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Abstract

The Solid-State Circuit Breaker (SSCB) is a critical device for the protection of DC
power distribution systems such as those found in renewable energy and aerospace
applications. With the development of the DC distribution system at medium volt-
age levels that are over 1kV and the requirement of the SSCB short circuit per-
formance becomes more critical to protect the network. Therefore, an optimised
control system to minimize the overcurrent and short circuit time when the fault
occurs for SSCB based on SiC MOSFET is introduced in this thesis. The maximum
short circuit survival time is a critical parameter to evaluate the MOSFET short
circuit ability. Therefore in this thesis, the maximum short circuit survival time of
three different SiC MOSFETSs from the same family is estimated from three different
experimental circuit characters, including the overcurrent and overvoltage, the Gate
state and the safety junction temperature, and used to designed the control system
for short circuit test. The shut down time of different MOSFETSs is obtained from
the short circuit test to evaluates the performance of the control system. The shut
down time of MOSFET driven by convex drive signal is the shortest, followed by
linear, and the concave drive signal is the longest. Meanwhile, the shut down time
decreases with the drive signal drop speed increasing. In addition, the MOSFET
with higher on-state resistance has the shorter shut down time. In the future, the
high power applications require the higher rated voltage SSCB, therefore, the series
or parallel connected MOSFETSs are proposed to increase the rated voltage and cur-
rent of SSCB. To avoid the voltage and current, which are higher than rated values,
applied to and flowing through the individual MOSFET to destroy the device, the
control system are required to generate the synchronous drive signals to control the
MOSFET, which is a challenge for the future drive signals and control system.
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CHAPTER 1

Introduction

The development of DC power distribution systems has significantly increased in
pace in recently years. The requirement of high performance DC circuit break-
ers to protect the DC grid and devices from faults is more critical in these higher
rated voltage systems, and have to minimize both the overcurrent and noise, whilst
demonstrating shorter short circuit time. Because the DC current has no natu-
ral zero point, and the fault current rise speed is significantly faster than in an
equivalent AC system, the AC circuit breaker cannot be used in DC circuit pro-
tection. Traditional mechanical DC circuit breakers were developed from the AC
circuit breaker to protect large scale DC circuits. Passive mechanical DC circuit
breakers use LC oscillation circuits to generate an artificial zero point in the fault
current to trigger the blocking of the DC circuit, and the active mechanical DC
circuit breaker uses the capacitor to decrease the overall duration of the oscilla-
tions. The mechanical DC circuit breaker is a low loss, high control reliability and
low cost breaker, and the first mechanical HVDC circuit breaker was installed in
2017 [1]. However, the mechanical DC circuit breaker has the drawback of slow
reaction speed and short operational life [2], which results in a large the short cir-

cuit time when a fault occurs. To decrease the short circuit time, the solid-state



circuit breaker (SSCB) has been proposed [3]. SSCBs use semiconductor devices
to control the conduction in the circuit. When the faults occur, the semiconductor
device will block the circuit within a short period and the energy in the system will
be absorbed by an overvoltage component, such as a metal oxide varistor (MOV).
The SSCB has the advantages of smaller volume, faster response speed and high
reliability in comparison to the mechanical breaker [4]. However, the power loss
during normal operation of the SSCB is large and the overcurrent during a fault is
significantly large when the SSCB is used in the high power applications [5]. The
overcurrent results in the generation of significant electrical noise when the circuit
is blocked and has the potential to destroy the semiconductor device in SSCB [6].
Therefore, a large number of research has focused on decreasing the overcurrent and
short circuit time to improve the performance of SSCB which used in DC circuit
protection applications [7] [8] [9] [10].

The MOV is an useful solution to reduce the overcurrent, which is paralleled with
the semiconductor device. When the semiconductor device conducts, the potential
difference between the MOV terminals is low and so the MOV will have a high
impedance and so the current will low through the semiconductor devices. When
the semiconductor devices blocked, the surge in the circuit results in the increase of
voltage across MOV and the decrease of MOV resistance. Therefore the overcurrent
will low through the MOV rather than the semiconductor devices. The fault energy
is easier to be absorbed by MOV which is also helpful to reduce the overcurrent in
the system. However, the MOV increase the volume of the SSCB and will wear out
under repeated fault conditions.

A novel short circuit detection circuit and feedback control system is proposed to
replace the control for the conducting and blocking operation of the semiconductor
device, which will not increase the number of device required in the SSCB [11].
The control system generates the stepped drive signal to block the MOSFET in the
SSCB. When the fault occurs, the short circuit detection circuit detects the fault
current and the Gate-Source signal for the MOSFET will drop from 18 V to 9 V,
which is the Gate plateau voltage. Meanwhile, the Drain current will drop from 160

A to 40 A, but not directly drop to zero. The drive signal will remains to 8 V for



600 ns and subsequently drop to -5 V to totally block the MOSFET, and the Drain
current will remains to 40 A for the same 600 ns before dropping to 0 A. In the
traditional pulse control signal, the step control signal can significantly reduce the
impact of the overcurrent on the circuit when the short circuit fault occurs. This
can be observed from that the noise in the Drain current for a MOSFET driven
by the step control signal which is significantly smaller than that driven by pulse
control signal. However, the 600 ns plateau results in an increase in the short circuit
time and with the increase of the application voltage, the number of the steps in
the waveform will increase and this will result in a longer plateau in the control
signal. Therefore, it is a challenge to reduce the short circuit time and overcurrent
using the technique because the improvements in one of parameters results in the
degradation in the performance of the other. To solve this issue, novel control signals
are introduced in this thesis to balance the overcurrent and short circuit time.

In this thesis, continuously changing drive signals, that are described as linear,
convex and concave, are used to replace the step control signal during the transition
to the blocking condition to eliminate the plateau to reduce the short circuit time.
The short circuit performance of all three drive signals will be compared to select the
optimized drive signal to control the MOSFET in a SSCB application. To identify
the optimum conditions to minimize the short circuit time and overcurrent, multiply
drive signals with different transform time from maximum to minimum voltage will
be evaluated to obtain the optimized value. In addition, three SiC MOSFETs with
different on resistance from the same family were evaluated in this thesis to identify
the impact of the on resistance and Gate charge on the short circuit performance
and to identify the optimum MOSFET to realize the SSCB for 270 V DC protection.
Finally, two different fault current detection methods, based on the current shunt
and voltage divider were tested and the performance is compared in this thesis to

optimize the performance of the control system.



The structure of the rest of the thesis is as follows: in Chapter 3, a short circuit
test platform is introduced and short circuit tests with pulse control signals are used
to determine the short circuit characteristics and maximum short circuit withstand
time of different MOSFETSs to support the design and construction of the control
system. The short circuit performance for a SSCB system driven by a pulse can be
used to enable the comparison of the system performance when driven by the novel
drive signal.

In Chapter 4, a novel control system for the Gate-Source voltage of the MOSFET
based on FPGA is introduced. The FPGA is used to collect the current and voltage
levels in the SSCB in real time to identify the working condition of the main circuit,
and generate the corresponding drive signal to minimize the effect of any fault con-
ditions. The novel drive signal has three operating conditions, described as normal,
transform and error. When the main circuit operates under normal conditions, the
FPGA will generate the normal drive signal, which maintains the MOSFET in nor-
mal conduction conditions. When the fault occurs, the current in main circuit rises
rapidly and the FPGA generates the linear, convex and concave transform signal to
place the MOSFET into blocking. The FPGA generates the error drive signal to
ensure the MOSFET remains in blocking until the fault has been cleared. The type
and shut down time of the drive signal are all controlled by the FPGA which enable
flexibility to optimize the control signal for a specific application.

In Chapter 5, a short circuit test platform and the control system with isolation
and amplifier circuit is introduced. Meanwhile, the short circuit performance of
the novel drive signals is determined. To obtain the optimum drive signal, three
different drive signals with different transform time, including the linear, convex
and concave drive signal, are tested in Chapter 5 and the drive signal with the
shortest short circuit time will be the optimum choice. To compared the impact of
different MOSFETSs on the novel drive signal short circuit performance, three SiC
MOSFET with different on-state resistance from the same family are tested, and
the advantages and drawbacks of the current shunt and voltage divider detection are

also introduced in Chapter 5. Finally, the optimum drive signal and control system

for SiC MOSFET based SSCB is summarized.



In Chapter 6, the conclusion of all Chapters is Summarized. Meanwhile, the
future work and potential improvement of the novel drive signal and control system
are introduced.

In this thesis, the short circuit characteristics of SiC MOSFETS, from the same
family, has been verified to obtain the fault reason of the MOSFETs. The test
results are used to design the control system in Chapter 4 and can be used as a
reference for other experiments using the MOSFETSs from the same family. A novel
drive signal with three parts, including the normal part, adjustable transform part
and error part is designed based on FPGA. The MOSFET drive ability has been
verified in Chapter 4. Be different with the traditional pulse drive signal, the novel
drive signal can minimize the overcurrent and short circuit time by changing the
waveform and drop speed of the transform part. Therefore, the SSCB controlled by
the novel drive signal can limit the overcurrent without the external device, such as
the MOV, during the fault, which reduces the number of devices used in SSCB and
the weight and volume of the SSCB. This makes the SSCB, controlled by the novel
drive signal, has advantages in the applications which have the critical requirement
of weight and volume. The results have been verified in Chapter 5 and can be used

as a reference to drive the MOSFETSs from the same family.



CHAPTER 2

A review of SSCB

2.1 Overview of SSCB

Short circuit faults may occur in a power system which results in the devices of the
power system becoming damaged by huge overcurrent and overvoltage. Therefore,
to protect the devices and ensure the safety of the overall circuit, a protection circuit
is required to block the current flow. A fuse is an example of a protection circuit for
power systems, which is composed of a metal and protective case. When the short
circuit fault occurs, the overcurrent results in the rapid rise of the temperature of
the wire and the fuse will melt to block the current in the circuit. However, fuses
cannot be controlled which cannot meet the requirement of the smart power sys-
tem development. Therefore, circuit breakers based on controllable semiconductor
devices are proposed to replace fuses to protect power systems. Solid state circuit
breaker (SSCB) is a no moving parts semiconductor apparatus, which is used to pro-
tect electrical circuits from fault overcurrent interruption. The main components of
a SSCB are the power semiconductor device, the feedback control system and the
voltage clamping circuit [12]. The power semiconductor device is the main part of

the SSCB which is used to block and conduct the main circuit. The feedback signal
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Figure 2.1: The block diagram of SSCB components

iFeedback 18 @ signal level measurement, which transform the main circuit working
condition and is obtained by the current shunt. The voltage and current sensor
can measure the voltage across the power semiconductor and the current through
the main circuit, which can be used to judge the main circuit working conduction.
The control system can generate the corresponding drive signals to control the con-
ducting and blocking of power semiconductor, according to the working state of the
main circuit. When the main circuit works normally, the control system will conduct
the power semiconductor, and when the main circuit faults, the control system will
block the power semiconductor. The clamping circuit is used to protect the power
semiconductor device from the overvoltage during the short circuit fault. The block
diagram of typical SSCB components is shown in Figure [2.1]

The power semiconductor is the key device in SSCB to control the conduction
and blocking mode operation of the circuit according to the circuit state. It is
required to have a high rated voltage and high switching frequency to enable higher
voltage and fast reaction applications . However, the overvoltage that occurs

across the power semiconductor during the overcurrent fault can be significantly
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higher than the rated voltage, therefore, the voltage clamping circuit is necessary
in SSCB to limit Vggop and protect the power semiconductor . The control
system has two sections, including the sensors, including the current sensor and the
voltage sensor, and the Gate-drive circuit. The current and voltage sensors collect
the feedback current and voltage signals from the main circuit and transform the
signals to the Gate-drive circuit, which will generate the corresponding drive signal

to control the power semiconductor devices [15].
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Figure 2.2: Typical waveform of the SSCB

A typical waveform of the SSCB during the short circuit fault is shown in Fig-
ure . Under normal working conditions, the power semiconductor device
stays in the on-state where Vggep is low, and the gate drive circuit generates suf-
ficient Gate-Source voltage to keep the power semiconductor in a stable and low
on-resistance state. When the overcurrent fault occurs, the current through the
power semiconductor begins to rise rapidly limited by the inductance in the circuit.
The current sensor will collect the current feedback data and it will be compared
with the threshold. When the feedback data exceeds a threshold, the control system
judges that the circuit operation state has changed from normal to error and the

drive circuit controls the power semiconductor to block the current flow to protect
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the circuit from the excess current. As the power device is operating in blocking,
the Issop reduces to zero and Vggep rises. To ensure the safety of the circuit, the
SSCB is designed to block the circuit as rapidly as possible, however this results
in significant dI/dt and dV /dt, which may result in rapid temperature rise inside
the MOSFET and destroy the whole device [16]. The voltage clamping circuit is
included to mitigate this problem. The circuit limits the overvoltage and keeps it
within a safe range and allows the increased Isscg to pass through the clamp circuit
to protect the power semiconductors from the short circuit current damage. The
flow of current in the clamping circuit allows the Ige to rise almost simultaneously
with the drop in the current through the semiconductor device. The current through
the device keeps decreasing to release the fault energy until it reaches zero. After
that, the circuit remains in the blocking state, where the current remains at zero
and the voltage is at the system voltage.

In recent years, the SSCB is widely used in many applications, especially those
operating at low voltage (48-1500 V) and lower range of medium voltage (5-10
kV) [12]. This is because the SSCB has many significant advantages, compared
with the traditional electromechanical breakers and fuses [2].

Firstly, the SSCB contains no moving parts which reduces risks from the arc,
which appears during the process of contact separation. The circuit control of SSCB
is realised by controlling the condition of the semiconductor devices, while the elec-
tromechanical breakers control the circuit by the movement of metal contacts, when
the fault occurs and the metal contacts will become physically separated. However,
in contrast with the AC current that is common in large scale transmission and
distribution, DC current does not have natural zero current crossing points, which
results in the arc always appearing during the mechanical contacts separation pro-
cess. Arcing will result in the generation of significant noise and reduce the service
lifetime of the breakers by melting the metal contacts and potentially risking burns
to the operators [17]. Compared with electromechanical breakers, SSCB has lower
safety risks, and no moving parts reducing the maintenance costs and extending the
service lifetime of breakers.

Secondly, the response time and shut down time of the semiconductors based
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solutions are typically more than three orders shorter than those of magnitude elec-
tromechanical breakers. The current flow through the SSCB is controlled by the
Gate-Source voltage of the power semiconductor device, and once it is lower than
the threshold voltage, the channel in power semiconductor device will be closed
with a several microseconds turn off time. The turn off time during the short circuit
fault is larger than the data shown in MOSFET datasheet, because the condition is
different. Considering the system delay, the whole shut down time of SSCB, from
the detection of the short circuit to the interruption of the current flow interrupted,
could be several microseconds. In contrast, the electromechanical breakers rely on
the movement of metal contacts to control the current flow in the circuit. The
mechanical movement takes a greater time than blocking the electronic charge, fur-
thermore, the arc further delays the shut down time as the circuit is fully blocked
only after the disappearance of the arc [1§]. This results in the total shut down time
of electromechanical breakers being significantly longer than that of SSCB, and may
reach several milliseconds [3].
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Figure 2.3: Response time of SSCB and electromechanical breaker

Moreover, because of the fast reaction ability, SSCB can interrupt the short

circuit current during a short time and limit the peak value of overcurrent and
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the fault energy. As shown in Figure [19], when the fault occurs, the fault
current will rise rapidly and remain the steady state value. As the reaction time of
SSCB is several orders of magnitude shorter than that of electromechanical circuit
breakers, the peak current value through the SSCB before turn off is much smaller
than the current through the electromechanical breakers. Finally, the SSCB has
less electrical noise compared with the electromechanical breakers, which can be
attributed to the lack of moving parts. Besides the advantages mentioned above,
SSCB also offers several additional benefits for most power distribution applications

and some special applications.

2.2 SSCB Applications

With the development of power semiconductor technology, the performance of SSCB
is increasing in terms of the rated voltage reducing, power loss and the short circuit
current withstand time, hence the SSCB is more and more widely applied in power
distribution systems and renewable energy system to replace traditional electrome-
chanical circuit breakers. Applications include the shipboard distribution system,
computer database installations, aircraft and high-altitude flight power distribu-
tion and power supply systems, the protection for battery systems using renewable
energy storage, renewable energy power station, DC power converter protection,
railway transportation and the infrastructure for electric vehicle charging. Among
them, the applications on aircraft and high-altitude flight, with renewable power
system, are very attractive. High-altitude solar flight can supply the global strato-
spheric earth observation services to service for a wide range of applications such
as maritime surveillance, border monitoring, mapping, forest fires and emergency
response. Advanced solar panels system provides the high-altitude solar flight with
long-lasting autonomous operation capability for months. The solar panels system
with advanced SSCB can further improve the reliability of high-altitude solar flight
in global stratospheric earth observation services [20]. The advantages and devel-
opment of the SSCB in these applications will be introduced in this section, with

protection future improvements and technical requirement will also be described.
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2.2.1 SSCB applied on shipboard power distribution sys-

tem

Considering the high reliability requirements for shipboard distribution systems, DC
distribution is preferred as it can directly connect with the energy storage system
and redundant buses. Therefore, a more efficient, faster protection and increased
reliability DC circuit breaker is necessary, which supports the application of SSCB
[19]. Shipboard systems now mostly use low-voltage DC power distribution systems
to connect the variable frequency drives and other loads with the DC feed, which
reduces the weight and the volume necessary for the front-end AC/DC converters
[21]. A range of SSCB topologies are widely used, including the Coupled-Inductor
DC breaker and bidirectional Coupled-Inductor DC breaker [22]. However, the
future shipboard requires the integration of a wider range of power sources and loads
connected to a common bus, which increases the voltage and power levels of the DC
bus and leads the power transmission from generation to electrical zones where
the performance aligns with medium-voltage DC systems [23|. New challenges for
SSCB relates to improving the availability and reliability for 1000 V/ 1000 A medium
voltage level applications, as the higher voltage level brings higher overcurrent during

fault conditions [24].

2.2.2 SSCB applied on data centre

Data centres play an important role in data storage and provision of the internet.
With the sharp increase in the number of cloud-based services, a significant increase
in the number of data centres is expected, but this increase results in need for
the higher reliability and higher power level for the individual data centre [25].
Compared with the traditional AC power distribution system, DC power distribution
has huge advantages in increased efficiency and reliability. Under the same working
conditions, the conduction loss of DC distribution is just 37% of the equivalent
AC system, which results in an increase of 1%-2% in the efficiency for DC power
distribution 26| [27]. The uninterruptible power supply of DC distribution requires

fewer transformers and converters in comparison to AC system, resulting in increases
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in the reliability of the DC distribution system [28]. As the power interruption
for data centre has a huge impact on the economy and the data centre consumes
around 8% of the total world energy, there are extremely stringent requirements in
terms of the efficiency and reliability for the data centre power supplies and the AC
distribution system are generally replaced by DC networks [29] [30]. Meanwhile,
the circuit protection for AC distribution, like the fuses and the molded case circuit
breakers, are not suitable for DC operation, because they cannot meet the fast
operation requirement and this limitation results in the circuit breakers have the
maintenance and limitation problems under repetitive operation. Hence, a SSCB
based on a Silicon Carbide Static Induction Transistors (SiC-SIT') has been proposed
to protect the DC distribution system [31]. The SIT structure has very low on-state
resistance which is around 1.1 m€Q [32] and large safe operating area compared with
fuses which ensure reduced power loss and higher reliability [33] [34]. Therefore, the
number of the device used in parallel connection can be reduced and the conducting
power loss is low. Be different with the existed semiconductor DC circuit breakers
investigation, SiC-SITs can reduce the overvoltage during the fault by gate drive
control, rather than the additional circuit components. Therefore, the control system
designed in this thesis is easier to reduce the impact of short circuit overvoltage on
the main circuit with SiC-SIT [31]. The SSCB which has advantages in power
management is one of the hot topics for future data centre in current research
[35] [36] [37] [38] [39]. The electrical load of a data centre can be considered as
comprising an inflexible load, which must not lose the power supply during the fault
condition and flexible load, which could be directly cut off from the system during
the fault condition. Therefore, the solid state circuit breaker that can identify load
types and implement different short-circuit protection schemes offers a significant
advantage over conventional technology to improve the overall performance of the

data centre [25].

2.2.3 SSCB applied on aircraft

The development of the aviation industry promotes the move to aircraft with a
greater level of more electric aircraft and the all electric aircraft. Compared with
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the traditional aircraft which operate using pneumatic, hydraulic and mechanical
energy as the main power source for actuators, the more electric aircraft has signifi-
cant advantages in reliability, ease of maintenance whilst offering lower through life
costs ability and the functionality often referred to as the more electric aircraft [40].
The power distribution system of more electric aircraft is based on a combination of
a DC and an AC power system at the same time. Because the DC power distribution
system has the advantages of low line voltage drop, high power supply quality, light
weight and reliable operation, the protection and safe operation of DC power distri-
bution system becomes critical [41]. The requirements of the DC power distribution
system are fast response to fault conditions, simple structure, light weight, lower
volume and high reliability. Bidirectional protection is also required in aerospace to
isolate the fault from either the source or the loads. Therefore, the slow reaction
speed electromechanical breaker and fuses are not suitable, and the SSCB is the
best choice [42]. However, the traditional SSCB which uses an auxiliary SCR in se-
ries with passive resonant elements to reverse bias the main switch cannot meet the
requirements, because when the fault occurs and detected, the auxiliary SCR must
be actively controlled to bias the main switch before the fault current exceeds the
fault current capability of the main switch. In addition, another SCR is required to
reset the capacitor for the next turn-off cycle which results in the critical challenge
of detection and reaction timing, and more devices increases the weight and reduces
the reliability.

To improve the performance, the Z-source SSCB has been proposed which has
the potential isolate the fault without the need for complex detection and control
circuits, which has resulted in more structures being proposed [43] [44] [45]. The

diagram of Z-source SSCB is shown in Figure [2.4]

14



et e [
SCR + + v =
Cxve 3

" e T_‘I*_ R’gvo

Figure 2.4: The Z-source SSCB

Applying the diode full-bridge to a Z-source SSCB may enable bidirectional pro-
tection with just one control switch, but increasing the number of diodes increases
the on-state power loss and the normally on working condition magnifies this disad-

vantage, which is shown in Figure [2.5] [46].
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Figure 2.5: The bidirectional Z-source SSCB

Another structure to enable bidirectional protection in a DC circuit is the trans-
former, which could reduce the number of devices in the protection circuit to simplify
the structure. However, this results in significant weight, large volume and a sig-
nificant increase in conducting power loss [47]. The diagram is shown in Figure

2.0l
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Figure 2.6: The bidirectional Z-source SSCB with transformer

To reduce the conduction power loss and volume, a structure with five capacitors
was designed which is shown in Figure [2.7] During the normal working conduction,
the energy will low through the two inductors and thyristor and the conduction loss
is effectively limited [4§].
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Figure 2.7: Novel bidirectional DC SSCB

2.2.4 SSCB applied on renewable energy

Environment protection encourages the development of renewable energy and the
SSCB is also widely applicable for this opportunity. Electric vehicles are one of the
low carbon technologies but the increasing number of electrical vehicles and the sup-
porting infrastructure results in significant challenges for urban construction [49).
The demand of urban loads is always evolving because of the development of the
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city and the intermittent nature of the load. As the voltage level of high power
electric vehicle charging stations could reach several kilovolts, resulting from the
power density, any fault in the supply grid will result in the fault voltage being
several times greater and so potentially destroy the loads and protection equipment
simultaneously. The easiest way to solve this issue is to use protection equipment
with higher rated voltage, but the planning and construction time for urban in-
frastructure and limits in urban space, make this hard to be realised [50]. As an
alternative, additional fault current limiters (FCLs) are proposed to limit the fault
voltage between the maximum withstand voltage of protection equipment and the
rated working voltage to protect the protection equipment and loads.

There are two main types of FCLs, one of them is the variable impedance super-
conductors and another is the solid-state FCLs based on SiC power semiconductor
electronics [51] [52] [53]. Compared with the variable impedance superconductors,
SiC solid-state FCLs have two main advantages, wider bandgap and higher break-
down electric field. The wide band gap of SiC supports the SSFCL to work at
junction temperatures exceeding 600 °C with very little junction leakage current,
which is of significant benefit for reducing the volume of the FCL and protection
equipment by simplifying the requirements for the cooling system. The higher break-
down electric field of SiC, in comparison to conventional semiconductors, allows the
device to have a thinner drift region and to reduce the device size, resulting in a 100
times faster reaction speed [54]. This enables the reduction in the size of passive
components in the snubber circuit, such as capacitors that are physically bulky at
high voltages. Additionally, the higher breakdown electric field increase the rated
voltage for each device and offers the potential to reduce the number of series con-
nected devices in high voltage applications. By reducing the cooling system and the
number of devices, the size of protection system can be reduced [55] [56] [57].

Battery storage is an important technology for renewable energy, especially when
faced with an unstable power supply, such as wind turbine generation and solar en-
ergy coupled with the demands of the changing energy demand. A battery has the
potential to store excess energy and supply the power when the demand exceeds

supply. The battery storage system has two parts, including the energy storage
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station and subsequent transmission. As the voltage level and the protection re-
quirements are different for the two sections, the protection equipment for them are
different [5§].

The battery station is composed of a number of multi-series connection low
voltage level battery rooms. It is required to supply high quality and stable power
for the grid, therefore, a common bus breaker is not suitable and each battery
room requires a DC circuit breaker. When one battery room demonstrates a fault,
the breaker may isolate the single room with the fault and enable the remaining
rooms to operate as normal to ensure the stable power supply. However, increasing
the number of breakers results power loss and maintenance costs, so each breaker
is required to have reduced conduction losses and fast reaction speed. To meet
these requirements, SiC-SSCB is preferred to be used as battery room protection
device [59]. In contrast, transmission voltage is much higher and could reach several
megavolts. Therefore the protection equipment is required to demonstrate high
rated voltage, bidirectional isolation, small size and small thermal dissipation. A
solid-state transformer based on IGBT-SSCB is suitable and have advantages in the

protection equipment applications [60].

2.2.5 SSCB applied on DC power system and converter

During the past few decades, the semiconductor device technology for DC power
converter has been one of the hot topics and the utilisation of that increases sharply
in a number of applications, including renewable energy, automobile, DC power
system and telecommunication [61] [62] [63] [64] [65]. To improve the performance of
the DC power converter, research has focused on the development of low power loss,
higher rated voltage and operating temperature switching devices [66]. Therefore,
the SiC MOSFET, which has the higher power density, reliability and operational
temperature, is widely used in high performance DC power converters, where a
fast reaction, high reliability, low power loss and low cost protection equipment is
required to isolate it from the short circuit fault [67]. There are two main problems
that make the SiC MOSFET highly suitable for high performance circuit breakers.
Compared with SiC JFET, the SiC MOSFET has smaller chip area and higher
18



current density, however, these result in the lower short circuit withstand ability of
the SiC MOSFET and it increases the requirement of reaction speed of protection
equipment [68]. Secondly, the thinner oxide in comparison to conventional silicon
based devices, to decrease the threshold voltage results in the poor interface quality
and low reliability [69]. Three methods are proposed to build the protection circuit
for SiC MOSFET converter, including the SSCB, the desaturation technique and
the active dynamic fault evaluation overcurrent protection. Compared with other
two methods, SSCB has three advantages. Firstly, the small size makes the SSCB
is easily integrated into a gate drive circuit. Secondly, the protection performance
of SSCB is not decided by any specific devices. It means the SSCB could be applied
in converters based any kinds of power semiconductor device. Finally, the SSCB
could be applied in all voltage/current level protection, but the power loss under
high power application, like the back-to-back converter in renewable energy system,
should be considered [70].

The consideration of the SSCB applied in DC power system and converter in-
cludes the device and circuit topology. Silicon IGBT and IGCT have be widely used
in SSCB for DC power converter. The current sensor assists the control system to
block the circuit when the fault occurs and the clamping circuit is used to absorb the
energy caused by fault current to protect the SSCB [71]. In addition, the SSCB based
on the silicon IGBT has a fast reaction speed, which reaches a few microseconds,
in the protection of 10-kV/1-kA DC power system [72]. The SiC semiconductor
devices, including SiC JFETs, MOSFETs and SITs, are also preferred in SSCB for
DC power converter because they have lower power loss, higher power density and
can be operated under a higher temperature. In addition, the SiC JFET and diodes
can connected in a back-to-back structure to realise the bidirectional SSCB, which
has been reported in [73]. Furthermore, a self powered SSCB combined with a DC
converter, with low conduction loss and fast reaction time without any auxiliary
power sources, is proposed to simplify the drive circuit for SSCB in DC power sys-
tem protection [74]. The schematic of the self powered SSCB is shown in Figure
The self powered SSCB uses the normally on SiC JFET to control the circuit,

which can reduce the power loss because the JFET has no requirement of power
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during the normal operation condition. In addition, the voltage across the device is
used as the feedback signal to detect the operation condition of circuit but not the
Drain current, and the Gate is controlled by the leakage power from a fast reaction

DC/DC converter when the fault occurs [74].
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Figure 2.8: Self powered SSCB

2.3 Key issues and challenges within the
technology

As described previously, SSCB is the preferred solution in multiple DC power appli-
cations and current research is seeking to improve the performance by minimizing
the power loss, increasing the power density whilst reducing cost, including the the
selection of the power semiconductor devices, circuit topologies, the design of the
overvoltage clamping and overcurrent limit circuits, the control system and the drive
signals, recognition and sensing of the fault current in circuit [75]. The key techni-
cal challenge for each topic is described as well as an outline of the future plans for

SSCB development.
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2.3.1 The power semiconductor technologies

The power semiconductor device is one of the most important components when
designing the SSCB. Normally, the selection of the power semiconductor is based
on the technical requirements of the application, and the optimisation of the topol-
ogy will be designed later to realise the combination of different devices in SSCB.
Therefore, it is important to understand the characteristics of the relevant power
semiconductor device types. The main characteristics considered when selecting the
power semiconductor devices are the current blocking direction, overvoltage with-
stand capability and the passive characteristics of the power semiconductor devices,
including the semiconductor material used in devices, the internal structure of the
devices and the devices are normally on or normally off devices.

Bipolar power semiconductor devices can conduct or block the current in both
directions, which makes them widely used in bidirectional applications, such as
the electric vehicles and power station charging [76]. In contrast unipolar devices
normally conduct or block current in a single direction. A greater number of devices
and a complex topology are required to form the system to realise the bidirectional
capability, which increases the cost and reduce the reliability of the SSCB. Therefore,
the selection of whether the device is bipolar or not, is based on the application
requirements of the SSCB and this has a significant impact on the topology design.

The overvoltage withstand capability is another important characteristic of the
power semiconductor devices. As the SSCB is designed for use in circuit protection,
it will be required to withstand an overvoltage which is normally 2 or 3 times
the rated voltage, when the fault occurs. If the fault voltage of the application
exceeds the breakdown voltage of the power semiconductor devices, the SSCB may
be destroyed and cannot protect other devices in the circuit. The rated breakdown
voltage of the power semiconductor devices depends on the semiconductor materials
and the structure of the devices. The current-voltage relationship of the main power
semiconductor devices on the market, with different materials and structures, are
summarized in Figure [12].

The power semiconductor devices can be divided into two categories according
to the material properties of the semiconductor material. One observation from the
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Figure 2.9: IV relationship of power semiconductor devices

Figure [2.9]is that silicon (Si) devices can withstand an extended range of the voltage
level and the current depending on the device type. Wide bandgap (WBG) devices,
including those manufactured from silicon carbide (SiC) devices and gallium nitride
(GaN) have the superlative material properties to support the power semiconductor
devices for high temperature and voltage operation. Furthermore, WBG devices can
be operated with higher switching speed, which can increase the efficiency, reaction
speed and decrease volume of the system using the WBG devices [77].

Besides the choice of semiconductor, the structure also has a significant im-
pact on the rated voltage of power semiconductor devices. Silicon devices have
many fundamental structures, including the thyristor, insulated-gate bipolar transis-
tor (IGBT), gate turn-OFF thyristor (GTO), integrated gate-commutated thyristor
(IGCT), emitter turn-OFF thyristor (ETO), metal-oxide-semiconductor field-effect
transistor (MOSFET) and junction field-effect transistor (JFET). The MOSFET
and the JFET are unipolar devices, while the thyristor, IGBT, IGCT, GTO, ETO
are all the bipolar devices. According to the Figure 2.9] Si bipolar devices are suit-
able for operation in the medium voltage range, which is from around 1.5 kV to
7.5 kV, and a high current range, which is from 500 A to 3 kA. This voltage range

supports the use of Si bipolar devices such as those found in power distribution net-
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works, especially the high power and voltage applications. Meanwhile, the Si bipolar
devices have the high short circuit ability and gate oxide reliability in high power
applications [7§]. As for the WBG devices, the SiC ETO has the highest maximum
rated voltage which reaches 10 kV, and the SiC MOSFET and SiC JFET have 1.7
kV maximum rated voltage which is higher than the 650 V maximum rated voltage
of the GaN HEMT. As for the current, the maximum current of the SiC MOSFET
and the SiC ETO are very close, at around 500 A and 250 A. Current generations
of GaN HEMT and the SiC JFET can withstand around 50 A. Although the rated
voltage and the current of the WBG devices are lower than Si devices, the WBG
devices can be applied in the high temperature and the high switching speed ap-
plications, as well as the low conduction power loss applications such as the circuit
breakers. In addition, the performance and static characteristics of WBG devices
will be expected to rise as the technology matures.

Si and WBG devices have all been considered for the design of SSCB. SSCBs
based on the Si bipolar devices, including the Si IGBT, Si GTO/ETO and Si IGCT
are the preferred choice for medium voltage distribution systems and high voltage
DC applications, because of the good reliability in long term operation and the good
capability of fault overcurrent [79]. For example, a 600 V/6 kA hybrid switch based
on the Si IGBT has been demonstrated for the realisation of a bi-directional DC
zero voltage switch. Furthermore, six parallel IGBTs structure has been verified
in overcurrent test and the maximum current shared by IGBTs reaches a peak of
8000 A [80]. The DC electric railways also require the fast operation when used as
a circuit breaker to reduce the damage from the short current to the equipment.
Meanwhile, the high thermal conductivity of the semiconductor and packaging is a
challenging design requirement for circuit breakers. Therefore, a new hybrid circuit
breaker, comprising an IGCT and mechanical breaker, has been proposed which
has the advantages of both the mechanical breaker, which has a low power loss
caused by a contact resistance below 10 2, and power semiconductor breaker,
which enables fast operation with a reaction speed around a hundred microseconds.
This was demonstrated in 4 kA/ 1.5 kV system [81]. A low on-state voltage and

a fast switching speed GTO breaker is also presented for protecting a 4.5 kV /
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3 kA circuit [82]. Furthermore, the improved devices ETO, which comprises a
combination of a GTO and a MOSFET, is also widely considered to be optimal in
15 kV /200 A and 22 kV medium voltage distribution applications [83] [84].

Unipolar Si MOSFET SSCBs normally are used in low voltage and low power
applications, because in the low voltage and low power applications, the Si MOS-
FET has a little higher efficiency and much lower cost, in comparison with WBG
devices [85]. One of the typical St MOSFET application is the more electric aircraft
distribution system, which uses + 270 V / 200 A DC power supply. Furthermore,
the SSCB based on Si MOSFET has a good overload capability, with operation
around 2000 A demonstrated, and low power loss both in steady state and transient
state in this application [86]. The Si MOSFET can also be used to realise a SSCB
with a 1200 V SiC JFET in a cascade configuration for 400 V / 25 A applications.
When the fault occurs, the gate drive circuit for the MOSFET will generate positive
chain reaction with the MOSFET, which is series connected with the drive circuit,
and it will establish the negative Gate-Source voltage for JFET and hence turn it
off [87].

In contrast with Si devices, commonly used WBG devices are unipolar, including
the SiC MOSFET, SiC JFET, and GaN bidirectional FETs [88]. As a hot topic of
recent research, multiple SSCBs based on the SiC MOSFET has been reported in
the literature. For example, the compact 700 V SSCB is designed for the high
temperature application, which can work in environments up to 200 °C [89]. The
SiC MOSFET can also be used in high power and middle voltage application, and a
25 kW / 1200 V unidirectional SSCB based on the SiC MOSFET has been designed,
which can detect the fault current within 0.9 us [90]. In contrast with other published
results, that SSCB uses the desaturation detection method to detect the short circuit
fault rather than detecting the overcurrent by current sensors, which results in that
SSCB has a faster reaction speed [91]. As for the overcurrent, the SiC SSCB can
operate with the cooling system to allow a range of overcurrent through the circuit
for longer time meanwhile remains the fast reaction speed to limit the fault current
compared to the normal operation, which increases the overcurrent withstand ability

and reliability of circuit. That SSCB with the air cooling system can conduct 102 A
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fault current for over 50 minutes and the fault current can reach over 300 A when the
SSCB is operated with the liquid cooling system [92]. Therefore, the SiC MOSFET
SSCB is a flexible device and can be widely applied to DC circuit protection for a
range of voltage and power requirements.

Another SiC unipolar device, with a good performance in SSCB, is the SiC
JFET. There are a number of significant advantages in the use of SiC JFETSs in
circuit protection. Firstly, the SiC JFET has a very low on resistance, which results
in lower power loss and higher efficiency during normal operation. Secondly, in
contrast to the MOSFET, SiC JFET is a normally on device, which means it does not
require the drive current to turn on the device, but just the shut down signal [93]. It
is suitable for the working conduction of SSCBs and reduces the complexity and the
power loss of the drive circuit under normal operating conditions. In addition, the
SiC JFET is also reliable in long time operation under the hard switching and high
temperature conditions. The SSCB based on the 1200 V vertical-channel implanted-
gate SiC JFET can be repeatedly pulsed over 2.4 million times at 150 °C, and block
115 A conducting current, which is 13 times over the rated current of the SiC JFET
under 150 °C [94].

GaN is another WBG material that has attracted significant interest in SSCB
design in recent years, because it has the high critical electric field, lowest on resis-
tance among the commercial WBG unipolar devices, and low gate charge which can
reduce the turn on and shut down time of the GaN power semiconductor devices [95].
GaN based power electronics such as the GaN HFET have lower commutation loop
and parasitic inductance, enabling high switching speed, which enables the SSCB to
increase operating efficiency and hence power density [96] [97]. The relevant voltage
level for the GaN HFET structures is around 600 V, which has the direct compe-
tition with the Si based devices [98]. However, in contrast with Si based power
semiconductor devices, the GaN HFET is a lateral structures, which give it more
freedom for monolithic integration with additional diodes, half-bridge modules and
integrated gate drivers [99)].

SSCB based on bipolar WBG semiconductor devices is suitable for high voltage

applications, because the bipolar WBG semiconductor devices have high knee volt-

25



age which result in increased power loss in low voltage applications. As an example,
a 4.5 kV SSCB based on the 15 kV SiC ETO has been verified to successfully block
the fault current over 200 A, which demonstrates the suitability for medium voltage

power distribution applications |100].

2.3.2 The circuit topology for SSCB

As mentioned previously, the circuit topologies are optimized based on the require-
ments of the specific application and the characteristics of the power semiconductor
devices including the power loss, rated voltage and the switching speed. In this
section, the widely used circuit topologies for SSCB circuits are introduced.

The anti parallel reverse blocking structure is one of the preferred topologies
for the SSCB design, which is shown in Figure 2.10] offering low power loss during
conduction and can block the current from both directions in the circuit, which

makes it is more flexible and more efficient in circuit protection applications.

——————————————————

snubber

RB-IGCT

e

B

T . I
Power <> 1 RE-IGCT !
S brtmmm T Load

Figure 2.10: SSCB based on anti parallel reverse blocking IGCT

The anti parallel topology can reduce the number of active devices by 60% and
the on state voltage drop by 70%, in comparison with the conventional H-bridge
topology at an equivalent voltage level, which results in a significant advantage in
overall system power loss [101]. A range of fully controlled power semiconductor
devices can be utilized in the realisation of the reveres blocking SSCB, including the
IGCT, MOSFET and JFET. The conduction of the IGCT is similar with a thyristor,
which results in the low power loss, and the integration of the low inductive gate

results in the high hard switching capability, which is similar with the IGBT during
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blocking processing. Therefore, comparing with the IGBTs, the IGCTs have the
lower voltage drop during conducting and are preferred in the design of reverse
blocking SSCB. As an example, a 1 kV DC bidirectional SSCB based on the reverse
blocking IGCT has been designed [102].

Reverse blocking IGCT (RB-IGCT), as a current controlled switch with the
integrated gate, is normally used to solve the phase change fault and the enable
protection in HVDC power systems [101]. The package and the structure of the
IGCT is similar to that of the GTO. However, compared with the GTO, the IGCT
has lower on state voltage and better hard switching turn off capability, because
during the conduction, the IGCT operates in a manner similar to a thyristor and
the low inductance of the integrated gate. Furthermore, the IGCT has no problems
relating to the overvoltage snubber circuit, which reduces the complexity of the
circuit design [103]. The performance of the SSCB based on RB-IGCT devices has
been verified in 1 MW application, demonstrating low conduction loss, which is less
than 1 kW operating with 1 kA current, and can block the fault current higher than
6.5 kA, with a voltage drop below 1 V [104].

The JFET, with normally on operation, is significantly different to the MOSFET
or IGBT when used in bidirectional power electronic circuits, including matrix con-
verters, multi-level converters and solid state breakers [105]. The diagram of JFET

bidirectional SSCB is shown in Figure [2.11}]
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Figure 2.11: The diagram of JFET bidirectional SSCB
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To realise the bidirectional capability, the SSCB based on the MOSFET or IGBT
normally requires two MOSFETs and two anti parallel diodes, which increases the
number of the devices in the circuit. As an improvement, the JFET device can
form the bidirectional switch with two anti series connection SiC JFETs without
any anti parallel diodes, which reduces the weight of the power electronic circuit.
In this structure, the forward and reverse current are carried by the main channel
of JFET rather than the body diode, which reduces the conducting power loss
because the on resistance of the JFET is much smaller than the on resistance of the
body diode [106]. Besides the advantages introduced above, the bidirectional SSCB
based on the anti series connection SiC JFET structure also has the high operation
switching frequency and efficiency. Normally, the normally on SiC JFET will be
cascode connected in the protection circuit with a low voltage Si MOSFET, which
is used to solve the potential safety issues of JFET during turn on or abnormal gate
driver conditions. However, in this conventional cascode structure, the control of the
SiC JFET source potential is indirectly realised by controlling the MOSFET, which
limits the maximum switching frequency and efficiency. To solve the problem, two
cascode structures are anti series connected where the MOSFET is permanently
conducting which can be regarded as a resistance and the JFET can be directly
controlled by drive signal which increases the operation switching frequency and
efficiency [107].

MOSFETS are also widely used in reverse blocking bidirectional circuit breakers.
To improve the reverse blocking capability of the MOSFETSs in bidirectional SSCB
applications, a novel vertical MOSFET with the high workfunction Schottky-Drain
and Schottky-Drain connected semisuperjunctions (SD-D-semi-SJ MOSFET) has
been proposed, which has the significantly high reverse breakdown voltage and low
specific on resistance compared with the SD-SJ MOSFET and SD-semi-SJ MOS-
FET [108]. The SD-D-semi-SJ MOSFET is composed of the SD-connected semi-SJ
structure and top assist layer, while the schematic is shown in Figure 2.12] Mean-
while, in 3 kV applications, the conduction loss of the reverse blocking SiC MOSFET
bidirectional breakers is 35% lower than the traditional anti serially connected struc-

ture and the blocking voltages in both directions are higher than 3 kV, offering a
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significant advantage over the reverse blocking SiC MOSFET SSCB in the high
voltage bidirectional applications [109].

Oxide
Source ¢ Gate Source
|
n* n*
p-body p-body
top assist layer

n-pillar

Schottky-Drain

Figure 2.12: SD-D-semi-SJ MOSFET schematic

Normally, reverse blocking SSCB circuit are formed using the fully controlled
power semiconductor devices, and there are also a range of topologies for semi-
controlled devices such as the silicon-controlled rectifier (SCR) in SSCB design,
including the voltage or current source breaker, the Z source breaker, the T source
breaker, coupled inductor breakers and the H-bridge type breaker [111].

The anti-parallel SCR is a low conduction loss SSCB topology which is suitable
for high current applications. However, because this topology cannot block the
current through the gate terminal without additional components, the SSCB based
on SCR devices requires additional circuit to help blocking the current. There are
two common methods to solve the problem, one is using the voltage source such as
the capacitor to help blocking the current for the SCR, which is called the voltage
source circuit breaker [112], the other is directly creating a zero current crossing,
which is called the current source circuit breaker . The Diagram of the anti-
parallel SCR SSCB is shown in Figure [2.13]

In addition to the voltage source and the current source circuit breaker topologies,
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Figure 2.13: The Diagram of the anti-parallel SCR SSCB

the Z-source breaker is also based on the use of SCR devices. Z-source circuit
breakers are widely used in low voltage and medium voltage applications, such as
onboard ship power systems [114]. The traditional SCR breaker blocks the current
by the series connection of the auxiliary SCR and the passive resonant devices.
When the fault occurs, the auxiliary SCR needs to turn on and shut down the main
switch before the fault current over the withstand ability of the main circuit. After
that, another SCR will reset the capacitor ahead of the next turn off cycle. However,
this operation method results in a number of significant problems, one of those is
the critical requirement of the detection and reaction speed. To solve the problem, a
Z-source breaker with LC circuit has been proposed, which can automatically switch
the main SCR circuit during the fault. Compared with the traditional SCR breakers,
the Z-source breaker has a number of advantages, including the fast reaction and
operation speed, simplified control and higher reliability of the source and SCR
devices, because the fault current does not pass through them [115]. A significant
issue for SCR breakers is the control method, which can react to extremely large
transient faults. To solve this issue, a new control strategy, which can react according
to both the rate of the fault current rise and the absolute value of the fault current,
has been proposed [116].

The T-source circuit breaker has further advantages over the Z-source breaker,
including the incorporation of a low pass filter, common ground and no reflected
current. However, because of the higher number of semiconductor devices required
in the circuit, the power loss is an order of magnitude greater than an equivalent Z-
source topology. Therefore, a new type of the bidirectional T-source circuit breaker

has been developed that uses fewer semiconductor devices and can reduce more
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the condition power loss by over 40% in comparison compared with the traditional
T-source breaker topologies [117]. The diagram of bidirectional T-source SSCB is
shown in Figure [2.14]

Figure 2.14: The diagram of bidirectional T-source SSCB

Normally on devices such as the JFET have the advantage in SSCB compared
with the normally off device, simplifying the control circuit for the JFET, hence the
operating process of the JFET is more suitable for the circuit breaker. The widely
used topology for JFET is the series connection of multiple JFETSs in a super cascode
configuration, with the MOSFET control circuit, for the high voltage applications.
However, the challenge in this topology is the voltage balance between the JFETS
during the turn on and turn off transients. If the voltage is not balanced during
switching, the fault overcurrent may result in significant imbalance between indi-
vidual devices, resulting in permanent damage. Therefore, a new topology utilizing
JFET without the MOSFET control circuit has been proposed, which incorporates
a dynamic and static voltage balance network. The circuit diagram is shown in
Figure 2.15] In the topology, the diode is used to protect the JFET from the over-
voltage higher than the DC power supply divided by the number of the JFET. The
capacitors are used to balance the dynamic voltage shared by devices during the
turn on and turn off processing. Two resistor networks are used to balance the
static voltage across the JFET. The design ensures the equal sharing of the voltage
during the switching processing and reduces the power loss at the same time, and

can be applied in the HV/MVDC protection system [118].
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Figure 2.15: Single gate drive for series connected JFET
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2.3.3 The snubber circuit

The SSCB can protect the overall power circuit from faults, however, the series
connection SSCB topology normally has to withstand significant overvoltage and
overcurrent during the fault condition, which may destroy the power semiconductor
devices. Therefore, the SSCB should not only protect the circuit but also protect
itself, and the voltage clamp is proposed to reduce the overvoltage stress on an indi-
vidual component or replace the power semiconductor device to withstand the fault
voltage and current. The clamping circuit is normally connected in parallel with the
solid state switch and comprises by the energy-absorbing components and acts as a
low pass filter. The design is based on the characteristics of the energy-absorbing
components including the clamping voltage level, the ability to absorb energy and
the peak value of the fault current. Several designs of the clamping and snubber cir-
cuit are introduced in this section, including the transient voltage suppression (TVS)
diode, metal oxide varistor (MOV) and the capacitor based snubber circuit [119].

The simplest snubber circuit is the parallel connection of the capacitor with
the power semiconductor device. During the fault condition, the capacitor will
be charged and the rate of change and the peak voltage across the power device
will reduce. However, the capacitor can process oscillations in the circuit with any
parasitic inductance and so the RC snubber is proposed to solve the problem, which
is composed by the capacitor and a series connected resistor [120]. Furthermore,
the inclusion of the resistor results in the voltage drop of the power semiconductor
switches during the turn off process, and so a further improvement, named the RCD
snubber is proposed, which is composed of a RC snubber circuit with a paralleled
diode across the resistance. RCD snubbers can not only reduce the voltage drop
during the turn off but also significantly reduce the oscillation [121].

TVS devices can absorb the fault energy by transforming the overload current
to replace the devices in the main circuit and hence clamping the fault voltage
within the safe range for the power device. With the development of high speed
IC circuits, TVS devices are required to operate with a faster reaction speed and
the low parasitic inductance, as well as the ability to clamp the voltage at a low
level at the high fault current. Therefore, the electrostatic discharge (ESD) TVS is
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proposed. The ESD TVS is based on the reverse biased P-N junction diodes, which
will breakdown at the voltage level 10% to 20% higher than the rated voltage. The
main advantages of this type of overvoltage protection is the fast reaction speed and
the lack of snapback. However, the high resistivity results in high clamping voltage
when operated with a high fault current [122]. The active voltage clamping circuit
series string of the TVS can also be used in 1.2 kV SSCB applications to realise low
cost and reduce the overall size of the SSCB [123]. The small size and low weight
make this suitable for the more electric aircraft system [124]. TVS devices can also
be applied in the drive circuit for series connection power semiconductor devices in
SSCB, where the TVS helps coupling the gate drive signals [125].

MOV is another type of the widely used snubber circuit in SSCB design, which
can be made from materials such as zinc oxide. In the SSCB design, it is paralleled
with the power semiconductor switch. When the main circuit operates under normal
condition, the voltage across the MOV is below the clamping voltage and the MOV
shows a high impedance. The current will pass through all the power semiconductor
switches, which are series connection in the main circuit. When the fault occurs,
the power semiconductor switch blocks the circuit and the voltage across the switch
and the MOV snubber circuit rises to the clamping voltage. In this condition, the
impedance of the MOV decreases rapidly and the overcurrent will pass through
the MOV, which reduces the overcurrent stress of the power semiconductor switch,
and absorb the fault energy within the MOV [126]. To verify the performance of
the MOV, a range of characteristics should be considered, including the voltage
clamping performance, the operation voltage range and the surge current capability.
Compared with the TVS snubber circuit, the MOV has wider operation range which
can reach 3.5 kV per device, lower cost and the capability to absorb the overcurrent
is also greater. However, the drawback of the MOV is the high ratio of the peak
clamping voltage and the maximum operation voltage, which reduce the operation
voltage level at the DC bus for solid state switch |[127]. Therefore, to apply the MOV
in the high voltage DC power system, the rated voltage requirement of the main solid
state switch becomes critical. The electronic MOV (eMOV) is proposed to decouple
the peak clamping voltage based on thyristor technologies to increase the SSCB
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efficiency, power density, reliability and reduce the cost. Meanwhile, the eMOV has
less conducting loss and smaller size compared with the traditional MOV [12§].

To ensure the fault current can be blocked, the clamping voltage is normally
established to exceed the system voltage, which enables faster shut down speed.
However, the high clamping voltage has a negative impact on the voltage clamping
performance of both the MOV and TVS and results in more voltage stress to the
system. Otherwise, if the clamping voltage is too close to the system voltage, the
shut down time will be excessive and may result in the damage to the devices in the
main circuit. Therefore, the clamping voltage is preferred as 1.5 times to 2.2 times

of the steady state reference voltage of the SSCB [120].

2.3.4 The gate drive circuit

Besides the choice of the power semiconductor devices and the clamping circuit, the
drive circuit is also critically important for the design of the SSCB circuit. The drive
circuit is used to apply the control signal to enable conducting or blocking of the
power semiconductor devices, according to the condition of the main circuit. The
drive circuits for different power semiconductor devices and topology have different
requirements. For example, MOSFETs and IGBTs are both voltage driven devices
and the drive circuit required is a voltage drive circuit. In contrast the thyristor
is a current driven device and the drive circuit has to supply a specific current.
Meanwhile, the control logic is also decided by the static characteristics of the power
semiconductor devices such as normally-on or normally-off. Furthermore, according
to the different voltage requirement of the application, the power semiconductor
devices can be a single device or multiple in series connection, and the drive circuit
for them can be classified appropriately. In contrast with the drive circuit for a
converter, the SSCB drive circuit does not work at high switching frequency and
simply controls the circuit transition from conducting to blocking when the fault
occurs. Meanwhile, the drive circuit for SSCB will continually supply the drive
power to support the operation of the power semiconductor devices whilst in the on-
state or off-state. Therefore, the power loss of the drive circuit is mainly determined
by the on-state and off-state power requirement of the power semiconductor devices,
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rather than the switching power loss.

With increasing the power demand, the voltage level of power distribution sys-
tems is rising, which results in the increase of the rated voltage requirement of any
SSCB circuits used for protection. However, the rated voltage of the most com-
monly used single power semiconductor device in SSCB design cannot exceed 10 kV
with current technology level. Therefore, a series connection topology is required to
support the SSCB to be used in high voltage applications such as distribution and
transmission networks. The series connection results in new challenges for SSCB
design and one of these is the drive circuit design. For the SSCB based on a single
power semiconductor device, the drive circuit needs to operate the single device only.
However, in series connection topology, the balanced voltage distribution during the
shut down is significantly important, because the unbalance voltage may exceed
the rated voltage of the device used in SSCB, resulting in damage. To balance
the voltage distribution, the drive circuit is required to operate the series devices
synchronously, which is different with the operation of the drive circuit in converter.

The single drive circuit based on the passive components and diodes is proposed
to balance the voltage distribution between two series connected MOSFETSs, which
is shown in Figure [129]. This circuit has a small cost because of the small

number of devices, and has demonstrated a 1.5 us shut down time.

Varl and Var2 are Energy Absorbing Varistors

R1 and R2 are Static Voltage Balancing Resistors
Rsl, Cs1 and Rs2, Cs2 are RC Snubbers

Figure 2.16: The single drive circuit based on the passive components and diodes
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Furthermore, a single gate drive circuit for three series connected IGBTSs is pro-
posed and the circuit diagram is shown in Figure [2.17] It has higher power density
and lower cost, however, it is difficult to realise the synchronisation of the turn-off
within three devices and the shut down start time for the three devices are different,
resulting in gate oscillation and the voltage unbalance between the devices during

the voltage recovery process [130].

R,
R Q, | s1
| MOV1
Gate Drive T e

Figure 2.17: Circuit diagram of single gate drive for three series connected IGBTs

Besides the signal gate drive circuit for series connection topology, the challenge
of realizing multiple gate drive circuit is also a hot topic in this research area |131]
[132] [133] [134] [135]. In contrast to the signal to the gate drive circuit that controls
multiple power semiconductor devices connected to the passive devices such as diodes
and capacitors, the multiple gate drive circuit supplies the individual control signals
for each power semiconductor device separately. This results in the multiple gate
drive circuit having significant the advantage in applications that require increased
numbers of power semiconductor devices connected in series [136]. The schematic

of the drive circuit for series connection power semiconductor devices is shown in

Figure [2.18]
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Figure 2.18: The drive circuit schematic for series connection switches (a) A signal
drive circuit (b) each switch has an independent drive circuit

2.3.5 The fault detection and sensors

The Gate drive circuit controls the power semiconductor devices according to the
condition of the main circuit, therefore the feedback signals which show the char-
acteristics main circuit condition are required. To collect the feedback signals and
create a closed loop control system, the sensors and the method to detect the circuit
fault with a low time latency are required in the SSCB design. The control system,
as a real time system, is required to demonstrate fast reaction and high operating
speed, therefore, as an important part of the control system, the sensor requires a
high bandwidth to detect the rapidly rise fault current and voltage. Because the
step fault signal detected by the low bandwidth sensors will be distorted, resulting
in the detected rise time to be greater than the actual rise time, increasing the re-
sponse time of the control system. Furthermore, the main circuit operates in the
conduction condition the majority of the time and the power loss resulting from the
main circuit current through the sensors should be limited, which results in the low

power loss requirement of the sensors. Besides the fast reaction and the low power
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loss, the interface and the compatibility with control systems should be considered
when selecting the sensors for the control system [137].

A large number of different current sensors can be used to measure the current
value, including the current shunt [138], the hall effect current sensor [139] and the
giant magneto-resistive current sensor [140], which are the direct current measure-
ment sensors. Besides directly measuring the current, there are also indirect current
measurement methods applied in SSCB design, including assuming the current can
be determined from knowledge of the voltage across the main power semiconductor
device and the rate of change of the current [141], and detecting the slope of the
main circuit current to reduce the delay which results from the fault current rise
time and the operation speed of the control system. Because the slope of the current
is significant at the beginning of the fault condition and can be detected earlier by
the control system in comparison to the method that compares the current with a
threshold value. Hence, the current slope detection method can increase the reaction
speed of the control system [142]. The calculation of the current slope is realised
by the analog or digital circuit, rather than directly from the sensors in the circuit.
The challenges for current slope detection are the accuracy and speed of calculation,
and the risk of false triggering |143].

As the SSCB is series connected in the circuit, the current through the SSCB is
normally used to detect and evaluate the working conduction of the main circuit.
When the circuit works normally, the current through the main circuit remains
at the rated value. When the fault occurs, the current raises rapidly and can be
detected easily. Therefore, the current threshold is used to evaluate the circuit
working condition. Once the current value from the current sensors is larger than
the current threshold, the main circuit must work under the fault and the circuit
breaker will be triggered to blocking the circuit [144]. Furthermore, the voltage
sensor can be used to detect the voltage across the power semiconductor device or
the inductor, which can also be used to evaluate the circuit working condition [145].
A summary of three different sensors is shown in Table [146]. However, the fair
integrability of the hall effect current sensor increases the complexity of SSCB. The

current shunt and rogowsik are better selections for SSCB design.
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Current shunt Rogowski Hall effect current sensor
Cost low low high
Bandwidth DC~10 MHz | 0.1~100 MHz close to 1 MHz [147]
Sensitivity mV/A 10 mV/A 20~150 mV /A
Saturation, hysteresis No No Yes
Linearity Very good Very good Poor
Operation temperature | -55~125 °C -20~100 °C -40~125 °C
Footprint 8x6x2.5 mm | Height < 4mm 6x5Hx1.7 mm
Integrability Excellent Excellent Fair
Material technology simple simple complicated

Table 2.1: Comparison of different current sensors [146]

2.4 The future of the SSCB development

Solid state circuit breaker can be widely used in low voltage and high voltage ap-
plications, both AC and DC, with the advantages including the fast response and
suppressed arc breaking, resulting in high reliability and the long operation life.
However it also has several challenges which are the requirements of the future de-
sign [148] |149]. Firstly, the on state resistance cannot be ignored, despite modern
devices resistance value that is having a several milliohms. Acting as protection
devices in the main circuit, the SSCB works in conducting condition the majority
of the time, therefore the on resistance results in the rapid power dissipation and
reduces the system efficiency, especially for long duration operation [150]. Secondly,
the semiconductor devices are used in SSCB design as the switch to control the
blocking and conducting of the circuit. However, these devices are sensitive to the
overvoltage and overcurrent resulting from the circuit faults, which results in the
design of the SSCB having to consider the main circuit protection but also protect
the semiconductor devices from the circuit faults, to extend the service life [151].
Thirdly, the cost, weight and physical volume of the semiconductor SSCB are criti-
cal limitations for applications that have constraints in terms of power density and
weight, such as deployment on aircraft [152]. Furthermore, the bidirectional SSCB
is a hot topic for the future development, which results in the challenges including
cost reductions and the number of devices, the complexity of the control system

design and the lower reliability [153] [154] [155] [156] [157]. To be applied in the
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higher voltage and power applications, the power semiconductor devices of SSCB
are normally series or parallel connected, which results in the voltage or current
balance problem and increasing costs [158]. The drawbacks mentioned above are all
the future challenges for the SSCB design and a lot of research is trying to improve
the performance of SSCB from several different aspects, including the higher quality
power semiconductor devices, new topology and drive circuit design.

The development of the semiconductor technology has a significant impact on
the performance of the SSCB. During the period between 1980 and 1990 silicon
devices were widely used as solid state switches, such as the Si IGBT, Si IGCT
and Si GTO. The technology of the silicon device is mature and it can be applied
in a wide range of voltage and current applications. As an improvement, the wide
bandgap semiconductor device was proposed in 1989 [159]. Compared with the
traditional Si devices, the wide bandgap devices, such as silicon carbide (SiC) and
gallium nitride (GaN) devices, have the faster shut down speed [160], lower power
loss, better breakdown capability, higher frequency and the ability to operate in
high temperature environments [151]. Although WBG semiconductor devices have
already demonstrated rapid improvements in the performance of the SSCB, they
have drawbacks including the high cost and low reliability, which resulted in the
slow application of WBG devices into the mainstream power electronic market.
The main challenges for WBG SSCB are accelerating cost reduction [161] and the
development of the high-quality freestanding substrates, which are the important
part of vertical device design |162]. In the future, the development of the WBG
device will bring itself towards the maturity and it will be a hot topic of SSCB
development [163] [164] [165] [166] [167].

As the semiconductor device is easily destroyed by overvoltage and overcurrent
during the circuit fault, the method to protect the semiconductor device and reduce
the leakage current is important in the future SSCB design [168]. To protect the
semiconductor device, the additional diodes, resistors and capacitors are used to
build the RC or RCD clamping circuit, which is used to limit the voltage across the
semiconductor device during the fault. The RCD snubber circuit, which uses a fast

recovery diode to clamp the changing voltage, is better than the capacitor snubber
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and LC snubber circuit for medium-capacity applications, as there is no oscillation
between C and L [169]. Furthermore, the MOV is also widely used to absorb the
fault energy and clamp the voltage [170].

The topology is another important technology for future evolution of the SSCB
design. The single SSCB with just one power semiconductor device is just suit
for the low voltage and low power applications. To improve the voltage and current
ability, multiple devices are series or parallel connected. Furthermore, more complex
topologies are proposed to improve the performance, such as the Z-Source, which is
the new generation of SSCB. The Z-Source SSCB has a simple control circuit and can
automatically disconnect the fault load by using the capacitor to absorb the transient
fault current. Furthermore, it can limit the fault current by the impedance of itself
and be operated in bidirectional mode [171]. The diagram of the Z-Source SSCB is
shown in Figure . When the circuit works normally, shown in Figure m (a),
the current through the circuit is stable, which results in the inductor can replace
the conduct line and the capacitor can be regarded as being open circuit. Therefore,
the current flows through the inductor and the circuit is conducting. When the
fault occurs, as shown in Figure (b), the voltage across the load drops to zero
and the capacitors paralleled with the load begin to discharge. As the direction of
the capacitor current is opposite to the SCR conducting direction, the SCR will be
disconnected naturally. Furthermore, the gate drive circuit of the SCR will remove
the drive signal to ensure the isolation of the circuit from the fault source before
the SCR voltage becomes negative. In Figure (c), the current through two
series LC circuits and the LC circuits begins resonating until the current through
the inductors drops to zero. Finally in Figure (d), the inductors releases the
energy saved in process (¢) by the RL circuits and the current will drop to zero when
the energy is totally absorbed by the resistances [172].

The Hybrid circuit breaker is also a potential topology, which is composed by
the SSCB and a mechanical switch. It overcomes the drawbacks of the SSCB and
mechanical circuit breaker, and has advantages including low power loss, fast re-
action speed, long service life, high reliability and simple structure. The simpler

control system and high power density result in the hybrid circuit breaker becom-
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Figure 2.19: The diagram of the Z-Source SSCB
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Figure 2.20: The diagram of the hybrid circuit breaker

ing a new research direction of the SSCB development [173]. The diagram of the
hybrid circuit breaker is shown in Figure [2.20l When the circuit works in normal
condition, the SSCB remains blocking and the current flows through the mechani-
cal circuit breaker. Meanwhile, the clamping circuit maintains the high resistance
state. When the fault occurs, the drive signal for the SSCB will turn on the SSCB
and the contacts of the mechanical circuit breaker will be separated to shut down
the mechanical circuit breaker. The arc voltage caused by the mechanical circuit
breaker will rise until the rated voltage of the SSCB, during the turn on process of

the SSCB and the main current will flow through the SSCB rather than the me-
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chanical circuit breaker. The hybrid circuit breaker remains conducting. When the
mechanical circuit breaker is fully blocked, the arc voltage disappears and the SSCB
begins turning off. Because of the inductors in the circuit, the voltage across the
SSCB rises sharply during the SSCB shut down process. When the voltage reaches
the breakdown voltage of SSCB, the clamping circuit will limit the voltage value
and transform to the low resistance state to conduct the current. The fault current
will be absorbed by MOV in clamping circuit and drop to zero, as well as the hybrid
circuit breaker finishes the blocking [174].

This Chapter introduced the research status and future challenges of the SSCB.
SSCB can be widely used in low, medium and high power system protection circuit.
To realise the zero carbon in the future, the development of renewable power sys-
tem is significantly fast, which results in the more critical requirements in circuit
protection circuit and more challenges for SSCB design. A number of technolo-
gies have been proposed to improve the performance of SSCB including the new
semiconductor devices, new circuit topology and new digital and analog gate drive
circuit for series connected switches. However, the improvement by using the drive
signal, which is different with the pulse signal, is rarely mentioned. Therefore, this
thesis proposed a novel drive signal to control the SSCB based on SiC MOSFET
and compared the performance of the novel drive signal with the pulse signal in 270
V short circuit test. The novel drive signal is a new method to minimums the short
circuit time of SiC MOSFET SSCB and the overcurrent flows through the main
circuit during fault. Therefore, the weight and volume of the SSCB can be reduced

by using the novel drive signal.
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CHAPTER 3

MOSFET characteristics test

3.1 Introduction

In this Chapter, the short circuit characteristics of the SiC MOSFETSs from the
same family have been verified to obtain the fault reason of the MOSFET during
the short circuit test. The MOSFET of the SSCB is used to determine the blocking
and conducting behaviour of circuit, and protect the circuit from the short circuit
fault. Therefore the short circuit withstand capability is the key character to be in-
vestigated, focusing on the maximum withstand short circuit time of the MOSFET.
There are many situations that may result in the destruction of MOSFET during the
short circuit fault, including the overvoltage and overcurrent, the junction overheat-
ing and the short circuit of the Gate [175] [176] [53]. The maximum safe operating
range of the short circuit time for these failure modes are different, therefore, the
maximum withstand short circuit time is determined by a combination of all reasons
to ensure the reliable operation of the MOSFET.

Overvoltage and the overcurrent appear at the start of the short circuit event
and may destroy the devices in circuit. These circuit characters can be measured

by voltage and current probes. The maximum safe operating time of the circuit
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can be determined according to the behaviour of the current and voltage. The
condition of the Gate oxide is a critical characteristic to determine the reliability of
the MOSFET and the threshold voltage is used to monitor any degradation arising
from the overcurrent [177]. During the short circuit test, the oxide will be degraded
by and can be observed by increases in the Gate-Source leakage current. This leads
to the lifetime of oxide reducing and the threshold voltage will significantly increase
[178] [179]. Once the oxide is damaged, the threshold voltage will permanently
shift [177]. Therefore, the shift in the threshold voltage can be used to represent
the condition of the Gate oxide. The safe operation time range for the Gate can be
found from the relationship between the short circuit time and the threshold voltage
shift, compared with a virgin device.

During the short circuit event, the large Drain-Source current causes the junction
temperature to increase sharply and high junction temperature may also destroy the
MOSFET. The junction temperature can be estimated by the thermal resistance
from the datasheet and the power loss calculated from the short circuit test data.
The thermal safe short circuit time can be subsequently determined from the data
for the short circuit time and junction temperature.

After comparing the safe time of these three mechanisms, the shortest time is
the maximum short circuit withstand time (Tyay) of MOSFET in a system level
application. To test these short circuit characteristic and measure the T,,.., a test
platform was developed. Normally, the short circuit test has two types, the Fault
Under Load (FUL) test and the Hard Switching Fault (HSF) test [180]. The FUL
test measures the characters of MOSFET, when the load has the short circuit, and
the HSF measure the characters of MOSFET, when the MOSFET has the short
circuit. This thesis focuses on the short circuit performance and action of SSCB
when the load faults, therefore, the FUL test is selected for the test platform in
this Chapter. Considering the MOSFET applied in SSCB is part of a half bridge
topology, where the upper device and lower device could be the load for each, this
Chapter will utilise the FUL test to represent the most likely fallure conditions of
the half bridge. A FUL test platform was designed and used to generate the data
in this Chapter. A range of commercial MOSFETS are evaluated for use in a SSCB
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application in this Chapter and the device with the longest short circuit withstand

time is selected for further evaluation.

3.2 Test platform

The first step to estimate the T,., of MOSFET is the creation of a validated test
platform. The schematic diagram of the test platform is shown in Figure [3.1} The
test platform circuit is composed of two capacitors, a silicon carbide power module
and an under test MOSFET. A stable DC power source is used to provide 270 V
DC-link voltage for the circuit which is an optimal option for future use in more
electrical aircraft (MEA) or all electrical aircrift (AEA) [181]. The 270 V power
system is also applied in solar Unmanned Aerial Vehicles (UAV) [182]. Therefore,
the system will be designed and tested with aviation systems. Lgc is the parasitic
inductance of the circuit, which from the internal inductance of devices in the circuit
and the line inductance. C1 is a DC-link buffer capacitor. When the DC source is
turned on, C1 will be charged first to reduce the high amplitude pulse voltage caused
by high-voltage power supply start-up. C2 is a decoupling capacitor to maintain the
DC voltage when the MOSFET and power module are conducting. To realise the
FUL test, two controllable devices are required in the test platform to be the load
and the device under test (DUT). The type of short circuit test is decided by the
drive signals to the controllable device. A power module with a current handling
capability that exceeds the DUT is used as the upper device, and the DUT is the
MOSFET being evaluated. Because the power module has a lower on resistance than
the MOSFET; during the FUL test, the majority of the DC voltage is applied across
the MOSFET. Under the normal working condition, two device of the inverter will
not conduct at the same time. When they conduct together, if the power module
turns on first, the DUT has the HSF fault, otherwise, it has the FUL fault. However,
the half bridge will have both types of fault during the short circuit. Therefore, the
FUL short circuit characters of MOSFET have been selected to replace the state of
the half bridge circuit in this thesis and the test platform will be used to test the
FUL fault in this Chapter.
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Figure 3.1: Test platform schematic diagram

The current through the circuit is expected to exceed 200 A during the short
circuit test, with the total circuit resistance is approximately 1.5 Ohms. To facilitate
the expected current, a copper bus bar is selected to replace the wire to connect the
circuit. The value of capacitors is decided by the voltage of the DC power supply.
In FUL test, the voltage of the DC power supply is blocked by both the MOSFET
and the power module initially. MOSFET Q1 turns on first, and subsequently, the
Drain Source voltage of Q1 drops rapidly and the voltage across the power module
is equal to that of the capacitor C2, as the internal resistance of Q1 is far smaller
than the resistance of the power module whilst in blocking. This voltage is the
voltage of DC power supply and the lack of current flow in the circuit means that,
the voltage induced across Lgc is zero. At the instant that power module turns on,
the resistance reduces rapidly and current flows in the circuit. The current rises
quickly resulting in a significant di/dt. The parasitic inductance, Lgc will induce an
opposite electromotive force (EMF) to resist the increasing current and the voltage
of C2 is now equal to the voltage of DC power supply minus the EMF of Lgc. After
the period of high di/dt, the voltage across the inductor decreases, the voltage of
C2 will return to that of the DC power supply. Therefore, the voltage across the
power module will observe a spike. This voltage spike may cause the damage to the
devices and interfere with short circuit test result, especially in high voltage test. To

reduce the spike, the capacitor C2 should be placed as close as possible to the DC
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power supply to reduce the line inductance between these two devices. As C2 should
supply the energy dissipated in the device and the energy stored in the inductance,

the value of that could be estimated using equation [3.1] [183].

Eloss + O'5LSCIsat2
CyVpe

AVpe = (3.1)

Where Ej, is the total energy loss during one short circuit test, and in this
Chapter, 1 J is used as the maximum value, Lg¢ is the inductance in the test circuit
which is around 1 pH [183], Vp¢ is the DC power supply voltage which is 270 V, Iy,
is the saturation current of the MOSFET, A Vp¢ is the voltage drop at the time
point when the short circuit test begins.

The Lgc is significantly small and has insignificant impact on A Vpc. Therefore,
to minimum the A Vpg two massive capacitors, C1 and C2, with the same capacitor
value, which is 8000 pF are selected in this test. The Drain current and Drain
Source voltage are measured using Tektronix TCPA 400 current probe with 750 A
DC detection range, 50 MHz bandwidth and Tektronix THDP0200 voltage probe
with 1200 V DC voltage detection range, 200 MHz bandwidth.

The MOSFETS used in this test are Infineon SiC MOSFET'Ss from the same family
with the different on resistance, including the 12M1H030, 12M1H045, 12M1H090.

The information of these MOSFETs is shown in Table B.1].

12M1HO030 | 12M1H045 | 12M1H090
Vs 1200 V 1200 V 1200 V
Ip 56 A 47 A 26 A
Ron 30 m/Q 45 m/Q 90 m/Q
Vas 15-18 V 15-18 V 15-18 V
Total gate charge 63 nC 46 nC 21 nC

Table 3.1: The information of three MOSFETSs

The drive signals for MOSFET and power module in FUL test are shown schemat-
ically in Figure [3.2] which are both square waves. Drive signal S1 is used to control
the MOSFET and S2 is used to control the power module. Before time t0, both
device are blocked and the DUT circuit has no current flow. The MOSFET turns
on at time t0 and the power module turns on at time t1, which causes the FUL

fault until the power module turns off at time t2. As the MOSFET is not an ideal
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Figure 3.2: Control Signals S1 & S2 for FUL test

device, it takes several nanoseconds to fully turn on. Therefore, to ensure the FUL
characteristics are only influenced by the condition of power module, time (t1-t0)
should be sufficient to make sure the MOSFET is fully conducting before time t1.
In this Chapter, time (t1-t0) is set as 1 ps, which is same as time (t3-t2), according
to the 26 ns rising time and 30 ns fall time specified for the MOSFET [184]. The
short circuit time is equal to (t2-t1) and controlled by the operation of the power
module. This duration is increased to determine the MOSFET T,,... After power
module turns off at time t2, the MOSFET shuts down at time t3. Furthermore,
to collect the clear test result, the short circuit time (t2-t1) should longer than the
response time of power module, which is 47 ns.

The drive signals are generated by a two channel synchronous pulse generator hp
8110A to ensure the synchronization of two drive signals. A gate drive circuit is used
to generate the +24/-5 V levels to control the gates of the power devices. During
the test, the MOSFET and power module are turned on every 10 seconds to ensure
that the short circuit energy has been dissipated totally before the subsequent test.

In conclusion, a suitable test platform was constructed as described in this Chap-
ter, and It will be used to test the short circuit characteristics of MOSFETSs and

obtain the fault reasons.
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3.3 Result and analyse of the T,,.x of MOSFET

The target of this Chapter is to determine the T, of different MOSFETs under
FUL test conditions operating with a DC supply of 270 V. To find the T, of the
MOSFETS, three tests are performed using the test platform described previously,
including the short current and voltage test, the Gate-Source threshold voltage test
and the subsequent estimation of the junction temperature.

The short circuit current and Drain-Source voltage are used to directly show
the state of the circuit and MOSFET. When the current or voltage change trend
is different from the previous tests, the MOSFET can be considered to have failed,
and the T, of the devices is then determined from the test data. However, other
reasons can result in the breakdown of MOSFET, and the T,,.x can be related to
the characteristics of the short circuit current and voltage. The device thermal
problems and the MOSFET Gate-Source breakdown must be considered. Although
the internal resistance of MOSFET is typically around 80 mS2 in the on state, the
overcurrent will cause a significant rise in the junction temperature and result in
thermal failure of the MOSFET. Therefore, the short circuit time must be limited
to reduce the rise of temperature and the maximum short circuit time, which could
ensure the safe temperature of MOSFET, is the T),., defined by the thermal char-
acteristics. Besides the overvoltage across the Drain-Source and overheating, the
breakdown of the Gate is also a common reason for MOSFET failure. When the
Gate of MOSFET suffers from overcurrent and overvoltage, the oxide layer will gen-
erally degrade, and the leakage current increases significantly, which will decrease
the charge accumulated on the oxide layer and severely reduce the maximum electric
field strength [185]. The insection of oxide charge in to the Gate capacitor causes the
increase of the flatband voltage resulting in a noticeable short in the Gate-Source
threshold voltage [186] When the overcurrent and overvoltage are over the maxi-
mum allowed value, the oxide layer will show evidence of breakdown, resulting in
the MOSFET Gate-Source short circuit. Therefore, to ensure the safe operation of
the MOSFET, the T,,.« of Gate-Source threshold voltage should be the maximum
short circuit duration time that does not result in a significant shift. Furthermore,

the Ty« of the MOSFET is determined as the shortest of the three times described
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above.

The short circuit current and the voltage of MOSFETSs are tested first by the
platform mentioned before. A 270 V DC power supply is selected to provide stable
DC power. The short circuit test time is from 1 ps to 20 ps which approaches to the
Thax of 1200 V SiC MOSFET driven by 24 V Gate-Source voltage [187]. A range
of MOSFETsS, including the 30 m€2 12M1H030, the 45 m{) 12M1045 and the 90
mS) 12M1HO090 were evaluated here to obtain the short circuit characteristics of the
MOSFETS from the same family with different on resistance. The performance and
test data for an Infineon 12M1H030 MOSFET, which has a rated blocking voltage
1200 V and 30 m{2 internal resistance, are shown in Figure [3.3| and Figure [3.4, The
circuit characteristics Ty,.x could also be determined from these two test results.

The data in Figure [3.3] show the Drain-Source current through the MOSFET
during the FUL test. When the fault under load occurs, the fault current rises
quickly from zero and reaches a peak, which is around 190 A, within 1 ps. During
the turn off period, the current will drop to zero in a very short time, and it takes
around 1.5 ps to release the energy. After the circuit dissipates the short circuit
energy, the current through circuit will remain at zero. Two spikes appear in the
data at the beginning of the circuit short and the end of the circuit short respectively.
When the short circuit occurs, the Vpg of the MOSFET rises quickly, and dv/dt is
approximately 270 x 10° V/s as shown by the data in Figure . This increase in
the Drain-Source voltage results in the charging current for the internal capacitors
of MOSFET and generates the 230 A current peak at the beginning of the test.
When the power module is turned off, the Vpg of the MOSFET decreases sharply

with a similar dv/dt to the rise at time 0.
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Figure 3.4: Drain-Source voltage across the 30m{2 MOSFET

At the conclusion of the FUL test, the internal capacitance of the MOSFET dis-
charge and resulting in the current spike when the MOSFET begins to shut down,
which is around 40 A. When the current drop to zero, the overcurrent during fault
results in the oscillation which has around 50 A peak-to-peak value. With the in-
crease of the short circuit time, the current presents a rapid rise and a gentle decline
after reaching the peak. The high short current through the internal resistance of
MOSFET resulting in an increase in the junction temperature. The higher temper-
ature leads to a lower electron mobility and a higher internal resistance , and
this results in the current through the MOSFET decreasing with time. The rate
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of change of the Drain current decreases after 10 ps, because the rate of junction
temperature increase slows, which causes the slope of the on resistance to decrease.
As the Drain-source voltage is clamped at 270 V, the slope of the current follows
that of the device resistance. The result shows that the short circuit time has a
great impact on the Drain current and the on resistance of MOSFET.

The data in Figure [3.4] show the Drain-Source voltage across the MOSFET dur-
ing the FUL test. When the fault occurs, the voltage across MOSFET rises rapidly
and it stabilizes at 270 V. The oscillations observed in the waveform arise from the
inductance in the circuit. At beginning of the test, the current through the circuit
rises quickly, according to the Figure [3.3] and the high slope of the current speed
causes the EMF across the inductance and the spike of the voltage reaches 320 V.
With the short current reaches the peak, the slope of current decreases gradually
and the EMF of inductance returns to zero which results in the voltage across MOS-
FET becommming stable at 270 V. When the circuit is operating in the blocking
condition, the voltage drops to zero quickly and the current falls simultaneously.
The EMF of the parasitic inductance has an opposite direction and results in a 70 V
voltage spike at the conclusion of the 1 ps test. The spike at the end of test decreases
with the increase in the short circuit test time, due to the decrease in Drain current
as can be seen from the data in Figure This decreases the di/dt during the turn

off period, and hence a lower EMF due to the inductance.
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The waveforms for the device during the short circuit test can be used to de-
termine the state of circuit in the FUL test, but cannot show the internal state
of the MOSFET. During the short circuit fault, the reliability of the MOSFET
gate structure may permanently decrease because of the oxide degradation [177].
With the increase in the short circuit time, the current may destroy the internal
structure of MOSFET first. When the internal parameter changes of the MOSFET
degrades so that they fall outside the normal value range, it will be reflected in
the current-voltage characteristics of the circuit. Therefore, before the current and
voltage change, the MOSFET may already begin to show evidence of degradation.
To ensure the safety of circuit and assess the degradation of the MOSFET, it is nec-
essary to measure the internal parameters of the MOSFET after each short circuit
test and get the T\, of MOSFET internal characteristics.

The Gate-Source threshold voltage (Vi) and the flatband voltage (Vgg) are
selected to describe the internal condition of MOSFET as the gate oxide is often
damaged during extreme operation conditions and resulting in a Gate-Source short

fault during the test. The threshold voltage is defined as:

V2qKseoN A (20F)
Cox

Vin = Vi + 20r + (3.1)

Where Vy, is the threshold voltage, Vgp the flatband voltage, Cpx the gate
oxide capacitance, ¢ the Fermi potential, N4 the acceptor doping density, K, the
semiconductor dielectric constant, ¢ the magnitude of electron charge, which is
1.6 x 1071 C, and ¢, the permittivity of free space, which is 8.8554 x 10~ F/cm.

Threshold voltage is influenced by many factors, including the gate oxide capaci-
tance (Cox), the Fermi potential, flatband voltage, semiconductor dielectric constant
and acceptor doping density according to equation 3.1l Among these factors, the
Fermi potential is determined by the doping concentration of the polysilicon gate
during production [188]; the acceptor doping density and semiconductor dielectric
constant are determined by manufacturing processes and material; Cox is decided by
permittivity of oxide and physical oxide thickness [189]. These factors are generally
not impacted by short circuit current, while the Vgg is greatly affected. Therefore,

the flatband voltage becomes the main factor affecting the threshold voltage in short
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circuit conduction and it is possible to monitor the condition of the gate oxide and
test the Tp.x of the MOSFET Gate by examining the shift of Vyy,.

As the Vgp is the main factor which influences the threshold voltage and it
is greatly impacted by the short circuit current, the shift in Vpg can be used to
represent the gate oxide condition and verify the origin of the Vi, shift. The Vgg is
defined as [186]:

_ Qr £+ Qu +Qor
Cox

VFB = Oums (3.2)

Where the Vg is the flatband voltage, ¢, the metal-semiconductor work func-
tion difference, Q)or the oxide trapped charge, @Qr the fixed charged and @), the
mobile charge.

¢ms depends on the metal and semiconductor material used in MOSFET and
it has been decided during the manufacture but not influenced by the short circuit
test [190]. Therefore, ¢y is a constant value in the short circuit test. Qor is the
oxide trapped charge and it contributes little to the flatband voltage or the threshold
voltage shift during the short circuit test for a MOSFET with thin oxide layer [186].
As the 1200 V SiC MOSFET normally has a thin oxide thickness, which reaches
25nm in a 6 inch foundry [191], the impact of trapped charge on the reliability of
gate structure could be ignored. Qy is primarily decided by the ionic impurities
in SiOy which is fixed during the manufacture [186]. Therefore, these three factors
have little impact on the flatband voltage shift during the short circuit test. Qg
is determined by the flatband voltage shift, which is measured by comparing the
voltage shift between the experimental virgin device C-V curve and the theoretical
curve [186]. Normally, Qr remains stable in normal working condition. However, too
long short circuit time may break the gate oxide and permanently change the fixed
charge and influence the flatband voltage further. Therefore, the flatband voltage
can be used to describe the condition of the gate oxide, and according to equation
the result of flatband voltage shift can be correlated with the threshold voltage
shift.

In this section, the threshold voltage is extracted using the linear region method
based on the y/Ips-Vas data [192] and the flatband voltage is measured according
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to the C-V test curve [193]. A Keithley 4200A-SCS parameter analyser is used to
test the current-voltage characteristics and the capacitor-voltage characteristics of
the MOSFET after each short circuit test
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Figure 3.5: I-V test of 30m{2 MOSFET

The experimental v/Ips-Vgg data are shown in Figure . The data show the
relationship between Vgg and the Drain current through the MOSFET. The red
curve is the I-V character of the MOSFET and the blue line is the linear regression
line which is used to determine Vi,. When the Vg is below the threshold, the
MOSFET operates in the cut-off region and is blocking. The low Gate-Source
voltage cannot form a sufficient electric field to form the channel. When the Vg is
greater than the threshold voltage, the Drain current through the MOSFET depends
on the Drain-Source voltage. If Vpg is smaller than (Vgs-Viy), the MOSFET works
in the linear region. In this region, when Vg is constant, the increase of the Vpg,
result in a linear increase of the Drain current in the circuit. If V(pg is larger
than (Vgs-Vin), the MOSFET operates in the saturated region. In this region,
the Drain current shows a minor variation with Vpg for constant Vgs. In this
operation condition, the Drain current is only a function of Vgg. According to the
[-V characteristics of the MOSFET, the pitch off voltage is the boundary of the
cut-off and linear regions, and it should meet the characteristics of two working

states at the same time, which is no current and linear growth. The best method to
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find the threshold voltage is finding the intersection point of a linear regression fit
to the v/Ipg data. The threshold voltage is the abscissa of intersection point of the
blue line and zero current axis. The variation in the threshold voltage of 12M1H030

under the short circuit time from 1ps to 20 ps is shown by the data in Figure 3.6
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Figure 3.6: Threshold voltage of 12M1H030

The short circuit test time is varied between 1 ps and 20 ps, and the extracted
threshold voltages are shown by the data in Figure|3.6| The red line is the linear fit
line for threshold voltage data points and the masority of the threshold voltages are
in the range between 3.6 V to 3.8 V, except the 4 ps threshold voltage, which is 4.48
V. According to the datasheet [184], the normal range of the threshold voltage is
from 3.5 V to 5.7 V and there is no test data out of the normal range. Therefore, the
threshold voltage does not show a permanent change after FUL tests, indicating that
there is no significant damage to the Gate of the 12M1H030 transistor during the 20
s short circuit test. However, the threshold at 4 ps has a significant difference with
other data. It presented and thus has been considered as an anomalous point and
must be considered further. The relationship between threshold voltage and Drain

current is shown by the follow equation [3.3}
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X W x Cox x (Vas — Vin)?
2x L

Ips = (3.3)

Where p is the electron mobility, W the gate wide, L the gate length, Cpx the
Capacitance per unit area, Vg the Gate-Source drive voltage, and Vy, the threshold
voltage.

According to the equation 3.3 when the threshold voltage has a positive shift,
Ips will decrease. Therefore, a significant shift in the threshold voltage will also be
evident in the Drain current characteristics. If the Drain current characteristics show
the degradation in comparison to those of a virgin device, the threshold voltage has
permanently increased and there may be corresponding damage to the Gate of the
MOSFET. According to the data in Figure [3.3] the Drain current of 4 ps pulse data
follows the tracks of of the other tests, which indicates that threshold voltage has
not shifted significantly and hence there is no damage to the Gate of the 12M1H030
as a result of the 4 ps short circuit test.

The C-V test results are used to extract the flatband voltage of the MOS capac-
itor that forms the gate of the MOSFET. As described earlier, the oxide trapped
charge contributes little to the flatband voltage shift for MOSFETSs containing a
thin oxide [186] the C-V data focuses on the change in fixed and mobile charge,
according to equation 3.2 The mobile charge shift is determined according to the
conductance and voltage curve shown in Figure|3.7] The true flatband voltage value
is between the two peaks in the conductance data and shown by a red dotted line.
The flatband voltage during the charging and discharging, which is the value of the
abscissa corresponding to the peak value of the conductance curve, is shown by two
solid red lines. When the Gate voltage increases, the mobile charge shows a positive
shift in comparison to the stable state resulting in a positive shift in Vpg. When the
Gate voltage decreases, the mobile charge will decrease and there is a corresponding
negative shift Vpg. Generally, the value of positive shift in Vpp is same as that
of the corresponding negative shift Vgg, therefore, to simplify the calculation, the
mobile flatband voltage is the half of the sum of the absolute values of positive shift

Vrp and negative shift Vpg.
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The fixed charge shift is estimated according to the capacitance-voltage curve
which is shown in Figure |3.8 Following a method similar to that used with the
conductance in Figure 3.7, the curve of the capacitor has charging process and
discharging process. The charging process is the experimental curve. During this
process, the Vgp is influenced by the fixed charge and Vyg = ¢ns - Qr/Cox con-
sidering the impact of fixed charge. The discharging process makes the condition
of device return to the condition before the FUL test. Therefore, the Vpg = ¢us
during the discharging process. The difference of the flatband voltage between the
two processes AVpg = Qr/Cox. As Cpx is a constant value, AVpg is influenced by
the fixed charge. Therefore, for a same capacitor value, the corresponding voltages
between the charging process and discharging process are different, and the value of
the difference in linear range is the fixed flatband voltage shift, which is shown by
red line.

C-V test is applied after each short circuit test and the mobile flatband voltage
result of 12M1H030 MOSFET, after the short circuit time from 1 ps to 20 ps,
is shown in Figure [3.9. The range of the mobile flatband voltage shift is from
0.1 V to 0.2 V and the average value is 0.15 V which could be regarded as the
flatband voltage shift under normal working conditions. The fluctuation of the
mobile flatband voltage is & 50 mV. The fixed flatband voltage result is shown
in Figure 3.10l The range of the fixed flatband voltage is from 0.37 V to 0.4 V.
The difference is very small and so the fixed flatband voltage remains stable during
the test. The MOSFET tested in the this Chapter is the brand new device and
after the first time conducting, the resistance increases insignificantly which results
in the insignificant decrease of the flatband voltage [194]. Therefore the flatband
voltage shows in Figure |3.9| and Figure has the insignificantly decrease during
the short circuit time between 1 ps to 3 ps. As the mobile flatband voltage does
not have a permanent change and the fixed flatband voltage is stable, the gate
oxide of 12M1HO030 shows no damage during the test. Combining the results of
flatband voltage and threshold voltage, it can be concluded that the maximum short
circuit threshold withstand time of 12M1HO030 exceeds 20 ps, and the maximum gate
character withstand time of other MOSFETSs will also be tested by the methods
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mentioned above.
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The junction temperature is also an important parameter which must be consid-
ered in short circuit application to avoid thermal damage to the MOSFET. As it is
not possible to directly measure the junction temperature. Equation [3.4]is used to

estimate that:

T;—T.

. (3.4)

Rre) =

Where R1y;..) is the thermal resistance of junction-case, which can be determined
from the datasheet [184], T} the junction temperature of the MOSFET, T the case
temperature, and P is the average power loss of the MOSFET during the test.

However, equation is not suitable to be used in this study to estimate the
junction temperature because the equation is used under steady-state conditions and
does not reflect the rapid changes in device temperature experienced during a short
circuit event [195]. When a MOSFET is operating normally, the heat generated by
the current flowing through the MOSFET has sufficient time to dissipate from the
junction to the case and the rise in temperature of the case which can be measured
during operation. Meanwhile, the dissipated power remains stable, and the junction
temperature can be estimated using the steady state experssion in equation [3.4] In
contrast to the normal operating conditions, the short circuit condition is a rapid
transient. The short circuit results in significant overcurrent and overvoltage condi-
tions, which result in the huge transient power. However, as the short circuit time
is limited to a number of microseconds, the total energy loss caused by transient
power is very low, and is typically a fraction of a Joule. The low energy loss and the
short fault time does not allow the heat to dissipate from junction to the case and
cause the case temperature rise. Therefore, the case temperature in short circuit
state was not measured and equation is not suitable for the short circuit testing
reported here.

The temperature dependence of the mobility for 4H-SiC at low doping concen-
trations, expressed in equation [3.5] is used to estimate the junction temperature
during the short circuit test [196]. The equation is suitable for unipolar silicon

carbide devices with n-type drift regions [197]:
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T\ 27
Hn(4H-SiC) = Hn(300) X (ﬁ) (3.5)

Hn(;H-sic) 18 the electron mobility of 4H-SiC at temperature T, fi,300) the electron
mobility of 4H-SiC at 300K, and T the junction temperature. The relationship

between the electron mobility and the conductivity is shown by equation 3.6}

0 =N X q X [nU4H-SiC) (3.6)

Where o is the conductivity, q the carrier charge, and n the carrier concentration.
Combining equations [3.5 and [3.6] the relationship between the junction temper-

ature and conductivity is shown as:

n(r) X 4(m) T\
o =0 X ————2 X [ — 3.7
™ (300) 1(300) X 4(300) (30()) (3.7)

and so the resistance of the MOSFET can be expressed as:

n(T) X 4(T) T\
Ronimy = Ron X ————— X [ — 3.8
. (300) 1(300) X ¢(300) (300> ( )

Ron¢r) is the on resistance of MOSFET at temperature T, R,,s09) the on resis-
tance of MOSFET at 300K.

With the increase of the short circuit test time, the junction temperature rises
significantly due to the significant overcurrent. However, the junction temperature
mainly affects the channel, and the carrier concentration depends on the ionisation

of the dopant in the drift region [198]. This fraction is close to 100% at room tem-
M)XAT)
™(300) *9(300)
™(T) *9(T)
" (300) < 9(300)
is set as one in this Chapter. Hence the simplified equation for the resistance is shown

perature and so n39) can be considered to be the same as n/r) and so

approximately equal to one [199]. To simplify the following calculations

follow:

7\ 27
Ron(ty = Ron(300) X (ﬁ) (3.9)

The total on state resistance of the MOSFET consists of a number of resistances,
including the channel resistance, the drift resistance, the source contact resistance,
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the Source resistance, the accumulation resistance, the substrate resistance and the
Drain contact resistance |[197]. Among these resistances, the channel resistance and
the drift resistance occupy the largest proportion, and the increase of the junction
temperature mainly influence the value of channel resistance. Therefore, using the

channel resistance allows a more accurate estimate of the junction temperature [200]

[201]. The equation [3.9) could be changed to:
T\ 27
Ron—c anne = Ron—c anne X NN 3.10
hannel(T) hannel(300) <300> (3.10)

Calculating the R, channeis00) 15 the first step to estimate the junction temper-

ature by equation [3.10, and the method is described below.

Resistance Value (mQ-cm?) | Percentage Contribution
Source Contact 0.05 8.2
Source 0.0005 0.0
Channel 0.229 37.4
Accumulation 0.055 9.0
Drift 0.209 34.1
Substrate 0.06 9.8
Drain Contact 0.01 1.6
Total 0.613 100

Table 3.2: On resistance components

During the short circuit test, the junction temperature rises and cause the on
resistance of MOSFET to increase [202]. Therefore Ron(s00) should be the minimum
resistance and appears at the beginning of the test. Transforming the R, 399) to the
current by Ohm’s law, I/39) is the largest current that occurs at the beginning of the
test. However, according to the data in Figure[3.11] the maximum current does not
appear at the beginning of the test as there is a process of current rising during turn-
on, during which the junction temperature rises significantly. To find the R, s00),
a current waveform is extrapolated to the time where the short circuit transient
occurs and so I ggp) is the value of the current at t=0. After that, the Ry 509) could
be calculated by Ohm’s law. The Ropn_channei(so0) is a part of the R, (300), and the on
resistance components under 300 K is shown in Table [197].

The data in Table [3.2| show the On-state-resistance components within the 50-V

power U-MOSFET structure with 5 pm cell pitch. As the resistance of MOSFET
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Figure 3.11: Ron-channel(300) estimation method

is proportional to the square of the rated blocking voltage [203] [204], the total
resistance of 1200 V MOSFET, which is used in this Chapter is much larger than
that of the 50 V MOSFET, but the contributions from each of seven components
are similar. Meanwhile, the manufacturing process of the 1200 V MOSFET used in
this Chapter makes the cell pitch of that close to 5 pm. Therefore, the percentage
contribution of on resistance in Table 3.2] could be used to estimate the on-channel
resistance of 1200 V MOSFET. Furthermore, the data for 1200 V MOSFET is hard
to find and the percentage contribution of 50 V- MOSFET is used in this section.
According to the Table , the Ron-channei(s00) could be calculated by equation ,
and the rest resistance R,.res(300) could be calculated by equation m

Ron-channel(300) = Ron(300) X 37.4% (3.11)

Ron—rest(SOO) = Ron(SOO) - Ron—channe1(300) (3 12)

Ron-rest(T) = Ron(T) - Ron-channel(T)

As the channel resistance takes a large percentage of the on resistance and greatly

affected by junction temperature rise, the change of the estimation on resistance is all
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attributed to the change of the channel resistance and the remainder of the resistance
described as R,y rest(s00) in this Chapter. In fact, the change of the on resistance is
attributed to both change of channel resistance and remainder resistance. Hence,
by this method, the true change of the channel resistance is smaller than the change
of the channel resistance used in estimation. In addition, because the time of short
circuit test is very short and the temperature has no time to transform to case,
the temperature rising just occurs in channel, and the change of channel resistance
is all contributed by the junction temperature rising. Therefore, the true junction
temperature rising is smaller than the estimated junction temperature rising, which
ensures when the estimated junction temperature is smaller than the maximum
junction temperature, the true junction temperature is smaller than the maximum
junction temperature. This estimation gives more margin to ensure the safety of
MOSFET during the short circuit fault.

The on resistance R,,r) could be calculated according to the Drain current
and V(pg) data form Figure and Figure . As the R,ppest(r) is a constant
value, the R, channeyr) could be calculated by equation . After calculating the
Ron-channei(so0) and Rop_channel(T), the junction temperature at each time point could
be estimated by equation [3.10] As an example, the estimated junction temperature
of 12M1H030 during the FUL short circuit test is shown in Figure [3.12 The results
are calculated according to the experiment data.

Figure 3.12(a) shows the short circuit current of MOSFET at the time points
from 1 ps to 20 ps. A quadratic rational fitting curve is produced according to the
current data point to estimate I;399) of 12M1HO030, which is 200 A, at time = 0, which
is the beginning of the short circuit condition. The DC power supply of the test is
270 V and the on resistance Ry s00) could be calculated by Ohm’s law, which is 1.35
Q. According to the equation and , the Ron-channei(soo) 18 0.5 Q and Roprest
is 0.85 €2. Furthermore, the on resistance under different short circuit time R, 1)
can be calculated by the same method according to the voltage and current data
at each short circuit time point, and the results are shown in Figure 3.12|b). After
the calculation of the constant value R, ess and R, 1), the on channel resistance at

each short circuit time Roy,_channei(r) can be calculated according to equation and
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Figure 3.12: (a) Drain source current of 12M1HO030, (b) total on resistance of
12M1HO030, (c) Channel on resistance of 12M1H030, (d) Junction temperature of
12M1HO030

the results are shown in Figure[3.12|c). The calculation of the junction temperature
at each short circuit time is based on the Rop-channeir) and Ron-channei(soo), according
to equation [3.10} and the results are shown in Figure [3.12{(d).

The maximum junction temperature, that could be experienced by the 12M1H030
MOSFET is 448.15 K , which is close to the estimated junction temperature
at 17 ps, according to the calculated results in Figure m(d) To ensure the safety
of MOSFET, the thermal T, of 12M1H030 is considered to be 16 ps. In this
Chapter, besides 12M1H030, the thermal T, of other MOSFETSs from the same
family will also be estimated by the method mentioned above and the results will
be shown later.

To estimate the T\, of MOSFET, a series of MOSFETSs were evaluated by the
methods mentioned above from three aspects, including the circuit characters, the
Gate state and the thermal performance. These MOSFETSs have the same rated
Vps, similar fall time which influences the shut down speed in SSCB applications
and package, but are designed for different applications. For example, the 12M1H090
has a small Gate charge, 21 nC, which makes it suitable for the applications that
require fast switching speed. Meanwhile, the 12M1H030 has the high rated Ip, which
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is 56 A, and is suitable for the high power applications. The key internal parameters
of the different tested MOSFETS are shown in Table 3.3

The test has three steps. The first step is testing the circuit characters by the test
platform. The short current and short voltage data are collected and the maximum
circuit character withstand time determined by comparing the current and voltage
characteristics during the short circuit event. Once the trend of current or voltage is
different from the previous experimental results, the MOSFET may be broken and
the maximum circuit character withstand time will be the time of last short circuit
test. The second step is confirming the condition of the gate using I-V and C-V
characteristics, and it could be represented by shifts in the threshold and flatband
voltages. Once the threshold voltage and flatband voltage show permanent changes
or the internal capacitors of MOSFET could not be charged anymore, the gate oxide
of MOSFET is broken and the gate character withstand time will be the time of
last short circuit test. Finally, the thermal performance is evaluated. The junction
temperature is estimated from the on-state-resistance of MOSFET and the thermal
withstand time will be the maximum time the junction temperature remains within
a safe range.

After comparing the result of the three withstand times, the shortest one will
be identified as the T,.. of the MOSFET. In this section, the performance of
12M1HO030, with 30m{2 resistance, is selected as an example to introduce the meth-
ods. Besides it, the performance of 12M1045 and 12M1HO090 are also tested in this
section to compare the short circuit characteristics of them. The test results are
shown in Table |3.3| [205] [184] [206].

According to the Table [3.3] the circuit character withstand time and Gate char-
acter withstand time of 12M1H030 and 12M1045 are same, which are both 20 ps.
They are longer than them of 12M1H090 and the performance of 12M1H030 and
12M1045 is better than 12M1H090. The thermal withstand time of 12M1H030 and
12M1045 is less than the circuit character withstand time and the Gate withstand
time of them separately, while the thermal withstand time of 12M1H030 is longer
than that of 12M1045. Combining the test results above, the 12M1H030 has the
longest Tax, which is 16 jps.

69



12M1H030 | 12M1045 | 12M1H090

Circuit character withstand time 20ps 20ps 18us
Gate character withstand time 20ps 20ps 15ps
Thermal withstand time 161s 12ps s
T nax 1671s 12ps 9us

On resistance 30mS2 45m¢) 90m¢?

Rated Drain-Source voltage 1200V 1200V 1200V
Rated Drain current 56A 52A 26A
Total Gate charge 63nC 52nC 21nC
Rise time 19ns 18ns 4ns

Fall time 13ns 13ns 12.6ns

Table 3.3: The internal parameters of MOSFETSs

In conclusion, this section introduces the method to estimate the T,,., of MOS-
FET from three different circuit characters and test three MOSFETs with different
on resistance, including 12M1H030, 12M1045 and 12M1H090. The fall time of three
MOSFETSs are almost identical, that means they have the similar shut down time
which is an important characteristic when designing the SSCB circuit. According to
the test result, the 12M1H030 has the longest short circuit withstand time of three
MOSFETS, which is 16 ps, followed by 12M1H045 which is 12 ps, and the 12M1H090
is the shortest one, which is 9 ps. Meanwhile, 12M1HO030 has the lowest on resis-
tance which could reduce the power loss during the normally on working condition

and highest rated Drain current which is benefit for high power applications.

3.4 Conclusion

In conclusion, the short circuit test for three SiC MOSFETSs from the same family
with different on resistance is introduced in this Chapter to obtain the short circuit
characteristics of these MOSFETs. In addition, the method to obtain the fault
reason and the maximum short circuit withstand time of the MOSFET is introduced

which evaluate the MOSFET from three different aspects, including the overcurrent

and overvoltage, the Gate state and the safety junction temperature.
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CHAPTER 4

A design of the control system

4.1 Introduction

The main objective of this Chapter is the design of a control system, which can
evaluate the operating conditions of the main power circuit according to the feedback
signals and generate the corresponding drive signal to control the conducting or
blocking operation of a MOSFET in solid-state circuit breakers (SSCB). As a part
of the protection equipment in the circuit, the control system is required to have
the fast reaction time and operation ability, when the short circuit fault occurs.
Therefore, the close loop feedback, coupled with fast central processing units and
execution devices are necessary in this control system design.

In this Chapter, two feedback signals are selected to describe the main circuit
operating conditions. One is the Drain current (Ipg) through the MOSFET, the
other is the Drain-Source voltage (Vpg). The short circuit test results in Chapter
3 show that the change of Ipg and Vpg can accurately describe the main circuit
working condition during the short circuit fault. When the fault occurs, the Ipg will
increase sharply with a significant di/dt, while the Vpg also reaches a peak. When

the MOSFET is in blocking mode operation, the Ips and Vpg will drop to zero.
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Besides the feedback signal, the control system is required to have the high sampling
frequency, the ability to perform complex calculations and the flexible designed
ability, which requires a high performance central processing chip. Therefore, a
high performance Field Programmable Gate Array (FPGA) is used as the central
processing unit for the control system to calculate, compare the feedback data and
generate the corresponding drive signal for MOSFET. The FPGA has a number
of advantages for real time control system design, including high flexibility, lower
cost compared with Application Specific Integrated Circuit (ASIC) and fast data
processing speed. Those advantages make the FPGA meet the requirement of control
system design in this Chapter. As the FPGA is a digital device but the feedback
signal and drive signal are analog signals, one Analog-to-Digital Converter (ADC)
and a Digital-to-Analog Converter (DAC) are required to connect the FPGA to
the analog circuit, to collect the feedback signals and output the control signal.
Although these devices both have high accuracy and high sampling speed, they
cannot directly be used to drive the MOSFET as the range of the DAC output is
from -5 V to 5 V, however the voltage range required for the Gate-Source voltage
of the MOSFET should be -5 V to 15 V [184], and the drive signal from the DAC
is easily influenced by the large current flowing through the main circuit during the
fault. Therefore, an isolation circuit and an amplifier circuit are necessary between
the DAC and the MOSFET. The drive circuit applied in this control system needs
to transform the continuously changing drive signal when the control system is
operating under the transform condition and isolate the main circuit and control
circuit at the same time. Because of that, the isolation chips based on Transistor-
Transistor Logic (TTL) could not be used in this drive circuit and a chip which is

capable of generating an analog signal is selected. The control system schematic is

shown in Figure [£.1]
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Figure 4.1: Control system flow chart

A special control system which could output the continuously changing control
signal is designed and verified in this Chapter. It is composed of five blocks, including
the ADC, the FPGA, the DAC, the isolation circuit and the amplifier circuit. The
ADC is used to collect the feedback signals and transform them to digital signals for
FPGA which will process the data and generate the correct drive signal according to
the control requirement. The DAC is used to transform the drive signal to analog.
The isolation circuit will isolate the main circuit and the control system to reduce the
interference, and the amplifier circuit ensures the voltage of drive signal is enough
to drive the MOSFET. More details of the control system design will be introduced

in the remainder of this Chapter.

4.2 FPGA development

The FPGA development is divided into two parts, including the hardware program
and the software program. In general, the complex calculation will be realized by
hardware program in FPGA design as the speed of the programmable logic (PL) to
process the large amount of data is faster than that of the processing system (PS).
The hardware is capable of identifying the fault condition of the circuit and react
in a time that will protect the circuit and reduce the overcurrent and power loss.
Therefore, in this Chapter, the calculation and comparison to normal operation are
achieved by hardware program. PS is also a necessary part of the design because PL

is not capable of all the required operations and is normally selected to store data,
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expand the external design ports, initialize the system and realize the bus inter-
connection for different modules. Human-computer interaction and system control
are realized by the processing system. The powerful software Vivado is selected to
program and debug the FPGA in this design. PL is programmed using the Verilog
language and PS programming is based on C++.

After comparing the products available commercially, including SKU89, SKU110
and ECLYPSE 77, the FPGA development board ECLYPSE 77, with Xilinx Zynq-
7000 ARM, is selected as the core device to design the control system because the
performance of this FPGA developmernt board can meet the requirement of design
with a reasonable 300 £ price. In addition, Xilinx has great technology support
which is helpful for beginner to use the FPGA. Furthermore, to reduce the cost,
selecting the Zyng-7000 ARM to build the circuit but not the development board
costs less, around 100 £. Redesign the board with Zyng-7000 ARM can reduce the
devices which are not useful in this thesis but used on development board, including
the network port and flowing lights, and improve the integration rate to reduce the
volume of the board. Zyng-7000 is a 667 MHz dual-core Cortex-A9 processor based
on advanced system on chip (SoC) architecture. The advantages of this architecture
are lower price and faster internal communication speed on chip with lower delay, as
the architecture integrates both the PS and PL on a single die. Dual-core and high
clock speed enables the processor to have the ability to process complex calculations
in parallel which is a significant technical requirement of the control system, sup-
porting the decision to select the Zyng-7000. Besides the processor, some external
devices also needed. Digilent Zmod ADC 1410 module and Digilent Zmod DAC 1411
module are selected to collect the feedback signals and output the drive waveform.
These two modules both have 100 MS/s pre-channel real-time sample rate and 2-
channel 14-bit resolution, moreover the sufficient accuracy of ADC reaches 40.2%,
which meets the high sampling frequency requirement and whilst maintaining high
sampling accuracy. The high sampling accuracy is important to have the correct
feedback signal and the result quickly when compare the feedback signal with the
threshold. The ECLYPSE Z7 has interfaces specially designed for these two modules

and diverse expansion devices, including DDR3 memory, QSPI flash, microSD card
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Figure 4.2: ECLYPSE Z7 development board top populated

connector and various USB interfaces to support the FPGA development. Therefore
it is a smart choice for the control system design. The layout of the development
board is shown in Figure 4.2

The FPGA block diagram in shown in Figure 4.3l The ADC module collects
the feedback signals and sends them to the PL and PS. PL is the significant block
to compare the feedback data input and send the data of the drive signal to DAC
module. PL also communicates with the PS as the registers in PS are necessary for
PL when data needs to be saved or recalled. PS is mainly responsible for initializing
other modules, like the ADC and DAC modules, which need the device ID and base
address distributed by PS to communicate with other blocks. The communication
between different devices in FPGA is based on the Bus. Therefore the AXI Bus and
the IC Bus, which are integrated in the FPGA, are used in this design to transform
the data between different blocks.
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Figure 4.3: FPGA block diagram

To increase the response speed of the control system, it is necessary to select a
rapid circuit condition judgment method for FPGA design. Several methods have
been described in the literature and the most popular methods are threshold judge-
ment and slope judgement [207]. Threshold judgement compares the measurement
values with the threshold to evaluate the circuit condition. Normally, the measure-
ment values are the transitor current and the voltage specify as Ipg and Vpg. Slope
judgement compares the calculated slope of feedback signal with the threshold to
evaluate the condition of the circuit. The short circuit protection process is shown
schematically in Figure £.4] as an example to introduce the concepts of threshold
judgement and slope judgement.

According to the Figure the circuit initially works normally when time <
tp, and the current through the circuit is maintained at the rated value. When
the fault occurs, the current begins to rise with di/dt limited by the inductance
in the circuit. At t;, the current reaches the specified current threshold, and the
control system begins the decision making process that identifies a short circuit
fault. However, the control system has a finite delay and the shut down starts at
time to. This delay arises between the control system evaluating the short circuit
and controlling the MOSFET to block the circuit. The response delay time between
t1 to to depends on the control system hardware; therefore, it is a fixed value for the
same control system. At to, the current reaches a peak and the MOSFET begins to
block the circuit, so for t > to, the current decreases until reaching zero. Stability
and reliability are the advantages of the threshold judgement technique, as there
is no complex calculations required, just a comparison of the data point with a

predetermined value which reduces the risk of system error.
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Figure 4.4: Short current and protection process

However, the response speed of the threshold judgement is not sufficient in high-
speed system such as those formed using wide bandgap power electronic circuits. To
increase the response speed, the delay time of the control system must be reduced.
The delay time of the control system has two parts, one is the response delay time,
another is the current rising delay time which is the time from the occurrence of
the fault to the current reaching the threshold value. As the response delay time is
fixed, the useful method is reducing the current rising delay. The slope judgment
is a good choice to increase the reaction speed of the control system. The slope
judgement technique compares the slope of the current with the specified resulting
from slope threshold to determine the operating condition of the circuit. As the slope
of a short current is very large, the delay in identifying the occurrence of a short
circuit fault using slope judgement is much smaller than that of threshold judgment.
Furthermore, the time at which the MOSFET starts to turn off can be reduced from
t1 to tg and the peak current is smaller than that for a system based on threshold
judgement, as shown by the red line in the Figure [4.4, This technique reduces

the impact of the short current and increases the short circuit withstand ability
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of the circuit. However, the slope of current is not a directly measured parameter
but a calculated value, which may introduce greater errors and hence reduce the
reliability of the technique. As mentioned before, the threshold judgement has the
better reliability and the slope judgement has the faster reaction speed. To ensure
the reliability and reaction speed of the system, both of the judgement are used in

this Chapter to design the control system.

4.2.1 Programmable logic development

The objective of the PL development is generating the corresponding drive signal for
the MOSFET according to the operating conditions of the circuit. The PL system
has three parts including the comparison and calculation, the controller and the

output selector. The schematic of the PL development is shown in Figure [£.5]
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Figure 4.5: PL development schematic

The control signal generated by control system in this Chapter is different to
those from traditional power electronic systems, which are normally based on a pulse

width modulation (PWM) wave. There are three conditions in the new designed
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control signal, including the normal condition, transform condition and the error
condition. As the control signal output is generated by the DAC, the maximum
and minimum voltage is limited to -5 V to 5 V, and the control signal design is
based on this voltage range. When the circuit operates under normal conditions,
the control signal generated by FPGA will be the normal condition and the DAC
will output the maximum 5 V. Once the circuit has detected a fault, the control
signal will be in the transform condition first and decrease the output voltage until
it reaches the minimum, -5 V. After that, the control signal will be in the error
condition and maintain the -5 V output. The diagram of the control signal is shown
in Figure [£.6 The normal condition and the error condition both have a constant
output voltage value, but that in the transform condition is required to be flexible
as the rate of change of the voltage and the drive signal curve during the transform
condition are required to be adjustable. Therefore, the control system must have
the flexible design ability to freely change the output waveform and it is realised by
PL development.
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Figure 4.6: Control signal diagram

The task of the comparison and calculation part is generating the circuit condi-
tion result signal according to the feedback signals and transforming it to the con-
troller and output selector. There are two blocks in this part. One is the calculation
block which realizes the calculation of the current slope and voltage slope, which are

represented by the di/dt and dv/dt separately. The second is the comparison block,
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which compares the four signals, including the current value, the voltage value, the
slope of the current and the slope of the voltage, with their corresponding thresholds
and generate the circuit condition result signal. The most important function in the
calculation block design is selecting the suitable method to calculate the slope of
the feedback signals. The slope must have characteristics including small error and
computationally simple calculation. As mentioned previously, the feedback signals
are collected by the ADC, and the output of that operation is the conversion of the
continuous-time signals to discrete-time [208]. Therefore, the method to calculate
the slope of a continuous function such as differentiation could not be used in this
block. The least squares method can be used to find the fitting function with the
smallest square sum error for discrete data, and it is widely be used to predict the
slope of discrete data [209]. The sampling error of ADC fits a normal distribution
which supports the use of the least squares method. Therefore, the least squares
method is selected to calculate the slope of feedback signals by linear regression and

so the prediction function is given by the following function:

Y =0X+a (4.1)

Where Y is the feedback signal and X is time. As the sampling speed of ADC
is fixed at 100 MS/s, the difference between two adjacent sampling points is 10 ns.
The variable a is the intercept and b is the regression coefficient. As the slope of the
feedback signals is the output of the block, variable a is ignored and the equation

to calculate b is shown below.

Yoy (Yi— My)(X; — Mx)
> i (X = Mx)?

Where the My is the average value of feedback signals and My is the average

b:

(4.2)

time. The sample should include a minimum of 2 points, but it is susceptible to
excessive error due to accidental interference. Increasing the number of calcula-
tion data points can significantly reduce the impact of unintentional interference.
However, increasing the number of samples involved in the calculation will not only

increase the computational complexity, but also increase the system delay at start-
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up. The feedback voltage and current are collected alternately, because the ADC is
not able to enable two channels instantaneously [210] [211]. Hence, for each addi-
tional sampling point, the delay increases by 20 ns, and excessive delay will reduce
the response speed of the control system. If increase the number of samples, the
delay and computational complexity will increase, which results in the decrease of
the slope judgement reaction speed. The advantage of slope judgement over thresh-
old judgment will decrease, and the reaction speed of slope judgment may slower
than that of threshold judgement when the number of sampling points is further in-
creased. However, if the number of samples is 2, the calculated slope is susceptible
to distortion due to extreme values. Considering the balance of calculation accuracy
and the response speed, three data points of feedback signals are used to calculate
slope. Therefore, the variable ‘n’ in the function outlined in equation above is
set as three.

A Cartesian coordinate system with time as the horizontal axis and sampling
values as the vertical axis is established to simplify the calculation. The coordinates
of the three sample data are (X0, Y0), (X1, Y1) and (X2, Y2). It is challenging
to directly substitute these coordinates into the equation for the PL, as a large
number of multiplications and divisions consume significant logic resources and slow
down calculations. Therefore, a method to simplify the calculation is outlined in the
equation [4.3] In the fixed coordinate system, all three coordinates are variable, and
so that increases the complexity of the calculation. It is planned to set the first data
coordinate of each set of data as the origin of the coordinate system, which reduces
the number of variables to two, and the coordinates change to (0, 0), (X1-X0, Y1-
Y0) and (X2-X0, Y2-Y0). Substituting the coordinates (0, 0), (A1, B1), and (A2,
B2) into equation , After using the substitution method:

b . 214131 + 214232 - A1B2 - AgBl
N 2(A1)% 4+ 2(Ay)2 — 24, Ay

(4.3)

As the sample time is fixed, in the same coordinate system, the difference in the
abscissa of two coordinate points is the same. Therefore, the following relationship

can be obtained.
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Ay =24,

Substitute the equation [£.4] into 4.3}

b

According to the equation [4.5] the linear regression result may be replaced by
the slope of the line passing through the first data point and the third data point

under the calculation conditions mentioned in this section, when the time difference

between the data points is significantly small.
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Figure 4.7: Comparison flow chart for current
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The task of the comparison block is generating a circuit condition result accord-
ing to the input signals to help selecting the correct output signal. There are four
input values into the comparison block, and the comparison method for each signal
is different. According to the test result in Chapter 3, when the fault occurs, the
Drain-Source current will rise rapidly. Therefore, the current signal will be com-
pared with the threshold directly and once the current is over the threshold, the
circuit is believed to be in the short circuit condition, and the comparison result will
be 1. In contrast, if the circuit works normally, the result will be 0. The current

comparison flow chart is shown in Figure [£.7]
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Input
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NO Input voltage data < YES
i voltage upper imitation i
)4
A 4
R NO voltage lower YES
circuit is normal |« limitation < Input
voltage data
h 4
Output Output
comparison comparison circuit is fault
result =0 result =1

End

Figure 4.8: Comparison flow chart for voltage

83



In contrast to the Drain-Source current, Vpg will drop to a value that is close
to but not zero at the beginning of the fault and return to rated voltage after the
circuit has been totally blocked. Therefore, the threshold of the voltage signal is
a range with an upper limit and a lower limit. If the voltage is in the range, the
comparison result will be 1 to indicate the circuit is fault. If not, the comparison

result will be 0. The voltage comparison flow chart is shown in Figure [4.8|
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Figure 4.9: Comparison flow chart for calculated data
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Voltage and current signals are the original collected signals from the ADC and
so the calculation error does not exist with these signals. If there is a margin when
setting the threshold, it can prevent misjudgement caused by voltage and current
fluctuations, but this method is not suitable for calculated data, as it is easier to
identify a significant change in the calculated data and it is difficult to make an
accurate judgement based solely on the threshold. This results in the comparison
flow chart of calculated data to be different as shown schematically in Figure 4.9}

In addition to the threshold, a counter is used to help assess the circuit condition.
If the calculated data is over the threshold, the counter will be increased by one.
When the counter increases above the certain value, the circuit is considered to be
under a fault condition and the comparison result is 1. Otherwise, the counter will
be reset as 0 and the comparison result is 0.

The circuit condition result is decided by these four comparison results. Only
when the current, voltage, dI/dt and dV /dt are all lower than corresponding thresh-
old, the circuit condition result agrees the circuit works normally and sends 0 to the
controller. If not, the result collected by controller remain as 1. When the voltage
or current value is higher than the corresponding threshold, the voltage or current
compare result is 1 and the main circuit is considered having the short circuit. When
the dV/dt or dI/dt exceeds the corresponding threshold continuously, the dV/dt or
dI/dt compare result is 1 and the main circuit is considered having the short circuit.

The truth table is shown in Table [4.11
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The Controller block is the significant part to realise the circuit blocking when
the fault occurs. According to the test data shown in Chapter 3, when the circuit
begins to be blocked, the current decreases from the peak value until reaching zero.
During this process, the current is reduced below that at the moment when the fault
is detected. Considering the logic of the comparison block, the circuit will turn on
again when the current falls below the threshold, even though the fault has not been
removed. Hence, the current will vary with values around the threshold and the cir-
cuit will not correctly enter the blocking condition. Therefore, the circuit condition
result could not control the output drive signal alone and the controller is designed
to generate two lock signals, Lock Normal2Transform and Lock_Transform2FError,
to help controlling the output drive signal. The logic of the controller is shown in
Figure [4.10]

Lock_Normal2Transform is the switch to control the output signal changing be-
tween normal condition and the transform condition that blocks conduction in the
circuit. It is triggered to change the value from 0 to 1, or from 1 to 0 by the rise
edge of the circuit condition result. When the circuit condition result gets a rising
edge, the Lock_Normal2Transform is set as 1 and the output signal works on trans-
form condition. However, the output signal returns to normal condition requires
the Lock_Normal2Transform and the circuit condition result to be 0 at the same
time. Lock_Transform2Error is the switch, triggered by the counter, to control the
output signal to change from the transform condition to the error condition when
it changes from 0 to 1. As the design of the transform condition could change the
shut down time of the MOSFET, the controller block must consider the impact of
the circuit condition result to the transform processing in different shut down time.

There are two situations, one is when the shut down time is shorter than the
time that circuit condition result is 1, and another is the shut down time is larger.
Therefore, the solution to this problem is controlling the Lock _Transform2Error by
a variable independent of the circuit condition result. That is the reason why a
counter is used to control the Lock_Transform2Error. The counter is used to count
the number of the data points generated by the DAC during the transform condition.

Once the counter overflows, the Lock_Transform2FError is set to 1 and output drive
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signal is set to -5 V to block the circuit. The counter is set as 2000 to ensure the
Lock_Transform2Error remains as 1 for a period of when the current returns below
the current threshold, to ensure the circuit remains in the blocking conduction.
Otherwise, if counter has not reached the peak, the Lock_Transform2Error is set to
0.

A variable frequency word is used to adjust the transform time of the drive signal

and the relationship between the frequency word and the transform time is defined

in equation [4.6]

10us
frequency word

transform time = (4.6)

The output control signal is saved by 1024 data points, and these points are saved
in 1024 different addresses separately which is same with the look up table. As the
time difference between the two output data points is fixed, which is 10 ns decided
by the performance of the DAC, the total shut down time of the transform signal
drops to -5 V is decided by the number of the output data points used to generate
the waveform. For example, if the frequency word is set to 1, these data points will
be output one by one, and the shut down time is 10230 ns; if the frequency word is
set to 10, every tenth data points will be output and the total number of the output
data points will be 102 which take 1010 ns to shut down the circuit. Therefore, a
larger frequency word makes the output value drop more quickly to -5 V. To unify
the time unit to ps, the constant is set as 10 ps in equation [4.6]

The output selector is the part to output the correct signal according to the con-
trol signals from the controller and the comparison block, which is shown in Figure
There are two blocks in this part, block memory generator and address selector.
The block memory generator is an integrated module for storage functions, that is
used as a single port Read-Only Memory (ROM) to save the discrete output wave-
form in this system. The look up table with 1024 data is saved as a COE document
which can be generated by MATLAB. Each of these values has a corresponding
address. Therefore and the address selector block is designed to control the output
values through their addresses, and it is controlled by three signals, including the

circuit condition result, Lock_Normal2Transform and Lock_Transform2Error. The
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flow chart of the output selector operation is shown in Figure [£.11], and the truth

value table of the output selector operation is shown in Table

| Start )

Input
circuit state result
Lock Normal2Transfor
Lock TransformZ2Error,

YES

circuit state result = 0 &&
Lock Normal2Transfor = 0

ock Normal2Transfor = 1 &8
Lock Transform2Error =0

v Y
Output
transform YES
signal

Lock Transform2Error = 1

h 4
Output 5V Output SV
and report
error

Figure 4.11: Output selector flow chart
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. Lock Lock
Circuit state result Normal2Transform | Transform2Error Output result

0 0 0 5V

0 0 1 5V

0 1 0 Transform

0 1 1 5V
5V

1 0 0 and error report

1 0 1 5V

1 1 0 Transform

1 1 1 -5V

Table 4.2: Output selector operation truth value table

Besides correctly driving the MOSFET, the control system is also required to
demonstrate the ability to restart the circuit once the fault has cleared. In this
design, the manually controlled restart button is used to restart the control system.
The shut down and restart process of the control system is shown in Figure [1.12] At
to, the circuit operates normally, and three control signals are held at their default
values. At tq, the fault occurs and the feedback signals over the threshold and circuit
condition result has a rising edge. Under this condition, the Lock_Normal2Transform
changes to 1 from 0, which result in the counter begins to count the number of output
data. Generated by the DAC and the circuit begins working on transform condi-
tion. At ty, the counter reaches the peak value 1024 which is the number of the
data points saved in memory and the counter is set to 2000 to ensure the counter
is larger than 1024 until t; which results in the Lock Transform2Error changing
to 1 from 0. As the Lock_Normal2Transform and Lock_Transform2Error both re-
main at 1, the circuit operates in the error condition and the output drive signal
remains at -5 V. At t3, the main circuit is blocking, and the feedback signal lowes
the threshold, therefore the circuit state result returns from 1 to 0. However, the
Lock_Normal2Transform is triggered by the rising edge of the circuit state result
and remains as 1, which results in the counter not being reset and remains as 2000.
Therefore, the Lock_Normal2Transform and Lock_Transform2Error both remain as
1, and the circuit will remain in the blocking state. After the fault has been removed,
the circuit state result rises to 1 again because the manually controlled restart but-

ton is pushed at t4. The Lock_Normal2Transform is triggered by the rising edge of
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the circuit state result and returns to 0. The counter is reset for the new count-
ing cycle. At t5, the manually controlled restart button is released and the control
system is reset. The output drive signal will return to 5 V and the main circuit
operates under the normal condition again. Moreover, if the fault reoccurs at tg,
the control system can realise the blocking function again to protect the circuit.
The design of the PL has multiple advantages, including the reliability of circuit
blocking, button anti-shake and the convenient restart function. In contrast with
the PWM wave, the transform process of the output drive signal increases the shut
down time of the circuit, which may result in the condition that the control system
stops the transform process and outputs the 5 V signal again because the feedback
signals drop below the threshold during the transform process, if the output drive
signal is just decided by the circuit state result. In this design, two condition locks
are used to ensure the blocking process will not be interrupted and hence verify
the the reliability of the control system. After the fault has been removed, the
control system can be remotely restarted by the button or via the control computer.
Furthermore, the restart signal is designed to be triggered by the release of the

button, which prevents accidental touches caused by the button shake.
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4.2.2 Processing system development

The main objective of the PL system is to enable the communication between the
subsystems in the control unit. The processing system consists of two ARM A9
chips, which form the CPU in the system, and the external devices, including the
ADC and DAC modules, internal and external memory interfaces and Advanced
Microcontroller Bus Architecture (AMBA). The ADC module is used to collect the
feedback data which is transferred to the PL, and the DAC will output the drive
circuit to control the circuit. The memory is used to save the data and support the
communication between different devices. AMBA is mainly used to connect and
manage the devices and blocks on chips, and in this section, the AXI Bus and IIC
Bus are selected.

The first task of the PS is to enable the ADC and DAC to help collect and
output data. The flow charts of ADC and DAC operation are shown in Figure 4.13|
Before operation, the ADC and DAC need to be initialized. The Device ID is the
identification code of the device in ARM. The Base address is the memory address
assigned by ARM to save the data, which is required in all data operation. DMA
allows the data from external devices to be send to flash memory directly, which
increases the speed of data transformation and frees up the ARM. Traditionally,
the ARM should copy the data to the registers first and sent to flash through the
use of interrupts, causing the ARM to stop and answer the interrupt frequently,
and resulting in poor ARM performance as during the interruption, other access
requirements are not allowed. Otherwise, in DMA transformation, the ARM just
needs initialize the DMA controller and data transfer in controlled by the DMA
controller, allowing the ARM to respond to other access requirements, increasing the
data processing speed. Another advantage of the DMA is that it allows devices with
different frequencies to communicate with each other without the involvement of the
ARM. Normally, the external devices in embedded systems operate different working
frequencies, which results in the message sent by one device being different to the
one received by another device. The DMA allows the data to flow between different
devices using memory as a transfer station, which reduces potential restrictions on
equipment selection. Therefore, DMA is important for high performance embedded
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Figure 4.13: ADC and DAC operation flow chart

systems, and it is selected to transform the data in PS development.

After initialization, the ADC selects the channel and collects data. The ADC
module has two channels enabling the collection of the feedback current and voltage
separately. The power loss in the transistor is calculated by the ARM according to
the feedback data collected and the data is sent to the PL to evaluate the condition
of circuit. Subsequently, the DAC module is enabled to output the drive signal
generated by the PL. As a real time control system, the process above is continually
repeated to ensure the circuit can be shut down in time to protect the circuit from

the fault.
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Power loss in the transistor is a significant issue which should be considered
when design the control system, and it is calculated by FPGA from the real time
to feedback voltage and current data. Normally, the calculation of the power loss

follows the equation 4.2.6| :

W = /U x Idt (4.2.6)

Where the W is the power loss, U is the Drain-Source voltage and [ is the
current through the circuit. However, as mentioned above, the 2 channels of ADC
could not be enabled simultaneously, therefore the feedback current and voltage data
is not concurrent. The sampled value table is shown in Table [4.3] Where the value

Vi, Vo, I and I, are sampled data and V.5 and I, are interpolated values.

Time to £ to t3
Voltage Vl V1_2 VQ
Current Il 11_2 12

Table 4.3: ADC sampling data

As the sampled voltage and the current are not taken simultaneously, equation
cannot be directly used to calculate the power. As an alternative, the interpo-
lated value will be used to replace the value which cannot be sampled, to calculate
the power loss. For example, when calculating the power loss using equation {4.2.6
at t1, the voltage and current data at t; are required. Whilst, the ADC sampled
the current value, Iy, at the time tq, the voltage ,V1, is no longer the correct value.
Hence, the voltage value at t; is replaced by the interpolated value, Vi, which is
a linear interpolation of the sampled value V; at to and V, at to. At time tq, the
voltage Vs is the sampled value and the current I;, is the interpolated value in
a similar manner. The interpolated value as the instant of the calculation is the
average value of the two sampled values.

As the interpolated value is not the value of the instant of the calculation, the
accuracy of the power loss calculation should be considered. Normally, the more
number of data points used in a calculation, results in higher accuracy. However, it
results in a greater delay time and slows down the speed of the control algorithm

because the calculated result can be generated until all data have been collected at
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the beginning. The delay of the calculation result will increase the reaction time
of the control system, which will decrease the advantage of faster reaction speed of
slope judgement compared with the threshold judgement. Therefore, the calculation
speed is important. In addition, the accuracy of two point interpolation method

is evaluated. The slope between two discrete voltage points can be estimated by

equation [£.2.7]

dv
Vo—Vi=(ta —t1) X pr (4.2.7)

Where V, - V; is the voltage difference between two data points and ¢, - ¢; is
the time difference. The slope of current can also be estimated using an identical
technique. The sampling frequency of the ADC is 100 MS/s, therefore, the time
difference between two sampled data is 10 ns and that between two sampled voltage
or two sampled current is 20 ns. The minimum voltage difference of the feedback
signal is around 6 mV. Therefore, the minimum slope of the feedback signal can be
determined by ADC is 3 x 10° V/s.

According to the results presented in Chapter 3, the maximum slope of voltage
is around 2.7 x 10® V /s and according to the equation , the maximum difference
between two adjacent voltage points is 5.4 V, which is 2% of the peak voltage value
in the short circuit test. The maximum slope of current is 2.3 x 10® A/s and the
maximum difference of two current points is 4.6 A, which is 2% of the peak current
value in the short circuit test. Compared with the 230 A peak value of short circuit
current and 270 V short circuit voltage, the calculation error is tolerable for the
test in this thesis. Therefore, considering the balance between the accuracy and the
complexity of the calculation method, the two point method is utilised to estimate

the data and the time delay of the calculation is 10 ns.
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4.2.3 FPGA output result

As mentioned in section 4.2, the drive signal for the MOSFET is generated by the
combination of the PL and PS functions and the output result of the FPGA is de-
scribed in this section. The impact of the different drive signals on the performance
of the short circuit test is described in detail in Chapter 5 and the objective of this
Chapter is the development of the control system to generate these signals, which
are shown in Figure [£.14] The designed drive signal has three different shapes, in-
cluding linear, convex and concave. Figure [£.14(b) shows the test of these three
kinds of signals that arise from the same short circuit time, and Figures m (a),
(c), (d) show the test of the signal performance with different short circuit time.
The test result of FPGA output meets the requirement for the overall system in
terms of the fast reaction and flexible output drive signals, and the control system
will be applied in Chapter 5.

The basic requirements of the control system for the drive signal are the gen-
eration of the necessary voltage level to correctly drive the MOSFET according to
circuit condition and protecting the circuit when faults occur. The FPGA develop-
ment described in this Chapter meets these requirements and the result is shown in
Figure [4.15] The yellow signal represents the circuit condition, when it is -5V, the
circuit operates normally but when it changes to 5V, the circuit can be considered
as being in the fault condition. The pink waveform is the output signal from FPGA
that can be used to control the MOSFET after amplification. As the transition is
too short to be clearly observed in this Figure, only the normal operation and error
conditions can be observed. The result meets the requirement that when the circuit
works normally the drive signal maintains the MOSFET in the conducting condi-
tion, once the fault occurs, the circuit transitions to the blocking condition. Once
the drive signal goes to error condition, it prevents the circuit condition returning
to normal which ensures the control system can block the circuit. After the problem
is removed, the system can be manually restarted by the circuit condition trigger

signals generated by the PS.
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The control system requires the drive signal to show a rapid response to the

short circuit and maintain blocking to protect the circuit.
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Therefore, the delay

from the detection of the short circuit condition to initiating the shut down process
must be minimised. The delay in this design may be reduced to 440 ns, which is
reasonable for short circuit protection as generally, the short circuit withstand time
of the circuit is several microseconds, according to the test result in Chapter 3. The

delay of the drive signal is shown in Figure[4.16| where the yellow signal is the circuit

condition, and the pink signal is the output drive signal.
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4.2.4 Conclusion

This section introduces the development of FPGA which include the PL and the PS
parts, and realises the design of a controllable transition in the drive signal. The
PL part realises the collection of two feedback signals, including the current and the
voltage of the MOSFET, data calculation, circuit condition judgement and flexible
drive signal generation. The application of high accuracy ADC and DAC improves
the accuracy of the control system in circuit condition judgement, meanwhile the
high speed FPGA and the slope judgement decreases the reaction time and increases
operating speed of the control system. The main role of the PS is supporting the PL
system, including the external devices initializing, data saving and the communica-
tion of the devices on chip. Furthermore, the IIC bus is applied in PS to transform
the data from the FPGA to the control computer. As designed, with the cooperation
of the PS and PL, the FPGA can generate flexible control signals, with the linear,
convex and concave transform part, according to the requirement of the gate drive
circuit. Meanwhile, the shut down time of these control signals can be adjusted
by control of the frequency word. In conclusion, the design of the FPGA system
enables the generation of the control signals which can be used to undertake the
experimental verification tests in Chapter 5 to compare the performance of different

control signals in MOSFET short circuit test.

4.3 Isolation and amplifier circuit

The main objective of this section is design of the isolation and amplifier circuits for
the control signal from FPGA to protect the control system from high voltages in
the power circuit and driving the MOSFET. The control signal generated by FPGA
could not be directly used to drive the MOSFET for two main reasons. One is the
current of the control signal is limited to below mA, which is much smaller than
the 230 A overcurrent through the main circuit during the fault, and so an isolation
circuit is required to protect the control signal and FPGA from interference and
spikes. Another problem is the voltage of the control signal is determined by the
DAC which is from -5 V to 5 V, which is insufficient to drive the MOSFET, as
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the minimum drive voltage to turn on the MOSFET is 15 V, according to the
datasheet [184]. Therefore an amplifier circuit is required to enable the control
system design to be used to control the MOSF'T behaviour.

The control signal for the MOSFET gate in this Chapter is a continuous signal
to enable accurate control of the MOSFET, and so the traditional isolation circuit
based on the TTL logic device cannot be used, because the logic output cannot
realise the continuously changing of the signal because it is fundamentally limited
to two states. Therefore, in this Chapter, the reinforced isolated amplifier AMC1301
is used to realise the isolation circuit. The maximum input analog signal voltage
is from -250 mV to 250 mV, which matches the output voltage range of the DAC.
There is a modulator in the chip to convert the analog input signal into a digital
bitstream, and the bitstream is subsequently transformed across the isolation barrier
that separates the input side and the output side. On the output side, the bitstream
will be processed by a fourth-order analog filter and resulting in a differential analog
signal. The bitstream transformation of AMC1301 ensures the continuous signal
through the isolation barrier without any changes, which is a significantly advantage
in comparison to a traditional TTL device and the main reason that the AMC1301
is selected to build the isolation circuit in this Chapter.
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m is0GND DGND
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Figure 4.17: Schematic of AMC130xEVM

The schematic of AMC130xEVM is shown in Figure [£.17, where the VDD1 is
the input side power supply and the VDD2 is the output side power supply. These
two power supplies are supported by two isolated 5 V DC power supplies. The input

signal will be connected to the differential input interfaces VINP and VINN after
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filtering from the RC network in the Figure. The VOUT1 and VOUT2 are output
interfaces and the differential output signal from these two interfaces is passed to the
amplifier circuit. Besides the isolation, the AMC130xEVM also has a voltage gain,
which is limited and the output current is insufficient to drive the MOSFET at high
speed, which requires a minimum 2.5 A gate current according to the experimental
results in Chapter 3. In addition the maximum voltage range of the differential
output signal is from -2.05 V to 2.05 V, which is insufficient to drive the MOSFET.
Therefore, a subsequent amplifier circuit is required to operate the system and will
be designed based on this output voltage range.

The maximum range of drive voltage for the MOSFET is from -5 V to 24 V,
therefore, the power supply range of the amplifier circuit is from -5 V to 30 V, to
ensure the amplifier circuit can output the drive signal with sufficient voltage level.
Considering the output voltage range of the isolation circuit, the DC gain of the
amplifier circuit should be 12 and the output voltage from the isolation circuit will
be from -0.42 V to 2 V. According to the datasheet, the gain of the isolation circuit
is 8, therefore the output voltage of FPGA will be set as from -52.5 mV to 250 mV.
The power operational amplifier MP111FD is selected to build the amplifier circuit.
The MP111FD has multiple advantages, including the low cost, high voltage range,
high drive ability, high slew rate and 500 kHz bandwidth [212]. The maximum
voltage supply of MP111FD reaches 100 V and it supports the positive and negative
dual power supply, which meet the voltage range requirement of the amplifier circuit
from -5 V to 30 V. The maximum output continues current reaches 15 A, which is
significantly high than the 2.5 A gate drive current requirement outlined previously
and is sufficient to drive the MOSFET. To reduce the shut down time, normally
the ramp rate of the drive signal of MOSFET will be very fast. The slew rate of
MP111FD reaches 130 V/us, which is higher than the 42 V/ns gate voltage slope
of the MOSFET according to the experimental result and is sufficient to support
the operation and changing of the drive signal in this study. The amplifier circuit

is built based on the MP111FD and the schematic is shown in Figure [4.18]
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Figure 4.18: Schematic of amplifier circuit

As mentioned before, the drive signals generated by FPGA have three different
types, including the linear curve, convex curve and the concave curve. Therefore,
the output signals of the amplifier circuit are different and based on the signals from
the FPGA. The drive signals of linear, convex and concave are shown in Figures

14.19] 4.20] and |4.21] separately.
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Figure 4.19: Amplifier linear output, (a) the FPGA output and the isolation circuit
output, (b) the isolation circuit output and the amplifier circuit output

The waveforms in Figure [£.19 (a), (a) and (a) show the relationship
between the FPGA output, which is denoted by the purple curve and the isolation

circuit output, which is shown by the red curve. Meanwhile, Figures (b), m
(b) and (b) show the relationship between the isolation circuit output, which
is shown by the red curve and the amplifier circuit output, which is shown by the
blue curve. The voltage of the amplifier circuit output changes from -5 V to 16 V,
which is sufficient to drive the MOSFET correctly. The delay between the FPGA
output and the isolation circuit output is around 1 us and that between the isolation
circuit output and the amplifier circuit output is around 1.5 s, which are shown in
Figure [£.22] (a) and (b) separately. Therefore, the total delay of the drive signal is
less than 2.5 us, which meets the design requirement that the delay of the control
system has been less than 16 us according to the short circuit test result in Chapter
3. In conclusion, in this section, the isolation circuit realises the isolation of the
low voltage FPGA signal from the high voltage drive signal, and transforms the
analog signal from the low voltage side to high voltage side, which is the key point
to output the different drive signal curves. Meanwhile, the amplifier circuit ensures
the voltage of the drive signals is sufficient to drive the MOSFET. The design of
the isolation circuit and the amplifier circuit meet the requirement of the control

System.
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Figure 4.20: Amplifier convex output, (a) the FPGA output and the isolation circuit
output, (b) the isolation circuit output and the amplifier circuit output
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Figure 4.21: Amplifier concave output, (a) the FPGA output and the isolation
circuit output, (b) the isolation circuit output and the amplifier circuit output
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Figure 4.22: Amplifier output delay, (a) the FPGA output and the isolation circuit
output delay, (b) the isolation circuit output and the amplifier circuit output delay

4.4 Experimental validation

As shown in Figure [£.14] the control system is designed to generate three different
types of the control signals, including the linear, convex and concave, each of which
can operate with different frequency word, which is used to control the transform
time of the FPGA output. To minimum the short circuit time of the MOSFET, the
maximum transform time of FPGA output is set to 2 ps. According to equation [4.6]
the frequency word is 5, and the transform time of FPGA output can be decreased by
increasing the frequency word. The FPGA output is amplified to drive the MOSFET
and the amplifier circuit with large slew rate can further decrease the transform time.
Therefore, the transform time of the amplifier circuit output is shorter than that
of the FPGA output with the same frequency word. Experimental validation of
amplifier circuit output drive signals will be described in this section.

The results of the linear drive signal are shown by the data in Figure [4.23] In
the Figure, the blue curve is the linear drive signal with 5 frequency word; the red
curve is the linear drive signal with 6 frequency word, and the yellow curve is the

linear drive signal with 7 frequency word. The start time and the end time of the
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Figure 4.23: Linear amplifier circuit output with frequency word 5,6 and 7

transformation processing for three linear curves with different frequency word are
almost identical, varying between 3.3 us and 4.1 ps. The observed transformation
time in the data is around 0.8 ps. Considering the control system has around 6
pus delay and the maximum short circuit withstand time of the MOSFET is 16 us,
according to previous experimental data, the 0.8 us transform time of the drive signal
is short enough to protect the circuit from the fault current. With the increase of
the frequency word, the slope of the drive signal will rise and it can be seen from the
data that the curve with 7 frequency word drops to 0 V more rapidly than the curve
with 6 frequency word, while the curve with 5 frequency word is the slowest. The
start time point of the curves begin to drop are all around 3.3 us. The yellow curve
with 7 frequency word takes 0.3 us to drop to 0 and the red curve with 6 frequency
word takes 0.5 us to drop to 0. The slowest blue curve with 5 frequency word takes
0.6 us to drop to 0.

The results of the convex drive signal are shown by the data in Figure In
the Figure the blue line is the convex drive signal with 5 frequency word; the red
curve is the convex drive signal with 6 frequency word, and the yellow curve is the
convex drive signal with 7 frequency word. The start time and the end time of
different frequency word convex curves are different. For the curve with 5 frequency

word, the start time is around 3.9 ps and the end time is around 4.6 s, resulting
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Figure 4.24: Convex amplifier circuit output with frequency word 5,6 and 7

in the transformation time for 5 frequency word curve of around 0.7 ps. For the
curve with 6 frequency word, the start time is around 3.7 ps and the end time is
around 4.3 ps, resulting in the transformation time for 6 frequency word is around
0.6 ps. For the curve with 7 frequency word, the start time is around 3.55 ps and
the end time is around 4.1 us, with a transformation time for the 7 frequency word
curve being around 0.55 ps. The actual start time of these convex curves from the
FPGA output are identical. However, at the beginning of the convex curve, the
change in the voltage level is minor. Therefore, the change in the amplifier output
is insignificant at the beginning of the transition. The larger frequency word results
in a more rapid transition and the time of the 7 frequency word curve remaining at
16 V is shorter in comparison to that of other two curves. The curve with larger
frequency word also reaches 0 V more rapidly.

The results of the concave drive signal are shown by the data in Figure [4.25] In
the Figure the blue curve is the concave drive signal with 5 frequency word; the red
curve is the concave drive signal with 6 frequency word, and the yellow curve is the
concave drive signal with 7 frequency word. The start time of the transformation
for the three curves are around 3.1 ps and the end time is around 3.8 ps. The
transformation time is around 0.7 ps. Similar to the data for both the linear and

convex curves, the concave curve with larger frequency word reaches 0 more rapidly.
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Figure 4.26: Direct comparison of linear, convex and concave drive signal with 5
frequency word

110



The differences for the same type of curve with different frequency word has been
described in this section, and the comparison of three different types of curve with
same frequency word is also important to show the impact of different types of curve
to the transform drive signal. A direct comparison between the three waveforms is
shown by the data in Figure [£.26] Because of the characteristics of the curve, the
voltage change of the concave curve is the fastest, which is followed by the linear
curve, and the convex is the slowest one. Therefore, the time of the linear curve
remaining at 16 V is around 0.4 us longer than that of the concave curve, and the
time of the convex curve remaining at 16 V is around 0.4 us longer than that of the
linear curve. With the same frequency word, the slope of the concave curve is the
largest and the concave curve reaches the 0 V faster than others; the slope of the
convex curve is the slowest and it takes the longest time to reaches the 0 V.

In conclusion, the control signal from the amplifier circuit is clear and the voltage
level is suitable to drive the MOSFET. For the same type of the curves, the curve
with larger frequency word has a larger slope, however the total transformation time
is similar. For the curves with the same frequency word, the concave curve changes
faster than the linear curve and it is followed by the convex curve. Meanwhile,
the curves remain the characteristics of the concave, linear and convex separately.
According to the design, the transform time is controlled by frequency word, and the
longest transform time of design is 2 s when the frequency word is 1. In addition, a
larger frequency word results in the shorter transform time and the transform time

is equal to the calculation result of 2 us divided by the frequency word.

4.5 Conclusion

In conclusion, the novel drive signal has been designed and verified in this Chapter.
Meanwhile, the control system is introduced. The novel drive signal is generated by
FPGA, and the shape and frequency word can be controlled by programming. To
drive the MOSFET, the control system has the isolation circuit to protect the drive
circuit from the fault in main circuit, and the amplifier circuit to amplify the voltage.

To increase the reaction speed and reliability of the control system, both threshold
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judgement and slope judgement are used in the control system. The performance
and drive ability of the novel drive signal has been verified, and the it has a short

delay which reaches 2.5 us.

112



CHAPTER b

The performance of the novel drive signals in short circuit test

5.1 Introduction

The main objective of this Chapter is the test and evaluation of the performance of
the three different drive signals, to determine the optimum conditions for a range
of different MOSFETS, and to identify the best drive signal to minimise the short
circuit time and overcurrent in a SSCB circuit. Firstly, the short circuit test platform
is similar to that described in Chapter 3, with the addition of a feedback control
system to detect the main circuit working condition and control the blocking of the
MOSFET. Two detection methods used here, including current shunt and voltage
divider detection. The feedback signal is collected by the FPGA, which generates
the correct drive signal, which is amplified by the operational amplifier circuit to
control the Gate-Source voltage of the MOSFET.

To compare the performance of different drive signals and identify the optimum
settings, multiple tests are described in this Chapter, which includes the evaluation
of the different types of drive signals, including the linear, convex and concave, de-
termination of the different transform time of the MOSFET controlled by frequency

word, the test of two different detection methods, including the current shunt and
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voltage divider, and the system performance when used with three different SiC
MOSFETSs from the same family, including 12M1H030 ,12M1H045 and 12M1H090.
As mentioned in Chapter 4, the maximum FPGA output transform time is set to 2
ps, which corresponds the frequency word 5, according to equation 4.6 To obtain
the short circuit performance of MOSFETs with the faster and slower FPGA out-
put transform time, the frequency word used in this Chapter is between 4 and 10,
corresponding the FPGA output transform time between 2.5 us and 1 us.

To evaluate the performance, the short circuit time, the impact of overcurrent
and the reliability of control signal are the key parameters to compare and analyses,
and these parameters can be obtained from the Drain current waveform during the
shut down transient. The control system has a start time, which is the time after the
short circuit event that the Drain current begins to drop. The end time, which is the
time that the current drops to zero, and the shut down time, which is the whole time
that the current takes to drop from the onset of the fault condition. Because the
end time is equal to the short circuit time plus the delay of the IGBT drive signal,
which is fixed 0.5 ps, and the short circuit time is required to be minimised in SSCB,
the drive signal with the shortest end time will have the shortest short circuit time,
resulting in a better short circuit performance. However, the shorter short circuit
time results in a higher overcurrent. As introduced in Figure[3.3] when the MOSFET
is driven by pulse, which has the shortest transform time and largest frequency word,
the overcurrent results in the significant oscillation when the MOSFET shut down.
Therefore, the novel drive signal introduced in this thesis which can minimum the
short circuit time ,and the overcurrent to ensure the MOSFET Drain current has no
oscillation when it is shut down. In addition, the reliability of the control system is
also important, and variation in the end time for different drive signals with different

frequency word is calculated to evaluate the reliability of the control system.

5.2 Test platform

The first step of the experiment is the optimisation of the short circuit test platform

that was described in Chapter 3, the schematic for which is shown in Figure[5.I The
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test platform is composed of the DC power supply, two capacitors, the MOSFET
under test, an IGBT, current shunt, voltage divider and the control system designed
in section 4.1. The DC power supply and the capacitors are identical to those in the
test platform introduced in Chapter 3, and the SiC MOSFETSs used in the initial
testing are the 12M1H030, with 1200 V rated voltage and 30 m{2 on resistance, the
12M1HO045, with 1200 V rated voltage and 45 mS) on resistance, the 12M1H090,
with 1200 V rated voltage and 90 mf2 on resistance. The IGBT is used as a switch
to initiate the short circuit test. As mentioned in Chapter 4, the control system
requires two feedback signals to detect the working conduction of the main circuit,
therefore, in this Chapter, a current shunt is used to detect the Drain current through
the MOSFET and a voltage divider is used to detect the Drain-Source voltage of
the MOSFET. The control system will generate the corresponding drive signal to
control the MOSFET gate, depending on the condition of the circuit. As shown
in Figure [5.1], the current shunt is series connected with the MOSFET, and the
voltage divider is paralleled with the MOSFET and current shunt. This topology
has two advantages, one is the current detected by the current shunt is the current
through the MOSFET, another is the ground of the MOSFET and the voltage
divider are both connected to the negative point of the DC power supply, which

increases the accuracy of the voltage and current detection and reduces the noise
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when the MOSFET is blocked. However, the topology also has a drawback, which
is the voltage detected by the voltage divider is not purely the voltage across the
MOSFET. When the MOSFET is blocked, there is no current through the current
shunt and the voltage detected by the voltage divider is the Drain-Source voltage
of the MOSFET, which is equal to the voltage of the DC power source. When
the MOSFET is conducting, the on resistance of the MOSFET is 30 mf) and the
resistance of the current shunt normally is 1 mS2, therefore the error between the
Drain-Source voltage and the voltage detected by the voltage divider is expected to
be 3.33%. The DC power source is 270 V and the error voltage is 8.99 V. The error
voltage collected by ADC is 0.8 V which is less than 1 V. Therefore, the limitation
of this topology is acceptable and the advantages are significant as well have be
described in this section, which are the reason why the topology is used in this

Chapter.

5.2.1 Current shunt and voltage divider circuit

To detect the Drain-Source current, a current shunt is series connected with the
MOSFET. According to the experimental results in Chapter 3, the peak value of
the short circuit current is around 230 A. However, the stable short circuit current of
the shunt used in this work is quoted to be 100 A and because the control system will
shut down the MOSFET in several microseconds, the current shunt will withstand
the short current current for this duration. Therefore, a 60 A 60 mV current shunt is
selected to detect the Drain-Source current in this work. The output from the current
shunt will be sent to the ADC and used to determine the working condition of the
main circuit, therefore, the accuracy has to be considered. Because the maximum
output voltage from the current shunt under rated conditions is 60 mV, which is
difficult to detect by the ADC and calculations based on 1 mV changes in voltage,
resulting from a 1 A current change in the main circuit, an amplifier circuit is used
to improve the sensitivity of the current feedback signal. In addition, the short
circuit current through the main circuit is significantly larger than that through the
ADC and control circuits, therefore, the current shunt cannot be directly connected
with the ADC and a isolation circuit is required for safety purposes. The schematic
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of the current shunt circuit is shown in Figure [5.2]
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Figure 5.2: The schematic of the current shunt circuit

Because the input and output of the isolation circuit are both analog signals,
the TTL digital isolation circuit cannot be applied in the current shunt circuit
design, and the analog-to-analog isolation board AMC130xEVM is used to isolate
the feedback current signal from main circuit, which has been introduced in Chapter
4. According to the short circuit test result in section 3.3, the maximum fault current
is around 230 A, and the maximum output voltage from the current shunt will be
230 mV, which is lower than the 250 mV input voltage limit of the AMC130xEVM.
Therefore, the AMC130xEVM is suitable for the current shunt isolation circuit. The
gain of the AMC130xEVM is 8, therefore, the output voltage of the isolation circuit
is 480 mV when the output voltage form the current shunt is 60 mV. However, 480
mV is challenging for the ADC to detect small current changes in the main circuit
and the amplifier circuit is expected to amplify the voltage to the input voltage
limitation of the ADC which is -25 V to 25 V. Therefore, the gain of the amplifier
circuit is designed to be 50 and the output voltage from the amplifier circuit will be
24 V when the short circuit occurs and the Drain current increases sharply.

To increase the reaction speed, the slew rate of the operational amplifier should
be large enough to limit the voltage rising time of current shunt circuit within 1
ps. In addition the gain bandwidth product should be also as large as possible to
increase the voltage rising speed of the amplifier output. Therefore, OPA637AU

is selected to build the amplifier circuit in this Chapter, which has 135 V/us slew
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rate and 80 MHz gain bandwidth product. The schematic of the amplifier circuit is
shown in Figure The amplifier circuit is supplied by a 24 V single DC power
supply to limit the output voltage of amplifier circuit within the ADC input voltage
range, which is 25 V. Two decoupling capacitors are used to ensure the stability of

the power supply during operation.
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Figure 5.3: OPA637AU amplifier circuit

The voltage divider is used in this Chapter to detect the voltage across the
MOSFET. To protect the test circuit when the MOSFET turns off and ensure the
majority of current will flow through the MOSFET when it is turned on, the volt-
age divider must have a significantly large resistance value compared with the on
resistance of the MOSFET and the current shunt resistance. Therefore, a Caddock
1776-C681 voltage divider which is specified as 1:999, with 10 M(2 total resistance
value and 0.1 % absolute tolerance, is used in this Chapter to detect the Drain-
Source voltage of the MOSFET. For safety and the stability of the control system,
the voltage divider also requires an isolation circuit to isolate the ADC with the
main circuit. However, the voltage divider with large resistance brings a large input
impedance to the isolation circuit and this amplifies the drift voltage so that it ex-
ceeds the threshold voltage, which makes the feedback system cannot work correctly.

Therefore, the voltage divider circuit does not incorporate an isolation circuit and
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is directly to the amplifier circuit. Remove the isolation circuit results in the risk
that the overcurrent from the main circuit may destroy the amplifier circuit. It is
the compromise for the correct work of control system. The voltage divider will
divide the 270 V Drain-Source voltage into 270 mV, and the feedback voltage will
be amplified to 24 V by amplifier circuit before being sent to the ADC.

5.2.2 Power amplifier circuit

To protect the FPGA, there should be an isolation circuit between the FPGA and
the power amplifier circuit, however, the isolation circuit significantly increased the
noise which interferes with the detection of the short circuit event by the FPGA and
hence interferes with the control of the MOSFET. Therefore, the isolation circuit
between the FPGA and the power amplifier circuit is removed. The new power

amplifier circuit is still based on the MP111FD and the revised schematic is shown

in Figure 5.4

22nF

-5V

Figure 5.4: Power amplifier circuit

The power supply for the power amplifier circuit is -5 V and 29 V. Two 33 uF

capacitors are used to decouple the power supply. A 5W, 1.5 2 power resistor is used
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to limit the output current and the 22 nF capacitor is used as the compensation
capacitor. The gain of the power amplifier is designed to be 11 and the output
voltage can be controlled by settings in the FPGA DAC. The output voltage from
the FPGA is set to -0.4 V to 2.4 V to ensure the voltage of the drive signal reaches
-5 V to 22 V, which is higher than the 18 V MOSFET threshold voltage [184], to
conduct and block the MOSFET.

5.3 Result and analysis

Because the isolation circuit is required for the current shunt detection but cannot be
used in the voltage divider detection, the test result of these two detection methods
will be analysed separately in this section, and the analysis of the experimental
waveforms from the short circuit test will be described. Because the power supply
needs several seconds to charge the capacitor to 270 V and the rise time of the
drive signal from power amplifier circuit is typically several milliseconds, the DC
power supply and the MOSFET cannot be used to initiate the short circuit test.
Therefore, the IGBT is used as a switch to start the short circuit test, which is
similar to the conditions in a half-bridge inverter. The IGBT is the upper device
and the MOSFET is the lower device. When both devices conduct at the same time,
the short circuit fault occurs. Firstly, the DC power supply will be turned on to
charge the capacitors and the feedback control system is initialed. Then the FPGA
will generate the normal signal to set the Vgs to 22 V to ensure the MOSFET is
operating in conducting mode. Finally the IGBT will be turned on by a 8 us pulse,
which is shorter than the maximum short circuit withstand time of the MOSFET
according to the results in section 3.3, to start the short circuit test and protect
the test platform should the control system fail to block the MOSFET within a
reasonable time.

The test results show the effectiveness of two detection methods, including the
current shunt detection and voltage divider detection, three different MOSFETS,
including 12M1H030 (Ron=30 m), 12M1H045 (Ron=45 m), and 12M1H090

(Ron=90 m(?), three different drive signals, including the linear, convex and concave
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control, and different frequency word from 4 to 10.

5.3.1 Current shunt detection results
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Figure 5.5: Short circuit test data for current shunt detection

The short circuit test data for current shunt detection and the performance of
At t0, the IGBT trigger
signal triggers the drive circuit of the IGBT. At t1, the IGBT starts to conduct and

the control system is shown by the data in Figure 5.5

initiates the short circuit test. The time period t1-t0 is the delay caused by IGBT
drive circuit, which is 0.5 ps. The short circuit test results in the significant rise of

the Drain current and Drain-Source voltage of MOSFET. The Drain current reaches
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430 A and Drain-Source voltage reaches 270 V, within 1 us. Therefore, the voltage
across the current shunt rises to allow determination of the working condition of
the main circuit at time t2, and the feedback signal collected by ADC begins to
rise. The voltage across the current shunt passes through the isolation board and
the amplifier circuit, and the result in delay is large and reaches 3.3 ps as shown in
Figure as t2-t1. At t3, the FPGA begins to generate the transform signal that will
control the behaviour of the MOSFET. The time t3-t2 is the delay caused by the
rise time of the amplifier output voltage and the delay of FPGA, which is around 1
us, because the feedback signal requires time to reach the threshold which is used
to judge the working condition of main circuit. At t4, the MOSFET drive signal
generated by the power amplifier circuit begins drop and the time t4-t3 is the delay
of the power amplifier circuit, which is around 1.2 us. The Drain current through
the MOSFET is blocked at t5 where the Drain current drops and remains 0 and the
Drain-Source voltage remains 270 V because the IGBT is still conducting. The time
t5-t4 is the shut down period of the MOSFET which is around 0.7 ps. The shut
down time of the MOSFET is significantly larger than the data shown in datasheet,
which is 13 ns [184], because the working condition is different. The Drain current
begins blocking when the Gate-Source voltage of the MOSFET falls below the 18
V threshold voltage which occurs after t4, and the voltage waveform shows a spike
at the same time which reaches 420 V caused by the internal inductance of the test
platform. The total delay of the current shunt detection, from the time t1 to the

time when the Drain current begins to drop, is around 6 ps.

Results of 12M1HO030

The FPGA drive signal and Drain current of the 30 m{2 MOSFET driven by a linear
control signal with different frequency word is shown by the data in Figure The
time that linear drive signal begins to drop is around 4.88 us from the initiation of the
short circuit test. The drive signals from the FPGA are all designed with an identical
shut down start time, however, the Drain current will begin to drop significantly
when the drive signal falls below the MOSFET threshold voltage, and different

frequency words result in the drive signals that have different rate of decrease which
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Figure 5.6:  Test results of 12M1H030 driven by linear control signal with the
frequency word from 4 to 10 and current shunt detection, (a) FPGA output, (b)
Drain current
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results in the time required for the drive signals drop to below the threshold voltage
being different. Hence the shut down start time for the Drain current is different
for different frequency words. Comparing with the short circuit test results shown
in Chapter 3, Figure [3.3] the MOSFET driven by pulse signal, with the largest
frequency word, has the huge overcurrent which results in the oscillation of Drain
current when the MOSFET shut down. As shown in Figure the MOSFET
driven by novel drive signals, with the smaller frequency word compared with the
pulse signal, has less overcurrent and there is no oscillation of Drain current when
the MOSFET shut down. Therefore the larger frequency word results in the larger
overcurrent.

A summary of the results for the 30 m2 MOSFET shut down time under linear
drive signal with different frequency word is shown in Table and Figure The
start time is the time when the Drain current begin to drop and the end time is
the time when the Drain current reaches zero. The shut down time is the difference
between the initiation of the Drain current shut down to the end of the shut down
time. The FPGA output has a spike when drop to -0.4 V because the FPGA takes a
short time to transform the drive signal from transform state to error state. Before
the drive signal state change finished, the FPGA output will remain as transform
state. However, the last value saved in look up table has been output and the output
starts from the first value automatically, which results in the spike. The spike can

be removed by the isolation circuit and has no impact on the Drain current.

Frequency word 4 5 6 7 8 9 10

Start time 6.40 ps | 6.25 pus | 6.10 ps | 6.00 ps | 5.95 ps | 5.90 us | 5.80 us

End time 6.85 us | 6.60 ps | 6.42 ps | 6.35 ps | 6.30 ps | 6.25 us | 6.20 us

Shut down time | 0.45 ps | 0.35 pus | 0.32 pus | 0.35 ps | 0.35 us | 0.35 pus | 0.40 us

Table 5.1: Shut down time of 12M1HO030 under linear drive signal with different
frequency word and current shunt detection

According to the data, when the 30 m$2 MOSFET gate is driven by a linear signal,
increasing the frequency word, results in the start time and end time of the shut
down process both decreasing, and the decrease for frequency word below 6 is sharper
than over 6, as the drop speed before frequency 6 is faster than 0.1 us/frequency

word, and the drop speed after frequency 6 is slower than 0.1 us/frequency word.
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Figure 5.7: Comparison of 12M1HO030 shut down time under linear drive signal with
different frequency word and current shunt detection

Therefore, increasing the frequency word can improve the short circuit performance
of 30 mQ) MOSFET under linear drive signal before the frequency word reaches 6
and has a little improvement after that. Meanwhile, as can be seen from the data,
the average shut down time under linear control with different frequency word is 0.37
us. The standard deviation can be calculated by equation [5.1] which is 0.04, and
the coefficient of variation can be calculated by equation [5.2] which is 0.11. Because
the standard deviation is small, the dispersion of the 30 m{2 MOSFET shut down
time under linear drive signal with different frequency word is not significant and
the frequency word has no impact on the 30 m2 MOSFET shut down time under

the linear drive signal control.

g = \/Z?zl(Ti - :u>2 (51)

n

where o is standard deviation, n is the number of shut down time, p is the

average shut down time and 7' is the shut down time.

o, =2 (5.2)

where C, is coefficient of variation, o is standard deviation and p is the average
shut down time.

To compare the short circuit performance of three different drive signals, the same
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test and evaluation of convex and concave drive signal are applied on 12M1H030.
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Figure 5.8: Fitting curve of 12M1H030 shut down time under linear, convex and
concave drive signal with different frequency word and current shunt detection

The frequency word of the drive signals can be changed flexibly, however, the
number of frequency word that can be utilised in the experiments reported in this
Chapter is limited. Therefore, the fitting curve of 12M1H030 Drain current shut
down time under three different drive signals, including linear, convex and con-
cave, with different frequency word have been summarised in Figure to predict
the trend of Drain current shut time of the 12M1H030 MOSFET as a function of
frequency word between 4 and 10, to directly compare the performance of three
different drive signals. With the increase in the frequency word, the start time and
end time of the shut down process decreases for all three waveforms, meanwhile,
the shut down time remains stable under three drive signals. Therefore, the shut
down time of the 12M1H030 will not be impacted by the change of frequency word
and drive signal. The end time is proportional to the maximum time short circuit
time which is an important parameter to evaluate the performance of SSCB based
on SiC MOSFETs. When the frequency word below 6, the end time of linear, con-
vex and concave are all significantly higher than that when the frequency word is
higher. Meanwhile, the decrease in the start and end time driven by concave signal
is faster than that driven by linear signal. That driven by convex signal is the slow-

est, when the frequency word below 6. Therefore, the frequency word below 6 is not
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the optimum selection for the drive signal to control the blocking of the 12M1H030
MOSFET when used in SSCB applications. In contrast, the higher frequency word
results in higher overcurrent when the MOSFET starts blocking, which will reduce
the performance and long term reliability of SSCB. Therefore setting the frequency
word to 6 is the optimum selection for 12M1H030 under all three drive signals when
considering the balance of the overcurrent and the short circuit blocking time.

As for the drive signal, the time when the linear drive signal begins to drop is
4.88 ps, which is shorter than that for the convex drive signal, which is 5.00 us, and
the start time of concave drive signal is the longest, at 5.12 us. However, because
the speed of the voltage drop for the concave signal is slower than both the linear
and convex signal at the beginning of the shut down, the concave drive signal takes
longer to reach the MOSFET threshold voltage and the start time and end time
of the Drain current characteristic, driven by concave drive signal is notably higher
than those driven by either the linear or convex signal. When the frequency word
is lower than 6, the start time and end time of the Drain current characteristic
driven by the linear drive signal are higher than those driven by convex drive signal.
However, with the increase in the frequency word, the difference between the start
time of the drain current of the convex and linear drive signals and the difference
between the end time of the drain current both decrease, and when the frequency
word is higher than 9, the start time and end time of Drain current driven by linear
and convex signal are almost identical. The average shut down time of Drain current
driven by three different drive signals are similar which means that the shut down
time of 12M1HO030 will not be significantly impacted by the type of drive signal.
However, the coefficient of variation of Drain current shut down time driven by
convex drive signal, which is 0.05, is smaller than that driven by concave signal,
which is 0.08, and the Drain current shut down time driven by linear drive signal
has the largest coefficient of variation, 0.11, which is larger than the others studied
here. Because the difference in the coefficient of variation between the convex and
concave, and the small coefficient of variation values, the 30 m2 MOSFET is more
stable driven by either convex or concave signals in comparison to linear. Finally,

considering the shut down time of Drain current driven by convex drive signal with
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different frequency word has the smallest dispersion, the shorter start time and end
time, the convex signal is the best choice to control the blocking of 12M1H030.
In conclusion, to minimums the blocking time and overcurrent of MOSFET and
increase the reliability of the control system, the convex drive signal with frequency
word 6 is the best choice to control the blocking of SSCB based on the 30 mf2 SiC
MOSFET. The novel drive signal can replace the MOV to minimum the impact of
overcurrent on SSCB and shut down the circuit in a short time to protect the circuit,

which reduces the weight and volume of the SSCB and remains the reliability.

Results of 12M1HO045

To verify the short circuit performance of the novel drive signals when drive the
MOSFET with different on resistance, the 122M1H045 and 12M1H090 are used to test
in this Chapter. The test processing and evaluation are same with the 12M1HO030.
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Figure 5.9: Fitting curve of 12M1H045 shut down time under linear, convex and
concave drive signal with different frequency word and current shunt detection

The fitting curve of 12M1HO045 Drain current shut down time under three dif-
ferent drive signals, including linear, convex and concave, with different frequency
word has been shown in Figure to predict the trend of Drain current shut time
of 12M1HO045 as a function of frequency word between 4 and 10, and compare the
performance of three different drive signals with the same frequency word. Accord-

ing to the fitting curve, with the increase of the frequency word, the start time
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and end time of the shut down processing decreases, however, the shut down time
remains stable under three drive signals with different frequency word. Therefore,
the shut down time of 12M1H045 will not be impacted by the change of frequency
word and drive signal. Similar to the 30 m{2 MOSFET, the balance between the
shut down speed and overcurrent is also considered in 45 m{2 MOSFET. According
to the results, increasing the frequency word can reduce the shut down speed for the
frequency words lower than 7 driven by three different drive signals, and after that,
the improvement becomes less significant. Therefore, frequency word 7 is the best
choice for linear, convex and concave drive signal to block the 12M1H045.

As for the drive signals, the time when the convex drive signal begins to drop,
which is 4.80 ps, is earlier than the time of linear drive signal, which is 5.08 us,
and concave drive signal, which is 5.13 us. In addition, the rate of decrease for the
convex drive signal is also greater than that of the others at beginning. Therefore,
the convex drive signal takes the shortest time to reach the MOSFET threshold
voltage, and the start time and end time of Drain current driven by convex drive
signal are shorter than those driven by Linear and concave signal. In addition,
the start and end time of the Drain current driven by concave drive signal is the
longest of those studied here. Variation in the frequency word from 4 to 10, the
start and end time of Drain current driven by convex signal is consistently shorter
than those driven by linear and concave signal. Meanwhile, with the increase in the
frequency word, the difference between the start time and the difference between
the end time of Drain current driven by any two drive signals both decrease. When
frequency word reaches 10, the end time of Drain current driven by the concave
signal is close to that driven by linear signal. The average shut down time of Drain
current driven by three different drive signals are almost same which means that the
shut down time of 12M1H045 will not be impacted by the type of drive signal. The
coefficient of variation of Drain current shut down time driven by the linear drive
signal, which is 0.14, is significantly larger than that driven by both the convex,
concave signals, which are 0.05. Therefore, the 45 m{2 MOSFET shut down is more
stable driven by convex and concave signal. Considering the reliability and the short

short circuit performance of the MOSFET, the convex drive signal, with the highest
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reliability and shortest short circuit time, is the best choice to control the blocking
of 12M1HO045. In conclusion, to minimums the blocking time and overcurrent of
MOSFET and increase the reliability of the control system, the convex drive signal
with frequency word 7 is the best choice to control the blocking of SSCB based on
12M1HO045.

Results of 12M1H090
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Figure 5.10: Fitting curve of 12M1H090 shut down time under linear, convex and
concave drive signal with different frequency word and current shunt detection

The fitting curve of 12M1H090 Drain current shut down time under three dif-
ferent drive signals, including linear, convex and concave, with different frequency
word has been shown in Figure to predict the trend of Drain current shut time
of 12M1HO045 as a function of frequency word between 4 and 10, and compare the
performance of three different drive signals with the same frequency word. Accord-
ing to the experimental results introduced before and the fitting curve, with the
increase of the frequency word, the start time and end time of the shut down pro-
cessing decrease, meanwhile, the shut down time remains stable when 12M1H090 is
driven by three different drive signals with different frequency word. Therefore, the
shut down time of 12M1H090 will not be impacted by the change of frequency word
and drive signal. In addition, because the Drain current of the 12M1HO090 is smaller

than that of either the 12M1H030 or 12M1H045, the shut down time of 12M1H090
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is shorter. According to the experimental results, increasing the frequency word
can significantly reduce the shut down time when the frequency word lower than
8 driven by three different drive signals, and after that, the improvement reduces.
Therefore, frequency word 8 is the optimum choice for linear, convex and concave
drive signal to block the 12M1H090. In addition, decreases in the start and end
times driven by concave signal is faster than the speed driven by linear signal, and
the decrease speed driven by convex signal is the slowest, when the frequency word
is lower than 8. Therefore, the start time and end time drive by concave signal have
the most obviously improvement by increasing frequency word.

As for the drive signals, the time when the convex drive signal begins to drop,
is 4.52 ps, is similar to the time for the linear drive signal, which is 4.50 us, and
the time of concave drive signal is the longest, which is 4.70 ps. The difference
in the time when the drive signal starts to drop between the three different drive
signals is insignificant, and the impact of the different drive signal start time can
be ignored. It is obvious, that the start time and end time for the MOSFET driven
by the convex drive signal is shorter than those driven by linear and concave drive
signal, whilst the start time and end time when driven by concave drive signal is
the longest. With increasing the frequency word, the end time driven by the linear
signal is approaching the end time driven by the convex signal, but sill higher until
frequency word reaches 10. Therefore, the MOSFET driven by convex signal has
the shortest shut down time. The average shut down time of the Drain current
driven by three different drive signals are similar which means that the shut down
time of 12M1H090 will not be significantly impacted by the type of drive signal.
The coefficient of variation of Drain current shut down time driven by linear drive
signal is 0.08, by convex and concave is 0.07. Because the coefficient of variations are
almost identical and the value is insignificant, the 90 m2 MOSFET can be stably
driven by linear, convex and concave drive signal. Considering reliability and the
short circuit time requirement of MOSFET, the convex drive signal, with the high
reliability and shortest short circuit time, is the best choice to control the blocking
of 12M1HO090. In conclusion, to minimums the blocking time and overcurrent of

MOSFET and increase the reliability of the control system, the convex drive signal
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with frequency word 8 is the best choice to control the blocking of SSCB based on
12M1H090.

According to the test results above, for the same MSOFET, the short circuit
performance of the convex drive signal which has the shortest blocking time is better
than the linear and concave. With the increase of the frequency word, the blocking
time will decrease and the optimal frequency word to minimum the overcurrent and

blocking time is between the frequency word 6 and 8.

Impact of different on MOSFET resistance to short circuit time

Time/ps

52 | | | | |
4 5 6 7 8 9 10

Frequency word

Figure 5.11: The comparison of start and end time of three different MOSFET
Drain current driven by convex signal with different frequency word and current
shunt detection

Three different MOSFETs have been tested in this section, and the main dif-
ference is the on-state resistance. Because the convex drive signal is shown to be
the optimum choice for all three different MOSFETSs with current shunt detection,
the experimental results of convex signal are used to research the impact of dif-
ferent on-state resistance on the observed short circuit time. The comparison of
the start and end times for the three different MOSFET Drain currents driven by
convex signal with frequency word from 4 to 10 is shown in Figure 5.11 Where
red diamond is 12M1HO030 start time data, red line is 12M1HO030 start time fitting,
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red circle is 12M1H030 end time data, red dotted line is 12M1H030 end time fit-
ting, blue diamond is 12M1H045 start time data, blue line is 12M1HO045 start time
fitting, blue circle is 12M1H045 end time data, blue dotted line is 12M1H045 end
time fitting, yellow diamond is 12M1HO090 start time data, yellow line is 12M1H090
start time fitting, yellow circle is 12M1H090 end time data, yellow dotted line is
12M1HO090 end time fitting. According to the experimental results, increasing the
on-state resistance, the end time of the Drain current decreases. The end time is
determined by the sum of the start and shut down times. The feedback signal for the
higher on-state resistance MOSFET results in more repaid rise and hence triggers
the change of drive signal from the FPGA. Therefore, the start time of the higher
on-state resistance MOSFET driven by convex drive signal is lower than that for

linear or concave.
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Figure 5.12: The comparison of feedback voltage of different MOSFETSs driven by
convex drive signal with frequency word 10 and current shunt detection

The comparison of feedback voltage for the different MOSFETSs driven by convex
drive signal with frequency word 10 is shown in Figure [5.12] Because the lower on-
state resistance results in the higher Drain current when the short circuit occurs,
and higher Drain current takes longer to be blocked, the shut down time decreases
with increasing on-state resistance. The average shut down time driven by convex
signal for 12M10HO030 is 0.37 us, 12M1HO045 is 0.37 us, and for the 12M1HO090 is
0.27 ps. Because the MOSFET with higher on-state resistance has the earlier start
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time and shorter shut down time, with the increase of the on-state resistance, the
short circuit time will decrease when the MOSFET is controlled by convex drive
signal with current shunt detection.

According to the test results, the optimal frequency word for MOSFETs with
different on resistance is in the range between 6 and 8. It shows the on resistance of
the MOSFET has little impact on the choice of frequency word. Therefore, it can
be predicted that the MOSFET from the same family with lower on resistance will
have a longer short circuit time, and the optimal frequency word will be in the range
between 6 and 8. In addition, the advantage of the convex drive signal compared
with liner signal is the faster drop speed. However, at the beginning of the drop, the
drop speed of liner drive signal is similar with the convex. Therefore, if the voltage
of MOSFET drive signal is close to the MOSFET threshold voltage, the start time
of the current drop in main circuit will be similar when driven by the linear and

convex drive signal, and the linear drive signal can also be a choice.
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5.3.2 Voltage divider detection results

Overview of the voltage divider detection
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Figure 5.13: Short circuit test data for voltage divider detection

The short circuit test data for voltage detection and the performance of the con-
trol system is shown in Figure .13 In contrast to the current shunt detection, the
voltage divider results in the larger input resistance for amplifier circuit. Therefore,
the feedback shown in Figure has a significant drift voltage, which is approx-
imately 10 V. The drift voltage results in the feedback signal is not 0 but regular

changing between 0 and 10 V when the circuit work normally. The drift voltage is
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the main reason that the isolation circuit cannot be used with the voltage divider
detection, because the isolation circuit will further amplify the voltage drift and the
output remains at 24 V during the short circuit test, which results in the drive signal
for MOSFET remaining at -5 V because the system triggers a false fault condition.
The test data for voltage divider detection is similar to that with the current shunt
detection. Before t0, the 270 V DC voltage supply will be turned on and the drive
signal for MOSFET will remain at 24 V. At t0, the trigger signal for the IGBT rises
to 5 V to place the IGBT in conduction and the short circuit test starts. Because of
the delay between the trigger signal and drive signal for the IGBT, the IGBT will be
conducting at t1 and the short circuit test starts. The delay of the IGBT drive signal
is around 0.5 ps. At t2, the voltage divider detects the rise in Drain-Source voltage
of the MOSFET, and the feedback signal begins to rise. The time t2-t1 is the delay
of the amplifier circuit between the main circuit and FPGA, which is around 1.5
us. The feedback reaches the threshold between t2 and t3, and because of the delay
from amplifier circuit and FPGA, the FPGA output signal begins to drop at t3. The
time t4-t3 is the delay of power amplifier circuit, which is around 1.7 us, and at t4,
the MOSFET drive signal begins to drop. As the drive signal takes time to reach
the MOSFET threshold voltage, the Drain current begins to drop around 0.3 us
later than t4. Meanwhile, the significant change in Drain current results in a spike
in Drain-Source voltage caused by the inductance in circuit. At t5, the MOSFET
has been blocked, however the Drain current drops to around 30 A but not zero,
because the voltage divider is paralleled with the MOSFET and when the MOSFET
is blocked, the Drain current will through the voltage divider and the main circuit is
still conducting. Meanwhile, the Drain-Source capacitor of the MOSFET discharge
through the voltage divider because of the Drain-Source voltage drop at t5, which
is around 200 V, and the discharge current flows through the voltage divider which
results in the Drain current is drop to around 30 A but not zero. As the Drain
current transforms from the blocked MOSFET to voltage divider, the performance
of the main circuit is similar with the short circuit, and the Drain-Source voltage has
an insignificant drop and is remained as 270 V by capacitors. After t5, the Drain

current will keep decreasing until t6, when the IGBT is blocked. The total delay of
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the voltage divider detection is around 4.2 us.
The test processing and evaluation of voltage divider detection are same with
the current shunt detection, and the short circuit performance of novel drive signals

are introduced as follow.

Result of 12M1HO030
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Figure 5.14: Fitting curve of 12M1H030 shut down time under linear, convex and
concave drive signal with different frequency word and voltage divider detection

The fitting curve of 12M1HO030 Drain current shut down time under three dif-
ferent drive signals, including linear, convex and concave, with different frequency
word have been summarised in Figure to predict the trend of Drain current
shut time of the 12M1H030 MOSFET as a function of frequency word between 4
and 10, to directly compare the performance of three different drive signals with the
same frequency word. With increasing frequency word, the start time and end time
of the shut down process decreases for all three waveforms, meanwhile, the shut
down time remains stable under three drive signals with different frequency word.
Therefore, the shut down time of the 12M1HO030 will not be impacted by the change
of frequency word and drive signal. In contrast with the results of the current shunt
detection method, the end time and start time of concave drive signal is closer to
the time of convex and linear drive signal. Meanwhile, when the frequency word is

higher than 7, the end time of three drive signals are similar and stable. As can
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be seen from the data, increasing the frequency word can significantly reduce the
shut down time of the linear drive signal before frequency word 6, and of convex
and concave drive signal before frequency word 7. After that, the improvement is
insignificant and higher frequency word results in higher overcurrent. Balancing the
minimum the shut down time with the overcurrent, frequency word 6 is the optimum
selection for linear drive signal, and frequency 7 is the optimum selection for convex
and concave drive signal to block the 12M1HO030.

As for the drive signal, in contrast with the current shunt detection method, the
time when the drive signal begins to drop for three drive signals are similar, which is
3.33 s for linear, 3.30 us for convex and 3.34 us for concave drive signal. Therefore,
the difference in the start and end time for three drive signals with voltage divider
detection is smaller than current shunt detection. In addition, the convex drive
signal has the most significant decrease in drop time at the beginning of the shut
down. Therefore the convex drive signal is faster to reach the MOSFET threshold
voltage and the Drain current driven by convex signal decreases more rapidly than
that driven by either the linear or concave signals. Furthermore, the rate of decrease
for the convex drive signal is followed by linear drive signal, and the concave drive
signal is the slowest. During the whole period, the start and end time of convex
drive signal are the shortest, followed by the time of linear drive signal, and the
time of concave drive signal are the longest. The average shut down time of the
Drain current driven by three different drive signals are similar which means that
the shut down time of 12M1HO030 will not be significantly impacted by the type of
drive signal. However, the coefficient of variation of Drain current shut down time
driven by convex drive signal, which is 0.04, is smaller than that driven by concave
signal, which is 0.08, and the Drain current shut down time driven by linear drive
signal has the largest coefficient of variation, 0.13, which is significantly larger than
the others studied here. Because the coefficient of shut down time driven by the
convex drive signal is the smallest, the 30 m2 MOSFET is more stable driven by the
convex drive signal. Finally, considering the shut down time of Drain current driven
by convex drive signal with different frequency word has the smallest dispersion,

the shorter start time and end time, the convex signal is the best choice to control
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the blocking of 12M1H030 MOSFET. In conclusion, to minimums the blocking time
and overcurrent of MOSFET and increase the reliability of the control system, the

convex drive signal with frequency word 7 is the best choice to control the blocking

of SSCB based on 12M1H030 MOSFET.

Results of 12M1HO045
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Figure 5.15: Fitting curve of 12M1H045 shut down time under linear, convex and
concave drive signal with different frequency word and voltage divider detection

The fitting curve of 12M1HO045 Drain current shut down time under three dif-
ferent drive signals, including linear, convex and concave, with different frequency
word have been summarised in Figure to predict the trend of Drain current shut
time of the 12M1H045 MOSFET as a function of frequency word between 4 and 10,
to directly compare the performance of three different drive signals with the same
frequency word. With the increase of the frequency word, the start time and end
time of the shut down process decreases for all three waveforms, meanwhile, the shut
down time remains stable under three drive signals with different frequency word.
Therefore, the shut down time of the 12M1H045 will not be impacted by the change
of frequency word and drive signal. Comparing with the results of current shunt
detection, the end time and start time of concave drive signal is closer to the time
of convex and linear drive signal. Meanwhile, when the frequency word is higher

than 6, the end time of three drive signals are paralleled and stable. As can be seen
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from the data, increasing frequency word can obviously reduce the shut down speed
of all three drive signals before frequency word 6. After that, the improvement is
insignificant and higher frequency word results in the higher overcurrent. Consider-
ing to balance and minimum the shut down time and overcurrent, frequency word
6 is the optimum selection for all three drive signals to block the 12M1HO045.

As for the drive signal, in contrast to the current shunt detection method, the
time when the drive signal begins to drop for convex drive signal is the shortest,
which is 3.39 us, followed by linear drive signal which is 3.45 us, and the time for
concave is the longest, which is 3.52 us. In comparison to the current shunt detection
method, the difference in the start and end times for three drive signals with voltage
divider detection is smaller. The convex drive signal has the largest rate of drop
speed at the beginning of the shut down. Therefore the convex drive signal is faster
to reach the MOSFET threshold voltage and the Drain current driven by convex
signal drops earlier than driven by linear and concave signal. Furthermore, the
rate of drop speed for convex drive signal is followed by linear drive signal, and the
concave drive signal is the slowest. Therefore, during the whole period, the start and
end time of convex drive signal are the shortest, followed by the time of linear drive
signal, and the time of concave drive signal are the longest. The average shut down
time of Drain current driven by three different drive signals are similar which means
that the shut down time of 12M1H045 will not be significantly impacted by the type
of drive signal. However, the coefficient of variation of Drain current shut down time
driven by convex drive signal, which is 0.03, is smaller than that driven by linear
signal, which is 0.06, and the Drain current shut down time driven by concave drive
signal has the largest coefficient of variation, which is 0.07. Because the coefficient of
shut down time driven by convex drive signal is the smallest, the 45 m) MOSFET is
more stable driven by convex drive signal. Finally, considering the shut down time
of Drain current driven by convex drive signal with different frequency word has the
smallest dispersion, the shorter start time and end time, the convex signal is the best
choice to control the blocking of 12M1H045 MOSFET. In conclusion, to minimums
the blocking time and overcurrent of MOSFET and increase the reliability of the

control system, the convex drive signal with frequency word 6 is the best choice to
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control the blocking of SSCB based on 12M1H045 MOSFET.

Results of 12M1HO090
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Figure 5.16: Fitting curve of 12M1H090 shut down time under linear, convex and
concave drive signal with different frequency word and voltage divider detection

The fitting curve of 12M1H090 Drain current shut down time under three dif-
ferent drive signals, including linear, convex and concave, with different frequency
word have been summarised in Figure to predict the trend of Drain current shut
time of the 12M1H090 MOSFET as a function of frequency word between 4 and 10,
to directly compare the performance of three different drive signals with the same
frequency word. With the increasing frequency word, the start time and end time of
the shut down process decreases for all three waveforms. Meanwhile, the shut down
time remains stable under three drive signals with different frequency word. There-
fore, the shut down time of the 12M1HO090 will not be impacted by the change of
frequency word and drive signal. In comparison with the 30 and 45 m{2 MOSFET,
the start and end time driven by the concave signal of 90 m{2 MOSFET is further
higher than the time of linear and concave drive signal. When the frequency word is
higher than 7, the end time of convex and linear drive signals are similar and stable,
meanwhile, the rate of decrease for the concave drive signal start and end time is
smaller than the frequency word below 7. As can be seen from the data, increasing

the frequency word can significantly reduce the shut down speed of all three drive
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signals for frequency word below 7. Above this, the improvement is insignificant and
higher frequency word results in the higher overcurrent. Considering to balance and
minimum the shut down time and overcurrent, frequency word 7 is the optimum
selection for all three drive signals to block the 12M1H090.

As for the drive signal, be different with the current shunt detection, the time
when the drive signal begins to drop for linear drive signal is the shortest, which is
2.70 us, followed by convex drive signal which is 2.83 us, and the time for concave
is the longest, which is 3.00 us. Comparing with the current shunt detection, the
time when linear drive signal begins to drop is 0.63 us shorter, the convex signal is
0.51 pus shorter and the concave signal is 0.34 us shorter. The convex drive signal
has the largest rate of drop speed at the beginning of the shut down. Therefore the
convex drive signal is faster to reach the MOSFET threshold voltage and the Drain
current driven by convex signal drops earlier than driven by linear and concave
signal. Furthermore, the rate of drop speed for convex drive signal is followed by
linear drive signal, and the concave drive signal is the slowest. Therefore, during
the whole period, the start and end time of convex drive signal are the shortest,
followed by the time of linear drive signal, and the time of concave drive signal
are the longest. The average shut down time of the Drain current driven by three
different drive signals are similar which means that the shut down time of 12M1H090
will not be significantly impacted by the type of drive signal. However, the coefficient
of variation of Drain current shut down time driven by convex drive signal, which
is 0.04, is smaller than that driven by linear signal, which is 0.06, and the Drain
current shut down time driven by concave drive signal has the largest coefficient of
variation, which is 0.10. Because the coefficient of shut down time driven by convex
drive signal is the smallest, the 90 mQ2 MOSFET is more stable driven by convex
drive signal. Finally, considering the shut down time of Drain current driven by
convex drive signal with different frequency word has the smallest dispersion, the
shorter start time and end time, the convex signal is the best choice to control the
blocking of 12M1H090 MOSFET. In conclusion, to minimums the blocking time
and overcurrent of MOSFET and increase the reliability of the control system, the

convex drive signal with frequency word 7 is the best choice to control the blocking
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of SSCB based on 12M1H090 MOSFET.

Compared with the results of current shunt detection, the block time of MOS-
FETs, with voltage divider detection, driven by novel drive signals is shorter, be-
cause the voltage divider detection remove the isolation circuit between the ADC
and voltage divider. However, it results in the higher safety risk. Be same with the
results of current shunt detection, compared with the liner and concave drive signal,
the convex drive signal with the shorter blocking time is the optimal drive signal
to drive the MOSFETSs. The frequency word range between 6 and 7 is the optimal

frequency word to minimum the overcurrent and blocking time.

Impact of different on resistance to short circuit time

3.6 | | | | |
4 5 6 7 8 9 10
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Figure 5.17: The comparison of start and end time of three different MOSFET Drain
current driven by convex signal with different frequency word and voltage divider
detection

The main difference between the three MOSFETSs tested in this section is the
on resistance. Because convex drive signal is the best choice for all three different
MOSFETSs with voltage divider detection, the experimental results of convex signal
are used to research the impact of different on resistance to short circuit time. The
comparison of start and end time of three different MOSFET Drain current driven
by convex signal with frequency word from 4 to 10 is shown in Figure|5.17, where red

diamond is 12M1HO030 start time data, red line is 12M1H030 start time fitting, red
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circle is 12M1HO030 end time data, red dotted line is 12M1HO030 end time fitting, blue
diamond is 12M1HO045 start time data, blue line is 12M1H045 start time fitting, blue
circle is 12M1H045 end time data, blue dotted line is 12M1H045 end time fitting,
yellow diamond is 12M1HO090 start time data, yellow line is 12M1HO090 start time
fitting, yellow circle is 12M1H090 end time data, yellow dotted line is 12M1H090
end time fitting. The end time is the sum of the start and shut down times together.
The comparison of feedback voltage of different MOSFETSs driven by convex drive

signal with frequency word 10 is shown in Figure [5.18]
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Figure 5.18: The comparison of feedback voltage of different MOSFETSs driven by
convex drive signal with frequency word 10 and voltage divider detection

As can be seen from the data, the feedback signal for 12M1HO090 is the fastest,
followed by the feedback for 12M1HO030, and the feedback for 12M1HO045 is the
slowest. The feedback signal for 12M1H030 and 12M1HO045 have an insignificant
difference, but much slower than the feedback signal for 12M1H090. Therefore, the
start time of 12M1HO090 is earlier than the start time of 12M1HO030 and 12M1H045,
which are similar. As for the shunt down time, because the lower on resistance
results in the higher Drain current when the short circuit occurs, and the higher
Drain current takes longer time to be blocked, the shut down time will decrease
with increasing on-state resistance. The average shut down time driven by convex
signal of 12M10H030 is 0.41 ps, 12M1HO045 is 0.38 wus, and the 12M1H090 is 0.26
pus. Because the 12M1H090 has the significantly small start time and shut down
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time, comparing with other two MOSFETSs, the end time and short circuit time of
12M1HO090 is significantly lower than other two MOSFETSs when the MOSFET is
controlled by convex drive signal with voltage divider detection.

Comparing with the results of current shunt detection, the increase of the start
time has no obvious dependence with the on-state resistance. However, the difference
between the feedback signal of 12M1H030 and 12M1H045 is insignificant and the
reliability of the feedback for voltage divider is lower than the current shunt because
of the drift voltage. Therefore, it can be observed from the data that the start time
of MOSFETSs under convex drive signal with both current shunt and voltage divider
detection decreases, with the increase of the MOSFET on resistance.

In conclusion, the short circuit performance of three different SiIC MOSFETS,
include 12M1H030, 12M1H045, 12M1H090 driven by different drive signals with
frequency word from 4 to 10 and detected by current shunt and voltage divider
separately has been verified in this Chapter. Although the test platform of current
shunt detection is different with the voltage divider detection, there are still some
common conclusions can be verified. Firstly, with the increase of the frequency
word, the short circuit time will decrease. However, the rate of decrease speed also
decreases and the improvement of the short circuit performance will be insignificant
when the frequency word is very large. In addition, the higher frequency word results
in more overcurrent which results in the noise of Drain current when the circuit is
blocked. Therefore, to balance the short circuit time and the overcurrent, there is an
optimal frequency word and for the all MOSFETSs tested in the Chapter driven by
all three drive signals, the optimal frequency word is in the range from frequency 6
to 7. As for the different drive signals, the time when the drive signal begins to drop
are similar for the same MOSFET and because the rate of decrease for convex drive
signal is larger than linear and concave, the convex drive signal takes shorter time
to reaches the threshold voltage of MOSFET. Therefore, the MOSFET driven by
convex drive signal is earlier to shut down and has less short circuit time compared
with the MOSFET driven by linear and concave drive signal. According to the
data shown in this Chapter, the convex drive signal with the frequency word in the

range from 6 to 7 is the optimise drive signal to drive the SiC MOSFET in SSCB
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applications.

The main reason that the different MOSFETSs can impact the performance of
short circuit test is the on resistance. As can be seen from the data in this Chapter,
the MOSFET with higher on resistance has the earlier time when the Drain current
begins to drop. In addition, the higher on resistance results in the lower Drain
current during the short circuit, which reduces the shut down time of the Drain
current. Therefore, the MOSFET with the higher on resistance has the shorter
short circuit time. However, the difference of short circuit times is insignificant and
higher on resistance results in more power loss during the normal operation, and the
MOSFET with the Lower on resistance is the optimise choice for SSCB.

The different detection methods also have the impact on the performance of short
circuit test. The current shunt detection is more stable compared with the voltage
divider detection, and the Drain current has no noise when the circuit is blocked.
However, the isolation circuit in current shunt detection results in more delay time
and the short circuit time is longer. In contrary, the voltage divider detection has
less short circuit time but the Drain current will not drop to zero when the MOSFET
is blocked because the voltage divider is paralleled with the MOSFET and conduct
the circuit before the IGBT is blocked. Meanwhile, no isolation circuit results in

more risk compared with the current shunt detection.

5.4 Conclusion

In conclusion, the short circuit performance of the novel drive signals and FPGA
control system is introduced in this Chapter. The current shunt and voltage divider
are used to detect the working condition of the main circuit and send the feedback
signal to FPGA. To reduce the risk of the test, the isolation circuit is used to isolate
the control system with the main circuit, however, in voltage divider detection,
the isolation circuit results in the large noise when the Drain current is blocked,
because of the drift voltage. Therefore, the current shunt detection is more stable
but has the longer shun down time, and the voltage divider detection has the shorter

shut down time and potential risk. To ensure the drive signal generated by FPGA
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can conducted the MOSFET, the power amplifier circuit is designed and the output
voltage between -5 V and 22 V is sufficient to drive the MOSFET with 18 V threshold
voltage. Because the convex drive signal drops faster when the faults occur, the
MOSFET drive by convex drive signal has the shorter short circuit time compared
with the linear and concave drive signal and the convex is the optimise choice the
drive the SiC MOSFET. The short circuit time deceases with the frequency word
increasing, however the higher frequency word results in more noise when the Drain
current is blocked. Therefore, to minimise the short circuit time and noise, the
frequency word range between 6 and 8 is the optimise choice. The main impact of
different MOSFETSs on the novel drive signals short circuit performance is the on
resistance, and the MOSFET with higher on resistance has the shorter short circuit
time. However, the difference of short circuit time is insignificant and the higher on
resistance results in more power loss during the operation. Therefore, the MOSFET
with lower on resistance is the optimise choice for SSCB. As can been seen from the
data in this Chapter, the 12M1H030 SiC MOSFET driven by the control system
with the current shunt detection, and convex drive signal with 6 frequency word is
the optimise choice to design the SSCB.

The results in this Chapter verify the novel drive signal can replace the snubber
circuit, including the MOV, to reduce the overcurrent, which can help reducing
the volume and weight of SSCB. Meanwhile, the short shut down time ensure the
reliability of SSCB in short circuit protection. In addition, the results prove the
novel drive signal can be used to drive different MOSFETSs from a same family,

which makes the novel drive signal can be widely applied in SSCB design.
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CHAPTER 6

Conclusions

6.1 Conclusion

A novel drive signal to minimise the overcurrent and short circuit time for SSCB
based on SiC MOSFET is described in this thesis. The novel drive signal can replace
the snubber circuit to reduce the impact of the overcurrent on the circuit. Therefore,
the SSCB, driven by the novel drive signal, can remove snubber circuit to reduce the
weight, volume and the number of devices used in SSCB. Meanwhile, the novel drive
signal can shut down the circuit in a short time when the fault occurs, which ensures
the reliability of the SSCB driven by novel drive signal. These advantages make the
novel drive signal can be used in applications that have critical reliability and weight
requirements, including the aviation system. According to the experiential results,
the novel drive signal can drive the MSOFET with different on resistance, and it
ensures the novel drive signal can be widely used in SSCB design.

In Chapter 2, the existing work in the literature describing a number of key tech-
nologies and applications of SSCB research were introduced. To improve the short
circuit performance of the SSCB, a number of methods have been proposed to date,

including using wide bandgap power semiconductor devices with increased voltage
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ratings, novel topologies with lower power loss, the incorporation of snubber circuits
to reduce overcurrent and absorb fault energy, novel fault detection method to in-
crease the reaction speed, and novel drive circuits for series or paralleled connection
SSCB in higher power applications. This work reported in this thesis focuses on the
development of novel drive signals generated by a FPGA control system to minimize
the overcurrent and short circuit time for SSCB based on SiC MOSFETs.

In Chapter 3, a 270 V short circuit test platform is described and the short
circuit characteristics of three SiC MOSFETSs from the same family are determined
and compared. The maximum short circuit withstand time is a critical parameter
to consider with considering the MOSFET short circuit ability, and in Chapter
3, this parameter is evaluated based on three different short circuit performance
metrics, including the overcurrent and overvoltage, the condition of the Gate and
the maximum junction temperature. As can be seen from the data presented, the
12M1H030 MOSFET has the longest short circuit time, at 16 s, this maximum
duration for 12M1HO045 is 12 s, and the time for 12M1H090 is 9 ps. The results
are subsequently used to design the test facilities and operating parameters of the
SSCB to verify the short circuit performance of the novel drive signal and FPGA
control system that is reported in Chapter 5.

In Chapter 4, the design of the control system based on a FPGA, which is used to
collect feedback signal that describe the operation of the circuit and subsequently
generate the drive signal to the MOSFET, is introduced. The novel drive signal
introduced in this Chapter has three parts, including the normal, transform and
error. The FPGA can generate the corresponding signal according to the main
circuit working condition. When the main circuit works under normal conditions, the
FPGA generates the normal drive signal. Once the fault occurs, the FPGA generates
the transform signal to transition the MOSFET from conducting to blocking modes.
Subsequently the FPGA remains at error drive signal. In addition, the drive signal
has three types during the transition period, including the linear, convex and concave
signal, and different transform time, which is controlled by FPGA. The control
system introduced in this Chapter can generate flexible drive signals and control

the conducting and blocking characteristics of the MOSFET. The performance of
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the control system and novel drive signals has been subsequently verified in Chapter
5.

In Chapter 5, the short circuit performance of the control system and drive sig-
nal introduced in Chapter 4 is verified. The tests performed to optimise includes
three types of drive signals, including linear, convex and concave, and investigate the
effects on three SiC MOSFET from the same family, including 12M1H030(Ron=30
mS?), 12M1H045(Ron=45 m) and 12M1H090(Ron=90 m{2) with variation in the
period of transition, described using different frequency words between 4 to 10, and
two feedback detection methods, including the current shunt and voltage divider
detection. As can be seen from the data, the convex drive signal is the optimum
drive signal for SSCB applications, which has the shortest short circuit time whilst
minimising the over current. With increasing frequency word, the short circuit time
decreases. However, the higher frequency word results in increased overcurrent,
therefore, to minimise the overcurrent and short circuit time, the optimisation of
the frequency word is required, resulting in values in the range between 6 and 8.
The data show that current shunt detection has the more stable feedback signal and
reduced noise when the Drain-Source current in the MOSFET is blocked in com-
parison to operation based on the voltage divider detection technique. In addition,
the isolation circuit between the FPGA and main power circuit that is required in
the current shunt detection method ensures the safety of control system from high
power transients. Therefore, the current shunt detection is the better technique for
the detection of the SSCB operating condition. The MOSFET with higher on-state
resistance and lower Gate charge is able to be turned off with a shorter short circuit
time but shows higher power loss during the transition. To reduce the power loss
of control system, 12M1H030 with the lowest on-state resistance is more suitable to

be used in SSCB design for high power applications.

6.2 Future work

The novel drive signal introduced in this thesis can protect the power distribution

system of aviation application by shut down the power system. However, it is not
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an optimise solution when an airplane malfunctions in mid-air. In the future, the
target of SSCB design can be ensuring that the power distribution system with the
important functions, including the temperature system and oxygen supply system,
can still be used during a short circuit fault, while ensuring that the components of
the power supply system will not be damaged. The challenges can be the control
logic of the SSCB and how to reduce the impact of short circuit current on power
system. One solution might be useful is integrating the adjustable load in SSCB.
When the power system works normal, the load will not be connected in the power
system, and when the fault occurs, the adjustable load can be connected by the

control system of SSCB to limit the short circuit current under a safe level.

151



Bibliography

1]

7. Zhang, X. Li, M. Chen, Y. Huang, S. Xu, and X. Zhao, “Research on critical
technical parameters of hvdc circuit breakers applied in nan’ao multi-terminal
vsc-hvde project,” Power System Technology, vol. 41, no. 8, pp. 24172422,
2017.

J. Prigmore and D. Ehlers, “Solid state circuit breakers — their technical, op-
erational and application benefits: Copyright material ieee paper no. esw2021-

23,7 in 2021 IEEFE IAS Electrical Safety Workshop (ESW), pp. 1-9, 2021.

S. Kamtip and K. Bhumkittipich, “Comparison between mechanical circuit
breaker and solid state circuit breaker under abnormal conditions for low volt-
age systems,” in 2015 18th International Conference on FElectrical Machines

and Systems (ICEMS), pp. 1091-1096, 2015.

U. Tahir, W. Abdullah, and L. Ali, “Design and development of solid-state dc
circuit breaker,” in 2022 International Conference on Electrical Engineering

and Sustainable Technologies (ICEEST), pp. 1-8, 2022.

M. Kempkes, I. Roth, and M. Gaudreau, “Solid-state circuit breakers for
medium voltage dc power,” in 2011 IEEE Electric Ship Technologies Sym-
posium, pp. 254-257, 2011.

152



[6]

[10]

[12]

[13]

A. Fayyaz, M. U. Ortiz, Z. Wang, T. Yang, and P. Wheeler, “Paralleling of
transient overvoltage protection elements within high power dc solid-state cir-
cuit breaker (sscb) for electric/hybrid-electric aircraft,” in 2022 IEEE Work-
shop on Wide Bandgap Power Devices and Applications in Europe (WiPDA
FEurope), pp. 1-6, 2022.

F. Liu, W. Liu, X. Zha, H. Yang, and K. Feng, “Solid-state circuit breaker
snubber design for transient overvoltage suppression at bus fault interruption

in low-voltage dc microgrid,” IEEFE Transactions on Power Electronics, vol. 32,

no. 4, pp. 3007-3021, 2017.

G. E. Mejia-Ruiz, M. R. A. Paternina, A. Zamora-Mendez, J. C. Rosas-Caro,
and G. Bolivar-Ortiz, “A novel gan-based solid-state circuit breaker with
voltage overshoot suppression,” IEEE Transactions on Industrial Electronics,

vol. 69, no. 9, pp. 8949-8960, 2022.

M. E. Baran, S. Teleke, and S. Bhattacharya, “Overcurrent protection in dc
zonal shipboard power systems using solid state protection devices,” in 2007

IEEE Electric Ship Technologies Symposium, pp. 221-224, 2007.

D. Park, D. Shin, S.-K. Sul, J. Sim, and Y.-G. Kim, “Overvoltage suppressing
snubber circuit for solid state circuit breaker considering system inductances,”
in 2019 10th International Conference on Power Electronics and ECCE Asia
(ICPE 2019 - ECCE Asia), pp. 2647-2652, 2019.

S. Lee, K. Kim, M. Shim, and I. Nam, “A digital signal processing based
detection circuit for short-circuit protection of sic mosfet,” IEEE Transactions

on Power FElectronics, vol. 36, no. 12, pp. 13379-13382, 2021.

R. Rodrigues, Y. Du, A. Antoniazzi, and P. Cairoli, “A review of solid-state
circuit breakers,” IEEE Transactions on Power FElectronics, vol. 36, no. 1,

pp- 364-377, 2021.

C. Gu, P. Wheeler, A. Castellazzi, A. J. Watson, and F. Effah, “Semiconduc-
tor devices in solid-state/hybrid circuit breakers: Current status and future

trends,” Energies, vol. 10, no. 4, 2017.
153



[14]

[15]

[18]

[19]

[20]

[21]

L. Ravi, D. Zhang, D. Qin, Z. Zhang, Y. Xu, and D. Dong, “Electronic mov-
based voltage clamping circuit for dc solid-state circuit breaker applications,”

IEEFE Transactions on Power Electronics, vol. 37, no. 7, pp. 7561-7565, 2022.

J. Mu, L. Wang, and J. Hu, “Analysis and design of topological structure
for dc solid-state circuit breaker,” in 2009 World Non-Grid-Connected Wind
Power and Energy Conference, pp. 1-5, 2009.

X. Chen, S. Jiang, Y. Chen, B. Shen, M. Zhang, H. Gou, Y. Lei, and D. Zhang,
“Steady-state over-current safe operation area (soa) of the sic mosfet at cryo-

genic and room temperatures,” Cryogenics, vol. 122, p. 103424, 2022.

Q. Wang, S. Ge, W. Cao, S. Yu, and Z. Liao, “Study of arc interruption
characteristics under rated current in low voltage circuit breakers,” Fnergies,

vol. 16, no. 10, 2023.

R. Mehl and P. Meckler, “Comparison of advantages and disadvantages of
electronic and mechanical protection systems for higher voltage dc 400 v,”
in Intelec 2013; 35th International Telecommunications Energy Conference,

Smart Power And Efficiency, pp. 1-7, 2013.

R. Rodrigues, T. Jiang, Y. Du, P. Cairoli, and H. Zheng, “Solid state cir-
cuit breakers for shipboard distribution systems,” in 2017 IEEE Electric Ship
Technologies Symposium (ESTS), pp. 406-413, 2017.

Airbus, “Zephyr ~ high  altitude  platform  station  (haps),”
https://www. airbus.com/en/products-services/defence/uas/zephyr,
4/12/2024.

A. Latorre, T. B. Soeiro, R. Geertsma, A. Coraddu, and H. Polinder, “Ship-
board dc systems—a critical overview: Challenges in primary distribution,
power-electronics-based protection, and power scalability,” IEEE Open Jour-

nal of the Industrial Electronics Society, vol. 4, pp. 259-286, 2023.

154



[22]

[23]

[24]

28]

[29]

A. Magsood and K. Corzine, “Dc microgrid protection: Using the coupled-
inductor solid-state circuit breaker,” IEFEE FElectrification Magazine, vol. 4,

no. 2, pp. 5864, 2016.

R. Schmerda, R. Cuzner, R. Clark, D. Nowak, and S. Bunzel, “Shipboard solid-
state protection: Overview and applications,” IEEFE FElectrification Magazine,

vol. 1, no. 1, pp. 32-39, 2013.

D. Ritchie, C. Booth, and J. Devlin, “Protection of future marine electrical

systems,” in 2011 46th International Universities’ Power Engineering Confer-

ence (UPEC), pp. 1-6, 2011.

S. Chalise, A. Golshani, S. R. Awasthi, S. Ma, B. R. Shrestha, L. Bajracharya,
W. Sun, and R. Tonkoski, “Data center energy systems: Current technology
and future direction,” in 2015 IEEE Power Energy Society General Meeting,
pp. 1-5, 2015.

D. J. Becker and B. Sonnenberg, “Dc microgrids in buildings and data cen-
ters,” in 2011 IEEE 33rd International Telecommunications Energy Confer-
ence (INTELEC), pp. 1-7, 2011.

C. D. Xu and K. W. E. Cheng, “A survey of distributed power system — ac
versus dc distributed power system,” in 2011 4th International Conference on

Power FElectronics Systems and Applications, pp. 1-12, 2011.

V. Sithimolada and P. W. Sauer, “Facility-level dc vs. typical ac distribution
for data centers: A comparative reliability study,” in TENCON 2010 - 2010
IEEE Region 10 Conference, pp. 2102-2107, 2010.

S. Chalise, A. Golshani, S. R. Awasthi, S. Ma, B. R. Shrestha, L. Bajracharya,
W. Sun, and R. Tonkoski, “Data center energy systems: Current technology
and future direction,” in 2015 IEEE Power Energy Society General Meeting,
pp- 1-5, 2015.

155



[30]

[31]

[33]

[35]

A. Pratt, P. Kumar, and T. V. Aldridge, “Evaluation of 400v dc distribution
in telco and data centers to improve energy efficiency,” in INTELEC 07 - 29th

International Telecommunications Energy Conference, pp. 32-39, 2007.

Y. Sato, Y. Tanaka, A. Fukui, M. Yamasaki, and H. Ohashi, “Sic-sit circuit
breakers with controllable interruption voltage for 400-v dc distribution sys-
tems,” IEEE Transactions on Power Electronics, vol. 29, no. 5, pp. 2597-2605,
2013.

Y. Tanaka, K. Yano, M. Okamoto, A. Takatsuka, K. Arai, and T. Yatsuo,

“Buried gate static induction transistors in 4h-sic (sic-bgsits) with ultra low

)

on-resistance,’

Semiconductor Devices and IC’s, pp. 93-96, 2007.

in Proceedings of the 19th International Symposium on Power

Y. Sato, Y. Tanaka, A. Fukui, M. Yamasaki, and H. Ohashi, “Sic-sit circuit
breakers with controllable interruption voltage for 400-v dc distribution sys-
tems,” IEEE Transactions on Power Electronics, vol. 29, no. 5, pp. 2597-2605,
2014.

C. Meyer, M. Kowal, and R. De Doncker, “Circuit breaker concepts for future
high-power dc-applications,” in Fourtieth [AS Annual Meeting. Conference
Record of the 2005 Industry Applications Conference, 2005., vol. 2, pp. 860—
866 Vol. 2, 2005.

Q. Wu, Q. Deng, L. Ganesh, C.-H. Hsu, Y. Jin, S. Kumar, B. Li, J. Meza,
and Y. J. Song, “Dynamo: facebook’s data center-wide power management

system,” in Proceedings of the 43rd International Symposium on Computer

Architecture, ISCA 16, p. 469-480, IEEE Press, 2016.

S. Mittal, “Power management techniques for data centers: A survey,” arXiv

preprint arXiv:1404.6681, 2014.

D. Filani, J. He, S. Gao, M. Rajappa, A. Kumar, P. Shah, and R. Nagappan,
“Dynamic data center power management: Trends, issues, and solutions.,”

Intel Technology Journal, vol. 12, no. 1, 2008.

156



[38]

[39]

[42]

[45]

[46]

Q. Wu, Q. Deng, L. Ganesh, C.-H. Hsu, Y. Jin, S. Kumar, B. Li, J. Meza, and
Y. J. Song, “Dynamo: Facebook’s data center-wide power management sys-
tem,” ACM SIGARCH Computer Architecture News, vol. 44, no. 3, pp. 469—
480, 2016.

J. Liu, F. Zhao, X. Liu, and W. He, “Challenges towards elastic power manage-
ment in internet data centers,” in 2009 29th IEEE International Conference
on Distributed Computing Systems Workshops, pp. 65-72, 2009.

A. Barzkar and M. Ghassemi, “Electric power systems in more and all electric

aircraft: A review,” IEEFE Access, vol. 8, pp. 169314-169332, 2020.

H. Schefer, L. Fauth, T. H. Kopp, R. Mallwitz, J. Friebe, and M. Kurrat,
“Discussion on electric power supply systems for all electric aircraft,” IFEE

Access, vol. 8, pp. 84188-84216, 2020.

Y. Tao, Y. Wang, and W. Li, “Protection of more electric aircraft dc power
supply system based on solid-state circuit breaker,” in 2021 IEEFE jth Inter-
national Electrical and Energy Conference (CIEEC), pp. 1-6, 2021.

K. A. Corzine and R. W. Ashton, “A new z-source dc circuit breaker,” IFEFE
Transactions on Power Electronics, vol. 27, no. 6, pp. 2796-2804, 2012.

A. H. Chang, B. R. Sennett, A.-T. Avestruz, S. B. Leeb, and J. L. Kirtley,
“Analysis and design of dc system protection using z-source circuit breaker,”

IEEFE Transactions on Power Electronics, vol. 31, no. 2, pp. 1036-1049, 2016.

K. A. Corzine and R. W. Ashton, “Structure and analysis of the z-source mvdc
breaker,” in 2011 IEEE Electric Ship Technologies Symposium, pp. 334-338,
2011.

D. J. Ryan, H. D. Torresan, and B. Bahrani, “A bidirectional series z-source
circuit breaker,” IEFE Transactions on Power FElectronics, vol. 33, no. 9,

pp. 7609-7621, 2018.

157



[47]

[48]

[50]

[52]

[53]

[54]

[55]

Y. Wang, R. Dong, Z. Xu, Z. Kang, W. Yao, and W. Li, “A coupled-inductor-
based bidirectional circuit breaker for dc microgrid,” IEEE Journal of Emerg-
ing and Selected Topics in Power FElectronics, vol. 9, no. 3, pp. 2489-2499,
2021.

Y. Tao, Y. Wang, Q. Lin, and W. Li, “Design and simulation of a bidirectional
dc circuit breaker,” in IECON 2020 The 46th Annual Conference of the IEEE
Industrial Electronics Society, pp. 3439-3444, 2020.

J. A. Sanguesa, V. Torres-Sanz, P. Garrido, F. J. Martinez, and J. M. Marquez-
Barja, “A review on electric vehicles: Technologies and challenges,” Smart

Cities, vol. 4, no. 1, pp. 372-404, 2021.

P. Duggan, “Integration issues for fault current limiters and other new
technologies- a utility perspective,” in 2006 IEEE Power Engineering Soci-
ety General Meeting, pp. 3 pp.—, 2006.

A. Safaei, M. Zolfaghari, M. Gilvanejad, and G. B. Gharehpetian, “A survey
on fault current limiters: Development and technical aspects,” International

Journal of Electrical Power Energy Systems, vol. 118, p. 105729, 2020.

S. Eckroad, “Survey of fault current limiter (fcl) technologies-update,” Electric

power research institut, vol. 1016389, 2008.

G. Cellere, A. Paccagnella, A. Mazzocchi, and M. Valentini, “Influence of
dielectric breakdown on mosfet drain current,” IEEE Transactions on Electron

Deuvices, vol. 52, no. 2, pp. 211-217, 2005.

O. S. Saadeh, E. D. Johnson, M. S. Saadeh, A. Escobar Mejia, C. Schirmer,
B. Rowden, A. Mantooth, J. Balda, and S. Ang, “A 4 kv silicon carbide solid-
state fault current limiter,” in 2012 IEEE Energy Conversion Congress and
Ezposition (ECCE), pp. 4445-4449, 2012.

K. Daviau and K. K. M. Lee, “High-pressure, high-temperature behavior of

silicon carbide: A review,” Crystals, vol. 8, no. 5, 2018.

158



[56]

[57]

[61]

[62]

[63]

[64]

J. Casady and R. Johnson, “Status of silicon carbide (sic) as a wide-bandgap
semiconductor for high-temperature applications: A review,” Solid-State FElec-

tronics, vol. 39, no. 10, pp. 1409-1422, 1996.

K. Jarrendahl and R. F. Davis, “Chapter 1 materials properties and charac-
terization of sic,” in SiC' Materials and Devices (Y. Soo Park, ed.), vol. 52 of

Semiconductors and Semimetals, pp. 1-20, Elsevier, 1998.

A. Joseph and M. Shahidehpour, “Battery storage systems in electric power
systems,” in 2006 IEEE Power Engineering Society General Meeting, pp. 8
pp-—, 2006.

G. D. Demetriades, W. Hermansson, J. R. Svensson, K. Papastergiou, and
T. Larsson, “Dc-breaker for a multi-megawatt battery energy storage system,”
in 2014 International Power Electronics Conference (IPEC-Hiroshima 201/ -
ECCE ASIA), pp. 1220-1226, 2014.

R. Wang, B. Zhang, S. Zhao, L. Liang, and Y. Chen, “Design of an igbt-series-
based solid-state circuit breaker for battery energy storage system terminal in
solid-state transformer,” in IECON 2019 - /5th Annual Conference of the
IEEFE Industrial Electronics Society, vol. 1, pp. 66776682, 2019.

R. W. Erickson, “Dc—dc power converters,” Wiley encyclopedia of electrical

and electronics engineering, 2001.

M. Saeedifard, M. Graovac, R. Dias, and R. Iravani, “Dc power systems:

Challenges and opportunities,” in IEEE PES General Meeting, pp. 1-7, 2010.

H. Sira-Ramirez, “On the generalized pi sliding mode control of dc-to-dc power
converters: a tutorial,” International journal of control, vol. 76, no. 9-10,

pp. 1018-1033, 2003.

S. A. Gorji, H. G. Sahebi, M. Ektesabi, and A. B. Rad, “Topologies and control
schemes of bidirectional dc—dc power converters: An overview,” IEEE Access,

vol. 7, pp. 117997-118019, 2019.

159



[65]

[66]

[69]

[70]

[71]

M. Hossain, N. Rahim, et al., “Recent progress and development on power dc-
dc converter topology, control, design and applications: A review,” Renewable

and Sustainable Energy Reviews, vol. 81, pp. 205-230, 2018.

M. Hossain, N. Rahim, and J. a/l Selvaraj, “Recent progress and development
on power dc-dc converter topology, control, design and applications: A re-

view,” Renewable and Sustainable Energy Reviews, vol. 81, pp. 205230, 2018.

J. Rabkowski, D. Peftitsis, and H.-P. Nee, “Silicon carbide power transistors:
A new era in power electronics is initiated,” IFEE Industrial Electronics Mag-

azine, vol. 6, no. 2, pp. 17-26, 2012.

D. Othman, M. Berkani, S. Lefebvre, A. Ibrahim, Z. Khatir, and
A. Bouzourene, “Comparison study on performances and robustness between
sic mosfet jfet devices abilities for aeronautics application,” Microelectronics
Reliability, vol. 52, no. 9, pp. 1859-1864, 2012. Special Issue 23rd European
Symposium On The Reliability Of Electron Devices, Failure Physics And Anal-

ysis.

M. K. Das, S. K. Haney, J. Richmond, A. Olmedo, Q. J. Zhang, and Z. Ring,
“Sic mosfet reliability update,” in Materials Science Forum, vol. 717, pp. 1073~
1076, Trans Tech Publ, 2012.

7. Wang, X. Shi, Y. Xue, L. M. Tolbert, F. Wang, and B. J. Blalock, “De-
sign and performance evaluation of overcurrent protection schemes for silicon

carbide (sic) power mosfets,” IEEE Transactions on Industrial Electronics,

vol. 61, no. 10, pp. 5570-5581, 2014.

R. Schmerda, S. Krstic, E. Wellner, and A. Bendre, “Igcts vs. igbts for circuit
breakers in advanced ship electrical systems,” in 2009 IEEFE FElectric Ship
Technologies Symposium, pp. 400—405, 2009.

M. Kempkes, I. Roth, and M. Gaudreau, “Solid-state circuit breakers for
medium voltage dc power,” in 2011 IEEE Electric Ship Technologies Sym-
posium, pp. 254-257, 2011.

160



[73]

[74]

[79]

[30]

D. P. Urciuoli, V. Veliadis, H. C. Ha, and V. Lubomirsky, “Demonstration
of a 600-v, 60-a, bidirectional silicon carbide solid-state circuit breaker,” in
2011 Twenty-Sixth Annual IEEE Applied Power FElectronics Conference and
FEzposition (APEC), pp. 354-358, 2011.

Z. J. Shen, G. Sabui, Z. Miao, and Z. Shuai, “Wide-bandgap solid-state cir-
cuit breakers for dc power systems: Device and circuit considerations,” IEEE

Transactions on Electron Dewvices, vol. 62, no. 2, pp. 294-300, 2015.

7. J. Shen, Z. Miao, and A. M. Roshandeh, “Solid state circuit breakers for dc
micrgrids: Current status and future trends,” in 2015 IEEFE First International

Conference on DC Microgrids (ICDCM), pp. 228-233, 2015.

C. Chan and K. Chau, “An overview of power electronics in electric vehicles,”

IEEFE Transactions on Industrial Electronics, vol. 44, no. 1, pp. 3—13, 1997.

J. Millan, P. Godignon, X. Perpina, A. Pérez-Tomaés, and J. Rebollo, “A survey
of wide bandgap power semiconductor devices,” IEEE Transactions on Power

Electronics, vol. 29, no. 5, pp. 2155-2163, 2014.

J. O. Gonzalez, R. Wu, S. Jahdi, and O. Alatise, “Performance and reliability
review of 650 v and 900 v silicon and sic devices: Mosfets, cascode jfets and
igbts,” IEEE Transactions on Industrial Electronics, vol. 67, no. 9, pp. 7375—
7385, 2020.

C. Meyer and R. De Doncker, “Solid-state circuit breaker based on active
thyristor topologies,” IEEFE Transactions on Power Electronics, vol. 21, no. 2,

pp. 450-458, 2006.

H. Polman, J. Ferreira, M. Kaanders, B. Evenblij, and P. Van Gelder, “Design
of a bi-directional 600 v/6 ka zvs hybrid dc switch using igbts,” in Conference
Record of the 2001 IEEE Industry Applications Conference. 36th IAS Annual
Meeting (Cat. No.01CHS87248), vol. 2, pp. 1052-1059 vol.2, 2001.

161



[81]

[82]

[84]

[36]

[87]

J.-M. Meyer and A. Rufer, “A dc hybrid circuit breaker with ultra-fast contact
opening and integrated gate-commutated thyristors (igcts),” IEEE Transac-
tions on Power Delivery, vol. 21, no. 2, pp. 646-651, 2006.

O. Hashimoto, H. Kirihata, M. Watanabe, K. Endo, T. Mizuno, and
A. Nishiura, “Reverse blocking 4.5 kv 3000 a gate turn-off thyristors,” in
1986 Annual Meeting Industry Applications Society, pp. 384-387, 1986.

L. Zhang, R. Woodley, X. Song, S. Sen, X. Zhao, and A. Q. Huang, “High cur-
rent medium voltage solid state circuit breaker using paralleled 15kv sic eto,”
in 2018 IEEE Applied Power Electronics Conference and Exposition (APEC),
pp. 1706-1709, 2018.

X. Song, A. Q. Huang, M.-C. Lee, and C. Peng, “Theoretical and experimental
study of 22 kv sic emitter turn-off (eto) thyristor,” IEEE Transactions on
Power Electronics, vol. 32, no. 8, pp. 6381-6393, 2017.

M. Glashauser and O. Kreutzer, “Why are conventional si mosfets better than
sic and gan in low power applications?,” in 2023 IEEE Workshop on Wide
Bandgap Power Devices and Applications in Asia (WiPDA Asia), pp. 1-6,
2023.

D. A. Molligoda, P. Chatterjee, C. J. Gajanayake, A. K. Gupta, and K. J.
Tseng, “Review of design and challenges of dc sspc in more electric aircraft,”
in 2016 IEEE 2nd Annual Southern Power FElectronics Conference (SPEC),
pp. 1-5, 2016.

K. Tan, P. Liu, X. Ni, C. Peng, X. Song, and A. Q. Huang, “Performance
evaluation of multiple si and sic solid state devices for circuit breaker appli-
cation in 380vdc delivery system,” in 2016 IEEE Applied Power Electronics
Conference and Ezposition (APEC), pp. 983-989, 2016.

7. J. Shen, Z. Miao, A. M. Roshandeh, P. Moens, H. Devleeschouwer, A. Salih,
B. Padmanabhan, and W. Jeon, “First experimental demonstration of solid

state circuit breaker (sscb) using 650v gan-based monolithic bidirectional

162



[39]

[91]

[92]

[93]

[95]

switch,” in 2016 28th International Symposium on Power Semiconductor De-

vices and ICs (ISPSD), pp. 79-82, 2016.

Z. Wang, X. Shi, L. M. Tolbert, F. Wang, Z. Liang, D. Costinett, and B. J.
Blalock, “Temperature-dependent short-circuit capability of silicon carbide

power mosfets,” IEEFE Transactions on Power FElectronics, vol. 31, no. 2,

pp. 1555-1566, 2016.

J. Kim, D. Yoon, D. Choi, J.-Y. Lee, and Y. Cho, “25 kw 1200 v unidirectional
dc solid-state circuit breaker design with sic mosfet desaturation detection,”

Journal of Power FElectronics, vol. 23, no. 7, pp. 1150-1159, 2023.

C. D. L. J. C. Y. Kim Jinwoo, Yoon Dongkwan, “25kw 1200v unidirectional
dc solid-state circuit breaker design with sic mosfet desaturation detection,”

Journal of Power FElectronics, vol. 23, no. 7, pp. 1150-1159, 2023.

D. P. Urciuoli, D. Ibitayo, G. Koebke, G. Ovrebo, and R. Green, “A compact
100-a, 850-v, silicon carbide solid-state dc circuit breaker,” in 2016 IEEFE
Energy Conversion Congress and Exposition (ECCE), pp. 1-5, 2016.

Z. Miao, G. Sabui, A. Chen, Y. Li, Z. J. Shen, J. Wang, Z. Shuai, A. Luo,
X. Yin, and M. Jiang, “A self-powered ultra-fast dc solid state circuit breaker
using a normally-on sic jfet,” in 2015 IEEE Applied Power Electronics Con-
ference and Ezposition (APEC), pp. 767773, 2015.

V. Veliadis, B. Steiner, K. Lawson, S. B. Bayne, D. Urciuoli, and H. C. Ha,
“Suitability of n-on recessed implanted gate vertical-channel sic jfets for opti-
cally triggered 1200 v solid-state circuit breakers,” IEEE Journal of Emerging
and Selected Topics in Power Electronics, vol. 4, no. 3, pp. 874-879, 2016.

M. Wolf, O. Hilt, and J. Wiirfl, “Gate control scheme of monolithically in-
tegrated normally off bidirectional 600-v gan hfets,” IEEE Transactions on
Electron Devices, vol. 65, no. 9, pp. 3878-3883, 2018.

S. Moench, M. Costa, A. Barner, I. Kallfass, R. Reiner, B. Weiss, P. Wal-

tereit, R. Quay, and O. Ambacher, “Monolithic integrated quasi-normally-off
163



[98]

[100]

[101]

102]

103]

gate driver and 600 v gan-on-si hemt,” in 2015 IEEE 3rd Workshop on Wide
Bandgap Power Devices and Applications (WiPDA), pp. 92-97, 2015.

T. Morita, S. Tamura, Y. Anda, M. Ishida, Y. Uemoto, T. Ueda, T. Tanaka,
and D. Ueda, “99.3 percentage efficiency of three-phase inverter for motor
drive using gan-based gate injection transistors,” in 2011 Twenty-Sixth Annual
IEEE Applied Power Electronics Conference and Exposition (APEC), pp. 481
484, 2011.

M. Treu, E. Vecino, M. Pippan, O. Héberlen, G. Curatola, G. Deboy,
M. Kutschak, and U. Kirchner, “The role of silicon, silicon carbide and gallium

nitride in power electronics,” in 2012 International Electron Devices Meeting,

pp. 7.1.1-7.1.4, 2012.

Y. Uemoto, T. Morita, A. Ikoshi, H. Umeda, H. Matsuo, J. Shimizu, M. Hikita,
M. Yanagihara, T. Ueda, T. Tanaka, and D. Ueda, “Gan monolithic inverter
ic using normally-off gate injection transistors with planar isolation on si sub-
strate,” in 2009 IEEE International Electron Devices Meeting (IEDM), pp. 1—
4, 2009.

L. Zhang, R. Woodley, X. Song, S. Sen, X. Zhao, and A. Q. Huang, “High cur-
rent medium voltage solid state circuit breaker using paralleled 15kv sic eto,”
in 2018 IEEE Applied Power Electronics Conference and Exposition (APEC),
pp. 1706-1709, 2018.

X. Pan, F. Chen, Y. Sun, Y. Chen, H. Zeng, and P. Zou, “High power reverse
blocking igct for power grid,” in 2021 Annual Meeting of CSEE Study Com-
mittee of HVDC and Power Electronics (HVDC 2021), vol. 2021, pp. 121-127,
2021.

U. Vemulapati, M. Arnold, M. Rahimo, A. Antoniazzi, and D. Pessina, “Re-
verse blocking igct optimised for 1kv dc bi-directional solid state circuit

breaker,” IET Power Electronics, vol. 8, no. 12, pp. 2308-2314, 2015.

Z. Chen, Z. Yu, X. Zhang, T. Wei, G. Lyu, L. Qu, Y. Huang, and R. Zeng,

“Analysis and experiments for ight, iegt, and igct in hybrid dc circuit breaker,”

164



104]

[105]

106

[107]

[108]

[109]

[110]

IEEE Transactions on Industrial Electronics, vol. 65, no. 4, pp. 2883-2892,
2018.

F. Agostini, U. Vemulapati, D. Torresin, M. Arnold, M. Rahimo, A. Anto-
niazzi, L. Raciti, D. Pessina, and H. Suryanarayana, “lmw bi-directional dc
solid state circuit breaker based on air cooled reverse blocking-iget,” in 2015

IEEE Electric Ship Technologies Symposium (ESTS), pp. 287-292, 2015.

L. Wang, J. Yang, H. Ma, Z. Wang, K. O. Olanrewaju, and P. Wheeler,
“Analysis and modeling of sic jfet bi-directional switches parasitic oscillation,”

IEEE Transactions on Power Electronics, vol. 34, no. 9, pp. 8613-8625, 2019.

M. Saadeh, M. S. Chinthavali, B. Ozpineci, and H. A. Mantooth, “Anti-series
normally-on sic jfets operating as bidirectional switches,” in 2013 IEEE Energy
Conversion Congress and Ezrposition, pp. 2892-2897, 2013.

L. Wang, J. Yang, X. Zhang, and O. K. Oladele, “Effective measures for im-
proving switching performance of sic jfet bi-directional switches,” The Journal

of Engineering, vol. 2018, no. 13, pp. 468-472, 2018.

W. Mao, H.-Y. Wang, X.-F. Wang, M. Du, J.-F. Zhang, X.-F. Zheng, C. Wang,
X.-H. Ma, J.-C. Zhang, and Y. Hao, “Improvement of reverse blocking per-

formance in vertical power mosfets with schottky—drain-connected semisuper-

junctions®,” Chinese Physics B, vol. 26, p. 047306, apr 2017.

S. Mori, M. Aketa, T. Sakaguchi, H. Asahara, T. Nakamura, and T. Kimoto,
“Demonstration of 3 kv 4h-sic reverse blocking mosfet,” in 2016 28th In-
ternational Symposium on Power Semiconductor Devices and ICs (ISPSD),

pp. 271-274, 2016.

A. Magsood and K. Corzine, “Dc¢ microgrid protection: Using the coupled-
inductor solid-state circuit breaker,” IEEE FElectrification Magazine, vol. 4,

no. 2, pp. 58-64, 2016.

165



[111]

[112]

[113]

[114]

[115]

[116]

[117)

[118]

[119]

S. Wang, C. E. Ugalde-Loo, C. Li, J. Liang, and O. D. Adeuyi, “Bridge-type
integrated hybrid dc circuit breakers,” IEEE Journal of Emerging and Selected
Topics in Power Electronics, vol. 8, no. 2, pp. 1134-1151, 2020.

S.-M. Song, J.-Y. Kim, S.-S. Choi, I.-D. Kim, and S.-K. Choi, “New simple-
structured ac solid-state circuit breaker,” IEEE Transactions on Industrial

Electronics, vol. 65, no. 11, pp. 8455-8463, 2018.

M. Jian-guo, W. Li, and H. Jie, “Research on main circuit topology for a novel
dc solid-state circuit breaker,” in 2010 5th IEEE Conference on Industrial
Electronics and Applications, pp. 926-930, 2010.

P. Prempraneerach, M. G. Angle, J. L. Kirtley, G. E. Karniadakis, and
C. Chryssostomidis, “Optimization of a z-source dc circuit breaker,” in 2013

IEEE FElectric Ship Technologies Symposium (ESTS), pp. 480-486, 2013.

K. A. Corzine and R. W. Ashton, “A new z-source dc circuit breaker,” IFEE
Transactions on Power Electronics, vol. 27, no. 6, pp. 2796-2804, 2012.

A. H. Chang, B. R. Sennett, A.-T. Avestruz, S. B. Leeb, and J. L. Kirtley,
“Analysis and design of dc system protection using z-source circuit breaker,”

IEEFE Transactions on Power Electronics, vol. 31, no. 2, pp. 1036-1049, 2016.

X. Diao, F. Liu, Y. Song, M. Xu, Y. Zhuang, W. Zhu, and X. Zha, “A new
efficient bidirectional t-source circuit breaker for flexible dc distribution net-
works,” IEEE Journal of Emerging and Selected Topics in Power Electronics,
vol. 9, no. 6, pp. 7056-7065, 2021.

L. A. Garcia Rodriguez, L. Gill, J. A. Mueller, J. Neely, G. Baker, J. Flicker,
E. Schrock, G. Pickrell, and R. Kaplar, “Cascaded sic jfet topology for high-
voltage solid-state circuit breaker applications,” IEEE Transactions on Indus-

try Applications, vol. 59, no. 2, pp. 23262339, 2023.

X. Song, Y. Du, and P. Cairoli, “Survey and experimental evaluation of voltage
clamping components for solid state circuit breakers,” in 2021 IEEFE Applied

Power Electronics Conference and Exposition (APEC), pp. 401-406, 2021.
166



[120]

[121]

[129]

[123]

[124]

[125]

[126]

[127)

F. Liu, W. Liu, X. Zha, H. Yang, and K. Feng, “Solid-state circuit breaker
snubber design for transient overvoltage suppression at bus fault interruption
in low-voltage dc microgrid,” IEEE Transactions on Power Electronics, vol. 32,

no. 4, pp. 3007-3021, 2017.

W. Liu, H. Yang, F. Liu, J. Sun, and X. Zha, “An improved rcd snubber for
solid-state circuit breaker protection against bus fault in low-voltage dc micro-
grid,” in 2015 IEEE 2nd International Future Energy Electronics Conference
(IFEEC), pp. 1-5, 2015.

M. Bobde, S. Mallikarjunaswamy, M. Ho, and F. Hebert, “A novel esd super-
clamp structure for tvs applications,” in 2008 Twenty-Third Annual IEEE
Applied Power Electronics Conference and Exposition, pp. 897-900, 2008.

M. F. Rahman, T. Pang, E. Shoubaki, N. Sakib, and M. Manjrekar, “Active
voltage clamping of series connected 1.2kv sic mosfets for solid state circuit
breaker application,” in 2019 IEEE 7th Workshop on Wide Bandgap Power
Devices and Applications (WiPDA), pp. 332-336, 2019.

J. Hayes, K. George, P. Killeen, B. McPherson, K. J. Olejniczak, and T. R.
McNutt, “Bidirectional, sic module-based solid-state circuit breakers for 270
vdc mea/aea systems,” in 2016 IEEE jth Workshop on Wide Bandgap Power
Devices and Applications (WiPDA), pp. 70-77, 2016.

L. Ravi, J. Liu, D. Dong, R. Burgos, X. Song, and P. Cairoli, “Tvs diode
coupled gate driver circuit for series connected power devices used in circuit
breaker applications,” in IECON 2021 — 47th Annual Conference of the IEEE

Industrial Electronics Society, pp. 1-6, 2021.

T. Pang, M. F. Rahman, and M. D. Manjrekar, “A ground clamped solid-state
circuit breaker for dc distribution systems,” in 2020 IEEE Energy Conversion
Congress and Exposition (ECCE), pp. 989-994, 2020.

X. Song, Y. Du, and P. Cairoli, “Survey and experimental evaluation of voltage
clamping components for solid state circuit breakers,” in 2021 IEEFE Applied

Power Electronics Conference and Exposition (APEC), pp. 401-406, 2021.
167



[128]

[129]

[130]

[131]

[132]

[133]

134]

[135]

L. Ravi, D. Zhang, D. Qin, Z. Zhang, Y. Xu, and D. Dong, “Electronic mov-
based voltage clamping circuit for dc solid-state circuit breaker applications,”

IEEFE Transactions on Power Electronics, vol. 37, no. 7, pp. 7561-7565, 2022.

Y. Ren, X. Yang, F. Zhang, F. Wang, L. M. Tolbert, and Y. Pei, “A single
gate driver based solid-state circuit breaker using series connected sic mosfets,”

IEEE Transactions on Power Electronics, vol. 34, no. 3, pp. 2002-2006, 2019.

J. Liu, L. Ravi, D. Dong, and R. Burgos, “A single passive gate-driver
for series-connected power devices in dc circuit breaker applications,” IEFEFE

Transactions on Power Electronics, vol. 36, no. 10, pp. 11031-11035, 2021.

C. Yang, Y. Pei, Y. Xu, F. Zhang, L. Wang, M. Zhu, and L. Yu, “A gate
drive circuit and dynamic voltage balancing control method suitable for series-
connected sic mosfets,” IEEE Transactions on Power Electronics, vol. 35,

no. 6, pp. 6625-6635, 2020.

Y. Ren, X. Yang, F. Zhang, K. Wang, W. Chen, L. Wang, and Y. Pei, “A
compact gate control and voltage-balancing circuit for series-connected sic
mosfets and its application in a dc breaker,” IEEE Transactions on Industrial

Electronics, vol. 64, no. 10, pp. 8299-8309, 2017.

C. Liu, Z. Zhang, Y. Liu, Y. Si, M. Wang, and Q. Lei, “A universal block of
series-connected sic mosfets using current-source gate driver,” IEEFE Journal

of Emerging and Selected Topics in Power Electronics, vol. 10, no. 3, pp. 3066
3086, 2022.

Y. Zhou, X. Wang, L. Xian, and D. Yang, “Active gate drive with gate—drain
discharge compensation for voltage balancing in series-connected sic mosfets,”

IEEFE Transactions on Power Electronics, vol. 36, no. 5, pp. 58585873, 2021.

X. Lin, L. Ravi, S. Mocevic, D. Dong, and R. Burgos, “Active voltage bal-
ancing embedded digital gate driver for series-connected 10 kv sic mosfets,”
in 2020 IEEE Applied Power Electronics Conference and Exposition (APEC),
pp. 1611-1616, 2020.

168



136

[137]

138

[139]

[140]

[141]

[142]

[143)]

L. Mackey, C. Peng, and I. Husain, “A progressive switching scheme for solid-
state dc circuit breakers,” in 2018 9th IEEFE International Symposium on
Power Electronics for Distributed Generation Systems (PEDG), pp. 1-6, 2018.

J. Wang, Z. Shen, R. Burgos, and D. Boroyevich, “Design of a high-bandwidth
rogowski current sensor for gate-drive shortcircuit protection of 1.7 kv sic
mosfet power modules,” in 2015 IEEE 3rd Workshop on Wide Bandgap Power
Devices and Applications (WiPDA), pp. 104-107, 2015.

M. Naidu, T. Schoepf, and S. Gopalakrishnan, “Arc fault detection scheme
for 42-v automotive dc networks using current shunt,” IFEFE Transactions on

Power Electronics, vol. 21, no. 3, pp. 633-639, 2006.

R. Majumder, S. Dolui, D. Agasti, and S. Biswas, “Micro-controller based
over current relay using hall effect current sensor,” in 2018 Emerging Trends

in Electronic Devices and Computational Techniques (EDCT), pp. 1-4, 2018.

K. Handt, G. Griepentrog, and R. Maier, “Intelligent, compact and robust
semiconductor circuit breaker based on silicon carbide devices,” in 2008 IEEE

Power Electronics Specialists Conference, pp. 1586—-1591, 2008.

T. T. Huyen Ma, T. K. Tran, H. Yahoui, N. Siauve, and H. G. Vu, “Design of
a forward-flyback converter based drive with gate voltage limitation for a dc
circuit breaker using normally-on sic jfet,” in 2017 IEEE Second International

Conference on DC Microgrids (ICDCM), pp. 18-23, 2017.

J. Xue, Z. Xin, H. Wang, P. C. Loh, and F. Blaabjerg, “An improved di/dt-
rcd detection for short-circuit protection of sic mosfet,” IEEE Transactions

on Power Electronics, vol. 36, no. 1, pp. 12-17, 2021.

J. Acuna, J. Walter, and 1. Kallfass, “Very fast short circuit protection for
gallium-nitride power transistors based on printed circuit board integrated
current sensor,” in 2018 20th Furopean Conference on Power FElectronics and

Applications (EPE’18 ECCE Europe), pp. P.1-P.10, 2018.

169



[144] M. Komatsu, “Approach and basic evaluation for the dc circuit breaker with

fault current limiting feature,” in 2016 IEEFE International Telecommunica-

tions Energy Conference (INTELEC), pp. 1-5, 2016.

[145] L. A. Capilla, E. J. J. Rodriguez, F. J. Leén, C. Gordillo-Tapia, and
J. Martinez, “Dc ultra-fast solid state circuit breaker using the voltage induc-
tor to activate short circuit protection,” in 2017 IEEE Second International

Conference on DC Microgrids (ICDCM), pp. 24-25, 2017.

[146] C. Xiao, L. Zhao, T. Asada, W. Odendaal, and J. van Wyk, “An overview of
integratable current sensor technologies,” in 88th IAS Annual Meeting on Con-
ference Record of the Industry Applications Conference, 2003., vol. 2, pp. 1251—
1258 vol.2, 2003.

[147] T. Instruments, “T'mcs1133 datasheet,” hitps://www.ti.com/lit/ds/symlink/tmcs1133.pdf ¢
4/12/2024.

[148] E. Taherzadeh, H. Radmanesh, S. Javadi, and G. B. Gharehpetian, “Circuit
breakers in hvdc systems: state-of-the-art review and future trends,” Protec-

tion and Control of Modern Power Systems, vol. 8, no. 3, pp. 1-16, 2023.

[149] L. L. Qi, A. Antoniazzi, L. Raciti, and D. Leoni, “Design of solid-state circuit
breaker-based protection for dc shipboard power systems,” IEEE Journal of

Emerging and Selected Topics in Power Electronics, vol. 5, no. 1, pp. 260268,
2017.

[150] N. Bayati, A. Hajizadeh, and M. Soltani, “Protection in dc microgrids: a

comparative review,” IET Smart Grid, vol. 1, no. 3, pp. 66-75, 2018.

[151] C. Gu, P. Wheeler, A. Castellazzi, A. J. Watson, and F. Effah, “Semiconduc-
tor devices in solid-state/hybrid circuit breakers: Current status and future

trends,” Energies, vol. 10, no. 4, 2017.

[152] 1. V. Raghavendra, S. N. Banavath, C. N. M. Ajmal, and A. Ray, “Modu-

lar bidirectional solid-state dc circuit breaker for next-generation electric air-

170



[153]

[154]

[155]

[156]

[157]

158

[159]

crafts,” IEEE Journal of Emerging and Selected Topics in Power Electronics,
vol. 10, no. 5, pp. 5486-5497, 2022.

R. Smith, P. Slade, M. Sarkozi, E. Stacey, J. Bonk, and H. Mehta, “Solid-
state distribution current limiter and circuit breaker: application requirements
and control strategies,” IEEFE Transactions on Power Delivery, vol. 8, no. 3,

pp. 1155-1164, 1993.

X. Xu, W. Chen, C. Liu, R. Sun, F. Wang, Z. Li, and B. Zhang, “A novel
thyristor-based bidirectional sscb with controllable current breaking capabil-
ity,” IEEE Transactions on Power Electronics, vol. 37, no. 4, pp. 4526-4534,
2022.

K. Qin, S. Wang, J. Ma, J. Shu, R. Zhang, and T. Liu, “A thyristor-based re-
liable bidirectional sscb with fast-reclosing protection function,” IEEE Trans-

actions on Industrial Electronics, vol. 71, no. 8, pp. 8841-8852, 2024.

K. Askan, M. Bartonek, and F. Stueckler, “Bidirectional switch based on sil-
icon high voltage superjunction mosfets and tvs diode used in low voltage
dc ssch,” in PCIM Furope 2019; International Ezhibition and Conference for
Power Electronics, Intelligent Motion, Renewable Energy and Energy Man-
agement, pp. 1-8, 2019.

J. Zhu, Q. Zeng, X. Yang, M. Zhou, and T. Wei, “A bidirectional mvdc solid-
state circuit breaker based on mixture device,” IEEE Transactions on Power

Electronics, vol. 37, no. 10, pp. 11486-11490, 2022.

N. Chen, F. Chimento, M. Nawaz, and L. Wang, “Dynamic characterization of
parallel-connected high-power ight modules,” IEFEE Transactions on Industry
Applications, vol. 51, no. 1, pp. 539-546, 2015.

B. Baliga, “Power semiconductor device figure of merit for high-frequency
applications,” IFEFE FElectron Device Letters, vol. 10, no. 10, pp. 455-457,
1989.

171



160

[161]

162]

[163]

[164]

[165]

[166]

[167]

[168]

M. Z. Sujod and H. Sakata, “Switching simulation of si-gto, sic-gto and power
mosfet,” in 2006 IEEE International Power and Energy Conference, pp. 488—
491, 2006.

X. Xu, W. Chen, H. Tao, Q. Zhou, Z. Li, and B. Zhang, “Design and exper-
imental verification of an efficient sscb based on cs-mct,” IEEE Transactions

on Power FElectronics, vol. 35, no. 11, pp. 11682-11693, 2020.

S. Singh, T. Chaudhary, and G. Khanna, “Recent advancements in wide band
semiconductors (sic and gan) technology for future devices,” Silicon, vol. 14,

no. 11, pp. 5793-5800, 2022.

7. J. Shen, G. Sabui, Z. Miao, and Z. Shuai, “Wide-bandgap solid-state cir-
cuit breakers for dc power systems: Device and circuit considerations,” IEEFE

Transactions on Electron Dewvices, vol. 62, no. 2, pp. 294-300, 2015.

Z. J. Shen, G. Sabui, Z. Miao, and Z. Shuai, “Wide-bandgap solid-state cir-
cuit breakers for dc power systems: Device and circuit considerations,” IEEFE

Transactions on Electron Devices, vol. 62, no. 2, pp. 294-300, 2015.

C. Gu, P. Wheeler, A. Castellazzi, A. J. Watson, and F. Effah, “Semiconduc-
tor devices in solid-state/hybrid circuit breakers: Current status and future

trends,” Energies, vol. 10, no. 4, p. 495, 2017.

Z. Dong, C.-H. Yang, S. K. Dam, D. Qin, R. Chen, F. Wang, H. Bai, and
7. Zhang, “A current limiting strategy for wbg-based solid-state circuit break-
ers with series-connected switching cells,” IEFEE Transactions on Power Elec-

tronics, vol. 37, no. 12, pp. 14062-14066, 2022.

A. Athwer and A. Darwish, “A review on modular converter topologies based
on wbhg semiconductor devices in wind energy conversion systems,” Energies,

vol. 16, no. 14, p. 5324, 2023.

S. Beheshtaein, R. M. Cuzner, M. Forouzesh, M. Savaghebi, and J. M. Guer-
rero, “Dc microgrid protection: A comprehensive review,” IEEE Journal of

Emerging and Selected Topics in Power FElectronics, pp. 1-1, 2019.
172



169

[170]

171]

172]

[173]

[174]

[175]

[176]

F. Liu, W. Liu, X. Zha, H. Yang, and K. Feng, “Solid-state circuit breaker
snubber design for transient overvoltage suppression at bus fault interruption
in low-voltage dc microgrid,” IEEE Transactions on Power Electronics, vol. 32,

no. 4, pp. 3007-3021, 2017.

L. Ravi, D. Zhang, D. Qin, Z. Zhang, Y. Xu, and D. Dong, “Electronic mov-
based voltage clamping circuit for dc solid-state circuit breaker applications,”

IEEE Transactions on Power Electronics, vol. 37, no. 7, pp. 7561-7565, 2022.

K. A. Corzine and R. W. Ashton, “A new z-source dc circuit breaker,” IFEE
Transactions on Power Electronics, vol. 27, no. 6, pp. 2796-2804, 2012.

B. Perea-Mena, J. A. Valencia-Velasquez, J. M. Lépez-Lezama, J. B. Cano-
Quintero, and N. Munoz-Galeano, “Circuit breakers in low-and medium-
voltage dc microgrids for protection against short-circuit electrical faults: Evo-

lution and future challenges,” Applied Sciences, vol. 12, no. 1, p. 15, 2021.

X. Xu, W. Chen, C. Liu, R. Sun, Z. Li, and B. Zhang, “An efficient and reliable
solid-state circuit breaker based on mixture device,” IEEE Transactions on

Power Electronics, vol. 36, no. 9, pp. 9767-9771, 2021.

Z. Ganhao, “Study on dc circuit breaker,” in 2014 Fifth International Confer-
ence on Intelligent Systems Design and Engineering Applications, pp. 942-945,
2014.

X. Huang, C. Tian, and X. You, “Research on overcurrent detection and pro-
tection of high-power sic mosfet driver,” in IECON 2018 - 44th Annual Con-
ference of the IEEE Industrial Electronics Society, pp. 1471-1476, 2018.

B. Kaczer, R. Degraeve, M. Rasras, K. Van de Mieroop, P. Roussel, and
G. Groeseneken, “Impact of mosfet gate oxide breakdown on digital circuit
operation and reliability,” IFEE Transactions on FElectron Dewvices, vol. 49,

no. 3, pp. 500-506, 2002.

173



[177]

[178]

[179]

[180]

181]

[182]

[183]

T.-T. Nguyen, A. Ahmed, T. V. Thang, and J.-H. Park, “Gate oxide reliability
issues of sic mosfets under short-circuit operation,” IFEE Transactions on

Power Electronics, vol. 30, no. 5, pp. 2445-2455, 2015.

B. Asllani, H. Morel, D. Planson, A. Fayyaz, and A. Castellazzi, “Sic power
mosfets threshold-voltage hysteresis and its impact on short circuit opera-
tion,” in 2018 IEEFE International Conference on Electrical Systems for Air-
craft, Railway, Ship Propulsion and Road Vehicles International Transporta-
tion Electrification Conference (ESARS-ITEC), pp. 1-7, 2018.

H. Yu, X. Jiang, J. Chen, Z. J. Shen, and J. Wang, “Comparative study of tem-
perature sensitive electrical parameters for junction temperature monitoring
in sic mosfet and si igbt,” in 2020 IEEE 9th International Power Electron-
ics and Motion Control Conference (IPEMC2020-ECCE Asia), pp. 905-9009,
2020.

R. Pagano, Y. Chen, K. Smedley, S. Musumeci, and A. Raciti, “Short circuit
analysis and protection of power module ights,” in Twentieth Annual IEEE
Applied Power FElectronics Conference and Fxposition, 2005. APEC 2005.,
vol. 2, pp. 777-783 Vol. 2, 2005.

J. Chen, “Study of 270vdc system application,” Cranfield University PhD
thesis, 2010.

F. Cao, K. Jin, Y. Jiang, and W. Zhou, “An energy management strategy
for solar unmanned aerial vehicles based on environmental information,” in
2024 9th Asia Conference on Power and Electrical Engineering (ACPEE),
pp. 2151-2156, 2024.

S. Ji, M. Laitinen, X. Huang, J. Sun, B. Giewont, L. M. Tolbert, and
F. Wang, “Short circuit characterization of 3rd generation 10 kv sic mosfet,”
in 2018 IEEE Applied Power Electronics Conference and Exposition (APEC),
pp. 2775-2779, 2018.

174



[184]

[185]

[186]

[187]

[188)]

[189]

190]

[191]

[192]

IMWI120R030M1H https://www.infineon.com,/dgdl/Infineon-
IMW120R030M1H-DataSheet-v02y1 — EN.pdf? fileld =
5546d46269¢1c019016a92 f de38b669a, 4/12/2024.

X. Li, J. Qin, and J. B. Bernstein, “Compact modeling of mosfet wearout
mechanisms for circuit-reliability simulation,” IEEE Transactions on Device

and Materials Reliability, vol. 8, no. 1, pp. 98-121, 2008.

D. K. Schroder, Semiconductor Material and Device Characterization,

ch. 6.2.2, P327-P342. Wiley, 10 February 2006.

X. Huang, G. Wang, Y. Li, A. Q. Huang, and B. J. Baliga, “Short-circuit
capability of 1200v sic mosfet and jfet for fault protection,” in 2013 Twenty-
FEighth Annual IEEE Applied Power Electronics Conference and FExposition
(APEC), pp. 197-200, 2013.

P. Habas and S. Selberherr, “On the effect of non-degenerate doping of polysil-
icon gate in thin oxide mos-devices—analytical modeling,” Solid-State FElec-

tronics, vol. 33, no. 12, pp. 1539-1544, 1990.

K. Krisch, J. Bude, and L. Manchanda, “Gate capacitance attenuation in
mos devices with thin gate dielectrics,” IEEE FElectron Device Letters, vol. 17,
no. 11, pp. 521-524, 1996.

R. R. Razouk and B. E. Deal, “Hydrogen anneal effects on metal-
semiconductor work function difference,” Journal of The FElectrochemical So-

ciety, vol. 129, p. 806, apr 1982.

A. Agarwal, K. Han, and B. J. Baliga, “Impact of gate oxide thickness on
electrical characteristics of 1200 v 4h-sic planar-gate power mosfets,” in 2019

Device Research Conference (DRC), pp. 237-238, 2019.

A. Ortiz-Conde, F. Garcia Sanchez, J. Liou, A. Cerdeira, M. Estrada, and
Y. Yue, “A review of recent mosfet threshold voltage extraction methods,”

Microelectronics Reliability, vol. 42, no. 4, pp. 583-596, 2002.

175



193]

194]

[195]

196]

[197]

198

199]

[200]

201]

R. Winter, J. Ahn, P. C. McIntyre, and M. Eizenberg, “New method for
determining flat-band voltage in high mobility semiconductors,” Journal of

Vacuum Science Technology B, vol. 31, p. 030604, 04 2013.

R. Omar, B. A. Mohamed, and M. Adel, “Effects of series and parallel re-
sistances on the cv characteristics of silicon-based metal oxide semiconductor

(mos) devices,” The European Physical Journal Plus, vol. 130, pp. 1-13, 2015.

E. Deng, W. Chen, P. Heimler, and J. Lutz, “Temperature influence on the ac-
curacy of the transient dual interface method for the junction-to-case thermal
resistance measurement,” IEEE Transactions on Power Electronics, vol. 36,

no. 7, pp. 74517460, 2021.

M. D. J. J. C. M. Wright, N G and A. G. O‘Neill, “Electrothermal simulation
of 4h-sic power devices,” U.S. Department of Energy Office of Scientific and
Technical Information, vol. 264-268, Aug 1998.

B. Baliga, Fundamentals of Power Semiconductor Devices. Springer US, 2010.

P. Heremans, G. Van den Bosch, R. Bellens, G. Groeseneken, and H. Maes,
“Temperature dependence of the channel hot-carrier degradation of n-channel
mosfet’s,” IEEFE Transactions on Electron Devices, vol. 37, no. 4, pp. 980-993,
1990.

S. M. Sze, Semiconductor devices: physics and technology. John wiley sons,

2008.

7. Zhao, P. Wang, and T. Chen, “A gate degradation independent online
junction temperature estimation method for sic mosfets based on residual re-
sistance,” IEEFE Transactions on Power Electronics, vol. 39, no. 10, pp. 13771
13782, 2024.

M. H. M. Sathik, J. Pou, S. Prasanth, V. Muthu, R. Simanjorang, and A. K.
Gupta, “Comparison of ight junction temperature measurement and estima-
tion methods-a review,” in 2017 Asian Conference on Energy, Power and

Transportation Electrification (ACEPT), pp. 1-8, 2017.
176



202]

[203]

[204]

[205]

[206]

207]

208

[209)]

[210]

211]

X. Chen, S. Jiang, Y. Chen, B. Shen, M. Zhang, H. Gou, Y. Lei, and D. Zhang,
“Steady-state over-current safe operation area (soa) of the sic mosfet at cryo-

genic and room temperatures,” Cryogenics, vol. 122, p. 103424, 2022.

B. J. Baliga, Fundamentals of power semiconductor devices. Springer Science

& Business Media, 2010.

S. Acharya, X. She, M. H. Todorovic, R. Datta, and G. Mandrusiak, “Ther-
mal performance evaluation of a 1.7-kv, 450-a sic-mosfet based modular three-
phase power block with wide fundamental frequency operations,” IEEE Trans-

actions on Industry Applications, vol. 55, no. 2, pp. 1795-1806, 2019.

IMZ120R045M1  https://datasheet.lcsc.com/lcsc /2005291936 n fineon — —
Technologies — I M Z120R045M 1-536291.pdf,4/12/2024.

IMW120R090M1H https://www.infineon.com/dgdl/Infineon-
IMW120R090M1H-DataSheet-v02y2 — EN.pdf? fileld =
5546d46269¢1c019016a92 fd64376684,4/12/2024.

C. Yang, Z. Zheng-Nan, Z. Shan-Qi, W. Zheng-Yuan, and M. Ting, “A new
ight fault protection circuit using double threshold detection and shaped
v/sub ge/ profile with multi-slopes,” in Proceedings of the IEEE 1999 Inter-
national Conference on Power Electronics and Drive Systems. PEDS’99 (Cat.
No.99THS8475), vol. 1, pp. 262-266 vol.1, 1999.

R. Walden, “Analog-to-digital converter survey and analysis,” IEEE Journal
on Selected Areas in Communications, vol. 17, no. 4, pp. 539-550, 1999.

S. J. Miller, “The method of least squares,” Mathematics Department Brown
University, vol. 8, pp. 1-7, 2006.

Digilent, “Zmodadc1410 library user guide,”
https://digilent.com /reference/zmod/scope/zmodadc1410libraryuserquide,
4/12/2024.

Digilent, “Programming example,” https://github.com/Digilent/Eclypse-Z7,

4/12/2024.
177



212] APEX-microtechnology, “Mpl11fd datasheet,”
https://www.mouser.co.uk/datasheet/2/156 /mp111u-1852985.pdf, 4/12/2024.

178



	Abstract
	Declaration
	Acknowledgements
	List of Figures
	List of Tables
	Glossary of Acronyms
	Introduction
	A review of SSCB
	Overview of SSCB
	SSCB Applications
	SSCB applied on shipboard power distribution system
	SSCB applied on data centre
	SSCB applied on aircraft
	SSCB applied on renewable energy
	SSCB applied on DC power system and converter

	Key issues and challenges within the  technology
	The power semiconductor technologies
	The circuit topology for SSCB
	The snubber circuit
	The gate drive circuit
	The fault detection and sensors

	The future of the SSCB development

	MOSFET characteristics test
	Introduction
	Test platform
	Result and analyse of the Tmax of MOSFET
	Conclusion

	A design of the control system
	Introduction
	FPGA development
	Programmable logic development
	Processing system development
	FPGA output result
	Conclusion

	Isolation and amplifier circuit
	Experimental validation
	Conclusion

	The performance of the novel drive signals in short circuit test
	Introduction
	Test platform
	Current shunt and voltage divider circuit
	Power amplifier circuit

	Result and analysis
	Current shunt detection results
	Voltage divider detection results

	Conclusion

	Conclusions
	Conclusion
	Future work


