

  energies-13-06017




energies-13-06017







Energies 2020, 13(22), 6017; doi:10.3390/en13226017




Article



Improving the Quality of Electricity in Installations with Mixed Lighting Fittings



Tomasz Popławski 1,*[image: Orcid], Marek Kurkowski 1 and Jarosław Mirowski 2





1



Department of Electrical Engineering, Czestochowa University of Technology, 42-201 Czestochowa, Poland






2



Energo-Bud Sp. Z o.o., 44-196 Knurów, Poland









*



Correspondence: tomasz.poplawski@pcz.pl







Received: 13 October 2020 / Accepted: 11 November 2020 / Published: 18 November 2020



Abstract

:

The issues that are presented in the article concern the broadly understood parameters of the operation of lighting fixtures in mixed systems and the improvement of the quality of electricity, considered in two aspects: as receivers of the energy consumed, determining and generating reactive power, influencing the asymmetry of currents and the production of higher harmonics, determined by the parameters of current and supply voltage (independent of the consumers connected at the connection point), which are influenced by the consumers that are connected at the connection point. After the tests, in order to improve the quality of energy, a proprietary program for the design of passive resonance filters was developed. A wide range of measurements of various types of lighting devices was carried out in single, complex, and mixed systems. Luminaires with discharge and LED sources were selected for the analysis of energy parameters. The tests were carried out in accordance with the IEEE 1459-2010 standard for single-phase circuits with distorted waveforms.
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1. Introduction


Along with the growing use of new technologies in power supply systems in power grids, the problem of maintaining the parameters that are required by the standards, determining the quality of electricity [1,2]. Many works present both the definition of the basic parameters of the quality of electricity [3,4] and the methods of shaping the current and voltage waveforms and limiting harmonics [5,6,7]. The direct cause of the generation of current in the higher harmonics are non-linear loads. This type of load causes the current waveforms to be distorted relative to the optimal sinusoidal wave. There are increasing receivers with non-linear characteristics, such as rectifiers, switching power supplies, or converter drive systems.



In the works [8,9,10], the authors pay attention to voltage converters, which can generate noise in the form of higher harmonics to the grid. These devices are necessary, especially for work with photovoltaic installations. In this case, the generation of higher harmonics to the grid changes the parameters of this grid, which, in turn, may cause incorrect operation or even damage to PV systems connected to this grid [11,12,13]. This fact presents scientists with new challenges on how to best protect the network from such situations. A classic safeguard is to use LCL filters instead of LC. According to [14,15,16] it is a more advantageous solution due to the suppression of higher harmonics, while maintaining the same inductance.



The constantly growing number of non-linear receivers, also in lighting installations, causes increasing problems with current wave distortion. The current distortions are not only greater than those permitted by the currently applicable standards, but, in extreme cases, they are so large that they cause various types of failure [4]. Because the harmonics affects the operation of devices, it is essential to minimize or completely eliminate it [17]. The current harmonics related to the distortion can be eliminated by using a parallel resonance filter [18,19,20]. Resonance filters are widely used in order to improve the quality of electricity. They can work independently as passive filters [19,20] or cooperate with active filters, creating a composite filter [21,22,23].



In lighting installations, switching power supplies are used in devices with fluorescent and metal halide sources and, above all, in the increasingly popular devices with light-emitting diodes (LED). The US Department of Energy (DOE) predicts that replacing traditional energy sources with LEDs in the near future may result in energy savings of 40 percent [24]. This means an energy saving of 261 terawatt-hours (TWh) per year.



Figure 1 shows tthe modified diagram of such an installation.



In the case of industrial installations, the elimination of higher harmonics seems to be a simple problem. Already at the stage of designing the installation, the designer can predict the various operating conditions of such an installation and select an appropriate active or passive filter for it, which, under normal operating conditions of this installation, should ensure the appropriate quality of energy in the network (no higher harmonic emissions). The problem becomes more complicated with lighting installations. At the design stage, it is impossible to predict what light sources will work in such an installation until the end of its life. The permanent modernization of lighting installation is another problem. An example can be street lighting in Poland. According to various estimates, it consumes between 1500 and 2500 gigawatt-hours (GWh) of electricity. Additionally, on the basis of estimates, it is estimated that about 3.3 million road and street luminaires [25,26] are in use. The declaration “Solidarity for the climate” was signed during the international climate conference COP 24 in Katowice. One of the goals in this declaration is   100 %   LED lighting of cities that belong to the Network of Polish Progressive Cities until 2030 [27]. This example shows how important it is to create an appropriate IT tool that, in the dynamically changing working conditions of a lighting installation, would be able to select an appropriate filter for it in a very short time to eliminate higher harmonics that are emitted to the network by non-linear sources.



The article describes examples of research on the operation of lighting installations in mixed systems with LED sources. The tests and measurements were carried out in accordance with the IEEE 1459-2010 standard [28] for single-phase circuits with distorted waveforms. A passive resonant filter for the elimination of current harmonics was also proposed, the parameters of which are dynamically selected by the proprietary program calculating the actual impedance of the supply network at a given load connection point, the spectrum of harmonics that are generated by a given load, and appropriate standard recommendations for the analyzed case.




2. The Power Theory According to the IEEE Standard 1459


In the calculations quoted below k = 1 was always assumed, so the obtained harmonics spectra do not contain the interharmonics or subharmonics described in [28]. The IEEE 1459 standard used for single-phase distorted waveforms introduces many different types of power. Note that only one definition of reactive power is given here, that is fundamental harmonic reactive power. This is due to the fact that, at the current level of theoretical electrical engineering development, there is no complete universally accepted power theory for distorted circuits.



According to the IEEE 1459 standard, three types of power have been distinguished, occurring in single-phase circuits with distorted waveforms. These are: active powers whose unit is W, nonactive power whose unit is var, and apparent power whose unit is VA. The active power P interpreted as all power transferred from the source to the receiver is defined in three equivalent ways:


  P =   1  k T     ∫   t 0    k T +  t 0    p  ( t )  d t =  p ¯   



(1)






  P =  U 0   I 0  +  ∑  h = 1  H   U h   I h  cos  (  θ h  )  =  P 1  +  P H   



(2)






  P =   1  k T     ∫   t 0    k T +  t 0     p a   ( t )  d t =   p ¯  a   



(3)







Active power has two components: fundamental active power   (  P 1  )   and harmonic active power   (  P H  )  :


   P 1  =  ∑  h = 1  H   U 1   I 1  cos  (  θ 1  )   



(4)






   P H  =  U 0   I 0  +  ∑  h = 2  H   U h   I h  cos  (  θ h  )   



(5)







The apparent power S that is defined in chapter 4.7 of the IEEE 1459 standard is interpreted as the amount of active power that can be delivered to the load under ideal conditions, i.e., with undistorted waveforms and a power factor of 1. The definition is based on the RMS voltage and current. It is a geometric sum of four different components that are defined in detail in Sections 4.9 to 4.12 of the IEEE 1459 standard. It is a geometric sum of four different components defined in detail in Sections 4.9 to 4.12 of the IEEE 1459 standard.



The active power P is the sum of the active power of the fundamental harmonic   P 1   and active power of the harmonics   P H  . There is no similar relationship in the case of apparent powers. Hence, the norm [23] introduces the concept of non-fundamental apparent power in Section 4.9   S N   (nonfundamental apparent power), which is the geometric difference between the apparent power S and the apparent power of the fundamental harmonic   S 1  .



The IEEE 1459 standard does not introduce the concept of reactive power for harmonics; instead, it introduces two additional powers that complement the relationship between total active and apparent powers, and active and apparent harmonic powers. These are the harmonic distortion power   D H   and the nonactive power N.



The only type of reactive power that is introduced by the standard [23] for distorted circuits is the reactive power of the fundamental harmonic   Q 1  :


   Q 1  =  U 1   I 1  sin  (  θ 1  )   



(6)







The reactive power   Q 1   oscillates between the source and the receiver, so that its average value for the period T is always zero. This power does not participate in the transmission of energy from the source to the receiver, generating only power losses. Chapter 4.6 of the [28] code also gives an equivalent definition of the integral power   Q 1  . This definition is based, inter alia, on the indefinite integral, as opposed to all the others, based only on definite integrals. Because of the fact that, for discrete waveforms described by vectors u, i, and t, the concept of indefinite integral does not exist (the indefinite integral exists only for continuous functions of time t) the practical usefulness of this definition is small.



It should be noted that from among many types of power introduced by the standard, only all active powers and powers   S ,  S 1   , and   Q 1   have a clear physical interpretation. The remaining powers were introduced only to complement the mathematical relationships, so it is impossible to link them with real energy phenomena occurring in the circuit.



In chapter 4.16, the [29] standard states that, in most practical cases, the following relation is satisfied:    D I  >  D U  >  S H  >  P H   . The power factor (PF) and total harmonic distortion (THD) factors, introduced in [29] chapters 4.1, 4.15, and 4.16, have a direct relationship to energy phenomena in the circuit. Power factors express the ratio of active power to apparent power, for all harmonics and for the fundamental harmonic, respectively:


  P F =   P S    



(7)






  P  F 1  = cos  (  θ 1  )  =    P 1   S 1     



(8)







The THD factors for voltage and current have the following definitions:


  T H  D U  =    U H   U 1    =       U  U 1     2  − 1    



(9)






  T H  D I  =    I H   I 1    =       I  I 1     2  − 1    



(10)




where: U, I - RMS voltage, and current.



In chapter 4.16, the [28] standard also gives the relationship between the   P  F 1  , cos  (  θ 1  )   , and   T H  D I    factors and the total power factor   P F  :


  P F ≅    P  F 1     1 + T H  D  I  2       



(11)







However, this is an approximate connection and the standard recommendations are to use only when   T H  D I  < 5 %   and   T H  D I  > 40 %  .




3. Results


According to the EMC Directive 2014/30/EC, electrical devices should be so constructed that they do not interfere with the operation of other devices and that they are resistant to destruction to the extent that allows for their operation, as intended. The assessment of the harmonic current content should be performed in accordance with the provisions of the standards [1,28,29].



The measurements were performed in the modified system that is shown in Figure 2. All of the measurements were made by registering N = 256 samples for the period of the fundamental harmonic    f 1  = 50   Hz. The values of time samples obtained as a result of the measurement, contained in the textbf t vector, were normalized, so that:    t 1  =  t 0  = 0   s (values of the first element of the time vector   t 1   and the initial integration time   t 0   have been set to zero). The technical parameters of the used recorder resulted in the following values: H = 128, T = 0.02 s and   τ = 78.125   ms.



When calculating all of the values based on integral definitions, the trapezoidal approximation of the integral was used. All values of the integrals and harmonics were calculated for one period of the fundamental harmonic    f 1  = 50   Hz, thus assuming k = 1.



The standard [1] specifies the permissible levels of harmonic current emissions for the phase current supplying the load not greater than 16 A. This standard applies to single-phase receivers for home or office use and divides the devices into four classes: A, B, C, and D, for which limits the content of individual harmonics are defined.



Lighting receivers were assigned to class C (lighting equipment). Depending on the input active power, they are divided into two groups—greater than 25 W and less than or equal to 25 W. In the case of lighting equipment with an active input power greater than 25 W, the current harmonics should not exceed the relative levels that are given in Table 1. which, when converting harmonic current to power, gives the levels shown in column 2 of Table 2. For lighting equipment with active input power not greater than 25 W current harmonics should not exceed the permissible levels, depending on the rated power and specified in column 2 of Table 3.



The value of the power factor PF depends on the voltage and current harmonics. Until recently, only the power factor values for the discharge lamps were specified for luminaires [30]. Since January 2013, its value has also been determined for LED luminaires [31]. Table 3 presents the permissible values.



During the performance of acceptance measurements and expert opinions in 2013–2019, seven luminaires, luminaire sets, and lighting installations with discharge sources and LEDs were selected and presented in Table 4 in order to illustrate the phenomena described in the previous chapters of the article.



In the system supply network-lighting receiver, the network voltage and currents were registered. The obtained waveforms are shown in Appendix A.



Subsequently, the recorded waveforms were subjected to FFT (Fast Fourier Transform) analysis, using the form of transformation and inverse transformation described by equations in accordance with the IEEE 1459 standard [28].



In the next step, the effective values of voltage and current of the tested installations were determined, as well as other types of power and PF defined in the standard [28]. Table 5 presents the calculation results.



Based on the collected results, it can be concluded that the obtained THD   U   values are small. However, the obtained THD   I   values for some of the analyzed cases (apart from the correctly operating one) are characterized by THD   I   values between 10% and 50%, which indicates high waveform distortion. This is information regarding the invalid and non-standard operation of devices. For tested luminaires Inst.1. and Inst.2., the obtained THD   I   values exceed the value of 50%, which means a very large current waveform distortion. Equipment malfunctions are highly likely. A detailed analysis of the system operation as well as the selection and installation of devices limiting the current harmonics is essential. The results confirm the incompatibility of the obtained values of the THD   I   current harmonic content factor, known from the literature and own measurements.




4. The Use of Passive Filter Systems to Improve Power Quality


The subject of considerations in the article is a passive resonant filter that is used to suppress the higher harmonics of the current, with the structure described in [6]. The filter consists of any number of LC branches. The resonant frequency of each branch is equal to the selected frequency, the hth harmonic of the waveform with the fundamental frequency f   1  . The selection of the L and C values of the branches is simple; it is enough to use the formula that results from the series resonance condition. However, the number and complexity of the calculations increases as the goal is to design a real filter composed of real elements with non-zero internal resistances and strictly defined allowable values for effective and peak currents and voltages.



4.1. Software and Its Functional Features


A program was created in the Scilab environment to automate filter design calculations. It is a free program for numerical calculations. This program provides a computing environment for engineering and scientific applications. Its functionality is sufficient to solve the problems described in the article. Before starting to design the filter, analyze the harmonic content in the load current (Figure 3a) and compare the obtained results with the provisions of the relevant legal acts. In the case of the considered lighting installations, it is the standard option [28]. Next, the structure of the filter should be determined by specifying the number and types of its branches and their resonance frequencies (Figure 3c). The filter branches consist of L and C elements connected in series and in parallel, thanks to which, from the series of types available on the market, total values of capacitance and inductance, determined by the given resonant frequency of a given branch, can be obtained. The next step is to solve the equivalent circuit (Figure 3b,c) in the frequency domain (for each h-th harmonic) and perform the inverse Fourier transform in order to determine the peak and effective values of currents and voltages of individual elements. RMS, peak, and active powers are calculated in order to check that the rated values of the L, C, and R elements used in the filter construction are not exceeded.



The block diagram shows the functional relationships of the individual program elements Figure 4.



Working with the program begins with creating its internal database necessary to design and analyze the filter. In the first stage, the network current and voltage waveforms recorded at the filter connection point should be loaded in the form of oscillograms, saved in the (*.csv) file. One should also load previously prepared (*.xls) files, which contain libraries of R, L, and C elements prepared on the basis of manufacturer’s catalog cards, and (*.xls) file containing harmonic emission limits in accordance with the requirements of the standard [28]. After loading the input data, the program analyzes the harmonic spectrum of the loaded current waveform and indicates the harmonics exceeding the limits that are specified in the standard [28].



The next step is to build the filter structure, using an editor that allows for adding and removing subsequent filter resonance branches, and individual L and C elements of each branch. This stage of work is supported by the “Branch Element Calculator” and the constantly updated impedance chart of the branch being built. The branch may also contain high frequency R    H F    resistors [7].



In the first step, we calculate the impedances of the individual elements L, C and R of each branch, respectively, marked     Z ̲   l i   ,   Z ̲   c i     and    Z ̲   r i    (i—element number in the group). The numbers of the vector elements correspond to the consecutive harmonics up to h = 128 inclusive. The calculations are carried out for 128 harmonics, which results from the fact that the     u ̲   r e c    ( t )    and     i ̲   r e c    ( t )    waveforms are recorded with a recorder with a resolution of 256 samples per period of the fundamental harmonic. The program uses the forms of the FFT transformation and the inverse transformation. The calculations are made on the complex peak values of the harmonic currents and voltages, not the RMS values. The constant component is ignored in the calculations, because the filter of the analyzed structure has a constant component. There is no zero sequence current in the filter.


    Z ̲   c i   =  R i  +   ( j 2 π h  f 1   C i  )   − 1     ,     Z ̲  C  =    ∑  i = 1  M    Z ̲   c i     − 1   ,   i ∈  [ 1 ; M ]  ,   h ∈  [ 1 ; 128 ]   



(12)






    Z ̲   l i   =  R i  + j 2 π h  f 1   L i  ,     Z ̲  L  =  ∑  i = 1  M    Z ̲   l i   ,   i ∈  [ 1 ; M ]  ,   h ∈  [ 1 ; 128 ]   



(13)






    Z ̲   r i   =  R i  ,     Z ̲  R  =  ∑  i = 1  M    Z ̲   r i   ,   i ∈  [ 1 ; M ]   



(14)







M denotes the number of elements in the group, i.e., the number of branch capacitors that are connected in parallel or coils or resistors connected in series. Calculations for resistors are performed only when the branch contains HF resistors, that is when the logical variable at the address Filtr.Galezie (x).Rhf in the program is “true”. In the next step, the impedances of the following branches are calculated:


    Z ̲  g  =    ∑  i = 1  p         Z ̲  R    Z ̲  L      Z ̲  R  +   Z ̲  L       − 1   +   Z ̲  C    − 1   ,   w h e r e    R  H F   < ∞ ,   f o r   h ∈  [ 1 ; 128 ]   



(15)




and


    Z ̲  g  =    ∑  i = 1  p      Z ̲  L  +   Z ̲  C    − 1     − 1   ,   w h e r e    R  H F   = ∞ ,   f o r   h ∈  [ 1 ; 128 ]   



(16)




where the p denotes the number of parallel branches Filter.Branches(x).Paralel. In order to lower the impedance for a given harmonic, the filter may contain more than one branch with the same structure. The results are stored in successive cells of the Analysis.Bales(x).Z vector.



At the end of this step, the impedance   Z f   of the entire filter is calculated:


    Z ̲  f  =    ∑  i = 1  M      Z ̲   g i     − 1     − 1   ,   w h e r e   i ∈  [ 1 ; M ]  ,   f o r   h ∈  [ 1 ; 128 ]   



(17)




where M denotes the number of filter branches. The results are saved in the vector at Analysis.Z.



In the next step, the voltages and currents of the circuit are determined:


    I ̲  f  =     U ̲  f    Z ̲  f    ,     I ̲  s  =   I ̲  0  +   I ̲  f  ,   f o r   h ∈  [ 1 ; 128 ]   



(18)






    U ̲  s  =      U ̲  s    Z ̲   f   − 1   −   I ̲  0      Z ̲   s   − 1   +   Z ̲   f   − 1      ,   f o r   h ∈  [ 1 ; 128 ]   



(19)






    U ̲  f  =   U ̲   r e c   +  (  R s  + j 2 π h  f 1   L s  )    I ̲   r e c     w h e r e   h = 1 ,   f o r   h ∈  [ 1 ; 128 ]   



(20)






    U ̲  f  = 0   w h e r e   h ≠ 1 ,   f o r   h ∈  [ 1 ; 128 ]   



(21)







The filter internal voltages and currents are calculated from the dependence:


    I ̲  g  =     U ̲  f   p   Z ̲  g     ,     U ̲  C  =   I ̲  g    Z ̲  C  ,     U ̲  L  =   I ̲  g       Z ̲  L    Z ̲  R      Z ̲  L  +   Z ̲  R     ,   w h e r e    R  H F   < ∞ ,   f o r   h ∈  [ 1 ; 128 ]   



(22)




and


    I ̲  g  =     U ̲  f   p   Z ̲  g     ,     U ̲  C  =   I ̲  g    Z ̲  C  ,     U ̲  L  =   I ̲  g    Z ̲  g  ,   w h e r e    R  H F   = ∞ ,   f o r   h ∈  [ 1 ; 128 ]   



(23)






    I ̲  L  =   U ̲  L    Z ̲   L   − 1   ,   w h e r e    R  H F   < ∞ ,   f o r   h ∈  [ 1 ; 128 ]   



(24)




and


    I ̲  L  =   I ̲  g  ,   w h e r e    R  H F   = ∞ ,   f o r   h ∈  [ 1 ; 128 ]   



(25)






    I ̲  R  =   U ̲  L    Z ̲   R   − 1   ,   w h e r e    R  H F   < ∞ ,   f o r   h ∈  [ 1 ; 128 ]   



(26)






    U ̲  R  =   I ̲  R    Z ̲  R  ,   w h e r e    R  H F   < ∞ ,   f o r   h ∈  [ 1 ; 128 ]   



(27)






    I ̲  C  =   U ̲  C    Z ̲   C   − 1   ,     I ̲  1  =   U ̲  1    Z ̲  1  ,   f o r   h ∈  [ 1 ; 128 ]   



(28)







The determined values of the total load and filter current   I s   harmonics are compared with the values that are allowed by the standard and displayed in the main program window.



After determining the flow of currents and voltage distribution, the active powers of the resistors, the RMS values of currents and voltages, as well as the values of THD, PF, and tan ϕ  factors are determined according to [28]. All of the circuit voltages and currents, represented by the vectors, of the complex maximum values for successive harmonics, are subjected to the inverse Fourier transform.



The last step is to display the filter impedance graph and the harmonic spectrum of the mains current calculated after applying the filter in the program window. These data make it possible to determine whether the designed filter meets all of the adopted assumptions and, if necessary, to introduce modifications. The remaining data are exported to the output files.




4.2. Luminaires and Lighting Installations with Passive Filter Systems


At the current level of theoretical electrical engineering development, there is no complete, universally accepted power theory for distorted circuits. Before selecting the IEEE 1459-2010 standard for further analyzes that are described in the article, measurements and calculations were made according to several internationally recognized power theories for distorted waveforms. The calculations were made for the selected Inst.2. characterized by significant current distortion in the circuit.



The calculated values of reactive power well illustrate the current, still unresolved problems with the analysis and evaluation of the phenomena related to the oscillations of the energy flow in distorted circuits. The reactive power that is calculated on the basis of the Budeanu theory has a negative value, while the values that are calculated according to Shepherd–Zakikhani–Sharon and Czarnecki are positive. This reflects the fact that in the case of distorted waveforms, it is basically impossible to divide into inductive and capacitive reactive power. Another interpretation of the problem is the multitude of power components, especially in the theories of Shepherd–Zakikhani–Sharon and Czarnecki. The introduced power components are necessary for the closure of the power polyhedron, but their physical interpretation is not clear. Therefore, these components are of little use from an engineering point of view.



It should be noted that the only type of reactive power introduced by the IEEE 1459-2010 [28] standard is the reactive power of the fundamental harmonic Q   1  . Admittedly, the Budeanu theory [26] of power was included in the earlier edition of this IEEE 1459-1994 standard, but it was later removed due to its inadequacy for solving practical problems. Consequently, the Budeanu theory is still very popular, despite its obvious shortcomings.



Summing up the results of the comparisons, it should be stated that from the engineering point of view, the most reliable is the value of the THD   I   current coefficient, which describes the harmonic content. The relationship between the active power P and apparent power S is described by the power factor PF. Therefore, in the further part of the article, the analyzed solutions were assessed in accordance with the [28] recommendations, focusing mainly on the current harmonic content and the power factor PF. The power components and power factors for the tested installations, determined in accordance with the [28] standard, are summarized in the Table 6.



The resulting reduction of the THD   I   value after applying the filter is graphically shown in Figure 5. The blue bars in the graph show the THD   I   harmonic content of the installation under test before the filter is installed.



On the basis of the conducted tests and calculations, it was found that the use of passive filters clearly improves the quality of energy by eliminating higher harmonic current components in the tested lighting installations. However, it causes the generation of higher losses that result from the flow of reactive power. This is graphically illustrated in Figure 6. Only in one case, the Inst.7 installation, which was a mixed installation with different light sources, achieved an improvement in both the power factor and a reduction in the reactive power flow in the network.The blue bars in the diagram show the reactive power in the tested installation before the filter was installed.





5. Conclusions


Based on the research and analysis of electrical parameters of luminaires and mixed installations with discharge and LED sources, the following conclusions can be presented:




	
Research, selection of parameters, and the use of a hybrid filtering-separation device allows for effective operation of sources, modules, and lighting fittings.



	
It can be concluded that the use of a passive filter in the tested cases is the optimal solution due to the simplicity of both the system configuration used and the possibility of selecting elements.



	
The developed computer program effectively and efficiently enables the analysis and carries out the selection of parameters of passive filters that are dedicated to the tested installation, which results in a quick and effective reduction of harmonic content in lighting installations.



	
In accordance with the regulations, LED lighting fixtures may have a PF power factor not lower than 0.9, which is equivalent to a tan ϕ  value not greater than 0.48. Unfortunately, the current normative regulations do not take into account the fact that semiconductor power supply systems used in LED luminaires mean flows of capacitive reactive energy, i.e., the value of tg ϕ  may be negative (e.g., for PF = 0.9 then tg ϕ  = −0.48). Electronic control and regulation systems do not have a specific allowable power factor, which may cause a further increase in the value of capacitive reactive energy. Based on the measurement results, it can be concluded that replacing the previously used luminaires with luminaires with only LED sources will mean additional costs that result from the flows in the capacitive reactive energy network.
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Appendix A


Figure A1 shows the recorded current (blue curve) and voltage (green curve) waveforms in the tested lighting installations. Harmonics spectra of the recorded voltage waveform for the tested installations are shown in Figure A2 and the Figure A3 shows the measured current harmonics.
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Figure A1. Recorded current and voltage waveforms in the tested lighting installations. 






Figure A1. Recorded current and voltage waveforms in the tested lighting installations.



[image: Energies 13 06017 g0a1]







[image: Energies 13 06017 g0a2 550] 





Figure A2. Measured voltage harmonics of the tested installations. 






Figure A2. Measured voltage harmonics of the tested installations.
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Figure A3. Measured current harmonics of the tested installations.+ Permissible value (according to EN 61000-3-2, class C, P > 25W). 






Figure A3. Measured current harmonics of the tested installations.+ Permissible value (according to EN 61000-3-2, class C, P > 25W).
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In the picture Figure A3 the symbol (+) denotes the permissible values according to the EN 61000-3-2 standard, and the red bars in the current harmonic diagrams indicate the exceeded values of the respective harmonics.
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Figure 1. A simplified diagram of a lighting device with LEDs. 
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Figure 2. Scheme of the measuring system. 
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Figure 3. Equivalent circuit diagrams: (a) before applying the filter, (b) circuit with filter, and (c) diagram for harmonics (internal filter structure).Equivalent circuit diagrams. 
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Figure 4. Simplified block diagram of the program. 
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Figure 5. The obtained values of the reduction of current harmonic distortion factors. 
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Figure 6. The obtained values of changes in reactive power Q   1   after applying passive filters. 
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Table 1. Permissible levels of harmonic content P > 25 W (class C).






Table 1. Permissible levels of harmonic content P > 25 W (class C).









	Harmonic Order
	I     max %     *





	h
	%



	2
	2



	3
	30 PF **



	5
	10



	7
	7



	9
	5



	11 ≤ h ≤ 39
	3



	(only odd ones)
	







*—Maximum allowable harmonic current expressed as a percentage of the fundamental component of the input current. ** PF—Power factor.
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Table 2. Permissible levels of harmonic content P ≤ 25 W (class C).
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	Harmonic order
	I     max admissible     ***





	h
	mA/W



	2
	3.4



	3
	1.9



	5
	1.0



	7
	0.5



	9
	0.35



	11 ≤ h ≤ 39
	3.85/h



	(only odd ones)
	







***—The maximum allowable harmonic current converted into Watts.
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Table 3. Power factor values for lighting lamps (fittings).
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PF






	
Functional requirements




	
for other directional lamps (luminaires)

	
≥0.5 dla P ≤ 25 W




	
(except lamps: LED, CFL

	
≥0.90 dla P > 25 W




	
and high intensity discharge lamps)

	




	
Functional requirements

	
P ≤ 2 W no requirement




	
for non-directional

	
2 W < P ≤ 5 W; PF > 0.4




	
and directional

	
5 W < P ≤ 25 W; PF > 0.5




	
(luminaires) LED lamps

	
P > 25 W; PF > 0.9
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Table 4. Summary of measurement results and calculations of electrical parameters of the tested installations.






Table 4. Summary of measurement results and calculations of electrical parameters of the tested installations.





	
Symbol

	
Name

	
Power




	
W






	
Inst.1

	
LED light fixture no.1

	
42




	
Inst.2

	
LED lighting fixture set no.2

	
15




	
Inst.3

	
LED lighting fixture no.3

	
78




	
Inst.4

	
Lighting fitting with induction source no.4

	
42




	
Inst.5

	
Lamp holder with metal halide source no.5

	
78




	
Inst.6

	
Mixed installation with discharge sources and LED no.6

	
700




	
Inst.7

	
Mixed lighting installation with discharge and LED sources no.7

	
1000
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Table 5. Summary of measurement results and calculations of electrical parameters of the tested installations.
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Electrical Parameters






	

	
U    N   

	
P    N   

	
I

	
Q

	
S

	
PF

	
THD    U   

	
THD    I   




	

	
V

	
W

	
A

	
var

	
VA

	

	
%

	
%




	
Inst.1

	
230.78

	
42.83

	
0.32

	
−44.01

	
75.68

	
0.56

	
1.68

	
71.42




	
Inst.2

	
231.2

	
15.66

	
0.08

	
−7.39

	
19.36

	
0.8

	
1.25

	
50.54




	
Inst.3

	
231.3

	
78.08

	
0.34

	
−16.92

	
80.13

	
0.97

	
1.57

	
7.20




	
Inst.4

	
230.9

	
41.94

	
0.19

	
−5.78

	
45.5

	
0.92

	
1.58

	
38.63




	
Inst.5

	
231.02

	
86.54

	
0.39

	
−13.35

	
90.19

	
0.95

	
1.96

	
24.99




	
Inst.6

	
231.02

	
708.89

	
4.24

	
629.21

	
1004.89

	
0.7

	
2.4

	
33.94




	
Inst.7

	
240.01

	
1050.07

	
5.78

	
796.92

	
1388.19

	
0.75

	
1.65

	
32.98
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Table 6. Summary of measurement results and calculations of electrical parameters of the tested installations.
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	Designated Quantities
	
	Inst.1
	Inst.2
	Inst.3
	Inst.4
	Inst.5
	Inst.6
	Inst.7





	P
	W
	53.38
	20.68
	83.01
	46.84
	98.15
	708.89
	1050.08



	S
	VA
	357.28
	171.58
	197.35
	174.64
	335.84
	1004.35
	1388.18



	N
	var
	353.27
	170.33
	179.04
	168.24
	321.17
	711.47
	907.97



	P   H  
	W
	−0.28
	0.02
	−0.08
	−0.14
	−0.11
	−3.93
	0.09



	S   H  
	VA
	0.58
	0.19
	0.14
	0.25
	0.34
	7.72
	7.20



	S   N  
	VA
	35.19
	15.81
	9.88
	16.58
	21.31
	323.58
	435.34



	D   U  
	var
	5.96
	2.13
	3.10
	2.75
	5.66
	22.77
	21.84



	D   I  
	var
	34.67
	15.67
	9.38
	16.35
	20.54
	322.66
	434.73



	D   H  
	var
	0.50
	0.19
	0.11
	0.21
	0.32
	6.64
	7.20



	P   1  
	W
	53.66
	20.66
	83.10
	46.98
	98.26
	712.83
	1049.98



	S   1  
	VA
	355.54
	170.86
	197.1
	173.86
	335.16
	950.8
	1318.16



	Q   1  
	var
	−351.47
	−169.60
	−178.72
	−167.39
	−320.44
	−1344.01
	368.34



	PF
	
	0.14
	0.12
	0.42
	0.26
	0.29
	0.70
	0.75
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