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Abstract — This work deals with the design and aofutype
implementation of a maximum power point tracker (NPH) for a
thermoelectric (TE) module aiming to improve energgnversion
efficiency in battery charging. This system uses TEvices that
directly convert heat energy from a water gas hedie electricity
to charge a battery. The TE module exhibits a nandar i-v
characteristic and its maximum power point variesthwvthe change
of its surfaces temperatures. A SEPIC (single-endedmary
inductance converterDC-DC converter is applied and controlled
by a microcontroller and to achieve the maximum pawpoint
tracking it is used the perturbation and observatio(P&O)
algorithm. The microcontroller will also control th charging
process of lead-acid battery making an autonomoystem that is
used to feed the necessary electronics that costesl autonomous
gas water heater system.

The objectives of this work are to study the pripld of TE
power generation and to design and develop a TEdygtcharger
that uses heat of a water gas heater system making@uutonomous
electrical system. The two different charging stagef a lead-acid
battery lead us to a good interface board. Finallgxperimental
results performance of the first stage of chargeing P&0O MPPT
algorithm are presented and compared with the r@suhchieved
with the direct connection of the TE module to thattery.

. INTRODUCTION

The need of electrical energy of the countries adothe
world is increasing everyday. The sources of trawlt
energy which consist of fossil fuels such as petrol and
coal being limited the increasing tendency of thesergy
sources to be consumed and the problem of worlbtpmi
enforce the development of power supply structtinas are
based mainly on renewable resources. Studies iwaoinkel of
electrical energy production from thermoelectric dules
have increased rapidly [1].

Thermoelectric modules can convert heat energy
electrical power directly. Thermoelectric power ggation
has the advantages of being maintenance free,t siten
operation and involving no moving or complex pattsthe
past years, much work has been reported on the oviemp
generator. Killander [2] developed a stove-top gatoe

using two TE power modules, model HZ-20. During th

operating time, the output of the generator wasuali@w

and supplied the battery with a net input from 15tdV.
Rahman [3] developed the thermoelectric generatsupply
portable electronic equipment or to charge a lapetmmputer
battery. The generator is powered from butane gass a
potential power output of about 13.5 W. Roth et [d].
developed and tested a photovoltaic/thermoelediyibrid
system as a power supply for a mobile telephoneatep.
The developed system supplies enough for 50 W penia
loads. All of the above research uses the convéstéoost-
up the output voltage to charge the battery bubhatouse the
maximum power point tracking control in the system.

A TE is a non-linear power source, i.e. its output
current/power depends on the terminal operatintagel and
the maximum power generated by the system changbés w
variations of delta temperature AT=ThorTcoLp),
temperature between the two sides of the TE modite.
increase the ratio output power/cost of instaltatib is
important that TE module operates in maximum oupmvter
(MPP).

This paper will aboard tree principal subjects: fhE
module generator, the MPPT algorithms using a DC/DC
converter and the lead-acid batteries charging ga®cThis
MPPT algorithm is integrated in one of the mairgetaof the
charging process of lead-acid batteries making an
autonomous system that will be used to feed thessoy
electronics that controls an autonomous gas watateh
system especially the ventilator of 20W of poweheTP&O
MPPT algorithm is used to control the maximum tfans
power from the TE module. The Perturb and ObserirRPW
algorithm was chosen, due to its simplicity, comgest
capacities and to its low computational power ng&iis[6].
This algorithm is executed by a microcontrollemgsthe TE
Ygltage and current data to control the duty cydl@ pulse
width modulation signal applied in to a DC/DC cortee
The schematic and design of the DC/DC converter is
explained. The DC/DC converter used is the SEPIGlse
it easily adapts any TE output voltage to any atieput
voltage. This MPPT algorithm is used in one of tthhe main
(éharging stages of a lead-acid battery. Finallg, ttho main
charging stages of a lead-acid battery are predeatel
experimental results of the performance of thegiesi P&O



MPPT algorithm are presented and compared withighelts
achieved with the direct connection of the TE medial the
battery.

This paper is divided in 8 sections, as followsctisa 2
presents the TE general characteristics, sectipreSents the
general construction and operation characterissestion 4
presents the DC/DC SEPIC schematic and designpsest

thermoelectric module surfaces. In the system, a
thermoelectric module arrangement was made by atinge
n elements of thermoelectric modules. The TE module

characteristics are presented in Table I.

Pmax
29 W

I max
6.5A

Umax
16V

Size (each)
2x3.5x3.5cm

shows the perturbation and observation maximum powe

point tracking algorithm. Section 6 presents thgoathm
proposed to the different stages of the lead-aatteby
charging process, section 7 shows the implemeniestdtype
board, section 8 discuss the experimental reséltharging
with the P&O MPPT algorithm and with out it endimgth
the conclusions presented in section 9.

Il. THERMOELECTRICGENERAL CHARACTERISTICS

The foundation of the thermoelectric generator (JES
based on the Seebeck effect which was discovered
Thomas Seebeck in 1821. Thermoelectric energy ptamu
which is one of the many processes of changing fieat
directly into electrical energy, promises a lonfig vorking
without maintenance due to its reliability, silensamplicity
and the non-existence of moving parts. Thermoeteci
modules are formed by P and N type semiconducttishw
are connected in series electrically and in pdr#éfiermally
among two ceramic layers. A TEG generator works
heating one face and cooling the other face ofntbetectric
module and in the thermoelectric circuit it is ceoted a
load. A TEG is shown in Figure 1 [7-9].

N and P Electrical
types Insulator
semicon (ceramic

TCOLD
Electrical ‘%
Conducto}\|//‘
(copper) + -

Fig. 1. — Thermoelectric module in generator mode.

The TEG parts of the designed system consistspairt3; a
heating block, a cooling block and a thermoelecatniedule
arrangement. In the TEG, heat which is producedthzy
heating block is applied to the thermoelectric mediace,
and this heat gets sucked by the cooling block ftieenother
side. This ensures the transfer of TEG heat. Aliumin

blocks were used for the heating and cooling of th

Table I. -TE electric characteristics of the two TE modulesrected in
series.

The TE module exhibits a non-linear i-v charactarithat
depends of the hot and cold side temperatureseoblidcks.
The Figure 2 shows the power curve of the two TEGs
connected in series where hot side surface temperas
about 180°C and the cold side block temperaturabisut
50°C.

In this temperature conditions the maximum power
generated is about 28.5W with aJ7.9V and },=3,7A.

TEG Power Curve
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Fig. 2. -Non-linear i-v characteristic of the two TE moduéemnected in
serie.

From figure 2, it can be observe that the curve &as
maximum power point (MPP), which is the optimalngdior
the efficient use of the TE and this point depenfighe
values of the temperature is the two sides of tbelute that
also change during a water gas heater utilizafldve main
function of a MPPT is to adjust the TE output vgHato a
value which the TE module supplies the maximum gyé¢o
the load.

I1l. GENERAL CONSTRUCTION ANDOPERATION OFSYSTEM

The TEs use the water gas heater energy to chargdeay
that will be use to feed the electronics used totrod the
water gas heater system.

The water gas heater is physically composed by s
burner, a permutation chamber, a ventilator, twe galves
and several sensors used for control and secugity shown
on figure 3. The gas burner can burn natural opgne gas.
This burner heats the copper permutation chamberevthe
cold water enters from bellow and circulates. Thwant of
power applied to the permutation chamber is coleirioby
one “proportional-type” gas valve driven by a pulgdth
modulated signal. The cold and hot water tempegagansors

aere inexpensive negative coefficient resistors (NTC

ga



The water flow sensor is an optical linear sen€werheat gas and the cold side is connected to a coppek bliere
ionisation and ventilation sensors are all bingpetsensors. hot water flows as illustrated in figure 4.

Then the electrical energy generated by the TE teoisdu

connected to a SEPIC that is controlled by a mmntroller

Exaution which executes the MPPT and battery charging dlyos.
Oéirn';'gft Sensor The used battery is a 12V and 20Ah because the TE
Ventilator Hot Water modules can give about 28W and the Imax in batielybe
Permutation Chamber Ter;perature P/U = 2.33A that is around the 10% of the 20Ah tisathe
‘ ensor : :
‘ NTC maximum charging current.
Water‘ H ‘ ‘
Flow
Sensor
Spark
loniza
Cold Water Sensor Controlled
Temperature ontrolled gas
Sensor valve
NTC -Off gas
valve
Al Lol
I M {
Cold Water Gas Hot Water

Fig. 3. - Schematic of water gas heater with itsses and actuators.

The operating range of the hot water temperatulienised
between 30°C and 60°C. Operating range of the walgr
temperature is between 5°C and 25°C. The operatimge of
the water flow is between 3 and 15 litters/minute.

Permutation
Chamber
Burner

I Fig. 5. - Photo of the MPPT and battery chargetatype board.
+ In | - |
Microcotroller Board Hot Water IV. DC/DC SEPICCONVERTER
running the P&O MPPT and Battery CT"pg’e’ To implement the MPPT algorithm it is used the SEPI
Charging Algorithms e This DC/DC converter is in an increasingly poputgrology,
H }J _ out particularly in battery powered applications, ag timput
* voltage can be higher or lower than the outputaggtwhich
12V presents opvious des.ign advantageg. In this wodk, f
Lead Acid Battery implementation of maximum power point tracker, aPBE
Used for feed the Water Gas Heater working in continuous conduction mode is used aspiwer-
Electronics and Ventilator processing unit. Switch N channel mosfe{ Me PWM is
controlled with a switching frequency of 125kHz.eThower
Fig. 4. — Block Diagram of the System Battery Clearg flow is controlled by adjusting the on/off duty imtof the

The TE modules are applied in the water gas heaf@itch M. Figure 6 shows the schematic of the DC/DC
permutation chamber as showed in figure 5, wheeehibt converter implemented.
side (aluminium block) is in contact to the flamettoe burn



R, SEPIC R,
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Fig. 7. - Voltage and current sensors for MPPT lzettlery charging

/\

Fig. 6. - SEPIC DC/DC converter circulit.
Where R=Rs=0.00%) and VR VRs are the amplified
voltages used to read input and output currents.

Using a TE module with the following characteristic Ri=Rs=910K2 R,=R;=150k2 are used to read input and

- _ - _ output voltages.
maximum power R,=30 W, maximum voltage M=7.5 V, : .
maximum current,l,=4 A, the DC/DC design starts with the, 'II'Ihetflotwdchafrt of tge P&O MPPT implemented algarith
selection of the two separate inductorg dnd L. For a IS fllustrated in figure
general working point with:

Input voltage (V, = Vre) — 8.0V;
Output (Mot & loy) — 12V, 2.5A,;

Switching frequency (Fs) — 125kHz; ‘ Read V;_and | \
Expected efficiency - 90% L
As it was projected in our previous work [6] thdues for ‘ P2V, ‘

TE 'TE

the two inductors are = 120pH L= 120pH.
Finally, the SEPIC components used are=1120pH L, = ‘

; _ — _ _ APe=Pre-Pre o ‘
120pH with Ly = 6.0A, G = 470 puF, G = 470pF, G =
470uF, M of Il = 7.0A and a shotkhy diode;®f Iax PSPV
7.0A. PWM_old

V. THEP&O MAXIMUM POWERPOINT TRACKING
ALGORITHM

The P&O is one of the so called ‘hill-climbing’ nhetds,
which are based on the fact that in case of the '
characteristic, on the left side of the hill of tMPP the

yes

variation of the power against voltage dP/dV > @jlevat the PWM= PWM= PWM= PWM=

right, dP/dV <0 [10]. PWM+K PWM-K PWM+K PWM-K
If the operating voltage of the TE module is pdyad in a l l i i

given direction and dP/dV > 0, it is known that tl ‘ Return to Start P&O ‘

perturbation moved the panel's operating point tdw#ie  Fig g - P&O MPPT algorithm (PWM used to define tiuty cycle of the
MPP. The P&O algorithm would then continue to pertthe PWM signal).

TE module voltage in the same direction. If dP/d\0,<then
the change in operating point moved the TE modwaya The parameter K is the step given to the duty cpflthe
from the MPP, and the P&O algorithm reverses thection PWM signal. This parameter can vary depending & th
of the perturbation [11]. The main advantage of B0 Wworking point of the DC/DC converter, linear or ntmear
method is that it is easy to implement, and its lo¥ggion.
computational demand. However, it has some linoitestj like ~ The MPPT control circuit is implemented in a
oscillations around the MPP in steady state opmratslow microcontrollerATTINY861V, that has ten 10-bits analog-to-
response speed, and tracking in wrong way undeidlyap digital (A/D) converters and two fast PWM mode sitm
changing in delta temperatures [11][12][13]. The control circuit compares the TE output powdplteeand
To reduce the presented limitations it will be uséd use a after a change in the duty ratio of the DC/DC cotese It is
small sampling rate. In this work it was used a g rate expected that the MPP presents a constant oswillatherent

of 100 ms. to the algorithm.
Using the SEPIC with current and voltage resistance
sensors illustrated in figure 7, the P&O MPPT ailpon was VI. BATTERY CHARGING ALGORITHM

implemented. The MPPT algorithm needs only the TE

voltage and current information, and the batterfage and  The complete battery charging demands to the clertra
current information will be needed for the batteharging complex control strategy, in witch it would be pbss to
process. charge the battery, between its limits, in the dagtossible



way thus working period of energy generation of e
module is limited [14]. _ VII. IMPLEMENTED PROTOTYPEBOARD

To achieve a fast, safe and complete battery lead-a
charging process, some of the manufacturers recochme The implemented prototype board is illustrated igure
dividing the charging process in four stages tha¢ alO. It can be seen the TE module connection irrigid side
designated by: (i) trickle charge, (i) bulk chardi) over of the photo and in the left side the connectiotht® battery
charge and (iv) float charge [15] and [16]. and to the load. The latest described charginggs®of lead-

In this work there were made some simplificationgthie acid batteries is executed with the MPPT algorithiirhis
implementation of the four different charging stwgef a board was developed for feeding the electronicsd use
lead-acid battery. The 1° stage was not implemebéeduse control a water gas heater.
the discharge battery with this prototype boardsdoet pass
below Vr oar (Minimum lowest security voltage specified b
the battery manufacturers). The applied load isatisected
from the battery by the control algorithm avoid dleiag
critical discharge. The value of (\Mar depends or is a
function of the battery temperature.

The 4° stage was not implemented but the 3° stage
continued until the charge current reagh:Apy (near to zero
current) and finally the charging process is end&ten the
TE module has energy to delivery and the battetiage is
below the \4¢ the control algorithm executes the 2° stage.

Fig. 10. - Photo of the MPPT and battery chargetqtype board.

VIIl. P&O MPPTEXPERIMENTAL RESULTS

The experimental results of battery charging avéddd in
two separated tests. The tests used a TE module wit
Pmp=28.5W, Vinpi=7.9V, Inp=3.7A, and a lead-acid battery
with V = 12V and }.x = 20.0Ah. First, the TE module is
connected directly to the battery and, second;Ttenodule

Execute MPPT . .
PWM= PWM-K P8O algorithm is connected to the battery using the developedotye

board running the MPPT algorithm.
The results are illustrated in figure 11, firsttfemnd figure
b STEADY ] 12, second test. On each figure it is illustrated test where
yes no the water flow of 16l/min is open and the water beater is

| <=l

working for about 800 second. The first chart o figures

11 and 12 presents the first 450 seconds of the aed

second chart presents the last 450 seconds okste This

¥ ¥ way it is possible to see clearly the initial ahd final phases
Return to Start BCH of the transferred power.

Fig. 9. - Battery charging algorithm with two maitages (bulk charge and From first test it can be seen that charging the tattery

over charge) (PWM used to define the duty cyclthefPWM signal). with the direct connection of the TE module to bagtery the

absorbed power from the TE module is around 19.0W.

The battery charging implemented algorithm candensn ~ From second test it can be seen that charging Zhe 1
figure 9. Where Y and |, are the battery voltage an deliveredpattery W'th_the P&O algorithm the absorbed powent the
current and T is the battery temperature. The maximum}E module is around 28.5W. _
value of the \,c depends of the battery temperature. From The experlmental setup with the MPPT has provided
figure 8 it is clear that only the 2° and the 3gses are &ways more delivered energy to the battery thandinect
implemented from the four stages proposed in [b][46].  connection. Th_e MPPT mcreased this TE module aapat

supply energy in 34% using a 12V.

PWM=0




(lm)

20.00
18.00

Q2 1600

Uin (V) Uout (V) lin/10(A) H:

Power of 2TEGSERIE

B
5 &
o g
8 38

10.00

o ®
9 9
8 38

4.00 q

o N
9 g9
8 38

TEG Results

1 20 39 58 77 96 115134 153 172 191 210 229 248 267 286 305 324 343 362 381 400 419 438
Time (Seconds)

[+ Ut = Un W Pin = HO

used of the SEPIC has some advantages becaussilit ea
adapts any TE module characteristics output voltagany
battery input voltage.

This interface board assures the fast, safe andpleden
battery lead-acid charging process and also moni®r
discharge. This board makes an electrical autonsmeater
gas heater control system free from 220V ac.

In future work the placement of the TEG in the vk
changed using only waste energy that escape froen th
system. The right place is in the exhaustion chiansiag the
heat of the exhaustion air (waste energy).
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Fig. 11. - Experimental results of the TE madeonnected directly to
the battery.
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Fig. 12. - Experimental results of the TE modtdenected to the
proposed interface MPP boz

IX. CONCLUSIONS

(8]
(9]
(10]

(11]

(12]

(23]

(14]

(18]

This work presented a prototype board based in all sni6]

microcontroller that controls the lead acid batteharging
process and the correct used of the lead-acid rpafiéhe

control algorithm executes the P&O maximum powemnpo

tracking function allowing the transfer of maximusnergy
generated by TE module to the battery. This P&®ritlgm
increase the efficiency power transference in 34f6
comparison to direct connection of the TE and bgatt€he
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