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Figure 11.4: The relation between the configurations of energy MOVs and the stray inductance

arranged in a way the effect of stray inductance is minimised. Having energy MOVs for each
breaker cell may contribute to increase the stray inductance. This is illustrated in figure 11.4a.
Another solution with three breaker cells in series per energy MOV may reduce the stray induc-
tances. This is illustrated in 11.4b. Also more than three breaker cells in series may be actual as
long as the voltage rating of the energy MOV is adjusted accordingly. However, the reliability of
the DC breaker may decrease if the number of energy MOVs is minimised. If a energy MOV fails,
the DC breaker may not to operate adequately if there are fewer and larger energy MOVs.

11.2.3 Control System and Thermal Features

In this section, the control system is referred to the internal DC breaker control system. The IG-
BTs needs to be controlled by gate drivers, with typical gate emitter voltage VGE = 15 V. Operating
a DC-line in high voltage near the IGBT must be handled very carefully. As with the implemen-
tation of the lab test model, galvanic isolation is needed to avoid ground potential contact with
the DC-line. Ground potential contact inside the high voltage parts of the DC breaker may also
be regarded a fault in the DC grid, but also a DC breaker failure. Besides galvanic isolation in the
control system, the control system should have the minimum amount of time delay in order to
minimise the response time.
Similar to the DC breaker in the NTNU/SINTEF laboratory, thermal considerations will be part
of the HVDC breaker design process. The nominal current will flow through the LCS and ac-
tive cooling is assumed needed. The type of cooling medium should also be considered as they
may reduce the thermal heat resistivity further than with air-cooling fans. The analysis may be
also provided by more sophisticated software for thermal analysis, e.g thermal modelling in 3
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dimensions, in order to provide accurate results. Besides the semiconductors, the temperature
of the energy should be under surveillance to ensure that the HVDC breaker is able to dissipate
the energy in case of a fault.

11.2.4 Cost

The cost of the components should also be assessed in the design process. As the construction
of the DC breaker may have a limited budget, the HVDC breaker must be designed accordingly.
E.g. the number of semiconductors in series may be reduced and a longer break time must be
tolerated.
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Chapter 12

Discussion, Conclusion and Further work

12.1 Discussion and Conclusion

12.1.1 Theorethical Background

Chapters 2 to 5 were targeted at developing a theoretical background as a basis for the further
work in terms of simulations,the design process, developing guidelines and assembling a DC
breaker. The aspects of fault behaviour, current interruption, the components of a solid state
breaker were explained. The explanations were based on what is expected to be relevant in
the DC breaker design for the DC grid NTNU/SINTEF lab. Therefore, also simplifications were
necessary in order to limit the scope of work. E.g. the DC grid was represented by a fixed voltage
source with an inductor and a resistor, and semiconductor physics were very briefly considered.
In order to analyse the results from the test model, design the final DC breaker, the theoretical
background was used and referred to in several occasions. E.g explaining the forcing of the
current to zero with the counter voltage and considerations of stray inductance. Also ratings of
both the MOV and the IGBT were widely used in further chapters such as VC Emax was mentioned
in order to avoid failure of the IGBT.

12.1.2 Test Model

Chapter 6 described the assembly of the test model, and chapter 8 presented the main result
from the experimental work with the test model. The test model was mainly used to examine
the electrical features and some particular thermal features of a solid state DC breaker. The
experimental testing undertaken examined the different aspects of the operation of a solid state
breaker such as inductance, snubber and the source voltage. The interaction between the main
components, the energy MOV and the IGBT module, were stressed, as these are the components
which interaction forces the current to zero. The results also showed the advantages of fast
current interruption of the solid state breaker, as the break time was mainly under 1 ms. The
temperature of the energy MOV was also examined; cooling characteristics and the heating due
to the repetitive short circuit. In chapter 9 it was assumed a 1 second time interval between the
repetitive short circuit. A test with this time interval should also have been tested experimentally
in order to provide better predictions on the behaviour of the energy MOV due to repetitive
currents. Also some leakage current tests could be undertaken. However, the result was able to
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provide the main aspects regarding the short circuit interruption which was considered as the
main function of a DC breaker.

The results also showed some aspects regarding the measurement techniques. A rogowski
coil and LEM sensors provided accurate results for fast changing currents during the line current
commutation from the IGBT and into the energy MOV. The current clamping meter used was
not able to measure the fast changes in the current. The results measuring with a rogowski coil
were therefore eventually compared to the PSCAD simulations.

12.1.3 PSCAD Simulations

Chapter 7 described both the implementation of the test model and the final DC breaker in
PSCAD. The simulations were presented in chapters 8 and 9. The PSCAD model of the test
model needed adjustment since the preliminary result had unacceptable errors in the results
compared to the experimental results from the test model. Therefore adjustment of the PSCAD
model were carried out according to the observations of the experimental results. Especially,
the MOV was adjusted to its maximum expected voltage according to the 10 % tolerance band, a
certain line resistance and stray inductance was added. The adjusted PSCAD simulations were
in an acceptable range when compared to the experimental results. These experiences were
used when the final DC breaker model in PSCAD in order to ensure the validity of these results.
In this model, the implementation had a conservative approach, in order to ensure the results.
The simulation work was based on simplifications, and PSCAD simplifies the VI-characteristic
of the semiconductors as linear. The assumptions of a capacitor snubber in the final design
mitigating the overvoltage transients, allowed for more sufficient simulations as the time step
could be increased.

An electro thermal equivalent circuit was also developed for the final DC breaker design. As
the model assumes a one-dimensional heat transfer path, the values were used as an indication
and evaluated the need for a simple cooling fan. The thermal aspects have many dependencies
which is not accounted for in the electro thermal model such as the movement of air around
the heat sink. The thermal resistance and the thermal time constant of the heat sink may subse-
quently vary. Further investigations may be carried out in order to validate the results regarding
the thermal aspects of the DC breaker. For more accurate results, three-dimensional heat trans-
fer simulation software may be used. This also may be actual for the thermal modelling of the
varistor.

12.1.4 DC Breaker Design

In chapter 9, the components for the final design were selected and the corresponding DC
breaker ratings were determined. Chapter 10 described the final configuration and the assembly
of the DC breaker for the NTNU/SINTEF lab.

The selection of components was based on a discussion on the corner cases and the exper-
imental activities undertaken with the test model. The corresponding expected ratings of the
DC breaker were determined with the help of manual calculations and PSCAD simulations. In
order to ensure the calculations and simulations, the approach with the regard to selection of
components was conservative. This was regarded as necessary as the calculations are based
upon assumptions and simplifications. A particular analysis of the line inductance in relation
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to maximum energy dissipated stressed the importance to considerer the line inductance when
designing a DC breaker. For the repetitive current, the calculation conducted was not corre-
sponding to what was observed in the test model. In the test model, the results indicated a high
tolerance for repetitive currents of the energy MOV. This was not the case with the calculations.
Temperature surveillance was therefore suggested in order to ensure if the DC breaker is ready
for current interruption, as the temperature should be under its critical level. An analysis of the
limitations of the components were also carried out, such as the rated expected voltage of the
energy MOV must not exceed the maximum tolerated voltage drop of the IGBT modules.

12.1.5 Design Guidelines

Chapter 11 described the development of design guidelines for HVDC circuit breakers, and the
approach was to put the experiences previously made in the context of HVDC applications. The
solid state breaker was assumed the same function as the main breaker in hybrid HVDC breaker
topology. It was stated that a realisation of a solid state DC breaker in HVDC grid would provide
unacceptable losses. As the electrical features were investigated mostly in the theoretical back-
ground, the test model and for the final DC breaker. However, some more general guidelines
could be made for the control system, thermal considerations, cost and reliability.

12.1.6 Main Conclusions

• A theoretical background was established and provided a basis for the rest of the work.

• The test model assembled provided insight of a solid state DC breaker operation and to
the design process with emphasis on the electrical features. The thermal experiments
undertaken may be improved to provide better insight of the thermal features of MOVs in
DC breakers.

• The results from the test model illustrated that the interaction between a MOV and the
IGBT is an essential aspect for the operation of DC circuit breakers. The interaction forces
the current to zero by commutating the current and providing a counter voltage.

• A simplified PSCAD model was established and was used in order to design a DC breaker
after adjustments.

• A lab-scaled DC breaker was assembled. Still remains experimental validation and further
testing.

• A DC breaker has design aspects as control system, thermal considerations, location and
cost apart from the electrical aspects.

• Guidelines for a hybrid topology is possible to be carried out using insight from designing
a solid state DC breaker
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12.2 Further Work

• Experimental validation of the electro thermal considerations of the semiconductors.

• Test the DC breaker for the ratings determined.

• Implementing temperature surveillance of the energy MOVs in the DC breaker.

• Further development of design guidelines for HVDC breakers in relation to experimental
activities with the DC breaker assembled for NTNU/SINTEF lab.

• Use the bypass switch in the DC breaker to emulate the hybrid topology.

• Development of a protection system for the DC in the NTNU/SINTEF lab.

• Development of a distributed parameter line models for the DC grid in the NTNU/SINTEF
lab in order to investigate a realistic interaction of a DC breaker with the DC grid.

• Develop electro-thermal models or 3-dimensional in PSCAD for the energy MOV for DC
breaker applications.
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SIEMENS IGBT: BSM 300 GA 120 DN2
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Appendix B

Time Delay of Contactor Switch
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Figure B.1: Contactor switch operates with 0.15 A including the coil voltage
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Figure B.2: Contactor switch operates with 1 A including the auxiliary contact voltage
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Figure B.3: Contactor switch operates with 1 A including the coil voltage
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Figure B.4: Contactor switch operates with 1 A including the auxiliary contact voltage
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Appendix C

Calculations

IGBT Module Power Loss

Infineon IGBT

Assumptions: VGE = 15 V and T j = 125 °C
From the data sheet [54]: (V1, I1) = (1.12,100) and (V2, I2) = (1.64,300)

∆I

∆V
= 200

0.52
= 385.62 S

VC E (IC ) = IC

385.62
+0.86

Infineon Anti-Parallel Diode

Assumptions: VGE = 15 V and T j = 125 °C
From the data sheet [54]:(V1, I1) = (1,100) and (V2, I2) = (1.44,300)

∆I

∆V
= 200

0.44
= 454.55 S

VC E (IC ) = IC

454.55
+0.78

Mitsubushi HVIGBT

Assumptions: VGE = 15 V and T j = 125 °C
From the data sheet [53]: (V1, I1) = (2.7,100) and (V2, I2) = (4.1,300)

∆I

∆V
= 300−100

4.1−2.7
= 142.86 S

VC E (IC ) = IC

142.86
+2.00
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Mitsubushi Anti-Parallel Diode

Assumptions: VGE = 15 V and T j = 125 °C
From the data sheet [53]: (V1, I1) = (1.6,100) and (V2, I2) = (2.9,300)

∆I

∆V
= 200

2.9−1.6
= 153.85 S

VC E (IC ) = IC

153.85
+0.95

Maxium Current with Respect to the Energy MOV

Energy MOV: V DC B60K460 EPCOS HighE series block varistor
Rated voltage:VMOV = 615 V DC[56]
Assumtions: TMOV < Tcr i t i cal = 85°C
From the VI-characteristic in data sheet VI-characteristic: (V1, I1) = (103,1400) and (V2, I2) =
(104,1800)

α= ln104 − ln103

ln1800− ln1400
= 9.16

KMOV = I2

V α
2

= 1.52 ·10−26

I = KMOV V α = 5925.92 A
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Snubber Capacitor Discharge
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Figure D.1: Current interruption and discharge of the snubber
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Figure D.2: Current interruption and discharge of the snubber
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Maximum Current Breaking Capability
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Figure E.1: The current breaking capability Imax as a function line inductance Ll i ne , Imax is the
actual current interrupted and Itr i p is the maximum detection level of the protection system,
tr esponse = 1 ms

113



114 APPENDIX E. MAXIMUM CURRENT BREAKING CAPABILITY

Line inductance Lline [mH]
10-2 10-1 100 101 102

C
u
rr
en
t
[p
u
]

0

2

4

6

8

10

12

14

Imax

Itrip

Figure E.2: The current breaking capability Imax as a function line inductance Ll i ne , Imax is the
actual current interrupted and Itr i p is the maximum detection level of the protection system,
tr esponse = 0.01 ms
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Line inductance Lline [mH]
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Figure E.3: The current breaking capability Imax as a function line inductance Ll i ne , Imax is the
actual current interrupted and Itr i p is the maximum detection level of the protection system,
tr esponse = 0.0001 ms
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Appendix F

DC breaker circuit diagrams
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