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Abstract

:

The paper introduces a new design of Marx generator based on modular stages using Silicon Carbide MOSFETs (SiC-MOSFET) aimed to be used in biomedical applications. In this process, living cells are treated with intense nanosecond Pulsed Electrical Field (nsPEF). The electric field dose should be controlled by adjusting the pulse parameters such as amplitude, repetition rate and pulse-width. For this purpose, the structure of the proposed generator enables negative pulses with a quasi-rectangular shape, controllable amplitude, pulse-width and repetition-rate. A complete simulation study was conducted in ANSYS-Simplorer to verify the overall performance. A compact, modular prototype of Marx generator was designed with 1.7 kV rated SiC-MOSFETs and, finally, a set of experiments confirmed all expected features.
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1. Introduction


The rapidly increasing share of semiconductor switches in electrical engineering is due to their high performances in terms of controllability, compactness and lifetime. This can be seen in many domains such as power electronics, motor drivers and many other areas, including pulsed power.



In pulsed power field, semiconductor switches can be used to build powerful capacitors charger for Classical Marx generators such as in [1,2]; or to design the pulse itself by substituting classical switches such as spark-gaps by semiconductor switches.



Currently, pulse power generators based on semiconductor switches can be classified into two main groups. The first one gathers generators using specially designed switches such as Semiconductor Opening Switch (SOS) [3,4,5,6], Drift Step Recovery Diodes (DSRDs) [7,8] and other similar devices [9,10,11]. These generators provide very high performance because their architectures are optimized and specially designed for pulsed power generation. However, the discussed switches are pretty rare, if available on the market at all, and their cost is also too high.



The second group of generators uses commercial (off the shelf) components such as (silicon) IGBTs and MOSFETs. These switches are widely available and show generally lower cost. A significant number of works proposing various structures of pulsed power generators [12,13,14,15] using this type of switches can be found for different applications. Increasing interest in these designs is motivated by the continuous progress in their power range and, especially switching times especially after the development of the new technologies such as SiC [16] and GaN [17] devices. This increases considerably the power range and also the robustness of the switch. However, even though there is continuous progress in the performance of these devices [18] and their gate driving circuits [19], they still suffer a major problem: their limited power capabilities in particular voltage ratings.



There are three possible solutions to this problem: the first is to develop new devices with higher power capabilities [20,21,22,23]. This option is challenging due to physical limitations and the resulted dramatic cost increase. The second solution is to combine many devices in series and in parallel to create more powerful switches [24,25]. However, this also has some difficulties connected with the way to distribute equally the power across all the devices. The second problem is when one of the components fails, the probability of the others to fail increases exponentially what causes the failure of the whole device. The third possible solution is to use a modular structure generator [26,27] using “low rate” components. This approach seems to be more suitable comparing to the previous solutions because it ensures equal power distribution on all switches. Moreover, the number of stages can be adjusted to increase or decrease the maximally allowed voltage. In case of failure of one stage, the other stages can be protected.



Therefore, a new high voltage pulse generator with a modular structure and off the shelf components is presented in this paper. A special interest was in testing the performance and the robustness of the SiC technology in pulse power. For that purpose, a new modular architecture of a high voltage pulse generator based on the classical Marx structure (Figure 1) is proposed. The design and the concept of the generator are presented to discuss its strengths and weaknesses.



The designed generator is aimed to be used in biomedical applications such as nsPEF electroporation tests. Due to the high controllability of the generator, it is possible to check precisely the effects of different parameters such as applied field amplitude, pulse width and repetition rate, on the efficiency of the electroporation process.



In this process, living cells are treated with intense nanosecond Pulsed Electrical Field (nsPEF) created by applying the generated voltage pulses to a special electroporation cuvette. It consists of two separated conductive armatures (generally, the distance between them is 1, 2 or 4 mm). Cells under testes are kept in a special solution called MEM (Minimum Essential Medium) which has quite high conductivity due to its high contents of salts. A special technique for the estimation of the conductivity of the MEM in pulsed mode is presented in [28]. Thus the cuvette impedance varies from some ohms to hundreds of ohms depending on the used liquid, the tested volume, and the cuvette dimensions. Other works on the estimation of electromagnetic properties of human tissue can be found in [29].



In the next two sections, the structure and the operation principle of the proposed generator are described with some advanced theoretical analysis such as the extreme performance and the power efficiency of the generator. Then, the third section presents a more detailed, computer simulation of the proposed structure. Finally, in Section 5, the results of the experimental tests with the five-stage prototype generator are presented.




2. Principle of Operation


The proposed architecture, shown in Figure 2, is based on the negative structure of Marx generator (see Figure 1) with some changes. The spark gaps were substituted by SiC-MOSFETs and the charging resistors by diodes. However, unlike the usual structure of solid-state Marx generators, which uses resistors [21] or an inductor [30] to charge the capacitors, in the proposed design, charging is done via two magnetically coupled inductors   L 1   and   L 2  . The first is connected to the power supply side and the second to the load side as shown in Figure 2. A charging switch   S  c h    is also used to exploits the boost effect to get a controlled high voltage charging from a low DC voltage supply.



The proposed structure can be seen as a special combination of a solid-state Marx generator with an inverting DC-DC boost converter. The idea of using two coupled coils (i.e., split the inductance of the inverting converter in two coupled parts) allowed us to reduce the number of controlled switches to half compared to [31], Which reduces considerably the size, cost and complexity of the system.



Similarly to the generator presented in [30], the second coil   L 2   plays two main roles. The first is to provide a path for current charging capacitors independently of the load. The second task is to block the current in the discharge phase, because for fast and short pulses the coil can be treated as an open circuit and its impedance will be very high compared to the load impedance.



Using this configuration, the capacitors are charged negatively with respect to the input, which means that the output pulse has also a negative polarity. The charging system ensures the controllability of the output pulse amplitude, moreover, the charging voltage can be many times higher than the input one due to the boost factor of the charging circuit multiplied by the Marx’s number of stages, which ensures a high voltage gain. Additionally, the charging process is not affected by the load in any way, which solves the problem of the influence of the load on the pulse amplitude and charging time spotted in many designs [21,32].



As mentioned before, this structure can be seen as an inverting DC-DC supply connected to a classical solid-state Marx with semiconductor switches. This class of generators was the subject of many studies, such as [30], However, these solutions did not exploit to the maximum the capabilities of the combination inverting DC-DC boost converter with solid-state Marx generator. A comparative study will be presented later in Table 1 to highlight the pros and cons of the proposed structure compared to previous ones found in the literature.



The used semiconductor switches enable efficient control of the repetition rate and the output pulse width. This means that the generator provides full control over the generated pulses, an essential requirement in biological and medical applications.



From numerous types of semiconductor switches, the choice of SiC-MOSFET was done for several reasons. The first is the switching time, which is very short comparing to similar switches such as IGBTs. Moreover, comparing to classical MOSFETs, SiC ones have similar switching time but better power capabilities, in particular, the rated voltage and its high robustness against current peaks. This makes them a good compromise between IGBTs and MOSFETs with acceptable power range and fast switching.



The generator operates over three main phases. The first is charging the capacitors. This phase runs over two steps: charging the inductors, then transferring the energy to the capacitors. These two steps are repeated many times until the full charging of the capacitors. The second phase is a steady-state, in which the system waits until the firing signal arrives to trigger the third phase—a discharge. The next paragraphs discuss these three phases in details.



2.1. The First Phase—Charging of the Capacitors


We shall start the description from the moment when the capacitors are discharged or partially charged with a voltage   0 ≤  V c  <   V p  N   , all the   S i   switches and all diodes are opened. When the switch   S  c h    closes, the current flows from the DC supply through   L 1  . The equivalent circuit of the generator is shown in Figure 3. It consists of a DC supply in series with an inductor. The inductor starts to store energy as a magnetic flux within the magnetic core.



When   S  c h    opens, all the diodes start to conduct and the current passes via   L 1   and   L 2  , charging all capacitors simultaneously in parallel (see Figure 4). As the two inductors are magnetically coupled, in other words, they share the same flux, the current can be shared between them in a way that they conserve the total stored energy. The condition    1 2  ·  L 1  ·    I  L 1    2  =  1 2   (  L 1  +  L 2  + 2 · M )  ·    I   L 1   *   2  =  1 2   (  L 1  +  L 2  + 2 · M )  ·    I   L 2   *   2   , where   I  L 1    and     I  L 1    *   are the   L 1   currents exactly before and after opening   S  c h   , must be full-filled. If the two inductors are identical    L 1  =  L 2  = L  , then    I  L 1   = 2 ·  I   L 1   *   . It should be mentioned that if the two inductors are not coupled, then charging the capacitors cannot be done, as the current through   L 2   cannot jump from 0 to   I   L 2   *   instantaneously.



If   S  c h    is controlled using a fixed frequency PWM signal with a duty cycle D, then, the whole generator is equivalent to the negative structure of the inverting DC-DC boost converter. In this case, it is proven that the charging voltage of the capacitors   V  c h    is given by Equation (1)


   V  c h   =  D  D − 1   ·  V  i n   .  



(1)







This equation can be used to calculate the proper duty cycle to obtain the desired charging voltage (an open-loop control technique). However, due to leakage currents and the non-perfect coupling between the two coils, a closed-loop control technique shows better performance. Measuring the voltage across one capacitor and compare it to the required value is needed. Any control technique, such as proportional-integral-derivative controller (PID), can be applied to ensure the regulation of the charging voltage to the desired value.




2.2. The Second Phase—Waiting Phase


When the voltage across all capacitors equals the required value   S  c h    remains off and all the other switches and diodes are opened (Figure 5). The system is ready to fire and waiting for the trigger signal.




2.3. The Third Phase—Discharge of the Capacitors


When the trigger signal arrives, all   S i   close simultaneously. This rearranges the capacitors and connects them in series as shown in Figure 6. The output voltage across the load is given by    V p  = N ·  V  c h    . This phase ends by opening   S i  .



When   S i   are closed, the capacitors discharge through the load. This decreases the voltage across each capacitor and thus the output voltage also decreases. However, if the pulse width is small comparing to the circuit constant     R L  · C  N  , then the voltage drop is small compared to the pulse amplitude. The final pulse shape can be considered rectangular.





3. Theoretical Analysis


It is imperatively important to understand that the generator operates using two different controlling signals: the first controls the charging voltage of the capacitors by acting on   S  c h   , in other words, it controls the amplitude of the generated pulses. The second signal controls the firing of the generator by acting on all the   S i   simultaneously. This controls the repetition rate and the pulse-width.



The frequency of the first control signal (acting on   S  c h   ) can be selected depending on the used switch to be in the range of 10 s of kHz. A good choice of this parameter is very important to facilitate the design of the coupled inductors. This is because the charging current fluctuation is a function of the PWM frequency and the inductance of the two coils   L 1   and   L 2  . This can be seen just by considering the whole generator as an inverting DC-DC boost converter during the charging phase.



We should mention that, for repetitive operating, the first charging of the capacitors (initially discharged) takes a longueur time than recharging it after firing the generator (capacitors are partially charged). This can be understood because, to get a quasi-rectangular pulse, we should cut the pulse before the full discharge of capacitors. So recharging them requires less time. Thus, the generator should wait until the full recharging of the capacitors, otherwise, the generated pulses will have a reduced amplitude.



Another point is that the firing of the generator should occur when the system is in its steady-state. in other words,   S  c h    is off and all currents are nullified. This protects the power supply and ensures that the generator fires in its best conditions.



In this way, each parameter of the pulse: amplitude, pulse-width and repetition rate is completely controllable and independent from other parameters and also not influenced by the load. They are just a function of the control signals. However, each parameter has some limits, on beyond them, this independence cannot be preserved.



3.1. Maximal Performance of the Generator


From the previous analysis, it is understood that the proposed structure, as any other one, has some limitation. Some of them are connected to the structure itself and others connected with the limitation of used components. For instance, in theory, the maximal value of the output pulse amplitude is infinite, however, in practice, it is limited by the voltage rating of the used components especially capacitors and switches.



In the case of the pulse-width, its maximal value   T  p  w  m a x      is determined by the maximally tolerated droop in the output pulse voltage denoted   Δ V  . This last one is a function of the RC circuit time constant and the (total capacitance of the generator   C N   and the load resistance   R L  ). It is known that the discharge of a capacitor in a resistive load follows an exponential law, Thus, we can use it to prove that the maximal pulse-width is given by Formula (2). On the other hand, the minimal pulse-width   T  p  w  m i n      is limited by the sum of the switches rise and fall time.


   T  p  w  m a x     =    R L  · C  N  · l n    V p   Δ V     



(2)







The maximal repetition rate   R  R  m a x     is also limited. The main constraint is the capacitors’ recharging time, which is a function of the maximal charging current   I  m a x   , the total capacitance of the generator   N · C   and the voltage droop of the output pulse   Δ V  . The maximal repetition rate can be evaluated using the following formula:


  R  R  m a x   =    I  m a x   · C ·  N 2    Δ V    



(3)








3.2. Power Efficiency


The classical way of charging the capacitors is by using charging resistors. In this way, the half of consumed energy is stored in the capacitors and the other half is dissipated in the resistor as joule losses. Thus the power efficiency of the generator cannot exceed 50%.



That’s why the charging process in the proposed structure is resistance free. This means that almost all the energy can be transferred to the capacitors. This means that power efficiency can reach 100% in theory. Nevertheless, in practice, there are still some losses caused mainly by:




	
Internal resistance of coils   L 1   and   L 2   and the other components;



	
Switching losses in the SiC MOSFETs and diodes;



	
Magnetic losses in the magnetic core between   L 1   and   L 2  ;








The main power losses in the generator occur during the charging phase, during which the system can be considered as an inverting DC-DC converter. Generally, the power efficiency of a inverting converter is inversely proportional to the absorbed power. Thus if charging power increases by increasing the amplitude, the repetition rate or the pulse-width of the generated pulses, the power efficiency decreases.





4. Simulation


In order to validate the previous functioning principle, a numerical simulation was elaborated using ANSYS-Simplorer as shown in Figure 7. The model uses the following parameters:




	
number of stages: 5;



	
all capacitors are identical, C = 100 nF;



	
  L 1   and   L 2   are identical L = 1 mH;



	
coupling factor k = 0.9;



	
load impedance 100  Ω .








The voltage regulation was performed using a sliding mode controller (SMC). This technique consisted of applying the Maximum Duty Cycle when the capacitor’s voltage was smaller than the reference value and stopping when it was higher. This control technique is very popular in power electronics due to its simplicity and robustness. A smooth transition between the two states was inserted to eliminate the shattering.



The obtained results are presented in Figure 8a,b. The first figure presents the signals during the charging phase. From top to bottom: the control signal of   S  c h   , the two inductors’ currents and then the voltage across one of the capacitors. The second figure shows the output pulses compared to the voltage across one capacitor.



From the currents’ waveforms, it can be noticed that current    i  L 1   +  i  L 2     was always continuous, which reflected the conservation of the magnetic flux even if the currents in both inductors (blue and red respectively) were not continuous. The last waveform shows that the voltage across capacitors rose regularly every period for a constant charging current.



Figure 8b shows the voltage across one capacitor and the single output pulse. The input voltage used in this simulation was 25 V with the charging voltage reference fixed at 1700 V. It can be seen that the output pulse was almost four times the charging voltage and the pulse shape was indeed quasi-rectangular. The total voltage gain in this case was around 80.



The power efficiency of the generator was estimated for different values of the pulse-width between 100 ns and 3 us, for an amplitude of 2 kV and a repetition rate of 1 kpps. The obtained results are presented in Figure 9. For short pulses, the power efficiency seemed to be not influenced by the pulse-width variations. However, when the pulses got longer, the power efficiency decreased rapidly. This can be explained because longer pulses meant more voltage droop and higher discharge of the capacitors. In other words, more power was needed to recharge them again and more power losses too.




5. Experimental Results


In order to check the functioning principle and the validity of the simulated model and results, a five-stage generator, shown in Figure 10a, was designed and tested within the High Voltage Laboratory at Warsaw University of Technology. Each stage consisted of a 100 nF SMD ceramic capacitor that can withstand 2.2 kV, fast recovery diodes DH20-18A with a blocking voltage of 1.8 kV and a 1.7 kV SiC-MOSFET. Hence, the maximal possible pulse amplitude was −8.5 kV.



The chosen SiC-MOSFET, SCT2750NYTB from ROHM Semiconductor company, had an internal resistance of 750 mΩ during the on-state. It could handle a drain pulsed current of 14A. The choice of this switch was a compromise between performance which was dictated by the application and the price. As discussed before, the generator was designed to be used for biomedical application where the load impedance varied hundreds of ohms to some kilo-ohms. Hence the choice of this device for a five stages generator and a typical load of 500 Ω is reasonable.



Regarding the two coupled inductors design, the high voltage stress applied to   L 2   during the discharging phase, together with the resulting potential difference between   L 1   and   L 2   and the parasite capacitance (inter-spires and inter-coils) made their conception challenging. Thus a well-studied design accompanied with a delicate implementation was unavoidable.



The results presented in Figure a–f were obtained using different loads from 200 Ω to 1 kΩ, and an input voltage of 24 V. The whole system was controlled using a DE10-lite FPGA board—all the signals (control and feedback) were transmitted between the generator and the control unit using optical links. This ensured high insulation and protects the FPGA from any perturbation caused by the generator discharges. The signals were recorded using Keysight DSOX3054T oscilloscope with a maximal sampling rate of 5 GS/s and a Tektronix P5100A probe of a 1 kV.



On the left inset, Figure 10b presents the output pulse of the generator. The pulse had effectively a clear quasi-rectangular shape with a pulse-width of 0.5 μs. The amplitude of the pulse was regulated to be 1 kV, which was 40 times higher than the input voltage although the generator contains just five stages. This is owed to the boost effect discussed before in Section 2. From the same figure, the pulse also showed a small voltage drop caused by the partial discharge of the capacitors within the load.



A zoom of the first edge of the pulse as shown in Figure 10c allows us to assess that the rise-time was around 8 ns (dv/dt > 125 kV/μs). This value was a function of the maximal blocked voltage and current to be reached. Therefore it can be deduced that the rise-time was a function of the pulse amplitude and the load impedance. Additionally, it was significantly influenced by the MOSFET’s gate driving technique, and the generator structure (in other words the total inductance of the generator).



Additional tests were performed to check the controllability of the generator in terms of amplitude, repetition rate, and the pulse-width. The influence of the load on the final pulse shape was also investigated. The results are presented in Figure 10d,f.



Figure 10d shows five overlapped pulses with the same 500 ns pulse width and different amplitudes. The adjustment of the amplitude was done by acting on the charging voltage which is controlled by acting on   S  c h    as we previously explained. The pulses were recorded using 1 kΩ load. It can be observed that pulses had similar shapes, moreover, as mentioned before, that the rise-time was increasing with the amplitude. From these results, it can be concluded that dv/dt was almost constant.



Next, Figure 10e shows the output pulse waveform with a width of 1 μs and an amplitude of 1 kV for different loads in the range of 200 Ω to 1.9 kΩ. For this pulse width, the voltage drop was 25% for minimum load and less than 5% for maximum load. This did not significantly affect the rectangular shape of the pulse. It may be mentioned that this drop was smaller for shorter pulses.



On the Figure 10f five overlapped pulses are presented with 0.1 μs, 0.5 μs, 1 μs, 2 μs and 3 μs pulse-width. This picture proves that the pulse-width of this generator was completely controllable and it could be as short as 50 ns. From this figure, it can also be noticed that the longer the pulse was, the higher the voltage drop was, which is obvious. The immediate consequence of this voltage drop was the fact that it imposed a new constraint on the pulse-width which could not go over some limit value. This limit could be extended for higher load impedance or by increasing the total capacitance of the generator as expressed in Equation (2).




6. Comparison


In order to evaluate the performance of the proposed structure, a comparative study was conducted with two other generators presented in [31,33]. Table 1 summarizes the most relevant points.



The comparison was done in three aspects, the first was the requirements in terms of components which reflected the cost and the complexity of the system. The second was the controllability, or in other words, the system flexibility and the ability to independently change each parameter of the generator. The last point was the the performance obtained from experimental tests which reflected the real strength of the proposed structure.



Comparing to other generators, the presented one had clearly better flexibility especially in terms of pulse amplitude which is fully controllable. This means that the proposed generator did not require a input supply with variable voltage to get a variable pulse amplitude. This was not the case for the generators in [31,33] where the output pulse was a multiplication of the input and the number of stages. This also means that, unlike the proposed structure, the two other ones required a high voltage input as shown in the table. This increased the complexity and the cost of usage.



In terms of performances, the proposed structure had slightly better range of pulse width and slightly faster pulses. However, this is due to the way in which the prototype was designed (lower inductance) and the chosen components, not to the structure itself.




7. Conclusions


A new architecture of a solid-state pulse generator was proposed and evaluated with commercial SiC-MOSFETS. Simplified theoretical study was performed allowing us to predict the generator’s operation. The simulation and the experimental results confirmed the capabilities of the proposed architecture and prove the validity of the developed model.



The proposed new design offers several advantages such as a rectangular output pulse with a controllable amplitude, pulse-width and repetition rate, a high voltage gain which can reach ten times the number of stages, high power efficiency, and finally a simple, modular structure.



The tested generator was built to verify experimentally the performance of SiC-MOSFETS in such a topology. They provide very good dynamic comparing to classical MOSFET and also have acceptable power capabilities which can challenge IGBTs. The robustness of these devices is also remarkable.



This prototype can be improved by using SiC-MOSFETs with lower on-state resistance which increases the power of the generator and reduces the voltage drop limitations. On the other hand, higher parasitic capacitances associated with lower-one state resistances may reduce speed of the voltage slopes. Additional destructive tests can be performed to check the real limits of SiC devices for pulsed power applications.
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Figure 1. Classical Marx generator with negative polarity. 
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Figure 2. Structure of the negative pulse generator. 
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Figure 3. Phase 1 (A): charging of the inductor. 
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Figure 4. Phase 1 (B): energy transfer to the capacitors. 
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Figure 5. Phase 2: waiting. 
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Figure 6. Phase 3: firing. 
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Figure 7. ANSYS-Simplorer simulation model of the generator. 






Figure 7. ANSYS-Simplorer simulation model of the generator.



[image: Energies 14 03492 g007]







[image: Energies 14 03492 g008 550] 





Figure 8. Simulation results. (a) Main waveforms during the charging phase, (b) output pulse waveform. 
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Figure 9. Power efficiency function of pulse-width. 
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Figure 10. Experimental results. (a) View of experimental setup. (b) The 1 kV Output waveform for 500 ns pulse and 1 kΩ load. (c) Zoom of the rising edge of the pulse. (d) Amplitude test. (e) Load test. (f) Pulse-width tests. 
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Table 1. Summary and comparison.
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Criteria

	
Generator in [31]

	
Generator in [33]

	
Presented Generator






	
Requirements

	
Switches

	
   2 · N   

	
N

	
   N + 1   




	
Diodes

	
N

	
   2 · N   

	
   2 · N + 1   




	
Capacitors

	
N

	
N

	
N




	
Resistors

	
1

	
0

	
0




	
Inductors

	
0

	
1

	
2 coupled




	
Controllability

	
Amplitude

	
✗   N ·  V  i n    

	
✗   N ·  V  i n    

	
✓




	
Repetition rate

	
✓

	
✓

	
✓




	
Pulse width

	
✓

	
✓

	
✓




	
Polarity

	
✗ Positive

	
✗ Negative

	
✗ Negative




	
Performance

	
Number of stages

	
4

	
6

	
5




	
Input voltage

	
800 V

	
2 kV

	
24 V




	
Output pulse amplitude

	
3.2 kV

	
5 kV

	
7.5 kV




	
Repetition rate

	
1 pps

	
10 kpps

	
25 kpps




	
Pulse width

	
3 μs

	
200 ns to 10 μs

	
50 ns to 10 μs




	
Rise/Fall time

	
53/28 ns

	
50/80 ns

	
8/30 ns




	
Load

	
1.175 Ω

	
20 kΩ

	
500 Ω




	
Application

	
Kicker magnets

	
Plasma discharges

	
Biomedical treatments








✓—controllable parameter, ✗—uncontrollable parameter.
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