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Abstract 

 

Horizontal Series Fault Comparison 

in 

AC & DC Micro-grid Architectures 

 

Hunter Blake Estes, M.S.E. 

The University of Texas at Austin, 2011 

 

Supervisors: Alexis Kwasinski & Robert E. Hebner 

 

This research focuses on empirical observations of horizontal series arc faults.  

These faults differ from ground faults, for series faults encompass the electromagnetic 

transient effects of arc formations in series with sustained current flow when there is a 

break in the circuit.  This may happen intentionally (as in a breaker) or unintentionally 

(as in a loose, damaged, or severed cable). 

This paper studies some of those transient effects during arc ignition, propagation, 

and cessation.  Emphasis is on dc systems, for series faults present some of the more 

challenging safety concerns relating to widespread dc micro-grid acceptance and 

proliferation.  However, arc behavior is also compared to that of ac systems under “quasi-

equivalent”, passive circuit parameters.  Variables of study primarily include arc voltage, 

current, and their relationship to electrode spacing under dynamic conditions.  

  Results indicate that interruptions in dc current, while appearing more chaotic 

from a localized standpoint, do not produce the fast-acting transients associated with ac 

disturbances.  Additionally, if dc arcs propagate over a slowly increasing distance of 

separation, they can be modeled as quasi-static in nature.  An equation model is 

developed and curve-fitting parameters match well with historically tabulated constants. 
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1. Introduction & Background 

1.1 TYPES OF ARC FAULTS 

This experimental work explores series arc fault behavior in both ac and dc power 

distribution architectures.  Faults are undesired states in circuit networks where current 

flow is unintentionally interrupted, re-routed, or generated to a non-intended location.  

More specifically, arc faults are the discharge of current across a supposedly insulating 

medium through the formation of an ionizing arc plasma column which facilitates 

conductivity. 

Faults can be classified as either parallel or series, dependent upon their network 

topologies [1]. 

 

Figure 1: Arc Fault Topology 

Series faults are noticeably different from ground faults, which are parallel in 

nature (with either V1 or V2 equal to ground).  In series faults, an electrical discontinuity 

is formed between source and load networks, resulting in a loss of current.  This can 

happen intentionally (such as in a breaker design), or unintentionally (such as the 

burning of an inline fuse, a loose connection, a longitudinal cable tear, or a severed 
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cable).  Furthermore, series arc faults can be classified into those that are 

axisymmetrically vertical in nature, and horizontal ones which are non-axisymmetric [2]. 

 

 

Figure 2: Types of Arcs [2] 

The non-axisymmetry seen in horizontal arcs is due to heating of surrounding air, 

creating a thermal convection effect that causes the arc to bow or bend upward, giving 

arcs their characteristic name.  While arc faults of all types are a concern, the research 

herein deals with strictly horizontal, non-axisymmetric, free-burning arc faults for both ac 

and dc systems. 

 

Figure 3: Laboratory Simulated Horizontal, Free-Burning, Series Arc Fault [3] 
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1.2 ARC CONCERNS & RELEVANCE 

While series arc faults are important concerns for both ac and dc power 

distribution architectures, they seem more concerning to dc systems.  DC waveforms do 

not have a periodic zero-crossing like ac systems which facilitates arc self-extinction [2].  

Additionally, dc series faults initially do not produce noticeable changes in their system’s 

voltage or current, making them difficult to detect [4].  Standard circuit breakers and 

ground fault interrupts generally do not trip in the event of a series arcing fault due to 

sufficiently high system impedance [5].  Meanwhile, localized arcing conditions can 

elevate temperatures to over 2,200 ºC, potentially igniting wire insulation and other 

adjacent combustibles within the vicinity of the arc [6]. 

Yet despite this safety concern, dc systems are gaining promise due to other 

system advantages as compared to ac.  DC systems readily allow for the incorporation of 

energy storage, improving system uptime and availability.  The information and 

communications technology (ICT) industry seems to prefer dc systems for they offer 

greater power efficiency when coupled to storage systems since fewer conversion stages 

are needed to deliver power to dc loads [7,8].  According to a report by the Japanese 

Ministry of Economy, Trade, and Industry (METI), the ICT’s power consumption is 

expected to increase five-fold from 2006 levels by the year 2025.  This will account for 

roughly 20% of all domestically generated power [9].  Regarding household power 

consumption, dc micro-grids offer similar advantages of higher density, availability, and 

efficiency since many home loads are inherently dc-based [10,11,12].  Moreover, dc 

loads are expected to increase with the advent of LED lighting and plug-in hybrid 

vehicles which are becoming more pervasive.  Even the United States Air Force (USAF) 

has selected the future power systems on its F/A-22 and JSF aircrafts to be dc-based.  

Concurrently, the United States Navy, Office of Naval Research-Electric Ship Research 



4 

 

and Development Consortium (ONR-ESRDC) is also evaluating using dc power systems 

for its next generation of electric ships [5,13,14]. 

Due to cable weight and cost, the telecommunications industry is migrating from  

-48 V dc to +380/400 V dc where thinner cables with smaller ampacity ratings can be 

used to supply lower currents to power distribution cabinets (PDCs) [7].  Similarly, an 

increase in USAF aircraft bus voltage levels from traditional 28 V dc to 270 V dc is 

taking place, for the same reasons [5].  Unfortunately, migration to higher dc bus voltage 

levels only magnifies concerns relating to arc fault detection, isolation, and safety. 

Two methods used to help quench dc arc faults are vacuum interrupters to 

increase dielectric strength, and permanent magnets to increase arc length [8,15].  Both of 

these methods are very effective; however, it is often difficult to determine where in a dc 

system an arc fault will occur.  Protection equipment is not ubiquitous with circuit design.  

Even at 40,000 feet where atmospheric pressure is less, 270 V dc is more than adequate 

to initiate and sustain a dc arcing fault [16,17].  Thus, this concern underscores the need 

for dc arc detection so the appropriate protective measures can be quickly administered to 

reduce damage to equipment and personnel.  DC arcs can be identified a number of ways 

since they emit optical, acoustic, and electromagnetic signatures [5].  But again, this 

generally requires a sensor to be in relatively close proximity to the fault location.   

For high voltage ac transmission lines and feeders, the grid is protected through 

the coordinated use of overcurrent devices, namely fuses and reclosers.  While this is 

simple in concept, some of the behaviors of these devices is quite complex.  Yet, what is 

remarkable is that nearly all of these safety measures are performed automatically by 

autonomous devices employing only local intelligence [18]. 
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DC systems will likely require a higher level of intelligence for fault detection 

and management such as arc fault circuit interrupters (AFCIs) [5].  However, their 

intelligence must be predicated on an intricate understanding of arc fault characteristics. 

 The focus of this research is then aimed at studying dc open series faults in 

greater detail.  The intention is to fundamentally gain insight into their behavior, and the 

system variables of influence on dc arcs.  Additionally, their impact on voltage and 

current transients will also be studied from both a local and systematic viewpoint.  
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2. Literature Review 

2.1 HISTORICAL PERSPECTIVE 

When discussing the history of dc arcs, one must realize that when they were first 

studied in great detail near the turn of the 20th century, much excitement surrounded 

using dc arcs for the purposes of illumination.  Child suggests in 1913 that mankind may 

be in the “Age of Artificial Light” and Rasch alludes to “arc-lamp engineers” while 

detailing how to position carbon electrodes to cast the most light [19,20].  Thus, the 

discovery of generating electricity for practical use was a relatively novel concept, as was 

the possibilities it opened for mankind.  One of the most important initial questions to 

answer was to determine the level of voltage necessary to sustain a dc arc.  The first 

equation governing the arc resistance came from Edlund, in 1867 [19]: 

 

arcR A B   

where he defined Rarc to be the apparent resistance, or the ratio of the voltage across the 

arc terminals to the arcing current.  Edlund stated the arc resistance was dependent upon 

the electrode gap length, ℓ, but independent of the current.  In his equation, A and B were 

constants relating ℓ to Rarc, so long as length, current level, and circuit parameters 

remained unchanged.  If current values were adjusted, this inversely affected the “true” 

arc resistance term, Bℓ, and a new value of B must be recalculated [19]. 

Later in 1902, after rigorous experimental study, Hertha Aryton came out with her 

famous governing equation to relate current and length to the voltage across the arcing 

terminals [21]. 

arc

arc

C D
V A B

I


    

(1) 

(2) 
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Here again, ℓ represents electrode gap length, while A, B, C, and D represent 

constants which are pursuant to the fixed testing conditions such as electrode 

composition, shape, gap length, etc.  She also noted that many of the parameters 

surrounding a dc arc, especially one of small current, do not appear to stabilize until long 

periods, sometimes more than an hour.   

 

Aryton plotted her results, forming some of the first V-I plots for fixed-length, dc arcs:   

 

 

Figure 4: Potential Drop (P.D.) versus Current for Fixed-Length DC Arcs [22] 

Herein, one can see the arc voltage’s non-linear shape with increasing current.  

Initially, the voltage across the arc is heavily influenced by the current level, so much so 

that some may perceive arc power over this region to remain relatively constant [2].  
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However, as current levels increase, their influence on the potential drop lessens until 

such time as arcs begin to acoustically hum or hiss.  When this occurs, Aryton observed a 

voltage level drop of approximately 10 V, while current values increased by 2 or 3 A 

[22].  She also noted that two effective ways to reach this threshold were either increasing 

the current levels or shortening the electrode spacing, and thus, the arc length.  While the 

hissing arc was a very interesting find and an important boundary layer transition region, 

the majority of the work represented herein will focus on the modeling of silent arcs. 

Additional modeling of fixed-length, silent arcs occurred with the work of both 

Charles Steinmetz in 1906, and W.B. Nottingham in 1923.  Their respective equations are 

presented below: 

 

Steinmetz [23]: 

 
arc

arc

C D
V A

I


   

Nottingham [24]: 

arc n

arc

B
V A

I
 

 

 

As noted before, ℓ denotes length, while the values A, B, C, and D are constants.  

Yet, these constants are not congruent among all sets of equations.  Rather, they are 

calculated with respect to each set of experiments, according to testing protocol devised 

by the observer.  It is also noted the Nottingham equation is the only one which does not 

specifically show the arc voltage as a function of arc length.  However, this is somewhat 

misleading as Nottingham has actually incorporated a length term, ℓ, into his constant, B, 

since arc length is held constant during his testing conditions. 

(3) 

(4) 
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Reflecting on all four of the presented equations, as well as illustrated V-I plots, 

one may make the following observations: 

1) All equations include a constant term, A, representing a small voltage loss across the 

arcing terminals which is completely independent of both the arc length, ℓ, and the 

current magnitude, Iarc. 

2) All sets of equations show the remaining potential drop across electrodes, (Varc – A), 

to have some dependency upon both length, ℓ, and current, Iarc.  Most theorize this 

voltage gradient to be linearly dependent upon length, while having a non-linear, 

inverse dependency upon current.  Additionally, the effect current levels have upon 

the arcing voltage diminishes at higher current thresholds save for the period when 

enough current flows to cause the arc to emit discernable acoustics. 

3) Testing protocol involved adjusting circuit values (predominantly system resistance 

and electrode spacing) and giving the circuit sufficient time to equilibrate so the dc 

arc became quasi-static in nature.  Then, accurate values of both the current and 

voltage drop across the arcing terminals could be finely measured.  Thus, all equation 

constants were determined empirically for a given set of testing protocol.  The volt-

ampere (V-I) characteristics of these electric arcs were then tabulated and charted, 

accordingly, and plots were developed and overlaid to curve-fit these results into 

equation format.  While useful and important to understanding the nature of arcs, the 

tabulated constants would be specific to each set of testing protocol used in their 

respective experimental labs.  Thus, for one to reproduce these results, a rigorous 

understanding of all testing conditions would be needed.   

 

This last point is very important, for a simple parameter such as length, ℓ, was 

often not expressly defined.  While it is likely a measure of electrode displacement, one 
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must remember that an arc’s impedance is governed by the arc length, not electrode 

spacing.  Often, they are not equivalent [2].  Moreover, there are differences in arc 

lengths between horizontal and vertical arcs due to heating and convection effects.  

Additional parameters which will influence results are whether an arc is ac or dc in 

nature, the electrode composition, electrode shape, gap displacement, arc topology, etc.  

For a more accurate understanding, one must turn to the physics of arcs. 

 

2.2 ARC PHYSICS 

For the simple circuit below,  

 

Figure 5: Simple DC Circuit with a Horizontal Series Fault 

From Kirchhoff’s Voltage Law, 

arc
source arc system system arc

dI
V I R L V

dt
  

, or
 

source arc system arcarc

system

V I R VdI

dt L

 


 

and,  

arc
arc

arc

V
Z

I
  

(5) 

(6) 
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Initially, when there is no arc fault, Zarc and Varc are both equal to zero.   Once 

there is electrode contact separation, because current cannot change instantaneously 

through an inductor, current will attempt to flow across the open series fault location.  If 

there were no system inductance, the entire system voltage would now be applied across 

the fault location.  The strength of this electromotive force (EMF) relative to the air gap’s 

resistance will determine if an arc will be sustained through the ionization of gases and 

formation of an arcing plasma column.  Below depicts a voltage gradient across the 

upstream anode (+) to the downstream cathode (-): 

 

 

Figure 6: Arc Voltage Gradient versus Arc Length [25] 

From Figure 6, it is clear that the behavior of arcs is governed more by the 

physical properties of the plasma column rather than the effects at the electrode regions 

[26].  However, the voltage drops across both the anode and cathode are noteworthy.  At 

the first instant of arc formation, the voltage drop across the fault location is equal to the 

sum of both the anode and cathode locations for the arc burning in a mixture of the 

electrode-metal vapor and the ambient gas.  In fact, this initial voltage drop appears in 

less than 10
-5

 seconds, (or, roughly t≈0
+
) [27].  Relating this information back to 
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Equations (1-4), one can indeed see the anode and cathode voltage loss terms have been 

experimentally determined to be constant with respect to current and gap length, and are 

represented by the term, A.  Thus, the nonlinearity of the arc voltage versus current (V-I) 

characteristics must therefore be controlled by the conductivity of the plasma column, 

itself.   

The Figure below depicts the temperature effects surrounding plasma arcs as a 

function of arc radius: 

 

Figure 7: Arc Temperature versus Radius of Arc Column [28] 

For low-current arcs, the cross-sectional area defined in Figure 7 is not isothermal 

across the arc’s radius.  Thus, local heating conditions will cause a temperature gradient, 

causing convective mixing which will lead to a relatively low frequency repetition of arc 

excursions and reconnections [29].  Temperature conditions of surrounding gases 

determine their ability for ionization, affecting conductivity and thus the arc’s resistivity.  

At low current the localized heating conditions of arc columns are neither uniform nor 

well-defined.  Thus, small changes to current flow will greatly affect arc resistivity.  
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However, high current arcs have more of a well-established thermal profile; therefore, the 

propensity of current to influence arc resistivity is greatly diminished due to thermal 

inertia.  In fact, arc voltage is nearly independent of current in this region because 

changes in current mainly affect the cross-sectional area of the arc column, not its core 

temperature.  Thus, the volt-ampere characteristics can be treated as static [30]. 

Again, referring back to Equations (1-4), this is exactly what was observed 

regarding the non-linearity seen on typical V-I plots and in their derived equations.  This 

also helps to explain why currents effect on arc resistance is greatly diminished at higher 

levels.  However, Lowke found in 1979 that Varc does not converge to a finite value, 

irrespective of further increases in current.  Rather, for high-current arcs, magnetic effects 

acting upon constricted portions of the arc near the electrode spot tend to become 

increasingly dominant [29].  Lowke even differentiates the two arc characteristic V-I 

profiles into that of low-current, dominated by natural convection, and high-current, 

dominated by magnetically driven convection [31]. 

 

Lowke’s Low Current Equation: 
0.250.5

0.751.37 w
arc

g
V z

 

 

  
    

   
 

Lowke’s High Current Equation: 

 
0.5

0.25 0.25

00.52arc arc

z
V j I 



 
  

 
 

where, ρ is the density of the filament, ρω is the density of the surrounding air, h is the 

enthalpy, σ is the conductivity of the material, g is the gravitational constant, μ the 

permittivity of free space, j0 is the current density at the cathode location, and z is the 

axial length. 

(7) 

(8) 
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In 1991, Stokes and Oppenlander went on to plot and curve fit these high current 

magnetic effects showing how they become increasingly dominant as current levels 

increase. 

 

 

Figure 8: Horizontal, Copper Electrode Arc Characteristic V-I Curves and Approximation 

Modeling [29]  

As can be seen in the Figure above, Stokes and Oppenlander postulated the 

following equation for dc arcs whose current levels exceeded the transition region where 

dVarc/dIarc becomes positive due to magnetic effects [29]: 

 

0.12(20 0.534 )arc gap arcV x I   

Similarly, Paukert also observed this effect when compiling and curve-fitting 

research efforts across seven different sources in 1993.  His work is tabulated on the 

following page. 

(9) 
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TABLE 1: PAUKERT’S EMPIRICAL ARC FORMULAE [32] 

Electrode 

Gap [mm] 

Arc Voltage [V] 

(Iarc < 100A) 

Arc Voltage [V] 

(Iarc > 100A) 

1 36.32Iarc
-0.124

 13.04Iarc
0.098

 

5 71.39Iarc
-0.186

 14.13Iarc
0.211

 

10 105.25Iarc
-0.239

 16.68Iarc
0.163

 

20 153.63Iarc
-0.278

 20.11Iarc
0.190

 

50 262.02Iarc
-0.310

 28.35Iarc
0.194

 

100 481.20Iarc
-0.350

 34.18Iarc
0.241

 

200 662.34Iarc
-0.283

 52.63Iarc
0.264

 

 

As can be seen from Paukert’s tabulated data, the effect of Iarc on Varc diminishes until a 

certain threshold is reached (100 A).  Then, increasing magnetic effects cause the Iarc 

exponent to turn from negative to positive as further increases in Iarc actually increase 

Varc.  This is congruent with the observations and modeling efforts of Stokes and 

Oppenlander in Equation (9). 

Earlier research efforts did not see this effect since most experimental testing was 

done at lower current levels due to a paucity of high power, dc sources.  For this reason, 

the Aryton Formula (2) is only accurate for approximating current levels below 100 A 

[33].  Similarly, the Nottingham Equation (4) has its limitations since it was only tested at 

electrode gaps in the range of 1 to 10 mm [2]. 

The limited range of these models and their variability across multiple testing 

platforms underlies a very important point:  

Historical models developed may be effectively used if testing conditions and 

parameters lie within the confines of previous modeling developmental efforts.  However, 

extrapolating them to be applicable to a wide range of testing protocol and conditions 

will likely yield large margins of error. 
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Thus the physics behind arc formations, as well as developmental modeling 

efforts such as Lowke’s, illustrate that arc formations are indeed a complex phenomenon 

with multiple variables of influence.  Even a parameter like arc resistivity is highly 

dependent upon factors affecting the conductivity of the medium between the electrodes.  

Some of these variables of influence relate to the gas pressure, humidity, composition and 

ionization propensity, charging effects, magnetic effects, and thermal convection effects.  

Moreover, an arc energy balance is difficult to ascertain because the Conservation of 

Energy principle requires that energy is conserved during an arcing fault.  Therefore, the 

electrical energy input must equal the energy released in the form of heat, pressure, 

sound, light, and electromagnetic radiation [2].  This difficulty is compounded with 

horizontal, non-axisymmeric arcs due to their chaotic nature of motion.   

For this reason, a theoretical model based upon arc physics was not attempted.  

Rather, the electrical nature of arcs and their impact on the remaining circuit, particularly 

during a dynamic arc fault condition, is more the focus of this research.  To that extent, it 

is noted that dynamic horizontal faults will likely have some different effects than 

previous modeling efforts which were done with well-stabilized, quasi-static arcs.  Yet, 

faults encountered in circuits are often dynamic in nature.  Thus, this underscores the 

importance of this research. 

 

2.3 DYNAMIC ARCS GENERATED DURING CIRCUIT INTERRUPTION 

While previously cited work has focused on determining the governing V-I arc 

equations and understanding how these relate to arc physics, it was noted specifically that 

all cited experimental work was done under a fixed length, ℓ, with enough time given so 

as dc arcs could equilibrate with their surroundings so accurate measurements could be 
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recorded.  Yet, just as important is the understanding of circuit branch interruptions 

leading to arcing faults.  And, in these cases, the length (herein referred to as xgap for 

purposes of clarification), is moving at a specified rate which should introduce a new 

complexity into modeling efforts. 

Regarding the simple circuit from Figure 5, if the system were purely resistive in 

nature, Equation (5) would reduce to: 

 

 ,source system gap gapV R i v i x   

noting that vgap is a function of both the electrode spacing, xgap, and the current itself. 

In 1941, Cobine proposed that if one were to assume a linear relationship of gap 

voltage with distance, and an inverse relationship versus current, than the potential drop 

across arcing electrodes could be expressed by [34]: 

 

gap

gap

x
v A B

i
   

[Note: Equation (11) is very similar to the Aryton Equation (2) and Nottingham Equation (4).] 

 

Substituting (11) into (10), 

 

gap

source system

x
V R i A B

i
    

having the boundary condition that at xgap=0
+
, the initial value for the arc faulting current, 

iarc0, can be found by, 

 

0

source
arc

system

V A
i

R


  

(10) 

(11) 

(12) 

(13) 
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Multiplying Equation (12) by i, and rearranging results in, 

 

 2 0system source gapR i A V i Bx   
 

 

Solving for quadratic roots returns, 

 

   
2

4

2

source source system gap

system

V A A V R Bx
i

R

   
  

or, 

   
2

2 2

gapsource source

system system system

BxV A A V
i

R R R

  
    

   

Analyzing Equation (15) one recognizes that real solutions for i will exist so long as,  

 

 
2

2

gapsource

system system

BxA V

R R

 
  

   

Once, 

 
2

4

source

gap

system

V A
x

BR


  

the arcing current reduces to: 

 
2

source

system

V A
i

R


  

at which time arc extinction will occur.  Thus, (17) gives an expression for the maximum 

gap distance at which arc extinction will occur, and (18) gives the value for the arcing 

current at that pre-determined gap length.  Further comparing (18) to (13), one realizes 

the value of the current at arc extinction is exactly half the initial arcing value. 

 

(14) 

(15) 

(16) 

(17) 

(18) 
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Reflecting on these expressions, it is noted the following assumptions were made: 

1) The external circuit is purely resistive in nature, 

2) Equation (11) is valid, meaning, the arc voltage is proportional to gap length and 

inversely dependent upon current, and that 

3) Equation (11), for a quasi-static, fixed gap, dc arc holds for one in which the gap 

length is increasing and the arc has likely not been equilibrated with its surroundings 

(i.e. a dynamic arcing fault) 

 

Recounting these assumptions, the first can be simulated in lab conditions by reducing 

inductance and capacitance, while the third can be approximated if the gap length is 

opened at a very slow rate.  Regarding the second assumption, previous experimental 

work has shown the arc voltage to likely be proportional to gap length.  However, the 

decreasing influence higher current levels have on arc voltage likely assures there is some 

error regarding the second approximation.  Still, Cobine’s work provides values that can 

be verified against experimental testing. 
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3. Experimental Testbed & Methodology 

3.1 TESTBED 

 

For the purposes of all experimental testing, a small micro-grid was constructed in 

one of the laboratories inside The University of Texas, Center for Electromechanics 

[35,36].  Regarding power flow from source to load, the following circuit elements were 

staged accordingly: 

1. 3φ, AC Source panel (with inline fuses & ac circuit breakers), 

2. Variac or Transformer (to adjust bus voltage levels), 

3. 3φ, 6-diode passive bridge rectifier (for all dc bus testing architectures), 

4. lengthened, DC cabling, 

5. Open Series Fault Mechanism, 

6. configurable RL loads, 

7. Ground Network 

A diagram of the micro-grid for both dc and ac testing can be seen below: 

Figure 9: DC Micro-grid 
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Figure 10: AC Micro-grid 

Passive parameters regarding the micro-grid components are tabulated, below: 

TABLE 2: PASSIVE MICRO-GRID COMPONENT PARAMETERS 

 Component Value Units 

Loadbank (4 series) 7.68 + j2πƒ(593.0e-6) Ω 

Loadbank (2 series) 3.84 + j2πƒ(296.5e-6) Ω 

Loadbank (2 series, 2 parallel) 1.95 + j2πƒ(145.9e-6) Ω 

“Millie” Inductor 17.0 + j2πƒ(1.3) mΩ 

“Henry” Inductor 28.0 + j2πƒ(4.9) mΩ 

Micro-grid & cabling (without loads) 11.0 + j2πƒ(63.0e-3) mΩ 

Shunt (cable) capacitance 11.0 nF 

Shunt (cable) resistance 10.0 MΩ 

Note: Additional specifics regarding all circuit elements may be found in Appendix A. 

 

Testing focus centered around purposely creating open series faults to determine 

their effects, both locally, and upon the system, itself.  To study these faults, an apparatus 

was constructed to generate a horizontal, non-axisymmetric, free burning arc [2].  The 

open series fault device consisted of an iron frame, inlaid with 2” mica fiberboard on 

three sides to shield observers from molten copper slag, UV light emissions, flames, 

sparks, or other potentially hazardous energy forms expelled by the arc.  The actual fault 
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mechanism consisted of two, 1” diameter copper bars, clamped into isolated aluminum 

blocks.  The aluminum blocks provided connection terminals for the 262 kcmil bus cable, 

while the adjacent copper bars served as electrodes to maintain continuity between source 

and load.  While one aluminum block remained stationary, the other was allowed to slide 

horizontally, thereby creating the open series fault.  Connection was somewhat arbitrary, 

but for the purposes of all testing herein, the anode was the copper contact on the right. 

 

 

Figure 11: Fault Mechanism - Two copper electrodes separate longitudinally to simulate the 

formation of an open series fault [4] 

To actuate the fault, a control signal was sent to either a mechanically-driven 

stepper motor or a pneumatically-driven cylinder arm to initiate contact separation.  The 

former allowed for fault openings at constant velocity, while the latter resulted in 

electrode displacement under constant acceleration.  An optical rotary encoder was 

mounted atop the motor shaft to measure gap position data so it could be correlated to 

gap voltage and current plots.  The two specified contact separation rates used were:  

 a slow, steady opening at a constant velocity of 2.54 mm/s, and  

 a faster opening at constant acceleration of 9.8 m/s
2
 

Anode (+)Cathode (-)

xgap
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The slower, constant velocity test was chosen somewhat arbitrarily, while the 

constant acceleration test was chosen as a worst-case, gravity simulation, such as a cable 

connection breaking loose and falling. 

Variables of study during the arc transition period included the arc current, gap 

voltage, and bus voltage as arc fault transients propagate throughout the system.  A 

Model 40, Nicolet Integra oscilloscope was set up to capture 200,000 data points in high, 

12-bit resolution to measure these arcing effects.  The trigger mechanism was set to be a 

change in the copper electrode distance, with 5% of the data points captured pre-trigger 

to ensure several cycles of acceptable waveforms were captured before the bus fault was 

initiated.  Additional parameters of interest were the gap length, arc resistance, dissipated 

power, arc duration, potential arc re-ignitions, test repeatability, and localized arc damage 

to electrodes. 

 

3.2 TEST METHODOLOGY 

The focus of experimental micro-grid testing was on current interruptions, 

resulting in the formation and collapse of arcs and their transients.  Electrodes would be 

forced apart, horizontally at predetermined rates.  Moreover, because the gap width 

would be continually increasing, arcs were not expected to be quasi-stationary where 

typical, fixed gap volt-ampere (V-I) plots could be generated.  Instead, a transient effect 

would be observed in both the gap current and gap voltage between arc inception and 

cessation.  Configurable source and load networks would allow for studying how these 

parameters affected open series fault formations and their resulting transients.  While the 

main focus of current interruptions was centered on dc bus architectures, it was also 

decided to include ac bus testing so a comparison between ac and dc open series faults 
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could be made.  Initially, it was believed that ac open series faults would be less 

concerning than comparable dc systems due to their periodic zero-crossing which aids in 

arc extinction.  However, these results would be determined empirically. 

To compare results between ac and electrically equivalent dc systems, the main 

bus passive components parameters (R, L, C) were taken as the baseline reference for the 

analysis.  It was decided that attempting to match ac and dc power levels was difficult 

due to the reactive power terms included in ac systems.  Additionally, rms values of ac 

current or voltage waveforms were also a poor choice of comparison for arc effects 

depend primarily on the status of the current the instant before (t = 0
-
) the open series 

fault is triggered to open.  The exact nature of the ac source panel’s arc cycle is a 

stochastic variable beyond experimental control.  Thus, one cannot control where in the 

ac waveform the exact current level lies in relation to when the open series fault 

mechanism is triggered to open. 

As a safety precaution to personnel and equipment, a variac was initially used so 

voltage bus levels could be dialed down to lower thresholds to ensure any fast-acting 

transients would not exceed rated parameters of the equipment.  Once transients were 

perceived to be safe, bus voltage levels were steadily increased to higher thresholds while 

ensuring current draw would not trip ac breakers or exceed fuse ratings. 
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4. Experimental Observations 

This section deals with observations from laboratory test experiments and 

waveform data.  Focus is primarily a comparison between ac and dc faults regarding arc 

transients.   

The slower, constant velocity dc arcs will be modeled in subsequent sections and 

experimental parameters from their equation modeling will be compared with those 

previously cited from historical research. 

 

4.1 AC TEST RESULTS 

Once the testbed was constructed it was decided that due to possible damage and 

degradation of the copper electrodes from dc arcs, it would be better to complete all ac 

testing first.  Emphasis would be higher power levels in addition to variable load sizes to 

see the effects these would have on current and gap voltage waveforms.  Then, a 

migration to dc testing would take place once ac conditions were observed which might 

stress components or encroach upon equipment voltage or power ratings.  Additionally, a 

high degree was placed upon safety and proper testing protocol. 

Initial testing for ac open series faults started on February 8, 2011 at a low bus 

voltage of 31 Vrms (±44 Vpeak), keeping the same passive system parameters regarding the 

load and circuit (7.69 Ω, 0.656 mH or [7.69 + j0.247] Ω, 1.84° phase angle difference).  

This resulted in a current flow of 4 Arms (±5.7 Apeak).  Oscilloscope resolution was set at 

50 μs, then dialed down to 5 μs two runs later so more of the waveforms could be 

captured.  Four tests were conducted at these system parameters. 
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Figure 12: Series AC Fault Test, 31 Vrms (Trial 1), 50 μs resolution 

 

Figure 13: Series AC Fault Test, 31 Vrms (Trial 2), 50 μs resolution 

 

Figure 14: Series AC Fault Test, 31 Vrms (Trial 3), 5 μs resolution 
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Figure 15: Series AC Fault Test, 31 Vrms (Trial 4), 5 μs resolution 

In studying Figures 12-15, it appears on Trials 2 & 3 that there is a disturbance in 

the current and gap voltage approximately one cycle prior to arc collapse.  This 

disturbance signifies the point of discontinuity between copper electrodes, thus initiating 

the ac arcing fault.  However, current does not immediately jump to 0 A.  Rather, the ac 

current completes the half (or full) cycle of its sinusoidal waveform before collapsing to 

zero amps.  Visually, no sparks were observed to indicate an ac arc was present.  

However, they would have been difficult to optically detect at these initial low voltage 

and current levels.  

 Upon the ac current waveform collapse, fast-acting transients are observed in the 

gap voltage and, in some cases, the current waveform as well.  The level of these spikes 

seemed quite high in some cases, with Trial 2 reaching +152/-64 V, while Trial 4’s gap 

voltage spike reached +116/-50 V.  Considering the ac voltage waveform of 31 Vrms 

oscillated between ±44 Vpeak, this means the voltage spike in Trial 2 reached almost 3.5 

times its peak voltage level.  Therefore, these fast-acting transients were of noticeable 

concern.  (Regarding current transients, Trial 4 showed a spike of -7.1 A, which exceeded 

its peak magnitude of 5.7 A.) 
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The gap voltage spikes were likely created due to a back electromotive force 

formed when the ac current attempts to quench, due to system inductance.  Therefore, 

increasing impedance and ac bus voltages levels would become a focus during 

subsequent testing in an attempt to prove that this assumption was the dominant 

phenomenon. 

In viewing the ac bus voltage trace, it only shows minimal voltage disturbances 

and spikes.  Moreover, the voltage probe sensors are the same type in each case; 

however, the ac bus voltage sensor was located 50 ft upstream of the fault location.  This 

observation underscores the fact that the electrical circuit as a whole must be considered.  

The voltage transients are induced across the circuit inductance, proportional to the rate 

of change of the current.  At the frequencies of interest, however, the circuit likely acts as 

a low pass filter, attenuating the transient. 

Keeping the same passive system parameters, the ac bus voltage was increased by 

increasing the variac dial to a level of 49.5 Vrms (±70 Vpeak).  Despite the fact test 

conditions were the exact same in all 3 trials at 49.5 Vrms, Figures 16-18 show just how 

variable ac waveforms can be: 

 

 

Figure 16: Series AC Fault Test, 49.5 Vrms (Trial 1) 
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Figure 17: Series AC Fault Test, 49.5 Vrms (Trial 2) 

 

Figure 18: Series AC Fault Test, 49.5 Vrms (Trial 3) 

Strangely, Trial 1 showed no evidence of current or gap voltage fast-acting 

transients.  However, the upstream ac bus itself showed a small voltage spike, albeit 

below the ac voltage peak magnitude.   

Trial 2 shows the first example of an ac arc re-ignition.  Once the current 

waveform collapsed, the gap voltage tracked very well with the ac bus voltage until such 

time as the magnitude was large enough to re-form the arc.  When this occurred, current 

did not immediately rise, again likely due to system inductance.  One half-cycle later, the 



30 

 

current terminated only at a zero-crossing location.  Additionally, gap voltage spikes 

were seen, both during current re-ignition, as well as arc cessation.   

Trial 3 did not show any re-ignitions, but it proved to have the largest spike 

transient with a gap voltage maximum of 280 V, minimum of -270 V.  It is noted this is 

4.0 times larger than the ±70 Vpeak of its 49.5 Vrms waveform.  Additionally, a current 

spike of -32.5 A was also witnessed, which is 3.6 times as large as the ±9.0 Apeak of its 

6.5 Arms current waveform. 

These results show ac arc faults have a high degree of variability to them.  Thus, 

attempting to model them would be exceedingly difficult.  While no damage was 

observed to the copper electrodes, the fast-acting transient spikes seen in current and 

voltage waveforms was concerning from an electrical standpoint, particularly to any 

power electronics or electrical insulation in the circuit. 

To increase the magnitude level of the spikes, additional series inductance was 

added to the circuit, downstream of the resistive load.  This almost tripled the inductive 

component as system impedance changed from 7.69 Ω, 0.656 mH (or [7.69 + j0.247] Ω, 

1.84° phase angle difference) to that of 7.71 Ω, 1.916 mH (or [7.71 + j0.722] Ω, 5.35° 

phase angle difference).  With these new system parameters, testing was performed at ac 

voltage levels of 32 Vrms, 49 Vrms, and 72 Vrms.  The 49 Vrms test was repeated three times, 

while the one at 72 Vrms was repeated five times in an attempt to observe the 

unpredictability of ac open series faults.  Again, all testing took place under 5 μs of 

oscilloscope resolution, with the fault condition being the constant velocity opening of 

2.54 mm/s. 

Initially, the first test seemed to indicate series inductance has a large impact on 

the magnitude of the spikes seen during open series fault testing for ac systems.  In the 

first test at 32 Vrms (±45 Vpeak), voltage spikes of +330 V, -225 V were observed when the 
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current dissipated.  This is a magnitude 7.33 times greater than the peak ac bus voltage!  

Additionally, a current spike multiple of 7.67 was seen (-43.7 A vs. ±5.7 Apeak).   

However, increasing the ac bus voltage level did not always continue to show this 

trend.  In fact, the next two testruns at 49.5 Vrms (±70 Vpeak), 6.2 Arms (±8.8 Apeak) showed 

nearly identical waveforms (single current cessation, followed by gap voltage and 

current spikes) with peak values of +310 V/-220 V/-40 A and +339 V/ -225 V/-28.3 A, 

respectively.  Thus, multiples were closer to a factor of four, having not scaled with the 

voltage increase. 

Interestingly, the 3
rd

 testrun at 49.5 Vrms (±70 Vpeak), 6.2 Arms (±8.8 Apeak) 

produced a new waveform with three attempted arc cessation attempts.  Spike 

magnitudes for each fast-acting transient were as follows: +345 V/-250 V/-78 A,       

+250 V/-245 V/-122 A, +250 V/-220 V/-107 A.  Thus, voltage spike multiples were 

again close to 4, while current spikes were extremely high nearing a multiple of 14!  

 

 

Figure 19: Series AC Fault Test, 32 Vrms with Increased Series Inductance 



32 

 

 

Figure 20: Series AC Fault Test, 49 Vrms with Increased Series Inductance (Trial 3) 

As before, open series ac fault testing gave mixed results, thus showing that the 

generated disturbances regarding ac arc collapse are very random in nature.  Transients 

are highly dependent upon where in the ac cycle the waveform is during the point of 

discontinuity between separating electrodes.  Inductance plays a key role (VL = Ldi/dt).  

Thus, the larger the series inductance, the larger the voltage spike.  However, the 

magnitude and nature of these spikes are not deterministic, for di/dt varies from arc to 

arc. 

Based upon these effects, ac open series fault testing continued as ac bus levels 

and series impedance were increased, further exaggerating the phase angle difference 

between voltage and current waveforms.  Prior to testing, passive system parameters were 

calculated to be 1.99 Ω, 5.14 mH (or [1.99 + j1.94] Ω, 44.25° phase angle difference).  

Through adjusting the upstream variac, three tests were performed at 64 Vrms, while two 

more were performed at 127 Vrms.  All five waveforms from these testruns are depicted in 

Figures 21-25. 
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Figure 21: Series AC Fault Test, 64 Vrms, 44.25° Phase Angle Difference (Trial 1) 

 

Figure 22: Series AC Fault Test, 64 Vrms, 44.25° Phase Angle Difference (Trial 2) 
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Figure 23: Series AC Fault Test, 64 Vrms, 44.25° Phase Angle Difference (Trial 3) 

 

Figure 24: Series AC Fault Test, 127 Vrms, 44.25° Phase Angle Difference (Trial 1) 

 

Figure 25: Series AC Fault Test, 127 Vrms, 44.25° Phase Angle Difference (Trial 2) 
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It is noted that fast-acting transients occurred both during arc propagation and arc 

cessation.  The most likely cause for arc re-fire is sufficient gap voltage augmented by an 

air ionization persisting from a previous arc [3].  However, eventually the gap distance 

reaches a point where separation is enough to prevent further arc re-firing events.  

Voltage spikes during these arc re-firing events are likely caused by the conductor’s 

resistance to fast-changing arc currents due to sufficient system inductance [3]. 

Although ac open series faults are stochastic in nature, a few observations seem to hold 

valid for all sets of tests: 

1) AC waveforms show, as expected, that ac arcs ceased propagation only at zero-

crossing, current points in their periodic, sinusoidal cycles. 

2) At the time of ac series arc collapse, gap voltage waveforms instantly “jump” to 

match the voltage waveform of the ac bus.  However, this often creates very fast-

acting transient spikes that “ring” or oscillate at extremely high frequencies.  This 

is likely due to an infinitesimal time delay, due to system impedance, as the gap 

voltage attempts to instantly change, stabilize, and precisely track with system 

voltage. 

3) If there is a significant phase angle difference due to an inductive load, this will 

naturally cause the ac bus voltage and current waveforms to be out of phase.  This 

effect can lead to a higher possibility of ac arc re-ignitions.  This is attributed to 

the fact that once ac arcing currents quench, the voltage across the electrode gap 

jumps to match that of the ac bus voltage (which is non-zero due to the phase 

angle difference).  If the ac bus voltage increases in magnitude enough, this can 

create an ac arc re-ignition on either the positive or negative side of the ac current 

cycle. 
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4) If an arc re-ignition occurs, this also creates a fast-acting transient spike in the gap 

voltage and current waveforms.  (Thus, spikes occur both during arc formations, 

as well as arc cessations.)  Moreover, due to inductance, the ac arc current does 

not “jump” from a zero-value up to a certain magnitude as the gap voltage was 

perceived to do.  Rather, upon ac arc re-ignition, the current slowly rises and 

oscillates again in a sinusoidal manner, and at the same periodicity as before.  

However, a sustained ac arcing current across a gap cannot be assured.  There are 

too many dependent variables at play. 

5) AC open series faults may create spikes in the ac bus voltage itself, though the 

magnitude is far less than perceived at the actual series fault location.  This is 

again, likely due to system impedance.  However, locations within the ac 

distribution system in close proximity to the ac open series fault location would be 

more susceptible to these fast-acting transients.   

6) AC open series faults and their resulting gap voltage and current waveforms are 

very unpredictable.  Thus, they pose significant modeling challenges. 

 

A few more test runs were conducted regarding horizontal series ac faults.  The ac bus 

voltage was increased to the maximum output from the 208 Vrms source panel by 

completely removing the downstream variac from the circuit.  Loads were also re-

configured in an attempt to maintain a high phase angle difference.  The resulting 

changes gave the following passive system parameters: 3.90 Ω, 6.55 mH (or [3.90 + 

j2.47] Ω, 32.37° phase angle difference).  In addition, one test was performed at a very 

high oscilloscope resolution (0.1 μs versus previous capture rates of 5 μs).  This was in 

an attempt to capture the fast-acting transient spikes in greater detail. 
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Lastly, since all prior testing was performed at the slower, constant velocity 

opening rate of 2.54 mm/s, a sequence of testing was also conducted at the faster, 

constant acceleration testing of 9.8 m/s
2
.  Since ac faults collapse quickly, these new 

series of tests did not provide many additional observations than those found from the 

previous, constant velocity tests.  This is because most ac arcs quench within two or 

three, 60 Hz cycles (or, within 0.033 to 0.05 seconds).  Thus, this leaves very little time 

to accelerate the copper contacts away from each other.  Essentially, ac arcs require very 

little distance to quench; they cease very close to the first point of electrical discontinuity. 

Waveforms for the 219 Vrms ac voltage testing, the higher resolution test, and the 

one performed at constant acceleration are provided in Figures 26-29.  Additionally, 

Figure 28 shows part of the higher resolution test from Figure 27 in higher magnification 

so greater detail can be seen regarding the fast-acting transients. 

 

 

Figure 26: Series AC Fault Test, 219 Vrms, 32.37° Phase Angle Difference (Trial 1) 
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Figure 27: Series AC Fault Test, 219 Vrms, 32.37° Phase Angle, High Resolution (100 ns) 

 

Figure 28: Series AC Fault Test, 219 Vrms, 32.37° Phase Angle, High Res/High Magnification 

 

Figure 29: Series AC Fault Test, 217 Vrms, 32.37° Phase Angle, 9.8 m/s
2
 Const. Acceleration 

Test (Trial 2) 
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Once voltage spike levels topped 1,000 V, it was decided to curtail any remaining 

higher voltage ac tests due to potential damage to equipment by exceeding nominal 

voltage ratings. 

Video was also captured during all ac open series fault testing.  As expected, ac 

systems show little, if any arc because the current waveform dissipates so quickly once 

the circuit pathway is interrupted.  A frame from video taken during ac fault testing is 

also included here, shown below.  (Note: Visual arc effects are far more noticeable in dc 

cases.) 

 

 

Figure 30: Video Image of a Horizontal Series AC Arc Fault, 217 Vrms 

(Note: Parameters for all ac open series tests are tabulated within Appendix B.) 

 

 



40 

 

4.2 DC TEST RESULTS 

Once ac open series fault testing was completed, it was decided to maintain a high 

series inductance within the system to see if fast-acting transient responses could be seen 

regarding dc series faults.  As before, testing would begin at lower bus voltage levels and 

steadily increase to determine its effect upon transients. 

As mentioned earlier and depicted in Figure 9, the dc bus was achieved through 

passive rectification of 3φ ac source panels (208 Vrms or 480 Vrms).  The dc bus voltage 

level was controlled on the ac side of the system through adjustments to either a 3φ 

variac, or wiring modifications to an upstream transformer.  The rectifier’s output filter, 

shunt capacitor was not included because its presence could affect the series fault 

behavior.  Thus, dc current and voltage waveforms show more ripple than is 

characteristically seen in their traces. 

One other noteworthy item regarding ac and dc test comparisons is in regards to 

the oscilloscope.  The Nicolet Model 40 Integra oscilloscope’s limitation was that of 

200,000 data points at 12 bit resolution.  Its frequency of data capture was set based upon 

the duration of the arc, making sure the entire transition of the arc (from inception to 

cessation) could be viewed.  For ac waveforms, because arcs extinguished much faster 

than those created under dc conditions, resolution could be increased to 5 μs for the 

constant velocity tests conducted at of 2.54 mm/s.  However, dc arcs often persisted for 

several seconds.  Thus, to capture the entire event, the resolution level had to be set at 50 

μs (an order of magnitude, less) for the same, constant velocity 2.54 mm/s tests.  

However, since one of the main focuses of the dc series fault testing was to look for fast-

acting transient spikes, a few, partial dc waveforms were captured at higher resolution to 

ensure there were no fast-acting transients hidden from view.  Additionally, because the 
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faster, constant acceleration (9.8 m/s
2
) testing was a shorter event, its data capture rate 

could be increased to 5 μs, matching that taken during ac series fault testing. 

Results from dc open series fault testing showed that dc arc faults’ behavior is 

very different from that observed in ac systems.  As expected, dc arcs persisted for a 

much longer duration due to the fact there is not a zero-crossing.  However, traces of the 

bus voltage, gap voltage, and current waveforms showed a much smaller magnitude 

regarding transient spikes during arc quench: 

 

 

Figure 31: Series DC Fault Test with Inductance, 77.5 V dc (Trial 2) 

 

Figure 32: Series DC Fault Test with Inductance, 77.5 V dc (Trial 3) 
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As can be seen from the previous two Figures, a voltage spike is seen upon arc 

termination.  However, the magnitudes were not excessive.  In Trial 2, the gap voltage 

spike is 141 V, while that in Trial 3 is 121 V.  These represent multiples of 1.56 to 1.82, 

respectively, far less than the factor of four (or greater) seen in the ac open series fault 

tests.  Moreover, no transients were seen in either the current or bus voltages. 

 

In viewing Figures 31-32, a few additional minor items are noted: 

1) The arc initiation does not coincide exactly with time = 0
+
 seconds.  While it’s 

true the control signal is sent to the stepper motor to actuate at this time, the actual 

point of electrode discontinuity happens a short time later.  This effect had more 

to do with test protocol of ensuring the copper electrodes were touching with 

good conductivity, prior to the bus being energized.  To do so would often require 

the stepper motor to be actuated a revolution or two in excess, to ensure the 

copper contacts were held together with a small degree of tension.  Thus, this is a 

minor discrepancy, which can easily be corrected during waveform analysis. 

2) It is noted at the time of arc quench, the gap voltage dramatically increases to 

coincide with Vbus during an open condition.  However, there is a step-function 

rise in the open circuit voltage.  Upon evaluation, it was recognized that the 3φ 

rectifier’s snubbing capacitors seemed to accept a charging condition for specific 

RC values during open circuit conditions.  Again, this effect, while physical in 

nature, was not determined to be of concern regarding waveform analysis. 

3) Considering that both trials were conducted under the exact same test conditions, 

there is a noticeable difference in the dc arc quench time.  Both trials show 

roughly the same offset until contact separation occurs, yet Trial 2 quenches in 



43 

 

2.6 seconds while Trial 3 quenches in approximately 3.3 seconds.  Thus, dc arc 

termination points have a degree of variability to them.   

 

However, when viewing the relative gap voltage and current traces, the profiles are 

relatively consistent.  There are perturbation differences (perceived to be quenching 

attempts by the arc), yet the relative slopes seem to correlate.  Moreover, the gap voltage 

transient profile tends to be a mirror image reflection of the current trace. 

Keeping the same passive circuit parameters, the dc bus voltage level was 

increased from 77.5 V dc to 195 V dc.  Below are two plots: Figure 33 depicting a 

constant velocity profile (2.54 mm/s), Figure 34, a constant acceleration test (9.8 m/s
2
). 

 

 

Figure 33: Series DC Fault Test with Inductance, 195 V dc (Trial 1) 
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Figure 34: Series DC Fault Test with Inductance, 195 V dc, Const. Acceleration 

The first testrun at 195 V dc did show a gap voltage spike of 285 V dc.  A 

subsequent testrun with the same conditions (not pictured), revealed a smaller gap 

voltage spike of 269 V dc.  However, these respective voltage spike multiples of 2.38 to 

1.46 are far less than recorded under ac fault conditions.  Moreover, the faster, constant 

acceleration test showed hardly any spike.  There is a small, fast-acting transient upon dc 

arc collapse, yet its magnitude is insignificant.  Furthermore, these results mark the end 

of any spikes seen for all remaining dc test conditions.  That is to say, 32 dc open series 

fault tests were conducted and gap voltage spikes were seen on only the 4 aforementioned 

figures.  (Exact values for all tests can be seen in Figure 62, Appendix B.)  Even so, the 

magnitudes of these four reported gap voltage spikes were far less than ac systems, and 

they did not create any upstream, dc bus voltage disturbances.  Since the passive circuit 

parameters (namely the series inductance) were the same between ac and dc tests, this 

signifies that since L is the same, a smaller voltage spike must represent a smaller di/dt. 
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To reiterate, the other 28 dc fault tests showed no fast-acting transient spike of 

any kind during arc quench.  It is noted that subsequent tests were conducted at 

increasing levels of dc bus voltage, and subsequently, current.  Regarding arc physics, it 

was noted in Figure 7 that increasing current levels have a much more well-defined 

thermal profile in their resulting arcs.  The radial temperature is much more uniform, 

giving rise to more thermal inertia.  In fact, it is perceived that arc voltage is nearly 

independent of current at this threshold because minor changes in current only affect the 

cross-sectional area of the thermal column, not the core temperature itself.  It is this core 

temperature that affects an arc’s plasma ionization, and thus, its resistivity.  Therefore, 

for higher current levels, volt-ampere (V-I) characteristics of the arc can be treated as 

static for thermal inertia is so large that temperature has no time to follow instantaneous 

current variations [30]. 

For this reason, differences between fast-acting transients in ac waveforms (as 

compared to dc) are attributed to timescale differences in di/dt’s, as well as thermal 

inertia.  The oscillating current waveforms for ac do not allow enough time to either 

reduce di/dt or establish a well-defined thermal inertia.  Therefore, they are more likely to 

be affected by electrical dynamics, thus creating the large transient spikes seen in 

experimental testing.  While it is true low-current dc systems may also show this effect, it 

is much less of an issue once enough current flows to establish a more well-defined 

thermal column.  This becomes apparent in subsequent dc testing at higher voltage levels, 

flowing more current. 

Shown in Figures 35-41 are select plots from the remaining dc open series fault 

tests with their respective bus voltage levels and rate of opening, labeled accordingly.  

Additionally, specific information for all series fault testing is tabulated in Appendix B. 
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Figure 35: Series DC Fault Test with Inductance, 270 V dc, 2.54 mm/s (Trial 2) 

 

Figure 36: Series DC Fault Test with Inductance, 270 V dc, 9.8 m/s
2
 (Trial 1) 

 

Figure 37: Series DC Fault Test with Inductance, 270 V dc, 9.8 m/s
2
 (Trial 2) 
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Figure 38: Series DC Fault Test with Inductance, 380 V dc, 2.54 mm/s (Trial 2) 

 

Figure 39: Series DC Fault Test with Inductance, 380 V dc, 9.8 m/s
2
 (Trial 2) 

 

Figure 40: Series DC Fault Test with Inductance, 635 V dc, 2.54 mm/s (Trial 1) 
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Figure 41: Series DC Fault Test with Inductance, 635 V dc, 9.8 m/s
2
 (Trial 1) 

Based upon these figures, a few observations can be made concerning the experimental 

work regarding dc open series fault testing: 

1) DC open series faults show gap voltages and arc currents which are mirror-images 

of each other during sustained arc propagation.  As the copper contacts are pulled 

apart, current levels diminish while the voltage across the gap steadily increases.  

2) When copper electrodes are pulled apart in a slow, constant velocity fashion, the 

resulting gap voltage and current waveforms appear to show a linear rate of 

change with distance.  This correlates well with historical observations under 

static electrode gap positions, such as witnessed in Figure 4.  For this reason, 

these waveforms will be modeled in subsequent sections. 

3) When the contacts are pulled apart under constant acceleration, the waveforms are 

non-linear.  While it appears there may be a power law dependency, this effect 

needs further study since fast-changing increases in arc distance and current will 

also be highly influenced by system inductance.  Thus, the nature of how the dc 

open series fault is created affects the arc profile and resulting transient current 

and voltage waveforms. 
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4) If copper electrodes are pulled apart under a slow, constant velocity rate, dc arcs 

can persist for several seconds.  However, the distance of travel is relatively short 

at the time of arc quench.  If copper electrodes are pulled apart under a much 

faster, constant acceleration rate, the time of sustained dc arc will naturally be 

much shorter.  However, the dc arc will persist over much longer distances before 

eventual quench. 

5) Perturbations in gap voltage and current are perceived to be quenching attempts 

by the dc arc.  Thus, these effects will vary across experimental trials under the 

exact same test conditions.  In fact, they will likely influence the final time of arc 

quench, as well.  Thus, 

( ) ( ) ( )gap gap gapx final x critical x random   

However, the overall gap voltage and current profiles correlate very well between 

tests conducted under the same passive circuit conditions.  (Note: This is in stark 

difference to ac series faults where waveforms, transient spikes, and re-ignitions 

vary considerably across tests conducted under the same passive conditions.) 

6) DC open series faults do not exhibit the same fast-acting transients in gap voltage 

and current flow during dc arc collapse as was seen in ac systems.  If a spike is 

present, it will appear on the gap voltage during arc quench.  However, its 

multiple will be much less than that seen in quasi-equivalent ac systems with the 

same passive component (R, L, C) parameters.  Moreover, fast-acting transients 

become increasingly less of a concern for higher levels of sustained dc current 

flow.  Thus, dc gap voltage spikes do not scale with dc current increases, as was 

seen in ac systems.  In fact, transient spikes were only seen under lower dc bus 

voltage conditions.  At higher dc current levels, no fast-acting transient spikes 

were seen at all. 

(19) 
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Video files were taken during series dc arcing fault conditions and, naturally, 

show much more extensive phenomena than ac faults.  A video image during one of the 

635 V dc tests can be seen below.   

 

 

Figure 42: Video Image of a Horizontal Series DC Arc Fault, 635 V dc 

At dc bus voltage levels of 635 V dc, sustained current levels of 175 A were 

measured.  However, at these levels, the copper electrodes began to sustain sufficient 

damage.  Thus, higher voltage tests were not attempted.  (Note: This concern was also 

valid at lower voltage thresholds, where copper electrodes were inspected and polished 

between tests to remove any oxidized “skin” which might influence results.) 
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Figure 43: Copper Electrode Damage post-DC Series Arc Fault, 635 V dc 

The effect illustrates another important difference between ac and dc series arc 

fault tests: Higher voltage AC fault testing was curtailed due to the magnitudes of voltage 

spikes.  Higher voltage DC fault testing was curtailed not due to spikes, but rather due to 

structural damage of the copper electrodes due to dc arc vaporization.  Therefore, the 

following statement can be made based upon these results: 

 

DC series faults appear to be electrically benign, but mechanically hazardous; AC 

series faults may be considered electrically hazardous due to fast-acting transient 

spikes, yet seem mechanically benign as compared to DC arc faults [3].  
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5. DC Equation Modeling 

5.1 DC WAVEFORM ANALYSIS 

The first step in curve fitting and modeling analysis is to closely study 

experimental data to define specific regions of interest.  Below is a sample waveform 

from laboratory testing with transition regions identified, accordingly: 

 

Figure 44: Dynamic, Series DC Arc Fault with Identifying Regions of Interest 

As can be seen above, exactly five distinct regions can be seen in the waveforms, 

corresponding to: 

I. Pre-Arc conditions – In this region, the gap voltage (shown in blue) reads 

roughly 0 Volts on the legend to the right.  Current levels (i0) are normal.  Bus 

voltage level (Vbus) is also stable. 

II. Arc Initiation – This corresponds to the point in time, tarc-init, where a point of 

discontinuity occurs between the copper electrodes as they start to separate.  

(In this particular plot, electrodes are separating at a linear rate of 2.54 

mm/s.)  Almost immediately, the gap voltage jumps up to a minimum value 

denoted as Varc-init.  This is also noted as the constant value A, since most 

historical literature, experimental analysis, and equations note this value is not 
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dependent on gap distance, xgap, or arcing current, Iarc.  Rather, it is a constant 

parameter, affected more by test conditions such as the electrode material 

properties.  Referring back to Figure 6, this voltage drop corresponds to the 

sum of both the anode and cathode electrode effects as the arc conducts across 

a mixture of electrode-metal vapor and surrounding gas.  This occurs in less 

than 10
-5

 seconds once the point of discontinuity is established [27].  

Additionally, a corresponding drop is observed in the current level, denoted as 

Iarc-init. 

III. Arc Propagation – In this region, arcing current levels diminish while the gap 

voltage seems to climb in almost a mirror-image like waveform. 

IV. Arc Cessation – As electrodes continue to separate, eventually they reach a 

critical length.  At this point in time, tarc-crit, the arc can no longer sustain itself 

and collapses.  Values for the arcing current and gap voltage just prior to arc 

collapse are important, and denoted as iarc-crit and Varc-crit, respectively.  It is 

noted that arc collapse happens almost instantaneously, with huge, step-

function-like changes in both current and gap voltage waveforms. 

V. Open Circuit – With a break in the arc pathway, arcing current falls to 0 A.  

Meanwhile, the gap voltage level now tracks with the bus voltage level in an 

open circuit condition. 

5.2 STATE EQUATIONS 

As previously noted, the vast majority of literature regarding dc series faults deals 

with those that have been constrained or stabilized [2].  Observers allowed for sufficient 

time so arcs could become quasi-static, in relative equilibrium with their surroundings.  

Then, very accurate measurements for Varc and Iarc could be recorded.  It was noted that 

test conditions were done under a fixed gap electrode distance; however, it was observed 

that gap voltages were affected by both the arcing current level as well as the gap length.  

In fact, it has been shown that the gap voltage is also influenced by electrode material 

type and configuration [2].  However, the latter two variables will be fixed during 
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experimental testing since all electrodes are copper, and all sets of testing are horizontal, 

non-axisymmetric, free-burning arcs.  Thus, 

( , )gap gap arcV f x I  

Depicted another way, while generally 2-dimensional Varc vs. Iarc plots have been shown 

with resulting curves for various gap lengths, the resulting function can also be thought of 

as 3-dimensional mapping with xgap depicted as a 3
rd

 axis. 

 

 

Figure 45: Varc as a function of both Iarc and xgap [37] 

 

For the plot above, any 2 values of either Varc, Iarc, or xgap will fix the 3
rd

 variable.  The 

bus voltage, Vdc, can be represented as a plane (shaded in grey) with the distance from 

this plane to the 3-D waveform the system voltage, and the distance beneath the function 

to 0 V as the arcing voltage.  This becomes apparent when reviewing Figure 5, and 

Equation (5): 

(20) 
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Figure 5 (repeated): Simple DC Circuit with a Horizontal Series DC Fault 

As cited before from Kirchhoff’s Voltage Law, the first governing equation of state can 

be represented as: 

arc
source arc system system arc

dI
V I R L V

dt

 
   
 

 

source system arcV V V   

source arc system arcarc

system

V I R VdI

dt L

 
  

Looking back at the simple laboratory test circuit in Figure 9, it consists of a 

rectified dc voltage source, an open series fault mechanism, and a load network which 

has both a measureable inductance and resistance.  Therefore, Rsystem, Lsystem, and Vsource 

are all fixed.  Thus, Iarc is only a function of Varc and the current’s rate of change with 

respect to time. 

( , )arc
arc gap

dI
I f V

dt


 

The final equation of state relates gap distance, xgap, back to time.  This is 

necessary because Vgap is specified as a function of both xgap and Iarc, not time.  These 

sequence of tests were conducted under two protocols, constant velocity and constant 

(21) 

(5) 



56 

 

acceleration.  Since initial displacement, time, and velocity were all set to equal zero, this 

results in:  

( )gapx f t

 
with 

gapx vt
 

or 

21

2
gapx at

 

Modeling efforts focus on the first Equation of State (20), for Varc is really dependent 

upon Iarc and Zarc, since: 

arc arc arcV I Z  

And, the fault impedance is really affected by multiple variables such as gas composition 

and ionization propensity, pressure, humidity, electrode material type, electrode 

vaporization, electrode distance, electrode configuration, fault topology, etc.  The focus 

of this study however is not to attempt to model all of these influential variables.  Instead, 

experimental test data, supported by quasi-static equations from historical literature will 

form the basis of modeling.  It is noted though that faults studied are dynamic in nature, 

not quasi-static.  So, there may be errors with modeling attempts.  However, for the 

constant velocity case, the gap distance is opened very slowly (at 2.54 mm/s) to almost 

approximate quasi-steady state arc equilibration.  Likely, there will be more error in 

attempting to model constant acceleration openings at 9.8 m/s
2
, since it is known arcs will 

be extremely dynamic in nature.  This last point should draw even more attention if there 

is sufficient system inductance. 

 

 

(23) 

(24) 

(22) 

(6) 
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Looking back at Figure 44 in greater detail, 

 

 

Figure 44 (repeated): Dynamic, Series DC Arc Fault with Identifying Regions of Interest 

It is noted the arc voltage waveform is comprised of 3 segments: 

1) An initial offset voltage, denoted as Varc-init, or A, 

2) An increasing arcing voltage as the gap widens, and 

3) An arc collapse, where Varc dramatically increases in almost a step-function like 

change to match the existing dc bus voltage, Vdc. 

Therefore, these three segments can be approximated in the following manner: 

 
1

2 3

1
( , )

1 gap crit

gap gap

arc gap gap dcn n k x x
term gap gap

term term

Bx Bx
V f x I A V A

I I e
 

  
       

      

(25) 
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term1  – A, denotes the instantaneous arc voltage rise noted in historical analysis to be the 

anode and cathode voltage drops due to electrode resistance. 

term2  – The second term is based upon historical literature, looking very much like the 

Nottingham Equation (4).  Most literature denotes a dependency upon current, 

raised to a calculated parameter, n, while suggesting a linear increase with 

distance, xgap.  B, is noted as a constant, to be determined through curve-fit. 

term3  – The final term uses a sigmoid function to simulate arc collapse and match it to 

boundary conditions: 

 

1
( )

1
k x

f x
e



  

 For this function, it is noted that,  

a) as x  -∞, f(x)  0 

b) as x  0, f(x)  ½ 

c) as x  +∞, f(x)  1 

where k is the slope, or rate of rise of the function.  Substituting (xgap – xcrit) for x 

effectively shifts the function to the point of arc collapse.  And after that time, the 

sigmoid function will rise to 1 with a slope determined by k, after which 

1

2 3

( , ) (1)
gap gap

arc gap gap dcn n
term gap gap

term term

Bx Bx
V f x I A V A

I I

 
      

    

 reduces to, 

( , )arc gap gap dcV f x I V 
 
 

(27) 

(28) , (for xgap > xcrit). 

(26) 
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(Note: Other sigmoid expressions such as the Gompertz curve and the hyperbolic tangent 

function [4] may also be used.) 

A representative graphical interpretation of Equation (25) can be seen below: 

 

Figure 46: Representative Modeling Equation of Varc versus time 
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6. DC Curve Fitting 

Waveforms captured from experimental data were imported into Wavemetrics 

Igor Pro
©

 software for analysis.  This software has the capability for curve-fitting by 

using the Levenberg-Marquardt algorithm.  This is a method of least squares, non-linear 

regression analysis to minimize chi-squared, which is defined as: 

 
2

i

i i

y y



 
 
 

  

 

where y is a fitted value, yi a measure from experimental data, and σi an estimate for the 

standard deviation of yi.   

Only the slower, constant velocity openings of 2.54 mm/s dc series faults were 

attempted for it was surmised that this slow opening rate would allow for an 

approximation that arcs were quasi-static in nature.  This would allow for curve fitting 

and modeling as defined in Section 5, Equation (25). 

 

 
1

2 3

1
( , )

1 gap crit

gap gap

arc gap gap dcn n k x x
term gap gap

term term

Bx Bx
V f x I A V A

I I e
 

  
       

      

While the Igor Pro
©

 software does have the capability to select many pre-defined 

functions, as well as programming user-defined ones, it was determined that complexity 

would require curve-modeling to be done on a segmented basis.  To that extent, curve-

fitting parameters would be a combination of both inspection, as well as non-linear 

regression analysis for specific portions of the waveform.  Below details the procedure 

followed: 

 

(29) 

(25) 



61 

 

1) Experimental Varc waveforms were inspected within Igor Pro
©

 to zoom-in and 

determine where exactly the first point of discontinuity lies, as evident by a near step-

function increase  in Varc due to arcing conditions that create a voltage drop from 

electrode effects [25,27].  This was often denoted as the constant parameter, A, from 

previous, fixed-gap equation modeling efforts as seen in Equations (1-4). 

2) Additionally, inspection was also used to determine a value for xcrit, signifying arc 

collapse.  In order to do this, waveform data were shifted so the period of 

discontinuity coincided exactly with time = 0
+
.  (Note: Initially, there was a slight 

discrepancy between zero time and the arc initiation because the stepper motor was 

often exercised a revolution or two, in excess, to ensure good continuity before bus 

voltages were exercised.)   

3) Once xcrit was identified, the Igor Pro
©

 software could be used to fit a sigmoid 

function (Equation (26)) to the period of arc collapse to determine the value of 

parameter, k, which signifies the rate of rise of the function. 

4) Finally, the software could again be used to fit a user-defined function curve, 

 

1

2

( , )
gap

arc gap gap n
term gap

term

Bx
V f x I A

I
  

 

 

to the segment of the Varc waveform corresponding to arc propagation. 

 

(30) 
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Figure 47: Sample Sigmoid Curve-Fit within Igor Pro
©
 software (3/1/11-Test #03) 

 

 

 

Figure 48: Sample Arc Propagation Curve-Fit within Igor Pro
©
 software (2/25/11-Test #02) 
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Figure 49: Complete Arc Propagation Curve-Fit (2.54 mm/s opening rate) - 1/19/11-Test #03 

 

Figure 50: Complete Arc Propagation Curve-Fit (2.54 mm/s opening rate) - 1/19/11-Test #04 
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Figure 51: Complete Arc Propagation Curve-Fit (2.54 mm/s opening rate) - 2/25/11-Test #04 

 

Figure 52: Complete Arc Propagation Curve-Fit (2.54 mm/s opening rate) - 2/25/11-Test #05 
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A total of 13 experimental, dc series arc testruns were fit according to the 

previously described procedure.  Their resulting curve-fit parameters are tabulated below: 

TABLE 3: CONSTANT VELOCITY (2.54 MM/S) DC SERIES FAULT CURVE-FIT PARAMETERS 

Date/Test 

No. 

Vdc  

[V] 

Ipre-arc  

[A] 

A  

[V] 

B 

[V/mm] 

k n xcrit  

[mm] 

2/25/11 - 02 105.752 20.5 14.444 9.674 149.5767 0.3068 6.28 

2/25/11 - 03 105.639 20.5 14.988 7.876 189.2246 0.2543 7.29 

1/19/11 - 01 315.463 38.0 14.225 16.061 59.6516 0.3378 8.86 

1/19/11 - 03 314.419 38.0 14.013 15.938 79.0945 0.2728 11.49 

1/19/11 - 04 314.417 38.0 13.695 16.9427 33.3080 0.3168 12.71 

2/25/11 - 04 251.070 52.5 14.597 14.106 65.6168 0.2951 4.11 

2/25/11 - 05 251.260 52.5 13.501 18.981 77.4986 0.3703 10.36 

3/01/11 - 03 323.270 74.0 16.988 26.080 74.7969 0.3784 14.90 

3/01/11 - 04 323.140 74.0 17.566 28.625 80.3335 0.3881 6.71 

3/11/11 - 02 434.427 104.0 17.215 17.127 57.8972 0.3222 13.65 

3/11/11 - 03 434.571 102.5 19.404 16.718 65.2049 0.3105 14.18 

3/11/11 - 07 752.359 175.0 15.974 20.762 30.2847 0.3781 17.53 

3/11/11 - 10 752.731 172.5 16.020 21.246 53.1167 0.3588 17.59 

  Mean 15.587     

  Std. 

Dev. 

1.718     

Note: Circuit passive parameters were R = 3.896 Ω, L = 6.55 mH for all sequence of tests, save 

for those conducted on 1/19/11 which had values of R = 7.690 Ω, L = 0.656 mH. 

 

It is noted that only the values of A were averaged to give a resulting value and 

standard deviation for this parameter.  This is because other values such as xcrit and k 

were expected to scale with increasing current. 

Literature values for A from Nottingham, for copper electrodes, were given as 

27.5 V [2,24].  However, it is not concerning for them to differ as Nottingham’s values 

were likely for series vertical arcs.  Moreover, the shape of arcing electrodes also affects 

this parameter.  What is more apparent is this parameter does indeed seem to be relatively 

congruent between multiple testruns for voltage ratings of 106 to 753 Volts dc. 

Values for parameters xcrit and k predominately track well with increasing current.  

The distance at arc collapse does scale, although a few testruns showed dc arc quenching 



66 

 

prior to expectation.  This helps exemplify the chaotic nature of the arcing waveform, as 

well as help to validate Equation (19). 

The value of k denotes the rate of rise regarding arc collapse.  As expected, this 

value decreases as dc current levels increase, thus exemplifying exactly how fast-acting 

transients become less of a concern as current levels increase, for di/dt lessens.  This is 

likely due to a well-established thermal arc profile that is less susceptible to fast-changing 

electrical characteristics. 

The, n values also correlate relatively well to literature, as seen in Table 1.  It is 

noted that the sign difference is due to Paukert listing his equation as B*Iarc
n
, instead of 

B/Iarc
n
 [32].  Steinmetz had this n value at 0.5, while Van and Warrington listed it at 0.4 

[23,2]. 

Lastly, the value of B did not correlate well with historical literature.  However, 

this is not concerning for historical equations often included their fixed gap distance, xgap, 

into this parameter.  Moreover, this sequence of testing involved dynamic changes to xgap 

as it was slowly increased until arc extinction.  What’s more apparent is that B also scales 

relatively well with increasing current levels.  Thus, with additional testing, this value 

could be refined and tabulated, much like Paukert’s values from Table 1 [32]. 
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7. Summary & Conclusions 

In review, horizontal series faults between ac and dc bus architectures resulted in 

very distinct differences when transients such as gap voltage and arcing current were 

captured using high resolution oscilloscopes.  As expected, dc arcs were more persistent 

than those of ac architectures due to the lack of a periodic, zero-crossing point.  

Additionally, as bus voltage levels were increased, high current (175 A) dc arcs began to 

age and damage copper electrodes due to the vaporization of material.  Video captured 

from these faults shows them to be a fire hazard concern.  However, arc voltage and 

current waveform transients during dc arcing conditions did not show the same concerns 

regarding fast-acting transient spikes as was evident from ac architectures.  This was 

primarily due to a larger timescale, thus giving rise to a smaller di/dt.  Moreover, this 

effect became less concerning as dc current levels rose and established a strong thermal 

inertia to resist these high frequency electrical transients. 

From a system perspective, ac series faults may pose their own sets of challenges 

due to these fast-acting gap voltage and current spikes.  Some experimental results show 

disturbances in ac bus voltage levels monitored 50 feet away from the fault location.  Yet, 

the predominant concerns are transients measured in close proximity to the ac series fault.  

With magnitudes up to four times ac bus voltage levels, these transients may pose 

significant risk to ac power electronics components such as electronic switches, 

capacitors, and other components within the system by exceeding their voltage ratings.  

With sensitive components such as electrolytic capacitors or MOSFETs, their voltage 

ratings are typically twice nominal voltage levels.  Thus, ac series fault transients could 

irreparably damage them or reduce their reliability in complex systems [3].  To counter 

this problem, one could introduce series inductance or shunt capacitance, but the former 
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solution creates higher voltage drops and negatively affects constant-power load stability, 

while the latter increases cost [10]. 

From a dc system perspective, the lack of considerable fast-acting transients is an 

electrical advantage.  Despite the fact dc horizontal series faults persist for a much longer 

duration as compared to ac, if power electronics could effectively be utilized for fault 

isolation, the impact on other distribution laterals would be minimized.  Yet, concerns 

regarding the detection of dc series faults and their propensity to damage equipment and 

personnel remain. 

For this reason, intelligent circuit protection techniques such as arc fault circuit 

interrupters (AFCIs) must continue to be explored [5].  Their ability to detect for these 

series faults will depend upon accurate modeling of these phenomenon.  Under slow, 

constant velocity opening conditions, dc series arcs may be modeled as quasi-static, 

showing good correlation to historical equations and tabulated data.  The ability to model 

faster, constant acceleration series faults and transfer these predictions into intelligent 

protection equipment warrants further study. 
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8. Further Study 

Knowledge gained from experimental testing and equation modeling analysis has 

been very beneficial, and it has enhanced the knowledge of horizontal series dc arcs.  

However, this research must be continued and augmented by testing dc arcing faults 

under a multitude of dynamic conditions such as exploring dc faults downstream of 

power limiting sources.  The end goal is to build intelligence into dc micro-grid safety 

designs so series faults can be correctly detected, and affected branches can be quickly 

isolated to minimize damage to equipment and personnel.  Otherwise, dc series faults will 

continue to pose a valid safety concern and challenge widespread acceptance of dc micro-

grids.  Significant advances to dc series fault detection, fault clearing strategies, and 

breaker designs are all necessary.  Concurrently, software models will continue to be 

refined as their validity is tested against accurate, experimental research data under a 

variety of conditions. 
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Appendix 

A. A1: EQUIPMENT SPECIFICATIONS 

TABLE 4: EQUIPMENT SPECIFICATIONS 

Circuit Elements Manufacturer Model, Part, Catalog No. Rating 

208 Vrms,  

AC Source Panel (3φ) 
  

208 Vrms (3φ, l-l),  

50 Arms (1φ),  

S = 18 kVA (3φ) 

480 Vrms,  

AC Source Panel (3φ) 
  

480 Vrms (3φ, l-l),  

400 Arms (1φ),  

S = 332.6 kVA (3φ) 

480 Vrms, AC fuses (3φ) Ferraz Shawmut Tri-onic, TRS100R 600 V(ac or dc), 400 A 

208 Vrms,  

AC breaker (3φ) 
General Electric GES-9888 

240 Vrms(3φ, l-l),  

50 Arms (1φ), 50/60 Hz 

480 Vrms,  

AC breaker (3φ) 
General Electric GES-6104E 

600 Vrms(3φ, l-l),  

400 Arms (1φ), 60 Hz 

AC Variac (3φ) Superior Electric Co. Powerstat
©
 series 115/230 Vrms (3φ, l-l) 

AC Transformer (3φ) TEMCo 

Model No. FPR05, 

Catalog No. T57142,  

File No. E124291 

10 kV, 1212 kVA 

3φ, 6 diode, full-bridge 

Rectifier 

Westcode 

Semiconductor 

Part No. 3SM55CXC574-

2LP100D16.5 
2 kVdc, 1.6 kA, 1 kHz 

cable - 6/4, AC Carol Brand 
Cat. No. 01824,  

P-7K-123033 
45 A, 600 Vrms 

cable - 2/4, AC Carol Brand 
Cat. No. 81664,  

P-123-MSHA 
152 A, 2000 Vrms 

cable - 262kcmil, DC AmerCable Part No. 37-119-215 2 kVdc, 467 A 

cable - 535kcmil, DC AmerCable Part No. 37-119-219 2 kVdc, 728 A 

Open Series Fault 
Center for 

Electromechanics 
custom see below 

Fault Control 
Center for 

Electromechanics 
custom see below 

Load Bank 
PowerOhm 

Resistors, Inc. 

Model No. 0710,  

Drawing No. P15377 
see below 

Inductors 
Center for 

Electromechanics 
"Millie" 17.0 + jω(1.26) mΩ 

Inductors 
Center for 

Electromechanics 
"Henry" 28.0 + jω(4.93) mΩ 

Oscilloscopes Nicolet 
Pro 40, Pro 92, &  

Model 40 Integra 
 

AC voltage probes  
Category III  

differential probes 

≤  ±7 V Max Into 2 kΩ, 

Lin. Rng. & Com. Mod.:  

± 700 V, w/ 1000 Vrms 

DC voltage probes LEM Type LV100-1500/SP3 
1500 V/50 mA,  

±0.9% accuracy 

AC current sensors Pearson Electronics Model No. 110 Sensitivity of 0.1 V/A 

DC current sensors LEM 
Model No. HTA 250-

S/SP1 
±250 A,  ±1% accuracy 
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A2: Load Bank 

The RL load bank used for this experiment was manufactured by PowerOhm 

Resistors, Inc., out of Katy, TX.  It was a static impedance load, with a name plate rating 

of 1.6 Ω.  Also labeled were the Drawing No. (P15377) and Serial No. (0710).  

Information gained from the manufacturer was a maximum current rating of 500 A and a 

maximum voltage rating of 800 V dc.  This resulted in a maximum power rating of 400 

kW, with a maximum continuous power rating of 100 kW.  An Agilent 4284A, 20 Hz - 

1MHz, Precision impedance analyzer measured the true RL values to be 1.95 Ω, 145 μH. 

Additionally, the rear panel was removed to gain visual information regarding the 

unit.  As can be seen from the picture below, the load bank was comprised of 4 levels, 

each with 9 resistor components (36, total).  A 120 V ac fan was located at the bottom, 

for convective heat dissipation. 

 

Figure 53: Picture of RL Load Bank, manufactured by PowerOhm Resistors 

Studying the wiring, the four load levels were initially configured in a 2 series, 2 

parallel branch pathway.  Therefore, the actual ratings, per load level, were 250 A, 400 V 

dc, for a maximum total power rating of 100 kW. 
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Due to the resistor layout, the load bank could be reconfigured to different RL 

load sizes, based upon how the four levels were wired.  Thus, 3 different wiring 

configurations were developed for the sets of intended experiments.  Configuration 1 was 

the default, Configuration 2 placed all four load levels in series, and Configuration 3 only 

utilized two levels in series.  Below, the three configurations are illustrated and their 

parameters, tabulated: 

 

 

Figure 54: PowerOhm Resistors, Inc. RL Load Bank Wiring Configurations 

 

TABLE 5: LOAD CONFIGURATION 1 - INITIAL LOAD BANK PARAMETERS  

(2 SERIES & 2 PARALLEL): 

Parameter Value Units 

Measured Resistance 1.95 Ohms 

Measured Inductance 145.9 µH 

Rated voltage 2 x 400 = 800 Volts (DC) 

Rated current 2 x 250 = 500 Amps (DC) 

Continuous power rating 4  x  25 = 100 kW 

Max. power rating 4 x 100 = 400 kW 
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TABLE 6: LOAD CONFIGURATION 2 - FOUR LOAD LEVELS IN SERIES: 

Parameter Value Units 

Measured Resistance 7.679 Ohms 

Measured Inductance 593 µH 

Rated voltage 4 x 400 = 1600 Volts (DC) 

Rated current  1 x 250 =  250 Amps (DC) 

Continuous power rating 4  x   25 =  100 kW 

Max. power rating 4 x 100 =   400 kW 

 

TABLE 7: LOAD CONFIGURATION 3 - TWO LOAD LEVELS IN SERIES, (TWO DISCONNECTED): 

Parameter Value Units 

Measured Resistance 3.840 Ohms 

Measured Inductance 297 µH 

Rated voltage 2 x 400 = 800 Volts (DC) 

Rated current 1 x 250 = 250 Amps (DC) 

Continuous power rating 2  x  25  =   50 kW 

Max. power rating 2 x 100 =  200 kW 

A3: Horizontal, Open Series Fault Apparatus 

 The horizontal, series fault apparatus was briefly described in Section 3: 

Experimental Testbed & Methodology, but its unique design warrants further 

explanation. 

Fault Control Equipment 

 The fault apparatus was designed and constructed by Dr. Mark Flynn and Tim 

Beets of the Center for Electromechanics.  It consists of an iron frame, with a sliding 

mechanism in the center portion which allows two adjacent 1” diameter copper rods 

(serving as electrodes) to separate, thus creating the horizontal, open series fault.  This 

mechanism can be seen in Figure 11.  The remaining iron support structure is enclosed on 

three sides with 2” mica: a white, non-conducting, nonflammable material.  The mica 

aids in shielding against hazardous energy forms expelled by dc arcs. 
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Figure 55: Horizontal, Open Series Fault Apparatus 

 Prior to separation, the two 1” copper bars, clamped in place by aluminum blocks, 

maintain electrical continuity between source and load.  The blocks also serve as 

connection terminals for 262 kcmil cable, used as the bus wire.  The aluminum blocks are 

connected, through isolation, to a mechanically driven stepper motor and eTrack linear 

stage.  The size 17, high speed stepper motor is manufactured by Newmark Systems, Inc, 

model number ET-50-1.  Upon receiving a control signal to open, the stepper motor 

actuates, thus opening the copper electrodes at constant velocity. 

 

 

Figure 56: Stepper motor and optical rotary encoder on backside of the series fault mechanism 
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An optical rotary encoder, manufactured by U.S. Digital (P/N: E2-192-250-N-D-

D-B), is mounted atop the motor shaft to measure electrode displacement.  This encoder 

sends a signal back to control software so the exact gap distance, xgap, can be recorded. 

Additionally, the stepper motor can be disengaged from the copper contacts via a 

solenoid switch.  Concurrently, a pneumatic cylinder is actuated, forcing the contacts to 

open at constant acceleration.  The pneumatic cylinder is manufactured by SMC, model 

number NCDMB075-0100.  This cylinder was connected to a pressure regulator where 

compressed dry air (CDA) was adjusted and calibrated to achieve the desired force.   

The two rates chosen were a slow opening at constant velocity (2.54 mm/s), and a 

faster one opening at constant acceleration equal to the gravity on earth (9.8 m/s
2
). 

Fault Control Software 

The horizontal, series fault control software was also designed by the Center for 

Electromechanics.  The control system was developed into a Graphical User Interface 

(GUI) to initiate the fault trigger, automate electrode movement, record electrode 

separation, and save this information in a file-based format.  The fault control signal was 

also synchronized with oscilloscopes to capture resulting fault waveform data. 

 

 

Figure 57: Graphical User Interface (GUI) Open Series Fault Control 
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Fault Control Calibration 

 Fault control software allowed for controlling the stepper motor at predetermined 

rates.  The slowest rate of 2.54 mm/s was selected for the constant velocity electrode 

displacement.  To calibrate, since the gap distance was recorded, Igor Pro
©

 could 

differentiate this data to yield the resulting velocity profile. 

 

Figure 58: Velocity Profile of Separating Copper Electrodes via the Stepper Motor (2.54 mm/s) 

 

To calibrate electrode openings under constant acceleration, taking the second 

derivative of distance with respect to time proved more difficult. 

 

Figure 59: First DC Open Series Const. Acceleration Test - Acceleration Plot 
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As can be seen from Figure 59, these results were not usable.  This is because any 

perturbations get amplified by taking multiple derivatives.  Thus, acceleration was 

calculated another way, from the velocity profile.   

 

 

Figure 60: First DC Open Series Cont. Acceleration Test - Velocity Profile 

 

 As can be seen in Figure 60, Igor Pro
©

 has a functionality which allows dual point 

placement on any waveform.  Thus, two points were placed upon a relatively linear 

portion of the velocity profile, returning values for dX and dY.  This resulted in a rate of 

change in the velocity of 40.83 in/s, over 0.11529 s.  Converting to meters resulted in a 

calculated acceleration profile of 9.00 m/s
2
 for the linear portion of the velocity profile.  

Therefore, the air pressure regulator was adjusted up slightly and the acceleration 

recalculated to be closer to the targeted value of 9.8 m/s
2
.  Generally, this required a CDA 

pressure of roughly 70 psig. 

B. SEQUENCE OF TESTS & TABULATED PARAMETERS 

All sets of experimental tests conducted, as well as their measured parameters, are 

listed in Figures 61 & 62.  Transient spike magnitudes are seen in Figure 62. 
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Figure 61: Testrun Spreadsheet & Tabulated Parameters 
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Figure 62: Testrun Spreadsheet listing Voltage and Current Spikes 
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C. HORIZONTAL SERIES ARC FAULT VIDEO 

During experimentation, series arcing fault video files were also captured for all 

sequence of tests.  These recorded video files may be viewed online at: 

http://www.youtube.com/user/utcem 

http://www.utexas.edu/research/cem/smartgrid.html  

http://www.youtube.com/user/utcem
http://www.utexas.edu/research/cem/smartgrid.html
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