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Abstract

:

In this work, a method to compute the radio interference (RI) lateral profiles generated by corona discharge in high voltage direct current (HVDC) transmission lines is presented. The method is based on a transmission line model that considers the skin effect, through the concept of complex penetration depth, in the conductors and in the ground plane. The attenuation constants are determined from the line parameters and the bipolar system is decoupled by using modal decomposition theory. As application cases, ±500 and ±600 kV bipolar transmission lines were analyzed. Afterwards, parametric sweeps of five variables that affect the RI levels are presented. Both the RI and the maximum electric field were calculated as a function of sub-conductor radius, bundle spacing, and the number of sub-conductors in the bundle. Additionally, the RI levels were also calculated as a function of the soil resistivity, and the RIV (radio interference voltage) frequency. Following this, vector optimization was applied to minimize the RI levels produced by the HVDC lines and differences between the designs with nominal and optimal values are discussed.
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1. Introduction


High voltage direct current (HVDC) transmission systems are being studied and developed in several countries around the world. In Mexico and Turkey, the future installation of HVDC transmission lines is planned because of the advantages this kind of technology presents over HVAC transmission lines, mostly in energy transmission over long distances [1]. During the design stage of an HVDC transmission system, it is necessary to carry out studies like insulation coordination, protections, and transient stability, among others [2,3,4].



Corona discharge appears at the surface of the conductors when a certain critical value of the electric field is reached, causing the ionization of the air surrounding the conductors. Some of the main consequences of corona are power loss, audible noise, and radio interference [5]. Radio interference (RI) can be any effect on the reception of a wanted radio signal due to an unwanted disturbance within the radio frequency spectrum [6]. Corona performance and radio interference are key issues during the design stage of both HVAC and HVDC transmission lines, usually as a part of electromagnetic compatibility studies (EMC) [7,8].



Concerning bipolar DC lines, corona in the positive pole is the dominant source of electromagnetic interference since the current pulses produced by this polarity have much higher amplitude than those from the negative pole. There is also a noteworthy difference between RI performance in AC and DC lines; in AC lines, the RI levels increase significantly in heavy rain weather while the RI levels in bipolar DC lines, by contrast, decrease in rain or wet snow [9,10].



There are still only a few analytical methods for calculating RI levels from DC lines, mainly due to difficulty in defining the RI excitation function through experimental studies. Based on measurements made on test lines, empirical formulas for predicting the RI levels for bipolar HVDC lines have been developed by different researching groups, some of which are described in [5,9,10]. In general, these kinds of formulas are defined for fair weather conditions, and they depend on the maximum voltage gradient, conductor diameter, and the distance between the conductor and the measuring point. Both the analytical methods presented in [5] and the empirical formulas mentioned above are only defined for horizontal configurations of bipolar lines. Also, they do not consider the soil resistivity which is a variable that affects the RI levels produced by corona in DC lines, as will be discussed later in this work.



In this paper, the computation of RI lateral profiles produced by corona discharge in HVDC transmission lines is presented. The proposed method has already been applied for calculating RI levels in HVAC lines in a previous work, where the results were very close to the measurements made on AC lines [11]. The proposed method, described in Section 2, considers a transmission line model where the skin effect is taken into consideration by using the concept of complex penetration depth in the pole conductors and in the ground plane. The soil resistivity is considered in the calculation of the complex penetration depth which, in turn, affects the series impedance of the line and the horizontal component of the magnetic field. Moreover, the attenuation constants are calculated from the line parameters and the multiconductor system is decoupled by using modal decomposition theory, which makes it possible to analyze not only horizontal bipolar lines but also any other configuration even hybrid transmission lines.



In Section 3, a comparison of computed values and measurements of RI reported in a previous publication for a DC test line of ±800 kV is also presented. In Section 4, parametric sweeps are presented in order to investigate the impacts of five important variables on RI levels and on the maximum bundle electric field. The variables are sub-conductor radius, bundle spacing, the number of sub-conductors in a bundle, soil resistivity, and the RIV (radio interference voltage) frequency.



Afterwards, Section 5 describes how vector optimization is applied in order to minimize the RI levels produced by two bipolar DC lines, one of ±500 kV and the other of ±600 kV. In the optimization study, three independent variables are considered, namely, sub-conductor radius, bundle spacing, and the number of sub-conductors in the bundle. Finally, RI lateral profiles computed with the optimal values are compared with those obtained with the nominal values.




2. Transmission Line Model for Corona Propagation Analysis


The line model used to simulate the propagation of the corona current along a multiconductor transmission line is derived from the per unit length equivalent circuit for a ∆z section, presented in Figure 1. The transmission line is considered to be infinitely long with uniform corona current density injections per unit length (J).



By applying circuit analysis, equations representing the RI propagation can be written in a matrix form including the corona current density source, as follows:


dVdz=−ZI,



(1)






dIdz=−YV+J,



(2)




where V and I are the voltage and the current at any point on the line, and J is the column vector of corona current densities injected into the conductors. Z and Y are square matrices that represent the series impedance and the shunt admittance per unit length of the line. These parameters are determined considering the skin effect, by using the concept of complex penetration depth in the conductors and in the ground return. They can be calculated using the formulas described in [12]. (1) and (2) represent n sets of equations for the voltage and the current for a transmission line with n pole conductors. Due to the inductive and capacitive coupling between the conductors, the n sets of equations are also coupled. The modal analysis is used to simplify Equations (1) and (2) into a number of uncoupled sets of equations which can each be solved as in the case of a single conductor line.



The modal transformation matrix M is defined by


λ=M−1ZYM,



(3)




where λ and M are the eigenvalue (diagonal) and eigenvector matrices of ZY product, respectively. The modal propagation constants Ψ and the modal attenuation constants αm matrices are given as


Ψ=λ,



(4)






αm=Re{Ψ}.



(5)







The corona current density vector is obtained as


J=C2πε0Γ,



(6)




where C is the capacitance matrix of the line and Γ is the excitation function vector.



The excitation function formula obtained from [5] is


Γ=Γ0+k1(gmax−g0)+k2log10(ncn0)+40log10(dd0),



(7)




where:




	
Γ is the RI excitation function in dB above 1μA/m;



	
gmax is the maximum bundle electric field in kV/cm;



	
nc is the number of sub-conductors in the bundle;



	
d is the sub-conductor diameter in cm;



	
n0, g0, and d0 are reference values given by n0 = 6, d0 = 4.064 cm and g0 = 25 kV/cm.








The formula for the maximum bundle electric field for bipolar lines obtained from [13] is


gmax=[1+(nc−1)rR]Vncrln(2H(ncrRn−1)1/n*[(2H/S)2+1]1/2),



(8)




where:




	
V is the line to ground voltage in kV;



	
r is the radius of each sub-conductor in cm;



	
R is the bundle radius in cm;



	
H is the height of the poles;



	
S is the distance between poles.








The reference value Γ0 and the empirical constants k1 and k2 in (7) are given for all seasons in different weather conditions in [5]. Since the positive conductor of the bipolar line is considered the only source of RI, the vector Γ may be expressed as


Γ=[Γ+0].



(9)







The modal corona current density vector is given by


Jm=M−1J.



(10)







Using Equations (5) and (10), the modal components of current on the conductors are obtained as


Im=[Jm12αm1Jm22αm2],



(11)




where Jm1 and Jm2 are elements of the vector Jm, while αm1 and αm2 are the modal attenuation constants, elements of the diagonal matrix αm. Then, the current in each conductor is obtained as


I=MIm.



(12)







The current in each conductor is the sum of two modal components. By knowing the currents flowing in all the conductors of the line, the corresponding horizontal component of the magnetic field at any point (x, y) is calculated as


Hx=∑i=1nIi2π[hi−y(hi−y)2+(xi−x)2+hi+y+2P(hi+y+2P)2+(xi−x)2],



(13)




where:




	
n is the number of poles;



	
Ii is the current of the ith conductor;



	
hi is the ith conductor height;



	
xi is the ith conductor lateral distance from the center of the tower;



	
x is the lateral distance of the measurement point from the center of the tower;



	
y is the measurement point height above the ground;



	
P is the complex depth of penetration for the ground return defined as










P=ρejωμe,



(14)




where ρe and μe are the resistivity and permeability of the ground, respectively. The corresponding vertical component of the electric field is calculated, assuming a quasi-TEM propagation, as


Ey=Z0Hx,



(15)




where the wave impedance of free space is Z0 = 120π. After determining the electric field component, the resultant field is determined by an rms addition:


Ey,total=∑k=1n|Ey,k|2.



(16)







The electric field due to corona Ey,total is usually expressed in dB above 1 μV/m using the following equation:


Ey,total(dB)=20 log10Ey,total(μV/m)1μV/m.



(17)








3. Comparison of Measured and Computed RI Profiles of an HVDC Test Line


In this section, the RI values produced by an HVDC test line of ±800 kV are computed using the method described in the previous section. Then, the computed values are compared with measurements reported in [14,15]. This test line is located in the National Engineering Laboratory for UHV Technology in Kunming, China, with an altitude of 2100 m. The length of the test line is 800 m and the terminals are open ends. The measurement system consists of radio receivers connected to loop antennas with a height of 1.5 m and bandwidth of 9 kHz–30 MHz. Additionally, two wave trappers were installed between generators and the test line in order to suppress RI noises. The measuring frequency was 0.5 MHz and the measurements were made under good weather in fall. The measured RI levels are represented by quasi-peak values (QP). The data of the test line considered in the calculations are presented in Table 1.



The RI levels are given in dB with 1 μV/m as base magnitude. The profiles are plotted 80 m from each side of the center of the tower at 1.5 m above ground level. The altitude correction factor for HVDC lines proposed in [16] was applied.



In Figure 2, both measured and computed RI profiles are shown. The position zero of the horizontal axis corresponds to the center of the tower and the positive direction is towards the positive pole. It can be seen that the computed RI values are in good agreement with the measurements, principally for the measurements made on the direction of the positive pole. The maximum measured RI value is 66.3 dB while the maximum computed RI value is 65.03 dB, corresponding to a difference of 1.27 dB. Also, it can be observed the asymmetric shape of the profiles that confirms the assumption of the positive pole as the source of RI [9]. The biggest differences between measured and computed values (3–4 dB) appeared for distances longer than 60 m in the direction of the negative pole.




4. Computation of RI Levels in ±500 and ±600 kV HVDC Transmission Lines


4.1. Radio Interference Lateral Profiles


In this section, the RI lateral profiles of two bipolar HVDC transmission lines of ±500 and ±600 kV are presented. The method described in Section 2 was programmed in MATLAB in order to compute the RI levels expressed in dB with 1 μV/m as base magnitude. The RI profiles were plotted up to 50 m from each side of the center of the tower at 1 m above the ground. The tower geometry of a bipolar, quadrupole-bundle HVDC line is shown in Figure 3. Line and tower data are given in Table 2.



The parameters used for the excitation formula (7) were those corresponding to fair weather condition in summer (Γ0 = 27, k1 = 1.83, and k2 = 45.8), which is assumed to be the most critical condition for the generation of radio interference voltages in HVDC lines [5]. In the simulations, ground resistivity was considered with a value of 100 Ωm, and the RIV frequency was taken as 0.5 MHz, the frequency that is usually considered in the RI measurements [15,17].



Simulated RI lateral profiles at rated conditions are shown in Figure 4 for both HVDC lines. The zero position of the horizontal axis corresponds to the center of the tower and the positive direction is towards the positive pole. The maximum values of RI for the bipolar lines of ±500 and ±600 kV are 56.37 and 63.19 dB, respectively.



As can be seen in Figure 4, the maximum values of RI are placed closer to the positive pole because of the higher amplitude of the positive streamers in comparison with the Trichel pulses in negative polarity. In fact, the streamer pulses from positive corona are considered as the dominant source of the RI in DC transmission lines [9].



Some details of the calculations are summarized in Table 3. Note that an additional measurement at a reference point (x, y) = (23 m, 1.0 m) is included in the table, and this value will be used for comparisons in the parametric sweep computations presented in the next section.




4.2. Parametric Sweeps


In this section, parametric sweeps of five variables that affect the RI levels are presented. Both the RI and the maximum bundle electric field (gmax) are calculated as a function of sub-conductor radius, bundle spacing, and the number of sub-conductors in the bundle and, additionally, the RI levels are also calculated as a function of the soil resistivity and RIV frequency. In the parametric sweeps, the reported RI level was computed considering a measurement point at (x, y) = (23 m, 1.0 m). The previous consideration is taken according to the Canadian Standards Association that specifies tolerable limits for RI in a reference point placed at 15 m from the outermost conductor of the power line [18]. For this case, the reference point is assigned as (23 m, 1.0 m), i.e., 23 m from the center of the tower and 1 m above the ground.



In Figure 5, it can be seen that both the RI and the maximum bundle electric field (gmax) tend to decrease as the sub-conductor radius increases. This behavior is observed for the two voltage levels, however, the decrease rate becomes smaller as the sub-conductor radius increases. Therefore, the sub-conductor radius is determined according to some other technical and economic considerations [1].



Figure 6 shows the impact of bundle spacing on RI and gmax values. At first glance, the RI levels present a minimum for a bundle spacing around 30 cm; whereas the optimum bundle spacing for gmax (with a minimum value) is between 30 and 40 cm. This behavior shows that the bundle spacing is a critical variable for RI and gmax levels. Therefore, it should be selected carefully around the aforementioned optimal values while taking into account some other technical and constructional constraints.



Simulation results show that the RI levels go through a minimum value for a certain number of conductors in the bundle (Figure 7a), whereas gmax decreases continuously with the increment in the number of conductors in the bundle (Figure 7b). The lowest RI value for the ±500 and ±600 kV lines are achieved with five and six sub-conductors in a bundle, respectively. The sensitivity of RI levels to the number of conductors in the bundle is lower around the optimal point in the ±600 kV lines, which provides flexibility in the choice of the number of conductors. In fact, the increment in the RI levels—observed when the number of sub-conductors in a bundle is higher than six—can be due to the reference value of n0 = 6 used in the excitation function. It is clear that the third term in Equation (7) becomes positive for values of nc greater than 6.



The effect of soil resistivity on RI levels is illustrated in Figure 8. The RI levels show a minimum for a soil resistivity value between 2000 and 5000 Ωm for both systems. The maximum bundle electric field, gmax, is not dependent on the soil resistivity.



Finally, the impact of RIV frequency on RI levels is illustrated in Figure 9. It can be seen how the RI values tend to decrease while the measuring frequency increases. This behavior is attributed to the increment in the modal attenuation constants with the frequency. gmax is not a function of the RIV frequency.



According to the aforementioned results, it seems that an optimum HVDC line design can be obtained by varying the geometrical dimensions. Both the soil resistivity and the measurement frequency are not considered adjustable parameters during the design process; therefore, they are not included in the optimization process that is presented below.





5. Optimization of Radio Interference Levels in HVDC Lines


In this section, vector optimization is applied in order to minimize the RI levels produced by each of the two HVDC lines described in the previous section. Only the three geometric parameters—sub-conductor radius, bundle spacing, and the number of sub-conductors in a bundle—are taken into account in the optimization process. The genetic algorithm solver of the MATLAB optimization toolbox is used. The RI value at the reference point (x, y) = (23 m, 1.0 m) is considered as the objective function. In Table 4, the parameters used in the optimization process for both ±500 and ±600 kV lines are shown.



Based on the previous simulations, lower and upper limits are specified for each independent geometric variable. Optimization results are presented together with the variable limits in Table 5 and Table 6 for the ±500 and ±600 kV HVDC lines, respectively.



According to the optimization results shown in Table 5 for the ±500 kV line, increasing the sub-conductor radius from 1.71 to 2.21 cm, reducing the bundle spacing from 45 to 42 cm, and reducing the number of sub-conductors from 4 to 3, the RI value calculated at the reference point (x, y) = (23 m, 1.0 m) is reduced from 53.85 dB with the nominal parameters to 50.23 dB with the optimal parameters. In Figure 10, the comparison of nominal and optimized RI lateral profiles for the ±500 kV line is shown. An almost constant reduction of 3.62 dB can be observed along the complete profile. Due to the increment in the sub-conductor radius, the total mass of the bundle increased from 8540 to 10,293 kg/km. The increment of 1753 kg/km should be evaluated from an economical point of view as well as from the strength of the tower to support this new load.



According to the optimization results for the ±600 kV line shown in Table 6, by increasing the sub-conductors radius from 1.71 to 2.21 cm, reducing the bundle spacing from 45 to 38 cm, and keeping the number of sub-conductors as 4, the RI value computed at the measuring point was reduced from 61.27 dB for the nominal parameters to 58.88 dB for the optimal parameters. In Figure 11, the comparison of nominal and optimized RI lateral profiles for the ±600 kV line is shown. The increment in the sub-conductor radius produces an increment in the total mass of the conductor bundle from 8540 to 13,724 kg/km. Similar to the ±500 kV line case, the increment of 5184 kg/km should be evaluated from the economical and mechanical point of view.




6. Discussion


With regard to the ±500 kV line, it is observed that this line presents an RI level (53.85 dB) below the maximum tolerable limit recommended by the relevant standards, which is usually 60 dB in the reference measuring point [18]. Nevertheless, optimization studies, such as the one applied in this case, allow for maintaining an acceptable RI performance of the line at even higher altitude regions. Considering an RI altitude correction factor of 1 dB/300 [19], the initial HVDC line design would exceed 60 dB at an altitude of 1900 m above the sea level; however, with the optimization applied, this line would present an acceptable RI performance (59.23 dB) until 2700 m above the sea level. On the other hand, even though the number of sub-conductors was reduced from 4 to 3, because of the increment in the sub-conductor radius, the total mass of the bundle increased from 8540 kg/km to 10,293 kg/km. This increment of 1753 kg/km (20.5%) in the total mass of the bundle should be evaluated from an economic point of view as well as from the strength of the tower to support this new load [20,21].



Regarding the ±600 kV HVDC transmission line, the RI value computed at the reference point (23 m, 1.0 m) is 61.27 dB, exceeding the limit of 60 dB for this voltage level. With the adjustments in the sub-conductor radius and bundle spacing derived from the optimization study, the RI value was reduced to 58.88 dB. This optimal case involves the use of larger conductors, increasing the total mass of the conductors by 5184 kg/km (60.7%), therefore, for this option, the adjustments derived from the optimization study seem to be feasible only in those cases that consist in the conversion of an AC line to DC operation, where one of the phases is removed.



In future work, it would be interesting to consider other variables, such as the height and the distance between the poles, a comparison of different configurations of the line (horizontal and vertical), and the inclusion of shielding wires in the model. Also, to determine the feasibility of the increment of the sub-conductor radius, it is necessary to consider the maximum mass that the towers can support as a constraint in the optimization study.




7. Conclusions


Radio interference lateral profiles in HVDC lines were computed using a method that considers a transmission line model which includes the skin effect in the conductors and in the ground plane. The attenuation constants were determined from the line parameters, and the bipolar system is decoupled using modal decomposition theory. As application cases, two HVDC bipolar transmission lines were analyzed, one of ±500 kV and the other of ±600 kV. The parametric sweeps of five prospective parameters revealed that, as expected, the RI levels decrease when increasing the sub-conductor radius. However, in the case of bundle spacing and the number of sub-conductors, the results show that these parameters should be carefully selected because these present a more complicated relationship with the magnitude of the RI level. Finally, vector optimization was applied to minimize RI levels and the feasibility of the obtained optimal designs discussed. This kind of electromagnetic compatibility study (EMC) can be used to estimate the magnitude of the impact on the environment in the vicinity of a transmission line during the design stage.
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Figure 1. Per unit length equivalent transmission line circuit with corona. 






Figure 1. Per unit length equivalent transmission line circuit with corona.



[image: Energies 12 03187 g001]







[image: Energies 12 03187 g002 550]





Figure 2. Comparison of measured [14] and computed radio interference (RI) profiles. 
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Figure 3. Tower geometry of a bipolar HVDC transmission line. 
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Figure 4. RI lateral profiles of the two HVDC transmission lines. 
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Figure 5. Parametric sweeps: (a) RI as a function of sub-conductor radius; (b) Maximum bundle electric field (gmax) as a function of sub-conductor radius. 
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Figure 6. Parametric sweeps: (a) RI as a function of bundle spacing; (b) Maximum bundle electric field (gmax) as a function of bundle spacing. 
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Figure 7. Parametric sweeps: (a) RI as a function of the number of sub-conductors in the bundle; (b) Maximum bundle electric field (gmax) as a function of the number of sub-conductors in the bundle. 
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Figure 8. RI as a function of the soil resistivity. 
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Figure 9. RI as a function of the RIV frequency. 
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Figure 10. Comparison of nominal and optimized RI lateral profiles for ±500 kV line. 
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Figure 11. Comparison of nominal and optimized RI lateral profiles for ±600 kV line. 
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Table 1. Data of the high voltage direct current (HVDC) test line considered in the calculations.






Table 1. Data of the high voltage direct current (HVDC) test line considered in the calculations.





	Variable
	Value





	Voltage (V)
	±800 kV



	Number of poles (n)
	2



	Conductor height (H)
	18 m



	Distance between the poles (S)
	22 m



	Number of sub-conductors in the bundle (nc)
	6



	Bundle spacing (a)
	45 cm



	Sub-conductor radius (r)
	1.68 cm



	Ground resistivity (ρe)
	100 Ωm



	Measuring frequency (f)
	500 kHz
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Table 2. Data of the HVDC lines considered in the simulations.






Table 2. Data of the HVDC lines considered in the simulations.





	Variable
	Value





	Voltage (V)
	±500 or ±600 kV



	Number of poles (n)
	2



	Conductor height of ±500 kV line (H)
	27 m



	Conductor height of ±600 kV line (H)
	34 m



	Distance between the poles (S) for both voltage levels
	16 m



	Number of sub-conductors in the bundle (nc)
	4



	Bundle spacing (a)
	45 cm



	Sub-conductor radius (r)
	1.71 cm
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Table 3. Results of the calculations for the bipolar HVDC lines.






Table 3. Results of the calculations for the bipolar HVDC lines.





	Variable
	Line of ±500 kV
	Line of ±600 kV





	Maximum bundle electric field (gmax)
	19.93 kV/cm
	23.83 kV/cm



	Excitation function (Γ)
	6.65 dB
	13.79 dB



	Maximum value of RI
	56.37 dB
	63.19 dB



	RI at point (x, y) = (23 m, 1.0 m)
	53.85 dB
	61.27 dB
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Table 4. Genetic algorithm parameters for the MATLAB optimization toolbox.






Table 4. Genetic algorithm parameters for the MATLAB optimization toolbox.





	Parameter
	Value





	Population type
	Double vector



	Population size
	100



	Scaling function
	Rank



	Selection function
	Stochastic uniform



	Elite count
	1.5



	Crossover fraction
	0.8



	Mutation function
	Constraint dependent



	Crossover function
	Constraint dependent



	Migration direction
	Forward



	Migration fraction
	0.2



	Migration interval
	20



	Constraint initial penalty
	10



	Constraint penalty factor
	100
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Table 5. Optimal geometric parameters for ±500 kV HVDC line.






Table 5. Optimal geometric parameters for ±500 kV HVDC line.





	
Variable

	
Lower Bound

	
Upper Bound

	
Nominal Value

	
Optimal Value






	
Sub-conductor radius

	
1.04 cm

477 MCM

	
2.21 cm

2167 MCM

	
1.71 cm

1272 MCM

	
2.21 cm

2167 MCM




	
Bundle spacing

	
20 cm

	
80 cm

	
45 cm

	
42 cm




	
Number of sub-conductors

	
2

	
8

	
4

	
3




	
RI at (x, y) = (23 m, 1.0 m)

	
53.85 dB

	
50.23 dB




	
Total mass of the bundle

	
4 × 2135 = 8540 kg/km

	
3 × 3431 = 10,293 kg/km
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Table 6. Optimal geometric parameters for ±600 kV HVDC line.






Table 6. Optimal geometric parameters for ±600 kV HVDC line.





	
Variable

	
Lower Bounds

	
Upper Bounds

	
Nominal Values

	
Optimal Values






	
Sub-conductor radius

	
1.04 cm

477 MCM

	
2.21 cm

2167 MCM

	
1.71 cm

1272 MCM

	
2.21 cm

2167 MCM




	
Bundle spacing

	
20 cm

	
80 cm

	
45 cm

	
38 cm




	
Number of sub-conductors

	
2

	
8

	
4

	
4




	
RI at (x, y) = (23 m, 1.0 m)

	
61.27 dB

	
58.88 dB




	
Total mass of the bundle

	
4 × 2135 = 8540 kg/km

	
4 × 3431 = 13,724 kg/km
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