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Introduction v PRHYDE

Hydrogen refuelling

PRHYDotocol for headutynydogen refuelling
Refuellingrotocols for Medium and HeatyVehicles

01 JAN 202031 DEC 2021

The PRHYDE project has received funding from the Fuel Cells and Hydro

Undertaking under grant agreement No 874997.
This Joint Undertaking receives s

research and innovapoogramme
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Work plan

WP203 Stateof-the-art & specification

, \4

WP33 Protocol development 35MPa

lterative ] WP43 Simulations 50MPa

process

P WP53 Experimental validations =~ /OMPa

WPG63 Recommendations and dissemination

WP78 Project coordination

u, = PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

WP2: Defining state-of-the-art on protocols, vehicles and component
capabilities, gap analysis of current protocols, Specifying (new tank categories,
boundary conditions (flow temperature, connections etc.) target fueling times
and quantities for the three pressure levels

Outcome: A detailed specification guiding the following
protocol development and test efforts

WP3: Develop protocol approaches for the three pressure levels
Outcome: Protocol approaches for simulations (WP3) and test (WP4)

WP4: Modeling and Simulations of tank systems/categories to determine
flow/temperature/pressure aspects

Outcome: Simulation results in order to assess impact of different
protocol approaches

WP5: Experimental validation of protocol approaches at HRS(s)
Outcome: Validation of technical feasibility of protocol approaches

WP6: Formulate recommendations for standardization forums and dissemination
Outcome: Specific recommendations that can help create

international standards on HDV hydrogen fueling 6

WWW.PRHYDE.E‘IA



. . =
Contact information “’i"’mH!D E

Hydrogen refuelling

Interact with PRHYDE:

- E-mall list for PRHYDE stakeholders
(A please sendreail tonfo@prhyde.dwyou want to receive or not to receive info / news)

- PRHYDE deliverables & presentation will be made available for comments / feedbac
(A to be downloaded from the PRHYDE website)

- Keep an eye out for upcoming PRHYDE Webinars

A Please provide your comments / inputs any time to
iInfo@prhyde.eu
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SAE J2601 Philosophy

4 Philosophy for SAE J2601 Fueling Protocols: N

U H, Station is fully responsible for safe fueling of the vehicle

U No safety critical information from vehicle is used *

U Worst case boundary conditions are assumed Yy,

o

Fueling Can be Conducted With or

Storage Vessel Operational Window ** ‘ .
g P Without Communications

Hydrogen Storage System Fueling Window and Target Density - 70 MPa

Unkdirectional IRDA =—)

Overpressure (P> 87.5MPa)
Vehicle PT,V PTV Station
- =) '-/\_, e

Tank Temperature ' % &
Operating Limit
(T=85°C)

Temperature (C) * Communicated data is not used for safety related functions
T itis only used for fill quality

80 S0C=100%
(p >40.2 g / liter)

S

SOC=100%
(p=40.2 grams / liter)

Pressure (MPa)

Fueling Performance

** Figure 3 from 2020 version of SAE J2601

A The current SAE J2601 is based on this philosophy which dictates the higher level structure of the fueling protocols

A This philosophy was chosen after much discussion in the SAE ITF



J2601 Protocol Structures

TablebaserProtocol

Vehicle Station
Inputs
Parameters Parameters
Initial Gas Ambient Delivered
Pressure

Fuel Temperature
(T40 =40cC) ¢

Temp. Gas Temp
Vo

Target Pressure, Pger

H70-T40| ryercge

Pressure

Initial pressure

Ramp Rate,
non- APRR
[MPa/min]

al Tank Pressure, Py [MPa]

76.9 76.6 76" "

. 76.3 76.5 76.4 76
il 73.2 75.6 76.8 76.3 76. f Pressure
IF 76.1

35 124 729 75.3 764 | 76.0 75 Targ et
75

752 | 754 |
745 | 747 | 743 | 733 | 730 | 720
v [ 719 [ 707 | ea7

25 185 69.0 75.1
218 67.9 721

10 280 66.3 | 711 74.1 Pressure " ess | e84 | 868
) 4 | 724 5 | 671 | 657
Ambient 9 7 Ramp Rate 1w e

3| | ev | wew | wew | vl | 624 | 600
6 | 706 | 704 | 690 | 674 | 652 58.7
1| 702 | 700 | 685 | 669 | 648 . 58.5

v v

Ending Constant Pressure
Pressure Ramp Rate

mbient Temperature, Tamb [°C]
3

Temp

T

* Table D25 from
2016 version of
SAE J2601

Outputs

[ Refueling Control Static ]

MC Formula Protocol

Vehicle Station
Inputs
Parameters Parameters
Initial Gas Ambient| Delivered|| Delivered
Pressure Temp. | Gas Temp.| Gas Presd.

- \ 2N 20 2
52%'1?2?&2@/—’@%\

—» Calculate
Mass Ave T

Calculate
Mass Avéh

MC Fill
Control

T = rnZC\/Tadiabalic-'- Mc-li-nilial
final MC + rnZCV

iswarming s cooling

MAP

Slow Down Speed Up MC* Method
B
Controller
Pressure
Ramp Pressure
Rate

_ T

Ending  Variable Pressure Ramp
Pressure Rate

Outputs

[ Refueling Control Bynamic ]

A MC Formula uses feedforward control to dynamically adapt to actual fueling conditions

* MC Method is a

lumped heat capacitance
model that calculates

end of fill gas temp

Gal ¢ RSy2(GS3
heat capacity of the

tank system

Mkg) > C(3/kgK)

A Tablebased protocol uses static control based on an assumed range of fuel delivery temperatures (i.e. T40, T30, T20



Fueling PerformancePotential

Initial Pressure = 2 MPa (~ 4% SOC)

Initial Pressure = 10 MPa (~ 20% SOC)

10

Fueling Time (minutes)
(o))

B Table-Based m MC Formula

Fueling times > 5 mi

r-——-——-—-------

4 minutes

45°C 40°C 35°C 30°C 25°C 20°C 10°Cc oO°C

Ambient Temperature

Fueling Time (minutes)

=Y

B Table-Based m MC Formula

I—————————-l

4 minutes

117

45°C 40°C 35°C 30°C 25°C 20°C 10°C O°C
Ambient Temperature

Assumptionsd 2020 SAE J2601 Standavehicle CHSS size = 122.4 L (Taylots), Fuel Delivery Temperature36 °C, End of Fill SOC = 98%

A MC Formula has significantly better fueling performance than Tab#sed protocol

A Formulabased protocols facilitate more tailored approaches with fewer assumptions, resulting in better performance




J2601 Real World Fueling Data (35,000 +Mi{l5*)

Fill Duration Histogram (T4O ME complete fills)** | * Thank you to Joe Cohen and Air Products for providing this data - ding Gas Temp Histogram (Mzomplete fills)**
FF /2YLX SGS FAtta YSFya x ¢p> {h/

43% 10000
40% Fueling Times Ending Gas Temps Maximum gas
look reasonable well below 85°C P e
97% < 5 mir 99.8% < 73C| |~ am 110,
12% 3% 85% < 4 min 90% < 70C zooul

900

8000

7000

6000

5000

4000

Number of Fills
Number of Fills

3000

2000

0)
1000 2 /0
0 368
<45 4550 50-55 55-60 60-65 65-70 7075 > 75
< 2 mln 2_3 mln 3_4 mln 4_5 mln > 5 mln Ending Gas Temperature (degrees C)
L0000 Initial Pressure Histogram (all fills) v

9000

1% < 5MP
15% < 10 MP

‘jZZZ C Current J2601 Protocols are conservative and have

6000

5000

A
24%
22% A
17% 39% < 15 MPA much unused margin
2000 1 61% < 20 MPa C Margin = difference between ending gas
2000 5 temperature and the gas temperature limit of 8%C
7 l A 99.8%0f fills havemargin > 10°C

1000
- : :
05 510 1015 1520 2025 2530 > 30 A 90%of fills havemargin > 15°C

Initial Pressure (MPa)

Number of Fills

0

A Ending gas temperatures show quite a bit of margin belo®@bmitc this will likely be more pronounced for



Where does the margin come from?

SAE J2601 Diagram of Fueling Elements Which Influence the Protocol
Worst Case A A set ofworst-case assumptionare made for these elements
Assumptions A The protocols are based @il these assumptions being true at the same time

Vehicle side
_———- i H _———p | _—— ——

Start of Fill Conditions < Station side pressure drop---» 777 pressure drop
0 .G .
o) PP ey i
k |

Mass Flow Pressure Heat transfer from | l~) ﬁ
Meter Temperature  thermal mass |
Measurements Interface

End of Fill Conditions Station < i > Vehicle

L) —ygr-

Compression
Heating

Ambient Temperature . Hot temperature - Cold temperature



Where does the margin come from?

SAE J2601 Pre-cooling assumptions
Worst Case Fuel delivery temperature is at an upper boundary value* (88°C for T40)
Assumptions * not applicable to MC Formula
o : Vehicle side

Start of Fill Conditions 77" Station side pressure drop---> 77" pressure drop

O N

o) _.'._' < vy ;

[PExchange ) ; s
Mass Flow Pressure Heat transfer from | l~)
Meter \ 'Temperature thermal mass |
= = == == Measurements Intefface

End of Fill Conditions Station < i > Vehicle

5 —wr-

Compression
Heating

Ambient Temperature . Hot temperature - Cold temperature



Where does the margin come from?

SAE J2601 Component assumptions
A Components witthighest thermal massand surface area

Worst C_ase A Components arsoaked at ambient temperature
Assumptions
«--- Station sid droB-——» € ——- Vehicle side
Start of Fill Conditions ation side pressure ¢rop L pressure drop
®_ _7 I ] ] _,?, I . ] ] I \
V) = )] :
| @ Y Y TS
Mass Flow 'Dressure Heat transfer from : 0
Meter gmperature thermal mass : J
cdSOre/MEnte™s === === s m———— — —
Interface

End of Fill Conditions Station < | 5 | > Vehicle

L) —ygr-

Compression
Heating

Ambient Temperature . Hot temperature - Cold temperature



Where does the margin come from?

SAE J2601 Pressure drop assumptions
Worst Case A Highest possible pressure drop
Assumptions
| | | | | | | | | | | | Ny
¢____ S i q e Vehicle side L I
Start of Fill Conditions tation side pressure drop---> . pressure drop
¥ U I
U S —
li} ®@ l\’ I\ ;
Exchange | o
Mass Flow Pressure Heat transfer from : 0
Meter Temperature  thermal mass :
Measurements Interface

End of Fill Conditions Station < i > Vehicle

)

Compression
Heating

Ambient Temperature . Hot temperature - Cold temperature



Where does the margin come from?

SAE J2601 CHSS assumptions:

A 85°C maximum gas temp A Type IV construction w/low thermal conductivity
Worst Case A Single tank (vs multiple) A Minimum initial pressure
Assumptions A CHSS hot soaked A CHSS volume larger or smaller than actual*
* Not applicable to MC Formula

o : Vehicle side
<---- Station side pressure drop---»> | +--- P oam am ~

Start of Fill Conditions pressure drop (

I
- ) I
i P LI | |
Exchange ! Va I
Mass Flow Pressure Heat transfer from : 0 )
Meter Temperature  thermal mass : N e e e ==
Measurements Inte'rface

End of Fill Conditions Station < i > Vehicle

L) —ygr-

Compression
Heating

Ambient Temperature . Hot temperature - Cold temperature



Where does the margin come from?

SAE J2601 Real world fueling conditions are rarely at even one of
Worst Case these assumptions let alone all of them at the same time
Assumptions
— | | | | | | | | | | | | | | | | | | | | Ny \
o : Vehicle side

Start of Fill Conditions { 77" Station side pressure drop---> 77" pressure drop :

OO oy e

U N
li} 1 \ & g ]
Mass Flow | Pressure Heat transfer from : Gﬁ I
Meter Temperature  thermal mass : ’

\ Measurements

Interface

é > Venhicle

End of Fill Conditions Station <

)

Compression
Heating

A Margin comes from real world components and conditions being less conservative than the worst case assumptions i



How can this margin be reduced?

J2601 Philosophy (station responsible) Revised philosophy (vehicle & station share responsibilit

u Utilize new approacheshichallow vehicle specific
iInformationto be communicated to the station and
incorporated into the fueling protocol

U Improve the protocoby eliminating or reducing the
embedded worsicase assumptions

A Incrementalimprovements _ _
A Althoughbenefits are highhere are somerade-offs that

A Difficult to fully eliminate the margin need to be considered

Current Current

Assumption 2

A

e.g. station Assumption 4

thermal mass ﬂ

e.g. gas Change in Philosophy
temperature limit

Ending Gas Temperature Margin

A Margin can be reduced incrementally with current philosophy or nearly eliminated with change in philosop



Overview of the MC Formula Protocol Structure



Overviewc MC Formula: Key Control Variables

A Mass Average Fuel Delivery Temperatuk@AT
A The time required to fill from minimum to maximum pressure under hot case conditigns
A Variable Pressure Ramp RafeRR

A Target PressureP,, .

A MAT, t;..., andPRRare calculated every second

MATA tiaA PRR



Overviewgc MC Formula: Rules for Calculating MAT ~

A MAT is very high at start of fill — uekDellvenyiienip Rule1 B t<30sec
L, __ MAT from beginning of
A Would cause large changes in Y fill (MAT,)
ramp rate = m:\(T MfX_)rrr)i 30 sec into the Rule & ﬁ t230and P < Puan,
I 0
A To reduce this effect MAT is broken q, __ Transitional weighted Rule 3 @ £ 30 and P 2 Pyans
into 3 rules § average of MAT, and MAT,
o
. Q
A MAT, pected( first 30 sec g
Q
A MAT,, ¢ calculated from 30 sec on 2
A MAT, ¢ calculated from beginning
E ted
A MAT.¢ the MAT value used for VAT 1
control g it is a function of the - =
three rules ! I !

30 sec Press Panar
Rule 1 Rule 2 Rule 3




Overviewc MC Formula: tfinal and MAT

U t;., IS the time required to fill from a minimum pressure to a maximum pressure under hot case conditions

U t;., IS a function of the ambient temperature and the mass average of the fuel delivery temperature (MAT)

U t;,, IS derived using computer fueling
simulations under hot case conditions

U As shown in the graph to the right, a cubic
polynomial equation can be drawn between
the data points with a near perfect fit
(R > 0.999)

U This results in the following equation where
a, b, c and d are derived using a best fit
regression:

t_fl‘:ﬂﬂE: [IKMAT3+EJ>{MAT2+C>{MAT+G{

1000

900

800

700

600

500

400

300

Total Fill Time Required t-final (sec)

100

200 =

30°C ‘ / /
o~
25°C
/ / // 20°C
—
/ /./ ///»" 15°C / ,/
B — — 4
//.//’J_f ,f-/ - - 5°C _ﬁi’f&:’ R :!
ey T e e v _— ] 0°C
e T e e S B
o T e e T 107C
!" e e — — — ‘\-: .x""“--.\ '--L_&h
— -20°C [
) e
-40 °C ‘ 30°C
T

MAT °C




Overviewc MC Formula: tfinal and MAT

The final equation fott;, ., is adjusted to account for real world variabilities

\

0 |

[

N ()

00"Y o

00 "Bw

) ©w (74

VO

Ah = Compensates for naimearity or variability of PRR
A1 = Compensates for pressure tolerance

A a,b,c,dare stored in tables J4J16 in Appendix J of SAE J2601 (see example below):

Table J2 - Table of coefficients for 99.4 liter boundary CHSS with CD = FALSE and Pmin = 0.5|

Y Q]

Tame (°C [ K) a b [ d
50/323.15 1.1462427 -805.95758 188923 .82 -14763290
45/ 318.15 0.12728894 -88.669728 2062775 -1602334
40/ 313.15 0.01362863 -8.260816 1651.2 -108438
35 /30815 0.00459226 -1.80716 112.064 14112
30/303.15 0.000043 1.14407 -526.8 60268
25/298.15 0.00023559 0.7645 -383.873 45116.8
20/293.15 0.00202084 -0.72322 1742 9783
15/288.15 0.00431385 -2519 480.38 -29613.4
10/283.15 0.0023259 -1.12621 152.89 -3780
5727815 -0.00146812 1.58788 -497 62 48436
0/273.15 0.00411881 -2.69214 590.798 -43511
-10/263.15 0. 00337783 -2.15258 458 639 -32638 6
-20/253.15 -0.0035514 3.035924 -837.335 75323
-30/243.15 0.0055517 -3.842547 893.505 -69736
-40/233.15 0.0035207 -2.346046 5251 -39448




Overviewg MC Formula: Variable Pressure Ramp Rat

The lookup tables in SAE J2601 provide values for APRR. APRR can be defined in the terms below.

A P, ., = maximum pressure for hot case conditions
APRR = Ffinar”Pmin A P_.. = minimum pressure for hot case conditions
tfinal A t. ., = time required to fill from minimum to maximum pressure under hot case conditi

2 A0K O0KS f227dzLdJ GdFrofSxE !'tww R2Saty Osacddantyalus. RdzNRA y I |

However, with MC Formulay,,,, does change during the fill as MAT varies. Therefore, we need a different equation.

tq., decreasing t. o INCreasing

. P final—Pramp
FRR - P : —P o
final™" initial Prinal |
tfinal® —t
Ffinal~FPmin

Pfinai |

P.amp = the pressure at time t - P ramg]
F’inma.lI :.the pressure at the _ -
beginning of the fill Pinita

i Pmin

' ] * i f i i i
0 t tf‘lnal tﬂnal 0 t tﬁnal tﬁnal




End of Overview
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Fueling Protocol Structure

27

NREL |27



CdzSft Ay3 t NRU2O02f t KAf 23?2

Fueling Protocol Philosophies are categorized based on the vehicle CHSS information used by the Protocol

Vehicle CHS¢ Gas Pre- : : Non-
Performance coolin Station Vehicle Comm  Comment
Acceptable? 9 Costs

Information Temp

Costs

Used Margin Temp Fueling?
Type 1 A J2601 philosophy
AWorst case assumptions about most things
MolE 1 Maybe U 1 l Wes | g Fueling history assumed
A Station fully responsible (and liable)
Type 2 A CHSS assumptions eliminated
AWorst case assumptions about some things
Static Data | = Yes T30? —_— —_— Yes | AFueling history assumed
A Station and vehicle share responsibility /
liability although most is still on station side
e e AFewer assumptions need to be made
Dynamic AThe gas temp can be used in different ways
Data (CHSS l Yes T207? l 1 Maybe ADirect use or to screen for fueling history
gas temp) A Station and vehicle share responsibility /
liability

A There are three primary protocol philosophies upon which a fueling protocol can be structured

A Within each of these philosophies, different fueling methods can be constructed and utilize (e.¢pdabtk& MEFormula)



PerformanceBased vs Prescriptive Approaches

Besides the Protocol Philosophy or Structugeprotocol can be either be prescriptive or performantased

Ve

A J2601 is an example of a prescriptive approach

A J26012 and J2604 are examples of performanebased approach

Protocol Approach

Prescriptive

Advantages

A Consistency of fueling performander end customer

A Much easier to validatestations because only need 1
validate the implementation, not validate the fueling
method itself

A Already developed, soo development costs
A Open and fair to all companies both small and large

Disadvantages

A Less room for innovation

A More difficult to get a fueling method approved
(e.g. effort for MC Formula)

Performancebased

A More room for innovation
A Allows forcompetition between companies

A High development costs

A Less fair for small companies (must spend on
development)

7

A Allows companies to corner the market through If

A For a given protocol philosophy / structure, the protocol can either be prescriptive or perforniases

A There are advantages and disadvantages to both approaches



Station Control vs Vehicle Control

In addition to the protocol philosophy, prescriptive vs performabesed,another factor is the protocol control
A Does station control the fill, vehicle control the fill, or combinati@n
Aadzaid | fa2 RSTFAYS gKIFIG aO2yGNRté¢ YSIya

A Command controk calculation of control parameters
A Physical controt mechanical elements responsible for controlling the flow of hydrogen

A It is very unlikely that the vehicle will implement physical control, although it is theoretically possible
A Vehicle could howeverjmplement command control
Command Control Advantages Disadvantages
A May not require advanced bilirectional A Higher functional safetyequirementon station
communications (lower cost) (higher cost)
Station A One-stop shopc station determines both command | A Stations typically have lower processing power
(Type 1, 2, or 3) and physical control than vehicles so it may be more difficult to
A Lower functional safetyequirementson vehicle implement a complex algorithm on station PLC
(lower cost) A Station has more responsibility / liability

A Vehicles inherently have high processing powar- | A Higher functional safetyequirementson vehicle
board¢ it may be easier and lower cost to implemel| (higher cost)

a complex algorithm on vehicle A Vehicle has more responsibility / liability

A Lower functional safetyrequirementson station
(lower cost)

Vehicle
(Type 3 only)

A There are both advantages and disadvantages to command control by station or vehicle



Proposed Fueling ProtoapAdvanced MC Formula

Propose dueling protocol framework based on MC Formutlaat can facilitate a variety of options
Type 1 (norcomm oruni-directional comm), Type 2 or Type 3 philosophies
Prescriptive(or alimited form of performance based)

A combination of station and vehicle control (comm only)

Facilitatesboth Comm (primaryandNon-Comm (conservativefueling

Auniversally applicable fueling protoca] can work for all applications large and small

.
.
.
.
.
i ! fubure prooff LINRP U202t GUKAOK OFyYy FRFLIW G2 Fyeée |/

Protocol Control Approach

Fueling Ratéd Variable Pressure Ramp Rate utilizlhG Formula PRR equatidrased ort-final as control parameter
Ending Pressure Comf Pressure Targatalculated as &unction of gas temperature and SOC target

Ending Pressure Ne@ommA Pressure Targdbased on combination of worgtase conditions

C This is an Advanced MC Formula Protocol with New and Improved Methodsfioiat maps



Advanced MC Formula Framework

PR= Prescriptive

PB= Performance Based

S= Station Control

V = Vehicle Command Control

[ Advanced MC Formul%

(Dynamic Data) (Dynamic Data)

[ Tgas!nitial ] [ TgasInitial+ ] ['I'gaSThrottIe] [Advanced M% [ Proprietary]

C This framework allows for many options (even options beyond what is shown here)

Type 1 Type 2PRS Type 3PRS Type 3PBV
(Non-Comm)

(Static Data)

Not explained in
this presentation

C Some OEMs might favor a Type 2 approach while others might favor a TypieS or Type 3BV approach



Advanced MC FormutagHow it Works

C MC Formula in SAE J2601 is based on a wass set of boundary conditions and assumptions
C ThisAdvanced MC Formulapproach utilizes anore precise set of boundary conditions / assumptions
C Additionally,the way that the tfinal control parameter is derived is more flexible

U Atable of t-final valuescan be derived (similar to the a, b, c, d coefficients but more flexible)

C A tfinal map is derived by usingvalidated fueling modelo run a set of fueling simulations under a
variety of fueling conditions

U Thist:FAYEFEf YIFLI A4 aldzySRE (2 (0KS OSKAOf SQa / |
U The tfinal map is stored in the vehicle ECU

C This framework can also facilitatevahicle command controlueling method where theehicle
calculates the control parameterand communicateshese axcommands to the statiorto implement

C Essentially, this is an Advanced MC Formula Protocol with New and Improved Methodsfifwaltmaps



Advanced MC FormutaHow It Works (Derivation)

Each of the options on the following pages uses this same general approach for derivation
Run the model over a range From the simulation results,

Verified Fueling Model which can model a full CHSS 5 input conditions derive a tfinal map
Utilize consensus T A -40°C to X°C
Utilize actual CHSS Design &  assumptions for T.mpA -40°C to 50°C
thermophysical properties dispenser componentp P.inA 0.5 MPato X MPa Set of tfinal tables stored in
OE T..acA hot soak or other vehicle ECU

b - —— =L ] Tgas maA 85°C or XC
Warm and Cold Dispensel|

Verified
Fueling Model

C Vehicle OEM inputs complete CHSS design into the fueling mosielgactual CHSS thermophysical properties

C Averified fueling modelis used to conduct fueling simulations under the range of conditions noted above

C A complete set of-final tablesis derived the fueling model could be programmed to do this automatigally

C These maps are stored in the vehicle ECU

C TheFdzSt Ay3a A& 0O0dzald2Y G Af 2 MBWinginrfuchib&tSfuelthg geodrfa®®ad OK I NJ O



Advanced MC FormudaHow It Works (Derivation)

l Type 2PRS Static Da]a: Vehicle Gas Temperatiiat Safety Criticafi.e. not used for fueling rate control)

Utilize consensus T..el A -40°C to X°C
Utilize actual CHSS Design & ~ assumptions for Tmp A -40°C to 50°C Set of tfinal tables tailored to
thermophysical properties station components P..A 0.5 MPa, 5 MPa vehicle CHSS

T..aA hot soak temp
Warm and Cold Dispenser

Verified
Fueling Model

These Maps are stored
in vehicle ECU

t-final format What is communicated How isTy, used? Control

Tables (4) t-final table valuesP..... Phitiarr Prinal Not used for map selection Station

C The range of fuel delivery temperatures can be determined by the OEM. Could include ambient temperature range
C TheFdzSt Ay3a A& 0O0dzad2yY G Af 2 MBWIingirBuchibé&tSiuelthsg geodrfaz®a OK I NJ

C This approach still makes some assumptions sueitesunting for fueling historyhot soak and low



Advanced MC FormuéaHow it Works (Derivation)
l Type 3PRS Dynamic Da]a: Vehicle Gas Temperatig&afety Criticalis used for fueling rate COIngaSmitial l

| Utilize consensus Tre A -40°C 10 X°C Set of tfinal tables tailored to
Utilize actual CHSS Design &  assumptions for T A -40°C to 50°C vehicle CHSS
thermophysical properties station components — p A 05 5 10, 15, X MPa
1 Qe T..cA hot soak temp

:- —-————= Warm and Cold Dispenser

Verified
Fueling Model

These Maps are stored
in vehicle ECU

t-final format What is communicated How isTg,sused? Control

Tables (8 or more) t-final table valuesk, ., Pyitia» Pinal To screen for fueling history Station

C Thekey differencewith this Type 3 Approacis thatfueling history is not assumed!
U Thevenhicle uses the initial gas temperatu@r some other meangp determine if there has been fueling history

C This approaclallows more aggressiveftnal maps to be usedavhen there has beeno fueling history(most of the time)



Advanced MC FormuéaHow it Works (Derivation)
l Type 3PRS Dynamic Da]a: Vehicle Gas Temperatig&afety Criticalis used for fueling rate COIngaS|nitia|+ l

Utilize consensus T A -40°C to X°C Set of tfinal tables tailored to
Utilize actual CHSS Design & assgmpnons for T A -40°C to 50°C vehicle CHSS
thermophysical properties station components  p A 05 5 10, 15, X MPa e
1 ®® TsoakA THS Tamb’ (Tamb CﬂT)

:- —-————= Warm and Cold Dispenser

Verified
Fueling Model

These Maps are stored

in vehicle ECU
t-final format What is communicated Control
. To screen for fueling history anc .
Tables (16 to 32) t-final table valuesP...., Phitiarr Prinal choose more precisgeftnal tgble Station

C Again,fueling history is not assumed! However, thidihal map is more refinedrfap based orP,;,, and T_.J-
U Vehicle uses the initial gas temp to determine if there has been fueling hiseorgito determine initial soak temp
C This approaclallows for ultimate optimization (best performance)hen there has beeno fueling history(most of the time)



Advanced MC FormuéaHow it Works (Derivation)
l Type 3PRS Dynamic Da]a: Vehicle Gas Temperatigr&afety Criticalis used for fueling rate CO||TgaSThr0tt|e|

Utilize CONSENSUS Trer A -40°C 10 50°C Set of tfinal tables tailored to
Utilize actual CHSS Design &  assumptions for T A -40°C to 50°C vehicle CHSS
thermophysical properties station components  p A 0.5Mpa
. OJC, Tyas ma X°C (e.g. 95C)
f—— - TeoakA ot soak temp

\ Warm and Cold Dispenser

Verified
Fueling Model

These Maps are stored
in vehicle ECU

t-final format | What is communicated Control

Used to throttle the pressure ramp rate

in Finitial Fina when T ,capproaches 85 C Station

Tables (2) t-final table valuesP,,

C This approach directly useg,; There is only one table (for warm and cold dispenser) so no screening for fueling his
C Howeverthe t-final map is based on a higher maximum gas temperature, for examplé®hstead of 85C.
C This facilitategxcellent performancebut some fills will need to be throttled back to avoid exceeding 85



Advanced MC Formudal s Throttle Control

C Becausé-final is derived based on a higher ending gas temperature (e.g°@bthe PRR will be too fadio
avoid exceeding 8% under some circumstancepérhaps 10% of fills

_ Trajectory without PRR
C This means that th®RR must be throttled back on son throttling
C One approach to do this is below: _— - -

Tthre;hﬂld nc
IF Tgas = Tthreshn!d

(ES_TERS)PRRthTEShﬂId
(85—Tthreshold)

PRR =

WherePR%reShmd - PR%I the tlmeTgaS - -I-thFESh0|d

¢ OEM must choos&,, ... PUt @ likely value might be 8C€. Most fills should not exceed 8D
C However, if a fill does, the PRR should self regulate suchifhatays at some point between 80 and &5

C This approach is eembination offeedforward control based oy, (MC Formulagndfeedback control based ofi,
C Tysls safety critical howevereven ifTsis wrong(has a fault) I, will not exceed 95°C¢ has a buikin limiting function




Vehicle Dynamic CommandHow it Works (Derivation)

Type 3PBYV: Dynamic DataVehicle command signals agafety criticabnd used for fueling rate control
Option A: This is the control parameter that MC Formul

\ T. A -40°C to X°C PRHYDEfinal fueling ultlmately utilizes, but in this case, the vehiclg Utilize actual
fuel A 40°C to 50°C maps tailored to vehicle calculates it instead of the station station design &
amb

mmA 0.5 to X MPa CHSS and station _ 016G thermophysical
T A THSTamh (Tambc nT) amp, 1V, FC Station properties

(fuel, stop, parameters
| N bort) T
Option B ‘)))(((’
OEM proprietary

fueling method

Control methodology| What is communicated | How isTysused? | Control

Vehicle*: P, TV, FC (i.e. fuel, stop, abort)
Station: Expected MAT ¢, Psaiionr Mass dispensed, mass flow rate,
Ty EXpectedPRR,.,, Expected SOC, (others TBD)

Advanced MC
or other

Determined by

vehicle OEM Vehicle

* could allow other control options such as flow rate but it gets more complex if we do

A In this approach, theehicle calculates the fueling control parameteasid sends them to the station
A Allows vehicle OEM to utilize an alternate fueling methpor the use of an Advanced MC approach
A Would requireadditional computational power on vehiclgbut would reduce station requirements



Advanced MC FormugaHow it Works (inal map tables)

t-final table format MAT values every ZC and ambient temperature values every’6

50 mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m
mm.m mm.m mm.m

45 mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m
mm.m mm.m mm.m

40 mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m
mm.m mm.m mm.m

35 mm.m mm.m mm.m mm.m mm. FO rm at :rr] m m m.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m
" mm.m mm.m mm.m

30 mm.m mm.m mm.m mm.m mm. . . . . . m.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m
Fhis indicates '[hef- ,value IN Minute mmm | mmm | mmn

25 mm.m mm.m mm.m mm.m mm. m.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m
mm.m mm.m mm.m

Ex:t; ., =084
X e o= .

20 mm.m mm.m mm.m mm.m mm. f|nal m.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m

mm.m mm.m mm.m
_—~

15 mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m
mm.m mm.m mm.m

10 mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m
mm.m mm.m mm.m

5 mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m
mm.m mm.m mm.m
O mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mmm mmm mm.m
-10 mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m
_20 mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m
_30 mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m
_40 mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m

C Vehicle can interpolate on ambient temperature and communicéitaal values for range of MAT values to station




Advanced MC FormutaCommunication of Parameters

C Thestatic data and dynamic data fueling concepising station control (i.e., TypePRS and Type-BRS)all operate on
the same general principléhat the vehicle stores a set offinal tables in the vehicle ECU

C One approactbeing considered is for the station / vehicle use the following steps to communicate the control paramei

1.
2.
3.

® N o o

Vehicle/Statiorhandshake and initialization
Station initiates a connection pulse® measure the initial pressuré<nitial)

Station transmitsthe ambient temperature T-amb), the initial pressureRtinitial), and whether the dispenser fuelimpmponents
are warm or cold'this criteria is still to be defined)

Based upon the values receivdbm the station as well as its own measurement of these parametersyehele selects the
appropriate tfinal table

Thevehicle then interpolates #final based on Jambfor every MAT value
Thevehicle then transmits the {final valuesfor the range of MAT values at the ambient temperature
Thestation receives these-final values and stores them in local memoagcessible to the PLC.

Once the fueling begins, tretation calls upon these stored values and precisely calculates tfieal used in the pressure ramp
rate equationbased on its calculation of the MAT. It does this continuously throughout the fill.

C Another approachbeing considered is for the vehicle to communicate the full setfofa tables to the station after the
handshake/initiation step. The difficulty with this approach is that each fueling concept uses a different number of tal

C Theperformance based fueling conceppe 3PBV operates differently The PRHYDE team has not yet determined all
the parameters required to be communicated by the station to the vehicle in this approach. However, the control
parameter the vehicle communicates to the statiosill likely beP-ramp to stay consistenwith the other fueling concepts.



Gas Temperature Terms and Usage for AdvanceH ftions

Fueling
Concept

T...communication

gas
Parameters

Type 2PRS
T

Type SPRS _I_gas_nTax

TgasIn itial TgaS_h|gh

gas_low

Type 3PRS

TasINitial+

Type 3PRS Tg 25 max

TgasThrottIe Tyas threshold
TQaS_high
TQaS_IOW

Type 3PBV | Tyas max
-I:Elas_high
-IIElaS_IOW

Definitions

Tgas ma® The maximum gas
temperature the CHSS is qualified to
under the CHSS qualification standar

43

How the parameters are used by the protocol

Tgas nigA Used asecondanyprotective by station to stop the fil

if Tgas_high> -Izgjas_max
Toas 10wA Used by station to determine end of fill based on SO(

utilized (e.g. GTR 13)

Toas night Represents the highest bulk

average gas temperature in a CHSS.
The OEM should account for sensor
and measurement uncertainties in
determining this value.

Toas owA Represents the lowest bulk
average gas temperature in a CHSS.
The OEM should account for sensor

T

T

station to stop the fill iff s nig™ Tyas_max
A Option 2 Used arimary protective function by station
to stop the fill ifTyas nign™ Tgas max
Toas 10wA Used by station to determine end of fill based on SO(

Tgas_higiA ] ) ) ]
Used aorimaryprotective function by station to stop the

fill if Tgas_high> Tgas_max
A Used in PRR throttle equation to reduce the PRR wheh

Tgas_high> Tgas_threshold
Tgas 10wA Used by station to determine end of fill based on SO(

and measurement uncertainties in
determining this value.
Tgas_threshoIdA Represents the
temperature threshold at which PRR
throttling is initiated in thel ,throttle

fueling concept.

Tgas nigA  Used aprimaryprotective function by vehicle and
station to stop the fill iflyas higr™ Tyas max
Teas 10wA Used as a@econdaryprotective function by station to
stop the fill if calculated density > 107% SOC*

* At ~ 107% SOC and Soak Temperature 6C5@HSS pressure = MAWP
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Advanced MC FormuaComparison of Fueling Concepts

assumptions on performance

Fueling Concept . ” . Vehicle

M‘ Static T, Initial T s Initial+ T,as Throttle Control

Fue_llngtlme_ (_under vwde Slow Fast Faster Fastest uD

variety of initial conditions)

Sens_or position accuracy Low Low Low High UD

requirement

Vehicle functional safety level Low High High Higher Highest

Requwes_ bid_lrectlonal Optional Possibly Possibly Possibly Likely

communications

Number of tables Few More More Fewest uD

B Ol pleleEe! Low Medium Medium Higher Highest

development

Impact of conservative Highest High High Low UD

UD = Undetermined due to flexibility of approach




Advanced MC FormutaOverall Advantages of Approach

C Advanced MC FormuleINR2 @A RISJa Y § aviliddhcéommodates a variety of options

C Type 1(noncomm),Type 2(static data),Type 3PRS(dynamic data) andype 3PBV (dynamic data vehicle control)
approaches arsupported under this framework

C An OEM can choose which protocol Type and option to ggke Advanced MC Formula framework supports them all
C Within the Type 3 dynamic data approachkhere areoptions beyond (or variances within) the three shown here
U Also, an OEM has complete control and discretion in deriving-fimakmaps for the vehicle CHSS
C This approaciacilitates future advanced CHSS desidigpe 5 tanks, conformable tanks)
C Fueling performancehould beexcellert, especially with Type 3 options
C Further refinementof these approaches may allow feven better fueling performance

C Protocol development is minimal because the MC Formula control framework already exists
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Hydrogen refuelling

Interact with PRHYDE:

- E-mall list for PRHYDE stakeholders
(A please sendreail tonfo@prhyde.dwyou want to receive or not to receive info / news)

- PRHYDE deliverables & presentation will be made available for comments / feedbac
(A to be downloaded from the PRHYDE website)

- Keep an eye out for upcoming PRHYDE Webinars

A Please provide your comments / inputs any time to
iInfo@prhyde.eu
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