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Abstract

:

This article aims to determine the most suitable cross-sectional area for a high voltage alternating current (HVAC) submarine cable in the design phase of new projects. A thermal ladder network method (LNM) was used to analyse the thermal behaviour in the centre of the conductor as the hottest spot of the cable. On the basis of the calculated cable parameters and a thermal cable analysis of transient conditions applied by a step function with a time duration greater than 1 h, this article proposes a method for a dynamic rating of submarine cables. The dynamic rating is accomplished through an iterative process. The method was tested with a MATLAB simulation and validated in comparison with a finite element method (FEM)-based approach.
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1. Introduction


It has not always been as challenging as it is today to match energy generation levels with consumers’ power consumption patterns. Energy sources based on fossil fuels are being replaced by renewable power generation, such as wind energy, to reach one of the global climate goals of achieving at least a 27% share of renewable energy by 2030 [1]. Therefore, it is essential to investigate methods to reduce the cost associated with the transmission of renewable power generation. Multiple studies have discussed the application of Dynamic Line Rating (DLR) forecasting to already constructed lines to optimise transmission capacity [2,3]. The market for renewable power generation is growing fast, and the number and size of offshore wind farms have increased rapidly in the past several years. According to the Global Wind Energy Council, the annual installed global wind energy capacity has increased from 6.5 GW in 2001 to 52.4 GW in 2017 [4]. The disadvantage of such renewable power generation is the uncontrollability, as the power production varies with the speed of the wind. In order to carry massive amounts of power through a submarine cable (shown in Figure 1) connecting an offshore renewable power generation source, such as a wind farm, to an onshore station and simultaneously minimise the levelised energy costs (LEC) [5], it is essential to select the most suitable cable for each specific case. A way to achieve this is to change the design phase and dynamically rate cables on the basis of a worst-case estimation of varying load profiles and surrounding conditions (shown in Figure 1) of different cable environments. Such changing variables include burial depth L, thermal soil resistivity ρ and ambient temperature θA.



High voltage alternating current (HVAC) submarine cables are developed to carry a great amount of power across the water. The cable conductors consist of copper (Cu) or aluminium (Al), depending on size and price. Cross-linked polyethene (XLPE), with a maximum operational temperature of 90 ∘C, is a commonly used insulation material. A common construction of a three-core XLPE separate lead (SL), sheath-type submarine cable is shown in Figure 2, where the internal part of the cable contains l1: Conductor, l2: Conductor screen, l3: Insulation, l4: Insulation screen, l5: Swelling tape, l6: Metallic sheath/screen, l7: Anti-corrosion sheath and the common covering, containing l8: Bedding, l9: Armour and l10: Outer serving. The element f1 is the optical fibre used for communication and distributed temperature sensing (DTS) [6], and f2 represents the fillers, which are usually filled with water while in operation.



The static rating of HVAC cables can be calculated by using a series of standards from the International Electrotechnical Commission named IEC 60287 [4] and has been historically conservative as it is based on worst-case assumptions and does not take into account real-time changes of surrounding conditions [7].



Renewable power generation such as wind energy delivers an unpredictable production profile that varies from no- to full-load several times within 24 h. In Figure 3, a typical current profile from a wind farm in Denmark is shown. By considering the thermal behaviour caused by the production variation, the cable parameters can be designed according to the actual load, which is the peak value of the actual flowing current Ia, instead of using the steady-state rated current Ir. Rating cables to conduct the actual current Ia is performed through a thermal cable behaviour analysis, proposed in IEC 60853-2 [8]. This way, the selection of cable parameters can be improved, which can result in an economic advantage in the development phase [5]. Thermal considerations of offshore submarine cables are worthy of investigation, as the thermal soil conditions are better than those onshore. Thus, there is an excellent opportunity to utilise the surrounding conditions in the cable current rating phase.



Previous work has shown that on the basis of a more dynamic approach, a significant improvement in the transmission ability of cables can be achieved using real-time monitoring systems on existing cables, such as DTS [6]. This opens opportunities to investigate possibilities to use a dynamic cable rating method in the design phase of new projects.




2. Dynamic Cable Rating


Dynamic rating of cables, as the main focus of this paper, involves rating cables considering variable cable loading. It is an iterative method that comprises calculating electrical and thermal parameters on the basis of the IEC 60287 series [4] and conducting a thermal cable analysis according to IEC 60853-2 [8]. The method can be used for AC cables with a voltage above 36 kV, as defined by IEC 60853-2 [8]. In order to find an analytical solution for heat transfer from the centre of the conductor to the surface of the cable and take into account the impact of the surroundings, a thermal ladder network is built up to represent the electrical parameters of the cable and accordingly evaluate the transient temperature response by a step function.



Figure 4 is a simplified overview of the iterative method. The first stage is to determine an initial cable to design, and the second stage, which is detailed in Section 2.2, involves the determination of cable loading and electrical and thermal parameters. The third process, explained in Section 2.3, evaluates the transient temperature behaviour in the centre of the conductor on the basis of the electrical and thermal parameters determined in Section 2.2. The first decision box represents the iterative process of assessing the transient temperature response on the basis of the applied step function. With the usage of XLPE as insulation, the upper boundary is at 90 ∘C. If the cable temperature is not within the temperature tolerance, a new cable is selected. The fifth stage represents the output of a suitable cable according to dynamic cable rating.



2.1. Thermal-Electrical Analogy for Cables


To model a ladder network consisting of thermal parameters, analogical thermal and electrical parameters must be determined. This section walks through the modelling of a thermal ladder network representing a three-core XLPE submarine cable and defines the thermal parameters. Insulation materials other than XLPE can be used if the cable structure is equivalent to the cable illustrated in Figure 2. The IEC 60287 series [4] and IEC 60853-2 [8] describe the electrical and thermal properties of the most common insulation materials. The electrical properties of a cable are often represented by infinite small sections of lumped parameters containing resistance and reactance in series R+j·X and two capacitances C divided into two equal parts in parallel [9]. To represent the properties thermally, the electrical reactance X is neglected since it is the resistance R of the cable that determines the voltage drop and the capacitance C that defines the time constant of the voltage. Comparing the electrical model shown in Figure 5 and the thermal analogy of Figure 6, we can conclude proportionality between voltage V and temperature θ; current I and heat flow w; electrical resistance R and thermal resistance T; electrical capacitance C and thermal capacitance Q.



The IEC 60853-2 [8] considerations of thermal analogies were written at the time when oil–paper cables were used; this means that the computation of a thermal ladder network does not represent a modern submarine cable with high accuracy. To represent the thermal properties of a three-core XLPE submarine cable with asymmetry between the internal and external parts of the cable and a lot of non-conductive layers, it is necessary to split the physical objects of the cable into small parts and represent each of them with thermal resistance and thermal capacitance. The thermal resistance represents the ability of the material to impede heat flow, and the thermal capacitance is defined as the ability to store heat [8]. This method is only applicable in cases where thermal parameters do not change as a function of temperature variations, because it solves heat flow equations using the superposition principle, which is used exclusively for linear systems.




2.2. Determination of Cable Parameters


Thermal and electrical parameters are used to perform a temperature analysis and are calculated according to IEC 60287-1-1 [10] and IEC 60287-2-1 [11]. The thermal parameters represent the heat flow through the materials of the cable, and the electrical parameters represent the losses that contribute to heating.



2.2.1. Determination of Cable Losses and Loss Factors


IEC 60287-1-1 [10] proposes a method to determine the conductor AC resistance Rac, dielectric losses Wd, sheath loss factor λ1 and armour loss factor λ2. The conductor AC resistance Rac is calculated in IEC 60287-1-1 [10] Clause 2.1. The calculation for a round stranded (extruded insulation) or round solid three-core XLPE SL-type cable can be summarised as follows.


Rac=Rdc(1+ys+yp)[Ω]



(1)






ys=xs4192+0.8·xs4,if0<xs≤2.8-0.136-0.0177·xs+0.0563·x22,if2.8<xs≤3.80.354·xs-0.733,ifxs>3.8



(2)






xs2=8·π·fRdc·10-7



(3)






yp=xp4192+0.8·xp4·Dcdcc2·0.312·Dcdcc2+1.18xp4192+0.8·xp4+0.27



(4)






xp2=8·π·fRdc·10-7



(5)







The dielectric loss is small and can be neglected for some voltage levels, as described in [10]. The dielectric loss is calculated in IEC 60287-1-1 [10] Clause 2.2. The calculation for a cable with XLPE insulation and a voltage level greater than 30 kV nominal voltage, can be summarised as follows:


Wd=ω·2.518·lnDidc·10-9·Up2·0.001[W/m]



(6)







The sheath loss factor λ1 is calculated in IEC 60287-1-1 [10] Clause 2.3 and 2.3.10, and the calculation for a three-core SL-type cable is as follows:


λ1=RsRac·1.51+Rs2·ω·10-7·ln2·dccdms2



(7)







The armour loss factor is calculated in [10] Clause 2.4 and 2.4.2.5 as summarized below for a three-core SL-type cable:


λ2=1.23·RaRac·2·dcoDa2·12.77·Ra·106ω2+1·1-RacRs·λ1′1.5



(8)







The IEC method for calculating the armour loss of three-core SL-type cables has been questioned by cable production companies [12] and researchers [13]. The article [13] presented different methods to calculate a much more accurate armour loss, resulting in up to half the loss calculated by IEC’s suggested method. To further optimise the method of dynamic cable rating, one of the suggested alternative methods could be applied instead of the IEC approach.




2.2.2. Determination of Thermal Resistances


To determine the cable rating, the thermal resistances are needed. IEC 60287-2-1 [11] defines the thermal resistances T1, T2, T3 and T4, where T1 is the resistivity between the conductor and metallic sheath/screen, representing the layers t2-5 in Figure 2; T2 is between the metallic sheath and armour, representing the layers t7-8 in Figure 2; T3 is between the armour, representing the layer t10 in Figure 2 and surroundings; and T4 represents the surroundings illustrated in Figure 7. To simplify the calculation, the following assumptions are made:

	
Metallic layers are neglected, as their thermal resistance is negligible compared with that of poly-composite materials.



	
The optical fibre inside the fillers is assumed to have no thermal impact.



	
Swelling tape is assumed to be a part of the insulation since its thickness is small, and it is assumed to have the same thermal resistivity.



	
The bedding material is assumed to be the same material as that composing the anti-corrosion sheath.








Figure 8 shows a static thermal representation of a three-core cable based on the cable construction in Figure 2, where the electrical resistances are equivalent to the thermal resistances, as shown in Figure 5 and Figure 6, and define the ability of the materials to impede heat flow. In Figure 8, θc is the conductor temperature, θos is the outer covering (cable surface) temperature and θA is the ambient temperature of the surroundings. As the cable is a three-core cable, and T1 represents the resistance of the inner cables, the circuit is represented with T1 as three resistances in parallel.



The thermal resistances shown in Figure 8 are determined by Equations (9)–(12) [11], where the thermal resistivity ρ for commonly used cable materials and surrounding seabed conditions is defined in Table 1, t is the thickness of the respective cable layers, Dc is the conductor diameter, Da is the outer diameter of the armour, Dos is the outer cable diameter, G(Xs) is a geometric factor as a function of thickness of material between sheaths and armour and Xs expressed as a fraction of the outer diameter of the sheath in Equation (13).




T1=ρ2π·ln1+2·t2-5Dc[K·m/W]



(9)






T2=ρ6π·G(Xs)[K·m/W]



(10)






T3=ρ2π·ln1+2·t10Da[K·m/W]



(11)






T4=ρ2π·ln2·LDos+2·LDos2-1[K·m/W]



(12)





The geometric factor is found as the function G(Xs) and is determined by Equation (14) [11].




Xs=t7-8Ds



(13)






G(Xs)=2π·(0.000202380+2.03214·Xs-21.6667·Xs2)if0<Xs≤0.032π·(0.0126529+1.101·Xs-4.59737·Xs2+11.5093·Xs3)if0.03<Xs≤0.15



(14)






2.2.3. Static Temperature Calculation


IEC 60287-1-1 describes the calculation of current rating and losses at 100% load. However, with the method proposed in this paper, more accurate results can be achieved. In the proposed method, it is assumed that the cable loading is known. IEC assumes a maximum conductor temperature of 90∘C; for the proposed method, this value is calculated by an iterative process with the steady-state reached temperature given by Equation (15) [10].




θc=Ir2·Rac+Wd2·T1+Ir2·Rac(1+λ1)+Wd·3·T2+Ir2·Rac·(1+λ1+λ2)+Wd·3·(T3+T4)+θA[∘C]



(15)







2.3. Thermal Cable Analysis of Transient Conditions


A three-core XLPE submarine cable contains multiple non-conductive layers. An equivalent electrical circuit can be developed to represent the thermal properties of the cable layers according to the thermal-electrical analogous parameters.



By constructing a thermal analogy ladder network, it is possible to study the thermal behaviour in the centre of the conductor. Equation (16) is used to calculate the thermal capacitance of the respective layers, where S is the cross-sectional area of the respective layer, and cm is the specific heat capacity of the material. Typical heat capacity values can be found in Table 1.




Q=S·cm[J/m·K]



(16)





2.3.1. Thermal Ladder Network Construction


To analyse the transient temperature response in the centre of the conductor, it is essential to thermally model the cable with high accuracy. The cable is transformed from the three-core cable into a single-core equivalent cable with the same thermal properties to simplify the equivalent thermal circuit. According to IEC 60853-2 [8], transients greater than 1 h are assumed to be long duration transients, which usually is the case, of an offshore wind farm. Therefore, this method is based on long transients and is intended for the use of long duration temperature transients only. The ladder network method (LNM) is only applicable in cases where the thermal parameters do not change as a function of temperature variations, as it solves heat flow equations using the superposition principle, which is used exclusively for linear systems.



Figure 9 shows a quarter of the cross-section of the equivalent single-core cable, with thermal resistances represented on the x-axis below the respective layer and thermal capacitances represented on the left-hand side of the y-axis beside the respective layer.



To visually demonstrate the modelling of the total thermal ladder network representing a three-core XLPE submarine cable, the ladder network is divided into three sections, each surrounding a thermal resistance.



Representing the insulation layer and the screens surrounding it, the thermal resistances are divided by three, T1/3, to represent the three internal parts of the cable in parallel. The thermal capacitance of the insulation Qi is divided into two non-equal lumped parameters, distributed in parallel on each side of the thermal resistance T1/3. Figure 10 shows the thermal representation of the dielectric layers, where Van Wormer’s coefficient, shown in Equation (17), is applied to determine the allocation of the thermal capacitance Qi more accurately [9].



In order to improve the accuracy in the use of lumped parameters, the thermal insulation capacitance Qi is distributed between the single-core equivalent conductor diameter Dc* given in Equation (18) and the external diameter of insulation Di using Van Wormer’s coefficient p [9], shown in Equation (17), for long duration transients.




p=12·lnDiDc*-1DiDc*2-1



(17)





As mentioned before, due to the asymmetry of the internal parts of the three-core cable shown in Figure 8, the allocation of thermal resistance T1 has to be defined as an equivalent single-core conductor diameter Dc* dissipating the same losses as that determined by Equation (18).




T13=ρ2·π·ln(DiDc*)[K·m/W]→Dc*=Di·e-2·π·T1ρ·3[m]



(18)





Representing the sheaths around the thermal resistance T2, the metallic sheath and anti-corrosion sheath are distributed on each side of T2, as they do not have the same specific heat capacity coefficient cm. Due to the asymmetry of the internal part of the cable, the thermal resistance T2 is calculated using the geometric factor G(Xs) to include the fillers in the thermal resistance [10].



Estimations of the single-core diameter of the fillers are made on the basis of the assumption that each layer is occupied by insulation, and this means that the thermal capacitance is separated into two equal capacitances because the diameter varies in the original three-core cable. Figure 11 shows the distribution of the sheath parameters.



To represent the cable’s outer covering surrounding the thermal resistance T3, the armour and the outer serving layer must be distributed around. As the armour is a metallic layer, the thermal capacitance Qa is placed in the original position, and the thermal capacitance of the outer serving Qos is divided into two capacitances by Van Wormer’s coefficient p′ in Equation (19) to allocate the thermal capacitance distribution of the outer covering [8]. Figure 12 shows the distributed parameters of the armour and the outer covering.


p′=12·lnDosDa-1DosDa2-1



(19)







By developing lumped parameters for each part of the cable, a three-core XLPE submarine cable is thermally represented by connecting the models of Figure 10, Figure 11 and Figure 12, as shown in Figure 13.



To represent the cable in operation, the thermal ladder network must include the cable losses. Using the Cigre two-loop method [8] to reduce the mathematical complexity of the circuit analysis, the final thermal ladder network including power losses can be derived as shown in Figure 14, where θc is the denotation of the conductor temperature and θos represents the temperature at the outer serving.



According to IEC 60853-2 [8], the apparent thermal resistances in the ladder network can be defined as shown in Equations (20) and (21), and the apparent thermal capacitances are defined in Equations (22) and (23). The cable losses are equally found; cable conductor loss Wc is determined by Equation (24), and the total internal cable losses WI, including dielectric, sheath and armour losses, are determined by Equation (25).




TA=T1/3[K·m/W]



(20)






TB=T2+T3[K·m/W]



(21)






QA=Qc+p·Qi[J/m·K]



(22)






QB=(1-p)·Qi+T2+T3T2+T32·Qms+T2+T3T2+T32·Qf2+T3T2+T32·Qacs+T3T2+T32·Qf2+T3T2+T32·Qa+T3T2+T32·p′·Qos[J/m·K]



(23)






Wc(t)=3·Ia(t)2·Rac[W/m]



(24)






WI(t)=Wc(t)·[1+λ1+λ2]+3·Wd[W/m]



(25)






2.3.2. Transient Temperature Response to a Step Function


To evaluate the transient temperature behaviour in the centre of the conductor resulting from an applied step function, it is necessary to model the thermal temperature response mathematically. A step function is made to reduce the number of calculations needed. Figure 15 illustrates a current step function Is with a total number of i 4 h constant load steps Δτ. Is is the average value of the actual flowing current Ia for each step during the current profile segment illustrated in Figure 3.



To determine an appropriate length for the constant time-steps Δτ, an empirical calculation was proposed by George J. Anders [9] as given by Equation (26). This method was proposed at a time when computing time meant a lot; nowadays, the computing time is not an issue. Considering wind-based load profiles, it is not recommendable to use time-steps Δτ greater than 4 times the data resolution, as it does not represent the behaviour of the wind.




Δτ=∑T·∑Q·τ∑T·∑Q13101.25[s]



(26)





In this case, the step function has to represent the dynamic power losses, Wc(t) and WI(t), inside the cable, as shown in Figure 14 and determined by Equations (24) and (25).



Fourier transform of the unit impulse [9] as the transfer function is used to represent the response of the network [9]. The transfer function H(s) of the two-loop network shown in Figure 6 can be represented by the ratio between the conductor temperature θc and the cable power losses Wn, according to Equation (27).


H(s)=θc(s)Wn(s)=1s·QA+1TA+1s·QB+1TB=(TA+TB)+s·TA·TB·QB1+s·(TA·QA+TB·QB+TB·QA)+s2·TA·QA·TB·QB



(27)




where θc(s) and Wn(s) are polynomial of the transfer function obtained by Kirchhoff’s current law of the two-loop network; s is the complex transfer function variable. Considering any node h in the thermal ladder network, the temperature response θh(t) as function of time can be expressed as shown in Equation (28) [8].


θh(t)=Wc·∑J=12ThJ·1-ePJ·t[K]



(28)




where PJ is the time constant [s-1]; ThJ is a thermal coefficient [K · m/W]; t is time [s]; h is the node index; J is the loop index (1, 2); PJ and ThJ are obtained from poles and zeros of the transfer function given in Equation (27).



The coefficient Thj is given by Equation (29), developed by Valkenburg [8].


ThJ=-a(2-h)hb2·∏k=12-h(Zkh-PJ)PJ·∏k=1&k≠h2(Pk-PJ)



(29)




where a(2-h)h is a coefficient of the numerator equation; b2 is the first coefficient of the denominator equation; Zkh denotes zeros and poles of the transfer function, respectively; Pk denotes poles. As the equivalent circuit shown in Figure 14 only consists of two loops (J = 1, 2) and the purpose of this analysis is to obtain the conductor temperature, represented in loop one (h = 1), ThJ from Equation (29) is simplified using the notation in the following Equations (30) and (31), where Ta is the thermal coefficient of loop one, and Tb is the thermal coefficient of loop two.




Ta=T11



(30)






Tb=T12



(31)





From Equation (27), zeros of the transfer function are obtained as shown in Equation (32), and the poles P1 and P2 representing each of the loops are obtained as shown in Equations (33) and (34) [8,9].




Z11=-TA+TBTA·TB·QB



(32)






P1=-M0+M02-N0N0



(33)






P2=-M0-M02-N0N0



(34)





To simplify the notation of the poles, the substitutions shown in Equations (35) and (36) are applied [9].




M0=QA·(TA+TB)+TB·QB2



(35)






N0=TA·QA·TB·QB



(36)





From Equation (27), a(2-h)h can be found as shown in Equation (37) for loop one, and b2 is found in Equation (38). Thus, the first part of Equation (29) can be found as shown in Equation (39).




a(2-1)1=a11=TA·TB·QB



(37)






b2=TA·TB·QA·QB



(38)






a11b2=1QA



(39)





The thermal coefficient Ta from Equation (29) can be found as shown in Equation (40).




Ta=-1QA·-Z11+P1-P1·(-P2+P1)=1P1-P2·1QA-TA+TBa·TA·TB·QA·QB



(40)





Multiplying P1 from Equation (33) with P2 from Equation (34), an expression is found in Equation (41) to reduce the thermal coefficients.




P1·P2=1TA·TB·QA·QB



(41)





Using Equation (41) to simplify Equation (40), an expression is found and shown in Equation (42) to find the thermal coefficient of the first loop in the thermal ladder network. Following the same procedure for the thermal coefficient Tb of the second loop, an expression is found and shown in Equation (43).




Ta=1P1-P2·1QA-P2·(TA+TB)



(42)






Tb=TA+TB-Ta



(43)





With the thermal coefficients determined for each of the loops in the thermal ladder network, the total transient temperature response θt,i(t) above the ambient temperature θA is available. The total temperature transient is found as the function of three contributing transients that are due to the ith load step of the step functions Wc,i(t) and WI,i(t), as shown in Equation (44).




θt,i(t)=θc,i(t)+αf,i(t)·θe,i(t)[K]



(44)





The transient temperature response θc,i(t), which is derived from Equation (28), describes the conductor (θc) to cable surface (θos) transient temperature response as a function of time in Equation (45).




θc,i(t)=WDc,i·Ta·(1-e-P1·t)+Tb·(1-e-P2·t)[K]



(45)





IEC 60853-2 [8] proposes a method to determine the transient temperature rise and fall due to the impact of the surrounding conditions. The function is developed from an isotherm process between the centre of the conductor and the soil surface, as shown in Figure 7. The temperature response from the surroundings is given as an exponential integral function in Equation (46).


θe,i(t)=pT·WI,i4π·[-Ei-Dos216·t·δ--Ei-(L)2t·δ+∑k=1k=N-1-Ei-(dcc)24·t·δ--Ei-(dcc′)24·t·δ][K]



(46)




where -Ei(-x) is the exponential integral, defined as ∫x∞e-ttdt, which can be developed in the series shown in Equation (47); dcc′ is the distance from the centre of the conductor to the image of an adjacent conductor centre [m]. Figure 7 shows the relation between the burial depth L and the conductor centre to centre distance dcc and an approximation to determine the distance from the centre of the conductor to the image of an adjacent conductor centre, given by Equation (48).


-Ei(-x)=-0.577-ln(x)+x-x22×2!+x33×3!...



(47)






dcc′=dcc2+(2·L)2[m]



(48)







To determine the real temperature gradient of the first part of a temperature response from the surroundings, an attainment factor is added. The attainment factor is computed as the ratio of the first part of the transient to the same segment in steady-state. This factor takes into account the heat dissipation from the centre of the conductor to the cable surface and is calculated by Equation (49) [9].




αf,i(t)=θc,i(t)Wc,i·(TA+TB)



(49)





With all three contributing transients from Equation (44) determined, it is possible to illustrate each of the transients and the total transient temperature response θt,1 by an example, shown in Figure 16. In this figure, each contributing transient due to one current step i (i = 1) is evaluated for a step time duration of 24 [h]. The figure shows that the conductor to cable surface temperature rises θc,1 due to one step of the dynamic power loss function Wc,1. As expected, the temperature rises rapidly during the first part of the transient, after which it exponentially reaches the steady-state temperature after a certain period. At this time, a common temperature of the cable for the layers between the conductor and the cable surface is achieved. The attainment factor αf,1 is intended to describe the ratio of the first part of the transient to the same segment in steady-state. It is multiplied by the temperature response of the surrounding conditions θe,1 and is intended to attain the real ability of the environment to absorb heat in the first part of the transient. The transient temperature response itself that results from the impact of the surrounding conditions θe,1 is modelled to determine the ability of the environment to absorb heat as a function of time due to the total dynamic power loss function WDI,1. Compared with the cable to surface transient θc,1, it is a long-term process to reach steady-state conditions, and it can be justified by the fact that the surroundings of the cable can be considered as a circular large thermal capacitance around the cable, as shown in Figure 7. Generally, in the first part of the temperature transient, the conductor to cable surface transient has a significant influence on the temperature increase. After a certain amount of time, it reaches a steady-state temperature, whereas the temperature response of the surrounding conditions θe,1 still increases.



By introducing multiple load steps, the superposition principle can be utilised as illustrated by Equation (50) to calculate the transient temperature as a function of time. Figure 17 shows three randomly selected load steps and the total temperature progress θ∑(t).


θ∑(t)=θt,1(t)+θt,2(t)+θt,3(t)[K]



(50)







Each evaluated temperature transient is calculated using multiple loops and is saved in a matrix. In order to sum the partial transients above an ambient temperature, an (i×t)-matrix Δθs¯ storing all partial temperature transients is formed, as shown in Equation (51).




Δθs¯=θt,1(1)θt,1(2)⋯θt,1(ti)⋯⋯⋯⋯θt,1(tn)0θt,2(1)θt,2(2)⋯θt,2(ti)⋯⋯⋯θt,2(tn)⋮0⋱⋱⋯⋱⋯⋯⋮⋮⋮⋱θt,i(1)θt,i(2)⋯θt,i(ti)⋯θt,i(tn)⋮⋮⋮0⋮⋮⋮⋱⋮0⋯⋯⋯⋯⋯0⋯θt,n(tn)[K]



(51)





The sum of all partial transient temperatures above ambient ΔΘ¯(t) is determined as the temperature series of the sum of every single column in the matrix Δθs¯. To determine the complete temperature response Θ(t) to a forcing step function, the ambient temperature θA is added to the temperature series ΔΘ¯(t), as shown in Equation (52).




Θ(t)=ΔΘ(t)+θA[∘C]



(52)








3. Results


This study shows how to construct a thermal ladder network that represents three-core XLPE submarine cables at 36 kV AC and above. By deriving the thermal coefficient contained in the thermal ladder network from the Fourier transfer function, it is possible to describe the temperature behaviour in the centre of the cable by applying a load step to the cables. Using the superposition principle, this study proves the ability to represent a load profile by the sum of each temperature transient.



The study could be extended to a cable ageing analysis, as the most noticeable wear on cables is due to temperature changes, using an insulation ageing diagnosis of XLPE power cables. These parameters are a significant part of the developed calculations and can potentially be extended to analyse the lifetime of the cables on the basis of an estimated load profile [17].




4. COMSOL Multiphysics Finite Element Method (FEM) Validation


To compare the results of the temperature evaluation performed on the basis of the thermal LNM calculations with simulations performed by an FEM, the cable construction, materials and surrounding conditions must be identical. The FEM is a computer-based calculation method solving partial differential and integral equations. It is based on a unique connection between the field sizes in nodes and field sizes anywhere in the element and solved as a mathematical interpolation problem. The purpose of this validation is to analyse the transient temperature behaviour in the centre of the cable and compare the results between the two methods.



No-Load Full-Load Test of a 220 kV 3× 1800 [mm2] Al XLPE SL Type Submarine Cable


In this subsection, a validation of the proposed method is presented with an estimated 220 kV 3×1800 [mm2] Al XLPE submarine cable. The validation was performed using the cable data shown in Table A1 and surrounding conditions in Table A2 in Appendix A. The test is a full-load no-load test, where the cable is applied to two long-term step sequences. This test aims to show the entire transient temperature progress due to a step applied to the cable until it nearly reaches steady-state temperature conditions. The first step is a 2000 [h] step with a current loading of 930 [A] corresponding to 100% load, and the second step is similar: a 2000 [h] step with a current loading of 0 [A] corresponding to 0% load, as shown in Appendix A, Figure A1. The test result is illustrated in Figure 18 and shows major agreement between the two methods used to evaluate the transient temperature behaviour in the same cable. The FEM-based approach is represented by the blue line and the LNM-based method is represented with orange. Comparing the transient temperature behaviours caused by the full-load and the no-load step shows almost identical temperature behaviours.



The temperature progress of the FEM-based and LNM-based evaluation shows that the transient temperature curves cross each other twice on each step. The first part of the transient is almost identical until they cross the first time, after which temperature differences occur. From Figure 16, it can be concluded that the deviation at the end of the temperature progression is caused by the modelling of the surroundings.



The difference in the calculation methods causes the deviation. The transient temperature evaluation using the FEM is divided into an infinite number of small thermal capacitances that are continuously charged along the layer of the cable. Using the LNM, the thermal capacitances are modelled as two dominant thermal capacitances QA and QB. The maximum negative temperature deviation in this test is 1.19 [∘C].





5. Discussion


On the basis of this study, there are several topics to discuss and, furthermore, to highlight as potential future study areas and applications for use. In comparison with previous works with similar hypotheses, the proposed proved to be a very efficient approach to performing thermal temperature analysis. Previous works on cables or overhead lines have been conducted to improve the current ampacity of existing lines and often used a DTS system for emergency rating. The method presented in this article is a simple process to evaluate the temperature progress with acceptable deviations compared to an FEM-based simulation. The point where this method is preferable is that, instead of a simulation time measured in a couple of hours, this method can determine a dynamical rating in just a few minutes. Therefore, this method can be used together with the FEM to reduce the number of simulations for an initial cable guess, since the LNM provides a good starting point for the cable rating phase. As pointed out in the study, some of the approaches from the approved standards can be considered questionable. In particular, the calculation of armour losses has been found to be significantly higher using IEC’s method. Using a two-loop reduction method of the thermal ladder network creates some deviations. The deviation is caused by the difference in the calculation method, as the transient temperature evaluation using the FEM is divided into an infinite number of small thermal capacities that are continuously charged along the thickness of the layer inside the cable. Using the LNM, the thermal capacitances are modelled as two dominant thermal capacitances, QA and QB. This method is directly able to take a quick first shot at a dynamic rating of a three-core XLPE submarine cable. In addition, it will be possible to use a method like this to check the cable supplier’s calculations. Looking at the proposed method in a broader context, it would be available for making continuous temperature estimations on the basis of a loading forecast and the use of a DTS system to measure the reference temperature. In this case, users should be aware of the limitation of the individual time constant of the cables found in Equation (53) [8].




Kτ=0.63·∑T·∑Q



(53)






6. Materials and Methods


To perform this study, 17 different references were used. There are four sources that establish the foundation for recreating the calculations and results obtained through this study. The first three sources are all approved standards written by IEC—IEC 60287-1-1: 2006; IEC 60287-2-1: 2015; IEC 60853-2: 1989. The last source is by George J. Anders, “Rating of Electric Power Cables— Ampacity Computations for Transmission, Distribution and Industrial Applications”: 1997. It provides extended explanations and derivations of terms described in the IEC standards.




7. Conclusions


This article shows how to determine internal cable parameters and model the thermal ladder network to represent a three-core XLPE submarine cable with heat dissipation from the surroundings. It proposes an iterative method combining two approved standards to make a dynamic rating of three-core XLPE submarine cables by an evaluation of the transient temperature behaviour in the centre of the conductor. The method is validated in comparison with an FEM-based simulation and shows, in the above specific case, a maximum deviation of 1.19 ∘C. In comparison with an FEM-based approach, the method presented in this article is remarkably faster at evaluating the temperature progress and will, in most cases, be a good first-shot computation of the cable rating phase of a project.
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	AC
	Alternating Current



	Al
	Aluminium
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	Cu
	Copper



	DC
	Direct Current



	DLR
	Dynamic Line Rating



	DTS
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	FEM
	Finite Element Method
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	Ladder Network Method
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	Separate Lead Sheath



	WTG
	Wind Turbine Generator
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Appendix A. Cable Data, Surrounding Conditions and Step Function for COMSOL Multiphysics Finite Element Method Validation
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Table A1. Cable data for COMSOL Multiphysics FEM validation of an estimated 220 [kV] 3×1800 [mm2] Al XLPE SL-type submarine cable (cable layer numbering according to Figure 2).






Table A1. Cable data for COMSOL Multiphysics FEM validation of an estimated 220 [kV] 3×1800 [mm2] Al XLPE SL-type submarine cable (cable layer numbering according to Figure 2).





	Layer ln
	Thickness t [mm]
	Material





	l1
	25.9
	Al



	l2
	1.70
	XLPE



	l3
	23.0
	XLPE



	l4
	1.70
	XLPE



	l5
	0.60
	PE



	l6
	3.10
	LA



	l7
	2.50
	PE



	l8
	3.00
	PE



	l9
	5.00
	St



	l10
	4.00
	PP
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Table A2. Surrounding conditions for COMSOL Multiphysics FEM validation of an estimated 220 [kV] 3×1800 [mm2] Al XLPE SL-type submarine cable.






Table A2. Surrounding conditions for COMSOL Multiphysics FEM validation of an estimated 220 [kV] 3×1800 [mm2] Al XLPE SL-type submarine cable.





	Parameter
	Unit
	Value





	Burial depth L
	[m]
	10.0



	Ambient temperature θA
	[∘C]
	15.0



	Thermal soil resistivity ρT
	[K·m/W]
	0.9



	Soil diffusivity δ
	[m2/s]
	5.09×10-7
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Figure A1. Full-load no-load current step for COMSOL Multiphysics FEM validation of a 220 [kV] 3×1800 [mm2] Al XLPE SL-type submarine cable. 
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Figure 1. Submarine cable installations between onshore grid (Bus 1) and wind turbine generator (WTG) foundations illustrating surrounding conditions: onshore, at the beach landing and offshore. 
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Figure 2. General structure of a three-core cross-linked polyethene (XLPE) separate lead (SL)-type submarine cable with all layers included; diameters D, thickness t and layers l are illustrated and labelled. 
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Figure 3. Example of a current profile to illustrate rating issues, where Ia is the actual current and Ir is the current used for static rating. 






Figure 3. Example of a current profile to illustrate rating issues, where Ia is the actual current and Ir is the current used for static rating.



[image: Applsci 09 00800 g003]







[image: Applsci 09 00800 g004 550]





Figure 4. Flowchart of the iterative dynamic cable rating method. 
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Figure 5. Electrical analogy for cables. 
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Figure 6. Thermal analogy for cables. 
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Figure 7. Surrounding cable to soil surface dimensions and mirror of adjacent cable dimensions; representation of the surrounding thermal resistance T4 (the drawing is not to scale). 
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Figure 8. Static representation of thermal resistances in a three-core XLPE SL-type submarine cable, including power losses located in the respective layers and temperature denotation. 
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Figure 9. Quarter cross-sectional area of a single-core XLPE SL-type equivalent submarine cable with thermal resistances T and thermal capacitances Q represented along the axes. 
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Figure 10. Transient representation of thermal parameters for insulation. 
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Figure 11. Transient representation of thermal parameters for sheath. 
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Figure 12. Transient representation of thermal parameters for outer covering. 
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Figure 13. Thermal three-core XLPE submarine cable ladder network. 
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Figure 14. Reduced thermal ladder network representing a three-core XLPE submarine cable. 
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Figure 15. Step function construction of a wind-based load profile. 
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Figure 16. Total transient temperature response of a single load step given by Equation (50). 
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Figure 17. Total transient temperature response of multiple load steps given by Equation (51). 
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Figure 18. Transient temperature response to a full-load no-load current step for COMSOL Multiphysics finite element method (FEM) validation of a 220 [kV] 3×1800 [mm2] Al XLPE SL-type submarine cable. 
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Table 1. Commonly used thermal resistivity for materials and surroundings.
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Material (Abbreviation)

	
Thermal Resistivity [10,14]

	
Heat Capacity [15,16]




	

	
ρ [K · m/W]

	
cm [J/K · m3]






	
Copper (Cu)

	
-

	
3.46×106




	
Aluminum (Al)

	
-

	
2.46×106




	
Lead and lead-alloy (Pb)

	
-

	
1.47×106




	
Polyethylene (PE)

	
3.5

	
2.4×106




	
Cross-linked polyethylene (XLPE)

	
3.5

	
2.4×106




	
Polypropylene (PP)

	
10

	
1.8×106




	
Seabed sand/gravel

	
0.6–0.9

	
-
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