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Abstract

:

Energy quality problems can cause diverse failures of sensitive equipment. Dynamic voltage restorers (DVRs) are devices that have been proposed to protect sensitive loads from voltage sag effects. However, the compensation capacity of DVRs is limited by the amount of energy stored in the restorer. One way to overcome this limitation is to use the interline DVR (IDVR) structure in which two or more DVRs connected to different feeders share a common DC-link. This paper proposes a new IDVR topology based on two three-phase input matrix converters (TTI-MC) without a capacitor in the dc-link. The TTI-MC integrates the power from two feeders and synthesizes the dc-link voltage. The inverters take the dc-link voltage and generate the appropriate compensation voltages to keep the load voltages stable. Each one of the inverters has its own modulation algorithm which are synchronized with the TTI-MC control. Inverter control is carried out in the reference frame dq and a modified space vector pulse width modulation (MSV-PWM) technique is used. TTI-MC control is performed in the dq reference frame with proportional-integral controllers and the modulation is based on the carrier-based pulse width modulation (MCB-PWM) technique. The proposed Two Input Interline DVR (TI-IDVR) extends its compensation range and has multifunctional capabilities. The efficiency of the proposed TI-IDVR is corroborated by simulations on MATLAB/Simulink.
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1. Introduction


Power quality (PQ) problems have been extensively investigated in recent years. This is because poor PQ causes failures or malfunctions in loads sensitive to voltage variations. Therefore, voltage quality is considered the most common and important parameter for end users. Although there are a variety of problems that can cause poor PQ, voltage sags have become one of the most important problems due to the increase in use of equipment that are sensitive to voltage variations [1,2,3].



In an effort to mitigate or eliminate the adverse effects caused by voltage variations in sensitive equipment, devices based on power electronics called custom power devices (CPD) [4,5,6] have been developed. Among these devices, dynamic voltage restorers (DVRs) stand out due to their operational advantages.



DVRs are an economical solution and are technically the most suitable device to protect sensitive loads from voltage sags. Normally, a DVR is installed where the distribution grid feeds large industrial plants or many sensitive loads. The operation principle of the DVR is to inject an appropriate voltage in series with the power supply through an injection transformer to restore the supply voltage under abnormal conditions. The magnitude and phase angle of the injected voltage is variable; therefore, an active and reactive power exchange is generated between the DVR and the distribution system or the load.



Due to the importance of DVRs in the mitigation of disturbances in electrical grids, different topologies and control strategies have been developed to improve their performance [7,8,9,10]. The compensation range of DVRs has also been extended to provide multi-functional capabilities [11,12]. Other studies include the use of Matrix Converter (MC) in the topology of DVR [12,13,14].



While DVRs are widely used in mitigating voltage disturbances, their ability to compensate for long-term and deep voltage sags is limited due to the amount of energy stored in the same DVR structure. To overcome this limitation, a type of DVR called an interline DVR (IDVR) [15,16,17,18,19,20,21,22,23,24,25] has been developed.



The IDVR is a system that consists of several DVRs that protect sensitive loads on different feeders in the distribution grid and share a common dc-link (Figure 1). When one of the DVRs of the IDVR system compensates for a voltage sag, it takes energy from the dc-link. At the same time, the other DVRs fill the energy dc-link to keep its voltage at a specific level. An example of a potential application of this scheme is in a custom power park (CPP) [26,27,28,29,30] where power is provided by multi-feeders (i.e., different power supplies connected to different network transformers); in this way, they are electrically separated. Sensitive loads in these parks can be protected by DVRs connected respectively to their load. The dc-links of these DVRs can be connected to a common terminal, thus forming the IDVR system. This can reduce the cost of the energy storage system. Sharing a common dc-link substantially reduces the size energy storage device of the dc-link compared to a system in which loads are protected by independent DVRs with separate energy storage systems.



The IDVR provides a way to dynamically replenish the energy available in the energy storage device of the dc-link. However, the compensation capacity of the IDVR depends largely on the load power factor [17,18,19,20].



With the aim of extending the compensation range of the IDVR in the event of deep and long-term voltage sags and also of improving its performance in loads with a high power factor, this paper presents a new IDVR topology based on two three-phase input matrix converters (TTI-MC), hence referred to as the two input IDVR (TI-IDVR).



In [12], we present a two-input DVR based on the TTI-MC to be applied in CPPs with similar characteristics to those mentioned above. In this paper, features are added to the TI-IDVR that allow a more efficient use of the power provided by the feeders. The proposed TI-IDVR integrates the power of the two feeders to compensate for the disturbances that occur in either of the two feeders.



An important contribution of the proposed TI-IDVR with respect to other IDVRs consists of the following: if a swell occurs in any of the feeders, the TI-IDVR takes excess power from the feeder that presents the fault to compensate for the disturbance and does not take power from the healthy feeder; that is, in the case of a swell, the proposed TI-IDVR behaves like a conventional DVR, unlike other IDVRs that take power from the healthy feeder to compensate for the swell in the feeder that has the fault.



The use of an IDVR in multi-feeder distribution systems to mitigate PQ problems has been presented in several publications. In [16,17,19,21], an IDVR is used to mitigate sags. In [15], an IDVR is used to compensate for balanced and unbalanced sags. The compensation of sags, swells and voltage imbalance using an IDVR is presented in [18]. In [22,23], an IDVR is used to mitigate sags and swells. On the other hand, it should be mentioned due to the importance of DVRs within the IDVR shown in Figure 1, design strategies have been presented that take into consideration that the IDVR must be able to compensate for different types of voltage disturbances in each one of the feeders and the minimum DVR voltage ratings are selected in terms of the generation of the compensation voltage and the energy injection to the capacitor in the dc-link [24,25].



The proposed TI-IDVR is able to compensate for balanced and unbalanced sags and swells, as well as voltage distortion. Additionally, the TI-IDVR can also compensate for deep and long-term voltage sags and voltage interruptions. That is, the TI-DVR has multi-functional capabilities.



In this sense, an important contribution of this work is that, when a voltage interruption occurs in one of the feeders, the proposed TI-IDVR behaves as a reconfiguration and compensation device in multi-feeder distribution systems or in a CPP. All of these features differentiate it from other IDVRs that, as mentioned above, are aimed at compensating sags and swells in one of the feeders.



The control algorithm is carried out in the reference frame dq and can be divided into two parts that are synchronized with each other: (a) the control of the current source inverters (CSIs), and (b) the control of the TTI-MC. There are two feeders in the TI-IDVR system, each with its respective load. The system starts with the voltage measured in feeder 1 (or 2), which is compared with the nominal voltage of sensitive load 1 (or 2) to obtain the difference between them, and thus compensate for the disturbances in feeder 1 (or 2). The injected voltage is synthesized by the respective CSI using the space vector modulation (SVM) scheme. For this, the control algorithm requires the phase angle information of the load voltage in the reference frame dq. The TTI-MC integrates the voltages of the two feeders to build the voltage in the virtual dc-link; this is done by implementing the carrier-based pulse width modulation (MCB-PWM) scheme with two references. The control algorithm generates two sets of reference signals (one set for each of the feeders). The control is carried out in the reference frame dq to obtain a unit power factor in both feeders, and also in their corresponding loads.



In this article, we propose a new IDVR topology based on the TTI-MC that can be used in multi-feeder systems or in a CPP. The relevance of the proposed TI-IDVR is based on the following points: (1) the proposed TI-IDVR has two three-phase inputs; in this way, it integrates the power taken from the two feeders, unlike other IDVRs; (2) the proposed TI-IDVR is able to mitigate different types of PQ problems (that is, it has a multi-functional capacity in the mitigation of disturbances); (3) the TI-IDVR has the ability to behave as a reconfiguration and compensation device in multi-feeder distribution systems and in CPPs; (4) the proposed TI-IDVR consumes power from the feeders depending on the type of disturbance that arises. For example, if a sag arises, the TTI-MC draws power from the two feeders to build the voltage on the dc-link. If the disturbance is a swell, the TTI-MC only draws power from the failed feeder. In contrast, the IDVRs proposed in the literature draw power from the healthy feeder to fulfill the needs of the energy storage device in the dc-link regardless of whether the disturbance is a sag or a swell. In this sense, the proposed TI-IDVR makes a more efficient use of the power provided by the feeders; (5) it does not use external energy storage systems; (6) it has no elements for energy storage in the dc-link, therefore, it is not necessary to control its voltage. Energy storage systems, such as capacitors, have played an important role in power electronic converters, specifically in AC-DC-AC converters. However, capacitors have been shown to be the components that most frequently fail in power electronic systems [31,32,33]. To overcome this drawback, a TI-IDVR based on the TTI-MC without a capacitor in the dc-link is proposed as a good alternative; (7) the compensation range against deep and long-term voltage sags is extended. The performance of the proposed TI-IDVR was verified by simulating different types of disturbances. The simulations were carried out in the MATLAB/Simulink environment.



The arrangement of this work is as follows: the operation principle of the proposed TI-IDVR is discussed in Section 2. Section 3 presents the mathematical analysis that describes the TI-IDVR operation in the presence of voltage sags and swells. The modulation schemes of the CSIs and the TTI-MC are addressed in Section 4 and Section 5, respectively. The control objectives of the proposed TI-IDVR and the control algorithms of the CSIs and the TTI-MC are analyzed in Section 6. The results of the simulation of the TI-IDVR are discussed in Section 7. Finally, the conclusions of this work are presented in Section 8.




2. Operation of the TI-IDVR


The IDVR system consists of several DVRs connected by different feeders, which share a common dc-link. The proposed TI-IDVR system shown in Figure 2 employs two DVRs connected to two different feeders originating from two network substations. These two feeders can have the same voltage level or have different voltage levels. The system consists of two independent feeders, a sensitive load on each feeder, a TTI-MC, two CSIs to synthesize the voltage to be injected into the grid, two injection transformers, two input filters and two output filters.



As shown in Figure 2, the proposed TI-IDVR presents the configuration of two DVRs (without energy storage systems) connected on the source side without a capacitor on the dc-link. The merge of the two DVRs is done by replacing the two shunt converters of the DVRs with a TTI-MC. In this way, the considerations related to this topology are taken [7]: (a) when a voltage sag occurs, the shunt converter takes the remaining voltage and current from the feeder to maintain the full load power at nominal voltage; (b) a saving is obtained in the energy storage system; (c) there is the capacity to compensate for long-term voltage sags; (d) it is recommended that the feeders be robust since these topologies draw more current from the line during the fault. In this sense, even if the feeders are robust and capable of providing high currents, in practice, the available current could be limited by the overcurrent protection devices in the distribution line transformers; and (e) a saving is obtained by not using energy storage devices on the dc-link.



It should be mentioned that although the use of TTI-MCs has not been widely adopted in IDVR topologies, it provides the benefit of expanding the compensation range by integrating the two feeders to power the TI-IDVR’s virtual dc-link.



Functionally, depending on the type of disturbance to compensate for, the proposed TI-IDVR can perform as a conventional DVR or as an IDVR. When a voltage swell appears in one of the feeders, the TI-IDVR behaves like a DVR and draws excess power from the failed feeder to compensate for the disturbance and keep the load voltage at its nominal value. In this way, the TI-IDVR does not draw power from the healthy feeder to compensate for the voltage swell in the faulty feeder. On the other hand, when the disturbance is a voltage sag, the TI-IDVR behaves like an IDVR and draws power from the two feeders to compensate for the disturbance and to keep the voltage on the load at its nominal value. In this case, the TI-IDVR integrates the power from the two feeders and is therefore capable of compensating for deep and long-term voltage sags.



In terms of the modes of operation of the converters, when a disturbance occurs in one of the feeders, the series converter (CSI) corresponding to the failed feeder operates in compensation mode and mitigates the disturbance. At the same time, the shunt converter (TTI-MC) operates in power flow control mode. If the disturbance is a voltage swell, the TTI-MC transfers the excess power from the faulty feeder to the virtual dc-link. If the disturbance is a voltage sag, the TTI-MC integrates the power from the two feeders and transfers it to the virtual dc-link. The CSI that is operating in compensation mode takes power from the virtual dc-link and builds the compensation voltage to mitigate the disturbance in the faulty feeder.



On the other hand, since the two feeders of the TI-IDVR system in Figure 2 are connected to two different grid substations, it is reasonable to suppose that a disturbance in one of the feeders would have a negligible impact on the other feeder [17]. In this way, the two feeders in the system can be considered as two independent sources. Therefore, the proposed TI-IDVR has a permanent power supply; therefore, compensation for deep and long-term voltage sags and also voltage interruptions can be guaranteed.




3. TI-IDVR System Analysis


For the analysis of the proposed TI-IDVR shown in Figure 2, we assume ideal conditions and that the feeders and loads have the same nominal characteristics. It is also considered that a voltage sag arises in feeder 1. Under these considerations, it is assumed that the series converter (CSI 1) operates in compensation mode and the shunt converter (TTI-MC) operates in power flow control mode. Figure 3a shows the relationship of the voltage vectors or voltage phasors in this case. Taking into consideration Figure 2 and Figure 3a, the following equation can be written:


    V →   L 1 , r a t e d   =     V →   F 1 , s a g   +     V →   c o m p , s a g    



(1)




where,     V →   L 1 , r a t e d   ,     V →   F 1 , s a g     and     V →   c o m p , s a g     are the voltage vectors of load voltage 1, feeder 1 voltage (with sag), and compensation voltage injected by the TI-IDVR, respectively.



On the other hand, neglecting the voltage drop in the CSI output filter and the injection transformer, the absolute value of the compensation voltage       V →   c o m p , s a g       is related to the voltage in the virtual dc-link (Vdc), the modulation index of the CSI (M), and the transformation ratio of the injection transformer (a, ratio of the converter side to the network side) in the following way:


      V →   c o m p , s a g     = a M  V  d c      



(2)







The per unit value of the voltage sag (Vsag,pu) based on the load voltage nominal value (Vbase = |VL1,rated|) is defined as follows:


    V  s a g , p u   =      V  L 1 , r a t e d     −    V  F 1 , s a g          V  L 1 , r a t e d          V  s a g , p u   = 1 −    V  F 1 , s a g , p u       



(3)







Now, for clarity, assuming that the voltages     V →   L 1 , r a t e d     and     V →   F 1 , s a g     are in phase, Equation (1) can be written as follows:


     V  L 1 , r a t e d     =    V  F 1 , s a g     +    V  c o m p , s a g      



(4)







The purpose of the TI-IDVR is to maintain the load voltage at its nominal value (|VL1| = |VL1,rated|), in this way, using Equation (4), it can be written as:


  1 =    V  F 1 , s a g , p u     +    V  c o m p , s a g , p u      



(5)







Combining Equations (2), (3) and (5) we can write:


   V  s a g , p u   = a M  V  d c , p u    



(6)







The maximum value of a voltage sag that can be compensated by the CSI1 of the TI-IDVR can be obtained considering that the maximum value of the modulation index in Equation (6) is 1 (M = 1). In this way, we can write:


   V  s a g m a x , p u   = a  V  d c , p u    



(7)







This equation indicates that the maximum value of a voltage sag (   V  s a g m a x , p u    ) that can be fully compensated by a conventional DVR is directly related to the voltage present on the dc-link and to the transformation ratio of the injection transformer. Theoretically, Equation (7) states that a conventional DVR can cope with any voltage sag value. However, there are some inherent limitations to the DVR configuration or topology. For a DVR with topology but without a power storage system connected on the feeder side (in this case feeder 1) and without a capacitor on the dc-link, the voltage on the dc-link can be estimated by    V  d c , p u   =    V  F 1 , p u      ; then, Equation (7) can be written as:


   V  s a g m a x , p u   = a    V  F 1 , p u      



(8)







This equation indicates that for a DVR in this topology, the maximum value of a voltage sag that can be fully compensated by the DVR is limited by the voltage present in the voltage supply. That is, if we suppose that a = 1, Equation (8) tells us that the DVR under this configuration can compensate for, at most, a voltage sag of 0.5 pu.



On the other hand, the proposed TI-IDVR is formed by the merge of two DVRs without energy storage systems connected on the side of the power supply and without a capacitor in the dc-link. The merge of the two DVRs is done by replacing the shunt converters of both DVRs for the TTI-MC as shown in Figure 2. Taking the reasoning used to obtain Equation (2), we can say that the voltage on the dc-link (Vdc) is directly related to the voltages of the two feeders through the TTI-MC. Now, neglecting the voltage drop across the TTI-MC input filters, the voltage value on the dc-link relates to the feeder voltages (VF1 y VF2) and the modulation index of the TTI-MC (MTTI-MC) as follows:


    V  d c   =  M  T T I − M C        V  F 1     +    V  F 2             V  d c , p u   =  M  T T I − M C        V  F 1 , p u     +    V  F 2 , p u         



(9)







The maximum voltage value on the virtual dc-link (Vdcmax) that the TTI-MC can provide can be obtained by considering that the maximum value of the TTI-MC modulation index in Equation (9) is 1 (MTTI-MC = 1). In this way, we can write:


   V  d c m a x , p u   =    V  F 1 , p u     +    V  F 2 , p u      



(10)







This equation indicates that in the absence of disturbances, the maximum voltage value on the virtual dc-link can be equal to 2 pu,    V  d c m a x , p u   = 2    pu   , and in the presence of a voltage sag in feeder 1,    V  d c m a x , p u   > 1    pu   .



If    V  d c m a x , p u   =  V  d c , p u     in Equation (7) we obtain the following expression:


   V  s a g m a x , p u   = a  V  d c m a x , p u    



(11)







This equation indicates that for the proposed TI-IDVR, the maximum value of a voltage sag that can be fully compensated for in feeder 1 by the TI-IDVR is limited by the maximum voltage present on the virtual dc-link. Now, assuming a unit conversion ratio in the injection transformer (a = 1) and substituting Equation (10) into Equation (11), we obtain:


   V  s a g m a x , p u   =    V  F 1 , p u     +    V  F 2 , p u      



(12)







Considering ideal conditions and that VF1,rated = VF2,rated, this expression clearly shows that the maximum value of a voltage sag that can be fully compensated in feeder 1 by the TI-IDVR depends directly on the sum of the voltages of the two feeders. Theoretically, Equation (12) indicates an increase in the compensation range. Therefore, the proposed TI-IDVR has the ability to compensate for voltage sags greater than 0.5 pu. For example, suppose an extreme case where feeder 1 suffers a voltage interruption and the voltages on the feeders are    V  F 1 I n t , p u   = 0.05   pu   and    V  F 2 , p u   = 1   pu  . Now, substituting the values of the voltages in pu of the feeders in Equation (12), we have    V  s a g m a x , p u   = 1.05   pu  . Theoretically this value is outside the range of a voltage interruption. Therefore, the voltage interruption in feeder 1 can be compensated for by the CSI1 of the TI-IDVR. It should be noted that for this configuration of the DVRs, it is assumed that the power supplies are strong or robust enough to withstand a higher current demand when compensating for voltage sags.



Now, suppose the value of the feeders is different and      V  F 1 , r a t e d     >    V  F 2 , r a t e d      . If we consider that a sag appears in feeder 2, Equation (12) can be written as follows:


   V  F 2 , s a g m a x   =    V  F 1 , r a t e d     +    V  F 2 , s a g      



(13)







This expression tells us that a sag of any magnitude that occurs in feeder 2 can be compensated for, including voltage interruption. This is because      V  F 1 , r a t e d     >    V  F 2 , r a t e d      .



On the other hand, if the sag appears in feeder 1, the magnitude of feeder 2 imposes limits on the value of the sag to compensate. Considering Figure 2 and Figure 3a it can be written as:


     V  L 1 , r a t e d     =   2  V  F 1 , s a g     +    V  F 2 , r a t e d      



(14)






    2  V  F 1 , s a g     =    V  L 1 , r a t e d     −    V  F 2 , r a t e d      



(15)




since      V  F 1 , r a t e d     >    V  F 2 , r a t e d     ,   we can write:


     V  L 1 , r a t e d     = k    V  F 2 , r a t e d     ;       k > 1  



(16)




where k can be defined as the relationship between the feeders. Thus, Equation (15) can be written as:


    2  V  F 1 , s a g     = k    V  F 2 , r a t e d     −    V  F 2 , r a t e d      



(17)







     V  F 1 , s a g     =    S ′   V  F 1 , r a t e d      , where S is the sag value that by definition has values between 0.9 and 0.1. In this way, we define S′= (1-S). Substituting in Equation (17), we have:


    2  S ′   V  F 1 , r a t e d     =    V  F 2 , r a t e d       k − 1    



(18)







Combining Equations (16) and (18) gives us:


    2  S ′  k  V  F 2 , r a t e d     =    V  F 2 , r a t e d       k − 1    



(19)




considering that S′= (1-S) and solving for S:


  S =   1 + k   2 k    



(20)




and combining Equations (16) and (20):


  S =      V  F 2 , r a t e d     +    V  F 1 , r a t e d       2    V  F 1 , r a t e d        



(21)







From this expression, we can establish a maximum value of the sag that the proposed TI-IDVR can satisfactorily mitigate:


   s a g , m a x , F 1 =      V  F 2 , r a t e d     +    V  F 1 , r a t e d       2    V  F 1 , r a t e d       ;        V  F 1 , r a t e d     >    V  F 2 , r a t e d        s a g , m a x , F 2 =      V  F 1 , r a t e d     +    V  F 2 , r a t e d       2    V  F 2 , r a t e d       ;        V  F 2 , r a t e d     >    V  F 1 , r a t e d       



(22)




where sag,max,F1 and sag,max,F2 are the maximum sags that can be mitigated at loads 1 and 2, respectively. For example, assuming that      V  F 1 , r a t e d     = 200   V   a n d      V  F 2 , r a t e d     = 150   V  , then sag,max,F1 = 0.875; that is,      V  F 1 , s a g     = 25   V  . Considering Equations (4), (10) and (11), we have      V  L 1 , r a t e d     =    V  F 1 , s a g     +    V  F 1 , s a g     +    V  F 2 , r a t e d      ; 200 V = 25 V + 25 V + 150 V; this shows that if a sag greater than 87.5% appears, the stability in load voltage is compromised. It should be mentioned that ideal conditions are considered in this analysis; that is, the voltage losses in the switching elements, the input and output filters of the TI-IDVR, and the injection transformers are not considered.



Now, suppose a voltage swell on feeder 1. Figure 3b shows the relationship of the voltage vectors or voltage phasor in this case. Taking into consideration Figure 2 and Figure 3b, the following equation can be written:


    V →   L 1 , r a t e d   =     V →   F 1 , s w e l l   −     V →   c o m p , s w e l l    



(23)




where     V →   L 1 , r a t e d   ,     V →   F 1 , s w e l l     y     V →   c o m p , s w e l l     are the voltage vectors for load voltage 1, feeder 1 voltage (with swell), and compensation voltage injected by TI-IDVR, respectively. Following the reasoning used for the voltage sag, we can write the absolute value of the offset voltage       V →   c o m p , s w e l l       as follows:


      V →   c o m p , s w e l l     = a M  V  d c      



(24)







The value per unit of the voltage swell (Vswell,pu) based on the nominal value of the load voltage is as follows:


   V  s w e l l , p u   = 1 −    V  F 1 , s w e l l , p u      



(25)







Now, assuming that the voltages     V →   L 1 , r a t e d     and     V →   F 1 , s w e l l     are in phase, Equation (23) can be written as follows:


     V  L 1 , r a t e d     =    V  F 1 , s w e l l     −    V  c o m p , s w e l l      



(26)







Considering |VL1| = |VL1,rated|, Equation (26) can be written as follows:


  1 =    V  F 1 , s w e l l , p u     −    V  c o m p , s w e l l , p u      



(27)







Combining Equations (24), (25) and (27) we can write:


   V  s w e l l , p u   = a M  V  d c , p u    



(28)







The maximum value of a voltage swell that can be compensated for can be obtained considering M = 1. In this way, we can write:


   V  s w e l l m a x , p u   = a  V  d c , p u    



(29)







For a DVR under this configuration, the voltage on the virtual dc-link can be estimated by    V  d c , p u   =    V  F 1 , p u      ; then, Equation (23) can be written as:


   V  s w e l l m a x , p u   = a    V  F 1 , p u      



(30)







This equation indicates that a DVR in this configuration is capable of compensating for any voltage level that exceeds the rated voltage of the load. For this reason, the proposed TI-IDVR behaves like a conventional DVR in the presence of a voltage swell.




4. CSI Space Vector Pulse Width Modulation


To compensate for the disturbances that occur in the feeders, the CSIs must synthesize the appropriate voltages to be injected into the faulty grid and thus mitigate them. CSIs take voltage from the virtual dc-link and transform it into an appropriate compensation voltage. To do this, the switching elements of the CSIs must turn on and off in a suitable sequence. The space vector pulse width modulation technique is used to obtain the switching on and off sequence of the commutation elements. This technique has been widely adopted to generate the trigger signals of the commutation elements of the inverters in the DVRs [34,35,36]. Figure 4 shows the vector representation in the complex space of the active states used by the CSI to form the desired voltage.



Sextant 1 is delimited by the active States of Commutation (SC) SC6 and SC1. These active states correspond to the line voltages vab and vac, respectively, and the angle θa of the resultant vector in vector space has the range −π/6 ≤ θa ≤ π/6. In this way, the line voltages are obtained from the voltage in the virtual dc-link by commuting the switches Sa, Sb’ and Sa, Sc’ of the inverter. The phase angle orientation of the CSI output voltages is synchronized with the difference between the phase angle of the reference voltages and the phase angle measured on the load. Three-phase output voltages are defined by:


    v a  =  V  o m   cos  θ a  ,    v b  =  V  o m   cos  θ b  ,    v c  =  V  o m   cos  θ c      θ a  = ω   t ,    θ b  =  θ a  − 2 π / 3 ,    θ c  =  θ a  + 2 π / 3     v a  +  v b  +  v c  = 0   



(31)




where Vom is the amplitude of the output voltages and θa, θb and θc are the phase angles.



When the load reference voltages and the line voltages are in phase, the duty cycles do1 and do2 for switches Sb’ and Sc’ in sextant 1 are determined by:


   − c o s  θ b  / c o s  θ a  − c o s  θ c  / c o s  θ a  = 1     d  o 1   = − c o s  θ b  / c o s  θ a    ,      d  o 2   = − c o s  θ c  / c o s  θ a    



(32)







do1 and do2 can be calculated similarly for the other five sextants.



The voltage in the virtual dc-link in sextant 1 is determined by:


   v  d c l i n k   =  d  o 1    v  a b r e f   +  d  o 2    v  a c r e f    



(33)




where vabref and vacref are the reference voltages for the load voltages vab and vac, respectively. The voltage in the virtual dc-link in the other five sextants is calculated in a similar way.




5. Carrier Based PWM with Double Reference Algorithm for the TTI-MC


The CB-PWM modulation technique has been widely adopted for the generation of trigger signals in electronic power converters. In [37,38], the CB-PWM technique is used with two references for the purpose of integrating two power generators into the power grid. In this work, we use the MCB-PWM with two modified references to integrate two feeders with their respective loads to a TI-IDVR that can be used in a multi-feeder system or in a CPP.



The MCB-PWM with double reference implemented for TTI-MC modulation employs two sets of reference signals that share a triangular carrier signal. One set of the reference signals corresponds to feeder 1 and the other to feeder 2. The set of reference signals corresponding to feeder1 is placed above the set of signals corresponding to feeder 2. For clarity, we will call phase a, phase b and phase c the three phases of feeder 1; the three phases of feeder 2 will be referred to as phase r, phase y and phase w.



The MCB-PWM process with double references implemented to generate the trigger signals for the switches of a branch of the TTI-MC is shown in Figure 5. The upper (vra) and lower (vrr) reference signals are compared with the signal triangular carrier (vtri) to obtain the trigger signals of switches S1 and S3. To obtain the trigger signal of switch S2, the logical operator XOR is used between signals S1 and S3. The ratio of the trigger signals can be written functionally as follows:


     S 1  =       1 ,    v  r a   ≥  v  t r i         0 ,    v  r a   <  v  t r i                            S 3  =       1 ,    v  r r   ≤  v  t r i         0 ,    v  r r   >  v  t r i               S 2  =  S 1    XOR    S 3     



(34)




where vra and vrr are the upper and lower modulation reference signals that correspond to phase a of feeder 1 and phase r of feeder 2. vtri is the triangular carrier signal. d1 and d3 are the duty cycles for switches S1 and S3. The reference signals are given by:


   v  r a   =    m  i 1   cos    ω 1  t +  θ a    +  V  o f f 1      v  d c l i n k     +  V  o f f u p    



(35)






   v  r r   =    m  i 2   cos    ω 2  t +  θ r    +  V  o f f 2      v  d c l i n k     +  V  o f f d o w n    



(36)




where mi1 and mi2 are the modulation indices, ω1 and ω2 are the angular frequencies, θa and θr are the phase angles of the upper and lower input voltages, and Voff1 and Voff2 are the compensation variables utilized to improve the modulation indices, which are given by:


   v  o f f 1     =   − 0.5   m a x    v  r a   ,  v  r b   ,  v  r c     +   m i n    v  r a   ,  v  r b   ,  v  r c        



(37)






   v  o f f 2     =   − 0.5   m a x    v  r r   ,  v  r y   ,  v  r w     +   m i n    v  r r   ,  v  r y   ,  v  r w        



(38)




where vra, vrb and vrc are the reference voltages of feeder 1, and vrr, vry and vrw are the reference voltages of feeder 2. Finally, Voffup and Voffdown are the offset signals (up and down) that prevent crossing between the reference signal sets. It should be mentioned that the sum of the modulation indices must be less than or equal to 1 for each of the sets of the reference signals if the frequencies of the two feeders are different [37].




6. TI-IDVR Control Algorithm


The control objectives of this algorithm are the following:




	
The TI-IDVR must keep the load voltages stable at their nominal values despite the different types of disturbances (balanced and unbalanced sags and swells, voltage distortion and voltage interruption) that arise in the feeders.



	
Have a good targeting of the input currents to the TI-IDVR.



	
Hold the voltage waveforms of the feeders and the loads as close as possible to the sinewave.



	
Maintain a power factor as close as possible to the unit in the feeders.








The control algorithm presented meets the control objective of producing currents and voltages as close as possible to the sinewave at the input terminals of the TI-IDVR and performs a satisfactory compensation of the load voltages. By implementing this control algorithm, the TI-IDVR compensates for the disturbance present in the load with a good dynamic response. It should be mentioned that the topology of the TTI-MC and its control algorithm implemented in this work allow for a unit power factor at the terminals of the two feeders.



Consider the following scenario for a practical application. Assume a multi-feeder system or a CPP with two feeders where each of the feeders has its own sensitive load. The TI-IDVR is connected to the two feeders so that one of the inputs of the TI-IDVR is connected to feeder 1 and the other is connected to feeder 2. In this way, the TI-IDVR can integrate the power of the two feeders to maintain the voltage of the loads at their nominal value. When there is a voltage sag in feeder 1, it is reflected in the load voltage 1. Then, the TI-IDVR takes power from both feeders to hold load voltage 1 at its nominal value.



On the other hand, if a severe event manifests as a voltage interruption in any of the feeders, then the TI-IDVR behaves as a reconfiguration device and takes power from the healthy feeder to maintain the nominal values of the load voltage for the duration of the event. When there is no short-term disturbance in the feeders, but there is a voltage distortion or imbalance, the TI-IDVR can cope with these events and in this way, and the operating time of the TI-DVR is optimized.



The topology of the TI-IDVR is constituted of a TTI-MC and two CSIs. In this way, the control algorithm can be divided into two parts that are synchronized with each other: (a) the control of the CSIs, and (b) the control of the TTI-MC.



6.1. CSI Control Algorithm


The voltage in the loads can be compensated for efficiently in the reference frame dq even in the presence of voltage disturbances in the feeders. The structure of the control and modulation algorithm implemented to govern the switching on and off of the commutation elements of the CSIs is shown in Figure 6.



The control algorithm for CSI 1 and CSI 2 is the same. For this reason, only the control algorithm for CSI 1 is addressed in this description. The inputs to the control algorithm are load voltage 1 and the reference voltage of load 1. The phase angle information (θL and θref) of both voltages is obtained by means of a Phase-Locked Loop (PLL). The active component of both voltages (dL and dref) is obtained by performing the abc-dq transformation using the phase angle information obtained above. The active components (dL and dref) of the load and reference voltages are compared to determine if the event is a voltage sag or a voltage swell. With this information, the phase angle of the reference voltage is adjusted to obtain the phase angle θa. As shown in Figure 4, the angle θa describes the phase orientation of the voltage vectors that are required for disturbance compensation in the complex space. The phase angle θa provides the necessary information to determine the corresponding sextant in the complex space and to calculate the switching functions do1 and do2 in each of the sextants using Equation (32). To generate the trigger signals, the switching functions do1 and do2 are compared with a sawtooth signal in the CSI PWM. The sextant defined by angle θa determines the switching elements of the CSI that will be turned on and off so that the CSI synthesizes the appropriate line voltages.



To synchronize the TTI-MC with the CSI, the control algorithm performs two functions that are very important for this purpose: a) it generates the triangular carrier signal for the MCB-PWM of the TTI-MC, and b) it calculates the dc-link virtual voltage of the TI-IDVR. The triangular carrier signal is generated in the PWM of the CSI. The voltage value in the virtual dc-link depends directly on the phase voltages of the reference voltage of the load, the sextant determined by the phase angle θa, and the switching functions do1 and do2. The voltage in the virtual dc-link is calculated using Equation (33).



Compared to [12], this paper adds a “selective control” based on “decision rules” that allows for connecting or disconnecting the feeders to the TT-IDVR according to the present disturbance. This allows for different modes of operation of the TTI-IDVR and to connect the feeders to the TTI-IDVR only when necessary. This has the benefit of more efficient use of the power delivered by the feeders to the TI-IDVR, and no power is taken from the feeder without failure when it is not needed. Furthermore, this is a feature that other IDVRs lack [15,16,17,18,19,20,21,22]. The inputs to the decision rules are the active powers of the load voltage (dL) and the load reference voltage (dref). The outputs of the decision rules correspond to switches SF1 and SF2 (Figure 2) that connect or disconnect feeders 1 and 2, respectively. The decision rules for connecting or disconnecting the feeders with respect to the voltages of load 1 are as follows:




	
For a swell on feeder 1:



	
IF dL > 1.05* dref THEN SF1 = 1, SF2 = 0; (connects feeder 1 and disconnects feeder 2)



	
For a sag on feeder 1:



	
IF dL < 0.95* dref THEN SF1 = 1, SF2 = 1; (connect both feeders)








The decision rules for connecting or disconnecting the feeders with respect to the voltages of load 2 are similar to those shown for load 1.




6.2. TTI-MC Control Algorithm


With this control algorithm, it is guaranteed that the voltage level in the virtual dc-link is adequate so that the CSIs can compensate for the disturbances that appear in the feeders. The TTI-MC integrates the two feeders to the TI-IDVR and acquires power from both grids to supply power to the CSIs through the virtual dc-link. Figure 7 shows the modulation and control scheme of the TTI-MC.



To ensure good current targeting and a power factor close to the unit in both feeders, their currents (i1 and i2) and voltages (v1 and v2) are measured. By focusing attention on feeder 1, its phase angle θ1 is obtained by means of a PLL. θ1 is used when performing the abc-dq transformation of the currents measured in feeder 1. By using θ1 in the transformation, it is guaranteed that the d-axis of the current aligns with the voltage vector of the same feeder. The reference of the reactive current is set to zero; *iq1 = 0 to have a unit power factor. To control the active and reactive currents of the feeder, Proportional-Integral (PI) controllers are used. Subsequently, the dq-abc transformation synchronized with the angle θ1 is used to obtain the three-phase set of modulation references for feeder 1. This set of reference signals is divided by the virtual dc-link voltage calculated in the algorithm of CSI control.



To prevent the reference set of feeder 1 from crossing with the reference set of feeder 2, the compensation voltages Voffup and Voffdown are added. Voffup moves the reference set of feeder 1 up and Voffdown moves the reference set of feeder 2 down.



The trigger signals of the TTI-MC are generated using the CB-PWM technique with double reference. This technique compares the reference set of feeder 1 (vref1) and the reference set of feeder 2 (vref2) with the triangular carrier constructed in the PWM of the CSI. By comparing the reference set of feeder 1 (vref1) with the triangular carrier signal, the on and off times of the switches S1, S4 and S7 are obtained and the on and off times for switches S3, S6 and S9 are obtained by comparing the triangular carrier signal with the reference set of feeder 2 (vref2). To obtain the trigger signals of switches S2, S5 and S8, the logical operator XOR is used as follows: S2 = (S1) XOR (S3).



With this control algorithm, the proposed TI-IDVR has good multi-functional performance and is able to compensate for deep and long-term sags, swells, interruptions, voltage imbalances and harmonic distortion. In addition, this algorithm has additional advantages such as:




	
The energy storage capacity to compensate for deep and long-term sags is not a limitation because the power is taken from the two feeders by means of the TTI-MC.



	
There are no energy storage devices in the virtual dc-link. Therefore, it is not necessary to measure the voltage on the dc-link for control purposes.



	
With this control scheme, the TTI-MC behaves like two Voltage Source Converters (VSCs) and integrates two feeders to the TI-IDVR using only a unified control algorithm. Under a conventional scheme, two VSCs and a controller are needed for each of them.



	
The control algorithm for the TI-IDVR used in this work is more compact compared to the control algorithms used in conventional AC-DC-AC two-stage converters with energy storage elements used in IDVRs.










7. Simulation Results and Discussion


In this section, the behavior of the proposed TI-IDVR and its control algorithm is verified through simulations. The complete system was implemented on MATLAB R2015b (64 bits)/Simulink Version 8.6 platform, and the SimPowerSystems library was used. Figure 8 shows the real model implemented in Simulink corresponding to the proposed TI-IDVR of Figure 2. It should be noted that ideal switching elements were used for simulation purposes. This is because the objective of this work is to verify the effectiveness of the proposed TI-IDVR and its modulation scheme. For an experimental implementation, more elements should be considered, especially protection and galvanic isolation at the TTI-MC inputs. Snubber circuits were used to protect the switching elements of the TTI-MC and the CSIs against overvoltages. The resistance and capacitor values for the TTI-MC switching elements were R = 33 Ω and C = 333 µF, and the values for the CSIs were R = 33 Ω and C = 10 μF. In the injection transformers, the ideal Matlab/Simulink transformers with a 1:1 ratio were used. The model for generating the reference voltages of the feeders is shown in Figure 9, and the Simulink model of the control algorithm of the CSIs is shown in Figure 10.



The system parameters used in the simulations are shown in Table 1.



The behavior of the proposed DVR was analyzed for the following study cases:




	
Case 1: Voltage sag with harmonic distortion.



	
Case 2: Unbalanced voltage swell.



	
Case 3: Voltage interruption.








7.1. Case 1: Voltage Sag with Harmonic Distortion


A sag is defined as the decrease in the rms (Root Mean Square) value of the supply voltage, between 0.1 and 0.9 pu, at the feeding frequency and with a duration from 0.5 cycle to 1 min. Voltage distortion in power supplies is one of the most common problems of PQ and has a negative impact on electrical networks and on loads sensitive to voltage variations.



In this section, the performance of the proposed TI-IDVR in the compensation of voltage sags with harmonic distortion in the feeders is verified. To simulate this event, the peak voltage of the feeders is reduced from 100 Vp to 65 Vp and the fifth harmonic with an amplitude of 20% with respect to the fundamental is added.



When the disturbance occurs, the TI-IDVR behaves like an IDVR and draws power from the two feeders to compensate for the disturbance, as well as keeping the voltage on the sensitive load stable. The event occurs on feeder 1 in the 50 ms to 100 ms time interval, and on feeder 2 from 150 ms to 200 ms. The waveforms of the voltages and currents obtained in the simulation are shown in Figure 11 and Figure 12.



Feeder 1 voltages, compensation 1 voltages, load 1 voltages, and the voltage on the virtual dc-link are shown in Figure 11. The figure shows how the voltages of load 1 remain practically at their nominal values despite the disturbance in feeder 1. It can also be seen how effectively the TTI-MC integrates the power from the two feeders to construct the virtual dc-link voltage and thus provides the necessary power to CSI 1 so that it can synthesize the appropriate compensation voltages. In Figure 11, the voltages in feeder 2 and sensitive load 2 remain unchanged in the presence of the disturbance in feeder 1. In the same way, when the voltage sag occurs in feeder 2, the TTI-MC integrates the power of the two feeders, CSI 2 generates the desired injection voltage, and the voltage in load 2 remains unchanged despite the disturbance in feeder 2 as shown in Figure 11.



Figure 12 shows the phase a waveforms of the system. The figure shows that when the disturbance occurs, the voltages and currents in the loads remain practically unchanged despite the disturbance in the feeder. In addition, the voltages and currents of both feeders are in phase. However, in the presence of the disturbance, the TI-IDVR demands a higher current from the feeders; this does not represent a disadvantage since the higher current consumption is an inherent characteristic of the configuration of DVRs without energy storage systems when connected on the source side.



Finally, the behavior of the system without the TI-IDVR is shown in Figure 12. Comparing Figure 11 and Figure 12, the effectiveness of the proposed TI-IDVR in compensating for voltage sags and harmonic distortion that occur in the feeders can be seen.




7.2. Case 2: Unbalanced Voltage Swell


A swell is defined as an increase in the rms value of voltage or current of around 1.1 to 1.8 pu, with a duration from 0.5 cycles to 1 min. It is said that a three-phase voltage system is unbalanced if the magnitudes of the phase or line voltages are different from each other.



In this section, the performance of the proposed TI-IDVR in the compensation of unbalanced voltage swell in the feeders is verified. To simulate these disturbances, the peak voltage of the feeders is increased from 100 Vp to 115 Vp in phase a, to 130 Vp in phase b, and to 145 Vp in phase c.



When this disturbance arises, the TI-IDVR behaves like a conventional DVR. That is, the TTI-MC only takes power from the feeder that presents the unbalanced swell voltage for the TI-IDVR to perform the proper compensation. It is worth mentioning that this mode of operation is an important feature of the proposed TI-IDVR, unlike other IDVRs that draw power from the feeder without failure to compensate for the disturbance.



The voltage and current waveforms of the entire system are shown in Figure 13 and Figure 14. Figure 14 shows the waveforms of the system without TI-IDVR. The disturbance occurs at feeder 1 in the 50 ms to 100 ms time interval as shown in Figure 13. In this time interval, the TTI-MC only takes power from feeder 1 and transfers it to the virtual dc-link. The CSI 1 takes this power and builds the compensation voltage as shown in Figure 13. In this way, the unbalanced voltage swell is successfully compensated and the voltage at sensitive load 1 remains stable. The behavior of the TI-IDVR in compensating for this disturbance in feeder 2 is shown in Figure 13. The difference is that the TTI-MC draws power from feeder 2, and CSI 2 synthesizes the proper injection voltage to adequately compensate for the unbalanced voltage swell in feeder 2 and keeps the voltage at sensitive load 2 stable.



The phase a voltage and current waveforms of the system are shown in Figure 14. When the event occurs in feeder 1, the voltages and currents of feeder 2 and sensitive load 2 remain unchanged. Furthermore, it can be clearly seen in the figure that the voltage and current in sensitive load 1 remain stable despite the disturbance. The figure also shows that the voltages and currents in the feeders and the sensitive loads are in phase. Therefore, it can be concluded that the proposed TI-IDVR is capable of maintaining a unit power factor in feeders and sensitive loads despite this type of feeder disturbance.



System behavior without a TI-IDVR is shown in Figure 14. Comparing Figure 13 and Figure 14, the effectiveness of the proposed TI-IDVR in the compensation of unbalanced voltage swells can be appreciated.




7.3. Case 3: Voltage Interruption


An interruption occurs when the supply voltage or load current decreases to less than 0.1 pu for a period of time of less than 1 min.



In this operation mode, the TI-IDVR has the functionalities of a compensation device and also of a network reconfiguration device. When the interruption appears in any of the feeders, the TI-IDVR draws the necessary power from the feeder without failure to keep the voltages and currents of the sensitive load corresponding to the failed feeder stable. In this way, the proposed TI-IDVR behaves like a reconfiguration device that transfers power from a faultless grid to a faulty grid. Needless to say, this is a feature that conventional IDVRs lack.



To simulate a voltage interruption in the feeders, the peak voltage of all phases is reduced from 100 to 5 Vp for 50 ms. The waveforms of system voltages and currents are shown in Figure 15 and Figure 16. In the 50 to 100 ms time interval, the voltage interruption in feeder 1 is simulated. The voltage interruption of feeder 2 is simulated in the time range of 150 to 200 ms.



In this case, in order to hold the voltage stable in sensitive load 1, the TI-IDVR transfers the necessary power from feeder 2 to feeder 1. The voltage interruption in feeder 1, the virtual dc-link voltage and the injected voltage are shown in Figure 15. The figure shows that the TTI-MC transfers the power from the feeder without fail to the virtual dc-link. The CSI 1 takes this power and synthesizes the compensation voltage. The peak value of the injected voltage is 95 Vp. The figure shows that the voltages of load 1 remain stable at their nominal values despite the voltage interruption. Figure 15 shows a similar behavior of the TI-IDVR when the disturbance occurs in feeder 2.



Figure 16 shows the current and voltage waveforms of phase a of the feeders and loads. When the interruption occurs in feeder 1, the voltage in feeder 2 remains stable. However, the TI-IDVR demands more current from the feeder without failure. The figure also shows that the voltages and currents in the feeders and the sensitive loads are in phase. Therefore, it can be concluded that the proposed TI-IDVR is capable of satisfactorily compensating for voltage interruptions, and can also maintain a unit power factor in the feeders and loads despite the interruption in the feeders.



System waveforms without TI-IDVR are shown in Figure 16. Comparing the waveforms of voltages and currents of the system shown in Figure 15 and Figure 16, the good performance of the proposed TI-IDVR is evident even in the compensation of severe disturbances, such as voltage interruption, in the feeders.




7.4. Summary of the Results


The simulations shown in the previous sections and their respective discussion demonstrate that the proposed TI-IDVR has the ability to mitigate the disturbances that appear in the two feeders of the system and maintain the voltages and currents of the sensitive loads at their nominal values.



An important feature of the TI-IDVR is the fact that it can work in different modes of operation to perform disturbance compensation as mentioned below.



7.4.1. The TI-IDVR as an IDVR


The TTI-MC draws power from the two feeders to compensate for the disturbance. In this way, the TI-IDVR greatly extends its compensation range and can cope with deep and long-term voltage sags without the need for additional energy storage devices that would increase its cost and risk of failure. In addition, the TI-IDVR behaves like a compensation device and it also has the performance of a reconfiguration device. When there is a voltage interruption in one of the feeders, the TI-IDVR takes the necessary power from the feeder without failure to compensate for the disturbance and keeps the voltages and currents of the load in the faulty grid stable at their nominal values.




7.4.2. TI-IDVR as a conventional DVR


When a voltage swell occurs, the TI-IDVR constructs the compensation voltage with the excess power in the faulty feeder. That is, the TTI-MC does not draw power from the feeder without failure to perform the disturbance compensation.



The advantages and characteristics of the proposed topology, its control algorithm and its modulation scheme are summarized below:




	
The implemented control algorithm allows the TI-IDVR to have a multi-functional capacity to synthesize the appropriate voltages for the compensation of different types of disturbances in the feeders.



	
The control algorithm of the TI-IDVR is more compact compared to the control algorithms used in conventional IDVRs where the voltage level in the dc-link has to be controlled.



	
The calculated voltage of the dc-link is obtained according to the reference voltages of the loads and the switching functions of the PWM CSIs. This allows for a natural and optimal synchronization and power transfer between the TTI-MC and the CSIs.



	
The synchronization between the TTI-MC and the CSIs contributes to the sinusoidal waveforms of the currents in the feeders.



	
Unlike other works, the proposed topology and its control algorithm allow for a unit power factor in the feeders and the loads even in the presence of deep and long-term voltage sags, as well as in voltage interruptions.








The incorporation of the TTI-MC into the topology of the IDVR results in the multi-functional behavior of the TI-IDVR. The simulation results show the efficiency and validity of the proposed topology.






8. Conclusions


In this paper, the performance of the TI-IDVR based on a TTI-MC was analyzed. The proposed topology has been evaluated in the compensation of different types of PQ problems. The control algorithm of the TI-IDVR has the advantage of being more compact compared to the control schemes of conventional IDVRs based on AC-DC-AC converters. An important feature of the proposed TI-IDVR is the ability to transfer power between two feeders in a similar way to a reconfiguration device in a multi-feeder system or in a CPP. In addition, it extends the compensation range of the TI-IDVR compared to conventional IDVRs and improves its overall behavior. This makes it an attractive solution to deal with different types of PQ problems, including severe events such as deep and long-term voltage sags and voltage interruptions.



On the other hand, the proposed TI-IDVR topology presents many development opportunities for future research, including:




	
The implementation of a prototype for experimental tests.



	
Use as an integration device of distributed energy resources in a microgrid.



	
Use as a compensation and reconfiguration device in microgrids and smart grids.



	
Use as an interface and compensation device between AC and DC buses in hybrid microgrids.



	
Use as an interface between the main network and a microgrid in order to improve their reliability.
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Figure 1. Schematic diagram of the interline dynamic voltage restorers (IDVRs) proposed in the literature. Where DC is Direct Current. 
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Figure 2. Schematic diagram of the proposed two input interline dynamic voltage regulator (TI-IDVR). CSI: current source inverter; TTI-MC: two three-phase input matrix converter. Where, SF are the switches that connect and disconnect the feeders and Sn are the switching elements of the TTI-MC and the CSIs, with n = 1, 2 ... and n = a, b, c, respectively. 
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Figure 3. Phasor diagram of feeder 1 voltage, the load 1 voltage, and compensation voltage. (a) Voltage sag and (b) voltage swell. Where,     V →   L 1 , r a t e d   ,     V →   F 1 , s a g   ,     V →   c o m p , s a g   ,     V →   F 1 , s w e l l     a n d     V →   c o m p , s w e l l     are the voltage vectors of load voltage 1, feeder 1 voltage (with sag), sag compensation voltage injected, feeder 1 voltage (with swell) and swell compensation voltage injected.     I →   L 1 , s a g     a n d     I →   L 1 , s w e l l     are the vectors of the load currents in the presence of sag and swell respectively.    δ  s a g     a n d    φ  s a g       are the angles between the vector     V →   L 1 , r a t e d     and the vectors     V →   F 1 , s a g     a n d     I →   L 1 , s a g     respectively. In the same way,    δ  s w e l l     a n d    φ  s w e l l       are the angles between the vector     V →   L 1 , r a t e d     and the vectors     V →   F 1 , s w e l l     a n d     I →   L 1 , s w e l l    . 
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Figure 4. Space vector representation of the active states of the CSI. 






Figure 4. Space vector representation of the active states of the CSI.



[image: Applsci 11 00561 g004]







[image: Applsci 11 00561 g005 550] 





Figure 5. Carrier-based pulse width modulation (MCB-PWM) with double reference scheme for one branch of the TTI-MC. Where, Ts is the period of the triangular carrier signal and d3 and d1 are the duty cycles of switches S3 and S1, respectively. 
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Figure 6. CSI control algorithm. 
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Figure 7. TTI-MC control algorithm and modulation. 
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Figure 8. Implemented model in Simulink of the proposed TI-IDVR. 
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Figure 9. Models for the generation of the reference voltages of feeder 1. 
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Figure 10. Model of the CSI 1 control algorithm. 
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Figure 11. System waveforms in the compensation of voltage sags and harmonic distortion. (a–c) feeder 1 waveforms; (d–f) feeder 2 waveforms; (g) virtual dc-link voltage waveform. 






Figure 11. System waveforms in the compensation of voltage sags and harmonic distortion. (a–c) feeder 1 waveforms; (d–f) feeder 2 waveforms; (g) virtual dc-link voltage waveform.



[image: Applsci 11 00561 g011]







[image: Applsci 11 00561 g012 550] 





Figure 12. System waveforms in the compensation of voltage sags and harmonic distortion. (a–d) System waveforms (phase a); (e–h) system waveforms without TI-IDVR. 
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Figure 13. System waveforms in the unbalanced voltage swell compensation. (a–c) Waveforms of feeder 1; (d–f) feeder 2 waveforms; (g) virtual dc-link voltage waveform. 
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Figure 14. System waveforms in the unbalanced voltage swell compensation. (a–d) System phase a waveforms; (e–h) system waveforms without a TI-IDVR. 
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Figure 15. System waveforms in the voltage interruption compensation. (a–c) Waveforms of feeder 1; (d–f) waveforms of feeder 2; (g) virtual dc-link voltage waveform. 
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Figure 16. System waveforms in the voltage interruption compensation. (a–d) System phase a waveforms; (e–h) system waveforms without TI-IDVR. 
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Table 1. TI-IDVR simulation parameters.
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	Quantity/Parameter
	Values and Units



	Capacitors of the input filters
	10 μF



	Resistance of the input filters
	50 Ω



	Inductors of the input filters
	2.2 mH



	Output filter capacitor
	4.7 μF



	Output filter resistance
	100 Ω



	Output filter inductor
	25 mH



	Load resistance
	120 Ω



	Load inductor
	8 mH



	Feeder 1 and 2
	100 Vp, 60 Hz



	Load reference voltages 1 and 2
	100 Vp, 60 Hz



	CSI switching frequency
	3.6 KHz



	TTI-MC switching frequency
	7.2 KHz



	Gains of the PI controllers
	Kp = 30, Ki = 0.001







Kp and Ki correspond to the proportional and integral gains of the PI controller.
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