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1 HYBRID H2 POWERTRAIN

1.1 H2 SYSTEM INTEGRATION REQUIREMENTS

1.1.1 General Requirements

This document defines the basic SPECIFICATIONS AND SAFETY RULES for the
hybrid H2 powertrain to be used on SAE Brasil & BALLARD Student H2
Challenge 2020 competition.

SAE Brasil & BALLARD Student H2 Challenge 2020 will be an event for
Brazilian engineering students, featuring Baja SAE BRASIL and Formula SAE
BRASIL series vehicles, equipped with a hybrid Hydrogen Fuel Cell Stack
and Battery electric powertrain.

The basic design of Baja SAE BRASIL series vehicles shall follow as
reference the Baja SAE BRASIL 2020 - RATBSB_emenda_03 rules.

The basic design of Formula SAE BRASIL series vehicles shall follow the
Formula SAE Rules 2019 or Formula SAE Rules 2020.

The documents above define design guidance material for all wvehicle
components except for rules applicable to powertrain (motor, electric
system and fuel system).

This one defines the powertrain and shall prevail over original rules.

Figures on this document, although sometimes suggest parts of Baja SAE
BRASIL or Formula SAE BRASIL vehicles, they apply to both.

To participate at SAE Brasil & BALLARD Student H2 Challenge 2020 the
vehicle hybrid powertrain shall use a fuel cell stack from Ballard Power
Systems FCgen®-1020ACS series (see Figure 1), assembled with 46 cells,
and Part Number 5127057.

Figure 1 - Ballard Power Systems FCgen®-1020ACS series
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The hybrid powertrain shall have the minimum components described on
Section 1.2, and Figure 2 below.

Unless otherwise specified, the system components integrated with the
fuel cell stack shall follow strictly the design and function
requirements as defined by Ballard Power Systems Inc. for FCgen®-1020ACS
fuel cell stack.

All system components shall meet certification and specifications
required to be used with Hydrogen gas as defined at fuel cell stack
documentation.

To develop correctly the hardware and software and take credit of full
performance of fuel <cell stack the requirements from Ballard Power
Systems Inc. shall be observed, unless otherwise specified.

1.1.2 Differences on basic vehicle design

Although the basic vehicle design (chassis, suspension, cockpit, etc.)
shall follow the basic rules as per section 1.1.1, some small changes
will be required due to the electrical nature of the powertrain which
will affect all Baja and Combustion based Formula SAE vehicles.

1.1.2.1  Firewall

A firewall must separate the driver compartment and any portion of the
driver harness from all components of the fuel supply, cooling systems,
any lithium batteries, fuel <cell stack, tractive system, electrical
system and wiring and all tractive system components that are not located
at the wheels.

The Firewall must extend sufficiently far upwards and/or rearwards and/or
sideways such that any point on the driver’s body less than 100 mm above
the bottom of the helmet of the tallest driver must not be in direct line
of sight with any part mentioned above.

The firewall shall be a non-permeable surface made from a rigid,
nonflammable material.

It shall seal completely against the passage of fluids (the firewall
itself and edges) and shall be rigidly mounted.

Firewalls composed of multiple panels must be sealed at the joints.
Grommets shall be used to seal any pass through for wiring, cables, etc.

Any seals or adhesives used with the firewall must be rated for the
application environment.

Firewalls to be efficient for electrical applications shall be composed
of two layers:

The layer facing the tractive system shall be made of aluminum with a
thickness between 0.5 and 0.7 mm and shall be grounded according to item
1.7.6.
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The layer facing the Driver shall be made of an electrically insulating
and Nonflammable Material (Carbon fiber is not accepted) and shall have
enough thickness to prevent penetrating this layer with a 4 mm wide
screwdriver and 250 N of force.

Conductive parts other than the chassis shall either not protrude through
the firewall or be properly insulated on the driver side.

The accumulator container as per section 1.7.3 may be used as part of the
firewall if it meets these requirements

1.1.2.2 Fire extinguishers

Baja SAE BRASIL vehicles shall adopt for this item the rules from Formula
SAE 2020 as per section VE.2.3, except for the requirement of installing
it on a push-bar.

The original fire extinguishers as per RATBSB_emenda_03 shall be removed.

1.1.2.3 Grounding requirements

Baja SAE BRASIL vehicles and Combustion Formula SAE BRASIL derived
vehicles shall follow the rules regarding grounding requirements
according to section 1.7.6.

1.1.3 References

A. Baja SAE BRASIL 2020 - RATBSB_emenda_03 rules, SAE BRASIL,
September 30,2019.

B. Formula SAE Rules 2020 - Version 1.0, SAE International, July 25,
2019.

C. Formula SAE Rules 2019 - Version 1.0, SAE International, July 25,
2018

D. Document MAN5100319-0G - FCgen®-1020ACS Fuel Cell Stack &
FCvelocity®-1020ACS Fuel Cell Stack Product Manual and Integration,
Handling, Transportation and Storage Guide, Oct. 31, 2019, Ballard
Power Systems Inc.

E. Document MAN5100342-0A - FCgen®-1020ACS Fuel Cell Stack &
FCvelocity®-1020ACS Control-Software Design-Guide, December 20,
2012, Ballard Power Systems Inc.

F. Drawing DRW5117682—-0C — Interface Control Drawing — Stack Assembly
FCgen®-1020ACS Fuel Cell Stack & FCvelocity®-1020ACS V2.1 ICD,
February 21, 2020, Ballard Power Systems Inc.

G. Drawing DRW5109521-0A - FCgen™ 1020 ACS Cooling Stand Assembly - 1
Fan, July 20, 2007, Ballard Power Systems Inc.

H. Document - Fuel Cell Basics and Ballard ACS Technology, SAE Brasil
and Ballard Student H2 Challenge, July 22, 2020, Ballard Power
Systems Inc.

1.2 SySTEM CONFIGURATION OVERVIEW
A reference for system elements is given below and showed on Figure 2.

Those are minimum components. The teams may elect to use additional ones.
Those, if used, are subjected to scrutiny of competition organization for

Page 6 of 56



safety issues. Reference system elements and functions are described as
follows:

a)

b)

c)

d)

e)

f)

9)

h)

i)

3)

k)

1)

m)

Hydrogen storage Tank: Stores H2 to supply the Fuel Cell stack
system.

Hydrogen tank filling plug with optionally integrated safety valve:
Open and close the H2 flow from the tank and protect the high-
pressure system against overpressure.

Main cutoff wvalve: Used to separate and cut rapidly the H2 supply
for the fuel cell system and allows the change the hydrogen storage
tank preventing system tubing from air contamination.

Metal braided flexible hose: Connects the fuel tank to the pressure
regulation valve allowing easy replacement of fuel tank and
prevents vibration and high loads to be transferred to regulation
valve.

Pressure regulation valve: Reduces the high pressure from hydrogen
tank to low pressure suitable for use at fuel cell stack.

Pressure relief wvalve: Redundant with the pressure transducer,
protects the low-pressure system and the fuel cell stack against
overpressure.

Input flow control shut-off wvalve: Controls remotely the H2 flow to
fuel cell stack (on-off operation), shuts the flow off in case of
failure and emergency state, and protects the fuel cell stack from
outside air contamination when the system is not operating.

Pressure transducer: Measures the pressure upstream of fuel cell
stack. Associated to the control system, it prevents fuel cell
starvation (low H2 pressure) and whole low pressure-system from
overpressure.

Fuel cell inlet port flexible hose: Connects the fuel cell stack to
the pressure transducer preventing vibration and high loads to be
transferred.

Fuel cell stack: Main component from the hybrid powertrain, it
generates electrical power from hydrogen and ambient air reaction.
Also features a temperature sensor (thermistor) whose signal is
used to control and monitor the system operation.

Fuel cell outlet port flexible hose: Connects the fuel cell stack
to the purge valve preventing vibration and high loads to be
transferred.

Cooling fan: Forces the air to flow through the fuel cell stack for
both cooling and oxygen supply needs. It works based on control
system commands driven by the temperature measured at the fuel cell
stack.

Purge Valve: This is the main control element for the H2 flow
through fuel cell stack. It is driven remotely by the control
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system through pulsing inputs, which provides the correct H2 flow
by managing the intervals between open and closed states. It also
blocks outside air contamination when the system is not operating.

Closed Catch Tank: Collects liquid H20 generated by fuel cell stack
operation.

Contactor: Opens and closes the connection between the fuel cell
stack and the -electric load (battery and electric motor).
Disconnects the load in case of failure or emergency state and when
the system is not operating.

Battery: Stores and provides auxiliary energy to the electric
Motor.

Control System: Controls all vehicle electrical system functions.
Manages the driver’s ©pedals signals, the fuel cell system
operation, the battery operation, and energy provision to the
electric motor.

Electric Motor: Converts electric power to mechanical power for the
transmission system.

Monitoring System: Monitors all systems operation and triggers the
vehicle emergency shut-off system.

Tncluded
Cilinder hydrogen

Main cutoff valve g L 8 Tank filling plug

Pressure regulation valve, HPRV ——2< 413 par.

I e el L I T

Low Pressure —{)}—> Prassure relief valve, MPSV

— T

Control Valve
—O Pressure Sensor

i D Fuel Cell Q

Monitoring
Fan
System ,;“lz Purge Valve
Closed
I 0L S

Power to
Control ITE“_ fransmission
System - systam

Motor

Flexible Hose
Electronic Signal Control

— Electric Power Conection
Metal Braided Hose

Optional Hose (Flexible or Metal Braided )

Figure 2 — Integrated Hybrid powertrain scheme
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1.3 HYDROGEN TANK

1.3.1 Specifications

The vehicle shall be equipped with one aluminum cylindrical tank, type I,
suitable for use with hydrogen, 5.9 liters volume (if filled with water),
153 barg nominal filling pressure, leading to approximately 670 liters of
hydrogen at fuel cell operating pressure (0.35 barg).

The fuel tank dimensions are 175 mm diameter and 388 mm length. With the
filling plug (top valve) installed the length is 485 mm, and when the
protection cover (helmet) is used length is 500 mm.

The cylinder shall contain hydrogen only, at minimum 99.95 % purity (SAE
J2719)

The tank shall be identified with a label suitable for flammable gases.
(see Figure 3)

Figure 3 — Label to be added to hydrogen tank

1.3.2 Tank conditions

The tank in servicing conditions shall not show any sign of damage,
impact marks, flaking paint, corrosion or deep scratches. Hydrostatic
test expiring date cannot be closer than 6 months on the date of the
competition.

1.3.3 Side pod mounting

The hydrogen tank if mounted on a dedicated developed side pod, see
Figure 4, shall be installed longitudinally outside the driver side-bars
protection with the filling plug pointing rearwards.

1.3.4 Lateral mounting behind the firewall

The hydrogen tank if mounted transversally behind the firewall, see
Figure 5, will have the filling plug pointing laterally to one of the
sides of the vehicle. The filling plug shall be placed at the opposite
side related to the electric motor and the battery, if feasible.
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1.3.5 Vertical mounting behind the firewall

The hydrogen tank if mounted upwards behind the firewall, see Figure 6,
shall be assembled either vertical or leaned rearwards, never forward. It
shall be placed as far as possible from the electric motor and the
battery.

Sideways longitudinally
with filling plug towards
rear . Requires additional
crash frame and firewall

Space left at the rear part
laterally to operate the
valve (max. 100 mm width)

Side impact
bars required

podMg

k¥

Filling plug towards lateral
behind the firewall and
protected by the frame
envelope

Figure 5 — Fuel tank lateral mounting behind the firewall
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Filling plug towards vertical
behind the firewall and
protected by the frame
envelope

Figure 6 - Fuel tank vertical mounting behind the firewall
1.3.6 Side pod crash shield

The side pod shall feature a crash shield, see Figure 7, for the hydrogen
tank manufactured with tubes of the same type of those from vehicle
sidebars creating a box around the tank with at least 10 mm clearance
from its walls. The outer side shall feature crossbars to protect against
intrusion from any part of another vehicle. The crossbar side shall be
provided with enough gap to allow access to the filling plug handle. This
gap shall be 100 mm max. as indicated at the Figure 7. The upper part
shall be open to allow for cylinder removal.

Side impact
bars required

Max. : =
Upper view 100 mm T Side view

Figure 7 — Side pod crash shield
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1.3.7 Side pod firewalls/fairings

The side pod shall feature metal firewalls (1.5 mm thick) covering the
inner side (driver’'s side), the lower and the upper sides of the crash
shield. The upper side must be removable to allow for hydrogen tank
replacement. The upper part shall be slightly concave at the lower side
and be provided with at least 6 holes of 6 mm diameter at its centerline,
equally spaced along the plate’s length, to allow for hydrogen dispersion
in case of slight leaks. To prevent from debris coming from the tires the
front and rear edges of the pod shall also feature fairing panels. Those
may be plastic with holes not bigger than 6 mm. The outer side shall also
feature plastic fairing panels if experience shows that debris may hit
the tank from this side.

1.3.8 Attachments to vehicle structure

1.3.8.1 Hydrogen tank cradle

The hydrogen tank shall rest over a cradle, as depicted at the Figure 8
and shall be fastened against it by at least two steel belts of 30 mm x 3
mm cross section. All contact parts between cradle and belts to the tank
shall be isolated by a rubber layer. The cradle shall be strong enough to
hold the tank in place on every sort of incidents that may occur on the
track. For reference a crash acceleration of 30 g’s maybe used for loads

calculation purposes.

Rear view

Grounding clamping
tab (25x50x4 mm)

e Agap of 10 mm Front view
Side view shall be left at this -
side for assembly
reasons

Figure 8 — Hydrogen tank cradle
1.3.8.2 Cradle attachments to vehicle structure

The two lower rails defined on the Figure 8 shall be tightly attached to
the wvehicle structure through at least two points each. Welding it to
structure is preferred. Otherwise at least three 6 mm, grade 12, bolts
shall be used to connect each point to the structure with self-locking
nuts. On the side pod solution, the cradle rails shall be placed down
inside the crash shield box. On the lateral mounting solution, the rails
shall be placed down attached to vehicle frame. Proper triangulation
shall be wused if cantilevered assemblies are used. On the vertical
mounting solution, it is desirable to have the rails at front attached to
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the vehicle frame. Proper triangulation shall be used if cantilevered
assemblies are used.

1.3.8.3 Attachment belts disconnection

The belts holding the tank shall be provided with a disconnection feature
easy to access to allow tank replacement. The disconnection area shall be
reinforced and the gap between the two halves shall be enough to allow
suitable tightening pressure over the tank. Each belt shall feature a 10
mm, grade 12 bolt, with self-locking nut.

1.3.8.4 Belts attachments to cradle rails

The belts cannot be welded to the rails. Rail tube wrapping (like drivers
lap belt solution) solution is preferred.

The tank walls and its filling plug shall not interfere with any part of
the vehicle other than the cradle, its tightening belts, and the hose
attachment at any loading and/or vibrational condition that may occur
during vehicle operation. This may be observed by inspecting the tank
paint before and after the vehicle operation.

1.3.9 High pressure safety valve

The hydrogen tank filling plug shall include a safety valve. When mounted
at the side pod or laterally behind the firewall, the safety wvalve
discharge 1line shall point downwards. When mounted upwards behind the
firewall, the safety valve discharge line shall point outboard laterally.
Much care shall be taken to this once at each tank exchange the correct
position of the safety valve shall be observed.

1.3.10 Tank filling plug

The tanks shall only feature OEM provided filling plugs. The filling plug
connection shall be male ABNT 218-2 type suitable for hydrogen
application.

The filling plugs after the tank is assembled at its cradle shall have
minimum clearance of 80 mm from any part of vehicle structure. This gap
shall be maintained throughout the whole time when the tank is installed.
No loose parts that can threaten this clearance can be left after the
tank is installed.

The teams must make sure that this clearance is also enough to mount the
tank with the filling plug protection (helmet) installed. Enough
clearance shall also be provided to handle the helmet during installation
and removal.

The filling plug shall not show any sign of damage and shall not leak
when closed.

The filling plug shall be completely protected by the vehicle frame in

case of incidents. The 80 mm clearance above shall be preserved even from
outside obstacles in case of vehicle roll over.
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1.3.11 Operational environment

The hydrogen tank shall not be exposed to temperatures above 60°C at any
time. It shall be kept away from heat sources coming from the wvehicle
such as the exhaust ducts of fuel cells, electrical motor, electrical
boxes, batteries, brakes, etc., and external sources such as excessive
sunlight, hot runway surface, and all other hot spots in the
neighborhood.

The bottom of the tank shall be placed at least 80 mm above the ground to

reduce the effects of heat coming from hot asphalt whatever mounting
option is chosen.

1.3.12 Grounding

Bonding between the cradle and vehicle chassis must be provided. Testing
shall be made according to section 1.7.6.

1.3.12.1 External grounding

The cradle for the hydrogen tank shall be provided with a grounding tab

(see Figure 8) not painted, easily accessible from outside, suitable for
connection to a standard alligator clip.

1.4 HIGH PRESSURE TUBING

1.4.1 Minimum parts required

The high-pressure tubing connects the hydrogen fuel tank to the pressure
regulation wvalve. It shall contain at least a connection plug suitable
for use with the type I hydrogen tank provided, a shut-off wvalve (quick
operation ball valve), a metal braided flexible hose long enough to reach
the pressure regulation valve, and a two stage pressure regulation valve
featuring a high pressure gage and a low pressure gage.

1.4.2 Specifications

1.4.2.1 Allowed materials

Although the 1list of materials compatible with hydrogen is broader,
materials to be used on high pressure lines shall be only brass or
stainless steel. An exception is made for the hose core which may be
plastic / rubber compatible with hydrogen.

1.4.2.2 Rigid tubing
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All rigid tube sections, if any, shall be metal as specified above rated
for minimum 3000 psig (207 barg) operation, suitable for operation with
hydrogen at 99.95 % purity.

The teams shall analyze each section to be connected to allow for
structural deformation, thermal expansion, vibration transmission, etc.
The use of straight tube sections shall be carefully checked for these
aspects.

Tubes routing shall be analyzed to avoid close contact with heat and
vibration sources and avoid friction against other surfaces that could
damage the tubes.

If lengths between two connections shall exceed 500 mm, fitting points to
the vehicle structure shall be considered. If used, the fitting points
shall feature rubber isolation solutions to minimize vibration
transmission and damage to the tubes. The fitting shall feature bolts
with self-locking nuts.

1.4.2.3 Connections

All connections shall be metal as specified above rated for minimum 3000
psig (207 barg) operation, suitable for operation with hydrogen at 99.95

[

% purity.

If not OEM parts, all connections shall be preferable of twin ferrule
mechanical grip design ("dupla anilha').

The connections shall be installed following sound engineering practices,
aligned with connection manufacturer instructions (tube finishing,
connection torques, cleaning, etc.). On assembly make sure that all parts
are in correct place before tightening the nut.

Threaded connections shall wuse NPT thread design suitable for high
pressure applications. Assembly shall consider a filling material to
prevent leak (Teflon, etc.)

Threaded connections shall use at least 4 threads when tightened.

1.4.2.4 Shut-off valve

At least a manually operated shut-off wvalve, easy to access and fast to
operate, shall be installed as close as possible to the connection with
the fuel tank filling plug.

The shut-off valve shall be of ball type, metallic as specified above,
rated for minimum 3000 psi (207 bar) operation, suitable for operation
with hydrogen at 99.95 % purity.

The shut-off valve assembly bending strength when mounted to the filling
plug shall be enough to resist to a force of at least 250 N without signs
of bending.

The body work close to the wvalve shall contain a placard featuring the

letters "H2 SHUT-OFF" and pictorial instructions on how to operate the
valve.
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1.4.2.4.1 Safetytag

The team shall develop a full proof (Poka-Yoke) solution to make people
around the vehicle aware that the shut-off wvalve 1is open. This should
involve a safety tag and a mechanism that prevents the valve to be opened
inadvertently.

1.4.2.5 Hose (pigtail)

A preferable OEM flexible hose (pigtail) compatible with hydrogen,
braided with metal as specified above, rated for minimum 3000 psig (207
barg) operation, suitable for operation with hydrogen at 99.95 % purity
shall be used for the connection between the shut-off wvalve and the fuel

tank exchange manifold (if used) or the pressure regulation valve.

The hose shall be flexible and long enough to allow easy fuel tank
exchange, without forcing any component of fuel tank and tubing system.
An ergonomics analysis shall be conducted to access the shut-off wvalve
operation and fuel tank exchange process.

The hose routing shall be carefully studied so that it never contacts
parts other than the connection to the shut-off valve and that with the
fuel tank exchange manifold or pressure regulation valve. Accelerations
to all sides with the wvehicle under operation shall be assumed, and
movements up to the bump-stop of vehicle suspension and tires shall be
considered on this evaluation. The use of intermediate supports for the
hose is not allowed.

1.4.2.6 Manual fuel tank exchange manifold (optional)

This part is optional but highly recommended once it allows the exchange
of fuel tank avoiding contamination of the gas inside the hydrogen line.
If used it shall be metal as specified above, rated for minimum 3000 psig
(207 barg) operation, suitable for operation with hydrogen at 99.95 %
purity. It allows purging the atmosphere air inside the upstream line
after the tank is exchanged, Dbefore the circuit 1is connected to the
downstream side. This 1s advantageous specially to remove humidity form
the air.

If used, it shall be tightly attached to the hose at the inlet port and
to the pressure regulation valve at the outlet and shall be fixed to the
vehicle structure behind the firewall, with grade 12 Dbolts and self-
locking nuts.

1.4.2.7 Pressure regulation valve

A two stage pressure regulation valve allowing the pressure to be reduced
from about 2216 psig (153 barg) as it 1is supplied by the fuel tank to
about 5.22 psig (0.36 barg) which 1s the maximum fuel cell optimum
pressure working pressure at sea level shall be provided.
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The pressure regulation valve shall be metal as specified above, rated
for minimum 3000 psig (207 barg) operation, suitable for operation with
hydrogen at 99.95 % purity.

The output pressure shall be selected up to maximum 25 psig and the valve
shall be able to regulate precisely pressures between 2.0 and 15 psig.

The pressure regulation valve shall feature a high-pressure gage able to
measure pressures with precision between 500 and 2500 psig (maximum
acceptable scale 4000 psig) and a low-pressure gage able to measure
pressures with precision between 0 and 10 psig (maximum acceptable scale
25 psigqg)

The pressure regulation wvalve shall be tightly fixed to the wvehicle
structure. The teams shall consider for design of fixture an acceleration
of 30 g’s at any direction.

The pressure regulation valve shall be installed behind the wvehicle
firewall, protected by the vehicle frame structure, with the gages up
(never horizontal), in such a manner that they can be easily read from
outside without the need of parts removal.

The handle for pressure adjustment shall be accessible by hand also
without the need of removing parts. Except for the fixture to the wvehicle
frame, the pressure regulation valve shall have at least 15 mm clearance
from all vehicle parts surrounding it. It shall not displace or get loose
under the vibration generated by vehicle operation.

143 Grounding

At least one of the components of high-pressure system shall be bonded to
the vehicle structure. Grounding shall be as per section 1.7.6.

1.4.4 Leakage tests

Prior to the competition, the teams shall test the high-pressure system
with inert gas (Nitrogen, etc.) before using with hydrogen and ensure no
leaks. The test may have two phases, one to investigate leakage sources
and other mandatory in which the system shall be pressurized to 3000 psig
and checked 24 hours later for the pressure. After compensating for
ambient temperature effects no pressure regulation shall be observed.

The teams shall mark all connections as they pass the test with hydrogen
compatible marker. Those marks shall be resistant and visible so that
they can be shown to the competition organization at unbroken condition.
May a mark of those be broken a simplified leakage test must be repeated
for that connection. This test for the vehicle to be presented at the
competition shall be done close to the competition dates. (Not earlier
than 15 days before the competition).

1.4.5 Operational environment
Maximum ambient temperature surrounding all elements shall be 60°C

Vibration levels observed at the pressure regulation valve shall be low.
On a test crossing two boards of 15 mm height spaced at a distance
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corresponding to the one between vehicle axles, at speeds ranging from 5
to 25 km/h, the recommended maximum levels shall be below 5 g overall.
Vibration levels measured shall be presented.

The teams shall avoid mixing materials of tubing components to prevent
for corrosion. In case materials are mixed the effects on corrosion shall
be justified.

1.5 LOw PRESSURE TUBING
1.5.1 Minimum parts required

The low-pressure tubing connects the pressure regulation valve to the
fuel cell inlet and the fuel cell outlet to the exhaust system. At inlet
side of fuel cell stack, it shall contain at least, a pressure relief
valve to protect the system from overpressure, an electrically actuated
on—-off flow control valve to control the gas feeding to the fuel cell
stack, and a pressure transducer to monitor high and low pressures to the
fuel «cell stack anode. At the outlet side it shall contain an
electrically actuated, on-off flow control valve (fuel cell stack purge
valve) and a condensate water catch tank.

1.5.2 Specifications

1.5.2.1 Allowed materials

Materials for low pressure lines shall be metal compatible with hydrogen
(brass, stainless steel and aluminum allowed) or plastic (PVDF, Teflon,
Neoprene) .

For use downstream the fuel cell stack plastic material or aluminum are
recommended due to water content.

1.5.2.2  Positioning

All low-pressure tubing, connections and valves shall be installed behind

the vehicle firewall, and at least 80 mm height from ground. They shall
be installed away from heat sources, electrical wires and moving parts.

1.5.2.3 Tubing

1.5.2.3.1 Rigid sections

Rigid tube sections shall be rated for minimum 200 psig (13.8 Dbarg)

[

operation, suitable for use with hydrogen at 99.95 % purity.

The teams shall analyze each section to be connected to allow for
structural deformation, thermal expansion, vibration transmission, etc.
The use of straight tube sections shall be carefully checked for these
aspects.
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Tubes routing shall be analyzed to avoid close contact with heat and
vibration sources and avoid friction against other surfaces that could
damage the tubes.

If lengths between two connections shall exceed 500 mm, fitting points to
the vehicle structure shall be considered. If used, the fitting points
shall feature rubber isolation solutions to minimize vibration
transmission and damage to the tubes. The fitting shall feature bolts
with self-locking nuts.

1.5.2.3.2 Flexible sections (hoses)

If flexible sections are used, routing shall be carefully studied so that
it never contacts parts other than the ends to be connected. When
deflected by hand enough clearance shall be provided from movable parts
and hot areas. The use of intermediate supports for a flexible tube is
not recommended.

1.5.2.4 Connections

All connections shall be from accepted materials as specified above and
rated for minimum 200 psig (13.8 barg) operation, suitable for operation
with hydrogen at 99.95 % purity.

If not OEM parts, all connections shall be preferable of twin ferrule
mechanical grip design ("dupla anilha").

The connections shall be installed following sound engineering practices,
aligned with connection manufacturer instructions (tube finishing,
connection torques, cleaning, etc.). On assembly make sure that all parts
are in correct place before tightening the nut.

Threaded connections shall use NPT thread design. Assembly shall consider
a filling material to prevent leak (Teflon, etc.)

Threaded connections shall use at least 4 threads when tightened.

1.5.2.5 Pressure relief valve

A relief wvalve shall be provided for the low-pressure system to protect
all components for overpressure.

The relief valve shall be metal as specified above, rated for minimum 200

psig (13.8 barg) operation, suitable for use with hydrogen at 99.95 %
purity.

The relief valve shall have its set point adjusted between 8.5 psig (0.59
barg) and 12 psig (0.83 barg).

Once Hydrogen can come out of the relief valve, it should be installed at
a high position behind the firewall and the flow from its outlet shall be
driven away from any heat source, electrical system or pilot cockpit. The
teams are suggested to install it on an extension tube at the upmost
point behind the firewall using a T shape connection to the main line if
necessary (see Figure 9).
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In case the valve is placed away from the pressure regulation valve it
shall be fitted to the vehicle structure through rubber isolated fitting
connected with bolts and self-locking nuts.

Relief Valve

5 Pressure
Input flow 1 regulation
control valve

shut-off valve

Figure 9 — Pressure relief valve installation

1.5.2.6 Accumulator (optional)

If an accumulator is used to assure the correct fuel flow to the fuel
cell stack, it shall be metal as specified above, rated for minimum 200
psig (13.8 barg) operation, suitable for use with hydrogen at 99.95 %
purity.

If used the accumulator shall be tested at 200 psi with water. Teams
shall substantiate that this test was performed.

If wused, it shall be fitted to the vehicle structure, with enough
clearance from surrounding parts. The fitting shall use grade 12 bolts
and self-locking nuts.

The accumulator shall be tightly fitted to the vehicle structure, and the
30 g acceleration rule applies.

1.5.2.7 Flow control valve (optional)

This wvalve is optional but recommended so that the teams can manually
adjust the flow to the fuel cell stack precisely once the input flow
control valve will be of on-off type.

If chosen, it shall be metal as specified above, rated for minimum 200
psig (13.8 barg) operation, suitable for use with hydrogen at 99.95 %
purity.

In case it is placed away from the relief valve / accumulator it shall be

fitted to the vehicle structure through rubber isolated fitting connected
with bolts and self-locking nuts.
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The installation shall provide enough clearance, to avoid contact with
other parts and shall be done so that the flow control wvalve can be
operated from outside allowing the hydrogen flow to be adjusted.

1.5.2.8 Input flow control shut-off valve

This valve 1is required as means to start and stop quickly the hydrogen
flow to the fuel cell stack. It shall be metal as specified above, rated
for minimum 200 psig (13.8 barg) operation, suitable for wuse with
hydrogen at 99.95 % purity.

The input flow control shut-off valve shall be able to withstand negative
pressures up to -10 psig (-0.7 barg) to account for vacuum that may occur
at the fuel cell when ceasing operation.

The shut-off valve shall be on-off, normally closed type, electrically
operated, minimum IP65 protection class, zero leakage, with suggested low
sulfur content EPDM seal type.

This wvalve shall be fitted to the vehicle structure, with enough
clearance from surrounding parts, preferably using shock mounts once it
may generate impacts during operation. The fitting shall use grade 12
bolts and self-locking nuts.

Besides being a flow control valve on start and stop this valve is also
part of the emergency safety system, therefore, besides being connected
to the fuel cell stack control system control it shall be operated by the
vehicle panic buttons closing immediately when they are pushed.

1.5.2.9 Pressure transducer

A pressure transducer to monitor the pressure of the fuel line before the
connection with the fuel <cell stack shall be provided. Besides its
importance to protect the fuel cell stack from starvation it shall
trigger the emergency system in case of overpressure ay low-pressure
system.

The pressure transducer shall be metal as specified above, rated for
minimum 200 psig (13.8 barg) operation, suitable for use with hydrogen at
99.95 % purity.

The pressure transducer shall be able to measure pressures between -14,5
psig (-1.0 barg) and 14.5 psig (1.0 barg).

1.5.2.10 Fuel cell stack input connection

The tubing connection between the pressure transducer and the fuel cell
stack inlet port shall be made of flexible and electrical insulating
material (Teflon recommended), rated for minimum 200 psig (13.8 barg)
operation, suitable for use with hydrogen at 99.95 % purity, resistant to
at least 150°C temperature. It shall be routed not to interfere with any

vehicle parts or be close to heat sources and moving parts

To avoid incorrect assembly, the teams shall identify the inlet tubing
connection with a yellow tag at both tube ends.

Page 21 of 56



The connection to the fuel cell stack shall be a push-fit 5/16” (8 mm) OD
fitting. Stack fitting spec as per Ballard documentation is: John Guest
PCM2808S “Push-In”, 5/16” (8 mm). The connector shall not interfere with
any surrounding part.

For correct assembly, the inlet tube must be inserted 19 mm into the
fitting from the top of the fitting (17 mm from the face of the endplate)
to ensure a proper seal.

The connection to the fuel cell stack shall not be subjected to side load
or pull forces (max. 20 N). If bending occurs the teams shall include
elbows compatible to the type of fitting to avoid it.

Important: Retaining force of 20 N is not enough for vehicle application.

Therefore, the teams shall develop a retaining system to avoid the
connecting hoses to get loose with vehicle operation. The installation on
Figure 10 is proposed which can be made with John Guest parts or other
with similar sealing capabilities. See section 1.6.2.2 and Figure 12 for
proposed fuel cell fixture reference.

https://www.johnguest.com/products

Push-fit elbow to
prevent bending on
connection to fuel cell
H2 port

Collet cover to avoid
inadvertent release of
John Guest connections

Fuel cell stack
fixture metal
layer

Retaining clip installed 15
mm away from elbow allow
flexibility for thermal

The John Guest Push-fit .
Fitting has a collet (gripper) with Tube to or from expansion
stainless steel teeth which hold the H2 supply system

pipe firmly in position and an ‘0’ ring to
provide a permanent leak proof seal.

Figure 10 — Proposed fixture for fuel cell stack connecting hoses

If John Guest or similar push fittings are used the “Collet cover” part
shall be used to avoid inadvertent disconnection.

CAUTION: The fuel <cell stack tubing connection 1is very fragile.
Tightening of attachment bolts should be done by hand and if torque is to
be applied a torque wrench should be used. Any damage may cause the whole
part to be useless.

1.5.2.11 Fuel cell stack output connection
The tubing connection between the fuel cell stack outlet port and the
purge valve shall be made of flexible and electrical insulating material

(Teflon recommended), rated for minimum 200 psig (13.8 barg) operation,
suitable for use with hydrogen at 99.95 % purity, resistant to at least
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150°C temperature. It shall be routed not interfere with any vehicle
parts or be close to heat sources and moving parts

To avoid incorrect assembly, the teams shall identify the outlet tubing
connection with a green tag at both tube ends.

The connection to the fuel cell stack outlet fuel port shall observe the
same instruction as those provided on item 1.5.2.10.

1.5.2.12 Purge valve

The purge valve is the main element on the hydrogen flow control to the
fuel cell stack. It shall be metal as specified above, rated for minimum

200 psig (13.8 barg) operation, suitable for use with hydrogen at 99.95 %
purity.

This valve shall be on-off, normally closed type, electrically operated,
minimum IP65 protection class, zero leakage, with suggested low sulfur
content EPDM seal type.

This wvalve shall be fitted to the vehicle structure, with enough
clearance from surrounding parts, using shock mounts once it generates
many impacts during operation. The fitting shall use grade 12 bolts and
self-locking nuts. It shall be installed about 10 mm below the fuel cell
stack outlet preferably with its centerline downwards to avoid water
accumulation.

The purge valve cycling time shall be electrically controlled by the fuel
cell stack control system. If the fuel cell stack is not operating, it
shall be closed.

1.5.2.13 Condensate water catch tank

A condensate water catch tank shall be provided to collect the water
generated on the operation of the fuel cell stack.

This tank shall have at least 1l-liter volume, rated to at least 25 psig,
suitable for hydrogen (aluminum preferred) and shall be installed at
least 80 mm below the outlet port of the fuel cell. It cannot be close to
heat sources, electrical systems and moving parts.

It shall be sealed for gas leakage. The tubing connecting it shall
feature a T shape connection so that the tank stays at the lowest part of
the circuit being able to collect the water.

1.5.2.14 Exhaust tubing end

The end of the hydrogen low pressure tubing after the catch tank shall be
routed to the exhaust duct from the fuel cell cooling system downstream
of the fuel cell. This shall be higher than the top of the catch tank. It
shall cross the duct wall through a grommet and feature 90 degrees turn
to allow the aligning of the tube end with the air flow towards the
outlet of the exhaust system.
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1.5.3 Grounding

At least one of the components of each low-pressure system metal section,
if any, shall be bonded to the vehicle structure. Grounding shall be as
per section 1.7.6.

1.5.4 Operational environment
Maximum ambient temperature surrounding all elements shall be 60°C

Vibration levels observed at the input flow control shut-off wvalve and
purge valve shall be low. On a test crossing two boards of 15 mm height
spaced at a distance corresponding to the one between vehicle axles, at
speeds ranging from 5 to 25 km/h, the recommended maximum levels shall be
below 5 g overall. Vibration levels measured shall be presented.

The teams shall avoid mixing metal materials of tubing components to
prevent for corrosion. In case materials are mixed the effects on
corrosion shall be justified.

1.5.5 Leakage test

Prior to the competition, the teams shall test the low-pressure system
with inert gas (Nitrogen) prior to use hydrogen and ensure no leaks. The
test may have two phases, one to investigate leakage sources and other
mandatory in which the system shall be pressurized to 7.3 psig (0.5 barg)
with the exhaust end caped and checked 2 hours later for the pressure.
After compensating for ambient temperature effects no pressure regulation
shall be observed.

The teams shall mark all connections as they pass the test with hydrogen
compatible marker. Those marks shall be resistant and visible so that
they can be shown to the competition organization at unbroken condition.
May a mark of those be broken a simplified leakage test must be repeated
for that connection. This test for the vehicle to be presented at the
competition shall be done close to the competition dates. (Not earlier
than 15 days before the competition).

1.6 FUELCELL
1.6.1 Specifications

The fuel cell stack shall be a Ballard Power Systems FCgen®-1020ACS part,
proton exchange membrane (PEM) type design, assembled with 46 cells, Part
Number 5127057, air-cooled, and self-humidifying. The 46 cells stack is
rated to provide 2.1 kW max. power, 45.5 Volts max. voltage and 75 Amps
max current.

As reference for installation at the wvehicle, fuel ports, electrical
connections and monitor sensors connection specification, the teams shall
use the interface drawing DRW5117682-0C to be obtained at Ballard
internet site.

The fuel cell stack shall be supplied with dry Hydrogen fuel at 99.95 %

purity or better. Maximum hydrogen supply pressure shall never exceed
14.0 psig (0.99 Barg) sea level conditions.
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The fuel cell shall be cooled and feed with dry air. Maximum temperature
at fuel cell stack shall not exceed 75 °C

Those are minimum requirements. The teams shall demonstrate that the fuel
cell stack integrated with the vehicle system meets completely all
manufacturer specifications. A sheet with a table comparing supplier
specification parameters and those selected for the vehicle design shall
be presented to the competition organization.

The fuel cell stack with 46 cells requires a 102.9x351.1x306.8 mm package
volume to be installed. Estimated mass for this stack will be around 9.4

kg.

1.6.2  Fuel cell stack
1.6.2.1 Positioning

The fuel <cell shall be positioned behind the wvehicle firewall, and
completely inside the vehicle frame envelope.

The fuel cell shall be positioned at 1least 50 mm above batteries,
controller boxes, DC-DC converters and inverters if there are some and
the electric motor. Teams shall make sure that only the necessary
electrical connections are placed above its bottom.

The fuel cell shall present clearance of at least 50 mm from any vehicle
structure, or any system, except for its connections to the fuel supply
lines, electric connections, attachment points, and connections to the
cooling ducts. This clearance shall not be reduced by deflections under
load or vibration of any sort of the fuel cell stack or any surrounding
part.

The fuel cell can be installed at three optional orientations, vertical
with the fuel ports at the bottom, vertical with the inlet fuel port up
and the outlet fuel port down, and horizontal with the air flow
downwards. (See Figure 11)

The cooling air flow shall respect the direction as labeled on the fuel
stack end plate.

1.6.2.2 Attachments to vehicle structure

The fuel cell stack shall be attached firmly to the vehicle structure,
and electrically isolated.

The teams shall pay attention to Baja SAE Brasil and Formula SAE Brasil
chassis rules to choose the structure points to which high mass items can
be attached to.

The teams shall study the fuel cell interface drawing and interact with
the supplier to propose the best design for the attachments. This may be
challenging once the FCgen®-1020ACS fuel «cells were designed for
stationary applications.
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Acceptable Stack Orientations Unacceptable Stack Orientations

1

Inlet/Outlet Bottom

Airflow Up

Fuel Outlet T
Fuel Inlet Top uel Outlet Top

o X

Fuel Outlet Bottom XS, Fuel Inlet Bottom

Figure 11 — Fuel cell stack orientations

The Figure 12 presents a suggested mounting strategy for the fuel cell
stack to the vehicle attempting to make it robust against shock and
vibration.

For reference, the attachments for crashworthiness reasons shall be
designed to withstand with accelerations from any direction up to 30 g’s.

The fuel cell was developed to withstand 15 g shock pulses, with 11 msecs
duration, and 1000 cycles (based on IEC-68-2-27, Ea and IEC-68-2-29 Eb).
Therefore, the teams will be requested to develop mounts if necessary, so
that the vibration levels observed at the fuel cell stack position are
low. On a test crossing two boards of 15 mm height spaced at a distance
corresponding to the one between vehicle axles, at speeds ranging from 5
to 25 km/h, the recommended maximum levels shall be below 5 g overall.
Vibration levels measured shall be presented.

If mounts are to be used, they shall be installed between the fuel cell
developed fixture attachment, such as the orange part at Figure 12 and
the vehicle structure.

Mounting strategy at Figure 12 is only suggested. The teams may develop
their own proposals and those will be submitted to scrutiny by the
competition organization.

If stabilizing tie rods are used as suggested they shall be covered with

insulating materials. Insulating tape or rubber-like paint will not be
accepted.

Page 26 of 56



Attachment bolts - Stack Perimetral bolts to clamp the joint. Maybe used to fix stack enclosure.

Insulating material cut
to shape to adjust the
stack cap
Polycarbonate

suggested

Four adjustable tie
rods to provide
«—— stiffness to mounting
assembly covered with
insulation material

Important
Clearance for
thermistor connection

Important
Leave 1 mm gap for
thermal expansion

Insulating material cut
to shape to adjust the
‘- stack cap
Attachment to vehicle structure - . — Polycarbonate
ASTM 1020 - Carbon Steel suggested
Floating attachment- Stack

Shall not touch the metal part

Figure 12 — Suggested fuel cell stack mounting strategy

Important: Whatever mounting strategy is used the teams shall account for
the thermal expansion of stack with temperature. The attachment design
shall follow a floating philosophy attachment. The use of through holes
at hydrogen ports side with a guiding pin is suggested, and a gap of
about 1 mm shall be left for that reason. The teams shall study filling
this gap with some compressive isolating material resistant up to 90°C
temperatures.

CAUTION: The fuel cell stack tubing connection is very fragile.
Tightening of attachment bolts should be done by hand and if torque is to
be applied a torque wrench should be used. Any damage may cause the whole
part to be useless.

1.6.2.3 Cooling air ducts

Air ducts (see 1.6.3.1 and 1.6.3.3) can be attached directly to the fuel
cell stack, both wupstream and downstream, if they wuse electrical
isolation materials.

If connected to the fuel cell stack, the ducts cannot get loose under
vehicle operation vibration. Continuous accelerations around 5 g’s shall
not cause a disconnection.

If not connected the contact regions shall have clearance or be fitted
with flexible interface to avoid friction damage under relative movement.

The ducts shall have minimum temperature rating of 90°C. They shall
remain stiff when submitted to this temperature.
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The teams are advised to optimize the design for the air flow and fuel
cell temperature.

If the team chooses not to use ducts at any side of the fuel cell stack
some optional protection shall be proposed to avoid puncturing of cells
caused by foreign objects or contact to the vehicle structure.

1.6.2.4 H2 fuel lines connections

Fuel lines connections to fuel cell shall follow the instructions from
sections 1.5.2.10 and 1.5.2.11.

The fuel cell stack fixture shall not interfere with fuel lines and their
connection during vehicle operation.

The teams shall place a yellow label on vicinity of fuel cell inlet port
and a green label on vicinity of fuel cell outlet port.

The connection of both inlet and outlet ports fuel lines shall be done as
per instructions from sections 1.5.2.10 and 1.5.2.11.

1.6.2.5 Electrical connections and wiring

The fuel cell stack shall be connected at the positive terminal (positive
bus plate tab) with the contactor.

The positive bus plate tab is located on the compression-strap end of the
stack, at opposite end of stack as the anode inlet and outlet. The teams
shall identify it by placing a 1label close to it with visible and
waterproof plus sign (FC+).

The negative bus plate is on the spring-cap end of the stack, on the same
end of the stack as the anode inlet and outlet. The teams shall identify
this tab by placing a label close to it with visible and waterproof minus
sign (FC-).

The connections shall be made to the gold-plated side of the bus plates
using M6 bolts with self-locking nuts, torqued to 5 N-m.

Wiring connections shall feature a 1lug as shown on Figure 13 with
suitable attachment angle. Teams shall pay attention to the poka-yoke
assembly of the lug which does not allow assembling it to the wrong side.
To avoid lug rotation a single bolt connection will not be accepted.

7 VS

Figure 13 — 45 degrees lug for fuel cell stack electric connection

The wires shall be sized appropriately for continuous maximum current
running at the fuel cell circuit (78 Amps) without sensitive heating.

Wires shall be marked with wire gauge, temperature rating and insulation
voltage rating. A serial number or a norm printed on the wire is enough
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if this serial number or norm 1is clearly bound to the wire
characteristics for example by a data sheet.

The positive connecting wire shall be red and labelled at both ends with
visible and waterproof plus sign (FC+).

The negative connecting wire shall be blue and labelled at both ends with
visible and waterproof minus sign (FC-).

The minimum acceptable temperature rating for fuel cell stack cables is
90°cC.

Wiring assembly shall be done to professional standards with
appropriately sized conductors and terminals and with adequate strain
relief and protection from loosening due to vibration etc.

All connections, even that from Figure 13, shall be designed so that they
use intentional current paths through conductors such as copper or
aluminum. They shall not rely on steel bolts to be the primary conductor
and shall not include compressible material such as plastic in the stack-

up.

At the opposite end of fuel cell stack connection, the cables shall be
anchored so that they can withstand a force of 200 N without straining
the cable end crimp.

At any point the cables shall be located out of the way of possible
snagging or damage and shall be shielded against damage by rotating or
moving parts.

1.6.2.6  Overcurrent protection

The fuel cell stack regardless of the control system protection shall
have 1its own appropriate overcurrent protection. Fuses are the most
common form of overcurrent protection.

The continuous current rating of the overcurrent protection shall not be
greater than 78 Amps and shall be rated for DC application.

The overcurrent protection devices shall be rated for the highest voltage
in the systems (60 Volts DC).

1.6.2.7 Isolation

Ballard recommends installing the 1020ACS stack as a floating electrical
system that shall be the type installation used.

Means shall be provided of draining any potential static discharge from
the stack. This can be practically achieved by adding a high-impedance
resistance to vehicle body on either the negative or positive fuel cell
stack voltage terminals.

Enough safety margin shall be used, and the effectiveness of this system
shall be tested.

The poles of fuel cell stack shall be isolated from any part surrounding
them with an insulating material rated for 60 Volts DC.

Page 29 of 56



Insulation material shall have a minimum temperature rating of 90°C.
Using only insulating tape or rubber-like paint for insulation is
prohibited.

1.6.2.8 Monitoring sensors

Required monitoring sensors are described below. For all of them if they
fail to measure the required parameter the control system software
directly or by plausibility laws shall trigger system emergency shutdown
command.

1.6.2.8.1 Fuel cell stack emergency shut-off conditions

The fuel cell stack sensors shall trigger the control system emergency
shutdown command on the conditions listed below.

Here are defined cases only on which exceeding the thresholds would cause
safety issues. The teams are advised to consider other conditions that
are important for the fuel cell performance and endurance life.

The teams shall preview on the monitoring system, failure codes and means
to inform the operator about which failure occurred.

Those do not need to be indicated on-line, however, in case of emergency
shutdown, the vehicle can only be re-started after troubleshooting is
completed.

1.6.2.8.1.1 Temperature

The maximum temperature of the fuel cell stack shall be 75°C. Exceeding
this value for more than 5 seconds shall trigger the monitor emergency
shutdown routine.

1.6.2.8.1.2 \Voltage

The maximum voltage between the fuel cell stack terminals shall be 48.3
Volts. Exceeding this wvalue for more than 1 second shall trigger the
monitor emergency shutdown routine.

Negative voltage at a single cell may trigger fire hazard. Therefore, a
low threshold is also required. The low threshold shall be set to Vn-10
Volts, where Vn is the nominal voltage of the fuel cell stack correlated
to the current demanded.

1.6.2.8.1.3 Current

The maximum current output from the fuel cell shall be 78 Amps. Exceeding

this value for more than 2 seconds shall trigger the monitor emergency
shutdown routine.

1.6.2.8.1.4 Pressure

Page 30 of 56



The maximum fuel cell inlet anode pressure shall be 8.2 psig (0.56 barg).
Exceeding this wvalue for more than 5 seconds shall trigger the monitor
emergency shutdown routine.

A minimum threshold for the fuel pressure with the fuel cell stack on
shall be set. The minimum pressure shall not go below 2.3 psig (0.16
barg) with the input flow control shut-off valve open to avoid fuel cells

starvation.

1.6.2.8.2 Thermistor sensor

The thermistor sensor built-in with the fuel cell stack shall be the
reference for temperature control and emergency shutdown routine.

The thermistor sensor connection is located at one of the fuel cell stack
caps. The fixture of fuel cell stack to the structure of the vehicle
shall not interfere with connector and wiring.

1.6.2.8.3 Stack voltage sensor

A voltage sensor 1is not provided with the fuel cell stack. The teams
shall install one between the fuel cell stack terminals which shall be

the reference for voltage control and emergency stopping routine.

The stack voltage precision shall not be more than twice the limit on
item 1.6.2.8.1.2.

It shall never short the fuel cell stack circuit.

1.6.2.8.4 Stack current sensor

A current sensor 1is not provided with the fuel cell stack. The teams
shall install one at the positive terminal of fuel cell stack which shall
be the reference for current control and emergency shutdown routine.

The stack voltage precision shall not be more than 50% the limit on item
1.6.2.8.1.3.

1.6.2.8.5 Stack pressure transducer

A pressure transducer is not provided with the fuel cell stack. It shall

be exactly the one specified on item 1.5.2.9. It shall be the reference
for pressure control and emergency shutdown routine.

1.6.2.9 Shields

The cooling air ducts are accepted as shields for the fuel cell stack.
If the team chooses not to use ducts at whatever side of the fuel cell
stack some optional protection shall be proposed to avoid puncturing of

cells caused by foreign objects or contact to the vehicle structure.

If not provided by the fuel cell stack enclosure / ducts, an electrical
insulation shield shall be placed between the fuel cell and vehicle

Page 31 of 56



electrical components to mitigate the risk of hydrogen contact with
sparks that may accidentally be generated at those components.

1.6.2.10 Operational environment

The fuel cell stack shall be placed at positions away from debris coming
from the tires. If that is not possible shields shall be developed for
the tires to prevent that.

Although the fuel cell stack may work at temperatures up to 75°C, the
ambient temperature surrounding fuel cell stack cooling air inlet shall
not exceed 52°C. This 1is necessary for the cooling system to work at
critical conditions.

Vibration levels observed at the fuel cell stack position shall be low.
On a test crossing two boards of 15 mm height spaced at a distance
corresponding to the one between vehicle axles, at speeds ranging from 5
to 25 km/h, the recommended maximum levels shall be below 5 g overall.

To avoid damaging the fuel cell stack during the test the teams shall
consider using a dummy mass of the same weight and cg position during the
vibration measurements.

Vibration levels measured shall be presented.

1.6.2.11 Grounding

Means shall be provided of draining any potential static discharge from
the stack. This can be practically achieved by adding a high-impedance
resistance to vehicle body on either the negative or positive stack
voltage terminals.

1.6.2.12 Fuel cell stack integrity

The team shall contact Ballard if the fuel cell stack looks damaged upon
removing it from the package. The competition organization shall be
informed about this.

The teams shall contact Ballard if the fuel cell stack is dropped.
Ballard will instruct on how to perform a leak test before the fuel cell
can be used. The competition organization shall be informed about this.

During the competition there shall be no damage that can be observed on
the fuel cell stack. If some of the conditions above occur the teams
shall present Ballard’s clearance documents to be able to compete.

IMPORTANT: In case of incidents during the competition, once it will not
possible to provide an on-site statement for safety, the vehicle will not
be allowed to go on competing.

1.6.3 Cooling system

The cooling system plays a key role on the fuel cell stack performance
and safe operation. It provides the required 02 (Oxygen) content for the
reaction with H2 fuel and controls the fuel cells optimum temperature for
the reaction. As described before the cooling system ducts also play
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multifunction roles on the system distributing uniformly the air flow
through the cells and protecting them from foreign objects.

1.6.3.1 Airinlet

A duct designed for cooling air induction, or at least a single shield,
shall be used at air inlet side of the fuel cell stack to protect it from
puncturing or debris impact.

These parts shall feature electrical insulation materials, be resistant
to debris impacts and to temperatures up to 90°C.

If used, the duct or shield shall feature drain holes for liquids at the
lowermost points, directed away from electrical sources, and at least one
6 mm hole at the upmost points to allow for accumulated hydrogen
dispersion.

Parts rigidly connected to the fuel cell stack will require any other
supporting structure to use flexible mounts to vehicle frame avoid loads
and vibration transmission. Those shall not affect the electrical
isolation.

Ducts connected to the cooling fan shall be provided with vibration
isolation either at the fan side or at the fuel cell stack side. The
material of isolation parts used shall be compatible with hydrogen, be
electrical insulating material, and resistant to 90°C.

No duct or shield shall be installed outside the vehicle rollover
envelope (50 mm clearance to reference lines required) or be in contact
with movable parts.

1.6.3.2 Cooling Fan

The cooling system shall use a fan to force the air through the fuel
cells and maintain temperature within the 1limits wunder any vehicle
operational condition and ambient temperature.

IMPORTANT: The fan shall be electrically driven and use energy coming
from the fuel cell stack + battery that feed the vehicle tractive system.

The fan shall be installed within the vehicle frame and directly attached
to it.

If the fan contact to people’s fingers 1is probable it shall be protected
by a grill.

The cooling fan shall be driven by the wvehicle control system and on the
fuel cell stack start-up sequence shall be the first to be turned on.

As well, on the fuel cell stack normal shut-down sequence, the cooling
fan shall be the last to be turned-off.

IMPORTANT: To avoid damaging the fuel cell stack, means shall be
provided, whenever possible, for the fan to keep running for at least

three minutes after a normal shutdown.

The teams are encouraged to develop alternative means to switch the fan
back on if an inadvertent emergency shutdown is commanded.
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This system if applied shall be isolated from the shutdown system, shall
manage only the cooling fan and shall use a guard protected switch to
assure that it will only be used on purpose.

IMPORTANT: The cooling fan shall never stop 1f the fuel cell stack is
under operation (input flow control shut-off wvalve opened). At any
condition the vehicle will be declared inoperable if the cooling fan is
not able to run. Under that the panic buttons shall be pushed in.

1.6.3.3 Exhaust duct

An exhaust duct shall be used downstream of the fuel cell stack to
protect it from puncturing or debris impact, and to guide the air flow
which may contain hydrogen to a safe exhaust point.

These parts shall feature electrical insulation materials, be resistant
to debris impacts and to temperatures up to 90°C.

The exhaust duct outlet shall be placed as high as possible and far from
hot and electrical components.

The duct shall feature drain holes for liquids at the lowermost points,
directed away from electrical sources, and at least one 6 mm hole at the
upmost points to allow for accumulated hydrogen dispersion.

Parts rigidly connected to the fuel cell stack will require any other
supporting structure to use flexible mounts to vehicle frame in order to
avoid loads and vibration transmission. Those shall not affect the
electrical isolation.

Ducts connected to the fan (see 1.6.3.2) shall be provided with vibration
isolation either at the fan side or at the fuel cell stack side. The
material of isolation parts used shall be compatible with hydrogen, be
electrical insulating material, and resistant to 90°C.

No duct or shield shall be installed outside the vehicle rollover
envelope or be in contact with movable parts.

1.6.3.4 Operational environment

Maximum ambient temperature surrounding all elements shall be 60°C
Vibration levels observed at fan and exhaust duct shall be low. On a test
crossing two boards of 15 mm height spaced at a distance corresponding to
the one between vehicle axles, at speeds ranging from 5 to 25 km/h, the
recommended maximum levels shall be below 5 g overall. Vibration levels
measured shall be presented.

Teams are recommended to provide a coarse filter at the inlet air to

prevent large foreign objects, such as leaves, 1lint, etc., from
obstructing flow into the stack.

1.6.4 Fuel system and fuel cell stack operation
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The H2 fuel system, if designed according to the minimum requirements
from this document, will feature manually operated parts that shall be
operated on a given sequence.

Conversely, the fuel cell stack operation will be controlled
automatically by the vehicle control system, as well as the monitoring
system including the shut-off emergency conditions required on item
1.6.2.8.

On designing all manual and automated procedures the teams shall follow
strictly the instructions from fuel cell stack manufacturer unless
otherwise specified.

Both start-up and shut-down sequences can be optimized, but the steps
listed on items 1.6.4.1 and 1.6.4.2 shall be respected.

1.6.4.1 Start-up sequence

The minimum sequence to be followed on start-up including manual and
automated procedures is:

a) Set manually the pressure regulation valve to deliver the minimum
pressure at low-pressure port.

b) Remove the protection and safety tag and open the main shut-off
valve at the high-pressure system.

c) Check high-pressure system pressure which shall be lower or equal
to 2216+10% psig (153+10% barg).

d) Set manually the pressure at the low-pressure system to nominal
value on the pressure regulation valve which shall be below the
relief valve set point.

e) Manually start vehicle control and monitoring system.

f) Make sure the vehicle is not on “ready to drive mode”.

g) Manually start the fuel cell stack.

h) The cooling fan shall turn-on at maximum flow immediately.

i) The system shall wait for 3 seconds before next step to allow
ventilation of any hydrogen leak.

j) The system shall command simultaneous opening of input flow control
valve and purge valve.

k) The system shall then command the load application, closing the
fuel cell stack contactor.

1) The system shall then take automated control of power produced by
the fuel cell stack, managing the fan speed and the purge valve,
and monitoring temperature, pressure, current and voltage.

1.6.4.2 Shut down sequence

The minimum sequence to be followed on shut down including manual and
automated procedures is:

a) Make sure the vehicle is not on “ready to drive mode”.

b) Manually command the fuel cell stack shutdown.

c) The system shall command the load removal, opening the fuel cell
stack contactor.

d) The system shall command simultaneous closing of input flow control
valve and purge valve.

e) The system shall set cooling fan speed to maximum.

f) Manually stop vehicle control and monitoring system.
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g) Even with the control system commanded off it shall keep the fan on
and manage the fuel cell stack temperature reduction to 20°C or
ambient temperature before switching it off.

h) Manually close the main shut-off valve at the high-pressure system.

i) Install the protection and safety tag of main shut-off valve.

1.7 BATTERY AND ELECTRICAL SYSTEM

Batteries and/or super capacitors can be used to store the energy for the
vehicle tractive system, in addition to the energy supplied by the fuel
cell stack.

IMPORTANT: Since the main interest of SAE Brasil & BALLARD Student H2
Challenge 2020 competition is to highlight hydrogen as main source of
enerqgy, and the fuel cell power is limited to about 2100 W, batteries
and/or super capacitors shall have their power limited to equal 2100 W at
total.

IMPORTANT: Also, since the hydrogen fuel tank capacity (stored energy) is
limited to 5.9 liters at 153 barg pressure, batteries and/or super
capacitors shall have their capacity (stored energy) limited to 720 Wh at
total.

The 720 Wh at 12 Volts as an example will yield a 60 Ah battery which is
fairly small.

IMPORTANT: The maximum voltage for any electrical system on this
competition shall be 60 Volts DC or 30 volts AC RMS/42 volts AC peak.
Those are the thresholds for human supporting electrical shock.

1.7.1 Specifications

Any electrochemical Dbattery cells can be wused, from Plumb-acid to
Lithium-ion and, if this last type is chosen, it is mandatory the use of
an AMS/BMS with all related monitoring of undervoltage, overvoltage,
overcurrent and cell temperature.

1.7.1.1 General Requirements

All cells or super capacitors which store the vehicle tractive system
energy shall be enclosed in (an) accumulator container(s).

The contained energy of a stack is calculated by multiplying the maximum
stack voltage by the nominal capacity of the used cell(s). On the example
above the contained energy would be 12 Volts x 60 Ah = 720 Wh. As stated,
in this competition the storage energy system will be limited to 720Wh
and 2200W.

If spare accumulators are to be used then they all must be of the same
size, weight and type as those that are replaced.

By experience, special care shall Dbe taken if ©NCM Chemistry and
Cylindrical format is applied. Even if provided on the original system, a
low amount of temperature sensors (such as 20% of number of cells) will

Page 36 of 56



not be accepted. Teams shall make sure that 100% of cells are monitored
regarding temperature.

1.7.2 Positioning

Battery Pack and related Accumulator Isolation Relays (IARs), as much as
practical, shall be assembled lower than the hydrogen fuel system,
including the fuel tank, high and low pressure system tubing and valves,
and specially the fuel cell stack, to avoid a H2 leak, if it occurs, to
pass through possible electrical components that may cause a spark.

Tractive system batteries and/or super capacitors shall be placed in
containers as per 1.7.3.

1.7.3 Accumulator containers and attachments to vehicle structure

Any accumulator shall be placed into a container to support it to the
vehicle structure and isolate it in case of failure.

The accumulator container shall be metal (aluminum or steel).
The accumulator shall not be left loose inside the container.

All Accumulator Containers must lie within vehicle primary structure.
They shall be easily accessible and removable so that charging process
outside the vehicle can be performed.

It must contain internal walls at 75 % height of external walls if cells
separation is necessary.

If applicable, the accumulator segments contained within the accumulator
must be separated by an electrically insulating barrier made from
nonflammable material.

It shall feature covers or lids, securely fastened to the container body,
to allow easy access to the accumulator cells.

Each accumulator container shall be removable from the vehicle while
still remaining rules compliant.

Accumulator Containers shall be attached to the vehicle major structure
by 12 grade fasteners and self-locking nuts. The attachment 1lugs, at
least four, shall be placed outside de container welded to its box. The
lugs shall be at least 4 mm thick for aluminum and 3 mm thick for steel.

All accumulator containers and mounting systems shall be designed to
withstand forces from deceleration in all directions of 30 g’s.

A sticker according to ISO 7010-W012 (triangle with black lightning bolt
on yellow background) with triangle side length of at least 100 mm and
the text “Always Energized” 1is recommended on every accumulator
container.

Holes, Dboth internal and external, are only allowed for the wiring
harness, ventilation, cooling or fasteners.

The Accumulator Container must always be closed when mounted to the
vehicle and when dismounted from the vehicle without the need to install
extra protective covers.
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Openings for ventilation should be of a reasonable size, completely open
sidepods containing accumulators are not allowed.

Any Accumulators that may vent an explosive gas must have a ventilation
system or pressure relief wvalve to prevent the vented gas from reaching
an explosive concentration.

Every Accumulator Container which 1is completely sealed must have a
pressure relief valve to prevent high pressure in the container.

All conductive surfaces on the outside of the accumulator container must
have a low resistance connection to the GLV (Grounded Low Voltage) system
ground.

1.7.4 Isolation

The poles of the accumulator segment(s) and/or cells must be isolated
from the inner wall of the accumulator container with an insulating
material that is rated for 60 Volts DC or 30 volts AC RMS/42 volts AC
peak.

There is no need of IMD - Insulation Module Device, but all other fails
such as BMS fault, brake accelerator plausibility and fuel cell stack
faults must be kept and integrated on shutdown and emergency circuit to
shut battery and fuel cell stack down to kill the power on the system.

1.7.5 Harness and electrical connections

All electric connections on the bus bar and electrical power must follow
wire gauge recommendation.

To allow quick and safe disconnection and removal of accumulator
container proper connections shall be developed for the battery/super
capacitor which prevent sparks and short circuit if mishandled.

Tractive system wires shall be identified. Once maximum voltage 1is
limited to 60 Volts DC or 30 volts AC RMS/42 volts AC peak, red and blue
wires can be used, although orange wires are recommended.

Sizing of the conductors for the ‘continuous Tractive System current’
may take account of the RMS or average electrical current that will
be used and the anticipated duration of time at maximum electrical
current.

All Tractive System wiring must be done to professional standards with
appropriately sized conductors and terminals and with adequate strain
relief and protection from loosening due to vibration etc.

The Tractive System wiring must be securely anchored at least at each end
so that it can withstand a force of 200 N without straining the cable end
crimp and must be located out of the way of possible snagging or damage.

All Tractive System connections shall be designed so that they use
intentional current paths through conductors such as copper or aluminum
and shall not rely on steel bolts to be the primary conductor.

All electrical connections, including bolts, nuts, and other fasteners
shall be secured from unintentional loosening using positive locking
mechanisms. Custom locking features that prevent fasteners from coming
loose may be constructed if they can be seen to be in place and do
not rely on the clamping force for the locking feature.
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Tractive System wiring must be shielded against damage by rotating and /
or moving parts.

If external, uninsulated heat sinks are used, they shall be properly
grounded to the GLV System ground.

IMPORTANT: All sources of energy, and that includes the fuel cell stack
generated energy, must be wired to a single point. They may be wired in
series or parallel, but all the power supplying the tractive system must
flow through this single point. This point will be used to control the
power provided to the tractive system which shall be at maximum 4200 W
all times.

No further energy storages except for reasonably sized intermediate
circuit capacitors are allowed beyond this point.

The wuse of triangle symbol with yellow background 1is recommended to
identify electric and electronic modules that handle electrical
powertrain current but not mandatory with voltage under 60 Volts DC or 30
volts AC RMS/42 volts AC peak.

1.7.6  Grounding

All electrically conductive parts of the vehicle (parts made of steel,
(anodized) aluminum, any other metal parts, etc.) which are within 100 mm
of any tractive System electrical component must have a resistance below
300 mOhms (measured with a current of 1 A) to GLV system ground.

All parts of the wvehicle which may become electrically conductive
(completely coated metal parts, carbon fiber parts, etc.) which are
within 100 mm of any tractive electrical component, must have a
resistance below 5 Ohm to GLV system ground.

Electrical conductivity of any part may be tested by checking any point
which is 1likely to be conductive, for example the driver harness
attachment bolt, but where no convenient conductive point is available
then an area of coating may be removed.

Carbon fiber parts may need special measures such as using copper mesh or
similar, to keep the ground resistance below 5 Ohms.

1.7.7 Operational environment

Tractive system components shall be rated for 60 Volts DC or 30 volts AC
RMS/42 volts AC peak, and temperatures up to 90°C.

Tractive system components and containers shall be protected from
moisture in the form of rain or puddles. A rating of IP65 is recommended.

All parts, especially 1live wires, contacts, etc. of the tractive
system shall be isolated by nonconductive material or covers to be
protected from being touched.

Insulation material that is appropriate for the expected surrounding
temperatures shall be used and this shall have a minimum temperature
rating of 90°C. Using only insulating tape or rubber-like paint for
insulation is prohibited.
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1.7.8 Operation
1.7.8.1 Accumulator Management System — AMS

This section does not apply for plumb acid batteries. For battery systems
this 1s generally referred to as a Dbattery management system (BMS)
however other electrical energy storage systems are allowed and therefore
AMS will be the terminology used in this document.

Each accumulator shall be monitored by an Accumulator Management System
when the tractive system is active, or the accumulator is connected to a
charger.

The AMS shall continuously measure the cell voltage of every cell, in
order to keep the cells inside the allowed minimum and maximum cell
voltage levels stated in the cell data sheet. If single cells are
directly connected in parallel, only one voltage measurement is needed.

The AMS must continuously measure the temperatures of critical points of
the accumulator to keep the cells below the allowed maximum cell
temperature limit stated in the cell data sheet or 60°C, whichever is
lower.

Cell temperature shall be measured at the negative terminal of the
respective cell and the sensor used must be in direct contact with either
the negative terminal or its busbar. If the sensor is on the busbar, it
must be less than 10 mm away from the cell terminal.

For centralized AMS systems (two or more cells per AMS board), all
voltage sense wires to the AMS shall be protected by “fusible link wires”
or fuses so that any the sense wiring cannot exceed its current carrying
capacity if a short circuit occurs. The fusing shall occur in the
conductor, wire or PCB trace which is directly connected to the cell tab.

Any distributed AMS system (one cell measurement per board) where the
sense wire connections at the board are <25 mm does not need additional
fusing if the board is protected from short circuit and the connection to
the AMS is also protected. If these conditions are not met, then the
positive cell terminal must be protected with a fusible link wire.

Where required, the fusible link wire may form the entire sense wire or a
section of the sense wire.

e If the fusible link wire forms a section of the sense wire, then
the gauge of the fusible link wire shall be sized appropriately to
protect the remaining part of the voltage sense wire from currents
above its continuous current rating.

e TIf any of these fusible link wires are blown or if the connection
to measure the cell voltage is interrupted in any other way, then
this must be detected by the AMS and must be reported as a critical
voltage problem.

If a “fusible link wire” is required and the resistance of the connection
from the AMS board to the cell for the voltage measurement is too high,
then this can affect the AMS voltage measurement especially during cell
balancing and charging, therefore an appropriately large gauge wire would
have to be used.
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A fusible link wire works such that when an over current event occurs,
the conductor within the link is melted while the ensuing flame and spark
is contained within the 1link's insulation. Specific products can be
purchased which perform this function.

For lithium-based cells the temperature of 100% of the cells shall be
monitored by the AMS. Each sensor can cover more than one battery cell.

The AMS shall shutdown the Tractive System by opening the AIRs, if
critical voltage or temperature values according to the cell
manufacturer’s datasheet and considering the accuracy of the measurement
system are detected.

1.7.8.2 Chargers

The teams may choose not to use charges since the battery on this wvehicle
is not the main power source.

If used, the chargers shall either be accredited to a recognized standard
(such as CE), or, if built by the team they must meet all electrical
requirements for the vehicle tractive system.

All connections of the charger(s) shall be isolated and covered.

The charger connector shall incorporate an interlock such that neither
side of the connector become live unless it is correctly connected to
the accumulator.

For applicable batteries when charging, the AMS must be live and must
be able to turn off the charger if a fault is detected.

IMPORTANT: Charging shall only be made with the accumulator container
outside the wvehicle. The teams are encouraged to keep the batteries
charged and possess spare accumulators as per section 1.7.1.1. The
competition organization will not provide charging facilities during
the event.

1.7.8.2.1 Accumulator Container Hand Cart

This is recommended to provide good handling and safe transportation
specially if accumulator pack is heavier than 25KG.

1.8 CONTROL AND MONITORING SYSTEMS

Automated systems shall be provided to control and monitor the vehicle
hybrid powertrain.

The control system shall feature a normal start and stop switch which
will enable/disable all powertrain functions on the correct sequence.
This is especially important for the fuel cell stack protection.

To protect the fuel cell stack, teams are encouraged to develop
alternative means to switch the fan back on if an inadvertent emergency
shutdown is commanded (see section 1.6.3.2).

This system if applied shall be isolated from the shutdown system, shall

manage only the cooling fan and shall use a guard protected switch to
assure that it will only be used on purpose.
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The monitoring system shall trigger automatically, when detecting an
emergency condition, the emergency shutdown of wvehicle tractive system,
power sources including the fuel cell stack and the fuel cell stack fuel
supply system.

The monitoring system should allow to identify, after an emergency
shutdown have been commanded, the failure reason.

This section will not cover the features of control/monitoring systems
that are designed for vehicle performance, but those related to vehicle
operation safety.

1.8.1 Monitoring points and tractive system status awareness
1.8.1.1 Tractive System Measuring Points - TSMP

The Tractive System Measuring Points will be used to check that the
tractive system is shut down properly during Electrical Tech Inspection.

The TSMP will also be used to ensure isolation of the tractive system
when needed or when work is to be done.

Three TSMP’s shall be installed in the vehicle, one connected to the
positive and negative motor controller/inverter supply lines, one
connected to the fuel cell stack positive and negative ports and other
next to the vehicle tractive system master switch (TSMS).

The TSMP shall feature 4 mm shrouded banana Jjacks rated to the
appropriate voltage level.

The TSMP’'s at motor supply and master switch shall be Red and Blue
colored and marked V+ and V- respectively. At the fuel cell, Red and
Blue, FC+ and FC- respectively.

Each TSMP shall be secured with a current limiting resistor of 10 kOhm.
Direct measurement of the value of the resistor shall be possible during
Electrical Tech Inspection.

Any TSMP shall be directly connected to the electrical lines, with no
fuses or other protective devices.

A GLV system ground measuring point shall be installed which is connected
to GLV system ground and next to each TSMP.

The GLV system shall feature a 4 mm shrouded, Black banana jack, marked
GND.

1.8.1.2 Tractive System Active Light - TSAL
The vehicle shall include a Tractive Systems Active Light (TSAL) that

shall Dbe monitoring as the GLVS (Grounded Low Voltage System) 1is
energized to indicate the status of the tractive system.
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It shall be directly controlled by the voltage present within the
tractive system using hard wired electronics.

The TSAL shall be Green and visible wunder sunlight with no flash
required.

The TSAL shall be installed right under the upmost point of vehicle main
roll hoop and shall not interfere with the driver’s helmet (min 50 mm
clearance to tallest driver). Baja SAE BRASIL vehicles shall have a
cutout at the firewall for this installation to allow it to be seen from
all horizontal positions.

The low-pressure system relief valve discharge point shall be 100 mm away
from it.

1.8.1.3 Ready to drive condition

The vehicle 1is considered Ready to Drive when the motor(s) is (are)
enabled to respond to the input of the Accelerator Pedal Position Sensor

(APPS) .

Closing only the Shutdown Circuit shall not set the vehicle to Ready to
Drive mode.

Additional actions (at least two of them) shall be performed by the
driver to set the vehicle to Ready to Drive mode, such as pressing a

dedicated start button after the Tractive System has been activated.

One of these actions shall include the brake pedal being pressed before
Ready to Drive mode is entered.

1.8.1.4 People awareness noise
The vehicle shall make any noise loud enough to make people around it
aware that it may ride. Such noise shall reach at least 78 dBA (fast

weighting) .

If the fuel cell stack cooling fan system meets this requirement at
minimum levels it can be used.

If not, other source shall be used which shall be on for 3 seconds when
the vehicle is set to ready to drive.

1.8.2 Shutdown circuits and systems

1.8.2.1 Tractive System Activation

The driver shall be able to activate or reset the Tractive System from
within the cockpit without external assistance except for situations in
which the Accumulator Management System (AMS), Brake System Plausibility
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Device (BSPD) or Fuel Cell Monitoring System (FCMS) have shut down the
Tractive System.

1.8.2.2 Shutdown Circuit

An explanatory schematic (see Figure 14) of the required Shutdown
Circuit, excluding possibly needed interlock circuitry, is shown at the
end of this section.

The Shutdown Circuit directly carries the current driving the Accumulator
Isolation Relays (AIRs), fuel cell stack contactor, shut-off wvalve and
purge valve.

The Shutdown Circuit shall comprise at least two (2) Master Switches,
three (3) Shutdown Buttons, the Brake Over Travel Switch, the Inertia
Switch, the Brake System Plausibility Device (BSPD), all required
interlocks, the Accumulator Management System (AMS) and Fuel Cell
Monitoring System (FCMS).

A failure causing the GLV system to shut down shall immediately
deactivate the Tractive System.

If the Shutdown Circuit is opened/interrupted the Tractive System must be
shut down by opening all Accumulator Isolation Relay(s) and fuel cell
stack contactor and cutting power to the fuel cell shut-off wvalve and
purge valve.

When that occurs all Accumulator and Fuel Cell system current flow must
stop immediately.

Battery cells balancing when the Accumulator Isolation Relays are open is
not permitted.

If the shutdown circuit is opened by the AMS, the BSPD, or the FCMS, the
tractive system shall remain disabled until being manually reset by a
person directly at the vehicle which is not the driver.

Remote reset, for example via WLAN or use of the three shutdown buttons
or the tractive system master switch to reset the AMS, BSPD, or FCMS is
not permitted.

It shall not be possible for the driver to reactivate the tractive system
from within the vehicle in case of an AMS, BSPD or FCMS fault.

All circuits that are part of the Shutdown Circuit must be designed in a
way, that in the deenergized/disconnected state they are open such that
each circuit will remove the current controlling the AIRs, fuel cell
stack contactor, shut-off valve and purge valve.

If the Tractive System is deactivated while driving, the motor(s) shall
spin free. No brake torque must be applied to the motor(s).

In order to offer additional protection to the AIRs, a capacitor may be
used to hold the AIRs closed for up to 250 ms after removing the current
source that keeps them closed, such that the motor controller has some
opportunity to reduce the tractive current before the AIRs isolate the
Accumulator from the rest of the Tractive System.

It must be possible to demonstrate that all features of the Shutdown
Circuit function correctly, including all interlocks.
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Every system required or able to open the Shutdown Circuit shall have its
own, nonprogrammable power stage. The respective power stages must be
designed such that a failure cannot result in electrical power being fed
back into the electrical Shutdown Circuit.

The Shutdown Buttons, the Brake Over Travel Switch (BOTS), the TSMS and
all interlocks must directly carry the AIR and fuel cell stack emergency
system current, and not act through any power stage.

1.8.2.3 Master Switches

The vehicle shall have Master Switches, at least the Grounded Low Voltage
Master Switch (GLVMS) and the Tractive System Master Switch (TSMS).

The master Switches shall be located on the right side of the wvehicle, in
proximity to the Main Roll Hoop, at the driver's shoulder height and be
easily actuated from outside the vehicle.

The master Switches shall be of the rotary mechanical type, with a red
removable key that may only be removable in the electrically open
position.

The master switches shall not be easily removable and not mounted onto
removable body work.

The master switches shall be mounted so that the rotary axis of the key
is near horizontal and across the vehicle

The ON position of both switches shall be in the horizontal position and
must be marked accordingly.

The OFF position of both switches shall also be clearly marked.

1.8.2.3.1 Grounded Low Voltage Master Switch

The Grounded Low Voltage Master Switch (GLVMS) shall completely disable
power to the GLV System.

The GLVMS shall be direct acting and must not act through a relay or
logic.

The GLVMS shall be in the center of a completely red circular area of >50
mm in diameter and be labeled “LV” or “CONTROL ON”.

1.8.2.3.2 Tractive System Master Switch

The Tractive System Master Switch (TSMS) shall open the shutdown circuit.

The TSMS shall be direct acting, not through a relay or logic, and must
be the last switch before the AIRs and fuel cell stack emergency system
except for accumulator pre-charge circuitry and hardwired interlocks.
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Interlocks between the TSMS and AIR’s shall not be in the low (ground)
connection to the AIR coils.

The TSMS shall be in the center of a completely orange circular area of
>50 mm in diameter.

1.8.2.4 Shutdown Buttons

Three Shutdown Buttons shall be installed on the vehicle.

Pressing any one of the Shutdown Buttons shall separate the tractive
system from the Accumulator block and fuel cell stack power and trigger
the emergency shutdown of fuel cell stack system by opening the Shutdown
Circuit.

CAUTION: The fuel cell stack voltage does not reduce immediately. To be
able to service it the measurement of residual voltage shall Dbe
performed.

The Shutdown Buttons shall not act through programmable logic.
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Each Shutdown Button shall be a push-pull or push-rotate emergency switch
where pushing the button opens the Shutdown Circuit.

One Shutdown Button shall be on each side of the wvehicle located on each
side of the vehicle behind the driver’s compartment at approximately the
level of the driver’s head.

Each Shutdown Button shall have a diameter of 40 mm minimum and shall not
be easily removable or mounted onto removable body work.

One Shutdown Button shall be mounted in the cockpit located within easy
reach of the belted in driver, alongside the steering wheel, and
unobstructed by the steering wheel or any other part of the vehicle.

This last one shall have a diameter of 24 mm minimum.

1.8.2.5 Inertia Switch

The vehicle shall be equipped with an Inertia Switch. This must be a
Sensata Resettable Crash Sensor or equivalent.

The device shall trigger when an impact load decelerates the vehicle at
between 8 g and 11 g depending on the duration of the deceleration (see
spec sheet of the Sensata device).

The Inertia Switch shall be part of the Shutdown Circuit and must be
wired in series with the Shutdown Buttons such that an impact will result
in the Shutdown Circuit being activated.

The Inertia Switch shall latch until manually reset.

The Inertia Switch may be reset by the driver from within the driver's
cell.

The device shall be mechanically attached to the vehicle. However, it
shall be possible to demount the device so that its functionality may be
tested by shaking it.

1.8.3 Fusing

1.8.3.1 Overcurrent Protection

All electrical systems (both Low Voltage and High Voltage) shall have
appropriate Overcurrent Protection.

The continuous current rating of the Overcurrent Protection shall not be
greater than the continuous current rating of any electrical component,
for example wire, busbar, cell or other conductor that it protects.

Fuses are the most common form of Overcurrent Protection.

All Overcurrent Protection devices shall be rated for the highest voltage
in the systems they protect.

Overcurrent Protection devices used for DC shall be rated for DC and
shall carry a DC rating equal to or greater than the system voltage.
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All Overcurrent Protection devices shall have an interrupt current rating
which is higher than the theoretical short circuit current of the system
that it protects.

If multiple parallel battery cells, capacitors, strings of battery cells,
strings of capacitors, or conductors are used then each parallel element
shall have individual Overcurrent Protection.

Any conductors, for example wires, busbars, etc. conducting the entire
pack current must be appropriately sized for the total current that the
individual Overcurrent Protection devices could transmit, or additional
Overcurrent Protection must be used to protect the conductors.

Battery packs with Low Voltage or non-voltage rated fusible 1links for
cell connections may be used when:

* An Overcurrent Protection device rated at a current three times
lower than the sum of the parallel fusible links.

e The AMS can detect an open fusible link and will shut down the
electrical system by opening the AIRs if a fault is detected.

* Fusible link current rating is specified in manufacturer’s data or
suitable test data is provided.

Cells with internal Overcurrent Protection may be used without external
Overcurrent Protection if suitably rated.

Most cell internal Overcurrent Protection devices are Low Voltage or non-—
voltage rated and conditions.

The design shall include all details of internal and external Overcurrent
Protection including documentation from manufacturer for the series and
parallel configuration, and string voltage.

1.8.3.2 Power limitation fuse

A dedicated Fuse shall be provided to limit the power for the tractive
system.

The teams may manage when and from which source the power is extracted
depending on the strategy adopted for vehicle performance and fuel
consumption.

IMPORTANT: However, at the power control point (see section 1.7.5) where
FSAE electrical vehicles apply the energy meter, the system shall be
provided with a fuse that will limit the power to the 4200 W specified,
being this the sum of battery plus fuel cell stack maximum power.

This was thought to balance the vehicles performance on the energy source
point of wview. It will allow to compare the vehicles fuel consumption
efficiency, and vehicle performance at a same basis regardless of engine
power if the number of laps or heat duration is not enough to deplete
completely the fuel tank and the battery charge.

1.8.4 Functions

1.8.4.1 Accelerator Pedal Position Sensor - APPS
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Refer to Formula SAE Rules 2019 or Formula SAE Rules 2020 section
T.4.2 for specific requirements of the APPS.

Drive by wire control of wheel torque is permitted.

Any algorithm or electronic control unit that can manipulate the APPS
signal, for example for wvehicle dynamic functions such as traction
control, may only lower the total driver requested torque and shall not
increase it.

1.8.4.2 Brake System Encoder - BSE

Refer to Formula SAE Rules 2019 or Formula SAE Rules 2020 section
T.4.3 for specific requirements of the BSE.

The BSE may be used to control regenerative braking.

1.8.4.3 APPS /Brake Pedal Plausibility Check

The power to the motors shall be immediately shut down completely, if
the mechanical brakes are actuated and the APPS signals more than 25%
pedal travel at the same time. This must be demonstrated when the motor
controllers are under load.

The motor power shut down shall remain active until the APPS signals
less than 5% pedal travel, whether the brakes are still actuated or not.

1.8.4.4 Pre-Charge and Discharge Circuits

A circuit that can pre charge the intermediate circuit to at least 90% of
the current accumulator voltage before closing the second AIR shall be
implemented.

This circuit shall be disabled if Shutdown Circuit 1is deactivated.
Therefore, if the Shutdown Circuit is open, the pre charge circuit must
not be able to pre charge the system.

Any pre charge circuitry shall be supplied directly from the TSMS

It 1is permitted to pre charge the intermediate circuit for a
conservatively calculated time, before closing the second AIR. A feedback

via measuring the current intermediate circuit voltage is not required.

A discharge circuit shall be designed to handle the maximum discharge
current for at least 15 seconds.

The discharge circuit shall be wired in a way that it is always active
when the Shutdown Circuit is open. Furthermore, the discharge circuit
must be fail-safe such that it still discharges the intermediate circuit
capacitors.

The pre charge and discharge circuits shall not be fused.

1.8.5 Power supply
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The control and/or monitoring systems shall be connected to Grounded Low
Voltage System (GLVS).

The specifications for GLVS, which in this design will be the electrical
system not driving the vehicle tractive system, are given at Formula SAE
Rules 2019 or Formula SAE Rules 2020 section EV.7.1.

The low voltage battery requirements are given at Formula SAE Rules 2019
or Formula SAE Rules 2020 section T.9.1.

The low voltage battery and any part of GLVS if installed behind the
firewall shall also be assembled as far as possible and lower than the
hydrogen fuel system and fuel cell stack. These parts whenever exposed,
shall be separated by an electrical insulation shield to mitigate the
risk of sparks contacting hydrogen.

1.8.6 Position

Control Dboxes shall Dbe preferentially installed at the cockpit
preserving the required space for the driver. If installed behind the
firewall the GLVS rules (section 1.8.5) apply.

1.8.7 Grounding
Control boxes shall be grounded as per section 1.7.6.
1.8.8 Operational environment

Control system components shall be rated for GLVS selected voltage, and
temperatures up to 90°C.

Control system components and containers shall be protected from moisture
in the form of rain or puddles. A rating of IP65 is recommended.

All parts, especially 1live wires, contacts, etc. of the control
system shall be isolated by nonconductive material or covers to be
protected from being touched.

Insulation material that is appropriate for the expected surrounding
temperatures shall be used and this shall have a minimum temperature
rating of 90°C.

1.8.9 Operation

Control system operational requirements lie on the accessibility of
panic buttons by the driver and by external people.

Whenever a failure 1is identified which is not managed by the
automated control system the vehicle the panic buttons (shutdown
buttons) shall be pushed in, and the driver shall leave the vehicle
immediately.

Resetting shall only be performed after troubleshooting has being
carried, and the fault root cause has been identified and corrected.
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Telemetry may be used to change parameters of the control system but
shall never prevent the emergency shutdown system from working or
reset it.

1.9 ELECTRIC MOTOR

Electrical motors of any type are allowed. Also, the number of motors
is not limited.

1.9.1 Specifications

The motor(s) power is (are) not limited.

The maximum power provided to the motor(s) (all included) will be
however limited to 4200 W and that shall be done by the control
system.

This power limit shall be assured by an appropriated protection fuse
defined and indicated on project design (see section 1.8.3.2).

The presence of this fuse will be checked at safety inspection. The
teams shall provide enough documentation to substantiate the fuse
application.

Motor voltage shall be maximum 60 Volts DC or 30 volts AC RMS/42 volts
AC peak.

The rotating part of the motor must be contained within a structural
casing.

The motor casing may be the original motor casing, a team-built motor
casing or the original casing with additional material added to
achieve the minimum required thickness.

Minimum thickness shall be 3.0 mm for aluminum alloy 6061-T6. If
lower grade aluminum alloy is used, then the material must be thicker
to provide an equivalent strength.

Minimum thickness shall be 2.0 mm for steel.

If the motor casing rotates around the stator, or the motor case 1is
perforated, then a scatter shield shall be included around the motor.
This scatter shield shall be 1.0 mm minimum thickness and made from
aluminum alloy 6061-T6 or steel.

1.9.2 Position

Motors, as much as practical, shall be assembled lower than the hydrogen
fuel system and specially the fuel cell stack.

If exposure to the fuel system exists, the motor shall be separated by an
electrical insulation shield to mitigate the risk of sparks contacting
hydrogen.

1.9.3 Attachment to vehicle structure
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Motor attachment to the wvehicle structure shall be strong enough to
support the operational efforts with margins considered for fatigue.

Besides that, the attachment shall be strong enough for a reference crash
acceleration of 30 g’s from any direction to be wused for loads

calculation purposes.

Fixtures shall apply grade 12 bolts with self-locking nuts.

1.9.4  Electrical connections

The electrical connections shall be as per section 1.7.5.
1.9.5 Shields

If applicable, as specified at section 1.9.2.

1.9.6 Grounding

As per section 1.7.6.

1.9.7 Operational environment

Motors shall be rated for 60 Volts DC or 30 volts AC RMS/42 volts AC
peak, and temperatures up to 90°C.

They shall be protected from moisture in the form of rain or puddles. A
rating of IP65 is recommended.

1.9.8 Operation

The selected motors shall be rated for continuous operation at the rated
power of 4200 V and maximum torque.

The teams should consider for design operational duty cycles ranging
between 30% and 100% of maximum power and torque at least 10 times per
minute.

1.10 VEHICLE HANDLING

1.10.1 Vehicle transportation
Vehicles shall be transported without the hydrogen fuel tank.

The hydrogen tank shall be transported according to the manufacturer
instructions, always tightened to the transportation vehicle with the
protection for the filling plug installed.

The hydrogen tank shall be transported on a truck with metallic opened
body, on vertical position. The truck shall be identified with placards
for flammable gases transportation and equipped with an emergency kit
suitable for hydrogen. The driver shall possess a license for dangerous
products transportation and shall be trained for emergency procedures.
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1.10.2 Procedures during the competition event

The teams shall place the fuel tanks at the area designated by the
competition organization early after arrival.

Any person in contact with the vehicle shall remove all jewelry, watches,
rings, and metal on clothing that can cause short circuits. Safety
glasses with side shields must be worn.

Fuel tank installation, vehicle operation with the fuel tank installed
and fuel tank removal will only be allowed in the area designated by the
competition organization.

Remote maintenance work can only be performed with the fuel tank removed
and stored at the designated area.

The fuel cell stack may contain residual voltage when not operating.
Before handling it anytime, the voltage shall be measured. If powered,
teams shall wait 20 minutes for it to bleed down and measure the voltage
again before handling.

After fuel tank removal and fuel cell stack bleeding-down assurance, the
first steps before any maintenance procedure is to ground the wvehicle,
disconnect and remove the battery.

Due to residual hydrogen content possibility and electrical components,
working on the vehicle, shall only be performed with appropriate
insulated tools.

1.10.3 Fuel tank installation at the vehicle

This procedure shall be conceived to be used whenever the fuel tank is
installed on the vehicle, not only at the competition site. The same
applies to procedures up to section 1.10.7.

1.10.3.1 Minimum procedures to be developed by the team

Hydrogen fuel tank installation shall only be made outside any building.
Vehicle shall be braked or chocked. Pilot must be out. Only two members
of the team close to the vehicle during this procedure. The steps below
in the order that they are shown shall be part of the procedure.

The grounding clamp shall be attached to the connection on the wvehicle.
After placing the tank, it shall be adjusted to touch the circle at the
lower/rear part of the cradle. The tightening belts shall be adjusted and
fastened with the torque specified to hold the tank in place.

Only at this point the tank filling plug protection (helmet) may be
removed.

The filling plug and the connection hose shall be clean from all sort of
contaminants or dust.

For a short time, the grounding clamp shall be removed from the clamping

tab and put in contact to the tank filling plug. After that it shall be
clamped back to the grounding clamp.
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The shut-off valve at the hose shall be closed and the hose can be
attached to the tank filing plug by tightening the connection nut with
the specified torque.

With the shut-off wvalve closed the tank filling plug shall be fully
opened and a leakage test shall be performed by either using the soap
solution or a leakage meter. At any sign of leakage, the filling plug
shall be closed immediately, and the leakage problem must be investigated
and solved. On opening the fuel tank filling plug the operator shall not
be facing directly to the plug outlet but be placed sideways to minimize
injuries if high pressure leakage occurs.

All applicable firewalls and fairings shall be put on place before the
powertrain can be initiated.

A sheet containing all steps must be printed and made waterproof to be
used on the field. The teams shall present a copy also waterproof to be
kept with the competition organization team responsible. The report to be
presented on the virtual competition phase shall present a copy of this
protocol.

1.10.4 Vehicle hybrid powertrain initiation

The team shall have a protocol developed with integration of all design
disciplines with a written checklist to be followed during the powertrain
initiation. The protocol shall present a step by step procedure the
simplest as possible with positive statements. A sheet containing all
steps must be printed and made waterproof to be used on the field. The
teams shall present a copy also waterproof to be kept with the
competition organization team responsible. The report to be presented on
the virtual competition phase shall present a copy of this protocol.

As important reminder, to avoid inadvertent hydrogen to be released by
the low-pressure system relief valve, the protocol shall include a step
of setting the output pressure on pressure regulation valve to correct
values before the low-pressure system electric shut-off valve is opened.

1.10.5 Emergency procedures

The team shall develop a protocol with emergency procedures based on a
risk assessment analysis performed with integration of all design
disciplines with a written checklist to be followed during the whole time
the vehicle is fitted with the fuel tank. The protocol shall be released
only after all risks detected have already been mitigated the best as
possible. The emergency procedures shall be printed on waterproof sheets
and shall be memorized by at least two members of the team besides the
pilots, which at least one of them shall be close to the vehicle the
whole time the vehicle is fitted with the fuel tank. The competition
organization team responsible will keep a copy of the protocol and argue
the members of the team who should memorize them. The report to be
presented on the virtual competition phase shall present a copy of this
protocol.

The emergency procedures shall contain at least the instructions to close
the shut-off valve and push the panic buttons available on the vehicle
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which shall at least cut the electric power and close the fuel cell
supply valve.

1.10.6 Vehicle hybrid powertrain shut-off

The team shall have a protocol developed with integration of all design
disciplines with a written checklist to be followed during the powertrain
shut-off. The protocol shall present a step by step procedure the
simplest as possible with positive statements. A sheet containing all
steps must be printed and made waterproof to be used on the field. The
teams shall present a copy also waterproof to Dbe kept with the
competition organization team responsible. The report to be presented on
the virtual competition phase shall present a copy of this protocol.

1.10.7 Fuel tank removal the vehicle

1.10.7.1 Minimum procedures to be developed by the team

Hydrogen fuel tank removal shall only be made outside any building.
Vehicle shall be braked or chocked. Pilot must be out. Only two members
of the team close to the vehicle during this procedure. The steps below
in the order that they are shown shall be part of the procedure.

The grounding clamp shall be attached to the connection on the wvehicle.

The teams must make sure that both the high-pressure system shut-off
valve and the tank filling plug valves are closed.

Only after that the applicable firewalls and fairings can be removed.

For a short time, the grounding clamp shall be removed from the clamping
tab and put in contact to the filling plug. After that it shall be
clamped back to the grounding clamp.

The hose shall be detached from the tank filing plug and the tank filling
plug protection (helmet) shall be installed.

The tightening belts shall be opened, and the tank can be removed.

A sheet containing all steps must be printed and made waterproof to be
used on the field. The teams shall present a copy also waterproof to be
kept with the competition organization team responsible. The report to be
presented on the virtual competition phase shall present a copy of this
protocol.

1.11 RIG TESTS

Rig tests to test the integrated system before it is assembled to the
vehicle are optional. If the team elects to perform them dedicated safety
protocols shall be developed for those. SAE Brasil cannot be responsible
for incidents on these tests.
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1.12 COMMISSIONING TESTS
Commissioning tests as the wvehicle gets ready are optional. If the team

elects to perform them dedicated safety protocols shall be developed for
those. SAE Brasil cannot be responsible for incidents on these tests.
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