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Abstract

:

In the power industry, hardware in-the-loop simulation (HILS) based on a real-time digital simulator (RTDS) is important technology for modular multilevel converter (MMC)-based high-voltage direct current (HVDC) power transmission. It is possible in real time to verify various fault situations that cannot be predicted by the software-in-the-loop simulation (SILS). This paper introduces the implementation methodology of sub-module (SM) capacitor voltage balancing for a MMC-HVDC physical control system based on field-programmable gate array (FPGA), which has the advantages of high-speed parallel operation and validates the reliability and accuracy of MMC-HVDC control when this control system is operated with RTDS. The characteristics of conventional capacitor voltage balancing methods, such as the nearest level control (NLC) with full sorting method, the NLC with reduced switching frequency method, and the tolerance band (TB) method, implemented on a physical control system based on this implementation methodology, are compared and analyzed. This paper proposes the improved capacitor voltage balancing method for MMC-HVDC transmission. Finally, the proposed capacitor voltage balancing method is compared with conventional methods to analyze performance in real-time to demonstrate that the proposed method is better than the conventional methods.
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1. Introduction


The development of voltage source converter (VSC)-type high-voltage direct current (HVDC) transmission systems is becoming an important technology in the power transmission industry [1]. Direct current (DC) transmission is economical because the insulation level of the line is low. In addition, it has the effect of dividing the power system and is advantageous in terms of power loss at long distances when compared to alternating current (AC) transmission. In particular, since it has high controllability, it is possible to apply various control methods suited to the characteristics of AC [2]. Therefore, it is expected that more HVDC control methods will be studied in the future. However, in order to build HVDC transmission systems, initial simulations are needed to verify a system because they require a huge amount of money. The simulation method is largely divided into two different methods. The first method is the software-in-the-loop simulation (SILS) method, which designs the controller, topology, and various devices by a software-based design. The second is the hardware-in-the-loop simulation (HILS) method, which interfaces with a real-time digital simulator (RTDS) to create a physical control system and approximate an actual system at the hardware level. These two methods, each with a variety of software tools, perform various functions for the purpose of the simulation [3,4]. HILS consists of a RTDS that has been proven in the power industry and a computer aided design (CAD) program that designs it. In addition, the RTDS and physical control system must be configured to interface with each other. Therefore, this paper introduces implementation of the HILS system for a point-to-point (P2P)-type modular multilevel converter (MMC)-based HVDC by designing a physical MMC control device based on a field-programmable gate array (FPGA) and verifies the performance of the control device [5].



In order to construct the HILS for power converters, it is necessary to perform precise verification of each part while constructing the interface between the real-time simulator (e.g., RTDS or OPAL-RT) and the physical control system [6,7,8,9]. These parts can be divided into three categories: Platform, communication, and algorithm. It is necessary to collect data based on many experiments to see how all of the parts react under various conditions. The platform should be designed by defining the hierarchy of the controllers. In addition, a proper communication system should be constructed for mutual cooperation among these layers. Furthermore, it is necessary to consider the timing of the communications between layers. Experiments should also be conducted to find alternatives to the packet loss that can occur in each segment. Once the hardware design of the HILS system has been completed, software-based alternatives to the various problems that arise in the controller’s internal computing system should be prepared. When the AC grid voltages are unbalanced, circulating current suppression control algorithms should be selected according to the computation speed and the calculation performance in the physical control system [10]. In addition, various capacitor voltage balancing methods are implemented as FPGA logic, which can operate in parallel [11]. Furthermore, a method to design a 240 MW and 1 GW-class MMC-HVDC with optimal switching frequency and ripple is introduced.



A low-level controller, such as modulation methods and capacitor voltage balancing methods, must be designed in consideration of the timing of the control logic because it must be implemented in the FPGA for high-speed parallel operation. Since HILS can identify and solve various problems that can occur in real systems, it can be the most reliable verification method before making an actual large capacity MMC-HVDC. Finally, this paper compares and analyzes characteristics of capacitor voltage balancing methods, such as the nearest Level control (NLC) with full sorting method, the NLC with reduced switching frequency method, and the tolerance band method, implemented on a physical control system. Additionally, the proposed new capacitor voltage balancing method is compared with conventional methods to analyze performance for a 240 MW and 1 GW-class MMC-HVDC system.




2. Modular Multilevel Converter


2.1. Topology of Modular Multilevel Converter


As shown in Figure 1, the structure of a three-phase grid-connected modular multilevel converter (MMC) consists of six arms [12]. Each phase has two arms. Each arm has one inductor and N sub-modules (SM) in the form of a half-bridge connected in a series. Each SM consists of one capacitor and two insulated gate bipolar transistors (IGBTs) and controls the onoff state of the switches, S1 and S2, to produce a desired AC or DC voltage. S1 and S2 are complementary to each other. When S1 is ON and S2 is OFF, the capacitor is charged or discharged depending on the direction of the arm current. Conversely, when S1 is OFF and S2 is ON, the capacitor is bypassed and the voltage value remains unchanged. In other words, the control method of the MMC is affected by the switching pattern of the SMs [13].



To balance the voltages of the upper and lower arms of each phase, the voltage across the SMs in each arm must be shared. Therefore, the voltage reference must be calculated to select a number to switch the SMs in each arm [14]. Figure 2 shows an equivalent circuit of a MMC. State equations are obtained based on this equivalent circuit and the voltage references of each arm are finally obtained as follows [15]:


   v  s j   =    V  d c    2  −  v  p j   −  R  a r m    i  p j   −  L  a r m     d  i  p j     d t   ,  



(1)






   v  s j   = −    V  d c    2  +  v  n j   +  R  a r m    i  n j   +  L  a r m     d  i  n j     d t   ,  



(2)







In these equations,  j  is the a, b, and c phase and    V  d c     is the DC voltage. In addition,    v  p j     is the upper arm voltages and    v  n j     is the lower arm voltages.    R  a r m     is the resistance of each arm and    L  a r m     is the inductance of each arm. Equations (1) and (2) are the voltage equations of the upper and lower arms for    v  s j    , which was defined as the phase voltages.


   e j  =    v  n j   −  v  p j    2  ,  



(3)






   i  s j   =  i  p j   −  i  n j   ,  



(4)






   v  s j   =  e j  −    R  a r m    2   i  s j   −    L  a r m    2    d  i  s j     d t   ,  



(5)







If Equations (1) and (2) are subtracted and rearranged with Equation (3), which was defined as the imaginary inner alternating voltages    e j    in Reference [16], and Equation (4), which was defined as the phase currents    i  s j    , Equation (5) is obtained.


   i  d i f f j   =    i  p j   +  i  n j    2  ,  



(6)






   R  a r m    i  d i f f j   +  L  a r m     d  i  d i f f j     d t   =    V  d c    2  −   (  v  p j   +  v  n j   )  2  ,  



(7)







If Equations (1) and (2) are summed and rearranged with Equation (6), which was defined as the difference currents    i  d i f f j    , Equation (7) is obtained. Hence,    v  s u m j    , which was defined as the total sum of the internal voltages of each phase, is given as:


   v  s u m j   =    V  d c    2  −    v  p j   +  v  n j    2  ,  



(8)







By rearranging Equations (3) and (8),    v  p j _ r e f    , which was defined as the voltage references of the upper arm, and    v  n j _ r e f    , which was defined as the voltage references of the lower arm, can be obtained as follows:


   v  p j _ r e f   =    V  d c    2  −  e j  −  v  s u m j   ,  



(9)






   v  n j _ r e f   =    V  d c    2  +  e j  −  v  s u m j   ,  



(10)








2.2. Specification Design of MMC


As shown in Figure 3, the control system of this paper is classified into a high-level control that obtains voltage references through power control, current control, circulating current suppression control, and low-level control, which performs voltage balancing by receiving voltage references.



To determine the power transmission capacity of a MMC-HVDC system, the number of SMs and the control period must be determined first. The number of SMs is determined by the DC transmission capacity and the capacitor capacity of a SM. The control period should be designed so that the voltage level obtained by the voltage references can be changed by one level per cycle. In addition, it should be designed so that both the high-level control and low-level control can be operated within a control period, as shown in Figure 4.





3. Hardware In-the-Loop Simulation


3.1. Implementation of a Physical MMC Controller


A hardware-in-the-loop simulation (HILS) between a FPGA-based physical control platform and a real-time digital simulator (RTDS) was built, as shown in Figure 5. The high-level controller was a station controller (SC), which implemented a high-level control algorithm by receiving analog signals, such as the arm currents of the MMC, the voltage of the AC grid, the current of AC grid, the voltage of the DC-link, and the current of the DC-link from the gigabit transceiver analogue output card (GTAO) mounted on the RTDS. Below the SC, there were six valve controllers (VCs) that controlled the three-phase upper and lower valves to implement the low-level control algorithm by receiving the sub-module (SM) capacitor voltages output from the MMC support unit (MSU). In addition, there were six interface boards (IBs) to intercommunicate the packets between the VCs and the RTDS. The communication between each controller was based on Xilinx’s Aurora Protocol and consisted of 5 Gbps high-speed serial communication. A grand master clock (GMC) was used as the reference clock to synchronize all of the layers.



Figure 6 is a block diagram of the high-level control methods implemented in the physical control system. First, the characteristics of the two algorithms can be verified by implementing the phase locked loop (PLL) methods using the dq-frame delayed signal cancellation (dqDSC)-PLL method and the dqDSC with moving average filter (MAF) method. As can be seen from the power and current control block, the characteristics of the inner current control and the circulating current control, which were divided into a method using a proportional integral (PI) controller in a dq frame and a method using a proportional resonant (PR) controller in an a-b-c frame, can be compared. In addition, by adding a method of injecting the 3rd harmonic to the reference voltage, it is possible to compare the characteristics of the 3rd harmonic applied and not applied in real time. All of these algorithms were implemented in FPGA logic and could be operated at high speed.



Figure 7 is a block diagram of the low-level control methods implemented in the physical control system. When receiving a voltage reference from a high-level control, the low-level control can be compared with two methods, such as a phase-shifted carrier (PSC) pulse width modulation (PWM) to modulate the voltage reference and the nearest level control (NLC) [17]. The selection methods, such as full sorting, reduced switching frequency (RSF), an average tolerance band (ATB), and a cell tolerance band (CTB) were selectively used according to the specifications and characteristics of MMC-HVDC, and the characteristics of selection algorithms can be compared [18,19]. All of these selection algorithms were implemented in FPGAs to achieve the fastest sorting completion by applying fast parallel sorting logic.




3.2. RTDS Design


As shown in Table 1, the modeling of an MMC-HVDC in a RTDS can be designed with a program called RS-CAD for the circuit design of a 240 MW system. The primary and secondary voltage of the transformer were set to 154 kV and 118 kV. The capacity of the SM capacitors was set to 6 uF, and the inductance of the arm reactors was set to 20 mH [20,21].



In addition, the modeling of 1 GW MMC-HVDC was that the primary and secondary voltage of the transformer were set to 528 kV and 460 kV. The capacity of the sub-module (SM) capacitors was set to 10 mF, and the inductance of the arm reactors was set to 50 mH as shown in Table 2. Direct current (DC).




3.3. Parallel Sorting


Parallel operation using a FPGA is indispensable for calculating high-level control and low-level control within 10 usec. Quick sorting, which is one of the fast sorting algorithms, performs recursive operations. Parallel operation of a recursive function based on FPGA hardware logic is complicated and difficult to sort in a desired time [22]. Therefore, in order to design a sorting algorithm based on a FPGA, it is necessary to select one of the most basic sorting methods, even though it is slow, such as bubble sorting, which is not implemented as the recursive. As can be seen from the time complexity   O (  n 2  )  , the bubble sorting algorithm has an operation speed corresponding to the worst case, where the comparison operation increases by the square of the number of data to be sorted [23]. However, if parallel sorting is performed by an even-odd bubble sorting network, as shown in Figure 8, it is possible to complete the sorting with only eight parallel comparisons of eight data. In addition, the computation time can be greatly reduced when compared with a single CPU. In other words, in order to sort  n - data, the sorting is completed with only  n - parallel comparison operations [24].



In order to implement this sorting network on hardware, it should have simultaneous access to Index 0–1, Index 2–3, Index 4–5, and Index 6–7. In the next cycle, Index 1–2, Index 3–4, and Index 5–6 are accessed at the same time because access to same memory is not possible at the same time.



Therefore, as shown in Figure 9, the data of the index addresses of two adjacent submodules that were not simultaneously accessed were read in the first cycle. After the data was compared in the second cycle, it was written to the index address of the adjacent submodules that were not simultaneously accessed in the third cycle. In other words, the sorting of 432 capacitor voltages was completed in only 434 clocks. Since the operation clock was set to 200 MHz, it was 5 nsec per clock. As a result, the calculation was completed in only 2.17 usec. Since the sorting for the capacitor selection was performed in the low-level control, a calculation time of 2.17 usec was then required once again.





4. Capacitor Voltage Balancing


4.1. Capacitor Voltage Balancing Methods for MMCs


In the low-level control,    N  o n     was obtained by using modulation methods based on the voltage reference and a firing pulse generated using selection methods. Modulation methods in MMC-HVDC mainly used phase-shifted carrier (PSC) PWM and nearest level control (NLC) methods, as shown in Figure 10 [25]. In particular, the greater the number of sub-modules (SM), the more the NLC method was used [26]. Therefore, in this paper, the modulation method was performed using the NLC method. Selection methods were divided into band generation term and capacitor selection term. The band generation term was an added block for varying the switching frequency, and there are various ways to generate a tolerance band. The capacitor selection term is a method to switch the SMs and is the key term for capacitor voltage balancing methods.




4.2. Band Generation


The band generation term is a step of forming a tolerance band using various information about SM capacitor voltages (e.g., average value, maximum value, and minimum value of SM capacitor voltages), so that this information is within a certain range. The most commonly used band generation methods are the average tolerance band (ATB), for which the average value of the capacitor voltages is within the allowable range, and the cell tolerance band (CTB), for which the maximum value or minimum value of the capacitor voltages is within the allowable range.




4.3. Capacitor Selection


The capacitor selection term is the step of determining which SMs are to be switched when certain information about capacitor voltages is out of the tolerance band using ATB or CTB. The ATB and CTB methods reorder capacitor voltages when specific information about capacitor voltages is out of the tolerance band, then switching the SMs with the highest capacitor voltage or the lowest capacitor voltage depending on the charging or discharging sequence [27]. When the tolerance band is set to 0%, sorting is performed on every cycle, like the full sorting method. This is similar to updating the index for the magnitude of capacitor voltages each time. Increasing the tolerance band reduces sorting of every cycle, so the number of switching cycles can be reduced by selecting the index of previously sorted capacitor voltages. In other words, the slower the time for certain information about capacitor voltages to reach the tolerance band, the lower the switching frequency.




4.4. Proposed Method


The proposed capacitor voltage balancing method is shown in Figure 11. As mentioned earlier, the capacitor voltage balancing method was divided into the band generation term and capacitor selection term. In the band generation term, the capacitor voltages were sorted and various band generation methods, such as ATB and CTB, were applied. In the paper, the average value of capacitor voltages was applied as an example to compare with the proposed method. This was the same as the conventional average tolerance band method. However, the proposed method was different from the conventional method in the following capacitor selection term. If the average value of the capacitor voltages is larger than the set band value, it can be divided by the positive term and negative term of   Δ  N  o n    , which is the difference between    N  o n     and    N  o n _ o l d    . The positive term of   Δ  N  o n     turned on the SMs that had the lowest voltage when the arm current was positive among the turned off SMs and turned on the SMs that had the highest voltage when the arm current was negative among the turned off SMs. The negative term of   Δ  N  o n     turned off the SMs that had the highest voltage when the arm current was positive among the turned on SMs and turned off the SMs that had the lowest voltage when the arm current was negative among the turned on SMs. When the average value of the capacitor voltages was lower than the set band value, all SMs were switched off, the    N  o n     was initialized, and we proceed to the next sequence.





5. Results


5.1. Experimental Results


Figure 12a shows the waveform of eight capacitor voltages of SMs for the full sorting method. The voltage ripple is the smallest and the switching frequency is the greatest because it is a method that updates the switching sequence of SMs by sorting the capacitor voltages at every cycle. As shown in Figure 12b, the full sorting method has very low circulating currents. The switching frequency is affected by the control cycles and the number of SMs. Therefore, the full sorting method has a switching frequency of about 6.6 kHz in this 1 GW MMC-HVDC system, with a control period of 10 usec and 432 SMs.



Figure 13a shows the waveform of capacitor voltages for the reduced switching frequency (RSF)-type sorting method, in which the switches are turned on/off according to the previous state of SMs. When charging, the SM which the voltage is the lowest and the previous state has turned off is turned on. On the contrary, when discharging, the SM which the voltage is the highest and the previous state has turned on is turned off. Therefore, it is the capacitor voltage balancing method that has the smallest switching frequency, while having the greatest ripple. As shown in Figure 13b, the magnitude of the circulating current is large. In this 1 GW MMC-HVDC system, the RSF method has a switching frequency of about 55 Hz.



Figure 14a shows the waveform of capacitor voltages for the cell tolerance band (CTB) method, which balances the SM capacitor voltages band between 2.1 kV and 2.5 kV by limiting the minimum and maximum value of the capacitor voltages. Figure 14b shows the waveform of circulating currents for the CTB method with a band between 2.1 kV and 2.5 kV. In this 1 GW MMC-HVDC system, the CTB method has a switching frequency of about 103 Hz when the capacitor voltages are within a maximum of 2.5 kV to a minimum of 2.0 kV.



Figure 15a shows the waveform of capacitor voltages for the average tolerance band (ATB) method, which calculates the average value of the SM capacitor voltages and generates a 4% band based on the average value of capacitor voltages. Figure 15b shows the waveform of circulating currents for ATB with a 4% band. In this 1 GW MMC-HVDC system, the ATB method has a switching frequency of about 150 Hz when the tolerance band of the average value of the capacitor voltages is set to 4%. As can be seen from the two tolerance band schemes, the tolerance band methods are a balancing technique that can trade off the DC-link voltage ripple and the switching frequency by varying the band. Therefore, it is a good balancing method for MMC-HVDC class or higher using many SMs.



Figure 16a shows the waveform of the SM capacitor voltages for the 3% band ATB method, and Figure 16b shows the waveform of the SM capacitor voltage waveforms for the 3% band proposed method. The line in the middle is the average value of the total SM capacitor voltages, and the circled area is where the sorting occurs when the average value exceeds the 3% tolerance band. If sorting occurs, it means that the previous states of the SMs are initialized due to the rearrangement of the SM capacitor voltages. In other words, if the average value of capacitor voltages quickly exceeds the tolerance band, sorting will reset the previous states of the SMs, increasing the numbers of switching of the SMs. As shown in Figure 16, compared to the ATB method, the proposed method has a relatively slow cycle to occur the sorting. This means that the SM capacitor voltages of the proposed method are balanced more evenly throughout than in the ATB method.



Figure 17 shows the capacitor voltage balancing waveforms of the ATB method and proposed method for the MMC-HVDC of 240 MW. Of the total 108 SMs (including 8% redundancy), only eight capacitor voltages of SMs were displayed. Figure 17a–c show ATB methods with 4%, 6%, and 8% tolerance bands, respectively. Figure 17d–f are proposed methods with 4%, 6%, and 8% tolerance bands, respectively. Because the proposed method sorts the capacitor voltages at every cycle, the average value of capacitor voltages takes longer to cross the band. In addition, the switching frequency of the proposed method is smaller than the switching frequency of the ATB method because the SMs maintain the previous switching state even when the average value of capacitor voltages is out of the band.



Figure 18 shows the circulating current waveforms of the ATB and proposed methods for the MMC-HVDC of 240 MW. This is the sum of the upper and lower arm currents for the R-phase, S-phase, and T-phase divided by two, respectively. Figure 18a–c show ATB methods with 4%, 6%, and 8% tolerance bands, respectively. Figure 18d–f are proposed methods with 4%, 6%, and 8% tolerance bands, respectively. As shown in the Figure 18, the proposed method has less ripple of circulating currents than the ATB method. Since the circulating currents are closely related to the quality of the DC-link voltage, it can be seen that the quality of the DC-link voltage can be improved.



Figure 19 shows the capacitor voltage balancing waveforms of the ATB method and proposed method for the MMC-HVDC of 1 GW. Of the total 432 SMs (including 8% redundancy), only eight capacitor voltages of SMs were displayed. Figure 19a–c show ATB methods with 4%, 6%, and 8% tolerance bands, respectively. Figure 19d–f are proposed methods with 4%, 6%, and 8% tolerance bands, respectively. Similar to the waveforms of 240 MW specification, because the proposed method sorts the capacitor voltages at every cycle, the average value of the capacitor voltages takes longer to cross the band. In addition, the switching frequency of the proposed method is smaller than the switching frequency of the ATB method because the SMs maintain the previous switching state even when the average value of capacitor voltages is out of the band.



Figure 20 shows the circulating current waveforms of the ATB and proposed methods for the MMC-HVDC of 1 GW. This is the sum of the upper and lower arm currents for the R-phase, S-phase, and T-phase divided by two, respectively. Figure 20a–c show ATB methods with 4%, 6%, and 8% tolerance bands, respectively. Figure 20d–f are proposed methods with 4%, 6%, and 8% tolerance bands, respectively. Similar to waveforms of 240MW specification, as shown in the Figure 20, the proposed method has less ripple of circulating currents than the ATB method. Since the circulating currents are closely related to the quality of the DC-link voltage, it can be seen that the quality of the DC-link voltage can be improved.




5.2. Experimental Conclusions


The proposed method is based on tolerance band methods. In this paper, band generation of the proposed method applies the average value of capacitor voltages like the ATB method and compared with the conventional method, and analyzes its characteristics. The band generation method may be a band using the indicated average value of capacitor voltages, or a band with a specific value may be used. The experimental results show application of 4%, 6%, and 8% of the tolerance bands for ATB, and application of 4%, 6%, and 8% of the tolerance bands for the proposed method. If the average of capacitor voltages is out of the allowable band, the conventional method sorts the SMs and regulates the on/off index of SMs again. On the other hand, the proposed method achieves better balancing because the sorting algorithm is continuously performed even if the average of the capacitor voltages is not out of the allowable band. Therefore, capacitor voltage balancing is performed evenly compared with the conventional method, so that the magnitude of the circulating current and the DC-link ripple can be reduced, and the switching frequency is reduced because the speed to reach the band is relatively slow.



As shown in Figure 21, the proposed method proved to be able to perform better than the conventional method by comparing with the ATB method. Although other specific band generation methods can be applied, the proposed method is applied to band generation using the average value of capacitor voltages, which is one of the tolerance band methods. As shown in Figure 21a, in case of 240 MW-class MMC-HVDC, the proposed method reduces the switching frequency by about 13%, compared to ATB at 4%, 6%, and 8%, of the tolerance band. Likewise, as shown in Figure 21a, in case of 1 GW-class MMC-HVDC, the proposed method reduces the switching frequency by about 20%, compared to ATB at 4%, 6%, and 8%, of the tolerance band. As a result, the proposed method has about 20% better performance than the ATB method, and the larger the number of SMs, the better the effect.





6. Conclusions


This paper provides how to implement the MMC-HVDC HILS system using a RTDS and a physical control system. This HILS system was able to verify the performance of the controller before simulating the actual experiment in the testbed and it is proved that it is a good simulation device to compare characteristics of each algorithm by implementing various submodule capacitor voltage balancing methods. The MMC-HVDC system should focus on the control period and switching frequency as the number of sub-modules (SMs) increases. Using the FPGA’s high-speed operation and parallel processing, it is possible to design high capacity MMC control devices. The proposed capacitor voltage balancing method is performed evenly compared with the conventional method, such as the tolerance band methods, so that the magnitude of the circulating current and the DC-link ripple can be reduced. In addition, as the number of SMs increases, that is, the capacity of MMC increases, the proposed method can obtain a greater effect when the SM capacitor voltages are balancing.
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Figure 1. Topology of a three-phase grid-connected modular multilevel converter. 
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Figure 2. Equivalent circuit of a three-phase grid-connected modular multilevel converter. 
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Figure 3. Block diagram of two control systems for a modular multilevel converter. 
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Figure 4. Flowchart of algorithm operation for physical control system. 
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Figure 5. Hardware in-the-loop simulation (HILS) configuration of modular multilevel converter (MMC)-based high-voltage direct current (HVDC) (MMC-HVDC) transmission using a real-time digital simulator (RTDS) and a physical control system. 
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Figure 6. Block diagram of high-level control methods for a modular multilevel converter. 
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Figure 7. A block diagram of low-level control methods for a modular multilevel converter. 
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Figure 8. Even-odd bubble sorting network. 
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Figure 9. Logic of high-speed parallel sorting for SM capacitor voltage balancing. 
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Figure 10. Diagram of SM capacitor voltage balancing methods for MMC low-level control. 
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Figure 11. Proposed SM capacitor voltage balancing method. 
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Figure 12. Waveforms of the full sorting method for SM capacitor voltage balancing: (a) Capacitor voltages for 1 GW-class MMC-HVDC transmission; (b) circulating currents for 1 GW-class MMC-HVDC transmission. 
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Figure 13. Waveforms of the reduced switching frequency (RSF) method for SM capacitor voltage balancing: (a) Capacitor voltages for 1 GW-class MMC-HVDC transmission; (b) circulating currents for 1 GW-class MMC-HVDC transmission. 
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Figure 14. Waveforms of the cell tolerance band (CTB) method for SM capacitor voltage balancing: (a) Capacitor voltages for 1 GW-class MMC-HVDC transmission; (b) circulating currents for 1 GW-class MMC-HVDC transmission. 
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Figure 15. Waveforms of the average tolerance band (ATB) method for SM capacitor voltage balancing: (a) Capacitor voltages for 1 GW-class MMC-HVDC transmission; (b) circulating currents for 1 GW-class MMC-HVDC transmission. 
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Figure 16. Analysis of capacitor voltages for SM capacitor voltage balancing methods: (a) ATB method for 1 GW-class MMC-HVDC transmission; (b) proposed method for 1 GW-class MMC-HVDC transmission. 
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Figure 17. Waveforms of SM capacitor voltages compared with the ATB method and proposed method for 240 MW class MMC-HVDC transmission: (a) SM capacitor voltages of the ATB method for a 4% tolerance band; (b) SM capacitor voltages of the ATB method for a 6% tolerance band; (c) SM capacitor voltages of the ATB method for an 8% tolerance band; (d) SM capacitor voltages of the proposed method for a 4% tolerance band; (e) SM capacitor voltages of the proposed method for a 6% tolerance band; (f) SM capacitor voltages of the proposed method for an 8% tolerance band. 






Figure 17. Waveforms of SM capacitor voltages compared with the ATB method and proposed method for 240 MW class MMC-HVDC transmission: (a) SM capacitor voltages of the ATB method for a 4% tolerance band; (b) SM capacitor voltages of the ATB method for a 6% tolerance band; (c) SM capacitor voltages of the ATB method for an 8% tolerance band; (d) SM capacitor voltages of the proposed method for a 4% tolerance band; (e) SM capacitor voltages of the proposed method for a 6% tolerance band; (f) SM capacitor voltages of the proposed method for an 8% tolerance band.



[image: Electronics 08 01070 g017a][image: Electronics 08 01070 g017b]







[image: Electronics 08 01070 g018a 550][image: Electronics 08 01070 g018b 550] 





Figure 18. Waveforms of circulating currents to compare with the ATB method and proposed method for a 240 MW-class MMC-HVDC transmission: (a) Circulating currents of the ATB method for a 4% tolerance band; (b) circulating currents of the ATB method for a 6% tolerance band; (c) circulating currents of the ATB method for an 8% tolerance band; (d) circulating currents of the proposed method for a 4% tolerance band; (e) circulating currents of the proposed method for a 6% tolerance band; (f) circulating currents of the proposed method for an 8% tolerance band. 
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Figure 19. Waveforms of SM capacitor voltages to compare with the ATB method and proposed method for 1 GW-class MMC-HVDC transmission: (a) SM capacitor voltages of the ATB method for a 4% tolerance band; (b) SM capacitor voltages of the ATB method for a 6% tolerance band; (c) SM capacitor voltages of the ATB method for an 8% tolerance band; (d) SM capacitor voltages of the proposed method for a 4% tolerance band; (e) SM capacitor voltages of the proposed method for a 6% tolerance band; (f) SM capacitor voltages of the proposed method for an 8% tolerance band. 
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Figure 20. Waveforms of circulating currents to compare with the ATB method and proposed method for 1 GW-class MMC-HVDC transmission: (a) Circulating currents of the ATB method for a 4% tolerance band; (b) circulating currents of the ATB method for a 6% tolerance band; (c) circulating currents of the ATB method for an 8% tolerance band; (d) circulating currents of the proposed method for a 4% tolerance band; (e) circulating currents of the proposed method for a 6% tolerance band; (f) circulating currents of proposed method for an 8% tolerance band. 
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Figure 21. Compared chart of switching frequency between the ATB method and proposed method: (a) Switching frequency for 240 MW-class MMC-HVDC transmission; (b) switching frequency 1 GW-class MMC-HVDC transmission. 
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Table 1. 240 MW MMC-HVDC specification.
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	Quantity
	Value of Unit





	Max Active Power
	240 MW



	Rated DC Link Voltage
	±120 kV



	Rated DC Current
	1000 A



	Primary Voltage of Transformer
	154 kV



	Secondary Voltage of Transformer
	118 kV



	Number of SMs per Arm
	100 (+8)



	Inductance per Arm Reactor
	20 mH



	Capacity per SM
	6 uF



	Control Cycle
	10 usec
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Table 2. 1 GW MMC-HVDC specification.






Table 2. 1 GW MMC-HVDC specification.





	Quantity
	Value of Unit





	Max Active Power
	1000 MW



	Rated DC Link Voltage
	±500 kV



	Rated DC Current
	1000 A



	Primary Voltage of Transformer
	528 kV



	Secondary Voltage of Transformer
	460 kV



	Number of SMs per Arm
	400 (+32)



	Inductance per Arm Reactor
	50 mH



	Capacity per SM
	10 mF



	Control Cycle
	10 usec











© 2019 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 (http://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
RTDS

(including GTAO)

(including Sensor
Board)

station
Controller

MMC
Support
Unit
(MsU)

(50

Interface

Board
(8)

Valve
Contoller
(&)

Grand
Master
Clock
(GMC)






media/file39.jpg
Circuluting Current (A}

©

Circuating Curest (KA}

@






media/file27.png
Capacitor Voltage [kV]

Circulating Current [kA]

N
o

g
I

N
N

N
(=)

Y
(=]

0.32
0.3

0.28
0.26
0.24
0.22

0.2

Vsm1l Vsm2 Vsm3 Vsm4 Vsm5 Vsm6 Vsm7

S

[ A\

N

\\_L/\

0.02

0.04
Time [sec]

(a)

IR_diff IS_diff IT_diff

0.06

0.1

I

-
e

o

!
\

T
N

=

=

L

S <
e

0.04
Time [sec]

(b)

0.06





media/file44.png
Capacitor Voltage [kV] Capacitor Voltage [kV] Capacitor Voltage [kV] Capacitor Voltage [kV]

Capacitor Voltage [kV]

2.6

2.4

2.2

2.0

2.6

2.4

2.2

2.0

2.6

2.4

2.2

2.0

2.6

2.4

2.2

2.0

2.6

2.4

2.2

2.0

Vsm1l Vsm2 Vsm3 Vsm4 Vsm5 Vsm6 Vsm7

N e /\\ /_\\ — X =
LL /
i 7 —~
i i) i S TS
0 0.02 0.04 0.06 0.08 0.1
Time [sec]
(a)
Vsm1l Vsm2 Vsm3 Vsm4 Vsm5 Vsm6 Vam7/
— A N I e N P s N —

=S

N A

0.

04 0.

Time [sec]

(b)

06 0.08 0.1

Vsm1l Vsm2 Vsm3 Vsm4 Vsm5 Vsm6 Vsm7

(e)

0 0.02 0.04 0.06 0.08 0.1
Time [sec]
(c)
Vsm1l Vsm2 Vsm3 Vsm4 Vsm5 Vsm6 Vsm7
77 A\ \ X
NN\ NF = NFF
N ] /
0 0.02 0.04 0.06 0.08 0.1
Time [sec]
Vsm1l Vsm2 Vsm3 Vsm4 Vsm5 Vsm6 Vsm7
/ \. Y sV | g \\ ///,:_—er\ / /7 N\
=\ A=A
—"T7 N %
B~ § . o — A |
0 0.02 0.04 0.06 0.08 0.1
Time [sec]





media/file12.jpg
Voltage
Reference

Phase-Shifted
Carrier

[ e
e 4]

1| comon ‘-

.

.

Selection
Methods

Full Sorting

RSF (Reduced
Switching
Frequency)

ATB (Average

oL Totnce

Band)

T8 (Cell

@7 Tolerance

Band)

(=3
H

'
1

T
'

'

'

'

'
[HA
H

1

i

—





media/file14.jpg
Unsorted Sorted

Data Data
0 1 2 3 4 5, 6 % 8cycle

1 3

N o u s wN
e
fe
¢






media/file20.jpg
=

Sort the SM valtages

Band Generation Methods < %Band

Switch of all SMs

¥

Ny <0

i 13

]

13

Switch on [,/ | | Switch on [4N,a|
SMs with the SMs with the
lowest voltages | | highest voltages
among offstate | | among off-sate
sws £

Switch of [aN,o|
SMs with the
Highest voltages.
among on-state
e

Switch off 4.l
SMs with the
Towest voltages
among on-state
£

I






media/file5.png
Analog

Digital
Input

o — — — — — — — — — — — — — ——— — g,

High Level Control

Power
Controller

Current
Controller

Voltage
Reference

Vre f

o — — — — — — — — —— — — — — — — — —

—— e — e — e —— o e o —— —— e e — — — — — —

e — e —— — -

|
|

|

| | Modulation
| Method
|

\

Selection
Method

\

—_—— e ———

Gating
Signal





media/file19.png
Low-Level Control

4 Modulation h 4 Selection Methods
Methods

Phase-
Shifted
Carrier

Voltage . (PSC) . . .
Reference > Band |} Capaditor | _g Gating

Generation Selection Signals
Nearest
Level
Control
(NLC)

-
.
-
-

(
|
I
|
|
I
I
I
I
|
|
|
|
|
I
I
I
I
|
|
I
|
|
|
I
I
I
I
|
|
|
|
I
|
I
I
|
I
|
I
I
|
I
|
I
I
|
|
|
|
|
I
I
I
I
|
|
|
|
|
\

-—aenr ar ar on an ap Gp S0 aF GD GD GD GP GP GD GD GD b GD GF P an ap an an o





media/file45.png
Capacitor Voltage [kV]

2.6

2.4

2.2

2.0

Vsm1l Vsm2 Vsm3 Vsm4 Vsm5 Vsm6 Vsm7

N\

N —\ / <\\7 -

S —

0.04

Time [sec]

()

0.06

//_ : ~






media/file36.png
Vsm1l Vsm2 Vsm3 Vsm4 Vsmb5 Vsm6 Vem7/

— 2.6
<
% 24
S 22 /X N -=/2 NG e\
> 2 wz:u N 1T %gj—/ N
5 ._ § 55,:,_»
9O :
9 20
g
O
1.8
0 0.02 0.04 0.06 0.08 0.1
Time [sec]
(a)
Vsm1l Vsm2 Vsm3 Vsm4 Vsm5 Vsm6 Vem7/
— 2.6 > =
<
o 24 =
Wil = Vil =l v Vi
=
g 20
S
O
1.8
0 0.02 0.04 0.06 0.08 0.1
Time [sec]
Vsm1l Vsm2 Vsm3 Vsm4 Vsm5 Vsm6 Vem7/
., 2.6 >
E N 7
- m—/ Wi
= N
o —f—f\ :’: ;“\
> 2.2 ¢ = N 1/
s L AN\
g 2.0 _/ﬁ &
g
O
1.8
0 0.02 0.04 0.06 0.08 0.1
Time [sec]
(c)
Vsm1l Vsm2 Vsm3 Vsm4 Vsm5 Vsm6 Vem7/
2.6
24

22 gﬁgu e\

i

BViis

Capacitor Voltage [kV]

20
1.8
0 0.02 0.04 0.06 0.08 0.1
Time [sec]
(d)
. 2.6
>
=
% 2.4 _\
£ A\
S 22 /_ﬁ/\ /\\
S % T
g 20
Q.
[§°]
U
1.8
0 0.02 0.04 0.06 0.08 0.1

Time [sec]

(e)





nav.xhtml


  electronics-08-01070


  
    		
      electronics-08-01070
    


  




  





media/file11.png
\
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
!

Power & Current Control

Inner Current control

|
|
|
|
|
|
\ I Power Control d-q & I
: / ". Pl Controller
I Voltage Control
|
|
|
I o—

Power

|

|

|

|

[

| Control d-q & I

————— - | Jl Pl Controller

Tac ® ;

[

1

|

| ®

|

[

|

Harmonic

: PLL I
|
' ! ¢
! I
dqDSC —
I .
| : Active Power or i—b-c &” ] with 3rd-
troller Harmonic
1 I 0 ) | Control on
: ! I Voltage
|
‘—I—I dql\ai(l:: & —|—I Circulating Current control Reference
Reactive :
I I without 3rd-
| I &
l_ J

Y

=
(@]

®
Y

a-b-c &
PR Controller

Y BN BN BN SN S S ) EEE BN BN BN BN BN BN BN BN BN B B e .

N e e e e e e e e e e e e e e





media/file41.png
Circulating Current [kA] Circulating Current [kA] Circulating Current [kA]

Circulating Current [kA]

IR_diff IS_diff IT_diff

ooy Y T A TR b

o5 yhpith e LAt e et K L ‘M. " ot b b L b
o2e AL AL AP T VAL DR «m-m W{l T
AT PP T ’w T T Y

. 0 0.02 0.04 fime [seq] 0.06 0.08 0.1
Ziz #“‘!""M’@,‘M‘wﬁﬂ‘rﬁ'.“k .,M M '.‘ o‘ H M‘" 4"# WM w ’W."’il‘.*li‘?'wl";"'M%"« ;’,
‘ 0 0.02 0.04 Time [sec] 0.06 0.08 0.1
= MR B RPN G
‘ 0 0.02 0.04 Time [sec] 0.06 0.08 0.1
TN bbb b b

. 0 0.02 0.04 Hime [sed] 0.06 0.08 0.1

(f)





media/file37.png
Capacitor Voltage [kV]

2.6

2.4

2.2

2.0

Vsm1 Vsm2 Vsm3 Vsm4 Vsmb5 Vsm6 Vem7

A

0 0.02 0.04 0.06 0.08
Time [sec]

(f)

0.1





media/file23.jpg
IR_iff_ IS, diff IT_diff

{v] uaund Bugeynoin

Time [secl

(b)





media/file46.jpg
IR Giff IS, ditf 1T ditf

(@)

(b)






media/file10.jpg
Power & Current Control

o j-— =]

]| | ezt

f T

ofm=x

I

Volisge
Reference





media/file24.png
Capacitor Voltage [kV]

2.6

2.4

2.2

2.0

1.8

Vsm1 Vsm2 Vsm3 Vsm4 Vsm5 Vsm6 Vam7

0.02

0.04

(a)

0.06

0.08

0.1





media/file16.jpg
ck 1 2 n1 n n+l n42 cycle

Index,,JoORD \[1RD [0 RD | 1 RD.
1RD. [2RD [1RD 2RD
Nempy| emp cMP | cmP |
i Nwr wR | wr | wR
YW WR | WR | wR
280 [3RD [2RD 3RD
3RD |4RD |3RD 4RD
Teme | cme e | cve |
| WR WR | WR | WR
| WR WR | WR | wr
o e e A R R
nf RD f3RD H4RD n4RD {3RD
n-% RD f2RD 13 RD n3RD_{-2RD
| cmp | cwp cmp | cmp | cp |
WR wr | wr | wr | wr
WR WR | WR | WR | wR
n2 RD 1RD #2RD 2 RD n-1RD
nj RD |nRD i1RD n1RD | nRD
e | cwp e | cwp | cwup
| wr WR | WR | wr | wr
[ wR WR | WR | WR | WR






media/file3.png
lpa lpb lpc
+ + +
U9 Up
Rarm Rarm Rarm
vg LT RT Larm o Larm S Larm <
|||_®_(TTT\_/\/V\,
|||_®_(TTT\_/V\/\,
|||—C )—‘ TYTL—AAN, I
— Vsa Vsp Vsc, arm L arme Larm
i l
Rarm Rarm Rarm
+ + +
lna inb lnc






media/file22.jpg
Capacitor Voltage [kV]

2

2

22

20

o0z

Vsmi Vsm2 Vsm3 Vsmd VsmS Vsm6 Vsm:

004

(a)

o006

008

o





media/file47.jpg
RTS8 IT

Girulating Current (8]

Time (secl

()

R 15 0 1T

Circulating Current [kA]

Time [sec]

(e)

R e 154 Tt

Circulating Current [kA]






media/file25.png
Circulating Current [kA]

0.32
0.3

0.28
0.26
0.24
0.22

0.2

IR_diff IS_diff IT_diff

gy 0
i’ ! I!r'l.' " y "

0.02 0.04
Time [sec]

(b)

0.06 0.08 0.1





media/file0.jpg
Sub-Module

Converter
Phase

Converter
Arm

©oo





media/file26.jpg
Capacitor Voltage [kV]
RN TN
. u|
5
~
N






media/file34.jpg
-





media/file35.jpg
Capacitor Voltage (kV]

20

Vsm1 Vsm2 Vsm3 Vsmd Vsms Vame Vol

002

/
"\
i

004 006
Time [secl

(f)

I
\////

008 o





media/file13.png
Voltage
Reference

Phase-Shifted
Carrier

NLC (Nearest

Control)

|
|
|
|
|
I
Level ——
|
|
I

Selection
Methods

RSF (Reduced

- Full Sorting +—1

Switching  —1

Frequency)

ATB (Average

Tolerance +——

Band)

CTB (Cell

Tolerance —p1—

Band)






media/file31.png
Capacitor Voltage [kV]

Circulating Current [kA]

Vsm1l Vsm2 Vsm3 Vsm4 Vsm5 Vsm6 Vem7/

26
24 —<\ e F/\\ /_\\ =t ﬁQ\\ .
 ALATNAAANLA
20
'8 0 0.02 0.04 0.06 0.08 0.1
Time [sec]
(a)
IR_diff IS diff IT diff
032"
03
0.28
0.26 il xl*"’"’mﬂ‘“l“’" qm *‘f ",wf " i '“,p WW\‘”W‘W r1m‘ﬂ I', il W"‘u!nn \,pu
024 [\ ks hat ) V“' ”'lm W ” MW‘* ‘MLMWM AL :.' M‘H
0.22
- 0.02 0.04 0.06 0.08 0.1
Time [sec]

(b)





media/file48.png
Circulating Current [kA] Circulating Current [kA]

Circulating Current [kA]

IR_diff IS_diff IT_diff

0.32:
0.3
0.28 "
0.26 : L l I.mﬂnl“ L 'l {! iﬂnw 't'.ﬂl’ .llmlﬂ w Y ”\ I'(lﬂ ql“][l“ H’ w” 'm “"1”1\"""'“!‘“
0za U M Ui :a i !h# tw ,m; IR ,MML;#
0.22
o2 0 0.02 0.04 0.06 0.08 0.1
Time [sec]
(a)
IR _diff IS_diff IT_diff
0.32:
0.3
0.28 ) I : :
0.26 \ﬁ JLAM o ﬂ\n
024 N Y v y | P LY LAY
0.22 | U |
o2 0 0.02 0.04 0.06 0.08 0.1
Time [sec]
(b)
IR _diff IS_diff IT_diff
0.32
0.3
0.28 h i nLﬂ l A “A |R nnﬂn " A | A ‘g .A:Mﬂn | l
(Ll
0.24
SALILL A N A\
o2 0 0.02 0.04 0.06 0.08 0.1
Time [sec]

(c)





media/file18.jpg
Low-Level Control

Modulation | [ Selection Methods

Methods

Carier Now

Voltage. (PO Mk Band Capacitor
Reference Generation Selection






media/file9.png
RTDS
(including GTAO)
(including Sensor

Board)

Station
Controller
(SO

Interface
Board
(1B)

Valve
Contoller
(VO

Support
Unit
(MSU)






media/file42.jpg





media/file50.jpg
Switching Frequency (Hz)

Switching Frequency (Hz)

0
20
20
150
100

50

Number of SMs / Arm : 108

4 6

Tolerance Band (%)

AT mProposed Method
@
Number of SMs / Arm : 432

4 6

Tolerance Band (%)

mAT  mProposed Method

()






media/file40.png
Circulating Current [kA]

Circulating Current [kA]

IR_diff IS_diff IT_diff

0.32
0.3
0.28 1y
1"7 il rp u y H VWH' m \'1 ﬂ rwu ‘ "l
Mn M;M mnmtu.!ff T A m»w “ *:M 'N 4’» M.! B‘M m ‘”u"u M“ fl M.ﬁtl i didt
0.24 I
0.22
0.2
0 0.02 0.04 0.06 0.08 0.1
Time [sec]
(a)
IR_diff IS_diff IT_diff
0.32
0.22
0.2
0 0.02 0.04 0.06 0.08 0.1
Time [sec]

(b)





media/file15.png
Sorted

ted

L

Unso

Data

1 2 3 4 5 6 7 e
l
|
l

gt





media/file28.jpg
Capacitor Voltage [kV]

Circulating Current [kA]

Vsm1 Vsm2 Vsm3 Vsmd VsmS Vsmb Voo

o o0z

004 006
Time [secl

o0s 006
Time (sec]

(b)

008

o

o





media/file49.png
Circulating Current [kA]

Circulating Current [kA]

0.32

0.28

0.26

0.24

0.22

Circulating Current [kA]

0.2 -

0.32"

03

IR_diff IS_diff IT diff

s . " i ) 1 3
i
A ‘ . |
4 ) i ! L\ o if i’
Y I hi1 BARL™ v ¥ ! )
ol " i
Iy ; y— %

TV“

"

0 0.02

0.04

Time [sec]

(d)

0.06

IR_diff IS_diff IT_diff

0.08

0.1

0.3

0.28

0.26

0.24

I
N

0.22

b ]

[

0.2

0.02

0.04

IR_diff IS_diff IT_diff

Time [sec]

(e)

0.06

0.08

0.1

0.32
0.3

0.28

0.26

0.24

0.22

0.2

[

0.04

Time [sec]

(f)

0.06

0.08

0.1





media/file2.jpg
fpa o e
+ + +
.
_&g ;[ % .|

Rarm Rarm Rarm
Y% Ly Ry Larm Larm| Larm|
—
A T
P
y— Vs '”»I:L"s:l & L,
" i armf Larm|
Rarm Rarm Rarm
+ +
& ,., B
ina b

[





media/file32.jpg
Average value of
Capaditor voltages

ints to occur the sorting

Charge IDischarge
@

Average value of Points to occur the sorting
Capacitor voltages Pl

Charge  IDischarge!  Charge ischarge | Charge | Discharge

(b)





media/file6.jpg
<10usec

|
ey
[
[
P
High Level |17 Lo
VR'SVT Control { Frer ; :
Ipst | Algorithm 3 :
1 P
L i
' -
o :
b L LowLevel |
>l Sorti i > Control
TN\ Sorting Logic joomtiel :
) 1
L ve .. J
Vsmss larm_R.s.Tupper &lower )






media/file29.png
Vsm1 Vsm2 Vsm3 Vsm4 Vsmb5 Vsm6 Vem7

)
ﬁ

S
)

]
)

|

m

[Aq] abeyjop Joideded

0.1

0.08

0.06

0.04

0.02

Time [sec]

(a)

0.32
0.28

M
o

[v>] 3uaun

O 0.26

0.24 |
0.22

N
o

Bunenoan

0.1

0.08

0.06

0.04

0.02

Time [sec]

(b)





media/file1.png
I I ,_4__} ©
‘SM_l‘ ‘SM_l‘I‘SM_l l

ﬁ———————————/

I | : | I
‘SM_Z“SM_Z“‘SM_Z“
; A
I |
; S R N
l D P
hmﬂ‘hmﬂ“hmﬂb I’
|
: | [
|
, ! I s1 |
1 | |
| | | —
]
da O |
| |
b o ! : | s2 |
|
CO l : e
t==r== ! | S ’
: ! I : Sub-Module
| | |
[ : | |
I I : :
|
I‘SM_l‘”SM_lb‘SM_lb
e
|
I‘SM 2‘4SM ZP‘SM zp
Converter |L——1L—=Jj——| Converter
Arm b1 \ i | Phase
I : : I : I
|‘SM_N‘”SM_N‘”SNLN‘:
1






media/file7.png
<10usec

- e e e e e e o e o e e AP e A e W e W - -

(or SC Y

| L

| . [

! High Level V. | |
’T—:—> Control ref L
T Algorithm Lo

[ |

l o

N .

e N :__/

|

e Rt e EE N

| o

| I

: —  Low Level : :

+— Sorting Logic > Control —» IB

: Algorithm : :

| -

| vC I

Ve o o o o o e e e e e e G G G G G G Gn Gn G G G G Gn e e - / N -

VSM S’ IArm _R,S,T(upper &lower ) (






media/file33.png
Average value of
Capacitor voltages

Points to occur the sorting

1
1
1
‘t
’ .%
y .
H -
-
% *,
154

bt )
: %
o e o
s
4

| . | . at d | . | |
| gl - Lt D | » L »

Charge Discharge Charge Discharge Charge Discharge
(a)

Average value of Points to occur the sorting
Capacitor voltages

'

Jam
D
y
-~ *------
!
:
.
Cauns®
enu
A
K A
H e
* s
.
*ener®

] g
|

A
\ 4

Y

|-
>

Y

|-
>

Charge Discharge Charge Discharge Charge Discharge





media/file38.jpg
IR diff 1S diff IT_diff
o RAY 15, 009 17

g
c
]
Y02
o o0z a0s oo oo o
Time se
@

i 15_ait 7 e
o LA 15 A 1T

o 002 00 006 o008 o1
Time (sec]

(b)





media/file17.png
clk

1

1 RD

Index,i 0 RD \ 0 RD
1RD . \2RD |1RD
ﬁtMP\ CMP

\\WR

SYWR

2RD |[3RD |2RD
3RD |[4RD |3RD
CMP | CMP

WR

| WR

o o o

o ] o

o o o

h-4 RD n-3RD n-4 RD
n-3 RD n-2RD n-3 RD
CMP | CMP

WR
WR

n-2 RD n-1RD n-2 RD
n-1 RD |nRD n-1RD
CMP | CMP
WR
WR

U e

n-1

n

n+1

L L

n+2 cycle

ih

>

>

=

ORD |1RD
1RD |2 RD
CMP | CMP | CMP
~ WR | WR | WR | WR
WR | WR | WR | WR
2RD |3RD
3RD |4RD .
CMP | CMP | CMP
~ WR | WR | WR | WR
. WR | WR | WR | WR
 J [ o [ ]
 J  J ® ®
® [ ® ®
-4RD 1-3RD
-3 RD 1-2RD
CMP | CMP | CMP
WR | WR | WR | WR
WR | WR | WR | WR
-2 RD n-1RD
1RD |nRD
CMP | CMP | CMP
WR | WR | WR | WR
WR | WR | WR | WR






media/file4.jpg
s

High Level Control

Low Level Control

I, Power
; Controler

Current
controle |

vuuge
Reference|

Modulation
Method

Non

Selection
Method [






media/file30.jpg
Capacitor Voltage [kV)

Circulating Current [kA]

Vsm1 Vsm2 Vsm3 Vsm4 VsmS Vsmé Vim?

2
- %
2| >
-
18
. oo o r o @
e
(@
- s
. oo o "
e

(b)





media/file51.png
Switching Frequency (Hz)

Switching Frequency (Hz)

300
250
200
150
100

50

160
140
120
100
80
60
40
20

Number of SMs / Arm : 108

4 6

Tolerance Band (%)

B ATB M Proposed Method
(a)
Number of SMs / Arm : 432

4 6

Tolerance Band (%)

B ATB M Proposed Method

(b)






media/file43.jpg
Capacitor Voltage [kV]

26

24

22

20

Vsm1 Vsm2 Vsm3 Vsmd VsmS Vemé Vol

o002

o004 006 o008
Time (sec]

(f)

o1





media/file21.png
Y

(e 3

v

Sort the SM voltages

Band Generation Methods < %Band

v

v

v

Y Switch off all SMs

4 v
ANy, = Nop — Non_old Non_old =0
AN ,,?
AN,, >0 AN,, <0
AN,, =0
\ 4
Keep the
switching state
N SMs Y N

v

v

Switch on |AN,,,|
SMs with the
lowest voltages
among off-state
SMs

Switch on |AN,,,|
SMs with the
highest voltages
among off-state
SMs

Switch off |AN,,,|
SMs with the
highest voltages
among on-state
SMs

Switch off |AN,,,|
SMs with the
lowest voltages
among on-state
SMs

v

s






