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Ultra-High-Voltage Switch for Bidirectional DC-DC Converter Driving Dielectric Elastomer Actuator

Specific applications, such as dielectric elastomer actuators (DEAs) or electroactive polymers, require to switch voltage levels exceeding the ratings of existing semiconductor devices. In low power application, reversible flyback are widely used to supply DEAs. Lowering the parallel parasitic capacitance of the high-voltage switch is important to improve the energy transfer, while it becomes mandatory to increase the output voltage of flyback above 2.5 kV. In this paper, a Pulsed Transformer Gate Driver (PTGD) is used to drive seriesconnected MOSFET and therefore push the limits from 4.5 kV up to 16 kV. At these high voltage levels, the structure reveals a drastic voltage unbalance related to the transformer interwinding parasitic capacitance. The compensation method proposed to achieve voltage balance only adds few passive components and reduces significantly the additional parallel capacitance of the switch compared to common load side voltage balancing methods. Finally and as proof of concept, a halfbridge bidirectional converter was designed from this switch technology and drove an actual dielectric elastomer actuator at 16 kV.

I. INTRODUCTION

Dielectric Elastomers Actuators (DEAs), with their outstanding deformation strains, in some cases greater than 100%, could pave the way to a wide range of novel flexible actuators [START_REF] Pelrine | High-speed electrically actuated elastomers with strain greater than 100%[END_REF]. DEAs consists of a thin elastomeric film sandwiched between compliant electrodes. When a voltage is applied to the electrodes, the film between the electrodes expands in area and squeezes in thickness in response to the electrostatic force (Figure 1).

To reduce the voltage applied below 1 kV, a lot of researchers have developed processes to stack thinner elastomer films and electrodes in order to create multilayer DEAs [START_REF] Duduta | Multilayer Dielectric Elastomers for Fast, Programmable Actuation without Prestretch[END_REF]. Thick elastomer DEAs are easier to manufacture but they require much higher voltage. For a silicone commercial film (Elastosil film 2030 from Wacker), which have been well studied and used, voltages applied for a 200 µm thick film are around 16 kV. DEAs behave as a capacitive load in series with an access resistance. The characteristics of the one presented in figure 1 are 1.3 nF and 28 kΩ with an amount of energy stored close to one Joule. Our DEA, being finally used as the cardiac assist device, has to be successively powered on during half a second and powered off during half a second.

The development of such devices requires high voltages and relatively low currents, dozens of milliamps, put a lot of strain in the driving electronics. And before engaging in elastomer thickness reduction and electrodes enhancement,
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Stretch 20% which necessitate a great manufacturing effort, the difficulties to drive high voltages have to be carefully evaluated. Driving those DEAs requires time varying high-voltage power supplies. High-Voltage amplifiers are commonly used but are bulky and dedicated to laboratory experiment. Integrated solutions exist, for instance resonant structure with rectifier (EMCO from XP Power) or others based on photodiodes [START_REF] Schlatter | Peta-pico-Voltron: An opensource high voltage power supply[END_REF]. But both have major drawbacks -they are nonefficient and/or non-reversible.

The emergence of embedded DEAs requires compact and highly efficient power supplies. Furthermore, only a few part of the electrical energy delivered to the DEA is converted to mechanical energy, the major part being stored in the capacitance of the actuator. A bidirectional system recollecting the charges is needed to maximize efficiency.

To reduce the stress induced by the high voltage on the converters, the modular multilevel converter (MMC) [START_REF] Todorcevic | Bidirectional modular multilevel DC-DC converter control and loss modeling for energy extraction from Electro Active Polymer Wave Energy generator[END_REF], [START_REF] Todorcevic | A Modulation Strategy for Wide Voltage Output in DAB-Based DC-DC Modular Multilevel Converter for DEAP Wave Energy Conversion[END_REF], voltage multiplier [START_REF] Redondo | A DC Voltage-Multiplier Circuit Working as a High-Voltage Pulse Generator[END_REF] and Flying Capacitor Multi-Level (FCML) DC-DC converters [START_REF] Chou | A Zero-Voltage-Switching, Physically Flexible Multilevel GaN DC-DC Converter[END_REF] split the high voltage among different stages. The voltage control being done at stage level, it necessitates to bring the driving signal and the energy to drive semiconductors. Stages being at different potential, they both require reinforced isolation which adds increasing complexity to the design. The additional power consumption for kilowatts MMC converters driving DEA [START_REF] Todorcevic | Bidirectional modular multilevel DC-DC converter control and loss modeling for energy extraction from Electro Active Polymer Wave Energy generator[END_REF], [START_REF] Todorcevic | A Modulation Strategy for Wide Voltage Output in DAB-Based DC-DC Modular Multilevel Converter for DEAP Wave Energy Conversion[END_REF] at 10 kV with 800 V on each modules is negligible. But in our high-voltage -low-power context (few watts), the power consumption of the driving electronics is critical and has to be carefully evaluated.

The flyback converter topology is suitable for low-power (<150 W), and HV capacitor charging applications, as it can be made very compact with a low number of components.

Bidirectional flyback has attracted a lot of attention to drive low power HV capacitor charging /discharging applications, as it can be made very compact with a low number of components. Several works demonstrate reversible flyback up to a 2.5 kV voltage output [START_REF] Thummala | Dielectric electro active polymer incremental actuator driven by multiple high-voltage bi-directional DC-DC converters[END_REF], [START_REF] Thummala | Efficiency Optimization by Considering the High-Voltage Flyback Transformer Parasitics Using an Automatic Winding Layout Technique[END_REF], [START_REF] Ravi | An Energy-Based Analysis for High Voltage Low Power Flyback Converter Feeding Capacitive Load[END_REF]. No additional inductance to control the current in the capacitive loads is needed, as the flyback benefits from it natural current output of its coupled inductor. DEAs can be easily driven as the power is transferred through pulses of energy in every cycle. The MOSFET driving circuits are simple as there are only two MOSFETs at ground level (one at primary and one at secondary). But flyback comes also with two majors limitations to increase the voltage operating level :

• In high-voltage-low-power (HVLP) flyback charging circuit, a significant portion of input energy drawn from the source in a cycle is utilized by the effective parasitic capacitance of the HV transformer and semiconductor devices and circulated back to the source at the end of the cycle [START_REF] Ravi | An Energy-Based Analysis for High Voltage Low Power Flyback Converter Feeding Capacitive Load[END_REF]. This does not only reduce the energy delivered to the load per cycle, it also prevents the energy transfer passed a certain output voltage. • Considering this parasitic capacitance issue, only highvoltage semiconductor devices with a very low parallel parasitic capacitance (low current rating) are suitable for this application. Yet, the maximum voltage rating of commercially available components meeting this requirement is 4.5 kV / 200 mA (IXTH02N450HV manufactured by IXYS). Upcoming high gap semiconductors will withstand ultra high voltage as 15 kV / 24 A (Wolfspeed QPM3-10000-0300A Z-FET Silicon Carbide MOSFET), nonetheless unacceptable current leakages makes the rating of components available today not adequate for DEA applications. To overcome voltage limitation of semiconductor components and drive 200 µm DEAs at levels reaching 16 kV with a bidirectionnal flyback, a switch operating at 16 kV is required. To leverage advantages of the bidirectional flyback to drive ultra-high-voltage DEA, the switch needs to fulfill specific constraints. It has to operate over the full voltage range. It needs an ultra low leakage current to limit the steady-state losses. The parallel capacitance must be ultra low to improve the transfer of energy and avoid limitation in the voltage increase [START_REF] Ravi | An Energy-Based Analysis for High Voltage Low Power Flyback Converter Feeding Capacitive Load[END_REF]. Finally, the switch has to be simple to drive and with a low consumption of energy.

At the end of the 20 th century, a time when the semiconductor industry struggled to raise static switches voltage ratings, abundant research was conducted on series connected MOSFETs to design high-voltage switches [START_REF] Hess | Transformerless Capacitive Coupling of Gate Signals for Series Operation of Power MOS Devices[END_REF]. The Super Cascode is based on the series connection of normally-ON JFET transistors and avalanche diodes [START_REF] Biela | 5kV/200ns Pulsed Power Switch based on a SiC-JFET Super Cascode[END_REF]. Cascode structures [START_REF] Hess | Transformerless Capacitive Coupling of Gate Signals for Series Operation of Power MOS Devices[END_REF], [START_REF] Iannarelli | A low cost alternative to High Voltage Amplifier for driving Dielectric Electroactive Polymers[END_REF] have already been demonstrated as a potential solution, but because they are designed for a specific operating voltage, they are not suitable for a reversible The Driving Amplifier (D.A.) drives the transformers. At turn-on of the driver's MOSFET, 12 V are applied to the primary winding and the driving circuits (D.C.) charge the gate through the 10 Ω gate resistor. At turn-off, the auxiliary winding demagnetises the core and the PNP bipolar transistor acts as a current source discharging the gate.

flyback converter as proposed by Thummala [START_REF] Thummala | Dielectric electro active polymer incremental actuator driven by multiple high-voltage bi-directional DC-DC converters[END_REF], [START_REF] Thummala | Efficiency Optimization by Considering the High-Voltage Flyback Transformer Parasitics Using an Automatic Winding Layout Technique[END_REF]. In contrast, a Pulse Transformer Gate Driver (PTGD) topology [START_REF] Wang | High performance solidstate switches using series-connected SiC-MOSFETs for high voltage applications[END_REF] (Figure 2) can operate over a wide voltage range. It was used in this work because of its high-voltage insulation and its fast and synchronous gate triggering.

The main difficulty of stacking MOSFET in series is to guarantee a good voltage balance upon them at any time. Furthermore, each MOSFET gate is at a different potential and have to be triggered synchronously. Many different voltage balancing methods have been imagined and studied. Gester classifies them [START_REF] Gerster | Fast high-power/high-voltage switch using seriesconnected IGBTs with active gate-controlled voltage-balancing[END_REF], [START_REF] Hess | Transformerless Capacitive Coupling of Gate Signals for Series Operation of Power MOS Devices[END_REF] and allocates them among two categories. On the one hand, load-side voltage-balancing methods consist in symmetrizing the impedance of each transistor [START_REF] Watanabe | Series Connection of Power Switches for Very High-Power Applications and Zero-Voltage Switching[END_REF], [START_REF] Abbate | High-Voltage, High-Performance Switch Using Series-Connected IGBTs[END_REF], [START_REF] Guidini | Semiconductor power mosfets devices in series[END_REF], [START_REF] Van Wesenbeeck | A multiple-switch high-voltage DC-DC converter[END_REF]. On the other hand, gateside voltage-balancing methods compensate dissymmetry by adapting the triggering signals of each gate [START_REF] Chivite-Zabalza | Balancing Algorithm for a Self-Powered High-Voltage Switch Using Series-Connected IGBTs for HVDC Applications[END_REF], [START_REF] Yang | Physical Investigation Into Effective Voltage Balancing by Temporary Clamp Technique for the Series Connection of IGBTs[END_REF], [START_REF] Belverde | Snubberless voltage sharing of series-connected insulated-gate devices by a novel gate control strategy[END_REF], [START_REF] Gerster | Fast high-power/high-voltage switch using seriesconnected IGBTs with active gate-controlled voltage-balancing[END_REF]. Both methods can also be combined [START_REF] Guerrero-Guerrero | IGBT Series Connection With Soft Switching and Power Recovery in Driver Power Supply[END_REF], [START_REF] Zhang | A Hybrid Active Gate Drive for Switching Loss Reduction and Voltage Balancing of Series-Connected IGBTs[END_REF], [START_REF] Wang | Development of a Scalable Power Semiconductor Switch (SPSS)[END_REF].

In the context of DEAs, the parallel capacitance of the switch must be minimized. This is the reason why MOSFETs with very low internal capacitance are selected (22pF). However, it makes the series connection very challenging as any parasitic capacitance on the driver side will cause voltage imbalance. Load-side voltage-balancing methods consist in concealing parasitic capacitance with larger capacitors added in parallel of each MOSFET. It is not attractive as it considerably increases the parallel capacitance of the switch.

This paper demonstrates that a series stack of power MOSFETs can be used to design an ultra-high-voltage switch dedicated to low power DEA converters. A voltage balancing method using the parasitic elements of the PTGD to reduce drastically the parallel capacitance of the switch compared to common methods [START_REF] Watanabe | Series Connection of Power Switches for Very High-Power Applications and Zero-Voltage Switching[END_REF], [START_REF] Abbate | High-Voltage, High-Performance Switch Using Series-Connected IGBTs[END_REF] is proposed. Firstly, the working principle of the PTGD is explained, and the impact of parasitic capacitances resulting in a notable voltage unbalance is revealed through simulation and experiment results for the two-devices switch. Secondly, a solution taking advantage of these parasites is experimentally demonstrated as effective to balance voltages. Thirdly, experimental results are presented and the performances of a 16 kV four-devices switch are discussed. Finally, a converter using the high-voltage switch to supply a DEA is presented as a proof of concept.

II. THE PULSE TRANSFORMER GATE DRIVER

In a PTGD topology, the series connection of power MOSFETs (IXTF02N450) is realized as shown in Figure 2. A pulsed voltage signal drives the gate of each MOSFET, turning the drain-source current on and off. In this case, transformers are used to deliver the controlling pulses to the gates, conveying both information and the charges necessary to trigger the gates. Transformers provide high isolation between the MOSFETs and the driving circuit.

Nanocrystalline Cores (Vitroperm T60006-L2025-W380) were used with 5 turns at primary and at secondary. The saturation is achieved after 15 µs with a current of 120 mA. The demagnetization is operated with an auxiliary winding with 2 turns.

To study and test the presented high-voltage switch, the device was incorporated to an inductive circuit also presented in Figure 2. It is a common set-up to test switching transistors. The switch is initially closed and when it opens, a constant voltage V bus is applied to the inductance. Then the MOSFETs are triggered and the current in the circuit rises linearly until a chosen level. The opening operation takes place under a constant current imposed by the inductance. The freewheeling diode ensures the continuity of the current. The commutation conditions are similar to those that could face the switch in a Flyback converter [START_REF] Thummala | Dielectric electro active polymer incremental actuator driven by multiple high-voltage bi-directional DC-DC converters[END_REF], [START_REF] Thummala | Efficiency Optimization by Considering the High-Voltage Flyback Transformer Parasitics Using an Automatic Winding Layout Technique[END_REF]. Thus, it constitutes a good and simple circuit to validate the reliability of the proposed technology of switch in a bidirectional Flyback converter.

A. Unbalance of the voltage division across the MOSFETs

The major point of stacking n MOSFETs in series is to achieve voltage switching at levels superior to the breakdown voltage of a single component, ideally n times this value. To do so, a balanced voltage division across the MOSFETs must be ensured. This way, the drain source voltage of each MOSFET can never exceed its critical value and the whole stacked device can operate at its maximum potential. An experimental test was conducted with two power MOSFETs connected in series according to the electrical diagram presented in Figure 2. The measurements gathered in Figure 3 show a voltage unbalance.

Two types of phenomenon can lead to a voltage unbalance : a desynchronization of the gate signals and/or a dissymmetry of the load at the terminals of each MOSFET. This study has demonstrated that the former one is not critical. Indeed, the desynchronization time of the gate trigger signals was observed from 1 to 5% of the whole switching time. This can be explained by the fact that the tolerance on all the discrete components of each gate driver (including the high-voltage MOSFETs) was measured as inferior to 5%. In addition, one of the specificities of high-voltage silicon MOSFETs with low current ratings is that their gate charging and discharging times are very brief compared to the whole switching time. Therefore, a slight delay between the pulsed gate signal has a negligible influence on the voltage balance.

The only major dissymmetry of the circuit is that the bottom MOSFET's source voltage is connected to the ground while the top MOSFET's source is floating. And this latter potential is coupled to the ground through the parasitic interwinding capacitance of the transformer as represented in figure 4. Thus, this parasitic capacitance is in parallel with the bottom MOSFET and slows down its voltage increase and decrease depending on the operating phase. Circuit simulations (SPICE) taking into account most of the parasitic elements of the circuit have confirmed this statement. Parasitic capacitances in transformers are usually described with six capacitances, nonetheless only elements corresponding to a large quantity of charge are predominant. In our system, where the secondary is at high voltage, only one capacitance between the primary and the secondary is needed to describe its behaviour. Our high-voltage application makes the effect of this capacitance predominant in the working principle of the circuit.

B. Simple dynamic model of the switch

A simplified electrical model gives the opportunity to grasp the effect of the parasitic capacitances (Figure 5. It includes the voltage source V bus , the load, the two MOS-FETs, the inter-winding parasitic capacitance C p and the capacitance of the voltage probe C probe . Each MOSFET's impedance is simply depicted by a resistance R DS1,2 and a capacitance C M OS1,2 in parallel. Depending on the operating phase, R DS1,2 represents the ON-state resistance when the MOSFET is closed or the leakage resistance when it is opened. The capacitance C M OS1,2 is highly dependent on the Drain-Source voltage but is rather constant for voltages above 40 V, as indicated in the MOSFET's datasheet. Considering that the switch operates at a voltage way superior to this value, this complex variable capacitance is reasonably modelled by its constant high voltage value (22 pF) during the transient phases. In the green frames, a simple model of the drain-source junction of the MOSFETs with their internal capacitor and their leakage resistor. In red, the inter-winding capacitor of the transformer and the capacitor of the voltage probe. In dashed blue, the compensation capacitor further introduced in section III.
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It is interesting to notice that the switching dynamic is only driven by the capacitance divider. Indeed, the OFF-State leakage resistance experimental value is R DSof f1,2 100 GΩ and C M OS1,2 22 pF which makes a time constant of around 2 seconds. Thus, the dynamic voltage division is exclusively governed by the capacitances of the circuit and the following equations can predict the voltage distribution across the MOSFETs just after turn-OFF :

V DS1 = C M OS2 C M OS2 + C M OS1 + C p + C probe V bus (1) V DS2 = V bus -V DS1 (2) 
Considering the MOSFETs as identical, these equations were confronted to the measurements in table I and validated as a simple and reliable analytical way to anticipate a final voltage unbalance after a ON-OFF transition. These parasitic capacitances are highly handicapping and diminish the performances of the switch. One can notice that this issue is independent of the technology of driver. As long as energy is conveyed to the top MOSFET's gate, through an isolated DC-DC converter or a pulsed transformer, there is a parasitic capacitance that imbalances the voltage division. A careful design of the transformer minimises the value of these parasites. However, it becomes a very difficult task to lower them below a few picofarads which is not negligible at all compared to the characteristics of the high-voltage MOSFETs (C M OS = 22 pF). In addition, the geometry of the circuit or a voltage probe can add a few picofarads to the global parasitic capacitance, coupling the middle point of the stack to the ground.

C M OS Cp + C probe V DS 1 V DS
It appears clearly that these parasites can never be eradicated. Nonetheless, they can be compensated in an original and optimized way. Indeed, the capacitance divider of the circuit can be balanced when adding a capacitor between the high voltage point and the middle point as shown in figure 5. To guarantee a perfect balance of the voltage division, the value of this capacitor should be the same as the global parasitic capacitance between the middle point and the ground. The experimental measurements of figure 3 (solidline curves) confirm the presented theory. Tests were also successfully conducted under 8 kV. A 9 pF compensation capacitor were added in parallel of the second MOSFET. It both compensates the inter-winding capacitance of the transformer C p = 6 pF and the capacitance of the voltage probe C probe = 3 pF. The spice simulation of the two stacked MOSFET including the parasitic capacitance and the voltage probe is in perfect agreement with the experiment. An oversized capacitive snubber circuit would balance the voltage division as in [START_REF] Van Wesenbeeck | A multiple-switch high-voltage DC-DC converter[END_REF]. But, according to our application, it would reinforce the parallel capacitance of the switch to unacceptable values .

Sizing this compensation capacitance can be challenging. One solution is to enumerate all the critical components of the circuit such as the pulse transformer, probes, printed circuit boards, and measure their parasitic capacitance with an impedance meter. The sum of all of them gives a good estimation of the global parasitic capacitance and therefore of the compensation one. It may need to be tuned experimentally to obtain a perfect dynamic voltage balance. Another way to estimate this value is to proceed to the first naive test presented in figure 3 and measure the final values of V switch and V DS1 after closing. This way, C p can be estimated with equation 1 when using the MOSFETs datasheet value for C M OS1 and C M OS2 . This method may also require a fine tuning of the compensation capacitance afterwards.

III. SCALABLILITY OF THE COMPENSATION METHOD

The effect of the inter-winding parasitic capacitances of the transformers depends on the configuration of the switch regarding the fixed potential and of the number of MOSFETs. In a commutation cell, two configurations are distinguished. In the low-side one, the source of the switch is connected to the ground while in the high-side one, the drain of the switch is connected to the high voltage point. Thus, it requires different compensation strategies. It is reminded that Nchannel power MOSFET are used in this study.

A. Low-side configuration for 4 stacked MOSFETs

The structure of the PTGD is scalable and n (n > 2) MOSFETs can be stacked in series. In this case, a network of n -1 inter-winding capacitances unbalances the voltage division. The compensation method presented previously can be extrapolated as indicated in Figure 6 for four devices in series. All the transformers were made to be identical. Their inter-winding parasitic capacitances are now respectively in parallel of one, two and three MOSFETs. The main concept of the compensation method is to offer a path for the current from the high-voltage point to the inter-winding capacitances at turn-off. This way, the voltage between the windings can increase without interfering with the MOSFETs internal capacitance charging. That corresponds to balancing the capacitive divider.

Let's consider the transformer driving the MOSFETs number k (2 ≤ k ≤ n). Its parasitic inter-winding capacitance is in parallel of k -1 MOSFETs which is equivalent to placing a capacitance of (k -1)C p in parallel of each one of these MOSFETs. Thus the capacitance divider must be completed by adding capacitors of this last value in parallel of the MOSFETs above, just as shown in Figure 6. A general
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Fig. 6: Compensation method for a 4 stacked devices in the low-side switch. In red, the inter-winding parasitic capacitances of the transformers. In blue, the compensation capacitors that offer a path to the current to charge the interwinding capacitance at turn-off.

formula predicting the value of the compensation capacitors can be extracted from this reasoning :

C kcomp = k-1 i=1 kC p = k(k -1) 2 C p (3) 
Using the SPICE model validated with the 2 stacked MOSFET, the compensation method is demonstrated for the 4 stacked MOSFET. Figure 7 shows the voltage division on the MOSFET before and after compensation. After compensation, the voltage equally divides on the four MOSFETs. Naturally, the addition of the compensation capacitors slows down the turn-off operation of the switch (from 1 µs to 1.7 µs). 

B. High-side configuration for 4 stacked MOSFETs

The compensation method presented above is only valid for a low-side switch where the source of the first MOSFET is connected to the ground. In a high-side switch, the drain of the top MOSFET is connected to the high-voltage bus as shown in figure 8. In this case, the inter-winding parasitic capacitances behave in an opposite manner during the operating phases. Indeed, as the primary side of the transformers stays connected to the ground, the capacitances are charging at turn-on and discharging at turn-off. The new high-side compensation method is presented in figure 8. This was also demonstrated with a SPICE simulation in the inductive test circuit under 16 kV.

To explain the position and value of the compensation capacitors for a high-side switch, focusing on the turn-off commutation is necessary. When the switch is on, the source of the bottom MOSFET is at a potential close to V bus , just as all the secondary windings of the transformers. At turn-off, the potential of the sources of the MOSFETs decreases and the inter-winding capacitances discharge. These discharge currents tend to join the ground through the internal capacitors of the bottom MOSFETs leading to a faster increase of their drain-source voltage. To slow down this increase and ensure a balanced division of the voltage across all the MOSFETs, an alternative path must be offered to those currents leading to the compensation capacitance divider presented in figure 8. Numbering the MOSFETs from 1 to n starting now from the top, the same general formula expressed previously (Equation 3) can predict the value of the k th compensation capacitance (2 ≤ k ≤ n). 
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Fig. 8: Compensation method for high-side switch with 4 stacked MOSFETs. In red, the inter-winding parasitic capacitances of the transformers. In blue, the compensation capacitors.

IV. EXPERIMENTAL SETUP AND TESTS FOR 4 STACKED MOSFETS

A switch composed of four MOSFETs stacked in series was designed as presented in figure 9. All the transformers were made with the same process of fabrication and their inter-winding capacitance value is 6 pF. Thus, capacitor of 6 pF, 18 pF and 36 pF were respectively placed in parallel of the MOSFET 2, 3 and 4. of a few picofarads. For instance, the 7kV-70MHz commercial differential voltage probe (TA044 by PICO TECHNOL-OGY) has a 10MOhm-10pF impedance. These capacitance values are of similar value to the inter-winding parasitic capacitances of the PTGD and even to the capacitance of the MOSFET. Any attempt to measure the voltage at the edges of a MOSFET is intrusive and would modify both the dynamic of the switch and the voltage division on the four MOSFET.

A. Measurements disturbed by voltage probes

To measure an intermediate voltage point in the switch, this capacitance must be compensated so that the voltage division across the MOSFETs stays balanced just as it is explained in figure 3 with the 2 stacked MOSFETs. The compensation method being validated in case of 2 stacked MOSFETs, it was decided to rely on simulation for the intermediate point in the 4-stacked-MOSFETs switch. Using voltage probe with its compensation capacitors would bring an additional parallel parasitic capacitance. Without the voltage probes, the switch achieves its lowest parallel parasitic capacitance. The observation of the switch operating under 16 kV associated with the simulation validates the presented compensation method for the 4 stacked MOSFETs. The total voltage of the switch was measured with a homemade non-isolated probe [START_REF] Küchler | High voltage engineering[END_REF] characterised by a 200 MΩ impedance and a parallel capacitance between 1 pF and 2 pF.

Figure 10 shows the experimental turn-on and turn-off commutations of the low-side configuration 4-devices switch in the inductive test circuit and validates the series connection technique presented in this paper. The experimental turn-off time (2 µs) matches the simulation results (1.7 µs) presented in Figure 7, the difference being due to the voltage probe. The operation of the high-side configuration 4-devices switch was also validated experimentally.

B. Sensitivity analysis and safe margin

From a practical point of view, the capacitance values never match perfectly. The tolerance on the parallel capacitance of the MOSFET, on the inter-winding parasitic capacitance and on the compensation capacitors causes a small imperfect voltage division. So in an experimental context, the ultimate goal is not to obtain a perfect voltage balance on the MOSFET but only to guarantee that none of the MOSFETs ever exceeds its critical voltage of 4.5 kV.

The worst case scenario is when the equivalent capacitance of the bottom MOSFET is the lowest

(C M OS0 + n(n-1) 2 C p0 )(1 -X 100 
); and the one of the top MOSFET is the highest

(C M OS0 + n(n-1) 2 C comp0 )(1 + X 100 ).
Then the maximum voltage with which the switch can safely operate, is

V switch,n,max = nV bd 1 - X 100 (4)
with X the tolerance on every capacitance, n the number of MOSFET and V bd its breakdown voltage. In the case of the 4-devices switch operating at 16 kV (89% of the maximum voltage theoretically achievable), the tolerance on the all the capacitances values must stay below 11%. The MOSFET, the compensation capacitors and the transformers were sorted to meet the tolerance requirements.

C. Commutation slow-down

Figure 10 shows the voltage waveforms at closing and opening of the 4 MOSFETs in the low-side switch. In the case of this experiment, the switch is around three times slower than a sole MOSFET (IXTF02N450) operating in the same conditions accordingly to the datasheet's specification and measurements. This is in accordance with the simplified electric model of the compensated switch presented in Figure 6. Indeed, four MOSFETs alone would behave such as a capacitance C 4M OS,only given by C M OS 4 and around 5.5 pF (datasheet and measurements). But when integrated in the high-voltage switch, each MOSFET is in parallel with the parasitic capacitances, the compensation capacitors, the whole behaves such as a capacitance of around 14.5 pF , which is three times greater than C 4M OS,only (Equation 5).

This slow-down becomes more and more significant when the number n of devices connected in series grows. Indeed, the parasitic and compensation capacitive network becomes prevailing when C p n(n-1) 2

> C M OS as shows in equation 5

C switch,n = C M OS n + C p (n -1) 2 for n ≥ 2 (5) 
C switch,n being the capacitance of the n-devices switch if there were no parasitic and compensation capacitor, and C nM OS,only being the capacitance of the n-devices switch proposed in this paper.

A common load-side balancing method would add significantly larger capacitance in parallel of each MOSFET to ensure the voltage balancing. In the case of the 4-stacked MOSFETs switch, the parallel capacitance of the switch would have been at least five times higher. 

D. Losses due to the parasitic capacitances

The energy stored in the parallel capacitance of the switch and finally dissipated will increase even faster with the number of devices stacked in series. Equation 6expresses the energy stored in the n-device switch under its maximum voltage compared to the energy stored in the one-device switch under its maximum voltage (n times lower).

E switch,n E switch,1 = n + C p C M OS n 2 (n -1) 2 for n ≥ 2 (6)
This equation shows that the energy stored in the parasitic capacitance of the switch rises considerably with the number n of devices. The switching loss of the switch presented in this paper (Figure 9) rises up to 2 mJ at 16 kV. This will necessarily have a strong impact on the power supply design.

In the case of the flyback converter [START_REF] Ravi | An Energy-Based Analysis for High Voltage Low Power Flyback Converter Feeding Capacitive Load[END_REF], it means that the energy pulses that are transferred to the capacitive load at each switching period will also have to be superior to 2 mJ.

E. Design guidelines

The central elements of the series connection are the transformers. They convey both triggering information and energy to the MOSFET gates. But most of all, their interwinding parasitic capacitance is highly critical in the highvoltage -low-power context. In this paragraph are given design guidelines to help the reader reproduce a similar experimental setup.

a) Practical steps of the transformers sizing:

• Define the voltage amplitude of the gate signals. It depends on the V gs,th of the MOSFTET (6V for the IXTH02N450HV). We chose an amplitude V gs = 12V which is comfortable. It could have been lower. • The maximum time the switch must stay in the ON state T ON is a key parameter to design the transformer. • Then a value for the magnetizing inductance of the transformer is chosen. It must not be too low in order to limit the magnetizing current and therefore the losses in the driver (10-100 mA). • To minimize the inter-winding parasitic capacitance, it is preferable to have as little turns as possible in both windings. So it is best to choose a high permeability material. Nanocristallin materials are good candidates. Their relative permeability can reach up to 100,000 and their saturation flux density is around 1,2T. • The tore T60006-L2025-W380 from VacuumSchmelze was chosen. Its nominal magnetic value is 67 µH/tr 2 . Five turns are then enough to obtain a 1.6 mH magnetizing inductance. b) Practical steps of the transformers design:

• The windings are both equally distributed all around the magnetic tore in order to minimize the leakage inductance of the transformer. • The copper wire used is 150 µm in diameter. It is insulated to voltages up to 6,7 kV with a very thick covering of polyurethane (FIW Wire -Elektrisola). • Between the two windings is added another insulation layer so that the transformer can withstand 16 kV when the switch is in the OFF state. Both polyvinyl tape and silicone have been successfully used. • The auxiliary winding is added at the last step. It enables the demagnetization of the core at turn-off. It is made of two turns to limit its effect on the interwinding capacitance. This auxiliary winding could even be removed with a more elaborated electronic driving the transformer. • The inter-winding capacitance C p is measured with an impedancemeter, primary and secondary windings in short circuit. c) Compromise in the transformers design: The major sizing parameters of the PTGD are the interwinding capacitance of the transformers C p and the time T ON the PTGD can hold the switch ON before saturation of the cores. The ideal PTGD would have a negligible C p and be able to maintain the ON state for a long time. However, theses two parameters are highly dependant on the number of turn of the windings and they both increase with it. This means that a compromise must be found when sizing the PTGD and its transformers. New transformer architectures with two separate cores may solve this issue. Indeed, the interwinding parasitic capacitance has been reported to be less than 1 pF in [START_REF] She | High Performance Silicon Carbide Power Block for Industry Applications[END_REF].

d) Design of the balancing circuit: The balancing circuit is composed of the compensation capacitors the value of which are given in section III. Depending on their desired value, it is more or less easy to find matching commercial high-voltage capacitors. TDK commercializes 6kV rated ceramic capacitors from 3pF to 47pF (CC45 series). They were used in the experimental setup. To hit the exact value of the compensation capacitance predicted by the method, several capacitors may be assorted in parallel or series.

e) Steady-state voltage balancing: To avoid unnecessary steady-state losses caused by the of a lower but balanced resistive divider, the components were chosen and sorted to be directly balanced. The capacitors current leakage being few order of magnitude lower than the leakage resistance of the MOSFET (100 GΩ), a maximum of 11% tolerance on the MOSFET leakage resistance is suitable to guarantee the steady-state balancing.

V. HALF-BRIDGE DRIVING DEA

The presented 4-devices switches were implemented into a reversible half bridge converter, as shown in figure 11. With this experiment, the operation of the switches inside a half-bridge structure were proven. This elementary reversible power converter was able to actuate a linear DEA up to 16 kV, which is the main achievement of the presented work.

A. Experimental setup

The schematic of the converter is presented in figure 11, the half-bridge commutation cell is connected to a constant high voltage source (16 kV). Here, a Trek amplifier (20/20C-HS) was used for convenience. Two different loads were employed, a commercial capacitor (660C30AED22) and a single layer DEA presented in figure 1. These loads were connected to the middle point of the half-bridge through an inductance. An high value, L = 0.6 H, is needed to limit the current despite the high voltage applied. Eighty commercial smd inductances (SRR0908-822YL) connected in series fulfill the requirements i.e withstand 16 kV, offer a sufficient bandwith 250 kHz and saturate for a current above several hundred of milliamps, 200 mA. At 16 kV, the saturation current being reached in 10 µs, this time could be used to design the transformer of the PTGD. A resistor R = 25 kΩ was added for safety purposes to damp the LC circuit and avoid any over voltage. A voltage control loop would permit to remove it. Also, fast diodes (four R5000F in series) were added in parallel of the switches.

When no voltage is imposed on the transformer's windings, the impedance seen by the gate is 47 kΩ. A fast voltage transient (400 V.ns -1 ) due to the other switch could induce an unwanted partial gate charging. As a precaution, the gate source resistors was reduced from 47 kΩ to 100 Ω. A more elaborated circuit would fix this issue. In the previous experiments, the problem was not encountered since the gatesource voltage was imposed during the commutation.

To conduct the experiments, an automated control and acquisition system were implemented. A National Instrument card interfaced with MATLAB simultaneously pilots the Trek amplifier, transmits the control orders to the switches and triggers an oscilloscope which acquires the whole sequence. Only the voltage at the terminals of the load and the current flowing through it were measured. Indeed, at these high voltage and low current levels, probes are very intrusive and disturb the system operation (section IV-A).

B. Results

Firstly, charging and discharging cycles were conducted on a capacitive load and on a linear DEA. The measurements are presented in figure 12. The sequence is divided in three parts. During the first 10 ms, the high-side switch is operating through pulses while the low-side switch stays open. The capacitive load is charging. Then, the ten following milliseconds are conducted at high impedance and the load discharges slowly in the 200 MΩ voltage probe. Finally, the low-side switch operates through pulses for the last 10 ms to discharge the load and return the energy to the original source.

This test shows the ability of this converter to charge and discharge a DEA up to 16 kV using our switches. Also, it shows the unique electrical characteristics of DEAs. Indeed, the zoomed curves presented in figure 12 show the effect of the first energy pulses on the load's voltage. It appears clearly that the access resistance to the electrodes induces huge voltage spikes that can be fatal to the actuator. This high access resistance also strongly degrades the efficiency of the energy transfer and must be minimized. But it is still difficult to have highly stretchable electrodes with a good conductivity. Our carbon based electrode [START_REF] Rosset | Fabrication Process of Silicone-based Dielectric Elastomer Actuators[END_REF], even with a thickness corresponding to 5% of the film thickness, shows poor conduction. From a general point of view, a good efficiency can be achieved when the inductance's impedance is far superior to the access resistor of the DEA at the operating switching frequency.

Secondly, a longer test was conducted to ascend and descend a mechanical load with the DEA. The pictures of the actuation are presented in figure 1 and the voltage measurement in figure 13. The charging and discharging operations can be observed again, but most importantly, it is shown here that a high voltage can be maintained by turning on the high side switch regularly to compensate the leakage in the probe and the variation on the DEA capacitance due to its deformation. A fine control of the system would enable this power converter to regulate the voltage at the terminals of the DEA and so its stretch.

C. Discussions

All these results show that the presented technology of ultra-high-voltage switch can be incorporated to bidirectional power supplies driving a DEA of one Joule in our case. This structure working in discontinuous conduction, the energy transferred to the DEA on each cycle cannot exceed the On the bottom graph are reported the drive signals for the high-side switch in green and for the low-side switch in red. They operated at 12.5 kHz with a 10% duty cycle. The volume of the DEA of the figure 1 is around 3 cm 3 while the volume inductor is around 60 cm 3 . Therefore increasing the magnetic energy stored, i.e the volume of the inductance, is not a solution regarding the applications. As it reaches the maximum energy of the core on each pulse, the energy transfer is more efficient with a flyback converter compared to our Half-bridge converter. But in the flyback, the parallel capacitance will not only reduce the efficiency, it will also limit the capability of the converter to increase the voltage. Our switch with an adequate flyback transformer will offer new opportunities to rise the voltage.

VI. CONCLUSION

In this paper, a series connection of four MOSFETs was designed and driven by a Pulsed Transformer Gate Driver (PTGD). The resulting switch withstands voltages as high as 16 kV with a 200 mA drain current rating and a very low current leakage (40 nA). This switch was validated in a half-bridge structure to design a bidirectional power supply driving DEAs at voltages up to 16 kV. Parasitic elements are the source of unbalanced voltage division upon the MOSFETs. Since they can never be eradicated, a balancing method using few additional capacitances was proposed and validated.

Regarding low power DEA application, it is paramount to have a switch with the smallest parallel parasitic capacitance. It avoids excessive loss or limitation in the voltage increase. Our approach gives an equivalent capacitance for the switch of 14.5 pF, while the common load-side voltage balancing method would lead to value at least five times higher. Further works must be conducted to optimize the driving circuit and the transformers.

The reversible flyback to supply DEAs have shown tremendous limitations to the increase of voltage above 2.5 kV. These are related to the voltage withstood by the secondary switch and to its parallel parasitic capacitance. The proposed switch based on a series connection of MOSFETs as well as the method to reduce its parallel parasitic capacitance paves the way for reversible flyback above 2.5 kV.

Fig. 1 :

 1 Fig. 1: 200 µm thick linear DEA (Elastosil film 2030 from Wacker) with carbon-based compliant electrodes holding a 340 g load. When a voltage is applied, the actuator stretches.

Fig. 2 :

 2 Fig.2: Schematic of the PTGD for two MOSFETs in series. The Driving Amplifier (D.A.) drives the transformers. At turn-on of the driver's MOSFET, 12 V are applied to the primary winding and the driving circuits (D.C.) charge the gate through the 10 Ω gate resistor. At turn-off, the auxiliary winding demagnetises the core and the PNP bipolar transistor acts as a current source discharging the gate.

Fig. 3 :

 3 Fig.3: Testing the 2-MOSFETs switch in an inductive circuit under 4 kV. The dashed-dot curves are obtained with the unbalanced circuit presented in figure2. The solid-line curves are obtained when adding the compensation method described in section III.

Fig. 4 :

 4 Fig. 4: The inter-winding parasitic capacitance unbalances the voltage division.

Fig. 5 :

 5 Fig. 5: Simplified electric model of the low-side switch.In the green frames, a simple model of the drain-source junction of the MOSFETs with their internal capacitor and their leakage resistor. In red, the inter-winding capacitor of the transformer and the capacitor of the voltage probe. In dashed blue, the compensation capacitor further introduced in section III.

Fig. 7 :

 7 Fig. 7: SPICE simulation of the turn-off operation for 4 stacked MOSFETs with the voltage between the MOSFETs, in percentage of the total voltage of the switch: on the left, the evolution before compensation, on the right after compensation.

Fig. 9 :

 9 Fig. 9: Photograph of a 4-devices switch.

Fig. 10 :

 10 Fig. 10: Voltage of the switch measured with 1.5 pF voltage probe in a test with an inductive load. The switch safely opens and closes under a bus voltage of 16 kV (89% of the theoretical maximum voltage).

Fig. 11 :

 11 Fig. 11: Electrical schematic of the experimental setup.

Fig. 12 :

 12 Fig. 12: On the top graph, the half-bridge driving a RLC load (R = 25 kΩ, L = 0.6 H, C = 2.2 nF ) in orange and in blue a RL-DEA load such as R DEA = 28 kΩ, C DEA = 1.3 nF).On the bottom graph are reported the drive signals for the high-side switch in green and for the low-side switch in red. They operated at 12.5 kHz with a 10% duty cycle.

Fig. 13 :

 13 Fig. 13: Voltage at the terminals of the DEA in a half-bridge driving a RL-DEA load. R = 25kΩ, L = 0.6H, DEA : C DEA = 1.3nF and R DEA = 28kΩ
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