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‌ 
1.0‌ ‌Executive‌ ‌Summary‌ ‌ 

‌ 
As‌‌civilization‌‌progresses,‌‌and‌‌pollution‌‌becomes‌‌more‌‌rampant,‌‌the‌‌world‌‌struggles‌‌with‌‌                       
the‌ ‌same‌ ‌problem‌ ‌day‌ ‌to‌ ‌day‌ ‌with‌ ‌little‌ ‌in‌ ‌terms‌ ‌of‌ ‌an‌ ‌affordable‌ ‌long‌ ‌term‌ ‌solution.‌‌                               
While‌ ‌there‌ ‌are‌ ‌several‌ ‌different‌ ‌energies‌ ‌that‌ ‌are‌‌considered‌‌“renewable”,‌‌the‌‌problem‌‌                       
continues‌ ‌to‌ ‌center‌ ‌around‌‌affordability‌‌and‌‌efficiency.‌‌The‌‌one‌‌source‌‌of‌‌energy‌‌that‌‌is‌‌                           
quite‌‌possibly‌‌the‌‌easiest‌‌to‌‌use‌‌is‌‌solar.‌‌While‌‌solar‌‌is‌‌still‌‌far‌‌from‌‌being‌‌fully‌‌efficient,‌‌                                 
it‌ ‌can‌ ‌be‌‌utilized‌‌more‌‌practically‌‌by‌‌the‌‌everyday‌‌person.‌‌As‌‌it‌‌stands,‌‌hydro‌‌and‌‌wind‌‌                               
energies‌‌can‌‌require‌‌sources‌‌out‌‌of‌‌your‌‌control,‌‌while‌‌solar‌‌energy‌‌is‌‌typically‌‌abundant‌‌                           
for‌‌many‌‌hours‌‌of‌‌the‌‌day.‌‌What‌‌is‌‌even‌‌more‌‌difficult‌‌is‌‌a‌‌solution‌‌that‌‌is‌‌not‌‌only‌‌clean,‌‌                                     
but‌ ‌portable.‌ ‌What‌ ‌we‌ ‌aim‌ ‌to‌ ‌accomplish‌ ‌is‌ ‌an‌ ‌affordable‌ ‌and‌ ‌easy‌ ‌to‌ ‌use‌ ‌solution‌ ‌to‌‌                               
portable‌ ‌solar‌ ‌energy.‌ ‌ 

‌ 
Our‌‌project‌‌aims‌‌to‌‌create‌‌an‌‌affordable‌‌high‌‌capacity‌‌solar‌‌assembly‌‌with‌‌a‌‌touchscreen‌‌                           
interface‌ ‌that‌ ‌can‌ ‌be‌ ‌used‌ ‌in‌ ‌situations‌ ‌where‌ ‌standard‌ ‌power‌ ‌is‌ ‌not‌ ‌readily‌ ‌available.‌‌                           
Whether‌ ‌this‌ ‌be‌ ‌when‌ ‌you’re‌ ‌camping‌‌or‌‌if‌‌you’re‌‌unlucky‌‌enough‌‌to‌‌have‌‌your‌‌power‌‌                             
knocked‌ ‌out‌ ‌by‌ ‌a‌ ‌catastrophic‌ ‌event,‌ ‌our‌ ‌device‌ ‌offers‌ ‌a‌ ‌convenient‌ ‌and‌ ‌affordable‌‌                         
solution.‌ ‌We‌ ‌estimate‌ ‌achieving‌ ‌a‌ ‌12V‌ ‌200‌ ‌Ah‌ ‌battery‌‌by‌‌either‌‌sourcing‌‌an‌‌affordable‌‌                           
pre-built‌ ‌battery,‌ ‌or‌ ‌buying‌ ‌and‌ ‌connecting‌ ‌individual‌ ‌battery‌ ‌cells‌ ‌in‌ ‌series/parallel‌ ‌to‌‌                       
achieve‌ ‌our‌ ‌desired‌ ‌capacity.‌‌ ‌  

‌ 
The‌ ‌battery‌ ‌will‌ ‌be‌ ‌monitored‌ ‌by‌ ‌a‌ ‌charge‌ ‌controller‌ ‌that‌‌is‌‌based‌‌on‌‌a‌‌microcontroller‌‌                             
and‌ ‌PCB.‌ ‌There‌ ‌will‌ ‌actually‌ ‌be‌ ‌two‌ ‌different‌ ‌systems‌ ‌monitoring‌ ‌the‌ ‌lithium‌ ‌iron‌‌                         
phosphate‌‌battery‌‌bank.‌‌These‌‌two‌‌systems‌‌will‌‌be‌‌our‌‌charge‌‌controller‌‌that‌‌will‌‌control‌‌                           
the‌‌amount‌‌of‌‌charge‌‌going‌‌into‌‌the‌‌battery‌‌and‌‌a‌‌battery‌‌management‌‌system‌‌which‌‌will‌‌                             
make‌ ‌sure‌ ‌that‌ ‌the‌ ‌battery‌ ‌is‌ ‌charged‌ ‌equally.‌ ‌The‌ ‌charge‌ ‌controller‌ ‌will‌ ‌control‌ ‌and‌‌                           
display‌‌the‌‌battery’s‌‌state‌‌and‌‌charging‌‌information‌‌from‌‌the‌‌solar‌‌panel‌‌on‌‌a‌‌touchscreen‌‌                           
LCD‌ ‌screen.‌ ‌This‌ ‌will‌‌help‌‌preserve‌‌the‌‌life‌‌span‌‌of‌‌the‌‌battery‌‌and‌‌improve‌‌efficiency.‌‌                             
The‌ ‌LCD‌ ‌will‌ ‌display‌ ‌information‌ ‌regarding‌ ‌the‌ ‌battery‌ ‌using‌ ‌graphics‌ ‌that‌ ‌is‌ ‌easy‌ ‌to‌‌                           
understand.‌‌This‌‌will‌‌not‌‌only‌‌increase‌‌longevity‌‌of‌‌the‌‌device‌‌but‌‌also‌‌inform‌‌the‌‌user‌‌of‌‌                               
many‌‌statuses.‌‌Many‌‌smartphones‌‌display‌‌charge‌‌levels‌‌by‌‌representing‌‌that‌‌information‌‌                     
using‌‌a‌‌filled‌‌battery‌‌icon‌‌as‌‌well‌‌as‌‌including‌‌the‌‌numerical‌‌level.‌‌We‌‌will‌‌be‌‌using‌‌that‌‌                                 
design‌ ‌philosophy‌ ‌when‌ ‌creating‌ ‌the‌ ‌graphical‌ ‌user‌ ‌interface.‌ 

‌ 
Though‌‌there‌‌are‌‌other‌‌high‌‌capacity‌‌batteries‌‌that‌‌can‌‌be‌‌charged‌‌with‌‌solar,‌‌their‌‌price‌‌                             
points‌‌are‌‌not‌‌affordable‌‌for‌‌many‌‌households.‌‌For‌‌most‌‌people‌‌this‌‌is‌‌not‌‌an‌‌option.‌‌We‌‌                               
want‌ ‌to‌ ‌demonstrate‌ ‌that‌ ‌affordability‌ ‌in‌ ‌this‌ ‌design‌ ‌IS‌ ‌possible,‌ ‌while‌ ‌also‌ ‌adding‌ ‌a‌‌                           
feature‌‌that‌‌no‌‌other‌‌battery‌‌assembly‌‌has‌‌at‌‌our‌‌price‌‌point...an‌‌LCD‌‌touchscreen‌‌display‌‌                           
as‌ ‌explained‌ ‌above.‌ ‌ 

‌ 
In‌ ‌the‌ ‌solar‌ ‌industry,‌ ‌there‌ ‌are‌‌two‌‌types‌‌of‌‌charge‌‌controllers.‌‌Pulse‌‌Width‌‌Modulation‌‌                           
(PWM)‌ ‌driven‌ ‌charge‌ ‌controllers‌ ‌and‌ ‌Maximum‌ ‌Power‌ ‌Point‌ ‌Tracking‌ ‌(MPPT)‌‌charge‌‌                     
controllers.‌ ‌MPPT‌ ‌charge‌ ‌controllers‌ ‌are‌ ‌more‌ ‌efficient‌ ‌and‌‌can‌‌offer‌‌up‌‌to‌‌80‌‌amps‌‌or‌‌                             
more‌ ‌in‌ ‌some‌ ‌cases.‌ ‌PWMs‌ ‌can‌‌only‌‌provide‌‌up‌‌to‌‌60‌‌amps.‌‌However,‌‌for‌‌this‌‌project,‌‌                               
we‌ ‌will‌ ‌be‌ ‌creating‌ ‌a‌ ‌PWM‌ ‌charge‌ ‌controller.‌‌Our‌‌goal‌‌for‌‌this‌‌project‌‌is‌‌to‌‌provide‌‌an‌‌                                 
affordable‌ ‌and‌ ‌robust‌ ‌solution.‌ ‌PWM‌ ‌charge‌ ‌controllers‌‌have‌‌been‌‌around‌‌much‌‌longer‌‌                       
compared‌ ‌to‌‌MPPT‌‌controllers‌‌and‌‌are‌‌generally‌‌cheaper.‌‌They‌‌are‌‌well‌‌established‌‌and‌‌                         
simpler‌ ‌to‌ ‌implement.‌ ‌For‌ ‌our‌ ‌design‌ ‌we‌ ‌realize‌ ‌that‌ ‌MPPT‌ ‌The‌ ‌charge‌‌controller‌‌will‌‌                           

‌ 
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‌ 
primarily‌ ‌serve‌ ‌a‌ ‌better‌ ‌purpose‌ ‌in‌ ‌terms‌ ‌of‌ ‌efficiency‌ ‌and‌ ‌scalability‌‌but‌‌we‌‌will‌‌stick‌‌                             
with‌ ‌the‌ ‌PWM‌ ‌design‌ ‌as‌ ‌to‌ ‌reduce‌ ‌cost‌ ‌and‌ ‌complexity‌ ‌due‌ ‌to‌ ‌time‌ ‌and‌ ‌budget‌‌                             
constraints.‌ ‌The‌ ‌temperature‌ ‌sensor‌ ‌will‌ ‌also‌ ‌monitor‌ ‌the‌ ‌temperature‌ ‌of‌ ‌the‌ ‌battery.‌‌                       
Safety‌‌is‌‌very‌‌important‌‌for‌‌us,‌‌and‌‌due‌‌to‌‌this‌‌we‌‌will‌‌be‌‌choosing‌‌a‌‌battery‌‌type‌‌that‌‌is‌‌                                     
safe‌ ‌under‌ ‌extreme‌ ‌conditions‌ ‌and‌ ‌doesn’t‌ ‌run‌ ‌a‌ ‌high‌ ‌risk‌ ‌of‌ ‌metling‌ ‌or‌ ‌exploding.‌‌                           
Lithium‌‌iron‌‌phosphate‌‌batteries‌‌are‌‌known‌‌to‌‌be‌‌a‌‌good‌‌substitute‌‌for‌‌lithium‌‌ion‌‌as‌‌the‌‌                               
lithium‌ ‌ion‌ ‌thermal‌ ‌runaway‌ ‌may‌ ‌occur.‌ ‌We‌‌mitigate‌‌this‌‌problem‌‌by‌‌switching‌‌battery‌‌                         
types.‌ ‌Additionally,‌ ‌because‌ ‌of‌ ‌the‌ ‌importance‌ ‌of‌ ‌safety‌ ‌in‌ ‌our‌ ‌project,‌ ‌we‌ ‌will‌ ‌be‌‌                           
monitoring‌ ‌ambient‌ ‌temperature‌ ‌using‌ ‌temperature‌ ‌sensors‌ ‌and‌ ‌using‌ ‌that‌ ‌to‌ ‌adjust‌‌                     
specific‌ ‌aspects‌ ‌of‌ ‌our‌ ‌battery‌ ‌charging‌ ‌and‌ ‌discharging‌ ‌via‌‌the‌‌charge‌‌controller‌‌and‌‌a‌‌                           
battery‌ ‌management‌ ‌system.‌ ‌ 

‌ 
In‌ ‌terms‌‌of‌‌the‌‌solar‌‌panel,‌‌we‌‌will‌‌be‌‌using‌‌a‌‌foldable‌‌monocrystalline‌‌panel.‌‌This‌‌was‌‌                               
chosen‌ ‌beforehand‌ ‌due‌ ‌to‌ ‌it‌ ‌being‌ ‌donated.‌ ‌This‌ ‌panel‌ ‌provides‌ ‌convenience‌ ‌due‌‌to‌‌its‌‌                           
portability‌ ‌and‌‌has‌‌good‌‌ratings‌‌as‌‌per‌‌the‌‌manufacturer.‌‌Because‌‌one‌‌of‌‌the‌‌utilities‌‌for‌‌                             
our‌‌project‌‌is‌‌producing‌‌power,‌‌if‌‌power‌‌had‌‌been‌‌cut‌‌off‌‌by‌‌a‌‌storm‌‌event,‌‌this‌‌would‌‌be‌‌                                   
important.‌ ‌Not‌ ‌all‌ ‌days‌ ‌after‌ ‌a‌ ‌hurricane‌ ‌will‌ ‌be‌ ‌sunny,‌ ‌so‌‌it’s‌‌imperative‌‌that‌‌the‌‌solar‌‌                               
panel‌ ‌still‌ ‌charges‌ ‌the‌ ‌battery‌ ‌in‌ ‌these‌ ‌circumstances.‌ ‌ 

‌ 
For‌ ‌functionality,‌ ‌our‌ ‌solar‌ ‌powered‌ ‌battery‌ ‌assembly‌ ‌will‌ ‌have‌ ‌the‌ ‌capacity‌ ‌to‌ ‌charge‌‌                         
phones,‌ ‌computers,‌‌small‌‌refrigerators,‌‌small‌‌campers,‌‌and‌‌fans‌‌in‌‌times‌‌of‌‌need.‌‌(More‌                         
specific‌ ‌info‌ ‌on‌ ‌what‌ ‌can‌ ‌be‌ ‌connected‌ ‌to‌ ‌the‌ ‌solar‌ ‌assembly‌ ‌will‌ ‌be‌ ‌discussed‌ ‌in‌ ‌our‌‌                               
design‌ ‌section,‌ ‌section‌ ‌5.0).‌ ‌No‌ ‌one‌ ‌wants‌ ‌to‌‌sleep‌‌when‌‌it's‌‌90‌‌degrees‌‌without‌‌AC‌‌or‌‌                               
fans‌ ‌or‌ ‌have‌ ‌to‌ ‌deal‌ ‌with‌ ‌loud‌ ‌generators‌ ‌that‌ ‌release‌ ‌gaseous‌ ‌fumes,‌ ‌guzzle‌ ‌gas,‌ ‌and‌‌                             
malfunction‌ ‌consistently.‌ ‌Our‌ ‌affordable‌ ‌green‌ ‌solution‌ ‌will‌ ‌remedy‌ ‌each‌ ‌of‌ ‌these‌‌                     
problems,‌ ‌while‌ ‌keeping‌ ‌money‌ ‌in‌ ‌the‌ ‌customer’s‌ ‌wallet.‌‌ ‌  
‌ 

One‌‌thing‌‌to‌‌note‌‌early‌‌on‌‌is‌‌that‌‌to‌‌power‌‌such‌‌AC‌‌devices,‌‌there‌‌has‌‌to‌‌be‌‌a‌‌clean‌‌signal‌‌                                       
via‌ ‌the‌ ‌inverter‌ ‌that‌ ‌we‌ ‌will‌ ‌use.‌ ‌Although‌ ‌we‌ ‌will‌ ‌explore‌ ‌all‌ ‌inverter‌ ‌types‌ ‌in‌ ‌our‌‌                               
research‌ ‌section‌‌of‌‌our‌‌paper,‌‌we‌‌will‌‌mainly‌‌focus‌‌on‌‌a‌‌modified‌‌square‌‌wave‌‌inverter.‌                             
Since‌ ‌our‌ ‌inverter‌ ‌was‌ ‌donated‌ ‌to‌ ‌us‌ ‌we‌ ‌will‌ ‌make‌ ‌use‌‌of‌‌it‌‌in‌‌our‌‌design.‌‌A‌‌pure‌‌sine‌‌                                     
wave‌‌inverter‌‌is‌‌the‌‌best‌‌type‌‌to‌‌use‌‌when‌‌producing‌‌“clean”‌‌power‌‌void‌‌of‌‌any‌‌distortion‌‌                               
or‌‌interference,‌‌but‌‌for‌‌our‌‌application‌‌a‌‌modified‌‌square‌‌realization‌‌should‌‌be‌‌adequate.‌‌                         
As‌ ‌a‌ ‌result‌ ‌of‌ ‌the‌ ‌imperfect‌ ‌power‌ ‌conversion‌ ‌we‌ ‌do‌ ‌expect‌ ‌to‌ ‌have‌ ‌residual‌ ‌heat‌ ‌and‌‌                               
possible‌ ‌“buzzing”‌ ‌as‌ ‌a‌ ‌result‌ ‌of‌ ‌the‌ ‌losses‌ ‌that‌ ‌we‌ ‌have‌ ‌calculated‌ ‌in‌ ‌our‌ ‌design‌ ‌to‌ ‌occur.‌ ‌ 
‌ 

The‌‌“brain”‌‌of‌‌our‌‌entire‌‌system‌‌will‌‌be‌‌our‌‌microcontroller.‌‌This‌‌will‌‌have‌‌various‌‌uses‌‌                             
as‌‌outlined‌‌in‌‌one‌‌of‌‌the‌‌previous‌‌paragraphs.‌‌It‌‌will‌‌keep‌‌statuses‌‌on‌‌charging‌‌conditions‌‌                             
of‌‌the‌‌batteries.‌‌It‌‌will‌‌communicate‌‌with‌‌the‌‌solar‌‌charge‌‌controller‌‌that‌‌we‌‌plan‌‌to‌‌build‌‌                               
as‌‌a‌‌custom‌‌PCB.‌‌It‌‌will‌‌relay‌‌information‌‌to‌‌the‌‌touch‌‌screen‌‌whereby‌‌the‌‌user‌‌can‌‌see‌‌                                 
these‌ ‌said‌ ‌statuses.‌ ‌It‌ ‌will‌ ‌communicate‌ ‌and‌ ‌power‌ ‌a‌ ‌temperature‌ ‌sensor‌ ‌which‌ ‌will‌‌                         
monitor‌‌the‌‌heat‌‌coming‌‌off‌‌of‌‌our‌‌system.‌‌It‌‌will‌‌be‌‌coded‌‌to‌‌keep‌‌the‌‌charging‌‌process‌‌                                 
fluid,‌ ‌safe‌ ‌and‌ ‌as‌‌efficient‌‌as‌‌possible‌‌so‌‌as‌‌to‌‌prolong‌‌the‌‌life‌‌of‌‌not‌‌only‌‌our‌‌batteries,‌‌                                   
but‌ ‌of‌ ‌our‌ ‌system‌ ‌as‌ ‌an‌‌entire‌‌entity.‌‌Finally‌‌this‌‌project‌‌is‌‌a‌‌microscale‌‌of‌‌what‌‌can‌‌be‌‌                                   
achieved.‌‌With‌‌a‌‌MPPT‌‌controller‌‌and‌‌a‌‌larger‌‌solar‌‌panel‌‌as‌‌well‌‌as‌‌a‌‌larger‌‌battery‌‌bank‌‌                                 
with‌‌a‌‌pure‌‌sine‌‌wave‌‌inverter,‌‌the‌‌user‌‌could‌‌power‌‌larger‌‌appliances‌‌or‌‌even‌‌run‌‌whole‌‌                               
residential‌ ‌systems‌ ‌if‌ ‌need‌ ‌be‌ ‌at‌ ‌will‌ ‌with‌ ‌the‌ ‌reliability‌ ‌of‌ ‌a‌ ‌renewable‌ ‌energy‌ ‌source.‌ ‌ 

‌ 

‌ 
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‌ 
2.0‌ ‌Project‌ ‌Description‌ ‌ 

‌ 
This‌ ‌part‌ ‌of‌ ‌the‌ ‌project‌ ‌discussion‌ ‌will‌ ‌be‌ ‌dedicated‌ ‌to‌ ‌explaining‌ ‌the‌ ‌purpose‌ ‌and‌‌                           
motivation‌‌behind‌‌developing‌‌an‌‌affordable‌‌high‌‌capacity‌‌solar‌‌powered‌‌battery‌‌system.‌‌                     
Alongside‌‌the‌‌discussion‌‌of‌‌the‌‌motivation‌‌of‌‌the‌‌project,‌‌the‌‌project‌‌goals‌‌and‌‌objectives‌‌                           
will‌ ‌be‌ ‌discussed.‌ ‌Finally,‌ ‌this‌ ‌section‌ ‌will‌ ‌include‌ ‌engineering‌ ‌specifications,‌ ‌a‌ ‌block‌‌                       
diagram‌‌outlining‌‌the‌‌flow‌‌of‌‌the‌‌project‌‌and‌‌division‌‌of‌‌labor,‌‌and‌‌the‌‌project’s‌‌house‌‌of‌‌                               
quality..‌‌ ‌  
‌ 

2.1‌ ‌Motivation‌ ‌ 
‌ 

What‌‌happens‌‌when‌‌the‌‌power‌‌goes‌‌out,‌‌or‌‌maybe‌‌there‌‌was‌‌none‌‌to‌‌begin‌‌with?‌‌In‌‌the‌‌                                 
cases‌‌where‌‌power‌‌is‌‌lost,‌‌we‌‌lose‌‌access‌‌to‌‌many‌‌comforts‌‌and‌‌some‌‌necessities.‌‌When‌‌                             
there‌‌is‌‌no‌‌power‌‌to‌‌begin‌‌with,‌‌life‌‌can‌‌be‌‌difficult‌‌all‌‌together.‌‌There‌‌are‌‌solutions‌‌out‌‌                                 
there,‌ ‌but‌ ‌in‌ ‌most‌ ‌cases,‌ ‌the‌ ‌price‌ ‌tag‌ ‌is‌ ‌too‌ ‌high,‌ ‌or‌ ‌the‌ ‌effect‌ ‌on‌ ‌the‌ ‌environment‌ ‌is‌‌                                   
detrimental.‌‌In‌‌terms‌‌of‌‌the‌‌environmental‌‌impact,‌‌imagine‌‌having‌‌to‌‌run‌‌a‌‌gas-powered‌‌                         
generator‌ ‌consistently‌ ‌for‌ ‌power?‌ ‌This‌ ‌consistent‌ ‌burning‌‌of‌‌the‌‌fossil‌‌fuels‌‌required‌‌to‌‌                         
power‌‌the‌‌generator‌‌would‌‌be‌‌harmful‌‌to‌‌the‌‌environment‌‌and‌‌expensive‌‌to‌‌maintain.‌‌In‌‌                           
regards‌‌to‌‌Florida‌‌specifically,‌‌these‌‌are‌‌questions‌‌each‌‌of‌‌us‌‌must‌‌heavily‌‌consider.‌‌Due‌‌                           
to‌ ‌our‌ ‌location‌ ‌or‌ ‌anyone‌ ‌living‌ ‌near‌ ‌the‌ ‌coast‌ ‌in‌ ‌the‌ ‌southeast‌ ‌United‌‌States,‌‌it‌‌isn’t‌‌a‌‌                                 
matter‌ ‌of‌ ‌“if”‌ ‌you‌ ‌will‌ ‌lose‌‌your‌‌power,‌‌it‌‌is‌‌a‌‌matter‌‌of‌‌“when.”‌‌Historically‌‌speaking,‌‌                               
think‌ ‌back‌ ‌to‌ ‌2004.‌ ‌Florida‌ ‌was‌ ‌hit‌ ‌with‌ ‌four‌‌hurricanes‌‌within‌‌a‌‌six-week‌‌span.‌‌Many‌‌                             
families‌ ‌were‌ ‌left‌ ‌without‌ ‌power‌‌for‌‌almost‌‌the‌‌entirety‌‌of‌‌these‌‌six‌‌weeks.‌‌In‌‌2020‌‌the‌‌                               
year‌ ‌with‌‌a‌‌record-breaking‌‌number‌‌of‌‌hurricanes,‌‌Louisiana‌‌was‌‌hit‌‌by‌‌five‌‌hurricanes.‌‌                         
In‌ ‌the‌ ‌case‌ ‌of‌ ‌Louisiana,‌ ‌many‌ ‌people‌ ‌faced‌ ‌the‌ ‌same‌ ‌grim‌ ‌outcome‌ ‌of‌ ‌being‌ ‌without‌‌                             
power‌ ‌for‌ ‌an‌ ‌extended‌ ‌period.‌ ‌Some‌ ‌of‌ ‌these‌ ‌people‌ ‌in‌ ‌both‌ ‌cases‌ ‌from‌ ‌Florida‌ ‌and‌‌                             
Louisiana‌‌were‌‌fortunate‌‌enough‌‌to‌‌have‌‌generators,‌‌or‌‌even‌‌professionally‌‌installed‌‌solar‌‌                       
power‌‌arrays‌‌for‌‌their‌‌homes.‌‌For‌‌those‌‌with‌‌generators,‌‌there‌‌was‌‌one‌‌key‌‌issue…gas.‌‌If‌‌                             
one‌ ‌had‌ ‌not‌ ‌prepared‌ ‌ahead‌ ‌of‌ ‌time‌‌for‌‌the‌‌storm‌‌event‌‌and‌‌stocked‌‌up‌‌on‌‌gas‌‌for‌‌their‌‌                                   
generator,‌ ‌it‌ ‌was‌ ‌near‌ ‌impossible‌ ‌to‌ ‌find‌ ‌available‌ ‌gas.‌ ‌These‌ ‌unlucky‌ ‌individuals‌ ‌like‌‌                         
those‌ ‌without‌ ‌generators‌ ‌or‌ ‌solar‌ ‌arrays‌ ‌were‌ ‌without‌ ‌power‌ ‌and‌ ‌had‌ ‌to‌ ‌endure‌ ‌the‌‌                           
hardships‌ ‌that‌ ‌being‌ ‌powerless‌ ‌brought.‌‌ ‌  

‌ 
Imagine‌ ‌being‌ ‌in‌ ‌a‌ ‌scenario‌ ‌where‌ ‌there‌ ‌is‌ ‌no‌ ‌power‌ ‌to‌ ‌begin‌ ‌with.‌ ‌For‌ ‌example,‌ ‌an‌‌                               
individual‌‌living‌‌off‌‌the‌‌grid‌‌where‌‌there‌‌is‌‌no‌‌power.‌‌This‌‌is‌‌actually‌‌more‌‌common‌‌than‌‌                               
one‌ ‌might‌ ‌think‌ ‌in‌ ‌the‌ ‌United‌ ‌States.‌ ‌In‌ ‌this‌ ‌case,‌ ‌using‌ ‌a‌ ‌generator‌ ‌non-stop‌ ‌isn’t‌ ‌a‌‌                               
sustainable‌ ‌or‌ ‌environmentally‌ ‌friendly‌ ‌option.‌ ‌If‌ ‌one‌ ‌wants‌ ‌consistent‌ ‌and‌ ‌sustainable‌‌                     
power‌ ‌one‌ ‌of‌ ‌the‌ ‌only‌ ‌options‌ ‌is‌ ‌a‌ ‌solar‌ ‌powered‌ ‌battery‌ ‌system.‌ ‌In‌ ‌this‌ ‌case‌ ‌the‌ ‌user‌‌                                 
would‌‌want‌‌a‌‌semi-portable‌‌and‌‌affordable‌‌system.‌‌Most‌‌cases‌‌when‌‌living‌‌remote‌‌do‌‌not‌‌                           
allow‌ ‌for‌ ‌large‌ ‌complex‌ ‌solar‌ ‌power‌ ‌arrays.‌ ‌These‌ ‌two‌ ‌examples‌ ‌alongside‌ ‌many‌‌                       
unmentioned‌ ‌ones‌ ‌have‌ ‌driven‌ ‌us‌ ‌to‌ ‌design‌ ‌and‌ ‌build‌ ‌an‌ ‌affordable‌ ‌high-capacity‌ ‌and‌‌                         
user-friendly‌ ‌battery‌ ‌powered‌ ‌solar‌ ‌system‌ ‌to‌ ‌meet‌ ‌the‌ ‌needs‌ ‌of‌ ‌those‌ ‌who‌ ‌have‌ ‌lost‌‌                           
power,‌ ‌or‌ ‌never‌ ‌had‌ ‌power‌ ‌at‌ ‌all.‌‌ ‌  

‌ 
2.2‌ ‌Goals‌ ‌&‌ ‌Objectives‌ ‌ 

‌ 
-‌ ‌The‌ ‌primary‌‌objective‌‌of‌‌this‌‌design‌‌is‌‌to‌‌be‌‌solar‌‌powered‌‌with‌‌high‌‌capacity‌‌storage‌‌                               
for‌ ‌extended‌ ‌use.‌ ‌ 

‌ 
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‌ 
‌ 

-‌‌A‌‌secondary‌‌objective‌‌would‌‌be‌‌to‌‌include‌‌additional‌‌outputs‌‌so‌‌that‌‌several‌‌devices‌‌can‌‌                             
be‌ ‌powered‌ ‌or‌ ‌charged‌ ‌simultaneously.‌ ‌ 

‌ 
-‌ ‌‌The‌ ‌solar‌ ‌powered‌‌battery‌‌assembly‌‌will‌‌be‌‌semi-portable.‌‌It‌‌can‌‌be‌‌moved‌‌as‌‌needed‌‌                             
for‌ ‌different‌ ‌environments.‌ ‌ 
‌ 

-‌ ‌There‌ ‌are‌ ‌three‌ ‌key‌ ‌components‌ ‌to‌ ‌our‌ ‌project.‌ ‌To‌ ‌design‌ ‌and‌ ‌build‌ ‌an‌ ‌affordable‌‌                             
touchscreen‌ ‌solar‌ ‌charge‌ ‌controller.‌ ‌In‌ ‌addition‌ ‌to‌‌the‌‌solar‌‌charge‌‌controller‌‌design‌‌we‌‌                         
will‌ ‌be‌ ‌sourcing‌‌a‌‌battery‌‌whether‌‌that‌‌be‌‌prebuilt‌‌or‌‌we‌‌assemble‌‌battery‌‌cells‌‌together‌‌                             
ourselves.‌ ‌Finally,‌ ‌we‌ ‌have‌ ‌our‌ ‌donated‌ ‌100‌ ‌watt‌ ‌portable‌ ‌solar‌ ‌panel‌ ‌to‌ ‌complete‌ ‌the‌‌                           
solar‌ ‌charging‌ ‌assembly.‌ ‌In‌ ‌our‌ ‌case,‌ ‌the‌ ‌main‌ ‌difference‌ ‌between‌ ‌our‌ ‌solar‌ ‌charging‌‌                         
assembly‌ ‌and‌ ‌others‌ ‌on‌ ‌the‌ ‌market‌ ‌is‌ ‌price,‌ ‌and‌ ‌our‌‌proposed‌‌touchscreen‌‌solar‌‌charge‌‌                           
controller.‌ ‌Based‌ ‌on‌ ‌the‌ ‌research‌ ‌done,‌ ‌there‌ ‌aren’t‌ ‌any‌ ‌others‌ ‌on‌ ‌the‌ ‌market‌ ‌like‌ ‌it.‌‌ ‌  
‌ 

-‌ ‌Our‌ ‌project‌ ‌must‌ ‌be‌ ‌safe.‌ ‌Due‌ ‌to‌ ‌the‌ ‌nature‌‌of‌‌our‌‌design,‌‌the‌‌system‌‌should‌‌pose‌‌no‌‌                                   
risk‌ ‌to‌ ‌the‌ ‌consumer.‌ ‌To‌ ‌accomplish‌ ‌this‌ ‌we‌ ‌have‌ ‌planned‌ ‌for‌ ‌the‌ ‌charge‌ ‌controller‌ ‌to‌‌                             
monitor‌ ‌the‌ ‌temperature‌ ‌at‌ ‌all‌ ‌times‌ ‌and‌ ‌cut‌ ‌off‌ ‌the‌ ‌incoming‌ ‌change‌ ‌alongside‌‌                         
purchasing‌ ‌a‌ ‌BMS‌ ‌system‌ ‌to‌ ‌constantly‌ ‌monitor‌ ‌the‌ ‌batteries‌ ‌themselves.‌‌ ‌  
‌ 

-‌‌This‌‌design‌‌should‌‌be‌‌easy‌‌and‌‌intuitive‌‌to‌‌use‌‌by‌‌the‌‌consumer.‌‌From‌‌using‌‌the‌‌output‌‌                                 
ports‌ ‌to‌ ‌using‌ ‌the‌ ‌touchscreen‌ ‌display,‌ ‌it‌ ‌should‌ ‌be‌ ‌easy‌ ‌for‌ ‌the‌ ‌consumer‌ ‌to‌ ‌use‌ ‌the‌‌                               
product‌ ‌without‌ ‌additional‌ ‌instructions.‌ ‌ 

‌ 
2.3‌ ‌Solar‌ ‌Assembly‌ ‌Basics‌ ‌ 
‌ 

Understanding‌ ‌the‌ ‌basics‌ ‌behind‌ ‌how‌ ‌a‌ ‌solar‌ ‌assembly‌ ‌such‌ ‌as‌ ‌ours‌ ‌functions‌ ‌is‌ ‌key.‌‌                           
There‌‌are‌‌three‌‌main‌‌components,‌‌the‌‌battery,‌‌solar‌‌charge‌‌controller,‌‌and‌‌finally‌‌the‌‌solar‌‌                           
panel.‌ ‌Additionally‌ ‌a‌ ‌fourth‌ ‌optional‌ ‌main‌ ‌component‌ ‌which‌ ‌we‌ ‌will‌ ‌have‌ ‌in‌ ‌our‌‌                         
assembly‌ ‌is‌ ‌that‌ ‌of‌ ‌an‌ ‌inverter.‌ ‌See‌ ‌the‌ ‌figure‌ ‌below‌ ‌for‌ ‌each‌ ‌component.‌‌ ‌  

‌ 
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‌ 
Figure‌ ‌1:‌ ‌Basic‌ ‌Solar‌ ‌Assembly‌ ‌ 

‌ 
In‌ ‌the‌ ‌assembly‌ ‌above,‌ ‌one‌ ‌can‌ ‌see‌ ‌the‌ ‌first‌ ‌main‌ ‌component‌ ‌is‌ ‌the‌ ‌solar‌ ‌panel.‌ ‌This‌‌                               
doesn’t‌ ‌need‌ ‌much‌ ‌explaining‌ ‌as‌ ‌it‌ ‌simply‌ ‌absorbs‌ ‌the‌ ‌sunlight‌ ‌and‌ ‌converts‌ ‌it‌ ‌to‌‌                           
electrical‌‌energy.‌‌Next‌‌in‌‌line‌‌is‌‌the‌‌solar‌‌charge‌‌controller.‌‌In‌‌the‌‌case‌‌of‌‌our‌‌project,‌‌we‌‌                                 
will‌ ‌be‌ ‌designing‌ ‌our‌ ‌own‌ ‌as‌ ‌previously‌ ‌mentioned.‌ ‌The‌‌solar‌‌charge‌‌controller‌‌acts‌‌as‌‌                           
the‌ ‌interface‌ ‌between‌ ‌the‌ ‌solar‌‌panel‌‌and‌‌the‌‌battery.‌‌It‌‌measures‌‌the‌‌amount‌‌of‌‌voltage‌‌                             
and‌ ‌current‌ ‌coming‌ ‌from‌ ‌the‌ ‌solar‌ ‌panel‌ ‌into‌ ‌the‌ ‌battery.‌ ‌Additionally,‌ ‌it‌ ‌will‌ ‌cut-off‌‌                           
incoming‌ ‌voltage‌ ‌to‌‌the‌‌battery‌‌if‌‌the‌‌battery‌‌is‌‌fully‌‌charged‌‌and‌‌convert‌‌that‌‌excess‌‌to‌‌                               
heat.‌‌Next‌‌is‌‌the‌‌battery.‌‌In‌‌our‌‌case‌‌we‌‌are‌‌designing‌‌the‌‌solar‌‌assembly‌‌for‌‌applications‌‌                               
such‌‌that‌‌connection‌‌to‌‌the‌‌grid‌‌isn’t‌‌possible‌‌thus‌‌needing‌‌a‌‌way‌‌for‌‌the‌‌electrical‌‌energy‌‌                               
from‌ ‌the‌ ‌solar‌ ‌panel‌ ‌to‌ ‌store‌ ‌charge‌ ‌to‌‌be‌‌used.‌‌The‌‌battery‌‌is‌‌directly‌‌connected‌‌to‌‌the‌‌                                 
solar‌ ‌charge‌ ‌controller.‌ ‌In‌ ‌many‌ ‌cases‌ ‌it‌ ‌is‌ ‌always‌ ‌wise‌ ‌to‌ ‌include‌ ‌a‌‌BMS‌‌system‌‌with‌‌                               
your‌‌battery‌‌(see‌‌section‌‌3.8‌‌for‌‌discussion‌‌on‌‌BMS’s).‌‌Many‌‌pre-built‌‌batteries‌‌used‌‌for‌‌                           
off-grid‌ ‌applications‌ ‌like‌ ‌ours‌ ‌have‌ ‌built-in‌ ‌BMS’s‌ ‌hence‌ ‌the‌ ‌BMS‌ ‌not‌ ‌being‌ ‌shown‌‌                         
above.‌ ‌In‌ ‌regard‌ ‌to‌ ‌the‌ ‌battery,‌ ‌there‌ ‌are‌ ‌many‌ ‌different‌ ‌types‌ ‌of‌ ‌viable‌ ‌rechargeable‌‌                           
batteries‌‌for‌‌solar‌‌assemblies‌‌(these‌‌battery‌‌options‌‌are‌‌discussed‌‌in‌‌detail‌‌in‌‌section‌‌3.9).‌‌                           
Finally‌‌as‌‌shown‌‌in‌‌the‌‌picture‌‌above,‌‌the‌‌final‌‌necessity‌‌of‌‌an‌‌off‌‌grid‌‌solar‌‌assembly‌‌is‌‌                                 
an‌ ‌inverter.‌ ‌This‌‌inverter‌‌is‌‌connected‌‌directly‌‌to‌‌the‌‌battery‌‌and‌‌converts‌‌the‌‌DC‌‌of‌‌the‌‌                               
battery‌‌to‌‌AC.‌‌Additionally,‌‌it‌‌has‌‌an‌‌amplifying‌‌stage‌‌such‌‌that‌‌the‌‌12V‌‌coming‌‌from‌‌the‌‌                               
battery‌‌is‌‌converted‌‌to‌‌120V.‌‌Inverters‌‌typically‌‌have‌‌AC‌‌outlets‌‌embedded‌‌in‌‌them.‌‌This‌‌                           
DC‌ ‌to‌ ‌AC‌ ‌conversion‌ ‌allows‌ ‌connection‌ ‌of‌ ‌household‌ ‌devices‌ ‌to‌ ‌the‌ ‌previously‌‌                       
mentioned‌ ‌AC‌ ‌outlets.‌ ‌There‌ ‌are‌ ‌many‌ ‌specifics‌ ‌tied‌ ‌to‌ ‌each‌‌one‌‌of‌‌these‌‌components,‌‌                           
but‌ ‌they‌ ‌will‌ ‌all‌ ‌be‌ ‌discussed‌ ‌later‌ ‌in‌ ‌the‌ ‌report.‌‌ ‌  
‌ 
‌ 
‌ 

‌ 
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‌ 
2.4‌ ‌Engineering‌ ‌Specifications‌ ‌ 
‌ 

‌ 
Table‌ ‌1:‌ ‌Engineering‌ ‌Specifications‌ ‌ 

‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 

‌ 
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Simple‌ ‌install‌ ‌and‌ ‌assembly‌ ‌for‌ ‌the‌ ‌customer‌‌ ‌  

Total‌ ‌price‌ ‌estimate‌ ‌to‌ ‌be‌ ‌less‌ ‌than‌ ‌$800‌ ‌ 

Easy‌ ‌to‌ ‌use/understand‌ ‌touchscreen‌ ‌LCD‌ ‌interface‌ ‌ 

Weight‌ ‌of‌ ‌the‌ ‌assembly‌ ‌>‌ ‌60‌ ‌lbs‌ ‌excluding‌ ‌the‌ ‌solar‌ ‌panel‌‌ ‌  

Solar‌ ‌panel‌ ‌must‌ ‌be‌ ‌rated‌ ‌to‌ ‌output‌ ‌100‌ ‌watts‌ ‌with‌ ‌at‌ ‌least‌ ‌80%‌ ‌efficiency‌ ‌ 

Battery‌ ‌assembly‌ ‌must‌ ‌adhere‌ ‌to‌ ‌at‌ ‌least‌ ‌IP54‌ ‌water‌ ‌resistance‌ ‌ 

Assembly‌ ‌will‌ ‌have‌ ‌2‌ ‌AC‌ ‌outlets‌ ‌ 

Battery‌ ‌capacity‌ ‌will‌ ‌be‌ ‌200‌ ‌Ah‌ ‌ 

The‌ ‌solar‌ ‌charge‌ ‌controller‌ ‌will‌ ‌have‌ ‌built-in‌ ‌polarity‌ ‌protection‌‌ ‌  

Low‌ ‌temperature‌ ‌protection‌ ‌(See‌ ‌Below)‌ 

Built‌ ‌in‌ ‌backflow‌ ‌protection‌ ‌in‌ ‌the‌ ‌solar‌ ‌panel‌ ‌ 

Demonstrable‌ ‌Engineering‌ ‌Specifications‌ ‌ 

Battery‌ ‌and‌ ‌charge‌ ‌info‌ ‌on‌ ‌touch‌ ‌screen‌ ‌LCD‌ ‌display‌ ‌ 

Graph‌ ‌on‌ ‌LCD‌ ‌display‌ ‌in‌ ‌real-time‌ ‌displaying‌ ‌solar‌ ‌panel‌ ‌peak‌ ‌voltage‌ ‌values‌ ‌over‌‌ 
time‌ ‌ 

Battery‌ ‌discharge‌ ‌high‌ ‌temperature‌ ‌cut-off‌ ‌ 

Solar‌ ‌panel‌ ‌charge‌ ‌high‌ ‌temperature‌ ‌cut-off‌ ‌ 

Momentary‌ ‌bypass‌ ‌button‌ ‌to‌ ‌turn‌ ‌inverter‌ ‌on‌ ‌to‌ ‌override‌ ‌BMS‌ ‌fault‌ ‌error‌ ‌ 



‌ 
‌ 

2.5‌ ‌Software‌ ‌Specifications‌ ‌ 
‌ 

Table‌ ‌2:‌ ‌Software‌ ‌Specifications‌ ‌ 
‌ 

‌ 
Figure‌ ‌2:‌ ‌Block‌ ‌Diagram‌ ‌&‌ ‌Division‌ ‌of‌ ‌labor‌ ‌ 

‌ 
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The‌ ‌application‌ ‌shall‌ ‌route‌ ‌charge‌ ‌ 

The‌ ‌application‌ ‌shall‌ ‌measure‌ ‌the‌ ‌charge‌ ‌of‌ ‌the‌ ‌battery‌‌ ‌  

The‌ ‌application‌ ‌shall‌ ‌measure‌ ‌the‌ ‌voltage‌ ‌from‌ ‌the‌ ‌battery‌‌ ‌  

The‌ ‌application‌ ‌shall‌ ‌measure‌ ‌current‌ ‌ 

The‌ ‌applications‌ ‌shall‌ ‌measure‌ ‌ambient‌ ‌temperature‌‌ ‌  

The‌ ‌application‌ ‌shall‌ ‌measure‌ ‌power‌ ‌consumption‌ 

The‌ ‌application‌ ‌shall‌ ‌measure‌ ‌the‌ ‌voltage‌ ‌from‌ ‌the‌ ‌solar‌ ‌panels‌ ‌ 

The‌ ‌application‌ ‌shall‌ ‌control‌ ‌the‌ ‌heat‌ ‌sink‌ ‌ 

The‌ ‌application‌ ‌shall‌ ‌disconnect‌ ‌the‌ ‌output‌ ‌from‌ ‌the‌ ‌battery‌ ‌based‌ ‌on‌ ‌the‌ ‌charge‌ ‌level‌‌ 
of‌ ‌the‌ ‌battery‌‌ ‌  

The‌ ‌application‌ ‌shall‌ ‌reconnect‌ ‌the‌ ‌output‌ ‌to‌ ‌the‌ ‌battery‌ ‌based‌ ‌on‌ ‌the‌ ‌charge‌ ‌level‌ ‌of‌‌ 
the‌ ‌battery‌‌ ‌  

The‌ ‌application‌ ‌shall‌ ‌display‌ ‌the‌ ‌above‌ ‌information‌ ‌on‌ ‌the‌ ‌display‌‌ ‌  



‌ 
‌ 

From‌ ‌the‌ ‌block‌ ‌diagram‌ ‌above‌ ‌we‌ ‌have‌ ‌summarized‌ ‌our‌ ‌project‌ ‌into‌ ‌blocks‌ ‌where‌‌the‌‌                           
flow‌ ‌is‌ ‌indicated‌ ‌by‌ ‌the‌ ‌arrows.‌ ‌To‌ ‌help‌ ‌the‌ ‌user‌ ‌to‌ ‌better‌ ‌understand‌‌how‌‌our‌‌product‌‌                               
operates‌ ‌we‌ ‌can‌ ‌elaborate‌ ‌upon‌ ‌this‌ ‌diagram.‌ ‌First,‌ ‌the‌ ‌solar‌ ‌panel‌ ‌that‌‌we‌‌choose‌‌will‌‌                             
convert‌ ‌the‌ ‌sun's‌ ‌solar‌ ‌energy‌ ‌into‌ ‌electrical‌‌energy‌‌which‌‌will‌‌then‌‌provide‌‌power‌‌to‌‌a‌‌                             
bank‌‌of‌‌lithium‌‌iron‌‌phosphate‌‌battery‌‌cells.‌‌Before‌‌this‌‌is‌‌done,‌‌this‌‌power‌‌will‌‌have‌‌to‌‌                               
go‌ ‌through‌ ‌a‌ ‌custom‌‌charge‌‌controller‌‌that‌‌will‌‌be‌‌fashioned‌‌as‌‌a‌‌PCB‌‌and‌‌will‌‌provide‌‌                               
enough‌‌power‌‌to‌‌charge‌‌the‌‌batteries‌‌but‌‌to‌‌not‌‌have‌‌them‌‌overcharged.‌‌It‌‌will‌‌also‌‌keep‌‌                               
the‌ ‌batteries‌ ‌from‌ ‌leaking‌ ‌current‌ ‌to‌ ‌the‌ ‌solar‌ ‌panel‌ ‌which‌ ‌would‌ ‌result‌ ‌in‌ ‌losses‌ ‌and‌‌                             
damage.‌ ‌The‌‌charge‌‌controller‌‌will‌‌communicate‌‌with‌‌the‌‌microcontroller‌‌to‌‌give‌‌active‌‌                       
status‌‌of‌‌the‌‌energy‌‌being‌‌provided‌‌and‌‌relayed‌‌to‌‌the‌‌batteries‌‌and‌‌this‌‌information‌‌will‌‌                             
be‌ ‌forwarded‌ ‌to‌ ‌a‌ ‌touchscreen‌ ‌LCD‌ ‌display‌ ‌which‌ ‌will‌ ‌be‌ ‌powered‌ ‌by‌ ‌the‌‌                         
microcontroller.‌ ‌When‌ ‌the‌ ‌charge‌‌controller‌‌detects‌‌that‌‌the‌‌battery‌‌is‌‌approaching‌‌peak‌‌                       
capacity,‌‌it‌‌will‌‌send‌‌a‌‌signal‌‌to‌‌the‌‌relay‌‌to‌‌stop‌‌the‌‌flow‌‌of‌‌charge‌‌into‌‌the‌‌storage‌‌cells.‌‌                                     
While‌ ‌the‌ ‌relay‌ ‌allows‌ ‌or‌ ‌blocks‌ ‌power‌ ‌to‌ ‌the‌ ‌cells,‌ ‌a‌ ‌Battery‌ ‌Management‌ ‌System‌ ‌or‌‌                             
BMS‌‌will‌‌monitor‌‌that‌‌the‌‌charging‌‌of‌‌the‌‌cells‌‌will‌‌be‌‌done‌‌equally‌‌and‌‌thus‌‌safely.‌‌The‌‌                                 
BMS‌‌provides‌‌safety‌‌for‌‌large‌‌capacity‌‌cells‌‌in‌‌a‌‌variety‌‌of‌‌ways.‌‌The‌‌first‌‌is‌‌that‌‌it‌‌will‌‌                                   
make‌ ‌sure‌ ‌that‌ ‌all‌ ‌cells‌ ‌charge‌ ‌evenly.‌‌This‌‌mitigates‌‌a‌‌problem‌‌of‌‌longevity‌‌as‌‌uneven‌‌                             
charging‌ ‌can‌ ‌drastically‌ ‌shorten‌ ‌battery‌ ‌life.‌ ‌The‌ ‌BMS‌ ‌will‌ ‌be‌ ‌powered‌ ‌directly‌‌by‌‌the‌‌                           
battery‌ ‌cells‌ ‌and‌ ‌will‌ ‌provide‌ ‌control‌ ‌for‌ ‌safe‌ ‌and‌‌efficient‌‌charging‌‌and‌‌discharging‌‌of‌‌                           
the‌ ‌cells.‌ ‌Although‌ ‌we‌ ‌put‌ ‌a‌ ‌voltage‌ ‌regulator‌ ‌in‌ ‌the‌ ‌block‌ ‌diagram,‌ ‌we‌ ‌know‌‌that‌‌our‌‌                               
microcontroller‌ ‌has‌ ‌a‌ ‌built-in‌ ‌regulator‌ ‌which‌ ‌will‌ ‌automatically‌ ‌convert‌ ‌the‌ ‌correct‌‌                     
amount‌ ‌of‌ ‌power‌ ‌needed‌ ‌to‌ ‌run‌ ‌the‌‌embedded‌‌system.‌‌One‌‌other‌‌functionality‌‌that‌‌will‌‌                           
work‌ ‌alongside‌ ‌the‌ ‌microcontroller‌ ‌will‌ ‌be‌ ‌a‌ ‌temperature‌ ‌sensor.‌ ‌This‌‌will‌‌provide‌‌real‌‌                         
time‌ ‌system‌ ‌information‌ ‌to‌ ‌make‌ ‌certain‌ ‌that‌‌the‌‌system‌‌is‌‌not‌‌overheating.‌‌Proceeding‌‌                         
from‌ ‌the‌ ‌storage‌ ‌cells,‌ ‌the‌ ‌power‌ ‌within‌ ‌the‌ ‌cells‌ ‌will‌ ‌be‌ ‌split‌ ‌between‌ ‌DC‌ ‌and‌ ‌AC.‌‌                               
Power‌ ‌will‌ ‌come‌ ‌out‌ ‌of‌ ‌the‌‌cells‌‌in‌‌the‌‌form‌‌of‌‌DC‌‌only‌‌but‌‌will‌‌be‌‌converted‌‌into‌‌AC‌‌                                     
through‌ ‌an‌ ‌inverter‌‌or‌‌more‌‌commonly‌‌known‌‌in‌‌the‌‌world‌‌of‌‌academia‌‌as‌‌a‌‌DC‌‌to‌‌AC‌‌                                 
converter.‌‌This‌‌will‌‌be‌‌supplied‌‌to‌‌outlets‌‌that‌‌will‌‌provide‌‌power‌‌to‌‌AC‌‌appliances.‌ ‌The‌‌                             
power‌ ‌not‌ ‌used‌ ‌for‌‌the‌‌outlets‌‌will‌‌be‌‌fed‌‌into‌‌a‌‌voltage‌‌regulator‌‌which‌‌will‌‌accurately‌‌                               
split‌‌and‌‌provide‌‌the‌‌correct‌‌amount‌‌of‌‌voltage‌‌to‌‌both‌‌the‌‌relay‌‌and‌‌the‌‌microcontroller.‌‌                             
One‌‌of‌‌the‌‌most‌‌important‌‌features‌‌in‌‌our‌‌block‌‌diagram‌‌is‌‌the‌‌microcontroller.‌‌It‌‌will‌‌act‌‌                               
as‌ ‌the‌ ‌central‌ ‌hub‌ ‌for‌ ‌most‌ ‌(if‌ ‌not‌ ‌all)‌ ‌structures‌ ‌contained‌ ‌within‌ ‌our‌ ‌project.‌ ‌The‌‌                             
microcontroller‌‌is‌‌expected‌‌to‌‌perform‌‌the‌‌following‌‌functions:‌‌Collect‌‌information‌‌from‌‌                     
the‌ ‌solar‌ ‌panel,‌ ‌collect‌ ‌information‌ ‌from‌ ‌the‌ ‌charge‌ ‌controller,‌ ‌act‌‌as‌‌a‌‌liaison‌‌between‌                           
the‌ ‌capacity‌ ‌controller‌ ‌and‌ ‌the‌ ‌solar‌ ‌panel,‌ ‌collect‌ ‌information‌ ‌from‌‌the‌‌battery‌‌storage‌‌                         
cells,‌ ‌turn‌ ‌on‌ ‌and‌‌operate‌‌effectively‌‌provided‌‌ample‌‌power‌‌from‌‌the‌‌batteries,‌‌take‌‌and‌‌                           
provide‌‌information‌‌from‌‌and‌‌to‌‌the‌‌charge‌‌controller,‌‌power‌‌the‌‌charge‌‌controller,‌‌power‌‌                         
the‌ ‌temperature‌ ‌sensor,‌ ‌take‌ ‌information‌ ‌from‌ ‌the‌ ‌temperature‌ ‌sensor,‌ ‌power‌ ‌the‌ ‌LCD‌‌                       
display,‌‌and‌‌finally‌‌display‌‌many‌‌aspects‌‌of‌‌information‌‌from‌‌said‌‌devices‌‌to‌‌the‌‌user‌‌to‌‌                             
inform‌‌of‌‌status,‌‌safety‌‌concerns‌‌and‌‌or‌‌possible‌‌problems‌‌within‌‌the‌‌system‌‌as‌‌a‌‌whole.‌‌                             
Our‌ ‌block‌ ‌diagram‌ ‌is‌ ‌colored‌ ‌to‌ ‌designate‌ ‌tasks‌ ‌and‌ ‌assigned‌ ‌to‌ ‌specific‌ ‌people.‌ ‌Mike‌‌                           
will‌ ‌be‌‌in‌‌charge‌‌of‌‌any‌‌relays‌‌and‌‌inverter‌‌tasks‌‌that‌‌we‌‌will‌‌need.‌‌He‌‌will‌‌also‌‌do‌‌any‌‌                                     
soldering‌‌and‌‌wire‌‌gauge‌‌components‌‌that‌‌we‌‌will‌‌need‌‌along‌‌with‌‌constraints.‌‌Jason‌‌will‌‌                           
be‌ ‌in‌ ‌charge‌ ‌of‌ ‌any‌ ‌microcontroller‌ ‌operations‌ ‌along‌ ‌with‌ ‌the‌ ‌LCD‌ ‌display‌ ‌and‌ ‌the‌‌                           
temperature‌ ‌sensor.‌ ‌Josiah‌ ‌will‌‌be‌‌in‌‌charge‌‌of‌‌the‌‌solar‌‌panels‌‌as‌‌well‌‌as‌‌the‌‌regulators‌‌                               
and‌ ‌the‌ ‌PCB‌ ‌design‌ ‌for‌ ‌the‌ ‌custom‌ ‌charge‌ ‌controller.‌ ‌Eduard‌ ‌will‌ ‌be‌ ‌in‌ ‌charge‌ ‌of‌ ‌the‌‌                               

‌ 
8‌ ‌|‌ ‌173‌ ‌ 



‌ 
BMS,‌ ‌the‌ ‌outlets‌ ‌and‌‌the‌‌battery‌‌cells.‌‌All‌‌people‌‌will‌‌intertwine‌‌for‌‌secondary‌‌tasks‌‌as‌‌                             
this‌ ‌project‌ ‌is‌ ‌a‌ ‌team‌ ‌effort‌ ‌and‌ ‌we‌ ‌will‌ ‌all‌ ‌be‌ ‌relying‌ ‌and‌ ‌working‌ ‌with‌ ‌one‌ ‌another.‌ ‌ 
‌ 

‌ 
Figure‌ ‌3:‌ ‌Revised‌ ‌Block‌ ‌Diagram‌ ‌ 

‌ 
From‌‌the‌‌end‌‌of‌‌senior‌‌design‌‌I‌‌to‌‌the‌‌end‌‌of‌‌senior‌‌design‌‌II‌‌we‌‌had‌‌a‌‌slight‌‌adjustment‌‌                                     
to‌‌our‌‌block‌‌diagram‌‌for‌‌our‌‌project.‌‌This‌‌revised‌‌block‌‌diagram‌‌will‌‌function‌‌almost‌‌the‌‌                             
same‌ ‌as‌ ‌the‌ ‌earlier‌ ‌version,‌ ‌but‌ ‌with‌ ‌some‌ ‌minor‌ ‌changes.‌‌ ‌  
‌ 

The‌ ‌most‌ ‌notable‌ ‌of‌ ‌these‌ ‌changes‌ ‌is‌ ‌the‌ ‌introduction‌ ‌of‌ ‌the‌ ‌switch‌ ‌coming‌ ‌off‌ ‌of‌ ‌the‌‌                               
battery‌‌cells‌‌and‌‌running‌‌power‌‌to‌‌the‌‌inverter.‌‌This‌‌switch‌‌was‌‌included‌‌as‌‌a‌‌temporary‌‌                             
bypass‌‌of‌‌the‌‌BMS‌‌due‌‌to‌‌the‌‌“fault‌‌error”‌‌upon‌‌starting‌‌power‌‌to‌‌the‌‌inverter.‌‌Since‌‌the‌‌                                 
inverter‌‌has‌‌a‌‌capacitor‌‌inside‌‌that‌‌needs‌‌an‌‌initial‌‌charge‌‌the‌‌bypass‌‌switch‌‌is‌‌used‌‌for‌‌a‌‌                                 
brief‌ ‌moment‌ ‌so‌ ‌that‌ ‌the‌ ‌power‌ ‌can‌ ‌flow‌ ‌through‌ ‌the‌ ‌BMS‌ ‌and‌ ‌into‌ ‌the‌ ‌inverter‌ ‌as‌‌                               
originally‌ ‌intended.‌ ‌ 
‌ 

Another‌‌notable‌‌change‌‌is‌‌the‌‌removal‌‌of‌‌the‌‌relay,‌‌which‌‌was‌‌deemed‌‌unnecessary‌‌as‌‌we‌‌                             
moved‌ ‌forward‌ ‌with‌ ‌the‌ ‌assembling‌ ‌and‌ ‌testing‌ ‌process‌ ‌of‌ ‌our‌ ‌design.‌ ‌Instead‌ ‌we‌‌                         
adjusted‌ ‌to‌ ‌include‌ ‌only‌ ‌the‌ ‌buck‌‌to‌‌buck‌‌converter‌‌between‌‌the‌‌lithium‌‌iron‌‌phosphate‌‌                           
battery‌ ‌cells‌ ‌and‌ ‌the‌ ‌microcontroller.‌ ‌ 
‌ 
‌ 

‌ 
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Figure‌ ‌4:‌ ‌House‌ ‌of‌ ‌Quality‌ ‌ 
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‌ 
3.0‌ ‌Project‌ ‌Research‌ ‌ 
‌ 

In‌ ‌this‌ ‌chapter,‌ ‌we‌ ‌will‌ ‌be‌ ‌exploring‌ ‌the‌ ‌technologies‌ ‌typically‌ ‌used‌ ‌in‌ ‌solar‌ ‌powered‌‌                           
batteries‌‌as‌‌well‌‌as‌‌present‌‌fundamental‌‌information‌‌that‌‌will‌‌help‌‌influence‌‌our‌‌choices‌‌                         
regarding‌ ‌parts,‌ ‌tools,‌ ‌and‌ ‌design‌ ‌choices.‌ ‌We‌ ‌will‌ ‌be‌ ‌comparing‌‌different‌‌products‌‌for‌‌                         
certain‌ ‌applications‌ ‌and‌ ‌they‌ ‌will‌ ‌be‌ ‌primarily‌ ‌judged‌ ‌based‌ ‌on‌ ‌their‌ ‌functionality‌ ‌and‌‌                         
cost.‌ ‌Other‌ ‌factors‌ ‌such‌ ‌as‌ ‌size,‌ ‌durability,‌ ‌documentation,‌ ‌and‌ ‌useability‌ ‌will‌ ‌also‌ ‌be‌‌                         
considered‌ ‌but‌ ‌can‌ ‌be‌ ‌compromised‌ ‌when‌ ‌justified.‌ ‌ 

‌ 
3.1‌ ‌Microcontroller‌ ‌ 
‌ 

There‌ ‌are‌ ‌many‌ ‌commercially‌ ‌available‌ ‌microcontrollers‌ ‌(MCUs‌ ‌or‌ ‌microcontroller‌‌                 
units)‌ ‌that‌ ‌serve‌ ‌the‌ ‌need‌ ‌for‌ ‌both‌ ‌general‌ ‌or‌ ‌specific‌ ‌purposes.‌ ‌For‌ ‌the‌ ‌solar‌ ‌charge‌‌                             
controller,‌ ‌an‌ ‌MCU‌ ‌that‌ ‌is‌ ‌low‌ ‌powered‌ ‌and‌ ‌able‌ ‌to‌ ‌drive‌ ‌an‌ ‌LCD‌ ‌to‌‌display‌‌a‌‌GUI‌‌is‌‌                                   
needed.‌‌This‌‌also‌‌means‌‌that‌‌the‌‌MCU‌‌needs‌‌to‌‌have‌‌a‌‌sufficient‌‌amount‌‌of‌‌memory‌‌and‌‌                               
processing‌ ‌power‌ ‌to‌ ‌run‌‌the‌‌GUI‌‌in‌‌tandem‌‌with‌‌its‌‌core‌‌functionalities.‌‌Since‌‌the‌‌solar‌‌                             
charge‌ ‌controller‌ ‌will‌ ‌be‌ ‌driven‌ ‌by‌ ‌PWMs,‌ ‌the‌ ‌MCU‌ ‌should‌ ‌be‌ ‌able‌ ‌to‌ ‌produce‌ ‌them.‌‌                             
Different‌‌MCUs‌‌have‌‌varying‌‌amounts‌‌of‌‌pins‌‌that‌‌can‌‌provide‌‌PWM‌‌output.‌‌In‌‌addition,‌‌                           
there‌ ‌should‌ ‌be‌ ‌enough‌ ‌digital‌ ‌I/O‌ ‌pins‌ ‌left‌ ‌over‌ ‌for‌ ‌everything‌ ‌else.‌ ‌It’s‌ ‌better‌ ‌to‌‌                             
overcompensate‌ ‌in‌ ‌this‌ ‌case‌ ‌since‌ ‌functionality‌ ‌can‌ ‌be‌ ‌added‌ ‌or‌‌changed‌‌depending‌‌on‌‌                         
the‌ ‌circumstance.‌ ‌The‌ ‌Atmega,‌ ‌ARM,‌ ‌and‌ ‌MSP430‌ ‌line‌ ‌of‌ ‌MCUs‌ ‌are‌ ‌our‌ ‌primary‌‌                         
consideration‌‌since‌‌they‌‌are‌‌inexpensive,‌‌well‌‌documented,‌‌and‌‌have‌‌strong‌‌support‌‌from‌‌                       
hobbyists‌ ‌and‌ ‌the‌ ‌engineering‌ ‌industries.‌ ‌ 

‌ 
Compatibility‌‌is‌‌a‌‌major‌‌consideration‌‌when‌‌choosing‌‌the‌‌right‌‌MCU.‌‌There‌‌are‌‌different‌‌                         
ways‌ ‌for‌ ‌the‌ ‌MCU‌ ‌to‌ ‌communicate‌ ‌with‌ ‌external‌ ‌peripherals,‌ ‌both‌ ‌wired‌‌and‌‌wireless.‌‌                         
Our‌ ‌solar‌ ‌charge‌‌controller‌‌should‌‌be‌‌constantly‌‌receiving‌‌information‌‌about‌‌the‌‌battery‌‌                       
and‌ ‌the‌‌solar‌‌panel,‌‌as‌‌well‌‌as‌‌be‌‌able‌‌to‌‌do‌‌certain‌‌operations‌‌whenever‌‌it‌‌is‌‌needed.‌‌A‌‌                                   
reliable‌ ‌connection‌ ‌is‌ ‌needed,‌ ‌so‌ ‌wireless‌ ‌communication‌ ‌will‌ ‌not‌ ‌be‌ ‌considered.‌ ‌The‌‌                       
most‌‌common‌‌communication‌‌methods‌‌used‌‌in‌‌MCUs‌‌are‌‌Inter-Integrated‌‌Circuit‌‌(I2C),‌‌                     
Serial‌ ‌Peripheral‌ ‌Interface‌ ‌(SPI),‌ ‌and‌ ‌Universal‌ ‌asynchronous‌ ‌receiver-transmitter‌‌               
(UART).‌‌MCUs‌‌tend‌‌to‌‌include‌‌at‌‌least‌‌one‌‌or‌‌more‌‌of‌‌these‌‌protocols.‌‌The‌‌MCU‌‌for‌‌this‌                                 
project‌ ‌should‌ ‌at‌ ‌least‌ ‌support‌ ‌I2C‌ ‌and‌ ‌SPI‌ ‌since‌ ‌many‌ ‌peripherals‌ ‌designed‌ ‌for‌‌                         
microcontrollers‌ ‌depend‌ ‌on‌ ‌these‌ ‌protocols.‌ ‌ 

‌ 
Another‌ ‌important‌ ‌factor‌ ‌is‌ ‌the‌ ‌programming‌ ‌environment‌ ‌for‌ ‌the‌ ‌MCU.‌ ‌Certain‌‌                     
programming‌ ‌environments‌ ‌may‌ ‌be‌ ‌harder‌ ‌to‌ ‌use‌ ‌than‌ ‌others‌ ‌and‌ ‌there‌ ‌may‌ ‌be‌ ‌very‌‌                           
useful‌‌tools‌‌or‌‌libraries‌‌that‌‌aren't‌‌available‌‌in‌‌certain‌‌environments.‌‌Worst‌‌case‌‌scenario,‌‌                         
if‌ ‌our‌ ‌peripherals‌ ‌depend‌ ‌on‌ ‌libraries‌ ‌that‌ ‌don’t‌ ‌exist‌ ‌on‌ ‌our‌ ‌MCU,‌ ‌we‌ ‌would‌ ‌need‌ ‌to‌‌                               
reverse‌ ‌engineer‌ ‌the‌ ‌libraries‌ ‌and‌ ‌implement‌ ‌them‌ ‌in‌ ‌our‌ ‌own‌ ‌environment‌ ‌if‌ ‌the‌‌                         
challenge‌ ‌is‌ ‌not‌ ‌too‌ ‌significant.‌ ‌To‌ ‌prevent‌ ‌this‌ ‌from‌ ‌happening,‌ ‌we‌ ‌must‌ ‌check‌ ‌the‌‌                           
compatibility‌ ‌of‌ ‌each‌ ‌component‌ ‌such‌ ‌as‌ ‌the‌ ‌LCD‌ ‌with‌ ‌our‌ ‌chosen‌ ‌MCU.‌ ‌ 

‌ 
There‌ ‌are‌ ‌other‌ ‌factors‌ ‌that‌ ‌may‌ ‌influence‌ ‌our‌ ‌choice‌ ‌such‌ ‌as‌ ‌the‌ ‌maximum‌‌current‌‌of‌‌                             
each‌ ‌per‌ ‌I/O‌ ‌pin,‌ ‌maximum‌ ‌operating‌ ‌voltage,‌ ‌size,‌ ‌or‌ ‌operating‌ ‌temperatures.‌ ‌These‌‌                       
factors‌ ‌are‌ ‌heavily‌ ‌dependent‌ ‌on‌ ‌our‌ ‌solar‌ ‌charge‌ ‌controller‌ ‌design‌ ‌and‌ ‌any‌ ‌potential‌‌                         
conflicts‌‌can‌‌be‌‌rectified‌‌through‌‌circuit‌‌design.‌‌For‌‌example,‌‌if‌‌the‌‌maximum‌‌operating‌‌                         

‌ 
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‌ 
voltage‌‌is‌‌5V‌‌and‌‌the‌‌meter‌‌reads‌‌6V,‌‌we‌‌can‌‌use‌‌a‌‌DC-DC‌‌converter‌‌or‌‌add‌‌resistors‌‌to‌‌                                   
lower‌ ‌the‌ ‌voltage.‌ ‌ 

‌ 
3.1.1‌ ‌Inter-Integrated‌ ‌Circuit‌ ‌ 
‌ 

I2C‌ ‌is‌ ‌a‌ ‌synchronous‌ ‌two-wire‌ ‌serial‌ ‌communication‌ ‌bus‌ ‌invented‌ ‌in‌ ‌1982‌ ‌by‌ ‌NXP‌‌                         
Semiconductors‌ ‌(formally‌ ‌known‌ ‌as‌ ‌Philips‌ ‌Semiconductor).‌ ‌It‌ ‌is‌ ‌primarily‌ ‌used‌ ‌by‌‌                     
slower‌ ‌devices‌ ‌found‌ ‌in‌ ‌embedded‌ ‌systems‌ ‌[80].‌ ‌The‌ ‌I2C‌ ‌bus‌ ‌requires‌ ‌that‌ ‌each‌ ‌slave‌‌                           
device‌‌needs‌‌an‌‌address,‌‌which‌‌is‌‌obtained‌‌from‌‌NXP.‌‌The‌‌protocol‌‌is‌‌widely‌‌popular‌‌due‌‌                             
to‌ ‌its‌ ‌simplicity‌ ‌and‌ ‌abundance‌ ‌in‌ ‌the‌ ‌MCU‌ ‌industry.‌ ‌Many‌ ‌devices‌ ‌designed‌ ‌for‌‌                         
embedded‌ ‌systems‌ ‌use‌ ‌I2C.‌ ‌Figure‌ ‌5‌ ‌illustrates‌ ‌a‌ ‌typical‌ ‌I2C‌ ‌configuration.‌ ‌ 

‌ 

‌ 
Figure‌ ‌5:‌ ‌Typical‌ ‌I2C‌ ‌Connection‌ ‌ 

‌ 
It‌ ‌should‌ ‌be‌ ‌noted‌ ‌that‌ ‌I2C‌ ‌allows‌ ‌for‌ ‌multiple‌ ‌different‌‌kinds‌‌of‌‌configuration‌‌such‌‌as‌‌                             
the‌‌one‌‌illustrated‌‌in‌‌Figure‌‌4,‌‌multiple‌‌masters‌‌existing‌‌on‌‌a‌‌single‌‌bus,‌‌or‌‌a‌‌combination‌‌                               
of‌ ‌masters‌ ‌and‌ ‌slaves.‌ ‌Figure‌ ‌4‌‌shows‌‌that‌‌pull‌‌up‌‌resistors‌‌are‌‌connected‌‌to‌‌each‌‌wire,‌‌                               
this‌ ‌is‌ ‌meant‌ ‌to‌ ‌set‌ ‌a‌ ‌default‌ ‌state‌ ‌for‌ ‌the‌ ‌devices,‌ ‌which‌ ‌is‌ ‌at‌ ‌high‌ ‌in‌ ‌this‌ ‌case.‌ ‌The‌‌                                     
minimum‌‌pull‌‌up‌‌resistance‌‌can‌‌be‌‌found‌‌by‌‌using‌‌this‌‌equation:‌‌ ,‌‌where‌‌V‌DD‌ ‌                     Loading…      
is‌‌the‌‌source‌‌shown‌‌in‌‌figure‌‌4,‌‌V‌OL‌ ‌(max)‌‌is‌‌the‌‌maximum‌‌voltage‌‌that‌‌represents‌‌logic‌‌                               
low‌‌and‌‌I‌OL‌ ‌represents‌‌the‌‌current‌‌through‌‌the‌‌resistor.‌‌The‌‌maximum‌‌pullup‌‌resistance‌‌is‌‌                           
limited‌ ‌by‌ ‌the‌ ‌bus‌ ‌capacitance‌ ‌since‌ ‌the‌ ‌I2C‌ ‌standard‌ ‌rise‌ ‌time‌ ‌may‌ ‌not‌ ‌rise‌ ‌to‌‌logical‌‌                               
high‌‌before‌‌being‌‌pulled‌‌low‌‌if‌‌the‌‌resistance‌‌is‌‌too‌‌high.‌‌If‌‌the‌‌pull‌‌up‌‌resistance‌‌is‌‌too‌‌                                   
low,‌ ‌then‌ ‌the‌ ‌I2C‌ ‌pins‌‌will‌‌be‌‌unable‌‌to‌‌be‌‌driven‌‌low‌‌by‌‌the‌‌master.‌‌Most‌‌MCUs‌‌have‌‌                                   
built‌ ‌in‌ ‌pull‌ ‌up‌ ‌resistors‌ ‌that‌ ‌can‌ ‌be‌ ‌enabled‌ ‌or‌ ‌disabled.‌ ‌ ‌   
 
Being‌ ‌that‌ ‌I2C‌ ‌is‌ ‌a‌ ‌serial‌ ‌communication‌ ‌protocol,‌ ‌bits‌‌are‌‌sent‌‌one‌‌at‌‌a‌‌time.‌‌The‌‌two‌‌                                 
wires‌ ‌in‌‌I2C‌‌are‌‌called‌‌SCL‌‌and‌‌SDA.‌‌SCL‌‌provides‌‌the‌‌clock‌‌signal‌‌to‌‌synchronize‌‌all‌‌                               
data‌‌transfers‌‌coming‌‌from‌‌SDA.‌‌Figure‌‌5shows‌‌an‌‌example‌‌of‌‌transferring‌‌8‌‌bits‌‌of‌‌data‌‌                             
from‌ ‌a‌ ‌slave‌ ‌to‌ ‌the‌ ‌master.‌ ‌ 

‌ 

‌ 
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‌ 
Figure‌ ‌6:‌ ‌SCL‌ ‌&‌ ‌SDA‌ ‌Signals‌ ‌ 

‌ 
The‌‌master‌‌will‌‌always‌‌start‌‌by‌‌sending‌‌the‌‌address‌‌bits‌‌first,‌‌then‌‌the‌‌read‌‌or‌‌write‌‌bits.‌‌                                 
The‌‌slave‌‌that‌‌has‌‌the‌‌corresponding‌‌address‌‌represented‌‌by‌‌the‌‌address‌‌bits‌‌will‌‌send‌‌an‌‌                             
acknowledgement‌ ‌signal‌ ‌(ACK)‌‌to‌‌the‌‌master‌‌to‌‌indicate‌‌that‌‌it‌‌is‌‌ready.‌‌From‌‌figure‌‌6,‌‌                             
since‌ ‌read‌ ‌bits‌ ‌were‌ ‌sent,‌ ‌the‌ ‌slave‌ ‌is‌ ‌sending‌ ‌data‌ ‌to‌ ‌the‌ ‌master.‌ ‌After‌ ‌the‌ ‌master‌‌                               
retrieves‌ ‌the‌ ‌data‌ ‌it‌ ‌will‌ ‌send‌ ‌a‌ ‌NACK‌ ‌signal‌ ‌then‌ ‌a‌ ‌stop‌ ‌condition‌‌to‌‌end‌‌the‌‌transfer.‌‌                                 
Figure‌ ‌5‌ ‌also‌ ‌demonstrates‌ ‌I2C’s‌ ‌robustness‌ ‌since‌ ‌SCL‌ ‌keeps‌ ‌the‌ ‌communication‌‌                     
between‌ ‌the‌ ‌master‌‌and‌‌slave‌‌synchronous‌‌and‌‌we‌‌also‌‌see‌‌that‌‌the‌‌master‌‌and‌‌slave‌‌let‌‌                               
each‌ ‌other‌ ‌know‌ ‌when‌‌they‌‌are‌‌ready‌‌and‌‌when‌‌to‌‌stop‌‌communication.‌‌Since‌‌only‌‌one‌‌                             
device‌ ‌can‌ ‌transmit‌ ‌data‌ ‌at‌‌a‌‌time,‌‌I2C‌‌is‌‌a‌‌half-duplex‌‌transmission‌‌mode.‌‌So‌‌we‌‌must‌‌                               
use‌ ‌another‌ ‌protocol‌ ‌if‌ ‌we‌ ‌need‌‌full-duplex‌‌communication.‌‌In‌‌addition,‌‌there‌‌are‌‌some‌‌                         
issues‌‌in‌‌regards‌‌to‌‌I2C‌‌such‌‌as‌‌the‌‌problem‌‌of‌‌sending‌‌a‌‌byte‌‌containing‌‌the‌‌7‌‌bit‌‌slave‌‌                                   
address‌‌and‌‌1‌‌bit‌‌for‌‌read‌‌and‌‌write.‌‌Some‌‌devices‌‌may‌‌need‌‌the‌‌programmer‌‌to‌‌left‌‌shift‌‌                                 
the‌ ‌byte‌ ‌by‌ ‌one‌ ‌to‌ ‌take‌ ‌account‌ ‌of‌ ‌the‌ ‌last‌ ‌bit,‌ ‌therefore‌ ‌creating‌ ‌confusion‌ ‌when‌ ‌the‌‌                               
datasheet‌ ‌specifies‌ ‌the‌ ‌address‌ ‌and‌ ‌that‌ ‌address‌ ‌becomes‌ ‌a‌ ‌new‌ ‌value‌‌when‌‌it’s‌‌shifted‌‌                           
[182].‌ ‌ 

‌  
However,‌ ‌I2C’s‌ ‌simplicity‌ ‌and‌ ‌ease‌ ‌of‌ ‌including‌ ‌additional‌ ‌slaves‌‌in‌‌an‌‌I2C‌‌bus‌‌makes‌‌                           
I2C‌ ‌the‌ ‌best‌ ‌option‌ ‌to‌ ‌use‌ ‌when‌ ‌needing‌ ‌to‌ ‌cut‌ ‌down‌ ‌on‌ ‌cost‌ ‌and‌ ‌circuit‌ ‌complexity.‌ ‌ 
‌ 

3.1.2‌ ‌Serial‌ ‌Peripheral‌ ‌Interface‌ ‌ 
‌ 

Like‌‌I2C,‌‌SPI‌‌is‌‌also‌‌a‌‌synchronous‌‌serial‌‌communication‌‌protocol.‌‌It‌‌was‌‌developed‌‌by‌‌                           
Motorola‌‌in‌‌1979,‌‌predating‌‌I2C.‌‌Unlike‌‌I2C,‌‌SPI‌‌can‌‌communicate‌‌in‌‌full‌‌duplex‌‌mode‌‌                           
using‌‌a‌‌master‌‌device‌‌and‌‌a‌‌slave‌‌device.‌‌3-wire‌‌and‌‌4-wire‌‌communication‌‌can‌‌be‌‌done‌‌                             
with‌ ‌SPI.‌ ‌A‌ ‌simple‌ ‌example‌ ‌of‌ ‌a‌ ‌4-wire‌ ‌SPI‌ ‌bus‌ ‌is‌ ‌depicted‌ ‌in‌ ‌Figure‌ ‌7.‌ ‌ 
‌ 
‌ 

‌ 
Figure‌ ‌7:‌ ‌Typical‌ ‌SPI‌ ‌Connection‌ ‌ 

‌ 
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‌ 

The‌ ‌SPI‌ ‌bus‌ ‌has‌ ‌four‌ ‌logic‌ ‌signals,‌ ‌Chip‌ ‌select‌ ‌(‌ ),‌ ‌clock‌ ‌(SCLK),‌ ‌master‌‌                  Loading…        
out-slave‌‌in‌‌(MOSI),‌‌and‌‌master‌‌in-slave‌‌out‌‌(MISO)‌‌[52].‌‌The‌‌ ‌signal‌‌is‌‌used‌‌                   Loading…       
to‌‌select‌‌a‌‌slave‌‌device.‌‌It‌‌does‌‌not‌‌rely‌‌on‌‌using‌‌address‌‌bits‌‌to‌‌connect‌‌to‌‌a‌‌slave,‌‌rather,‌                                     
the‌‌ line‌‌uses‌‌pull-up‌‌or‌‌pull-down‌‌resistors‌‌to‌‌keep‌‌a‌‌default‌‌state‌‌then‌‌changes‌‌ Loading…                          
that‌ ‌state‌ ‌to‌ ‌establish‌ ‌the‌ ‌active‌ ‌slave.‌ ‌The‌ ‌master‌ ‌generates‌ ‌the‌ ‌clock‌ ‌signal‌ ‌and‌ ‌data‌‌                             
transmitted‌ ‌between‌ ‌the‌ ‌two‌ ‌devices‌ ‌is‌ ‌synchronized‌ ‌to‌ ‌the‌ ‌generated‌ ‌clock‌ ‌SCLK.‌ ‌ 
‌ 

‌ 
Figure‌ ‌8:‌ ‌Example‌ ‌of‌ ‌SPI‌ ‌Signals‌ ‌ 

‌ 
Compared‌ ‌to‌ ‌I2C,‌ ‌SPI‌ ‌devices‌ ‌support‌ ‌much‌ ‌higher‌ ‌clock‌ ‌frequencies‌‌[142],‌‌making‌‌it‌‌                         
the‌ ‌preferable‌ ‌choice‌ ‌when‌ ‌speed‌ ‌is‌‌a‌‌consideration.‌‌MOSI‌‌and‌‌MISO‌‌are‌‌connected‌‌to‌‌                           
the‌‌slave’s‌‌serial‌‌data‌‌in‌‌(SDI)‌‌and‌‌out‌‌(SDO)‌‌lines,‌‌respectively.‌‌In‌‌I2C,‌‌one‌‌wire‌‌is‌‌used‌‌                                 
to‌‌transfer‌‌data‌‌between‌‌the‌‌master‌‌and‌‌slave.‌‌Full-duplex‌‌transmission‌‌is‌‌possible‌‌in‌‌SPI‌‌                           
because‌ ‌two‌ ‌wires‌ ‌are‌ ‌used‌ ‌to‌ ‌transfer‌ ‌data‌ ‌between‌ ‌the‌ ‌master‌ ‌and‌ ‌slave‌ ‌devices.‌ ‌ 

‌ 
Aside‌ ‌from‌ ‌its‌ ‌full-duplex‌ ‌capability,‌ ‌one‌ ‌of‌ ‌the‌ ‌most‌ ‌important‌ ‌aspects‌ ‌of‌‌SPI‌‌for‌‌this‌‌                             
project‌ ‌is‌‌that‌‌SPI‌‌devices‌‌generally‌‌consume‌‌less‌‌power‌‌than‌‌I2C‌‌devices‌‌[141].‌‌Power‌‌                           
consumption‌‌should‌‌be‌‌minimized‌‌in‌‌the‌‌design‌‌of‌‌the‌‌charge‌‌controller,‌‌so‌‌SPI‌‌might‌‌be‌‌                             
the‌‌best‌‌option‌‌to‌‌consider‌‌for‌‌communication‌‌at‌‌the‌‌cost‌‌of‌‌sacrificing‌‌the‌‌simplicity‌‌of‌‌                             
I2C.‌ ‌ 
‌ 

3.1.3‌ ‌Universal‌ ‌Asynchronous‌ ‌Receiver-Transmitter‌ ‌ 
‌ 

UART‌‌is‌‌an‌‌asynchronous‌‌serial‌‌communication‌‌circuit‌‌used‌‌by‌‌many‌‌MCUs.‌‌Depending‌‌                       
on‌ ‌the‌ ‌definition‌ ‌used‌ ‌for‌‌“protocol,”‌‌UART‌‌would‌‌not‌‌be‌‌considered‌‌a‌‌communication‌‌                         
protocol‌ ‌since‌ ‌it‌ ‌is‌ ‌only‌ ‌described‌ ‌as‌ ‌being‌ ‌the‌ ‌circuit‌ ‌needed‌ ‌for‌ ‌transmission‌ ‌and‌‌                           
receiving‌‌[Analog‌‌link,‌‌circuit‌‌basic].‌‌There‌‌are‌‌no‌‌set‌‌rules‌‌for‌‌UART‌‌like‌‌in‌‌I2C‌‌or‌‌SPI‌‌                                 
since‌ ‌an‌ ‌external‌ ‌asynchronous‌ ‌serial‌ ‌protocol‌ ‌is‌ ‌needed‌ ‌[152].‌ ‌Like‌ ‌I2C,‌ ‌it‌ ‌uses‌ ‌two‌‌                           
wires‌ ‌for‌ ‌communication‌ ‌as‌ ‌shown‌ ‌in‌ ‌figure‌ ‌9.‌ ‌ 
‌ 

‌ 
Figure‌ ‌9:‌ ‌Typical‌ ‌UART‌ ‌Connection‌ ‌ 

‌ 
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However,‌ ‌There‌ ‌are‌ ‌actually‌ ‌many‌ ‌differences‌ ‌between‌ ‌I2C‌ ‌and‌ ‌UART‌‌despite‌‌sharing‌‌                       
this‌ ‌similarity.‌ ‌For‌ ‌starters,‌ ‌UART‌ ‌supports‌ ‌half-duplex‌ ‌and‌ ‌full-duplex‌ ‌transmissions,‌‌                   
unlike‌‌I2C‌‌which‌‌only‌‌supports‌‌half-duplex‌‌transmissions.‌‌Since‌‌UART‌‌is‌‌asynchronous,‌‌                     
there‌ ‌is‌ ‌no‌ ‌clock‌ ‌signal‌ ‌to‌ ‌synchronous‌ ‌data‌ ‌unlike‌ ‌I2C.‌ ‌For‌ ‌the‌‌best‌‌compatibility,‌‌we‌‌                             
would‌ ‌need‌ ‌to‌ ‌set‌ ‌the‌ ‌baud‌‌rate‌‌of‌‌the‌‌receiving‌‌and‌‌transmitting‌‌UART‌‌to‌‌be‌‌the‌‌same‌‌                                 
[124].‌ ‌UART‌ ‌is‌‌also‌‌generally‌‌slower‌‌compared‌‌to‌‌I2C‌‌and‌‌it‌‌doesn’t‌‌have‌‌flow‌‌control‌‌                             
or‌ ‌data‌ ‌validation‌ ‌built‌ ‌in.‌ ‌UART‌ ‌relies‌ ‌on‌ ‌external‌ ‌protocols‌ ‌to‌ ‌do‌ ‌this.‌ ‌Circuit‌                           
complexity‌ ‌is‌ ‌also‌ ‌low‌ ‌for‌ ‌UART,‌ ‌but‌ ‌is‌ ‌not‌ ‌suitable‌ ‌for‌‌connections‌‌of‌‌more‌‌than‌‌two‌‌                               
devices‌ ‌[152].‌ ‌Due‌ ‌to‌ ‌this,‌ ‌software‌ ‌addressing‌ ‌is‌ ‌not‌ ‌required‌ ‌unlike‌ ‌in‌ ‌I2C.‌ ‌ 
‌ 

Transmission‌‌using‌‌UART‌‌involves‌‌the‌‌use‌‌of‌‌packets.‌‌Figure‌‌10‌‌shows‌‌what‌‌each‌‌packet‌‌                           
consists‌‌of.‌‌The‌‌number‌‌of‌‌data‌‌bits,‌‌parity‌‌bits,‌‌and‌‌stop‌‌bits‌‌is‌‌determined‌‌by‌‌the‌‌device‌‌                                 
sending‌ ‌data‌ ‌to‌ ‌the‌ ‌UART‌ ‌circuits.‌ ‌Baud‌ ‌rate‌ ‌is‌ ‌also‌ ‌determined‌ ‌by‌ ‌the‌ ‌device‌ ‌as‌ ‌well.‌‌ ‌  
‌ 

‌ 
Figure‌ ‌10:‌ ‌Contents‌ ‌of‌ ‌a‌ ‌UART‌ ‌Packet‌ ‌ 

‌ 
The‌ ‌start‌ ‌bit‌ ‌notifies‌ ‌the‌ ‌receiving‌ ‌UART‌‌to‌‌start‌‌reading‌‌the‌‌bits‌‌coming‌‌from‌‌the‌‌data‌‌                               
frame‌ ‌of‌ ‌the‌ ‌packet.‌ ‌Normally,‌ ‌the‌ ‌transmission‌ ‌line‌ ‌is‌ ‌held‌ ‌at‌ ‌a‌ ‌high‌ ‌voltage‌ ‌level.‌‌                             
Meaning‌ ‌that‌ ‌the‌ ‌transmission‌ ‌line‌‌is‌‌pulled‌‌from‌‌high‌‌to‌‌low,‌‌similarly‌‌to‌‌how‌‌the‌‌pull‌‌                               
up‌ ‌resistors‌ ‌operated‌ ‌in‌‌the‌‌I2C‌‌configuration‌‌discussed‌‌earlier.‌‌The‌‌transmission‌‌line‌‌is‌‌                         
pulled‌‌at‌‌a‌‌low‌‌state‌‌for‌‌one‌‌clock‌‌cycle‌‌which‌‌the‌‌receiving‌‌UART‌‌will‌‌detect.‌‌The‌‌data‌‌                                 
frame‌‌contains‌‌the‌‌actual‌‌data‌‌to‌‌be‌‌sent.‌‌The‌‌number‌‌of‌‌data‌‌bits‌‌can‌‌be‌‌between‌‌5‌‌to‌‌8‌‌                                     
or‌ ‌9‌ ‌bits‌‌long,‌‌depending‌‌on‌‌what‌‌the‌‌parity‌‌bit‌‌is‌‌set‌‌to.‌‌The‌‌parity‌‌bit‌‌is‌‌used‌‌for‌‌error‌‌                                       
checking.‌ ‌While‌ ‌transmitting‌ ‌data,‌ ‌bits‌ ‌can‌ ‌be‌ ‌changed‌ ‌due‌ ‌to‌ ‌factors‌ ‌such‌ ‌as‌‌                         
electromagnetic‌ ‌radiation,‌ ‌distance,‌ ‌or‌ ‌mismatched‌ ‌baud‌ ‌rates‌ ‌[124].‌ ‌The‌ ‌parity‌ ‌bit‌‌                     
checks‌‌the‌‌integrity‌‌of‌‌the‌‌data‌‌by‌‌counting‌‌the‌‌number‌‌of‌‌1‌‌bits‌‌in‌‌the‌‌data‌‌frame.‌‌If‌‌the‌‌                                     
parity‌ ‌was‌ ‌set‌ ‌to‌ ‌0,‌‌then‌‌the‌‌receiving‌‌UART‌‌would‌‌expect‌‌an‌‌even‌‌amount‌‌of‌‌1‌‌bits.‌‌It‌‌                                   
would‌‌expect‌‌an‌‌odd‌‌amount‌‌of‌‌1‌‌bits‌‌if‌‌the‌‌parity‌‌bit‌‌was‌‌set‌‌to‌‌1.‌‌The‌‌stop‌‌bit(s)‌‌simply‌‌                                       
signals‌‌the‌‌end‌‌of‌‌the‌‌data‌‌packet‌‌by‌‌pulling‌‌the‌‌data‌‌transmission‌‌line‌‌from‌‌low‌‌to‌‌high‌‌                                 
for‌ ‌one‌ ‌or‌ ‌two‌ ‌clock‌ ‌cycles.‌ ‌ 
‌ 

Consideration‌‌for‌‌the‌‌use‌‌of‌‌UART‌‌will‌‌be‌‌minimal‌‌for‌‌this‌‌project.‌‌Although‌‌our‌‌MCU‌‌                             
will‌ ‌most‌ ‌likely‌ ‌support‌ ‌it,‌ ‌there‌ ‌are‌ ‌already‌ ‌many‌ ‌useful‌ ‌peripherals‌ ‌that‌ ‌support‌ ‌the‌‌                           
more‌‌reliable‌‌protocols.‌‌In‌‌addition,‌‌we‌‌would‌‌want‌‌to‌‌keep‌‌the‌‌ability‌‌to‌‌be‌‌able‌‌to‌‌scale‌‌                                 
our‌ ‌communication‌ ‌buses‌ ‌in‌ ‌the‌ ‌event‌ ‌that‌ ‌we‌ ‌need‌ ‌to‌ ‌further‌ ‌expand‌ ‌our‌ ‌designs.‌‌ ‌  
‌ 

‌ 
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‌ 
3.1.4‌ ‌Peripheral‌ ‌Options‌ ‌ 
‌ 

Now‌‌that‌‌we‌‌have‌‌a‌‌better‌‌understanding‌‌of‌‌the‌‌communication‌‌protocols‌‌commonly‌‌used‌‌                         
in‌ ‌MCUs,‌ ‌we‌ ‌can‌ ‌start‌ ‌analysing‌ ‌peripheral‌ ‌devices‌ ‌needed‌ ‌for‌ ‌our‌ ‌project‌ ‌that‌ ‌take‌‌                           
advantage‌ ‌of‌ ‌these‌ ‌protocols.‌ ‌ 
‌ 

Adafruit‌ ‌is‌ ‌a‌ ‌vendor‌ ‌that‌ ‌provides‌ ‌a‌ ‌large‌ ‌quantity‌ ‌of‌ ‌products‌ ‌specifically‌ ‌for‌ ‌MCUs.‌‌                           
They‌ ‌sell‌ ‌many‌ ‌peripheral‌ ‌devices‌ ‌that‌ ‌range‌ ‌from‌ ‌adapters‌ ‌to‌ ‌sensors,‌ ‌to‌ ‌LCDs,‌ ‌and‌‌                           
more.‌ ‌Adafruit‌ ‌primarily‌ ‌appeals‌ ‌to‌ ‌electronic‌ ‌hobbyists‌ ‌given‌ ‌that‌ ‌they‌ ‌have‌ ‌many‌‌                       
tutorials‌ ‌and‌ ‌kits.‌ ‌This‌ ‌also‌ ‌means‌ ‌that‌ ‌their‌ ‌products‌ ‌are‌ ‌very‌ ‌affordable‌ ‌and‌ ‌are‌ ‌well‌‌                             
documented.‌ ‌Choosing‌ ‌the‌ ‌peripherals‌ ‌first‌ ‌will‌‌give‌‌us‌‌a‌‌better‌‌understanding‌‌for‌‌what‌‌                         
MCU‌ ‌we‌ ‌will‌ ‌need‌ ‌since‌ ‌we‌ ‌want‌ ‌an‌ ‌MCU‌ ‌that‌ ‌is‌ ‌compatible‌ ‌with‌ ‌the‌ ‌chosen‌ ‌parts.‌ ‌ 

‌ 
3.1.4.1‌ ‌1.8’’‌ ‌TFT‌ ‌Display‌ ‌Breakout‌ ‌Board‌ ‌and‌ ‌Shield‌ ‌ 

‌ 
One‌ ‌of‌ ‌many‌ ‌LCDs‌ ‌sold‌ ‌by‌ ‌Adafruit‌ ‌is‌ ‌a‌ ‌1.8‌ ‌inch‌ ‌thin-film-transistor‌ ‌display‌ ‌with‌ ‌a‌‌                             
128x160‌‌screen‌‌resolution,‌‌18-bit‌‌color‌‌depth,‌‌and‌‌two‌‌white‌‌LED‌‌backlights‌‌driven‌‌via‌‌                         
PWM.‌ ‌This‌ ‌is‌ ‌technically‌ ‌considered‌ ‌a‌ ‌“display‌ ‌breakout”‌ ‌since‌ ‌an‌ ‌interface‌ ‌to‌‌                       
communicate‌‌with‌‌the‌‌LCD‌‌is‌‌included,‌‌which‌‌uses‌‌4-wire‌‌or‌‌5-wire‌‌SPI.‌‌An‌‌interesting‌‌                           
feature‌ ‌is‌ ‌that‌ ‌it‌ ‌includes‌ ‌a‌ ‌microSD‌ ‌card‌ ‌reader,‌‌so‌‌we‌‌can‌‌directly‌‌load‌‌color‌‌bitmaps‌‌                               
from‌‌it.‌‌This‌‌feature‌‌may‌‌be‌‌helpful‌‌for‌‌designing‌‌the‌‌GUI‌‌since‌‌we‌‌can‌‌save‌‌space‌‌on‌‌the‌‌                                   
flash‌ ‌memory‌ ‌of‌ ‌the‌‌MCU‌‌by‌‌loading‌‌assets‌‌from‌‌the‌‌SD‌‌card‌‌instead.‌‌Only‌‌calling‌‌for‌‌                               
those‌ ‌assets‌ ‌when‌ ‌needed‌ ‌and‌ ‌making‌ ‌memory‌ ‌usage‌ ‌efficient.‌ ‌In‌ ‌addition,‌ ‌we‌ ‌can‌‌                         
introduce‌‌data‌‌logging‌‌features‌‌that‌‌can‌‌show‌‌helpful‌‌statistics‌‌during‌‌the‌‌debugging‌‌and‌‌                         
testing‌ ‌phase‌ ‌of‌ ‌the‌ ‌project.‌ ‌In‌ ‌addition,‌ ‌the‌ ‌display‌ ‌also‌ ‌has‌ ‌a‌ ‌controller‌ ‌with‌ ‌its‌ ‌own‌‌                               
RAM‌ ‌buffering‌ ‌so‌ ‌that‌ ‌even‌ ‌MCUs‌ ‌with‌ ‌low‌ ‌memory‌ ‌can‌ ‌drive‌ ‌it.‌ ‌According‌ ‌to‌ ‌its‌‌                             
specifications,‌ ‌current‌ ‌draw‌ ‌is‌ ‌based‌ ‌on‌ ‌LED‌‌backlight‌‌usage,‌‌with‌‌full‌‌backlight‌‌being‌‌                         
about‌‌50‌‌mA.‌‌This‌‌is‌‌reasonable‌‌enough‌‌where‌‌we‌‌can‌‌consider‌‌allowing‌‌users‌‌to‌‌adjust‌‌                             
screen‌‌brightness‌‌directly‌‌from‌‌the‌‌GUI‌‌without‌‌worrying‌‌about‌‌severe‌‌consequences‌‌for‌‌                       
the‌ ‌system‌ ‌in‌ ‌regards‌ ‌to‌ ‌power‌ ‌consumption‌ ‌and‌ ‌current‌ ‌draw.‌ ‌ 
‌ 

Adafruit‌ ‌provided‌ ‌schematics‌ ‌for‌‌the‌‌breakout‌‌as‌‌well‌‌as‌‌EagleCAD‌‌PCBs‌‌and‌‌Arduino‌‌                         
programming‌ ‌libraries‌ ‌that‌ ‌are‌ ‌compatible‌ ‌with‌ ‌the‌ ‌display.‌ ‌Even‌ ‌if‌ ‌we’re‌ ‌not‌ ‌using‌‌                         
Arduino‌ ‌MCUs,‌ ‌we‌ ‌can‌ ‌port‌ ‌the‌ ‌code‌ ‌to‌ ‌different‌ ‌platforms.‌ ‌As‌ ‌long‌ ‌as‌ ‌our‌‌MCU‌‌has‌‌                               
SPI,‌ ‌what‌ ‌architecture‌ ‌or‌ ‌development‌ ‌platform‌ ‌we‌ ‌use‌ ‌will‌ ‌not‌ ‌matter‌ ‌too‌ ‌much.‌‌                         
However,‌ ‌it‌ ‌will‌ ‌still‌ ‌take‌ ‌some‌ ‌time‌ ‌to‌ ‌port‌ ‌the‌ ‌code.‌‌ ‌  
‌ 

3.1.4.2‌ ‌2.4’’‌ ‌TFT‌ ‌LCD‌ ‌with‌ ‌Touchscreen‌ ‌and‌ ‌Breakout‌ ‌Board‌ ‌w/MicroSD‌ ‌Socket‌ 
‌ 

Another‌ ‌product‌ ‌sold‌ ‌by‌ ‌Adafruit‌ ‌is‌‌a‌‌2.4‌‌inch‌‌display‌‌that‌‌functions‌‌nearly‌‌identical‌‌to‌‌                             
the‌ ‌last‌ ‌LCD‌ ‌covered.‌ ‌The‌ ‌only‌ ‌major‌ ‌difference‌ ‌is‌ ‌the‌ ‌touchscreen‌ ‌functionality.‌ ‌The‌‌                         
communication‌ ‌method‌ ‌has‌ ‌slightly‌ ‌changed‌ ‌as‌ ‌well,‌ ‌with‌ ‌the‌ ‌breakout‌ ‌board‌ ‌being‌‌                       
compatible‌ ‌with‌ ‌both‌ ‌8-bit‌ ‌digital‌ ‌data‌ ‌lines‌‌or‌‌5-wire‌‌SPI,‌‌the‌‌former‌‌being‌‌faster‌‌than‌‌                             
5-wire‌ ‌SPI.‌‌ ‌  
‌ 

In‌‌addition,‌‌4‌‌extra‌‌pins‌‌are‌‌required‌‌for‌‌the‌‌touchscreen‌‌functionality,‌‌2‌‌digital‌‌pins‌‌and‌‌2‌‌                               
analog‌ ‌pins.‌ ‌The‌ ‌LCD‌ ‌uses‌ ‌a‌ ‌resistive‌ ‌touchscreen,‌ ‌unlike‌ ‌the‌ ‌capacitive‌ ‌touchscreens‌‌                       
that‌‌we’re‌‌so‌‌used‌‌to‌‌from‌‌modern‌‌consumer‌‌touchscreen‌‌devices.‌‌This‌‌would‌‌mean‌‌that‌‌                           

‌ 
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‌ 
the‌ ‌user‌ ‌must‌ ‌apply‌ ‌pressure‌ ‌to‌ ‌the‌ ‌screen‌ ‌for‌ ‌input.‌ ‌How‌ ‌this‌ ‌works‌ ‌is‌ ‌that‌ ‌there’s‌ ‌a‌‌                                 
flexible‌ ‌film‌ ‌layer‌ ‌at‌ ‌the‌ ‌very‌ ‌top‌ ‌of‌ ‌the‌ ‌screen‌ ‌(usually‌ ‌made‌‌of‌‌polyester‌‌coated‌‌with‌‌                               
indium‌ ‌tin‌ ‌oxide)‌ ‌and‌ ‌a‌ ‌gap‌ ‌alongside‌ ‌another‌ ‌film‌ ‌that‌ ‌can‌ ‌create‌‌a‌‌change‌‌of‌‌voltage‌‌                               
(which‌ ‌is‌ ‌detected‌ ‌by‌ ‌sensors)‌ ‌when‌ ‌pressure‌ ‌is‌ ‌applied‌ ‌as‌ ‌shown‌ ‌in‌ ‌figure‌ ‌11.‌ ‌ 

‌ 
Figure‌ ‌11:‌ ‌Resistive‌ ‌Touch‌ ‌Screen‌ ‌ 

‌ 
Compared‌ ‌to‌ ‌capacitive‌ ‌touchscreens,‌ ‌resistive‌ ‌ones‌ ‌are‌ ‌less‌ ‌sensitive‌ ‌and‌ ‌are‌ ‌not‌‌                       
typically‌‌designed‌‌for‌‌multi-touch‌‌sensing.‌‌They‌‌are‌‌also‌‌generally‌‌less‌‌durable‌‌compared‌‌                       
to‌ ‌capacitive‌ ‌touchscreen‌ ‌and‌ ‌are‌ ‌more‌‌difficult‌‌to‌‌repair.‌‌If‌‌we‌‌were‌‌to‌‌use‌‌this‌‌for‌‌our‌‌                                 
project,‌‌the‌‌resistive‌‌touchscreens‌‌would‌‌suit‌‌our‌‌purpose‌‌just‌‌fine‌‌since‌‌our‌‌planned‌‌GUI‌‌                           
would‌‌be‌‌simple‌‌to‌‌use‌‌and‌‌won’t‌‌rely‌‌on‌‌any‌‌complicated‌‌gestures.‌‌Adafruit‌‌provides‌‌a‌‌                             
touchscreen‌ ‌library‌ ‌for‌ ‌these‌ ‌devices‌ ‌and‌ ‌some‌ ‌example‌ ‌code‌ ‌to‌ ‌demonstrate‌ ‌its‌‌                       
capabilities.‌ ‌ 
‌ 

Adafruit‌ ‌has‌ ‌not‌ ‌given‌ ‌current‌ ‌draw‌‌specifications,‌‌but‌‌since‌‌the‌‌LCD‌‌is‌‌larger‌‌than‌‌the‌‌                             
1.8’’‌‌inch‌‌display‌‌and‌‌also‌‌has‌‌a‌‌touchscreen,‌‌we‌‌can‌‌assume‌‌that‌‌the‌‌power‌‌consumption‌‌                             
will‌‌be,‌‌at‌‌least,‌‌slightly‌‌higher‌‌compared‌‌to‌‌the‌‌last‌‌screen.‌‌Unfortunately,‌‌the‌‌datasheet‌‌                           
does‌ ‌not‌ ‌contain‌ ‌any‌‌information‌‌about‌‌the‌‌display’s‌‌power‌‌consumption.‌‌Adafruit‌‌does‌‌                       
provide‌ ‌the‌ ‌datasheet‌ ‌for‌ ‌its‌ ‌TFT‌ ‌controller‌ ‌chip.‌ ‌According‌ ‌to‌ ‌it,‌‌the‌‌chip‌‌driver‌‌has‌‌a‌‌                               
maximum‌ ‌operating‌ ‌voltage‌ ‌of‌ ‌3.3V‌ ‌and‌ ‌a‌ ‌typical‌ ‌current‌ ‌consumption‌ ‌during‌‌standby‌‌                       
mode‌ ‌of‌ ‌100µA.‌‌ ‌  
‌ 

3.1.4.3‌ ‌2.8’’‌ ‌TFT‌ ‌LCD‌ ‌with‌ ‌Capacitive‌ ‌Touchscreen‌ ‌and‌ ‌Breakout‌ ‌Board‌‌                   
w/MicroSD‌ ‌Socket‌ ‌ 
‌ 

Yet‌‌another‌‌TFT‌‌LCD‌‌product,‌‌this‌‌2.8’’‌‌display‌‌functions‌‌just‌‌like‌‌the‌‌previous‌‌one‌‌but‌‌                             
now‌ ‌has‌ ‌a‌ ‌capacitive‌ ‌single-touch‌ ‌touchscreen‌ ‌rather‌ ‌than‌ ‌a‌ ‌resistive‌ ‌one.‌ ‌ 
‌ 

‌ 
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Like‌ ‌resistive‌ ‌touchscreens,‌ ‌there‌ ‌are‌ ‌different‌ ‌types‌ ‌of‌ ‌capacitive‌ ‌touchscreens‌‌                   
technologies.‌ ‌However,‌ ‌they‌ ‌all‌ ‌work‌ ‌by‌ ‌taking‌ ‌advantage‌ ‌of‌ ‌the‌ ‌fact‌ ‌that‌ ‌the‌ ‌human‌‌                           
body‌ ‌is‌ ‌naturally‌ ‌conductive.‌ ‌ 
‌ 

Surface‌‌Capacitive‌‌touchscreens,‌‌for‌‌example,‌‌have‌‌four‌‌electrodes‌‌placed‌‌on‌‌each‌‌corner‌‌                       
of‌ ‌the‌‌screen.‌‌When‌‌your‌‌finger‌‌comes‌‌in‌‌contact‌‌with‌‌any‌‌part‌‌of‌‌the‌‌screen,‌‌it‌‌induces‌‌                                 
current‌ ‌flow‌ ‌between‌ ‌the‌ ‌electrodes‌ ‌and‌ ‌your‌ ‌finger,‌ ‌creating‌ ‌a‌ ‌change‌ ‌in‌ ‌voltage‌‌                         
somewhere‌‌in‌‌the‌‌screen‌‌as‌‌shown‌‌in‌‌figure‌‌12‌‌[54].‌‌Sensors‌‌would‌‌detect‌‌the‌‌location‌‌of‌‌                               
that‌ ‌change‌ ‌and‌ ‌interpret‌ ‌that‌ ‌input.‌ ‌ 

‌ 

‌ 
Figure‌ ‌12:‌ ‌Capacitive‌ ‌Touch‌ ‌Screen‌ ‌ 

‌ 
Capacitive‌ ‌touchscreens‌ ‌are‌ ‌generally‌ ‌more‌‌reliable,‌‌durable,‌‌and‌‌sensitive‌‌compared‌‌to‌‌                     
resistive‌‌touchscreens.‌‌However,‌‌they‌‌do‌‌not‌‌work‌‌well‌‌when‌‌using‌‌insulators‌‌to‌‌interact‌‌                         
with‌‌the‌‌screen,‌‌like‌‌rubber‌‌gloves.‌‌This‌‌is‌‌why‌‌you‌‌would‌‌see‌‌gloves‌‌specifically‌‌made‌‌                             
to‌ ‌be‌ ‌used‌ ‌with‌ ‌smartphones.‌‌ ‌  
‌ 

Of‌ ‌all‌ ‌the‌ ‌LCDs‌ ‌covered,‌ ‌this‌ ‌one‌ ‌is‌ ‌the‌ ‌largest.‌ ‌Capacitive‌ ‌touchscreens‌ ‌usually‌ ‌have‌‌                           
higher‌‌power‌‌consumption‌‌compared‌‌to‌‌their‌‌resistive‌‌counterparts.‌‌So,‌‌add‌‌the‌‌fact‌‌that‌‌                         
this‌‌is‌‌also‌‌larger‌‌than‌‌the‌‌2.4’’‌‌touchscreen‌‌display‌‌and‌‌we‌‌have‌‌an‌‌LCD‌‌that‌‌likely‌‌has‌‌                                 
the‌ ‌highest‌ ‌power‌ ‌consumption.‌ ‌Unlike‌ ‌the‌ ‌last‌ ‌display,‌ ‌the‌ ‌provided‌‌datasheet‌‌is‌‌more‌‌                         
extensive.‌ ‌The‌ ‌LCD‌ ‌backlight‌ ‌has‌ ‌a‌ ‌maximum‌ ‌current‌ ‌consumption‌ ‌of‌ ‌80‌ ‌mA‌ ‌and‌‌the‌‌                           
LCD‌‌uses‌‌the‌‌same‌‌chip‌‌controller‌‌as‌‌the‌‌previous‌‌display.‌‌In‌‌addition,‌‌this‌‌LCD‌‌features‌‌                             
a‌‌capacitive‌‌chip‌‌that‌‌is‌‌used‌‌for‌‌sensing.‌‌This‌‌chip‌‌has‌‌a‌‌maximum‌‌operating‌‌voltage‌‌of‌‌                               
3.6V‌ ‌and‌ ‌a‌ ‌typical‌ ‌current‌ ‌consumption‌ ‌of‌ ‌2.1‌ ‌mA‌ ‌when‌ ‌the‌ ‌operating‌‌voltage‌‌is‌‌3.3V‌‌                             
and‌ ‌the‌ ‌master‌ ‌clock‌ ‌is‌ ‌24MHz‌ ‌at‌ ‌25°C.‌ ‌ 

‌ 
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‌ 

3.1.4.4‌ ‌Adafruit‌ ‌BME280‌ ‌I2C‌ ‌or‌ ‌SPI‌ ‌Temperature‌ ‌Humidity‌ ‌Pressure‌ ‌Sensor‌ ‌-‌‌                     
STEMMA‌ ‌QT‌ ‌ 
‌ 

One‌ ‌other‌ ‌peripheral‌ ‌that‌ ‌we‌ ‌need‌ ‌for‌ ‌our‌ ‌solar‌ ‌LIP‌ ‌battery‌ ‌is‌ ‌a‌ ‌temperature‌ ‌sensor.‌‌                             
Adafruit‌‌sells‌‌many‌‌temperature‌‌sensors‌‌of‌‌varying‌‌quality‌‌and‌‌prices.‌‌Most‌‌of‌‌them‌‌have‌‌                           
other‌ ‌sensors‌ ‌to‌ ‌go‌ ‌along‌ ‌with‌ ‌it‌ ‌such‌ ‌as‌ ‌a‌‌humidity‌‌sensor,‌‌altitude‌‌sensor,‌‌or‌‌pressure‌‌                               
sensor.‌ ‌  
‌ 

Bosch’s‌ ‌BME280‌ ‌sensor‌ ‌is‌ ‌one‌ ‌of‌ ‌Adafruit’s‌ ‌most‌ ‌accurate‌ ‌low-cost‌ ‌sensors‌ ‌for‌‌                       
humidity,‌ ‌barometric‌ ‌pressure,‌ ‌and‌ ‌temperature.‌ ‌We’re‌ ‌only‌ ‌interested‌ ‌in‌ ‌the‌ ‌product’s‌‌                     
temperature‌ ‌sensing‌ ‌capabilities,‌ ‌so‌ ‌the‌ ‌other‌ ‌sensors‌ ‌will‌ ‌be‌ ‌ignored.‌ ‌The‌ ‌temperature‌‌                       
sensor‌‌is‌‌accurate‌‌within‌‌±1.0°C‌‌and‌‌has‌‌an‌‌operating‌‌range‌‌of‌‌-40°C‌‌and‌‌+85°C,‌‌which‌‌                             
are‌‌good‌‌enough‌‌for‌‌our‌‌project.‌‌According‌‌to‌‌the‌‌sensor’s‌‌datasheet,‌‌the‌‌typical‌‌current‌‌                           
consumption‌‌is‌‌1.0μA‌‌at‌‌1‌‌sample/second‌‌for‌‌only‌‌temperature‌‌sensing‌‌and‌‌0.1μA‌‌when‌‌                         
the‌‌device‌‌is‌‌in‌‌sleep‌‌mode.‌‌They‌‌didn’t‌‌give‌‌any‌‌maximum‌‌current‌‌values,‌‌however,‌‌they‌‌                             
did‌ ‌give‌ ‌us‌ ‌a‌ ‌typical‌ ‌current‌ ‌value‌ ‌of‌ ‌350μA‌ ‌(or‌ ‌.350mA)‌ ‌when‌ ‌the‌ ‌device‌ ‌is‌‌at‌‌85°C.‌‌                                 
Regardless‌ ‌of‌ ‌usage‌ ‌and‌ ‌condition,‌ ‌this‌ ‌device‌ ‌is‌ ‌very‌ ‌low‌ ‌powered.‌ ‌ 
‌ 

The‌ ‌BME280‌‌also‌‌supports‌‌SPI‌‌and‌‌I2C,‌‌which‌‌gives‌‌us‌‌greater‌‌flexibility‌‌in‌‌regards‌‌to‌‌                             
wiring‌ ‌our‌‌devices.‌‌The‌‌sensor‌‌is‌‌mounted‌‌on‌‌the‌‌PCB‌‌with‌‌a‌‌3.3V‌‌regulator‌‌to‌‌make‌‌it‌‌                                 
compatible‌ ‌with‌ ‌3V‌ ‌or‌ ‌5V‌ ‌input‌ ‌typically‌ ‌found‌ ‌in‌ ‌MCUs.‌ ‌In‌ ‌addition,‌ ‌the‌ ‌board‌ ‌is‌‌                             
compatible‌‌with‌‌STEMMA‌‌QT‌‌connectors‌‌for‌‌easy‌‌I2C‌‌use‌‌when‌‌JST‌‌PH‌‌connectors‌‌are‌‌                           
too‌ ‌large.‌ ‌Adafruit‌ ‌has‌ ‌provided‌ ‌drivers‌ ‌to‌ ‌be‌ ‌used‌ ‌with‌ ‌MCU’s.‌‌ ‌  
‌ 

3.1.4.5‌ ‌MCP9808‌ ‌High‌ ‌Accuracy‌ ‌I2C‌ ‌Temperature‌ ‌Sensor‌ ‌Breakout‌ ‌Board‌ ‌ 
‌ 

A‌ ‌cheaper‌ ‌alternative‌ ‌and‌ ‌one‌ ‌solely‌‌dedicated‌‌for‌‌our‌‌needs‌‌is‌‌the‌‌MCP9808‌‌sensor.‌‌It‌‌                             
has‌‌an‌‌operating‌‌temperature‌‌between‌‌-40°C‌‌and‌‌+125°C‌‌with‌‌a‌‌typical‌‌accuracy‌‌within‌‌                         
±0.25°C.‌‌Its‌‌maximum‌‌current‌‌draw‌‌is‌‌5μA‌‌and‌‌it‌‌can‌‌convert‌‌0.25°C/bit‌‌in‌‌65‌‌ms‌‌at‌‌15‌‌                                 
samples/sec.‌ ‌The‌ ‌sensor‌ ‌supports‌ ‌higher‌ ‌precision,‌ ‌upto‌ ‌±0.0625°C,‌ ‌but‌ ‌with‌ ‌slower‌‌                     
conversion‌ ‌time.‌ ‌ 
‌ 

It‌‌exclusively‌‌uses‌‌I2C‌‌which‌‌is‌‌a‌‌downside‌‌in‌‌terms‌‌of‌‌versatility,‌‌but‌‌it‌‌more‌‌than‌‌makes‌‌                                 
up‌ ‌for‌ ‌it‌ ‌by‌ ‌having‌ ‌higher‌ ‌precision,‌ ‌a‌ ‌smaller‌ ‌form‌ ‌factor,‌ ‌and‌ ‌a‌ ‌much‌ ‌cheaper‌ ‌price‌‌                               
compared‌‌to‌‌the‌‌last‌‌sensor.‌‌Just‌‌like‌‌the‌‌last‌‌sensor,‌‌Adafruit‌‌has‌‌provided‌‌Arduino‌‌and‌‌                             
Python/CircuitPython‌ ‌code‌ ‌for‌ ‌this‌ ‌board.‌ ‌ 

‌  
3.1.5‌ ‌Pulse‌ ‌Width‌ ‌Modulation‌ ‌ 

‌ 
One‌ ‌feature‌ ‌that‌ ‌is‌ ‌common‌‌amongst‌‌MCUs‌‌is‌‌the‌‌ability‌‌to‌‌generate‌‌PWMs.‌‌Since‌‌our‌‌                             
charge‌ ‌controller‌ ‌and‌ ‌LCD’s‌ ‌backlight‌ ‌will‌ ‌be‌ ‌driven‌ ‌by‌ ‌PWMs,‌ ‌we‌‌definitely‌‌need‌‌an‌‌                           
MCU‌‌that‌‌can‌‌generate‌‌them.‌‌Most‌‌MCUs‌‌can‌‌do‌‌this,‌‌but‌‌they‌‌all‌‌vary‌‌with‌‌the‌‌number‌‌                                 
of‌ ‌pins‌ ‌that‌ ‌can‌ ‌generate‌ ‌PWMs.‌ ‌Before‌ ‌exploring‌ ‌requirements‌ ‌regarding‌ ‌PWMs,‌ ‌we‌‌                       
should‌ ‌know‌ ‌more‌ ‌about‌ ‌them.‌ ‌ 

‌ 

‌ 
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‌ 
Figure‌ ‌13:‌ ‌PWM‌ ‌Waveform‌ ‌by‌ ‌Duty‌ ‌Cycles‌ ‌ 

‌ 
Figure‌ ‌13‌ ‌shows‌ ‌the‌ ‌waveforms‌ ‌of‌ ‌typical‌ ‌PWMs.‌ ‌Duty‌ ‌cycle‌ ‌refers‌‌to‌‌the‌‌ratio‌‌of‌‌the‌‌                               
waveform‌‌being‌‌high‌‌to‌‌the‌‌waveform‌‌being‌‌low‌‌per‌‌period.‌‌For‌‌example,‌‌the‌‌75%‌‌duty‌‌                             
cycle‌ ‌waveform‌ ‌shows‌ ‌the‌ ‌wave‌ ‌being‌ ‌high‌ ‌3/4th‌ ‌of‌ ‌the‌ ‌time‌ ‌per‌ ‌period.‌ ‌The‌ ‌most‌‌                             
notable‌‌waveforms‌‌are‌‌the‌‌0%,‌‌50%,‌‌and‌‌100%‌‌duty‌‌cycle‌‌waves.‌‌We‌‌can‌‌see‌‌that‌‌at‌‌0%‌‌                                 
duty‌‌cycle,‌‌the‌‌wave‌‌is‌‌always‌‌low‌‌during‌‌its‌‌period‌‌and‌‌always‌‌high‌‌at‌‌100%‌‌duty‌‌cycle.‌‌                                 
When‌‌the‌‌duty‌‌cycle‌‌is‌‌set‌‌to‌‌50%,‌‌we‌‌see‌‌the‌‌wave‌‌being‌‌high‌‌at‌‌half‌‌a‌‌cycle‌‌and‌‌low‌‌for‌‌                                         
the‌‌other‌‌half,‌‌in‌‌other‌‌words,‌‌a‌‌square‌‌wave.‌‌A‌‌light‌‌bulb‌‌driven‌‌by‌‌PWM‌‌is‌‌constantly‌‌                                 
turning‌ ‌on‌ ‌and‌ ‌off,‌ ‌but‌ ‌if‌ ‌the‌ ‌rate‌ ‌is‌ ‌high‌ ‌enough,‌ ‌we‌ ‌wouldn’t‌ ‌be‌ ‌able‌ ‌to‌ ‌notice‌ ‌the‌‌                                   
change‌ ‌that‌ ‌is‌ ‌occurring.‌‌ ‌  
‌ 

PWMs‌ ‌can‌ ‌be‌ ‌used‌‌to‌‌convert‌‌analog‌‌signals‌‌to‌‌digital‌‌signals‌‌[70].‌‌Digital‌‌devices‌‌and‌‌                             
analog‌ ‌devices‌ ‌often‌ ‌work‌ ‌together‌‌in‌‌many‌‌applications‌‌that‌‌require‌‌analog‌‌input‌‌to‌‌be‌‌                           
interpreted‌ ‌by‌ ‌digital‌ ‌devices‌ ‌such‌ ‌as‌ ‌sound,‌ ‌radio‌ ‌waves,‌‌imaging,‌‌etc.‌‌Driving‌‌analog‌‌                         
signals‌ ‌to‌ ‌digital‌ ‌devices‌ ‌can‌ ‌lead‌ ‌to‌ ‌unpredictable‌ ‌results‌ ‌and‌ ‌can‌ ‌even‌ ‌damage‌ ‌these‌‌                           
devices‌ ‌due‌‌to‌‌issues‌‌like‌‌overheating.‌‌Digital‌‌computers‌‌are‌‌often‌‌used‌‌to‌‌process‌‌data,‌‌                           
including‌ ‌those‌ ‌from‌ ‌analog‌ ‌sources.‌ ‌If‌ ‌we‌ ‌need‌ ‌to‌ ‌represent‌ ‌analog‌ ‌signals‌ ‌in‌ ‌digital‌‌                           
devices,‌ ‌PWMs‌ ‌can‌ ‌be‌ ‌used‌ ‌to‌ ‌approximate‌ ‌analog‌ ‌signals‌ ‌through‌ ‌the‌ ‌process‌ ‌of‌‌                         
quantization‌‌and‌‌coding‌‌[3].‌‌Quantization‌‌is‌‌the‌‌process‌‌of‌‌mapping‌‌a‌‌large‌‌set‌‌of‌‌values‌‌                             
into‌ ‌a‌ ‌smaller‌ ‌set‌ ‌and‌ ‌coding‌ ‌involves‌ ‌assigning‌ ‌a‌ ‌unique‌ ‌binary‌ ‌value‌ ‌to‌ ‌each‌‌                           
quantization‌ ‌level.‌ ‌ 
‌ 

‌ 
Figure‌ ‌14:‌ ‌Analog‌ ‌to‌ ‌Digital‌ ‌Conversion‌ ‌ 

‌ 
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Obviously,‌ ‌the‌ ‌quantized‌ ‌signal‌ ‌cannot‌ ‌ideally‌ ‌represent‌ ‌analog‌ ‌signals‌ ‌as‌ ‌shown‌ ‌in‌                       
Figure‌‌14.‌‌The‌‌difference‌‌between‌‌the‌‌analog‌‌signal‌‌and‌‌the‌‌closest‌‌digital‌‌value‌‌at‌‌each‌‌                             
sample‌‌is‌‌called‌‌the‌‌quantization‌‌error,‌‌which‌‌can‌‌lead‌‌to‌‌noise‌‌called‌‌quantization‌‌noise.‌‌                           
There‌‌are‌‌ways‌‌to‌‌reduce‌‌quantization‌‌noise‌‌with‌‌some‌‌examples‌‌being‌‌oversampling‌‌and‌‌                         
dithering.‌ ‌ 
‌ 

Devices‌ ‌driven‌ ‌by‌ ‌PWMs‌ ‌will‌ ‌experience‌ ‌the‌ ‌average‌ ‌voltage‌ ‌of‌ ‌the‌ ‌PWM‌ ‌wave.‌ ‌The‌‌                           
average‌‌voltage,‌‌if‌‌the‌‌trough‌‌is‌‌0V,‌ ‌is‌‌calculated‌‌by‌‌multiplying‌‌the‌‌peak‌‌voltage‌‌value‌‌                             
by‌ ‌the‌ ‌duty‌ ‌cycle,‌ ‌ .‌ ‌Changing‌‌the‌‌duty‌‌cycle‌‌will‌‌change‌‌the‌‌average‌‌voltage‌‌       Loading…                    
which‌ ‌can‌ ‌result‌ ‌in‌ ‌behavioral‌ ‌changes‌ ‌from‌ ‌the‌ ‌device‌ ‌being‌ ‌driven.‌ ‌For‌ ‌example,‌ ‌an‌‌                           
LCD’s‌ ‌backlight‌ ‌can‌ ‌become‌ ‌dimmer‌ ‌or‌ ‌brighter‌ ‌depending‌ ‌on‌ ‌the‌ ‌PWM’s‌‌duty‌‌cycle,‌‌                         
assuming‌ ‌voltage‌ ‌stays‌ ‌the‌ ‌same.‌ ‌Since‌ ‌the‌ ‌charge‌ ‌controller‌ ‌is‌ ‌driven‌ ‌by‌ ‌PWMs,‌ ‌this‌‌                           
means‌ ‌that‌ ‌we‌ ‌can‌ ‌control‌ ‌the‌ ‌current‌ ‌going‌ ‌into‌ ‌the‌ ‌battery‌ ‌by‌ ‌changing‌ ‌the‌ ‌duty‌ ‌cycle.‌‌ ‌  

‌ 
3.1.6‌ ‌Microcontroller‌ ‌Options‌ ‌ 
‌ 

Now‌‌that‌‌each‌‌of‌‌the‌‌characteristics‌‌of‌‌the‌‌microcontroller‌‌we‌‌are‌‌searching‌‌for‌‌have‌‌been‌‌                             
discussed,‌ ‌this‌ ‌section‌ ‌will‌ ‌be‌ ‌used‌ ‌to‌ ‌summarize‌ ‌characteristics‌ ‌of‌ ‌different‌ ‌battery‌‌                       
options.‌‌These‌‌summarizations‌‌will‌‌be‌‌used‌‌to‌‌compare‌‌each‌‌option,‌‌and‌‌provide‌‌a‌‌basis‌‌                           
for‌ ‌our‌ ‌microcontroller‌ ‌choice.‌‌ ‌  
‌ 

3.1.6.1‌ ‌Atmega2560‌ ‌ 
‌ 

The‌‌Arduino‌‌brand‌‌is‌‌known‌‌for‌‌having‌‌some‌‌of‌‌the‌‌most‌‌popular‌‌MCUs‌‌in‌‌the‌‌market.‌‌                               
This‌‌is‌‌especially‌‌true‌‌for‌‌their‌‌Arduino‌‌UNO‌‌and‌‌because‌‌of‌‌its‌‌popularity,‌‌vendors‌‌like‌‌                             
Adafruit‌‌sell‌‌devices‌‌meant‌‌to‌‌be‌‌used‌‌by‌‌the‌‌UNO‌‌alongside‌‌its‌‌contemporaries‌‌like‌‌the‌‌                             
MSP430‌ ‌MCUs‌ ‌or‌ ‌other‌ ‌Arduino‌ ‌boards.‌ ‌However,‌ ‌as‌ ‌long‌ ‌as‌ ‌the‌ ‌MCU‌ ‌has‌ ‌the‌‌                           
necessary‌‌protocols‌‌to‌‌connect‌‌to‌‌the‌‌devices‌‌properly,‌‌it‌‌does‌‌not‌‌matter‌‌which‌‌MCU‌‌one‌‌                             
uses.‌‌ ‌  
‌ 

Although‌‌the‌‌UNO‌‌is‌‌great‌‌for‌‌hobbyists,‌‌its‌‌32‌‌KB‌‌of‌‌flash‌‌memory‌‌and‌‌2‌‌KB‌‌of‌‌SRAM‌‌                                   
may‌ ‌not‌ ‌be‌ ‌enough‌ ‌for‌ ‌our‌ ‌planned‌ ‌GUI.‌ ‌The‌ ‌Arudino‌ ‌Mega,‌ ‌which‌ ‌uses‌ ‌an‌‌                           
ATmega2560,‌ ‌retains‌ ‌the‌ ‌low‌ ‌power‌ ‌features‌ ‌of‌ ‌the‌ ‌UNO‌ ‌while‌ ‌increasing‌ ‌its‌ ‌flash‌‌                         
memory‌ ‌from‌ ‌32‌ ‌KB‌ ‌to‌ ‌256‌ ‌KB‌ ‌(minus‌‌8KB‌‌due‌‌to‌‌the‌‌bootloader)‌‌and‌‌increasing‌‌the‌‌                               
SRAM‌ ‌from‌ ‌2KB‌ ‌to‌ ‌8KB.‌ ‌In‌‌addition,‌‌the‌‌Mega‌‌has‌‌54‌‌Digital‌‌I/O‌‌pins‌‌and‌‌16‌‌analog‌‌                                 
pins‌‌as‌‌well‌‌as‌‌SPI,‌‌UART,‌‌and‌‌TWI‌‌(Two-Wire‌‌Interface)‌‌capabilities.‌‌TWI‌‌can‌‌be‌‌used‌‌                             
with‌ ‌I2C‌ ‌compatible‌ ‌devices‌ ‌since‌ ‌they‌ ‌are‌‌very‌‌similar.‌‌It‌‌was‌‌introduced‌‌by‌‌Atmel‌‌to‌‌                             
avoid‌ ‌legal‌ ‌issues‌ ‌at‌ ‌the‌ ‌time‌‌since‌‌I2C‌‌was‌‌a‌‌registered‌‌trademark‌‌name‌‌[1].‌‌There‌‌are‌‌                               
only‌ ‌minor‌ ‌differences‌ ‌that‌ ‌shouldn’t‌ ‌have‌ ‌an‌ ‌impact‌ ‌in‌ ‌the‌ ‌project.‌ ‌Interestingly,‌ ‌the‌‌                         
MCU‌ ‌supports‌ ‌USART‌ ‌(Universal‌ ‌Synchronous‌ ‌and‌ ‌Asynchronous‌ ‌Transmitter)‌ ‌which‌‌                 
supports‌ ‌both‌ ‌Asynchronous‌ ‌and‌ ‌Synchronous‌ ‌operations.‌ ‌The‌‌board‌‌is‌‌also‌‌reasonably‌‌                     
priced‌ ‌at‌ ‌around‌ ‌$40,‌ ‌around‌ ‌double‌ ‌the‌ ‌price‌ ‌of‌ ‌the‌ ‌UNO.‌ ‌ 
‌ 

According‌‌to‌‌the‌‌MCU’s‌‌datasheet,‌‌the‌‌maximum‌‌operating‌‌voltage‌‌is‌‌6.0V,‌‌each‌‌I/O‌‌pin‌‌                           
draws‌‌40.0mA‌‌of‌‌DC‌‌current,‌‌and‌‌the‌‌V‌CC‌

‌‌(the‌‌pin‌‌that‌‌supplies‌‌power‌‌to‌‌the‌‌board)‌‌and‌‌                                 
GND‌ ‌pins‌ ‌draw‌ ‌200.0mA.‌ ‌These‌ ‌are‌ ‌the‌ ‌absolute‌ ‌maximum‌ ‌ratings‌ ‌and,‌ ‌most‌ ‌likely,‌‌                         
power‌ ‌consumption‌ ‌is‌ ‌much‌ ‌lower‌ ‌on‌‌average.‌‌Regardless,‌‌we‌‌should‌‌be‌‌looking‌‌at‌‌the‌‌                           
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‌ 
maximum‌‌ratings‌‌to‌‌anticipate‌‌the‌‌worst‌‌case‌‌scenario.‌‌The‌‌MCU‌‌has‌‌a‌‌maximum‌‌clock‌‌                           
speed‌ ‌of‌ ‌16‌ ‌MHz,‌ ‌like‌ ‌the‌ ‌UNO,‌ ‌and‌ ‌can‌ ‌perform‌ ‌16‌ ‌MIPS‌ ‌(million‌ ‌instructions‌ ‌per‌‌                             
second)‌ ‌at‌ ‌that‌ ‌clock‌ ‌speed.‌ ‌ 
‌ 

We’re‌ ‌also‌ ‌interested‌‌in‌‌looking‌‌into‌‌each‌‌MCU’s‌‌low‌‌power/sleep‌‌modes‌‌since‌‌we‌‌will‌‌                           
want‌ ‌to‌ ‌take‌ ‌advantage‌ ‌of‌ ‌them‌ ‌to‌ ‌save‌‌as‌‌much‌‌power‌‌as‌‌possible.‌‌Certain‌‌modes‌‌will‌‌                               
deactivate‌‌certain‌‌modules‌‌and‌‌even‌‌the‌‌CPU.‌‌Figure‌‌14‌‌shows‌‌the‌‌MCU’s‌‌modes‌‌as‌‌well‌‌                             
as‌ ‌their‌ ‌active‌ ‌clock‌ ‌domains‌ ‌and‌‌wake-up‌‌sources,‌‌the‌‌figure‌‌is‌‌taken‌‌from‌‌the‌‌MCU’s‌‌                             
datasheet.‌ ‌ 
‌ 

‌ 
Figure‌ ‌15:‌ ‌Sleep‌ ‌Modes‌ ‌for‌ ‌the‌ ‌Atmega2560‌ ‌ 

‌ 
According‌‌to‌‌figure‌‌15,‌‌the‌‌MCUs‌‌active‌‌clock‌‌domains‌‌are‌‌clk‌CPU‌,‌‌clk‌FLASH‌,‌‌clk‌IO‌,‌‌clk‌ADC‌,‌‌                           
and‌ ‌clk‌ASY.‌ ‌What‌ ‌this‌ ‌means‌ ‌is‌ ‌that‌ ‌during‌ ‌the‌ ‌appropriate‌ ‌mode,‌ ‌the‌ ‌clocks‌ ‌that‌ ‌have‌‌                             
crosses‌ ‌under‌‌them‌‌are‌‌the‌‌ones‌‌that‌‌are‌‌active.‌‌The‌‌same‌‌logic‌‌also‌‌applies‌‌to‌‌the‌‌other‌‌                                 
modules‌ ‌in‌ ‌the‌ ‌figure,‌ ‌such‌ ‌as‌ ‌the‌‌timer‌‌oscillator‌‌oscillator‌‌only‌‌being‌‌active‌‌in‌‌modes‌‌                             
that‌ ‌are‌ ‌using‌ ‌Timer2.‌ ‌In‌ ‌Idle‌ ‌mode,‌ ‌the‌ ‌MCU‌ ‌has‌ ‌everything‌ ‌active‌ ‌but‌ ‌the‌ ‌CPU‌ ‌and‌‌                               
halting‌ ‌clk‌FLASH‌.‌‌What‌‌are‌‌active‌‌in‌‌this‌‌mode‌‌are‌‌the‌‌SPI,‌‌USART,‌‌Analog‌‌Comparator,‌‌                           
ADC,‌‌2-wire‌‌Serial‌‌Interface,‌‌Timer/Counters,‌‌Watchdog,‌‌and‌‌the‌‌interrupt‌‌system.‌‌If‌‌we‌‌                       
were‌‌to‌‌use‌‌this‌‌mode‌‌for‌‌our‌‌project,‌‌this‌‌would‌‌allow‌‌every‌‌part‌‌of‌‌the‌‌charge‌‌controller‌‌                                 
but‌ ‌the‌ ‌LCD‌ ‌to‌ ‌function‌ ‌since‌ ‌the‌ ‌devices‌ ‌that‌ ‌are‌ ‌connected‌ ‌to‌ ‌the‌ ‌MCU‌ ‌can,‌‌                             
individually,‌ ‌operate‌ ‌by‌ ‌themselves.‌ ‌The‌ ‌low‌ ‌power‌ ‌modes‌ ‌should‌ ‌be‌ ‌used‌ ‌when‌ ‌only‌‌                         
certain‌‌devices‌‌are‌‌operating‌‌at‌‌a‌‌given‌‌time‌‌so‌‌that‌‌we‌‌can‌‌deactivate‌‌parts‌‌of‌‌the‌‌MCU‌‌                                 
to‌‌save‌‌power.‌‌Unfortunately,‌‌the‌‌datasheet‌‌does‌‌not‌‌provide‌‌any‌‌statistics‌‌on‌‌the‌‌Atmega‌‌                           
2560’s‌ ‌power‌ ‌consumption,‌ ‌but‌ ‌people‌ ‌have‌ ‌done‌ ‌research‌ ‌on‌ ‌this‌ ‌matter.‌ ‌When‌ ‌the‌‌                         
Arduino‌ ‌Mega‌ ‌ran‌ ‌an‌ ‌infinite‌ ‌loop‌ ‌and‌ ‌a‌ ‌Fibonacci‌ ‌series‌ ‌program,‌ ‌separately,‌‌it‌‌had‌‌a‌‌                             
current‌ ‌consumption‌ ‌of‌ ‌around‌ ‌80‌ ‌mA‌ ‌[96].‌ ‌ 
‌ 

One‌‌of‌‌the‌‌biggest‌‌appeals‌‌of‌‌this‌‌MCU‌‌is‌‌the‌‌number‌‌of‌‌pins‌‌available.‌‌Its‌‌54‌‌digital‌‌I/O‌‌                                   
pins‌‌and‌‌16‌‌analog‌‌inputs‌‌can‌‌leave‌‌room‌‌for‌‌expansion‌‌or‌‌redesigning‌‌for‌‌most‌‌projects‌‌                             
including‌‌this‌‌one.‌‌15‌‌of‌‌those‌‌digital‌‌I/O‌‌pins‌‌can‌‌provide‌‌PWM‌‌outputs.‌‌Unfortunately,‌‌                           
having‌‌so‌‌many‌‌pins‌‌on‌‌one‌‌board‌‌means‌‌that‌‌it‌‌is‌‌one‌‌of‌‌the‌‌larger‌‌boards‌‌and‌‌its‌‌power‌‌                                     
consumption‌ ‌is‌ ‌higher‌ ‌compared‌ ‌to‌ ‌manyther‌ ‌MCUs.‌ ‌The‌ ‌PWM‌ ‌outputs‌ ‌can‌ ‌reach‌ ‌a‌‌                         
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‌ 
maximum‌ ‌value‌‌of‌‌V‌CC‌ ‌+‌‌0.5V.‌‌This‌‌value‌‌also‌‌represents‌‌the‌‌maximum‌‌voltage‌‌on‌‌any‌                             
pin‌‌except‌‌for‌‌the‌‌RESET‌‌pin‌‌according‌‌to‌‌the‌‌datasheet.‌‌Our‌‌battery‌‌and‌‌solar‌‌panels‌‌are‌‌                               
rated‌ ‌much‌ ‌higher‌ ‌than‌ ‌V‌CC‌ ‌and,‌ ‌somehow,‌ ‌our‌ ‌MCU‌ ‌needs‌ ‌to‌ ‌take‌ ‌these‌ ‌voltages‌ ‌as‌‌                             
input‌‌to‌‌measure‌‌the‌‌voltage‌‌across‌‌the‌‌components.‌‌The‌‌solution‌‌for‌‌this‌‌is‌‌to‌‌use‌‌voltage‌‌                               
dividers‌ ‌which‌ ‌will‌ ‌be‌ ‌explored‌ ‌further‌ ‌in‌ ‌chapter‌ ‌5.0.‌ ‌ 

‌  
3.1.6.2‌ ‌ATSAMD21G18‌ ‌ARM‌ ‌Cortex‌ ‌M0+‌ ‌ 
‌ 

The‌ ‌Adafruit‌ ‌METRO‌ ‌M0‌ ‌Express‌ ‌uses‌ ‌the‌ ‌32-bit‌‌ATSAMD21G18‌‌ARM‌‌Cortex‌‌M0+‌‌                       
MCU.‌‌When‌‌referring‌‌to‌‌bits,‌‌it‌‌means‌‌the‌‌number‌‌of‌‌data‌‌pins‌‌that‌‌a‌‌CPU/MCU‌‌has‌‌and‌‌                                 
how‌ ‌wide‌ ‌the‌ ‌CPU’s‌ ‌registers‌ ‌can‌ ‌be,‌ ‌in‌ ‌which‌ ‌this‌ ‌MCU‌ ‌has‌ ‌32‌ ‌data‌ ‌pins‌ ‌and‌ ‌32-bit‌‌                                 
wide‌ ‌registers.‌ ‌In‌ ‌comparison,‌ ‌the‌ ‌Atmega2560‌ ‌is‌ ‌an‌ ‌8-bit‌ ‌CPU‌ ‌despite‌ ‌having‌ ‌many‌‌                         
more‌‌pins‌‌compared‌‌to‌‌the‌‌ATSAMD21G18.‌‌The‌‌reason‌‌for‌‌this‌‌is‌‌that‌‌the‌‌Atmega2560’s‌‌                           
data‌‌pins‌‌are‌‌divided‌‌into‌‌8-bit‌‌ports,‌‌with‌‌the‌‌exception‌‌of‌‌port‌‌G‌‌being‌‌a‌‌6-bit‌‌I/O‌‌port.‌‌                                   
Unfortunately,‌‌with‌‌the‌‌METRO‌‌M0‌‌Express,‌‌we‌‌do‌‌not‌‌have‌‌access‌‌to‌‌all‌‌the‌‌data‌‌pins‌                               
individually‌‌since‌‌many‌‌of‌‌them‌‌are‌‌already‌‌allocated‌‌to‌‌ports‌‌such‌‌as‌‌the‌‌USB‌‌port.‌‌With‌‌                               
the‌ ‌number‌‌of‌‌data‌‌pins‌‌available‌‌to‌‌the‌‌user,‌‌we‌‌can‌‌essentially‌‌think‌‌of‌‌this‌‌product‌‌as‌‌                                 
an‌ ‌upgraded‌ ‌Arduino‌ ‌UNO.‌ ‌The‌ ‌ATSAMD21G18‌‌is‌‌compatible‌‌with‌‌the‌‌CircuitPython‌‌                     
programming‌ ‌language‌ ‌as‌ ‌well‌ ‌as‌ ‌the‌ ‌Arduino‌ ‌IDE‌ ‌since‌ ‌it‌ ‌uses‌ ‌the‌‌same‌‌MCU‌‌as‌‌the‌‌                               
Arduino‌ ‌Zero.‌ ‌Since‌ ‌the‌ ‌METRO‌ ‌M0‌ ‌and‌ ‌the‌ ‌Arduino‌ ‌Zero‌ ‌use‌ ‌the‌ ‌same‌ ‌MCU,‌ ‌the‌‌                             
decision‌‌of‌‌getting‌‌one‌‌over‌‌the‌‌other‌‌will‌‌most‌‌likely‌‌boil‌‌down‌‌to‌‌availability.‌‌As‌‌of‌‌the‌‌                                 
time‌‌of‌‌this‌‌writing,‌‌the‌‌Arduino‌‌Zero‌‌is‌‌discontinued.‌‌The‌‌smaller‌‌Arduino‌‌MKR‌‌ZERO‌‌                           
is‌ ‌currently‌ ‌available‌ ‌but‌ ‌it‌ ‌is‌ ‌more‌ ‌limited‌ ‌compared‌ ‌to‌ ‌the‌ ‌METRO‌‌and‌‌Zero‌‌despite‌‌                             
having‌ ‌the‌ ‌same‌ ‌MCU.‌ ‌It‌ ‌supports‌ ‌SPI‌ ‌and‌ ‌UART‌ ‌like‌ ‌the‌ ‌Atmega2560‌‌as‌‌well‌‌as‌‌the‌‌                               
official‌ ‌I2C‌ ‌protocol‌ ‌which‌ ‌guarantees‌ ‌100%‌ ‌compatibility‌ ‌with‌ ‌I2C‌ ‌devices‌ ‌unlike‌ ‌                     
TWI.‌‌When‌‌referencing‌‌the‌‌datasheet,‌‌we’re‌‌looking‌‌at‌‌figures‌‌for‌‌the‌‌‘A’‌‌variant‌‌of‌‌the‌‌                             
devices‌ ‌(also‌ ‌known‌ ‌as‌ ‌the‌ ‌default‌ ‌variant)‌ ‌since‌ ‌those‌ ‌are‌ ‌what’s‌ ‌on‌ ‌the‌ ‌METRO‌ ‌M0.‌ ‌ 
‌ 

This‌‌MCU‌‌features‌‌256KB‌‌of‌‌flash‌‌memory‌‌and‌‌32KB‌‌of‌‌SRAM.‌‌In‌‌addition,‌‌this‌‌MCU‌‌                             
also‌ ‌has‌ ‌a‌ ‌2MB‌ ‌SPI‌ ‌flash‌ ‌chip‌ ‌which‌ ‌we‌ ‌can‌ ‌store‌ ‌data‌ ‌in.‌ ‌Compared‌ ‌to‌ ‌the‌ ‌previous‌‌                                 
MCU,‌‌it‌‌has‌‌four‌‌times‌‌the‌‌SRAM‌‌and‌‌retains‌‌a‌‌form‌‌factor‌‌that‌‌is‌‌similar‌‌to‌‌the‌‌Arduino‌‌                                   
UNO.‌‌The‌‌METRO‌‌Express‌‌has‌‌25‌‌GPIO‌‌pins,‌‌12‌‌of‌‌which‌‌are‌‌analog‌‌in‌‌pins.‌‌Since‌‌the‌‌                                 
MCU‌ ‌has‌ ‌a‌ ‌digital‌ ‌to‌ ‌analog‌ ‌converter,‌ ‌there’s‌ ‌a‌ ‌pin‌ ‌dedicated‌ ‌for‌ ‌analog‌ ‌output.‌ ‌ 

‌ 
According‌ ‌to‌ ‌its‌ ‌datasheet,‌ ‌the‌ ‌MCU‌ ‌requires‌‌a‌‌3.3V‌‌power‌‌supply‌‌for‌‌every‌‌feature‌‌of‌‌                             
the‌ ‌device‌ ‌to‌ ‌be‌ ‌operable‌ ‌and‌ ‌has‌ ‌a‌ ‌maximum‌ ‌absolute‌ ‌rating‌ ‌of‌ ‌3.8V,‌ ‌unlike‌ ‌the‌‌                             
Atmega’s‌ ‌6V.‌ ‌The‌ ‌MCU‌ ‌also‌ ‌has‌ ‌a‌ ‌maximum‌ ‌clock‌ ‌frequency‌ ‌of‌ ‌48‌ ‌MHz,‌ ‌which‌ ‌is‌ ‌3‌‌                               
times‌ ‌higher‌ ‌compared‌ ‌to‌ ‌the‌ ‌previous‌ ‌16‌ ‌MHz‌ ‌clock‌ ‌speed‌ ‌that‌ ‌the‌ ‌Atmega‌ ‌has.‌ ‌The‌                             
high‌ ‌clock‌ ‌speed‌ ‌may‌ ‌be‌ ‌beneficial‌ ‌for‌ ‌tasks‌ ‌that‌ ‌require‌ ‌the‌‌CPU‌‌such‌‌as‌‌drawing‌‌the‌‌                               
GUI‌ ‌or‌ ‌datalogging,‌ ‌but‌ ‌higher‌‌frequencies‌‌will‌‌draw‌‌more‌‌power.‌‌Figure‌‌16‌‌shows‌‌the‌‌                           
current‌ ‌consumption‌ ‌when‌ ‌the‌ ‌MCU‌ ‌is‌ ‌in‌ ‌ACTIVE‌ ‌mode‌ ‌and‌ ‌for‌ ‌different‌ ‌test‌ ‌cases.‌‌ ‌  

‌ 

‌ 
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‌ 

‌ 
Figure‌ ‌16:‌ ‌Current‌ ‌Consumption‌ ‌in‌ ‌ACTIVE‌ ‌mode‌ ‌ 

‌ 
We‌ ‌can‌ ‌see‌ ‌from‌ ‌the‌ ‌figure‌ ‌that‌ ‌the‌‌current‌‌consumption‌‌depends‌‌on‌‌the‌‌computational‌‌                           
complexity‌ ‌of‌ ‌an‌ ‌algorithm.‌ ‌The‌ ‌current‌ ‌consumption‌ ‌also‌ ‌varies‌ ‌on‌‌the‌‌frequency‌‌that‌‌                         
the‌‌clock‌‌is‌‌set‌‌to‌‌(GCLK‌‌selects‌‌a‌‌clock‌‌source‌‌which‌‌could‌‌be‌‌the‌‌main‌‌clock‌‌source)‌‌as‌‌                                   
well‌ ‌as‌ ‌the‌ ‌operating‌ ‌voltage.‌ ‌In‌ ‌general,‌ ‌the‌ ‌figure‌ ‌shows‌ ‌the‌ ‌current‌ ‌consumption‌‌                         
maxing‌ ‌out‌ ‌at‌ ‌around‌ ‌7‌ ‌mA.‌ ‌The‌ ‌major‌ ‌takeaway‌ ‌from‌ ‌the‌ ‌table‌ ‌is‌ ‌that‌ ‌the‌ ‌current‌‌                               
consumption‌ ‌of‌ ‌the‌ ‌ATSAMD21G18‌ ‌is‌‌much‌‌less‌‌compared‌‌to‌‌the‌‌Atmega‌‌2560,‌‌even‌                         
when‌ ‌running‌ ‌the‌ ‌same‌ ‌Fibonacci‌ ‌and‌ ‌infinite‌ ‌loop‌ ‌algorithm.‌ ‌ 
‌ 

However,‌‌the‌‌current‌‌that‌‌each‌‌I/O‌‌pin‌‌can‌‌supply‌‌will‌‌likely‌‌be‌‌less‌‌than‌‌what‌‌the‌‌Mega‌‌                                 
can‌ ‌supply.‌ ‌According‌ ‌to‌ ‌the‌ ‌technical‌ ‌specs‌ ‌available‌ ‌in‌ ‌the‌ ‌arduino‌ ‌website,‌ ‌the‌‌                         
Arduino‌ ‌Zero’s‌ ‌maximum‌ ‌current‌ ‌supply‌ ‌for‌ ‌each‌ ‌DC‌ ‌I/O‌ ‌pin‌ ‌is‌ ‌7‌ ‌mA.‌ ‌Much‌ ‌less‌‌                             
compared‌‌to‌‌40‌‌mA‌‌current‌‌supply‌‌from‌‌the‌‌Mega.‌‌Since‌‌the‌‌Arduino‌‌Zero‌‌uses‌‌the‌‌same‌‌                               
MCU‌ ‌as‌ ‌the‌ ‌METRO,‌ ‌the‌ ‌latter‌ ‌also‌ ‌having‌ ‌the‌ ‌same‌ ‌current‌ ‌supply‌ ‌would‌ ‌be‌ ‌a‌ ‌fair‌‌                               
assumption.‌‌The‌‌ATSAMD21G18‌‌datasheet‌‌corroborates‌‌this‌‌by‌‌showing‌‌that‌‌the‌‌Output‌‌                     
high-level‌‌current‌‌from‌‌the‌‌I/O‌‌pins‌‌maxing‌‌out‌‌at‌‌7‌‌mA.‌‌The‌‌I/O‌‌pins‌‌can‌‌provide‌‌either‌‌                                 
a‌‌maximum‌‌of‌‌2mA‌‌or‌‌7mA‌‌current,‌‌depending‌‌if‌‌the‌‌Output‌‌Driver‌‌Strength‌‌bit‌‌flag‌‌is‌‌                               
set‌ ‌to‌ ‌0‌ ‌or‌ ‌1,‌ ‌respectively.‌ ‌ 

‌ 

‌ 
24‌ ‌|‌ ‌173‌ ‌ 



‌ 
There‌ ‌are‌ ‌two‌ ‌low‌ ‌power‌ ‌modes,‌ ‌Idle‌ ‌and‌ ‌Standby,‌ ‌but‌ ‌three‌ ‌levels‌ ‌within‌ ‌idle‌ ‌mode.‌‌                             
Figure‌ ‌17‌ ‌is‌ ‌a‌ ‌table‌ ‌taken‌ ‌from‌ ‌the‌ ‌MCU’s‌ ‌datasheet‌ ‌and‌ ‌it‌ ‌shows‌‌its‌‌sleep‌‌modes‌‌and‌‌                                 
their‌ ‌active‌ ‌components.‌‌ ‌  

‌ 

‌ 
Figure‌ ‌17:‌ ‌Sleep‌ ‌Modes‌ ‌for‌ ‌ATSAMD21G18‌ ‌ARM‌ ‌Cortex‌ ‌M0‌ ‌ 

‌ 
The‌‌AHB‌‌and‌‌APB‌‌clocks‌‌refer‌‌to‌‌clock‌‌signals‌‌for‌‌the‌‌Advanced‌‌High-performance‌‌Bus‌‌                           
and‌‌the‌‌Advanced‌‌Microcontroller‌‌Bus‌‌Architecture‌‌(AMBA)‌‌Advanced‌‌Peripheral‌‌Bus.‌‌                   
AHB‌‌and‌‌APB‌‌are‌‌part‌‌of‌‌the‌‌de‌‌facto‌‌standards‌‌introduced‌‌by‌‌ARM.‌‌AHB‌‌is‌‌a‌‌protocol‌‌                                 
that‌ ‌was‌ ‌introduced‌ ‌to‌ ‌AMBA‌ ‌revision‌ ‌2.0‌ ‌and‌ ‌was‌ ‌made‌ ‌to‌ ‌accommodate‌ ‌the‌ ‌high‌‌                           
performance‌ ‌designs‌ ‌that‌ ‌require‌ ‌large‌ ‌bandwidth.‌ ‌It‌ ‌introduced‌ ‌features‌ ‌such‌ ‌as‌ ‌split‌‌                       
transactions,‌‌wider‌‌data‌‌bus‌‌configurations,‌‌and‌‌single-cycle‌‌bus‌‌master‌‌handover.‌‌Figure‌‌                     
18‌ ‌shows‌ ‌the‌ ‌devices‌ ‌that‌ ‌can‌ ‌be‌ ‌interconnected‌ ‌with‌ ‌the‌ ‌AHB.‌‌ ‌  
‌ 

‌ 
Figure‌ ‌18:‌ ‌AHB‌ ‌&‌ ‌APB‌ ‌Architecture‌ ‌ 

‌ 
Devices‌ ‌that‌ ‌use‌ ‌low‌ ‌bandwidth‌ ‌protocols‌ ‌such‌ ‌as‌ ‌UART,‌‌I2C,‌‌or‌‌SPI‌‌are‌‌connected‌‌to‌‌                             
the‌ ‌APB‌ ‌[130].‌ ‌The‌ ‌APB‌ ‌is‌ ‌optimized‌ ‌for‌ ‌minimal‌ ‌power‌ ‌consumption‌ ‌and‌ ‌reduced‌‌                         
interface‌ ‌complexity.‌ ‌Due‌ ‌to‌ ‌the‌ ‌use‌ ‌of‌ ‌the‌ ‌AHB-APB‌ ‌bridge,‌ ‌devices‌ ‌in‌ ‌the‌ ‌AHB‌‌                           
domain‌ ‌can‌ ‌communicate‌ ‌with‌ ‌the‌ ‌devices‌ ‌in‌ ‌the‌ ‌APB‌ ‌bridge.‌‌Since‌‌the‌‌CPU‌‌does‌‌not‌‌                             
need‌ ‌to‌ ‌run‌ ‌while‌ ‌the‌ ‌AHB‌ ‌or‌ ‌APB‌ ‌clock‌ ‌is‌‌active,‌‌slave‌‌devices‌‌that‌‌are‌‌connected‌‌to‌‌                                 
those‌ ‌buses‌ ‌will‌ ‌be‌ ‌able‌ ‌to‌ ‌communicate‌ ‌and‌ ‌take‌‌advantage‌‌of‌‌the‌‌high‌‌speed‌‌benefits‌‌                             
while‌ ‌in‌ ‌low‌ ‌power‌ ‌modes.‌ ‌Sleep‌ ‌modes‌ ‌Idle‌ ‌0‌ ‌and‌ ‌Idle‌ ‌1‌ ‌allow‌ ‌this‌ ‌to‌ ‌happen.‌ ‌This‌‌                                 
MCU‌ ‌also‌ ‌supports‌ ‌USART.‌ 

‌ 

‌ 
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‌ 
Although‌‌the‌‌MCU‌‌has‌‌an‌‌operating‌‌voltage‌‌of‌‌3.3V,‌‌the‌‌METRO‌‌M0‌‌features‌‌a‌‌5V‌‌pin.‌‌                               
This‌‌is‌‌because‌‌the‌‌board‌‌features‌‌onboard‌‌regulators‌‌that‌‌take‌‌the‌‌USB‌‌or‌‌DC‌‌power‌‌and‌‌                               
convert‌‌it‌‌to‌‌3.3V‌‌and‌‌5V‌‌for‌‌the‌‌3.3V‌‌pin‌‌and‌‌5V‌‌pin.‌‌In‌‌addition,‌‌higher‌‌DC‌‌voltage‌‌can‌‌                                     
be‌‌applied‌‌and‌‌that‌‌voltage‌‌will‌‌be‌‌provided‌‌for‌‌the‌‌Vin‌‌pin.‌‌This‌‌is‌‌in‌‌the‌‌case‌‌of‌‌using‌‌a‌‌                                       
DC‌‌Jack,‌‌which‌‌can‌‌be‌‌between‌‌6V-12V.‌‌The‌‌current‌‌draw‌‌between‌‌the‌‌5V‌‌and‌‌3.3V‌‌pins‌‌                               
can‌‌be‌‌upto‌‌800mA‌‌(if‌‌using‌‌DC‌‌Jack,‌‌500mA‌‌if‌‌using‌‌USB)‌‌and‌‌2A‌‌for‌‌Vin.‌‌We’re‌‌not‌‌                                   
limited‌‌to‌‌just‌‌using‌‌3.3V‌‌to‌‌power‌‌our‌‌device‌‌and‌‌the‌‌relatively‌‌large‌‌current‌‌draws‌‌will‌‌                               
allow‌ ‌us‌ ‌to‌ ‌connect‌ ‌a‌ ‌good‌ ‌number‌ ‌of‌ ‌components‌ ‌and‌ ‌peripherals‌ ‌for‌ ‌the‌ ‌charge‌‌                           
controller‌ ‌to‌ ‌our‌ ‌MCU.‌‌ ‌  
‌ 

One‌ ‌feature‌ ‌that‌ ‌the‌ ‌METRO‌ ‌M0‌ ‌lacks‌ ‌is‌ ‌an‌ ‌electrically‌ ‌erasable‌ ‌programmable‌‌                       
read-only‌ ‌memory‌ ‌(EEPROM).‌ ‌An‌‌EEPROM‌‌would‌‌allow‌‌us‌‌to‌‌store‌‌information‌‌even‌‌                       
after‌‌the‌‌board‌‌shuts‌‌off,‌‌like‌‌flash‌‌memory.‌‌However,‌‌flash‌‌memory‌‌is‌‌less‌‌reliable‌‌when‌‌                             
it‌ ‌comes‌ ‌to‌ ‌storing‌ ‌changing‌ ‌values‌ ‌compared‌ ‌to‌ ‌EEPROM‌ ‌since,‌ ‌according‌ ‌to‌ ‌the‌‌                         
Atmega2560‌ ‌MCU’s‌ ‌datasheet,‌ ‌EEPROM‌ ‌has‌ ‌an‌ ‌endurance‌ ‌of‌ ‌at‌ ‌least‌ ‌100,000‌‌                     
write/erase‌ ‌cycles‌ ‌while‌ ‌flash‌ ‌memory‌ ‌is‌ ‌10‌ ‌times‌ ‌less‌‌than‌‌that.‌‌Instead,‌‌as‌‌previously‌‌                           
mentioned,‌‌the‌‌METRO‌‌M0‌‌comes‌‌with‌‌a‌‌2MB‌‌SPI‌‌Flash‌‌chip‌‌which‌‌is‌‌separate‌‌from‌‌its‌‌                               
256KB‌‌flash‌‌memory.‌‌According‌‌to‌‌Adafruit,‌‌the‌‌SPI‌‌Flash‌‌chip‌‌can‌‌be‌‌used‌‌for‌‌storage‌‌                             
like‌ ‌an‌ ‌SD‌ ‌card‌ ‌for‌ ‌example.‌ ‌Again,‌ ‌it‌ ‌is‌ ‌flash‌ ‌memory‌ ‌so‌ ‌it‌ ‌is‌ ‌not‌ ‌as‌ ‌durable‌ ‌as‌‌                                   
EEPROM,‌‌but‌‌Adafruit‌‌mentioned‌‌that‌‌it‌‌is‌‌suitable‌‌for‌‌applications‌‌such‌‌as‌‌datalogging‌‌                         
just‌‌like‌‌an‌‌SD‌‌card‌‌would‌‌be.‌‌We‌‌do‌‌get‌‌2MB‌‌of‌‌memory,‌‌which‌‌is‌‌far‌‌more‌‌substantial‌‌                                   
than‌‌what‌‌you‌‌would‌‌typically‌‌get‌‌from‌‌a‌‌built‌‌in‌‌EEPROM.‌‌Besides,‌‌10,000‌‌write/erase‌‌                           
endurance‌ ‌should‌ ‌be‌ ‌more‌ ‌than‌ ‌enough‌ ‌just‌ ‌for‌ ‌this‌ ‌project‌ ‌and‌ ‌there’s‌ ‌no‌ ‌plans‌ ‌to‌‌                             
introduce‌ ‌information‌‌that‌‌needs‌‌to‌‌be‌‌stored‌‌and‌‌changed‌‌while‌‌the‌‌program‌‌is‌‌running‌‌                           
and‌‌while‌‌the‌‌MCU‌‌is‌‌shut‌‌off.‌‌The‌‌MCU‌‌also‌‌has‌‌the‌‌ability‌‌to‌‌emulate‌‌EEPROM‌‌using‌‌                                 
flash‌‌memory.‌‌There‌‌are‌‌different‌‌algorithms‌‌that‌‌exist‌‌to‌‌emulate‌‌EEPROM,‌‌but‌‌they‌‌all‌‌                           
involve‌ ‌minimizing‌ ‌write/erase‌ ‌operations‌ ‌on‌ ‌specific‌ ‌sectors‌ ‌by‌ ‌setting‌ ‌up‌ ‌data‌‌                     
structures‌ ‌to‌‌store‌‌data‌‌at‌‌different‌‌sectors‌‌at‌‌a‌‌time.‌‌For‌‌example,‌‌Patent‌‌US7058755B2‌‌                           
uses‌ ‌an‌ ‌EEPROM‌ ‌emulation‌ ‌method‌ ‌that‌ ‌stores‌ ‌data‌‌to‌‌sets‌‌of‌‌contiguous‌‌memory‌‌and‌‌                           
calculates‌ ‌the‌ ‌location‌ ‌of‌ ‌an‌ ‌address‌ ‌by‌ ‌using‌ ‌read‌ ‌and‌ ‌write‌‌offsets‌‌and‌‌adding‌‌one‌‌of‌‌                               
them‌‌to‌‌a‌‌base‌‌address.‌‌According‌‌to‌‌the‌‌MCU’s‌‌data‌‌sheet,‌‌the‌‌EEPROM‌‌emulator‌‌uses‌‌                             
paging‌ ‌for‌ ‌memory‌ ‌management.‌ ‌The‌ ‌amount‌ ‌of‌ ‌memory‌ ‌needed‌ ‌depends‌ ‌on‌ ‌certain‌‌                       
configurations.‌ ‌The‌ ‌datasheet‌ ‌shows‌ ‌some‌ ‌example‌ ‌parameters‌‌and‌‌their‌‌results.‌‌Figure‌‌                     
19‌‌shows‌‌that‌‌when‌‌the‌‌page‌‌size‌‌is‌‌64‌‌bytes‌‌and‌‌the‌‌available‌‌memory‌‌is‌‌256KB,‌‌4096‌‌                                 
pages‌ ‌can‌ ‌be‌ ‌created.‌ ‌ 

‌ 

‌ 
Figure‌ ‌19:‌ ‌Number‌ ‌of‌ ‌Pages‌ ‌According‌ ‌To‌ ‌Datasheet‌ ‌ 

‌ 
If‌ ‌this‌ ‌feature‌ ‌can‌ ‌be‌ ‌used‌ ‌on‌ ‌the‌ ‌SPI‌ ‌flash‌ ‌chip,‌ ‌it‌ ‌would‌ ‌allow‌ ‌for‌‌more‌‌reliable‌‌data‌‌                                   
logging‌ ‌at‌ ‌the‌ ‌expense‌ ‌of‌ ‌some‌ ‌memory.‌ ‌ 

‌ 
The‌ ‌MCU‌ ‌also‌ ‌features‌ ‌a‌ ‌32-bit‌ ‌Real-Time‌ ‌Counter‌ ‌(RTC)‌ ‌that‌ ‌allows‌ ‌the‌ ‌MCU‌ ‌to‌‌                           
continuously‌ ‌keep‌ ‌track‌ ‌of‌ ‌time.‌ ‌It‌ ‌can‌ ‌allow‌ ‌the‌ ‌programmer‌ ‌to‌ ‌use‌ ‌various‌ ‌wake‌ ‌up‌‌                             
mechanisms‌‌but‌‌one‌‌of‌‌its‌‌most‌‌useful‌‌features‌‌is‌‌its‌‌clock/calendar‌‌mode.‌‌When‌‌a‌‌1‌‌Hz‌‌                               
clock‌ ‌signal‌ ‌is‌ ‌selected‌ ‌and‌ ‌when‌ ‌CTRL.MODE‌ ‌is‌ ‌two,‌ ‌the‌ ‌RTC‌ ‌can‌ ‌write‌ ‌and‌ ‌read‌‌                             

‌ 
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‌ 
values‌ ‌to‌ ‌the‌ ‌Clock‌ ‌Value‌ ‌register‌ ‌in‌ ‌a‌ ‌32-bit‌ ‌time/date‌ ‌format.‌ ‌The‌ ‌time‌ ‌can‌ ‌be‌                             
represented‌ ‌using‌ ‌the‌ ‌12-‌ ‌or‌ ‌24-‌ ‌hour‌ ‌format,‌ ‌which‌ ‌is‌ ‌configurable‌ ‌in‌ ‌the‌ ‌Control‌‌                           
register.‌‌Dates‌‌can‌‌be‌‌represented‌‌using‌‌values‌‌representing‌‌the‌‌month,‌‌day,‌‌and‌‌year.‌‌The‌‌                           
month‌‌is‌‌represented‌‌with‌‌values‌‌from‌‌1‌‌through‌‌12,‌‌January‌‌through‌‌December.‌‌The‌‌day‌‌                           
is‌ ‌represented‌ ‌using‌ ‌numbers‌ ‌from‌ ‌1‌ ‌through‌ ‌31.‌ ‌The‌ ‌year‌ ‌is‌ ‌defined‌ ‌as‌ ‌an‌‌offset‌‌with‌‌                               
reference‌ ‌to‌ ‌the‌ ‌year‌ ‌defined‌ ‌in‌ ‌software.‌ ‌6‌ ‌bits‌ ‌can‌ ‌be‌ ‌used‌ ‌to‌ ‌represent‌ ‌the‌ ‌year,‌‌                               
meaning‌‌that‌‌we‌‌only‌‌have‌‌values‌‌from‌‌0‌‌through‌‌63.‌‌Since‌‌the‌‌overflow‌‌flag‌‌is‌‌set‌‌when‌‌                                 
63‌‌rolls‌‌back‌‌to‌‌0,‌‌we‌‌can‌‌define‌‌the‌‌year‌‌to‌‌be‌‌2021‌‌+‌‌year‌‌and‌‌add‌‌64‌‌to‌‌the‌‌reference‌‌                                         
value‌ ‌everytime‌ ‌the‌ ‌overflow‌ ‌occurs.‌ ‌The‌ ‌RTC‌ ‌also‌ ‌takes‌ ‌leap‌ ‌years‌ ‌into‌ ‌account‌ ‌and‌‌                           
months‌ ‌ending‌ ‌with‌ ‌different‌ ‌days.‌ ‌ 

‌ 
3.1.6.3‌ ‌MSP430‌ ‌LaunchPads‌ ‌ 
‌ 

Texas‌‌Instruments‌‌provide‌‌their‌‌own‌‌line‌‌of‌‌low‌‌cost‌‌and‌‌low‌‌powered‌‌MCUs‌‌under‌‌the‌‌                             
MSP430‌ ‌brand.‌ ‌We‌ ‌will‌ ‌be‌ ‌focusing‌ ‌on‌ ‌their‌ ‌LaunchPad‌ ‌development‌ ‌kits‌ ‌since‌ ‌they‌‌                         
provide‌ ‌all‌ ‌the‌ ‌necessary‌ ‌tools‌ ‌onboard‌ ‌for‌ ‌development.‌ ‌To‌ ‌expand‌ ‌on‌ ‌this,‌ ‌MCUs‌‌                         
without‌ ‌being‌ ‌on‌ ‌a‌ ‌board‌ ‌are‌ ‌typically‌ ‌cheaper‌ ‌and‌ ‌there‌ ‌are‌ ‌more‌‌variety‌‌of‌‌MCUs‌‌to‌‌                               
choose‌‌from‌‌as‌‌well‌‌as‌‌having‌‌more‌‌freedom‌‌when‌‌designing‌‌projects.‌‌One‌‌of‌‌the‌‌biggest‌‌                             
issues‌‌of‌‌doing‌‌this‌‌is‌‌finding‌‌a‌‌way‌‌to‌‌flash‌‌the‌‌MCU‌‌since‌‌they‌‌wouldn’t‌‌have‌‌a‌‌JTAG‌‌                                   
emulator‌‌or‌‌some‌‌other‌‌programmer‌‌interface‌‌out‌‌of‌‌the‌‌box.‌‌We‌‌would‌‌then‌‌need‌‌to‌‌set‌‌                               
up‌ ‌the‌ ‌MCU‌ ‌such‌ ‌that‌ ‌we‌ ‌can‌ ‌connect‌ ‌the‌ ‌JTAG‌ ‌emulator‌ ‌to‌ ‌it‌‌and‌‌the‌‌PC.‌‌We‌‌would‌‌                                   
also‌‌need‌‌to‌‌buy‌‌the‌‌necessary‌‌parts‌‌and‌‌equipment‌‌to‌‌do‌‌things‌‌that‌‌are‌‌already‌‌featured‌‌                               
on‌‌many‌‌MCU‌‌boards.‌‌Given‌‌our‌‌time‌‌constraints‌‌and‌‌the‌‌need‌‌to‌‌keep‌‌expenditures‌‌low,‌‌                             
we’re‌ ‌only‌ ‌interested‌ ‌in‌ ‌MCU’s‌ ‌that‌ ‌are‌ ‌already‌ ‌on‌ ‌a‌ ‌development‌ ‌board‌ ‌such‌ ‌as‌ ‌the‌‌                             
LaunchPad‌ ‌lineups.‌ ‌ 
‌ 

One‌ ‌of‌ ‌their‌ ‌basic‌ ‌models‌ ‌is‌ ‌the‌ ‌MSP-EXP430G2ET.‌ ‌Given‌ ‌that‌ ‌these‌ ‌boards‌ ‌are‌‌                         
developed‌ ‌by‌ ‌Texas‌ ‌Instruments,‌ ‌one‌ ‌of‌ ‌the‌ ‌largest‌ ‌and‌ ‌oldest‌ ‌semiconductor‌‌                     
manufacturers‌ ‌in‌ ‌America,‌ ‌their‌ ‌documentation‌ ‌is‌ ‌extensive‌‌and‌‌they‌‌have‌‌many‌‌useful‌‌                       
tools‌‌specifically‌‌designed‌‌for‌‌the‌‌MCUs.‌‌The‌‌LaunchPad‌‌comes‌‌with‌‌the‌‌MSP430G2553‌‌                       
MCU,‌ ‌however,‌ ‌users‌ ‌are‌ ‌able‌ ‌to‌ ‌swap‌ ‌out‌ ‌the‌ ‌MCU‌ ‌and‌ ‌replace‌ ‌it‌ ‌with‌ ‌a‌ ‌compatible‌‌                               
MSP430G2xx2,‌ ‌MSP430G2xx3,‌ ‌or‌ ‌MSP430F20xx‌ ‌MCU‌ ‌due‌ ‌to‌ ‌its‌ ‌14-/20-pin‌ ‌DIP‌‌                   
socket.‌ ‌Making‌ ‌it‌ ‌one‌ ‌of‌ ‌the‌ ‌cheaper‌ ‌development‌ ‌boards‌ ‌on‌ ‌the‌ ‌market.‌ ‌This‌ ‌design‌‌                           
gives‌‌the‌‌user‌‌extra‌‌freedom‌‌to‌‌choose‌‌the‌‌right‌‌MCU‌‌for‌‌the‌‌job.‌‌The‌‌MSP430G2553‌‌is‌‌                               
a‌ ‌16‌ ‌MHz‌‌16-bit‌‌MCU‌‌that‌‌has‌‌16KB‌‌of‌‌flash‌‌memory‌‌and‌‌512B‌‌SRAM.‌‌Compared‌‌to‌‌                               
the‌ ‌previous‌ ‌MCUs,‌ ‌this‌ ‌one‌ ‌has‌ ‌the‌ ‌least‌ ‌amount‌ ‌of‌ ‌memory.‌‌Even‌‌the‌‌Arduino‌‌UNO‌‌                             
has‌‌more‌‌memory,‌‌32KB‌‌of‌‌flash‌‌memory‌‌and‌‌2KB‌‌of‌‌SRAM.‌‌The‌‌amount‌‌of‌‌memory‌‌in‌‌                               
the‌‌MCU‌‌could‌‌be‌‌too‌‌restricting‌‌for‌‌our‌‌GUI.‌‌It‌‌is‌‌possible‌‌that‌‌we‌‌may‌‌need‌‌to‌‌upgrade‌‌                                   
the‌ ‌MCU,‌ ‌but‌ ‌the‌ ‌highest‌ ‌spec‌ ‌part,‌ ‌in‌ ‌terms‌ ‌of‌ ‌memory,‌ ‌that‌ ‌is‌ ‌compatible‌ ‌with‌ ‌the‌‌                               
LaunchPad‌ ‌is‌ ‌the‌ ‌MSP430G2553‌ ‌MCU.‌ ‌According‌ ‌to‌‌the‌‌table‌‌of‌‌supported‌‌devices‌‌in‌‌                         
the‌ ‌datasheet,‌ ‌the‌ ‌MSP430G2xx3‌ ‌family‌ ‌of‌ ‌MCUs‌ ‌contain‌ ‌the‌ ‌most‌ ‌memory‌ ‌from‌ ‌the‌‌                         
list.‌ ‌The‌ ‌MSP430F2012‌ ‌contains‌ ‌only‌ ‌2KB‌ ‌of‌ ‌flash‌ ‌and‌ ‌128B‌ ‌of‌‌SRAM.‌‌The‌‌128B‌‌of‌‌                             
SRAM‌ ‌is‌ ‌much‌ ‌less‌ ‌compared‌ ‌to‌ ‌the‌ ‌32KB‌ ‌of‌ ‌SRAM‌ ‌available‌ ‌in‌ ‌the‌ ‌METRO‌ ‌M0‌‌                             
Express‌‌or‌‌the‌‌8KB‌‌of‌‌SRAM‌‌in‌‌the‌‌Arduino‌‌Mega.‌‌The‌‌MCU‌‌supports‌‌UART,‌‌SPI,‌‌and‌‌                               
I2C‌ ‌just‌ ‌like‌ ‌the‌ ‌previous‌ ‌two‌ ‌MCU‌ ‌covers.‌ ‌ 
‌ 

The‌ ‌main‌ ‌appeal‌ ‌of‌ ‌the‌ ‌MSP430‌ ‌MCUs‌ ‌is‌ ‌their‌ ‌power‌ ‌efficiency.‌ ‌According‌ ‌to‌ ‌the‌‌                           
absolute‌‌maximum‌‌ratings‌‌of‌‌the‌‌MSP430G2553,‌‌the‌‌“diode‌‌current”‌‌at‌‌any‌‌device‌‌pin‌‌is‌‌                           
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‌ 
only‌ ‌+/-‌‌2‌‌mA.‌‌At‌‌1MHz‌‌with‌‌an‌‌operating‌‌voltage‌‌of‌‌2.2V‌‌in‌‌“active‌‌mode”,‌‌the‌‌MCU‌‌                                 
only‌‌draws‌‌around‌‌230‌‌µA.‌‌At‌‌“Standby‌‌Mode”‌‌the‌‌MCU‌‌draws‌‌around‌‌0.5‌‌µA.‌‌This‌‌is‌‌                               
the‌ ‌lowest‌ ‌powered‌ ‌MCU‌ ‌covered‌ ‌yet‌ ‌and‌ ‌it‌ ‌would‌ ‌be‌ ‌an‌ ‌excellent‌ ‌MCU‌ ‌to‌ ‌use‌ ‌in‌ ‌a‌‌                                 
project‌ ‌involving‌ ‌solar‌ ‌energy.‌ ‌Figure‌ ‌20‌ ‌shows‌ ‌the‌ ‌low‌‌power‌‌modes‌‌available‌‌for‌‌the‌‌                           
MCU.‌ ‌There‌ ‌are‌ ‌5‌ ‌low‌ ‌power‌ ‌modes,‌ ‌making‌ ‌the‌‌available‌‌options‌‌just‌‌as‌‌extensive‌‌as‌‌                             
the‌‌Arduino‌‌Mega.‌‌According‌‌to‌‌the‌‌chart,‌‌in‌‌all‌‌low‌‌power‌‌modes‌‌the‌‌CPU‌‌is‌‌disabled,‌‌                               
the‌‌oscillator‌‌may‌‌or‌‌may‌‌not‌‌be‌‌disabled,‌‌and‌‌certain‌‌or‌‌all‌‌of‌‌the‌‌clocks‌‌are‌‌disabled‌‌in‌‌                                   
each‌‌one.‌‌This‌‌is‌‌to‌‌be‌‌expected‌‌since‌‌the‌‌other‌‌MCUs‌‌with‌‌low‌‌power‌‌modes‌‌behave‌‌this‌‌                                 
way‌‌as‌‌well.‌‌What’s‌‌unique‌‌to‌‌the‌‌MSP430‌‌is‌‌the‌‌enabling‌‌and‌‌disabling‌‌of‌‌the‌‌DCO‌‌and‌‌                                 
its‌‌DC‌‌generator,‌‌which‌‌allows‌‌the‌‌MCU‌‌to‌‌wake-up‌‌from‌‌low-power‌‌modes‌‌in‌‌less‌‌than‌‌                             
1‌ ‌µs.‌‌ ‌  

‌ 

‌ 
Figure‌ ‌20:‌ ‌Sleep‌ ‌Modes‌ ‌for‌ ‌MSP430G2553‌ ‌ 

‌ 
The‌‌reason‌‌as‌‌to‌‌why‌‌the‌‌LaunchPad‌‌is‌‌up‌‌for‌‌consideration‌‌is‌‌because‌‌every‌‌member‌‌of‌‌                               
the‌ ‌team‌ ‌has‌ ‌some‌ ‌familiarity‌ ‌with‌ ‌the‌‌MSP430‌‌MCUs‌‌due‌‌to‌‌a‌‌required‌‌class‌‌for‌‌CpE‌‌                               
and‌ ‌EE‌ ‌majors‌ ‌that‌ ‌uses‌ ‌the‌ ‌MSP430‌ ‌for‌‌lab‌‌work‌‌and‌‌studies.‌‌Using‌‌this‌‌board‌‌would‌‌                               
only‌‌just‌‌require‌‌a‌‌refresher.‌‌However,‌‌what‌‌we‌‌know‌‌about‌‌the‌‌MSP430‌‌MCUs‌‌can‌‌also‌‌                             
be‌‌applicable‌‌for‌‌the‌‌other‌‌MCUs‌‌since‌‌many‌‌MCUs‌‌in‌‌the‌‌market‌‌have‌‌similar‌‌features.‌‌                             
The‌ ‌Atmega‌ ‌MCUs‌‌also‌‌have‌‌documentation‌‌that‌‌rivals‌‌TI’s‌‌counterpart‌‌and‌‌its‌‌support‌‌                         
in‌ ‌terms‌ ‌of‌ ‌libraries‌ ‌and‌ ‌tools‌ ‌may‌ ‌even‌ ‌surpass‌ ‌TI‌ ‌thanks‌ ‌to‌ ‌its‌ ‌ubiquity‌ ‌amongst‌ ‌the‌‌                               
hobbyists.‌ ‌The‌ ‌METRO‌ ‌M0‌ ‌uses‌‌the‌‌same‌‌MCU‌‌as‌‌the‌‌discontinued‌‌Arduino‌‌Zero‌‌and‌‌                           
the‌ ‌Arduino‌ ‌MKR‌ ‌ZERO,‌ ‌so‌ ‌it‌ ‌also‌ ‌shares‌ ‌the‌ ‌same‌ ‌resources‌ ‌as‌ ‌those‌ ‌boards.‌ ‌In‌‌                             
addition,‌ ‌it‌ ‌also‌ ‌supports‌ ‌CircuitPython‌ ‌which‌ ‌Adafruit‌ ‌provides‌ ‌documentation‌ ‌for.‌‌ ‌  
‌ 

3.1.7‌ ‌Chosen‌ ‌Parts‌ ‌ 
‌ 

Now‌ ‌that‌ ‌all‌‌the‌‌considered‌‌devices‌‌were‌‌covered‌‌in‌‌detail,‌‌we‌‌need‌‌to‌‌choose‌‌the‌‌most‌‌                               
suitable‌ ‌parts‌ ‌based‌ ‌on‌ ‌our‌ ‌requirements‌ ‌and‌ ‌their‌ ‌features.‌ ‌To‌ ‌summarize,‌ ‌we‌ ‌need‌ ‌a‌‌                           
low-powered‌ ‌MCU‌ ‌that‌ ‌is‌ ‌able‌ ‌to‌ ‌drive‌ ‌a‌ ‌temperature‌ ‌sensor,‌ ‌an‌ ‌LCD‌ ‌display‌ ‌with‌ ‌a‌‌                             
GUI,‌ ‌and‌ ‌our‌ ‌charge‌ ‌controller‌ ‌with‌ ‌PWMs.‌ ‌We‌ ‌also‌ ‌need‌ ‌a‌ ‌high‌ ‌accuracy‌ ‌and‌ ‌low‌‌                             
powered‌‌temperature‌‌sensor‌‌that‌‌utilizes‌‌the‌‌same‌‌communication‌‌protocols‌‌as‌‌our‌‌MCU‌‌                       
and‌‌a‌‌full‌‌colored,‌‌low‌‌power‌‌LCD‌‌that‌‌can‌‌communicate‌‌with‌‌our‌‌MCU‌‌and‌‌display‌‌our‌‌                               
GUI.‌ ‌Tables‌ ‌3,‌ ‌4,‌ ‌and‌ ‌5‌ ‌show‌ ‌the‌ ‌comparisons‌ ‌and‌ ‌the‌ ‌decisions‌ ‌that‌ ‌were‌ ‌made‌ ‌are‌‌                               
written‌ ‌below‌ ‌them.‌ ‌ 
‌ 
‌ 
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Table‌ ‌3:‌ ‌Temperature‌ ‌Sensors‌ ‌Comparison‌ 
‌ 

The‌ ‌BME280‌ ‌has‌ ‌more‌ ‌features‌ ‌compared‌ ‌to‌‌the‌‌MCP9808,‌‌which‌‌means‌‌more‌‌                       
room‌ ‌for‌ ‌expandability.‌ ‌However,‌ ‌as‌ ‌shown‌ ‌in‌ ‌table‌ ‌3,‌ ‌its‌ ‌price‌ ‌is‌ ‌over‌ ‌three‌ ‌times‌ ‌as‌‌                               
much.‌ ‌In‌ ‌addition,‌‌the‌‌MCP9808‌‌does‌‌a‌‌better‌‌job‌‌at‌‌sensing‌‌the‌‌temperature‌‌due‌‌to‌‌it’s‌‌                               
higher‌ ‌accuracy.‌ ‌Since‌ ‌we‌ ‌are‌ ‌prioritizing‌ ‌temperature‌ ‌measurements‌ ‌and‌ ‌keeping‌ ‌the‌‌                     
price‌ ‌low,‌ ‌we‌ ‌choose‌ ‌the‌ ‌MCP9808‌ ‌for‌ ‌our‌ ‌temperature‌ ‌sensor.‌ 
‌ 

Table‌ ‌4:‌ ‌Displays‌ ‌Comparison‌ ‌ 
‌ 

These‌ ‌three‌ ‌LCDs‌ ‌are‌ ‌similar‌ ‌to‌ ‌each‌ ‌other‌ ‌since‌ ‌they‌ ‌feature‌ ‌similar‌ ‌breakout‌‌                         
boards.‌ ‌These‌ ‌sizes‌ ‌were‌ ‌considered‌ ‌due‌ ‌to‌ ‌the‌ ‌similar‌ ‌sizes‌ ‌found‌ ‌in‌ ‌current‌ ‌charge‌‌                           
controllers‌ ‌in‌ ‌the‌ ‌market‌ ‌as‌ ‌well‌ ‌as‌ ‌keeping‌ ‌the‌ ‌price‌ ‌and‌ ‌power‌ ‌consumption‌ ‌low.‌ ‌In‌‌                             
addition,‌ ‌the‌ ‌MicroSD‌ ‌Socket‌ ‌is‌ ‌included‌ ‌and‌‌will‌‌be‌‌useful‌‌for‌‌data‌‌logging.‌‌The‌‌1.8’’‌‌                             
display‌ ‌was‌ ‌researched‌ ‌to‌ ‌provide‌ ‌a‌ ‌base‌ ‌since‌ ‌many‌ ‌charge‌ ‌controllers‌ ‌in‌ ‌the‌ ‌market‌‌                           

‌ 
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Key‌ ‌Points‌ ‌  Adafruit‌ ‌BME280‌ ‌I2C‌ ‌or‌ ‌SPI‌‌ 
Temperature‌ ‌Humidity‌‌ 
Pressure‌ ‌Sensor‌ ‌-‌ ‌STEMMA‌‌ 
QT‌ ‌ 

MCP9808‌ ‌High‌ ‌Accuracy‌‌ 
I2C‌ ‌Temperature‌ ‌Sensor‌‌ 
Breakout‌ ‌Board‌ ‌ 

Typical‌ ‌Power‌‌ 
Consumption‌ ‌ 

Humidity‌ ‌Sensor:‌ ‌1.122‌‌ 
mW‌ ‌ 
Temperature‌ ‌Sensor:‌ ‌2.356‌‌ 
mW‌ ‌ 
Pressure‌ ‌Sensor:‌ ‌1.155‌ ‌mW‌ 

0.66‌ ‌mW‌ ‌ 

Price‌ ‌  $14.95‌ ‌  $4.95‌ ‌ 

Typical‌ ‌Accuracy‌ ‌  Humidity‌ ‌Sensor:‌ ‌+/-‌ ‌3‌‌ 
%RH‌ ‌ 
Temperature‌ ‌Sensor:‌ ‌+/-‌‌ 
0.5‌ ‌°C‌ ‌ 
Pressure‌ ‌Sensor:‌ ‌+/-‌ ‌1.0‌ 
hPa‌ ‌ 

+/-‌ ‌0.25‌ ‌°C‌ ‌ 

Key‌ ‌Points‌ ‌  1.8’’‌ ‌TFT‌ ‌Display‌‌ 
Breakout‌ ‌Board‌ ‌and‌‌ 
Shield‌ ‌w/MicroSD‌‌ 
Socket‌ ‌ 

2.4’’‌ ‌TFT‌ ‌LCD‌ ‌with‌‌ 
Touchscreen‌ ‌and‌‌ 
Breakout‌ ‌Board‌‌ 
w/MicroSD‌ ‌Socket‌ ‌ 

2.8’’‌ ‌TFT‌ ‌LCD‌ ‌with‌‌ 
Capacitive‌‌ 
Touchscreen‌ ‌and‌‌ 
Breakout‌ ‌Board‌‌ 
w/MicroSD‌ ‌Socket‌ ‌ 

Maximum‌ ‌Power‌‌ 
Consumption‌ ‌ 

~0.89‌ ‌W‌  ~1.030‌ ‌W‌  ~1.038‌ ‌W‌ 

Price‌ ‌  $19.95‌ ‌  $27.50‌ ‌  $39.95‌ ‌ 

Resistive‌ ‌Screen‌ ‌  No‌ ‌  Yes‌ ‌  No‌ ‌ 

Capacitive‌ ‌Screen‌ ‌  No‌ ‌  No‌ ‌  Yes‌ ‌ 



‌ 
feature‌ ‌LCDs‌ ‌with‌ ‌similar‌ ‌sizes.‌ ‌Some‌ ‌may‌ ‌even‌ ‌include‌ ‌color‌ ‌but‌ ‌even‌ ‌few‌‌include‌‌a‌‌                             
touch‌ ‌screen.‌ ‌Table‌ ‌4‌ ‌shows‌ ‌that‌ ‌the‌ ‌units‌ ‌with‌ ‌a‌ ‌touch‌ ‌screen‌‌are‌‌more‌‌expensive‌‌and‌‌                               
consume‌‌about‌‌16%‌‌more‌‌power.‌‌However,‌‌the‌‌screens‌‌are‌‌also‌‌larger‌‌which‌‌translate‌‌to‌‌                           
a‌ ‌better‌ ‌user‌ ‌experience.‌ ‌Most‌ ‌of‌ ‌the‌ ‌power‌ ‌consumption‌ ‌actually‌ ‌comes‌ ‌from‌ ‌the‌‌                         
MicroSD‌‌socket‌‌(which‌‌has‌‌a‌‌maximum‌‌draw‌‌of‌‌100‌‌mA)‌‌and‌‌this‌‌draw‌‌may‌‌only‌‌apply‌‌                               
when‌‌data‌‌is‌‌read‌‌from‌‌or‌‌written‌‌to‌‌the‌‌card.‌‌Between‌‌the‌‌resistive‌‌display‌‌and‌‌the‌‌larger‌‌                                 
capacitive‌ ‌one,‌ ‌the‌ ‌latter‌‌was‌‌chosen‌‌because‌‌most‌‌modern‌‌consumer‌‌electronics‌‌do‌‌not‌‌                         
use‌‌resistive‌‌displays.‌‌The‌‌higher‌‌price‌‌point‌‌is‌‌a‌‌drawback,‌‌but‌‌in‌‌exchange‌‌for‌‌a‌‌larger‌‌                               
display‌ ‌and‌ ‌a‌ ‌capacitive‌ ‌touch‌ ‌screen,‌ ‌we‌ ‌believe‌ ‌that‌ ‌it‌ ‌is‌ ‌worth‌ ‌it.‌ ‌ 
‌ 

Table‌ ‌5:‌ ‌MCUs‌ ‌Comparison‌ ‌ 
‌ 

For‌ ‌our‌ ‌MCU‌‌we‌‌decided‌‌to‌‌use‌‌the‌‌ATSAMD21G18‌‌ARM‌‌Cortex‌‌M0+.‌‌Based‌‌                         
on‌ ‌their‌ ‌relative‌ ‌maximum‌ ‌power‌ ‌consumption,‌ ‌we‌ ‌were‌ ‌comparing‌ ‌three‌ ‌classes‌ ‌of‌‌                       
MCUs:‌ ‌high‌ ‌powered,‌ ‌low‌ ‌powered,‌ ‌and‌‌ultra-low‌‌powered.‌‌The‌‌Atmega‌‌2560‌‌belongs‌‌                       
in‌‌that‌‌high‌‌powered‌‌category‌‌(for‌‌this‌‌set‌‌of‌‌MCUs‌‌at‌‌least)‌‌and‌‌we‌‌can‌‌see‌‌some‌‌of‌‌the‌‌                                     
benefits‌ ‌that‌ ‌brings‌ ‌from‌ ‌the‌ ‌table.‌ ‌Most‌ ‌notably,‌ ‌it‌ ‌has‌ ‌the‌ ‌most‌ ‌GPIO‌ ‌pins.‌ ‌But‌ ‌its‌‌                               
potential‌ ‌power‌ ‌consumption‌ ‌and‌ ‌larger‌ ‌size‌ ‌and‌ ‌performance‌ ‌that‌ ‌isn’t‌ ‌as‌ ‌good‌ ‌as‌ ‌the‌‌                           
ARM‌‌Cortex‌‌M0+‌‌are‌‌large‌‌set‌‌backs.‌‌It‌‌at‌‌least‌‌has‌‌more‌‌sleep‌‌modes‌‌compared‌‌to‌‌the‌‌                                 
ARM‌‌chip,‌‌but‌‌how‌‌many‌‌of‌‌those‌‌could‌‌be‌‌useful‌‌for‌‌our‌‌project‌‌would‌‌require‌‌testing.‌‌                               
An‌ ‌EEPROM‌ ‌is‌ ‌also‌ ‌included‌ ‌in‌ ‌the‌ ‌Atmega‌ ‌chip‌ ‌for‌ ‌long‌‌term‌‌data‌‌retention,‌‌but‌‌the‌‌                               
METRO‌ ‌has‌ ‌a‌ ‌2‌ ‌MB‌ ‌flash‌ ‌chip‌ ‌that‌ ‌can‌ ‌serve‌ ‌a‌ ‌similar‌ ‌purpose‌ ‌if‌ ‌programmed‌‌                             
appropriately.‌ ‌The‌ ‌MSP430G2553‌ ‌microcontroller‌ ‌is‌‌in‌‌the‌‌ultra-low‌‌powered‌‌category,‌‌                   

‌ 
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Key‌ ‌Points‌ ‌  Atmega‌ ‌2560‌‌ 
(Arduino‌ ‌MEGA)‌ ‌ 

ATSAMD21G18‌‌ 
ARM‌ ‌Cortex‌ ‌M0‌‌ 
(Adafruit‌ ‌METRO‌‌ 
M0‌ ‌Express)‌ ‌ 

MSP430G2553‌‌ 
(MSP-EXP430G2ET)‌ ‌ 

RAM‌ ‌  8‌ ‌KB‌ ‌  32‌ ‌KB‌ ‌  512‌ ‌B‌ ‌ 

Speed‌ ‌  16‌ ‌MHz‌ ‌  48‌ ‌MHz‌ ‌  16‌ ‌MHz‌ ‌ 

Maximum‌ ‌Power‌‌ 
Consumption‌‌ 
(based‌ ‌on‌ ‌absolute‌‌ 
max‌ ‌ratings)‌ ‌ 

1.2‌ ‌W‌ ‌  0.11‌ ‌W‌ ‌  ~0.02‌ ‌W‌ 

Price‌ ‌  $40.30‌ ‌  $24.95‌ ‌  $11.99‌ ‌ 

Number‌ ‌of‌ ‌Pins‌ ‌  70‌ ‌GPIOs‌ ‌  25‌ ‌GPIO‌ ‌  24‌ ‌GPIOs‌ ‌ 

Flash‌ ‌Memory‌ ‌  256‌ ‌KB‌ ‌  256‌ ‌KB‌ ‌  16‌ ‌KB‌ ‌ 

Architecture‌ ‌  8‌ ‌bits‌ ‌  32‌ ‌bits‌ ‌  16‌ ‌bits‌ ‌ 

Number‌ ‌of‌ ‌Sleep‌‌ 
Modes‌ ‌ 

6‌ ‌  3‌ ‌  6‌ ‌ 

EEPROM‌ ‌  4‌ ‌KB‌ ‌  None‌ ‌  None‌ ‌ 



‌ 
and‌ ‌we‌ ‌can‌ ‌immediately‌ ‌see‌ ‌its‌ ‌disadvantages.‌ ‌As‌ ‌discussed‌ ‌before,‌ ‌its‌ ‌low‌ ‌memory‌‌                         
would‌ ‌make‌ ‌it‌ ‌difficult‌ ‌to‌ ‌construct‌ ‌a‌ ‌GUI‌ ‌and‌ ‌we‌ ‌believe‌ ‌that‌ ‌the‌ ‌maximum‌ ‌power‌‌                             
consumption‌‌of‌‌0.11‌‌W‌‌from‌‌the‌‌ARM‌‌chip‌‌is‌‌low‌‌enough‌‌without‌‌sacrificing‌‌too‌‌much.‌‌                             
There’s‌ ‌also‌‌the‌‌MSP430F5529‌‌which‌‌has‌‌8KB‌‌of‌‌RAM‌‌and‌‌128‌‌KB‌‌of‌‌flash,‌‌but‌‌even‌                               
it’s‌ ‌RAM‌ ‌might‌ ‌be‌ ‌too‌ ‌low‌ ‌for‌ ‌the‌ ‌GUI‌ ‌especially‌ ‌when‌ ‌we‌ ‌need‌ ‌to‌ ‌go‌ ‌through‌‌                               
debugging.‌ ‌ 
‌ 

3.2‌ ‌Solar‌ ‌Panels‌ ‌ 
‌ 

NOTE:‌‌We‌‌will‌‌be‌‌focusing‌‌on‌‌the‌‌three‌‌main‌‌types‌‌of‌‌solar‌‌panels,‌‌monocrystalline,‌‌                           
polycrystalline,‌ ‌and‌ ‌amorphous.‌ ‌Before‌ ‌diving‌ ‌into‌ ‌the‌‌different‌‌types‌‌of‌‌solar‌‌panels‌‌                       
and‌ ‌their‌ ‌functions,‌ ‌it‌ ‌is‌ ‌important‌ ‌to‌ ‌understand‌ ‌the‌ ‌science‌ ‌behind‌‌them‌‌first.‌‌A‌‌solar‌‌                             
panel‌ ‌is‌ ‌not‌ ‌just‌ ‌one‌ ‌single‌ ‌piece.‌ ‌In‌ ‌actuality,‌ ‌it‌‌is‌‌many‌‌pieces‌‌acting‌‌together‌‌as‌‌one.‌‌                                 
Each‌ ‌of‌ ‌these‌‌pieces‌‌on‌‌a‌‌solar‌‌panel‌‌are‌‌called‌‌photovoltaic‌‌or‌‌solar‌‌cells.‌‌Photovoltaic‌‌                             
simply‌ ‌means‌ ‌the‌ ‌ability‌ ‌to‌ ‌convert‌ ‌sunlight‌ ‌into‌ ‌electricity.‌ ‌This‌ ‌concept‌ ‌was‌ ‌first‌‌                         
discovered‌ ‌by‌ ‌a‌ ‌French‌ ‌scientist‌ ‌known‌ ‌as‌ ‌Edmund‌ ‌Bequerel‌ ‌in‌ ‌1839.‌ ‌He‌ ‌was‌ ‌able‌ ‌to‌‌                             
realize‌ ‌that‌ ‌some‌ ‌materials‌ ‌produced‌ ‌energy‌ ‌when‌ ‌exposed‌ ‌to‌ ‌sunlight.‌ ‌With‌ ‌that‌‌                       
definition,‌‌these‌‌photovoltaic‌‌cells‌‌do‌‌just‌‌that.‌‌These‌‌cells‌‌are‌‌most‌‌commonly‌‌developed‌‌                         
with‌ ‌materials‌ ‌that‌ ‌are‌ ‌used‌ ‌to‌ ‌make‌ ‌semiconductors‌ ‌such‌ ‌as‌ ‌silicon.‌ ‌The‌ ‌reasoning‌‌                         
behind‌ ‌using‌ ‌semiconductive‌ ‌materials‌ ‌such‌ ‌as‌ ‌silicon‌ ‌is‌ ‌due‌ ‌to‌ ‌the‌ ‌material’s‌ ‌unique‌‌                         
property‌‌of‌‌not‌‌only‌‌conducting‌‌electricity,‌‌but‌‌also‌‌its‌‌ability‌‌to‌‌simultaneously‌‌create‌‌an‌‌                           
electric‌‌field.‌‌This‌‌ability‌‌these‌‌photovoltaic‌‌cells‌‌have‌‌to‌‌create‌‌an‌‌electric‌‌field‌‌is‌‌from‌‌                             
the‌‌speciality‌‌treating‌‌process‌‌of‌‌the‌‌silicon‌‌wafer‌‌that‌‌the‌‌cells‌‌come‌‌from.‌‌This‌‌process‌‌                             
is‌ ‌complex,‌ ‌and‌ ‌thus‌ ‌needs‌ ‌explaining.‌ ‌[65,72,74]‌ ‌ 
‌ 

To‌ ‌begin,‌ ‌the‌ ‌silicon‌ ‌wafer‌ ‌first‌ ‌has‌ ‌to‌ ‌be‌ ‌cut‌ ‌very‌ ‌precisely.‌ ‌These‌ ‌cuts‌ ‌previously‌‌                             
mentioned‌ ‌are‌ ‌by‌ ‌a‌ ‌method‌ ‌known‌ ‌as‌ ‌slurry‌ ‌sawing.‌ ‌Slurry‌‌sawing‌‌is‌‌a‌‌technique‌‌used‌‌                             
when‌‌sawing‌‌precious‌‌materials‌‌where‌‌a‌‌high‌‌amount‌‌of‌‌precision‌‌is‌‌needed.‌‌These‌‌saws‌‌                           
use‌ ‌high‌ ‌strength,‌ ‌high‌ ‌tension‌ ‌wires‌ ‌alongside‌ ‌what‌ ‌is‌‌known‌‌as‌‌“slurry.”‌‌These‌‌wires‌‌                           
can‌ ‌be‌ ‌as‌ ‌small‌ ‌as‌ ‌250‌ ‌micrometers.‌ ‌“Slurry”‌ ‌is‌ ‌a‌ ‌wet‌‌substance‌‌that‌‌is‌‌combined‌‌with‌‌                               
particles‌ ‌such‌ ‌as‌ ‌diamond‌‌or‌‌silicon‌‌carbide.‌‌When‌‌turned‌‌on,‌‌the‌‌wires‌‌move‌‌back‌‌and‌‌                             
forth‌ ‌at‌ ‌an‌ ‌exceptional‌ ‌rate‌ ‌over‌ ‌the‌ ‌substrate‌ ‌of‌ ‌the‌ ‌material‌ ‌being‌ ‌cut‌ ‌which‌ ‌creates‌‌                             
friction‌ ‌between‌ ‌the‌ ‌substrate‌ ‌and‌ ‌the‌ ‌particles‌ ‌of‌ ‌the‌ ‌slurry,‌ ‌thus‌ ‌cutting‌ ‌the‌ ‌material.‌‌                           
Slurry‌ ‌sawing‌ ‌leaves‌ ‌behind‌ ‌contaminants‌ ‌and‌ ‌imperfections‌ ‌on‌ ‌the‌ ‌surface‌ ‌of‌ ‌the‌ ‌cut‌‌                         
material.‌‌Each‌‌of‌‌the‌‌aspects‌‌can‌‌be‌‌seen‌‌in‌‌figure‌‌20‌‌below.‌‌In‌‌figure‌‌21‌‌(a),‌‌one‌‌can‌‌see‌‌                                     
the‌‌zoomed‌‌in‌‌surface‌‌of‌‌a‌‌cut‌‌silicon‌‌wafer‌‌after‌‌slurry‌‌sawing.‌‌At‌‌this‌‌scale,‌‌it‌‌is‌‌easy‌‌to‌‌                                     
see‌‌the‌‌previously‌‌mentioned‌‌imperfections‌‌caused‌‌by‌‌slurry‌‌sawing.‌‌In‌‌figure‌‌21‌‌(b),‌‌the‌‌                           
possible‌ ‌contaminants‌ ‌left‌ ‌behind‌ ‌by‌ ‌the‌ ‌slurry‌ ‌sawing‌ ‌process‌ ‌can‌ ‌be‌ ‌seen.‌ ‌After‌ ‌the‌‌                           
slurry‌ ‌sawing‌ ‌has‌ ‌been‌ ‌completed‌ ‌and‌ ‌a‌ ‌silicon‌ ‌wafer‌ ‌has‌ ‌been‌‌obtained,‌‌the‌‌treatment‌‌                           
process‌ ‌has‌ ‌to‌ ‌begin.‌ ‌[93,94,99,101]‌ ‌ 
‌ 

‌ 
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‌ 
Figure‌ ‌21:‌ ‌Silicon‌ ‌Wafer‌ ‌After‌ ‌Slurry‌ ‌Sawing‌ ‌ 

‌ 
The‌‌first‌‌part‌‌of‌‌the‌‌treatment‌‌process‌‌of‌‌the‌‌silicon‌‌wafer‌‌for‌‌solar‌‌cells‌‌after‌‌it‌‌has‌‌been‌‌                                   
cut‌ ‌is‌ ‌known‌ ‌as‌ ‌texturing‌ ‌or‌ ‌etching.‌ ‌This‌ ‌process‌ ‌of‌ ‌texturing‌ ‌is‌ ‌used‌ ‌to‌ ‌remove‌ ‌any‌‌                               
damaged‌ ‌layers‌ ‌on‌ ‌the‌ ‌surface‌ ‌of‌ ‌the‌ ‌silicon‌ ‌wafer‌ ‌from‌ ‌the‌ ‌slurry‌ ‌sawing‌ ‌process‌‌                           
alongside‌ ‌creating‌ ‌what‌ ‌are‌ ‌known‌ ‌as‌ ‌micro‌ ‌pyramids‌ ‌(see‌ ‌figure‌ ‌22‌ ‌below‌‌for‌‌detail).‌‌                           
These‌‌micro‌‌pyramids‌‌give‌‌the‌‌wafer‌‌texture‌‌which‌‌allows‌‌for‌‌the‌‌ability‌‌for‌‌the‌‌wafer‌‌to‌‌                               
capture‌ ‌more‌ ‌light‌ ‌to‌ ‌increase‌ ‌the‌ ‌efficiency‌ ‌of‌ ‌the‌ ‌photovoltaic‌ ‌cell.‌ ‌There‌ ‌are‌ ‌many‌‌                           
ways‌ ‌this‌ ‌texturing‌ ‌process‌ ‌can‌ ‌be‌ ‌executed.‌ ‌The‌ ‌texturing‌ ‌process‌ ‌can‌ ‌be‌ ‌physical‌ ‌or‌‌                           
chemical,‌ ‌and‌ ‌either‌ ‌wet‌ ‌or‌ ‌dry.‌ ‌Alongside‌ ‌each‌ ‌of‌ ‌these‌ ‌processes,‌ ‌it’s‌ ‌important‌ ‌to‌‌                           
understand‌ ‌the‌ ‌difference‌ ‌between‌ ‌isotropic‌ ‌and‌ ‌anisotropic‌ ‌texturing.‌ ‌Each‌ ‌of‌ ‌these‌‌                     
processes‌ ‌play‌ ‌an‌ ‌important‌ ‌role‌ ‌in‌ ‌physical‌ ‌and‌ ‌chemical‌ ‌texturing.‌ ‌[173]‌ ‌ 

‌ 

‌ 
Figure‌ ‌21:‌ ‌Textured‌ ‌Silicon‌ ‌Surface‌ 

‌ 
Isotropic‌ ‌texturing‌‌is‌‌a‌‌process‌‌focused‌‌on‌‌removing‌‌imperfections‌‌created‌‌by‌‌the‌‌slurry‌‌                         
sawing‌ ‌process,‌ ‌and‌ ‌what‌ ‌is‌ ‌known‌ ‌as‌ ‌chemical‌ ‌polishing.‌ ‌With‌ ‌this‌ ‌texturing‌‌process,‌‌                         
the‌ ‌texturing‌ ‌rate‌ ‌is‌ ‌the‌ ‌same‌ ‌and‌ ‌due‌ ‌to‌ ‌its‌ ‌nature,‌ ‌this‌ ‌process‌ ‌is‌ ‌used‌ ‌in‌ ‌chemical‌‌                                 
texturing,‌ ‌and‌ ‌not‌ ‌in‌ ‌physical‌ ‌texturing.‌ ‌Anisotropic‌ ‌texturing‌ ‌is‌ ‌focused‌ ‌on‌ ‌the‌ ‌actual‌‌                         
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‌ 
texturing‌‌of‌‌the‌‌silicon‌‌wafer‌‌to‌‌create‌‌the‌‌previously‌‌mentioned‌‌micro‌‌pyramids.‌‌Unlike‌‌                         
isotropic‌ ‌texturing,‌ ‌this‌‌process‌‌is‌‌used‌‌alongside‌‌physical‌‌texturing‌‌as‌‌well‌‌as‌‌chemical‌‌                         
texturing.‌‌ ‌  

‌ 
Physical‌‌texturing‌‌is‌‌a‌‌dry‌‌process‌‌in‌‌which‌‌the‌‌surface‌‌material‌‌of‌‌the‌‌wafer‌‌is‌‌removed‌‌                               
by‌‌what‌‌is‌‌known‌‌as‌‌ion‌‌bombardment.‌‌This‌‌ion‌‌bombardment‌‌is‌‌delivered‌‌in‌‌the‌‌form‌‌of‌‌                               
plasma.‌ ‌There‌ ‌are‌ ‌a‌ ‌few‌ ‌aspects‌ ‌of‌ ‌this‌‌method‌‌to‌‌consider.‌‌First‌‌off,‌‌this‌‌method‌‌has‌‌a‌‌                                 
low‌ ‌etch‌ ‌rate‌ ‌because‌ ‌the‌ ‌silicon‌ ‌wafer‌‌is‌‌being‌‌etched‌‌one‌‌atom‌‌at‌‌a‌‌time‌‌per‌‌each‌‌ion‌‌                                   
bombardment.‌ ‌Additionally,‌ ‌this‌ ‌is‌ ‌the‌ ‌only‌ ‌texturing‌ ‌process‌ ‌that‌ ‌can‌ ‌remove‌‌                     
non-volatile‌‌contaminants‌‌from‌‌the‌‌substrate’s‌‌surface.‌‌Due‌‌to‌‌the‌‌nature‌‌of‌‌this‌‌process,‌‌                         
it‌ ‌is‌ ‌used‌ ‌in‌ ‌conjunction‌ ‌with‌ ‌anisotropic‌ ‌texturing‌ ‌only‌ ‌as‌ ‌discussed‌ ‌above.‌ ‌ 

‌ 
Chemical‌ ‌texturing‌ ‌is‌ ‌a‌ ‌process‌ ‌that‌ ‌can‌ ‌either‌ ‌be‌ ‌wet‌ ‌or‌ ‌dry.‌ ‌It‌ ‌is‌ ‌performed‌ ‌using‌‌                               
chemicals‌ ‌such‌‌as‌‌potassium‌‌hydroxide‌‌(KOH),‌‌or‌‌sodium‌‌hydroxide‌‌(NaOH)‌‌alongside‌‌                     
additive‌ ‌chemicals‌ ‌such‌ ‌as‌ ‌isopropyl‌ ‌alcohol‌ ‌and‌ ‌sodium‌ ‌carbonate‌ ‌(Na2CO3).‌ ‌Other‌‌                     
additive‌‌chemicals‌‌include,‌‌but‌‌are‌‌not‌‌limited‌‌to‌‌potassium‌‌carbonate‌‌(K2CO3),‌‌sodium‌‌                       
phosphate‌ ‌(Na3PO4)‌ ‌and‌ ‌deionized‌ ‌water.‌ ‌Of‌ ‌these‌ ‌substances/chemicals,‌ ‌the‌ ‌most‌‌                   
commonly‌‌used‌‌in‌‌industrial‌‌solar‌‌cell‌‌texturing‌‌are‌‌sodium‌‌hydroxide,‌‌isopropyl‌‌alcohol‌‌                       
and‌ ‌deionized‌ ‌water.‌ ‌Similar‌ ‌to‌ ‌physical‌ ‌texturing,‌ ‌there‌ ‌are‌ ‌a‌ ‌few‌ ‌aspects‌ ‌to‌ ‌consider‌‌                           
with‌ ‌chemical‌ ‌texturing.‌ ‌Like‌ ‌previously‌ ‌mentioned,‌ ‌this‌ ‌method‌ ‌works‌ ‌alongside‌‌both‌‌                     
isotropic‌ ‌and‌ ‌anisotropic‌ ‌texturing.‌ ‌Unlike‌ ‌physical‌ ‌texturing,‌ ‌chemical‌ ‌texturing‌ ‌has‌ ‌a‌‌                     
very‌ ‌high‌ ‌texture‌ ‌rate.‌ ‌ 

‌ 
Once‌‌this‌‌texturing‌‌process‌‌is‌‌finished,‌‌the‌‌other‌‌main‌‌aspect‌‌of‌‌preparing‌‌a‌‌silicon‌‌wafer‌‌                             
to‌ ‌become‌ ‌a‌ ‌solar‌ ‌cell,‌ ‌is‌ ‌the‌ ‌need‌ ‌for‌ ‌an‌ ‌electric‌ ‌field‌ ‌to‌ ‌be‌ ‌present.‌ ‌Solar‌ ‌cells‌ ‌are‌‌                                   
composed‌ ‌of‌ ‌two‌ ‌thin‌ ‌layers.‌ ‌One‌ ‌layer‌ ‌is‌ ‌positively‌ ‌charged,‌ ‌and‌ ‌the‌ ‌other‌ ‌layer‌ ‌is‌‌                             
negatively‌ ‌charged.‌ ‌Each‌ ‌of‌ ‌these‌ ‌layers‌ ‌is‌ ‌charged‌ ‌by‌ ‌adding‌‌an‌‌additional‌‌material‌‌to‌‌                           
each‌‌layer.‌‌One‌‌example‌‌of‌‌an‌‌additive‌‌material‌‌that‌‌creates‌‌a‌‌negative‌‌charge‌‌by‌‌adding‌‌                             
on‌‌to‌‌the‌‌layer‌‌of‌‌semiconductor‌‌material‌‌is‌‌phosphorus.‌‌In‌‌the‌‌opposite‌‌case,‌‌an‌‌example‌‌                             
of‌ ‌an‌ ‌additive‌ ‌material‌ ‌that‌ ‌creates‌ ‌a‌ ‌positive‌ ‌charge‌ ‌when‌ ‌added‌ ‌to‌ ‌the‌ ‌layer‌ ‌of‌‌                             
semiconductor‌‌material‌‌is‌‌boron.‌‌Having‌‌these‌‌opposite‌‌charges‌‌for‌‌each‌‌layer‌‌creates‌‌an‌‌                         
electric‌ ‌field‌ ‌in‌ ‌between‌‌the‌‌space‌‌in‌‌the‌‌layers‌‌of‌‌the‌‌semiconductor‌‌material.‌‌As‌‌such,‌‌                             
electrons‌‌are‌‌trapped‌‌in‌‌this‌‌electric‌‌field.‌‌When‌‌light‌‌hits‌‌the‌‌semiconductor‌‌material,‌‌the‌‌                           
light‌‌essentially‌‌displaces‌‌the‌‌electron‌‌and‌‌frees‌‌it‌‌from‌‌the‌‌electric‌‌field.‌‌This‌‌freeing‌‌of‌‌                             
electrons‌ ‌in‌ ‌conjunction‌ ‌with‌ ‌an‌ ‌electrical‌ ‌wire‌ ‌connected‌ ‌to‌ ‌the‌ ‌additive‌ ‌materials‌ ‌on‌‌                         
both‌ ‌layers‌ ‌of‌ ‌the‌ ‌solar‌ ‌cell‌ ‌creates‌ ‌an‌ ‌electrical‌ ‌DC‌ ‌current‌ ‌by‌ ‌completing‌ ‌the‌ ‌circuit.‌‌                             
From‌ ‌this,‌ ‌these‌ ‌solar‌ ‌cells‌ ‌are‌ ‌wired‌ ‌together‌ ‌thus‌ ‌increasing‌ ‌the‌ ‌supply‌ ‌of‌ ‌the‌‌                           
aforementioned‌‌electrical‌‌DC‌‌current.‌‌This‌‌connection‌‌of‌‌solar‌‌cells‌‌can‌‌be‌‌used‌‌to‌‌make‌‌                           
a‌ ‌standard‌ ‌solar‌ ‌panel.‌ ‌Additionally,‌ ‌anti‌ ‌reflective‌ ‌material‌ ‌is‌ ‌sometimes‌ ‌added‌ ‌to‌ ‌the‌‌                         
solar‌ ‌cells‌ ‌in‌ ‌order‌ ‌to‌ ‌absorb‌ ‌more‌ ‌sunlight‌ ‌due‌ ‌to‌ ‌the‌ ‌apparent‌ ‌loss‌ ‌of‌ ‌it‌ ‌from‌ ‌light‌‌                                 
reflection.‌ ‌ 

‌ 
3.2.1‌ ‌Crystalline,‌ ‌Polycrystalline‌ ‌and‌ ‌Amorphous‌ ‌Solids‌ ‌ 

‌ 
Before‌ ‌going‌ ‌into‌ ‌the‌ ‌different‌ ‌types‌ ‌of‌ ‌solar‌ ‌panels,‌ ‌it’s‌ ‌important‌ ‌to‌ ‌first‌ ‌understand‌‌                           
what‌ ‌crystalline,‌ ‌polycrystalline‌ ‌and‌ ‌amorphous‌ ‌solids‌‌are‌‌alongside‌‌also‌‌understanding‌‌                   
their‌ ‌differences.‌ ‌In‌ ‌our‌ ‌case,‌ ‌there‌ ‌are‌ ‌crystalline,‌ ‌polycrystalline‌‌and‌‌amorphous‌‌solar‌‌                       
panels.‌ ‌In‌ ‌regards‌ ‌to‌ ‌crystalline‌ ‌solids,‌ ‌they‌ ‌are‌ ‌the‌ ‌most‌ ‌common‌ ‌over‌ ‌polycrystalline‌‌                         
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‌ 
and‌ ‌amorphous‌ ‌solids.‌ ‌As‌ ‌expected‌ ‌from‌ ‌a‌ ‌“crystal‌‌structure,”‌‌they‌‌are‌‌solids‌‌that‌‌have‌‌                           
geometric‌ ‌shapes‌ ‌with‌ ‌multiple‌ ‌flat‌ ‌surfaces.‌ ‌An‌ ‌obvious‌‌example‌‌of‌‌a‌‌crystalline‌‌solid‌‌                         
would‌ ‌be‌ ‌a‌ ‌diamond.‌ ‌The‌ ‌atomic‌ ‌structure‌ ‌of‌ ‌these‌ ‌crystalline‌ ‌solids‌ ‌is‌ ‌very‌ ‌tight‌ ‌and‌‌                             
leaves‌ ‌very‌ ‌little‌ ‌room‌ ‌for‌ ‌movement‌ ‌of‌ ‌the‌ ‌atoms.‌ ‌Due‌ ‌to‌ ‌this‌ ‌tight‌ ‌configuration‌ ‌of‌‌                             
atoms,‌ ‌crystalline‌ ‌solids‌ ‌have‌ ‌very‌ ‌high‌ ‌melting‌ ‌and‌ ‌boiling‌ ‌points,‌ ‌thus‌ ‌making‌ ‌them‌‌                         
particularly‌ ‌resistant‌ ‌to‌ ‌high‌ ‌temperatures.‌ ‌Additionally,‌ ‌because‌ ‌of‌ ‌this‌ ‌tight‌ ‌atomic‌‌                     
structure,‌‌there‌‌is‌‌what‌‌is‌‌known‌‌as‌‌translational‌‌symmetry.‌‌This‌‌means‌‌that‌‌each‌‌atom‌‌is‌‌                             
related‌‌to‌‌the‌‌atom‌‌next‌‌to‌‌it,‌‌and‌‌thus‌‌there‌‌is‌‌uniformity‌‌across‌‌the‌‌entire‌‌structure.‌‌See‌‌                                 
the‌ ‌first‌ ‌image‌ ‌in‌ ‌figure‌ ‌22‌ ‌below‌ ‌denoted‌ ‌as‌ ‌“Crystalline”‌ ‌for‌ ‌reference‌ ‌of‌‌the‌‌atomic‌‌                             
structure‌‌of‌‌crystalline‌‌solids.‌‌In‌‌polycrystalline‌‌structures,‌‌there‌‌are‌‌a‌‌multitude‌‌of‌‌small‌‌                         
crystals‌‌which‌‌can‌‌be‌‌denoted‌‌as‌‌“grains.”‌‌Each‌‌of‌‌these‌‌grains‌‌are‌‌separated‌‌by‌‌what‌‌is‌‌                               
known‌‌as‌‌a‌‌grain‌‌boundary.‌‌This‌‌boundary‌‌creates‌‌a‌‌haphazard‌‌atomic‌‌composition.‌‌The‌‌                         
small‌‌crystals‌‌themselves‌‌have‌‌a‌‌tight‌‌atomic‌‌composition,‌‌but‌‌at‌‌the‌‌location‌‌of‌‌the‌‌grain‌‌                             
boundaries,‌ ‌the‌ ‌atomic‌ ‌composition‌ ‌is‌ ‌far‌ ‌looser,‌ ‌so‌ ‌there‌ ‌is‌ ‌a‌ ‌small‌ ‌amount‌ ‌of‌‌                           
translational‌‌symmetry.‌‌This‌‌concept‌‌can‌‌be‌‌seen‌‌in‌‌the‌‌second‌‌image‌‌in‌‌figure‌‌22‌‌below‌‌                             
denoted‌ ‌as‌ ‌“Polycrystalline”‌ ‌for‌ ‌reference‌ ‌of‌ ‌the‌ ‌atomic‌ ‌structure‌ ‌of‌ ‌polycrystalline‌‌                     
solids.‌ ‌Unlike‌ ‌crystalline‌ ‌solids,‌ ‌polycrystalline‌ ‌solids‌ ‌do‌ ‌not‌ ‌have‌ ‌uniformity‌ ‌in‌ ‌atom‌‌                       
relation‌ ‌due‌ ‌to‌ ‌the‌ ‌different‌ ‌grains‌ ‌and‌ ‌their‌ ‌boundaries.‌ ‌They‌ ‌are‌ ‌only‌ ‌periodic‌ ‌across‌‌                           
each‌ ‌individual‌ ‌grain.‌ ‌An‌ ‌example‌ ‌of‌ ‌a‌ ‌polycrystalline‌ ‌solid‌ ‌is‌ ‌beryllium.‌ ‌Finally,‌‌                       
amorphous‌ ‌solids‌ ‌are‌ ‌non-crystalline‌ ‌and‌‌do‌‌not‌‌have‌‌a‌‌geometric‌‌shape‌‌like‌‌crystalline‌‌                         
and‌‌polycrystalline‌‌solids.‌‌Because‌‌of‌‌this‌‌lack‌‌of‌‌a‌‌geometric‌‌face,‌‌amorphous‌‌solids‌‌do‌‌                           
not‌‌have‌‌edges‌‌similar‌‌to‌‌crystal‌‌and‌‌polycrystalline‌‌structures.‌‌This‌‌variation‌‌and‌‌lack‌‌of‌‌                           
uniformity‌ ‌in‌ ‌amorphous‌ ‌solids‌ ‌is‌ ‌due‌ ‌to‌ ‌their‌ ‌atomic‌ ‌structure.‌ ‌Unlike‌ ‌crystalline‌ ‌and‌‌                         
polycrystalline‌‌structures,‌‌the‌‌atomic‌‌composition‌‌of‌‌amorphous‌‌solids‌‌has‌‌no‌‌uniformity‌                     
and‌‌therefore‌‌no‌‌translational‌‌symmetry.‌‌This‌‌structure‌‌can‌‌be‌‌seen‌‌in‌‌the‌‌third‌‌image‌‌in‌‌                             
figure‌ ‌23‌ ‌below‌ ‌denoted‌ ‌as‌ ‌“Amorphous”‌ ‌for‌ ‌reference‌ ‌to‌ ‌the‌ ‌atomic‌ ‌structure‌ ‌of‌ ‌an‌‌                           
amorphous‌ ‌solid.‌ ‌[53,‌ ‌104,126]‌‌ ‌  
‌ 

‌ 
Figure‌ ‌23:‌ ‌Atomic‌ ‌Structures‌ ‌of‌ ‌Crystalline,‌ ‌Polycrystalline,‌ ‌and‌ ‌Amorphous‌ ‌Solids‌ ‌ 

‌ 
3.2.2‌ ‌Technical‌ ‌Specifications‌ ‌of‌ ‌Solar‌ ‌Panels‌ ‌to‌ ‌Understand‌ ‌ 

‌ 
Before‌ ‌diving‌ ‌into‌ ‌the‌ ‌three‌ ‌main‌ ‌types‌ ‌of‌ ‌solar‌ ‌panels‌ ‌we‌ ‌will‌ ‌be‌ ‌analyzing,‌ ‌it’s‌‌                             
important‌ ‌to‌ ‌understand‌ ‌the‌ ‌typical‌ ‌specifications‌ ‌listed‌ ‌with‌ ‌solar‌ ‌panels.‌ ‌These‌‌                     
specifications‌ ‌include,‌ ‌but‌ ‌are‌‌not‌‌limited‌‌to‌‌solar‌‌panel‌‌efficiency,‌‌open‌‌circuit‌‌voltage,‌‌                         
and‌ ‌short‌ ‌circuit‌ ‌current.‌ ‌First‌ ‌is‌ ‌the‌‌maximum‌‌operating‌‌voltage.‌‌This‌‌is‌‌the‌‌maximum‌‌                           
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‌ 
voltage‌ ‌that‌ ‌can‌ ‌be‌ ‌outputted‌ ‌by‌ ‌the‌ ‌solar‌ ‌panel‌ ‌when‌ ‌the‌ ‌solar‌ ‌panel‌ ‌is‌ ‌operating‌ ‌at‌‌                               
maximum‌‌efficiency.‌ ‌Next,‌‌open‌‌circuit‌‌voltage‌‌is‌‌the‌‌highest‌‌amount‌‌of‌‌voltage‌‌that‌‌the‌‌                           
solar‌ ‌cells‌ ‌on‌ ‌the‌ ‌solar‌ ‌panel‌ ‌can‌‌produce‌‌when‌‌there‌‌is‌‌no‌‌load‌‌present.‌‌No‌‌load‌‌being‌‌                                 
present‌ ‌means‌ ‌the‌ ‌solar‌ ‌panel‌ ‌isn’t‌ ‌connected‌ ‌to‌ ‌anything,‌ ‌and‌ ‌thus‌‌there‌‌is‌‌no‌‌current.‌‌                             
The‌ ‌next‌ ‌important‌ ‌specification‌ ‌of‌‌solar‌‌panels‌‌is‌‌the‌‌maximum‌‌operating‌‌current.‌‌The‌‌                         
maximum‌ ‌operating‌ ‌current‌ ‌is‌ ‌the‌ ‌amount‌ ‌of‌ ‌current‌ ‌that‌ ‌is‌ ‌produced‌ ‌when‌ ‌the‌ ‌solar‌‌                           
panel‌ ‌is‌ ‌operating‌ ‌at‌‌maximum‌‌efficiency.‌‌Finally,‌‌the‌‌other‌‌important‌‌specification‌‌that‌‌                       
is‌ ‌listed,‌ ‌is‌ ‌the‌ ‌short‌‌circuit‌‌current‌‌rating.‌‌Short‌‌circuit‌‌current‌‌is‌‌the‌‌amount‌‌of‌‌current‌‌                               
that‌ ‌is‌ ‌being‌ ‌produced‌ ‌by‌ ‌the‌ ‌solar‌ ‌panel‌ ‌when‌ ‌the‌ ‌positive‌ ‌and‌ ‌negative‌ ‌contacts‌ ‌are‌‌                             
connected‌ ‌to‌ ‌each‌ ‌other.‌ ‌Additionally,‌ ‌with‌ ‌this‌ ‌connection,‌ ‌the‌ ‌solar‌ ‌panel‌ ‌is‌ ‌also‌ ‌not‌‌                           
connected‌‌to‌‌a‌‌load.‌‌These‌‌are‌‌the‌‌necessary‌‌basic‌‌definitions‌‌of‌‌specifications‌‌one‌‌needs‌‌                           
to‌ ‌know‌ ‌when‌ ‌choosing‌ ‌a‌ ‌solar‌ ‌panel.‌ ‌There‌ ‌are‌ ‌other‌ ‌specifications‌ ‌such‌ ‌as‌ ‌size‌ ‌and‌‌                             
operating‌ ‌temperature,‌ ‌but‌ ‌those‌ ‌are‌ ‌self‌ ‌explanatory,‌ ‌and‌ ‌thus‌ ‌do‌ ‌not‌ ‌need‌ ‌to‌ ‌be‌‌                           
discussed.‌ ‌[9,‌ ‌71,76]‌ ‌‌See‌ ‌the‌ ‌figure‌ ‌below‌ ‌for‌ ‌a‌ ‌basic‌ ‌circuit‌ ‌diagram‌ ‌of‌ ‌an‌ ‌open‌‌                             
circuit,‌ ‌and‌ ‌a‌ ‌short‌ ‌circuit.‌‌ ‌  

‌ 

‌ 
Figure‌ ‌24:‌ ‌Open‌ ‌and‌ ‌Short‌ ‌Circuit‌ ‌Diagram‌ ‌ 

‌  
3.2.3‌ ‌Solar‌ ‌Panel‌ ‌Types‌‌ ‌  

‌ 
In‌ ‌the‌ ‌following‌ ‌section‌ ‌different‌ ‌types‌ ‌of‌ ‌commonly‌ ‌known‌ ‌solar‌ ‌panels‌ ‌will‌ ‌be‌‌                         
discussed.‌ ‌After‌ ‌discussing‌ ‌each‌ ‌type‌ ‌of‌ ‌solar‌ ‌panel‌ ‌below,‌ ‌we‌‌will‌‌outline‌‌the‌‌features‌‌                           
each‌ ‌solar‌ ‌panel‌ ‌offers.‌ ‌ 

‌ 
3.2.3.1‌ ‌Monocrystalline‌ ‌Solar‌ ‌Panels‌ ‌ 

‌ 
Crystalline‌‌or‌‌Monocrystalline‌‌solar‌‌panels‌‌are‌‌some‌‌of‌‌the‌‌most‌‌widely‌‌used‌‌solar‌‌panels‌‌                           
today.‌ ‌If‌‌you‌‌have‌‌ever‌‌seen‌‌solar‌‌panel‌‌arrays‌‌on‌‌someone’s‌‌roof,‌‌there's‌‌a‌‌high‌‌chance‌‌                               
they‌‌were‌‌monocrystalline.‌‌There‌‌are‌‌multiple‌‌reasons‌‌why‌‌monocrystalline‌‌solar‌‌panels‌‌                     
are‌ ‌the‌ ‌popular‌ ‌choice‌ ‌among‌ ‌consumers.‌ ‌First‌ ‌off,‌‌their‌‌appearance‌‌is‌‌a‌‌uniform‌‌matte‌‌                           
black‌ ‌color‌ ‌that‌ ‌has‌ ‌a‌ ‌sleek‌‌design.‌‌The‌‌solar‌‌cells‌‌themselves‌‌have‌‌the‌‌corners‌‌sheared‌‌                             
off‌ ‌which‌ ‌creates‌ ‌blank‌ ‌space‌ ‌between‌ ‌the‌ ‌cells.‌ ‌This‌ ‌blank‌ ‌space‌ ‌creates‌ ‌a‌ ‌diamond‌‌                           
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‌ 
pattern‌ ‌which‌ ‌is‌‌aesthetically‌‌pleasing.‌‌Second,‌‌and‌‌most‌‌importantly‌‌is‌‌their‌‌efficiency.‌‌                       
Out‌‌of‌‌the‌‌different‌‌types‌‌of‌‌panels‌‌that‌‌one‌‌can‌‌purchase,‌‌monocrystalline‌‌panels‌‌are‌‌the‌‌                             
most‌ ‌efficient.‌ ‌This‌ ‌is‌ ‌due‌ ‌to‌ ‌their‌ ‌construction.‌ ‌Each‌ ‌monocrystalline‌ ‌solar‌‌cell‌‌on‌‌the‌‌                           
panel‌‌is‌‌made‌‌from‌‌a‌‌silicon‌‌wafer‌‌that‌‌is‌‌composed‌‌of‌‌an‌‌individual‌‌silicon‌‌crystal.‌‌This‌‌                               
crystal‌ ‌comes‌ ‌from‌ ‌the‌ ‌cut‌ ‌ingot‌ ‌created‌ ‌by‌ ‌what‌ ‌is‌ ‌known‌‌as‌‌the‌‌Czochralski‌‌method.‌‌                             
This‌ ‌method‌ ‌starts‌ ‌with‌ ‌a‌ ‌“seed”‌ ‌crystal‌ ‌which‌ ‌is‌ ‌the‌ ‌basis‌ ‌of‌ ‌the‌ ‌composition‌ ‌and‌‌                             
submerges‌‌it‌‌in‌‌a‌‌large‌‌container‌‌of‌‌molten‌‌silicon.‌‌From‌‌this‌‌point,‌‌the‌‌“seed”‌‌crystal‌‌is‌‌                               
drawn‌ ‌up‌ ‌out‌ ‌of‌ ‌the‌ ‌vat‌ ‌of‌ ‌molten‌ ‌silicon‌ ‌thus‌ ‌creating‌ ‌an‌ ‌ingot.‌ ‌This‌ ‌ingot‌ ‌is‌‌cut‌‌into‌‌                                   
wafers‌ ‌which‌ ‌form‌ ‌the‌ ‌individual‌ ‌crystals‌ ‌that‌ ‌are‌ ‌used‌ ‌in‌ ‌the‌ ‌construction‌ ‌for‌‌                         
monocrystalline‌ ‌solar‌ ‌cells.‌ ‌As‌ ‌discussed‌ ‌above,‌ ‌single‌ ‌crystalline‌ ‌structures‌ ‌have‌ ‌high‌‌                     
translational‌ ‌symmetry,‌ ‌thus‌ ‌there‌ ‌is‌ ‌a‌ ‌high‌ ‌amount‌ ‌of‌ ‌uniformity‌ ‌across‌ ‌the‌ ‌crystal’s‌‌                         
atomic‌‌structure.‌‌This‌‌uniformity‌‌which‌‌allows‌‌increased‌‌electron‌‌flow‌‌is‌‌where‌‌the‌‌high‌‌                         
efficiency‌ ‌of‌ ‌monocrystalline‌ ‌solar‌ ‌panels‌ ‌come‌ ‌from.‌ ‌[33,‌ ‌151]‌ ‌ 
‌ 
‌ 
‌ 

3.2.3.2‌ ‌Polycrystalline‌ ‌Solar‌ ‌Panels‌ ‌ 
‌ 

Polycrystalline‌‌solar‌‌panels‌‌can‌‌be‌‌recognized‌‌by‌‌their‌‌blue‌‌color‌‌unlike‌‌monocrystalline‌‌                       
solar‌‌panels’‌‌black‌‌color.‌‌This‌‌blue‌‌color‌‌is‌‌due‌‌to‌‌their‌‌manufacturing‌‌process‌‌which‌‌will‌‌                             
be‌‌explained‌‌later.‌‌Unlike‌‌monocrystalline‌‌solar‌‌panels,‌‌the‌‌polycrystalline‌‌solar‌‌cells‌‌do‌‌                       
not‌‌have‌‌rounded‌‌corners,‌‌and‌‌thus‌‌fill‌‌up‌‌the‌‌entirety‌‌of‌‌the‌‌panel.‌‌Because‌‌of‌‌this‌‌blue‌‌                                 
color,‌‌many‌‌people‌‌do‌‌not‌‌find‌‌them‌‌to‌‌be‌‌aesthetically‌‌pleasing.‌‌Additionally,‌‌due‌‌to‌‌the‌‌                             
way‌ ‌they‌ ‌are‌ ‌manufactured,‌‌polycrystalline‌‌solar‌‌panels‌‌are‌‌less‌‌efficient.‌‌The‌‌upside‌‌to‌‌                         
these‌ ‌panels‌ ‌is‌ ‌their‌ ‌cost.‌ ‌Though‌ ‌aesthetically‌ ‌and‌ ‌efficiently‌ ‌less‌ ‌desirable‌ ‌than‌‌                       
monocrystalline‌ ‌solar‌ ‌panels,‌ ‌polycrystalline‌ ‌solar‌ ‌panels‌ ‌offer‌ ‌a‌ ‌more‌ ‌cost‌ ‌effective‌‌                     
option.‌ ‌Each‌ ‌of‌ ‌these‌ ‌aspects‌ ‌is‌ ‌explained‌ ‌by‌ ‌the‌ ‌way‌ ‌the‌ ‌polycrystalline‌ ‌panels‌ ‌are‌‌                           
manufactured.‌ ‌As‌ ‌explained‌ ‌above,‌ ‌polycrystalline‌ ‌solar‌ ‌cells‌ ‌are‌ ‌composed‌ ‌of‌ ‌small‌                     
crystals‌‌known‌‌as‌‌grains.‌‌Each‌‌cell‌‌is‌‌composed‌‌of‌‌these‌‌multiple‌‌grains‌‌which‌‌create‌‌this‌‌                             
blue‌‌marbled‌‌pattern‌‌which‌‌can‌‌be‌‌seen‌‌on‌‌polycrystalline‌‌solar‌‌panels.‌‌This‌‌separation‌‌of‌‌                           
crystal‌‌grains‌‌on‌‌each‌‌solar‌‌cell‌‌causes‌‌the‌‌electrons‌‌to‌‌have‌‌a‌‌more‌‌difficult‌‌time‌‌flowing‌‌                               
due‌ ‌to‌ ‌the‌ ‌polycrystalline‌ ‌crystal’s‌ ‌atomic‌ ‌structure.‌ ‌This‌ ‌is‌ ‌explained‌ ‌in‌ ‌section‌ ‌3.2.1.‌‌                         
[126]‌ ‌ 

‌ 
3.2.3.3‌ ‌Amorphous‌ ‌Solar‌ ‌Panels‌ ‌ 

‌ 
Amorphous‌ ‌solar‌ ‌panels‌ ‌are‌ ‌in‌ ‌a‌ ‌class‌ ‌of‌ ‌their‌ ‌own.‌ ‌Similar‌ ‌to‌ ‌monocrystalline‌ ‌and‌‌                           
polycrystalline‌ ‌solar‌ ‌panels,‌ ‌they‌ ‌are‌ ‌primarily‌ ‌composed‌ ‌of‌‌silicon,‌‌but‌‌there‌‌are‌‌some‌‌                         
major‌ ‌differences.‌ ‌The‌ ‌first‌ ‌main‌ ‌difference‌ ‌is‌ ‌that‌ ‌rather‌ ‌than‌ ‌being‌ ‌composed‌ ‌of‌‌                         
crystalline‌ ‌silicon‌ ‌from‌ ‌solid‌ ‌wafers,‌ ‌amorphous‌ ‌panels‌ ‌are‌ ‌composed‌ ‌by‌ ‌using‌‌                     
non-crystalline‌‌silicon‌‌on‌‌substrates‌‌such‌‌as‌‌glass‌‌and‌‌metal.‌‌This‌‌layer‌‌of‌‌non-crystalline‌‌                         
silicon‌‌that‌‌makes‌‌up‌‌the‌‌amorphous‌‌panel‌‌is‌‌as‌‌thin‌‌as‌‌a‌‌micrometer.‌‌Similarly‌‌because‌‌                             
of‌ ‌non-crystalline‌ ‌silicon‌ ‌being‌ ‌deposited‌ ‌on‌ ‌the‌ ‌face‌ ‌of‌ ‌a‌ ‌given‌ ‌substrate,‌ ‌amorphous‌‌                         
panels’‌ ‌are‌ ‌solid‌ ‌black‌ ‌and‌ ‌appear‌ ‌as‌ ‌one‌ ‌piece‌ ‌conversely‌ ‌to‌ ‌monocrystalline‌ ‌and‌‌                         
polycrystalline‌ ‌panels.‌ ‌Additionally‌ ‌because‌ ‌of‌ ‌how‌ ‌thin‌ ‌the‌ ‌non-crystalline‌ ‌silicon‌‌                   
deposit‌‌is‌‌on‌‌the‌‌amorphous‌‌panels,‌‌they‌‌can‌‌be‌‌made‌‌flexible.‌‌This‌‌allows‌‌them‌‌to‌‌be‌‌far‌‌                                 
more‌ ‌versatile‌ ‌in‌ ‌how‌ ‌the‌ ‌panels‌ ‌can‌ ‌be‌ ‌used.‌ ‌Out‌ ‌of‌ ‌all‌ ‌the‌ ‌panels‌ ‌discussed‌ ‌above,‌‌                               
amorphous‌ ‌solar‌ ‌panels‌ ‌are‌ ‌the‌ ‌cheapest‌ ‌option.‌ ‌Because‌ ‌of‌ ‌this‌ ‌economy‌ ‌amorphous‌‌                       
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‌ 
panels‌ ‌are‌ ‌most‌ ‌commonly‌ ‌used‌ ‌for‌ ‌large‌ ‌scale‌ ‌industrial‌ ‌and‌ ‌commercial‌ ‌use.‌ ‌The‌‌                         
drawback‌ ‌of‌ ‌these‌ ‌panels‌ ‌is‌ ‌their‌ ‌efficiency.‌ ‌Out‌ ‌of‌ ‌the‌ ‌previously‌ ‌listed‌ ‌panels,‌‌                         
amorphous‌ ‌solar‌‌panels‌‌are‌‌the‌‌least‌‌efficient‌‌of‌‌the‌‌three.‌‌[60]‌‌‌Amorphous‌‌panels‌‌will‌‌                           
not‌‌be‌‌listed‌‌as‌‌an‌‌option‌‌below‌‌due‌‌to‌‌their‌‌lack‌‌of‌‌availability‌‌for‌‌non-commercial‌‌                             
use.‌ ‌ 

‌ 
3.2.4‌ ‌Solar‌ ‌Panel‌ ‌Options‌‌ ‌  

‌ 
Now‌‌that‌‌each‌‌of‌‌the‌‌major‌‌types‌‌of‌‌solar‌‌panels‌‌have‌‌been‌‌discussed,‌‌this‌‌section‌‌will‌‌be‌‌                                 
used‌‌to‌‌summarize‌‌characteristics‌‌of‌‌different‌‌solar‌‌panel‌‌options.‌‌These‌‌summarizations‌‌                     
will‌ ‌be‌ ‌used‌ ‌to‌ ‌compare‌ ‌each‌ ‌option,‌ ‌and‌ ‌provide‌ ‌a‌ ‌basis‌ ‌for‌ ‌our‌ ‌solar‌ ‌panel‌ ‌choice.‌‌ ‌  
‌ 

3.2.4.1‌ ‌Renogy‌ ‌100W‌ ‌12V‌ ‌Monocrystalline‌ ‌Foldable‌ ‌Suitcase‌ ‌Solar‌ ‌Panel‌ ‌ 
‌ 

This‌‌first‌‌option‌‌as‌‌described‌‌above‌‌is‌‌a‌‌100W‌‌12V‌‌monocrystalline‌‌foldable‌‌solar‌‌panel.‌‌                           
This‌ ‌portable‌ ‌panel‌ ‌is‌ ‌composed‌ ‌of‌ ‌(2)‌ ‌50‌ ‌Watt‌ ‌solar‌‌panels‌‌thus‌‌creating‌‌the‌‌total‌‌100‌‌                               
Watts.‌‌According‌‌to‌‌the‌‌manufacturer's‌‌specifications,‌‌the‌‌maximum‌‌operating‌‌voltage‌‌of‌‌                     
these‌ ‌panels‌ ‌is‌ ‌18.0V,‌ ‌the‌‌open‌‌circuit‌‌voltage‌‌is‌‌21.6V,‌‌the‌‌maximum‌‌operating‌‌current‌‌                           
for‌ ‌each‌ ‌panel‌ ‌is‌ ‌2.78A,‌ ‌and‌ ‌the‌ ‌short-circuit‌ ‌current‌ ‌for‌ ‌each‌ ‌panel‌ ‌is‌ ‌3.08A.‌‌                           
Additionally,‌‌the‌‌weight‌‌of‌‌the‌‌entire‌‌assembly‌‌is‌‌27.05‌‌lbs.‌‌This‌‌panel‌‌specifically‌‌has‌‌a‌‌                             
25‌ ‌year‌ ‌efficiency‌ ‌rating.‌ ‌For‌ ‌this‌ ‌panel,‌ ‌this‌ ‌means‌ ‌that‌ ‌the‌ ‌panel’s‌‌efficiency‌‌will‌‌not‌‌                             
drop‌ ‌below‌ ‌80%‌ ‌in‌ ‌the‌ ‌span‌‌of‌‌25‌‌years.‌‌Assuming‌‌this‌‌guarantee‌‌holds‌‌up,‌‌that‌‌would‌‌                               
make‌ ‌this‌ ‌panel‌ ‌very‌ ‌reliable.‌ ‌Due‌ ‌to‌ ‌its‌ ‌portability,‌ ‌this‌‌solar‌‌panel‌‌set‌‌combines‌‌great‌‌                             
efficiency‌ ‌and‌ ‌convenience.‌ ‌The‌ ‌price‌ ‌of‌ ‌this‌ ‌assembly‌ ‌is‌ ‌$186.99.‌ ‌ 

‌ 
Due‌ ‌to‌ ‌our‌ ‌project‌ ‌aiming‌‌to‌‌be‌‌low‌‌budget,‌‌this‌‌typically‌‌wouldn’t‌‌be‌‌an‌‌option‌‌due‌‌to‌‌                                 
the‌‌portable‌‌panel’s‌‌high‌‌price‌‌tag.‌‌This‌‌option‌‌is‌‌being‌‌explored‌‌because‌‌our‌‌group‌‌will‌‌                             
be‌‌able‌‌to‌‌source‌‌a‌‌slightly‌‌used‌‌version‌‌of‌‌this‌‌same‌‌portable‌‌panel‌‌for‌‌little‌‌to‌‌no‌‌cost.‌‌If‌‌                                     
this‌ ‌project‌ ‌was‌ ‌reproduced‌ ‌and‌ ‌the‌ ‌solar‌ ‌panel‌ ‌was‌ ‌being‌ ‌bought‌ ‌outright,‌ ‌one‌ ‌might‌‌                           
consider‌‌using‌‌a‌‌rigid‌‌monocrystalline‌‌solar‌‌panel‌‌of‌‌equivalent‌‌wattage‌‌due‌‌to‌‌the‌‌panel‌‌                           
being‌ ‌cheaper‌ ‌than‌ ‌its‌ ‌portable‌ ‌counterpart.‌‌ ‌  

‌ 
3.2.4.2‌ ‌Renogy‌ ‌100W‌ ‌12V‌ ‌Monocrystalline‌ ‌Ridgid‌ ‌Solar‌ ‌Panel‌ ‌ 

‌ 
The‌ ‌second‌ ‌option,‌‌similar‌‌to‌‌the‌‌first,‌‌is‌‌a‌‌100W‌‌12V‌‌monocrystalline‌‌rigid‌‌solar‌‌panel‌‌                             
as‌ ‌described‌ ‌above.‌ ‌The‌ ‌main‌ ‌difference‌ ‌between‌ ‌this‌ ‌panel‌ ‌and‌ ‌the‌ ‌portable‌ ‌panel‌‌                         
assembly‌ ‌above,‌ ‌is‌ ‌that‌ ‌this‌ ‌solar‌ ‌panel‌ ‌is‌ ‌rigid‌ ‌and‌ ‌thus‌ ‌not‌ ‌foldable‌ ‌and‌ ‌portable.‌‌                             
Additionally‌‌the‌‌portable‌‌assembly‌‌above‌‌is‌‌composed‌‌of‌‌(2)‌‌50W‌‌solar‌‌panels‌‌to‌‌achieve‌‌                           
the‌‌desired‌‌100W.‌‌This‌‌rigid‌‌monocrystalline‌‌solar‌‌panel‌‌is‌‌a‌‌single‌‌100W‌‌panel.‌‌Due‌‌to‌‌                             
this‌ ‌option‌ ‌being‌ ‌rigid‌ ‌and‌ ‌composed‌ ‌of‌ ‌one‌ ‌panel,‌ ‌it‌ ‌is‌ ‌far‌ ‌cheaper‌ ‌than‌ ‌its‌ ‌portable‌‌                               
counterpart.‌ ‌In‌ ‌this‌ ‌case,‌ ‌one‌ ‌sacrifices‌ ‌convenience‌ ‌for‌ ‌the‌‌economy.‌‌According‌‌to‌‌the‌‌                         
manufacturers‌ ‌specifications,‌ ‌the‌‌maximum‌‌operating‌‌voltage‌‌of‌‌this‌‌panel‌‌is‌‌18.6V,‌‌the‌‌                       
open‌‌circuit‌‌voltage‌‌is‌‌22.3V,‌‌the‌‌maximum‌‌operating‌‌current‌‌for‌‌the‌‌panel‌‌is‌‌5.38A,‌‌and‌‌                             
the‌ ‌short-circuit‌ ‌current‌ ‌for‌ ‌the‌ ‌panel‌ ‌is‌ ‌5.86A.‌ ‌Additionally,‌ ‌the‌ ‌weight‌ ‌of‌ ‌the‌ ‌entire‌‌                           
assembly‌‌is‌‌14.3‌‌lbs.‌‌Just‌‌like‌‌its‌‌portable‌‌counterpart,‌‌this‌‌panel‌‌has‌‌a‌‌25‌‌year‌‌efficiency‌‌                               
rating.‌ ‌For‌ ‌this‌ ‌panel,‌‌this‌‌means‌‌that‌‌the‌‌panel’s‌‌efficiency‌‌will‌‌not‌‌drop‌‌below‌‌80%‌‌in‌‌                               
the‌ ‌span‌ ‌of‌ ‌25‌ ‌years.‌ ‌The‌ ‌retail‌ ‌price‌ ‌for‌ ‌this‌ ‌panel‌ ‌is‌ ‌$109.99.‌ ‌ 

‌ 
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‌ 
3.2.4.3‌ ‌HQST‌ ‌100W‌ ‌12V‌ ‌Monocrystalline‌ ‌Ridgid‌ ‌Solar‌ ‌Panel‌ ‌ 

‌ 
The‌ ‌third‌ ‌option‌ ‌is‌ ‌a‌ ‌100W‌ ‌12V‌ ‌monocrystalline‌ ‌rigid‌ ‌solar‌ ‌panel‌ ‌just‌ ‌like‌ ‌Renogy’s‌‌                           
panel,‌‌but‌‌this‌‌panel‌‌is‌‌made‌‌by‌‌HQST.‌‌This‌‌rigid‌‌monocrystalline‌‌solar‌‌panel‌‌is‌‌a‌‌single‌‌                               
100W‌ ‌panel.‌ ‌According‌ ‌to‌ ‌the‌ ‌manufacturers‌ ‌specifications,‌ ‌the‌ ‌maximum‌ ‌operating‌‌                   
voltage‌‌of‌‌this‌‌panel‌‌is‌‌18.0V,‌‌the‌‌open‌‌circuit‌‌voltage‌‌is‌‌21.3V,‌‌the‌‌maximum‌‌operating‌‌                             
current‌ ‌for‌ ‌the‌ ‌panel‌ ‌is‌ ‌5.58A,‌ ‌and‌ ‌the‌ ‌short-circuit‌ ‌current‌ ‌for‌ ‌the‌ ‌panel‌ ‌is‌ ‌5.83A.‌‌                             
Additionally,‌ ‌the‌ ‌weight‌ ‌of‌ ‌the‌ ‌entire‌ ‌assembly‌ ‌is‌ ‌14.3‌ ‌lbs.‌ ‌Just‌ ‌like‌ ‌the‌ ‌other‌ ‌listed‌‌                             
panels,‌ ‌this‌ ‌panel‌ ‌has‌ ‌a‌ ‌25‌ ‌year‌ ‌efficiency‌ ‌rating.‌ ‌For‌ ‌this‌ ‌panel,‌ ‌this‌ ‌means‌ ‌that‌ ‌the‌‌                               
panel’s‌ ‌efficiency‌ ‌will‌ ‌not‌ ‌drop‌ ‌below‌ ‌80%‌ ‌in‌ ‌the‌ ‌span‌ ‌of‌ ‌25‌ ‌years.‌ ‌The‌ ‌price‌ ‌for‌ ‌this‌‌                                 
panel‌ ‌is‌ ‌$89.99.‌ ‌[1]‌‌ ‌  

‌ 
3.2.4.4‌ ‌WindyNation‌ ‌100W‌ ‌12V‌ ‌Polycrystalline‌ ‌Solar‌ ‌Panel‌‌ ‌  

‌ 
The‌ ‌fourth‌ ‌option‌ ‌that‌ ‌will‌ ‌be‌ ‌discussed‌ ‌for‌ ‌this‌ ‌project‌ ‌is‌‌a‌‌100W‌‌12V‌‌polycrystalline‌‌                             
rigid‌ ‌panel.‌ ‌Unlike‌ ‌the‌ ‌foldable‌ ‌monocrystalline‌ ‌panel‌ ‌above,‌ ‌this‌ ‌solar‌ ‌panel‌ ‌is‌‌                       
composed‌‌of‌‌a‌‌single‌‌100W‌‌rigid‌‌panel‌‌just‌‌like‌‌the‌‌rigid‌‌monocrystalline‌‌panel‌‌discussed‌‌                           
above.‌‌According‌‌to‌‌the‌‌manufacturers‌‌specifications,‌‌the‌‌maximum‌‌operating‌‌voltage‌‌of‌‌                     
this‌‌panel‌‌is‌‌17.4V,‌‌the‌‌open‌‌circuit‌‌voltage‌‌is‌‌21.6V,‌‌the‌‌maximum‌‌operating‌‌current‌‌for‌‌                             
the‌‌panel‌‌is‌‌5.75A,‌‌and‌‌the‌‌short-circuit‌‌current‌‌for‌‌the‌‌panel‌‌is‌‌6.23A.‌‌Additionally,‌‌the‌‌                             
weight‌‌of‌‌the‌‌entire‌‌assembly‌‌is‌‌17.6‌‌lbs.‌‌This‌‌panel‌‌has‌‌a‌‌25‌‌year‌‌efficiency‌‌rating.‌‌For‌‌                                 
this‌‌panel,‌‌this‌‌means‌‌that‌‌the‌‌panel’s‌‌efficiency‌‌will‌‌not‌‌drop‌‌below‌‌80%‌‌in‌‌the‌‌span‌‌of‌‌                                 
25‌ ‌years.‌ ‌The‌ ‌price‌ ‌of‌ ‌this‌ ‌panel‌ ‌is‌ ‌$77.99.‌‌ ‌  
‌ 

3.2.4.5‌ ‌RICH‌ ‌SOLAR‌ ‌100W‌ ‌12V‌ ‌Polycrystalline‌ ‌Solar‌ ‌Panel‌‌ ‌  
‌ 

The‌ ‌fifth‌ ‌and‌ ‌final‌ ‌option‌ ‌that‌ ‌will‌ ‌be‌ ‌discussed‌ ‌for‌ ‌this‌ ‌project‌ ‌is‌ ‌another‌ ‌100W‌ ‌12V‌‌                               
polycrystalline‌‌rigid‌‌panel.‌‌According‌‌to‌‌the‌‌manufacturers‌‌specifications,‌‌the‌‌maximum‌‌                   
operating‌‌voltage‌‌of‌‌this‌‌panel‌‌is‌‌18.5V,‌‌the‌‌open‌‌circuit‌‌voltage‌‌is‌‌22.6V,‌‌the‌‌maximum‌‌                             
operating‌ ‌current‌ ‌for‌ ‌the‌ ‌panel‌ ‌is‌ ‌5.41A,‌ ‌and‌ ‌the‌ ‌short-circuit‌ ‌current‌ ‌for‌ ‌the‌ ‌panel‌ ‌is‌‌                             
5.86A.‌ ‌Additionally,‌ ‌the‌ ‌weight‌ ‌of‌ ‌the‌ ‌entire‌ ‌assembly‌ ‌is‌ ‌17.5‌ ‌lbs.‌ ‌This‌ ‌panel‌‌has‌‌a‌‌25‌‌                               
year‌‌efficiency‌‌rating.‌‌For‌‌this‌‌panel,‌‌this‌‌means‌‌that‌‌the‌‌panel’s‌‌efficiency‌‌will‌‌not‌‌drop‌‌                             
below‌ ‌80%‌ ‌in‌ ‌the‌ ‌span‌ ‌of‌ ‌25‌ ‌years.‌ ‌The‌ ‌price‌ ‌of‌ ‌this‌ ‌panel‌ ‌is‌ ‌$81.99.‌‌ ‌  

‌ 
3.2.4.6‌ ‌Our‌ ‌Solar‌ ‌Panel‌ ‌Choice‌ ‌ 

‌ 
As‌ ‌shown‌ ‌below‌ ‌in‌ ‌table‌ ‌6,‌ ‌we‌ ‌will‌ ‌be‌ ‌going‌ ‌with‌ ‌the‌ ‌Renogy‌ ‌100W‌ ‌12V‌‌                             
monocrystalline‌ ‌foldable‌ ‌suitcase‌ ‌solar‌ ‌panel‌ ‌due‌ ‌to‌ ‌being‌ ‌able‌ ‌to‌ ‌receive‌ ‌one‌ ‌for‌ ‌free‌‌                           
from‌‌a‌‌friend‌‌of‌‌the‌‌group.‌‌The‌‌used‌‌panel‌‌is‌‌only‌‌3‌‌years‌‌old,‌‌and‌‌it‌‌has‌‌been‌‌barely‌‌used‌‌                                       
meaning‌ ‌there‌ ‌will‌ ‌not‌ ‌be‌ ‌a‌ ‌noticeable‌ ‌decline‌ ‌in‌ ‌efficiency.‌ ‌Thus‌ ‌for‌ ‌the‌ ‌sake‌ ‌of‌ ‌our‌‌                               
project‌‌budget,‌‌the‌‌donation‌‌factor‌‌outweighs‌‌the‌‌difference‌‌in‌‌efficiency‌‌that‌‌the‌‌foldable‌‌                         
suitcase‌ ‌has‌ ‌to‌ ‌the‌ ‌other‌ ‌listed‌ ‌solar‌ ‌panels.‌ ‌ 
‌ 

If‌ ‌we‌‌weren't‌‌donated‌‌the‌‌portable‌‌solar‌‌panel,‌‌as‌‌shown‌‌below‌‌our‌‌option‌‌would‌‌be‌‌the‌‌                               
WindyNation‌ ‌100W‌ ‌12V‌ ‌polycrystalline‌ ‌solar‌ ‌panel.‌ ‌Though‌ ‌this‌ ‌solar‌ ‌panel‌ ‌does‌ ‌not‌‌                       
provide‌ ‌the‌ ‌highest‌ ‌efficiency‌ ‌in‌ ‌terms‌ ‌of‌ ‌power‌ ‌output,‌ ‌it‌ ‌reigns‌ ‌supreme‌ ‌in‌ ‌terms‌ ‌of‌‌                             
economy‌ ‌over‌ ‌the‌ ‌other‌ ‌listed‌ ‌options.‌ ‌In‌ ‌the‌ ‌case‌ ‌of‌ ‌our‌ ‌project‌ ‌the‌ ‌difference‌ ‌in‌‌                             
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‌ 
efficiency‌ ‌of‌ ‌this‌ ‌panel‌ ‌versus‌ ‌other‌ ‌panels‌ ‌isn’t‌ ‌significant‌ ‌enough‌ ‌to‌ ‌outweigh‌ ‌the‌‌                         
economic‌ ‌benefits.‌‌ ‌  

‌ 

Table‌ ‌6:‌ ‌Solar‌ ‌Panel‌ ‌Comparison‌ ‌ 
‌ 

3.3‌ ‌Charge‌ ‌Controllers‌ ‌ 
‌ 

A‌‌charge‌‌controller‌‌is‌‌a‌‌device‌‌that‌‌is‌‌a‌‌mediator‌‌between‌‌the‌‌solar‌‌panel‌‌and‌‌the‌‌storage‌‌                                 
element‌‌(battery).‌‌It‌‌makes‌‌sure‌‌that‌‌the‌‌power‌‌provided‌‌by‌‌the‌‌solar‌‌panel‌‌is‌‌adequately‌‌                             
referred‌‌to‌‌the‌‌batteries‌‌in‌‌a‌‌safe‌‌and‌‌efficient‌‌manner.‌‌It‌‌also‌‌protects‌‌the‌‌batteries‌‌from‌‌                               
being‌ ‌overcharged‌ ‌and‌ ‌provides‌ ‌safety‌ ‌to‌ ‌both‌ ‌the‌ ‌batteries‌ ‌and‌‌the‌‌solar‌‌panel.‌‌It‌‌does‌‌                             
this‌‌by‌‌regulating‌‌the‌‌amount‌‌of‌‌charge‌‌that‌‌can‌‌pass‌‌through‌‌to‌‌the‌‌batteries.‌‌As‌‌the‌‌input‌‌                                 
voltage‌ ‌increases‌ ‌the‌ ‌charge‌ ‌controller‌ ‌mitigates‌ ‌the‌ ‌amount‌ ‌of‌ ‌charge‌ ‌that‌ ‌can‌ ‌pass‌‌                         
through‌‌to‌‌the‌‌batteries.‌‌Once‌‌the‌‌batteries‌‌are‌‌fully‌‌charged,‌‌the‌‌charge‌‌controller‌‌will‌‌no‌‌                             
longer‌ ‌allow‌ ‌any‌ ‌charge‌ ‌to‌ ‌pass‌ ‌through.‌ ‌[174]‌ ‌ 
‌ 

3.3.1‌ ‌PWM‌ ‌vs‌ ‌MPPT‌ ‌ 
‌ 

‌ 
Figure‌ ‌25:‌ ‌MPPT‌ ‌vs.‌ ‌PWM‌ ‌Analog‌ ‌Circuit‌‌ ‌  

‌ 
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‌ 
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Price‌ ‌  Donated‌ ‌  $77.99‌ ‌  $81.99‌ ‌  $89.99‌ ‌ 
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When‌ ‌deciding‌ ‌to‌ ‌use‌ ‌a‌ ‌charge‌ ‌controller‌ ‌one‌ ‌must‌ ‌take‌ ‌into‌ ‌account‌ ‌which‌ ‌type‌ ‌of‌‌                             
controller‌ ‌they‌ ‌want‌ ‌to‌ ‌use.‌ ‌Figure‌ ‌25‌ ‌shows‌ ‌the‌ ‌two‌‌types‌‌of‌‌circuits,‌‌illustrating‌‌their‌‌                             
respective‌‌complexities.‌‌In‌‌PWM‌‌or‌‌pulse‌‌width‌‌modulation‌‌the‌‌solar‌‌panel‌‌is‌‌connected‌‌                         
directly‌ ‌to‌ ‌the‌ ‌battery‌ ‌with‌ ‌the‌ ‌charge‌ ‌controller‌ ‌pulling‌ ‌down‌‌the‌‌voltage‌‌to‌‌match‌‌the‌‌                             
battery’s‌‌desired‌‌voltage.‌‌As‌‌the‌‌battery‌‌charges‌‌up,‌‌the‌‌voltage‌‌starts‌‌to‌‌increase.‌‌As‌‌this‌‌                             
happens,‌ ‌the‌ ‌charge‌‌controller‌‌recognizes‌‌this‌‌and‌‌limits‌‌the‌‌amount‌‌of‌‌charge‌‌that‌‌goes‌‌                           
into‌ ‌the‌ ‌batteries.‌ ‌Once‌ ‌the‌ ‌batteries‌ ‌reach‌ ‌the‌ ‌nominal‌ ‌voltage,‌ ‌the‌ ‌charge‌ ‌controller‌‌                         
prevents‌‌any‌‌more‌‌charge‌‌from‌‌going‌‌into‌‌the‌‌batteries.‌‌The‌‌PWM‌‌charge‌‌controller‌‌can‌‌                           
be‌ ‌thought‌‌of‌‌as‌‌an‌‌electrical‌‌switch.‌‌It‌‌accomplishes‌‌the‌‌charging‌‌in‌‌three‌‌stages:‌‌Bulk,‌‌                             
Absorb,‌ ‌and‌ ‌Float‌ ‌Charge.‌ ‌In‌ ‌the‌ ‌“bulk‌ ‌charge”‌ ‌stage,‌ ‌the‌ ‌charge‌ ‌controller‌ ‌allows‌ ‌the‌‌                           
batteries‌ ‌to‌ ‌receive‌ ‌charge‌ ‌at‌ ‌a‌ ‌high‌ ‌current‌ ‌and‌ ‌voltage.‌‌  
‌ 

Protections‌ ‌are‌ ‌an‌ ‌important‌ ‌aspect‌ ‌to‌ ‌keep‌ ‌in‌ ‌mind‌ ‌here‌‌as‌‌the‌‌voltage‌‌of‌‌the‌‌batteries‌‌                               
should‌‌never‌‌exceed‌‌the‌‌maintenance‌‌value‌‌dictated‌‌by‌‌the‌‌charge‌‌controller.‌‌Thus,‌‌once‌‌                         
the‌ ‌batteries‌ ‌reach‌ ‌the‌ ‌maintenance‌ ‌value‌ ‌for‌ ‌any‌ ‌reason‌ ‌the‌ ‌charge‌ ‌controller‌ ‌will‌ ‌not‌‌                           
allow‌ ‌any‌ ‌more‌ ‌charge‌ ‌to‌ ‌pass‌ ‌through.‌ ‌In‌ ‌the‌ ‌absorb‌ ‌charge‌ ‌stage‌ ‌or‌ ‌constant‌‌voltage‌‌                             
charging‌‌state,‌‌the‌‌battery‌‌will‌‌wait‌‌for‌‌a‌‌period‌‌of‌‌time‌‌for‌‌the‌‌voltage‌‌to‌‌fall‌‌on‌‌its‌‌own‌‌                                     
until‌‌it‌‌enters‌‌a‌‌balanced‌‌charging‌‌state.‌‌Finally‌‌the‌‌last‌‌stage‌‌known‌‌as‌‌the‌‌“float‌‌charge”‌‌                               
is‌‌simply‌‌described‌‌as‌‌a‌‌way‌‌to‌‌maintain‌‌the‌‌voltage‌‌of‌‌the‌‌batteries‌‌by‌‌supplying‌‌a‌‌small‌‌                                 
charge‌‌current‌‌to‌‌the‌‌batteries‌‌at‌‌a‌‌constant‌‌rate.‌‌This‌‌helps‌‌alleviate‌‌the‌‌issue‌‌of‌‌batteries‌‌                               
losing‌ ‌power‌ ‌after‌ ‌a‌ ‌complete‌ ‌charge‌ ‌due‌ ‌to‌ ‌discharge‌ ‌over‌ ‌time.‌‌ ‌  
‌ 

As‌ ‌we‌ ‌can‌ ‌see‌ ‌in‌ ‌figure‌ ‌25‌ ‌below‌ ‌we‌ ‌need‌ ‌to‌ ‌match‌ ‌the‌ ‌battery’s‌ ‌voltage‌ ‌to‌ ‌the‌ ‌solar‌                                   
panel's‌ ‌voltage.‌ ‌Thus‌‌if‌‌you‌‌have‌‌a‌‌12‌‌volt‌‌solar‌‌panel,‌‌in‌‌order‌‌to‌‌minimize‌‌losses,‌‌you‌‌                                 
should‌‌use‌‌a‌‌12‌‌volt‌‌battery‌‌or‌‌else‌‌you‌‌increase‌‌your‌‌power‌‌loss.‌‌An‌‌example‌‌of‌‌this‌‌is‌‌                                   
shown‌‌in‌‌figure‌‌26.‌‌If‌‌you‌‌have‌‌a‌‌12‌‌volt‌‌solar‌‌panel‌‌but‌‌the‌‌maximum‌‌voltage‌‌that‌‌it‌‌will‌‌                                     
operate‌‌is‌‌at‌‌18‌‌volts,‌‌then‌‌you‌‌will‌‌already‌‌experience‌‌losses‌‌in‌‌the‌‌PWM‌‌configuration.‌‌                             
For‌‌a‌‌solar‌‌panel‌‌that‌‌operates‌‌at‌‌18‌‌Volts‌‌max‌‌power‌‌at‌‌5.56‌‌amps‌‌will‌‌translate‌‌to‌‌a‌‌100‌‌                                     
watt‌‌power‌‌output.‌‌But‌‌the‌‌battery‌‌with‌‌a‌‌12‌‌volt‌‌battery‌‌will‌‌likely‌‌operate‌‌at‌‌maximum‌‌                               
around‌ ‌13‌ ‌volts.‌‌As‌‌a‌‌result‌‌at‌‌the‌‌same‌‌amperage‌‌it‌‌would‌‌translate‌‌to‌‌a‌‌72‌‌watt‌‌power‌‌                                   
output.‌ ‌As‌‌a‌‌result‌‌you‌‌have‌‌a‌‌28‌‌percent‌‌loss‌‌with‌‌these‌‌two‌‌systems‌‌as‌‌the‌‌solar‌‌panel‌‌                                   
can‌ ‌provide‌ ‌more‌‌but‌‌the‌‌battery‌‌can‌‌only‌‌intake‌‌72‌‌percent‌‌of‌‌what‌‌the‌‌solar‌‌panel‌‌can‌‌                                 
provide‌ ‌at‌ ‌maximum.‌ ‌[165,174]‌ ‌ 
‌ 

‌ 
Figure‌ ‌26:‌ ‌Losses‌ ‌with‌ ‌PWM‌ ‌Controller‌ ‌ 

‌ 

‌ 
40‌ ‌|‌ ‌173‌ ‌ 



‌ 
An‌ ‌MPPT‌ ‌charge‌ ‌controller‌‌or‌‌Maximum‌‌Power‌‌Point‌‌Tracking‌‌will‌‌first‌‌read‌‌the‌‌Vmp‌‌                           
or‌ ‌voltage‌‌maximum‌‌power‌‌of‌‌the‌‌solar‌‌panel‌‌and‌‌then‌‌convert‌‌it‌‌to‌‌the‌‌voltage‌‌that‌‌the‌                                 
battery‌ ‌operates‌ ‌at.‌‌In‌‌order‌‌to‌‌preserve‌‌the‌‌principle‌‌of‌‌continuity,‌‌the‌‌MPPT‌‌controller‌‌                           
succeeds‌‌where‌‌the‌‌PWM‌‌does‌‌not.‌‌This‌‌is‌‌done‌‌by‌‌causing‌‌the‌‌current‌‌to‌‌be‌‌raised‌‌as‌‌it‌‌                                   
exits‌‌the‌‌MPPT‌‌charge‌‌controller‌‌since‌‌the‌‌voltage‌‌of‌‌the‌‌solar‌‌panel‌‌is‌‌higher‌‌than‌‌that‌‌of‌‌                                 
the‌ ‌batteries‌ ‌to‌ ‌store‌ ‌the‌ ‌charge.‌ ‌As‌ ‌a‌ ‌result,‌ ‌the‌ ‌device‌ ‌uses‌ ‌more‌ ‌available‌ ‌power‌‌                             
provided‌‌by‌‌the‌‌solar‌‌panel.‌‌This‌‌makes‌‌this‌‌charge‌‌controller‌‌more‌‌efficient‌‌and‌‌creates‌‌                           
very‌ ‌little‌ ‌losses‌ ‌when‌ ‌the‌ ‌energy‌ ‌is‌ ‌transferred‌ ‌from‌ ‌the‌ ‌panels‌ ‌to‌ ‌the‌ ‌batteries.‌ ‌The‌‌                             
system‌ ‌however‌ ‌is‌ ‌more‌ ‌complicated‌ ‌and‌ ‌more‌ ‌expensive‌ ‌as‌ ‌a‌ ‌tradeoff.‌‌ ‌  
‌ 

The‌ ‌MPPT‌ ‌accomplishes‌ ‌the‌ ‌charging‌ ‌in‌ ‌the‌ ‌following‌ ‌4‌ ‌stages:‌ ‌Bulk,‌ ‌Balance/Boost,‌‌                       
absorb‌ ‌and‌ ‌float‌ ‌charge.‌ ‌In‌ ‌the‌ ‌bulk‌ ‌stage‌ ‌the‌ ‌mppt‌ ‌controller‌ ‌working‌ ‌in‌ ‌the‌ ‌voltage‌‌                             
maximum‌‌power‌‌mode‌‌can‌‌adjust‌‌the‌‌output‌‌voltage‌‌to‌‌charge‌‌the‌‌battery‌‌but‌‌unlike‌‌the‌‌                             
PWM‌ ‌controller‌ ‌which‌ ‌only‌ ‌can‌‌output‌‌a‌‌constant‌‌value‌‌of‌‌charge,‌‌the‌‌MPPT‌‌is‌‌able‌‌to‌‌                               
charge‌‌at‌‌a‌‌significantly‌‌higher‌‌voltage‌‌from‌‌the‌‌solar‌‌panel‌‌when‌‌the‌‌sun‌‌is‌‌the‌‌brightest‌‌                               
and‌‌giving‌‌the‌‌panel‌‌the‌‌most‌‌amount‌‌of‌‌insolation.‌‌This‌‌stage‌‌alone‌‌causes‌‌a‌‌significant‌‌                             
increase‌‌in‌‌the‌‌efficiency‌‌of‌‌the‌‌MPPT‌‌charge‌‌controller‌‌as‌‌a‌‌whole.‌‌As‌‌a‌‌result,‌‌batteries‌‌                               
are‌‌able‌‌to‌‌be‌‌charged‌‌up‌‌quicker‌‌than‌‌with‌‌the‌‌PWM‌‌method.‌‌In‌‌the‌‌balance/boost‌‌stage,‌‌                               
the‌ ‌controller‌ ‌continuously‌ ‌adjusts‌ ‌the‌ ‌charging‌ ‌current‌ ‌to‌‌maintain‌‌optimal‌‌charge‌‌into‌‌                       
the‌‌battery.‌‌In‌‌the‌‌absorb‌‌stage‌‌as‌‌the‌‌voltage‌‌increases‌‌the‌‌charging‌‌current‌‌decreases‌‌and‌‌                             
once‌ ‌it‌‌reaches‌‌a‌‌certain‌‌point‌‌the‌‌constant‌‌voltage‌‌charging‌‌ends.‌‌The‌‌final‌‌stage‌‌of‌‌the‌‌                               
charge‌ ‌controller‌ ‌is‌ ‌float‌ ‌charge.‌ ‌This‌ ‌stage‌ ‌is‌ ‌to‌ ‌keep‌ ‌the‌ ‌battery‌ ‌fully‌ ‌charged‌ ‌as‌ ‌the‌‌                               
voltage‌ ‌will‌ ‌naturally‌ ‌decrease‌ ‌in‌ ‌time.‌ ‌‌[174]‌‌ ‌  
‌ 

In‌‌figure‌‌27‌‌below‌‌we‌‌can‌‌see‌‌an‌‌example‌‌of‌‌an‌‌MPPT‌‌controller‌‌used‌‌with‌‌relation‌‌to‌‌a‌‌                                   
12‌‌volt‌‌solar‌‌panel‌‌and‌‌battery.‌‌We‌‌first‌‌start‌‌off‌‌with‌‌a‌‌12‌‌volt‌‌solar‌‌panel‌‌that‌‌can‌‌run‌‌at‌‌                                       
18‌ ‌volts‌ ‌at‌ ‌maximum‌ ‌power‌ ‌point‌ ‌tracking‌ ‌that‌ ‌the‌ ‌MPPT‌ ‌is‌ ‌designed‌ ‌to‌ ‌accomplish.‌                           
Since‌ ‌the‌ ‌power‌ ‌into‌ ‌the‌ ‌charge‌ ‌controller‌ ‌is‌ ‌equivalent‌ ‌to‌ ‌power‌ ‌out‌ ‌of‌ ‌the‌ ‌charge‌‌                             
controller,‌ ‌the‌ ‌voltage‌ ‌will‌ ‌be‌ ‌decreased‌ ‌to‌ ‌equal‌ ‌the‌‌battery‌‌voltage‌‌and‌‌as‌‌a‌‌result‌‌the‌‌                               
current‌‌will‌‌be‌‌increased.‌‌As‌‌a‌‌result,‌‌you‌‌are‌‌able‌‌to‌‌squeeze‌‌more‌‌power‌‌out‌‌of‌‌the‌‌solar‌‌                                   
panels.‌‌This‌‌in‌‌turn‌‌creates‌‌less‌‌losses‌‌and‌‌in‌‌turn‌‌makes‌‌the‌‌MPPT‌‌controller‌‌much‌‌more‌‌                               
efficient.‌‌In‌‌our‌‌example‌‌in‌‌the‌‌figure‌‌when‌‌we‌‌have‌‌the‌‌same‌‌solar‌‌panel‌‌that‌‌we‌‌had‌‌in‌‌                                   
our‌‌PWM‌‌configuration‌‌attached‌‌to‌‌an‌‌MPPT‌‌which‌‌relays‌‌it‌‌to‌‌the‌‌same‌‌voltage‌‌battery‌‌                             
that‌ ‌we‌ ‌also‌ ‌had‌ ‌in‌ ‌the‌ ‌PWM,‌ ‌we‌ ‌can‌ ‌make‌ ‌a‌ ‌few‌ ‌calculations.‌ ‌With‌ ‌the‌ ‌solar‌ ‌panel‌‌                                 
outputting‌‌18‌‌volts‌‌max‌‌we‌‌can‌‌divide‌‌this‌‌by‌‌the‌‌maximum‌‌battery‌‌voltage‌‌of‌‌around‌‌13‌‌                               
volts‌ ‌to‌ ‌obtain‌ ‌a‌‌unitless‌‌value‌‌of‌‌around‌‌1.38.‌‌When‌‌we‌‌multiply‌‌this‌‌unitless‌‌value‌‌by‌‌                               
the‌‌same‌‌current‌‌to‌‌show‌‌that‌‌the‌‌current‌‌will‌‌increase‌‌as‌‌a‌‌result‌‌of‌‌the‌‌reduced‌‌voltage,‌‌                                 
we‌‌get‌‌1.38*5.56‌‌amps‌‌which‌‌gives‌‌around‌‌7.7‌‌amps‌‌of‌‌current.‌‌As‌‌a‌‌result‌‌of‌‌this,‌‌when‌‌                                 
our‌‌solar‌‌panel‌‌can‌‌output‌‌100‌‌watts‌‌max,‌‌our‌‌battery‌‌will‌‌be‌‌able‌‌to‌‌intake‌‌13‌‌volts*‌‌7.7‌‌                                   
amps‌ ‌to‌ ‌give‌ ‌around‌ ‌100‌ ‌watts.‌ ‌This‌ ‌means‌ ‌that‌ ‌using‌ ‌the‌ ‌MPPT‌ ‌controller‌ ‌we‌ ‌have‌‌                             
virtually‌ ‌little‌ ‌to‌ ‌no‌ ‌losses.‌ ‌[165]‌ ‌ 
‌ 
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Figure‌ ‌27:‌ ‌Losses‌ ‌with‌ ‌MPPT‌ ‌Controller‌ ‌ 

‌ 
3.3.2‌ ‌Which‌ ‌type‌ ‌of‌ ‌charge‌ ‌controller‌ ‌to‌ ‌use?‌ ‌ 
‌ 

When‌‌deciding‌‌which‌‌type‌‌of‌‌charge‌‌controller‌‌to‌‌use‌‌many‌‌questions‌‌need‌‌to‌‌be‌‌raised.‌‌                             
Some‌ ‌of‌ ‌these‌ ‌may‌ ‌be‌ ‌one‌ ‌of‌ ‌the‌ ‌following:‌ ‌What‌ ‌do‌ ‌you‌ ‌want‌ ‌to‌ ‌power?‌ ‌Is‌ ‌cost‌ ‌a‌‌                                   
concern?‌‌How‌‌efficient‌‌do‌‌I‌‌want‌‌my‌‌system‌‌to‌‌be?‌‌As‌‌a‌‌result,‌‌finding‌‌the‌‌functionalities‌‌                               
of‌ ‌each‌ ‌method‌ ‌will‌ ‌help‌ ‌determine‌ ‌which‌ ‌route‌ ‌to‌ ‌take.‌ ‌The‌‌next‌‌sections‌‌will‌‌outline‌‌                             
PWM‌ ‌and‌ ‌MPPT‌ ‌functionalities‌ ‌along‌ ‌with‌ ‌solar‌ ‌charge‌ ‌controllers‌ ‌that‌ ‌are‌ ‌out‌ ‌in‌ ‌the‌‌                           
market‌ ‌today.‌ ‌This‌‌will‌‌help‌‌us‌‌to‌‌put‌‌each‌‌type‌‌side‌‌by‌‌side‌‌and‌‌to‌‌see‌‌what‌‌PWM‌‌and‌‌                                     
MPPT‌‌have‌‌to‌‌offer.‌‌The‌‌following‌‌help‌‌us‌‌to‌‌decide‌‌which‌‌method‌‌we‌‌should‌‌go‌‌for‌‌as‌‌                                 
well‌ ‌as‌ ‌which‌ ‌will‌ ‌be‌ ‌the‌ ‌most‌ ‌viable‌ ‌when‌ ‌we‌ ‌build‌ ‌our‌ ‌own‌ ‌custom‌ ‌charge‌ ‌controller.‌‌ ‌  
‌ 

3.3.3‌ ‌PWM‌ ‌Functionalities‌ ‌and‌ ‌examples‌ ‌ 
‌ 

When‌ ‌looking‌ ‌at‌ ‌PWM‌ ‌charge‌ ‌controllers‌ ‌it‌ ‌is‌ ‌best‌ ‌to‌ ‌know‌ ‌beforehand‌ ‌what‌ ‌type‌ ‌of‌‌                             
products‌ ‌are‌ ‌out‌ ‌on‌‌the‌‌market‌‌today.‌‌This‌‌section‌‌outlines‌‌two‌‌PWM‌‌controllers‌‌which‌‌                           
can‌ ‌help‌ ‌to‌ ‌identify‌ ‌similar‌ ‌and‌ ‌different‌ ‌functionalities‌ ‌so‌ ‌that‌ ‌when‌ ‌we‌ ‌decide‌‌which‌‌                           
controller‌ ‌to‌ ‌use,‌ ‌we‌ ‌will‌ ‌at‌ ‌least‌ ‌have‌ ‌a‌ ‌basic‌ ‌understanding‌ ‌of‌‌what‌‌to‌‌be‌‌looking‌‌for‌‌                                 
when‌ ‌we‌ ‌build‌ ‌our‌ ‌own‌ ‌controller‌ ‌from‌ ‌scratch.‌ ‌Before‌ ‌we‌ ‌look‌ ‌at‌ ‌examples,‌ ‌some‌‌                           
known‌ ‌facts‌ ‌about‌ ‌PWM‌ ‌charge‌ ‌controllers‌ ‌should‌ ‌be‌ ‌noted.‌ ‌Some‌ ‌of‌ ‌the‌ ‌facts‌‌known‌‌                           
include‌‌the‌‌following:‌‌PWM‌‌charge‌‌controllers‌‌are‌‌typically‌‌simple‌‌in‌‌design‌‌because‌‌the‌‌                         
amount‌ ‌of‌ ‌parts‌ ‌used‌ ‌is‌ ‌considerably‌ ‌less‌ ‌than‌ ‌MPPT,‌ ‌they‌ ‌are‌ ‌easily‌ ‌deployed‌ ‌with‌‌                           
respect‌ ‌to‌ ‌MPPT’s‌ ‌and‌ ‌they‌ ‌are‌ ‌cost‌ ‌effective‌ ‌as‌ ‌compared‌ ‌with‌ ‌MPPT.‌ ‌Some‌ ‌other‌‌                           
aspects‌ ‌that‌ ‌may‌ ‌come‌ ‌into‌ ‌play‌ ‌when‌ ‌looking‌ ‌at‌ ‌PWM‌ ‌controllers‌ ‌is‌ ‌how‌‌efficient‌‌do‌‌                             
you‌ ‌want‌ ‌your‌ ‌controller‌ ‌to‌ ‌be?‌ ‌Typically‌ ‌there‌ ‌will‌ ‌be‌ ‌losses‌ ‌as‌‌the‌‌input‌‌voltage‌‌will‌‌                               
have‌ ‌to‌ ‌match‌ ‌the‌ ‌voltage‌ ‌of‌ ‌the‌ ‌battery.‌ ‌Finally‌ ‌a‌ ‌lot‌ ‌of‌ ‌PWM‌ ‌systems‌ ‌offer‌ ‌less‌‌                               
protections‌ ‌as‌ ‌a‌ ‌result‌ ‌of‌ ‌the‌ ‌simplicity‌ ‌of‌ ‌design‌ ‌and‌ ‌reduced‌ ‌cost.‌ ‌‌[174]‌ ‌ 
‌ 

Moving‌‌on‌‌to‌‌our‌‌first‌‌example‌‌shown‌‌below‌‌is‌‌a‌‌PWM‌‌solar‌‌charge‌‌controller‌‌created‌‌by‌‌                               
Shenzhen‌ ‌Olys‌ ‌Company‌ ‌in‌ ‌figure‌ ‌28.‌ ‌‌They‌ ‌offer‌ ‌two‌ ‌models:‌ ‌the‌ ‌SEC10‌ ‌and‌ ‌the‌‌                           
SEC20.‌ ‌The‌ ‌differences‌ ‌between‌ ‌the‌ ‌two‌ ‌models‌ ‌is‌ ‌outlined‌ ‌below‌ ‌in‌ ‌table‌ ‌7.‌ ‌Some‌‌                           
things‌‌left‌‌out‌‌in‌‌the‌‌functionality‌‌table‌‌are‌‌the‌‌parameters‌‌of‌‌the‌‌lead‌‌acid‌‌and‌‌lithium‌‌ion‌‌                                 
batteries.‌‌We‌‌have‌‌already‌‌decided‌‌on‌‌the‌‌lithium‌‌iron‌‌phosphate‌‌(LiFePO4)‌‌batteries‌‌so‌‌                         
it‌ ‌will‌ ‌be‌ ‌more‌ ‌useful‌ ‌to‌‌look‌‌at‌‌parameters‌‌applying‌‌to‌‌those‌‌only.‌‌This‌‌controller‌‌uses‌‌                               
three‌‌stage‌‌PWM‌‌charging‌‌technology‌‌to‌‌not‌‌only‌‌provide‌‌a‌‌safe‌‌charge‌‌to‌‌the‌‌battery,‌‌but‌‌                               
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‌ 
to‌‌also‌‌prolong‌‌the‌‌life‌‌of‌‌the‌‌used‌‌battery‌‌in‌‌the‌‌process.‌‌One‌‌reminder‌‌that‌‌the‌‌company‌                                 
gives‌‌is‌‌to‌‌never‌‌connect‌‌a‌‌capacitive‌‌load‌‌to‌‌this‌‌charge‌‌controller‌‌as‌‌this‌‌controller‌‌was‌‌                               
not‌ ‌meant‌ ‌to‌ ‌provide‌ ‌power‌ ‌to‌ ‌devices‌ ‌which‌ ‌require‌ ‌high‌ ‌amounts‌ ‌of‌ ‌current‌ ‌such‌ ‌as‌‌                             
drills‌ ‌and‌ ‌motors.‌ ‌The‌ ‌table‌ ‌below‌ ‌comes‌ ‌from‌ ‌the‌ ‌data‌ ‌sheet‌ ‌located‌‌[‌129,138‌]‌‌‌on‌‌the‌‌                             
Shenzhen‌‌Olys‌‌Company‌‌website.‌‌‌As‌‌we‌‌can‌‌see‌‌in‌‌the‌‌data‌‌contained‌‌in‌‌the‌‌table‌‌below‌‌                               
the‌ ‌Max‌ ‌PV‌ ‌power‌ ‌is‌ ‌rated‌ ‌for‌ ‌175‌ ‌watts‌ ‌for‌ ‌the‌ ‌SEC10‌ ‌model‌‌and‌‌the‌‌other‌‌model‌‌is‌‌                                   
twice‌‌that.‌‌The‌‌max‌‌charge‌‌and‌‌load‌‌currents‌‌are‌‌10‌‌and‌‌20‌‌amps‌‌respectively.‌‌The‌‌most‌‌                               
relevant‌‌information‌‌in‌‌the‌‌table‌‌will‌‌be‌‌what‌‌type‌‌of‌‌battery‌‌that‌‌each‌‌model‌‌applied‌‌to.‌‌                               
Both‌ ‌models‌ ‌will‌ ‌be‌ ‌useful‌ ‌for‌ ‌our‌ ‌application‌ ‌as‌ ‌both‌ ‌use‌ ‌lithium‌ ‌iron‌ ‌phosphate‌‌                           
batteries.‌ ‌ 
‌ 

‌ 
Figure‌ ‌28:‌ ‌‌OLYS‌ ‌Solar‌ ‌Charge‌ ‌Controller‌ ‌ 
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‌ 
Table‌ ‌7:‌ ‌Technical‌ ‌Parameters‌ ‌of‌ ‌OLYS‌ ‌(Model‌ ‌SEC10‌ ‌and‌ ‌SEC20)‌ ‌Charge‌‌ 

Controller‌ ‌ 
‌ 

In‌ ‌the‌ ‌table‌ ‌5‌ ‌above‌ ‌we‌ ‌also‌ ‌can‌ ‌see‌ ‌that‌ ‌the‌ ‌battery‌ ‌rated‌‌voltage‌‌given‌‌is‌‌for‌‌4‌‌and‌‌5‌‌                                       
series.‌ ‌For‌ ‌our‌ ‌applications‌ ‌the‌ ‌4‌ ‌series‌ ‌should‌ ‌suffice‌ ‌as‌ ‌all‌ ‌the‌ ‌parameters‌ ‌associated‌‌                           
with‌ ‌our‌ ‌chosen‌‌batteries‌‌match‌‌what‌‌we‌‌would‌‌want‌‌to‌‌attain.‌‌The‌‌rated‌‌voltage,‌‌boost‌‌                             
voltage‌‌and‌‌recommended‌‌voltage‌‌are‌‌all‌‌in‌‌line‌‌with‌‌our‌‌lithium‌‌iron‌‌phosphate‌‌battery‌‌                           
choice.‌ ‌The‌ ‌temperature‌ ‌compensation‌ ‌and‌ ‌the‌ ‌working‌ ‌temperature‌ ‌along‌ ‌with‌ ‌the‌‌                     
dimensions‌‌is‌‌the‌‌same‌‌for‌‌both‌‌models.‌‌Overall‌‌if‌‌we‌‌had‌‌to‌‌choose‌‌a‌‌model‌‌that‌‌would‌‌                                 
directly‌ ‌benefit‌ ‌us‌ ‌the‌ ‌most‌ ‌would‌ ‌be‌ ‌the‌ ‌SEC10‌ ‌as‌ ‌it‌ ‌matches‌ ‌most‌ ‌of‌ ‌our‌ ‌design‌‌                               
specifications‌ ‌for‌ ‌our‌ ‌battery.‌‌ ‌  

‌ 
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Model‌ ‌  SEC10‌ ‌  SEC20‌ ‌ 

Max‌ ‌PV‌ ‌Power‌ ‌  175‌ ‌Watts‌ ‌  350‌ ‌Watts‌ ‌ 

Max‌ ‌PV‌ ‌Voltage‌ ‌  12V:‌ ‌30V‌ ‌  24V:‌ ‌50V‌ ‌ 

Max‌ ‌Charge‌ ‌Current‌ ‌  10‌ ‌Amps‌  20‌ ‌Amps‌ 

Max‌ ‌Load‌ ‌Current‌ ‌  10‌ ‌Amps‌  20‌ ‌Amps‌ 

Battery‌ ‌types‌ ‌(Other)‌ ‌  Lead‌ ‌Acid‌ ‌   ‌Lithium‌ ‌Ion‌ ‌(3‌ ‌or‌ ‌4‌ ‌series)‌ ‌ 

Battery‌ ‌Type‌ ‌(Relevant)‌ ‌  LiFePO4‌‌ ‌   LiFePO4‌ ‌ 

Battery‌ ‌Rated‌ ‌Voltage‌ ‌  12.8V‌ ‌(4‌ ‌series)‌ ‌  16V‌ ‌(5‌ ‌series)‌ ‌ 

Over‌ ‌Voltage‌ ‌Disconnected‌ ‌  16V‌ ‌  19V‌ ‌ 

Over‌ ‌Voltage‌ ‌Off‌ ‌Charging‌  15.5V‌ ‌  18.8V‌ ‌ 

Boost‌ ‌Voltage‌ ‌(2‌ ‌Hours)‌ ‌  14.6V‌ ‌  18.2V‌ ‌ 

Floating‌ ‌Voltage‌ ‌  14.4V‌ ‌  18V‌ ‌ 

Low‌ ‌Voltage‌ ‌Protection‌ ‌  10.5V‌ ‌  13.1V‌ ‌ 

Recommended‌ ‌Voltage‌ ‌  12.5V‌ ‌  15.6V‌ ‌ 

Battery‌ ‌Voltage‌ ‌  12V/24V‌ ‌Auto‌ ‌recognition‌ ‌ 

USB‌ ‌  5V/2.1A,‌ ‌2PCS‌ ‌ 

Technology‌ ‌Used‌ ‌  PWM‌ ‌ 

Temperature‌ ‌Compensation‌ ‌  3mv/2V/degree‌ ‌C‌ ‌ 

Working‌ ‌Temperature‌ ‌  -20‌ ‌C‌ ‌to‌ ‌50‌ ‌C‌ ‌ 

Dimension‌ ‌  130*100*37mm‌ ‌ 

Price‌ ‌  N/A‌ ‌ 

Weight‌ ‌  N/A‌ ‌ 



‌ 
‌ 

Moving‌ ‌on‌ ‌to‌ ‌example‌ ‌two‌ ‌we‌ ‌have‌ ‌a‌ ‌solar‌ ‌charge‌ ‌controller‌ ‌created‌ ‌by‌ ‌Morningstar.‌‌                           
They‌ ‌offer‌ ‌four‌ ‌different‌ ‌models‌ ‌and‌ ‌those‌ ‌are‌ ‌the‌ ‌PS-15,‌ ‌PS-15M,‌ ‌PS-30,‌ ‌and‌ ‌the‌‌                           
PS-30M‌ ‌[102,106,117,119].The‌ ‌models‌ ‌that‌ ‌end‌ ‌with‌ ‌an‌ ‌“M”‌ ‌are‌ ‌models‌ ‌that‌ ‌have‌ ‌an‌‌                         
optional‌ ‌digital‌ ‌meter‌ ‌display.‌ ‌In‌ ‌figure‌ ‌29‌ ‌we‌ ‌can‌ ‌see‌ ‌the‌ ‌15M‌ ‌model‌‌but‌‌in‌‌table‌‌8‌‌it‌‌                                   
includes‌ ‌the‌ ‌technical‌ ‌functionalities‌ ‌of‌ ‌all‌ ‌four‌ ‌models.‌ ‌There‌ ‌are‌ ‌a‌‌few‌‌things‌‌to‌‌note‌‌                             
from‌ ‌table‌ ‌eight.‌ ‌The‌ ‌first‌ ‌is‌ ‌that‌‌for‌‌the‌‌models‌‌that‌‌have‌‌meters‌‌(denoted‌‌by‌‌an‌‌“M”),‌‌                                 
there‌‌is‌‌an‌‌additional‌‌power‌‌consumption‌‌that‌‌applies.‌‌This‌‌power‌‌consumption‌‌given‌‌by‌‌                         
the‌‌user‌‌manual‌‌can‌‌also‌‌vary‌‌based‌‌on‌‌how‌‌bright‌‌the‌‌screen‌‌is.‌‌At‌‌50%‌‌brightness,‌‌the‌‌                                 
power‌ ‌consumption‌ ‌increases‌ ‌to‌ ‌35mA‌ ‌and‌ ‌at‌ ‌full‌ ‌brightness‌ ‌this‌ ‌can‌ ‌go‌ ‌as‌ ‌high‌ ‌as‌‌                             
50mA.‌ ‌Another‌ ‌thing‌ ‌to‌ ‌note‌ ‌is‌ ‌that‌ ‌in‌ ‌this‌ ‌charge‌ ‌controller‌ ‌example‌ ‌there‌‌is‌‌an‌‌extra‌‌                               
stage‌‌in‌‌the‌‌charging‌‌process.‌‌This‌‌is‌‌done‌‌in‌‌order‌‌to‌‌prolong‌‌the‌‌life‌‌of‌‌the‌‌battery‌‌that‌‌                                   
much‌ ‌further.‌ ‌Instead‌ ‌of‌ ‌the‌ ‌three‌ ‌stages‌ ‌where‌ ‌it‌ ‌is‌ ‌just‌ ‌bulk,‌ ‌absorb‌ ‌and‌‌float,‌‌a‌‌final‌‌                                 
stage‌ ‌is‌ ‌added‌ ‌and‌ ‌that‌ ‌is‌ ‌to‌ ‌equalize‌ ‌the‌ ‌remaining‌‌power‌‌into‌‌the‌‌batteries‌‌in‌‌order‌‌to‌‌                                 
increase‌ ‌longevity.‌‌ ‌  
‌ 

For‌‌the‌‌PS-15‌‌which‌‌can‌‌be‌‌found‌‌on‌‌the‌‌altE‌‌store‌‌online.‌‌We‌‌are‌‌shown‌‌that‌‌this‌‌pwm‌‌                                   
charge‌‌controller‌‌does‌‌not‌‌have‌‌a‌‌display.‌‌All‌ ‌the‌‌other‌‌models‌‌are‌‌shown‌‌briefly‌‌in‌‌this‌‌                               
site‌‌however‌‌all‌‌the‌‌data‌‌sheets‌‌for‌‌this‌‌model‌‌and‌‌the‌‌other‌‌three‌‌can‌‌be‌‌found‌‌[45-48].‌‌In‌‌                                   
table‌ ‌10‌‌we‌‌are‌‌shown‌‌all‌‌four‌‌models.‌‌To‌‌start‌‌off‌‌the‌‌first‌‌2‌‌models‌‌(one‌‌denoted‌‌with‌‌                                   
an‌‌“M”‌‌to‌‌indicate‌‌a‌‌display)‌‌we‌‌can‌‌see‌‌that‌‌the‌‌rated‌‌solar,‌‌load‌‌and‌‌battery‌‌current‌‌of‌‌                                   
the‌ ‌two‌ ‌models‌ ‌is‌ ‌15‌ ‌amps.‌ ‌The‌ ‌other‌ ‌two‌ ‌models‌ ‌with‌ ‌one‌ ‌denoted‌ ‌with‌ ‌an‌ ‌“M”‌ ‌to‌‌                                 
indicate‌‌a‌‌display,‌‌the‌‌only‌‌difference‌‌is‌‌that‌‌they‌‌are‌‌designed‌‌for‌‌30‌‌amp‌‌load,‌‌solar‌‌and‌‌                                 
battery‌‌currents.‌‌All‌‌four‌‌models‌‌are‌‌able‌‌to‌‌be‌‌configured‌‌to‌‌work‌‌off‌‌of‌‌either‌‌12‌‌or‌‌24‌‌                                   
volt‌‌systems‌‌with‌‌matching‌‌battery‌‌voltage‌‌of‌‌choice.‌‌As‌‌we‌‌can‌‌see‌‌the‌‌voltage‌‌accuracy‌‌                             
of‌ ‌the‌ ‌device‌ ‌is‌ ‌quite‌ ‌high‌ ‌and‌ ‌the‌ ‌self‌ ‌consumption‌ ‌(which‌‌only‌‌applies‌‌to‌‌the‌‌models‌‌                               
which‌‌have‌‌a‌‌display)‌‌is‌‌only‌‌around‌‌20mA.‌‌The‌‌operating‌‌temperature‌‌is‌‌the‌‌same‌‌for‌‌all‌‌                               
the‌‌models‌‌and‌‌the‌‌temperature‌‌compensation‌‌is‌‌constant‌‌for‌‌every‌‌model.‌‌Based‌‌on‌‌these‌‌                           
results‌ ‌the‌ ‌best‌ ‌choice‌ ‌for‌ ‌our‌ ‌project‌ ‌would‌ ‌be‌ ‌the‌ ‌PS-15M‌ ‌as‌ ‌we‌ ‌would‌ ‌look‌ ‌at‌ ‌our‌‌                                 
system‌ ‌operating‌ ‌well‌ ‌below‌ ‌15‌ ‌amps‌ ‌with‌ ‌a‌ ‌12‌ ‌volt‌ ‌system‌ ‌as‌ ‌the‌ ‌batteries‌ ‌will‌‌                             
nominally‌ ‌operate‌ ‌around‌ ‌12.8‌ ‌volts.‌ ‌The‌ ‌only‌ ‌setback‌ ‌is‌ ‌that‌ ‌it‌ ‌is‌ ‌heavier‌ ‌than‌ ‌the‌‌                             
previous‌ ‌PWM‌ ‌controller‌ ‌and‌ ‌the‌ ‌dimension‌ ‌is‌ ‌a‌ ‌bit‌ ‌larger.‌ ‌ 
‌ 

‌ 
Figure‌ ‌29:‌ ‌‌MORPROSTAR-15M‌ ‌Solar‌ ‌Charge‌ ‌Controller‌ ‌ 

‌ 
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Table‌ ‌8:‌ ‌Technical‌ ‌Parameters‌ ‌of‌ ‌MORNINGSTAR‌ ‌Charge‌ ‌Controller‌ ‌(All‌ ‌Models)‌ ‌ 
‌ 

‌ 
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Model‌ ‌  PS-15‌ ‌/‌ ‌PS-15M‌ ‌  PS-30‌ ‌/‌ ‌PS-30M‌ ‌ 

Rated‌ ‌Solar‌ ‌Current‌ ‌  15A‌ ‌  30A‌ ‌ 

Rated‌ ‌Load‌ ‌Current‌ ‌  15A‌ ‌  30A‌ ‌ 

Max‌ ‌Battery‌ ‌Current‌ ‌  15A‌ ‌  30A‌ ‌ 

Load‌ ‌Current‌ ‌Rating‌ ‌  15A‌ ‌  30A‌ ‌ 

System‌ ‌Voltage‌ ‌  12/24V‌ ‌ 

Nominal‌ ‌Battery‌ ‌Voltage‌ ‌  12/24V‌ ‌ 

Battery‌ ‌Voltage‌ ‌Range‌ ‌  10V-35V‌ ‌ 

Voltage‌ ‌Accuracy‌ ‌  0.1%‌ ‌+/-‌ ‌50mV‌ ‌ 

Max‌ ‌Solar‌ ‌Input‌ ‌Voltage‌ ‌  (12V/24V‌ ‌Battery):‌ ‌60Voc‌ ‌ 

Self‌ ‌Consumption*‌ ‌  20mA‌ ‌ 

Operating‌ ‌Temperature‌ ‌  -40‌ ‌C‌ ‌to‌ ‌60‌ ‌C‌ ‌ 

Meter‌ ‌Operating‌‌ 
Temperature‌ ‌ 

-20‌ ‌C‌ ‌to‌ ‌60‌ ‌C‌ ‌ 

Storage‌ ‌Temperature‌ ‌  -40‌ ‌C‌ ‌to‌ ‌80‌ ‌C‌ ‌ 

Meter‌ ‌Resolution‌ ‌  128x64‌ ‌pixels‌ ‌ 

Viewing‌ ‌Area‌ ‌  5cm‌ ‌x‌ ‌2.5cm‌ ‌ 

Battery‌ ‌Charging‌ ‌  4‌ ‌stage‌ ‌charging:‌ ‌Bulk,‌ ‌Absorption,‌ ‌Float,‌ ‌Equalize‌ ‌ 

Temperature‌ ‌Compensation‌‌ 
Coefficient‌ ‌ 

-5mV/C/cell‌ ‌(25‌ ‌C‌ ‌ref)‌ ‌ 

Temperature‌ ‌Compensation‌‌ 
Range‌ ‌ 

-30‌ ‌C‌ ‌to‌ ‌60‌ ‌C‌ ‌ 

Dimensions‌ ‌  15.3‌ ‌W‌ ‌x‌ ‌10.5‌ ‌L‌ ‌x‌ ‌5.5‌ ‌D‌ ‌cm‌ ‌ 

Weight‌ ‌  1lb/0.4kg‌ ‌ 

Technology‌ ‌Used‌ ‌  PWM‌ ‌ 

Price‌ ‌  98.00$‌ ‌ 



‌ 
3.3.4‌ ‌MPPT‌ ‌Functionalities‌ ‌and‌ ‌Examples‌ ‌ 
‌ 

Looking‌ ‌at‌ ‌MPPT‌ ‌charge‌ ‌controllers‌ ‌this‌ ‌section‌ ‌outlines‌ ‌two‌ ‌MPPT‌ ‌controllers‌‌which‌‌                       
can‌ ‌help‌ ‌to‌ ‌identify‌ ‌similar‌ ‌and‌ ‌different‌ ‌functionalities‌ ‌so‌ ‌that‌ ‌when‌ ‌we‌ ‌decide‌‌which‌‌                           
controller‌‌to‌‌build,‌‌we‌‌will‌‌at‌‌least‌‌have‌‌a‌‌basic‌‌understanding‌‌of‌‌what‌‌to‌‌be‌‌looking‌‌for‌‌                                 
when‌ ‌we‌ ‌build‌ ‌our‌ ‌own‌ ‌controller‌ ‌from‌ ‌scratch.‌ ‌Before‌ ‌we‌ ‌look‌ ‌at‌ ‌examples,‌ ‌some‌‌                           
known‌ ‌facts‌ ‌about‌ ‌MPPT‌ ‌charge‌ ‌controllers‌ ‌should‌ ‌be‌ ‌noted.‌‌Some‌‌of‌‌the‌‌facts‌‌known‌‌                           
include‌ ‌the‌ ‌following:‌ ‌MPPT‌ ‌charge‌ ‌controllers‌ ‌are‌ ‌typically‌ ‌more‌ ‌complex‌ ‌in‌ ‌design‌‌                       
because‌ ‌the‌ ‌amount‌ ‌of‌ ‌parts‌ ‌used‌ ‌is‌ ‌considerably‌ ‌more‌ ‌than‌ ‌PWM,‌ ‌they‌ ‌are‌ ‌more‌‌                           
expensive‌ ‌as‌ ‌compared‌ ‌with‌ ‌PWM‌ ‌due‌ ‌to‌ ‌not‌ ‌only‌ ‌complexity‌ ‌but‌ ‌also‌ ‌efficiency.‌‌                         
Expanding‌ ‌upon‌ ‌the‌ ‌efficiency,‌ ‌MPPT‌ ‌controllers‌ ‌have‌ ‌an‌ ‌efficiency‌ ‌of‌ ‌around‌ ‌99%‌‌                       
because‌‌the‌‌battery‌‌voltage‌‌does‌‌not‌‌have‌‌to‌‌match‌‌the‌‌solar‌‌panel‌‌voltage‌‌and‌‌thus‌‌there‌‌                               
is‌‌little‌‌to‌‌no‌‌losses‌‌when‌‌supplying‌‌power‌‌to‌‌the‌‌battery.‌‌This‌‌method‌‌squeezes‌‌every‌‌last‌‌                               
ounce‌‌of‌‌power‌‌out‌‌of‌‌the‌‌solar‌‌panels‌‌and‌‌is‌‌able‌‌to‌‌adjust‌‌the‌‌power‌‌flow‌‌based‌‌on‌‌the‌‌                                     
intensity‌ ‌of‌ ‌the‌ ‌sun.‌ ‌Finally‌ ‌MPPT‌ ‌controllers‌ ‌typically‌ ‌have‌ ‌more‌‌protections‌‌in‌‌place‌‌                         
since‌ ‌the‌ ‌device‌ ‌usually‌ ‌operates‌ ‌at‌ ‌high‌ ‌voltage‌ ‌and‌ ‌current‌ ‌ratings‌ ‌along‌ ‌with‌ ‌larger‌‌                           
loads.‌ ‌‌[43,109,174]‌ ‌ 

‌ 
Starting‌ ‌with‌ ‌our‌ ‌first‌‌MPPT‌‌solar‌‌charge‌‌controller‌‌we‌‌start‌‌with‌‌a‌‌morningstar‌‌prostar‌‌                           
MPPT‌ ‌25A‌ ‌solar‌ ‌charge‌ ‌controller‌ ‌with‌ ‌display‌ ‌in‌ ‌figure‌ ‌29‌ ‌[105].‌‌There‌‌are‌‌a‌‌total‌‌of‌‌                               
four‌ ‌models‌ ‌of‌ ‌this‌ ‌device‌ ‌and‌ ‌they‌ ‌are‌ ‌as‌ ‌follows:‌ ‌PS-MPPT-25,‌ ‌PS-MPPT-25M,‌‌                       
PS-MPPT-40,‌‌and‌‌PS-MPPT-40M.‌‌The‌‌“M”‌‌denotes‌‌that‌‌the‌‌controller‌‌had‌‌a‌‌display‌‌for‌‌                         
the‌ ‌user‌ ‌to‌ ‌see.‌ ‌In‌ ‌figure‌ ‌30‌ ‌we‌ ‌see‌ ‌the‌ ‌PS-MPPT-25M‌ ‌model‌ ‌to‌ ‌give‌ ‌us‌ ‌a‌ ‌visual‌‌                                 
representation‌ ‌of‌ ‌what‌ ‌the‌ ‌controller‌ ‌will‌ ‌look‌ ‌like.‌ ‌In‌ ‌table‌ ‌9‌ ‌we‌ ‌can‌ ‌see‌ ‌the‌‌different‌‌                               
technical‌ ‌functionalities‌ ‌of‌ ‌all‌ ‌of‌ ‌the‌ ‌models‌ ‌of‌‌this‌‌charge‌‌controller.‌‌As‌‌we‌‌can‌‌see‌‌in‌‌                               
table‌‌9‌‌below‌‌we‌‌have‌‌all‌‌four‌‌models‌‌on‌‌display.‌‌All‌‌the‌‌data‌‌sheets‌‌can‌‌be‌‌found‌‌for‌‌all‌‌                                     
four‌ ‌models‌ ‌above‌ ‌at‌ ‌[175-178]‌ ‌respectively.‌ ‌The‌ ‌user‌ ‌manual‌ ‌can‌ ‌be‌ ‌found‌ ‌[154-158].‌ ‌ 
‌ 

‌ 
‌ 

Figure‌ ‌30:‌ ‌‌PS-MPPT-25M‌ ‌Solar‌ ‌Charge‌ ‌Controller‌ ‌ 
‌ 

‌ 
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Model‌ ‌  PS-MPPT-25/PS-MPPT-25M‌ ‌  PS-MPPT-40/PS-MPPT-40M‌ ‌ 



‌ 

Table‌ ‌9:‌ ‌Technical‌ ‌Parameters‌ ‌Morningstar‌ ‌PS-MPPT‌ ‌ ‌Charge‌ ‌Controller‌‌ ‌(all‌‌ 
models)‌ ‌ 

‌ 
Looking‌ ‌above‌ ‌at‌ ‌table‌ ‌9‌ ‌we‌ ‌can‌ ‌decide‌ ‌which‌ ‌MPPT‌ ‌controller‌ ‌would‌ ‌be‌ ‌a‌ ‌more‌‌                             
applicable‌‌one‌‌to‌‌our‌‌project.‌‌Starting‌‌with‌‌the‌‌battery‌‌current‌‌rating‌‌and‌‌the‌‌load‌‌current‌‌                             

‌ 
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Max‌ ‌Battery‌ ‌Current‌ ‌  25A‌ ‌  40A‌ ‌ 

Load‌ ‌Current‌ ‌Rating‌ ‌  25A‌ ‌  40A‌ ‌ 

With‌ ‌24V‌ ‌Battery‌ ‌  700W‌ ‌  1100W‌ ‌ 

With‌ ‌12V‌ ‌Battery‌ ‌  350W‌ ‌  550W‌ ‌ 

Nominal‌ ‌Battery‌ ‌Voltage‌ ‌  12V/24V‌ ‌ 

Nominal‌ ‌Max.‌ ‌Operating‌‌ 
Power‌ ‌ 

controller‌ ‌will‌ ‌limit‌ ‌and‌ ‌provide‌ ‌its‌ ‌rated‌ ‌continuous‌ ‌max‌‌ 
output‌ ‌current‌ ‌into‌ ‌batteries.‌ ‌(DO‌ ‌NOT‌ ‌EXCEED‌ ‌Voc)‌ ‌ 

Max‌ ‌PV‌ ‌Voc‌ ‌  120V‌ ‌ 

Current‌ ‌Compensation‌ ‌12V‌ ‌  -15mV/A‌ ‌ 

Current‌ ‌Compensation‌ ‌24V‌ ‌  -30mV/A‌ ‌ 

Peak‌ ‌Efficiency‌ ‌  97.3%‌ ‌ 

Battery‌ ‌Voltage‌ ‌Range‌ ‌  10V-35V‌ ‌ 

Voltage‌ ‌Accuracy‌ ‌  0.1%‌ ‌+/-‌ ‌50mV‌ ‌ 

Self‌ ‌Consumption‌ ‌  <25mA‌ ‌(no‌ ‌meter)‌ ‌or‌ ‌<40mA‌ ‌(with‌ ‌meter)‌ ‌ 

Transient‌ ‌Surge‌ ‌Protection‌ ‌  4500W‌ ‌(solar,‌ ‌battery,‌ ‌load)‌ ‌ 

Operating‌ ‌Temperature‌ ‌  -40‌ ‌C‌ ‌to‌ ‌60‌ ‌C‌ ‌ 

Storage‌ ‌Temperature‌ ‌  -30‌ ‌C‌ ‌to‌ ‌80‌ ‌C‌ ‌ 

Dimensions‌ ‌(standard)‌ ‌  20‌ ‌W‌ ‌x‌ ‌19.4‌ ‌L‌ ‌x‌ ‌7‌ ‌D‌ ‌cm‌ ‌ 

Weight‌ ‌(standard)‌ ‌  3.1‌ ‌lb‌ ‌ 

4‌ ‌Stage‌ ‌Charging‌ ‌  Bulk,‌ ‌Absorption,‌ ‌Float,‌ ‌Equalize‌ ‌ 

Temperature‌ ‌Coefficient‌ ‌  -30mV/12V/C‌ ‌ 

Resolution‌ ‌  128x64‌ ‌ 

Viewing‌ ‌Area‌ ‌  7cm‌ ‌x‌ ‌4cm‌ ‌ 

Price‌ ‌  397.00$‌ ‌ 



‌ 
rating‌ ‌we‌ ‌obtain‌ ‌25‌ ‌amps‌ ‌and‌ ‌40‌ ‌amps‌ ‌for‌ ‌models‌ ‌PS-MPPT-25‌ ‌and‌ ‌PS-MPPT-40‌‌                         
respectively.‌ ‌For‌ ‌our‌ ‌design,‌ ‌since‌ ‌the‌ ‌solar‌ ‌panel‌ ‌will‌ ‌produce‌ ‌around‌ ‌7.7‌ ‌amps‌‌                         
maximum‌ ‌if‌ ‌we‌ ‌connect‌ ‌it‌ ‌to‌ ‌a‌ ‌12‌ ‌volt‌ ‌battery‌ ‌bank,‌ ‌the‌ ‌PS-MPPT-25‌ ‌model‌ ‌is‌ ‌more‌‌                               
suitable.‌ ‌Since‌ ‌the‌ ‌battery‌ ‌will‌ ‌be‌ ‌12‌ ‌volts‌ ‌then‌ ‌we‌ ‌will‌ ‌want‌ ‌to‌‌also‌‌use‌‌the‌‌MPPT-25‌‌                                 
model‌ ‌as‌ ‌it‌ ‌will‌ ‌generate‌ ‌at‌ ‌maximum‌ ‌350‌ ‌watts‌ ‌which‌ ‌is‌ ‌more‌ ‌than‌ ‌enough‌ ‌for‌ ‌our‌‌                               
design‌‌constraint‌‌of‌‌100‌‌watts.‌‌Both‌‌models‌‌offer‌‌nominal‌‌battery‌‌voltage‌‌of‌‌either‌‌12‌‌or‌‌                             
24‌‌volts‌‌but‌‌we‌‌would‌‌choose‌‌the‌‌12‌‌volts‌‌as‌‌our‌‌nominal‌‌battery‌‌voltage‌‌on‌‌our‌‌lithium‌‌                                 
iron‌ ‌phosphate‌ ‌cells‌ ‌is‌ ‌a‌ ‌sound‌ ‌12.8‌ ‌volts.‌ ‌As‌ ‌we‌ ‌can‌ ‌see‌ ‌from‌ ‌the‌ ‌table‌ ‌the‌ ‌peak‌‌                                 
efficiency‌‌is‌‌nearly‌‌98%‌‌giving‌‌us‌‌very‌‌little‌‌loss‌‌in‌‌the‌‌transfer‌‌of‌‌power‌‌from‌‌the‌‌solar‌‌                                 
panels‌ ‌to‌ ‌the‌ ‌battery.‌‌ ‌  
‌ 

Self‌ ‌consumption‌ ‌is‌ ‌an‌ ‌important‌ ‌topic‌ ‌to‌ ‌cover‌ ‌as‌‌we‌‌would‌‌be‌‌using‌‌the‌‌meter‌‌in‌‌our‌‌                                 
design.‌‌As‌‌a‌‌result‌‌we‌‌would‌‌take‌‌the‌‌higher‌‌end‌‌of‌‌the‌‌consumption‌‌range‌‌which‌‌would‌‌                               
be‌ ‌no‌‌more‌‌than‌‌40mA.‌‌Another‌‌good‌‌part‌‌to‌‌mention‌‌that‌‌is‌‌an‌‌advantage‌‌of‌‌an‌‌MPPT‌‌                                 
controller‌ ‌is‌ ‌that‌ ‌it‌ ‌has‌ ‌added‌ ‌protections.‌ ‌One‌ ‌of‌ ‌these‌ ‌protections‌ ‌is‌ ‌transient‌ ‌charge‌‌                           
protection‌‌which‌‌is‌‌rated‌‌for‌‌400‌‌watts.‌‌The‌‌operating‌‌and‌‌storage‌‌temperature‌‌of‌‌all‌‌the‌‌                             
models‌ ‌are‌ ‌within‌ ‌our‌ ‌range‌ ‌that‌ ‌we‌ ‌would‌ ‌want.‌ ‌The‌ ‌weight‌ ‌of‌ ‌the‌ ‌MPPT‌ ‌charge‌‌                             
controller‌ ‌is‌ ‌one‌ ‌of‌ ‌its‌ ‌drawbacks‌ ‌as‌ ‌it‌ ‌weighs‌ ‌around‌ ‌3‌ ‌pounds‌ ‌making‌ ‌it‌ ‌bulky‌ ‌and‌‌                               
cumbersome‌ ‌in‌ ‌our‌ ‌design.‌ ‌Another‌ ‌advantage‌ ‌of‌ ‌the‌ ‌MPPT‌ ‌is‌ ‌its‌ ‌four‌ ‌stage‌ ‌charging‌‌                           
capability.‌‌Having‌‌four‌‌stages‌‌allows‌‌the‌‌controller‌‌to‌‌prolong‌‌the‌‌life‌‌of‌‌the‌‌batteries‌‌thus‌‌                             
making‌ ‌it‌ ‌last‌ ‌longer‌ ‌and‌ ‌having‌ ‌a‌ ‌lower‌ ‌degradation‌ ‌factor.‌ ‌The‌‌final‌‌drawback‌‌of‌‌the‌‌                             
MPPT‌ ‌overall‌ ‌is‌ ‌the‌ ‌cost.‌ ‌As‌ ‌compared‌ ‌to‌ ‌our‌ ‌previous‌ ‌PWM‌ ‌controller‌ ‌choices‌‌                         
mentioned,‌ ‌this‌ ‌controller‌ ‌is‌ ‌around‌ ‌four‌ ‌times‌ ‌as‌ ‌expensive.‌ ‌ 

‌  
Moving‌‌on‌‌to‌‌the‌‌second‌‌MPPT‌‌charge‌‌controller‌‌we‌‌have‌‌the‌‌Genasun‌‌GV-10-LI-14.2V‌‌                         
[66].‌‌It‌‌is‌‌shown‌‌below‌‌in‌‌figure‌‌31‌‌below.‌‌Table‌‌10‌‌below‌‌outlines‌‌the‌‌data‌‌sheet‌‌[38]‌‌for‌‌                                   
this‌‌device.‌‌The‌‌user‌‌manual‌‌can‌‌be‌‌found‌‌[153]‌‌It‌‌is‌‌an‌‌ultra‌‌high‌‌speed‌‌MPPT‌‌meaning‌‌                                 
it‌ ‌can‌ ‌save‌ ‌you‌ ‌money‌ ‌by‌ ‌reducing‌ ‌your‌ ‌overall‌ ‌system‌ ‌cost.‌ ‌This‌‌controller‌‌is‌‌usually‌‌                             
used‌ ‌in‌‌very‌‌remote‌‌areas‌‌with‌‌harsh‌‌conditions‌‌in‌‌order‌‌to‌‌extract‌‌as‌‌much‌‌power‌‌from‌‌                               
the‌ ‌sun‌ ‌as‌ ‌possible.‌ ‌The‌ ‌table‌ ‌shows‌ ‌only‌ ‌the‌ ‌lithium‌ ‌iron‌ ‌phosphate‌ ‌model‌‌as‌‌there‌‌is‌‌                               
also‌ ‌lead‌ ‌acid‌ ‌and‌ ‌lithium‌ ‌ion.‌ ‌A‌ ‌few‌ ‌things‌ ‌to‌ ‌note‌ ‌is‌ ‌that‌ ‌there‌‌is‌‌no‌‌nominal‌‌battery‌‌                                   
voltage,‌ ‌no‌ ‌temperature‌ ‌compensation‌ ‌for‌ ‌the‌ ‌battery‌ ‌and‌ ‌the‌ ‌charge‌ ‌profile‌ ‌is‌ ‌CC-CV‌‌                         
instead‌ ‌of‌ ‌the‌ ‌traditional‌ ‌multi-stage‌ ‌temperature‌ ‌compensation.‌ ‌It‌ ‌can‌ ‌be‌ ‌seen‌ ‌that‌‌the‌‌                         
efficiency‌ ‌is‌ ‌upwards‌ ‌of‌ ‌98%‌ ‌in‌ ‌terms‌ ‌of‌ ‌providing‌ ‌power‌ ‌to‌ ‌the‌ ‌battery‌ ‌and‌ ‌also‌‌                             
produces‌ ‌very‌ ‌little‌‌power‌‌consumption‌‌during‌‌night‌‌hours.‌‌One‌‌of‌‌the‌‌stark‌‌differences‌‌                         
about‌ ‌this‌ ‌MPPT‌ ‌controller‌ ‌is‌ ‌that‌‌the‌‌weight‌‌is‌‌significantly‌‌less‌‌than‌‌the‌‌previous‌‌one‌‌                             
mentioned‌ ‌at‌ ‌only‌ ‌6.5‌ ‌ounces.‌ ‌ 
‌ 

‌ 
Figure‌ ‌31:‌ ‌‌GV-10-LI-14.2V‌ ‌Solar‌ ‌Charge‌ ‌Controller‌ ‌ 

‌ 

‌ 
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‌ 

Table‌ ‌10:‌ ‌Technical‌ ‌Parameters‌ ‌‌GV-10-LI-14.2V‌ ‌Solar‌ ‌Charge‌ ‌Controller‌ ‌ 
‌ 

A‌ ‌few‌ ‌other‌ ‌mentions‌ ‌to‌ ‌the‌ ‌table‌ ‌above‌ ‌include‌ ‌the‌ ‌tracking‌ ‌efficiency‌ ‌to‌ ‌be‌ ‌almost‌‌                             
perfect.‌ ‌The‌ ‌dimensions‌ ‌of‌ ‌this‌ ‌controller‌ ‌are‌ ‌relatively‌ ‌small‌ ‌and‌ ‌the‌ ‌price‌ ‌is‌‌                         
significantly‌ ‌cheaper‌ ‌than‌ ‌our‌ ‌previous‌ ‌MPPT‌ ‌controller‌ ‌at‌ ‌only‌ ‌119‌ ‌dollars.‌ ‌That‌ ‌is‌‌                         
almost‌ ‌a‌ ‌400‌ ‌percent‌ ‌difference‌ ‌in‌ ‌terms‌ ‌of‌‌cost.‌‌The‌‌major‌‌drawback‌‌is‌‌that‌‌it‌‌is‌‌more‌‌                                 
complicated‌ ‌to‌ ‌implement‌ ‌and‌ ‌relies‌ ‌on‌ ‌more‌ ‌complex‌ ‌algorithms‌ ‌and‌ ‌a‌ ‌different‌‌                       
charging‌ ‌profile.‌ ‌As‌ ‌a‌ ‌result‌ ‌we‌ ‌would‌ ‌choose‌ ‌the‌ ‌Morningstar‌ ‌‌PS-MPPT-25M.‌ ‌ 

‌ 
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Model‌ ‌  GV-10-Li-14.2V‌ ‌ 

Maximum‌ ‌Recommended‌ ‌Panel‌ ‌Power‌ ‌  140W‌ ‌ 

Rated‌ ‌Battery‌ ‌(output)‌ ‌Current‌ ‌  10.5A‌ ‌ 

Nominal‌ ‌Battery‌ ‌Voltage‌ ‌  N/A‌ ‌ 

Maximum‌ ‌Input‌ ‌Voltage‌ ‌  34V‌ ‌ 

Recommended‌ ‌Max‌ ‌Panel‌ ‌Voc‌ ‌at‌ ‌STC‌ ‌  27V‌ ‌ 

Min‌ ‌Battery‌ ‌Voltage‌ ‌For‌ ‌Operation‌ ‌  8.5V‌ ‌ 

Input‌ ‌Voltage‌ ‌Range‌ ‌  0-34V‌ ‌ 

Max‌ ‌Input‌ ‌Short‌ ‌Circuit‌ ‌Current‌ ‌  10.5A‌ ‌ 

Max‌ ‌input‌ ‌Current‌ ‌  19A‌ ‌ 

Battery‌ ‌Temperature‌ ‌Compensation‌ ‌  N/A‌ ‌ 

Operating‌ ‌Temperature‌ ‌  -40C‌ ‌to‌ ‌85C‌ ‌ 

Charge‌ ‌Profile‌ ‌  CC-CV‌ ‌ 

CV‌ ‌Voltage‌ ‌  14.2V‌ ‌ 

Electrical‌ ‌Efficiency‌ ‌  96%‌ ‌to‌ ‌98%‌ ‌ 

Tracking‌ ‌Efficiency‌ ‌  99%‌ ‌ 

Night‌ ‌Consumption‌ ‌  900uA‌ ‌ 

Weight‌ ‌  6.5oz‌ ‌ 

Dimension‌ ‌  14x6.5x3.1‌ ‌cm‌ ‌ 

Connection‌ ‌  4‌ ‌position‌ ‌terminal‌ ‌block‌ ‌for‌ ‌10-30‌ ‌AWG‌‌ 
wire‌ ‌ 

Price‌ ‌  119.00$‌ ‌ 



‌ 
3.3.5‌ ‌Which‌ ‌type‌ ‌of‌ ‌controller‌ ‌we‌ ‌will‌ ‌use‌ ‌and‌ ‌why?‌ ‌ 
‌ 

For‌‌our‌‌design‌‌we‌‌will‌‌be‌‌using‌‌the‌‌PWM‌‌charge‌‌controller.‌‌We‌‌will‌‌be‌‌creating‌‌our‌‌own‌‌                                 
controller‌‌as‌‌a‌‌custom‌‌PCB‌‌and‌‌having‌‌a‌‌microcontroller‌‌drive‌‌the‌‌PWM‌‌signal‌‌through‌‌                           
the‌ ‌circuit‌ ‌that‌ ‌we‌ ‌fashion.‌ ‌For‌ ‌the‌‌microcontroller‌‌information‌‌and‌‌PWM‌‌pertaining‌‌to‌‌                         
the‌ ‌microcontroller‌ ‌it‌ ‌is‌ ‌outlined‌ ‌in‌ ‌more‌‌detail‌‌in‌‌‌section‌‌3.1‌‌through‌‌3.1.5.‌‌‌We‌‌chose‌‌                             
the‌‌PWM‌‌due‌‌to‌‌many‌‌reasons.‌‌Although‌‌we‌‌recognize‌‌that‌‌the‌‌MPPT‌‌is‌‌a‌‌better‌‌choice‌‌                               
in‌ ‌terms‌ ‌of‌ ‌performance,‌ ‌it‌ ‌is‌ ‌a‌ ‌roadblock‌ ‌in‌ ‌terms‌ ‌of‌ ‌cost‌ ‌and‌ ‌complexity.‌ ‌Also,‌ ‌our‌‌                               
project‌‌is‌‌not‌‌intended‌‌to‌‌power‌‌very‌‌large‌‌external‌‌systems‌‌but‌‌to‌‌provide‌‌power‌‌to‌‌basic‌‌                               
necessities‌‌in‌‌times‌‌of‌‌need.‌‌Table‌‌11‌‌below‌‌outlines‌‌our‌‌thoughts‌‌on‌‌why‌‌we‌‌will‌‌go‌‌with‌‌                                 
the‌ ‌PWM‌ ‌controller‌ ‌when‌ ‌we‌ ‌design‌ ‌our‌ ‌own‌ ‌instead‌ ‌of‌ ‌the‌ ‌MPPT.‌‌ ‌  
‌ 

We‌‌first‌‌chose‌‌a‌‌controller‌‌from‌‌the‌‌two‌‌choices‌‌we‌‌showed‌‌for‌‌the‌‌PWM‌‌and‌‌we‌‌came‌‌to‌‌                                   
show‌‌the‌‌OLYS‌‌model‌‌SEC10.‌‌Next,‌‌we‌‌chose‌‌the‌‌PS-MPPT-25M‌‌from‌‌the‌‌two‌‌choices‌‌                           
that‌ ‌we‌ ‌researched‌ ‌for‌ ‌the‌ ‌MPPT‌ ‌controllers.‌ ‌Putting‌ ‌them‌ ‌side‌ ‌by‌ ‌side‌ ‌we‌ ‌wanted‌ ‌to‌‌                             
compare‌‌the‌‌characteristics‌‌of‌‌these‌‌two‌‌controllers‌‌with‌‌the‌‌characteristics‌‌that‌‌we‌‌were‌‌                         
looking‌ ‌for‌ ‌in‌ ‌our‌ ‌design.‌ ‌We‌ ‌have‌ ‌decided‌ ‌to‌ ‌go‌ ‌with‌ ‌the‌ ‌PWM‌ ‌controller‌ ‌due‌ ‌to‌ ‌the‌‌                                 
factors‌‌listed‌‌in‌‌the‌‌table.‌‌For‌‌the‌‌max‌‌charging‌‌current‌‌we‌‌will‌‌not‌‌be‌‌needing‌‌25‌‌amps‌‌                                 
as‌ ‌our‌ ‌solar‌ ‌panel‌ ‌choice‌ ‌will‌ ‌only‌ ‌produce‌ ‌no‌ ‌more‌ ‌than‌ ‌6‌ ‌amps‌ ‌with‌ ‌a‌ ‌PWM‌‌                               
configuration.‌ ‌For‌‌the‌‌charging‌‌stages‌‌we‌‌recognize‌‌that‌‌we‌‌would‌‌only‌‌get‌‌three‌‌stages‌‌                           
but‌‌we‌‌could‌‌modify‌‌it‌‌when‌‌coding‌‌the‌‌microcontroller.‌‌For‌‌the‌‌battery‌‌type‌‌both‌‌types‌‌                             
use‌ ‌our‌ ‌battery‌ ‌choice‌ ‌of‌ ‌lithium‌ ‌iron‌ ‌phosphate.‌ ‌Based‌ ‌on‌ ‌the‌ ‌dimension‌ ‌the‌ ‌PWM‌‌                           
controller‌ ‌would‌ ‌be‌ ‌better‌ ‌and‌‌the‌‌weight‌‌was‌‌also‌‌the‌‌reason‌‌for‌‌this‌‌choice.‌‌The‌‌main‌‌                               
reasons‌ ‌why‌ ‌we‌ ‌chose‌ ‌the‌ ‌PWM‌ ‌controller‌ ‌are‌ ‌for‌ ‌the‌ ‌complexity‌ ‌and‌ ‌cost.‌ ‌When‌ ‌we‌                             
planned‌ ‌to‌ ‌design‌ ‌our‌ ‌own,‌ ‌we‌ ‌wanted‌ ‌to‌‌make‌‌sure‌‌that‌‌we‌‌could‌‌actually‌‌accomplish‌                             
the‌ ‌design‌ ‌so‌ ‌we‌ ‌wanted‌ ‌to‌ ‌go‌ ‌with‌ ‌a‌ ‌less‌ ‌complex‌ ‌option.‌ ‌For‌ ‌cost‌ ‌we‌ ‌realize‌ ‌that‌‌                                 
complexity‌ ‌is‌ ‌directly‌ ‌related‌ ‌to‌ ‌cost.‌ ‌As‌ ‌a‌ ‌result‌ ‌we‌ ‌wanted‌ ‌to‌ ‌also‌ ‌go‌ ‌with‌ ‌a‌ ‌cost‌‌                                 
effective‌‌option.‌‌That‌‌is‌‌why‌‌we‌‌ultimately‌‌decided‌‌to‌‌go‌‌with‌‌the‌‌PWM‌‌option‌‌when‌‌we‌‌                               
built‌ ‌our‌ ‌PCB‌ ‌charge‌ ‌controller.‌ ‌ 

‌ 

Table‌ ‌11:‌ ‌Comparing‌ ‌PWM‌ ‌vs‌ ‌MPPT‌ ‌Controllers‌‌ ‌  
‌ 

‌ 
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Model‌ ‌  OLYS‌ ‌SEC10‌ ‌  PS-MPPT-25M‌ ‌ 

Max‌ ‌Charge‌ ‌Current‌ ‌  10A‌ ‌  25A‌ ‌ 

Charging‌ ‌Stages‌ ‌  3‌ ‌  4‌ ‌ 

Battery‌ ‌Type‌ ‌  LiFePO4‌ ‌  LiFePO4‌ ‌ 

Dimension‌ ‌  130*100*37‌ ‌mm‌ ‌  200*194*70‌ ‌mm‌ ‌ 

Price‌ ‌  ~100$‌ ‌  397.00$‌ ‌ 

Complexity‌ ‌  Low‌ ‌  High‌ ‌ 

Weight‌ ‌  ~1lb‌ ‌  3.1lb‌ ‌ 

Efficiency‌ ‌  <80%‌ ‌  <97.3%‌ ‌ 



‌ 
3.4‌ ‌Relays‌ ‌ 
‌ 

A‌‌relay‌‌is‌‌a‌‌simple‌‌electrically‌‌operated‌‌switch‌‌that‌‌is‌‌used‌‌as‌‌a‌‌means‌‌of‌‌interrupting‌‌or‌‌                                 
opening‌‌a‌‌circuit.‌‌More‌‌specifically,‌‌they‌‌are‌‌operated‌‌by‌‌using‌‌an‌‌electromagnet‌‌that‌‌will‌‌                           
change‌‌the‌‌switch‌‌over‌‌when‌‌a‌‌current‌‌is‌‌applied‌‌to‌‌the‌‌relay‌‌coil.‌‌Relays‌‌can‌‌be‌‌operated‌‌                                 
by‌ ‌electronic‌ ‌circuits‌ ‌or‌ ‌by‌ ‌switch‌ ‌circuits.‌ ‌A‌ ‌switch‌ ‌circuit‌‌is‌‌where‌‌the‌‌switch‌‌cannot‌‌                             
take‌ ‌the‌ ‌high‌ ‌current‌ ‌of‌ ‌the‌ ‌electrical‌ ‌relay.‌‌ ‌  
‌ 

The‌ ‌basic‌ ‌parts‌ ‌of‌ ‌a‌ ‌relay‌ ‌include‌ ‌the‌ ‌frame,‌ ‌coil,‌ ‌armature,‌‌and‌‌contacts.‌‌The‌‌frame‌‌is‌‌                               
mechanical‌‌in‌‌nature‌‌and‌‌is‌‌used‌‌to‌‌hold‌‌the‌‌rest‌‌of‌‌the‌‌components‌‌in‌‌place.‌‌The‌‌coil‌‌is‌‌                                   
typically‌ ‌wound‌ ‌around‌ ‌an‌ ‌iron‌ ‌core,‌ ‌which‌ ‌causes‌ ‌increased‌ ‌magnetic‌ ‌attraction.‌ ‌This‌‌                       
causes‌‌the‌‌electromagnetic‌‌field‌‌to‌‌be‌‌created‌‌as‌‌the‌‌current‌‌switches‌‌on,‌‌thus‌‌causing‌‌the‌‌                             
armature‌ ‌to‌ ‌attract.‌ ‌The‌ ‌armature‌ ‌itself‌ ‌is‌ ‌the‌ ‌part‌ ‌of‌ ‌the‌ ‌relay‌ ‌that‌ ‌moves‌ ‌to‌ ‌open‌ ‌and‌‌                                 
close‌ ‌the‌ ‌contacts.‌ ‌It‌ ‌is‌ ‌made‌ ‌of‌ ‌a‌ ‌ferromagnetic‌ ‌metal‌ ‌and‌ ‌is‌ ‌attracted‌ ‌by‌ ‌the‌‌                             
electromagnet‌ ‌in‌ ‌the‌ ‌relay.‌ ‌When‌ ‌it‌ ‌is‌‌not‌‌attracted‌‌by‌‌the‌‌electromagnet‌‌it‌‌has‌‌a‌‌spring‌‌                               
that‌ ‌is‌ ‌attached‌ ‌and‌ ‌will‌ ‌allow‌ ‌it‌ ‌to‌ ‌return‌ ‌to‌ ‌its‌ ‌original‌ ‌position.‌ ‌ 

‌  
The‌ ‌symbol‌ ‌for‌ ‌a‌ ‌relay‌ ‌can‌ ‌differ‌ ‌from‌ ‌circuit‌ ‌to‌ ‌circuit,‌ ‌but‌ ‌the‌ ‌symbol‌ ‌that‌ ‌is‌ ‌most‌‌                                 
widely‌ ‌used‌ ‌shows‌ ‌the‌ ‌relay‌ ‌coil‌ ‌as‌ ‌a‌ ‌box‌ ‌and‌ ‌has‌ ‌both‌ ‌the‌ ‌“normally‌ ‌closed”‌ ‌and‌‌                               
“normally‌ ‌open”‌ ‌contacts.‌ ‌This‌ ‌symbol‌ ‌can‌ ‌be‌ ‌seen‌ ‌below‌ ‌in‌ ‌Figure‌ ‌32:‌ ‌Basic‌ ‌Relay‌‌                           
Diagram:‌ ‌ 
‌ 

‌ 
Figure‌ ‌32:‌ ‌Basic‌ ‌Relay‌ ‌Diagram‌ ‌ 

‌ 
With‌ ‌electromechanical‌‌relays,‌‌they‌‌are‌‌referred‌‌to‌‌in‌‌terms‌‌of‌‌break,‌‌poles,‌‌and‌‌throws.‌‌                           
A‌ ‌break‌ ‌is‌ ‌designated‌ ‌as‌ ‌a‌ ‌single‌ ‌break‌ ‌or‌ ‌a‌ ‌double‌ ‌break.‌ ‌With‌ ‌a‌ ‌single‌ ‌break‌ ‌the‌‌                                 
contacts‌ ‌will‌ ‌break‌ ‌in‌ ‌only‌ ‌one‌ ‌spot,‌ ‌and‌ ‌they‌ ‌are‌ ‌typically‌ ‌used‌ ‌in‌ ‌low‌ ‌power‌‌                             
applications.‌ ‌A‌ ‌double‌ ‌break‌ ‌is‌ ‌exactly‌‌as‌‌it‌‌sounds‌‌and‌‌will‌‌break‌‌in‌‌two‌‌places,‌‌but‌‌is‌‌                                 
typically‌‌used‌‌in‌‌high‌‌power‌‌applications.‌‌In‌‌our‌‌design,‌‌the‌‌microcontroller‌‌employs‌‌an‌‌                         
“e-switch”,‌ ‌for‌ ‌the‌ ‌purpose‌ ‌of‌ ‌our‌ ‌project‌ ‌this‌ ‌electronic‌ ‌switch‌‌will‌‌be‌‌referred‌‌to‌‌as‌‌a‌‌                               
relay.‌ ‌This‌ ‌relay‌ ‌is‌ ‌considered‌ ‌lower‌ ‌power‌ ‌and‌ ‌should‌ ‌be‌‌a‌‌single‌‌break.‌‌Poles‌‌are‌‌the‌‌                               
number‌‌of‌‌sets‌‌of‌‌contacts‌‌contained‌‌in‌‌the‌‌relay.‌‌Like‌‌a‌‌break‌‌there‌‌are‌‌single‌‌poles‌‌and‌‌                                 
double‌‌poles,‌‌similarly‌‌a‌‌single‌‌pole‌‌will‌‌switch‌‌one‌‌circuit‌‌and‌‌a‌‌double‌‌pole‌‌will‌‌switch‌‌                               
two‌ ‌different‌ ‌circuits.‌ ‌A‌ ‌relay‌ ‌is‌ ‌not‌ ‌limited‌ ‌to‌ ‌one‌ ‌or‌ ‌two‌ ‌poles,‌ ‌and‌ ‌can‌‌have‌‌several‌‌                                 
poles‌ ‌to‌ ‌switch‌ ‌between‌ ‌multiple‌‌circuits.‌‌Throws‌‌will‌‌relate‌‌to‌‌the‌‌amount‌‌of‌‌positions‌‌                           
that‌‌a‌‌circuit‌‌has‌‌available.‌‌Typically‌‌there‌‌are‌‌only‌‌one‌‌or‌‌two‌‌throws‌‌in‌‌a‌‌relay.‌‌A‌‌single‌‌                                   

‌ 
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‌ 
throw‌‌is‌‌designed‌‌to‌‌both‌‌make‌‌and‌‌break‌‌a‌‌circuit‌‌while‌‌a‌‌double‌‌throw‌‌is‌‌essentially‌‌a‌‌                                 
connection‌ ‌from‌ ‌the‌ ‌endpoint‌ ‌of‌ ‌a‌ ‌circuit‌ ‌to‌ ‌another.‌‌ ‌  

‌ 
3.4.1‌ ‌Types‌ ‌of‌ ‌Relays‌ 
‌ 

Relays‌‌come‌‌in‌‌many‌‌different‌‌sizes‌‌and‌‌types.‌‌Two‌‌of‌‌the‌‌most‌‌common‌‌types‌‌of‌‌relays‌‌                               
are‌ ‌electromechanical‌‌relays‌‌and‌‌solid‌‌state‌‌relays.‌‌Electromechanical‌‌relays‌‌are‌‌devices‌‌                     
that‌ ‌are‌ ‌mechanical‌ ‌in‌ ‌nature‌ ‌but‌ ‌powered‌ ‌by‌ ‌electricity.‌ ‌These‌ ‌are‌ ‌considered‌ ‌older‌‌                         
technology‌‌now‌‌and‌‌have‌‌been‌‌widely‌‌replaced‌‌by‌‌solid‌‌state‌‌relays.‌‌Solid‌‌state‌‌relays‌‌are‌‌                             
powered‌ ‌by‌ ‌semiconductor‌ ‌technology‌ ‌like‌ ‌transistors,‌ ‌diodes,‌ ‌and‌ ‌integrated‌ ‌circuits.‌‌ ‌  
‌ 

Electromechanical‌‌relays‌‌are‌‌simply‌‌boiled‌‌down‌‌to‌‌electrically‌‌operated‌‌switches.‌‌These‌‌                     
relays‌‌are‌‌most‌‌commonly‌‌used‌‌in‌‌low‌‌power‌‌circuits‌‌or‌‌when‌‌a‌‌circuit‌‌can‌‌be‌‌controlled‌‌                               
by‌‌a‌‌single‌‌signal.‌‌These‌‌relays‌‌are‌‌typically‌‌made‌‌up‌‌of‌‌an‌‌electromagnet‌‌or‌‌magnet,‌‌the‌‌                               
armature,‌ ‌the‌ ‌part‌ ‌that‌ ‌is‌ ‌controlled‌ ‌to‌ ‌open‌ ‌or‌ ‌close,‌ ‌and‌ ‌the‌ ‌spring‌ ‌that‌ ‌returns‌ ‌the‌‌                               
armature‌ ‌to‌ ‌the‌ ‌original‌ ‌position.‌ ‌ 
‌ 

Solid‌ ‌state‌ ‌relays‌ ‌are‌ ‌built‌ ‌differently‌ ‌than‌ ‌their‌ ‌electromechanical‌ ‌counterparts.‌ ‌These‌‌                     
relays‌ ‌are‌ ‌built‌ ‌with‌‌coils,‌‌springs,‌‌and‌‌mechanical‌‌contacts‌‌that‌‌operate‌‌using‌‌magnetic‌‌                         
fields‌‌to‌‌switch.‌‌Unlike‌‌electromechanical‌‌relays,‌‌these‌‌relays‌‌do‌‌not‌‌utilize‌‌any‌‌moving‌‌                         
parts.‌‌Instead‌‌they‌‌use‌‌solid‌‌state‌‌semiconductors‌‌to‌‌achieve‌‌their‌‌functions.‌‌Due‌‌to‌‌their‌‌                           
lack‌ ‌of‌ ‌moving‌ ‌parts,‌ ‌many‌ ‌see‌ ‌this‌ ‌as‌ ‌a‌ ‌major‌ ‌advantage‌ ‌of‌ ‌solid‌ ‌state‌ ‌relays‌ ‌over‌‌                               
electromechanical‌ ‌relays.‌ ‌ 
‌ 

3.4.2‌ ‌Our‌ ‌Relay‌ ‌ 
‌ 

Our‌‌design‌‌contains‌‌a‌‌relay‌‌which‌‌will‌‌be‌‌controlled‌‌via‌‌the‌‌graphics‌‌user‌‌interface‌‌on‌‌the‌‌                               
charge‌‌controller.‌‌This‌‌will‌‌be‌‌done‌‌as‌‌a‌‌safety‌‌feature,‌‌so‌‌that‌‌we‌‌can‌‌prevent‌‌the‌‌charge‌‌                                 
controller‌ ‌from‌ ‌overcharging‌ ‌the‌ ‌battery.‌ ‌The‌ ‌relay‌ ‌can‌ ‌be‌ ‌placed‌ ‌before‌ ‌the‌ ‌charge‌‌                         
controller‌ ‌or‌ ‌it‌ ‌can‌‌be‌‌placed‌‌after‌‌the‌‌charge‌‌controller,‌‌but‌‌it‌‌will‌‌function‌‌in‌‌the‌‌same‌‌                                 
manner‌‌regardless.‌‌For‌‌our‌‌design,‌‌the‌‌location‌‌will‌‌be‌‌placed‌‌after‌‌the‌‌charge‌‌controller‌‌                           
and‌ ‌we‌ ‌will‌ ‌be‌ ‌using‌ ‌the‌ ‌ICStation‌ ‌1CH‌ ‌DV‌ ‌3‌ ‌volt‌ ‌relay‌ ‌power‌ ‌switch‌ ‌module‌ ‌that‌‌                               
contains‌ ‌a‌ ‌optocoupler‌ ‌high‌ ‌level‌ ‌trigger‌ ‌for‌ ‌the‌ ‌ESP8266‌ ‌Arduino‌ ‌board.‌ ‌ 
‌ 

3.5‌ ‌LCD‌ ‌Display‌ ‌&‌ ‌GUI‌ ‌ 
‌ 

In‌‌this‌‌section,‌‌the‌‌single‌‌touch‌‌capacitive‌‌LCD‌‌screen‌‌will‌‌be‌‌thoroughly‌‌investigated‌‌to‌‌                           
create‌‌a‌‌suitable‌‌GUI‌‌for‌‌this‌‌project.‌‌The‌‌basic‌‌properties‌‌and‌‌science‌‌behind‌‌capacitive‌‌                           
LCDs‌ ‌has‌ ‌already‌ ‌been‌ ‌covered‌ ‌in‌ ‌section‌ ‌3.1.4.3.‌ ‌This‌‌section‌‌will‌‌be‌‌focusing‌‌on‌‌the‌‌                             
specific‌ ‌features‌ ‌of‌ ‌the‌ ‌Adafruit‌ ‌2.8’’‌ ‌TFT‌ ‌LCD‌ ‌with‌ ‌Capacitive‌ ‌Touchscreen.‌ ‌In‌‌                       
addition,‌ ‌we‌ ‌will‌ ‌be‌ ‌exploring‌ ‌the‌ ‌requirements‌ ‌for‌ ‌our‌ ‌GUI‌ ‌as‌ ‌well‌ ‌as‌ ‌looking‌ ‌at‌ ‌a‌‌                               
graphical‌‌library‌‌that‌‌is‌‌made‌‌to‌‌simplify‌‌the‌‌GUI‌‌design‌‌process‌‌for‌‌embedded‌‌systems‌‌                           
called‌ ‌Adafruit‌ ‌GFX‌ ‌Library.‌‌ ‌  
‌ 

3.5.1‌ ‌Researching‌ ‌The‌ ‌2.8’’‌ ‌TFT‌ ‌LCD‌ ‌with‌ ‌Capacitive‌ ‌Touchscreen‌ ‌ 
‌ 

According‌‌to‌‌the‌‌LCD’s‌‌datasheet,‌‌the‌‌screen‌‌is‌‌a‌‌full‌‌colored‌‌320x240‌‌display‌‌with‌‌four‌‌                             
white‌‌LEDs‌‌in‌‌Parallel‌‌for‌‌backlighting.‌‌The‌‌datasheet‌‌also‌‌mentions‌‌that‌‌it‌‌has‌‌a‌‌viewing‌‌                             
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‌ 
direction‌ ‌of‌ ‌6‌ ‌o’clock.‌ ‌The‌ ‌viewing‌ ‌angle‌ ‌of‌ ‌a‌ ‌display‌‌is‌‌“the‌‌direction‌‌from‌‌which‌‌the‌‌                               
display‌ ‌will‌ ‌have‌ ‌the‌ ‌maximum‌ ‌contrast‌ ‌and‌ ‌readability”‌ ‌and‌ ‌the‌ ‌viewing‌ ‌direction‌ ‌is‌‌                         
given‌‌in‌‌terms‌‌of‌‌clock‌‌positions‌‌[183].‌‌The‌‌viewing‌‌angles,‌‌as‌‌shown‌‌in‌‌figure‌‌33,‌‌is‌‌in‌‌                                 
respect‌ ‌to‌ ‌the‌ ‌normal‌ ‌of‌ ‌the‌ ‌center‌ ‌position‌ ‌of‌ ‌the‌ ‌screen.‌ ‌ 
‌ 

‌ 
Figure‌ ‌33:‌ ‌Viewing‌ ‌Angles‌ ‌of‌ ‌a‌ ‌Screen‌ ‌ 

‌ 
If‌‌the‌‌viewing‌‌direction‌‌is‌‌6’‌‌o’clock,‌‌then‌‌the‌‌observer‌‌needs‌‌to‌‌be‌‌below‌‌the‌‌normal‌‌of‌‌                                 
the‌ ‌screen‌ ‌to‌ ‌get‌ ‌the‌ ‌best‌ ‌possible‌ ‌view,‌ ‌figure‌ ‌34‌ ‌illustrates‌ ‌this.‌ ‌For‌ ‌the‌ ‌best‌ ‌user‌‌                               
experience,‌ ‌we‌ ‌must‌ ‌keep‌ ‌the‌ ‌viewing‌ ‌angle‌ ‌of‌ ‌the‌ ‌LCD‌ ‌in‌ ‌mind‌ ‌when‌ ‌deciding‌ ‌the‌‌                             
placement‌ ‌of‌ ‌the‌ ‌LCD‌ ‌in‌ ‌the‌ ‌charge‌ ‌controller‌ ‌design.‌ ‌ 
‌ 

‌ 
Figure‌ ‌34:‌ ‌Observer‌ ‌Below‌ ‌Screen‌ ‌ 

‌ 
Data‌‌can‌‌be‌‌sent‌‌to‌‌the‌‌LCD‌‌using‌‌SPI‌‌or‌‌via‌‌8‌‌bit‌‌digital‌‌data‌‌lines.‌‌For‌‌the‌‌latter,‌‌8‌‌pins‌‌                                         
are‌ ‌required‌ ‌to‌ ‌send‌ ‌data‌ ‌while‌ ‌an‌ ‌additional‌ ‌4‌ ‌pins‌ ‌are‌‌needed‌‌for‌‌the‌‌read,‌‌write,‌‌and‌‌                                 
selector‌‌pins.‌‌The‌‌8‌‌bit‌‌data‌‌mode‌‌is‌‌faster‌‌compared‌‌to‌‌SPI‌‌because‌‌data‌‌is‌‌sent‌‌8‌‌bits‌‌at‌‌                                     
a‌‌time‌‌rather‌‌than‌‌a‌‌single‌‌bit‌‌like‌‌in‌‌SPI.‌‌However,‌‌we‌‌will‌‌most‌‌likely‌‌not‌‌use‌‌this‌‌mode‌‌                                     
due‌ ‌to‌ ‌the‌ ‌amount‌ ‌of‌ ‌pins‌ ‌required.‌ ‌In‌ ‌either‌ ‌case,‌ ‌three‌ ‌more‌ ‌pins‌ ‌are‌ ‌needed‌ ‌for‌ ‌the‌‌                                 
capacitive‌‌touchscreen,‌‌which‌‌uses‌‌I2C.‌‌The‌‌SDA‌‌and‌‌SCL‌‌pins‌‌both‌‌have‌‌a‌‌10K‌‌pullup‌‌                             

‌ 
54‌ ‌|‌ ‌173‌ ‌ 



‌ 
resistor‌ ‌in‌ ‌the‌ ‌breakout‌ ‌boards,‌ ‌so‌ ‌we‌ ‌don’t‌ ‌need‌ ‌to‌ ‌provide‌ ‌any‌ ‌pull‌ ‌up‌ ‌resistors‌‌                             
ourselves.‌‌ ‌  
‌ 

Since‌ ‌SPI‌ ‌is‌ ‌the‌‌mode‌‌being‌‌used,‌‌we‌‌are‌‌concerned‌‌with‌‌its‌‌speed.‌‌Our‌‌GUI‌‌should‌‌be‌‌                                 
quick‌‌and‌‌responsive‌‌so,‌‌to‌‌fulfill‌‌these‌‌requirements,‌‌we‌‌need‌‌to‌‌learn‌‌about‌‌how‌‌quickly‌‌                             
data‌‌being‌‌sent‌‌in‌‌SPI‌‌mode‌‌can‌‌be‌‌displayed‌‌on‌‌the‌‌LCD.‌‌To‌‌determine‌‌that,‌‌we‌‌need‌‌to‌‌                                   
know‌‌the‌‌clock‌‌rate‌‌of‌‌the‌‌ARM‌‌M0‌‌MCU.‌ ‌Let’s‌‌assume‌‌that‌‌the‌‌clock‌‌rate‌‌of‌‌our‌‌MCU‌‌                                   
is‌‌48‌‌MHz,‌‌its‌‌highest‌‌configuration.‌‌The‌‌MCU‌‌uses‌‌the‌‌baud‌‌rate‌‌generator‌‌to‌‌generate‌‌                             
the‌ ‌serial‌ ‌clock‌ ‌(SCK).‌‌According‌‌to‌‌the‌‌MCU’s‌‌datasheet,‌‌“In‌‌SPI‌‌mode,‌‌the‌‌baud-rate‌‌                           
generator‌ ‌is‌ ‌set‌ ‌to‌ ‌synchronous‌ ‌mode.”‌ ‌The‌ ‌datasheet‌ ‌has‌ ‌provided‌ ‌an‌ ‌equation‌ ‌that‌‌                         
would‌ ‌allow‌ ‌us‌ ‌to‌ ‌calculate‌ ‌the‌ ‌baud‌ ‌rate‌ ‌based‌ ‌on‌ ‌certain‌ ‌configurations‌ ‌as‌ ‌shown‌ ‌in‌‌                             
Figure‌ ‌35.‌ ‌ 
‌ 

‌ 
Figure‌ ‌35:‌ ‌Synchronous‌ ‌Baud‌ ‌Rate‌ ‌Equation‌ ‌ 

‌ 
For‌ ‌synchronous‌ ‌operations,‌ ‌the‌ ‌BAUD‌ ‌value‌ ‌is‌‌8‌‌bits,‌‌a‌‌value‌‌between‌‌0‌‌to‌‌255.‌‌Let’s‌‌                               
assume‌ ‌that‌ ‌BAUD‌ ‌is‌ ‌equal‌ ‌to‌ ‌255.‌ ‌With‌ ‌f‌ref‌ ‌as‌ ‌48‌ ‌MHz,‌ ‌we‌ ‌find‌ ‌that‌ ‌f‌BAUD‌ ‌is‌ ‌93.75‌‌                                   
Kbits/s.‌‌Theoretically,‌‌if‌‌we‌‌wanted‌‌to‌‌draw‌‌a‌‌250‌‌KB‌‌image‌‌on‌‌to‌‌the‌‌display,‌‌it‌‌would‌‌                                 
take‌ ‌around‌ ‌2.67‌ ‌seconds.‌ ‌Normally,‌ ‌in‌ ‌terms‌ ‌of‌ ‌power‌ ‌consumption,‌ ‌setting‌ ‌the‌ ‌clock‌‌                         
rate‌‌of‌‌an‌‌MCU‌‌to‌‌its‌‌max‌‌would‌‌be‌‌a‌‌cause‌‌for‌‌concern‌‌for‌‌power‌‌efficiency.‌‌However,‌‌                                 
as‌ ‌we‌ ‌have‌ ‌shown‌ ‌in‌ ‌3.1.6.2,‌ ‌The‌ ‌MCU’s‌ ‌power‌ ‌consumption‌ ‌is‌ ‌very‌ ‌low‌ ‌even‌ ‌at‌ ‌48‌‌                               
MHz.‌ ‌Ideally,‌ ‌we‌ ‌would‌ ‌want‌ ‌assets‌ ‌drawn‌ ‌on‌ ‌the‌ ‌display‌ ‌at‌ ‌a‌ ‌speed‌ ‌that‌ ‌is‌ ‌nearly‌‌                               
instantaneous‌‌from‌‌the‌‌perspective‌‌of‌‌the‌‌user‌‌and‌‌we‌‌will‌‌use‌‌the‌‌MCU’s‌‌full‌‌capabilities‌‌                             
in‌‌order‌‌to‌‌achieve‌‌this‌‌goal.‌‌Its‌‌sleep‌‌modes‌‌and‌‌other‌‌power‌‌saving‌‌features‌‌will‌‌still‌‌be‌‌                                 
used‌ ‌when‌ ‌possible.‌ ‌ 
‌ 

According‌ ‌to‌ ‌the‌ ‌ILI9341‌ ‌display‌ ‌driver‌ ‌datasheet,‌ ‌the‌ ‌4-line/8-bit‌ ‌serial‌ ‌interface‌ ‌has‌ ‌two‌‌ 
different‌ ‌display‌ ‌formats,‌ ‌65k‌ ‌colors‌ ‌and‌ ‌262k‌ ‌colors.‌ ‌Our‌ ‌LCD‌ ‌only‌ ‌supports‌ ‌16‌‌ 
bits/pixel‌ ‌color,‌ ‌or‌ ‌65,536‌ ‌colors.‌‌ ‌  
‌ 

3.5.2‌ ‌The‌ ‌Graphical‌ ‌User‌ ‌Interface‌ ‌ 
‌ 

The‌‌GUI‌‌is‌‌meant‌‌to‌‌show‌‌information‌‌about‌‌the‌‌battery’s‌‌state‌‌to‌‌the‌‌user‌‌via‌‌an‌‌easy‌‌to‌‌                                   
understand‌ ‌design.‌ ‌The‌ ‌GUI‌ ‌should‌ ‌display‌ ‌all‌ ‌the‌ ‌current‌ ‌measurements‌ ‌on‌ ‌its‌ ‌home‌‌                         
screen‌ ‌and‌ ‌show‌ ‌if‌ ‌the‌ ‌battery’s‌ ‌output‌ ‌is‌ ‌connected‌ ‌or‌ ‌disconnected.‌ ‌Using‌‌the‌‌LCD’s‌‌                           
touch‌‌screen,‌‌the‌‌user‌‌will‌‌be‌‌able‌‌to‌‌pull‌‌up‌‌analytics‌‌about‌‌any‌‌particular‌‌measurements.‌‌                             
For‌ ‌example,‌ ‌if‌ ‌the‌ ‌GUI‌ ‌shows‌ ‌a‌ ‌sub‌ ‌menu‌ ‌that‌ ‌gives‌ ‌the‌ ‌user‌ ‌the‌ ‌choice‌ ‌to‌ ‌select‌‌                                 
“Current,”‌ ‌“Voltage,”‌ ‌“Temperature,”‌ ‌or‌ ‌“Power”,‌ ‌the‌ ‌user‌ ‌will‌ ‌be‌ ‌able‌ ‌to‌ ‌view‌‌graphs‌‌                         
containing‌‌peaks‌‌and‌‌troughs‌‌across‌‌certain‌‌days‌‌for‌‌those‌‌measurements.‌‌In‌‌addition,‌‌the‌‌                         
GUI‌ ‌should‌ ‌allow‌ ‌users‌ ‌to‌ ‌adjust‌ ‌the‌ ‌LCD’s‌ ‌brightness‌ ‌and‌ ‌manually‌ ‌connect‌ ‌or‌‌                         
disconnect‌ ‌the‌ ‌battery’s‌ ‌output.‌ ‌Any‌ ‌extra‌ ‌features‌ ‌beyond‌ ‌these‌ ‌will‌ ‌depend‌ ‌on‌ ‌the‌‌                         
amount‌ ‌of‌ ‌memory‌ ‌leftover.‌‌ ‌  
‌ 
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‌ 
The‌‌Adafruit‌‌GFX‌‌library‌‌provides‌‌functions‌‌that‌‌can‌‌draw‌‌pixels,‌‌primitives,‌‌texts,‌‌and‌‌                         
even‌ ‌images‌ ‌onto‌ ‌a‌ ‌display.‌ ‌The‌ ‌display‌ ‌can‌ ‌be‌ ‌represented‌ ‌as‌ ‌a‌ ‌2‌ ‌dimensional‌‌                           
xy-Cartesian‌ ‌coordinate‌ ‌as‌ ‌shown‌ ‌in‌ ‌figure‌ ‌36.‌ ‌The‌ ‌origin‌ ‌is‌ ‌at‌ ‌the‌ ‌top‌ ‌left‌ ‌pixel‌ ‌and‌‌                               
values‌ ‌entered‌ ‌in‌ ‌the‌ ‌functions‌ ‌will‌ ‌be‌ ‌in‌ ‌terms‌ ‌of‌ ‌these‌ ‌coordinates.‌ ‌ 
‌ 

‌ 
Figure‌ ‌36:‌ ‌Screen‌ ‌Coordinate‌ ‌ 

‌ 
Our‌ ‌display‌ ‌has‌ ‌a‌ ‌resolution‌ ‌of‌ ‌320x240,‌ ‌meaning‌ ‌that‌ ‌there‌ ‌are‌ ‌76,800‌ ‌pixels‌ ‌in‌ ‌the‌‌                             
screen‌‌or‌‌76,800‌‌coordinates.‌‌Colors‌‌are‌‌represented‌‌using‌‌unsigned‌‌16-bit‌‌values‌‌in‌‌the‌‌                         
library.‌ ‌Starting‌ ‌from‌ ‌the‌ ‌most‌ ‌significant‌ ‌bit,‌ ‌5‌ ‌bits‌ ‌are‌ ‌used‌ ‌to‌ ‌convey‌ ‌red,‌ ‌6‌ ‌bits‌ ‌for‌‌                                 
green,‌ ‌and‌ ‌the‌ ‌least‌ ‌5‌ ‌significant‌ ‌bits‌ ‌for‌ ‌blue‌ ‌as‌ ‌shown‌ ‌in‌ ‌figure‌ ‌36.‌ ‌We‌ ‌can‌ ‌use‌‌                                 
hexadecimal‌ ‌notation‌ ‌to‌ ‌represent‌ ‌colors.‌ ‌For‌ ‌example,‌‌if‌‌we‌‌wanted‌‌a‌‌pixel‌‌to‌‌be‌‌fully‌‌                             
red,‌‌its‌‌color‌‌value‌‌would‌‌be‌‌0xF800.‌‌Each‌‌hexadecimal‌‌represents‌‌4‌‌bits‌‌and,‌‌just‌‌like‌‌in‌‌                               
figure‌ ‌37,‌ ‌the‌ ‌5‌ ‌most‌ ‌significant‌ ‌byte‌ ‌is‌ ‌red,‌ ‌hence‌ ‌the‌ ‌value.‌ ‌ 
‌ 

‌ 
Figure‌ ‌37:‌ ‌Color‌ ‌Representation‌ ‌In‌ ‌16-Bits‌ ‌ 

‌ 
We‌‌will‌‌not‌‌cover‌‌all‌‌the‌‌extensive‌‌functions‌‌found‌‌in‌‌the‌‌graphics‌‌library,‌‌but‌‌we‌‌should‌‌                               
note‌ ‌some‌ ‌notable‌ ‌ones.‌ ‌Drawing‌‌anything‌‌complex‌‌on‌‌the‌‌screen‌‌would‌‌be‌‌a‌‌laborious‌‌                           
task‌‌if‌‌done‌‌manually,‌‌pixel‌‌by‌‌pixel.‌‌That‌‌is‌‌why‌‌we‌‌have‌‌functions‌‌that‌‌allow‌‌us‌‌to‌‌draw‌‌                                   
shapes‌ ‌and‌ ‌images.‌ ‌Even‌ ‌so,‌ ‌we‌ ‌would‌ ‌still‌ ‌want‌ ‌to‌ ‌retain‌ ‌the‌ ‌option‌ ‌of‌ ‌drawing‌‌                             
individual‌ ‌pixels‌ ‌especially‌ ‌if‌ ‌we’re‌ ‌writing‌ ‌programs‌ ‌like‌ ‌a‌‌CPU‌‌emulator‌‌that‌‌returns‌‌                         
pixel‌ ‌location‌ ‌and‌ ‌color‌ ‌to‌ ‌draw‌ ‌something‌ ‌on‌ ‌the‌ ‌screen‌ ‌or‌ ‌plotting‌ ‌graphs‌ ‌or‌ ‌other‌‌                             
sinusoidal/non-euclidean‌ ‌figures.‌ ‌The‌ ‌most‌ ‌basic‌ ‌function‌ ‌allows‌ ‌programmers‌ ‌to‌‌draw‌‌                   
individual‌ ‌pixels‌ ‌called‌ ‌drawpixel.‌ ‌We’ll‌ ‌definitely‌ ‌need‌ ‌to‌ ‌use‌ ‌this‌‌if‌‌we‌‌want‌‌to‌‌draw‌‌                             
graphs‌‌in‌‌our‌‌GUI.‌‌Text‌‌can‌‌also‌‌be‌‌drawn‌‌on‌‌the‌‌screen‌‌using‌‌the‌‌drawChar()‌‌function.‌‌                               
However,‌ ‌this‌ ‌only‌ ‌prints‌ ‌one‌ ‌character‌ ‌on‌ ‌the‌ ‌screen‌ ‌for‌ ‌every‌ ‌function‌ ‌call.‌ ‌If‌ ‌the‌‌                             
programmer‌ ‌wants‌ ‌to‌ ‌print‌ ‌many‌ ‌words‌ ‌at‌ ‌once,‌ ‌then‌ ‌some‌ ‌of‌ ‌the‌ ‌functions‌ ‌shown‌ ‌in‌‌                             
figure‌ ‌38‌ ‌needs‌ ‌to‌ ‌be‌ ‌called‌ ‌before‌ ‌invoking‌ ‌the‌ ‌print()‌ ‌function.‌ ‌ 

‌ 
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‌ 

‌ 
Figure‌ ‌38:‌ ‌Setter‌ ‌Functions‌ ‌ 

‌ 
SetCursor()‌ ‌places‌ ‌the‌ ‌cursor‌ ‌at‌ ‌the‌ ‌top‌ ‌left‌ ‌corner‌‌of‌‌the‌‌text‌‌and‌‌draws‌‌each‌‌text‌‌with‌‌                                 
their‌ ‌attribute‌ ‌set‌ ‌by‌ ‌setTextColor‌ ‌and‌‌setTextSize‌‌as‌‌shown‌‌in‌‌figure‌‌39.‌‌setTextSize‌‌is‌‌                           
self‌‌explanatory,‌‌and‌‌there‌‌are‌‌two‌‌setTextColor()‌‌functions.‌‌The‌‌first‌‌setTextColor,‌‌again,‌‌                       
is‌ ‌self‌ ‌explanatory.‌ ‌The‌ ‌second‌ ‌setTextColor‌ ‌takes‌ ‌an‌ ‌extra‌ ‌parameter‌ ‌that‌ ‌sets‌ ‌the‌‌                         
background‌ ‌color‌ ‌of‌ ‌the‌ ‌text,‌ ‌which‌ ‌appears‌ ‌like‌ ‌a‌ ‌rectangle‌ ‌was‌‌drawn‌‌under‌‌the‌‌text.‌‌                             
Background‌ ‌color‌ ‌cannot‌ ‌be‌ ‌set‌ ‌using‌ ‌this‌ ‌function‌ ‌for‌ ‌text‌ ‌that‌ ‌uses‌ ‌a‌ ‌custom‌ ‌font.‌ ‌ 
‌ 

‌ 
Figure‌ ‌39:‌ ‌Drawing‌ ‌Text‌ ‌ 

The‌‌setTextWrap()‌‌function‌‌simply‌‌takes‌‌a‌‌boolean‌‌value‌‌that‌‌activates‌‌or‌‌deactivates‌‌text‌‌                         
wrapping.‌ ‌Without‌ ‌text‌ ‌wrapping,‌ ‌text‌ ‌that‌ ‌is‌ ‌drawn‌ ‌beyond‌ ‌the‌ ‌screen‌ ‌will‌ ‌not‌ ‌be‌‌                           
displayed‌ ‌in‌ ‌a‌ ‌new‌ ‌line.‌‌ ‌  
‌ 

Finally,‌ ‌another‌ ‌important‌ ‌aspect‌ ‌of‌ ‌the‌ ‌library‌ ‌is‌ ‌the‌ ‌ability‌ ‌to‌‌draw‌‌bitmaps‌‌including‌‌                           
.BMP‌ ‌images.‌ ‌In‌ ‌regards‌ ‌to‌ ‌drawing‌ ‌images,‌ ‌an‌ ‌addon‌ ‌for‌ ‌the‌ ‌library‌ ‌is‌ ‌needed‌ ‌to‌ ‌be‌‌                               
installed‌ ‌called‌ ‌Adafruit‌ ‌ImageReader.‌ ‌The‌ ‌details‌ ‌won’t‌ ‌be‌‌covered‌‌in‌‌this‌‌paper‌‌since‌‌                         
the‌‌API‌‌documentation‌‌goes‌‌through‌‌great‌‌detail‌‌on‌‌how‌‌to‌‌load‌‌the‌‌images‌‌from‌‌an‌‌SD‌‌                               
card‌ ‌or‌ ‌RAM.‌ ‌But‌ ‌once‌ ‌the‌ ‌setting‌ ‌up‌ ‌process‌‌is‌‌done,‌‌the‌‌programmer‌‌can‌‌load‌‌.BMP‌‌                               
images‌ ‌by‌ ‌using‌ ‌the‌ ‌drawBMP()‌ ‌function.‌ ‌For‌‌just‌‌drawing‌‌bitmaps,‌‌not‌‌.BMP‌‌images,‌‌                         
there’s‌ ‌the‌ ‌drawBitmap()‌ ‌function,‌ ‌shown‌ ‌in‌ ‌figure‌ ‌40.‌ ‌ 
‌ 

‌ 
Figure‌ ‌40:‌ ‌drawBitmap()‌ ‌Function‌ ‌and‌ ‌its‌ ‌Parameters‌ ‌ 

‌ 
This‌ ‌drawing‌ ‌function‌ ‌is‌ ‌one‌ ‌of‌ ‌the‌ ‌more‌ ‌complicated‌ ‌ones‌ ‌because‌ ‌data‌ ‌needs‌ ‌to‌ ‌be‌‌                             
stored‌ ‌in‌ ‌flash‌ ‌memory‌ ‌instead‌ ‌of‌ ‌RAM.‌ ‌For‌ ‌Arduino‌ ‌based‌ ‌boards‌ ‌(which‌ ‌may‌ ‌also‌‌                           
encompass‌ ‌the‌ ‌METRO‌ ‌M0‌ ‌since‌ ‌it‌ ‌uses‌ ‌the‌ ‌same‌ ‌MCU‌‌as‌‌the‌‌Arduino‌‌Zero),‌‌bitmap‌‌                             
data‌ ‌needs‌ ‌to‌ ‌be‌ ‌loaded‌ ‌into‌ ‌flash‌ ‌memory‌ ‌using‌ ‌the‌ ‌PROGMEM‌ ‌utility.‌ ‌In‌ ‌addition,‌‌                           
since‌‌bitmaps‌‌consist‌‌of‌‌contiguous‌‌blocks‌‌of‌‌8‌‌bit‌‌data,‌‌the‌‌data‌‌needs‌‌to‌‌be‌‌assigned‌‌to‌‌a‌‌                                   

‌ 
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‌ 
pointer.‌ ‌Having‌ ‌a‌ ‌function‌ ‌that‌ ‌allows‌ ‌us‌ ‌to‌ ‌draw‌ ‌bitmaps‌ ‌gives‌‌us‌‌the‌‌ability‌‌to‌‌create‌                               
simple‌ ‌animations.‌ ‌One‌ ‌application‌ ‌of‌ ‌this‌ ‌creating‌ ‌a‌‌battery‌‌icon‌‌that‌‌is‌‌filled‌‌with‌‌the‌‌                             
amount‌ ‌of‌ ‌charge‌ ‌reflected‌ ‌by‌ ‌the‌ ‌charge‌ ‌controller.‌ ‌It‌‌would‌‌deplete‌‌or‌‌increase‌‌as‌‌the‌‌                             
battery‌ ‌is‌ ‌charging.‌ ‌ 

‌ 
3.6‌ ‌Temperature‌ ‌Sensor‌ ‌ 
‌ 

The‌ ‌MCP9808‌ ‌temperature‌ ‌sensor‌ ‌will‌ ‌measure‌ ‌the‌ ‌ambient‌ ‌temperature‌‌at‌‌a‌‌sufficient‌‌                       
rate‌ ‌to‌ ‌prevent‌ ‌damage‌ ‌for‌ ‌the‌ ‌battery.‌ ‌Although,‌ ‌as‌ ‌previously‌ ‌mentioned‌ ‌before,‌ ‌it‌ ‌is‌‌                           
unlikely‌ ‌for‌ ‌LiFePO4‌ ‌batteries‌ ‌to‌ ‌undergo‌ ‌thermal‌ ‌runaway,‌ ‌we‌ ‌would‌ ‌still‌ ‌want‌ ‌our‌‌                         
charge‌ ‌controller‌ ‌to‌ ‌cut-off‌ ‌charge‌ ‌to‌ ‌the‌ ‌batteries‌ ‌if‌ ‌the‌ ‌surrounding‌ ‌reaches‌ ‌certain‌‌                         
extreme‌‌temperatures.‌‌In‌‌addition,‌‌we‌‌would‌‌want‌‌to‌‌keep‌‌a‌‌datalog‌‌of‌‌temperature‌‌peaks‌‌                           
for‌‌at‌‌least‌‌the‌‌past‌‌couple‌‌of‌‌days‌‌to‌‌monitor‌‌for‌‌consistency.‌‌This‌‌would‌‌require‌‌the‌‌use‌‌                                 
of‌ ‌a‌ ‌storage‌ ‌medium,‌ ‌which‌ ‌we‌ ‌have‌ ‌some‌ ‌options‌ ‌to‌ ‌choose‌ ‌from.‌ ‌More‌ ‌specifically,‌‌                           
there’s‌‌the‌‌SD‌‌card‌‌reader‌‌from‌‌the‌‌LCD’s‌‌breakout‌‌board‌‌or‌‌the‌‌2MB‌‌SPI‌‌flash‌‌chip‌‌that‌‌                                 
is‌ ‌built‌ ‌into‌ ‌the‌ ‌METRO‌ ‌M0.‌ ‌We‌ ‌will‌ ‌need‌ ‌to‌‌choose‌‌one‌‌or‌‌the‌‌other‌‌based‌‌on‌‌speed,‌‌                                   
ease‌ ‌of‌ ‌use,‌ ‌and‌ ‌reliability.‌ ‌The‌ ‌MCU‌ ‌will‌ ‌use‌ ‌the‌ ‌Adafruit‌ ‌MCP9808‌ ‌programming‌‌                         
library‌‌to‌‌communicate‌‌with‌‌the‌‌sensor.‌ ‌The‌‌only‌‌two‌‌functions‌‌we‌‌will‌‌need‌‌to‌‌concern‌‌                             
ourselves‌ ‌with‌ ‌are‌ ‌readTempC()‌ ‌and‌ ‌readTempF().‌ ‌These‌ ‌functions‌ ‌will‌ ‌return‌ ‌a‌ ‌float‌‌                       
value‌ ‌that‌ ‌displays‌ ‌the‌ ‌temperature‌ ‌in‌ ‌their‌ ‌respective‌ ‌temperature‌ ‌scales,‌ ‌celsius‌ ‌and‌‌                       
fahrenheit.‌ ‌ 
‌ 

3.7‌ ‌Voltage‌ ‌Regulators‌ ‌ 
‌ 

Voltage‌ ‌regulators‌ ‌are‌ ‌devices‌ ‌that‌ ‌maintain‌ ‌an‌ ‌output‌ ‌voltage‌ ‌that‌ ‌is‌ ‌set‌ ‌beforehand‌‌                         
regardless‌‌of‌‌any‌‌changes‌‌to‌‌the‌‌input‌‌voltage‌‌or‌‌the‌‌load‌‌conditions,‌‌in‌‌essence‌‌they‌‌do‌‌                               
exactly‌ ‌as‌ ‌their‌ ‌name‌ ‌suggests‌ ‌and‌ ‌they‌‌regulate.‌‌There‌‌are‌‌two‌‌types‌‌of‌‌regulators,‌‌the‌‌                             
linear‌ ‌regulators‌ ‌and‌ ‌the‌ ‌switching‌ ‌regulators‌ ‌that‌ ‌will‌ ‌be‌ ‌expanded‌ ‌upon‌ ‌in‌ ‌the‌ ‌next‌‌                           
section.‌‌ ‌  
‌ 

Voltage‌ ‌regulators‌‌are‌‌common‌‌components‌‌that‌‌can‌‌be‌‌found‌‌in‌‌many‌‌different‌‌devices‌‌                         
that‌ ‌we‌ ‌use‌ ‌daily‌‌like‌‌computers,‌‌alternators,‌‌and‌‌any‌‌device‌‌that‌‌needs‌‌the‌‌voltage‌‌of‌‌a‌‌                               
power‌ ‌source‌ ‌kept‌ ‌within‌ ‌specified‌ ‌limits.‌ ‌A‌ ‌feature‌ ‌that‌ ‌all‌ ‌voltage‌ ‌regulators‌ ‌have‌ ‌is‌‌                           
that‌‌it‌‌will‌‌have‌‌a‌‌stable‌‌voltage‌‌reference‌‌provided‌‌by‌‌a‌‌zener‌‌diode.‌‌This‌‌stable‌‌voltage‌‌                               
reference‌ ‌is‌ ‌provided‌ ‌by‌ ‌a‌ ‌reverse‌ ‌breakdown‌ ‌voltage.‌ ‌The‌ ‌reason‌ ‌why‌ ‌a‌ ‌voltage‌‌                         
regulator‌‌is‌‌so‌‌important‌‌to‌‌us‌‌specifically‌‌is‌‌its‌‌application‌‌in‌‌direct‌‌current‌‌circuits,‌‌as‌‌it‌‌                               
will‌‌keep‌‌the‌‌output‌‌voltage‌‌constant.‌‌Another‌‌benefit‌‌of‌‌voltage‌‌regulators‌‌is‌‌that‌‌it‌‌will‌‌                             
keep‌ ‌the‌ ‌ripple‌ ‌voltage‌ ‌from‌ ‌the‌ ‌alternating‌ ‌current‌ ‌voltage‌ ‌blocked‌ ‌at‌ ‌the‌ ‌filter.‌‌                         
Depending‌ ‌on‌ ‌the‌ ‌voltage‌‌regulator‌‌it‌‌may‌‌also‌‌include‌‌additional‌‌circuitry‌‌that‌‌protects‌‌                         
against‌ ‌short‌ ‌circuits,‌ ‌thermal‌ ‌shutdowns,‌ ‌and‌ ‌overvoltage‌ ‌protection.‌‌ ‌  

‌ 
‌ 

3.7.1‌ ‌Types‌ ‌of‌ ‌Regulators‌ ‌ 
‌ 

There‌ ‌are‌ ‌two‌ ‌types‌ ‌of‌ ‌regulators,‌ ‌linear‌ ‌regulators‌ ‌and‌ ‌switching‌ ‌regulators.‌ ‌These‌‌                       
regulators‌‌can‌‌be‌‌connected‌‌in‌‌series‌‌or‌‌in‌‌parallel.‌‌In‌‌a‌‌series‌‌regulator‌‌the‌‌load‌‌stabilizes‌‌                               
the‌ ‌regulator's‌ ‌output,‌ ‌while‌ ‌in‌ ‌parallel‌ ‌you‌ ‌have‌ ‌a‌ ‌shunt‌ ‌regulator‌ ‌that‌ ‌is‌ ‌connected‌‌in‌‌                             
parallel‌ ‌to‌ ‌the‌ ‌load‌ ‌and‌ ‌will‌ ‌stabilize‌ ‌the‌ ‌output‌ ‌voltage.‌ ‌ 

‌ 
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‌ 
‌ 

Linear‌ ‌voltage‌ ‌regulators‌ ‌are‌ ‌made‌ ‌with‌ ‌MOSFETs‌ ‌or‌ ‌BJTs‌ ‌that‌ ‌act‌ ‌as‌ ‌an‌ ‌active‌ ‌pass‌‌                             
device,‌ ‌in‌ ‌either‌ ‌series‌ ‌or‌ ‌parallel,‌ ‌and‌ ‌they‌ ‌are‌ ‌controlled‌ ‌by‌ ‌a‌ ‌high‌ ‌gain‌ ‌differential‌‌                             
amplifier.‌‌This‌‌allows‌‌the‌‌regulator‌‌to‌‌take‌‌the‌‌output‌‌voltage‌‌and‌‌compare‌‌it‌‌with‌‌the‌‌set‌‌                               
reference‌ ‌voltage‌ ‌to‌ ‌adjust‌ ‌the‌ ‌pass‌ ‌device‌ ‌and‌ ‌keep‌ ‌a‌ ‌constant‌ ‌output‌ ‌voltage.‌ ‌ 
‌ 

Switching‌ ‌voltage‌ ‌regulators‌ ‌are‌ ‌different‌ ‌from‌ ‌linear‌ ‌voltage‌ ‌regulators‌ ‌in‌ ‌that‌ ‌they‌‌                       
convert‌ ‌the‌ ‌DC‌ ‌input‌ ‌to‌ ‌a‌ ‌switched‌ ‌voltage‌ ‌that‌ ‌then‌ ‌applies‌ ‌a‌ ‌power‌ ‌to‌ ‌a‌ ‌BJT‌ ‌or‌‌                                 
MOSFET‌‌switch.‌‌This‌‌new‌‌voltage‌‌is‌‌pushed‌‌back‌‌through‌‌the‌‌circuit‌‌which‌‌allows‌‌it‌‌to‌‌                             
control‌ ‌the‌ ‌power‌ ‌to‌ ‌switch‌ ‌it‌ ‌on‌ ‌and‌‌off‌‌at‌‌times‌‌to‌‌maintain‌‌a‌‌constant‌‌output‌‌voltage‌‌                                 
even‌‌if‌‌the‌‌input‌‌voltage‌‌or‌‌the‌‌load‌‌current‌‌changes.‌‌For‌‌these‌‌types‌‌of‌‌voltage‌‌regulators‌                               
there‌‌are‌‌a‌‌few‌‌topologies‌‌that‌‌are‌‌worth‌‌mentioning.‌‌The‌‌first‌‌being‌‌step‌‌down‌‌which‌‌is‌‌                               
the‌ ‌most‌ ‌common‌ ‌topology‌ ‌that‌ ‌we‌ ‌will‌ ‌go‌ ‌over.‌‌ ‌  
‌ 

3.7.2‌ ‌Voltage‌ ‌Regulators‌ ‌in‌ ‌Our‌ ‌Project‌ ‌ 
‌ 

In‌ ‌our‌ ‌project‌ ‌we‌ ‌have‌ ‌found‌ ‌that‌ ‌our‌‌microcontroller,‌‌the‌‌Adafruit‌‌Metro‌‌M0‌‌Express,‌‌                           
contains‌‌an‌‌e-switch.‌‌This‌‌switching‌‌regulator‌‌is‌‌located‌‌in‌‌the‌‌five‌‌volt‌‌power‌‌supply‌‌of‌‌                             
our‌ ‌microcontroller‌ ‌and‌ ‌has‌ ‌the‌ ‌part‌ ‌number‌ ‌EG1390.‌ ‌As‌ ‌described‌ ‌in‌ ‌the‌ ‌types‌ ‌of‌‌                           
regulators‌‌section,‌‌3.7.1,‌‌it‌‌applies‌‌a‌‌power‌‌to‌‌a‌‌MOSFET‌‌in‌‌the‌‌circuit.‌‌This‌‌MOSFET‌‌is‌‌                               
DMP3098L-8,‌‌and‌‌looks‌‌to‌‌be‌‌connected‌‌to‌‌the‌‌regulator‌‌via‌‌a‌‌jumper.‌‌This‌‌e-switch‌‌has‌‌                             
a‌ ‌100MΩ‌ ‌insulation‌ ‌resistance‌ ‌and‌ ‌a‌ ‌70mΩ‌ ‌contact‌ ‌resistance.‌ ‌The‌ ‌mechanical‌ ‌and‌‌                       
electrical‌ ‌life‌ ‌cycle‌ ‌of‌ ‌it‌ ‌is‌ ‌approximately‌ ‌10,000‌ ‌cycles.‌ ‌ 
‌ 

Along‌ ‌with‌ ‌this‌ ‌e-switch,‌‌we‌‌have‌‌a‌‌LDO‌‌voltage‌‌regulator‌‌also‌‌located‌‌in‌‌the‌‌five‌‌volt‌‌                               
power‌ ‌supply.‌ ‌The‌ ‌part‌ ‌number‌ ‌for‌ ‌this‌ ‌LDO‌ ‌voltage‌ ‌regulator‌ ‌is‌ ‌NCP1117ST50T3G.‌‌                       
This‌‌regulator‌‌provides‌‌an‌‌output‌‌current‌‌above‌‌one‌‌amp‌‌and‌‌a‌‌maximum‌‌dropout‌‌voltage‌‌                           
of‌ ‌1.2‌ ‌volts‌ ‌at‌ ‌800‌ ‌milliamps.‌ ‌This‌ ‌component‌ ‌is‌ ‌within‌ ‌±1%‌ ‌accuracy‌ ‌and‌ ‌has‌ ‌safe‌‌                             
operating‌ ‌and‌ ‌thermal‌ ‌shutdown‌ ‌protection.‌ ‌ 
‌ 

We‌‌also‌‌took‌‌notice‌‌of‌‌a‌‌linear‌‌regulator‌‌in‌‌our‌‌3.3V‌‌power‌‌supply.‌‌This‌‌linear‌‌regulator‌‌                               
has‌‌a‌‌part‌‌number‌‌of‌‌AP2112K-3.3‌‌and‌‌is‌‌a‌‌surface‌‌mounted‌‌component.‌‌It‌‌uses‌‌CMOS‌‌                             
technology‌ ‌and‌‌will‌‌deliver‌‌a‌‌guaranteed‌‌600‌‌milliamps‌‌of‌‌continuous‌‌load‌‌current.‌‌The‌‌                         
accuracy‌ ‌of‌ ‌this‌ ‌regulator‌ ‌is‌ ‌±1.5%‌ ‌and‌ ‌contains‌ ‌a‌ ‌fast‌ ‌loop‌ ‌response.‌ ‌This‌ ‌fast‌ ‌loop‌‌                             
response‌‌will‌‌provide‌‌us‌‌with‌‌high‌‌performance‌‌capabilities‌‌for‌‌dealing‌‌with‌‌the‌‌line‌‌and‌‌                           
load‌ ‌transients‌ ‌in‌ ‌the‌ ‌microcontroller.‌ ‌The‌ ‌AP2112K-3.3‌ ‌has‌ ‌low‌ ‌power‌ ‌consumption‌‌                     
which‌ ‌should‌ ‌keep‌ ‌our‌ ‌microcontroller‌ ‌running‌ ‌efficiently.‌ ‌ 

‌  
There‌ ‌is‌ ‌another‌ ‌component‌ ‌similar‌ ‌to‌‌a‌‌voltage‌‌regulator,‌‌but‌‌it‌‌does‌‌not‌‌have‌‌some‌‌of‌‌                               
the‌ ‌drawbacks.‌ ‌Some‌ ‌of‌‌these‌‌drawbacks‌‌include‌‌energy‌‌loss‌‌as‌‌heat‌‌and‌‌shutting‌‌off‌‌at‌‌                             
high‌ ‌temperatures.‌ ‌This‌ ‌component‌ ‌is‌ ‌our‌ ‌buck‌ ‌converter,‌ ‌the‌ ‌HILetgo‌‌MP2307,‌‌and‌‌it‌‌                         
will‌ ‌step‌ ‌down‌ ‌the‌ ‌voltage‌ ‌from‌‌the‌‌battery‌‌to‌‌6V‌‌for‌‌the‌‌MCU.‌‌Our‌‌MCU‌‌can‌‌tolerate‌‌                                 
voltage‌‌values‌‌between‌‌6V‌‌and‌‌12V‌‌going‌‌into‌‌VIN‌‌and‌‌we‌‌have‌‌considered‌‌using‌‌other‌‌                             
buck‌‌converters‌‌such‌‌as‌‌the‌‌Pololu‌‌9V‌‌D24V22F9‌‌or‌‌its‌‌other‌‌variations.‌‌Table‌‌12‌‌shows‌‌                             
the‌ ‌comparison‌ ‌between‌‌the‌‌two‌‌aforementioned‌‌buck‌‌converters.‌‌The‌‌comparison‌‌done‌‌                     
with‌ ‌the‌‌Pololu‌‌9V‌‌converter‌‌can‌‌be‌‌applied‌‌to‌‌its‌‌6V,‌‌7.5V,‌‌and‌‌12V‌‌counterparts‌‌since‌‌                               
they’re‌ ‌similar.‌‌ ‌  

‌  

‌ 
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‌ 

Table‌ ‌12:‌ ‌MP2307‌ ‌and‌ ‌D24V22F9‌ ‌Comparison‌ ‌ 
‌ 

Although‌‌the‌‌Pololu‌‌buck‌‌converter‌‌is‌‌generally‌‌more‌‌efficient‌‌and‌‌has‌‌higher‌‌maximum‌‌                         
specifications,‌ ‌the‌ ‌MP2307‌ ‌is‌‌more‌‌suited‌‌for‌‌our‌‌application‌‌since‌‌it's‌‌cheaper‌‌and‌‌still‌‌                           
has‌ ‌acceptable‌ ‌specifications.‌ ‌In‌ ‌addition,‌‌it‌‌also‌‌has‌‌a‌‌potentiometer‌‌that‌‌can‌‌adjust‌‌the‌‌                           
output‌‌of‌‌the‌‌buck‌‌converter‌‌making‌‌it‌‌useful‌‌for‌‌testing.‌‌Another‌‌added‌‌bonus‌‌is‌‌that‌‌the‌‌                               
product‌ ‌comes‌ ‌with‌ ‌10‌ ‌pieces,‌ ‌which‌ ‌again,‌ ‌is‌ ‌useful‌ ‌for‌ ‌testing‌ ‌purposes‌ ‌if‌ ‌somehow‌‌                           
some‌ ‌of‌ ‌the‌ ‌converters‌ ‌became‌ ‌damaged‌ ‌during‌ ‌the‌ ‌process.‌ ‌ 
‌ 

3.8‌ ‌Battery‌ ‌Management‌ ‌System‌ ‌(BMS)‌ ‌ 
‌ 

A‌‌battery‌‌management‌‌system,‌‌or‌‌BMS‌‌for‌‌short,‌‌is‌‌a‌‌system‌‌that‌‌manages‌‌a‌‌rechargeable‌‌                             
battery.‌ ‌The‌ ‌BMS‌ ‌can‌ ‌be‌ ‌either‌ ‌analog‌ ‌or‌ ‌digital‌‌in‌‌nature‌‌and‌‌the‌‌way‌‌that‌‌it‌‌manages‌‌                                 
these‌‌rechargeable‌‌batteries‌‌is‌‌by‌‌monitoring,‌‌recording‌‌and‌‌calculating‌‌data,‌‌balancing‌‌it,‌‌                       
and‌‌keeping‌‌it‌‌at‌‌the‌‌appropriate‌‌temperature.‌‌The‌‌BMS‌‌is‌‌an‌‌essential‌‌part‌‌of‌‌any‌‌system‌‌                               
containing‌‌a‌‌battery,‌‌as‌‌it‌‌keeps‌‌the‌‌parameters‌‌of‌‌the‌‌battery,‌‌or‌‌batteries,‌‌in‌‌a‌‌reasonable‌‌                               
set‌ ‌of‌ ‌bounds‌ ‌to‌ ‌prolong‌ ‌the‌ ‌life‌ ‌of‌ ‌the‌ ‌battery‌ ‌and‌ ‌the‌ ‌equipment‌ ‌that‌ ‌it‌ ‌is‌ ‌attached‌ ‌to.‌ ‌ 

‌ 
The‌ ‌most‌ ‌important‌ ‌function‌ ‌of‌ ‌the‌ ‌BMS‌ ‌is‌ ‌monitoring‌ ‌the‌‌battery,‌‌when‌‌it‌‌does‌‌this‌‌it‌‌                               
checks‌‌multiple‌‌metrics‌‌including:‌‌voltage,‌‌temperature,‌‌coolant‌‌flow,‌‌and‌‌current.‌‌When‌‌                     
the‌‌BMS‌‌measures‌‌the‌‌voltage,‌‌it‌‌measures‌‌the‌‌total‌‌voltage,‌‌that‌‌of‌‌the‌‌individual‌‌cells,‌‌                             
and‌‌that‌‌of‌‌the‌‌periodic‌‌taps.‌‌When‌‌it‌‌measures‌‌the‌‌temperature‌‌it‌‌measures‌‌the‌‌average,‌‌                             
the‌ ‌coolant‌ ‌intake,‌ ‌the‌ ‌coolant‌‌output,‌‌or‌‌and‌‌the‌‌individual‌‌cells.‌‌When‌‌it‌‌measures‌‌the‌‌                             
coolant‌ ‌flow,‌ ‌it‌ ‌checks‌ ‌either‌ ‌air‌ ‌or‌ ‌fluid‌ ‌cooled‌ ‌batteries.‌ ‌Lastly,‌ ‌when‌ ‌it‌ ‌checks‌ ‌for‌‌                             
current‌ ‌it‌ ‌checks‌ ‌the‌ ‌amount‌ ‌coming‌‌in‌‌to‌‌or‌‌out‌‌of‌‌the‌‌battery.‌‌All‌‌of‌‌these‌‌metrics‌‌are‌‌                                   
essential‌ ‌for‌ ‌keeping‌ ‌the‌ ‌battery‌ ‌or‌ ‌batteries‌ ‌within‌ ‌safe‌ ‌operating‌ ‌parameters.‌ ‌ 

‌ 
One‌ ‌benefit‌ ‌of‌ ‌the‌ ‌BMS‌ ‌is‌ ‌that‌ ‌it‌ ‌has‌ ‌the‌ ‌capability‌ ‌to‌ ‌measure‌ ‌each‌ ‌cell's‌ ‌voltage‌‌                               
individually,‌ ‌and‌ ‌can‌ ‌inform‌ ‌you‌ ‌when‌ ‌one‌ ‌cell‌ ‌no‌ ‌longer‌ ‌reaches‌ ‌the‌ ‌threshold‌ ‌that‌‌is‌‌                             
required.‌‌This‌‌allows‌‌for‌‌a‌‌quick‌‌response‌‌to‌‌replace‌‌the‌‌cells‌‌within‌‌a‌‌battery‌‌to‌‌keep‌‌it‌‌                                 
working‌ ‌as‌ ‌needed.‌ ‌Not‌ ‌only‌ ‌does‌ ‌the‌ ‌BMS‌‌measure‌‌individual‌‌cell‌‌voltage,‌‌but‌‌it‌‌also‌‌                             
individually‌ ‌balances‌ ‌the‌ ‌cells.‌ ‌This‌ ‌allows‌ ‌for‌ ‌proper‌ ‌compensation‌‌so‌‌that‌‌the‌‌overall‌‌                         
health‌ ‌of‌ ‌the‌ ‌battery‌ ‌is‌ ‌not‌ ‌compromised.‌ ‌If‌ ‌a‌ ‌cell‌ ‌were‌ ‌to‌ ‌short‌ ‌circuit,‌ ‌and‌ ‌fail,‌ ‌the‌‌                                 
stability‌ ‌of‌ ‌the‌ ‌entire‌ ‌battery‌ ‌can‌ ‌be‌ ‌in‌ ‌jeopardy.‌‌ ‌  
‌ 

‌ 
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Key‌ ‌Points‌ ‌  HILetgo‌ ‌MP2307‌ ‌(10‌‌ 
Pieces)‌ ‌ 

Pololu‌ ‌9V‌ ‌2.3A‌ ‌D24V22F9‌‌ 
(1‌ ‌Piece)‌ ‌ 

Cost‌ ‌  $7.79‌ ‌  $9.95‌ ‌ 

Input‌ ‌Voltage‌ ‌  4.75V-23V‌ ‌  (for‌ ‌2.3A)‌ ‌10V-36V‌ ‌ 

Output‌ ‌Voltage‌ ‌  1.0V-17V‌ ‌(Potentiometer)‌ ‌  9V‌ ‌ 

Output‌ ‌Current‌ ‌  1.8A‌ ‌  1.5A-2.3A‌ ‌ 

Typical‌ ‌Efficiency‌ ‌  80%-95%‌ ‌  85%-95%‌ ‌ 



‌ 
While‌‌certain‌‌types‌‌of‌‌batteries‌‌do‌‌not‌‌require‌‌a‌‌BMS,‌‌like‌‌lithium‌‌batteries,‌‌the‌‌benefits‌‌                             
of‌‌having‌‌one‌‌far‌‌exceed‌‌the‌‌risks‌‌of‌‌not‌‌having‌‌one.‌‌Having‌‌the‌‌stability‌‌that‌‌comes‌‌with‌‌                                 
a‌‌BMS‌‌is‌‌not‌‌only‌‌a‌‌large‌‌benefit,‌‌but‌‌the‌‌capability‌‌to‌‌interface‌‌with‌‌other‌‌systems,‌‌and‌‌                                 
subsystems,‌ ‌in‌ ‌the‌ ‌overall‌‌product‌‌provides‌‌another‌‌layer‌‌of‌‌user‌‌interfacing‌‌that‌‌allows‌‌                         
the‌ ‌product‌ ‌to‌ ‌go‌ ‌the‌ ‌extra‌ ‌mile.‌ ‌ 
‌ 

3.8.1‌ ‌What‌ ‌Makes‌ ‌Up‌ ‌the‌ ‌BMS?‌ ‌ 
‌ 

The‌ ‌BMS‌ ‌architecture‌ ‌is‌ ‌typically‌ ‌built‌ ‌to‌ ‌include‌ ‌multiple‌ ‌functional‌ ‌blocks‌ ‌of‌‌                       
components,‌ ‌typically‌ ‌including‌ ‌cutoff‌ ‌FETs,‌ ‌fuel-gauge‌ ‌monitor,‌ ‌cell-voltage‌ ‌monitor,‌‌                 
cell-voltage‌ ‌balance,‌ ‌real-time‌ ‌clock,‌ ‌temperature‌ ‌monitor,‌ ‌and‌ ‌a‌ ‌state‌ ‌machine.‌ ‌[133]‌‌                     
The‌ ‌basic‌ ‌layout‌ ‌of‌ ‌a‌ ‌BMS‌ ‌can‌ ‌be‌ ‌seen‌ ‌in‌ ‌the‌ ‌figure‌ ‌below:‌ ‌ 
‌ 

‌ 
Figure‌ ‌41:‌ ‌BMS‌ ‌System‌ ‌Diagram‌ ‌ 

‌ 
The‌ ‌FET-driver‌ ‌is‌ ‌the‌ ‌section‌ ‌of‌ ‌the‌ ‌BMS‌ ‌that‌‌is‌‌responsible‌‌for‌‌the‌‌battery‌‌connection‌‌                             
and‌ ‌the‌ ‌isolation‌ ‌between‌ ‌the‌ ‌load‌ ‌and‌ ‌the‌ ‌charger.‌ ‌Its‌ ‌behavior‌ ‌is‌ ‌affirmed‌ ‌from‌ ‌the‌‌                             
measurements‌ ‌of‌ ‌the‌ ‌individual‌‌battery‌‌cell‌‌voltages,‌‌the‌‌current‌‌measurements,‌‌and‌‌the‌‌                       
real‌ ‌time‌ ‌detection‌ ‌circuitry.‌ ‌Within‌ ‌the‌ ‌BMS‌ ‌setup‌ ‌there‌ ‌are‌ ‌two‌ ‌different‌ ‌types‌ ‌of‌‌                           
connections‌‌for‌‌the‌‌FET‌‌that‌‌are‌‌between‌‌the‌‌battery‌‌pack‌‌and‌‌the‌‌load‌‌and‌‌charger.‌‌The‌‌                               
first‌ ‌setup‌ ‌shows‌ ‌the‌ ‌connection‌ ‌between‌ ‌the‌ ‌load‌ ‌and‌ ‌the‌ ‌charger.‌ ‌This‌‌can‌‌be‌‌seen‌‌in‌‌                               
figure‌ ‌42‌ ‌below:‌ 

‌ 
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‌ 

‌ 
Figure‌ ‌42:‌ ‌FET‌ ‌Connection‌ ‌Between‌ ‌the‌ ‌Load‌ ‌and‌ ‌Charger‌ ‌ 

‌ 
The‌‌second‌‌setup‌‌is‌‌the‌‌one‌‌that‌‌allows‌‌for‌‌the‌‌possibility‌‌to‌‌charge‌‌and‌‌discharge‌‌at‌‌the‌‌                                 
same‌‌time.‌‌On‌‌top‌‌of‌‌this‌‌possibility,‌‌it‌‌also‌‌allows‌‌for‌‌the‌‌battery‌‌to‌‌be‌‌in‌‌use‌‌at‌‌the‌‌same‌‌                                       
time‌‌as‌‌it‌‌charges.‌‌This‌‌can‌‌be‌‌beneficial‌‌to‌‌extend‌‌the‌‌use‌‌time‌‌of‌‌the‌‌product‌‌in‌‌which‌‌it‌‌                                     
is‌ ‌attached‌ ‌to.‌ ‌The‌ ‌setup‌ ‌for‌ ‌this‌ ‌can‌ ‌be‌ ‌seen‌ ‌in‌ ‌figure‌ ‌43‌ ‌below:‌ ‌ 
‌ 

‌ 
Figure‌ ‌43:‌ ‌FET‌ ‌Setup‌ ‌of‌ ‌Simultaneous‌ ‌Charging‌ ‌and‌ ‌Discharging‌ ‌ 

‌ 
62‌ ‌|‌ ‌173‌ ‌ 



‌ 
The‌‌biggest‌‌benefit‌‌of‌‌the‌‌FET‌‌driver‌‌configurations‌‌is‌‌that‌‌they‌‌can‌‌be‌‌designed‌‌in‌‌a‌‌way‌‌                                 
that‌‌allows‌‌them‌‌to‌‌connect‌‌to‌‌either‌‌the‌‌low‌‌or‌‌the‌‌high‌‌side‌‌of‌‌a‌‌battery.‌‌The‌‌benefit‌‌of‌‌a‌‌                                       
low‌‌side‌‌connection‌‌to‌‌a‌‌better,‌‌is‌‌that‌‌it‌‌doesn’t‌‌require‌‌the‌‌use‌‌of‌‌high‌‌voltage‌‌devices.‌‌                                 
Another‌ ‌benefit‌ ‌that‌ ‌is‌ ‌great‌ ‌from‌ ‌a‌ ‌business‌ ‌standpoint,‌ ‌is‌ ‌that‌ ‌this‌ ‌configuration‌ ‌can‌‌                           
reduce‌ ‌the‌ ‌cost‌ ‌as‌ ‌it‌ ‌does‌ ‌not‌ ‌need‌ ‌a‌ ‌charge‌ ‌pump.‌ ‌When‌ ‌it‌ ‌comes‌ ‌to‌ ‌a‌ ‌high‌ ‌side‌‌                                   
connection,‌ ‌it‌ ‌opens‌ ‌the‌ ‌possibility‌ ‌of‌ ‌using‌ ‌a‌ ‌solid‌ ‌ground‌ ‌reference‌ ‌for‌ ‌the‌ ‌circuitry.‌‌ ‌  
‌ 

Another‌ ‌important‌ ‌function‌ ‌of‌ ‌the‌ ‌battery‌ ‌management‌ ‌system‌ ‌is‌ ‌monitoring‌ ‌the‌ ‌cell‌‌                       
voltage‌‌of‌‌each‌‌individual‌‌cell.‌‌This‌‌is‌‌extremely‌‌vital‌‌as‌‌it‌‌determines‌‌the‌‌overall‌‌health‌‌                             
of‌ ‌the‌ ‌battery,‌ ‌and‌‌ultimately‌‌will‌‌help‌‌the‌‌user‌‌extend‌‌the‌‌battery‌‌life.‌‌Battery‌‌cells‌‌can‌‌                               
be‌ ‌connected‌ ‌in‌ ‌series‌ ‌or‌ ‌in‌ ‌parallel.‌ ‌If‌ ‌connected‌ ‌in‌ ‌series,‌ ‌it‌ ‌will‌ ‌increase‌ ‌the‌ ‌overall‌‌                               
voltage‌ ‌and‌ ‌if‌ ‌connected‌ ‌in‌ ‌parallel‌ ‌it‌ ‌will‌ ‌increase‌ ‌the‌ ‌current‌ ‌drive.‌‌This‌‌is‌‌important‌‌                             
because‌ ‌it‌ ‌will‌ ‌determine‌ ‌the‌ ‌cell‌ ‌voltage‌ ‌that‌ ‌you‌‌set‌‌for‌‌the‌‌BMS,‌‌and‌‌once‌‌you‌‌have‌‌                                 
this‌ ‌information‌ ‌the‌ ‌BMS‌ ‌can‌ ‌use‌ ‌it‌ ‌to‌ ‌determine‌ ‌if‌ ‌the‌ ‌battery‌ ‌is‌ ‌charged‌ ‌or‌ ‌not.‌‌ ‌  
‌ 

If‌‌the‌‌weakest‌‌cell‌‌reaches‌‌the‌‌charge‌‌limit‌‌first,‌‌then‌‌the‌‌rest‌‌of‌‌the‌‌cells‌‌can‌‌continue‌‌to‌‌                                   
fully‌ ‌charge.‌ ‌If‌ ‌the‌ ‌first‌ ‌cell‌ ‌reaches‌ ‌the‌ ‌set‌ ‌voltage‌ ‌limit,‌ ‌it‌‌will‌‌trip‌‌the‌‌battery‌‌charge‌‌                                 
limit.‌‌Unfortunately‌‌this‌‌charging‌‌setup‌‌does‌‌not‌‌allow‌‌for‌‌the‌‌maximum‌‌battery‌‌on‌‌time‌‌                           
per‌‌charge,‌‌it‌‌actually‌‌reduces‌‌the‌‌lifetime‌‌of‌‌the‌‌battery‌‌because‌‌it‌‌requires‌‌more‌‌charge‌‌                             
and‌ ‌discharge‌ ‌cycles.‌‌ ‌  

‌ 
To‌ ‌improve‌ ‌this,‌ ‌we‌ ‌slow‌ ‌the‌ ‌charge‌ ‌on‌ ‌the‌ ‌weakest‌ ‌cell‌ ‌which‌ ‌will‌ ‌require‌ ‌the‌‌                             
connection‌‌of‌‌a‌‌bypass‌‌FET‌‌with‌‌a‌‌current‌‌limiting‌‌resistor‌‌across‌‌the‌‌cell.‌‌The‌‌result‌‌of‌‌                               
this‌‌is‌‌that‌‌the‌‌other‌‌cells‌‌in‌‌the‌‌battery‌‌will‌‌be‌‌able‌‌to‌‌continue‌‌to‌‌progress‌‌and‌‌eventually‌‌                                   
catch‌ ‌up.‌ ‌Configurations‌ ‌for‌ ‌a‌ ‌bypass‌ ‌cell‌ ‌balancing‌ ‌FET‌ ‌can‌ ‌be‌ ‌seen‌ ‌below:‌ ‌ 
‌ 

‌ 
Figure‌ ‌44:‌ ‌Bypass‌ ‌FET‌ ‌Slowing‌ ‌the‌ ‌Charge‌ ‌Rate‌ ‌ 

‌ 
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‌ 
In‌ ‌figure‌ ‌45‌ ‌above,‌ ‌the‌ ‌bypass‌ ‌cell‌ ‌balancing‌ ‌FET‌ ‌slows‌‌the‌‌charge‌‌rate‌‌of‌‌the‌‌specific‌‌                               
cell‌ ‌in‌ ‌the‌ ‌charge‌ ‌cycle.‌‌ ‌  
‌ 

‌ 
Figure‌ ‌45:‌ ‌Active‌ ‌Balancing‌ ‌During‌ ‌Discharge‌ ‌Cycle‌ ‌ 

‌ 
In‌‌figure‌‌44‌‌above,‌‌active‌‌balancing‌‌is‌‌used‌‌during‌‌the‌‌discharge‌‌cycle.‌‌This‌‌allows‌‌it‌‌to‌‌                               
take‌ ‌the‌ ‌charge‌ ‌from‌ ‌a‌ ‌stronger‌ ‌cell‌ ‌and‌ ‌redirect‌ ‌it‌ ‌to‌ ‌a‌ ‌weaker‌ ‌cell.‌‌ ‌  
‌ 

The‌‌architecture‌‌for‌‌the‌‌BMS‌‌is‌‌vital‌‌to‌‌understanding‌‌how‌‌and‌‌why‌‌the‌‌BMS‌‌is‌‌such‌‌an‌‌                                 
important‌ ‌component‌ ‌of‌ ‌our‌ ‌project.‌ ‌The‌ ‌functions‌ ‌that‌ ‌the‌ ‌BMS‌ ‌is‌‌able‌‌to‌‌accomplish‌‌                           
allows‌‌for‌‌the‌‌longevity‌‌of‌‌our‌‌battery‌‌and‌‌the‌‌individual‌‌cells‌‌as‌‌well‌‌as‌‌the‌‌longevity‌‌of‌‌                                 
the‌ ‌overall‌ ‌design.‌ ‌With‌ ‌a‌ ‌good‌ ‌BMS‌ ‌we‌ ‌can‌ ‌make‌ ‌a‌‌quality‌‌product‌‌for‌‌the‌‌consumer‌‌                               
and‌ ‌still‌ ‌do‌ ‌so‌ ‌without‌ ‌exceeding‌ ‌a‌ ‌low‌ ‌budget.‌ ‌ 
‌ 

3.8.2‌ ‌Comparison‌ ‌of‌ ‌Different‌ ‌BMS’s‌ ‌ 
‌ 

After‌ ‌searching‌‌for‌‌many‌‌different‌‌LiFePO4‌‌BMS’s‌‌and‌‌comparing‌‌the‌‌specifications‌‌of‌‌                       
each‌‌one,‌‌we‌‌did‌‌manage‌‌to‌‌settle‌‌on‌‌one.‌‌While‌‌comparing,‌‌I‌‌found‌‌four‌‌different‌‌BMS’s‌‌                               
that‌‌could‌‌potentially‌‌be‌‌used.‌‌The‌‌four‌‌models‌‌will‌‌have‌‌a‌‌brief‌‌summary‌‌in‌‌sub-sections‌‌                             
of‌ ‌3.8.3‌ ‌with‌ ‌a‌ ‌comparison‌ ‌table‌ ‌seen‌ ‌below‌ ‌in‌ ‌section‌ ‌3.8.2.4.‌ ‌ 
‌ 

3.8.2.1‌ ‌HEYO‌ ‌Smart‌ ‌BMS‌ ‌F4S12V60A‌ ‌BT‌ ‌ 
‌ 

The‌‌HEYO‌‌Smart‌‌BMS‌‌is‌‌our‌‌first‌‌choice‌‌for‌‌a‌‌battery‌‌management‌‌system.‌‌The‌‌reason‌‌                             
for‌ ‌this‌ ‌is‌ ‌because‌ ‌of‌ ‌the‌ ‌reliability‌‌it‌‌seems‌‌to‌‌have.‌‌Even‌‌though‌‌it‌‌is‌‌not‌‌the‌‌cheapest‌‌                                   
option‌ ‌of‌ ‌the‌ ‌four,‌ ‌it‌ ‌still‌ ‌has‌ ‌a‌ ‌reasonable‌ ‌price‌ ‌tag‌ ‌of‌ ‌$45.92.‌ ‌A‌ ‌main‌ ‌option‌ ‌that‌ ‌we‌‌                                   
wanted‌ ‌to‌ ‌have‌ ‌with‌ ‌our‌ ‌battery‌ ‌management‌ ‌system‌ ‌is‌ ‌the‌ ‌NTC‌ ‌capability,‌ ‌and‌ ‌this‌‌                           
specific‌ ‌battery‌ ‌management‌ ‌system‌ ‌has‌ ‌it.‌ ‌We‌ ‌also‌ ‌wanted‌ ‌to‌ ‌have‌ ‌the‌ ‌customization‌‌                         

‌ 
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‌ 
option‌ ‌through‌ ‌the‌ ‌supplier‌ ‌that‌ ‌allowed‌ ‌us‌ ‌to‌ ‌adjust‌ ‌the‌ ‌strings‌ ‌in‌ ‌the‌ ‌event‌ ‌that‌ ‌we‌‌                               
wanted‌ ‌to‌ ‌make‌ ‌a‌ ‌battery‌ ‌in‌ ‌parallel‌ ‌at‌ ‌a‌ ‌later‌‌date.‌‌The‌‌biggest‌‌bonus‌‌of‌‌choosing‌‌this‌‌                                 
model‌‌is‌‌the‌‌added‌‌smartphone‌‌app‌‌capability‌‌for‌‌the‌‌end‌‌user.‌‌Having‌‌this‌‌option‌‌allows‌‌                             
the‌ ‌consumer‌ ‌to‌ ‌monitor‌ ‌the‌ ‌basic‌ ‌behavior‌ ‌of‌ ‌the‌ ‌battery‌ ‌from‌ ‌a‌ ‌distance.‌ ‌ 
‌ 

3.8.2.2‌ ‌DALY‌ ‌Waterproof‌ ‌LiFePO4‌ ‌BMS‌ ‌ 
‌ 

Our‌ ‌second‌ ‌choice‌ ‌was‌ ‌the‌ ‌DALY‌ ‌waterproof‌ ‌LiFePO4‌ ‌battery‌ ‌management‌ ‌system‌‌                     
because‌ ‌it‌ ‌is‌ ‌nearly‌ ‌identical‌ ‌to‌ ‌the‌ ‌HEYO‌ ‌BMS‌ ‌that‌ ‌we‌ ‌decided‌ ‌upon.‌ ‌The‌ ‌biggest‌‌                             
differences‌ ‌between‌ ‌the‌‌two‌‌were‌‌that‌‌the‌‌DALY‌‌battery‌‌management‌‌system‌‌was‌‌not‌‌a‌‌                           
smart‌ ‌system‌ ‌and‌ ‌it‌ ‌had‌ ‌to‌ ‌be‌ ‌bought‌ ‌in‌ ‌quantities‌ ‌of‌ ‌five.‌ ‌Even‌ ‌though‌ ‌this‌ ‌model‌ ‌is‌‌                                 
cheaper‌‌individually‌‌by‌‌a‌‌considerable‌‌margin,‌‌it‌‌was‌‌nearly‌‌double‌‌the‌‌cost‌‌to‌‌buy‌‌it‌‌in‌‌                               
the‌ ‌larger‌ ‌quantity.‌ ‌A‌ ‌benefit‌ ‌that‌ ‌this‌ ‌model‌ ‌had‌ ‌over‌ ‌the‌ ‌HEYO‌ ‌model‌ ‌was‌ ‌the‌‌                             
waterproofing‌‌ability,‌‌which‌‌could‌‌come‌‌in‌‌handy‌‌due‌‌to‌‌the‌‌device‌‌needing‌‌to‌‌be‌‌outside‌‌                             
in‌ ‌the‌ ‌weather‌ ‌to‌ ‌charge.‌ ‌ 
‌ 

3.8.2.3‌ ‌MGod‌ ‌Smart‌ ‌LiFePO4‌ ‌BMS‌ ‌ 
‌ 

The‌‌third‌‌choice‌‌that‌‌we‌‌found‌‌while‌‌searching‌‌for‌‌a‌‌battery‌‌management‌‌system‌‌was‌‌the‌‌                             
MGod‌ ‌Smart‌ ‌LiFePO4‌ ‌BMS.‌ ‌This‌ ‌model‌ ‌had‌ ‌many‌ ‌of‌ ‌the‌ ‌same‌ ‌benefits‌ ‌found‌ ‌in‌ ‌the‌‌                             
HEYO‌‌BMS‌‌model,‌‌but‌‌it‌‌had‌‌a‌‌longer‌‌lead‌‌time‌‌for‌‌shipping‌‌and‌‌did‌‌not‌‌have‌‌the‌‌option‌‌                                   
for‌ ‌customizability.‌ ‌We‌ ‌also‌ ‌noticed‌‌that‌‌it‌‌seemed‌‌to‌‌have‌‌a‌‌considerably‌‌lower‌‌review‌‌                           
count‌ ‌than‌ ‌the‌ ‌HEYO‌ ‌model‌ ‌which‌ ‌led‌ ‌us‌ ‌to‌ ‌believe‌ ‌it‌ ‌was‌ ‌either‌ ‌less‌ ‌reliable‌ ‌or‌ ‌less‌‌                                 
tested‌‌in‌‌the‌‌market.‌‌This‌‌model‌‌was‌‌the‌‌cheapest‌‌to‌‌order‌‌at‌‌$30.70‌‌and‌‌like‌‌the‌‌HEYO‌‌                                 
BMS‌ ‌model,‌ ‌it‌ ‌could‌ ‌be‌ ‌ordered‌ ‌one‌ ‌piece‌ ‌at‌ ‌a‌ ‌time.‌ ‌ 
‌ 

3.8.2.4‌ ‌GFS-SP04S020‌ ‌LiFePO4‌ ‌Smart‌ ‌BMS‌ ‌ 
‌ 

The‌ ‌GFS-SP04S020‌ ‌LiFePO4‌ ‌Smart‌ ‌BMS‌ ‌was‌ ‌our‌ ‌fourth,‌ ‌and‌ ‌last‌ ‌choice‌ ‌of‌ ‌the‌ ‌four‌‌                           
different‌‌BMS‌‌models.‌‌This‌‌model‌‌did‌‌have‌‌smart‌‌system‌‌capabilities,‌‌but‌‌it‌‌did‌‌not‌‌have‌‌                             
a‌ ‌case‌ ‌around‌ ‌the‌ ‌system‌ ‌and‌ ‌thus‌ ‌risked‌‌exposure‌‌to‌‌failing‌‌in‌‌a‌‌much‌‌faster‌‌period‌‌of‌‌                                 
time.‌ ‌This‌ ‌model‌ ‌also‌ ‌ended‌ ‌up‌ ‌being‌ ‌the‌ ‌most‌ ‌expensive‌ ‌model,‌ ‌both‌ ‌per‌ ‌piece‌ ‌and‌‌                             
overall.‌ ‌Due‌ ‌to‌ ‌this‌ ‌BMS‌ ‌needing‌ ‌to‌ ‌be‌ ‌purchased‌ ‌as‌ ‌a‌ ‌quantity‌ ‌of‌ ‌two,‌ ‌and‌ ‌the‌ ‌price‌‌                                 
point‌ ‌of‌ ‌the‌ ‌individual‌ ‌piece,‌ ‌we‌ ‌placed‌ ‌it‌ ‌at‌ ‌the‌ ‌bottom‌ ‌of‌ ‌our‌ ‌choices.‌ 

‌ 
Below‌‌is‌‌the‌‌table‌‌that‌‌was‌‌previously‌‌mentioned,‌‌it‌‌shows‌‌the‌‌comparison‌‌of‌‌each‌‌BMS‌‌                             
for‌ ‌the‌ ‌specifications‌ ‌and‌ ‌the‌ ‌reasons‌ ‌for‌ ‌the‌ ‌order‌ ‌in‌ ‌which‌ ‌we‌ ‌placed‌ ‌our‌ ‌choices.‌ ‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 

‌ 
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‌ 

Table‌ ‌13:‌ ‌Comparison‌ ‌of‌ ‌BMS’s‌ ‌ 
‌ 

3.8.3‌ ‌Our‌ ‌Battery‌ ‌Management‌ ‌System‌ ‌ 
‌ 

For‌ ‌our‌ ‌battery‌ ‌management‌ ‌system‌ ‌we‌ ‌are‌ ‌going‌ ‌to‌ ‌be‌ ‌using‌ ‌one‌ ‌that‌ ‌is‌ ‌meant‌‌                             
specifically‌ ‌for‌ ‌a‌ ‌lithium‌ ‌iron‌ ‌phosphate‌ ‌battery.‌ ‌Due‌ ‌to‌ ‌our‌ ‌cells‌ ‌being‌ ‌connected‌ ‌in‌‌                           
series‌ ‌as‌ ‌it‌ ‌is‌ ‌the‌ ‌preferred‌ ‌method‌ ‌for‌ ‌lithium‌‌cells,‌‌we‌‌will‌‌be‌‌utilizing‌‌a‌‌BMS‌‌with‌‌a‌‌                                   
single‌ ‌string.‌ ‌We‌ ‌have‌ ‌chosen‌ ‌the‌ ‌HEYO‌ ‌Smart‌ ‌BMS,‌ ‌in‌ ‌the‌ ‌F4S12V60A‌ ‌BT‌ ‌model.‌‌                           
This‌ ‌specific‌ ‌BMS‌ ‌will‌ ‌allow‌ ‌us‌ ‌to‌ ‌monitor‌ ‌our‌ ‌cells‌ ‌via‌ ‌bluetooth‌ ‌with‌ ‌a‌ ‌smartphone‌‌                             
application.‌ ‌We‌ ‌feel‌ ‌that‌ ‌this‌ ‌allows‌‌for‌‌more‌‌peace‌‌of‌‌mind‌‌for‌‌the‌‌user‌‌as‌‌they‌‌do‌‌not‌‌                                   
have‌‌to‌‌be‌‌within‌‌an‌‌extremely‌‌close‌‌proximity‌‌of‌‌the‌‌device‌‌to‌‌monitor‌‌it.‌‌This‌‌specific‌‌                               
model‌‌provides‌‌over‌‌charge‌‌protection,‌‌short‌‌circuit‌‌protection,‌‌UART‌‌function,‌‌and‌‌NTC‌‌                       
capability.‌ ‌This‌ ‌model‌ ‌is‌ ‌also‌ ‌air‌ ‌cooled‌ ‌and‌ ‌will‌ ‌not‌ ‌require‌ ‌an‌ ‌external‌ ‌cooling‌‌                           
component‌ ‌to‌ ‌prevent‌ ‌overheating.‌ ‌ 
‌ 

This‌ ‌model‌ ‌of‌‌BMS‌‌is‌‌set‌‌up‌‌in‌‌a‌‌basic‌‌format‌‌with‌‌a‌‌positive‌‌pole‌‌labeled‌‌as‌‌B+‌‌and‌‌a‌‌                                       
negative‌‌pole‌‌labeled‌‌as‌‌B-.‌‌The‌‌positive‌‌pole‌‌is‌‌designated‌‌as‌‌a‌‌red‌‌wire‌‌and‌‌connects‌‌to‌‌                                 
the‌‌last‌‌series‌‌of‌‌the‌‌battery‌‌pack‌‌while‌‌the‌‌negative‌‌pole‌‌is‌‌designated‌‌with‌‌a‌‌black‌‌wire‌‌                                 
and‌‌connected‌‌to‌‌the‌‌first‌‌series‌‌in‌‌the‌‌battery‌‌pack.‌‌These‌‌series’‌‌in‌‌the‌‌battery‌‌pack‌‌are‌‌                                 
then‌ ‌connected‌ ‌to‌‌a‌‌plug‌‌that‌‌will‌‌connect‌‌to‌‌the‌‌BMS.‌‌Below‌‌is‌‌the‌‌wiring‌‌diagram‌‌for‌‌                                 
the‌ ‌model‌ ‌of‌ ‌BMS‌ ‌that‌ ‌we‌ ‌will‌ ‌be‌ ‌using:‌ ‌ 
‌ 

‌ 
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Key‌ ‌Points‌ ‌ 

HEYO‌ ‌Smart‌‌ 
BMS‌‌ 

F4S12V60A‌‌ 
BT‌ ‌ 

DALY‌‌ 
Waterproof‌‌ 
LiFePO4‌‌ 

BMS‌ ‌ 

MGod‌ ‌Smart‌ 
LiFePO4‌‌ 

BMS‌ ‌ 

GFS-SP04S0‌
20LiFePO4‌‌ 
Smart‌ ‌BMS‌ ‌ 

Rated‌ ‌Nominal‌ ‌Voltage‌  12.8V‌ ‌  12.8V‌ ‌  12.8V‌ ‌  12.8V‌ ‌ 

Rated‌ ‌Cell‌ ‌Voltage‌ ‌  3.2V‌ ‌  3.2V‌ ‌  3.2V‌ ‌  3.2V‌ ‌ 

Rated‌ ‌Amperage‌ ‌  60A‌ ‌  60A‌ ‌  60A‌ ‌  60A‌ ‌ 

Price‌ ‌  $45.92‌ ‌  $24.21‌ ‌  $30.70‌ ‌  $58.00‌ ‌ 



‌ 

‌ 
Figure‌ ‌46:‌ ‌BMS‌ ‌Wiring‌ ‌Diagram‌ ‌ 

‌ 
The‌ ‌next‌ ‌topic‌ ‌that‌ ‌will‌ ‌be‌ ‌discussed‌ ‌in‌ ‌this‌ ‌section‌ ‌is‌ ‌the‌ ‌parameters‌ ‌of‌ ‌the‌ ‌specific‌‌                               
model‌ ‌of‌ ‌BMS‌ ‌that‌‌we‌‌have‌‌selected.‌‌This‌‌model‌‌through‌‌HEYO‌‌has‌‌the‌‌parameter‌‌list‌‌                             
provided‌ ‌by‌ ‌the‌ ‌manufacturer.‌ ‌This‌ ‌parameter‌ ‌list‌ ‌goes‌ ‌over‌ ‌many‌ ‌different‌ ‌items‌ ‌to‌‌                         
include:‌ ‌discharge,‌ ‌inner‌ ‌resistance,‌ ‌charge,‌ ‌over‌ ‌charge‌ ‌protection,‌ ‌balance,‌ ‌over‌‌                   
discharge‌ ‌protection,‌ ‌overcurrent‌ ‌protection,‌ ‌short‌ ‌circuit‌ ‌protection,‌ ‌temperature‌‌               
protection,‌‌self‌‌consumption,‌‌working‌‌temperature,‌‌and‌‌storage‌‌temperature.‌‌These‌‌are‌‌all‌‌                     
important‌‌parameters‌‌to‌‌know‌‌about‌‌the‌‌BMS‌‌so‌‌that‌‌when‌‌it‌‌is‌‌being‌‌operated‌‌with‌‌our‌‌                               
device‌ ‌we‌ ‌know‌ ‌the‌ ‌limits‌ ‌of‌ ‌what‌ ‌it‌ ‌can‌ ‌be‌ ‌put‌ ‌under.‌ ‌The‌ ‌table‌ ‌will‌ ‌give‌ ‌us‌ ‌the‌‌                                   
description,‌ ‌specification,‌ ‌unit,‌ ‌and‌ ‌any‌ ‌potential‌ ‌remarks‌ ‌for‌ ‌each‌ ‌of‌‌these‌‌parameters.‌‌                       
This‌ ‌table‌ ‌can‌ ‌be‌ ‌seen‌ ‌below:‌ ‌ 
‌ 

While‌ ‌assembling‌ ‌our‌ ‌design‌ ‌during‌ ‌senior‌ ‌design‌ ‌II,‌ ‌we‌ ‌encountered‌ ‌a‌ ‌few‌ ‌issues‌ ‌with‌‌ 
the‌ ‌implementation‌ ‌of‌ ‌our‌ ‌battery‌ ‌management‌ ‌system.‌ ‌The‌ ‌first‌ ‌issue‌ ‌we‌ ‌encountered‌‌ 
was‌ ‌a‌ ‌fault‌ ‌error‌ ‌given‌ ‌by‌ ‌the‌ ‌BMS‌ ‌when‌ ‌the‌ ‌device‌ ‌was‌ ‌fully‌ ‌assembled.‌ ‌This‌ ‌fault‌ ‌error‌‌ 
was‌ ‌troubleshot‌ ‌and‌ ‌found‌ ‌to‌ ‌be‌ ‌caused‌ ‌by‌ ‌the‌ ‌inverter‌ ‌needing‌ ‌a‌ ‌momentary‌ ‌charge‌ ‌due‌‌ 
to‌ ‌a‌ ‌capacitor‌ ‌inside‌ ‌of‌ ‌the‌ ‌inverter‌ ‌itself.‌ ‌This‌ ‌was‌ ‌solved‌ ‌by‌ ‌the‌ ‌implementation‌ ‌of‌ ‌a‌‌ 
momentary‌ ‌bypass‌ ‌switch‌ ‌to‌ ‌allow‌ ‌us‌ ‌to‌ ‌send‌ ‌a‌ ‌brief‌ ‌period‌ ‌of‌ ‌power‌ ‌to‌ ‌the‌ ‌inverter‌ ‌to‌‌ 
charge‌ ‌said‌ ‌capacitor.‌ ‌ 
‌ 

During‌ ‌our‌ ‌final‌ ‌demonstration‌ ‌we‌ ‌had‌ ‌a‌ ‌second‌ ‌issue‌ ‌with‌ ‌the‌ ‌BMS.‌ ‌This‌ ‌issue‌ ‌was‌‌ 
another‌ ‌fault‌ ‌that‌ ‌we‌ ‌didn’t‌ ‌encounter‌ ‌during‌ ‌our‌ ‌midterm‌ ‌demo.‌ ‌Unfortunately‌ ‌while‌‌ 
troubleshooting‌ ‌this‌ ‌issue,‌ ‌we‌ ‌could‌ ‌find‌ ‌no‌ ‌other‌ ‌reason‌ ‌for‌ ‌the‌ ‌fault‌ ‌outside‌ ‌of‌ ‌a‌‌ 
software‌ ‌issue‌ ‌with‌ ‌the‌ ‌BMS.‌ ‌Due‌ ‌to‌ ‌this‌ ‌error,‌ ‌we‌ ‌hooked‌ ‌our‌ ‌battery‌ ‌directly‌ ‌to‌ ‌the‌‌ 
inverter‌ ‌to‌ ‌show‌ ‌that‌ ‌the‌ ‌design‌ ‌still‌ ‌functioned‌ ‌properly.‌ ‌While‌ ‌the‌ ‌system‌ ‌did‌ ‌function‌‌ 
as‌ ‌it‌ ‌should‌ ‌without‌ ‌the‌ ‌BMS,‌ ‌it‌ ‌is‌ ‌worth‌ ‌noting‌ ‌that‌ ‌for‌ ‌the‌ ‌health‌ ‌and‌ ‌longevity‌ ‌of‌ ‌the‌‌ 
battery‌ ‌it‌ ‌would‌ ‌be‌ ‌best‌ ‌to‌ ‌purchase‌ ‌another‌ ‌battery‌ ‌management‌ ‌system.‌ ‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 

‌ 
67‌ ‌|‌ ‌173‌ ‌ 



‌ 

Table‌ ‌14:‌ ‌BMS‌ ‌Specifications‌ ‌Table‌ ‌ 
‌ 
‌ 
‌ 
‌ 

‌ 
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‌  Description‌ ‌  Specification‌ ‌  Unit‌ ‌  Remarks‌ ‌ 

Discharge‌ ‌  Continue‌ ‌discharge‌‌ 
current‌ ‌/‌ ‌Sparkle‌ ‌Current‌ ‌ 

60‌ ‌/‌ ‌180‌ ‌±‌ ‌30‌ ‌  A‌ ‌/‌ ‌A‌ ‌  ‌ 

Inner‌‌ 
Resistance‌ ‌ 

Main‌ ‌circuit‌ ‌conduct‌‌ 
inner‌ ‌resistance‌ ‌ 

≤‌ ‌20‌ ‌  mΩ‌ ‌  ‌ 

Charge‌ ‌  Charge‌ ‌Voltage‌ ‌/‌ ‌Charge‌‌ 
Current‌ ‌ 

14.6‌ ‌/‌ ‌30‌ ‌  V‌ ‌/‌ ‌A‌ ‌  ‌ 

Over‌ ‌Charge‌‌ 
Protection‌ ‌ 

Over‌ ‌charge‌ ‌detect‌‌ 
voltage‌ ‌/‌  ‌protection‌ ‌delay‌‌ 

/‌ ‌release‌ ‌voltage‌ ‌ 

3.75‌ ‌±‌ ‌0.05‌ ‌/‌‌ 
1‌ ‌/‌‌ ‌  

3.65‌ ‌±‌ ‌0.05‌ ‌ 

V‌ ‌/‌ ‌S‌ ‌/‌ ‌V‌ ‌  Customizable‌ ‌ 

Balance‌ ‌  Balance‌ ‌detect‌ ‌voltage‌ ‌/‌‌ 
release‌ ‌voltage‌ ‌/‌ ‌current‌ ‌ 

3.2‌ ‌/‌ ‌3.2‌ ‌/‌‌ ‌  
30‌ ‌±‌ ‌5mA‌ ‌ 

V‌ ‌/‌ ‌V‌ ‌/‌ 
mA‌ ‌ 

‌ 

Over‌‌ 
Discharge‌‌ 
Protection‌ ‌ 

Over‌ ‌discharge‌ ‌detect‌‌ 
voltage‌ ‌/‌ ‌detect‌ ‌delay‌ ‌/‌‌ 

release‌ ‌voltage‌ ‌ 

2.2‌ ‌±‌ ‌0.05‌ ‌/‌ ‌1‌‌ 
/‌ ‌ 

2.3‌ ‌±‌ ‌0.05‌ ‌ 

V‌ ‌/‌ ‌S‌ ‌/‌ ‌V‌ ‌  Customizable‌ ‌ 

Overcurrent‌‌ 
Protection‌ ‌ 

Over‌ ‌current‌ ‌detect‌‌ 
voltage‌ ‌/‌ ‌detect‌ ‌delay‌ ‌ 

1‌ ‌/‌ ‌Off‌ ‌Load‌ ‌  MS‌ ‌  Customizable‌ ‌ 

Short‌ ‌Circuit‌‌ 
Protection‌ ‌ 

Short‌ ‌circuit‌ ‌protection‌‌ 
condition‌ ‌/‌ ‌detect‌ ‌delay‌ ‌/‌‌ 

protection‌ ‌release‌‌ 
condition‌ ‌ 

Short‌ ‌circuit‌‌ 
of‌ ‌external‌‌ 
load‌ ‌/‌ ‌320‌ ‌/‌‌ 

Off‌ ‌load‌ ‌ 

µS‌ ‌  ‌ 

Temperature‌‌ 
Protection‌ ‌ 

Temperature‌ ‌protection‌ ‌  Charge:‌‌ 
-40~65‌ ‌ 

Discharge‌‌ 
-40~70‌ ‌ 

°C‌ ‌  Customizable‌ ‌ 

Self‌‌ 
Consumption‌ ‌ 

Working‌ ‌current‌ ‌/‌‌ 
sleeping‌ ‌current‌ ‌ 

20‌ ‌/‌ ‌200‌ ‌  mA‌ ‌/‌ ‌µA‌ ‌  ‌ 

Working‌‌ 
Temperature‌ ‌ 

Temperature‌ ‌Range‌ ‌  -20~70‌ ‌  °C‌ ‌  ‌ 

Storage‌‌ 
Temperature‌ ‌ 

Temperature‌ ‌Range‌ ‌  -40~80‌ ‌  °C‌ ‌  ‌ 



‌ 
3.9‌ ‌Rechargeable‌ ‌Battery‌‌ ‌  
‌ 

Before‌ ‌diving‌ ‌into‌ ‌our‌ ‌battery‌ ‌choice,‌ ‌it‌ ‌is‌ ‌important‌ ‌to‌ ‌understand‌ ‌the‌ ‌science‌ ‌behind‌‌                           
high‌ ‌capacity‌ ‌electrolytic‌ ‌rechargeable‌ ‌batteries‌ ‌themselves,‌ ‌and‌ ‌the‌ ‌different‌ ‌types‌ ‌of‌‌                     
high‌ ‌capacity‌ ‌electrolytic‌ ‌rechargeable‌ ‌batteries.‌ ‌Typically,‌ ‌batteries‌ ‌at‌ ‌their‌ ‌core‌ ‌are‌‌                     
made‌‌up‌‌of‌‌multiple‌‌battery‌‌“cells”‌‌put‌‌together‌‌to‌‌achieve‌‌a‌‌desired‌‌voltage‌‌and‌‌capacity.‌‌                             
These‌ ‌combined‌ ‌cells‌ ‌create‌ ‌chemical‌ ‌reactions‌ ‌between‌ ‌themselves‌ ‌which‌ ‌cause‌ ‌the‌‌                     
electrons‌‌contained‌‌inside‌‌to‌‌flow,‌‌and‌‌thus‌‌create‌‌electricity.‌‌The‌‌three‌‌main‌‌components‌‌                         
that‌ ‌make‌ ‌up‌ ‌a‌ ‌battery‌‌are‌‌the‌‌anode,‌‌the‌‌cathode,‌‌and‌‌an‌‌electrolyte.‌‌More‌‌specifically,‌‌                             
the‌‌electrolyte‌‌which‌‌is‌‌generally‌‌an‌‌acid,‌‌is‌‌the‌‌substance‌‌inside‌‌that‌‌battery‌‌that‌‌allows‌‌                             
the‌ ‌anode‌ ‌and‌ ‌the‌ ‌cathode‌ ‌to‌ ‌react‌ ‌thus‌ ‌creating‌ ‌electricity.‌ ‌These‌‌anodes‌‌and‌‌cathodes‌‌                           
are‌ ‌composed‌ ‌of‌ ‌two‌ ‌different‌ ‌metals‌‌in‌‌order‌‌to‌‌react‌‌and‌‌create‌‌a‌‌potential‌‌difference.‌‌                             
This‌‌is‌‌explained‌‌further‌‌below‌‌in‌‌section‌‌3.9.1‌‌and‌‌can‌‌be‌‌seen‌‌in‌‌figure‌‌47‌‌below‌‌for‌‌a‌‌                                   
better‌‌understanding‌‌of‌‌this‌‌concept.‌‌As‌‌shown‌‌in‌‌the‌‌previously‌‌mentioned‌‌figure,‌‌there‌‌                         
is‌‌a‌‌positive‌‌terminal‌‌and‌‌a‌‌negative‌‌terminal‌‌(electrode).‌‌The‌‌anode‌‌can‌‌act‌‌as‌‌either‌‌the‌‌                               
positive‌‌electrode,‌‌or‌‌the‌‌negative‌‌electrode‌‌as‌‌well‌‌as‌‌the‌‌cathode‌‌acting‌‌as‌‌a‌‌positive‌‌or‌‌                               
negative‌‌electrode‌‌depending‌‌on‌‌whether‌‌the‌‌cell‌‌is‌‌a‌‌galvanic‌‌or‌‌electrolytic‌‌cell.‌‌This‌‌is‌‌                             
explained‌‌further‌‌in‌‌sections‌‌3.9.2.‌ ‌More‌‌specifically,‌‌this‌‌electricity‌‌or‌‌voltage‌‌rather,‌‌is‌‌                         
created‌‌from‌‌the‌‌transfer‌‌of‌‌ions‌‌between‌‌the‌‌anodes/cathodes‌‌and‌‌the‌‌chosen‌‌electrolyte.‌‌                         
One‌ ‌of‌ ‌the‌ ‌most‌ ‌basic‌ ‌representations‌‌that‌‌has‌‌been‌‌used‌‌for‌‌many‌‌years‌‌to‌‌explain‌‌this‌‌                               
relationship‌ ‌is‌ ‌the‌ ‌lemon‌‌battery.‌‌This‌‌experiment‌‌uses‌‌a‌‌lemon,‌‌and‌‌two‌‌different‌‌types‌‌                           
of‌ ‌metals,‌ ‌the‌ ‌metals‌ ‌being‌ ‌the‌ ‌anode‌ ‌and‌ ‌the‌ ‌cathode,‌ ‌and‌ ‌the‌‌lemon‌‌being‌‌acidic‌‌and‌‌                               
thus‌‌being‌‌the‌‌electrolyte.‌‌Though‌‌very‌‌little‌‌voltage‌‌is‌‌created,‌‌the‌‌dissolving‌‌of‌‌the‌‌two‌‌                             
different‌ ‌types‌ ‌of‌ ‌metals‌ ‌in‌ ‌the‌ ‌lemon‌ ‌juice‌ ‌creates‌ ‌a‌ ‌chemical‌ ‌reaction‌ ‌as‌ ‌described‌‌                           
above,‌ ‌and‌ ‌thus‌ ‌creates‌ ‌said‌ ‌voltage.‌ ‌[79,‌ ‌169]‌ ‌ 

‌ 

‌ 
Figure‌ ‌47:‌ ‌Potential‌ ‌Difference‌ ‌Between‌ ‌Two‌ ‌Electrodes‌ ‌ 

‌ 
3.9.1‌ ‌Voltage‌ ‌Characteristic‌ ‌(Redox‌ ‌Reactions)‌ ‌ 

‌ 
Though‌‌seemingly‌‌simple,‌‌it‌‌is‌‌important‌‌to‌‌understand‌‌the‌‌voltage‌‌characteristics‌‌behind‌‌                       
batteries.‌ ‌When‌ ‌further‌ ‌researched,‌ ‌the‌ ‌process‌ ‌for‌ ‌determining‌ ‌this‌‌voltage‌‌is‌‌far‌‌more‌‌                         

‌ 
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‌ 
complex‌‌and‌‌hinges‌‌on‌‌the‌‌specific‌‌elements‌‌chosen‌‌for‌‌the‌‌anode‌‌and‌‌the‌‌cathode‌‌of‌‌the‌‌                               
battery.‌‌The‌‌importance‌‌of‌‌these‌‌elements‌‌in‌‌terms‌‌of‌‌voltage‌‌is‌‌their‌‌individual‌‌potential‌‌                           
values.‌ ‌This‌ ‌is‌ ‌where‌ ‌the‌ ‌idea‌ ‌of‌ ‌electrochemical‌ ‌series‌ ‌comes‌ ‌in.‌ ‌The‌ ‌electrochemical‌‌                         
series‌ ‌is‌ ‌a‌ ‌list‌ ‌that‌ ‌reports‌ ‌the‌ ‌potential‌ ‌value‌ ‌of‌ ‌elements‌ ‌in‌ ‌increasing‌ ‌order.‌ ‌These‌‌                             
elemental‌ ‌potential‌ ‌values‌ ‌are‌ ‌measured‌ ‌and‌‌listed‌‌by‌‌comparing‌‌the‌‌measured‌‌value‌‌of‌‌                         
said‌ ‌elemental‌ ‌electrode‌ ‌to‌ ‌a‌ ‌hydrogen‌ ‌electrode.‌ ‌Hydrogen‌ ‌is‌ ‌used‌ ‌as‌‌a‌‌comparison‌‌to‌‌                           
determine‌‌other‌‌elemental‌‌potential‌‌values‌‌due‌‌to‌‌the‌‌potential‌‌value‌‌of‌‌hydrogen‌‌being‌‌0.‌‌                           
[12]‌‌In‌‌this‌‌electrochemical‌‌series‌‌table,‌‌there‌‌are‌‌two‌‌main‌‌differences‌‌between‌‌the‌‌listed‌‌                           
elements.‌ ‌These‌ ‌two‌ ‌main‌ ‌differences‌ ‌are‌ ‌whether‌ ‌or‌ ‌not‌ ‌the‌ ‌listed‌ ‌elements‌ ‌are‌‌                         
electropositive,‌ ‌or‌ ‌electronegative.‌ ‌Electropositivity‌ ‌means‌ ‌that‌ ‌the‌ ‌specifically‌ ‌listed‌‌                 
element‌‌is‌‌more‌‌prone‌‌to‌‌give‌‌up‌‌its‌‌electrons‌‌to‌‌the‌‌electrolytic‌‌solution‌‌it‌‌is‌‌exposed‌‌to.‌‌                                 
Conversely,‌ ‌an‌ ‌electronegative‌ ‌element‌ ‌is‌ ‌more‌ ‌prone‌ ‌to‌ ‌taking‌ ‌electrons‌ ‌from‌ ‌the‌‌                       
electrolytic‌ ‌solution‌ ‌it‌ ‌is‌ ‌exposed‌ ‌to.‌ ‌This‌ ‌links‌ ‌with‌ ‌each‌ ‌element‌ ‌being‌ ‌either‌ ‌an‌‌                           
oxidizing‌ ‌agent‌ ‌or‌ ‌a‌ ‌reducing‌ ‌agent.‌ ‌As‌ ‌previously‌ ‌mentioned‌ ‌above,‌ ‌in‌ ‌order‌ ‌for‌ ‌a‌‌                           
battery‌ ‌to‌ ‌react‌ ‌with‌ ‌the‌ ‌present‌ ‌electrolyte‌ ‌and‌ ‌create‌ ‌a‌ ‌potential‌ ‌difference‌‌                       
(electromotive‌ ‌force‌ ‌or‌ ‌EMF),‌ ‌one‌ ‌electrode‌ ‌of‌ ‌the‌ ‌battery‌ ‌must‌‌be‌‌an‌‌oxidizing‌‌agent,‌‌                           
and‌ ‌one‌ ‌electrode‌ ‌must‌ ‌be‌ ‌a‌ ‌reducing‌ ‌agent.‌ ‌This‌ ‌is‌ ‌why‌ ‌these‌ ‌chemical‌ ‌reactions‌ ‌are‌‌                             
known‌‌as‌‌oxidizing-reductions‌‌(redox)‌‌reactions.‌‌In‌‌the‌‌case‌‌of‌‌these‌‌elements,‌‌the‌‌ideal‌‌                         
elements‌ ‌for‌ ‌an‌ ‌oxidizing‌ ‌element‌ ‌can‌ ‌be‌ ‌found‌‌at‌‌the‌‌top‌‌of‌‌the‌‌electrochemical‌‌series‌‌                             
table,‌ ‌while‌ ‌the‌ ‌elements‌ ‌at‌ ‌the‌ ‌bottom‌ ‌of‌ ‌the‌ ‌table‌ ‌are‌ ‌ideal‌ ‌for‌ ‌reducing‌ ‌agents.‌‌This‌                               
reaction‌ ‌can‌ ‌be‌ ‌characterized‌ ‌by‌ ‌the‌ ‌equation‌ ‌E°‌cell‌ ‌‌=‌ ‌E°‌red‌ ‌+‌ ‌E°‌ox‌ ‌‌.‌ ‌Taking‌ ‌the‌ ‌reverse‌‌                               
chemical‌ ‌reaction‌ ‌into‌ ‌account,‌ ‌the‌ ‌equation‌ ‌can‌ ‌be‌ ‌rewritten‌ ‌as‌ ‌such‌ ‌E°‌red‌ ‌‌+‌ ‌(-‌ ‌E°‌red‌).‌‌                             
From‌ ‌this‌ ‌equation,‌ ‌the‌ ‌previously‌ ‌described‌ ‌EMF‌ ‌value‌ ‌can‌ ‌be‌ ‌calculated‌ ‌thus‌‌                       
determining‌ ‌the‌ ‌potential‌ ‌difference‌ ‌of‌ ‌the‌ ‌battery‌ ‌cell‌ ‌in‌ ‌question.‌ ‌[4,‌ ‌32,‌ ‌98]‌ ‌ 

‌ 
3.9.2‌ ‌Galvanic‌ ‌and‌ ‌Electrolytic‌ ‌Cells‌ ‌ 

‌ 
As‌ ‌described‌ ‌above‌ ‌in‌ ‌section‌ ‌3.9.2‌ ‌the‌ ‌chemical‌ ‌reaction‌‌that‌‌takes‌‌place‌‌to‌‌produce‌‌a‌‌                             
potential‌ ‌difference‌ ‌in‌‌a‌‌battery‌‌cell‌‌is‌‌called‌‌an‌‌oxidation-reduction‌‌(redox)‌‌reaction.‌‌In‌‌                         
the‌ ‌case‌ ‌of‌ ‌battery‌ ‌cells,‌ ‌there‌ ‌are‌ ‌two‌ ‌different‌ ‌types‌ ‌of‌ ‌electrochemical‌ ‌cells‌ ‌where‌‌                           
redox‌‌reactions‌‌happen.‌‌In‌‌this‌‌section,‌‌the‌‌first‌‌type‌‌(galvanic)‌‌will‌‌be‌‌explained.‌‌See‌‌the‌‌                             
figure‌‌below‌‌for‌‌the‌‌composition‌‌of‌‌a‌‌galvanic‌‌cell.‌‌With‌‌galvanic‌‌cells‌‌the‌‌reactions‌‌that‌‌                             
occur‌‌inside‌‌the‌‌cell‌‌are‌‌spontaneous‌‌reactions.‌‌This‌‌spontaneous‌‌chemical‌‌reaction‌‌takes‌‌                       
place‌‌without‌‌the‌‌presence‌‌of‌‌stored‌‌electrical‌‌energy.‌‌Additionally,‌‌galvanic‌‌cells’‌‌anode‌‌                       
operates‌ ‌as‌ ‌the‌ ‌negative‌ ‌electrode‌ ‌while‌ ‌the‌ ‌cathode‌ ‌operates‌ ‌as‌ ‌the‌ ‌positive‌ ‌electrode.‌‌                         
Finally,‌‌the‌‌last‌‌main‌‌feature‌‌of‌‌galvanic‌‌cells‌‌is‌‌that‌‌of‌‌their‌‌physical‌‌composition.‌‌These‌‌                             
cells‌ ‌have‌ ‌either‌ ‌a‌ ‌salt‌ ‌bridge‌ ‌connecting‌‌the‌‌two‌‌electrodes,‌‌or‌‌half-cells‌‌that‌‌are‌‌made‌‌                             
separate‌ ‌by‌ ‌a‌ ‌porous‌ ‌membrane.‌ ‌This‌ ‌porous‌‌membrane‌‌is‌‌what‌‌allows‌‌the‌‌cell‌‌to‌‌react‌‌                             
spontaneously‌‌as‌‌both‌‌the‌‌oxidizing‌‌and‌‌reducing‌‌agents‌‌come‌‌in‌‌contact‌‌with‌‌each‌‌other.‌‌                           
[58,‌ ‌107,‌ ‌108,‌ ‌137,‌ ‌149]‌ ‌ 
‌ 

The‌ ‌second‌ ‌type‌ ‌of‌ ‌electrochemical‌ ‌cell‌ ‌is‌ ‌an‌‌electrolytic‌‌cell.‌‌See‌‌the‌‌figure‌‌below‌‌for‌‌                             
the‌ ‌composition‌ ‌of‌ ‌an‌ ‌electrolytic‌ ‌cell.‌ ‌The‌ ‌chemical‌ ‌reactions‌ ‌that‌ ‌take‌ ‌place‌ ‌in‌‌                         
electrolytic‌‌cells‌‌conversely‌‌to‌‌galvanic‌‌cells‌‌are‌‌not‌‌spontaneous.‌‌With‌‌electrolytic‌‌cells,‌‌                       
in‌‌order‌‌for‌‌the‌‌chemical‌‌reaction‌‌to‌‌take‌‌place‌‌inside‌‌the‌‌cell,‌‌the‌‌cell‌‌has‌‌to‌‌be‌‌attached‌‌                                   
to‌‌a‌‌power‌‌source‌‌to‌‌receive‌‌electrical‌‌energy.‌‌For‌‌electrolytic‌‌cells,‌‌the‌‌anode‌‌operates‌‌as‌‌                             
the‌ ‌positive‌ ‌electrode‌ ‌while‌ ‌the‌ ‌cathode‌ ‌operates‌ ‌as‌ ‌the‌ ‌positive‌ ‌electrode.‌ ‌Unlike‌‌                       
galvanic‌‌cells,‌‌electrolytic‌‌cells‌‌do‌‌not‌‌have‌‌to‌‌have‌‌a‌‌salt‌‌bridge‌‌present‌‌for‌‌the‌‌reaction‌‌                               

‌ 
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‌ 
to‌ ‌take‌ ‌place.‌ ‌In‌ ‌the‌ ‌case‌ ‌of‌ ‌electrolytic‌ ‌cells,‌ ‌the‌ ‌ions‌ ‌of‌ ‌the‌ ‌oxidizing‌ ‌agent‌ ‌migrate‌‌                               
through‌ ‌the‌ ‌electrolyte‌ ‌towards‌ ‌the‌ ‌cathode‌ ‌to‌ ‌be‌ ‌reduced,‌‌and‌‌the‌‌ions‌‌of‌‌the‌‌reducing‌‌                             
agent‌ ‌migrate‌ ‌through‌ ‌the‌ ‌electrolyte‌ ‌towards‌ ‌the‌ ‌anode‌ ‌to‌ ‌be‌ ‌oxidized.‌ ‌[64]‌ ‌ 
‌ 

Now‌ ‌the‌ ‌cells‌ ‌described‌ ‌above‌ ‌function‌ ‌independently‌ ‌of‌ ‌each‌ ‌other,‌ ‌but‌ ‌a‌ ‌cell‌ ‌can‌‌                           
operate‌ ‌as‌ ‌a‌ ‌galvanic‌ ‌cell‌ ‌and‌ ‌an‌ ‌electrolytic‌ ‌cell‌ ‌at‌ ‌the‌ ‌same‌ ‌time‌ ‌under‌ ‌the‌ ‌correct‌‌                               
conditions.‌‌This‌‌is‌‌the‌‌science‌‌behind‌‌rechargeable‌‌batteries.‌‌See‌‌section‌‌3.9.4‌‌for‌‌further‌‌                         
discussion‌ ‌on‌ ‌this.‌‌ ‌  

‌ 
Figure‌ ‌48:‌ ‌Galvanic‌ ‌and‌ ‌Electrolytic‌ ‌Cells‌ ‌ 

‌ 
3.9.3‌ ‌Rechargeable‌ ‌versus‌ ‌Non-Rechargeable‌‌ ‌  
‌ 

Now‌‌there‌‌are‌‌two‌‌important‌‌distinctions‌‌to‌‌make‌‌in‌‌the‌‌case‌‌of‌‌batteries.‌‌This‌‌distinction‌‌                             
is‌ ‌what‌ ‌makes‌ ‌a‌ ‌battery‌ ‌rechargeable‌ ‌versus‌ ‌non-rechargeable.‌ ‌In‌ ‌the‌ ‌case‌ ‌of‌‌                       
non-rechargeable‌ ‌batteries,‌ ‌the‌ ‌materials‌ ‌found‌ ‌in‌ ‌the‌ ‌anode‌ ‌and‌ ‌cathodes‌ ‌are‌ ‌used‌ ‌up‌‌                         
after‌ ‌the‌ ‌previously‌ ‌described‌ ‌chemical‌ ‌reaction‌ ‌takes‌ ‌place‌ ‌enough‌ ‌times.‌ ‌Once‌ ‌this‌‌                       
happens,‌‌the‌‌battery‌‌becomes‌‌dead,‌‌and‌‌is‌‌no‌‌longer‌‌usable.‌‌This‌‌type‌‌of‌‌battery‌‌is‌‌known‌‌                               
as‌ ‌a‌ ‌primary‌ ‌battery.‌ ‌Conversely,‌ ‌rechargeable‌ ‌batteries‌ ‌have‌ ‌different‌ ‌chemical‌‌                   
properties‌ ‌such‌ ‌that‌ ‌the‌ ‌chemical‌ ‌reactions‌ ‌inside‌ ‌the‌ ‌battery‌ ‌that‌ ‌discharge‌ ‌the‌ ‌battery‌‌                         
can‌ ‌be‌ ‌reversed.‌ ‌This‌ ‌reversal‌ ‌of‌ ‌the‌ ‌electrochemical‌ ‌reaction‌ ‌happening‌ ‌inside‌ ‌the‌‌                       
battery‌‌allows‌‌it‌‌to‌‌be‌‌recharged.‌‌Essentially,‌‌this‌‌reversal‌‌of‌‌the‌‌electrochemical‌‌reaction‌‌                         
causes‌ ‌the‌ ‌electrons‌ ‌to‌ ‌flow‌ ‌in‌ ‌the‌ ‌opposite‌ ‌direction‌ ‌conversely‌ ‌to‌ ‌when‌‌the‌‌battery‌‌is‌‌                             
being‌ ‌discharged‌ ‌thus‌ ‌charging‌ ‌said‌ ‌battery.‌ ‌The‌ ‌main‌ ‌aspect‌ ‌of‌ ‌a‌ ‌rechargeable‌ ‌battery‌‌                         
that‌‌allows‌‌this‌‌process‌‌to‌‌happen‌‌is‌‌the‌‌ability‌‌for‌‌the‌‌anode‌‌and‌‌the‌‌cathode‌‌to‌‌return‌‌to‌‌                                   
their‌‌original‌‌state‌‌during‌‌the‌‌electrochemical‌‌reversal‌‌process.‌‌This‌‌is‌‌why‌‌as‌‌explained‌‌                         
above,‌ ‌primary‌ ‌batteries‌ ‌cannot‌ ‌be‌ ‌recharged.‌ ‌Their‌ ‌anodes‌ ‌and‌‌cathodes‌‌degrade‌‌upon‌‌                       
use,‌ ‌and‌ ‌cannot‌ ‌be‌ ‌reversed.‌ ‌In‌ ‌order‌ ‌to‌ ‌achieve‌ ‌this‌ ‌reversibility,‌ ‌the‌ ‌three‌ ‌main‌‌                           
components‌ ‌(anode,‌ ‌cathode,‌ ‌and‌ ‌electrolyte)‌ ‌of‌ ‌the‌ ‌rechargeable‌ ‌batteries‌ ‌have‌ ‌to‌ ‌be‌‌                       
chosen‌ ‌very‌ ‌carefully.‌ ‌If‌ ‌the‌ ‌wrong‌ ‌components‌ ‌are‌ ‌chosen,‌ ‌the‌ ‌anode‌ ‌and‌‌the‌‌cathode‌‌                           
may‌‌deteriorate‌‌at‌‌a‌‌rate‌‌such‌‌that‌‌the‌‌electrochemical‌‌reaction‌‌cannot‌‌be‌‌reversed.‌‌All‌‌in‌‌                             
all,‌ ‌the‌ ‌anode‌ ‌and‌ ‌cathode‌ ‌material‌ ‌has‌ ‌to‌ ‌be‌ ‌chosen‌ ‌such‌ ‌that‌ ‌their‌ ‌solubility‌ ‌in‌ ‌the‌‌                               
chosen‌ ‌electrolyte‌ ‌isn't‌ ‌too‌ ‌high‌ ‌or‌ ‌too‌ ‌low.‌ ‌For‌ ‌example,‌ ‌take‌ ‌nickel‌ ‌cadmium‌‌                         
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‌ 
rechargeable‌ ‌batteries.‌ ‌The‌‌cadmium‌‌has‌‌two‌‌paramount‌‌features‌‌that‌‌makes‌‌it‌‌a‌‌perfect‌‌                         
rechargeable‌‌battery‌‌electrode‌‌candidate.‌‌First‌‌off,‌‌the‌‌speed‌‌in‌‌which‌‌hydrogen‌‌forms‌‌on‌‌                         
the‌‌cadmium‌‌electrode‌‌during‌‌the‌‌recharging‌‌process‌‌is‌‌quite‌‌slow.‌‌Next,‌‌cadmium‌‌has‌‌a‌                           
low‌ ‌solubility‌ ‌rate‌ ‌such‌ ‌that‌ ‌it‌ ‌does‌ ‌not‌ ‌completely‌ ‌dissolve‌ ‌in‌ ‌the‌ ‌electrolyte‌ ‌solution‌‌                           
chosen.‌ ‌These‌ ‌two‌ ‌aspects‌ ‌of‌ ‌cadmium‌ ‌allow‌ ‌it‌ ‌to‌ ‌hold‌ ‌near‌ ‌to‌ ‌the‌ ‌same‌ ‌composition‌‌                             
upon‌ ‌discharge‌ ‌and‌ ‌recharge‌ ‌of‌ ‌the‌ ‌battery‌‌thus‌‌fulfilling‌‌that‌‌first‌‌main‌‌requirement‌‌of‌‌                           
rechargeable‌ ‌batteries.‌ ‌This‌ ‌goes‌ ‌back‌ ‌to‌ ‌the‌ ‌concepts‌ ‌of‌‌galvanic‌‌and‌‌electrolytic‌‌cells‌‌                         
described‌‌in‌‌section‌‌3.9.3.‌‌In‌‌this‌‌example‌‌of‌‌the‌‌nickel‌‌cadmium‌‌battery,‌‌this‌‌explanation‌‌                           
describes‌ ‌the‌ ‌process‌ ‌the‌ ‌cell‌ ‌undergoes‌ ‌when‌ ‌it‌ ‌is‌‌in‌‌an‌‌electrolytic‌‌state‌‌and‌‌charging‌‌                             
the‌ ‌battery‌ ‌cell.‌ ‌As‌ ‌mentioned‌ ‌the‌ ‌oxidation‌ ‌rate‌‌of‌‌the‌‌cadmium‌‌from‌‌the‌‌migration‌‌of‌‌                             
the‌ ‌nickel‌ ‌ions‌ ‌is‌ ‌quite‌ ‌slow,‌ ‌the‌ ‌reduction‌ ‌rate‌ ‌of‌ ‌the‌ ‌nickel‌‌from‌‌the‌‌cadmium‌‌ions‌‌is‌‌                                 
also‌ ‌quite‌ ‌slow.‌ ‌Because‌ ‌of‌ ‌the‌‌charge‌‌of‌‌each‌‌electrode‌‌in‌‌this‌‌process,‌‌the‌‌battery‌‌cell‌‌                               
charges‌ ‌and‌ ‌the‌ ‌electrodes‌‌are‌‌maintained.‌‌From‌‌here,‌‌that‌‌same‌‌electrolytic‌‌cell‌‌can‌‌go‌‌                           
into‌ ‌galvanic‌ ‌mode‌ ‌in‌ ‌which‌ ‌the‌ ‌electrodes’‌ ‌charges‌ ‌flip.‌ ‌This‌ ‌means‌ ‌the‌ ‌previous‌‌                         
oxidizing‌ ‌agent‌ ‌becomes‌ ‌the‌ ‌reducing‌ ‌agent,‌ ‌and‌ ‌the‌ ‌previous‌ ‌reducing‌ ‌agent‌ ‌becomes‌‌                       
the‌‌oxidizing‌‌agent.‌‌This‌‌reversal‌‌of‌‌electrode‌‌charges‌‌produces‌‌the‌‌reverse‌‌electron‌‌flow‌‌                         
thus‌ ‌dispelling‌ ‌energy‌ ‌rather‌ ‌than‌ ‌taking‌ ‌it‌ ‌in.‌ ‌This‌ ‌is‌ ‌the‌ ‌power‌ ‌behind‌ ‌rechargeable‌‌                           
batteries.‌ ‌[55,‌ ‌150]‌ ‌ 

‌ 
3.9.4‌ ‌Discharge‌ ‌Rate‌ ‌(C-Rate)‌ ‌ 

‌ 
With‌‌every‌‌battery,‌‌the‌‌main‌‌goal‌‌is‌‌for‌‌it‌‌to‌‌discharge‌‌energy‌‌in‌‌such‌‌a‌‌way‌‌that‌‌it‌‌can‌‌be‌‌                                       
used‌ ‌practically.‌ ‌The‌ ‌discharge‌ ‌rate‌ ‌is‌ ‌simply‌ ‌the‌ ‌rate‌ ‌over‌ ‌time‌ ‌in‌ ‌which‌‌the‌‌specified‌‌                             
battery‌ ‌can‌ ‌discharge‌ ‌power.‌ ‌The‌ ‌discharge‌ ‌rate‌ ‌of‌ ‌a‌‌device‌‌can‌‌be‌‌modeled‌‌by‌‌what‌‌is‌‌                               
known‌ ‌as‌ ‌a‌ ‌discharge‌ ‌curve.‌ ‌See‌ ‌the‌ ‌figure‌ ‌below‌ ‌for‌ ‌this‌ ‌concept.‌ ‌  

‌ 

‌ 
Figure‌ ‌49:‌ ‌Discharge‌ ‌Curve‌ ‌of‌ ‌Battery‌ ‌Compared‌ ‌to‌ ‌Other‌ ‌Power‌ ‌Storage‌ ‌Devices‌ ‌ 

‌ 
As‌ ‌one‌ ‌can‌ ‌see‌ ‌from‌ ‌figure‌ ‌49‌ ‌above,‌ ‌the‌ ‌discharge‌ ‌rate‌ ‌of‌ ‌a‌‌battery‌‌provides‌‌a‌‌steady‌‌                                 
flow‌‌of‌‌power‌‌until‌‌the‌‌end‌‌in‌‌which‌‌the‌‌battery‌‌cuts‌‌off.‌‌This‌‌is‌‌what‌‌gives‌‌batteries‌‌an‌‌                                   
edge‌ ‌over‌ ‌other‌ ‌standard‌ ‌power‌ ‌storage‌ ‌devices.‌ ‌As‌ ‌seen‌ ‌above,‌ ‌other‌ ‌energy‌ ‌storage‌‌                         
devices‌ ‌rapidly‌ ‌lose‌ ‌power‌ ‌flow‌ ‌as‌ ‌the‌ ‌time‌ ‌of‌ ‌discharge‌ ‌goes‌ ‌on.‌ ‌This‌ ‌can‌ ‌create‌‌                             
significant‌‌problems.‌‌For‌‌example,‌‌if‌‌a‌‌device‌‌requires‌‌a‌‌steady‌‌power‌‌flow‌‌when‌‌being‌‌3‌‌                             
charged‌ ‌by‌‌a‌‌device,‌‌out‌‌of‌‌these‌‌three‌‌options‌‌above,‌‌only‌‌a‌‌battery‌‌would‌‌work.‌‌If‌‌the‌‌                                 
other‌ ‌two‌ ‌options‌ ‌were‌ ‌chosen‌ ‌the‌ ‌battery‌ ‌of‌ ‌said‌ ‌device‌ ‌could‌ ‌be‌ ‌damaged‌ ‌upon‌‌                           
charging.‌ ‌With‌‌this‌‌consistent‌‌discharge‌‌rate,‌‌it‌‌is‌‌important‌‌not‌‌to‌‌overstress‌‌the‌‌battery‌‌                           
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‌ 
for‌ ‌too‌ ‌long‌ ‌a‌‌period.‌‌If‌‌you‌‌discharge‌‌the‌‌battery‌‌at‌‌a‌‌rate‌‌it‌‌is‌‌not‌‌specified‌‌for‌‌for‌‌too‌‌                                       
long‌ ‌a‌ ‌period,‌ ‌it‌ ‌can‌ ‌severely‌ ‌damage‌ ‌the‌ ‌battery‌ ‌heavily‌ ‌reducing‌ ‌its‌ ‌efficacy.‌ ‌This‌‌                           
discussed‌‌discharge‌‌rate‌‌of‌‌the‌‌battery‌‌is‌‌controlled‌‌by‌‌what‌‌is‌‌known‌‌as‌‌the‌‌C-rate.‌‌This‌‌                               
C-rate‌ ‌more‌ ‌specifically‌ ‌controls‌ ‌the‌ ‌discharge‌ ‌rate‌ ‌and‌ ‌charging‌ ‌rate‌ ‌of‌ ‌a‌ ‌battery‌ ‌by‌‌                           
scaling‌ ‌the‌ ‌power‌ ‌output.‌ ‌For‌ ‌example,‌ ‌many‌ ‌batteries‌ ‌are‌ ‌commonly‌ ‌classified‌ ‌as‌ ‌1C‌‌                         
batteries.‌ ‌This‌ ‌means‌ ‌that‌ ‌if‌ ‌said‌ ‌battery‌ ‌has‌ ‌a‌ ‌total‌ ‌capacity‌ ‌of‌ ‌1Ah,‌ ‌the‌ ‌battery‌ ‌will‌‌                               
discharge‌ ‌1A‌ ‌for‌ ‌1‌ ‌hour.‌ ‌This‌ ‌means‌ ‌that‌ ‌this‌‌C-rate‌‌provides‌‌a‌‌one‌‌to‌‌one‌‌relationship‌‌                               
with‌‌the‌‌discharge‌‌rate.‌‌Say‌‌the‌‌same‌‌capacity‌‌battery‌‌is‌‌instead‌‌rated‌‌as‌‌5C.‌‌This‌‌means‌‌                               
that‌ ‌the‌ ‌battery‌ ‌can‌ ‌discharge‌ ‌5A‌ ‌for‌‌12‌‌minutes.‌‌This‌‌ability‌‌to‌‌increase‌‌discharge‌‌rate‌‌                             
can‌‌be‌‌very‌‌useful‌‌for‌‌certain‌‌applications.‌‌For‌‌example,‌‌if‌‌one‌‌needed‌‌to‌‌fast‌‌charge‌‌their‌‌                               
phone‌‌or‌‌their‌‌laptop,‌‌they‌‌could‌‌purchase‌‌a‌‌charger‌‌that‌‌had‌‌a‌‌higher‌‌C‌‌rating.‌‌Of‌‌course‌‌                                 
in‌‌this‌‌case,‌‌you‌‌would‌‌need‌‌to‌‌verify‌‌your‌‌device‌‌can‌‌receive‌‌battery‌‌at‌‌that‌‌rate.‌‌If‌‌you‌‌                                   
attempt‌ ‌to‌ ‌charge‌ ‌a‌ ‌battery‌ ‌at‌ ‌a‌ ‌discharge‌ ‌rate‌ ‌said‌ ‌battery‌ ‌is‌ ‌not‌ ‌rated‌ ‌for,‌ ‌you‌ ‌can‌‌                                 
severely‌ ‌damage‌ ‌it.‌ ‌[26]‌‌ ‌  
‌ 

3.9.5‌ ‌Depth‌ ‌of‌ ‌Discharge/State‌ ‌of‌ ‌Charge‌‌ ‌  
‌ 

Depth‌ ‌of‌ ‌discharge‌ ‌and‌ ‌state‌ ‌of‌ ‌charge‌ ‌are‌ ‌very‌ ‌important‌ ‌concepts‌ ‌of‌ ‌batteries‌ ‌to‌‌                           
understand.‌‌In‌‌the‌‌case‌‌of‌‌these‌‌concepts,‌‌it‌‌relates‌‌exclusively‌‌to‌‌rechargeable‌‌batteries.‌‌                         
Though‌ ‌the‌ ‌concept‌ ‌is‌ ‌simple,‌ ‌it‌ ‌can‌ ‌be‌ ‌the‌‌difference‌‌between‌‌preserving‌‌a‌‌battery‌‌for‌‌                             
many‌‌years‌‌and‌‌ruining‌‌it‌‌quite‌‌quickly.‌‌Depth‌‌of‌‌discharge‌‌is‌‌simply‌‌the‌‌percentage‌‌of‌‌a‌‌                               
battery‌ ‌that‌ ‌has‌ ‌been‌‌discharged‌‌in‌‌relation‌‌to‌‌the‌‌remaining‌‌capacity‌‌of‌‌the‌‌battery.‌‌For‌‌                             
example,‌‌if‌‌a‌‌battery‌‌holds‌‌200Ah‌‌and‌‌100Ah‌‌has‌‌been‌‌discharged,‌‌the‌‌battery's‌‌depth‌‌of‌‌                             
discharge‌ ‌is‌ ‌50%.‌ ‌This‌ ‌concept‌ ‌is‌ ‌very‌ ‌important‌ ‌to‌ ‌pay‌ ‌attention‌ ‌to‌ ‌when‌‌                         
designing/purchasing‌ ‌a‌ ‌battery.‌ ‌In‌ ‌the‌ ‌case‌‌of‌‌depth‌‌of‌‌discharge,‌‌this‌‌value‌‌is‌‌specified‌‌                           
by‌‌the‌‌manufacturer.‌‌Just‌‌because‌‌the‌‌capacity‌‌of‌‌your‌‌battery‌‌is‌‌200Ah‌‌for‌‌example,‌‌does‌‌                             
not‌ ‌mean‌ ‌you‌ ‌can‌ ‌discharge‌ ‌all‌ ‌200Ah‌ ‌of‌ ‌battery‌ ‌capacity.‌ ‌Depending‌ ‌on‌ ‌the‌ ‌type‌ ‌of‌‌                             
battery‌ ‌purchased,‌ ‌the‌ ‌manufacturer‌ ‌may‌ ‌only‌ ‌rate‌ ‌it‌ ‌for‌ ‌85%‌ ‌depth‌ ‌of‌ ‌discharge.‌ ‌This‌‌                           
means‌ ‌that‌ ‌a‌ ‌200Ah‌ ‌battery‌ ‌should‌ ‌only‌ ‌be‌ ‌taken‌ ‌down‌ ‌to‌‌30Ah‌‌of‌‌remaining‌‌capacity‌‌                             
before‌‌recharging‌‌the‌‌battery.‌‌This‌‌concept‌‌is‌‌visually‌‌depicted‌‌in‌‌the‌‌figure‌‌below.‌‌If‌‌you‌‌                             
continue‌ ‌to‌ ‌discharge‌ ‌the‌ ‌battery‌ ‌past‌ ‌the‌ ‌specified‌ ‌depth‌ ‌of‌ ‌discharge,‌ ‌it‌ ‌can‌ ‌begin‌ ‌to‌‌                             
damage‌ ‌the‌ ‌battery‌‌and‌‌in‌‌the‌‌worst‌‌case‌‌scenario,‌‌render‌‌it‌‌unusable.‌‌State‌‌of‌‌charge‌‌is‌‌                               
another‌ ‌important‌ ‌concept‌ ‌to‌ ‌understand‌ ‌when‌ ‌it‌ ‌comes‌ ‌to‌ ‌rechargeable‌ ‌batteries.‌ ‌This‌‌                       
concept‌‌is‌‌essentially‌‌the‌‌opposite‌‌of‌‌depth‌‌of‌‌discharge.‌‌State‌‌of‌‌charge‌‌is‌‌the‌‌amount‌‌of‌‌                               
remaining‌‌power‌‌in‌‌the‌‌battery‌‌compared‌‌to‌‌the‌‌amount‌‌of‌‌power‌‌discharged.‌‌This‌‌means‌‌                           
that‌‌a‌‌battery’s‌‌state‌‌of‌‌charge‌‌is‌‌15%,‌‌the‌‌battery‌‌only‌‌has‌‌15%‌‌capacity‌‌left.‌‌Similar‌‌to‌‌                                 
depth‌‌of‌‌discharge,‌‌some‌‌batteries‌‌can‌‌also‌‌be‌‌harmed‌‌if‌‌they‌‌are‌‌overcharged.‌‌Depending‌‌                           
on‌ ‌the‌ ‌type‌ ‌of‌ ‌battery,‌ ‌the‌ ‌manufacturers‌ ‌may‌ ‌only‌ ‌rate‌ ‌the‌ ‌battery‌ ‌for‌ ‌85%‌ ‌state‌ ‌of‌‌                               
charge.‌ ‌This‌ ‌means‌ ‌the‌ ‌battery‌ ‌should‌ ‌not‌ ‌be‌ ‌charged‌ ‌over‌ ‌85%‌ ‌of‌ ‌its‌ ‌nominally‌ ‌rated‌‌                             
capacity.‌ ‌See‌ ‌the‌ ‌figure‌ ‌below‌ ‌for‌ ‌a‌ ‌visual‌ ‌representation‌ ‌of‌ ‌this‌ ‌concept.‌ ‌ 

‌ 
Figure‌ ‌50:‌ ‌Depth‌ ‌of‌ ‌Discharge‌ ‌and‌ ‌State‌ ‌of‌ ‌Charge‌ ‌ 
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‌ 

In‌ ‌all‌ ‌cases‌ ‌with‌ ‌rechargeable‌‌batteries,‌‌the‌‌life‌‌of‌‌the‌‌battery‌‌is‌‌directly‌‌correlated‌‌with‌‌                             
the‌ ‌amount‌ ‌one‌ ‌discharges‌ ‌the‌ ‌battery‌ ‌before‌ ‌charges.‌ ‌Even‌ ‌if‌ ‌you‌ ‌stay‌ ‌within‌ ‌the‌‌                           
manufacturer’s‌ ‌depth‌ ‌of‌ ‌discharge‌ ‌ratings,‌ ‌the‌ ‌life‌ ‌of‌ ‌the‌ ‌battery‌ ‌can‌ ‌be‌ ‌reduced‌ ‌if‌ ‌its‌‌                             
capacity‌‌is‌‌being‌‌drained‌‌down‌‌to‌‌the‌‌maximum‌‌depth‌‌of‌‌discharge‌‌and‌‌recharged‌‌again.‌‌                           
[27,‌ ‌147]‌ ‌ 

‌ 
3.9.6‌ ‌The‌ ‌Effects‌ ‌of‌ ‌Ambient‌ ‌Temperature‌ ‌On‌ ‌Batteries‌ ‌ 

‌ 
Another‌ ‌important‌ ‌factor‌ ‌to‌ ‌consider‌ ‌when‌ ‌designing/purchasing‌ ‌a‌ ‌battery‌ ‌is‌ ‌what‌‌                     
temperatures‌ ‌it‌ ‌can‌ ‌handle.‌‌Naturally‌‌batteries‌‌in‌‌colder‌‌climates‌‌have‌‌reduced‌‌capacity,‌‌                       
while‌ ‌batteries‌ ‌in‌ ‌higher‌ ‌temperature‌ ‌climates‌ ‌have‌ ‌a‌ ‌higher‌ ‌capacity.‌ ‌This‌ ‌is‌ ‌why‌ ‌the‌‌                           
battery‌ ‌in‌ ‌a‌ ‌car‌ ‌will‌ ‌sometimes‌ ‌die‌ ‌in‌ ‌colder‌ ‌temperatures.‌ ‌Typically‌ ‌speaking,‌ ‌many‌                         
batteries'‌ ‌capacity‌ ‌is‌ ‌rated‌ ‌when‌ ‌they‌ ‌are‌ ‌operating‌ ‌at‌ ‌room‌ ‌temperature.‌ ‌At‌ ‌freezing‌‌                         
temperatures,‌‌a‌‌battery's‌‌capacity‌‌can‌‌be‌‌lowered‌‌by‌‌as‌‌much‌‌as‌‌20%.‌‌Conversely,‌‌at‌‌very‌‌                             
high‌ ‌temperatures‌ ‌such‌ ‌as‌ ‌122‌‌degrees,‌‌a‌‌battery's‌‌capacity‌‌can‌‌be‌‌up‌‌to‌‌12%‌‌higher.‌‌In‌‌                               
both‌ ‌of‌ ‌these‌ ‌cases,‌ ‌these‌ ‌extreme‌ ‌temperatures‌ ‌can‌ ‌be‌ ‌very‌ ‌harmful‌ ‌to‌ ‌a‌ ‌battery.‌‌                           
Specifically‌‌for‌‌extreme‌‌heat,‌‌the‌‌chemical‌‌reactions‌‌that‌‌are‌‌undergone‌‌inside‌‌the‌‌battery‌‌                         
to‌‌produce‌‌power‌‌are‌‌increased.‌‌This‌‌increase‌‌in‌‌chemical‌‌reactions‌‌reduces‌‌the‌‌lifespan‌‌                         
of‌‌the‌‌battery.‌‌This‌‌increase‌‌can‌‌also‌‌contribute‌‌to‌‌the‌‌thermal‌‌runaway‌‌process‌‌which‌‌is‌‌                             
explained‌ ‌in‌ ‌section‌ ‌3.9.10‌ ‌below.‌ ‌In‌ ‌relation‌ ‌to‌ ‌extreme‌ ‌cold,‌ ‌the‌ ‌battery‌ ‌has‌ ‌to‌ ‌work‌‌                             
harder‌ ‌to‌ ‌provide‌ ‌power‌ ‌and‌ ‌thus‌‌the‌‌lifespan‌‌of‌‌the‌‌battery‌‌is‌‌reduced.‌‌Now‌‌this‌‌effect‌‌                               
temperature‌ ‌has‌ ‌on‌ ‌the‌ ‌battery‌‌also‌‌plays‌‌a‌‌large‌‌part‌‌when‌‌recharging‌‌a‌‌battery.‌‌Take‌‌a‌‌                               
lead-acid‌‌battery‌‌for‌‌example.‌‌In‌‌high‌‌temperatures‌‌when‌‌charging‌‌a‌‌lead-acid‌‌battery,‌‌it‌‌                         
can‌ ‌get‌ ‌overcharged‌ ‌due‌ ‌to‌‌the‌‌increased‌‌capacity‌‌mentioned‌‌previously.‌‌This‌‌increased‌‌                       
charging‌‌can‌‌lead‌‌to‌‌what‌‌is‌‌known‌‌as‌‌gassing.‌‌Gassing‌‌is‌‌when‌‌one‌‌of‌‌the‌‌electrodes‌‌in‌‌a‌‌                                   
battery‌‌produces‌‌gas‌‌due‌‌to‌‌the‌‌chemical‌‌decomposition‌‌of‌‌water‌‌during‌‌the‌‌discharge‌‌or‌‌                           
charging‌ ‌process.‌ ‌Conversely,‌ ‌when‌ ‌charging‌ ‌a‌‌lead-acid‌‌battery‌‌in‌‌low‌‌temperatures,‌‌it‌‌                       
may‌ ‌be‌ ‌undercharged‌ ‌and‌‌then‌‌undergo‌‌what‌‌is‌‌known‌‌as‌‌sulfation.‌‌Sulfation‌‌is‌‌when‌‌a‌‌                             
lead-acid‌‌battery‌‌does‌‌not‌‌contain‌‌enough‌‌charge‌‌such‌‌that‌‌large‌‌sulfate‌‌crystals‌‌form‌‌on‌‌                           
the‌ ‌electrodes‌ ‌of‌ ‌the‌ ‌battery‌ ‌and‌ ‌reduce‌ ‌its‌ ‌efficacy.‌ ‌Though‌ ‌temperature‌ ‌needs‌ ‌to‌ ‌be‌‌                           
considered‌ ‌for‌ ‌every‌ ‌type‌ ‌of‌ ‌battery,‌ ‌some‌ ‌batteries‌ ‌handle‌‌extreme‌‌temperatures‌‌better‌‌                       
than‌ ‌others.‌ ‌In‌ ‌many‌ ‌cases,‌ ‌rechargeable‌ ‌batteries‌ ‌have‌ ‌built‌ ‌in‌ ‌battery‌ ‌management‌                       
systems‌‌or‌‌(BMS)‌‌to‌‌provide‌‌high‌‌or‌‌low‌‌temperature‌‌protection‌‌such‌‌that‌‌the‌‌battery‌‌will‌‌                             
not‌ ‌charge‌ ‌in‌ ‌extreme‌ ‌temperatures.‌ ‌More‌ ‌information‌ ‌on‌ ‌the‌ ‌BMS‌ ‌can‌ ‌be‌ ‌found‌ ‌in‌‌                           
section‌ ‌3.8.‌ ‌[16,‌ ‌28,‌ ‌62,‌ ‌127,‌ ‌146]‌ ‌ 

‌ 
3.9.7‌ ‌Deep‌ ‌Cycle‌ ‌Versus‌ ‌Non-Deep‌ ‌Cycle‌ ‌Batteries‌‌ ‌  

‌ 
When‌‌choosing‌‌a‌‌battery‌‌for‌‌a‌‌solar‌‌assembly,‌‌it’s‌‌important‌‌to‌‌understand‌‌the‌‌difference‌‌                           
between‌ ‌deep‌ ‌cycle‌ ‌and‌ ‌non-deep‌ ‌cycle‌ ‌batteries.‌ ‌A‌ ‌deep‌ ‌cycle‌ ‌battery‌ ‌is‌ ‌a‌ ‌battery‌‌                           
designed‌ ‌to‌ ‌be‌ ‌able‌ ‌to‌ ‌produce‌ ‌steady‌ ‌amounts‌ ‌of‌ ‌power‌ ‌over‌ ‌a‌ ‌long‌ ‌period‌ ‌of‌ ‌time.‌‌                               
Additionally,‌‌deep‌‌cycle‌‌batteries‌‌are‌‌designed‌‌to‌‌provide‌‌consistent‌‌power‌‌output‌‌with‌‌a‌‌                         
high‌ ‌depth‌ ‌of‌ ‌discharge‌ ‌hence‌ ‌“deep”‌ ‌in‌ ‌deep‌ ‌cycle‌ ‌(See‌ ‌section‌ ‌3.9.5‌ ‌for‌ ‌more‌‌                           
discussion‌ ‌on‌ ‌depth‌ ‌of‌ ‌discharge).‌ ‌In‌ ‌the‌ ‌case‌ ‌of‌ ‌deep‌ ‌cycle‌ ‌batteries,‌ ‌they‌ ‌can‌ ‌still‌‌                             
produce‌ ‌a‌ ‌quick‌ ‌surge‌ ‌of‌ ‌power‌ ‌if‌ ‌needed,‌ ‌but‌ ‌not‌ ‌of‌ ‌the‌ ‌same‌‌magnitude‌‌of‌‌non-deep‌‌                               
cycle‌ ‌batteries.‌ ‌Conversely‌ ‌an‌ ‌example‌ ‌of‌ ‌a‌ ‌non-deep‌ ‌cycle‌ ‌battery‌ ‌would‌ ‌be‌ ‌a‌ ‌car‌‌                           
battery.‌‌A‌‌non-deep‌‌cycle‌‌battery‌‌is‌‌designed‌‌specifically‌‌to‌‌discharge‌‌a‌‌large‌‌amount‌‌of‌‌                           
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‌ 
power‌ ‌in‌ ‌short‌ ‌increments.‌ ‌For‌ ‌example‌ ‌starting‌ ‌your‌ ‌vehicle‌ ‌initially‌ ‌requires‌ ‌a‌ ‌large‌‌                         
amount‌ ‌of‌ ‌power.‌ ‌With‌ ‌non-deep‌ ‌cycle‌‌batteries,‌‌they‌‌typically‌‌will‌‌not‌‌discharge‌‌more‌‌                         
than‌‌20‌‌percent‌‌of‌‌their‌‌overall‌‌capacity.‌‌Because‌‌they‌‌are‌‌most‌‌commonly‌‌used‌‌in‌‌larger‌‌                             
engine‌ ‌applications,‌‌the‌‌alternator‌‌in‌‌said‌‌engines‌‌provides‌‌the‌‌power‌‌once‌‌the‌‌engine‌‌is‌‌                           
started‌‌by‌‌the‌‌battery.‌‌This‌‌is‌‌the‌‌ideal‌‌application‌‌for‌‌a‌‌non-deep‌‌cycle‌‌battery‌‌in‌‌order‌‌to‌‌                                 
increase‌ ‌its‌ ‌longevity.‌ ‌Non-deep‌ ‌cycle‌ ‌batteries‌ ‌are‌ ‌generally‌ ‌characterised‌ ‌by‌ ‌two‌‌                     
ratings,‌‌cold‌‌cranking‌‌amps,‌‌and‌‌reserve‌‌capacity.‌‌Cold‌‌cranking‌‌amps‌‌are‌‌the‌‌amount‌‌of‌‌                           
amps‌ ‌that‌ ‌can‌ ‌be‌ ‌produced‌ ‌by‌ ‌a‌ ‌battery‌ ‌at‌ ‌0‌ ‌degrees‌ ‌celsius‌ ‌for‌ ‌30‌ ‌seconds.‌ ‌Reserve‌‌                               
capacity‌‌is‌‌the‌‌amount‌‌of‌‌amps‌‌a‌‌battery‌‌can‌‌deliver‌‌without‌‌being‌‌fully‌‌discharged.‌‌Deep‌‌                             
cycle‌‌batteries‌‌perform‌‌well‌‌in‌‌terms‌‌of‌‌reserve‌‌capacity,‌‌but‌‌not‌‌as‌‌well‌‌in‌‌cold‌‌cranking‌‌                               
amps.‌‌Conversely,‌‌non-deep‌‌cycle‌‌batteries‌‌perform‌‌well‌‌in‌‌terms‌‌of‌‌cold‌‌cranking‌‌amps,‌‌                         
but‌‌not‌‌as‌‌well‌‌in‌‌reserve‌‌capacity.‌‌Deep‌‌cycle‌‌and‌‌non-deep‌‌cycle‌‌batteries‌‌both‌‌have‌‌the‌‌                               
same‌ ‌exact‌ ‌chemistry‌ ‌when‌ ‌looking‌‌at‌‌equivalent‌‌battery‌‌types.‌‌The‌‌difference‌‌between‌‌                       
the‌‌two‌‌is‌‌their‌‌plate‌‌thicknesses.‌‌A‌‌deep‌‌cycle‌‌battery‌‌has‌‌thicker‌‌plates‌‌in‌‌order‌‌for‌‌less‌‌                                 
current‌‌to‌‌flow‌‌and‌‌thus‌‌deliver‌‌a‌‌smaller‌‌amount‌‌of‌‌power‌‌over‌‌a‌‌longer‌‌period‌‌of‌‌time.‌‌                                 
A‌ ‌non-deep‌ ‌cycle‌ ‌battery‌ ‌has‌ ‌thinner‌ ‌plates‌ ‌in‌ ‌order‌ ‌for‌ ‌more‌ ‌current‌ ‌to‌ ‌flow‌ ‌thus‌‌                             
delivering‌‌more‌‌power‌‌in‌‌a‌‌shorter‌‌period‌‌of‌‌time.‌‌In‌‌the‌‌case‌‌of‌‌our‌‌design,‌‌our‌‌lithium‌‌                                 
iron‌‌phosphate‌‌battery‌‌that‌‌we‌‌will‌‌choose‌‌needs‌‌to‌‌be‌‌a‌‌deep‌‌cycle‌‌battery.‌‌Since‌‌it‌‌is‌‌a‌‌                                   
part‌‌of‌‌a‌‌solar‌‌assembly,‌‌the‌‌battery‌‌will‌‌need‌‌to‌‌deliver‌‌consistent‌‌amounts‌‌of‌‌power‌‌for‌‌                               
a‌‌longer‌‌period‌‌of‌‌time.‌‌Additionally,‌‌it‌‌will‌‌be‌‌discharged‌‌deeper‌‌depending‌‌on‌‌what‌‌the‌‌                             
battery‌ ‌is‌ ‌charging.‌ ‌With‌ ‌these‌ ‌two‌ ‌constraints,‌ ‌it‌ ‌is‌ ‌clear‌ ‌why‌ ‌we‌ ‌need‌ ‌a‌ ‌deep‌ ‌cycle‌‌                               
battery.‌ ‌[17,‌ ‌166]‌ ‌ 

‌ 
3.9.8‌ ‌Battery‌ ‌Energy‌ ‌Density‌ ‌ 

‌ 
Another‌‌important‌‌factor‌‌when‌‌choosing‌‌a‌‌battery‌‌is‌‌energy‌‌density.‌‌Energy‌‌is‌‌the‌‌amount‌‌                           
of‌ ‌electrical‌ ‌energy‌ ‌that‌ ‌a‌ ‌battery‌ ‌holds‌ ‌proportional‌ ‌to‌ ‌its‌ ‌weight.‌ ‌Because‌ ‌of‌ ‌this‌‌                           
relationship,‌ ‌the‌ ‌measurement‌ ‌for‌ ‌this‌ ‌function‌ ‌is‌ ‌given‌ ‌as‌ ‌Watt-hours‌ ‌per‌ ‌pound‌ ‌or‌‌                         
(Wh/lb).‌‌Part‌‌of‌‌the‌‌methodology‌‌of‌‌achieving‌‌a‌‌higher‌‌energy‌‌density‌‌is‌‌linked‌‌with‌‌the‌‌                             
amount‌‌of‌‌material‌‌inside‌‌the‌‌battery.‌‌Batteries‌‌with‌‌a‌‌higher‌‌energy‌‌density‌‌have‌‌a‌‌higher‌‌                             
quantity‌‌of‌‌active‌‌material‌‌packed‌‌inside‌‌them.‌‌It's‌‌important‌‌to‌‌note‌‌that‌‌energy‌‌density‌‌                           
should‌‌not‌‌be‌‌confused‌‌with‌‌power‌‌density.‌‌Power‌‌density‌‌is‌‌the‌‌rate‌‌in‌‌which‌‌electrical‌‌                             
energy‌ ‌can‌ ‌be‌ ‌discharged,‌ ‌whereas‌ ‌energy‌ ‌density‌ ‌relates‌ ‌to‌ ‌the‌ ‌battery’s‌ ‌capacity‌ ‌as‌‌                         
stated‌‌above.‌‌Having‌‌a‌‌battery‌‌with‌‌a‌‌high‌‌energy‌‌density‌‌is‌‌preferable‌‌for‌‌many‌‌reasons,‌‌                             
but‌‌one‌‌of‌‌the‌‌main‌‌reasons‌‌is‌‌due‌‌to‌‌the‌‌run‌‌time‌‌of‌‌the‌‌battery‌‌in‌‌relation‌‌to‌‌its‌‌size.‌‌The‌‌                                         
higher‌ ‌the‌ ‌energy‌ ‌density‌ ‌of‌ ‌a‌ ‌battery,‌ ‌the‌ ‌smaller‌ ‌the‌ ‌battery‌ ‌needs‌ ‌to‌ ‌be‌ ‌in‌ ‌order‌ ‌to‌‌                                 
output‌ ‌an‌ ‌equivalent‌ ‌amount‌ ‌of‌ ‌power‌ ‌to‌ ‌that‌ ‌of‌ ‌a‌ ‌larger‌ ‌battery‌ ‌with‌ ‌a‌ ‌lower‌ ‌energy‌‌                               
density.‌‌This‌‌opens‌‌up‌‌a‌‌wide‌‌range‌‌of‌‌possibilities‌‌when‌‌it‌‌comes‌‌to‌‌batteries.‌‌In‌‌the‌‌case‌‌                                 
of‌ ‌our‌ ‌design,‌ ‌we‌ ‌want‌ ‌our‌ ‌solar‌ ‌assembly‌ ‌to‌ ‌be‌ ‌semi-portable.‌ ‌If‌ ‌we‌ ‌chose‌ ‌a‌ ‌200Ah‌‌                               
battery‌ ‌like‌ ‌in‌ ‌our‌ ‌design‌ ‌with‌ ‌a‌ ‌low‌ ‌energy‌ ‌density,‌ ‌its‌ ‌size‌ ‌would‌ ‌greatly‌ ‌inhibit‌ ‌its‌‌                               
portability.‌ ‌Because‌ ‌of‌ ‌this,‌ ‌for‌ ‌our‌‌design,‌‌it's‌‌important‌‌that‌‌we‌‌focus‌‌on‌‌battery‌‌types‌‌                             
that‌ ‌have‌ ‌a‌ ‌high‌ ‌energy‌ ‌density‌ ‌in‌ ‌order‌ ‌to‌ ‌fulfill‌ ‌our‌ ‌self-imposed‌ ‌requirement‌ ‌of‌‌                           
portability.‌‌It’s‌‌important‌‌to‌‌note‌‌that‌‌it‌‌can‌‌be‌‌dangerous‌‌if‌‌a‌‌battery’s‌‌energy‌‌density‌‌is‌‌                               
too‌ ‌high.‌ ‌As‌ ‌previously‌ ‌explained‌ ‌above,‌ ‌higher‌ ‌energy‌ ‌density‌ ‌batteries‌ ‌have‌ ‌more‌‌                       
active‌ ‌material‌ ‌packed‌ ‌inside‌ ‌them.‌ ‌Because‌ ‌of‌ ‌this,‌ ‌higher‌‌energy‌‌density‌‌batteries‌‌are‌‌                         
more‌ ‌prone‌ ‌to‌ ‌thermal‌ ‌runaway‌ ‌which‌ ‌was‌ ‌explained‌ ‌in‌ ‌section‌ ‌3.9.10‌ ‌below.‌ ‌[17]‌ 

‌ 
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3.9.9‌ ‌Thermal‌ ‌Runaway‌ ‌ 
‌ 

Thermal‌ ‌runaway‌ ‌is‌ ‌a‌ ‌concept‌ ‌that‌ ‌is‌ ‌crucial‌ ‌to‌ ‌understand‌ ‌when‌ ‌designing‌ ‌a‌ ‌battery‌‌                           
assembly.‌ ‌As‌ ‌explained‌ ‌above‌ ‌in‌ ‌order‌ ‌to‌ ‌achieve‌ ‌a‌ ‌higher‌ ‌energy‌ ‌density,‌‌                       
manufacturers/designers‌‌of‌‌batteries‌‌have‌‌packed‌‌them‌‌full‌‌of‌‌more‌‌active‌‌material.‌‌This‌‌                       
higher‌ ‌amount‌ ‌of‌ ‌active‌ ‌material‌ ‌causes‌ ‌rechargeable‌ ‌batteries‌ ‌to‌ ‌be‌ ‌more‌ ‌prone‌ ‌to‌‌                         
thermal‌ ‌runaway.‌ ‌With‌ ‌all‌ ‌rechargeable‌ ‌batteries,‌ ‌during‌ ‌the‌‌charging‌‌process‌‌there‌‌is‌‌a‌‌                         
large‌‌amount‌‌of‌‌heat‌‌generated.‌‌Typically,‌‌this‌‌heat‌‌is‌‌removed‌‌naturally‌‌by‌‌escaping‌‌the‌‌                           
battery‌ ‌assembly.‌ ‌In‌ ‌some‌ ‌cases‌ ‌when‌ ‌the‌ ‌heat‌ ‌created‌ ‌by‌ ‌the‌ ‌reaction‌ ‌in‌ ‌the‌ ‌battery‌‌                             
charging‌‌process‌‌can‌‌not‌‌escape‌‌at‌‌a‌‌fast‌‌enough‌‌rate,‌‌it‌‌can‌‌cause‌‌the‌‌battery‌‌to‌‌overheat‌‌                                 
and‌ ‌fail.‌ ‌More‌ ‌specifically,‌ ‌this‌ ‌overheating‌ ‌process‌ ‌happens‌ ‌from‌ ‌lack‌ ‌of‌ ‌cooling‌ ‌as‌‌                         
previously‌‌explained,‌‌which‌‌then‌‌leads‌‌to‌‌a‌‌lower‌‌internal‌‌resistance‌‌and‌‌thus‌‌increasing‌‌                         
the‌ ‌charging‌ ‌current‌ ‌and‌ ‌creating‌ ‌too‌ ‌much‌‌heat.‌‌This‌‌failure‌‌causes‌‌the‌‌battery‌‌cells‌‌to‌‌                             
dry‌ ‌up,‌ ‌and‌ ‌even‌ ‌melt.‌ ‌In‌ ‌the‌‌worst‌‌cases,‌‌batteries‌‌can‌‌even‌‌explode‌‌when‌‌under‌‌these‌‌                               
conditions‌ ‌for‌ ‌an‌ ‌extended‌ ‌period‌ ‌of‌ ‌time.‌ ‌This‌ ‌failure‌ ‌can‌ ‌lead‌ ‌to‌‌serious‌‌damage‌‌and‌‌                             
expulsion‌‌of‌‌highly‌‌toxic‌‌chemicals.‌‌This‌‌is‌‌the‌‌concept‌‌of‌‌thermal‌‌runaway.‌‌Though‌‌all‌‌                           
types‌‌of‌‌rechargeable‌‌batteries‌‌can‌‌suffer‌‌from‌‌thermal‌‌runaway,‌‌as‌‌previously‌‌mentioned‌‌                       
above,‌‌certain‌‌types‌‌with‌‌a‌‌higher‌‌energy‌‌density‌‌are‌‌more‌‌prone‌‌to‌‌it.‌‌This‌‌higher‌‌energy‌‌                               
density‌ ‌leads‌ ‌to‌ ‌more‌ ‌heat‌ ‌being‌ ‌created‌ ‌during‌ ‌the‌ ‌charging‌ ‌process‌ ‌hence‌ ‌the‌ ‌higher‌‌                           
chance‌‌of‌‌suffering‌‌from‌‌thermal‌‌runaway.‌‌For‌‌example,‌‌lithium-ion‌‌batteries‌‌have‌‌a‌‌high‌‌                         
energy‌ ‌density,‌ ‌and‌ ‌are‌ ‌some‌ ‌of‌ ‌the‌ ‌most‌ ‌commonly‌ ‌known‌ ‌batteries‌ ‌to‌ ‌suffer‌ ‌from‌‌                           
thermal‌ ‌runaway.‌ ‌They‌ ‌require‌ ‌more‌ ‌extensive‌ ‌maintenance‌ ‌and‌ ‌cooling‌ ‌in‌ ‌order‌ ‌to‌‌                       
prevent‌ ‌said‌ ‌thermal‌ ‌runaway.‌ ‌So,‌ ‌how‌ ‌can‌ ‌thermal‌ ‌runaway‌ ‌be‌ ‌prevented?‌ ‌The‌ ‌three‌‌                         
main‌ ‌aspects‌ ‌to‌ ‌prevent‌ ‌thermal‌ ‌runaway‌ ‌are‌ ‌doing‌ ‌regular‌ ‌check‌ ‌ups‌ ‌on‌ ‌a‌ ‌battery’s‌‌                           
charging‌‌voltage‌‌and‌‌current,‌‌providing‌‌ample‌‌cooling‌‌to‌‌the‌‌battery‌‌during‌‌the‌‌charging‌‌                         
process,‌ ‌and‌ ‌storing‌ ‌the‌ ‌battery‌ ‌in‌ ‌environments‌ ‌where‌ ‌the‌ ‌ambient‌ ‌temperature‌ ‌is‌ ‌not‌‌                         
extreme.‌ ‌If‌ ‌each‌ ‌of‌ ‌these‌ ‌steps‌ ‌are‌ ‌followed‌ ‌during‌ ‌the‌ ‌battery‌ ‌charging‌ ‌process,‌ ‌the‌‌                           
chances‌ ‌of‌ ‌encountering‌ ‌thermal‌ ‌runaway‌ ‌in‌ ‌a‌ ‌battery‌ ‌are‌ ‌quite‌ ‌small.‌ ‌[49]‌ ‌ 

‌ 
3.9.10‌ ‌Rechargeable‌ ‌Deep-Cycle‌ ‌Battery‌ ‌Types‌ ‌ 

‌ 
In‌ ‌the‌ ‌following‌ ‌section‌ ‌different‌ ‌types‌ ‌of‌ ‌commonly‌ ‌known‌ ‌rechargeable‌ ‌deep‌ ‌cycle‌‌                       
batteries‌ ‌will‌‌be‌‌discussed.‌ ‌After‌‌discussing‌‌each‌‌type‌‌of‌‌battery‌‌below,‌‌we‌‌will‌‌outline‌‌                           
the‌ ‌features‌ ‌each‌ ‌battery‌ ‌offers.‌ ‌ 

‌ 
3.9.10.1‌ ‌Nickel‌ ‌Cadmium‌ ‌Batteries‌‌ ‌  
‌ 

The‌‌first‌‌type‌‌of‌‌rechargeable‌‌battery‌‌to‌‌be‌‌discussed‌‌is‌‌the‌‌nickel‌‌cadmium‌‌battery.‌‌This‌‌                             
type‌ ‌of‌‌battery‌‌was‌‌the‌‌second‌‌rechargeable‌‌type‌‌of‌‌battery‌‌behind‌‌lead‌‌acid‌‌batteries‌‌to‌‌                             
be‌ ‌commercially‌ ‌released.‌ ‌The‌ ‌two‌ ‌main‌ ‌components‌ ‌for‌ ‌the‌ ‌electrodes‌ ‌are‌ ‌nickel‌‌                       
hydroxide‌‌and‌‌cadmium‌‌hence‌‌nickel‌‌cadmium.‌‌In‌‌the‌‌charged‌‌state,‌‌the‌‌nickel‌‌hydroxide‌‌                         
acts‌‌as‌‌the‌‌positive‌‌electrode,‌‌and‌‌the‌‌cadmium‌‌acts‌‌as‌‌the‌‌negative‌‌electrode.‌‌In‌‌the‌‌case‌‌                               
of‌ ‌nickel‌ ‌cadmium‌ ‌batteries,‌ ‌potassium‌ ‌hydroxide‌ ‌is‌ ‌used‌ ‌for‌ ‌the‌ ‌electrolyte.‌ ‌Nickel‌‌                       
cadmium‌‌batteries‌‌are‌‌hardy‌‌and‌‌forgiving.‌‌One‌‌drawback‌‌to‌‌nickel‌‌cadmium‌‌batteries‌‌is‌‌                         
that‌ ‌of‌ ‌their‌ ‌memory‌ ‌effect.‌ ‌With‌ ‌nickel‌ ‌cadmium‌ ‌batteries,‌ ‌they‌ ‌have‌ ‌to‌ ‌be‌ ‌fully‌‌                           
discharged‌‌before‌‌recharging,‌‌otherwise‌‌the‌‌battery‌‌“remembers”‌‌the‌‌previous‌‌charge‌‌and‌‌                     
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‌ 
then‌ ‌results‌ ‌in‌ ‌a‌ ‌loss‌ ‌of‌ ‌capacity.‌ ‌Additionally,‌ ‌because‌ ‌of‌ ‌the‌ ‌low‌ ‌energy‌ ‌density‌ ‌of‌‌                             
nickel‌ ‌cadmium‌ ‌batteries‌ ‌each‌ ‌cell‌ ‌has‌ ‌a‌ ‌voltage‌ ‌of‌ ‌only‌ ‌1.2V‌ ‌meaning‌ ‌for‌ ‌higher‌‌                           
capacity‌ ‌systems,‌ ‌one‌ ‌would‌ ‌need‌ ‌many‌ ‌cells.‌ ‌[22,73,‌ ‌118]‌ ‌ 

‌ 
3.9.10.2‌ ‌Nickel-Metal-Hydride‌ ‌Batteries‌‌ ‌  
‌ 

The‌ ‌second‌ ‌type‌ ‌of‌ ‌rechargeable‌ ‌battery‌ ‌to‌ ‌be‌ ‌discussed‌ ‌is‌ ‌the‌ ‌nickel-metal-hydride‌‌                       
battery.‌‌This‌‌battery‌‌came‌‌after‌‌nickel‌‌cadmium‌‌batteries.‌‌The‌‌two‌‌main‌‌components‌‌for‌‌                         
this‌‌type‌‌of‌‌battery‌‌are‌‌nickel‌‌hydroxide,‌‌and‌‌metal‌‌hydride‌‌which‌‌is‌‌the‌‌hydrogen‌‌storing‌‌                             
metal‌ ‌alloy.‌ ‌In‌ ‌this‌‌case,‌‌the‌‌positive‌‌electrode‌‌is‌‌the‌‌nickel‌‌hydroxide,‌‌and‌‌the‌‌negative‌‌                             
electrode‌ ‌is‌ ‌the‌ ‌metal‌ ‌hydride.‌ ‌Similar‌ ‌to‌ ‌nickel‌ ‌cadmium‌ ‌batteries,‌ ‌the‌ ‌most‌ ‌common‌‌                         
electrolyte‌ ‌used‌ ‌in‌ ‌the‌ ‌composition‌ ‌of‌ ‌these‌ ‌batteries‌ ‌is‌ ‌potassium‌ ‌hydroxide.‌ ‌Unlike‌‌                       
nickel‌ ‌cadmium‌ ‌batteries,‌ ‌nickel-metal-hydride‌ ‌batteries‌ ‌are‌ ‌not‌ ‌hardy‌ ‌and‌ ‌forgiving.‌‌                   
They‌ ‌are‌ ‌quite‌ ‌fragile‌ ‌and‌ ‌have‌ ‌a‌ ‌very‌ ‌high‌ ‌self‌ ‌discharge‌ ‌rate‌ ‌making‌ ‌the‌ ‌charging‌‌                             
process‌ ‌more‌ ‌complicated.‌ ‌Conversely,‌ ‌they‌ ‌have‌ ‌a‌ ‌higher‌ ‌energy‌ ‌density‌ ‌than‌ ‌that‌ ‌of‌‌                         
nickel‌ ‌cadmium‌ ‌batteries.‌ ‌Nickel-metal-hydride‌ ‌batteries‌ ‌also‌ ‌suffer‌ ‌from‌ ‌the‌ ‌same‌‌                   
memory‌ ‌effect‌ ‌as‌ ‌nickel‌ ‌cadmium‌ ‌batteries‌ ‌as‌ ‌described‌ ‌above‌ ‌in‌ ‌section‌ ‌3.9.11.1.‌ ‌[150]‌ ‌ 

‌ 
3.9.10.3‌ ‌Lithium-Ion‌ ‌Batteries‌‌ ‌  

‌ 
The‌‌third‌‌type‌‌of‌‌rechargeable‌‌battery‌‌to‌‌be‌‌discussed‌‌is‌‌the‌‌lithium-ion‌‌battery.‌‌In‌‌terms‌‌                             
of‌ ‌application,‌ ‌this‌ ‌battery‌ ‌type‌ ‌is‌ ‌one‌ ‌of‌‌the‌‌most‌‌commonly‌‌used‌‌in‌‌everyday‌‌devices‌‌                             
such‌ ‌as‌ ‌laptops‌ ‌and‌ ‌cell‌ ‌phones.‌ ‌In‌ ‌the‌ ‌case‌ ‌of‌ ‌these‌ ‌batteries,‌ ‌the‌‌positive‌‌electrode‌‌is‌‌                               
composed‌‌of‌‌lithium‌‌metal‌‌oxide,‌‌and‌‌the‌‌negative‌‌electrode‌‌is‌‌composed‌‌of‌‌graphite,‌‌or‌‌                           
carbon.‌ ‌The‌ ‌most‌ ‌commonly‌ ‌used‌ ‌electrolyte‌ ‌for‌ ‌lithium-ion‌ ‌batteries‌ ‌is‌ ‌lithium‌ ‌salt‌‌                       
dissolved‌ ‌in‌ ‌an‌ ‌organic‌ ‌solvent.‌ ‌Due‌ ‌to‌ ‌the‌‌composition‌‌of‌‌lithium-ion‌‌batteries,‌‌during‌‌                         
the‌ ‌discharge‌ ‌process,‌ ‌the‌ ‌lithium‌‌ions‌‌move‌‌from‌‌the‌‌negative‌‌electrode‌‌to‌‌the‌‌positive‌‌                           
electrode,‌ ‌and‌ ‌then‌ ‌reverse‌ ‌directions‌ ‌during‌ ‌the‌ ‌charging‌ ‌process.‌ ‌Additionally,‌‌                   
lithium-ion‌ ‌batteries‌ ‌do‌ ‌not‌ ‌have‌ ‌any‌ ‌actual‌ ‌lithium‌ ‌metal‌ ‌inside,‌ ‌but‌ ‌rather‌ ‌just‌ ‌the‌‌                           
lithium’s‌ ‌ions‌ ‌due‌ ‌to‌ ‌lithium‌ ‌metal’s‌ ‌instability.‌ ‌Lithium-ion‌ ‌batteries‌ ‌have‌ ‌one‌ ‌of‌ ‌the‌‌                         
highest‌‌energy‌‌densities‌‌of‌‌any‌‌rechargeable‌‌battery‌‌on‌‌the‌‌market.‌‌This‌‌also‌‌means‌‌that‌‌                           
they‌‌are‌‌one‌‌of‌‌the‌‌most‌‌susceptible‌‌batteries‌‌to‌‌thermal‌‌runaway‌‌due‌‌to‌‌the‌‌high‌‌amount‌‌                               
of‌‌active‌‌material‌‌inside‌‌them.‌‌Overall,‌‌lithium-ion‌‌batteries‌‌are‌‌quite‌‌low‌‌maintenance‌‌in‌‌                         
comparison‌ ‌to‌ ‌nickel‌ ‌based‌ ‌batteries.‌ ‌This‌ ‌low‌ ‌maintenance‌ ‌is‌ ‌due‌ ‌to‌ ‌their‌ ‌very‌ ‌low‌                           
self-discharge‌ ‌rate,‌ ‌and‌ ‌not‌ ‌suffering‌ ‌from‌ ‌the‌ ‌memory‌ ‌effect‌ ‌explained‌ ‌for‌ ‌the‌ ‌nickel‌‌                         
battery‌ ‌types.‌ ‌This‌ ‌means‌ ‌that‌ ‌lithium-ion‌ ‌batteries‌ ‌do‌ ‌not‌ ‌need‌ ‌to‌ ‌be‌ ‌fully‌ ‌discharged‌‌                           
before‌‌recharging.‌‌Lithium-ion‌‌battery‌‌cells‌‌typically‌‌have‌‌a‌‌nominal‌‌cell‌‌voltage‌‌of‌‌3.6V.‌‌                         
Another‌ ‌strength‌ ‌of‌ ‌lithium-ion‌ ‌batteries‌ ‌is‌ ‌their‌ ‌rated‌ ‌depth‌ ‌of‌ ‌discharge.‌ ‌Typically,‌‌                       
manufacturers‌ ‌of‌ ‌lithium-ion‌ ‌batteries‌ ‌claim‌ ‌that‌ ‌lithium‌ ‌ion‌ ‌batteries‌ ‌can‌ ‌be‌ ‌taken‌ ‌to‌‌                         
100%‌‌depth‌‌of‌‌discharge.‌‌This‌‌means‌‌that‌‌these‌‌batteries‌‌can‌‌be‌‌fully‌‌discharged‌‌without‌                           
having‌ ‌harmful‌‌long‌‌term‌‌effects‌‌or‌‌significant‌‌loss‌‌of‌‌discharge.‌‌Though‌‌manufacturers‌‌                       
claim‌‌this,‌‌it‌‌is‌‌recommended‌‌not‌‌to‌‌go‌‌below‌‌80%‌‌depth‌‌of‌‌discharge‌‌with‌‌these‌‌batteries‌‌                               
to‌ ‌maintain‌ ‌better‌ ‌battery‌ ‌health.‌ ‌[18,‌ ‌23,‌ ‌34,‌ ‌97]‌ ‌ 
‌ 

3.9.10.4‌ ‌Sealed‌ ‌Lead‌ ‌Acid‌ ‌Batteries‌ ‌(SLA)‌ ‌ 
‌ 

The‌‌fourth‌‌type‌‌of‌‌rechargeable‌‌battery‌‌to‌‌be‌‌discussed‌‌is‌‌the‌‌sealed‌‌lead‌‌acid‌‌battery.‌‌In‌‌                               
the‌ ‌case‌ ‌of‌ ‌these‌ ‌batteries,‌ ‌the‌ ‌positive‌ ‌electrode‌ ‌is‌ ‌composed‌ ‌of‌ ‌lead‌ ‌oxide,‌ ‌and‌ ‌the‌                             
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‌ 
negative‌ ‌electrode‌ ‌is‌ ‌composed‌ ‌of‌ ‌lead.‌ ‌In‌ ‌the‌ ‌case‌ ‌of‌ ‌the‌ ‌lead‌ ‌used‌ ‌for‌ ‌the‌ ‌negative‌‌                               
electrode,‌‌small‌‌traces‌‌of‌‌other‌‌metals‌‌are‌‌added‌‌due‌‌to‌‌pure‌‌lead‌‌being‌‌too‌‌soft‌‌to‌‌use‌‌by‌‌                                   
itself.‌ ‌Two‌ ‌elements‌ ‌typically‌ ‌combined‌ ‌to‌ ‌make‌ ‌this‌ ‌lead‌ ‌alloy‌ ‌are‌ ‌calcium‌ ‌and‌‌                         
antimony.‌ ‌The‌‌most‌‌commonly‌‌used‌‌electrolyte‌‌for‌‌sealed‌‌lead‌‌acid‌‌batteries‌‌is‌‌sulfuric‌‌                         
acid.‌‌Rather‌‌than‌‌being‌‌flooded,‌‌the‌‌electrolyte‌‌is‌‌sealed‌‌inside‌‌the‌‌battery‌‌which‌‌negates‌‌                           
the‌‌apparent‌‌maintenance‌‌needs‌‌for‌‌flooded‌‌lead‌‌acid‌‌batteries.‌‌The‌‌two‌‌main‌‌options‌‌for‌‌                           
this‌‌sealed‌‌electrolyte‌‌are‌‌AGM‌‌and‌‌gel‌‌sealed‌‌lead‌‌acid‌‌batteries.‌‌For‌‌the‌‌gel‌‌variant,‌‌the‌‌                               
acid‌ ‌is‌ ‌suspended‌ ‌in‌ ‌a‌ ‌gel‌ ‌that‌ ‌is‌ ‌created‌ ‌by‌ ‌combining‌ ‌the‌ ‌acid‌ ‌with‌ ‌gelling‌ ‌agents.‌‌                               
Similar‌ ‌to‌ ‌nickel-metal-hydride‌ ‌batteries,‌ ‌sealed‌ ‌lead‌ ‌acid‌ ‌batteries‌ ‌are‌ ‌not‌ ‌particularly‌‌                     
durable‌ ‌when‌ ‌being‌ ‌deep‌ ‌cycled.‌ ‌When‌ ‌fully‌ ‌deep‌ ‌cycled,‌ ‌the‌ ‌amount‌ ‌of‌ ‌rechargeable‌‌                         
cycles‌ ‌falls‌ ‌drastically.‌ ‌This‌ ‌lack‌ ‌of‌ ‌durability‌ ‌for‌ ‌lead‌ ‌acid‌ ‌batteries‌ ‌is‌ ‌due‌ ‌to‌ ‌the‌‌                             
corrosion‌ ‌caused‌ ‌on‌ ‌the‌ ‌positive‌ ‌electrode‌ ‌and‌ ‌the‌ ‌consistent‌ ‌reduction‌ ‌of‌ ‌the‌ ‌active‌‌                         
material‌ ‌contained‌ ‌inside‌ ‌the‌ ‌lead‌ ‌acid‌ ‌battery.‌ ‌Though‌ ‌there‌ ‌are‌ ‌apparent‌ ‌negatives,‌‌                       
sealed‌ ‌lead‌ ‌acid‌‌batteries‌‌are‌‌some‌‌of‌‌the‌‌cheapest‌‌rechargeable‌‌batteries‌‌on‌‌the‌‌market.‌‌                           
They‌ ‌have‌ ‌a‌ ‌surprisingly‌‌high‌‌energy‌‌density‌‌for‌‌their‌‌price‌‌in‌‌comparison‌‌to‌‌the‌‌nickel‌‌                             
based‌ ‌batteries‌ ‌listed‌ ‌in‌ ‌sections‌ ‌3.9.11.1‌ ‌and‌ ‌3.9.11.2.‌ ‌Additionally,‌ ‌sealed‌ ‌lead‌ ‌acid‌‌                       
batteries‌‌perform‌‌well‌‌in‌‌low‌‌temperatures‌‌due‌‌to‌‌their‌‌compositions‌‌whereas‌‌lithium-ion‌‌                       
batteries‌ ‌do‌ ‌not.‌ ‌Just‌ ‌like‌ ‌lithium-ion‌ ‌batteries,‌ ‌sealed‌ ‌lead‌ ‌acid‌ ‌batteries‌ ‌do‌ ‌not‌ ‌suffer‌‌                           
from‌ ‌the‌ ‌memory‌ ‌effect‌ ‌like‌ ‌nickel‌ ‌based‌ ‌batteries.‌ ‌Sealed‌ ‌lead‌ ‌acid‌ ‌batteries‌ ‌typically‌‌                         
have‌ ‌a‌ ‌nominal‌ ‌cell‌ ‌voltage‌ ‌of‌ ‌2V.‌ ‌Sealed‌ ‌lead‌ ‌acid‌ ‌batteries‌ ‌have‌ ‌a‌ ‌much‌ ‌different‌‌                             
recommended‌ ‌depth‌ ‌of‌ ‌discharge‌ ‌rating‌ ‌than‌ ‌that‌ ‌of‌ ‌lithium‌ ‌ion‌ ‌batteries.‌ ‌Most‌‌                       
manufacturers‌ ‌recommend‌ ‌not‌ ‌to‌ ‌take‌ ‌sealed‌ ‌lead‌ ‌acid‌ ‌batteries‌ ‌below‌ ‌50%‌ ‌depth‌ ‌of‌‌                         
discharge‌ ‌lest‌ ‌the‌ ‌battery‌ ‌suffer‌ ‌heavy‌ ‌capacity‌ ‌losses.‌ ‌[21,‌ ‌25,‌ ‌69,‌ ‌162]‌ ‌ 

‌ 
3.9.10.5‌ ‌Lithium‌ ‌Iron‌ ‌Phosphate‌ ‌Batteries‌ ‌ 

‌ 
The‌‌fifth‌‌and‌‌final‌‌type‌‌rechargeable‌‌battery‌‌to‌‌be‌‌discussed‌‌is‌‌the‌‌lithium‌‌iron‌‌phosphate‌‌                             
battery.‌‌This‌‌“offshoot”‌‌of‌‌lithium-ion‌‌batteries‌‌is‌‌newer‌‌technology‌‌and‌‌has‌‌been‌‌around‌‌                         
for‌ ‌a‌ ‌much‌ ‌shorter‌ ‌period‌ ‌of‌ ‌time‌ ‌than‌ ‌the‌ ‌batteries‌‌listed‌‌above.‌‌In‌‌the‌‌case‌‌of‌‌lithium‌‌                                 
iron‌‌phosphate‌‌batteries,‌‌the‌‌positive‌‌electrode‌‌is‌‌composed‌‌of‌‌lithium‌‌iron‌‌phosphate‌‌and‌‌                         
the‌ ‌negative‌ ‌electrode‌ ‌is‌ ‌composed‌ ‌of‌ ‌graphite‌‌or‌‌carbon.‌‌Just‌‌like‌‌standard‌‌lithium-ion‌‌                         
batteries,‌ ‌lithium‌ ‌iron‌ ‌phosphate‌ ‌batteries‌ ‌most‌ ‌commonly‌ ‌used‌ ‌electrolyte‌ ‌is‌ ‌that‌ ‌of‌‌                       
lithium‌ ‌salt‌ ‌dissolved‌ ‌in‌ ‌an‌ ‌organic‌ ‌solvent.‌ ‌Lithium‌ ‌iron‌ ‌phosphate‌ ‌batteries‌ ‌have‌ ‌a‌‌                         
lower‌ ‌energy‌ ‌density‌ ‌to‌ ‌that‌ ‌of‌ ‌their‌ ‌lithium-ion‌ ‌counterparts,‌ ‌but‌ ‌they‌ ‌offer‌ ‌increased‌‌                         
stability‌‌because‌‌of‌‌their‌‌low‌‌resistance‌‌values.‌‌This‌‌is‌‌due‌‌to‌‌the‌‌phosphate‌‌material‌‌used‌‌                             
in‌‌the‌‌cathode.‌‌This‌‌increased‌‌stability‌‌causes‌‌lithium‌‌iron‌‌phosphate‌‌batteries‌‌to‌‌be‌‌much‌                           
safer‌ ‌than‌ ‌their‌ ‌standard‌ ‌lithium-ion‌ ‌battery‌ ‌counterparts.‌ ‌Compared‌ ‌to‌ ‌lithium‌ ‌ion‌‌                     
batteries,‌ ‌lithium‌ ‌iron‌ ‌phosphate‌ ‌batteries‌ ‌the‌ ‌chances‌ ‌of‌ ‌thermal‌‌runaway‌‌occuring‌‌are‌‌                       
very‌ ‌low.‌ ‌In‌ ‌terms‌ ‌of‌ ‌maintenance,‌ ‌lithium‌ ‌iron‌ ‌phosphate‌ ‌batteries‌ ‌can‌ ‌handle‌ ‌higher‌‌                         
voltages‌ ‌for‌ ‌a‌ ‌longer‌ ‌period‌ ‌of‌ ‌time‌ ‌than‌ ‌their‌ ‌lithium‌ ‌ion‌ ‌counterparts,‌‌adding‌‌to‌‌their‌‌                             
longevity.‌‌This‌‌increase‌‌in‌‌longevity‌‌makes‌‌lithium‌‌iron‌‌phosphate‌‌a‌‌titan‌‌for‌‌applications‌‌                         
where‌‌a‌‌high‌‌cycle‌‌count‌‌is‌‌needed.‌‌A‌‌drawback‌‌to‌‌lithium‌‌iron‌‌phosphate‌‌battery‌‌cells‌‌is‌‌                               
that‌ ‌they‌ ‌have‌ ‌a‌ ‌higher‌ ‌self‌ ‌discharge‌ ‌rate‌ ‌than‌ ‌that‌ ‌of‌ ‌their‌ ‌lithium‌ ‌ion‌ ‌phosphate‌‌                             
counterparts.‌‌This‌‌can‌‌sometimes‌‌create‌‌issues‌‌with‌‌the‌‌balancing‌‌of‌‌each‌‌individual‌‌cell‌‌                         
in‌‌the‌‌battery.‌‌This‌‌can‌‌be‌‌remedied‌‌with‌‌high‌‌quality‌‌cells‌‌and‌‌a‌‌good‌‌BMS‌‌(Section‌‌3.8)‌‌                                 
system.‌ ‌Lithium‌ ‌iron‌‌phosphate‌‌batteries‌‌also‌‌do‌‌not‌‌suffer‌‌from‌‌the‌‌memory‌‌effect‌‌like‌‌                           
nickel‌ ‌based‌ ‌batteries.‌ ‌Typically,‌ ‌lithium‌ ‌iron‌ ‌phosphate‌ ‌battery‌ ‌cells‌ ‌have‌ ‌a‌ ‌nominal‌‌                       
voltage‌ ‌of‌ ‌3.2V.‌ ‌Just‌ ‌like‌ ‌lithium-ion‌ ‌batteries,‌ ‌lithium‌ ‌iron‌ ‌phosphate‌ ‌battery‌‌                     
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‌ 
manufacturers‌ ‌claim‌‌that‌‌these‌‌batteries‌‌can‌‌be‌‌taken‌‌down‌‌to‌‌100%‌‌depth‌‌of‌‌discharge.‌‌                           
With‌ ‌lithium‌ ‌iron‌ ‌phosphate‌ ‌batteries‌ ‌they‌ ‌should‌ ‌only‌ ‌be‌ ‌taken‌ ‌to‌ ‌80%‌ ‌depth‌ ‌of‌‌                           
discharge‌ ‌to‌ ‌help‌ ‌maintain‌ ‌battery‌ ‌life‌ ‌just‌ ‌like‌ ‌their‌ ‌lithium-ion‌ ‌counterpart.‌ ‌Finally,‌‌                       
unlike‌ ‌the‌ ‌previous‌ ‌batteries‌ ‌listed,‌ ‌lithium‌ ‌iron‌ ‌phosphate‌ ‌is‌ ‌one‌ ‌of‌ ‌the‌ ‌only‌ ‌types‌ ‌of‌‌                             
batteries‌ ‌that‌ ‌offer‌ ‌high‌ ‌capacity‌ ‌cells‌ ‌that‌ ‌can‌ ‌be‌ ‌purchased‌ ‌and‌ ‌connected‌‌rather‌‌than‌‌                           
buying‌ ‌a‌ ‌pre-built‌ ‌battery.‌ ‌[10,68,75]‌ ‌ 

‌ 
3.9.11‌ ‌Battery‌ ‌Options‌ ‌ 

‌ 
Now‌ ‌that‌ ‌each‌ ‌of‌ ‌the‌ ‌major‌ ‌types‌ ‌of‌ ‌rechargeable‌ ‌batteries‌ ‌have‌ ‌been‌ ‌discussed,‌ ‌this‌‌                           
section‌ ‌will‌ ‌be‌ ‌used‌ ‌to‌ ‌summarize‌ ‌characteristics‌ ‌of‌ ‌different‌ ‌battery‌ ‌options.‌ ‌These‌‌                       
summarizations‌‌will‌‌be‌‌used‌‌to‌‌compare‌‌each‌‌option,‌‌and‌‌provide‌‌a‌‌basis‌‌for‌‌our‌‌battery‌‌                             
choice.‌‌This‌‌decision‌‌will‌‌help‌‌us‌‌decide‌‌whether‌‌to‌‌buy‌‌a‌‌pre-built‌‌battery,‌‌or‌‌design‌‌our‌‌                               
own‌ ‌using‌ ‌battery‌ ‌cells.‌‌Note:‌‌nickel‌‌cadmium‌‌and‌‌nickel-metal-hydride‌‌battery‌‌options‌‌                     
will‌‌not‌‌be‌‌listed‌‌due‌‌to‌‌them‌‌not‌‌being‌‌viable‌‌for‌‌our‌‌project.‌‌Their‌‌discussion‌‌was‌‌used‌‌                                 
for‌ ‌a‌ ‌better‌‌understanding‌‌of‌‌rechargeable‌‌deep‌‌cycle‌‌batteries‌‌as‌‌a‌‌whole.‌‌Since‌‌we‌‌are‌‌                             
designing‌‌a‌‌solar‌‌system‌‌that‌‌will‌‌be‌‌discharged‌‌and‌‌recharged‌‌at‌‌different‌‌rates,‌‌we‌‌need‌‌                             
a‌‌deep‌‌cycle‌‌battery‌‌that‌‌does‌‌not‌‌suffer‌‌from‌‌the‌‌memory‌‌effect‌‌of‌‌nickel‌‌based‌‌batteries.‌‌                               
[20]‌ ‌ 

‌ 
3.9.11.1‌ ‌(4)‌ ‌VariCore‌ ‌3.2V‌ ‌200Ah‌ ‌Lithium‌ ‌Iron‌ ‌Phosphate‌ ‌Battery‌ ‌Cells‌ ‌ 

‌ 
The‌ ‌first‌ ‌option‌ ‌we‌‌explored‌‌was‌‌buying‌‌(4)‌‌3.2V‌‌lithium‌‌iron‌‌phosphate‌‌cells‌‌rated‌‌for‌‌                             
our‌‌desired‌‌capacity‌‌of‌‌200Ah,‌‌and‌‌connecting‌‌them‌‌together‌‌in‌‌series‌‌ourselves.‌‌Copper‌‌                         
connector‌ ‌plates‌ ‌and‌ ‌metal‌ ‌screws‌‌for‌‌the‌‌connections‌‌are‌‌also‌‌provided.‌‌[24]‌‌There‌‌are‌‌                           
many‌ ‌options‌ ‌for‌ ‌high‌ ‌capacity‌ ‌lithium‌ ‌iron‌ ‌phosphate‌ ‌cells,‌ ‌but‌ ‌this‌ ‌found‌ ‌option‌‌                         
provided‌ ‌the‌ ‌desired‌ ‌specifications‌ ‌alongside‌ ‌a‌ ‌good‌ ‌price‌ ‌point.‌ ‌We‌ ‌chose‌ ‌this‌ ‌as‌ ‌an‌‌                           
option‌‌in‌‌order‌‌to‌‌add‌‌an‌‌extra‌‌layer‌‌of‌‌design‌‌to‌‌our‌‌project.‌‌Creating‌‌your‌‌own‌‌battery‌‌                                 
from‌ ‌bought‌ ‌cells‌ ‌is‌ ‌much‌ ‌cheaper‌ ‌than‌‌buying‌‌a‌‌pre-built‌‌battery,‌‌but‌‌there‌‌are‌‌several‌‌                             
aspects‌ ‌to‌ ‌be‌ ‌considered.‌ ‌When‌ ‌ordering‌ ‌battery‌ ‌cells,‌ ‌there‌ ‌is‌ ‌a‌ ‌higher‌ ‌chance‌ ‌one‌ ‌or‌‌                             
more‌ ‌can‌ ‌be‌ ‌damaged‌ ‌or‌ ‌faulty‌ ‌than‌ ‌ordering‌ ‌an‌ ‌already‌ ‌tested‌ ‌and‌ ‌assembled‌ ‌battery.‌‌                           
Additionally,‌ ‌a‌ ‌BMS‌ ‌has‌ ‌to‌ ‌be‌ ‌added‌ ‌as‌ ‌this‌ ‌(4)‌ ‌cell‌ ‌option‌ ‌does‌ ‌not‌ ‌come‌ ‌with‌ ‌one.‌‌                                 
Finally,‌‌an‌‌enclosure‌‌has‌‌to‌‌be‌‌designed‌‌to‌‌seat‌‌the‌‌cells‌‌and‌‌BMS‌‌in‌‌otherwise‌‌the‌‌cells‌‌                                 
will‌ ‌be‌ ‌exposed.‌ ‌The‌ ‌maximum‌ ‌discharge‌ ‌rate‌ ‌when‌ ‌(4)‌ ‌of‌ ‌these‌ ‌described‌ ‌cells‌ ‌are‌‌                           
connected‌ ‌in‌ ‌series‌ ‌is‌ ‌3C.‌ ‌The‌ ‌maximum‌ ‌charging‌ ‌current‌ ‌for‌ ‌this‌‌assembly‌‌is‌‌rated‌‌as‌‌                             
1C.‌ ‌The‌ ‌nominal‌ ‌voltage‌ ‌of‌ ‌the‌ ‌assembly‌‌is‌‌(3.2V)*4‌‌=‌‌12.8V.‌‌The‌‌maximum‌‌charging‌‌                           
voltage‌ ‌for‌ ‌the‌ ‌assembly‌ ‌is‌ ‌14.6V.‌ ‌The‌ ‌total‌ ‌weight‌ ‌of‌ ‌the‌ ‌assembly‌ ‌is‌ ‌roughly‌ ‌34‌ ‌lbs.‌‌                               
Finally,‌ ‌the‌ ‌price‌ ‌of‌ ‌the‌ ‌assembly‌ ‌not‌ ‌including‌ ‌the‌ ‌previously‌ ‌mentioned‌ ‌BMS‌ ‌is‌‌                         
$317.04.‌ ‌[50]‌ ‌ 

‌ 
3.9.11.2‌ ‌Expert‌ ‌Power‌ ‌12V‌ ‌200Ah‌ ‌Lithium‌ ‌Iron‌ ‌Phosphate‌ ‌Battery‌‌  

‌ 
The‌ ‌second‌ ‌option‌ ‌we‌ ‌explored‌‌is‌‌the‌‌Expert‌‌Power‌‌12V‌‌200Ah‌‌lithium‌‌iron‌‌phosphate‌‌                           
battery‌ ‌just‌ ‌like‌ ‌the‌ ‌first,‌ ‌but‌ ‌the‌ ‌battery‌ ‌is‌ ‌already‌ ‌assembled‌ ‌and‌ ‌has‌ ‌a‌ ‌built-in‌‌BMS.‌‌                               
This‌ ‌option‌ ‌provides‌ ‌convenience‌ ‌and‌ ‌less‌ ‌room‌ ‌for‌ ‌error‌ ‌since‌ ‌we‌ ‌would‌ ‌not‌ ‌have‌ ‌to‌‌                             
design‌ ‌the‌ ‌battery‌ ‌and‌ ‌configure‌ ‌a‌ ‌separate‌ ‌BMS‌ ‌ourselves.‌ ‌Additionally,‌ ‌this‌ ‌battery‌‌                       
comes‌‌in‌‌a‌‌marine‌ ‌grade‌‌rated‌‌sealed‌‌enclosure‌‌meaning‌‌it‌‌can‌‌be‌‌used‌‌in‌‌more‌‌extreme‌‌                               
conditions.‌‌The‌‌maximum‌‌discharge‌‌rate‌‌for‌‌this‌‌battery‌‌is‌‌rated‌‌at‌‌.75C.‌‌The‌‌maximum‌‌                           
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‌ 
charging‌‌current‌‌is‌‌rated‌‌at‌‌.25‌‌C.‌‌The‌‌nominal‌‌voltage‌‌rating‌‌of‌‌this‌‌battery‌‌is‌‌12.8V,‌‌and‌‌                                 
the‌ ‌maximum‌ ‌charging‌ ‌voltage‌ ‌is‌ ‌14.4V.‌ ‌As‌ ‌previously‌ ‌mentioned‌ ‌this‌ ‌assembly‌ ‌has‌ ‌a‌‌                         
built‌ ‌in‌ ‌BMS‌ ‌(Reference‌ ‌section‌ ‌3.8‌ ‌for‌ ‌BMS‌ ‌information).‌ ‌The‌ ‌total‌ ‌weight‌ ‌of‌ ‌the‌‌                           
battery‌ ‌assembly‌ ‌is‌ ‌48.3‌ ‌lbs.‌ ‌Finally,‌ ‌the‌ ‌price‌ ‌of‌ ‌the‌ ‌assembly‌ ‌is‌ ‌$1349.99.‌ ‌[63]‌ ‌ 
‌ 
‌ 

3.9.11.3‌ ‌LBP‌ ‌12V‌ ‌200Ah‌ ‌Lithium-Ion‌ ‌Battery‌‌ ‌  
‌ 

The‌‌third‌‌battery‌‌option‌‌explored‌‌is‌‌the‌‌LBP‌‌12V‌‌200Ah‌‌lithium‌‌ion‌‌battery.‌‌Just‌‌like‌‌the‌‌                               
previous‌ ‌option,‌ ‌this‌ ‌battery‌ ‌has‌ ‌a‌ ‌built-in‌ ‌BMS.‌ ‌Unlike‌ ‌the‌ ‌previously‌ ‌mentioned‌‌                       
options,‌ ‌this‌ ‌battery‌ ‌is‌ ‌lithium-ion‌ ‌instead‌ ‌of‌‌lithium‌‌iron‌‌phosphate.‌‌This‌‌battery‌‌is‌‌not‌‌                           
marine‌ ‌rated,‌ ‌but‌ ‌it‌ ‌is‌ ‌rated‌ ‌to‌‌resist‌‌fresh‌‌water‌‌and‌‌dust.‌‌The‌‌maximum‌‌discharge‌‌rate‌‌                               
for‌ ‌this‌ ‌battery‌ ‌is‌ ‌rated‌ ‌at‌ ‌.5C.‌ ‌The‌ ‌maximum‌ ‌discharge‌ ‌current‌ ‌is‌ ‌rated‌ ‌at‌ ‌.5C.‌ ‌The‌‌                               
nominal‌ ‌voltage‌ ‌rating‌ ‌of‌ ‌this‌ ‌battery‌ ‌is‌ ‌13.8V,‌ ‌and‌ ‌the‌ ‌maximum‌ ‌charging‌ ‌voltage‌ ‌is‌‌                           
14.4V‌‌to‌‌14.46V.‌‌The‌‌total‌‌weight‌‌of‌‌the‌‌battery‌‌assembly‌‌is‌‌72‌‌lbs.‌‌Finally,‌‌the‌‌price‌‌of‌‌                                 
the‌ ‌assembly‌ ‌is‌ ‌$2099.99.‌ ‌ 

‌ 
3.9.11.4‌ ‌Renogy‌ ‌12V‌ ‌200Ah‌ ‌AGM‌ ‌Battery‌‌ ‌  

‌ 
The‌‌fourth‌‌and‌‌final‌‌type‌‌of‌‌battery‌‌option‌‌to‌‌be‌‌explored‌‌is‌‌a‌‌12V‌‌200Ah‌‌AGM‌‌battery‌‌                                 
(sealed‌ ‌lead-acid‌ ‌type‌ ‌battery).‌ ‌Due‌ ‌to‌ ‌the‌ ‌composition‌ ‌of‌ ‌this‌ ‌AGM‌ ‌battery,‌ ‌a‌ ‌BMS‌                           
would‌‌have‌‌to‌‌be‌‌externally‌‌added‌‌similar‌‌to‌‌the‌‌battery‌‌cells‌‌option‌‌discussed‌‌in‌‌section‌‌                             
3.9.11.1.‌‌This‌‌battery‌‌is‌‌rated‌‌to‌‌resist‌‌fresh‌‌water‌‌and‌‌dust‌‌similar‌‌to‌‌the‌‌option‌‌discussed‌‌                               
in‌ ‌3.9.11.3.‌ ‌The‌ ‌maximum‌ ‌discharge‌ ‌rate‌ ‌for‌‌this‌‌battery‌‌is‌‌rated‌‌at‌‌.5C.‌‌The‌‌maximum‌‌                             
discharge‌‌current‌‌is‌‌rated‌‌at‌‌.3C.‌‌The‌‌nominal‌‌voltage‌‌rating‌‌of‌‌this‌‌battery‌‌is‌‌12.0V,‌‌and‌                               
the‌ ‌maximum‌ ‌charging‌ ‌voltage‌ ‌is‌ ‌13.6V‌ ‌to‌ ‌13.8V.‌ ‌The‌ ‌total‌ ‌weight‌ ‌of‌ ‌the‌ ‌battery‌‌                           
assembly‌ ‌is‌ ‌127.9‌ ‌lbs.‌ ‌Finally,‌ ‌the‌ ‌price‌ ‌of‌ ‌the‌ ‌assembly‌ ‌is‌ ‌$399.99.‌ ‌ 
‌ 

3.9.12‌ ‌Our‌ ‌Battery‌ ‌Choice‌ ‌ 
‌ 

As‌‌shown‌‌below,‌‌we‌‌will‌‌be‌‌going‌‌with‌‌(4)‌‌VariCore‌‌3.2V‌‌200Ah‌‌lithium‌‌iron‌‌phosphate‌‌                             
battery‌‌cells.‌‌First‌‌and‌‌foremost‌‌these‌‌cells‌‌were‌‌the‌‌cheapest‌‌option‌‌making‌‌them‌‌budget‌‌                           
friendly‌ ‌for‌ ‌senior‌ ‌design.‌ ‌These‌ ‌cells‌ ‌have‌ ‌much‌ ‌higher‌ ‌discharge‌ ‌and‌ ‌charging‌ ‌rates‌‌                         
than‌ ‌their‌ ‌already‌ ‌assembled‌ ‌competitors.‌ ‌Note:‌ ‌These‌ ‌rates‌ ‌will‌ ‌be‌ ‌governed‌ ‌by‌ ‌our‌‌                         
chosen‌‌BMS‌‌which‌‌can‌‌be‌‌found‌‌in‌‌section‌‌3.8‌‌meaning‌‌each‌‌of‌‌these‌‌rates‌‌will‌‌be‌‌much‌‌                                 
lower.‌ ‌Nonetheless,‌ ‌if‌ ‌we‌ ‌upgraded‌ ‌our‌ ‌BMS‌ ‌we‌ ‌would‌ ‌have‌ ‌the‌ ‌ability‌ ‌to‌ ‌scale‌ ‌these‌‌                             
rates‌‌up‌‌if‌‌needed.‌‌Additionally,‌‌by‌‌purchasing‌‌our‌‌own‌‌cells,‌‌we‌‌get‌‌to‌‌learn‌‌the‌‌battery‌‌                               
cell‌ ‌composition‌ ‌process‌ ‌which‌ ‌adds‌ ‌an‌ ‌additional‌ ‌design‌ ‌component‌ ‌to‌ ‌our‌ ‌project.‌‌                       
These‌ ‌cells‌ ‌being‌ ‌lithium‌ ‌iron‌ ‌phosphate‌ ‌was‌ ‌another‌‌one‌‌of‌‌the‌‌main‌‌deciding‌‌factors.‌‌                           
As‌ ‌described‌ ‌in‌ ‌section‌ ‌3.9.10.5,‌‌lithium‌‌iron‌‌phosphate‌‌batteries‌‌are‌‌some‌‌of‌‌the‌‌safest‌‌                           
high‌ ‌capacity‌ ‌battery‌ ‌types‌ ‌that‌ ‌also‌ ‌offer‌ ‌a‌ ‌high‌ ‌energy‌ ‌density.‌ ‌Additionally‌ ‌like‌ ‌all‌‌                           
batteries‌‌in‌‌the‌‌lithium-ion‌‌family,‌‌lithium‌‌iron‌‌phosphate‌‌batteries‌‌can‌‌be‌‌taken‌‌to‌‌a‌‌very‌‌                             
deep‌ ‌depth‌ ‌of‌ ‌discharge‌ ‌(recommended‌ ‌maximum‌ ‌of‌ ‌80%).‌‌ ‌  
‌ 
‌ 
‌ 
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‌ 

Table‌ ‌15:‌ ‌Battery‌ ‌Comparison‌ ‌ 
‌ 

3.10‌ ‌Inverters‌ ‌ 
‌ 

Inverters‌ ‌are‌ ‌devices‌ ‌used‌ ‌for‌ ‌the‌ ‌conversion‌ ‌of‌ ‌DC‌ ‌or‌ ‌direct‌ ‌current‌ ‌power‌ ‌to‌ ‌AC‌ ‌or‌‌                               
alternating‌ ‌current‌ ‌power.‌ ‌These‌ ‌devices‌ ‌are‌ ‌so‌ ‌extensively‌‌used‌‌throughout‌‌electronics‌‌                     
that‌‌we‌‌fail‌‌to‌‌realize‌‌how‌‌vital‌‌they‌‌are‌‌to‌‌our‌‌everyday‌‌lives.‌‌Today‌‌when‌‌we‌‌use‌‌power‌‌                                   
from‌ ‌the‌ ‌grid‌ ‌to‌ ‌power‌ ‌our‌‌appliances‌‌at‌‌home‌‌they‌‌require‌‌an‌‌inverter‌‌to‌‌appropriately‌‌                             
transmit‌ ‌the‌ ‌required‌ ‌energy‌ ‌supplied.‌ 
‌ 

3.10.1‌ ‌Power‌ ‌Factor‌ ‌and‌ ‌Total‌ ‌Harmonic‌ ‌Distortion‌‌ ‌  
‌ 

Two‌ ‌ways‌ ‌that‌ ‌inverters‌ ‌are‌ ‌judged‌ ‌in‌ ‌quality‌ ‌is‌ ‌by‌ ‌an‌ ‌effect‌ ‌called‌ ‌total‌ ‌harmonic‌‌                             
distortion‌ ‌along‌ ‌with‌ ‌power‌ ‌factor.‌ ‌These‌ ‌effects‌ ‌are‌ ‌crucial‌ ‌to‌ ‌understanding‌ ‌power‌‌                       
systems‌‌as‌‌the‌‌goal‌‌in‌‌most‌‌cases‌‌is‌‌to‌‌mitigate‌‌total‌‌harmonic‌‌distortion‌‌in‌‌order‌‌to‌‌attain‌‌                                 
a‌ ‌“‌higher‌ ‌power‌ ‌factor,‌ ‌lower‌‌peak‌‌currents,‌‌and‌‌higher‌‌efficiency”.‌‌In‌‌introductory‌‌AC‌‌                         
circuits‌‌we‌‌are‌‌taught‌‌how‌‌the‌‌phase‌‌angles‌‌of‌‌voltage‌‌and‌‌current‌‌relate‌‌to‌‌power‌‌factor‌‌                               
or‌ ‌expressed‌ ‌as‌‌an‌‌equation‌‌can‌‌be‌‌written‌‌as‌‌power‌‌factor‌‌=‌‌ .‌‌This‌‌is‌‌a‌‌valid‌‌                       Loading…          
equation‌ ‌only‌ ‌when‌ ‌the‌ ‌current‌ ‌and‌ ‌voltage‌ ‌are‌ ‌purely‌ ‌sinusoidal.‌ ‌The‌ ‌equation‌‌                       
previously‌‌is‌‌the‌‌displacement‌‌equation‌‌and‌‌the‌‌more‌‌refined‌‌definition‌‌of‌‌power‌‌factor‌‌is‌‌                           
given‌ ‌to‌ ‌be‌ ‌power‌ ‌factor‌ ‌=‌ ‌ .‌ ‌If‌ ‌the‌ ‌load‌ ‌connected‌ ‌to‌ ‌the‌ ‌source‌ ‌is‌ ‌purely‌‌            Loading…                    
resistive‌ ‌then‌ ‌the‌ ‌rms‌ ‌(root‌ ‌mean‌ ‌squared)‌ ‌voltage‌ ‌and‌ ‌current‌ ‌can‌ ‌be‌ ‌expressed‌‌                         
respectively‌ ‌as‌ ‌the‌ ‌following:‌ ‌ ‌and‌ ‌ .‌ ‌The‌ ‌power‌ ‌factor‌ ‌in‌‌a‌‌purely‌‌       Loading…   Loading…              
resistive‌‌circuit‌‌is‌‌1.‌‌This‌‌is‌‌shown‌‌in‌‌figure‌‌51‌‌below.‌‌Notice‌‌how‌‌the‌‌current‌‌and‌‌voltage‌‌                                 
are‌ ‌in‌ ‌phase‌ ‌with‌ ‌one‌ ‌another.‌ ‌In‌ ‌figure‌ ‌52‌ ‌we‌ ‌can‌ ‌see‌ ‌that‌ ‌in‌ ‌an‌ ‌inductive‌ ‌load‌ ‌the‌‌                                   
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Key‌ ‌Points‌ ‌ 
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‌ 

Expert‌ ‌Power‌‌ 
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‌ 
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‌ 
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‌ 
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72‌ ‌lbs‌ ‌ 
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‌ 
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‌ 
voltage‌ ‌leads‌ ‌the‌ ‌current‌ ‌indicating‌ ‌a‌ ‌phase‌ ‌shift‌‌between‌‌the‌‌two.‌‌In‌‌Figure‌‌53‌‌we‌‌can‌‌                               
observe‌‌that‌‌in‌‌a‌‌capacitive‌‌load‌‌the‌‌current‌‌leads‌‌the‌‌voltage‌‌also‌‌indicating‌‌a‌‌phase‌‌shift‌‌                               
between‌ ‌the‌ ‌two.‌ ‌To‌ ‌counteract‌ ‌this‌ ‌a‌ ‌“compensation”‌ ‌of‌ ‌power‌ ‌must‌ ‌be‌ ‌added‌ ‌in‌ ‌the‌‌                             
form‌ ‌of‌ ‌reactance‌ ‌or‌ ‌better‌ ‌known‌ ‌as‌ ‌power‌ ‌factor‌ ‌correction‌ ‌to‌ ‌offset‌ ‌the‌ ‌phase‌ ‌shift‌‌                             
explained‌ ‌earlier.‌ ‌[92,167]‌ ‌ 

‌ 
Figure‌ ‌51:‌ ‌Purely‌ ‌Resistive‌ ‌Circuit‌ ‌Current‌ ‌and‌ ‌Voltage‌ ‌Phase‌ ‌ 

‌ 

‌ 
Figure‌ ‌52:‌ ‌Inductive‌ ‌Circuit‌ ‌Current‌ ‌and‌ ‌Voltage‌ ‌Phase‌ ‌ 

‌ 

‌ 
Figure‌ ‌53:‌ ‌Capacitive‌ ‌Circuit‌ ‌Current‌ ‌and‌ ‌Voltage‌ ‌Phase‌ ‌ 

‌ 
As‌ ‌a‌ ‌result‌ ‌of‌ ‌this‌ ‌power‌ ‌factor‌ ‌correction,‌ ‌we‌ ‌must‌ ‌alter‌ ‌the‌ ‌power‌ ‌factor‌ ‌equation‌ ‌to‌‌                               
account‌‌for‌‌total‌‌harmonic‌‌distortion‌‌as‌‌some‌‌loads‌‌will‌‌not‌‌be‌‌fully‌‌resistive.‌‌In‌‌a‌‌lot‌‌of‌‌                                 
cases‌ ‌conversion‌ ‌of‌ ‌AC‌‌to‌‌DC‌‌or‌‌DC‌‌to‌‌AC‌‌causes‌‌the‌‌current‌‌to‌‌not‌‌be‌‌sinusoidal‌‌and‌‌                                   
this‌‌all‌‌ties‌‌back‌‌into‌‌why‌‌total‌‌harmonic‌‌distortion‌‌and‌‌power‌‌factor‌‌correction‌‌go‌‌hand‌‌                             
in‌ ‌hand‌ ‌when‌ ‌choosing‌ ‌the‌ ‌correct‌ ‌inverter‌ ‌to‌ ‌use‌‌in‌‌our‌‌project.‌‌When‌‌we‌‌say‌‌that‌‌the‌‌                                 
current‌‌in‌‌these‌‌systems‌‌is‌‌no‌‌longer‌‌sinusoidal‌‌but‌‌is‌‌still‌‌periodic‌‌this‌‌causes‌‌the‌‌current‌‌                               
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‌ 
to‌‌be‌‌able‌‌to‌‌be‌‌described‌‌in‌‌terms‌‌of‌‌harmonic‌‌distortion.‌‌Since‌‌each‌‌of‌‌the‌‌harmonics‌‌of‌‌                                 
the‌ ‌current‌ ‌has‌ ‌a‌ ‌root‌ ‌mean‌ ‌squared‌ ‌value,‌ ‌calculating‌ ‌the‌ ‌rms‌ ‌value‌ ‌of‌‌each‌‌harmonic‌‌                             
requires‌‌a‌‌summation‌‌of‌‌all‌‌the‌‌rms‌‌values‌‌of‌‌the‌‌harmonic.‌‌Once‌‌this‌‌is‌‌obtained‌‌then‌‌the‌‌                                 
next‌ ‌thing‌ ‌to‌ ‌look‌ ‌out‌ ‌for‌ ‌is‌ ‌whether‌ ‌your‌ ‌output‌ ‌is‌ ‌producing‌ ‌real‌ ‌power‌ ‌or‌ ‌apparent‌‌                               
power.‌ ‌Real‌ ‌power‌ ‌is‌ ‌produced‌ ‌at‌ ‌the‌ ‌fundamental‌ ‌frequency‌ ‌while‌ ‌apparent‌ ‌power‌ ‌is‌‌                         
produced‌ ‌as‌ ‌a‌ ‌result‌ ‌of‌ ‌all‌ ‌of‌ ‌the‌ ‌current‌ ‌harmonics.‌ ‌[92,167]‌ ‌ 

‌ 

‌ 
Equation‌ ‌1:‌ ‌Power‌ ‌Factor‌ ‌in‌ ‌RMS‌ ‌ 

‌ 

‌ 
Equation‌ ‌2:‌ ‌Harmonic‌ ‌Current‌ ‌ 

‌ 

‌ 
Equation‌ ‌3:‌ ‌Apparent‌ ‌Power‌ ‌ 

‌ 

‌ 
Equation‌ ‌4:‌ ‌Revised‌ ‌Power‌ ‌Factor‌‌ ‌  

‌ 

‌ 
Equation‌ ‌5:‌ ‌Simplified‌ ‌Power‌ ‌Factor‌ ‌ 

‌ 
As‌‌you‌‌can‌‌see‌‌above‌‌when‌‌determining‌‌power‌‌factor‌‌we‌‌first‌‌start‌‌with‌‌the‌‌basic‌‌power‌‌                               
equation‌‌in‌‌rms‌‌format.‌‌Then‌‌we‌‌must‌‌include‌‌the‌‌harmonics‌‌of‌‌each‌‌current‌‌(Equation‌‌2)‌‌                             
as‌‌well‌‌as‌‌the‌‌apparent‌‌power‌‌which‌‌already‌‌has‌‌all‌‌of‌‌the‌‌harmonics‌‌included‌‌(Equation‌                             
3).‌ ‌To‌ ‌find‌ ‌the‌‌power‌‌factor‌‌we‌‌must‌‌substitute‌‌these‌‌two‌‌equations‌‌into‌‌equation‌‌1‌‌and‌‌                               
the‌‌resulting‌‌equation‌‌4‌‌is‌‌shown.‌‌With‌‌a‌‌bit‌‌of‌‌manipulation‌‌we‌‌can‌‌simplify‌‌the‌‌power‌‌                               
factor‌‌to‌‌that‌‌of‌‌equation‌‌5.‌‌Notice‌‌that‌‌in‌‌the‌‌first‌‌term‌‌of‌ ‌equation‌‌5‌‌we‌‌can‌‌accurately‌‌                                   
observe‌ ‌the‌ ‌distortion‌ ‌factor‌ ‌that‌ ‌accrues‌ ‌from‌ ‌the‌ ‌multiple‌ ‌harmonics‌ ‌of‌ ‌the‌ ‌current.‌‌                         
Moving‌‌on‌‌to‌‌how‌‌the‌‌distortion‌‌factor‌‌relates‌‌to‌‌total‌‌harmonic‌‌distortion‌‌we‌‌can‌‌see‌‌that‌‌                               
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‌ 
THD‌‌is‌‌related‌‌in‌‌the‌‌following‌‌way‌‌in‌‌equation‌‌6.‌‌We‌‌can‌‌relate‌‌the‌‌distortion‌‌factor‌‌to‌‌                                 
the‌‌measurement‌‌of‌‌THD‌‌by‌‌using‌‌equation‌‌4‌‌equation‌‌5‌‌to‌‌get‌‌the‌‌relationship‌‌between‌‌                             
the‌‌two‌‌quantities‌‌and‌‌is‌‌shown‌‌in‌‌equation‌‌7.‌‌The‌‌final‌‌power‌‌factor‌‌is‌‌the‌‌most‌‌correct‌‌                                 
version‌ ‌shown‌ ‌in‌ ‌equations‌ ‌8‌ ‌and‌ ‌9.‌ ‌In‌ ‌our‌ ‌project‌ ‌we‌ ‌will‌ ‌have‌ ‌to‌ ‌consider‌ ‌total‌‌                               
harmonic‌ ‌distortion‌ ‌as‌ ‌well‌ ‌as‌ ‌the‌ ‌displacement‌ ‌factor‌ ‌so‌ ‌that‌ ‌we‌ ‌can‌‌have‌‌an‌‌efficient‌‌                             
inverter‌ ‌that‌ ‌outputs‌ ‌real‌ ‌power‌ ‌at‌ ‌an‌ ‌optimal‌ ‌rate.‌ ‌[92,167]‌ ‌ 
‌ 

‌ 

‌ 
Equation‌ ‌6:‌ ‌Total‌ ‌Harmonic‌ ‌Distortion‌ ‌ 

‌ 
Equation‌ ‌7:‌ ‌Relating‌ ‌Distortion‌ ‌Factor‌ ‌to‌ ‌THD‌ ‌ 

‌ 

‌ 
Equation‌ ‌8:‌ ‌Revised‌ ‌Conceptual‌ ‌Power‌ ‌Factor‌ ‌ 

‌ 
Equation‌ ‌9:‌ ‌Revised‌ ‌Mathematical‌ ‌Power‌ ‌Factor‌ ‌ 

‌ 
3.10.2‌ ‌Different‌ ‌types‌ ‌of‌ ‌inverters‌ ‌ 
‌ 

We‌‌have‌‌already‌‌established‌‌what‌‌an‌‌inverter‌‌is.‌‌It‌‌is‌‌a‌‌device‌‌that‌‌converts‌‌direct‌‌current‌‌                               
or‌‌DC‌‌voltage‌‌into‌‌alternating‌‌current‌‌or‌‌AC‌‌voltage.‌‌The‌‌variable‌‌AC‌‌can‌‌have‌‌changing‌‌                             
voltage‌ ‌magnitude,‌ ‌number‌ ‌of‌ ‌frequency,‌ ‌phases‌ ‌or‌ ‌phase‌‌difference.‌‌In‌‌sections‌‌3.10.4‌‌                       
through‌ ‌3.10.6‌ ‌below,‌ ‌we‌ ‌classify‌ ‌three‌ ‌types‌ ‌of‌ ‌inverters‌ ‌based‌ ‌on‌ ‌their‌ ‌output‌‌                         
characteristics:‌ ‌Square‌ ‌wave,‌ ‌modified‌ ‌sine‌ ‌wave,‌ ‌and‌ ‌(pure)‌ ‌sine‌ ‌wave.‌ ‌ 

‌ 
3.10.3‌ ‌Square‌ ‌wave‌ ‌inverters‌ ‌ 

‌ 
Starting‌ ‌with‌ ‌the‌ ‌square‌ ‌wave‌‌it‌‌is‌‌by‌‌far‌‌the‌‌cheapest‌‌and‌‌least‌‌complex‌‌to‌‌understand,‌‌                               
but‌‌the‌‌tradeoff‌‌is‌‌that‌‌it‌‌is‌‌the‌‌least‌‌used‌‌type‌‌as‌‌it‌‌offers‌‌low‌‌power‌‌quality‌‌due‌‌to‌‌total‌‌                                       
harmonic‌ ‌distortion‌ ‌of‌ ‌upwards‌ ‌of‌ ‌around‌‌45‌‌percent‌‌[134].‌‌As‌‌a‌‌result,‌‌many‌‌if‌‌not‌‌all‌‌                               
appliances‌ ‌today‌ ‌will‌ ‌not‌ ‌be‌ ‌able‌ ‌to‌ ‌run‌ ‌appropriately‌ ‌as‌ ‌many‌ ‌of‌ ‌these‌ ‌are‌ ‌using‌‌pure‌‌                               
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‌ 
sine‌‌waves.‌‌Not‌‌only‌‌is‌‌this‌‌inverter‌‌impractical‌‌due‌‌to‌‌major‌‌losses,‌‌but‌‌it‌‌may‌‌result‌‌in‌‌                                 
damage‌‌to‌‌internal‌‌circuitry‌‌of‌‌any‌‌appliance‌‌that‌‌does‌‌not‌‌run‌‌off‌‌of‌‌the‌‌sine‌‌wave.‌‌The‌‌                                 
only‌‌thing‌‌that‌‌this‌‌inverter‌‌may‌‌be‌‌used‌‌for‌‌would‌‌be‌‌for‌‌tools‌‌which‌‌run‌‌on‌‌a‌‌universal‌‌                                   
motor.‌ ‌In‌ ‌figure‌ ‌54‌ ‌below‌‌we‌‌can‌‌see‌‌that‌‌a‌‌square‌‌wave‌‌is‌‌composed‌‌of‌‌a‌‌fundamental‌‌                                 
sine‌‌wave‌‌which‌‌is‌‌at‌‌the‌‌same‌‌frequency‌‌as‌‌the‌‌square‌‌wave‌‌along‌‌with‌‌the‌‌3rd‌‌and‌‌the‌‌                                   
5th‌ ‌harmonic.‌ ‌More‌ ‌odd‌ ‌harmonics‌ ‌are‌ ‌contained‌ ‌within‌ ‌the‌ ‌square‌ ‌wave‌ ‌but‌ ‌are‌ ‌not‌‌                           
shown.‌‌As‌‌a‌‌result‌‌of‌‌these‌‌harmonics,‌‌“noise”‌‌or‌‌interference‌‌is‌‌produced‌‌which‌‌can‌‌and‌‌                             
will‌ ‌damage‌‌most‌‌electronics‌‌over‌‌time.‌‌One‌‌method‌‌of‌‌producing‌‌this‌‌type‌‌of‌‌output‌‌is‌‌                             
to‌‌use‌‌an‌‌H‌‌bridge‌‌which‌‌will‌‌turn‌‌the‌‌DC‌‌applied‌‌voltage‌‌to‌‌square‌‌wave‌‌output‌‌across‌‌                                 
an‌‌applied‌‌load.‌‌Filtering‌‌out‌‌some‌‌of‌‌the‌‌harmonics‌‌can‌‌reduce‌‌the‌‌losses‌‌output‌‌but‌‌it‌‌is‌‌                                 
still‌ ‌not‌ ‌practical‌ ‌to‌ ‌use‌ ‌this‌ ‌type‌ ‌of‌ ‌inverter‌ ‌for‌ ‌many‌ ‌devices‌ ‌today.[128,134,179]‌ ‌ 

‌ 

‌ 
Figure‌ ‌54:‌ ‌Harmonics‌ ‌of‌ ‌a‌ ‌Square‌ ‌Wave‌ ‌Inverter‌ ‌Output‌ ‌ 

‌ 
‌ 

3.10.4‌ ‌Modified‌ ‌square‌ ‌wave‌ ‌inverters‌ ‌ 
‌ 

The‌ ‌modified‌ ‌sine‌ ‌wave‌ ‌type‌ ‌(which‌ ‌are‌ ‌actually‌ ‌modified‌ ‌squares)‌ ‌provide‌ ‌block-like‌‌                       
pulses‌‌with‌‌some‌‌inactive‌‌areas‌‌in‌‌around‌‌the‌‌positive‌‌and‌‌negative‌‌half‌‌cycles.‌‌These‌‌are‌‌                             
basically‌ ‌constructed‌ ‌using‌ ‌two‌ ‌square‌ ‌waves.‌ ‌The‌ ‌modified‌ ‌square‌ ‌wave‌ ‌inverter‌ ‌is‌‌                       
simpler‌‌to‌‌construct‌‌than‌‌the‌‌pure‌‌sine‌‌wave‌‌but‌‌a‌‌bit‌‌more‌‌difficult‌‌than‌‌a‌‌simple‌‌square‌‌                                 
wave‌‌inverter.‌‌They‌‌are‌‌useful‌‌and‌‌appropriate‌‌for‌‌many‌‌electronic‌‌loads‌‌but‌‌the‌‌tradeoff‌‌                           
is‌ ‌a‌ ‌total‌ ‌harmonic‌ ‌distortion‌ ‌of‌ ‌around‌ ‌24%‌ ‌[134].‌ ‌The‌‌modified‌‌sine‌‌wave‌‌inverter‌‌is‌‌                             
also‌‌one‌‌of‌‌the‌‌most‌‌used‌‌low‌‌cost‌‌inverters‌‌on‌‌the‌‌consumer‌‌market,‌‌most‌‌notably‌‌in‌‌car‌‌                                 
industries.‌ ‌In‌ ‌figure‌ ‌54‌ ‌below‌ ‌we‌ ‌can‌ ‌see‌ ‌the‌ ‌waveform‌ ‌of‌ ‌a‌ ‌modified‌ ‌square‌ ‌wave.‌‌                             
Notice‌ ‌how‌ ‌it‌ ‌resembles‌ ‌a‌ ‌“sinusoid”‌ ‌but‌ ‌it‌ ‌is‌ ‌blocky‌ ‌and‌ ‌choppy‌ ‌in‌ ‌the‌ ‌way‌ ‌that‌ ‌it‌ ‌is‌‌                                   
constructed.‌ ‌Since‌ ‌the‌ ‌waveform‌‌is‌‌“closer”‌‌to‌‌that‌‌of‌‌a‌‌sine‌‌wave‌‌but‌‌retains‌‌its‌‌square‌‌                               
characteristics‌‌it‌‌offers‌‌more‌‌efficiency‌‌than‌‌a‌‌square‌‌wave‌‌but‌‌not‌‌as‌‌much‌‌as‌‌a‌‌pure‌‌sine‌‌                                 
wave.‌‌A‌‌few‌‌more‌‌observations‌‌can‌‌indicate‌‌that‌‌if‌‌you‌‌wanted‌‌to‌‌reduce‌‌the‌‌THD‌‌even‌‌                               
more‌ ‌you‌ ‌would‌ ‌need‌ ‌to‌ ‌use‌ ‌filters‌ ‌to‌ ‌block‌ ‌the‌ ‌interference‌ ‌that‌ ‌this‌ ‌type‌ ‌of‌ ‌inverter‌‌                               
produces‌ ‌but‌ ‌this‌ ‌comes‌ ‌at‌ ‌a‌ ‌cost‌ ‌of‌ ‌power‌ ‌reduction‌ ‌to‌ ‌the‌ ‌load‌ ‌which‌ ‌leads‌ ‌to‌ ‌an‌‌                                 
efficiency‌ ‌decrease.‌ ‌Notice‌ ‌once‌ ‌again‌ ‌in‌‌figure‌‌55‌‌that‌‌there‌‌are‌‌three‌‌specific‌‌“levels”‌‌                           
contained‌‌within‌‌this‌‌waveform:‌‌Peak‌‌voltage‌‌Vo,‌‌peak‌‌voltage‌‌-Vo,‌‌and‌‌zero.‌‌If‌‌we‌‌were‌‌                             
to‌ ‌add‌ ‌more‌ ‌voltage‌ ‌levels‌ ‌we‌‌would‌‌make‌‌this‌‌inverter‌‌significantly‌‌more‌‌efficient.‌‌So‌‌                           
much‌ ‌more‌ ‌efficient‌ ‌in‌ ‌fact‌‌that‌‌if‌‌we‌‌were‌‌to‌‌add‌‌an‌‌extra‌‌two‌‌levels‌‌we‌‌would‌‌reduce‌‌                                   
THD‌ ‌from‌ ‌24%‌ ‌to‌ ‌around‌‌6.5%‌‌[134].‌‌When‌‌using‌‌a‌‌modified‌‌sine‌‌wave‌‌inverter‌‌there‌‌                             
are‌ ‌a‌ ‌few‌ ‌things‌ ‌to‌ ‌keep‌ ‌in‌ ‌mind.‌ ‌One‌ ‌of‌ ‌the‌ ‌first‌ ‌things‌‌is‌‌to‌‌make‌‌sure‌‌that‌‌whatever‌‌                                     
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‌ 
load‌‌you‌‌connect‌‌to‌‌the‌‌inverter,‌‌the‌‌inverter‌‌must‌‌be‌‌able‌‌to‌‌handle‌‌the‌‌wattage‌‌that‌‌the‌‌                                 
load‌‌is‌‌drawing.‌‌The‌‌next‌‌thing‌‌is‌‌that‌‌modified‌‌sine‌‌wave‌‌inverters‌‌do‌‌not‌‌do‌‌especially‌‌                               
well‌ ‌with‌ ‌inductive‌ ‌loads.‌ ‌This‌ ‌is‌ ‌because‌ ‌with‌ ‌a‌ ‌high‌ ‌influx‌ ‌of‌ ‌current,‌ ‌losses‌ ‌will‌‌be‌‌                               
experienced‌‌in‌‌the‌‌transfer‌‌through‌‌heat‌‌or‌‌“buzzing”‌‌and‌‌may‌‌ultimately‌‌ruin‌‌the‌‌life‌‌or‌‌                             
operability‌ ‌of‌ ‌the‌ ‌device‌ ‌[128,134,179].‌ ‌ 

‌ 

‌ 
Figure‌ ‌55:‌ ‌Waveform‌ ‌of‌ ‌a‌ ‌Modified‌ ‌Square‌ ‌Wave‌ ‌Inverter‌ ‌Output‌ 

‌ 
‌ 

3.10.5‌ ‌Pure‌ ‌sine‌ ‌wave‌ ‌Inverters‌ ‌ 
‌ 

This‌‌type‌‌of‌‌inverter‌‌is‌‌the‌‌best‌‌when‌‌it‌‌comes‌‌to‌‌the‌‌least‌‌amount‌‌of‌‌noise‌‌or‌‌interference‌‌                                   
produced.‌ ‌The‌ ‌sole‌ ‌advantage‌ ‌of‌ ‌this‌ ‌type‌ ‌of‌ ‌inverter‌ ‌is‌ ‌that‌ ‌it‌ ‌produces‌ ‌a‌ ‌very‌ ‌small‌‌                               
amount‌ ‌of‌ ‌total‌ ‌harmonic‌ ‌distortion‌ ‌which‌ ‌equates‌ ‌to‌ ‌allowing‌ ‌most‌ ‌electronics‌ ‌to‌ ‌run‌‌                         
safely‌‌and‌‌efficiently‌‌without‌‌the‌‌worry‌‌of‌‌damage‌‌or‌‌losses‌‌to‌‌the‌‌device(s).‌‌In‌‌figure‌‌56‌‌                               
below‌‌we‌‌can‌‌see‌‌that‌‌a‌‌pure‌‌sine‌‌waveform‌‌is‌‌shown.‌‌Although‌‌the‌‌construction‌‌of‌‌this‌‌                               
output‌‌can‌‌be‌‌challenging‌‌it‌‌offers‌‌the‌‌most‌‌“bang‌‌for‌‌your‌‌buck”.‌‌Another‌‌disadvantage‌‌                           
is‌ ‌this‌ ‌type‌ ‌of‌ ‌inverter‌ ‌is‌ ‌the‌ ‌most‌ ‌expensive‌ ‌to‌ ‌construct.‌ ‌A‌ ‌few‌ ‌things‌ ‌more‌ ‌to‌ ‌note‌‌                                 
would‌ ‌be‌‌that‌‌this‌‌type‌‌of‌‌inverter‌‌operates‌‌in‌‌a‌‌PWM‌‌or‌‌pulse‌‌width‌‌modulation‌‌mode.‌‌                               
The‌‌produced‌‌frequency‌‌and‌‌voltage‌‌are‌‌controlled‌‌by‌‌altering‌‌the‌‌duty‌‌cycles‌‌of‌‌the‌‌high‌‌                             
frequency‌‌pulses.‌‌Then‌‌the‌‌“chopped”‌‌voltage‌‌follows‌‌through‌‌a‌‌low‌‌pass‌‌filter‌‌to‌‌output‌‌                           
a‌‌sinusoidal‌‌output‌‌that‌‌is‌‌very‌‌clean‌‌and‌‌efficient.‌‌Although‌‌the‌‌two‌‌main‌‌disadvantages‌‌                           
are‌‌the‌‌challenge‌‌in‌‌building‌‌and‌‌cost,‌‌if‌‌you‌‌need‌‌a‌‌high‌‌quality‌‌of‌‌power,‌‌this‌‌is‌‌the‌‌best‌‌                                     
inverter‌ ‌to‌ ‌have‌ ‌[128,134,179].‌ ‌ 
‌ 

‌ 
Figure‌ ‌56:‌ ‌Waveform‌ ‌of‌ ‌a‌ ‌Pure‌ ‌Sine‌ ‌Wave‌ ‌Inverter‌ ‌Output‌ ‌ 

‌ 
Figure‌‌57‌‌helps‌‌to‌‌show‌‌the‌‌entire‌‌process‌‌of‌‌the‌‌conversion‌‌of‌‌DC‌‌to‌‌AC‌‌power‌‌in‌‌a‌‌pure‌‌                                     
sine‌ ‌wave‌ ‌inverter.‌ ‌We‌ ‌start‌ ‌with‌ ‌a‌ ‌DC‌ ‌input‌ ‌whereby‌ ‌it‌ ‌will‌ ‌combine‌ ‌with‌ ‌the‌ ‌PWM‌‌                               
generated‌‌by‌‌the‌‌reference‌‌sine‌‌generator‌‌at‌‌60‌‌Hz‌‌with‌‌a‌‌high‌‌frequency‌‌triangular‌‌wave‌‌                             
generator‌‌which‌‌will‌‌sample‌‌the‌‌sine‌‌wave.‌‌This‌‌PWM‌‌and‌‌DC‌‌combination‌‌will‌‌go‌‌into‌‌                             
an‌‌H‌‌bridge‌‌which‌‌will‌‌give‌‌a‌‌rough‌‌sinusoidal‌‌output.‌‌This‌‌output‌‌will‌‌then‌‌go‌‌into‌‌a‌‌low‌                                   
pass‌ ‌filter‌ ‌which‌ ‌will‌ ‌“clean”‌ ‌and‌ ‌smooth‌ ‌out‌ ‌the‌ ‌distortion‌ ‌and‌ ‌output‌ ‌a‌ ‌clean‌ ‌AC‌‌                             

‌ 
86‌ ‌|‌ ‌173‌ ‌ 



‌ 
voltage.‌ ‌This‌ ‌then‌ ‌will‌ ‌lead‌ ‌to‌ ‌a‌ ‌transformer‌ ‌which‌ ‌will‌ ‌step‌ ‌up‌ ‌the‌ ‌voltage‌ ‌so‌ ‌that‌‌                               
appliances‌ ‌can‌ ‌use‌ ‌the‌ ‌power‌ ‌supplied‌ ‌at‌ ‌the‌ ‌operating‌ ‌voltage‌ ‌those‌ ‌appliances‌ ‌were‌‌                         
designed‌ ‌to‌ ‌run‌ ‌on‌ ‌[128,134,179].‌‌ ‌  

‌ 

‌ 
Figure‌ ‌57:‌ ‌Sine‌ ‌Wave‌ ‌Inverter‌ ‌Diagram‌ ‌ 

‌ 
3.10.6‌ ‌Which‌ ‌inverter‌ ‌we‌ ‌will‌ ‌use‌ ‌and‌ ‌why?‌ ‌ 
‌ 

For‌ ‌our‌ ‌design‌ ‌we‌ ‌will‌ ‌use‌‌a‌‌3000W‌‌power‌‌inverter‌‌by‌‌EDECOA.‌‌It‌‌is‌‌a‌‌modified‌‌sine‌‌                                 
wave‌‌inverter‌‌and‌‌thus‌‌it‌‌is‌‌relatively‌‌cheap‌‌as‌‌compared‌‌to‌‌the‌‌sine‌‌wave‌‌inverter.‌‌It‌‌will‌‌                                 
help‌ ‌to‌ ‌convert‌ ‌the‌ ‌DC‌ ‌current‌ ‌coming‌ ‌out‌ ‌of‌ ‌the‌ ‌batteries‌ ‌into‌ ‌AC‌ ‌current‌ ‌to‌ ‌run‌‌                               
appliances.‌ ‌According‌ ‌to‌ ‌Amazon‌ ‌this‌ ‌inverter‌ ‌is‌ ‌good‌ ‌for‌ ‌office‌ ‌equipment‌ ‌such‌ ‌as‌‌                         
computers,‌‌printers,‌‌scanners,‌‌ect.‌‌It‌‌is‌‌also‌‌good‌‌to‌‌be‌‌used‌‌in‌‌entertainment‌‌settings‌‌such‌‌                             
as‌ ‌the‌‌TV‌‌or‌‌DVD‌‌player.‌‌Household‌‌appliances‌‌and‌‌kitchen‌‌devices‌‌are‌‌also‌‌able‌‌to‌‌be‌‌                               
used.‌ ‌Ideally‌ ‌though,‌ ‌this‌ ‌inverter‌ ‌is‌ ‌driven‌ ‌for‌ ‌use‌ ‌in‌ ‌camping‌ ‌and‌ ‌boating.‌ ‌The‌‌                           
continuous‌‌output‌‌power‌‌is‌‌around‌‌3000W‌‌which‌‌is‌‌plenty‌‌of‌‌power‌‌for‌‌what‌‌we‌‌will‌‌be‌‌                               
using‌ ‌it‌ ‌for.‌ ‌It‌ ‌will‌ ‌take‌‌an‌‌input‌‌voltage‌‌of‌‌around‌‌12V‌‌DC‌‌and‌‌convert‌‌it‌‌to‌‌110/120V‌‌                                   
AC.‌‌The‌‌specs‌‌state‌‌that‌‌the‌‌inverter‌‌is‌‌around‌‌87%‌‌efficient‌‌which‌‌should‌‌be‌‌enough‌‌for‌‌                               
our‌ ‌project‌ ‌as‌ ‌we‌ ‌are‌ ‌not‌ ‌trying‌ ‌to‌ ‌power‌ ‌anything‌ ‌too‌ ‌large,‌ ‌just‌ ‌to‌ ‌show‌ ‌that‌ ‌it‌ ‌can‌‌                                   
power‌‌other‌‌appliances‌‌that‌‌can‌‌only‌‌run‌‌off‌‌of‌‌AC‌‌safely‌‌and‌‌not‌‌get‌‌damaged.‌‌Figure‌‌58‌‌                                 
below‌ ‌shows‌ ‌the‌ ‌inverter‌ ‌along‌ ‌with‌ ‌a‌ ‌remote‌ ‌controller,‌ ‌a‌‌pair‌‌of‌‌cables‌‌with‌‌terminal‌‌                             
rings,‌ ‌and‌ ‌a‌ ‌ground‌ ‌wire.‌ ‌Table‌ ‌17‌ ‌gives‌ ‌all‌ ‌of‌ ‌the‌ ‌technical‌ ‌information‌ ‌related‌ ‌to‌‌the‌‌                               
inverter‌ ‌along‌ ‌with‌ ‌the‌ ‌weight‌ ‌and‌ ‌dimension.‌ ‌We‌ ‌will‌ ‌be‌ ‌using‌ ‌this‌ ‌inverter‌ ‌because‌‌                           
although‌‌a‌‌pure‌‌sine‌‌wave‌‌inverter‌‌would‌‌be‌‌better‌‌in‌‌terms‌‌of‌‌efficiency,‌‌due‌‌to‌‌the‌‌cost‌‌                                 
and‌‌the‌‌scope‌‌of‌‌our‌‌project,‌‌this‌‌modified‌‌sine‌‌wave‌‌inverter‌‌should‌‌be‌‌enough‌‌to‌‌get‌‌us‌‌                                 
where‌ ‌we‌ ‌want‌ ‌in‌ ‌terms‌ ‌of‌ ‌power,‌ ‌efficiency‌ ‌and‌ ‌cost.‌ ‌Another‌ ‌reason‌ ‌that‌ ‌we‌ ‌will‌‌be‌‌                               
using‌ ‌this‌ ‌inverter‌ ‌and‌ ‌why‌ ‌we‌ ‌will‌ ‌not‌ ‌be‌ ‌making‌ ‌any‌ ‌other‌ ‌comparisons‌ ‌with‌ ‌other‌‌                             
products‌‌is‌‌because‌‌it‌‌is‌‌being‌‌donated‌‌to‌‌us.‌‌This‌‌will‌‌ultimately‌‌save‌‌us‌‌money‌‌for‌‌the‌‌                                 
scope‌ ‌of‌ ‌this‌ ‌project.‌ ‌Everything‌‌aside,‌‌the‌‌modified‌‌square‌‌wave‌‌inverter‌‌does‌‌have‌‌its‌‌                           
disadvantages.‌‌The‌‌first‌‌is‌‌that‌‌since‌‌it‌‌is‌‌not‌‌a‌‌pure‌‌sine‌‌wave‌‌inverter,‌‌it‌‌will‌‌not‌‌have‌‌as‌‌                                     
efficient‌‌of‌‌a‌‌transfer‌‌from‌‌DC‌‌to‌‌AC‌‌power.‌‌Also,‌‌the‌‌inverter‌‌may‌‌heat‌‌up‌‌some‌‌due‌‌to‌‌                                   
losses‌ ‌within‌ ‌the‌ ‌harmonics‌ ‌that‌ ‌are‌ ‌created‌ ‌and‌ ‌ultimately‌ ‌leads‌ ‌to‌ ‌total‌ ‌harmonic‌‌                         
distortion.‌‌ ‌  

‌ 
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‌ 
Figure‌ ‌58:‌ ‌EDECOA‌ ‌DPM30‌ ‌3000W‌ ‌Power‌ ‌Inverter‌ ‌ 

‌ 
In‌‌senior‌‌design‌‌II,‌‌we‌‌had‌‌to‌‌adjust‌‌the‌‌inverter‌‌that‌‌we‌‌would‌‌use‌‌in‌‌our‌‌design.‌‌During‌‌                                   
the‌ ‌assembling‌ ‌and‌ ‌testing‌ ‌processes,‌ ‌the‌ ‌EDECOA‌ ‌DPM30‌ ‌model‌ ‌had‌ ‌a‌ ‌malfunction‌‌                       
that‌ ‌we‌ ‌were‌ ‌unable‌ ‌to‌ ‌fix.‌ ‌Due‌ ‌to‌ ‌this‌ ‌we‌ ‌had‌ ‌a‌ ‌second‌ ‌inverter‌ ‌donated‌ ‌to‌ ‌us,‌ ‌the‌‌                                   
ENergizer‌‌2000W‌‌ENK_2000‌‌model.‌‌This‌‌model‌‌is‌‌still‌‌too‌‌powerful‌‌for‌‌the‌‌scale‌‌of‌‌our‌‌                             
design‌ ‌but‌ ‌will‌ ‌still‌ ‌function‌ ‌properly.‌ ‌This‌ ‌model‌ ‌can‌ ‌be‌ ‌seen‌ ‌in‌ ‌figure‌ ‌59‌ ‌below:‌ ‌ 
‌ 

‌ 
Fixture‌ ‌59:‌ ‌Energizer‌ ‌2000W‌ ‌ENK_2000‌ ‌Power‌ ‌Inverter‌ ‌ 

‌ 

‌ 
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Table‌ ‌16:‌ ‌Inverter‌ ‌Comparison‌ ‌ 
‌ 

Table‌ ‌17:‌ ‌Specifications‌ ‌For‌ ‌DPM30‌ ‌3000W‌ ‌Power‌ ‌Inverter‌ ‌ 
‌ 

3.11‌ ‌Soldering‌ ‌ 
‌ 

Soldering‌ ‌is‌ ‌an‌ ‌essential‌ ‌skill‌ ‌for‌ ‌the‌ ‌development‌ ‌of‌ ‌electronics,‌ ‌as‌ ‌it‌ ‌is‌ ‌the‌ ‌most‌‌                             
common‌‌way‌‌to‌‌bind‌‌or‌‌attach‌‌components.‌‌Soldering‌‌can‌‌be‌‌wire‌‌to‌‌wire‌‌in‌‌a‌‌joint,‌‌wire‌‌                                 
to‌ ‌component‌ ‌in‌ ‌a‌ ‌connection,‌ ‌or‌ ‌even‌ ‌component‌ ‌to‌ ‌board‌ ‌to‌ ‌secure‌ ‌it‌ ‌in‌ ‌place.‌ ‌The‌‌                               

‌ 
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Key‌ ‌Points‌ ‌ 

Energizer‌‌ ‌  
2000W‌‌ 

ENK_2000‌ ‌ 

EDECOA‌‌ 
3000W‌ ‌ 
DPM30‌ ‌ 

YSOLX‌‌ 
1000W‌ ‌ 

‌ 

VOLTWORKS‌ 
1000W‌‌ ‌  

Wattage‌ ‌  2000W‌ ‌  3000W‌ ‌  1000W‌ ‌  1000W‌ ‌ 

Peak‌ ‌Power‌ ‌  4000W‌ ‌  6000W‌ ‌  2000W‌ ‌  2000W‌ ‌ 

Outlets‌ ‌  2‌ ‌USB‌ ‌ 
2‌ ‌AC‌ ‌ 

2‌ ‌USB‌ ‌ 
2‌ ‌AC‌ ‌ 

3‌ ‌AC‌ ‌  2‌ ‌USB‌ ‌ 
2‌ ‌AC‌ ‌ 

Price‌ ‌  $199.99‌ ‌  $219.99‌ ‌  $59.99‌ ‌  $89.99‌ ‌ 

Model‌ ‌  DPM30‌ ‌ 

Continuous‌ ‌Output‌ ‌Power‌ ‌  3000W‌ ‌ 

Max‌ ‌Output‌ ‌Power‌ ‌  6000W‌ ‌(10ms)‌ ‌ 

DC‌ ‌Input‌ ‌Voltage‌ ‌  12V‌ ‌(10-14.5V)‌ ‌ 

AC‌ ‌Output‌ ‌Voltage‌ ‌  110V/120V‌ ‌ 

Frequency‌ ‌  60Hz‌ ‌ 

Efficiency‌ ‌  >87%‌ ‌ 

No‌ ‌Load‌ ‌Current‌ ‌Draw‌ ‌  <1.7A‌ ‌ 

Output‌ ‌Waveform‌ ‌  Modified‌ ‌Sine‌ ‌Wave‌ ‌ 

Inversion‌ ‌Efficiency‌ ‌  90%‌ ‌ 

Temperature‌ ‌Protection‌ ‌  167F‌ ‌/‌ ‌75C‌ ‌ 

Weight‌ ‌  10.87‌ ‌lbs‌ ‌ 

Dimension‌ ‌  12.44‌ ‌x‌ ‌5.91‌ ‌x‌ ‌4.92‌ ‌inches‌ ‌ 

Display‌ ‌Type‌ ‌  LCD‌ ‌ 



‌ 
process‌‌of‌‌soldering‌‌is‌‌one‌‌that‌‌joins‌‌items‌‌by‌‌melting‌‌the‌‌solder‌‌and‌‌letting‌‌it‌‌re-harden‌‌                               
in‌‌between‌‌the‌‌items.‌‌Soldering‌‌is‌‌an‌‌altogether‌‌different‌‌process‌‌than‌‌welding,‌‌as‌‌it‌‌does‌‌                             
not‌ ‌require‌ ‌melting‌ ‌the‌ ‌items‌ ‌together.‌ ‌ 
‌ 

There‌ ‌are‌ ‌three‌ ‌forms‌ ‌of‌ ‌soldering‌ ‌which‌ ‌include‌ ‌soft‌ ‌soldering,‌ ‌silver‌ ‌soldering,‌ ‌and‌‌                         
brazing.‌ ‌When‌ ‌soft‌ ‌soldering,‌ ‌you‌ ‌would‌ ‌use‌ ‌a‌ ‌tin‌ ‌or‌ ‌leaded‌ ‌alloy‌ ‌to‌ ‌bind‌ ‌the‌ ‌items‌‌                               
together‌ ‌at‌ ‌a‌ ‌temperature‌ ‌near‌ ‌750°‌ ‌F.‌ ‌As‌ ‌opposed‌ ‌to‌ ‌silver‌ ‌soldering‌ ‌where‌‌the‌‌use‌‌of‌‌                               
silver‌‌alloy‌‌would‌‌be‌‌required‌‌as‌‌well‌‌as‌‌a‌‌much‌‌higher‌‌temperature.‌‌Brazing‌‌is‌‌a‌‌similar‌‌                               
method‌ ‌to‌ ‌silver‌ ‌soldering‌ ‌as‌ ‌it‌ ‌requires‌ ‌higher‌‌heat,‌‌but‌‌instead‌‌it‌‌requires‌‌the‌‌use‌‌of‌‌a‌‌                                 
brass‌ ‌alloy.‌‌ ‌  
‌ 

When‌‌soldering,‌‌flux‌‌is‌‌used‌‌to‌‌help‌‌adhere‌‌the‌‌solder‌‌to‌‌the‌‌component‌‌or‌‌wire‌‌as‌‌well‌‌as‌‌                                   
a‌‌cleaning‌‌or‌‌purifying‌‌agent‌‌for‌‌the‌‌metal.‌‌Flux‌‌can‌‌be‌‌a‌‌paste‌‌or‌‌a‌‌liquid‌‌and‌‌is‌‌typically‌‌                                     
rosin‌‌based‌‌from‌‌pine‌‌trees.‌‌It‌‌is‌‌good‌‌practice‌‌to‌‌use‌‌isopropyl‌‌alcohol‌‌to‌‌clean‌‌the‌‌solder‌‌                                 
joints‌‌as‌‌they‌‌cool,‌‌the‌‌rosin‌‌flux‌‌from‌‌pine‌‌trees‌‌can‌‌be‌‌highly‌‌corrosive‌‌when‌‌exposed‌‌to‌‌                                 
higher‌ ‌operating‌ ‌temperatures.‌ ‌Doing‌ ‌so‌ ‌will‌ ‌extend‌ ‌the‌ ‌shelf‌ ‌life‌ ‌of‌ ‌your‌‌solder‌‌joints‌‌                           
and‌‌require‌‌much‌‌less‌‌corrosion‌‌preventative‌‌maintenance‌‌over‌‌time.‌‌In‌‌our‌‌experiences,‌‌                       
paste‌‌flux‌‌is‌‌the‌‌preferred‌‌method‌‌for‌‌wires‌‌and‌‌liquid‌‌flux‌‌is‌‌preferred‌‌for‌‌areas‌‌where‌‌it‌‌                                 
can‌ ‌be‌ ‌contained‌ ‌as‌ ‌it‌ ‌can‌ ‌become‌ ‌messy‌ ‌to‌ ‌handle.‌ ‌ 
‌ 

There‌ ‌are‌ ‌two‌ ‌main‌ ‌classifications‌ ‌for‌ ‌soldering,‌ ‌miniature‌ ‌and‌ ‌micro.‌ ‌Micro‌‌soldering‌‌                       
will‌ ‌require‌ ‌much‌ ‌more‌ ‌precision‌ ‌than‌ ‌miniature‌ ‌soldering‌ ‌due‌ ‌to‌ ‌the‌ ‌nature‌ ‌of‌ ‌the‌‌                           
components‌‌used.‌‌Soldering‌‌at‌‌the‌‌miniature‌‌level‌‌can‌‌be‌‌done‌‌without‌‌the‌‌use‌‌of,‌‌or‌‌need‌‌                               
for,‌‌a‌‌magnifying‌‌lens.‌‌The‌‌majority‌‌of‌‌the‌‌time‌‌that‌‌you‌‌solder‌‌will‌‌be‌‌on‌‌the‌‌miniature‌‌                                 
level.‌‌Micro‌‌soldering‌‌is‌‌done‌‌specifically‌‌with‌‌the‌‌use‌‌of‌‌a‌‌magnifying‌‌lens‌‌so‌‌that‌‌you‌‌                               
can‌ ‌see‌ ‌the‌ ‌small‌ ‌areas‌ ‌that‌ ‌you‌ ‌are‌ ‌soldering‌‌more‌‌clearly.‌‌Micro‌‌soldering‌‌is‌‌done‌‌on‌‌                               
very‌ ‌small‌ ‌components‌ ‌and‌ ‌circuit‌ ‌boards.‌ ‌When‌ ‌micro‌ ‌soldering‌ ‌it‌ ‌is‌ ‌extremely‌‌                       
important‌ ‌to‌ ‌not‌ ‌apply‌ ‌heat‌ ‌from‌ ‌the‌ ‌soldering‌ ‌iron‌ ‌for‌ ‌an‌ ‌extended‌ ‌period‌ ‌of‌ ‌time,‌ ‌as‌‌                               
overheating‌ ‌the‌ ‌components‌ ‌can‌ ‌happen‌ ‌easily.‌‌ ‌  
‌ 

3.11.1‌ ‌Soldering‌ ‌Standards‌ ‌in‌ ‌the‌ ‌Industry‌ ‌ 
‌ 

The‌ ‌authority‌ ‌behind‌ ‌soldering‌ ‌standards‌ ‌for‌ ‌electrical‌ ‌and‌ ‌electronic‌ ‌assemblies‌ ‌is‌‌                     
widely‌ ‌regarded‌ ‌as‌ ‌the‌ ‌IPC‌ ‌J-STD-001.‌ ‌Other‌ ‌documentation‌ ‌for‌ ‌industrial‌ ‌standards‌‌                     
include‌ ‌the‌ ‌following‌‌standards‌‌through‌‌IPC:‌‌A-610,‌‌A-620,‌‌A-600,‌‌7711/21,‌‌and‌‌6012.‌‌                       
These‌ ‌standards‌ ‌are‌ ‌used‌ ‌for‌ ‌certification,‌ ‌performance,‌ ‌and‌ ‌testing‌ ‌and‌ ‌each‌ ‌one‌ ‌is‌ ‌a‌‌                           
varying‌‌level‌‌of‌‌proficiency‌‌in‌‌soldering.‌‌Specifically‌‌the‌‌J-STD-001‌‌standard‌‌is‌‌meant‌‌to‌‌                         
give‌‌understanding‌‌of‌‌the‌‌materials‌‌needed,‌‌methods‌‌used,‌‌and‌‌quality‌‌assurance‌‌criteria‌‌                       
so‌‌that‌‌you‌‌can‌‌be‌‌sure‌‌a‌‌quality‌‌product‌‌has‌‌been‌‌produced.‌‌This‌‌ensures‌‌that‌‌the‌‌entire‌                                 
process‌ ‌is‌ ‌controlled‌ ‌from‌ ‌beginning‌ ‌to‌ ‌end‌ ‌and‌ ‌that‌ ‌it‌‌is‌‌consistent‌‌across‌‌the‌‌industry‌‌                             
when‌ ‌following‌ ‌the‌ ‌proper‌ ‌requirements.‌‌ ‌  
‌ 

Through‌ ‌IPC‌ ‌there‌ ‌are‌ ‌several‌ ‌certifications‌ ‌levels‌ ‌including:‌ ‌certified‌ ‌IPC‌ ‌specialist,‌‌                     
certified‌ ‌standards‌ ‌expert,‌ ‌and‌ ‌certified‌ ‌IPC‌ ‌trainer.‌ ‌The‌‌certified‌‌IPC‌‌specialist,‌‌or‌‌CIS‌‌                         
for‌‌short,‌‌is‌‌the‌‌beginner‌‌level‌‌of‌‌certification‌‌and‌‌is‌‌meant‌‌for‌‌those‌‌who‌‌plan‌‌to‌‌become‌‌                                 
proficient‌‌in‌‌learning‌‌how‌‌to‌‌solder‌‌properly.‌‌Certified‌‌standards‌‌expert,‌‌or‌‌CSE‌‌for‌‌short,‌‌                           
is‌ ‌the‌ ‌next‌ ‌level‌ ‌of‌ ‌certification‌ ‌and‌ ‌deals‌ ‌with‌ ‌those‌ ‌who‌ ‌have‌ ‌a‌ ‌higher‌ ‌level‌ ‌of‌‌                               
knowledge‌ ‌and‌ ‌understanding‌ ‌of‌ ‌the‌ ‌subject‌ ‌material.‌ ‌These‌ ‌individuals‌ ‌are‌ ‌highly‌‌                     
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‌ 
proficient‌ ‌in‌‌soldering‌‌and‌‌have‌‌a‌‌solid‌‌foundation‌‌in‌‌IPC‌‌standards.‌‌The‌‌third‌‌and‌‌final‌‌                             
level‌ ‌of‌ ‌certification‌ ‌is‌ ‌the‌ ‌certified‌ ‌IPC‌ ‌trainer,‌ ‌or‌ ‌CIT‌ ‌for‌ ‌short.‌ ‌This‌ ‌level‌ ‌of‌‌                             
certification‌‌requires‌‌the‌‌individual‌‌to‌‌have‌‌superior‌‌knowledge‌‌on‌‌the‌‌IPC‌‌standards‌‌and‌‌                         
the‌ ‌ability‌ ‌to‌ ‌pass‌ ‌this‌ ‌information‌ ‌down‌ ‌to‌ ‌other‌ ‌individuals.‌ ‌ 
‌ 

3.11.2‌ ‌Soldering‌ ‌in‌ ‌Our‌ ‌Project‌ ‌ 
‌ 

For‌ ‌our‌ ‌project‌ ‌we‌ ‌will‌ ‌be‌ ‌soldering‌‌on‌‌the‌‌miniature‌‌level,‌‌as‌‌most‌‌of‌‌our‌‌components‌‌                               
will‌ ‌come‌ ‌pre-soldered.‌ ‌We‌ ‌will‌ ‌accomplish‌ ‌this‌ ‌by‌ ‌using‌ ‌the‌ ‌standard‌ ‌soldering‌ ‌iron‌                         
setup‌ ‌with‌ ‌a‌ ‌Weller‌ ‌WE1010NA‌ ‌Digital‌ ‌Soldering‌ ‌Station.‌ ‌This‌ ‌device‌ ‌allows‌ ‌us‌ ‌to‌‌                         
digitally‌ ‌monitor‌ ‌the‌ ‌temperature‌ ‌of‌ ‌the‌ ‌soldering‌ ‌iron‌ ‌with‌ ‌a‌ ‌set‌ ‌of‌ ‌convenient‌ ‌push‌‌                           
button‌ ‌arrows‌ ‌to‌ ‌adjust‌ ‌it.‌‌ ‌  
‌ 

We‌‌will‌‌be‌‌using‌‌a‌‌liquid‌‌rosin‌‌flux‌‌as‌‌well‌‌as‌‌a‌‌past‌‌rosin‌‌flux‌‌to‌‌facilitate‌‌the‌‌process‌‌of‌‌                                       
creating‌‌our‌‌solder‌‌joints.‌‌For‌‌our‌‌solder‌‌we‌‌chose‌‌to‌‌use‌‌a‌‌60%‌‌tin‌‌40%‌‌lead‌‌rosin‌‌core‌‌                                   
solder‌ ‌as‌ ‌it‌ ‌requires‌ ‌a‌ ‌lower‌ ‌melting‌ ‌temperature‌ ‌than‌ ‌silver‌ ‌solder,‌ ‌and‌ ‌it‌ ‌is‌ ‌easier‌ ‌to‌‌                               
utilize‌ ‌in‌ ‌our‌ ‌experiences.‌ ‌The‌‌melting‌‌point‌‌of‌‌this‌‌solder‌‌is‌‌approximately‌‌361°‌‌F‌‌and‌‌                             
decreases‌ ‌our‌ ‌chance‌ ‌of‌ ‌damaging‌ ‌components‌ ‌due‌ ‌to‌ ‌excessive‌ ‌heat‌ ‌exposure.‌ ‌ 

‌  
For‌‌our‌‌safety‌‌we‌‌will‌‌be‌‌soldering‌‌in‌‌open‌‌areas‌‌while‌‌utilizing‌‌portable‌‌fume‌‌extractors‌‌                             
so‌‌that‌‌we‌‌do‌‌not‌‌inhale‌‌the‌‌smoke‌‌from‌‌the‌‌solder.‌‌Due‌‌to‌‌this‌‌solder‌‌containing‌‌lead,‌‌it‌‌                                   
can‌‌be‌‌dangerous‌‌to‌‌inhale‌‌as‌‌it‌‌is‌‌known‌‌to‌‌cause‌‌cancer‌‌with‌‌excessive‌‌exposure.‌‌When‌‌                               
soldering‌‌we‌‌will‌‌also‌‌be‌‌utilizing‌‌safety‌‌goggles‌‌to‌‌protect‌‌our‌‌eyes‌‌from‌‌solder.‌‌We‌‌will‌‌                               
be‌‌wearing‌‌pants‌‌and‌‌closed‌‌toed‌‌shoes‌‌as‌‌well‌‌to‌‌prevent‌‌burns,‌‌in‌‌the‌‌event‌‌that‌‌solder‌‌                                 
falls‌ ‌off‌ ‌of‌ ‌the‌ ‌component‌ ‌and‌ ‌desk.‌ ‌ 
‌ 

In‌ ‌our‌ ‌project,‌ ‌we‌ ‌will‌ ‌be‌‌soldering‌‌components‌‌without‌‌the‌‌assistance‌‌of‌‌a‌‌magnifying‌‌                           
glass.‌ ‌Our‌ ‌components‌ ‌will‌ ‌be‌ ‌soldered‌ ‌to‌ ‌our‌ ‌PCB‌ ‌with‌ ‌the‌ ‌60/40‌ ‌rosin‌ ‌core‌ ‌solder‌‌                             
mentioned‌ ‌earlier.‌ ‌The‌ ‌four‌ ‌gauge‌ ‌and‌ ‌fourteen‌ ‌gauge‌ ‌wires‌ ‌that‌ ‌we‌ ‌will‌ ‌be‌ ‌using‌ ‌to‌‌                             
connect‌ ‌various‌ ‌parts‌ ‌of‌ ‌our‌ ‌design‌ ‌will‌‌require‌‌the‌‌act‌‌of‌‌tinning.‌‌Tinning‌‌is‌‌where‌‌the‌‌                               
wires‌‌typically‌‌have‌‌a‌‌small‌‌section‌‌of‌‌the‌‌rubber‌‌coat‌‌that‌‌is‌‌stripped‌‌away,‌‌the‌‌exposed‌‌                               
wiring‌‌is‌‌then‌‌twisted‌‌tightly‌‌and‌‌covered‌‌in‌‌flux.‌‌Once‌‌the‌‌wire‌‌has‌‌been‌‌covered‌‌in‌‌flux‌‌                                 
you‌ ‌apply‌ ‌solder‌ ‌evenly‌ ‌on‌ ‌all‌ ‌sides.‌‌The‌‌reason‌‌why‌‌you‌‌properly‌‌tin‌‌these‌‌wires‌‌is‌‌to‌‌                                 
easily‌ ‌make‌ ‌solder‌ ‌joints‌ ‌and‌ ‌connections.‌ ‌These‌ ‌joints‌ ‌will‌ ‌have‌ ‌a‌ ‌small‌ ‌amount‌ ‌of‌‌                           
solder‌ ‌applied‌ ‌which‌ ‌will‌ ‌adhere‌ ‌to‌ ‌the‌ ‌solder‌ ‌already‌ ‌connected‌ ‌to‌ ‌the‌ ‌wiring.‌ ‌This‌‌                           
process‌ ‌allows‌ ‌the‌ ‌solder‌ ‌to‌ ‌seep‌ ‌all‌ ‌of‌ ‌the‌ ‌way‌ ‌through‌ ‌and‌ ‌make‌ ‌a‌ ‌tight‌ ‌and‌ ‌solid‌‌                                 
connection‌ ‌that‌ ‌does‌ ‌not‌ ‌risk‌ ‌breakage.‌ ‌ 
‌ 

The‌ ‌final‌ ‌step‌ ‌of‌ ‌soldering‌ ‌in‌ ‌this‌ ‌project‌ ‌will‌ ‌be‌ ‌cleaning‌ ‌the‌ ‌solder‌ ‌joints‌ ‌and‌‌                             
connections.‌ ‌Due‌ ‌to‌ ‌the‌ ‌flux‌ ‌being‌ ‌corrosive,‌ ‌we‌ ‌will‌ ‌apply‌ ‌seventy‌ ‌to‌ ‌ninety‌ ‌percent‌‌                           
isopropyl‌‌alcohol‌‌to‌‌the‌‌connection.‌‌This‌‌will‌‌remove‌‌the‌‌flux‌‌and‌‌ensure‌‌that‌‌there‌‌is‌‌no‌‌                               
corrosion‌ ‌and‌ ‌that‌ ‌there‌ ‌is‌ ‌no‌ ‌risk‌ ‌of‌ ‌degradation‌ ‌of‌ ‌the‌ ‌solder‌ ‌joint‌ ‌or‌ ‌connection.‌ ‌ 
‌ 

3.12‌ ‌Selecting‌ ‌Proper‌ ‌Gauge‌ ‌Wires‌ ‌ 
‌ 

Selecting‌ ‌the‌ ‌proper‌ ‌wire‌ ‌gauge‌ ‌is‌ ‌very‌ ‌important‌ ‌when‌ ‌it‌ ‌comes‌ ‌to‌‌designing‌‌devices.‌‌                           
The‌ ‌gauge‌ ‌of‌ ‌the‌ ‌wire‌ ‌is‌ ‌what‌ ‌will‌ ‌determine‌ ‌the‌ ‌current‌ ‌carrying‌ ‌ampacity‌ ‌that‌ ‌it‌‌                             
possesses.‌‌The‌‌system‌‌that‌‌we‌‌will‌‌be‌‌using‌‌to‌‌measure‌‌this‌‌is‌‌the‌‌American‌‌wire‌‌gauge‌‌                               
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‌ 
system‌‌that‌‌is‌‌a‌‌logarithmic‌‌stepped‌‌standardized‌‌wire‌‌gauge‌‌system‌‌that‌‌was‌‌developed‌‌                         
by‌ ‌David‌ ‌Brown‌ ‌and‌ ‌Joseph‌ ‌R.‌ ‌Brown‌ ‌as‌ ‌well‌ ‌as‌ ‌Lucian‌ ‌Sharpe‌ ‌in‌ ‌1857.‌ ‌The‌ ‌AWG‌‌                               
system‌‌measures‌‌from‌‌thirty‌‌gauge‌‌at‌‌its‌‌smallest‌‌size‌‌to‌‌zero‌‌at‌‌its‌‌largest‌‌size.‌‌The‌‌larger‌‌                                 
the‌ ‌gauge‌ ‌of‌‌the‌‌wire,‌‌the‌‌higher‌‌the‌‌amperage‌‌allowed‌‌to‌‌pass‌‌through‌‌it.‌‌Typically‌‌the‌‌                               
wiring‌ ‌that‌ ‌is‌ ‌used‌ ‌contains‌ ‌copper‌ ‌wire‌ ‌with‌ ‌a‌ ‌silicone‌ ‌rubber‌ ‌insulation‌ ‌covering‌ ‌it.‌ ‌ 

‌ 
To‌‌show‌‌as‌‌a‌‌reference,‌‌there‌‌will‌‌be‌‌a‌‌wire‌‌sizing‌‌table‌‌that‌‌can‌‌be‌‌seen‌‌below.‌‌This‌‌table‌‌                                     
will‌ ‌show‌ ‌a‌ ‌comparison‌ ‌of‌ ‌the‌ ‌amps‌ ‌that‌ ‌can‌ ‌run‌ ‌through‌ ‌a‌ ‌set‌ ‌gauge‌ ‌of‌ ‌wire‌ ‌and‌ ‌the‌‌                                   
approximate‌‌maximum‌‌amount‌‌of‌‌length‌‌in‌‌feet‌‌that‌‌it‌‌can‌‌run‌‌through.‌‌Do‌‌note‌‌that‌‌there‌‌                               
is‌ ‌a‌ ‌three‌ ‌percent‌ ‌voltage‌ ‌drop‌ ‌and‌ ‌the‌ ‌wire‌ ‌is‌ ‌designated‌ ‌as‌ ‌annealed‌ ‌copper‌ ‌wire‌ ‌at‌‌                               
20°C.‌ ‌The‌ ‌table‌ ‌can‌ ‌be‌ ‌seen‌ ‌below:‌ ‌ 
‌ 

Table‌ ‌18:‌ ‌Nominal‌ ‌Wire‌ ‌Sizing‌ ‌Chart‌ ‌ 
‌ 

3.12.1‌ ‌Wire‌ ‌Gauges‌ ‌That‌ ‌We‌ ‌Plan‌ ‌to‌ ‌Use‌ ‌ 
‌ 

In‌‌our‌‌design‌‌there‌‌will‌‌be‌‌a‌‌few‌‌different‌‌wire‌‌gauges‌‌and‌‌lengths‌‌that‌‌we‌‌will‌‌be‌‌using.‌‌                                   
Due‌‌to‌‌the‌‌fact‌‌that‌‌our‌‌device‌‌will‌‌be‌‌in‌‌a‌‌localized‌‌area,‌‌and‌‌not‌‌overly‌‌large,‌‌the‌‌length‌‌                                     
of‌ ‌the‌ ‌wires‌ ‌that‌ ‌we‌ ‌will‌ ‌use‌ ‌won’t‌ ‌be‌ ‌too‌ ‌long.‌ ‌This‌ ‌means‌ ‌that‌ ‌we‌‌shouldn’t‌‌have‌‌to‌‌                                   
worry‌ ‌about‌ ‌voltage‌ ‌loss‌ ‌over‌ ‌distance.‌ ‌ 
‌ 

We‌ ‌will‌ ‌use‌ ‌four‌ ‌gauge‌ ‌wire‌ ‌in‌ ‌short‌ ‌distances‌‌from‌‌the‌‌battery‌‌management‌‌system‌‌to‌‌                             
the‌‌battery‌‌itself.‌‌The‌‌reason‌‌why‌‌we‌‌will‌‌be‌‌using‌‌four‌‌gauge‌‌wire‌‌in‌‌this‌‌section‌‌is‌‌due‌‌                                   
to‌ ‌the‌ ‌sixty‌ ‌amps‌ ‌that‌ ‌will‌ ‌need‌‌to‌‌pass‌‌through.‌‌While‌‌six‌‌gauge‌‌wire‌‌would‌‌suffice‌‌in‌‌                                 
this‌ ‌situation,‌ ‌the‌ ‌safety‌ ‌and‌ ‌reliability‌ ‌of‌ ‌going‌ ‌up‌ ‌to‌ ‌four‌ ‌gauge‌ ‌wire‌‌will‌‌give‌‌us‌‌the‌‌                                 
peace‌ ‌of‌ ‌mind‌ ‌of‌ ‌knowing‌ ‌that‌ ‌there‌ ‌should‌ ‌be‌ ‌no‌‌issue.‌‌Another‌‌section‌‌of‌‌our‌‌design‌‌                               
that‌ ‌will‌ ‌have‌ ‌four‌ ‌gauge‌ ‌wire‌ ‌is‌ ‌the‌ ‌section‌ ‌where‌‌the‌‌inverter‌‌connects‌‌to‌‌the‌‌battery.‌‌                               
Again,‌‌this‌‌will‌‌be‌‌a‌‌short‌‌distance‌‌where‌‌sixty‌‌amps‌‌need‌‌to‌‌pass‌‌through.‌‌For‌‌the‌‌same‌‌                                 
reason‌‌as‌‌the‌‌battery‌‌management‌‌system,‌‌we‌‌use‌‌four‌‌gauge‌‌in‌‌place‌‌of‌‌six‌‌gauge‌‌wire‌‌to‌‌                                 
allow‌ ‌us‌ ‌the‌ ‌peace‌ ‌of‌ ‌mind‌ ‌of‌ ‌knowing‌ ‌the‌ ‌current‌ ‌should‌ ‌pass‌ ‌through‌ ‌with‌ ‌no‌ ‌issue.‌ ‌ 
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Amps‌ ‌  One-way‌ ‌Wire‌ ‌Distance‌ ‌in‌ ‌Feet‌ ‌(Wire‌ ‌Gauge‌ ‌in‌ ‌AWG)‌ ‌ 

14‌ ‌  12‌ ‌  10‌ ‌  8‌ ‌  6‌ ‌ 

2‌ ‌  70‌ ‌  112‌ ‌  180‌ ‌  287‌ ‌  456‌ ‌ 

4‌ ‌  35‌ ‌  56‌ ‌  90‌ ‌  143‌ ‌  228‌ ‌ 

6‌ ‌  24‌ ‌  38‌ ‌  60‌ ‌  96‌ ‌  152‌ ‌ 

8‌ ‌  18‌ ‌  28‌ ‌  45‌ ‌  72‌ ‌  114‌ ‌ 

10‌ ‌  14‌ ‌  23‌ ‌  36‌ ‌  57‌ ‌  91‌ ‌ 

12‌ ‌  12‌ ‌  19‌ ‌  30‌ ‌  48‌ ‌  76‌ ‌ 

14‌ ‌  10‌ ‌  16‌ ‌  26‌ ‌  41‌ ‌  65‌ ‌ 

16‌ ‌  9‌ ‌  14‌ ‌  23‌ ‌  36‌ ‌  57‌ ‌ 

18‌ ‌  8‌ ‌  13‌ ‌  20‌ ‌  32‌ ‌  51‌ ‌ 

20‌ ‌  7‌ ‌  11‌ ‌  18‌ ‌  29‌ ‌  46‌ ‌ 



‌ 
‌ 

The‌‌other‌‌gauge‌‌of‌‌wire‌‌that‌‌we‌‌have‌‌chosen‌‌to‌‌use‌‌is‌‌fourteen‌‌gauge‌‌wire‌‌from‌‌the‌‌solar‌‌                                   
panel‌ ‌to‌ ‌the‌ ‌solar‌ ‌charge‌ ‌controller.‌ ‌At‌ ‌its‌ ‌highest,‌ ‌5.58‌ ‌amps,‌ ‌which‌ ‌is‌ ‌the‌ ‌maximum‌‌                             
operating‌ ‌current‌ ‌of‌ ‌the‌ ‌solar‌ ‌panel,‌ ‌will‌ ‌be‌ ‌passing‌ ‌through‌ ‌this‌‌wire.‌‌While‌‌we‌‌could‌‌                             
use‌ ‌sixteen‌ ‌or‌ ‌even‌ ‌eighteen‌ ‌gauge‌ ‌wire‌ ‌for‌ ‌this‌ ‌section,‌ ‌because‌ ‌we‌ ‌plan‌‌to‌‌use‌‌about‌‌                               
seven‌ ‌to‌ ‌ten‌ ‌feet,‌ ‌the‌ ‌fourteen‌ ‌gauge‌ ‌wire‌ ‌is‌‌being‌‌donated‌‌to‌‌us.‌‌By‌‌using‌‌the‌‌donated‌‌                                 
wire,‌ ‌we‌ ‌don’t‌ ‌have‌ ‌to‌ ‌worry‌ ‌about‌ ‌incurring‌ ‌extra‌ ‌cost‌ ‌to‌ ‌incorporate‌ ‌into‌ ‌our‌ ‌budget.‌ ‌ 
‌ 

3.13‌ ‌Transistors‌ ‌ 
‌ 

In‌ ‌order‌ ‌to‌ ‌design‌ ‌our‌ ‌custom‌ ‌PCB‌ ‌we‌ ‌need‌ ‌to‌ ‌dive‌ ‌into‌ ‌reviewing‌ ‌some‌ ‌important‌‌                             
electronic‌ ‌components‌ ‌that‌‌will‌‌be‌‌utilized‌‌in‌‌our‌‌design.‌‌To‌‌start‌‌off‌‌we‌‌need‌‌to‌‌have‌‌a‌‌                                 
solid‌ ‌understanding‌ ‌of‌ ‌transistors,‌ ‌what‌ ‌they‌ ‌are‌ ‌and‌ ‌how‌ ‌they‌ ‌work.‌ ‌A‌ ‌transistor‌ ‌is‌ ‌a‌‌                             
component‌‌within‌‌electronics‌‌which‌‌serves‌‌to‌‌accomplish‌‌two‌‌functions:‌‌amplification‌‌or‌‌                     
switching.‌ ‌When‌ ‌acting‌ ‌as‌‌an‌‌amplifier‌‌the‌‌transistor‌‌acts‌‌as‌‌a‌‌sort‌‌of‌‌current‌‌booster.‌‌It‌‌                               
takes‌‌a‌‌small‌‌input‌‌current‌‌and‌‌produces‌‌a‌‌larger‌‌output‌‌current.‌‌When‌‌acting‌‌as‌‌a‌‌switch‌‌                               
the‌‌transistor‌‌will‌‌have‌‌a‌‌small‌‌electric‌‌current‌‌flowing‌‌through‌‌one‌‌part‌‌of‌‌it‌‌and‌‌in‌‌turn‌‌                                 
it‌‌will‌‌cause‌‌a‌‌larger‌‌current‌‌flowing‌‌through‌‌another‌‌part‌‌whereby‌‌it‌‌will‌‌“switch”‌‌on‌‌the‌‌                               
larger‌ ‌current.‌ ‌As‌ ‌opposed‌ ‌to‌ ‌diodes,‌ ‌a‌ ‌transistor‌ ‌has‌ ‌three‌ ‌layers‌ ‌(typically‌ ‌of‌ ‌silicon)‌‌                           
instead‌ ‌of‌ ‌two.‌ ‌As‌ ‌a‌ ‌result‌ ‌we‌ ‌can‌‌have‌‌two‌‌different‌‌configurations:‌‌PNP‌‌or‌‌NPN.‌‌We‌‌                               
will‌ ‌talk‌ ‌only‌ ‌about‌ ‌the‌ ‌NPN‌ ‌in‌ ‌this‌ ‌section‌ ‌as‌ ‌the‌ ‌PNP‌ ‌is‌ ‌just‌ ‌the‌ ‌latter‌‌configuration‌‌                                 
with‌ ‌everything‌ ‌flipped.‌ ‌To‌ ‌give‌ ‌names‌ ‌to‌ ‌the‌ ‌three‌ ‌different‌ ‌contacts‌ ‌on‌ ‌the‌ ‌NPN‌‌                           
transistor‌ ‌we‌ ‌start‌ ‌with‌ ‌the‌ ‌emitter‌ ‌and‌ ‌collector.‌ ‌These‌ ‌two‌ ‌are‌ ‌joined‌ ‌to‌ ‌the‌ ‌n‌ ‌type‌‌                               
silicon‌ ‌side‌ ‌as‌ ‌opposed‌ ‌to‌ ‌the‌ ‌base‌ ‌which‌‌is‌‌joined‌‌to‌‌the‌‌p‌‌type‌‌silicon‌‌side.‌‌Figure‌‌58‌‌                                   
below‌‌shows‌‌a‌‌diagram‌‌of‌‌what‌‌was‌‌explained‌‌above‌‌with‌‌the‌‌red‌‌portions‌‌indicating‌‌the‌‌                             
n‌ ‌type‌ ‌regions‌ ‌and‌ ‌the‌ ‌blue‌ ‌portion‌ ‌indicating‌ ‌the‌ ‌p‌ ‌type‌‌region.‌‌Once‌‌you‌‌connect‌‌the‌‌                               
transistor‌ ‌up‌ ‌to‌ ‌a‌ ‌voltage‌ ‌source,‌ ‌if‌ ‌we‌ ‌have‌ ‌a‌ ‌negative‌ ‌charge‌ ‌at‌ ‌the‌ ‌emitter,‌ ‌and‌ ‌a‌‌                                 
positive‌‌charge‌‌at‌‌the‌‌base‌‌and‌‌collector‌‌a‌‌flow‌‌of‌‌electrons‌‌will‌‌occur.‌‌The‌‌electrons‌‌are‌‌                               
pulled‌ ‌from‌ ‌the‌‌emitter‌‌into‌‌the‌‌base‌‌so‌‌that‌‌the‌‌holes‌‌can‌‌be‌‌filled‌‌in‌‌the‌‌p‌‌type‌‌region.‌‌                                     
Once‌ ‌this‌ ‌happens,‌ ‌the‌ ‌collector‌ ‌then‌ ‌pulls‌ ‌the‌ ‌electrons‌ ‌out‌ ‌of‌ ‌the‌ ‌p‌ ‌type‌ ‌region‌ ‌by‌‌                               
attracting‌‌the‌‌negatively‌‌charged‌‌electrons‌‌to‌‌the‌‌positively‌‌charged‌‌collector.‌‌As‌‌a‌‌result‌‌                         
the‌‌transistor‌‌turns‌‌on.‌‌The‌‌small‌‌current‌‌which‌‌is‌‌at‌‌the‌‌base‌‌turns‌‌on‌‌the‌‌larger‌‌current‌‌                                 
which‌‌is‌‌the‌‌electrons‌‌flowing‌‌from‌‌the‌‌emitter‌‌to‌‌the‌‌collector.‌‌This‌‌is‌‌shown‌‌in‌‌figure‌‌60‌‌                                 
and‌ ‌61‌ ‌below‌ ‌[19,‌ ‌36,‌ ‌83,‌ ‌116,‌ ‌171].‌ ‌ 
‌ 

‌ 
Figure‌ ‌60‌ ‌NPN‌ ‌Transistor‌ ‌Diagram‌ ‌ 

‌ 

‌ 
Figure‌ ‌61:‌ ‌NPN‌ ‌Transistor‌ ‌Electron‌ ‌Flow‌‌ ‌  

‌ 

‌ 
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Now‌ ‌that‌ ‌we‌ ‌have‌ ‌an‌ ‌understanding‌ ‌of‌ ‌how‌ ‌transistors‌ ‌work‌‌on‌‌a‌‌molecular‌‌level,‌‌let's‌‌                             
move‌ ‌on‌ ‌to‌ ‌labeling‌ ‌one‌ ‌on‌ ‌a‌ ‌circuit‌ ‌design‌ ‌level.‌ ‌Below‌‌is‌‌a‌‌figure‌‌that‌‌shows‌‌a‌‌NPN‌‌                                   
BJT‌ ‌(Bipolar‌ ‌Junction‌ ‌Transistor)‌ ‌and‌ ‌how‌ ‌you‌‌would‌‌see‌‌it‌‌in‌‌a‌‌circuit.‌‌Notice‌‌how‌‌at‌‌                               
the‌ ‌top‌ ‌you‌ ‌have‌ ‌the‌ ‌collector‌ ‌region,‌ ‌bottom‌ ‌you‌ ‌have‌‌the‌‌emitter‌‌region‌‌and‌‌between‌‌                             
you‌ ‌have‌ ‌the‌ ‌base‌ ‌region.‌ ‌The‌ ‌arrow‌ ‌pointing‌ ‌toward‌ ‌the‌ ‌emitter‌ ‌region‌ ‌indicates‌ ‌that‌‌                           
when‌‌a‌‌small‌‌current‌‌is‌‌applied‌‌to‌‌the‌‌base,‌‌a‌‌larger‌‌current‌‌will‌‌flow‌‌from‌‌the‌‌collector‌‌to‌‌                                   
the‌‌emitter.‌‌How‌‌much‌‌current‌‌to‌‌be‌‌exact‌‌you‌‌ask?‌‌The‌‌answer‌‌turns‌‌out‌‌to‌‌be‌‌based‌‌on‌‌                                   
what‌‌the‌‌beta‌‌factor‌‌that‌‌the‌‌manufacturer‌‌builds‌‌into‌‌the‌‌transistor‌‌when‌‌they‌‌fabricate‌‌it.‌‌                             
For‌‌example,‌‌let's‌‌say‌‌that‌‌the‌‌beta‌‌factor‌‌of‌‌the‌‌transistor‌‌is‌‌100.‌‌If‌‌we‌‌want‌‌a‌‌current‌‌of‌‌                                     
10mA‌ ‌to‌ ‌flow‌ ‌through‌ ‌the‌ ‌collector‌ ‌into‌ ‌the‌ ‌emitter‌ ‌portion‌ ‌of‌ ‌the‌ ‌BJT‌ ‌then‌ ‌we‌ ‌must‌‌                               
provide‌ ‌a‌ ‌current‌ ‌100‌ ‌times‌ ‌less‌ ‌than‌ ‌10mA‌ ‌to‌ ‌flow‌ ‌through‌ ‌the‌ ‌base‌ ‌into‌ ‌the‌ ‌emitter.‌‌                               
This‌ ‌gives‌ ‌the‌ ‌base‌ ‌current‌ ‌to‌‌be‌‌10mA/100‌‌=‌‌0.1mA‌‌or‌‌100uA.‌‌Besides‌‌switching‌‌ON‌‌                             
and‌‌OFF‌‌the‌‌transistor‌‌can‌‌also‌‌act‌‌as‌‌an‌‌amplifier.‌‌It‌‌can‌‌be‌‌anywhere‌‌between‌‌fully‌‌on‌‌                                 
and‌ ‌fully‌ ‌off.‌ ‌‌A‌ ‌small‌ ‌signal‌ ‌with‌ ‌little‌ ‌to‌ ‌no‌ ‌energy‌ ‌can‌ ‌control‌‌a‌‌transistor‌‌to‌‌make‌‌a‌‌                                   
stronger‌‌copy‌‌of‌‌that‌‌same‌‌signal‌‌in‌‌a‌‌collector-emitter‌‌or‌‌drain-source‌‌part‌‌of‌‌a‌‌transistor‌‌                             
as‌‌shown‌‌in‌‌figure‌‌62‌‌below.‌‌Thereby‌‌it‌‌is‌‌able‌‌to‌‌amplify‌‌small‌‌signals‌‌‌[19,‌‌36,‌‌83,‌‌116,‌‌                                   
171]‌.‌ ‌ 

‌ 
Figure‌ ‌62:‌ ‌NPN‌ ‌BJT‌ ‌ 

‌ 
3.14‌ ‌MOSFETS‌ ‌ 
‌ 

MOSFETS‌ ‌or‌ ‌known‌ ‌by‌ ‌their‌ ‌full‌ ‌name‌ ‌of‌ ‌“Metal‌ ‌Oxide‌ ‌Semiconductor‌ ‌Field‌ ‌Effect‌‌                         
Transistor”‌ ‌are‌ ‌similar‌ ‌to‌ ‌transistors‌ ‌in‌ ‌terms‌ ‌of‌ ‌how‌ ‌current‌ ‌flows‌ ‌but‌ ‌have‌ ‌a‌ ‌major‌‌                             
difference‌ ‌in‌ ‌how‌ ‌they‌ ‌turn‌‌on.‌‌In‌‌a‌‌transistor‌‌the‌‌current‌‌from‌‌the‌‌base‌‌into‌‌the‌‌emitter‌‌                                 
determines‌‌if‌‌a‌‌current‌‌will‌‌flow‌‌from‌‌the‌‌collector‌‌to‌‌the‌‌emitter,‌‌but‌‌in‌‌mosfets‌‌a‌‌voltage‌‌                                 
from‌ ‌the‌ ‌base‌ ‌(gate)‌ ‌to‌ ‌the‌ ‌emitter‌ ‌(source)‌ ‌determines‌ ‌if‌ ‌a‌ ‌current‌ ‌will‌ ‌flow‌ ‌from‌ ‌the‌‌                               
collector‌ ‌(drain)‌ ‌to‌ ‌the‌ ‌emitter‌ ‌(source).‌ ‌Figure‌ ‌63‌ ‌below‌ ‌helps‌ ‌to‌ ‌illustrate‌ ‌the‌ ‌mosfet‌‌                           
circuit‌‌symbol‌‌along‌‌with‌‌the‌‌direction‌‌of‌‌the‌‌current‌‌when‌‌the‌‌voltage‌‌is‌‌applied‌‌to‌‌turn‌‌                               
the‌‌device‌‌on.‌‌One‌‌thing‌‌to‌‌note‌‌is‌‌that‌‌the‌‌mosfet‌‌shown‌‌is‌‌an‌‌N‌‌channel‌‌type.‌‌One‌‌of‌‌the‌‌                                       
best‌‌qualities‌‌about‌‌the‌‌mosfet‌‌and‌‌what‌‌it‌‌is‌‌used‌‌so‌‌much‌‌today‌‌is‌‌that‌‌it‌‌requires‌‌only‌‌                                   
one‌ ‌component‌ ‌of‌ ‌current‌ ‌as‌ ‌the‌ ‌transistor‌ ‌requires‌ ‌two.‌ ‌This‌ ‌makes‌ ‌mosfets‌ ‌typically‌‌                         
easier‌‌to‌‌work‌‌with‌‌in‌‌terms‌‌of‌‌designing‌‌circuits‌‌and‌‌being‌‌able‌‌to‌‌find‌‌the‌‌values‌‌for‌‌the‌‌                                   
voltage‌ ‌and‌ ‌current‌ ‌that‌ ‌much‌ ‌easier.‌ ‌To‌ ‌turn‌ ‌on‌ ‌a‌ ‌mosfet,‌ ‌you‌ ‌must‌ ‌first‌ ‌find‌ ‌the‌‌                               
threshold‌ ‌voltage‌ ‌of‌ ‌the‌ ‌transistor.‌ ‌Once‌ ‌you‌ ‌find‌ ‌that,‌ ‌you‌ ‌need‌ ‌to‌ ‌provide‌ ‌a‌ ‌voltage‌‌                             
between‌‌gate‌‌and‌‌source‌‌that‌‌is‌‌HIGHER‌‌than‌‌the‌‌threshold‌‌voltage‌‌of‌‌the‌‌transistor‌‌but‌‌                             
not‌ ‌go‌ ‌above‌ ‌the‌ ‌maximum‌ ‌gate‌ ‌source‌ ‌voltage‌ ‌limit‌ ‌or‌ ‌it‌ ‌can‌ ‌damage‌ ‌the‌ ‌mosfet.‌‌                             
Another‌ ‌thing‌ ‌to‌‌note‌‌is‌‌that‌‌a‌‌mosfet‌‌acts‌‌like‌‌a‌‌bit‌‌of‌‌a‌‌capacitor.‌‌When‌‌you‌‌provide‌‌a‌‌                                     
voltage‌‌to‌‌the‌‌gate‌‌source‌‌region,‌‌it‌‌tends‌‌to‌‌stay‌‌there‌‌so‌‌you‌‌will‌‌have‌‌to‌‌provide‌‌a‌‌way‌‌                                     
for‌‌the‌‌extra‌‌voltage‌‌to‌‌discharge.‌‌As‌‌a‌‌result‌‌you‌‌will‌‌be‌‌able‌‌to‌‌turn‌‌OFF‌‌a‌‌mosfet‌‌[36].‌‌                                     
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Moving‌ ‌on‌ ‌to‌ ‌the‌ ‌PMOS‌ ‌in‌ ‌Figure‌ ‌64‌ ‌we‌ ‌see‌ ‌the‌‌circuit‌‌symbol‌‌below.‌‌The‌‌difference‌‌                               
between‌ ‌the‌ ‌NMOS‌‌and‌‌PMOS‌‌is‌‌that‌‌the‌‌PMOS‌‌is‌‌cheaper‌‌to‌‌produce,‌‌it‌‌typically‌‌has‌‌                               
three‌ ‌times‌ ‌higher‌ ‌drain‌ ‌resistance‌ ‌as‌ ‌compared‌ ‌to‌‌NMOS‌‌transistors.‌‌“The‌‌PMOS‌‌acts‌‌                         
differently‌ ‌from‌ ‌the‌ ‌NMOS‌ ‌in‌ ‌that‌ ‌when‌ ‌a‌ ‌positive‌‌voltage‌‌is‌‌applied‌‌between‌‌the‌‌gate‌‌                             
and‌ ‌source,‌ ‌a‌ ‌p‌ ‌type‌ ‌channel‌ ‌with‌ ‌opposite‌ ‌polarities‌ ‌is‌ ‌created‌ ‌between‌ ‌source‌ ‌and‌‌                           
drain”.‌ ‌This‌ ‌as‌ ‌a‌ ‌result‌ ‌causes‌ ‌a‌ ‌low‌‌voltage‌‌to‌‌turn‌‌on‌‌while‌‌a‌‌high‌‌voltage‌‌at‌‌the‌‌gate‌‌                                     
turns‌‌the‌‌PMOS‌‌off.‌‌Finally‌‌the‌‌PMOS‌‌is‌‌not‌‌only‌‌cheaper‌‌but‌‌also‌‌has‌‌better‌‌immunity‌‌                               
to‌ ‌interference‌ ‌than‌ ‌the‌ ‌NMOS‌ ‌[180,181].‌ ‌ 

‌  

‌ 
Figure‌ ‌63:‌ ‌N‌ ‌Channel‌ ‌MOSFET‌ ‌ 

‌ 

‌ 
Figure‌ ‌64:‌ ‌P‌ ‌Channel‌ ‌MOSFET‌ ‌ 

‌ 
3.15‌ ‌Current‌ ‌Sensors‌ ‌ 
‌ 

The‌‌current‌‌sensor‌‌is‌‌used‌‌to‌‌read‌‌the‌‌current‌‌between‌‌two‌‌terminals‌‌and‌‌return‌‌an‌‌analog‌‌                               
voltage‌ ‌that‌ ‌would‌ ‌represent‌ ‌the‌ ‌current‌ ‌value.‌ ‌An‌ ‌analog-to-digital‌ ‌converter‌ ‌can‌‌                     
interpret‌ ‌that‌ ‌value‌ ‌since‌ ‌the‌ ‌specification‌ ‌of‌ ‌a‌ ‌current‌ ‌sensor‌ ‌lets‌ ‌us‌ ‌know‌ ‌their‌‌                           
sensitivity.‌‌This‌‌is‌‌usually‌‌represented‌‌by‌‌a‌‌voltage‌‌value‌‌per‌‌amp.‌‌Our‌‌first‌‌choice‌‌was‌‌to‌‌                               
use‌ ‌the‌ ‌same‌ ‌current‌ ‌sensor‌ ‌from‌ ‌opengreenenergy’s‌ ‌schematic,‌ ‌ACS712‌ ‌module.‌‌                   
However,‌‌the‌‌current‌‌sensor‌‌requires‌‌5V‌‌as‌‌its‌‌voltage‌‌source.‌‌According‌‌to‌‌its‌‌datasheet,‌‌                           
the‌‌maximum‌‌value‌‌of‌‌V‌IOUT‌ ‌can‌‌be‌‌4.5V‌‌when‌‌supplied‌‌with‌‌current‌‌between‌‌-20A‌‌and‌‌                             
20A.‌ ‌When‌ ‌the‌ ‌current‌ ‌is‌ ‌0A,‌ ‌the‌ ‌voltage‌ ‌returned‌ ‌is‌ ‌half‌ ‌the‌ ‌input‌ ‌voltage,‌ ‌2.5V.‌ ‌As‌‌                               
shown‌‌in‌‌figure‌‌65‌‌When‌‌the‌‌current‌‌is‌‌at‌‌the‌‌sensor's‌‌maximum‌‌range,‌‌we‌‌should‌‌expect‌‌                               
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it‌ ‌to‌ ‌return‌ ‌4.5V‌ ‌since‌ ‌the‌ ‌sensitivity‌ ‌is‌ ‌100‌ ‌mV/A‌ ‌(2.5‌ ‌+‌ ‌.1V/A*20A‌ ‌=‌ ‌4.5V).‌ ‌The‌‌                               
METRO’s‌ ‌analog‌ ‌pin‌‌has‌‌a‌‌maximum‌‌voltage‌‌range‌‌of‌‌around‌‌3.3V.‌‌The‌‌current‌‌sensor‌‌                           
may‌ ‌return‌ ‌voltage‌ ‌values‌ ‌above‌ ‌3.3V,‌‌thus‌‌causing‌‌potential‌‌damage‌‌to‌‌the‌‌MCU.‌‌One‌‌                           
solution‌ ‌for‌ ‌this‌ ‌problem‌ ‌is‌ ‌to‌ ‌use‌ ‌a‌ ‌voltage‌ ‌divider.‌‌ ‌  
‌ 

‌ 
Figure‌ ‌65:‌ ‌Relationship‌ ‌Between‌ ‌Output‌ ‌Voltage‌ ‌and‌ ‌Sensed‌ ‌Current‌ ‌ 

‌ 
Figure‌‌66‌‌shows‌‌the‌‌process‌‌of‌‌finding‌‌the‌‌appropriate‌‌resistance‌‌value‌‌based‌‌on‌‌using‌‌a‌‌                             
2:3‌‌voltage‌‌divider.‌‌We‌‌chose‌‌the‌‌2:3‌‌ratio‌‌since‌‌2/3*4.5‌‌is‌‌3V‌‌and‌‌2/3*2.5‌‌is‌‌1.67,‌‌values‌‌                                 
that‌ ‌are‌ ‌close‌ ‌enough‌ ‌to‌‌our‌‌desired‌‌range.‌‌Since‌‌the‌‌minimum‌‌R‌LOAD‌ ‌value‌‌needs‌‌to‌‌be‌‌                               
4.7kΩ‌ ‌for‌ ‌the‌ ‌sensor‌ ‌pin,‌ ‌the‌ ‌two‌ ‌resistors‌ ‌chosen‌‌were‌‌5kΩ‌‌and‌‌10kΩ‌‌to‌‌form‌‌the‌‌2:3‌‌                                 
voltage‌ ‌divider.‌ ‌Based‌ ‌on‌ ‌this‌ ‌configuration,‌ ‌this‌ ‌gives‌‌us‌‌a‌‌close‌‌range‌‌between‌‌1.67V‌‌                           
and‌ ‌3V.‌ ‌We‌ ‌need‌‌to‌‌appropriately‌‌map‌‌the‌‌current‌‌values‌‌to‌‌their‌‌corresponding‌‌voltage‌‌                           
values‌ ‌since‌ ‌the‌ ‌range‌ ‌has‌ ‌changed‌ ‌but‌ ‌not‌ ‌the‌ ‌current‌ ‌sensor’s‌ ‌sensitivity.‌ ‌Using‌ ‌the‌‌                           
current‌ ‌sensing‌ ‌algorithm‌ ‌from‌ ‌the‌ ‌Administrator‌ ‌at‌ ‌ElectronicsHub,‌ ‌the‌ ‌code‌ ‌was‌‌                     
adapted‌ ‌to‌ ‌use‌ ‌our‌ ‌20A‌ ‌version‌ ‌of‌ ‌the‌ ‌sensor,‌ ‌rather‌ ‌than‌ ‌the‌‌30A‌‌sensor‌‌[5].‌‌The‌‌20A‌‌                                 
sensor‌ ‌has‌ ‌a‌ ‌resolution‌ ‌of‌ ‌100‌ ‌mV/A‌ ‌sensitivity.‌ ‌The‌ ‌code’s‌ ‌creator‌ ‌used‌ ‌an‌ ‌ADC‌‌                           
converter‌ ‌that‌ ‌was‌ ‌10-bits,‌ ‌while‌ ‌the‌ ‌METRO’s‌ ‌ADC‌ ‌was‌ ‌12-bits.‌ ‌Technically‌ ‌we‌ ‌can‌‌                         
have‌ ‌better‌ ‌results‌ ‌by‌ ‌using‌ ‌the‌ ‌full‌ ‌4096‌‌possible‌‌values,‌‌but‌‌to‌‌keep‌‌things‌‌simple‌‌for‌‌                               
this‌ ‌analysis,‌ ‌we‌ ‌will‌ ‌also‌ ‌be‌ ‌using‌ ‌the‌ ‌1024‌ ‌resolution.‌‌We‌‌now‌‌need‌‌to‌‌determine‌‌the‌‌                               
scaling‌‌factor‌‌to‌‌interpret‌‌the‌‌voltage‌‌output‌‌correctly.‌‌In‌‌our‌‌algorithm,‌‌the‌‌equation‌‌was‌‌                           
changed‌ ‌so‌ ‌that‌ ‌the‌ ‌cutoff‌ ‌is‌ ‌now‌ ‌1.65‌ ‌and‌ ‌the‌ ‌max‌ ‌is‌ ‌3.30.‌ ‌Assuming‌ ‌that‌ ‌the‌ ‌sensor‌‌                                 
returned‌ ‌the‌ ‌maximum‌ ‌voltage,‌ ‌we‌ ‌can‌ ‌determine‌ ‌the‌ ‌scaling‌ ‌factor‌ ‌by‌ ‌setting‌ ‌both‌‌                         
equations‌‌equal‌‌to‌‌each‌‌other.‌‌The‌‌result‌‌of‌‌this‌‌analysis‌‌is‌‌also‌‌shown‌‌in‌‌figure‌‌64.‌‌Since‌‌                                 
the‌ ‌maximum‌ ‌voltage‌ ‌from‌ ‌the‌ ‌sensor‌ ‌is‌ ‌4.5V,‌‌we‌‌need‌‌to‌‌determine‌‌the‌‌corresponding‌‌                           
ADC‌ ‌value‌ ‌for‌ ‌both‌ ‌5V‌ ‌and‌ ‌3.3V‌ ‌configurations.‌ ‌Since‌ ‌the‌ ‌ADC‌ ‌returns‌ ‌ratiometric‌‌                         
values,‌ ‌we‌ ‌can‌ ‌determine‌ ‌the‌ ‌maximum‌ ‌ADC‌‌value‌‌to‌‌be‌‌920.7,‌‌or‌‌921‌‌since‌‌the‌‌value‌‌                               
must‌‌be‌‌an‌‌integer‌‌[112].‌‌Indeed,‌‌5*921/1024‌‌is‌‌very‌‌close‌‌to‌‌4.50V,‌‌4.497V‌‌to‌‌be‌‌more‌‌                               
accurate.‌ ‌Although‌‌1023‌‌represents‌‌the‌‌reference‌‌voltage,‌‌we‌‌should‌‌still‌‌be‌‌dividing‌‌by‌‌                         
1024‌ ‌for‌ ‌the‌ ‌final‌ ‌output‌ ‌since‌ ‌dividing‌ ‌by‌ ‌1023‌ ‌would‌ ‌cause‌‌offsetting‌‌since‌‌there‌‌are‌‌                             
1024‌ ‌discrete‌ ‌steps.‌ ‌Using‌ ‌other‌ ‌references‌ ‌besides‌ ‌5V‌ ‌can‌ ‌make‌ ‌this‌ ‌issue‌ ‌more‌‌                         
apparent.‌‌At‌‌2.5V,‌‌the‌‌ADC‌‌should‌‌return‌‌512.‌‌Using‌‌the‌‌same‌‌process,‌‌the‌‌ADC‌‌values‌‌                             
were‌‌determined‌‌for‌‌the‌‌3.3V‌‌configuration‌‌and‌‌were‌‌used‌‌to‌‌solve‌‌for‌‌the‌‌scaling‌‌factors.‌‌                             

‌ 
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‌ 
Testing‌ ‌our‌ ‌new‌ ‌equation,‌ ‌we‌ ‌assumed‌‌that‌‌the‌‌ADC‌‌returned‌‌a‌‌random‌‌value,‌‌900‌‌and‌‌                             
compared‌‌the‌‌results‌‌from‌‌the‌‌two‌‌equations.‌‌We‌‌found‌‌that‌‌the‌‌values‌‌nearly‌‌agree‌‌with‌‌                             
each‌ ‌other,‌‌a‌‌7.38%‌‌difference‌‌to‌‌be‌‌exact.‌‌At‌‌higher‌‌voltage‌‌values,‌‌the‌‌offset‌‌becomes‌‌                             
more‌‌reasonable.‌‌However,‌‌At‌‌2.5V,‌‌the‌‌output‌‌from‌‌our‌‌new‌‌equation‌‌becomes‌‌0.239A.‌‌                         
It‌‌should‌‌be‌‌0A‌‌as‌‌shown‌‌in‌‌the‌‌5V‌‌configuration.‌‌For‌‌these‌‌types‌‌of‌‌cases,‌‌we‌‌can‌‌add‌‌a‌‌                                     
conditional‌‌statement‌‌that‌‌would‌‌return‌‌0‌‌at‌‌and‌‌below‌‌the‌‌specific‌‌pin‌‌value.‌‌In‌‌practice,‌‌                             
there‌‌might‌‌be‌‌other‌‌errors‌‌that‌‌could‌‌be‌‌caused‌‌due‌‌to‌‌some‌‌intrinsic‌‌properties‌‌from‌‌the‌‌                               
sensor‌ ‌or‌ ‌some‌ ‌other‌ ‌component‌ ‌not‌ ‌taken‌ ‌into‌ ‌account‌ ‌that‌ ‌can‌ ‌further‌ ‌increase‌‌                         
differences‌ ‌such‌ ‌as‌ ‌the‌ ‌+/-1.5%‌ ‌accuracy‌ ‌from‌ ‌the‌ ‌sensor.‌ ‌Honing‌ ‌in‌ ‌on‌ ‌better‌ ‌scaling‌‌                           
factors‌‌and‌‌improving‌‌our‌‌voltage‌‌divider‌‌set‌‌up‌‌during‌‌experimentation‌‌can‌‌help‌‌reduce‌‌                         
the‌ ‌differences.‌ ‌ 
‌ 

‌ 
Figure‌ ‌66:‌ ‌Voltage‌ ‌Division‌ ‌and‌ ‌Scale‌ ‌Factor‌ ‌for‌ ‌ACS712‌ ‌ 

‌ 
Another‌‌option‌‌is‌‌to‌‌use‌‌a‌‌current‌‌sensor‌‌that‌‌requires‌‌only‌‌3.3V.‌‌The‌‌best‌‌one‌‌we‌‌found‌‌                                 
that‌ ‌closely‌ ‌resembles‌ ‌the‌ ‌ACS712‌ ‌is‌ ‌Melexis’‌ ‌MLX91221KDC-ABR-020-SP‌ ‌sensor.‌‌                 

‌ 
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‌ 
The‌ ‌main‌ ‌differences,‌ ‌besides‌ ‌the‌ ‌required‌ ‌voltage,‌ ‌from‌ ‌this‌ ‌sensor‌ ‌and‌ ‌the‌ ‌ACS712‌‌                         
module‌ ‌is‌ ‌that‌ ‌the‌ ‌former‌ ‌has‌ ‌a‌ ‌slightly‌ ‌faster‌ ‌response‌ ‌time‌ ‌and‌ ‌a‌ ‌much‌ ‌larger‌‌                             
bandwidth.‌‌In‌‌addition,‌‌its‌‌internal‌‌conductor‌‌resistance‌‌is‌‌also‌‌slightly‌‌lower,‌‌resulting‌‌in‌‌                         
lower‌‌losses.‌‌It’s‌‌current‌‌reading‌‌results‌‌and‌‌properties‌‌are‌‌also‌‌similar‌‌to‌‌the‌‌ACS712‌‌as‌‌                             
shown‌‌in‌‌Figure‌‌67.‌‌The‌‌reason‌‌why‌‌the‌‌ACS712‌‌was‌‌considered‌‌at‌‌first‌‌was‌‌due‌‌to‌‌the‌‌                                 
option‌ ‌of‌ ‌not‌ ‌having‌ ‌to‌ ‌solder‌ ‌the‌ ‌chip‌ ‌onto‌ ‌a‌ ‌PCB‌ ‌since‌ ‌the‌ ‌sensor‌ ‌can‌ ‌be‌ ‌brought‌‌                                 
already‌ ‌on‌ ‌a‌ ‌module‌ ‌that‌ ‌featured‌ ‌pin‌ ‌headers‌ ‌and‌‌input‌‌connectors.‌‌There‌‌are‌‌no‌‌3.3V‌‌                             
alternatives‌‌in‌‌stock‌‌that‌‌have‌‌around‌‌the‌‌same‌‌range‌‌as‌‌the‌‌ACS712.‌‌There‌‌are‌‌more‌‌than‌‌                               
enough‌ ‌of‌ ‌these‌ ‌parts‌ ‌in‌ ‌stock‌ ‌and‌ ‌setting‌ ‌up‌ ‌the‌ ‌connections‌ ‌and‌ ‌soldering‌ ‌the‌ ‌sensor‌‌                             
onto‌ ‌a‌ ‌PCB‌ ‌is‌ ‌not‌ ‌challenging‌ ‌enough‌ ‌to‌ ‌risk‌ ‌the‌ ‌possible‌ ‌additional‌ ‌losses‌ ‌and‌‌                           
uncertainty‌ ‌from‌ ‌using‌ ‌the‌ ‌more‌ ‌popular‌ ‌ACS712.‌ ‌Table‌ ‌17‌ ‌gives‌ ‌a‌ ‌more‌ ‌thorough‌‌                         
comparison‌ ‌between‌ ‌the‌ ‌two‌ ‌sensors.‌ ‌ 
‌ 

‌ 
Figure‌ ‌67:‌ ‌MLX9122‌ ‌Properties‌ ‌ 
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‌ 

Table‌ ‌17:‌ ‌ACS712‌ ‌&‌ ‌MLX9122‌ ‌Comparison‌ ‌ 
‌ 

Based‌ ‌on‌ ‌the‌ ‌table‌ ‌above,‌ ‌we‌ ‌can‌ ‌see‌ ‌that‌ ‌the‌ ‌MLX9122‌ ‌chip‌ ‌is‌ ‌more‌ ‌sensitive‌ ‌and‌‌ 
capable‌ ‌than‌ ‌the‌ ‌ACS712‌ ‌while‌ ‌still‌ ‌being‌ ‌able‌ ‌to‌ ‌run‌ ‌with‌ ‌a‌ ‌3.3V‌ ‌supply.‌ ‌It‌ ‌is‌ ‌more‌‌ 
capable‌ ‌due‌ ‌to‌ ‌its‌ ‌lower‌ ‌output‌ ‌error‌ ‌difference‌ ‌and‌ ‌its‌ ‌higher‌ ‌response‌ ‌time,‌ ‌which‌ ‌is‌ ‌due‌‌ 
to‌ ‌its‌ ‌higher‌ ‌bandwidth.‌ ‌ 
‌ 

‌   

‌ 
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Key‌ ‌Points‌ ‌  ACS712ELCTR-20A-T‌ ‌  MLX91221KDC-ABR-020-SP‌‌ ‌  

Cost‌ ‌  Generally‌ ‌between‌ ‌$3‌ ‌and‌ ‌$4‌‌ 
including‌ ‌the‌ ‌module‌ ‌or‌ ‌$5.64‌ ‌on‌‌ 

Digikey‌ ‌for‌ ‌just‌ ‌the‌ ‌chip.‌ ‌ 

$4.31‌ ‌per‌ ‌chip‌ ‌on‌ ‌Mouser‌ ‌ 

Typical‌ ‌Nominal‌ ‌Supply‌ ‌Voltage‌  5V‌ ‌  3.3V‌ ‌ 

Sensor‌ ‌Type‌ ‌  Hall‌ ‌Effect‌ ‌  Hall‌ ‌Effect‌‌ ‌  

Output‌ ‌  Ratiometric,‌ ‌Voltage‌ ‌  Ratiometric,‌ ‌Voltage‌ ‌ 

Sensitivity‌ ‌  100mV/A‌ ‌  62.5mV/A‌ ‌ 

Internal‌ ‌Resistance‌ ‌  1.2mΩ‌ ‌  0.9mΩ‌ ‌ 

Response‌ ‌Time‌ ‌  5µs‌ ‌  2µs‌ ‌ 

Bandwidth‌ ‌  80kHz‌ ‌  300kHz‌ ‌ 

Output‌ ‌Error‌ ‌(when‌‌ 
temperature‌ ‌is‌ ‌25℃)‌ ‌ 

+/-‌1.5%‌ ‌(when‌ ‌current‌ ‌is‌ ‌+/-20A)‌ ‌  +/-0.3%‌ ‌(when‌ ‌voltage‌ ‌is‌ ‌+/-5%‌‌ 
V‌DD‌)‌ ‌ 

Number‌ ‌of‌ ‌Pins‌ ‌  8‌ ‌  8‌ ‌ 



‌ 
4.0‌ ‌Design‌ ‌Constraints‌ ‌and‌ ‌Standards‌ ‌ 
‌ 

In‌‌this‌‌section‌‌different‌‌design‌‌constraints‌‌and‌‌the‌‌necessary‌‌standards‌‌that‌‌do/may‌‌apply‌‌                         
to‌ ‌our‌ ‌project‌ ‌will‌ ‌be‌ ‌discussed.‌ ‌Standards‌ ‌are‌ ‌important‌ ‌to‌ ‌consider‌ ‌when‌‌                       
choosing/designing‌ ‌anything.‌‌In‌‌the‌‌case‌‌of‌‌our‌‌project,‌‌the‌‌most‌‌stringent‌‌standards‌‌are‌‌                         
related‌ ‌to‌ ‌battery‌ ‌manufacturing‌ ‌due‌ ‌to‌ ‌the‌ ‌potential‌ ‌volatility‌ ‌and‌ ‌danger‌ ‌of‌ ‌battery‌‌                         
manufacturing.‌‌In‌‌addition‌‌to‌‌these‌‌standards,‌‌we‌‌will‌‌be‌‌exploring‌‌the‌‌standard‌‌related‌‌to‌‌                           
the‌ ‌designing/manufacturing‌ ‌process‌ ‌for‌‌the‌‌solar‌‌panel,‌‌solar‌‌charge‌‌controller,‌‌and‌‌the‌‌                       
inverter.‌ ‌These‌ ‌standards‌‌are‌‌typically‌‌provided‌‌by‌‌the‌‌manufacturer,‌‌and‌‌if‌‌not,‌‌we‌‌will‌‌                           
be‌‌searching‌‌for‌‌listed‌‌standards‌‌by‌‌organizations‌‌such‌‌as‌‌IEEE‌‌to‌‌find‌‌standards‌‌related‌‌                           
to‌ ‌our‌ ‌project.‌ ‌ 

‌ 
4.1‌ ‌Constraints‌ ‌ 
‌ 

The‌ ‌main‌ ‌constraint‌ ‌that‌ ‌may‌ ‌cause‌ ‌issues‌ ‌is‌ ‌price.‌ ‌Other‌ ‌than‌ ‌this,‌ ‌we‌ ‌won’t‌ ‌know‌‌                             
further‌‌constraints‌‌until‌‌more‌‌research‌‌is‌‌done.‌‌We‌‌would‌‌like‌‌to‌‌keep‌‌the‌‌project‌‌budget‌‌                             
under‌ ‌$800‌ ‌in‌ ‌order‌ ‌to‌ ‌keep‌ ‌it‌ ‌affordable.‌ ‌This‌ ‌is‌ ‌important‌ ‌because‌ ‌our‌ ‌goal‌ ‌for‌ ‌this‌‌                               
project‌‌alongside‌‌providing‌‌clean‌‌energy,‌‌is‌‌to‌‌provide‌‌an‌‌affordable‌‌solution.‌‌Most‌‌solar‌‌                         
powered‌ ‌battery‌ ‌systems‌ ‌with‌ ‌equivalent‌ ‌amp‌ ‌hour‌‌capacity‌‌can‌‌be‌‌up‌‌to‌‌$3000.‌‌Based‌‌                           
upon‌‌the‌‌proposed‌‌budget‌‌we‌‌should‌‌be‌‌able‌‌to‌‌meet‌‌this,‌‌but‌‌due‌‌to‌‌shipping‌‌costs/tariffs‌‌                               
from‌ ‌China,‌ ‌which‌ ‌is‌ ‌where‌ ‌a‌ ‌lot‌ ‌of‌ ‌the‌ ‌materials‌ ‌will‌ ‌come‌ ‌from,‌ ‌this‌ ‌may‌ ‌be‌ ‌difficult.‌‌ ‌  

‌ 
A‌ ‌secondary‌ ‌constraint‌ ‌that‌ ‌we‌ ‌may‌ ‌encounter‌ ‌during‌ ‌our‌ ‌project‌ ‌is‌ ‌time,‌ ‌or‌ ‌more‌‌                           
specifically‌ ‌the‌ ‌lack‌ ‌of‌ ‌time.‌‌Due‌‌to‌‌the‌‌design‌‌portion‌‌of‌‌our‌‌project‌‌being‌‌limited‌‌to‌‌a‌‌                                 
two‌ ‌and‌ ‌a‌ ‌half‌ ‌month‌ ‌period,‌ ‌we‌ ‌need‌ ‌to‌ ‌have‌ ‌all‌ ‌of‌ ‌our‌ ‌supplies‌ ‌ordered‌ ‌before‌ ‌the‌‌                                 
semester‌ ‌begins.‌ ‌With‌ ‌this‌ ‌lack‌ ‌of‌ ‌time,‌ ‌we‌ ‌have‌ ‌elected‌ ‌to‌ ‌buy‌ ‌a‌ ‌pre-built‌ ‌battery‌‌                             
management‌ ‌system‌ ‌to‌ ‌save‌ ‌us‌ ‌the‌ ‌headache‌ ‌and‌ ‌struggle‌ ‌of‌ ‌attempting‌ ‌to‌ ‌build‌ ‌one‌‌                           
ourselves.‌ ‌With‌ ‌uncertain‌ ‌global‌ ‌conditions,‌ ‌we‌ ‌have‌ ‌ordered‌ ‌many‌ ‌of‌ ‌the‌ ‌components‌‌                       
that‌ ‌we‌ ‌know‌ ‌to‌ ‌come‌ ‌from‌ ‌overseas,‌ ‌to‌ ‌get‌ ‌ahead‌ ‌of‌ ‌potential‌ ‌shipping‌ ‌issues.‌ ‌ 

‌ 
A‌ ‌third‌ ‌constraint‌ ‌that‌ ‌may‌ ‌give‌ ‌rise‌ ‌to‌ ‌issues‌ ‌would‌ ‌be‌ ‌the‌ ‌lack‌ ‌of‌ ‌experience‌ ‌in‌‌                               
assembling‌‌these‌‌types‌‌of‌‌components.‌‌To‌‌deal‌‌with‌‌this,‌‌we‌‌have‌‌been‌‌advised‌‌to‌‌order‌‌                             
multiple‌ ‌of‌ ‌each‌ ‌component‌‌as‌‌long‌‌as‌‌cost‌‌permits.‌‌For‌‌most‌‌of‌‌the‌‌components‌‌in‌‌our‌‌                               
design,‌ ‌we‌ ‌have‌‌ordered‌‌up‌‌to‌‌three‌‌in‌‌the‌‌event‌‌that‌‌we‌‌inadvertently‌‌damage‌‌anything‌‌                             
during‌‌assembly.‌‌Taking‌‌these‌‌constraints‌‌into‌‌account,‌‌we‌‌hope‌‌to‌‌have‌‌an‌‌easier‌‌road‌‌to‌‌                             
success.‌‌ ‌  
‌ 

4.2‌ ‌Design‌ ‌Standards‌ ‌ 
‌ 

In‌ ‌this‌ ‌project,‌‌we‌‌must‌‌keep‌‌in‌‌mind‌‌the‌‌standards‌‌and‌‌government‌‌regulations‌‌that‌‌we‌‌                             
must‌ ‌follow.‌ ‌Of‌ ‌these‌ ‌standards‌ ‌and‌ ‌regulations‌ ‌we‌ ‌have‌ ‌battery‌ ‌standards,‌ ‌IEEE‌‌                       
standards,‌ ‌IPC‌ ‌PCB‌ ‌standards,‌ ‌and‌ ‌C/C++‌ ‌language‌ ‌standards.‌ ‌Standards‌ ‌are‌ ‌quite‌‌                     
possibly‌‌the‌‌most‌‌important‌‌part‌‌of‌‌our‌‌design.‌‌If‌‌we‌‌do‌‌not‌‌follow‌‌standards‌‌already‌‌set‌‌                               
in‌ ‌place‌ ‌by‌ ‌industry‌ ‌professionals‌ ‌we‌ ‌could‌ ‌waste‌ ‌excess‌ ‌time‌ ‌on‌ ‌designing,‌‌assembly,‌‌                         
re-designing,‌ ‌and‌‌re-assembling‌‌our‌‌project.‌‌Standards‌‌help‌‌us‌‌to‌‌remove‌‌the‌‌guesswork‌‌                       
behind‌ ‌the‌ ‌processes‌ ‌that‌ ‌we‌ ‌are‌ ‌not‌ ‌familiar‌ ‌with.‌ ‌This‌ ‌also‌ ‌applies‌ ‌to‌ ‌the‌ ‌items‌ ‌and‌‌                               
components‌ ‌that‌ ‌we‌ ‌implement‌ ‌into‌ ‌our‌ ‌design.‌ ‌If‌ ‌the‌ ‌manufacturers‌ ‌don’t‌ ‌follow‌‌                       
industry‌ ‌standards‌ ‌we‌ ‌could‌ ‌encounter‌ ‌issues‌ ‌with‌ ‌these‌ ‌products‌ ‌that‌‌potentially‌‌make‌‌                       
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‌ 
them‌‌incompatible‌‌with‌‌our‌‌design‌‌or‌‌cause‌‌them‌‌to‌‌easily‌‌malfunction‌‌and‌‌set‌‌us‌‌back‌‌in‌‌                               
both‌ ‌time‌ ‌and‌ ‌money.‌‌ ‌  
‌ 

There‌ ‌are‌ ‌many‌ ‌organizations‌ ‌and‌ ‌associations‌ ‌which‌ ‌can‌ ‌provide‌ ‌standards.‌ ‌We‌ ‌will‌‌                       
mainly‌‌focus‌‌on‌‌the‌‌standards‌‌provided‌‌by‌‌IEEE,‌‌IPC,‌‌and‌‌local‌‌and‌‌federal‌‌government‌‌                           
standards.‌ ‌The‌ ‌institute‌ ‌of‌ ‌electrical‌ ‌and‌ ‌electronics‌ ‌engineers‌ ‌is‌ ‌our‌ ‌primary‌ ‌source‌‌of‌‌                         
standards‌ ‌as‌ ‌they‌ ‌have‌ ‌a‌ ‌large‌ ‌library‌ ‌of‌ ‌information‌ ‌that‌ ‌can‌ ‌be‌ ‌narrowed‌ ‌down‌ ‌into‌‌                             
specific‌ ‌topics‌ ‌pertaining‌ ‌to‌ ‌our‌ ‌design.‌ ‌The‌ ‌institute‌ ‌of‌ ‌printed‌ ‌circuits‌ ‌is‌ ‌our‌ ‌second‌‌                           
most‌‌important‌‌source‌‌of‌‌information‌‌for‌‌standards,‌‌as‌‌the‌‌PCB‌‌is‌‌the‌‌heart‌‌of‌‌the‌‌design‌‌                               
and‌‌the‌‌biggest‌‌requirement.‌‌IPC‌‌will‌‌allow‌‌us‌‌to‌‌get‌‌into‌‌the‌‌specifics‌‌of‌‌what‌‌is‌‌required‌‌                                 
for‌‌our‌‌printed‌‌circuit‌‌board.‌‌Lastly,‌‌local‌‌and‌‌federal‌‌government‌‌standards‌‌are‌‌important‌‌                         
as‌ ‌this‌‌will‌‌dictate‌‌how,‌‌when,‌‌and‌‌with‌‌what‌‌we‌‌can‌‌ship‌‌or‌‌transport‌‌our‌‌design.‌‌If‌‌we‌‌                                   
do‌‌not‌‌abide‌‌by‌‌these‌‌standards‌‌we‌‌will‌‌encounter‌‌issues‌‌in‌‌the‌‌future‌‌for‌‌where‌‌and‌‌how‌‌                                 
our‌ ‌design‌ ‌can‌ ‌be‌ ‌used‌ ‌and‌ ‌transported.‌‌ ‌  
‌ 

For‌ ‌our‌ ‌programming‌ ‌language‌ ‌of‌ ‌C/C++,‌ ‌we‌‌do‌‌not‌‌have‌‌many‌‌standards‌‌to‌‌pull‌‌from‌‌                             
but‌ ‌we‌ ‌have‌ ‌located‌ ‌a‌ ‌few‌ ‌that‌ ‌may‌ ‌apply.‌ ‌Primarily‌ ‌from‌ ‌sources‌ ‌such‌‌as‌‌Barr‌‌Group‌‌                               
Embedded‌ ‌C‌ ‌Coding‌ ‌Standards.‌ ‌ISO/IEC‌ ‌9899‌ ‌and‌ ‌IEEE‌ ‌Std‌ ‌1666-2011‌ ‌are‌ ‌also‌ ‌C‌‌                         
standards,‌‌but‌‌they‌‌will‌‌not‌‌be‌‌applicable.‌‌ISO/IEC‌‌9899‌‌is‌‌the‌‌international‌‌standard‌‌that‌‌                           
specifies‌ ‌the‌ ‌form‌ ‌and‌ ‌establishes‌ ‌the‌ ‌interpretation‌ ‌of‌ ‌programs‌ ‌written‌ ‌in‌ ‌the‌ ‌C‌‌                         
programming‌ ‌language.‌ ‌[86]‌ ‌This‌ ‌means‌ ‌that‌ ‌many‌ ‌current‌ ‌C‌ ‌programming‌ ‌language‌‌                     
compilers‌ ‌will‌ ‌be‌ ‌compiling‌ ‌code‌ ‌based‌ ‌on‌ ‌these‌‌accepted‌‌standards.‌‌The‌‌Arduino‌‌IDE‌‌                         
does‌ ‌not‌ ‌follow‌ ‌these‌ ‌standards,‌ ‌meaning‌ ‌that‌ ‌programs‌ ‌written‌ ‌in‌ ‌the‌ ‌IDE‌ ‌can’t‌ ‌be‌‌                           
compiled‌‌using‌‌those‌‌compilers.‌‌The‌‌Barr‌‌Group‌‌Embedded‌‌C‌‌Coding‌‌Standards‌‌gives‌‌us‌‌                         
insight‌‌on‌‌how‌‌to‌‌write‌‌the‌‌code‌‌for‌‌embedded‌‌systems‌‌and‌‌the‌‌rules‌‌to‌‌follow‌‌based‌‌on‌‌                                 
their‌ ‌standards.‌ 
‌ 

4.2.1‌ ‌Battery‌ ‌Standards‌ ‌ 
‌ 

The‌‌battery‌‌standards‌‌that‌‌we‌‌have‌‌found‌‌that‌‌apply‌‌to‌‌our‌‌design‌‌are‌‌located‌‌within‌‌the‌‌                               
IEEE‌‌domain.‌‌Specifically,‌‌the‌‌“Low‌‌Voltage‌‌Direct‌‌Current‌‌(LVDC)‌‌Nanogrid‌‌for‌‌Home‌‌                       
Application”.‌ ‌This‌‌standard‌‌is‌‌based‌‌on‌‌nanogrids,‌‌which‌‌are‌‌typically‌‌individual‌‌power‌‌                       
grids‌ ‌for‌ ‌buildings,‌ ‌but‌ ‌it‌ ‌should‌ ‌apply‌ ‌for‌ ‌our‌ ‌design.‌ ‌Our‌ ‌design‌ ‌is‌ ‌twelve‌ ‌volts,‌ ‌and‌‌                               
thus‌ ‌qualifies‌ ‌as‌ ‌a‌ ‌low‌ ‌voltage‌ ‌for‌ ‌this‌ ‌specific‌ ‌standard.‌ ‌We‌ ‌will‌ ‌also‌ ‌be‌ ‌using‌ ‌the‌‌                               
Charging‌ ‌Module‌ ‌for‌ ‌Newest‌ ‌Types‌ ‌of‌ ‌Rechargeable‌ ‌Batteries‌ ‌LiFePO4.‌ ‌This‌ ‌standard‌‌                     
will‌ ‌allow‌ ‌us‌ ‌to‌ ‌have‌ ‌information‌ ‌on‌ ‌the‌ ‌design‌ ‌of‌ ‌the‌ ‌charging‌ ‌power‌ ‌module.‌ ‌ 
‌ 

For‌ ‌the‌ ‌LVDC‌ ‌standard,‌ ‌we‌ ‌are‌ ‌informed‌ ‌that‌‌this‌‌device‌‌should‌‌power‌‌objects‌‌such‌‌as‌‌                             
mobile‌ ‌phones,‌ ‌laptops,‌ ‌lights,‌ ‌and‌ ‌fans‌ ‌that‌ ‌run‌ ‌off‌ ‌of‌ ‌DC‌ ‌power.‌ ‌This‌ ‌feeds‌ ‌into‌ ‌our‌‌                               
design‌ ‌and‌ ‌expectation‌ ‌of‌ ‌our‌ ‌system‌ ‌and‌ ‌allows‌ ‌us‌ ‌to‌ ‌know‌ ‌that‌ ‌we‌ ‌are‌ ‌already‌                             
following‌‌part‌‌of‌‌this‌‌standard.‌‌The‌‌architecture‌‌of‌‌the‌‌LVDC‌‌should‌‌include‌‌subsystems‌‌                         
such‌‌as‌‌the‌‌system‌‌controller,‌‌power‌‌switch,‌‌battery‌‌management‌‌system,‌‌solar‌‌converter,‌‌                       
and‌ ‌any‌ ‌back‌ ‌up‌ ‌AC‌ ‌to‌‌DC‌‌converters.‌‌[100]‌‌For‌‌our‌‌design,‌‌the‌‌microcontroller‌‌is‌‌our‌‌                               
“Nanogrid‌ ‌System‌ ‌Controller”‌ ‌as‌ ‌it‌ ‌is‌ ‌the‌ ‌main‌ ‌communicator‌ ‌between‌ ‌our‌ ‌subsystems.‌‌ ‌  
‌ 

The‌ ‌second‌ ‌standard‌ ‌that‌ ‌we‌ ‌will‌ ‌be‌ ‌using‌ ‌for‌ ‌our‌ ‌batteries‌ ‌is‌ ‌also‌ ‌from‌ ‌IEEE,‌ ‌this‌‌                               
standard‌ ‌is‌ ‌labeled‌ ‌as‌ ‌“Charging‌ ‌Module‌ ‌for‌ ‌Newest‌ ‌Types‌ ‌of‌ ‌Rechargeable‌ ‌Batteries‌‌                       
LiFePO4”.‌ ‌This‌ ‌standard‌ ‌describes‌ ‌the‌ ‌batteries‌ ‌themselves‌ ‌along‌ ‌with‌ ‌the‌ ‌advantages‌‌                     
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‌ 
and‌ ‌disadvantages‌ ‌of‌ ‌using‌ ‌this‌ ‌battery.‌ ‌It‌ ‌reaffirms‌ ‌that‌ ‌the‌ ‌battery‌ ‌technology‌ ‌in‌ ‌our‌‌                           
design‌‌is‌‌safe‌‌as‌‌it‌‌does‌‌not‌‌run‌‌the‌‌risk‌‌of‌‌thermal‌‌runaway‌‌and‌‌as‌‌such‌‌will‌‌not‌‌catch‌‌fire‌‌                                       
or‌‌explode‌‌with‌‌overcharging.‌‌[100]‌‌This‌‌standard‌‌gives‌‌us‌‌the‌‌information‌‌about‌‌higher‌‌                         
discharge‌‌cycles‌‌than‌‌typical‌‌lead‌‌acid‌‌batteries,‌‌the‌‌higher‌‌discharge‌‌rate‌‌capability,‌‌and‌‌                         
the‌ ‌considerably‌ ‌lower‌ ‌self‌ ‌discharge‌ ‌rate.‌ ‌ 
‌ 

With‌ ‌all‌ ‌of‌ ‌this‌ ‌information‌ ‌we‌ ‌can‌ ‌maintain‌ ‌a‌ ‌data‌ ‌sheet‌ ‌of‌ ‌what‌ ‌the‌ ‌lifecycle‌ ‌of‌ ‌the‌‌                                 
battery,‌‌and‌‌our‌‌design,‌‌should‌‌hold.‌‌This‌‌standard‌‌also‌‌gives‌‌us‌‌the‌‌major‌‌disadvantages‌‌                           
that‌ ‌we‌ ‌should‌ ‌also‌ ‌keep‌ ‌in‌ ‌mind‌ ‌with‌ ‌our‌ ‌design.‌ ‌Of‌ ‌these‌ ‌disadvantages,‌ ‌we‌ ‌have‌ ‌a‌‌                               
higher‌ ‌energy‌ ‌density‌ ‌per‌ ‌unit‌ ‌weight,‌ ‌they‌‌have‌‌a‌‌low‌‌weight‌‌compared‌‌to‌‌its‌‌capacity‌‌                             
when‌‌compared‌‌to‌‌other‌‌batteries,‌‌and‌‌they‌‌cannot‌‌be‌‌discharged‌‌below‌‌a‌‌certain‌‌voltage‌‌                           
value‌ ‌without‌ ‌decreasing‌ ‌the‌ ‌battery‌ ‌lifetime.‌ ‌[100]‌‌ ‌  
‌ 

Along‌ ‌with‌ ‌these‌ ‌standards‌ ‌we‌ ‌wanted‌ ‌to‌ ‌take‌ ‌government‌ ‌standards,‌ ‌both‌ ‌local‌ ‌and‌‌                         
federal,‌‌into‌‌account.‌‌The‌‌storage‌‌and‌‌transportation‌‌of‌‌these‌‌batteries‌‌must‌‌follow‌‌strict‌‌                         
guidelines‌‌set‌‌forth‌‌by‌‌the‌‌government‌‌as‌‌to‌‌maintain‌‌the‌‌safety‌‌of‌‌everyone‌‌involved‌‌and‌‌                             
those‌ ‌in‌ ‌the‌ ‌vicinity‌ ‌of‌ ‌the‌ ‌battery.‌ ‌Lithium‌ ‌Iron‌ ‌Phosphate‌ ‌batteries‌ ‌are‌ ‌classified‌ ‌as‌‌                           
freight‌ ‌and‌ ‌dangerous‌ ‌goods.‌ ‌This‌ ‌means‌ ‌that‌ ‌the‌ ‌state‌ ‌of‌ ‌charge‌ ‌during‌ ‌transportation‌‌                         
must‌ ‌be‌ ‌no‌ ‌more‌ ‌than‌ ‌30%,‌ ‌and‌ ‌during‌ ‌air‌ ‌travel‌ ‌the‌ ‌individual‌ ‌cell‌ ‌voltage‌ ‌must‌ ‌be‌‌                               
discharged‌‌to‌‌2.3‌‌volts.‌‌By‌‌discharging‌‌to‌‌this‌‌amount,‌‌the‌‌surface‌‌temperature‌‌rises‌‌only‌‌                           
six‌ ‌degrees‌ ‌celsius‌ ‌and‌ ‌does‌ ‌not‌ ‌exhibit‌ ‌sparks,‌ ‌fumes,‌ ‌or‌ ‌fire.‌‌ ‌  

‌ 
4.2.2‌ ‌IEEE‌ ‌Standards‌ ‌ 

‌ 
The‌ ‌IEEE,‌ ‌or‌ ‌Institute‌ ‌of‌ ‌Electrical‌ ‌and‌ ‌Electronics‌ ‌Engineers,‌‌is‌‌the‌‌primary‌‌source‌‌of‌‌                           
knowledge‌ ‌and‌ ‌standards‌ ‌for‌ ‌UCF‌ ‌students.‌ ‌The‌ ‌goal‌ ‌of‌ ‌this‌ ‌organization‌‌is‌‌to‌‌educate‌‌                           
individuals‌‌on‌‌the‌‌technical‌‌advancement‌‌of‌‌electrical‌‌and‌‌electronic‌‌engineering.‌‌While‌‌                     
there‌‌are‌‌no‌‌specific‌‌Stds‌‌through‌‌IEEE‌‌that‌‌we‌‌could‌‌find,‌‌we‌‌found‌‌multiple‌‌documents‌‌                             
through‌ ‌IEEE‌ ‌that‌ ‌narrowed‌ ‌down‌ ‌to‌‌apply‌‌to‌‌our‌‌design.‌‌These‌‌documents‌‌are‌‌not‌‌Std‌‌                             
numbered,‌‌but‌‌are‌‌referred‌‌to‌‌by‌‌their‌‌titles.‌‌Through‌‌these‌‌documents‌‌we‌‌will‌‌follow‌‌the‌‌                             
information‌ ‌that‌ ‌it‌ ‌provides‌ ‌as‌ ‌if‌ ‌it‌ ‌were‌ ‌an‌ ‌industry‌ ‌standard.‌ ‌ 

‌ 
4.2.3‌ ‌IPC‌ ‌PCB‌ ‌Standards‌ ‌ 

‌ 
IPC,‌‌or‌‌institute‌‌of‌‌printed‌‌circuits,‌‌is‌‌a‌‌trade‌‌association‌‌with‌‌the‌‌aim‌‌to‌‌develop‌‌trusted‌‌                               
standards‌ ‌to‌ ‌drive‌ ‌the‌ ‌electronic‌ ‌industries‌ ‌success.‌ ‌These‌ ‌standards‌ ‌are‌ ‌implemented‌‌                     
across‌ ‌the‌ ‌industry‌ ‌and‌ ‌help‌ ‌to‌ ‌ensure‌ ‌superior‌ ‌quality,‌ ‌reliability,‌ ‌and‌ ‌consistency‌ ‌in‌‌                         
electronics‌ ‌manufacturing.‌ ‌[88]‌ ‌The‌‌standards‌‌that‌‌IPC‌‌has‌‌created‌‌are‌‌for‌‌the‌‌assembly‌‌                         
and‌ ‌production‌ ‌side‌ ‌of‌ ‌the‌ ‌industry,‌ ‌and‌ ‌as‌ ‌such‌ ‌will‌ ‌apply‌ ‌to‌ ‌our‌ ‌PCB.‌‌ ‌  
‌ 

Commercial‌‌PCBs‌‌must‌‌abide‌‌by‌‌the‌‌standards‌‌set‌‌forth‌‌by‌‌IPC‌‌to‌‌continue‌‌to‌‌be‌‌reliable‌‌                               
and‌‌have‌‌extended‌‌longevity‌‌in‌‌the‌‌products‌‌that‌‌they‌‌reside.‌‌This‌‌will‌‌apply‌‌to‌‌any‌‌PCB‌‌                               
that‌ ‌meets‌ ‌the‌ ‌following‌ ‌criteria:‌ ‌single‌ ‌layer,‌ ‌double‌ ‌layer,‌ ‌multiple‌ ‌layer.‌ ‌Within‌ ‌the‌‌                         
standards‌ ‌that‌ ‌apply,‌ ‌you‌ ‌will‌ ‌find‌ ‌general‌ ‌documentation,‌ ‌design‌ ‌and‌ ‌material‌‌                     
specifications,‌ ‌and‌ ‌other‌ ‌documentation‌ ‌that‌ ‌must‌ ‌be‌ ‌followed.‌ ‌ 
‌ 

As‌‌our‌‌design‌‌used‌‌a‌‌printed‌‌circuit‌‌board,‌‌we‌‌will‌‌follow‌‌the‌‌IPC‌‌standard:‌‌IPC-2221B‌‌                             
“Generic‌ ‌Standard‌ ‌on‌ ‌Printed‌ ‌Board‌ ‌Design”.‌ ‌This‌ ‌standard‌‌will‌‌have‌‌the‌‌requirements‌‌                       
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‌ 
needed‌ ‌for‌ ‌the‌ ‌design‌ ‌of‌ ‌the‌ ‌PCB‌ ‌and‌ ‌for‌ ‌the‌ ‌mounting‌ ‌of‌ ‌the‌ ‌components.‌ ‌Another‌‌                             
standard‌ ‌to‌ ‌keep‌ ‌in‌ ‌mind‌ ‌is‌ ‌the‌ ‌IPC-2220-FAM,‌ ‌which‌ ‌is‌ ‌a‌ ‌family‌ ‌of‌ ‌documents‌ ‌that‌‌                             
contain‌‌the‌‌“Design‌‌Standards‌‌for‌‌Printed‌‌Boards”.‌‌In‌‌the‌‌IPC-2220-FAM‌‌there‌‌are‌‌many‌‌                         
standards‌ ‌included‌ ‌that‌ ‌give‌ ‌information‌ ‌on‌ ‌various‌ ‌topics‌ ‌related‌ ‌to‌ ‌the‌ ‌PCB‌ ‌like‌‌                         
tolerances,‌‌thickness‌‌of‌‌the‌‌conductor,‌‌requirements‌‌for‌‌the‌‌current‌‌of‌‌the‌‌traces‌‌and‌‌what‌‌                           
it‌ ‌can‌ ‌bear,‌ ‌tracing‌ ‌and‌ ‌spacing‌ ‌between‌ ‌the‌ ‌PCB,‌ ‌and‌ ‌material‌ ‌properties.‌ ‌ ‌   
‌ 

It‌‌is‌‌important‌‌that‌‌we‌‌abide‌‌by‌‌these‌‌standards‌‌while‌‌designing‌‌and‌‌building‌‌our‌‌project.‌‌                             
By‌‌doing‌‌so‌‌we‌‌should‌‌prevent‌‌many‌‌issues‌‌that‌‌can‌‌arise.‌‌A‌‌benefit‌‌of‌‌maintaining‌‌these‌‌                               
standards‌ ‌during‌ ‌our‌ ‌processes‌ ‌is‌ ‌that‌ ‌our‌ ‌end‌ ‌product‌ ‌will‌ ‌not‌‌only‌‌be‌‌cleaner‌‌than‌‌an‌‌                               
amaeteur‌‌design‌‌but‌‌it‌‌will‌‌also‌‌continue‌‌to‌‌maintain‌‌its‌‌functionality‌‌without‌‌worry‌‌of‌‌a‌‌                             
preventable‌‌problem.‌‌Abiding‌‌by‌‌these‌‌standards‌‌will‌‌also‌‌allow‌‌other‌‌companies‌‌and‌‌the‌‌                         
end‌‌user‌‌to‌‌have‌‌an‌‌established‌‌rule‌‌set‌‌to‌‌troubleshoot‌‌the‌‌product‌‌if‌‌there‌‌is‌‌an‌‌issue‌‌in‌                                   
the‌‌future.‌‌This‌‌is‌‌particularly‌‌important‌‌because‌‌it‌‌allows‌‌for‌‌everyone‌‌to‌‌be‌‌on‌‌the‌‌same‌‌                               
pages‌ ‌from‌ ‌start‌ ‌to‌ ‌finish.‌‌ ‌  
‌ 

IPC‌ ‌standards‌‌are‌‌particularly‌‌valuable‌‌for‌‌companies‌‌as‌‌they‌‌take‌‌the‌‌guesswork‌‌out‌‌of‌‌                           
the‌ ‌process.‌ ‌This‌ ‌means‌ ‌that‌ ‌employees‌ ‌have,‌ ‌in‌ ‌writing,‌ ‌the‌ ‌process‌ ‌that‌ ‌they‌ ‌must‌‌                           
follow‌ ‌completely‌ ‌and‌ ‌accurately.‌ ‌It‌ ‌also‌ ‌takes‌ ‌the‌ ‌stress‌ ‌off‌ ‌of‌ ‌a‌ ‌company‌ ‌to‌ ‌develop‌‌                             
these‌ ‌processes‌ ‌and‌ ‌allows‌ ‌them‌ ‌to‌ ‌integrate‌ ‌other‌ ‌devices‌‌and‌‌options‌‌that‌‌also‌‌follow‌                           
the‌ ‌IPC‌ ‌standards.‌‌ ‌  
‌ 

The‌‌final‌‌thing‌‌that‌‌we‌‌would‌‌like‌‌to‌‌mention‌‌for‌‌the‌‌IPC‌‌standards‌‌is‌‌that‌‌the‌‌quality‌‌of‌‌                                   
product‌ ‌that‌ ‌it‌ ‌allows‌ ‌us‌ ‌to‌ ‌produce‌ ‌will‌‌be‌‌extremely‌‌beneficial‌‌if‌‌we‌‌intend‌‌to‌‌further‌‌                               
produce‌ ‌our‌ ‌project‌ ‌upon‌ ‌its‌ ‌success.‌ ‌By‌‌following‌‌these‌‌standards‌‌from‌‌the‌‌beginning,‌‌                         
we‌ ‌will‌ ‌already‌ ‌follow‌ ‌the‌ ‌industry‌ ‌standard‌ ‌and‌ ‌we‌ ‌will‌ ‌have‌ ‌less‌ ‌to‌ ‌worry‌ ‌about‌ ‌for‌‌                               
product‌ ‌waste,‌ ‌delays,‌ ‌and‌ ‌reworks.‌ ‌ 
‌ 

4.2.4‌ ‌C/C++‌ ‌Language‌ ‌Standards‌ ‌ 
‌ 

The‌ ‌programming‌ ‌language‌ ‌that‌ ‌we’re‌ ‌using‌ ‌is‌ ‌a‌ ‌specialized‌ ‌version‌ ‌of‌ ‌the‌ ‌C++‌‌                         
programming‌‌language‌‌from‌‌the‌‌Arduino‌‌IDE.‌‌The‌‌Arduino‌‌IDE‌‌does‌‌not‌‌fully‌‌conform‌‌                         
to‌ ‌the‌‌ISO/IEC‌‌9899‌‌standard‌‌for‌‌the‌‌C‌‌or‌‌C++‌‌languages‌‌since‌‌programs‌‌written‌‌in‌‌the‌‌                               
IDE‌‌are‌‌not‌‌compatible‌‌with‌‌them.‌‌Meaning‌‌that‌‌the‌‌code‌‌is‌‌not‌‌designed‌‌to‌‌be‌‌used‌‌with‌‌                                 
their‌ ‌compilers‌ ‌and‌ ‌is‌ ‌not‌ ‌very‌ ‌portable.‌ ‌There‌ ‌are‌ ‌no‌ ‌established‌‌standards‌‌for‌‌writing‌‌                           
code‌ ‌that‌ ‌is‌ ‌agreed‌ ‌upon‌ ‌by‌ ‌every‌ ‌programmer‌ ‌in‌ ‌the‌ ‌industry.‌ ‌There‌ ‌are‌ ‌different‌‌                           
programming‌ ‌standards‌ ‌followed‌ ‌by‌ ‌different‌ ‌companies‌ ‌or‌ ‌teams.‌ ‌However,‌ ‌there‌ ‌are‌‌                     
numerous‌ ‌common‌ ‌programming‌ ‌styles‌ ‌and‌ ‌conventions‌ ‌for‌ ‌different‌ ‌programming‌‌                 
languages‌‌that‌‌do‌‌exist,‌‌and‌‌for‌‌C‌‌some‌‌of‌‌those‌‌styles‌‌are‌‌K&R‌‌style‌‌or‌‌GNU.‌‌Since‌‌the‌‌                                   
programming‌ ‌language‌ ‌is‌ ‌very‌ ‌much‌ ‌like‌ ‌C/C++,‌ ‌many‌ ‌conventions‌‌and‌‌styles‌‌that‌‌are‌‌                         
shared‌‌by‌‌those‌‌languages‌‌still‌‌apply.‌‌Michael‌‌Barr‌‌wrote‌‌a‌‌set‌‌of‌‌standards‌‌to‌‌minimize‌‌                             
bugs‌ ‌in‌ ‌code‌ ‌and‌ ‌improve‌ ‌maintainability‌ ‌called‌ ‌BARR-C:2018‌‌[11].‌‌When‌‌applicable,‌‌                     
we‌ ‌will‌ ‌be‌ ‌following‌ ‌this‌ ‌standard.‌ ‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
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‌ 
5.0‌ ‌Project‌ ‌Design‌ ‌ 
‌ 

Our‌ ‌project‌ ‌design‌ ‌is‌ ‌split‌ ‌into‌ ‌two‌ ‌major‌ ‌sections,‌ ‌with‌ ‌multiple‌ ‌subsections‌ ‌listed‌‌                         
beneath‌ ‌them.‌ ‌These‌ ‌two‌ ‌major‌ ‌sections‌ ‌are‌ ‌software‌ ‌design‌ ‌and‌‌hardware‌‌design.‌‌The‌‌                         
software‌ ‌design‌ ‌will‌ ‌contain‌ ‌topics‌ ‌such‌ ‌as‌ ‌the‌ ‌charging‌ ‌algorithm‌ ‌and‌ ‌the‌ ‌GUI.‌ ‌The‌‌                           
hardware‌ ‌design‌ ‌will‌ ‌contain‌ ‌topics‌ ‌such‌ ‌as‌ ‌the‌ ‌solar‌ ‌charge‌ ‌controller,‌ ‌PCB‌ ‌and‌ ‌their‌‌                           
nonlinear‌‌components‌‌or‌‌special‌‌purpose‌‌devices‌‌like‌‌the‌‌buck‌‌converter.‌‌Under‌‌hardware‌‌                       
design,‌ ‌the‌ ‌assembly‌ ‌design‌ ‌and‌ ‌physical‌ ‌layout‌ ‌will‌ ‌also‌ ‌be‌ ‌covered.‌ ‌ 
‌ 

5.1‌ ‌Software‌ ‌Design‌ ‌ 
‌ 

The‌ ‌software‌ ‌that‌ ‌will‌ ‌be‌ ‌loaded‌ ‌into‌ ‌the‌ ‌charge‌ ‌controller‌ ‌will‌ ‌be‌ ‌complex.‌ ‌Not‌ ‌only‌‌                             
does‌‌it‌‌need‌‌to‌‌drive‌‌the‌‌circuit‌‌and‌‌interpret‌‌readings‌‌from‌‌the‌‌sensors,‌‌but‌‌it‌‌will‌‌need‌‌to‌‌                                   
display‌ ‌all‌ ‌the‌ ‌information‌ ‌on‌ ‌a‌ ‌touchscreen‌ ‌LCD‌ ‌using‌ ‌graphics.‌ ‌For‌ ‌this‌ ‌section,‌ ‌the‌‌                           
charging‌ ‌algorithm‌ ‌will‌ ‌be‌ ‌covered‌ ‌first‌ ‌since‌ ‌this‌ ‌is‌ ‌the‌ ‌most‌ ‌important‌ ‌aspect‌ ‌of‌ ‌the‌‌                             
software.‌ ‌The‌ ‌charging‌ ‌algorithm‌ ‌tells‌‌the‌‌MCU‌‌how‌‌to‌‌charge‌‌the‌‌battery‌‌and‌‌when‌‌to‌‌                             
charge‌ ‌it.‌ ‌The‌ ‌performance‌ ‌of‌ ‌the‌ ‌entire‌ ‌system‌ ‌will‌ ‌depend‌ ‌on‌ ‌the‌ ‌algorithm,‌ ‌so‌ ‌it‌ ‌is‌‌                               
important‌‌to‌‌have‌‌a‌‌solid‌‌foundation‌‌before‌‌programming‌‌it.‌‌The‌‌GUI‌‌would‌‌be‌‌the‌‌next‌‌                             
topic‌ ‌to‌ ‌go‌ ‌into‌ ‌depth.‌ ‌The‌ ‌GUI‌ ‌prototype‌ ‌will‌ ‌be‌ ‌shown‌ ‌and‌ ‌its‌ ‌features‌ ‌will‌ ‌be‌‌                               
discussed.‌ ‌ 
‌ 

5.1.1‌ ‌Charging‌ ‌Algorithm‌ ‌for‌ ‌Lithium‌ ‌Iron‌ ‌Phosphate‌ ‌Batteries‌ ‌ 
‌ 

Ideally,‌ ‌when‌ ‌charging‌ ‌batteries‌ ‌with‌‌multi-stage‌‌chargers,‌‌they‌‌all,‌‌at‌‌the‌‌very‌‌least,‌‌go‌‌                           
through‌‌the‌‌three-stage‌‌charging‌‌process‌‌[122].‌‌The‌‌first‌‌stage‌‌is‌‌called‌‌the‌‌bulk‌‌stage,‌‌the‌‌                             
second‌ ‌is‌‌called‌‌absorption‌‌stage,‌‌and‌‌the‌‌third‌‌is‌‌called‌‌the‌‌float‌‌stage.‌‌The‌‌stages‌‌have‌‌                               
already‌ ‌been‌ ‌covered‌ ‌in‌ ‌section‌ ‌3.3,‌ ‌but‌‌we‌‌need‌‌to‌‌understand‌‌what‌‌they‌‌mean‌‌for‌‌our‌‌                               
charging‌‌algorithm.‌‌In‌‌addition,‌‌we‌‌need‌‌to‌‌interpret‌‌the‌‌research‌‌already‌‌done‌‌on‌‌lithium‌‌                           
iron‌‌phosphate‌‌batteries‌‌to‌‌design‌‌the‌‌algorithm‌‌specifically‌‌for‌‌our‌‌battery.‌‌The‌‌purpose‌‌                         
of‌‌this‌‌section‌‌is‌‌to‌‌present‌‌a‌‌charging‌‌algorithm‌‌for‌‌the‌‌lithium‌‌iron‌‌phosphate‌‌batteries.‌‌                             
The‌ ‌charging‌ ‌algorithms‌ ‌will‌ ‌be‌ ‌based‌ ‌on‌ ‌the‌ ‌charging‌ ‌profile‌‌for‌‌the‌‌battery‌‌shown‌‌in‌‌                             
figure‌‌68.‌‌The‌‌figure‌‌shows‌‌a‌‌fourth‌‌stage,‌‌but‌‌we‌‌do‌‌not‌‌need‌‌to‌‌concern‌‌ourselves‌‌with‌                                 
this‌ ‌stage‌ ‌since‌ ‌it‌ ‌is‌ ‌a‌ ‌stage‌ ‌suited‌ ‌for‌ ‌batteries‌ ‌not‌ ‌charged‌ ‌for‌ ‌6‌ ‌-‌ ‌12‌ ‌months.‌ ‌ 
‌ 

‌ 
Figure‌ ‌68:‌ ‌Charging‌ ‌Profile‌ ‌for‌ ‌LiFePO4;‌ ‌Permission‌ ‌Granted‌ ‌from‌ ‌Brian‌ ‌Crowe‌ ‌ 

‌ 
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‌ 
‌ 

5.1.1.1‌ ‌The‌ ‌Bulk‌ ‌Stage‌ ‌ 
‌ 

‌ 
Figure‌ ‌69:‌ ‌Bulk‌ ‌Stage‌ ‌Charging‌ ‌Algorithm‌ ‌ 

‌ 
About‌‌80%‌‌of‌‌the‌‌charging‌‌occurs‌‌in‌‌the‌‌bulk‌‌stage.‌‌For‌‌lithium‌‌ion‌‌phosphate‌‌batteries,‌‌                             
the‌‌charging‌‌current‌‌can‌‌typically‌‌be‌‌30%‌‌to‌‌100%‌‌of‌‌the‌‌capacity‌‌rating‌‌of‌‌the‌‌battery,‌‌or‌‌                                 
60A‌ ‌to‌‌200A‌‌[78].‌‌For‌‌our‌‌algorithm‌‌design,‌‌we‌‌do‌‌not‌‌need‌‌to‌‌worry‌‌about‌‌the‌‌current‌‌                                 
exceeding‌‌these‌‌values‌‌since‌‌the‌‌maximum‌‌operating‌‌current‌‌coming‌‌from‌‌the‌‌solar‌‌panel‌‌                         
is‌ ‌5.8A.‌ ‌The‌ ‌bulk-stage‌ ‌charging‌ ‌algorithm‌ ‌shown‌ ‌in‌ ‌figure‌ ‌67‌ ‌has‌ ‌a‌ ‌process‌ ‌where‌‌                           
current‌‌is‌‌being‌‌monitored,‌‌this‌‌will‌‌be‌‌eliminated‌‌in‌‌the‌‌final‌‌design.‌‌Because‌‌the‌‌current‌‌                             
is‌ ‌constant,‌ ‌the‌ ‌voltage‌ ‌increases‌ ‌with‌ ‌time.‌ ‌In‌ ‌order‌ ‌to‌ ‌charge‌ ‌the‌ ‌battery,‌ ‌we‌ ‌need‌ ‌to‌‌                               
check‌‌if‌‌the‌‌voltage‌‌across‌‌the‌‌solar‌‌panels‌‌is‌‌greater‌‌than‌‌the‌‌voltage‌‌across‌‌the‌‌battery.‌‌                               
In‌‌addition‌‌we‌‌need‌‌to‌‌check‌‌if‌‌our‌‌battery‌‌is‌‌below‌‌the‌‌voltage‌‌limit‌‌for‌‌the‌‌bulk‌‌stage.‌‌                                   
This‌‌limit‌‌can‌‌be‌‌determined‌‌by‌‌checking‌‌the‌‌battery’s‌‌absolute‌‌charging‌‌voltage,‌‌which‌‌                         
was‌ ‌determined‌ ‌to‌ ‌be‌ ‌14.6V‌ ‌in‌ ‌3.9.11.1.‌ ‌Assuming‌ ‌that‌ ‌the‌ ‌battery‌ ‌is‌ ‌less‌ ‌than‌ ‌the‌‌                             
absolute‌ ‌charging‌ ‌voltage‌ ‌or‌ ‌V‌bulk‌,‌ ‌the‌ ‌PWM‌ ‌duty‌ ‌cycle‌ ‌will‌ ‌be‌ ‌set‌ ‌to‌ ‌100%‌ ‌since,‌ ‌as‌‌                               
mentioned‌‌before,‌‌we’re‌‌guaranteed‌‌for‌‌the‌‌current‌‌to‌‌be‌‌far‌‌less‌‌than‌‌what‌‌the‌‌battery‌‌is‌‌                               
capable‌ ‌of‌ ‌in‌ ‌our‌ ‌design.‌ ‌However,‌ ‌if‌ ‌the‌ ‌user‌ ‌wants‌ ‌to‌ ‌scale‌ ‌the‌ ‌project‌ ‌such‌ ‌that‌ ‌the‌‌                                 
maximum‌‌current‌‌can‌‌exceed‌‌what‌‌the‌‌battery‌‌can‌‌handle,‌‌we‌‌will‌‌need‌‌to‌‌implement‌‌the‌‌                             
ability‌ ‌to‌ ‌increase‌ ‌or‌ ‌decrease‌ ‌the‌ ‌duty‌ ‌cycle‌ ‌based‌ ‌on‌ ‌the‌ ‌current.‌ ‌When‌ ‌V‌bulk‌ ‌is‌‌                             
exceeded,‌ ‌the‌ ‌battery‌ ‌will‌ ‌enter‌ ‌the‌ ‌absorption‌ ‌stage.‌ ‌ 
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‌ 
5.1.1.2‌ ‌The‌ ‌Absorption‌ ‌Stage‌ ‌ 

‌ 

‌ 
Figure‌ ‌70:‌ ‌Absorption‌ ‌Stage‌ ‌Charging‌ ‌Algorithm‌ ‌ 

‌ 
At‌ ‌this‌ ‌stage,‌ ‌the‌‌battery‌‌needs‌‌to‌‌maintain‌‌a‌‌constant‌‌100%‌‌state‌‌of‌‌charge,‌‌which‌‌is‌‌at‌‌                                 
14.6‌‌V‌‌for‌‌our‌‌battery.‌‌Figure‌‌70‌‌shows‌‌this‌‌to‌‌be‌‌V‌abs‌,‌‌but‌‌this‌‌value‌‌can‌‌be‌‌equal‌‌to‌‌V‌bulk‌.‌‌                                       
Since‌ ‌our‌ ‌voltage‌ ‌value‌‌needs‌‌to‌‌be‌‌constant,‌‌our‌‌PWM‌‌duty‌‌cycle‌‌needs‌‌to‌‌be‌‌set‌‌such‌‌                                 
that,‌ ‌ideally,‌ ‌we‌ ‌keep‌ ‌the‌ ‌voltage.‌ ‌This‌ ‌is‌ ‌a‌‌complicated‌‌process,‌‌but‌‌the‌‌easiest‌‌way‌‌to‌‌                               
accomplish‌ ‌this‌ ‌is‌ ‌to‌ ‌implement‌ ‌a‌ ‌proportional-integral-derivative‌ ‌(PID)‌ ‌controller.‌ ‌A‌‌                   
PID‌‌controller‌‌can‌‌drive‌‌a‌‌system‌‌towards‌‌a‌‌target‌‌value‌‌[61].‌‌The‌‌PID‌‌controller‌‌takes‌‌in‌‌                               
an‌‌input,‌‌the‌‌desired‌‌output,‌‌and‌‌three‌‌K‌‌constants.‌‌The‌‌PID‌‌equation‌‌is‌‌shown‌‌in‌‌figure‌‌                               
71.‌ ‌ 

‌ 
Figure‌ ‌71:‌ ‌PID‌ ‌Equation‌ ‌ 

‌ 
The‌ ‌error,‌ ‌e(t),‌ ‌is‌ ‌input‌ ‌minus‌ ‌desired‌ ‌output.‌ ‌Each‌ ‌term‌ ‌can‌ ‌have‌ ‌a‌ ‌weight‌ ‌that‌ ‌is‌‌                               
determined‌ ‌by‌ ‌their‌ ‌K‌ ‌factors.‌ ‌K‌p‌ ‌is‌ ‌the‌ ‌most‌ ‌crucial‌ ‌term‌ ‌in‌ ‌the‌ ‌equation‌ ‌since‌ ‌it‌ ‌is‌‌                                 
generally‌‌larger‌‌than‌‌the‌‌other‌‌K‌‌values.‌‌The‌‌integral‌‌term‌‌represents‌‌the‌‌combined‌‌error‌‌                           
over‌‌time.‌‌The‌‌derivative‌‌term‌‌helps‌‌prevent‌‌the‌‌final‌‌u(t)‌‌value‌‌from‌‌snapping‌‌back‌‌into‌‌                             
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‌ 
place‌‌too‌‌quickly‌‌due‌‌to‌‌one‌‌of‌‌the‌‌two‌‌other‌‌terms‌‌[91].‌‌Finding‌‌the‌‌appropriate‌‌K‌‌values‌‌                                 
would‌ ‌require‌ ‌experimentation‌ ‌to‌ ‌fine‌ ‌tune‌ ‌them.‌ ‌The‌‌arduino‌‌library‌‌has‌‌a‌‌PID‌‌library‌‌                           
that‌ ‌simplifies‌ ‌the‌ ‌process‌ ‌to‌ ‌a‌ ‌single‌ ‌function‌ ‌as‌ ‌shown‌ ‌in‌ ‌figure‌ ‌72.‌‌ ‌  
‌ 

‌ 
Figure‌ ‌72:‌ ‌PID‌ ‌Function‌ ‌Syntax‌ ‌ 

‌ 
The‌ ‌direction‌ ‌term‌ ‌simply‌‌determines‌‌the‌‌direction‌‌the‌‌output‌‌will‌‌move‌‌when‌‌given‌‌an‌‌                           
error,‌ ‌which‌ ‌is‌ ‌usually‌ ‌set‌ ‌to‌ ‌the‌‌constant‌‌DIRECT.‌‌We‌‌will‌‌not‌‌concern‌‌ourselves‌‌with‌‌                             
POn‌ ‌since‌ ‌it‌ ‌is‌ ‌not‌ ‌required,‌ ‌nor‌ ‌do‌ ‌we‌‌need‌‌it.‌‌In‌‌this‌‌algorithm,‌‌The‌‌input‌‌will‌‌be‌‌the‌‌                                     
battery’s‌ ‌voltage,‌ ‌the‌ ‌output‌ ‌is‌ ‌the‌ ‌value‌ ‌returned‌ ‌by‌ ‌the‌ ‌function,‌ ‌and‌ ‌the‌ ‌Setpoint‌‌                           
parameter‌ ‌is‌ ‌the‌ ‌desired‌ ‌voltage.‌ ‌Since‌ ‌the‌ ‌returned‌ ‌value‌ ‌is‌ ‌a‌‌voltage,‌‌we‌‌will‌‌want‌‌to‌‌                               
map‌ ‌it‌ ‌to‌ ‌an‌ ‌appropriate‌ ‌duty‌ ‌cycle‌ ‌value.‌ ‌As‌ ‌discussed‌ ‌in‌ ‌3.1.5,‌ ‌the‌ ‌equation‌ ‌for‌ ‌the‌‌                               
average‌‌output‌‌voltage‌‌is‌‌ .‌‌If‌‌we‌‌were‌‌to‌‌modify‌‌the‌‌equation‌‌to‌‌determine‌‌the‌‌       Loading…                      
duty‌ ‌cycle‌ ‌needed‌ ‌to‌ ‌maintain‌ ‌the‌ ‌setpoint‌ ‌voltage,‌ ‌ .‌‌If‌‌we‌‌were‌‌to‌‌have‌‌256‌‌               Loading…              
values,‌ ‌where‌ ‌255‌ ‌represents‌ ‌100%‌ ‌duty‌ ‌cycle,‌ ‌then‌ ‌we‌ ‌would‌ ‌have‌ ‌to‌ ‌multiply‌ ‌the‌‌                           
resulting‌‌duty‌‌cycle‌‌by‌‌255.‌‌Non-integer‌‌values‌‌are‌‌truncated,‌‌this‌‌is‌‌why‌‌127‌‌represents‌‌                           
50%‌ ‌duty‌ ‌cycle.‌ ‌ 
‌ 

If‌‌our‌‌voltage‌‌is‌‌constantly‌‌maintained‌‌and‌‌the‌‌battery’s‌‌current‌‌is‌‌decreasing,‌‌there‌‌needs‌‌                           
to‌ ‌be‌ ‌a‌ ‌point‌ ‌where‌ ‌the‌ ‌current‌ ‌is‌ ‌less‌ ‌than‌ ‌a‌ ‌certain‌ ‌threshold‌ ‌to‌ ‌move‌ ‌onto‌ ‌the‌ ‌next‌‌                                   
stage.‌ ‌This‌ ‌current‌ ‌is‌ ‌typically‌ ‌below‌ ‌5%‌ ‌of‌ ‌the‌ ‌battery’s‌ ‌rated‌ ‌capacity.‌ ‌ 

‌ 
5.1.1.3‌ ‌The‌ ‌Float‌ ‌Stage‌ ‌ 

‌ 

‌ 
Figure‌ ‌73:‌ ‌Float‌ ‌Stage‌ ‌Charging‌ ‌Algorithm‌ ‌ 

‌ 
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‌ 
In‌‌this‌‌stage,‌‌the‌‌battery’s‌‌state‌‌of‌‌charge‌‌is‌‌kept‌‌at‌‌100%.‌‌Chargers‌‌include‌‌the‌‌float‌‌stage‌‌                                 
since‌ ‌battery‌ ‌charge‌ ‌level‌ ‌deteriorates‌ ‌over‌ ‌time‌ ‌when‌ ‌not‌ ‌in‌‌use.‌‌This‌‌stage‌‌keeps‌‌that‌‌                             
battery’s‌ ‌state‌ ‌of‌ ‌charge‌ ‌to‌ ‌a‌ ‌maximum‌ ‌at‌ ‌all‌ ‌times.‌ ‌This‌ ‌is‌ ‌true‌ ‌for‌ ‌most‌ ‌types‌ ‌of‌‌                                 
batteries,‌ ‌however,‌ ‌our‌ ‌battery‌ ‌does‌ ‌not‌ ‌need‌ ‌a‌ ‌float‌ ‌stage.‌ ‌As‌ ‌shown‌ ‌in‌ ‌Figure‌ ‌73,‌ ‌at‌‌                               
stage‌ ‌3,‌ ‌the‌ ‌current‌ ‌is‌ ‌completely‌ ‌cut‌ ‌off.‌ ‌This‌ ‌is‌ ‌because‌‌LiFePO4‌‌batteries‌‌in‌‌general‌‌                             
cannot‌ ‌absorb‌ ‌overcharge‌ ‌[68,‌ ‌78].‌ ‌To‌ ‌minimize‌ ‌this‌ ‌risk,‌ ‌we‌ ‌just‌ ‌simply‌ ‌cut‌ ‌off‌ ‌the‌‌                             
current.‌‌The‌‌self-discharge‌‌rate‌‌of‌‌lithium‌‌is‌‌very‌‌low,‌‌so‌‌low‌‌that‌‌it‌‌can‌‌deliver‌‌close‌‌to‌‌                                 
full‌ ‌capacity‌ ‌even‌ ‌when‌ ‌it‌ ‌has‌ ‌not‌ ‌been‌ ‌charged‌ ‌for‌ ‌6‌ ‌-‌ ‌12‌ ‌months.‌ ‌ 

‌ 
5.1.1.4‌  ‌The‌ ‌Algorithm‌ ‌ 

‌ 
After‌ ‌going‌‌through‌‌each‌‌stage,‌‌we‌‌have‌‌prepared‌‌the‌‌charging‌‌algorithm‌‌represented‌‌in‌‌                         
figure‌ ‌74.‌ ‌Since‌ ‌there‌ ‌is‌ ‌no‌ ‌“end”‌ ‌path‌ ‌in‌ ‌the‌ ‌flowchart,‌ ‌we‌ ‌intended‌ ‌to‌ ‌show‌ ‌that‌ ‌the‌‌                                 
whole‌ ‌process‌ ‌is‌‌in‌‌a‌‌loop.‌‌After‌‌the‌‌battery‌‌has‌‌reached‌‌stage‌‌3,‌‌the‌‌program‌‌would‌‌go‌‌                                 
back‌ ‌to‌ ‌the‌ ‌start‌ ‌where‌ ‌the‌ ‌bulk‌ ‌stage‌ ‌takes‌ ‌place‌ ‌again.‌‌However,‌‌if‌‌the‌‌battery‌‌is‌‌still‌‌                                 
fully‌ ‌charged,‌ ‌nothing‌ ‌should‌ ‌happen‌ ‌at‌ ‌this‌ ‌stage‌ ‌and‌ ‌it‌ ‌should‌ ‌go‌ ‌into‌ ‌the‌‌absorption‌‌                             
stage.‌‌Again,‌‌if‌‌the‌‌battery‌‌is‌‌still‌‌fully‌‌charged,‌‌we‌‌should‌‌expect‌‌the‌‌current‌‌to‌‌be‌‌below‌‌                                 
the‌‌threshold,‌‌especially‌‌if‌‌the‌‌BMS‌‌is‌‌involved‌‌since‌‌it‌‌would‌‌make‌‌sure‌‌that‌‌the‌‌battery‌‌                               
does‌‌not‌‌overcharge.‌‌After‌‌a‌‌certain‌‌period‌‌of‌‌time,‌‌when‌‌the‌‌charge‌‌level‌‌is‌‌below‌‌V‌bulk‌,‌‌                               
the‌ ‌charging‌ ‌cycle‌ ‌would‌ ‌start‌ ‌again.‌ ‌Ideally,‌ ‌we‌‌would‌‌want‌‌to‌‌implement‌‌a‌‌timer‌‌that‌                             
would‌ ‌make‌ ‌sure‌ ‌that‌ ‌the‌ ‌battery‌ ‌wouldn’t‌ ‌go‌ ‌through‌ ‌the‌ ‌charging‌ ‌cycle‌ ‌again‌ ‌too‌‌                           
quickly.‌‌Since‌‌the‌‌discharge‌‌rate‌‌of‌‌the‌‌LiFePO4‌‌battery‌‌is‌‌very‌‌low,‌‌the‌‌timer‌‌may‌‌not‌‌be‌‌                                 
needed.‌ ‌We‌ ‌can‌ ‌determine‌ ‌if‌ ‌the‌ ‌timer‌ ‌is‌ ‌needed‌ ‌through‌ ‌experimentation.‌ ‌Via‌‌                       
experimentation,‌ ‌we‌‌can‌‌determine‌‌the‌‌discharge‌‌rate‌‌of‌‌the‌‌LiFePO4‌‌battery‌‌and‌‌adjust‌‌                         
the‌ ‌algorithm‌ ‌and‌ ‌add‌ ‌features‌ ‌that‌ ‌can‌ ‌improve‌ ‌the‌ ‌longevity‌ ‌of‌ ‌the‌ ‌battery.‌ ‌The‌‌                           
algorithm‌ ‌depends‌ ‌on‌ ‌the‌ ‌voltage‌ ‌and‌ ‌current‌ ‌measurements‌ ‌from‌ ‌sensors‌ ‌or‌ ‌voltage‌‌                       
divider‌ ‌circuits.‌‌Measurements‌‌that‌‌are‌‌too‌‌imprecise‌‌can‌‌lead‌‌the‌‌charging‌‌algorithm‌‌to‌‌                         
make‌ ‌the‌ ‌charge‌ ‌controller‌ ‌do‌‌unnecessary‌‌or‌‌even‌‌potentially‌‌damaging‌‌actions.‌‌In‌‌our‌‌                         
design‌‌we‌‌have‌‌a‌‌BMS,‌‌so‌‌the‌‌battery‌‌should‌‌be‌‌safe‌‌even‌‌if‌‌the‌‌charge‌‌controller‌‌is‌‌not‌‌                                   
working‌‌correctly.‌‌Regardless,‌‌we‌‌have‌‌done‌‌the‌‌necessary‌‌theoretical‌‌work‌‌to‌‌determine‌‌                       
that‌ ‌the‌ ‌loss‌ ‌introduced‌ ‌into‌ ‌the‌ ‌measurements‌ ‌is‌ ‌minimal.‌ ‌ 
‌ 
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‌ 
Figure‌ ‌74:‌ ‌The‌ ‌Charging‌ ‌Algorithm‌ ‌ 

‌ 
5.1.1.5‌  ‌Voltage‌ ‌and‌ ‌Current‌ ‌Measurements‌ ‌ 

‌ 
Our‌ ‌algorithm‌ ‌makes‌ ‌use‌ ‌of‌ ‌voltage‌ ‌and‌ ‌current‌ ‌information‌ ‌from‌ ‌the‌ ‌solar‌ ‌panel‌ ‌and‌‌                           
battery.‌‌However,‌‌due‌‌to‌‌the‌‌limitation‌‌of‌‌the‌‌I/O‌‌pins‌‌in‌‌the‌‌METRO,‌‌voltages‌‌going‌‌to‌‌                               
the‌ ‌pins‌ ‌cannot‌ ‌exceed‌ ‌3.3V.‌ ‌Sections‌ ‌3.15‌ ‌and‌‌5.2‌‌covers‌‌the‌‌hardware‌‌that‌‌deals‌‌with‌‌                             
these‌ ‌types‌ ‌of‌ ‌issues.‌ ‌However,‌ ‌because‌ ‌of‌ ‌these‌ ‌solutions,‌ ‌we‌ ‌will‌ ‌have‌ ‌to‌ ‌write‌‌code‌‌                             
that‌ ‌uses‌ ‌some‌ ‌factors‌ ‌or‌ ‌equations‌ ‌that‌ ‌can‌ ‌convert‌ ‌the‌ ‌voltages,‌ ‌going‌ ‌into‌ ‌the‌‌                           
METRO’s‌ ‌analog‌ ‌pin,‌ ‌into‌ ‌their‌ ‌corrected‌ ‌values.‌ ‌Starting‌ ‌with‌ ‌the‌ ‌voltage‌ ‌sensors,‌‌                       
there’s‌ ‌a‌ ‌2/11‌ ‌factor‌ ‌that‌ ‌simply‌ ‌needs‌ ‌to‌ ‌be‌ ‌divided‌ ‌when‌ ‌reading‌ ‌voltages‌ ‌from‌ ‌the‌‌                             
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‌ 
analog‌‌pins‌‌containing‌‌the‌‌90K‌‌and‌‌20K‌‌resistors.‌‌For‌‌example‌‌if‌‌the‌‌voltage‌‌going‌‌into‌‌                             
the‌ ‌analog‌ ‌pin‌ ‌is‌ ‌200mV,‌ ‌then‌ ‌the‌ ‌value‌ ‌that‌ ‌should‌ ‌be‌ ‌read‌ ‌is‌ ‌V‌out‌ ‌=‌ ‌200mV/(2/11)‌ ‌=‌‌                                 
1.1V.‌‌The‌‌current‌‌sensor‌‌will‌‌return‌‌voltage‌‌values‌‌with‌‌62.5mV/A‌‌as‌‌its‌‌sensitivity.‌‌If‌‌an‌‌                             
analog‌‌pin‌‌is‌‌reading‌‌1.9V,‌‌then‌‌we‌‌must‌‌subtract‌‌it‌‌by‌‌the‌‌offset‌‌voltage,‌‌then‌‌divide‌‌the‌‌                                 
result‌ ‌by‌ ‌the‌ ‌sensitivity‌ ‌to‌ ‌get‌ ‌the‌ ‌current.‌ ‌There’s‌ ‌an‌ ‌offset‌ ‌value‌ ‌because‌ ‌when‌ ‌the‌‌                             
sensor‌ ‌is‌ ‌reading‌ ‌0A,‌ ‌the‌ ‌output‌‌voltage‌‌is‌‌V‌DD‌/2,‌‌which‌‌is‌‌1.65V‌‌since‌‌V‌DD‌ ‌=‌‌3.3V.‌‌So‌‌                                 
for‌ ‌this‌ ‌example,‌ ‌(1.9V‌ ‌-‌ ‌1.65V)/(62.5‌ ‌mV/A)‌ ‌=‌ ‌4V.‌‌ ‌  
‌ 

5.1.2‌ ‌GUI‌ ‌Design‌ ‌ 
‌ 

The‌‌GUI‌‌is‌‌meant‌‌to‌‌display‌‌information‌‌to‌‌the‌‌user‌‌in‌‌an‌‌easy‌‌to‌‌understand‌‌format‌‌using‌‌                                 
various‌‌graphical‌‌elements‌‌such‌‌as‌‌shapes‌‌or‌‌images.‌‌Our‌‌GUI‌‌is‌‌supposed‌‌to‌‌show‌‌data‌‌                             
that‌ ‌the‌ ‌user‌ ‌will‌ ‌be‌ ‌interested‌ ‌in,‌ ‌which‌ ‌are‌ ‌listed‌ ‌in‌ ‌‌2.4‌ ‌Engineering‌ ‌Specifications‌.‌‌                           
The‌‌GUI‌‌should‌‌also‌‌provide‌‌basic‌‌adjustable‌‌settings‌‌to‌‌improve‌‌overall‌‌usability‌‌across‌‌                         
many‌ ‌different‌ ‌types‌ ‌of‌ ‌users.‌ ‌In‌ ‌this‌ ‌subsection,‌ ‌the‌ ‌GUI‌ ‌prototype‌ ‌will‌ ‌be‌ ‌covered‌‌                           
which‌‌consists‌‌of‌‌figure‌‌75,‌‌figure‌‌77,‌‌figure‌‌78,‌‌and‌‌figure‌‌79.‌‌The‌‌prototype‌‌shows‌‌the‌‌                               
minimum‌ ‌features‌ ‌that‌ ‌we‌ ‌wish‌ ‌to‌ ‌employ‌ ‌in‌ ‌our‌ ‌final‌ ‌GUI.‌‌ ‌  
‌ 

‌ 
Figure‌ ‌75:‌ ‌Main‌ ‌Menu‌ ‌Screen‌ ‌ 

‌ 
Figure‌ ‌75‌‌shows‌‌the‌‌main‌‌menu.‌‌This‌‌is‌‌the‌‌first‌‌screen‌‌that‌‌the‌‌user‌‌is‌‌greeted‌‌to‌‌when‌‌                                   
the‌‌MCU‌‌boots.‌‌The‌‌screen‌‌shows‌‌the‌‌voltage‌‌across‌‌the‌‌solar‌‌panel,‌‌the‌‌current‌‌from‌‌the‌‌                               
solar‌ ‌panel,‌ ‌the‌ ‌battery’s‌ ‌voltage,‌ ‌the‌ ‌current‌ ‌going‌ ‌into‌ ‌the‌ ‌load,‌ ‌the‌ ‌ambient‌‌                         
temperature,‌ ‌the‌ ‌lord's‌ ‌power‌ ‌consumption,‌ ‌and‌ ‌the‌ ‌charge‌‌level‌‌of‌‌the‌‌battery.‌‌The‌‌top‌‌                           
right‌‌corner‌‌shows‌‌the‌‌battery’s‌‌charging‌‌state,‌‌the‌‌ambient‌‌temperature,‌‌and‌‌a‌‌graphical‌‌                         
representation‌ ‌of‌ ‌the‌ ‌charge‌ ‌level.‌ ‌The‌ ‌information‌ ‌is‌ ‌displayed‌ ‌in‌ ‌a‌ ‌symmetrical‌ ‌and‌‌                         
consistent‌ ‌fashion‌ ‌to‌ ‌make‌ ‌the‌ ‌screen‌ ‌look‌ ‌appealing‌ ‌and‌ ‌to‌ ‌make‌ ‌the‌ ‌best‌ ‌use‌ ‌of‌ ‌the‌‌                               
limited‌‌space‌‌of‌‌the‌‌screen.‌‌As‌‌covered‌‌in‌‌section‌‌3.5.2,‌‌the‌‌adafruit‌‌library‌‌can‌‌be‌‌used‌‌to‌‌                                 
create‌ ‌the‌ ‌texts‌ ‌and‌ ‌lines‌ ‌on‌ ‌the‌ ‌screen.‌‌The‌‌drawbitmap‌‌function‌‌can‌‌be‌‌used‌‌to‌‌create‌‌                               
the‌ ‌battery‌ ‌icon‌ ‌and‌ ‌animate‌ ‌its‌ ‌different‌ ‌levels.‌ ‌The‌ ‌values‌ ‌and‌ ‌measurements‌ ‌would‌‌                         
always‌ ‌continuously‌ ‌update.‌ ‌ 

‌ 
The‌ ‌user‌ ‌has‌ ‌the‌ ‌ability‌ ‌to‌ ‌touch‌ ‌one‌ ‌of‌ ‌the‌ ‌three‌ ‌choices‌ ‌on‌ ‌the‌ ‌bottom‌ ‌of‌‌the‌‌screen.‌‌                                   
Graphs‌‌will‌‌lead‌‌the‌‌user‌‌to‌‌the‌‌screen‌‌shown‌‌in‌‌figure‌‌77‌‌and‌‌Settings‌‌displays‌‌a‌‌list‌‌of‌‌                                   
settings‌‌that‌‌the‌‌user‌‌is‌‌able‌‌to‌‌configure,‌‌as‌‌shown‌‌in‌‌figure‌‌75.‌‌There’s‌‌a‌‌“More”‌‌option‌‌                                 
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‌ 
that‌‌will‌‌take‌‌the‌‌user‌‌to‌‌the‌‌screen‌‌shown‌‌in‌‌Figure‌‌78‌‌and‌‌allow‌‌the‌‌user‌‌to‌‌change‌‌the‌‌                                     
time‌ ‌and‌ ‌date,‌ ‌which‌ ‌is‌‌useful‌‌for‌‌the‌‌graph‌‌and‌‌data‌‌capture.‌‌From‌‌the‌‌main‌‌menu,‌‌the‌‌                                 
user‌‌can‌‌select‌‌“Save,”‌‌which‌‌will‌‌store‌‌the‌‌values‌‌that‌‌appear‌‌on‌‌the‌‌screen‌‌to‌‌a‌‌storage‌‌                                 
medium‌‌such‌‌as‌‌the‌‌SD‌‌card‌‌reader‌‌or‌‌the‌‌SPI‌‌chip‌‌on‌‌the‌‌MCU.‌‌The‌‌information‌‌would‌‌                                 
be‌ ‌saved‌ ‌in‌ ‌a‌ ‌text‌ ‌file‌ ‌as‌ ‌shown‌ ‌in‌ ‌Figure‌ ‌76.‌ ‌By‌ ‌using‌ ‌the‌ ‌MCU’s‌‌RTC,‌‌we‌‌can‌‌even‌‌                                     
print‌ ‌the‌ ‌date‌ ‌and‌ ‌time‌ ‌of‌ ‌the‌‌capture.‌‌The‌‌date‌‌is‌‌displayed‌‌using‌‌the‌‌last‌‌two‌‌digits‌‌of‌‌                                   
the‌‌year,‌‌which‌‌can‌‌lead‌‌to‌‌ambiguity.‌‌However,‌‌for‌‌the‌‌purpose‌‌of‌‌demonstration,‌‌this‌‌is‌‌                             
fine‌ ‌and‌ ‌will‌ ‌only‌ ‌serve‌ ‌as‌ ‌a‌ ‌minimum‌ ‌requirement.‌ ‌Using‌ ‌4‌ ‌digits‌ ‌to‌ ‌portray‌ ‌years‌ ‌is‌‌                               
more‌ ‌complicated‌ ‌but‌ ‌if‌ ‌time‌ ‌permits,‌ ‌it‌ ‌will‌ ‌be‌ ‌added.‌ ‌ 
‌ 
‌ 

‌ 
Figure‌ ‌76:‌ ‌Text‌ ‌File‌ ‌Output‌ ‌Example‌ ‌ 

‌ 

‌ 
Figure‌ ‌77:‌ ‌Settings‌ ‌Screen‌ ‌ 

‌ 
The‌‌first‌‌of‌‌the‌‌two‌‌settings‌‌frames‌‌shows‌‌a‌‌list‌‌of‌‌parameters‌‌that‌‌can‌‌be‌‌adjusted‌‌by‌‌the‌‌                                   
user‌ ‌tapping‌ ‌on‌ ‌the‌ ‌two‌ ‌arrows.‌ ‌The‌ ‌first‌ ‌option‌ ‌allows‌ ‌the‌ ‌user‌ ‌to‌ ‌adjust‌ ‌the‌ ‌screen‌‌                               
brightness,‌ ‌increasing‌ ‌or‌ ‌decreasing‌ ‌it‌ ‌by‌ ‌5%‌ ‌intervals.‌ ‌Adjusting‌ ‌the‌‌screen‌‌brightness‌‌                       
will‌ ‌change‌ ‌the‌ ‌duty‌ ‌cycle‌ ‌of‌ ‌the‌ ‌PWM‌ ‌going‌ ‌into‌ ‌the‌ ‌LEDs‌ ‌that‌ ‌are‌ ‌providing‌ ‌the‌‌                               
backlight‌‌for‌‌the‌‌display.‌‌The‌‌second‌‌parameter‌‌that‌‌can‌‌be‌‌changed‌‌is‌‌the‌‌font‌‌color.‌‌This‌‌                               
simple‌ ‌setting‌ ‌can‌ ‌improve‌ ‌the‌ ‌overall‌ ‌user‌ ‌experience‌‌by‌‌providing‌‌customizability.‌‌In‌‌                       
addition,‌‌certain‌‌users‌‌might‌‌have‌‌a‌‌preferred‌‌color‌‌choice‌‌due‌‌to‌‌visibility.‌‌The‌‌user‌‌will‌‌                             
have‌‌the‌‌ability‌‌to‌‌choose‌‌colors‌‌specifically‌‌suited‌‌for‌‌the‌‌GUI.‌‌Using‌‌darker‌‌colors‌‌with‌‌                             
a‌‌black‌‌background‌‌will‌‌obviously‌‌hinder‌‌the‌‌user‌‌experience,‌‌so‌‌those‌‌won’t‌‌be‌‌included‌‌                           
in‌‌the‌‌final‌‌design.‌‌The‌‌temperature‌‌scale‌‌setting‌‌allows‌‌the‌‌user‌‌to‌‌convert‌‌from‌‌celsius‌‌                             

‌ 
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‌ 
to‌ ‌fahrenheit‌ ‌and‌ ‌vice‌ ‌versa.‌ ‌Users‌ ‌that‌‌don’t‌‌live‌‌in‌‌the‌‌US‌‌may‌‌be‌‌more‌‌familiar‌‌with‌‌                                 
the‌ ‌metric‌ ‌system‌ ‌and‌ ‌trying‌ ‌to‌ ‌appeal‌ ‌to‌ ‌a‌ ‌wide‌ ‌audience‌ ‌is‌ ‌a‌ ‌hallmark‌ ‌of‌ ‌good‌ ‌UI‌‌                                 
design.‌‌The‌‌next‌‌setting,‌‌precision,‌‌allows‌‌the‌‌user‌‌to‌‌adjust‌‌the‌‌number‌‌of‌‌digits‌‌after‌‌the‌‌                               
decimal‌‌from‌‌the‌‌measurements‌‌in‌‌the‌‌main‌‌screen.‌‌For‌‌certain‌‌users,‌‌the‌‌added‌‌precision‌‌                           
may‌ ‌not‌ ‌be‌ ‌of‌ ‌much‌ ‌use‌ ‌and‌ ‌reducing‌ ‌the‌ ‌precision‌ ‌can‌ ‌make‌ ‌the‌‌GUI‌‌look‌‌more‌‌user‌‌                                 
friendly.‌‌However,‌‌leaving‌‌the‌‌precision‌‌as‌‌an‌‌option‌‌will‌‌not‌‌leave‌‌out‌‌users‌‌that‌‌would‌‌                             
prefer‌ ‌the‌ ‌added‌ ‌precision.‌ ‌Our‌ ‌planned‌ ‌maximum‌ ‌precision‌ ‌would‌‌be‌‌to‌‌three‌‌decimal‌‌                         
places,‌‌but‌‌it‌‌may‌‌need‌‌to‌‌be‌‌adjusted‌‌if‌‌its‌‌accuracy‌‌becomes‌‌unacceptable.‌‌Finally,‌‌the‌‌                             
user‌‌is‌‌able‌‌to‌‌convert‌‌the‌‌charge‌‌reading‌‌from‌‌the‌‌battery‌‌from‌‌Ah‌‌to‌‌Wh‌‌and‌‌vice‌‌versa.‌‌                                   
Two‌ ‌choices‌ ‌are‌ ‌available‌ ‌to‌ ‌the‌ ‌user‌ ‌at‌ ‌the‌ ‌bottom‌ ‌of‌ ‌the‌ ‌screen,‌ ‌giving‌ ‌the‌ ‌choice‌‌to‌‌                                 
return‌ ‌to‌ ‌the‌ ‌main‌ ‌menu‌ ‌or‌ ‌to‌ ‌continue‌ ‌on‌ ‌to‌ ‌the‌ ‌next‌ ‌settings‌ ‌page.‌ ‌ 

‌ 

‌ 
Figure‌ ‌78:‌ ‌Time‌ ‌&‌ ‌Date‌ ‌Settings‌ ‌ 

‌ 
Figure‌‌76‌‌shows‌‌more‌‌settings‌‌that‌‌the‌‌user‌‌can‌‌change.‌‌In‌‌particular,‌‌these‌‌options‌‌allow‌‌                             
the‌ ‌user‌ ‌to‌ ‌change‌‌the‌‌time‌‌and‌‌date‌‌that‌‌are‌‌kept‌‌by‌‌the‌‌MCU’s‌‌RTC.‌‌The‌‌time‌‌will‌‌be‌‌                                     
represented‌‌using‌‌the‌‌24-hour‌‌and‌‌12-hour‌‌format‌‌and,‌‌as‌‌mentioned‌‌before,‌‌the‌‌date‌‌will‌‌                           
be‌ ‌represented‌ ‌with‌ ‌two‌ ‌digit‌ ‌years.‌ ‌There‌ ‌will‌ ‌be‌ ‌a‌ ‌setting‌ ‌that‌ ‌will‌ ‌allow‌ ‌the‌ ‌user‌ ‌to‌‌                                 
choose‌ ‌between‌ ‌the‌ ‌two‌‌time‌‌formats,‌‌and‌‌potentially‌‌one‌‌more‌‌for‌‌the‌‌year.‌‌The‌‌figure‌‌                             
above‌‌shows‌‌how‌‌the‌‌12-hour‌‌configuration‌‌should‌‌look‌‌like‌‌in‌‌the‌‌final‌‌design.‌‌The‌‌RTC‌‌                             
has‌‌the‌‌ability‌‌to‌‌convert‌‌between‌‌12-‌‌and‌‌24-hour‌‌formats,‌‌which‌‌is‌‌set‌‌by‌‌using‌‌toggling‌‌                               
CLKREP.‌‌Once‌‌this‌‌is‌‌set,‌‌we‌‌have‌‌an‌‌extra‌‌bit‌‌that‌‌gives‌‌us‌‌the‌‌information‌‌whether‌‌the‌‌                                 
time‌‌represented‌‌is‌‌AM‌‌or‌‌PM.‌‌For‌‌the‌‌same‌‌reason‌‌as‌‌to‌‌why‌‌we‌‌gave‌‌users‌‌the‌‌ability‌‌to‌‌                                     
convert‌ ‌between‌ ‌fahrenheit‌ ‌and‌ ‌celsius,‌ ‌we‌ ‌want‌ ‌to‌ ‌appeal‌ ‌to‌ ‌a‌ ‌wide‌ ‌demographic.‌‌ ‌  

‌ 

‌ 
Figure‌ ‌79:‌ ‌Graphs‌ ‌Screen‌ ‌ 

‌ 
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Finally,‌‌figure‌‌79,‌‌shows‌‌what‌‌the‌‌graphing‌‌screen‌‌could‌‌look‌‌like.‌‌In‌‌every‌‌graph,‌‌we’ll‌                             
want‌‌to‌‌show‌‌the‌‌value‌‌of‌‌some‌‌function‌‌at‌‌some‌‌unit‌‌time.‌‌In‌‌this‌‌example,‌‌the‌‌voltage‌‌                                 
values‌‌were‌‌recorded‌‌per‌‌unit‌‌time‌‌for‌‌seven‌‌times.‌‌The‌‌RTC‌‌will‌‌be‌‌of‌‌immense‌‌use‌‌in‌‌                                 
this‌ ‌case‌ ‌since‌ ‌the‌ ‌unit‌ ‌of‌ ‌time‌‌can‌‌be‌‌made‌‌adjustable‌‌by‌‌the‌‌user.‌‌By‌‌unit‌‌of‌‌time,‌‌we‌‌                                     
mean‌‌from‌‌seconds‌‌to‌‌weeks‌‌or‌‌months.‌‌Depending‌‌on‌‌the‌‌selection,‌‌we’ll‌‌have‌‌to‌‌limit‌‌                             
the‌ ‌number‌ ‌of‌ ‌data‌ ‌that‌ ‌can‌ ‌be‌ ‌recorded‌ ‌and‌ ‌have‌ ‌the‌ ‌MCU‌ ‌continuously‌ ‌delete‌ ‌older‌‌                             
data.‌‌One‌‌data‌‌structure‌‌that‌‌can‌‌be‌‌of‌‌use‌‌here‌‌is‌‌something‌‌that‌‌can‌‌organize‌‌data‌‌using‌‌                                 
a‌ ‌First‌ ‌In‌ ‌First‌ ‌Out‌ ‌(FIFO)‌ ‌scheme,‌ ‌more‌ ‌specifically,‌ ‌a‌ ‌queue.‌ ‌This‌ ‌abstract‌ ‌data‌‌                           
structure‌‌will‌‌insert‌‌data‌‌into‌‌a‌‌fixed‌‌size‌‌array‌‌and‌‌process‌‌the‌‌oldest‌‌element‌‌first.‌‌In‌‌this‌‌                                 
design,‌ ‌whichever‌ ‌element‌ ‌is‌ ‌processed‌ ‌first‌ ‌will‌ ‌be‌ ‌removed‌ ‌from‌ ‌the‌ ‌graph.‌‌ ‌  
‌ 

Memory‌ ‌constraints,‌ ‌in‌ ‌regards‌ ‌to‌ ‌how‌ ‌much‌ ‌data‌ ‌can‌ ‌be‌ ‌stored,‌ ‌must‌ ‌be‌ ‌considered‌‌                           
when‌ ‌deciding‌ ‌how‌ ‌much‌ ‌data‌ ‌can‌ ‌be‌ ‌stored‌ ‌and‌ ‌graphed.‌ ‌In‌ ‌addition,‌ ‌the‌ ‌more‌ ‌data‌‌                             
displayed‌ ‌on‌‌the‌‌screen,‌‌the‌‌harder‌‌it‌‌is‌‌for‌‌users‌‌to‌‌observe‌‌individual‌‌points‌‌unless‌‌the‌‌                               
ability‌ ‌to‌ ‌zoom‌‌in‌‌and‌‌out‌‌of‌‌the‌‌graph‌‌is‌‌present.‌‌We‌‌have‌‌the‌‌choice‌‌to‌‌add‌‌in‌‌a‌‌zoom‌‌                                       
feature‌ ‌and‌ ‌allow‌ ‌for‌ ‌a‌ ‌relatively‌ ‌large‌ ‌amount‌ ‌of‌ ‌data‌ ‌to‌ ‌be‌ ‌graphed‌ ‌or‌ ‌to‌ ‌reasonably‌‌                               
restrict‌‌the‌‌number‌‌of‌‌points‌‌that‌‌can‌‌be‌‌graphed.‌‌The‌‌user‌‌will‌‌be‌‌able‌‌to‌‌cycle‌‌through‌‌                                 
different‌‌graphs‌‌that‌‌correspond‌‌to‌‌each‌‌measurement‌‌on‌‌the‌‌main‌‌menu.‌‌The‌‌reason‌‌why‌‌                           
we‌‌think‌‌the‌‌graphing‌‌feature‌‌is‌‌essential‌‌is‌‌because‌‌it‌‌gives‌‌the‌‌user‌‌the‌‌ability‌‌to‌‌monitor‌‌                                 
the‌‌behavior‌‌of‌‌the‌‌battery‌‌or‌‌any‌‌other‌‌components.‌‌In‌‌addition,‌‌the‌‌use‌‌of‌‌time‌‌can‌‌help‌‌                                 
users‌ ‌correlate‌ ‌events‌ ‌that‌ ‌might‌ ‌have‌ ‌caused‌ ‌damage‌ ‌to‌ ‌the‌ ‌battery‌ ‌such‌ ‌as‌ ‌a‌ ‌stormy‌ ‌day.‌ ‌ 
‌ 

5.2‌ ‌Hardware‌ ‌Design‌ ‌ 
‌ 

In‌ ‌this‌ ‌section,‌‌the‌‌overall‌‌hardware‌‌design‌‌components‌‌for‌‌our‌‌project‌‌will‌‌be‌‌explored‌‌                           
and‌ ‌discussed.‌ ‌The‌ ‌first‌ ‌part‌ ‌of‌ ‌the‌ ‌hardware‌‌design‌‌to‌‌be‌‌discussed‌‌is‌‌that‌‌of‌‌the‌‌PCB.‌‌                                 
Each‌ ‌part‌ ‌of‌ ‌the‌ ‌schematic‌ ‌alongside‌ ‌the‌‌parts‌‌we‌‌used‌‌will‌‌be‌‌analyzed‌‌and‌‌explained.‌‌                             
Next,‌ ‌the‌ ‌battery‌ ‌assembly‌ ‌design‌ ‌as‌ ‌a‌‌whole‌‌with‌‌the‌‌BMS‌‌included‌‌will‌‌be‌‌explained‌‌                             
with‌ ‌the‌ ‌aid‌ ‌of‌ ‌CAD‌ ‌drawn‌ ‌schematics‌ ‌for‌ ‌reference.‌ ‌The‌ ‌last‌ ‌main‌ ‌piece‌ ‌of‌‌hardware‌‌                             
being‌ ‌designed‌ ‌to‌ ‌be‌ ‌explored‌ ‌is‌ ‌the‌ ‌solar‌ ‌charge‌ ‌controller.‌ ‌Similarly‌ ‌to‌ ‌the‌ ‌battery‌‌                           
assembly,‌‌the‌‌explanation‌‌of‌‌our‌‌design‌‌will‌‌be‌‌aided‌‌by‌‌custom‌‌CAD‌‌drawn‌‌schematics.‌‌                           
This‌‌solar‌‌charge‌‌controller‌‌is‌‌the‌‌main‌‌part‌‌of‌‌our‌‌design‌‌and‌‌will‌‌include‌‌our‌‌designed‌‌                               
PCB.‌ ‌ 
‌ 

5.2.1‌ ‌Solar‌ ‌Charge‌ ‌Controller‌ ‌PCB‌‌ ‌  
‌ 

In‌‌designing‌‌the‌‌PCB‌‌there‌‌are‌‌a‌‌lot‌‌of‌‌steps,‌‌math,‌‌and‌‌procedures‌‌involved.‌‌We‌‌will‌‌first‌‌                                 
start‌ ‌with‌ ‌the‌‌schematic‌‌as‌‌a‌‌whole‌‌to‌‌show‌‌all‌‌PCB‌‌components‌‌in‌‌figure‌‌80.‌‌Next,‌‌we‌‌                                 
will‌‌break‌‌down‌‌the‌‌schematic‌‌into‌‌pieces‌‌whereby‌‌we‌‌will‌‌explain‌‌each‌‌component‌‌and‌‌                           
its‌‌function‌‌along‌‌with‌‌why‌‌we‌‌chose‌‌it.‌‌To‌‌refresh‌‌our‌‌knowledge,‌‌the‌‌overall‌‌purpose‌‌of‌‌                               
this‌‌PCB‌‌is‌‌to‌‌relay‌‌the‌‌correct‌‌amount‌‌of‌‌charge‌‌into‌‌the‌‌lithium‌‌iron‌‌phosphate‌‌batteries‌‌                               
via‌ ‌the‌ ‌solar‌ ‌panel.‌ ‌That‌ ‌is‌ ‌the‌ ‌big‌ ‌picture.‌‌Contained‌‌within‌‌the‌‌PCB‌‌there‌‌are‌‌a‌‌lot‌‌of‌‌                                   
components‌‌that‌‌provide‌‌not‌‌only‌‌functionality,‌‌but‌‌also‌‌safety‌‌to‌‌the‌‌PCB‌‌itself‌‌and‌‌the‌‌                             
solar‌ ‌panel‌ ‌and‌ ‌batteries‌ ‌[121].‌ ‌ 
‌ 
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Figure‌ ‌80:‌ ‌Overall‌ ‌Schematic‌ ‌for‌ ‌PCB‌ ‌Charge‌ ‌Controller‌ ‌ 

‌ 
To‌ ‌begin‌ ‌our‌ ‌PCB‌ ‌design‌ ‌we‌ ‌have‌ ‌included‌ ‌Figure‌ ‌81‌ ‌below‌ ‌to‌ ‌have‌ ‌a‌ ‌visual‌‌                             
representation‌‌for‌‌the‌‌first‌‌part‌‌of‌‌the‌‌custom‌‌PCB.‌‌We‌‌start‌‌with‌‌the‌‌connections‌‌denoted‌‌                             
as‌ ‌“Solar‌ ‌+”‌ ‌and‌ ‌“Solar‌ ‌-”‌ ‌to‌ ‌indicate‌ ‌where‌ ‌the‌ ‌solar‌ ‌panel‌ ‌output‌ ‌leads‌ ‌will‌‌connect.‌‌                               
When‌‌the‌‌solar‌‌panel‌‌is‌‌connected‌‌up‌‌and‌‌there‌‌is‌‌sufficient‌‌sunlight‌‌to‌‌the‌‌panel,‌‌current‌‌                               
will‌ ‌be‌ ‌generated‌ ‌and‌ ‌flow‌ ‌from‌ ‌the‌ ‌terminals‌ ‌in‌ ‌the‌ ‌positive‌ ‌direction‌ ‌up‌ ‌toward‌ ‌the‌‌                             
current‌ ‌sensor.‌ ‌Before‌ ‌we‌ ‌reach‌ ‌the‌ ‌current‌ ‌sensor‌ ‌however,‌ ‌the‌ ‌circuit‌ ‌has‌ ‌its‌ ‌first‌‌                           
protection‌‌element.‌‌The‌‌first‌‌protection‌‌element‌‌is‌‌called‌‌a‌‌transient‌‌voltage‌‌suppressor‌‌or‌‌                         
TVS‌ ‌diode‌ ‌for‌‌short‌‌[148].‌‌This‌‌device‌‌is‌‌used‌‌to‌‌protect‌‌the‌‌circuits‌‌from‌‌large‌‌voltage‌‌                               
transients‌ ‌where‌‌they‌‌can‌‌cause‌‌permanent‌‌damage‌‌to‌‌voltage‌‌sensitive‌‌components.‌‌An‌‌                       
example‌ ‌of‌ ‌the‌ ‌protection‌ ‌is‌ ‌for‌ ‌inductive‌ ‌load‌ ‌switching.‌ ‌We‌ ‌will‌ ‌be‌ ‌using‌ ‌the‌‌                           
P6KE3A/CA‌‌model‌‌in‌‌our‌‌design.‌‌The‌‌CA‌‌in‌‌the‌‌model‌‌number‌‌indicates‌‌a‌‌bi-directional‌‌                           
functionality.‌‌It‌‌has‌‌a‌‌600‌‌watt‌‌peak‌‌pulse‌‌capacity‌‌with‌‌a‌‌10/1000‌‌us‌‌waveform‌‌meaning‌‌                             
that‌ ‌if‌ ‌600‌ ‌watts‌ ‌of‌ ‌power‌ ‌suddenly‌ ‌goes‌ ‌into‌‌our‌‌circuit‌‌for‌‌whatever‌‌reason‌‌such‌‌as‌‌a‌‌                                 
lightning‌ ‌strike,‌ ‌our‌ ‌PCB‌ ‌will‌ ‌be‌ ‌protected.‌ ‌The‌‌peak‌‌forward‌‌surge‌‌current‌‌is‌‌12‌‌amps‌‌                             
and‌‌the‌‌operating‌‌junction‌‌and‌‌storage‌‌temperature‌‌is‌‌from‌‌-55‌‌C‌‌to‌‌175‌‌C.‌‌One‌‌thing‌‌to‌‌                                 
note‌ ‌is‌ ‌that‌ ‌when‌ ‌we‌ ‌relate‌ ‌peak‌ ‌pulse‌ ‌power‌ ‌or‌‌current‌‌to‌‌initial‌‌junction‌‌temperature,‌‌                             
there‌ ‌is‌ ‌a‌ ‌linear‌ ‌drop‌ ‌of‌ ‌0.66%‌ ‌/‌ ‌C‌ ‌after‌ ‌standard‌ ‌operating‌ ‌temperature‌ ‌or‌ ‌25‌ ‌C.‌ ‌This‌                                 
means‌‌after‌‌the‌‌standard‌‌operating‌‌temperature,‌‌the‌‌effectiveness‌‌of‌‌the‌‌peak‌‌pulse‌‌power‌‌                         
or‌ ‌current‌ ‌protection‌ ‌drops.‌ ‌All‌ ‌of‌ ‌the‌ ‌above‌‌mentioned‌‌data‌‌from‌‌the‌‌datasheet‌‌on‌‌this‌‌                             
TVS‌ ‌diode‌ ‌is‌ ‌sufficient‌ ‌for‌ ‌our‌‌purposes.‌‌The‌‌surge‌‌protection,‌‌peak‌‌pulse‌‌capacity‌‌and‌‌                           
operating‌‌temperatures‌‌along‌‌with‌‌the‌‌bidirectional‌‌functionality‌‌of‌‌the‌‌diode‌‌make‌‌this‌‌a‌‌                         
suitable‌ ‌fit‌ ‌into‌ ‌our‌ ‌PCB‌ ‌[121].‌‌ ‌  

‌ 
Moving‌ ‌along‌ ‌past‌ ‌the‌ ‌TVS‌ ‌diode‌ ‌we‌ ‌come‌‌to‌‌the‌‌positive‌‌inputs‌‌to‌‌the‌‌current‌‌sensor.‌‌                               
The‌ ‌model‌ ‌for‌ ‌the‌ ‌current‌ ‌sensor‌ ‌is‌ ‌MLX91221KDx-ABR-020‌ ‌[103].‌ ‌There‌ ‌are‌ ‌two‌‌                       
positive‌ ‌input‌ ‌ports‌ ‌to‌ ‌split‌ ‌the‌‌current‌‌that‌‌is‌‌taken‌‌into‌‌the‌‌sensor.‌‌For‌‌the‌‌Vout‌‌on‌‌the‌‌                                   
current‌ ‌sensor‌ ‌we‌ ‌have‌ ‌the‌ ‌voltage‌ ‌that‌ ‌the‌ ‌current‌ ‌sensor‌ ‌sees.‌ ‌Once‌ ‌this‌ ‌happens‌ ‌the‌‌                             
offset‌‌voltage‌‌(which‌‌is‌‌one‌‌half‌‌VDD)‌‌is‌‌subtracted‌‌and‌‌then‌‌dividing‌‌that‌‌value‌‌by‌‌the‌‌                               
sensitivity‌ ‌of‌ ‌62.5mV/A‌ ‌provided‌ ‌by‌ ‌the‌ ‌data‌ ‌sheet‌ ‌gives‌ ‌the‌ ‌actual‌ ‌measured‌ ‌current.‌‌                         
One‌‌thing‌‌to‌‌know‌‌is‌‌that‌‌the‌‌current‌‌sensor‌‌operates‌‌in‌‌either‌‌fixed‌‌or‌‌differential‌‌mode.‌‌                               
In‌‌fixed‌‌mode,‌‌since‌‌the‌‌Vout‌‌will‌‌always‌‌be‌‌3.3V‌‌we‌‌can‌‌simply‌‌treat‌‌Vref‌‌as‌‌the‌‌offset‌‌                                   
in‌‌the‌‌calculation‌‌of‌‌the‌‌current.‌‌In‌‌differential‌‌mode‌‌we‌‌have‌‌a‌‌varying‌‌Vout‌‌whereby‌‌the‌‌                               
offset‌ ‌will‌ ‌scale‌ ‌ratiometrically‌ ‌with‌ ‌VDD.‌ ‌This‌‌means‌‌that‌‌if‌‌our‌‌VDD‌‌is‌‌4‌‌volts,‌‌then‌‌                               
our‌‌offset‌‌voltage‌‌will‌‌be‌‌VDD/2‌‌which‌‌gives‌‌2V.‌‌The‌‌sensitivity‌‌remains‌‌the‌‌same‌‌as‌‌it‌‌                               
is‌ ‌a‌ ‌fixed‌ ‌value‌ ‌but‌ ‌the‌ ‌current‌ ‌will‌ ‌change‌ ‌since‌ ‌the‌ ‌voltage‌ ‌is‌ ‌a‌ ‌different‌ ‌value‌ ‌after‌‌                                 
subtracting‌‌the‌‌offset‌‌from‌‌VDD.‌‌The‌‌connections‌‌assume‌‌the‌‌following‌‌direction:‌‌VDD‌‌                       
is‌‌provided‌‌by‌‌our‌‌microcontroller‌‌(3.3V),‌‌Vout‌‌is‌‌provided‌‌by‌‌the‌‌current‌‌sensor,‌‌Vref‌‌is‌‌                             
provided‌ ‌by‌ ‌the‌ ‌current‌ ‌sensor‌ ‌as‌ ‌well,‌ ‌and‌‌VSS‌‌is‌‌ground.‌‌Once‌‌all‌‌of‌‌this‌‌is‌‌done,‌‌all‌‌                                   
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‌ 
that‌‌is‌‌left‌‌are‌‌the‌‌2‌‌negative‌‌outputs‌‌to‌‌the‌‌current‌‌sensor.‌‌These‌‌simply‌‌allow‌‌the‌‌current‌‌                                 
to‌ ‌pass‌ ‌through‌ ‌the‌ ‌current‌‌sensor‌‌and‌‌back‌‌out‌‌so‌‌these‌‌2‌‌terminals‌‌are‌‌just‌‌the‌‌current‌‌                                 
exiting‌‌the‌‌sensor.‌‌As‌‌you‌‌can‌‌see‌‌there‌‌are‌‌three‌‌capacitors‌‌which‌‌are‌‌connected‌‌to‌‌Vref,‌‌                               
VDD,‌ ‌and‌ ‌Vout.‌ ‌The‌ ‌capacitor‌ ‌C2‌ ‌going‌ ‌to‌ ‌VDD‌ ‌is‌ ‌a‌ ‌supply‌ ‌capacitor.‌ ‌This‌ ‌simply‌‌                             
provides‌‌stability‌‌to‌‌VDD‌‌and‌‌isolates‌‌that‌‌part‌‌of‌‌the‌‌circuit‌‌from‌‌everything‌‌else‌‌thereby‌‌                             
mitigating‌‌any‌‌signal‌‌or‌‌power‌‌disruption.‌‌The‌‌capacitors‌‌connected‌‌to‌‌Vout‌‌and‌‌Vref,‌‌C3‌‌                           
and‌ ‌C1‌ ‌respectively‌ ‌are‌ ‌decoupling‌ ‌capacitors‌ ‌which‌ ‌simply‌ ‌isolate‌ ‌each‌ ‌of‌ ‌these‌‌                       
respective‌‌connections‌‌from‌‌the‌‌rest‌‌of‌‌the‌‌circuit‌‌which‌‌also‌‌provides‌‌stability.‌‌We‌‌chose‌‌                           
this‌‌current‌‌sensor‌‌for‌‌many‌‌reasons.‌‌Besides‌‌the‌‌functionality‌‌of‌‌the‌‌device‌‌we‌‌chose‌‌this‌‌                             
as‌ ‌it‌ ‌has‌ ‌a‌ ‌primary‌ ‌current‌ ‌of‌ ‌20‌ ‌amps.‌ ‌It‌ ‌also‌ ‌has‌ ‌ample‌ ‌sensitivity‌ ‌along‌ ‌with‌ ‌faster‌‌                                 
reading‌ ‌time‌ ‌so‌ ‌that‌ ‌way‌ ‌we‌‌have‌‌an‌‌accurate‌‌up‌‌to‌‌time‌‌spec‌‌of‌‌the‌‌current‌‌value.‌‌The‌‌                                   
ratiometric‌‌property‌‌of‌‌how‌‌the‌‌current‌‌is‌‌calculated‌‌is‌‌somewhat‌‌valuable‌‌for‌‌any‌‌VDD‌‌                           
fluctuations;‌ ‌although‌ ‌we‌ ‌expect‌ ‌to‌ ‌have‌ ‌very‌ ‌minimal‌ ‌changes‌ ‌to‌ ‌VDD‌ ‌as‌ ‌the‌‌                         
microcontroller‌ ‌will‌ ‌be‌ ‌providing‌ ‌the‌ ‌power‌ ‌to‌ ‌the‌ ‌current‌ ‌sensor[121].‌ ‌ 
‌ 

‌ 
Figure‌ ‌81:‌ ‌Schematic‌ ‌of‌ ‌Current‌ ‌Sensor‌ ‌and‌ ‌TVS‌ ‌Diode‌ ‌ 

‌ 
Figure‌‌82‌‌below‌‌shows‌‌that‌‌once‌‌the‌‌current‌‌leaves‌‌the‌‌current‌‌sensor,‌‌the‌‌next‌‌thing‌‌that‌‌                               
it‌ ‌sees‌ ‌will‌ ‌be‌ ‌a‌ ‌voltage‌ ‌divider‌ ‌consisting‌ ‌of‌ ‌a‌ ‌90kΩ‌ ‌and‌ ‌a‌ ‌20kΩ‌ ‌resistor.‌ ‌There‌ ‌are‌‌                                 
specific‌ ‌reasons‌ ‌as‌ ‌to‌ ‌the‌ ‌values‌ ‌for‌ ‌this‌ ‌voltage‌ ‌divider.‌ ‌To‌ ‌briefly‌‌explain‌‌the‌‌voltage‌‌                             
divider‌ ‌circuit‌ ‌we‌ ‌will‌ ‌designate‌ ‌R1‌ ‌to‌ ‌be‌ ‌the‌ ‌90kΩ‌ ‌resistor‌ ‌and‌ ‌R2‌ ‌to‌ ‌be‌ ‌the‌ ‌20kΩ‌‌                                 
resistor.‌‌For‌‌the‌‌voltage‌‌divider‌‌to‌‌give‌‌us‌‌the‌‌correct‌‌value‌‌we‌‌are‌‌looking‌‌for,‌‌we‌‌must‌‌                                 
construct‌ ‌the‌ ‌equation‌ ‌in‌ ‌such‌ ‌a‌ ‌way‌ ‌that‌ ‌the‌ ‌output‌ ‌sees‌ ‌the‌ ‌correct‌ ‌input.‌‌In‌‌our‌‌case‌‌                                 
specifically,‌ ‌we‌ ‌want‌ ‌the‌ ‌microcontroller‌ ‌to‌ ‌read‌ ‌the‌ ‌voltage‌ ‌at‌‌the‌‌A0‌‌pin‌‌between‌‌the‌‌                             
resistors.‌ ‌A‌ ‌brief‌ ‌thing‌ ‌to‌ ‌mention‌ ‌here‌ ‌is‌ ‌that‌ ‌our‌ ‌microcontroller‌ ‌will‌ ‌only‌ ‌be‌‌able‌‌to‌‌                               
read‌‌an‌‌input‌‌of‌‌0‌‌to‌‌3.3‌‌volts.‌‌As‌‌a‌‌result,‌‌we‌‌must‌‌use‌‌a‌‌voltage‌‌divider‌‌network‌‌in‌‌order‌‌                                       
to‌‌step‌‌down‌‌the‌‌voltage‌‌for‌‌the‌‌microcontroller‌‌so‌‌that‌‌it‌‌will‌‌be‌‌able‌‌to‌‌read‌‌an‌‌accurate‌‌                                   
voltage‌‌which‌‌has‌‌to‌‌be‌‌contained‌‌from‌‌the‌‌range‌‌of‌‌0‌‌to‌‌3.3‌‌volts.‌‌Since‌‌the‌‌analog‌‌pin‌‌                                   
A0‌‌is‌‌between‌‌the‌‌two‌‌resistors‌‌we‌‌will‌‌want‌‌to‌‌read‌‌the‌‌voltage‌‌at‌‌R2‌‌in‌‌order‌‌to‌‌get‌‌the‌‌                                       
correct‌ ‌input‌ ‌reading‌ ‌from‌ ‌the‌ ‌solar‌ ‌panel.‌ ‌The‌‌equation‌‌ ‌will‌‌suffice‌‌for‌‌our‌‌                 Loading…         
voltage‌ ‌divider.‌ ‌To‌ ‌prove‌‌that‌‌this‌‌equation‌‌works‌‌and‌‌that‌‌our‌‌resistor‌‌values‌‌are‌‌20kΩ‌‌                             
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‌ 
and‌‌90kΩ‌‌we‌‌start‌‌by‌‌assigning‌‌Vout‌‌to‌‌be‌‌the‌‌maximum‌‌voltage‌‌that‌‌the‌‌micocontroller‌‌                             
can‌ ‌detect.‌ ‌This‌ ‌will‌ ‌give‌ ‌Vout‌‌to‌‌be‌‌3.3V.‌‌For‌‌the‌‌Vin,‌‌it‌‌will‌‌be‌‌the‌‌maximum‌‌voltage‌‌                                   
that‌‌the‌‌solar‌‌panel‌‌can‌‌possibly‌‌provide‌‌at‌‌peak‌‌insolation‌‌and‌‌thus‌‌the‌‌value‌‌for‌‌Vin‌‌will‌‌                                 
be‌ ‌18V.‌ ‌Given‌ ‌the‌ ‌Vin‌ ‌and‌ ‌Vout‌‌values‌‌we‌‌are‌‌able‌‌to‌‌relate‌‌R1‌‌and‌‌R2‌‌and‌‌establish‌‌a‌‌                                     
numerical‌ ‌ratio‌ ‌of‌ ‌what‌ ‌each‌ ‌resistor‌ ‌needs‌ ‌to‌ ‌be‌ ‌in‌ ‌value‌ ‌from‌ ‌one‌ ‌another.‌ ‌Through‌‌                             
simple‌ ‌algebra‌ ‌we‌ ‌divide‌ ‌the‌ ‌Vout‌ ‌by‌ ‌the‌ ‌Vin‌ ‌and‌ ‌we‌ ‌are‌ ‌left‌ ‌with‌ ‌an‌ ‌equation‌ ‌of‌‌                                 

which‌ ‌then‌ ‌becomes‌ ‌ ,‌ ‌and‌ ‌by‌ ‌simplifying‌ ‌gives‌ ‌ .‌ ‌This‌‌Loading…       Loading…           Loading…    
means‌‌that‌‌for‌‌whatever‌‌value‌‌we‌‌choose‌‌R1‌‌to‌‌be,‌‌R2‌‌must‌‌be‌‌4.464‌‌greater‌‌than‌‌R1‌‌to‌                                   
achieve‌ ‌this‌ ‌voltage‌ ‌divider.‌ ‌As‌ ‌a‌ ‌result‌‌R2‌‌is‌‌chosen‌‌to‌‌be‌‌20kΩ‌‌and‌‌R1‌‌is‌‌90kΩ.‌‌One‌‌                                   
final‌‌thing‌‌to‌‌note‌‌about‌‌the‌‌R2‌‌resistor‌‌is‌‌that‌‌it‌‌is‌‌a‌‌rounded‌‌value‌‌due‌‌to‌‌the‌‌resistance‌‌                                     
being‌ ‌calculated‌ ‌to‌ ‌be‌ ‌89280Ω‌ ‌and‌ ‌thus‌ ‌we‌ ‌chose‌ ‌90kΩ‌ ‌out‌ ‌of‌ ‌simplicity.‌ ‌As‌ ‌a‌ ‌result‌‌                               
there‌ ‌will‌ ‌likely‌ ‌be‌ ‌a‌ ‌small‌ ‌error‌ ‌associated‌ ‌with‌ ‌the‌ ‌reading‌ ‌of‌ ‌the‌ ‌voltage‌ ‌by‌ ‌the‌‌                               
microcontroller‌ ‌but‌ ‌it‌ ‌will‌ ‌be‌ ‌very‌ ‌minimal.‌ ‌The‌ ‌capacitor‌ ‌that‌ ‌has‌ ‌a‌ ‌value‌ ‌denoted‌ ‌by‌‌                             
0.1uF‌‌is‌‌simply‌‌a‌‌supply‌‌capacitor‌‌which‌‌provides‌‌stability‌‌to‌‌the‌‌pin‌‌A0‌‌so‌‌that‌‌no‌‌other‌‌                                 
elements‌ ‌in‌ ‌the‌ ‌circuit‌ ‌will‌ ‌affect‌ ‌it‌ ‌besides‌ ‌the‌ ‌one‌ ‌that‌ ‌it‌ ‌is‌ ‌trying‌ ‌to‌ ‌read‌ ‌(solar‌ ‌panel).‌‌ ‌  

‌ 
Once‌ ‌we‌ ‌have‌ ‌the‌ ‌voltage‌ ‌divider‌ ‌we‌ ‌move‌ ‌on‌ ‌to‌ ‌the‌ ‌2‌ ‌schottky‌ ‌diodes‌ ‌connected‌ ‌in‌‌                               
parallel.‌ ‌These‌ ‌diodes‌ ‌are‌ ‌used‌ ‌for‌ ‌protection‌ ‌against‌ ‌reverse‌ ‌current‌ ‌flow‌ ‌and‌ ‌reverse‌‌                         
polarity.‌‌Essentially‌‌it‌‌keeps‌‌the‌‌power‌‌flowing‌‌from‌‌the‌‌solar‌‌panel‌‌through‌‌the‌‌forward‌‌                           
bias‌‌side‌‌of‌‌the‌‌diode‌‌but‌‌does‌‌not‌‌allow‌‌any‌‌current‌‌to‌‌pass‌‌through‌‌the‌‌reverse‌‌bias‌‌side‌‌                                   
thus‌ ‌mitigating‌ ‌leakage‌ ‌power‌‌flow‌‌which‌‌could‌‌possibly‌‌damage‌‌the‌‌solar‌‌panel‌‌[135].‌‌                         
Next‌‌we‌‌move‌‌onto‌‌the‌‌bipolar‌‌junction‌‌transistor‌‌which‌‌will‌‌work‌‌alongside‌‌the‌‌mosfet‌‌                           
in‌ ‌our‌ ‌design‌ ‌to‌ ‌provide‌ ‌the‌ ‌drive‌ ‌to‌ ‌put‌ ‌charge‌ ‌into‌ ‌the‌ ‌battery.‌ ‌For‌ ‌the‌ ‌BJTs‌ ‌and‌ ‌the‌‌                                   
mosfets‌‌we‌‌will‌‌give‌‌tabular‌‌comparisons‌‌for‌‌each‌‌so‌‌that‌‌we‌‌can‌‌choose‌‌the‌‌best‌‌one‌‌for‌‌                                 
our‌ ‌application.‌ ‌Starting‌ ‌with‌ ‌the‌ ‌BJT,‌‌its‌‌role‌‌is‌‌to‌‌use‌‌a‌‌small‌‌current‌‌to‌‌drive‌‌a‌‌larger‌‌                                   
component‌‌of‌‌current.‌‌It‌‌will‌‌help‌‌to‌‌provide‌‌a‌‌large‌‌enough‌‌current‌‌to‌‌drive‌‌the‌‌mosfet‌‌to‌‌                                 
send‌ ‌a‌ ‌charge‌ ‌pulse‌ ‌to‌ ‌the‌ ‌battery‌ ‌thus‌ ‌charging‌ ‌it.‌ ‌We‌ ‌have‌‌found‌‌two‌‌choices‌‌for‌‌our‌‌                                 
BJT‌ ‌and‌‌it‌‌is‌‌outlined‌‌below‌‌in‌‌tabular‌‌format.‌‌The‌‌first‌‌one‌‌is‌‌manufactured‌‌from‌‌NXP‌‌                               
Semiconductors‌‌which‌‌is‌‌denoted‌‌with‌‌the‌‌PMST3904‌‌model.‌‌The‌‌other‌‌is‌‌manufactured‌‌                       
by‌‌multicomp‌‌pro‌‌and‌‌is‌‌denoted‌‌by‌‌2N3904.‌‌As‌‌we‌‌can‌‌see‌‌in‌‌table‌‌20‌‌we‌‌can‌‌see‌‌that‌‌                                     
many‌‌of‌‌the‌‌characteristics‌‌of‌‌both‌‌BJTs‌‌line‌‌up‌‌with‌‌one‌‌another.‌‌The‌‌main‌‌difference‌‌is‌‌                               
the‌ ‌power‌ ‌dissipation‌ ‌of‌ ‌the‌ ‌2nd‌ ‌model‌ ‌and‌ ‌the‌ ‌cost‌ ‌by‌ ‌a‌ ‌small‌ ‌margin.‌ ‌Since‌ ‌all‌ ‌the‌‌                                 
constraints‌ ‌below‌ ‌should‌ ‌suffice‌ ‌for‌ ‌our‌ ‌project,‌ ‌we‌ ‌will‌‌pick‌‌the‌‌2N3904‌‌model‌‌as‌‌the‌‌                             
one‌ ‌we‌ ‌use‌ ‌mainly‌ ‌because‌ ‌of‌ ‌cost‌ ‌and‌ ‌availability‌ ‌at‌ ‌this‌ ‌current‌ ‌time.‌ ‌[37,44]‌ ‌ 
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Figure‌ ‌82:‌ ‌Schematic‌ ‌of‌ ‌Voltage‌ ‌Dividers,‌ ‌Diodes,‌ ‌PMOS,‌ ‌and‌ ‌NPN‌ ‌BJT‌ ‌ 

‌ 

Table‌ ‌20:‌ ‌BJT‌ ‌Comparison‌ ‌ 
‌ 

Next‌‌we‌‌will‌‌discuss‌‌the‌‌mosfets‌‌that‌‌will‌‌be‌‌used‌‌within‌‌our‌‌pcb‌‌design.‌‌As‌‌the‌‌current‌‌is‌‌                                   
being‌ ‌driven‌ ‌by‌‌the‌‌BJT‌‌as‌‌it‌‌is‌‌used‌‌in‌‌the‌‌amplifying‌‌process,‌‌the‌‌mosfet‌‌will‌‌actually‌‌                                 

‌ 
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Model‌ ‌  PMST3904‌ ‌  2N3904‌ ‌ 

Vceo‌ ‌  60V‌ ‌  60V‌ ‌ 

Vevo‌ ‌  40V‌ ‌  40V‌ ‌ 

Vebo‌ ‌  6V‌ ‌  6V‌ ‌ 

Collector‌ ‌Current‌ ‌Ic‌ ‌  200mA‌ ‌  200mA‌ ‌ 

Total‌ ‌Power‌ ‌Dissipation‌ ‌  200mW‌ ‌  N/a‌ ‌ 

Power‌ ‌Dissipation‌ ‌Ta=25C‌  N/a‌ ‌  625mW‌ ‌ 

Power‌ ‌Dissipation‌ ‌Tc=25C‌  N/a‌ ‌  1.5W‌ ‌ 

Storage‌ ‌Temperature‌ ‌  -65‌ ‌to‌ ‌150‌ ‌C‌ ‌  -55‌ ‌to‌ ‌150‌ ‌C‌ ‌ 

DC‌ ‌Current‌ ‌Gain‌ ‌  300‌ ‌(at‌ ‌Ic‌ ‌=‌ ‌10mA)‌ ‌  100-300‌ ‌ 
(Ic=10mA,‌ ‌Ib=1mA)‌ ‌ 

Vce(sat)‌ ‌  200mV‌               ‌(Ic=10mA,‌‌ 
Ib=1mA)‌ ‌ 

<0.2V‌ ‌ 
(Ic=10mA,‌ ‌Ib=1mA)‌ ‌ 

Vbe(sat)‌ ‌  650mV‌ ‌to‌ ‌850mV‌ 
(Ic=10mA,‌ ‌Ib=1mA)‌ ‌ 

650mV‌ ‌to‌ ‌850mV‌ ‌ 
(Ic=50mA,‌ ‌Ib=5mA)‌ ‌ 

Noise‌ ‌Figure‌  5db‌ ‌  <5db‌ ‌ 

Price‌ ‌(per‌ ‌1‌ ‌item)‌ ‌  0.32$‌ ‌  0.273$‌ ‌ 



‌ 
allow‌‌the‌‌current‌‌to‌‌pass‌‌through‌‌as‌‌it‌‌will‌‌be‌‌switching‌‌based‌‌on‌‌how‌‌charged‌‌the‌‌battery‌‌                                 
is.‌ ‌The‌ ‌mosfet‌ ‌is‌‌a‌‌voltage‌‌driven‌‌device‌‌that‌‌allows‌‌the‌‌battery‌‌to‌‌be‌‌charged‌‌when‌‌the‌‌                                 
gate‌ ‌of‌ ‌the‌ ‌mosfet‌ ‌has‌ ‌a‌ ‌sufficient‌ ‌voltage‌ ‌provided‌ ‌to‌ ‌it.‌ ‌Once‌ ‌the‌ ‌voltage‌ ‌at‌ ‌the‌ ‌gate‌‌                                 
diminishes,‌‌it‌‌will‌‌allow‌‌less‌‌charge‌‌to‌‌pass‌‌into‌‌the‌‌battery.‌‌Table‌‌21‌‌will‌‌give‌‌the‌‌tabular‌‌                                 
comparisons‌ ‌of‌‌our‌‌mosfet‌‌choices.‌‌As‌‌we‌‌can‌‌see‌‌there‌‌are‌‌several‌‌differences‌‌to‌‌make‌‌                             
note‌ ‌of.‌‌The‌‌first‌‌is‌‌the‌‌discrepancy‌‌between‌‌the‌‌drain‌‌currents.‌‌As‌‌we‌‌can‌‌see‌‌the‌‌4905‌                                 
version‌‌has‌‌a‌‌significantly‌‌higher‌‌drain‌‌current‌‌than‌‌the‌‌7240‌‌model.‌‌Along‌‌with‌‌this‌‌the‌‌                             
pulsed‌‌drain‌‌current‌‌is‌‌much‌‌different‌‌from‌‌one‌‌another.‌‌One‌‌of‌‌the‌‌largest‌‌discrepancies‌‌                           
is‌ ‌the‌ ‌power‌ ‌dissipation‌ ‌between‌ ‌the‌ ‌4905‌ ‌and‌ ‌7240‌ ‌model.‌ ‌There‌ ‌is‌ ‌an‌ ‌80‌ ‌times‌‌                             
difference‌ ‌in‌ ‌power‌ ‌dissipation‌ ‌at‌ ‌a‌ ‌cost‌ ‌of‌ ‌increased‌ ‌drain‌ ‌current.‌ ‌The‌ ‌operating‌‌                         
temperatures‌‌of‌‌each‌‌model‌‌are‌‌similar‌‌with‌‌the‌‌high‌‌end‌‌being‌‌given‌‌to‌‌the‌‌4905‌‌model.‌‌                               
The‌ ‌gate‌ ‌to‌ ‌source‌ ‌voltage‌ ‌stayed‌ ‌the‌ ‌same‌ ‌for‌ ‌both‌ ‌models.‌ ‌Breakdown‌ ‌voltage‌‌                         
temperature‌‌coefficient‌‌was‌‌experienced‌‌more‌‌heavily‌‌by‌‌the‌‌4905‌‌model‌‌and‌‌the‌‌forward‌‌                         
transconductance‌ ‌was‌ ‌less‌ ‌in‌ ‌the‌ ‌7240‌ ‌model.‌ ‌Our‌ ‌choice‌ ‌will‌ ‌be‌ ‌the‌ ‌IRF7240‌‌for‌‌two‌‌                             
main‌‌reasons.‌‌The‌‌first‌‌is‌‌that‌‌the‌‌7240‌‌model‌‌is‌‌all‌‌that‌‌we‌‌would‌‌need‌‌for‌‌our‌‌PCB‌‌and‌‌                                     
secondly‌ ‌the‌ ‌cost‌ ‌is‌ ‌a‌ ‌lot‌ ‌less‌ ‌since‌ ‌we‌ ‌will‌ ‌be‌ ‌buying‌ ‌extras‌ ‌[39-41,89,90]‌ ‌ 
‌ 

Table‌ ‌21:‌ ‌MOSFET‌ ‌Comparison‌ ‌ 
‌ 
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Model‌ ‌  IRF4905PbF‌ ‌  IRF7240‌ ‌ 

Id‌ ‌@‌ ‌Tc=25C,‌ ‌(Vgs=-10V)‌ ‌  -74A‌ ‌(max)‌ ‌  N/A‌ ‌ 

Id‌ ‌@‌ ‌Tc=100C,(Vgs=-10V)‌ ‌  -52A‌ ‌(max)‌ ‌  N/A‌ ‌ 

Id‌ ‌@‌ ‌Ta=25C,‌ ‌(Vgs=-10V)‌ ‌  N/A‌ ‌  -10.5A‌ ‌(max)‌ ‌ 

Id‌ ‌@‌ ‌Ta=70C,(Vgs=-10V)‌ ‌  N/A‌ ‌  -8.6A‌ ‌(max)‌ ‌ 

Idm‌ ‌(pulsed‌ ‌drain‌ ‌current)‌ ‌  -260A‌ ‌(max)‌ ‌  -43A‌ ‌(max)‌ ‌ 

Power‌ ‌dissipation‌ ‌at‌ ‌25C‌ ‌  200W‌ ‌(max)‌ ‌  2.5W‌  ‌(max)‌ ‌ 

Power‌ ‌dissipation‌ ‌at‌ ‌70C‌ ‌  N/A‌ ‌  1.6W‌ ‌ 

Vgs‌ ‌  -20‌ ‌to‌ ‌20‌ ‌(max)‌ ‌  -20‌ ‌to‌ ‌20‌ ‌(max)‌ ‌ 

Operating‌ ‌junction‌ ‌and‌‌ 
storage‌ ‌temperature‌ ‌range‌ ‌ 

-55‌ ‌to‌ ‌175C‌ ‌  -55‌ ‌to‌ ‌150C‌ ‌ 

V(br)Dss‌ ‌  -55‌ ‌V‌ ‌(min)‌ ‌  -40‌ ‌V‌ ‌(min)‌ ‌ 

Breakdown‌ ‌Voltage‌‌ 
Temperature‌ ‌Coefficient‌ ‌ 

-0.05‌ ‌V/C‌ ‌  
(at‌ ‌25C,‌ ‌Id=-1mA)‌ ‌ 

-0.025‌ ‌V/C‌ ‌  
(at‌ ‌25C,‌ ‌Id=-1mA)‌ ‌ 

VGS(th)‌ ‌  -2.0‌ ‌min‌ ‌to‌ ‌-4.0‌ ‌max‌ ‌ 
(Vds=Vgs,‌ ‌Id=250uA)‌ ‌ 

-1.0‌ ‌min‌ ‌to‌ ‌-3.0‌ ‌max‌ ‌ 
(Vds=Vgs,‌ ‌Id=250uA)‌ ‌ 

Forward‌ ‌Transconductance‌ ‌  21‌ ‌S‌ ‌ 
(Vds‌ ‌=-25V,‌ ‌Id=-38A)‌ ‌ 

17‌ ‌S‌ ‌ 
(Vds‌ ‌=-10V,‌ ‌Id=-10.5A)‌ ‌ 

Price‌ ‌(per‌ ‌item)‌ ‌  1.90$‌ ‌  0.91$‌ ‌ 



‌ 
Once‌ ‌the‌ ‌current‌ ‌flows‌ ‌out‌ ‌of‌ ‌the‌ ‌PMOS,‌ ‌the‌ ‌next‌ ‌thing‌ ‌that‌ ‌it‌ ‌sees‌ ‌will‌ ‌be‌ ‌a‌ ‌voltage‌‌                                   
divider‌ ‌consisting‌ ‌of‌ ‌a‌ ‌90kΩ‌ ‌and‌‌a‌‌20kΩ‌‌resistor.‌‌The‌‌resistors‌‌will‌‌be‌‌included‌‌so‌‌that‌‌                               
the‌‌microcontroller‌‌will‌‌be‌‌able‌‌to‌‌recognize‌‌what‌‌the‌‌voltage‌‌is‌‌from‌‌the‌‌battery.‌‌It‌‌will‌‌                               
then‌ ‌relay‌ ‌this‌ ‌though‌ ‌the‌ ‌pin‌ ‌A1‌ ‌which‌ ‌will‌ ‌go‌ ‌into‌ ‌the‌ ‌microcontroller.‌ ‌The‌‌                           
microcontroller‌ ‌will‌ ‌then‌ ‌convert‌ ‌the‌‌voltage‌‌to‌‌be‌‌read‌‌by‌‌the‌‌same‌‌mechanics‌‌that‌‌the‌‌                             
first‌‌voltage‌‌divider‌‌was‌‌read‌‌but‌‌the‌‌only‌‌difference‌‌is‌‌that‌‌it‌‌will‌‌be‌‌reading‌‌the‌‌battery‌‌                                 
voltage.‌ ‌The‌ ‌values‌ ‌of‌ ‌the‌ ‌resistors‌ ‌will‌‌stay‌‌the‌‌same‌‌as‌‌the‌‌Vout‌‌will‌‌not‌‌go‌‌above‌‌18‌‌                                   
volts‌‌for‌‌the‌‌battery.‌‌Also,‌‌the‌‌microcontroller‌‌will‌‌remain‌‌0‌‌to‌‌3.3‌‌volts‌‌so‌‌the‌‌range‌‌will‌‌                                 
stay‌ ‌the‌ ‌same.‌ ‌The‌‌highest‌‌voltage‌‌that‌‌the‌‌battery‌‌should‌‌ever‌‌reach‌‌would‌‌be‌‌no‌‌more‌‌                               
than‌ ‌14.6.‌ ‌Any‌ ‌higher‌ ‌and‌ ‌we‌ ‌isk‌ ‌damaging‌ ‌the‌ ‌battery‌ ‌itself.‌ ‌The‌ ‌capacitor‌ ‌that‌‌has‌‌a‌‌                               
value‌ ‌denoted‌ ‌by‌ ‌0.1uF‌ ‌is‌ ‌simply‌ ‌a‌‌supply‌‌capacitor‌‌which‌‌provides‌‌stability‌‌to‌‌the‌‌pin‌‌                             
A1‌‌so‌‌that‌‌no‌‌other‌‌elements‌‌in‌‌the‌‌circuit‌‌will‌‌affect‌‌it‌‌besides‌‌the‌‌one‌‌that‌‌it‌‌is‌‌trying‌‌to‌‌                                       
read‌ ‌(battery‌ ‌bank).‌‌ ‌  
‌ 

Once‌‌we‌‌move‌‌past‌‌the‌‌voltage‌‌divider‌‌we‌‌will‌‌come‌‌to‌‌another‌‌protection‌‌element‌‌called‌‌                             
a‌‌fuse‌‌in‌‌Figure‌‌83.‌‌The‌‌fuse‌‌is‌‌an‌‌element‌‌which‌‌offers‌‌protection‌‌to‌‌our‌‌system‌‌as‌‌it‌‌will‌‌                                     
cause‌ ‌a‌ ‌break‌ ‌in‌ ‌the‌ ‌circuit‌ ‌in‌ ‌the‌ ‌event‌ ‌of‌ ‌a‌ ‌current‌ ‌spike‌ ‌for‌ ‌whatever‌ ‌reason.‌ ‌In‌‌our‌‌                                   
schematic,‌ ‌for‌ ‌whatever‌ ‌reason,‌ ‌if‌ ‌more‌ ‌than‌ ‌10‌ ‌amps‌ ‌of‌ ‌current‌ ‌goes‌‌through‌‌the‌‌fuse‌‌                             
element‌‌it‌‌will‌‌blow‌‌and‌‌make‌‌it‌‌impossible‌‌for‌‌the‌‌current‌‌to‌‌affect‌‌any‌‌other‌‌electronics‌‌                               
in‌‌the‌‌circuit.‌‌As‌‌there‌‌are‌‌many‌‌different‌‌varieties‌‌of‌‌fuses‌‌and‌‌that‌‌they‌‌are‌‌very‌‌simple‌‌                                 
devices‌‌we‌‌will‌‌look‌‌for‌‌one‌‌of‌‌the‌‌most‌‌cost‌‌effective‌‌one‌‌and‌‌one‌‌that‌‌is‌‌able‌‌to‌‌protect‌‌                                     
our‌ ‌circuit‌ ‌for‌‌current‌‌surges‌‌greater‌‌than‌‌10‌‌amps.‌‌Moving‌‌down‌‌the‌‌schematic‌‌we‌‌can‌‌                             
also‌‌see‌‌that‌‌the‌‌battery‌‌will‌‌be‌‌connected‌‌up‌‌to‌‌the‌‌charge‌‌controller‌‌right‌‌after‌‌the‌‌fuse‌‌                                 
so‌ ‌that‌ ‌it‌ ‌is‌ ‌isolated‌ ‌from‌ ‌the‌ ‌rest‌ ‌of‌ ‌the‌ ‌circuit‌ ‌elements‌ ‌such‌ ‌as‌ ‌the‌ ‌current‌ ‌sensors,‌‌                                 
MOSFETS,‌ ‌BJTs‌ ‌and‌ ‌any‌ ‌passive‌ ‌elements‌ ‌contained‌ ‌within.‌ ‌B+‌ ‌and‌ ‌B-‌ ‌give‌ ‌the‌‌                         
terminal‌ ‌connections‌ ‌in‌ ‌the‌ ‌schematic‌ ‌and‌ ‌the‌ ‌BAT‌ ‌+‌ ‌and‌ ‌BAT‌ ‌-‌ ‌indicate‌ ‌the‌ ‌actual‌‌                             
terminal‌ ‌connections‌ ‌[121].‌‌ ‌  
‌ 

Directly‌ ‌after‌ ‌the‌ ‌fuse‌ ‌we‌‌have‌‌another‌‌NPN‌‌transistor‌‌with‌‌a‌‌PMOS‌‌configuration.‌‌We‌‌                           
will‌ ‌keep‌ ‌both‌ ‌of‌ ‌these‌ ‌devices‌‌the‌‌same‌‌as‌‌they‌‌were‌‌used‌‌previously‌‌in‌‌sending‌‌pulse‌‌                               
charges‌ ‌to‌ ‌the‌ ‌actual‌ ‌battery.‌ ‌The‌ ‌main‌ ‌difference‌ ‌between‌ ‌the‌ ‌PMOS‌ ‌and‌ ‌NPN‌‌                         
transistors‌‌here‌‌is‌‌that‌‌this‌‌configuration‌‌will‌‌be‌‌used‌‌to‌‌drive‌‌the‌‌charge‌‌from‌‌the‌‌battery‌‌                               
into‌‌the‌‌load.‌‌We‌‌will‌‌use‌‌the‌‌same‌‌models‌‌for‌‌the‌‌NPN‌‌transistor‌‌and‌‌PMOS‌‌as‌‌2N3904‌‌                                 
and‌‌IRF7240‌‌respectively.‌‌One‌‌thing‌‌we‌‌are‌‌likely‌‌to‌‌expect‌‌when‌‌we‌‌test‌‌this‌‌system‌‌as‌                               
a‌‌whole‌‌is‌‌that‌‌in‌‌the‌‌future‌‌we‌‌may‌‌have‌‌to‌‌change‌‌certain‌‌values‌‌on‌‌the‌‌transistors‌‌and‌‌                                   
quite‌‌possibly‌‌if‌‌they‌‌do‌‌not‌‌perform‌‌as‌‌we‌‌originally‌‌thought,‌‌change‌‌the‌‌models‌‌of‌‌the‌‌                               
transistors‌ ‌themselves.‌ ‌After‌ ‌the‌ ‌transistors‌ ‌will‌ ‌send‌ ‌charge‌ ‌to‌ ‌the‌ ‌load‌ ‌connected‌ ‌to‌‌                         
them,‌‌a‌‌current‌‌sensor‌‌will‌‌monitor‌‌the‌‌current‌‌coming‌‌out‌‌of‌‌the‌‌MOSFET‌‌and‌‌also‌‌the‌‌                               
current‌‌being‌‌supplied‌‌to‌‌the‌‌load‌‌where‌‌the‌‌load‌‌terminals‌‌are‌‌attached‌‌in‌‌the‌‌schematic‌‌                             
after‌‌the‌‌current‌‌sensor.‌‌The‌‌current‌‌sensor‌‌acts‌‌the‌‌same‌‌as‌‌it‌‌did‌‌in‌‌the‌‌earlier‌‌part‌‌of‌‌the‌‌                                     
circuit.‌‌A‌‌current‌‌will‌‌be‌‌taken‌‌in‌‌the‌‌IP+‌‌terminals‌‌where‌‌the‌‌current‌‌sensor‌‌will‌‌give‌‌a‌‌                                 
Vout.‌‌For‌‌the‌‌Vout‌‌on‌‌the‌‌current‌‌sensor‌‌we‌‌have‌‌the‌‌voltage‌‌that‌‌the‌‌current‌‌sensor‌‌sees.‌‌                                 
Once‌ ‌this‌ ‌happens‌ ‌the‌ ‌offset‌ ‌voltage‌ ‌(which‌ ‌is‌ ‌one‌ ‌half‌ ‌VDD)‌ ‌is‌ ‌subtracted‌ ‌and‌ ‌then‌‌                             
dividing‌ ‌that‌ ‌value‌ ‌by‌ ‌the‌ ‌sensitivity‌ ‌of‌‌62.5mV/A‌‌provided‌‌by‌‌the‌‌data‌‌sheet‌‌gives‌‌the‌‌                             
actual‌ ‌measured‌ ‌current.‌ ‌The‌ ‌capacitors‌ ‌C6,‌ ‌C7‌ ‌and‌‌C8‌‌are‌‌simply‌‌Vref,‌‌Vss,‌‌and‌‌Vout‌‌                             
respectively‌ ‌are‌ ‌decoupling‌ ‌capacitors‌ ‌which‌ ‌simply‌ ‌isolate‌ ‌each‌ ‌of‌ ‌these‌ ‌respective‌‌                     
connections‌‌from‌‌the‌‌rest‌‌of‌‌the‌‌circuit‌‌which‌‌also‌‌provides‌‌stability.‌‌This‌‌current‌‌sensor‌‌                           
is‌‌the‌‌same‌‌one‌‌as‌‌we‌‌used‌‌in‌‌the‌‌earlier‌‌part‌‌of‌‌the‌‌circuit‌‌and‌‌will‌‌function‌‌the‌‌same‌‌way‌‌                                       
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but‌ ‌the‌ ‌difference‌‌will‌‌be‌‌that‌‌the‌‌load‌‌will‌‌be‌‌seeing‌‌the‌‌current‌‌and‌‌the‌‌battery‌‌will‌‌be‌‌                                   
supplying‌‌this‌‌to‌‌the‌‌load.‌‌The‌‌final‌‌connections‌‌are‌‌for‌‌the‌‌load‌‌denoted‌‌as‌‌LOAD1+‌‌and‌‌                               
LOAD2-.‌ ‌This‌ ‌will‌ ‌be‌ ‌what‌ ‌the‌ ‌battery‌ ‌actually‌ ‌powers.‌ ‌From‌ ‌the‌ ‌load‌ ‌the‌‌                         
microcontroller‌‌will‌‌be‌‌powered‌‌along‌‌with‌‌a‌‌split‌‌connection‌‌going‌‌to‌‌the‌‌inverter‌‌which‌‌                           
will‌‌convert‌‌the‌‌DC‌‌power‌‌coming‌‌out‌‌of‌‌the‌‌battery‌‌into‌‌AC‌‌power‌‌which‌‌will‌‌provide‌‌                               
adequate‌ ‌charge‌ ‌to‌ ‌external‌ ‌devices‌ ‌we‌ ‌choose‌ ‌to‌ ‌plug‌ ‌into‌ ‌our‌ ‌outlets.‌ ‌ 

‌ 
Figure‌ ‌83:‌ ‌Schematic‌ ‌Focus‌ ‌on‌ ‌Fuse,‌ ‌Current‌ ‌Sensor,‌ ‌Battery‌ ‌and‌ ‌Load‌ ‌Terminals‌ ‌ 

‌ 
5.2.2‌ ‌Lithium‌ ‌Iron‌ ‌Phosphate‌ ‌Battery‌ ‌Assembly‌ ‌ 
‌ 

As‌‌explained‌‌in‌‌section‌‌3.8,‌‌we‌‌chose‌‌to‌‌design‌‌a‌‌battery‌‌assembly‌‌using‌‌four‌‌lithium‌‌iron‌‌                               
phosphate‌ ‌battery‌ ‌cells‌ ‌in‌‌conjunction‌‌with‌‌a‌‌BMS.‌‌As‌‌described,‌‌this‌‌option‌‌was‌‌much‌‌                           
cheaper,‌‌and‌‌added‌‌an‌‌extra‌‌layer‌‌of‌‌design‌‌to‌‌our‌‌project.‌‌At‌‌this‌‌point‌‌in‌‌the‌‌project,‌‌the‌‌                                   
battery‌ ‌cells‌ ‌have‌ ‌been‌ ‌ordered‌ ‌from‌ ‌AliExpress,‌ ‌but‌ ‌as‌‌they‌‌have‌‌to‌‌be‌‌imported‌‌from‌‌                             
overseas,‌‌we‌‌have‌‌not‌‌received‌‌them‌‌yet.‌‌Because‌‌of‌‌this,‌‌we‌‌used‌‌custom‌‌CAD‌‌drawings‌‌                             
we‌ ‌put‌ ‌together‌ ‌to‌ ‌simulate‌ ‌how‌‌our‌‌battery‌‌design‌‌will‌‌be‌‌assembled.‌‌As‌‌instructed‌‌by‌‌                             
the‌ ‌manufacturer,‌ ‌the‌ ‌battery‌ ‌cells‌ ‌come‌ ‌in‌ ‌packs‌ ‌of‌ ‌four‌ ‌with‌ ‌bus‌ ‌bars‌ ‌and‌ ‌metallic‌‌                             
screws‌‌for‌‌the‌‌battery‌‌contacts.‌‌Each‌‌of‌‌the‌‌cells‌‌we‌‌will‌‌be‌‌receiving‌‌is‌‌rated‌‌at‌‌200Ah,‌‌                                 
but‌ ‌as‌ ‌mentioned‌ ‌in‌ ‌section‌ ‌3.8,‌‌is‌‌only‌‌3.2V.‌‌This‌‌means‌‌to‌‌achieve‌‌our‌‌desired‌‌12.8V,‌‌                               
200Ah‌ ‌battery‌ ‌assembly,‌ ‌we‌ ‌will‌ ‌have‌ ‌to‌ ‌connect‌ ‌all‌ ‌four‌ ‌cells‌ ‌in‌ ‌series‌ ‌since‌ ‌series‌‌                             
connections‌ ‌add‌ ‌voltage,‌ ‌but‌ ‌do‌ ‌not‌ ‌change‌ ‌current.‌ ‌Another‌ ‌factor‌ ‌we‌‌had‌‌to‌‌consider‌‌                           
before‌ ‌proposing‌ ‌a‌ ‌design‌ ‌for‌ ‌connecting‌ ‌the‌ ‌cells‌ ‌is‌ ‌the‌ ‌potential‌ ‌necessity‌ ‌for‌ ‌space‌‌                           
between‌ ‌the‌ ‌cells‌ ‌when‌ ‌they‌ ‌are‌ ‌connected.‌ ‌Some‌ ‌manufacturers‌ ‌recommend‌ ‌ordering‌‌                     
longer‌‌bus‌‌bars‌‌to‌‌create‌‌a‌‌space‌‌between‌‌each‌‌connected‌‌cell‌‌for‌‌heat‌‌dissipation,‌‌but‌‌in‌‌                               
the‌ ‌case‌‌of‌‌our‌‌ordered‌‌cells‌‌this‌‌was‌‌not‌‌the‌‌case.‌‌Each‌‌of‌‌these‌‌aforementioned‌‌design‌‌                               
aspects‌‌discussed‌‌can‌‌be‌‌seen‌‌in‌‌figure‌‌84‌‌below‌‌in‌‌images‌‌1‌‌and‌‌2.‌‌In‌‌figure‌‌84,‌‌image‌‌1,‌‌                                     
an‌ ‌overhead‌ ‌view‌ ‌of‌ ‌the‌ ‌connected‌ ‌battery‌ ‌cells‌ ‌are‌ ‌shown‌ ‌with‌‌overall‌‌dimensions.‌‌In‌‌                           
order‌ ‌to‌ ‌establish‌ ‌the‌ ‌series‌ ‌connection‌ ‌of‌ ‌the‌ ‌cells‌ ‌previously‌ ‌mentioned,‌ ‌the‌ ‌bus‌‌bars‌‌                           
had‌ ‌to‌ ‌be‌ ‌connected‌ ‌from‌ ‌positive‌ ‌to‌ ‌negative,‌ ‌and‌ ‌so‌ ‌on‌ ‌until‌ ‌all‌ ‌four‌ ‌cells‌ ‌were‌‌                               
connected‌ ‌as‌ ‌shown‌ ‌in‌ ‌image‌ ‌1‌ ‌in‌ ‌the‌‌figure‌‌below.‌‌These‌‌bus‌‌bars‌‌will‌‌be‌‌fastened‌‌on‌‌                                 
with‌ ‌the‌ ‌provided‌ ‌screws‌ ‌and‌ ‌hex‌ ‌nuts‌ ‌given‌ ‌by‌ ‌the‌ ‌manufacturer.‌ ‌In‌ ‌image‌ ‌2‌ ‌of‌ ‌the‌‌                               
figure‌ ‌below,‌ ‌a‌ ‌side‌ ‌view‌ ‌is‌ ‌shown‌ ‌with‌ ‌the‌ ‌overall‌ ‌dimensions.‌ ‌ 
‌ 

‌ 
120‌ ‌|‌ ‌173‌ ‌ 



‌ 
‌ 

‌ 
Figure‌ ‌84:‌ ‌Battery‌ ‌Cell‌ ‌Connection‌ ‌With‌ ‌Included‌ ‌Bus‌ ‌Bars‌ ‌ 

‌ 
5.2.2.1‌ ‌BMS‌ ‌Attachment‌ ‌to‌ ‌Battery‌ ‌Assembly‌ ‌ 
‌ 

For‌‌the‌‌next‌‌part‌‌of‌‌the‌‌battery‌‌assembly‌‌design,‌‌we‌‌need‌‌to‌‌attach‌‌the‌‌purchased‌‌BMS‌‌to‌‌                                 
the‌‌whole‌‌assembly.‌‌Though‌‌the‌‌assembly‌‌above‌‌in‌‌section‌‌5.2.2‌‌works‌‌without‌‌a‌‌BMS,‌‌                           
the‌ ‌BMS‌ ‌will‌ ‌provide‌ ‌important‌ ‌data‌ ‌on‌ ‌the‌ ‌battery‌ ‌cells,‌ ‌and‌ ‌protection‌‌for‌‌the‌‌whole‌‌                             
battery‌‌assembly.‌‌A‌‌lot‌‌of‌‌research‌‌had‌‌to‌‌go‌‌into‌‌the‌‌exact‌‌attachment‌‌of‌‌the‌‌BMS‌‌to‌‌the‌‌                                   

‌ 
121‌ ‌|‌ ‌173‌ ‌ 



‌ 
battery‌‌in‌‌such‌‌a‌‌way‌‌that‌‌it‌‌would‌‌“play‌‌nicely”‌‌with‌‌our‌‌custom‌‌enclosure‌‌design‌‌idea.‌‌                               
Before‌‌figuring‌‌out‌‌the‌‌attachment‌‌design,‌‌the‌‌BMS‌‌size‌‌and‌‌components‌‌had‌‌to‌‌first‌‌be‌‌                             
considered.‌‌The‌‌dimensions‌‌of‌‌the‌‌BMS‌‌and‌‌the‌‌integral‌‌components‌‌can‌‌be‌‌seen‌‌below‌‌                           
in‌‌figure‌‌83‌‌pictures‌‌1‌‌and‌‌2.‌‌In‌‌image‌‌1,‌‌the‌‌side‌‌view‌‌of‌‌the‌‌BMS‌‌is‌‌shown‌‌with‌‌the‌‌B‌‌                                         
and‌‌P‌‌cables‌‌coming‌‌out‌‌of‌‌the‌‌page.‌‌The‌‌main‌‌design‌‌component‌‌comes‌‌from‌‌picture‌‌2‌‌                               
in‌ ‌the‌ ‌figure‌ ‌below.‌ ‌The‌ ‌first‌ ‌two‌ ‌components‌ ‌to‌ ‌consider‌ ‌for‌ ‌the‌ ‌design‌ ‌of‌ ‌the‌ ‌BMS‌‌                               
attachment‌‌are‌‌the‌‌two‌‌cables‌‌labeled‌‌as‌‌“B”‌‌and‌‌“P.”‌‌The‌‌“B”‌‌cable‌‌is‌‌the‌‌main‌‌negative‌‌                                 
cable‌‌connected‌‌to‌‌the‌‌main‌‌negative‌‌terminal‌‌of‌‌the‌‌battery.‌‌This‌‌connection‌‌can‌‌be‌‌seen‌‌                             
in‌‌figure‌‌85‌‌below‌‌in‌‌image‌‌1‌‌and‌‌2.‌‌The‌‌“P”‌‌cable‌‌is‌‌used‌‌as‌‌the‌‌negative‌‌connection‌‌to‌‌                                     
the‌ ‌supplied‌ ‌load.‌ ‌In‌ ‌the‌ ‌case‌ ‌of‌‌our‌‌design‌‌we‌‌are‌‌using‌‌a‌‌modified‌‌sine‌‌wave‌‌inverter‌‌                                 
meaning‌‌the‌‌“P”‌‌cable‌‌will‌‌be‌‌attached‌‌to‌‌the‌‌negative‌‌terminal‌‌of‌‌the‌‌modified‌‌sine‌‌wave‌‌                               
inverter.‌‌Next,‌‌the‌‌ribbon‌‌cables‌‌on‌‌the‌‌right‌‌side‌‌of‌‌image‌‌2‌‌in‌‌the‌‌figure‌‌below‌‌had‌‌to‌‌be‌‌                                     
implemented‌ ‌into‌ ‌the‌ ‌design.‌ ‌Because‌ ‌our‌ ‌battery‌ ‌assembly‌ ‌is‌ ‌four‌ ‌cells‌ ‌attached‌ ‌in‌‌                         
series,‌‌it‌‌is‌‌considered‌‌a‌‌4S‌‌assembly.‌‌The‌‌BMS‌‌shown‌‌below‌‌is‌‌rated‌‌for‌‌4S‌‌assemblies,‌‌                               
and‌‌thus‌‌there‌‌are‌‌five‌‌cables‌‌in‌‌the‌‌ribbon‌‌cable‌‌assembly.‌‌There‌‌are‌‌four‌‌positive‌‌cables‌‌                               
for‌ ‌each‌ ‌positive‌ ‌terminal‌ ‌on‌ ‌the‌ ‌battery‌ ‌assembly,‌‌and‌‌one‌‌negative‌‌cable‌‌for‌‌the‌‌main‌‌                             
negative‌‌terminal‌‌of‌‌the‌‌battery‌‌assembly.‌‌This‌‌connection‌‌can‌‌be‌‌seen‌‌in‌‌figure‌‌84‌‌below‌‌                             
images‌ ‌1‌ ‌and‌ ‌2.‌ ‌Finally,‌ ‌for‌ ‌the‌ ‌BMS‌ ‌to‌ ‌battery‌ ‌assembly‌ ‌connection,‌ ‌after‌ ‌all‌ ‌of‌ ‌the‌‌                               
previous‌‌components‌‌of‌‌the‌‌BMS‌‌have‌‌been‌‌attached,‌‌a‌‌red‌‌four‌‌gauge‌‌wire‌‌will‌‌be‌‌added‌‌                               
to‌‌the‌‌main‌‌positive‌‌terminal‌‌of‌‌the‌‌battery‌‌assembly‌‌as‌‌seen‌‌in‌‌figure‌‌84‌‌pictures‌‌1‌‌and‌‌2.‌‌                                   
This‌‌will‌‌be‌‌the‌‌wire‌‌that‌‌extends‌‌out‌‌of‌‌the‌‌battery‌‌assembly‌‌to‌‌be‌‌connected‌‌to‌‌the‌‌load.‌‌                                   
As‌ ‌explained‌ ‌in‌ ‌the‌ ‌wire‌ ‌gauge‌ ‌we‌ ‌chose‌ ‌4‌ ‌gauge‌ ‌wire‌ ‌for‌ ‌the‌ ‌main‌ ‌terminals‌ ‌of‌ ‌our‌‌                                 
battery‌‌assembly‌‌to‌‌handle‌‌the‌‌60A‌‌which‌‌our‌‌BMS‌‌is‌‌rated‌‌for.‌‌After‌‌all‌‌the‌‌wires‌‌of‌‌the‌‌                                   
BMS‌ ‌are‌‌connected‌‌to‌‌the‌‌battery‌‌assembly,‌‌the‌‌BMS‌‌will‌‌be‌‌attached‌‌to‌‌the‌‌side‌‌of‌‌the‌‌                                 
battery‌ ‌assembly‌ ‌as‌ ‌seen‌ ‌in‌ ‌figure‌ ‌86‌ ‌pictures‌ ‌1‌ ‌and‌ ‌2‌ ‌with‌ ‌a‌ ‌strong‌ ‌adhesive.‌‌ ‌  
‌ 

‌ 
Figure‌ ‌85:‌ ‌BMS‌ ‌Components‌ ‌and‌ ‌Dimensions‌ ‌ 
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Figure‌ ‌86:‌ ‌BMS‌ ‌to‌ ‌Battery‌ ‌Cells‌ ‌Connection‌ ‌ 

‌ 
‌ 

5.2.2.2‌ ‌Battery‌ ‌Assembly‌ ‌Custom‌ ‌Enclosure‌ ‌Design‌ ‌ 
‌ 

For‌ ‌the‌ ‌final‌ ‌part‌ ‌of‌ ‌our‌ ‌battery‌ ‌assembly‌ ‌design,‌ ‌we‌ ‌decided‌ ‌to‌ ‌design‌ ‌a‌ ‌custom‌‌                             
enclosure‌‌to‌‌house‌‌the‌‌whole‌‌battery‌‌assembly‌‌described‌‌in‌‌the‌‌previous‌‌sections.‌‌At‌‌first‌‌                           
we‌‌wanted‌‌to‌‌3D‌‌print‌‌an‌‌entire‌‌enclosure,‌‌but‌‌we‌‌ended‌‌up‌‌cancelling‌‌that‌‌idea‌‌due‌‌to‌‌no‌‌                                   
longer‌‌having‌‌availability‌‌to‌‌a‌‌3D‌‌printer‌‌that‌‌could‌‌print‌‌a‌‌housing‌‌to‌‌the‌‌scale‌‌we‌‌need.‌‌                                 
After‌ ‌much‌ ‌thought,‌ ‌a‌ ‌plexiglass‌ ‌design‌ ‌was‌ ‌proposed.‌ ‌Not‌ ‌only‌ ‌is‌ ‌plexiglass‌‌                       
non-conductive,‌‌but‌‌it‌‌is‌‌also‌‌water‌‌resistant‌‌and‌‌relatively‌‌durable.‌‌Additionally,‌‌it’s‌‌easy‌‌                         
to‌‌obtain,‌‌and‌‌the‌‌whole‌‌battery‌‌assembly‌‌can‌‌be‌‌seen‌‌through‌‌the‌‌plexiglass.‌‌Our‌‌design‌‌                             
can‌ ‌be‌ ‌seen‌ ‌below‌ ‌in‌ ‌figure‌ ‌87‌ ‌image‌ ‌1‌ ‌and‌ ‌2.‌‌ ‌  
‌ 
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Figure‌ ‌87:‌ ‌Custom‌ ‌Plexiglass‌ ‌Battery‌ ‌Assembly‌ ‌Enclosure‌ ‌ 
‌ 

As‌ ‌previously‌ ‌explained,‌ ‌the‌ ‌above‌ ‌design‌ ‌is‌ ‌our‌ ‌custom‌ ‌plexiglass‌ ‌battery‌ ‌assembly‌‌                       
enclosure.‌ ‌The‌ ‌first‌ ‌step‌ ‌for‌ ‌our‌ ‌design‌ ‌will‌ ‌be‌ ‌a‌ ‌plexiglass‌ ‌shell‌ ‌with‌ ‌the‌ ‌specified‌‌                             
dimensions‌‌shown‌‌in‌‌the‌‌figure‌‌above‌‌in‌‌pictures‌‌1‌‌and‌‌2.‌‌Next,‌‌we‌‌will‌ ‌be‌‌using‌‌vertical‌‌                                 
pieces‌ ‌of‌ ‌plexiglass‌ ‌with‌ ‌the‌ ‌shown‌ ‌dimensions‌‌in‌‌the‌‌figure‌‌above‌‌in‌‌pictures‌‌1‌‌and‌‌2.‌‌                               
They‌‌will‌‌be‌‌placed‌‌around‌‌the‌‌entire‌‌enclosure‌‌spaced‌‌with‌‌specified‌‌spacing.‌‌This‌‌will‌‌                           
help‌ ‌hold‌‌the‌‌battery‌‌cells‌‌in‌‌place,‌‌stabilize‌‌the‌‌plexiglass‌‌shell,‌‌and‌‌allow‌‌for‌‌a‌‌greater‌‌                               

‌ 
124‌ ‌|‌ ‌173‌ ‌ 



‌ 
amount‌ ‌of‌ ‌heat‌ ‌dissipation.‌‌Finally,‌‌we‌‌designed‌‌a‌‌plexiglass‌‌lid‌‌with‌‌hinges‌‌in‌‌order‌‌to‌‌                             
swing‌ ‌open‌ ‌and‌‌close.‌‌One‌‌important‌‌component‌‌of‌‌this‌‌lid‌‌are‌‌the‌‌two‌‌center‌‌pieces‌‌of‌‌                               
plexiglass‌‌which‌‌can‌‌be‌‌seen‌‌in‌‌the‌‌above‌‌figure‌‌in‌‌pictures‌‌1‌‌and‌‌2.‌‌These‌‌two‌‌pieces‌‌are‌‌                                   
used‌ ‌for‌ ‌stability‌ ‌for‌ ‌the‌ ‌lid‌ ‌and‌ ‌to‌ ‌keep‌ ‌the‌ ‌lid‌ ‌from‌ ‌hitting‌ ‌the‌ ‌wires/electrodes.‌ ‌ 
‌ 

While‌ ‌assembling‌ ‌our‌‌custom‌‌battery‌‌enclosure‌‌during‌‌senior‌‌design‌‌II,‌‌we‌‌changed‌‌the‌‌                         
material‌ ‌of‌ ‌the‌‌enclosure.‌‌This‌‌change‌‌occurred‌‌in‌‌part‌‌due‌‌to‌‌two‌‌specific‌‌reasons.‌‌The‌‌                             
first‌‌reason‌‌being‌‌the‌‌cost‌‌of‌‌plexiglass‌‌being‌‌much‌‌higher‌‌than‌‌we‌‌originally‌‌estimated.‌‌                           
The‌ ‌second‌ ‌reason‌ ‌being‌ ‌the‌ ‌durability‌ ‌of‌ ‌wood‌ ‌compared‌‌to‌‌plexiglass.‌‌The‌‌weight‌‌of‌‌                           
our‌ ‌battery‌ ‌alone‌ ‌was‌ ‌around‌ ‌thirty‌ ‌five‌ ‌pounds,‌ ‌and‌ ‌the‌ ‌wood‌ ‌enclosure‌ ‌was‌ ‌more‌‌                           
capable‌ ‌of‌ ‌holding‌ ‌the‌ ‌weight‌ ‌during‌ ‌transportation‌ ‌than‌ ‌the‌ ‌plexiglass‌ ‌would‌ ‌have‌ ‌been.‌ ‌ 
‌ 

In‌‌figure‌‌88‌‌seen‌‌below,‌‌a‌‌top‌‌down‌‌view‌‌of‌‌the‌‌wooden‌‌custom‌‌battery‌‌container‌‌can‌‌be‌‌                                 
seen.‌‌In‌‌this‌‌picture‌‌it‌‌can‌‌be‌‌seen‌‌that‌‌there‌‌is‌‌enough‌‌space‌‌between‌‌the‌‌terminals‌‌on‌‌the‌‌                                   
battery‌ ‌and‌ ‌the‌ ‌top‌ ‌of‌ ‌the‌‌enclosure.‌‌At‌‌the‌‌top‌‌of‌‌the‌‌picture‌‌the‌‌spacers‌‌on‌‌the‌‌lid‌‌can‌‌                                     
also‌‌be‌‌seen.‌‌These‌‌spacers‌‌allow‌‌for‌‌proper‌‌ventilation‌‌of‌‌heat.‌‌The‌‌enclosure‌‌is‌‌slightly‌‌                             
bigger‌ ‌than‌ ‌the‌‌fully‌‌assembled‌‌battery‌‌to‌‌allow‌‌cables‌‌from‌‌the‌‌terminals‌‌and‌‌the‌‌BMS‌‌                             
to‌ ‌have‌ ‌enough‌ ‌room‌ ‌to‌ ‌not‌ ‌be‌ ‌crushed‌ ‌in‌ ‌a‌ ‌tight‌ ‌space.‌ ‌ 
‌ 

‌ 
Figure‌ ‌88:‌ ‌Battery‌ ‌Enclosure‌ ‌Top‌ ‌Down‌ ‌ 

‌ 
‌ 
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‌ 
In‌ ‌figure‌ ‌89‌ ‌below,‌ ‌you‌ ‌can‌ ‌see‌ ‌a‌ ‌profile‌ ‌view‌ ‌of‌ ‌the‌ ‌custom‌ ‌battery‌ ‌enclosure.‌ ‌This‌‌                               
profile‌‌view‌‌shows‌‌the‌‌holes‌‌used‌‌for‌‌the‌‌positive‌‌and‌‌negative‌‌leads‌‌from‌‌the‌‌terminals.‌‌                             
This‌ ‌picture‌ ‌also‌ ‌shows‌ ‌the‌ ‌lid‌ ‌of‌ ‌the‌ ‌enclosure‌‌being‌‌closed,‌‌and‌‌the‌‌spacers‌‌in‌‌use.‌‌It‌‌                                 
can‌‌clearly‌‌be‌‌seen‌‌that‌‌the‌‌gaps‌‌caused‌‌by‌‌the‌‌spacers‌‌are‌‌enough‌‌to‌‌allow‌‌for‌‌the‌‌proper‌‌                                   
ventilation‌ ‌of‌ ‌heat.‌ ‌ 
‌ 

‌ 
Figure‌ ‌89:‌ ‌Battery‌ ‌Enclosure‌ ‌Side‌ ‌ 

‌ 
5.2.3‌ ‌Custom‌ ‌Solar‌ ‌Charge‌ ‌Controller‌ ‌Enclosure‌ ‌Design‌ ‌ 
‌ 

For‌ ‌this‌ ‌next‌ ‌section‌ ‌of‌ ‌the‌ ‌design,‌ ‌we‌ ‌designed‌ ‌a‌ ‌schematic‌ ‌for‌ ‌a‌‌custom‌‌solar‌‌charge‌‌                               
controller‌‌enclosure‌‌in‌‌CAD.‌‌Our‌‌intent‌‌for‌‌this‌‌design‌‌is‌‌for‌‌it‌‌to‌‌be‌‌3D‌‌printed.‌‌Unlike‌‌                                 
the‌ ‌battery‌ ‌assembly,‌ ‌this‌ ‌design‌ ‌is‌ ‌smaller‌ ‌and‌ ‌can‌ ‌be‌ ‌made‌ ‌using‌ ‌more‌ ‌conventional‌‌                           
easily‌ ‌available‌ ‌3D‌ ‌printers.‌ ‌This‌ ‌enclosure‌ ‌will‌ ‌contain‌ ‌our‌ ‌custom‌ ‌designed‌ ‌PCB‌‌                       
discussed‌ ‌above‌ ‌in‌ ‌section‌ ‌5.2.1.‌ ‌Below‌ ‌is‌ ‌our‌ ‌custom‌ ‌enclosure‌ ‌design‌ ‌in‌ ‌figure‌ ‌90‌‌                           
pictures‌‌1‌‌and‌‌2.‌‌Our‌‌design‌‌will‌‌be‌‌simple‌‌and‌‌will‌‌include‌‌an‌‌opening‌‌to‌‌receive‌‌the‌‌six‌‌                                   
contacts‌ ‌for‌ ‌the‌ ‌solar‌ ‌panel,‌ ‌battery,‌ ‌and‌ ‌load‌ ‌portion‌ ‌of‌ ‌the‌ ‌PCB.‌ ‌It‌ ‌will‌ ‌also‌ ‌have‌ ‌an‌‌                                 
opening‌ ‌to‌ ‌receive‌ ‌the‌ ‌capacitive‌ ‌touchscreen‌ ‌and‌ ‌each‌ ‌of‌ ‌these‌ ‌previously‌ ‌mentioned‌‌                       
components‌‌can‌‌be‌‌seen‌‌in‌‌the‌‌below‌‌figure‌‌in‌‌picture‌‌1.‌‌Finally,‌‌in‌‌figure‌‌91‌‌on‌‌the‌‌next‌‌                                   
page,‌‌the‌‌side‌‌view‌‌of‌‌the‌‌custom‌‌enclosure‌‌is‌‌shown‌‌which‌‌has‌‌an‌‌opening‌‌to‌‌receive‌‌the‌‌                                 
temperature‌ ‌sensor.‌ ‌ 
‌ 
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‌ 

Figure‌ ‌90:‌ ‌Custom‌ ‌Solar‌ ‌Charge‌ ‌Controller‌ ‌Enclosure‌ ‌Front‌ ‌and‌ ‌Bottom‌ ‌ 
‌ 

‌ 
‌ 

Figure‌ ‌91:‌  ‌Custom‌ ‌Solar‌ ‌Charge‌ ‌Controller‌ ‌Enclosure‌ ‌Side‌ ‌View‌ ‌ 
‌ 

During‌ ‌Senior‌ ‌Design‌ ‌II,‌ ‌we‌ ‌decided‌ ‌to‌ ‌change‌ ‌our‌ ‌original‌ ‌custom‌ ‌solar‌ ‌charge‌‌                         
controller‌ ‌enclosure‌‌design.‌‌The‌‌main‌‌two‌‌reasons‌‌for‌‌this‌‌change‌‌were‌‌time‌‌constraints‌‌                         
and‌‌cost.‌‌In‌‌order‌‌to‌‌create‌‌a‌‌3D‌‌printed‌‌enclosure‌‌the‌‌design‌‌would‌‌have‌‌taken‌‌more‌‌time‌‌                                 
to‌ ‌put‌ ‌together‌ ‌in‌ ‌Solidworks‌ ‌than‌ ‌we‌ ‌had.‌ ‌Additionally,‌ ‌we‌‌had‌‌trouble‌‌sourcing‌‌a‌‌3D‌‌                             
printer‌ ‌to‌‌print‌‌the‌‌enclosure.‌‌Instead‌‌of‌‌this,‌‌we‌‌decided‌‌to‌‌go‌‌with‌‌a‌‌plexiglass‌‌design.‌‌                               

‌ 
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‌ 
Not‌‌only‌‌did‌‌this‌‌allow‌‌for‌‌us‌‌to‌‌see‌‌the‌‌inside‌‌of‌‌our‌‌device,‌‌but‌‌it‌‌also‌‌was‌‌cheaper‌‌and‌‌                                       
much‌ ‌easier‌ ‌to‌ ‌assemble.‌‌ ‌  
‌ 

In‌‌figure‌‌92‌‌one‌‌can‌‌see‌‌the‌‌front‌‌view‌‌with‌‌a‌‌cutout‌‌for‌‌the‌‌battery‌‌and‌‌solar‌‌panel‌‌cables‌‌                                     
to‌ ‌be‌ ‌connected‌ ‌to‌ ‌the‌ ‌solar‌ ‌charge‌ ‌controller.‌ ‌As‌ ‌can‌ ‌be‌ ‌seen‌ ‌from‌ ‌the‌ ‌image,‌ ‌our‌‌                               
enclosure‌ ‌design‌ ‌provides‌ ‌a‌ ‌very‌ ‌clear‌ ‌view‌ ‌to‌ ‌the‌ ‌inside‌ ‌of‌ ‌the‌ ‌PCB‌ ‌and‌ ‌its‌ ‌components.‌‌  
‌ 

‌ 
‌ 

Figure‌ ‌92:‌ ‌Solar‌ ‌Charge‌ ‌Controller‌ ‌Enclosure‌ ‌Front‌ ‌View‌ ‌ 
‌ 

In‌‌figure‌‌93‌‌one‌‌can‌‌see‌‌the‌‌top‌‌view‌‌with‌‌a‌‌cutout‌‌for‌‌the‌‌mounted‌‌touchscreen‌‌display.‌‌                                 
Electrical‌‌tape‌‌was‌‌used‌‌to‌‌further‌‌fasten‌‌down‌‌the‌‌display‌‌to‌‌the‌‌solar‌‌charge‌‌controller‌‌                             
enclosure.‌‌As‌‌can‌‌be‌‌seen‌‌from‌‌the‌‌image,‌‌there‌‌are‌‌four‌‌screws‌‌on‌‌the‌‌top‌‌that‌‌allow‌‌the‌‌                                   
user‌ ‌to‌ ‌easily‌ ‌take‌ ‌the‌ ‌top‌ ‌of‌ ‌the‌ ‌solar‌ ‌charge‌ ‌controller‌ ‌enclosure‌ ‌apart‌‌and‌‌access‌‌the‌‌                               
inside‌ ‌screw‌ ‌terminals‌ ‌and‌ ‌the‌ ‌PCB.‌ ‌If‌ ‌a‌ ‌component‌ ‌malfunctions‌ ‌or‌ ‌one‌ ‌of‌ ‌the‌‌                           
connections‌ ‌becomes‌ ‌too‌ ‌loose,‌ ‌this‌ ‌feature‌ ‌allows‌ ‌easy‌ ‌access‌ ‌for‌ ‌the‌ ‌user‌ ‌to‌ ‌fix‌ ‌any‌‌                             
such‌ ‌problems.‌ ‌ 

‌ 

‌ 
Figure‌ ‌93:‌ ‌Solar‌ ‌Charge‌ ‌Controller‌ ‌Enclosure‌ ‌Top‌ ‌View‌ ‌ 

‌ 
128‌ ‌|‌ ‌173‌ ‌ 



‌ 
5.2.4‌ ‌Solar‌ ‌Panel‌ ‌Connection‌ ‌to‌ ‌Solar‌ ‌Charge‌ ‌Controller‌ ‌  
‌ 

Even‌‌though‌‌we‌‌will‌‌not‌‌be‌‌designing‌‌our‌‌own‌‌solar‌‌panel,‌‌it‌‌is‌‌important‌‌for‌‌our‌‌design‌‌                                 
to‌ ‌explain‌ ‌how‌ ‌we‌ ‌will‌‌be‌‌connecting‌‌the‌‌solar‌‌panel‌‌to‌‌the‌‌solar‌‌charge‌‌controller.‌‌Our‌‌                               
donated‌ ‌solar‌ ‌panel‌ ‌already‌ ‌comes‌ ‌with‌ ‌14‌ ‌gauge‌ ‌connectors‌ ‌provided‌ ‌by‌ ‌the‌‌                       
manufacturer‌ ‌which‌ ‌will‌ ‌be‌ ‌connected‌ ‌on‌ ‌the‌ ‌SOL+‌ ‌and‌ ‌SOL-‌ ‌terminals‌ ‌shown‌ ‌in‌ ‌our‌‌                           
design‌ ‌in‌ ‌figure‌ ‌90‌ ‌picture‌ ‌1.‌ ‌The‌ ‌overall‌ ‌design‌ ‌can‌ ‌be‌ ‌seen‌ ‌below‌ ‌in‌ ‌figure‌ ‌94.‌‌ ‌  
‌ 

‌ 
Figure‌ ‌94:‌  ‌Connecting‌ ‌the‌ ‌Solar‌ ‌Panel‌ ‌to‌ ‌Our‌ ‌Charge‌ ‌Controller‌ ‌ 

‌ 
‌ 

5.2.5‌ ‌Battery‌ ‌to‌ ‌Inverter‌ ‌Connection‌ ‌ 
‌ 

Similar‌‌to‌‌the‌‌solar‌‌panel‌‌section,‌‌we‌‌will‌‌not‌‌be‌‌using‌‌our‌‌own‌‌inverter,‌‌but‌‌rather‌‌using‌‌                                 
a‌ ‌donated‌ ‌modified‌ ‌sine‌ ‌wave‌ ‌inverter.‌ ‌Though‌ ‌it‌ ‌is‌ ‌a‌ ‌crude‌ ‌representation,‌ ‌the‌ ‌figure‌‌                           
below‌ ‌generally‌ ‌depicts‌ ‌how‌ ‌we‌ ‌will‌ ‌be‌ ‌connecting‌ ‌our‌ ‌donated‌ ‌modified‌ ‌sine‌ ‌wave‌‌                         
inverter‌‌to‌‌our‌‌battery‌‌assembly.‌‌In‌‌the‌‌case‌‌of‌‌our‌‌design,‌‌we‌‌will‌‌have‌‌a‌‌BMS‌‌connected‌‌                                 
between‌ ‌the‌‌battery‌‌assembly‌‌and‌‌the‌‌inverter.‌‌As‌‌explained‌‌in‌‌section‌‌5.2.2,‌‌we‌‌will‌‌be‌‌                             
connecting‌ ‌the‌ ‌“P”‌ ‌cable‌ ‌to‌ ‌the‌ ‌negative‌ ‌terminal‌ ‌of‌ ‌the‌ ‌modified‌ ‌sine‌ ‌wave‌ ‌inverter.‌‌                           
From‌ ‌here,‌ ‌the‌‌connected‌‌4‌‌gauge‌‌wire‌‌on‌‌the‌‌main‌‌positive‌‌terminal‌‌of‌‌the‌‌battery‌‌will‌‌                               
be‌ ‌connected‌ ‌to‌ ‌the‌‌positive‌‌terminal‌‌of‌‌the‌‌modified‌‌sine‌‌wave‌‌inverter.‌‌Between‌‌the‌‌4‌‌                             
gauge‌ ‌wire‌ ‌and‌ ‌the‌ ‌BMS‌ ‌this‌ ‌assembly‌ ‌can‌ ‌handle‌ ‌60‌ ‌Amps.‌ ‌After‌ ‌this‌ ‌assembly‌ ‌is‌‌                             
complete,‌ ‌AC‌ ‌devices‌ ‌can‌ ‌be‌ ‌connected‌ ‌into‌ ‌the‌ ‌two‌ ‌power‌ ‌plugs‌ ‌provided‌ ‌by‌ ‌our‌‌                           
donated‌ ‌modified‌ ‌sine‌ ‌wave‌ ‌inverter.‌ ‌ 
‌ 

‌ 
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‌ 

Figure‌ ‌95:‌  ‌Connecting‌ ‌the‌ ‌Inverter‌ ‌to‌ ‌the‌ ‌Battery‌ ‌ 
‌ 

‌   
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‌ 
6.0‌ ‌Prototyping‌ ‌ 
‌ 

The‌ ‌prototyping‌ ‌section‌ ‌immediately‌ ‌follows‌ ‌the‌ ‌design‌ ‌section‌ ‌and‌ ‌will‌ ‌go‌ ‌over‌ ‌the‌‌                         
intricacies‌ ‌of‌ ‌the‌ ‌printed‌ ‌circuit‌ ‌board‌ ‌that‌ ‌we‌ ‌have‌ ‌designed.‌ ‌In‌ ‌this‌ ‌section‌ ‌we‌ ‌will‌‌                             
discuss‌‌the‌‌utility‌‌of‌‌our‌‌printed‌‌circuit‌‌board‌‌and‌‌individual‌‌details‌‌will‌‌be‌‌explained‌‌in‌‌                             
more‌ ‌detail.‌ ‌ 
‌ 

This‌ ‌section‌ ‌will‌ ‌include:‌ ‌ 
‌ 

● Images‌ ‌of‌ ‌the‌ ‌printed‌ ‌circuit‌ ‌board.‌ ‌ 
● A‌ ‌description‌ ‌of‌ ‌how‌ ‌the‌ ‌printed‌ ‌circuit‌ ‌board‌ ‌was‌ ‌designed‌ ‌and‌ ‌created.‌ ‌ 
● A‌ ‌brief‌ ‌discussion‌ ‌of‌ ‌how‌ ‌the‌ ‌printed‌ ‌circuit‌ ‌board‌ ‌was‌ ‌fabricated.‌ ‌ 
● A‌ ‌brief‌ ‌discussion‌ ‌of‌ ‌the‌ ‌changes‌ ‌made‌ ‌with‌ ‌the‌ ‌GUI‌ ‌after‌ ‌implementation.‌‌ ‌  
● An‌ ‌in‌ ‌detail‌ ‌list‌ ‌of‌ ‌the‌ ‌bill‌ ‌of‌ ‌materials‌ ‌for‌ ‌the‌ ‌parts‌ ‌to‌ ‌include‌ ‌all‌ ‌quantities‌ ‌and‌‌ 

cost.‌ ‌ 
● Prototype‌ ‌expectations,‌ ‌potential‌ ‌issues,‌ ‌and‌ ‌construction‌ ‌and‌ ‌development‌ ‌of‌ ‌the‌‌ 

prototype.‌ ‌ 
‌ 

In‌‌Figure‌‌107,‌‌the‌‌major‌‌part‌‌of‌‌our‌‌design‌‌is‌‌laid‌‌out‌‌and‌‌tested.‌‌This‌‌picture‌‌shows‌‌our‌‌                                   
printed‌ ‌circuit‌ ‌board‌ ‌in‌ ‌its‌ ‌final‌ ‌design.‌ ‌ 

‌ 
6.1‌ ‌Printed‌ ‌Circuit‌ ‌Board‌ ‌ 
‌ 

In‌ ‌Figure‌ ‌99‌ ‌below,‌ ‌you‌ ‌will‌ ‌see‌ ‌our‌ ‌finished‌ ‌printed‌ ‌circuit‌ ‌board‌‌design.‌‌This‌‌design‌‌                             
was‌‌not‌‌achieved‌‌on‌‌the‌‌first‌‌attempt‌‌but‌‌took‌‌multiple‌‌to‌‌ensure‌‌that‌‌the‌‌functionality‌‌of‌‌                               
our‌ ‌design‌ ‌would‌ ‌fit‌ ‌what‌ ‌we‌ ‌set‌ ‌out‌ ‌to‌ ‌achieve.‌ ‌Our‌ ‌PCB‌ ‌is‌ ‌a‌‌two‌‌layer‌‌board‌‌design‌‌                                   
measuring‌ ‌at‌ ‌120mm‌ ‌by‌ ‌100mm‌ ‌with‌ ‌two‌ ‌ounce‌ ‌copper‌ ‌weight‌ ‌per‌ ‌layer.‌ ‌Each‌ ‌trace‌‌                           
width‌ ‌has‌ ‌been‌ ‌calculated‌ ‌to‌ ‌handle‌ ‌the‌ ‌maximum‌ ‌current‌ ‌that‌ ‌will‌ ‌run‌ ‌through‌ ‌it.‌ ‌ 
‌ 

6.1.1‌ ‌Printed‌ ‌Circuit‌ ‌Board‌ ‌Design‌ ‌ 
‌ 

The‌ ‌program‌ ‌used‌ ‌to‌ ‌design‌ ‌our‌ ‌printed‌ ‌circuit‌ ‌board‌ ‌was‌ ‌KiCad.‌ ‌KiCad‌ ‌is‌ ‌a‌ ‌free‌‌                             
software‌‌suite‌‌that‌‌has‌‌helped‌‌to‌‌facilitate‌‌the‌‌design‌‌of‌‌our‌‌printed‌‌circuit‌‌board.‌‌We‌‌had‌‌                               
three‌ ‌iterations‌ ‌of‌ ‌the‌ ‌design,‌ ‌all‌ ‌three‌ ‌will‌ ‌be‌ ‌explained‌ ‌but‌ ‌only‌ ‌the‌ ‌first‌ ‌and‌ ‌final‌‌                               
iterations‌ ‌will‌ ‌be‌ ‌shown.‌‌ ‌  
‌ 

The‌ ‌first‌ ‌iteration‌ ‌of‌ ‌the‌ ‌board‌ ‌was‌ ‌functional‌ ‌for‌ ‌the‌ ‌project,‌ ‌but‌ ‌the‌ ‌board‌ ‌was‌‌                             
redesigned‌ ‌to‌ ‌include‌ ‌the‌ ‌components‌ ‌needed‌ ‌for‌ ‌the‌ ‌microSD‌‌card‌‌reader.‌‌The‌‌images‌‌                         
below‌‌show‌‌the‌‌design‌‌of‌‌the‌‌first‌‌prototype.‌‌Additionally,‌‌it’s‌‌important‌‌to‌‌note‌‌that‌‌for‌‌                             
our‌ ‌chosen‌ ‌microcontroller,‌ ‌only‌ ‌certain‌ ‌digital‌ ‌pins‌ ‌support‌‌PWM‌‌which‌‌is‌‌an‌‌integral‌‌                         
part‌‌of‌‌our‌‌project.‌‌In‌‌this‌‌first‌‌iteration‌‌of‌‌our‌‌PCB,‌‌the‌‌wrong‌‌digital‌‌pin‌‌was‌‌routed‌‌to‌‌                                   
the‌‌microcontroller‌‌and‌‌had‌‌to‌‌be‌‌revised‌‌on‌‌our‌‌next‌‌iteration.‌‌In‌‌Figure‌‌96,‌‌you‌‌will‌‌see‌‌                                 

‌ 
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‌ 
the‌ ‌design‌ ‌with‌ ‌the‌ ‌ground‌ ‌pours‌ ‌hidden.‌ ‌This‌ ‌image‌ ‌shows‌ ‌you‌ ‌the‌ ‌traces‌ ‌for‌ ‌each‌‌                             
component‌ ‌as‌ ‌well‌ ‌as‌ ‌the‌ ‌general‌ ‌layout‌ ‌of‌ ‌the‌ ‌board.‌ ‌ 
‌ 

 ‌ ‌ 
Figure‌ ‌96:‌ ‌Printed‌ ‌Circuit‌ ‌Board‌ ‌(Ground‌ ‌Pours‌ ‌Hidden)‌ ‌First‌ ‌Iteration‌ ‌ 

‌ 
In‌‌the‌‌next‌‌image,‌‌labeled‌‌as‌‌Figure‌‌97,‌‌you‌‌will‌‌see‌‌the‌‌same‌‌PCB‌‌design‌‌with‌‌the‌‌front‌‌                                   
copper‌ ‌layer‌ ‌with‌ ‌ground‌ ‌pour.‌ ‌ 

‌ 

 ‌ ‌ 
Figure‌ ‌97:‌ ‌Front‌ ‌Copper‌ ‌Layer‌ ‌with‌ ‌Ground‌ ‌Pour‌ ‌First‌ ‌Iteration‌ ‌ 

‌ 
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‌ 
‌ 
‌ 
‌ 

In‌‌the‌‌next‌‌image,‌‌labeled‌‌as‌‌Figure‌‌98,‌‌you‌‌will‌‌see‌‌the‌‌same‌‌PCB‌‌design‌‌with‌‌the‌‌back‌‌                                   
copper‌ ‌layer‌ ‌with‌ ‌ground‌ ‌pour.‌ ‌ 

‌ 

 ‌ ‌ 
Figure‌ ‌98:‌ ‌Back‌ ‌Copper‌ ‌Layer‌ ‌with‌ ‌Ground‌ ‌Pour‌ ‌First‌ ‌Iteration‌ ‌ 

‌ 
In‌ ‌the‌ ‌second‌ ‌iteration‌ ‌of‌ ‌our‌ ‌printed‌ ‌circuit‌‌board,‌‌we‌‌adjusted‌‌for‌‌the‌‌inclusion‌‌of‌‌the‌‌                               
SD‌‌card‌‌reader‌‌components.‌‌After‌‌adjusting‌‌for‌‌this‌‌the‌‌board‌‌was‌‌ordered‌‌and‌‌shipped,‌‌                           
once‌‌it‌‌was‌‌received‌‌we‌‌noticed‌‌that‌‌the‌‌footprint‌‌was‌‌accidentally‌‌mirrored.‌‌Due‌‌to‌‌this‌‌                             
unintentional‌ ‌error,‌ ‌we‌ ‌had‌ ‌to‌ ‌order‌ ‌a‌ ‌third‌ ‌board.‌ ‌The‌ ‌third‌ ‌board‌ ‌was‌ ‌redesigned‌ ‌to‌‌                             
include‌ ‌the‌ ‌proper‌ ‌footprint,‌ ‌new‌ ‌traces,‌ ‌and‌ ‌the‌ ‌inclusion‌ ‌of‌ ‌the‌ ‌SD‌ ‌card‌ ‌reader‌‌                           
components.‌ ‌Once‌ ‌we‌ ‌received‌ ‌the‌ ‌third‌ ‌board‌ ‌we‌ ‌were‌ ‌able‌ ‌to‌ ‌solder‌ ‌all‌ ‌of‌ ‌the‌‌                             
components‌ ‌onto‌ ‌the‌ ‌board‌ ‌and‌ ‌test‌ ‌the‌ ‌prototype.‌ ‌ 

‌ 
Below‌ ‌in‌ ‌Figure‌ ‌99‌ ‌you‌ ‌will‌ ‌see‌ ‌the‌ ‌final‌ ‌design‌ ‌of‌ ‌our‌ ‌printed‌ ‌circuit‌ ‌board‌ ‌with‌ ‌the‌‌                                 
ground‌ ‌pours‌ ‌hidden.‌ ‌This‌ ‌version‌ ‌of‌ ‌our‌ ‌PCB‌ ‌contains‌ ‌the‌ ‌new‌‌traces‌‌with‌‌the‌‌proper‌‌                             
implementation‌ ‌of‌ ‌the‌ ‌microSD‌ ‌card‌ ‌reader‌ ‌as‌ ‌well‌ ‌as‌ ‌the‌ ‌properly‌ ‌laid‌ ‌out‌ ‌footprints.‌‌                           
This‌ ‌iteration‌ ‌functions‌ ‌as‌ ‌intended‌ ‌and‌ ‌no‌ ‌further‌ ‌revisions‌ ‌were‌ ‌needed.‌ ‌ 

‌ 
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‌ 

 ‌ ‌ 
Figure‌ ‌99:‌ ‌Printed‌ ‌Circuit‌ ‌Board‌ ‌(Ground‌ ‌Pours‌ ‌Hidden)‌ ‌Final‌ ‌Iteration‌ ‌ 

‌ 
In‌‌the‌‌next‌‌image,‌‌labeled‌‌as‌‌Figure‌‌100,‌‌you‌‌will‌‌see‌‌the‌‌same‌‌PCB‌‌design‌‌with‌‌the‌‌front‌‌                                   
copper‌ ‌layer‌ ‌with‌ ‌ground‌ ‌pour.‌ ‌ 

‌ 

 ‌ ‌ 
Figure‌ ‌100:‌ ‌Front‌ ‌Copper‌ ‌Layer‌ ‌with‌ ‌Ground‌ ‌Pour‌ ‌Final‌ ‌iteration‌ ‌ 

‌ 
‌ 

In‌‌the‌‌next‌‌image,‌‌labeled‌‌as‌‌Figure‌‌101,‌‌you‌‌will‌‌see‌‌the‌‌same‌‌PCB‌‌design‌‌with‌‌the‌‌back‌‌                                   
copper‌ ‌layer‌ ‌with‌ ‌ground‌ ‌pour.‌ ‌ 

‌ 
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‌ 

 ‌ ‌ 
Figure‌ ‌101:‌ ‌Back‌ ‌Copper‌ ‌Layer‌ ‌with‌ ‌Ground‌ ‌Pour‌ ‌Final‌ ‌Iteration‌ ‌ 

‌ 
After‌ ‌the‌ ‌final‌ ‌iteration‌ ‌of‌ ‌the‌ ‌PCB‌ ‌was‌ ‌ordered‌ ‌and‌ ‌received,‌ ‌the‌ ‌components‌ ‌were‌‌                           
soldered‌ ‌onto‌ ‌the‌‌board.‌‌Once‌‌the‌‌soldering‌‌was‌‌completed,‌‌the‌‌board‌‌was‌‌tested‌‌in‌‌our‌‌                             
full‌‌design‌‌to‌‌make‌‌sure‌‌that‌‌it‌‌functioned‌‌properly.‌‌During‌‌this‌‌test‌‌we‌‌noticed‌‌that‌‌some‌‌                               
of‌ ‌the‌ ‌components‌ ‌were‌ ‌extremely‌ ‌hot.‌ ‌Using‌ ‌a‌ ‌FLIR‌ ‌camera‌ ‌device‌ ‌we‌ ‌were‌ ‌able‌ ‌to‌‌                             
measure‌ ‌the‌ ‌temperature‌ ‌of‌ ‌some‌ ‌of‌ ‌these‌ ‌components.‌ ‌In‌ ‌figure‌ ‌102‌ ‌and‌ ‌figure‌ ‌103‌‌                           
below‌ ‌you‌ ‌can‌ ‌see‌ ‌the‌ ‌temperature‌ ‌for‌ ‌the‌ ‌Schottky‌ ‌Diode‌ ‌and‌ ‌the‌ ‌PMOS‌ ‌respectively.‌ ‌ 

‌ 

‌ 
Figure‌ ‌102:‌ ‌FLIR‌ ‌Reading‌ ‌for‌ ‌Schottky‌ ‌Diode‌ 

‌ 
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‌ 

‌ 
Figure‌ ‌103:‌ ‌FLIR‌ ‌Reading‌ ‌for‌ ‌PMOS‌ ‌ 

‌ 
In‌‌addition‌‌to‌‌testing‌‌the‌‌PCB‌‌we‌‌breadboarded‌‌our‌‌microcontroller‌‌and‌‌the‌‌LCD‌‌display‌‌                           
to‌ ‌test‌ ‌the‌ ‌GUI‌ ‌and‌ ‌confirm‌ ‌that‌‌it‌‌was‌‌working‌‌as‌‌intended.‌‌This‌‌can‌‌be‌‌seen‌‌in‌‌figure‌‌                                   
104‌ ‌below.‌ ‌ 

‌ 

‌ 
Figure‌ ‌104:‌ ‌MCU‌ ‌and‌ ‌LCD‌ ‌ 

‌ 
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‌ 
With‌ ‌all‌ ‌of‌ ‌the‌ ‌previous‌ ‌steps‌ ‌completed,‌ ‌we‌ ‌assembled‌ ‌the‌ ‌lithium‌ ‌iron‌ ‌phosphate‌‌                         
battery‌‌cells‌‌seen‌‌in‌‌figure‌‌105‌‌below.‌‌In‌‌addition‌‌to‌‌the‌‌cells‌‌being‌‌assembled‌‌the‌‌BMS‌‌                               
was‌ ‌attached‌ ‌to‌ ‌the‌ ‌proper‌ ‌terminals.‌ ‌ 

‌ 

‌ 
Figure‌ ‌105:‌ ‌Battery‌ ‌Cells‌ ‌Assembled‌ ‌with‌ ‌BMS‌ ‌ 

‌ 
Once‌‌the‌‌battery‌‌cells‌‌and‌‌BMS‌‌were‌‌assembled‌‌and‌‌configured‌‌properly,‌‌the‌‌connections‌‌                         
for‌‌the‌‌inverter‌‌could‌‌be‌‌implemented.‌‌In‌‌figure‌‌106‌‌below,‌‌you‌‌can‌‌see‌‌the‌‌connection‌‌of‌‌                               
the‌ ‌battery‌ ‌to‌ ‌the‌ ‌inverter.‌ ‌ 

‌ 

‌ 
Figure‌ ‌106:‌ ‌Battery‌ ‌with‌ ‌Inverter‌ ‌Connected‌ ‌ 

‌ 
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‌ 
Once‌ ‌the‌ ‌main‌ ‌sections‌ ‌of‌ ‌the‌ ‌design‌ ‌were‌ ‌assembled,‌ ‌tested,‌ ‌and‌ ‌verified‌ ‌the‌ ‌solar‌‌                           
charge‌ ‌controller‌ ‌could‌ ‌be‌ ‌fully‌ ‌breadboarded.‌ ‌In‌ ‌figure‌ ‌107‌ ‌below,‌ ‌the‌ ‌complete‌ ‌solar‌‌                         
charge‌ ‌controller‌ ‌set‌ ‌up‌ ‌can‌ ‌be‌ ‌seen‌ ‌in‌ ‌action.‌ ‌This‌ ‌picture‌ ‌includes‌ ‌the‌ ‌fully‌ ‌soldered‌‌                             
PCB,‌ ‌the‌ ‌microcontroller,‌ ‌and‌ ‌the‌ ‌LCD‌ ‌display‌ ‌with‌ ‌a‌ ‌breadboard‌ ‌to‌ ‌show‌ ‌the‌ ‌full‌‌                           
functionality‌ ‌of‌ ‌the‌ ‌solar‌ ‌charge‌ ‌controller.‌ ‌ 

‌ 

‌ 
Figure‌ ‌107:‌ ‌Solar‌ ‌Charge‌ ‌Controller‌ ‌ 

‌ 
Once‌ ‌the‌ ‌solar‌ ‌charge‌ ‌controller‌ ‌was‌ ‌fully‌ ‌assembled‌ ‌and‌ ‌tested,‌ ‌it‌‌was‌‌placed‌‌into‌‌the‌‌                             
custom‌ ‌enclosure.‌ ‌This‌ ‌custom‌ ‌enclosure‌ ‌can‌ ‌be‌ ‌seen‌ ‌in‌ ‌figure‌ ‌108‌ ‌below.‌ ‌ 

‌ 

‌ 
Figure‌ ‌108:‌ ‌Solar‌ ‌Charge‌ ‌Controller‌ ‌in‌ ‌Custom‌ ‌Enclosure‌ ‌ 

‌ 

‌ 
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‌ 
6.2‌ ‌Solar‌ ‌Charge‌ ‌Controller‌ ‌Bill‌ ‌of‌ ‌Materials‌ ‌ 

‌ 
In‌‌table‌‌22‌‌below,‌‌you‌‌will‌‌see‌‌the‌‌full‌‌bill‌‌of‌‌materials‌‌for‌‌the‌‌solar‌‌charge‌‌controller.‌‌As‌‌                                   
shown‌ ‌in‌ ‌the‌ ‌table,‌ ‌we‌ ‌were‌ ‌restricted‌ ‌to‌ ‌buying‌‌extra‌‌materials‌‌due‌‌to‌‌minimum‌‌order‌‌                             
quantities.‌ ‌For‌ ‌convenience,‌ ‌each‌ ‌price‌‌has‌‌been‌‌broken‌‌out‌‌to‌‌show‌‌the‌‌total‌‌price‌‌of‌‌a‌‌                               
single‌ ‌solar‌ ‌charge‌ ‌controller.‌ ‌Because‌ ‌of‌ ‌multiple‌ ‌design‌ ‌revisions‌ ‌and‌ ‌errors‌ ‌when‌‌                       
testing,‌ ‌we‌ ‌chose‌ ‌to‌ ‌buy‌ ‌boxes‌‌of‌‌resistors,‌‌capacitors‌‌and‌‌pin‌‌headers‌‌to‌‌make‌‌sure‌‌we‌‌                               
never‌ ‌ran‌ ‌out.‌ ‌This‌ ‌was‌ ‌more‌ ‌expensive,‌ ‌but‌ ‌made‌ ‌it‌ ‌easier‌ ‌during‌ ‌the‌ ‌design‌ ‌process.‌ ‌ 

‌ 

Table‌ ‌22:‌ ‌Solar‌ ‌Charge‌ ‌Controller‌ ‌Bill‌ ‌of‌ ‌Materials‌ ‌ 
‌ 

‌ 
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Item‌ ‌  Min.‌ ‌Order‌ ‌Quantity‌ ‌  Each‌ ‌Price‌ ‌  Place‌ ‌of‌ ‌origin‌ ‌ 

PCB‌ ‌  5‌ ‌   $8.04‌ ‌  JLCPCB‌ ‌ 

Box‌ ‌of‌ ‌Assorted‌ ‌Resistors‌ ‌  1‌ ‌  $11.99‌ ‌  Amazon‌ ‌ 

Box‌ ‌of‌ ‌Assorted‌ ‌Capacitors‌ ‌  1‌ ‌  $10.99‌ ‌  Amazon‌ ‌ 

BJT-‌ ‌2N9304‌ ‌  100‌ ‌  $.05‌ ‌  Amazon‌ ‌ 

Current‌ ‌Sensor‌ ‌-‌ ‌MLX91221‌ ‌  1‌ ‌  $4.31‌ ‌  Digikey‌ ‌ 

PMOS‌ ‌-‌ ‌IRF4905‌‌ ‌   10‌ ‌  $.27‌ ‌  Amazon‌ ‌ 

TVS‌ ‌Diode‌ ‌-‌ ‌PKE36CA‌ ‌  50‌ ‌  $.12‌ ‌  Amazon‌ ‌ 

Schottky‌ ‌Diodes‌ ‌-‌ ‌MBR2045CT‌ ‌  10‌ ‌  $.84‌ ‌  Amazon‌ ‌ 

Heat‌ ‌Sinks‌ ‌  10‌ ‌  $.60‌ ‌  Amazon‌ ‌ 

Buck‌ ‌-‌ ‌Buck‌ ‌Converter‌ ‌  10‌ ‌  $.91‌ ‌  Amazon‌ ‌ 

Blade‌ ‌Fuse‌ ‌Holder‌ ‌  1‌ ‌  $1.28‌ ‌  Digikey‌ ‌ 

7.5A‌ ‌Blade‌ ‌Fuse‌ ‌  1‌ ‌  $.28‌ ‌  Digikey‌ ‌ 

Screw‌ ‌Terminals‌ ‌  10‌ ‌  $.76‌ ‌  AliExpress‌ ‌ 

Box‌ ‌of‌ ‌Assorted‌ ‌Pin‌ ‌Headers‌ ‌  1‌ ‌  $12.99‌ ‌  Amazon‌ ‌ 

Adafruit‌ ‌Temperature‌ ‌Sensor‌ ‌  1‌ ‌  $4.95‌ ‌  Adafruit‌ ‌ 

Adafruit‌ ‌Capacitive‌ ‌LCD‌ ‌Display‌ ‌  1‌ ‌  $39.95‌ ‌  Adafruit‌ ‌ 

Adafruit‌ ‌Metro‌ ‌M0‌ ‌Express‌ ‌  1‌ ‌  $24.95‌ ‌  Adafruit‌ ‌ 

Custom‌ ‌SCC‌ ‌Enclosure‌ ‌  1‌ ‌  $17.68‌ ‌  Home‌ ‌Depot‌ ‌ 

Total‌ ‌-‌ ‌Single‌ ‌SCC‌ ‌Cost‌ ‌  $140.96‌ ‌ 



‌ 
6.3‌ ‌Software‌ ‌Implementation‌ ‌ 
‌ 

Setting‌ ‌up‌ ‌an‌ ‌environment‌ ‌for‌ ‌the‌ ‌user‌ ‌to‌ ‌interact‌ ‌in‌ ‌was‌ ‌the‌ ‌first‌ ‌step‌ ‌of‌ ‌the‌ ‌software‌‌                                 
implementation.‌ ‌The‌ ‌charging‌ ‌algorithm‌ ‌does‌ ‌not‌ ‌require‌ ‌any‌ ‌user‌ ‌interaction‌ ‌as‌‌it‌‌just‌‌                         
dictates‌‌how‌‌the‌‌battery‌‌should‌‌be‌‌charged‌‌and‌‌it’s‌‌abstracted‌‌under‌‌the‌‌GUI.‌‌In‌‌addition,‌‌                             
the‌ ‌GUI‌ ‌does‌ ‌not‌ ‌require‌ ‌any‌ ‌other‌ ‌component‌ ‌besides‌ ‌the‌ ‌LCD‌ ‌to‌ ‌test‌ ‌with‌ ‌until‌‌                             
measurements‌ ‌that‌ ‌require‌ ‌external‌ ‌devices‌ ‌are‌ ‌implemented.‌ ‌Most‌ ‌of‌ ‌the‌ ‌testing‌ ‌in‌‌                       
regards‌ ‌to‌ ‌the‌ ‌GUI‌ ‌happened‌ ‌while‌ ‌it‌ ‌was‌ ‌being‌ ‌implemented,‌ ‌which‌ ‌is‌ ‌why‌ ‌many‌‌                           
changes‌ ‌were‌ ‌made‌ ‌after‌ ‌its‌ ‌initial‌ ‌design.‌ ‌ 

‌ 
6.3.1‌ ‌Changes‌ ‌Made‌ ‌in‌ ‌the‌ ‌GUI‌ ‌ 
‌ 

Numerous‌ ‌changes‌ ‌have‌ ‌been‌ ‌made‌ ‌to‌ ‌the‌ ‌GUI‌ ‌since‌ ‌it‌ ‌was‌ ‌first‌ ‌designed.‌ ‌During‌ ‌the‌‌                             
GUI’s‌‌development,‌‌we‌‌have‌‌become‌‌better‌‌acquainted‌‌with‌‌the‌‌capabilities‌‌of‌‌the‌‌MCU‌‌                         
as‌ ‌well‌ ‌as‌ ‌the‌ ‌libraries‌ ‌used‌ ‌to‌ ‌program‌ ‌the‌ ‌GUI.‌ ‌Furthermore,‌ ‌flowcharts‌ ‌have‌ ‌been‌‌                           
made‌ ‌to‌ ‌illustrate‌‌the‌‌general‌‌functionality‌‌of‌‌the‌‌GUI.‌‌Most‌‌of‌‌the‌‌changes‌‌were‌‌added‌‌                             
due‌ ‌to‌ ‌their‌‌utility‌‌or‌‌convenience‌‌for‌‌the‌‌end‌‌user.‌‌The‌‌screens‌‌in‌‌the‌‌following‌‌figures‌‌                               
are‌‌not‌‌actual‌‌screenshots‌‌but‌‌were‌‌drawn‌‌for‌‌clarity‌‌and‌‌they‌‌closely‌‌resemble‌‌the‌‌actual‌‌                             
screens‌ ‌implemented‌ ‌in‌ ‌the‌ ‌final‌ ‌design.‌ ‌ 
‌ 

Figure‌ ‌A‌ ‌shows‌ ‌the‌ ‌initialization‌ ‌screen‌ ‌of‌ ‌the‌ ‌MCU.‌ ‌When‌‌the‌‌MCU‌‌first‌‌boots‌‌up,‌‌it‌‌                               
goes‌ ‌through‌ ‌the‌ ‌process‌ ‌of‌ ‌initializing‌ ‌the‌ ‌peripherals‌‌and‌‌data‌‌structures,‌‌as‌‌shown‌‌in‌‌                           
figure‌‌109‌‌below,‌‌needed‌‌for‌‌operation.‌‌In‌‌addition,‌‌it‌‌reports‌‌the‌‌last‌‌date‌‌the‌‌MCU‌‌was‌                               
turned‌‌on.‌‌How‌‌the‌‌queues‌‌are‌‌initialized‌‌and‌‌how‌‌the‌‌date‌‌is‌‌shown‌‌is‌‌through‌‌the‌‌use‌‌of‌‌                                   
files‌ ‌stored‌ ‌in‌ ‌the‌ ‌flash‌ ‌chip.‌ ‌ 
‌ 

‌ 
Figure‌ ‌109:‌ ‌Initialization‌ ‌Screen‌ ‌ 

‌ 
A‌‌flowchart‌‌of‌‌the‌‌initialization‌‌process‌‌is‌‌shown‌‌in‌‌figure‌‌110.‌‌The‌‌program‌‌first‌‌checks‌‌                             
if‌ ‌a‌ ‌microSD‌ ‌card‌ ‌is‌ ‌inserted‌ ‌in‌ ‌the‌ ‌card‌ ‌slot.‌ ‌How‌ ‌it‌ ‌detects‌ ‌it‌ ‌is‌ ‌by‌ ‌sensing‌ ‌the‌ ‌card‌‌                                     
detector‌ ‌pin‌ ‌labeled‌ ‌as‌ ‌“CD”‌ ‌from‌ ‌the‌ ‌LCD‌ ‌breakout‌ ‌board.‌ ‌The‌ ‌pin‌ ‌is‌ ‌initially‌‌pulled‌‌                             

‌ 
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‌ 
down‌‌if‌‌there’s‌‌no‌‌card‌‌inserted,‌‌then‌‌pulled‌‌up‌‌when‌‌there’s‌‌a‌‌card‌‌present.‌‌If‌‌there‌‌is‌‌a‌‌                                   
card,‌ ‌the‌ ‌program‌ ‌will‌ ‌initialize‌ ‌it.‌ ‌Anytime‌ ‌a‌ ‌device‌ ‌fails‌ ‌initialization,‌ ‌the‌ ‌program‌‌                         
would‌ ‌print‌ ‌an‌ ‌error‌ ‌and‌ ‌halt‌ ‌the‌ ‌program‌ ‌to‌ ‌prevent‌ ‌any‌ ‌unpredictable‌ ‌behavior.‌‌                         
Assuming‌ ‌that‌ ‌the‌ ‌card‌ ‌was‌ ‌initialized‌ ‌or‌ ‌was‌ ‌not‌ ‌inserted,‌ ‌the‌ ‌program‌ ‌would‌ ‌then‌‌                           
initialize‌‌the‌‌on-board‌‌flash‌‌chip‌‌memory‌‌and‌‌similar‌‌processes‌‌would‌‌occur‌‌for‌‌the‌‌rest‌‌                           
of‌‌the‌‌devices‌‌as‌‌shown‌‌in‌‌the‌‌flowchart.‌‌The‌‌file‌‌system‌‌isn’t‌‌a‌‌device‌‌but‌‌is‌‌part‌‌of‌‌the‌‌                                     
flash‌‌chip‌‌that‌‌controls‌‌how‌‌data‌‌is‌‌written‌‌or‌‌read.‌‌After‌‌the‌‌flash‌‌chip‌‌is‌‌initialized,‌‌the‌‌                                 
file‌‌system‌‌will‌‌have‌‌to‌‌be‌‌mounted‌‌in‌‌order‌‌for‌‌data‌‌to‌‌be‌‌written‌‌into‌‌or‌‌read‌‌from‌‌the‌‌                                     
flash‌ ‌chip‌ ‌memory.‌ ‌The‌‌same‌‌process‌‌does‌‌not‌‌occur‌‌with‌‌the‌‌SD‌‌card‌‌since‌‌the‌‌card‌‌is‌‌                                 
pre‌ ‌formatted‌ ‌already,‌ ‌usually‌ ‌as‌ ‌FAT32.‌ ‌After‌ ‌the‌ ‌devices‌ ‌are‌ ‌initialized,‌ ‌the‌ ‌program‌‌                         
will‌‌check‌‌the‌‌flash‌‌chip‌‌memory‌‌if‌‌a‌‌file‌‌that‌‌contains‌‌queue‌‌data‌‌exists‌‌and‌‌initialize‌‌the‌‌                                 
graph‌‌if‌‌it‌‌does.‌‌If‌‌it‌‌does‌‌not‌‌have‌‌pre-recorded‌‌data,‌‌the‌‌queues‌‌will‌‌remain‌‌empty‌‌and‌‌                                 
the‌ ‌graph‌ ‌wouldn’t‌ ‌appear‌ ‌until‌ ‌new‌‌data‌‌is‌‌recorded.‌‌Lastly,‌‌the‌‌program‌‌will‌‌print‌‌the‌‌                             
last‌‌date‌‌stored‌‌in‌‌another‌‌file.‌‌This‌‌file‌‌is‌‌written‌‌whenever‌‌the‌‌MCU‌‌boots‌‌into‌‌the‌‌main‌‌                                 
screen‌ ‌and‌ ‌everytime‌ ‌a‌ ‌new‌ ‌day‌ ‌begins.‌ ‌The‌ ‌initialization‌ ‌process‌ ‌ends‌ ‌and‌ ‌the‌ ‌main‌‌                           
program‌ ‌will‌ ‌start.‌ ‌ 
‌ 

‌ 
Figure‌ ‌110:‌ ‌Initialization‌ ‌Screen‌ ‌Flowchart‌ ‌ 

‌ 
Figure‌ ‌111‌ ‌shows‌ ‌the‌ ‌main‌ ‌screen.‌ ‌For‌ ‌the‌ ‌most‌ ‌part,‌ ‌it‌‌was‌‌developed‌‌just‌‌like‌‌how‌‌it‌‌                                 
was‌ ‌planned‌ ‌in‌ ‌the‌ ‌prototype.‌ ‌There‌ ‌are‌ ‌only‌ ‌five‌ ‌major‌ ‌differences;‌ ‌the‌ ‌size‌ ‌of‌ ‌the‌‌                             
battery‌ ‌icon,‌ ‌the‌ ‌information‌ ‌displayed‌ ‌on‌ ‌the‌ ‌very‌ ‌top,‌ ‌an‌ ‌additional‌ ‌button‌‌below‌‌the‌‌                           
charge‌ ‌value,‌ ‌and‌ ‌the‌ ‌removal‌ ‌of‌ ‌two‌ ‌measurements.‌ ‌The‌ ‌information‌ ‌at‌‌the‌‌top‌‌shows‌‌                           
the‌ ‌current‌‌charging‌‌state‌‌of‌‌the‌‌battery‌‌as‌‌well‌‌as‌‌the‌‌current‌‌date‌‌and‌‌time.‌‌The‌‌button‌‌                                 
allows‌ ‌the‌ ‌charge‌ ‌controller‌ ‌to‌ ‌charge‌ ‌or‌ ‌not.‌ ‌If‌ ‌the‌ ‌button‌ ‌displays‌ ‌“Connected,”‌ ‌the‌‌                           
charge‌‌controller‌‌will‌‌allow‌‌the‌‌battery‌‌to‌‌charge‌‌based‌‌on‌‌the‌‌algorithm.‌‌Otherwise,‌‌the‌‌                           

‌ 
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‌ 
charge‌ ‌controller‌ ‌will‌ ‌not‌ ‌allow‌ ‌any‌ ‌charging.‌ ‌This‌ ‌option‌ ‌was‌ ‌added‌ ‌in‌ ‌case‌ ‌the‌ ‌user‌‌                             
needs‌‌to‌‌perform‌‌some‌‌maintenance‌‌without‌‌disconnecting‌‌the‌‌charge‌‌controller‌‌from‌‌the‌‌                       
battery‌ ‌and‌ ‌solar‌ ‌panel‌ ‌or‌ ‌if‌ ‌something‌ ‌irregular‌ ‌occurs‌ ‌with‌ ‌the‌ ‌charging.‌ ‌“Output‌‌                         
Current”‌ ‌and‌ ‌“Output‌ ‌Power”‌ ‌were‌ ‌removed‌ ‌due‌ ‌to‌ ‌not‌ ‌utilizing‌ ‌a‌ ‌current‌ ‌sensor‌ ‌that‌‌                           
would‌ ‌measure‌ ‌charge‌ ‌leaving‌ ‌the‌ ‌battery.‌ ‌The‌ ‌charge‌ ‌value‌ ‌is‌‌now‌‌based‌‌on‌‌a‌‌voltage‌‌                             
ratio.‌ ‌The‌‌bitmap‌‌drawing‌‌of‌‌the‌‌battery‌‌is‌‌able‌‌to‌‌display‌‌five‌‌different‌‌states‌‌of‌‌charge‌‌                               
capacity.‌ ‌ 
‌ 

In‌ ‌every‌ ‌screen,‌ ‌with‌ ‌the‌ ‌exception‌ ‌of‌ ‌the‌‌data‌‌viewing‌‌screen,‌‌the‌‌microcontroller‌‌will‌‌                           
perform‌ ‌“background”‌ ‌operations‌ ‌to‌ ‌ensure‌ ‌that‌ ‌certain‌ ‌values‌ ‌are‌ ‌updating‌ ‌and‌ ‌to‌‌                       
preserve‌ ‌and‌ ‌keep‌ ‌track‌ ‌of‌ ‌certain‌ ‌states,‌ ‌which‌ ‌is‌ ‌illustrated‌ ‌in‌ ‌figure‌ ‌112.‌ ‌The‌ ‌green‌‌                             
blocks‌‌represent‌‌functions‌‌being‌‌called‌‌to‌‌do‌‌the‌‌labeled‌‌operations.‌‌After‌‌they’re‌‌called,‌‌                         
the‌ ‌program‌ ‌will‌ ‌check‌ ‌the‌ ‌RTC‌ ‌to‌ ‌see‌ ‌if‌ ‌a‌ ‌new‌ ‌day‌ ‌has‌‌passed‌‌to‌‌update‌‌the‌‌file‌‌with‌‌                                     
new‌‌maximum‌‌values‌‌for‌‌the‌‌previous‌‌day.‌‌The‌‌software‌‌will‌‌also‌‌check‌‌if‌‌the‌‌screen‌‌is‌‌                               
being‌ ‌touched,‌ ‌if‌ ‌not,‌ ‌it’ll‌ ‌check‌ ‌if‌ ‌an‌ ‌hour‌ ‌has‌ ‌elapsed.‌ ‌If‌ ‌at‌ ‌least‌‌an‌‌hour‌‌has‌‌elapsed‌‌                                   
since‌ ‌the‌ ‌screen‌ ‌was‌ ‌last‌ ‌touched,‌ ‌the‌ ‌screen‌ ‌brightness‌ ‌will‌ ‌be‌ ‌set‌ ‌to‌‌0%‌‌and‌‌the‌‌loop‌‌                                 
will‌‌restart.‌‌This‌‌design‌‌choice‌‌was‌‌put‌‌into‌‌place‌‌to‌‌decrease‌‌power‌‌consumption‌‌and‌‌it‌‌                             
remains‌‌the‌‌only‌‌design‌‌choice‌‌with‌‌that‌‌in‌‌mind.‌‌While‌‌developing‌‌the‌‌GUI,‌‌we‌‌realized‌‌                             
that‌‌we‌‌needed‌‌the‌‌CPU‌‌to‌‌be‌‌running‌‌at‌‌all‌‌times,‌‌meaning‌‌that‌‌we‌‌cannot‌‌utilize‌‌any‌‌of‌‌                                   
the‌‌low‌‌power‌‌modes.‌‌Fortunately,‌‌even‌‌at‌‌maximum‌‌brightness,‌‌the‌‌current‌‌drawn‌‌from‌‌                         
the‌ ‌MCU‌‌turned‌‌out‌‌to‌‌be‌‌less‌‌than‌‌200‌‌mA.‌‌The‌‌brightness‌‌would‌‌be‌‌set‌‌to‌‌its‌‌original‌‌                                   
value‌ ‌once‌ ‌the‌ ‌user‌ ‌touches‌ ‌the‌ ‌screen‌ ‌again.‌ ‌ 
‌ 

‌ 
Figure‌ ‌111:‌ ‌Main‌ ‌GUI‌ ‌Display‌ ‌ 

‌ 
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‌ 
Figure‌ ‌112:‌ ‌Background‌ ‌Processes‌ ‌ 

‌ 
If‌ ‌the‌ ‌user‌ ‌is‌ ‌touching‌ ‌the‌ ‌screen,‌ ‌the‌ ‌program‌ ‌will‌ ‌check‌ ‌which‌ ‌screen‌ ‌the‌ ‌user‌ ‌is‌‌                               
utilizing‌ ‌at‌ ‌the‌ ‌moment.‌ ‌Each‌ ‌screen‌ ‌has‌ ‌its‌ ‌own‌ ‌touch‌ ‌boundaries‌ ‌that‌ ‌will‌ ‌trigger‌ ‌an‌‌                             
operation‌ ‌if‌ ‌it’s‌ ‌touched.‌ ‌For‌ ‌example,‌ ‌if‌ ‌the‌ ‌user‌‌is‌‌in‌‌the‌‌main‌‌screen,‌‌there‌‌would‌‌be‌‌                                 
four‌ ‌separate‌ ‌boundaries‌ ‌defined.‌ ‌Three‌ ‌four‌ ‌the‌ ‌buttons‌ ‌at‌ ‌the‌ ‌bottom‌ ‌and‌ ‌one‌ ‌for‌‌the‌‌                             
switch‌ ‌button.‌ ‌The‌ ‌touch‌ ‌from‌ ‌the‌ ‌user‌ ‌is‌ ‌translated‌ ‌to‌ ‌coordinates‌ ‌and‌ ‌the‌ ‌program‌‌                           
checks‌‌if‌‌the‌‌coordinates‌‌are‌‌within‌‌the‌‌defined‌‌boundaries.‌‌If‌‌it‌‌is,‌‌the‌‌operation‌‌occurs,‌‌                             
if‌ ‌not,‌ ‌nothing‌ ‌happens‌ ‌and‌ ‌the‌ ‌loop‌ ‌continues.‌ ‌ 
‌ 

The‌ ‌screens‌ ‌featured‌ ‌in‌ ‌the‌ ‌settings‌ ‌are‌ ‌nearly‌ ‌identical‌ ‌to‌ ‌the‌ ‌prototype‌ ‌with‌ ‌the‌‌                           
exception‌‌of‌‌the‌‌removal‌‌of‌‌the‌‌“Energy‌‌Unit”‌‌option‌‌since‌‌we’re‌‌not‌‌measuring‌‌the‌‌state‌‌                             
of‌‌charge‌‌via‌‌current‌‌anymore.‌‌However,‌‌Figure‌‌113‌‌is‌‌now‌‌an‌‌additional‌‌screen‌‌that‌‌the‌‌                             
user‌ ‌can‌ ‌find‌ ‌when‌ ‌cycling‌ ‌through‌ ‌the‌ ‌settings.‌ ‌This‌ ‌is‌ ‌called‌ ‌the‌ ‌Data‌‌Option‌‌Screen‌‌                             
because‌‌it‌‌allows‌‌the‌‌user‌‌to‌‌view‌‌data‌‌from‌‌the‌‌SD‌‌card‌‌or‌‌flash‌‌chip,‌‌or‌‌erase‌‌data‌‌from‌‌                                     
the‌‌flash‌‌chip.‌‌When‌‌the‌‌user‌‌selects‌‌“Erase‌‌Data,”‌‌the‌‌saved‌‌data‌‌is‌‌erased‌‌and‌‌the‌‌values‌‌                                 
used‌‌to‌‌initialize‌‌the‌‌queues‌‌are‌‌erased‌‌as‌‌well.‌‌The‌‌user‌‌does‌‌not‌‌have‌‌the‌‌option‌‌to‌‌erase‌‌                                   
data‌ ‌from‌ ‌the‌ ‌SD‌ ‌card‌ ‌since‌ ‌they‌ ‌typically‌ ‌have‌ ‌much‌‌higher‌‌capacity‌‌compared‌‌to‌‌the‌‌                             
flash‌‌chip‌‌and‌‌the‌‌user‌‌also‌‌has‌‌the‌‌option‌‌to‌‌do‌‌so‌‌via‌‌a‌‌PC.‌‌Eliminating‌‌that‌‌option‌‌has‌‌                                     
the‌‌benefit‌‌of‌‌reducing‌‌complexity‌‌and‌‌thus‌‌gives‌‌us‌‌the‌‌extra‌‌time‌‌needed‌‌for‌‌debugging.‌‌                             
How‌ ‌the‌ ‌program‌ ‌erases‌ ‌data‌ ‌is‌ ‌by‌ ‌simply‌ ‌overwriting‌ ‌the‌ ‌original‌ ‌file‌ ‌with‌ ‌an‌ ‌empty‌‌                             
one.‌‌ ‌  
‌ 

‌ 
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‌ 
Figure‌ ‌113:‌ ‌Data‌ ‌Option‌ ‌Screen‌ ‌ 

‌ 
If‌‌there’s‌‌data‌‌stored‌‌in‌‌the‌‌SD‌‌card‌‌or‌‌flash‌‌memory,‌‌figure‌‌114‌‌shows‌‌what‌‌the‌‌user‌‌can‌‌                                   
expect.‌‌As‌‌discussed‌‌before,‌‌the‌‌data‌‌shown‌‌is‌‌the‌‌result‌‌of‌‌what‌‌happens‌‌when‌‌the‌‌user‌‌                               
touches‌‌“Save”‌‌in‌‌the‌‌main‌‌menu.‌‌If‌‌there’s‌‌no‌‌data‌‌present‌‌either‌‌in‌‌the‌‌SD‌‌card‌‌or‌‌flash‌‌                                   
chip,‌‌the‌‌screen‌‌will‌‌simply‌‌be‌‌blank‌‌and‌‌the‌‌user‌‌will‌‌need‌‌to‌‌choose‌‌“Exit”‌‌to‌‌go‌‌back‌‌                                   
to‌‌the‌‌settings.‌‌The‌‌“More”‌‌button‌‌will‌‌cycle‌‌to‌‌the‌‌next‌‌set‌‌of‌‌data.‌‌After‌‌some‌‌point,‌‌the‌‌                                   
user‌‌will‌‌not‌‌have‌‌any‌‌more‌‌data‌‌to‌‌cycle‌‌through‌‌so‌‌the‌‌user‌‌may‌‌choose‌‌to‌‌exit‌‌back‌‌to‌‌                                     
the‌‌settings‌‌or‌‌select‌‌“Start”‌‌where‌‌the‌‌program‌‌will‌‌send‌‌the‌‌user‌‌back‌‌to‌‌the‌‌first‌‌set‌‌of‌‌                                   
data.‌ ‌How‌ ‌the‌ ‌program‌ ‌knows‌ ‌where‌ ‌to‌ ‌stop‌ ‌reading‌ ‌data‌ ‌is‌ ‌by‌ ‌using‌ ‌a‌ ‌delimiter‌‌                             
character.‌ ‌We‌ ‌defined‌ ‌that‌ ‌to‌ ‌be‌ ‌‘*’‌ ‌and‌ ‌that‌ ‌is‌ ‌always‌ ‌printed‌ ‌last‌ ‌in‌ ‌each‌ ‌data‌ ‌set.‌‌In‌‌                                   
short,‌‌when‌‌data‌‌is‌‌printed‌‌to‌‌the‌‌screen,‌‌it‌‌will‌‌stop‌‌when‌‌‘*’‌‌is‌‌read‌‌and‌‌when‌‌“More”‌‌is‌‌                                     
selected,‌ ‌it‌ ‌will‌ ‌clear‌ ‌the‌ ‌screen‌ ‌and‌ ‌read‌ ‌the‌ ‌next‌ ‌set‌ ‌of‌ ‌data‌ ‌until‌ ‌‘*’‌ ‌is‌ ‌encountered‌‌                                 
again.‌‌If‌‌there’s‌‌no‌‌more‌‌data,‌‌nothing‌‌would‌‌print‌‌and‌‌if‌‌the‌‌user‌‌selects‌‌“Start”‌‌the‌‌file‌‌                                 
would‌ ‌be‌ ‌read‌ ‌from‌ ‌the‌ ‌beginning‌ ‌again.‌ ‌ 
‌ 

‌ 
Figure‌ ‌114:‌ ‌Viewing‌ ‌Data‌ ‌1‌ ‌ 

‌ 
Figure‌ ‌115‌ ‌shows‌ ‌a‌ ‌graphing‌ ‌scheme‌ ‌similar‌ ‌to‌ ‌what‌ ‌was‌ ‌shown‌ ‌in‌ ‌the‌ ‌prototype.‌‌                           
However,‌‌unlike‌‌the‌‌prototype,‌‌we‌‌defined‌‌the‌‌time‌‌to‌‌be‌‌days.‌‌Everytime‌‌time‌‌the‌‌RTC‌‌                             
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‌ 
hits‌ ‌a‌ ‌new‌ ‌day,‌ ‌the‌ ‌graph‌ ‌would‌ ‌refresh‌‌with‌‌the‌‌updated‌‌values.‌‌The‌‌FIFO‌‌structure‌‌is‌‌                               
still‌ ‌maintained‌ ‌from‌ ‌what‌ ‌was‌ ‌previously‌‌planned,‌‌so‌‌if‌‌the‌‌queue‌‌is‌‌full,‌‌the‌‌first‌‌date‌‌                               
that‌‌was‌‌stored‌‌will‌‌be‌‌removed‌‌and‌‌the‌‌new‌‌date‌‌is‌‌added‌‌to‌‌the‌‌end‌‌of‌‌the‌‌queue.‌‌How‌‌                                     
the‌‌dates‌‌are‌‌stored‌‌in‌‌a‌‌queue‌‌is‌‌by‌‌the‌‌use‌‌of‌‌floating‌‌point‌‌values.‌‌The‌‌RTC‌‌can‌‌return‌‌a‌‌                                       
number‌‌that‌‌represents‌‌the‌‌month‌‌or‌‌day.‌‌If‌‌we‌‌divide‌‌the‌‌day‌‌by‌‌100‌‌and‌‌add‌‌the‌‌month,‌‌                                   
we’d‌‌get‌‌MM.DD‌‌where‌‌MM‌‌represents‌‌the‌‌two‌‌digit‌‌month‌‌and‌‌DD‌‌represents‌‌the‌‌two‌‌                             
digit‌ ‌day.‌ ‌We‌ ‌now‌ ‌have‌ ‌a‌ ‌value‌ ‌that‌ ‌can‌ ‌represent‌ ‌the‌ ‌month‌ ‌and‌ ‌day.‌ ‌To‌ ‌display‌ ‌the‌‌                                 
dates,‌ ‌we‌ ‌just‌ ‌need‌ ‌to‌ ‌truncate‌ ‌the‌ ‌value‌‌and‌‌print‌‌the‌‌month‌‌and‌‌multiply‌‌the‌‌value‌‌by‌‌                                 
100,‌ ‌dividing‌ ‌by‌ ‌100,‌ ‌and‌ ‌calling‌ ‌the‌ ‌remainder‌ ‌function‌‌to‌‌print‌‌the‌‌remainder.‌‌It‌‌may‌‌                             
seem‌ ‌weird‌‌to‌‌print‌‌the‌‌days‌‌this‌‌way,‌‌but‌‌due‌‌to‌‌how‌‌floating‌‌point‌‌values‌‌are‌‌handled,‌‌                                 
we‌‌need‌‌to‌‌make‌‌sure‌‌that‌‌values‌‌stay‌‌intact.‌‌In‌‌previous‌‌tests‌‌that‌‌used‌‌simpler‌‌methods,‌‌                               
the‌ ‌floating‌ ‌point‌ ‌values‌ ‌would‌ ‌end‌ ‌up‌ ‌being‌ ‌wrong.‌ ‌ 
‌ 

‌ 
Figure‌ ‌115:‌ ‌Viewing‌ ‌Data‌ ‌2‌ ‌ 

‌ 
Another‌‌addition‌‌to‌‌the‌‌GUI‌‌is‌‌shown‌‌when‌‌the‌‌user‌‌changes‌‌the‌‌date‌‌and‌‌time.‌‌The‌‌RTC‌‌                                 
can‌‌keep‌‌track‌‌of‌‌leap‌‌years‌‌and‌‌months‌‌that‌‌end‌‌on‌‌different‌‌days.‌‌However,‌‌the‌‌user‌‌can‌‌                                 
still‌‌manually‌‌set‌‌days‌‌that‌‌are‌‌not‌‌applicable‌‌to‌‌the‌‌month‌‌in‌‌the‌‌settings.‌‌To‌‌prevent‌‌this‌‌                                 
from‌ ‌occurring,‌ ‌the‌ ‌program‌ ‌now‌ ‌performs‌ ‌checks‌‌whenever‌‌the‌‌user‌‌changes‌‌the‌‌date.‌‌                         
It’ll‌ ‌check‌ ‌the‌ ‌month‌ ‌and‌ ‌year‌ ‌and‌ ‌see‌ ‌if‌ ‌the‌ ‌day‌ ‌selected‌ ‌is‌‌applicable.‌‌If‌‌not,‌‌the‌‌day‌‌                                   
would‌ ‌simply‌ ‌roll‌ ‌back‌ ‌to‌ ‌the‌ ‌first.‌ ‌Another‌ ‌addition‌ ‌is‌‌the‌‌DST_RTC‌‌library,‌‌which‌‌is‌‌                             
used‌ ‌to‌ ‌keep‌ ‌track‌ ‌of‌ ‌daylight‌ ‌savings‌ ‌for‌ ‌American‌‌or‌‌European‌‌standards.‌‌With‌‌these‌‌                           
additions,‌‌the‌‌date‌‌and‌‌time,‌‌for‌‌as‌‌long‌‌as‌‌the‌‌solar‌‌charge‌‌controller‌‌is‌‌running,‌‌should‌‌                               
be‌ ‌fairly‌ ‌accurate.‌ ‌ 

‌ 
6.3.2‌ ‌Changes‌ ‌Made‌ ‌in‌ ‌the‌ ‌State‌ ‌of‌ ‌Charge‌ ‌Measurement‌ ‌ 
‌ 

Previously,‌ ‌we‌ ‌were‌ ‌planning‌ ‌on‌ ‌measuring‌ ‌the‌ ‌stage‌ ‌of‌ ‌charging‌ ‌by‌ ‌using‌ ‌a‌ ‌coulomb‌‌                           
counter.‌‌The‌‌extra‌‌current‌‌sensor‌‌we‌‌had‌‌in‌‌our‌‌older‌‌schematic‌‌would‌‌have‌‌allowed‌‌us‌‌to‌‌                               
measure‌ ‌current‌ ‌coming‌‌out‌‌of‌‌the‌‌battery‌‌and‌‌into‌‌the‌‌load.‌‌If‌‌we‌‌keep‌‌track‌‌of‌‌current‌‌                                 
from‌ ‌the‌ ‌solar‌ ‌panel‌ ‌and‌ ‌current‌ ‌going‌ ‌into‌‌the‌‌load,‌‌we‌‌can‌‌keep‌‌track‌‌of‌‌the‌‌battery’s‌‌                                 
capacity.‌‌This‌‌is‌‌what‌‌a‌‌coulomb‌‌counter‌‌does‌‌and‌‌it‌‌is‌‌an‌‌efficient‌‌way‌‌of‌‌keeping‌‌track‌‌                                 
of‌‌a‌‌lithium-based‌‌battery’s‌‌state‌‌of‌‌charge.‌‌Since‌‌the‌‌load‌‌was‌‌not‌‌going‌‌to‌‌connect‌‌to‌‌the‌‌                                 
charge‌ ‌controller‌ ‌in‌ ‌the‌ ‌final‌ ‌design,‌ ‌we‌ ‌needed‌ ‌another‌ ‌way‌ ‌of‌ ‌keeping‌ ‌track‌ ‌of‌ ‌the‌‌                             
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‌ 
battery’s‌ ‌state‌ ‌of‌ ‌charge.‌ ‌One‌ ‌method‌ ‌we‌ ‌were‌‌looking‌‌at‌‌was‌‌to‌‌use‌‌a‌‌shunt.‌‌Since‌‌the‌‌                                 
current‌‌going‌‌into‌‌the‌‌load‌‌can‌‌be‌‌well‌‌above‌‌what‌‌our‌‌PCB‌‌is‌‌able‌‌to‌‌handle,‌‌a‌‌shunt‌‌is‌‌a‌‌                                       
viable‌‌alternative‌‌since‌‌the‌‌voltage‌‌drop‌‌across‌‌it‌‌can‌‌be‌‌very‌‌low‌‌even‌‌with‌‌high‌‌current.‌‌                               
The‌‌shunt‌‌that‌‌we‌‌were‌‌using‌‌is‌‌rated‌‌for‌‌50A‌‌and‌‌has‌‌a‌‌voltage‌‌drop‌‌of‌‌75mV‌‌across‌‌it‌‌                                     
when‌‌that‌‌much‌‌current‌‌is‌‌applied.‌‌Our‌‌inverter‌‌has‌‌a‌‌phantom‌‌load‌‌of‌‌0.7A,‌‌which‌‌would‌‌                               
mean‌‌a‌‌voltage‌‌drop‌‌of‌‌1.05‌‌mV.‌‌The‌‌12‌‌bit‌‌ADC‌‌from‌‌the‌‌MCU‌‌will‌‌not‌‌be‌‌able‌‌to‌‌sense‌‌                                       
that.‌ ‌If‌ ‌we‌ ‌choose‌ ‌to‌ ‌use‌ ‌oversampling‌ ‌and‌ ‌increase‌ ‌the‌ ‌ADC‌ ‌resolution‌ ‌to‌ ‌16‌ ‌bits,‌ ‌it‌‌                               
should‌ ‌theoretically‌ ‌read‌ ‌it.‌ ‌However,‌‌from‌‌our‌‌tests,‌‌it‌‌wasn’t‌‌able‌‌to‌‌properly‌‌read‌‌the‌‌                             
value.‌ ‌According‌ ‌to‌ ‌the‌ ‌datasheet,‌ ‌oversampling‌ ‌results‌ ‌in‌ ‌a‌ ‌reduction‌ ‌in‌ ‌effective‌‌                       
sampling‌‌rate,‌‌meaning‌‌a‌‌decrease‌‌in‌‌accuracy‌‌for‌‌the‌‌price‌‌of‌‌increasing‌‌the‌‌resolution.‌‌                           
Add‌‌noise‌‌to‌‌our‌‌problem‌‌and‌‌our‌‌only‌‌solution‌‌is‌‌to‌‌amplify‌‌the‌‌voltage‌‌drop‌‌across‌‌the‌‌                                 
shunt.‌‌For‌‌that,‌‌we‌‌decided‌‌to‌‌use‌‌the‌‌INA114,‌‌an‌‌instrumental‌‌op‌‌amp.‌‌It‌‌is‌‌a‌‌dual‌‌supply‌‌                                   
op‌ ‌amp,‌ ‌so‌ ‌we‌‌needed‌‌the‌‌MAX634‌‌inverting‌‌switching‌‌regulator‌‌to‌‌provide‌‌a‌‌negative‌‌                           
rail‌‌to‌‌the‌‌op‌‌amp.‌‌The‌‌gain‌‌from‌‌the‌‌op‌‌amp‌‌is‌‌set‌‌by‌‌connecting‌‌the‌‌appropriate‌‌resistor‌‌                                   
to‌ ‌two‌ ‌of‌ ‌its‌ ‌pins‌ ‌labeled‌‌“R‌G‌”‌‌in‌‌its‌‌datasheet.‌‌Figure‌‌116‌‌shows‌‌the‌‌breadboard‌‌of‌‌the‌‌                                 
inverter‌ ‌and‌ ‌op‌ ‌amp‌ ‌circuit.‌‌ ‌  
‌ 

 ‌ ‌ 
Figure‌ ‌116:‌ ‌Amplifying‌ ‌Breadboard‌ ‌Circuit‌ ‌ 

‌ 
Because‌‌of‌‌the‌‌circuit,‌‌we‌‌were‌‌able‌‌to‌‌get‌‌fairly‌‌accurate‌‌measurements.‌‌The‌‌resistance‌‌                           
value‌‌selected‌‌would‌‌set‌‌the‌‌gain‌‌to‌‌50‌‌according‌‌to‌‌the‌‌op‌‌amp’s‌‌datasheet.‌‌So‌‌1.05‌‌mV‌‌                                 
*‌ ‌50‌ ‌is‌ ‌52.5‌ ‌mV‌ ‌or‌ ‌0.0525‌ ‌V.‌ ‌Figure‌ ‌117‌ ‌shows‌ ‌the‌ ‌resulting‌ ‌data.‌ ‌If‌ ‌we‌ ‌wanted‌ ‌to‌‌                                   
improve‌‌the‌‌readings,‌‌we‌‌could‌‌have‌‌experimented‌‌with‌‌noise‌‌reduction‌‌or‌‌adjusting‌‌the‌‌                         
sampling‌ ‌rate‌ ‌or‌ ‌resolution.‌ ‌However,‌ ‌due‌ ‌to‌ ‌time‌ ‌constraints,‌ ‌this‌ ‌circuit‌ ‌was‌ ‌not‌‌                         
implemented‌‌in‌‌the‌‌final‌‌design.‌‌Instead,‌‌we‌‌have‌‌decided‌‌to‌‌use‌‌a‌‌less‌‌accurate‌‌means‌‌of‌‌                               
measuring‌ ‌the‌ ‌state‌ ‌of‌ ‌charge‌ ‌by‌ ‌using‌ ‌voltage‌ ‌ratio.‌ ‌The‌ ‌voltage‌ ‌ratio‌ ‌is‌ ‌based‌ ‌on‌‌the‌‌                               
readings‌ ‌from‌ ‌the‌‌BMS.‌‌Since‌‌the‌‌battery’s‌‌discharged‌‌voltage‌‌is‌‌10.8‌‌V‌‌and‌‌its‌‌highest‌‌                             
voltage‌‌is‌‌14.6‌‌V,‌‌then‌‌the‌‌difference‌‌is‌‌3.8‌‌V.‌‌At‌‌100%‌‌state‌‌of‌‌charge,‌‌that‌‌would‌‌mean‌‌                                   
100%‌ ‌=‌ ‌(14.6‌ ‌-‌ ‌10.8)/x,‌ ‌where‌ ‌x‌ ‌is‌ ‌found‌ ‌to‌ ‌be‌ ‌.038‌ ‌V.‌ ‌The‌ ‌BMS,‌‌at‌‌some‌‌point,‌‌read‌‌                                     
64%‌‌for‌‌13.2V.‌‌So,‌‌(13.2‌‌-‌‌10.8)/.038‌‌=‌‌63.158%‌‌which‌‌is‌‌close‌‌to‌‌the‌‌BMS‌‌readings.‌‌In‌‌                                 
general,‌ ‌our‌ ‌charge‌ ‌controller‌ ‌stayed‌ ‌within‌ ‌3%‌ ‌of‌ ‌the‌ ‌BMS‌ ‌readings.‌ ‌The‌‌reason‌‌why‌‌                           
this‌ ‌method‌ ‌is‌ ‌considered‌ ‌somewhat‌ ‌inaccurate‌ ‌is‌‌due‌‌to‌‌the‌‌nature‌‌of‌‌the‌‌charging‌‌and‌‌                             
discharging‌ ‌curves‌ ‌for‌ ‌lithium‌ ‌based‌ ‌batteries.‌ ‌Towards‌ ‌the‌ ‌two‌ ‌extreme‌ ‌ends‌ ‌of‌ ‌the‌‌                         
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‌ 
curves‌ ‌one‌ ‌will‌ ‌encounter‌ ‌much‌ ‌steeper‌ ‌curves,‌ ‌thus‌ ‌more‌ ‌dramatic‌ ‌changes‌ ‌to‌ ‌the‌‌                         
measurements.‌‌This‌‌would‌‌suggest‌‌that‌‌the‌‌capacity‌‌of‌‌the‌‌battery‌‌has‌‌instantly‌‌increased‌‌                         
or‌‌decreased‌‌which‌‌is‌‌not‌‌accurate‌‌to‌‌reality.‌‌Fortunately,‌‌for‌‌the‌‌purpose‌‌of‌‌charging,‌‌this‌‌                             
does‌‌not‌‌matter‌‌since‌‌the‌‌maximum‌‌and‌‌minimum‌‌values‌‌still‌‌indicate‌‌a‌‌fully‌‌charged‌‌or‌‌                             
depleted‌ ‌battery.‌ ‌We‌ ‌have‌ ‌kept‌ ‌the‌ ‌coulomb‌ ‌counter‌ ‌as‌ ‌a‌ ‌stretch‌ ‌goal‌ ‌for‌ ‌this‌ ‌purpose.‌ ‌ 
‌ 

 ‌ ‌ 
Figure‌ ‌117:‌ ‌Amplifying‌ ‌Breadboard‌ ‌Circuit‌ ‌Results‌ ‌ 

‌ 
6.4‌ ‌Expectations‌ ‌of‌ ‌Our‌ ‌Prototype‌ ‌ 
‌ 

For‌‌our‌‌project,‌‌our‌‌main‌‌expectation‌‌for‌‌our‌‌prototype‌‌was‌‌to‌‌be‌‌able‌‌to‌‌drive‌‌the‌‌PWM‌‌                                 
signal‌‌of‌‌the‌‌solar‌‌panel‌‌voltage‌‌into‌‌the‌‌battery‌‌to‌‌charge‌‌it.‌‌Additionally‌‌while‌‌the‌‌PWM‌‌                               
is‌ ‌driving‌‌this‌‌charge,‌‌our‌‌solar‌‌charge‌‌controller‌‌will‌‌have‌‌the‌‌ability‌‌to‌‌display‌‌various‌‌                             
characteristics‌ ‌about‌ ‌the‌ ‌battery,‌ ‌solar‌ ‌panel‌ ‌and‌ ‌data‌ ‌over‌ ‌time‌ ‌such‌ ‌as‌ ‌the‌ ‌maximum‌‌                           
current‌‌from‌‌the‌‌solar‌‌panel‌‌on‌‌a‌‌specific‌‌day.‌‌As‌‌our‌‌project‌‌is‌‌meant‌‌to‌‌be‌‌used‌‌over‌‌a‌‌                                     
long‌‌period‌‌of‌‌time,‌‌the‌‌data‌‌collected‌‌over‌‌that‌‌period‌‌is‌‌significant‌‌for‌‌the‌‌end‌‌user‌‌such‌‌                                 
that‌‌they‌‌can‌‌make‌‌necessary‌‌adjustments‌‌to‌‌their‌‌assembly‌‌if‌‌there‌‌are‌‌any‌‌delineations.‌‌                           
These‌‌adjustments‌‌include,‌‌but‌‌are‌‌not‌‌limited‌‌to,‌‌solar‌‌panel‌‌efficiency,‌‌solar‌‌panel‌‌angle‌‌                           
in‌‌relation‌‌to‌‌the‌‌sun,‌‌and‌‌seasonal‌‌power‌‌output.‌‌Due‌‌to‌‌time‌‌constraints,‌‌we‌‌didn’t‌‌get‌‌to‌‌                                 
test‌ ‌our‌ ‌finished‌ ‌prototype‌ ‌for‌ ‌as‌ ‌long‌ ‌as‌ ‌desired.‌ ‌If‌‌we‌‌had‌‌more‌‌time,‌‌we‌‌would‌‌have‌‌                                 
liked‌‌to‌‌get‌‌at‌‌least‌‌a‌‌week's‌‌worth‌‌of‌‌data‌‌to‌‌output‌‌on‌‌the‌‌graph‌‌of‌‌our‌‌LCD‌‌display.‌ ‌It‌‌                                       
is‌‌also‌‌important‌‌to‌‌note‌‌that‌‌we‌‌tested‌‌our‌‌system‌‌with‌‌a‌‌single‌‌100W‌‌solar‌‌panel,‌‌but‌‌the‌‌                                   
PCB‌ ‌was‌ ‌designed‌ ‌such‌ ‌that‌ ‌two‌ ‌100W‌ ‌solar‌ ‌panels‌ ‌connected‌ ‌in‌ ‌series‌‌could‌‌be‌‌used‌‌                             
creating‌ ‌a‌ ‌200W‌‌solar‌‌panel‌‌system.‌‌We‌‌were‌‌able‌‌to‌‌get‌‌a‌‌day’s‌‌worth‌‌of‌‌data‌‌over‌‌the‌‌                                   
span‌ ‌of‌ ‌an‌ ‌entire‌ ‌sunny‌ ‌day‌ ‌which‌ ‌we‌ ‌can‌ ‌use‌ ‌to‌ ‌extrapolate‌ ‌future‌ ‌data/system‌                           
efficiency.‌ ‌The‌ ‌graph‌ ‌of‌ ‌our‌ ‌data‌ ‌collected‌ ‌over‌ ‌the‌ ‌span‌ ‌of‌ ‌day‌ ‌can‌ ‌be‌ ‌seen‌ ‌below.‌‌ ‌  
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 

‌ 
147‌ ‌|‌ ‌173‌ ‌ 



‌ 
‌ 
‌ 

‌ 
Figure‌ ‌118:‌ ‌Graph‌ ‌of‌ ‌Solar‌ ‌Panel‌ ‌Data‌ ‌Collected‌ ‌ 

‌ 
As‌‌one‌‌can‌‌see‌‌from‌‌our‌‌testing‌‌the‌‌time‌‌in‌‌which‌‌our‌‌solar‌‌panel‌‌was‌‌the‌‌most‌‌efficient‌‌                                   
was‌‌around‌‌1:00‌‌PM‌‌making‌‌an‌‌average‌‌wattage‌‌of‌‌85W‌‌for‌‌the‌‌hour.‌‌These‌‌values‌‌make‌‌                               
sense‌ ‌considering‌ ‌that‌ ‌the‌ ‌solar‌ ‌panel‌ ‌should‌‌be‌‌the‌‌most‌‌efficient‌‌during‌‌the‌‌middle‌‌of‌‌                             
the‌ ‌day‌ ‌on‌ ‌a‌ ‌sunny‌ ‌day‌ ‌when‌ ‌the‌ ‌sun‌ ‌is‌ ‌at‌ ‌its‌ ‌highest‌ ‌point.‌ ‌Based‌ ‌on‌ ‌this‌ ‌graph‌ ‌we‌‌                                     
estimate‌‌that‌‌our‌‌system‌‌with‌‌a‌‌single‌‌100W‌‌solar‌‌panel‌‌can‌‌create‌‌a‌‌daily‌‌power‌‌yield‌‌of‌‌                                 
650W‌ ‌assuming‌ ‌4‌ ‌peak‌ ‌sunlight‌ ‌hours‌ ‌and‌ ‌6‌ ‌mildly‌ ‌sunny‌ ‌hours.‌ ‌As‌ ‌previously‌‌                         
mentioned,‌ ‌because‌ ‌our‌ ‌system‌ ‌can‌ ‌handle‌ ‌up‌ ‌to‌ ‌two‌ ‌100W‌ ‌solar‌ ‌panels‌ ‌in‌ ‌series,‌ ‌our‌‌                             
total‌‌power‌‌output‌‌would‌‌be‌‌1300W‌‌in‌‌a‌‌day‌‌with‌‌the‌‌previous‌‌presuppositions.‌‌Because‌‌                           
our‌‌battery‌‌is‌‌a‌‌200Ah‌‌rated‌‌battery‌‌with‌‌a‌‌maximum‌‌voltage‌‌of‌‌14.6V,‌‌the‌‌battery‌‌has‌‌a‌‌                                 
Wh‌‌capacity‌‌of‌‌2920Wh.‌‌This‌‌means‌‌that‌‌with‌‌two‌‌solar‌‌panels‌‌connected‌‌in‌‌series‌‌with‌‌                             
4‌ ‌peak‌ ‌sunlight‌ ‌hours‌ ‌and‌ ‌6‌ ‌mildly‌ ‌sunny‌ ‌hours,‌ ‌our‌ ‌battery‌ ‌assembly‌ ‌could‌ ‌be‌ ‌fully‌‌                             
charged‌ ‌in‌ ‌2.25‌ ‌days.‌ ‌Assuming‌ ‌a‌ ‌hurricane‌ ‌knocks‌ ‌the‌ ‌power‌ ‌out‌ ‌and‌ ‌an‌ ‌individual‌‌                           
needs‌ ‌to‌ ‌charge‌ ‌their‌ ‌laptop/phone‌ ‌and‌ ‌also‌ ‌run‌ ‌a‌ ‌small‌ ‌box‌ ‌fan,‌ ‌this‌ ‌would‌ ‌draw‌ ‌on‌‌                               
average‌ ‌about‌ ‌60-100W‌ ‌depending‌ ‌on‌ ‌the‌ ‌equipment‌ ‌specifications.‌ ‌Taking‌ ‌the‌ ‌upper‌‌                     
limit‌ ‌of‌ ‌100W,‌ ‌this‌ ‌means‌ ‌that‌ ‌the‌ ‌individual‌ ‌could‌ ‌run‌ ‌both‌‌devices‌‌for‌‌13‌‌hours‌‌each‌‌                               
day‌ ‌assuming‌ ‌peak‌ ‌sunlight‌ ‌hours‌ ‌and‌ ‌no‌ ‌loss‌ ‌of‌ ‌efficiency‌ ‌within‌ ‌the‌ ‌system.‌‌Even‌‌if‌‌                             
you‌‌halved‌‌the‌‌time‌‌these‌‌devices‌‌could‌‌be‌‌run,‌‌the‌‌individual‌‌would‌‌have‌‌ample‌‌time‌‌to‌‌                               
charge‌ ‌their‌ ‌devices‌ ‌and‌ ‌run‌ ‌a‌ ‌small‌ ‌box‌ ‌fan‌ ‌throughout‌ ‌the‌ ‌hottest‌ ‌hours‌ ‌of‌ ‌the‌ ‌day.‌‌                               
Based‌‌on‌‌our‌‌data‌‌collected,‌‌our‌‌system‌‌should‌‌function‌‌exactly‌‌as‌‌expected‌‌over‌‌the‌‌long‌‌                             
period‌ ‌of‌ ‌time‌ ‌it‌ ‌was‌ ‌designed‌ ‌for.‌‌ ‌  

‌   
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‌ 
7.0‌ ‌Assembling‌ ‌and‌ ‌Testing‌ ‌ 
‌ 

In‌‌this‌‌section‌‌we‌‌will‌‌discuss‌‌the‌‌assembling‌‌and‌‌testing‌‌of‌‌our‌‌printed‌‌circuit‌‌board‌‌and‌‌                               
software.‌ ‌In‌ ‌addition,‌ ‌we‌ ‌will‌ ‌also‌ ‌discuss‌ ‌how‌ ‌the‌ ‌user‌ ‌should‌ ‌operate‌ ‌the‌ ‌device.‌ ‌ 
‌ 

7.1‌ ‌Printed‌ ‌Circuit‌ ‌Board‌ ‌Design‌ ‌ 
‌ 

After‌ ‌breadboard‌ ‌testing‌ ‌all‌ ‌the‌ ‌components‌ ‌and‌ ‌then‌ ‌the‌ ‌entire‌ ‌circuit‌‌as‌‌a‌‌whole,‌‌this‌‌                             
was‌ ‌our‌ ‌first‌ ‌printed‌ ‌circuit‌ ‌board‌ ‌design.‌ ‌Figure‌ ‌119‌ ‌below‌ ‌shows‌ ‌the‌ ‌outline‌ ‌of‌ ‌our‌‌                             
board.‌ ‌Starting‌‌from‌‌the‌‌top‌‌we‌‌can‌‌see‌‌the‌‌symbol‌‌Q1.‌‌This‌‌indicates‌‌our‌‌NPN‌‌bipolar‌‌                               
junction‌ ‌transistor.‌ ‌Below‌ ‌that‌ ‌we‌ ‌have‌ ‌our‌‌R3‌‌and‌‌R4‌‌resistors.‌‌These‌‌are‌‌the‌‌resistors‌‌                             
used‌ ‌to‌ ‌limit‌ ‌the‌ ‌base‌ ‌current‌ ‌and‌ ‌to‌ ‌set‌ ‌up‌ ‌the‌ ‌gate‌ ‌voltage‌ ‌at‌ ‌the‌ ‌PMOS‌ ‌Which‌ ‌is‌‌                                   
indicated‌ ‌by‌ ‌Q2‌ ‌in‌ ‌the‌ ‌figure‌ ‌below.‌ ‌R1‌ ‌and‌ ‌R2‌ ‌are‌ ‌the‌ ‌resistors‌ ‌in‌ ‌the‌ ‌first‌ ‌voltage‌‌                                 
divider‌‌that‌‌are‌‌used‌‌in‌‌the‌‌calculation‌‌of‌‌the‌‌voltage‌‌at‌‌the‌‌solar‌‌panel‌‌side.‌‌Capacitor‌‌C4‌‌                                 
was‌ ‌used‌ ‌in‌ ‌the‌ ‌signal‌‌stability‌‌of‌‌the‌‌calculation‌‌to‌‌the‌‌microcontroller‌‌for‌‌it‌‌to‌‌display‌‌                               
the‌ ‌value‌ ‌on‌ ‌the‌ ‌LCD‌ ‌display.‌ ‌Moving‌ ‌on‌ ‌to‌ ‌the‌ ‌capacitors‌ ‌C1,‌ ‌C2‌‌and‌‌C3‌‌we‌‌can‌‌see‌‌                                   
their‌ ‌proximity‌ ‌to‌ ‌the‌ ‌current‌ ‌sensor‌ ‌which‌ ‌is‌ ‌indicated‌ ‌by‌ ‌U1.‌ ‌These‌ ‌help‌ ‌to‌ ‌provide‌‌                             
stability‌ ‌for‌ ‌the‌ ‌current‌ ‌sensor‌ ‌to‌ ‌accurately‌ ‌measure‌ ‌the‌ ‌amount‌ ‌of‌ ‌current‌ ‌passing‌‌                         
through‌ ‌into‌ ‌our‌ ‌custom‌ ‌charge‌ ‌controller.‌ ‌ 

‌  
Next‌ ‌we‌ ‌have‌ ‌our‌ ‌schottky‌ ‌diodes‌ ‌which‌ ‌are‌ ‌indicated‌ ‌by‌ ‌U3‌‌which‌‌is‌‌right‌‌beside‌‌the‌‌                               
PMOS‌ ‌on‌ ‌the‌ ‌PCB.‌ ‌These‌ ‌help‌ ‌to‌ ‌control‌ ‌the‌ ‌circuit‌ ‌from‌ ‌allowing‌ ‌reverse‌ ‌current‌‌                           
through‌ ‌back‌ ‌toward‌ ‌the‌ ‌solar‌ ‌panel‌ ‌as‌ ‌this‌ ‌can‌ ‌damage‌ ‌it‌ ‌if‌ ‌the‌ ‌current‌ ‌leakage‌‌is‌‌too‌‌                                 
high.‌ ‌We‌ ‌decided‌ ‌to‌‌use‌‌the‌‌schottky‌‌diodes‌‌as‌‌they‌‌have‌‌a‌‌much‌‌lower‌‌voltage‌‌drop‌‌as‌‌                                 
compared‌ ‌to‌ ‌regular‌ ‌silicon‌ ‌diodes.‌ ‌Even‌ ‌so,‌ ‌we‌ ‌saw‌ ‌that‌ ‌at‌ ‌around‌ ‌5‌‌amps‌‌of‌‌current,‌‌                               
these‌ ‌dodes‌ ‌could‌ ‌read‌ ‌a‌ ‌temperature‌ ‌of‌ ‌around‌ ‌200‌ ‌degrees‌ ‌fahrenheit.‌‌As‌‌a‌‌result‌‌we‌‌                             
had‌ ‌to‌ ‌put‌ ‌heat‌ ‌sinks‌ ‌on‌ ‌them‌ ‌in‌ ‌order‌ ‌to‌ ‌dissipate‌ ‌some‌ ‌of‌ ‌the‌ ‌heat‌ ‌that‌ ‌was‌ ‌generated.‌ ‌ 

‌ 
Next‌ ‌we‌ ‌encounter‌ ‌the‌ ‌temperature‌ ‌sensor‌‌which‌‌is‌‌indicated‌‌by‌‌J6‌‌in‌‌our‌‌PCB.‌‌This‌‌is‌‌                               
used‌ ‌to‌ ‌take‌ ‌the‌ ‌ambient‌ ‌temperature‌ ‌of‌ ‌the‌ ‌PCB‌ ‌and‌‌monitor‌‌the‌‌heat‌‌being‌‌generated‌‌                             
while‌‌it‌‌is‌‌running.‌‌One‌‌of‌‌the‌‌oversights‌‌in‌‌our‌‌design‌‌was‌‌the‌‌temperature‌‌sensor‌‌due‌‌to‌‌                                 
its‌ ‌distance‌ ‌from‌ ‌the‌ ‌PMOS‌ ‌and‌ ‌the‌ ‌Schottky‌ ‌diode.‌ ‌As‌ ‌a‌ ‌result‌ ‌of‌ ‌these‌ ‌two‌ ‌devices‌‌                               
heating‌‌up‌‌quite‌‌a‌‌bit,‌‌our‌‌temperature‌‌sensor‌‌could‌‌not‌‌get‌‌a‌‌sufficiently‌‌accurate‌‌read‌‌of‌                               
the‌ ‌entire‌ ‌PCB‌ ‌as‌ ‌a‌ ‌whole.‌ ‌To‌ ‌fix‌ ‌this‌ ‌temporarily‌ ‌we‌ ‌added‌ ‌jumper‌ ‌wires‌ ‌so‌ ‌that‌ ‌we‌‌                                 
could‌ ‌move‌ ‌the‌ ‌sensor‌ ‌further‌ ‌away‌ ‌from‌ ‌the‌ ‌diode‌ ‌and‌ ‌PMOS‌ ‌and‌ ‌as‌ ‌a‌ ‌result‌ ‌we‌‌                               
improved‌‌the‌‌accuracy‌‌of‌‌its‌‌reading.‌‌Moving‌‌on‌‌the‌‌voltage‌‌divider‌‌used‌‌for‌‌measuring‌‌                           
the‌ ‌battery‌ ‌voltage,‌ ‌R5‌ ‌and‌ ‌R6‌ ‌accomplish‌ ‌this‌ ‌by‌ ‌dividing‌ ‌the‌ ‌battery‌ ‌voltage‌ ‌and‌‌                           
sending‌ ‌the‌ ‌value‌ ‌to‌ ‌the‌ ‌microcontroller‌ ‌to‌ ‌the‌ ‌LCD‌ ‌display‌ ‌for‌ ‌the‌ ‌user‌ ‌to‌ ‌see.‌‌ ‌  

‌ 
D1‌‌is‌‌used‌‌for‌‌the‌‌TVS‌‌diode‌‌which‌‌helps‌‌to‌‌suppress‌‌any‌‌external‌‌violent‌‌changes‌‌in‌‌the‌‌                                 
voltage‌‌and‌‌current‌‌in‌‌our‌‌circuit.‌‌F1‌‌is‌‌the‌‌fuse‌‌holder‌‌which‌‌holds‌‌the‌‌fuse‌‌to‌‌protect‌‌the‌‌                                   
battery‌ ‌as‌ ‌it‌ ‌is‌ ‌being‌‌charged.‌‌The‌‌buck‌‌to‌‌buck‌‌converter‌‌is‌‌used‌‌to‌‌produce‌‌a‌‌constant‌‌                                 

‌ 
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‌ 
voltage‌‌to‌‌the‌‌microcontroller.‌‌The‌‌big‌‌box‌‌looking‌‌area‌‌is‌‌where‌‌the‌‌microcontroller‌‌will‌‌                           
sit.‌‌As‌‌you‌‌can‌‌see‌‌we‌‌will‌‌have‌‌to‌‌use‌‌female‌‌pin‌‌headers‌‌so‌‌that‌‌the‌‌microcontroller‌‌can‌‌                                   
plug‌‌directly‌‌into‌‌this‌‌area‌‌as‌‌we‌‌saw‌‌that‌‌as‌‌an‌‌oversight‌‌after‌‌we‌‌ordered‌‌the‌‌PCB‌‌with‌‌                                   
our‌‌current‌‌microcontroller.‌‌Figure‌‌120‌‌below‌‌shows‌‌the‌‌PCB‌‌with‌‌the‌‌components‌‌added‌‌                         
in.‌‌One‌‌of‌‌the‌‌hardest‌‌things‌‌we‌‌encountered‌‌in‌‌this‌‌PCB‌‌was‌‌the‌‌soldering‌‌as‌‌we‌‌had‌‌to‌‌                                   
solder‌ ‌very‌ ‌small‌ ‌components.‌ ‌ 
‌ 

‌ 
Figure‌ ‌119:‌ ‌Our‌ ‌first‌ ‌Iteration‌ ‌PCB‌ ‌(Without‌ ‌Any‌ ‌Components)‌ ‌ 

‌ 

‌ 
Figure‌ ‌120:‌ ‌Our‌ ‌first‌ ‌Iteration‌ ‌PCB‌ ‌(With‌ ‌Components‌ ‌Installed)‌ ‌ 

‌ 

‌ 
150‌ ‌|‌ ‌173‌ ‌ 



‌ 
In‌ ‌our‌ ‌second‌ ‌iteration‌ ‌we‌ ‌changed‌‌the‌‌traces‌‌on‌‌the‌‌current‌‌sensor‌‌to‌‌be‌‌thicker.‌‌In‌‌the‌‌                                 
first‌ ‌PCB‌ ‌it‌ ‌was‌ ‌nearly‌ ‌impossible‌‌to‌‌solder‌‌on‌‌the‌‌current‌‌sensor‌‌due‌‌to‌‌the‌‌size‌‌of‌‌the‌‌                                   
traces.‌ ‌When‌ ‌we‌ ‌soldered‌ ‌the‌ ‌current‌ ‌sensor‌ ‌it‌ ‌also‌ ‌did‌ ‌not‌ ‌function‌ ‌correctly‌ ‌for‌ ‌two‌‌                             
reasons.‌ ‌The‌ ‌first‌ ‌was‌ ‌due‌ ‌to‌ ‌the‌ ‌size‌ ‌of‌ ‌the‌ ‌traces.‌ ‌At‌ ‌the‌ ‌size‌ ‌that‌ ‌we‌‌made‌‌them‌‌the‌‌                                     
solder‌‌would‌‌essentially‌‌cause‌‌a‌‌short‌‌in‌‌the‌‌device‌‌and‌‌it‌‌would‌‌not‌‌be‌‌able‌‌to‌‌make‌‌an‌‌                                   
accurate‌‌reading‌‌when‌‌we‌‌were‌‌measuring‌‌the‌‌current.‌‌The‌‌second‌‌reason‌‌was‌‌when‌‌we‌‌                           
made‌‌this‌‌new‌‌version‌‌of‌‌the‌‌PCB,‌‌the‌‌program‌‌we‌‌used‌‌mirrored‌‌the‌‌traces‌‌of‌‌the‌‌current‌‌                                 
sensor‌ ‌and‌ ‌thus‌ ‌they‌ ‌were‌ ‌flipped‌ ‌as‌ ‌a‌ ‌result.‌‌ ‌  
‌ 

To‌‌test‌‌that‌‌this‌‌was‌‌true‌‌we‌‌had‌‌to‌‌solder‌‌wires‌‌to‌‌the‌‌correct‌‌traces‌‌of‌‌the‌‌current‌‌sensor‌‌                                     
so‌ ‌we‌ ‌could‌ ‌test‌ ‌it‌ ‌and‌ ‌see‌ ‌if‌ ‌it‌ ‌worked.‌ ‌It‌ ‌turned‌ ‌out‌ ‌to‌ ‌work‌ ‌perfectly‌ ‌and‌ ‌thus‌ ‌it‌‌                                     
confirmed‌‌our‌‌original‌‌suspicion.‌‌A‌‌few‌‌other‌‌things‌‌that‌‌we‌‌did‌‌was‌‌change‌‌the‌‌ground‌‌                             
pins‌‌to‌‌share‌‌the‌‌same‌‌same‌‌ground‌‌by‌‌making‌‌the‌‌traces‌‌overlap‌‌and‌‌thicker‌‌as‌‌a‌‌result.‌‌                                 
This‌ ‌helped‌ ‌us‌ ‌to‌ ‌not‌ ‌have‌ ‌to‌ ‌be‌ ‌as‌ ‌accurate‌ ‌with‌‌the‌‌soldering‌‌process.‌‌This‌‌PCB‌‌was‌‌                                 
functional‌ ‌but‌ ‌we‌ ‌knew‌ ‌we‌ ‌could‌ ‌do‌ ‌better‌ ‌so‌ ‌the‌ ‌last‌ ‌iteration‌ ‌was‌ ‌made‌ ‌as‌ ‌a‌ ‌result.‌‌                                 
Figure‌‌121‌‌‌below‌‌shows‌‌our‌‌second‌‌iteration‌‌with‌‌the‌‌components‌‌installed‌‌including‌‌the‌‌                         
current‌ ‌sensor‌ ‌where‌ ‌we‌ ‌fashioned‌ ‌wires‌‌in‌‌the‌‌correct‌‌orientation.‌‌The‌‌other‌‌thing‌‌that‌‌                           
we‌‌did‌‌was‌‌add‌‌a‌‌pull‌‌up‌‌resistor‌‌for‌‌the‌‌pins‌‌that‌‌would‌‌be‌‌tasked‌‌with‌‌providing‌‌power‌‌                                   
to‌ ‌the‌ ‌card‌ ‌detect‌ ‌pin‌ ‌on‌ ‌the‌ ‌LCD‌ ‌breakout‌ ‌board‌ ‌in‌ ‌order‌ ‌for‌ ‌the‌ ‌MCU‌ ‌to‌ ‌sense‌ ‌if‌ ‌a‌‌                                     
microSD‌ ‌card‌ ‌was‌‌inserted‌‌or‌‌not..‌‌Finally‌‌we‌‌also‌‌installed‌‌female‌‌pin‌‌headers‌‌into‌‌the‌‌                             
PCB‌ ‌for‌ ‌our‌ ‌SPI‌ ‌pins‌ ‌that‌ ‌were‌ ‌on‌ ‌our‌ ‌microcontroller.‌ ‌ 
‌ 

‌ 
Figure‌ ‌121:‌ ‌Our‌ ‌Second‌ ‌iteration‌ ‌PCB‌ ‌(With‌ ‌Components‌ ‌Installed)‌ ‌ 

‌ 
‌ 
‌ 
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‌ 
In‌‌our‌‌third‌‌and‌‌final‌‌iteration‌‌we‌‌flipped‌‌the‌‌mirroring‌‌of‌‌the‌‌current‌‌sensor‌‌to‌‌match‌‌the‌‌                                 
correct‌ ‌orientation‌ ‌thus‌ ‌it‌ ‌would‌ ‌work‌ ‌properly.‌ ‌Figure‌ ‌122‌ ‌below‌ ‌shows‌ ‌our‌ ‌PCB‌‌                         
without‌‌any‌‌components.‌‌This‌‌was‌‌by‌‌far‌‌the‌‌largest‌‌change‌‌we‌‌did‌‌on‌‌this‌‌PCB‌‌and‌‌the‌‌                                 
rest‌‌was‌‌on‌‌the‌‌microcontroller.‌‌For‌‌the‌‌microcontroller‌‌we‌‌just‌‌improved‌‌the‌‌soldering‌‌of‌‌                           
the‌ ‌female‌ ‌pin‌ ‌headers‌‌where‌‌the‌‌microcontroller‌‌would‌‌be‌‌plugged‌‌into.‌‌Once‌‌this‌‌was‌‌                           
achieved,‌ ‌we‌ ‌added‌ ‌all‌ ‌of‌ ‌the‌ ‌components‌ ‌shown‌ ‌in‌ ‌Figure‌ ‌123‌ ‌below.‌ ‌The‌ ‌only‌‌other‌‌                             
thing‌‌we‌‌would‌‌do‌‌in‌‌the‌‌future‌‌if‌‌we‌‌had‌‌more‌‌time‌‌would‌‌be‌‌to‌‌add‌‌the‌‌microcontroller‌‌                                   
chip‌ ‌which‌ ‌would‌ ‌be‌ ‌surface‌ ‌mounted‌ ‌into‌ ‌the‌ ‌PCB‌ ‌so‌ ‌we‌ ‌would‌ ‌not‌ ‌have‌‌to‌‌plug‌‌the‌‌                                 
microcontroller‌ ‌into‌ ‌our‌ ‌actual‌ ‌PCB‌ ‌thereby‌ ‌making‌ ‌it‌ ‌look‌ ‌cleaner‌ ‌and‌ ‌more‌‌                       
professional.‌ ‌ 
‌ 

‌ 
Figure‌ ‌122:‌ ‌Our‌ ‌Third‌ ‌Iteration‌ ‌PCB‌ ‌(Without‌ ‌Any‌ ‌Components)‌ ‌ 

‌ 

‌ 
Figure‌ ‌123:‌ ‌Our‌ ‌Third‌ ‌Iteration‌ ‌PCB‌ ‌(With‌ ‌Components‌ ‌Installed)‌ ‌ 

‌ 
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‌ 
7.2‌ ‌Testing‌ ‌the‌ ‌Hardware‌ ‌ 
‌ 

Testing‌ ‌of‌ ‌the‌ ‌hardware‌ ‌mostly‌ ‌occurred‌ ‌during‌ ‌the‌ ‌assembly‌ ‌process‌ ‌of‌‌the‌‌prototype.‌‌                         
While‌‌testing‌‌the‌‌hardware‌‌we‌‌encountered‌‌two‌‌malfunctions‌‌of‌‌equipment‌‌that‌‌required‌‌                       
us‌ ‌to‌ ‌replace‌ ‌one‌ ‌and‌ ‌work‌ ‌around‌ ‌the‌ ‌other.‌‌ ‌  
‌ 

The‌ ‌first‌ ‌being‌ ‌the‌ ‌inverter,‌ ‌during‌ ‌the‌ ‌initial‌ ‌assembly‌ ‌of‌ ‌our‌ ‌prototype‌ ‌the‌ ‌3000W‌‌                           
inverter‌ ‌that‌ ‌we‌‌had‌‌originally‌‌received‌‌as‌‌a‌‌donation.‌‌In‌‌its‌‌place‌‌we‌‌received‌‌a‌‌second‌‌                               
donation‌‌of‌‌a‌‌2000W‌‌inverter.‌‌The‌‌second‌‌being‌‌the‌‌BMS‌‌and‌‌the‌‌original‌‌fault‌‌error‌‌that‌‌                               
we‌ ‌received.‌ ‌This‌ ‌issue‌ ‌caused‌ ‌us‌ ‌to‌ ‌implement‌ ‌a‌ ‌temporary‌ ‌bypass‌ ‌switch‌ ‌that‌ ‌was‌‌                           
described‌ ‌earlier.‌ ‌Even‌ ‌though‌ ‌this‌ ‌worked‌ ‌for‌ ‌the‌ ‌midterm‌ ‌demonstration,‌ ‌we‌ ‌had‌ ‌it‌‌                         
occur‌ ‌a‌ ‌second‌ ‌time‌ ‌but‌ ‌could‌ ‌not‌ ‌find‌ ‌a‌ ‌work‌ ‌around‌ ‌and‌ ‌thus‌ ‌concluded‌ ‌it‌ ‌was‌ ‌a‌‌                                 
software‌ ‌issue‌ ‌with‌ ‌the‌ ‌BMS.‌ ‌Due‌ ‌to‌ ‌time‌ ‌and‌ ‌money‌ ‌constraints‌ ‌we‌ ‌were‌ ‌not‌ ‌able‌ ‌to‌‌                               
purchase‌‌a‌‌second‌‌BMS‌‌but‌‌instead‌‌bypassed‌‌it‌‌altogether.‌‌While‌‌this‌‌is‌‌not‌‌ideal‌‌for‌‌the‌‌                               
health‌ ‌and‌ ‌longevity‌ ‌of‌ ‌the‌ ‌battery,‌ ‌the‌ ‌entire‌ ‌design‌ ‌still‌ ‌functions‌ ‌as‌ ‌planned.‌ ‌ 
‌ 

During‌ ‌the‌ ‌breadboard‌ ‌process‌ ‌for‌ ‌the‌ ‌individual‌ ‌components,‌ ‌all‌ ‌of‌ ‌our‌ ‌components‌‌                       
measured‌‌within‌‌five‌‌percent‌‌of‌‌their‌‌listed‌‌values.‌‌When‌‌measuring‌‌voltage‌‌and‌‌current‌‌                         
across‌ ‌various‌ ‌components‌ ‌we‌ ‌again‌ ‌received‌ ‌values‌ ‌within‌ ‌a‌ ‌five‌ ‌percent‌ ‌tolerance‌‌                       
range.‌ ‌As‌ ‌such,‌ ‌we‌ ‌verified‌ ‌our‌ ‌simulations.‌‌ ‌  
‌ 

The‌ ‌final‌ ‌part‌ ‌of‌ ‌testing‌ ‌occurred‌ ‌during‌ ‌the‌ ‌final‌ ‌week‌ ‌leading‌ ‌up‌ ‌to‌ ‌the‌ ‌final‌‌                             
presentation‌ ‌when‌ ‌we‌ ‌were‌ ‌able‌ ‌to‌ ‌have‌ ‌suitable‌ ‌weather‌ ‌for‌ ‌a‌ ‌long‌ ‌enough‌ ‌period‌ ‌of‌‌                             
time‌ ‌each‌ ‌day‌ ‌to‌ ‌generate‌ ‌solar‌ ‌energy.‌ ‌During‌ ‌this‌ ‌week-long‌ ‌period‌ ‌of‌ ‌time‌‌we‌‌were‌‌                             
able‌‌to‌‌verify‌‌that‌‌our‌‌solar‌‌panel‌‌gathered‌‌enough‌‌sunlight‌‌to‌‌charge‌‌the‌‌battery,‌‌as‌‌well‌‌                               
as‌ ‌measure‌ ‌on‌ ‌the‌ ‌graph‌ ‌on‌ ‌our‌ ‌LCD‌ ‌display‌ ‌via‌‌the‌‌GUI.‌‌This‌‌is‌‌shown‌‌in‌‌figure‌‌124‌‌                                   
below:‌ ‌ 
‌ 

‌ 
Figure‌ ‌124:‌ ‌Seven‌ ‌Day‌ ‌Graph‌ ‌ 

‌ 
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‌ 
7.3‌ ‌Testing‌ ‌the‌ ‌Software‌ ‌ 

‌ 
Much‌ ‌of‌ ‌the‌ ‌GUI‌ ‌was‌ ‌tested‌ ‌without‌ ‌having‌ ‌to‌ ‌implement‌ ‌the‌ ‌MCU‌ ‌to‌ ‌the‌ ‌PCB‌ ‌since‌‌                               
many‌ ‌of‌ ‌its‌ ‌functions‌ ‌are‌ ‌not‌ ‌dependent‌ ‌on‌ ‌any‌ ‌physical‌ ‌hardware‌ ‌aside‌ ‌from‌ ‌the‌‌                           
temperature‌‌sensor‌‌or‌‌LCD.‌‌For‌‌the‌‌most‌‌part,‌‌the‌‌GUI‌‌was‌‌already‌‌finalized‌‌by‌‌the‌‌time‌‌                               
we‌ ‌needed‌‌to‌‌test‌‌the‌‌PCBs.‌‌There‌‌were‌‌a‌‌few‌‌notable‌‌things‌‌that‌‌needed‌‌to‌‌be‌‌changed‌‌                                 
after‌‌some‌‌testing‌‌was‌‌done.‌‌The‌‌charging‌‌algorithm‌‌and‌‌the‌‌displayed‌‌measurements‌‌are‌‌                         
the‌ ‌functions‌ ‌that‌ ‌needed‌ ‌to‌ ‌be‌ ‌completely‌ ‌tested‌ ‌with‌ ‌the‌ ‌PCB.‌ ‌ 
‌ 

7.3.1‌ ‌Measurement‌ ‌&‌ ‌PWM‌ ‌Testing‌‌ ‌  
‌ 

To‌ ‌test‌ ‌the‌ ‌MCU’s‌ ‌voltage‌ ‌sensing‌ ‌and‌ ‌current‌ ‌capabilities,‌ ‌power‌ ‌supplies‌‌such‌‌as‌‌the‌‌                           
Circuit‌‌Specialists‌‌DC‌‌Power‌‌Supply‌‌and‌‌the‌‌Chargery‌‌Power‌‌Power‌‌Supply‌‌as‌‌shown‌‌in‌‌                           
figure‌ ‌x‌ ‌were‌ ‌used.‌ ‌The‌ ‌voltage‌‌dividers‌‌worked‌‌as‌‌expected‌‌and‌‌the‌‌MCU‌‌was‌‌able‌‌to‌‌                               
return‌ ‌values‌ ‌upto‌ ‌the‌ ‌maximum‌ ‌values‌ ‌that‌ ‌we‌ ‌calculated‌ ‌in‌ ‌the‌ ‌design‌ ‌phase.‌ ‌The‌‌                           
current‌ ‌sensor‌ ‌was‌ ‌more‌ ‌complicated‌ ‌to‌ ‌test‌ ‌with‌ ‌since‌ ‌to‌ ‌test‌ ‌it‌ ‌reliably‌ ‌required‌ ‌the‌‌                             
sensor‌‌to‌‌be‌‌soldered‌‌onto‌‌the‌‌PCB‌‌and‌‌the‌‌datasheet‌‌was‌‌referred‌‌to‌‌translate‌‌its‌‌returned‌‌                               
voltage‌‌values‌‌to‌‌current‌‌values.‌‌The‌‌measurements‌‌returned‌‌by‌‌the‌‌MCU‌‌did‌‌match‌‌the‌‌                           
current‌‌output‌‌from‌‌the‌‌power‌‌supplies‌‌whenever‌‌the‌‌PWM‌‌was‌‌on.‌‌Whenever‌‌the‌‌PWM‌‌                           
was‌‌off,‌‌the‌‌current‌‌measurement‌‌dropped‌‌down‌‌to‌‌nearly‌‌0.‌‌We‌‌say‌‌nearly‌‌because‌‌how‌‌                             
the‌‌measurements‌‌were‌‌done‌‌is‌‌by‌‌averaging‌‌16‌‌values‌‌to‌‌get‌‌a‌‌stable‌‌reading‌‌across‌‌all‌‌                               
measurements‌‌done.‌‌In‌‌addition,‌‌the‌‌ADC‌‌resolution‌‌was‌‌oversampled‌‌to‌‌16‌‌bits‌‌to‌‌get‌‌a‌‌                             
wider‌ ‌range‌ ‌of‌ ‌values,‌ ‌so‌ ‌the‌ ‌averaging‌ ‌was‌ ‌done‌ ‌to‌ ‌keep‌ ‌the‌ ‌results‌ ‌accurate.‌‌                           
Multimeters‌ ‌were‌ ‌also‌ ‌used‌ ‌to‌ ‌compare‌ ‌values‌ ‌and‌ ‌the‌ ‌results‌ ‌were‌ ‌reasonably‌ ‌consistent.‌‌ ‌  
‌ 

‌ 
Figure‌ ‌125:‌ ‌Power‌ ‌Supply‌ ‌ 
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‌ 
7.3.2‌ ‌Changes‌ ‌to‌ ‌the‌ ‌Charging‌ ‌Algorithm‌ ‌ 

‌ 
Figure‌ ‌126:‌ ‌Final‌ ‌Charging‌ ‌Algorithm‌ ‌Design‌ ‌ 

‌ 
The‌ ‌charging‌ ‌algorithm‌ ‌has‌ ‌changed‌ ‌slightly‌ ‌from‌ ‌the‌ ‌initial‌ ‌design‌ ‌after‌ ‌some‌‌testing.‌‌                         
The‌ ‌algorithm‌ ‌now‌ ‌takes‌‌into‌‌account‌‌the‌‌maximum‌‌resting‌‌voltage‌‌of‌‌the‌‌battery‌‌V‌Rest‌.‌‌                           
The‌‌resting‌‌voltage‌‌of‌‌a‌‌battery‌‌is‌‌when‌‌the‌‌battery‌‌is‌‌not‌‌being‌‌charged‌‌and‌‌when‌‌there’s‌‌                                 
no‌‌load‌‌connected‌‌to‌‌it.‌‌The‌‌battery’s‌‌voltage‌‌will‌‌settle‌‌at‌‌around‌‌13.8‌‌V‌‌at‌‌100%‌‌stage‌‌                                 
of‌ ‌charge‌ ‌after‌ ‌a‌ ‌while.‌ ‌We‌ ‌do‌ ‌not‌ ‌want‌ ‌the‌ ‌battery‌ ‌to‌ ‌charge‌ ‌again‌ ‌when‌ ‌the‌ ‌voltage‌‌                                 
drops‌‌below‌‌14.6‌‌V‌‌immediately‌‌after‌‌hitting‌‌100%,‌‌so‌‌a‌‌boolean‌‌recharge‌‌condition‌‌was‌‌                           
added‌‌and‌‌is‌‌set‌‌to‌‌false‌‌whenever‌‌the‌‌algorithm‌‌reaches‌‌the‌‌float‌‌stage.‌‌The‌‌condition‌‌is‌‌                               
set‌ ‌to‌ ‌true‌ ‌again‌ ‌when‌ ‌the‌ ‌voltage‌ ‌across‌ ‌the‌‌battery‌‌is‌‌below‌‌V‌Rest‌,‌‌thus‌‌preventing‌‌the‌‌                               
possibility‌ ‌of‌ ‌overcharging‌ ‌the‌ ‌battery.‌ ‌The‌ ‌motivation‌ ‌for‌ ‌this‌ ‌change‌ ‌was‌ ‌after‌ ‌the‌‌                         
battery‌ ‌had‌ ‌reached‌ ‌100%‌ ‌state‌‌of‌‌charge‌‌in‌‌the‌‌initial‌‌design.‌‌The‌‌charging‌‌would‌‌stop‌‌                             
but‌ ‌the‌ ‌voltage‌ ‌was‌ ‌decreasing‌ ‌because‌ ‌the‌ ‌battery‌ ‌was‌ ‌at‌ ‌rest.‌ ‌Immediately‌ ‌after‌ ‌the‌‌                           
voltage‌ ‌decreased‌ ‌below‌ ‌14.6‌ ‌V,‌ ‌the‌ ‌charging‌ ‌resumed‌ ‌and‌ ‌the‌ ‌MCU‌ ‌would‌ ‌keep‌‌                         
switching‌ ‌between‌ ‌charging‌ ‌and‌ ‌not‌ ‌charging.‌ ‌If‌ ‌we‌ ‌had‌ ‌kept‌ ‌this‌ ‌design,‌ ‌the‌ ‌battery‌‌                           
could‌‌have‌‌been‌‌overcharged‌‌if‌‌left‌‌charging.‌‌The‌‌PID‌‌controller’s‌‌K‌‌values‌‌were‌‌set‌‌to‌‌2,‌‌                               
5,‌ ‌and‌‌1‌‌for‌‌K‌p‌,‌‌K‌i‌,‌‌and‌‌K‌d‌ ‌respectively.‌‌Unfortunately,‌‌due‌‌to‌‌time‌‌constraints,‌‌we‌‌were‌‌                               
not‌ ‌able‌ ‌to‌ ‌do‌ ‌extensive‌ ‌tests‌ ‌for‌ ‌when‌ ‌the‌ ‌battery‌ ‌reaches‌ ‌its‌ ‌fully‌ ‌charged‌ ‌state.‌‌                             
However,‌ ‌for‌ ‌the‌ ‌few‌ ‌times‌ ‌that‌ ‌we‌ ‌were‌ ‌able‌ ‌to‌‌test,‌‌we‌‌found‌‌that‌‌the‌‌values‌‌worked‌‌                                 
and‌ ‌we‌ ‌were‌ ‌able‌ ‌to‌ ‌hit‌ ‌the‌ ‌maximum‌ ‌state‌ ‌of‌ ‌charge.‌‌ ‌  
‌ 

7.3.3‌ ‌Graphing‌ ‌ 
‌ 

The‌‌following‌‌change‌‌could‌‌have‌‌occurred‌‌before‌‌testing,‌‌but‌‌this‌‌was‌‌a‌‌bug‌‌that‌‌became‌‌                             
more‌ ‌apparent‌ ‌when‌ ‌more‌ ‌values‌ ‌were‌ ‌being‌ ‌graphed.‌ ‌After‌ ‌the‌ ‌7th‌ ‌day,‌ ‌a‌ ‌new‌ ‌plot‌‌                             
would‌‌begin‌‌in‌‌the‌‌beginning‌‌of‌‌the‌‌graph‌‌as‌‌shown‌‌in‌‌Figure‌‌127.‌‌This‌‌was‌‌wrong‌‌since‌‌                                 
the‌ ‌new‌ ‌plot‌ ‌should‌ ‌be‌ ‌appearing‌ ‌at‌ ‌the‌ ‌end‌ ‌of‌ ‌the‌‌graph‌‌while‌‌the‌‌oldest‌‌plot‌‌is‌‌at‌‌the‌‌                                     
beginning,‌‌thus‌‌getting‌‌values‌‌for‌‌the‌‌last‌‌seven‌‌days.‌‌However,‌‌at‌‌the‌‌time,‌‌it‌‌didn’t‌‌seem‌‌                               
obviously‌ ‌wrong‌ ‌since‌ ‌values‌ ‌were‌ ‌still‌ ‌being‌ ‌replaced.‌‌ ‌  
‌ 
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‌ 

‌ 
Figure‌ ‌127:‌ ‌Bad‌ ‌Graphing‌ ‌ 

‌ 
It‌‌became‌‌more‌‌apparent‌‌how‌‌wrong‌‌the‌‌traversing‌‌algorithm‌‌was‌‌after‌‌the‌‌8th‌‌day‌‌when‌‌                             
older‌‌values‌‌were‌‌being‌‌graphed‌‌instead‌‌of‌‌newer‌‌values.‌‌The‌‌bug‌‌was‌‌caused‌‌due‌‌to‌‌how‌‌                               
the‌‌rear‌‌and‌‌front‌‌queue‌‌values‌‌were‌‌changing‌‌as‌‌the‌‌graphing‌‌was‌‌growing‌‌or‌‌shrinking‌‌                             
and‌ ‌how‌ ‌one‌ ‌other‌ ‌variable‌ ‌was‌‌used‌‌to‌‌keep‌‌track‌‌of‌‌the‌‌number‌‌of‌‌elements‌‌stored‌‌in‌‌                                 
the‌ ‌queue.‌ ‌The‌ ‌problem‌ ‌was‌ ‌that‌ ‌the‌ ‌rear‌ ‌or‌ ‌front‌ ‌values‌ ‌always‌ ‌increased‌ ‌by‌ ‌1‌ ‌if‌‌                               
something‌ ‌was‌ ‌enqueued‌ ‌or‌ ‌dequeued‌ ‌and‌ ‌then‌ ‌dividing‌ ‌their‌ ‌value‌ ‌by‌ ‌the‌ ‌queue’s‌‌                         
capacity‌ ‌and‌ ‌finding‌ ‌the‌ ‌remainder,‌ ‌which‌ ‌would‌ ‌determine‌ ‌the‌ ‌actual‌ ‌rear‌ ‌and‌ ‌front‌‌                         
values.‌ ‌There‌ ‌were‌ ‌already‌ ‌checks‌ ‌that‌ ‌made‌ ‌sure‌ ‌that‌ ‌the‌ ‌number‌ ‌of‌ ‌elements‌ ‌in‌ ‌the‌‌                             
queues‌ ‌do‌ ‌not‌ ‌exceed‌ ‌the‌ ‌maximum‌ ‌capacity,‌ ‌so‌ ‌what‌ ‌happened?‌ ‌How‌ ‌one‌ ‌would‌‌                         
traverse‌‌the‌‌queue‌‌is‌‌to‌‌start‌‌from‌‌the‌‌front‌‌and‌‌stop‌‌at‌‌the‌‌rear.‌‌An‌‌error‌‌was‌‌found‌‌in‌‌the‌‌                                       
programming‌ ‌where‌ ‌the‌ ‌queues‌ ‌were‌ ‌being‌ ‌traversed‌ ‌by‌ ‌starting‌ ‌from‌‌the‌‌first‌‌element‌‌                         
and‌ ‌stopping‌ ‌at‌ ‌the‌ ‌last‌ ‌element.‌ ‌It‌ ‌was‌ ‌after‌ ‌this‌ ‌fix‌ ‌where‌ ‌the‌ ‌small‌ ‌issue‌ ‌became‌ ‌a‌‌                                 
bigger‌‌problem.‌‌Usually,‌‌the‌‌rear‌‌would‌‌initially‌‌equal‌‌the‌‌front‌‌and‌‌would‌‌grow‌‌as‌‌more‌‌                             
data‌‌is‌‌inserted‌‌to‌‌the‌‌queue.‌‌After‌‌a‌‌certain‌‌point,‌‌the‌‌rear‌‌would‌‌stop‌‌growing‌‌since‌‌the‌‌                                 
number‌‌of‌‌elements‌‌in‌‌the‌‌queue‌‌has‌‌reached‌‌its‌‌maximum,‌‌which‌‌is‌‌6‌‌(arrays‌‌start‌‌from‌‌                               
0).‌‌We‌‌would‌‌need‌‌to‌‌dequeue‌‌before‌‌moving‌‌on,‌‌so‌‌the‌‌front‌‌would‌‌increase‌‌by‌‌1‌‌(1‌‌%‌‌7‌‌                                     
=‌ ‌1),‌ ‌which‌ ‌would‌ ‌allow‌ ‌the‌ ‌rear‌ ‌to‌ ‌be‌ ‌7‌ ‌%‌‌7‌‌=‌‌0.‌‌This‌‌is‌‌where‌‌the‌‌problem‌‌becomes‌‌                                       
apparent,‌‌we‌‌now‌‌have‌‌rear‌‌<‌‌front.‌‌Which‌‌is‌‌why‌‌the‌‌value‌‌after‌‌the‌‌7th‌‌day‌‌overwritten‌‌                                 
the‌ ‌first‌ ‌value‌ ‌in‌ ‌the‌‌queue.‌‌Given‌‌how‌‌we‌‌were‌‌traversing‌‌the‌‌graph,‌‌we‌‌couldn’t‌‌print‌‌                               
any‌‌values‌‌since‌‌rear‌‌<‌‌front.‌‌We‌‌thought‌‌that‌‌switching‌‌the‌‌rear‌‌and‌‌front‌‌values‌‌would‌‌                               
fix‌ ‌it,‌ ‌but‌ ‌the‌ ‌issue‌ ‌with‌ ‌how‌ ‌data‌ ‌was‌ ‌stored‌ ‌in‌‌the‌‌queue‌‌became‌‌more‌‌apparent‌‌after‌‌                                 
that.‌ ‌The‌ ‌whole‌ ‌data‌ ‌structure‌ ‌needed‌ ‌to‌ ‌be‌ ‌fixed.‌ ‌ 
‌ 

The‌ ‌simplest‌ ‌solution‌ ‌was‌ ‌to‌ ‌keep‌‌the‌‌front‌‌value‌‌fixed,‌‌only‌‌change‌‌the‌‌rear‌‌value‌‌and‌‌                               
eliminate‌ ‌the‌ ‌elements‌ ‌variable‌ ‌since‌ ‌the‌ ‌rear‌ ‌value‌ ‌would‌ ‌now‌ ‌represent‌ ‌the‌ ‌last‌ ‌data‌‌                           
stored‌‌in‌‌the‌‌queue.‌‌When‌‌the‌‌rear‌‌value‌‌reaches‌‌the‌‌maximum‌‌value‌‌that‌‌the‌‌queue‌‌can‌‌                               
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‌ 
store,‌ ‌which‌ ‌is‌ ‌7‌ ‌-‌ ‌1,‌ ‌the‌ ‌queue‌ ‌is‌ ‌considered‌ ‌full‌ ‌and‌ ‌when‌ ‌the‌ ‌rear‌ ‌equals‌ ‌front,‌ ‌the‌‌                                   
queue‌ ‌is‌ ‌considered‌ ‌empty.‌ ‌The‌ ‌rear‌ ‌would‌ ‌increase‌ ‌or‌ ‌decrease‌ ‌when‌ ‌the‌ ‌data‌ ‌is‌‌                           
enqueued‌ ‌or‌ ‌dequeued‌ ‌respectively.‌ ‌This‌ ‌method‌ ‌required‌ ‌more‌ ‌programming‌ ‌when‌‌                   
dequeuing‌ ‌was‌ ‌involved.‌ ‌Everytime‌ ‌data‌ ‌was‌ ‌dequeued,‌ ‌the‌ ‌values‌ ‌in‌ ‌the‌‌queue‌‌would‌‌                         
need‌‌to‌‌be‌‌shifted‌‌once‌‌towards‌‌the‌‌front.‌‌This‌‌way‌‌the‌‌front‌‌would‌‌never‌‌be‌‌greater‌‌than‌‌                                 
the‌ ‌rear‌‌value‌‌and‌‌the‌‌graph‌‌would‌‌be‌‌drawn‌‌normally.‌‌Aside‌‌from‌‌graphing,‌‌the‌‌rest‌‌of‌‌                               
the‌ ‌GUI‌ ‌was‌ ‌functioning‌ ‌normally‌ ‌during‌ ‌testing.‌ ‌ 
‌ 

7.4‌ ‌Solar‌ ‌Charge‌ ‌Controller‌ ‌Operations‌ ‌ 
‌ 

Operating‌‌the‌‌solar‌‌charge‌‌controller‌‌is‌‌straightforward‌‌so‌‌this‌‌section‌‌will‌‌be‌‌kept‌‌brief.‌‌                           
We‌‌have‌‌already‌‌discussed‌‌in‌‌detail‌‌the‌‌capabilities‌‌of‌‌the‌‌hardware‌‌and‌‌software‌‌as‌‌well‌‌                             
so‌ ‌this‌ ‌section‌ ‌is‌ ‌focused‌ ‌on‌ ‌a‌ ‌typical‌ ‌use‌ ‌case‌ ‌of‌ ‌the‌ ‌device‌ ‌as‌ ‌well‌ ‌as‌ ‌some‌‌                                 
troubleshooting‌ ‌guides.‌ ‌ 
‌ 

7.4.1‌ ‌Operating‌ ‌the‌ ‌Hardware‌ ‌ 
‌ 

The‌‌hardware‌‌is‌‌relatively‌‌simplistic‌‌to‌‌use‌‌for‌‌this‌‌device‌‌compared‌‌to‌‌the‌‌software.‌‌The‌‌                             
solar‌ ‌charge‌ ‌controller‌ ‌needs‌ ‌to‌ ‌connect‌ ‌to‌ ‌the‌ ‌battery‌ ‌and‌ ‌solar‌ ‌panel.‌ ‌The‌ ‌maximum‌‌                           
voltage‌ ‌across‌ ‌the‌ ‌solar‌ ‌panels‌ ‌shouldn’t‌ ‌exceed‌ ‌more‌ ‌than‌ ‌36‌ ‌volts‌ ‌(when‌ ‌they‌ ‌are‌‌                           
connected‌ ‌in‌ ‌series)‌ ‌as‌ ‌this‌ ‌is‌ ‌the‌ ‌maximum‌ ‌operating‌ ‌voltage‌ ‌of‌ ‌them.‌ ‌The‌ ‌only‌‌issue‌‌                             
that‌‌would‌‌have‌‌to‌‌be‌‌modified‌‌if‌‌this‌‌were‌‌done‌‌would‌‌include‌‌the‌‌size‌‌of‌‌the‌‌traces‌‌on‌‌                                   
the‌ ‌PCB‌ ‌as‌ ‌the‌ ‌current‌‌would‌‌increase.‌‌When‌‌we‌‌connect‌‌the‌‌solar‌‌panels‌‌to‌‌the‌‌charge‌‌                               
controller,‌ ‌the‌ ‌user‌ ‌should‌ ‌verify‌ ‌that‌ ‌they‌ ‌are‌ ‌connecting‌ ‌the‌ ‌positive‌ ‌and‌ ‌negative‌‌                         
terminals‌‌to‌‌the‌‌correct‌‌input‌‌screw‌‌pin‌‌terminals.‌‌For‌‌this‌‌the‌‌user‌‌would‌‌connect‌‌them‌‌to‌‌                               
the‌‌“Solar‌‌+”‌‌and‌‌“Solar‌‌-”‌‌terminals‌‌respectively.‌‌Once‌‌this‌‌is‌‌connected,‌‌the‌‌next‌‌thing‌‌                             
the‌‌user‌‌should‌‌do‌‌would‌‌be‌‌to‌‌connect‌‌the‌‌positive‌‌and‌‌negative‌‌lead‌‌of‌‌the‌‌battery‌‌to‌‌the‌‌                                   
“BAT‌‌+”‌‌and‌‌“BAT‌‌-”‌‌screw‌‌terminals‌‌respectively.‌‌Once‌‌this‌‌occurs‌‌the‌‌microcontroller‌‌                         
will‌ ‌and‌ ‌should‌ ‌turn‌ ‌on‌‌and‌‌begin‌‌loading‌‌the‌‌program‌‌which‌‌was‌‌written‌‌and‌‌initialize‌‌                             
where‌ ‌the‌ ‌main‌ ‌screen‌ ‌pops‌ ‌up.‌‌ ‌  
‌ 

On‌ ‌this‌ ‌screen‌ ‌the‌ ‌user‌ ‌will‌ ‌see‌ ‌various‌ ‌items‌ ‌of‌ ‌information‌ ‌which‌ ‌they‌ ‌should‌ ‌pay‌‌                             
attention‌ ‌to‌ ‌and‌ ‌verify‌ ‌to‌‌make‌‌sure‌‌it‌‌is‌‌valid.‌‌The‌‌battery‌‌voltage,‌‌solar‌‌panel‌‌voltage,‌‌                               
solar‌ ‌panel‌ ‌current,‌ ‌temperature,‌ ‌charging‌ ‌percentage,‌ ‌state‌ ‌of‌ ‌charge‌ ‌and‌ ‌whether‌ ‌the‌‌                       
PWM‌ ‌pulse‌ ‌is‌ ‌being‌ ‌sent‌ ‌should‌‌be‌‌displayed.‌‌When‌‌the‌‌user‌‌turns‌‌on‌‌the‌‌PWM‌‌pulse,‌‌                               
they‌ ‌should‌ ‌see‌ ‌that‌ ‌the‌ ‌battery‌ ‌(depending‌ ‌on‌ ‌the‌ ‌state‌ ‌of‌ ‌charge)‌ ‌starts‌‌to‌‌be‌‌charged‌‌                               
provided‌‌that‌‌the‌‌voltage‌‌of‌‌the‌‌solar‌‌panel‌‌is‌‌above‌‌the‌‌battery‌‌voltage.‌‌When‌‌this‌‌occurs‌‌                               
the‌ ‌current‌ ‌that‌ ‌is‌ ‌generated‌ ‌will‌ ‌flow‌ ‌into‌ ‌the‌ ‌battery‌ ‌and‌ ‌will‌ ‌be‌ ‌equalized‌ ‌via‌ ‌the‌‌                               
Battery‌‌Management‌‌System‌‌which‌‌regulates‌‌the‌‌equality‌‌and‌‌charge‌‌of‌‌the‌‌cells.‌‌If‌‌and‌‌                           
when‌‌the‌‌user‌‌wants‌‌to‌‌power‌‌a‌‌load‌‌that‌‌requires‌‌AC‌‌power‌‌they‌‌will‌‌plug‌‌the‌‌load‌‌into‌‌                                   
the‌ ‌inverter‌ ‌but‌ ‌not‌ ‌before‌ ‌following‌ ‌the‌ ‌next‌ ‌steps‌ ‌in‌ ‌the‌ ‌given‌ ‌order.‌ ‌ 
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‌ 
Before‌‌the‌‌load‌‌is‌‌connected,‌‌the‌‌user‌‌must‌‌connect‌‌the‌‌positive‌‌and‌‌negative‌‌lead‌‌of‌‌the‌‌                               
battery‌ ‌to‌ ‌the‌ ‌inverter‌ ‌and‌ ‌secure‌ ‌the‌ ‌connections‌ ‌to‌ ‌ensure‌ ‌a‌ ‌proper‌ ‌connection.‌ ‌After‌‌                           
and‌ ‌only‌ ‌after‌ ‌this‌ ‌step‌ ‌will‌ ‌the‌ ‌user‌ ‌turn‌ ‌on‌ ‌the‌‌inverter‌‌but‌‌while‌‌they‌‌are‌‌turning‌‌the‌‌                                   
inverter‌‌on‌‌for‌‌the‌‌first‌‌time‌‌they‌‌will‌‌need‌‌to‌‌hit‌‌the‌‌button‌‌on‌‌the‌‌side‌‌of‌‌our‌‌enclosure‌‌                                     
to‌ ‌bypass‌ ‌the‌ ‌BMS‌ ‌in‌ ‌order‌ ‌to‌ ‌charge‌ ‌the‌ ‌capacitors‌ ‌of‌ ‌the‌ ‌inverter.‌‌Note‌‌that‌‌this‌‌will‌‌                                 
draw‌‌current‌‌and‌‌we‌‌bypass‌‌as‌‌the‌‌BMS‌‌interferes‌‌with‌‌the‌‌inverter‌‌startup‌‌as‌‌it‌‌does‌‌not‌‌                                 
recognize‌ ‌power‌ ‌being‌ ‌drawn‌ ‌from‌ ‌the‌ ‌battery‌ ‌at‌ ‌first.‌ ‌Once‌ ‌we‌ ‌turn‌ ‌the‌ ‌inverter‌ ‌on‌‌                             
(while‌ ‌holding‌ ‌the‌ ‌button‌ ‌down)‌ ‌we‌ ‌wait‌ ‌for‌ ‌the‌ ‌capacitors‌ ‌to‌ ‌get‌ ‌charged.‌ ‌This‌ ‌is‌‌                             
indicated‌‌once‌‌the‌‌voltage‌‌that‌‌the‌‌inverter‌‌reads‌‌is‌‌the‌‌same‌‌voltage‌‌as‌‌the‌‌battery‌‌(there‌‌                               
will‌ ‌be‌ ‌a‌‌slight‌‌variance‌‌in‌‌the‌‌voltage‌‌as‌‌the‌‌capacitors‌‌will‌‌have‌‌a‌‌slight‌‌offset‌‌as‌‌they‌‌                                   
add‌ ‌to‌ ‌the‌ ‌voltage‌ ‌on‌ ‌the‌ ‌inverter‌ ‌end).‌ ‌ 
‌ 

Once‌‌this‌‌occurs,‌‌the‌‌user‌‌will‌‌then‌‌be‌‌able‌‌to‌‌plug‌‌in‌‌the‌‌load‌‌of‌‌their‌‌choice‌‌that‌‌is‌‌not‌‌                                       
sensitive‌‌to‌‌a‌‌modified‌‌sine‌‌wave‌‌(as‌‌this‌‌is‌‌what‌‌the‌‌inverter‌‌provides).‌‌One‌‌of‌‌the‌‌most‌‌                                 
important‌ ‌things‌ ‌a‌ ‌user‌ ‌should‌ ‌be‌ ‌aware‌ ‌of‌ ‌when‌ ‌it‌ ‌comes‌ ‌to‌ ‌the‌ ‌load‌ ‌which‌ ‌they‌ ‌are‌‌                                 
trying‌‌to‌‌power‌‌is‌‌to‌‌make‌‌sure‌‌to‌‌never‌‌exceed‌‌the‌‌load‌‌wattage‌‌from‌‌what‌‌the‌‌inverter‌‌is‌‌                                   
able‌‌to‌‌provide.‌‌This‌‌is‌‌a‌‌major‌‌safety‌‌issue‌‌that‌‌must‌‌be‌‌adhered‌‌to‌‌at‌‌all‌‌times‌‌because‌‌if‌‌                                     
this‌‌occurs‌‌we‌‌end‌‌up‌‌having‌‌a‌‌loading‌‌effect‌‌which‌‌can‌‌ultimately‌‌damage‌‌the‌‌inverter‌‌as‌‌                               
the‌ ‌load‌ ‌will‌ ‌pull‌ ‌power‌ ‌from‌ ‌the‌ ‌inverter‌ ‌at‌ ‌a‌ ‌rate‌ ‌that‌ ‌the‌ ‌inverter‌‌will‌‌not‌‌be‌‌able‌‌to‌‌                                     
keep‌‌up‌‌with.‌‌Also‌‌this‌‌can‌‌and‌‌will‌‌damage‌‌the‌‌load‌‌(if‌‌not‌‌immediately‌‌definitely‌‌over‌‌                               
time)‌ ‌and‌ ‌will‌ ‌render‌ ‌the‌ ‌load‌ ‌to‌ ‌be‌ ‌useless‌ ‌as‌ ‌a‌ ‌result.‌‌ ‌  
‌ 

On‌ ‌a‌ ‌final‌ ‌note,‌ ‌we‌ ‌have‌ ‌built‌ ‌in‌ ‌safety‌ ‌mechanisms‌ ‌(especially‌ ‌within‌ ‌the‌‌                         
microcontroller)‌ ‌to‌ ‌mitigate‌ ‌overcharge,‌ ‌undercharge,‌ ‌high‌ ‌temperature‌ ‌and‌‌current‌‌and‌‌                   
voltage‌ ‌protection‌ ‌in‌ ‌order‌ ‌to‌ ‌maintain‌‌the‌‌battery‌‌life‌‌and‌‌longevity‌‌of‌‌our‌‌system‌‌as‌‌a‌‌                               
whole.‌ ‌The‌ ‌user‌ ‌should‌ ‌make‌ ‌sure‌ ‌to‌ ‌check‌ ‌that‌ ‌these‌ ‌safety‌ ‌mechanisms‌ ‌are‌ ‌being‌‌                           
followed‌ ‌by‌ ‌regularly‌ ‌testing‌ ‌the‌ ‌battery‌ ‌as‌ ‌well‌ ‌as‌ ‌the‌ ‌charging‌ ‌algorithm‌ ‌for‌ ‌proper‌‌                           
function.‌ ‌Also‌‌make‌‌sure‌‌that‌‌the‌‌user‌‌knows‌‌in‌‌advance‌‌of‌‌all‌‌features‌‌as‌‌well‌‌as‌‌all‌‌of‌‌                                   
the‌ ‌safeties‌ ‌in‌ ‌place‌ ‌in‌ ‌order‌ ‌to‌ ‌mitigate‌ ‌risk‌ ‌with‌ ‌misuse‌ ‌if‌ ‌it‌ ‌ever‌ ‌happens.‌‌ ‌  
‌ 

7.4.2‌ ‌Operating‌ ‌the‌ ‌Software‌ ‌ 
‌ 

When‌ ‌the‌ ‌batteries‌ ‌are‌ ‌connected‌ ‌to‌ ‌the‌ ‌solar‌ ‌charge‌ ‌controller,‌ ‌the‌ ‌device‌ ‌will‌‌                         
immediately‌‌turn‌‌on‌‌and‌‌display‌‌the‌‌initialization‌‌screen.‌‌If‌‌anything‌‌fails‌‌to‌‌initialize,‌‌the‌‌                           
program‌ ‌will‌‌print‌‌an‌‌error‌‌message‌‌to‌‌help‌‌the‌‌user‌‌identify‌‌the‌‌source‌‌of‌‌the‌‌issue‌‌and‌‌                                 
the‌‌program‌‌will‌‌not‌‌continue‌‌to‌‌the‌‌main‌‌screen.‌‌The‌‌user‌‌should‌‌check‌‌any‌‌connections‌‌                             
relating‌‌to‌‌the‌‌issue,‌‌but‌‌if‌‌the‌‌flash‌‌chip‌‌failed‌‌to‌‌initialize‌‌and‌‌if‌‌the‌‌filesystem‌‌couldn’t‌‌                                 
be‌ ‌mounted,‌ ‌this‌ ‌may‌ ‌be‌ ‌an‌ ‌indication‌ ‌of‌ ‌faulty‌ ‌hardware.‌ ‌If‌ ‌the‌ ‌SD‌ ‌card‌ ‌couldn’t‌ ‌be‌‌                               
initialized,‌‌try‌‌disconnecting‌‌the‌‌device‌‌and‌‌re-inserting‌‌the‌‌SD‌‌card.‌‌If‌‌it’s‌‌the‌‌first‌‌time‌‌                             
the‌ ‌user‌ ‌is‌‌booting‌‌the‌‌device,‌‌a‌‌screen‌‌similar‌‌to‌‌figure‌‌109‌‌should‌‌be‌‌displayed‌‌except‌‌                               
that‌ ‌the‌ ‌graph‌ ‌shouldn’t‌ ‌be‌ ‌initializing‌ ‌and‌ ‌the‌ ‌date‌ ‌should‌ ‌be‌ ‌displayed‌ ‌as‌ ‌“N/A”.‌‌ ‌  
‌ 
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‌ 
Once‌‌the‌‌user‌‌is‌‌on‌‌the‌‌main‌‌screen,‌‌most‌‌of‌‌the‌‌critical‌‌charging‌‌and‌‌measurements‌‌are‌‌                               
done‌‌automatically.‌‌All‌‌the‌‌user‌‌needs‌‌to‌‌do‌‌is‌‌enable‌‌the‌‌solar‌‌charge‌‌controller‌‌to‌‌charge‌                               
the‌ ‌battery‌ ‌by‌ ‌tapping‌ ‌the‌ ‌button‌ ‌that‌ ‌is‌ ‌next‌ ‌to‌ ‌the‌ ‌word‌ ‌“switch.”‌ ‌The‌ ‌button‌ ‌would‌‌                               
update‌ ‌by‌ ‌being‌ ‌labeled‌ ‌as‌ ‌“Connected,”‌ ‌Figure‌‌108‌‌shows‌‌what‌‌the‌‌main‌‌screen‌‌looks‌‌                           
like‌ ‌when‌ ‌charging.‌ ‌There‌ ‌are‌ ‌three‌ ‌buttons‌ ‌available‌ ‌to‌ ‌the‌ ‌user‌ ‌at‌ ‌the‌ ‌button‌ ‌of‌ ‌the‌‌                               
screen,‌ ‌“Graphs,”‌ ‌“Settings,”‌ ‌or‌ ‌“Save.”‌ ‌The‌ ‌user‌ ‌would‌ ‌most‌ ‌likely‌ ‌want‌ ‌to‌ ‌set‌ ‌the‌‌                           
appropriate‌‌date‌‌and‌‌time‌‌to‌‌effectively‌‌utilize‌‌the‌‌data‌‌logging‌‌capabilities‌‌of‌‌the‌‌device.‌‌                           
By‌‌tapping‌‌“Settings”‌‌the‌‌user‌‌would‌‌be‌‌led‌‌to‌‌a‌‌screen‌‌as‌‌shown‌‌in‌‌figure‌‌128.‌‌The‌‌user‌‌                                   
would‌ ‌need‌ ‌to‌ ‌tap‌ ‌the‌ ‌left‌ ‌or‌ ‌right‌ ‌arrows‌ ‌to‌ ‌adjust‌ ‌the‌ ‌settings.‌‌ ‌  
‌ 

‌ 
Figure‌ ‌128:‌ ‌Actual‌ ‌Settings‌ ‌Screen‌ ‌ 

‌ 
In‌ ‌order‌ ‌to‌ ‌change‌ ‌the‌ ‌date‌ ‌and‌ ‌time,‌ ‌the‌ ‌user‌ ‌needs‌ ‌to‌ ‌select‌ ‌“More”‌ ‌and‌ ‌a‌ ‌screen‌ ‌as‌‌                                   
shown‌ ‌in‌ ‌figure‌ ‌129‌ ‌will‌ ‌be‌ ‌presented.‌ ‌The‌ ‌user‌‌needs‌‌to‌‌tap‌‌the‌‌up‌‌or‌‌down‌‌arrows‌‌to‌‌                                   
change‌ ‌the‌ ‌values.‌ ‌Everytime‌ ‌the‌‌user‌‌changes‌‌the‌‌hour‌‌or‌‌minute,‌‌the‌‌second‌‌will‌‌start‌‌                             
from‌ ‌0.‌ ‌ 
‌ 

‌ 
Figure‌ ‌129:‌ ‌Actual‌ ‌Time‌ ‌&‌ ‌Date‌ ‌Screen‌ ‌ 
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‌ 

Once‌‌the‌‌user‌‌is‌‌done‌‌adjusting‌‌the‌‌date,‌‌the‌‌user‌‌will‌‌have‌‌to‌‌wait‌‌until‌‌midnight‌‌occurs‌‌                                 
for‌ ‌the‌ ‌graph‌ ‌to‌ ‌be‌ ‌drawn.‌ ‌If‌ ‌the‌ ‌user‌ ‌wants‌ ‌to‌‌save‌‌the‌‌current‌‌values‌‌displayed‌‌in‌‌the‌‌                                   
main‌ ‌screen,‌ ‌the‌ ‌user‌ ‌should‌ ‌tap‌ ‌“Main‌ ‌Menu”‌ ‌to‌ ‌return‌‌to‌‌the‌‌main‌‌screen‌‌and‌‌select‌‌                               
“Save”‌ ‌where‌ ‌the‌ ‌screen‌ ‌will‌ ‌briefly‌ ‌show‌ ‌that‌ ‌the‌ ‌data‌ ‌was‌ ‌successfully‌ ‌saved.‌ ‌If‌ ‌the‌‌                             
data‌‌could‌‌not‌‌be‌‌saved‌‌that‌‌could‌‌mean‌‌that‌‌the‌‌SD‌‌card‌‌or‌‌flash‌‌chip‌‌is‌‌full‌‌and‌‌the‌‌user‌‌                                       
would‌ ‌need‌ ‌to‌ ‌erase‌ ‌the‌ ‌data‌ ‌in‌ ‌either‌ ‌storage‌ ‌media.‌‌ ‌  
‌ 

Assuming‌ ‌that‌ ‌the‌ ‌data‌ ‌was‌ ‌successfully‌ ‌saved,‌ ‌the‌ ‌user‌ ‌can‌ ‌view‌ ‌the‌ ‌data‌ ‌in‌ ‌the‌ ‌data‌‌                               
option‌ ‌screen‌ ‌that‌ ‌can‌ ‌be‌ ‌found‌ ‌by‌ ‌selecting‌ ‌“More”‌ ‌in‌ ‌the‌ ‌time‌ ‌and‌ ‌date‌ ‌screen.‌ ‌The‌‌                               
screen‌‌should‌‌look‌‌like‌‌how‌‌it's‌‌depicted‌‌in‌‌figure‌‌113.‌‌There‌‌are‌‌two‌‌options‌‌available‌‌to‌‌                               
the‌ ‌user,‌ ‌“Erase‌ ‌Data”‌ ‌and‌ ‌“View‌ ‌Data.”‌ ‌To‌ ‌erase‌ ‌the‌ ‌data‌ ‌(alongside‌ ‌the‌ ‌graph‌ ‌data)‌‌                             
stored‌ ‌in‌‌the‌‌flash‌‌chip,‌‌the‌‌user‌‌should‌‌select‌‌“Erase‌‌Data.”‌‌To‌‌view‌‌the‌‌data‌‌in‌‌the‌‌SD‌‌                                   
card‌ ‌or‌ ‌the‌ ‌flash‌‌chip,‌‌the‌‌user‌‌should‌‌select‌‌“View‌‌Data”‌‌and‌‌a‌‌screen‌‌similar‌‌to‌‌figure‌‌                                 
114‌ ‌should‌ ‌appear.‌ ‌The‌‌program‌‌will‌‌prioritise‌‌reading‌‌data‌‌from‌‌and‌‌saving‌‌data‌‌to‌‌the‌‌                             
SD‌ ‌card‌ ‌if‌ ‌it’s‌ ‌inserted.‌ ‌Tapping‌ ‌“More”‌ ‌will‌ ‌cycle‌ ‌to‌ ‌the‌ ‌next‌ ‌set‌ ‌of‌ ‌data‌ ‌if‌ ‌present,‌‌                                 
tapping‌ ‌“Start”‌ ‌will‌ ‌bring‌ ‌the‌ ‌user‌ ‌back‌ ‌to‌ ‌the‌ ‌beginning‌ ‌of‌ ‌the‌ ‌data‌ ‌set,‌ ‌and‌ ‌tapping‌‌                               
“Exit”‌ ‌will‌ ‌bring‌ ‌the‌ ‌user‌ ‌back‌ ‌to‌ ‌the‌ ‌data‌ ‌option‌ ‌screen.‌‌ ‌  
‌ 

Finally,‌‌if‌‌at‌‌least‌‌a‌‌day‌‌has‌‌passed,‌‌the‌‌user‌‌should‌‌be‌‌able‌‌to‌‌view‌‌the‌‌graph.‌‌From‌‌the‌‌                                     
main‌ ‌screen,‌ ‌the‌ ‌user‌ ‌should‌ ‌select‌ ‌“Graph”‌ ‌and,‌ ‌depending‌ ‌on‌ ‌how‌ ‌many‌ ‌values‌ ‌are‌‌                           
recorded,‌ ‌the‌ ‌user‌ ‌will‌ ‌find‌ ‌a‌ ‌screen‌ ‌similar‌ ‌to‌ ‌Figure‌ ‌115.‌ ‌The‌ ‌user‌ ‌is‌ ‌able‌ ‌to‌ ‌cycle‌‌                                 
between‌‌three‌‌different‌‌graphs‌‌by‌‌continuously‌‌tapping‌‌“Next.”‌‌The‌‌three‌‌graphs‌‌are‌‌the‌‌                         
maximum‌ ‌battery‌ ‌voltage,‌ ‌maximum‌ ‌solar‌ ‌panel‌ ‌voltage,‌ ‌and‌ ‌maximum‌ ‌solar‌ ‌panel‌‌                     
current‌‌for‌‌the‌‌days‌‌plotted.‌‌The‌‌user‌‌can‌‌exit‌‌back‌‌to‌‌the‌‌main‌‌screen‌‌by‌‌tapping‌‌“Main‌‌                                 
Menu.”‌ ‌ ‌   
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‌ 
8.0‌ ‌Administrative‌ ‌ 

‌ 
Our‌ ‌budget‌ ‌will‌ ‌be‌ ‌self‌ ‌funded,‌ ‌excluding‌ ‌malfunction‌ ‌of‌ ‌equipment‌ ‌and‌‌breakage,‌‌the‌‌                         
cost‌ ‌of‌ ‌materials‌ ‌can‌ ‌be‌ ‌found‌ ‌below‌ ‌in‌ ‌tabular‌ ‌format:‌ ‌ 

‌ 

Table‌ ‌23:‌ ‌Budget‌ ‌and‌ ‌Funding‌ ‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 

‌ 
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Item‌ ‌  Quantity‌ ‌  Price‌‌ 
Estimate‌ ‌ 

Place‌ ‌of‌ ‌origin‌ ‌ 

Solar‌ ‌Panel‌ ‌  1‌ ‌  Donated‌‌ ‌   Friend‌ ‌ 

Charge‌ ‌Controller‌ ‌(PCB‌‌ 
Components)‌ ‌ 

1‌ ‌  $80‌ ‌  Custom‌ ‌Made‌‌ 
(Varies)‌ ‌ 

Battery‌ ‌Cells‌ ‌  4‌ ‌  $312.04‌ ‌  AliExpress‌ ‌ 

Microcontroller‌‌ ‌   1‌ ‌  $25‌ ‌  Adafruit‌ ‌ 

Custom‌ ‌PCB‌ ‌Breakout‌ ‌Board‌ ‌  1‌ ‌  $6.47‌ ‌  JLCPCB‌ ‌ 

BMS‌ ‌  1‌ ‌  $45.92‌ ‌  AliExpress‌ ‌ 

Capacitive‌ ‌LCD‌ ‌Display‌ ‌  1‌ ‌  $39.95‌ ‌  Adafruit‌ ‌ 

Relay‌ ‌  2‌ ‌  $12‌ ‌  Amazon‌ ‌ 

Custom‌ ‌Enclosure‌ ‌(Plexi)‌ ‌  1‌ ‌  $39.44‌ ‌  Home‌ ‌Depot‌ ‌ 

Hinge‌ ‌  3‌ ‌  $9.98‌ ‌  Home‌ ‌Depot‌ ‌ 

Wiring‌ ‌of‌ ‌different‌ ‌gauges‌ ‌  Varies‌ ‌  $35‌ ‌/‌ ‌Donated‌ ‌  Amazon/Friend‌ ‌ 

Soldering‌ ‌materials‌ ‌  1‌ ‌Soldering‌ ‌Iron‌ ‌ 
1‌ ‌60/40‌ ‌Rosin‌ ‌Solder‌ ‌ 
1‌ ‌Rosin‌ ‌Paste‌ ‌Flux‌ ‌ 

$65‌‌ ‌   Amazon/‌ ‌ 
Home‌ ‌Depot‌ ‌ 

Inverter‌ ‌  1‌ ‌  Donated‌ ‌  Friend‌ ‌ 

Temperature‌ ‌Sensor‌ ‌  1‌ ‌  $5.00‌ ‌  Adafruit‌ ‌ 

Total‌ ‌  N/A‌ ‌  $675.80‌ ‌  N/A‌ ‌ 



‌ 
In‌ ‌senior‌ ‌design‌ ‌II‌ ‌we‌ ‌revised‌ ‌our‌ ‌budget,‌ ‌in‌ ‌the‌ ‌end‌ ‌this‌‌caused‌‌us‌‌to‌‌come‌‌under‌‌our‌‌                                   
estimate‌ ‌by‌ ‌roughly‌ ‌$140.‌ ‌This‌ ‌can‌ ‌be‌ ‌seen‌ ‌in‌ ‌table‌ ‌24‌ ‌below:‌ ‌ 

‌ 

Table‌ ‌24:‌ ‌Revised‌ ‌Senior‌ ‌Design‌ ‌II‌ ‌Budget‌ ‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 
‌ 

‌ 
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Item‌ ‌  Quantity‌ ‌  Price‌ ‌  Place‌ ‌of‌ ‌origin‌ ‌ 

Solar‌ ‌Panel‌ ‌  1‌ ‌  Donated‌‌ ‌   Friend‌ ‌ 

Charge‌ ‌Controller‌ ‌(PCB‌‌ 
Components)‌ ‌ 

1‌ ‌  $45.39‌ ‌  Custom‌ ‌Made‌‌ 
(Varies)‌ ‌ 

Battery‌ ‌Cells‌ ‌  4‌ ‌  $312.04‌ ‌  AliExpress‌ ‌ 

Microcontroller‌‌ ‌   1‌ ‌  $24.95‌ ‌  Adafruit‌ ‌ 

PCB‌ ‌  1‌ ‌  $8.04‌ ‌  JLCPCB‌ ‌ 

BMS‌ ‌  1‌ ‌  $45.92‌ ‌  AliExpress‌ ‌ 

Capacitive‌ ‌LCD‌ ‌Display‌ ‌  1‌ ‌  $39.95‌ ‌  Adafruit‌ ‌ 

Custom‌ ‌SCC‌ ‌Enclosure‌ ‌  1‌ ‌  $17.68‌ ‌  Home‌ ‌Depot‌ ‌ 

Custom‌ ‌Battery‌ ‌Enclosure‌ ‌  1‌ ‌  $24.55‌ ‌  Home‌ ‌Depot‌ ‌ 

Hinge‌ ‌  3‌ ‌  $9.98‌ ‌  Home‌ ‌Depot‌ ‌ 

Wiring‌ ‌  Varies‌ ‌  Donated‌ ‌  Friend‌ ‌ 

Soldering‌ ‌materials‌ ‌  1‌ ‌Soldering‌ ‌Iron‌ ‌ 
1‌ ‌60/40‌ ‌Rosin‌ ‌Solder‌ ‌ 
1‌ ‌Rosin‌ ‌Paste‌ ‌Flux‌ ‌ 

Donated‌ ‌  Friend‌ ‌ 

Inverter‌ ‌  1‌ ‌  Donated‌ ‌  Friend‌ ‌ 

Temperature‌ ‌Sensor‌ ‌  1‌ ‌  $4.95‌ ‌  Adafruit‌ ‌ 

Total‌ ‌  N/A‌ ‌  $533.45‌ ‌  N/A‌ ‌ 



‌ 
‌ 

8.1‌ ‌Milestones‌ ‌ 
‌ 

SD1‌ ‌Milestones‌ ‌ 

Table‌ ‌25:‌ ‌SD1‌ ‌Milestones‌ ‌ 
‌ 
‌ 

SD2‌ ‌Milestones‌ ‌ 

Table‌ ‌26:‌ ‌SD2‌ ‌Milestones‌ ‌ 
‌   

‌ 
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Description‌ ‌  Timeline‌ ‌  Completion‌ ‌Date‌ ‌ 

Senior‌ ‌Design‌ ‌Grouping‌ ‌  1‌ ‌week‌  1st‌ ‌week‌  ‌(1/14/2021)‌ ‌ 

Project‌ ‌Idea‌ ‌Brainstorming‌‌ ‌   1‌ ‌week‌‌   2nd‌ ‌week‌ ‌(1/21/2021)‌ ‌ 

Divide‌ ‌and‌ ‌Conquer‌ ‌1.0‌  1‌ ‌week‌  3rd‌ ‌week‌ ‌(1/29/2021)‌ ‌ 

Divide‌ ‌and‌ ‌Conquer‌ ‌1.0‌ ‌Meeting‌ ‌  1‌ ‌week‌  4th‌ ‌week‌ ‌(2/1/2021)‌ 

Divide‌‌and‌‌Conquer‌‌2.0‌‌(Project‌‌Locked‌‌           
in)‌ ‌ 

1‌ ‌week‌  5th‌ ‌week‌ ‌(2/12/2021)‌ 

Initial‌ ‌Project‌ ‌Research/60‌ ‌Page‌ ‌Draft‌ ‌  7‌ ‌weeks‌‌ ‌   12th‌ ‌week‌ ‌(4/2/2021)‌ 

100‌ ‌Page‌ ‌Draft‌‌ ‌   2‌ ‌weeks‌ ‌  14th‌ ‌week‌ ‌(4/16/2021)‌ 

Final‌ ‌Document‌‌ ‌   2‌ ‌weeks‌ ‌  16th‌ ‌week‌ ‌(4/27/2021)‌ 

Description‌ ‌  Timeline‌ ‌  Completion‌ ‌Date‌ ‌ 

Project‌ ‌prototype‌ ‌build‌ ‌  4‌ ‌weeks‌ ‌  4th‌ ‌week‌  ‌(6/4/2021)‌ 

In‌ ‌Class‌ ‌Presentation‌ ‌  1‌ ‌week‌  5th‌ ‌week‌ ‌(6/11/2021)‌ ‌ 

Testing‌ ‌and‌ ‌fixes‌ ‌  1‌ ‌week‌  6th‌ ‌week‌ ‌(6/18/2021)‌ 

Finish‌ ‌prototype‌ ‌based‌ ‌on‌ ‌fixes‌ ‌  2‌ ‌weeks‌ ‌  8th‌ ‌week‌ ‌(6/29/2021)‌ 

Final‌ ‌presentation‌ ‌  4‌ ‌weeks‌ ‌  12th‌ ‌week‌ ‌(7/27/2021)‌ 

Final‌ ‌document‌ ‌for‌ ‌turn-in‌‌ ‌   1‌ ‌week‌  13th‌ ‌week‌ ‌(8/3/2021)‌ 



‌ 
9.0‌ ‌Conclusion‌ ‌ 

‌ 
Over‌ ‌the‌ ‌course‌ ‌of‌ ‌our‌ ‌project,‌ ‌we’ve‌ ‌managed‌ ‌to‌ ‌overcome‌ ‌many‌ ‌obstacles.‌ ‌Most‌ ‌of‌‌                           
these‌ ‌obstacles‌ ‌are‌‌engineering‌‌in‌‌nature,‌‌but‌‌not‌‌all‌‌of‌‌them.‌‌For‌‌instance‌‌we’ve‌‌had‌‌to‌‌                               
coordinate‌‌around‌‌COVID-19‌‌and‌‌the‌‌logistics‌‌of‌‌assembling‌‌our‌‌project‌‌when‌‌half‌‌of‌‌the‌‌                           
group‌ ‌has‌ ‌contracted‌ ‌the‌ ‌illness.‌ ‌In‌ ‌specific,‌ ‌a‌ ‌member‌ ‌of‌ ‌group‌ ‌9‌ ‌contracted‌ ‌COVID‌‌                           
during‌‌the‌‌Senior‌‌Design‌‌II‌‌section‌‌and‌‌had‌‌many‌‌of‌‌the‌‌components‌‌in‌‌his‌‌possession‌‌for‌‌                               
the‌ ‌project.‌‌This‌‌meant‌‌that‌‌a‌‌member‌‌of‌‌the‌‌group‌‌needed‌‌to‌‌coordinate‌‌when‌‌and‌‌how‌‌                               
to‌‌pick‌‌up‌‌these‌‌items‌‌so‌‌that‌‌they‌‌could‌‌be‌‌breadboarded,‌‌tested,‌‌and‌‌assembled‌‌into‌‌the‌‌                               
project.‌ ‌During‌ ‌the‌ ‌course‌ ‌of‌ ‌our‌ ‌tenure‌ ‌in‌ ‌Senior‌ ‌Design‌ ‌we‌ ‌also‌ ‌had‌‌to‌‌deal‌‌with‌‌the‌‌                                 
issue‌ ‌of‌ ‌delayed‌ ‌shipping‌ ‌due‌ ‌to‌ ‌events‌ ‌like‌ ‌COVID-19‌ ‌and‌ ‌the‌ ‌Suez‌ ‌Canal‌ ‌blockage.‌‌                           
These‌‌delays‌‌meant‌‌that‌‌we‌‌needed‌‌to‌‌order‌‌our‌‌components‌‌earlier‌‌than‌‌normal,‌‌and‌‌that‌‌                             
we‌‌needed‌‌to‌‌order‌‌in‌‌excess‌‌in‌‌the‌‌event‌‌that‌‌during‌‌testing‌‌a‌‌component‌‌failed‌‌or‌‌burned‌‌                                 
out.‌‌ ‌  
‌ 

In‌ ‌senior‌ ‌design‌ ‌II‌ ‌we‌ ‌have‌ ‌had‌ ‌minor‌ ‌problems‌ ‌that‌ ‌we‌ ‌were‌ ‌able‌ ‌to‌ ‌overcome.‌‌                             
Thankfully‌ ‌with‌ ‌perseverance‌ ‌we‌ ‌were‌ ‌able‌ ‌to‌ ‌still‌ ‌accomplish‌ ‌our‌ ‌project‌ ‌in‌ ‌a‌ ‌timely‌‌                           
manner.‌ ‌Even‌ ‌after‌ ‌encountering‌ ‌issues‌ ‌that‌ ‌caused‌ ‌a‌ ‌needed‌ ‌replacement‌‌of‌‌the‌‌power‌‌                         
inverter‌‌and‌‌the‌‌financial‌‌issue‌‌of‌‌the‌‌cost‌‌of‌‌plexiglass‌‌we‌‌were‌‌able‌‌to‌‌build‌‌our‌‌design‌‌                                 
as‌ ‌intended.‌‌At‌‌the‌‌end‌‌of‌‌this‌‌journey‌‌we‌‌have‌‌realized‌‌that‌‌we‌‌achieved‌‌more‌‌than‌‌we‌‌                                 
ever‌ ‌would‌ ‌have‌ ‌dreamt‌ ‌possible‌ ‌at‌ ‌the‌ ‌beginning‌ ‌of‌ ‌the‌ ‌senior‌ ‌design‌ ‌process.‌ ‌ ‌ ‌     

‌ 
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