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Abstract. Silicon carbide metal-oxide-semiconductor field-effect transistors, or 

SiC MOSFETs, have been widely used in high-voltage, high-temperature, and 

high-frequency power electronic applications due to their superior properties, 

which include low power loss, high switching frequency, and excellent thermal 

conductivity. However, compared to conventional silicon-based components, 

SiC MOSFETs have a substantially shorter short-circuit sustain time. The 

devices' dependability is also gravely threatened by the increased electrothermal 

stress they experience during short circuits, which can result in irreparable 

damage like gate-source or drain-source short circuits. This paper provides a 

systematic review of the research advancements in short-circuit protection 

technologies for SiC MOSFETs: clarify the types and failure mechanisms of 

short-circuit faults; compare the detection methods based on VDS、dvDS/dt、ID

、diD/dt、IG. This paper provides references for the practical application and 

subsequent research of short-circuit protection technology for SiC MOSFETs. 

This comprehensive analysis not only enhances the understanding of failure 

dynamics but also guides the design of more robust protection circuits, thereby 

improving the reliability and longevity of SiC-based power systems. 

Keywords: SiC MOSFET, Short-circuit protection technology, Fault detection. 

1 Introduction 

Silicon Carbide Metal-Oxide-Semiconductor Field-Effect Transistors (SiC 

MOSFETs), as representative devices of the third-generation wide-bandgap semicon-

ductors, have gained extensive application in power electronic conversion equipment 

due to their remarkable properties, which include high operating frequency, superior 

thermal conductivity, low switching and conduction losses, and high breakdown field 

strength [1]. When contrasted with conventional silicon counterparts, these advanced 

semiconductor devices demonstrate enhanced suitability for deployment in environ-

ments demanding elevated voltage tolerance, extreme thermal conditions, high-fre-

quency operation, and stringent reliability requirements [2]. The strategic implementa-

tion of these devices contributes significantly to improving energy conversion perfor-

mance, increasing power handling capacity per unit volume, and strengthening opera-

tional reliability in modern electronic systems [3]. For instance, in the field of electric 
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vehicles, SiC MOSFET devices can reduce power consumption during driving, increase 

charging speed and efficiency, and decrease the size and weight of converters [4][5]. 

Although SiC MOSFETs have many advantages, these advantages also determine 

that their short-circuit withstand time is significantly shorter than that of traditional sil-

icon-based power devices [6]. The short-circuit withstand time of current commercial 

SiC MOSFETs is as low as 2 μs [7], whereas that of alternative Si IGBTs typically 

exceeds 10 μs [2]. The reduced chip area and increased current density of SiC 

MOSFETs result in their exposure to more intense electrothermal stress under short-

circuit conditions. 

Temperature-sensitive parameters including carrier mobility and threshold voltage 

undergo significant variations during fault events. Rapid thermal escalation at the junc-

tion during short circuits induces characteristic degradation that accelerates device fail-

ure. Experimental data confirms an inverse relationship between operational parame-

ters (ambient temperature, gate drive voltage, and DC link voltage) and fault tolerance 

duration [8]. Consequently, protection mechanisms necessitate sub-microsecond re-

sponse capabilities to ensure system reliability. 

Short-circuit faults are one of the important reasons for the failure of SiC MOSFETs, 

seriously hindering their application. The loop current quickly increases to a level sig-

nificantly higher than the rated value during a short circuit, ruining the device severely. 

Even if the electronic device is speedily protected and shut off, its reliability may still 

be considerably reduced as its electrical characteristics may deteriorate dramatically. 

Furthermore, SiC MOSFETs have a relatively thin gate oxide layer, which increases 

their vulnerability to dielectric breakdown and performance worsening in the event of 

a short circuit [9]. 

Consequently, developing high-performance protection circuitry capable of rapid 

fault detection and precise current interruption has emerged as an essential technologi-

cal prerequisite for ensuring secure operation and facilitating broader adoption of SiC 

MOSFET-based power systems. 

Considering the issues mentioned above, numerous researchers have been commit-

ted to enhancing SiC MOSFETs' short-circuit protection technology. They have studied 

short-circuit fault types, failure modes, detection methods, protection strategies, etc. 

This article analyzes different types of faults and the failure mechanisms that generate 

them, compares and evaluates various detection techniques, and discusses the benefits 

and drawbacks of each. It also summarizes and evaluates the state of development of 

short-circuit protection technology. This offers a guide for choosing techniques in real-

world application situations and for technical improvements in further study. 

2 Short circuit fault 

2.1 Types of faults 

Based on the working state of the device at the time of the short circuit, the short circuit 

faults of SiC MOSFET can be mainly classified into two types: Hard Switching Fault 

(HSF) and Fault Under Load (FUL). HSF describes scenarios where a pre-existing 
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short-circuit path activates simultaneously with device switching. In such cases, the 

MOSFET's drain terminal becomes effectively bridged to the busbar potential. Upon 

activation, the drain-source voltage rapidly escalates to match busbar levels while the 

conduction current initiates from zero before surging beyond operational limits. FUL 

is the term used to describe the circumstance in which a short circuit defect on the load 

side happens during a SiC MOSFET device's typical conduction operation. The con-

duction current quickly climbs from the load current value to the maximum short-cir-

cuit current value, and the drain-source voltage value quickly rises from the conduction 

voltage drop to the bus voltage. In addition, there are some other types of faults, such 

as Fault in Freewheeling Mode (FWM), where the SiC MOSFET device turns on and 

short-circuits during the forward conduction of the diode in parallel with it [10]. Dif-

ferent researchers sometimes adopt different classification methods for short-circuit 

faults, but the two types of faults, HSF and FUL, have been widely accepted as an 

important basis for analyzing short-circuit characteristics and designing short-circuit 

protection. 

2.2 Failure mode 

Excessive short-circuit current and voltage can result in irreversible damage to SiC 

MOSFET devices during a short-circuit fault, which can lead to certain typical failure 

modes. These failure modes do not represent independent fault categories, but rather 

constitute specific manifestations of device degradation. Typical failure modes pre-

dominantly include gate-source short circuit (G-S short) and drain-source short circuit 

(D-S short, also referred to as thermal runaway failure). The above two failure modes 

are respectively also known as fail-to-open (FTO) and fail-to-short (FTS). 

When the first failure mode occurs, the gate and source are permanently short-cir-

cuited, and the device is locked in the off state, which can prevent system-level damage 

[11]. This type of failure is seen to be a relatively safe occurrence. The cause of the G-

S short is usually due to the thermal mechanical stress resulting from the high-temper-

ature changes during the short-circuit process, as well as the different coefficients of 

thermal expansion of the polysilicon gate, silicon carbide, the gate-source insulator, and 

the source metallization layer [12]. High-temperature thermal stress causes the alumi-

num source metal to melt and seep into the cracks of the gate oxide layer [13], progres-

sively elevating leakage currents until dielectric breakdown initiates a low-resistance 

conduction path [14], resulting in a short circuit. Increasing the gate oxide thickness 

helps to avoid short circuit failures related to the breakdown of the gate oxide layer, 

significantly improving the short-circuit tolerance [15]. 

The second failure mode is an uncontrollable failure phenomenon. When it occurs, 

the device is completely out of control, often accompanied by burning or explosion, 

which poses a threat to the safety of the system. The occurrence of thermal runaway 

failure is an electrothermal positive feedback process. During short-circuit conditions, 

the SiC MOSFET experiences rapid temperature escalation, which amplifies charge 

carrier excitation and precipitates exponential leakage current growth. Extra power is 

consumed, and the junction temperature rises further. This excessive energy dissipation 

drives further temperature elevation, activating the parasitic bipolar transistor (BJT) 
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and establishing an unregulated current pathway. The formation of electrothermal pos-

itive feedback may cause the threshold voltage to become negative, and the channel 

may also conduct under negative gate-off voltage. The leakage current remains high 

and cannot be normally turned off [8][14]. Devices that have undergone thermal runa-

way failure may exhibit significant degradation in electrical characteristics and a sub-

stantial reduction in reliability, even if they are promptly shut down and recover from 

the short-circuit condition. 

The main influencing factor of the failure mode during the device conduction is the 

bus voltage. The higher the bus voltage is, the more likely the thermal runaway failure 

will occur [15]. Under low bus voltage conditions, enlarged drive voltage may induce 

failure mode transitions from gate-source circuit failures to thermal runaway failure. 

Extended short-circuit exposure durations have been empirically shown to proportion-

ally elevate thermal runaway risks [8]. Overall, large short-circuit energy corresponds 

to thermal runaway failure, while small short-circuit energy corresponds to gate-source 

failure. The specific energy size division still needs further research. 

3 Short-circuit Detection Technology 

3.1 Based on VDS, dvDS/dt 

Desaturation protection originates from a protection method for IGBT devices. During 

short-circuit events, the collector current experiences rapid escalation until reaching 

saturation. The operating point of the device exits the saturation region and moves to 

the active region, and the collector-emitter voltage rises significantly. Therefore, the 

occurrence of a short circuit fault can be indirectly determined based on the change in 

the collector-emitter voltage. Due to the similarity in characteristics between SiC 

MOSFETs and IGBTs, the desaturation protection method for IGBTs can be analogized 

to design a desaturation protection method for SiC MOSFETs. Common desaturation 

protection circuits can be classified into voltage source type and current source type. 

The principles of the two are similar, but the structure of the former (as shown in Fig. 

1.) is simpler [14][16]. The design of the voltage divider resistors and the comparator 

threshold voltage ensures that the threshold voltage consistently remains below the di-

vided voltage under normal operating conditions. When a short circuit occurs, the volt-

age on both sides of the device under test rises sharply. The diode connected to the 

drain turns off in reverse direction, and Vdesat exceeds the threshold, triggering the 

protection action. The MOSFET device at the lower right in the figure needs to be con-

trolled in coordination with the device under test (DUT). When the DUT is off, this 

MOSFET conducts to discharge; when the DUT is on, this MOSFET is off. It should 

be mentioned that the blanking time between the occurrence of a short circuit and the 

voltage surpassing the threshold and activating the comparator must be considered in 

this protection method. The device's normal turn-on will likewise be turned off if the 

blanking time is not configured to be longer than the protected device's turn-on time. 

However, the early state of this system was quite awkward because the common SiC 
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MOSFET components' turn-on time and short-circuit withstand time are both in the 

microsecond range. 

 

Fig. 1. Voltage Source Type Desaturation Protection Circuit [17]. 

Li et al. proposed a fast short-circuit detection method based on the swing of the 

drain-source voltage [10]. They utilized the existing RC buffer circuit to suppress high-

frequency oscillations and voltage spikes. By combining a negative peak detector and 

a reset MOSFET, the maximum voltage drop Vdip on Rs was obtained throughout the 

entire switching transient of the device. Vdip is proportional to dvDS/dt, and it becomes 

negative when the drain-source voltage drops. The high-speed comparator is utilized to 

perform a comparison with the threshold voltage. The scheme does not require addi-

tional blanking time and has a negative temperature coefficient characteristic, respond-

ing faster at high temperatures. The detection time for HSF and FUL has been reduced 

to 150 ns and 24 ns respectively, resulting in a significant enhancement in detection 

speed. Furthermore, this solution exhibits robust noise immunity, a streamlined archi-

tecture, high integration density, and cost-effectiveness, positioning it as one of the 

most superior options among contemporary alternatives of its kind. The proposed 

scheme's circuit diagram, which is primarily composed of four components—the device 

being tested, the current RC circuit, the detection circuit, and the logic judgement cir-

cuit—is depicted in Fig. 2. 

 

Fig. 2. Schematic diagram of the fast short-circuit detection method based on the drain-source 

voltage swing [10]. 
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3.2 Based on ID 

This current-monitoring SC protection technique identifies electrical faults by precisely 

tracking real-time current flow through components, thereby avoiding the blanking 

time problem of early drain voltage detection. 

The short-circuit detection based on ID typically utilizes the high bandwidth and 

accuracy of Rogowski current sensors (RCS) to directly determine the actual current 

passing through the SiC MOSFET's instantaneous rate of change. and integrate it back 

into a current signal. Once the current signal exceeds the preset fault threshold, the 

protection circuit will quickly trigger the gate driver to switch the SiC MOSFET off 

thereby achieving rapid protection within the short-circuit withstand time of the SiC 

device. The conventional RCS circuit comprises a Rogowski coil and an integrator, as 

illustrated in Fig 3a. The voltage induced in the Rogowski coil is directly proportional 

to the rate of change of the measured current. This induced voltage is subsequently 

integrated to generate an output waveform that corresponds to the waveform of the 

measured current. 

To address sensing errors, Lee et al. proposed a three-stage RCS circuit architecture 

(Fig. 3b) [18] , comprising an input filter, an integrator, and an output filter. This con-

figuration effectively attenuates high-frequency noise at the integrator input, reduces 

noise at the integrator output, operates away from the gain reduction region, and con-

sequently minimizes both sensing errors and output noise. The RCS circuit is connected 

to a comparator, which compares the processed induced voltage from ID with a preset 

threshold. When ID is too high, a fault signal is sent out to control the gate driver to 

turn off the device. The detection times for HSF and FUL in this scheme are 100 ns and 

90 ns, respectively. 

 

Fig. 3. (a) Equivalent circuit diagram of Rogowski coil, (b) Circuit diagram of RCS [18]. 

A printed circuit board (PCB) with coils was created by Rafiq et al. to carry out the 

previously specified detection operation [19]. The magnetic field created by the current 

passing through a single connector trace between the power device and the DC bus was 

used to sense the current by positioning a PCB coil close to the trace. The protective 

circuit's response time could be reduced to less than 25 ns with an improved design. 

3.3 Based on parasitic parameters (diD/dt) 

The diD/dt detection technique utilizes the inherent parasitic inductance (Lss) existing 

between the power supply and Kelvin source connections. During fault conditions, ID 

experiences rapid escalation, and the negative induced voltage on Lss rises accordingly, 
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exceeding the threshold to trigger protection [20]. However, parasitic inductance is sus-

ceptible to no uring normal 

device turn-o malfunction 

erroneously; ntial, diD/dt 

decreases, re

 

ise interference, leading to potential false triggering issues; d

n, a high diD/dt may occur, causing protective measures to 

when the inductance value in the short-circuit loop is substa

sulting in diminished measurement accuracy. 

Fig. 4. Fundamental schematic diagram of diD/dt-RC detection [7]. 

To address the aforementioned issues, researchers have proposed a variety of im-

provement schemes. The diD/dt-RC detection technique [21], presented in Fig. 4, uti-

lizes an RC integrator to transform the voltage generated in parasitic inductance into 

measurable current parameters. This approach effectively mitigates the issue of false 

triggering caused by excessive positive rate of change in turn-on current. However, 

after normal conduction, if diD/dt approaches zero, the integral capacitor will dis-

charge, making it impossible to accurately determine when FUL occurs [22]. By form-

ing an RCD circuit (diD/dt-RCD) by connecting a diode in series in an RC circuit, the 

discharge of the capacitor after the current stabilizes can be prevented, thereby provid-

ing more accurate and reliable results. Especially under FUL conditions, it shows a 

faster detection time (100 ns for RC and 60 ns for RCD) [20][23]. In response to the 

significant current trigger difference between HSF and FUL, Tan Yaxiong et al. pro-

posed a dual-threshold detection circuit [24], designing detection loops for HSF and 

FUL respectively on both sides of the parasitic inductance. The implementation of dual 

comparators facilitates the establishment of individual threshold values for two distinct 

circuits, while the integration of OR gates and D flip-flops enables the accurate identi-

fication and output of fault signals. The system's response time exhibits a positive cor-

relation with the increase in bus voltage, achieving detection times of 90 ns and 29.4 ns 

at a bus voltage of 500 V. 

3.4 Based on IG 

The gate current (IG)-based short-circuit detection methodology represents a strategic 

approach that identifies short-circuit faults by monitoring anomalous waveforms in the 

gate current. When an HSF occurs in a SiC MOSFET, the device exits the current linear 

region as the drain-source voltage (VDS) rapidly rises to the bus voltage (VDC) [25]. 

Under such conditions, the Miller plateau of the gate-source voltage (VGS) dissipates, 
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with the gate charge being extracted and the current directed toward the source [26]. 

When FUL occurs, VDS will rapidly rise from its rated conduction voltage to the bus 

voltage [27]. This higher dVDS/dt generates displacement current through the device's 

Miller capacitance (CGD), which in turn causes a spike in the gate voltage [17], result-

ing in current flow into the gate. The two components of IG are respectively positively 

correlated with dVGS/dt and (dVGS/dt - dVDS/dt)。In both HSF and FUL conditions, 

VDS undergoes a rapid rise, dVGS/dt is significantly smaller than dVDS/dt, and con-

sequently, IG assumes a negative value [28]. 

To implement IG measurement, Ke et al. developed a monitoring circuit shown in 

Fig. 5 [29], which estimates the current indirectly through VR,ext measurements on 

external gate resistance Rg,ext applying Ohm's Law. As soon as a short circuit occurs, 

the high-level drive signal Vdrive concurrently satisfies the condition of being below 

the threshold VR,ext, thereby triggering the fault signal. The selection of Rg,ext in the 

scheme is of great significance. Unsuitable parameters will have adverse effects on the 

working performance of the device and the detection performance of the circuit. This 

method achieves extremely fast short-circuit detection and protection times, with the 

detection times for HSF and FUL being 69 ns and 50 ns, respectively. Because this type 

of solution is independent of the Kelvin source, it is less likely to cause false triggers. 

Additionally, the detection target IG shows little change in response to bus voltage, 

which increases dependability [30]. 

 

Fig. 5. SCP Circuit Based on IG Detection [29]. 

Table 1 compares and summarizes the benefits and drawbacks of various detection 

techniques. 

Table 1. Comparison of Short-Circuit Detection Methods. 

Advantages Disadvantages Methods 

VDS  
Simple structure, 

low cost 

Blanking time, 

easily distracted 
VDS 

dvDS/dt  
Anti-noise, easy integration, 

low cost 
Parameter sensitive 



  

 

 

            841Silicon Carbide MOSFET Short-Circuit Protection Strategies 

VDS swing  
Anti-noise, low cost, negative

temperature coefficient 
Parameter sensitive 

 

ID 
Rogowski current 

sensor  

Anti-noise, high integration 

density, high sensitivity, 

temperature stability 

Complex design, parasitic 

parameter constraints 

ID 

Rogowski current 

sensor (the 

minimum trace 

length)  

Anti-noise, high integration 

density, high sensitivity 

Complex design, 

TO-247 packaging, 

3D-FEMsimulation 

diD/dt

diD/dt-RCD  

double-

threshold diD/dt  

 

High accuracy, threshold 

consistency, temperature 

stability, low cost 

anti-interference, high 

flexibility, low FUL short-

circuit current peak 

Kelvin source pin,  

high-frequency oscillation

IG  
Anti-interference, wide 

applicability, high reliability 

High-frequency 

oscillation, parameter 

sensitive,  

complex design 

4 Conclusion 

This paper, through a comprehensive review of recent studies on short-circuit phenom-

ena, identifies two primary fault categories: HSF and FUL. It offers a thorough expla-

nation of the physical mechanisms and influencing factors of G-S short-circuit and D-

S short-circuit, including the effects of bus voltage, drive voltage, and short-circuit du-

ration. Furthermore, the paper conducts a comparative analysis of detection techniques 

based on various parameters. In recent years, many studies have effectively addressed 

the problem of false triggering caused by the high-speed switching characteristics of 

SiC MOSFETs, and the detection time has also entered the 100 ns range. However, the 

detection accuracy and threshold limitations caused by the significant influence of junc-

tion temperature on the electrical characteristics of SiC MOSFETs still need to be over-

come; the existing methods also lack the adaptive ability to bus voltage. In the future, 

the development direction of short-circuit protection may tend to be integrated and in-

telligent. The improvement of the structure of the device itself, manufacturing process 

and packaging technology may also bring new leaps to short-circuit protection. 
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