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Summary 

For some years it has become common practice to run separate circuit protective 
conductors, cpcs, in parallel with the armour of steel wire armoured low voltage cables.  It is 
intended that these external cpcs would carry a proportion of the fault current and hence 
increase the fault current withstand of the earth return path.  An external cpc will also reduce 
the total impedance of the circuit protective conductor, armour and external cpc in parallel.   

This report contains details of tests carried out on two sizes of armoured cable to measure 
the current sharing that is achieved between the armour and the external cpc.  

Prior to carrying out this test work it was thought that the proportion of any earth fault current 
carried by the external cpc would be less than that predicted from the ratio of the armour and 
cpc resistance.  The test work has shown that this is not the case and that using the 
resistance ratio will give a reasonable estimate of the current carried by the external cpc. 

Comparison of the fault current withstand of the armour of cables to BS 5467, using the k 
values given in Chapter 54 of BS 7671, has shown that for all cables except the 120 mm² 
and 400 mm² 2-core cables the fault current withstand of the armour is greater than the fault 
current required to operate a BS 88 fuse within 5 seconds.  Thus a supplementary external 
cpc is generally not required to increase the fault current withstand of an armoured cable. 

A supplementary external cpc would only be required if the earth fault loop impedance 
needed to be reduced to meet the values tabulated in Chapter 41 of BS 7671.  This could be 
the case for a long cable run where protection against indirect contact was achieved by 
automatic disconnection of the supply and the use of a residual current device was not 
appropriate. 

Empirical equations have been derived for calculating the prospective fault current where an 
external cpc is installed in parallel with steel wire armour.  Empirical equations have also 
been derived for calculating the current sharing between the armour and the external cpc. 

Calculation of the current sharing between the armour and an external cpc has shown that if 
a small external cpc is run in parallel with the armour of a large cable there is a risk that the 
fault current withstand of the external cpc will be exceeded.  Because of this it is 
recommended that the cross-sectional area of the external cpc should not be less than a 
quarter of that of the line conductors. 
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1. Introduction 

For some years it has become common practice to run separate circuit protective 
conductors, cpcs, in parallel with the armour of steel wire armoured low voltage cables.  It is 
intended that these external cpcs would carry a proportion of the fault current and reduce the 
total impedance of the circuit protective conductor, armour and external cpc in parallel.  It is 
also intended that the addition of an external cpc would increase the fault current withstand 
of the earth return path.  One of the difficulties with this arrangement it that there is not a 
recognised method for calculating the current sharing between the steel wire armour and the 
external cpc.  Limited theoretical studies, based on the armour being a complete steel tube, 
have indicated that the impedance of the external cpc will be high and the current would not 
be expected to be shared on the basis of the ratio of the resistance of the two paths.   

Because of the uncertainty in the current sharing ECA asked ERA to carry out a limited 
number of tests to measure the current sharing between the armour and an external cpc on 
2 sizes of cable.  This report contains details of the tests carried out. 

2. Test work 

2.1 Methodology 

Because it was expected that the reactance of the armour and external cpc would have a 
significant effect on the current sharing testing was carried out on larger sizes of cable where 
the reactive component of the impedance would be significant relative to the resistive 
component.  The cables chosen for the tests were 95 mm² and 185 mm² 4-core armoured 
cables.  The external cpcs used were 4 mm², 25 mm², 50 mm² and 95 mm². 

The cables were subjected to earth fault currents in the range of approximately 1000 A to 
3000 A and the current in the phase conductor armour and external cpc recorded.  The fault 
duration used was 0.4 seconds so that the heating effect of the fault current was small.  This 
would minimise the effect of change of resistance with temperature on the current sharing. 

2.2 Test arrangement 

Each cable sample was about 7 m long.  The armour was terminated in brass cable glands 
with approximately 1 m long tails at each end.  Two brass earthing tags were fitted at each 
gland to minimise the risk of overheating the tags.  The external cpc was bolted to the 
earthing tag at each end of the cable sample and tied to the cable at intervals along its 
length.  At one end of the cable one phase conductor was also bolted to the earthing tag to 
form the earth fault.  At the other end of the cable the phase conductor and the earthing tag 
were connected across the output terminals of a short-circuit transformer. 
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Current probes were fitted around the phase conductor, the external cpc and the earthing 
tag at one end inside the connection to the external cpc.  These current probes were used to 
monitor the total fault current, the current in the external cpc and the current in the armour.  
A sketch of the test circuit is shown in Fig. 1. 

 

 

 

 

 

 

Figure 1 Test arrangement 

In addition to the current probes potential taps were fitted to measure the voltage across the 
output terminals of the short-circuit transformer and the voltage drop in the armour/cpc 
conductor.  The voltage measurement leads were run away from the test sample at right 
angles to it before being run to the measuring instrument to minimise any induced voltage in 
the measurement leads. 

2.3 Test procedure 

The initial tests were carried out on the 185 mm² cable fitted with a 95 mm² external cpc in 
parallel with the armour.  Prior to completely assembling the test circuit the dc resistance of 
the armour and the external cpc were measured individually.  The circuit was then subjected 
to an earth fault of about 1000 A and the 3 currents and two voltages recorded on a transient 
recorder.  The recorded traces were analysed to determine the magnitude and phase 
displacement, relative to the phase conductor current, of each trace, the relative 
displacement was recorded in milliseconds.  The test was then repeated with a higher fault 
current. 

These two tests were then repeated on the 185 mm² cable with a 50 mm² and then a 25 
mm² external cpc.  The final tests on the 185 mm² cable were carried out with one of the 
cores of the cable connected in parallel with the armour in place of the external cpc. 

This series of tests was then repeated on the 95 mm² cable with the same range of 
additional cpcs. 

A limited number of additional tests were carried out on the 95 mm² cable with a 4 mm² 
external cpc. 

Transformer 

Current probes 

External cpc 

Cable 
sample 
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3. Results 
The recorded currents and phase displacements relative to the phase conductor current, in 
milliseconds, for the 185 mm² and 95 mm² cables are given in Tables 1 and 2. 

The measured resistance of the various conductors is given in Table 3 converted into mΩ/m. 

Table 1  Test results for 185 mm² cable 

Measured 
r.m.s value,  

shot 1   

Phase 
displacement, 

ms 

Measured 
r.m.s value, 

shot 2 

Phase 
displacement, 

ms 

Parameter 

185 mm² 4-core cable with 95 mm² external cpc 

Total current, A 1902 0 2906 0 

Armour current, A 905 -1.03 1358 -1.37 

CPC current, A 1107 0.82 1874 0.91 

Armour voltage, V 1.35 -1.13 2.31 -1.13 

Total voltage, V 4.62 2.96 7.18 3 

 185 mm² 4-core cable with 50 mm² external cpc 

Total current, A 1846 0 2825 0 

Armour current, A 993 -0.65 1510 -0.72 

CPC current, A 923 0.81 1485 0.64 

Armour voltage, V 1.91 -0.55 3.02 -0.77 

Total voltage, V 5.02 2.72 7.58 2.68 

 185 mm² 4-core cable with 25 mm² external cpc 

Total current, A 1754 0 2574 0 

Armour current, A 1039 -0.35 1648 -0.35 

CPC current, A 700 0.58 1050 0.30 

Armour voltage, V 2.40 -0.35 3.81 -0.58 

Total voltage, V 5.07 2.3 7.41 2.22 

 185 mm² 4-core cable with 185 mm² internal cpc 

Total current, A 2372 0 3458 0 

Armour current, A 583 -1.41 951 -1.43 

CPC current, A 1853 0.30 2740 0.27 

Armour voltage, V 1.87 -1.74 2.68 -1.68 

Total voltage, V 4.73 2.33 6.79 2.31 
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Table 2  Test results for 95 mm² cable 

Measured 
r.m.s value, 

shot 1   

Phase 
displacement, 

ms 

Measured 
r.m.s value, 

shot 2 

Phase 
displacement, 

ms 

Parameter 

95 mm² 4-core cable with 95 mm² external cpc 

Total current, A 1626 0 3239 0 

Armour current, A 562 -1.68 1085 -1.71 

CPC current, A 1220 0.62 2623 0.64 

Armour voltage, V 1.41 -1.25 3.02 -1.27 

Total voltage, V 5.98 2.83 12.23 3.03 

 95 mm² 4-core cable with 50 mm² external cpc 

Total current, A 1496 0 2970 0 

Armour current, A 633 -1.03 1202 -1.03 

CPC current, A 958 0.67 2082 0.55 

Armour voltage, V 1.91 -0.63 3.83 -0.73 

Total voltage, V 5.74 2.54 11.2 2.46 

 95 mm² 4-core cable with 25 mm² external cpc 

Total current, A 1312 0 2599 0 

Armour current, A 689 -0.3 1329 -0.42 

CPC current, A 702 0.5 1419 0.47 

Armour voltage, V 2.56 -0.3 5.15 -0.31 

Total voltage, V 5.19 1.8 10.35 1.87 

 95 mm² 4-core cable with 4 mm² external cpc 

Total current, A 662 0 389 0 

Armour current, A 556 0 300 0 

CPC current, A 110 0 71 0 

Armour voltage, V 1.52 -0.2 0.91 -0.22 

Total voltage, V 4.09 1.6 2.47 1.54 
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Table 2 continued 

 95 mm² 4-core cable with 95 mm² internal cpc 

Total current, A 1697 0 3285 0 

Armour current, A 477 -1.11 983 -1.0 

CPC current, A 1326 0.19 2592 0.3 

Armour voltage, V 1.98 -1.12 3.96 -1.0 

Total voltage, V 4.67 1.56 9.26 1.67 

 

Table 3  Measured resistances 

Component Resistance, 
mΩ /m 

4 mm² cpc 4.517 

25 mm² cpc 0.657 

50 mm² cpc 0.344 

95 mm² cpc 0.174 

95 mm² cable armour 0.832 

95 mm² cable conductor 0.192 

185 mm² cable armour 0.487 

185 mm² cable conductor 0.0968 

 

A review of the recorded current traces did not reveal any reduction in the current over the 
duration of the fault.  This suggests the there was no significant change in resistance during 
the fault.  This indicates that there was no significant temperature rise over the short duration 
of the fault at the fault currents used. 
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4. Requirements of BS 7671 

There are a number of requirements in BS 7671 that relate to the cross-sectional area of 
cable armour.  However the fundamental requirements are those in Chapter 41 relating to 
earth fault loop impedance and those in Chapter 54 relating to fault current withstand. 

The requirements in Chapter 54 give two methods for calculating the size of the protective 
conductor.  The method covered by Regulation 543-01-04 and Table 54G bases the size of 
the cpc on the size of the phase conductor, multiplied by a factor relating to material 
properties.   

Minimum armour cross-sectional areas determined by this approach are given in Table 4 for 
2 and 3 core cables having thermosetting insulation (XLPE). 

Table 4  Armour requirements from Table 54G 

Nominal 
cable size, 

mm2 

Nominal 
armour size, 

mm2 

 
2-Core 

Nominal 
armour size, 

mm2 

 
3-Core 

Armour size 
required 

from Table 
54G 

1 3 4 5 
    

1.5 15 16 4.7 
2.5 17 19 7.8 
4 19 20 12.4 
6 22 23 18.7 

10 26 39 31.1 
    

16 42 45 49.7 
25 42 62 49.7 
35 60 68 54.4 
50 68 78 77.7 
70 80 90 108.8 

    
95 113 128 147.7 
120 125 141 186.5 
150 138 201 233.2 
185 191 220 287.6 
240 215 250 373 
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300 235 269 466.3 
400 265 304 621.7 

The values highlighted in Red are those where the armour appears to be inadequate. 

From Table 4 it is clear that using the approach given in Regulation 543-01-04 leads to the 
conclusion that the cable armour will be inadequate in many cases. 

However the second approach offered by Regulation 543-01-03 is more rigorous and leads 
to a very different conclusion.  The second method involves the calculation of the fault loop 
impedance, prospective fault current and disconnection time so that the fault energy, I2t, can 
be determined.  The cpc is then selected so that the fault energy is less than the withstand 
capacity of the armour, k2S2.  Since, in most cases, calculations should be carried out to 
demonstrate that the disconnection time is acceptable the additional calculations needed for 
the second method are not very great. 

The following tables give the results of calculations using the second approach.  The 
comparisons are based on  cables to BS 5467.  The armour wire sizes on BS 6346, BS 6724 
and BS 5467 cables are effectively the same.  Because cables to BS 5467 and BS 6724 
have a higher operating temperature than cables to BS 6346 the initial temperature used in 
calculating the k factors given in BS 7671 is higher.  This leads to a lower k factor and hence 
a lower withstand capacity.  Also the current ratings of cables to BS 5467 are higher than 
those of cables to BS 6346 and hence the rating of the protective device may be higher.  
Because of this the results for cables to BS 5467 or BS 6724 are the worse case. 

For these calculations it has been assumed that overload and fault current protection is 
provided by a BS 88 fuse.  The fuse characteristics have been taken from the 15th edition of 
the IEE Wiring Regulations because this edition provided characteristics for a greater range 
of fuse sizes than those given in BS 7671.  The fuse size selected is the largest size that is 
consistent with the tabulated single circuit rating of the cable. 
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Table 5  Two-core cable, in Air 

Nominal 
cable 

size, mm2 

Tabulated 
current 
rating  
In Air 

Fuse size 
for  

It > In  

Nominal 
armour 

size, mm2 

Armour 
withstand 

k2S2   

I2t 
from fuse 

curves, for 5 
sec. 

I2t 
from fuse 
curves, for 

0.4 sec. 

1 2 3 4 5 6 7 

1.5 29 25 15 476100 50000 10240 

2.5 39 32 17 611524 78125 19360 

4 52 50 19 763876 242000 57760 

6 66 63 22 1024144 392000 100000 

10 90 80 26 1430416 800000 219040 

       

16 115 100 42 3732624 1512500 384160 

25 152 125 42 3732624 2380500 676000 

35 188 160 60 7617600 4050000 1156000 

50 228 200 68 9784384 7200000 1936000 

70 291 250 80 13542400 9800000 3136000 

       

95 354 315 113 27019204 22050000 5476000 

120 410 400 125 33062500 33800000 9604000 

150 472 400 138 40297104 33800000 9604000 

185 539 500 191 77193796 61250000 17956000 

240 636 630 215 97812100 92450000 29584000 

       

300 732 630 235 116856100 92450000 29584000 

400 847 800 265 148596100 231200000 67600000 
The values highlighted in Red are those where the armour is inadequate. 

The results given in Table 5 show that the armour is inadequate in only 2 cases.  These 
cases are where the fault loop impedance is such that the maximum disconnection time of 5 
seconds is only just achieved.  The I²t values given in column 7, for a disconnection time of 
0.4 seconds, show that the fuse characteristics are such that a reduced fault loop 
impedance, leading to a higher fault current results in a lower I²t..  For the 400 mm2 cable 
further calculations have shown that the armour would be suitable for use as a cpc if the fault 
duration did not exceed 2 seconds. 
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Similar calculations have been carried out for 2-core armoured cables where the fuse size 
has been selected on the basis of the ‘clipped direct’ current rating.  Because these ratings 
are lower the fuse size is lower in some cases.  This reduces the I²t and the cable armour 
was found to be adequate in all cases. 

The results for similar calculations based on a 3-core cable are shown in Table 6.  In this 
case the fuse size has been selected based on the 3-phase current rating of the cable. 

Table 6  Three-core cable, In Air 

Nominal 
cable 

size, mm2 

Tabulated 
current 
rating  
In Air 

Fuse size 
for  

It > In  

Nominal 
armour 

size, mm2 

Armour 
withstand 

k2S2   

I2t 
from fuse 

curves, for 5 
sec. 

1 2 6 3 5 8 

1.5 25 25 16 541696 50000 

2.5 33 32 19 763876 78125 

4 44 40 20 846400 144500 

6 56 50 23 1119364 242000 

10 78 63 39 3218436 392000 

      

16 99 80 45 4284900 800000 

25 131 125 62 8133904 2380500 

35 162 160 68 9784384 4050000 

50 197 160 78 12873744 4050000 

70 251 250 90 17139600 9800000 

      

95 304 250 128 34668544 9800000 

120 353 315 141 42068196 22050000 

150 406 400 201 85488516 33800000 

185 463 400 220 102414400 33800000 

240 546 500 250 132250000 61250000 

      

300 628 500 269 153115876 61250000 

400 728 630 304 195552256 92450000 
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The results given in Table 6 show that the armour of a 3-core cable has sufficient fault 
current withstand capacity in all cases, where overload and earth fault current protection is 
provided by a BS 88 fuse. 

Because the cross-sectional area of the armour on a 4-core cable will be greater than that 
on a 3-core cable of the same conductor size it is clear that the armour of a 4-core cable will 
also be adequate. 

The comparison of the two methods, given in BS 7671, for checking the fault withstand 
capacity of a cpc has shown that the simple method given in Table 54G gives a very 
pessimistic result for cable armour.  Because of this the method given in Regulation 543-01-
03 should be used.  Use of this method will usually demonstrate that the cable armour meets 
the requirements of Chapter 54 of BS 7671 where the protective device is a BS 88 fuse. 

Limited calculations using let through energy data for Type C mcbs and RCOBs to BS EN 
61009 provided by one manufacturer has shown that the armour fault current withstand is 
also adequate where protection is provided by these devices. 
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5. Analysis 

5.1 Initial Analysis 

The currents that would be expected in the external cpc and the armour, if the current 
sharing was based on the ratio of the resistances, were calculated.  These currents are 
compared with the measured currents in Table 7.  The calculated currents are based on the 
total measured currents and do not take any account of the measured phase displacements. 

Table 7  Comparison of measured and calculated currents 

Armour External cpc Cable arrangement 

Measured Calculated Measured Calculated 

185 mm² cable + 95 mm² external cpc 905 484 1107 1418 

 1358 739 1874 2167 

185 mm² cable + 50 mm² external cpc 993 739 923 1107 

 1510 1131 1485 1694 

185 mm² cable + 25 mm² external cpc 1039 979 700 774 

 1648 1437 1050 1137 

185 mm² cable + 185 mm² internal 
cpc 

583 491 1853 1881 

 951 716 2740 2742 
     

95 mm² cable + 95 mm² external cpc 562 281 1220 1345 

 1085 560 2623 2679 

95 mm² cable + 50 mm² external cpc 633 437 958 1058 

 1202 868 2082 2102 

95 mm² cable + 25 mm² external cpc 689 578 702 733 

 1329 1146 1419 1453 

95 mm² cable + 4 mm² external cpc 556 550 110 112 

 300 323 71 66 

95 mm² cable + 95 mm² internal cpc 477 402 1326 1295 

 983 779 2592 2506 

ECA Guide to the Wiring Regulations        Appendix 16

18 of 30



 

 
 

 

© ERA Technology Ltd   

 

Prior to carrying out the tests it was expected that the current carried by the external cpc 
would be very much less than that calculated from the resistance ratio.  This is because 
previous estimates had been made based on the assumption that the armour would act like 
a closed steel tube.  If this was the case the reactance of the external cpc would be very 
high and this would result in high impedance in the external cpc.  The test results have 
shown that this is not the case. 

In all bar one of the tests with an external cpc the measured armour current was greater than 
that calculated from the resistance ratio.  The one exception was one of the tests on the 95 
mm² cable with the 4 mm² cpc.  Similarly the measured current in the external cpc was less 
than that calculated from the resistance ratio except for one test with the 95 mm² cable and 
the 4 mm² cpc. 

In the tests where one core of the cable was connected in parallel with the armour, internal 
cpc, the calculated current in the cpc was close to the measured current and the calculated 
armour current was less than that in the armour.  That the sum of the calculated currents is 
less than the sum of the measured currents is expected because no account of the relative 
phase angles in the calculation. 

5.2 Impedance calculations 

Further analysis was carried out by calculating the resistive and reactive components of the 
phase conductor, armour and cpc impedances.  These calculations were carried out by 
calculating the phase angles of the measured currents and voltage, relative to the phase 
conductor current, from the measured phase displacements measured in milliseconds.  The 
complex impedance of the armour and the cpcs were calculated by dividing the complex 
armour voltage by the complex armour and cpc currents.  The phase conductor impedance 
was calculated by loop impedance from the total current and total voltage and subtracting 
the impedance of the parallel combination of the armour and cpc. 

The results of these calculations expressed in mΩ/m, are given in Tables 8 & 9. 
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Table 8  Calculated impedances for 185 mm² cable 

R + j x calculated impedances, mΩ /m Condition 

Armour cpc Conductor 

 185 mm² 4-core cable with 95 mm² external cpc 

Measured d.c. 0.487 0.174 0.097 

Shot 1 0.268 – j 0.008 0.179 – j 0.126 0.103 + j 0.240 

Shot 2 0.306 + j 0.023 0.178 – j 0.133 0.100 + j 0.223 

 185 mm² 4-core cable with 50 mm² external cpc 

Measured d.c. 0.487 0.344 0.097 

Shot 1 0.345 + j 0.011 0.339 – j 0.154 0.101 + j 0.240 

Shot 2 0.360 – j 0.006 0.331 – j 0.157 0.100 + j 0.245 

 185 mm² 4-core cable with 25 mm² external cpc 

Measured d.c. 0.487 0.657 0.097 

Shot 1 0.416 + j 0.000 0.592 – j 0.178 0.098 + j 0.231 

Shot 2 0.416 – j 0.030 0.629 – j 0.179 0.099 + j 0.241 

 185 mm² 4-core cable with 185 mm² internal cpc 

Measured d.c. 0.487 0.097 0.097 

Shot 1 0.576- j 0.060 0.111 – j 0.083 0.117 + j 0.184 

Shot 2 0.506 – j 0.040 0.110 – j 0.077 0.117 + j 0.175 

 

ECA Guide to the Wiring Regulations        Appendix 16

20 of 30



 

 
 

 

© ERA Technology Ltd   

 

Table 9  Calculated impedances for 95 mm² cable 

R + j x Calculated impedances, mΩ /m Condition 

Armour cpc Conductor 

 95 mm² 4-core cable with 95 mm² external cpc 

Measured d.c. 0.832 0.174 0.192 

Shot 1 0.485 + j 0.066 0.188 – j 0.125 0.206 + j 0.272 

Shot 2 0.538 + j 0.075 0.185 – j 0.127 0.188 + j 0.272 

 95 mm² 4-core cable with 50 mm² external cpc 

Measured d.c. 0.832 0.344 0.192 

Shot 1 0.583 + j 0.074 0.356 – j 0.154 0.196 + j 0.257 

Shot 2 0.619 + j 0.058 0.330 – j 0.140 0.202 + j 0.269 

 95 mm² 4-core cable with 25 mm² external cpc 

Measured d.c. 0.832 0.657 0.192 

Shot 1 0.725 + j 0.000 0.689 – j 0.177 0.194 + j 0.269 

Shot 2 0.755 + j 0.026 0.687 – j 0.172 0.186 + j 0.260 

 95 mm² 4-core cable with 95 mm² internal cpc 

Measured d.c. 0.832 0.192 0.192 

Shot 1 0.810 – j 0.003 0.199 - j 0.087 0.204 + j 0.166 

Shot 2 0.785 + j 0.000 0.204 – j 0.088 0.204 + j 0.179 

 

For both cables where an external cpc was used it is noted that the calculated resistive 
component of the impedance of the cpc and the conductor is close to the measured d.c. 
value.  However the calculated resistive component of the armour is less than the measured 
value and increases with decreasing sizes of external cpc. 

In all cases the reactive component of the armour is small in comparison with the resistive 
component.  Where an external cpc is used the reactive component of the conductor 
impedance is of a similar order of magnitude to the value of 0.30 mΩ/m recommended in IET 
Guidance note No 6 and ERA Report 84-0067 as the reactance to be used when calculating 
the earth fault loop impedance of an armoured cable.  The reactive component of the 
impedance of the external cpc increases with decreasing cross-sectional area of the external 
cpc but appears not to be significantly influenced by the size of the armoured cable. 
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The ratio of the average calculated armour resistance to the measured armour resistance for 
both cables is given in Table 10. 

Table 10  Resistance ratios 

Armour resistance ratio Cross-sectional 
area of external 

cpc 185 mm² 
cable 

95 mm² 
cable 

95 mm² 0.59 0.61 

50 mm² 0.71 0.72 

25 mm² 0.85 0.89 

Internal cpc 1.11 0.96 

 

These results suggest that the apparent reduction in armour resistance is a function of the 
cross-sectional area of the external cpc rather than a function of the cross-sectional area of 
the armoured cable. 

The comparison of the reactive component of the impedance of the external cpcs also 
indicates that this reactance is a function of the cross-sectional area of the cpc rather than a 
function of the cross-sectional area of the armoured cable.  The average of the calculated 
reactance from each shot is tabulated below. 

Table 11  CPC reactance 

CPC reactance, mΩ /m Cross-sectional 
area of external 

cpc 185 mm² 
cable 

95 mm² 
cable 

95 mm² -0.130 -0.126 

50 mm² -0.156 -0.147 

25 mm² -0.178 -0.175 

Internal cpc -0.080 -0.088 
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The above analysis indicates that for calculation of the earth fault loop impedance of 
armoured cables with an external cpc two parameters are required in addition to the 
resistance of the armour and the external cpc.  These factors are: 

1. A reduction factor for armour resistance that is independent of the cross-sectional 
area of the armoured cable. 

2.  An impedance value for the external cpc that is independent of the cross-sectional 
area of the armoured cable. 

An empirical equation for the reduction factor, Far, for the armour resistance has been 
derived by curve fitting the ratios given in Table 10.  The resulting equation is: 

31430
77442

.

S

.
F
ar

+=  

Where S is the cross sectional area of the external cpc. 

Similarly the following empirical equation as been derived for the apparent reactance of the 
external cpc, Xcpc. 

07760
49740
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S

.
X
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+=  

5.3 Further analysis 

The initial analysis was aimed at analysing the test results to determine appropriate 
resistance and reactance values for the fault circuit to match the test results.  It was clear 
that any calculation method derived from the initial analysis would result in an unwieldy set 
of equations. 

The further analysis has been based on reviewing the required parameters and revisiting the 
existing methods of calculation. 

When designing a circuit with a separate cpc in parallel with the steel wire armour of a cable 
there is a need to calculate the earth fault loop impedance in order to determine the 
magnitude of the fault current so that the disconnection time can be found.   

There is also a need to calculate the proportion of the fault current that will be carried by 
each parallel leg of the circuit, the armour and the external cpc.  These currents, together 
with the disconnection times, are used to check whether the fault energy, I²t, is less than the 
withstand level of the armour and the cpc. 

The IET guidance note No 6 gives the impedance, ZL, of the earth loop formed by an 
armoured cable as: 
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Rc = resistance of the line conductor, Ω 

Ra = resistance of the armour, Ω 

L = conductor length, m 

These equations were used to calculate the prospective fault current for the arrangements 
tested, based on the measured applied voltage.  The value of Ra used in the calculations 
was taken as the resistance of the armour, RA, in parallel with the resistance of the external 
cpc, Rcpc. 
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The results of these calculations did not give a good fit with the measured total fault current. 

The above equations were then adjusted to provide a better fit.  The reactance value of 0.3 
mΩ/m had been derived from previous test work to take account of the effect of the armour 
on the reactance of the fault loop.  As the initial analysis of the test results indicated that the 
total impedance of the circuit was higher than 0.3 this value was increased in stages to 
determine whether a reasonable fit could be achieved..  The prospective fault currents for an 
impedance value of 0.4 mΩ/m were calculated from the following equations: 

f

m
f Z

V
I =  

Where 

Vm = Measured total voltage, Tables 1 & 2 
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L = conductor length 

Rc = measured phase conductor resistance 
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The prospective fault currents obtained from these calculations are compared with the 
measured values in Table 12 below. 

Table 12  Calculated fault currents 

First shot Second shot Cable arrangement 

Measured Calculated Measured Calculated 

185 mm² cable + 95 mm² external cpc 1902 1748  (-8%) 2906 2717  (-7%) 

185 mm² cable + 50 mm² external cpc 1846 1730  (-6%) 2825 2613  (-8%) 

185 mm² cable + 25 mm² external cpc 1754 1571  (-10%) 2574 2296  (-11%) 
     

95 mm² cable + 95 mm² external cpc 1626 1909  (21%) 3239 3905  (21%) 

95 mm² cable + 50 mm² external cpc 1496 1612  (8%) 2970 3144  (6%) 

95 mm² cable + 25 mm² external cpc 1312 1247  (-5%) 2599 2487  (-4%) 

95 mm² cable + 4 mm² external cpc 389 409 (5%) 662 677 (2%) 

The values given in () are the percentage differences between the measured and calculated 
values. 

Except for the calculated value for the 95 mm² cable with the 95 mm² external cpc all of the 
calculated values are considered to be sufficiently close to the measured values to be used 
when calculating prospective fault currents.  As it is considered extremely unlikely that an 
external cpc having an equal size to the line conductor would be used the large difference 
between the values for the 95 mm² cable + 95 mm² external cpc can be ignored. 

The second factor to be considered is the current sharing between the parallel armour and 
external cpc paths. 
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The values given in Table 4 indicate that it is reasonable to calculate the proportion of the 
current carried by the external cpc on the basis of resistance rations.  Thus the current in the 
external cpc, Icpc, can be given by: 
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A
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=

11

11

 

The values given in Table 4 also show that calculating the armour current on the basis of 
resistance ratios results in an armour current that is lower than the measured value.  
Because of this calculation of the armour currents have been carried out on the basis is half 
of the circuit reactance, 0.2 mΩ/m, being attributed to the external cpc and the armour 
resistance being reduced by a factor of 0.7.  This gives the following equation for the armour 
current: 
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The armour currents calculated using this equation are given in Table 13. 

Table 13  Calculated armour fault currents 

First shot Second shot Cable arrangement 

Measured Calculated Measured Calculated 

185 mm² cable + 95 mm² external cpc 905 863  (-5%) 1358 1318  (-3%) 

185 mm² cable + 50 mm² external cpc 993 984  (-1%) 1510 1506  (<1%) 

185 mm² cable + 25 mm² external cpc 1039 1146  (10%) 1648 1682  (2%) 
     

95 mm² cable + 95 mm² external cpc 562 514  (-9%) 1085 1024  (-6%) 

95 mm² cable + 50 mm² external cpc 633 592  (-6%) 1202 1176  (-2%) 

95 mm² cable + 25 mm² external cpc 689 686  (<1%) 1329 1359  (2%) 

95 mm² cable + 4 mm² external cpc 300 341 (14%) 5556 580 (4%) 

The values given in () are the percentage differences between the measured and calculated 
values. 
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The calculated values given in Table 13 above are considered to be sufficiently accurate for 
use in checking the fault current withstand of the cable armour. 

6. Fault current withstand of cpc 

The comparisons of armour fault current withstand and fault energy given in Tables 5 & 6 
indicate that the armour of a 120 mm² 2-core XLPE insulated cable is not sufficient to 
withstand the fault current required to operate a 400 A BS 88 fuse in 5 seconds.  Thus this is 
a situation where an external cpc might be used.  This cable size has been used as an 
example to investigate the effect of running a small external cpc in parallel with a much 
larger cable. 

The equations given in 5.3 above have been used to calculate the proportion of the fault 
current that would be carried by a 4 mm² external cpc run in parallel with the armour of a 120 
mm² 2-core cable.  The circuit length has been selected so that the total fault current is equal 
to the current required to operate a 400 A fuse in 5 seconds, 2600 A.  The calculated armour 
and external cpc currents are 2170 A and 580 A respectively.  The current carried by the 
armour is less that the maximum 5 second withstand current of the armour but the current 
carried by the external cpc is greater than its 5 second withstand current of 256 A.  Thus the 
4 mm² external cpc is not acceptable.  As the size of the external cpc is increased then the 
proportion of the fault current that it carries will increase.  Further calculations have shown 
that the minimum acceptable size of the external cpc in this case is 35 mm². 

Further calculations have been carried out to determine the minimum acceptable size for the 
external cpc.  The calculated I²t values given in Table 5 show that, for the BS 88 fuse 
characteristics given in the Wiring Regulations, the I²t increases with increasing 
disconnection time.  Because of this the calculations have been based on the current 
required to operate a BS 88 fuse in 5 seconds.  For a given size of cable and external cpc 
the proportion the fault current carried by the external cpc will be greatest for the highest 
armour resistance.  Because the armour resistance of a 2-core cable is higher than that of a 
3 or 4 core cable the calculations have been based on 2-core cables.  The fuse sizes have 
been selected on the same basis as for the calculations for Table 5.  The minimum 
acceptable size for the external cpc is that having a 5 second fault current withstand greater 
than the calculated fault current to be carried by the cpc.  The minimum calculated sizes are 
given in column 4 of Table 14.  From these calculated results it is suggested that the 
minimum size of the external cpc should not be less than on quarter of the size of the line 
conductor of the cable (S/4).  These values are given in column 5 of Table 14. 

For most cases the sizes given in column 5 of Table 14 are equal to or greater than those in 
column 4.  The one exception is the 6 mm² cable where the calculations indicate that a 2.5 
mm² external cpc would be required and the S/4 rule gives 1.5 mm².  In this case the 
calculations show that the fault current withstand of the 1.5 mm² external cpc is 101 A and 
the proportion if the fault current it is expected to carry is 107 A.  There are a number of 
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conservative assumptions in these calculations including: there are no other parallel earth 
return paths, the use of the fuse characteristics in BS 7671and the assumed initial 
temperature of the external cpc (75°C).  Of these the effect of the assumed initial 
temperature of the cpc is the easiest to asses.  A temperature of 75°C was selected because 
the external cpc is expected to be touching the sheath of the main cable.  For an XLPE 
insulated cable operating with a conductor temperature of 90 °C the expected sheath 
temperature is of the order of 75 °C.  If the initial temperature of the 1.5 mm² external cpc is 
assumed to be 60 °C or lower then its 5 second fault current withstand is ≥ 107 A.  Because 
of this the S/4 rule is considered acceptable. 

Table 14  Minimum size of external cpc  

Nominal 
cable 

size, mm2 

Tabulated 
current 
rating  
In Air 

Fuse size 
for  

It > In  

Minimum 
external 

cpc 
 mm² 

Size from 
S/4 

mm²   

1 2 3 4 5 

1.5 29 25 1.5 1.5 

2.5 39 32 1.5 1.5 

4 52 50 1.5 1.5 

6 66 63 2.5 1.5 

10 90 80 2.5 2.5 

     

16 115 100 4 4 

25 152 125 6 10 

35 188 160 10 10 

50 228 200 16 16 

70 291 250 16 25 

     

95 354 315 25 25 

120 410 400 35 35 

150 472 400 35 50 

185 539 500 35 50 

240 636 630 50 70 

     

300 732 630 50 95 

400 847 800 95 120 
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7. Proposed equations 

If an external cpc is to be installed in parallel with steel wire armour the prospective fault 
current, If, should be calculated from the following equations.  These equations have been 
derived from those given in IET Guidance Note No 6 and those derived above. 
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Where: 

Rs and Xs are the resistance and reactance of the supply, 
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Rc = resistance of the line conductor, Ω 

Ra = dc resistance of the armour adjusted to the appropriate operating temperature, Ω 

Rcpc = resistance of the external cpc, Ω 

L = conductor length, m 

Where the above equations are used it will be necessary to calculate the proportion of the 
fault current carried by the external cpc to determine whether the fault current withstand of 
the external cpc is adequate.  The proportion of the fault current carried by the armour, Ia, 
and the external cpc, Icpc, can be calculated from the following equations.  
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8. Conclusions 

Prior to carrying out the test work described above it was thought that the proportion of any 
earth fault current carried by an external cpc, run in parallel with the armour of a cable, 
would be less than that predicted from the ratio of the armour and cpc resistance.  The test 
work has shown that this is not the case and that using the resistance ratio will give a 
reasonable estimate of the current carried by the external cpc. 

Comparison of the fault current withstand of the armour of cables to BS 5467, using the k 
values given in Chapter 54 of BS 7671, has shown that for all cables except the 120 mm² 
and 400 mm² 2-core cables the fault current withstand of the armour is greater than the fault 
current required to operate a BS 88 fuse.  Thus a supplementary external cpc is generally 
not required to increase the fault current withstand of an armoured cable. 

A supplementary external cpc would only be required if the earth fault loop impedance 
needed to be reduced to meet the values tabulated in Chapter 41 of BS 7671.  This could be 
the case for a long cable run where protection against indirect contact was achieved by 
automatic disconnection of the supply and the use of a residual current device was not 
appropriate. 

Empirical equations have been derived for calculating the prospective fault current where an 
external cpc is installed in parallel with steel wire armour.  Empirical equations have also 
been derived for calculating the current sharing between the armour and the external cpc. 

Calculation of the current sharing between the armour and an external cpc has shown that if 
a small external cpc is run in parallel with the armour of a large cable there is a risk that the 
fault current withstand of the external cpc will be exceeded.  Because of this it is 
recommended that the cross-sectional area of the external cpc should not be less than a 
quarter of that of the line conductor. 
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