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Ralf Glocket,
Senior Product Manager, ITT Cannon GmbH, Weinstadt Ger many, ralf.glocker @itt.com

Summary

This whitepaper outlines ITT's development appro#axia liquid cooled HPC (High Powered Charging)
system comprised of cable, connector and coolirgge along CCS1/ CCS2 interfaces for up to 500A.
The paper covers customer requirements, projecagenent approach, theories and models used in the
concept and development stage and temperaturestests. The system is applicable to charging stati
around the globe and is able to significantly daseecharging times for Electric Vehicles.
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1 Market Background

Greenhouse gases are the main root cause for ma@-ctimate changé][To limit the impact of climate
change, the 2015 United Nations Climate Change €ente, identified targets to keep global warming
below 2 K []. Based on EPA findings, 27% of all greenhouseegase originated from burning fossil fuel
for transportation']]. Electrification of powertrains has been ideetifias the most effective solution for

CO, reduction [].
However, electric mobility is still missing its ladethrough for four major reasons:
Price

While upfront costs of Electric Vehicles (EV) atél significantly higher than for cars using comgional
(ICE) propulsion, total costs of ownership are apghing cost levels of comparable class cdrs [

Range

While high weight / low power density of batteriesused electric vehicles to historically be limiiad
range , the next generation of EVs are approachinange of 250 miles for Hatchbacks and up to 300
miles for sedans'[ (see Figure 1).
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Figure 1: Range of EVs seeing their introductiomieein now and 2020

Availability of charging infrastructure

Although EVs are making inroads into the automofleet, the market for EVs cannot grow unless users
can easily charge them. Accelerating infrastructdexelopment is therefore crucial to support the
transition to a decarbonized transport sector. girg a network of charging stations facilitatearket
uptake. Several countries are therefore in thega®of improving their network capacities to keppith

a growing EV market share. To facilitate the maniptake of electric mobility, the deployment of a
minimum level of infrastructure for charging in hahe public and private domain will be requiretieT
European Commission, for example, has proposedethatric charging facilities should be built imew
residential buildings with over ten parking spaasf 2025. Also, the European Parliament callecifo
appropriate number of EV charging stations to beessible to the public by 2020. Their number will
depend on how many EVs are registered, with at t&@es charging point available for every 10 cat$. [

With e-mobility capable of addressing the threeessidentified above, it is the time to rechargéctvhis
determining whether customer are accepting BEVsaasadequate alternative to ICE propelled
conventional cars.

Timetorecharge

Conventional AC charging, allowing for a maximum2 kW in NA or 43 kW in Europe (against existing
standards), provides an adequate way to chargenigher However, for long distance trips that requir
recharging on route, AC charging provides an inadeg charging solution due to the extended charging
time required. DC charging to IEC 62196-3:2014 amtor standards provides a capability to reduce
charging hours significantly, but it is the latddigh Power Charging (HPC) Combined Charging
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Connectors (CCS) 1/ 2 with standards reachingu®0 A / 1000 V that will enable charging of Edsan
additional range of 100 km (60 miles) within 3 tonBn. OEMs that are first to offer HPC against an
existing infrastructure will be those who solve tbadblock that still keeps EV from being a masskeia
product. The race for HPC is on.

2 The Starting Point for the HPC System Development

Based on various customer requests raised in 20T5launched its high power connector development
around the core demand identified (see Table l)ileMmderlying standards were precise in defining
required interfaces, there was no guideline lat@ktandards to cover system approach for conseatar
400 A.

Table 1: Base specification HPC connector

Operating voltage 1000 V

Amperage >400 A

Interface / core standards incl. subordinate CCS 1: SAE J1772 / CCS2: IEC 62196
Temperature range -30°C to + 40°C

Standards As they are introduced

Components offered Connector, cable, cooling (optional)
Design Core product

Cable length Up to 8m

Based on close alignment to core players in theER@E industry, ITT anticipated an additional set of
leading design principals to shape its HPC systeweldpment:

Safeguarding uncompromised product safety of seq@érsonal and end user

Find acceptance through all EV OEMs based on mihimaact beyond system barriers
Prime end user experience (light / flexible; corabée to DC standard solution)
Minimal life cycle costs to support EVSE manufaetsrand operators

Easy installation and in field service capability

aprwbdhPRE

3 TheTheory Behind Liquid Cooling HPC

To model heat input along the cable and conneittersystem is considered as conductors set irss€see
Figure 2). Neglecting heat introduction througheemél heat radiation, heat dissipated along al$t@s is
determined by Jule’s law:

P=UxQ=1I>+R @)

i.e. heat generation along a constant direct ctirsagirectly proportional to the resistance of direuit and
to the square of the currefib calculate power loss at a certain current fgrelament in series, resistance
of corresponding element is to be raised as follows

R=p(T)*; 2)

With | is the length and A the cross section aréaesistor andp as specific resistance of underlying
material, depends on absolute temperature T amoh&heonductivityo:

p(T) = p(To) * (1 + a* (T = To)) 3

Beyond its copper conductor, there are further meséstances to be assessed, which are summanzed b
the diagram below (see Figure 2).
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Figure 2: Major resistors considered for heat itiction

3.1 Contact Design

The heart of the contact design is the use ofrspiiated canted coil springs. While the materiawhosen
for optimal thermal transfer, the spring design whesen to minimize mechanical impact and to secure
longevity, (see Figure 3, right hand side).

Canted coil springs are outstanding in their chtar&tic of minimizing heat introduction througheth48
windings and thus multiple contact zones per spiaged on the redundant spring system introdutsd,
only is the remaining active current reduced bysg8r contact area, but at the same time, Hertiass
and residual mating force is also minimized dufatet translation force to widen spring.

Figure 3: Cross section through cooled power lig&)(Icable crimp (central) and contact zone (dight
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The target of residual design was to guaranteehbat impact through the contact carrier is nelgikgi
Assessment of resistors along the contagh Bemonstrates:

Reon = RCrimp +R Body T R Spring
R ciimp residual resistor of crimp zone (1@ 400A continuous; measured)
Reogy residual resistor of contact body materiak(f << R crimp ; R spring

R spiing residual resistor of contact spring (22u@ 400A continuous; measured)

with R con << Rcale
heat dissipated through system is determined by
P(t) = IZ (t) * P(T) * lcable / Acable (4)

3.2 Contact Cooling

While various approaches for designing the cableevam trial, when checking them in concept phase
against customer requirements, a liquid cooledecalzs perceived as only viable solution to fulfiie
ease of handling requirements identified. To kéepcbntact zone as effective cooled as possibleainlé
separated from the coolant medium, a tube in tybem was applied to allow the coolant to entezaliy
into the contact zone (see Figure3 left hand side).

3.3 System Cable

Based on its optimized cooling design for both aonhtand
cable, the cooling system can be run on 28 ropper cross
section area only (see figure 4). Through optindzabf filler
and mantle material, easy handling is secured frerharging
inlets difficult to access or at distance from EVSEe cable is
fitted by a 2 layer cooling system to ensure the&ioma is not
able to exit its defined area of application. Iseaf vandalism
or serious damage, the none-conductive medium is
environmental friendly and will not damage usersgoound
soil. As applied to the contact design, redundaocgll major
functional system components allows for maximunetyaand
reliability.

Figure 4: Cross section of cooled DC cable

3.4 Integration Within EVSE

A plug and play end termination (see # —

figure 5) allows for easy installation and - Uiy %
cable exchanges in field within approx.+ [% \
= \&

15 min dependent on final EVSE design. —
As such, the termination design allows for o '
minimal service effort and allows for 5

improved product availability along is life D

cycle.

Figure 5: Termination to charging station
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4 From Concept to Core Product

( Charging terminal E-Venhicle
| System cable
- - - including tubes for - ITT Connector -
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| lines, signal lines
L -

Figure 6: Block system applied to assess thernadection

For offering an all-in-one system that allows feliable operation in all climate zones identifiédotigh
table 1, ITT aligned with a cooling unit speciali&s a base solution, a modular standard unit veagyded

for continuous operation up to 500A. ConsideringIEVdesign specific requirements, all unit compamnent
(see Figure 6) are easily rearranged to suit thet mersatile compartment requirements posed for
integration. Furthermore, cost effective approadiresalso seen in passive cooling systems consgleri
only extracts of base specification under constitera.e. restrictions on cable length, load cdlilex or
ambient temperature below maximum base temperatated. An effective and timely involvement of
subcomponent manufactures introduced collectivenkiosv at early development stages and minimized
revision efforts.

4.1 Moddling Heat Dissipation

Dependent on the conditions of operation, heatsfeiralong the cable is to be considered as steady
none-steady. Approaching the system as steady dtaieg concept phase, heat development can be
approximated by considering the cable as a casfiersegments. For each segment i [1 .. n], acogrtti
Newton’s law for heat transféy through wall surface A between media x and y ofpteratures Jand T,

and thermal conductivitgi ,:

Q=oxyA(Tx-Ty) (5)
and to be balanced with heat dissipafdt) in (4), see figure 7:

Interval i-1 Interval i Interval i+1
Set-off xi , temperature Ti

QTrans. i+1->i

QReturn-bFeed.i <::

QTr.retu m, i-»i-1

Coolant
Return ‘ <::|

Qrreed,izist

QTr.feed. i-1-=i

Coolant ‘ _ ;Q _________ T_Fefdii_ ____________ |:_ ;?_ L

Feed

Interval section leame/n

Figure 7: Heat flow along power line within one simida interval i
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When tested against heat development along stdatly cable application in real und, correlation of
absolute temperature values on a steady statentym@file was confirmed (see Figure 8). During oept
phase, the model primarily helped to quantify tdistribution along cable, crimp and contact zorféss
approach secured the core functionality of the eotor and lays the groundwork for the system’s
longevity by minimizing potential wear along weaieas along the assembly. At the same time, the Imode
allowed the assessment the trade-off between sgcloiv temperature range of touchable parts while
allowing for a cable cross section design as flexifs possible.

Temperature along system cable
(Tamp: 25°C; 1=350A; I 4= 5M)

90
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Figure 8: Model vs. measurements results on terheralong system cable

4.2 Test resultson core product

Numerous test series were applied to iterativedgss design alternatives and gain quantitativetses
the importance of various operation conditionsids temperature sensors applied to critical porsiti
allowed evaluation of the systems capability tsigiate heat as simulated (see Figure 9):

TC7 TC5 TC3 TC1

Current in

Current out
TC13

Figure 9: Thermocouples applied to validate cororesystem (as described in Table 2)
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Table 2: Description of Thermocouples (TCs)

TCL1: Element in contact zone Element placed directly in contact zone
TC3: Element in crimp zone at connector  Element placed directly in crimp zone
TC5: Element in power wire (Connector)  Element 0.3 m away from crimp zone connector

TC7: Element in power wire (EVSE) Element 0.3 m away from crimp zone termination
TC12:Fluid backflow within EVSE Element 0.2 m away from termination
TC13:Jacket surface of cable (touchable pe Element 1.5 m away from connector strain relief
PT1: PT1000 sensor of system Positioned within HPC contact as requested by

VDE-AR-E 2623-5-3

Temperature Diagram

50
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O
L2 ——TC1 DC+ Contact
235 .
3 TC3 DC+ Crimp
g TC5 DC+ Wire Coupler
Q " e v Emy s N
g e ———TC7 DC+ Wire Station
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e TC12 Fluid OUT
TC13 Cable Jacket

20 - . =PT1 DC+ Contact
15
00:00 00:10 00:20 00:30 00:40 00:50 01:00
[hh:min]

Figure 10: Temperature diagram at parametersriited in Table 3

Table 3: Parameters used for temperature test

Current 350A

Flow rate 0,7 I/min

Cable length 5m

Cooling Continuous

Inlet configuration pin contacts with 70 mhwire

With current applied at full power and the coolimgjt setting in (see Figure 10), the curves chanya
transient to steady state mode. While the contamt s the most vulnerable of all connector systemS

of only 6K vs. ambient temperature at full loadisirates the superior design of the redundant darui
spring system. With a crimp zone temperature irggodAT=0K at the connector side, the system is proved
to be ideally balanced for full performance heasgliation. While TC5 and TC7 within the power wire
reflect the temperature profile identified in 4.the temperature increase in TC13 of 0Aly=5K vs.
ambient temperature on touchable parts demonstiia¢esapability to stand significantly higher cuntre

EVS30 International Battery, Hybrid and Fuel Celldite Vehicle Symposium 8



and/or ambient temperatures. Finally, the PT10@dneht to monitor contact temperature follows both
dynamical and accurately within a rangeAd=2K vs. contact zone temperature.

Concluding on the above test results compared saibE-AR-E 2623-5-3["] confirmed the theoretical
approach which resulted in minimal thermal and redal stress along the contact, thus securing the
connector’'s core function. The system’s limitatienin the cooling unit allowing for sufficient heat
dissipation. All other components are far from tHenitations and designed to fulfill further entcu
performance demands, i.e. on current rating owiddal customization. Validation tests based on EVS
hardware in field allowed for positive interopefépiresults. A core product was developed basedhen
building blocks of connector, cable and coolingtuhat allow for a fully certified system upon core
specifications. Experience has been secured for®GtS 1 and CCS 2 development.

5 From Core Product to End Product

Key in developing a HPC solution is the trade-oftviieen safeguarding product longevity against the
needs for modification and the requirement of malitime to market. While the core product will Istil
need necessary amendments as final standardsttaduiced, any system changes that modify formgrfit
function may cause significant impact on in bearugrent, mating cycles and impact load (e.g. drop)
With the connector being one of the few componantsend user is directly interacting with during the
charging process, it is there where haptics andgdesre significant drivers for differentiation. iia
growing number of EVSE manufacturers requestingciipecustomizations, an efficient approach is
required to validate individual needs.

In consequence, the project management approacicheagied from sequential to iterative to become as
agile as possible. Besides, new functions weredliced for further speeding up of process. Conisiger
thermodynamics, high definition (HD) simulation d&re 11) of all connector, cable and cooling system
along the assembly was introduced to reduce time dievelopment on both core product and
customizations. The non-steady state model corsstderperature distribution at heat transmissiotofee
upon Fourie’s law on temperature transfer:

aT 02T | 82T | 9°T
a-2Getayta) ©
along with current density and dissipation lossethe system’q.

The simulation enables the assessment of the ingbaebddifying operating conditions, e.g. alteredrent
functions vs. cooling media inertia and compariagious cross sections. It also safeguards compsnent
safety on thermal and mechanical impact as idedtifhrough its load model, thus reducing signifigan
test cycles along the cooled connector system dpwednt. Reducing incremental elements assessed with
the simulation allows for an ever closer approxioratof individual temperatures shown in figure 9,
however adding significant calculation effort toietenine results. Thus, in an effort to minimize einit

was then to decide on a minimal solution requicedliow for meaningful conclusions.

In summary, both core product adjustments to mieet Standards as well as an iterative approach to
project management supplemented by simulation ridividual customer requests offers significantly
reduced turnaround times on new projects and thestb market.

Figure 11: mashed contact cross-section as fraofibeat dissipation system used for modelling sition
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6 Summary of HPC System

A self-sustaining but modular cooled HPC system deeloped against base specifications that can be
easily adjusted to specific application needs, (&d#e 4). System certifications are being raisgdirest
preliminary standards available today. To minimiimee to market for standards still under modifioati
and customizations of the end product, the iteegpinoject approach was supplemented by HD simulatio
of heat flow. As infrastructure demands EVSE mactufi@ers to offer AC, DC standard and DC HPC
connectors in parallel, the entire product portfalias tooled up to allow for single sourcing of iwector

solution

S.

Table 4: Features, benefits and values of HPC system

Feature

Benefit

Value

contact / cable are coolg
from inside

Minimized copper
diameter (28 m#A)
Balanced heat

distribution along cablg

System ampacity (>500 A
Weight reduction

Redundant canted-coil
spring contact

Minimized wear and
current impact

Extended lifetime and
product availability

Plug and play end
terminal integration

Cable exchange wi/in <
15 min

Minimal service effort
Improved product
availability

None-conductive and
environmental friendly
coolant medium
2-layer sealing design

Redundant safety
system

Best possible safety for lif
and environment

11

Autarkic modular systen

wide range of features
already at hand

availability
Economies of Scope

Customization beyond
existing modularity
Support by HD

simulation

Differentiator
Minimal time for
implementation

USP of end system
Minimal time to market
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