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Battery System Design Check-List

These guidelines are intended to aid in project planning, design, and review of battery systems (Li-Ion, etc.), making them as reliable and safe as possible by ensuring various design and operation aspects are addressed; and not intended to prevent loss of mission or vehicle in the event of unforeseen hardware or software malfunction.

Suggested steps of applicating “Battery System Design Check-List” to the project flow:
1. Project planning, including proposal stage
2. Design of battery system including potential damage scenarios and emergency response 
3. Design review(s)

Definitions:
Cell: Basic electrochemical unit of battery construction, typically in cylindrical, prismatic, or pouch format.
Module: An assembly of cells, interconnections, and support devices that is a sub-assembly of a pack
Pack: An assembly of cells and/or modules, with low-level monitoring and safety hardware and, typically, software
System: A battery pack together with charger hardware + software, and supervisory hardware + software in the host system, that constitutes the overall energy supply system for a vehicle, platform, or instrument.

Please indicate whether each checklist item is to be implemented, applicable and provide justification as needed. 

Qualification and Procurement

Cells, Modules, and Packs must be purchased from qualified manufacturers and suppliers with traceable specifications and established quality control. For instance, Cells: Panasonic/Sanyo, LG, Samsung, Sony, CATL, BYD; Modules: Inspired Energy. (Specify supplier(s) as applicable)
Implementation: YES:☒   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:  	Purchased from Dakota Lithium	

For custom-built modules and packs, cells must be integrated by qualified assemblers with established quality control. (Specify supplier(s) as applicable)
Implementation: YES:☐   NO:☐   NA:☒   FUTURE:☐    
Detailed justification:  		


Cells, Modules and Packs
	
Cells must be tested and certified to pass UN 38.3 and/or UL1642 abuse-tolerance safety tests.   This article (https://www.metlabs.com/battery/top-3-standards-for-lithium-battery-safety-testing/) suggests that UL2054 and by connection UL1642 will be phased out and replaced with UL62133 which is harmonized with IEC62133.
Implementation: YES:☐   NO:☐   NA:☒   FUTURE:☐    
Detailed justification:  		

Modules and/or packs must be professionally assembled with welded tab or bond wire connections 
Implementation: YES:☐   NO:☐   NA:☒   FUTURE:☐    
Detailed justification: The complete batteries were assembled by Dakota; no documentation is available on their detailed assembly procedures.

Parallel connection of cells (modules, packs) should incorporate fusing at each line, particularly in case of 3, 4, or more parallel connections
Implementation: YES:☐   NO:☐   NA:☒   FUTURE:☐    
Detailed justification:  Unknown. The complete batteries have internal Battery Management Systems (BMS).

In case of parallel connection of cells (modules, packs), analysis of failure mechanisms should be performed for at least following scenarios: 
Single cell (module, pack) is shorted or open; for typical and maximum system current
Behavior at the full charge state and full discharge state; for typical and maximum system current
Implementation: YES:☐   NO:☐   NA:☒   FUTURE:☐    
Detailed justification: 		

Output of modules (packs) connected in parallel should be wired from opposite sides of the parallel group in order to compensate for the voltage drop, particularly in the case of large operational currents 
Implementation: YES:☒   NO:☐   NA:☐   FUTURE:☐    
Detailed justification: This is the case in our design. I also assured that the wire connections between the four batteries were all the same physical lengths.

Packs and modules must be fused. Wiring, connectors, and devices upstream and downstream from the pack or module must be coordinated with these fuses.
At the charge input for the expected charge current.
At the discharge output(s) for the expected discharge currents.
Implementation: YES:☒   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:  Fuses are incorporated into the design at multiple locations.

In multi-string modules or packs, series strings of cells should be individually fused.
Implementation: YES:☐   NO:☐   NA:☒   FUTURE:☐    
Detailed justification:  Our design has four batteries in parallel only.

Modules that can be removed and installed outside of the manufacturing environment should have isolation diodes in the charge and discharge paths, or equalization link, or other solution, to prevent accidental connection of mis-matched sections. 
Implementation: YES:☒   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:  There is a blocking diode in the charge path. We determined there was no need to blocking diodes between individual batteries.


Mechanical Design

Cylindrical and prismatic cells should be spaced by a minimum adequate air gap to unsure reliability and safety (TBD % of their dimensions, or absolute values) or greater if needed for cooling. If cooling is not an issue, fireproof insulation or barrier (TBD) can be used to reduce the air gap.
Implementation: YES:☐   NO:☐   NA:☒   FUTURE:☐    
Detailed justification:  		

Cells must have a defined overpressure vent or rupture path, with possible discharge directed into specified path, and/or fireproof insulation TBD must be placed in this path between adjacent cells.
Implementation: YES:☐   NO:☐   NA:☒   FUTURE:☐    
Detailed justification:  		

When mounting, static mechanical stress to the cells (modules, packs) shall be eliminated/minimized.
Avoid axial and side compression; sheer and bending stress.
Avoid any localized pressure points on cells (modules) risking electrolyte containment integrity.
Internal pressure, volume and dimensions of the cell could change with charge state and temperature.
Implementation: YES:☐   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:  TBD by the mechanical designer(s) 

When mounting, damage from dynamic stresses to the cells (module, packs) shall be eliminated/minimized.
Consider what effects to the cells and other components could result from mechanical shock 
Consider what effects to the cells and other components could result from repeated motion (vibration)
Implementation: YES:☐   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:  TBD by the mechanical designer(s)

Pressure housings containing battery packs must be equipped with either pressure relief valves, or manually operated vent ports, to prevent unknown accumulation of dangerous pressure.
Implementation: YES:☐   NO:☐   NA:☒   FUTURE:☐    
Detailed justification:   This installation is on the R/V Paragon and there are no pressure housings.


[bookmark: _GoBack]Thermal Design

Modules and packs should include sufficient temperature sensors to adequately measure temperature of the battery system extend during normal operation.
Implementation: YES:☐   NO:☐   NA:☐   FUTURE:☒    
Detailed justification:  This was discussed by the team decided to implement this in the future.

Self-heating at the module and pack level, due to charge or discharge profiles, must be analyzed during design and verified during system test.  An adequate thermal path from cells to ambient, either passive or active, must exist at all times during operation.
Implementation: YES:☐   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:  TBD by the mechanical designer(s) 

Ambient temperature requirements may also dictate active cooling or heating to keep cells within manufacturer specified operating envelopes for charge and discharge rates.
Implementation: YES:☐   NO:☒   NA:☐   FUTURE:☐    
Detailed justification:   We do not have active cooling in this design. Temperature monitoring was performed during bench testing with no errant results. The mechanical housing for the batteries does provide for airflow while still preventing water from dripping into the battery housing (box).


Battery Management System (BMS) - Hardware

Every cell, or every cell group in the case of paralleled cells, must have voltage monitored continuously during operation.
Implementation: YES:☒   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:   The manufacturer’s BMS monitors internal voltages and currents. This information is not externally available, however.

The circuitry monitoring cell-group voltages must be able to cause or request normal termination of charge and discharge, by the charger and by the load, respectively, when normal operating voltage limits are reached.
Implementation: YES:☒   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:   Cessation of charge and discharge in the event of a problem are handled separately. The four batteries can be separately removed (electrically) from the system by each BMS. Based on our system wiring, the remaining batteries will continue to operate normally. The charger has its own monitoring circuit and will cease charging in the event of an over current event.

The monitoring circuitry must be able to autonomously terminate both charge and discharge current flow at the module/pack level, when cell voltage safety limits are reached.  The normal, and safety, cell voltage limits must be as specified by the cell manufacturer.
Implementation: YES:☒   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:  	See 5B.	

Cell string (series string) voltage must additionally be monitored by a redundant circuit, which must be able to autonomously terminate charge or discharge current flow in abnormal situations and when the primary cell voltage monitor fails to act.
Implementation: YES:☐   NO:☐   NA:☒   FUTURE:☐    
Detailed justification:  		

Multi-string packs (modules) that are charged at a rate greater than allowed for any one string, must have current monitoring for each string.  The monitor circuitry must be able to cause or request reduction of string current to normal limits by the charger (and by the load?), and must be able to autonomously terminate current flow if safety limits are exceeded.  The normal and safety limits must be as specified by the cell manufacturer and must take into account cell temperature(s) measured by the temperature monitoring system.
Implementation: YES:☐   NO:☐   NA:☒   FUTURE:☐    
Detailed justification:  This does not apply to our use case. Our charger (from the manufacturer) is rated to charge a single battery. We are charging four batteries in parallel, therefore we are well below the maximum charge rate.

Host systems with large capacitive or inductive inrush characteristics may require soft-start or pre-charge features in the battery system hardware.
Implementation: YES:☐   NO:☒   NA:☐   FUTURE:☐    
Detailed justification:  Our system does have an inductive inrush associated with it, and a soft-start capability was initially considered. However, in-situ measurements of the inductive inrush peaks resulted in this not being necessary. The peaks fell below the maximum output current of a single battery in our system. During normal operation, we will have four in parallel.


Battery Management System (BMS) - Software

Primary functions. Critical battery functions 5A-5F should not be relying solely on the operational software algorithms and shall be resilient to the software malfunctions.
Implementation: YES:☒   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:  We have no software associated with our BMS.

Monitoring and application. Real time battery monitoring helps keep operating parameters within nominal envelope and inform higher level application in order to optimize battery and system performance. 
Voltage 
Current 
Temperature.
Implementation: YES:☒   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:  We currently have system-level monitoring of the voltage and current. System meaning the four batteries wired in parallel. As mentioned in 4A, the design team opted to delay implementation of individual battery temperature monitoring for a future revision/upgrade.

Long term diagnostics. System capable of providing additional diagnostic parameters, could help to monitor long term performance and improve reliability and safety of the battery system 
State of Heath (SoH), 
State of Charge (SoC), 
Number of charge/discharge cycles
Implementation: YES:☐   NO:☒   NA:☐   FUTURE:☒    
Detailed justification:  Our system does not have this feature. This would require significant electrical and software design, but we would consider this for some future upgrades.


Charging and Discharging (CC=Constant Current, CV=Constant Voltage)

Chargers must have a CC/CV characteristic, designed for charging cells (modules, packs) of specific chemistry, tailored to the specific cell type and series/parallel pack design.
Implementation: YES:☒   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:  		

The CC current must not exceed any one cell string's current rating, unless individual string current is monitored (also, see BMS section).
Implementation: YES:☒   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:  		

The CV voltage must by design never exceed the voltage limit for a series string of cells.
Implementation: YES:☒   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:  		

Cell (module, pack) temperature data must be monitored and available to the charger at all times during charge.  The charger must adjust the charge rate according to cell manufacturer specifications, based on measured cell temperature, and stop charging if temperature limits are exceeded.
Implementation: YES:☐   NO:☒   NA:☐   FUTURE:☐    
Detailed justification:  	The manufacturer’s supplied charger does not have this feature. We have no plans to modify the charger.

Battery packs larger than TBD W-hr must have a designated responsible person cognizant of the charge process at all times and able to respond to anomalies (i.e., on watch).  These packs must have the ability to signal abnormal conditions (temperature, voltage, current) to the designated person and to the outside world.  (Ideally this is a network connection able to send SMS or other emergency notifications; at minimum an audible/visible alarm.).
Implementation: YES:☐   NO:☒   NA:☐   FUTURE:☐    
Detailed justification:  Our batteries are rated at 63Ah at 36V, for 2268Watt-Hours. We have four of these batteries wired in parallel. The approximate charge time for this condition with mostly depleted batteries is 12-13 hours. We plan to recharge batteries unattended overnight. The manufacturer’s charger outputs 18 amps; this is 4.5 amps per battery. There is no communication to or from the charger.

Full charge. Behavior of the charger and module (pack) near and at full charge level must be analyzed, particularly for modules and packs with multiple strings and/or multiple cell-groups. Analyze what would happen if strings would be terminating charge sequentially; charger specification must not exceed parameters of a remaining (last) string.
Implementation: YES:☒   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:  	Extensive bench testing was performed on the charger, both on a single battery and the four in parallel. The charger ceased charging in all cases when full charge was reached.

Full discharge. Behavior of the load and module (pack) near and at full discharge must be analyzed, particularly for modules and packs with multiple strings and/or multiple cell-groups. Analyze what would happen if strings would be terminating discharge sequentially; load specification must not exceed parameters of a remaining (last) string.
Implementation: YES:☒   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:   Full discharge tests were performed on the batteries. Based on system wiring, there will not be cases where the individual batteries terminate charge sequentially. 


Testing and Damage Scenarios 

Nominal operating parameters testing. Before the system is placed into operation, extensive testing of at nominal operating parameters must be performed to ensure functionality and safety of the system.
Implementation: YES:☒   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:  	Extensive testing of the four batteries have been done in the lab; this includes system voltage, current, and temperatures. 

Maximum operating parameters testing. Testing of the battery system where operating parameters are pushed to operational limits is recommended (charge/discharge currents; temperature, etc.).
Implementation: YES:☐   NO:☒   NA:☐   FUTURE:☐    
Detailed justification:  	We have done limited Maximum operating parameter testing. We have not, however, tested the batteries in extreme elevated or reduced temperature settings. This was deemed unnecessary due to our anticipated operating conditions (daytime use in the Monterey Bay)

Limited destructive testing. Consider the test plan for stressing the system beyond normal operational limits. 
Mechanical destructive testing (drop, shock, vibration, etc.)
Stressing electrical parameters (shorted output, exceed input voltage limits, etc.)
Consider requesting the budget for limited destructive testing 
Implementation: YES:☐   NO:☒   NA:☐   FUTURE:☐    
Detailed justification:   We have performed no limited destructive testing and have no plans to at the current time.	

Damage scenarios. Identify possible damage mechanisms and scenarios for cells, modules, and packs:  
During normal operation 
During storage
During shipping, moving, transporting, and handling 
Implementation: YES:☒   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:  	We have, as a team, discussed possible damage scenarios during normal operation and storage. This will be a permanent installation onto the R/V Paragon, so transporting, etc. was not considered.


Development Lab Safety, Handling, Storage, Shipping, and Shipboard Safety

Range of emergency responses to possible catastrophic events involving Battery System must be analyzed, and modifications in order to simplify the emergency response, and improve reliability and safety of the Battery System shall be considered
“Project Specific Battery Safety Plan” filled out? 
Any modifications to the Battery System design to be implemented? 
Implementation: YES:☒   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:  		

[bookmark: _Hlk112258779]Shipping/Transporting. If Battery System (cells, modules, packs) are anticipated to be shipped, specific rules, certifications, and limits apply. Certifications are typically market or area specific and require significant material and cost (https://www.epectec.com/batteries/battery-pack-certifications.html)
Mode of transportation (ground, sea, air) and vehicle (DOT-certified truck, common carrier, etc.)
Certifications (UN/DOT 38.3; IATA; UL 1642, IEC 62281; CE; ANSI C18.3M, etc.)
Limits could be applied during shipping (W-H energy content, metal lithium content, etc.)
Specific packaging requirements (such as UN3480, UN3481, UN3090 and UN3091 classifications)
Implementation: YES:☐   NO:☐   NA:☒   FUTURE:☐    
Detailed justification:  		


Documentation and Review

Battery system documentation should include:
Requirements document specifying performance goals
Mechanical drawings and thermal analysis
Schematics and Bills-Of-Material
Code (listings and functional analyses?)
Operation manual including charging procedure and safety checklist
Implementation: YES:☒   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:  		

Battery system design should be reviewed by MBARI Safety Committee or designated agents.
Implementation: YES:☒   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:  		

Actions items. List improvements to the design of the battery system resulting from application of the Check-List and/or review. 
Implementation: YES:☒   NO:☐   NA:☐   FUTURE:☐    
Detailed justification:  		


Notes, Ideas, Concerns:
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