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Abstract—DC grid has been treated as a viable solution to solve
green-house effect and reduce the cost of fossil fuels. Compared
with AC grid, DC grid shows many inherent advantages, such as
high efficiency power delivery, less expensive to deploy and no
need for phase and frequency synchronization. However, over
current protection for DC grid require fast response. To solve
this problem, solid state DC circuit breakers need to be promoted.
In this thesis, thermal property was taken into consideration to
find the most suitable semiconductor devices. Per unitized
thermal resistance of the heat sink to the ambient was used to
find the reasonable conducting current. Module MOV topology
and one MOV topology were compared to see the voltage and
current stress .
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I. INTRODUCTION

With the rapid development of power system, modern
power system is facing a series of new contradictions and
problems, but it is also faced with unprecedented challenges.
With the power system continuing to expand, the short circuit
current level is rapidly increased. Because of the slow
functioning speed, the difficulty of arc extinguishes, and the
limitation of the capacity, the existing circuit breakers cannot
meet the requirement of the increasing breaking capacity. In
many situations, functioning speed is significant, especially
about the power system stability control. For that reason, the
way to limit and interrupt the fault current rapidly becomes
more and more important. However, the functioning speed of
traditional mechanical circuit breakers were limited by the
mechanical inertia, this hindered the improvement of the
functioning speed of mechanical circuit breakers severely, and
impact the fault interruption and the stability of the grid control.
In addition, the reliability and the life of mechanical circuit
breakers also cannot meet the requirement of modern power
system.

In high voltage and medium voltage field, there are only
high voltage DC circuit breaker which can transfer or breaking
load current of the high voltage DC circuit breaker[1]. There are
some companies did the research of the circuit breakers which
can interrupt short circuit fault current. The DC solid state
circuit breakers are developed with the technique of power
electronic devices. In 1990s, a solid state switches with
thyristors appeared. After that, the appearing of fully
controllable devices such as integrated gate commutated
thyristor (IGCT), insulated gate bipolar transistor (IGBT), etc
makes further development of DC solid state circuit breakers.
At present, solid-state DC circuit breakers based on power

electronic devices can be divided into hybrid DC circuit
breakers and solid-state DC circuit breakers [2]. The hybrid DC
circuit breaker consists of power electronic devices and
mechanical switches in parallel. Although under the normal
operate condition, there is almost no on state loss, the time
delay of interrupting the fault current is still determined by the
mechanical circuit breaker action time. For all solid-state DC
circuit breakers, although breaking time is short, there are high
expense, high on-state loss, limited capacity of single device
and other shortcomings. The continuous development of
semiconductor devices, the reduction of devices losses, and the
improvement of capacity provide a good foundation for the
development of DC solid state circuit breakers.

This paper is aimed to develop medium voltage DC solid
circuit breakers. Based on the existing power electronic devices.
It is necessary to series and parallel semiconductors to achieve
medium voltage DC solid circuit breakers.

II. DEVICE SELECTION

This paper is aimed at a medium voltage DC solid state
circuit breakers, one thing need to be taken into consideration is
its on state loss. For the devices need to be selected, the
nominal voltage of each device is kilo volts level, and has an
on-state voltage drop in the order of some volts. This means
constant losses in the kilowatt range when conducting some
hundred amperes. Every device has a nominal operation
temperature, usually the maximum temperature is no more than
150 . Because the resistance is proportional to the
temperature, to achieve lower on state loss, it is important to
keep the devices under a reasonable temperature. What is more,
when the short circuit fault occurs, the switches need to
interrupt the fault current. Due to its large value, there must be
a large amount of heat generated by the semiconductors, so it is
very necessary to take into thermal properties into
consideration to keep safe and efficiency operation. A violation
of the temperature ratings can lead to a reduced safe operating
area and consequently a sudden device failure or to a reduced
operational lifetime. If the thermal property of the
semiconductors can hardly meet the requirement, this will
require a large and complex cooling system.

The value for RT resistance can be easily calculated from
the IGBT output characteristic curve from the datasheet. From
Figure 1 we can linear the output characteristic curve around a
very little fraction of the curve to get the resistance value. VTO
is the threshold voltage which can get from the datasheet. For
MOSFET, the value of VTO is zero.
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The average conduction loss by IGBT is calculated by the
following equation:
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After we get the value of conduction loss, we can start
calculating the value of the thermal resistance between the heat
sink and the ambient.The value of the thermal resistance Rsa
can be easily get from the following equation:
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FIGURE I. IGBT OUTPUT CHARACTERISTIC

A. Thermal Resistance
The value of Tjmax, Rjc and Rcs can be got from the date

sheet, and Pcond can be calculated from equation (2). After we
get the value of RSA we should per unitize it to check the
thermal property of this condition. As the thermal resistance is
inversely proportional to area, to find the thermal resistance of
a certain area cold plate, we should multiply the area (in square
inch) of the cold plate.

The purpose of calculating the RSA is that  it  is  a value to
show whether the certain conduction loss caused by a certain
value of a current can meet the requirement of the thermal
property. When the conducting current is so big, it will cause
the cooling system cannot cool the heat through the device.
around 0.1-0.2 in per unitize. The lower the value the higher
requirement of the cold plate. If the value of RSA is lower than
performance of the semiconductors and reduce the lifetime of
devices.This will lead to devices overheated which may
damage the From [3] we can know that the reasonable value of
RSA is 0.1 this means the big pressure for the cold plate. This

will cause the cold plate thicker of the cooling water runs much
faster, which is not reality. So when the value of RSA smaller
than 0.1, Ic should be decreased. The existing cooling system
The existing cooling system cannot meet the thermal
requirement or cool the heat which generated by that current
value. The strategy of finding the proper conducting current
value is:If it is less than 0.1, reduce the current valueIf it is
greater than 0.1, increase the current value

B.  Efficiency Calculation
From the literature[4] we know that parallel semiconductors

can increase the efficiency of the circuit breakers, so after meet
the requirement of the thermal requirement, the efficiency of
the devices also need to be taken into consideration. Because
the rating system capacity is 40MW, the efficiency should be
high enough to reduce the conduction loss. The efficiency
should greater than 99.99, even that the value of the conduction
loss is still not a little number. In order to achieve that, we can
lower the current of every single semiconductor and parallel
more modules. The efficiency of the circuit breaker is given as,

40MWEfficiency=
total loss+40MW

C. Device Selection
After the basic knowledge of thermal property and the

efficiency calculation we can use the methods above to select
proper devices. Things need to be taken into consideration
when select semiconductor for medium voltage DC solid state
circuit breakers are rating voltage, rating current, thermal
properties, efficiency and the number of the devices.Table 2 is
the devices we choose from.

TABLE I. SYSTEM SPECIFICATION

ratings values
Voltage rating 20kV
Current rating 2000A

System capacity rating 40MVA

TABLE II. COMPONENT LIST

Manufacturer Specifications
Infineon IGBT [5] 6.5kV 600A
Infineon IGBT [6] 6.5kV 750A
ABB IGBT [7] 6.5kV 600A
ABB IGBT [8] 6.5kV 750A
ABB GTO [9] 4.5kV 210A
ABB Thyristor [10] 3kV
ABB Thyristor [11] 2.4kV

Table 3 is the result of the thermal property calculation.

According to the calculation result we can see that IGBT is
the most suitable devices considering the thermal property and
the number of the semiconductor. After thermal calculation we
need to do the efficiency calculation, and the efficiency should
greater than 99.99. In order to achieve that, we can lower the
current of every single IGBT and parallel more modules.

After calculation, Infineon 6.5kV 750A is the most suitable
device.  The  number  of  device  is  6  modules  in  series,  2
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branches in parallel, which makes its total number 12.

TABLE III. CALCULATION RESULT

      Parameters
Types RsaK/kW p.u./K/W

.inch2 series parallel total

Infineon IGBT
6.5kV 600A 13.3746 0.17 6 4 12

Infineon IGBT
6.5kV 750A 9.23258 0.16 6 3 6

ABB IGBT
6.5kV 600A 7.01725 0.14 6 5 12

ABB IGBT
6.5kV 750A 6.031746 0.12 6 4 12

ABB Thyristor
2.4kV 29.39203 0.12 9 2 18

ABB Thyristor
3kV 16.91786 0.11 7 3 21

ABB Thyristor
3kV 15.49669 0.10 7 3 21

ABB GTO
4.5kV 210A 44.70256 0.20 5 10 50

III. SIMULATION AND RESULTS

The software used in this simulation is ANSYS Simplorer.
ANSYS Simplorer is a powerful platform for modeling,
simulating and analyzing system-level digital prototypes. It has
a unique ability to integrate high-fidelity models of power
electronics.

The  module  MOV  topology  is  shown  as  Figure2.  Each
paralleled module was protected by a MOV. As there are six
modules in series together, there are six MOVs protect these
modules separately. The one MOV module only has a MOV to
protect the whole modules, shown as Figure 3. These two
different topologies may have different voltage stress and
current stress. Analysis will be taken to compare the
characteristic of these two topologies.

A. Ideal Condition
Fig 4 is module MOV mode faults occurs at 10m. The red

line is the current curve of an IGBT module, the blue line is the
voltage curve of an IGBT module and the purple line is the
voltage curve of MOV. We can know from the current curve
that at the beginning the circuit is under normal operation state.
The current value is at the rating current value. It is 1000A. At
1ms, the system occurs a short circuits fault, the current starts
to increase. The peak of the red curve is the maximum value of
the fault current, and from then on, the switches start to turn off.
After that the current starts to go down with the MOV
dissipates the energy. Finally, the fault current turns to zero.
We can know from the voltage curve of the IGBT module. First
during the normal operation condition, the voltage value is only
the conduction voltage drop, it is about several volts. At
1.02ms, that is 0.02ms after the fault occurs, the circuit
breakers  starts  to  turn  off.  Because  the  switches  will  not  turn
off instantaneously, so the voltage of the IGBT module will
increase gradually. We all noticed that there is a voltage spike,
the reason why there is a spike is that because the existing of
stray inductance between MOV and IGBT modules. During
that time the current changes rapidly, so the current change rate

is really high which will generate a voltage. The voltage the
IGBT needs to hold are the sum of the voltage which caused by
the stray inductance, and the voltage which the MOV clamps.
After a short time, the current change rate goes to zero, and the
voltage spike disappears. After that the voltage between the

FIGURE II. MODULE MOV MODE SIMULATION MODEL

FIGURE III. ONE MOV MODE SIMULATION MODEL

FIGURE IV. THE CURRENT AND VOLTAGE OF AN IGBT MODULE
AND THE VOLTAGE OF MOV UNDER MODULE MOV MODE

FAULTS OCCURS AT 10M

IGBT is the voltage which the MOV clamps,  after  the energy
dissipation of MOV the voltage goes back to the bus voltage.
We can know from the voltage curve of the MOV, when there
is no fault, MOV can be treated as a resistor which has a very
large resistance value. When short circuit fault occurs and the
IGBT stars to turn off, that is the voltage between MOV or
IGBT starts to goes up, then the resistance value of MOV
decreases rapidly and can be treated as a resistor which has a
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very small resistance value. Only in this way can MOV protect
the IGBT. We can also notice that the voltage value of MOV is
greater than the voltage between IGBT, this is because of the
parallel and series stray inductance between IGBT and MOV.

FIGURE V. FIGURE 5 THE CURRENT AND VOLTAGE OF AN IGBT
MODULE AND THE VOLTAGE OF MOV UNDER ONE MOV

MODE FAULTS OCCURS AT 10M

TABLE IV. DIFFERENT MODES COMPARISON

                  mode

Comparison index

module MOV
mode one MOV mode

voltage stress/kV 4.8 4.85

current stress/A 3800 3816

energy dissipation/W 4350 4375
Under ideal condition, two modes are almost the same

B. Non-ideal Condition
In the most of the time, the operation condition is not ideal.

It may cause the voltage sharing and current sharing problems.
In this part, four non-ideal conditions were simulated to
simulate the factors which would cause current and voltage
problems. From Fig 6 and Fig 7, the parallel module no matter
which drive signal is earlier than others no matter which branch
turns off first, may need to hold a higher voltage. Compared
with Fig 6 and Fig 7, the one module mode have severe voltage
stress.

FIGURE VI. THE GATE SIGNAL OF V1 IS 2000NS EARLIER THAN
OTHERS-VOLTAGE COMPARISON OF ONE MOV MODE

FIGURE VII. THE GATE SIGNAL OF V1 IS 2000NS EARLIER THAN
OTHERS-VOLTAGE COMPARISON OF MODULE MOV MODE

IV. CONCLUSION

In this paper, the thermal model of IGBT and diode has
been compared. Then the thermal property of different kinds of
semiconductor is analyzed to find the most suitable device for
the medium voltage DC SSCB and to find the maximum
conduction current of the devices as well. A 6.5kV, 750A
IGBT module from Infineon has been chosen .the module
MOV  mode  is  better  than  one  MOV  mode  in  achieving  less
voltage stress of semiconductors. One MOV mode suffers more
severe unbalance voltage sharing.
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