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Abstract

:

This work discusses a novel set of alternate implementations of isolated gate driver circuits for power electronic transistors. The proposed topologies for the driver have been designed specifically for SiC power MOSFET. Three different solutions are discussed, all of them providing the required gate turn-on and turn-off command signal with galvanic isolation, but also supplying power to the secondary side of the driver by means of magnetic transformers. The resulting solutions, all of them implemented with simple circuitry, enable the integration of the driver into the power cell, allowing for theoretical higher power density values in the final system. The principle of operation of the different solutions is discussed, and then the main relevant implementation details are presented. After that, the operation of the circuits is demonstrated experimentally, by testing a set of prototypes of these drivers. This provides a comprehensive design example that assesses the feasibility of the proposed solutions. Finally, the main results of the performance of the three gate drivers, on an SiC MOSFET-based prototype are presented and compared.
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1. Introduction


The development of wide band gap (WBG) semiconductor devices has been a major contemporary technological breakthrough, contributing to a revolution in the features of power electronic converters. One of the major trends in power electronics design is the size miniaturization of the converter by increasing the system power density [1]. This is a critical aspect, not only for restricted space applications, but also for modular-conceived architectures such as multilevel converters. However, it also contributes to increasing the reliability and performance of the overall system, or even for easing the thermal management (generally speaking, thermal issues turn out to be more serious as power density increases) [1]. A key enabling technology in this miniaturization is the use of WBG devices in power converters.



Silicon carbide (SiC) Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFETs), one of the WBG flagships, are preferred in a number of power electronics applications due to their superior material properties when compared versus other semiconductor technologies, such as Si MOSFETs, Si IGBTs or SuperJunction (SJ) MOSFETs [1,2,3,4]. It must be noted that other WBG technologies, such as those based on GaN semiconductors, are also very interesting in terms of performance, and therefore the decision of which transistor brand is the optimal choice for a given application is not straightforward, in most of the cases. However, as a summary of the specific characteristics of SiC, it can be stated that this technology presents [5,6,7,8,9,10,11,12,13,14,15]:




	
Higher system efficiency due to lower switching and conduction losses, because the wider bandgap of SiC (compared to Si) implies smaller leakage currents



	
A higher temperature operating range, which implies reduced cooling requirements (e.g., heat sink size); the SiC material thermal conductivity is three times larger than the one found for Si. Moreover, the thermal conductivity of 4H-SiC is higher than that of copper at room temperature, while additionally, its junction temperature can reach values up to 600 °C [1,16]. However, commercial SiC MOSFETs are still rated at 175 °C due to packaging and reliability limitations.



	
A high achievable blocking voltage, because the breakdown field of SiC is about 9–10 times larger than Si [1,16,17].



	
A higher switching frequency capability, due to the possibility to reduce the required chip area of SiC around 65 times compared to that of the equivalent Si version for the same current levels. Consequently, a much smaller device parasitic capacitance can be provided [17], which yields achieving faster operation speeds (much higher dv/dt and di/dt), thus enabling a dramatic increase in the switching frequency (up to megahertz power converters are foreseen)








The main characteristics of WBG devices have been represented in Figure 1, compared to those of Si. This plot depicts physical parameters such as the thermal conductivity, λ, the melting point, TF, the breakdown electric field, EBR, the bandgap energy, E, and the electron saturation speed, Vs. It can be seen how WBG performance stands out as compared to Si-based power devices in the magnitudes related to operating temperature (λ and TF), to voltage ratings (EBR) and to switching frequency and losses (E, VS).



The highlighted properties of SiC MOSFETs and their adequate implementation in the system lead to a dramatic reduction in losses and to a significant increase in power density [2]. Examples of SiC-based devices are both the SiC power Schottky barrier diode (SBD) and the SiC power MOSFET. SiC SBDs are faster than PiN diodes, due to the lack of reverse recovery current at turn-off (because no minority carrier recombination is present, unlike in the standard PiN diode). However, no feasible Si SBD power devices are found for the voltage levels required in typical power electronic applications. On the other hand, the ten-fold higher blocking field of SiC materials makes SiC SBDs a more practical solution for power diodes. Thus, the efficiency increases significantly compared to the standard Si-based diode applications [2,16,18]. On the other hand, due to the high breakdown electric field in SiC, the SiC Power MOSFETS devices admit more doping for the same final blocking voltage than in Si-based switches, implying a reduction in the on-resistance [2]. Moreover, the effect of hard switching in topologies such as the H-bridge inverter, are also dramatically decreased by pairing these devices with an SiC Schottky diode [2,16].



Currently, SiC solutions have been on the market for over a decade, and the technology is reaching maturity. Hence, a wide range of devices based in SiC can be found on the market [16,19]. The higher operating voltage and switching frequency ratings of SiC devices expand the design specifications and the applicability limitations of power electronic converters based on this technology. In practical designs, GaN devices provide very high switching speeds and they are available up to 600 V. However, SiC is currently available up to 1.7 kV commercially, for high power ratings compared to GaN. Figure 2 shows the operational margins in general converter applications, and classifies the main power semiconductor technologies as a function of power level and switching frequency [20].



However, these developments present specific challenges in the system, such as the optimization of the reactive components for higher frequency and high temperature operation, the development of protecting circuitry, packaging, and so on [1,10,21,22,23,24,25]. A major issue among these challenges is the design of the gate driver required for an optimum control of the power MOSFET. The design of the driver needs to satisfy its operational requirements. In order to do so, the relevant, distinctive features of the SiC MOSFET, compared to Si IGBT, need to be established [16,26]. The key characteristics to be considered in the design of the driver can be summarized as [27]:




	
Transient features of the power device, such as the turn-on, ton, and turn-off, toff, switching intervals, as well as the rise and fall time intervals, tr and tf, respectively, which are much faster than in the case of standard drivers for Si devices. Additionally, the propagation delays with increased switching frequency need to be considered in SiC-based power converters [20]. As a main requirement, the gate voltage of the SiC MOSFET must have a fast dv/dt to achieve fast switching times. This indicates that a very low impedance driver is necessary [28,29]. For instance, if an optocoupler is used, it must provide a high common mode transient immunity (CMTI) [29].



	
Static features of the SiC MOSFET, such as the drain-to-source on-resistance, RDSon, that determines the gate-to-source voltage, vGSon, when the device is turned on.



	
The required driving voltage levels for the power MOSFET; in case of an SiC driver, the most suitable values are defined as [20]:










   v  G S o n   = + 20   V  



(1)






   v  G S o f f   = − 5   V  



(2)







Specifically, for vGSon, even though the switching losses and the switching times decrease for higher voltage levels, such gate stresses might yield premature malfunction, therefore affecting the device reliability [4].



	
The total gate charge of the power device. This parameter is significantly lower in the case of SiC MOSFET.



	
The parasitic capacitances of the power device. Some complexity is imposed by the turn-on and off events due to several nonlinear parasitic capacitances that affect the process. These capacitances depend on the operating conditions of the device. Moreover, these values are coupled with the conditions at the gate drive [17]. Therefore, the study of the switching waveforms in SiC is critical for understanding the requirements for the gate driver, particularly for very fast drivers [17]. However, the measurement and characterization of these components, specifically the SiC MOSFET capacitances, is not straightforward in most cases [30,31,32].



	
Implementation and hardware design of the gate driver. These aspects determine key parameters such as the gate resistor, the parasitic inductances (dictated by the gate driver layout and connection to the gate terminals of the SiC MOSFET), which can cause false turn-on and turn-off instants during switching transitions, and increase switching losses and shoot-through related failures in the converter [33,34]. On this basis, a complete analysis of current-controlled and voltage-controlled drivers for SiC MOSFETs is presented in [3]. In particular, the trends for the gate driver and the protection circuitry are to integrate these features into a single-chip solution. In this case, the major challenges arise due to the resulting high di/dt and dv/dt. Additionally, the noise susceptibility is a critical issue in polluted electromagnetic (EM) environments [1]. The driver must be designed considering the relatively low parasitic values of inductance and capacitance that arise from the packaging conditions in SiC devices. This parasitic reduction requires that driving and sensing circuits must be as close as possible to the WBG switching devices. Some solutions propose such levels of integration [35,36].






The objective of this work was to develop a set of self-supplied gate drivers with galvanic isolation, which can be used for various topologies with different voltage ranges. Specifically, this research targets implementations that enable the integration of the driver into the power module, thus allowing for a theoretical higher power density values of the final system. The present work describes in detail the characteristics and operating principles of a set of proposed drivers, presents the full dimming range operation through experimental results, and finally carries out a comparison of the three drivers in terms of operating constraints, size and cost. The novelty of the work can be summarized as the proposal of novel topologies for the implementation of the self-supplied isolated gate drivers for SiC MOSFET switches, the detailed description, analysis, design procedure and validation by simulation and experimental results of these proposal, and a critical analysis and comparison of the performance of the proposed solutions.



The following sections of this paper are organized as follows. Section 2 elaborates a deep analysis of the technical literature related to the state of the art of gate drivers, discussing the main aspects for the design of drivers for SiC power MOSFET switches. Additionally, this section introduces the strategies implemented in the solutions proposed in this research. Section 3 describes the operating principle of a driver based on an impulse transformer, shows the different functional blocks of the device, and describes the theoretical waveforms expected. Section 4 discusses the implementation of these constructing blocks with real circuits and verifies the operation principle through simulations. Later, Section 5 presents the built prototypes of the driver, shows the characteristic waveforms that validate the proposed operating principle, and also states the operational constraints of the solution. Section 6 describes the theoretical driver based on the HF on-off modulation scheme, while Section 7 addresses the validation through simulations of this circuit. Section 8 shows the built prototype and the experimental results found. Section 9 and Section 10 focus on the single transformer modulated driver and define the operating principle, and present the theoretical waveforms expected, respectively. Section 11 covers the validation of this proposal, dealing with the implementation of the bi-level modulated driver prototype, and validates its operation experimentally. Section 12 carries out a comparative analysis of the three drivers in the family, and finally Section 13 discusses the main conclusions of the research and proposes future developments.




2. Analysis of the Technical Literature in the State of the Art


Based on the above discussion, the specific parameters that need to be taken in into account in the design of a gate driver circuit can be analyzed and discussed. A basic circuit of the main elements involved is shown in Figure 3, for the case of the inductive switching of a MOSFET. The following paragraphs summarize the major design aspects in a driver for SiC power MOSFET devices.



2.1. Resistance of the Driver, RG


The rise and fall times of the SiC device are limited by the impedance in the gate loop, which usually can be simplified to a series connection of the gate resistance and the parasitic inductance [1,37]. Therefore, this output resistor needs to be defined accordingly. However, it must be noted that the gate resistor, RG, is generally composed of two elements—the driver gate resistor, RGext, and the internal gate resistor, RGint, of the power device:


   R G  =  R  G e x t   +  R  G i n t    



(3)







This parameter must therefore be considered in the circuit design [3]. Generally speaking, the smaller the RG, the faster the switching. In fact, RG reaches a minimum value by making RGint = 0. However, this provides EMI issues and stresses the gate much more [38]. On the other hand, the larger the RG, the smaller the peak driver current, consequently limiting the switching speed. It also can be stated that the larger the RG, the smaller the ringing voltage at vGS [4,39,40,41,42].




2.2. Parasitic Capacitances


The values of the parasitic capacitances of the device, CGS, CGD and CDS, must be considered. In some configurations, the high switching speed can trigger resonances formed by the parasitic capacitances along with the parasitic elements of the circuit [43]. This can lead to modulating the gate voltages and potentially triggering undesired switching of the device [3]. The gate resonant circuit is formed by the SiC MOSFET input capacitance, the gate wiring inductance (gate and source inductance), and the gate resistance (external gate resistance, intrinsic MOSFET gate resistance and intrinsic gate driver resistance) [38].




2.3. Parasitic Gate Loop Inductor


In order to decrease the gate loop inductor, LG, the driver must be located as close as possible to the device [4]. Additionally, specific configurations such as the Kelvin source connection can be used. Reducing the stray inductance with proper layout is the best means to minimize the ringing [4]. Using accurate models of the SiC MOSFET, an initial design for the driver can be accomplished [29,44]. The external parasitic inductances of the tracks (typically around 20 nH) should also be considered for the design [45]. Another model including the inductances is presented in [29], while the power losses can also be modeled through analytical expressions [3].




2.4. Isolation Requeriments


Most of the driving circuits need galvanic isolation in order to meet the operating specifications required. For this purpose, two main techniques are implemented: optical isolation and magnetic isolation. As a general statement, it can be said that magnetically isolated drivers are usually simpler, faster, and suitable for high temperatures [46]. However, this assertion needs to be discussed thoroughly, because it depends critically on the application considered.




2.5. Derivative of Voltages and Currents, dv/dt and di/dt


The high-speed switching of SiC devices implies a high dv/dt. Such voltage variations at the gate-to-drain capacitance induce significant currents through the gate, which must be provided by the driver. If the gate-to-source capacitance is too large, these currents might cause spurious turn-on of the device, yielding to destructive shoot-through [47,48,49,50,51]. Related to this point, high dv/dt immunity must be ensured. This turns into a critical issue in the case that galvanic isolation is required. If an isolation transformer is included in the driver, then the inter-winding coupling capacitance should be essentially taken into account [37]. In the case of using optocouplers, the CMTI is also a key parameter to take into account [28,52]. Some extra features can be considered for high performance applications. Among these features, the identification of gate charging sequence enables enhanced control techniques for turn-on and turn-off of the SiC MOSFET driver. Thus, the dv/dt in vDS and the di/dt at iD can be independently controlled, enabling for an optimal switching in terms of losses and EMI issues [3]. Other options for decoupling these slopes are through optically control [53]. Additionally, a dynamic adaptation of the driver current to the operating conditions can increase the efficiency or enhance dv/dt performance [54]. Finally, the values of dv/dt and di/dt of the driver can also be calculated from the parameters of the device to control [38,55,56].




2.6. Tolerances


The effect of tolerances and mismatch of parameters of the SiC affects the paralleling and series operation of these devices [57,58,59,60,61,62,63,64,65]. The gate parameter variance among multiple samples of same device is presented in ref [57].




2.7. Packaging


Packaging of SiC MOSFET has a strong influence on the actual device performance in the converter, because the packaging dictates system layout and integration, and therefore electrical and thermal performance. In order to minimize a number of the aforementioned effects, a specific scheme of pairing the drive to the particular device might be considered. In this case, the driver can be included into the same packaging of the power device [66]. To withstand the same conditions as the power device, in terms of thermal and electric performance, the driver must also be implemented in SiC [67].



The analysis of the state of the field reports a number of existing solutions in the technical literature. These solutions address the main distinctive features in the switching phenomena found in SiC MOSFET devices [68,69,70,71,72,73], that have been discussed above. Some authors propose active gate drivers, which allow for varying the total gate resistance of the driver, RG, to be considered as one of the most promising techniques [74]. Some other authors explore dynamic gate resistance modulation techniques, in order to keep the SiC devices in safe operating ranges, although ensuring low losses and low voltage and current overshoots [75,76]. The effects of a dynamic control of the driving voltages, vDRon and vDRoff, are explored to minimize the dv/dt and di/dt in the power device, thus addressing overshoot, oscillation, and EMI issues [77]. Additionally, some researchers have explored the effect of dead times in the performance of the system formed by the SiC MOSFET and the driver [78]. Authors in [79] investigated the reduction in the parasitic gate loop inductor LG when the driver was integrated into the power device package. This analysis has shown interest in the research field in terms of the design of drivers for SiC power MOSFET devices. These drivers need to fulfill, as a general set of features, a high reliability, high power density, high frequency (HF) operation, galvanic isolation, and full-range Pulse-Width Modulation (PWM) duty ratio operation [1,10,22,34,80,81,82,83].



In the particular case of isolated drivers, the first thing on which to focus is the strategy for the effective transfer of the gating signals and the power required for the adequate switching of the MOSFET with the required voltage isolation. In this sense, by far, most implemented solutions make use of an optocoupler device to transfer the gating signal, along with an independent isolated power source, with its secondary output referred to as the source terminal of the MOSFET, to supply the energy demanded by the high-power side of the driver [29,84,85,86,87,88,89]. This standard solution generally involves a significant physical area in the printed-circuit board (PCB) design of the converter and reduces the power density of the system [80]. Even though it is a robust, well-known, state-of-the-art solution, this approach has several drawbacks, mainly coming from the parasitic elements that both the optocoupler and the dedicated power source present between the primary and secondary sides of the driver. These parasitic elements imply high circulating currents and large induced voltages in the gating loop, that significantly increase the susceptibility to moderate dv/dt values in the system, leading to undesired turn-on/off events and, eventually, to reliability concerns [46,56,84,85,90,91,92,93]. Additionally, a widespread solution is the implementation of isolated drivers by using pulse transformers by means of magnetic cores. These transformers have the main drawback of core saturation, especially when used in variable duty ratio applications. Most of these drivers operate well only for a narrow margin of duty ratio values, thus limiting their applicability [94,95]. To avoid the core saturation issue, the typical solution for other applications consists of including a series capacitor to block the DC components. However, this solution limits the bandwidth of the driver, because it implies transient fluctuations on the transformer waveforms when fast transitions in the duty ratio are required. Besides, the secondary side waveforms are also affected, and complex reconstructing stages are needed in order to restore the original gating signal. Therefore, the design of such magnetic-based driver circuits needs to consider the saturation limitations, the wide-range duty operation, and the dynamic response.



Another solution found in the literature to avoid magnetic core saturation is the use of symmetric pulse operations for turn-on and turn-off. The fundamental problem with these solutions is the limited duty cycle operation range. Limited duty cycles make these solutions impractical, because keeping power MOSFETs fully on or off during stand-by or fault conditions needs to be avoided [96,97,98]. Finally, there is another design methodology for magnetically isolated drivers that avoids the saturation phenomenon by using modulation strategies for the turn-on and turn-off of the power device [99,100,101,102]. The modulating frequencies implemented in these solutions range from hundreds of kHz up to several MHz. For the former relatively small modulating frequencies, square waveforms can be used as the modulating signal. However, the efficiency of the driver stage is limited due the hard switching in the oscillator stage. In the latter case, the state-of-the-art implementation includes resonant tanks. These resonant solutions need to cope with the required control schemes to ensure resonant operation of the circuitry under all possible conditions, but also with synchronization issues, limited dv/dt aspects in the demodulation blocks, effects of the coupling parasitic elements, etc.



Besides the solutions discussed in the previous paragraphs, Table 1 summarizes additional research reported in the literature for WBG isolated drivers, sorted by the main topic covered.



To overcome the reported issues in the performance of gate drivers for SiC, this work proposes a family of isolated gate drivers for SiC power MOSFETs. The aim of the research was to propose, validate, and compare driving solutions that avoid the use of the dedicated isolated DC-DC power source that delivers the power demanded by the secondary side of the driver. The first driver topology of the proposed gate driver family is based on an impulse transformer, which transfers the information of the turn-on and turn-off instants to the secondary side of the driver [135]. An ancillary circuit reconstructs the gating signal, and also provides the required power levels for triggering the power MOSFET. In order to solve the limit of applicability and the operational constraints of the impulse transformer circuit, an alternate solution based on an HF on-off modulation of the signal is delivered to the primary side of the driver transformer [136,137]. This solution requires an additional transformer for supplying the required power in the secondary side. Finally, a driver based on a dual level HF amplitude modulation (AM) scheme, applied to a single magnetic transformer will be introduced. This single device simultaneously provides the triggering turn-on and off signals for the target device, but also the amount of power required to effectively drive the gate at the secondary side. A preliminary version of this proposal was introduced in [138,139] for SiC MOSFETs, and in [140] for GaN power devices.





3. Description of the Driver Based on the Impulse Transformer


The first idea is to use a single isolation component, in this case a magnetic transformer, in order to simultaneously send the gating information (turn-on and turn-off signals) and the required power to effectively turn the power device on and off. The basic diagram block of the driver is shown in Figure 4. The gating signal is a rectangular waveform generated in the digital signal processor, in particular using the dedicated PWM block generator of the controller. This signal generates a pulsed voltage waveform, vp, which has the peak and valley levels corresponding to the voltage supply of the primary side, vCC, and ground, GND, of the signal controller. The duty ratio, d, of the signal, can be defined as the ratio of the turn-on time, d·T, and the full switching period, T. This signal vp is sketched in Figure 5.



Even assuming an adequate matching of impedances and a sufficient power level, if such a signal vp is directly applied to the primary side of the transformer, taking into account that vp inherently includes a DC component, it is obvious that the transformer operating conditions will eventually become saturated, yielding a malfunction of the system. In order to avoid the saturation of the core, the proposal opts to provide a processed signal from the original waveform, by means of a derivative block that generates the pulsed waveform vd. As it can be seen in Figure 5, the pulsed signal has a null average voltage value. This ensures an operation free of saturation in the transformer, independently of the duty ratio of the signal considered. However, the gating PWM signal needs to be reconstructed in the secondary side, by ensuring the required voltage values and the adequate power levels. In order to achieve this, the derived signal is adapted to enter the primary and secondary sides, by boosting its power levels by using an adapting stage. This stage generates the voltage signals at the primary side of the transformer, vpri1 and vpri2, with adequate voltage and power levels. The secondary side terminals are connected to a stage that rectifies and filters the secondary waveforms, vsec1 and vsec2, to generate the secondary side supply voltage, vO. This stage also generates a reference voltage, vref, that will provide the final asymmetrical vGSon and vGSoff levels.



By observing Figure 5, it can be seen how the secondary side signals vsec1 and vsec2 can be processed to trigger the turn-on and turn-off instants. The followed strategy is to generate, from these waveforms, set (vS) and a reset (vR) input signals for an RS flip-flop, that reconstructs the original gating signal. This block has been implemented by means of an operational amplifier (OA). A final power stage is in charge of shaping the digital gating signal to the final output values, and also to inject the required power by amplifying the output drive current.




4. Main Characteristics of the Impulse Transformer


As a result of the working philosophy sketched above, two impulses with opposite polarities are sent to the secondary side per switching period. Given that these pulses are rectified to generate the secondary side power supply, it is clear that the absence of these pulses prevents the operation of all the secondary side blocks. This implies that this driver cannot operate in the case of a fully turned-on (duty to 100%) or fully turned-off (duty equals 0%) switch command. This latter aspect may not result in a critical issue; the resulting voltage with 0% duty ratio will obviously be 0 V, resulting in a constant turn-off of the switch. However, it is true that a 100% duty operation (e.g., switch continuously turned on) is not possible with this approach, resulting in the most important limitation of this solution. In the real application, the limit values achieved are 10–90%, and the system can easily be adapted to provide 0–90% operation. The next subsections discuss the implementation, with analog circuitry, of the construction blocks sketched in Figure 4.



4.1. Implementation of the Working Principle


The working principle is founded in the derivation of the primary side voltages for the transformers from the initial PWM signal, vp. This derivation is carried out by means of a simple RC network, labelled as deriv in the diagram of Figure 6. The output of the RC network, vRC, is amplified by a power stage, implemented by means of a Bipolar Junction Transistor (BJT) complementary stage. The output of this stage, vpri1, is connected to one of the primary side terminals of the transformer. In order to attain an adequate operation of the complementary stage, the derived signal vRC must actually be biased to vCC/2, which is achieved by referring the derivative resistor, R, to a voltage divider rather than directly to the ground. In addition, this bias level is connected to the remaining primary side terminal, vpri2, in order to ensure a saturation-free operation of the transformer. The biasing of the derived signal, however, has further implications in the design procedure. As is depicted in Figure 5, the derived signal vRC should reach +vCC and −vCC in the positive and negative edges, respectively. When the +vCC/2 bias is included, it should reach +3vCC/2 and −vCC/2, respectively. However, at the output of the BJT stage, vpri1, is clamped at vCC and 0. This condition is imposed by the diodes in the junctions of the complementary NPN and PNP BJTs. The clamping phenomenon determines the width of the pulse that is effectively employed for transferring energy to the secondary side, and it is given by the time constant, RC, of the derivative network. Therefore, RC is a design parameter for tuning the width of the pulse for power transfer. Hence, the wider the pulse, the smaller the required current for the same amount of power delivered to the secondary side, resulting in a decrease in losses and, therefore, in an increase in the efficiency. However, large time constants in the derivative network also imply that the derived waveform loses symmetry with respect to the voltage levels for small duty ratio, thus imposing a DC component in the primary side that may saturate the core. Therefore, the final RC value needs to be defined as a trade-off between efficiency and minimum duty ratio achievable.




4.2. Characterization of the Impulse Transformer


In order to define the turns-ratio of the transformer, the required voltage values at both the primary and the secondary side must be established, taking into account all the parasitic elements and the non-ideal components in the parts involved. The AC voltage waveform at the primary side has a peak value that can be represented as:


   v  p r i   P E A K     =    v  C C    2  −  v  b e   −  v  c e    



(4)




where vCC stands for the primary side supply voltage, and vBE and vCE are the base-to-emitter and the collector-to-emitter saturation voltage of the BJTs at the complementary power stage in the primary side of the transformer (see Figure 6), respectively. The peak value at the secondary side voltage needs to also consider a number of elements in the circuit, as shown in Figure 6:


   v  s e c   P E A K     =  v  G S o n   −  v  G S o f f   + 2 ·  v F  +  v  R a i l   +  v  b e   +  v  c e    



(5)




where vF is the forward voltage drop in the rectifier diodes at the bridge at the secondary side, vRail is the difference from the supply voltage to the output voltage at the OA, and vBE and vCE are again the base-to-emitter and the collector-to-emitter saturation voltage of the BJTs at the complementary stage, respectively. Equations (4) and (5) are the expressions for the turns-ratio in the transformer:


   r  t   M I N     =      N  s e c      N  pri         M I N     =    v  s e c   P E A K        v  p r i   P E A K       =    v  G S o n   −  v  G S o f f   + 2 ·  v F  +  v  R a i l   +  v  b e   +  v  c e        v  C C    2  −  v  b e   −  v  c e      



(6)







The second basic requirement in the design is the value of the magnetizing inductor of the primary side, that can be defined considering the operation of the transformer. It is assumed that the impedance of the magnetizing inductor, ZLµ, needs to be significantly higher than that of the secondary side, Z′sec, as seen by the primary side:


    Z ′   s e c   ≪  Z  L μ   = 2 π  f  s w    L μ   



(7)




where Lµ is the magnetizing inductor of the transformer at the primary side.



The value of Z′sec can be estimated by assuming the power consumption at the secondary side, Psec, and the RMS voltage at the primary side of the transformer, vpri(RMS). Given the voltage shape at the primary side (see Figure 5), a form factor, FF, can be used for this definition. This value depends on the RC time constant of the derivative network:


   v  p r i   R M S     = F F   R , C   ·  v  p r i   P E A K      



(8)







The value of Z′sec can be estimated by:


    Z ′   s e c   =    v  p r i   R M S    2     P  s e c      



(9)







Therefore, the design condition for the magnetizing inductor at the primary side is:


   L μ  ≫   F F     R , C    2  ·  v  p r i   P E A K    2    2 π  f  s w   ·  P  s e c      



(10)







Equations (6) and (10) determine the input parameters in the design of the transformer.




4.3. Generation of the Output Votage Levels


The supply voltage at the secondary side, vo, is obtained by rectifying and filtering the secondary side voltage, vsec. This value is ensured with the turns-ratio obtained from (6). The adequate supply of the power MOSFET implies a non-symmetric voltage drive, given by vGSon and vGSoff. In order to attain the adequate negative bias in the output voltage pulses, a voltage reference integrated circuit is needed which ensures a stable negative vGSoff voltage level.




4.4. Implementation of the Reconstructing Stage


The reconstructing stage is based on the use of a SR flipflop, that will be triggered by the rising edges in the secondary side terminals of the transformer. This edge-triggered flip-flop is implemented by means of two derivative networks that adapt the waveforms at the secondary side, followed by a rail-to-rail OA (see Figure 6). The output of the OA, attached to a BJT complementary power stage, provides the output waveform with the required levels to drive the power MOSFET. Therefore, the gate loop is formed by the external resistor Rgext, the OA + BJT complementary stage at the gate terminal, the capacitor in parallel with the voltage reference IC at the source. This capacitor has a large capacitance, which is implemented with an electrolytic device in parallel with a ceramic capacitor, in order to avoid any issue at HF operation.




4.5. Circuit Modeling and Simulation Results


A complete circuit of the driver, sketched in Figure 6, has been implemented in LTSpiceTM. This software allows for a complete modeling of all the parts in the circuit, including the parasitic components and the non-ideal parts. Table 2 shows the specific part references chosen for the components depicted in Figure 6 for the implementation of the driver prototype. The values of the parameters involved in the design of the transformer are given in Table 3.



With the parameters in Table 3, the main design parameters for the transformer can be obtained from (6) and (10):


   r  t   M I N     = 4.2  



(11)






   L μ  = 173   μ H  



(12)







It must be considered that, in order to ensure adequate operation of the transformer, the condition in the inequality in Equation (10) has been guaranteed by taking a factor of 20 for the final value of Lµ.



A set of simulations has been carried out to further design the rest of elements in the driver. Figure 7 shows the simulated waveforms for a 50% duty ratio pulse signal, switching at 100 kHz. It can be seen how the derived waveform is measured at the primary side of the transformer, and how the pulsed waveform is transferred to the secondary side. The terminals at the secondary side also provide the set and reset signals for the analog edge-triggered flip-flop. The final voltage at the gate of the SiC Power MOSFET reaches the target values of +20 V/−5 V.





5. Experimental Validation of the Driver Based on the Impulse Transformer


However, the simulation only provides a partial validation of the operation of the driver. Aspects such as the full model of the transformer or details in the functional limitations of the circuit can only be assessed by constructing a laboratory prototype of the driver. Figure 8 shows the actual prototype of the driver. The initial design of the impulse driver presents a layout area of 82 × 19 mm2. The transformer has been implemented in a toroidal core, and the primary (left) and secondary (right) sides of the driver can be clearly identified. The design of the magnetic element has been carried out from the design constraints in expressions, and also following the procedures and the Design Tool SFDT given by the manufacture of the toroidal core, FerroxcubeTM [141]. Two devices were built, in order to test the operation of the driver in a bidirectional DC-DC buck-boost converter (see the main characteristics given in Table 4). This converter is implemented using C2M0080120D SiC Power MOSFET, from Wolfspeed (VDS = 1200 V, ID@25C = 36 A, RDSon = 80 mΩ, QG = 62 nC, GGS = 950 pF, GGD = 7.6 pF).



In terms of immunity of the driver to EMI and common mode issues, the most critical component in the design is the magnetic transformer, which isolates the primary and secondary side galvanically. Some of the parasitic elements in the transformer, but especially the undesired coupling capacitance between the primary and secondary sides, yield an impedance path for coupling currents to enter in the gate loop. Thus, the parasitic impedances must be designed to not affect the operation of the driver. Table 5 shows the main parameters of the transformer of the driver, implemented on a toroid ring core TX16/9.6/6.3 3E5 from FerroxcubeTM, considering the references in Figure 9.



These parameters have been obtained from three different characterization procedures, at a frequency of 100 kHz. Besides the characteristic short-circuit and open-circuit tests, the primary-to-secondary side capacitance has also been measured. The obtained value for this parameter, close to 3 pF, is in line with the values of the commercial drivers for SiC power MOSFETs [142].



5.1. Experimental Characterization of the Working Principle


In order to verify the operating principle of the driver, the main waveforms in key nodes in the driver circuit have been registered. These waveforms can be compared to the theoretical waveforms in Figure 5, but especially with the simulated waveforms shown in Figure 7. Figure 10 shows the waveforms in the driver for an input PWM voltage signal vp(t) of 50% duty ratio and 100 kHz switching frequency, from 0 V to 15 V. The waveform vp(t) is shown in CH1 in Figure 10a, while CH2 and CH3 represent the voltage after derivation in the RC network before, vRC(t), and after, vpri1(t), the BJT power stage, respectively. Figure 10b depicts the signals at the secondary side of the driver. In particular, CH1 and CH3 represent the voltage at the secondary side terminals of the transformer, vsec1(t) and vsec2(t), respectively, measured from the source terminal of the power device. As can be seen by comparing Figure 7 and Figure 10, the simulated waveforms are quite similar to the actual ones, which indicates that the modeling of the circuit has been carried out satisfactorily.



Figure 11 shows additional waveforms to demonstrate the operating principle. CH1 and CH2 in Figure 11a represent the set and reset waveforms, uS(t) and uR(t), respectively, which are the inputs of the flip-flop. These waveforms are generated from the secondary terminals of the transformers by means of the adapting stage shown in Figure 6. CH3 represents the output signal of the OA in the flip-flop, while CH4 depicts the waveform after the output complementary stage, vGS(t). Finally, Figure 11b shows a superposition of the input voltage PWM signal at the primary side of the driver, vp(t), and the output gate-to-source signal, vGS(t) in terminals of the power device, in order to show the synchronization between both signals.



Figure 12 shows detailed waveforms of the input and output waveforms in the driver: vp(t) and vGS(t), respectively. In Figure 12a, a detail of the superposed waveforms is shown. Moreover, in Figure 12b, the turn-on and turn-off propagation delays between both waveforms are characterized. It can be seen how the turn-on propagation delay is around 80 ns, while the corresponding turn-off delay reaches 70 ns. However, it must be mentioned that these propagation delays do not depend on the duty ratio, and therefore they can be easily compensated at the control stage in case it is required. This propagation delay is the result of the addition of different propagation delays in the cascaded stages of the driver. Most of the delays in these stages are relatively small, because they come from single analog parts (BJT complementary stages in all solutions, derivative network, etc.). However, the delay imposed by operational amplifier and associated circuitry at the secondary side of the driver cannot be neglected. This delay cannot be actively controlled in the current implementation, but it can be kept below a given design value, provided that the actual part used for the implementation of the OA is selected, taking into account key dynamic parameters from the AC electrical characteristics in the manufacturer’s datasheets.



The operation of the driver at several duty ratio values, always at a switching frequency of 100 kHz, can be seen in Figure 13. The operation at duty ratio levels of 20%, 40%, 60% and 80% are shown in Figure 13a–d, respectively. The propagation delay is constant for any duty ratio operation.



Figure 14 shows the output waveforms when connecting a simple RC network to the G and S terminals of the driver, regarding the rise and fall times at turn-on and turn-off, respectively. It can be seen how the behavior is symmetric for the turn-on and off intervals. It is clear that the turn-on and turn-off delays, as well as the values of the rise and fall times, leave scope for optimization, especially in the selection of components such as the OA or the transistors at the BJT stages. In any case, the functional characterization of the driver has been demonstrated. A representation of the rise and fall times at the output of the driver for all the possible combinations of the R and C values is presented in Figure 15a,b, respectively. The waveforms shown until this point represent the driver operating at a switching frequency of 100 kHz. However, the principle of operation of the impulse transformer is valid for higher switching frequencies, as long as the parts and components are able to function under such conditions. Figure 16a shows the waveforms of the driver operating at 150 kHz, while Figure 16b shows the operation at 200 kHz. Further increase in the frequency was not possible with the laboratory prototype because the losses, specially at the transformer, began to become excessive. In any case, it has been demonstrated how higher frequencies can also be achieved.




5.2. Validation in a Laboratory Converter


Once the working principle had been demonstrated, the next step was to test the operation of the driver in the laboratory prototype shown in Figure 8b, with the ratings given in Table 4. The power DC-DC converter, based on buck-boost topology, is presented in Figure 17. It can be seen how, in this topology the output voltage, Vout presented an inverted polarity. Besides, none of the sources of the power switches were referred to the ground, therefore isolation was required in both drivers. The specific conditions of the operating point in which the waveforms have been registered are described in Table 6. Figure 18 shows the complementary gate-to-source waveforms of the power switches, CH1 and CH2, including a given dead time, generated from a single PWM signal, vp(t) (CH3). Figure 18a,b shows the waveforms for a duty ratio of 50% and 30%, respectively.



The actual waveforms in the power switches at the converter are shown in Figure 19 for a switching frequency of 100 kHz. The output parameters at the converter were 360 V and 5 A, accounting for an output power of 1.8 kW. The input voltage and current figures were 400 V and 4.7 A, yielding an efficiency of 95% in the converter. The average current in the inductor reached 9.6 A, with a peak-to-peak current value of 4 A.



The rise and fall times of the drain-to-source waveforms are strongly related to the switching power losses. These values in Figure 19b were in the range of 40 ns; they were registered for different vDS levels, and the results can be seen in Figure 20. The values were registered for the C2M0080120D switches with an external gate resistor of 15 Ω, at 100 kHz switching frequency and at 50% duty ratio. The dv/dt value at vDS was, therefore, of around 25 V/ns.




5.3. Discussion and Conclusions of the Implementation of the Driver Based on the Impulse Transformer


The analysis of results from the design and validation procedure for the driver allow for some conclusions to be made on the performance of the proposed solution. The circuit could operate properly at duty ratio values from 10% to 90%. However, operation beyond 90% is not possible with the current arrangement. This is the greatest limitation of the proposed impulse transformer-based method. Regarding the power consumption of the driver, Figure 21 depicts the power consumption of the driver as a function of the duty ratio and the frequency. Figure 21a shows the consumption at a fixed duty ratio of 50%, for a range of switching frequency from 50 kHz to 220 kHz. On the other hand, Figure 21b shows the power consumption of the driver for 10% to 90% duty ratio, at a fixed frequency of 100 kHz. It must be noted that the power consumption depends largely on the single parts used, such as the OA, the transistors selected for the BJT stages, and so on. Therefore, once the optimization is carried out, a significant reduction in this parameter is expected. This optimization also affects the final size of the driver. It is clear that the largest element is the transformer; therefore, it is the device that limits the power density. The rest of the components in the first driver version are not optimized in size (SMD1206 components, single layer arrangement, etc.). A careful re-design of the driver is expected to reduce the size of the driver by a factor between 3.0 to 4.0.



The analysis and validation performed for the impulse driver enables the derivation of some general conclusions on the limit values for the switching frequency. The upper switching frequency limit was limited by the power losses in the driver itself. As can be seen in Figure 21a, the relationship between the power consumption and the switching frequency is mainly linear. Thus, a design for higher frequencies needs to carefully consider the constraints imposed by the packaging and system integration, in terms of heat dissipation and thermal behavior. In any case, this analysis needs to be done together with an optimization procedure that jointly considers all these aspects. Regarding the limit for lower frequencies, theoretically any value can be reached, provided that the effective pulse given by the RC time constant and the clamping value discussed previously guarantees that the power required for maintaining the pulse during the duty ratio is supplied to the secondary side. As it was explained before, this condition was met for a minimum duty ratio of 10% for the switching frequency of 100 kHz. However, the lower the switching frequency values, the higher the time constants that guarantee the required power as the frequency decreased, which has implications related to the size of some components in the driver (mainly the transformer and the capacitors at the output stage). Therefore, the implementation of the impulse transformer for low frequencies will penalize the total size of the driver, and therefore the power density of the full system. These constraints in the switching frequency, together with the limitations on the duty ratio, and especially the impossibility of the impulse driver to work at 100% duty ratio operation (complete turn-on of the transformer), limit the applicability of the driver to specific applications. Hence, the next proposal aims to ensure a full range in the duty ratio of the driver.





6. Description of the Modulated Transformer


The second proposal is based on the concept of an HF square waveform that modulates the PWM signal. The modulated signal consists of a waveform that encloses the turn-on and off information of the PWM signal, but with no DC component, thus suitable to be directly connected to the transformer. Besides, the modulating signal can also be used to provide the required power that drives the SiC MOSFET continuously, in a 100% duty ratio condition. This idea was previously explored in ref [138], however it is discussed in detail in the following sections. Figure 22 depicts the block diagram that shows this operating philosophy. The starting signal is again the PWM generation block from the digital controller, vp, defined in the same way that in the previous solution. The keystone of the driver is the analog oscillator, osc, that provides an HF square wave signal employed to modulate the input waveform. This oscillator actually provides two output signals, vosc and v′osc, shifted 180°. These signals, shown in the theoretical waveforms presented in Figure 23, independently modulate the input signal, vp, to generate signals vmod and v′mod. In this manner, the differential signal between vmod and v′mod has the shape of vpri depicted in Figure 23. It must be noticed how such a signal has no DC component, and hence it can be directly connected to the primary side of the signal transformer. At the secondary side, the voltage of the signal transformer is rectified to generate signal vrect, thus resembling a waveform that is consistent with the input signal vp in terms of turn-on and turn-off events. This signal, finally, is the input of comparator that allows adapting the voltage values to the ones required for a proper turn-on and off of the SiC MOSFET power switch, vGS. It must be noticed that the output stage is basically the same as in the former case (OA + BJT complementary stage). Moreover, the oscillator osc always remained turned on. This situation opens the possibility of using the signals vosc and v′osc directly to supply a second transformer, which is used to generate the required supply, vo, and reference voltage, vref, at the secondary side of the driver. It can then be assured that the driver operates properly at any duty ratio, including 0% and 100%, thus enabling a full PWM driver scheme. Figure 24 shows a sketch of the theoretical waveforms at the second transformer.




7. Main Characteristics of the Modulated Transformer


As mentioned earlier, the main characteristics of the modulated driver rely on the block that allows the construction of the voltage waveforms at the primary side terminals of the transformer, vmod and v′mod. The selection of the key aspects of the modulation process will define the requirements for the design of the magnetic transformer.



7.1. Implementation of the Working Principle


The working principle of the modulated driver is shown in the diagram of Figure 25. It can be seen how the component count is significantly higher than in the previous solution.




7.2. Implementation of the Oscillator and Modulator Stage


The oscillator has been implemented by means of an OA, as depicted in Figure 25. The output of the oscillator is sent to a paired comparator to provide the 180° shifted signals vosc and v′osc. These signals are sent to the analog multipliers, also implemented by means of OA, to provide the signals vmod and v′mod, which have the same sequence of on/off intervals, however have a 180° switch when turned on. Provided that the modulating frequency is significantly higher than the switching frequency, then the signal that is formed by subtracting both vmod and v′mod, vpri presents a null average DC component. These signals, therefore, are connected to the primary terminals of the signal transformer after a BJT complementary stage that provides the required power levels to the signals.




7.3. Characterization of the Transformers


The turns-ratio of the transformer, and the limits for the magnetizing inductance, must be defined in order to design the component. Given that the signal and power transmission are decoupled in this driver, both transformers are defined independently. For the power transformer, the input peak voltage at the primary side is a function of the vCC input power supply voltage, taking into account the voltage drops at the BJT transformer:


   v  p r i   P E A K     =  v  C C   −  v  b e   −  v  c e    



(13)







The value at the secondary side is given in a similar manner to the former case, and it is given by Equation (5). Therefore, the turns-ratio for the power transformer can be defined as:


   r  t   M I N     =      N  s e c      N  p r i         M I N     =    v  s e c   P E A K        v  p r i   P E A K       ≤    v  G S o n   −  v  G S o f f   + 2 ·  v F  +  v  R a i l   +  v  b e   +  v  c e      v  C C   −  v  b e   −  v  c e      



(14)







The magnetizing inductor of the primary side is designed considering the waveforms involved. Again, the condition in (7) needs to be fulfilled. The same general discussion followed in the former case, from (8)–(10) can be undertaken, but taking into account that the value of the secondary side RMS voltage is known for a square waveform:


   v  p r i   R M S     =   2  2   π   v  p r i   P E A K      



(15)







The resulting expression for the primary side magnetizing inductor results in:


   L μ  ≫    8   π 2    ·  v  p r i   P E A K    2    2 π  f  s w   ·  P  s e c      



(16)







For the signal transformer, the primary side voltage has the same constraints given in (13), although at the secondary side it has a certain degree of freedom, because the signal is rectified and then compared in an analog comparator to generate the final signal vGS. Therefore, the limits of the voltage after being rectified are given by the output power source values at the secondary side, vo. This value is fixed because the vGSon and vGSoff voltage values for the SiC power MOSFET are known.


   v  s e c   P E A K     ≤  v  G S o n   −  v  G S o f f   + 2 ·  v F  +  v  R a i l   +  v  b e   +  v  c e    



(17)







Therefore, the turns-ratio for the signal transformer can be defined as:


   r  t   M I N     =      N  s e c      N  p r i         M I N     =    v  s e c   P E A K        v  p r i   P E A K       ≤    v  G S o n   −  v  G S o f f   + 2 ·  v F  +  v  R a i l   +  v  b e   +  v  c e        v  C C    2  −  v  b e   −  v  c e      



(18)







The magnetizing inductance is also defined as per (16).




7.4. Circuit Modeling and Simulation Results


Table 7 shows the specific part references chosen for the components depicted in Figure 25 for the implementation of the driver circuit.



It must be taken into account that the value of the oscillator frequency implemented is:


   f  o s c   = 500   kHz  



(19)







With these values, the main design constraints for the signal transformer can be calculated:


   r  t   S I G N A L     = 1  



(20)






   L  μ   S I G N A L     = 400   μ H  



(21)







Additionally, the following expressions are derived for the power transformer:


   r  t   P O W E R     = 2  



(22)






   L  μ   P O W E R     = 400   μ H  



(23)







Figure 26 shows the key simulated waveforms in the driver, for a 40% duty ratio signal with a switching frequency fsw = 100 kHz, and with a modulating frequency fosc = 500 kHz. As can be seen, again the final waveform is generated to reach the values of +20 V/−5 V.





8. Experimental Validation of the Modulated Driver


Following the same methodology developed in the former case, a set of two demonstrators of the modulated driver were designed, built, and tested. Figure 27 shows a photograph of the two demonstrators for this solution. The PCB area of these prototypes was 87 × 21 mm2, similar to the prior solution, although slightly larger. Both the signal and power transformers have been designed following the design constraints defined in Equations (20)–(23), together with the guidelines from the manufacturer. The parts have been built and tested, and their characteristics are shown in Table 8. Again, the references in the equivalent circuit depicted in Figure 9 have been followed.



Experimental Characterization of the Working Principle


The next step was to demonstrate the operating principle of the driver by showing experimental waveforms in key nodes of the driver prototype. The trace CH1 in Figure 28a shows the input waveform of the driver, vp(t), in this case Transistor-Transistor Logic (TTL) levels, from 0 V to 5 V. CH2 shows a first adaptation of the signal from the TTL values to the primary vCC, supply voltage, in this case 15 V. CH3 shows the oscillator voltage, vosc. It can be seen how a slight undesired modulation is present in the frequency of the oscillator, due to non-ideal elements in the OA. In any case, this effect does not affect the operation of the circuit. Traces CH1 and CH2 in Figure 28b show the voltages vmod and v′mod, after the analog modulators. It can be seen that, while turned on, both modulators provided a signal that was 180° shifted. In this manner, the resulting primary side voltage is depicted in CH3.



Figure 29a shows the output of the rectifying stage at the secondary side, after the rectifier formed by the full bridge diode. It can be seen how the information of the turn-on and turn-off intervals are present in this waveform, although the voltage levels are not adequate. This signal was compared with a fixed level, vcomp, by means of the output OA. The output of such amplifier feeds the output BJT complementary stage, in order to amplify the power levels of the output signal, vGS, depicted by CH2 in Figure 29a. The main waveforms at the primary side of the driver, that generate the signals for the power transformer, are shown in Figure 29b. CH1 again shows the amplified input signal. CH2 and CH3 show the signals vosc and v′osc after their respective BJT complementary stages, which are connected to the input terminals of the power transformer. CH2 and CH3 are phase-shifted 180°. CH4 shows the input voltage between the terminals at the primary side of this power transformer; this signal has no DC component. Once the operating principle had been experimentally validated, a series of laboratory tests were carried out in the 2 kW converter with the modulated driver. Trace CH1 and CH2 in Figure 30a show the gate-to-source voltage waveforms at both SiC power switches in the converter, for the operating point defined in Table 6 (400 V/4.7 A input, 360 V/5 A output, 100 kHz). CH3 in turn, shows the drain-to-source voltage waveform at the upper switch in Figure 17, vDS1. Detailed turn-on and turn off MOSFET voltage waveforms are shown in Figure 30b. The values registered were similar to the ones in the previous driver, which was consistent with the fact that the output stage in the driver was very similar in both solutions.



The power consumption of the modulated driver has been also characterized, and the main evolution of this parameter is shown in Figure 31. The frequency at the oscillator has been varied from 200 kHz to 600 kHz, maintaining the switching frequency at 100 kHz. Figure 31a shows the trend in the consumption; up to the design level of 500 kHz, the driver operated in a stable manner. For low modulating frequencies (as low as twice the switching frequency) the driver was able to operate adequately, because the square modulating scheme allowed the signal to be reconstructed in the secondary side. However, some undesired glitches, derived from the low modulating frequency appeared in the operation of the driver. These issues, together with possible saturation issues, prevented the use of such low modulating frequencies. On the other hand, for high modulating frequencies (600 kHz and above), even if it is better from the point of view of further size reduction, the power consumption grows dramatically. For the rated modulating frequency of 500 kHz, Figure 31b shows the trend in the power consumption as a function of the duty ratio levels of the input signal vp. It is clear, that, as in the previous case, there is scope for power consumption improvement in the current stage of the driver. Nevertheless, these plots establish the trend of the variation in the power consumption that must guide the optimization procedure. On the other hand, the same remarks about the size optimization, that were established for the impulse driver, can be made for the solution based on the modulating scheme. The size can be largely reduced, although it is true that the component count in this driver is considerably larger than in the impulse case. Still, this driver allows the operation in the full PWM range, i.e., from 0% to 100%.



However, the most important drawback in this design is the need for a second transformer, which has a major issue regarding the CMI, as discussed earlier. This driver has two paths for the undesired induced currents, and besides that, the resulting capacitance is the addition of the individual ones for each of the transformers, resulting in an impedance that is in the order of magnitude of twice the one found for the impulse driver. In order to solve this issue and to implement a solution based on a single transformer, and also to decrease the total component count, a third solution for the implementation of the isolated driver has been explored.





9. Description of the Bilevel Amplitude-Modulated Driver


The third solution can be considered as an evolution of the modulated transformer. In this case, the turn-off state of the input waveform vp does not correspond to a 0 V value in the modulated signal. Instead, the modulated signal is always a square waveform with different amplitudes for turn-on and turn-off, attaining a bilevel AM scheme. The same scheme of the 180° phase shift is employed, to generate an HF signal with no DC component that can be connected to the transformer. Thus, even in the extreme duty ratio conditions of 0% and 100%, the signal can be used for supplying power to the secondary side, and the second transformer is not necessary anymore. This idea was proposed in ref [136] for SiC MOSFETS, and in ref [140] for GaN power switches. Additionally, a deep analysis of the proposal was carried out in ref [139]. A block diagram of the driver with bilevel modulation scheme is shown in Figure 32. The solution uses a single transformer, which simultaneously encodes the driving signal and also provides the power requirements for driving the power device. The modulator provides the bilevel scheme, and therefore the resulting signals, vmod and v′mod, presenting the shape that is indicated in Figure 33, where the two different amplitude levels for the turn-on and off intervals can be seen.




10. Main Characteristics of the Bilevel AM Driver


The main characteristics of the bilevel AM driver rely on the block that generates the primary side waveforms, vmod and v′mod.



10.1. Implementation of the Working Principle


Figure 34 shows a detailed scheme of the single-transformer circuit that implements the bilevel AM strategy. Both vmod and v′mod modulated signals are amplified by means of two BJT stages, to interface to the primary side terminals of the transformer. The secondary side is now based on a two-winding scheme with a center tap. Therefore, at the secondary side terminals, two rectifiers have been placed, one for generating the signal vrect that is compared to a given value vcomp, at the OA, in order to generate the output waveform vGS. The second rectifier also has a filter in order to supply the output voltage source, vo, to feed the output OA. The reference voltage, vref, required to attain a negative gate-to-source value at turn-off is also connected to this second rectifier. One of the main differences with the former implementation is the inclusion of a synchronization block in the oscillator.




10.2. Synchronization Block


Figure 33 shows the most relevant theoretical waveforms in the driver. It can be seen that the oscillator waveform, vosc, and the PWM signal, vp, are not synchronized. This asynchronous feature leads to glitches in the final reconstructed signal in some operating conditions, especially when the duty ratio changes very rapidly, and therefore, a synchronization block has been included to cope with this issue. This block has been represented in Figure 32. The effect of the synchronization block is to reset the oscillator each switching period, in order to provide a much more stable output waveform. The effect of the synchronization block is indicated explicitly in Figure 35.




10.3. Characterization of the Transformers


In this case, the turns-ratio and the magnetizing inductor also need to be calculated. However, the constraints already defined for the power transformer in the previous driver are valid in this case, and therefore Equations (5), (13) and (14) define the turns-ratio of the transformer. In addition, for the value of the magnetizing inductor, Equations (15) and (16) can also be used.




10.4. Circuit Modeling and Simulation Results


A complete LTSpiceTM model of the circuit depicted in Figure 34 has been built and simulated. The parts used for the implementation of the driver were the same ones as in Table 7, except for the OA. For this part, an LM6172 was selected, in order to increase the oscillator frequency, fosc, leading to:


   f  o s c   = 1   MHz  



(24)







With these values, the main design constraints for the signal transformer can be calculated:


   r t  = 2  



(25)






   L μ  = 400   μ H  



(26)







Figure 36 shows the main waveforms in a simulation of the bilevel AM driver, for a 45% duty ratio signal, with a switching frequency fsw = 100 kHz, and a modulating frequency fosc = 1 MHz.





11. Experimental Validation of the Modulated Driver


Figure 37 shows a picture of two bilevel AM drivers, following the procedure already discussed for the previous examples. In the first approach, the resulting size was quite similar to the drivers in the previous two cases. The HF transformer was built following the abovementioned design constraints, and the main parameters are presented in Table 9 (again for the references in Figure 9).



11.1. Experimental Characterization of the Working Principle


The working principle has been verified experimentally, by acquiring the waveforms in the most significant nodes of the circuit. The input PWM signal was compatible with the common 3.3 V logic levels in digital controllers. CH1 in Figure 38a shows this input voltage signal, vp, from 0 to 3.3 V. CH2 shows the oscillator signal. In Figure 38b, the primary voltage waveforms in the transformer can be seen. CH1 and CH2 show the voltage at the input terminals, vmod and v′mod, and CH3 shows the differential voltage between both input terminals, vpri. CH1 and CH2 in Figure 39a show the voltage at both secondary side terminals, vsec1, and vsec2. In Figure 39b, in turn, CH1 shows the rectified voltage vrect at the input of the comparator used for reconstructing the gate-to-source waveform, while CH2 shows the value of comparison, vcomp. The fit also shows the output of the comparator (CH3), and the reference value vref (CH4). Figure 40a shows the final gate-to-source voltage, vGS (CH2), together with the initial PWM signal, vp. The operation of the two drivers working in a complementary stage with a dead time is shown in Figure 40b. CH1 and CH2 show the input PWM complementary signals at the driver, coming from the digital controller, while CH3 and CH4 show the output vGS signal at the output of the driver. The dead times of 200 ns, and the propagation delay in the drivers can be seen in detail in the waveforms of Figure 41a,b. In the same way as for the impulse transformer, the driver was characterized for a given set of RC loads in the gate and source terminals at the output of the circuit. The representations of the rise and fall times for all the R and C combinations are shown in Figure 42a,b, respectively. Additionally, in order to characterize the operation of the set of two drivers operating in complementary stages for the full PWM range, a series of oscilloscope plots has been registered. Figure 43 shows the operation of the driver inputs and outputs for duty ratios from 10% to 90%. It can be seen how a stable operation can be achieved; the propagation delay is constant for every duty ratio value.




11.2. Validation in a Laboratory Converter


The set of two drivers operating in a complementary scheme has been tested in the laboratory converter and discussed in previous sections of this work. Figure 44 shows the gate-to-source voltage waveforms of the power transistors, vGS1 and vGS2, as well as the drain-to-source voltage waveform, vDS1, at transistor T1 in Figure 17. Detailed sets of waveforms for the turn-on and turn-off intervals of the transistor T1 under the same operating conditions are shown in Figure 45a,b, respectively. It can be seen how some undesired oscillations appear at the gate-to-source voltage waveforms in the exact instant of the power transistor switching. However, these values do not reach the threshold levels that would yield an undesired spurious triggering of the switches, and therefore the system shows adequate noise immunity. This immunity is ensured by a careful design of the PCB layout to minimize the parasitic inductance of the gate loop, but is also possible given the low coupling capacitance CC achieved for the driver.



Even though the design of the driver has been designed for a switching frequency of 100 kHz, the operation of the circuitry has been validated at higher switching frequencies. Figure 46 shows the laboratory prototype waveforms at the conditions in Table 6, but for switching frequencies of 150 kHz (Figure 46a) and 200 kHz (Figure 46b). Regarding the drain-to-source voltage derivative, similar figures to the ones registered for the previous drivers have been achieved. This is consistent; the output stage was quite similar in all cases. This statement is confirmed by observing the plots in Figure 47, where the rise and fall times in the power switches for the bilevel AM driver are shown.



The last parameter to characterize was the power consumption of the driver. A similar characterization to the one carried out for the former solution was conducted for the bilevel AM driver. The oscillator frequency, fosc, has been varied from 500 kHz up to 1.25 MHz. Figure 48a shows the driver power consumption for that frequency span, at fSW = 100 kHz, for a 50% duty ratio. The consumption is smaller than in the case of the modulated driver with two transformers; however, in an analogous manner, it has been registered that power losses in the driver increase significantly up to dangerous levels for high oscillator frequencies (1.5 MHz and beyond). Lastly, Figure 48b shows the evolution of the power consumption as a function of the duty ratio, for a switching frequency of 100 kHz, an oscillator frequency of 1 MHz, and a duty ratio of 50%.




11.3. Main Conslusions and Discussion on the Bilevel AM Driver


The goal of the research, consisting of a demonstration of the feasibility of the driving scheme based on the bilevel AM strategy, was an isolated driver with full PWM range for SiC power MOSFET switches, which has been successfully attained. It is assumed that, in terms of optimization, significant improvements can be attained in the power consumption and in the size of the bilevel AM driver. Regarding the size, the component count is significantly smaller than in the modulated driver, and therefore the size can be greatly decreased. This decrease in the size is considered one of the main targets in future developments. The rest of the performance, however, in terms of operation, is very similar to that obtained with the former solution, based on the modulation strategy implemented with two transformers.





12. Comparison of Results for the Three Solutions Investigated


This section compares the performance of the three solutions discussed: the first one based on the impulse transformer; the second one based on an on/off modulation scheme implemented with two transformers; and the third one founded on the bilevel AM scheme, implemented with a single transformer. Once the three solutions for the isolated driver were analyzed, built, and tested, a comparison of the performance in power switches was carried out. This comparison focused on the main operational constraints (switching frequency margins, PWM duty ratio limits, switching speed, turn-on and off voltage levels, etc.), as well as electrical features of the driver (CMI constraints, power consumption) or implementation aspects (size, components count, etc.).



12.1. Main Operational Features


The three solutions are able to supply the gating waveforms for SiC power MOSFET switches, with asymmetrical output levels of vGSon = 20 V and vGSoff = −5 V. The target switching frequency was 100 kHz for the demonstrators that have been implemented, but in all cases higher frequencies were attained. The limits of the switching frequency in the case of the impulse-based transformer were solely due the power losses that are a function of this parameter. Therefore, it was easy to reach very high switching frequencies with simple variations of the circuit. Higher switching frequencies have also been achieved in both modulated versions, but in these cases the limitation is imposed not only by the power consumption, but also by the oscillator frequency. Therefore, increasing the switching frequency is also possible, but a careful redesign needs to be carried out in order to ensure that the circuit is able to withstand such conditions. Nevertheless, the distinctive feature of the impulse-based driver vs. the modulated versions is the margins of duty ratio that can be attained. The impulse driver achieves duty ratio margins from 10% to 90%. A 0% operation was also possible, but the 100% operating scheme was not possible with the studied topology. The values of the switching speed, characterized by the derivative of the drain-to-source voltage, vDS, were similar in the three solutions, around 20–25 V/ns. Moreover, these values depend on the output stage, which was the same in the three solutions, therefore independent of the driving approach. This leaves scope for the optimization of this parameter in the case that faster switching speeds are required.




12.2. Additional Electrical Features


In terms of power consumption, the values reported in the study need to be considered carefully; for instance, in the modulated versions, the oscillator frequency was different, which introduced some complexity in the comparison. Although, even if the OAs in the implementations of the three solutions were not the same, it can be concluded that the power consumption of the impulse-based solution was in the same magnitude with the bilevel AM driver, and that the power consumption of the modulator with two transformers was significantly higher than the other two solutions. Regarding the CMI aspects, the best performance was achieved by the bilevel AM driver, which provided the smallest value for the parasitic coupling capacitance between the primary and the secondary side.




12.3. Implementation Aspects


The largest component count was obtained for the modulated driver with two transformers. On the other hand, the lowest component count was attained by the impulse transformer. This parameter is relevant in terms of the achievable size, and also in terms of reliability. However, there is not a clear relationship between component count and final driver size, because the dependency is complex and depends on other factors such as the size of each component, for example. In fact, in terms of size, the three solutions presented had more or less the same size, but it must be noticed that these are not final, commercial drivers, but prototypes intended for the demonstration of the methodologies studied. The main conclusions in this regard are that in all cases the circuits were standard parts, which enabled cheap, reliable, and simple integration of the proposed drivers into the SiC MOSFET module.





13. Conclusions


This work has presented, analyzed, designed, and validated a set of alternate implementations for isolated gate driver circuits for driving power electronics transistors. The proposed topologies for the drivers have been designed specifically for SiC power MOSFETs, however the principles explored are valid for other WBG switches, and in fact one of the solutions has been already assessed for GaN High-Electron-Mobility Transistors (HEMTs). Three different solutions have been analyzed, all of them providing the required gate turn-on and turn-off command signals with the required galvanic isolation, also supplying the required power levels for the secondary side circuitry. In all cases, the isolation was carried out solely by means of magnetic transformers. The resulting solutions, all of them with simple circuitry, enabled the integration of the driver into the power cell, allowing for theoretical higher power density values of the final system. In principle, and considering the former discussion about the component count, the highest power density levels in theory can be achieved by the impulse-based solution, although a thorough optimization procedure needs to be undertaken. Table 10 compares the results of the analyses carried out, and also considers the most usual alternate scheme, that is to say, the implementation of an isolated driver by means of an optocoupler-based signal transfer plus an external isolated DC to DC power source. Some of the parameters can be easily compared. The typical power sources for SiC MOSFET drivers are designed for a power consumption of 2 W in the secondary side of the driver, which is a value in line with the ones presented in the proposed solutions [143]. Additionally, the value for the coupling capacitance can be easily taken from the datasheets of either these power sources or the optocoupler elements. In this regard, there are a number of reported solutions for isolated gate driving schemes, both commercial parts and research papers, that provide very low coupling capacitances, in the range of 1–3 pF, however these solutions still require an isolated DC-DC power source that will increase the final coupling capacitance level [89]. Separately, some other references propose implementations for the isolated power supply, with reported coupling capacitance values around 1–3 pF [143,144,145]. However, the solutions discussed in this research would not require any extra component.



On the other hand, other functional parameters are very hard to define, given that a manifold of solutions and possible combinations exist in the market. For instance, regarding the switching frequency, if most manufacturers report values up to MHz, it is true that this parameter cannot be compared to the values achieved by the preliminary versions of the demonstrations presented in this work, because an optimization of the implementations is still pending. The same argument is applied to parameters such as the switching speed.



The principle of operation for the three solutions has been discussed, in particular dealing with the use of impulse transformers and square waveform modulation schemes. For each of the solutions, the main relevant implementation details are discussed. A systematic design procedure has been provided for the three driving schemes, including further design details with respect to the reported references [135,136,137,138,139,140]. Finally, the operation of the circuits has been demonstrated experimentally, by testing and characterizing a set of prototypes of these drivers. This provides a comprehensive design example that assesses the feasibility of the proposed solutions.



The main results of the performance of the three gate drivers, on an SiC MOSFET-based prototype, are presented and compared. From this comparison, one of the solutions (the one based in two transformers) can be disregarded, because it has a series of drawbacks that are solved by the bilevel AM scheme. This solution also provides a full PWM range, covering a duty ratio from 0% to 100%, unlike the impulse-based transformer. Future developments of this work include the optimization of the circuit in terms of number of components, part references, size, etc., in order to attain higher power density figures and lower power consumption. Additionally, higher dv/dt and di/dt values at the output of the driver can be attained by optimizing the output stage, formed by the secondary side OA followed by the output complementary BJT stage. In particular, open collector comparators might be used, together with alternate complementary stages.



Another interesting feature is the dynamic variation of the turn-on and off voltage levels vGSon and vGSoff, that might provide better levels of CMI and reliability parameters. Finally, a potential development is the inclusion of current protections and transfer of error signals back to the primary side of the driver, in order to enable fault detection in the driver. Specifically, UnderVoltage-LockOut circuit (UVLO) and desaturation protection (DESAT) must be considered in the industrialization of the proposed solutions. In addition, a key feature to implement is the activation of a fault signal at the primary side of the driver, in order to indicate fault conditions such as the ones indicated (or additional ones such as thermal shutdown), back to the digital controller.



Regarding the application of the proposed solutions to GaN HEMT devices, it must be noticed that the proposed solutions can easily be adapted to this technology. In fact, the on/off modulation scheme has been already applied to such devices, by adapting the final voltage values to reach specific vGSon and vGSoff levels of +6 V and −3 V, respectively [140]. The same can be applied for the remaining two proposals (the impulse-based driver and the bilevel AM driver), by adapting these values in the design of the transformer and the rest of the circuitry.
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Figure 1. Main characteristics of different semiconductor materials (Si, SiC and GaN) [5,6,7,8,9,10,11,12,13,14,15]. 
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Figure 2. Main application power and frequency ranges as a function off the power semiconductor technology (Si, SiC and GaN) [20]. 
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Figure 3. Diagram of a MOSFET driver in the case of inductive switching. 
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Figure 4. Block diagram of the driver based on a single impulse transformer. 
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Figure 5. Theoretical waveforms in the driver based on a single impulse transformer. 
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Figure 6. Detailed diagram of the driver based on the impulse transformer. 
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Figure 7. Main waveforms in the impulse-based driver (Simulation in LTSpiceTM). 
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Figure 8. Two drivers based on the impulse transformer intended for operation in a 2-switch converter. 
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Figure 9. Equivalent circuit of the transformer. 
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Figure 10. Main waveforms in the impulse driver (operating principle). (a) CH1: Input PWM signal, vp(t). CH2: derived waveform, vRC(t). CH3: voltage at one primary side terminal, vpri1(t). (b) CH1, CH3: voltage at the secondary side, vsec1(t) and vsec2(t), respectively. CH2, CH4: output voltage supply, vo. 
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Figure 11. Main waveforms in the driver based in the impulse transformer to show the operating principle (continued). (a) CH1, CH2: set and reset signals, respectively. CH3: output signal at the flip-flop. CH4: output vGS(t) signal, after the last complementary BJT stage. (b) Superposition of the input PWM waveform, vp(t), and the final output vGS(t) waveform. 
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Figure 12. (a) Detail of the superposition of the input PWM waveform, vp(t) (CH1) and the final output vGS(t) waveform (CH2). (b) Turn-on delay between vp(t) (CH1) and vGS(t) (CH2). Turn-off delay between vp(t) (CH3) and vGS(t) (CH4). 
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Figure 13. Operation of the driver at different duty ratio levels. CH1 shows the driving signal from the controller, CH2 shows the signal vp, and CH3 shows the voltage signal at the output of the driver, vGS. (a) d = 20%. (b) d = 40%. (c) d = 60%. (d) d = 80%. 
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Figure 14. Rise times (upper traces) and fall times (lower traces) for different RC output load networks in the driver. (a) C = 1nF, R = 0 Ω, 1 Ω, 2 Ω, 5 Ω and 10 Ω. (b) R = 1 Ω, C = 500 pF, 1 nF, 2 nF, 4 nF. 
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Figure 15. Rise times (a) and fall times (b) for different RC output combinations in the driver output network (R = [0 Ω, 1 Ω, 2 Ω, 5 Ω], C = [500 pF, 1 nF, 2 nF, 4 nF]). 
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Figure 16. Operation of the driver at switching frequencies higher than the design value. CH1 shows the driving signal from the controller, CH2 shows the signal vp, and CH3 shows the voltage signal at the output of the driver, vGS. (a) fSW = 150 kHz. (b) fSW = 200 kHz. 
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Figure 17. Diagram of the buck-boost converter used for validation of the drivers. 
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Figure 18. Complementary gate-to-source waveforms of the power switches, CH1 and CH2, from a single PWM signal, vp(t) (CH3). (a) Duty ratio of 50%. (b) Duty ratio of 30%. 
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Figure 19. Main waveforms in the power stage of the converter operating with the proposed driver. (a) CH1: vGS1(t); CH2: vDS1(t); CH3: vGS2(t); CH4: vDS2(t) (b) Detailed turn-off (up) and turn-on (down) intervals of the waveforms vGS1(t) (CH1, CH3) and vDS1(t) (CH2, CH4). 
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Figure 20. Rise and fall times in the drain-to-source voltage for different voltage levels. 
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Figure 21. (a) Driver consumption for different switching frequency values, for a duty ratio of 50%. (b) Driver consumption at 100 kHz for different values of the duty ratio. 
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Figure 22. Block diagram of the driver based on a single impulse transformer. 
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Figure 23. Theoretical waveforms in the modulated driver. 
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Figure 24. Theoretical waveforms in the power transformer. 
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Figure 25. Detailed diagram of the modulated driver. 
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Figure 26. Main waveforms in the modulated driver (Simulation in LTSpiceTM). 
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Figure 27. Two modulated drivers intended for operation in a 2-switch converter. 
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Figure 28. Main waveforms in the modulated driver to show the operating principle. (a) CH1: input PWM signal, vp(t). CH2: amplified input voltage. CH3: voltage at the output of the analog, vosc(t). (b) CH1, CH2: modulated waveforms with the complementary scheme, to be connected to the primary side terminals of the transformer, vpri1(t) and vpri2(t), respectively. CH3: resulting primary side waveform at the signal transformer, vpri(t). 
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Figure 29. Main waveforms in the modulated driver to show the operating principle (continued). (a) CH1: rectified waveform at the secondary side of the signal transformer. CH2: final reconstructed waveform after the comparator and BJT stage. (b) CH1: Amplified input voltage. CH2, CH3: vosc and v′osc signals (shifted 180°). CH4: Primary side voltage at the power transformer. 
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Figure 30. Operation of the drivers in the laboratory converter. (a) CH1: vGS1(t); CH2: vGS2(t); CH3: vDS1(t). (b) Detailed turn-off (up) and turn-on (down) intervals of the waveforms vGS1(t) (CH1, CH3) and vDS1(t) (CH2, CH4). 
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Figure 31. (a) Driver consumption for different modulating frequency values, for fSW = 100 kHz and d = 50%. (b) Driver consumption at fSW = 100 kHz and fosc = 500 kHz for different values of the duty ratio. 
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Figure 32. Block diagram of the bilevel amplitude-modulated (AM) driver. 
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Figure 33. Theoretical waveforms in the modulated driver. 
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Figure 34. Detailed diagram of the bilevel AM driver. 
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Figure 35. Effect of the synchronization in the theoretical waveforms in the bilevel AM driver. 
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Figure 36. Main waveforms in the bilevel AM driver (Simulation in LTSpiceTM). 
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Figure 37. Two bilevel AM drivers intended for operation in a 2-switch converter. 
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Figure 38. Main waveforms of the operating principle in the modulated driver. (a) CH1: input PWM signal, vp(t). CH2: voltage at the output of the analog oscillator, vosc(t). (b) CH1, CH2: modulated waveforms with the complementary scheme, to be connected to the primary side terminals of the transformer, vpri1(t) and vpri2(t), respectively. CH3: primary side waveform at the signal transformer, vpri(t). 
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Figure 39. Main waveforms in the modulated driver to show the operating principle (continued). (a) CH1 and CH2: output voltage at the secondary side terminals of the transformer. (b) CH1: rectified voltage at the secondary side, vrect, at the input of the comparator. CH2: comparison level, vcomp. CH3: output of the comparator (before the BJT amplifying stage). CH4: reference level, vref. 
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Figure 40. Main waveforms in the modulated driver to show the operating principle (continued). (a) Input PWM signals, vp1, and output signal, vGS1, for the upper driver (CH1 and CH2, respectively) (b) Input PWM signals, vp1, and output signal, vGS1, for the upper driver (CH1 and CH3, respectively) and vp2 and vGS2 for the lower driver (CH2 and CH4, respectively). 






Figure 40. Main waveforms in the modulated driver to show the operating principle (continued). (a) Input PWM signals, vp1, and output signal, vGS1, for the upper driver (CH1 and CH2, respectively) (b) Input PWM signals, vp1, and output signal, vGS1, for the upper driver (CH1 and CH3, respectively) and vp2 and vGS2 for the lower driver (CH2 and CH4, respectively).
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Figure 41. Input PWM, vp1, and output, vGS1, signal for the upper driver (CH1 and CH3, respectively) and vp2 and vGS2 for the lower driver (CH2 and CH4, respectively). (a) Switch T1 turn-on. (b) Switch T2 turn-off. 
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Figure 42. Rise times (a) and fall times (b) for different RC output combinations in the driver output network (R = [0 Ω, 1 Ω, 2 Ω, 5 Ω], C = [500 pF, 1 nF, 2 nF, 4 nF]). 
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Figure 43. Input PWM signals, vp1, and output signals, vGS1, for the upper driver (CH1 and CH3, respectively) and vp2 and vGS2 for the lower driver (CH2 and CH4, respectively). (a) d1 = 10%. (b) d1 = 20%. (c) d1 = 30%. (d) d1 = 40%. (e) d1 = 50%. (f) d1 = 60%. (g) d1 = 70%. (h) d1 = 80%. (i) d1 = 90%. 
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Figure 44. Operation of the drivers in the laboratory converter. CH1: vGS1(t); CH2: vGS2(t); CH3: vDS1(t). 
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Figure 45. Operation of the drivers in the laboratory converter. CH1: vGS1(t); CH2: vGS2(t); CH3: vDS1(t) (a) Detailed turn-on interval. (b) Detailed turn-off interval. 
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Figure 46. Operation of the driver at switching frequencies higher than the design value. CH1 shows the driving signal from the controller, CH2 shows the signal vp, and CH3 shows the voltage signal at the output of the driver, vGS. (a) fSW = 150 kHz. (b) fSW = 200 kHz. 






Figure 46. Operation of the driver at switching frequencies higher than the design value. CH1 shows the driving signal from the controller, CH2 shows the signal vp, and CH3 shows the voltage signal at the output of the driver, vGS. (a) fSW = 150 kHz. (b) fSW = 200 kHz.



[image: Electronics 10 00159 g046]







[image: Electronics 10 00159 g047 550] 





Figure 47. Rise and fall times in the drain-to-source voltage for different voltage levels. 
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Figure 48. (a) Driver consumption for different modulating frequency values, for fSW = 100 kHz and d = 50%. (b) Driver consumption at fSW = 100 kHz and fosc = 1 MHz, for different values of the duty ratio. 
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Table 1. Additional state-of-the-art solutions for isolated gate driver circuits for wide band gap (WBG) devices.
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	Gate Driver Description
	Refs. from Literature





	Optocoupler based for other SiC/GaN devices (JFET, BJT)
	[103,104,105,106,107,108]



	Optocoupler based for SiC MOSFET (conventional)
	[104,109,110,111,112,113,114,115,116,117,118,119,120]



	Optocoupler based for SiC MOSFET (resonant)
	[121,122]



	PCB transformer-isolated
	[107,123]



	Ferrite transformer-isolated
	[124,125,126,127,128]



	Edge-triggered transformer-isolated method
	[129,130]



	Modulation based method (no 0% duty in SiC)
	[131,132]



	On/Off pulse-based method
	[130,133,134]
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Table 2. Commercial parts to implement the driver based on the impulse transformer.
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	Part Description
	Part Reference





	NPN BJTs in the complementary power stage
	ZXTN25040DFH



	PNP BJTs in the complementary power stage
	ZXTP25040DFH



	Signal MOSFETs transistors at the flip-flop
	FDS3812



	Operational amplifier
	OPA2810



	Diode rectifiers (secondary side)
	PMEG6030EP



	Transformer core
	TX16/9.6/6.3 3E5



	Target SiC power MOSFET
	C2M0080120D
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Table 3. Design parameters for the calculation of the transformer.
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	Part Reference
	Parameter
	Symbol
	Value





	ZXTN25040DFH
	Collector-to-Emitter saturation voltage
	vCE
	0.2 V



	ZXTN25040DFH
	Base-to-Emitter bias voltage
	vBE
	0.7 V



	ZXTP25040DFH
	Collector-to-Emitter saturation voltage
	vCE
	0.2 V



	ZXTP25040DFH
	Base-to-Emitter bias voltage
	vBE
	0.7 V



	LM6172
	Output voltage drop (vO − vOH)
	vRail
	0.2 V



	PMEG6030EP
	Forward voltage drop in diodes
	vF
	0.53 V
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Table 4. Main operation parameters of the buck-boost converter laboratory setup.
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	Parameter
	Symbol
	Value





	Rated output power
	Pnom
	2 kW



	Switching frequency
	fSW
	 ≤ 200 kHz



	Output current value
	Io
	5 A



	Output voltage value
	Vo
	400 V



	Input current value
	IIN
	5 A



	Input voltage value
	VIN
	400 V



	SiC power MOSFET switches
	-
	C2M0080120D
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Table 5. Main parameters of the built transformer.
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	Parameter
	Symbol
	Value





	Primary side turns
	Npri
	5



	Secondary side turns
	Nsec
	22



	Core material
	-
	3E5



	Core dimensions
	Øext/Øint/Width
	16/9.6/6.3 mm



	Turns-ratio
	rt
	4.1



	Magnetizing inductance at the primary side
	Lµ
	181 µH



	Magnetizing inductor at the secondary side
	L′µ
	3.16 mH



	Leakage inductance at the primary side
	Ld
	1.03 µH



	Leakage inductance at the primary side
	L′d
	19.4 µH



	Series resistance at the primary side
	Rs
	0.022 Ω



	Series resistance at the secondary side
	Rs
	0.433 Ω



	Coupling capacitor (primary to secondary side)
	Cc
	3.41 pF
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Table 6. Main operation parameters of the buck-boost converter laboratory setup.
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	Parameter
	Symbol
	Value





	Output power value
	PO
	1.8 kW



	Switching frequency
	fSW
	100 kHz



	Output current value
	Io
	5 A



	Output voltage value
	Vo
	360 V



	Input current value
	IIN
	4.7 A



	Input voltage value
	VIN
	400 V
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Table 7. Commercial parts to implement the driver based on the impulse transformer.
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	Part Description
	Part Reference





	NPN BJTs in the complementary power stage
	ZXTN25040DFH



	PNP BJTs in the complementary power stage
	ZXTP25040DFH



	Signal MOSFETS transistors at the flip-flop
	FDS3812



	Operational amplifier
	LM7171



	Diode rectifiers (secondary side)
	PMEG6030EP



	Transformer core
	TX10/6/4, 3E5



	Target SiC power MOSFET
	C2M0080120D
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Table 8. Main parameters of the built signal transformer.
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	Parameter
	Symbol
	Value (Signal Transformer)
	Value (Power Transformer)





	Primary side turns
	Npri
	10
	10



	Secondary side turns
	Nsec
	10
	25



	Core material
	-
	3E5
	3E5



	Core dimensions
	Øext/Øint/Width
	10/6/4 mm
	10/6/4 mm



	Turns-ratio
	rt
	1
	2



	Magnetizing inductance at the primary side
	Lμ
	400 µH
	400 µH



	Magnetizing inductor at the secondary side
	L′μ
	400 µH
	2500 µH



	Leakage inductance at the primary side
	Ld
	0.5 µH
	0.54 µH



	Leakage inductance at the primary side
	L′d
	0.5 µH
	2.7 µH



	Series resistance at the primary side
	Rs
	0.12 Ω
	0.1 Ω



	Series resistance at the secondary side
	R′s
	0.12 Ω
	0.4 Ω



	Coupling Capacitor (primary to secondary side)
	Cc
	3.0 pF
	3.0 pF
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Table 9. Main parameters of the built signal transformer.
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	Parameter
	Symbol
	Value





	Primary side turns
	Npri
	10



	Secondary side turns
	Nsec
	22



	Core material
	-
	3 × 105



	Core dimensions
	Øext/Øint/Width
	10/6/4 mm



	Turns-ratio
	rt
	2.2



	Magnetizing inductance at the primary side
	Lμ
	440 µH



	Magnetizing inductor at the secondary side
	L′μ
	1700 µH



	Leakage inductance at the primary side
	Ld
	0.25 µH



	Leakage inductance at the primary side
	L′d
	1.7 µH



	Series resistance at the primary side
	Rs
	0.054 Ω



	Series resistance at the secondary side
	R′s
	0.33 Ω



	Coupling capacitor (primary to secondary side)
	Cc
	2.13 pF
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Table 10. Comparative Results.






Table 10. Comparative Results.





	Parameter
	Impulse TRANSFORMER Scheme
	On/Off Modulation Scheme
	Bilevel AM Scheme
	Standard Scheme (Opto + Ext. Source)





	Isolation
	Magnetic

(1 transformer)
	Magnetic

(2 transformers)
	Magnetic

(1 transformer)
	Optical and Magnetic



	Possible integration in power module
	yes
	yes
	yes
	Not directly



	Relative achievable power density
	highest
	moderate
	very high
	low



	Component count
	1 transformer +

2 ICs + 46 simple parts
	2 transformers +

6 ICs + 52 simple parts
	1 transformer +

5 ICs + 40 simple parts
	-



	PWM range
	10–90%
	Full
	full
	Full



	Switching frequency
	50–230 kHz
	DC—200 kHz
	DC—200 kHz
	DC—several MHz



	Switching speed at turn on, vDS
	25 V/ns
	25 V/ns
	26.7 V/ns
	-



	Switching speed at turn off, vDS
	21 V/ns
	21 V/ns
	20 V/ns
	-



	Power consumption (fSW = 100 kHz, d = 50%)
	2.3 W
	3.0 W
	2.6 W
	2 W



	Coupling capacitance (primary to secondary side)
	3.41 pF
	6 pF
	2.13 pF
	1–2 pF (requires power source)
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