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Abstract

With increasing scale of usage for renewable energy resource, DC micro-grids system becomes
more and more popular for the application of different kinds of power electronics in DC. How-
ever DC arc fault introduces major safety concerns due to the randomness and instability,
especially absence of zero current crossing, which makes it is hard to be detected and elimi-
nated. In this thesis, a novel proposed series dc arc detection methods were validated both
in theoretical simulation by MATLAB and in real-time experiments by creating real arcing
in the constructed equivalent DC system. By changing the parameters and type of both the
circuit and the setting of detection method, the arc detection performs with sensitivity, se-
lectivity, speed and reliability harvested. Additionally, the research and practical tests have
also been conducted to study the characteristics of series dc arc, which contributes to the
determination of the appropriate setting value for the arc detection algorithm.
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Chapter 1

Thesis Outline and Research
Objectives

Among the different kinds of reasons why there is an increasing trend of application of Direct
Current (dc) micro-grids system in power electronics system, the most important one is that
the ease of integration with renewable energy resource and the energy storage units, which
meets the demand of the direction for the development of future power systems [1].

While dc micro-grids offer many advantages, challenges still remain.

The randomness and instability of series dc arc makes it is difficult to be detected and series
dc arc is quite hard to be extinguished automatically as there is no zero crossing of current
during the normal operating condition. This can cause damage to the system and the en-
danger the equipment attached. protection issues have hindered the widespread of the dc
micro-grids [2].

DC arc fault introduces major safety concern in a wide variety of power electronic appli-
cations. As a consequence, a reliable, accurate and speedy series dc arc detection method is
needed to solve these issues and to open the door of future for the dc micro-grids systems.

The work described in this thesis aims to investigate the arc characteristics and develop
an arc detection method, which will then be applied to detect the series arc faults by mea-
suring some general electrical quantities, as a consequence the power electronic converter can
be controlled to take suitable actions to prevent or significantly reduce the damage caused by
arc fault and improve the safety of the DC micro-grid system.

As for the project about the series arcing detection method development and validation,
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2 Thesis Outline and Research Objectives

the following research questions are addressed:

e How rapid and selective is the designed series arc detection algorithm to arcing at point
of common coupling?

e What is the influence of circuit parameters (V, I, L, C) on the series arc behavior and
measured load voltage practically?

e How does the designed arc detection algorithm respond to series arcs in terms of sensi-
tivity and selectivity experimentally?

e What is the impact of varying system conditions and set threshold voltage on the
sensitivity and selectivity of the arc detection algorithm?

In this thesis, the proposed arc detection algorithm is described and validated both through
simulations and experiments to show the selectivity and sensitivity when the arc fault is ini-
tiated at DC-side of the circuit network.

The experiments is designed to determine the influence on the characteristics of the series dc
arc by changing value of the dc source voltage, the load current, the cable inductance and
the input load capacitance. Based on the experimental data, the results would be depicted
to show the different response of the series dc arc under different conditions of circuit param-
eters, which would offer more information for setting the triggering value of the series dc arc

detection method.
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Chapter 2

Motivation

Nowadays, apart from air and water, energy has become a basic necessity of daily life.

Along with the rapid development of the modern society, more and more energy is needed to
meet the growing demands of the human beings. However, the main source of energy used
today is fossil fuel which not only reduces day by day, but also causes seriously environmental
pollution that has already threaten the safety of life on Earth.

With the properties of greenness and sustainability, the renewable energy resources such
as wind, solar and tide are now receiving more and more attention. To cope with the issues
caused by the conventional fossil energy, many governments in the world have published out
the energy policy in order to increase the requirement of the penetration of renewable energy
resources among the total energy consumed. For instance, the California government U.S.,
would increase the usage of renewable generation up to around 33% by 2020 [3].

Since the increasing demand of energy would bring in some new problems like heavy power
cuts and also many people live in the remote or rural area which are disconnected from the
central power supply grid, an isolated electric power system micro-grid technologies appears
to solve these problems proposed before [1].

LV distribution systems with distributed energy resources (micro-turbines, PV, fuel cells,
etc.) together with energy storage devices (batteries, energy supercapacitors and flywheels)
and flexible loads, micro-grids can be operated either in a non-autonomous way, if intercon-
nected to the grid, or in an autonomous way, if disconnected from the main grid [4]. The
operation and management of micro-sources in the network can provide distinct benefits to
the performance of the overall system, if managed and coordinated effectively and efficiently.
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4 Motivation

Micro-grid is an integration platform for supply-side (microgeneration), storage units and
demand resources (controllable loads) located in a local distribution grid, and a micro-grid
should be capable of handling both normal state (grid-connected) and emergency state (is-
landed) operation. While micro-grid penetrated by micro-sources lies mainly in terms of
management and coordination of available resources, which make is different from a passive
grid [5].

Being regarded as a bridge between the traditional centralized grid and the future distributed
and real-time power demand grid, micro grids are becoming more and more popular.

Because these is no impacts of proximity effect and skin effect which usually happen in the
Alternating Current (ac) condition [5], the dc micro-grid also shows the high potential for
improving the flexibility and ability of the electronic utilities and boosting the compatibility
of power load which has made the dc micro-grid to be the optimum solution to have the ease
integration with renewable energy sources and the energy storage devices.

Although the power electronics units and conversions are simplified in dc¢ micro-grids, the
system protection also attracts more attention due to the absence of zero crossing of the
current [6]. In order to ensure the reliable operation of the DC micro-grid, it is important to
study the faults may occur during operating period. In the DC micro-grid, the position of
fault may change from the bus line to any feeder lines [7], the possible faults can be sorted
into three different types:

1. the pole-to-pole short circuits faults usually with low fault impedance;

2. the pole-to-ground short-circuits faults with either low or high impedance;

3. the arc faults.
Based on the location with respect to the load, the arc faults can be divided into two cate-
gories: series arc and parallel arc [8]. Between these two types of faults, the series arc fault
which is defined by arc being in series with the load is more common [9]. Thus this thesis
will focus on the series arc by designing and building the experiment setup to investigate the

arc characteristic and proposing the arc detection algorithm which will be verified both in
theoretically and experimentally.

The series arc faults occur accidentally at unintended points of discontinuity in the elec-
trical system as the result of the contactors separation may be caused by the imperfections
such as loosing connector, aging cable splices and insulation deterioration.

Since there is no current zero-crossing, the series dc arc will be more sustainable.

If the arc fault cannot be detected and eliminated in time, the detrimental impact of arc
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would spread to the circuit in vicinity and put the power source and electrical utilities in
danger which may lead to hazards such as electrical fires and cause significant damage on
electrical system and even loss of both property and human lives.

However the difficulties in arc fault detection, location and elimination has confined the
widespread application of dc micro-grids system. As a result of the complex profile and high
impedance nature, arc faults cannot be recognized by the conventional current protection
equipment [9].

By sensing the current variation, noise, infrared radiation and electromagnetic radiation,
many researches of detection method in time domain has been done, which requires that the
sensor used in these methods should be in highly sensitivity, however as a consequence is
quite vulnerable to the noise interference in the ambience [10, 11, 12].

Some other detection methods for DC arc based on frequency analysis has been developed
in the [13, 14, 15]. These detection methods focus on the characteristic of a dc arc but also
introduce other problems into arc detection when the issues of noise recognition, calculation
time reduction or differentiation from load changes cannot be treated appropriately.

Although many methods for dc arc detection have been studied, a cost-effective solution
is still needed to detect and localize the arc fault reliably, accurately and speedily.

This thesis focuses on the study on the new proposed series dc arc detection algorithm [16],
and both simulative and practical validation will be developed and performed to prove that
the reliability, sensitivity and rapidity can be achieved, which would meet the requirements
for series dc arc detecting. In order to make the study more complete, a series of experiments
will be conducted to investigate the influence of characteristics of the series dc arc while
changing the circuit parameters.

Chapter 3 will make an necessary introduction to the electrical arcs, some basic knowledge
about arc, especially the electrical properties were explained in detail. Additionally, some
description and analysis have been conducted both on the advantages and disadvantages of
some representative dc arc detection methods.

The proposed series dc arc detection algorithm [17] will be explained in Chapter 4, and
the theoretical validation will be performed by simulation in MATLAB by building the mod-
eling of equivalent circuit, which is expected to show the selectivity and localization when the
series dc arc fault were initiated at the DC-side in the dc micro-grids system especially un-
der the condition of two constant power loads connected in parallel, while guarantee the speed.

In Chapter 5, some research on the series dc arc properties, like arc generation and sus-
tainability will be designed and developed via varying the circuit parameters including the
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6 Motivation

dc source voltage, the load current, the grid inductance and the input load capacitance to
discuss the impact of the external factors on the characteristics of the series dc arc, and the
load-side voltage drop and the corresponding time which are associated with the arc initiation.

The validation of the proposed series dc arc detection algorithm will also be conducted in
real time experiments via programming the micro-controller with the detection method to
present the applicability in the detection for real arc fault in the power system network under
different circuit parameters. Moreover, by changing the set value of the trigger voltage of the
arc detection algorithm, the influence of the threshold voltage on the detection process will
be depicted. In Chapter 6, the whole story is waiting to be told.

The conclusion and future work will be drawn in Chapter 7.
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Chapter 3

Introduction

In this Chapter, the basic knowledge about the creation and extinction of electric arc has been
explained, especially in the context of electrical characteristics. Moreover, some discussion
has been made among different kinds of representative arc detection methods which have
already been applied in the normal operation of dc micro-grids system so far.

3-1 Creation and Extinction of Electric Arcs

The electric arc is a plasma channel between the breaker contacts after a discharge in the ex-
tinguishing medium and form a self-sustaining discharge of electricity in a conductive ionized
gas like shown in Fig.3-1, which often occurs in the electrical system [3].

Contraction Contraction
zone zone

—

Cathode

<«——1, (electrons)

Arc column
I, (ions) —»

I ]
Space charge Space charge
zone zone

Figure 3-1: The schematic diagram for arcing process.

When a current flows through a circuit breaker and the contacts of the breaker part, the
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8 Introduction

magnetic energy stored in the inductances of the power system forces the current to con-
tinue flowing. Just before contact separation, the breaker contacts touch each other at a
very small surface area, resulting in high current density which makes the contact material
to vaporize. This leads to a gas discharge in the surrounding medium, which will provide
energy to the molecule in surrounding medium and produce heat [18]. With increasing heat,
the molecules in surrounding medium become more and more active [4]. Finally, giving rise
to highly conductive plasma [2]. Since the free electrons and the heavier positive ions in the
high temperature plasma channel, the plasma channel is highly conducting and the current
continues to flow after contact separation. Because of the potential difference between the
contacts is quite small and the arc will be maintained by the sufficient energy provided by
electrical system [18].

The electric arc works as a low resistance path in a circuit breaker, which plays the key
role in the interruption process and is therefore often addressed as arc extinction [2].

It is essential to know that the ionised particles between the electrode contactors are the
two key factors which is responsible for the creation and maintenance of series dc arc in LV
[18].

The arc is much easier to initiate and maintain when the contacts have a small separation.
As a result the principles to extinguish the arc are to separate electrode contactors to such
a distance that ionized particles become inadequate to maintain the arc, and to deionized
the arc path to will be facilitate the arc extinction process which can be achieved by cooling
the arc or by bodily removing the ionized particles from the space between the electrode
contactors [18].

3-2 Electrical Characteristics of Series DC Arc

Arc is a complex physical phenomenon with its internal characteristic are based on the equa-
tions of fluid dynamics and obey the laws of thermodynamics in combination with Maxwell’s
equations, which makes the arc equations complex [19]. Considering that arcing is a stochas-
tic process with a large number of unknowns, its electrical characteristics will be statistically
studied [18].

As for the analysis in level of electrical characteristics, the parameters such as arc resis-
tance, arc voltage and arc current will be used to represent the electrical behaviour of arc to
help us better understand the arc behaviour as a part of power system.

Fig.3-2 illustrates a typical series dc arc waveforms, including the key traits of arc voltage
and arc current.

e Arc Voltage (Varc)
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3-2 Electrical Characteristics of Series DC Arc 9

- . | T 6
100 - ' ' — Arc Voltage (Varc) ||
H : — Arc Current (Tarc)
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£ : = 2
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Figure 3-2: The characteristics of voltage and current for series dc arc.

At the beginning of the arc initiation, the arc voltage instantly increases to a minimal
value which is the minimal voltage to initiate an electric arc for the specific contactors
material [2, 20]. The minimal arc voltage is determined by the electrode material and

is independent of the value of supply voltage, arc current and electrode gap length [21].

As the electrode gap continues to grow, arc voltage increases with gradient which is
also independent of dc source voltage [3]. When the gap length becomes constant, then
the arc voltage becomes constant and a sustained arc is obtained.

o Arc Current (Ic)

When the initiation of arc starts, a slightly reduction immediately happens to the arc
current [2]. However the negligible variation caused by the series arc fault appears in
the dc circuit is hard to be detected by the current protection unites. In case of constant
resistance load, as the arc voltage increases with a constant gradient, the arc current
will decreases with a according gradient related to the increasing gradient of arc voltage
[3, 20], and enter into constant value at the same moment when the arc voltage becomes
constant.

e Arc Resistance (Rayc)

In general, arc is supposed to be resistive and the arc resistance is nonlinear due to
the most adoption of the macroscopic V-I equation of arc [2]. Thus, all cases of arcing
condition should be obtained and more accumulation of experimental results and ac-
cording models are required to obtain the V-I characteristic of arc shows an inversion
relationship and changes significantly under different arcing conditions, which has made
a better understanding of the arc behaviour as a part of an electrical system [5].
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10 Introduction

3-3 Influencing Factor on the Characteristics of Series DC Arc

The main factors which could have influence on the external characteristics of the series dc
arc are composed of the temperature, properties of electrode including the electrode material,
the electrode gap length, the electrodes separation speed and the electrode geometry and the
parameters of power system such as dc source voltage, load current level, grid inductance and
the load-side capacitance [18].

Since the arc length is difficult to measure, a number of papers [2, 3, 4, 10, 21, 22| con-
sider the electrode gap length as arc length when the arc current is low and electrode gap
is short, as a consequence the assumptions also have been made in this thesis that the arc
length is equal to the electrode gap length.

e Arc Voltage (Varc)

The relation between the arc voltage versus dc source voltage shows a stable tendency
with the increasing level of external dc source voltage when the load current level is
high, while the trend of arc voltage shows higher value with larger gap length under
all load current levels [23]. There is also a strong dependence of arc voltage on the
arc current [2]. The arc voltage gives different values at different arc gap length and
different load current level [3, 23].

o Arc Current (Ic)

Moreover, the current variation tends to decrease with higher dc source voltage which
indicates that although the dc source voltage has little impact on the arc voltage and
arc resistance, higher dc source voltage has the ability to suppress the chaotic nature
of dc arc in certain degree which can stabilize the arc current and make the current
variation lower [3].

e Arc Resistance (Rarc)

The dc source voltage has a slight effect on the arc resistance [23], while the load current
shows a more significant influence to the arc resistance, especially when the level of
current is low, the higher load current the lower the arc resistance. Arc resistance tends
to rise as the electrode gap length grows [3]. The electrode material also has influence
on the resistance of arc [4].

Based on the condition of electrode gap length, the series dc arc faults can be sorted into
three types [6]: constant gap length, constant-speed gap, accelerated-speed gap:

1. Constant gap length fault are series faults where the electrodes remain stationary after
reaching a predetermined distance. Most arc models in literature assume this fault type;

2. Constant-speed series faults represent conductors tearing longitudinally at a constant
speed;
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3-4 Evolution of the Series DC Arc Detection Methods 11

3. Accelerated series faults represents the separation of two conductor section at an accel-
erated rate.

The electrode gap distance has an obvious impact on the average arc current, which shows
that increasing electrode gap length can accelerate the quench of arc. However the electrode
diameter has little effect on arc current except in a longer gap distance larger than 0.5¢m
[2]. As for the moving speed of the electrode, arc current variation amplitude increase as the
electrode separation speed becomes faster, which will cause a huge current mutation in power
system and a detrimental impact on the insulation of the power equipment and transmission
line at a very fast separation moving speed [5].

For an arc with a fixed length, in the low current region, the arc current increases as the
arc voltage drops, which indicates that the arc power tends to remain steady. Both the dc
source voltage level and the load current level have influences to the arc current variation.
For higher load current level, the current variation is larger.

In a practical dc micro-grids system, the gird inductance and load side capacitance in the
system will have an impact on the creation of the arcing via changing the dynamic process
before and during the arc inception [17], meanwhile the current density of the contactors and
the electrical field between the separated electrode contactors gap also posed some influences
in a certain level on the characteristics of series dc arc, which may result in new development
or improvement for the series dc arc detection methods.

3-4 Evolution of the Series DC Arc Detection Methods

In most situations, arc exists in the system as a fault. Arc faults can be divided into two
categories: series arc and parallel arc [7]. Series arc fault is defined by the arc being in series
with the load.

As a result of degradation of contacts, for example, a connector block due to vibration,
poor assembly or damage, series dc arc fault can occur accidentally at arbitrary location of
any dc system with high voltage dc bus [10, 11], the arc channel is associated with complex
profiles and high impedance and therefore causes lower fault current than nominal current.
This adds significant difficulties to traditional arc fault interrupter and majority of dc pro-
tection strategies.

It is already know that dc arc faults, in contrast of AC arc, as there are no zero-crossing
of current, DC arc is difficult to quench and if not detected and extinguished on time will
causes detrimental effect on the power source and control circuits, even leads fire hazards and
endanger the whole system.

Therefore, it is vital to detect arc faults in power systems, although the series dc arc faults can
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be difficult to detected and locate due to their randomness, intermittent and chaotic nature.

Studies on the series dc arc detection mainly focused in both time and frequency domain
[12, 24].

DC arc detection methods based on time domain signatures depend mostly on the signal
of arc current. They involve relatively simple calculation procedures but require more mea-
sures for avoiding the nuisance tripping. Current drop is used in [13] as a sign of precursor to
dc arc, so that it can be prevented right after the air gap is formed and before arc fault is even
developed. In [14], a fast change in the slope of voltage or current over time is considered as
an arcing event. Moreover, authors in [15] propose a different detection method, where the
current will be cut off momentarily and then connected back after sensing a current reduction.
The current profile will be different when the current reduction is caused by an arc instead
of normal operation.

In [12, 25], statistical methods are adopted to identify arc by studying the variation of the
arc voltage and the current signal, voltage and current sensors at two different location in the
electrical circuit are utilized to detect anomalies caused by dc arcs.

However these solutions require special device designs and additional components which can
be easily influenced by the surrounding electromagnetic environment.

And many dc arc detecting methods based on frequency characteristic of dc arc has been
present. In [24], back propagation neural network analysis is used along with a fast frequency
transform (FFT) method in order to detect dc arc in spacecraft systems In [11], wavelet packet
analysis which has the localization characteristic is applied in arc detecting based on the dc
arc energy in different sub-bands is quantified into one variable by using the reconstruction
coefficients in each band. Although the problem in sensor is avoided, however, in dc distri-
bution, this simple method cannot be directly applied since a large range of switching power
circuits for multi-sources and loads operate all together. The operation of the multiple sources
and loads could confuse the arc fault detector and may cause false-positives, which makes arc
detection in dc systems full of challenging, such as noise jamming, algorithm optimization,
calculation time reduction, differentiation caused by grid source fluctuation or load changes,
etc. [13, 25].

Although many efforts has been dedicated into developing the useful detection method of
series dc arc, more advanced algorithms on detecting series arc fault deserve further study to

achieve both the reliability and the selectivity.

In the next chapter, aiming to improve the detection reliability and suppress false-positives,
a new arc fault detection algorithm is explained and discussed.
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Chapter 4

Theoretical Simulation and Validation
of Arc Detection Algorithm

In this chapter, the proposed arc detection method [16, 17] has been explained, and then
the modeling of the proposed series dc arc detection and elimination algorithm have been
validated in the equivalent circuit built for the dc micro-grids system with loads by applying
the MATLAB Simulink.

4-1 Proposed Arc Detection Method

The reliable arc detection as what was discussed in the Chapter 3 can be achieved by applying
the method making use of the electrical characteristics of the arc.

Fig.4-1 illustrates response of load voltage and load current to the transition from no arc
to a sustained series dc arc in a dc micro-grids system with constant resistance load. During
arc inception, both load voltage and load current vary obviously at the moments of the arc
initiating.

The series dc arc detection algorithm adopted in this thesis project is based on the sens-
ing the load-side voltage drop caused by the arc initiation.

As mentioned above, the initial rise of the arc voltage is specially determined by the electrode
contact material [21] (more information is given in Table.4-1) and is independent of the sup-
ply dc source voltage, and the voltage drop associated with the arc initiation in the load side
can be detected by the load-side power electronic devices, which can be used to trigger the
action of the current controllable units to ramp the load current to zero in order to discon-
nect the arcing load and to eliminate the arc quickly without interrupting other parallel loads.
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Figure 4-1: The response of load voltage to series dc arc fault.

Table 4-1: Minimal Arc Voltage in Air [21].

Electrode materials Cu Au Ag Pt
Vin (V) 13 15 12 17.5
Average Vi, (V) 13.3 14.8 11.9 17.7

The proposed series dc arc detection algorithm [16, 17] is depicted in Fig.4-2, in which the
load voltage Vipaq is detected and passed through two different Low Pass Filter (LPF) as
shown in 4-1 and 4-2, with Laplace transfer functions:

Van(s) = (152 ) Viowd () (1)
Viip(s) = (Hlm) Vioad (5) (4-2)

It is noteworthy that the choice of the time constant for Slow LPF (7) and Fast LPF (73)
should take some issues into consideration, such as the speed to reach the steady state, the
noise interference from both the grid voltage fluctuation and the switching ripple. The Slow
LPF and Fast LPF can compose a band pass filter only to let the special frequency in the
bandwidth can be detected [26]. Then, as shown in 4-3 when the value of AV in 4-3, the
difference between the outputs voltages Vg, and Vj, from slow and fast LPF respectively, is
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Reduce the load current to
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Figure 4-2: The arc detection algorithm based on drop in load voltage due to minimum electrode
gap voltage of series dc arc [17].

greater than the setting value of the threshold voltage (Vmgger), it means that the arc incep-
tion is detected and the current controllable unite will be signalled to reduce the load current
to zero at the appropriate rate to extinguished the series dc arc fault as soon as possible in
order to avoid undesired damage.

AV = ‘/;lp - Vﬁp > Wrigger (4‘3)

Moreover, what is important to keep in mind is that the speed of the arc detection algo-
rithm would be influenced by the selection of the threshold voltage value which should be
determined by both the occurrence of actual electrode dependent load voltage drop and the
avoidance of spurious triggering [17].

In theoretically, a low pass filter intends to imposes high attenuation above a specified fre-
quency and little or no attenuation below that frequency. The frequency at which the tran-
sition occurs is called the cut-off frequency.

The function of the low pass filter circuit shows the frequency response of the filter to be
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nearly flat for low frequencies and all of the input signal is passed directly to the output,
resulting in a gain of nearly 1, until it reaches its cut-off frequency point (f.) [17]. Moreover,
any high frequency signals applied to the low pass filter circuit above this cut-off frequency
point will attenuated.

It is known that the phase shift of the circuit lags behind that of the input signal due to
the time required to charge and then discharge the capacitor as the sine wave changes. This
combination of R and C produces a charging and discharging effect on the capacitor known
as its time constant (7) of the circuit. The time constant is related to the cut-off frequency

(fe) as:
1

T2

The output voltage depends upon the time constant and the frequency of the input signal.

(4-4)

With a signal inputting over time, the circuit behaves as a simple 1st order low pass filter
with the functions as discussed above. Furthermore, the function of 1st order LPF can be

expressed mathematically as:
1

T Ts+1

with 7" equals to the value of time constant (7) of LPF circuit.

G(s)

(4-5)

Then by carefully selecting the correct time constant combination, a special filter circuit
can be created that allows only a range of frequencies in a certain bandwidth value to get
through the filter unaffected while any frequencies applied to the circuit out of these cut-off
point to be attenuated, creating what is commonly called a band pass filter.

4-2 Modeling for the Equivalent Simulation System

In this section, the selectivity of the series arc detection and elimination algorithm is validated
theoretically in MATLAB. A Simulink model is established with a typical representative dc
micro-grids consisting of two constant power loads connected in parallel with arcing at DC-side
of point of common coupling. Although a practical dc micro-grids can be more complicated
with different kinds of variable renewable sources and energy storage devices, this equivalent
dc circuit is adopted as a generic example to analyse the response and reaction of the proposed
series dc arc detection method.

4-2-1 Equivalent Circuit

The diagram shown in Fig.4-3, is the equivalent circuit used in the model building which is
used to validate the function of the proposed series dc arc detection and elimination algorithm
which was discussed in Section.4.1.

The state space equations derived for the equivalent circuit are described below.
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Figure 4-3: The equivalent circuit diagram for two parallel loads.

dlyc 1

T L—dC(Vdc — Veep — (Rare_de + Rae)lac) (4-6)
% =P - Lcailel (Veep — Vioad 1 — (Rare 1+ Reable_1)Ib_ 1) (4-7)
dVlsﬁd_l = Clo;ld_l (Ib_1 = Tioad_1) (4-8)
dI;;Z =P- Lcailez(VCCp — Vioad_2 — (Rarc_2 + Reable_2)11,_2) (4-9)
dVlzle;dJ = CloidQ (Ih_2 — load_2) (4-10)
Tac=1Ip 1+1p 2 (4-11)

Based on (4-11), the voltage at the common coupling point (Vep) can be derived from (4-
6),(4-7) and (4-9) as shown in (4-12).

Ve Vi Vi I I T
< de | p Viad 1 | p Viead 2 ) _ ( fae \ plo1 | p b2>
Vi — de Lcableil Lcablef? Tdc Tb 1 T 2 ( 4 12)
cep ( 1 P Py ) ]
+ +
de Lcable_l Lcable_2
. . de Lcable 1 Lcable 2

With the time constants 740 = —, 7, 1 = — and 1, 9 = — .
¢ Rac o Rcableil + Rarcil o Rcablei2 + Rarcf?
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18 Theoretical Simulation and Validation of Arc Detection Algorithm

where in case of constant power load (Plgaq), the load current should be calculated as 4-
13.

Hoad
‘/load

Doaa = (4'13)

In order to adjust the equivalent mathematical equations based on the real circuit to present
the correct response to the change in the structure of the circuit, the modeling parameter
P, and P, were set for branch 1 and branch 2 respectively in value of “1” when the cor-
responding branch connected to common coupling point which means that the branch with
the load was attached to the whole system. While, when an arcing fault was introduced in
the system, since the arc resistance is inversely proportional to the arc current, if the com-
puted Rar > 100k and the measured arc current < le %A (R, becomes infinity when I,
goes to zero), the related branch is assumed to be disconnected to the system, and the corre-
sponding modeling parameter is set to “0”, which means that arc is stamped out in the circuit.

The equivalent circuit of DC micro-grids system has been translated into the modeling in
Simulink which works on the mathematics relations derived as shown in the Equations from
4-6 to 4-12.

4-2-2 Equivalent Arc Resistance.

As mentioned in the Chapter 3, when building the model for arc, some important quantities
should be taken into consideration, such as the electrode material, geometry of the electrode
contactors, the speed of the contactors separation, the electrode gap length, the arc current
and the voltage across the arc.

In order to accurately model the electrical behaviour of arcing, the series dc arc is treated as
a variable resistance.

For the copper material electrode discussed in our modelling, the initial electrode material
dependent arc voltage is 13.3V in the open air according to Table.4-1, the voltage variation
with gap length and arc current is estimated based on the empirical equations for dynamically
varying resistance

As explained in [22, 27], in the open air, if the arc current I, < 1004 in Low Voltage (LV)
level networks, the empirical relations between different electrode gap lengths and arc resis-
tance is shown in Table.4-2 to which according the series dc arc resistance can be represented
by applying the linearly interpolation between the different known data points in sequence.
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4-3 Simulation Results of the Detection Method 19

As a consequence, arcing during plug out can be simulated by input of a series resistance
dependent on the arc length and arc current.

Table 4-2: Empirical Computation Equations for Arc Resistance.

Electrode Gap Length(mm) Arc Resistance(€)

1 36.32 11124

5 71.39 I,1-186
10 105.25 11239
20 153.63 1,12™
50 262.02 11310
100 481.20 I,1350
200 662.34 I,1-283

4-3 Simulation Results of the Detection Method

The proposed arc detection algorithm is simulated under the condition of two parallel con-
stant power loads both in the value of 470W with the input capacitance of 30uF [28].

As the system parameters listed in Table.4-3, the equivalent circuit is energized with a dc
source voltage (Vipaq) of 100V. In grid side, 100uH and 0.252 are chosen as the value for
inductance (Lg4.) and the resistance (Rq.). While, load-side resistance (Rcaple) and load-side
inductance (Lcaple) are set with the value of 0.01Q and 3uH respectively for the two branches.

Table 4-3: Simulation Parameters for equivalent circuit.

Parameters Symbol Values

DC source voltage Ve 100V
DC-source side inductance Lac 100uH
DC-source side resistance Rc 0.2502
Load side inductance Lecable SuH
Load side resistance Reable 0.01Q2
Load capacitance Cload 30uF
Constant power load Pload 470W
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20 Theoretical Simulation and Validation of Arc Detection Algorithm

During the simulation, in order to attenuate both the low frequency grid-side voltage fluc-
tuation (< 150Hz) and the high frequency switching ripple of load-side power electronics
components (> 10kH z), the value of time constant for slow LPF is in value of 0.001s, while
0.0001s is chosen for the fast LPF [26], and the threshold voltage is set as 10V.

Table 4-4: Detection Algorithm Parameters in Theoretical Simulation.

Parameters Symbol Values
Slow LPF time constant Ts 1ms
Fast LPF time constant Tf 0.1ms
Trigger Voltage Virigger 10V

Fig.4-4 illustrates that the voltage response of the series dc arc detection algorithm in the
simulation to the arcing initiation at the dc side by introducing arc current and length depen-
dent resistance. Since the band pass filter with different time constant values shows different
response, the output voltage from Slow LPF and Fast LPF shows different dropping speed.
As a result, the voltage difference associated with the initial arc voltage drop reaches the
trigger voltage value in 0.2ms after the arc initiation at the moment of 1ms by the arc
detection methods at both the loadl and load2 side, which represents that the series dc arc
at dc side is detected by the converter at load side with high selectivity and speed guaranteed.

105 T T T T T T T T T
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——Load Voltagel
= = Load Voltage2
100 - Vslpf for loadl H

—V_ _forloadl
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vV _for load2
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Figure 4-4: The simulated voltage response for arc fault at DC-side with arc detection and
elimination algorithm.

According to the current response which can be observed from Fig.4-5, with load voltage
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4-4 Conclusion 21

decreasing, the load current increases to obtain the constant power for the load. When the
arc detection signal from the detection algorithm is triggered, both the ljoaq 1 and the Ijgaq 2
are ramped at —0.7A/ms at the same time. Within 7ms after arc initiation, I4. reaches zero
and hence arc at dc side was quenched entirely by lowering the current in both loadl and

load2 side at the appropriate speed considering the constrains of the dc micro-grids system
and the arcing damage.

DC-side Current
12~ ——Load Currentl [
- = -Load Current2
10~ -

/Arc in DC-side detected

i /

Current(A)

Loadl and Load2 Current are both
controlled to reduce to zero at a

constant rate when arc is detection Arc in DC-side eliminated.|

-1 0 1 2 3 4 5 6 7 8 9 10
Time(ms)

Figure 4-5: The simulated current response for arc fault at DC-side with arc detection and
elimination algorithm.

4-4 Conclusion

In this Chapter, the selectivity and rapidity of the proposed series dc arc detection algorithm
has been theoretically validated through modeling in MATLAB, especially when the series
dc arc fault initiated at dc side in the dc circuit connected with two parallel constant power
loads with input capacitance with the ability to localize arcing fault.
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Chapter 5

DC Series Arc Characterization and
Influencing Factors

The theoretical validation of the arc detection algorithm has been performed in previous
chapter. In this chapter, the factors influencing the characteristics of series dc arc behaviour
are studied, such as the dc source voltage, the load current, the grid inductance and the load
input capacitance, which would be used to the determine the parameters of the proposed
series dc arc detection algorithm.

Since the theory of the series dc arc detection algorithm emulated in this thesis is based
on the load-side voltage drop caused by the initial arc voltage at the arc inception, it is useful
to investigate the arc behaviour, like the arc generation, arc sustainability, the initial arc
voltage drop and the related time.

5-1 Setup for the Experiment

The system shown in Fig.5-1 is analysed the influencing factors of the circuit on the arc be-
haviour. And the series dc arc can be created by switching the relay off the energized circuit.

The electric arc behaviour is determined by the electrode materials, arc current, gap length
and contact separation speed.

As shown in Fig.5-1, a series RLC circuit acts as a low pass filter for the load side voltage
across the capacitor, the high frequency components of the injected arc voltage are bypassed.
As discussed in [28], the magnitude of gird inductance, resistance and capacitance will influ-
ence the load-side voltage drop in response to the series arc both in terms of peak value and
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Figure 5-1: The equivalent circuit diagram for arc behaviour experiments.

the rise time. The empirical understanding of the influencing factors is required to set the
threshold voltage of the detection algorithm, and also to understand if and when sustained
series arcs occur in dc microgrids

The Table.5-1 summarizes the test setup parameters for the series arc behaviour tests.

Table 5-1: Experiment Parameters for Arc Behaviour Test.

Parameters Symbol Values
DC source voltage Ve 48V, 75V, 100V
Cable resistance Reable 0.01Q2
Cable inductance Lcable 100puH, 150pH, 200puH
Load capacitance Cload OuF, 1TuF, 27TuF
Load current Tioad 3A, 4A, 5A
Number of each test n 6

In order to examine the influence of dc source voltage and load current on the character-
istics of series dc arc, tests under both changing voltage and current tests were carried out.
The experimental procedure was conducted as follows:

At first, the dc source voltage is set at 48V and the load current is set to be 34, 44 and 5A
by adjusting the resistive load. Then, the dc source voltage is increased to 75V and the above
these load current levels are adjusted again successively. The same procedure is repeated for
dc source voltage of 100V.
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5-1 Setup for the Experiment 25

Figure 5-2: The practical setup for series dc electric arcing study, (a) Grid Inductance, (b) Arcing
Relay, (c) Load Capacitance.

Meanwhile, aiming to investigate the influence of the grid inductance and load input ca-
pacitance on the characteristics of arc, load side voltage drop and the time needed to reach
this value are measured directly under the following different conditions: grid inductance
(Lcable) of 100uH, 150 H, 200pH , while load capacitance (Cloaq) of OuF, 17uF, 27uF with
the procedure described in above paragraph repeated for each variable changes. And ex-
periment under similar parameter condition is repeatedly conducted with six times to gain
statistical understanding of the stochastic series arcing process.

All of the measurement signals, including load side voltage and arc current were recorded
by using the YOKOGAWA DLM2054 mixed signal oscilloscope 2.5GS/s 500MHz. This oscil-
loscope has an analog to digital conversion resolution of 16 bits and the sampling rate used
for the test is 6.25MS/s. Both the onset of the arc and the stable arcing were recorded.

The experimental setup has been built as shown in Fig.5-2 with arcing relay, grid induc-
tance and load capacitance.
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26 DC Series Arc Characterization and Influencing Factors

5-2 Impact on the Arc Generation and Sustainability

As shown in Fig.5-3(a) to Fig.5-3(c), the categories of the arcing have been displayed. Fig.5-
3(a) means arcing occurs but sustains for a long time, while Fig.5-3(b) displays the situation
of no arcing with current drops instantaneously to zero. Sustainable arcing is shown in Fig.5-
3(c) with an initial voltage drop and decreases in a gradient due to increasing arc gap length.

Next, by varying the value of circuit parameters, the influencing factor would be explained in
details below.
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Figure 5-3: The different categories of series dc arc.
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5-2 Impact on the Arc Generation and Sustainability 27

5-2-1 DC Source Voltage and Load Current

The arc generation probability distribution plot is shown in Fig.5-4. The number in the plot
represents the probability of the number of adequate tests over the total number of the tests
with different value of load voltage, load current, load capacitance and dc-side inductance
which were displayed as four arguments in the probability distribution plot.
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Figure 5-4: The probability distribution of arc generation.

First, the influence of dc source voltage and load current would be discussed in this sec-
tion. As mentioned in the Chapter 3, Fig.3-1 [18] illustrates the generation of an arcing due
to the separation of electrode contactor, with the relay electrode contactor being forced to
separate instantaneously and the current density increasing significantly, the heat generated
at the contactor spots begins to increase dramatically, which results in the melting of metal
and generating metallic evaporation.

Increasing current increases the energy input to the arc with higher current density, thereby,
increasing the probabilities of arc generation.

From the Fig.5-4 in which the information about the situation of arcing with different circuit

parameters is shown, the higher load current increases the probability of series dc arc gener-
ation.
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It can be observed that the arcing generation probability increases from 0% to 33.3% and
then to 100% with increasing value of Ijoaq (34, 44 and 5A), when the circuit parameters
chosen as Vigaqg = 48V, Leaple = 100pH and Cioaq = 17pF.

While, in the condition of l1paq = 3A, Leaple = 200uH and Cloaq = 17uF, the arcing prob-
ability is 0%, 16.7% and 100% respectively when the Vig.q is set to be 48V, 75V and 100V.
However, in the condition of Ijo,q = 4A, Leaple = 100uH and Cloaq = 27uF, arc occurs only
when Vigaq equals to 75V, which indicates that the voltage level has minimal impact on the
probability of arc generation.

Meanwhile, the Fig.5-5 and Fig.5-6 shows the probability distribution of sustainable arc and
the arc burning time respectively among different parameters in tests.
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Figure 5-5: The probability distribution of arc sustainability.

What can be easily observed is that when the value of load-side input capacitance (Cloaq)
becomes zero, the series dc arc would be sustainable when the dc voltage is equal and higher
than 75V . More convincing results about the impact of Vjg,q on the arcing sustainability laid
in the condition of Iigaq = 5A, Leaple = 150uH and Cloaq = 17uF with 0%, 50% and 83.3%
in probability and 1.49ms, 3.67ms and 15.09ms in average arc burning time for different and
WVioad (48V, 75V and 100V).
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Furthermore, in case of Vigaqa = 48V, Lcaple = 200uH and Cloaq = OuF, when the [paq
reaches 5A, the probability is 66.7% different from 0% for 3A and 4A, which shows that with
increasing the value of load current, both the probability of sustainable arc and the average

time of arc burning increase.
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Figure 5-6: The arc burning time under different circuit conditions.

5-2-2  Grid Inductance and Load Input Capacitance

By analysing the three rows of results in the bottom of the Fig.5-4 (Vigaq = 100V, I1paq = 4A,
and Cloaq = 27uF'), the inductance shows an effect on the arc generation (with 0%, 16.7%
and 100% in probability for 100pH,150uH and 200pH) due to the inductance will force the
current to flow and hold the current to avoid changing, which results in the variation in the
value of load current changes slowly and then the electrode contactor have enough time to
evaporate the metal in the material of copper to create an arc.

As for the sustainability of the series dc arc in respect of average arc burning time, from
the Fig.5-5 and Fig.5-6, especially when load current equals to 5A, voltage equals to 100V
and capacitance is 17uF', with raising the value of the inductance from 100uH to 200uH,
the probability of arc sustainability presents a rising trend from 0% to 50% and to 83.3% in
probability and 12.35ms, 15.09ms and 29.25ms in average arc burning time.
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Since the capacitance in parallel with the load holds the inherent capability to keep the
load voltage (Vioaq) from changing instantly, the voltage across the electrode contactor gap
cannot vary immediately to satisfy the requirement of arc initiation due to the current den-
sity on the electrode contactor is too weak to melt the metal into the ionized particles to
form plasma channel bridging the gap, which results in the decreasing of probability on arc
generation.

With increasing the value of the capacitance from top to bottom in the Fig.5-4, the proba-
bility of arc generation decreases.

The larger the value of the capacitance, the larger the capability of the capacitor to hold
the certain value of the voltage. However if the voltage level is too enough to be held from
changing by the capacitor, as a result, the voltage across the capacitor would change and then
the voltage over arc will reach the minimal value to trigger the generation process of an arcing.

As well, the capacitance presents the same impact on the arc sustainability as the one on
the arc generation, Fig.5-5 and Fig.5-6 illustrate that when the value of capacitance set to be
zero, the probability of arc sustainability can reach the 100%, moreover the series dc arc can
burn longer than 40ms. When observing the results under the condition of Vjg,q = 100V,
lioaa = DA, and Iape = 200uH, with choosing the capacitance in the value of OuF', 17uF
and 27 F' | the probability responses in 100%, 83.30% and 50% respectively, while the average
arc burning time decreases from > 40ms to 29.25ms and then to 2.25ms. As a consequence,
it can be concluded that lowering the capacitance value will increase the probability of arc
obtaining sustained series arcs.

5-3 Impact on the Load Voltage Drop and Time Delay

Following the discussion of the generation and sustainability of arcing, the research to study
the influence of the circuit parameters on the characteristic of load voltage due to the series
arc injection is important, because the load voltage variation is the critical foundation value
in the proposed series dc arc detection method in this thesis.

The plots of the average drop value of the load side voltage and the average drop time with
error-bar caused by the arc inception under six tests for each different circuit parameters are
given in Fig.5-7 and Fig.5-8.

5-3-1 DC Source Voltage and Load Current

In Fig.5-7, by comparing the three subplots under different value of dc source voltage (48V/,
75V and 100V), the external dc source voltage shows a negligible influence on the load side
voltage drop caused by the arc injection under the same condition including the load cur-
rent, grid inductance and load capacitance. Though a statistical variation in load voltage is
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observed due to stochastic nature of electric arcs, no clear trend is observed with varying dc

source voltage.
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Figure 5-7: The initial load voltage drop under different circuit parameters.

The same result appears in the average drop time as shown in the Fig.5-8, the dc source
voltage value leads to no clear impact on the value of the time delay for load side voltage to

reach the initial value caused by the arcing injection.

While, under different circuit parameters, it can be analysed that load current has a slight

influence on the drop value of the load voltage.

As for the time delay, apparently, there is no impact on it caused by changing the value
of load current.
5-3-2 Grid Inductance and Load Input Capacitance

By analysing the results as shown in the Fig.5-7 and Fig.5-8, the grid inductance and load
side capacitance values pose the influence not only on the magnitude of the load voltage drop
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Figure 5-8: The initial load voltage drop time under different circuit parameters.

but also on the time needed to reach the detection threshold value when the arc occurs, which
should be taken into consideration in the designing of the series dc arc detection algorithm.

The Resistance, Inductance and Capacitance (RLC) act as a low pass filter circuit for the
load voltage. As a consequence of the series resonance between inductance and capacitance,
the magnitude response of the load side voltage to input voltage can be calculated by 5-1
[17]. While, the frequency of input voltage is w = 27 f, and the natural frequency of the LPF

is wg = 27 fy and the quality factor @ is % (a = ﬁ)

T @

What can be found in Fig.5-9 [17] is that, with increasing the value of quality factor(Q =

1
—1/ =), when the natural frequency is close to the frequency components of the arcing volt-

age and then the @ is larger than unit 1, as a result, the initial load voltage drop measured at

Zhihao Liu Master of Science Thesis



5-3 Impact on the Load Voltage Drop and Time Delay 33

the load side increases to the value greater than the initial arc voltage due to the arc inception.

Magnitude Response (lch”Vil)

0 L L I .
0 1 2 3 4 5

Normalized Frequaency (f/fo)

Figure 5-9: The magnitude response of load side voltage for different quality factor values.

Now paying an attention on the effect of capacitance on the experiment results which has
been summarized in Fig.5-7:

e With increasing the value of capacitance for the same resistance and inductance from
OuF to 17uF, there appears a R-L-C low pass filter circuit, and the quality factor (Q)
of the experiment circuit is greater than 1, which causes that the initial drop of the load
voltage measured across the capacitor (around 15V') become higher than the initial
arcing voltage drop (around 10V when Clonq = OuF') independent of the voltage and
the current.

e Furthermore, with the value of load input capacitor increasing from 17uF to 27uF,

1 /L
the quality factor decreases according to the Equation(Q = = 6)’ the load voltage

drop should be lower. However the measured load voltage drop across the capacitance
(27uF') shows higher value than the one at Clpag = 17uF, with the magnitude of the
detected voltage across the capacitance increases from 15V to 17V. which is counter to
the notion predicted as mentioned in [28].

In the experiment, the dc source has a capacitance which is in series with load ca-
pacitance, and the net capacitance may be decreased. Meanwhile, instead of a constant
step in simulation, the real arcing is created in tests, and the real process is not as
similar as a constant step in voltage drop due to the introduction of capacitance at load
side. The precious reason need to be investigated deeply in future.
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As for the time for load voltage drop, the existence of load capacitance results in the load side
output voltage lagging behind that of the initial voltage drop across the arcing resistance.
Fig.5-8 displays that there are average 0.17ms and 0.23ms time delay being introduced in the
series dc arc generation with increasing the capacitance value from 17uF to 27uF. When the
load input capacitance is absent in the circuit, from the Fig.5-8, it can be found that there is
no time delay occurs and the load voltage drops to the initial value instantaneously.

The influence of grid inductance on the load voltage drop value is discussed as what is followed
by:

e Seen from the Fig.5-7, the inductance shows negligible impact on the voltage drop under
different dc voltage source when Cloaq = OuF', and the drop value is around 9ms with
a little variation for different inductance.

e When the capacitance becomes larger than zero, by increasing inductance and resistance
for the same dc source voltage and load capacitance, the quality factor of the R-L-C
resonance circuit decreases due to the dominant increase in the value of resistance which
is inversely proportional against a direct square proportionality to inductance, which
should result in the reduction in the load side voltage drop due to the lower quality
factor as shown in Fig.5-7 (A).

However, as a consequence of the introduction of capacitance, the complex results ap-
pears in Fig.5-7 (B) and (C), the average load voltage drop shows no trend under the
increasing inductance which is not consistent with what is predicted in [28]. As ex-
plained for the impact of capacitance on the load voltage drop, during the experiments,
there were the parasitic resistance still existing in the circuit, which will impact the total
value of resistance in the quality factor calculation. And in the real inductor design,
the real value of inductance and resistance may not be consistent with the theoretical
values. To explain this phenomena in details, more research need to be conducted to
investigate the reason behind the experiment results.

In the Fig.5-8, the impact of grid inductance on the load voltage drop time can be observed:

o When Clpaq = OpuF', the drop time is always zero under different value of grid inductance.

e While when the capacitance increasing from OuF to 17uF’, it can be found that the
rising inductance will increase the drop time especially under Vg, = 75V and 100V, due
to the effect of resonance period in R-L-C circuit with the 7' = 27v/LC in which the
time period increases with larger inductance for the same value of capacitance.

e The same tendency appears for changing the grid inductance the with Cioaq = 27uF
under different dc source voltage.

The experiment results is consistent with the content about the initial arc voltage which has
been discussed in Chapter 3, which would solidify the practical foundation for the series dc
arc detection algorithm validated in this thesis.
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5-4 Conclusion

This chapter mainly focuses on the influencing factors including dc source voltage, load cur-
rent, grid inductance and load-side input capacitance on the arc behavior, mainly on the arc
generation , the arc sustainability with burning time, the initial load voltage drop and the time
required, which is essential and critical in the determination of the threshold voltage value of
the series dc arc detection algorithm to achieve the accurate sensitivity and selectivity.

Master of Science Thesis Zhihao Liu



36 DC Series Arc Characterization and Influencing Factors

Zhihao Liu Master of Science Thesis



Chapter 6

Real- time Experimental Validation of
Arc Detection Algorithm

The theoretical validation of arc detection algorithm and the arc behaviour research have
already performed in previous part of the thesis. While, in this Chapter, the test setup is
designed to conduct the experimental validation of sensitivity and selectivity of the series dc
arc detection algorithm.

6-1 Real-time Arc Detection Test

In order to validate the proposed arc detection method, arcs were created in the experimental
setup and voltage across the load was measured.

The typical experimental setup for real time arc detection is prepared according to the equiv-
alent electrical circuit diagram shown in Fig.6-1.

During the experiment, a switch is used to control the arc generating relay to initiate an
arcing in the circuit.

As for the realization of the arc detection, the detection algorithm has been embedded in
micro-controller (LAUNCHXL-F28027F C2000 Piccolo LaunchPad Experimenter Kit), It is
equipped by the same computing capability with the power electronic converter which is
widely applied in the dc micro-grid system to analyse the electrical quantities and to control
current and voltage eventually.

Because the maximum input voltage for the micro-controller is limited within 3.3V, the
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Figure 6-1: The equivalent circuit diagram for series loads with arc detection algorithm.

voltage divider(Appendix) is needed to convert the measured real-time load side voltage into
the real-time micro-controller input voltage to meet the requirement of the security of the
micro-controller operation.

In Fig.6-2, the interconnection between the voltage divider and the C2000 micro-controller
is shown that: through a voltage divider with a constant ratio at 100/3.3V, the load side
voltage (Vioad) can been modulated into the lower voltage (Vou vp) which can be fed into
the micro-controller, and the real time measuring voltage value (Viy analog = Vout vp) should
be translated from analog quantity data type into digital quantity data type (Vin digital) in
order to be analysed in the micro-controller, while the Pin ‘ADCINAOQ’ of the micro-controller

can automatically achieve that data type conversion.

+3.3V
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Figure 6-2: The connection diagram for micro-controller.
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The detection algorithm theory used here is same as what has been stated in Chapter 4,
a discrete band pass filter could let frequencies between 150-1500H z pass through as a band-
width of a slow LPF and a cascaded fast LPF with different time constant value.

However the micro-controller only adapt the discrete processing algorithm. The discrete
time realization for the use in micro-controllers is given by 6-1, wherein, the smoothing factor
« is computed based on the sample time AV and the required time constant of low pass filter
as shown in the 6-2.

Viptk = (1 — @)Vipr k-1 + aVicad k (6-1)
AT
__AT (6-2)
Tipt + AT

6-2 Programming in Micro-controller

In order to make the activity of programming in micro-controller more efficiently, the coding
of the arc detection algorithm was accomplished in MATLAB Simulink. Furthermore, the in-
terconnection configuration between the MATLAB (R2015b) and the Code Composer Studio
(V6.0.0) has been constructed step by step to facilitate the information exchange (Appendix
B-2), and then the simulation programme designed in the MATLAB Simulink would be com-
piled into files in C language and burned directly into the micro-controller via a USB cable,
which can help the engineers to achieve the convenient algorithm conversion from MATLAB
Simulink blocks to Micro-controller processor.

It is worthy to be noted during the construction of Simulink block that the determination of
the value of sample time set in both the micro-controller and the programme would have sig-
nificant influence on the achievement of the series dc arc detection algorithm in the practical
operation in the real world, because the sample time refers to the rate at which a discrete
system samples the inputs and outputs. In case of these serial experiments, the sample time
should be carefully chosen, and the value close to the lower time constant which is set for
the Fast LPF could activate the functionalities of the arc detection algorithm in the micro-
controller.

In the process of programming in the MATLAB Simulink, as shown in the Fig.6-2, the real
measured load side voltage across the capacitance goes through the voltage divider, which
presents the first transformation ratio. Furthermore, the second transformation ratio appears
during the data type conversion from analog quantity to digital quantity occurs in the voltage
value between input and output of the Pin ‘ADCINAOQ’ in the micro-controller of C2000.

In order to achieve the correct response of the arc detection algorithm in the micro-controller
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with sensitivity, selectivity and speed, attention should be paid on the fact that the practical
transformation ratio of both the voltage divider and the data type conversion posed a direct
influence on the decision of settings of the arc detection method during the algorithm coding
in the micro-controller.

When the output of band pass filter is greater than the set threshold value, a detection
signal would jump from low voltage level to high voltage level, and be provided by the out-
put pin ‘GPIO3’ from micro-controller to the oscilloscope which can be used to trigger the
protection algorithm to shut down the load current.

6-3 Test on Sensitivity

The sensitivity for the arc detection algorithm will be studied experimentally under different
circuit conditions with varying the trigger voltage value of the detection algorithm.

6-3-1 Setup and Procedure

The experimental setup for sensitivity test was prepared as what the Fig.6-3 presents accord-
ing to the equivalent circuit shown in Fig.6-1.

Table 6-1: Experiment Parameters for Sensitivity Test.

Parameters Symbol Values
DC source voltage Ve 100V
Cable inductance Lecable 100pH, 150uH, 200 H
Load capacitance Cload OpF, 1TuF, 27uF
Load current Tioad 5A
Constant resistance load Rioad Adjustable
Number of each test n 5

Table 6-2: Detection Algorithm Parameters for Sensitivity Tests [28].

Parameters Symbol Values
Slow LPF time constant Ts 1ms
Cascading Fast LPF time constant T 0.1ms
Trigger Voltage Virigger 6V, 7V, 8V, 9V
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Figure 6-3: The practical setup with micro-controller for Sensitivity test, (a) Arcing Relay, (b)
Voltage Divider, (c) Micro-Controller.

And the information of components associated with the experiment and the detection algo-
rithm parameters [28] are summarized in Table.6-1 and Table.6-2 for arc detection sensitivity
tests.

It can been seen that the dc voltage source supplies constant voltage value to the circuit,
and the capacitance is connected to the constant resistance load in parallel. In order to study
the sensitivity of the detection algorithm under different circuit parameters condition, not
only grid inductance and load capacitance are varied, but also the trigger voltage is set at
four different values. Fach condition was repeatedly tested for five times to gain statistical
insight about the stochastic arcing process.

To check the experiment result directly, the load side voltage and the arc detection signal
from the micro-controller are recorded by oscilloscope (YOKOGAWA DLM2054 mixed signal
2.5GS/s 500MHz) to verify the functionality of the series dc arc detection algorithm.
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6-3-2 Analysis of Experiment Results

For the set of experiments conducted with the same circuit parameters, as the threshold
voltage detection value is increased from 6V to 9V, Fig.6-4(a) to 6-4(d) present the different
response of the detection algorithm to the varying trigger voltage value. With raising the value
of the trigger voltage, the arc detection time increases, however the detection pitch decreases.
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Figure 6-4: The experiment results for different threshold voltage of arc detection algorithm
when Vdc = 1OOV, Iload = 5A, Lcable = 200,LLH and Cload = O,LLF.

The figures shown in Fig.6-5 and Fig.6-6 highlight the detection time with error-bar and
detection rate during experiments under different circuit parameters.
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Figure 6-5: The arc detection response under different circuit parameters with Cloaq = OpF.

As shown in Fig.6-5, the detection time for same trigger voltage under different inductance
is almost same and experiences a rising trend with increasing the trigger voltage value (from
around 2.46ms/6V to 3.39ms/9V).

The same relationship between the detection time and trigger voltage can be observed in
Fig.6-6. However what is more noteworthy is that with increasing load capacitance, the de-
tection time under same trigger voltage decreases due to the load-side voltage amplification
of capacitance which has been tested and explained in Chapter 5.

From all the experiment results, it can be summarized that: with increasing the value of
trigger voltage (from 6V to 9V'), the detection time after arc initiation exposes the same
rising tendency under different circuit parameter conditions, including the grid inductance
and load capacitance.

According to the experiment results highlighted above, the series dc arc detection algorithm
operates correctly and shows sensitivity, reliability and speed to detect the series dc arc fault
in the circuit under different circuit conditions. The threshold voltage value has significant
influence on the detection time, which should be taken into consideration of the determination
of the trigger voltage to ensure the rapid detection and to avoid the spurious triggering.
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Figure 6-6: The arc detection response under different circuit parameters with L. = 200uH .

6-4 Test on Selectivity

Moving further, as the sensitivity validation has been tested above, the selectivity of the arc
detection algorithm will be examined and validated through the following experiments.

6-4-1 Setup and Procedure

According to the equivalent circuit shown in Fig.4-3, the experimental setup was built up as
shown in Fig.6-7 with each load is equipped with arc detection algorithm for real-time arc
detection, and the experiment parameters are listed in Table.6-3.

Table 6-3: Experiment Parameters for Selectivity Test.

Parameters Symbol Values
DC source voltage Ve 100V
Cable inductance Lgc 200uH
Load capacitance Cload OpF, 1TuF, 27uF
Arc current Love 5A
Constant resistance load Rioaa Adjustable
Number of each test n 10
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Figure 6-7: The practical setup with micro-controller for Selectivity Test, (1) Main line, (2)
Branch 1, (3) Branch 2, (4) Arcing Relay.

Table 6-4: Detection Algorithm Parameters for Selectivity Tests [28].

Parameters Symbol Values
Slow LPF time constant Ts 1ms
Cascading Fast LPF time constant Tt 0.1ms
Trigger Voltage Virigger 6V

From the parameters table (Table.6-3), the dc voltage source supplies constant voltage at
value of 100V to the loads through the 200 H inductance, and the capacitance which varies
in three different values ( OuF, 17uF and 27uF") connects to the constant resistance load in
parallel.

Additionally, the arc current ([,..) means that load current of the line in which the arc
fault will be imposes should be equals to 54 with aiming to raise the probability of arc gener-
ation and to make the arcing more sustainable and to last long enough till it can be detected.

Fig.6-8 shows the schematic diagram of the selectivity tests. As shown, there are three
different position of arc, the selectivity of the detection algorithm can be validated by intro-
ducing the arc at different position of the system under different circuit parameters condition,
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Figure 6-8: The schematic circuit diagram for selectivity tests.

and the expectation is that only the faulted line can trigger the arcing signal. Each condition
was repeatedly tested for ten times.

By placing the arcing relay at the desired line in which the arcing fault is wanted, the real-

ization of different arcing position can be achieved

During the experiments, the parameter of detection algorithm was kept as same as what
was listed in Table.6-4, however only the 6V is chosen as the value of the trigger voltage for
the arc detection algorithm.

For both loadl and load2, the load side voltage and the arc detection signal from the
micro-controller are recorded by oscilloscope (YOKOGAWA DLM2054 mixed signal 2.5GS/s
500MHz) to check the experiment result directly.

6-4-2 Analysis of Experiment Results

A set of experiment has been performed with placing the arcing fault at different position
in the circuit to examine the selectivity of the arc detection algorithm under different circuit
parameters.

From Fig.6-9(a), it clearly shows that when the arcing fault occurs in branch line 1 (Arcjpaq1),
only the loadl-side arc detection signal is triggered in about 2.75ms after arc initiation, while
no arc detection signal trigged for the load2.

While, similarly process presented in Fig.6-9(b), the trigger action happens only at load2-
side arc detection signal when the arcing was introduced in branch2 (Arcjoag2) with detection
time for about 2.9ms, while no reaction from loadl-side detection.
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Figure 6-9: The response of detection algorithm to different arcing position.

Moving further, the arcing fault was introduced at DC main line (Arcq.), and as expected,
both the loadl-side and load2-side arc detection signal were triggered almost at the same
moment in around 2.65ms after arcing inception at dc side, which is presented in Fig.6-10.
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Figure 6-10: The response of detection algorithm to
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Next, the test for each arcing position under different circuit parameters has been repeated 10
times to check the reliability and selectivity of the detection algorithm. Besides no satisfied
arcing initiated in case of Cloq = 27uF, the experimental results were concluded in Table.6-5
and 6-6, and from them it can be seen that the arc detection algorithm reacts correctly for all
the tests under different circuit parameters, which indicating that the selectivity of the series
arc detection algorithm is achieved and guaranteed with reliability ensured.

Table 6-5: Arc Detection Rate for Selectivity Test with Clpaq = OuF'.

Arcing position Load1l-side Detection Load2-side Detection

Branch line 1 100% 0%
Branch line 2 0% 100%
DC main line 100% 100%

Table 6-6: Arc Detection Rate for Selectivity Test with Clg,q = 17uF.

Arcing position Load1-side Detection Load2-side Detection

Branch line 1 100% 0%
Branch line 2 0% 100%
DC main line 100% 100%

6-5 Conclusion

The real time experimental validation for sensitivity and selectivity has been conducted by
constructing the practical setup and programming the micro-controller and MATLAB for the
achievement of the series dc arc detection algorithm in this chapter, and through the analysis
of the experiment results gained from tests with changing both the trigger voltage value of the
detection algorithm and the circuit parameters of the equivalent dc micro-grid system. The
results has proved that the sensitivity, speed, reliability and selectivity has been harvested
and safeguarded for the series dc arc detection algorithm in practical tests.
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Chapter 7

Conclusion and Future Work

In this thesis, the arc detection algorithm has been explained and validated both in theoretical
and practical way to guarantee the sensitivity, selectivity and speed.

First of all, the theoretical validation of the proposed series dc arc detection algorithm has
been performed on the platform of Simulation in MATLAB by building the modeling of
equivalent circuit and the arcing. And when there was series dc arc fault initiating at the
DC-side in the dc micro-grids system especially under the condition of two constant power
loads connected in parallel, the selectivity, localization and speed can be ensured.

Entering next stage, in order to investigate the impact of the external factors on the charac-
teristic of the series dc arc, mainly on the load-side voltage drop and the corresponding time
which are associated with the arc initiation, by varying the circuit parameters including the
dc source voltage, the load current, the grid inductance and the input load capacitance, some
experimental research on the series dc arc properties, like arc generation and sustainability
have been designed and conducted, meanwhile the experimental results and the theory have
been analysed and explained.

Finally, the real time experimental validation of the proposed series dc arc detection algorithm
has also been performed via programming the micro-controller embedded with detection al-
gorithm by changing the setting value of the trigger voltage, as a result, the applicability
of the arc detection algorithm in the real arc fault detection in the power system network
under different circuit parameters has been proved and verified with sensitivity, selectivity
and speed given.

In order to make the series dc arc detection and elimination algorithm more completed and
dependable, the further research can be performed on the validation of the series dc arc
detection and elimination algorithm on these points:
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Conclusion and Future Work

The circuit parameters, like the DC source voltage, load current, inductance and capaci-
tance, can vary in wider range to enrich the experimental validation of the arc detection
algorithm.

The field test of the arc detection algorithm can be conducted in real dc micro-grid
system.

The insensitivity of the detection algorithm to the noise interference can be verified by

performing the special real time experimental tests.

The improvement on the band pass filter composed by slow LPF and fast LPF to ensure
the robustness of the arc detection to the noise.

The cooperation among different arc detection methods to facilitate the reliability of
the arc detection.

In the foreseeable future, under the inevitable trend of increasing scale of renewable energy

generation, energy storage and electrical vehicle, more and more dc micro-grids system will

be designed and constructed around the whole world, and the arc detection technique will

play an indispensable and important role in the application and operation of dc network.
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Appendix A

Experiment Components Design

A-1 Inductor Design

Sometimes it is unable to find a inductor in particular value in the market. This is actually
a problem faced by most of the electronic engineers, however the problem has become more
and more serious if your project is RF related. The inductors required for RF circuits (an-
tenna, tuner, amplifier etc.) are almost impossible to find in the present market and the only
solution is nothing other than home-brewing the specific inductors.

The air-core inductor offer a solution to these problems with the advantages in cost-effectiveness
and convenience without caring about the saturation occurs usually in the iron-core inductor.

With a little practice and patience you can construct air cored inductors with almost common
value easily. The inductance of an air cored inductor can be represented using the simplified
formula shown below in Equation.A-1 and to calculate the inductance of an air-core inductor,

the same equation may be used.

o AN?

L
l

(A-1)

L is the inductance (H);

A is the surface area of the air coil (m?);

[ is the length of the air coil (m);

N is the number of turns.

There is something need to be noted: the length of the coil used in the inductor should be
equal to or 0.4 times the diameter of the coil. And as shown in the equation, inductance of the
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air-core inductor varies as the square of the number of turns. Thus the value 1 is multiplied
four times if the value of n is doubled. The value of 1 is multiplied by two if the value of n is
increased up to 40%.

The requirements listed in below for winding the coil should be obeyed carefully.

The coil must be first wounded on a plastic former of the adequate diameter (equal to
the required core diameter);

The winding must be tight and adjacent turns must be as close as possible;

After the winding is complete, slowly withdraw the core without disturbing the coil;

Apply a thin layer of epoxy over the coil surface for mechanical support;

Remove the insulation from the coil ends.

With the value of inductance, there comes with the parasitic resistance in the inductor on
which some attention should be paid, and the smaller the value of parasitic resistance, the
better the performance achieved by the air-core inductor designed and prepared.

Table A-1: Inductor Parameters Example.

Parameters Values
Air Core diameter 30mm

Core length 40mm
Number of turns 67

Inductance 100uH

A-2 Voltage Divider Design

A voltage divider is a simple electrical circuit which turns a large voltage into a smaller one.
Using just two series resistors and an input voltage, we can create an output voltage that is
a fraction of the input. Voltage dividers are one of the most fundamental circuits in electronics.

The formula for calculating the output voltage is based on Ohms Law. The voltage divi-
sion rule (voltage divider) is a simple rule which can be used in solving circuits to simplify
the solution. The statement of the rule is simple: The voltage is divided between two series
resistors in direct proportion to their resistance due to same current flows through the given
resistors, voltage drop varies directly with its resistance in series circuit.

There are two important parts to the voltage divider: the circuit and the equation.
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Ry

R
2 Vou

O

Figure A-1: The equivalent circuit diagram for voltage divider.

Fig.A-1 presents the diagram of a voltage divider that contains a high resistance across a
voltage source, and the variable output voltage can be obtained across the resistance by vary-
ing value of Ry. This output voltage is a fraction of source voltage.

The resistor closest to the input voltage (Vi) is noted as Rj, and Rp is for the resistor
closest to ground. The voltage drop across Ry is called Vg, that is the divided voltage our
electrical circuit exists to make. Vg, is the divided voltage being a fraction of the input
voltage.

Ry

Vout = 5—=5Vin A-2
T Rl + Ry (4-2)

The voltage divider Equation shows that if the three values of the above circuit are known:
the input voltage (Vin), and both resistor values (R; and Rg). Given those values, the output
voltage (Vout) can be calculated by using this simple equation.

This equation states that the output voltage is directly proportional to the input voltage
and the ratio of R; and R».

As for the particular voltage divider applied in this thesis, the transformer ratio of the volt-
age divider is 1000/3.3V, which introducing the problem about the voltage constrain and the
current constrain.

There should be a limitation on both voltage and the current suffered by each resistance
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to restrict the breakthrough caused by the higher voltage or power losses in resistance. In
this thesis, the method of ten potentiometer in each value of 10k} connecting in series is
applied to lower the voltage appears over each resistor and to limit the current goes through
the voltage divider to reduce the heating power generated in each resistor.
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Appendix B

Information of Micro-Controller

B-1 Introduction to Micro-controller and Code Composer Studio

The thesis chosen the LAUNCHXL-F28027F C2000 Piccolo LaunchPad experimenter kit de-
signed and developed by Texas Instrument company as the micro-controller applied during
the real-time experiments.

The C2000 Piccol LaunchPad, LAUNCHXL-F28027F, is a complete low-cost experimenter
board for the Texas Instruments Piccolo F2802x devices. The LAUNCHXL-F28027F kit fea-
tures all the hardware and software necessary to develop applications based on the F2802x
microprocessor. The LaunchPad is based on the superset F28027F device, and easily allows
users to migrate to lower cost F2802x devices once the design needs are known. It offers
an on-board JTAG emulation tool allowing direct interface to a PC for easy programming,
debugging, and evaluation. In addition to JTAG emulation, the USB interface provides a
UART serial connection from the F2802x device to the host PC.

Meanwhile, the Code Composer Studio IDE version 6 can be download from the C2000
LaunchPad page (http://www.ti.com/c2000-launchpad) by users without any constrains to
write, download, and debug applications on the LAUNCHXL-F28027F board. The debugger
is unobtrusive, allowing the user to run an application at full speed with hardware breakpoints
and single stepping available while consuming no extra hardware resources.

The Code Composer Studio is an integrated development environment (IDE) that supports
TI’s microcontroller and embedded processors portfolio. Code Composer Studio comprises
a suite of tools used to develop and debug embedded applications. It includes an optimiz-
ing C/C++ compiler, source code editor, project build environment, debugger, profiler, and
many other features. The intuitive IDE provides a single user interface taking you through
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each step of the application development flow. Familiar tools and interfaces allow users to
get started faster than ever before. Code Composer Studio combines the advantages of the
Eclipse software framework with advanced embedded debug capabilities from TI resulting
in a compelling feature-rich development environment for embedded developers. The Code
Composer Studio IDE is available for free without any restriction when used with the XDS100
emulator on the C2000 LaunchPad. At this site, you can also download a copy of control-
SUITE that includes drivers, examples, and other support software needed to get started.

The C2000 LaunchPad installation consists of three easy steps:

1. Download Code Composer Studio and controlSUITE;
2. Install Code Composer Studio and controlSUITE;

3. Connect and install the C2000 LaunchPad to the PC.

After the steps above accomplished, the LaunchPad is ready to develop applications or run
the programmed burned-in by plugging the supplied USB cable into the C2000 LaunchPad
board and into an available USB port on your computer. Windows will automatically detect
the hardware and ask you to install software drivers. Let Windows run a search for the
drivers and automatically install them. After Windows successfully installs the drivers for
the integrated XDS100v2 emulator, your LaunchPad is now ready for use. The first time
the LAUNCHXL-F28027F is used, a demo application automatically starts when the board
is powered from a USB host. If your board does not start the demo application, try placing
S1 in the following positions and resetting the board: UP-UP-DOWN. To start the demo,
connect the LAUNCHXL-F28027F with the included mini-USB cable to a free USB port.
The demo application starts with the LEDs flashing to show the device is active. The C2000
LaunchPad gives users several options as to how to configure the board.

1. Power Domain

The C2000 LaunchPad has two separate power domains for the purpose of allowing
JTAG isolation. Jumpers JP1, JP2, and JP3 configure whether the USB power is
passed to the target device.

2. Serial Connectivity

The LAUNCHXL-F28027F has a USB to UART adapter built in. This makes it easy to
print debug information back to the host PC even in isolated environments. However,
in some cases the user may wish to connect the Piccolo SCI peripheral (C2000 UART
peripheral) to a Booster-Pack or other hardware via the header pins. If the SCI pins
are connected to both the header pins, the XDS100 UART channel contention would
exist and the pins would not be driven to the correct voltage levels. To solve this issue
we have included a switch to allow the user to disconnect the Piccolo serial pins from
the XDS100 UART connection. When S4 is in the up position, the Piccolo device’s
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SCI is connected to the XDS100 and you are able to receive and send serial information
from or to the board. When S4 is in the down position, the Piccolo device’s SCI is
disconnected from the XDS100 and Booster-Packs, which use serial communication,
and can communicate with the Piccolo device.

3. Boot Mode Selection

The LaunchPad’s F28027F device includes a boot ROM that performs some basic start-
up checks and allows for the device to boot in many different ways. Most users will
either want to perform an emulation boot or a boot to flash (if they are running the
application standalone). S1 has been provided to allow users to easily configure the pins
that the boot ROM checks to make this decision.

4. Connecting a Crystal

Although the Piccolo device present on the LAUNCHXL-F28027F has an internal os-
cillator and for most applications this is sufficient, the LaunchPad offers a footprint
for surface mount or through-hole HC-49 crystals for users who require a more precise
clock. If you wish to use an external crystal, solder the crystal to the Q1/Q2 footprint
and appropriate load capacitors to the C3 and C4 footprints. You also need to configure
the device to use the external oscillator in software.

5. Connecting a Satellite Board

The C2000 LaunchPad is the perfect experimenter board to start hardware development
with the F2802x devices. Connectors J1, J2, J5, and J6 and the power supply at J3
are aligned in a 0.1-in (2.54-mm) grid to allow an easy and inexpensive development of
a breadboard extension module. These satellite boards can access all of the GPIO and
analog signals.

6. Device Migration Path

Applications developed on the LAUNCHXL-F28027F can easily be migrated to any of
these lower cost devices in the F2802x family.

B-2 Configuration between Micro-controller and MATLAB Simulink

Embedded Coder Support Package for Texas Instruments C2000 Processors enables you to
generate a real-time executable, and download it to your TI development board. Embedded
Coder automatically generates C code and inserts the I/O device drivers in your block dia-
gram. These device drivers are inserted in the generated C code.

MATLAB Coder, Simulink Coder, and Embedded Coder generate ANSI/ISO C/C++ code
that can be compiled and executed on Texas Instruments Piccolo F28x 32-bit microcontrollers.
Embedded Coder lets you easily configure the code generated from MATLAB and Simulink
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algorithms to control software interfaces, optimize execution performance, and minimize mem-
ory consumption. Embedded Coder provides additional support for the Piccolo F28x 32-bit
microcontrollers that includes automated build and execution, processor-optimized code, abil-
ity to perform processor-in-the-loop (PIL) tests with execution profiling, block libraries for
on-chip and on-board peripherals, and deployment support using built-in scheduler.

Before you install the software, if you install the Texas Instruments (TI) Code Composer
Studio CCSv3 on Windows, then, make sure that:

e You have administrator privileges;
e You have set the User Account Control (UAC) settings to the lowest level;

e You install CCSv.6.0.0 in a folder other than Program Files.

Using this installation process, you download and install the following items on your host
computer:

e Support for Texas Instruments C2000 processors and its features;

e Simulink block library Embedded Coder Support Package for Texas Instruments C2000
Processors;

e Examples that show you how to use the Texas Instruments C2000 processor.

With entering into next stage at which hardware implementation is parameterized for creating
and sunning applications on target hardware, the configuration should be done in Simulink
by the following steps:

1. In the Simulink Editor, select Simulink>Model Configuration Parameter;
2. In the Configuration Parameter dialog box, click Hardware Implementation;
3. Set the Hardware board parameter to match your C2000 processor;

4. Click Apply to apply the changes.

In the Hardware board pane, it is important to select the type of hardware on which to run
your model, because changing this parameter updates the Configuration Parameters dialog
and it only displays parameters that are relevant to your target hardware.

After installing support for your target hardware, reopen the Configuration Parameters dialog

and select your target hardware. And then, selecting the appropriate C2000 processor option
to run the model on your micro-controller with C2000 processor.
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Appendix C

Coding for Matlab and
Micro-Controller

C-1 Coding in MATLAB

C-1-1 Arc Resistance Coding

if L>0;

V_arc=13.3;

X=[0 1 5 10 20 50 100 200];

Y=[V_arc/I_arc 36.32xI_arc (—1.124) 71.39xI_arc (—1.186) 105.25%I_arc
“(—1.239) 153.63%xI_arc (—1.278) 262.02%I_arc (—1.310) 481.20%I_arc
“(-1.350) 662.34%I_arc (—1.283)];

R_arc=interpl(X,Y,L,’linear’);

else

R_arc=0;

end

C-1-2 Current Elimination Algorithm Coding

if S==10;
if I_load>0;
I_loadl=I_load—700xt;
if I_loadl>0;
I_load2=I_loadl;
% test=1_load2
else
I_load2=0;
end

Master of Science Thesis Zhihao Liu



10
11
12
13
14
15

© 00 N O Ut ok W N =

W W W W W W W W wWwNNNDNDNDNDNDNNNIDNRERFE B B B B B B B &
O N O Uk WN R, O © 00N OO RRWN RO O 0NN Ww N = O

60

Coding for Matlab and Micro-Controller

els

end

else
I_load2=0;
end
e
I_load2=I_load;

C-2 TMS320f28027f Detection Algorithm Coding in C language

/ *

* Academic License - for use in teaching, academic research, and meeting
* course requirements at degree granting institutions only. Not for

* government, commercial, or other organizational use.

*

* File: test_adc2sci_0617HB_Double_0705.c

*

* Code generated for Simulink model ’test_adc2sci_0617HB_Double_0705"’.
*

* Model version :1.241

* Simulink Coder version 8.9 (R2015b) 13-Aug-2015

* C/C++ source code generated on : Fri Jul 15 12:34:13 2016

b3

* Target selection: ert.tlc

* Embedded hardware selection: Texas Instruments->C2000

* Code generation objectives: Unspecified

* Validation result: Not run

*/

#include "test_adc2sci_0617HB_Double_0705.h"
#include "test_adc2sci_0617HB_Double_0705_private.h"

/* Block signals (auto storage) */
B_test_adc2sci_0617HB_Double__T test_adc2sci_0617HB_Double_O07_B;

/* Block states (auto storage) x*/
DW_test_adc2sci_0617HB_Double_T test_adc2sci_0617HB_Double_O_DW;

/* Real-time model */
RT_MODEL_test_adc2sci_O617HB__T test_adc2sci_0617HB_Double_O_M_;

RT_MODEL_test_adc2sci_O617HB__T xconst test_adc2sci_0617HB_Double_O0O_M

&test_adc2sci_0617HB_Double_O0_M_;

/ *

* Output and update for atomic system:
* ’<Root>/MATLAB Function’

* ’<Root>/MATLAB Functionl’

*/
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void test_adc2sci_061_MATLABFunction(real T rtu_vload, real_T rtu_DT,

real_ T

rtu_V_trigger, real_T rtu_V_slpf_pre, real_T rtu_V_flpfl_pre, real_T

rtu_V_flpf2_pre, B_MATLABFunction_test_adc2sci_T xlocalB)

real_T Alpha_slpf;
real_T Alpha_£flpf;
real T V_flpfil;

/* MATLAB Function ’MATLAB Function’: ’<S1>:1’ x/

/* % Input the setting value for the Detection Algorithm */
/* setting value for the sample time */

/x DT=4e-5; 7} (s) x/

/* DT=0.001; x*/

/* setting value for the time constant for different LPF x/
/* groupl */

/* Tau_slpf=0.4; % time constant for Slow LPF (s) */

/* Tau_flpf=0.001; % time constant for Fast LPF (s) x*/

/* group 2 */

/* 7<81>:1:16° x/

/* time constant for Slow LPF (s) */

/* 2<81>:1:177 */

/* time constant for Fast LPF (s) */

/* calculating for smoothing factor */

/* 2<81>:1:20° */

Alpha_slpf = rtu_DT / (rtu_DT + 0.001);

/* smoothing factor for Slow LPF %/
/* 2<81>:1:217 */
Alpha_flpf = rtu_DT / (rtu_DT + 0.0001);

/* smoothing factor for Fast LPF %/

/* setting value for the initial signal */
/* 7<81>:1:257 x/

localB—>signal = 0.0;

/* % Detection Algorithm Function x*/

/* 7<81>:1:287 x/

Alpha_slpf = (1.0 — Alpha_slpf) % rtu_V_slpf_pre + Alpha_slpf =«
rtu_vload;

/* output from Slow LPF x/
/* 2<81>:1:297 */

V_flpfl = (1.0 — Alpha_flpf) x rtu_V_flpfl_pre + Alpha_flpf % rtu_vload

)

/* output from Fast LPF x/
/* 7<81>:1:30° */
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84 Alpha_flpf = (1.0 — Alpha_flpf) % rtu_V_flpf2_pre + Alpha_flpf =
V_flpf1l;

85

86 /* output from 2 cascading Fast LPF */

87 /* <81>:1:32° x*/

88 localB—>V_slpf_aft = Alpha_slpf;

89

90 /* 7<81>:1:337 x/

91 localB—>V_£flpfl_aft = V_flpfl;

92

93 /* 7<S1>:1:34° x/

94 localB—>V_£flpf2_aft = Alpha_£flpf;

95
96 /* 7<81>:1:36° */
97 /* pay attention on Fast LPF is cascading or not to change the

subscript number of the V_flpf(x) */
98 if (Alpha_slpf — Alpha_flpf >= rtu_V_trigger) {

99 /* 7<81>:1:39° x*/

100 /* decide the detection signal */
101 /* 7<81>:1:40° =/

102 localB—>signal = 1.0;

103

104 /* set value to signal when arc is detected */
105 }

106}

107

108 real T rt_roundd_snf(real_T u)

109 |

110 real_T y;

111 if (fabs(u) < 4.503599627370496E+15) {
112 if (u>= 0.5) {

113 y = floor(u + 0.5);

114 } else if (u > —-0.5) {

115 y=u x 0.0;

116 } else {

117 y = ceil(u — 0.5);

118 }

119 } else {

120 y = u;

121 }

122

123 return y;

124}

125

126 /* Model step function */

127 void test_adc2sci_0617HB_Double_0705_step(void)
128 {

129 real_T tmp;
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130

131 /* S-Function (c2802xadc): ’<Root>/ADC’ x/

132 {

133 /* Internal Reference Voltage : Fixed scale 0 to 3.3 V range. */

134 /* External Reference Voltage : Allowable ranges of VREFHI(ADCINAO)

= 3.3 and VREFLO(tied to ground) = 0 */

135 AdcRegs . ADCSOCFRC1.bit.S0CO = 1;

136 asm(" RPT #22 || NOP");

137 test_adc2sci_0617HB_Double_07_B.ADC = (Achesult.ADCRESULTO);

138 }

139

140 /* MATLAB Function: ’<Root>/MATLAB Function’ incorporates:

141 * Constant: ’<Root>/Sample Time’

142 * Constant: ’<Root>/Trigger Voltage’

143 * UnitDelay: ’<Root>/Fast LPF1’

144 * UnitDelay: ’<Root>/Fast LPF2’

145 * UnitDelay: ’<Root>/Slow LPF’

146 */

147 test_adc2sci_061_MATLABFunction(test_adc2sci_0617HB_Double_07_B.ADC,

148 test_adc2sci_0617HB_Double_O7_P.sampletime,

149 test_adc2sci_0617HB_Double_O07_P.V_trigger,

150 test_adc2sci_0617HB_Double_O_DW.SlowLPF_DSTATE,

151 test_adc2sci_0617HB_Double_O_DW.FastLPF1_DSTATE,

152 test_adc2sci_0617HB_Double_O_DW.FastLPF2_DSTATE,

153 &test_adc2sci_0617HB_Double_07_B.sf_MATLABFunction);

154

155 /* S-Function (c280xgpio_do): ’<Root>/Digital Output’ */

156 {

157 GpioDataRegs.GPASET .bit.GPI0O3 =

158 (test_adc2sci_0617HB_Double_07_B.sf_MATLABFunction.signal != 0);

159 GpioDataRegs .GPACLEAR.bit.GPIO3 =

160 !(test_adc2sci_0617HB_Double_07_B.sf_MATLABFunction.signal != 0);

161 }

162

163 /* DataTypeConversion: ’<Root>/Data Type Conversion’ */

164 tmp = rt_roundd_snf (test_adc2sci_0617HB_Double_07_B.ADC);

165 if (rtIsNaN(tmp) || rtIsInf(tmp)) {

166 tmp = 0.0;

167 } else {

168 tmp = fmod(tmp, 4.294967296E+9);

169 }

170

171 test_adc2sci_0617HB_Double_07_B.DataTypeConversion = tmp < 0.0 7 —(
int32_T)

172 (uint32_T)—tmp : (int32_T)(uint32_T)tmp;

173

174 /* End of DataTypeConversion: ’<Root>/Data Type Conversion’ */

175
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Coding for Matlab and Micro-Controller

/* S-Function (c28xsci_tx): ’<Root>/SCI Transmit’ */

{

}

/* Send additional data header x*/

{

char *String = "S";
scia_xmit(String, 1, 1);

}

scia_xmit ((charx*)&test_adc2sci_0617HB_Double_07_B.DataTypeConversion,
4, 4);

/* Send additional data terminator */

{

char *String = "E";
scia_xmit(String, 1, 1);

}

/* S-Function (c2802xadc): ’<Root>/ADC1’> x/

{

/* Internal Reference Voltage : Fixed scale 0 to 3.3 V range. */

/* External Reference Voltage : Allowable ranges of VREFHI(ADCINAO)
= 3.3 and VREFLO(tied to ground) = 0 */

AdcRegs . ADCSOCFRC1.bit.S0C1 = 1;

asm(" RPT #22 || NOP");

test_adc2sci_0617HB_Double_07_B.ADC1 = (AdcResult.ADCRESULT1):

* MATLAB Function: ’<Root>/MATLAB Functionl’ incorporates:
* Constant: ’<Root>/Sample Timel’

* Constant: ’<Root>/Trigger Voltagel’

* UnitDelay: ’<Root>/Fast LPF3’

* UnitDelay: ’<Root>/Fast LPF4’

* UnitDelay: ’<Root>/Slow LPF1’

test_adc2sci_061_MATLABFunction(test_adc2sci_0617HB_Double_07_B.ADC1,

test_adc2sci_0617HB_Double_O07_P.sampletime,
test_adc2sci_0617HB_Double_O07_P.V_trigger,
test_adc2sci_0617HB_Double_O_DW.SlowLPF1_DSTATE,
test_adc2sci_0617HB_Double_O_DW.FastLPF3_DSTATE,
test_adc2sci_0617HB_Double_O_DW.FastLPF4_DSTATE,
&test_adc2sci_0617HB_Double_07_B.sf_MATLABFunctionl);

/* S-Function (c280xgpio_do): ’<Root>/Digital Outputl’ */

{

GpioDataRegs.GPASET.bit.GPI02 =
(test_adc2sci_0617HB_Double_07_B.sf_MATLABFunctionl.signal != 0);
GpioDataRegs .GPACLEAR .bit.GPIO2 =
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222 !(test_adc2sci_0617HB_Double_07_B.sf_MATLABFunctionl.signal != 0);
223 }

224

225 /* Update for UnitDelay: ’<Root>/Slow LPF’ */

226 test_adc2sci_0617HB_Double_O_DW.SlowLPF_DSTATE =

227 test_adc2sci_0617HB_Double_O07_B.sf_MATLABFunction.V_slpf_aft;
228

229 /* Update for UnitDelay: ’<Root>/Fast LPF1’ x/

230 test_adc2sci_0617HB_Double_O_DW.FastLPF1_DSTATE =

231 test_adc2sci_0617HB_Double_O07_B.sf_MATLABFunction.V_flpfl_aft;
232

233 /* Update for UnitDelay: ’<Root>/Fast LPF2’ %/

234 test_adc2sci_0617HB_Double_O_DW.FastLPF2_DSTATE =

235 test_adc2sci_0617HB_Double_O07_B.sf_MATLABFunction.V_flpf2_aft;
236

237 /* Update for UnitDelay: ’<Root>/Slow LPF1’ %/

238 test_adc2sci_0617HB_Double_O_DW.SlowLPF1_DSTATE =

239 test_adc2sci_0617HB_Double_O07_B.sf_MATLABFunctionl.V_slpf_aft;
240

241 /* Update for UnitDelay: ’<Root>/Fast LPF3’ x*/

242 test_adc2sci_0617HB_Double_O_DW.FastLPF3_DSTATE =

243 test_adc2sci_0617HB_Double_O07_B.sf_MATLABFunctionl.V_flpfl_aft;
244

245 /* Update for UnitDelay: ’<Root>/Fast LPF4’ %/

246 test_adc2sci_0617HB_Double_O_DW.FastLPF4_DSTATE =

247 test_adc2sci_0617HB_Double_O07_B.sf_MATLABFunctionl.V_flpf2_aft;
248}

249

250 /* Model initialize function */

251 void test_adc2sci_0617HB_Double_0705_initialize(void)

252 {

253 /* Registration code */

254

255 /* initialize non-finites x*/

256 rt_InitInfAndNaN(sizeof (real_T));
257

258 /* initialize error status */

259 rtmSetErrorStatus (test_adc2sci_0617HB_Double_0_M, (NULL));

260

261 /* block I/0 */

262 (void) memset (((void *) &test_adc2sci_0617HB_Double_07_B), 0,

263 sizeof (B_test_adc2sci_0617HB_Double__T));

264

265 /* states (dwork) x*/

266 (void) memset ((void x*)&test_adc2sci_0617HB_Double_0_DW, O,
267 sizeof (DW_test_adc2sci_0617HB_Double_T));

268

269 /* Start for S-Function (c2802xadc): ’<Root>/ADC’ */
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InitAdc();
config_ADC_S0CO ();

/* Start for S-Function (c280xgpio_do): ’<Root>/Digital Output’ */

EALLOV
GpioCtrlRegs.GPAMUX1.all &= OxFFFFFF3F;
GpioCtrlRegs.GPADIR.all |= 0x8;

EDIS;

/* Start for S-Function (c2802xadc): ’<Root>/ADC1’
config_ADC_SOC1 ();

*/

/* Start for S-Function (c280xgpio_do): ’<Root>/Digital Outputl’ */

EALLOW;

GpioCtrlRegs.GPAMUX1.all &= OxFFFFFFCF;
GpioCtrlRegs.GPADIR.all |= 0x4;

EDIS;

/* InitializeConditions for UnitDelay: ’<Root>/Slow
test_adc2sci_0617HB_Double_O_DW.SlowLPF_DSTATE =
test_adc2sci_0617HB_Double_O07_P.V_slpf_initial;

/* InitializeConditions for UnitDelay: ’<Root>/Fast
test_adc2sci_0617HB_Double_O_DW.FastLPF1_DSTATE =
test_adc2sci_0617HB_Double_O07_P.V_flpf_initial;

/* InitializeConditions for UnitDelay: ’<Root>/Fast
test_adc2sci_0617HB_Double_O_DW.FastLPF2_DSTATE =
test_adc2sci_0617HB_Double_O07_P.V_flpf_initial;

/* InitializeConditions for UnitDelay: ’<Root>/Slow
test_adc2sci_0617HB_Double_O_DW.SlowLPF1_DSTATE =
test_adc2sci_0617HB_Double_O07_P.V_slpf_initial;

/* InitializeConditions for UnitDelay: ’<Root>/Fast
test_adc2sci_0617HB_Double_O_DW.FastLPF3_DSTATE =
test_adc2sci_0617HB_Double_O07_P.V_flpf_initial;

/* InitializeConditions for UnitDelay: ’<Root>/Fast
test_adc2sci_0617HB_Double_O_DW.FastLPF4_DSTATE =
test_adc2sci_0617HB_Double_O07_P.V_flpf_initial;

/* Model terminate function */
void test_adc2sci_0617HB_Double_0705_terminate(void)

{

/* (no terminate code required) x*/
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LPF1’ x/
LPF2’ x/
LPF1’ =/
LPF3’ */
LPF4’ x/
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/ *
* File trailer for generated code.
*

x [EOF]
*/
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List of Acronyms

ac
dc
LPF
LV

RLC

Alternating Current
Direct Current

Low Pass Filter
Low Voltage

Resistance, Inductance and Capacitance
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