Fuse State Estimation and Sequence Control for Enhancing
Current Limiting Performance in Hybrid DC Circuit Breakers
b oo —XHEEANAL TV v FETUENTED b 2 — XIREHEE &
> =7 v AN & 2 BRiMEREA BB S 2 g

by

37-236555
Songah Shin
IV TT

Master Thesis

(CRws

Submitted for the Degree of
Master of Engineering
at
Department of Electrical Engineering and Information Systems
Graduate School of Engineering
The University of Tokyo
January 23rd, 2025

Thesis Supervisor: Wataru Ohnishi KPH B

Professor of Electrical Engineering and Information Systems



ABSTRACT

The growing need for the development and integration of DC systems has led advancements in direct
current (DC) circuit breakers (CBs). Among the three main types of DC CBs, hybrid DC CBs are
now widely used solution in DC transmission and distribution systems. However, high cost and large
size challenges remain. To address these issues, our team developed a hybrid DC CB that combines a
current-limiting fuse and a semiconductor device.

In this configuration, the rated current flows through the fuse branch. When a fault current occurs, the
current-limiting fuse reduces the current, and the current path is switched to the IGBT branch once the
current is sufficiently reduced. If commutation occurs too quickly, the IGBT may explode. Conversely,
if the commutation is delayed, the fuse may explode. Thus, determining the optimal timing to change the
current path based on the fuse’s status is critical for completing the interruption process in the DC CB.
Our team proposed a commutation method that uses real-time fuse current data to solve this challenge.
However, this method was validated only once under explosive conditions, utilizing a specific type of
fuse.

In this thesis, the robustness of the previously proposed current-based fuse state estimation is eval-
uated using two types of fuses, a ceramic fuse and a glass fuse, under various electrical conditions: 1.7
kV and 10 kA, 0.95 kV and 10 kA, and 0.4 kV and 0.5 kA.

Based on these experiments, several limitations were identified:

e Gap between physical phenomena and current data

e Delay in sending the signal to the IGBT

e Premature commutation error

o Commutation operation when fuse-only interruption is feasible

To overcome these limitations, a current-voltage-based method for commutation is proposed. Specif-

ically, an energy criterion is applied to determine the commutation. The minimum energy threshold was
1
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simulated using the arcing current model with a single value derived from previous experimental
data. The maximum energy threshold was simulated based on Joule’s law, with energy calculated using
data collected up to the point of resurgence. Using this simulation, the energy criterion was set at 9 kJ
and validated under experimental conditions of 1.6 kV and 10 kA. The results showed that energy was
accurately calculated in real-time and that commutation was successfully initiated.

This approach addresses the limitations of the current-based method. First, since the commutation

method is based on energy, it provides a clearer understanding of the physical state of the fuse and the
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internal phenomena. Additionally, this method eliminates delays by not relying on the RLS algorithm
to determine the commutation time. The premature commutation error is resolved by the minimum
energy threshold, which prevents commutation from occurring until the accumulated energy exceeds the
threshold. This threshold also ensures that commutation does not occur when the fuse can independently

interrupt the fault current.

il



Acknowledgements

The two years I spent at the Koseki-Ohnishi Laboratory were very special and meaningful.
I want to thank everyone who supported me during this journey and helped me complete my
research.

I am deeply grateful to Prof. Ohnishi for his guidance and insight, which were the key to
finish this study. I admire how he inspires students with his knowledge and creates an environ-
ment of curiosity and learning. This had a great impact on my research life for two years in the
master’s course. I also want to thank Prof. Koseki for his support, advice, and encouragement,
which motivated me and helped me achieve this academic goal.

I would also like to express my sincere appreciation to Mr. Takada for his technical advice
and encouragement during the many challenges I faced in the experiments. His support helped
me develop the ability to use various experimental equipment and design experiments. Further-
more, I am very grateful to Mrs. Matsuzaki for her kind assistance, which made me gradually
get used to the working procedures in a new environment.

I thank the members of the DCCB team. Sasaki has always shown me how to conduct re-
search in the best way. His clear explanations about the research background and the role of
each component helped me understand both the large concept and the details of each experi-
ment. Nakano’s enthusiasm also inspired and motivated me to focus on my own research.

I want to thank Sakai and Ueno for leading the weekly lab meetings and organizing the lab
activities. Additionally, I also enjoyed working with Nagai and MB during these two years and
wish them the best as they continue their research as Ph.D. students.

Finally, I am very grateful to my international student friends Meng, Yang, Sun, and Gao,
who shared their experiences and gave me advice and encouragement about life in Japan. I also
cherish the joyful times I spent with Edisa, Li, and Chang. Although our time together was

short, the memories we shared in 2024 made my time here even more special.

Y






Contents

Abstract

Acknowledgements

List of Figures

List of Tables

1 Introduction

2

1.1
1.2
1.3
1.4

Literature review of DC circuitbreakers . . . . . . . . . . . . . .. ... ...
Fuse-semiconductor hybrid DC circuit breakers . . . . . . ... ... ... ..
Research motivation . . . . . . . . . . . . . . . e

Outline of the thesis . . . . . . . . . . . . .

Experimental validation of current-based commutation

2.1

22

2.3

Fuse state estimation using currentdata . . . . . . .. ... ... .. .....
2.1.1 Fundamentalsof fuses . . .. ... ... ... ... ... ......
2.1.2  Principle of the current-based commutation . . . . . . ... ... ...
2.1.3  Workflow of the algorithm . . . . . ... ... ... .........
Experimental validation . . . . . . ... ... ... .. ... . ...
2.2.1 Experimentalsetup . . . . . . . .. .. ... ..o
2.2.2 Experimentalresults . . . ... .. ... ... ... ... ...
Discussion . . . . . ... e
2.3.1 Analysis of the current-based commutation . . . . .. ... .. .. ..

2.3.2 Limitations of the current-based commutation . . . . . . . . ... ...

Vi

ii

iv

viii

N R W

=]



3 Proposal and experimental validation of current-voltage-based commutation

3.1 Energy threshold calculation based on the simulation . . . . .. ... ... ..

3.1.1 Minimum energy threshold calculation
3.1.2  Maximum energy threshold calculation
3.1.3 Workflow of the algorithm
3.2 Experimental validation
3.2.1 Experimental setup

3.2.2 Experimental results

33 Summary ... e e e e e

4 Conclusions and recommendations

4.1 Conclusions

4.2 Recommendations for future research directions

References

Publication

vii

35
35
36
40
41
42
42
45
46

49
49
51

52

56



List of Figures

1.1 DC systems where DCCBisrequired . . ... ... ... ... ........
1.2 Fuse-semiconductor hybrid DC circuit breaker [1] . . . . . . ... .. ... ..
1.3 Risk of explosion due to improper commutation . . . . . . .. ... ... ...

1.4 Outlineofthethesis . . . . . . . . . . . . e

2.1 Different fuse currentcases . . . . . . . .. Lo
2.2 RC circuit for modeling the arcing fuse current . . . . . . . .. ... ... ..
2.3 Modeled fuse current during the arcing period using two distinct R,,.C,,. values
(0.93, 1.79) in the re-arcing scenario . . . . . . . . . . . . .o .o
2.4 The workflow of the current-based commutation operation . . . . . .. .. ..
2.5 Circuit diagram for the current-based commutation validation experiment
2.6 Change in ceramic fuse status under 1.7kVand 10kA . . . .. ... ... ..
2.7 Current and voltage data of the ceramic fuse under 1.7kV and 10kA . . . . . .
2.8 Post-test condition of the ceramic fuse . . . . . ... .. ... ... ... ...
2.9 Change in glass fuse statusunder O.5kV . . . . . . ... ... ... ...
2.10 Current and voltage data of the glass fuseunder 0.5kV . . . . ... ... ...
2.11 Post-test condition of the glassfuse . . . . . . . . ... ... .. ... ... ..
2.12 Current and voltage waveforms in current-based commutation experiment using
aceramic fuseunder 1.7kVand IOKA . . . . . .. ... ... ...
2.13 g value calculated and recorded in MCU (Teensy 4.1) under 1.7 kV and 10 kA
conditions . . . . . ... L e e e
2.14 Current and voltage waveforms in current-based commutation experiment using

a ceramic fuse under 0.95kVand 10kA . . . . . . . . . ... ... ... ...

viii

AN B~ W

10



2.15 pvalue calculated and recorded in MCU (Teensy 4.1) under 0.95 kV and 10 kA
conditions . . . . ...l e e e
2.16 Current and voltage waveforms in current-based commutation experiment using
aglassfuseunder 0.4kV . . . . . ...
2.17 p value calculated and recorded in MCU (Teensy 4.1) under 0.4 kV and 0.5 kA
conditions . . . . . ... e e e e e
2.18 Change in glass fuse status under 0.4 kV with the current-based commutation
method . . . . ...
2.19 Post-commutation condition of the glassfuse . . . . . . ... ... ... ...
2.20 Current-based commutation simulation using glass fusedata . . . . . . . . ..
2.21 Commutation delay observed in the experiment with a glass fuse . . . . . . . .

2.22 Premature commutation error in experiment . . . . . . . . . .. ... ... .

3.1 Current and voltage waveforms under explosive conditions . . . . . .. .. ..
3.2 Arcing current model and fully interrupted fuse current showing 4.5 % energy
calculationerrorat 100V . . . . . . . ... L L L
3.3 Arcing current model and minimum energy threshold of a ceramic fuse under
explosive conditions . . . . . . . . ... oL e
3.4 Estimated time to reach the minimum energy threshold in a ceramic fuse explo-
SIONEESt . . . . o L e e e e
3.5 Arcing current model and minimum energy threshold of a glass fuse under ex-
plosiveconditions . . . . . . . .. ...
3.6 Estimated time to reach the minimum energy threshold in a glass fuse explosion
testsimulation . . . . . ... Lo

3.7 The workflow of the current-voltage-based commutation operation . . . . . . .

41

3.8 Circuit diagram for the current-voltage-based commutation validation experiment 43

3.9 Ceramic fuse tested in the experiment . . . . . . . . .. ... ... .. ....
3.10 Microcontroller unit tested in the experiment . . . . . . . . .. ... ... ..
3.11 Actual experimental setup . . . . . . . . . . ...
3.12 Current and voltage waveforms in current-voltage-based commutation experi-

ment using a ceramic fuse under 1.6 kVand 1I0kA . . . ... ... ... ...

X

43



List of Tables

1.1 Comparison between Mechanical, Solid-State, and Hybrid DCCBs . . . . . .

2.1 Resurge and explosion times under different conditions



xi



Chapter 1

Introduction

The growing need for the development and integration of DC systems that include electrical
vehicles, industrial power systems, and renewable energy sources as shown Fig.1.1 has led to
the further development of direct current (DC) circuit breakers (CB) [2]. Because DC CB does
not achieve zero crossing naturally, it has to create an artificial zero point in the current. The

fundamental functions of DC CBs are: 1) the control of the opening and closing of circuits, and

2) the isolation of fault current DC lines in case of faults [3].
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(a) Electrical vehicle (b) Industrial power systems (c) Renewable energy sources

Figure 1.1: DC systems where DC CB is required

Considering the required functions, three main types of DC circuit breakers have been de-
veloped: mechanical DC CB, solid-state DC CB, and hybrid DC CB [4]. A detailed comparison
of the three types of DC CB is presented in Table.1.1. A mechanical DC CB is based on a con-
ventional AC CB but includes a parallel resonant circuit. The LC circuit interrupts by creating
an artificial zero current point [5]. This breaker is usually applied for medium voltage and
power levels [6]. The principle of operation of solid-state DC CBs is based on the interruption
by power electronic devices [7]. Conventional mechanical CBs are cheap and their power loss

is low, but they have some issues with a long shut-off time, oversize, and easy to cause an arc



[7, 8, 9]. On the other hand, traditional solid-state DC CBs are much faster than mechanical
DC CBs without requiring a current zero crossing, but have the disadvantages of power loss and
higher cost [7]. Because of these aspects, a new configuration is usually based on the hybrid

model.

Table. 1.1: Comparison between Mechanical, Solid-State, and Hybrid DC CBs

Mechanical Solid-State Hybrid

Criteria

DCCB DCCB DCCB
Break Time [2, 10] 5~10 ms ~100 us 2~5 ms
Break Current [2, 6, 10] ~4 kA ~6 kA 16~25 kA
On-State Losses [2] Negligible ~100m€2 <5 mQ
Cost (6 kV) [11] 5.8k$ 6.4 k$ 8.7k$
Size [12] Large Compact Large

1.1 Literature review of DC circuit breakers

Hybrid DC CBs are the mainstream solution used in DC transmission and distribution systems
nowadays. After ABB [13] proposed a hybrid HVDC breaker, which has negligible conduction
losses while preserving ultra-fast current interruption capability, several attempts have been
made for new configurations of hybrid DC CBs.

Ou et al. [14] increased the contact threshold current using a cuboid shape with a join of
copper and carbon. Hassanpoor et al. [15] presented several modified snubber designs, which
are appropriate for a bidirectional load commutation switch to run the fast interruption action.
Koyama et al. [16] invented a multiline hybrid DC CB model, which can share semiconductor
breakers. Thus, it is possible to reduce the breaker components. In [17], a thyristor alternated
the semiconductor devices to design a cost-efficient model. Sen er al. [12] used two switches
together with two diodes to effectively break the fault current with minimal arc and reduce the
voltage stress.

However, the switching speed, which is one of the important factors in DC CB, still strongly
depends on the mechanical switch in the system. In addition, a fault current limiter is necessary

to safely interrupt the current when the fault currents exceed 10 kA. There are three types of fault



current limiters: 1) current-limiting reactors, 2) superconductors, and 3) current-limiting fuses.
The first one has a high cost and its efficiency is low, and the second one is expensive to run the
system and has a burning risk. Therefore, considering the cost, efficiency, and complexity, the

current-limiting fuse is desirable [1].

1.2 Fuse-semiconductor hybrid DC circuit breakers

Zen et al. [1] proposed a hybrid DC CB that limits current, which incorporates a current-limiting
fuse and a semiconductor device without mechanical contact. Fig.1.2 shows the proposed DC
CB diagram. This configuration enables the DC CB to achieve both high-speed current lim-
iting and highly reliable current interruption through the combined operation of the fuse and
semiconductor device. The performance of this system has been demonstrated in a low-voltage

system [18], utilizing a fast fuse exchanger to reactivate the DC CB [19].

Current Fuse

>

IGBT

‘g

N

Varistor

N

Figure 1.2: Fuse-semiconductor hybrid DC circuit breaker [1]

The operation mechanism is as follows. In nominal status, the rated current passes through
the fuse branch. If the fault current is injected into the fuse, the element is melted and evapo-
rated. Then, the energy inside is consumed with heat, and the increasing arc resistance makes
an arc voltage higher than the power supply voltage. Therefore, the short-circuit fault current
is limited without reaching a peak. When the limited current is reduced enough, the current

commutates to the Insulated Gate Bipolar Transistor (IGBT) branch. This branch interrupts the



current after a few milliseconds when the inside of the fuse is insulated by cooling. Finally,
the fault current intermission in the hybrid DC CB is completed after the Metal Oxide Varistors
(MOQOVs) absorb the residual energy.

1.3 Research motivation

Initially, the threshold method was utilized to choose the commutation moment in the fuse-
semiconductor hybrid DC CB. The threshold was set by the trial-and-error method, which
requires prior experiments and measurements. Although this method was well implemented
in previous experiments, a more active control method is necessary to safely interact with the
variability and diverse waveforms of the fuse current.

Fuses have been developed and widely applied to protect electrical systems from overcur-
rents or short circuits with the advantage of cost efficiency [20]. However, their operational
characteristic is inherently complex to predict and control due to internal multiphysics phenom-
ena [21]. Consequently, determining the optimal timing to switch the current path based on the
fuse’s status is critical to completing the interruption process in the DC CB. Fig.1.3 shows the
dangerous situation that can happen depending on the commutation failure. Fig.1.3a shows the
IGBT explosion that can occur when the commutation is premature, whereas Fig.1.3b depicts

the fuse explosion situation resulting from delayed commutation.

(a) IGBT explosion under early commutation (b) Fuse explosion under late commutation

Figure 1.3: Risk of explosion due to improper commutation

To solve this risk, Liu ef al. [22] proposed the commutation method using the data of the
fuse current in real-time. This approach presented the fuse state estimation based on the cur-

rent data. However, fuse state estimation using only current data is limited. In this thesis,

4



the previously proposed current-based method is demonstrated through comprehensive experi-
ments under various conditions, accompanied by a deeper analysis. In addition, a commutation

method is proposed utilizing current and voltage data based on the estimation of the fuse state.

1.4 Outline of the thesis

Fig.1.4 represents the outline of the thesis.

In Chapter 1, the foundational background of the hybrid DC CB is discussed, including
its importance and the challenges associated with its development. The concept of integrating
fuses and semiconductors in hybrid DC CBs is introduced, as previously developed by our team.
Furthermore, the necessity of this commutation-focused research for this fuse-semiconductor
hybrid DC CB is highlighted. The chapter concludes with an overview of the thesis structure,
outlining the key objectives and the approach to achieving them.

Chapter 2 focuses on the previously proposed current-based commutation method, provid-
ing a comprehensive explanation of its operating principles and its application in DC CB sys-
tems. Experimental validations are conducted to test the method’s robustness and accuracy
across a diverse range of conditions. The experimental results form the basis for a detailed
analysis of the method to assess its strengths and limitations. This chapter establishes the foun-
dation for understanding the challenges addressed in the subsequent chapters and sets the stage
for proposing improvements to the commutation strategy.

Chapter 3 introduces the energy threshold method as a novel commutation strategy that uses
both current and voltage data to estimate the real-time state of the fuse. The minimum and max-
imum energy thresholds are determined through simulations based on the experimental data ob-
tained in Chapter 2. The effectiveness of the proposed method is validated through experiments
conducted under high-voltage (1.6 kV) and high-current (10 kA) conditions, demonstrating its
reliability and applicability.

Finally, Chapter 4 summarizes the overall content and concludes the thesis by highlighting
the key findings and contributions of this research. Recommendations are also provided based

on the results of this study.
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Chapter 2

Experimental validation of current-based

commutation

2.1 Fuse state estimation using current data

In this section, the previous current-based commutation method [22] will be explained.

2.1.1 Fundamentals of fuses

Initially, it is essential to introduce the fuse blowing process in the successful case of a fault
current interruption achieved solely by a fuse. First, the mechanism of a fuse is based on its
simple structure, which includes a metal conduction part known as the fuse element [23]. Under
nominal conditions, the current passes through the fuse. However, when the current exceeds its
rated value, the fuse element heats up because of the increased temperature and eventually
melts. As the current continues to flow, it passes through the liquid phase of the fuse element,
further increasing its temperature and causing evaporation. The evaporated material ionizes,
leading to the formation of an arc between the gaps inside the fuse. This transition is called
the pre-arc stage, which occurs just before the arc is fully established. Once the arc forms, it
creates a pathway for the current to continue flowing, furthering the fuse element’s melting. As
the metal continues to melt and diminish, the gap widens and the arc channel weakens. Over
time, the weakened arc channel dissipates due to the increased distance, completing the arc
process [24]. The fuse state estimation is performed on the basis of the fundamental principles
of this fuse blowing process.

Fig.2.1 shows the current and voltage waveforms observed in the fuse during two different



scenarios of the fault current interruption process. Fig.2.1a represents a successful interruption
achieved solely by a fuse as described above, while Fig.2.1b illustrates a failed interruption with
the current resurge at t = 25 ms. To avoid the later situation, it is necessary to define and analyze

the fuse status based on the electrical data.
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Figure 2.1: Different fuse current cases

Initially, the fuse current is rapidly limited from the onset of arcing in both cases. In the sec-
ond phase, the rate of current reduction gradually decreases over time. The difference becomes
clear in this phase. In the successful interruption case shown in Fig.2.1a, the current slowly
approaches zero. In contrast, in the second case depicted in Fig.2.1b, the current fails to reach
zero and eventually starts to increase again, which is represented as the third phase. Therefore,
identifying the second and third phases is critical.

To solve this situation, Liu et al. [22] proposed the fuse state estimation method using cur-
rent data on the fuse in real-time to determine the optimal commutation moment. The study
concluded that the difference observed in the second phase of the explosion case indicates a re-
duced current-limiting ability of the fuse. This reduction is attributed to an insufficient medium
surrounding the fuse link, which does not absorb the energy from the fault current effectively.

This characteristic can serve as a key indicator for switching the current path.



2.1.2 Principle of the current-based commutation

The three phases discussed earlier can be observed in the arcing current. Therefore, modeling
and analyzing the arcing current is necessary to understand the fuse’s status. Fig.2.1a shows
the typical current and voltage waveforms during the successful fuse blowing process. Before
the current reaches zero, its gradient varies inconsistently. The literature utilized the resistor-
capacitor (RC) discharging circuit model to represent this curve, which follows an exponential
decreasing curve. Tanaka et al. [25] uses an LCR circuit to model the pre-arcing and arcing cur-
rents separately. The RL circuit represents the pre-arcing current, while the RC circuit models
the arcing current, and they are connected in parallel through a switch. Li ef al. [26] describe
the current and voltage characteristics during arcing as a combination of the capacitor discharge
process and the arc resistance in series. Lee et al. [27] presents a voltage model for the arcing
period, where the initial voltage rise is due to the capacitor charging process, followed by the
discharging process.

The equivalent circuit used to model the fuse current during the arcing period is shown in
Fig.2.2 [25, 26]. This circuit is an RC circuit that includes two switches, the fuse switch and
the arc switch. It represents the dual functionality of the fuse. Initially, the fuse switch is active
before the fuse link melts, which distinguishes the pre-arc stage from the arc stage. When
the arc stage begins, the parallel arc switch becomes active, enabling the RC components to
represent the arcing current.

Lf
- > oo

— I Detector Fuse Switch

oo}
AI'C SWltCh Rarc Carc

Figure 2.2: RC circuit for modeling the arcing fuse current

The current of the discharging RC circuit can be represented in an exponential function.

The following equation can express the mathematical description of the fuse current during the

10



arcing phase.
i(t) = I, eFarcCarc 2.1)

i(¢) is the current estimated in real-time flowing through the fuse, and [, denotes the maxi-
mum current during the arcing period. R, and C,,. determine the shape of the arcing current
model.

Li et al. [26] utilized the fixed values R,,.C,,. to represent the specific arc current. These
values were derived from the current-voltage characteristic plot obtained in experiments. How-
ever, this method is only applicable in successful interruption scenarios. In cases of interruption
failure, which results in re-arcing and a resurge of current in the fuse, the fixed R,,.C,,. val-
ues cannot accurately model the behavior. Fig.2.3 shows that the re-arcing current scenario
needs varying R,,.C,.. values to match the actual current data using the arcing circuit model.
Two distinct R,,,.C,,. values, 0.93 and 1.79, are used to model different sections of the current
data. Consequently, a real-time calculation of dynamic R,,.C,,. values is essential to efficiently

handle multiple cases.
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Figure 2.3: Modeled fuse current during the arcing period using two distinct R,,.C,,. values

(0.93, 1.79) in the re-arcing scenario
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To update R,,.C,,. values in real-time to match actual current data, Liu et al. [22] adopted
the Recursive Least Squares (RLS) algorithm. The RLS algorithm offers the advantages of a fast
convergence rate by reducing the computational cost of processing new current data, and the
target parameters are computed recursively. This advantage enables the effective identification
of R,,.C,, values. By continuously updating the parameters, the RLS algorithm ensures a closer
match with the actual current during the arcing phase, thereby allowing for a more reliable
determination of the current commutation timing.

To apply the RLS algorithm to the commutation process, the RC parameters are integrated
as shown in Equation 2.2.

1
RInICI] = Bln] (2.2)

Using Equation 2.2, the estimation of the fuse state in real-time and the calculation of the

parameters are performed with the RLS algorithm according to the following equations.

In (Iy) — In (I[n] + 6) = Blnltn] (2.3)
B Pln —1]- x[n]
Kl = T Pl = 11 -] 24)
1
Pln] = 2(Pln = 1] = K[n] - x{n] - Pln - 1) (2.5)
Bln] = pln — 1]+ K[n] - e[n] (2.6)

[ is the parameter to be estimated, representing fuse status based on the slope of the decreas-
ing current. The term ¢ is a small value added to prevent the algorithm from abruptly stopping
when the fuse current reaches zero. K denotes the Kalman gain, while P is the error covariance
matrix. x[n] indicates time, which increases continuously. A is the forgetting factor designed to
reduce the impact of noise. Finally, e represents the prediction error.

In their research, Liu et al. [22] analyzed that when the S parameter reaches its peak,
the rate of current decrease is also at its maximum and then starts to decline. This suggests
that the current-limiting capability of the fuse weakens as it transitions into the second phase,
during which the fuse cannot independently make the current reach zero. Thus, the peak of the

parameter § was concluded to be the optimal timing to commutate the current.

12



2.1.3 Workflow of the algorithm

The operation workflow to implement commutation based on the background principle dis-
cussed above is presented in Fig.2.4. Initially, the microcontroller unit (MCU) continuously
collects the current data on the fuse. The collected data are stored using a sliding window
method, which leads the MCU to monitor the current in real-time. Under normal operating
conditions within the rated limits, the system is in State 0. During this time, the semiconductor
switch remains off and the rated current flows through the fuse with negligible resistance instead
of passing through the IGBT.

When consecutive current data exceed the threshold, the system identifies it as a fault con-
dition. Upon detecting the fault, the system moves to State 1.

In State 1, the peak current /, as defined in Equation 2.1, is determined by comparing the
cumulative sums of the current data at the two ends of the data window. When the cumulative
sum of the earlier recorded current data surpasses that of the later recorded data, it indicates that
the current has reached its maximum value in the data set and is starting to decline. Once the
peak current is detected, the system proceeds to State 2, where the calculation of the 5 parameter
begins.

In State 2, the S parameter is continuously estimated in real-time using the RLS algorithm,
as described by Equations 2.3 to 2.6. When the value of S previously calculated exceeds the
value of newly calculated, it means that 5 has peaked during the estimation process. At this
point, the system advances to State 3, and the MCU generates a control signal.

This signal activates the IGBTS, starting the current commutation process. After a fixed
operating time, the MCU sends a turn-off signal to the IGBTsS, shifting the system to State 4 and

completing the interruption process.
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Figure 2.4: The workflow of the current-based commutation operation

The following pseudo-code outlines the implementation of the workflow.
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Algorithm 1 Process data for current-based commutation

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24
25:
26:
27:
28:

1
2
3
4
5:
6
7
8
9

Initialize State, and Current.

. if State = 0 then

if Current > FaultThreshold then
StartTime « CurrentTime
PostSurgeData « CollectData()
State « 1

end if

: elseif State = 1 then

if DetectPeak (PostSurgeData) then
PeakCurrent < FindPeak(PostSurgeData)
PeakTime « CurrentTime
State « 2
else
PostSurgeData « UpdateWindow(Current)
end if
else if State = 2 then
UpdateRLS(Current, PeakCurrent)
if CommutationConditionMet () then
TriggerIGBT()
CommutationTime « CurrentTime
State « 3
end if
else if State = 3 then
if DataCollectionComplete() then
WriteToSDCard(PostSurgeData)
State « 4
end if
end if

> State O0: Detect Fault

> State 1: Detect Peak

> State 2: Perform RLS

> State 3: Finalize Data

2.2 Experimental validation

In previous research by Liu et al.

[22], the current-based commutation method was tested

only once under explosive conditions of 1.5 kV and 5 kA using a ceramic fuse. However, the

safety and reliability of the commutation algorithm must be established for practical application.

Therefore, this chapter tests the commutation method under various electrical conditions using

different types of fuses.

o Fuse explosion experiments

— Ceramic fuse explosion experiment under 1.7 kV and 10 kA
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— Glass fuse explosion experiment under 0.5 kV
e Validation of current-based commutation using a ceramic fuse

— 1.7kV and 10 kA

— 0.95kV and 10 kA

e Validation of current-based commutation using a glass fuse

First, fuse explosion experiments were performed. The experiment involved two configura-
tions, one using a ceramic fuse and the other using a glass fuse. Physical changes in the fuses
were recorded using a high-speed camera along with current and voltage data measurements.
The commutation algorithm was then tested under higher voltage and current conditions such
as 1.7 kV and 10 kA with a ceramic fuse. Additional tests with the same fuse were performed
at 0.95 kV and 10 kA. Finally, a glass fuse was used to further validate the reliability of the
algorithm under conditions of 0.4 kV and 0.5 kA.

2.2.1 Experimental setup

The fuse explosion experiment involves only the fuse itself, which does not require additional
explanation. Therefore, this section focuses on introducing the experimental setups for the other
tests.

The experimental circuit diagram of the fuse-semiconductor hybrid DC circuit breaker used

to validate the current-based commutation algorithm is shown in Fig.2.5.

Current 1 T
urrent . ,
: ............... A C’l R’L
\ 4
Microcontroller iy
Unit Z
Varistor
Fuse
____________________________ IGBT
@ @

Figure 2.5: Circuit diagram for the current-based commutation validation experiment
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The test circuit consists of a fuse in the main branch, an IGBT in the secondary branch, and
MOVs in the third branch. In addition, the circuit includes a resistor connected in parallel with
a capacitor. A Rogowski current sensor with a 2000:1 scaling ratio is placed in the fuse branch,
and the measured current data is sent to the MCU. In this experiment, Teensy 4.1 is used as the
MCU due to its cost efficiency, compact size, and fast computational capabilities. An additional
parallel RC circuit is connected near the IGBT to protect it from malfunctions caused by rapid
current surges and high voltage.

The MCU receives the measured current data through its General Purpose Input/Output
(GPIO) port at a sampling frequency of 50 kHz. A basic window size of 50 was used, with
fault current detection performed using 30 data points. The peak current was identified using a
window size of 20, where three consecutive data points from each end of the peak window were
compared. To minimize the impact of noise, the forgetting factor (1) was set at 0.97.

For the fuse explosion tests, the ceramic fuse with a rated voltage of 1 kV and a rated current
of 50 A was used. It was tested under conditions of 1.7 kV and 10 kA. Similarly, the glass fuse,
with a rated voltage of 250 V and a rated current of 0.63 A, was tested under 0.5 kV. In the
second experiment using the same ceramic fuse, tests were conducted at 1.7 kV and 10 kA, as
well as 0.95 kV and 10 kA. Finally, the glass fuse was tested again under the same conditions
of 400 V and 500 A.

For the experiment using a ceramic fuse, the parallel RC circuit on the IGBT branch consists
of a 10 Q resistor in parallel with a 642 uF capacitor. For the experiment using a glass fuse,
the resistor is replaced with a 0.5 € resistor. When the current path switches to the IGBT
branch, the capacitor initially offers very low impedance, much lower than that of the fuse,
allowing the current to transition smoothly to the IGBT branch. As the reactance of the capacitor
increases with time, the current begins to flow through the resistor, which still provides lower
resistance than the fuse. This keeps the continuous current flowing through the IGBT branch

while protecting the IGBT from excessive current and voltage.

2.2.2 Experimental results

o Fuse explosion experiments

— Ceramic fuse explosion experiment under 1.7 kV and 10 kA
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t = 0.483 ms ( Peak Current ) t = 15.1 ms ( Fuse Explosion )

(a) Ceramic fuse status at the peak current point (b) Ceramic fuse status at the onset of explosion

g

t = 16.187 ms ( Resurge ) t=26.187 ms"

(c) Ceramic fuse status at the onset of current (d)Ceramic fuse status after 10 ms from the current

resurge resurge

Figure 2.6: Change in ceramic fuse status under 1.7 kV and 10 kA
To observe the physical state changes of the ceramic fuse, a high-speed camera recorded
the fuse in real-time while simultaneously capturing current and voltage data. Fig.2.6 presents

images of the fuse at specific moments, which are compared with the corresponding electrical

data shown in Fig.2.7.
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Figure 2.7: Current and voltage data of the ceramic fuse under 1.7 kV and 10 kA

The arcing phase begins with a voltage surge at # = 0.483 ms. During this moment, no visual
changes are captured by the high-speed camera due to the casing of the fuse. Atr = 15.1ms,
a small light becomes visible in the camera. In this context, the explosion of the ceramic fuse
is identified as the moment when light is captured first by the camera. Therefore, this moment
marks the start of the explosion of the ceramic fuse. Although the explosion is visually evident
in the camera, the current and voltage data shown in Fig.2.7 indicate that the system is still in
the second phase, as defined in Section 2.1.1, where a low current continues to flow.

As the current begins to resurge at t = 16.187 ms in the recorded data, the current passing
through the external arc of the fuse becomes more apparent, as depicted in Fig.2.6c. Subse-
quently, Fig.2.6d presents the fuse status 10 ms after the resurge event. Finally, the condition of
the fuse at the end of the explosion test is shown in Fig.2.8. From this image, the light observed
in Fig.2.6d is interpreted as fire. This experiment reveals that the physical explosion of the fuse

does not coincide with the current surge.
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Figure 2.8: Post-test condition of the ceramic fuse

e Fuse explosion experiments

— Glass fuse explosion experiment under 0.5 kV

Basically, the ceramic current-limiting fuse is made of a thin wire or ribbon element coil,
which is called a fuse link around a form and enclosed in an insulating ceramic tube filled with
sand [28, 29]. On the other hand, the glass fuse is encased in a transparent glass tube, which
does not contain additional material inside [30].

In this experiment, a glass fuse with a rated voltage of 250 V and a rated current of 0.63
A was used. Separate explosion experiments were conducted for the glass and ceramic fuses
because of their distinct structures and components, which are expected to exhibit different char-
acteristics. Additionally, the transparent tube of the glass fuse allows for a clearer observation

of the status of the fuse.
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t = 0.14 ms ( Peak Current ) t=0.3ms

(a) Glass fuse status at the peak current point (b) Glass fuse status at the first resurge

t=22.41 ms (Resurge ) t = 22.466 ms (Fuse Explosion )

(c) Glass fuse status at the second resurge (d) Glass fuse status at the onset of explosion

Figure 2.9: Change in glass fuse status under 0.5 kV
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Figure 2.10: Current and voltage data of the glass fuse under 0.5 kV

The status of the glass fuse during the explosion is shown in Fig.2.9. The corresponding
current and voltage waveforms are presented in Fig.2.10a. At ¢ = 0.14 ms, the current peaks
with a surge in voltage that marks the beginning of the arcing phase. During this phase, the

current flows through the internal fuse link, and no visible changes are observed in Fig.2.9a.
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Different characteristics of the glass fuse waveform appear in the zoomed plot in Fig.2.10b.
Unlike the ceramic fuse, where the arcing current has a smooth curve before the resurge, the
glass fuse shows a resurge shortly after rapid current limitation. This resurgence occurs at
t = 0.3 ms and is captured in Fig.2.9b. A second resurge occurs at ¢ = 22.41 ms just before the
explosion. At this point, the arc fills the entire glass tube as shown in Fig.2.9c. Att = 22.466 ms
the glass fuse explodes. The explosion is defined as the moment the glass tube fractures.

The following figure shows the glass fuse after the experiment. Due to the high pressure
and energy generated during the explosion, only the metal cap remains. This demonstrates how

a fuse explosion can pose a serious danger to the entire system.

Figure 2.11: Post-test condition of the glass fuse

e Validation of current-based commutation using a ceramic fuse

— 1.7kV and 10 kA

The current-based fuse state estimation is validated in this experiment using a ceramic fuse
under explosive conditions of 1.7 kV and 10 kA. Fig.2.12 shows the current and voltage wave-
forms observed during the current interruption process. The fault current is initiated at t = O ms
and increases to 2.3 kA by # = 0.51 ms. When the current peaks, the fuse link ignites, producing

an arc voltage that signifies the start of the arcing phase. Subsequently, the current decreases
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rapidly until # = 2.1 ms. At this point, the current path is switched from the fuse to the IGBT
branch by turning on the IGBT.

The IGBT is turned off at + = 7.394 ms, completing the current interruption process in
the fuse-semiconductor hybrid DC circuit breaker. The IGBT is set to remain active for 5 ms to
ensure sufficient insulation of the fuse and prevent re-arcing. However, due to the current tailing
characteristic of the IGBT, the interruption is delayed by a few microseconds [31]. During
IGBT operation, the current through the IGBT path initially increases briefly because of the
low resistance. The current then decreases and stabilizes at approximately 173 A. A similar

effect occurs when the IGBT is turned off as the varistors absorb the residual energy.
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Figure 2.12: Current and voltage waveforms in current-based commutation experiment using a

ceramic fuse under 1.7 kV and 10 kA

To initiate the IGBT operation, the MCU monitors the current data in real-time and calcu-

1

lates the S value, which represents the dynamic -

to model the arcing current. The recorded
B value is shown in Fig.2.13. At ¢t = 0.74 ms, the g value calculation begins. The gap between
the peaks observed in Fig.2.12 and in Fig.2.13 occurs because the algorithm uses a sliding win-
dow method, which requires a specific amount of data to identify the maximum current. The

calculated S8 value increases until + = 2.1 ms, and a signal is sent to the IGBT. It was observed
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that the GPIO signal from the MCU activates the IGBT immediately, without delay.
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Figure 2.13: B value calculated and recorded in MCU (Teensy 4.1) under 1.7 kV and 10 kA

conditions

e Validation of current-based commutation using a ceramic fuse

— 0.95kV and 10 kA

In this experiment, the same ceramic fuse was tested for current-based fuse state estimation
at a voltage of 0.95 kV. Fig.2.14 shows the current and voltage waveforms recorded during the
experiment. The waveforms are similar to those observed in the previous experiment conducted
at 1.7 kV. The peak current is approximately 1.9 kA and is detected at + = 0.75 ms, where
the arc channel forms as the fuse metal link melts. As the gap in the fuse link widens, the
plasma channel weakens, reducing the current flow [24]. Att = 2.214 ms, the IGBT is activated
and the current decreases from 0.27 kA to zero. The current path is successfully transferred
to the semiconductor branch. After 5 ms, the IGBT is turned off, completing the operation at

t =7.482ms
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Figure 2.14: Current and voltage waveforms in current-based commutation experiment using a

ceramic fuse under 0.95 kV and 10 kA
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Figure 2.15: B value calculated and recorded in MCU (Teensy 4.1) under 0.95 kV and 10 kA

conditions
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Fig.2.15 shows the calculated data to determine the commutation time. The parameter 8
was calculated from ¢ = 0.88 ms. Its value was increased until £ = 2.1 ms, where the maximum
value 8 was identified. Based on this calculation, a control signal is sent to the IGBT via GPIO.
At this point, the on-state resistance of the IGBT is lower than that of the fuse, allowing the

current to flow through the IGBT branch.

e Validation of current-based commutation using a glass fuse

To observe internal changes and verify the algorithm’s performance in various situations, a
glass fuse was used in this experiment. The experiment was performed at 0.4 kV and 0.5 kA.
Fig.2.16 shows the current and voltage waveforms during the experiment. A unique characteris-
tic of the glass fuse’s current waveform is visible in the figure. The maximum current during the
arcing process occurred at t = 3.97 ms, after a 2.5 ms delay from the pre-arcing peak current.

The IGBT was turned on at t = 6.04 ms and turned off at r = 11.45 ms, 5 ms later.
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Figure 2.16: Current and voltage waveforms in current-based commutation experiment using a

glass fuse under 0.4 kV

Fig.2.17 shows the S calculation for this experiment. Based on the characteristic of the

current waveform in Fig.2.16, the 8 value was calculated from ¢ = 1.4 ms, much earlier than the
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actual peak of the arcing current. In this situation, the pre-arcing peak current was identified as
the peak, and due to the sliding-window method’s delay, the S8 calculation for State 2 started at
this point. The limitations of this situation will be discussed in the next section. After starting
the calculation, the value of 5 remained small until the arcing process began at ¢ = 3.97 ms. The

B value reached its peak at t = 6.04 ms, when the signal was sent.
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Figure 2.17: 8 value calculated and recorded in MCU (Teensy 4.1) under 0.4 kV and 0.5 kA

conditions

The following figure depicts the internal change of the glass fuse during the commutation
process. When the arc formed at r = 3.97 ms, the light started from the fuse cap and followed the
fuse metal link. At r = 6.04 ms, when the MCU sent the operating signal, the arc filled the fuse
glass tube. A much weaker arc was shown in Fig.2.18c, after 0.5 ms from IGBT activation. This
indicates that the commutation effectively switched the fuse current to the IGBT, preventing an

explosion. After 3 ms, it is observed that the arc disappeared completely.
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(a) Glass fuse status at the peak current (b) Glass fuse status at the commutation initiation

t=6.54 ms t=9.04 ms

(c) Glass fuse status after 0.5 ms from the commu- (d) Glass fuse status after 3 ms from the commuta-

tation initiation tion initiation

Figure 2.18: Change in glass fuse status under 0.4 kV with the current-based commutation

method

The glass fuse after the commutation experiment is shown in Fig.2.19. Compared to Fig.2.11,
the glass tube remained intact. The brown residue on the tube was caused by the high energy

and heat generated by the arc.
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Figure 2.19: Post-commutation condition of the glass fuse

2.3 Discussion

In the previous section, the current-based fuse state estimation method for determining the
commutation time was validated under various conditions. Based on these experimental results,

this section discusses the analysis and limitations of the current-based method.
2.3.1 Analysis of the current-based commutation
First, the arcing current is modeled as follows in the current-based method:
l(l’) = IO . eﬁéam (27)
— Iy (2.8)

1
RB.I'C CZII‘C

The method identifies the optimal commutation time when , defined as the 8 parame-

ter, reaches its peak value. The S parameter is expressed using Equation 2.7 as follows:

di

;_(tt) =Iy-(-p)-e™ (2.9)
%

B= _E (2.10)

To find when g reaches its maximum value, the first-order derivative of  is given as:

iy (di@

d_ﬁ__i(t)'w (dt )2

= 2.11
dt i(1)? @11
There are two cases where 3 reaches its peak, and the first is shown below:
di(t)
— =0 2.12
o (2.12)
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From Equation 2.12, 8 reaches its peak before the current gradient becomes zero. During the
arcing phase, § is positive until the current rises again. If Equation 2.12 is satisfied, 8 becomes
zero according to Equation 2.10. Therefore, the peak occurs just before this moment. This case
usually occurs in the glass fuse current waveform, where two current resurges are present, as
shown in Fig.2.10.

The second case occurs when the first- and second-order derivatives of the current satisfy a

specific ratio:

dLi)  din)
e _  dt
pIige @15

dt
This situation is common in ceramic fuses, where the current waveform during arcing is
smooth.
The parameter § in this situation can be understood as the stability of the current system, as
shown below:

I
s+

An increase in S indicates that the current system converges more rapidly, meaning that the

1(s) = (2.14)

fuse’s limiting ability is still effective. On the other hand, a decrease in 8 shows slower current
convergence, which implies that the fuse’s limiting ability is weakening. From this perspective,

the peak value of 8 represents the optimal moment for commutation.

2.3.2 Limitations of the current-based commutation

Although the current-based commutation method works in various situations, some limitations

are still observed in the experiments.

e Gap between the physical phenomena and current data

Table 2.1 compares the actual resurge and explosion times under various conditions. The
resurge and explosion times are close but not exactly the same. In the third case, the explosion
occurred more than 2 ms earlier than the resurge. This shows that relying only on current data

1s not accurate enough.
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Table. 2.1: Resurge and explosion times under different conditions

Fuse type (rated value) Condition Resurge (ms) Explosion (ms)

Ceramic (1 kV, 50 A) 1.7kV 16.19 15.10
Glass (250 V, 0.63 A) 500 V 22.41 22.47
Glass (250 V, 10 A) 400 V 11.18 8.70

e Delay in sending the signal to IGBT

There is a delay between the simulation and the experiment. Fig.2.20 presents the results
of the algorithm simulation. According to Equation 2.9, the signal should be triggered when
the current gradient changes from negative to positive. In the simulation, the commutation is
determined at the moment when the first-order derivative of the current becomes zero.

However, as shown in Fig.2.21, the experiment demonstrates that commutation occurs at
t = 0.967 ms, with a delay of 0.772 ms from the first resurgence. This delay arises because the
RLS algorithm relies on past data, making it sensitive to the sampling frequency. Furthermore,
the maximum MCU processing frequency is constrained in real-time applications, causing a

gap between the simulation and experimental results.
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Figure 2.20: Current-based commutation simulation using glass fuse data
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Figure 2.21: Commutation delay observed in the experiment with a glass fuse

e Premature commutation error

As described in Section 2.2.2, the 8 value can be calculated before the arcing phase begins.
This may lead to premature commutation, where the fault current is switched to the IGBT before
it is sufficiently limited for interruption.

Fig.2.22 presents the experimental results when the pre-arcing current peak occurs sepa-
rately from the arcing current peak. In this case, the 8 parameter starts to be calculated from the
pre-arcing peak, causing the IGBT signal to be sent prematurely at t = 5.455 ms. Consequently,

the IGBT was unable to interrupt the fault current.
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Figure 2.22: Premature commutation error in experiment

e Commutation operation when fuse-only interruption is feasible

Lastly, in some cases, current-based commutation is activated even when the fuse alone can
fully interrupt the fault current. This adds extra operating time for the IGBT. As a result, the
overall interruption process of the hybrid DC CB is delayed. Such delays affect an important

factor in evaluating the performance of the DC CB.
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Chapter 3

Proposal and experimental validation of

current-voltage-based commutation

To overcome the limitations mentioned in the previous chapter 2.3.2, this chapter proposes a
current-voltage-based method to initiate the commutation. Specifically, the energy criterion is

applied to determine the commutation time.

3.1 Energy threshold calculation based on the simulation

In Fig.2.1, the fuse status was divided into three phases. Under explosive conditions, different
waveform characteristics appear in the second phase, and the fuse explodes in the third phase.
The goal of sequence control using the commutation method is to identify the optimal time to
change the current path after the fuse has efficiently limited the energy but before it explodes.
Fig.3.1 shows the peak current moment and the current resurge under conditions of 1.7 kV
and 10 kA, which are explosive. The current-based fuse state estimation analyzes these current
data. To determine a more precise commutation time while considering the fuse’s current-

limiting capability, minimum and maximum energy thresholds are calculated.

35



8000 2500

i Peak
(0.496 ms)

Resurge

——Fuse Current| |

7000
—Voltage <
2000

6000 1
<( 5000 1500 2.
= ] ()
[

4000 o)
2 S
> )
& 3000 11000 QO

2000 ]
500
1000

(|t [ I I B [ [ [ Loy
0 10 20 30 40 50 60 70 80

Time [ms]

Figure 3.1: Current and voltage waveforms under explosive conditions

3.1.1 Minimum energy threshold calculation

This section begins with a brief recap of Section 2.1.2. In that section, the discharging RC

circuit was introduced as the arc current model proposed by Tanaka et al. [25] and Li et al.

[26]. In their studies, 7 1c - was empirically derived. However, under explosive conditions,

1

a single fixed value of ——

cannot accurately model the system, as shown in Fig.2.3. This

limitation led to the introduction of the RLS algorithm in current-based commutation [22] to

1
RZII‘C Carc '

estimate the dynamic

This implies that if the real-time energy of the fuse exceeds the energy limit modeled by a
1

b
R arc Carc

single it may indicate the scenario in which the fuse cannot interrupt the fault current

1
R arc Carc

independently. Therefore, the initial derived from previous explosive data is used to
calculate the minimum energy threshold.

Fig.3.2 shows the current and voltage of the fault when the fuse perfectly limits the current
under a 100 V condition. The green line is the modeled arcing current using the initial value of
R.Cyre, and at this time the saturated energy gap is 2.345 J, which is about 4.5 % difference

from the real cumulated energy. This result shows that the minimum energy threshold, which
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is the energy accumulated when the fuse can stop the fault current, can be obtained using the

initial value R,,.C ..
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Figure 3.2: Arcing current model and fully interrupted fuse current showing 4.5 % energy

calculation error at 100 V

e Simulation of the minimum energy threshold for a ceramic fuse

Based on the simulation results shown in Fig.3.2, the minimum energy threshold is calcu-
lated using explosive data obtained previously for a ceramic fuse and a glass fuse, respectively.
Fig.3.3 presents the simulation of the minimum energy threshold for a ceramic fuse. Fol-
lowing the procedure described in the previous paragraph, the arcing current is derived using the

initial

lecm and the peak current during the arcing phase. The cumulatively calculated energy,
based on the modeled arcing current and voltage data from the peak current (r = 0.496 ms), is

shown as a purple dotted line. The energy saturates at 3.852 kJ.
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Figure 3.3: Arcing current model and minimum energy threshold of a ceramic fuse under ex-

plosive conditions
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Figure 3.4: Estimated time to reach the minimum energy threshold in a ceramic fuse explosion

test
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Fig.3.4 illustrates the estimated time at which the cumulative energy reaches the minimum
energy threshold from the previous experiment. At ¢ = 2.2865 ms, the fuse energy exceeds the
minimum energy threshold, indicating that the fuse cannot interrupt the fault current on its own

under this condition.

e Simulation of the minimum energy threshold for a glass fuse

The same simulation is conducted for a glass fuse.

Fig.3.5 depicts the simulated minimum energy threshold with the arcing current model. In
this simulation, the energy saturates at 52.6405 J, which is reached during the explosion test
at t = 4.855 ms, as shown in Fig.3.6. The minimum energy threshold is applied after the first

resurge, but before the current saturates in the second phase.

1000 T T T T 100
900 - —Fuse Current 1P
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700 - - --Cummulative Energy  [170
<. = 600} o 160 .
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Figure 3.5: Arcing current model and minimum energy threshold of a glass fuse under explosive

conditions
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Figure 3.6: Estimated time to reach the minimum energy threshold in a glass fuse explosion test

simulation

3.1.2 Maximum energy threshold calculation

To set the maximum energy threshold, Joule’s law is applied using the previous experimental

data:

Z I[n] - V[n] - At (3.1)

The observed current and voltage data are calculated with the sampling interval. Therefore,
the maximum energy threshold is determined as 14.431 kJ using Equation 3.1 with current and

voltage data up to 25 ms, just before the current surges again.

40



3.1.3 Workflow of the algorithm
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Figure 3.7: The workflow of the current-voltage-based commutation operation

The workflow of the proposed method is shown in Fig.3.7. State 0 and State 1 are identical to

those in the current-based commutation method. The difference lies in State 2, where the fuse

energy is calculated from the peak current and compared to the energy criterion. If the condition

is met, a trigger signal is sent to the IGBT.

The pseudo-code for this workflow is provided below.
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Algorithm 2 Process data for current-voltage-based commutation

1: Initialize State, Current, and other required variables.
2: if State = 0 then > State 0: Detect Fault
3 if Current > FaultT hreshold then
4 StartTime <« CurrentTime
5: PostSurgeData < CollectData()
6 State — 1

7 end if

8: end if

9: if State = 1 then > State 1: Detect Peak
10: if DetectPeak(PostS urgeData) then

11: PeakCurrent « FindPeak(PostS urgeData)

12: PeakTime «— CurrentTime

13: State « 2

14: else

15: PostSurgeData < U pdateWindow(Current)

16: end if

17: end if

18: if State = 2 then > State 2: Calculate Energy
19: UpdateEnergy(Current, Voltage)

20: if CommutationConditionMet() then

21: TriggerlGBT()

22: CommutationTime «— CurrentT ime

23: State < 3

24: end if

25: end if

26: if State = 3 then > State 3: Finalize Data
27: if DataCollectionComplete() then

28: WriteT oS DCard(PostS urgeData, VoltageData, EnergyData)
20: State — 4

30: end if

31: end if

3.2 [Experimental validation

3.2.1 Experimental setup

The experimental circuit diagram is shown in Fig.3.8. Teensy 4.1 is applied as the MCU, and the
MCU observes the current and voltage data in 50 kHz sampling frequency on the fuse branch
with the calculation of the energy in real-time. It sends the operating signal to the IGBT when
the accumulated energy is over the criterion. The R; and C; in the diagram is the RC circuit

to protect the IGBT from the rapid increase in current and the high voltage, and 10  and 642
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uF, respectively. The experiment was carried out at 1.6 kV and 10 kA of the DC system. The
applied energy criterion is 9 kJ, which is the medium value of the minimum (3.852 kJ) and

maximum energy (14.431 kJ) threshold.

——- i
Current J_ C;

Unit

] ©
Microcontroller , 7

Varistor

IGBT

Figure 3.9: Ceramic fuse tested in the experiment

The ceramic fuse used in the experiment is shown in Fig.3.9. The fuse size is approximately
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5.5 times that of a 500 JPY coin, with a rated voltage of 1 kV and a rated current of 50 A.

The MCU configuration is presented in Fig.3.10. Five GPIO channels are used to handle
the data. The ”V” cable detects the voltage across the fuse, while the ”C” cable measures the
current. The ”"PL” channel sends a trigger signal to the gate driver connected to the IGBT when
the trigger condition is met. The "MI” channel sends a signal to deactivate the IGBT by applying
a negative voltage, preventing the operation caused by noise. Finally, the ”OS” channel allows
monitoring of the MCU state through an oscilloscope. In addition, a bulb connected to the

circuit changes color based on the state of the MCU, providing a visual indication.

Figure 3.10: Microcontroller unit tested in the experiment
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The following figure shows the entire experimental setup for the validation of the current-
voltage-based commutation method. To prevent damage from potential explosions, the experi-
mental circuit breaker, including components such as fuse, IGBT, and varistors, is placed in a
room with durable walls. The MCU processes data from a current sensor with a magnification
of 2000x and a voltage amplifier with a magnification of 1000x. This setup is necessary because
the maximum voltage that Teensy 4.1 can handle is limited to 3.3 V. To detect up to 1.6 kV, the
voltage amplifier is essential for the experiment. The same data is also observed through the

oscilloscope, allowing the operation of the MCU to be monitored simultaneously.

Figure 3.11: Actual experimental setup

3.2.2 Experimental results

Fig.3.12 shows the results. At ¢ = 0.521 ms, the arcing phase begins after the maximum current.
From this point on, the energy is calculated and continuously compared to the criterion. At
t = 24.330 ms, the accumulated energy reaches the energy criterion, which triggers the IGBT.
In the oscilloscope data, the cumulative energy until commutation is recorded as 8.983 klJ,
showing a 0.18% deviation from the energy criterion. This demonstrates that the MCU correctly
estimates both current and voltage data simultaneously. The current path switches to the IGBT
branch for 5 ms to isolate the fuse and prevent re-arcing. At ¢ = 29.552 ms, the IGBT is turned

off, completing the interruption.
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Figure 3.12: Current and voltage waveforms in current-voltage-based commutation experiment

using a ceramic fuse under 1.6 kV and 10 kA

In this experiment, a single energy threshold was applied. The results confirm that the
current and voltage data were obtained accurately and the energy was calculated precisely.
Therefore, both the minimum and the maximum energy thresholds can be utilized in future
applications. This approach prevents premature commutation, which could cause IGBT failure,

and late commutation, which could result in fuse explosion.

3.3 Summary

In this chapter, the current-voltage-based commutation method was proposed. The energy
threshold was used to estimate the fuse state in real-time.

The minimum energy threshold was simulated using the arcing current model with a single

1

7—c— Vvalue derived from previous experimental data. The maximum energy threshold was
arc~arc

simulated on the basis of Joule’s law, with the energy calculated using the data collected up to
the resurge.

Based on this simulation, the energy criterion was established at 9 kJ and validated under
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experimental conditions of 1.6 kV and 10 kA. The results demonstrated that the energy was
accurately calculated in real-time and that the commutation was successfully started at ¢t =
24.330 ms.

This approach addresses the limitations mentioned in Section 2.3.2. First, since the commu-
tation method is based on energy, it provides a clearer explanation of the physical state of the
fuse and the internal phenomena. Additionally, this method does not rely on the RLS algorithm
to determine the commutation time, eliminating delays. The premature commutation error is
resolved by the minimum energy threshold, which prevents commutation from occurring until
the accumulated energy exceeds the threshold. This threshold also ensures that commutation

does not occur when the fuse can independently interrupt the fault current.
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Chapter 4

Conclusions and recommendations

4.1 Conclusions

This thesis focuses on fuse state estimation to determine the optimal commutation time for
changing the current path in a fuse-semiconductor hybrid DC circuit breaker (CB) [1].

Although fuses have a simple structure, their operational characteristics are highly com-
plex due to internal multiphysics phenomena [21]. To model these phenomena quantitatively,
complex mathematical equations must be solved using various data, including thermal and elec-
trical data [23]. This complexity makes it difficult to predict and control fuse performance in
real-time.

The fuse-semiconductor hybrid DC CB simplifies this problem from a control engineering
perspective, using the IGBT to regulate the fuse current. To actively determine commutation
time, a current-based fuse state estimation method was proposed in previous research [22].
However, this method was validated under limited conditions using only a ceramic fuse. In this
thesis, the versatility and applicability of the method were tested under various conditions.

The method was tested under three conditions, with two additional explosion experiments

as follows:
e Fuse explosion experiments

— Ceramic fuse explosion under 1.7 kV and 10 kA

— Glass fuse explosion under 0.5 kV

e Validation of current-based commutation with a ceramic fuse
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- 1.7kV and 10 kA

— 0.95kV and 10 kA
e Validation of current-based commutation with a glass fuse

The current-based method worked properly in these experiments. It was observed that the

commutation condition was satisfied in two cases:

di(t)

7 =0 4.1
7 4.1)
d%i(r) di(r)
dr? dt

C = L (4.2)
di()
R,

In the glass fuse waveform, commutation occurred generally when the current gradient
changed from negative to positive. In the ceramic fuse waveform, commutation occurred when
the first-order and second-order derivatives of the current data met a specific ratio.

However, several limitations of the current-based method were identified:
e Gap between physical phenomena and current data

e Delay in sending the signal to the IGBT

e Premature commutation error

o Commutation operation when fuse-only interruption is feasible

To address these limitations, this thesis proposes a current-voltage-based fuse state estima-
tion method. The method uses an energy criterion to determine the commutation time, combin-
ing current and voltage data. Minimum and maximum energy thresholds are applied to set the
criterion.

The minimum energy threshold was simulated using the arcing current model [25, 26] with

1

a single Rl

value derived from previous experimental data. The maximum energy threshold
was simulated based on Joule’s law, calculating energy from data collected up to the current
resurge.

The simulation results set the energy criterion at 9 kJ, the midpoint between the simulated
minimum and maximum thresholds. The method was tested under conditions of 1.6 kV and

10 kA, where commutation successfully triggered IGBT. While this experiment used a single
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criterion, future applications could incorporate multiple thresholds, including minimum and
maximum thresholds.

The proposed method and experimental results show that the limitations of the current-based
method can be addressed. The current-voltage-based method observes energy, allowing for a
clear estimation of the physical state of the fuse. In addition, the delay caused by the RLS
algorithm is removed. The minimum energy threshold prevents premature commutation by
ensuring that the trigger signal is sent only after the accumulated energy exceeds the threshold.
This also ensures that commutation does not occur when the fuse can independently interrupt

the fault current. These improvements enhance the reliability of commutation in the system.

4.2 Recommendations for future research directions

Although current-voltage-based fuse state estimation provides a reliable commutation method,
several challenges remain.

Real-time minimum energy threshold calculation. In this study, the energy threshold is deter-

1
R arc Carc

mined through simulations based on experimental data. However, the parameter can
be calculated in real-time. Therefore, implementing a real-time minimum threshold calcu-
lation should be further studied.

Application of parallel energy criteria. The energy criterion in this study is based on the average
value of the minimum and maximum thresholds. To improve interruption speed and safety,
it is suggested to validate the current-voltage-based commutation method using parallel
criteria with both thresholds.

Fuse state estimation after commutation initiation. This research proposes a method to initiate
commutation. Experimental results show that the plasma channel in the fuse disappears
within 0.02 ms after the trigger signal is sent, reaching zero current. To further optimize the

interruption process, it is recommended to study the IGBT operating time for effective fuse

cooling and insulation based on fuse state estimation.
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