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Abstract

:

Voltage sag in a power system is an unavoidable power quality issue, and it is also an urgent concern of sensitive industrial users. To ensure the power quality demand and economical operation of the power system, voltage sag management has always drawn great attention from researchers around the world. The latest research that realizes the power quality conditioning has used dynamic voltage restorers (DVRs), static VAR compensator (SVCs), adaptive neuro-fuzzy inference systems (ANFISs), and fuzzy logic controllers based on DVR to mitigate voltage sag. These devices, methods, and control strategies that have been recently used for voltage sag mitigation have some limitations, including high cost, increased complexity, and lower performance. This article proposes a novel, efficient, reliable, and cost-effective voltage sag mitigation scheme based on a modular multilevel converter (MMC) that ensures effective power delivery at nominal power under transient voltage conditions. The proposed method, the MMC, compensates for the energy loss caused by voltage sags using its internal energy storage of the submodules, and ensures reliable power delivery to the load distribution system. Furthermore, control strategies are developed for the MMC to control DC voltage, AC voltage, active power, and circulating current. Detailed system mathematical models of controllers are developed in the dual synchronous reference frame (DSRF). Validation of the results of back-to-back MMC for dynamic load distribution system is analyzed which proves the effectiveness of the proposed scheme for voltage sag mitigation.
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1. Introduction


Voltage sag is one of the major concerns of the modern industry, as it can interrupt sensitive electrical loads and in the worst case cause production problems. According to the official definition of voltage sag, “It is the phenomenon in which the magnitude of voltage is reduced below 10% of nominal RMS value over a time ranging from one half-cycle to one minute” [1]. A voltage sag is defined by IEEE standard 1159–1995 as “A decrease in the RMS voltage from 10% to 90% of nominal value for the duration of 0.5 cycles to 1 min” [2]. Time duration and voltage drop for voltage sag differ from one grid code to another. According to different countries’ grid codes and regulations, different limits are allowed for voltage drop and time duration in case of voltage sag events, as shown in Table 1 [3].



It is one of the serious power quality challenges that are caused by faults, energization of heavy distribution feeders, and abrupt rise of heavy load. Voltage sag can damage sensitive industrial load equipment and create high power losses in power systems [4]. Different devices, methods, and control strategies were used, i.e., dynamic voltage restorer (DVR) in [5], static VAR compensator (SVC) in [6], ANFIS-based UPQC in [7], and fuzzy logic controller based DVR in [8], to mitigate voltage sag and to address power quality conditioning of load distribution system.



1.1. Voltage Sag Mitigation Based on Various Technologies


Power system quality has gained a lot of interest over the last decade. There are a variety of devices and control methods used to mitigate the risks associated with power quality in the power system. Different technologies and methods are developed based on power system quality to control the voltage sag of the AC grid system.



1.1.1. Dynamic Voltage Restore (DVR)


Dynamic voltage restorer is the device that ensures optimal power system performance while minimizing the adverse effects of voltage sags, harmonics, unbalanced voltages, and voltage swells. A DVR includes four components, i.e., voltage source inverter, energy storage system, passive filters, and injection transformer (IT), as illustrated in Figure 1. In ref. [9], a DVR is used to inject three-phase voltages in series with grid voltage to compensate for voltage disturbances caused by asymmetrical faults.



It maintains nominal voltages at the point of connection and compensates voltage sag, harmonics, and voltage unbalance. Nevertheless, some limitations in terms of low-voltage ride-through still exist. Ref. [5] mitigated voltage sag effectively during different types of grid faults using an efficient dynamic voltage restorer (DVR) since its cost is high and it has high complexity. In ref. [10], a fuzzy logic controller-based dynamic voltage restorer was designed that mitigates voltage sag up to 50%, but the system has the limitation of the frequency fluctuation. The DVR in ref. [11] mitigates voltage sag, voltage unbalance factor to less than one percent, and voltage total harmonic distortion to less than five percent.




1.1.2. Static VAR Compensator (SVC)


In an electrical power system, a static VAR compensator controls parameters such as bus voltage by utilizing static VAR generators or absorbers. It is a flexible AC transmission system device as shown in Figure 2, which has been extensively used in recent years to rectify various power quality problems caused by faults causing voltage sags in the system. In ref. [12], the authors compared static VAR compensators’ effectiveness for managing voltage sag events and concluded that SVC contributes the least to transient margin (TM). In ref. [6], the static VAR compensator is used in the AC grid system to enhance power quality and ensure power efficiency, but its performance was lower than that of STATCOM and DVR.




1.1.3. Unified Power Quality Conditioner


Similar to a DVR, UPQC has the capability of dealing with power quality issues of the power system, such as harmonics and voltage fluctuations. It is designed to enhance power system performance while minimizing disturbances that adversely affect the performance of critical loads. In addition to regulating the flow of power, UPQCs compensate for harmonics, reactive power, and voltage disturbances. A UPQC contains two voltage source converters linked with a common DC link in a single-phase/three-phase configuration. In Figure 3, the UPQC combines shunt and series controllers into one DC bus. Shunt controllers can produce or absorb reactive power at the common point of coupling.



Accordingly, the series controller is connected to the AC grid systems and controls the parameters of the lines, as it is described in detail in [13]. Ref. [14] used UPQC with the fuzzy logic controller to minimize voltage sag and current harmonics. Its results indicate a reduction in a harmonic distortion from 8.93% to 3.34%. According to [15], UPQC is used in a hybrid PV and wind system microgrid to reduce voltage sag and swell by using reactive current injection or absorption. Ref. [7] apply an adaptive neuro-fuzzy interference system (ANFIS) based on a unified power quality conditioner (UPQC) to address voltage sag mitigation and THD reduction since it is costly and quite complex. A power quality controller will additionally compensate for voltage sags, surges, and harmonics, and will limit voltage imbalance in microgrids that are linked to the main grids in the ref. [16]. Table 2 presents a comparison between the various popular technologies used for voltage sag mitigation.



The comparison of different voltage sag mitigation technologies includes cost, rating, and various aspects of performance. In conclusion, a DVR provides superior stability to that of SVC in terms of voltage sag, voltage swell, and voltage fluctuation mitigation, while UPQC provides superior protection against poor-quality sources for sensitive loads. The different control methods and devices used to mitigate voltage sag, mentioned in Table 2, has some limitations, i.e., increased complexity, high cost, and lower performance.



Modular multilevel converter (MMC) is an emerging and state-of-the-art power electronic-based technology first introduced in ref. [17]. It has the potential of scalability to meet voltage level requirements, low level of power losses, high reliability, enhanced efficiency, and better harmonic suppression quality [18,19,20]. It requires the grid side filter to be smaller in size since it has lower harmonics in its output voltage [21]. A modular multilevel converter is an ideal converter with the flexibility of hundreds of output voltage levels for high-voltage three-phase motor drives [22], electric railways, and high-voltage transmission [23]. To address the limitations of the above methods and control strategies mentioned for voltage sag mitigation technologies in Table 2, the MMC can be designed to operate continuously in islanded mode with satisfactory power quality. The voltage sag in the upstream AC grid system caused by asymmetrical faults can be successfully mitigated by using the MMC to ensure satisfactory power delivery to the load distribution system. Using modern MMC technology, this paper presents a novel approach to efficiently mitigate voltage sag sustained in upstream AC grid systems.





1.2. Contributions


The following contributions are summarized in this paper:




	
An analysis of an MMC component dimensioning and control system is provided, followed by a consideration of whether an MMC can be specifically designed for dynamic load distribution ensuring power quality.



	
The article explores the feasibility and potential of the MMC to mitigate voltage sag due to asymmetrical fault in the upstream AC grid side and to deliver constant power to load distribution.



	
The paper examines the effect of voltage sag of the magnitude of up to −60% for 75 ms in the upstream AC grid when using the internal energy storage of back-to-back modular multilevel converters.









1.3. Organization


The remainder of this article is organized as follows: Section 2 of this article explains the design principles of MMC, selection of characteristic parameters, component sizing, and all the relevant involved procedures in detail. Section 3 describes the proposed system in detail. Section 4 explains the mathematical modeling of different control systems of the MMC and the control strategies developed for the regulation of circulating current, active and reactive power, and AC and DC voltages of the MMC-rectifier and the MMC-inverter. Section 5 of this research article explains, in detail, the simulation results for the voltage sag mitigation strategy of the MMC and gives a comparison of the commonly employed and proposed control strategy for voltage sag mitigation. Section 6 concludes the research article.





2. MMC Component Design Principles


It requires extensive planning to design a modular multilevel converter, including sizing, and dimensioning of its components. The design procedure of the MMC includes determining the number of submodules (SMs) per arm, DC link voltage, submodule switching devices as per industrial standards and ratings, submodule capacitor’s capacitance, and arm inductance.



The flow chart of the MMC design is shown in Figure 4. Initially, it is required to determine the apparent power of MMC, which can be calculated by


  S =  3   V  L L    I  R M S    



(1)







The DC-link voltage of a modular multilevel converter determines the average voltage of a submodule capacitor. The ratings of semiconductor-based IGBT technology limit the average voltage   v  S M    of a submodule of the MMC. The DC-link voltage of the MMC can be determined by multiplying the average voltage of the capacitor with the total number of submodules per arm, taking into account standard current and voltage ratings of semiconductors. The submodule capacitor acts as an energy buffer, and its capacitance dimensioning is necessary for energy storage calculations. The capacitance of the capacitor of SM should be chosen with a low level of voltage ripples. The submodule capacitor must be dimensioned properly so that it allows the maximum arm current of the converter. Arm inductance of the MMC is required to limit the circulating current in the arms, short-circuit current, and to isolate the lower and upper arms of the MMC.



2.1. DC-Link Voltage of the MMC


According to the ideal relationship between the AC and DC side of the modular multilevel converter, without taking account of internal losses, this equation must hold.


   P  d c   =  P  a c    



(2)






   V  d c    I  d c   =  3   V  L L    I  P h a s e    








where   I  P h a s e    is


   I  P h a s e   =   2  2    3  m a     I  d c    










   V  d c   =   2  2   V  L L , r m s      3   m a     



(3)







  V  d c    can be easily calculated from


   V  d c   = 1.6330   V  L L , r m s    m a    



(4)







The DC-link voltage of the modular multilevel converter has a direct relation with the RMS value of the AC grid line-to-line voltage and inverse proportion with the modulation index of the converter.




2.2. Submodule Capacitance,   C  S M   


The capacitor of the submodule (Figure 5) is the main component of the converter which acts as an energy buffer. Its sizing and dimensioning play a vital role while designing the submodule of the converter. The capacitor of the submodule is floating in nature owing to its charging and discharging by converter arm currents. The arm current causes inevitable voltage ripples, which have an inverse relation with the capacitance of the capacitor of the submodule.



Choosing a reasonable capacitance of capacitor for submodule can reduce the magnitude of voltage ripple. Capacitor voltage ripple can also be controlled by eliminating the harmonics in circulating currents. Selection of the arbitrary high value of capacitance of capacitor for submodule may be exorbitant and unnecessary. The value of   C  S M    can be calculated as proposed in [24].


   C  S M   =  S   3 N   m a   V  c  2  ε ω    ( 1 −   (   m c o s θ  2  )   3 2   )   



(5)




where S is the apparent power of converter that is   S =  P  c o s θ    , N is the total number of submodules per arm,   m a   is voltage modulation index,   V c   is time average of submodule capacitor voltage,  ω  is the fundamental frequency,  ε  is ripple voltage of the capacitor (peak to average), and  θ  is the power factor of AC upstream grid side power factor. The above equation offers to derive the capacitance of capacitor   C  S M   ; only the voltage ripple of capacitor needs consideration in designing and dimensioning of the capacitor of submodule. In ref. [25], 10% voltage ripple of the capacitor of SM is considered suitable. Another approach in reference [25] that calculates the capacitance of the capacitor of SM by using the stored energy   E c   in all submodules is given by


   E c  = 6 N  1 2  C  V  c  2   



(6)






   E c  = 3 N C   (   V  d c   N  )  2   










   E c  =    3 C   V  d c  2   N   



(7)







To bring some abstraction and to ease in the comparison of different systems, energy–power ratio, E.P., is defined by


  E n e r g y  p o w e r  r a t i o =   E c  S   



(8)




from the above equation of   C  S M    and energy to power ratio, the capacitance of the capacitor of the submodule can be written in terms of energy to power ratio, total number of submodules, apparent power, and DC-link voltage. Using energy–power ratio, the capacitance of the capacitor can be adjusted as


   C  a r m   =   E P . N . S   3  V  d c  2     



(9)






   C  S M   =  C  a r m   N  



(10)







In ref. [25], 30–40 kJ/MVA energy is needed per converter station HVDC-based MMC, and 60–80 kJ/MVA for back to back converter system.




2.3. Determining of Submodules per Arm of MMC


The potential advantage of an MMC over a conventional VSC is its adaptability and scalability to different power and voltage levels. While designing the MMC for different power and voltage levels, the number of SMs per arm is one of the basic parameters to be determined. The selection of the number of submodules per arm plays an important role to handle the high voltage and power of the system. DC-link voltage is equally distributed to the “N” number of submodules of an arm, and the average voltage   V  S M    of a submodule capacitor is    V  d c   / N  . The mathematical expression for determining the number of submodules is


  N =   V  d c    V  S M     



(11)







To determine the number of submodules also needs a deep consideration of the selection of semiconductor ratings because semiconductors limit the voltage of submodules. Current and voltage ratings are the key parameters of the integrated gate bipolar transistor (IGBT) module. Today, commercially available semiconductor-based IGBT technology has limited kV ratings. The limitation of the kV ratings should be considered while determining the number of submodules. The semiconductor-based high-voltage IGBT module with the modules package available in the market is shown in Table 3.



In case of failure or damage of any submodule in either arm, redundant submodules should be provided to improve the reliability and stability of the system.




2.4. Arm’s Inductance,   L  a r m   


The arm inductor   L  a r m    of the MMC is also called outdoor air-core reactor, which has multiple functions in a modular multilevel converter. It allows the converter to control reactive power and second harmonic circulating current, and limits the rise of the current in short circuit conditions. The concept in ref. [26] is of an arm inductor forming a resonance frequency   ω r   with submodule capacitance


   ω r  =   N   L  a r m    C  S M      .    2  (  n 2  − 1 )  +  m 2   n 2    8  n 2   (  n 2  − 1 )      



(12)







In the above equation, n-th harmonic currents can only be limited by arm resistance. Modular multilevel converter should operate above the high value of resonant frequency (RF) which occurs at   m = 1   and   n = 2  . The harmonic number n is given by the equation   n = 3 k ± 1  . The above equation can be written as


   f r  =  1  2 π      5 N   48  L  a r m    C  S M       



(13)







The product of arm inductance and SM capacitance must have minimum value depending on operating frequency   ω r   and the number of SM per arm:


   L  a r m    C  S M   >   5 N    ω  2    



(14)







Arm inductance also limits fault current in the case of DC-link short-circuit condition. It is affected by several factors, including the submodule capacitor voltage    V  d c   / n  , the modulation technique, the switching frequency, and a controller optionally used for suppression of circulating current. Based on the literature, the typical value for arm inductance is 0.15 p.u. of base AC input in [27].





3. Proposed System Description


A system of back-to-back MMC that ensures the power quality demand of load distribution is shown in Figure 6. It consists of an upstream AC grid system, back-to-back MMC, DC grid system, and dynamic load distribution system. In the proposed system, we intend to explore the feasibility of the MMC for voltage sag mitigation and to achieve reliable power for load distribution. The concept and feasibility of the proposed system are to be proven through simulation results studies, showing the functionality of sag mitigation, effective control system, and quick response of the MMC converter. Characteristic parameters, component sizing, and dimensioning are performed as per design participles of MMCs described in Section 2 of this article.



A 10 MW/11 kV dynamic load distribution system is connected with 220 kV AC and 135 kV DC grid systems linked through the MMC-rectifier and the MMC-inverter. The MVA rating of the MMC-rectifier and the MMC-inverter is 220 MVA. The structure of the MMC is illustrated in Figure 7. The structure of the MMC contains six arms, each of them consisting of 60 submodules with a capacitance of 0.0105 p.u. and a series arm reactor with an inductance of 0.0164 p.u. The upstream 220 kV AC grid voltage is stepped down by core type (Y-D) power transformer to 66 kV and fed to the MMC-rectifier, which is linked with 135 kV DC grid system. The (Y-D) power transformers have the capability of limiting the zero-sequence current. Since the MMC will not experience zero-sequence current, the zero-sequence current controller is not necessary. A core type (Y-D) power transformer is used to step down MMC-inverter voltage from 66 kV to 11 kV, feeding the 10 MW dynamic load distribution system. The proposed system is built up to mitigate voltage sag occurring in upstream AC grid systems due to asymmetrical faults using the internal energy stored in the submodules of back-to-back MMC to compensate the voltage sag and to ensure satisfactory power delivery for the operation of dynamic load distribution.



Therefore, to accomplish the principal objective of the proposed scheme, it requires an effective control system for quick response to the system. A dual synchronous reference frame (DSRF)-based current controller is developed for the current control mode of the MMC-rectifier and the MMC-inverter. The outer control loop for the MMC-rectifier consists of AC and DC voltage control, whereas AC voltage and active power control for the MMC-inverter. Circulating current suppression controller is designed to control the differential current in between the phases of modular multilevel converter which distorts the arm currents and increases the peak value of arm current causing system power losses.



During the unbalanced grid conditions, positive-sequence and negative-sequence current components exist which are fully controllable for an MMC. The controller for positive- and negative-sequence current components is illustrated in Figure 6.



Moreover, for efficiency and accuracy in reproducing dynamic behavior, analytical and simulation reasons, and increasing performance for the analysis of converter response, we use the aggregate model of a modular multilevel converter. This MMC model relies on the assumption of perfect capacitor balancing. The equivalent circuit of the MMC for the mathematical modeling of system-level control design is illustrated in Figure 7. In an equivalent circuit of the MMC,   u  a p   ,   u  b p   , and   u  c p    are the upper arm voltages, whereas   u  a n   ,   u  b n   , and   u  c n    are lower arm voltages.   i  a p   ,   i  b p   ,   i  c p    and   i  a n   ,   i  b n   ,   i  c n    are the upper and lower arm currents in three-phase legs of the MMC. The sum of currents in the upper and lower arm of each phase of the MMC yields phase currents   i a  ,   i b  , and   i c  .


    [  i a    i b    i c  ]  T  =   [  i  a p     i  b p     i  c p   ]  T  +   [  i  a n     i  b n     i  c n    ]  T   



(15)







The differential current in the arm of each phase is   i  a d   ,   i  b d   , and   i  c d    given by


    [  i  a d     i  b d     i  c d   ]  T  =     [  i  a p     i  b p     i  c p   ]  T  −   [  i  a n     i  b n     i  c n   ]  T   2   



(16)







Currents in the upper arm and lower arm in terms of their difference are illustrated in the following equations:


    [  i  a p     i  b p     i  c p   ]  T  =  1 2    [  i a    i b    i c  ]  T  +   [  i  a d     i  b d     i  c d   ]  T   



(17)






     [  a n     i  b n     i  c n   ]  T  =  1 2    [  i a    i b    i c  ]  T  −   [  i  a d     i  b d     i  c d   ]  T   



(18)







Using Kirchhoff’s voltage law, the upper and lower arm phase voltages are


       u a       u b       u c      −       u 0  +   u  d c   2  −  u  a p          u 0  +   u  d c   2  −  u  b p          u 0  +   u  d c   2  −  u  c p        = 2 L  d  d t        i  a p        i  b p        i  c p       + 2 R      i  a p        i  b p        i  c p        



(19)






       u a       u b       u c      −       u 0  −   u  d c   2  +  u  a n          u 0  −   u  d c   2  +  u  b n          u 0  −   u  d c   2  +  u  c n        = 2 L  d  d t        i  a n        i  b n        i  c n       + 2 R      i  a n        i  b n        i  c n        



(20)




where   u a  ,   u b  , and   u c   are phase voltages of the AC side of the converter, and   u  d c    is the DC voltage between the two poles. The voltage between two neutral points and ground is   u 0  . Adding Equations (19) and (20) gives


       u a       u b       u c      −       u 0  +    u  a n   −  u  a p    2         u 0  +    u  b n   −  u  b p    2         u 0  +    u  c n   −  u  c p    2       = L  d  d t        i a       i b       i c      + R      i a       i b       i c       



(21)







Let   u  a  ′  ,   u  b  ′   and   u  c  ′   are average of the difference between upper and lower voltages


          u  a  ′       u  b  ′       u  c  ′      =        u  a n   −  u  a p    2         u  b n   −  u  b p    2         u  c n   −  u  c p    2                 u a       u b       u c      −       u 0  +  u  a  ′         u 0  +  u  b  ′         u 0  +  u  c  ′       = L  d  d t        i a       i b       i c      + R      i a       i b       i c          



(22)







Equation (22) mathematically presents the AC side of the MMC. Controllers are designed with this model in the following sections.




4. Control System Modeling


This section explains, in detail, the inner current loop and outer voltage loops designed for the MMC-rectifier and the MMC-inverter.



4.1. Inner Current Controller under Balanced Grid Conditions


The inner current controller is the most fundamental part of the MMC control system, as shown in Figure 8. The controller is a built-in SRF with PLL to generate frequency and phase angle information for the measurement of AC voltages. A dq vector control method is used for generating the output voltage required for the inner current controller. Applying Park and Laplace transformation to Equation (22) yields


       u d       u q      =      s L + R     − w L       w L     s L + R           i d       i q      +      u d       u q       



(23)







Equation (23) shows that the dq components   u d   and   u q   of the AC voltage in rotating dq reference frame. The output voltage of the MMC   u d   and   u q   can be determined by following decoupled feedforward PI controller in ref. [28].


      u d     = −  ( K p +   K i  s  )   (  i d  r e f   −  i d  )  + w L  i q  +  u d        u q     = −  ( K p +   K i  s  )   (  i q  r e f   −  i q  )  + w L  i d  +  u q       



(24)







Substituting Equation (24) into Equation (23)


          s  i d        s  i q       = −  1 L       R − ( K p +   K i  s  )    0     0    R − ( K p +   K i  s  )           i d       i q      +            i d       i q      −  1 L   ( K p +   K i  s  )       i d ∗       i q ∗          



(25)







It is clear from Equation (25) that   i d   and   i q   are decoupled. The inner current control by Equation (24) is illustrated in the block diagram of the inner current control loop.




4.2. Inner Current Controller under Unbalanced Grid Conditions


When the grid is under unbalanced conditions, positive-, negative-, and zero-sequence components exist. These component needs to be controlled independently. These components are derived from Equation (22) and can be separated into three independent systems.


   v  a b c  +   ( t )  −  v  a b c  +   ( t )  = L  d  d t    i  a b c  +  + R  i  a b c  +   



(26)






   v  a b c  −   ( t )  −  v  a b c  −   ( t )  = L  d  d t    i  a b c  −  + R  i  a b c  −   



(27)






   v 0   ( t )  −  (  v 0   ( t )  +  v 0   ( t )  )  = L  d  d t    i  a b c  0  + R  i  a b c  0   



(28)







Equations (26) and (27) can be expressed in   d  q +    and   d  q −    reference frame as


   d  d t        i d +       i q +      =      −  R L     w      − w     −  R L            i d +       i q +      −  1 L       u d +       u q +      +  1 L       u d +       u q +       



(29)






   d  d t        i d −       i q −      =      −  R L      − w      w    −  R L            i d −       i q −      −  1 L       u d −       u q −      +  1 L       u d −       u q −       



(30)








4.3. Positive- and Negative-Sequence Current Control


Applying Laplace transformation to   d  q +    and   d  q −   , the positive-sequence voltage of the MMC   u d +   and   u q +   and negative-sequence voltage   u d −   and   u q −   can be determined by following the proportional integral feedforward controller.



Positive- and negative-sequence current control is provided by using Equations (31) and (32). The outer loop provides   i d +   &   i q +   as a command reference for positive-sequence current control, whereas   i d −   and   i q −   are set to zero to eliminate negative-sequence current components, as illustrated in Figure 9.


      u d +     = −  ( K p +   K i  s  )   (  i d ∗  −  i d +  )  + w L  i q +  +  u d +        u q +     = −  ( K p +   K i  s  )   (  i q ∗  −  i q +  )  − w L  i d +  +  u q +       



(31)






      u d −     = −  ( K p +   K i  s  )   (  i d ∗  −  i d −  )  + w L  i q −  +  u d −        u q −     = −  ( K p +   K i  s  )   (  i q ∗  −  i q −  )  − w L  i d −  +  u q −       



(32)







The inner current control from Equations (31) and (32) is illustrated in the block diagram of the DSRF inner current control loop shown in Figure 10.




4.4. Circulating Current Suppression Control


An active power transform is directly responsible for circulating current in the modular multilevel converter. The transformation of energy from the AC side of the modular multilevel converter to its DC side reflects with DC circulating current. There is some low-frequency fluctuation in the submodule voltage because of the floating nature of the submodule’s capacitor. This fluctuation appears at the end, at the arm voltage   ∑ v   in the form of dominated second harmonic voltage. Circulating current in between the phases of modular multilevel converter distorts the arm currents, increases the peak value of arm currents, and increases system power losses.



The equivalent circuit of the MMC for circulating current analysis is shown in Figure 11. The dynamics for circulating current can be described by the following equation:


   V  d c   = ∑ v + 2  i  c c    R  a r m   + 2  L  a r m     d  i  c c     d t    



(33)






   V  d c   =  v u  +  v L  + 2  i  c c    R  a r m   + 2  L  a r m     d  i  c c     d t    



(34)




The above equation implies that   (  v u  +  v L  )   are only variables for controlling the circulating current in the arm of MMC. Splitting   ∑ V   into DC-link voltage and circulating current,


   V  d c   =  v u  +  v L  + 2  V  c c    



(35)






   V  d c   − 2  V  c c   =  v u  +  v L   










   V  d c   =  V  d c   − 2  V  c c   + 2  R  a r m    i  c c   + 2  L  a r m     d  i  c c     d t    



(36)






   V  c c   =  i  c c    R  a r m   +  L  a r m     d  i  c c     d t    



(37)




Time domain dynamics for three-phase MMC is as follows:


   V  c  c a    =  i  c  c a     R  a r m   +  L  a r m     d  i  c  c a      d t    



(38)






   V  c  c b    =  i  c  c b     R  a r m   +  L  a r m     d  i  c  c b      d t    



(39)






   V  c  c c    =  i  c  c c     R  a r m   +  L  a r m     d  i  c  c c      d t    



(40)







Circulating currents are formalized in Equations (43)–(45) below. Three-phase circulating currents consist of negative-sequence double-line frequency component.


   i  c  c a    =  1 3   I  d c   +  I  c c   c o s  ( 2 ω t + θ )   



(41)






   i  c  c B    =  1 3   I  d c   +  I  c c   c o s  ( 2 ω t + θ −   2 π  3  )   



(42)






   i  c  c c    =  1 3   I  d c   +  I  c c   c o s  ( 2 ω t + θ −   4 π  3  )   



(43)






   i  c  c a    +  i  c  c b    +  i  c  c c    = 0  



(44)







To control the second harmonic circulating current, DC terms are neglected in the analysis.


    I →   c c   =  I  c c    e  J ( − 2 ω t + θ )    



(45)







Control of the second harmonic current can be accomplished by utilizing a vector method. In a dq rotating frame, the current is controlled with 2 ω  due to its negative-sequence double-line frequency component. The equations for   V  c  c a    ,   V  c  c b    , and   V  c  c c     are transformed into   α β  -frame by rotating vectors:


    V →   c c   =  I  c c    R  a r m    e  J ( − 2 ω t + θ )   +  L  a r m     d (  I  c c    e  J ( − 2 ω t + θ )   )   d t    



(46)







Converting   α β  -frame to dq-frame, we have


   e  − j θ     V →   c c   =  e −  j θ  I  c c    R  a r m    e  J ( − 2 ω t + θ )   +  



(47)






   e  − j θ    L  a r m     d (  I  c c    e  J ( − 2 ω t + θ )   )   d t    



(48)






    V →   c c , d q   =  I  c c    R  a r m    e  j θ   +  L  a r m     d (  I  c c    e  j θ   )   d t   − 2 j ω  L  a r m    e  j θ    



(49)






       V  c  c  − d          V  c  c  − q         =  R  a r m        I  c  c  − d          I  c  c  − q         +  L  a r m    d  d t        I  c  c  − d          I  c  c  − q         +      2  L  a r m   ω  i  c  c  − q           − 2  L  a r m   ω  i  c  c  − p           



(50)







Circulating current suppression controller (CCSC) is built up with the help of Equation (52), as shown in Figure 12. The references are set to zero for current to see zero-control voltages at a steady state.




4.5. Description of Outer Loop Controllers of Proposed System


The principal objective of this research work is to operate back-to-back MMC in islanded mode continuously with satisfactory power quality conditions. In the proposed system, the MMC-rectifier controls the DC voltage and AC voltage, whereas the MMC-inverter controls AC voltage and active power.



The inner current controller is designed in a dual synchronous reference frame (DSRF) to allow negative-sequence current injection to upstream AC grid and nonlinear load system under unbalanced fault conditions. DC voltage outer control loop is designed for the MMC-rectifier to control the DC voltage, as shown in Figure 13.



This is achieved by creating a d-axis reference current for the inner current loop (ICL), comparing reference DC voltage to DC voltage measured, with an error signal   I d   feeding the PI controller. Output reference   I d  + r e f    is fed to the inner current control loop.



The control loop can be represented by the following equation:


   I d  + r e f   =  (  V  d c   r e f   −  V  d c   )  .  (  K p  +   K i  s  )   



(51)







The PI controller is tuned at   k p   = 8 and   k i   = 150. Simulation results for DC voltage and power control of the MMC-rectifier is shown in Figure 14. Outer loop AC voltage controller for both the MMC-rectifier and the MMC-inverter are shown in Figure 13 and Figure 15. The main objective of this control is the shaping of AC voltage. It is carried out by creating a d-axis reference current for the inner current loop (ICL), comparing reference AC voltage to AC voltage measured, with an error signal iq feeding PI controller. Output reference   I q  + r e f    is used for the inner current control loop. The control loop can be represented by the following equation:


   I q  + r e f   =  (  V  a c   r e f   −  V  a c   )   (  K p  +   K i  s  )   



(52)







The PI controller is tuned at   k p   = 2 and   k i   = 260. Outer loop active power controller is designed for the MMC-inverter shown in Figure 15. The output reference   I d  + r e f    is used for inner current control loop. The control loop can be represented by the following equation:


   P s  =  3 2   [  v d  .  i d  ]   



(53)






   I d  + r e f   =  3 2   (  P s  −  P  r e f   )   (  K p  +   K i  s  )   



(54)







The PI controller is tuned at   k p   = 0.1193 and   k i   = 55.891 to control the AC side active power of MMC-inverter. Simulation results for active power control of MMC-inverter are shown in Figure 16. This shows that the load is receiving healthy nominal power. Circulating current suppression control is an outer loop control that effectively suppresses the problematic AC component of circulating differential current in modular multilevel converter arms. The controller designed for circulating current suppression control of the MMC-rectifier and the MMC-inverter is the same as that shown in Figure 12. The circulating current controller feeds its reference signals to the inner current loop (ICL). The PI controller is tuned at   k p   = 1 and   k i   = 5. A simulation for the circulating current suppression controller is shown in Figure 17.




4.6. Modulation Strategy


The modulation strategy adopted for the MMC-rectifier and the MMC-inverter is the nearest level modulation technique. This modulation technique allows for the operation of the switching frequency equal to fundamental frequency, reducing the associated conduction losses of the converter effectively. It works by translating the modulating signal into discrete stair waveform, directing the pulse generator how many modules to insert. It is therefore adopted for the system because it is the most common modulation strategy for high-power modular multilevel converter applications. Figure 18 shows the NLM-generated reference signals for MMC. The y-axis shows the number of SMs and x-axis is the time in seconds.





5. Results of the Simulation and Discussion


The simulation for the proposed scheme is conducted in a MATLAB-based Simulink system. The simulation environment and system parameters are illustrated in Table 4.



Steady-state operation of both the MMC-rectifier and the MMC-inverter with submodule voltage, arm current, and capacitors voltage is shown in Figure 19.



The voltage of the submodule of MMC is calculated in p.u. where base voltage is set to 2.25 kV, dividing DC voltage by the number of submodules “N”. Figure 19b,g shows that the arm current flows in one phase of each of the MMC-rectifier and MMC-inverter. Arm current is calculated in p.u. as the base current is set as 1.924 kA. Voltage ripple of submodules is approximately 11% which is composed of both AC and DC quantity. Capacitors of submodules can handle this voltage efficiently. IGBT module package of 4.8 kV is used and derated to 2.25 kV having 11% ripples.



A single-phase voltage sag of up to −60% magnitude, asymmetrical fault, is modeled through the 220 kV source of the system model on the overlaying AC grid side and is the case to be simulated in this research article. A single-phase fault is applied to the simulation model, as shown in Figure 20. When the simulation time is 1.6 s, the effect of the voltage sag is −60% magnitude for 75 ms. AC grid with voltage sag of −60% magnitude feeds the MMC-rectifier.



Voltage Sag Mitigation Strategy


The main objective of this research is to explore the feasibility and potential of the MMC to mitigate voltage sag that is on the overlaying grid due to asymmetrical fault and to deliver a constant power to load distribution. During severe asymmetrical fault conditions, e.g., single-phase fault, in the overlaying grid, voltage sag is for up to −60% within 75 ms, the MMC should provide support to ensure the constant power flow for load distribution. This can be realized by supplying energy from integrated energy in the submodules of the MMC-rectifier and the MMC-inverter to compensate for the missing energy of overlaying grid due to asymmetrical fault.



Energy Storage of Converter


The capacitor of the submodule acts as an energy buffer. Energy stored in the capacitor of the submodule is given by the following equation:


   E c  =  1 2  C  V c 2   



(55)







The capacitance of the capacitor is 10.48 mF and the submodule’s voltage   V  S M    is 2.25 kV. The installed energy of a submodule as per the above equation is 26.53 kJ. Energy stored in one arm and phase leg of the converter is 1.591 MJ and 3.18 MJ, respectively. The installed energy of the three-phase MMC converter with 60 submodules is 9.5 MJ. Energy stored in back-to-back MMC is 19 MJ.



During asymmetrical fault in the overlaying grid side, the capacitor of submodules should safely discharge its stored energy to compensate for energy loss made by voltage sag during asymmetrical fault. The modulation index of the MMC is 0.8, and the threshold of capacitor discharging is decided by the steady-state modulation index of MMC. Therefore, the MMC-rectifier allows for DC voltage drop from 1.0 p.u. to 0.8 p.u. without affecting its operation. During the fault conditions, the internal energy storage of the MMC-rectifier and the MMC-inverter should have supplied 10.4% and 12.4% of its installed energy, respectively, as their energy is discharged to approximately 0.896 p.u. and 0.876 p.u. The instantaneous energy of the MMC-rectifier and the MMC-inverter is shown in Figure 21.



Energy stored in the MMC-rectifier is discharged to approximately 0.896 p.u. to compensate for the energy loss caused by voltage sag in the upstream AC grid. The installed energy of the MMC-rectifier is 9.5 MJ. Only 10.4% of installed energy, 0.99 MJ, is discharged to compensate for the effect of the transient voltage sag without affecting the operation of the MMC-rectifier.



The output DC power of the MMC-rectifier becomes oscillating, as seen in Figure 22, because of the energy interaction between the MMC-rectifier and the MMC-inverter. It can be seen that the DC power peak has reached 1.18 p.u., since it is not harmful, because the DC power equally flows in the upper and lower arms of the both the MMC-rectifier and the MMC-inverter. In this scenario, IGBT bears safely the overcurrent, which is around 25%, that lasts for a one-half cycle.



The power consumed by the MMC-rectifier is shown in Figure 23. This shows that when −60% voltage sag is present, active power drawn is reduced to 0.82 p.u., while only 10.4% of installed energy, 0.99 MJ, is discharged to compensate for the effect of the transient voltage sag without affecting the operation of the MMC-rectifier. The MMC-inverter has compensated for the remaining oscillations after the MMC-rectifier using its integrated energy of the submodules.



The installed energy of the MMC-inverter is 9.5 MJ. Only 12.4% of installed energy, 1.178 MJ, is discharged for mitigation of the transient voltage sag completely. Figure 24 shows the power delivered from MMC-inverter to the dynamic load distribution. This shows that the load distribution system is healthy and receives AC voltage at a nominal value. These results confirm that the MMC is feasible for an option to mitigate voltage sag and to ensure satisfactory power delivery to the dynamic load distribution. In Figure 25, the output voltage and current of MMC-inverter are normal and healthy with no evidence of voltage sag or energy loss.



It is concluded from Figure 24 and Figure 25 that transient voltage sag of about −60% for the period of 75 ms, the worst sag scenario, in upstream AC grid side is controlled effectively by back-to-back MMC-rectifier and MMC-inverter.



Table 5 shows the comparison of the commonly employed and proposed control strategies for voltage sag mitigation.






6. Conclusions


In this article, we focus primarily on providing satisfactory power delivery to the load distribution system and meeting nominal power demand under transient voltage sag conditions. A back-to-back modular multilevel converter is designed to mitigate transient voltage sags. Using the internal energy storage of submodules of back-to-back modular multilevel converters, transient voltage sag due to asymmetrical fault with a magnitude of −60% for 75 ms in the upstream AC grid is mitigated effectively. The ability of the improved voltage sag mitigation method is proved through simulation results studies. Furthermore, effective control strategies are developed for inner current control (ICC) in the dual synchronous reference frame (DSRF) to control undesirable components, i.e., double-line positive- and negative-sequence components of the circulating current. The effectiveness and performance of the proposed method are well-validated by the results of the simulation.



Future Work and Limitations


Based on this research work, future studies can explore the following aspects:




	
An investigation into AC grid stabilization and reactive power injection into upstream AC grid with the back-to-back MMCs.



	
Fault handling and detection studies for internal submodules of MMC. Examining and simulating internal submodule faults and detection methods, as well as exploring arm–arm short circuits in the converter.



	
Techno-economical studies and reliability analysis of the back-to-back modular multilevel converters.








The limitation of this research scheme is as follows:




	
Short circuits in the individual module, as well as flash-over faults between two arms (between the converter arms), cannot be simulated using this model, since the aggregated modeling strategy is used, which considers only the entire converter arm.
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Figure 1. Dynamic voltage restorer–integrated AC grid system to mitigate voltage sag. 
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Figure 2. Typical configuration of SVC used for mitigation of voltage sag in AC grid system. 
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Figure 3. General configuration of UPQC for voltage sag mitigation in AC grid system. 
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Figure 4. Component design flow chart of modular multilevel converter. 
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Figure 5. Submodule of MMC. 
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Figure 6. A detailed control system model of the MMC-rectifier and the MMC-inverter. 
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Figure 7. Equivalent circuit of MMC. 
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Figure 8. MMC inner current control loop. 
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Figure 9. Control system. 
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Figure 10. MMC DSRF inner current control loop. 
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Figure 11. Equivalent circuit of the MMC for circulating current. 
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Figure 12. Circulating current controller of the converter. 
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Figure 13. Outer and inner control loop for the MMC-rectifier. 
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Figure 14. DC voltage control of the MMC-rectifier. 
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Figure 15. Outer and inner control loop for MMC-inverter. 
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Figure 16. Active power control of inverter. 
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Figure 17. Circulating current suppression control of the MMC-rectifier. 
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Figure 18. Nearest level modulation signals for MMC. 
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Figure 19. Steady state operation of the MMC-rectifier and the MMC-inverter with SMs voltage, current, and capacitors voltage. 
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Figure 20. Upstream AC grid voltage sag of −60% magnitude. 
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Figure 21. Instantaneous energy in the MMC-rectifier and the MMC-inverter. 
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Figure 22. DC bus power. 
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Figure 23. Power drawn from grid to feed rectifier. 






Figure 23. Power drawn from grid to feed rectifier.



[image: Energies 15 01681 g023]







[image: Energies 15 01681 g024 550] 





Figure 24. Power delivered from MMC-inverter to load distribution system. 
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Figure 25. Inverter output voltage and current. 
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Table 1. The voltage drop and time duration allowed differently based on grid codes in different countries.
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	S. No
	Country
	Voltage Drop
	Time





	1
	USA
	15%
	0.6 s



	2
	UK
	15%
	0.14 s



	3
	China
	20%
	0.625 s



	4
	Italy
	0%
	0.2 s



	5
	Japan
	15%
	1.0 s



	6
	Germany
	0%
	0.15 s



	7
	South Africa
	0%
	0.15 s



	8
	Spain
	0%
	1.5 s



	9
	Australia
	15%
	0.45 s



	10
	Denmark
	20%
	0.5 s
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Table 2. Comparison of various technologies used for voltage sag mitigation.
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	Factors
	DVR
	SVC
	UQPC





	Rating
	High rating
	Low rating
	High rating



	Speed of operation
	Fast
	Less than DVR
	Faster



	Compensation method
	Series compensation
	Shunt compensation
	Both series and shunt



	Active & Reactive power
	Reactive/active
	Reactive
	Both active and reactive



	Harmonics
	Much less
	Less
	Least



	Problem addressed
	Voltage sag/Swell
	Voltage sag/Swell
	Sag/Swell/Transients



	Complexity
	High
	High
	Higher



	Cost
	High
	High
	Higher
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Table 3. Market availability of high-voltage IGBT modules.
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Blocking Voltage

	
Current Rating (Ampere)






	
1.7 kV

	
1000

	
1200

	
1600

	
3600

	
-




	
3.3 kV

	
450

	
600

	
800

	
1200

	
-




	
4.5 kV

	
900

	
1000

	
1350

	
1500

	
-




	
6.5 kV

	
225

	
300

	
600

	
900

	
1000
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Table 4. Parameters of upstream AC, DC grid and modular multilevel converter.






Table 4. Parameters of upstream AC, DC grid and modular multilevel converter.





	S. No
	Parameter
	Values





	1
	Upstream AC grid voltage
	220 kV



	2
	Transformer rating/AC grid side
	220/66 kV (Core type)



	3
	No of SMs in MMC
	60



	4
	Arm inductance   L  a r m   
	0.0164 (p.u.)



	5
	Arm resistance   R  a r m   
	0.0300 (p.u.)



	6
	Submodule capacitance
	0.0105 (p.u.)



	7
	DC grid voltage
	135 kV



	8
	AC grid voltage
	66 kV



	9
	Transformer rating/load side
	66/11 kV (Core type)



	10
	Dynamic load active power
	10 MW



	11
	Dynamic load reactive power
	25 MVAR



	12
	Sampling time
	20 μs
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Table 5. Comparison of the commonly employed and proposed control strategies for voltage sag mitigation.
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	Method
	Issue Mitigated
	Outcomes
	Limitations
	Reference





	DVR
	Voltage sag
	-Voltage sag is mitigated during different types of grid faults.
	-High cost.

-Quite complex.
	 [5]



	Fuzzy logic controller-based DVR
	Voltage sag
	-Mitigated voltage sag up to 50%.

-Rapid detection rate compared to conventional methods.
	-All types of sags are not tested.

-Frequency fluctuation.
	 [8]



	SVC
	Voltage sag
	-Voltage sag of all kinds addressed.

-During sag events, inject reactive power to maintain voltage.
	-Lower performance than DVR.
	 [6]



	Adapted SVC control strategy
	Voltage sag
	-Voltage sag is addressed with reactive current injection.

-Voltage stability is fully supported during faults scenario.
	-No grid code standards are followed.
	 [29]



	ANFIS-Based UPQC
	Voltage sag
	-Voltage sag is addressed with reactive current injection.

-Support voltage stability during faults.
	-Increased cost.

-High complexity.
	 [7]



	MMC-based voltage sag mitigation (Proposed method)
	Voltage sag
	-Compensate for missing energy of upstream AC grid due to fault using integrated energy in the SMs of MMC.

-Mitigated voltage sag up to 60%. -Response time is very fast (<1 ms).

-Support voltage stability during faults.-Simple design and control mechanism.

-It has high redundancy possibilities.

-It has smaller footprint.

-Low cost (no need of custom PQ regulator).

-Low harmonics and low conduction power losses.
	-When a semiconductor fails in a sub-module, there is a need for protection. The capacitor will release stored energy causing an explosion.
	Proposed in this research.
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
AC Source

SVC

1

-

VL

Main grid






media/file39.jpg
A

eeeeeeeeeeeee





media/file18.png
abc

080

—

T
aq /+
0g

|

Positive sequence Vg
| current control
*+T
Outer | *
uter loop Q
control system g
g | oo Vig
_q’ Negative sequence | V04
current control

y dg /-

abc

abc >






media/file21.jpg
2R

am

2L

arm

2R

arm

2L

arm

2ve @

2R

arm

2L

arm






media/file44.png
—

o

DC Power (p.u)
o

o

o
(@] N

DC Voltage (p.u)

o

DC Bus power (p.u)

PR S S

N NG N N R NG Nl TN NG NG NN

P . WP N W . W WY G ey o~ A PR
WV VW R TR vv—-w—fv-vv‘lw VWVV W N W

1.2 1.4 1.6 1.8 2 2.2 2.4

Time (seconds)
DC Bus voltage (p.u)

1.4 1.6 1.8 2 2.2 24

Time (seconds)

1.2

—





media/file26.png
DC voltage control Inner current control loop MMC Rectifier

Uy
_I_
v PI 91
dq
Vie abc
4= + J
— | Pulse Generation
+ T - NLM
AC voltage control =
Circulating current
o control

ac






media/file7.jpg
System power, S

'

dc-Link voltage, Voc

i

Sub-Modules capacitance, Csu

'

Sub modules per arm, N

|

Arm-Inductance, Larm






media/file28.png
DC Bus power (p.u)

el
9 1 VAv“v“‘vAw‘v‘vAv“v‘v—“vAv‘v“:—‘v‘— e L e il e e i ™ g Sl e e ~
-

)

205

o

@

0O 0

1 1.5 2 2.5
Time (seconds)
DC Bus voltage (p.u)

ERL

£

()

l®))

805

O

>

)

0O o

2 2.5

1.5

—

Time (seconds)





media/file10.png
citor

Capa





media/file49.jpg
vererouputvotage Line-Line)

I [
Tos s
et
s
|
305
Y
L
Sos
)
14
s s s w % w v s

Tine (seconds)





media/file11.jpg





media/file6.png
AC source

Is

Vs

Typical configuration of UPQC

Rs
Cs

W

Vc

—

Series APF

Shunt APF

©

1
T

©

Rsh
Csh

Ish

£






media/file36.png
| |
1.01 1.02 1.03 1.04 1.05 1.06 1.07
Time (Seconds

OO OO VAR

AAMAMARANAARAARSARAAA A
(FEVERRVEVERA VAN R VAV EY

VRYAVAYRVATAVRTAVAAVAVATAVRVAVRYATAVATRTAVAYA

A AAA LA RN A AN DR A A L)
YAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAYAVAYAYA






media/file15.jpg
Inner current control loop

Vs
5 + Pl
g Sy
= oh d
idi—ﬁﬁ— >
lq —>wl— _’
I;r 45 . + Vrei
69 1 4
= s

S






nav.xhtml


  energies-15-01681


  
    		
      energies-15-01681
    


  




  





media/file2.png
Conversion system ‘ \

|
Y, | o
X ‘

AC source
‘ FiIter\

H
[z

Battery
|






media/file23.jpg
W R

i

Q]
=






media/file24.png
g

abc

le AC Vol

_‘_

tage reference

MMC Rectifier

Pulse Generation
NLM

L






media/file29.jpg
Active power contrul Inner current controlloop MMC Iaverter






media/file1.jpg
Aseneg

TR1

Filter

Conversion system

AC source





media/file12.png
Upstream AC
Grid system, 220kV

60% voltage sag

DC grid
system

N 4
=iVZAVANN

11 kV Dynamic

load distribution system
- Transformer 1 MMC RECTIFIER MMC INVERTER Transformer 2
[g | 220 KV/66KV v + 66 KV/11 KV
T ©) ' b1 2| Ve [P A=—0)—
I e s | 1  p— 7 c /| —>
Tarm A A 135 kV A A Tarm
abc y Y abc - - abc b
y ly abc
Vi ?; A1 y abe abe b e |C1rculatmg Current| V2 ’g ?412
Circulating Current]  Vul vii Vu2 vi2 Controller 7
YV Controller A2 /
I Pulse Generation 26 abc to dq0, power
flbc to dq0 NLM calculation
| Extraction of phase angle A Extraction of phase angle
. Vi igq |0
Vag| |idq|® Viff ! !
Vdiff
vl A A
—>| Alternating Voltage l q Inner Current Inner Current La measure
Vac Controller >1  Controller Active Power
Controller £
Controller «— P re
ref
Vdc
—>| Direct Voltage ) ref
Controller Alternating Voltage |— \Y
V o I'C
de qu Controller <« Ve






media/file9.jpg
Capacitor





media/file42.png
Instantaneous energy in converters
| |

1 T
~0.8
=
Q
50'6 ==Energy- MMC-rectifier
E’ 0.4 ==Energy-MMC-Inverter
LL
0.2
0
| | |
1 1.2 14 1.6 1.8 2 2.2 2.4

Time (seconds)





media/file47.jpg
Power delivered from MMC-inverter to load

—p
—a |

15

Time (seconds)

25





media/file38.png
5 (a) Sub module voltage-Rectfier (p.u)

o

0 1 PR

3

=05 = Upper arm

EO —Lower arm

0 1 106 11 115 12 126 13 13 14 145 15
Time (seconds)

E (b) Am current - Recfer (p.u)

=1

T —Upper arm

o A A T AT A VA ATAVA AVATAVATAATAVAVAVAVATAVATAVAVAVAVAVAAVAVAVAATAAY

5.1 WM/ —Lower arm

£

< 106 11 115 12 12 13 13 14 14 15
Time (seconds)

% (c) Va_ capacitors - Rectifier

§ 3000 —Upper arm

G 9000 POSRRRRRRRRIRRARRRRIRRIARIIRRIRIARA

[ = Lowerarm

91000

8 106 11 115 12 125 13 1% 14 14 15
Time (seconds)

% (d) Vb_ capacitors - Rectifier

§ 3000 —Lowe am

5 200 SSSSSSNSSISVNSSSONSSSSOSNSSOSN OSSOV SSSOSN

§ 1000 —Upperarm

8 T 106 11 15 12 1% 13 1% 14 14 15
Time (seconds)

5 (e) Vc_ capacitors - Rectifier

£ 3000

g 2000 DRI Lower arm

0

’é 1000 ~—Upper arm

Q

8 T 106 11 115 12 125 13 1% 14 145 15
Time (seconds)

El (f) Sub module vottage - Inverter (p.u)

Q

0 | POOLOCOLLLOLOLOOOLOLOLLLL0LLL000000000000000000004

3

= 05 —Lowerarm

; 0 = Upper arm

0 106 11 145 12 125 13 1% 14 145 15
Time (seconds)

E (g) Arm current- Inverter (p.u)

‘a;:‘J 0; \\\—Upperam

= ot AR LR AL L]

0 4 WV VUV \ WV ——Lower arm

E .

g 1 105 11 115 12 15 13 1% 14 145 15
Time (seconds)

9 (g) Va_ capacitors - Inverter

2 300

0

22000 DO00O0O0O0O0O0D00000000000000000000000000( ™ Upperam

0

B 1000 —Lowerarm

3

8 T 1065 11 15 12 125 13 1% 14 145 15
Time (seconds)

% (h) Vb_ capacitors - Inverter

= 3000 ]

;2000 e R g e R T i e ...._ pperarm

B 1000 Lower arm

3

8 T 105 11 15 12 15 13 1% 14 145 15
Time (seconds)

% (i) Ve _ capacitors - Inverter

= 3000 L

22000 FELLPACLL LSS S -.,:“'.“'":"-"‘ !’ e’ N’ g e N OWer arm

’é 1000 == Jpper arm

Q

8 T 1065 11t 15 12 125 13 1% 14 145 15

Time (seconds)





media/file17.jpg
Positve sequence
current control

il
ltg

Outer loop
control system

Negative sequence

current control

X
Itg






media/file30.png
Active power control Inner current control loop MMC Inverter

_|_
Uy
vV,
d 31/
iy, Ps=2Vyia
%
SM
Pulse Generation
NLM SH
_
SM
AC voltage control I
Circulating Current
ref Controller

ac






media/file35.jpg





media/file48.png
Power delivered from MMC-inverter to load

—

O
oo

o
o

©
N

Load power (p.u)

o
N

o

1.5 2
Time (seconds)






media/file27.jpg
'DC Bus power (p.u)

g1
fos
8o |
v s 25
Time (seconds)
0C Bus votage ) i
30
Fos
2
g
8, i
v g 25

Time (seconds)





media/file3.jpg
VL Main grid

Re Lt
AL

AC Source l [

svc






media/file22.png
A}icc/\ icc_B icc_C *
Ioc A ey g (v Jve

V J
DC_@ R IR & 2R

arm arm

2L 2L 2L,

arm arm






media/file19.jpg
Inner current control loop

dg






media/file40.png
(p.u)

ATRTATATRTATAATATAY A A A e Pl

ARRAN

MMM AR

VY VY VLY

VIV VYTV VYV

l\lA"M\/A"M\lA" M\IA"%WXA LA

1.6

|

m

V

L

AL

WYYV

ﬂﬁﬂ{\

L -~ 1 O .’ « W

1.65 1.7 1.75

ds)

1.55

Time





media/file33.jpg
Circulat

HAABAAAER

nnnnnnnnn





media/file32.png
Active power (p.u)

Active power control

N

o

25

Time (seconds)

45






media/file14.png
N N
)
2 3 . 8 2
A 7 7 ) 7 = 7U |
9 | Q 7 |
U S JEIM@I
O <<0 C yyy 0 n
J S« Sl
A
s 3 < ~
T 8 NI






media/file41.jpg
Instantaneous energy in converters

{

~08 ‘
5
B,
go.e ‘ I—Energy- MNC-rectfier
w
02 ‘
|
1 12 14 16 18 3 22 24

Time (seconds)





media/file37.jpg
1958 e e 1) 1St -l

o 8 !
T s u s 0 8w sd s u s 0 s 0 &
N ) Tafers)
H e 3 maret net)
i il —
En e £ o e
& o) § e
KEOEE
| T N N
T o)
$ oo ek 5 b
Bl J— _W“i
EWMWWWWM ¥
o o 3 i
T T T T T I
T T )
1, i e 1 et
'

TEE
g%
'ﬁi”
I
g
HIH

WU 12 B 0 E W g W w5 w5 u 3w E %
s T
elVe_capit- R § e, -
—

EEy
H

{H
¥

I i
ii

&

I R
Tie st Tin sees)

B





media/file46.png
Grid power (p.u)

Power consumed by MMC-rectifier

=P
~ = Q
| \J
0.5
0 Jﬁ“‘*-‘-‘ﬂ'r‘,,
2.5

1.5

Time (seconds)





media/file45.jpg
Grid power (p.u)

Power consumed by MMC-rectifier

—p

o =

15 2 25
Time (seconds)





media/file16.png
Inner current control loop






media/file20.png
Inner current control loop

abc

ref

abc






media/file50.png
Inverter output voltage (Line-Line)

ANV ANV ANV

0 WA R R R

YYYY YYY YYY A A VTV

LI

voltage (p.u)

VUUVUVVVVYUVVVUYUUVVUVNVUVUUVUUVUVY

<
<
<
<
<
<
<
<
<
<
<
<
<

VWUV

1.35 14 145 1.5 1.55 16 1.65 1.7 1.75
Time (seconds)
Inverter output current

Current (p.u)

1.35 14 1.45 1.5 1.55 1.6 1.65 1.7 1.75
Time (seconds)





media/file5.jpg
Typical configuration of UPQC L

Series APF Shunt APF =
= - ™
T
IS § &

I 1






media/file31.jpg
Active power control

(n-d) somod 2anoy

"

2 5 0
‘Time (seconds)

15

o5





media/file25.jpg
DC voltage control Inner current control loop. MMC Rectifier






media/file0.png





media/file8.png
System power, S

'

dc-Link voltage, Vbc

'

Sub-Modules capacitance, Csm

'

Sub modules per arm, N

¢

Arm-Inductance, Larm






media/file43.jpg
DC Bus power (p.u)

3 e AN A A A
B
§n5
§
g5
v 12 i 1 18 2 - -
T soconts)

CBus votage ()

= = 2 22 2

: iz 1a
Time (seconds)





media/file34.png
Circulating current (p.u)

0.02f~

-0.04

Circulating current suppression control (CCSC)

— g
==ib

—i

Ne
MU

0.04}

nal

| | |

=U.Uo

0.92

0.93

0.94

0.95 0.96 0.97

Time (seconds)

0.98

0.99






