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Abstract

:

Centralized control algorithm limits the hardware flexibility of a modular multilevel converter (MMC). Therefore, distributed control structure has recently started to be seen in the industry application. Even though distributed controller reduces a single point of failure risk compared to the centralized controller, the failure risk of the entire control systems increases due to the number of local controllers. However, the distributed controller can be programmed in such a way as to replace the faulty local controller and sustain the MMC operation. In this paper, the distributed modular fault-tolerant controller is implemented in a laboratory-scale MMC prototype. The controller is built to control four SMs per phase for the proof-of-concept. Therefore, the MMC prototype is also built by two SMs per arm. The controller capability is validated with experimental and the Opal-RT result-time simulator results in a control-hardware-in-loop (CHIL) environment.
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1. Introduction


Global energy demand increases daily, but the rise in energy generation does not increase as fast as the demand. The number of clean and environmentally friendly energy generation sites should be increased to meet the demand. However, most of the electric energy demand is still supplied by burning fossil fuels, so pollution keeps increasing. Energy demand should be supplied through sustainable energy sources to reduce the carbon footprint and eliminate the harmful effects of fossil fuel burning. Due to their complex and traditional structure, existing utility grid infrastructures are not yet ready to integrate many sustainable sources such as solar, wind, etc. [1]. In addition, sustainable sources vary naturally, so energy storage systems may be needed for stable integration. Undoubtedly, the need for clean, affordable, and sustainable energy is more significant than ever to protect the environment and meet the demand. Therefore, conventional AC power grid infrastructures should be modernized and strengthened to integrate bulk power from renewable energy sources. Additionally, energy storage systems should be developed to reduce the variability effect of renewable energy sources for oscillation-free integration [2]. However, modernizing the existing power grid structure might be challenging, time-consuming, and extremely costly.



On the other hand, high voltage direct current (HVDC) transmission is a versatile alternative to AC transmission for carrying more power from remote locations with fewer conductors and lower losses. HVDC transmission is more cost-effective for longer distances because it has minor capacitive losses than the HVAC, especially when the conductors are placed closer to the ground. Hence, reactive power compensation is not required along with the transmission as opposed to AC transmission. Unlike DC cables, HVAC lines are subject to corona discharge, so the conductors are bundled to increase the effective radius. However, bundling the conductors increases the overall line capacitance and reactive power consumption [3,4,5,6,7].



The HVDC grid is an excellent candidate to integrate renewable energy, yet high voltage transmission is necessary to lower transmission losses. Raising the voltage to hundreds of kV is challenging with two- or three-level converter topologies due to the limited number of series-connected power modules. Therefore, modular multilevel converter (MMC) has recently been the primary selection for high-voltage transmission applications due to its scalable and modular structure. An MMC can easily increase or decrease the voltage level with the series-connected power modules, called sub-module (SM). However, the performance of an MMC highly depends on the control structure as each SM capacitor voltage needs to be monitored and controlled at all times [8,9].



The MMC controller should manage AC and DC side voltage and internal MMC current. These tasks can be categorized under higher-level and lower-level control, respectively. In general, higher-level control aims to control the DC link voltage or the output power of the converter. The lower-level control is much faster than the higher-level control and manages the inner current, capacitor voltage balancing and averaging, and modulation. The circulating current (CC) control can also be categorized under lower-level control. These tasks can be performed by a central control unit (CCU) or distributed controllers.



In the case of a CCU, all computation is performed based on the measured signals and control commands in a central control unit such as a digital signal processor (DSP), field programmable gate array (FPGA), or application-specific integrated circuit (ASIC) chip. The centralized control algorithm is relatively fast with no significant control delays, but it limits hardware flexibility. In addition to the computational burden, modification of the controller and the communication links can be challenging for high-voltage MMC applications due to the vast number of SMs. A centralized controller is generally adopted for MMC-based medium voltage motor drive applications [10] or laboratory-scale prototype applications [11]. The CCU limits the scalability and modularity features of an MMC because the entire control structure needs modification in case of any hardware changes. A significant computational burden on CCU might be experienced in case of a high number of SM, and an undesirable overrun for each control cycle might be observed as a result.



On the other hand, the distributed control algorithm divides the tasks between the local controllers (LC) and a master controller. MMC-based industry applications have recently started moving towards a distributed-based control structure due to a flexible and easily modified structure [12,13]. In distributed control structure, LCs of the SMs can make the necessary computations with minimal communication with the master controller. Therefore, the central processor can significantly reduce communication bandwidth and computational load.



However, precise synchronization between the LCs and master controller is necessary for proper operation. Otherwise, improperly controlled power modules may cause unstable operation for an MMC application.



A distributed controller can significantly reduce the probability of a single point of failure. At the same time, the failure risk of the entire control system increases due to the increased number of LCs. Nevertheless, the distributed controller can be programmed in such a way that any faulty controller can be bypassed, and the adjacent LC can take care of the SM. Therefore, a well-structured distributed controller can handle the failure of a local controller(s).



This paper implements a distributed fault-tolerant controller for a downscaled MMC prototype. The aim is to prove the concept of MMC operation under LC failures. Controller failure may not be as frequent as other components in an MMC, such as IGBTs or SM capacitors, yet a controller can fail or malfunction due to lead corrosion, radiation damage, or latencies in the system. This paper shows continuous MMC operation under controller(s) failure. The results are validated with the experimental setup and the Opal-RT real-time simulator using the same controller. The rest of this paper is followed by the modular distributed fault-tolerant control algorithm for MMC applications in Section 2, experimental and real-time results in Section 3, and the conclusion in Section 4.




2. Modular Distributed Fault-Tolerant Controller Algorithm for MMC Applications


A three-phase MMC consists of six identical arms, and each arm accommodates a series of connected sub-modules (SM) and an arm inductor (   L  a r m   )  . Various SM types are available for MMC applications, but half-bridge sm (HBSM), seen in Figure 1, is preferred in this paper. Each HBSM has one capacitor   (  C  S M   )  , and two IGBT switches. Controlling the switches in the HBSM, each capacitor can be connected in series with the arm inductor or bypassed from the circuit. The switches can be controlled by a CCU or an LC. However, in the case of an MMC application with a high number of SM, such as 400 SM per arm, it might be challenging for a CCU to control all the SMs. Additionally, high-bandwidth communication between the CCU and the SMs is required due to the volume of the SMs.



On the other hand, the control tasks can be divided between the master controller and a bunch of LCs in the distributed control algorithm. In the case of the distributed controller, each SM or a group of SMs has a dedicated LC, which allows more straightforward modification in the control algorithm compared to the CCU. Distributed controllers for multilevel converters have become an appealing research topic due to easy modification, less data transfer, and faster computation. In addition, the distributed controller reduces the risks of the single point of failure.



Regardless of the controller scheme, arm voltages are determined based on the number of inserted SMs. Thus, increasing or decreasing the voltage level of an MMC application depends on the number of inserted modular SMs. The reference voltage for the upper (   v  u , x   )   and the lower (   v  l , x   )   arm can be determined based on AC and DC side dynamics as Equation (1) and Equation (2), respectively.    V  D C     represents the DC link voltage,    V  m x     represents the AC side voltage and    V  c x     represents the circulating voltage Equation (3) induced on the arm inductors due to circulating current [14,15,16,17]. Circulating current occurs due to voltage differences between the arms.


   v  u , x   =    V  D C    2  −  V  m x   −  V  c x    



(1)






   v  u , x   =    V  D C    2  −  V  m x   −  V  c x    



(2)






   v  z , x   =  L o      d  i  Z , x     d t    



(3)






   n  u , x   =  1   V  c u  x     V  u , x    



(4)






   n  l , x   =  1   V  c l  x     V  l , x    



(5)






     i  u , x   =  i  z , x   +    i x   2   



(6)






   i  l , x   =  i  z , x   −    i x   2   



(7)






   i  z , x   =      i  u , x   +  i  l , x    2  =  i  d c , x   +  i  c i r c , x    



(8)







The modulation index determines the number of inserted or bypassed capacitors based on the arm’s reference voltages. During a steady state, the insertion index for the upper and lower arm is determined in Equation (4) and Equation (5), respectively, where    V  c u ,   l  x    represents individual capacitor voltage in the arms. Similarly, upper (   i  u , x   )     and lower (   i  l , x   )     arm current can be expressed in terms of differential current and AC side current Equation (6) and Equation (7), respectively. Differential current (   i  z , x   )   Equation (8) has AC and DC parts. The AC part is the circulating current, the same for all the phases, whereas the DC part is one-third of the DC current per phase under a steady state. As seen in Figure 1, the series connected SMs are the backbone of the MMC structure. Increasing or decreasing the number of SMs allows for adjusting the generating voltage level. In case of a high number of MMC applications with a centralized controller scheme, any changes in the hardware require extensive control algorithm modification. Therefore, a centralized controller indirectly limits hardware flexibility. Unlike the centralized control scheme, distributed control scheme helps reduce the burden on the master controller and assigns some of the tasks to local controllers. The distributed modular controller is designed based on one master and dedicated four LCs for the one phase of the MMC. The master controller mainly controls the total energy in the MMC arms by measuring the AC and the DC side and communicates with the local controllers for the capacitor voltage balancing. An illustration of the modular distributed fault-tolerant controller can be seen in Figure 2. Averaging (phase balancing) controller, seen in Figure 3, ensures that phase voltages are distributed equally based on Equation (9) and the reference voltage generated. Differential current compensates for the error when there is a mismatch between the average arm voltage and the individual SM voltage. The master controller synchronizes the LCs based on their reference frequency. The synchronization process compares the reference frequency of the master controller and the local controller, and the error is compensated based on Equation (10) where    f m    is the reference frequency,    f e    is the error and    f l    is the frequency of a local controller. Similarly, the time error can be determined in Equation (11) as a function of frequency and compensated accordingly.


   V  d c   =   ∑   n = 1  4   V  S M n , x   u l   +  L  a r m     d  (   i  u , x   +  i  l , x    )    d t    



(9)






     f e  =  f m  −  f l  =  w e  = 2 π  f e   



(10)






   t e  =    f e     f m    t  



(11)






  C A  M  i , 1   =  {      0   i f   [  F  L C ,   i   ∧    F  L C ,   i + 1   ∧    F  L C ,   i − 1   ] = 1       1   O t h e r w i s e          



(12)







In the literature, researchers have focused on increasing the resiliency of an MMC under SM-level failures, as the semi-conductor switches such as IGBTs or MOSFETs are more prone to open or short-circuit failures [18,19,20]. Therefore, various research methods are available to sustain the MMC operation under SM failure or shut down the system gracefully [21,22,23]. On the other hand, controller failure is not frequently expected as much, yet even unexpected latencies might cause a system failure. Therefore, the reliability of the DSPs is quantified with failure rates. Authors in [24] indicate that the total failure rate of a DSP board is 8.84 × 10−6 hour. Some potential failure causes are lead corrosion, radiation damage, undetected corruption, or non-initialization of pointers [25,26,27]. Therefore, controller failure should be considered, especially for safety-critical applications, and a fault-tolerant algorithm is necessary to sustain the MMC operation under a controller failure. This paper implements the distributed modular controller, seen in Figure 4, to handle LC failures. In case of an LC failure, the adjacent controller takes care of the faulty controller’s SM to sustain the MMC operation. The controller is built based on a two-dimensional redundant architecture [28], so each local (slave) controller has a one-dimensional array synchronized with the master controller. As seen in Figure 5, the controller has one master and twelve LCs. Each controller is implemented using Texas Instrument’s F28379D Digital Signal Processor (DSP) card. The LCs are connected to the master controller through a shared serial-communication bus. The output of these controllers is fed into dedicated Altera’s ACM-204-40C8 FPGA. The role of the FPGAs is to detect fail-over of the LCs. Therefore, each LC checks the neighbor controllers’ health status for every control cycle. If there is an LC failure, the faulty LC is bypassed, and the neighbor LC takes care of the faulty controller’s SM. In this design, each LC is directly connected with all the LCs, and data are transferred using a series data port. Therefore, each LC controls an SM and communicates with the neighbor LCs. Thus, the measured signals and the computation results are compared with the neighbor LCs to validate the accuracy of the output based on the neighbor LC. In case of an LC failure, both the neighbor controllers compare the errors to detect the failure, as in Figure 6. Then, one adjacent LC takes the faulty LC’s SM based on the FPGA’s decision. The controller availability matrix (CAM) is shown (12) to determine if there is any LC available to take the vacant SM where    F  L C ,   i     is the failed controller,    F  L C ,   i + 1     is the upper controller, and    F  L C ,   i − 1     is the lower controller. The dedicated FPGA runs the matrix and chooses the necessary controller for the vacant module. Each FPGA has six PWM signals as inputs from three controllers, the main and two neighbor controllers.



In addition, two error signals are fed into the FPGAs to determine the health status. Two PWM signals from two LCs are compared to check the mismatch. If the PWM signals of the neighbor LCs are not the same at an instant, the counter, seen in Figure 6, exceeds a predefined threshold, and the error signal goes high. This event is named a fail-over condition, and it has two steps. The first is to check the fault signal to decide if any of the main controllers are faulty. The main controller’s output is compared with the adjacent controllers. If the outputs of these comparisons are different, the main controller does not create the appropriate output signal. This situation may occur if the main processor gets faulty or the controller has no supply voltage. If such a case occurs and the output signal comparison of the adjacent LCs is not the same, the fail-over signal gets high, and one adjacent LC replaces the faulty LC. If both the adjacent LCs are faulty based on the health status check seen in Figure 7, then there is no available LC to take care of the SM. In such a case, the SM will be bypassed. The scope of this paper covers an LC failure, so bypassing the SM through the controller will be validated in a separate research paper.



The role of the master controller is to control the AC voltage, phase circulating current, and capacitor voltage averaging for each phase of the MMC. In addition, it is responsible for regulating output voltage through the active and reactive current based on the modulation signal and generate the reference voltage for the power-electronics switches, as seen in Figure 8. SM capacitor voltages are averaged based on the sensor reading of each phase to regulate the average voltage of each converter leg. On the other hand, each LC is responsible for balancing the capacitor voltages and generating the PWM signals for the switches [29,30,31]. Additionally, each LC manages the capacitor voltage balancing as in Figure 9. Then, the output of the balancing controller is fed into the PWM generation block.




3. Experimental and Real-Time Simulator Results


A three-phase MMC prototype with two SM per arm is designed to test the controller, which has four local controllers per phase. The test setup is developed to validate the modular fault-tolerant distributed controller under steady state and local controller failure conditions. Each phase leg of the MMC prototype is connected to a constant DC power supply, an N5700 series 150 V, 10 A, 1500 W from Keysight Technologies. The DC source provides stable output power, and the MMC is operated in an inverter mode. The AC side of the porotype is connected to an inductive load, represented by a 2.5 mH inductor and 20 Ω resistor. An illustration of the experimental setup can be seen in Figure 10, and a photo of the test setup is shown in Figure 11.



A list of parameters of the prototype can be found in Table 1. A photo of the MMC phase module can be seen in Figure 12; each phase leg has four SMs and an isolated gate driver. Each HBSM has a 60 A, 650 V field stop trench gate IGBT (STGW60H65DRF) with an ultrafast diode attached to a heat sink and a 3.9 mF snap-in capacitor. LEM ® sensors, placed on a single board, are used to measure the signals from the SMs. The measured signals are fed into a signal conditioning board, seen in Figure 13, to filter the analog signal and amplify the useful signals for the controller cards. Figure 14 shows the experimental results for the SM capacitor when the DC voltage is changed from 0 p.u to 0.8 p.u. It can be seen that all four capacitors share the DC bus voltage almost equally. The capacitor voltages’ summation is not quite equal to the DC link voltage due to the voltage drop on the relatively large arm inductor (1 mH), resulting in   2  V  c x     based on Equation (1) and Equation (2). The DC link voltage is increased to 100 V in Figure 15. The load current and the capacitor voltages of the upper SMs can be seen accordingly. Capacitor voltages of the SMs show that the balancing controller is effective.



The main scope of this paper is to test the controller capability under LC failure. Hence, the prototype is operated at 80 V DC link voltage to test LC failing scenarios. The arm, load, circulating current, and SM capacitor voltage can be seen in Figure 16 and Figure 17 during the steady state. The circulating current controller is disabled, and the dominant second-order harmonic can be seen in the circulating current. In addition, switching frequency circulating current is observed in the circulating current. As seen from the SM voltages, the balancing controller effectively balances the capacitor voltages.



The LC of the second SM (LC2) failed by cutting the supply voltage. The controller’s health is immediately reported based on Figure 7 to manage the SM through the adjacent controllers. The circulating current and the capacitor voltage momentarily respond while the adjacent controller takes over the SM2. Due to the dynamic response of the controller, there is a rise in capacitor voltage during the take-over, which is less than 5% of the rate value seen in Figure 18.



The circulating current shows a high magnitude due to the time delays involved during the detection and switching of control inputs from failed LC to healthy LC. The detection delay is around 500 µsec as the synchronization check occurs once every control cycle. The FPGA allocated for the LC failure detects the failure based on the loss of communication signal from the faulty LC.



Additionally, a delay is associated with deciding the available healthy LC for the particular SM. Therefore, momentary loss of control occurs due to the delays and a high magnitude of circulating current is observed as a result. Although there is a transition delay, the take-over process is still fast enough to observe no effect on the load current and the SM capacitor voltage balancing. Similarly, two LC failures are tested simultaneously by cutting the supply voltage. The health status of the controllers is reported, and the failure detection occurs within 500 µsec. The process of two LC failures is the same as in the previous case, but the number of control delays is increased. As a result, higher oscillation is observed in the circulating current in Figure 19. Still, the controller can sustain the SM capacitors with two healthy LCs. There is a rise in capacitor voltage during the take-over, which is around 5% of the rate value due to the dynamic response of the controller. The take-over process repeats itself until a healthy LC is available to take over an SM. Table 2 shows the algorithm of the take-over process during a fail-over condition. System status becomes down if there is no available LC to replace the faulty LC(s).



As can be seen, the controller can sustain the operation under any one LC failure. Further, the controller can sustain the operation under two LCs failures as long as the failures are not located in the middle and the corner LCs. For instance, the controller is still operational if LC2 and LC3 fail because LC1 and LC4 can take over the faulty LCs. However, if LC1 and LC2 fail simultaneously, the system must shut down. The reason is that there is no available neighbor controller to take over the LC1 in this case. The experimental results are verified with the Opal-RT real-time simulator, as seen in Figure 20. A control-hardware-in-loop (C-HIL) environment is developed with a modulation index of 0.92 using the same modular distributed fault-tolerant controller. The same power circuit is modeled in the Virtex 7 FPGA using MATLAB Simulink®.



Due to the high switching frequency operation of the controller, the required simulation time-step is less than 1 µs. Although the time-step around 1µs satisfies the communication, this will significantly increase the simulation time. Therefore, power electronics components are chosen from the RT-event® library to reduce the simulation time step and overall time. The C-HIL setup aims to test the controller capability before testing the hardware setup. The behavior of the current and voltages are compared and validated with the hardware result. The circulating current observed in the OPAL-RT result is more significant than in the hardware result. This is because the circulating current is fed to the controller during the OPAL-RT simulation and calculated as quantity using signals sampled in the OPAL-RT system’s CPU. In the prototype, the circulating current is measured through the arm currents using LEM sensors for each phase, but it is not possible to place a current measurement sensor in OPAL-RT that directly measures the circulating current. Due to this limitation, the arm currents are measured from the simulation in the CPU and processed to calculate the circulating current based on the discrete-time simulation. This process has communication delays between the simulation FPGA and the CPU. Therefore, the circulating current in the OPAL-RT results cannot be correlated directly to the measurement result because it is not a direct measurement. Yet, the aim is to compare the behavior of the current under LC failure. Figure 21 shows phase B’s load, circulating current, and upper SM capacitor voltages. This figure validates the experimental results shown in Figure 17 at 80 V DC link voltage. Similarly, Figure 22 shows the same result pattern as Figure 18 when LC2 is hard failed. Lastly, Figure 23 validates the experimental results under the failure of LC2 and LC3, as seen in Figure 19.




4. Conclusions


The MMC is one of the suitable topologies for medium and high-voltage applications. One of the reasons is that an MMC can generate almost a sinusoidal voltage with several hundred series connected SMs per arm. In addition, the number of SMs can be easily modified to adjust the system’s rating. However, the controller of an MMC should be modified accordingly based on the rating. The modification for hundreds of SMs might be challenging and time-consuming with a centralized control structure.



On the other hand, a distributed control structure is more flexible than a centralized controller. The reason is that a distributed controller has multi-control points, such as the master controller and the LCs. Hence, modifying control points is relatively easier than modifying a central controller with hundreds of control lines. Additionally, a distributed controller significantly eliminates the single point of failure compared to a centralized controller. On the other hand, the failure risk of the controller increases due to the increased number of LCs. However, a distributed controller can be programmed with resiliency.



This paper implements the distributed modular fault-tolerant controller for an MMC prototype. The controller is built to control four SMs per phase for the proof-of-concept. Therefore, the MMC prototype is built by two SMs per arm. The experimental results are validated using the same controller with the Opal-RT result-time simulator in a control-hardware-in-loop (CHIL) environment.



The results show that a distributed controller can sustain the MMC operation despite two local controller failures. However, the oscillatory circulating current behavior is observed due to the control, communication, and sampling delays. Despite the oscillatory behavior and delays in the distributed controller, the MMC sustains the operation without significant interruption. It is worth mentioning that the oscillatory behavior of the circulating current can be reduced with the circulating current suppression controller. In addition, the oscillation effects will be much less for an MMC with a high number of SMs if the controller is extended for such an application.



Lastly, the scope of this paper only covers the fail-over feature of the distributed modular fault-tolerant controller. In other words, only the LC failure test cases are validated with the experimental and real-time simulator results. The controller can also sustain the MMC operation under SM failure, but this feature will be covered in another research paper using the same MMC prototype in the future.
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Nomenclature


Frequently used notation in this paper is defined below. The other symbols are provided during the text as required.



	MMC
	Modular Multilevel Converter
	CC
	Circulating Current



	CCU
	Centralized Control Unit
	DSP
	Digital Signal Processor



	FPGA
	Field Programmable Gate Array
	LC
	Local Controller



	SM
	Sub-Module
	HBSM
	Half-Bridge Sub-Module



	   L  a r m    
	Arm inductor
	     C  S M    
	SM Capacitor



	   i  u , x    
	Upper arm current of a phase
	   i  l , x    
	Lower arm current of a phase



	   i  z , x   :  
	Differential current of the MMC
	   f m   
	Reference frequency



	   f e   
	Error frequency
	     f l  :  
	Frequency of an LC
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Figure 1. Three-phase MMC circuit with HBSM configuration. 
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Figure 2. An illustration of the modular distributed fault-tolerant controller. 
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Figure 3. A block diagram of the implemented phase averaging controller. 
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Figure 4. Modular distributed fault-tolerant controller. 
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Figure 5. A block diagram of the controller. 
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Figure 6. A logic diagram of the SM controller failure detection. 
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Figure 7. A logic diagram of the health status check controller. 
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Figure 8. A block diagram of the implemented voltage controller. 
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Figure 9. A block diagram of the implemented SM capacitor voltage balancing controller. 
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Figure 10. An illustration of the test-setup. 
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Figure 11. A photo of the test-setup with MMC prototype and the controller. 
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Figure 12. A phase leg of the MMC prototype. 
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Figure 13. Sensor (left) and signal conditioning (right) board of the MMC prototype. 
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Figure 14. Dynamic performance of phase B when the reference value of the DC voltage from 0 PU to 0.8 PU. 
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Figure 15. AC current and SM capacitor voltage at 100 V DC link. 
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Figure 16. Arm Currents of phase B under steady state. 
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Figure 17. Parameters of phase B under steady state. 
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Figure 18. System parameters under failure of one local controller. 
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Figure 19. System parameters under failure of two local controllers. 
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Figure 20. Opal RT and the controller HIL setup. 
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Figure 21. Result validation of Figure 17 with Opal-RT. 
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Figure 22. Result validation of Figure 18 with Opal-RT. 
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Figure 23. Result validation of Figure 19 with Opal-RT. 
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Table 1. System parameters.






Table 1. System parameters.





	DC Voltage
	80–100 V
	Number of SM per arm
	2



	AC Frequency
	60 Hz
	Capacitor Ref. Voltage
	50 V



	Switching Frequency
	10 kHz
	SM Capacitance
	3.9 mF



	Load Inductance
	2.5 mH
	Load Resistance
	22 Ω



	Arm Inductance
	1 mH
	IGBT at Tc = 25 °C
	60 A, 650 V
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Table 2. The take-over chart during fail-over condition.
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	LC1
	LC2
	LC2
	LC4
	System Status





	Failed
	Takeover
	No Change
	No Change
	Up



	Takeover *
	Failed
	Takeover *
	No Change
	Up



	No Change
	Takeover *
	Failed
	Takeover *
	Up



	No Change
	No Change
	Takeover
	Failed
	Up



	Takeover
	Failed
	Failed
	Takeover
	Up



	Failed
	Takeover
	Takeover
	Failed
	Up



	Failed
	Takeover *
	Failed
	Takeover *
	Up



	Failed
	Failed
	No Change
	No Change
	Down



	No Change
	No Change
	Failed
	Failed
	Down







* the dedicated phase FPGA decides which LC takes over based on the health status.



















	
	
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
Hardware Error

Power Supply >c Health Status of

a Controller
Synch >c






media/file4.png
Master Controller

7

D

Current
Control

Circulating)

Current

| Control |

A
\ 4

)

r 3\
Average

Voltage

| Control )

7~

Sync

N

O

2/

Local (Slave) Controllers

Series Communication

C

MMC Phase

N
SM Voltage Balancing
Checking the adjacent controller €= P SM1
PWM Signal Generation ——
- (" )
SM Voltage Balancing vl
Checking the adjacent controller <=3 g N SM2
PWM Signal Generation ks . J
3 )
SM Voltage Balancing E
<> Checking the adjacent controller =3 N SM3
PWM Signal Generation
SM Voltage Balancing r h
<> Checking the adjacent controller = < SM4
PWM Signal Generation L y
J /






media/file39.jpg
Modular
Distributed
Fault-tolerant
Controller

Opal-RT
Simulator

Monitoring
Oscillascope

Virtex 7 FPGA
based Simulator
for Opal-RT






media/file18.png
Vsml.x+Vsm2,x

2

Vsml . x+Vsm2.,x

Vsml

2

Vsm3,x+Vsm4,x

Vsm?2

2

Vsm3,x+Vsm4.,x

Vsm3

2

Vsm4

i

i

i

i

I,x

Vball.x

Vbal2.x

Vbal3.,x

Vbal4,x





media/file21.jpg
Driver

Power Supply
For interface boards

Interface boards
Load side inductors

Contreler Power Supply for
The Gate Drivers

Monitoring .

Seope Voltage Probes
Resistive load

Current

Probes DC Supply






media/file44.png
B Pos: —4.000ms  SAVE/REC

X _ Action
File
Format
3
About
. - Saving
Images
SM1 Capacitor Voltage of “elect
Pha B Folder
a.'_SM'Z Capacitor Voltage of Phase B : #5 Pha 5 Ve
TEEDOD4,.JPG
CHT 50.0mY  CH2 100mY M 20.0ms CH1 7 0.00%

CH3 50.0m% CH4 50.0mY 4-Feb-22 18:28 107.120Hz





media/file26.png





media/file7.jpg
Analog Communicaton

Dita Conmuicatin_J} Channels

Channels

Dedicated FPGAs 0 the
Local Contrllers

Master Contollr

Local(Slave) DSP Local (Slave) DS Local (lave) DSP
Controlles for Phase A Controllers for Phase B Controllers for Phase C





media/file28.png
i | | I i
] Mask | Math MyScuuel A.nalyze} Utilities | Help [3 Tar E]
i i i |
I | |

I I | I ‘ | I I | ’ I | I | | I | | I I

File I Edit | Vertical } Horizlacg { Tng | Display | Cursors ' Measure

: SM1 Capacitor SM3 Capacitor
- I Voltage of Phase B Voltage of Phase B

LY A

: SM4 Capacitor ~ SM2 Capacitor |
. g ; Voltage of Phase B Voltage of Phase B |

i 20.0vidiv 1MQ §y:500M

A - Sy 5.0s/div  2.0kS/s 500.0ps/pt
¥ iv oppe
20.0V/di MO B,:500M None Auto )| stopped
@ 20.0Vidiv MO By:500M 1acqs RL:100.0k
@ 20.0v/div MO §y:500M Auto February 03,2022 12:12:00
£ N
Value Mean Min Max 5t Dev Count Info

Q&L Mean 16.56V 30145367  |6.794 59.4 20.28 5.0

Q&) Mean  (17.74V (27511797  [12.12 42.34 12.32 5.0

@ Mean  [15.79V  [24.713901  [5.554 44.31 15.48 5.0

@ Mean' 1676V [25.4156 5.154 40.05 14.16 5.0






media/file10.png
JTAG Interface Master |4 JTAG Interface for Local 4 JTAG Interface for Local 4 JTAG Interface for Local
Controller Controller Phase A Controller Phase B Controller Phase C
E3 20 * + ‘*’
- Local Controller A Local Controller B Local Controller C
=
=
g SAERERE SHE B
wn =113 171 1= il I "l'l
? le—sl 2 5] E] |2 2 |2 2
A il 2 BB IE 3| |12 2
= - FEIETEE 2 E 2
= < - % al | & =
= | \ A /
? FPGA A FPGA B FPGA C
=
IE Altera Altera Altera
m_ E Cyclone 4 Fi Cvclone 4 Cyclone 4
= FPGA 60 = FPGA FPGA
| BUFFER BUFFER | | BUFFER || BUFFER || BUFFER |

| ANALOG 1 || ANALOG2 |

| DIGITAL 1

| | picitaL2 || DpiGITAL3 |

Analog Signal

Conditioning
Board

Analog
Inputs

Digital |

Digital
Outputs Outputs

Digital
Outputs






media/file11.jpg
—PWM

Upper LC Compare Error

Lower LC Compare Err L

Upper LC Communication Error

Lower LC CommunicationError |

Dedicated LC PWM-

Upper LC Health Conditon
Lower LC Health Conditon

UpperLCPWM — A5 Lower LCPWM 1






media/file6.png
Iu._x +- ' K *
| 0.5 H@% KP +—I%Va‘vgul,x
4+ S

Vo, + K,

Vavg ul.x





media/file36.png
File | Edit
| | | | | |

| I i | I i i [ |
Vertical | Horizlacg | Tng D;spia:.-l Cuwrsors | Measure | Mask | Math | MyScope | Analyze I Utiliies | Help E]

ll'—;il'. [3 ,

Circulating Current of Phase B (1A/Div) [
|

C Current of Phase B (3A/Div) |

- t t t HH
M1 Capacitor Voltage of Phase B (20V/Div) i i
. - " : | 5V r _Ybl 40V -
e = e = V.
p p 4 . ng =40V
SM2 Capacitor Voltage of Phase B (30V/Div)
(&L L0A/div MO By120M [ LY L -40.0mA 100.0ms/div ~ 100.0kS/s 10.0ps
@ 50Addiv MO By:500M None Aute )| stopped
@ 20.0vidiv MO §y:500M 1acqs RL:100.0k
@ 0.0vidiv MO 8,:500M Auto February 03,2022  13:21:13
Value Mean Min Max 5t Dev Count Info

QEL) Mean  [-250.5mA  |-250.49113m [-250.5m  [-250.5m  |0.0 1.0

QL) Mean  |14B.4mV  |-146.37546m |-146.4m  [-146.4m (0.0 1.0
@ Mean 36,89V (36.803053  [36.80 36.89 0.0 1.0

@D Mean* 4226V [42.259932 [42.26  [42.26 0.0 1.0

. " Assign Knobs

m |Zonm 2 |_'_|

Zool '
Zoom m Araa Display

Zoom Source

IAcq

]

ShowHide
Lock Waveforms

@ OO

®
4
>






media/file15.jpg





nav.xhtml


  energies-15-08427


  
    		
      energies-15-08427
    


  




  





media/file2.png
able/Line >
cabiz/Line_{} 1. L ______ _
4 o TrTrTrTTTTT : SM 1 : ..v[{pper arm
/ \-\ T E AT HBSM
: - | !
+ { \ ‘!u’x E—r SMZ : | S]
: ;! =V
Focsz f'f \ ‘ “|saz | s2 23 ] ¢
? ! \ I | S— 0
' | Lux
6 1 1 LO im,x vm’x
] | >
- A ‘ L ? (x=a,b,c)
P l Iy -
_ . - i_._._ =
\ i | sar1|
: \ | !
, : | SM 2
I/DC /2 \\ f' vl,x 5_7 : .................. »Lower arm
- i - P! i
Y _‘ ____________ sm N
N " Phgsea
. Phase b
v Idc Phase ¢

- - il
Cabie/Line [} I T






media/file23.jpg
Heat Sink

SM Capacitors

Gate Driver






media/file24.png
Heat Sink

-—p Upper SMs

ﬁﬂA, 650\’ IGBT
with Ultrafast Dmde

Gate Driver
for both Arms

IR o I

r






media/file29.jpg





media/file1.jpg
sM 1|

|sm2

iase b
Phase.c

, Upper arm

HBSM

»Lower arm





media/file12.png
Error
Upper LC Compare Error 0 PWM

Lower LC Compare Error |

Upper LC Communication Error L~

Lower LC CommunicationError

Dedicated LC PWM—|
Upper LC Health Conditon ,
Lower LC Health Conditon _|
Upper LC PWM Lower LC PWM






media/file9.jpg
k2

k2

Tocal Controtier 4]

Tocal Contratier

BUFFER

e~ |3 o [ .
[ | o

[aoei ][

¥
aNaocT ] [oioiaLT

] [oicmacs ]

< 3
] [reirais
k2

[Rnatog Signst & 3 ¥
Conditoning | ([ “Fwtoz DrainaT gt Digiar
Board Tnputs Outputs Outputs Outputs






media/file42.png
Tek S & Stop M Paos: —4.000ms

SVESREC
+ -
AC Current of Phase B Ipkpe = 10A Action
A Save Image
1+
File
Circgl:ting Current of Phase B Farmat
Ik =2A m
About
24| N saving
Images
SM1 C itor Volt fPh B SEIECt
apacitor Voltage o ase _
i i i inia s s S et
ar SMR2 Capacit)(l)'r Voltage. of Phase B Vi =39V Save
TEKOOOZ,JPG
CH1 50.0m%  CHZ2 100mY M 10.0ms CHT1 &7 0.00%
CH3 50.0m% CH4 50.0mY 4-Feb-22 18:23

114.253Hz





media/file38.png
| | |
File | Edit | Vertica I HUfiz:;'u:ql Trig | Display | Cursors | Measure | Mask  Math |

Circulating Current of Phase B (1A/Div)
‘ ' |
AC Current of Phase B (5A/Div)

T

MyScope | Analyze | Utilities

: I Local Controller 2 and 3 I ' I ' ‘ I
Failuore in Phase B

|
o 1]

[zt E} .

~ SM1 Capacitor Voltage of Phase B (20V/Div)
1 e W " ke £y Vi = 40V
. == e pimeeensTny .
| 6V
l / = ol V=4
SM2 Capacitor Voltage of Phase B (30V/Div) |
i
(- 1.0A/div im0 By:120M [A Gl / 40.0mA ] 100.0ms/div~ 100.0kS/s  10.0ps
@ 50A/div MO B,:500M Nong Auto | stopped
@& 20.0Vidiv im0 By:500M 1 acgs RL:100.0k
@ 30.0vidiv 1MQ Ey:500M Auto February 03,2022  13:16:02
[ Value Mean Min Max St Dev Count Info
Q@) Mean  [-240.0mA [-239.95423m [-240.0m  [-240.0m  [0.0 1.0
@) Mean  |148.6mV  [-148.62028m |-148.6m  [-148.6m  [0.0 1.0
@ Mean  [36.53V  [36.529089  [36.53 36.53 0.0 1.0
@D Mean* 4307V [43.067216 [43.07 4307  [0.0 1.0






media/file17.jpg
Vsmlx+Vsm2,x

4>®* K, +21] Vball,x
2 s E
- +
Vsml o
VsmlxtVsm2x 4 K+ % Vbal2.x
2 s +
- +
Vsm2 Tux’
Vsm3,x+Vsmd,x + K, +X ,Q? >Vbal3,x
5 s
- +
Vsm3 Ix
Vsm3,x+Vsmd,x _)®_)Vba14.x
S — ¥
4+
Ix






media/file30.png
i | | ;
File | Edt | Vertica I Hu'izihcq: T"i'il Display Cursors Measure | Mask | Math :

MyScope | Analyze U".|!|:m5| Help

(=) [(x)

' Ia Ib AC Load Current (SAf'Dlv)

\HN il f\f\/\l\l\/\(\f\/\l\l\ |

I T T T T

SM2 Capacntor Voltage of Phase B(20V/D1V}
| Vh3=51V
TP LR 5o H LA S RS AR TR RO, T Bl e
el T ' ‘l—'r || L B | 1 - I " 13 s
B i i Vh1=46V 2@
SM1 Capacitor Voltage of Phase B(20V/Div)
|
1
.
e S0div MO B,:500M [ A @S M.V 50.0ms/div200kSls 5.0pslpt
5.0Adiv im0 B,:500M Dive o Stopped
- ﬂw N Aut
@ 20.0vidiv MO B,:500M 1 acqs RL:100.0k
@ 20.0vidiv M0 B,:500M Auto February 03, 2022 12:57:11
| Value Mean Min Max St Dev Count Info i
Mean  |-31.26mV (-46.520789m [-61.8m  [-31.26m  [21.50m  [2.0
&L
@) Mean  |83.33mV  [73.334038m [83.33m  [63.33m  [14.14m (20
@ Mean 46,52V |40.244052  |33.96 46,52 5,883 2.0
L- Mean* (54.79V  (50.677228 |46.57 54.79 5.812 2.0






media/file35.jpg
LoclCon

Circulating Current of Phase B (1A/Div)

IAC Current of Phase B (SA/Div)

o EE el

Toom |

(-2

=

) @ O |

P o

= @

va®






media/file27.jpg
I e e e e e e e e e L e O] i B [

SMI Capacitor SM3 Capacitor
Valtage of Phase B Voltage of Phase B

Capacitor Voltage of Phase B20V/Div)

Voltage of Phase B Voltage of Phase B

[T
P






media/file3.jpg
Master Controller Local (Slave) Controllers MMC Phase

S Voltage Balancing
Checking the adjacent contraller

(Circulating)
Current
Control

Tnterface

SV Voltage Batsneiag.
Checking the adjacent controller
PWM Signal Generation

Average
Voltage
Control

e
B
H
E
g
o
&

ST Voltage Batancing
Checking the adjacent controller
PWM Signal Generation






media/file22.png
SM and Gate

Driver Power Supply

For interface boards

Interface boards

Monitoring
Laptop Load side inductors
Controller

Power Supply for

The Gate Drivers
Monitoring Voltage Probes
Scope

Resistive load

Current

Probes DC Supply






media/file19.jpg
Power Circuit of the Prototype

Three-phase
MMC
Prototype with
2 SM per Arm

Signal Conditioning and Sensor Boards

Voltage and Current Measurement and Signal Amplification

Controller of the Protolype
Voltage/current Control, Balancing Control, Fault Control

DSP FPGA
TIF28379D || Altera Cyclone IV
TMDSCNCD28379D EP4CE40F29C8N






media/file40.png
Modular
Distributed
Fault-tolerant
Controller

Opal-RT
Simulator

Monitoring
Oscillascope

Virtex 7 FPGA
based Simulator
for Opal-RT






media/file33.jpg
| | venc | | 0 || o | e | o | s | e s | o | ws (7] ra (5 (1

Circulating Current of Phase (1A/Div)
C Current of Phase B (SA/Div)

SM1 Capacitor Voltage of Phase B 20V/Div) -

T






media/file32.png
File | Edt | Vertical

I | [ | | | [ 1
HaorizlAcg | Trg l Displuy‘ Cursars | Measure | Mask l Iath MyS‘r,npcl Ane!yael U1ili1ies| Help |B
T ™9 U | o

T |

L] I

| I 1 ]

1

1 I

Upper Arm Current of Phase B (2A/Div)

I

00040000004100¢¢4v00

- Lower Arm Current of Phase B (2A/Div)

25A

S

Ch2 Ext Att (@)
20.0

Ch2 Ext Att(dBj)

26.0dB

Ll

| i | T M -
@ 20 1MQ B,:500M [E]- [ 520.0mV ] 20.0ms/div500kS's  2.0psipt
@ 2.0A/div MO By:120M None Auto J| Stopped
68 acqs RL:100.0k
Value Mean Min Manx 5t Dav Count  Info Auto February 04,2022  14:11:57
QEL) Mean  [-545.5mV [-529.89199m [-579.7m  |457.4m  [28.05m  [67.0
Q) Mean  |-159.2mV  [-147.81896m |-162.0m  [-129.7Tm  |6.85Tm  [67.0
@ Mean  [-206.0mA [-71.842022m [209.2m  [107.7m  [114.5m  [67.0
@ Mean*  [13.52mV  [-13.603265m |-15.74m  |-10.64m  [1.138m  [67.0
-
g rDﬁkEWIAmnuaﬁﬂﬂ I Channel ®
SetTo External Atten ExB] Set to Unity d
GO | & o D Co)
™™ >






media/file14.png
Hardware Error

Power Supply Health Status of
_> : | a Controller

Synch >0_






media/file41.jpg
Tek Al @ Stop M Pos: —4,000ms SAVE/REC
+

AC CurrentofPhase B Tpspx = 10A
1%

Circulating Current of Phase B

it Ao

SM1 Capacitor Voltage of Phase By, _ 41

SM2 Capacitor Voltuge of Phase B Ves - 99V Save
i TEK0003.JPG
CHI S00mi  CH2 100mv M 10,0ms CHT 7 0100V

CH3 50.0mY CH4 S0.0mY 4-Feb-22 18:23 114.255Hz





media/file37.jpg
lating Current of Phase B (1A/Div)

AC Current of Phase B (SA/Div)

T ———

ST Copackes Vs VAR AV}

o Vi = 40V
Vu=

SM2 Capacifor Voltage of Phase B (30V/Div)

T T

o s P I
B 1w Rn

o sy






media/file46.png
ANk @ Stop M Pos: —4.000ms  SAVESREC
+

e
AC Current of Local Controller 2 and 3
Phase B Failure in Phase B J:'.I:tll:ln

1#

Circulating Current of I
Phase H

! About
i ' Sawing
Irnages
SM1 Capacitor Solect
Voltage of\I;hase B Ealder
; SavE
SM2 Capacitor
= Voltage 01PPhase B : TEROOOS,JPG
CHT 500mY  CH2 100mY M 50.0ms CH1 7 0.00%

CH3 50.0mY CH4 50.0mY 4-Feb-22 18:23 123.625Hz





media/file45.jpg
Tek ik @ Stop M Pos: —4.000ms  SAVE/REC

A€ Current of m ¥

hL

Circalating Current of |
Plase

29
Images
SV Capactr
Volugea{Plase B gi::z:
4
B Save
12 Capacior
B st P : TEK0005.JPG
CHi 500y CH2 100mv M 500ms CHT 7 000V

CH3 500mY¥ CH4 500mY 4-Feb-22 18:29 123628Hz





media/file16.png
*

Varef
Vyq
> dqo he Xbref
*> A cref
Vq

Ory |





media/file20.png
_|_
Vdc

Power Circuit of the Prototype

—
L

Three-phase
MMC
Prototype with
2 SM per Arm

RI. Load

!

Voltage and Current Measurement and Signal Amplification

Signal Conditioning and Sensor Boards

!

Controller of the Prototype
Voltage/current Control, Balancing Control, Fault Control

DSP
TI F28379D

TMDSCNCD28379D

R S—

FPGA
Altera Cyclone IV
EP4CE40F29C8N






media/file5.jpg
>
Vavgulx

Vavgulx





media/file31.jpg
Upper Arm Current of Phase B ADIY) 1,254

FIONINLI RS IINSIFI IV

Lower Arm Current of Phase B (2A/Div)






media/file25.jpg





media/file0.png





media/file8.png
Analog Communication

Digital Communication Channels
Channels
Dedicated FPGAs to the
Local Controllers
Master Controller

Local (Slave) DSP Local (Slave) DSP Local (Slave) DSP
Controllers for Phase A Controllers for Phase B Controllers for Phase C





media/file43.jpg
Tek . @ Sto M Pos: -4.000ms  SAVE/REC
\

( irculating Current of File

" ety | Format

About

Saving

Images

sMt Capactor Votiageof | Select
Fraes Folder

30 SM2 Capacitor Voliageof Phase B g Save

TEK0004.JPG

CH1 S0.0mY CH2 100m¥ M 50.0ms CH1 7 0.00Y
CH3 50.0mY CH4 S00mV 4-Feb-22 18:28 107.120Hz





media/file34.png
|
File | Edit |

o | | fiba
Vertical | Hcrla‘Acql Trig | Display | Cursors | Measure | Mask |

Math MyScopcI Fﬂaly;cl U:i':i'.icsl Help

a

I | I ] I I I I | I I I ] I

Circulating Current of Phase (1A/Div)

AC Current of Phase B (SA/Div)

SM1 Capacitor Voltage of Phase B (20V/Div)

1

1 Ty p— | r ]

3 Vi =40V
e e i e e TR L 1 M L. " 1 m l l L 1]
1 | 1 | -
: v . *
: ¥ i Vi = 40V
SM2 Capacitor Voltage of Phase B (30V/Div)
1 l l l l L 1 l 1 1 1 L | | l 1 l
iy 1.0Adiv 1M0 By120M [ A (G S 40.0mA 20.0ms/div 500kS/s 2.0ps/pt
@ 5 0Adiv MO By:500M None Auto Stopped
@& 20.0Vidiv MO B, 500M 22 acqgs RL:100.0k
@ 30.0Vidiv MO By:500M Auto February 03,2022  13:13:04
Value Mean Min Max St Dev Count Info
EL) Mean  |-208.2mA [-236.50238m |-287.7m  [-200.4m  [24.79m  [22.0
Q) Mean  [-126.0mV  |-133.27622m |-178.8m  |-111.9m  [19.84m  [220
@ Mean  [39.5TV  [38.275447 [33.48 42.6 2.472 22.0
@ Mean*  (39.81V  |40.779005  |36.61 43.95 2.138 22.0
:l
rDeskewlAttenuaﬁun | Channel SetTo s ®
DG External Atten External Atten{dB) et to Unity
CGow) | gr™j@ [uws o G |J
Cas @ - >






