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Typically :

« PV Systems
- Battery Energy Storage
Systems (BESS)
* UPS - battery side of UPS
« Data Centers
+ Marine
* Industrial
« EV cars, trucks, machines,
ships, boats, buses ect (goes
above 800V DC already)
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DC arc flash in PV:

Type:
» Series arcs
» Parallel arcs (phase and ground)

Locations:

 Panel side

« String cable

« Combiner box side

* Inverter DC side

* Inverter AC side (AC fault)

PV

F2

F3

F1

F1 series fault
F2 parallel fault
F3 grounding fault

Inverter

Source: ,The Detection of Parallel Arc Fault in Photovoltaic Systems Based on

a Mixed Criterion” Chuxuan He, Longhua Mu, Yijian Wang
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PV central inverter fire

One out of three plants was
damaged October 2020

«  Ullum1 (25 MW),

«  Ullum Il (25 MW)

«  Ullum Il (32 MW),

Source : Government of Ullum
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DC arc flash in PV:

» Arc flash can occur in multiple
areas

» Closer to source is worse
condition but it depends on
system topology (multi-inverters
or central inverter)

Source: YouTube
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DC arc flash in UPS/BESS:

Place of fault:

» Battery

« Cable to DC panel

« DC panel (protection side)

« DC main bus

 DC main panel (few BESS panel)
* Inverter DC side

* Inverter AC side

Mode of operations:

« SoC 100%

* SoC low (0%)

« Charging (higher voltage)

nBypass
Rectifier/
£ battery —=_ | Inverter £
, charger 4T ,
Single or / Single or
three-phase / three-phase

ac source output
Battery energy ] _L_
storage =

Surce: https://electricalacademia.com/electric-power/uninterruptible-power-su
pply-ups-works-uninterruptible-power-supply-types/
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DC arc flash in BESS:

« Battery faults leads to fires

» Protection is limited — if fault is
on battery side protection will
open but fault will not stop

Recent fire in OVH SBG1 data
center probable cause was
increased humidity ( water ?) in
battery rooms that most llikely
caused arc flash and fire as
consequence.

i, départ de feu dans I’'ASI2
de la vidéosurveillance OVH)

Photographie 6 : 0h35, départ de feu dans le local a batteries
(source : image extraite de la vidéosurveillance OVH)

Source OVH report https://www.cgedd.developpement-durable.gouv.fr



@ POWER TECH

BESS Korea

Not specified but looks like
thermal runaway fault type

2018-07-21 11:04:22

Source : channel 8 SBS News / Korea
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DC arc flash in BESS:

Place of fault:
« Battery internal Control signal _ ipack
» Battery external

« DC Cable/BusBars

|
—
—
W
e
W
=
+

Mode of operations:
* Normal Upack
« Charging

« Discharging
« Damage (overheat)

Series control board
Series control board
Series control board
Series control board

—] Battery Management System

Surce: ,GA-based approach to optimize an equivalent electric circuit model of
a Li-ion battery-pack ,Victor Pizarro-Carmonaa,d,*, Sandra Castano-Solisb, M
arcelo Cortés-Carmonaa, Jesus Fraile-Ardanuyc, David Jimenez-Bermejo
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DC arc flash in EV:

Fault time:

- During assembly (factory line)
- During service (workshop)

- During normal use/charging

Location in EV battery depends on

proces, configuration and SoC:

« Worst connection location

* Full voltage (all modules
connected together)

* One battery module itself
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! e )
06-14-2016 Tue 11:00:36

DC arc flash in EV:

+ Battery faults leads to fires s A
during accidents and thermal = Nl
run away

* Protection is limited

* EV cars operate now up to 900V
DC which is increased shock
hazard as well

NASA -Robot Li-lon Battery Fire

Probably 120-140VDC 15-30Ah Li-ion

Source YouTube



2 Examples & solutions
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Most effective

—>

\ 4
Y
Y -
\__4
\_4
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Least effective

Hierarchy of controls

Elimination

LOTO, no live work (it is almost always live
work in BESS EV and PV)

Substitution

Voltage<50VAC and 100VDC (not anymore
in DC with systems U>400VDC)

Engineering controls

Barriers, remote controls (remote control is
good option in BESS, less in EV)
Awareness

Training, arc flash labelling

Administrative controls
Electrical Safety Plan, operating procedures

PPE
Properly selected arc and shock PPE
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UPS 400kVA with ByPass

425/450A
Fuse gG

VRLA 48 x 12,36V
140Ah
3 paralel sets
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Fuse 425A gG AC 500V/ 250VDC ETI NH3
48x12V 576 VDC nominal

Yuasa Technical Data Sheet
Yuasa SWL4250FR Industrial VRLA Battery

Specifications

Nominal voltage (V) 12
10m rate Constant Power (Typ) to 9.6V at 20°C 4266 - -
(wiBlock)
10m rate Constant Power (Typ)to 1.6wicell at m
48x14,5V VD lic | in
20°C (wicel)
20-hr rate mdr.ylu 10.5V at 20°C (Ah) 150.0
10-hr rate Capacity to 108V at 20°C (Ah) 140
Dimensions
Length fmm) 341 (23)

Slrl'lbrt-Circuitﬁtrurrent & Internal Resistance
Internal resistance - according to EN IEC 60896-21@
(mQ)

Short-Circuit current - according t IEC
60896-21 (A)

Cyclic {or Boost) charge Voltage at 20°C (VVBlock 145 (43%)
Cyclic (or Boost) charge Voltage at 20°C (VVCell 2.2 (23%)
Cyclic Chg voltage tmp correction factor from std -4

20°C (mv)

Charge Current

Float charge current limit (4) o limit
Cyclic {or Boost) charge current limit (3) ES

Maximum Discharge Current
1 second (A] 840
220

& Internal Resistance
In ance - according to EN IEC 60896-21 4

SHiyrt-Circuit current - according to EN IEC 3436
608! ent valves
Each cellis fitted with 2 low pressure release vabve 10 allow
nd then reseal,
Measured at 1 kHz (ma) 27 i

Design Life & Approvals VRLA biatteries release hydrogen gas which can form
EUROBAT Classification: High Performance 101012 explosi inithe i pl
‘Yuasa design Iife at 20°C (yrs) upto10 conbsiner.

Recyeling
YLIASA's VRLA batteries must be recycled at the end of ke in
sccordance with local and natianal ks and regulations.

villBR
Data Sheet generated on 18/03/2016 - EROE [\

The world's leading battery manufacturer WWW.yuasaeurope.com “\J\‘L




D roveomees DC Arc Flash models for use

1) NFPA7OE D.5.1 Maximum Power Method

2) "DC-Arc Models and Incident-Energy Calculations,” Ammerman,
R.F; et al.; IEEE Transactions on Industry Applications, Vol. 46, No.5.

3) "Arc Flash Calculations for Exposures to DC Systems,” Doan, D.R.,
IEEE Transactions on Industry Applications, Vol. 46, No.6

4) A. D. Stokes, W. T. Oppenlander, “Electric Arcs in open air," Journal
of Physics D: Applied Physics, vol. 24, pp. 26-35,1991

5) J. C. Das, "Arc-Flash Hazard Calculations in LV and MV DC Systems
Part I: Short-Circuit Calculations,” IEEE Trans. On Industry Applications,
vol. 50, pp. 1687-1697, 2014.

6) DGUV-I 203-077 Arc Energy Analysis — AC&DC arc flash

7) IEEE 946-2020 |IEEE Recommended Practice for the Design of
DC Power Systems for Stationary Applications
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DC Arc Flash models for use

Used software for DC arc flash — ETAP v21 (possible CYME and SKM)

Scenarios: maximum SoC + limited time up to 2, 60 sec ( if human

sfety oriented)

Main standard : NFPA70OE-2021 for PPE and remaining procedures

° 3

o ke

ke

to t e t
[EC 67907 IEC e80v9T

Figure 1a — Rectifier without and with

Figure 1b - Battery
smoothing reactor

3 in

- hm

ke t t t

IEC 88147

Figure 1c — Capacitor Figure 1d
—— Motor without additional inertia mass

... Motor with additional inertia mass

Figure 1 — Diagrams of typical short-circuit currents

Feader Commu- Three-
connection

=Cllon power Trans. 1800 m Smootting
|m|ﬂ"“ |mﬂn|hn-r|"l*'| | reactor | e

P
.-

T
RoXa Q ReXe Ruir Fa
£ Ryt Py

Rectifior branch

Line
=== G
R g | Ra ta | |[—
- Crml | R L
Lead-acid battery {15- il
F, F;
Line
R Fa ila
| b
Capacitor {lsc

Lire
—
R

Momant of
Fiekd | _nerta | Amatwe |
AL Ry Ll L
" am=r =
Mowor qgl& EJ &#IE"
|
Short. locatians:

—sircuit
Fi Shart circuit withaut comman Sranch
F2  Short circuit with comman branch

Figure 3~ Equivalent circuit diagram for calculating the partial short-circuit currents
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UPS —ETAP model DC Arc Flash

Level B
dcBus- UPS DCside AFB=2.164 m
——— _ " N
) 10
DC Cable36 2012 4
i
DC Cable38 DC Cable39 DC Cable40
dcBus FUSE1 6,675 kA dcBus FUSE2 dcBus FUSE3
653V —_—— -Tl:),g;;_u"54 653V 653V
Level B t ‘dcFuse-1 dcFuse-2 dcFuse-3
450 A 450 A 450 A

AFB=2,164 m 100 kA 100 kA 100 kA

IE = 25,715 cal/cm? @45,7 cm

"I DC Cable35 DC Cable34 ] DC Cable37
6,675 kAy dcBus BAT6
: 653V
3,337 kA 10 3,337 kat 3,337 kat

Level A

AFB=1,238 m Battery-1 ; Battery-2 ; Battery-3
IE = 8,452 cal/cm? @45,7 cm 140 AH 140 AH 140 AH



O~ PS _ETAP model DC Arc Flash

Exceeds Max. PPE Arc Rating
dcBus- UPS DCside

AFB=3,678 m
653V 410,012 kA IE = 64 cal/cm? @45,7 cm
FCT econds
10
DC Cable36 012 44
4 Prd
[l
DC Cable YQCBI:IESS DC Cabled0
dcBus FUSE1 +E-_. 675 kA dcBus FUSER dcBus FUSE3
653V _"1‘_ 10‘012k4 653V = 653V
3.9 i N
Exceeds Max. PPE Arc Rating L tﬁ:FhEE—l dcFuse-2 dcFuse-3
AFB -3 678 450 A 450 A 450 A
=3,b/em 100 kA 100 kA 100 kA
IE =74,164 cal/fcm? @45,7 cm
FCT = conds ‘I DC Cable35 ] DC Cable34 DC Cable37
6,675 kA} dcBus BAT6
653V
3,337 kat 10 3,337 kAt 3,337 kpt

Exceeds Max. PPE Arc Rating .
AFB = 6,496 m Battery-1 - Battery-2 - Battery-3
IE =231,2 cal/cm? @45,7 cm 140 AH 140 AH 140 AH

FCT
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Amps X 100 dcBus -RDC (Nom. kV=0.653. Plot Ref. kV=0.653)
s w0 "

5 El ER E e

Fault current 3,37 kA
Trip time 5,76 sec

DC Cable12-F |°

. Fault current 6,675 kA
7 Trip time 85 msec

5

Seconds
u0aes

B

PR % ~ Fault current 3,4 kA No protection on battery
- Trip time 60 sec side (source)

; ERRE e ERME RS T
Amps X 100 deBus - RDC (Nom. kV=0.653, Plot Ref. kv=0,653)
Code - D - Totalla - Ei - Et - PDID - PDlarc - TripTime « OpenTime Condition |

] !
2 |A decBus - RDC 100121377 74,1637033 74,1637033 deFusebs 100121377 0 576821232 5,768 |
3 A dcBus BAT 100121377 1.098389 1.098389 dcFused 6674 7583 0 0.08542913

pd A dcBus BAT 3404353 230,132 31,2304 [1] 0 60 Arcfault de-energized
5 |A dcBus- UPS side | 100121377 74,1637033 74,1637033 dcFusebs 9355977 0 5,768
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Solutions 1 —fuse aR

ot t=60 sec

dcBus- UPS DCside AFB = 1}52 m
e
653V t10,012ka E= I/ecm® @45,7 cm
FCT= conds
1g
DC Cable36 012 ks
[
[l DCCable38 DC Cable39 DC Cabled40
dcBus FUSEL +5 673 kA dcBus FUSE2 dcBus FUSE3
653V —— 11_9)012&4 B53Y 653V e
Level B - dcFuse-1 dcFuse-2 dcFuse-3
_ 450 A 450 A 450 A
AFB=1,52m 100 kA 100 kA 100 kA
IE = I/em? @45,7 cm
FCT= econds | DC Cable3s ] DC Cable34 ] DC Cable37
6,675 kAT dcBus BATH
633V ] 1
3,337 kat 10 3,337 kat 3,337 kat
20_12

Exceeds Max. PPE Arc Rating
AFB = 6,485 m Battery-1 -T- Battery-2 @ Battery-3
IE = 230,5 cal/cm?® @45,7 cm 140 AH 140 AH 140 AH

FCT
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Amps X 100 dcBus - RDC (Nom. Kv=0,853, Pt Ref. KV=0,833}
5 H 10

. 100 M0 0 AL R 40

-
g

Fault current 3,4 kA
Trip time 60 sec

Fault current 3,37 kA
Trip time 0,98 sec

Fault current 6,675 kA
Trip time 4 msec

=

No protection on battery
side (source)

Code - D Totalla - Ei = PDID - PDlarc - TripTi - OpenTime ‘ondition
1
2 |A dcBus - RDC 100121377 12,7073811 127079811 dcFuse5 100121377 0 0,988385558 0,988
3 A dcBus BAT 100121377 0.04654673 0.04654673 dcFused 6674.7583 0 0.00362025388 0.004
v4 A dcBus BAT 3404393 230446243 230492783 0 0 60
5 |A dcBus- UPS side | 10012,1377 12,7079811 12,7079811 dcFuseb 100121377 0 0,988385558




B~ Solution 2 —350A fuse aR

s t=60 sec
dcBus- UPS DCside

AFB=0,611m
FCT = conds
o 10
DC Cable36 012 kA
! l.
DC Cable3g DC Cable3o DC Cabled0
dcBus FUSE1 46,675 kA dcBus FUSE2 dcBus FUSE3
633V —— IG*GIE 653V —— 653V
1A - derlise-1 ka dcFuse-2 dcFuse-3
Lev E_ 350 A 350 A 350 A
AFB=0,611m 100 ki 100 kA 100 ki
IE = Ifem? @45,7 cm
FCT = ds N DCCable3s 4 DC Cable34 % DC Cable37
6,675 kAy dcBus BAT6
653 V !
3,337 kat 10 3,337 kat 3,327 kat
Exceeds Max. PPE Arc Rating
AFB = 6,486 m Battery-1 —| Battery-2 —| Battery-3
+| 140aH +] 140aH |+| 140 AH

IE =230,6 calfcm® @45,7 cm
FCT
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Amps X 100 dcBus - RDC (Nom. K\V=0,853, Piat Ref. Kv=0,853)
H H 1

F 100 P 0 FLa 10

Fault current 3,37 kA
Trip time 0,163 sec

Fault current 3,4 kA No protection on battery
Trip time 60 sec side (source)

Fault current 6,675 kA
P Trip time 2-4 ms

Ii Code - D -l Totalla - E - = -l PDID - PDlarc - TripTime  « OpenTime  « Condition
b D0 1
2 A dcBus - RDC 100121377 21018362 21018362 decFuseb 100121377 0 0.163474008 0.163
= e 3 A dcBus BAT 100121377 0,1285731 01285731 dcFused 6674,7583 0 0.0 0.010
rd A dcBus BAT 3404353 230,421738 230550308 0 ] 60
- . 5 |A dcBus- UPSside | 10012.1377 21018362 2.1018362 deFuse5 10012.1377 ] 0.163474008 0.163
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What else we can do?

AFB=0,286m
IE =0,503 cal/cm® @45,7 cm -
FCT = 0,131 Seconds
dcBus- UPS block 1 dcBus- UPS block 2 deBus- UPS block 3
653V $3404kA  B53V P
3
40g ka
DC Cable30 DC Cable32 DC Cable33
dcFusel? dcFuse16 dcFuse18
35048 350 A 350 A
100 kA 100 kA 100 kA
DC Cable2o DC Cable28 v-] DC Cable31
dcBus BATS
3,404 kat 653V
3,4:04 ka
ME[, Battery20 @ Battery19 1 Battery21
+
Exceeds Max Eh‘g&%r@ 140 AH 140 AH
AFB=5485m

IE =230,5 calfcm® @45,7 cm
FCT = 60 Seconds
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Q&A

* Li-lon batteries and fire fighting

« EV and Shock & Arc flash

« BESS DC arc flash SoC

» General Arc Flash issues in EU

» Topic knowledge across different
countries and regions

» Clear working procedures vs
associated risk /hazard

 How to select PPE

* Modelling and practical solutions
for improvements



Marcin Ruta

Power System Engineer
marcinruta@ mrpowertech.com
tel +48 799 724 370
www.mrpowertech.com

POWER TECH

Thank You for attention



http://www.mrpowertech.com/
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