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Abstract

:

In industry, to improve the power factor in low-voltage power substations, a power factor controller (the most used method) can be installed which connects capacitors banks (connected, or not, with coils) in the electrical installation. The most important parameters of power engineering are the power factors that indicate the efficiency of energy use. Currently, many non-linear consumers (more single-phase than three-phase) are used on low voltages. Harmonics (currents and/or voltages) are the most important dynamic component of power quality, affecting electrical equipment performance and also reducing power factors. The purpose of this analysis is to increase the displacement power factor and to decrease the total harmonic distortion (for the current) in the conditions where there are linear and non-linear consumers, where the power factor must be improved with capacitors banks. Relevant different consumers have been selected for both the industry and the home sector, as follows: inductive motors that are linear, inductive consumers, compact fluorescent lamps that are non-linear, and capacitive consumers. This analysis was carried out depending on the number of steps used for the power factor controller, the values of the capacitors banks, the AC reactor (connected in series with all consumers), and the LC shunt filters. For a slight deformation regime, a large number of capacitors banks with different values ensure a finer adjustment of the displacement factor. The maximum number of steps that regulators can command should not necessarily be used (the reliability of the installation decreases with the increase in the number of capacitors banks), but a reduced number of steps can be used, which can lead to higher values of displacement power factors. To improve the deforming regime and to increase the displacement power factor, the use of LC shunt filters, connected to a small number of steps, will also increase the displacement power factor (over 0.9) and decrease the total harmonic distortion (up to 7–10%) for the current. Weaker results were obtained with AC reactors connected to the power supply phases of consumers and, if a larger number of stages were used, to which LC shunt filters were connected, these filters become difficult to calibrate (resonances occur).
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1. Introduction


Improved power factor means that, in a defined part of the installation, the necessary steps are taken to increase the power factor by locally delivering the necessary power to reduce current values and power flows through the upstream network with the same output power required. In this way, lines, generators, and transformers can be sized to lower power. The size of generators and transformers depends on the apparent power. At the same active power, the smaller the reactive power provided, the smaller the apparent power. Therefore, by improving the power factor, this equipment can be sized for less apparent power, but still provide the same active power. The devices that produce reactive power are synchronous generators, synchronous condensers, static VAR compensators, and capacitors banks [1,2].



The shunt compensation with capacitors banks of the reactive power can be used at load level, power substations, or transmission (at various voltage levels from low voltage to high voltage). Compensation must be provided as close to the consumption point as possible, in order to avoid the distribution of this power elsewhere in the network.



From a strictly technical point of view, even a suitable size installation can work properly in the case of low power factors. However, improving the power factors is a solution that can achieve technical and economic benefits and, in fact, managing low-cost installations will increase costs for power generation [3,4,5,6].



The main advantages of power factor correction can be summarized as follows: better use of electrical machines, better use of electrical lines, loss reduction, and lower voltage drops.



The correction of the power factor also allows us to obtain benefits for the size of the cables. In fact, at the same output power, the current decreases by increasing the power factor. This current reduction can enable the selection of conductors with lower cross section areas.



There are no general rules for all types of installations and, in theory, capacitors can be installed at any place, but the appropriate practical and economic feasibility must be assessed. The main methods of improving power factor correction depend on the position of the capacitors banks, as follows: the distribution power factor correction, the group power factor correction, the central power factor correction, the combined power factor correction, and the automatic power factor correction. According to the literature, improving the power factors in power engineering can lead to cost savings of 10 to 30% [7,8,9,10,11].



Power factor is related to the power quality. Currently, linear and non-linear consumers are connected to power substations (due to switching sources), which, together with the capacitors (used to improve the power factor), cause current distortion (power quality is affected). In practice, the voltage is not perfectly sinusoidal. The harmonic currents generated by the load will circulate in the circuit through the impedance of the source and all other branches in parallel. Consequently, harmonic voltages will appear on the impedance of the power supply and they will be present everywhere in the installation. The main equipment that produce harmonics are personal computers, LED lamps, fluorescent and gas expanding lamps, static converters, variable speed drives, welding machines, and arc and induction furnaces [12].



The presence of harmonics (currents or/and voltages) in electrical networks may cause equipment failure, such as the overloading of neutral conductors, increasing transformer losses, and causing torque disturbances in motors. More important problems occur when distortions reach high values and the danger of resonances between power factor correction systems and electrical networks are present [13,14].



In three-phase systems, the capacitors bank is composed of three capacitors with the same capacity and can have wye or delta connections. The capacitors banks can be combined with the inductors to limit the harmonic on the network and reduce inrush currents. In fact, the combination capacitor–inductor forms a harmonic filter. In this way, the component inductors–capacitors provide a very low reaction in correspondence to the elimination of harmonics that circulate in the component without affecting the entire network. Also, to limit the distortion of the current, AC reactors can be used that are connected in series with the electrical consumers [15,16,17,18,19].



Normally, two options are used to solve power quality problems (non-sinusoidal current), as follows: passive power factor correction (to improve power factor by filtering harmonics with passive filters) and active power factor correction (using a switching converter to modulate distorted waves and shape them into sine waves). For ordinary electrical consumers who have a switching source, a power factor correction circuit is added to the energy supply circuit to increase the power factor and/or reduce the harmonics. There are three power factor correction techniques: passive with reactors, active that controls a current at high frequency using a switching device, and partial switching with switching devices to regulate currents several times per mains cycle and whose applications are limited [20,21].



Power passive filters can be used to improve power factors in electrical systems. It is difficult to use passive filters to increase power factor and to decrease deformation (currents) because they must also take into account consumer specificities (linear or non-linear, capacitive or inductive characteristics). Reactive power and negative sequence currents generated by inductive unbalanced loads not only increase line losses, but also cause relay protection devices to fail due to negative sequence components of the power grid, threatening the safe operation of the power system. Reactive power compensation and unbalance suppression were achieved in three-phase wye connectors, with complex electronic structures for inductive unbalanced electric consumers [7,14,22,23].



Real-time control of the reactive power is currently the most efficient solution to avoid voltage fluctuations and maintain the standard limits. For this purpose, capacitors banks, reactors, synchronous generators, synchronous condensers, and FACTS (Flexible Alternating Current Transmission Systems) installations are used. Types of FACTS installations are SVC (Static VAR Compensator), STATCOM (Static Synchronous Compensator), SSCR (Switched Shunt-Capacitor and Reactor), UPFC (Unified Power Flow Controller) and D-STATCOM (Distribution STATCOM) that provide control of reactive power to obtain voltage stabilization and ensure mitigation solutions for voltage changes, swelling, interruptions, and flashes. These solutions are usually used for medium and high voltages. For the power substation, the most common solution for improving the power factor is the use of capacitors banks controlled by a power factor controller (which makes the adjustment according to the displacement power factor) mounted in the point of common coupling [24,25,26].



This paper is divided into five sections. The second section is about materials and methods and presents theoretical aspects about electrical parameters used in the deforming regime and the power factor controller with capacitors banks used for improving power factors. The third section presents the experimental results (20 groups of experiments) with capacitors (without coils connected in series), AC reactors, and LC shunt filters. The fourth section is a detailed discussion about the use of power factor controllers in different conditions. Conclusions on the use of the power factor controller are presented in the last section.




2. Materials and Methods


2.1. Theoretical Aspects


The RMS values for voltage (U) and current (I) in a deforming mode are calculated with [14]:


  U =    U   0   2   +   ∑  k = 1   50      U   k   2       



(1)






  I =    I   0   2   +   ∑  k = 1   50      I   k   2       



(2)




where U0 and I0 are the continuous components of voltage and current and Uk and Ik are fundamental (k = 1) and higher harmonics of voltage and current.



In periodic non-sinusoidal mode, the following powers can be defined [12,26]:




	
apparent power:










S = U · I,



(3)







	
active power:








  P =   U   0   ·   I   0   +   ∑  k = 1   50      U   k   ·   I   k   ·   cos     φ   k        



(4)




where φk represents the phase shift between the k component of the voltage and the k component of the current.



	
reactive power:







   Q =   ∑  k = 1   50      U   k   ·   I   k   ·   sin     φ   k         



(5)





	
deforming power:







   D =    S   2   −   P   2   −   Q   2      



(6)





Based on the powers S, P, Q, and D, the power factor is defined in non-sinusoidal mode:


  P F =   P   S   =   P      P   2   +   Q   2   +   D   2       



(7)







The displacement power factor is calculated with:


  D P F =   cos     φ   1      



(8)




where φ1 represents the phase shift between the voltage and current fundamentals (50 Hz).



The total harmonic distortion factor (THD, Total Harmonic Distortion) is a ratio between the deforming residue and the RMS value of the fundamental:


  T H D =      ∑  k = 2   50      G   k   2          G   1      



(9)




where Gk is the RMS value for harmonics of rank k and G1 is the RMS value of the fundamental harmonic. THD can be calculated for both current and voltage. As can be seen, the total harmonic distortion factor does not take into account the phases of the harmonics, only their RMS values.



In order to decrease the reactive energy, all electrical energy consumers are obliged to operate at a power factor higher than the neutral power factor. In three-phase alternating voltage, the capacitors can be connected to the network in wye or delta connections (Figure 1). It is denoted by Cy—the capacitor on a branch of the capacitors bank in wye connection; Cd—the capacitor on a branch of the bank at the delta connection; and QCB—total reactive power for the capacitors bank.



For a consumer balanced on the three-phases powered from a symmetrical three-phase voltage, if QCB is the total reactive power of the three-phase capacitors bank [7]:


QCB = P · (tgφ1 − tgφ2)



(10)




where P is the active power of the consumer (on all phases), φ1 is the initial phase shift between voltage and current, and φ2 is the final phase shift (it is usually imposed by the neutral power factor) between voltage and current after the introduction of the capacitors bank.



Depending on the phase voltage, the capacitor for the wye connection is determined using:


    C   y   =   P   2 · π · f ·   U   l   2     ·      1 −   c o s   2     φ   1        cos     φ   1       −    1 −   c o s   2     φ   2        cos     φ   2          



(11)







The capacitor for the delta connection is determined using:


    C   d   =   P   3 · 2 · π · f ·   U   l   2     ·      1 −   c o s   2     φ   1        cos     φ   1       −    1 −   c o s   2     φ   2        cos     φ   2          



(12)







For the same reactive power of the capacitor bank:


    C   d   =     C   y     3    



(13)







So, at the same reactive power of the capacitors bank, the capacitors in the delta connection are three times less than the capacitors in the wye connection, but the capacitors in the delta connection must work at the line voltage, compared to the capacitors in the wye connection, which must work at the phase voltage.



To reduce the deforming regime of the current determined by connecting the capacitors to real supply voltages, which differ from the sinusoidal form, LC filters can be used, whose frequency is calculated with:


    f   c   =   1   2 · π ·  L · C     



(14)








2.2. Classical Power Factor Controller


The power factor improvement with classical power factor controllers (PFCs; also known as reactive power controllers) is known (Figure 2) [4]. Normally, using a single current transformer, CT measures the line current and the PFC measures the phase voltage, and displacement power factor is calculated and, depending on the set value of displacement power factor (usually the neutral power factor), capacitors banks (CB1, CB2, CB3, CB4, CB5, and CB6) are timed to switch on or switch off through electromagnetic relays (K1, K2, K3, K4, K5, and K6). Choosing the number of banks steps depends on the fineness of the displacement power factor adjustment and the values of banks, depending on the reactive power. PFCs monitor the presence of harmonics in the network, incorrect operation of capacitors banks, and the temperature level of the space where the capacitors banks (CBs) are located.



The disadvantage of this installation is that when connected to a capacitors bank, the high values of currents peaks are generated by the capacitors bank (depending on the values of capacitors, the remanent voltages on the capacitors, and the initial voltage applied on capacitors). With these types of PFCs, a fine adjustment of the displacement power factor cannot be achieved (the change is in steps). Using the classical PFC, premature wear of the electromagnetic relay contacts occurs (reducing their lifetime).



When connecting capacitors banks in an installation with inductive consumers, the power factor is improved, but the current will be distorted. To improve the waveforms of the currents, AC reactors can be used that are connected in series with the consumers (Figure 3). Basically, the higher their value, the closer they are obtained to the sinusoidal currents. It is obvious that their value cannot be any higher because there will be a significant voltage drop on the AC reactors [14].



In power engineering, a synchronous condenser is a DC-driven synchronous motor, whose shaft is not connected to anything but rotates freely. Its objective is to adjust the conditions (adjustment of power factor or voltage) of the electric network. Its field is controlled by a voltage regulator to generate or absorb reactive power, as needed, to adjust the voltage of the network or to improve the power factor. The installation and operation of the synchronous condenser is identical to that of the large electric motor and generator (some generators are designed to work as synchronized condensers with the main motor disconnected). However, due to high installation and maintenance costs, they are not suitable for most low-voltage applications (e.g., power substations). However, synchronous condensers have higher energy losses than static capacitors banks. Most synchronous condensers connected to electrical networks have a rating of between 20 and 200 MVAR, but are not used in ordinary low-voltage substations (usually, up to 1600 KVA maximum power), and many of them are hydrogen-cooled. An advantage of using synchronous condensers is that a fine adjustment of the power factor can be achieved, which is very difficult to achieve with installations with condenser banks (many capacitors banks are controlled by power factor controllers) [22].



The mean cost for a synchronous condenser is between USD (10 ÷ 40)/kVAR with high maintenance costs, and for an installation with capacitors banks is between USD (10 ÷ 30)/kVAR, but with very low maintenance costs [24]. For example, for a reactive power of 5 MVAR, the costs (capital cost, preventive maintenance cost, and voltage regulator maintenance) when using an installation with capacitors banks, the estimated values are USD 34,600, and for an installation with a synchronous condenser the estimated costs are USD 56,800 (almost double), under the conditions in which the same annual financial benefits are obtained. However, it should be mentioned that the average life span for an installation with capacitors banks is 10 years, while an installation with a synchronous condenser is 20 years [24].



On medium voltages, for high-power electrical industrial consumers, it is beneficial to use a synchronous condenser that can adjust both the voltage level and the power factor.





3. Results


The purpose of the experimental measurements is to analyze the operation of the PFC with different numbers of capacitors banks (from 2 to 6 stages), when using the same values or different values for the capacitors banks, and when using the capacitors banks connected to coils (each terminal of the capacitors bank is in series with a coil).



To experimentally analyze the PFC (Roederstein ESTAmat RPR type, Vishay), two induction motors (inductive character, linear) and two compact fluorescent lamps (CFLs, capacitive character, non-linear consumers) were used (Figure 4) which connected to the installation in Figure 2. The characteristics of consumers are as follows:




	
M1, three-phase induction motor with the following data (ASI 90L-24-2 type): 2.2 kW; 2780 rpm; 400 V; 4.95 A; PF = 0.855;



	
M2, three-phase induction motor with the following data (N 80 L type): 750 W; 1450 rpm; 400 V; 2.13 A; PF = 0.72;



	
Compact fluorescent lamps, connected in parallel on the phase where CT (15/5 A, SM 5VA, Metra type) is also connected with the following data: CFL1: 220 V, 50 Hz, 85 W, 6400 K; CFL2: 220–240 V, 50/60 Hz, 120 W, 580 mA, 4000 K.










[image: Energies 17 01647 g004] 





Figure 4. The electrical consumers used in the experiments depicted in the diagram in Figure 2 [27]. 






Figure 4. The electrical consumers used in the experiments depicted in the diagram in Figure 2 [27].
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Induction motors work without mechanical loads to have a power factor as low as possible and the two CFLs work in parallel. Consumers can be connected manually through electrical separators (S1, S2, S3—Figure 4). The measurements were made with a power quality analyzer (CA 8334B type, Chauvin-Arnoux).



The main electrical characteristics of the consumers used in the experiments are listed in Table 1. In all the tables, the quantities have the following meanings: P—active power; Q—reactive power; S—apparent power; PF—power factor; DPF—displacement power factor; THDc—total harmonic distortion for current. In all the tables, for Q, PF, and DPF, for the numerical values, i represents the inductive character and c represents the capacitive character. Figure 5 shows a view of the experimental setup used in the experiments.



In the following tables i represents the inductive character, and c represents the capacitive character of the loads.



Although it also measures the deforming regime of voltage and current, PFC ensures the regulation of capacitors banks according to the displacement power factor (DPF). It would be impossible for the PFC to improve the PF in the installation by introducing CBs, under the conditions that, by connecting the CBs, it determines the pronounced deformation of the current and the PF decreases (all the more as the deforming regime increases). From a practical point of view, it is not possible to ensure a fine adjustment of the DPF in the electrical installation (due to the stages to which the CBs are connected), but it is possible to ensure an adjustment in stages (depending on the combination of CBs).



During the experiments, all the capacitors used were new (they have very low dielectric loss) and were working at 450 V, 50 Hz. The neutral power factor for low voltages is 0.9, value adjusted at PFC. In experiments, wye connection for CBs were used.



With Equation (11) and with the data from Table 1, the (theoretical) capacities of the capacitors (on a branch of the wye-connected bank) that must be inserted in parallel with the inductive consumers were determined as follows:




	
for Uf = 220 V, f = 50 Hz: for electric motor M1: CM1 = 35.57 µF; for the electric motor M2: CM2 = 18.01 µF, and when the two motors are operating, the total capacity CM = 53.58 µF;



	
for Uf = 230 V, f = 50 Hz: for electric motor M1: CM1 = 32.55 µF; for the electric motor M2: CM2 = 16.47 µF, and when the two motors are operating, the total capacity CM = 49.02 µF.








Using Equation (11), the equivalent capacity was determined for CFLs:




	
for Uf = 220 V, f = 50 Hz: CCFLs = 7.76 µF;



	
for Uf = 230 V, f = 50 Hz: CCFLs = 7.1 µF.








Table 2 shows some examples of combinations of electrical consumers (M1, M2, and/or CFLs) together with capacitors (on phase L1) that ensure a certain DPF.



The power factor controller (Roederstein ESTAmat RPR type, Vishay; software version 4.1.2) used in the experiments is a typical regulator (measurement of current on a single phase through a CT; with identification of CBs values; DPF adjustment using a single CT; timed switch on/switch off of CBs; identification of the pronounced deforming regime in the case of connecting a certain CB; possibilities to adjust the DPF according to a set value; multiple display), which is commonly used in power substations (where inductive consumers are connected, usually in industry) for improving the power factor in low-voltage electrical installations. Depending on the DPF value on phase L1 (the phase difference between the fundamental voltage and the fundamental current), the regulator timed switch on or switch off of one or several CBs. From a practical point of view, the PFC can have between 6 and 14 stages and the CBs can be identical or different (on one CB there are identical capacitors in wye or delta connection). An example of the worsening of the deforming regime when the displacement power factor is improved is presented in Figure 6.



When supplying voltage to the PFC, a calibration (value, symmetry) of the CBs on each stage is performed. Obviously, if there is no CB connected to a certain step, it is not taken into account in the adjustment. The identification of the connected CBs is carried out three times, in an interval of approx. 3 min.



In order to carry out the calibration, it is necessary to connect an electrical consumer in the installation. During several experiments, calibrations were made with linear consumers (e.g., induction motors) or with non-linear consumers (e.g., CFLs). It was found that the capacitors banks are correctly identified, regardless of the type of electrical consumer (linear or non-linear) used for calibration (at the beginning of the PFC’s operation).



The transformation ratio of the current transformer (CT) must be chosen in such a way (depending on the consumers and the CBs) that the current in the secondary CT is not less than 150 mA and does not exceed 5 A. A CT 15A/5A (Metra) was used for the experiments.



Several experiments were carried out to identify the operation of the PFC with different numbers of CBs (identical or not), when using coils in series per phase (Figure 3) and when using coils in series with capacitors banks (LC shunt filters, Figure 7). The main quantities monitored during the experiments were DPF (quantity according to which the adjustment is made by the PFC) and total harmonic distortion for the current (THDc).



In the following, the experiments refer to the capacitors on a branch from the bank in wye connection. In the vast majority of the cases analyzed, capacitors were used to compensate the reactive power of the consumers (in the worst case).



To make it easier to understand the results of the experiments, measurements are presented only for phase L1 for the current and for the voltage between L1 and null (N). A current transformer (CT, Figure 2) is mounted on the L1 phase, which has a secondary connection to the PFC, where the current is measured, which ensures the connection of the capacitors banks (wye connections).



3.1. Connecting Consumers without PFC and without Capacitors Banks


A first experiment was carried out without PFC and without CBs, only with electrical consumers connected in a certain order (Table 3).



Induction motors, being inductive and linear consumers, will cause a large phase shift (DPF has very small values) between voltage and current (current follows the voltage), and THDc has values of the order of percentages (current is more distorted than voltage).



If CFLs are introduced in parallel with IMs, which have a capacitive and non-linear character, they will cause a slightly smaller phase shift between voltage and current (DPF has small values), and the current will be more distorted (compared to the previous situation).



Next, when the value of a capacitor is specified, it refers to the capacitor on a branch of a capacitors bank in wye connection.




3.2. Single-Step PFC, C1 = 54 μF


In these experiments, a single stage was connected with a capacitor (on the branch) of 54 µF (Table 4).



The use of a single CB leads to the impossibility of adjusting the DPF in the installation where the DPF is modified within wide limits. A high-capacity CB also introduces a greater distortion of the current (high THDc) in the situation where only inductive consumers are connected. If non-linear and capacitive consumers are connected, THDc decreases.



If the capacitive reactive power is too high, the bank is not connected into the circuit.



If the two induction motors are used, the PFC connects the capacitors bank. The capacity, being large, will determine a large DPF, the current drops considerably, but the current will be highly distorted (high THDc).



By introducing CFLs, the DPF increases and the THDc decreases almost by half (and due to the diversity affect that can determine this effect).




3.3. Single-Step PFC, C1 = 54 µF and AC Reactor of 9 mH


In the following experiments, a phase coil was used, inserted with consumers and CB (Table 5). A single capacitors bank was used.



If it is connected into circuit M1, by inserting CB (using the PFC), this having high capacitors, the character of the consumers will be capacitive and the current will be distorted (THDc = 52.3%).



If M2 is also connected, the current becomes lower, the DPF will be high (inductive character), but the current will be very distorted.



If CFLs are also connected, the DPF will have a maximum value, and the current will be very distorted (THDc = 62.6%).



By disconnecting M2, the remaining consumers will have a capacitive character and the current will be distorted. When using some coils inserted with the consumers, the absorbed currents will be more distorted (higher THDc) compared to the experiments from Section 3.2. It is mentioned that the usual adjustment of the DPF is carried out in the inductive range (e.g., if the DPF has been set to 0.9, the PFC adjusts the DPF in the inductive range 0.9–0.99).




3.4. Single-Step PFC (Stage 1), LC Shunt Filter LC, C = 54 µF, L = 9 mH


The PFC does not immediately connect (case a, Table 6) the LC shunt filter (f = 228.3 Hz) but does so after a period of time (case b in Table 6). If a filter is used and connected in parallel with the consumers, it is found that THDc increases and DPF decreases.




3.5. PFC with Two Identical Steps, C1 = 20 μF, C2 = 20 μF


If two stages are used, with identical CBs, a finer adjustment of the DPF can be achieved (it has both inductive and capacitive values) compared to the previous situation (Table 7).



By using two identical CBs, finer adjustment of the DP is not obtained and the current will be equally distorted (high THDc). Larger capacities will lead to greater current distortion. However, in this situation there is an under-dimensioning of the CBs.




3.6. PFC with Two Different Steps, C1 = 20 μF, C2 = 40 μF


If two different steps are used (Table 8), an adjustment of the DPF can be made (it has values in the inductive as well as capacitive character), but THDc has higher values compared to Section 3.5.




3.7. PFC with Three Identical Steps, C1 = 20 μF, C2 = 20 μF, C3 = 20 μF


When three identical CBs are used (Table 9), a DPF of high values is not obtained (Table 9). Since the CBs are identical, a finer adjustment cannot be achieved compared to Section 3.6.



Surprisingly, by using three identical CBs, the DPF has lower values than in Section 3.6, but the current will be less distorted.



In all situations, the current is distorted, having large harmonics, the largest being 3, 5, 7, 9, 13, etc. When using only electric motors, the third harmonic is much reduced.




3.8. PFC with Three Different Steps, C1 = 10 μF, C2 = 20 μF, C3 = 30 μF


When CBs of different values are used (but which have the same reactive power as in Section 3.7), the PFC works better, the DPF has an inductive character only (Table 10). When CBs of large values are introduced and electric motors are used, then the current is distorted the most (high THDc).



Three CBs of different values will result in better DPF tuning, but THDc will be higher.




3.9. PFC with Three Identical Steps, C1 = 20 μF, C2 = 20 μF, C3 = 20 μF and AC Reactor of 9 mH


When using the PFC with three identical CBs, together with AC reactors, a DPF is obtained that is both inductive and capacitive (Table 11).



The DPF has higher values compared to the case in Section 3.7 and the THDc has lower values (by 3–5%).




3.10. PFC with Three Different Steps, C1 = 10 μF, C2 = 20 μF, C3 = 30 μF and with AC Reactor of 9 mH


The combined use of PFC with three different stages and with AC reactors leads to DPF with only inductive character (Table 12). THDc will have higher values when only electric motors are used and will have lower values when combinations of consumers are used compared to Section 3.7.




3.11. PFC with Five Different Steps, C1 = 1.9 μF, C2 = 4 μF, C3 = 8 μF, C4 = 16.9 μF, C5 = 31.9 μF


Five different capacitors banks connected at five stages to the PFC are used. The values of the capacitors were chosen so that they are (approx.) twice the other, with the aim of obtaining a smaller number of steps. In this situation, inductive DPFs were obtained with values above 0.92 (Table 13). When the M2 motor was disconnected, steps 2,3,4 were initially connected (case a), then, after a period of time (case b), steps 1,2,3,4 were connected.



THDc has high values when using electric motors and values are reduced by half when using a combination of electrical consumers. Higher capacity CBs lead to higher current distortion.



When only electric motors are used, high harmonics are recorded, fitting with the 5th order.



When a combination of consumers is used, the amplitudes of the harmonics decrease (due to the diversity effect).




3.12. PFC with Six Identical Steps, C1 = C2 = C3 = C4 = C5 = C6 = 10 µF


The use of six identical CBs leads to an inductive DPF adjustment with values above 0.93. THDc has 10–15% lower values compared to using five-stage PFC (Table 14).




3.13. PFC with Six Steps with Different Capacitors, C1 = 1.9 μF, C2 = 2.5 μF, C3 = 4 μF, C4 = 10 μF, C5 = 15 μF, C6 = 20 μF


When using the PFC with six different CBs, an adjustment of the inductive DPF over 0.9 was obtained (Table 15). THDc has high values, compared to the measurements made in Section 3.11.



By using six stages with different CBs, DPF adjustment is obtained, but THDc will have high values when IM is connected.



When electric motors are used, the harmonics starting with rank 5 will have high values.



With the combined use of electrical consumers, the third order harmonic increases, but the higher order ones decrease.




3.14. PFC with Three Steps with LC Shunt Filters, Case 1


In the following experiments, LC filters were introduced instead of CBs (Table 16). The values are as follows:




	
Step 1 (Filter LC 1): L1 = 97.07 mH; C1 = 10 µF; If1 = 0.74 A; f = 161.54 Hz;



	
Step 2 (Filter LC 2): L2 = 26.42 mH; C2 = 20 µF; If2 = 1.43 A; f = 218.94 Hz;



	
Step 3 (Filter LC 3): L3 = 15.48 mH; C3 = 30 µF; If3 = 2.24 A; f = 233.54 Hz.










 





Table 16. Experimental measurements for Section 3.14.
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	Consumer Status
	Connected Steps
	DPF (-)
	I (A)
	THDc (%)
	Figure





	Connection M1 + M2
	2,3
	0.86 i
	0.992
	103.7
	Figure 37



	Connection CFLs
	2,3
	1
	1.42
	49.9
	Figure 38



	Disconnection M2
	2,3
	0.98 i
	1.22
	60.4
	Figure 39



	Disconnection CFLs
	3
	0.73 i
	0.583
	78.6
	








Inductive DPF was obtained in all cases, but the filters did not reduce THDc.



A decalibration of the coils and, implicitly, of the filters will lead to a lower value DPF and a THDc of over 100%.



Current harmonics are large for ranks 3, 5, 7, 9, etc.




3.15. PFC with Three Steps with LC Shunt Filters, Case 2


In the following experiments, LC filters were introduced instead of CBs. The values are as follows:




	
Step 1 (Filter LC 1): L1 = 97.07 mH; C1 = 10 µF; If1 = 0.74 A; f = 161.53 Hz;



	
Step 2 (Filter LC 2): L2 = 10.81 mH; C2 = 20 µF; If2 = 1.42 A; f = 342.29 Hz;



	
Step 3 (Filter LC 3): L3 = 24.26 mH; C3 = 30 µF; If3 = 2.3 A; f = 186.55 Hz.








In all experiments, the inductive DPF is adjusted. When only electric motors are used, THDc is reduced considerably (by tens of %)—Table 17.



When using consumers, the filters can amplify some harmonics (e.g., of the 5th order).




3.16. PFC with Three Steps with LC Shunt Filters, Case 3


In the following experiments, LC filters were introduced instead of CBs (Table 18). The values are as follows:




	
Step 1 (Filter LC 1): L1 = 10.78 mH; C1 = 20 µF; If1 = 1.45 A; f = 342.76 Hz;



	
Step 2 (Filter LC 2): L2 = 10.78 mH; C2 = 20 µF; If2 = 1.45 A; f = 342.76 Hz;



	
Step 3 (Filter LC 3): L3 = 10.78 mH; C3 = 20 µF; If3 = 1.45 A; f = 342.76 Hz.










 





Table 18. Experimental measurements for Section 3.16.
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	Consumer Status
	Connected Steps
	DPF (-)
	I (A)
	THDc (%)





	Connection M1 + M2
	1,3
	0.42 i
	1.31
	65.9



	Connection CFLs
	1,3
	0.76 i
	1.69
	54.1



	Disconnection M2
	1,3
	0.97 c
	1.3
	73.9



	Disconnection CFLs
	1,3
	0.92 c
	0.6
	142.7








Lower values of coil inductances can lead to a decrease in DPF (inductive and capacitive character) and a slight increase in THDc (Table 18).




3.17. PFC with Six Different Steps with LC Shunt Filters


In the following experiments, LC filters were introduced instead of CBs (Table 19). The values are as follows:




	
Step 1 (Filter LC 1): L1 = 97.07 mH; C1 = 4 µF; f = 255.41 Hz;



	
Step 2 (Filter LC 2): L2 = 97.07 mH; C2 = 5 µF; f = 228.45 Hz;



	
Step 3 (Filter LC 3): L3 = 26.42 mH; C3 = 11.9 µF; f = 283.84 Hz;



	
Step 4 (Filter LC 4): L4 = 15.48 mH; C4 = 16.9 µF; f = 311.16 Hz;



	
Step 5 (Filter LC 5): L5 = 24.26 mH; C5 = 7,5 µF; f = 373.11 Hz;



	
Step 6 (Filter LC 6): L6 = 47 mH; C6 = 10 µF; f = 232.15 Hz.










 





Table 19. Experimental measurements for Section 3.17.
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	Consumer Status
	Connected Steps
	DPF (-)
	I (A)
	THDc (%)





	Connection M1 a
	4–6
	0.7 i
	0.63
	101.3



	Connection M1 b
	2,4–6
	0.99 i
	0.58
	116.6



	Connection M2 a
	2–6
	0.75 i
	1
	105.6



	Connection M2 b
	1–6
	0.92 i
	0.979
	108.5



	Connection CFLs
	2–6
	0.97 i
	1.62
	88.1








An inductive DPF was obtained, but the THDc has very high values (Table 19).



The use of a greater number of stages, which also fulfill the function of LC filters, will not lead, at the same time, to the increase in the DPF and to the decrease in the deforming regime.




3.18. PFC with Six Different Steps with LC Shunt Filters


In the following experiments, LC filters were introduced instead of CBs (Table 20). The values are as follows:




	
Step 1 (Filter LC 1): L1 = 11.45 mH; C1 = 10 µF; f = 470.58 Hz;



	
Step 2 (Filter LC 2): L2 = 11.45 mH; C2 = 10 µF; f = 470.58 Hz;



	
Step 3 (Filter LC 3): L3 = 11.45 mH; C3 = 10µF; f = 470.58 Hz;



	
Step 4 (Filter LC 4): L4 = 63.6 mH; C4 = 10 µF; f = 199.66 Hz;



	
Step 5 (Filter LC 5): L5 = 63.6 mH; C5 = 10µF; f = 199.66 Hz;



	
Step 6 (Filter LC 6): L6 = 63.6 mH; C6 = 10 µF; f = 199.66 Hz.










 





Table 20. Experimental measurements for Section 3.18.
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	Consumer Status
	Connected Steps
	DPF (-)
	I (A)
	THDc (%)





	Connection M1 + M2
	1–5
	0.86 i
	0.393
	80.4



	Connection CFLs
	1–5
	0.99 i
	1.49
	61.9



	Disconnection M2
	3–5
	0.99 i
	1.35
	69



	Disconnection CFLs
	3–5
	0.69 i
	0.581
	95.5








When adjusting the DPF, only inductive characteristics were obtained and THDc decreased (by 15–20%) compared to the previous case (Table 20).



The results are better than in Section 3.18. DPF is higher (above 0.69) and THDc is lower (below 96%).




3.19. PFC with Six Steps with Capacitors and AC Reactor of 3 mH


CBs were used in the following experiments and AC reactors were introduced in series with the consumers. The values are as follows:




	
Step 1: C1 = 4 µF;



	
Step 2: C2 = 5 µF;



	
Step 3: C3 = 11.9 µF;



	
Step 4: C4 = 16.9 µF;



	
Step 5: C5 = 7.5 µF;



	
Step 6: C6 = 10 µF.








In the analyzed situations, DPFi had an inductive character (with values over 0.96), and THDc had lower values compared to the use of LC filters (Table 21).



It is a combination between the coil inserted with consumers and capacitors C. The capacity of the capacitors when using L-C filters must be chosen 10–15% higher compared to the case of using only single capacitors banks.




3.20. PFC with Six Steps with LC Shunt Filters and AC Reactor of 3 mH


In the following experiments, LC filters were introduced instead of CBs and AC reactors were introduced in series with the consumers. The values are as follows:




	
Step 1 (Filter LC 1): L1 = 47 mH, C1 = 4 µF, f = 367.25 Hz;



	
Step 2 (Filter LC 2):L2 = 26.29 mH, C2 = 5 µF, f = 439.2 Hz;



	
Step 3 (Filter LC 3):L3 = 15.48 mH, C3 = 11.9 µF, f = 371 Hz;



	
Step 4 (Filter LC 4):L4 = 26.42 mH, C4 = 16.9 µF, f = 238.3 Hz;



	
Step 5 (Filter LC 5):L5 = 24.26 mH, C5 = 7.5 µF, f = 373.11 Hz;



	
Step 6 (Filter LC 6):L6 = 97.07 mH, C6 = 10 µF, f = 161.62 Hz.








In the analyzed situations, DPF had an inductive character, but THDc has higher values compared to the previous cases (Table 22).



The combined use of AC reactors and LC filters is not recommended for a PFC with a large number of stages.





4. Discussion


The most common PFCs are those that have a large number of stages (6–14) of capacitors that can be connected in the electrical installation and that are intended for DPF regulation in three-phase installations. Typically, these PFCs measure (via a CT) the line current and a phase voltage to determine the DPF. The improvement of the power factor of these PFCs is achieved by obtaining a DPF above a certain preset value (e.g., the neutral power factor). In deforming mode, things are more complicated because there are differences between the power factor and DPF (the more deforming the regime, the bigger the difference between PF and DPF). Obviously, the number of steps is chosen depending on the number, type, and operating mode of the consumers that are supplied from the power station. A large number of steps can ensure a finer adjustment of the DPF, but it decreases the reliability of the entire installation (it becomes more complex, with more switching and protection equipment and more CBs). Usually, the PFC works properly when an inductive DPF (not capacitive) is obtained with values higher than the preset value (0.9).



In the following (Table 23, Table 24 and Table 25), the experimental measurements from Section 3 are presented, depending on the connection of consumers used in the experiments, DPF and THDc, after which PFC introduced CBs or LC filters.



A relatively fine adjustment of the DPF can be obtained even if there are fewer steps (e.g., three steps with different CBs). With one stage (with a high capacity per stage), two stages (identical or different), or three identical stages, DPF can be obtained several times. Under these conditions, the use of coils inserted when one, two, or three stages are used does not result in a decrease in THDc (it can even result in an increase of 5 to 7%).



The DPF is best adjusted when using 5 and 6 steps, where, in all situations, an inductive DPF is obtained. If 6 stages are used, all different, with capacities to compensate the inductive reactive power, in the most disadvantageous case (inductive consumers), slightly higher inductive DPFs are obtained, but also a higher THDc compared to the use of six identical stages.



An interesting case is the use of five different stages, where each stage has double the capacity of the other. In this case, inductive DPFs have slightly higher values than in the case of using the six-step regulator, but THDc is also higher. So, if it uses steps with double the capacity compared to each other, it can obtain an even better adjustment of the DPF than in the case of six steps (with different or identical values).



It is important to choose the values of the capacitors to improve the DPF when all the inductive consumers are connected. The use of deforming consumers that also have a capacitive character determines a slight improvement of the DPF.



If an LC shunt filter is used instead of a single stage, DPF can be lower and THDc higher, compared to the situation of a single stage (with high capacity) or a coil inserted with consumers and a single stage.



If PFC is used with three different stages, each stage having an LC shunt filter, it is possible to increase the DPF (above the value of 0.9) and decrease the THDc (by 5–7%). It is important to properly adjust the filters (quite difficult in practice), otherwise they can cause a slight increase in the DPF (does not reach 0.9) and an increase in the THDc (higher values compared to using only capacitors for the PFC). The use of LC filters, with identical capacitors leads to inductive and capacitive DPF, and the THDc can have higher values (compared to the use of LC shunt filters, with different capacities connected to the PFC).



It has been determined experimentally that the use of a large number of steps (e.g., 6) of LC shunt filters or combinations of coils inserted with consumers and LC shunt filters does not lead, at the same time, to the increase in DPF and to the decrease in THDc. With a large number of steps, it is more efficient to use AC reactors, compared to the use of LC filters on each step. Practically, it is difficult to tune several LC filters, and resonances can appear when the LC filters are operating in parallel. The best performances were achieved with three stages with LC filters, where the capacities have different values.



Some electrical consumers can be inductive, while others can have a capacitive character. Depending on the place where PFC is used in the power substations, there are, usually, three-phase linear electrical consumers (e.g., induction motors) or single-phase consumers (electric heaters), but there can also be three-phase non-linear consumers (e.g., variable frequency drives) and non-linear single-phase consumers (e.g., compact fluorescent lamps). Through the intelligent distribution of the various consumers on phases, an improvement of the DPF can be ensured, and perhaps a reduction in the THDc (the phenomenon of diversity also appears, which can reduce the THDc). For example, at a transformer substation that supplies many non-linear capacitive consumers (e.g., transformer substations that supply households and residential and educational institutions [20]), a classic PFC with capacitors banks no longer proves its usefulness because, overall, consumers have a capacitive character with a high value DPF (0.9–1). At the same time, it must be taken into account that most consumers are single-phase ones that determine an unbalance on the three-phases in the point of common coupling of the installation and even a significant current through the neutral conductor (due to both the unbalance and the consumers non-linearity).



For classic PFCs that measure a single line current, it is important to choose the phase on which the CT is mounted (usually, it is mounted on the most loaded phase). Another important aspect concerns the choice of an optimal transformation ratio for the CT. A too-low value of the transformation ratio may exceed the maximum value of the current measured by the PFC, and a too-high value of the transformation ratio may determine a current below the sensitivity limit of the PFC (e.g., below 150 mA, the current is no longer measured correctly and the DPF adjustment is no longer performed correctly).



For unbalanced electrical networks that have slightly deforming consumers, it is recommended to use high-performance PFCs with a large number of capacitors banks (of different values, appropriately sized) that perform the regulation of the reactive power independently on each phase separately (by using three CTs mounted on each phase separately). The installation can also have AC reactors to reduce the deforming regime. The use of different steps, where each step has double the value of the other, can achieve the DPF adjustment with a smaller number of steps, and the reliability of the installation increases. A large number of steps reduces the reliability of the entire installation. For unbalanced electrical networks that have high deformation consumers, it is recommended to use a small number of PFCs (e.g., three) of high-performance LC filters (with different capacities in each phase) to control the reactive power independently in each phase (using three CTs mounted in each phase and measuring the DPF independently in each phase), while reducing (to some extent) the deformation regime.



To reduce the deforming regime, the combined use of AC reactors and LC filters is not recommended (even if they are sized appropriately for common operation, there is a high chance that the deforming regime will be amplified due the resonance).




5. Conclusions


Classical power factor controllers with capacitors banks, which use a single current transformer per phase and measures a phase voltage (in order to determine the phase shift between the voltage and current fundamentals to calculate the displacement power factor) have been used for a long time. Such a regulator cannot provide regulation according to the power factor. They are used more often in industry in transformer stations, where there are many single-phase and three-phase inductive consumers.



Usually, a small number of steps (below three) is not recommended because a fine adjustment of the displacement power factor will not be obtained (of course there are exceptions). Using a smaller number (than the maximum number of adjustment stages of the power factor controller) of capacitors banks, where the capacity doubles from one bank to another, can determine the same results as using the power factor controller with a maximum number of steps.



By connecting capacitors banks, a higher displacement power factor can be obtained, but the deforming regime increases (the current becomes more distorted, and the total harmonic distortion increases). If the deforming regime worsens, there will be a considerable difference between the displacement power factor and the power factor (which is smaller). To improve the deforming regime (to some extent) AC reactors can be used, which can be used in a power factor controller with several capacitors banks, or LC shunt filters can be used if a power factor controller with fewer capacitors banks is required. The use of several LC shunt filters and the combination of AC reactors and LC shunt filters leads to the amplification of the deforming regime (unwanted resonances appear).



Future research will be carried out on the analysis of the operation of the classical power factor controller that controls the displacement power factors, on all phases (even if the displacement power factor is adjusted on a single-phase) in unbalanced three-phase electrical networks, with linear and non-linear electrical consumers. Research will be carried out to use new power factor controllers that independently control the operation of improving the power factor and improving currents at each phase.
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Figure 1. (a) The wye connection of a capacitors bank. (b) The delta connection of a capacitors bank. 
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Figure 2. Block diagram of a power factor controller in low-voltage three-phase installations with capacitors banks connected through electromagnetic contactors. 
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Figure 3. Block diagram of a power factor controller in low-voltage three-phase installations with capacitors banks with AC reactors. 
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Figure 5. Experimental setup used for experiments. 
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Figure 6. (a) Currents through electric motors M1 + M2; (b) the harmonic spectra of the currents through the electric motors M1 + M2; (c) currents through electric motors M1 + M2 and a capacitors bank (in wye connection) with C = 54 µF (on one branch); and (d) the harmonic spectra of the currents through the electric motors M1 + M2 and a capacitors bank (in wye connection) with C = 54 µF (on one branch). 
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Figure 7. LC shunt filters without core and with core used in some experiments. 
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Figure 8. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1. 
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Figure 9. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1 and M2. 
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Figure 10. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1, M2, and compact fluorescent lamps. 
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Figure 11. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1 and compact fluorescent lamps. 
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Figure 12. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1. 
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Figure 13. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1 and M2. 
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Figure 14. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1, M2, and compact fluorescent lamps. 
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Figure 15. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1. 
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Figure 16. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1 and M2. 
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Figure 17. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1, M2, and compact fluorescent lamps. 






Figure 17. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1, M2, and compact fluorescent lamps.



[image: Energies 17 01647 g017]







[image: Energies 17 01647 g018] 





Figure 18. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1 and compact fluorescent lamps. 






Figure 18. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1 and compact fluorescent lamps.
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Figure 19. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1. 






Figure 19. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1.
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Figure 20. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1 and M2. 






Figure 20. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1 and M2.
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Figure 21. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1, M2, and compact fluorescent lamps. 






Figure 21. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1, M2, and compact fluorescent lamps.
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Figure 22. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1 and compact fluorescent lamps. 






Figure 22. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1 and compact fluorescent lamps.
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Figure 23. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1. 






Figure 23. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1.
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Figure 24. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1 and M2. 






Figure 24. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1 and M2.
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Figure 25. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1, M2, and compact fluorescent lamps. 






Figure 25. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1, M2, and compact fluorescent lamps.
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Figure 26. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1 and compact fluorescent lamps. 






Figure 26. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1 and compact fluorescent lamps.
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Figure 27. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1 and M2. 






Figure 27. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1 and M2.
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Figure 28. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1, M2, and compact fluorescent lamps. 






Figure 28. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1, M2, and compact fluorescent lamps.
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Figure 29. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1 and compact fluorescent lamps. 






Figure 29. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1 and compact fluorescent lamps.
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Figure 30. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1 and M2. 






Figure 30. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1 and M2.
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Figure 31. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1, M2, and compact fluorescent lamps. 






Figure 31. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1, M2, and compact fluorescent lamps.
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Figure 32. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1 and compact fluorescent lamps (steps 1, 5, 6). 






Figure 32. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1 and compact fluorescent lamps (steps 1, 5, 6).
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Figure 33. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1. 






Figure 33. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1.
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Figure 34. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1 and M2. 






Figure 34. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1 and M2.
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Figure 35. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1, M2, and compact fluorescent lamps. 






Figure 35. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1, M2, and compact fluorescent lamps.
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Figure 36. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1 and compact fluorescent lamps. 






Figure 36. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1 and compact fluorescent lamps.
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Figure 37. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1 and M2. 






Figure 37. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1 and M2.
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Figure 38. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1, M2 and compact fluorescent lamps. 






Figure 38. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1, M2 and compact fluorescent lamps.
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Figure 39. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1 and compact fluorescent lamps. 






Figure 39. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1 and compact fluorescent lamps.
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Figure 40. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1 and M2. 






Figure 40. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1 and M2.
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Figure 41. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1, M2, and compact fluorescent lamps. 






Figure 41. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motors M1, M2, and compact fluorescent lamps.
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Figure 42. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1 and compact fluorescent lamps. 






Figure 42. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1 and compact fluorescent lamps.
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Figure 43. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1. 






Figure 43. (a) The voltage and the current. (b) The spectrum of harmonics for the current supplying the induction motor M1.
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Table 1. The main electrical characteristics of the consumers used in the experiments, measured on the L1 phase.






Table 1. The main electrical characteristics of the consumers used in the experiments, measured on the L1 phase.





	Type
	P (W)
	Q (W)
	S (VA)
	PF (-)
	DPF (-)
	THDc (%)





	M1
	75.7
	573.1 i
	578.2
	0.13 i
	0.13 i
	7.8



	M2
	44.8
	296 i
	299.3
	0.15 i
	0.15 i
	3.5



	CFLs
	183.4
	118 c
	213.3
	0.84 c
	0.986 c
	58.9










 





Table 2. Combinations of consumers used in experiments and different capacitors (a branch of the wye-connected banks) that ensure a certain DPF, without PFC, determined on the L1 phase.






Table 2. Combinations of consumers used in experiments and different capacitors (a branch of the wye-connected banks) that ensure a certain DPF, without PFC, determined on the L1 phase.





	Type
	Capacitors (µF)
	DPF (-)





	M1 + M2
	20 + 30
	0.76 i



	M1 + M2
	10 + 20 + 30
	0.78 c



	M1 + M2
	4 + 20 + 30
	0.93 i



	M1 + M2 + CFLs
	30
	0.6 i



	M1 + M2 + CFLs
	10 + 30
	0.78 i



	M1 + M2 + CFLs
	4 + 10 + 30
	0.86 i



	M1 + M2 + CFLs
	2 × 4 + 10 + 30
	0.94 i



	M1 + M2 + CFLs
	20 + 30
	0.99 i










 





Table 3. Experimental measurements for Section 3.1.






Table 3. Experimental measurements for Section 3.1.





	Consumer Status
	DPF (-)
	I (A)
	THDc (%)
	Figures





	Connection M1
	0.13 i
	2.6
	8.2
	Figure 8



	Connection M2
	0.12 i
	3.9
	7
	Figure 9



	Connection CFLs
	0.32 c
	3.94
	17.3
	Figure 10



	Disconnection M2
	0.44 i
	2.67
	23.3
	Figure 11










 





Table 4. Experimental measurements for Section 3.2.






Table 4. Experimental measurements for Section 3.2.













	Consumer Status
	Connected Steps
	DPF(-)
	I (A)
	THDc (%)
	Figures





	Connection M1
	-
	0.16 i
	2.64
	9.3
	Figure 12



	Connection M2
	1
	0.91 c
	0.68
	101.1
	Figure 13



	Connection CFLs
	1
	1
	1.4
	56.1
	Figure 14



	Disconnection M2
	-
	0.44 i
	2.71
	22.5
	










 





Table 5. Experimental measurements for Section 3.3.






Table 5. Experimental measurements for Section 3.3.





	Consumer Status
	Connected Steps
	DPF(-)
	I (A)
	THDc (%)
	Figures





	Connection M1
	1
	0.34 c
	1.24
	52.3
	Figure 15



	Connection M2
	1
	0.95 i
	0.66
	113.5
	Figure 16



	Connection CFLs
	1
	1
	1.41
	62.6
	Figure 17



	Disconnection M2
	1
	0.68 c
	1.79
	44.5
	Figure 18










 





Table 6. Experimental measurements for Section 3.4.






Table 6. Experimental measurements for Section 3.4.





	Consumer Status
	Connected Steps
	DPF(-)
	I (A)
	THDc (%)





	Connection M1 + M2 a
	-
	0.12 i
	4.14
	6.4



	Connection M1 + M2 b
	1
	0.82 i
	0.75
	116.1










 





Table 7. Experimental measurements for Section 3.5.






Table 7. Experimental measurements for Section 3.5.





	Consumer Status
	Connected Steps
	DPF(-)
	I (A)
	THDc (%)





	Connection M1
	1,2
	0.92 c
	0.46
	110.8



	Connection M2
	1,2
	0.38 i
	1.2
	30.2



	Connection CFLs
	1,2
	0.76 i
	1.62
	39.5



	Disconnection M2
	1,2
	0.97 c
	1.25
	50.7










 





Table 8. Experimental measurements for Section 3.6.






Table 8. Experimental measurements for Section 3.6.





	Consumer Status
	Connected Steps
	DPF(-)
	I (A)
	THDc (%)





	Connection M1
	2
	0.85 c
	0.47
	100.8



	Connection M2
	1,2
	0.86 c
	0.7
	117.1



	Connection CFLs
	1,2
	0.93 c
	1.43
	59.5



	Disconnection M2
	1
	0.72 i
	1.51
	36.1










 





Table 9. Experimental measurements for Section 3.7.






Table 9. Experimental measurements for Section 3.7.





	Consumer Status
	Connected Steps
	DPF(-)
	I (A)
	THDc (%)
	Figure





	Connection M1
	1,2
	0.7 i
	0.54
	80.6
	Figure 19



	Connection M2
	1,2
	0.49 i
	0.94
	37.9
	Figure 20



	Connection CFLs
	1,2
	0.86 c
	1.46
	45.6
	Figure 21



	Disconnection M2
	1,2
	0.91 c
	1.29
	51.9
	Figure 22










 





Table 10. Experimental measurements for Section 3.8.






Table 10. Experimental measurements for Section 3.8.





	Consumer Status
	Connected Steps
	DPF (-)
	I (A)
	THDc (%)
	Figure





	Connection M1
	1,2
	0.59 i
	0.5
	54.5
	Figure 23



	Connection M2
	2,3
	0.77 i
	0.64
	90.3
	Figure 24



	Connection CFLs
	2,3
	0.99 i
	1.34
	59.4
	Figure 25



	Disconnection M2
	3
	0.93 i
	1.15
	51
	Figure 26










 





Table 11. Experimental measurements for Section 3.9.






Table 11. Experimental measurements for Section 3.9.





	Consumer Status
	Connected Steps
	DPF(-)
	I (A)
	THDc (%)





	Connection M1
	1
	0.34 i
	1.044
	15.1



	Connection M2
	1,2
	0.51 i
	0.978
	41.7



	Connection CFLs
	1,2
	0.87 i
	1.516
	53



	Disconnection M2
	1,2
	0.9 c
	1.333
	56



	Disconnection M1
	-
	0.99 c
	0.86
	73.2










 





Table 12. Experimental measurements for Section 3.10.






Table 12. Experimental measurements for Section 3.10.





	Consumer Status
	Connected Steps
	DPF (-)
	I (A)
	THDc (%)





	Connection M1
	3
	0.75 i
	0.43
	65.5



	Connection M2
	2,3
	0.98 i
	0.58
	104.8



	Connection CFLs
	2,3
	1
	1.35
	69.7



	Disconnection M2
	2
	0.8 i
	1.36
	45.6










 





Table 13. Experimental measurements for Section 3.11.






Table 13. Experimental measurements for Section 3.11.













	Consumer Status
	Connected Steps
	DPF (-)
	I (A)
	THDc (%)
	Figures





	Connection M1
	2,5
	0.97 i
	0.381
	106.5
	



	Connection M2
	1,2,4,5
	0.97 i
	0.605
	123.3
	Figure 27



	Connection CFLs
	1,2,3,5
	0.92 i
	1.465
	49.5
	Figure 28



	Disconnection M2 a
	2,3,4
	0.94 i
	1.251
	47.9
	



	Disconnection M2 b
	1,2,3,4
	0.97 i
	1.2
	49.6
	Figure 29










 





Table 14. Experimental measurements for Section 3.12.






Table 14. Experimental measurements for Section 3.12.













	Consumer Status
	Connected Steps
	DPF (-)
	I (A)
	THDc (%)
	Figure





	Connection M1 + M2
	1–6
	0.96 i
	0.637
	91.4
	Figure 30



	Connection CFLs
	1,3,4,5,6
	0.96 i
	1.342
	42.4
	Figure 31



	Disconnection M2
	3,4,5
	0.93 i
	1.192
	41.4
	Figure 32



	Disconnection CFLs a
	1,5,6
	0.52 i
	0.657
	30.7
	



	Disconnection CFLs b
	1,2,5,6
	0.97 i
	0.4
	88.3
	










 





Table 15. Experimental measurements for Section 3.13.






Table 15. Experimental measurements for Section 3.13.





	Consumer Status
	Connected Steps
	DPF (-)
	I (A)
	THDc (%)
	Figure





	Connection M1
	5,6
	0.96 i
	0.383
	105.1
	Figure 33



	Connection M2
	1–6
	0.9 i
	0.634
	105.9
	Figure 34



	Connection CFLs
	3–6
	0.97 i
	1.424
	54.5
	Figure 35



	Disconnection M2
	2–5
	0.98 i
	1.219
	48.8
	Figure 36










 





Table 17. Experimental measurements for Section 3.15.






Table 17. Experimental measurements for Section 3.15.





	Consumer Status
	Connected Steps
	DPF (-)
	I (A)
	THDc (%)
	Figure





	Connection M1 + M2
	2,3
	0.9 i
	0.7
	74.8
	Figure 40



	Connection CFLs
	2,3
	1
	1.39
	53.9
	Figure 41



	Disconnection M2
	3
	0.98 i
	1.286
	63.8
	Figure 42



	Disconnection CFLs
	3
	0.7 i
	0.65
	85.1
	Figure 43










 





Table 21. Experimental measurements for Section 3.19.






Table 21. Experimental measurements for Section 3.19.





	Consumer Status
	Connected Steps
	DPF (-)
	I (A)
	THDc (%)





	Connection M1
	3,4,6
	0.99 i
	0.365
	94.1



	Connection M2
	1–6
	0.96 i
	0.618
	84.2



	Connection CFLs
	2–6
	0.98 i
	1.441
	45.6










 





Table 22. Experimental measurements for Section 3.20.






Table 22. Experimental measurements for Section 3.20.





	Consumer Status
	Connected Steps
	DPF (-)
	I (A)
	THDc (%)





	Connection M1
	2–4
	0.94 i
	0.54
	112.6



	Connection M2
	2–6
	0.95 i
	0.686
	108.6



	Connection CFLs
	3–6
	0.97 i
	1.489
	69.7










 





Table 23. Connecting the M1 motor.






Table 23. Connecting the M1 motor.





	Experiment Number
	DPF (-)
	THDc (%)





	Section 3.1
	0.13 i
	8.2



	Section 3.2
	0.16 i
	9.3



	Section 3.3
	0.34 c
	52.3



	Section 3.5
	0.92 c
	110.8



	Section 3.6
	0.85 c
	100.8



	Section 3.7
	0.7 i
	80.6



	Section 3.8
	0.59 i
	54.5



	Section 3.9
	0.34 i
	15.1



	Section 3.10
	0.75 i
	65.5



	Section 3.11
	0.97 i
	106.5



	Section 3.13
	0.96 i
	105.1



	Section 3.17
	0.99 i
	116.6



	Section 3.19
	0.99 i
	94.1



	Section 3.20
	0.94 i
	112.6










 





Table 24. Connecting the M1 and M2 motors.






Table 24. Connecting the M1 and M2 motors.





	Experiment Number
	DPF (-)
	THDc (%)





	Section 3.1
	0.12 i
	7



	Section 3.2
	0.91 c
	101.1



	Section 3.3
	0.95 i
	113.5



	Section 3.4
	0.82 i
	116.1



	Section 3.5
	0.38 i
	30.2



	Section 3.6
	0.86 c
	117.1



	Section 3.7
	0.49 i
	37.9



	Section 3.8
	0.77 i
	90.3



	Section 3.9
	0.51 i
	41.7



	Section 3.10
	0.98 i
	104.8



	Section 3.11
	0.97 i
	123.3



	Section 3.12
	0.96 i
	91.4



	Section 3.13
	0.9 i
	105.9



	Section 3.14
	0.86 i
	103.7



	Section 3.15
	0.9 i
	74.8



	Section 3.16
	0.42 i
	65.9



	Section 3.17
	0.92 i
	108.5



	Section 3.18
	0.86 i
	80.4



	Section 3.19
	0.96 i
	84.2



	Section 3.20
	0.95 i
	108.6










 





Table 25. Connecting the M1 and M2 motors and CFLs.






Table 25. Connecting the M1 and M2 motors and CFLs.





	Experiment Number
	DPF (-)
	THDc (%)





	Section 3.1
	0.32 c
	17.3



	Section 3.2
	1
	56.1



	Section 3.3
	1
	62.6



	Section 3.5
	0.76 i
	39.5



	Section 3.6
	0.93 c
	59.5



	Section 3.7
	0.86 c
	45.6



	Section 3.8
	0.99 i
	59.4



	Section 3.9
	0.87 i
	53



	Section 3.10
	1
	69.7



	Section 3.11
	0.92 i
	49.5



	Section 3.12
	0.96 i
	42.4



	Section 3.13
	0.97 i
	54.5



	Section 3.14
	1
	49.9



	Section 3.15
	1
	53.9



	Section 3.16
	0.76 i
	54.1



	Section 3.17
	0.97 i
	88.1



	Section 3.18
	0.99 i
	61.9



	Section 3.19
	0.98 i
	45.6



	Section 3.20
	0.97 i
	69.7
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