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Abstract

Design of a high-voltage and high-current solid-state circuit breaker (SSCB) for aerospace applications
is highly challenging, as the overall system should comply with the most stringent operating
environment. In addition, the implemented power semiconductor devices within the SSCB would
require excellent thermal performance and efficiency with minimised conduction losses as they always
operate during on-state and only break current when there is a fault. The newer generation of the more
electric aircraft architecture has a proposed DC link voltage of 2.4 kV (+/- 1.2 kV) which is much higher
than the presently used DC link voltage of 540 V (+/- 270 V). The proposed DC SSCB would be rated
at 2.4 kV with a nominal current rating of 100 A and would be used for protection and controllability to
protect the aircraft’s DC grid transmission network. A brief overview of the different elements of a DC
SSCB have been discussed here followed by a discussion about the different viable bi-directional SSCB
topology configurations. The thermal simulations were carried out in PLECs, which provide the
conduction losses and junction temperature dynamics for different switch (Si devices and SiC
MOSFETs) types and topologies. Moreover, different figures of merit such as conduction losses,
semiconductor weight, and power density are also discussed.

Introduction

In recent years, increased research efforts have been made to take a step forward towards the realisation
of the concept of a more electric aircraft (MEA) / All Electric Aircraft (AEA). This is due to growing
pressures on the aerospace industry to cut down on their carbon emissions as well as having more
efficient lightweight aircraft systems. Such developments within the aerospace industry have been
possible due to new emerging enabling technologies which have resulted in viable alternative solutions
to replace the existing aircraft power and propulsion systems with more electric solutions. Even though
examples of aircrafts such as the Airbus A380 and Boeing 787 which exhibit electrical systems currently
exist, there is still a lot that could be done to realise the shift from research-level to commercial level for
MEA/AEA on a wider scale [1]. This research forms part of the Ground Demonstrator in which, out of
the four turbofan engines within an aircraft, one of them is being replaced with a 2 MW electric motor
which would be driven by an on-board 2 MW Generator connected to a Gas Turbine. As per the new
proposed aircraft architecture, the AC output of the 2 MW generator would have to be rectified to



generate a DC voltage which would have to be connected to a = 1.2 kV (2.4 kV) DC bus. This DC bus
will create a transmission distribution system in order to connect the generator power electronics
(AC/DC converter) to the power DC distribution grid. The SSCB prototype, capable of
breaking/interrupting DC current, required as part of this work is needed to be rated at DC link voltage
of £ 1.2 kV (2.4 kV) with a nominal steady-state operational current rating of 100 A and transient current
rating which is 2x the nominal current of 200 A. The SSCB is going to be placed at the output of the
AC/DC converter (rectifier) and the start of the DC grid transmission network (i.e. cables) forming the
+ 1.2 kV (2.4 kV) DC bus line. The position of the SSCB is highlighted by the red arrow as presented
in Figure 1.
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Figure 1: Proposed Serial Hybrid Architecture for the Aircraft

Overview of a Solid-State Circuit Breaker (SSCB) and Bi-Directional
Topologies

There are two main elements associated with the design of a SSCB. The first fundamental element is
associated with the selection of power semiconductor devices. For SSCBs, the power devices are always
going to be in the on-state conduction mode. Therefore, appropriate selection of power semiconductor
devices and an investigation of on-state conduction power losses for these devices is critical. Moreover,
the devices would also experience current levels considerably higher than the nominal current depending
on the overcurrent protection requirements. In this work, 2x the nominal on-state current is being
considered; however, the transient current levels could reach as high as 9x the nominal current level as
dictated by the DO-160 standard. Secondly, during a transient event in case of device turn-off as a result
of over-current detection within the circuit, the back EMF produced by the grid inductance may force
the devices to go into avalanche breakdown operation (therefore exceeding the rated blocking voltage
of the device). In order to avoid avalanche breakdown operation, devices also require additional separate
voltage clamping in order for the energy stored in the grid inductance to be dissipated in the overvoltage
protection element and not the power semiconductor device itself.

The second fundamental element of SSCB is the selection of the overvoltage protection element. The
relevant features of different power semiconductor devices for designing a bidirectional SSCB are
highlighted in Table I below. The forward and reverse conduction of the devices along with their
associated forward and reverse blocking capability are to be considered when devising a four-quadrant
switch for bi-directional current conduction and voltage blocking capability.

There are three different types of circuit elements that can be used for over-voltage protection: a metal
oxide varistor (MOV), transient voltage suppression (TVS) diode, and a snubber. A MOV is a non-
linear variable resistor whose resistance is dependent on the applied voltage across it. However, MOVs
are susceptible to degradation of its electrical parameter when subjected to repetitive current transients
as a result of changes in its microstructure. Most commonly commercially available MOVs are
manufactured using Zinc Oxide (ZnO) and are usually known as ZnO Varistors. The typical voltage-
current behaviour of a MOV is presented in Figure 2 (a). Another issue of MOV is that the clamping
voltage significantly varies with the current being switched at device turn-off. Some studies into the
degradation of MOVs can be found in [2, 3]. Therefore, MOVs are ideal to absorb energy during non-
repetitive transient events. If it is predicted to have repetitive over-current transient events during the



lifetime of a SSCB, therefore, TVS diodes are more reliable as they possess stable electrical parameters
even when subjected to repetitive avalanche breakdown operation. Conversely, a TVS diode is
essentially a P-N diode that makes use of the avalanche breakdown feature of the diode. Thus, it is
sometimes also known as an avalanche breakdown diode (ABD). The I-V device characteristics for a
typical bi-directional TVS diode are presented in Figure 2 (b). Unlike MOV, the avalanche breakdown
voltage of a TVS diode does not change significantly with the amount of current flowing through it.
However, the TVS diodes have a high cost as compared to a MOV. Both the MOVs and TVS diodes
can handle high energy absorption but as also mentioned earlier, the selection criteria would depend on
the frequency of over-current transient events expected during the lifetime of a SSCB along with
subsequent lifetime reliability considerations. Finally, a snubber circuit within power electronics
consists of a resistor connected in series with a capacitor usually termed as a RC snubber. However
other types of snubber circuits also exist. Having a snubber circuit would help slow down the dV/dt of
the semiconductor device to obtain soft-switching and reduce the switching loss during over-current
device turn-off. MOV or TVS Diode can also be implemented together with the snubber circuit. The
representation of dV/dt at turn-off with and without snubber is included in Figure 2 (c).
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Figure 2: Characteristic waveforms of different over-voltage protection / TVS elements



Table I: Summary of different power semiconductor devices

Forward Reverse Forward Reverse Blocking
Conduction Conduction Blocking
PiN Diode Yes No No Yes
Schottky Diode Yes No No Yes
Thyristor Yes No Yes Yes
Gate Turn-off Yes No Yes Yes (with
Thyristor (GTO) Symmetrical GTO)
Integrated Gate Yes No (Possible with Yes Yes (with
Commutated RC-IGCTs) Symmetrical
Thyristor (IGCT) IGCT)
JFET Yes Yes Yes No
MOSFET Yes Yes (Channel and Yes No (Possible with
body-diode) anti-parallel diode)
IGBT Yes No (But RC- Yes No
IGBTs are
available)
BJT Yes No Yes No

The typical circuit schematic for a SSCB implemented in a DC distribution system is presented in Figure
3. In Figure 3, the DC source represents the output of the AC/DC power conversion. The SSCB block
includes the power semiconductor devices along with the over-voltage protection elements. The Rpc
and Lpc represent the resistance and inductance of the cables respectively used within the DC
distribution network. The DC load consists of a resistor (RLoap) and a capacitor (Croap).
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Figure 3: Typical circuit schematic for a SSCB for a DC distribution network

Appropriate selection of the semiconductor devices and their associated heatsink size would also need
to take into account the I°t over-current protection requirements for the SSCB. Most commonly used
guidelines for aerospace applications as per the DO-160 document propose overcurrent operation of up



to 9x the nominal current [4]. However, other over-current conditions involving operation up to 2x and
4x the nominal current are also considered. Here, in this work, an overcurrent operation of up to 2x the
nominal current for 50 ms is being considered.

The bi-directional SSCB could be developed using the semiconductor power devices mentioned in Table
1. However, the different topologies for SSCB that are possible would depend on the configuration of
the modules which are available for the voltage and current ratings as per the required application
specifications. Here, seven different topologies have been selected that could be investigated for this
work but other topologies are indeed possible according to the ratings of the power modules that are
being selected. Some of the viable topologies are discussed here and their schematics are included in
Figure 4. Moreover, all the topologies presented below show MOV as the TVS diode. However, it could
also be replaced with a TVS diode as also discussed earlier.

Topology TP1 consists of two gate turn-off thyristors (GTOs) and two diodes. GTOs also require an
auxiliary circuit, a resistor and capacitor (connected in parallel) for protection against turn-off voltage
[5]. Thyristor-based semiconductor devices such as GTOs used in this topology have superior voltage
and current ratings as compared to MOSFETs and IGBTs; therefore, they are of particular interest for
very high power SSCBs [6]. However, gate drive circuit design is complex due to the gate drive current
and speed requirements for turning off the GTO, which is quite difficult to meet [7]. The series-
connected diode is needed as most of the GTOs available nowadays are asymmetric (capable of forward
blocking only) as the on-state losses of existing symmetric GTOs (also capable of reverse blocking) are
high. During the current conduction (on-state), the upper branch carries the positive current and the
lower branch carries the negative current. During the voltage blocking (off-state), the GTO in the upper
branch is in forward blocking mode and the diode in the lower arm is in the reverse blocking mode and
vice versa.

Topology TP2 consists of two Integrated gate-commutated thyristors (IGCTs) and two diodes. IGCT is
quite similar to a GTO but comes with an integrated gate drive circuit. IGCT is usually termed as the
“gate-controlled turn-off” switch, which conducts like a Thyristor with really extremely low conduction
losses but turns off like a transistor. This makes IGCTs a good choice for high voltage and high current
SSCB. However, the complete IGCT modules tend to be quite bulky but indeed the user benefits from
the integrated gate-drive circuit. In general, IGCTs also require a snubber circuit when connecting them
in series to ensure symmetric voltage distribution between the semiconductor devices. However, for a
single IGCT, it is not needed, and instead, the MOV is connected directly in parallel [5]. Here, again,
the series-connected diode is needed unless using an asymmetric IGCT. During the current conduction
(on-state), the upper branch carries the positive current and the lower branch carries the negative current.
During voltage blocking (off-state), the IGCT in the upper branch is in forward blocking mode and the
diode in the lower arm is in the reverse blocking mode and vice versa. The diodes would need to have
the same reverse voltage blocking capability as the forward voltage blocking capability of the IGCTs.
The same also applies to the previous topology TP1.

Topology TP3 has one GTO and four diodes connected in a full diode rectifier configuration. In this
topology, either during the positive or the negative current direction, the current flows through two
diodes as opposed to just one diode in TP1 and TP2. The full diode rectifier is used to reduce the number
of active devices by halfto reduce overall semiconductor costs. However, in the long run, the operational
costs tend to be high for this type of topology due to the increased costs related to higher power losses
during operation [5]. Current flowing through two diodes connected in series means that this topology
suffers from higher overall on-state losses due to the losses in the additional conducting diode. During
the voltage blocking phase, the GTO is in forward blocking and two out of four diodes would be in
reverse blocking mode as dictated by the voltage applied to the SSCB (between point A and B).

Topology TP4 is similar to topology TP3 but it consists of IGCTs as the active device and therefore has
similar operation to TP3.



Topology TP5 consists of two IGBTs and two diodes connected using a common emitter configuration
[9]. This topology could potentially be implemented using a single module having a common emitter
configuration as they are widely available (depending on the voltage and current ratings of the SSCB).
It also makes use of a snubber circuit for each active device and a combined MOV in parallel for both
IGBTs for over-voltage protection at turn-off. During the current conduction (on-state), the positive
current flows through the top IGBT and the subsequent series-connected diode beneath it and vice versa
for the negative current. During the voltage blocking (off-state), the top IGBT and the anti-parallel diode
(or the Bottom IGBT and the antiparallel diode) are in forward and reverse blocking mode respectively
dependent on the applied voltage to the SSCB (between point A and B).

Topology TP6 consists of two IGBTSs [9] (anti-parallel diode is redundant for this topology but is shown
here as most of the commercial IGBT modules normally have a diode connected in anti-parallel) and
two diodes. This topology would also need the diodes connected in series with the IGBTs. The diodes
will need to have the reverse voltage blocking capability to be at least the same as the forward voltage
blocking rating of the IGBTs. However, the need for the series-connected diode can be eliminated if
reverse blocking IGBTs (RB-IGBTs) are used. During the current conduction (on-state), the upper
branch carries the positive current and the lower branch carries the negative current. During the voltage
blocking (off-state), the IGBT in the upper branch is in forward blocking mode and the diode in the
lower arm is in the reverse blocking mode and vice versa.

Topology TP7 is a novel topology, which aims to minimise on-state conduction losses during nominal
current operation due to the use of Low Voltage (LV) rated Si MOSFETs. It consists of three different
types of switches namely SAS, SMS, and STS. SMS and STS are known as Semiconductor Main Switch
and Semiconductor Transfer Switch respectively. During the normal operation, the current flows
through the SMS and STS branch. During over-current transient, STS breaks the over-current in the
SMS/STS branch. The current is then diverted to the SAS branch for a short while before SAS also
breaks the current. SAS is known as the Semiconductor Auxiliary Switch. The current is then eventually
diverted to the MOV branch. However, the gate-control of various switches in this topology is quite
complex as compared to other topologies. Further details about these topologies can be found in [5, 8].
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Figure 4: Schematic of the bi-directional DC SSCB Topologies (TP1 — TP7)

Thermal Analysis and Power Density Calculations for Different SSCB
Topologies

In order to investigate the electro-thermal behaviour of semiconductor devices and their associated
losses, different PLECs simulations have been carried out using different available semiconductor
devices on the market. For performing the thermal simulations to obtain junction temperature estimates



and conduction losses, highly accurate thermal models were needed to be generated in PLECs. Here,
the different elements namely junction to case thermal impedance (Zmg-c)), case to heatsink thermal
resistance (Ruc-my), and heatsink to ambient thermal resistance (Ru-4)) were all considered carefully as
these values play a significant role within the steady-state and transient operation of a power module.
The Rinm-a) was considered to be 0.01 °C/W. During the steady-state operation of a power module,
equation 1 below defines the maximum allowed power dissipation:

Timax)—Ta

Pp(max) = Ren Equation 1

Some of the thermal models were readily available on the manufacturers’ website and the remaining
were generated carefully using the information from the device’s datasheet.
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Figure 5: Simulation results using 4.5 kV rated Si IGBT



The test conditions used for these simulations are as follows: Vpc = 2400 V, nominal current Ipc = 100
A, Operating ambient Temperature Ta = 85 °C, Lpc = 100 uH, Rpc = 0.1 mQ and R4y = 0.01 °C/W.
For a better understanding of the overall simulation results presented here, simulation curves for one
topology are included above. The simulation results for Topology TP5 using 4.5 kV, 800 A Si IGBT
Module DIM800XSM45-TL000 from Dynex are included in Figure 5 above. Figure 5 shows the overall
SSCB current (Channel current), IGBT Junction temperature (Tjacer)), IGBT Conduction Losses
(Pconnacary), Diode Junction Temperature (Typiopg)), and Diode Conduction Losses (Pconpmionr)). The
results presented here also show Tjuser) and Typiopg) for 2x the nominal current as well.

Simulations were carried out for Topologies TP1, TP2, TP5, and TP7. Topologies TP3 and TP4 with
full diode rectifier configuration were not considered for simulation due to the additional power loss in
the diode as mentioned earlier. Topology TP6 was also not simulated since it has a redundant anti-
parallel diode connected with the IGBT, which is usually present in commercial IGBT modules but is
not needed for this topology. Topology TP5 was simulated for three different types of devices including
the SiC Power MOSFET from CREE. For TP5 with SiC MOSFETs, 1.7 kV half-bridge SiC Power
Modules were used for simulation, therefore both switches inside the module would need to be utilized
(to have voltage blocking of 3.4 kV) to obtain the required DC link voltage of 2.4 kV and also taking
into account the voltage de-rating requirements. In addition, power to weight density was also analysed.
The simulation results including the power losses and junction temperatures along with the power
density values are summarised in Table II.

Topology TP2 has the lowest overall on-state losses of 122.1 W but due to the bulky weight of the IGCT
module, power density figures are very low. Topology TP5 — 4.5 kV IGBT has slightly higher on-state
losses of 230.0 W, however, its power density figure is much more promising than topology TP2.
Topology TP1 has a good power density by weight of 80 W/g and its losses are comparable to TP5 —
4.5 kV IGBT topology. However, the gate drive circuit design is complex due to the gate drive current
and speed requirements for turning off the GTO, which is quite difficult to meet [5]. Topology TP7 was
simulated to see if it offers extremely low power losses due to the LV MOSFET. However, its losses
are comparable to some of the other topologies such as TP5 — 4.5 kV IGBT. At the same time, it has
relatively more complex gate drive control and possesses reliability concerns due to it involving various
types of power devices.

Lastly, TPS — 1.7 kV SiC MOSFETs have relatively higher losses but the power density by weight ratio
is attractive. Here, two of the half-bridge 1.7 kV rated SiC MOSFET modules have to be connected in
a common emitter configuration in order to achieve a maximum bi-directional voltage blocking
capability of 3.4 kV. SSCB Architecture using MOSFET semiconductor devices can also benefit from
the 3rd quadrant operation of the MOSFET using the device’s channel instead of the current flowing
through the anti-parallel body diode/Schottky diode which in turn helps to reduce conduction losses.
The technique is normally termed active synchronous rectification. The high power losses seen for SiC
simulations are due to the limitations on the commercial availability of SiC MOSFET modules above
1.7 kV voltage rating (3.3 kV and 4.5 kV SiC MOSFET modules — mainly exist as research samples)
and low current ratings of the modules (which is essentially due to the existing low current ratings of
the SiC bare dies). A bespoke 3.3 kV or higher rating SiC MOSFET power module will provide excellent
power density by weight and volume values as well as lower overall conduction losses. But these two
features of SiC devices at voltage levels above 1.7 kV are limited as device manufacturing technology
is still improving to obtain the desired features at these voltage levels. Nonetheless, it is still achievable
using a custom-made SiC module with a significant cost penalty. Moreover, overall losses for TP5 using
1.7 kV SiC MOSFETs could have been reduced further by connecting a further two MOSFET modules
in parallel which would help reduce the overall resistance of the SSCB switches which would also reduce
the conduction losses. However, paralleling MOSFETSs come at a cost, such as: the semiconductor
weight would double from 0.6 kg to 1.2 kg. Furthermore, connecting devices in series and parallel could
have their own challenges since mismatch in electro-thermal device parameters between modules may
affect voltage sharing during transient events [10, 11, 12].



Table II: Overall comparison of all simulated topologies in PLECS

# Devices Overall Junction Total Power
Conduction | Temperature | Semiconductor | Density by
Losses (W) | (°C) — (1x; 2x) | Weight (kg) Weight (W/g)
TP1 | GTO (5SGF 30J4502) [13] 221.7 GTO: 3 80
and (88.8; 89.4)
Diode (5SDD 08T5000) [14] Diode:
(90.1; 91.1)
TP2 | IGCT (5SHY 50L5500) [15] | 122.1 IGCT: 6.2 39
and (86.5; 86.7)
Diode (5SDD 08T5000) [14] Diode:
(89.1; 90.1)
TP5 | 6.5kV IGBT 297.9 IGBT: 34 71
(DIM750ASM65-TS000) (89.3;90.4)
[16] Diode:
(89.3; 90.6)
4.5 kV IGBT 230.0 IGBT: 2.2 109
(DIM800XSM45-TL000) (88.7; 90.0)
[17] Diode:
(90.0; 93.2)
1.7 kV SiC MOSFETs — 388.8 MOSFET-FC: | 0.6 400
2 modules (97.3; 112.1)
(CAS300M17BM2) [18] MOSFET-Q3:
(94.2;99.8)
TP7 | STS: 244.4 Thyristor: 1.968 -
MOSFET (IXFN360N10T) (97.6; 100.3)
[19]
MOSFET:
SMS: (99.4; 117.0)
Thyristor (TZ240N) [20] Body Diode:
(111.4; 125.7)
SAS:
Si IGBT (IXYL60N450) IGBT:
[21] (---;107.1)
and Diode:
Diode (GB50MOS17-247) (---; 102.6)
[22]
Conclusion

This paper presents a detailed trade-off study for a 2.4 kV, 100 A rated DC SSCB for aerospace
applications detailing different topologies and simulation results. A brief overview of the operation of a
SSCB within a DC grid transmission network is presented followed by the possible bi-directional current
conduction and voltage blocking DC SSCB topologies. The results of the thermal simulations in PLECs
helped to obtain the on-state performance of the topologies. Additionally, the associated semiconductor
weight for each simulated topology is also presented. From the obtained simulation results and the
weight information, Topology TP5 — 4.5 kV Si IGBTs appears to be the most appropriate solution when
considering all aspects of the analysis provided above. Moreover, Topology TP5 1.7 kV SiC MOSFETs
is the next best candidate as its power density ratio is very attractive even though the conduction losses
are higher. A better solution in terms of losses and weight using a bespoke SiC power MOSFET module
having 3.3 kV or higher rating is potentially possible that would provide a more compact SSCB solution.
However, the cost of a custom-made SiC MOSFET module > 3.3 kV rating would be very expensive.
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