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Abstract

This special project—aims 1o/ designa 1system—ef! electrical, ‘capacitors from
thermoelectric generators into ‘battery’” techinolaosy Using, Perturb, 'and Observe
technique /in™ the, research’/phase, this  special/ project|-starts with ‘the use of
thermocouple” toypreduce, voltage dsing differént temperature _differences. The
output voltage sent/into-Boost converterto increase-of the-voltage to a size that is
high enough_toycharge/the 12 volitead acid\ battery/in this process of charging.
Arduino 'boatds are<usedrto controlthe ‘charge: In this research, We compare the
efficiency. of «the charge by usingdinterference’and sebservation. techniques. And
charging with Détywcycle“eonfiguration method in’ the/research will+find is Perturb and
Observe technigue’itvis more efficient than-the charging methodiwith the Duty cycle.
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2.1. masludidnvdnluga (Thermoelectric module)
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2.2 Usngmsalwasiudiinmin

Usingnisalwasludidnvinansees As Unngnisailumsudamasnuanuseuly
Wundsnuliidr Wun Jsngaisal@iun (Seebeck effect) Usangnisalinaiiies
(Peltier effect) Us1ngn1saineudu (Thomson effect) ﬁgammmﬂg]mmiﬁ' ABNITUUAY
wasuaufouldidundinului visorawdasndsaulwiilulundanuauieuls
uiluaAfedisAnviawnanesludidnvinausnnesdndugunsaindandsnulviien
WA IUAUTBY ﬁmmnﬂimgmizﬁ%mﬂ (Seebeck effect) uazUsingnisainoudu

(Thomson effect)



2.2.1 Usngn1saldiun (Seebeck effect)

Tud 1821 Inda lausuy Fua (Thomas Johann Seebeck) tUnWAndw17
westhunandn “ueliimudeuiisesdevessihassiinsinnszudlnilivaluieesin”
Usingnisaifiua unsudamdsnuaiuiouldilundaulnih anuddgmnianisniw
yaufuriulilagnisiansuusingmsal vesnsifuiamihvesguuniiainane Wilva
Wausath ddluneuduuinddiazauauninizgegsaiiaavasfawmgUszy us
aeldfamthgumgll wilswmedassineg Avaredudou (Hot end) agiindssuaatinnnii
Uaneduidu (Cold end) wasdiwwltuiinzunsluvaed by maisturesussyviliiia
wsaadeuluilindu (Back electromotive force w38 back em.f) Gamsafudrufunisiva
vosey Anussdndseadadialsifinssualnaindu (1] dagu

JUN 2.2 19amasluAilawuudavinlilAnl st v anasey

defnwiluseaznden wuirfanwmesludidnnindutanitannsawdsuwvasmy
waneinan19gaumngll (Temperature gradient) lugaammsnadng (Voltage) ilaUarssunis
vosTagdananndounazdnduniadu anusedndiiAnduannsodrlugridalniiled
Uszdninmaadagmailudiannindivualaea auaudfivesiannesiudidanin(zn)
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S Ao duuszAnddiua (Seebeck coefficient) FsaziiAgslunsditfag.du
auuaziian flunsdllane
p  fAe an il (Electrical resistivity)
K As anwidianuiou (Thermal conductivity)
MnUBnumarianiuinfagiiissavsnmiinisiidulssavsiiue wasdanmiuniy

o v a6
Ty LaEaNINUIAIILTBUNAN

Usingnsaifiiua (Seebeck effect) wansuliiinnisiadausvaswmesdrsnnluansis
slusiazeiia leearduuszdnsdiunanunsaruialasin

S=AV/AT (2.2)

It AV fe anussdnditihiifedussnindnwidoues masludianvinluga
AT fa-gannssningumgilssninsauiagitesme slsdianvinluga

2.2.2/ UTngnasainsudy (Thomson effect)
Usngnisaliignauwlas Saideu neudu William Thomson) vie vaen
\adu (Lord Kelvin) filfndeaafesidnandn. Aednssuaivilwaudiliiassqai
quuaiiugndaeiy Hevispastoutusgiunisivasesnalnianriiuluyedeu vie
angaioulumd® viafine s ngaisciiAnayisien i iaseutrouiianpuiinngdluds
anumaTinUeY T wariinTsnanaun LT audein AL feen TS
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2.3 nannsinnuvasvasiudianninauisines

mMsUszney “Saqmesludidanin” Whdugunsaifiannsailuldouduundomdsny
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Hot Surface (Heat Applied)
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Heat source

Heat flow, Q

Heat sink

O Current flow, /

Powengdeneration mode
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2.4 Yannglaunnaegsen ( Maximum Power Point Tracking : MPPT )

Maxirnum Power Point Tracking(MPPT) e #aneasimyegulutnisAuamediami
Mianldfunsiisuvesnestudidnmin kdldaneas wea fuiuay naanszualni)
Welilaussdnsdasianoshanaintu sws wludandiduasinas Al ildann
wasludiannin, faleusuey waaﬂuﬂ'mm‘uaqwaamuﬂmmaumﬂwmmLumﬂwan
daunsuanuuIamIN speciAupnI LU TR ST R Wmpp fadafaaiivesludidnvin
TiA1degegn (Maximdm Power Point 13 a-MRR) Lﬂummﬂuqmqaqﬂﬂuaqmww
IV Curve winti
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LN gj o o = s 3/ o J [} @
setunIsdueniosladtdnninung s allinuuamas T oameanYALLUUSTTAT
= o vV a =i o 1 Eil I’.’I 1 d
JohliAamsga douasiliuunmesatedunitin sy

2.5 #aNNIINIULY Maximum: Power Point Tracking (MPPT)

Maximurm Power Point Tracking(MPPT) finannasyinaiude fszuulilasinagaigod
WIDFAINTINAUFR Y T6U ﬂaﬂm‘uﬂm:}LLaﬁcgcmm"LWﬁﬁﬁ‘lﬁaﬂﬂmaﬁnﬁlﬁﬂw%ﬂ 1S suigunu
wssiunszidluitmnei; tavdenaavidaatliiafigiianarmimeslusiannin Tasqaild
MdsgeanlunisuisaReqnil output impedance TaaviasludidnuEnatulsimasiuminiy
input impedanée wa¥ tedc converter Aitals#aastubunmailifiuisasanaiwasiln
msrnsaduivssansnowiingy  dedunszuiunsisndantileliyvludesgumnd
n1agufeuvesnesneldansnlihsdl wiean us unadaroluveuneiludidnnin
TR IRIGE

lunsdeidsnunamasnuazgnly iieliudlatnmdsfiundandsauldauisase
Touludsluanlfuiniiga silifinnsiaunguuuureaisessuisnisairdusunsuiiniunu
2995 WediuUszansanluntsanelourids



TE power generator Converter Battery

|
] L3
|
|
1
I 1000, F
C;

1 I v Cy
" v, T8V
| I

Tun15U5U output impedance aauinesludianniniaiuisines Tiluwindu input
impedance 184 dc-dc converter AN AT asERlun1sv Aty anunsanuauld
Taan15U5U Duty cyclé a8 cate dive sighal /laanszuliaisdsu Duty cycle 138071
“Pulse Width Madulation (PWM).”

s I

Fapailetia (Duty cycle) ABDRANEIUTEMINNARTUATINBINAY VR 81 199H Wadne

AUIANYEINAT (Pulse-periode B1HAY Was AiFea) Lavsinsaresnuduesidus Afae
lafia (Duty/cycle) @rwasadtvinlaaingns
Duty cycle = (te/T) (2.9)

oy Duty'cycle” fie SamaTusswingnitiwadaosuLaiugiias

Ao ¢

ton fo B(ﬂ‘ﬁﬁ'l‘uSu"ﬂ?']\‘lﬂ’i'lllﬂ’)'lw‘l‘ﬂENWﬁ‘ﬁ nIagashiwad

: : < 1 s o odad” o
T (Pulse period tindg) Ao nuseATNAINIDME AN UATUEALN 1 gn

2.6 wailailldlunsausaariddiniagese

frdslnihanmesludinvintusgiuanvhauiiiinssuauazisdiusigg usaziiies
anisniiuitliaradlnihgegn weldianisausesindsliiigega (Maximum Power
Point Tracking: MPPT) 'Til'dg]ﬂﬁﬂﬁuﬁuu1Lﬁalﬁszuumaﬂu%t.ﬁﬂw%ﬂﬁ'muﬁqm5ut.t.a3ﬂ1
wirnuliheanuldaulildnnian luligtumeiansnusesidslwihgsgagniaus
Jurning aflanuusnsrsiulususnanigy maududeu, Saueuweeildo, s
Tumsgirgaamasinihgaan, 1a7, 1a1 ludeiasuusimadanisnusosiidslui
asaauuuserlasisoavBeaderolui
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2.6.1 wiAlla Perturb and Observe (P&O)
mﬂﬁﬂﬁﬂmmﬁﬂﬁgﬂﬁwmﬂsaqnm‘lﬂﬁ'ﬂ’luaaimmi'wma wirdla PRO aziunis
USuAussfurasszuumesludidnvsnluluiimmedimdsluiuiiiunasanatluaunsm
Audnuuz Wetagamdalnigean (yneen) Auseugansdsunlategnaoniian uay
unisegsaugaidalnihgeaatiuied

M1519% 2.1 annsilasunlatussnuusanaila PRO [3]

) AAn1en sUasuLlas frn1en1slasulas
Aan1en1silasunladnsenu }
Ara9lnia wIanuAsTIRll
LN VN LAY
LN an an
an L an
anl an W

91NANFIIT T onE nnasl U WU A9k S LY a9 T PRO-a B ud 6 man
maalnitil —Talataianasiuvne sTuvesasuianTanTsIWas L Ua W sesu U Tuda
aseudd vl | Auielranmnas i GRadutiuled Lﬂa@mnn‘ssmumiﬁ%g}ﬂﬁw%ﬂt@\
11 auluiigar iasliivgsssulazinisagseusg andaatiiiagagn daansnand1nns
unieiilélosnasanAiuseuing dsuidas (AV) aghslsfanannsanaiussuiudsunUasay
dwnalinsgidrdantdSiniligeaadans wnnwmisdguvdedor damafudgmiide
yilvivunayas AV Miudsuiuadls Tavlsiaa AV dgsausetn ideidilndanmasluiigegn
odlsfimunalafigiiivosetaiin Wamsomisaemasiwihganiwiasddidosninia

Ugym1 Local Maxima
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START

1‘

Measure [,,(k),V,.(k)
Bro(k) = lpe(k) X Viu(k)
Po(k — 1) = I, (k= 1) X Vpu(k = 1)

\

Fou(k) = Bk —1) =0

NDL_ Rt = B (K =1 l) 1yes

yes

G (k) - Voote—2)0=9p Gl =k — D30
lNB l’yes ‘No ‘ yes
/L i il Ky T
P Py Y P
N ¢ . 1

31]171' 2.7 wnaliA Perturbiand/Observe (PRO)

2.6.2 WintanIsmRAa UL (Incremental Conductance; INC)
WAgAYRIITINI A TUY BRI RIS TR IE NI ma W ua sus s
VBITHUY

dv/dp= 0 ‘ﬁﬁ;ﬂ MPP
av/dp 5 0’ ugndiloveia.-mMPP

dv/dp < 0 AMUYABVEIA MPP

f =M :I+Vi-"=|+v—I

dv dv dv V

n1sn1useufidslnirgegaraanaia INC aursavinlalagnisiuIeuiiioue
) o 4 4
Conductance wadgue (V/1) nua1 Conductance idaauuuas (Al/AV)
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o ) o o a
N5 2.2 nannisilagulasnsinuyaanaia INC [4]

Wouly firnnensasundacusadu
AI/AV = ANV TuiUasuwUas
AVAV > N i
Al/AV < -1V an

AV =0, Al =0 Tsiasuuas
AV =0, Al >.0 et
AV Z07Al < O an

MNAEAT 2 NANNARUASL AU BV TA INGN15YIaUYaNTEUUREgNALA
Tovinauiigparsad T geaniat e n fwieundasgenssia (A Hudayavenienis
Wasuwaivasanasie miA ienssusianisiBauiyadasfluwiuedd (AY = 0) szuy
andunmnaniAslsiihasasinisonss gdaslsiniumadaidadesiingin launsonu
seurindalwihgeemilssanantioin L ocal Maxima

2.6.3 MATADA AU TN UUN293T (Fractional Open-Circuit Voltage)

ipiAE I AL S sE AUl g e Tl aeamlaz A 39T 299
YBITLUUAIANNTS

MPP ~ VOCkl (25)

[
= =

d! = 1 A e s & at
wia ky AB ATAINYITUBYNUAMAN BEUS VB UTAANANIIU

]
= o

A1 ki FgQNANNAIINMTANNAAERdIUTENI AL UNIAMas WG saaiu
ALSIPULTA29959INNSNAFDULAANS 1Y

' <3 a Ao £ o a d o LY RN
aglsinumeialidndudowinisdnieasiiieinAusnuln9asvedssuy
wesludidnninviiiggideidslninludivae uazdumisvesgamdalnigegndeouls
wdusuidhiamnsanusesiaslwigeganeiila
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2.6.4 WMAlANII8UNTELEAN2935 (Fractional Short-Circuit Current)
WALALAR A UNUNATATATIAIULTIA UL YA THA LG AT LN USTEN I
AnszuananmaslnihgegaiuAnszuadne ey uuwaiLae 1 IndunuAsaUnTs

1

Impp = Kolsc (2.6)

o k, AeriAsiidetuegiunndnuusToatadndsey

Mk IzgnAtuINIInnsdanaddadiussnindussiuiigaidslnihgegafiuaus i

\WANIsINNTAdeULTAG A UTan TIgaaMaTinng
atdlsfnuineaiiadsnfudesianazdnaniieTnAnssuadnisasuesszuy

wagnaswin g dsigelniiaty

2.6.5 watan1annansuka-(Current Sweep)
wiailafnsnansEkatinnsy Suntmas werassruuwme LB A S ndaurgud
uilsrnszuganasievianTsduings audnuas BT U wadL A Rindltuns W 1V,
P-V warP-| fliansam gnradalriiganiuiasdls inadatiamnzavinlfenssuuuuiy
N1INIIANsgalae 3395 REUa¥n1saTIAN SERER 28NS U UAT. duty cycle Y8399 A
mslaily peslsimumedadsridufe ddiaa unisnamassikatligadaasluily
Frwaw usgdutludasinmdimasitihlunsdivimsienseualagliiaas RC
2.6.6 weliansnmisoeiavlWlIgeEaRaIEun
usnanitadainailithdusdaslmadansmuses i@l geandug
Lﬁﬂ%u dnainuae lidiaedumsly Fuzzy Logic Control, NeuraltNetwork, Particle Swarm
Optimization) RECOCC #1a9 Fevegilar o ulanii ?gﬁmuﬁiﬁaimyamé’af’]a}sajuﬂu
ThaudiAyieaimiandasi dsaannelig somusesidelufligegeiuviadale
(Global MPP v38 Trué MPP)



14

2.7.2935UUsHUNT2LERTY (DC-DC Converter)
2.7.1 1995UUSAUNTEUERNS
vsulasiuvanuwuuansaldlunsiiddsgegaaninsludidnninle wu
NATUUAINUNTLUEATILUUNOUTEAU WITUUSIRUNTLUARTILUUNUTZAU Uaz1995uUasly
NSTLARSILUUNBULATNUSERY udliiesarnundsdndandsulunuidedfu
mesludidnvsnaiueitsimosiiadrauswiulniilamniussiunuames Wewinuummeid
Tiuiiusssuds 12 Thas wimesludidnvinaunsandauseuldiiios ¢ Thad Fuuiteld
Uszanansn indeudiludauumaeild uswuveumassneazdaigainiusiduiivesuvaaiv
Ui Feduindenldreasuuadunszuanssuuunuszdu (Boost Converter) Litau3y
wsaslwitlsigaunnweliiannsnmsauunined
2.7.2 71995uUarUNIZUANTILUUNUTEAY-(Boost Converter)
2asyanmeuaesines Boost Converter) THualasid-Adnounesinesiviutini
TunsifiuAsziuus sl lrasduanssduussidnibiliainuvanes Taons

vigiudoaiees (Boost Converter) if iU URdLUU PWM (Pulse
Width Modulation) ¥ Teainlo% TLASE Fedeaed PWM anusaysunauiuazanuning
vosdnyraed elasinsUSurmasatin ULty SuAaldlussesilels
Fryanas PWM udavdtianlydndasduing (Gaté Drive Circtit) vivaluduitaing POWER
MOSFET Ua3-IRFP460 Tinanulasiian vy o179 5yan AButIesioe s Gy mhidiusesu
wsatulitanuu e TR s laaNy | 127 Vde Tigsduidussulwiy s
310 Vde (Tudndvinustisvsyadnauiiesmat) titedendanilyibliudiagstunesines

sald

2.7.3 Raulun 15919 VNTIUFAABULID SN
MTILATIZAN TN EUL NSy ERR BB Tiaes Ut anaageganaziiniaimun
= ° a ' ' = Y 4
RoulvlunsviTu Iy adABUNBIFRSN S NIEHDN LA 18RIl
4 1 s d o o ] AJII v o as 1 =1
1. nsvnalidluasinusawiiendT iy yegwniilnagsiulussiazaiu el
Ay wardanduulniaus
L i L a A o 1] ' L7 & =
2. ussnulniiafeaipseudunigadaludssauaziviniuaud vunefwasiy
1 at 1 ot d o o 1 1 s
vawmann seniussiulnihanaseuduniedtnuia luudssauwitiugud
v @ 1o v @ [ - o
3. frivdszguualugililssiulwihausenilaaei
4. maslwiaugwinuidsiniaueen nsdiilimdfinisgaydeitienin
M3191UYe92993 laeimualiaunsainndadugauad vinliauisaaguleinuszandnm
va9asdunii¥eulosidud
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AY

/1
M
o> 4

sUN 2.8 299TyadnauasADT

2.7.4 WENMIMUVINITYddAsMISARS
wdnmsvhnugefeesanreuneiinesiiobilfussiulniidusenniudeanis
winsundeimuaflafissiulniiadannpsodumionilulkeramuazviniuauduay
annsomnszuallilfinanausamie il Beeiisinuresedadiuusaslnun e
maihnuReetliutidnzagian

2.7.4.1 YUEAINTUINIENE
Al e T 8 HA s EER seaslitanaus vt a i Taes 1y
aind vagineniulalaeezanludade undusitiildear nasadnosewaliisy annngues
wasvaviil axliaunTsveatselitiesil

&+ vf.“- ;]S p
_fvm-r——a o
!
‘,!. i

; & B 37

P = a € o
FUM2.9 1vesduyailedIniuamssud

Vs+VL=0 (2.7)
V=V L :
= WaS L 2.8
i (2.8)
di Vs
s (2.9)
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ad a «o A ar o P o o
YusNaIntuInsEwd dt = DT Wiednsinisilasunlasuainssuansdi 8139gia31n1siiuad
nszualudndudadu vinlvaiuisasuialsan

VsDT
AiIlLON = . (2.10)

=& @ n‘ L7 ] o =y & o
Tag Al vwunedeeansinsiasuwlasuaansewaindiludnietivusainduinsyua

2.7.4.2 vauzaInglduinsswe

-

5U# 2.10 Nﬁliamdal,flaaﬁmﬁ"lﬂﬁmsma

e to o - ° = ) M
wegdntlhnuanszualusmiensviaauuamiuilaldla
s 2/ ¥ o [ t ) ar i:l -] ' 1 -d a |
Ialenazgnlusdlumiidnngsla ibinszualviilnad ugiumde e e auydi

s 4 £ 1 } v e dl 1 s

wssrulnihiendeaniiiael | anagresaatveniasltanisveussaulii nanasousn
d' o s é’
willeugiail

N+ VL +NVo=10 (2.11)
VI = Vs = Vo (2.12)
di
Vi=L— (2.13)
dt
d Vs-Vo
e (2.14)

dt L
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- 1 o s A A 1]
ypuzadInglivdinszua dt = (1-D)T ansin1silasunlasvuasnszualndnlvanu
a 44 o = | 4 - 1 - o o
fmtenniArkagazdeln1sanasvadnsekadudadurinldaiuisasuanlaain

Vs - Vo
Al off = [ ) ](1 -0)T (2.15)

ad | 1

| 1o ‘J 1 o/ A ° s s U1
flanmzagi mswdsuamwenssudlihitluarummilsnhaystainiugud awlii

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

VL,av = W, on(ton ) + W, off (toff ) = 0 (2.22)

NAUNT

VI, on = Vs (2.23)

LLagAnNgdlnig

VL, off = Vs-Vo (2.24)

] N ¥ o o ¥ = = "3 1 Y o v L4 1%
nansiiluenarsianulidmsumsldanuienisfinwwinuu Weygalnhlulduselesimunism

Laidnnsdilag viadu BnianuiilvanuUasionuasfee1sddianinvesenarsynaseniinisunluly
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Vi, av = (Vs)(ton)Jr(VsuVo)(toff) (2.25)
(vs)(oT)+(vs-vo)(1-D)T=0 (2.26)
VD +(Vs-vo)(1-D) =0 (2.27)
VsD+Vs-VsD-Vo+VoD =0 (2.28)
Vs-Vo(1-D)=0 (2.29)
Vo 1

—— (2.30)

Vs 1-D

'3
2.8 lulasaaulnsiass
. 1 & = @t a

Arduinom3e 2melerduvesalulasraulusidoinsena-AvR ninsWauuudnme
Tayasu Hardware Way Software fMvaia Arduino graankuuylviigmeyleun

1.) Spdenm s digduuimdugmlidudey

? ' i o as e

2.) Community AgsANRT IIATRITIUS LY

3.) Opén Hardware Malviglaanansaiiuasalusesanldeilanateausiaildune
Cross Platforrm ausadaiunlusunsiuu 05 ladly lnglududsznotvagupineszgels

(R3) &u%SQﬂLLaﬂ\‘lﬁ/ﬂgﬂﬁ 211

Q5 e
W : b7 Y
3 ngtp IO8R . A lsh interface = e
G50 g s cnald
and 9L
__ bigxzas (e £ 31
Swoir ICP - Atmegadls
10.MCU : Atmegalbu2
4991 Powar jack T-12 V LU, - SME. Atmegadls

sU#1 211 vasa Arduino R3
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’ZlumQUWUEWU‘U'é]\‘lﬂ']'iL‘?JEJUIUiLLﬂ'ﬂJUUUEﬁﬂ Arduino A8

WeulusunsuuuaaunaesUIun1alusunsy Arduion IDE ¥d991nii@gulanluswnsy

Seusauua Ivgldnuidonsuuein Arduino lduagmunaias Com port

U

natlu Verify iienmaRaetp1ugnaaikas Compite taatusiasy anadunau Upload
| s & - ' oy o o v
Taaluswnsulddsuase Arduino Bauale USE inatIuaniSauipunal Rytanitaninuway

g ' ' Sensl Monitor

Board

led = 13: Serial Port

Programemer
sl oadeseia () Bum Booticader
~ the
(1edyn@UTRUTY >
}

h fosb gx”(

\ gyl 15 o fad, HIGHY?
{¢A{1000) ;
Lot T 0y ey, “TOW) ;
w(1000) 7

Fix Encoding 8. Reload

Cerl+ ShifesM

»
r v COMB

P | = o ¢
U7 2.12/\feaguued Arduino M#aINTs’ upload ae taannuisiat-Comport Y03U83n

L . a o ) 3 e
@14 Done uploadinglaztioinarGinisrusauadisuly seunsuliliviud

YRR, s o o SR RN

3
U

¥

U

=
N

s -
< il
File | B Sketehy Togh thidle
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I -

f
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2.5 LLUﬂLﬂaéﬂSﬁl’?-ﬂﬁﬂ

Luamesrianzia-nndlarulssnavdifyniely ﬁ’agﬂ‘ﬁ 3.1 Usznaulunie wHunsi
filuiuin uazauquegluasazanenindawinuiafoniasazanedidnlaslan elwaadl
318Uz Tuanavesdames mnansasanedidnlnslonssinegfuununsii uazUaeey
Sidnaseusanuiunning ieawaadinisusslwwnlulmdidnaseusuumnnsznduwily
luansavanedidnlaslan wuawedtafaussiilavnufisenaiitio warliwnAntulasin
naadeuiivesdidnasounisluun aziwaavesuunneiuussiu 2 hannelvaauunine’
12 V3il 6 \waasefunuveunsaananunairussgeg aisluna ssieanie
wennasanlals]

Thermally welded
plastic cell top

Gell jar

Negative plate
paste

Negative plate
grid structure

Positive-plate
grid structure

Posttive plate active
materialpaste

Perforated envelepe

Ribbed separator

Courtesy NWES HuP

- d W
JUN 2.14 las9aT9789UUALReIAEM - NN

Z“I?UU‘S“‘T]@U‘UENLLUG]LWEﬁGIuﬂ’J N30 'Jﬁﬂﬂ"lE?’LUVm’]ﬁJﬂﬂEl’!'i)LLG]ﬂC‘?NﬂUlU“?JUE]EJ
fuusy Lﬂﬂﬁ']‘i.l‘lﬂu‘ﬂiﬂ‘ﬁﬂ’m Lgaymiaammwamwam meouumuﬂivnauwammmuaunu mu
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2.9.1 Faninufizen (Active Material)
Tuwaaliwiaiifuarussnaunistavinuasinauiauuanmeiafuuraly
Aaaa asdnasenanetans dAwmfusunmeivie azia-nsnty WHUTIHUINIBLUY
PbO2 mamzisanleniidthmaniveglulasaunusin Turusiidaauasuu Pb semzmiidn
auy lasuruswuiuiofuanuudiuse wasfadudassmsdidnlaslan fuiani
Uﬁﬁ‘%muazaﬂmimmawaqLmr?fua”ut.ﬂaqmmﬂ‘\)i”mgﬂ'ﬁmPolarisation
2.9.2 1A5auHUs19 (Support Grids)
TAsaunusng faguil 3.2 agiennazianausiatdu wads (Antimony) Ayn
(Tin)asin (Bismuth) waaide (Calcium) FALdey (Selenium) Gsmzia-waraulavnani
Tufuuunmedriinusniteuiulnmautininavesmsilaglyuszinm 1.5 - 1.8 % 1Wes
Fuaunviimianadsfeiuaunuradugaa s lniansaeusegludaeniitu uas
orgmsleaudu lussapslseglimasyinminanTsnefawaaunaiiy SbH3 9nnsauAm
yilmsmsnuan aeipei@on fvalaFousinma aem-nae upsdlunusigviawaieos
\FedaLdouiou Sulsinnaudmena, Wi

P

#

-
.
v

JuTE
1
[

5U1:2.15 lAgsaiausinms

U

2.9.3 WHUAY (Separator)

unususegUl 3.2 fuuriestunisduiaty Inenssvestiadidalnsnsisaes
auauTifAvews uiuty szassfiniun uniunisivavesdeeuluasasareditiud
wnefmaslinuniulvdesurulaazanuasluvitiendunsanieunusglussuuniey
Tumswsnifuuwuturegyhananswanly fir uay Ceder Ingthendlussnney neufilyens
ausssugAeudsliauwguinnniueluysgduindeulyersduaszsuiiuugngusy
idesnannsaAsnsuandmanindliianaslanvielndiofidu uanuameiiioignisleny
& wuwuameisnsuanslousuiuiliuunszawazaumun
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U216 wnnni(Separator)

2.9.4 @satarwdianiuilan (Electrolyte)
anshvangBianas lr kY ULt @ IR -NEA UL sndansn AR89
Suwzazdiendyiuszanak-1-210' 1,300 LmazﬁuaqﬁumsaamwuLLasstmwmﬂﬁmu
WazanIngueInTe anlasazaenia L s nma L U TERalmAnaaldevane
8814 vy MIangds¥lune e NN INNaUYDWHLE )
2.8.5 WliDuUALRES (Container)

O IURHEIH IR MBI EOI N Nl wha e inwEdRn FeUagiy
Duuvihs e aRnIan. PVC yaaliflnateiay wazilsoaniuve Tuiumseonuuy
Tnartwualvvilrbedaniiaimun sdinasbaan 2V Waseaaunsuity

Tumsidenaniusynasdeniagitius onisfanyouve sauarluiinanau
Aseluszu fedud sl deslalandund msulunusidessaun/snousay lalaveauuaniite
i susaunnautuaziinatadn LuswssnTseiafutisrdna wqgmiiuiesiaun
FdsmeiuilosweUsndmsavaten it T6]
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uuuENAsazaEaIaniag

LUULBNATeAzANE 2 ifa-uamilen
1an
wuuRAzAa-uauRled Azfn-uARIdEs ! aefa-nsauuuieg Plate Sintered
#zin )
— - Sealed Lead Plate-Pocket
LARLEEN
v d Acid
—
Sealed Vent
Valve Regultor
| ——— - Y ..
Lead Acid
i
e &
nEN1-LARLEENILE R = | .
Tt ,
J | wuuAbsorded Glass Mat \
{AGN) p
Pt Gated Lbad Acd
L

= IS &
UV 247 USEonva WusLaBaynnenI-nIm
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2.10 Usganvaanisusy

9
2/

a a a e/ slada 1 aa @ 1
ﬂ?‘iUiSQLLUWLG}EﬁVJWEJﬂQJUU 4Inagviangla L“U'l‘lﬂlﬂUﬂaﬂﬂqiﬂ‘iz‘ﬂiﬂﬂﬂﬂ’liﬂﬁEJﬂi:iLLﬂ

U
@

iiguuaaes Tuiiemenssiuduiunnsmeysey msussauseiuncl dealdfiuily udfids
fimsUszauuunszuansivldiuag suaaiesdioussuuuniiu Asfifeniuniorsanlunis
\deniadesilavszafie nagnateUszy nanilduunanieUsy aumgiifigeiu uazsiuoy
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TEHP1-12456-1.2 Size: 56 mm x 56 mm

gamgiaiiau (°C) 300
gaumgiduiu (°C) 30
USIAUYEUA995 (volts) 14.4
mFuLYIRaNTiuLILaY (ohms) 2.4
fndlnursenvesivaniimnzay (volts) 7.2
nsualnihereenvedluaniivanzay 3.0
(@amperes)

dslwihureenvedvanimnzay | 21.6
(watts) e
mm%’auﬁiwamuiy@@a&s) \\\\\/4// 365

Bvwand (watts/Cn?)
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)
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Ty
'i“v‘ \J}
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L

s o

\C

N

U7t 3.1 wmosluBidnviEnluga fu TEHP1-12456-1.2
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3.2.1.2 Heater
=l I3 I = & ' o s v i L]
Faimasuau ( Heater) fdnwaugiluwvie wangdmiulelveuiounu
Y o 2 o ' o a a - i @ 2 o a i
Furulduvewds 1wy wan sgilley vielavedne dnvaenisldeuilivednneiuv
Ao ldliveamgnianzliluing anufouszgndsiunngnneiludiingidasmslinnuiou

ANTNT 3.2 uanspaiauURvesBnnes

wurugudnaavia (mm) 6.0
ANEMTeYiesMAas (mm) 50
w3961 (V) 220
Maving (W) 200

&
U3 2801005

3.2.1.3 Thermocoupte. 4iif type K
wesTusuauuy K Jumeslufuilardafidenlduninatsuinian
anusaingungiilagendiuuy J uagiisimgnnii awnsavitoudlaludsgunagll -250 &
1300 °C fiearududadugiiigadlowIsuiisuiumesluduilasindu Thussiulvin
nraduteanags (Wdasinisiddsunseiuliideguugifniiuvudunie

famnudulnal)
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gﬂﬁ 3.3 Waslusilauuu K

3.2.1.4 Heat sink
FnanlHeat Sinksiugi nsalizUrsAgausausandndigunsallag
andovdngotntsnigmasnafen Taguynvianmagussumilany UssavSnawuasdnded
mzﬁuaqﬁ’uﬁwé’uﬁi’s?*n%{nﬁﬁqmm%’au (Thermal-conductivity), it afusle psesnuuy
5U uaEiuARTELIB R SN AN

3.2.1.5 Chiller
Chiller Ao La3awiauLuiindnluniswdaidu wieuiugumal

55 U
o & o

dnfufiduusuduld 7 ssdu
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571 35 chiller

3.2.1.6 Pump
Y & el ) s 4 o Poy I8 a w
Jutlugynsdindapdshundseusnunasiuintialugwauvan
wavhlinaausuaiounamased Chillerudsdnded

gﬂﬁ 3.6 Pump
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3.2.1.7 Temperature control
< o = ) 2 = d&lyn v w @ e
wIstLliandanuaNeu Ae aunsalilddewdiiumesluduilanas
= s Vo = L Ao o w @ 1 Ve o g
gawmed ansoltingamglivesingndudaiuveiluAuila uardnenssudiliiugnnes
o = o g 4 v
lvgnmeiiignm)ligetunuiignaaenainis

71N 3.7 Temperature controt

3.2p %‘ljﬂﬂﬂﬂﬁﬂi:ﬂﬂﬂU’Qﬂﬂ'ﬁ%ﬂﬁﬂ#

1) rewAsa AU Ut sandustamaiiuas wiedntetiisndedidn
Fuedadin iy

2) siamaﬂuﬁﬂtﬂamaa%‘m%qéﬁ%rﬁhuuuuaséf’]ué’wLﬁﬂﬁutﬂ%aqﬂ’uﬁﬂﬁaga
NI9211

3) “dweiluBanvianlage 119U INA NYSERTIA

)\ spuuviiey feuuaniUumesTudiGaninluea

5)\ Aednlae sussnesuavlaressziuwihmaudsudafuieissiiiannuiou

3.2.2.1 JugaunITnFDY

1) iinashueIewaiBurwiriartudsuldnlietonia
uvisuseautiiBuas
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VIBIUA
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6) hdayanileanns dvuaiduri Boundary condition Tu
TWsunsulwludiodiuud
] = '3 a = 3 4
3.2.3 nMamdmiiinesvaunasluBlanain liueilsnes
Tun1svaaesazAnnsineu auaudd wasAmisfimeddieguas mesludian
mInlauesiame’ Wenani1avesguugilan lneviinisina gaugimieiuiau auaulag
temperature controller # 100 asmgalfioa 9 150 sergaldiod 91 200 s ugalded
250 BIRLATEE Uay 280 BdAwalTud waggnasiiiu TEG Bndunilivas TEG azgnsie

'
=t

Y ar 4 o o 1 [ 9/ ’\‘," " — = =
WINU Heat sink tWaN1IUNABLEUNIBUIAIN chiller igaunndl O asAngalved  ¥938gN

Uuliti1u Heat sink tWaszunga1nuiaw uingnUunu Heat sink 3sgnaunduuni chiller

D

deviinisangamgiidnas neuasgnilueeniileluszuneruioudl Heat sink agesioiiias
FutiliAnnassvosgungiituiaosdiuees TEG gumpinieiuiiuszgningamngil fe
thermocouple(Type K) ﬁagaﬁ%wmasgna’u% Data.logger tiavinnisulastoya win
wansranulUIUNTY LabView

3.3 N13ATUANARYATAIUARUNSELANTIUUUNUTEAL (Boost Converter)

3.3.1 prsidengunsallutsasussay
Tunysidengunsailunassindeasutszeu mastinasAruiamnien tesaunsal Tl
U Aiinzay laginTATuanRReaUnTaIn 19 AT

Vin =5 =09. 2V Aoute132218VA5 0N 9.4 11 Pins=Pout = 86.48W

Vin(mix) 5

Dmagses 12| —=tv— )53 - W F—ss 0.722
Vout(max) 18
Vin(mix) 92

RPEX = §-¢ ool = 1-a %> $60 252
Vout(max) 13

Ton = DT = (0.722)(0.00002) = 14.44us

a  fa o
nsvasgavasainginile (IGBT)

Vout l Vin (min)
——r t ——— g
e & Vin (min) e 2L o
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Vout | Vin(min) .
[ ————— t ————
pkD 2 Vin(min)x I T T
(3.6 x6.5) + x14.44 | > 24.66 A

2x10

IF 2 lout 2 6.65, Virm = Vout =18 V

ALiulsyageagamlaann ( Output Capacitor : C )

rout(max) - Dmax

>
=& f-Vout
6.65 %0722
50,000 x.0.05
= 1,920.52 uF
Vout 0.05
ESR = < —— <0202 m
Ipk 20.66

3.4 Arduino
& a v o o % da & 4
ludunaulinvadn s detlysunsmsigeninisdsenadand s8afineniseeilen
1 o ) o 1 1 Sl 5 o A i o | L% 1
Tunhsanudd M ASeivisamenrelRonuumiigaidl Weliiazainde
msudhderiiiveglumbieniusa

TUsunsuaes Arduino azuUela-2-dau-he-void setup() fiu void loop() lne void
setup() lalusunsuisuyineu asviAdwesianduilasafion agldlunisimunaiEuauyes
M3 @ void loop()  avlludwvesnisviu  Teglusunsuagyiddsluilandudl
oA . = o <, ' a
Aellasmasaiian Tu void loop() waz@isulusunsulunisvineudu 3 dwu Aa sensor,
RUN , MPPT

1. Tudruvas RUN aziliudiurasmsuaniandl 1 Vin, Vou , lin » low 88lu STATE 1a
l:; 1 = o 1 =J o 1 (-3 1
¥4 STATE usay STATE %sum‘smwuﬂﬁauhmaﬁ]Lwauﬂﬂqm'ﬁmmwadmu MPPT
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MPPT_ONLY_20.2.17

finclude<Timercone.h>

d

=1 ne Voltage sensor TEG 0
d Voltage_ sensor Batt 1
Current_sensor_ TEG 2

= Current sensor_ Batt 3

at SEN_Vin, SE.N_*.’out;I

float SEN_Iin = 0, SEN_Iout = 0, Power_ IN = 0;
float Power IN logl, 3EN_Vin_logl, DT_POWER, DT_Volt;
unsigned int DUTY = 0 ;

enum state {off, 3Jtart_1, Bulk, limited voltage} 3TATE;

Timerl.initialize (20);
(PWM, OUTPUT);
(2600) ;

2. duvoyMPPT agiinasgiugzunnedly STATE-tor 9nuusyuasihauiteululy
' = ' t o as o o -
WAz case TWhazcaselWRsvINTIUIUdULy. cyale WevialiiinnszuIUANTYEIMaximum

Power Point Jracking

MPRTL OMLy L 20 2 17

ey L FilL
(
SENSOoRH )| 2

- T ery
RATET () 3
1 4 B0 b
MERPT L)
Ly
¥
="
. o ()
1
A ER, Vi B~
€
STAYE Yo off;
}
e = (=EN e <)
{
(SEN Tout D08 G4 82N vouc =71 2 45
(
STATE = SCERs.1
b
(SEN_Tout = 0.05 SEN 7o t ha 4.5 )
» - -
STATE Bullk;
}
=lae if (2EN_Iout >— 0.05 && SEN_Vout 14.5 )
{
STATE limited_ voltage;

3. uazdluwassensor ludruilasidudiuveanisarua Vin , Vour 5 lin , lowt 310
£ d o o I 1
sensortlUSUNTH LWaYINNSATUIAILAZLLAAIAT power WAy Aduty cycle
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void MPET() DUTY - DUTY + 25;
i (DUTY > 1020) {
{ DUTY = 1020;
switch (STATE) a8
Timerl.pwm(FWM, CUTY);
{ »
elas iz (DT_Velt < 0)
case off: i Emaate
DUTY = 0O; DUTY - DUTY - 25;
- if (DUTY < O} ¢
Timerl.pwm (PWM, DUTY); DUTY = 0:
}

break; Timerl.pwm{FWM, CUTY);

}
case Start 1:
Power IN logl = O; -;-- i (DT_FOWER < 0)
HoE = 2004 £ (DT_Volt > 0)

Timerl.pwm(BEWM, DUTY);

bEreak;
if (DOTY < O ) |

case Bulk:
1€ (DT_POWER > 0)

NoRI19daU
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| o0 139
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% =
3.6 NFATNITUVUIZIUUALADS
Tunaun1sUszalunneiasldisn1suszauuamesuuulunuidedniazldisns
UTEUUULTIAUAINFINITUTEIRUULTIAUALT d8g 2 WuuFie Fast charge agUs¥aiiusasiu
P = i 2 ] a ' = i o
v nazuanUszaisgamunailivszgendy wid Aldeserudsmelugaduunnes i
Tiorgnisldiutasas Snuuunileifion13useauuu Float Aen19Uszaiusaiugandiussui
Tuuamesanies nzuaUszqiddgeuanldiauszarsudiou wduldhidefdede
1 LY s n’j =& = 17 7] adg v N =
pafudaiuddinsuszanalinisuszauuunsedu aailiduwuy Dual step charging fie
= a 1 < 1 o = 1 ¢
Suusnazdszguuuiiluneuieunlugngeulusesiatlunisussaiienaiuluanunisal
a & ag v o o v 4 o 9w = < v
Usgasugetunlilasusyauusinuduuuy Float twevihlvinssuananiunisaiussgniy
nszuaganniuniliiagannivednengnisldauligedu n1sdsyauuuDual step charging

=

seiiUszdvinmgannn lneduneunisneaentiudsgui 3.9

» -a»“wﬁt.ahi .

- s = Y <l
E‘L]VI Ny ﬂum@ﬂﬂﬂiﬂiﬂ‘ﬂLLUG]LGIE]?LLUULLNQUFN‘W
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+ I l o
TEG Boost Converter ) I Bamry 1
bat
®
Y b y L T Y Y Veetback
Input Sensor Mosfet Driver Output Sensor
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\Qb i 47 Cord D
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uni 4

NaN15IBLazN1TaAUTI8NE

Tuunilasnaniwanimaaesasmsinieinalaeiiomazesniuaudiusiail

daufl 1 wavesmsAnwpmauRtugwveunesludidnviamueiaees laun
Amsiiwesveunesludidnninaiedisines

' o Y] Ay v 5 o g a ¢ &

d2ufl 2 Wavedns step up wssAulWAlaINeTUBLANNINLALUBSLILADS
Tn81993NIZUARTILUUNUSEAU (Boost Converter) Bspuaulag uatn Arduino

daul 3 wansnsUsznszudlwinndaldasiunmesinsmnsauin 12 Laad

4.1 puaudinugriesanashiBidnuiitawesisines
4.1.1 uUsEansaiuaveuiolisiansne T iiswmes
luAravnassinzliiAawas e sgmgin i uieulassuiy Weiia
wad1svesgannislfiinssaatoubiiadulagisuadoulniiiind1s Sondn
ussiadaulniarrisida Lﬁai'ﬂﬁiwmwaﬁiNsw'iwqm'ﬁqﬁLLamsamﬁiaul‘w“ﬁndaﬁﬁmﬁ
Aedunaniuaiodnsmazaingarnin usduUssanseiuntaneatnis
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ZT = o g

' ¥ a_ < = 3 g
4.1.2 dadaufauniunglusaswasludianusaiaaiasiseas
g ) e Y B w o a = 1 > '
nsveadsliifualigum)iafeniuiauveuyesludidnyniniiaArgeludaus
o o 1 - & v o L3 = o = d
100-280°c virn13siawsafie e fuvyaun sl adeinosludidonin usundeuluiiuay
r-'l' ] a Vv aJ 1 v & ar 1 1 s é
nszualiiadousnusdumuiteuealsuaila. auis 0="10 Taviy Tnr1AuANANSAnN
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wsenulnia wsedulwRndioan
181(S) | Th(:Q) | Te(C) | AT(-Q) fAauldBoost 31nBoost
Converter(V) Converter(V)

5 212.7644 62.82 149.9444 5.5906 11.1812
10 212.8035 | 62.8352 | 149.9683 5.6163 11.2326
15 212.8108 62.834 | 149.9768 5.7243 11.4486
20 212.8376 | 62.8154 | 150.0222 5.8631 11.7262
25 212.826 62.8097 | 150.0163 6.1407 12.2814
30 212.8181 | 6247631 150.0418 6.1099 12.2198
35 212.8355-1 62.7509 1.150.0846 6.3155 12.631
40 212.8553 | 6274507 1-150:1046 6.408 12.816
15 2128641 62,739 -160,1251 6.5057 13.0114
50 2128742 | 62,741 v| 150.1332 6.4594 12.9188
55 2128934 | 627237 | 150.1697 6.4697 12.9394
60 212.8989 | 627051, 1°150.1938 64132 12.8264
65 212918262743 1~150.1752 6.04029 12.8058
70 21293281 62.815. |/150:1178 6.3669 12.7338
75 21292374 62.8085 |A50.1152 6.4132 12.8264
80 2129621 1. .62.8809 11500812 6.3012 12,6824
85 2129807 | 6219053 150.0754 63669 12.7338
90 212.9859 5| 62.9172.1.150.0687 6.32412 12.6824
95 213.0052°) 62.9808 1-150.0244 6.3875 12775
100 212.0127 4. 630074 | 150.0053 6.3772 12.7544
105 213.0554 | 2978 1 1500774 6.2875 12.775
110 213.0457 | 62.9768+(.150.0689 6:3361 12,6122
115 213.0375 | 62.9767 | 150.0608 6.3772 12.7544
120 213.05% 62.9825 | 150.0705 6.3978 12.7956
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P15 4.2 A1s1auansausenulwdnnauLasnad1199s Boost Converter

Mnas1ugil 200 ssriraldys

usenulnirau wsesulwind
1282(S) | Th(-Q) | Tc(-Q) AT(-C) 11Boost ganu13INBoost
Converter(V) Converter(V)

5 278.451 76.5093 201.9423 6.0996 13.0628
10 278.478 | 76.5823 201.8963 6,115 12.7852
15 278.501 76.6038 201.898 6.1767 12.744

20 278.478 76.6069 201.8716 6.1767 12.9806
25 278.493 76.5824 201.9107 6.1201 13.4226
30 278.482 | 76.5873 201.8955 6.1715 13.0218
35 278.502 76.58 201.9223 6.3052 12.847

140 278.54%5 76.544 201,971 6.2435 12.8778
45 218.520 | 765374 201.98534 6.2281 13.3302
50 218.496 1656240 2019341 6.2075 13.2788
55 278520 765693 201.9509 6.5263 12.96

60 2185247 765703 201.9546 6.3463 12.8984
65 278.528 716.6095 2019191 6.2744 P17

70 218.527 76.6558 201.87 12 6.2898 13.6798
75 278.508 16.6714 201.8366 6.4389 13.145

80 218507 | 76,6513 201.8563 6.5468 12,9702
85 278495 76.669 201.8264 6.3978 12.96

90 278.484 | 76.6722 201.812 6.3309 13.3404
95 278457 4 76.6931 201.7646 6.3926 13.3508
100 278.455 767044 2017513 6.6548 12.9908
105 278.436 167348 201.7016 6.4389 12.9394
110 278.424 | 76.7444 201.6803 #5515 13,1656
115 278.404 | 76.7035 201.704 6.3309 13.4742
120 278.425 76.7657 6.552 6.552 13.1348
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Abstract

This article describes a“battery charger, which is powered by thermoelectrie (TE) power modules.
This system uses TE devices that directly.convert heat energy to electricity-to charge'a battery. The
characteristics of the TE module were tested at different temperatures. A'SEPIC dc+de converter was
applied and controlled by a microcontroller with the maximum power point tracking (MPPT) fea-
ture. The proposed system has-a maximum charging power: of 7.99 W: that ds better than direct
charging by approximately 15%. The objectives areto study the principle of TE power generation
and to design and develop a TE battery-charger that uses-waste heat ©Or another heat source as
the direct input power,
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Nomenclature
A cross-sectional area of thermoelement (mm)?
D % duty cycle of gate signal
I load current (A)
E length of the thermoelement (mm)
L¢ thickness of the contact layer (mm)
M conversion ratio
N number of thermoelements per module
n electrical-contact parameter
L power output (W)
r thermal-contact parameter
Rint internal resistance of TE-generator (Q)
Ry load resistance (€)
i input resistance-at the maximum power point-()
T cold-side temperature-of module (°C)
Ty hot-side temperatureof module (°C)
Vi input voltage of converter (V)
¥ output voltage of converter (V)
v; input voltage at the maximum power point (V)
Voc open-circuit voltage of TE generator (V)

Greek symbols

thermocélectric material Seebeck coefficient (V/K)

o

AT temperature difference (°C)

A thermal ¢conductivity of thermoelement

Je thermal conduetivity of contact layer

p electrical resistivity

D contact resistivity-between thermoclements and copper-contacts
a material electric conductivity (Q “hem™!)

Abbreviation

CCM  continuous-current mode

MPPT maximum power-point-tracking
SEPIC single-ended primary inductance converter
PWM pulse width modulation

1. Introduction

Currently in Thailand, the electrical-power demand is increasing which prompts the
government to build new power plants. Electrical energy is important for modern day liv-
ing. However, some areas in Thailand do not have electricity and the residents desire some
of the advantages and conveniences that electricity provides. Nowadays, the electrical
power in remote areas is generated primarily by gasoline motor-generators. But, most peo-
ple believe these generators are too noisy, require too much maintenance, and have high

fuel costs [6].
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Renewable energy, such as solar energy, wind energy or hydropower is preferred, but it
has limited use and is dependent on weather and topography. Thermoelectrics can convert
heat energy to electrical power directly. Thermoelectric power generation has the advan-
tages of being maintenance free, silent in operation and involving no moving or complex
parts.

In the past years, much work has been reported on the TE power generator. Killander
[1] developed a stove-top generator using two TE power modules, model HZ-20. During
the operating time, the output of the generator was about 10 W and supplied the battery
with a net input from 1 to 5 W. Rahman [2] developed the thermoelectric generator to sup-
ply portable electronic equipment or to charge a lap-top computer battery. The generator
is powered from butane gas; it has a potential-power.output of about 13.5 W. Roth et al.
[3] developed and tested a-phoetovoltaic/thermoelectric hybrid system as a power supply
for a mobile telephonerepeater. The developed system supplies enough for 50 W perma-
nent loads. All of the above research uses the converter to boost-up the output voltage to
charge the battery but do-net use the maximum-power point tracking control in the
system.

2. Thermoeleetric power generator
2.1. Theory of thermoelectric power generator

The TE effect was first discovered in 1822 by Seebeck, who observed an clectric flow
when one junction of two dissimilarunetals, jointed at two places, was heated while the
other junction was kept at a lower temperature [4]: A typical multicouple thermoelectric
power module is shewn schematically inFig: 1 n-type and p-type semiconductor thermo-
elements are connected in series by highly-conducting metal strips to form a thermocouple.
Based upon an improved theoretical model which takes into-account {he thermal and elec-
trical contaet resistance, the output voltage Ve, current I and pawer £ when-the module
is operated with-a matched load; are given by [5]:

STk

- ST @"@ Il Heat input
@ C? @ Heat reject
L N P 1 Direction

® Positive charge

(=) Negative charge
L |
] D D U l ] [ Electrical conductor
[ Electrical insulator

Load

Fig. 1. Schematic of a single thermoelectric-couple.
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aN(Ty — 71¢)
Wiy il
° T M+ 2rLe/L ()
o0A(Ty — T)
Ip = ; 2
© 2L +n)(1 + 27Lc/L) 2)
o NA
Pozf)_' 2'(Th—-T,_.)2, (3)
2p (L+n)(1+2rLc/L)
where n = 2pc/p, r = A/ Ac, « is the TE material Seebeck coefficient (V/K), p is electrical

resistivity (Q cm), pc is electrical contaet resistivity, N-is_the number of the thermoele-
ment in the module, 4 is the“cross=Sectional area of the.thermoelements (mm)z, L is
the length of the thermoelement (mm), L.\ is the thickness of“the contact layer (mm),
Ty, is the temperature at the hot side, 718 the temperature at the cold side, 4 is the ther-
mal conductivity of the thermoelement and A¢ is/the thermal conductivity of the contact

layer.

2.2. Thermoelectric module characteristics

TE power modules from Taihuaxing €o/ Ltd. arcused in the experiment. The specifi-
cations of the module are as follows,

e Part number TEP1-1264=1.5.

e Size: 40 mmex 40 mm.

e Open circuit voltage: 8.6 V.

e Internal resistance: 3 (x

e Match load ‘output-voltage: 4.2°V.

e Match load output-current: 1.4 A.

e Match load output-power:5.9'W.

e Heat flux across the module: about 140 W.
e Heat flux density’about 8.8 W/em?.

2.3. Finding the electrical characteristics of TEP1-1264-1.5

In this research, we designed and. built the TE power generator(sce Fig. 2). The electric
heater is used as a heat source to supply heat energyto thehot side of TE modules. A heat
sink was mounted on the cold side of the TE modules to maintain a constant temperature.
The electrical characteristics of TEP1-1264-1.5 were tested by setting the hot-side temper-
ature at 100, 125, 150, or 175 °C, and maintaining the cold-side temperature at 40 °C. A
rheostat was connected to the thermoelectric modules as a load, and the resistance set at 1,
2,3,...,0r 10 Q and the voltage and the current measured in each step. The voltage, cur-
rent and power which | TE module can produce for each degree of temperature is shown
in Figs. 3-5.

The variation of the output ¥~/ characteristics of a TE module as a function of temper-
ature differential (AT) between the hot side and cold side of the TE module is shown in
Fig. 6. The AT changes affect mainly the TE output power.
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14

Heat sink Copperplate _Thermoelectric module

Heat sink TOP VIEW

Tw Te
K-type Thermocouples _ Electric Fan

SIDE VIEW

Fig. 2. The detail structure of a TE generator,

L2 Th = 100°C Ve Ths 125°C
—a=3 T =56 °D) L Th=-1757¢

Qutput Voltage (V)

T — S T T

1 A i £ 6 23”9
Load Resistance{m)

Fig. 3. Output voltage of single TE module (TEP1-1264-1.5) compared with load resistance at 40 °C cold-side
temperature.

3. Converter and controller
3.1. Basic operation principle of the SEPIC converter

The SEPIC converter is a non-inverting dc-dc converter and can generate voltages
either above or below the input. The input current is non-pulsating, but the output current
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——Th=10°C —=— Th=125"C
—a—Th =150°C —e—Th=175°C

1.6

1.4L' Seiaa
g 1.2 % H".- e miv it SR S YA e S S e i s e e
£ 107
£
3 081
S 064
& -
3
O 04 |

0.2 1

0.0 -

2 8 9
D T = = T
Fig. 4. Output cu of single TE module (TE -1'5) th load resistance a C cold-side
temperature. — = e
- -
-

2
0.
% 3 8 1
so?. Load Resistance (1) ‘;’ar\@\“
Fig. 5. Output power of single (? Ea- Mﬁ}:&‘a—t\}‘ wit stance at 40 °C cold-side

temperature.

is pulsating. The name SEPIC is an acronym for single-ended primary inductance con-
verter. A typical circuit diagram is shown in Fig. 7. This circuit has three dynamic energy
storage elements, L,, L, and C,. The ratio of the output voltage to the input voltage and
the duty cycle are defined as:

_Vo

M = 7 4)
_lon

D_—T ; (5)
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Fig. 6. ¥-I curve of-a single TE module (TEP1-1264:1.5)-at 40 °C cold-side_temperature.

L G,y D,
P— et - ¥

i
1,

V.T jsj l;I 9\ Ge EILWA
L

Fig. 7. Atypical eircuit- diagram-of the SEPIC DC-DC ¢onverter.

D as a functionrof "M 1is;

M
D=%% & 6
M+ 1 (6)
and M as a function of D is:
D
M=—— 7
1-D (7)
By substituting (4) inte,(7); the.output voltage can be expressédas:
Vo = - P (8)

1-D
where M is the conversion ratio of'eenyerter; #isthe input voltage, V,, is the output volt-
age, and D is the percentage of the gate drive signal.

The behavior of any switchmode circuit is dependent on the continuity of the currents
in the inductors and the voltage on the capacitor. In this research, the converter is oper-
ated in continuous-current mode (CCM); the sequence of operation and the waveforms
being shown in Figs. 8 and 9.

3.2. System simulation

The proposed electrical behavior of the system operation was simulated using the Orcad
PSpice Program [9]. The electrical model of the TE power generator in the circuit
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Fig. 8. Topology séqueneeof the SEPIC . DC-DC-converter.
simulation (see Fig. 10) was developed wusing the tested parameters of the TE power gen-

erator. It consists of a voltage source and a resistor connected in series. The value of a volt-
age source in the model is the open-circuit voltage of the TE power-generator and the
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Fig. 9. Theoretical waveforms of the SEPIC DC-DC converter.
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value of the resistor is the internal resistance of the TE power-generator. From Fig. 11, the
procedure for testing is connecting 6 TE modules in series, input heat energy to the hot
side of TE module, measuring the open-circuit voltage ( V), switching-on the S, to con-
nect the Ry in the circuit and measuring the load current (Iy ). Then, the internal resistance
of the TE power-generator is calculated by:

Voe =11+ (Rint +RL)1 (9)
Riny :ﬁ—RL, (10)
Iy

where V. is the open-circuit voltage, I is-the-load.current, Ry is the load resistance and
R;, is the internal resistance (see Fig12).

From the test results of the"TE power generator internal-resistance in Table 1, 17.8 Q
internal resistance and'the 27.8 V open-circuit voltage-were chosenfor:the electrical model
of TE power generator. The simulation was at 18 kHz,-35%-duty cycle of gate signal and
the load was a 6'V/battery with-0.1 Q internal resistance (see Fig. 10). The simulation re-
sults for the input voltage, the inpuf current, the outpuf voltage and the output current of
the de—dc converter.are-shown in Eigi\13.The output power of the-de-dc converter that
charges the battery was. about 9-W.

3.3. Maximum power point tracking [6-9 ]

The TE battery-charger system was implemented by using the parameters from the sim-
ulated ¢ircuit, The maximum power point was changed as the temperature varies (see

TE power generalor Converter Battery

————— DN e gl oy R

|

|

|

|

|

TE 6 modules !
connected in |
series |
|

|

|

|

U

Fig. 11. The circuit diagram of the internal-resistance testing method.
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Table 1
Testing results for the TE power generator internal-resistance
Module hot-side Open-circuit Load current (f1), A Internal resistance (R ), Q
temperature (7y), °C voltage (Vo). V

90 13.00 0.55 13.63
100 14.20 0.60 13.67
110 16.50 0.70 13.57
120 18.00 0.75 14.00
130 19.80 0.80 14.75
140 21.20 0.85 14.94
150 23.20 15.78
160 24.90 16.21
170 26.00 0.98 16.53
180 4 80

Ry = 10 Q; the module ¢ i tempcrat’nr'eR 2
g —

25.0ns 25.lms 25.2u5 25.3us Z5.4ns Z5.5ns 25.éms Z5.7us ZE. 8us Z5.9us 26.0ms
o I{V2) & V{C3:+)

Fig. 13. The simulation results of the TE battery charger system.
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Fig. 14. The relation of duty cyele and output power which transfers to a battery.

Fig. 14). From Fig. 15, the maximum pewer transfer to the battery occurred when the in-
put impedanee of the de~de converter was equal to the output impedance of the TE power
generator. The input impedance of the de-de converter, can be controlled-directly by
changing the duty cycle of the gate driving signal; then we can find the maximum power
point of the power transferred to the battery.-The rate change of the input power with re-
spect to input voltage and input resistance can be showi as follow [7]:

%

P, = PO, (11)
Fi
2u; W
aP»:———Gvi——‘a i 12
e e g (12)
e R ; prmimem |
i Thermoelectric ) i Converter i | Battery i
i o— o
@ ; ! [
q | I I il HC e
I v ) o | --:," |
i ! b 1
I J ! l 1
i 1 O —

Fig. 15. Equivalent circuit of a thermoelectric power generator connected to a converter.
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At the maximum power point, the rate change of the input power is zero. Hence

du, o
P=0=>—=—, 13
! ari 2!’; ( )
where v; and r; are input voltage and input resistance at the maximum power point

respectively.

In the battery charging application, where the de—dc converter output voltage can be
assumed almost constant, a feed-forward MPPT controller may be applied [8]. The value
of the battery-charging current is directly controlled by the duty cycle of the PWM control
signal, which is applied to the de—dc converter. An output power increase results in both a
higher output current and a higher PWM-control-signal duty cycle, until the maximum
power is transferred to the load:

4. Proposed system

A detailed circuit diagram of-the proposed system isshown-in Fig-16. A\SEPIC dc—dc
converter is used to interface the TE power-generator output to the battery and to track
the maximum power point of the TE power generator. The TE power generator consists of
6 TE power modules connected electrically in series and. thermally in-parallel, giving a
27.8 V open~circuit voltage at 180 °C hot-side temperature .and 60:°C.cold-side tempera-
ture. The SEPIC dc-dc converter consists of a. RFP50N06 power MOSFET rated at
60V 50A Rygon) = 0.022°Q, the fast-switching type diode D,, the capacitor_values are
C,=4.7puF, €, and the inductors ;<1000 pF, /the inductors “values :are L,
L, =500 uH and the inductors are wound on a ferrite core. The output of a SEPIC dc-
dc converter is connected to A 6 V. 12 Ah battery.

The MPPT-control-system “consists “of the 8-bit- ATMEL ‘microcontroller unit
T8IC51AC2 and features 5-1/0 port, 8-bit PWM on-chip, 10-bit resolution A/D.converter
with 8 multiplexed inputs and the signal conditioner. The microcontroller unitused by the
control progrant measures the signals required for the-power flow controk-This type of

TEG Cy A

7t
e o

N

Fig. 16. The proposed system’s circuit-diagram.
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microcontroller was chosen because it has the necessary features for the proposed system,
such as an on-chip A/D converter, PWM output, high clock rate, low power consumption
and low cost.

The signal conditioner consists of a 0.5 Q carbon-metal film resistor connected in
series with the battery to measure the charged current from the system and send it
to the non-inverting amplifier circuit. The output signal of a non-inverting amplifier
is sent to the internal A/D converter of a microcontroller to convert it to digital data
for use in the control program. The output PWM channel of a microcontroller is con-
nected to the complementary transistors to amplify the output PWM signal. For higher
accuracy, a Hall-effect sensor could be used. However, the Hall-effect sensor is more
expensive.

The algorithm of the proposed program with the MPPT feature can be explained by the
flowchart, which is shownin Fig. 17. The output of anA/D converteris used to calculate a
PWM command duty-€ycle to-drive-a power switch. When the-system'starts operating, the
program variable is'set to an-initial condition. The first PWM-eommand is 25% duty cycle
and the reference'current 7,5 is zero. The dc—dc converter starts operation and the current
flows to the battery. The-first signal ecaptured from the signal conditioner is set 10 /resen( 10
compare it/with the reference current Ipass: I dpicsend i8 more than /.., the program in-
creases the duty cyele. Then, the battery-charging current increases. The-system operates
at the maximum power point by adding the PWM command duty-cycle. On the other
hand, if Zpess 48 more than 7;cqcnsthen the duty eycle.is over: the program goes to the next
loop to decrease the duty cycle and-returns to the previous loop when /s Was-more than
Ioresent again. Finally, the program can operate at the steady-state operation range auto-
matically, The detailed-MPP tracking process’is shown in-Fig.-18. The range of the
8-bit PWM 1s.256 steps-that change the on time of the duty cycle.. The Ad is-a program
variable with values-either 1, or —I; indicating the direction that must be followed on
the hill-shaped charging current curve.

5. Experimental.and results

A prototype of a TE battery charger system has been developed and tested/in the lab-
oratory. The temperature was measured using K-typethermocouples'which determine the
hot-side and cold-side temperatures of the TE power modules. The K-typethermocouples
were mounted just below the copper plate and the heat sink (see Fig..2) and connected to a
data logger which recorded-enc set'of readings-every4 s, The powerwas recorded using a
power analyzer (FLUKE 43B) to.measure and record data every 4 s. The experimental
procedures is as follows:

(a) Connect the TE power generator to a battery directly for direct charge. Switch-on
the power supply to provide power to the heater. Start recording all data. The max-
imum power transfer to the battery is 6.35 W in the steady state.

{b) Connect the TE power generator to the input of the de-dc converter and connect
the output of the dc—dc converter to a battery; use a function generator to
generate the 18 kHz 35% duty cycle drive gate signal provided to the power
switch. Switch-on the power supply to provide power to the heater. Start record-
ing all data. The maximum power transfer to the battery is 7.63 W in the steady
state.
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Yes

Initialized data
Duty cycle = 25
lpast=0

Duty = Duly+1
Ipass=Ipresent

lpresent-= Ipast

Duty =Duty-1
|pass=ipresent

ipresent = Ipast

Fig.17. Program-flowchart of MPRT tracking process:

(c) Connect the MPPT control unit to the system to use the automatic control
function. The maximum power transfer to the battery is up to 7.99 W in the steady
state.

For the direct charging method, the system starts operation at the ambient temperature.
The TE power generator could not produce a voltage because the temperature of the hot
side and the cold side of TE were not different. Then, the TE module connected to the bat-
tery acted as the load. The current must flow to the TE power generator. Some loss of
power was expected. For charging with the de—dc converter, the converter topology has
a flyback diode which can block the current flow up to the TE power generator. So, the
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Fig.'18.- The-MPPT tracking process.
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system can start opetating although the generator voltage is less than the battery voltage.
The hot-=side @and cold-side temperatures is shown in Fig-19. A comparison ‘of the battery
charging power is shown in Fig; 20.

The maximum powers transfers from each method, i.e.-direct charging, charging by
using a de—dc converter-and charging using the de~de converter with MPPT . control are
6.35, 7.63 and~7.99 W, respectively, The comparison of the power from each method is
shown in Fig"20. The input power measurcd at the/front of the dc-dc converter/is about
8.4 W. It is the maximum power that the de—dc converter;can get from the TE power

Temperature(“C)

Fig. 19. The comparison of hot-side and cold-side temperatures of the TE power module.

Hotside temp. - - -Coldside temp.
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Fig:-20. The battery charging power.

generator, namely the power source and the load matehes. The output power-of the dc—dc
converter is 7.99 W. The efficiency of the do~dc converter is 95.11% when using the MPPT
control. It is better than the-direct charging method by about 15%:

Using the same experimental procedure, we staggered the heat' supply at interyals;
(switch-on the-heater power supply 6 min, switch-off 2 min and switch-on again) providing
the heat to the TE power gencrator. The.comparisons of the battery charging power are
shown in Fig. 21. The waveform of gate signal, input'and output current-of the dc-dc con-
verter when using the MPPT control are shown in Fig. 22.

12
-« - Direct charge ' = < Fixed 35" dutygycle  e—With MPPT,
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Fig. 21. Response of the battery charging power to turning the heat source off and on.
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Fig. 22, The waveform of the gale signal; and theinput and output currents of 'the d¢—dc ‘converter.

6. Conclusion

The advantage of the TE battery-charger system using MPPT is-that the system can
charge the battery by using the heat -cnergy directly, and not having moving parts. It
can be applied to-heating devices such as a-cook-stove, a boiler or another heat source
for waste-heat recovery. This systemis the most feasible o use in a rural community or
a remote area, The photoveltaic system provides electrical power during sunshine, while
the TE battery charger system provides-power as long as the heating device is in use.
The best power output of the system depends-on the heat dissipation” of the heat sink.
However, the system design may-be improved by redesigning the-heat exchanger (heat re-
ceiver and heat sink) appropriate to the ambient temperature. The-aim of this paper is to
provide a new method for generating electrical power; it-might not be economic initially,
but the results derived here may lay a-foundation for further investigations of TE battery
charger systems.

References

[1] Anders Killander, John C Bass. A stove-top generator for cold areas. In: Proceedings of the IEEE [5th
international conference on thermoelectrics; 1996. p. 390-3.

[2] Mahmudur R, Roger S. Thermoelectric power-generation for battery charging. In: Proceedings of the IEEE
conference on energy management and power delivery, vol. 1; 1995. p. 186-91.

[3] Roth W, et al. Grid-independent power-supply for repeaters in mobile radio networks using photovoltaic/
thermoelectric hybrid systems. In: Proceedings of the 16th international conference on thermoelectrics; 1997.
p. 582-5.



704 J. Eakburanawat, I. Boonyaroonate | Applied Energy 83 (2006) 687-704

[4] Min G, Rowe DM. Peltier devices as generators. CRC handbook of thermoelectrics. London: CRC Press;
1995 [Chapter 38].

[5] Rowe DM, Min G. Design theory of thermoelectric modules for electrical power generation. IEE Proc-Sci
Meas Technol 1996;143(6):351-6.

[6] Eakburanawat J, Khedari J, Hirunlabh J, Daguenet M, Maneewan S. Teekasap S. Solar-biomass
thermoelectric power generation simulation. In: Proceeding of 22nd international conference on thermoelec-
trics, La Grande Motte, Montpellier, France; 2003.

[7] Chung Henry Shu-Hung, Tse KK, Ron Hui SY, Mok CM, Ho MT. A novel maximum power point tracking-
technique for solar panels using SEPIC or Cuk converter. IEEE Trans Power Electron 2003;18(3):717-24.

[8] Koutroulis Eftichios, Kalaitzakis Kostas, Voulgaris NC. Development of a microcontroller-based, photo-
voltaic maximum power point tracking control system. IEEE Trans Power Electron 2003:16(1):717-24. 46-54,
2001.

[9] Orcad PSpice Version 9.2, Copyrig

] N ¥ o o ¥ = = "3 1 Y o v L4 1%
nansiiluenarsianulidmsumsldanuienisfinwivinuu Weygalnhlulduselesimunism

Laidnsdilag viedu Bnianuiilvanulasilonuasfe1sddianinvesenarsynaseniinisuntuly



Applied Energy 114 (2014) 80-90

Contents lists available at ScienceDirect

Applied Energy >

journal homepage: www.elsevier.com/locate/apenergy ":...._.

Battery charging considerations in small scale electricity generation

from a thermoelectric module

—

@ CrossMark

C.E. Kinsella®, S.M. O’Shaughnessy?, M,J. Deasy ¢, M. Duffy”, AJ. Robinson **

* Department of Mechanical & Manufacturing Engineering, University of Dublin, Frinity College, Ireland
®power Electronics Research Centre, Electrical and Electronic Engineering, NUI Galway, Treland

HIGHLIGHTS
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the thermoelectric module. The paper explores load'matching and maximum power point tracking tech-
niques. [t was found that, for the TEG tested, a SEPIC DC-DC converter was only beneficial for tempera-
ture gradients- less. fhan 100 °C across the TEG. ‘At a temperature gradient of 150 °C, the effective
resistance. of the battery was close to the‘internal resistance of the TEG. For temperature gradients in
excess of 100 °C.a DC-DC converter is not suggested and a simple charge protection circuit is sufficient.
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1. Introduction

Thermoelectric generators (TEGs) are solid state devices. that
convert heat directly to electricity. Although TEGs are commer-
cially available, they are low in efficiency, typically of the order
of 3-5%. This being the case, they are generally used in niche appli-
cations that require power in the range of 1T pW to 100 W [1].

The low efficiency of TEGs is compounded by the fact that for a
given temperature differential the power generated by a TEG gen-
erator system is a function of the load resistance. Since there is a
peak maximum power at a critical load resistance, the real life effi-
ciency could be much less than the maximum possible efficiency if
the load resistance is greater or less than this critical value. This is
the case for both single TEG technologies, such as that reported in
O'Shaughnessy et al. [2] as well as generators with multiple TEGs,
such as that reported by Lesage and Pagé-Potvin [3]. Thus, a

* Corresponding author. Tel.: #+353 1 896 3919,
E-mail address: arobins@tcd.ie (A]. Robinson).

0306-2619/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.apenergy.2013.09.025

complete TEG generator design requires that not only the heat
source, the TEG and the heat sink be modelled, but also the effec-
tive impedance of the electrical load to which the TEG is supplying
electricity:

Recent work with regard to testing and modelling thermoelec-
tric modules aims to provide the theoretical framework to predict
the electrical output characteristics given the thermal boundary
conditions on the hot and cold faces of the TEG. Based on the works
of Sandoz-Rosado and Stevens [4], Rodriguez et al. [5], Hodes [G]
and Hsu et al. [7], it can be said that theoretical modelling of ther-
moelectric generators is mature. On the other hand, there has been
less attention paid to technologies which ensure that the maxi-
mum power is being drawn from the TEG for the given thermal
loading condition.

Eakburanawat and Boonyaroonate [ 8] developed a SEPIC DC-DC
converter that was controlled by a microcontroller to optimally
charge a battery from thermoelectric modules. Maximum power
was transferred to the battery when the input impedance of the
DC-DC converter matched the impedance of the battery. The input
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Nomenclature

A cross-sectional area of a single thermo-element, m?
1 current, A

- current at matched load, A

L length of thermo-element, m

Le contact layer thickness, m

N number of thermo-elements

Pejec electrical power, W

Qy heat delivered to TEG hot side, W
Qc heat dissipated from TEG cold side
Ry load resistance, Q

Riyzc TEG internal resistance, Q

Ty module hot side temperature, K

T: module cold side temperature, K
ATz module temperature difference, K
v voltage, V

Vin voltage at matched load, V

Vo open circuit voltage, V

Z figure of merit, 1/K

o seebeck coefficient, V/K

Olefy effective seebeck coefficient, V/K

Opn seebeck coefficient of p/n element, V/K

y) thermal conductivity, W/m K

Ac contact thermal conductivity, W/m K

A thermal conductivity of p/n element, W/m K
P electrical resistivity, £ m

Pe electrical contact resistivity, Q m

Abbreviations

TEG thermoelectric generator
TEM thermoelectric module
PWM pulse width modulated

MPPT  maximum power point tracking
MOSFET . metal oxide semiconductor field effect transistor
SEPIC .single ended primary inductor converter

impedance of the DC-DC converter was-changed by, varying the
duty cycle of the pulse width modulated (PWM)-signal applied to
the gate of the MOSFET. Six Taihuaxing TEGs (TEP-1264-1.5) were
connected in series to give @ combined internal. resistance of
17.8 Q at 140 °C. These were then'used to charge a 6'V battery with
internal resistance of 0.1 Q. Three experiments were set up: in the
first experiment, the TEGs were directly connected to the battery.
The maximum power transferred to the battery was 6.35W. In
the second experiment, a SEPIC converter was introduced with
the duty cycle fixed at 35%. In this case the power transferred to
the battery was 7.63 W. In the third experiment, the duty cycle
of the MOSFET was varied throughout the experiment in order to
deliver maximum power to the- battery. This was implemented
by measuring the current into the battery and varying the duty cy-
cle until maximum current flowed. into the battery. The Perturb
and Observe maximum power point ‘tracking (MPPT). technique
was used, however only the current'was measured -as it was as-
sumed that the battery voltage remained relatively constant. In
this scenario 7.99 W was transferred tothe battery and the SEPIC
was found to be 95.11% efficient. The maximum power peint track-
ing circuit was determined to be 15% more efficient than direct
charging. It was also observed that during direct charging, if there
was no temperature difference across the TEG, the TEG acted as a
load and discharged the battery. This did not happen when.the SE-
PIC was inserted.

In 2006, Nagayoshi and Kajikawa [9] developed a buck-boost
based maximum power point tracker to reduce the impedance
mismatch between an array of thermoelectric modules and the
load. The resistance of the load was varied from 3 Q to 40 Q. The
MPPT algorithm operated by increasing the duty cycle until the
conductance of the load matched the internal conductance of the
TEG array. If the effective conductance of the load was lower than
that of the TEG array, boost mode was employed. Conversely, if the
effective conductance of the load was higher than the internal con-
ductance of the TEGs, buck mode was employed. The circuit was
80% efficient.

Nagayoshi et al. [10] later compared the output power with and
without the maximum power point trackers. Two experimental
rigs were set up. The first rig consisted of four strings of TEGs held
at different temperature gradients: 40 °C, 70 °C, 100 °C and 130 °C.
Within each string, the temperature was held constant. In the sec-
ond rig, maximum power point trackers were placed on each string
of TEGs. Nagayoshi et al. [10] compared the output power of each

system-with-arange of load resistances. When a load of 5 Q was
applied, direct-charging delivered more power than the MPPT
method for the string of TEGs held at 70 °C and 100 °C. This high-
lights that while the internal resistance of the TEGs is temperature
dependent, the resistance changes only slightly with temperature
and. thus. if the load is matched at a given temperature, direct
charging can be optimal even if this temperature fluctuates within
a certain range.

Lihaa et al. [11) investigated ‘power conditioning for thermo-
electric modules. Ten TEGs were connected in series and a 40 Q
load was attached, which was close to the total internal resistance
of the TEGs. At a temperature gradient of 119 °C, the output power
of the TEGs was calculated to be 50.6 W. The 40 Q2 load was then
replaced by a light bulb and the TEG output power dropped to
23'W. A maximum, power point tracker was then developed using
a boost DC+-DC converter with synchronous rectification and the
Perturb & Observe method. Efficiencies of 95.3% were achieved.
The maximum power transferred to the light bulb was 47 W. This
increasein power was due to load matching.

Vieira and Mota||2] designed and built a maximum power point
tracker to optimally charge a lead acid battery using a thermoelec-
tric module. The MPPT was based on a SEPIC circuit working in con-
tinuous conductionmode and the Perturb and Observe method was
employed to-find the maximum power point. In the algorithm,
charge protection was alsoimplemented to protect the lead acid bat-
tery from over-charging. The experimental results showed thatif the
12 V battery was directly connected to the TEG, the TEG generated
19 W, whereas if the MPPT was inserted between the TEG and the
battery, the TEG produced 28.5 W. The MPPT circuit produced 33%
more power from the TEG than direct charging.

This paper focuses on charging a rechargeable battery using
only one thermoelectric generator. The context of the research is
for developing world applications, such as that reported by
0'Shaughnessy et al. [2], where small amounts of electricity can
be used to charge LED lanterns and low power demand mobile
phones. Within this context, the specific objectives of this study
are to:

o Select a thermoelectric module and fully characterise it at dif-
ferent temperature - gradients — and - ‘with  different load
resistances.

o Select a battery and consider different methods of charging the
battery.



82 C.E. Kinsella et al. /Applied Energy 114 (2014) 80-90

e Investigate DC-DC converters and MPPT algorithms.
e Design a simple, easy to use battery charging circuit with the
thermoelectric module as the power source.

2. Overview of thermoelectricity

Thermoelectric generators are solid state energy devices which
convert heat directly into electricity by means of the thermoelec-
tric effect. TEGs have no moving parts and are commercially avail-
able in a variety of shapes, sizes and power ratings.

The working principle is depicted in Fig. 1. A thermoelectric
module is sandwiched between a heat source and a heat sink. Heat
flows from the heat source across the module and is dissipated by
the heat sink, and electricity is produced by the module. The ther-
moelectric module consists of pairs of p-n thermoelements. The
positive (p-type) and negative (n-type) doped semiconductor ele-
ments are connected electrically in series and thermally in parallel.
Initially, the conductors in the module possess a uniform distribu=
tion of charge carriers. However, the heat input to the'module, Qy,
creates a temperature difference across the p-n‘thermoelements.
The Seebeck effect is described by Rowe [13]. The free carriers.at
the hot end have greater kinetic energy and diffuse to-the cald
end. The accumulation of charge resultsin a back emf which resists
further flow of charge. If the temperature difference across these
junctions is maintained, an open circuit-voltage'V,  is/generated
according to

Voe = a(Th = Tc) (1)

where « is the Seebeck coefficient'and Ty and T; are the ‘hot’ and
‘cold’ junction temperatures. The Seebeck coefficient is a thermo-
electric material property. Rowe [14] describes the strengthof ther-
moelectric materials, expressed by a quantity Z, known as the figure
of merit. Z depends on the thermal and electrical properties of the
material and on the Seebeck coefficient, a.

oo B
A ph

In the above equation /4 is the thermal conductivity, e is the electrical

conductivity, and p is the electrical resistivity. The-majority of ther-

moelectric generators in current use are based on bismuth-telluride

Heat sink, Q¢

1
1 1
] 1
] 1
I 1
I I
I i
1 1
1 1
1 ]
1 I
I ]
1 ]
I 1
1 I
I I
I 1
I 1
1 Tcold apparent 1
I 1
1 1
1 )
I 1
I 1
1 I
I I
1 1

1

ceramic

Thot apparent

Heat source, Qy

Fig. 1. Thermoelectric power generation.

(Bi;Tes), lead-telluride (PbTe) or silicon-germanium (SiGe) alloy
technologies. According to Rowe [14], Bi,Te; generators have the
greatest figure of merit, but are typically limited in their maximum
operating temperature to approximately 250-300 °C. PbTe and SiGe
generators have lower figures of merit but compensate with the abil-
ity to operate at much higher temperatures (~600 °C for PbTe and
~1000 °C for SiGe).

A single thermocouple is depicted in Fig. 2. The electrical resis-
tance R and thermal conductance K of a thermocouple of length L
and cross-sectional area A, are defined respectively as [6]:

20L
R A—f; 3)
K= —”f” (4)

By assuming one-dimensional conduction through the module,
the rate of heat supply, Qy, and heat removal, Qc, can be estimated
at the hot and-cold junctions as [6]

FRrec

QH =3 K(AT} 4 (Ofpm)l'Th = 5 (5)
*Rygg

Q= K(AT 5 (o T + ©)

2

where u,, is.equal to (o, — o), and'{ is the current through the
thermocouple: The electrical-power generated by the TEG is given
by the voltage and current across the external load, R;. By applying
an energy balance across the module, the electrical power, P, is
equal to the difference between heat delivered and dissipated, or

(Qn —\ ),

Pewc = Qi Q=0 AT~ Ry (7)
Eq..(7) can be reatranged and simplified to give the voltage:
Vs CZPRAT ~ IRy (8)

Eq.(8)expresses the veltage as-a function of current for a given
temperature difference. Using the standard model [6] the parame-
ter opy 15 measured by open-citcuiting (I = 0) the TEG, and measur-
ing the applied temperature difference and corresponding voltage.
By setting Puee equal to I*R; in Eq:(7), where R, is the load resis-
tance, the current can be found from

[ opn AT,
(R + Rrig)

Substituting Eq.(9) into Eq. (7) yields an expression for the elec-
trical power:

(9)

4&—.
(Rt + Rixg)*

A thermoelectric module generates maximum power when the
module resistance matches the load resistance, i.e. when R; = Rygg
[15]. It follows that maximum power, Py, is given by

_ (mAT)?  Ap(omAT)?

Piiec = (pnAT)? (10)

P = 11
" 4Rrec 8pL (11)
ceramic layer 3 Th-«pwcm
L, G AT :
i Ty
L P N ATJI tual 1 ATuppmrcm
Fe)ol
| P L= .
g ceramic layer i T
©, apparent

Fig. 2. Diagram of a single thermoelectric thermocouple.
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From Egs. (10) and (11), the power produced by each thermo-
couple is approximately proportional to its cross-sectional area,
and inversely proportional to its length. Therefore, power produced
by an entire module is dependent on the number of couples, N, as
well as the ratio of the load resistance to that of the TEG itself. It
should also be kept in mind that the internal resistance Ryg; of a
thermoelectric module varies with temperature due to a variation
in resistivity. The above theoretical framework was compared with
experimental measurements in O'Shaughnessy et al. [2] and the
agreement was adequate.

The equivalent circuit for a thermoelectric module can be repre-
sented by a voltage source, V,., with a variable resistor in series,
Rin, as shown in Fig. 3.

For this study, a rechargeable battery is to be charged using the
TEG as the power source. Therefore, to obtain maximum power
from the TEG, the effective resistance of the battery must be com-
parable to the internal resistance of the TEG. Two approaches were
investigated in this study:

» Select a battery with the same effective resistance as the inter-
nal resistance of the TEG.

¢ Design a DC-DC converter to change the impedance-of the load
and then implement a MPPT device to continuously track the
maximum power point.

The disadvantage of the first approach is that the internal resis-
tance of the TEG changes with temperature whilst the-effective
resistance of the battery changes with charging current. The disad-
vantage of the second approach is the-increased complexity and
the fact that electrical energy is required to operate the circuitry.

3. Thermoelectric module selection

The thermoelectric module chosen for this investigation was
the TEG 12610-5.1 supplied by Thermal Electronics Corp, Canada.
The output power from the thermoelectric modules was close to
the specifications quoted by the manufacturer and could withstand
temperatures of up to 320 °C intermittently.

The 40 mm x 40 mm TEG is composed of 126 Bismuth Telluride
p-n junctions. While TEGs with larger area specify higher output
power per degree temperature difference; a greater-heat flux is re-
quired to maintain the same ATy According to the manufac-
turer’s specification at ATy =210 °C, TEGT-12610-5.1 is capable
of producing 5.9 W of electrical power at matched load. Some spec-
ifications for the module are provided in Table i,

4. Battery selection

A variety of battery typologies were explored. Nickel metal hy-
dride batteries are widely used due to their availability, low cost
and low nominal voltage. However, nickel metal hydride batteries
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Fig. 3. Equivalent circuit of a thermoelectric module connected to a load.

Table 1
TEG1-12610-5.1 supplier specifications.

Dimensions 40 mm x 40 mm
Hot side temperature 260 °C

Cold side temperature 50°C

Open circuit voltage 86V

Internal resistance 3 Ohm

Match load output voltage 42V

Match load output current 14A

Match load output power 59W

Heat flow through the module ~140 W

Heat flux ~8.8 W/em?

release hydrogen when they are over-charged, which can be haz-
ardous. Lead acid batteries were also investigated. Although ro-
bust, lead acid batteries have low energy densities, making them
significantly larger and heavier than other batteries of the same
capacity.

Lithium ion batteries were then analysed. It was discovered
experimentally that.in 'some cases when they are overcharged
the cell cantupture, leading to combustion. From further investiga-
tions into different types of lithium ion batteries, it was found that
lithium iron phosphate batteries are inherently much safer than
conventional lithium-ion cells due to their olivine structure which
changes only slightly when over-charged. Upon heating, no oxygen
is evolved and there is ne.thermal runaway under abusive condi-
tions [ 16]. They alsa possess high energy densities and long life cy-
cles. The batteries exhibit very-flat open circuit voltage curves over
the State-of-Charge of the battery, which means the voltage of the
battery stays relatively constant during discharge. They can also be
left \in a partially discharged state for extended periods without
causing permanent-damage. Lithium iron phosphate (LiFePo,) bat-
teries have been selected for this-study, specifically the ANR26650
lithium-iron-phosphate. cylindrical cell manufactured by A123
Systems. The battery was sourced from Korea and cost $11.30
per cell:' Some battery specifications are provided in Table 2.

An-advantage of LiFePo, batteries is their moderate operating
voltage (typically 3.3 V) which is close to the matched load voltage
of the thermoelectric module (4.2 V) at ATz =210 °C. As the open
circuit voltage of a thermoelectric module is directly proportional
to the temperature difference across it, this suggests that at a
ATrec = 150-160 °C, the nominal voltage of the battery would be
comparable to the matched load voltage of the TEG. The specifica-
tions,suggest the maximum capacity of the battery is 7.59 W.

5..DC-DC converters and maximum power point tracking

In order to investigate whether power transfer between the TEG
and load could be improved, several DC-DC converters were ini-
tially investigated to provide a match between the impedance of
the load to that of the TEG as it varied under differing thermal
loads. Design parameters assumed for the different DC-DC con-
verters are listed in Table 3,

Table 2

LiFePoy battery specifications.
Cell dimensions (mm) #i26 x 65
Cell weight (g) 72
Cell capacity, nominal/minimum (Ah) 2.3[2.2
Voltage, nominal (V) 3.3
Internal impedance (m£2) 8
Max. continuous discharge (A) 70
Operating temperature {°C) —30 to 55
Typical cycle life >1000
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A boost converter, a non-inverting buck-boost converter and a
SEPIC circuit were designed and constructed. The SEPIC circuit
was ultimately chosen for the following reasons:

o Its ability to step up or step down the voltage as the open circuit
voltage of the TEG was expected to vary between 0 and 10 V.

e It demonstrated high efficiency.

e It was possible to measure the open circuit voltage without an
additional switch unlike the boost converter.

The characteristic equation of a SEPIC is provided by Eq. (12),
where D is the duty cycle, V;, is the voltage at the input of the SEPIC
and V,,, is the voltage at the output of the SEPIC.

Vou D

Virt B

D (12)
Ignoring losses, Eq. (13) demonstrates the relationship between
the effective load resistance R,y and the actual load resistance-Ry.
By varying the duty cycle of the PWM signal supplied to'the gate of
the MOSFET, the effective resistance of the load ean be changed, so
that it matches Rygc.

1-D\?
Ri’.eﬂ' = (T) Ri’.

A circuit diagram of the SEPIC used is provided in Fig. 4. The
SEPC circuit was designed to operate at 10 kHz, where the rela-
tively low frequency kept switching losses'to a minimum; however
this also meant that large passive components were needed to en-
sure the desired ripple current and voltage levels were not exces-
sive. The 220 pH inductors and the 3900 pF capacitors gave the
desired input and output voltage levels, while the 100 uF radial
electrolytic capacitor was needed to handle the high ripple-current
at the isolation point. Table 4 details the components used in the
construction of the SEPIC circuit.-A photo of the SEPIC circuit is gi~
ven in Fig. 5.

In a SEPIC circuit, the input and output veltages are isolated by
the capacitor C2 shown in Fig. 4. Therefore if no voltage is applied
to the gate of the MOSFET (duty eycle=0), no current flaws to the
battery. This means it is possible ta measure the-open circuit volt-
age of the TEG for maximum power point tracking. Two MPPT algo-
rithms were coded with the. SEPIC using -an - Arduino
microcontroller. The purpose of the algorithms was to increase or
decrease the duty cycle of the PWM signal supplied to the gate
of the MOSFET until maximum power was supplied to the battery.

(13)

Table 3
DC-DC converter specifications.
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Table 4
SEPIC list of components.

Part Manufacturer Manufacturer part
number
3900 WF electrolytic Panasonic EEUFR1C392L
capacitor
100 pF electrolytic Sanyo 20SH100M
capacitor
220 pH inductor Murata Power 1422455C
Solutions
N MOSFET Fairchild FDP8860
Semiconductor
Schottky diode STMicroelectronics STPS15L25D
0.005 € resistor Welwyn OAR5-RO0SFI
Arduino Uno Arduino A000046
100pF capacitor
3900uF capacitor ; Schottky diode

TEG
conncetions
iround to Arduino

Battery

PWM signal from Arduino

Ll lf.[)(iS ) sense resistor

MOSFET i
Inductor. 3900pF capacitor

Fig. 5. Photograph of'the SEPIC circuit.

5.1, Open circuit voltage method

As thermoelectric modules have linear current-voltage charac-
teristics, the maximum power point voltage is equivalent to half
the corresponding open circuit'voltage of the TEG. The open circuit
voltage:method involves recarding the open circuit voltage of the
TEG and then varying the duty cycle of the PWM signal until the
loaded voltage is-half the open circuit voltage.

5.2. Combination method

The second algorithm had two components. The first compo-
nent used the characteristic equation of a SEPIC (as given by Eq.
(12)) to set an initial duty cycle. At the maximum power point,
the voltage across the TEG is equal to half the open circuit voltage

Input TEG voltage 2-10V (Vo).
Qutput (battery) voltage (nominal) 33V
Maximum output power 59w V
Vin==* (14)
L, C, D,
=PV I SE
1T L
220puH 100pF STPS15L25D
R -
0.005Q  |¢ —
1
j_—igm . . | FDP&860 L, =
H 2
v, TEG 220uH
Arduino

Fig. 4. SEPIC DC-DC converter.
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If the output voltage is equal to the battery voltage, it follows
that

vbamujf
- (15)
EQE' e vba!tery

The Perturb and Observe method was then employed which in-
volved measuring the current delivered to the battery with a cur-
rent sense resistor, The duty cycle was increased and the current
was measured again. If the current flowing into the battery in-
creased with increasing duty cycle, the duty cycle was further in-
creased. However if the current decreased with increasing duty
cycle, the duty cycle was decreased.

6. Experimental set-up

To investigate in detail the behaviour of the TEGs under differ-
ent operating conditions an experimental rig was constructed. as
shown in Fig. 6. The rig was based on the design reperted by San-
doz-Rosado and Stevens 4] and consists of a lower plate whichiis
cooled by a water flow loop. The TEG sits on this surface. The uppern
surface is heated by cartridge heaters controlled-by a-variable
power supply. The upper surface is lowered by a crank which en-
ables the user to set the applied force on the TEG. The force applied
to the TEG was measured with aload cell.

Copper plates were inserted between the TEG under test and
the hot and cold surfaces of the apparatus and a thin layer of heat
sink compound was applied between the TEG and the copper
plates to reduce thermal contact resistance. Holes of 1 mm diame-
ter were drilled into the copper plates and calibrated K-type ther-
mocouples with an accuracy of £1 °€ were inserted to measure the
approximate hot and cold side temperature of the TEG. The cooling
plate was positioned directly-below. the heating block and. the
crank was wound down until a pressure of 0.75 N/min®> was ap-
plied to the TEG. The temperature difference across-the TEG was
adjusted by varying the power tothe cartridge heaters. Further de-
tails of the experimental rig can-be found in.O’Shaughnessy et al.
[2].

7. Experimental method and results

7.1. TEG characterisation

For a range of temperature differentials-across the . TEG (100 °C,
120°C, 150 °C, 190 °C and 200 °C) the open circuit voltage of the
TEG was measured using a digital multimeter. An electrical load
was then attached to the TEG. Constantan wire was. chosen-as
the load as it was capable of handling high currents and its resistiv-
ity remained relatively constant with varying temperature. The
length of constantan wire, and thus the load resistance, was varied
throughout the experiment. The voltage across the TEG was mea-
sured for a range of load resistances. The current was measured
using a digital multimeter.

The results demonstrated the importance of load matching.
Fig. 7 shows the power produced by the TEG versus the load resis-
tance applied. At ATy ~ 100 °C, a maximum power of 2.18 W was
generated from the TEG when a 2.95 Q resistance was connected in
series with it. This implied the internal resistance of the TEG was
2.95 Q at ATygg ~ 100 °C. The power generated by the TEG signifi-
cantly decreased the further the load resistance moved away from
the internal resistance of the TEG. Importantly, the power-resis-
tance curve is much steeper for load resistances less than the crit-
ical value. There was a small change in the internal resistance of
the TEG with temperature. At AT;c~ 200 °C, the internal resis-
tance of the TEG increased to 3.17 Q which is a 7% increase. On
the other hand, the peak power increased to 53 W at

Pressure applied by crank

Hot side.maintained by.3 cartridge heaters

TEG clampad between two copper plates

—— ——— W ————

Fig. 6. TEG testing apparatus.

6
51 f”ﬂ¥*’sng
) ® - Bkt " * AT~100°C
— : ] = A
z L e, ”"iﬁx,,““ * AT~120°C
b= e * &y L
g 2 me ve * o4 ...-.Il-. .M B AT~150°C
c . "0 es 4 .
S op{¥ret e, ., 4 AT=190°C
e 00,"".‘ ton
1: ¢ *ees | % AT-200°C
0 . . . . . :
0 2 4 6 8 10 12 14

Load resistance (€2)
Fig. 7. TEG output power versus load resistance.

ATrpg ~ 200 °C, representing a 1.4-fold increase. The internal resis-
tance of TEG at different temperature gradients is given in Table 5.

Fig. 8 illustrates the linear relationship between the voltage
across the TEG and the current flowing through it. For a given
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ATrge, the intercept with the horizontal axis represents the open
circuit voltage (i.e. zero current). Considering Figs. 8 and 9 it can
be seen that maximum power was obtained from the TEG when
the loaded voltage was equal to half the open circuit voltage as is
expected.

When a load was applied to the TEG and current flowed through
the circuit, the Peltier effect was observed whereby the

Table 5
Internal resistance of TEG1-12610-5.1.

AT Internal resistance as specified by Tested internal
(°C) manufacturer (£2) resistance (€2)
100 22 295
120 26 2.98
150 3 3.02
190 = 7 3.02
200 33 3.17
235
*®
+ AT-100°C
< AT=120°C
E B AT-1502C
E » AT-190°C
Q
% AT=200°C
0.0 T — i %
0 2 4 6 8 1
Voltage (VY
Fig. 8. TEG voltage versus current.
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Fig. 9. TEG voltage versus output power.
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Fig. 10. Peltier effect on TEG temperature differential.

temperature of the hot side decreased and the temperature of
the cold side increased. Hence the Peltier effect decreased the tem-
perature gradient across the TEG, reducing the power generated by
the Seebeck effect. The temperature gradient across the TEG de-
creased by 8% when a 1.91 A current flowed through the circuit
as shown in Fig. 10. At high currents the Peltier effect was partic-
ularly prevalent.

7.2. Direct charging the battery

The next set of experiments involved directly connecting the
battery to the TEG (as in Fig. 3), with R, representing the battery
load. Before each experiment, the battery was discharged by con-
necting 3 Rolson white LED lamps in parallel to the battery. The
battery was disconnected when the LEDs turned off, which oc-
curred when the battery was discharged to 2.5V. This ensured
the.same starting conditions for each test. The TEG was connected
to the-battery-until the battery voltage reached 3.8 V, the maxi-
mum recommended charge voltage specified by the manufacturer.
The TEG was then disconnected. The experiment was repeated for
a range-of temperature'gradients across the TEG (100 °C, 120 °C,
150°C,190°C and 200 °C). The current was measured using a
0.005 Q current sense resistor

TheTesults demonstrated the flat voltage characteristics of Lith-
iumn Iron Phosphate batteries during charging. When the TEG was
directly connected to the battery, the voltage across the TEG was
equal tothe battery voltage, regardless of the temperature gradient
across the TEG as demonstrated in Fig. 11.

For 80% of the charge cycle, the battery voltage remained be-
tween.3.3-and 3.4 V. The battery voltage then increased exponen-
tially.. The TEG was disconnected.as soon as the battery voltage
reached 3.8 V, however the battery-was not fully charged at this
point. The current flowing inta the battery also remained relatively
constant during 80% of the charge cycle and was dependent on the
temperature gradient across the TEG as demonstrated in Fig. 12.
This indicates-that the effective impedance of the battery remains
constant'over the majority of its-eharge cycle.

Likewise the power supplied.to the battery remained relatively
constant during 80% of the charge cycle and was dependent on the
temperature gradient across the TEG as demonstrated in Fig. 13.

The results indicate that when the battery was directly con-
nected to the TEG, the'matched load condition occurred at ATygc -
~150 °C, where, as shown.in Fig. 14, the effective resistance of the
battery was between 2.75 £ and 3 Q for the majority of the charg-
ing-cycle. This was close to the internal resistance of the TEG at
ATrec ~ 150.2€7as _given in Table 5.

It'was found that at temperature gradients above 120 °C, the
effective resistance of the battery was close to the internal resis-
tance of the TEG. However at temperature gradients below
120 °C, there was a large mismatch between the internal resistance
of the TEG and the effective resistance of the battery as illustrated
by comparing results in Fig. 14 and Table 5. This resulted in a
reduction in the power delivered to the battery. At 120 °C, Fig. 7
previously showed that the maximum power available from the
TEG was 3 W while Fig. 13 illustrates that when the battery was di-
rectly connected to the TEG, only 2.75 W was delivered to the bat-
tery. This suggested that maximum power point tracking would be
beneficial for temperature gradients below 120 °C.

7.3. SEPIC DC-DC converter testing

A SEPIC DC-DC converter was connected -between the TEG
source and lithium iron phosphate battery. Initially, the duty cycle
was controlled manually so that the SEPIC could be characterised
over its full operating range. A 10 kHz PWM signal was supplied
by an Arduino microcontroller which was externally powered.
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The duty cycle of the PWM signal was incrementally increased
from 0% to 100% and the power into and out of the DC-DC con-
verter was measured using digital multimeters. The experiment
was repeated for a range of temperature gradients across the TEG.

The effective resistance of the battery load (seen at the output
of the SEPIC) decreased with increasing duty cycle as shown in
Fig. 15. This is as predicted by Eq. (13) and as expected, maximum
power was delivered to the battery when the effective resistance of
the load was equal to the internal resistance of the TEG; i.e. 2.6 Q
for ATygg ~80°C.

At the matched load point, the efficiency of SEPIC was 85% as
shown in Fig. 16.

The power delivered to the battery depended on the tempera-
ture gradient across the TEG and the duty cycle of the PWM signal
as shown below in Fig. 17.

Plotting the maximum values of power from Fig. 17 for each test
temperature gradient as shown in Fig. 18, it was found that above
ATrge ~ 100 °C, more power was delivered to the battery by direct
charging rather than by employing a DC-DC converter. Although
there was a large mismatch between the internal resistance of
the TEG (2.95Q) and the effective resistance of the battery
(6.5 Q) at ATy ~100 °C, it was still comparable to direct charging
or using a DC-DC converter. While the DC-DC converter did reduce
the impedance mismatch, it also increased losses in the circuit.
This highlights that the insertion of a DC-DC converter is not
appropriate when the effective resistance of the load is within a
certain range of the internal resistance of the TEG.

The temperature range for which a DC-DC converter provides
improved performance may be determined by comparing the
shortfall in-power from the maximum power available (due to
impedance ‘mismatch) with DC-DC converter losses. The DC-DC
converter should be included if its losses are significantly lower
than_the-maximum, pewer point shortfall. For example, at
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Fig. 15. Effective resistancerand output power at ATr ~ 80 °C with varying duty
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100%
07,
;g,'f “0oooooooooooooooooooo..,,.
1 "4 *e
& 70% +
= . MPP .
= 0% B
‘g’ 50% +
5 Yoy
B g0 - .
¥ 20
10% 4
0% . . . . . . . , .
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Duty cycle (%)
Fig. 16. Efficiency of 10 kHz SEPIC at ATy ~ 80 °C.
4
6
*AT, ~60°C
~ = | mAT__-80°C
g = AATT,E“ 100°C e
et 4] °ATq,-120°C * *s
Q 1 nAT ~150°C . Y.
= + ATo = 200°C % alat S
a3 3 2 ® xu -
&2 x xl.’f
9 ++ 2®%0%0, :0
il 2 o x"' ® ®e ®s,
”; P Y adddaa, oo% x+
QC-J 1 .l‘aA‘.lnl'-a------..‘ ;i
*e e
i l-**ii“;;!e.,oo900000000'00 ‘ey t".
0% 20% 40% 60% 80% 100%

Duty cycle (%)

Fig. 17. Power delivered to the battery with SEPIC inserted between the TEG and
the battery.
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Fig. 18. Comparison of the maximum power delivered to the battery.

AT ~ 100 °C, the results of Fig. 9 show that a maximum power of
2.18 W is available, but only 1.74 W is achieved if the TEG operat-
ing voltage is fixed at 3.3 V by direct connection of the battery load
(see Fig. 13).In this case,a DC-DC converter would provide im-
proved performance if it had losses less than ~0.44'W. As'shown
in Fig. 16, the given SEPIC converter has an efficiency of ~85%
which corresponds to losses of ~0.33 W _for.an input pewer of
2.18 W. Therefore the inclusion of a converter would previde-a
0.11 W (~5%) improvement in output power and-may be taken
as a cut-off point.

In addition to improved output/power, Fig. 18-highlights an-
other advantage of inserting a' DC-DC converter when the TEG
voltage is below the battery valtage. At. ATz~ 60°C the TEG
acted as a load and discharged the-battery. By inserting a DC-DC
converter it was still possible to charge the battery even though
the TEG voltage was lower than the battery voltage.

8. Maximum power point tracking algorithms

In order to illustrate the effectiveness-of maximum power point
tracking, the two algorithms considered were tested onthe 10 kHz
SEPIC circuit with an 80°C temperature gradient maintained
across the TEG; i.e. where the mismatch in source and load imped-
ance is significant. Once the MPPT reached its maxXimum power
point, the duty cycle was held caonstant for a period of time. This
was repeated thirty-three times to ensure repeatability of results.
The maximum power delivered to the battery using the Open Cir-
cuit Voltage MPPT algorithm was 1.24 W and the minimum power
delivered was 1.17 W. The results are illustrated in Fig. 19°below;

The maximum power delivered to the batteryusing the Combi-
nation MPPT algorithm was 1.22 W and the minimum power deliv-
ered was 1.07 W. The results are shown in Fig. 20.

There was larger variability in the duty cycle using the Combi-
nation MPPT due to the Perturb and Observe element of the tech-
nique. Depending on the point in the switching cycle, the current
may increase or decrease, irrespective of a change in duty cycle.
This slightly distorted the Perturb and Observe effectiveness as a
MPPT technique.

Nonetheless, as shown in Fig. 21, both algorithms located close
to the maximum power point found in Fig. 17 when the duty cycle
was varied manually. In that case, maximum power delivered to
the battery was 1.26 W, with a duty ratio of 64%.

The results demonstrated that the Open Circuit Voltage MPPT
algorithm on average delivered slightly more power to the battery
(1.19 W) than the Combination MPPT algorithm (1.18 W). However
both algorithms were close to the maximum power point (1.26 W)
and considerably better than direct charging (0.68 W).

9. Discussion

The results illustrated that for temperature gradients above
100 °C across the TEG, more power was delivered to the battery
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Fig. 19. Power delivered to the battery using the open circuit voltage MPPT
algorithm.

by direct charging. For temperature gradients below 100 °C, more
power was-delivered to the battery by employing a DC-DC con-
verter. [t was.found that either the Open Circuit Voltage MPPT or
the Combination MPPT algorithm closely matched the maximum
power-point,

Therefore, for situations where temperature gradients are above
100-°Ciitis netnecessary to employ a DC-DC converter. This is be-
cause the battery was carefully selected so that the nominal volt-
age of the battery -was close to. the loaded voltage of the
thermoelectric module in the expected operating range. Thus, a
much simplified circuit i§ proposed and is discussed below.

In order to protect the battery from over-charge, a simple form
of charge protection was designed;to limit the battery voltage as
shown in Fig. 22.-A Schettky diade was placed in front of the bat-
tery to prevent it discharging at low temperature gradients across
the TEG and a 3.9V Zener diode was placed in parallel with the
battery, to limit-the battery voltage. The Zener diode had to be able
to take the full output power of the TEG, therefore a 5 W Zener
diode was selected.

It was found that-when the Zener diode was fully enabled
(3.9 V), the current flowing into the battery dropped to zero, fully
protecting the battery from overcharge. The major disadvantage
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Fig. 20. Power delivered to the battery using the combination MPPT algorithm.
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Fig. 23. Charge protection circuit in placey;ATre ~ 150 °C.

of using the Zener diode was that even-below the Zener voltage, a
significant amount of leakage current flowed through the Zener
diode (~0.14 A) as demonstrated in Fig, 23. The specifications of
the Zener quoted that the reverse leakage: current would/ be
50 pA at 1V, but the reverse leakage current was much greater
at the battery's nominal voltage(3.3 V).

In Fig. 23, the difference between the TEG current and the bat-
tery current was equal to the eurrent flowing through the Zener
diode. The reverse leakage current'did not vary with charging cur-
rent. At ATy ~ 100 °C, when the TEG current was.only ~0.43 A,
the proportion of current leaking through the Zener diode was par-
ticularly significant (~30%). However at ATy ~ 200 °C, the pro-
portion was less significant (~10%),

As shown in Fig. 24, at ATy ~ 100 °C, it took 3.44 h for the bat-
tery voltage to increase from 3.3 V te 3.6 V during direct charging.
This increased to 6.5 h with the Zener and Schottky diode in place.
The effective resistance of the load increased.from"6.5 € (direct
charging) to 8.4 Q (with charge protection cireuit).Thus a larger
mismatch existed between the internal resistance.of the-TEG
(2.95 Q) and the effective resistance of the load, resulting in re=
duced power and increased charge time.

At ATppg ~ 200 °C, it took 1.24 h for the battery voltage to in-
crease from 3.3 V to 3.6 V during direct charging and 1.52 h with
the Zener diode circuit. In this case, the effective resistance of
the load with the charge protection circuit (2.5 Q) was closer to
the internal resistance of the TEG (3.17 Q) than during direct
charging (2.23 Q). Thus at high temperature gradients across
TEG, the charge protection circuit provided better load matching.

Additional features were added to the simple charge protection
circuit to increase its safety characteristics as shown in Fig. 25.

A bimetallic thermal switch was connected in series with the
battery. The battery was positioned above the thermal switch so
that if the battery temperature exceeded 60 °C, the bimetallic
switch would open, disconnecting the battery from the power
source.

Green and red LEDs were placed in parallel with the TEG and
battery. The purpose of the green LEDs was to indicate when the
battery was fully charged. The purpose of the red LEDs was to
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Fig. 24. Time to charge the battery from 3.3 V to 3.6 V for varying ATy
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Fig. 25. Final'proposed. charge protection circuit.

indicate that.the TEG was connected. The proposed circuit pro-
tected the battery from over-charge. At high temperature gradients
across the TEG (close to 200 C),.the circuit helped to reduce the
mismatch between the internal fesistance of the TEG and the effec-
tive resistance of the load.

10. Conclusion

In-depth apalysis was carried out to deliver maximum power
from asingle thermoelectric module to a rechargeable lithium iron
phosphate battery. It was discovered that at temperature gradients
belaw ‘ATyg; = 100°C, it was beneficial to employ a SEPIC DC-DC
converter. However above ATrgg= 100 °C more power was deliv-
ered to the battery by direct charging.

Fortemperature gradients of 150-200 °C, the charge protection
circuit provides a simple; inexpensive and robust charging solu-
tion,. This circuit _has been used recently by the current authors
for a development project whereby a TEG generator system was
designed to generate electricity from biomass cookstoves in the
developing world [2]. The circuit has proven to work as designed
for extended periods of time and the end users charged mobile
phones and LED lanterns.
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