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Abstract

:

This paper presents a case study in which the influence of the 6-pulse thyristor-bridge input reactor size on the shunt active power filter (SAPF)’s work performance is investigated. The purpose of using an SAPF in the power system is in most cases for fundamental harmonic reactive power compensation, harmonics and asymmetry mitigation. The work efficiency of such a filter depends not only on the designed control system, interface filter and dc-link capacitor parameters, but also on the parameters of the electrical system in which it is connected. Therefore, it is necessary to study and know the power system (supplier and consumer sides) before its installation. For instance, in the electrical system with diode or thyristor-bridge as loads, the SAPF performance efficiency may not be satisfied due to the high rate of current change (di/dt) at the points of commutation notches. In this paper, the performed simulation and laboratory experiments show that for a better operating efficiency of the SAPF, the input reactor parameters should be selected based not only on the effective reduction in the inverter switching ripple or the control system demand, but also on the parameters of the load, such as the parameters of the diode or thyristor-bridge input reactor. Apart from the experimental demonstrations on how the input reactor size influences the SAPF work efficiency, the novelties in this paper are: the formulated recommendations on how to choose the SAPF input reactor parameters (the SAPF is more efficient in terms of harmonics, asymmetry and reactive power mitigation when the inductance of its input reactor (L-filter) is smaller than the one of the diode or thyristor-bridge input reactor); the proposed SAPF control system; the proposed expressions to compute the SAPF input reactor inductance, DC voltage and capacitor.






Keywords:


shunt active power filter; harmonics and asymmetry mitigation; reactive power compensation; rate of current change; thyristor-bridge input reactor; SAPF input reactor; instantaneous p-q theory; control system; power grid; laboratory set up












1. Introduction


In recent years, the increase in nonlinear devices has become a serious problem for the electrical system because they consume reactive power and are the source of disturbances such as harmonics, asymmetry, flickers, voltage dips and swells, transients etc. These disturbances can be the cause of poor power quality and provoke many problems in the electrical system [1,2]. For instance, the reactive power if not compensated can cause system instability, voltage and current increases, power losses, etc. [3,4,5]. The harmonics, if not mitigated in the power system, can cause an increase in the voltage and current true RMS, the overloading, overheating, and even damage of electrical system elements (e.g., transformers, generators, cables, electric motors, capacitors, etc.) and other connected devices, the reduction in devices’ lifetime, the perturbation of the devices normal operation and increase in the operating costs, the inaccurate measurements of energy and power, the decrease in the power factor (PF), etc. [6,7,8,9,10]. The voltage or current unbalance can cause on the equipment (e.g., cables, induction motor, power electronics converters, transformers, etc.) additional power losses in terms of temperature, increasing their operating cost and reducing their lifetime [11,12,13,14,15,16,17,18]. It can be also the source of non-characteristic harmonics, as indicated in [19].



To maintain the grid power quality in compliance with the standard (e.g., IEC61000-2-4 standard [20]), many solutions are proposed, including passive harmonic filters (PHF), hybrid passive harmonic filters (HPHF), active power filters (APF), and hybrid active power filters (HAPF) [21,22,23,24,25,26,27].



The PHFs are commonly used in practice because they are low cost, simple in structure, easy to maintain, very efficient in terms of individual harmonic reduction, and easily applicable in low voltage (LV), medium voltage (MV), and high voltage (HV) systems [28,29,30,31]. But in comparison to the shunt active power filter (SAPF) and HAPF, they are less efficient in terms of power quality improvement and their work efficiency in terms of harmonics mitigation depends (in certain cases) on the grid impedance [32,33].



The HAPF solutions are also used in practice [34,35,36,37]. They are the combination of APF and PHF. The main objective of their application is the improvement in power quality at low exploitation cost. In combination with the PHF, the APF demands less power rate than when it is operating alone [38,39,40,41,42]. In [43], an example of an HAPF with small power rate (inverter DC voltage around 70 V) was investigated.



The APFs are organized in several categories and the most common ones are series APF (SAPF) and shunt APF [44]. The series APF is applied to improve the supply voltage, protecting the sensitive loads from disturbances such as voltage harmonics, fluctuation (e.g., voltage stabilizer), unbalance, dip, swell (e.g., dynamic voltage restorer (DVR)) etc. [45,46].



The shunt active power filters (SAPF) exist in different topologies (e.g., the three and four wires) and despite their disadvantages (high cost [47], complex control system, difficulties in large scale implementation [48,49], etc.), they are still used in industries as well as in low and medium voltage installation system [50,51]. They are applied in most cases for the fundamental harmonic reactive power compensation, current unbalance and current harmonics mitigation [52,53,54,55,56]. Their work principle is to extract the load current disturbances (e.g., current harmonics, unbalance) through the control system algorithm and to inject them in opposite sign at the PCC (point of common coupling) so that they will be cancelled with the disturbances coming from the load side, therefore ensuring good power quality at the grid side.



The performance of the SAPF is based on its capability to improve the power quality at the grid side by considerably mitigating disturbances coming from the load side. The SAPF is constituted of three important parts: the control system, dc-link capacitor and the interface filter at its input. To improve the SAPF performance efficiency, many studies in the literature have focused on the improvement in those three parts and proposing new solutions. Concerning the SAPF control system, many new strategies have been proposed [57,58,59,60,61]. In [57], for instance, a new strategy of reference current generation is proposed in the frame of d-q theory (synchronous reference frame theory). In the goal of improving the dc-link voltage controller and reducing the dc-link capacitance, many strategies have also been proposed [62,63].



The interface filter at the SAPF input plays a very important role in the SAPF performance because it filters the switching ripple harmonics contained in the inverter output voltage and current and ensures a dynamic response of the inverter current (rapid current tracking response) [64]. It exists in several structures (L, LC, LCL, LCL-LC, LLCL, etc.), but those with a capacitor have a common problem of resonance which can compromise the power system stability [65,66].



In the case of the L-filter, it is more preferable (in certain cases) than the filters with a capacitor because it does not present the resonance problem despite its lower efficiency (when compared to filters with a capacitor) in terms of switching ripple mitigation and dynamic response [67,68,69]. Moreover, it is bulky and requires a large-size reactor for an efficient performance in terms of switching ripple reduction. The disadvantages of a large size L-filter are the power losses, exploitation costs increase, negative effects on the SAPF dynamic characteristics and compensation performances [70]. In the literature, the switching ripple reduction and the improvement of the SAPF dynamic respond in terms of rapid inverter current tracking are two of the principal criteria that are proposed to be taken into account while designing the L-filter. However, in this paper, an additional new criterion is proposed: the size of the load input reactor (case of diode or thyristor-bridge with interface line reactor) which also plays an important role on the inverter current dynamic respond.



The SAPF performance efficiency should not only depend on the inverter parameters (e.g., switching frequency, interface filter (L, LC, LCL, LCL-LC, etc.)) or designed control system, but also on the parameters of the power system to which it is connected. For instance, in the electrical system with a diode or thyristor-bridge as a load, the accepted performance efficiency of the SAPF (with L-filter) may not be met due to the high rate of load current change (di/dt) at the commutation notches. Therefore, it is necessary to study the power system in terms of equivalent parameters (grid and load sides) before its installation. That problem is also investigated in [71].



In this paper, the SAPF with an input reactor     L   _ i n v     (see Figure 1) is investigated. It is proved that to obtain a better SAPF work efficiency, its input reactor parameters should be selected based not only on the effective reduction in the inverter switching ripple or the control system demand (e.g., rapid dynamic response), but also on the load parameters, such as the parameters of the diode or thyristor-bridge input line reactor (see     L   T     in Figure 1). For clarification, two case studies are considered in this paper: in the first one, the influence of the SAPF input reactor size (load input reactor parameters are constant) on its work efficiency is presented. In the second one, the influence of the load input reactor on the SAPF work efficiency is presented (SAPF input reactor parameters are constant). The paper is organized into three parts: the first one is based on the simulation studies (MATLAB/SIMULINK, version R2015a and R2021b [72]) and presents the proposed expressions used to compute the SAPF parameters; it also includes the investigation of the influence of the inverter input reactor size on the SAPF work efficiency, as well as the investigation of the influence of the thyristor-bridge input reactor size on the SAPF work efficiency. The second part presents the laboratory experiments and the third part presents the conclusions.




2. Simulation Study


2.1. Presentation of the Simulated Power System


The equivalent circuit of the simulated power system is presented in Figure 1. It is constituted of three parts: the electrical grid, the load and the SAPF. The electrical grid equivalent parameters in Figure 1 are computed from the real electrical grid feeding the laboratory set-up (see Figure 2). In Figure 2, it can be seen that the parameters of the electrical grid are calculated from the medium- to the low-voltage side. The load is a three-phase thyristor-bridge with a resistance (RDC) at its DC side and a reactor (LT) at its AC side. The resistance (Rasym) is connected between phases to ensure the current unbalance condition. The load parameters are from the laboratory set-up apart from Rasym. The SAPF with the control system (Figure 1) is applied for harmonics, reactive power and asymmetry compensation. It is a three-leg three-wire inverter with a reactor (L_inv) at its AC side and capacitor (C_inv) at its AC side.



2.1.1. Description of the Proposed Control System


The proposed control system of the SAPF is presented in Figure 3. Its algorithm is based on the time domain instantaneous p-q theory [73,74,75]. It is organized in three important control loops (control loops (1), (2) and (3)).



The role of control loop (1) (see Figure 3) is to maintain the SAPF DC voltage (UDC_inv) at a constant and at the level provided by the reference voltage (UDC_ref) [43,76]. The reached maximum voltage during the transient state (e.g., capacitor charging) and its duration depend upon the value of the capacitor capacitance and the PI controller parameters (see Figure 3).



In control loop (2) the e p-q algorithm is applied. Its role is to split the distorted instantaneous load current (    i   T a b c    ) into four different components (see Figure 3): active (    i   a b c _ (   p  ¯  )    ), reactive (    i   a b c _ (   q  ¯  )    ), related to asymmetry (    i   a b c _ ( a s y m )    ), and harmonic distortion (    i   a b c _ ( h a r m o )    ). The output signal of control loop (2) is therefore the instantaneous reference current (    i   a b c _ ( r e f )    ) which is constituted of three components (reactive, asymmetry and harmonic currents) as shown in Figure 3 (the active component (    i   a b c _ (   p  ¯  )    ) is not considered).



Observing the control loop (2) algorithm, it can be seen that splitting of the instantaneous load current (    i   T a b c    ) into different components starts from the its measurement as well as the measurement of the instantaneous PCC voltage (    u   S a b c    ). The supply voltage is filtered (“supply voltage filtration”) to avoid its distortions being located in the reference current. The instantaneous real (p) and imaginary (q) powers are obtained after transforming the instantaneous PCC voltage and current from the a-b-c coordinates to the α-β rectangular coordinates. The low-pass filter (LPF) and band-pass filter (BPF) are used to filter the instantaneous real (p) and imaginary (q) powers so that their components ((   p -   ,    q -   )—constant components related to the fundamental harmonic (positive sequence), (      p  ~    h    ,       q  ~    h    )—components related to the current harmonic and (      p  ~    2 n    ,       q  ~    2 n    )—components related to the current asymmetry (negative sequence of the fundamental harmonic)) can be used in the matrix system (see Figure 3) to compute the instantaneous reference currents (    i   α   ,   i   β    ) in α-β axes. After the matrix computation, different current components are obtained: (    i   α (   p  -  )   ,   i   β (   p  -  )   )  —instantaneous real current (fundamental harmonic) in the α and β axis, respectively; ((    i   α (     p  ~     2 n    )   ,   i   α (     q  ~     2 n    )    ),(    i   β (     p  ~     2 n    )   ,   i   β (     q  ~     2 n    )    ))—instantaneous asymmetry current in the α and β axis, respectively; ((    i   α (     p  ~    h   )   ,   i   α (     q  ~    h   )    ),(    i   β (     p  ~    h   )   ,   i   β (     q  ~    h   )    ))—instantaneous harmonic current in the α and β axis, respectively; (    i    α (    q  -  )   ,   i    β (    q  -  )   )  —instantaneous imaginary current (fundamental harmonic) in the α and β axis, respectively. The components such as     i   α ( 2 n )     and     i   β ( 2 n )     are the instantaneous asymmetry current in the α and β axis, respectively, and the components such as     i   α ( h )     and     i   β ( h )     are the instantaneous harmonics current in the α and β axis, respectively. The instantaneous load current components (    i   abc  _ ( asym )    ,   i   abc  _ (    q  -  )   ,   i   abc  _ ( harmo )     ) can be seen at the end of control loop (2) after the inverse transformation from α-β to a-b-c coordinates (see     i   abc  _ ( ref )      in Figure 3).



In control loop (3), the instantaneous reference current (    i    abc _  ( ref )    ) is compared to the feedback loop current coming from the inverter input (    i   _ i n v 123    ). The blocks of the PI controller, saturation and pulse-width modulation (PWM) system can also be seen (Figure 3).




2.1.2. Proposed Expressions for the SAPF Parameters Computation


The voltage drop (    Δ U    L _ inv     ) of the SAPF input reactor (    L    _ inv     ) is expressed in (1). It is the difference between the RMS value (fundamental) of the input inverter voltage (    U    AC _ inv     ) and the PCC voltage (    U   S    ) (see Figure 4). The role of the SAPF is to produce the compensating current (e.g.,     i   _ i n v 1    ) based on the reference current (e.g.,     i    a _  ( ref )    ) and because of that     I    _ inv      is assumed to be equal to     I    _ ( ref )      as presented in expression (2) (the number 3 means three-phase). The proposed expression to compute the SAPF input reactor inductance is presented in (3) (    I   a  _ ( ref )     ,     I   b  _ ( ref )      and     I   c  _ ( ref )      are RMS values of the reference current in each phase):


    Δ U    L _ inv    =   U    AC _ inv    −   U   S   =   L    _ inv      ω   ( 1 )     I    _ inv     



(1)






    I    _ inv    =   I    _ ( ref )    =     I   a  _ ( ref )    +   I   b  _ ( ref )    +   I   c  _ ( ref )      3    



(2)






    L    _ inv    =   3   Δ U    L _ inv        ω     1     (   I   a  _ ( ref )    +   I   b  _ ( ref )    +   I   c  _ ( ref )    )    



(3)







The relationship between the SAPF reference DC voltage (    U   DC  _ inv   _ 0     ) and the PCC phase to phase AC voltage (    U    S _ p - p     ) is proposed in (4). The DC capacitor reference voltage is proposed to be higher than the maximum phase to phase PCC voltage (see expression (4)).



The capacitor DC voltage ripple varies between the extremums (    U    DC _ inv _ max      and     U    DC _ inv _ min     ), as presented in Figure 5. The capacitor DC voltage variation (  Δ   U    DC _ inv     —see Figure 5) also corresponds to a capacitor energy variation (  Δ   W    DC _ inv     ).



The SAPF DC capacitor reference energy (    W    DC _ inv _ 0     ) is expressed by (5) and the maximum and minimum energy are expressed, respectively, in (6) and (7). The DC capacitor minimum voltage (    U    DC _ inv _ min     ) is expressed in (8). The DC capacitor energy variation (  Δ   W    DC _ inv     ) between the max and the min is presented in (9) and (10). By using expression (11) in (10), the proposed expression of the SAPF DC capacitor is obtained in (12):


     U    DC _ inv _ 0    >   k   DC      2    U    S _ p - p        ,     k   DC   ≥ 1   



(4)






    W    DC _ inv _ 0    =   1   2     C    _ inv      U   D C _ i n v _ 0   2    



(5)






    W    DC _ inv _ max    =   1   2     C    _ inv      U   D C _ i n v _ m a x   2    



(6)






    W    DC _ inv _ min    =   1   2     C    _ inv      U   D C _ i n v _ m i n   2    



(7)






    U    DC _ inv _ min    =   U    DC _ inv _ max    − Δ   U    DC _ inv     



(8)






    W    DC _ inv _  max   −   W    DC _ inv _  min   = Δ   W    DC _ inv    =   1   2     C    _ inv    (   U   D C _ i n v _ m a x   2   −   U   D C _ i n v _ m i n   2   )  



(9)






  Δ   W    DC _ inv    =   1   2     C    _ inv    ( 2   U    DC _ inv _ max    Δ   U    DC _ inv    − Δ   U   D C _ i n v   2   )  



(10)






    U    DC _ inv _ max    =   U    DC _ inv _ 0    +   Δ   U    DC _ inv      2    



(11)






    C    _ inv    =   Δ   W    DC _ inv        U    DC _ inv _ 0      Δ   U    DC _ inv       



(12)









2.2. Simulation Assumption


The electrical grid parameters in Figure 1 are computed from the laboratory parameters. The thyristor-bridge firing angle value is constant and its input reactor resistance is neglected. The asymmetry resistance (    R   asym    ) value is chosen based on the practical approach (Figure 1).



An example of SAPF parameter computation is presented in Table 1. The expressions (3), (4) and (12) were used to calculate the inverter input inductance (    L    _ inv     ), DC voltage (    U   DC _  inv 0     ) and capacitance (    C    _ inv     ), respectively. The minimum value of the inverter input reactor inductance (    L    _ inv   _ min     ) is obtained after assuming a minimum voltage drop on the inverter input reactor (e.g.,     Δ U   L  _ inv   _ min      = 3 V) and the maximum value (    L    _ inv   _ max     ) is obtained after assuming a maximum voltage drop on the inverter input reactor (e.g.,     Δ U   L  _ inv   _ max      = 16 V). The reference current RMS values (    I   a  _ ( ref )     ,     I   b  _ ( ref )     ,     I   c  _ ( ref )     ) are obtained at the end of control loop (2)) before the SAPF connection to the PCC.



The PI controller parameters of control loop (1) and control loop (3) presented in Table 2 are selected on the basis of practical knowledge. Those parameters are constant during the simulation studies. The SAPF switching frequency is fixed to 20 kHz and the AC side input reactors and DC side capacitor resistances are neglected during the studies.



The expressions from (13) to (17) are used to compute the grid current negative sequence in percentage of positive sequence (kasym), the grid voltage and current total harmonic distortion (THD) and true total harmonic distortion ((TTHD) see (16) and (17)) [77,78].


    k   a s y m   =     I   S ( 1 )   ( − )       I   S ( 1 )   ( + )      



(13)






    T H D   U s   =      ∑  n = 2   50      U   s ( n )   2          U   S ( 1 )      



(14)






    T H D   I s   =      ∑  n = 2   50      I   s   n     2          I   S   1        



(15)






    T T H D   U s   =      U   S _ t r u e _ R M S   2   −   U   S ( 1 )   2        U   S ( 1 )      



(16)






    T T H D   I s   =      I   S _ t r u e _ R M S   2   −   I   S ( 1 )   2        I   S ( 1 )      



(17)








2.3. Simulation Results


The grid voltage and current waveforms (with spectrums) before the SAPF connection are demonstrated in Figure 6 and Figure 7, respectively. In Figure 6, only one-phase of the grid voltage spectrum is presented. The phase unbalance can be observed on the grid current waveforms (which are not identical) and spectrums (Figure 7).



In Figure 8a–f, an example of reference current waveforms at the output of control loop (2) (see Figure 3) before the SAPF connection is presented together with the spectrums. Figure 8h–j present the current components (one-phase) contained in the reference current (e.g.,     i   a  _ ref     ). The current waveforms in Figure 8l (    i   T a    ) are the sum of all current waveforms from Figure 8g to Figure 8j (    i   T a     is the same as the load current). In the reference current spectrums of Figure 8b,d,f), the appearance of the 3rd harmonic (triplen harmonics) is noted, which did not exist in the grid voltage and current spectrums (this is one of the disadvantages of the instantaneous p-q theory).




2.4. First Simulation Results


Influence of the Inverter Input Reactor Size on the SAPF Work Efficiency


The goal is to demonstrate how the size of the inverter input reactor influences the SAPF work efficiency. For that reason, two values of the SAPF input reactor inductance are considered:     L    _ inv   _ min      = 1.4 mH and     L    _ inv   _ max      = 7.2 mH. Those values were computed based on the chosen values of the input reactor voltage drop (see     Δ U    L _ inv      in Table 1). The load input reactor (    L   T    ) is constant during the experiment and is equal to 0.25 mH.



After the SAPF connection, the grid current and PCC voltage waveforms as well as the waveforms of the injected current are presented in Figure 9a,b and Figure 10a,b, respectively. On the one hand, the SAPF with minimum input reactor inductance     L    _ inv   _ min      (see Figure 9a and Figure 10a) presents higher switching components (switching ripples) than the SAPF with the maximum input reactor inductance     L    _ inv   _ max      (see Figure 9b and Figure 10b). On the other hand, it presents a better shape of the grid current waveforms at the commutation notches (comparing the grid current waveforms in Figure 9a to those in Figure 9b).



The values of the PCC voltage and grid current fundamental harmonic before and after the SAPF connection are presented in Table 3 and Table 4, respectively. The grid current and voltage THD in the case of the SAPF with     L    _ inv   _ min      is smaller than in the case of the SAPF with     L    _ inv   _ max      (Table 4) (the same interpretation concerns the grid current asymmetry coefficient (see Table 4)). In Table 5, it can be seen that in the case of the SAPF with the     L    _ inv   _ max     , grid voltage the TTHD is lower and the grid current TTHD is higher when compared to the case of the SAPF with     L    _ inv   _ min     .



An example of comparison waveforms between the reference current (    I   a  _ ( ref )     ) and the compensating current (    I   inv 1    ) is presented in Figure 11a,b. In the case of the SAPF with     L    _ inv   _ min      (Figure 11a) as well as in the case of the SAPF with     L    _ inv   _ max      (Figure 11b), the compensating current (    I   inv 1    ) has difficulty in tracking the reference current (    I   a  _ ( ref )     ) at the commutation notches (due to the high rate of reference current change (di/dt) during the commutation). That difficulty is more accentuated in the case of the SAPF with     L    _ inv   _ max      (Figure 11b) than in the case of the SAPF with     L    _ inv   _ min      (Figure 11a).



The reference current (part of (%) input thyristor-bridge current) presents a high rate of change at the commutation notches because of the small value (size) of the thyristor-bridge input reactor inductance (    L   T    ).



In this case study, it can be noticed that the gap between the reference current and the compensating current observed in Figure 11a,b is one of the factors which determines the SAPF work efficiency, mostly in terms of current harmonics reduction (see grid current THD in Table 4). That gap is responsible for the high amplitude ripples observed on the grid current waveforms at the commutation notches (e.g., Figure 9b).



After subtracting the compensating current from the reference current in Figure 11a,b, the error waveforms at the PI controller input are presented in Figure 12a (    L    _ inv   _ min     ) and 12b (    L    _ inv   _ max     ), respectively. In the ideal case, the two signals should match each other and after comparison, the error should be close to zero.



The size of the SAPF input reactor has an influence on the DC capacitor transient state duration, as presented in Figure 12c.



The fundamental harmonic active, reactive and apparent powers at the gride side, load side and SAPF side for the SAPF with     L    _ inv   _ min      and     L    _ inv   _ max      are presented in Table 6. The powers are computed based on the voltage and current parameters presented in Table 4 and Table 6, respectively.



Figure 13 presents the SAPF work efficiency in terms of characteristic harmonics mitigation at the grid side. Observing that figure, it can be noticed that in the case of the SAPF with     L    _ inv   _ max     , some harmonics are amplified (harmonics above 100%) because of the large size of the input reactor. At the grid side, the characteristic harmonics are better reduced when the SAPF is connected with     L    _ inv   _ min      than when it is connected with     L    _ inv   _ max     .



An example of current harmonic spectrums at the load input, SAPF input and grid side is presented in Figure 14 (for     L    _ inv   _ min     ). It illustrates how the SAPF works in terms of harmonics mitigation.



The first simulation results have clearly demonstrated that the size of the SAPF input reactor affects its work efficiency. In this case study, two SAPF input reactors (small and large) were considered and their inductances were computed on the base of the chosen values of the reactor voltage drop. According to the proposed expression in (3), the small reactor inductance (    L    _ inv   _ min     ) was computed assuming a low value of reactor voltage drop and the inductance of the large one (    L    _ inv   _ max     ) was computed assuming a high value of reactor voltage drop (see Table 1). Both reactors were connected at the SAPF input and the results were compared. The SAPF with a large size of input reactor showed a better result in terms of inverter switching ripples reduction but a worse result in terms of reducing the ripples caused by the high rate of current change during the commutation. In contrary to the SAPF with a large size reactor, the SAPF with a small size of the input reactor showed a worse result in terms of inverter switching ripple reduction but a better result in terms of reducing the ripples caused by the high rate of current change during the commutation as well as a better grid current waveform shape. At the grid side, the SAPF with small inductance (    L    _ inv   _ min     ) showed better results in terms of THD (TTHD current), asymmetry coefficient and reactive power compensation as well as in terms of characteristic harmonics mitigation. The SAPF with large reactor inductance (    L    _ inv   _ max     ) showed better results in terms of TTHD of the PCC voltage.





2.5. Second Simulation Results


Influence of the Thyristor-Bridge Input Reactor Size on the SAPF Work Efficiency


Because of the problem of reducing the ripples caused by the high rate of current change observed in the load current waveforms during the commutation, the second investigation was performed.



The goal of the investigation is to present the influence of the thyristor-bridge input reactor size on the SAPF’s work efficiency and to demonstrate that the choice of the SAPF input reactor parameters should also depend on the size of the thyristor-bridge input reactor.



The equivalent circuit (with parameters) used to performed the investigation is presented in Figure 15. The value of the SAPF input reactor inductance (    L    _ inv   _ min      = 1.4 mH) was chosen based on the previous experiment. Three cases of simulation results are compared: (a) where the SAPF input reactor inductance is higher than that of the thyristor-bridge input reactor (    L    _ inv   _ min      >     L   T    ); (b) where the SAPF input reactor inductance is equal to that of the thyristor-bridge input reactor (    L    _ inv   _ min      =     L   T    ) and (c) where the SAPF input reactor inductance is smaller than that of the thyristor-bridge input reactor (    L    _ inv   _ min      <     L   T    ).



The grid voltage and current waveforms in Figure 16a–c show that in the cases of SAPF with the input reactor inductance equal or smaller than thyristor-bridge input reactor inductance, the ripples caused by the high rate of current change at the points of commutation notches are better reduced (see current waveforms in Figure 16b,c). The case in which     L    _ inv   _ min      <     L   T     presents the best shape of grid current waveforms (Figure 16c).



Table 7 presents the values of the PCC voltage and grid current fundamental harmonic before and after the SAPF connection. The case with     L    _ inv   _ min      <     L   T     (in comparison to other cases) presents the smallest value of the grid current fundamental harmonic.



In Table 8, it can be observed that the best results in terms of grid current and voltage THD and mitigation of the fundamental harmonic reactive power and asymmetry are when the     L    _ inv   _ min      is equal or smaller than     L   T    .



The TTHD of the PCC voltage and grid current are presented in Table 9. The case with     L    _ inv   _ min      <     L   T     presents the best results in terms of grid current TTHDIS and the worst results in terms of PCC voltage TTHDUS.



The waveforms of the reference current compared to that of the compensating current are presented in Figure 17a–c. It can be seen that in the case of     L    _ inv   _ min      <     L   T    , the reference current and the compensating current match each other (Figure 17c). The increase in the thyristor-bridge input reactor inductance     L   T     to a value equal or higher than the SAPF input reactor inductance (    L    _ inv   _ min     ) has reduced the rate of current change at the commutation notches, making it possible to track the reference current by compensating current (Figure 17b,c).



Figure 18 presents the SAPF work efficiency in terms of characteristic harmonics mitigation at the grid side. Observing that figure, it can be seen that no harmonic is amplified (harmonics are below 100%) at the grid side. The case where     L    _ inv   _ min      <     L   T     presents (in comparison to other cases) better results in terms of characteristics harmonic mitigation at the grid side.



An example of the waveform errors at the PI controller input is presented in Figure 19a–c. The waveforms of the SAPF DC capacitor voltage are considered in Figure 19d.



Figure 20 presents the SAPF DC capacitor voltage for different values of capacity. The dynamic response of the control system algorithm with the decrease and increase in the thyristor-bridge DC resistance (load change) can be also observed.



In this case study, the results of the second investigation have clearly shown that the size of the thyristor-bridge input reactor has an influence on the SAPF work efficiency. The SAPF with the input reactor inductance equal or smaller than the one at the thyristor-bridge input presents the best results in terms of grid voltage and current THD as well as in terms of reactive power and asymmetry mitigation. The SAPF is more efficient in terms of characteristic harmonics mitigation at the grid side when     L    _ inv    <   L   T    . The inductance of the SAPF input reactor should be computed (chosen) taking into account the size of the thyristor-bridge input reactor (see expression (18)).     Δ U    L _ inv      should be chosen in such a way as to obtain     L    _ inv    <   L   T    :


    L    _ inv    =   3   Δ U    L _ inv        ω     1     (   I   a  _ ( ref )    +   I   b  _ ( ref )    +   I   c  _ ( ref )    )   <   L   T    



(18)










3. Laboratory Experiments


The studies of the influence of the thyristor-bridge input reactor (    L   T    ) on the SAPF performances were previously presented based on simulations. During the laboratory experiments, the same studies were performed.



3.1. Laboratory Model Description


The laboratory set up is presented in Figure 21 and its equivalent circuit in Figure 22. The load was composed of a three-phase thyristor-bridge with the resistance     R   D C     and the reactor     L   D C     at its DC side as well as the commutation reactor     L   T     at the AC side. The one-phase diode-bridge with 24 Ohm resistance at the DC side was used to obtain the current asymmetry condition. The laboratory data are measured through the PQ analyzer hardware “PQ-Box 200” (a-eberle, Nurmberg, Germany) [79].



The electrical grid voltage supplying the laboratory set up is symmetrical (the negative sequence represents around 0.12% of the positive sequence) but slightly distorted (Figure 23a) because of other connected non-linear devices. Its spectrum in Figure 23b shows that the dominating harmonics are the 5th (around 2%), the 3rd (more than 1%), and the 7th (almost 1%). According to the IEC61000-2-4 standard [80], its THD and harmonics amplitude are acceptable (Figure 23b).



The SAPF used for the laboratory studies is a three-leg four-wire structure with reactor     L    _ inv      at its input (Figure 24). The input reactor value (    L   _ i n v     = 2 mH) was chosen for a better switching ripple filtration and a better response of the feedback signal in the control system. The control system is based on the instantaneous p-q theory algorithm and PWM control method. In the control loop, where the compensating current     I    _ inv  123     is compared to the reference current     i   a b c _ ( r e f )    , the conventional PI controller is used. The SAPF switching frequency (    f   _ i n v     = 14.63 kHz) was chosen based on the transistor losses and control system hardware conditions.



The laboratory experiments were not focused on the design of the SAPF with its control system, but on the influence of the rectifier commutator reactor (    L   T    ) on the SAPF performances. The experiments were carried out via maintaining the parameters of the SAPF constant (with its control system), as well as the thyristor-bridge DC components.




3.2. Laboratory Results


The measured PCC voltage and grid current waveforms and spectrums before the SAPF connection (    L   T     is not connected) are presented in Figure 25. The PCC voltage and current distortion (THDUS, THDIS), the current asymmetry, the fundamental harmonic reactive power as well as the high rate of current change at the points of commutation notches (see current waveforms in Figure 25) can be observed.



Three case studies based on the change in the thyristor-bridge input reactor inductance (    L   T    ) are considered after the SAPF connection: in the first one,     L   _ i n v   >   L   T     (switch k is closed, Figure 22), in the second one     L   T     =     L   _ i n v     = 2 mH (k is opened) and in the third one     L   _ i n v     = 2 mH <     L   T     = 2.5 mH (k is opened).



The experimental results shown in Figure 26c in comparison to the ones in Figure 26a,b show that when the SAPF input reactor inductance is smaller than the rectifier input reactor inductance, the PCC voltage and grid current waveforms ripples are better reduced by the SAPF at points of commutation notches.



Figure 26a in comparison to Figure 26b,c shows that when the SAPF input reactor inductance is equal or smaller than the one of the thyristor-bridge input line-reactor     L   T    , the PCC voltage waveforms commutation notches are more effectively reduced.



In Figure 26b,c, it can be seen that with the inverter input reactor inductance equal or smaller than the rectifier input line-reactor inductance, the grid current waveform ripples (commutation ripples) at the high rate of current change (see also the current waveforms in Figure 25) are more effectively reduced by the SAPF.



Figure 27 presents (for the three case studies) a comparison of PCC voltage and grid current spectrums and THD as well as grid fundamental harmonic active and reactive powers. Only one phase of each case is considered since the grid current is balanced after the SAPF connection. The cases with     L   _ i n v   =   L   T     and     L   _ i n v   ≤   L   T     present more effective results (as in the case of simulation) in terms of THDUS, THDIS and grid reactive power mitigation (see Figure 27c).



Observing the PCC voltage and grid current spectrums in Figure 27a,b, it can be seen that after the SAPF connection and during the experiments, certain harmonics are reduced (e.g., 5th) and others are amplified (e.g., 19th, 23rd). This phenomenon is due to the fact that the harmonics coming from the grid (see the spectrum in Figure 23b) are added or subtracted from the remaining harmonics coming from the load after filtration. The supply voltage contains harmonics, which can affect the SAPF work efficiency in terms of harmonics mitigation.



The laboratory experiments have confirmed the simulation studies. Therefore, for a better reduction in grid voltage and current ripples at the points commutation notches of waveforms, the inductance of reactor (first-order filter) connected at the SAPF input for switching ripples mitigation, should be smaller than the inductance of the diode or thyristor input reactor so called commutation reactor.





4. Conclusions


An analysis of the influence of the 6-pulse thyristor-bridge input reactor size on the SAPF work efficiency was performed in this paper. Firstly, the simulation studies were presented and secondly, the laboratory experiments were performed to confirm the simulation studies. The case study presented in this paper clearly showed that the size of the line-reactor at the thyristor-bridge input has an influence on the SAPF work efficiency. In this paper, it was demonstrated that:




	-

	
if the SAPF input reactor parameters are computed (chosen) based only on the criteria of a better reduction in the switching ripples (which means a large size of that reactor), the SAPF work efficiency in terms of reactive power, harmonics and reactive power mitigation may be reduced.




	-

	
The SAPF with an input reactor inductance higher than the input reactor inductance of the thyristor-bridge is less efficient in terms of ripples mitigation at the points of commutation notches because at those points the compensating current has difficulties in tracking the reference current.




	-

	
The SAPF with an input reactor inductance equal or smaller than the input reactor inductance of the thyristor-bridge is more efficient in terms of ripples mitigation at the points of commutation notches because at those points the compensating current can easily track the reference current.




	-

	
The SAPF with an input reactor inductance equal or smaller than the input reactor inductance of the thyristor-bridge is more efficient in terms of reactive power, harmonics and asymmetry mitigation than the one with an input reactor inductance higher than the input reactor inductance of the thyristor-bridge.









The line reactor at the thyristor-bridge input is necessary in the electrical system; therefore, this should be taken into account while computing the parameters of the SAPF input reactor (L-filter). In this paper, the expressions to calculate the SAPF parameters (input reactor inductance, DC capacitor voltage and inductance) were proposed as well as the control system algorithm based on the instantaneous p-q theory.
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Figure 1. Equivalent circuit of the simulated electrical system. SSC_Sec—short-circuit power at the transformer secondary side; ISC_Sec—initial short-circuit current at the transformer secondary side; (RS, LS)—grid equivalent resistance and inductance, respectively. 
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Figure 2. (a) Parameters of the electrical grid supplying the laboratory set up; (b) electrical grid equivalent circuit. Sec—secondary; Pri—primary. 
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Figure 3. Bock diagram of the SAPF proposed control system. 
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Figure 4. Equivalent circuit of the SAPF with the representation of the voltages around the input reactor     L   _ inv    . 
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Figure 5. Example of the inverter DC voltage waveforms. 
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Figure 6. Waveforms of PCC voltage and spectrum before the SAPF connection. 
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Figure 7. Waveforms of the grid current with their spectrums before the SAPF connection. 
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Figure 8. Reference currents at the output of control loop (2) before the SAPF connection: (a,c,e)—reference current waveforms (without the current component related to the real power (    i   a _ (   p  ¯  )    )) in a-b-c coordinates with their spectrums (b,d,f), respectively. One-phase representation of reference current components: (g)—current related to the real power, (h)—current related to the imaginary power, (i)—asymmetry current, (j)—harmonics current with (k)—its spectrum. (l)—current obtained after adding all the current waveform components (g–j). 
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Figure 9. Waveforms of the PCC voltage and grid current after the SAPF connection: (a) for     L    _ inv   _ min     ; (b) for     L    _ inv   _ max     . 
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Figure 10. Waveforms of the SAPF current: (a) for     L    _ inv   _ min     ; (b) for     L    _ inv   _ max     . 
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Figure 11. Example of waveform comparison between the reference and compensating currents of control loop (3) (Figure 3): (a) for     L    _ inv   _ min     ; (b) for     L    _ inv   _ max     . 
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Figure 12. (a,b) example of the error waveforms at the input of PI controller (control loop (3)); (c) DC link voltage. 
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Figure 13. SAPF performance efficiency in terms of characteristic harmonics mitigation at the grid side (for     L    _ inv   _ min      and     L    _ inv   _ max     ). 
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Figure 14. Spectrum of the input rectifier current (    I   T    , inverter current (    I   i n v    ) and grid current (    I   S    ) for     L   _ i n v       equal to 1.4 mH. 
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Figure 15. Equivalent circuit of the simulated power system. 
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Figure 16. Waveforms of PCC voltage and current for different value of the thyristor-bridge input reactor inductance: (a)     L    _ inv   _ min      >     L   T    , (b)     L    _ inv   _ min      =     L   T    , (c)     L    _ inv   _ min      <     L   T    . 
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Figure 17. Waveform comparisons between the reference and compensating current of control loop (3): (a)     L    _ inv   _ min      >     L   T    , (b)     L    _ inv   _ min      =     L   T    , (c)     L    _ inv   _ min      <     L   T    . 
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Figure 18. SAPF performance efficiency in terms of characteristic harmonics mitigation at the grid side (for     L    _ inv   _ min      >     L   T    ,     L    _ inv   _ min      =     L   T    ,     L    _ inv   _ min      <     L   T    ). 
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Figure 19. (a–c) example of the error waveforms at the input of PI controller (control loop (3)), (d) inverter DC capacitor voltage. 
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Figure 20. Capacitor DC voltage waveforms for different capacitance: transient state observation after the thyristor-bridge DC resistance change (RDC). 
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Figure 21. Laboratory set-up. 
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Figure 22. Equivalent circuit of the laboratory set-up with components. 
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Figure 23. Measured PCC voltage before the load and SAPF connection: (a) waveforms; (b) spectrum. 
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Figure 24. Laboratory model of three-leg four-wire SAPF. 
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Figure 25. Measured grid voltage and current waveforms with spectrums before the SAPF connection (    L   T     is not connected). 
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Figure 26. Comparison of grid voltage (    U   s     ) and current (    I   S    ) and SAPF current (    L   _ i n v    ) waveforms: (a)     L   T     is not connected, (b)     L   T     =     L   _ i n v     = 2 mH and (c)     L   _ i n v     =2 mH <     L   T     =2.5 mH. The circle on the grid current waveforms (    I   S    ) represents the ripples at the commutation notches. 
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Figure 27. Comparison of: (a) PCC voltage spectrums, (b) PCC current spectrums and (c) PCC voltage and current THD, active (    P   1    ) and reactive powers (    Q   1    ). 
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Table 1. Computed SAPF parameters.
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     Δ U    L _ inv      

[V]

	
     I   a  _ ( ref )      

[A]

	
     I   b  _ ( ref )      

[A]

	
     I   c  _ ( ref )      

[A]

	
     L   _ i n v _ m i n     

[mH]

	
     L   _ i n v _ m a x     

[mH]

	
      k   DC      

	
     U    S _ p - p      

[V]

	
     U    DC _ inv _ 0      

[V]

	
   Δ   W    DC _ inv      

[J]

	
   Δ   U    DC _ inv      

[V]

	
     C    _ inv      

[F]






	
3

	
4.46

	
9.38

	
7.34

	
1.4

	
-

	
1.32

	
400

	
750

	
11

	
5

	
3




	
16

	
4.46

	
9.38

	
7.34

	
-

	
7.2











 





Table 2. PI controller parameters.
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	kp
	ki





	Control loop (1)
	40,000
	43.75



	Control loop (3)
	250
	0.0001










 





Table 3. Grid voltage and current parameters before the SAPF connection.






Table 3. Grid voltage and current parameters before the SAPF connection.





	

	
THDUS (%)

	
THDIS (%)

	
QS(1) (Var)

	
PS(1) (W)

	
SS(1) (VA)

	
kasym

(%)






	
L1

	
0.25

	
28.07

	
414.08

	
2838.4

	
2868.5

	
33.25




	
L2

	
0.25

	
23.41

	
1954.5

	
2833.1

	
3441.9




	
L3

	
0.25

	
42.07

	
1181.8

	
1507.2

	
1915.2




	

	
Us1(1) = 230.8 ej30°

	
Is1(1) = 12.43 ej21.7°




	

	
Us2(1) = 230.7 ej270°

	
Is2(1) = 14.92 ej235.4°




	

	
Us3(1) = 230.7 ej150°

	
Is3(1) = 8.29 ej111.90°











 





Table 4. Grid voltage and current parameters after the SAPF connection.
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L_inv_min = 1.4 (mH)

	
L_inv_max = 7.2 (mH)




	

	
THDUS (%)

	
THDIS (%)

	
kasym

(%)

	
THDUS (%)

	
THDIs (%)

	
kasym

(%)






	
L1

	
0.18

	
10.34

	
0.59

	
0.25

	
26.7

	
0.75




	
L2

	
0.19

	
10.99

	
0.25

	
27.92




	
L3

	
0.18

	
10.93

	
0.25

	
27.7




	

	
Us1(1) = 230.8 ej30°

	
Is1(1) = 10.45 ej28.9°

	
Us1(1) = 230.80 ej30°

	
Is1(1) = 10.36 ej27.8°




	
Us2(1) = 230.8 ej270°

	
Is2(1) = 10.99 ej268.7°

	
Us2(1) = 230.80 ej270°

	
Is2(1) = 10.48 ej267.7°




	
Us3(1) = 230.8 ej150°

	
Is3(1) = 10.93 ej149.1°

	
Us3(1) = 230.80 ej150°

	
Is3(1) = 10.4 ej147.2°











 





Table 5. PCC voltage and grid current TTHD.
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After the SAPF Connection




	
L_inv_min = 1.4 (mH)

	
L_inv_max = 7.2 (mH)




	
TTHDUS (%)

	
TTHDIS

(%)

	
TTHDUS (%)

	
TTHDIS

(%)






	
L1

	
3.57

	
16.31

	
1.70

	
27.09




	
L2

	
2.93

	
16.19

	
1.50

	
27.59




	
L3

	
3.60

	
16.20

	
2.13

	
27.89











 





Table 6. Active, reactive and apparent powers at the PCC, load and SAPF for the minimum and maximum input inverter reactor inductance.
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(L_inv_min = 1.4 (mH))

	
(L_inv_max = 7.2 (mH))




	
PCC

	
Load

	
SAPF

	
PCC

	
Load

	
SAPF






	
P(1) [W]

	
L1

	
2411.4

	
2838.8

	
427.40

	
2389.3

	
2838.8

	
449.82




	
L2

	
2535.8

	
2837.9

	
438.19

	
2416.8

	
2837.9

	
421.33




	
L3

	
2522.3

	
1505.7

	
−890.35

	
2397.5

	
1505.7

	
−891.61




	
Q(1) [Var]

	
L1

	
46.30

	
414.13

	
370.22

	
91.78

	
414.13

	
323.23




	
L2

	
57.54

	
1950.4

	
1898

	
97.07

	
1950.4

	
1854.5




	
L3

	
39.62

	
1180.6

	
1143.7

	
117.25

	
1180.6

	
1062.6




	
S(1) [VA]

	
L1

	
2411.9

	
2868.8

	
565.46

	
2391.1

	
2868.8

	
553.92




	
L2

	
2536.5

	
3443.5

	
1948

	
2418.8

	
3443.5

	
1.901.8




	
L3

	
2522.6

	
1913.3

	
1449.4

	
2400.3

	
1913.3

	
1387.1




	

	
IT1(1) = 12.43 ej21.7°

	
I_inv1(1) = 2.45 ej−10.9°

	
IT1(1) = 12.43 ej21.7°

	
I_inv1(1) = 2.40 ej−5.7°




	
IT2(1) = 14.92 ej235.5°

	
I_inv2(1) = 8.44 ej193.0°

	
IT2(1) = 14.92 ej235.5°

	
I_inv2(1) = 8.24 ej192.8°




	
IT3(1) = 8.29 ej111.9°

	
I_inv3(1) = 6.28 ej22.1°

	
IT3(1) = 8.29 ej111.9°

	
I_inv3(1) = 6.01 ej20°











 





Table 7. Grid voltage and current fundamental harmonics before and after the SAPF connection.
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Before the SAPF

Connection

LT = 1 nH

	
After the SAPF Connection




	
L_in_min > LT

	
L_inv_min = LT

	
L_inv_min < LT






	

	
US(1) (V)

	
IS(1) (A)

	
US(1) (V)

	
IS(1) (A)

	
US(1) (V)

	
IS(1) (A)

	
US(1) (V)

	
IS(1) (A)




	
RMS

	
Phase

	
RMS

	
Phase

	
RMS

	
Phase

	
RMS

	
Phase

	
RMS

	
Phase

	
RMS

	
Phase

	
RMS

	
Phase

	
RMS

	
Phase




	
L1

	
230.8

	
30°

	
12.43

	
21.7°

	
230.8

	
30°

	
10.41

	
29.4°

	
230.8

	
30°

	
10.29

	
29.4°

	
230.8

	
30°

	
10.14

	
29.5°




	
L2

	
230.7

	
270°

	
14.92

	
235.4°

	
230.7

	
270°

	
10.4

	
269.2°

	
230.7

	
270°

	
10.3

	
269.3°

	
230.8

	
270°

	
10.14

	
269.3°




	
L3

	
230.7

	
150°

	
8.29

	
111.90°

	
230.7

	
150°

	
10.37

	
149.3°

	
230.7

	
150°

	
10.28

	
149.3°

	
230.8

	
150°

	
10.11

	
149.4°











 





Table 8. Grid voltage and current THD as well as reactive and active power before and after the SAPF connection.






Table 8. Grid voltage and current THD as well as reactive and active power before and after the SAPF connection.





	

	
Before the SAPF Connection

	
After the SAPF Connection




	
LT = 1 nH

	
L_inv_min > LT




	
THDUS (%)

	
THDIS (%)

	
QS(1) (Var)

	
PS(1) (W)

	
kasym (%)

	
THDUS (%)

	
THDIS (%)

	
QS(1) (Var)

	
PS(1) (W)

	
kasym (%)




	
L1

	
0.25

	
28.07

	
414.08

	
2838.4

	
33.25

	
0.15

	
8.77

	
25.15

	
2402.5

	
0.30




	
L2

	
0.25

	
23.41

	
1954.5

	
2833.1

	
0.15

	
8.75

	
33.51

	
2400.1




	
L3

	
0.25

	
42.07

	
1181.8

	
1507.2

	
0.15

	
8.77

	
29.24

	
2393.2




	

	
After the SAPF Connection




	
L_inv_min = LT

	
L_inv_min < LT




	
THUS (%)

	
THDIS (%)

	
QS(1) (Var)

	
PS(1) (W)

	
kasym (%)

	
THDUS (%)

	
THDIS (%)

	
QS(1) (Var)

	
PS(1) (W)

	
kasym (%)




	
L1

	
0.04

	
2.47

	
24.86

	
2374.8

	
0.30

	
0.02

	
1.22

	
20.42

	
2340.2

	
0.20




	
L2

	
0.05

	
2.91

	
29.04

	
2377.1

	
0.02

	
1.49

	
28.59

	
2340.1




	
L3

	
0.05

	
2.79

	
28.98

	
2372.4

	
0.02

	
1.22

	
24.43

	
2333.3











 





Table 9. PCC voltage and grid current TTHD for different value of thyristor-bridge input reactor inductance.
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After the SAPF Connection




	
L_inv_min > LT

	
L_inv_min = LT

	
L_inv_min < LT




	
TTHDUS

(%)

	
TTHDIS

(%)

	
TTHDUS (%)

	
TTHDIS

(%)

	
TTHDUS (%)

	
TTHDIS

(%)






	
L1

	
3.12

	
12.60

	
3.18

	
7.16

	
3.30

	
6.59




	
L2

	
2.77

	
13.77

	
2.85

	
8.08

	
2.92

	
6.82




	
L3

	
3.12

	
13.40

	
3.23

	
7.20

	
3.29

	
6.11
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