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Abstract

:

In response to the climate emergency, new uses are plugged to low voltage (LV) electrical networks. The development of self-consumption complicates the LV grid operation, and force distribution system operators (DSOs) to better model and characterize their networks. DSOs mainly use a three-conductor model (3 CM) to compute power flows, and consider error margins of 2% for voltage profiles to reflect their model inaccuracy. The characteristics of the future LV grids call into question these margins, and the models used. In this paper, a four-conductor model (4 CM), and an additional model named 4 CMext, that considers external parameters (i.e., cable temperature, ground electrical resistivity, and value/number of the earthing resistances) are proposed. The best model for cable characterization and voltage profile calculation is chosen; the 4 CMext is more adapted for the characterization, and corresponds with the finite element model, with an error margin of 4%, experimental measurements of 15%, and French cable manufacturer data of 0.5%. For the voltage profile, the 4 CMext provides a more detailed view of the critical cases that could lead to a violation of the limits of the EN 50160 standard than 3 CM and 4 CM. Violations of high or low voltages are underestimated by two to six times by the 3 CM and 4 CM. Not considering external parameters can lead to a voltage profile error of above 3%. In this paper, we recommend that DSOs use the 4 CMext to represent LV networks, which would allow LV networks to be used closer to their physical limits, and avoid or postpone network reinforcements.
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1. Introduction


In response to the climate emergency, new uses, including photovoltaic panels (PV) [1], batteries (particularly electric vehicle batteries) [2,3], and heat pumps [4], have been introduced on low voltage (LV) electrical networks. These are mainly connected in single-phase to LV networks, drastically changing the load curve profiles. The development of self-consumption or self-production accentuates these changes by creating imbalances in the LV networks. Network reinforcements [5] are necessary to connect these new uses, while remaining within the limits of the EN 50160 standard [6]. New methods for LV network planning [7], real-time management [8] and state estimation [9,10] have been developed to postpone or avoid these reinforcements. These methods require an accurate model of the LV network. Currently, errors and incomplete data exist in distribution system operator (DSO) databases [11]; these uncertainties impact the accuracy of the voltage profile. DSOs consider a margin of error (Figure 1) to avoid voltage violations. Enedis, the main French DSO, mentions, for instance, a margin of 1.5% in [12]. This margin is considered to be 2% in this paper. Due to model errors, the voltage profile must be within a nominal voltage of ±8%. With a more accurate network model, it is possible to develop new management tools (e.g., state estimation and demand response) to limit reinforcements and to use LV networks as close to their limits as possible (i.e., suppressing error margins). Moreover, the surrounding environment also has an impact on the network operation. Considering the external parameters in the model, such as cable temperature, ground electrical resistivity, and the value/number of earthing resistances, reinforces its accuracy. This paper focuses on the best model, which considers external parameters for the determination of the cable impedance matrix and the voltage profile.



1.1. Review of LV Cable Modeling and Characterization


It is necessary to review the modeling and characterization of LV cables [13] using more detailed models than the symmetrical component model (S CM) used mainly by manufacturers [14,15]. Table 1 summarizes the cross-section of European LV cables mentioned in this paper. Ref. [16] studied the UK LV cables; English cables have three or four phase conductors, and all have rotation symmetries. For the four-phase conductor cable, the cross-section of the neutral wire is identical to the other phases. For three-phase conductors, the neutral wire surrounds all the other phases. The author proposed an analytical and a finite element model of the cable adapted to these cable cross-sections. A four-conductor model (4 CM), with three phases and one neutral wire, was preferred by the author for this cable. Ref. [17] conducted a study on German LV cables. These cables are very similar to UK cables. The neutral wire is identical to the other phases, or surrounds all the other phases. The study proposed experimental measurements on these cables and compared the measurement with an analytical model. Ref. [18] also performed an experimental characterization of a four-phase Danish LV cable, where the neutral wire was identical to the other phases. The authors failed in getting the self-impedance of the cable; the earthing resistance of their laboratory was too high. French cables [19] have a neutral wire with a lower cross-section than the other phases. A picture (a), as well as the analytical model (b) and the finite element method (FEM) model (c) for the French cable are given on the last line of Table 1. The neutral is in contact with the crown, which can act as a shield, as seen in German cables [17]. The analytical models used to model the cables assume that the neutral conductors do not overlap with the other conductors. For French cables, to consider the two parts of the neutral, it is necessary to overlap the neutral and the other phases (as seen in (b), on the last line of Table 1). It is also necessary to verify whether the analytical models are consistent with the FEM, or with experimental measurements for the French cable.



Several cable models have been proposed to model LV cables in the literature. In [21], cables with a five-conductor model (5 CM) (three phases, one neutral, and one ground equivalent wires) are first presented. The impedance terms per unit length of this model are dependent on the length of the sections; this model is not used. The 4 CM is used to model four-wire cables for medium voltage (MV) American [22] and LV European networks [13]. This model is usually replaced by the three-conductor model (3 CM) or the S CM [14,15]. DSOs prefer the models with fewer conductors (3 CM and S CM) to the other models, since these require less impedance terms to be determined. Moreover, [13] compares S CM, 3 CM, and 4 CM on a single network and a single day of simulation, considering only the impact of the earthing resistance value, and no other external parameters.




1.2. Review of External Parameters on the Cable Model


The value of the external parameters (the cable temperature, the ground electrical resistivity, and the value/number of the earthing resistances) can modify the characterization of a cable. In the literature, reference values for external parameters are usually taken and considered constant [22]. However, these values are not suitable for all LV networks, which can lead to significant errors in the network analysis. The author of [22] does not give typical values for the external parameters, with a temperature of 20 °C, a ground resistivity of 100 Ωm, and earthing resistances of 50 Ω. The importance of assessing the impact of the environment on the cable model and network design is emphasized in [20,23,24]. Table 2 presents a summary of these studies.



Ref. [20] highlights the impact of the cable temperature on the symmetrical components. This paper does not identify the temperature variations on the 4 CM and 3 CM since it is impossible to compute them from the S CM. Identifying the impact of the parameter on the voltage profile is also an essential step in the choice of model. Ref. [17] considers the impact of temperature and earthing resistances separately. From 30 to 70 °C, the voltage profile increases by 0.02 per unit (pu). The variation of earthing resistance changes the voltage profile by 0.01 pu. For temperature, only extreme values are considered. For earthing resistances, values are not adapted to French networks. Ref. [23] shows the impact of ground resistivity only on the mutual terms of the impedance matrix. The reactance varies strongly with respect to the ground resistivity, whereas the resistance varies weakly. The study needs to be extended to European networks regarding non-mutual terms and the voltage profile. Ref. [24] studies the impact of network earthing resistances on the neutral-to-ground voltage profile. A variation of network resistors from 5 to 50 Ω increase the neutral-to-ground voltage by two volts. The authors also underline that earthing affects the level of stray voltage. This study is conducted on an American MV network and does not consider the impact on the line-to-neutral voltage profile. Previous work focuses on one or two parameters, but a global analysis of these parameters is still missing. The results are not directly transposable to European LV networks.




1.3. Originality and Article Structure


In this paper, cable models that take reference values for external parameters are noted as S CM, 3 CM and 4 CM. Cable models that consider the impact of external parameters are noted as S CMext, 3 CMext and 4 CMext. To highlight the dependence of the impedance matrices with respect to the three external parameters and the value of these parameters in simulations, cable temperature T is in blue in the text, ground electrical resistivity ρg in green and earthing resistance Re in orange. The original contributions of this paper are as follows:




	
A comparison of the impact of cable temperature and ground electrical resistivity on the analytical 4 CMext, 3 CMext, and S CMext;



	
Experimental measurements of the French LV cable with an original method;



	
A comparison of the characterization by the analytical 4 CM, the FEM, the experimental method, and the manufacturer data;



	
A finite element model to determine the temperature of an LV cable;



	
A comparison of the impact of the 3 CM, 4 CM, and 4 CMext models on the voltage profile considering several typical networks and realistic cases;



	
The impact of the number and value of earthing resistances on the line-to-neutral and neutral-to-ground voltage profile.








The methodology is presented in Section 2. It includes the analytical presentation of the three models (4 CMext, 3 CMext, and S CMext), the description of the simulation and experimentation on the LV cable, and the input data for the study of the impact of external parameters on the voltage profile. The results are described in Section 3 and compared with the models for the cables characterization and the voltage profile calculation. The results are discussed in Section 4. Section 5 concludes the paper.





2. Methodology


In this section, different cable models (4 CMext, 3 CMext, S CMext) are presented. The dependency of cable impedances on external parameters are depicted in the analytical models. The FEM model and experimental measurements of cable impedances are also shown as they help to compare and validate the analytical models.



2.1. Analytical Model


This section presents the analytical link between the three models (4 CMext, 3 CMext, and S CMext) and the external parameters. The 4 CMext model was built, then turned into the 3 CMext model, and finally into the S CMext model.



2.1.1. Specifications of the Considered Cable


The LV cable 150/95 mm2 was considered to support the comparison. Phase  a ,  b , and  c  conductors had a cross-section of 150 mm2 and a neutral  n  (without the crown) of 95 mm2. It is mandatory to have cylindrical cable conductors to design an analytical model. Figure 2 presents a simplified representation of the considered LV cable.



Phase sectors were converted into circles with the same cross-section to obtain this simplification. For the neutral, the surface of the crown was added to that of the circle. The distances and radius shown in Figure 2, for cable 150/95 mm2, are specified in Equation (1).


       R  a a   =  R  b b   =  R  c c   = 7.0   mm        R  n n   = 6.5   mm        D  a b   =  D  b c   = 15.0   mm        D  a n   =  D  c n   = 12.0   mm        D  b n   = 19.0   mm        D  a c   = 18.5   mm      



(1)







The dimensions were measured on the cable with an accuracy of 0.5 mm. These dimensions were used to compare 3 CMext and 4 CMext. This cable was not symmetrical; Section 3 discusses whether this was a limitation.




2.1.2. Setting Up the 4 CMext


To model power cables, 5 CM is never selected; the 4 CMext is more suitable [25]. The 4 CMext was based on Figure 3, and split into series impedance matrices and parallel impedance matrices.



Series Impedance



Based on Figure 3, 4 CMext series impedances are defined by (2) 4 CM.


   [        v  a g   k l    _           v  b g   k l    _           v  c g   k l    _           v  n g   k l    _      ]  =  [        v  a g   k    _           v  b g   k    _           v  c g   k    _           v  n g   k    _      ]  −  [        v  a g   l    _           v  b g   l    _           v  c g   l    _           v  n g   l    _      ]  =     [        Z  a a   k l    _         Z  a b   k l    _         Z  a c   k l    _         Z  a n   k l    _           Z  b a   k l    _         Z  b b   k l    _         Z  b c   k l    _         Z  b n   k l    _           Z  c a   k l    _         Z  c b   k l    _         Z  c c   k l    _         Z  c n   k l    _           Z  n a   k l    _         Z  n b   k l    _         Z  n c   k l    _         Z  n n   k l    _      ]  ︸       Z  k l    _     [        i  a   k l    _           i  b   k l    _           i  c   k l    _           i  n   k l    _      ]   



(2)




where      v  a g  k   _    is the phase  a -to-ground complex voltage at bus  k ,      Z  a a   k l    _    is the complex self-impedance of phase  a  between bus  k  and  l ,      Z  a b   k l    _    is the complex mutual impedance between phase  a  and  b  between bus  k  and  l ,      i a  k l    _    is the phase  a  complex current between bus  k  and  l , and      Z  k l    _    is the complex 4 CMext matrix. As defined by [25], the per-unit length terms of the complex matrix      Z  k l    _    are given by by (3) and (4).


     z  i i   k l    _  =    ρ 0   (  1 +  α  a l u    T  k l    )    π  R  i i  2    +    μ 0  π f  4  + j f  μ 0  · l n  (    658.9    ρ g  k l        e  − 1 / 4    R  i i   ·  f     )   



(3)






     z  i j   k l    _  =    μ 0  π f  4  + j f  μ 0  · l n  (    658.9    ρ g  k l          D  i j   ·  f     )   



(4)




where    ρ 0    (Ωm) is the aluminum electrical resistivity at 0 °C,    α  a l u     (°C−1) is the aluminum temperature factor,    T  k l     (°C) is the cable temperature between nodes k and l,    R  i i     (m) is the physical radius of conductor  i ,  f  (Hz) is the network frequency,    ρ g  k l     (Ωm) is the ground electrical resistivity, and    D  i j     (m) is the distance between the  i  and  j  conductors.



For the 150/95 mm2 LV cable, the per-unit-length impedance matrix of 4 CMext was computed with respect to cable temperature    T  k l     and ground electrical resistivity    ρ g  k l     (5). This expression was derived from (3) and (4). The cable dimensions came from (1) and    ρ 0  = 2.86 ⋅   10   − 8      Ω m   ,    α  a l u   = 3.63 ×   10   − 3    K  − 1    ,    μ 0  = 4 π ⋅   10   − 7     Tm / A   and   f = 50   Hz  .


      z  k l    _  =  [      2400 + 6.9 ·  T  k l   + j  (  6100 + 310 ln  ρ g  k l    )      490 + j  (  5500 + 310 ln  ρ g  k l    )        490 + j  (  5500 + 310 ln  ρ g  k l    )      2400 + 6.9 ·  T  k l   + j  (  6100 + 310 ln  ρ g  k l    )        490 + j  (  5400 + 310 ln  ρ g  k l    )      490 + j  (  5500 + 310 ln  ρ g  k l    )        490 + j  (  5600 + 310 ln  ρ g  k l    )      490 + j  (  5300 + 310 ln  ρ g  k l    )                 490 + j  (  5400 + 310 ln  ρ g  k l    )      490 + j  (  5600 + 310 ln  ρ g  k l    )        490 + j  (  5500 + 310 ln  ρ g  k l    )      490 + j  (  5300 + 310 ln  ρ g  k l    )        2400 + 6.9 ·  T  k l   + j  (  6100 + 310 ln  ρ g  k l    )      490 + j  (  5600 + 310 ln  ρ g  k l    )        490 + j  (  5600 + 310 ln  ρ g  k l    )      2800 + 8.4 ·  T  k l   + j  (  6200 + 310 ln  ρ g  k l    )       ]  ·   10   − 4     



(5)







The diagonal resistances of the matrix      z  k l    _    were linearly dependent on the cable temperature    T  k l    . All matrix reactances were logarithmically dependent on the ground electrical resistivity    ρ g  k l    .



Parallel Impedance



Series impedances do not include earthing resistances; however, they are included in parallel impedances. It is more appropriate to consider parallel admittance, instead of parallel impedance, because of infinity terms. Hence, the parallel admittance      Y  p a r  k   _    is defined by (6) and earthing resistance at node k is    R e k    (Ω).


   [         i  a g  k   _           i  b g  k   _           i  c g  k   _           i  n g  k   _       ]  =      [     0   0   0   0     0   0   0   0     0   0   0   0     0   0   0    1 /  R e k       ]   ︸       Y  p a r  k   _    ∗  [         v  a n  k   _           v  b n  k   _           v  c n  k   _           v  n g  k   _       ]   



(6)




where      i  β g  k   _    is the parallel current between conductor  β  and the ground at node k.  β  is phase  a ,  b ,  c  or neutral  n . The proposed model in this subsection includes the impact of three external parameters on the 4 CMext impedance matrix. These parameters are considered in this paper.




2.1.3. From 4 CMext to 3 CMext


Kron reduction can be applied to remove the neutral wire and get the 3 CMext. To use it between nodes  k  and  l , the relation (7) should be valid. This relation is valid only if the earthing at each node of the network is perfect (i.e., the earthing impedance equals zero). Realistically, earthing resistors are not perfect, and are not installed at all nodes of the network.


   v  n g  k  =  v  n g  l  = 0  



(7)







If (7) is verified, the Kron reduction is computed on 4 CMext impedance matrix terms:


       Z ˇ    i j   k l    _  =    Z  i j   k l    _  −      Z  n i   k l    _  ∗    Z  j n   k l    _       Z  n n   k l    _     



(8)







Ohm’s law for 3 CMext is given by (9), which is described in Figure 4.


   [           v ˇ    a g   k l    _             v ˇ    b g   k l    _             v ˇ    c g   k l    _       ]  =   [           v ˇ    a g   k    _             v ˇ    b g   k    _             v ˇ    c g   k    _       ]   −  [           v ˇ    a g   l    _             v ˇ    b g   l    _             v ˇ    c g   l    _       ]  =      [           Z ˇ    a a   k l    _           Z ˇ    a b   k l    _           Z ˇ    a c   k l    _             Z ˇ    b a   k l    _           Z ˇ    b b   k l    _           Z ˇ    b c   k l    _             Z ˇ    c a   k l    _           Z ˇ    c b   k l    _           Z ˇ    c c   k l    _       ]  ︸        Z ˇ   k l    _      [           l ˇ    a   k l    _             l ˇ    b   k l    _             l ˇ    c   k l    _       ]   



(9)







Phase-to-ground voltages and currents of 3 CMext are different from 4 CMext counterparts. A different notation is used for 3 CMext. A caron is used to distinguish the 4 CMext and 3 CMext terms.



In Figure 4, the earthing resistances are withdrawn, and neutral and ground conductors are combined. The 4 CMext parallel admittance turns into a zero matrix for the 3 CMext.



For the 150/95 mm2 LV cable, the per-unit-length impedance matrix of 3 CMext was computed with respect to the cable temperature    T  k l     and the ground electrical resistivity    ρ g  k l    :


       z ˇ    k l    _  =  [           z ˇ    a a   k l    _           z ˇ    a b   k l    _           z ˇ    a c   k l    _             z ˇ    b a   k l    _           z ˇ    b b   k l    _           z ˇ    b c   k l    _             z ˇ    c a   k l    _           z ˇ    c c   k l    _           z ˇ    c c   k l    _       ]  =  [       σ 2       σ 1       σ 3         σ 1       σ 4       σ 1         σ 3       σ 1       σ 2       ]  ·   10   − 4    



(10)




with the matrix terms defined in (11) and computed from (5) and (8).


    σ 1  = 4900 + j  (  310 ln  ρ t  k l   + 5500  )  −    [  490 + j  (  5300 + 310 ln  ρ t  k l    )   ]   [  490 + j  (  5600 + 310 ln  ρ t  k l    )   ]    2800 + 8.4 ·  T  k l   + j  (  6200 + 310 ln  ρ t  k l    )        σ 2  = 2400 + 6.9 ·  T  k l   + j  (  310 ln  ρ t  k l   + 6400  )  −      [  490 + j  (  5600 + 310 ln  ρ t  k l    )   ]   2    2800 + 8.4 ·  T  k l   + j  (  6200 + 310 ln  ρ t  k l    )        σ 3  = 4900 + j  (  310 ln  ρ t  k l   + 5400  )  −      [  490 + j  (  5600 + 310 ln  ρ t  k l    )   ]   2    2800 + 8.4 ·  T  k l   + j  (  6200 + 310 ln  ρ t  k l    )        σ 4  = 2400 + 6.9 ·  T  k l   + j  (  310 ln  ρ t  k l   + 6100  )  −      [  490 + j  (  5300 + 310 ln  ρ t  k l    )   ]   2    2800 + 8.4 ·  T  k l   + j  (  6200 + 310 ln  ρ t  k l    )      



(11)







The Kron reduction (8) assumes perfect earthing resistors at all network nodes (7). Impact of earthing resistance    R e k    on the 3 CMext matrix is not visible. All terms (real or imaginary) are temperature and ground resistivity dependent, as presented in (11). Temperature dependence is no longer linear as    T  k l     is also included in the denominator. Similarly, dependence on the ground electrical resistivity is no longer logarithmic, as    ρ g  k l     is in both the numerator and denominator. The standard dependencies of the terms, with respect to temperature (only resistances depend on the temperature), and the ground electrical resistivity, are no longer verified with the 3 CMext matrix. Hence, this model has limitations in representing the impact of external parameters.




2.1.4. From 3 CMext to S CMext


The relation (12) is used to get the S CMext from the 3 CMext. This relation allows obtaining matrix terms with respect to external parameters for the 150/95 mm2 LV cable [25]:


     Z  h d i   k l    _  =  F  − 1   ·      Z ˇ    k l    _  · F =  [         Z  00   k l    _         Z  01   k l    _         Z  02   k l    _           Z  10   k l    _         Z  11   k l    _         Z  12   k l    _           Z  20   k l    _         Z  21   k l    _         Z  22   k l    _       ]   



(12)




with:


  F =  [     1   1   1     1     α 2     α     1   α     α 2       ]     with   α  =  e  j   2 π  3    .  



(13)







As French LV cables are not rotationally symmetrical (Table 1), none of the nine terms of the      Z  012   k l    _    matrix are zero. However, cable manufacturers usually consider that non-diagonal terms are zero, because these terms are often smaller [20]. The diagonal matrix      Z  d i a g   k l    _    is defined by:


     Z  d i a g   k l    _  =  [         Z  00   k l    _     0   0     0       Z  11   k l    _     0     0   0       Z  22   k l    _       ]   



(14)







Cable characterization is more straightforward with matrices      Z  012   k l    _    and      Z  d i a g   k l    _    because fewer terms must be determined. Nevertheless, this model generates less realistic results, even for high voltage and MV networks [26]. The comparison of the three models is presented in Section 3.1.1.





2.2. Simulation and Experimentation on the LV Cable


The analytical models (S CMext, 3 CMext and 4 CMext) used to model the cables assume that the neutral conductors do not overlap with the other conductors. For French cables, to consider the two parts of the neutral, it is necessary to overlap the neutral and the other phases (as seen in the last line of Table 1). It is necessary to verify whether the analytical models are consistent with the FEM or with experimental measurements for this cable. This section presents the FEM and the experimentation conducted with a piece of LV cable. These two studies take reference values for external parameters.



2.2.1. Finite Element Method on the French LV Cable


To compute LV cable impedance, the Finite Element Method Magnetics (FEMM) software [27], a two-dimension finite element software that solves electrical, magnetic, and thermal problems was used.



The magnetic module was used to determine the cable impedance matrix. Standard values for external parameters were chosen for the model, such as a ground electrical resistivity of 100 Ωm, a cable temperature of 20 °C (i.e., an aluminum electrical resistivity of   3.068 ×   10   − 8     Ωm), a frequency of 50 Hz, an insulator (PVC) electrical resistivity of 1016 Ωm, and a cable length of 1000 m. A fine mesh was used around and inside the cable (Figure 5a) to get an accurate impedance value.



The magnetic vector potential was set to zero at the system border (Figure 5b), to allow the FEMM to compute the magnetic field. The boundary radius of the FEM was 3 km [25].



To obtain the terms of the 4 × 4 FEM matrix      z  F E   k l    _   , an external current of one ampere was injected to phase  i . The FEMM software computed the complex voltage drop between the two cable ends (at a length of 1000 m) for phase  j , and the value of      z  i j   k l    _    was computed. The results are described in Section 3.1.2.




2.2.2. Experimental Measurements on the LV cable


Experimental measurements were conducted on an LV French cable to challenge the 4 CM. A 10 m 150/95 mm2 cable was installed in a dedicated room of our laboratory. The following power elements were used:




	
The electrical network in the laboratory was a three-phase source with a phase-to-phase voltage of 127 V and a maximum line current of 40 A;



	
Electric wires of practical works with a maximal current of 100 A;



	
A three-phase autotransformer with an input nominal phase-to-phase voltage of 120 V. The output may have varied between 0 and 120 V;



	
Power switches to disconnect the system in case of emergency;



	
A three-phase step-down delta-wye transformer. Nominal input characteristics: 127 V and 27 A. Nominal output characteristics: 12 V and 305 A. Nominal power: 6 kVA;



	
The French LV 150/95 mm2 cable;



	
A three-phase resistor box. Resistances may have varied between 1.5 and 60 Ω.








In addition to the power elements, the following measurement tools are used:



	
A Chauvin Arnoux C16 current clamp [28] with an accuracy   ≤ 1 % + 1   mV  ;



	
Measurement wires connected to the Tektronix DPO4000 oscilloscope [29] with an accuracy   ≤    (  100    μ V  + 5.0 %   of the gauge);



	
A temperature sensor with an accuracy of 0.5 °C.






In [18], an experimental method to determine self and mutual impedances is described. However, the authors failed in getting the self-impedance of the cable; the earthing resistance of their laboratory was too high. To overcome this limitation, we set an innovative experimental method, based on the three-phase short-circuit. To establish this method, we took advantage of the particularities of the studied LV cable. The cable cross-section was symmetrical, as presented in Table 1. This symmetry axis allowed a reduction in the number of unknown      Z  k l    _    matrix terms by using:


         Z  a a   k l    _  =    Z  b b   k l    _  =    Z  c c   k l    _           Z  a n   k l    _  =    Z  n a   k l    _  =    Z  n c   k l    _  =    Z  c n   k l    _           Z  a b   k l    _  =    Z  b a   k l    _  =    Z  b c   k l    _  =    Z  c b   k l    _           Z  a c   k l    _  =    Z  c a   k l    _           Z  b n   k l    _  =    Z  n b   k l    _       



(15)







By considering (15), the number of independent terms was reduced to six, and the impedance matrix      Z  k l    _    became:


     Z  k l    _  =  [         Z  a a   k l    _         Z  a b   k l    _         Z  a c   k l    _         Z  a n   k l    _       ∗   ∗   ∗       Z  b n   k l    _       ∗   ∗   ∗   ∗     ∗   ∗   ∗       Z  n n   k l    _       ]   



(16)







As the terms were complex, six independent complex equations were established. The proposed method is detailed for the determination of      Z  a a   k l    _   ,      Z  a b   k l    _    and      Z  a c   k l    _    (Figure 6). The schematic began with the three-phase autotransformer, which was plugged into the network. Phases  a ,  b , and  c  of the cable short-circuited at nodes A2, B2, and C2. The neutral conductor  n  was grounded at both ends.



The Equation (17) system was obtained for the three phases, based on Ohm’s law:


   {        Δ  V  a a    _  =    Z  a a    _  ∗    I a   _  +    Z  a b    _  ∗    I b   _  +    Z  a c    _  ∗    I c   _          Δ  V  b b    _  =    Z  a b    _  ∗  (     I a   _  +    I c   _   )  +    Z  a a    _  ∗    I b   _          Δ  V  c c    _  =    Z  a c    _  ∗    I a   _  +    Z  a b    _  ∗    I b   _  +    Z  a a    _  ∗    I c   _         



(17)







By using experimental measurements in (17), the impedances were computed. The results are described in Section 3.1.2.





2.3. Determination of the Actual Values of the External Parameters


This sub-section outlines the determining of the actual values of the external parameters. After the presentation of the global method, an FEM model was proposed for the temperature. The two other parameters were determined from the literature.



2.3.1. Global Methodology


The three parameters of cable temperature, ground electrical resistivity and earthing resistances could be varied randomly, on a large number of networks, to study their impact. LV network data are not easily accessible, and the external parameters do not take random values. Parameter values are influenced by external factors [30]. These factors are ground type, soil color, electric cable losses, irradiance, air temperature, and ground moisture, as described in Figure 7. These factors impact ground thermal conductivity and other parameters. The parameters influence the impedance and, directly or indirectly, the voltage profile.



To represent more realistic cases, a time-dependent thermal FEM model was developed. This model better links the impact of factors on cable temperature. The model, designed with the software COMSOL Multiphysics [31], allows to get the cable temperature with respect to pavement type (albedo), the temperature at the ground surface, and electric cable losses.




2.3.2. FEM for Realistic Cable Temperature


This FEM model was developed to determine the mean cable temperature with respect to season (winter and summer) and network type (rural or urban). A single cable leaving the MV/LV substation with a light soil color defines the rural type. Four cables with a dark soil color define the urban type. The simulation was conducted next to the MV/LV substation, since the feeder cables were, at this location, the closest and often generated a hot spot. During the model design, planned works were taking place on the university campus. These works concerned the creation of an MV/LV substation with LV feeders. Figure 8a is a picture of the trench made for the LV cables passage at the exit of the substation. The dimensions in Figure 8a were used to build the FEM model (Figure 8b).



In Figure 8a, cables are undergrounded at about 90 cm. They were surrounded by fine sand over a few centimeters so that the resistivity of the earth was uniform around the cable. Based on Figure 8a, the model had the following characteristics:



	
A 10 m square represents the ground. It was divided into ten zones to reflect a depth-dependent temperature, and to allow a faster convergence of the model;



	
A 10 m square represents the air;



	
The cable(s) were placed 90 cm below the ground in the middle of the square. If there were several cables, they were separated by 10 cm, as shown in Figure 8b.



	
The definition of the simulation range, the material properties, the different time-dependent variables, and initial values was necessary to determine the temperature of the cable in the different configurations. The simulation range depended on the thermal time constant of the system    τ  t h    , defined by:


   τ  t h   =    C p  ⋅ μ ⋅ l e n  g 2   K       



(18)




where   l e n g   is the characteristic length of the model (distance between the cable(s) and the ground surface). The other quantities are defined in Table 3, which provides the properties of the various materials used in the model. For the air not included in the table, the default values proposed by COMSOL were used.






Since thermal balancing takes the longest in concrete, this material was considered to determine the system thermal time constant:


   τ  t h   =   750 · 2300 ·   0.9  2    1.0   = 1.40 ⋅   10  6     s  = 388    h  = 16    days   



(19)







To reduce the simulation range, the ground was divided into ten zones of 1 m depth (Figure 8b). For each zone, different initial values were set. As these values were close to the steady state value of area, a simulation range of 10 days was chosen.



Next, the ground temperature and cable heat losses for ten days of simulation was determined. The author of [30] measured the temperature of different soil types in summer and winter, the results of which are displayed in Figure 9.



The measurements were conducted in the United States, but they are perfectly transposable to Europe, since the pavements and temperatures are similar. However, the materials considered did not have the same albedo, so their temperature was not the same, especially during the hot hours in summer. At 3:00 p.m., the temperature of concrete and paver was between 50 and 55 °C, whereas asphalt rose to over 65 °C. This significant difference would have an impact on the temperature of the electrical cables.



The cable heat losses were defined during the ten days of simulation. These losses were mainly related to the Joule losses and thus to the current flowing in the cable. As the simulations were conducted on the closest sections to the MV/LV substation, the load curve is relatively smooth and does not show peaks. A load curve similar to the national profile [32] was used for winter and summer (Figure 10). A correction factor was applied to fit within the physical limits of the cable.



These temperature and current data are for one day only. The data were replicated over the ten days to simulate ten days.



Finally, the initial ground temperature was an essential input for the simulation. The initial soil temperature at a depth of one meter was 50 °C in the summer and 20 °C in the winter. With all these assumptions, the temperature of cables in different configurations is presented in Figure 11.



After ten days of simulation, a steady regime was reached for the four simulations. The single cable had an average temperature of 13 °C in the winter and 42 °C in the summer. The four cables had an average temperature of 41 °C in the winter and 66 °C in the summer.



The daily variations in the summer were lower than in the winter, mainly because of the winter consumption peaks, often dimensioning for LV networks. Networks with four feeders had a higher temperature all year round than networks with only one feeder, with a four-fold increase in the number of thermal sources.



This innovative model realized under COMSOL software has identified the impact of external factors on the external parameters in several cases. By defining the network simulation cases, it was possible to obtain the value of the cable temperature without having to create an analytical model. Hence, the external parameters were not directly considered, and network configurations were preferred to obtain the cable temperature.



Nevertheless, the previously developed model had some limitations. Ref. [33] experimentally measured the temperature of an MV cable. The authors observed that the temperature was not uniform along the cable. To determine more accurately the temperature of the cable, and thus the proper resistance of the cable, a three-dimensional model under COMSOL was necessary. Nevertheless, this model reached the limits of time and precision of the software, with the dimensions of the cable being tiny compared with the size of the ground.




2.3.3. Values for Ground Electrical Resistivity and Earthing Resistances


In the previous section, the FEM model allowed to determine the temperature of LV cable in various configurations. In this subsection, the value for ground electrical resistivity and earthing resistances is defined. Based on [19], ground resistivity can usually vary between 30 and 1000 Ωm (Table 4). The value of the earthing resistance is related to the value of the ground resistivity and the type of resistors (mainly the electrode depth). An electrode depth of 3 meters is considered.



The actual values of the external parameters, determined in this subsection, will be used for the conducted simulations in Section 3.2.






3. Results


This section includes the comparison of the models for the cable characterization and the voltage profile calculation.



3.1. Comparison of Models for Cable Characterization


This subsection details the choice of the appropriate model for the LV cables. This model was challenged by the results of the FEM, the experimentation, and the manufacturer data.



3.1.1. Comparison between 4 CMext, 3 CMext, and S CMext


A graphical comparison is chosen to compare the three models. From Equations (5), (10) and (12) of Section 2.1, the comparison of the main terms of the matrix is represented with respect to temperature (Figure 12a,c,e) and ground electrical resistivity (Figure 12b,d,f). When a parameter (temperature    T  k l     or ground resistivity    ρ g  k l    ) varies, the other parameter is fixed.    r  a a   k l     and    x  a a   k l     are the real and imaginary parts of      z  a a   k l    _   . For the 4 CM matrix, real and imaginary parts of      z  a a   k l    _    and      z  a b   k l    _    are represented (Figure 12a and b). For 3 CM, real and imaginary parts of        z ˇ    a a   k l    _    and        z ˇ    a b   k l    _    are represented (Figure 12c and d). For the symmetrical components model, real and imaginary parts of      z  00   k l    _    et      z  11   k l    _    are represented (Figure 12e,f).



An analysis of the curves in Figure 12 was performed on the temperature (a, c and e). Similar analyses were drawn for ground electrical resistivity. As the curves are affine functions, the slope and the y-intercept were analyzed. From Figure 12a,c,e, the comparison of slope in Ω/km/°C is reported in Table 5. Only self-resistances are temperature-dependent (for ground resistivity, only reactances are ground resistivity-dependent). This assumption is only valid for the 4 CMext (Figure 12a). On the contrary, 3 CMext and S CMext impedances (except    x  11   k l    ) are temperature-dependent (Figure 12c,e). All these temperature-dependent terms vary with a similar slope than    r  a a   k l    . For the y-intercept, the analysis of the curves brings out less information.



The shape of the temperature-dependent S CMext terms was similar to those presented by [20]. This result underlines the 3 CMext and S CMext limits. The 4 CMext is more adapted to represent the dependence of impedances to temperature and ground resistivity. Hence, when choosing a good cable model, it is very important to include the impact of external parameters.




3.1.2. Comparison of Models (Analytical and FEM) with Experimental Measurements and Manufacturers Data


In the previous section, the advantages of 4 CMext were underlined. The 4 CM is an analytical model and could be very different from an actual cable. The comparison of this subsection was made with reference values for the external parameters. Thus, the analytical model (4 CM) was compared with data from the FEM, the experiment and the manufacturer’s datasheets.



Results of FEM



The impedance matrix is presented in (20) in Ω/km, using the exact computation of other phases.


     z  F E   k l    _  =  [      0.261 + j 0.756     0.055 + j 0.688     0.054 + j 0.674     0.056 + j 0.694       0.055 + j 0.688     0.261 + j 0.756     0.055 + j 0.688     0.053 + j 0.672       0.054 + j 0.674     0.055 + j 0.688     0.261 + j 0.756     0.056 + j 0.694       0.056 + j 0.694     0.053 + j 0.672     0.056 + j 0.694     0.309 + j 0.736      ]   



(20)







As earthing resistances are not included in the FEM, parallel admittance cannot be computed by FEMM. The 4 × 4 FEM impedance matrix (20) is only equivalent to the analytical series impedance matrix (5). The matrix      z  F E   k l    _    is a complex symmetrical matrix. The last diagonal term is different from the others because of the smaller cross-section of the neutral conductor with the other phases. Non-diagonal terms are slightly different since the distance between each conductor barycenter is not the same (Figure 2).



Results of Experimentation



The values of Table 6 were determined at a cable temperature of 33.5 °C. The experimental measurements and the FEM values were similar; however, deviations may have arisen from the following limitations:




	
The cable was not underground. Hence, the cable was surrounded by air, and the surrounding electrical resistivity was certainly not equal to 100 Ωm;



	
The floor of the room contained metallic elements that could not be removed before making these measurements. These elements have necessarily impacted our measurements;



	
The cable was only 10 m long. The edge effects have necessarily had an impact on the results;



	
The cable temperature was 33.5 °C at both ends of the cable. Its temperature was considered constant along the cable.








Manufacturer’s data



Values are given by two manufacturers, Nexans [14] and NKT [15]. The value found in the datasheets is summarized in Table 7.



Nexans cable originates from the previous technical series of French LV cable. The neutral wire is surrounded by lead. The sum of the neutral wire and the lead part is 95 mm2. Nexans does not provide the data for the current technical series. The difference between the neutral cross-section impacts only the per-unit-length resistance of neutral. The per-unit-length resistance given by NKT is for a direct current, whereas Nexans likely gives the value for a 50 Hz current. Therefore, there are already differences between the manufacturer’s data. The manufacturers do not specify the model (4 CM, 3 CM, or S CM) used for the data; however, the S CM is the standard model used by manufacturers to establish these data.



Comparison



Table 8 summarizes the results of the three methods for the 150/95 mm2 cable. For the analytical and FEM models, cable temperature was 20 °C, and the ground electrical resistivity was 100 Ωm. For the experimental methods, the value of the self-resistance was adapted to correspond with a temperature of 20 °C. The experimental terms have not been adapted with respect to the ground electrical resistivity, due to a lack of data.



The three methods have given similar results. The analytical model and FEM had a deviation of 12% on the resistance, and a deviation of 3.6% on the reactance. The deviation of the resistance was higher than the reactance due to non-diagonal terms, which were five times smaller than the diagonal terms. The analytical and experimental methods had a deviation of 18% on the resistance, and 15% on reactance. The deviation was mainly caused by the limitations described in Section 2.2. The experimental method gave valuable results for the three first terms, and should be extended to the neutral conductor.



The 4 CM values are transformed to S CM values to compare manufacturers’ data (Table 7) with data from the characterization (Table 8). From analytical data of Table 8, the 3 CM self-resistance      r ˇ    a a     is 0.395 Ω/km, and the direct resistance    r  11     is 0.205 Ω/km. The direct resistance is identical to Nexans per-unit-length resistance. To conclude, the values computed in Table 8 are consistent with manufacturers’ data.



Notably, 4 CM was recommended by the literature to model the LV cables instead of 3 CM and S CM. However, DSOs are more concerned with an accurate voltage profile than an accurate impedance matrix. They must comply with the EN 50160 standard [6] at each network bus. The following section is dedicated to the impact of the impedance model (3 CM, 3 CMext, and 4 CMext) on the voltage profile.





3.2. Simulations Regarding the Voltage Profile


Typical networks and test cases should be considered to quantify the real impact of the cable model on the voltage profile. As detailed in the methodology section, many factors can impact the external parameters. As a result of the COMSOL model and data from the literature, actual values for external parameters were used on existing networks and cases. Figure 13 summarizes this approach.



Three network types have been proposed to represent the main differences of the LV network. Two cases were considered to take the seasonality into account. These two points are discussed in the following subsections.



3.2.1. Test Cases


In order to make the study results easily transferable, IEEE test feeders are the most relevant networks to take. However, the cable impedance of these test feeders is defined with the S CM and not the 3 CM, 4 CM or 4 CMext. The transformation of the S CM matrix to 3 CM, 4 CM or 4 CMext is excluded. Therefore, the use of these feeders is impossible to compare cable models.



Different LV networks, part of the distribution dataset used in the CGMES 2.4.1 interoperability tests performed in 2016 [34], are considered for this paper. This dataset gathered urban, semi-rural, and rural networks. A network of each type was selected to examine the impact of the cable model and the external parameters.



Figure 14 describes the topology of the rural 8-bus, semi-rural 49-bus, and the urban 139-bus network. These three networks are adaptations of dataset networks, including service cables. Network characteristics are provided in Table 9. No producer was plugged to the semi-rural network; the two others included PV production.




3.2.2. Data for Simulations


Before determining the value of the external parameters, the power of the loads and producers were defined. Taking the annual maximum for production and consumption was not necessarily the most critical, nor the most realistic. If the producer and the consumer were connected to the same node on the same phase, the two powers would cancel each other out, and would not cause any current or voltage constraints. Moreover, in France, the peak of consumption is reached in winter at around 8 am or 7 pm, whereas the production peak in summer is around 1 pm. Load and production profiles of a typical year are available at [35,36], and were used for the simulations. The simulation was conducted on the 24 most critical instants for each season (winter and summer). By taking several critical instants, we represented more common situations than if we had taken only the maximum instant.



For winter, consumption is higher and therefore more critical than PV production. The 24 instants, when the consumption is the highest over the year are selected. PV production at these instants is zero since it is night. Consumption at these instants is given in pu (relative to the maximum power of the load) in Figure 15 as winter profile. For summer, production is more critical than consumption. The 24 instants, when the production is the highest over the year are selected. Consumption at these instants is not zero and is given in Figure 15 as summer profile.



Table 10 describes values of the external parameters and production/load profiles used in different cases.



Concerning external parameters, 3 CM and 4 CM in the winter and summer defined common values for external parameters: earthing resistances of 1 Ω at each node, a constant cable temperature of 20 °C, and ground electrical resistivity of 100 Ωm. The 4 CMext in the winter and summer defined more realistic external parameters: earthing resistances between 10 and 160 Ω at some network nodes, a cable temperature between 15 and 65 °C, and ground electrical resistivity between 30 and 500 Ωm. The cable temperature was deduced from the COMSOL model in Section 2.3.2. Data selection for 4 CMext in the winter and summer was also dependent on the network type. These ranges for the external parameters are taken from Section 2.3.3.




3.2.3. Voltage Limits


The different simulation data have been defined in the previous sections. The load flow is computed by EPRI’s OpenDSS [37], and Matlab does data analysis. Figure 16 shows   24 ⋅ 3   voltage profiles as a histogram for each model (3 CM, 4 CM and 4 CMext) for a given case and network. For instance, in Figure 16a, the network is rural (8 nodes) and the case is summer. For this pair, 24 instants (blue curve of Figure 15) and 3 phases (line-to-neutral voltage magnitudes for 4 CM and 4 CMext and line-to-ground voltage magnitudes for 3 CM) are considered. Thus, the voltage magnitude of 3 phases for the 24 instants and the 8 nodes are represented in the histogram. In total,   8 ⋅ 3 ⋅ 24 = 576   instants for each model (bleu for 3 CM, red for 4 CM and yellow for 4 CMext) are presented in Figure 16a. Figure 16b also represents 576 instants in the winter case of the rural network. For semi-rural (Figure 16c,d) and urban (Figure 16e,f) networks, 3456 and 10,008 instants are respectively comprised. Each bar of the histogram has a width of 0.01 pu. The analysis of Figure 16 is conducted with the one of Table 11.



A percentage ratio of voltage problem    τ v    is defined in (21) to better analyze the voltage profile. A voltage problem occurs when a line-to-neutral (4 CM and 4 CMext) or a line-to-ground (3 CM) voltage exceeds the range of ±10%. The ratio is also used when the voltage profile exceeds the range of ±8%.


   τ v  =    N  p b r      N  n o d e   ∗  N  p h a s e   ∗  N  i n s t a n t     ∗ 100  



(21)




where    N  p b r   :   the number of voltage problems,    N  n o d e   :   number of nodes,    N  p h a s e   :   the number of phases and    N  i n s t a n t   :   the number of studied instants.



Table 11 presents the    τ v    ratio in all networks and cases. For under 0.9 pu, all networks were only concerned in winter configuration, whatever the model considered. The ratio was identical for 3 CM and 4 CM. It was multiplied by 3, 2.3, and 1.9 for the rural, semi-rural, and urban networks, respectively, when switching from 4 CM to 4 CMext. For under 0.92 pu, only the winter configurations were concerned. For all networks, the 4 CMext generated more instances below 0.92. However, the 4 CM does not always generate more cases than the 3 CM, and the use of the 4 CM does not always give a more accurate insight into the state of the network.



For above 1.08 pu, the rural/summer, urban/summer, and urban/winter configurations were concerned. Since the semi-rural network did not contain any generation, the configurations of this network did not lead to a voltage above 1.08 pu. For the rural/summer configuration, the 4 CMext model resulted in 2.7 more cases than the 3 CM. On the other hand, the 4 CM did not show any problems. In this configuration, the 4 CM was less accurate than the 3 CM. For the urban/winter network, the number of cases decreased very slightly for the 4 CMext, compared with the 3 CM, whereas it increased by a factor of 5.9 in the urban/summer configuration. For above 1.1 pu, no configuration was concerned.



The position and value of earthing resistances are often missing from DSO databases. Modifying their value (e.g., ageing or theft of the grounding) makes their modeling delicate. Therefore, a focus is made on the impact of earthing resistances on the voltage profile in the following section.




3.2.4. Focus on the Number of Earthing Resistance


The number of earthing resistors is the main difference between 3 CM and 4 CM/4 CMext. The author of [24] only studied the impact of earthing resistances on neutral-to-ground voltage profiles. This section studies the impact of earthing resistances on both line-to-neutral and neutral-to-ground voltages. Earthing resistance also has an impact on line-to-neutral voltage profiles, in a similar way to the other parameters. Performance metrics are considered to analyze the results. The maximum voltage magnitude error (MVME) on phase a is defined by (22), where voltage is in pu. The same results are visible on phases b and c.


  M V M  E a  =   max  k   |   v  a n  k  −    v ˇ    a g  k   |   



(22)







By default, [34] networks are in four conductors without earthing resistances. By applying Kron reduction, the 3 CM is computed. Two parameters were modified in the simulation: the number and the value of earthing resistance. Earthing resistances varied approximatively between 0.1 and 100 Ω. At each load flow, an earthing resistance was added in ascending order of buses. This study was only conducted on the 49-bus/semi-rural network, which was less impacted by the other external parameters.



In Figure 17, 0.1 Ω is added to the listed buses. Thus, the curves with the label “Bus 1 to XX” have grounding resistors, from bus 1 to bus XX. For the other buses, no grounding resistor was present. Thus, the “Bus 1 to 1” curve corresponded to the LV network grounded at the substation.



Load flows were computed over a week with a time step of 30 min (336 points), to see the impact of earthing resistances on several consumption points. Consumption and production profiles were specified using the data from [35,36]. The maximum of   M V M  E a    with respect to time, was used:


  M M V M  E a  =   max  t      max  k   |   v  a n   k , t   −    v ˇ    a g   k , t    |   



(23)







Table 12 gives   M M V M  E a    for the 49-bus network. Between 3 CM and 4 CM/4 CMext, the deviation depends on the value of the earthing resistance. On the one hand, if the earthing resistance was small, the two models were very close. On the other hand, if the earthing resistance was about 100 Ω, the deviation was above 0.03 pu, representing a consequential error in the network modeling for DSOs. Considering the 4 CMext is therefore essential to avoid adding errors to the network model.






4. Discussion


The first section of results (Section 3.1) focused on the comparison of the models for the characterization of LV cables. Considering the temperature and the resistivity of the earth in the analytical modeling of the cables allowed to compare the 4 CMext, 3 CMext, and S CMext models. The behavior of the 4 CMext model, with respect to external parameters, was more consistent than the other models. This model has therefore been retained for the modeling of cables. This analytical model was compared with the FEM, as well as the experimental method, and the manufacturer’s data, to challenge its accuracy. Analytical 4 CM and FEM had a deviation of 12% on the resistance, and a deviation of 3.6% on the reactance. Deviation of the resistance was higher than the reactance, due to non-diagonal terms, which were five times smaller than the diagonal terms. The analytical and experimental methods had a deviation of 18% on the resistance, and 15% on the reactance. The deviation was mainly caused by limitations of experimental measurements described in Section 2.2; thereby, 4 CM is recommended to authors to model LV cables, instead of 3 CM and S CM.



However, DSOs are more concerned with an accurate voltage profile than an accurate impedance matrix. They must comply with the EN 50160 standard [6] at each network bus. As their models are imprecise, an error margin of 0.02 pu was retained (Figure 1), to ensure that the voltage profile does not go beyond the limits of the standard. In case of a new user connection or an increase in its power, the voltage profile reaches the uncertainty zone. The DSO is then compelled to carry out a reinforcement. On the other hand, with a more accurate model, it is possible to know the actual value of the voltage under 0.92 pu, but still far from the low limit of 0.90 pu. These limit cases are indeed few; however, they are dimensioning for the network operation, since the DSO must comply with the limits of the EN 50160 standard for all network users. Moreover, networks are built to anticipate network developments, and often have a few percent margins to accommodate new users.



In Section 3.2, the impact of the cable model was therefore studied on three LV networks and in two cases. The use of several networks and cases allowed us to compare the models in more realistic situations. Regarding the results for each network, the lack of a producer on the semi-rural network did not create a voltage limit problem in summer; this is highlighted in Figure 16c,d. For this network, the DSO can then increase the secondary voltage of the transformer to avoid limiting low voltage problems, either in winter or in summer. On the other hand, for rural and urban networks, where producers are present, the ±10% voltage range is largely covered, and high and low voltage problems occur. This situation is likely to become more and more significant with the development of decentralized production, especially for the rural network where the transformer load is low (Table 9).



Regarding the results by season, summer cases can cause high voltage problems. This is mainly due to the presence of producers. The 4 CMext always generates a higher ratio than the other models; it is therefore essential to highlight the limitation of the 4 CM for high voltage since it generates a lower ratio than the other two models. The 4 CM should not be used in summer cases, and the 4 CMext identifies more than three times as many high instants as the 3 CM. However, these instants above 1.08 pu in the 3 CM are not above 1.1 pu in the 4 CMext. The margin of error of 2% is therefore too large for the summer case. In winter, the networks are concerned by low voltage problems, except for in the urban case. The 3 CM and 4 CM give close ratios    τ v    except for the rural network, where the 4 CM ratio is lower, and for the semi-rural network, where it is higher. This emphasizes the limitations of the 4 CM. The 4 CMext always gives a higher ratio for the winter cases under 0.90 and 0.92 pu, and this ratio is identical for 3 CM and 4 CM. It is multiplied by 3, 2.3, and 1.9 for the rural, semi-rural, and urban networks, respectively, when switching from 4 CM to 4 CMext. In this situation, the rural networks must be studied more precisely, and the 4 CMext model must be used. For the situation urban/above 1.08 pu, the 4 CMext ratio    τ v    is lower than 3 CM. The 3 CM overestimates the network voltages and could lead to non-existent voltage problems. The use of the 4 CMext model in this situation seems necessary to avoid unnecessary reinforcement.



A focus was conducted on the position and value of the earthing resistors in Section 3.2.4. Except for a high number of low-value resistors, the deviation between the 3 CM and the 4 CMext could be up to 0.03 pu. This deviation exceeded the 2% model error presented in the introduction, and could lead to cases outside the limits of the EN 50160 standard. This shows that the external parameters have a significant impact on the voltage profile.




5. Conclusions


The results of this paper were separated into two sections. Section 3.1 identified 4 CMext as the most accurate means of considering external parameters. This analytical model corresponds with the finite element model, with an error margin of 4%, experimental measurements of 15%, and French cable manufacturer’s data of 0.5%, for a 150/95 mm2 LV cable. The 4 CMext is therefore recommended by the authors for the determination of the impedance matrix of LV cables. Section 3.2 identified the errors generated on voltage profile by an inaccurate cable model. It was shown in Table 11, that the 4 CMext always gave more insight of the voltage profile than 3 CM or 4 CM. The 4 CMext allowed the authors to identify the risk of violation for the EN 50160 standard. Violations of low voltage (under 0.9 pu) were underestimated by two to three times by the 3 CM and 4 CM in the winter. Violation risks of high voltage (above 1.08 pu) were underestimated from three to six times by the 3 CM model in the summer. Surprisingly, the 4 CM detected fewer critical cases than the 3 CM in the summer, and for the rural network. Therefore, the difference between the 3 CM and 4 CM was earthing resistance. A value of 1 Ohm for 4 CM caused too much error, compared with 3 CM (0 Ohm) or 4 CMext (10 to 160 Ohms). From Table 11, the 3 CM may have been sufficient for an urban network, but would not be sufficient for rural or semi-rural networks. On the other hand, the focus on the number of earthing resistances in Section 3.2.4 showed that failing to take earthing resistances into account in the modeling (the main difference between a three-conductor and a four-conductor model) could lead to a voltage profile error of more than 0.03 pu (above the 2% margin of error in Figure 1). Hence, the authors recommend that DSOs use a four-conductor model of LV cables, which includes variations of external parameters—the 4 CMext. This model allows a more accurate insight into the voltage profile, and thus can avoid and postpone reinforcements in the case of new additional users.



This paper opens up future avenues for research. It calls for the accurate determination of the external parameters of the cable to obtain the 4 CMext. This determination can be used for both real-time management and network planning. The development of a parameter estimator, which determines the external parameters of the 4 CMext, is one of the research avenues to explore.
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Nomenclature




	3 CM
	3-Conductor Model



	3 CMext
	3 CM taking into account external parameters



	4 CM
	4-Conductor Model



	4 CMext
	4 CM taking into account external parameters



	5 CM
	5-Conductor Model



	DSO
	Distribution System Operator



	External factors
	Soil color, ground type, air temperature, irradiance, ground moisture and electric losses



	External parameters
	Cable temperature, ground electrical resistivity and value/number of earthing resistances



	FEM
	Finite Element Method



	LV
	Low Voltage



	MV
	Medium Voltage



	MVME
	Maximum Voltage Magnitude Error



	pu
	Per unit



	PV
	PhotoVoltaic panels



	S CM
	Symmetrical Component Model



	S CMext
	S CM taking into account external parameters
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Figure 1. The margin of error is due to model uncertainties in network planning. DSOs require these margins to avoid voltage problems. 
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Figure 2. Diagram of the LV cable for the analytical method. Phase  a ,  b  and  c  sectors are transformed into circles of identical surfaces. For the neutral  n , the surface of the crown was added to that of the circle. For each phase, the barycenter of the initial shape is used as the center of the circle. 
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Figure 3. 4 CMext of LV cable. 
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Figure 4. 3 CMext of LV cable. 
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Figure 5. Cable mesh (a) and general view (b) for the FEM. 
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Figure 6. The experimental set-up for measuring cable impedance. 
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Figure 7. The link between factors, parameters, matrix terms, and voltage profile. External factors have an impact on the external parameters, modifying either the terms of the matrix or the voltage profile. 
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Figure 8. Trench for the exit of LV cables at the MV/LV substation on the university campus (a). The dimensions of the trench were used to design the COMSOL FEM model (b). 
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Figure 9. Daily variations of ground surface temperature for different pavements (A1 = Paver, B1 = Asphalt, C1 = Concrete) in summer (a) and in winter (b). Air temperature, wind speed, and solar radiation are also displayed [30]. 
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Figure 10. Current flow for one day in each phase of the conductors in summer and winter [32]. 
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Figure 11. The temperature of cable(s) in summer (a) and winter (b). 
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Figure 12. Per-unit-length resistance and reactance of 4 CMext (a,b), 3 CMext (c,d), and S CMext (e,f) with respect to temperature (a,c,e) and ground resistivity (b,d,f). 
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Figure 13. Factors, parameters, and configurations for the simulations regarding voltage profile. The link between the factors, parameters, impedances, and voltage profile is given in Figure 7. The factors have an impact on the parameters. As the factors are interrelated, so are the parameters. Several configurations (three networks and two cases) are considered to have consistent parameter values. 
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Figure 14. 49-bus (a), 8-bus (b) and 139-bus (c) networks with line type and load/PV connection phase. Rural, semi-rural and urban networks correspond to the 8-bus, 49-bus, and 139-bus, respectively. These networks are modified versions of the [34] networks. 
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Figure 15. Load power at selected instants for the summer and winter profiles. Load power in pu is given relative to the maximum power of the load. 
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Figure 16. Occurrence on the voltage profile in the rural (a,b), semi-rural (c,d) and urban (e,f) network and summer (a,c,e), and winter (b,d,f) cases. 
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Figure 17. Phase voltage magnitude error between 3 CM and 4 CM of the 49-bus test feeder, with    R e k  = 0.1    Ω    (a) and neutral-to-ground voltage of 49-bus test feeder for (b). 
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Table 1. Cross-section of European LV cables.
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	Reference
	Country
	Cable Cross-Section





	[16,20]
	UK
	 [image: Energies 14 07849 i001] [image: Energies 14 07849 i002]



	[17]
	Germany
	 [image: Energies 14 07849 i003]



	[18]
	Denmark
	 [image: Energies 14 07849 i004]



	[19]
	France
	 [image: Energies 14 07849 i005]
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Table 2. Impact of external parameters in the literature.
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	Reference
	External Parameter
	Impacted Quantity
	Survey Limits





	[20]
	Cable temperature
	Symmetrical components
	No voltage profile

Not 4 CM



	[17]
	Cable temperature

Earthing resistances
	Voltage profile
	Non-network dependent temperature

Small earthing resistances



	[23]
	Ground electrical resistivity
	Mutual impedance
	No voltage profile

MV American-style network



	[24]
	Earthing resistances
	Neutral-to-ground voltage
	MV American-style network
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Table 3. Material properties used in the COMSOL model.
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	Notation
	Insulation
	Concrete
	Aluminum





	Density (kg/m3)
	  μ  
	1390
	2300
	2710



	Thermal conductivity (W/m/K)
	  K  
	0.4
	1.0
	220



	Heat capacity at constant pressure (J/kg/K)
	    C p    
	1050
	750
	910
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Table 4. Soil resistivity and earthing resistance of different soils [19].
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Type of Soil

	
Soil Resistivity (Ωm)

	
Earthing Resistance (Ω)




	
Ground Electrode Depth




	
3 (m)

	
6 (m)

	
10 (m)






	
Very moist soil

	
30

	
10

	
5

	
3




	
Farming soil

	
100

	
33

	
17

	
10




	
Sandy clay soil

	
150

	
50

	
25

	
15




	
Moist gravel

	
500

	
160

	
80

	
48




	
Dry gravel

	
1000

	
330

	
165

	
100




	
Stoney soil

	
30,000

	
1000

	
500

	
300
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Table 5. The slope of terms of three matrices with respect to temperature (Ω/km/°C).
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	    Matrix      z  k l    _    ( 4   CMext )    
	    Matrix        z ˇ    k l    _    ( 3   CMext )    
	    Matrix      z  012   k l    _    ( S   CMext )    





	    r  a a   k l   → 6.9 ·   10   − 4     
	      r ˇ    a a   k l   → 1.2 ·   10   − 3     
	    r  00   k l   → 2.1 ·   10   − 3     



	    r  a b   k l   → 0   
	      r ˇ    a b   k l   → 4.6 ·   10   − 4     
	    r  11   k l   → 6.9 ·   10   − 4     



	    x  a a   k l   → 0   
	      x ˇ    a a   k l   → 3.7 ·   10   − 4     
	    x  00   k l   → 1.1 ·   10   − 3     



	    x  a b   k l   → 0   
	      x ˇ    a b   k l   → 3.5 ·   10   − 4     
	    x  11   k l   → 0   
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Table 6. Voltages and currents were obtained from the experimental method. The impedances were computed from (17).
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	Voltages (mV)
	Currents (A)
	Computed Impedances (mΩ)





	     Δ  V  a a    _  = 240   ∠   0 °   
	      I a   _  = 106   ∠   26 °   
	      Z  a a    _  = 2.68 + 7.16 j   



	     Δ  V  b b    _  = 293   ∠ − 128 °   
	      I b   _  = 133   ∠ − 101 °   
	      Z  a b    _  = 0.60 + 8.08 j   



	     Δ  V  c c    _  = 247   ∠   110 °   
	      I c   _  = 110   ∠   129 °   
	      Z  a c    _  = 0.55 + 8.05 j   
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Table 7. Characteristics of French LV cable given by manufacturers.
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Manufacturers

	
Nexans [14]

	
NKT [15]




	
Reference

	
H1 XDV-AR NFC 33–210

	
H1 XDV-AS ENEDIS 33-S-210




	
Cross-section

	
3 × 150 + 1 × 70

	
3 × 150 + 1 × 95




	
Per-unit-length maximal resistance 20 °C (Ω/km)

	
Phase

	
   0.206   

	
  0.189   (direct current)




	
Neutral

	
   0.443   

	
   0.320   
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Table 8. Characterization of an LV 150/95 mm2 cable via three methods: analytical, FEM, and experimental. Impedances are in Ω/km for a temperature of 20 °C and a ground resistivity of 100 Ωm.
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	Analytical
	FEM
	Experimental





	      z  a a    _  = 0.254 + j 0.758   
	      z  a a    _  = 0.261 + j 0.756   
	      z  a a    _  = 0.260 + j 0.716   



	      z  a b    _  = 0.049 + j 0.694   
	      z  a b    _  = 0.055 + j 0.688   
	      z  a b    _  = 0.060 + j 0.808   



	      z  a c    _  = 0.049 + j 0.680   
	      z  a c    _  = 0.054 + j 0.674   
	      z  a c    _  = 0.055 + j 0.805   



	      z  a n    _  = 0.049 + j 0.708   
	      z  a n    _  = 0.056 + j 0.694   
	/



	      z  b n    _  = 0.049 + j 0.679   
	      z  b n    _  = 0.053 + j 0.672   
	/



	      z  n n    _  = 0.299 + j 0.764   
	      z  n n    _  = 0.309 + j 0.736   
	/
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Table 9. Parameters of LV network types.
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	Network Types
	Rural/8-bus
	Semi-rural/49-bus
	Urban/139-bus



	Transformer power
	100 kVA
	250 kVA
	630 kVA



	Consumer number
	4
	31
	148



	Maximum consumption
	30 kW
	145 kW
	390 kW



	Producer number
	1
	0
	9



	DER contract power
	18 kW
	0 kW
	26 kW



	Network length
	1.0 km
	4.3 km
	4.8 km
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Table 10. Values of external parameters for all networks and cases.
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Urban/139 Bus

	
Semi-Rural/49 Bus

	
Rural/8 Bus






	
3 CM Winter

	
    T  c a b l e   = 20   ° C   

	
    T  c a b l e   = 20   ° C   

	
    T  c a b l e   = 20   ° C   




	
    ρ g  = 100    Ω m    

	
    ρ g  = 100    Ω m    

	
    ρ g  = 100    Ω m    




	
winter profile

	
winter profile

	
winter profile




	
4 CM Winter

	
    R e  = 1   Ω   

	
    R e  = 1   Ω   

	
    R e  = 1   Ω   




	
    T  c a b l e   = 20   ° C   

	
    T  c a b l e   = 20   ° C   

	
    T  c a b l e   = 20   ° C   




	
    ρ g  = 100    Ω m    

	
    ρ g  = 100    Ω m    

	
    ρ g  = 100    Ω m    




	
winter profile

	
winter profile

	
winter profile




	
4 CMext Winter

	
    R e  = 50   Ω   

	
    R e  = 160   Ω   

	
    R e  = 10   Ω   




	
    T  c a b l e   = 35   ° C   

	
    T  c a b l e   = 25   ° C   

	
    T  c a b l e   = 15   ° C   




	
    ρ g  = 150    Ω m    

	
    ρ g  = 500    Ω m    

	
    ρ g  = 30    Ω m    




	
winter profile

	
winter profile

	
winter profile




	
3 CM Summer

	
    T  c a b l e   = 20   ° C   

	
    T  c a b l e   = 20   ° C   

	
    T  c a b l e   = 20   ° C   




	
    ρ g  = 100    Ω m    

	
    ρ g  = 100    Ω m    

	
    ρ g  = 100    Ω m    




	
summer profile

	
summer profile

	
summer profile




	
4 CM Summer

	
    R e  = 1   Ω   

	
    R e  = 1   Ω   

	
    R e  = 1   Ω   




	
    T  c a b l e   = 20   ° C   

	
    T  c a b l e   = 20   ° C   

	
    T  c a b l e   = 20   ° C   




	
    ρ g  = 100    Ω m    

	
    ρ g  = 100    Ω m    

	
    ρ g  = 100    Ω m    




	
summer profile

	
summer profile

	
summer profile




	
4 CMext Summer

	
    R e  = 50   Ω   

	
    R e  = 160   Ω   

	
    R e  = 10   Ω   




	
    T  c a b l e   = 65   ° C   

	
    T  c a b l e   = 50   ° C   

	
    T  c a b l e   = 35   ° C   




	
    ρ g  = 150    Ω m    

	
    ρ g  = 500    Ω m    

	
    ρ g  = 30    Ω m    




	
summer profile

	
summer profile

	
summer profile
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Table 11.    τ v    ratio (21) in different networks and seasons.
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     τ v    ( % )    

	
Rural

	
Semi-Rural

	
Urban




	
Winter

	
Summer

	
Winter

	
Summer

	
Winter

	
Summer






	
Under 0.9 pu

	
3 CM

	
0.17

	
0

	
0.23

	
0

	
0.16

	
0




	
4 CM

	
0.17

	
0

	
0.23

	
0

	
0.16

	
0




	
4 CMext

	
0.52

	
0

	
0.54

	
0

	
0.30

	
0




	
Under 0.92 pu

	
3 CM

	
3.30

	
0

	
0.85

	
0

	
0.60

	
0




	
4 CM

	
2.95

	
0

	
0.94

	
0

	
0.60

	
0




	
4 CMext

	
5.56

	
0

	
1.67

	
0

	
0.74

	
0




	
Above 1.08 pu

	
3 CM

	
0

	
4.69

	
0

	
0

	
1.24

	
0.14




	
4 CM

	
0

	
0

	
0

	
0

	
0.56

	
0.13




	
4 CMext

	
0

	
12.5

	
0

	
0

	
1.16

	
0.77




	
Above 1.1 pu

	
3 CM

	
0

	
0

	
0

	
0

	
0

	
0




	
4 CM

	
0

	
0

	
0

	
0

	
0

	
0




	
4 CMext

	
0

	
0

	
0

	
0

	
0

	
0
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Table 12.   M M V M  E a    (23) in the 49-bus network. Earthing resistances are from bus 1 to bus    N R   .






Table 12.   M M V M  E a    (23) in the 49-bus network. Earthing resistances are from bus 1 to bus    N R   .





	     [    10   − 3     p u  ]     
	0.1 Ω
	1 Ω
	10 Ω
	100 Ω





	NR = 1
	33.8
	33.8
	33.8
	33.8



	NR = 13
	13.5
	26.7
	33.2
	33.8



	NR = 25
	12.9
	23.0
	31.7
	33.6



	NR = 37
	4.4
	21.4
	31.7
	33.6



	NR = 49
	4.4
	20.6
	31.1
	33.6
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
‘Ground thermal

Ground type conductivity

W/m/c)
Soil color(albedo) T
Electric losses (W/m?) Cable temperature | (-C) J———] Cable self-resistance |

Irradiance (W/m’)

Airtemperature (°C)

Ground moisture (%)

‘Ground resistivity i (@im) |———— Cable reactance |

Earting resstance 1 (8]

Factors.





media/file4.png





media/file30.png
o o )
NN » oo

Load power in p.u.

o
N

summer profile
winter profile

10 15
Selected instants

20

25





media/file18.png
Temperature (° C)

Solar Radiation(W /m?)

07 — C1_Surface ,'/::‘-\-\-_‘ — 1000 07 — C1_Surface — 1000

== A1_Surface S N —== A1_Surface
60 71 ---- B1_Surface I"." “, Cc 607 - B1_Surface

<==<< Air Temp. Al Y — 800 & G -=-- Air Temp. — 800
S50 7| —— WindSpeed NN — >~ 50 7| —— Wind Speed

| SolarRadiatiorf p ) S ~ 7" Solar Radiation
40 ! - 600 € o 40~ - 600
: S 5

30 A S S © 907
20 — ~_-/‘J/.;/- ) * —400 8 8 20 _ ./ ",,--\:.‘ _400

.--*- . -'.I. \‘ 0: E . 0" B
10 . Nen_/ \‘/ 'I \.\ E Q) 10 _

; A —200 B -
o e A N ? 0 -
N\ \
/N .

0 o Seee -0 10

l L} L] L) L) 1} L] L 1} L) L) L L) L L 1} L) L} L] L) L L} 1) L I I ] | 1 | ] | J ] ] ] | 1 L} | | L] L] ] | L | } | L} l

00 03 06 09 12 15 18 21 00 00 03 06 09 12 15 18 21 00
07/10 07/11 01/16 01/17

(@) Summer (b) Winter





media/file35.jpg
18Vl {pu)

0.04)

oo}

007

001

002
o

ot
B 11037
11049

Vgl )

201

1o

]
—re
—
—r

0

£l

ER

Bus number

@

W ®

ERE

Bus number

®

g





media/file21.jpg
FNRIRITER
VAR WL

I w7 e T v e B o %

W T e W e

(a) Summer (b) Winter





media/file26.png
| Soil color (albedo) | N

|Ground typel

| Air temperature (°C) |

| Irradiance (W/m?) |

| Ground moisture (%) |

| Ground resistivity pi* (Qm) |

> | Cable temperature 7' (°C) | '<

| Earthing resistance R (Q) |

| Electric losses (W/m?) | _

Factors

Network type

Urban

Semi-rural

Rural

Cases

Winter

Summer

Parameters

\—

Configurations





media/file39.png





media/file27.jpg
0 e @ o
K e & e
fryseargem





media/file3.jpg





media/file22.png
Temperature (°C)

$))
a1
| |

(&)
o
T

~ \ \,

VN N iy 1, r
A RENETE
s\,\\ .
\/

1 cable
= == == :4 cables

24

48

72

96 120 144 168 192 216 240
Hours

(a) Summer

60

Temperature (°C)
N w B ()]
o o (=] o

—
o

I
-

i
hod

||
Iy ,'r £l

1t I
nong g,

EYAN L

] Y

[} . ‘
:I A |‘ Iy :

Ao e
",|.||l"| \,‘,\'
ARl L1 VP T
l ] 1" 4

l\
1
1
1

1 cable
- == == :4 cables

24 48 72 96

120 144 168 192 216 240
Hours

(b) Winter





media/file19.jpg
Current (A)

350

012345678 9101112131415161718192021222324
Hours

—8—Summer -«

Winter





media/file7.jpg
la
e
ik K
|
i} | Vag
— .
~k
i [ng
- > @
=k
[Vtg






media/file28.png
130 131

Underground cable @48

139 116 117
= 3%x240+115mm? 47 49
—— 3x150+95mm? 36 42 ® @ 138 114 119
= 3x95+70mm? A4 137
34 I 34 I P 136

— 2
Twisted overhead line .46 135
— 4x150mm* 38 39 40 134

4x70mm? 94 97 98 99
— 4x35mm? 28 30 13

4x25mm? Q () .32 93 9o

1 967 100" 101

16@ 18
27 /2931
I—I—o—o o & o3

15 17 19 20 24 ®25

O—CD

102 103

~

® 026 64
21 _@22
® 23
.9 10 11 13
8

14

70 12
_______________________________________ 1
Load :
@ Phase-a @ Phase-c 3. 50 :
O Phase-b @ 3-phase 4 I
" O-@—o ¢ oo
A Phase-a A Phase-c 8A :
I
I

/\ Phase-b A 3-phase (b)





media/file10.png
%sr'. 2
e el 5.
A
S AN TN
AT U
RSV

A
N
= WA

o
=

bl

o

<
AN
Y
N Ay

#
£y

Ay

IAYivs
¥ F

oy

s

N7
]

o v L

U

AV
K

i

A,
AW,
Ay

$

Ay
e

¥,
A"
AT
Ay

VA% 4

A
%

N\
ESAN/
= AVAVAY

¥
Y.
ufv‘{

v

Boundary
A=0

Cable depth

I S

Boundary
radius

Cable

(b)





media/file40.png





media/file14.png
Ground thermal

| Ground type

| Soil color (albedo)

| Electric losses (W/m?3) |-—

| Irradiance (W/m?) I/

|Air temperature (°C) I/

| Ground moisture (%)

2

A conductivity
(W/m/°C)

Parameters

Cable temperature 7% (°C) |—

Ground resistivity pr' (Qm) |—

|

Earthing resistance (€1) |—

4>| Cable self-resistance |
—-l Cable reactance |
4'| Voltage profile |

Factors





media/file11.jpg
| b
R
T @

>t Phase a
(+Jo - et
o Phase ¢

[ S—
Newran

I Voltmeterterminal

& i.

0meters





media/file6.png





media/file36.png
|AV_[ (pu)

0-04 | | | | | | | |
Bus 1 to 1

0.03F Bus 1t0 13
Bus 1 to 25
Bus 1 to 37

0.02f Bus 1 to 49

0.01F

ok
-0.01F
-0.02 i i : :
0 10 20 30 40 50
Bus number

(a)

20

Bus 1to 1

Bus 110 13
Bus 1 to 25
Bus 1 to 37
Bus 1 to 49

20 30
Bus number

(b)

40






media/file15.jpg
[ efeles
®






media/file32.jpg
Somirural network - Summer case

Somicural notwork - Winter case

] [ ' 3 [
i .
= on 2 ol jsom
o e i —cn
i i)
i
o e s ey
© (d
-l B : 3 [
o e
1 fod
i U =
s =14
j §

Lot oo
©

Unsiorours vasgo

[0}





nav.xhtml


  energies-14-07849


  
    		
      energies-14-07849
    


  




  





media/file41.png
<« A





media/file16.png
. | . L 1 L L 1 1 | 1
ki ] O /-0.82“"‘
' Air| /] o 71 |-0.837
/» o1 o -0.84~
L q -0.85
- |02] -0.867]
1 0.3 -l |-0.877
1|03 i
a | | |-0.88
-0.4 0.897
[_| F |05 —/ 0.97]
S ol g 1 |-0.917
o \\\\ f -0.92"
& S 077 (| |-0.937
- . \ '
O \\ - |08 - |-0.947
G poss
| X | o9 ® 8 @ ® H 995
-0.96
C NEE! -0.977
A ENEEENEEEENEEEEEEEEL , , \{ x A
5 0 5 0.2 0 0.2






media/file2.png
Voltage profile

4

1.10
1.08

1.00

0.92
0.90

\ PU

Margin of error

Margin of error

Distance to substation





media/file20.png
Current (A)

."o
o.o > o®
< ."... ‘ ‘..‘..o‘

01 2 3 45 6 7 8 91011121314151617 18 1920 21 22 23 24
Hours

wfl=Summer --@ -Winter





media/file23.jpg
@
®






media/file5.jpg





media/file24.png
<t
| | | | | r o
r A
~ Seo D
23 38
8 8 .
7 12
n N A
288
h N N [
AN
- 12
n N A
B [ | B B [ | -
) 6~ M N - o=
o (e o o o
(wy/5) @ouepadwi xe|ND ¢ Yibus|-jiun-lad
o
|| || || || || || O
=
- 4 ©
(o 0]
~ Seo D
28 3
8 8
- - ©
©
3T
&~ &
. - 0
4
. - 0
N
| | | | | | | | | | | | | | 0
© N © 1B T ©®© N = o
o o o o o o o o

(wy/v) eouepadwi IXeND ¥ Yibusi-jiun-ied

Ground resistivity (2m)

Temperature (°C)

(b)

(a)

104

b ] | | | | | | | r
~ S eo
288
RS .
" 12
n N A
2328
1 RN »
N
" 12
n N A
[ | [ | B [ | [ | B [ [ | ﬁlo
© N © 1 ¥ o N = o=
o o o o o o o o
(w/5) @ouepadwi xsND € Yibusj-jun-lad
o
| | | | | | || || || || || 0
=
. - 0
(o0)
~ Seo
2 [/ 3
i TR
= - ©O
©
T3S
M O
£ -4 O
4
- -4 ©
(V]
[ | [ | [ | | | | | | | | | | 0
© N © W ¥ O o = o
o o o o o o o o

(wy/v) eouepadwi IxeND € yibus-jun-ied

Ground resistivity ({2m)

Temperature (°C)

(d)

(c)

4
b ] | | | | L | | | | r o
4 | ~
~ O s T
RO
8 o
7 12
n N ~
et fe-dar
1 &~ .
7 .
- 12
n N ~
[ | B B [ | B B B ‘lo
© N © 1 ¥ © o = o=
(e»] o o o o o o o
(wy/5) @ouepadwi xaND S Yyibusj-jun-iad
o
| | | | | | | | || 0
=
-4 O
o0
4 ©
©
4 ©
4
-4 O
(9]
[ | [ | [ | [ | [ | | | 0
© N © 1 T © o = o
o o o o o o o o

(wy/v) eouepadw X8\ S Yibusj-jiun-ied

Ground resistivity (2m)

Temperature (°C)

()

(e)





media/file33.png
Number of instants

Rural network - Summer case Rural network - Winter case

300 160
140 -
250
120 -
200} 2
& 100 -
2}
=
150 © 80 -
©
0
£ 60 -
100 >
40 .
50
20 .
0 — 0 »
0.9 0.95 1 1.05 1.1 1.15 0.9 0.95 1 1.05 1.1
Line-to-neutral voltage in pu Line-to-neutral voltage in pu

(a) (b)





media/file29.jpg
Load power in p.u.

o
@

o
o

o
i

=
)

5

summer profile
inter profile

10 15 20
Selected instants

25





media/file1.jpg
Voltage profile

Apu

1.10

Margin of error

1.08

1.00

0.92

Margin of error

0.90

Distance to substation





media/file31.jpg
B N B
250} i 1
b =
= 1 =5
H [E==Tscm |
3 e =eou 3 uf
i (o FEY i
o5 095 T 05 5] s s 095 1 05 El
L i

(@

®)





media/file25.jpg
Soil color (albedo)

Ground type Urban
Ground resistivity pf () Semirural

Air temperature (°C) Rural
Cable temperature 7' (°C)

rradiance (W/m?)

Earthing resistance /1 (0)

Winter
Summer

Ground moisture (%)

Electric losses (W/m?®)

Factors Parameters Configurations





media/file12.png
A2

D Clamp meter

v' l‘ Voltmeter terminal

Phase a

Phase b &
Phase ¢ =
Neutral n 2

10 meters





media/file9.jpg
Cable depth

Boundary
radius,

(b)





media/file0.png





media/file42.png





media/file38.png





media/file8.png





media/file34.png
Semi-rural network - Summer case Semi-rural network - Winter case

2000 T T T 1200 = T T T
N (e 0] AN o0}
(o] o (o)} o
o -~ o -
1000 -
1500 -
£ £ goof i
8 g
(7)) [%2]
= =
© 1000 - © 600F -
@ @
0 L0
S £
Z 3 400} i
500 -
200p -
O ! ! 0 SN S| !
0.9 0.95 1 1.05 1.1 1.15 0.85 0.9 0.95 1 1.05 1.1 1.15
Line-to-neutral voltage in pu Line-to-neutral voltage in pu
(c) (d)
Urban network - Summer case Urban network - Winter case
4500 Y T T 2500 T Y T
AN o8]
@ Q
4000 © — -
% 3000F - %
S +2 1500
£ 2500} =
s c
o 2000 o
-g 'g 1000
3 1500} Z
1000 500
500
0 . 0
0.9 0.95 1 1.05 1.1 1.15 0.9 0.95 1 1.05 1.1
Line-to-neutral voltage in pu Line-to-neutral voltage in pu

(e) (f)





media/file17.jpg
Temperature ( * C)

70

@) Summer

®) Winter

o
0 CE
0 SEE e
<0 T =
1 H
» 2w
0] ix
£
104 5w
o o
04 0 -
% % 0 03 12 15 18 21 00 G o o 00 12 15 18 21 00
ao o oirts ot





