Degrees

Impedangg:ztlgﬁe (Degrees) = f_kﬂS_li(Voltage,S0.0,1)ﬂ%{NeutraHConWﬂ;

0.000s L: 9214 ms DT:0.369s R: 0.461s 0.461s

Figure H-9: Case Name EMT100_009
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16.37 V—
1149V

1" EMT, 240 Amperes
Phase, Neutral, Conduit Bonded at Remote End

12:32:04, December 13, 2018
m AAAN

Voltage (V) (DI

-16.38 V

FTTTAMAMAARAMARARAAMA

263.6 A—
181.0 A
-263.8 A

Neu"al (A} {DIF’ /\/\/\/\/WW\/\/\/\/W\/\/\/W\/\

8133 A
1.940 A
-6.502 A

a Ground (A)-(DIFi)
‘ T

86.29 A
54.24 A
-85.53 A

22.07C
22.05C

‘ \/\'/l\/\‘/ T T T T T T
? T_01 (C) - (DIF)

22.04C ‘

2293 C
22.92C
22.90C

3 T_02 (C) -(DIF)

\
2316 C

2314 C
2313 C

? T_03 (C) - (DIF)

\
11.51 V—

11.50V
0.525 mV

/

Vrms (V) = HARU\H(Voltage,B0.0,1)

2349 A
233.2A
9.310 mA

HARM (Neutral+Conduit,60.0,1)

Irms (A)

/

56.38 mOhms —
49.34 mOhms

Impedance_Madn (Ohms) = Vrms /Irms

47.83 mOhms |

12.19 Degrees —
11.74 Degrees —

).000 pDegrees

Impedance_Pha%se (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)——

0.000s

L:88.55ms DT:0.354s R: 0.443s 0443 s

Figure H-10: Case Name EMT100_010
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33.91V—

23.89V
-33.92V

1" EMT, 480 Amperes
Phase, Neutral, Conduit Bonded at Remote End
12:33:07, December 13, 2018
Voltage (V) (DIF1)

482.0 A—

337.8A
-484.7 A

AARRAAAAANARAAAANA Y
/mwwmVVVW@ﬁﬂAﬂAAﬂAAﬂAﬂAﬂﬂ

6.798 A
2112 A
-1.467 A

? Ground (A) - (DIR)

190.6 A—

121.7A
-190.5 A

ATVTAAMAMAMAMAAAAA

22.58C
22.56 C

? T_01(C) -(DIF})

2254 C

23.39C
23.37C
23.35C

3 T_02 (C) -(DIF)

23.56 C
23.54C
23.52C

? T_03 (C) - (DIF)

\
23.80 V—

23.79V
0.532 mV

Vrms (V) = HARU\H(Voltage,B0.0,1)

455.2 A
453.2 A
4.860 mA

HARM (Neutral+Conduit,60.0,1)

Irms (A)

0.109 Ohms —
52.51 mOhms -

I

Impedance_Madn (Ohms) = Vrms /Irms

52.26 mOhms

13.16 Degrees —
12.92 Degrees —
0.000 Degrees

Impedance_Pha%se (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)—

0.000s L:84.35ms DT:0.337s R:0422s 0422s

Figure H-11: Case Name EMT100_011
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14.02V—
9.894 V

1" EMT, 80 Amperes
Phase & Conduit Bonded at Remote End
12:35:38, December 13, 2018

Vo

f

-14.00 V

ltage (V) - (DIF)
AV AN AARAARAY

5415 A
1.722 A

3 Neutral (A) - (DIF)

-5.955 A i

TAT3 A
1.887 A
-1.338 A

3 Ground (A) - (DIR)

128.0 A—
82.72 A
-129.3 A

THTAAAAANAAAAAAAAN

25.61C
25.59C

27.07C
27.05C
27.04C

T_01(C) - (DIF)
25.57C—| “ I ‘ I

3 T_02 (C) -(DIF)

\
26.55 C—

26.53 C
26.51C

T_03 (C) - (DIF)

b

\
9.860 V—

9.859V
0.257 mV

Vrms (V) = HARU\H(Voltage,B0.0,1)

A , .

83.55 A
82.2T A
3.680 mA

Irms (A) = HARM (Conduit,60.0,1)

0.124 Ohms —
0.120 Ohms
42.78 mOhms

ya

Impedance_Madn (Ohms) = Vrms /Irms

35.79 Degrees —
24.55 Degrees —

Impedance_Pha%se (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1)
-

).000 pDegrees

0.000s

L:86.43 ms DT:0.346s R: 0.432s 0432s

Figure H-12: Case Name EMT100_012
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31.88 V —

224V

1" EMT, 240 Amperes
Phase & Conduit Bonded at Remote End
12:37:23, December 13, 2018

Voltage (V) - (DIF)-
A

Vi AAAADN AN

-31.92V

VUV YVVY VYV VY VYV YV VYNV VYV

6.299 A
1.904 A
-7.226 A |

Neutral (A) - (DIF)

7.650 A
2.622 A

Ground (A) - (DIF)

-8.030 A |
371.9A —

2396 A

37113 A

Conduit (A) - (DIF)

VAN

27.20C —

2718¢C
2716 C

T_01 (C) -(DIF)

|
28.63C —

28.61C

T_02 (C) -(DIF)

N

28.59C |
28.03C —

28.01C
27.99C

T_03 (C) -(DIF)

P

|
2246 V —

2245V

1.202 mV

Vims (V) = HARN](VoItage,B0.0,1)

238.7 A —

2376 A

Irms (A) = HARM{Conduit,60.0,1)

11.04 mA
0.109 Ohms —

Impedance_Magn|(Ohms) = Vrms / Irms

94.50 mOhms
76.82 mOhms

23.41 Degrees —

23.08 Degrees
0.000 Degrees

T

Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1)

0.000 s L:84.35ms DT:0.337s R:0422s 0422s

Figure H-13: Case Name EMT100_013
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40.70 V —

1" EMT, 480 Amperes

Phase & Conduit Bonded at Remote End

12:38:52, December 13, 2018

28.61V

-40.72V

AR \ VAR
JRVRVRIAIATA

ﬁﬂﬂﬂﬂﬂﬂﬂﬂ
VAV VYV VY

6.717 A Neutral (A) - (DIF)

-1.370 A

9.017 A—

3124 A —

-8.319 A

Ground (A) - (DIF)

4925 A —

326 A =

493.3 A

Conduit (A) - (DIF)

3319C —

33145C =

B M

33.10 C P

33.53C—
3349C -

e WW%MWWWWW

3344 C

31.98C —

31.95¢C n

o MWW@UWWWMMWW

M9cC

|
28.69 V —

28.69V -

1.089 mV

Vims (V) = HARN](VoItage,B0.0,1)

312.5A —

IM14A -

4.902 mA

Irms (A) = HARM{Conduit,60.0,1)

0.222 Ohms —
92.13 mOhms -

91.39 mOhms

Impedance_Magn|(Ohms) = Vrms / Irms

21.30 Degrees —

21.10 Degrees -

Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1)

0.000 pDegrees

0.000 s

L:88.55ms DT:0.354s R:0.443s

Figure H-14: Case Name EMT100_014
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Appendix | = 1” GRC Raw Data Plots
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55.14 mOhms —

1" GRC, 80 Amperes
Phase-Neutral Bonded & Ground-Conduit Bonded at Remote End
14:00:43, December 14, 2018

6.584 V— ~Voltage IF
TN
121.3 A— ,Neutral (A) - (DIF)
2 SANWIANAMAARAANAN
:?zﬁwwmwwmwmmwww

‘ T T T T T T T
20.08C T_01(C) -(DIF)
20.03C ‘ ‘ T T T

20.27C T_02(C) -(DIF)
20.24C

2069C— T 03(C) -(DIF
20.67C M
20.65C | ‘ , , ,
4.631V— Vims (V) = HARM(Voltage,50.0,1)

4626V —
0.229 mV T T T

84.35 A— Irms(A) = HARM(NeutraI,60.0,1)
83.89A —
3.865mA T T T

5917 mOhms — |mpedance_Madn (Ohms) = Vims/Irms

52.73 mOhms ‘ ‘ T ‘ T T T
9.712 Degrees — Impedance_Phase (Degrees) = PHASE(Voltage,60.0,1) - PHASE (Neutral,60.0,1)——————

9.426 Degrees —

12.92 uDegrees ; ; ;

0.000s L:88.55ms DT:0.354s R: 0443 s 0443 s

Figure I-1: Case Name GRC100_001
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18.96 V —

13.38V

1897V

1" GRC, 240 Amperes
Phase-Neutral Bonded & Ground-Conduit Bonded at Remote End
14:02:05, December 14, 2018

AAAAAAAAAAAAAAAA

. VA VNV Y VY

Voltage (V) - (DIF)

[

336.2A—

236.0 A

-337.8 A

TMAMAMAMAMANAR

4.295 A
1.926 A
5148 A

Ground (A) - (DIF)

2578 A
0.661 A
2331 A

Conduit (A) - (DIF)

20.08C
20.05C

T_01(C) -(DIF)

20.03C
20.29C
20.27 C

T_02(C) -(DIF)

20.26C |
20.69C
20.68C
20.66 C —|

T_03 (C) -(DIF)

13.36 V—
13.35V

0.134 mV

Vims (V) = HARM(Voltage,60.0,1)

235.8 A —

2353 A

90.75 uA

Irms (A) = HARM[NeutraI,60.0,1)

1.472 Ohms —
56.74 mOhms

56.62 mOhms

Impedance_Magn|{Ohms) = Vrms /Irms

10.42 Degrees —
10.32 Degrees —

0.000 Degrees

Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral,60.0,1)

0.000 s

L:86.33ms DT:0.345s R:0432s 0432s

Figure |-2: Case Name GRC100_002
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39.72V —
27.96 V

-39.71V

TR

1" GRC, 480 Amperes
Phase-Neutral Bonded, & Ground-Conduit Bonded at Remote End
14:33:35, December 14, 2018

SAAAAAANAAAAN LA A
JRVRVAIAVATATRVEVAVATE!

Voltage (V) - (DIF)

590.7 A —

4M1M1.7A

591.5A

Neutral (A) - (DIF)

T

11.67 A
5.625 A
12.66 A

Ground (A) - (DIF)

6.541 A
1.730 A
7.998A |

Conduit (A) - (DIF)

3042C
3041 C
30.39C

T_01(C) -(DIF)

30.77C
30.76 C

T_02(C) -(DIF)

30.74C |
30.46 C

3044 C
30.42C

T_03 (C) -(DIF)

27.93V —
21.91V

1.222 mV

Vims (V) = HARM(Voltage,60.0,1)

4126 A—

H11.5A

20.24 mA

Irms (A) = HARM[NeutraI,60.0,1)

68.03 mOhms —

67.83 mOhms

50.70 mOhms

Impedance_Magn|{Ohms) = Vrms /Irms

13.09 Degrees —
10.84 Degrees —k
-18.73 Degrees

Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral,60.0,1)

0.000 s

L:86.43ms DT:0.346s R:0.432s 0432s

Figure I-3: Case Name GRC100_003
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15.25V
10.74 V
15.26 V
200.2 A
1395 A
-200.4 A
79.02 A
54.98 A
-78.39 A
62.63 A
43.48 A
62.85A
20.32C
20.29C
2027 C
20.64 C
20.62 C
20.60 C
20.90C
20.88 C
20.86 C

10.74V — Vrms (V) = HARM(Voltage,60.0,1)

10.74 V
0.490 mV
238.0 A

237.7TA
9.477 mA
51.65 mOhms
45.19 mOhms
44.11 mOhms
11.08 Degrees
11.02 Degrees
0.000 Degrees

1" GRC, 240 Amperes
Phase-Neutral GrouncC onduit Bonded at Remote End
14:04:44, December 14, 2018

AT AAAARARAAAAARARA

T AAAARARAAARAAAAAANAAAAAY

A

Conduit (A) - (DIF)

T_01(C) -(DIF)
‘ :

T 02 (C) - (DIF)
‘ :
T 03 (C) - (DIF)
‘ :

Irms (A) = HARM{[Neutral+Ground+Conduit,60.0,1}

Impedance_Magn|{Ohms) = Vrms /Irms

Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Ground+Conduit,60.0,1)—

0.000 s L:99.99ms DT:0.400s R:0.500s

Figure I-4: Case Name GRC100_004
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1" GRC, 480 Amperes
Phase-Neutral GrouncC onduit Bonded at Remote End
14:30:50, December 14, 2018

T
M
AN
= MMM

27.29¢C— T_01(C) -(DIF)

27.26 C

27.21C— T_02(C) -(DIF)

2719cC -

27.17¢C . : : : :

27.38¢C T 03 (C) -(DIF)
27.34 C —

24.51V— Vims (V) = HARM(Voltage,60.0,1)
2450V -

0.429 mV : ‘ . . ‘ T

4547 A— Irms (A) = HARM{[Neutral+Ground+Conduit,60.0,1}

453.7TA —

3.238 mA T T T T T

0.132 Ohms Impedance_Magn|{Ohms) = Vrms /Irms
54.01 mOhms
53.89 mOhms

11.87 Degrees Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Ground+Conduit,60.0,1)—
11.77 Degrees a

0.000 Degrees — T T T T T

0.000 s L:86.43ms DT:0.346s R:0432s 0.432s

Figure I-5: Case Name GRC100_005
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12.03 Degrees

1" GRC, 80 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Open
14:15:08, December 14, 2018

e AR AR

i ot

68.42A— (Ground () - (DIF),
a3 VW\/\A /WW\/\W
58.41 A :

52.92 A— Conduit (A) - (DIF)

2.262 A Neutral (A) - (DIF)

0.572 A
-2.009 A

36.36 A

52.61A . . T " .

21.29¢C T_01(C) -(DIF)
21.28¢C

21.26 C — : ‘ : : : .
21.711¢C T_02(C) -(DIF)
21.69¢C

21.67C — : : : : .
21.85C T_03(C) -(DIF)
21.83C

21.81C | . : : : :

5739V — Vrms (V) = HARM(Voltage,60.0,1)
5737V N /

96.76 uV ]

83.88A— Imms(A) = HARM{Ground+Conduit.60.0.1}

83.81 A —/
2.310 mA

83.82 mOhms Impedance_| Magn|(0hms) Vrms / Irms
68.45 mOhms %\[\x
24.62 mOhms

20.78 Degrees? Impedance Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)

0.000 Degrees — T T T T

0.000 s L:99.99ms DT:0.400s R:0.500s 0.500s
Figure I-6: Case Name GRC100_006
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2316V
16.26 V

T

1" GRC, 240 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Open
14:16:55, December 14, 2018

A /\ AAAANALALAAANS
VYV VYV .

Voltage (V) - (DIF)

2347V —
2571 A

0.648 A
2176 A

Neutral (A) - (DIF)

1854 A —
129.9A

Ground (A) - (DIF)

184.9 A
161.1 A—
108.2 A

161.0 A

AL
TTAMA

21.35C
21.33C
21.31C

T_01(C) -(DIF)

l
2.77C

21.75C

T_02(C) -(DIF)

21.73¢ —
21.92¢C

21.90C
21.89C

T_03(C) -(DIF)

l
16.33V —

16.32 V

0.597 mV

Vims (V) = HARM(VoItage,60.0,1)

237.2A—
237.0A

6.499 mA

HARM{Ground+Conduit.60.0.1}

Irms (A) =

91.87 mOhms —

68.88 mOhms

Impedance_Magn|{Ohms) = Vrms /Irms

N

68.65 mOhms
12.53 Degrees —

12.52 Degrees —

0.000 Degrees

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)

0.000 s

L:7842ms DT:0.314s R:0.392s 0.392s
Figure I-7: Case Name GRC100_007
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39.83V
28.04 Vv
-39.85V
T.248 A
1476 A
4.990 A

264.1 A —

185.1 A
-264.8 A

N7T.2A—

2071 A
3173 A
22.80C
2278 C
22.76 C
23.20C
23.18C
2316 C
23.57C
23.55C
23.53C

28.09V —

28.08 V
0.394 mV

386.1 A—

385.8A

1.557 mA
0.253 Ohms
72.78 mOhms
72.70 mOhms
13.54 Degrees
13.51 Degrees
0.000 Degrees

1" GRC, 480 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Open
14:24:16, December 14, 2018

A A

Neutral (A) - (DIF)

Ground (A) - (DIF).

TANMMMAMAANY,
TUAAAAAAAA

T_01(C) -(DIF)

T_02(C) -(DIF)

T_03(C) -(DIF)

Vims (V) = HARM(VoItage,60.0,1)

Irms (A) = HARM{Ground+Conduit.60.0.1}

Impedance_Magn|{Ohms) = Vrms /Irms

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)

0.000 s

L:7842ms DT:0.314s R:0.392s 0.392s
Figure I-8: Case Name GRC100_008
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6.541V —

4.593V
6.542V

96.46 A —

65.83 A
95,78 A
2301 A

0.653 A
-2.562 A

33.26 A—

21.97 A
3273 A
35.20C

35.18C
3517C
35.54 C

35.53C
35.51C
35.92C

3590C
35.89C

1" GRC, 80 Amperes
Phase-Neutral Conduit Bonded at Remote End
Ground Conductor Removed
14:52:41, December 14, 2018

Voltage(V)'(DlF)‘“- ANAAADNAANAN A

AR

Neutral (A) - (DIF),

3 Ground (A) - (DIF)

Conduit (A) - (DIF)

T_01(C) -(DIF)

T_02(C) -(DIF)

T_03(C) -(DIF)

4.609V —

4.608 V
0.194 mV

Vims (V) = HARM(VoItage,60.0,1)

87.85A—

87.26 A

3.106 mA
62.56 mOhms
52.81 mOhms
52.45 mOhms
10.85 Degrees
10.44 Degrees
0.000 Degrees

Irms (A) = HARM{Neutral+Conduit.60.0.1)

Impedance_Magn|{Ohms) = Vrms /Irms

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)

I
0.000 s

L:86.43ms DT:0.346s R:0432s 0432s
Figure I-9: Case Name GRC100_009
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18.60 V —

1314V =

1860V

1" GRC, 240 Amperes
Phase-Neutral Conduit Bonded at Remote End
Ground Conductor Removed
14:53:52, December 14, 2018

Voltage (V) - (DIF) [\AAA/\/\/\/\/\/\

WADARATATATATAVAT)

L

268.3 A —
188.0 A —

-268.3 A

Neu"a. e \ /\/W\ M N\/\ /\

2616 A
0.898 A

Ground (A) - (DIF)

-3.051 A —|
79.80 A

54.29 A
-80.09 A

Conduit (A) - (DIF)

34.56 C
34.55C

T_01(C) -(DIF)

3454 C
35.08C
35.07C

T_02(C) -(DIF)

35.05C —
35.51C

35.50 C
3548C

T_03(C) -(DIF)

l
1310V —

13.09V —

0.539 mV

Vims (V) = HARM(VoItage,60.0,1)

240.7 A —
2401 A —

11.34 mA

= HARM{Neutral+Conduit.60.0.1)

Irms (A)

54.68 mOhms —

54.53 mOhms -
39.49 mOhms

Impedance_Magn|{Ohms) = Vrms /Irms

13.30 Degrees —

10.62 Degrees —

-16.26 Degrees

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)

0.000 s

L:7842ms DT:0.314s R:0.392s 0.392s
Figure I-10: Case Name GRC100_010
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38.00 V—

1" GRC, 480 Amperes
Phase-Neutral-Conduit Bonded at Remote End
Ground Conductor Removed
14:39:59, December 14, 2018

26.76 V
3797V

A:/! I{\a/ﬁ\(ﬁ\-ﬁy\\/ﬂ\/\AN\N\N\/\/\A/\/\\/ﬂ\/\\/\\/\\/ﬂ\/ﬂ\/

487.2 A—
3406 A
485.3 A

AAAAAMMAAAMARANAL

8.503 A

3131A

S8.770A | ‘ T

1944 A
1271 A

-194.3 A

34.24C
34.22C
34.21C

34.18C
34.18C

YTAAAAARAMMAMAMAAN

T_01(C) -(DIF)

T 02(C) -(DIF

3416 C

3449C
3447C
3445C

3 T_03(C) -(DIF)

26.73V—
26.72V

Vrms (V) = HARM(Voltage,60.0,1)

1.432 mV

465.6 A
464.0 A
24.79 mA

Irms (A) = HARM(Neutral+Conduit,60.0,1)

57.79 mOhms—

57.59 mOhms
49.32 mOhms

Impedance_Magn (Ohms) = Vrms / Irms

362.5 Deg rees |

12.60 Degrees
12.45 Degrees

—JImpedance_Phake (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Cond uit,60.0,1) + 360.0

0.000s L: 87.16 ms DT:0.349s R:0.436s 0436s

Figure I-11: Case Name GRC100_011
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15.74V
11.09V
1571V

1" GRC, 80 Amperes
Phase-Conduit Bonded at Remote End
Ground Conductor Removed, Neutral Open
14:49:19, December 14, 2018

Voltage (V) - (DIF)

2314 A
0.609 A
2112 A

/ \/ \/ \/ \/ \ | \/\\/A\/\\/A,\/\\/A\/\\/A\/ﬂ\/\\/ VUV VAV VY

Neutral (A) - (DIF)

2.835A
0.649 A
-2.389 A

Ground (A) - (DIF)

1231 A
83.08 A
A123.3 A

Conduit (A) - (DIF)

36.14 C
36.13C
36.12C

T_01(C) -(DIF)

36.59C
36.58C
36.56 C

T_02(C) -(DIF)

36.96 C
36.95C
36.93C

T_03(C) -(DIF)

11.09V— Vims (V) = HARM(Voltage,60.0,1)

11.08 V —/

0.310 mV

82.89 A—
82.54 A —

3.754 mA

Irms (A) = HARM|Conduit,60.0,1)

ya

0.137 Ohms —

0.134 Ohms

Impedance_Magn|{Ohms) = Vrms /Irms

54.39 mOhms
31.00 Degrees —

20.99 Degrees —

0.000 Degrees

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1)
[y

0.000 s L:88.55ms DT:0.354s R:0.443s
Figure I-12: Case Name GRC100 012
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1" GRC, 240 Amperes
Phase-Conduit Bonded at Remote End
Ground Conductor Removed, Neutral Open
14:47:22, December 14, 2018

e \/\/\/\/ AMAAAANAN

-34.62V

VVVVVVVVVYVV VY YV YYY

2.976 A Neutral (A) - (DIF)

0.666 A
2118 A

2719 A Ground (A) - (DIF)

0.799 A

e T

2.78TA —| . : : :

36.25C T_01(C) -(DIF)
36.23C
36.22C

36.38C T_02(C) -(DIF)
36.36 C
36.35C

! . : | . .
36.71C T_03(C) -(DIF)

36.70 C
36.69C

2446V — Vrms (V) = HARM(Voltage,60.0,1)

2446 V —

1.305 mV T T T

237.3A— Irms (A) = HARM|Conduit,60.0,1)
2367A -

12.64 mA T T T

0.103 Ohms — Impedance_Magn|{Ohms) = Vrms /Irms

0.103 Ohms

79.52 mOhms T .

363.5 Degrees —jlmpedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1) + 360.0

21.04 Degrees —

20.94 Degrees T T T

0.000 s L:74.73ms DT:0.299s R:0.374s
Figure I-13: Case Name GRC100 013
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40.29V
28.31V

V/ “\7\(7\7 V\/\/\/ﬂ\

1" GRC, 480 Amperes
Phase-Conduit Bonded at Remote End
Ground Conductor Removed, Neutral Open
14:42:37, December 14, 2018

AANA AN

JUVVYVVY

40.27V
5013 A

1.321A
5.167 A

Neutral (A) - (DIF)

5817 A
1.861 A
5.215A

Ground (A) - (DIF)

454.6 A —
293.9A —

4544 A

T

35.38C
35.37C
3536 C

T_01(C) -(DIF)

3564 C
3563 C

T_02(C) -(DIF)

35.62 C —
35.97C

35.95C
35.94C

T_03(C) -(DIF)

l
2845V —

2845V —

1.200 mV

Vims (V) = HARM(VoItage,60.0,1)

2943 A —
293.5A —

16.43 mA

Irms (A) = HARM|Conduit,60.0,1)

97.14 mOhms —

96.92 mOhms —

Impedance_Magn|{Ohms) = Vrms /Irms

58.11 mOhms
23.62 Degrees —

20.30 Degrees —

-33.76 Degrees

Impedance_Phasé(Degrees) = PHASE(VoItage,60.0,1)-PHASE(Conduit,B0.0,ﬂ

0.000 s

L:84.35ms DT:0.253s R:0.337s

Figure I-14: Case Name GRC100_014

151

0.422s



Appendix J —1” IMC Raw Data Plots
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1" IMC, 80 Amperes
Phase-Neutral Bonded & Ground-Conduit Bonded at Remote End
09:10:39, December 14, 2018

6.767 V— \Noltage DIF
o STAAAARAAMARAAAARAN
124.3 A— Neutral ( DIF\
o2 TN
0.62:(_)2: :a Ground (A) - (DIF)
-2:661A | Conduit(‘A-(DllF | | | | | |

0.521 A
-1.932 A i . . |

20.84C— T _01(C) -(DIF)
20.82C
20.80C

21.20C— T_02(C) -(DIF

21.27¢
21.25C —. ‘ : : :
2241 C—, T 03 (C) - (DIF)

22.09C Wmm
2207C ‘ . . :

4.789V— Vrms (V) = HARM(Voltage,60.0,1)
4785V
4713 uV : , ,

86.84 A— Irms(A) = HARM(NeutraI,60.0,1)
86.51 A —
95.28 uA T T T

55.31 mOhms

0.495 Ohmsa;mpedance_Madn (Ohms) = Vims /Irms
55.11 mOhms i ; ; ;

9.665 Degrees

9.898 Degrees vpedance_Phabe (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral,60.0,1)———
0.000 Degrees i ; ; ;

0.000s L:90.73ms DT:0.363s R: 0454 s 0454 s

Figure J-1: Case Name IMC100_001
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1" IMC, 240 Amperes
Phase-Neutral Bonded & Ground-Conduit Bonded at Remote End
09:11:56, December 14, 2018

18.95V VOltage(V%r-r(DlF) [\ A /-\ /\ /\ A /\ /\ A ﬂ
JVV UV VYV VA

e DAY VY
= MMM

2.732A Ground (A) - (DIF)

1113 A

2948 A : : : : ;
2449 A— Conduit (A) - (DIF)

0.758 A
2742 A — : : : ; :

2074 C T_01(C) -(DIF)
20.72¢C

2071 C
21.09C
21.07C

T_02(C) -(DIF)

21.05C | :

21.41¢C T_03(C) - (DIF)

21.37C T T T T T

13.40V— Vims (V) = HARM(Voltage,60.0,1)
1340V -

0.513 mV : . . . .

2342 A— Irms (A) = HARM|Neutral,60.0,1)
2339A -

10.42 mA T T T T T

57.51 mOhms — Impedance_Magn|{Ohms) = Vrms /Irms

57.29 mOhms -

40.33 mOhms T . ! T .

13.64 Degrees — Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral,60.0,1)

10.37 Degrees —

-16.28 Degrees T T T T T

0.000 s L:76.54ms DT:0.306s R:0.383s 0.383 s

Figure J-2: Case Name IMC100_002
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39.27V —

27.69V -

-39.27V

Phase-Neutral Bonded & Ground-Conduit Bonded at Remote End
09:35:58, December 14, 2018

Voltage (V) - (DIF)-

ik

1" IMC, 480 Amperes

f\

/\/\/\/\/\/\ﬂ/\
RVAVRYEAVRVEVERVA

595.9 A —

416.7TA -

-596.6 A

Neutral (A) - (DIF),

AYATRY

AVATAVAVAVAVATATA

14.39 A —

1725 A —

14.96 A

Grqund (A) - (DIF)

8.760 A
2.888 A
T.242A |

Conduit (A) - (DIF)

32.88C
j2.87C

T_01(C) -(DIF)

32.85C
34.20C
3419C

T_02(C) -(DIF)

34.18C |
33.69C

33.67C
33.66 C

T_03 (C) -(DIF)

271.70V —
27.69V —

0.715 mV

Vims (V) = HARM(Voltage,60.0,1)

417.5A—
416.6 A —

14.44 mA

Irms (A) = HARM{[NeutraI,G0.0n)

70.18 mOhms —
66.47 mOhms —

35.35 mOhms

Impedance_Magn|{Ohms) = Vrms /Irms

18.14 Degrees —
11.07 Degrees —

0.000 pDegrees

Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral,60.0,1)
L.

0.000 s

Figure J-1. Case Name IMC100_003

L:64.57ms DT:0.258s R:0.323s
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1" IMC, 240 Amperes
Phase-Neutral GrouncC onduit Bonded at Remote End
09:15:50, December 14, 2018

W i 7\7.{)/\/\ VAR
T
K
= ST

21.75¢C T 02 (C) - (DIF)
21.71 ¢ —

21.92¢C T 03 (C) - (DIF)
21.88C

10.30V— Vims (V) = HARM(Voltage,60.0,1)
1030V -

0.388 mV : ‘ . . ‘ T

2323A— Irms(A) = HARM{[Neutral+Ground+Conduit,60.0,1}

2321 A —

10.40 mA T T T T T

44.37 mOhms

44.50 mOhms 3\/_Impedance_Magn|(Ohms) = Vrms /Irms

29.67 mOhms — T ! . ! ! T

15.14 Degrees Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Ground+Conduit,60.0,1)__
11.38 Degrees ay

-18.59 Degrees — T T T T T
0.000 s L:85.03ms DT:0.340s R:0.425s 0.425s

Figure J-1: Case Name IMC100_004
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34.72V

24.54V
-34.72V
391.7A

273.8A
-392.2A
151.9A

104.3 A
1518 A
1434 A

97.71 A
1425 A
3061C

30.59¢C
30.58C
31.83C

M81cC
31.79C
3.81cC

31.79C
3.77¢C
2449V

2448V
0.876 mV
4743 A

4734 A
20.68 mA
51.92 mOhms
51.72 mOhms
32.39 mOhms
17.02 Degrees
12.50 Degrees
-18.47 Degrees

1" IMC, 480 Amperes
Phase-Neutral GrouncC onduit Bonded at Remote End
09:33:21, December 14, 2018
Vol

VAR AAANAAAAY
/v W\/ / \/\N\WW\W\/\/\/W\/
?A ‘DWN\WWVW\AM/ A

3 T_02(C) -(DIF)
I

a T 03 (C) - (DIF)
[

Vims (V) = HARM(Voltage,60.0,1)

/

Irms (A) =

?\/\Impedance Magn|{0hms) Vrms / Irms

a—l;npedance Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Ground+Conduit,60.0,1)

HARM{[Neutral+Ground+Conduit,60.0,1}

0.000 s L:88.55ms DT:0.354s R:0.443s 0.443 s

Figure J-1: Case Name IMC100_005
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7021V —

4.943V

-7.023V

rﬂﬁﬁﬁﬂﬁﬂﬂﬂﬂﬂﬂﬂﬂﬂ

1" IMC, 80 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Open
09:18:11, December 14, 2018

VUV YV VY VY

1.992 A
0.418 A
-1.996 A

Neutral (A) - (DIF)

55.94 A —
38.26 A -

-56.87 A

Ground (A) - (DIF),

ARY

63.05 A —
44.00 A —

62,97 A

Conduit (A) - (DIF)

22.07C
22.05C
22.03C

T_01(C) -(DIF)

l
2242 C

2240C
22.39C —

T_02(C) -(DIF)

22.54 C
22,52 C
2251 C

T_03(C) -(DIF)

l
4.964 V —

4.962V —

0.232 mV

Vims (V) = HARM(VoItage,60.0,1)

80.73 A —
80.67 A —

4171 mA

Irms (A) = HARM{Ground+Conduit.60.0.1}

61.56 mOhms

Impedance_Magn|{Ohms) = Vrms /Irms

61.51 mOhms
44.20 mOhms

17.58 Degrees Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)

14.53 Degrees

0.000 pDegrees —; T T T

0.000 s L:84.35ms DT:0.337s R:0422s 0.422s

Figure J-1. Case Name IMC100_006
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23.25V
16.46 V
23.25V

1" IMC, 240 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Open
09:19:11, December 14, 2018

VAR AAAAA

|

2127 A
0.506 A
-2.144 A

Neutral (A) - (DIF)

1834 A —
1276 A

-183.2 A
166.0 A —

12.0A

164.3 A

TR

Conduit (A) - (DIF)

22.30C
22.28C
22.26 C

T_01(C) -(DIF)

22.68C
22.66 C
2264 C

T_02(C) -(DIF)

22.77C
22.75C
22.74 C

[
T_03(C) -(DIF)

16.40V —

16.40 V

0.785 mV

\
Vims (V) = HARM(VoItage,60.0,1)

2350 A —
2349 A

12.44 mA

Irms (A) = HARM{Ground+Conduit.60.0.1}

69.85 mOhms —

69.82 mOhms

Impedance_Magn|{Ohms) = Vrms /Irms

51.80 mOhms
13.87 Degrees —

13.16 Degrees —

-48.79 Degrees

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)

0.000 s L:88.55ms DT:0.354s R:0.443s 0.443 s

Figure J-1. Case Name IMC100_007
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1" IMC, 480 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Open
09:29:07, December 14, 2018

oty /\/\/\/\/\ MAAAAAAAAN

A

P TRVRVAVATATRVAIAVRVARIATATRVETAVATAIAIE

5913 A Neutral (A) - (DIF)
-5.296 A

246.4 A — Ground (A) (DIF)
2462A 1 .

A

283.0 A— ,Conduit (A) - (DIF)

187.2 A —

-283.3 A . . T

2567 C T_01(C) -(DIF)
25.65C
25.63C

[
26.34C T_02(C) -(DIF)

26.32C

26.29 C — . . .
26.31C— T_03(C) -(DIF)

N
26.27 C

28.33V— Vims (V) = HARM(Voltage,60.0,1)

28.33V — /
1.206 mV

358.3A— Imms(A) = HARM{Ground+Conduit.60.0.1}
357.8A N /
18.18 mA — . . : :
79.28 mOhms — Impedance_Magn|{Ohms) = Vrms /Irms
79.16 mOhms N
55.02 mOhms . . . . .
15.66 Degrees — Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)

12.94 Degrees —

-21.01 Degrees T T T

0.000 s L:86.43ms DT:0.346s R:0.432s

Figure J-1. Case Name IMC100_008
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1" IMC, 80 Amperes
Phase-Neutral Conduit Bonded at Remote End
Ground Removed
09:53:22, December 14, 2018

| /\/\/\/ "\'/:"'fﬂ\//\\/ﬂ\ /\ /.A\ /\ /ﬂ\ /.\\ /A\/A\/ AAMAR

0.419 A
41.893 A
4384 A
30.22 A
44.32 A
34.85C
34.84cC
34.82C
35.52¢C
35.51C
3549C
342cC
3440C
34.39C
3824V
3.823V
5.091 uwv
78.75A
78.39A
0.710 mA
0.158 Ohms
48.78 mOhms
7.166 mOhms
12.55 Degrees
11.54 Degrees
-8.006 Degrees

Conduit (A) - (DIF)

Yy

3 T_01(C) -(DIF)

T_02(C) -(DIF)

| .
T_03(C) -(DIF)

Vims (V) = HARM(VoItage,60.0,1)

— Irms (A) = HARM{Neutral+Conduit.60.0.1)

Impedance_Magn|{Ohms) = Vrms /Irms

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)

0.000 s L:88.55ms DT:0.354s R:0.443s 0.443 s

Figure J-1. Case Name IMC100_009

161



1" IMC, 240 Amperes
Phase-Neutral Conduit Bonded at Remote End
Ground Removed
09:54:13, December 14, 2018

17.94V— Voltage (V) - (DIF)
S
A7.94V — .
256.5A— Neutral (A) - (DIF)
=T
257.6 A — \ . | .
2.488 A— Ground (A) - (DIF)

0.724 A

-2.009 A |
91.02A—
64.06 A

-92.66 A

Conduit (A) - (DIF)

3444 C
3442C

MM C

3 T_01(C) -(DIF)

34.96 C
3494C

T_02(C) -(DIF)

34.93C —
34.04C

34.02¢C
34.01C

T_03(C) -(DIF)

l
12.66 V—

12.65V

5243 uV

Vims (V) = HARM(VoItage,60.0,1)

239.8 A —

2393 A

3.522 mA

Irms (A) = HARM{Neutral+Conduit.60.0.1)

0.106 Ohms

Impedance_Magn|{Ohms) = Vrms /Irms

52.88 mOhms

6.124 mOhms

21.14 Degrees Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)
/

11.59 Degrees

0.000 pDegrees — T T T T T

0.000 s L:86.43ms DT:0.346s R:0432s 0.432s

Figure J-1: Case Name IMC100_010
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37.95V —
26.78 V

-37.95V

1" IMC, 480 Amperes
Phase-Neutral Conduit Bonded at Remote End
Ground Removed
09:41:43, December 14, 2018

AAAAAAANARN
JATRVAVRVAYRTATRIAN

Voltage ( (DIF)

AT

"

507.0 A —

353.6 A
-506.9 A

Neutral (A) - (DIF),

VAV

\

7.698 A —
3147 A

Ground (A) - (DIF)

-1.354 A

207. 7 A
1346 A

2054 A

Conduit (A) - (DIF)

i

l
3546 C

3545C
3543 C

T_01(C) -(DIF)

l
35.81C

3580C
35.79C

T_02(C) -(DIF)

I
34.92C

34.91C
34.89C

T 03(C) -(DIF)

l
26.79V —

26.79 V

0.558 mV

Vims (V) = HARM(VoItage,60.0,1)

4871 A —
485.7T A

15.64 mA

Irms (A) = HARM{Neutral+Conduit.60.0.1)

63.60 mOhms —

55.15 mOhms

Impedance_Magn|{Ohms) = Vrms /Irms

22.92 mOhms
22.55 Degrees —

13.38 Degrees —

0.000 Degrees

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)
i

0.000 s L:84.35ms DT:0.337s R:0422s 0.422s

Figure J-1. Case Name IMC100_011
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13.77V
9.691V
1375V

1" IMC, 80 Amperes
Phase-Conduit Bonded at Remote End
Ground Removed, Neutral Open
09:48:20, December 14, 2018

Voltage (V) - (DIF)

2.359 A
0.398 A
-2.163 A

\/ \/\/ \/ \ \/A\/\\/\\/A,\/ﬂ\/ﬂvﬂ\/\\/m\/ﬂ\/" VUV VYV VY

Neutral (A) - (DIF)

2.037 A
0.446 A
1.919A

Ground (A) - (DIF)

1184 A —
80.87 A

A17.4 A

Conduit (A) - (DIF)

It

36.20C
36.19C

36.18C

36.64 C
36.63C

36.62C

} T_01(C) -(DIF)

T_02(C) -(DIF)

35.63C
35.62C
35.60C

q T_03(C) -(DIF)

9.725V —

9.723 V

0.405 mV

Vims (V) = HARM(VoItage,60.0,1)

80.89 A —
80.61 A

2.030 mA

Irms (A) = HARM|Conduit,60.0,1)

0.199 Ohms —;

0.121 Ohms

Impedance_Magn|{Ohms) = Vrms /Irms

SN,

0.120 Ohms
23.00 Degrees —
22.830 Degrees —

0.000 Degrees

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1)

0.000 s

L:86.43ms DT:0.346s R:0432s 0432s
Figure J-1. Case Name IMC100_012
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1" IMC, 240 Amperes
Phase-Conduit Bonded at Remote End
Ground Removed, Neutral Open
09:50:24, December 14, 2018

35.00V
24.76 V

i \/\/ \/ "\'A\/A\/A\/A\/A,\/A\XA\/A\/\\/A\/\\//'\" VYUYV YV

-35.04 V — LA / :

2108 A Neutral (A) - (DIF)

0.406 A
1.810 A

2314 A Ground (A) - (DIF)

0.619 A

2.273A | . : : : :

YT A

: .
3549 C T_01(C) -(DIF)

3548 C
3546 C

36.03C T_02(C) -(DIF)
36.02 C
35.99 C — : . .

34.95C T_03(C) -(DIF)
34.93C
3492C

24.78V— Vims (V) = HARM(Voltage,60.0,1)

2477V —

1.275 mV T T T

2411 A— Irms (A) = HARM|Conduit,60.0,1)
2407A -

13.79 mA T T T

0.103 Ohms Impedance_Magn|{Ohms) = Vrms /Irms

0.103 Ohms
72.66 mOhms

i : : . . .
2.103 Degrees Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1)

338.8 Degrees

-338.9 Degrees — T T T

0.000 s L:86.43ms DT:0.346s R:0432s
Figure J-1. Case Name IMC100_013
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4019V
28.51V
40.22V

1" IMC, 480 Amperes
Phase-Conduit Bonded at Remote End
Ground Removed, Neutral Open
09:44:29, December 14, 2018

5978 A
0.956 A
-3.816 A

| /\/9\/ \/ \ '\//\\//\\/A\/m\/ﬂ\/\\/ﬂ\/ﬂ\/\\/\" VY VYV VY

Neutral (A) - (DIF)

5.865 A
1.486 A
-5.666 A

Ground (A) - (DIF)

452.3 A
2944 A
451.1A

TV

36.28 C
36.27C
36.25C

T_01(C) -(DIF)

36.64 C
36.63C
36.62C

T_02(C) -(DIF)

35.35C
35.33C
35.32C

T_03(C) -(DIF)

2845V — Vims (V) = HARM(Voltage,60.0,1)

28.44V —

1191 mV

291.9A— Irms (A) = HARM|Conduit,60.0,1)

2913 A —

16.38 mA

97.96 mOhms — Impedance_Magn|{Ohms) = Vrms /Irms

97.63 mOhms —

57.75 mOhms
26.56 Degrees —

21.23 Degrees —

0.000 pDegrees

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1)

0.000 s L:80.35ms DT:0.321s R:0402s
Figure J-1: Case Name IMC100_014

166

0.402 s



Appendix K — 1” Stainless-Steel Raw Data
Plots
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6.465V —

4.540V

6.457V

1" Stainless Steel, 80 Amperes
Phase & Neutral Bonded, and Ground & Conduit Bonded at Remote End
14:46:04, December 13, 2018

Voltage(V)-(DlF)'r | /\ [\ ﬂ A /\ /\ A ﬂ A [\ A ANANANANANAWANE

AN

118.6 A—

82.39 A

119.6 A

MMM

Neutral (A) - (DIF)

VAN

3.079A
0.979 A
-3.405 A

Ground (A) - (DIF)

2.783A
0.677 A
2.955A |

Conduit (A) - (DIF)

20.69C
20.67 C

T_01(C) -(DIF)

20.65C |

21.32C
21.31C

T_02 (C) -(DIF)

21.29C |
21.35¢C

21.33¢C
21.32¢C

T_03 (C) -(DIF)

I
4.553V —

4.549V

0.242 mV

Vims (V) = HARM(Voltage,60.0,1)

/

82.85A—

8247 A

4.322 mA

Irms (A) = HARM{[NeutraI,G0.0n)

/

56.01 mOhms —
55.16 mOhms

51.36 mOhms

Impedance_Magn|(Ohms) = Vrms / Irms

7.773 Degrees —
7.543 Degrees —

25.48 uDegrees

Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(-Neutral,60.0,1)—H1  ——

0.000 s

L:84.35ms DT:0.337s R:0422s 0422s

Figure K-1: Case Name STAINLESS100_001
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60.90 mOhms —

54.89 mOhms
7.779 Degrees —
7.670 Degrees —

1" Stainless Steel, 240 Amperes

Phase & Neutral Bonded, and Ground & Conduit Bonded at Remote End

13.40V

= TR

19.09V — /Voltage (V) - (DIF)

14:47:25, December 13, 2018

AN

Sl '7\A/\/\/ A

5157 A
2324 A

2462 A Conduit (A) - (DIF)

0.757 A

. Ground (A) - (DIF)

2710 A | :

20.70 C—; T_01(C) - (DIF)
20.67C |

21.35C— T.03(C) -(DIF)
21.32¢

21.34C T_02(C) -(DIF)
21.30C —

1346V — Vrms (V) =
1345V -

0.655 mV

HARM(Voltage,60.0,1)

2380A— Irms (A) =

2376 A —

HARM[Neutral,60.0,1)

10.75 mA T

56.61 mOhms —

Impedance_Magn|{Ohms) =

Vrms / Irms

Impedance_Phasé (Degrees) =

PHASE(Voltage,60.0,1) - PHASE(-Neutral,60.0,1)

0.000 Degrees T

0.000 s

L:86.43ms DT:0.346s R:0.432s

0.432s

Figure K-2: Case Name STAINLESS100_002
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1" Stainless Steel, 480 Amperes
Phase-Neutral Bonded, and GroundConduit Bonded at Remote End
15:08:39, December 13, 2018

Z{SZ\Z:/V\I/ W/ W FiN\\/ﬂ\/ﬂ\/ﬂ\/\/ﬂ\/\\/\ //\\[ /\/ \/\N\/\/\/\/
= YT AAAMAAARAA
s ;A \/\MM\N\WN\A/\MNWV\N

7.184 A— Conduit (A) - (DIF)

1.608 A
5231 A — ; : : : :
27.58C— T_01(C) - (DIF)

27.57C
27.56 C

27.09C T_02(C) -(DIF)
27.06 C —

27.31C— T.03(C) -(DIF)
27.28¢

28.06 V— Vrms (V) = HARM(Voltage,60.0,1)
28.06V -

53.59 uv : ‘ . . ‘ T

4301 A— Irms (A) = HARM|Neutral,60.0,1)

4289 A —

3.757 mA T T T T T

0.147 Ohms Impedance_Magn|{Ohms) = Vrms /Irms
65.42 mOhms

5.624 mOhms

13.61 Degrees Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral,60.0,1)
7.627 Degrees ?(

0.000 Degrees — T T T T T

0.000 s L:86.43ms DT:0.346s R:0432s 0.432s

Figure K-3: Case Name STAINLESS100_003
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15.62V

11.02V
15.62V
211.0A

1491 A
2106 A
96.98 A

67.79 A
974 A
34.36 A

23.40 A
33.94A
21.32¢C

21.30C
21.29¢C
21.79C

21.77C
21.75C
21.85C

21.83C
21.81¢C
11.01V

11.00V
80.61 uv
2401 A

239.9A
3.324 mA
70.70 mOhms
45.87 mOhms
12.69 mOhms
13.38 Degrees
7.354 Degrees
0.000 Degrees

1" Stainless Steel, 240 Amperes
Phase, Neutral, Ground & Conduit Bonded at Remote End
14:52:35, December 13, 2018

/\/\/\/ WAL AAAAADA

/ /\/\/\/ WAAMAMMAAAAA

3 T 01(C) -(DIF)
[

3 T_02(C) -(DIF)
I

a T 03 (C) - (DIF)
[

— Vrms (V) = HARM(Voltage,60.0,1)

— Irms (A) = HARM{[Neutral+Ground+Conduit,60.0,1}

%@pedance_MagnHOhms) = Vrms /Irms
‘ . ‘ .

grlmpedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Ground+Conduit,60.0,1)

0.000 s L:84.35ms DT:0.337s R:0422s 0.422s

Figure K-4: Case Name STAINLESS100_004
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1" Stainless Steel, 480 Amperes
Phase, Neutral, Ground & Conduit Bonded at Remote End
15:05:37, December 13, 2018

/ ( )\ﬁ Y /\/A\/\\A WY /\N\AN\/\N
ST
a\/ ‘°'”\/\/V\W\A/\NWWWV\/V

25.19C T_02 (C) - (DIF)
2515 C —

25.39C— T.03(C) -(DIF)
25.36 C —

23.88V— Vims (V) = HARM(Voltage,60.0,1)
23.87V -

0.375 mV : ‘ . . ‘ T

4741 A— Irms (A) = HARM{[Neutral+Ground+Conduit,60.0,1}

4734 A —

4.040 mA T T T T T

92.83 mOhms
50.43 mOhms
50.34 mOhms
7.635 Degrees
7.561 Degrees
0.000 Degrees

ﬁdance_MagnHOhms) = Vrms /Irms
i . ‘ .

a Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) -

PHASE(Neutral+Ground+Conduit,60.0,1)—

0.000 s L:84.30ms DT:0.337s R:0422s 0.422s

Figure K-5: Case Name STAINLESS100_005
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9.025V
6.380 V
9.014V

1" Stainless Steel, 80 Amperes
Phase, Ground & Conduit Bonded at Remote End
Neutral Floating
14:55:58, December 13, 2018

Voltage (V) - (DIF)

2166 A
0.506 A
-2.356 A

/ \/\/ \/\/ "\(/[\UA\/A\/\\/,\\/A\/A\/A,\/A\/A\/A\/ RYRTRVAVAVAVAVRVATE

Neutral (A) - (DIF)

91.36 A —
63.75 A -

91.27T A

TN

3015 A —
20.46 A —

-30.08 A

VI
AN

21.83C— (T.01(C) - (DIF)
21.82¢ }MMMMW%

21.79C
2215C
2213 C

T_02(C) -(DIF)

2211 ¢ —
22.25¢C

2223¢C
2.21¢C

T_03(C) -(DIF)

l
6.369 V —

6.367 V —

0.339 mV

Vims (V) = HARM(VoItage,60.0,1)

8411 A—
84.03 A —

4.390 mA

= HARM{Ground+Conduit.60.0.1}

Irms (A)

77.28 mOhms
75.77 mOhms
72.26 mOhms

Impedance_Magn|{Ohms) = Vrms /Irms

5.148 Degrees
5.090 Degrees
0.000 Degrees —

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)

0.000 s

L:88.55ms DT:0.354s R:0.443s 0443 s
Figure K-6: Case Name STAINLESS100 006
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23.92V
16.82 V
-23.94V
2159 A
0.535 A
-2.009 A
2108 A
146.5 A
2104 A
1249 A
86.72 A
A124.5 A
2210C
22.09C
22.07C
2234 C
22.33C
2231 C
2249 C
2247 C
2246 C

16.88 V —

16.88 V
0.746 mV

2344 A —

2340 A
10.98 mA

72.19 mOhms —

72.12 mOhms
62.52 mOhms

6.488 Degrees —

4.860 Degrees
0.000 Degrees

ARAARAAAARANY

1" Stainless Steel, 240 Amperes
Phase, Ground & Conduit Bonded at Remote End
Neutral Floating
14:57:11, December 13, 2018

Vol

Neutral (A) - (DIF)

AT AAAMARAAY

TAVAMAAAAMAAARANA

T_01(C) -(DIF)

T 02 (C) -(DIF)

T_03(C) -(DIF)

Vims (V) = HARM(VoItage,60.0,1)

Irms (A) = HARM{Ground+Conduit.60.0.1}

Impedance_Magn|{Ohms) = Vrms /Irms

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)

0.000 s L:84.35ms DT:0.337s R:0422s 0.422s

Figure K-7: Case Name STAINLESS100 007
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67.32 mOhms

40.09V
2812V

1" Stainless Steel, 480 Amperes
Phase, Ground & Conduit Bonded at Remote End
Neutral Floating
15:02:36, December 13, 2018

/ \7\/ \/ \/\ \/ﬂ\/ﬂ\/A\/a\/ﬂ\/ﬂvﬂ,\/\\/\\/ﬂ\' VY VYV YUY

4011V —
4.836 A

1.255 A
4.974 A

Neutral (A) - (DIF)

330.9A—
2296 A -

-331.8A

Ground (A) - (DIF)

A

222.6 A—
154.5 A —

-222.2 A

A

Conduit (A) - (DIF)

23.69C
23.67C

T_01(C) -(DIF)

23.65C —

23.67C
23.65C

T_02(C) -(DIF)

23.64 C —
23.89C

23.87C
23.85C

T_03(C) -(DIF)

l
28.24V —

28.23 V —

1.478 mV

Vims (V) = HARM(VoItage,60.0,1)

385.7A—
385.3A —

20.39 mA

Irms (A) = HARM{Ground+Conduit.60.0.1}

73.33 mOhms
73.26 mOhms

Impedance_Magn|{Ohms) = Vrms /Irms

4.849 Degrees
4.683 Degrees

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)

-73.03 Degrees —
0.000 s

L:84.35ms DT:0.337s R:0422s 0422s

Figure K-8: Case Name STAINLESS100 008
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1" Stainless Steel, 80 Amperes
Phase, Neutral, & Conduit Bonded at Remote End
Ground Removed
15:29:58, December 13, 2018

4;?“fvvvvimﬂﬂmﬂmmﬂmm

aony SRR ARA A

105.2 A Neutral (A) - (DIF}
4047 A —

2.661 A

Ground (A) - (DIF)

0.655 A

2369 A —| ; ; : : :
19.41 A Conduit (A) - (DIF)
12.59 A

49.15A — \ : . : .
33.07C— T_01(C) - (DIF)

33.06 C
33.04C

3249¢C T_02(C) -(DIF)
32.48C

3246 C — : : . . .
33.14C T 03 (C) -(DIF)
33.13C

3311 C . . T \ T

4712V — Vrms (V) = HARM(Voltage,60.0,1)
4711V —/
0.199 mV —
86.07A— Irms(A) = HARM{Neutral+Conduit.60.0.1)
85.59 A —/
3.937 mA —

55.39 mOhms Impedance_| Magn|(0hms) Vrms / Irms
55.04 mOhms 3\//

44.79 mOhms T . ! ! .

8.739 Degrees Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)
\—i‘(
6.499 Degrees a

0.000 Degrees — T T T T T
0.000 s L:88.55ms DT:0.354s R:0.443s 0443 s

Figure K-9: Case Name STAINLESS100 009
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1812V —

12.74 V —

1814V

1" Stainless Steel, 240 Amperes
Phase, Neutral, & Conduit Bonded at Remote End
Ground Removed
15:31:05, December 13, 2018

Voltage (V) - (DIF),

/\/\/ \/ \/ "\'/A\%A\/\Uﬂ\/\\/A\//\\/A\/\\/m\/ VYV VYV YV

270.7 A —

189.1 A —

-270.9 A

MAAAAANAMARARARALANS

3.015A
1.088 A

Ground (A) - (DIF)

3.212A
63.52A

44.07 A —
6349 A

Conduit (A) - (DIF)

32.70C
32.69C

32.67C

T 01 (C) -(DIF)

3215C
3214 C

T 02 (C) -(DIF)

3212¢C
32.83C

32.81C
32.80C

T 03(C) -(DIF)

l
1279V —

1279V —

0.620 mV

Vims (V) = HARM(VoItage,60.0,1)

2344 A —
233.9A —

11.97 mA

Irms (A) = HARM{Neutral+Conduit.60.0.1)

54.83 mOhms —

54.69 mOhms -

Impedance_Magn|{Ohms) = Vrms /Irms

47.37 mOhms
7.712 Degrees —
6.432 Degrees —

0.000 pDegrees

Impe@ﬁe__P__msé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)

0.000 s

L:84.35ms DT:0.337s R:0422s 0422s
Figure K-10: Case Name STAINLESS100 010
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37.81V—

26.60 V

-37.82V

1" Stainless Steel, 480 Amperes
Phase, Neutral, & Conduit Bonded at Remote End
Ground Removed
15:14:45, December 13, 2018

Voltage (V) - (

1

5134 A—

358.0A

513.2A

VAR

AN

11.67 A
4.994 A

Ground (A) - (DIF)

1014 A

156.8 A
107.6 A
1559 A

Conduit (A) - (DIF)

31.18¢C
M7 c
31.15¢C

T_01(C) -(DIF)

l
29.84 C

29.82C
29.81C

T 02(C) -(DIF)

I
30,94 C

30.93C
3091 C

T_03(C) -(DIF)

l
26.63V —

26.62 V

1.150 mV

Vims (V) = HARM(VoItage,60.0,1)

467.3 A —
465.7T A

18.38 mA

/

Irms (A) = HARM{Neutral+Conduit.60.0.1)

/

62.58 mOhms —

57.16 mOhms

Impedance_Magn|{Ohms) = Vrms /Irms

56.60 mOhms
7.015 Degrees —

6.867 Degrees —

0.000 Degrees

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)

0.000 s L:80.35ms DT:0.321s R:0402s 0.402 s

Figure K-11: Case Name STAINLESS100 011
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11.56 V
16.33V
2417 A
0.526 A
-2.434 A
2462 A
0.554 A
1.919A
1136 A
79.49 A
113.8 A
33.89C
33.87C
33.86 C
32.77C
3275C
32.73C
33.70C
33.69C
33.67C

11.54 V —

11.53V
14.76 uV

79.56 A —

79.27T A

0.201 mA
0.233 Ohms

0.146 Ohms
48.81 mOhms
1.922 Degrees
1.715 Degrees
-1.366 Degrees

1638V "/'\7\‘7\‘/”\”/& AAAAALANAN

1" Stainless Steel, 80 Amperes
Phase - Conduit Bonded at Remote End
Ground Removed, Neutral Floated
15:25:03, December 13, 2018

AN

Neutral (A) - (DIF)

Ground (A) - (DIF)

T \AWV\M/

T_01(C) -(DIF)

T 02 (C) -(DIF)

T_03(C) -(DIF)

Vims (V) = HARM(VoItage,60.0,1)

Irms (A) = HARM|Conduit,60.0,1)

Impedance_Magn|{Ohms) = Vrms /Irms

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.01)_ _ __ ——

0.000 s L:84.35ms DT:0.337s R:0422s 0.422s

Figure K-12: Case Name STAINLESS100 012
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1" Stainless Steel, 150 Amperes
Phase - Conduit Bonded at Remote End
Ground Removed, Neutral Floated
15:26:30, December 13, 2018

27.78V Voltage (V) - (DIF)\

" ey / \/ \/ \/ \/ \"/ﬂ\/ﬂ\/\\/ﬂ\/A\/AU[\\/,A\/\\/A\/ NYVVYVYVYY

1.921 A Neutral (A) - (DIF)

0.529 A
-2.022 A —| : : : : : :

2185 A Ground (A) - (DIF)

0.573 A

2343A — . : : : :
2141 A— Conduit (A) - (DIF)

149.8 A
214.8A

33.63C T_01(C) -(DIF)
33.61C
33.60C

32.79¢C T_02(C) -(DIF)
32.78 C

32.76 C — : : : . .
33.76 C— T_03(C) - (DIF)

33.75C
33.73¢C

19.60V— Vims (V) = HARM(Voltage,60.0,1)

19.59 Vv —

0.696 mV T T T T T

150.6 A— Irms (A) = HARM|Conduit,60.0,1)
1502A -

5.508 mA T T T T T

0.131 Ohms Impedance_Magn|{Ohms) = Vrms /Irms

0.130 Ohms

0.120 Ohms — . : . . .
2.879 Degrees Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1)
- -

1.982 Degrees

0.000 pDegrees —; T T T T T

0.000 s L:84.35ms DT:0.337s R:0422s 0422s
Figure K-13: Case Name STAINLESS100 013
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1" Stainless Steel, 480 Amperes
Phase - Conduit Bonded at Remote End
Ground Removed, Neutral Floated
15:18:00, December 13, 2018

40711V Volta

e AN

4562 A Neutral (A) - (DIF)

1.242 A
4.476 A

5.093 A Ground (A) - (DIF)

1.279 A

4.202 A — ; ; : : .
3352 A Conduit (A) - (DIF)

e i WM

32.85C T_01(C) -(DIF)
32.84C
32.82C

.51 ¢ T_02(C) -(DIF)
31.49C
31.46 C — : : . .

32.79C— T_03(C) -(DIF)

ATIC ywwWMWWWWWWWW

32.74 C

28.67V— Vims (V) = HARM(Voltage,60.0,1)

28.65V —

1.041 mV T T T T

233.0A— Irms (A) = HARM|Conduit,60.0,1)
2322A -

8.229 mA T T T T

0.127 Ohms Impedance_Magn|{Ohms) = Vrms /Irms
0.123 Ohms

0.123 Ohms

2.271 Degrees Impedanci_fhasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1) _  ~ _——
2.116 Degrees

0.122 mDegrees —; T T T

0.000 s L:90.73ms DT:0.363s R:0454s 0454 s
Figure K-14: Case Name STAINLESS100 014
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Appendix L — %” EMT Raw Data Plots
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3/4" EMT, 40 Amperes
Phase & Neutral Bonded, Conduit & Ground Bonded at Remote End
10:11:07, December 13, 2018

N\N

7.630 V— Voltage DIFF
—\/ 7 “W/} i /\A/\/\N\/\A/\/\/\/W Y

VAV

57.81 A—
39.58A =

58.66 A— , |

2.295 A Ground (A) - (DIF)
0.765 A WW

-2.459 A
- (DIF)

2.545 A
0.744 A
-2.742 A

Conduit (A

20.32C— T_01(C) -(DIF)
20.30C
20.28C

20.65C— T_02(C) -(DIF)
20.62C

2098C T_03(C) -(DIF)
20,96 C
2094 C

5430 V— Vrms (V) = HARM(Voltage,60.0,1)

5411V —

0.256 mV —| , , ,

40.43 A— HARM (Neutral,60.0,1)
39.63A

1.780 mA—| , , ,

Irms (A) =

0.144 Ohms Impedance_Magdn (Ohms) = Vrms /Irms
0.137 Ohms M
0.134 Ohms

3.494 Degrees

4.593 Degrees Impedance Phabe (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral,60.0,1)
16.81 uDegrees i . : :

0.000 s L:92.96 ms DT:0.372s R:0.465s

Figure L-1: Case Name EMTO075_001
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3/4" EMT, 160 Amperes
Phase & Neutral Bonded, Conduit & Ground Bonded at Remote End
10:12:30, December 13, 2018

21'_2380:\;3\, / \/ \/ \/ \ MA\/\l/A\/[\\/A\/A\/A\/\\/ﬂ\/ﬂ\
o JTTADAMAMAMAAN

1.075 A

3.231A
2217A

0.714 A
2.356 A —|

Conduit (A) - (DIF)

2042 C
2040C
20.38C

T_01(C) -(DIF)

20.85C
20.84C
20.81C |

T 02 (C) -(DIF)

21.07¢C
21.05C

T_03 (C) -(DIF)

21.03C
2135V —
2134V

Vims (V) = HARM(Voltage,60.0,1)

0.917 mV
148.0 A —
1473 A —

6.681 mA

Irms (A) = HARM{[NeutraI,G0.0,ﬂ

0.146 Ohms —
0.145 Ohms

0.128 Ohms

Impedance_Magn|{Ohms) = vrms/loms - ... —+— 00O

5.125 Degrees —
4.145 Degrees

-7.313 Degrees

Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral,60.0,1)

0.000 s

L:90.73ms DT:0.363s R:0454s
Figure L-2: Case Name EMTO075_002

0.454 s



38.62V —

27.36 V -

-38.66 V

3/4" EMT, 320 Amperes
Phase & Neutral Bonded, Conduit & Ground Bonded at Remote End
10:13:37, December 13, 2018

AR

—""

2515 A—
176.7 A -

2521 A

T AMAAARAAL

3124 A
1.001 A
-2.684 A

Ground (A) - (DIF)

2.867 A
0.777 A
2.614A |

Conduit (A) - (DIF)

21.05C
21.04C
21.02C

T_01(C) -(DIF)

2211¢C
2210C
22.07C |

T_02(C) -(DIF)

21.74C
21.72¢C
21.70 ¢

T_03 (C) -(DIF)

2743V —
2141V —

1.458 mV

Vims (V) =

HARM(Voltage,60.0,1)

178.0 A —
1771 A —

9.493 mA

Irms (A) =

HARM[Neutral,60.0,1)

0.156 Ohms —
0.155 Ohms

0.146 Ohms

Impedance_Magn|(Chms) = Vr

vrms /Irm¢— —___~~~~~ _———

361.0 Degrees —jlmpedance_Phasé (Degrees) =

4.283 Degrees —

4.025 Degrees

PHASE(Voltage,50.0,1) - PHASE(Neutral,60.0,1) + 360.0

0.000 s

L:86.52ms DT:0.346s R:0.433s 0433s

Figure L-3: Case Name EMTO075_003
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2542V —

18.10V -

2543V

3/4" EMT, 160 Amperes
Phase, Neutral, Conduit & Ground Bonded at Remote End
10:23:22, December 13, 2018

ﬂ AAAANAANAAAAANAANAN
VA YA

Voltage (V) - (DI

T

105.6 A—
7243 A -

-105.6 A

Neutral (A) - (DU

6712 A
46.00 A
6715A

Ground (A) - (DIF)

63.11 A
41.49 A
6349 A |

Conduit (A) - (DIF)

24.79C
24.77C
24.76 C

T_01(C) -(DIF)

26.04C
26.03C
26.00C |

T_02(C) -(DIF)

2543C
2541¢C
25.39C —

T_03 (C) -(DIF)

18.07 V —
18.07 V —

0.139 mV

Vims (V) = HARM(Voltage,60.0,1)

1574 A —
156.9 A —

0.459 mA

Irms (A) = HARM{[Neutral+Ground+Conduit,60.0,1}

0.303 Ohms
0.115 Ohms
0.115 Ohms

Impedance_Magn|{Ohms) = Vrms /Irms

\
5.936 Degrees

5.770 Degrees
0.000 Degrees —

Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Ground+Conduit,60.0,1)—

0.000 s

L:86.43ms DT:0.346s R:0.432s 0432s

Figure L-4: Case Name EMTO075_004
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2542V —

18.01V -

2543V

3/4" EMT, 320 Amperes
Phase, Neutral, Conduit & Ground Bonded at Remote End
10:23:22, December 13, 2018

Voltage (V) - (DIF), p A /\ /\ /\ /\ A /\ A /\ A /\ W AAAAA AT
VAV VY VYV VYV YUY

105.6 A—
72.05 A -

-105.6 A

i
TN

6712 A
45.75 A
6715A

Neutral (A) - (DIF)~
Ground (A) - (DIF),

63.11 A
41.29A
6349 A |

Conduit (A) - (DIF)

24.79C
24.77C
24.76 C

T_01(C) -(DIF)

26.04C
26.03C
26.00C |

T_02(C) -(DIF)

2543C
2541¢C
25.39C —

T_03 (C) -(DIF)

18.07 V —
18.07 V —

0.139 mV

Vims (V) = HARM(Voltage,60.0,1)

1574 A —
156.9 A —

0.459 mA

Irms (A) = HARM{[Neutral+Ground+Conduit,60.0,1}

0.303 Ohms
0.115 Ohms
0.115 Ohms

Impedance_Magn|{Ohms) = Vrms /Irms

\
5.936 Degrees

5.773 Degrees
0.000 Degrees —

Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Ground+Conduit,60.0,1)—

0.000 s

L:88.55ms DT:0.354s R:0.443s 0443 s

Figure L-5: Case Name EMTO075_005
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30.00V
2140V
-30.03 V

3/4" EMT, 160 Amperes
Phase, Conduit & Ground Bonded at Remote End
10:27:59, December 13, 2018

/\ AAAAANAANANA /\
ATRTATRTATRIRIAIRIAIRY

Voltage (V) - (DIF)

P

3.303 A
0.904 A
-2.799 A

\
Neutral (A) - (DIF)

1034 A—

70.95 A

Ground (A) - (DIF)

A103.0A
119.8 A —
T71.53 A

119.2A

Conduit (A) - (DIF)

34.00C
33.98C
33.96 C

T_01(C) -(DIF)

3847 C
3845C
3842C

I
T_02(C) -(DIF)

35.26 C
35.23C

T_03 (C) -(DIF)

I
35.28C —

Tty

I
21.34V —

21.34V

Vims (V) = HARM(Voltage,60.0,1)

1133 mV
144.2 A —
1441 A

7475 mA

Irms (A) = HARM{[Ground+Conduit,60.0,1}

0.152 Ohms —
0.148 Ohms
0.133 Ohms

Impedance_Magn|{Ohms) = Vrms /Irms

/

9.492 Degrees —
9.385 Degrees —

Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)

0.000 Degrees

0.000 s L:88.55ms DT:0.354s R:0.443s 0.443 s

Figure L-6: Case Name EMTO075_006
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3848V
2743V
-38.51V

M A

3/4" EMT, 320 Amperes
Phase, Conduit & Ground Bonded at Remote End
10:29:23, December 13, 2018

AAAAAAAAAAAAAAAA N AN

Voltage (V) - (DIF)

e

2917 A
0.890 A

Neutral (A) - (DIF)

2.786 A |
121.7A—

83.19A —

Ground (A) - (DIF)

120.8 A

161.6 A —
103.2 A -

159.7 A

Conduit (A) - (DIF)

36.40C
36.38 C
36.36 C

T_01(C) -(DIF)

I
41.42C—

41.40C
41.38C |

T_02(C) -(DIF)

b i i

3816 C —

3814 C

T_03 (C) -(DIF)

27.35V —
27.34V —

38.11C "

Vims (V) = HARM(Voltage,60.0,1)

1.200 mV
180.7 A —
180.6 A —

9137 mA

Irms (A) = HARM{[Ground+Conduit,60.0,1}

0.152 Ohms —
0.151 Ohms

0.117 Ohms

Impedance_Magn|{Ohms) = Vrms /Irms

11.94 Degrees —
9.299 Degrees —

0.000 Degrees

Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)

0.000 s

L:88.55ms DT:0.354s R:0.443s 0443 s

Figure L-7: Case Name EMTO075_007
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27.62V —

19.64 V

-27.64V

3/4" EMT, 160 Amperes
Phase, Concdliit & Insulated Ground Bonded at Remote End
10:45:40, December 13, 2018

AR

1295 A—
88.03 A

A129.7T A

AAMAMAY

Neutral (A) - (DIF)

3.330A
0.881 A

Ground (A) - (DIF)

-3.205 A

91.00 A —

58.99 A

91,44 A

Conduit (A) - (DIF)

VAV

29.05C—

29.03C
29.01C

T_01(C) -(DIF)

I
29.94 C —

29.91C
29.83 C

Wil

T_02(C) -(DIF)

30.23C
30.20C
3017 C

T_03 (C) -(DIF)

19.68V —

19.67 V

Vims (V) = HARM(Voltage,60.0,1)

0.988 mV
144.0 A —
1429 A

6.582 mA

Irms (A) = HARM{[Neutral+Conduit,60.0,1)

0.150 Ohms —
0.138 Ohms

0.132 Ohms

Impedance_Magn|{Ohms) = Vrms /Irms

r~

7.723 Degrees —
7.299 Degrees —

0.000 Degrees

Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)_ __ ——

0.000 s L:9296 ms DT:0.372s R:0.465s 0.465s

Figure L-8: Case Name EMTO075_008
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3/4" EMT, 300 Amperes
Phase, Concdliit & Insulated Ground Bonded at Remote End
10:47:05, December 13, 2018

37.96V Voltage (V) - (DIF):
26.92V

= SN

166.2 A Neutral (A) (DIF)«
A166.5 A

2.636 A

Ground (A) - (DIF)

0.960 A
2710 A — : : .
1353 A Condauit (A) - (DIF)
YA
-134.6 A
33.58C T 01(C) -(DIF)
j, o WWWWWWWWW%MWWW
33.53C ‘
3511 ¢C T 02(C) -(DIF)
35.08 C j I WMMWWMMMWWMWM
35.05C

34.77C— T.03(C) -(DIF)

34.72C

27.02V— Vims (V) = HARM(Voltage,60.0,1)
2700V -

0.972 mV : . . . .

195.3A— Irms(A) = HARM{[Neutral+Conduit,60.0,1)
1941 A —

8.065 mA T T T T T

0.140 Ohms — Impedance_Magn|{Ohms) = Vrms /Irms

0.139 Ohms

0.105 Ohms . . T T .

10.46 Degrees — Impedance_Phaiéj (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)
7.560 Degrees —

-9.551 Degrees T T T T T

0.000 s L:90.73ms DT:0.363s R:0454s 0.454 s

Figure L-9: Case Name EMTO075_009

191



Appendix M - %” GRC Raw Data Plots
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8.325V—
5817V

3/4" GRC, 40 Amperes
Phase-Neutral Bonded & Ground Conduit Bonded at Remote End
13:19:56, December 14, 2018

8.333V

5 Volta - DIFF
—Aﬂmﬁ’) SAAAAAAAAAARA

62.77 A—
4298A -
62.86 A—]

AN

2.561 A
0.641 A

3.536 A Ground (A) - (DIF)
°mA_$MwmmwmemwwwwmwwwwwWwwWVwWw
3.296 A
- (DIF)

Conduit (A

-2.591 A

19.14C T_01(C) -(DIF
19.12C
19.10C

19.88C
19.87C

T 02 (C) - (DIF)

19.85C i ‘ . . .

2056 C T_03(C) -(DIF
2054 C

20.52C

5.863V—
5831V -
0.298 mV

Vims (V) = HARM (Voltage,80.0,1)

43.75 A—
43.05A
2129 mA

Irms (A} = HARM(Neutral,60.0,1)

0.140 Ohms —,
0.1350hms

Impedance_Magdn (Ohms) = Vrms /Irms

0.132 Ohms —.

4.480 Degrees —
3.906 Degrees —
0.000 Degrees

Impedance_P ha@e (Degrees) imVoltage,Bﬂ.O,it_PE\_SfE‘(NeutraI,GD.OJ)J

0.000s L:92.96 ms DT:0.372s R:0.465s 0.465 s

Figure M-1: Case Name GRCO075_001
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3133V —
21.94V

-31.32V

PVVYY

3/4" GRC, 160 Amperes
Phase-Neutral Bonded & Ground Conduit Bonded at Remote End
13:21:40, December 14, 2018

AMAAAAAAANAAAAAAANNAAT
VALYV YV VYT

Voltage (V) - (DIF)-

2177 A—
151.6 A

2184 A

Neutral (A) - (DIF)

AVAAMARAN

5.800 A
2.788 A

Ground (A) - (DIF)

5277 A

4.267 A
1.539 A

-3.685 A

Conduit (A) - (DIF)

19.18C
19.16 C
19.15C

T_01(C) -(DIF)

19.93C
19.91C
19.89C

T_02(C) -(DIF)

20.57C
20.55C
2053 C

T_03 (C) -(DIF)

I
22.01V—

21.99V

Vims (V) = HARM(Voltage,60.0,1)

1.124 mV
152.6 A—
151.9A

7.548 mA

Irms (A) = HARM{[NeutraI,G0.0n)

0.149 Ohms —
0.145 Ohms

0.141 Ohms

Impedance_Magn|{Ohms) = Vrms /Irms

4.611 Degrees —
4.467 Degrees —

0.000 Degrees

Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral 60.01)—7 —

0.000 s L:9296 ms DT:0.372s R:0.465s 0.465s

Figure M-2: Case Name GRCO075_002
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4.553 Degrees —

3/4" GRC, 320 Amperes
Phase-Neutral Bonded & Ground Conduit Bonded at Remote End
13:22:50, December 14, 2018

e 1T D'W AARARARARAARA
SONE L W\/\AWW\/\/\/\W\W\/
WV\WWV\NVWWV\NV\M
 AAAMAAWAAAAANANVY

19.43C— T_01(C) - (DIF)
19.40C |

20.25C T_02(C) -(DIF)
20.21C —

20.90 C— T_03(C) -(DIF)
20.86 C —|

2814V — Vims (V) = HARM(Voltage,60.0,1)
2813V -

1.146 mV : ‘ . . ‘ T

183.7 A— Irms (A) = HARM|Neutral,60.0,1)

183.2A —

6.976 mA . T T T T
0.164 Ohms — Impedance_Magn|{Ohms) = Vrms /Irms
0.154 Ohms —

0.153 Ohms ; ‘ : : ‘ —_—

4.696 Degrees — Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral, 60.01)———

0.000 Degrees T T T T T

0.000 s L:90.73ms DT:0.363s R:0454s 0.454 s

Figure M-3: Case Name GRCO075_003
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2447V —

1718V -+

AN

-24.46 V

3/4" GRC, 160 Amperes
Phase-Neutral GrouncC onduit Bonded at Remote End
13:26:32, December 14, 2018

/\MMMMM
TAATRIATRVAVAVAVATAY

Voltage (V) - (

1071 A—
7319A -

-106.2 A

MDA

60.99 A —

41.89A —

Ground (A) - (DIF)\

60.73A
65.80 A
45.04A

66.45 A

Condun (A) (DIF)

21.73C
21.71MC
21.70C

T_01(C) -(DIF)

I
22711 C

22.69C
22.67C |

T_02(C) -(DIF)

2318¢C
2315¢C

T_03 (C) -(DIF)

23.14C —
17.21V —
17.21V

Virms (V)

= HARM(Voltage,60.0,1)

0.741 mV
160.2 A —
159.9 A —

6.336 mA

Irms (A) = HARM{[Neutral+Ground+Conduit,60.0,1}

0.117 Ohms —
0.108 Ohms

0.107 Ohms

Impedance_Magn|{Ohms) = Vrms /Irms

5.815 Degrees —
5.736 Degrees —

Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Ground+Conduit,60.0,1)—

0.000 Degrees

0.000 s

L:88.55ms DT:0.354s R:0.443s 0443 s

Figure M-4: Case Name GRCO075_004
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3749V —

26.36 V

3749V

3/4" GRC, 320 Amperes
Phase-Neutral GrouncC onduit Bonded at Remote End
13:28:57, December 14, 2018

Voltage (V) - (DIF)

IAAAAAAAL

| —""

158.2A—
109.5 A

A57.7TA

- (DIF)

MTAAMAAAAAAANAM

92.20 A —

64.13 A

9231A

Ground (A) - (DIF)

1028 A —
70.46 A

A103.1A

A

2281C
22.719C
22.78C

T_01(C) -(DIF)

I
23.80C

23.79¢C
23.77C

T_02 (C) -(DIF)

24.20C
2419C
2417 C

T 03 (C) -(DIF)

I
26.34 V —

26.33V

1.216 mV

Vims (V) = HARM(Voltage,60.0,1)

2434 A —

2431 A

11.99 mA

Irms (A) = HARM{[Neutral+Ground+Conduit,60.0,1}

0.109 Ohms —
0.108 Ohms

91.77 mOhms

Impedance_Magn|{Ohms) = Vrms /Irms

7.611 Degrees —
6.251 Degrees —

Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Ground+Conduit,60.0,1)

-12.02 Degrees

0.000 s

L:86.43ms DT:0.346s R:0.432s 0432s

Figure M-5: Case Name GRCO075_005
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8.483V
5955V
8491V

3/4" GRC, 40 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Open
13:31:05, December 14, 2018

2166 A
0471 A
-1.874 A

A AR AR AAARARAA

Neutral (A) - (DIF)

3215A
21.75 A
-32.25A

Ground (A) - (DIF)

UYL

34.06 A
22.95A
-33.70 A

Conduit (A) - (DIF)

23.95C
23.94C
23.93C

T_01(C) -(DIF)

4.87C
24.85C
24.83C —

T 02(C) -(DIF)

25.15C
2513 C
2512C

T_03(C) -(DIF)

l
5978V —

5.976 V —

0.184 mV

Vims (V) = HARM(VoItage,60.0,1)

44,77 A —
44.68 A —

1.700 mA

Irms (A) = HARM{Ground+Conduit.60.0.1}

0.135 Ohms —

0.134 Ohms

86.46 mOhms

Impedance_Magn|{Ohms) = Vrms /Irms

13.23 Degrees —
8.352 Degrees —

0.000 Degrees

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)

0.000 s

L:90.73ms DT:0.363s R:0454s 0454 s
Figure M-6: Case Name GRCO075_006
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15.90 mOhms

30.38V —

2144V

-30.39V

3/4" GRC, 160 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Open
13:32:09, December 14, 2018

/ \/ \9/ / "\'"ﬁ\/ﬂ\/ﬂ\//\\//,\\/A\/\\/A\/A\/ﬂ\/\\ RVAVRTATATAVAVAIAY

2.063 A—
0.491 A
-1.958 A

Neutral (A) - (DIF)

Pl

l
110.0 A —

T7TATA

110.0 A

TR

1258 A —

86.15 A

-126.0 A

Conduit (A) - (DIF)

24.34 C
24.33C

24.31C

3 T 01(C) -(DIF)

2512C
25.10C

25.08C

T 02 (C) -(DIF)

2547 C
2545C
2543 C

T_03(C) -(DIF)

l
21.38V —

21.38V

50.73 uv

Vims (V) = HARM(VoItage,60.0,1)

162.3 A —

162.2 A

1.511 mA

Irms (A) = HARM{Ground+Conduit.60.0.1}

0.275 Ohms
0.132 Ohms

Impedance_Magn|{Ohms) = Vrms /Irms

14.45 Degrees
8.639 Degrees
0.000 Degrees —

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)

0.000 s

L:86.43ms DT:0.346s R:0432s 0432s
Figure M-7: Case Name GRCO075_007
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40.09V —

28.26 V

-40.08V

3/4" GRC, 320 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Open
13:33:04, December 14, 2018

"WW@V@AAAAAAAAAAA“““““”““”“

AR

Ly

2.262 A —

0.518 A —

Neutral (A) - (DIF)

1.655 A —|

141.5A—

98.91 A -

141.6 A

TN

169.1 A —

143 A —

-168.9 A

A

24711 C
24.69C
24.68 C

T_01(C) -(DIF)

l
25.65C

25.63C

T_02(C) -(DIF)

25.62C —
25.78C

25.77C
25.75C

T_03(C) -(DIF)

l
28.20V —

2819V —

0.775 mV

Vims (V) = HARM(VoItage,60.0,1)

2125 A—

212.0A —

4.320 mA

Irms (A) = HARM{Ground+Conduit.60.0.1}

0.179 Ohms
0.133 Ohms
0.133 Ohms

Impedance_Magn|{Ohms) = Vrms /Irms

8.836 Degrees
8.819 Degrees

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)

0.000 Degrees —

0.000 s

L:90.73ms DT:0.363s R:0454s 0454 s
Figure M-8: Case Name GRCO075_008
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3/4" GRC, 40 Amperes
Phase-Neutral Conduit Bonded at Remote End
Ground Conductor Removed
13:39:15, December 14, 2018

5'0_2:1\; vl /\/g\/\/\/ i \/\\/\\/ﬂvﬂ\/ﬂ\/A\/m\/,ﬂ\/ﬂvﬂ\}ﬂ\ YUVVYYYUVY

211A Neutral (A) - (DIF)

28.20 A \
41.68 A — : .
2.262 A Ground (A) - (DIF)

0.489 A

1.848 A —| ; : :
24.71 A Conduit (A) - (DIF)

wer SV

25.81C T_01(C) -(DIF)
25.80 C
25.78C

26.01 C T 02 (C) -(DIF)
25.99 C
25.98 C — : . .

26.73C T 03(C) -(DIF)
26.71C
26.70 C

5016 V— Vims (V) = HARM(Voltage,60.0,1)

5.014 Vv —

98.27 uv T T T

4401 A— Irms (A) = HARM{Neutral+Conduit.60.0.1)
43.52 A —

1.120 mA T T T

0.131 Ohms Impedance_Magn|{Ohms) = Vrms /Irms

0.115 Ohms
63.35 mOhms

i : : . . .

11.76 Degrees Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)
-——

7.168 Degrees

-9.195 Degrees — T T T

0.000 s L:95.25ms DT:0.381s R:0476s 0476 s
Figure M-9: Case Name GRCO075_009
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26.84 V —

18.81V

-26.84V

A A

3/4" GRC, 160 Amperes
Phase-Neutral Conduit Bonded at Remote End
Ground Conductor Removed
13:40:27, December 14, 2018

Voltage (V) - (DIF)

143.8 A —

99.41 A

143.8 A

Neutral (A) - (DIF)

A

2443 A
0.574 A
-2.234 A

Ground (A) - (DIF)

89.89 A —

59.82 A

-90.00 A

Conduit (A) - (DIF)

25.66 C
25.65C

T 01(C) -(DIF)

25.63 C
2586 C
25.84 C

T_02(C) -(DIF)

25.83 C —
26.61C
26.60C

26.58 C

T_03(C) -(DIF)

18.87 V —

18.86 V

10.26 uvV

Vims (V) = HARM(VoItage,60.0,1)

157.3 A —
156.8 A

1.006 mA

Irms (A) = HARM{Neutral+Conduit.60.0.1)

0.120 Ohms

0.293 Ohms —Cpedance_MagnHOhms) = Vrms /Irms

6.160 mOhms

12.17 Degrees —

6.982 Degrees —

0.000 pDegrees

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)

0.000 s

L:88.55ms DT:0.354s R:0.443s 0443 s
Figure M-10: Case Name GRC075_010
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39.711V —

27.98 V =

-39.71V

3/4" GRC, 320 Amperes
Phase-Neutral Conduit Bonded at Remote End
Ground Conductor Removed
13:41:40, December 14, 2018

/\/\7\‘/\’/ /ﬂ AN ﬂ AAAAA

1894 A —
131.9A —

-189.2 A

AMAAAAAANAAAA

TN

2481 A
0.628 A

Ground (A) - (DIF)

2.343A |
1426 A

92.76 A
1418 A

Conduit (A) - (DIF)

26.04 C
26.03C
26.01 C

T_01(C) -(DIF)

26.14C
26.12C
26.10 C —

T_02(C) -(DIF)

27.00C
26.98 C
26.96 C

T_03(C) -(DIF)

l
219V —

27.90V —

1.497 mV

Vims (V) = HARM(VoItage,60.0,1)

2209 A —
220.2 A —

11.60 mA

Irms (A) = HARM{Neutral+Conduit.60.0.1)

0.129 Ohms —

0.127 Ohms

0.116 Ohms

Impedance_Magn|{Ohms) = Vrms /Irms

7.574 Degrees —
7.449 Degrees —

0.000 Degrees

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)

0.000 s

L:88.55ms DT:0.354s R:0.443s 0443 s
Figure M-11. Case Name GRC075_011
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1245V
8.749V
1245V

3/4" GRC, 40 Amperes
Phase-Conduit Bonded at Remote End
Ground Conductor Removed, Neutral Open
13:44:08, December 14, 2018

Voltage (V) - (DIF) ANAAAAAANAANAAAAAA AN

RPN YL

2.520 A
0.485 A
2.221A

Neutral (A) - (DIF)

1.999 A
0.522 A
1.758 A

Ground (A) - (DIF)

64.85 A
4337 A
64.67 A

Conduit (A) - (DIF)

28.03C
28.01C

T_01(C) -(DIF)

27.99C

27.52C
21.51C

27.50C

T_02(C) -(DIF)

I
28.91C

28.89C

28.87C

T_03(C) -(DIF)

8.782V —

8.781V

92.96 uvV

Vims (V) = HARM(VoItage,60.0,1)

43.68 A —

43.35A

0.143 mA

Irms (A) = HARM|Conduit,60.0,1)

2.236 Ohms —

0.203 Ohms

0.201 Ohms

Impedance_Magn|{Ohms) = Vrms /Irms

-

17.49 Degrees —

17.15 Degrees —

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1)—7MM ————

1.314 Degrees

0.000 s

L:88.55ms DT:0.354s R:0.443s 0443 s
Figure M-12: Case Name GRC075_012
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3597V
25.35V
-35.97V

3/4" GRC, 160 Amperes
Phase-Conduit Bonded at Remote End
Ground Conductor Removed, Neutral Open
13:45:07, December 14, 2018

Voltage (V) - (DIF)\

1.844 A
0.497 A
2.073 A

MAAAAAAAAY

Neutral (A) - (DIF)

2114 A
0.581 A
-2.041 A

Ground (A) - (DIF)

233.5A
152.3 A
2324 A

Conduit (A) - (DIF)

VY

28.46 C
2845C

T_01(C) -(DIF)

2843 C

27.88C
27.87C

27.85C

T_02(C) -(DIF)

29.23C
29.21C
29.19C

T_03(C) -(DIF)

25.36V— Vims (V) = HARM(Voltage,60.0,1)

25.35V —

1.218 mV

152.5A— Irms (A) = HARM|Conduit,60.0,1)

1521 A —

5511 mA

0.221 Ohms — Impedance_Magn|{Ohms) = Vrms /Irms

0.167 Ohms  —
0.157 Ohms

16.56 Degrees —
16.44 Degrees —

0.000 pDegrees

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1)

0.000 s L:88.55ms DT:0.354s R:0.443s
Figure M-13: Case Name GRC075_013
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3/4" GRC, 320 Amperes
Phase-Conduit Bonded at Remote End
Ground Conductor Removed, Neutral Open
13:46:07, December 14, 2018

28'320:\; v / \/ 9\/ \/ \/ J\"//\\/ﬂ\/A\/\\/,A\/A\/\\/ﬂ,vﬂ\/ﬂ\/\\/ WYYV

2.089 A Neutral (A) - (DIF)

0.498 A
-2.150 A

2.520 A Ground (A) - (DIF)

0.595 A

- ALY

1.938A |

2919 C T_01(C) -(DIF)
2917 ¢C
29.15¢C

2867C T_02(C) -(DIF)
28.65C
28.64 C — : .

30.01 C T_03(C) -(DIF)
29.99 C
29.98C

2841V — Vims (V) = HARM(Voltage,60.0,1)

2840V —

0.993 mV T T

1744 A— Irms (A) = HARM|Conduit,60.0,1)
1741A -

3.145 mA T T

0.316 Ohms Impedance_Magn|{Ohms) = Vrms /Irms
0.163 Ohms
0.163 Ohms

16.26 Degrees Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1)
16.17 Degrees

0.000 pDegrees —; T T

0.000 s L:88.61ms DT:0.354s R:0.443s 0443 s
Figure M-14: Case Name GRC075_014
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3/4" IMC, 40 Amperes
Phase-Neutral Bonded & Ground-Conduit Bonded at Remote End
08:31:57, December 14, 2018

7.990 V— Voltage (V) - DIF
s TR
oS I AR A
. S:{A: :a Ground (A) - (DIF)

-2:237/-\ | Conduit(‘A)-(DIF) | | | | | |

0.502 A
2.118 A i . . |

2027C— T 01(C) -(DIF)
20.25C
20.24C

2067C— T_02(C) -(DIF)
20.64C

20.82C— T_03(C) -(DIF)
20.80 C %mwwmw
2078C—| ‘ , , ,
5660 V— Vims (V) = HARM (Voltage,60.0,1)

5.656 V —
0.167 mV T T T

41.69 A— Ilrms(A) = HARM(NeutraI,60.0,1}
41.22 A —
1.118 mA T T T

0.150 Ohms Impedance_Magdn (Ohms) = Vrms /Irms
0.137 Ohms L
0.136 Ohms

4.354 Degreesa Impedance_Phase (Deg ree_s_)_j_Pﬁl:lf\iE(Voltage,GD.Oﬂ) -PHASE Neutral,60.0,1)\/

3.752 Degrees

11112 mDegrees /"/

0.000s L:90.73ms DT:0.363s R: 0454 s 0454 s

Figure N-1: Case Name IMC075_001
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31.50V —

22.23V -

-31.52V

VA

3/4" IMC, 160 Amperes
Phase-Neutral Bonded & Ground-Conduit Bonded at Remote End
08:34:53, December 14, 2018

VARAAAAAAANAAAAAAAA AR
ARARRATRERIAAIRIAE

L

Voltage (V) - (DIF)

2173 A—

1523 A -

217.5A

AMMAMAMAAN

3401 A
1.259 A
-2.826 A

Ground (A) - (DIF)

2.758 A
0.819 A
-2.562 A |

Conduit (A) - (DIF)

20.59C
20.57 C
20.55C

T_01(C) -(DIF)

20.89C
20.87C
20.85C |

T_02(C) -(DIF)

21.16C
21.15¢C
2113 ¢ —

T_03 (C) -(DIF)

2229V —

22.28V —

0.829 mV

Vims (V) = HARM(Voltage,60.0,1)

153.2A—

152.7 A —

5.250 mA

Irms (A) = HARM{[NeutraI,G0.0n)

0.158 Ohms
0.146 Ohms
0.145 Ohms

Impedance_Magn|{Ohms) = Vrms /Irms

\
4.603 Degrees

4.433 Degrees

4.143 uDegrees

Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral, 60.0,1) — ————

0.000 s

L:88.55ms DT:0.354s R:0.443s
Figure N-2: Case Name IMCO075_002

0.443 s
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4.961 Degrees
4.848 Degrees

39.711V —

28.09V

-39.71V

/\ioltage - (DIF)

3/4" IMC, 320 Amperes
Phase-Neutral Bonded & Ground-Conduit Bonded at Remote End

LAY

\/\ A ﬂ//\vﬂ\/\\ﬂ N

267.3 A—

187.9A

-267.3 A

/Neutral (A) - (DIF)

T AMAMAMMARAL

3723 A
1.664 A
4.653 A

Ground (A) - (DIF)

3.067 A
1.007 A
3.270 A ]

Conduit (A) - (DIF)

21.27C
21.25C
21.23C

T_01(C) -(DIF)

I
21.40C

21.39C
21.37C

3 T_02(C) -(DIF)
I

21.93¢C
21.90C
21.89 C

T_03 (C) -(DIF)

28.07V —
28.06 V

0.596 mV

Vims (V) = HARM(Voltage,60.0,1)

188.3 A —

187.8 A

3.223 mA

Irms (A) = HARM{[NeutraI,G0.0n)

0.185 Ohms
0.149 Ohms
0.149 Ohms

Impedance_Magn|{Ohms) = Vrms /Irms

EY

0.000 Degrees —

Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral,60.0,1)

0.000 s

L:90.73ms DT:0.363s R:0454s
Figure N-3: Case Name IMC075_003

0.454 s
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3/4" IMC, 160 Amperes
Phase-Neutral GrouncC onduit Bonded at Remote End
08:40:59, December 14, 2018

3\/\/\/\/ VAAAARAMALAAAARARARA
S

64.49 A

Ground (A) (DIF)
£3.87 A \f
61.59 A— , Concluit (A) - (DIF)
A T
6104 A :
24.58C— T.01(C) -(DIF)
24.56 C M«MWMMW
24.55¢ ]

2413 ¢C T_02(C) -(DIF)
24.10C —

2512¢C T_03(C) - (DIF)
25.08 C —

16.57V— Vrms (V) = HARM(Voltage,60.0,1)
16.57 V i /
78.53 UV
153.3A— Irms(A) = HARM{[Neutral+Ground+Conduit,60.0,1}
1531 A i /
1,602 mA —

0.176 Ohms —@ edance Magn|{0hms) Vrms / Irms

0.108 Ohms

25.48 mOhms T . . T

8.143 Degrees Impedance_| Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Ground+Conduit,60.0,1)
5.981 Degrees ?/

-5.363 Degrees T T

0.000 s L:9296 ms DT:0.372s R:0.465s 0.465s

Figure N-4: Case Name IMC075_004
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3/4" IMC, 320 Amperes
Phase-Neutral GrouncC onduit Bonded at Remote End
08:42:52, December 14, 2018

o SRR AAAA
“%5:_?/ it 7'WW\/V\N\/\/\/\/WW\/\/ A
T
T

2541 C T_02(C) -(DIF)
25.38C —

26.74C— T 03(C) -(DIF)
26.70 ¢ —

27.79V— Vims (V) = HARM(Voltage,60.0,1)
2179V -

0.629 mV : ‘ . . ‘ T

2504 A— Irms(A) = HARM{[Neutral+Ground+Conduit,60.0,1}

249.9 A —

4.406 mA T T T T T

0.143 Ohms Impedance_Magn|{Ohms) = Vrms /Irms
0.111 Ohms ik
0.111 Ohms —| ; ‘ .

6.589 Degreesa Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Ground+Conduit,60.0,1)—

6.548 Degrees

0.000 Degrees — T T T T T

0.000 s L:90.73ms DT:0.363s R:0454s 0.454 s

Figure N-5: Case Name IMC075_005
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7484V
5312V
-7.488V

i

3/4" IMC, 40 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Floating
08:45:47, December 14, 2018

MAAAAANAAAAANAAAAANNS
VAV VYV YA Y

Voltage (V) - (DIF)

2648 A
0.437 A
1.617 A

Neutral (A) - (DIF)

30.39A
20.39 A
-30.09 A

Ground (A) - (DIF)

32.81 A
22.93A
-33.30A

Conduit (A) - (DIF)

27.60C
27.58 C

T_01(C) -(DIF)

27.57C
26.88 C
26.86 C

T_02(C) -(DIF)

26.84 C —
27.81C

21.79¢C
27.78C

T_03(C) -(DIF)

l
5297V —

5.296 V —

0.222 mV

Vims (V) = HARM(VoItage,60.0,1)

42.50 A —
4244 A —

2.093 mA

Irms (A) = HARM{Ground+Conduit.60.0.1}

0.125 Ohms —

0.125 Ohms
89.34 mOhms

Impedance_Magn|{Ohms) = Vrms /Irms

13.34 Degrees —
10.56 Degrees —

-13.86 Degrees

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)

0.000 s

L:88.55ms DT:0.354s R:0.443s 0443 s
Figure N-6: Case Name IMCO75_006
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3/4" IMC, 160 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Floating
08:47:03, December 14, 2018

3064V Voltage (V) - (DIF)

/\/\\/\/\\/\/\ AAAAAAA AN
066V LYYV YV VYV VTY /
2.539A Neutral (A) - (DIF)

0.673 A
2459 A — . T T
119.1 A— Ground (A) - (DIF)

2 AN AMAAAAR)
119.3A ] } : . :

126.4 A— Conduit (A) - (DIF)

83.89A N
1261 A — : . :
27.55C T_01(C) -(DIF)

27.53C
27.52 C — T
27.04C T_02 (C) -(DIF)

27.03C
27.01 C — : T . T T
27.80C T_03 (C) -(DIF)

27.78C
27.77 C — T .

21.66 V— Vrms (V) = HARM(Voltage,60.0,1)

21.66V N /

0.826 mV —. . . . : :
1641A— Irms(A) = HARM{Ground+Conduit.60.0.1}

163.9A N /

7.435 mA — . . . : :

0.133 Ohms — Impedance_Magn|{Ohms) = Vrms /Irms

0.132 Ohms N \f

94.23 mOhms . . . . .
13.18 Degrees — Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)
9.463 Degrees i
0.000 Degrees il : T T T T
0.000s L:88.55ms DT:0.354s R:0.443s 0443 s

Figure N-7: Case Name IMCO75_007
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39.91V
28.18V
-39.93V

|

3/4" IMC, 360 Amperes
Phase-Ground-Conduit Bonded at Remote End
Neutral Floating
08:47:55, December 14, 2018

Voltage (V) - (DIF)

\/\/\/ \/\ \/ﬂ\/ﬂvﬂ\/,\\/\\/ﬂ\/ﬂ,\/A\/A\/A\/" JUVVV VYV

2713 A
0.789 A
-2.337T A

Neutral (A) - (DIF)

146.7 A
1024 A
-146.1 A

Ground (A) - (DIF)

VWA

W

164.6 A
108.5 A
-164.6 A

Conduit (A) - (DIF)

27.90C
27.88C
27.86 C

T_01(C) -(DIF)

2740C
27.38C
27.37C

T_02(C) -(DIF)

I
2817 C

28.16 C
2814 C

T_03(C) -(DIF)

l
2818V —

2817V

0.575 mV

Vims (V) = HARM(VoItage,60.0,1)

208.9 A —

208.5 A

2.870 mA

Irms (A) = HARM{Ground+Conduit.60.0.1}

0.200 Ohms —

0.135 Ohms

0.135 Ohms

Impedance_Magn|{Ohms) = Vrms /Irms

S

9.400 Degrees —
9.386 Degrees —

0.000 Degrees

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Ground+Conduit,60.0,1)

0.000 s

L:86.43ms DT:0.346s R:0432s 0432s
Figure N-8: Case Name IMCO75_008
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6.586 V
4.663 V
6.587V

3/4" IMC, 40 Amperes
Phase-Neutral Conduit Bonded at Remote End
Ground Conductor Removed
08:56:23, December 14, 2018

Voltage (V) - (DIF)J\

" / \/\/ \/\/ | \/A\/\\/A\/\\/ﬂ\/A\/A\/,A\/A\/ﬂ\/ﬂ\' VYV VY YYYY

35.78 A
23.97T A
-36.38 A

Neutral (A) - (DIF)

2179 A
0.443 A
-2.028 A

Ground (A) - (DIF)

31.18A
20.61 A
-30.51 A

Conduit (A) - (DIF)

26.74 C
26.73C
26.71 C

T_01(C) -(DIF)

27.18C
2116 C
27.15¢C —

T 02 (C) -(DIF)

27.08C
27.06 C
27.05C

T_03(C) -(DIF)

l
4.655V —

4.654 V —

0.145 mV

Vims (V) = HARM(VoItage,60.0,1)

43.29 A—
42.85A —

1.680 mA

Irms (A) = HARM{Neutral+Conduit.60.0.1}

0.110 Ohms —

0.109 Ohms

69.51 mOhms

Impedance_Magn|{Ohms) = Vrms /Irms

13.32 Degrees —

8.635 Degrees —

-11.73 Degrees

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)

0.000 s

L:88.55ms DT:0.354s R:0.443s 0443 s
Figure N-9: Case Name IMCO075_009
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26.60 V —

18.72V

-26.60V

3/4" IMC, 160 Amperes
Phase-Neutral Conduit Bonded at Remote End
Ground Conductor Removed
08:57:15, December 14, 2018

AAAAA A
JRTRVAVATATRVAVAIR)

Voltage (V) - (DIF)

DAIATRIA

M

1484 A —

1014 A

-148.3 A

Neutral (A) (DIF}

j

2121 A
0.464 A

Ground (A) - (DIF)

2.318 A

92.73 A
60.86 A
-92.81 A

Conduit (A) - (DIF)

2647 C
26.46 C
26.44 C

T_01(C) -(DIF)

l
26.94 C

26.92 C
26.91C

T_02(C) -(DIF)

I
26.84 C

26.82 C
26.81C

T_03(C) -(DIF)

l
18.78 V —

18.78 V

1.004 mV

Vims (V) =

/

HARM(Voltage,60.0,1)

1594 A —
158.9 A

8.360 mA

i/

Irms (A) = HARM{Neutral+Conduit.60.0.1)

0.120 Ohms —

0.118 Ohms

Impedance_Magn|(Ohms) = Vrms / Irms

0.108 Ohms
7.978 Degrees —
7.797 Degrees —

0.000 Degrees

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)

0.000 s L:86.43ms DT:0.346s R:0432s 0.432s

Figure N-10: Case Name IMCO75_010
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3535V —

24.94V -

-35.37V

3/4" IMC, 320 Amperes
Phase-Neutral Conduit Bonded at Remote End
Ground Conductor Removed
08:58:09, December 14, 2018

Voltage (V) - (DIF):

/\/ \/ \/\/ '\/\\/A\/AUA\/A\/A\/A\/A\/A\/ﬂ\/\\" MYV VYUYV

183.7A—
126.3 A —

183.3 A

MMM

2.352 A
0477 A
-2.086 A

Ground (A) - (DIF)

126.9 A —
8241 A —

126.5 A

Conduit (A) - (DIF)

26.52 C
26.50 C

T_01(C) -(DIF)

26.48 C

26.92C
26.91C

26.89C

T_02(C) -(DIF)

I
26.85C

26.84 C
26.82C

T_03(C) -(DIF)

l
24.94V —

24.94V —

1.203 mV

Vims (V) = HARM(VoItage,60.0,1)

2044 A—
203.7TA —

8.839 mA

Irms (A) = HARM{Neutral+Conduit.60.0.1)

0.136 Ohms —

0.122 Ohms

0.119 Ohms

Impedance_Magn|{Ohms) = Vrms /Irms

8.071 Degrees —

7.919 Degrees —

0.000 Degrees

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Neutral+Conduit,60.0,1)

0.000 s

L:85.72ms DT:0.343s R:0429s 0429 s
Figure N-11: Case Name IMCO075_011
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3/4" IMC, 40 Amperes
Phase-Conduit Bonded at Remote End
Ground Conductor Removed, Neutral Open

09:00:44, December 14, 2018
11.54V Voltage (V) - (D

v AAN Y

/ "\\'/ VUV VYV VYV VYV VY VY

1.651 A Neutral (A) - (DIF)

0.443 A
-2.292 A —| : : : : : :

2.468 A Ground (A) - (DIF)

0493 A

2,022 A — ; ; : : :
63.99 A Conduit (A) - (DIF)

war WY

27.86C T_01(C) -(DIF)

27.84 C

27.83C
27.94C T 02 (C) -(DIF)
27.92C

27.91¢C— : : . : .
27.94¢C T_03(C) -(DIF)
27.92C

27191 C . . T \ T

8158V — Vims (V) = HARM(Voltage,60.0,1)

8155V —

0.348 mV T T T T T

42.82 A— Irms (A) = HARM|Conduit,60.0,1)
4251A -

2.323 mA T T T T T

0.193 Ohms — Impedance_Magn|{Ohms) = Vrms /Irms

0.192 Ohms

0.109 Ohms . . T T .

25.40 Degrees — Impedance_Phasé (Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1)

20.60 Degrees —

0.000 Degrees T T T T T

0.000 s L:86.43ms DT:0.346s R:0432s 0432s
Figure N-12: Case Name IMCO075_012
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3575V
25.30V
-35.77TV

__ 7'\;\7"\/(°\;7ﬂ AAAAAAAANAN

3/4" IMC, 160 Amperes
Phase-Conduit Bonded at Remote End
Ground Conductor Removed, Neutral Open
09:02:06, December 14, 2018

2.005 A
0.593 A
2138 A

Neutral (A) - (DIF)

2443 A
0.746 A
-2.498 A

Ground (A) - (DIF)

2355 A—
153.3A —

2353 A

Conduit (A) - (DIF)

il

28.07C
28.06 C
28.05C

T_01(C) -(DIF)

l
28.27C

28.25C
28.24 C

T_02(C) -(DIF)

28.24 C
28.22 C
28.20C

T_03(C) -(DIF)

l
2531V —

2530V —

0.451 mV

Vims (V) = HARM(VoItage,60.0,1)

1524 A —
1521 A —

4.574 mA

Irms (A) = HARM|Conduit,60.0,1)

0.235 Ohms —

0.166 Ohms —

61.18 mOhms

Impedance_Magn|{Ohms) = Vrms /Irms

24.92 Degrees —

17.72 Degrees —

-16.12 Degrees

Impedance_Phasé(Degrees) = PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1)

0.000 s

L:88.55ms DT:0.354s R:0.443s 0443 s
Figure N-13: Case Name IMC075_013
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4017V
28.49V
4018V
2.706 A
0.639 A
-2.253 A
2.398 A
0.820 A
-2.620 A

269.1 A —

176.1 A
-269.5 A
28.72C

28.70C
28.68C
28.72C

28.70C
28.69C
28.74C

28.712C
2871C
2841V

28.39V
87.23 uV
174.7A

1744 A
2.391 mA
0.502 Ohms

0.163 Ohms

14.42 mOhms
21.13 Degrees
17.28 Degrees
-10.36 Degrees

3/4" IMC, 320 Amperes
Phase-Conduit Bonded at Remote End
Ground Conductor Removed, Neutral Open
09:03:16, December 14, 2018

"W”M“”AAAAAAAAAA
IR

Neutral (A) - (DIF)

\
Ground (A) - (DIF)

Conduit (A) - (DIF)

T_01(C) -(DIF)

T_02(C) -(DIF)

-(DIF)

[
T_03(C)

\
Vims (V) =

/

HARM(Voltage,60.0,1)

Irms (A) =

1/

HARM|Conduit,60.0,1)

Mdance Magn|(0hms) Vrms / Irms

ypedance Phasé(Degrees) PHASE(Voltage,60.0,1) - PHASE(Conduit,60.0,1)

0.000 s L:86.43ms DT:0.346s R:0432s 0.432s

Figure N-14: Case Name IMC075_014
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Appendix O — 2”7 Stainless-Steel Conduit
Impedance Measurements (2019)

Impedance Tests on 2” Stainless-Steel conduits were repeated on December 22, 2019 since some
of the stainless-steel conduit results obtained during the December 2018 tests yielded
unexpectedly high impedances. The test description and results on the 2” Stainless-Steel conduit
are presented in this Appendix. The 17 Stainless-Steel conduit tests are presented in the
following Appendix (Appendix P).

The test setup is illustrated in Figures O-1 and O-2. Two sections of 2” conduit were connected
using the provided screw-coupler. Care was taken to insure that the both conduit sections were
secured tightly into the coupler to ensure good electrical connection.

Figure O-1: Test Setup for the Stainless-Steel conduit (Overall View)

The current source consists of four 3000-Ampere current transformers with the high current
secondary windings connected in series. The current transformer primary windings are in
parallel and driven by a 1kVA 120 V-max Variable Transformer. The Data acquisition
equipment consisted of a custom designed hardware based on the National Instruments 16
channel 16-bit DAQ (same equipment used during the 2018 tests). The data acquisition and
analysis procedure are done using the WinXFM software running on a windows PC (See Figure
0-2).
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Figure O-2: Test Setup for the 2” Stainless-Steel conduit
(Equipment Close-up View)

Three test configurations were used for each conduit size, which are illustrated in Figure O-3. In
test configuration (a) the current flows through the conductor installed inside the conduit and
returns through the conduit. This test captures the self-impedances of both conductor and
conduit. In test configuration (b) the current flows through the conductor installed inside the
conduit and returns through an external conductor. This test captures the mutual-impedance
between conductor and conduit by measuring the voltage induced along the conduit due to the
internal conductor current. In test configuration (c) the current flows through the conduit and
returns through an external conductor. This test captures the mutual-impedance between
conductor and conduit by measuring the voltage induced along the internal conductor due to the
conduit current.

The results of the above-described tests are shown if Figures O-6 through O-8. The results are
also summarized in Table O-1
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Variac

Current
‘&Z < Transformers
§ O 3/0 Copper Cable
i 19, 10" .‘
HE Conduit Under Test ﬂT
(3" Stainless Steel) Coupler ([ A
1 ‘|:
B il
_g il
L 0.001Q
Current Shunt WinXFM
DAQ Program
0o 0 0O 0O 0 OO0
v, Vv, |l
Computer
Variac
E Current
g 4——+— Transformers
: ’_ 19, 10 .‘
? *L"}j Conduit Under Test ;
'—§ =1 || (3" Stainless Stesl) Coupler e
3 e | L —
X =
— g0 iTi]
v Y
0.001 © )
Current Shunt WinXFM
DAQ Program
o O 0O O 0 0O
V| VZ
Computer
Variac
Current
2 Transformers
g Al
& I ™
3/0 Copper Cable " 19", 10
L = Conduit Under Test p =
(3" Stainless Steel) Coupler (&
i L .
o = {\
i
i J
Gurront WinXFM
it Shunt
urent Shum DAQ Program
o © o C ©C O C
V1 VZ
Computer

(c)

Figure O-3: Test Configurations

(a) Self-impedance Test
(b) Mutual Impedance Test 1 — Induced Voltage on Conduit
(c) Mutual Impedance Test 2 — Induced Voltage on Phase Conductor
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Table O-1: 60 Hz Impedance Test Results (Two Sections)

Test Configuration (@) (b) (©
Injected Current 165.4 A 218.6 A 142.7 A
Voltage Along Cable 0.295V 0.592 VvV 0.207
Voltage Along Conduit 1.185V 0.329V 1.078
Total Circuit Voltage 1.443V - -
Conduit Self-Impedance 7.159 mQ - 7.546 mQ
Conductor Self-Impedance 1.764 mQ 2.665 mQ -
Mutual-Impedance - 1.457 mQ 1.424 mQ

Next, the impedance was measured on a single section. The conduit self-impedance results
are listed in the Table below:

Table O-2: 60 Hz Impedance Test Results (One Section)

Current Voltage Zrms 260 Phase

Amperes Volts milliOhms milliOhms Degrees
66.24 0.220 3.321 3.298 1.044
95.57 0.316 3.306 3.298 1.074
128.70 0.424 3.294 3.297 0.981
162.40 0.536 3.300 3.297 1.053
193.30 0.638 3.301 3.299 0.966
229.10 0.756 3.300 3.299 1.038
261.70 0.864 3.301 3.299 1.003
292.90 0.966 3.298 3.299 1.025
324.70 1.072 3.302 3.301 1.023

Coupling Resistance Computation

¢=7.159 mQ -2x3.300 mQ =0.56 mQ
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Note that these single section results are consistent with the two-section measurements over
the entire range of current levels (66 to 324 Amperes).




DC Measurements

The DC resistance of 2 stainless steel conduit was measured using the arrangement illustrated in
Figure O-4

DC Voltmeter DC Voltmeter
/T ]
P = 4= =
0O 0 O
o
—" g —
010 — Conduit Under Test
Resistor ><\
_|_ —
O O

DC Power Supply
(0-10 Amperes)

Voltmete

OTrent \-? < ;
Szunplling : ’ :
Haglsiog
(OMIDDIOK
itilUnder Test

inlesiSteel

Figure O-4: DC Resistance Measurement Setup
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Table O-2: 2” Stainless Steel Conduit DC Resistance Measurements

Veondut kL Current | pesistance
(millivVolts) (Volts) (Amperes) (mQ)
32.8000 1.0126 10.1260 3.2392
16.3100 0.5042 5.0420 3.2348
-16.3200 -0.5043 -5.0430 3.2362
-32.7900 -1.0130 -10.1300 3.2369
Average 3.2368
STD 0.0018
Table O-3: DC Resistivity Computation
Outside Diameter 2.37600 inches
Inside Diameter 2.06500 inches
Wall Thickness 0.14500 inches
Computed Wall Thickness 0.15550 inches
Cross Section Area 1.08475 inches’
Cross Section Area 0.00070 m’
Length 3.048 m
Resistance per Mile 1.708 Q/mile
Resistance 3.2368 mQ
Conductivity 1,345,552 S/m
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Device Graphical V/I Report \ Close

Case: I

ISteeI Conduit Enclosed Circuits

3.269 mV (-0.21D)
'y

3.936 mV (6.17D)
s NEWBUS1_A NEWBUS2_A -
1.000 A (180.00D)

Loogy _
1000.0 mA (-0.00D)

45.17 pV (-90.21D) 3.269 mV (-0.21D)
. NEWBUS1_N NEWBUS2_N — *
1000.0 mA (180.00D) 1.000 A (-0.00D)
le = 45.17 pA (-90.21D) Ploss = 3.913 mW le = 0.000 pA (-129.37D) ISV|

Figure O-5: WinlIGS/GEMI Model Result
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2" Stainless Steel Conduit - 2 Sections -19' 10"
Current Level 165.4 Amperes RMS
Current Injection: 3/0 Copper Inside Conduit
Current Return: Conduit
16:37:13, December 21, 2019

MMM/’\M
VYV

0511V T

0.501V V_Phase (V) - (OIF)

1766 V— V_Conduit (V) - |DIF)

772V : :

230.8 A— » Current (A) - (DI
165.6 A \ /\/\
-230.8 A ‘

2118 V—, V_Total (V) = V| Phase -V_Conduit

1.445V - \/ \/\/
217V d

1.787 mOhms — Z_Phase (0hms|) = Harm(V_Phase,60.0,1) /Harm(Current,60.0,1)

1.767 mOhms

1.749 mOhms .
43.02 ms L:0.104s DT:0.300s R:0.405s

Figure O-6: Measurement Results for Test Configuration (a)
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7180 mOms— Z_Conduit {Om $)/=Harm(V_Conduit.60.0.1 )/ Harm(Current,60.0,1)
7163 mOms \/ /\
7.140 mOms ‘ : : ‘ . ;

T

0.406 s



-1.011V

2" Stainless Steel Conduit - 2 Sections - 19" 10"
Current Level 218.6 Amperes RMS
Current Injection: 3/0 Copper through Conduit
Current Return: 3/0 External Copper conductor
16:18:41, December 22, 2019

V_Phase (V) - [DIF)

0.672V—

0.329V -

-0.642 V

V_Conduit (V)|- (DIF)

3158 A—

218.9A -

-315.8 A

Current (A) - (DIF)

1.483 mOms—

1457 mOms

Z_Conduit (Orhs) = Harm(V_Conduit,60.0,1) / Harm(Current,60.0,1)

0.105 mOms

2.690 mOhms—

2.666 mOhms |

Z_Phase (Ohns) = Harm(V_Phase,60.0,1) / Harm(Current60.01}——

0.731 mOhms

F

0.000s L:55.69ms DT:0.300s R:0.356s 0.356s

igure O-7: Measurement Results for Test Configuration (b)
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2" Stainless Steel Conduit - 2 Sections - 19" 10"
Current Level 142.7 Amperes RMS
Current Injection: Through Conduit
Current Return: Through External Copper 3/0 Conductor
16:31:23, December 22, 2019

0.387 V— V_Phase (V) - (DIF)

0.207V

0.375V ] : : ,

1.635V— V_Conduit (V) - (DIF)

1.078 V =

1,641V : : , ,

204.1 A— Current (A) - (DIF)

142.8 A -

204.0 A : : , ,

9.849 mOms— Z_Conduit (Oms) =| Harm(V_Conduit,60.0,1) /Harm(Current,60.0,1)

7.546 mOms —

7.510 mOms ; = : .

1.684 mOhms— Z_Phase (Ohms) =|Harm(V_Phase.B0.0.1)lHarm(Current.BO.D.ﬂ
. -

1.419 mOhms

0.637 mOhms

0.000s L:78.22ms DT:0.300s R:0.378s 0.378s

Figure O-8: Measurement Results for Test Configuration (c)
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Appendix P — 1”7 Stainless-Steel Conduit
Impedance Measurements (2019)

Impedance Tests on 1” Stainless-Steel conduits were repeated on December 22, 2019 since some
of the results obtained during the December 2018 tests yielded unexpectedly high impedances.
The test description and results on the 1 Stainless-Steel conduit are presented in this Appendix.

The test setup is illustrated in Figures P-1 and P-2. Two sections of 1’ conduit were connected
using the provided screw-coupler. Care was taken to insure that the both conduit sections were
secured tightly into the coupler to ensure good electrical connection.

Figure P-1: Test Setup for the Stainless-Steel conduit (Overall View)

The current source consists of four 3000-Ampere current transformers with the high current
secondary windings connected in series. The current transformer primary windings are in
parallel and driven by a 1kVA 120 V-max Variable Transformer. The Data acquisition
equipment consisted of a custom designed hardware based on the National Instruments 16
channel 16-bit DAQ (same equipment used during the 2018 tests). The data acquisition and
analysis procedure are done using the WinXFM software running on a windows PC (See Figure
P-2).
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Figure P-2: Test Setup for the Stainless-Steel conduit
(Equipment Close-up View)

Three test configurations were used for each conduit size, which are illustrated in Figure P-3. In
test configuration (a) the current flows through the conductor installed inside the conduit and
returns through the conduit. This test captures the self-impedances of both conductor and
conduit. In test configuration (b) the current flows through the conductor installed inside the
conduit and returns through an external conductor. This test captures the mutual-impedance
between conductor and conduit by measuring the voltage induced along the conduit due to the
internal conductor current. In test configuration (c) the current flows through the conduit and
returns through an external conductor. This test captures the mutual-impedance between
conductor and conduit by measuring the voltage induced along the internal conductor due to the
conduit current.

The results of the above-described tests are shown if Figures P-6 through P-8. The results are
also summarized in Table P-1.
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Variac

I Current
< 4——2— Transformers
3 _|} #2 Copper Cable
8 3|
3 | 19", 10" )
3 =4
3 . Conduit Under Test Coupler :k
~ s - 1" Stainless Steel ™,
] , —al | ( ) ) (&
g i ] =
5 [
— ~i I iz}
b { T
3 \-@-
—_— 0.001 Q .
Current Shunt WinXFM
DAQ Program
O 0 0 0 0 0O OO0
V\ VZ II
Computer
(a)
Variac
Current
2 < Transformers
g A
o 7
T [ 19, 10"
j #2 Copper Cable .‘
Conduit Under Test :
' P,
1" Stainless Steel Coupler {
i { ) 1 I [ )J_
\ el
s — va

i
]

0.001 Q2
Current Shunt

WinXFM

‘OOOOOO

Vi VZ

Program

DAQ

C C

Variac

Current
Q——LTransformers

120VAC

Computer

(b)

e IYYYYYY

#2 Copper Cable

19, 10" _{

Conduit Under Test

-
"3

\A/\AAJ L)\)\AAJ l)uu\,\] LAANA

K " Stai Coupler -
[ (1" Stainless Steel) ‘,_p“ |
- - 7
‘L T
0.001Q
Current Shunt WinXFM
DAQ Program
O 0 0 ¢ 0O o OO0
Vi V|l
Computer

(c)

Figure P-3: Test Configurations

(a) Self-impedance Test

(b) Mutual Impedance Test 1 — Induced Voltage on Conduit
(c) Mutual Impedance Test 2 — Induced Voltage on Phase Conductor
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Table P-1: 1” Stainless-Steel Conduit Impedance Test Results

Test Configuration (@) (b) (©
Injected Current 64.82 A 1709 A 65.15 A
Voltage Along Cable 0.217V 0.716 V 0.125V
Voltage Along Conduit 1.459V 0.320V 1.475V
Total Circuit Voltage 1.670V - -
Conduit Self-Impedance 22.53 mQ - 22.64 mQ
Conductor Self-Impedance 3.326 mQ 4.180 mQ -
Mutual-Impedance - 1.861 mQ 1.860 mQ

The above result is close to the December 2018 test result. Specifically the total loop

impedance (phase conductor + conduit) in the new result is

Z=1670V/64.82A=2576 mQ

The above result was for 20’ length of conduits, thus for 100’ length the total impedance will be:

25.76 x5 =128.8 mQ

The values measured during the 2018 tests were from 123 to 146 mQ.

Coupling Resistance Computation

Z:.=22.53 mQ -2 x10.6342 mQ = 1.262 mQ

235




DC Measurements

The DC resistance of 17 stainless steel conduit was measured using the arrangement illustrated in
Figure P-4

DC Voltmeter DC Voltmeter
/T ]
P = 4= =
0O 0 O
o
—" g —
010 — Conduit Under Test
Resistor ><\
_|_ —
O O

DC Power Supply
(0-10 Amperes)

Voltmete

“m mAaAmMm

LLLY

Currasi \-? < ;

Szunplling : ’ :
Haglsiog

(ONODIOK

Figure P-4: DC Resistance Measurement Setup
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Table P-2: 1” Stainless Steel Conduit DC Resistance Measurements

Veonduit kL Current | pesistance
(millivVolts) (Volts) (Amperes) (mQ)
107.65 1.0122 10.122 10.6352
-107.65 -1.0124 -10.124 10.6331
Average 10.6342

Table P-3: DC Resistivity Computation

Outside Diameter 1.06000 inches
Inside Diameter 0.82850 inches
Wall Thickness 0.11000 inches
Computed Wall Thickness 0.11575 inches
Cross Section Area 0.34337 inches’
Cross Section Area 0.00022 m?®
Length 3.048 m
Resistance 10.6342 mQ

Resistance per mile 5.613 Q/mi

Conductivity 1,293,853 S/m
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Device Graphical V/I Report \ Close

Case: I

ISteeI Conduit Enclosed Circuits

12.80 mV (1.76D) 10.21 mV (-0.12D)
. .

|
1.000 A (180.00D)

BUSO0001_A BUSO0003_A

-
1.000 A (-0.00D)

104.6 pV (-90.12D)
.
1000.0 mA (180.00D)

10.21 mV (-0.12D)
.

BUS0001_N BUSO0003_N

il
1.000 A (-0.00D)

le =104.6 pA (-90.12D) Ploss =12.79 mW le =0.001 pA (-0.60D) ISVl

Figure P-4: WinIGS/GEMI Simulation Result
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0.347 V—

0217V

-0.347 V

1" Stainless Steel Conduit - 2 Sections - 19" 10"
Current Level: 64.8 Amperes RMS
Current Injection: #2 Copper through Conduit
Current Return: Conduit
17:32:19, December 22, 2019

V_Phase (V) - (DIF)

2.052V— V_Cbnduit (V) - (DIF)

-2.060 V

89.57T A

64.82 A

-89.39A

U

2.352V— V_Tétal (V) = -V_Phase+V_Conduit
N \/\/ \/\/\WN\A
-2.363V

ﬂfﬂﬂAAAAAA

22.53 mOms —-_Z Cd)ndmt (Oms) = Harm(V_Conduit,60.0,1) / Harm(Current,60.0,1)

22.50 mOms

22.47 mOms

3.365 mOhms— Z_PHase (Ohms)

3.326 mOhms

3.293 mOhms

Harm(V_Phase,60.0,1) /Harm(Current,60.0,1)

0173 s L:0.187s DT:0.200s R:0.387s

Figure P-6: Measurement Results for Test Configuration (a)
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1" Stainless Steel Conduit - 2 Sections - 19' 10"
Current Level 170.9 Amperes RMS
Current Injection: #2 Copper through Conduit
Current Return: External #2 Copper Conductor
17:40:57, December 22, 2019

AN
ELARRIRIRVRTRIRY

V_Phase (V) - (DIF)

0.505V— V_Conduit (V) - (DIF)

0.320V -

-0.496 V

246.6 A— aCulrent (A) - (DIF)
1709 A — /\/\/\/\/\/\/\A
-246.9 A , : : ‘ .

1.871 mOms — Z_¢onduit (Oms) = Harm(V_Conduit,60.0,1) / Harm(Current,60.0,1)

1.861 mOms

1.848 mOms . : : ; .

4193 mOhms — Z_F?hase(Ohms) = Harm(V_Phase,60.0,1) /Harm(Current,60.0,1)

4180 mOhms

4169 mOhms ; ; ; ; ;

0175 s L:0187s DT:0.200s R:0.387s

Figure P-7: Measurement Results for Test Configuration (b)
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1" Stainless Steel Conduit - 2 Sections - 19' 10"
Current Level 65.15 Amperes RMS
Current Injection: Through Conduit

Current Return: Through External #2 Conductor
17:50:56, December 22, 2019

0.235V— V_Phase (V) - (DIF)

0.241V :

2402V — \V Conduit (V) - (DIF)
- \/ \/\/W\/\/\A/\/\/\
2109V

91.06 A— Current (8) - (DIF)
- | AAA/\A/\/\/\/\
-91.04 A

22.68 mOms — Z Conduit (Oms) = Harm(V_Conduit,60.0,1) / Harm(Current,60.0,1)

22.64 mOms -

22.57 mOms . : : ; .

1.891 mOhms — K_Phase(Ohms) = Harm(V_Phase,60.0,1) /Harm(Current,60.0,1)

1.860 mOhms

1.819 mOhms T ; ; . ;

0.153 s L:0159s DT:0.200s R:0.359s

Figure P-8: Measurement Results for Test Configuration (c)
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Appendix Q — SGM Tests

The impedance of EMT, IMC, GRC and Stainless Steel conduits wat measured at low excitation
current (4 Amperes) using the Smart Ground Multimeter. The results are summarized in Table
Q-1. Detailed measurement data are given in Figures Q-2 through Q-20.

Table Q-1: Conduit Impedance Test Result Summary
(Resistance and Impedance at 60 Hz)

. Resistance IEEEENSE
Case # Test Description (mQ) @ 60 Hz

(mQ)
1 EMT 3/4 Conduit Test, High Current 43.88 48.33
2 EMT 3/4 Conduit Test 43.63 48.01
3 EMT 3/4 Conduit Test 71.78 90.18
4 EMT 3/4 Conduit Test 31.59 36.27
5 EMT 3/4 Conduit Test 29.40 50.49
6 EMT 3/4 Conduit Test 16.20 21.71
7 EMT 3/4 Conduit Test 9.030 33.62
8 EMT 3/4 Conduit Test 7.794 16.23
9 EMT 3/4 Conduit Test 8.934 16.07
10 EMT 3/4 Conduit Test 4.803 26.96
11 1" Stainless Steel Conduit 587.5 587.6
12 3" Stainless Steel Conduit 22.94 25.10
13 3/4" IMC Conduit 29.84 39.38
14 1" IMC Conduit 27.86 35.31
15 2" IMC Conduit 12.99 24.59
16 3" IMC Conduit 7.608 17.52
17 3/4" GRC Conduit 43.74 61.38
18 1" GRC Conduit 73.62 79.91
19 2" GRC Conduit 12.44 24.34
20 3" GRC Conduit 10.92 20.47
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Impedance Report

Case Name EMTO075_CONDUIT-HCUR
Description EMT 3/4 Conduit Test, High Current

>4 Close [

Time 12/14/2018 16:10

Used Probes [m] 1Y [=] 2Y [m] 3Y (=] 1B [m] 2B (=] 3B

Deviation 0.09 % RF1

Magnitude (Ohms)

Average Impedance

0.12 -60.0
Magnitude
Phase
0.100 - -45.0
0.080 - -30.0
0.060 - -15.0
0.040 - - - - L ,-0.00
0.00 50.00 100.0 150.0 200.0 250.0

Frequency (Hz)

Phase (Deg)

Cursor Values
Frequency

| 60.000 Hz

Impedance

0.048332 onms

Phase

| 24.779 Degrees

Resistance

0.04388 ohms

Reactance

| 0.02026  Ohms

Inductance

| 0.05373 mH

Figure Q-1: EMT 3/4 Conduit Test, High Current
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Impedance Report

Case Name EMTO075_CONDUIT
Description EMT 3/4 Conduit Test

>4 Close [

Time 12/14/2018 16:13

Used Probes [m] 1Y [=] 2Y [m] 3Y (=] 1B [m] 2B (=] 3B

Deviation 0.08 % RF1

Magnitude (Ohms)

Average Impedance

0.12 -60.0
Magnitude
Phase
0.100 - -45.0
0.080 - -30.0
0.060 - -15.0
0.040 - - - - L ,-0.00
0.00 50.00 100.0 150.0 200.0 250.0

Frequency (Hz)

Figure Q-2: EMT 3/4 Conduit Test
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Phase (Deg)

Cursor Values
Frequency

| 60.000 Hz

Impedance

0.048013 onms

Phase

| 24.675 Degrees

Resistance

0.04363 ohms

Reactance

| 0.02004  Ohms

Inductance

| 0.05317 mH



Impedance Report

Case Name EMTO075_COPPER#8_INSIDE
Description EMT 3/4 Conduit Test

>4 Close [

Time 12/14/2018 16:20

Used Probes [m] 1Y [=] 2Y [m] 3Y (=] 1B [m] 2B (=] 3B

Deviation 0.07 % RF1

Average Impedance

0.25

Magnitude
Phase

0.20 -

0.15

Magnitude (Ohms)

0.100-

0.050 - . . .
0.00 50.00 100.0 150.0
Frequency (Hz)

Figure Q-3: EMT 3/4 Conduit Test

200.0
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-45.0

-15.0

-0.00
250.0

Phase (Deg)

Cursor Values
Frequency

| 60.000 Hz

Impedance

0.090172 onms

Phase

37.251 Degrees

Resistance

0.07178  ohms

Reactance

| 0.05458 Ohms

Inductance

| 0.1448 mH



Impedance Report

Case Name EMT100_CONDUIT
Description EMT 3/4 Conduit Test

>4 Close [

Time 12/14/2018 16:26

Used Probes [m] 1Y [=] 2Y [m] 3Y (=] 1B [m] 2B (=] 3B

Deviation 0.07 % RF1

Magnitude (Ohms)

Average Impedance

0.090 4 -80.0
Magnitude
Phase
0.0751 -60.0
0.060 - -40.0
0.045 - -20.0
0.030 - - - - L ,-0.00
0.00 50.00 100.0 150.0 200.0 250.0

Frequency (Hz)

Figure Q-4: EMT 3/4 Conduit Test
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Phase (Deg)

Cursor Values
Frequency

| 60.000 Hz

Impedance

0.036272 onms

Phase

29.450 Degrees

Resistance

0.03159 ohms

Reactance

| 0.01783 Ohms

Inductance

| 0.04730 mH



Impedance Report

Case Name EMT100_COPPER#4_INSIDE
Description EMT 3/4 Conduit Test

>4 Close [

Time 12/14/2018 16:33

Used Probes [m] 1Y [=] 2Y [m] 3Y (=] 1B [m] 2B (=] 3B

Deviation 0.13 % RF1

Magnitude (Ohms)

Average Impedance

0.20 - -80.0
Magnitude
Phase
0.15- -60.0
0.100 - -40.0
0.050 - -20.0
0.00- - - - L ,-0.00
0.00 50.00 100.0 150.0 200.0 250.0

Frequency (Hz)

Figure Q-5: EMT 3/4 Conduit Test

247

Phase (Deg)

Cursor Values
Frequency

| 60.000 Hz

Impedance

0.050500 onms

Phase

| 54.375 Degrees

Resistance

0.02942 ohms

Reactance

| 0.04105 Ohms

Inductance

| 0.1089 mH



Impedance Report

Case Name EMT200_CONDUIT
Description EMT 3/4 Conduit Test

>4 Close [

Time 12/14/2018 16:37

Used Probes [m] 1Y [=] 2Y [m] 3Y (=] 1B [m] 2B (=] 3B

Deviation 0.37 % RF1

Magnitude (Ohms)

Average Impedance

0.0751 -80.0
Magnitude
Phase
0.060 - -60.0
0.045 - -40.0
0.030 - -20.0
0.015- - - - L ,-0.00
0.00 50.00 100.0 150.0 200.0 250.0

Frequency (Hz)

Figure Q-6: EMT 3/4 Conduit Test
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Phase (Deg)

Cursor Values
Frequency

| 60.000 Hz

Impedance

0.021716 onms

Phase

41.730 Degrees

Resistance

0.01621  ohms

Reactance

| 0.01445 Ohms

Inductance

| 0.03834 mH



Impedance Report

Case Name EMT200_COPPER3-0_INSIDE
Description EMT 3/4 Conduit Test

>4 Close [

Time 12/14/2018 16:43

Used Probes [m] 1Y [=] 2Y [m] 3Y (=] 1B [m] 2B (=] 3B

Deviation 0.21 % RF1

Magnitude (Ohms)

Average Impedance

0.16 -80.0
Magnitude
Phase I
0.12 - -60.0
0.080 - -40.0
0.040 - -20.0
0.00-; - - - L ,-0.00
0.00 50.00 100.0 150.0 200.0 250.0

Frequency (Hz)

Figure Q-7: EMT 3/4 Conduit Test
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Phase (Deg)

Cursor Values
Frequency

| 60.000 Hz

Impedance

0.033622 onms

Phase

| 74.420 Degrees

Resistance

| 0.009030 onms

Reactance

| 0.03239 Ohms

Inductance

| 0.08591 mH



Impedance Report

Case Name EMT300_CONDUIT
Description EMT 3/4 Conduit Test

>4 Close [

Time 12/14/2018 16:48

Used Probes [m] 1Y [=] 2Y [m] 3Y (=] 1B [m] 2B (=] 3B

Deviation 0.32 % RF1

Magnitude (Ohms)

Average Impedance

0.060 4 -80.0
Magnitude
Phase
0.045 - -60.0
0.030 - -40.0
0.0151 -20.0
0.00- . . . ' ~0.00
0.00 50.00 100.0 150.0 200.0 250.0

Frequency (Hz)

Figure Q-8: EMT 3/4 Conduit Test
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Phase (Deg)

Cursor Values
Frequency

| 60.000 Hz

Impedance

0.016227 onms

Phase

61.297 Degrees

Resistance

| 0.007794 onms

Reactance

| 0.01423 Ohms

Inductance

| 0.03776  mH



Impedance Report

Case Name EMT300_CONDUIT-GR-REMOVED
Description EMT 3/4 Conduit Test

>4 Close [

Time 12/14/2018 16:55

Used Probes [m] 1Y [=] 2Y [m] 3Y (=] 1B [m] 2B (=] 3B

Deviation 0.24 % RF1

Magnitude (Ohms)

Average Impedance

0.060 4 -80.0
Magnitude
Phase
0.045 - -60.0
0.030 - -40.0
0.0151 -20.0
0.00- - - - L ,-0.00
0.00 50.00 100.0 150.0 200.0 250.0

Frequency (Hz)

Figure Q-9: EMT 3/4 Conduit Test
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Phase (Deg)

Cursor Values
Frequency

| 60.000 Hz

Impedance

0.016070 onms

Phase

56.232 Degrees

Resistance

| 0.008932 onms

Reactance

| 0.01336  Ohms

Inductance

| 0.03543 mH



Impedance Report

Case Name EMT300_COPPERS500KCM_INSIDE
Description EMT 3/4 Conduit Test

>4 Close [

Time 12/14/2018 17:01

Used Probes

@ 1Y W] 2Y W] 3Y ] 1B W 2B W] 3B

Deviation 0.09 % RF1

Magnitude (Ohms)

Average Impedance

0.100 4 _ -80.0
Magnitu
Phas
0.0751 -60.0
0.050 - -40.0
0.025 - -20.0
0.00- . . . ' ~0.00
0.00 50.00 100.0 150.0 200.0 250.0

Frequency (Hz)

Figure Q-10: EMT 3/4 Conduit Test
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Phase (Deg)

Cursor Values
Frequency

| 60.000 Hz

Impedance

0.026943 onms

Phase

79.782 Degrees

Resistance

| 0.004779 onms

Reactance

| 0.02652 Ohms

Inductance

| 0.07034 mH



Impedance Report

Case Name STAINLESS_100_CONDUIT

Description 1" Stainless Steel Conduit

>4 Close [

Time 12/14/2018 17:08

Used Probes [m] 1Y [=] 2Y [m] 3Y (=] 1B [m] 2B (=] 3B

Deviation 0.00 % QF

Magnitude (Ohms)

Average Impedance

0.68 - -6.00
Magnitude
Phase
0.64 - -4.50
0.60 - -3.00
0.56 - -1.50
0.52-; - - - L ,-0.00
0.00 50.00 100.0 150.0 200.0 250.0

Frequency (Hz)

Phase (Deg)

Cursor Values
Frequency

| 60.000 Hz

Impedance

0.58759 Ohms

Phase

| 1.1484 Degrees

Resistance

0.5875 Ohms

Reactance

| 0.01178  Ohms

Inductance

| 0.03124 mH

Figure Q-11: 1" Stainless Steel Conduit
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Impedance Report

Case Name STAINLESS_300_CONDUIT

Description 3" Stainless Steel Conduit

>4 Close [

Time 12/14/2018 17:12

Used Probes [m] 1Y [=] 2Y [m] 3Y (=] 1B [m] 2B (=] 3B

Deviation 0.08 % QF

Magnitude (Ohms)

Average Impedance

0.052 4 -80.0
Magnitude
Phase
0.045 - -60.0
0.037 - -40.0
0.030 - -20.0
0.022 -; - - - L ,-0.00
0.00 50.00 100.0 150.0 200.0 250.0

Frequency (Hz)

Phase (Deg)

Cursor Values
Frequency

| 60.000 Hz

Impedance

0.025104 onms

Phase

23.929 Degrees

Resistance

0.02295 ohms

Reactance

| 0.01018  Ohms

Inductance

| 0.02701 mH

Figure Q-12: 3" Stainless Steel Conduit
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Impedance Report

Case Name [MC_075_CONDUIT
Description 3/4" IMC Conduit

>4 Close [

Time 12/14/2018 17:18

Used Probes [m] 1Y [=] 2Y [m] 3Y (=] 1B [m] 2B (=] 3B

Deviation 0.09 % RF1

Magnitude (Ohms)

Average Impedance

0.13 - -80.0
Magnitude
Phase
0.100 - -60.0
0.075- -40.0
0.050 - -20.0
0.025- - - - L ,-0.00
0.00 50.00 100.0 150.0 200.0 250.0

Frequency (Hz)

Phase (Deg)

Figure Q-13: 3/4" IMC Conduit
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Cursor Values
Frequency

| 60.000 Hz

Impedance

0.039384 onms

Phase

| 40.684 Degrees

Resistance

0.02987 ohms

Reactance

| 0.02567  Ohms

Inductance

| 0.06810 mH



Impedance Report

Case Name [MC_100_CONDUIT
Description 1" IMC Conduit

>4 Close [

Time 12/14/2018 17:21

Used Probes [m] 1Y [=] 2Y [m] 3Y (=] 1B [m] 2B (=] 3B

Deviation 0.13 % RF1

Magnitude (Ohms)

Average Impedance

0.100 4 -80.0
Magnitude
Phase
0.080 - -60.0
0.060 - -40.0
0.040 - -20.0
0.020 - - - - L ,-0.00
0.00 50.00 100.0 150.0 200.0 250.0

Frequency (Hz)

Figure Q-14: 1" IMC Condu
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Phase (Deg)

it

Cursor Values
Frequency

| 60.000 Hz

Impedance

0.035304 onms

Phase

37.985 Degrees

Resistance

0.02783 ohms

Reactance

| 0.02173  Ohms

Inductance

| 0.05764 mH



Impedance Report

Case Name [MC_200_CONDUIT
Description 2" IMC Conduit

>4 Close [

Time 12/14/2018 17:24

Used Probes [m] 1Y [=] 2Y [m] 3Y (=] 1B [m] 2B (=] 3B

Deviation 0.03 % RF1

Magnitude (Ohms)

Average Impedance

0.080 - -80.0
Magnitude
Phase
0.060 - -60.0
0.040 - -40.0
0.020 - -20.0
0.00- . . . ' ~0.00
0.00 50.00 100.0 150.0 200.0 250.0

Frequency (Hz)

Figure Q-15: 2" IMC Condu
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Phase (Deg)

it

Cursor Values
Frequency

| 60.000 Hz

Impedance

0.024592 onms

Phase

58.057 Degrees

Resistance

0.01301  ohms

Reactance

| 0.02087 Ohms

Inductance

| 0.05535 mH



Impedance Report

Case Name [MC_300_CONDUIT
Description 3" IMC Conduit

>4 Close [

Time 12/14/2018 17:26

Used Probes [m] 1Y [=] 2Y [m] 3Y (=] 1B [m] 2B (=] 3B

Deviation 0.15 % RF1

Magnitude (Ohms)

Average Impedance

0.060 4 -80.0
Magnitude
Phase
0.045 - -60.0
0.030 - -40.0
0.0151 -20.0
0.00- . . . ' ~0.00
0.00 50.00 100.0 150.0 200.0 250.0

Frequency (Hz)

Figure Q-16: 3" IMC Condu
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Phase (Deg)

it

Cursor Values
Frequency

| 60.000 Hz

Impedance

0.017515 onms

Phase

| 64.256 Degrees

Resistance

| 0.007608 onms

Reactance

| 0.01578  Ohms

Inductance

| 0.04185 mH



Impedance Report

Case Name GRC_075_CONDUIT
Description 3/4" GRC Conduit

>4 Close [

Time 12/14/2018 17:29

Used Probes [m] 1Y [=] 2Y [m] 3Y (=] 1B [m] 2B (=] 3B

Deviation 0.07 % RF1

Magnitude (Ohms)

Average Impedance

0.16 -60.0
Magnitude
Phase
0.12 - -45.0
0.080 - -30.0
0.040 - -15.0
0.00- . . . ' ~0.00
0.00 50.00 100.0 150.0 200.0 250.0

Frequency (Hz)

Figure Q-17: 3/4" GRC Cond
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Phase (Deg)

uit

Cursor Values
Frequency

| 60.000 Hz

Impedance

0.061397 onms

Phase

| 44.601 Degrees

Resistance

0.04372 ohms

Reactance

| 0.04311  Ohms

Inductance

| 0.1144 mH



Impedance Report

Case Name GRC_100_CONDUIT
Description 1" GRC Conduit

>4 Close [

Time 12/14/2018 17:31

Used Probes [m] 1Y [=] 2Y [m] 3Y (=] 1B [m] 2B (=] 3B

Deviation 0.06 % RF1

Magnitude (Ohms)

Average Impedance

0.14 -60.0
Magnitude
Phase
0.12 - -45.0
0.100 - -30.0
0.080 - -15.0
0.060 - - - - L ,-0.00
0.00 50.00 100.0 150.0 200.0 250.0

Frequency (Hz)

Phase (Deg)

Figure Q-18: 1" GRC Conduit
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Cursor Values
Frequency

| 60.000 Hz

Impedance

0.079893 onms

Phase

22.926 Degrees

Resistance

0.07358 ohms

Reactance

| 0.03112 Ohms

Inductance

| 0.08255 mH



Impedance Report

Case Name GRC_200_CONDUIT
Description 2" GRC Conduit

>4 Close [

Time 12/14/2018 17:36

Used Probes [m] 1Y [=] 2Y [m] 3Y (=] 1B [m] 2B (=] 3B

Deviation 0.16 % RF1

Magnitude (Ohms)

Average Impedance

0.080 - -80.0
Magnitude
Phase
0.060 - -60.0
0.040 - -40.0
0.020 - -20.0
0.00- . . . ' ~0.00
0.00 50.00 100.0 150.0 200.0 250.0

Frequency (Hz)

Phase (Deg)

Figure Q-19: 2" GRC Conduit
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Cursor Values
Frequency

| 60.000 Hz

Impedance

0.024352 onms

Phase

| 59.344 Degrees

Resistance

0.01242 ohms

Reactance

| 0.02095 ©Ohms

Inductance

| 0.05557 mH



Impedance Report

Case Name GRC_300_CONDUIT
Description 3" GRC Conduit

>4 Close [

Time 12/14/2018 17:39

Used Probes [m] 1Y [=] 2Y [m] 3Y (=] 1B [m] 2B (=] 3B

Deviation 0.15 % RF1

Magnitude (Ohms)

Average Impedance

0.080 - -80.0
Magnitude
Phase
0.060 - -60.0
0.040 - -40.0
0.020 - -20.0
0.00- . . . ' ~0.00
0.00 50.00 100.0 150.0 200.0 250.0

Frequency (Hz)

Phase (Deg)

Figure Q-20: 3" GRC Conduit
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Cursor Values
Frequency

| 60.000 Hz

Impedance

0.020456 onms

Phase

57.651 Degrees

Resistance

0.01095 ohms

Reactance

| 0.01728 Ohms

Inductance

| 0.04584 mH



Appendix R — Permeability
Measurements

Measurement Setup

The permeability of the steel used in the various conduit types was measured in the lab. A
measurement setup was constructed that allows measurement of the material permeability over a
range of magnetic field intensities which extends into complete magnetic saturation. The
measurement setup is illustrated in Figure R-1. It consists of a set of transformers that
implement an electrically isolated 60 Hz variable voltage source. The source drives the primary
winding which has been added on each conduit sample. A data acquisition system records the
primary winding current waveform, as well as the voltage across both primary and secondary
conduit sample windings.
Isolation

Transformers
120V / 12V, 1kVA each

Variable

AutoTransformer

0-120 V, 2kVA

Core
Sample
[ o
O THRITTT e
Secondary
Primary Winding
Winding
TII777 — A ———4
Current
Shunt
777777 0.1 Ohms e
50 Watts
DAQ
ry y f 8000 s/sec/channel
(P CP 16 bits
Primary Primary Secondary 77L77
PC - WinXFM Current Voltage Voltage

Figure R-1: Measurement Setup

Conduit samples were obtained from 17, 27, and 3” EMT, IMC, and GRC conduits. Two
windings were added on each sample (referred to as primary and secondary windings). The
primary consists of a single layer evenly distributed along the entire circumference of the
sample. The secondary winding is concentrated. The conduit sample dimensions and winding
specifications are given in Table R-1. Figure R-2 shows several conduit samples with the added
primary and secondary windings.

Figures R-3 and R-4 show the overall lab setup, and a close-up view of the isolated source
transformers, current sampling resistor and test sample.
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Table R-1: Conduit Sample Dimensions

d - Outside W — h— Weiaht | Turns DC

# | Material | Size | Diameter Width Height ( g‘] Prim/Sec Resistance
(inches) | (inches) | (inches) g (Q)

1 377
2| EMT T a0 0.068” | 225" | 1239 | 84/20
3 3”
4 IMC 2” 2.36” 0.111~ 1.83” 174 ¢g 88/20
5 GRC 3” 3.52” 0.192” 2.295” 591 g 135/20
6 2” 2.38” 0.145” 2.03” 255¢ 90/20
7 | Stainless | 17 1.33” 0.138” 1.347” 110 ¢ 44 0.0863
8 Steel 2”

«h

Conduit Sample Dimension Diagram

Primary Winding

Secondary Winding

Representative Samples Samples with Added Windings

Figure R-2: Conduit Test Samples
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16 channel
Data Acquisition Unit

_fi

Data Acquisition Cor_pp’v_ %

Variable
Transformer

Step-Down
Transformers

Figure R-4: Overall Lab Test Setup
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0.1 Ohm |
Current Sampling

Resistor

CLASS 180(H)R333n |
E154515 LEH Ox15 |

Figure R-5: Lab Test Setup Detailed View
The Test setup illustrated in Figures R-4 and R-5 was used to collect data using 2” conduit
samples of EMT, IMC and GRC types. Two measurement and corresponding analysis methods
were used:

(a) Time domain voltage and current measurements (point of time waveform data)
(b) RMS voltage and current measurements

The Time domain and RMS measurement and analysis methods are presented in the following
tso sections.

Permeability Data from Time Domain Measurements

An example of time domain measurement data are illustrated in Figures R-6, R-7, and R-8 for
EMT, GRC and IMC materials respectively. The plotted measurement data consist of the
primary winding current waveform and the primary and secondary winding voltage waveforms
(note that the secondary winding current is nearly zero).
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2" EMT Sample - 35 Ampere Test
21:49:12, February 02, 2019

51.85 A—_ Current (A) - (DIF)

33.66 A \ / \ /\ / \ /
-51.84 A | T T T
17.63 V— Vprim (V) - (DIF)

1249V T M .. -, ., I P I - i
-17.60 V | : T T
3.369 V— Vsec (V) - (DIF)

1477V XH\N
-3.380 V | . ; | |

0.218 s L:0.235s DT:33.55ms R:0.268s 0.282 s

Figure R-6: 2” EMT Sample Measurement Results
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25.87 V—

-25.86 V

Vprim (V) - (DIF)

2" GRC Sample - 35 Ampere Test
21:31:09, February 02, 2019

64.68 A—

36.52A

-64.63 A

Current (A) /DF\/\

3.839V—

2318V -

-3.861V

Vsec (V) - (DIF)

0226 s

L:0.234s DT: 33.27Tms R:0.267 s 0.273s

Figure R-7: 2” GRC Sample Measurement Results
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57.54 A—

33.23A

-57.49 A

Current (

\

2" IMC Sample - 35 Ampere Test

2

2:08:47, February 02, 2019

A

19.01 V—

1267V -

-19.02V

Vprim (V

/
- (DIF)

3.004 V—

1.682V -

-3.012Vv

Vsec (V) - (DIF) /R

0220 s

L:0.235s DT: 33.33ms R:0.268s

0.280s

Figure R-8: 2” IMC Sample Measurement Results

269



Using the measured voltage and current waverform data, the magnetic field intensity H(t) and the
magnetic field intensity B(t) within the steel are computed as follows:

_n-i@)
Ht)= 7(d—a)

See Figure R-9 for the definition of terms n, a and d.

Figure R-9: Conduit Sample Dimensions

The magnetic flux density B(t) within the steel is computed by solving the following equation for
B(t):

v(t) = RW-i(t)+%(n-CD(t))= RW-i(t)+n-a-b-%B(t)

Where Ry, is the winding resistance and i(t) is the current flowing through the winding. Using a
second winding dedicated to magnetic flux monitoring, the second winding current is zero, thus
the above equation solved for B(t) assuming i(t) = 0 becomes:

B = [ V(t) —d

Subsequently, the relationship between B and H (excluding the hysteresis component) is
approximated with a piecewise linear-quadratic function. Specifically, the B-H curve can be
accurately described with two piecewise linear and one quadratic function, as illustrated in the
Figure R-10.
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1.60 |
\ 2
B=oH=pBH +Yy
T 0.80-
(2]}
()
e
= B=u,H
‘D
C
)
O 0.00-
x
=
% B - K, (H_H:) i3 Bl
=
c
()]
< -0.80-
-1.60-, I [ [ [ I I
-6000 -4000 -2000 0.00 2000 4000 6000
Magnetic Field Intensity (At/m)
\

Figure R-10: B versus H function definition

Assuming pi pp, Ho, Hi, Hz, Bo, By, and B, are known, the parameters o, B, vy, must be
determined so as to match the quadratic function to the measured B-H data. To ensure continuity
the following equations must be satisfied:

aH02 +BH,+y =B,/ 14
aH,* +pH, +y =B,/ 1,
aH,’ + fH, +y =B,/ i,
The above equations can be solved to provide the parameters a, B, y as follows

Ho2 H, 1 B, / 1,

2 _
Let A= H ~ H, and B=| B,/
Hz2 H, 1 B, /,Uo

o] [HZ H, 1] B,/
B|=|H’ H 1| |B/y
4 H H, 1] [B,/4
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However to ensure that the derivative of B(H) is also continuous, the following additional
equations must be satisfied:

20H,+ =1,
20H,+ =1,
The above can be achieved by changing the constants H; and H, to unknown variables, resulting

in a set of 5 equations and 5 unknowns. The equations are now nonlinear so Newton’s method
is used for the solution. We define a function set f;..fs as follows:

Differentiability at point 1: f,=2aH,+ -1,
Differentiability at point 2: f,=20H,+ /-1,

Passing through point O: f,=aH,S+pH,+y—B,/ 1
Continuity at point 1: f,=aH +(B—w)H, +y
Continuity at point 2: fo=aH,” +(B—w,)H, +y-6

Where 6 =B, / 14, —H, £, computed from initial values of B, and H,.

The Jacobean matrix is defined using the partial derivatives of the above functions with respect
to a, B, v, Hi, and Hy, yielding:

o B Y H1 H2
2H, 1 0 200 0
2H, 1 O 0 200
J = Hg H, 1 0 0
le H, 1 20+p8-u4 0

] H22 H, 1 0 20+ f—u, |

The solution vector is initialized using the parameters o, B, y obtained from arbitrary set of Hy,

H,, Bi, By, then iteratively adjusted as follows:
— — -1 —_

a ] a | 2H, 1 O 200 0 f,
yis yis 2H, 1 0 0 2a f,
y =l y | +| HZ H, 1 0 0 f,
H, H, H? H, 1 2a+p-u 0 f,

H,| ., [H,) | H; H, 1 0 200+ B -, | | f5 |
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Given the parameters Ho, Hi, Hy, Bo, B, B2 a, B, v, the following equations provide B(H) and
H(B):

oy H for H<H,
B=1u(aH*+pBH+y) for H <H<H,
to,(H-H,)+B, for H, <H

The inverse function is as follows:

(B (14) for B< B,
B+ B +4a(B/ u,—
H | PP +da(Bl i =) for B,<B<B,
2a

(B=B,)/ (1) + H, for B, <B

H 2014 for H<H,

—B+B° +da(Hu, -
g_)# VA 2a( Ho=7) for H,<H <H,

o

(Hyy -9, for H, <H

The above described analysis methodology has been implemented within the WinXFM program.
The implementation uses the measured voltage and current waveform data, along with the core
sample geometric parameters, and automatically computes the piecewise linear-quadratic
parameters. The user interface of the WinXFM permeability analysis module is illustrated in
Figures R-11, R-12 and R-13 showing the sample results for GRC, IMC and EMT materials
respectively.

The program generates a text files containing the permeability parameters. An example of the

permeability parameter file is illustrated in Table R-2. These data are added to the GEMI
program material library, and used in conduit enclosed circuit simulations.
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Test Data: 2" GRC Sample - 35 Ampere Test

Cancel | OK |
Update | Export |

calog Measured B versus H Units
Upper Averaged B(H) () Metric
Lower Averaged B(H) (® English
= 1014 Mo-Loss B(H) H (Atlinch
@ " | Model B(H) (Atlinch)
=
= B (Tesla)
©
E 0.00 - I
= B (Tesla)
o |
E
& B (Tesla)
S 1014 —
Core Loss
3784.7 kWim?
-2.02-, | | | | | |
-900.0 -600.0 -300.0 0.00 300.0 600.0 900.0

Magnetic Field Intensity (Atfinch)

Sample Core Parameters

Diameter (d) W inches
Height(h) [ 2.030  inches
Width (w) | 0.1449  inches

Number of Turns IT |T Prim/Sec
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Figure R-11: GRC Permeability Measurement
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Figure R-12: IMC Permeability Measurement
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Figure R-13: EMT Permeability Measurement

276



Table R-2: Permeability Measurement Summary

PERMEABILITY MODEL

TITLE 2" EMT Sample - 35 Ampere Test
REL_PERM 372.239 17.9261

DELTA 1159206.67

H_SAT 2000.48 4542.94

QUAD_COEF -0.069679 651.0209 -278848.66
CORE_LOSS 1207139.22

END

PERMEABILITY MODEL

TITLE 2" GRC Sample - 35 Ampere Test
REL_PERM 128.266 11.4842

DELTA 1168018.36

H_SAT 6105.83 13897.52

QUAD_COEF -0.007494 219.7810 -279386.00
CORE_LOSS 3784657.76

END

PERMEABILITY MODEL

TITLE 2" IMC Sample - 35 Ampere Test
REL_PERM 189.913 13.6192

DELTA 1165406.93

H_SAT 4062.14 9159.05

QUAD_COEF -0.017294 330.4157 -285371.12
CORE_LOSS 2400560.09

END
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Permeability Data from RMS Voltage and Current Measurements

The permeability characterization for IMC, EMT and GRC materials was repeated using RMS
voltage and current measurements. This approach yielded a more accurate model because it
made possible separation of the hysteresis effect from the magnetic saturation effect. The RMS
V-1 measurement data for IMC, EMT and GRC materials are listed in Tables R-3, R-4 nad R-5
respectively. Note that the Tables include:

Primary winding current (column 2)

Secondary winding voltage (column 3)

Phase angle between voltage and current (column 4)
Computed magnetic field intensity H (column 5)
Computed magnetic flux density B (column 6)
Computed relative permeability (column 7)

The magnetic field intensity H is computed from the measured RMS current using the formula:

N .
HRMS = (d ia) IRMS sin(9)

where a and d are defined in the Figure below, N; is the number of primary turns and 0 is the
phase angle between voltage and current. Note that the factor sin(@) in the above equation
removes the hysteresis effect from the permeability saturation model.

Figure R-14: Conduit Sample Geometric Data

The magnetic flux density B is computed from the measured RMS voltage using the formula:




where a and d are defined in the above Figure, N, is the number of secondary turns and o is the
excitation frequency.

Note also that:
i ab/“lOIurel NlNZi (t)
dt  z(d-a)

v(t) = %/l(t) -

Assuming sinusoidal conditions, and converting to the frequency domain:

V _ a)abluoﬂrel NlNZI
z(d —a)

Or:
_ rm(d-a)V
et = oab NN, |

The above formula can be used to compute the material permeability before saturation onset.

Figures R-15, R-16, and R-17 provide the measurement data for IMC material in plot form.
Figure R-18 provides the parametric representation of the permeability data in terms of a piece-
wise linear-quadratic curve. Similarly, Figures R-19 through R-26 provide the same information
for the EMT and GRC materials.
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Table R-3: RMS Measurement Data for IMC Material

File Current Voltage Phase H B prel
# (Arms) (Vrms) (Degrees) At/m Tesla
0 0.0000 0.0000 66.0000 0.00 0.00 N/A
1 0.2620 0.0358 49.6800 97.96 0.04 294.59
2 0.3660 0.0588 44.4000 125.58 0.06 376.96
3 0.5110 0.1020 38.1400 154.76 0.10 530.69
4 0.7520 0.1960 31.0200 190.04 0.20 830.44
5 0.8560 0.2300 30.1500 210.84 0.23 878.37
6 1.0610 0.2910 29.2000 253.84 0.29 923.08
7 1.2390 0.3370 28.9500 294.11 0.34 922.64
8 1.5570 0.4090 29.0500 370.76 0.41 888.26
9 1.7820 0.4540 29.2000 426.33 0.46 857.46
10 2.0810 0.5090 29.4400 501.59 0.52 817.09
11 2.2400 0.5370 29.4900 540.75 0.54 799.61
12 2.6300 0.6010 29.8400 641.75 0.61 754.08
13 2.8140 0.6300 29.9700 689.36 0.64 735.87
14 3.0920 0.6720 30.1500 761.58 0.68 710.49
15 3.5150 0.7340 30.4100 872.53 0.74 677.36
16 3.9600 0.7910 30.6700 990.58 0.80 642.97
17 4.4610 0.8540 31.0500 1128.36 0.86 609.42
18 4.9110 0.9110 31.6700 1264.43 0.92 580.13
18a 5.5380 1.0000 34.3700 1533.163 1.012 525.189
19 6.0180 1.0400 36.5000 1755.43 1.05 477.04
19a 6.5640 1.0920 39.4900 2047.07 1.10 429.53
20 7.0690 1.1190 41.5100 2297.49 1.13 392.18
21 8.2680 1.1790 46.2800 2930.34 1.19 323.97
22 9.1250 1.2160 48.8900 3371.56 1.23 290.41
23 10.2700 1.2600 51.0000 3913.97 1.27 259.21
24 12.0900 1.3060 52.9300 4730.63 1.32 222.29
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Table R-4: RMS Measurement Data for EMT Material

File Current Voltage Phase H B

# (Arms) (Vrms) (Degrees) At/m Tesla wrel
0 0.136 0.014 66.40 58.61 0.02 211.74
Oa 0.229 0.030 58.73 92.05 0.03 291.38
Ob 0.292 0.045 54.15 111.30 0.05 355.74
Oc 0.400 0.077 46.63 136.74 0.09 501.18
1 0.506 0.122 40.18 153.53 0.14 706.89
la 0.748 0.220 34.50 199.24 0.25 982.26
2 1.012 0.329 32.45 255.35 0.37 1146.11
3 1.542 0.496 33.01 395.05 0.55 1116.88
4 2.029 0.619 35.83 558.55 0.69 985.83
5 2.527 0.716 40.97 779.16 0.80 817.45
6 3.040 0.779 46.19 1031.66 0.87 671.70
8 3.512 0.813 49.66 1258.85 0.91 574.50
9 4.082 0.849 52.57 1524.36 0.95 495.44
10 4.465 0.871 54.55 1710.48 0.97 452.97
11 4.950 0.895 56.47 1940.45 1.00 410.29
12 5.464 0.919 58.00 2179.08 1.03 375.16
13 5.953 0.938 59.23 2405.39 1.05 346.89
14 7.212 0.991 61.57 2982.52 1.11 295.57
15 8.251 1.032 63.04 3458.47 1.15 265.44
16 9.002 1.061 63.98 3804.23 1.19 248.10
17 10.260 1.106 65.30 4383.47 1.24 224.45
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Table R-5: RMS Measurement Data for GRC Material

File Current Voltage Phase H B prel
# (Arms) (Vrms) (Degrees) At/m Tesla
0 0.0000 0.0000 55.0000 0.00 0.00
1 0.2640 0.0419 45.0900 94.35 0.03 246.96
2 0.3580 0.0626 41.5200 119.75 0.04 290.76
3 0.5100 0.1040 36.2600 152.22 0.07 380.04
4 0.7470 0.1860 30.1800 189.50 0.13 545.95
5 1.0270 0.2850 26.7200 233.02 0.20 680.30
6 1.2270 0.3490 25.7200 268.71 0.24 722.44
7 1.5050 0.4280 25.1400 322.65 0.30 737.86
8 1.7190 0.4820 25.0900 367.84 0.34 728.87
9 2.0590 0.5590 25.2600 443.38 0.39 701.28
10 2.5560 0.6570 25.7200 559.75 0.46 652.87
11 3.0320 0.7400 26.1500 674.32 0.52 610.41
12 3.4910 0.8140 26.5200 786.60 0.57 575.61
13 3.9850 0.8880 26.9000 909.83 0.62 542.89
14 4.6180 0.9760 27.3400 1070.28 0.68 507.24
15 5.0000 1.0260 27.5400 1166.63 0.72 489.19
16 5.9420 1.1410 27.9900 1407.26 0.80 450.99
17 7.1460 1.2730 28.5100 1721.23 0.89 411.38
18 8.1630 1.3700 30.0000 2059.65 0.96 369.99
19 10.260 1.575 33.38 2848.61 1.10 307.54
20 12.280 1.706 40.27 4005.59 1.19 236.90
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Figure R-15: RMS Voltage vs Current for IMC 2” Sample
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Figure R-16: V-1 Phase Angle vs Current for IMC 2” Sample
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Figure R-18: PWLQ model of B vs H for IMC Material
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Figure R-19: RMS Voltage vs Current for EMT 2” Sample
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Figure R-20: V-1 Phase Angle vs Current for EMT 2” Sample

285



1.40

1.20

1.00

0.80

0.60

0.40

Flux Density (Tesla)

0.20

0.00
0.00

1000.00

B versus H

2000.00

3000.00

4000.00

Field Intensity (At/m)

5000.00

Figure R-21: B vs H for EMT 2” Sample

Copy Print Help

Material: CONDUIT_EMT I
Description: Sample 2" EMT B=
Date: February 14, 2020

1.344
2 101
@
=
=
2
@
O 067
=
3
s
2
@
c
& 034
g o

0.00 i [ I I I I

0.00 615.4 1231 1846 2462 3077
Magnetic Field Intensity (At/m)

Sample Core Parameters

Diameter (d) | PWELIIE  inches _ COPY
Height(h) | 2.25197  inches _ Paste |
Width (w) [ 0.06811 inches

Number of Turns ’T ’T Prim/Sec

Cancel OK

Measurements
Current Voltage Phase
(Arms) (Vrms) (Degrees)
1 0.0000 0.0000 900000 |
2] 01360 0.0140 66.4000
3| 02290 0.0300 58.7300
4] 02920 0.0450 54.1500
5] 0.4000 0.0770 46.6300
6] 05060 0.1220 40.1800
7] 0.5060 0.1220 40.1800
8| 07480 0.2200 34.5000
9] 10120 0.3290 32.4500
10 15420 0.4960 33.0100
1] 2.0290 0.6190 35.8300
12]  2.5270 0.7160 40.9700
13| 3.0400 0.7790 46.1900
14] 35120 0.8130 49.6600
15| 4.0820 0.8490 52 5700
16| 4.4650 0.8710 54.5500
17| 4.9500 0.8950 564700
18] 54640 0.9190 58.0000
19] 59530 0.9380 59.2300
20 72120 0.9910 615700 .|
Read Data ‘ Save Data ‘
Plot Model Parameters —
Quantity It rel H (AUm)
£ V(ltot) 1] 101470 | 2794
©V(
(mao) 1|5 6732 | 15386
 Phase(l)
& B(H) Update | Optimize
© MUrel(H) Obj. Function el
[ 0.093881 @ Reactive

Figure R-22: PWLQ model of B vs H for EMT Material
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Figure R-23: RMS Voltage vs Current for GRC 2” Sample
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Figure R-24: V-1 Phase Angle vs Current for GRC 2” Sample
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Figure R-26: PWLQ model of B vs H for GRC Material
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Appendix S — Permeability
Comparison of Various Metals

Figure S-1 shows the measured B-H curve obtained from a 2” EMT sample. As illustrated in
this Figure, the saturation relative permeability is approximately 14.1.
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Figure S-1: Measured B-H curve obtained from a 2” EMT sample
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B/H Magnetization Curves of Several Metals
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Figure S-2: B/H Magnetization Curves of Several Metals
Magnetization curves of 9 ferromagnetic materials, showing saturation.
1. Sheet steel, 2. Silicon steel, 3. Cast steel, 4. Tungsten steel,

5. Magnet steel, 6. Cast iron, 7. Nickel, 8. Cobalt, 9. Magnetite
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Appendix T — Stainless Steel
Permeability Measurement

Measurements performed using a stainless steel conduit sample indicated that the relative
permeability of the stainless steel conduit material is very close to 1.0, i.e. this material is not
magnetic.

Figure T-1 shows the voltage and current measurements performed on a 17 steel conduit sample
(illustrated in Figure T-2). Note that the measured voltage and current are very nearly in phase
(top 2 traces). The 3d trace was derived by subtracting the component of the voltage which is in
phase with the current from the total voltage, yielding the inductive voltage component. Note
that the inductive part is only 3.4 % of the total voltage.

Figure T-3 shows the time domain analysis method applied to the stainless steel measurement
results. Note that there is no trace of saturation and the estimated relative permeability is 1.0.

291



1" Stainless Steel Sample
20:41:38, December 19, 2018

A

4.696 A—, Current (A) - (DIF)
3357 A A/\A/\/\
4.694 A

19.04 mV — Vinduct (V) = Voltage - 0/086875 * Current

-19.09 mV

7.988 uH — Inductance (H) = HARM }Jlnduct 60.0,1) / ( 377.0 * HARM(Current,60.0,1)

7.789 uH —

0.289 uH T T T T T

114.9 Degrees — PhaseError (Degrees) = PHASE(Vinduct,60.0,1) - PHASE(Current,60.0,1)

90.30 Degrees —

-0.000 pDegrees T T T T T

0.000 s L: 67.12ms DT:0.100s R:0.167 s 0.216 s

Figure T-1: 2” Stainless Steel Sample Measurement Results
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Figure T-3: Analysis of Permeability Data for a 1” Stainless Steel Sample
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