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Abstract

:

New semiconductor technology is enabling the design of more reliable and high-performance power converters. In particular, wide bandgap (WBG) silicon carbide (SiC) and gallium nitride (GaN) technologies provide faster switching times, higher operating temperature, and higher blocking voltage. Recently, high-voltage GaN devices have opened the design window to new applications with high performance and cost-effective implementation. However, one of the main drawbacks is that these devices require accurate base current control to ensure safe and efficient operation. As a consequence, the base drive circuit becomes more complex and the final efficiency is decreased. This paper presents an improved gate driver circuit for GaN devices based on the use of a constant current regulator (CCR). The proposed circuit achieves constant current regardless of the operating conditions, solving variations with temperature, aging and operating conditions that may degrade the converter performance. Besides, the proposed circuit is reliable and cost-effective, being applicable to a wide range of commercial, industrial and automotive applications. In this paper, its application to a zero-voltage switching resonant inverter for domestic induction heating was performed to prove the feasibility of this concept.
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1. Introduction


The development of new semiconductor technology has opened the window to the development of new power conversion systems with improved performance and reliability. In particular, in the past years, WBG devices [1,2] have enabled the development of a new range of power conversion systems with improved efficiency, performance [3,4], and power density. Nowadays, cost reduction in SiC technology [2] together with the development of high-voltage GaN devices are fostering innovation in this field. However, driving these devices in an efficient and safe way is still a significant challenge [5,6,7]. This paper focuses on the design and implementation of a new gate driver circuit for high-voltage GaN devices.



New GaN devices can be classified into two categories [8]: planar lateral conduction devices, manufactured using Si [9] or SiC [10] substrates, and vertical conduction devices, manufactured using homoepitaxial structures. Nowadays, the former provide more maturity and cost-effectiveness, as well as bigger wafer sizes, whereas the latter provide higher breakdown voltage, mitigate current collapse effect, and make it easier to increase power density. Using these technologies, the main devices currently available are gallium nitride diodes and high electron mobility transistors [11,12] (HEMT), HEMT devices using cascode configurations [13], and GaN MOSFETs [14,15]. However, gate drive circuits are still challenging in both technologies [16]. Typically, cascode devices feature a gate drive design similar to conventional Si MOSFETs [17]. However, e-mode GaN HFETs have more challenging gate driver requirements [18]. This is mainly because the threshold voltage of an e-mode HFET is much lower, typically in the range of 1 to 2 V, and the driving voltage is recommended to be close to 5 V [18]. In GaN devices, there is an additional known issue regarding gate rupture, where small gate voltage overshoots may destroy the device and constant current is often required to optimize its operation. Finally, the gate current must be accurately controlled with regard to the operating conditions, i.e., temperature, to achieve efficient operation [19]. In this context, several approaches have been followed in the past, including the use of resonant drivers for efficient high-frequency operation [20] and IC gate driver solutions [21]. However, most of these are focused on HEMT devices [22] and do not focus on providing accurate voltage/current control.



In this paper, an optimized gate drive circuit is proposed, aimed at improving the performance of GaN-based series resonant inverters. A relevant domestic application of induction heating (IH) was selected as an application target [23,24,25,26] (Figure 1). The proposed driver is based on a constant current regulator (CCR), which achieves accurate constant current/voltage control regardless of the operating conditions. Besides, it enables reliable and cost-effective implementation. The proposed circuit was tested using a zero-voltage switching (ZVS) resonant inverter applied to domestic induction heating (IH), proving the feasibility of this proposal.



This paper is organized as follows. In Section 2, the proposed optimized gate drive circuit is proposed, detailing the limits of current approaches and benefits of the proposed circuit. The main implementation and experimental results are discussed in Section 3. Finally, Section 4 summarizes the main conclusions of this paper.




2. Optimized Gate Drive Circuit Proposal


2.1. State-of-the-Art Configuration


In this paper, a full-bridge series resonant inverter (Figure 1) was selected as a reference example for high-performance domestic induction heating applications due to its excellent cost–performance trade-off [27,28,29]. It is composed of two half-bridge branches, each one composed of two transistors, M1-M2 and M3-M4, respectively, and the resonant tank. In the proposed application, the target pot to be heated together with the resonant capacitor form the resonant tank. These elements were electrically modeled as a series equivalent resistance and inductance [30]. It is important to note that inverters for domestic IH are usually operated above the resonant frequency in order to obtain high-efficiency and smooth operation thanks to zero-voltage switching during the turn-on transition [31].



Currently, the leading market technology is based on IGBT devices due to their maturity, ruggedness, and cost in the typical operating ranges. However, the recently developed high-voltage GaN devices open the window to new high-performance designs due to the possibility of operating at higher frequencies with higher efficiency, thus reducing the power consumption during the cooking process [32]. However, in this scenario, one of the main challenges is the design of a more complex driver. In order to address this challenge, a new high-performance and cost-effective gate drive circuit is proposed in the next subsection.



Nowadays, state-of-the-art gate driver circuits (Figure 2) include combinations of push-pull configurations with independently tuneable turn-on and turn-off transitions through Ron and Roff. In ZVS configurations, turn-off transition is selected to be fast, whereas lossless turn-on transitions are slower to minimize EMC issues [33]. WBG devices, however, often require enhanced initial peak current to achieve fast transitions. To achieve this, state-of-the-art drivers often include a series capacitor Cs. Finally, Rss ensures the required holding current for GaN devices. However, these configurations do not guarantee the stable gate current required by modern GaN HEMTs, which depends on vd, vgs and Rss. This is especially critical in real applications where temperature, operating condition changes, ageing, tolerances, or driver voltage variations, especially in bootstrap implementations, affect the converter operation and reliability.



As an example, Figure 3a shows the id vs. vds curves for the IGT60R070D1 CoolGaN enhancement-mode transistor from Infineon. From this figure, it is clear that changes in gate current severely affects the device performance. Figure 3b illustrates the change in vgs with temperature, which is only one of the variables that may impact the driver performance. According to this figure, it is also clear that the operating conditions can change the driver polarization point, leading to significantly degraded performance.




2.2. Proposed Gate Drive Circuit


In order to optimize the gate drive circuit and to avoid the aforementioned issues, the circuit shown in (Figure 4) was proposed.



The proposed circuit is based on a linear constant current regulator (CCR), Dcc [34] (see operational curve in Figure 5). This device is a simple, cost-effective, and rugged semiconductor designed to enable effective implementation, and it is typically applied for regulating current in LEDs (similar to a constant current diode, CCD). This device is based on self-biased transistor (SBT) technology, and it is able to regulate the current over a wide voltage range. It ensures constant current above the Vth threshold, which is easy to achieve with the proposed driver structure regardless of the operating conditions. It is designed with a negative temperature coefficient to protect circuits from thermal runaway at extreme voltages and currents.



The CCR shows excellent transient performance, making it suitable for switching applications such as the one in this paper, and it is at 25% of regulation with only 0.5 V vak. Furthermore, since it demands no additional external components, it allows cost-effective implementation for both high-side and low-side drivers/regulators. Finally, it is important to note that high anode-cathode voltage ratings can withstand surges common in most industrial applications, making the CCR suitable for the proposed application. In this circuit, the CCR was used to ensure the constant current required by GaN HEMTs. Since this device is oriented towards consumer electronics applications, it provides cost-effective implementation.





3. Experimental Results


In order to prove the feasibility of the proposed gate drive circuit, a GaN-based FPGA-controlled resonant converter applied to domestic induction heating was designed and implemented. The experimental test-bench was based on the IGT60R070D1 CoolGaN device from Infineon, an e-mode HEMT, and the NSI45025AT1G constant current regulator from OnSemi. This device was selected to provide the 25 mA constant current required by the GaN power devices. Moreover, this device is a cost-effective component, with a cost of a few cents for large volumes, and is suitable for most applications. Figure 6 shows the experimental prototype with top and bottom views. This prototype was designed so that both the proposed and the state-of-the-art gate drive circuits could be tested with minimum changes required to provide a fair comparison.



Figure 7 shows the main experimental results for the implemented converter operating under different frequency and power operating conditions, ranging from 20 kHz up to 500 kHz. In these figures, both the output inverter waveforms and the driving signals can be seen. These results proved the ability of the proposed gate drive circuit to operate properly under a wide range of operating conditions and to provide a stable gate current. These operating conditions exceed the normal operating range of such resonant converters, proving the ability of the proposed driver circuit to provide stable gate current for optimized operation.



An additional interesting aspect of the proposed gate drive circuit is the dynamic performance of the CCR device since these devices are often used in static applications. To analyze this, Figure 8 shows detailed waveforms during turn-on (a) and turn-off (b) transitions, respectively, operating at 100 kHz. These measurements show the correct operation of the proposed circuit, validating its dynamic operation. The proposed device provides fast current regulation, which ensures correct device switching without thermal issues due to switching losses. These results, consequently, validate the ability of the proposed circuit to operate under fast transition conditions typical of power converters featuring WBG devices.



Finally, Figure 9 shows a comparison of the performance of the proposed driver (a) and the state-of-the-art implementation (b) when changes in the driving voltage occur due either to thermal, aging or bootstrap issues. In these figures, it can be seen that the proposed driver achieves almost constant performance, ensuring safe and reliable operation under real operating conditions. However, due to variations in the driving voltage, the current state-of-the-art driver circuit shows large variations. In this test, these variations resulted in a 22-mA current ripple, i.e., 88% gate current variation. This may lead to inefficient and/or unreliable operating conditions, proving the benefits of the proposed gate drive circuit.



This set of results proves the correct operation of the proposed gate driver circuit under a wide range of operating conditions and shows its benefits when compared with the state-of-the-art implementation.




4. Conclusions


This paper proposed an enhanced gate driver circuit for GaN HEMT devices, which require precise and constant current and voltage for safe and reliable operation. The proposed circuit is based on the use of a linear constant current regulator, which achieves stable operation regardless of the operating conditions. Moreover, the proposed design is cost-effective and reliable and can be used in both low-side and high-side drive circuits in a wide variety of applications. In this paper, an experimental prototype applied to domestic induction heating was designed and implemented, proving the feasibility and benefits of the proposed gate drive circuit. The proposed circuit has the proven ability to operate in a range from 20 kHz up to 500 kHz, with fast switching transitions, ensuring the efficiency and reliability of the GaN device. Moreover, it proved to be able to stabilize gate current regardless of the gate driver voltage, providing optimized operation compared to current state-of-the-art gate drive circuits.
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Figure 1. ZVS full-bridge series resonant inverter applied to domestic induction heating (a) and modern multi-coil appliance (b). 
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Figure 2. State-of-the-art driver scheme for improved turn on/off transitions. 
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Figure 3. Reported id vs. vds curves (a) and experimentally measured base current dependence with temperature (b) for the IGT60R070D1 CoolGaN device from Infineon. 
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Figure 4. Proposed constant-gate-current driver for GaN devices. 
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Figure 5. Current–voltage curve for a linear constant current regulator. 
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Figure 6. Experimental prototype: top (a) and bottom (b) views. 
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Figure 7. Experimental measurements. Main waveforms at different operating conditions of the resonant tank: 20 kHz (a), 25 kHz (b), 100 kHz (c), and 500 kHz (d). From top to bottom: gate voltage (CH1) and gate current (CH2), inverter output voltage (CH6) and inverter output current (CH7). The proposed circuit achieves constant gate current regardless of the operating frequency in the proposed resonant converter, ranging from 20 kHz up to 500 kHz. 
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Figure 8. Experimental measurements at 100 kHz. Main waveforms at turn-on (a) and turn-off (b) transitions. From top to bottom: gate voltage (CH1) and gate current (CH2), inverter output voltage (CH6) and inverter output current (CH7). The proposed circuit achieves proper transient performance by achieving fast current regulation, which ensures appropriate GaN device switching in the proposed resonant converter. 
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Figure 9. Experimental measurements at 100 kHz under different driver voltages comparing the proposed driver (a) and the current state-of-the-art implementation (b). The proposed circuit achieves stable gate current (CH2, pink) (a) whereas the state-of-the-art approach exhibits large variation (b). From top to bottom: driving voltage (CH1) and driving current (CH2). The proposed circuit achieves constant current regardless of the operating conditions (a) whereas standard gate driver solutions (b) has wide current variation (up to 22 mA, 88% from nominal), which can cause inefficient power device operation. 
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