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Abstract—To guarantee safe switching of the expensive medium-
voltage (MV) device with limited durability, the overcurrent pro-
tection scheme based on Rogowski coil current sensor (RCCS) is the
promising method, featuring fast response and galvanic isolation.
However, it is an inherent contradiction to achieve the RCCS
with both high noise immunity and high-bandwidth capabilities.
In addition, the nonideal dc and low-frequency characteristics of
the integrator cause drift and droop errors. In this article, to
address the aforementioned challenges, the broadband RCCS is
developed and integrated into the overcurrent protection circuit
for the MV SiC MOSFET. The novel coil is designed based on the
transmission line theory to overcome the constraints imposed by
parasitic components on bandwidth. The proposed coil achieves an
extra-high bandwidth of approximate 300 MHz with high mutual
inductance and shielding layers for high noise immunity. Further-
more, the broadband integrator design method with low-frequency
attenuation is proposed to eliminate drift and reduce droop er-
rors significantly. Based on the developed RCCS, the proposed
overcurrent protection circuit reacts to both the fault under load
and hard switching fault rapidly and softly turns OFF the device
within merely 200 ns. Comprehensive experiments demonstrate
its exceptional potential in monitoring current and protecting the
expensive MV devices.

Index Terms—Drift and droop errors, high bandwidth, medium-
voltage (MV) SiC MOSFET, overcurrent protection, Rogowski coil.

I. INTRODUCTION

R ECENTLY, the SiC MOSFET has gained significant interest
in medium-voltage (MV) applications, thanks to the excel-

lent characteristics of higher blocking voltage, faster switching
speed, and better thermal performance compared with the Si in-
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sulated gate bipolar transistor (IGBT) [1]. The MV SiC MOSFET

with blocking voltage above 3.3 kV has the potential to simplify
topology configuration, reduce device number, and decrease
switching loss, thereby enhancing the reliability, efficiency, and
power density of the MV converter [2], [3], [4]. However, the
short-circuit withstand capability of the SiC MOSFET is shorter
than that of its Si counterpart, due to the smaller die area and
faster current slew. The heat generated during the overcurrent
under high voltage would lead to the significant rise in junc-
tion temperature, which causes metallization of the bare die,
thus resulting in degradation and damage of the expensive MV
SiC MOSFET chip [5]. Therefore, fast and reliable overcurrent
protection is essential to make full use of the MV SiC MOSFET.

Numerous effective methods have been applied to overcurrent
protection for the SiC MOSFET, mainly focusing on drain–source
voltage, gate signal, and source current. Concerning the de-
tection of the drain–source voltage, desaturation protection is
commonly adopted by measuring the ON-state voltage of the
device and evaluating the fault state [6], [7], [8]. Furthermore,
faster response can be achieved by combining desaturation and
dv/dt detection [9], [10]. Concerning the detection of gate signal,
the overcurrent fault can be identified by monitoring the anoma-
lies of gate voltage or current [11], [12], [13]. Concerning the
detection of source current, integrated current sensors, such as
shunt, current transformer, Kelvin inductance, or Rogowski coil
current sensor (RCCS), are utilized to obtain the real current
of the device, thus detecting the fault quickly and accurately
[14], [15], [16], [17]. Previous research has proposed numer-
ous beneficial methods for the overcurrent protection schemes
of the SiC devices. With regard to the characteristics of MV
SiC MOSFET, higher blocking voltage necessitates additional
insulation design for the drain-voltage-based protection scheme,
thus increasing the volume of the driver circuit. The detection
methods based on the gate signal and source inductance are
limited by the characteristics of the protected device, while the
shunt and current transformer are not suitable for overcurrent
detection in high-current applications. In contrast, the integrated
RCCS is a promising method for the overcurrent protection due
to its ultrafast response, galvanic isolation, and high-current
testing capability.

However, there is a scarcity of integration methods for high-
performance RCCS applied to MV SiC MOSFET. The main
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challenges lie in addressing both the high-frequency and low-
frequency characteristics of the RCCS. In terms of high fre-
quency, the bandwidth of the coil is limited by its self-inductance
and parallel capacitance [18], [19]. The shielding layers for high
noise immunity can increase the inherent parasitic parameters
of the Rogowski coil, thus decreasing the bandwidth [20], [21].
Moreover, high mutual inductance of the coil is required for the
high electromagnetic interference (EMI) environment, which
also results in insufficient bandwidth [22], [23]. It is an inherent
contradiction to achieve the RCCS with both high noise immu-
nity and high bandwidth. In terms of low frequency, the non-ideal
dc and low-frequency characteristics of the RCCS cause severe
drift and droop errors, leading to the measured current being
severely distorted [24]. While the implementation of a reset
switch can mitigate the accumulation of drift errors over multiple
cycles, it does not eliminate the errors that occur during the
conduction process of the device [22], [25]. The RCCS is a
promising embedded current sensor capable of integration into
devices and converters, offering both current monitoring and
protection. However, the aforementioned challenges caused by
insufficient high-frequency and low-frequency characteristics
significantly constrain the widespread application of the RCCS.

Motivated by these challenges, the design methodology of
integrated RCCS with high performance is proposed and ap-
plied for the overcurrent protection of the MV SiC MOSFET

in this article. The novel Rogowski coil based on transmission
line theory and enhanced integrator is designed to improve the
high-frequency and low-frequency performance of the RCCS
significantly. The broadband RCCS without drift errors is real-
ized and integrated into the gate driver to monitor current and
protect the high-cost MV SiC MOSFET.

The rest of this article is organized as follows. In Section II,
the principles and challenges of integrated RCCS applied to
overcurrent protection are illustrated. In Section III, considering
the aforementioned limitations, the Rogowski coil based on the
transmission line theory is designed to realize high bandwidth,
and the enhanced integrator design method is proposed to im-
prove the low-frequency characteristics of RCCS. In Section IV,
the design of the isolated gate driver integrated with the proposed
overcurrent protection circuit is introduced. Comprehensive ex-
periments under different scenarios are presented to demonstrate
the advantages of the proposed overcurrent protection scheme
in Section V. Finally, Section VI concludes this article.

II. PRINCIPLES AND LIMITATIONS OF INTEGRATED RCCS IN

OVERCURRENT PROTECTION FOR MV SIC MOSFET

A. Principle of PCB-Embedded RCCS With
Broadband Integrator

The Rogowski coil is commonly utilized in current measure-
ment for wide bandgap semiconductor devices [26], [27]. As
shown in Fig. 1(a), the coil is composed of spiral-wound turns
and an air core, which senses the magnetic field generated by the
alternating current, producing a voltage signal proportional to
the differential of the current based on Faraday’s electromagnetic
induction law [28]. The structure of the coil can be replaced by

Fig. 1. Configuration of Rogowski coil. (a) Traditional coil. (b) Toroidal PCB
coil and cross section of each winding turn.

Fig. 2. Equivalent circuit model of RCCS with broadband integrator.

the printed circuit board (PCB) wingdings with fixed parameters,
as shown in Fig. 1(b).

The relationship between the output voltage vcoil of a toroidal
coil and the measured current i can be expressed as follows:

vcoil = −N
dφ

dt
= −N

μ0h

2π
ln

b

a

di

dt
= −M

di

dt
(1)

where μ0 is the permeability of vacuum. M, N, h, a, and b are
the mutual inductance, turns, thickness, and internal and external
diameters of the coil, respectively [29]. The output voltage of the
coil is proportional to the di/dt, with the proportionality constant
being the mutual inductance M. To improve the signal-to-noise
ratio, the coil with high mutual inductance is preferred in the
high EMI environment.

Then, the integrator processes the voltage signal to restore
the original current. The equivalent circuit model of the RCCS
is depicted in Fig. 2, which is composed of the coil stage and in-
tegrator stage. The equivalent circuit of the coil includes the self-
inductance Ls and the equivalent parallel capacitance Cep, which
limits the bandwidth of the coil under the resonant frequency.
Besides, the mutual inductance of the PCB-embedded coil with
an air core is typically lower than the current transformer with
an iron core [30]. Therefore, the active integrator is preferred to
improve the overall gain of the RCCS while combined with a
passive RC network to extend its high-frequency characteristics
[31], [32]. To achieve smooth and broadband integral character-
istics, the active and passive integrators are required to have
identical corner frequencies, as shown in Fig. 3. The corner
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Fig. 3. Frequency characteristics of RCCS.

frequencies of the integrators can be written as

fca =
1

2πRgCf
= fci =

1

2πRiCi
= f0dB (2)

where fca and fci are the corner frequencies of the active and
input passive integrators, respectively, and f0dB is the frequency
where the gain of the integrator is 0 dB. Besides, the passive
RC network is typically placed at the front end of the opera-
tional amplification (op-amp) to avoid overdrive of the op-amp
under high di/dt. Since the gain of the op-amp is limited, the
frequency characteristics of the integrator will be distorted in
low frequency. The frequency characteristics of the RCCS are
depicted in Fig. 3, and the output voltage of the RCCS in the
constant gain region between fL and fH can be expressed as
follows:

vout = K

∫
vcoildt = K

∫ (
−M · di

dt

)
dt = −MKi (3)

K = 2πf0dB =
1

RgCf
=

1

RiCi
(4)

where K is the integral gain. According to (3), the output of the
RCCS is proportional to the measured current. The gain of the
current sensor can be adjusted by changing the integral gain K,
thus applied to different current measurement scenarios.

B. Bandwidth Limitation of Integrated Rogowski Coil

The high-frequency characteristics of the coil are determined
by the parasitic components. As the frequency gradually ap-
proaches the resonant frequency, the coil will no longer reflect
the true current signal accurately. The output voltage of the coil
can be expressed as follows:

vcoil(s)=−sM · i
1

sCep
‖ Rd

sLs+
1

sCep
‖ Rd

=
−sMRd · i

s2LsCepRd+sLs+Rd

(5)
where Ls and Cep are the self-inductance and parallel capaci-
tance of the coil, respectively. Rd is the load resistance of the
coil [33].

The self-inductance and parallel capacitance can be written
as follows:

Ls = N2μ0h

2π
ln

b

a
(6)

Fig. 4. Impact of number of turns and shielding layers on bandwidth.

Fig. 5. Drift and droop errors of RCCS.

Cep =
4π2ε0(b+ a)

lg(b+ a)− lg(b− a)
(7)

where ε0 is the permittivity of vacuum.
The Ls and Cep will lead to the resonance of the signal in the

coil. The resonant frequency can be derived as follows:

fR =
1

2π
√
LsCep

=
1

2πN
√
2πhμ0ε0(b+ a) ln b

a
1

lg(b+a)−lg(b−a)

. (8)

To achieve high bandwidth for detecting transient current, low
self-inductance and parallel capacitance of the coil are required,
as indicated by (8). However, when the RCCS is integrated into
the MV converter, high number of turns and shielding layers
are necessary to enhance noise immunity [20]. This results in
increased Ls and Cep, significantly decreasing the bandwidth
of the coil, as shown in Fig. 4. Therefore, achieving the RCCS
with both high noise immunity and high bandwidth presents an
inherent contradiction.

C. Drift and Droop Errors of RCCS

Since the RCCS is a type of probe utilized in measuring ac
current, its nonideal dc and low-frequency characteristics will
cause drift and droop errors, as shown in Fig. 5. The input dc bias
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Fig. 6. Equivalent circuit model of transmission line with load. (a) Transmis-
sion line model. (b) Simplified model under condition of impedance matching.

will be amplified by the integrator, which may even lead to the
saturation of the op-amp. The low-frequency distortion of RCCS
results in the signal attenuation in this frequency band and the sag
of the overall waveform. Therefore, it is necessary to improve
the low-frequency characteristics of the RCCS to eliminate the
drift and droop errors for the accurate current detection.

Although the RCCS has the advantages of low invasiveness
and ease of integration, applying it to current monitoring and
protection for MV SiC MOSFET still faces two major challenges.

1) Challenge 1: How to realize the RCCS with both high
bandwidth and noise immunity for MV SiC MOSFET?

2) Challenge 2: How to improve the low-frequency charac-
teristics to eliminate the drift and droop errors?

III. PERFORMANCE ENHANCEMENT METHODS FOR

INTEGRATED PCB RCCS

A. Design of High-Bandwidth Coil With High Noise Immunity
Based on Transmission Line Theory

Due to the inherent equivalent self-inductance and parallel
capacitance, the impedance of the coil changes with frequency.
The high-frequency signal induced by transient switching cur-
rent will experience distortion when transmitting through the
coil. Designs to enhance noise immunity, such as increasing
the number of turns and incorporating shielding layers, tend
to exacerbate this issue. The Rogowski coil with transmission
line structure was developed to pursue bandwidth exceeding
gigahertz [34]. Nevertheless, the practicality of the previous
design is limited due to low mutual inductance and the neglect
of eddy current issues. However, the advantages of transmission
line structure can be utilized to overcome the constraint between
high bandwidth and high noise immunity, thus achieving a
practical RCCS with high performance for the MV SiC MOSFET.

The equivalent circuit model of transmission line with load is
shown in Fig. 6(a), and the input signal vi is transmitted through
the transmission line to the load side. The input impedance of
the transmission line can be expressed as follows [35]:

Z = Z0
RL + jZ0 tan (2πfd/vp)

Z0 + jRL tan (2πfd/vp)
(9)

where f is the frequency of the input signals, d represents the
length of the transmission line, and vp is the phase velocity of
the electromagnetic waves transmitting on the transmission line.
From (9), it can be observed that when RL equals Z0, the effect
of the entire transmission line with load is equivalent to that of
a pure load, and vo just equals vi, as shown in Fig. 6(b), which

Fig. 7. Structure of transmission line Rogowski coil. (a) Vertical view.
(b) Multilayer layout.

Fig. 8. Operating principle of transmission line RC. (a) Signal return path at
high frequency. (b) Magnetic field cancelation due to mirror return effect.

means that the signal no longer distorts with frequency during
transmission.

When the signal transmits through the Rogowski coil, the
self-inductance and parallel capacitance of the coil cause signal
distortion as the frequency increases, especially at the resonance
point. To facilitate wideband signal transmission through the
coil, reference planes are added for the signal windings, thereby
forming the transmission line Rogowski coil, as shown in
Fig. 7.

Since the return of signal follows the path with the lowest
impedance, the high-frequency signal tends to return via the
mirror path of the outgoing signal, as it creates the smallest
loop area with the lowest inductance [36]. The reference planes
provide return path for the signal, while the vias connecting
the first layer and fourth layer are placed close to the vias of
signal winding for the purpose of minimizing the return path, as
described in Fig. 8(a). Under this condition, the magnetic field
–Bc generated by the return signal is the exact opposite of Bc

generated by v0, as shown in Fig. 8(b). The central magnetic
field of the windings is canceled out, which means that the coil
does not exhibit self-induction effect, and the transmission of v0
is no longer affected by Ls.

Moreover, the distributed mutual inductance between the
signal routing and the reference plane L0 still needs to be
considered. Similarly, the distributed capacitance between the
signal routing and the reference plane C0 also needs to be taken
into account, as explained in the distributed-element model in
Fig. 9, where M0 is the distributed mutual inductance between
the circuit under test and the coil. v0 is the distributed induced
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Fig. 9. Distributed-element model of the proposed transmission line Rogowski
coil.

voltage in the winding. The characteristic impedance Z0 of the
winding can be written as follows:

Z0 =
√

L0/C0. (10)

Since the induced signal vs is distributed linearly over the
transmission line, the coil design needs to satisfy the require-
ment of double-ended impedance matching to avoid internal
signal reflection. In the PCB-embedded Rogowski coil with
the multilayer structure, the value of Z0 is determined by the
width of the trace, which can be accurately calculated by using
the PCB transmission line field solver, Polar Si9000. The trace
width is designed based on the practical considerations, such as
coil size and number of turns. To achieve impedance matching,
the value of Rs should be consistent with Z0. However, the
matching for Rd is more complex, as Rd is in parallel with
the subsequent integrator circuit. Because of the high-impedance
input characteristics of the op-amp, the input impedance of the
integrator circuit is dominated by the RC network, as shown
in Fig. 2. As frequency increases, the input impedance will
decrease and eventually approach Ri.

Therefore, the input resistance Ri should be significantly
higher than Z0 to reduce the impact on the impedance matching.
Wider trace for lower Z0 is preferred to achieve better decoupling
with the subsequent signal processing circuit. Even though the
parasitic capacitance of Ri affects the impedance matching of Rd

at frequencies up to hundreds of megahertz, Rd still maintains
impedance matching with Z0 over a broad frequency spectrum.
And then, the requirements of double-end impedance matching
can be briefly written as follows:

Rs = Z0 = Rd. (11)

When the source resistance Rs and load resistance Rd match
the characteristic impedance Z0, the induced voltage v0 can be
transmitted without loss and reflection in the signal winding.
The L0 and C0 no longer hinder the signal transmission, but
rather become essential conditions for the electromagnetic en-
ergy conversion, eliminating the constraint between bandwidth
and coil parasitic components.

Since the bandwidth of the transmission line coil is decoupled
from the self-inductance, increasing the number of turns does
not result in bandwidth reduction.

Fig. 10. Principle of shielding.

TABLE I
PARAMETERS OF THE PROPOSED COIL

Fig. 11. Input impedance of traditional coil and transmission line coil.

Moreover, the reference planes and vias collectively offer coil
the shielding capability, thereby enhancing the noise immunity,
as depicted in Fig. 10. The shielding provides a low-impedance
path for the common-mode current flowing through the parasitic
capacitance between the coil and the circuit under test [21].

In the traditional structures, the insertion of a shielding layer
typically introduces parallel capacitance, which subsequently
decreases the bandwidth. In contrast, the parallel capacitance
introduced is a part of C0 in the transmission line structure,
which is an essential condition to realize high bandwidth. In
order to achieve high noise immunity, a 60-turn coil with mutual
inductance of 5.64 nH and shielding layers is designed. The
structural parameters of the coil are shown in Table I. The
outer and inner diameters of the designed coil are 26 mm and
13 mm, respectively. The characteristic impedance of the coil
is calibrated as 40 Ω and remains constant as the frequency
increases, as shown in Fig. 11.

B. Solution to Eliminate the Impact of Eddy Current

The constant impedance of the coil ensures that the wideband
signals can be transmitted without distortion. However, the issue
of eddy currents induced by the high-frequency signals received
little attention after the implementation of shielding approaches.
With the rise of signal frequency, eddy current occurs and flows
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Fig. 12. Eddy current induced by shielding layers and vias.

Fig. 13. Principle of calibrating bandwidth and gain of Rogowski coil. (a)
Schematic diagram. (b) Test platform for calibration.

through the shielding layers and vias, ultimately impacting the
original magnetic field, as shown in Fig. 12.

In order to assess the impact of eddy current, it is necessary
to calibrate the frequency characteristics of the coil with a
wideband variable-frequency current source. This can be imple-
mented by paralleling the output of the vector network analyzer
(VNA) E5061B with a low-inductance short-circuit component,
transferring the voltage signal to current signal. The principle of
this method is displayed in Fig. 13. The source resistance of the
VNA is 50 Ω, which also means that the amplitude of the output
current signal is 1/50 (–34 dB) of the original voltage amplitude
when the output is short circuited. Then, the gain and bandwidth
of the RCCS can be accessed by the VNA forward transmission
coefficient S21.

The frequency characteristic of the coil measured by the
VNA is displayed in Fig. 14. Distortion occurs at mid-frequency
while maintaining differential characteristics at low and high
frequency, exhibiting a three-stage feature. To eliminate the
effects caused by the eddy current, a method of compensation
through the integrator is proposed, and the principle is shown in
Fig. 15.

Since the corner frequencies f1 and f2 can be identified
through the VNA, compensation for the coil characteristics can
be achieved by adjusting the corner frequencies of the active and
passive integrations, according to the identified f1 and f2. The
corner frequencies can be written as follows:

f1 =
1

2πRgCf
, f2 =

1

2πRiCi
. (12)

Fig. 14. Frequency characteristics (10 kHz–1 GHz) of the proposed transmis-
sion line coil.

Fig. 15. Principle of compensating coil distortion by integrator.

Fig. 16. Frequency characteristics (10 kHz–1 GHz) of the proposed RCCS
after compensation.

In this method, the coil characteristics distortion due to the
eddy current can be easily and perfectly compensated, and ulti-
mately achieving ultra-high bandwidth of approximate 300 MHz
(–3 dB), as shown in Fig. 16.

The parameter comparison between the previous RCCS and
the proposed RCCS for integration applications is shown in
Table II. Typically, the bandwidth is far lower than the resonant
frequency of the coil. It can be found that the high mutual induc-
tance and shielding layers significantly decrease the bandwidth
of the coil. The proposed RCCS based on the transmission line
theory features the highest bandwidth despite the addition of
the shielding layers and the presence of high mutual inductance,
which is even much higher than the state-of-the-art commer-
cial product Mini-50HF from power electronic measurements
(PEM). Benefiting from the characteristic of bandwidth being
decoupled with parasitic components, the proposed structure
demonstrates the potential to achieve higher mutual inductance
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TABLE II
COMPARISON OF RCCS IN INTEGRATION APPLICATIONS

Fig. 17. Drift and droop errors of integrator. (a) Drift errors caused by Ib and
Vos of op-amp. (b) Droop errors of rectangle current waveform.

without compromising bandwidth while equipped with shield-
ing layers.

C. Mechanism of Integrator With Drift and Droop Errors

Eliminating errors caused by nonideal dc and low-frequency
characteristics of the integrator is one of the main challenges
in the integration of RCCS. The drift errors are caused by the
inherent input bias current Ib and offset voltage Vos of op-amp
[21], as shown in Fig. 17(a). The continuous charging of the
feedback capacitor due to the Ib may lead to saturation of the
op-amp. In addition, the Vos of the op-amp is also the main
source of the drift errors. Typically, the Vos varies from tens
of microvolts to several millivolts, while the high-speed op-amp
usually has higher Vos. The tiny dc bias voltage will be amplified
thousands of times due to the extremely high dc gain of the active
integrator, which will severely impact the output of the RCCS.

To prevent the op-amp from saturation, Rf is connected in
parallel with the Cf to provide a discharge path for the bias
current Ib. After adding the Rf, the dc gain of the integrating
circuit can be expressed as follows:

Gd = 20 lg

(
1 +

Rf

Rg

)
< 20 lg (Aol) (13)

where the Aol is the open-loop gain of the op-amp. The output
voltage error Veos caused by the Vos can be written as follows:

Veos = 10
Gd
20 Vos. (14)

In addition, low-frequency attenuation of the RCCS causes
droop errors. Taking the rectangular current waveform with a
pulsewidth of 1 ms, as shown in Fig. 17(b), as an example, the
droop percentage δ1ms% can be written as follows:

δ1ms% = −0.2πfL% (15)

Fig. 18. Improved structure of integrator with low drift and droop errors.

where fL is the low-frequency cutoff frequency of the RCCS.
The fL is also the first corner frequency of the active integrator
after adding the Rf. To minimize the droop errors, the fL should
be designed as low as possible. This frequency is determined
by the value of Rf/Rg, at the premise of maintaining the integral
gain. The fL of the integrator with a feedback resistor Rf can be
expressed as follows:

fL=
1

2πRfCf
=

Rg

Rf
· 1

2πRgCf
=

Rg

Rf
· K
2π

≤ K

2π(Aol − 1)
.

(16)
According to (16), increasing the value of Rf/Rg contributes to

lower fL, thus decreasing the impact of droop errors. However,
this value is also limited by the open loop gain Aol of the
operational amplifier, which is not infinite. This means that the
fL cannot be approached to dc. Moreover, the increased dc gain
Gd due to the larger value of Rf/Rg will also cause more severe
drift issues according to (14).

D. Solutions to Dealing With Drift and Droop Errors

1) Design of Integrator Without Drift Errors: To avoid the
influence of Vos, the capacitance Cg is in series with Rg1 to
provide low-frequency attenuation for the integrator, as shown
in Fig. 18. After adding the Cg, the transfer function Gi of the
integrator is changed as follows:

Gi =

⎧⎪⎪⎨
⎪⎪⎩

20 lg(1 + 2πRf1Cgf), f < 1
2πRg1Cg

20 lg
(
1 +

Rf1

Rg1

)
, 1

2πRg1Cg
< f < 1

2πRf1Cf

20 lg
(
1 + 1

2πRg1Cff

)
, f > 1

2πRf1Cf
.

(17)

At low frequency, the gain of the integrator reduces with the
frequency decrease and eventually drops to 0 dB at dc. In this
way, the impact of Vos can be eliminated. The value of the Cg

ought to fulfill the subsequent expression so as to preserve the
low-frequency capability of the RCCS

Cg ≥ 1

2πRg1fL
. (18)

However, the input bias current of the op-amp will completely
flow through Rf1, after adding Cg. The error caused by Ib, i.e.,
Veb can be expressed as follows:

Veb = IbRf1. (19)
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Fig. 19. Characteristics of RCCS with enhanced integrator.

Typically, to ensure sufficient low-frequency characteristics,
Rf1 is selected to be relatively high, which contradicts the
requirement of mitigating the error caused by Ib, according to
(19). It is important to balance the need for low-frequency perfor-
mance with the impact of the input bias current. Considering the
necessity of using a high Rf1 in the megohm range, the FET-input
op-amp with bias current on the order of picoampere is employed
in the integrator, contributing to a negligible output error.

2) Method to Reducing Droop Errors: Benefiting to the en-
hanced integrator circuit with a dc gain of 0 dB, it is feasible
to maximize the value of Rf/Rg and adopt the op-amp with high
Aol, thereby achieving superior low-frequency performance, as
shown in Fig. 19. However, the nonideal characteristics of the
op-amp can also lead to stability issues in the system. Since the
closed-loop gain of the active integrator circuit remains unity
beyond the corner frequency, it is essential that the selected
op-amp exhibits unit gain stability to ensure the overall stability
of the circuit. This implies that the op-amp must maintain an
adequate phase margin when its open-loop gain is 0 dB.

In summary, the selection of op-amp for the enhanced inte-
grator should satisfy the following requirements:

1) high bandwidth;
2) high open-loop gain to ensure sufficient low-frequency

characteristics;
3) FET-input type with extra-low input bias current;
4) Unity-gain stability to avoid instability of the integrator.
In addition, a voltage amplification circuit is connected in

series after the integrator to adjust the gain and improve the
signal-to-noise ratio. To satisfy the requirements mentioned
above, the FET-input op-amp OPA817 with the characteristics of
high bandwidth, high Aol, and stability at unity gain is selected
as the integrator amplifier [21]. The OPA818 with high output
voltage and gain bandwidth product (GBW) of 2.7 GHz is
adopted in the voltage amplification circuit [38]. The parameters
of the enhanced integrator are listed in Table III.

IV. DESIGN OF GATE DRIVER INTEGRATED WITH PROPOSED

OVERCURRENT PROTECTION CIRCUIT

A. Hardware Design of Overcurrent Protection Circuit With
Proposed RCCS

The overcurrent protection circuit includes driving circuit,
current monitoring circuit, and soft turn-OFF circuit, as shown

TABLE III
PARAMETERS FOR ENHANCED INTEGRATOR

Fig. 20. Circuit structure of gate driver with soft turn-OFF function.

in Fig. 20. The totem pole provides sufficient driving current
IDM for the devices in normal operation. In addition, the current
monitoring circuit includes the proposed RCCS and a high-speed
comparator. To avoid insulation issues, the coil is installed at
the source of the device under protection, and the output is fed
back to the corresponding gate driver. When the device current
ids exceeds the preset threshold, the comparator on the gate
driver generates a fault signal, which will be latched by the
logic circuit with extra-low propagation delay time (td). Then,
the p/n channel MOSFETs of the totem pole will be turned OFF

at the same time. The gate charge of the device is released
through a high-impedance path, decreasing the gate voltage Vg

slowly. This approach prevents the device from experiencing
severe voltage overshoot caused by rapid turn-OFF current under
overcurrent conditions. The turn-OFF speed during this phase can
be adjusted by changing the impedance RH in the turn-OFF path.
In addition, upon entering fault mode, the gate voltage of device
is monitored and fed into another high-speed comparator. When
the gate voltage drops below 5 V, another low-impedance path
is activated, completely turning OFF the device.

The aforementioned circuit is located in the post isolation
stage of the driver, where both the totem-pole and soft turn-
OFF circuits are controlled by driver ICs with fast propagation
delays, combined with a high-speed signal processing circuit,
thus enabling a swift response to fault signals. The components
for the overcurrent protection circuit are listed in Table IV. The
prototype of the designed gate driver is shown in Fig. 21.

B. Isolation Design of the Proposed Gate Driver

In addition, the high voltage and high dv/dt of MV devices
impose stringent requirements on the signal and power isolation
of the driver when the driver is applied to the upper switch.
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TABLE IV
COMPONENTS FOR THE PROPOSED OVERCURRENT PROTECTION CIRCUIT

Fig. 21. Prototype of gate driver with the proposed RCCS.

Optical fiber is used for the signal transmission, providing ex-
cellent isolation performance. The isolation between the driving
circuit and the ground is achieved by the gate driver power
supply, which is required to exhibit high insulation performance.
Besides, the common-mode current generated during the fast
switching transient would flow through the driving circuit and
the corresponding signal processing circuit, and ultimately in-
jected into the ground via the isolated power supply. Typically,
isolated power supply with extra-low coupling capacitance, or
the gate driver with noise-free isolation architecture for signal
processing circuit, is adopted to deal with the common-mode
issues [22], [39].

In this study, the magnetic isolation is employed, with the
transformer windings using the triple-insulated wire to ensure
excellent insulation performance. The design features low turns
and weak coupling, contributing to low coupling capacitance.
The output of the isolated power supply is connected to a high-
efficiency power regulation circuit, providing stable and reliable
power rails for the gate driver and signal processing circuit.
The designed gate driver power supply for the adopted 3.3-kV
SiC MOSFETs has dimensions consistent with the MGJ6D052005
from Murata. The coupling capacitance of the gate driver power
supply is only 3 pF at 10 MHz, which is lower than that of
the commercial product, meeting the common-mode rejection
requirements for MV SiC devices, as shown in Fig. 22.

V. EXPERIMENTAL VALIDATION

A. Multipulse Test for the Proposed RCCS

To verify the performance of the proposed RCCS, the mul-
tipulse test setup is built with the 3.3-kV, 24-A SiC MOSFET

G2R120MT33J. The switching speed of the device can extend
to 100 V/ns, which can replicate severe electric field interference
in the MV converter. Besides, the low current amplitude and
high electric field interference impose stringent requirements

Fig. 22. Coupling capacitance of commercial and designed gate driver power
supply.

Fig. 23. Developed multipulse setup with the proposed RCCS.

on the noise immunity of the RCCS. In the experiment, the coil
is installed at the source terminal of the devices, and the output
signal is fed back to the gate driver board, as shown in Fig. 23.
To evaluate the real current waveform of the device, the coaxial
resistor SDN-025 with a bandwidth of 1.2 GHz is inserted at the
return path of the current, which is immune to the interference
of electric field.

The gain of the RCCS is configured to 50 mV/A, and the oper-
ating voltage of the op-amp is about ±4 V, allowing for precise
measurement of the current within ±80 A. The multipulse test
results are shown in Fig. 24, where the drift and droop errors were
effectively eliminated by adopting the enhanced integrator.

The waveform measured by the developed RCCS is close to
that measured by the SDN-025, demonstrating its capability of
measuring the switching current of the device. To verify the
noise immunity of the developed RCCS, the transient current
measurement results under high dv/dt are also displayed. It
can be found that the measurement errors still persist during
switching transients. The accurate measurement of small cur-
rents under high electric field interference remains a challenging
issue, and even the probes potentially introduce noise. This not
only requires the coil to have a high noise immunity but also
places demands on the noise immunity of the signal processing
circuits.
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Fig. 24. Measurement result of multipulse test at Vdc = 2.5 kV.

Fig. 25. Overcurrent cases. (a) FUL. (b) HSF.

B. Experimental Evaluation of the Proposed RCCS Under
Various Overcurrent Conditions

The overcurrent cases typically include the fault under load
(FUL) and hard switch fault (HSF), as shown in Fig. 25. In
the case of FUL, current flows through the inductive load and
the ON-state switch S2, while a fault occurs and the switch S1 is
turned ON, leading to surging current. The overcurrent protection
circuit is required to turn OFF the device softly when the current
exceeds the threshold and avoid excessive voltage overshoot, as
shown in Fig. 26(a).

The threshold current for protection is set at 50 A, which is
within the measurement range of the RCCS. And the threshold
current is approximately twice the rated current of the device,
corresponding to an output voltage of 2.5 V for the RCCS. This
consideration accounts for reverse recovery current and noise
during normal switching operations. When the current exceeds
the threshold, the fault signal will be set to “1,” and the ON-
state switch S2 is softly turned OFF with a slight overshoot, as
displayed in Fig. 26(b). The short-circuit current is accurately
measured by the developed RCCS, and the device is reliably
turned OFF at approximate 200 ns with a peak current of 125 A.

In the case of HSF, the dc-link voltage is directly applied
to the device, which is accidentally turned ON, and the current

Fig. 26. Experimental results of overcurrent protection test under FUL con-
dition. (a) Normal turn-OFF under approximately twice rated current. (b) Soft
turn-OFF under surging current.

Fig. 27. Experimental results of overcurrent protection test under HSF condi-
tion. DC-link voltage: 2.5 kV and gate resistance: 8 Ω.

increases rapidly until saturation, as shown in Fig. 25(b). If the
device cannot be turned OFF within a limited time, it may be
damaged due to the huge heat generated during the short-circuit
period. To verify the proposed overcurrent protection scheme
under the HSF condition, the single-pulse test is operated, where
the switch S1 is short circuited, and the switch S2 is turned ON

under the dc-link voltage of 2.5 kV. The results are displayed
in Fig. 27. After the device is turned ON, the current increases
and exceeds the threshold within 50 ns. The protection circuit
reacts quickly and reliably turns OFF the device within 200 ns.
The maximum current of the device reaches about 87 A under
this condition.

To demonstrate the robustness of the proposed protection
circuit, comprehensive FUL and HSF experiments are conducted
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Fig. 28. Overcurrent experiments with DC-link voltage vary from 1 to 2.5 kV.
(a) Under FUL conditions. (b) Under HSF conditions.

Fig. 29. Overcurrent experiments with gate resistance vary from 2 to 8 Ω.
(a) Under FUL conditions. (b) Under HSF conditions.

under different conditions, including various dc voltages, gate
resistances, and gate voltages, as presented in Figs. 28–30, re-
spectively. The experimental results indicate that the overcurrent
protection circuit detects the fault quickly and the device is safely
turned OFF within 200 ns in various overcurrent conditions.
The device current ids and the output voltage of the RCCS
vrccs are depicted by the solid and dashed lines, respectively,
in the waveforms at the top of Figs. 28–30. Since the operating
voltage of the op-amp is typically slightly lower than its supply
voltage, which is ±5 V in this design, the RCCS is unable

Fig. 30. Overcurrent experiments with gate voltage vary from 16 to 20 V.
(a) Under FUL conditions. (b) Under HSF conditions.

to fully replicate the peak short-circuit current, resulting in
signal clipping. However, the fault threshold corresponds to an
output voltage of 2.5 V for the RCCS, and this voltage can be
accurately detected. In addition, the RC network at the front end
of the op-amp effectively prevents input signal distortion and
the potential risk of the failure of the op-amp.

Since the device is already in the ON-state when the fault
occurs, the peak short-circuit current generated under FUL
conditions is typically higher than that generated under HSF.
Among the experiments, the impact of the gate resistance on the
overcurrent waveforms is the most significant. With a lower gate
resistance, the current rise rate is significantly accelerated, and
the peak current reaches 130 A and 133 A under the FUL and
HSF conditions, respectively. The proposed protection circuit
can still reliably turn OFF the device at the 2 Ω gate resistance
while keeping the vds with oscillation not exceeding 3 kV.
Comprehensive experiments demonstrate that the proposed pro-
tection circuit can deal with overcurrent faults under various
conditions and protect the devices safely and reliably.

VI. CONCLUSION

The RCCS is a promising embedded current sensor, offering
both current monitoring and protection for the devices and
converters. However, the insufficient high-frequency and low-
frequency characteristics significantly constrain its widespread
application. In this article, the design method of broadband
RCCS with high performance is proposed and applied to over-
current protection for MV SiC MOSFET. In the case of high
frequency, the novel coil based on the transmission line theory
is proposed to overcome the constraint between bandwidth and
parasitic components. Benefiting from this feature, the coil with
high bandwidth of approximate 300 MHz with high number of
turns and shielding layers for high noise immunity is achieved.
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The impact of eddy current after inserting the shielding is
discussed and eliminated through integrator compensation. In
the case of low frequency, the mechanism of drift and droop
errors of the integrator is revealed. The drift errors are elim-
inated by adding low-frequency attenuation of the integrator,
and the low-frequency characteristic of the RCCS is improved to
minimize the impact of droop error. The overcurrent protection
scheme based on the developed RCCS is demonstrated through
comprehensive FUL and HSF experiments, exhibiting extra-fast
response and reliability. The proposed broadband RCCS based
on the transmission line theory shows potential in fast and
reliable protection for the MV SiC devices. It could be further in-
tegrated into the power electronics system, thus enabling precise
current monitoring. Moreover, a more compact design and faster
switching speed are prioritized in the power electronics system
to enhance the overall performance. This demands the integrated
current sensors with improved noise immunity capability so
as to achieve seamless operation under extreme electric field
environments. Additional techniques are necessary for the coil
and its corresponding circuit to further enhance noise immunity
while combined with the proposed broadband RCCS to meet the
integration requirements for more application scenarios.
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