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Abstract -- In this paper, the authors discuss a simulation 

model to study the effect of cross-bonding of metallic sheaths, 

and/or non-magnetic armors, of single-core medium- and 

high-voltage cables in the same circuit. In single-core cables, 

the resistive losses due to the induced circulating currents in 

cable sheaths or armors causes an increase of the cable 

temperature, which therefore reduces its ampacity. This is a 

serious issue affecting distribution and transmission lines. In 

addition, the risk of electric shock due to induced voltages 

may be present if a person is in contact with the armor/sheath 

at its unbounded end. For these reasons, special bonding 

techniques of metal sheaths are employed to reduce these 

currents. 

The simulation model to assess magnitude and 

distribution of induced armor/sheath currents of medium- 

and high-voltage cables that is herein proposed may be used 

to optimize the cross-bonding configuration of single-core 

cables employed in high-current industrial applications or in 

transmission/distribution power grids. The model has been 

experimentally validated by means of actual data from a 

high-voltage underground line and field measurements 

performed by Prysmian Electronics. 
 

Index Terms—ampacity, cables, cross-bonding, sheath 
currents. 

I. INTRODUCTION 

The use of single-core armored/sheathed underground 
cables, largely employed in Europe, has driven the 
research for models that could accurately represent their 
performance in any load conditions and configurations. 

The armor or sheath of a cable is an exposed-
conductive-part and must be connected to ground for either 
TN or TT systems [1]-[2]. The connection with ground of 
the sheath must be made at a minimum of one point, 

generally at the supply end (i.e., single-point bonding), 
with the other end is isolated from ground. 

The a.c. load current flowing through the cable induces 
a voltage in the armor, the metallic screen or sheath of a 
single-core cable. The magnitude of the induced voltage 
will depend on the load current, the length of the cable, the 
armor/sheath diameter and the cable spacing. If the 
armor/sheath is bonded at both ends forming a loop (i.e., 
solid bonding), the circulating induced current will affect 
the cable ampacity and there is a risk of overheating the 
terminations. 

If the armor/sheath is single-point bonded, the risk of 
electric shock is present if a person is exposed to the 
armor/sheath at the unbounded end. In wet conditions, or 
in special locations, touch voltages from sheaths and/or 
armor to ground should not exceed 25 V (rather than 50 V) 
[3]. 

Under fault conditions, the induced voltage will be 
higher at the unbonded end. However, the likelihood that a 
person would be in contact with the unbonded end, which 
should be properly insulated, is deemed remote by 
applicable standards. 

Reference [3] indicates a preference for solid bonding 
and requires the professional engineer to consider in the 
electrical design the presence of circulating currents or of 
the induced voltages. 

Over the years, different models have been developed 
for the study of critical conditions of cable lines. 
Researchers have implemented models for different 
purposes, such as the analysis of the frequency and time 
domain response of the cable at the resonant frequencies in 
different cross-bonding configurations [4], the partial 
discharge location detection [5]-[7], the calculation of the 
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value of the single-line-to-ground fault current in the line 
[1] or also to develop a fault localization method [8]-[12]. 

On the on the other hand, the case of Medium Voltage 
(MV) or High Voltage (HV) cable lines under normal 
operating conditions has not been fully analyzed. Normal 
operating conditions are of interest because of major 
issues, such as cable ampacity deratings and fires 
generated by the currents induced in the armors/sheaths. 
For these reasons, the authors have created and verified a 
model that could help simulate single-core cables 
employed in high current industrial applications, both in 
medium- and high-voltage, in normal operating conditions 
as well as in fault conditions.  

In this paper, which is an extended version of the 

conference paper [13], the model has been applied to a 30 

kV- distribution line in the various cross-bonding 
configurations as per the standard IEEE 575-2014 [10]. 

Cross bonding is defined in [10] as a special bonding in 

which the metallic shields/sheaths of different phase cables 

in successive minor sections are cross connected in such a  

way so as to achieve partial or full cancellation of induced 

sheath currents.  
 The study has provided the best cross-bonding 

configuration that ensures the highest shield current 

reduction. The shield losses were examined, as already 

done in [9]-[12], [14]-[15] and it was verified that a 

particular type of configuration could lead to a significant 

reduction in those losses. 

Finally, the last section of the paper reports the results 

of the model validation. 

II. MATHEMATICAL MODEL 

For the implementation of the mathematical model, 

Carson’s theory was used to determine the self- and 

mutual-impedances of any number of underground 

conductors taking into account the effect of the earth [17]. 

Carson’s theory is the basis of the formulation usually 

applied for the evaluation of self- and mutual-impedances 

in both a.c. overhead and cable lines for steady-state 

studies, and is adopted by both IEEE [18] and IEC 

standards [19]. The formulae are usually referred to as 

“approximate” [20], whereas more complex expressions 

may be found in the literature for the same calculations 

[21]-[22]. For example, in [22], the authors develop 
formulae based on those proposed by Carson’s but more 

suitable for short parallel or angled conductors. However, 

the differences between the values calculated with these 

formulae and those calculated by using Carson’s approach 

differ by few percentage points for lines whose length is 

over 100 m, like those for which there is a need for cross-

bonding. 

Self- and mutual-impedances of conductors and 

sheaths take into account the effects of magnetic fields, 

generated by a current-carrying conductor in the presence 

of other conductors and the earth. 

To define the self-impedance, refer to an ideal thin 

cylindrical conductor, with an ideal sinusoidal generator 

connected to one end that generates a current of effective 

(r.m.s.) value I. The remote end of the conductor is solidly 

connected to ground. The system is shown in Fig. 1. 

 
Fig. 1. Reference system for calculating the self-impedance per unit 

length of a thin conductur according to Carson’s theory. 

 

The current I circulates in the loop consisting of the 

conductor and the earth, which causes a voltage drop 

defined by: 
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where the vector sign identifies phasors. 

Based on Eq. 1, the conductor’s self-impedance per 

unit of length is defined as: 
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with:  

 r electrical resistance of the conductor per unit 
of length [Ω/km]; 

 f frequency of the current [Hz]; 

 l length of the conductor [km]; 

 ω pulsation of the system [rad/s]; 

 μ0 magnetic permeability of air [H/km]; 

 2H distance between the equivalent conductor 
representing earth and the conductor [m]; 

 rc radius of the conductor [m]; 

 ρE soil resistivity [Ωm] 

and: 

       √
  

 
                          (3) 

 

The same formula is used to evaluate the impedance of 
the sheaths, considering its electrical resistance and the 
radius of the equivalent conductor. 

For the determination of the mutual impedance per unit 
length between two conductors (either phase-to-phase, 



sheath-to-sheath or phase-to-sheath) in the presence of the 
soil (Fig. 2), the following expression is used: 
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being D the distance between the two conductors [m]. 

 

Fig. 2. Reference system for calculating the mutual impedance per unit 

length between two thin conducturs according to Carson’s theory. 

 

Based on the above equations, the model of a MV 
“minor cable section”, defined as “the length of cable 
between shield/sheath sectionalizing insulators, and 
between sheath insulators and sheath end-bells at the cable 

terminations” [10], is found and represented in Fig. 3; the 
model has been implemented in MATLAB/Simulink 
environment. 

The model includes the cable’s capacitances between 
the phase conductors and the sheaths and allows the 
simulation of various configurations of a generic line 
composed by more minor sections. These capacitances are 
often omitted in the line representations used in single-
line-to-ground fault studies, being usually their effect 
negligible in presence of a low-impedance fault [11]. 
However, this assumption is not always acceptable, 
particularly in the case of MV lines operated with an 
ungrounded source, when the current distribution is 
examined in normal operating conditions, like in the 
present study. 

In Fig. 3, A, B and C are the phase conductors and SA, 
SB and SA are the cable sheaths. The capacitance, the self- 
and the mutual-impedance blocks adopted in the circuit 
representation of the minor sections have been highlighted. 

 

  

 

 
Fig. 3.  Representation of a minor section in Simulink. 

 

 

 
Fig. 4.  Distribution line layout. 

 



III. CASE STUDIES  

The 30 kV-, 900 A-distribution line in Fig. 4 is 
analyzed. The line is 1380 m long, and is divided into 5 
minor sections. Table I reports the length of each minor 
section. 

Three cables were in a flat formation and laid in one 
plane with an equal spacing D of 40 cm (Fig. 5). 

Various configurations of the above line were 
simulated, with and without cross bonding.  

 

TABLE I 

LENGTH OF THE MINOR SECTIONS. 

Minor section Length [m] 

1 407 

2 197 

3 233 

4 220 

5 323 

 

 

The cable data are shown in Table II. 

TABLE II 

CABLE DATA. 

Cable data 

Cross-section 630 mm
2
 

Resistance 0.0283 Ω/km 

Conductor diameter 51.3 mm 

 

The configurations that were studied were:  

 Case 1: line without cross bonding and solid 
bonding of the sheath; 

 Case 2: line with cross bonding and solid 
bonding of the sheath; 

 Case 3: line with cross bonding and one-point 
bonding of the sheath.  

 
Fig. 5.  Cable installation. 

 

A. Case 1 

This configuration is studied to show how, in the 
absence of cross bonding, the cables would be subjected to 
damaging induced currents (Fig. 6). 

Between each minor section (numbered one through 
five), voltage and current measuring scopes are placed. A 
generation block and a load block to simulate the various 
configuration of the line are present. 

Fig. 7 shows the sheath currents as a function of time, 
whereas Table III reports the peak values and RMS values 
of the currents, which are almost the same across the three 
phases.  

TABLE III 

PEAK AND RMS VALUE OF THE SHEATH CURRENTS IN THE CASE 1. 

Sheath currents 

  Peak value [A] RMS value [A] 

Isa 641 453.3 

Isb 599 423.6 

Isc 724 512.0 

 

These values of sheath currents are not acceptable, 
because they are comparable to the load operating 
currents. In this configuration, the cable is the equivalent 
of the primary of a transformer with almost unitary ratio, 
whereas the sheath is the secondary winding. 

 

 
Fig. 6.  Simulink model - Case 1. 

 



 
Fig. 7.  Sheath currents - Case 1. 

 

B. Case 2 

In this configuration, the cross bonding is carried out 
between the minor sections 2, 3 and 4 (Fig. 8). The red 
boxes show how the cross bonding is applied in the 
simulation model. In this case, the solid bonding of the 
screens is placed at the ends of sections 2 and 4. This 
represents the best solution for the case, in fact, the sheath 
current assume the lowest value. 

The trends in Fig. 9 shows how the cross bonding 
allows a considerable reduction of shield currents. An 
imbalance of the sheath currents is also present; this is due 
to various factors among which the most significant are the 
laying of the conductors and the different length of each 
minor section. In an ideal system, the use of cross bonding 
would have eliminated sheath currents, except the modest 
leakage current due to the capacitive coupling between 
conductor and sheath. This configuration reduces sheath 
current magnitudes (Table IV) under normal operating 
conditions, but does not completely remove them. The 
problems of cable ampacity derating and risk of fire may 
therefore still be present. 

 

TABLE IV 

PEAK AND RMS VALUE OF THE SHEATH CURRENTS IN THE CASE 2. 

Sheath currents 

  Peak value [A] RMS value [A] 

Isa 37.3 26.4 

Isb 23.6 16.7 

Isc 36.6 25.9 

 

 
Fig. 8.  Simulink model – Case 2.

 

 
Fig. 9.  Sheath currents - Case 2. 

 

C. Case 3 

This configuration is based on a sheath connection 
method called single-sheath bonding [16].  

To limit the voltage rise of the sheath during ground 
faults, the single-point bonding installation does require a 
parallel conductor, grounded at both ends of the cable 
route and installed very close to the cable conductors. This 
parallel conductor will carry the fault-current, and will add 
to the cost of the implementation of the cable system. 

The single-sheath bonding reduces this cost by 
employing one of the cable sheaths, solidly grounded at 
both ends, as the parallel conductor. The sheath is in 
proximity to the single-point bonded cable circuit and 
provides the required continuous metallic connection 
between the grounding points at the ends of the cable 
route.   



Based on this type of bonding, cross bonding is carried 
out according to the scheme in Fig. 10. 

 

 
Fig. 10.  Simulink model – Case 3.

  

With this configuration, almost no currents flow through 
the single-boned sheaths of the phase conductors “A” and 
“C” (Fig. 11), while at phase conductor “B”, where the sheath 
was solidly bonded, a sheath current lower than those 
identified in Case 2  is present (Table V). This configuration 
is therefore potentially the most effective for the line 
analyzed. 

 

 
Fig. 11.  Sheath currents - Case 3. 

 

TABLE V 

PEAK AND RMS VALUE OF THE SHEATH CURRENTS IN THE CASE 3. 

Sheath currents 

  Peak value [A] RMS value [A] 

Isa 1.4 1 

Isb 9.1 6.4 

Isc 1.4 1 

 

IV. SHEATH LOSS ANALYSIS 

Proceeding with the calculation of the power losses along 
the sheaths, a comparison is made between the above three 
cases. For this study, a segment of cable of length equal to 1 
m is considered. In reference to the cable of Table II, the 
following resistive values are obtained: 

 

- Conductor resistance:                 ; 

- Sheath resistance:                  . 

 

This yields: 

- Power losses in the conductors: 

 

                
    

    
  ; 

 

- Power losses in the  sheaths: 

 

                     
     

     
  ; 

 

- Percentage power losses in the sheaths: 

 

              
        

      
. 

 

The power dissipated in the above three cases are shown 
in Table VI. For better comparing the three cases, it was 
assumed,  

TABLE VI 

POWER LOSS ANALYSIS. 

 

∆Ps% 

Case 1 798.94 

Case 2 
2.03 

Case 3 0.053 

 

From this analysis, it can be seen how, going from Case 2 
to Case 3, a considerable reduction in the losses occurs, 
therefore the single-sheath bonding configuration is 
remarkably the most effective. 

V. EXPERIMENTAL VALIDATION 

The major drive for this research came from Prysmian 
Electronics and from the results of measurements performed 
on a 380 kV- 1500A- cable line in Northern Italy. 



The line is realized with 2,500 mm2- RE4H5E-380 kV 
single-core cables (Fig. 12), has a length of about 1.5 km and 
the distance between cables is about 20 cm. The cable is 
typically used in Italy for underground applications [23]. 

 

 

Fig. 12. 2500 mm2- Single-core XLPE RE4H5E cable for 
380kV systems [23]. 

 

In the presence of 5 minor sections and cross-bonding, 
sheath currents of tens of amperes were measured when the 
line was carrying a current close to its rated capacity. These 
sheath currents were able to generate a significant thermal 
stress on the cable, due to sheaths power losses that resulted 
in a dramatic reduction in the cables ampacity. Thus, a 
research was promoted to assess how the parameters of the 
cables and their installation could impact the sheath currents, 
which led to the definition of the model presented in this 
paper. 

As reported in the previous sections, the model is based 
on the well-known Carson’s theory, usually adopted for 
representing cables and overhead lines with lumped 
parameters models for steady-state analysis. A first validation 
of the simulation model was performed by analyzing a 
perfectly balanced line with the following characteristics: 

 number of minor sections equal or multiple of three; 

 equal length of the minor sections; 

 routing of cables at the ends of an equilateral triangle; 

 equal lengths of the cables of the three phases. 

The simulations, as expected, provided very low sheath 
currents. 

In addition, all the cross-bonding configurations described 
in IEEE 575-2014 [10] were simulated and the voltages 
induced on the sheaths obtained with the formulas provided 
by Annex E and F of [10] were compared with those obtained 
by applying the model presented in the paper, giving the 
same results. This has allowed the theoretical validation of 
the model. 

The model was then used to implement in 
Matlab/Simulink and study the 380 kV- 1,500 A cable line at 
almost full operating load, with an average current of 1,470 A 
(r.m.s. value) circulating in the phase conductors. The 
currents in the fifth minor section were measured by 
Prysmian and then compared with the currents simulated 
using the presented model. The comparison with the error 
calculation is reported in Table VII. 

TABLE VII 

RMS VALUE OF THE SHEATH CURRENTS. 

  
Simulated values 

[A] 

Measured values* 

[A] 

Error 

[%] 

Isa 51  

 

41-50 

 

 

7%-12% 
Isb 38 

Isc 44 

* range of variations of the measured currents 

 

The comparison for the case study shows errors in the 
range of 7-12% that can depend on various factors: 
constructive differences in the cables, presence of localized 
resistances in cable joints, and differences in the lengths of 
the cables of the same minor section due to bends in the cable 
route. 

The magnitude of the potential error is deemed 
acceptable, since the model is to be used for a rough 
estimation of sheaths currents during the design stage, and for 
testing various possible bonding configurations. Therefore, 
more accurate values are unnecessary. 

 

VI. CONCLUSIONS 

In this paper, the authors have presented a circuit model 
implemented in Matlab/Simulink for the calculation of the 
sheath currents in MV and HV distribution lines in the 
presence of different cross-bonding configurations. The 
model has been implemented for a real existing line and field 
validated. Simulations have shown that even under normal 
operating conditions the cable sheaths are subjected to 
considerable currents. For this reason, an analysis of possible 
solutions has been carried out to identify strategies to limit 
sheath currents. With this in mind, different types of sheath 
connections have been studied in order to identify the one 
with the lowest sheath current. 

Finally, a study was carried out to analyze sheath power 
losses, and it has been verified that the type of connection 
used in case 3 ensures the lowest power loss. 

The simulation model proposed in this paper may be used 
for steady-state analysis in the design stage to identify the 
sheath connection that allows the lowest sheath currents. the 
simulation may also be used during normal operations of the 
cable system to assess the values of the sheath currents in the 
case of load variation, so as to avoid reduction in the cable 
ampacity due to an increased temperature. 

For transient analysis, more complex expressions of the 
impedance and admittance parameters of the cables must be 



adopted, as suggested by [23]-[24], in particular, for cable 
lying in metallic trays, which is a very common  situation in 
industrial environment, and in the presence of high-order 
harmonic currents. In this case, the cross-bonding scheme 
adopted greatly influence the transient analysis and must be 
correctly represented to obtain reliable results [25]. The 
limitations of the proposed model for such transient studies 
will be assessed in future works. 
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