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Abstract

:

In this manuscript, we propose a single-phase UPC (universal power compensator) system to extensively tackle power quality issues (voltage and current) with an equal VAR (volt-ampere reactive) sharing approach between the series and shunt APF (active power filter) of a UPC system. The equal VAR sharing feature facilitates the series and shunt APF inverters to be of an equal rating. An SRF (synchronous reference frame)-based direct PA (power angle) calculation technique is implemented to realize equal VAR sharing between the APFs of the UPC. This PA estimation utilizes d and q axis current parameters derived for the reference signal generation of the shunt APF. An SRF-based method is highly useful for power estimations in distorted supply voltage conditions compared with other conventional methods, i.e., the PQ method. It comprises a reduced complexity and estimations with an easiness to retain two APF inverters of equal rating. A rigorous simulation analysis is performed with MATLAB/SIMULINK and a real-time digital simulator (OPAL-RT) for addressing different power quality-disturbing elements such as current harmonics, voltage harmonics, voltage sag/swell and load VAR demand with the proposed method.
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1. Introduction


In the present age of computerization and digitalization, complex devices with fast processing controllers draw current shapes that are unwanted in the supply system. This significantly degrades the quality of the power (i.e., voltage and current) supplied or available for other loads [1,2,3,4,5]. A specific conditioning equipment known as a unified power quality conditioner (UPQC) can be employed for such types of loads to resolve both voltage- and current-related issues, thus assisting with the efficient operation of the load and preventing the supply lines from being infected with the non-linearities and reactive power demand of the load [6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21].



Various UPQC control methods considering different compensating scenarios have been considered by the research community. Along with regular voltage and current compensation, reactive power compensation by a device has also proven to be a major utilization [11]. The ability of reactive power compensation has been explored further in order to be shared among the shunt and series APFs of the device by using the power angle control (PAC) concept [11,12,13,14,18,20]. It has been effectively implemented in a three-phase three-wire system [11,12] and a three-phase four-wire system [14,20]. The PAC concept has also been implemented in a single-phase system-based UPQC, as discussed in [18].



The estimation of the PA (power angle), as discussed in the literature, is based on the PQ concept, primarily for three-phase systems utilizing power components to calculate the PA. It has already been well-established that, under non-sinusoidal supply voltage conditions, PQ concept-based harmonic compensation exhibits a poor performance compared with the SRF concept [22]. Thus, under similar conditions, a PA estimation with a PQ concept also followed a similar trail, as discussed in the manuscript. It also necessitated the regular computation of VAR sharing by each APF for the computation of the PA [11]. This regular VAR computation can be avoided by using two APFs with an equal rating, thus sharing equal reactive power.



In this paper, we present a comprehensive compensating device, termed a UPC (universal power compensator), for a single-phase system with equal APF ratings whose control action exhibits a few important features. One is the realization of equal reactive power sharing between both APFs, thus avoiding a regular VAR computation. Secondly, the equal VAR sharing is comprehended by the PA estimation without power estimations, directly utilizing the SRF current parameters (id-iq), which are estimated for current harmonic compensation. Thirdly, as only the d-q current parameters are used for the PA estimation, it remains unfazed due to the non-sinusoidal supply voltage condition. To demonstrate its effectiveness, a comparative analysis is presented in reference to PQ concept-based compensation and the PA estimation under a non-sinusoidal supply voltage condition.



A single-phase UPC with a shunt and series APF combined through a DC-link capacitor is shown in Figure 1. The specific load is considered to be an arrangement of the linear and non-linear load. The non-linear load comprises a single-phase diode bridge rectifier with an RL load on the DC side whereas the linear load consists of only a series combination of the active and reactive load. With both loads in operation, the source current harmonics are not as high, but they have a considerable VAR demand that needs to be compensated for on an equal sharing basis by the APFs of the UPC. When the non-linear load acts alone, it contaminates the source current with the harmonics to a greater extent, which is tackled by the shunt APF. Voltage sag, voltage swell and voltage harmonics, or the supply side disturbances, should be mitigated by the series APF.




2. Shunt APF Reference Signal Generation with SRF-Based Approach


By an orthodox approach of VAR sharing between the shunt and series APFs as presented in [4,5], the series APF part of handling VAR arose after the load VAR surpassed a specific maximum.



The shunt APF of the UPC was used for serving the following two purposes in our system:




	
Providing source current harmonic compensation.



	
Providing 50% of load reactive power compensation.








The SRF control algorithm is a popular control approach for custom power devices as it involves the direct controlling of the d (active) and q (reactive) elements of the current drawn by the load. As shown in Figure 2, initially, the single-phase load current was treated as a load component    i   L α      in stationary reference frame; the other component    i   L β      was derived by orthogonally shifting    i   L α     . The transformation angle ωt was generated from the modified PLL (phase-locked loop) due to the source voltage with the harmonics for a proper synchronization [14]. With the following transformations, the direct and quadrature components of the current in a rotating reference frame were obtained from        i     L α      and    i   L β     .


   [       i  Ld          i  Lq        ]  =  [      cos  ω t      sin  ω t        − sin  ω t      cos  ω t       ]   [       i   L α           i   L β         ]     



(1)







The direct component of the current, i.e.,    i  Ld    , was considered to be an active component of the current whereas the quadrature component of the current    i  Lq     was considered to be a reactive element of the load current.



These two components involved fundamental and harmonic terms and could be separated by a different HPF (high-pass filter) derived from an LPF (low-pass filter). The loss element of the UPC, acquired from a PI compensator by comparing the DC-link reference voltage with the measured DC-link voltage, was combined with the harmonic content of the active current. The VAR harmonic current element was combined with 50% of the fundamental reactive current to allow half of the load VAR to be remunerated by the shunt APF. The compensating d and q axis currents thus obtained were transformed to a reference shunt APF-injecting current. This current was compared with the measured shunt APF current and fed to a hysteresis controller to produce a gating signal for the shunt APF.




3. PA Calculation for Equal Reactive Power Sharing


Considering the non-ideal conditions of the supply voltage and the load current, the d and q axis voltage and current parameters, obtained from the SRF control algorithm of the shunt APF, were utilized to estimate the power demand by load as:


  Load   active   power   ( fundamental ) ,    P L  =      v ¯    sd   ·      i ¯    Ld    



(2)






  Load   reactive   power   ( fundamental ) ,    Q L  =      v ¯    sd   ·      i ¯    Lq    



(3)







The source side power could be calculated as:


  Source   active   power ,    P S  =      v ¯    sd   ·  (        i ¯     Ld   +      i ¯   0   )   



(4)






  Source   reactive   power ,    Q S  = 0  



(5)




where        i ¯   0   , the active component of the current drawn from the source, denotes the loss component of the UPC.



The VAR rating of the series APF could be articulated as [4]:


   Q  sr   =  |   I s   |    ·    |   V L *   |    ·   sin δ  



(6)






  sin δ =    Q  sr      |   I s   |    ·  |   V L *   |    =    Q  sr      P S       



(7)






  δ =   sin   − 1    [     Q  sr      P s     ]     



(8)







For equivalent VAR sharing among the shunt and series APF we obtained:


   Q  sr   = 0.5  Q L     



(9)







Therefore, from Equations (3), (4), (8) and (9), we obtained:


  δ =   sin   − 1    [     i  Lq     2 ·  (        i ¯     Ld   +      i ¯   0   )     ]     



(10)







Thus, as is clear from the above equation, for half of the load VAR sharing by the series APF, the PA could be directly derived from the load current parameters. As the estimation of the PA was independent of any voltage component, in reference to the PA estimation presented in [11,12] (where the PA estimation was based on the PQ theory), the number of variables involved were reduced in the PA estimation. Therefore, the PA estimation was much simpler to implement. In [12], a PA estimation was carried out where the supply voltage was considered to be completely sinusoidal. With a non-sinusoidal supply voltage and the methods proposed in [11,12], an additional disturbance needs to be accounted for, as discussed in Section 4. A comparative analysis is presented in Section 5 to understand the efficacy of the SRF-based PA estimation over the others.




4. Comparison of SRF-Based Control with a Conventional PQ (Active-Reactive Power)-Based Technique


The PQ (active-reactive power) method of control for compensation by an active power filter (APF) is one of the most popular control methods. It is based on separating the average and harmonic power components. However, the SRF method is based on separating the average and harmonic components of the current. Under ideal sinusoidal supply conditions, both the SRF method and the conventional PQ method perform similarly. However, under non-sinusoidal supply conditions, the compensating power consists of additional disturbing factors in the PQ method (id-iq). Thus, under non-ideal supply voltage conditions, the SRF method is always a preferable option compared with the PQ method [5,22].



Under a non-sinusoidal supply, the compensating power by the APF for the PQ method is given by:


   [       P  C  (  PQ  )           Q  C  (  PQ  )         ]  = −      v ¯    sd    [           i ˜    Ld         −      i ˜    Lq        ]  −      v ˜    sd    (   [           i ˜    Ld         −      i ˜    Lq        ]  +  [           i ¯    Ld         −      i ¯    Lq        ]   )   



(11)







Under a non-sinusoidal supply, the compensating power by the APF for the SRF method is given by:


   [       P  C  (  SRF  )           Q  C  (  SRF  )         ]  = − (      v ¯    sd   +      v ˜    sd   )  [           i ˜    Ld         −      i ˜    Lq        ]   



(12)







Thus, the difference between Equations (11) and (12) accounts for the additional disturbance in the PQ method. Another important degrading factor in the PQ method may arise if similar harmonic components are present in the voltage and current, resulting in a more fundamental power component.



In Section 6.4, the performance difference is presented between the PQ method and the SRF method under non-sinusoidal voltage disturbances.




5. PA-UVT Controller for Series APF


As loads operate at a rated voltage, the reference voltage could be fixed and a unit vector template (UVT) generation method could be employed for the series APF, as illustrated in Figure 3. For incorporating the PA shift in the load voltage in reference to the source voltage, the transformation angle ωt was added with the PA δ. The transformation angle ωt was generated from the modified PLL, as stated in Section 2. The reference load voltage signal generated is depicted below:


   V L    *  =  V m  sin  (   ω t  + δ  )     



(13)




where    V m    is the maximum fixed reference rated voltage. The desired load voltage (   V L    *   ) was equated with the measured load voltage (   V L   ) to produce the control signals for the series APF.




6. Simulation Results


This new sharing algorithm-based UPC system was implemented in SIMULINK for an analysis considering the various operational conditions of the source and load. The three different types of disturbances in the source voltage were sag, swell and harmonics. Correspondingly, on the load side, the performance of the UPC was analyzed with three various load situations; i.e., with a non-linear load only, a linear load only and a composite type (both linear and non-linear). The parameters considered for the simulation analysis are depicted in Table 1. With source voltage disturbances being common phenomena, the simulation results were analyzed under different categories of loading conditions. The simulation time was separated into various time divisions as per the source voltage disturbance. From 0 to 0.3 s, the source voltage was in a steady state rated condition; from 0.3 to 0.6 s, a voltage sag of 20% was introduced; from 0.6 to 0.9 s, a voltage swell of 20% was incorporated along with the rated source voltage; and from 0.9 to 1.2 s, the 3rd, 5th and 7th harmonic voltage component (10% each) was injected into the steady state voltage.



6.1. Simulation Results with a Composite Load


In the presence of both a linear and non-linear load, the THD content of the source current without compensation was less than that obtained with the non-linear load alone, but remained on the higher side. With a constant maximum linear load of 5 kW and 5 kVAr, the series and shunt APFs took part equally in reactive power compensation, along with their respective voltage disturbance and current harmonic compensation. Figure 4 and Figure 5 depict the different voltage and current waveforms under this load condition, respectively. Figure 4a illustrates the voltage waveforms for the complete duration of 1.2 s. Figure 4b–d depicts enlarged fragments of the voltage waveform observing the sag, swell and harmonic condition, respectively. It was observed that, under all scenarios, the load voltage was maintained as the same as the source voltage before any disturbance; i.e., before 0.3 s. Likewise, Figure 5b–d depicts enlarged fragments observing the sag, swell and harmonic condition, respectively, of the total current waveform shown in Figure 5a. The DC-link voltage profile was also maintained at its set reference value, as can be observed in Figure 6. Although a DC-link voltage ripple was observable, the UPC performance was not affected and was satisfactory with the considered operating conditions.




6.2. Simulation Results with Linear Load


In the absence of any non-linear load, the source current without compensation was free from harmonics and did not require any harmonic compensation from the shunt APF. Figure 7 illustrates the response of the UPC system with the proposed controller for a constant linear load of 5 kW and 5 kVAR. Under varying source voltage disturbances, the series injected voltage made adjustments to maintain a steady state and rated load voltage profile. The compensating current from the shunt APF was only responsible for partly compensating the VAR demand whereas an equal amount of reactive power was compensated for by the series APF.




6.3. Simulation Results with a Non-Linear Load


With the inclusion of only a non-linear load, the UPC system operation was confined to the compensation of source voltage disturbances and current harmonic compensation. As is clear from Figure 8, the source current profile was free from harmonics, with the THD content being reduced to 3.4% from 23.6%. Figure 8a depicts the time duration of 1.2 s whereas Figure 8b is an enlarged fragment for the time duration of 0.3–0.6 s for a better illustration of the effect of the non-linear load on the current waveform. It was evident that the source current before compensation was highly contaminated with harmonics whereas after compensation it was closer to sinusoidal. The THD analysis of the source current is discussed in detail further on in this work. With a proper compensating series injected voltage by the series APF and a compensating current by the shunt APF, the load voltage profile was maintained at its rated condition, as illustrated in Figure 9.




6.4. Cumulative UPC Performance Parameters under Different Voltages and Loading Conditions


Table 2 illustrates the various performance parameters used to obtain a better understanding of the UPC performance analysis under different voltage and loading conditions. The performance parameters listed in the table are: I: the RMS value of the load voltage in volts (without a UPC); II: the RMS value of the load voltage (with a UPC); III: the THD% of the load voltage (without a UPC); IV: the THD% of the load voltage (with a UPC); V: the THD% of the source current (without a UPC); VI: the THD% of the source current (with a UPC); and VII: the reactive power share between the shunt APF (QSH) and the series APF (QSR) in VAR (volt-ampere reactive). As observed from the table, the load voltage RMS value was maintained close to the reference RMS value of 230 V under different voltage and loading conditions. The THD% of the load voltage with the harmonics under consideration was within the limits of 5% with an appropriate compensation from the UPC in all cases. As can be seen from the table, the THD% of the source current without the UPC, considering both a linear and non-linear load (composite load), was in the range of 9–10% whereas for a non-linear load, it was in the range of 16–20%. However, with the UPC, the THD% of the source current was brought back to within a 5% limit. Thereafter, reactive power compensation sharing by the UPC APFs were observed for the composite load and linear load cases. With the composite load, the total load reactive power demand was around 6 kVAR and equal sharing was observed by the shunt and series APF. With only a linear load, the load reactive power demand was 5 kVAR and, consequently, there was equal sharing between the shunt and series APF.




6.5. Comparative Performance Analysis under Non-Sinusoidal Voltage Conditions


A simulation case was considered again with a non-linear load, but with a non-sinusoidal supply voltage condition only. The focus was on the current compensation by the UPC under non-sinusoidal voltage conditions. Figure 10a,b indicates the source voltage with harmonics (10% of 3rd, 5th and 7th order harmonic components) and the load voltage with compensation from the UPC system. Figure 10c,d illustrates the FFT analysis of the source voltage and load voltage, respectively. The load voltage was reduced from around 15% to 3%.



The efficacy of the SRF method of compensation over the conventional PQ method under non-sinusoidal voltage conditions in terms of current compensation and equal reactive power sharing, as discussed in Section 4, is exhibited in a further analysis.



	A.

	
THD Analysis of Source Current between SRF and Conventional PQ Methods







Figure 11a shows the source current waveform obtained from the PQ method. The source current waveform after compensation from the SRF method is illustrated in Figure 11b. It was clearly observable that the source current waveform obtained with the SRF method was less contaminated than with the PQ method. The current FFT analysis is presented in Figure 11c,d for the PQ and SRF methods, respectively. It was clear that the THD of the source current with the SRF method was below 5% whereas with the PQ method, it was above the allowable limit with non-sinusoidal voltage conditions.



	B.

	
Comparative performance analysis between SRF-based PA estimation and conventional PQ-based PA estimation under non-sinusoidal voltage conditions







Two different PA estimation approaches were realized and a comparative analysis was presented; one was a conventional PA estimation based on the PQ concept and the second was the SRF-based PA estimation method [11,12]. A transient load condition of a sudden reactive load change was also considered. The reactive load demand was increased from 2.5 kVAr to 5 kVAr at 0.5 s. Figure 12a,b illustrates the PA estimation pattern for equal reactive power sharing based on the conventional PQ concept and the SRF concept, respectively. It was clearly observable that the PA with the PQ estimation method fluctuated and was also less than the reference value whereas the PA estimation with the SRF method followed the reference with fewer fluctuations. Both APFs with the SRF were found to be highly responsive to this sudden load change. These inconsistencies in the PA resulted in unequal reactive power sharing with the PQ concept, thus affecting the set criteria (Figure 12c). However, the PA with the SRF parameters resulted in more precise equal reactive power sharing, as depicted in Figure 12d. Table 3 illustrates a comparative analysis between the two approaches. Thus, it was clear that the SRF-based estimation of the PA involved fewer parameters for the estimation; the PA estimation errors and fluctuations were much fewer compared with the PQ method. Equal reactive power sharing between the shunt and series APF was more precise with fewer deviations from the reference (1.25 kVAR until 0.5 s and 2.5 kVAR after 0.5 s).





7. Real-Time Simulator Analysis


Simulators are useful in practice to protect equipment from being damaged. With the reduction in cost and increments in the performance of virtual and real-time simulative technology, its availability and applicability has been widespread [14]. The real-time simulator adapted in our work was RT-LAB, which is based on FPGA; its flexibility and scalability can be used for virtually any simulation or control system application.



A computer system with installed SIMULINK software was connected to the simulator setup via an ethernet, as shown in Figure 13. Instead of methods such as HIL (hardware in the loop), RCP (rapid control prototyping) was adapted for analyzing the behavior of the UPC system with the proposed controller.



Figure 14 illustrates the waveforms of the source voltage, load voltage and series injected voltage for three different transient conditions of source voltage such as normal to sag (Figure 14a), sag to swell (Figure 14b) and swell condition to normal voltage with harmonics (Figure 14c). The series injected voltage compensated for the source voltage and the load voltage was found to be maintained at its rated value and free from harmonics irrespective of the disturbances. Figure 15 shows the waveforms of the load current, source current and compensating current for different load conditions of the linear load (Figure 15a), non-linear load (Figure 15b) and composite load (Figure 15c), respectively. The source current was found to be distortion-free in the case of the non-linear and composite loads. With the linear load condition, the presence of a compensating current was due to the partial load reactive current demand from the shunt APF; the remainder of the reactive current demand was fulfilled by the series APF.




8. Conclusions


An equal reactive power sharing strategy for a single-phase UPC system was proposed in this work as a more efficient and practical way of adapting identical APFs with the same rating. The SRF-based controller employed in this system for the shunt APF controller also proved to be helpful under non-sinusoidal conditions of supply voltage for a PA estimation to implement equal reactive power sharing. In this paper, a detailed performance analysis was presented for a UPC system under different supply voltages (i.e., voltage sag, swell and harmonics) and loading conditions (i.e., a non-linear load, linear load and composite load). The performance indices considered for this analysis were current harmonic compensation, load voltage compensation and reactive power compensation with equal sharing criteria between the shunt and series APF. It was clearly observed from the result analysis and tabular data compilation that the UPC system offered a significant compensation performance under different conditions of voltage and load. A comparative analysis was presented between the PQ method and the SRF method for current harmonic compensation, a PA estimation and equal reactive power sharing under a non-sinusoidal supply voltage. As deduced from this comparative analysis in terms of the results and comparative data tabulation, the SRF method proved to be superior than the PQ method under non-sinusoidal supply conditions. Thus, the SRF method is not only suitable for shunt APF control implementation, but also offers better reactive power sharing support under non-sinusoidal supply conditions between a shunt and series APF, utilizing only SRF parameters.
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Figure 1. Single-phase UPC system with equal reactive power sharing approach. 
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Figure 2. SRF method-based shunt APF. 
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Figure 3. PAC-SRF-based series APF. 
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Figure 4. Simulation results with composite load (linear and non-linear): source voltage, load voltage and series injected voltage (top to bottom) at (a) 0–1.2 s, (b) 0.2–0.4 s, (c) 0.5–0.7 s and (d) 0.8–1.0 s. 
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Figure 5. Simulation results with composite load (linear and non-linear): source current before compensation, source current after compensation and injection current from shunt APF (top to bottom) at (a) 0–1.2 s, (b) 0.2–0.4 s, (c) 0.5–0.7 s and (d) 0.8–1.0 s. 
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Figure 6. Simulation result with composite load (linear and non-linear): DC-link voltage. 
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Figure 7. Simulation results with linear load only: source current before compensation, source current after compensation and injection current from shunt APF (top to bottom). 
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Figure 8. Simulation results with non-linear load only: source current before compensation, source current after compensation and injection current from shunt APF (top to bottom) at (a) 0–1.2 s and (b) 0.3–0.6 s. 
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Figure 9. Simulation results with non-linear load only: source voltage, load voltage and series injected voltage (top to bottom). 
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Figure 10. Voltage analysis with UPC system under harmonic conditions: (a) source voltage; (b) load voltage; (c) FFT analysis of source voltage; (d) FFT analysis of load voltage. 
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Figure 11. Source current analysis with UPC system under non-sinusoidal voltage conditions: (a) source current waveform with PQ method; (b) source current waveform with SRF method; (c) FFT analysis of source current with PQ method; (d) FFT analysis of source current with SRF method. 
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Figure 12. Comparative performance analysis between PQ and SRF methods: (a) PA estimation by PQ method; (b) PA estimation by SRF method; (c) reactive power share by PQ method; (d) reactive power share by SRF method. 
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Figure 13. OPAL-RT simulator connected to the host PC via ethernet and to the DSO via connecting probes. 
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Figure 14. OPAL-RT results of source voltage (VS), load voltage (VL) and series injected voltage (VSr) for different disturbance conditions: (a) normal to sag; (b) sag to swell; (c) swell to normal with harmonics. 
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Figure 15. OPAL-RT results of load current (IL), source current (IS) and compensating current (IC) for different load conditions: (a) linear load only; (b) non-linear load only; (c) composite load (both linear and non-linear). 
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Table 1. Parameters for simulation and real-time analysis.
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Supply system

	
Source impedance

	
R = 0.06 Ω, L = 0.05 mH




	
Source voltage

	
230 V (RMS), 50 Hz




	
Shunt APF

	
Coupling inductor

	
2.0 mH




	

	
PI parameters

	
Kp = 0.2, KI = 10.34




	
Series APF

	
Filter components

	
L = 1.5 mH, C = 65 µF




	
Transformer

	
1:1, 3 kVA




	
DC-link

	
Capacitor

	
1600 µF




	
Desired voltage

	
350 V




	
Load system

	
Linear load

	
Pmax = 5 kW, Qmax = 5 kVAR




	
Non-linear load

	
One-phase diode bridge rectifier with R = 8 Ω, L = 10.5 mH
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Table 2. Performance parameters under different source voltage and loading conditions.
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Composite Load

	
Linear Load Only

	
Non-Linear Load Only




	
Voltage Condition

	
I

	
II

	
III

	
IV

	
V

	
VI

	
VII

	
I

	
II

	
III

	
IV

	
V

	
VI

	
VII

	
I

	
II

	
III

	
IV

	
V

	
VI

	
VII






	
Normal

	
228

	
227

	
0.5

	
4.0

	
9.9

	
3.4

	
QSH = 3015

QSR = 2962

	
229

	
227

	
0.4

	
4.4

	
0.4

	
3.3

	
QSH = 2563

QSR = 2495

	
228

	
228

	
0.5

	
2.22

	
18.5

	
3.6

	
-




	
Sag (20%)

	
180

	
225

	
0.5

	
3.7

	
9.8

	
3.8

	
QSH = 3045

QSR = 2923

	
182

	
226

	
0.5

	
3.4

	
0.5

	
3.2

	
QSH = 2542

QSR = 2478

	
180

	
226

	
0.5

	
3.26

	
18.63

	
3.6

	
-




	
Swell (20%)

	
275

	
229

	
0.5

	
2.2

	
9.0

	
3.3

	
QSH = 3023

QSR = 2943

	
273

	
232

	
0.3

	
3.2

	
0.4

	
3.4

	
QSH = 2558

QSR = 2423

	
275

	
227

	
0.5

	
3.55

	
16.78

	
3.7

	
-




	
Harmonics (10% each 3rd, 5th and 7th)

	
230

	
226

	
17.4

	
3.0

	
9.7

	
4.6

	
QSH = 3010

QSR = 2941

	
227

	
225

	
17.2

	
4.7

	
0.9

	
3.5

	
QSH = 2574

QSR = 2456

	
230

	
226

	
17.26

	
4.08

	
20.65

	
3.9

	
-
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Table 3. Comparative analysis between PQ and SRF methods for PA estimation.
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	Performance factors
	PQ-based estimation of PA
	SRF-based estimation of PA



	Parameters involved
	Load voltage and load current
	Only load current



	PA estimation error with reference
	8%
	2%



	PA fluctuation with average
	6.5% approximately
	1.5% approximately



	Percent error in equal reactive power sharing between shunt and series APF
	For QL = 2.5 kVAR: Qsh = 16%, QSr = −17.6%

For QL = 5 kVAR: Qsh = 18%, QSr = −20%
	For QL = 2.5 kVAR: QSh = 1.5%, QSr = −2.3%

For QL = 5 kVAR: QSh = 1.1%, QSr = −2.6%
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