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g tap Agenda

* Why conduct DC Arc Flash Analysis?

* Characteristics of an Arc

* DC Short Circuit calculations

* Maximum Power Method

e Stokes and Oppenlander Method

* Paukert Method

* Box/ open configurations energy equations
* Discussion Items

* Changes to NFPA 70E 2015
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@ \tap Why conduct DC Arc Flash Analysis?

* Several papers have surfaced regarding studies being conducted dc systems
 Many industrial applications of dc power systems

* Hazards can be found:
— Large uninterruptible power supply cabinets with battery banks
— Electrical room station battery sets
— Drive cabinets with dc buses
— Special process equipment using DC buses such as a salt cell processing
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¢ etap
 An arc consists of three regions:
1) Anode region
2) Cathode region
3) Plasma column

The voltage gradient across the arc
plasma depends on the actual arc
length; the arc may deviate from the
gap width between the electrodes.
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Characteristics of an Arc
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¢ efap V-l Characteristic Curves

As arc current increases, arc voltage decreases.

V-1 Characteristic Curves for DC AF
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DC Short Circuit

Success

>4
¢ etap

e Battery, Charger, and UPS Sources can

be modeled as: —_— [ >3 O3LkA ]
— Constant Current 0.0112 GP DC A ©
— Voltage behind an impedance 1
1+
 Thevenin Equivalent of System R is vVdcl ——258V

found to calculated the short circuit
current.
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Methodology for DC Arc Flash
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ggtap 3 Methods for DC Arc Flash

* Maximum Power Method
* Stokes and Oppenlander Method

e Paukert Method
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¢ elap Maximum Power Method

uccess

e  Maximum Power Method was introduced in 2007 in the ESW by Daniel R. Doan.

* Based on the concept that the maximum power possible in a DC arc will occur when the arcing voltage is
one-half of the system voltage.

Iarc — OSX Ibf
R = OSX Vsource

a
Ibf
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¢ etap Maximum Power Method

Energy equations for Arc in a box and Open Air

Tarc
IEopen — O'levsysx Iarc < D2

1E =3x<0.01lx<x\V_, . =<1 x<x—2

boXx SAVAS arc D 2
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Powaering Success

IN.8.1 Direct-Current Arc Flash Calculations.

D.8.1.1 Maximum Power Method. The method of esti-
mating dc arc flash incident energy that follows was pre-
sented at the 2007 IEEE Electrical Safety Workshop (see
reference 2, which follows). This method is based on the
concept that the maximum power possible in a dc arc will
occur when the arcing voltage is one-half of the system
voltage. Testing completed for Bruce Power (see reference
I, which follows) has shown that this calculation is conser-
vatively high in estimating the arc flash value. This method
applies to dc systems rated up to 1000 Vdc.

I, =05xI,,
IE, =0.01xV_ xI_ =T, (D

where:
f,.. = arcing current, amperes
Iy = system bolted fault current, amperes
fE = estimated dc arc flash incident energy at the
maximum power point, calfcm”
Vs = system voltage. volts
T, = arcing time., sec
I = working distance, cm
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NFPA 70E 2015

For exposures where the arc is in a box or enclosure, it
would be prudent to use a multiplying factor of 3 for the
resulting incident energy value.

ND.8.1.2 Detailed Arcing Current and Energy Calcula-
tions Method. A thorough theoretical review of dc arcing
current and energy was presented at the 2009 IEEE PCIC
Conference. Readers are advised to refer to that paper (see
reference ) for those detailed calculations.

References:

1. “"IDC arc models and incident energy calculations.™
Aammerman. BLF Gammon, T.; Sen, PEK.; MNelson., J.P.; Pe-
troleum and Chemical Industry Conference, 2009, Record
of Conference Papers.14—16 September 2009,

2. “Arc Flash Calculations for Exposures tp DC Sys-
tems.” Doan, DLE.. IEEE 1AS Electrical Safety Workshop.,
2007, Record of Conference Papers, March 2007.

3. DC Arc Hazard Assessment Phase II Copyright Ma-
terial Kinectrics Inc. Report No. K-012623-FA-0002-R00.
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Qgtap" Maximum Power Method

ing Success

Pros: Always giving you arcing current results. Simplicity of calculations (no
iterations or complex non linear equations). Most conservative of all

methods.

Cons: Could be too conservative because of the arcing current is calculated
higher than real life situations. (Ex.- If it falls off the instantaneous pick up,

time might be longer.)

Calculations limitations: Cannot predict if an arc can be generated (can
occur). This method applies to dc systems rated up to 1000 VDC.
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g&etap Stokes and Oppenlander

* Performed a study of free-burning vertical and horizontal arcs between
series electrodes in open air.

* Based on the extensive study, Stokes and Oppenlander created empirical
equations based on test results.

* As aresult, to maintain the minimum voltage of an arc, depends on current
magnitude, gap width and orientation of electrodes.
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3 tap Stokes and Oppenlander

Powaering Success

Horizontal Arc in Open Air with Copper Electrodes
Continuous Lines — Measured Results
Dotted Lines — Calculated Results
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gﬂ,tap Stokes and Oppenlander

Vertical Arc in Open Air with Aluminum Electrodes
Continuous Lines — Measured Results
Dotted Lines — Calculated Results

g
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ggtap“ Stokes and Oppenlander

Success

Requires iterative solutions by first establishing initial guess and iteratively solve for Rs (fixed) and
Rarc (changes).

/g = Gap between Electrodes (mm)

It =10+ 0.22z4

V..=(20x0.534xzg) <1 °
- (20x0.534 x zg)

arc | 0.88
arc

R
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9eta
etap Stokes and Oppenlander

Pros: If the gap, voltage and system impedance are within the limits of
the equations, the model can predict if the arc is sustained. If the gap is
too long, cannot find an solution (larc too low). FCT is more accurate.
Energy is more accurate rather than over conservative.

Cons: It requires iterative solutions and not easy to solve.

Calculations limitations: If arcing current is below transition point, a
solution cannot be solved.
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¢ etap Paukert

 Paukert compiled published arcing fault data from seven researches
who conducted a wide of arc tests.

e Some were AC and some were DC with both vertical and horizontal
configurations. Arcing currents ranged from 0.3A to 100kA with
electrode gaps from 1 to 200mm.

 Based on the collected data, Paukert formulated arc voltage and arc
resistance equations with electrode gap widths.
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Powering Success

Paukert

TABLE Il
EMPIRICAL ARC FORMULAE FOR Iy < 100 A [18]
Electrode Gap (mm) Arc Voltage (V) Arc Resistance (Q)
1 36.32 1 12 36.32 Iy 124
5 T80 L0 7130 lorg 0
10 10525 e 105.25 I ' 22
20 153.63 larg 02 0 153.63 larg 1 2 0
50 262.02 lam-0.310 262.02 'a":-“ 310
100 481.20 I %0 481.20 I %0
200 662.34 larg 00 66234 lgp 220

TABLE Il
EMPIRICAL ARC FORMULAE FOR 100 A < lo. < 100 kA [18]
Electrode Gap (mm) Arc Voltage (V) Arc Resistance (QQ)

1 13.04 1, 008 (LT P

5 VI E o 14.13 1,070
10 16.68 I’ ' 16.68 lae 07
20 20.11 I 100 20471 lgg 010
50 28.35 lae 28.35 lgec 00
100 34.18 lgec 2" 34181l 0
200 52.63 lare 20 52.63 1, 076

©1996-2017 ETAP/Operation Technology, Inc. — Workshop Notes: Arc Flash Analysis

Slide 19



QPgtap” Paukert

ing Success

Pros: Same as Stokes and Oppenlander. If the gap, voltage and system
impedance are within the limits of the equations, the model can predict
if the arc is sustained. Energy is more accurate rather than over
conservative.

Cons: Requires iterative solutions not easy to solve. Its not applicable
and should not be used for electrode gaps more than 200 mm.

Calculations limitations: Current cannot be more than 100kA .
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¢ etap Deriving Energy Equations

Power =V, . x|,
P..=V_ .xIl_ . =1 xR

alrcC alrcC alrcC

2
Earc ~ Iarc X IQarc ><tarc
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¢ etap Energy Equations

Energy Equations for Open Air and Enclosed Configurations

I: k X arc Arc Source
1 —
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%QLQP@ Reflectivity Coefficients

Enclosed DC Arc Fault values a and k

Panelboard 0.127

LV Switchgear 508 508 508 400 0.312

MV Switchgear 1143 762 762 950 0.416

©1996-2017 ETAP/Operation Technology, Inc. — Workshop Notes: Arc Flash Analysis Slide 23



e etap Comparison of the Stokes and Oppenlander vs. Paukert
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Fig. 15 DC Arc Resistance Comparative Study
(Stokes and Oppenlander / Paukert Formula Comparison)
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g tap Comparison of the Stokes and Oppenlander vs. Paukert
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Fig. 14 DC Arc Resistance Comparative Study
(Sensitivity to Electrode Gap)
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g tap Comparison of the Stokes and Oppenlander vs. Paukert

Observations based on the Empirical Methods

1) Arc resistance is nonlinear

2) Arc resistance decreases with increasing arc current

3) Arc resistance approaches a constant value at high current magnitudes

4) Arc resistance changes rapidly at low current magnitudes (<1kA).

5) Paukert predicts larger arc resistances than Stokes and Oppenlander predict.

6) For a given arc current, the arc resistance increase linearly with the electrode gap.
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%e tap Discussion Items
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%gﬂ!gp@ Comparison of Incident Energy

Electrochemical DC Bus

UPS Battery System Bus
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Powaering Success

Arc flash Analyzer showing multiple sample reports comparing all methods

®

ETAP Arc Flash Analyzer

-
B | DC Arc Flash Result Analyzer

S5

@ Dutput Repart Scenanios
Uncheck &l
Ref. | Select Reports
® DCAF-MAXPOWER
(@] DCAF-PAUKERT
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(1 Al Project in dctive Directary

@ Active Project

| Example-4N5|

Bus
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Results

Check &l

Tatal Energy (cal/cmd
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F|;

I == 0O @

fiolt . Total
o ;:,E; Type | Output Rpt. .| Corfiguration Enefgy AFBf) .|  Energylevels .
Bl s B Panchoard | DCAF-MAXPOWER Normal 8.03 39
2 DCBus2 250 Battery Rack DCAF-PAUKERT Mormal 0.580266 1 Level A
3 DCBus3 125 Panelboard DCAF-MAXPOWER Mormal 0.403203 0.9 Lewvel A
4 DCBus4 125 Panelboard DCAF-MAXPOWER Momal 2141 6.3
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g,,.,etap Updates on NFPA 70 2015

e DC Arc Flash Maximum Power Method

e Removed 125 kVA Exception (An Arc Flash Hazard Analysis may not be
necessary for some three-phase systems rated less than 240 Volts

 Added DC Arc Flash Boundaries table. (Table 130.4 (C) b)
* Arc Flash Protection Boundary = Arc Flash Boundary

 Removed Prohibited Approach Boundary.
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ing Success
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Letap

Thank you!
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