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FEM simulation based study of electric field reduction by linear and nonlinear resistive solution for HV power module under switching operation

The development of wide band gap semiconductor devices, in answer to the increase in the voltage level and the power density of power electronics converters, requires the development of new solutions for their electrical insulation systems, especially for the electric field reduction in power modules. The introduction of a resistive material within the encapsulation system, either as an added surface layer, or using the encapsulating bulk material, is one solution reported. In most cases, the related studies have been made by observing the steady state of an excitation in time domain. However, the isolation system in power modules is exposed to Pulsed Width Modulation (PWM) signals with a high switching speed. In this study, we investigate the resistive solution in the transient regime with a high slew rate voltage pulse excitation, close to realistic switching signals endured by the new semiconductor power devices (exhibiting dV/dt up to 100 kV/µs).

I. INTRODUCTION

The development of new semiconductor materials for power devices, particularly silicon carbide (SiC) and gallium nitride (GaN), leads to a new generation of wide band gap semiconductor power modules. The integration of SiC (or GaN) chips is a promising solution for reducing the size and the weight of the converters, thanks to faster switching speeds (up to 100 kV/μs), higher operating voltages and temperatures. The highest blocking voltage of commercial Si IGBT is 6.5 kV, whereas 15 kV SiC IGBT has already been developed [START_REF] Kadavelugu | Characterization of 15 kV SiC n-IGBT and its application considerations for high power converters[END_REF][START_REF] Madhusoodhanan | Solid-State Transformer and MV Grid Tie Applications Enabled by 15 kV SiC IGBTs and 10 kV SiC MOSFETs Based Multilevel Converters[END_REF], and even higher blocking voltages are expected in the future. A higher operating voltage level will further enhance the risk of partial discharges (PD) occurrence, which is one of the main causes of aging, degrading the electrical insulation reliability and which can lead to permanent failures such as material dielectric breakdown. In fact, in power modules, the highest electric fields may occur at the edges of the metallization of the ceramic substrate where the ceramic, the metallization and the encapsulating silicone gel are joining, so called triple points (TP) [START_REF] Frey | Electric field investigation in high voltage power modules using finite element simulations and partial discharge measurements[END_REF]. Hence, there is a maximum probability of PD at TP. In this regard, the electric field control at TP in order to limit PD is needed for future high voltage power modules. Methods to control the electric field E and protect the device by ameliorating the geometrical designs [START_REF] Hourdequin | Metallized ceramic substrate with mesa structure for voltage ramp-up of power modules[END_REF][START_REF] Reynes | Protruding ceramic substrates for high voltage packaging of wide bandgap semiconductors[END_REF] or adding some new parts in critical area [START_REF] Bayer | Enhancement of the partial discharge inception voltage of DBCs by adjusting the permittivity of the encapsulation[END_REF][START_REF] Bayer | Stacking of Insulating Substrates and a Field Plate to Increase the PDIV for High Voltage Power Modules[END_REF][START_REF] Donzel | Nonlinear resistive electric field control for power electronic modules[END_REF] have been proposed. The use of a bridging resistive surface layer, which connects the high voltage electrode and the ground potential [START_REF] Mitic | IGBT module technology with high partial discharge resistance[END_REF][START_REF] Tousi | Combined geometrical techniques and applying nonlinear field dependent conductivity layers to address the high electric field stress issue in high voltage high-density wide bandgap power modules[END_REF], is regarded as an effective field control method. The high electrical stress is reduced by a conduction current flowing through the layer. The resistive layer material can be a linear or nonlinear material. Here, 'linear' means that the electrical conductivity is independent on the electric field and 'nonlinear' means a field dependent conductivity (FDC). FDC dielectrics could be developed by adding nonlinear fillers into an insulating matrix. According to relation [START_REF] Kadavelugu | Characterization of 15 kV SiC n-IGBT and its application considerations for high power converters[END_REF], their electrical conductivity 𝜎 equals to 𝜎 ! at low E, and then exhibits an exponential increase when E is greater than a threshold value [START_REF] Christen | Nonlinear resistive electric field grading part 1: Theory and simulation[END_REF]. The threshold value (E " ) and the nonlinearity exponent (α) can be adjusted by choosing the particle type, size, surface treatment, shape and volume concentration [START_REF] Lin | A varistor-polymer composite with nonlinear electrical-thermal switching properties[END_REF][START_REF] Yang | Grading electric field in high voltage insulation using composite materials[END_REF].
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On the other hand, a faster voltage switching speed also brings a more severe electrical stress on the insulation system, especially at TP. In this aspect, some studies showed that the behavior of PD in IGBT module embedded in liquid encapsulation is quite different under not only different wave forms (sinusoidal or square) but also different slew rates (dV/dt). PD inception voltage (PDIV) of the tested sample is 18 kV under a 50 Hz sinusoidal voltage, 14 kV for a 400 μs-rise time bipolar square voltage and 8 kV for a 100 ns-rise time unipolar positive/negative square voltage [START_REF] Abdelmalik | Influence of fast rise voltage and pressure on partial discharges in liquid embedded power electronics[END_REF].

Although some previous researchers have studied the electric field reduction effectiveness of a linear resistive layer applied at the metallization edge [START_REF] Frey | Electric field investigation in high voltage power modules using finite element simulations and partial discharge measurements[END_REF][START_REF] Mitic | IGBT module technology with high partial discharge resistance[END_REF] and the performance of a nonlinear layer under different wave forms [START_REF] Donzel | Nonlinear resistive electric field control for power electronic modules[END_REF][START_REF] Tousi | Combined geometrical techniques and applying nonlinear field dependent conductivity layers to address the high electric field stress issue in high voltage high-density wide bandgap power modules[END_REF][START_REF] Tousi | The Effect of Type of Voltage (Sinusoidal and Square Waveform) and the Frequency on the Performance of Nonlinear Field-Dependent Conductivity Coatings for Electric Field Control in Power Electronic Modules[END_REF][START_REF] Huang | Mitigation measures of the electric field in the medium-voltage power module: Effect of voltage types and recommendations for designers[END_REF], few studies focus on the electric field control in the transient state under high slew rates (of the order of 100 kV/μs) as allowed by the switching speed of SiC MOSFET devices [START_REF] Das | 10 kV, 120 a SiC half H-bridge power MOSFET modules suitable for high frequency, medium voltage applications[END_REF]. In this study, we analyze the effectiveness of the resistive layer field reduction method under a high slew rate by numerical simulations.

In the first section, our study aims to simulate the module insulation system while using a linear resistive layer. The results in the transient state show that the field reduction depends both on the properties of the layer and on the slew rate of the applied voltage. In the second section, the effect of a FDC layer with different parameter sets under a high slew rate are evaluated. A tradeoff between the field reduction control and the thermal management is also discussed at the end.

II. LINEAR RESISTIVE LAYER

A. Description of the simulation method By using finite element method (FEM) simulation, one can obtain the electric field inside the power module which cannot be measured by the experiment. In fact, one can evaluate the effect of the insulating material properties, the geometry design, under different excitations, on the electric field distribution in the transient state. Our numerical simulation is carried out with COMSOL Multiphysics in time domain.

The simulated geometry is based on a direct bonded copper (DBC) aluminum nitride (AlN) ceramic substrate, as scheduled on Fig. 1 (a). It consists of a 2 mm thick metallized ceramic substrate with two metal electrodes placed 2 mm apart, which are covered by a 0.1 mm thick resistive layer. A step voltage excitation with a slew rate k (in kV/μs) from 0 V at 0 s to 20 kV is applied to the upper left electrode. The upper right bottom electrodes are regarded as the ground (0 V) potential. The DBC-AlN substrate is encapsulated by silicone gel. The permittivity and the electrical conductivity of AlN ceramic and silicone gel are shown in table I. We assume that relative permittivity er and the electrical conductivity s of the resistive layer could be modified. In particular, assuming the layer properties equal to the silicone gel ones means the structure is regarded as a standard structure without layer. It should be noted that all the results of the simulation not only depend on the mesh, but also on the geometry such as the thickness of the layer and the substrate, the shape of the metallization edge... Mathematically, the electric field at TP is infinite. In order to observe mesh independent field values, the maximum mesh size is set to 5 μm at critical areas, and the maximum electric field values Emax are finding out along measurement lines 1 and 2 in the gel with a distance of 15 μm from the layer/gel boundary, and along measurement line 3 in the ceramic as shown in Fig. 1 (b).

B. Electric Field Simulation without resistive layer

Fig. 2 (a) shows the time evolution of the maximum electric field up to long times (3000 s) when the system is under a step excitation, for two voltage slew rates k. The electric field keeps strengthening until the steady state has been reached. According to the steady-state solver, the maximum field is 66.87 kV/mm in AlN and 75.39 kV/mm in gel when the system is stabilized. It should be noted that the electric field distribution under a step excitation in steady state is independent on the slew rate.

The velocity of the field strengthening process depends on the dielectric time constants t = e0er/s (e0 vacuum permittivity) of the materials in the insulating system where tAlN and tgel being far greater than the voltage rise time, such k values have almost no effect on the electric field at the end of the ramp in this module standard insulation system configuration (Fig. 2 (b)).

C. Electric Field Simulation with a Linear Resistive Layer

In order to reduce the electrical stress, a linear resistive layer connecting the electrodes is implemented in the system. The evolutions of the maximum electric field in AlN, for different layer conductivities, and for 10 kV/μs and 100 kV/μs slew rates (er_layer = 2 in these simulations) are shown in Fig. 3 (in AlN) and Fig. 4 (in gel).

With the resistive layer, the local electrical stress can be reduced, thanks to the current flowing through the layer, compared to the case without resistive layer (as reported above Fig. 2). Moreover, it should be noted that the transient time electric field is further reduced only if the layer conductivity is great enough. Indeed, the velocity of the reduction process depends on the time constant tlayer of the layer. Hence, the peak value found at the end of voltage ramp in each case arises as a result of the competition between the voltage increase (electric field enhancing which depends on the slew rate k) and the electric field reduction velocity (depends on the time constant tlayer). Moreover, as pointed in Fig. 3 and Fig. 4, the peak value increases when the slew rate increases from 10 to 100 kV/μs. In order to keep the same performance of the electric field reduction at transient state, the conductivity of the layer should be increased 10 times while the slew rate increases 10 times.

Since the relative permittivity influences the layer time constant tlayer (tlayer is proportional to the layer permittivity), Fig. 5 shows also the electric field evolution with different layer permittivity values for two layer conductivity values and for k = 100 kV/μs. When the layer conductivity is quite low (equals to 10 -4 S/m), the transient field peak value decreases significantly while the layer permittivity increases. In this situation, the evolution of the field in transient state depends on the ratio of the layer permittivity and the substrate permittivity.

On the opposite, for a high enough layer conductivity, the system turning into the steady state faster and the field reduction almost depends mainly on the layer conductivity (for the same geometry). Hence, the variation of the layer permittivity almost has no effect on the transient field peak value when the layer conductivity is as high as 10 -2 S/m in Fig. 5.

In conclusion in the case of a linear resistive layer implementation, it has been shown that in order to well control the electric field reduction both in steady state and in transient state under a high slew rate excitation, a high enough layer electrical conductivity is required. However, the resistive current flowing in such a layer is proportional to the layer conductivity. For the future power modules including new fast switching devices, conductivities as high as discussed above (10 -2 S/m) would generate a large amount of leakage current within the electric system, and lead to a further increase in the module temperature. A field grading conductivity layer, which can auto adapt its property under a high field increase, has been proposed as a smart solution to reduce the electrical stress without leading to excessive leakage current. In the next section, the simulations with a FDC dielectric layer will be discussed.

III. FDC NONLINEAR RESISTIVE LAYER

Here it is considered that a nonlinear resistive layer connecting the electrodes is implemented in the simulated structure, with a dielectric permittivity er of 12, and an electrical conductivity 𝜎(𝐸) described by equation ( 1), assuming s0 = 10 -13 S/m, and different threshold (E " ) and nonlinear exponent (α) values. Simulations are performed for a step excitation with a slew rate k of 100 kV/μs. Fig. 6 shows the maximum electric field time evolution in the substrate during the transient state for all the given cases. At the beginning of the voltage supply, inducing low field values (E < Eb), the FDC layer exhibits a constant conductivity, so the field increase rates are the same in all cases. Then, as discussed before, a higher conductivity (for lower Eb and E > Eb) leads to a faster electric field limitation caused by a higher resistive current. Finally, a more nonlinear behaviour (for higher a value) turns to the steady state faster. Consequently, the effect on field reduction is more significant with a lower E " or higher α.

In the given geometry, a FDC layer with E " = 2 kV/mm and α = 15 allows to achieve the same performance of field reduction as a linear layer with a constant 𝜎 as high as 10 -2 S/m, in transient state under a k = 100 kV/μs step excitation. Fig. 7(b) allows to compare these two cases, representing the distribution of the electric field along the layer/substrate boundary at different times. The FDC layer can allow to achieve almost the same Emax reduction in the system as with the constant high conductivity layer (except at the beginning of the voltage rise (red curve, t = 0.1 µs) where the constant layer has a better efficiency, but where the latter is not high yet).

Besides the maximum field reduction aspect, both linear and nonlinear solutions need to be compared from the induced leakage current and power losses points of view. To estimate the leakage current flowing out the simulated structure, a 10 mm-depth of the 2-D geometry has been supposed. The time evolution of the resulting currents for the linear case (𝜎 = 10 -2 S/m) and two nonlinear cases are shown in Fig. 8(a). The resistive leakage current (as observable after the voltage rising stage, when t > 0.2 µs) is reduced by about 10 times by implementing a FDC layer with E " = 2 kV/mm and α = 15 compared to the linear layer. Fig. 7(a) also allows to notice the significative impact on the current of α parameter for the same Eb parameter. This illustrates the superiority of the nonlinear solution, allowing to adjust the same field reduction efficiency as the linear solution while monitoring acceptable leakage currents through the external system. However, these currents leading to power losses and an internal heating of the layer, the latter should be considered carefully as well during the design optimization process. The loss density can be calculated from the scalar product between the current density and the field at each node. Although lower total power losses are generated, it can be noticed that a higher local power density level may be 

IV. CONCLUSION

The integration of new SiC components in high power modules allows higher blocking voltage and faster switching speed which lead to more severe electrical stress in their insulation system. A resistive layer is an effective method to reduce the electric field strength at triple points within the insulating system. The studied simulations showed that the field reduction effect in the transient state is the result of the competition between the field increase speed (which depends on the excitation slew rate) and the relative permittivity as well as the electrical conductivity of the layer. Under an excitation with a voltage slew rate as high as 100 kV/μs, an extreme high conductivity material should be used in the resistive layer to reduce efficiently the field both in transient and steady states. By using a FDC layer, the same electric field reduction can be achieved, with a well-optimized field dependency of the conductivity. The field is then reduced in the critical areas without a prohibitive increase in the current through the module. An important local concentration of the generated losses by Joule effect in these zones appears, which will require to add a thermal analysis to the entire system design optimization. 
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