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Abstract

:

This document presents a new hybrid combination of filters using passive and active elements because of the generalization in the use of non-linear loads that generate harmonics directly affecting the symmetry of energy transmission systems that influence the functioning of the electricity grid and, consequently, the deterioration of power quality. In this context, active power filters represent one of the best solutions for improving power quality and compensating harmonic currents to get a symmetrical waveform. In addition, given the importance and occupation of the transmission network, it is necessary to control the stability of the system. Traditionally, passive filters were used to improve energy quality, but they have endured problems such as resonance, fixed remuneration, etc. In order to mitigate these problems, a hybrid HAPF active power filter is proposed combining a parallel active filter and a passive filter controlled by a backstepping algorithm strategy. This control strategy is compared with two other methods, namely the classical PI control, and the fuzzy logic control in order to verify the effectiveness and the level of symmetry of the backstepping controller proposed for the HAPF. The proposed backstepping controller inspires the notion of stability in Lyapunov’s sense. This work is carried out to improve the performance of the HAPF by the backstepping command. It perfectly compensates the harmonics according to standards. The results of simulations performed under the Matlab/Simulink environment show the efficiency and robustness of the proposed backstepping controller applied on HAPF, compared to other control methods. The HAPF with the backstepping controller shows a significant decrease in the THD harmonic distortion rate.
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1. Introduction


The use of static energy conversion devices such as static converters and others has increased during the last years [1,2]. Because all are made up of power semiconductors, they absorb a current with a non-sinusoidal. These are considered as non-linear and non-symmetrical loads for the power grid. In addition to the fundamental component, the non-sinusoidal waveform exposes a harmonic content, which can be considered very important under certain circumstances [3]. These harmonics can flow from the load to the grid and generate harmonic pollution for the power grid, resulting in a degradation of power quality. The most common effects of this pollution are [4]: the destruction of capacitors or circuit breakers under the effect of strong harmonic currents increased by resonances; the heating of neutral conductors and transformers and the long-term effects that explain by an advanced devastation of the wired equipment at the common connection point [5,6]. There are certain processes that can be used to reduce the harmonic pollution generated by these converters. Among the most widespread and effective are filtering, which has two main task: to minimize harmonic pollution, namely passive filtering, known as resonant and/or damped, which prevents harmonic currents from flowing into the electrical networks; and to compensate for reactive power. Despite this, passive filtering has some problems such as lack of adaptability when the impedance of the network or load changes, which is a major disadvantage that may be unbearable in these particular circumstances. The other filtering method is active filtering. This is the best known and most used in research to improve the quality of electrical energy. Its principle consists in injecting a compensation current in phase opposition and of the same amplitude with the harmonic currents generated by the non-linear load, in order to render the current of a sinusoidal shape at the connection point and thus limit the diffusion of harmonic currents in the power grid network. There are several active filter structures according to the desired performance criteria. Active filters can be in parallel [7], in series [8], or hybrid [9], i.e., the combination of an active filter and a passive filter. There is also a combination of a serial active filter and a parallel active filter called universal power quality conditioner [10]. The filter can have a current design or a voltage design depending on the type of element used as its energy source [11,12]. A hybrid power filter is deployed to solve passive filter problems in addition to active power filters. In this document a hybrid active power filter controlled by the backstepping control is exposed. The controller is an essential tool for a proper operation of the HAPF, so for this reason the backstepping control [13] was chosen. The HAPF combines the best performances of the active and passive filters: the active filter allowing to attenuate the harmonics of the source current, and the passive filter considered at the fundamental frequency as a high impedance, and at the tuning frequency as a low impedance. The use of our approach can lead to a more symmetrical waveform, thus avoiding problems to the power grid. To demonstrate the effectiveness of the proposed backstepping-controlled HAPF approach for harmonic currents compensation and power quality improvement, a comparison of the three control methods, i.e., the classical PI [13], the fuzzy logic [14] and backstepping control is presented in this work. The proposed backstepping controller applied to the HAPF provides a better response time to maintain the DC bus voltage Vdc at its reference value, and a significantly reduced THD according to standards, whereas the conventional PI controller has a very high response time and an error between the setpoint and its reference value. Finally, the fuzzy logic control presents a 5% response time lower than the PI controller, but the system remains slower. The above reflects that the proposed approach achieves the desired performance.




2. Proposed Hybrid Filter


An active hybrid power filter is the combination of an active filter and a passive filter. It consists of a passive filter and a static power converter and a control block that allows the control of the entire hybrid filter. The passive filter attempts to compensate high frequency harmonics and used to reduce the capacity of the power converter, while the active filter is used to compensate for low frequency harmonic currents generated by the polluting non-linear load [15], and used to improve the characteristic parameters of the passive filter. The advantages of HAPF over other filtering elements is that it is possible to solve the problems related to the injection of the neighbouring harmonic current, resonances, as well as the capacity of the HAPF converter is smaller than the capacity of the ordinary active power filter. HAPF is a better solution to reduce the power sizing which results in the price of active power filters. In order to obtain a better performance of the hybrid filter, it is necessary to choose the latter according to several factors such as the topology of the filter, the control strategy used, the type of filter used in the control loop or the size of the components constituting the filter. There are several configurations treated in the literature [16], the most presented being:




	
Serial active filter with parallel passive filter;



	
Serial active filter connected in series with parallel passive filter;



	
Parallel active filter in series with a passive filter.








In this article we choose the topology of the parallel active filter in series with a passive filter, as shown in Figure 1. The active hybrid power filter is composed by the static power converter attached in series to three-phase passive filters. The HAPF and the non-linear load are connected in parallel, which clarifies the harmonic currents generated by the pollutant load. The three-phase passive filter assembly is connected in series on each phase. It consists of the capacitor and inductance while the converter contains a semiconductor assembly and a capacitor. The power converter protects the passive filter from damage caused by the injection of the neighborhood harmonic current and resonance. The capacitor is connected to the side of the DC bus of the converter as an energy storage element and put a DC voltage for normal operation of the converter. The passive filter blocks the harmonic currents that pass through the power grid.



2.1. Current Reference Algorithm Using p-q Theory


The active filter is used to inject harmonic currents of the same amplitude into the network but in opposition to those generated by the pollutant load. To do this, it is necessary to extract the harmonic currents from the load, known as reference currents. There are several methods for identifying the harmonic currents [17,18,19], but in this article we use the p-q method because it guarantees a better adherence between the dynamic and static performances. This theory is based on the Clark algebraic transformation which allows to transform the three-phase voltage and current systems exposed in the reference frame a, b, c to a two-phase system presented in the reference frame α, β, to simplify the calculations. The current and voltage components can be expressed as:


   [       i α         i β       ]  =    2 3     [     1     1 2      −  1 2       0       3   2      −    3   2       ]   [       i a         i b         i c       ]   



(1)






   [       v α         v β       ]  =    2 3     [     1     1 2      −  1 2       0       3   2      −    3   2       ]   [       v a         v b         v c       ]   



(2)







The active instantaneous power in the mark a-b-c, is given by:


  p  ( t )  =  v a   i a  +  v b   i b  +  v c   i c   



(3)







In the α-β mark, the active instantaneous power is given by:


  p  ( t )  =  v α   i α  +  v β   i β   



(4)







The instant imaginary power is given by Akagi’s definition [15], as follows:


  q  ( t )  =  v α   i β  −  v β   i α   



(5)







From the relationships (4) and (5), we can extract the matrix relationship of the instantaneous powers as follows:


   [     p     q     ]  =  [       v α       v β        −  v β       v α       ]   [       i α         i β       ]   



(6)







This power is divided into two parts, a continuous part related to the fundamental (   p ¯  ,  q ¯   ), and an alternating part related to harmonics (   p ˜  ,  q ˜   ), is given by the following relationships:


      p =  p ¯  +  p ˜        q =  q ¯  +  q ˜       



(7)







What interests us is the extraction of the alternative components (   p ˜  ,  q ˜   ), for this purpose, we use a low-pass filter as shown in Figure 2.



The reference currents after the extraction of the alternative components in the coordinates α, β is of the following expression:


   [       i  α r e f          i  β r e f        ]  =  1   v α 2  +  v   v α 2   2     {   [       v α      −  v β         v β       v α       ]   [     0     q     ]  +  [       v α      −  v β         v β       v α       ]   [      p ˜       q ˜      ]   }   



(8)







To obtain the reference currents in the reference frame a-b-c, we use the Clark inverse transformation, the expression is as follows:


   [       i  a r e f          i  b r e f          i  c r e f        ]  =    2 3     [     0   1       1 2         3   2        −  1 2      −    3   2       ]   [       i  α r e f          i  β r e f        ]   



(9)








2.2. DC Bus Voltage Regulation


The objective of the DC bus voltage regulation loop (Vdc) is to maintain the latter following its reference value Vdc ref. For the control of this loop, a PI corrector is used as shown in Figure 3. The reference voltage is considered as input and the measured value as output. The voltage at the capacitor terminals is given by:


   V  d c  2   ( s )  =   2  P  d c    ( s )     C  d c   s    



(10)







From Figure 3, the transfer function showing the regulation of the DC bus voltage in closed loop is given by:


   G  b f    ( s )  =    (  1 +    K p     K i    s  )     s 2  + 2    K p     C  d c     s + 2    K i     C  d c        



(11)







Comparing this closed-loop equation with the general structure of a second-order transfer function, extracting the parameters of Kp and Ki:


       ω c  = 2 π  f c         K i  =  1 2   C  d c    ω c 2         K p  = ξ   2  C  d c    K i         



(12)








2.3. Regulation of the Current Injected by the Filter


A conventional PI controller is used to maintain the control loop for the current injected by the filter following the reference current extracted by the p-q method as shown in Figure 4.




2.4. Fuzzy Logic Control


Fuzzy logic makes it possible to give a nebulous and imprecise representation of the system. From the uncertain attributes, the fuzzy controller can provide decisions. It consists of a knowledge base which assembles the information of linguistic control rules. The fuzzy controller is made up of three parts, being the first part in charge of “fuzzifying” the inputs. At the entrance, it is mainly a question of affixing fuzzy membership functions by calling up membership values and association membership to the assigned entries. The second part is the inference system that is used with the knowledge base to create an inference following a reasoning process. The last part allows to “defuzzify”, which implies the translation from fuzzy control fact to a real control decision for the system. In this work we use the fuzzy controller for the control of the HAPF. The synoptic diagram of the controller illustrated in Figure 5.





3. Proposed Backstepping Control


The principle of the backstepping controller is to summarize a control law in an iterative way. Some components of the state representation would be examined as “virtual controls” and intermediate control laws will be prepared [20]. It holds the conception of stability in the sense of Lyapunov, in order to ensure that a certain Lyapunov function, is positive, and that its derivative is always negative. The method allows the system to be divided into a set of nested subsystems of decreasing order. At each step, the order of the system is increased and the treatment of the non-stable part of the previous step is carried out, until the appearance of the control law which is the last step. This consists in guaranteeing, at all times, the overall stability of the system [21,22,23,24,25]. We will apply this control technique to control the whole hybrid filter. The equations of the system, in the stationary reference frame is given by:


        d  i  f α     d t   = −  R L   i  f α   −    V c   L  +  1 L   v  f α  *  −  1 L   v  c h α           d  i  f β     d t   = −  R L   i  f β   −    V c   L  +  1 L   v  f β  *  −  1 L   v  c h β           d  v  d c     d t   =  1   C  d c      i  d c   = −    P  d c      C  d c    v  d c          



(13)







R and L is the internal resistance of the inductance and the inductance of the passive filter, respectively, and Vc is the voltage across the capacitance C of the passive filter.



The system can be divided into subsystems, the first two equations of the system (13) are used for current regulation ifα, ifβ where voltages v*fα, v*fβ are considered as control variables.



3.1. Subsystem 1


The variable v*fα represents the command and ifα its output. The algorithm is given as follows:


    d  i  f α     d t   = −  R L   i  f α   −    V c   L  +  1 L   v  f α  *  −  1 L   v  c h α    



(14)







The error variable z1 is given by:


   z 1  =  i  f α  *  −  i  f α    



(15)







The error is derived as follows:


   d  d t   (  z 1  ) =  d  d t    (   i  f α  *   )  −  d  d t    (   i  f α    )  =  d  d t    (   i  f α  *   )  +  R L   i  f α   +    V c   L  −  1 L   v  f α  *  +  1 L   v  c h α    



(16)







Lyapunov’s intended function is as follows:


  v =  1 2   z 1 2   



(17)







The derivative of this function is given by:


   d  d t   v =  z 1  +  d  d t    z 1  =  z 1  +  d  d t    (   i  f α  *   )  +  R L   i  f α   +    V c   L  −  1 L   v  f α  *  +  1 L   v  c h α    



(18)







In order to achieve greater stability in the system, the following equality must be achieved:


   d  d t    (   i  f α  *   )  +  R L   i  f α   +    V c   L  −  1 L   v  f α  *  +  1 L   v  c h α   = −  K 1   z 1   



(19)







Then the command is as follows:


   v  f α  *  = L  [   d  d t    (   i  f α  *   )  +  R L   i  f α   +    V c   L  +  K 1   z 1   ]  +  v  c h α    



(20)








3.2. Subsystem 2


The magnitude    v  f β  *    represents the command and    i  f β     its output. The algorithm is given as follows:


    d  i  f β     d t   = −  R L   i  f β   −    V c   L  +  1 L   v  f β  *  −  1 L   v  c h β    



(21)







The error variable z1 is given by:


   z 2  =  i  f β  *  −  i  f β    



(22)







The error is derived as follows:


   d  d t   (  z 2  ) =  d  d t    (   i  f β  *   )  −  d  d t    (   i  f β    )  =  d  d t    (   i  f β  *   )  +  R L   i  f β   +    V c   L  −  1 L   v  f β  *  +  1 L   v  c h β    



(23)







Lyapunov’s intended function is as follows:


  v =  1 2   z 2 2   



(24)







The derivative of this function is given by:


   d  d t   v =  z 2  +  d  d t    z 2  =  z 2  +  d  d t    (   i  f β  *   )  +  R L   i  f β   +    V c   L  −  1 L   v  f β  *  +  1 L   v  c h β    



(25)







In order to achieve greater stability in the system, the following equality must be achieved:


   d  d t    (   i  f β  *   )  +  R L   i  f β   +    V c   L  −  1 L   v  f β  *  +  1 L   v  c h β   = −  K 2   z 2   



(26)







Then, the command is as follows:


   v  f β  *  = L  [   d  d t    (   i  f β  *   )  +  R L   i  f β   +    V c   L  +  K 2   z 2   ]  +  v  c h β    



(27)








3.3. Subsystem 3


The third subsystem is used for the setting of Vdc. It contains a single error variable that is between the DC bus voltage and its reference value    z 3   . The error variable is defined by:


   z 3  =  v  d c  *  −  v  d c    



(28)







The derivative of the error is as follows:


   d  d t    z 3  =  d  d t    v  d c  *  −  d  d t    v  d c   =  1   C  d c      i  d c  *  =  d  d t    v  d c  *  −    P  d c  *     C  d c    v  d c      



(29)







The Lyapunov function is given by:


  v =  1 2   z 3 2   



(30)







The derivative of this function is given by:


   d  d t   v =  z 3   d  d t    z 3  =  z 3   [   d  d t    v  d c  *  −    P  d c  *     C  d c    v  d c      ]   



(31)







If we achieve the equality of the equations below, we obtain a better stability of the system:


   d  d t    v  d c  *  −    P  d c  *     C  d c    v  d c     = −  K 3   z 3   



(32)







Then, the command is as follows:


       P  d c  *  =  C  d c    v  d c    K 3   z 3         i  d c  *  =  C  d c    K 3   z 3       



(33)









4. Simulation and Interpretation


In order to confirm the authenticity and advantage of the proposed control technique, the system has been implemented, validated and realized using the Matlab/Simulink package. In the simulation, the attitude of each control and its performance, such as the PI controller, fuzzy logic controller and backstepping controller, are analyzed in order to verify the efficiency of the active hybrid HAPF filter used to control the proposed backstepping, to compensate for harmonics and improve the quality of electrical power. The mathematical calculation of the parameters of the backstepping controller is complex, so these are carefully chosen to achieve the desired objective. The other parameters will be given as follows Vs1 = Vs2 = Vs3 = 220 V, the passive filter parameters are as follows L = 0.01 H, C = 150 µF, the reference voltage of the DC bus is equal to 620 V, the pollutant load is a three-phase diode rectifier, its output an inductance of 0.003 H, in series with a resistance of 18 Ω, and the energy storage capacity is chosen from 2000 µF. The Simulink model realized is illustrated in Figure 6.



The Matlab/Simulink package was used to realize the Simulink model of the system with the proposed approach. The latter is composed by a three-phase source connected to a rectifier bridge used as a non-linear load supplying a load of type RL, a block of the p-q method for identifying reference currents from the load currents, a static power converter in series with a passive filter connected in parallel with the load, a linked control block using the backstepping controller for voltage regulation Vdc to the capacitor terminals C with the identification block. More than one block linked to the identification block allows the regulation of the injected current and transfers the control pulses to the converter for the semiconductors. The model is illustrated in Figure 6.



Figure 7 and Figure 8 show the charging current (for clarity, only one phase is exposed) and its harmonic spectrum. It is clearly proven that there is a significant distortion of the charging current, and that the total harmonic distortion (THD) is proportionally high (29.52%).



Figure 9, Figure 10 and Figure 11 present the source current spectrum, after the HAPF compensation using the PI controller, fuzzy logic controller and the proposed backstepping controller, respectively. We notice that the THDs are reduced to 2.53%, 1.81% and 1.37%, all within the standard IEEE harmonics limits of 5%, but the backstepping is significantly reduced.



Figure 12, Figure 13 and Figure 14 illustrate the source current after filtering. It is observed that the source current with the backstepping controller is clearly sinusoidal. Also for the PI controller, and the fuzzy logic controller, the source current is almost sinusoidal but including disturbances.



Figure 15, Figure 16 and Figure 17 present the reference current and the compensation current. It is observed that the compensation current is coincided with the reference current, and can accurately follow the reference current using the proposed backstepping controller, whereas in the case of the PI controller and the fuzzy logic controller there is a small error between the two currents. In general, this indicates that the proposed control technique can guarantee the exact monitoring of the reference current.



Figure 18, Figure 19 and Figure 20 indicate the DC bus voltage Vdc followed the variation of its reference with the backstepping controller at a better speed. The system is stabilized at the time t = 0.06 s, and we notice a good accuracy, but the result with the PI linear controller contains an error between the DC bus voltage Vdc and its reference which varies from 600 V to 620 V (as a ripple in the transient regime) and during the delay as shown in Figure 18. It is noted that Vdc does not follow its reference variation in the transient regime. Also, a high response time is found. The system is only stabilized at the time t = 0.135 s, which translates into a poor speed and consequently a degradation of the performance of the HAPF. Concerning the fuzzy non-linear logic controller, the system is stabilized at the time t = 0.0755 s. The delay of the voltage Vdc deviates from its reference and presents a response time at 5% lower. These make the system slower, and it contains oscillations in the permanent regime, consequently the system degrades the accuracy. The controller’s earnings are elected by test to achieve satisfactory performance. It should be noted that the THD with backstepping is significantly lower than the PI control, and fuzzy logic. We can say that the backstepping command has better control performance in terms of oscillations and response time compared to the PI and fuzzy logic controller. The response of the HAPF can be improved by using the proposed control method that achieves the desired performance.




5. Conclusions


In this document, we have implemented and investigated an HAPF with a backstepping control technique. This control technique allows to ensure the stability of the closed loop system with better speed and accuracy compared to the classical PI controller and fuzzy logic controller. It is able to maintain the THD of the current within the limits indicated by the IEEE-519 standard, and to require a desired dynamic attitude.



The simulation results obtained illustrate the high performance of the HAPF using the backstepping controller for harmonic compensation. The proposed control strategy applied to the HAPF therefore has an important theoretical impact to improve the THD in a typical way, and to strengthen the power quality of the grid, by improving the stability, speed and precision of the system. The proposed backstepping controller has an advantage that does not require a mathematical model and achieves the desired performance, but the PI controller requires a precise mathematical model, and has a significant response time, which implies a degradation of speed. Also the fuzzy logic controller has a degraded speed and precision. The HAPF can also be spread to other electronic power converter topologies.



Taking into account the above methods, the proposed controller, which is applied on a hybrid HAPF filter, is an appropriate choice for improving the quality of electrical energy in the transmission and distribution of energy. An additional experimental test bench is being developed for the realization and testing of the proposed control scheme in our laboratory.
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Figure 1. Topology of the proposed hybrid filter. 
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Figure 2. Principle of extraction of alternative components. 
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Figure 3. D.C. bus voltage regulation loop. 
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Figure 4. Control loop for the current injected by the filter. 
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Figure 5. Synoptic diagram of the fuzzy controller. 
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Figure 6. Realized Simulink model. 
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Figure 7. Charging current. 
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Figure 8. FFT load current analysis. 
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Figure 9. FFT analysis of the source current after filtering using the PI controller. 
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Figure 10. FFT source current analysis after filtering with fuzzy logic controller. 
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Figure 11. FFT source current analysis after filtering with backstepping controller. 
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Figure 12. Source current after filtering with the PI controller. 
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Figure 13. Source current after filtering with the Fuzzy logic controller. 
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Figure 14. Source current after filtering with the backstepping controller. 
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Figure 15. Reference and compensation current used by the PI controller. 
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Figure 16. Reference and compensation current used by the Fuzzy logic controller. 
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Figure 17. Reference and compensation current of the backstepping controller. 
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Figure 18. DC bus voltage Vdc used with PI controller. 
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Figure 19. DC bus voltage Vdc used with Fuzzy logic controller. 






Figure 19. DC bus voltage Vdc used with Fuzzy logic controller.



[image: Symmetry 11 01161 g019]







[image: Symmetry 11 01161 g020 550] 





Figure 20. DC bus voltage Vdc used with backstepping controller. 
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