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Abstract: Long distance three-phase power cable has the characteristics of the metal sheath cross-bonded and voltage drop 

and ground potential difference at both ends, which brings confusion to on-line insulation monitoring of long distance power 

cable. One parameter monitoring cable insulation will effect by voltage drop, load current change, frequency fluctuation and 

other factor. A method based on dielectric loss factor and resistive current to monitor cable insulation simultaneously has been 

put forward. The method named as a multi-parameter on-line cable insulation monitoring method. The method installs current 

transformers and voltage transformers on both side of three-phase cable and uses a high precision timing function of the GPS 

receiving module at both ends of the testing equipment respectively which can receives the pulse per second from the GPS 

satellite as time reference can realize the signal synchronous sampling. The principle and formula of the method are given. The 

metal sheath cross-bonded equivalent circuit of long distance three-phase cable is established by using MATLAB software and 

does dynamic simulation on the method. The results show that the method is not effect on load current, voltage drop and 

frequency fluctuation. The two parameters increase obviously when the cable operating temperature exceeds 80°C. The 

insulation condition of three-phase cable can be judged by the change of dielectric loss factor and resistive current under different 

insulation fault. The method was proved to be correctness and feasibility in the paper. 
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1. Introduction 

The cross-linked polyethylene (XLPE) cable is widely used 

in the field of power transmission lines and ultra-high voltage 

transmission, because of its excellent insulation and 

mechanical and thermal properties [1, 2]. In order to meet the 

power demand, the proportion of the high voltage long 

distance power cable is increasing. As the length of cable 

increases, the induced voltage on metal sheath of cable in 

increasing. In order to solve the problem, the metal sheath 

must be cross-bonded to eliminate or reduce the induced 

voltage [3-5]. The basic problems of on-line monitoring 

insulation for long distance power cables are as following: 

First, the metal sheath of three-phase cables is cross 

connection. Second, the long distance cables exists voltage 

drop. Third, the zero potential at the two terminals of long 

distance cable is different. 

At present, the on-line insulation monitoring methods 

mainly focus on short distance power cable and the methods 

cannot be applied to the long distance power cable because of 

the metal sheath cross connection [6]. There are few research 

achievements on on-line insulation monitoring for long 

distance power cable. It will cause huge losses when the 

insulation of long distance cable is damaged. Therefore, it is 

very importance to ensure the safe operation of power system. 

Some researchers have built up the metal sheath 

cross-linked of three-phase power cable [6-8]. Boji Sheng and 

et al. [8], proposed an on-line PD detection and localization by 

installing current sensors at cable joints or terminations. But 

the PD signal is weak and complex which can easily be 

interfered by background noise or electromagnetic 

interference. The PD signal will occurs multiple refraction and 

reflection when the signal passes through the metal sheath. 

Marzinotto and et al. in [9], proposed a method to detect 
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sheath faults by monitoring sheath-to-ground currents at the 

ends of cross-bonding sections, it cannot consider the cable 

insulation. Marina Adel Shokry and et al. [10], proposed a 

method for the detection and localization of 4 types of defects 

in cable sheath. Yang Yang and et al. [11], proposed a method 

to separate the leakage currents in a cross-bonded system with 

three-port link boxes which measure sheath currents are a 

combination of the leakage current of each section and 

imbalanced circulating current. The above methods only 

consider one cross-bonded unit cable and need many current 

sensors to measure currents. Bing Pang and et al. [12], 

proposed an on-line tanδ monitoring method, the value of tanδ 

is susceptible to frequency fluctuation and phase shift during 

measurement. It can be seen from that the on-line insulation 

monitoring of cable with a single parameter may be affected 

by many factors, such as frequency fluctuation, voltage drop, 

temperature, harmonic, ground potential difference, phase 

change during measurement and so on [10-13]. Those factors 

make the monitoring parameter accurately. A method is 

proposed to judge cable insulation condition by monitoring 

multi-parameter, such as dielectric loss factor (tanδ), resistive 

current, insulation resistance, impedance and so on. The paper 

takes dielectric loss factor and resistive current as an example 

to study. The principle and formula of the multi-parameter 

method are given and the comparative simulation study proves 

the feasibility and effectiveness under different conditions. 

2. Theoretical Analysis 

The equivalent of single phase power cable under AC 

steady condition is shown in Figure 1. Assumes the length of 

cable is 2l, x is the any point of the cable, take a differential 

section dx, the current of x point is xIɺ  and the current of x+dx 

point is x xI dI+ɺ ɺ , the voltage of x point is xUɺ  and the voltage 

of x+dx point is x xU dU+ɺ ɺ . 1Uɺ  and 2Uɺ are the voltage at both 

ends of cable, 1I
ɺ  and 2Iɺ are the current at both ends of cable 

core. R0 is the unit length equivalent resistance of cable core, 

L0 is the unit length equivalent inductance of cable core, and 

G0 is the unit length equivalent conductance of the cable 

insulation, C0 is the unit length equivalent capacitance of cable 

insulation. 

 
Figure 1. The equivalent of single phase power cable under AC steady condition. 

If the voltage and current at head of cable is known, 

according to the Kirchhoff’s Current and Voltage Law for x 

point [12]: 
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Where γ is the propagation coefficient, Zc is wave 
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Similarly, if the current and voltage at the end of the cable 

are known, it can be obtained: 
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According to (1), the voltage and current on the end of the 

cable can be expressed as (4) when x is equal 2l: 
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The voltage drop between head and end of the cable can be 

expressed as (5): 
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According to (3), the voltage and current on the head of the 
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cable can be expressed as (6) when x is equal zero: 
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The voltage drop between head and end of the cable can be 

expressed as (7): 
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(5) and (7) are subtracted to obtain: 
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According to the circuit impedance theorem, (8) is the 

equivalent impedance of the main insulation of the cable, 

which is the ratio of half of the voltage phasor sum and the 

current difference at both ends of the cable. The equivalent 

impedance of cable main insulation can be written as: 
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Where U is the amplitude of voltage on the insulation, θ is 

the angle of the voltage, I is the amplitude of the leakage 

current and φ is the angle of the leakage current. 

According to the definition of impedance, the equivalent 

resistance and equivalent impedance are as follows: 

1
=

1 j
Z

R Cω+                 (10) 

Where R is the equivalent resistance of cable main 

insulation, C is the equivalent impedance between cable core 

and metal sheath, ω is the angular velocity of the system under 

working. R and C can be expressed as: 
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The resistive current and capacitive current flowing through 

the main insulation can be expressed as: 
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Where RIɺ  is the resistive current and CI
ɺ  is the capacitive 

current. According to the definition of dielectric loss factor, 

the cable insulation tanδ can be written as: 

( )tan tan 90δ ϕ θ = − −               (13) 

3. Simulation Analysis 

The method needs to install CT and PT and GPS modules at 

both ends of three-phase cables. Do dynamic simulation by 

using Matlab software and establish the simulation model of 

metal sheath cross-bonded of three-phase cable based on the 

method by using the SimPowerSystem toolbox. 

3.1. Simulation on the Method for Long Distance 

Three-phase Power Cable 

The 110 kV XLPE cable is selected as the research object 

for analysis, the parameters of 110 kV XLPE are shown in 

Table 1. The unit length equivalent resistance of cable core is 

3.28×10
-5 

Ω/m, the unit length equivalent inductance of cable 

core is 2.138×10
-7 

H/m, and the unit length equivalent 

conductance of the cable insulation is 1.397×10
-11 

S/m, the 

unit length equivalent capacitance of cable insulation is 

1.971×10
-10 

F/m. The length of the whole cable is 12 km 

which is divided into ten standard metal sheath cross-bonded 

units. The length of a small parts of a standard metal sheath 

cross-bonded unit is 400 m. 

Table 1. Parameters of 110 kV XLPE Cable. 

Parameter Value 

Cross-sectional conductors (mm2) 800 

Cable external diameter (mm) 100 

Conductor diameter (mm) 34 

Insulation thickness (mm) 16 

External shield (mm) 1.0 

Inner shield (mm) 1.2 

Sheath thickness (mm) 4.5 

The simulation model of three-phase long distance power 

cable under metal sheath cross-bonded is shown in Figure 2.  

Table 2. The Theoretical and Simulation Value of Dielectric Loss Factor. 

Parameter Theoretical values (%) Simulation values (%) Relative error (%) 

A 0.022 57 0.022 59 0.09 

B 0.022 57 0.022 59 0.09 

C 0.022 57 0.022 59 0.09 
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Table 3. The Theoretical and Simulation Value of IR. 

Parameter Theoretical values (mA) Simulation values (mA) Relative error (%) 

A 18.44 18.46 0.11 

B 18.44 18.46 0.11 

C 18.44 18.46 0.11 

 
Figure 2. The equivalent of single phase power cable under AC steady condition. 

The results are shown that the theoretical values of tanδ and 

IR are basically consistent with the its simulation values, and 

their relative errors are 0.09% and 0.11% respectively. The 

simulation results prove the correctness of the method. 

3.2. The Voltage at Different Positions Effect on the Method 

The following study the effects of different position voltage 

on the method. The voltage at two-terminal of cable would 

influence by the load current, which makes the voltage 

changing. In order to facilitate analysis, set the load as the 

resistance load and change the load current by changing the 

load size. The load resistance value varies from 5 Ω to 600 Ω. 

Such as the phase A, choose the voltage at two-terminal 

position and half of the voltage phasor sum position to emulate. 

The simulation results of tanδ and IR are shown in Figure 3 and 

Figure 4 respectively. 

 
Figure 3. The relation between tanδ and voltage at different positions of 

cable. 

In the Figure 3, tanδ1, tanδ2 and tanδ3 is respectively 

calculated which choose head, end and half of the voltage 

phasor sum positions. The results show that the load current 

would not effects the tanδ calculation which chooses the half 

of the voltage phasor sum position. 

 
Figure 4. The relation between IR and voltage at different positions of cable. 

In the Figure 4, IR1, IR2 and IR3 are respectively calculated 

which choose head, end and half of the voltage phasor sum 

positions. The results show that the load current would not 

effects the IR calculation which chooses the half of the voltage 

phasor sum position. 

3.3. The Effect of Voltage Drop and Ground Potential 

Difference at Both Ends of Cable 

The voltage drop is caused by the load current flows 

through the resistance and inductance of cable core. The 

following study the effect of voltage drop on the method. Set 
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the load is resistance load and the different voltage drop can be 

obtained by changing the value of the resistance load. The 

simulation results of tanδ and IR are shown in Figure 5. 

 
Figure 5. The relation between tanδ and voltage at different positions of 

cable. 

The results show that the relative error of IR increases with 

the change of voltage drop, but the relative error is small. 

And the relative error of tanδ is not changed. Therefore, the 

voltage drop of long distance power cable will has effect on 

the resistive current and has no effect on tanδ. 

The ground potential at both ends of cable may be 

different. The following study the effect of ground potential 

difference on the method. The different ground potential 

values are simulated in the way which put resistance in series 

between the load and ground. The simulation results of tanδ 

and IR are shown in Figure 6. 

 
Figure 6. The relative error of IR and tanδ changes with ground potential 

difference at both end of cable. 

The results show that the relative error of IR increases with 

the change of ground potential values, but the relative error is 

small. And the relative error of tanδ is not changed. Therefore, 

the ground potential difference at both ends of long distance 

power cable will has effect on the IR and has no effect on 

tanδ. 

3.4. The Effect of Frequency Fluctuation 

The frequency fluctuation of the power grid leads to barrier 

effect and frequency leakage caused by asynchronous 

sampling, which causes errors in monitoring results of cable 

insulation [17]. Change the frequency of voltage source 

module from 49.8Hz to 50.2Hz in Figure 2. The simulation 

results of tanδ and IR change with the frequency fluctuation 

are shown in Figure 7. 

 
Figure 7. The relative error of IR and tanδ changes with frequency 

fluctuation. 

The results show that the relative error of tanδ changes with 

the frequency fluctuation, but IR is not changed. Therefore, the 

frequency fluctuation has effect on tanδ and has no effect on 

IR. The simulation of phase change during measurement can 

get same results that the phase change has effect on tanδ and 

has no effect on IR. 

3.5. The Effect of Temperature 

The power cables are usually buried deep underground and 

the working temperature of XLPE cable is about 80°C. Once 

the cable insulation id damaged, the most direct manifestation 

is temperature rise. It is necessary to study the influence of the 

temperature on the method. The simulation is accomplished 

by modifying the insulation resistance of cable at different 

temperature. The relationship between temperature and 

conductivity meets Arrhenous-type relation [18]. 

273
0( )

B

Ae θσ θ σ
−

+= +             (16) 

The parameters of XLPE material used in the paper are set 

by (16). The initial value of σ0 is zero, the value of A is 

7.07×10
-4

, the value of B is 8.907×10
3
, θ is temperature. 

According to (16), the conductivity at different temperature 

and the insulation resistance of per 400 m can be calculated. 

Set the maximum temperature is 170°C, because of the 

melting temperature of XLPE material is 250°C. Set the 

minimum temperature is 20°C. The simulation results of tanδ 

and IR change with the temperature are shown in Figure 8 and 

Figure 9. 
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Figure 8. The relation between IR and temperature. 

 

Figure 9. The relation between tanδ and temperature. 

As can be seen from Figure 8 and Figure 9, the relative error 

of tanδ and IR increase exponentially with the temperature is 

risen. 

3.6. The Effect of Cable Insulation Parameter 

The following study the influence of the variation of the 

primary parameter of cable insulation on tanδ and IR calculation. 

 

Figure 10. The relation between the unit length of cable insulation 

equivalent resistance and monitoring parameters. 

The variation of cable insulation primary parameter can be 

achieved by changing the unit length equivalent resistance 

and capacitance in cable model respectively. The relation 

between the unit length of equivalent resistance and 

monitoring parameters is shown in Figure 10. As can be seen 

from Figure 10, the relative error of tanδ and IR are linear 

increased with increase of the unit length of equivalent 

conductance. 

The relation between the unit length of equivalent 

capacitance and monitoring parameters is shown in Figure 

11. 

 

Figure 11. The relation between the unit length of cable insulation 

equivalent capacitance and monitoring parameters. 

As can be seen from Figure 11, the relative error of tanδ is 

exponential increased with increase of the unit length of 

equivalent conductance, but the value of IR is no changed. 

3.7. Simulation Under Different Fault 

The cable insulation is aging with the cable running longer 

and the cable insulation resistance will change. Change the 

value of cable insulation resistance from 180 MΩ to 1 MΩ in 

Figure 2. The results show that IR and tanδ are increased 

obviously with the cable insulation resistance decreases. 

The following study the cable under normal, damp, damage 

and fault insulation state, which would effect on tanδ and IR. 

The cable insulation under different faults is simulated by 

changing the equivalent resistance and capacitance of cable 

insulation. The parameters of three-phase cable insulation in 

Figure 2 are set as follows: 

(1) Set any one part equivalent resistance of Cross-bonded 

Section 1 module of A-phase cable is 15 MΩ and 

equivalent capacitance is 80 nF to characterize the slight 

dampness of cable insulation. 

(2) Set any part equivalent resistance of Cross-bonded 

Section 3 module of B-phase cable is 5 MΩ and 

equivalent capacitance is 90 nF to characterize the 

serious dampness of cable insulation. 

(3) Set any part equivalent resistance of Cross-bonded 

Section 5 module of C-phase cable is 0.1 MΩ and 

equivalent capacitance is 95 nF to characterize the 
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damage of cable insulation. 

(4) Set any part equivalent resistance of Cross-bonded 

Section 2 module of A-phase cable is 0.3 MΩ and 

equivalent capacitance is 90 nF, set any part equivalent 

resistance of Cross-bonded Section 4 module of 

B-phase cable is 0.09 MΩ and equivalent capacitance is 

92 nF. 

(5) Set any part equivalent resistance of Cross-bonded 

Section 1 module of A-phase cable is 0.35 MΩ and 

equivalent capacitance is 85 nF, set any part equivalent 

resistance of Cross-bonded Section 2 module of 

B-phase cable is 0.15 MΩ and equivalent capacitance is 

90 nF, set any part equivalent resistance of 

Cross-bonded Section 3 module of C-phase cable is 0.08 

MΩ and equivalent capacitance is 95 nF. 

The simulation results under different insulation fault are 

shown in Table 4. 

Table 4. Simulation Results under Different Insulation Fault. 

Parameter Normal Phase A slightly damp Phase B serious damp Phase C insulation damage A B fault A B C fault 

IRA (A) 0.018 46 0.089 85 0.018 46 0.018 46 3.854 67 3.619 24 

tanδA (%) 0.022 59 0.051 38 0.022 59 0.022 59 0.060 84 0.195 33 

IRB (A) 0.018 46 0.018 46 0.119 03 0.018 46 2.227 98 2.791 72 

tanδB (%) 0.022 59 0.022 59 0.162 36 0.022 59 0.281 61 0.378 98 

IRC (A) 0.018 46 0.018 46 0.018 46 2.854 02 0.018 46 3.115 83 

tanδC (%) 0.022 59 0.022 59 0.022 59 1.291 71 0.022 59 1.491 14 

 

The results show that IR and tanδ of fault phase increases 

obviously, which can be judged the cable insulation status. 

The method to monitor IR and tanδ for cable insulation 

condition is feasible. 

4. Conclusion 

The purpose of the paper is to study on on-line insulation 

monitoring method for long distance power cable and propose 

a method to calculate the dielectric loss factor and resistive 

current by using the core current and voltage at both ends of 

cable. The results show that: 

(1) The load current will not influence on tanδ and IR when 

chooses the half of the voltage phasor sum position. 

However, chooses other voltage position to calculate 

tanδ and IR which is affected by the load curretn. 

(2) The voltage drop and ground potential difference at both 

ends has little effected on monitoring. The feasibility of 

the method is demonstrated. 

(3) (3) The frequency fluctuation has effect on tanδ and has 

no effect on the resistive current IR. The tanδ and IR 

increase obviously when the temperature exceeds 80°C  

and have the same change rate.. 

(4) The multi-parameter method can be judged the cable 

insulation status which remedies a single parameter 

affected by many factors. The method is suitable for all 

kinds of on-line insulation monitoring of power cable, 

whether the metal sheath cross-bonded or not. 
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