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Abstract

:

Distorted currents drawn by nonlinear loads used in power installations (including lighting) can cause many problems. With the constantly progressing increase in the number of these loads, these phenomena can accumulate, constituting significant causes of serious failures in both electrical and electronic devices, as well as installation components. The effects of disturbances introduced to the network by nonlinear loads may include, for example, line overloads, overheating of transformers and motors, capacitor failures, accelerated degradation of insulation, etc. The article presents examples of measurement results for luminaires with discharge and LED sources. Measurements of the electrical parameters of a three-phase outdoor lighting installation consisting of luminaires with low-power LED sources and luminaires with discharge sources are also discussed. Based on the recorded waveforms, the measurement results were determined. High harmonic values for the phase currents and the current in the neutral conductor were recorded. The results of measurements of the parameters of LED luminaires with control systems, the operation of which causes excessive heat generation, are presented. The methodology for cable selection in circuits with current harmonics is described.
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1. Introduction


According to the European Commission [1], the annual consumption of electricity in the EU by lighting products in 2015 reached an estimated value of 336 TWh. This represents 12.4% of the total electricity consumption of the 28 Member States and is equivalent to the greenhouse gas emissions represented by 132 million tonnes of carbon dioxide. In the case of Poland, street lighting alone, according to various estimates [2,3], consumes from 1500 to 2500 GWh of electricity and is responsible for a significant part of greenhouse gas emissions. Based on estimates, it is estimated that approximately 3.3 million street and road luminaires are used in Poland. Sodium and mercury sources dominate in lighting installations, accounting for up to 60% of emitters used. These sources are characterized by relatively low efficiency (about 40%), and the average age of such lighting installations is 15–30 years. It is estimated that, by 2030, LED technology will be used to illuminate all buildings and roads managed by the local government in the group of so-called "Progressive Cities" [3]. This is to improve the energy efficiency of municipalities, reduce CO   2   emissions, and reduce costs related to the fees for electricity consumption [4]. LED technology is far more energy-efficient than any previous light-emitting technology. Many innovative technologies are being developed around the world; e.g., PLEDs [5,6], which are intended to improve the efficiency of LED sources themselves or other elements of lighting installations [7]. The dynamically developing market of new LED technologies also generates many new threats related to the correct maintenance of the quality parameters of electricity in power supply networks. One of the reasons for the deterioration in the quality of electricity in networks containing LED sources is the use of rectifiers: switched-mode power supplies or electronic converter systems directly related to the operation of these sources. These are nonlinear loads, and this type of load causes distortion of the current and voltage waveforms in relation to the optimal sine wave and the appearance of higher harmonic current and voltage components in the power supply networks [8,9,10]. Figure 1 shows the current and voltage waveforms measured for the tested discharge source. As can be seen, the current waveform clearly deviates from the sinusoidal shape. European standards [11,12] precisely define these parameters for cases of clear exceedances.



The standard [11] defines the permissible levels of harmonic current emissions for the phase current of a load with a current value not greater than 16 A. It provides a division of devices into four classes, for which the limits of the content of individual harmonics are defined: class A—symmetrical three-phase loads, equipment for home use other that than belonging to class D, tools other than portable tools, light bulb dimmers, acoustic equipment, and all others types of equipment except those classified in one of the following classes; class B—portable tools (i.e., electric tools that, during normal operation, are held in the hands and used only for a short time (several minutes)) and non-professional welding equipment; class C—lighting equipment; class D—equipment with a power of 600 W or less of the following types: personal computers and monitors for them and television loads. Lighting loads, depending on the input active power, are divided into three groups: greater than 25 W (point 7.4.2 of the standard [11]), less than or equal to 25 W and greater than 5 W (point 7.4.3 of the standard [11]), and, thirdly, active input power less than or equal to 5 W (point 7.1 of the standard [11]). For lighting equipment with active input power greater than 25 W, current harmonics should not exceed the relative levels given in Table 2 of the standard [11]. For lighting equipment with active input power in the range from 5 W to 25 W, current harmonics should meet one of the three sets of requirements (point 7.4.3 of [11]). For commonly used analyses, the following requirement, quoted in detail from the standard, applies: “The value of the harmonic distortion factor in the THD   I   current must not exceed 70%. The value of the third harmonic current component, expressed as a percentage of the current value of the first component, must not exceed 35%, the value of the fifth harmonic current component must not exceed 25%, the value of the seventh current harmonic component must not exceed 30%, the value of the ninth and eleventh harmonic current components may not exceed 20% and the value of the second harmonic current component may not exceed 5%”.



Similarly, the standard [12] specifies (point 5.2) acceptable levels of harmonic content for R    S C E    = 33 (R    S C E   —the ratio of the short-circuit power of the power network to the rated power of the load). The value of the 3rd harmonic of the current, expressed as a percentage of the current of the 1st component, must not exceed 21.6%; the value of the 5th harmonic of the current must not exceed 10.7%; the value of the 7th harmonic of the current must not exceed 7.2%; the value of the 9th current harmonic must not exceed 3.8%; the 11th current harmonic must not exceed 3.1%; and the 13th current harmonic must not exceed 2%. This is presented in detail in Table 1.



In addition, in [14,15], the following interpretation for determining the occurrence of higher harmonic effects was adopted:




	
Between 10% and 50% indicates significant waveform distortion (group two). Some devices may not work properly. In this case, there may also be an increase in the temperature of the devices (lines and transformers). As a consequence, the parameters of power supply systems must be overestimated when designing;



	
Above 50% indicates a very large waveform distortion (group three). Device malfunction is highly probable. A detailed analysis of the problem and the installation of a system limiting the share of higher harmonics are necessary.








In cases of clear exceedances in many scientific works [16,17,18,19], authors recommend protecting the network against such situations by using LCL filters. In their opinion, this is a more advantageous solution than the use of LC filters due to the suppression of higher harmonics while maintaining the same inductance. Unfortunately, not everyone takes into account other aspects of the functioning of modern lighting installations in terms of dynamically developing control systems. Even minor disturbances can negatively affect the tasks assigned [20].



Unfortunately, in many operational situations, the use of passive or active filters alone may not fulfill this role [21,22,23,24]. In newly designed lighting installations, the already commonly used LED sources are selected for operation. Unfortunately, in many cases, lighting installations operate as mixed installations containing both LED sources and older metal halide, sodium, and incandescent lamps.



In this article, the authors want to articulate the problem of the correct selection of a lighting installation in which disturbances in the form of higher harmonics of current occur during operation.



Many authors draw attention in their publications [25,26,27] to the negative consequences of ignoring this phenomenon. Additional losses in active power are generated in transformers and power cables, the operating temperature of power devices increases, and the level of active power that can be transmitted through them decreases. In most installations, the selection of cross-sections of supply wires is undertaken for the determined values of maximum phase currents.



Designers do not take into account the control and ignore the harmonic components of lighting fixtures’ supply current, which may result in incorrect operation of such installations and even their damage. Current distortions may not only be higher than the current standards allow but, in extreme cases, may be so large that they cause various types of failures [28,29]. In the further parts of the article, the authors describe such cases and the results of measurements in the tested lighting installations.




2. Methods of Measurement and Tests Carried Out


The issues raised in the article concern the analysis of various operating parameters of luminaires in various systems and their impact on the quality of electricity. With the growing use of new technologies in power supply systems for lighting installations, the problem of maintaining the parameters required by the standards defining the quality of electricity in power grids is intensifying. Figure 2 shows a diagram of the measuring system with which the measurements analyzed in the article were made.



From the many measurements made as part of the acceptance measurements and expert investigations carried out in the years 2010–2023, several characteristic ones that best illustrate the research problem were selected for testing. The presented results and further analyses concern both laboratory and industrial tests. Luminaires and sets of luminaires with discharge and LED sources were tested. All measurements of electrical parameters were obtained using certified power quality analyzers manufactured by Sonel (PQM-701 and PQM-707) together with accessories, which included current clamps and current transformers. The analysis of the results was supported by Sonel Analysis 4.6.5 SONEL’s proprietary software dedicated to these measuring devices, which is called Analysis. During the laboratory tests, the reference voltage source ITECH 7600 was used. In Figure 3, a single measurement and research cycle as carried out during the research is presented.




3. Analysis of Work Systems of Lighting Fixtures


According to the definition in [30], a luminaire is a device used to distribute, filter, and transform light emitted by at least one lamp (light source) that contains all the elements necessary to support, fix, and protect the lamps (sources), including, if necessary, auxiliary circuits, together with the elements needed to connect them to the mains, but not the lamps themselves (light sources).



The development of technology has resulted in the creation of luminaires with integrally mounted lamps (sources), which slightly modifies the definition given in the standard [30]. Also, traditionally used light sources—tungsten bulbs, fluorescent lamps, and sources for road luminaires—are today supported by solutions that often function as a luminaire, a lamp (source), and an electronic system at the same time. LED modules are one example. Lamps (sources) containing electronic circuits enabling their operation are also used. Examples are compact fluorescent lamps and LED sources [31,32]. All these solutions should meet the relevant provisions of the standards regarding their parameters and working conditions [33]. Quoting from [34], the course of the power supply of LED luminaires and modules is shaped by a switched-mode power supply. An example of such waveforms without harmonic filter systems is shown in Figure 4.



Optionally, luminaires with LED diodes may be equipped with a power factor correction (PFC) system or only with a set of current harmonic filters. A block diagram of a lighting device with LED sources is shown in Figure 5. The negative impact on the value of the power factor is primarily the operation of the converter.



Converters used in luminaires with LED sources are capacitive, which results in high costs for capacitive reactive energy. The situation can be improved by adding an inductive load in the form of a choke, as shown in Figure 6.



As we can see in Figure 7, this situation has clearly improved. The current waveform shown in Figure 4, which was strongly deformed in this case, is almost sinusoidal, and the large phase shift, which caused the load to be capacitive, was almost eliminated. Further laboratory tests were carried out with a series of luminaires with different wattages [13]. Examples of the measurement results for the LED luminaire parameters are presented in Table 2.



Based on the example results of the measurements of the electrical parameters of luminaires with LED sources presented in Table 2, it can be concluded that both luminaires were characterized by values for the DF coefficient close to unity. The determined values for the current harmonic content coefficients THD   I   were evaluated on the basis of many measurements and studies performed by the authors [14,15]. As a result, these luminaires were included in group one due to the effects of harmonics. However, in order to meet the requirements of the standard [11], a detailed analysis of the values of individual current harmonics was carried out, as described in the following sections of the article.




4. Analysis of the Measurement Results for the Mixed Outdoor Lighting Installation


The measurements were carried out for a mixed outside lighting installation containing metal halide and sodium discharge luminaires with a rated power of 150 W and LED luminaires with a rated power of 3 W (the parameters are described in rows one and four of Table 2). The measurements were carried out with many variants of switching on the luminaires; therefore, only a selection of the measurement results are presented below. In order to determine the electrical parameters and evaluate the harmonic content, the parameters of the lighting installation divided into three star-connected circuits were measured. The tested installation included discharge and LED luminaires. The luminaires were switched on gradually: first the LED luminaires, then the discharge luminaires. The list of installed luminaire powers is presented in Table 3.



As can be seen from the measurement data presented in Table 3, individual circuits were loaded asymmetrically. On the basis of the measurements presented in Figure 8, it can also be concluded that, in the analyzed installation, the tested harmonic content factors, both in the phase and neutral conductors, had very high values.



Point 1 on the graph shows the current in the neutral wire for LED receivers, while the marked point 2 on the diagram shows the current in the neutral wire for LED and discharge type receivers.



During the measurements, the RMS values of the harmonic currents were recorded for many electrical parameters (brown bars in Figure 9). The measurement results are summarized in Table 4.



In the tested lighting installation, it was found that:




	
The lighting installation had a current that was unsymmetrically loaded;



	
The current harmonic content in the supply current of the LED luminaire was many times higher than the permissible values [11].









5. Measurement Results for the Modernized Indoor Lighting Installation with LED Sources


Measurements were taken in lighting circuits of modernized industrial halls. The results of the measurements are presented in Table 2. The values of the power factors and harmonic distortion coefficients determined during the measurements were in accordance with the normative requirements. The parameters of the LED luminaires used are listed in Table 2, line five. The analyzed installation was equipped with presence sensors that controlled the value of the flux emitted by separate fragments of the lighting circuits. Figure 10 shows a selection of the measurement results for the selected sequence of the control system. It clearly shows that the control of the selected parts of the circuits caused asymmetry and significant changes in the current value in the phase conductors.



Points 1, 2, 3 in the figure show the measurement points of the harmonic current components shown in Figures 12–14.



In order to better illustrate the examined phenomenon, the waveforms of the harmonic components of the currents in the neutral conductor are shown in Figure 11 at a different scale. Also, in this case, it can be seen that the control of selected parts of the circuits caused asymmetry and significant changes in the value of the current harmonic content factor in the neutral conductor THD    I N   .



Points 1, 2, 3 in the figure show the THD    I N    values determined at these points, shown in Figure 10.



The authors were concerned about the fact that the value of the third harmonic of the current in the neutral conductor was greater than the third component of the current in the phase circuits. As can be seen in Figure 10 and Figure 11, the implementation of control procedures caused changes in the values of the flowing currents. For three measurement points, analyses of the content of the current harmonics in the first circuit were carried out. Figure 12 shows a comparison of the values of the current harmonics in relation to the requirements of the standard [11] (phase current ≤16 A—measurement point one), while Figure 13 and Figure 14 show a comparison of the values of the current harmonics in relation to the requirements of the standard [12] (phase current >16 A—measurement points two and three).



The analysis was performed by comparing the obtained results with the requirements from the standards [11,12]. At all three measurement points (one, two, and three), the harmonic current values in the current supplying circuit one with LED luminaires exceeded the permissible limits. The results of the measurements and analyses undertaken with other circuits were similar.



Following the measurements carried out with the installation with the control, the below conclusions were drawn:




	
Based on an analysis of the documentation of the LED luminaires (manufacturer’s test reports), it was found that the requirements of the standard were met [11]. Unfortunately, the results of measurements at point three of circuit one showed that the lighting installation with LED luminaires did not meet the requirements of the standards [11,12] regarding the permissible levels of harmonic current emissions;



	
The measurement results obtained during the implementation of the control procedures (measurements at points one and two of circuit one) showed increases in the values of individual harmonic current components.








Selection of power cables was carried out without taking into account the requirements of the standard [35].




6. Selection of the Conductor Cross-Section Taking into Account the Share of Higher Harmonics


Selection of cables in installations with lighting loads seems to be a simple matter. The ratings of the luminaires and the power supply parameters are used for the calculations.



An important issue in the cable selection procedure is the cables’ long-term current-carrying capacity. In the standard [35], reduction factors for higher harmonics for four-wire and five-wire receiving installations with a voltage not higher than 1 kV are provided for information. If the share of the third harmonic does not exceed 15% of the phase current, the cable is selected on the basis of the phase current value. For shares of 15–33% for the harmonics in the phase current, a correction factor of 0.86 is used. In turn, when the content of the third harmonic exceeds 33% of the phase current, analogous factors are used, but the selection is undertaken on the basis of the neutral conductor current. Table 4 presents the factors reducing the current-carrying capacity of cables for higher harmonics in four-wire and five-wire installations [35].



The cable selection procedure in terms of current-carrying capacity is as follows:




	
Determination of the value of the operating current I   B  ;



	
Verification that the share of the third harmonic in the phase current does not exceed 33% and determination of whether the selection will be based on the neutral or phase current;



	
Selection of reduction factor;



	
Calculation of the working current I’   B   after taking into account the correction factor k according to Formulas (1)–(3);



	
Selection of the cable on the basis of the load capacity indicated in the manufacturer’s catalog, taking into account the correction factors.










   I B ′  ≤    I B  k    



(1)




or


   I N  = 3  I B     I  3 h %   100    



(2)






   I B ′  =    I N  k    



(3)




where k is the reduction factor selected from Table 5, I   N   is the neutral conductor current value, and I    3 h %    is the percentage of the third harmonic current in the phase current.



Table 6 shows the calculations undertaken on the basis of the measurement values presented in Section 5 of the article. In the analyzed three-phase (three-circuit) circuit, the installation was made in the ground (five-wire cables laid in the ground without a cover). The content of the third harmonic of the currents in each phase conductor exceeded the value of 15% indicated in the standard.



Therefore, the selection of phase conductors should be undertaken on the basis of the phase conductor, and a correction factor of 0.86 should be applied. This means that, for cable routing in this way, a cable with a larger cross-section of 16 mm   2   should be selected, although for operating current of the given values in working conditions without the participation of harmonics, the appropriate cross-section would be 10 mm   2  . The value for the third harmonic in the neutral current was 95.2%. Selection of the conductor should be based on the cross-section of the neutral conductor. However, only Formula (2) will apply because the correction factor k for circuits where the third harmonic current is more than 45% is equal to unity. The value of such a current could be as much as 135.52A. This means that, despite the determined working current I   B   = 8.024A, the value calculated for the neutral conductor current reached as high as 22.92A. Thus, when selecting the conductor cross-section, it is necessary to use conductors with a cross-section of 2.5 mm   2  . The flow of current through the neutral conductor causes its additional heating, which does not occur under conditions of symmetrical operation of the circuit. This may lead to exceeding the permissible operating temperature for the cable and, in extreme cases, result in ignition of the insulation. Therefore, when the share of harmonics corresponding to zero sequences in the current is significant, it is necessary to take them into account during the cable selection procedure.




7. Conclusions


The article describes the results of measurements of electrical parameters of individual LED luminaires and LED lighting installations in an external and modernized plant. Based on the measurements and analyses carried out, it was found that the LED luminaires used in the tested circuits did not comply with the requirements of the cited EU regulations [11,12].



Based on the selected measurement results, it can be concluded that the outdoor lighting installation with discharge luminaires and LED luminaires described in Section 4 can be characterized as exceeding the permissible values for harmonic current components (the measurements of the parameters of the LED luminaires) by several times. The analysis was performed according to the requirements of the standard [11]. In the considered installation, LED luminaires with a rated active power of about 3 W were used.



LED lighting is a source of harmonic current emissions (for loads < 5, it may be in accordance with the regulations [11]). Hence, with a large number of such luminaires in use, there are significant excesses of current harmonic components. Section 5 presented selected measurement results for indoor lighting installation parameters. The installation was equipped with a lighting control system. Unfortunately, based on the analysis, it was found that the requirements of the standards were not met [11,12]. Unfortunately, there are no regulations regarding a requirement to test the values of harmonic current components when implementing control. Hence, it is necessary (recommended) to introduce into the regulations: (1) the requirement to perform acceptance measurements within the scope of determining power quality parameters and (2) the permissible values of these parameters (which should also be introduced into the control conditions).



Section 6 contains the results of calculations of cable cross-sections for the installation analyzed in Section 5. Unfortunately, the obtained results show that the selection of power cables was carried out without taking into account the requirements of the standard [35].



The problem of phenomena related to the occurrence of harmonic currents in power installations, although felt for several decades, is still ignored; e.g., when designing installations. This is despite the possibility of applying the provisions contained in standards, such as the quoted standard [35]. Regulations concerning lighting receivers (especially low-power ones) are very liberal, and there are simply no requirements regarding one important aspect of electricity quality, which is determining the values of current harmonic content coefficients for groups of lighting loads. Therefore, the authors have tried to present these problems in this article.
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Figure 1. Measured current and voltage waveforms of a lighting device with a discharge source. Source: authors’ own work adapted from [13]. 
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Figure 2. Scheme of the measuring system. Source: authors’ own study. 
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Figure 3. The methodology used to test the electrical parameters of luminaires. Source: authors’ own study. 
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Figure 4. Waveforms of currents and voltages of lighting devices with LED diodes without a system of harmonic filters. Source: authors’ own work adapted from [13]. 
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Figure 5. A simplified diagram of a lighting device with harmonic filtered LEDs. Source: authors’ own work adapted from [13]. 
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Figure 6. Waveforms of current and voltage of a lighting device with LED diodes with a power factor correction system. Source: authors’ own work adapted from [13]. 
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Figure 7. Waveforms of current and voltage of a lighting device with LED diodes with a system of filters. Source: authors’ own work adapted from [13]. 
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Figure 8. Measured values of currents in phase and neutral conductors (mixed lighting installation). Source: authors’ own work adapted from [13]. 
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Figure 9. Measured harmonic distribution of LED luminaires (data from the third circuit). Source: authors’ own work adapted from [13]. 
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Figure 10. Values of currents in phase conductors and neutral conductor measured in an installation with LED luminaires with control. Source: authors’ own study. 
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Figure 11. Values of the THD    I N    factor of the current in the neutral conductor measured in an installation with a system of LED luminaires with control. Source: authors’ own study. 
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Figure 12. Measured harmonic distribution of LED luminaires (data from one measurement point from circuit one). Source: authors’ own work adapted from [13]. 
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Figure 13. Measured harmonic distribution of LED luminaires (data from two measurement points from circuit one). Source: authors’ own work adapted from [13]. 
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Figure 14. Measured harmonic distribution of LED luminaires (data from three measurement points from circuit one). Source: authors’ own work adapted from [13]. 
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Table 1. Limit values of harmonic content [11,12,13].
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Harmonic Order

h

	
Maximum Permissible Harmonic

Current Expressed as a Percentage

of the Input Current

at the Fundamental Frequency




	

	
(%)






	

	
Receivers with a

rated current less

than 16 A with

a power in the

range from 5 W to 25 W

[11,13]

	
Receivers with a

rated current

less than 16 A with

a power of more

than 25 W

[11,13]

	
Receivers with a

rated current

greater than 16 A

[12,13]




	
2

	
5

	
2

	
-




	
3

	
35

	
27  λ 

	
21.6




	
5

	
25

	
10

	
10.7




	
7

	
30

	
7

	
7.2




	
9

	
20

	
5

	
3.8




	
11

	
20

	
3

	
3.1




	
13

	
20

	
3

	
2.0




	
15 ≥ h ≥ 39

(odd harmonics only)

	
-

	
3

	
-








 λ  is the circuit power factor.













 





Table 2. Rated and measured values of parameters of tested luminaires. Source: authors’ own work.
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No.

	
Type of Light Source

	
Measured Electrical Parameters




	
U

	
P

	
I

	
Q

	
S

	
DF (cos  ϕ  )

	
PF (  λ  )

	
THD    I   




	
(V)

	
(W)

	
(A)

	
(var)

	
(VA)

	
(-)

	
(-)

	
(%)






	
1

	
LED

	
230.50

	
3.023

	
0.03

	
−1.149

	
6.501

	
0.936

	
0.470

	
171.00




	
2

	
LED

	
230.30

	
5.696

	
0.05

	
−3.478

	
12.65

	
0.857

	
0.450

	
158.20




	
3

	
Discharge

	
230.20

	
86.54

	
0.39

	
−13.35

	
90.19

	
0.940

	
0.950

	
24.99




	
4

	
Discharge

	
230.20

	
150.54

	
0.71

	
29.11

	
167.19

	
0.900

	
0.834

	
34.15




	
5

	
LED

	
230.40

	
115.3

	
0.52

	
−29.08

	
124.2

	
0.970

	
0.964

	
9.00











 





Table 3. Summary of the power of the lighting installation luminaires. Source: authors’ own study.
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Circuit Number

	
Total Circuit Power

	
LED Luminaires

	
Discharge Luminaires




	

	
(W)

	
P     L E D     (W)

	
P    W    (W)






	
1

	
1063

	
82

	
981




	
2

	
1111

	
88

	
1023




	
3

	
1322

	
261

	
1061











 





Table 4. RMS values of odd harmonics in individual circuits of the lighting system. Source: authors’ own study.
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Harmonic Order

	
I     L 1     *

	
I     L 2     **

	
I     L 3     ***

	
I     L N     ****




	
(A)

	
(A)

	
(A)

	
(A)






	
Number

	
Effective value




	
1

	
0.359

	
0.380

	
1.099

	
0.683




	
3

	
0.353

	
0.361

	
0.804

	
1.498




	
5

	
0.336

	
0.343

	
0.663

	
0.350




	
7

	
0.320

	
0.325

	
0.613

	
0.332




	
9

	
0.301

	
0.302

	
0.508

	
1.074




	
11

	
0.271

	
0.273

	
0.431

	
0.231




	
13

	
0.244

	
0.251

	
0.388

	
0.224




	
15

	
0.214

	
0.225

	
0.303

	
0.695




	
17

	
0.180

	
0.192

	
0.242

	
0.161




	
19

	
0.150

	
0.163

	
0.194

	
0.117




	
21

	
0.120

	
0.132

	
0.136

	
0.355




	
23

	
0.091

	
0.098

	
0.095

	
0.088




	
25

	
0.068

	
0.069

	
0.056

	
0.063




	
27

	
0.049

	
0.047

	
0.012

	
0.095




	
29

	
0.038

	
0.033

	
0.013

	
0.036




	
31

	
0.036

	
0.032

	
0.035

	
0.023




	
33

	
0.039

	
0.037

	
0.057

	
0.130




	
35

	
0.042

	
0.039

	
0.053

	
0.014




	
37

	
0.045

	
0.041

	
0.063

	
0.029




	
39

	
0.045

	
0.041

	
0.056

	
0.136








* I    L 1   —RMS value of the current in the phase conductor (circuit one), ** I    L 2   —RMS value of the current in the phase conductor (circuit two), *** I    L 3   —RMS value of the current in the phase conductor (circuit three), **** I    L N   —RMS value of the current in the neutral conductor.













 





Table 5. Factors reducing the current-carrying capacity of cables for higher harmonics in four- and five-wire installations. Source: [35].
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Reducing Factor k




	
Selection of the

Cross-Section of

the Conductors on

the Basis of the

Phase Current

Value

	
Selection of the

Cross-Section of

the Conductors on

the Basis of the

Value of the

Neutral Current






	
   ( % )   

	
-

	
-




	
0–15

	
1.00

	
-




	
15–33

	
0.86

	
-




	
33–45

	
-

	
0.86




	
>45

	
-

	
1.00











 





Table 6. Calculated corrected values for phase cross-sections of wires and neutral current of the lighting system with a significant share of the third harmonic. Source: authors’ own study.
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	Operating

Current Value
	    I  B 1     

    45.83  A    
	    I  B 2     

    46.09  A    
	    I  B 3     

    47.45  A    
	    I N    

    8.024  A    
	Wire

Cross-Section





	       Wire          cross - section        
	   10   mm 2    
	   10   mm 2    
	   10   mm 2    
	  1.5   mm 2    (*)
	  5 × 10   mm 2    (**)



	       The  share  of  the         third  harmonic  in         the  phase  current       
	   16.5 %   
	   17.2 %   
	   16.6 %   
	   95.2 %   
	



	    I B    ′    
	   53.29  A   
	53.59 A
	55.17 A
	   22.92  A   
	



	       Wire          cross - section        
	   16   mm 2    
	   16   mm 2    
	   16   mm 2    
	  2.5   mm 2    (*)
	  5 × 16   mm 2    (**)







(*) result based on calculations, (**) cable selection in accordance with the standard [35].
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