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Abstract:
Silicon carbide (SiC) metal-oxide semiconductor field-
effect transistors (MOSFETs) hold a significant position 
in high-power applications due to their excellent thermal 
and electrical performance. However, due to their small 
size, SiC MOSFETs are more susceptible to short-circuit 
(SC) events than their counterparts. Therefore, effective SC 
protection is crucial to prevent device failure under extreme 
conditions. With the growing demand for faster and more 
reliable protection systems, operational amplifiers (op-
amps) play a key role in short-circuit detection systems for 
SiC MOSFETs. This article explores the role of op-amps 
in SiC MOSFET short-circuit detection and prevention 
systems. It will introduce several detection methods and 
their integration with gate drivers to improve response 
speed. Furthermore, this article will discuss voltage swing 
sensing, gate current sensing, and current derivative 
sensing. It will also examine the challenges of achieving 
consistent protection under varying conditions. To address 
these challenges, this article, through case studies and 
recent advances, aims to highlight the potential of op-amp-
based solutions to improve the consistency and reliability 
of SiC MOSFETs, laying the foundation for more efficient 
power systems of the future.
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1. Introduction
In recent years, silicon carbide (SiC) MOSFETs have 
gained widespread acceptance in power electronics 
due to their high breakdown voltage, low on-state re-
sistance, and high switching speed. These advantages 
make them well-suited for applications such as elec-
tric vehicles and renewable energy systems that re-

quire high efficiency and high-temperature operation 
[1]. The high thermal conductivity and low switching 
losses of SiC MOSFETs enable them to operate in a 
more sustainable manner and with higher efficiency 
than traditional silicon devices [2].
However, SiC MOSFETs face significant challenges 
in short-circuit protection. These devices have low 
thermal mass and high current density, making them 
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highly susceptible to thermal damage during short-circuit 
conditions [2]. This is in stark contrast to silicon-based 
devices, which typically have a longer short-circuit with-
stand time (also known as SCWT). The shorter short-cir-
cuit withstand time of SiC MOSFETs means that a fast 
detection system is required to quickly shut down the de-
vice before it damages the integrated circuit (IC) [3].
SiC MOSFETs are susceptible to thermal fluctuations 
during short-circuit conditions, where high currents flow 
rapidly through the device, causing a significant tempera-
ture increase. Without a fast detection mechanism, perma-
nent damage to the core can occur. Therefore, an effective 
and efficient short-circuit protection system is crucial to 
ensuring the reliability of SiC MOSFETs in high-power 
applications.
To address this issue, the short-circuit protection system 
must be able to detect a short circuit within nanoseconds 
and trigger shutdown immediately before the device ex-
ceeds its temperature limit. However, this requires a sys-
tem fast enough to handle the fast-switching speeds of SiC 
MOSFETs, as traditional detection methods may not be 
effective in preventing damage [3]. In this case, operation-
al amplifiers can be introduced into the system because 
they have high detection speeds and fast response times, 
making them effective short-circuit protection devices [4].
Operational amplifiers play a crucial role in signal pro-
cessing in short-circuit detection circuits. In SiC MOSFET 
short-circuit protection systems, operational amplifiers 
can be used to amplify small voltage and current signals 
and compare them to provide real-time feedback to the 
gate driver when a short circuit occurs, triggering protec-
tion measures as quickly as possible [5]. In addition, oper-
ational amplifiers are often used for voltage swing detec-
tion, which is crucial for fast short-circuit detection [6, 7]. 
In this way, multiple operational amplifiers for different 
purposes can be deployed in the system to quickly detect 
such situations.
Furthermore, the use of operational amplifiers in these 
systems allows for high-speed, low-latency detection, 
which is the most effective protection method required for 
SiC MOSFET systems during fast switching events. Fur-
thermore, operational amplifiers are easily integrated into 
ICs, providing a suitable short-circuit protection solution 
for the system [5]. This review will continue to explore 
the specific role of operational amplifiers in such circuits 
and examine their applications in various situations.

2. Fundamentals of Short-Circuit Be-
havior in SiC MOSFETs

2.1 Short-Circuit Modes: HSF, FUL, and Their 

Dynamic Responses
SiC MOSFETs are particularly susceptible to two main 
types of short circuits: hard-switching faults (HSFs) and 
faults under load (FULs). The specifics of these two faults 
differ due to their characteristics. In a hard-switching 
fault, both MOSFETs in a half-bridge configuration are 
turned on simultaneously, causing a large amount of cur-
rent to flow through the device, ultimately leading to a 
high-voltage overload and damaging the MOSFETs [6].
On the other hand, a load fault occurs when the device is 
turned on but the load is shorted during operation, causing 
the current to rise slowly. This may cause less immediate 
damage, but the high temperatures may still severely dam-
age the MOSFET due to the long “duration” of the short 
circuit [5].
The SiC MOSFET’s different responses to these two 
fault conditions require the detection system to distin-
guish between the two scenarios and react accordingly. 
Fortunately, op amps can detect both the rapid voltage 
change during HSF and the slow current rise during FUL, 
enabling accurate responses to both conditions and rapid 
protection.

2.2 Challenges in Achieving Fast and Reliable 
Protection
The challenge in designing fast and reliable SiC MOSFET 
protection systems lies in the fast-switching characteristics 
of these devices, which can cause high-frequency oscilla-
tions and voltage spikes during the switching process [6]. 
If the detection system does not work properly under these 
conditions, these phenomena may cause the protection 
circuit to be falsely triggered. In addition, SiC MOSFETs 
are temperature-dependent components, and their electri-
cal characteristics may change with changing operating 
conditions. Therefore, this increases the complexity of the 
detection circuit, as the protection system must be able to 
adapt to long-term changing conditions and a range of dif-
ferent temperatures [5]. To overcome these challenges, the 
detection system must be able to respond within nanosec-
onds and be able to filter and tolerate noise and external 
interference.

3. Overview of Existing Short-Circuit 
Detection Techniques

3.1 Classification of Detection Methods
There are several different short-circuit detection methods 
that already have been implemented into SiC MOSFETs 
nowadays and they each have their own strengths and 
weaknesses. These methods can be broadly classified 
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into three main categories: voltage-based methods, which 
detects changes in drain-source voltage (VDS) when the 
MOSFET ended up short-circuiting [6, 7]; current-based 
methods, which monitor the rate of change of currents (di/

dt) [6, 8]; gate-based methods, which measure changes in 
gate-source voltage (VGS) or gate charge (Qg) [5, 7].
3.1.1 Voltage-Based Methods (VDS, Desaturation)

Fig. 1 Proposed short-circuit detection circuit for SiC MOSFETs that includes an RC circuit, 
an S/H circuit, and a comparator for logic judgements [1].

As shown in Fig.1, the desaturation detection method can 
be used to monitor the VDS to determine whether the 
MOSFET exited the saturation region after a short-circuit 
has occurred. Although it might seem effective in most 

cases, this method has limitations in its response speed 
due to the need for a blanking time to distinguish between 
a normal switch and an actual fault [7, 8].
3.1.2 Current-Based Methods (di/dt, ID Sensing)

Fig. 2 di/dt-RC detection circuit for SiC MOSFETs [2].
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As shown in Fig. 2, it is based on a low-pass filter and a 
comparator for fast current change detection during SCs. 
di/dt detection is particularly effective for SiC MOSFETs 
because it can detect the fast currents before the device 
reaches its limitations. The integration of a low-pass filter 

with the sensing circuit ensures that the current change is 
accurately representing the faults and can trigger protec-
tion immediately [6, 8].
3.1.3 Gate-Based Methods (VGS, QG, IG Analysis)

Fig. 3 Gate charge-based detection circuit for short-circuit protection [3].
As shown in Fig. 3, gate-based methods basically monitor 
the gate voltage (VGS) and gate charge (Qg) to determine 
whether a short circuit is happening during a hard switch. 
These methods are fast and can integrate well with the 

gate driver Ics, making them ideal for the SiC MOSFET 
protection system [5, 7].

3.2 Comparative Analysis of Detection Speed, 
Robustness, and Implementation Cost

Table 1. The main trade-offs for each SC detection method

Detection Method Detection Speed Robustness Implementation Cost
Voltage-based (VDS) Slow Medium Low
Current-based (di/dt) Fast High Medium
Gate-based (Qg) Fast High Medium

As demonstrated in table 1, the main trade-off between 
these methods lies in response time versus cost. For in-
stance, voltage-based methods are simpler but slower, 
while current and gate-based methods are faster but at a 
higher price [6, 8]. For applications requiring both speed 
and accessibility, hybrid detection methods offer a bal-
anced solution [5].

3.3 Trends in EV and High-Power Applications
Under the conditions of a high-power application such as 
EVs, the demand for a faster and more reliable protection 
system is spurring the creation of new solutions that can 
combine multiple detection methods into a single and 
more intricate circuit. This development is extremely im-
portant for SiC MOSFETs, which are increasingly used in 
power converters and automotive systems [2].

4. Op-Amp-Based Detection Approach-
es and Their Applications

4.1 Drain Voltage Swing Method
In the voltage swing detection method, an operational 
amplifier is used as a comparator to monitor the change in 
VDS during a short circuit. This method is capable of de-
tecting HSF and FUL with response times of 150 nanosec-
onds and 24 nanoseconds, respectively [1, 6]. This method 
cleverly utilizes the RC snubber circuit already present 
in the SiC MOSFET design to filter out high-frequency 
oscillations, thereby ensuring a reliable and sustainable 
detection system without increasing complexity [6].
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4.2 Gate-Charge (Qg) Detection Using Op-Amp 
Integrators
To quickly identify faults, Qg detection exploits the 
changes in gate charge behavior when a short circuit oc-
curs. In this way, by using an operational amplifier inte-
grator, the method ensures a high detection rate, capable 
of identifying HSFs within 40 nanoseconds [5, 7].

4.3 di/dt + VGS Hybrid Detection Circuit
By combining di/dt and VGS sensing, it can process sig-
nals from multiple sources, resulting in faster and better 
fault detection. In addition, the implementation of an op-
erational amplifier provides the key steps of amplifying 
and conditioning the signal, thereby improving the accu-
racy and speed of the detection system [6].
In addition to the above, differential amplifiers can also 
be used in multi-sensor circuits to minimize noise and 
filter out high-frequency noise, ensuring that the detection 
system can respond correctly to faults under various con-
ditions [9].

4.4 Summary of Op-Amp Functions
First, op amps can amplify weak signals from voltage, 
current, and gate charge sensors, enabling fast and con-
tinuous signal detection. Furthermore, op amps can be 
used as comparators, enabling real-time decision-making 
systems to decide whether to trigger protective measures 
based on the type of fault detected. Finally, op amps can 
be integrated into digital gate driver ICs, providing a 
cost-effective solution for fast short-circuit detection and 
protection systems [6].

5. Conclusion
In summary, operational amplifiers (op amps) offer nu-
merous advantages in SiC MOSFET short-circuit detec-
tion and protection systems, including high-speed detec-
tion capabilities and high tolerance to extreme operating 
conditions. Specific methods, such as voltage swing 
detection, gate charge sensing, and di/dt detection, can 
vary depending on the specific situation. As SiC MOSFET 
technology continues to flourish, op amps will remain a 
crucial component of their designs to protect components 
from short-circuit damage. Furthermore, their ability to 

handle high-frequency switching, reduce noise, and inte-
grate with other drivers makes them a key component of 
future SiC-based power systems.
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