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Summary
Safe and instantaneous disconnection of a HiglayelBattery Circuit at high fault-currents can tieieved

with Pyrotechnic Safety Switches (PSS).

Traditional alternatives are melting fuses andy®l&n contrast to those traditional circuit breake PSS
offers an instantaneous disconnection within a tiamge of fractions of milliseconds to a few méli®nds.
The speed and high level of safety due to cleanodizection and no bouncing effect is attributed the
pyrotechnics that provide a forceful thrust to msulated guillotine cutting a conductor. Additidgaa PSS

consumes no power during ordinary vehicle operation
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1 Introduction

An E-Vehicle (i.e. an electrified vehicle such as& HEV) commonly utilize a traction battery witioltage
between 200-400 Volt dc (VDC). In the event ofadfic incident when the traction battery could laedhged,
disconnection of the traction battery is traditibhperformed by the use of relays and melting fudégure
1). This shall assure the safety of not only E-glehoccupants but also for people in the proxiroitguch
a vehicle, e.qg. first responders and other reseusopnel.
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Figure 1 Traditional safeguard management by usae@iting fuse and relay

| —|
—_
Load

<
Short
Circuit

EVS29 International Battery, Hybrid and Fuel Cdkdric Vehicle Symposium 1



In contrast to melting fuses, a Pyrotechnic Sasatitch (PSS) will offer an instantaneous disconioacas
fast as less than a millisecond, and the rateeo€itttuit breaking action is independent of the niiagle of
the fault current; thus minimizing the time of hdwhover-current exposure. Additionally, a PSSatwated
upon command from an Electric Control Unit (ECUYld@hus will act based on a logical decision. PSIE wi
thus be able to act at fault currents that woultblodow for a melting fuse if required. [1]

In contrast to a relay, a PSS demands no continpower during the life of the E-Vehicle until theement
of its activation. The PSS products can offer safeé quick disconnection at a range of fault cugé¢hat
greatly surpass the available range existing fgelautomotive HV relays without risk of harmfulesfts of
the electromagnetic repulsion limit (Figure 2). lover, at extreme fault currents there is no riglooincing
effects that otherwise risk to severely harm theuii breaker and subsequently the battery antdqrawer
electronics. [1] Additionally, while a relay reqeipower to operate throughout its full lifetimeP&S only
require a short signal for triggering at the pdirttime of activation and it will not consume engagherwise.
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Figure 2 A comparison of characteristics of coniaml relays and fuses when circuit disconnectodémanded.
Autoliv PSS units offer a nearly vertical discorti@c profile (i.e. the green columns) in contrasetg. melting fuse.
PSS activation can happen at any level of overemitror time in accordance with specifications; resneach of the
green columns represent a PSS disconnection, andalflumns locations on the x-axis illustrates ti%SB
time/current-independence.

The PSS series from Autoliv contain three basiesyp PSS Normally Closed (PSS/NC), PSS Normally
Open (PSS/NO) and PSS Combo. The cutting capadityrwthe family of PSS/NC range from 12 VDC
(Figure 3) up to 600 VDC (Figure 4), and succesgfiitk and clean disconnection has been empirically
proven with electrical loads including up to 154 pHnductance. The PSS/NO (Figure 5) is ratechforax.
short circuit current of 5 kA for 5 ms or 600 A 180 s, but higher currents is possible at a shpeegod of
time.
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Figure 3 The PSS-1/NC is connected between thermawvand the 12 VDC battery [2]
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Figure 4 The heavy-duty PSS-4/NC has a max ratikdgeocapacity of 600 VDC under resistive load, ander
inductive load it is specified for a max switchiapacity of 8000 A / 450 \,L/R 0.5 ms time constant. [3]

Figure 5 The PSS-6/NO circuit connector was orifindesigned as a safe guard feature of fuel daltlss for high
power drainage of power in the event of an emergshat down of the fuel cell assembly. [4]

This paper intend to present how Autoliv's pyroteictsafety switches can offer successful (saf@anchnd
quick) disconnection of power systems with voltagieging from 12 VDC to a max level of more than 950
VDC at system inductance levels of up to 154 pHheuit inducing arcs that prevail (i.e. “lasting dycs

2 Methods

This paper will primarily focus on results fromtesen the methodology denotedR8S Combo Wwhere two
PSS units are used in correlation to connect adsypisicuit path across the terminals of the batenyer
source and subsequently disconnect the battery.

However, with intention to provide a contextual kground, the following section will present the tmajor
methods for disconnection using PSS units in siaglevell as in combinations.

2.1 Background

In a worst case scenario a complete battery packyiling battery units thereof, must be immedigatel
disconnected from the power circuit. When thisasel by traditional circuit breaking methods, thisra
serious risk of over-current spikes critically dayjing the battery management electronics and thus
terminating the future functionality of that bafterack.

PSS units can act as single units or combined whie performing disconnection of high power citcui

» Direct disconnectior- one or more PSS units acting in series (only/RE$
» Combined disconnecticnone or more PSS units offering parallel patlesdisconnections (PSS
Combo 1 and PSS Combo 2)

Figure 6 illustrates four implementations. In shoshen comparing these two solutions the direct
disconnection is the fastest and offers the adgaraéits simplicity, while the combined disconnentoffers

an opportunity to minimize the harmful exposureoifrent spikes (associated with high current switgh

to the battery electronics.
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Figure 6 (a) Upper left quadrant presents a Dir@isconnection by PSS-4/NC in series with a smalkrélay. (b)
Upper right quadrant presents a PSS Combo 1(A areB)p in series with a Small HV relay. (c) Lowedt uadrant
presents a PSS Combo 2 (PSS-5 HV) setup in sdtfea small HV relay. (d) Lower right quadrant pezgs a PSS

Combo 2 (PSS-5 LV) mounted inside a battery paokder to achieve a “bypass & isolation” of faulbattery
module while retaining E-Vehicle mobility.

Moreover, the implementation of the combined dismmtion using a bypass path across the terminafeof
power electronics circuit provides a safe guartufeathat eliminate the risk of remaining capaeitdénergy
in power electronics circuitry or traction machirs#sce such capacitive energy will drain quicklyotingh
the bypass path after disconnection of the powercso This will offer a reduction in risk level for
professionals that, after a battery failure, mayneoin contact with live parts. Additionally, combah
disconnection offers the concept of isolating dtfalbattery module while still retaining E-Vehialeobility

(Figure?). [5]
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Figure 7 Sketch presenting the inclusion of a Drdmit to the PSS Combo 1.
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2.1.1 Direct disconnection

PSS-1/NC is already a commodity product sold byntiiions annually. It was originally designed fdirect
disconnection of 12 VDC systems [3] [6], but is @bl up to 400 VDC resistive load and 150 VDC under
inductive load up to 154 puH when conducting didistonnection.

PSS-4/NC has been designed for direct disconnesfibiV systems up to 600 VDC (resistive load) a8 4
VDC under inductive load. It will reach the marketess than 12 months. [3]

Using PSS/NC for direct disconnection offers an adrate substitute to a melting fuse and it is attid
upon command signal (Figure 6a). It also offereduction in weight when it is combined with smahgy
relays with maximum rated current in accordancé &it\Vehicle operative conditions rather than foress
over-currents. Above such over-currents disconoeaan be safely handle by PSS, and such a coradinat
will be lighter than large heavy-duty HV relays dged for currents above 1000 A. [7]

2.1.2 Combined disconnection

Acting as a circuit breaker, the methodology of barad disconnection utilized either a PSS/NO deirice
combination with a PSS/NC device (PSS Combo 1,Fsgare 6b) or one device with multiple NO/NC-
functions (PSS Combo 2, see Figure 6¢). The laitgr also be mounted inside a battery assemblylay re
assembly in order to bypass and isolate a faulitetyaunit (Figure 6d) and an additional drain wah be
added for safe discharge of stranded energy (Figure

2.2 Methodology for HV circuit breaking using PSS Combo 1

The methodology of combined disconnection that wasstigated offers a clean millisecond disconmecti
with minimum exposure to electronics due to theoithtiction of the bypass circuit providing an altdive
current path. However, at the time of PSS/NO atitivethe battery pack terminals are short circuéad it
is therefore crucial that its duration is kept atinimum. This is assured by correlating the PSS&dtiyation
with the subsequent triggering of a PSS/NC whidtaiinects and thereby isolates the battery uritiwé
delta time of less than 1.0 ms.

By establishing this bypass path, an additionatgdature is achieved; i.e. the potential diffexes across
power electronics and electrical machines througtiweipower system are terminated. This will eliatén
the risk of residual capacitive energies in the @ouwircuitry after a vehicle crash. Consequentlis will
inhibit lingering hazardous voltages in the powkackonics and traction machines that otherwise may
present risks to e.g. first responders, towinggssibnals or workshop personnel which might apbr@ac
E-Vehicle with a damaged electric traction systartheir professional roles.

2.3 Test Procedure

In the present test series, the tests begun at &bel0 ms when a heavy-duty contactor createmd short
through a circuit that included a battery of 490Wbr 965 VDC connected to an resistive and indectiv
(RL) load (simulating the characteristics of an &ile power system) of up to 154 puH. During thiirs

70 ms, an inductive short circuit current of 3004t500 A “plateaued” which allowed the test scenty
start at t= 0 ms; i.e. the point in time when tlipdss circuit was established by the PSS/NO. (Ei§uAfter
less than 0.5 ms the PSS/NC disconnection occuthenbattery unit is isolated from the RL load.&kft
disconnection the inductive current relaxation wdgke place in the RL load.
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Figure 8 Test setup for Combined Disconnection cbmplete HV battery pack using PSS/NO and PSS/NC

The sample frequency was 20 kHz, and the tests egr@ducted in test chamber temperature of abof€17
The heavy-duty contactor was designed for discaioreof circuits with continuously currents up th53A
at 660 V and 10 times higher currents for instagdais surges; however, as the contactor was ontly/fase

circuit contacting its functionality and durabilityas not affected during these tests. The contadtdiuence
on the characteristics of the tested circuit waisnesed as negligible.

3 Reaults

The test results illustrate how quickly and clela® PSS units manage to disconnect and isolateathery
unit before time 0.5 ms. The over-current throughlattery rapidly drops to zero as in a capaciixeuit.
In contrast, after 0.5 ms, the influence of theuttdnce of the RL load force the current throughltppass
path in negative direction while relaxing relatiwslowly down to 0 A. In accordance with expectasipno
bouncing effects could be identified through theuténg data series.

Figure 9 presents the results from tests on the@®®%0 1A setup (i.e. PSS-6/NO in combination \W85-
1/NC). Only limited current fluctuations occur dugithe 0.5 ms delta-time between PSS/NO conneofion
bypass path and PSS/NC disconnection of battety uni
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Figure 9 Results from successful, quick and cléacotinection using PSS Combo1A (ji.e. PSS/-6 inicatiin with
PSS-1). The test system constitutes of a 490 VR€rptogether with a RL Load with 154 uH of induate besides
the tested circuit breakers. Left (a) presentsdabmplete test time frame. Right (b) present theeots and voltage
profiles during 2 ms after bypass connection atd ms.
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Figure 10 and Figure 11 show the results from testshe PSS Combo 1B setup (i.e. PSS-6/NO in
combination with PSS-4/NC). No current fluctuatialid occur during the 0.5 ms delta-time in thesgste
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Figure 10 Results from successful, quick and ctiiaconnection using PSS Combo1B (i.e. PSS-6/N@nbination
with PSS-4/NC). The test system constitutes ofla/BEC battery together with a RL Load with 154 pfthductance
besides the tested circuit breakers. Left (a) presthe complete test time frame. Right (b) predenturrents and
voltage profiles during 2 ms after bypass connectibt = 0 ms.
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Figure 11 Results from successful, quick and ctisoonnection using PSS CombolB (i.e. PSS-6/NOnibination
with PSS-4/NC). The test system constitutes 0ba/88C battery together with a RL Load with 154 pfihductance
besides the tested circuit breakers. Left (a) presthe complete test time frame. Right (b) predenturrents and
voltage profiles during 2 ms after bypass connectibt = 0 ms.

Unexpectedly, during the tests of PSS Combo 1B¢timee of Total Voltage before time 0 ms carry some
minor ripples, and in Figure 11 there is an ungwdied drop in voltage starting at about 25 msr afte
successful disconnection. This behaviour stems &laetromotive forces in the cabling, between catéely
terminal and the heavy-duty contactor, yankingftk&tion of that terminal which caused a fatiguduiia.
However, this mechanical failure did not influertbe successful test results as the time frameeP®S
Combo 1B disconnection was close to 100 times shtran the duration time frame of those ripples.
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4 Discussion and Limitations

The technical solution of Combined Disconnectioingishe PSS Combo 1A/B concept has been empirically
verified in terms of its capability to increase thigconnection rate and significantly reduce thk of harmful
current spikes and lasting arcs in the circuit keean comparison to traditional circuit breaketgls as
relays and melting fuses. Circuit disconnectiomgsielays at excessive over-currents involves ileaf
bouncing effects. That risk is terminated by ustg§.

As this methodology significantly reduces the o§karmful current spikes and achieves extraorgigarck
isolation of the battery unit, the battery’s marmagat electronics will have a greater probabilitystovive
unharmed when utilizing this type of emergency alisection than when being disconnected by tradition
circuit breakers. Consequently, the cost of repay be limited to the replacement of the PSS Countits,
rather than otherwise more expensive battery coemisn

In comparison to traditional circuit breakers, thethodology of PSS Combo permits quicker and gentle
disconnection/isolation of the battery unit whilsaeliminating the risk that residual capacitiveergies
remains in the power circuitry after vehicle crashother scenario concerning damaged battery units.
Consequently, this method significantly reducerislefor first responders, towing professionalsvorkshop
personnel to come in contact with harmful residiuggdacitive energies lingering in the power cirgudf a
damaged E-Vehicle.

It is evident that PSS switches are irreversiblk aill best work in correlation with other reverstxircuit
breakers that are designed for the operative dondiin an E-Vehicle. Nevertheless, by using pyiotéc
switches, such as the family of PSS Combo, in serith a small HV relay (i.e. with moderate maximum
current rating), the weight of the safeguard disemtion system can be reduced in comparison wilnre
duty HV relays. Thus, PSS units shall be used fioergency disconnection while relays can be rediced
size to fit the electrical characteristics of opeeconditions in an E-Vehicle. Additionally, agntioned, in
contrast to relays the PSS does not consume angrghwing the operative life of the electrical systthat

it is protecting.
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