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Abstract

Thermoelectric generators (TEGs) are solid state devices used for energy harvesting
purposes, utilizing the waste heat produced by heat sources. TEG devices are suitable for use
in applications such as powering Wireless Sensor Networks, the electronic systems of
vehicles etc. The present work focuses on the development of a novel microelectronic system
for the maximization of the energy produced by TEG devices, which is based on tracking
their Maximum Power Point (MPP) and reducing the total power consumption of the
corresponding control system. The proposed system is pre-programmed to operate on a
specific MPP locus in order to maximize the power transferred to the system load. The system
consists of a power-conditioning circuit with a closed-loop controller to achieve
load-matching conditions. The system load is a battery bank, which also provides power to
the control system, making the whole system fully autonomous. In order to evaluate the
performance of the developed system, several experiments were performed by employing
various configurations of TEG modules as power sources. The Maximum Power Point
Tracking (MPPT) accuracy of the proposed system is much higher compared to that of
past-proposed MPPT systems for TEGs and higher than 99% in most cases investigated. Also,
the power-consumption of the proposed system is much lower compared to that of other
widely-used MPPT approaches, due to the lower computational complexity of the proposed
MPPT method.
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Introduction

1.1  Thermoelectric generators study motivation

Thermoelectric generators (TEGs) are solid state devices used for energy harvesting.
TEGs can be used as energy sources in Wireless Sensor Network applications, where the
network nodes demand power periodically for information collection, processing and
retransmission. Utilizing TEGs to supply power to the wireless-sensor energy-storage unit,

the sensors can be autonomous for significantly long time intervals.

TEGs can also be used in automobiles by utilizing the waste heat produced by the engine,
in order to provide power to the vehicle electronics systems, thus reducing the fuel

consumption and CO, emissions.

Furthermore, it has also been proposed to utilize the waste heat produced by
microprocessors in order to supply power to the energy-storage unit of portable devices.

1.2 Thesis justification

Thermoelectric Generators (TEGS) are solid state devices that are used as energy sources
in many applications nowadays. Thermal energy from a temperature gradient can be
converted directly into electric energy, or vice versa, electric energy can be converted into
thermal energy for cooling or heating demands. Due to low conversion efficiency (about
10%-15%) and high cost issues, thermoelectric generators were firstly used in special

environments, such as aerospace or sub-water generating electricity applications. The

1
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thermoelectric generators are attracting more and more attention due to the following features
they exhibit:

e reliability: as solid-state devices, they contain no consumable parts decreasing

maintenance cost,

e environmentally friendly: due to the lack of mechanical and moving parts they

provide operation without noise or vibration,
e scalability: thermoelectric generators can be applied to a wide heat range and
e dimensions: thermoelectric generators have small footprint, profile and weight.

Therefore, thermoelectric generators have recently been used as energy sources in many
applications, including automotive converting exhaust heat to electric power, wireless sensors

in environments where thermal gradients exists, medical implants, thermal batteries, etc.

The power which is produced by a TEG, as is thoroughly explained in Chap. 2, is
directly dependent on the temperature gradient. Since the energy conversion using TEGS is
expensive and most applications demand a constant power supply, systems using TEG
modules as energy source should be designed to transfer maximum power at any temperature
gradient, AT. That means that TEG energy sources should operate at the Maximum Power
Point (MPP). Fig. 1.1 shows I-V and P-V curves, as well as the MPP (shown as a circle on the
P-V curve) for two different AT, AT=10.4 °K and AT=16.8 °K.
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Fig. 1.1 Examples of TEG P-V, I-V curves and MPP for 47=10.4 K and 47=16.8 K.
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To achieve maximum power transfer to the load TEGs should operate at the MPP on the

P-V curve. This is achieved by using a DC-DC converter with a control circuit.

1.3  Thesis objectives

As mentioned above, maximum power transfer is of interest at any temperature gradient.
Therefore, a novel Maximum Power Point Tracking technique for TEG modules is introduced
in this thesis, to achieve maximum power transfer to the load. Hence, a DC-DC boost
converter and a microelectronic control circuit were designed and constructed for

experimental verification.

The control circuit is preprogrammed to operate on a specific curve, which is as close to
the MPPs as possible, as shown in Fig. 1.2, where the MPPs are connected with the MPP

curve.
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Fig. 1.2 Example of TEG MPP curve.

The block diagram of the proposed circuit is depicted in Fig. 1.3. It is a closed-loop

circuit which consists of the TEG power supply, a power conditioning system, which refers to
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the DC-DC boost converter, the load which is an accumulator, the loop composed of the
microelectronic control circuit and finally the Pulse Width Modulator (PWM). Each part is
thoroughly examined in Chap. 4.

| DI CONTROL dRCUIT

POWER i
CONDITIONING Battery ——
SYSTEM

PVWM generator p—

Fig. 1.3 A block diagram of proposed circuit.

1.4  Thesis outline

The present thesis mainly copes with analysis and implementation of a microelectronic
system for maximum power transfer from a TEG power supply to the load. The whole work is

divided in the following chapters:

e Chapter 1: Introduction. The main concepts of the project are analyzed, which are
necessary for individuals to comprehend next chapters, and justification for utilization

of TEGs as energy sources.

e Chapter 2: TEG Model Analysis. This chapter deals with the theoretical model of a
TEG source, accompanied with simulations, useful for developing the appropriate

system for a TEG application.

e Chapter 3: Literature Review. This chapter provides an introduction to widely used

methods and explains the necessity of the present work.

e Chapter 4: System Implementation. This chapter copes with the procedure of the
proposed system development explaining in details the selection of the individual

parts.
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e Chapter 5: Experimental Results. The experimental results are presented in this

chapter and a comparison with the theoretical simulations is performed.

e Chapter 6: Conclusion. The major points of the thesis are summarized and a
comparison of the proposed method is performed with three widely used TEG MPPT

methods.




Laboratory of Electric Circuits & Renewable Energy Sources

TEG Model Analysis

2.1 Introduction

As mentioned in Chap.1l, TEGs are solid-state devices that transform temperature
gradients into electric energy. TEG operation is based on the Seebeck effect, which is the
process of converting a temperature difference directly into electricity. This effect was first
discovered by Thomas Johann Seebeck in 1821, who noticed a voltage difference between the

edges of a metal bar when temperature gradient existed in this bar [4].

2.2 TEG basic structure and model

The TEG basic structure and phenomena taking place during TEG operation are

described in details in the following sections.

2.2.1 TEG basic structure

A TEG device consists of a large number of thermocouples that are connected
electrically in series and thermally in parallel. The basic structure of a single thermocouple is
presented in Fig. 2.1. The structure consists of two heavily doped semiconductors the edges of
which are connected to conductors, creating an electrical loop. Different temperatures Ty; and
Tc; are applied on these junctions causing electrons and holes from n-type and p-type
semiconductors, respectively, to move from hot to cold side. This movement of positive and
negative charges has a result of net diffusion, producing an electric charge. Assuming the

circuit is open at the cold junction, then a voltage difference V;; = AV, is present between the

6
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p and n semiconductors due to the Seebeck effect. Based on the Seebeck effect,
thermoelectric generators have the advantages of no moving parts, silent operation and being

very reliable.

¥
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Fig. 2.1 Basic structure of TEG [2].

The voltage V; which is produced due to the Seebeck effect is proportional to the

temperature difference, according to the following equation:
Ve = AVpn = Apn (TH] - TC]) (2.1)
where ap, is the Seebeck coefficient between the p and n semiconductors.

The p and n semiconductors have positive and negative Seebeck coefficient, respectively.

Thus a,, = a, — a, is positive. The reverse is the Peltier effect, which is present when

p
current | flows in semiconductors through the loop. In this case, the heat is absorbed by a
junction and is transferred to the other junction causing a variation in its temperature. The
temperature transfer rate to junction X due to Peltier effect is proportional to the current |

according to the following equation:
Qx = apn Tx1} (2.2)

where Ty is the absolute temperature of the junction.
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Assuming that the current | flowing through semiconductor p has a positive sign from
hot junction to cold junction, then Qy is considered positive for an incoming flow of heat to

the thermoelectric generator and Q¢ is considered positive for an outgoing flow of heat.

The thermocouples are interposed between electrically isolated and thermally
conductible ceramic plates with finite thermal conduction K. The thermal energy is
transferred from a thermal source that is at Ty temperature to the hot junction which in turn is
at Ty, temperature through the ceramic plate. On the other hand, the cold junction that is at
Tc; temperature emits heat to the environment through the ceramic plate which is at a lower

temperature, Tc.

For theoretical analysis purposes it is assumed that junctions have insignificant thermal
and electrical contact resistance. Also, it is assumed that the Seebeck coefficient a, electrical

resistance p and thermal conductivity A of the semiconductors are independent to temperature.

Assuming a load, R, is connected to the thermocouple, then a current I, that flows

through it is given by the following equation:

%4 apn (T =Ter)
=% -|G—R - an- -]I-R : (2.3)
in L in L

where Rj, is the internal electrical resistance of the thermocouple and it is given by the
following equation:

2ph
Aleg

Rin = (2-4)

where h is the height and A is the cross-sectional area of a single thermo-element.

The heat transfer rate from the thermal source to the hot junction, through the top
ceramic plate and from the cold junction to the environment, through the bottom ceramic
plate as a result of thermal conductance, as seen in Fig. 2.1 above, are given by the following

equations:
Qy = (Ty — TH])K (2.5)

Qc = (T —To)K (2.6)
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The heat exchange rate on hot and cold junctions is the summation of Peltier effect,
thermal conductance through the thermocouple according to Fourier’s law and the Joule heat

loss due to current flow. Thus, Qn and Q¢ can be expressed by the following equations:

1
@1=amfmﬁ*4ﬁinu_7b)_5@Rm (2.7)

1
Qc = tpn Tyl + Kin (Tiy = Tey) + 512 Rin (2.8)

where Kj, is the internal thermal conductance of the thermo-elements and it is given by the

following equation:

2245
Kin = = (2.9)

2.2.2 TEG equivalent circuit

The thermal conductance according to Fourier’s law and the Joule heat loss are
irreversible procedures that reduce the overall efficiency of energy conversion of the
thermoelectric generator. The following figure shows an equivalent thermocouple model
where thermal coefficients Q, T, K are represented by current, voltage and conductance,

respectively.

K= apn*ThjHL
< R

T ih I IL=Vg/(RL+Rin)
Thi 0.5+IL~2*Rin |—g YYY T

n

<> :
—vg=apn(ThjTg)) § [] RL

e
\‘%‘,
D.5¥L"2*Rin | —g
<E>

ey
apn¥TejHL

............................................................................................................

Fig. 2.2 The equivalent electric circuit of a TEG device [2].
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The bottom thermal port represents the cold side of the thermocouple in ambient
temperature Tc, whereas the top thermal port represents the hot source which is at
temperature Ty. The current sources, which are described by equations (2.7) and (2.8),
represent the Joule and Peltier effects contribution to the heat transfer rate to hot and cold
junctions. The right loop represents the electrical output port of the thermocouple, where Vg
is the open-circuit voltage given by equation (2.1) and Rj, is the internal electrical resistance

given by equation (2.4).

2.2.3 Electro-thermal interactions during operation

To sum up, assuming that a temperature gradient is applied across the hot and cold
junctions of a thermoelectric generator, then due to the Seebeck effect, a voltage V; that is
proportional to the temperature difference is produced according to equation (2.1). In case
that a load R is connected to the thermoelectric generator, thus creating a loop, then a current
I, which is proportional to the voltage V,, flows in that loop. Due to the current flow, a Joule
heat occurs as a result of the power dissipation in the internal resistance R; of the
thermocouple. Joule heat, in turn, perturbs the temperature gradient and therefore influences

the Seebeck voltage. Then the whole procedure restarts as seen in the figure below [5].

Temperature
Gradient

Peltier Current
and
Joule Heat

Fig. 2.3 Cycle of effects that take place[5].

10
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2.3  TEG model calculation

Equations (2.5)-(2.8) comprise the model, which is used to simulate the operation of

thermoelectric generators.

Qy = (Ty — Ty )K (2.5)
Qc = (T —Te)K (2.6)
Qu = apn Ty Iy + Kin (T — Tey) — O,512Ry, (2.7)
Qc = ap, Tyl + Ki (Tyy — Ty) + 0,512R,, (2.8)

Considering that (2.5)=(2.7) and (2.6)=(2.8), it is possible to calculate (T — Ty, ) and

(T¢ — T¢y) respectively, as follows:

(25) == (27) = (TH - TH])K - apnTH]IL + Kin (TH] - TC]) - OJSIERLTI =

_ apn Ty IL+Kin (Ty =Ty )=051F Rin

Ty — Ty . (2.9)
and:
(2.6) = (2.8) = (Te — Te)K = ap Tey I + Kin (Tyy — Tey) + 0,517R;, =
Ty — T, = apn Ty 1L +K i (TZ] —T¢j )+0,51f Rin (2.10)
Comparing (2.9) and (2.10) it is possible to calculate Ty; — Tg;:
(9 +(10) =2 Ty =Ty +Tgy =T = (Tiy + TC’)a””IL; 2K (Try = Tey) =
Ty —To = — 2Kin (Thy =Tcy) Ty +T¢y)apnly T, +T, (2.11)
K K

Subtracting (2.10) from (2.9) it is possible to calculate Ty; + T, as follows:

pn Ty I, + Kin Ty = Tey) — O5IERin  apnTey I + Kin (Tiy — Ty) + 0,517 Ry .
K K

11
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—apn (Thy —Tey )L +I{Rin

TH] + TC] = X

+Ty + T, (2.12)

Substituting (2.12) to (2.11) and setting ATrg; = Tyy — Ty and AT = Ty — T, it results
that:

—apy (THy —Tgy ML+ R

K K N

(12)

—py [ (If Rin +K (Ty+T ) +K2AT

—TC + TH = ATTEG = K2+2Kin1(_a§n IE (213)
Finally using (2.9) and (2.10) it is possible to calculate Ty, and T, respectively:
T¢j =Tpy —AT: Apn Ty I, + Koy (Tyy — Ty + ATrgg) — 0,512R;
(9) c]='H] TEG TH —TH] — pn *HJ 1L Ln( HJ I;—I] TEG) L™tin -
KTy —Kin ATrgg +0,512Rip
Ty = apn IL+K (2.14)
Furthermore:
(1O)TH] =T ¢ +4Trgg Toy —Te = apn Ty I +Kin (Tey +2TTEG —T¢y )+0,51F R -
. 2p.
TC] — KTC+KmATTEG +0,51L Rm (215)

K—apn I

The output power of the thermoelectric generator is given by the following equation:
=1LV, = IL(apnATTEG — [ R (2.16)

Substituting equation (2.3) to (2.16), P, can be written as a function of AT 7z¢:

(2.3) apnATTEG
(216) - PL = m(apnATTEG

_ Apn ATrEG ' ) _ az%nATTZEG (1 _ Ry )
R, +R, " R, + R, R, + R,
az, ATfz; R, abn AT Ry,

= = (2.17)

Rin+R, Rin+Ry (Rin +R1)?

The maximum power transfer can be achieved in matched load conditions. This occurs if

R;, = R;. In this case the transferred power can be expressed by the following equation:

12
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2
apn ATfgg
4R,

PLmax - (218)

The output power P depends on the temperature difference between the hot and cold
junctions, A4T7ec. However, ATtec is always less than AT due to the finite value of the thermal
conductance, K, of the ceramic plates. Thus, the thermal conductance K should be as high as
possible, in order to maximize the limited power produced. In addition, 47T7gs is dependent
on the value of the load, R.. The lower the value of R, the higher the current I which flows
in the loop. Higher current causes the hot junction to become cooler and the cold junction to
become hotter due to the Peltier effect, as described above. As a result, 47rec becomes lower

causing the output power to drop.

2.4  Simulations based on theoretical model

Using equations (2.1), (2.14), (2.15) for 0 < I, < I,. and various values of A7, a model
has been developed in Matlab for the available TEG device eTEG HV56. The model is

applied to 3 different types of connection:
e One eTEG HV56 module,
e Two eTEG HV56 modules connected in series and
e Two eTEG HV56 modules connected in parallel.

The method of MMP to be used is based on the results of the simulations. Then, the

simulations are compared with the experimental results.

2.4.1 Simulation results for one eTEG HV56

The following figures illustrate the simulation results for one eTEG HV56 device. Figs.
2.4 through 2.7 depict the characteristics of 1-V, P-V, T-V and Ty;-V respectively for one
TEG for 47=10.4 °K, 13.2 °K, 16.8 °K, 20.6 °K, 24.4 °K, 29.1 °K, 33 °K, 37.7 °K and 41.6 °K.

13
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Fig. 2.4 1-V characteristics of the TEG.
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Fig. 2.5 P-V characteristics of the TEG.
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Fig. 2.6 Tyj-V characteristics of the TEG.
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Fig. 2.7 T-V characteristics of the TEG.
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2.4.2 Simulation results for two eTEG HV56 connected in

series

The following figures illustrate the simulation results for two eTEG HV56 devices
connected in series. Figs. 2.8 through 2.11 represent the characteristics of 1-V, P-V, T-V and
Thi-V, respectively, for two TEG modules connected in series for 47=9.6 °K, 13.3 °K, 16.9 °K,
20.2 °K, 24.3 °K, 28.3 °K, 32.3 °K, 36 °K and 40.3 °K.

0.035 ! : ! .

‘ : : —DO0T=95 K

; : : DT=13.3 K
003 ................ ........ DT=1E.9 K |

' : : : ——DT=202 K
0.025 —DT=243 K |
DT=283 K

———DT=323 K
P 0.02 DT=36 K ||
< 5 __ : 5 ——DT=403 K
B = i e W .......... - ................ ................. ............... _
001 ........... .............. ........ ................. ................ ]
0005 .. i : .............. ............. ............... i

0
25

V (V)

Fig. 2.8 I-V characteristics of two TEG modules connected in series.
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Fig. 2.9 P-V characteristics of two TEG modules connected in series.
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Fig. 2.10 Ty;-V characteristics of two TEG modules connected in series.
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Fig. 2.11 T-V characteristics of two TEG modules connected in series.

2.4.3 Simulation results for two eTEG HV56 connected in

parallel

The following figures illustrate the simulation results for two eTEG HV56 devices
connected in parallel. Figs. 2.12 through 2.15 represent the characteristics of 1-V, P-V, T-V
and Tp;-V, respectively, for two TEG modules connected in parallel for 47=10.4 °K, 13.2 °K,
16.6 °K, 20.4 °K, 24.4 °K, 28 °K, 32.3 °K, 36.2 °K and 40 °K.
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Fig. 2.12 1-V characteristics of two TEG modules connected in parallel.
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Fig. 2.13 P-V characteristics of two TEG modules connected in parallel.
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Fig. 2.14 Ty;-V characteristics of two TEG modules connected in parallel.
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Fig. 2.15 T-V characteristics of two TEG modules connected in parallel.
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Past-Proposed MPPT
Methods for TEGS

3.1  Significance of MPPT

As mentioned in Chap. 1, maximum power transfer to the load of a circuit is of major
interest and is achieved using a Maximum Power Point Tracking (MPPT) technique. Fig. 3.1
illustrates the MPPT principle. Purple dotted line and letters show the direction followed by
the operating point.

— DT=104 K

Fig. 3.1 MPPT operation in different temperature gradient conditions.
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It is assumed that a temperature gradient equal to 47=10.4 °K is developed across the
TEG. Thus, the MPPT process starts operation from point A producing a PWM signal with a
certain duty cycle value of the power converter shown in Fig. 1.3. As mentioned before, it is
of major interest that the TEG output power is increased, therefore the duty cycle must be
increased to reach the maximum output power for this temperature gradient, which is at point
B. In case that the temperature gradient increases to A7=13.2 °K, then the Power — Voltage
curve of the TEG device changes and due to the duty cycle remaining at the same value, then
the new operating point shall be point C. Despite the fact that the output power has been
increased, due to the increase in the temperature gradient, the maximum power point of the
new curve is not reached. Therefore, duty cycle must be increased again to reach point D,
which is the MPP for the AT=13.2 °K curve. Assuming the temperature gradient drops again
to 47=10.4 °K, then the new operating point is point E, which is not the maximum power
point on the Power - Voltage curve for 47=10.4 °K. Thus, the duty cycle must be decreased to

reach point B.
3.2 MPPT techniques

Many MPP tracking techniques have been developed and applied to systems employing
TEG modules as energy sources in order to increase the output power produced by the TEG
modules. The most suitable method for each application can be selected according to specific
aspects, such as cost, effectiveness, implementation hardware, complexity and convergence
speed. Some of the above aspects can be more important for some applications and less
important for others, e.g., in applications with slow rate of temperature gradient, convergence
speed is of minor importance. The Perturb & observe (P&O), Incremental Conductance (INC)
and fractional open-circuit voltage / short-circuit current MMPT techniques are described in
the following paragraphs.

3.2.1 Perturb and Observe (P&O)

P&O algorithm is the most common MPPT method due to its simplicity [3]. Many
different variations of the P&O algorithm have been developed. The P&O algorithm is often
referred to as hill-climbing method, as its operation involves the displacement of the operation
point gradually towards the top of the Power - VVoltage curve. The P&O algorithm operation is
based on the method of disturbance and observation of the operation point. Fig. 3.2 shows the
flowchart of the algorithm. P&O algorithm reaches the MPP by measuring the output voltage
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and current of an energy source, calculating the output power and stepping the operating
voltage towards a specific direction. After the perturb operation, the new output current and
voltage are measured again and the current value of the output power is re-calculated and

compared to the previous one.

Inpuats: Fii), I
v
Pii=Titt)
ATV=Fit-Tit-Atl
AP=Pyil-Pit-Atl

Tes &

e
Yes l_q““'{l-!.;g-”:ﬁlh'u No l_(-'"“i{:'f-*)l Yes

Decrement, Increment Decrement Increment

i..'|:'_,l' I ref I ref I.'|::|"

| | | |
)

Fii-an=Fl
Pit-Ati=Pril

v

¢ rehu'ﬁ -::l

b

Fig. 3.2 P&O algorithm flowchart [3].

After the output power comparison, the previous and current values of the output voltage
are compared. In case that the current value of the output power is less than the previous value
and the current value of the output voltage is greater (less) than the previous one, that means
the operating point is on the right (left) side of the MPP and the direction of the subsequent
perturbation should be reversed. In case that the current value of the output power is greater
than the previous value and the current value of the output voltage is greater (less) than the
previous one, that means the operating point is on the left (right) side of the MPP and the
direction of the subsequent perturbation should remain the same. The whole operation is
summarized in Table 1.
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Table 3.1 Summary of P&O algorithm
AP AV Perturbation
>0 >0 Same
>0 <0 Same
<0 >0 Reversed
<0 <0 Reversed

As illustrated in Fig. 3.2, the P&O algorithm has no way of establishing when the MPP
has been reached. Instead, the system will oscillate around the MPP resulting in a decrease of
the output power. The magnitude of the oscillation depends on the perturbation step size. By
reducing the perturbation step size, the operating point oscillates closer to the MPP, thus
obtaining more output power. However, as a result of reducing the step size, more steps and
consequently more time is required for the system to reach steady-state operation. Thus, a
variation of the P&O algorithm using variable step size has also been proposed [3]. In the
beginning of the tracking process the step size is large enough to allow quick convergence
between the operating point and the MPP. As soon as the operating point is close to the MPP,

the step size is reduced to minimize the steady-state error.

3.2.2 Incremental Conductance (INC)

The INC method requires more complex computations than the P&O method, but has the
ability to track changes in the output power more rapidly. The INC MPPT algorithm is

considered to be another hill-climbing method of reaching the MPP.
As seen in Fig. 3.3, the slope of the P-V curve of a TEG is:
e positive on the left of the MPP,
e negative on the right of the MPP and

e zero at the MPP.
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dP/dV=0

dP/dV>0
dP/dV<0

A\

V

Fig. 3.3 P-V curve slopes.

The Incremental Conductance method utilizes the above property for tracking the MPP.

Thus, the following equations are used to control the tracking process:

dP

- E>O$‘/OP<VMPP
dpP

- E=O:Vop=VMPP

dpP
- W<O:I/OP>VMPP

where V, is the voltage at the current operating point.

Furthermore, since P = VI the above derivatives can be re-written as follows:

dp _dvi _ v dly g
dv dv

Al
v~ dv

av

%4

Using (3.2), inequalities (3.1) can be written as follows:

(3.2) gp Al Al i
(3.1a)=ﬁ> 0=1+-V>0=—> —;then Vop < Vupp

(3.2) gp Al Al I
(31b)=>ﬁ_ 0 =>I+WV =0 =>E— —;then Vop = Vypp

(3.1a)

(3.1b)

(3.1¢)

3.2)

(3.3a)

(3.3b)
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(B2) gp Al Al I
(3.10):>W<0:>I+EV<O:>E<—;thenVop>VMPP (3.3¢)

Using the above equations, the MPP can be reached by comparing the incremental

conductance, %, with the negative of the instantaneous conductance, i.e. —é [3]. The MPP is

reached as soon as the incremental conductance equals the instantaneous conductance. At this
point the MPPT operation is suspended until a new disturbance in the output power of the

source is detected by the MPPT system. Fig 3.4 depicts a flowchart of the INC algorithm.
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v
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%I-I\'n
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e e

T AIAV IV "= < A0 -
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= [ Ih’o I No =

Increment | [Decrement, Decrement| | Increment

Frey P Vur Vot
| | | |
v

Tit-Afi=Iii)
Fr-an=Titl

|::_ refum _{_,'

Fig. 3.4 INC algorithm flowchart [3].

As in the P&O algorithm, INC tracks the MPP by perturbing the voltage. However, the
difference is that in this case the comparison is made between instantaneous and incremental
conductance, instead of comparing the previous and current values of output power, as in the
P&O method. In case that the incremental conductance is greater (less) than the negative of
the instantaneous conduction, which means that the operating point is on the left (right) of the

MPP then the voltage will be increased (decreased).

As in the P&O algorithm, it is very unlikely for the system to stop operation exactly at
the MPP. Thus, the INC algorithms use a variable step size to reach the MPP rapidly and
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reduce the distance from the MPP, when the MPPT operation has been finished. In addition,
an error margin, e, which is larger than the step size, is used in order to stop the INC

algorithm operation when the operating point is close enough to the MPP, as follows:

Al I
= 4 ;| <e (3.4)

3.2.3 Fractional Open-Circuit Voltage / Short-Circuit

Current

Both the fractional open-circuit voltage and fractional short-circuit current methods are
based on the fact that the current and voltage of a TEG device have almost linear relationship.

3.2.3.1 Fractional Open-Circuit Voltage

The fractional open-circuit voltage tracking method, usually referred to as constant
voltage method, utilizes the fact that the MPP voltage (Vwep) is at a fixed ratio of the open-
circuit voltage (Voc) [3]:

Vurr = kVoc (3.5)
where Kk is a constant.

As seen from the simulations in Chap. 2.4, the relationship between the output voltage and

current of a TEG device is linear, thus it is considered that k = %

In the fractional open-circuit voltage method, the power transferred to the load is
momentarily interrupted by disconnecting the TEG energy source from the power converter
and measuring the open-circuit voltage (while the corresponding output current is zero).
Equation (3.5) is then used to calculate the corresponding voltage at the MPP and the
operation of the power converter is controlled to reach the MPP. The above operation is
repeated periodically. The main disadvantage of this method is that due to the disconnection
of the power source, power is not transferred to the load during the open-circuit voltage
measurement. Thus, a proper sampling frequency should be selected to reduce power loss to
an acceptable level.

3.2.3.2 Fractional Short-Circuit Current
The fractional short-circuit current method has a similar operation to that of the fractional
open-circuit voltage tracking method [3]. The difference is that in this method, instead of

measuring the open-circuit voltage, the short-circuit current is measured (while the
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corresponding output voltage is zero). A similar equation to (3.5) is used to calculate the
current at the MPP:

Iupp = klgc (3.6)
where k = % is a constant.

In this case the Isc value is acquired by short-circuiting the TEG output terminals.
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The Proposed MPPT System

4.1 Introduction

The proposed MPPT system, as seen in Fig. 4.1, consists of the following parts:
e TEG energy source (eTEG HV56 in the present application),
e power conditioning system (DC-DC boost converter),
e microelectronic control circuit and

e Pulse Width Modulator.

| .I CONTROL ORCUIT

POWER i
CONCITIONING Battery ——
SYSTEM

PWM generator  —

Fig. 4.1 A block diagram of the proposed MPPT system.

The overall circuit-level diagram is depicted in Fig. 4.2. The proposed system consists of

low-voltage and low-power microelectronic devices in order to minimize its power
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consumption. The individual parts comprising the proposed system are thoroughly analyzed

in the following sections.
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Fig. 4.2 A circuit diagram of the proposed MPPT system.

4.2 TEG energy source

The implemented system as mentioned in Chap. 2, uses the Nextreme eTEG HV56 as
energy source. The eTEG HV56 device and the corresponding dimensions can be seen in
Fig. 4.3. The eTEG HV56 has considerably small footprint (10.33 mm?) and profile (0.6 mm),

which makes it suitable for small-scale applications with restricted space available.
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| I g i e | 025

Fig. 4.3 The eTEG HV56 device employed in the proposed system [19].

The structure of eTEG HV56 is made of thin-film thermoelectric material embedded into

copper pillar, soldered with eutectic gold-tin (AuSn) solder.

The output voltage, current and consequently power are dependent on the temperature
gradient AT which is applied on the eTEG HV56. The higher the value of AT, the higher the
value of voltage, current and power produced. However, the hot side temperature, cold side
temperature and AT cannot be arbitrarily high, to avoid damaging the module. Table 4.1
shows the operating ranges, as well as the thermal and electrical parameters of the eTEG

HV56 module.
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Table 4.1 Operating range, thermal parameters and electrical values of eTEG HV56 [19]

Thermal Operating Range

Hot side temperature Thot 25-200 °C 208-473 °K
Cold side temperature T cold 0-50 °C 273-323 °K
Temperature difference AT 10-200 °C 10-200 °K
Max. mean temperature T m,max 150 °C 423 °K
Thermal Parameters
Thermal resistance R 13.1 K/IW
Thermal conductance K 0.076 W/K
Seebeck coefficient Olpn 0.026 V/K
Typical Electrical Maximum (for AT=200 °K) and Minimum (for AT=10 °K) Values
Max. open-circuit voltage Voc,max 52V
Max. short-circuit current I'scmax 397 mA
Max. power output P o,max 516 mW
Max. internal resistance Rin max 13.09 Q
Min. open-circuit voltage V oc,min 0.26 V
Min. short-circuit current I'sc.min 12 mA
Min. power output P o,min 1.56 mW
Min. internal resistance Rin,min 10.83 Q

In order to provide the required power to the proposed system, the eTEG HV56 power
generator evaluation kit has been used, which is depicted in Fig 4.4.

Fig. 4.4 The Nextreme eTEG HV56 power generator evaluation kit [20].
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As seen in Fig 4.4, the evaluation Kit is an easy-to-use, self-contained kit. The pink foam
provides thermal insulation to the thick film heater from the ambient temperature. The

individual parts of the kit are shown in Fig. 4.5.

Thermocouple

*

—
y Heater

Fig. 4.5 The parts comprising the Nextreme eTEG HV56 Power Generator Evaluation Kit
[20].

The power generator evaluation kit consists of the following parts:
e HV56 TEG as energy source,
o thick film heater for heating the hot side of the TEG,
e heat sink/fan assembly for cooling the cold side of the TEG,
e two Type K thermocouples for temperature measurement and

e 12 Vdc transformer as power supply for the fan.
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4.3 DC-DC Boost Converter

Due to variations in temperature gradient, in order to maximum power transfer from the
TEG device to the load (which consists of two Ni-MH batteries connected in series with a
total voltage of 2.4 V) a power conditioning system has been developed. The input of the
power conditioning system is connected to the TEG output and its output is connected directly

to the battery.

The available TEG module, with the existing temperature gradient, produced much less
output voltage than that required to charge the battery. Thus, the suitable power conditioning
system for the present application is a DC-DC Boost converter, in order to step up the input

voltage.

As seen in Fig 4.6, the boost converter, which has been developed, consists of the

following parts:
e input capacitor,
e 28 uH inductor,
e Schottky diode,
e MOSFET and

e output capacitor.

28uH
. YL, . ~ .
Rcoil BAT60A
e
1 Sir802d 1
AT & P AT
470uF 1mF
L & o

Fig. 4.6 Boost converter diagram

The selection of each part is described in details in Sections 4.3.1-4.3.5.
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4.3.1 Input capacitor

The input and output capacitors are used to filter out the input and output voltage ripple,
respectively, due to the switching operation of the boost converter circuit. Their values has

been selected such that the input voltage ripple is substantially reduced.

4.3.2 Boost inductor

The necessity in reduction of the system size and power loss led to the design and
implementation of a planar core inductor operating at high frequency. Planar core inductors
are part of a printed circuit board with windings made of printed circuit tracks or constructed
with multi-layer circuit boards. The basic advantages of the implementation of a planar core

inductor over conventionally shaped inductors are:
o significantly low profile, which is of interest in small-scale system development,
e improved heat dissipation due to large surface area to volume ratio,

e large magnetic cross section, which leads to fewer turns needed for the same value of

inductance and
e |lower leakage inductance due to the easily implemented interleaving and fewer turns.

Calculations have been made for four possible frequencies and for two available cores to
design a planar core inductor with the minimum power dissipation. The following
calculations are for 100 kHz switching frequency and for R-41805 EC type R (round
permalloy 80) ferrite planar core. The values of 1=1.678 A, V=0.563 V and V,=1.8 V
have been taken into consideration to calculate the inductor parameters.

The inductance is given by the following equation:
At
L=V m 4.2)

where V is the inductor voltage (it is equal to V),
At is the on-time of the duty cycle and
Al is the maximum peak-to-peak current in order to avoid operation in discontinuous

conduction mode.
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Operation in continuous conduction mode provides higher efficiency and less complex
calculations, as the output voltage depends only on the values of input voltage and duty cycle,

as described by the following fundamental boost-converter equation:

Vin

Vour = 1-D (4.2)
The off-time of the switch can be calculated using the following equation:
=5
oy =4 = 22 = 031278 X 1075 5 (4.3)

where Ts is the switching period and

V, is the output voltage of the converter.
Using equation (4.3), At can be calculated by the following equation:
At =t,, =T, —t,;r = 107° = 031278 x 107> = 0.6872 X 10™°s  (4.4)
The value of Al has been set to 10%:
Al =1,, =0.1%x1.678=0.1678 A (4.5)

Substituting the values calculated from equations (4.3) through (4.5) to equation (4.1),

the inductance can be calculated as follows:

-5
L =05632222 " _ 30568 uH (4.6)
0.1678

The number of the required turns to obtain the requested inductance value is calculated

by the following equation:

—6
L=N2xA, >N = /Ai= /%zSturns 4.7)
L

where A is the inductance factor of the core in mH/1000 turns.

The change in flux density for the specific inductor is given by the following equation:

LAi _ 23.0568x1076x0.1678
NA, 3%40.1x10~6

AB,. = = 32.1607 mT = 321.607 Gauss (4.8)

where A; is the effective core area.
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Using equation (4.9), the core power loss — flux density curve can be plotted as shown in

Fig. 4.7 and the power loss per cm?® of the inductor core can be calculated as follows:

Power Loss vs Flux Density
107 ¢

—_
L=
T
|

¥ 0315
32T

=}

=
(=]

Power Loss (mWIcmB)

0.1 0.2 0.3 04 05 06 0708081
Flux Density (KGauss)

Fig. 4.7 Core power loss — Flux density curve at 100 kHz switching frequency.

PL = af°B% = 0.036 x 100164 x (0.321607)268

= 3.2805 mW /cm? (4.9)

where a, ¢, d are constant values,
f is the switching frequency in kHz and
B is the flux density in kGs.

The available core has a volume of 1.944 cm®. Thus, the power loss of the core is
calculated by the following equation:

Prore loss = 3.2805 X 1.944 = 63772 mW (4.10)

Assuming a current density of 4 A/mm?, the cross-sectional area of the wire for the

maximum current of 0.894 A can be calculated by the following equation:

A, =222 = 02235 mm? (4.12)
4

where A is the printed circuit track cross sectional area.
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Since the thickness of the copper of the printed circuit board, which will be used to
construct the inductor, is 0.5 mm, the width of the printed tracks is calculated using the
following equation:

x = A _0.2235mm?
o profile ~ 0.5mm

= 0.447 mm (4.12)

The dimensions of the available planar core and the form of the printed circuit tracks are
shown in Fig. 4.8. It is observed that it is possible to design tracks with aproximately 1 mm
width.

e 1
1A
M
1dmgmy =2.98mm
............... L <14mm
3.98mm¢ EHFriEn
W
v e
W =10mm

Fig. 4.8 The inductor construction: dimensions of the available core and the form of the

printed circuit tracks.

Due to the core dimensions restrictions, shown in Fig. 4.8, the distance between the
printed tracks results to be not more than 1mm. Therefore, the total length of the printed

tracks turns up to be 14.0243 cm.

The resistance of the printed tracks is calculated as follows:
R =p-—(1+¢t(T —25)) (4.13)

where p is the resistivity of copper, p = 1.7 x 10~°2cm,
L is the length of the track,
T is the track temperature in degrees Celcious and

t. is the temperature coefficient of copper, t, = 3.9 x 107302/0/C.

According to (4.13), the resistance of the printed tracks at 293 °K is calculated to be
equal to 4.68 mQ.

Pryind 1oss max = I*R = 0.894% X 4.68 x 1073 = 3.7 mW (4.14)
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The inductor total power dissipation is equal to the sum of the core power loss and the
windings power loss. Hence, the total power loss of the inductor is calculated by the

following equation:

Ptot,loss = Pwind,loss + Pcore,loss (4-15)

The minimum power dissipation for one TEG module with temperature gradient
AT=10.4 °K is 6.7197 x 10~° W and the maximum power dissipation for two TEG modules
connected in parallel with temperature gradient AT=40 °K is 1.007 x 1072 W.

Due to the core dimensions restrictions, the cross sectional area of the printed circuit
tracks is rather small. In order to decrease the DC coefficient of the resistance of the printed
circuit tracks, the leakage inductance and the flux density, a copper wire has been soldered on
the printed circuit tracks. The measured inductance value of the constructed inductor is 28 pH.
The constructed inductor can be seen in Fig. 4.9.

Fig. 4.9 The constructed inductor.

4.3.3 Schottky diode rectifier

In order to obtain a low voltage drop across the diode and fast recovery time, a Schottky
diode rectifier has been used. The total power dissipation in the diode is the sum of the
conduction power loss in continuous conduction mode, Pccm, and the switching power loss,

Psw, and it is calculated by the following equation:
Ptot,loss = PCCM + PSW (4-15)

Initially, the maximum output current is calculated by the following equation:

Voc I
Prgg = Vupplupp = %% (4.16)
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Assuming that the entire power produced by the TEG is transferred to the load, then
since the output voltage is known, the output current can be calculated by the following

equation:

o =% (417)

where Vo is the output voltage.

The power dissipation in continuous conduction mode is calculated from the following

equation:
PCCM == IOVF + Ing (418)

where V is the forward voltage drop,
R4 is the forward resistance and

lo is the output current.

Substituting 1o from equation (4.17) to (4.18), equation (4.18) can be written as follows:

P Pregy 2
Peew == Vi + (59 Ra (4.19)

The switching power loss of the Schottky diode can be calculated by the following

equation:

Py = QcVo fsw (4.20)

where Qc is the diode junction charge and

fsw is the switching frequency.

Finally, using equations (4.15), (4.19) and (4.20), the total power loss of the diode can be

calculated according to the following equation:

P P
Ptot,loss = ;_EOGVF + ( ;ZG)ZRd + QCVOf:?W (4-21)

The total power loss among many diodes on the market has been calculated using
equation (4.21). The most suitable device for the specific application with a minimum total
power loss, for one TEG module with temperature gradient AT=10.4 °K, of 0.021 mW and a
maximum total power loss, for two TEG modules connected in series with temperature
gradient AT=40.3 °K, of 2 mW at 100 kHz is the diode BAT60A.
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43.4 MOSFET

The switching operation of the power converter is controlled by a MOSFET. The
selection of the suitable MOSFET for the system is based on the power loss during the
operation and an acceptable switching-frequency capability. To reduce the total power
dissipation, a reduction in switching power loss, Psw, and power dissipation during

conduction of the switch, Pqp, is of importance, as given by the following equation:
Ptot,loss = PSW + POn (4-22)

On the other hand, the power loss during the off-state is of very low value, compared to

the switching power loss and the power loss during the on-state, and can be neglected.

Initially, the power loss during the switching operation is calculated. The power loss
during the switching operation depends on the dissipated energy during the turn-on and

turn-off transitions, and it is given by the following equation:
PSW = (Eon + Eoff)f:? (4-23)

where E,, is the dissipated energy during the turn-on transition and

Eoff 1S the dissipated energy during the turn-off transition.

The value of E,, is calculated as follows:

triFtfy
2

Eon = Vd Idon + er Vd (4-24)

where t;; is the current rise time,
l4on 1S the on-state drain current,
Qr is the body diode reverse recovery charge and

ts, is the switch voltage fall time to a small on-state value of I4Rpson.

The value of 4o, is given by the following equation:

Alg

Idon = Id - T (425)
The value of tg, is given by the following equation:
tr, = w (4.26)
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where tf,; and ts, are the fall times defined through the gate current and the gate-drain

capacitances.

The values of tg,; and ts, are given by the following equations:

— Cep1
tru1 = (Va — Rpsonla)Re T
Dr (plateu )
t = (V. —R IR _ Cepa
fu2 — ( d DSon d) Gy vy
Dr (plateu )

where Rpson IS the drain-source on-state resistance,
Ip is the continuous drain current,
Rg is the gate resistance,
Vo IS the voltage across the diode,
V (plateau) 1S the gate plateau voltage observed during switching transition,
Ccp1 is the gate-drain capacitance and is equal to Cs(V¢) and

Cop2 is the gate-drain capacitance and is equal to Cyss(1gRpson)-

The value of E is given by the following equation:

tru +tfi

E, f = VdIdoff >

where |4 is the off-state drain current,
ts; is the current fall time and

tr IS the switch voltage rise time to an off-state value of V.

The value of 40 is calculated as follows:

_ Alg
Idoff = Id +T

The rise time t, is given by:

t _ tru1ttru2
ru T 2

where t;y; and ty, are the rise times defined through the gate current and the gate-drain

capacitances.

The values of t;y; and t,,, are calculated as follows:

_ Cep1
trur = (Va = Rpson la)Rg
(plateu )

(4.27)

(4.28)

(4.29)

(4.30)

(4.31)

(4.32)

e
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c
truz = (Vg — Rpson la)Rg —22% (4.33)

V(plateu )

Finally, the power dissipation during the on-state of the switch, which is a major
contribution to the power loss, is calculated using the following equation:

Pon = Rpson Ifms (4.34)
where
%, = DI (4.35)
and D is the duty cycle.

Combining (4.24) - (4.33), equation (4.23) can now be written as follows:

21, + Al 21, — Al
Pow = Vy(Vy = Rpson1a)R: (Crss (Vi) + Crss (Rpson14)) (

8V(plateau ) 8(VDr - V(plateau ))
Ip+AIp\ tfi Ip—AIp\ tr;
+V, ((—D - D)% + (2= D)T) +0,,.V, (4.36)
Also by combining (4.34) - (4.36), equation (4.22) can be written as follows:

Ptot,loss =

21y + Al 21, — Al
Vd (Vd - RDSon Id)RG(Crss (Vd) + Crss (RDSon Id)) <

8V(plateau ) 8(Vp, — V(plateau ))
w, ((ID 105 . (1o t?) + Q1 Vi + Roson s (4.37)

Equation (4.37) has been used to calculate the total power loss among many MOSFETS
available on the market. The MOSFET SiR802DP has been selected as the MOSFET with the
less power dissipation for the TEG application under study. The minimum total power loss,
for one TEG module with temperature gradient AT=10.4 °K, of the specific module at a
100 kHz switching frequency has been calculated to be equal to 0.26 mW and the maximum
total power loss, for two TEG modules connected in series with temperature gradient
AT=40.3 °K, has been calculated to 2.3 mW.

4.3.5 Output capacitor

The minimum value of the output capacitor has been calculated using the following

equation:
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_ IOUT,maxDCmax
Courmin = = Jyor (4.38)
where lout max IS the maximum value of the output current,
DC max is the maximum value of the duty cycle,
fs is the switching frequency and
AV our is the maximum value of the acceptable output voltage ripple.

The maximum value of the output current has been set to 1.673 mA. The switching
frequency is 100 kHz. The maximum acceptable ripple has been selected equal to 0.5% of the
output voltage. The following equation for the boost converter has been used to define the

maximum value of the duty cycle:

Vin

D=1-— (4.39)

Vout

where Vi, is the input voltage to the boost converter and

Vot 1S the output voltage of the boost converter.

The input voltage is equal to 0.563 V and the output voltage is equal to 2.4 V. Thus the
duty cycle has been calculated as follows:

D=1-222=0765~76% (4.40)

The minimum value of the output capacitor can now be calculated using (4.38) as
follows:

1.673%0.76
C o=—" _~1mF 441
OUTmin ™ 460%103%0.012 (#41)

Using an oscilloscope connected in parallel across the output capacitor it was verified

that the selected output electrolytic capacitor adequately reduces the output voltage ripple.
4.4  Microelectronic control system

The microelectronic control system, as seen in Fig. 4.10, consists of the following parts:
e Low-Pass Filters (LPF),

e avoltage divider,
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buffer amplifiers,

a differential amplifier,

an inverting adder and

a Proportional Integral (PI) controller.

A LMP2234AMA

+
Aok, o>
1 i S
VN
ADBZ;ﬁv (_Z7OK
OA1
A —e—+
v 24K
LMP2234AMA LMP2232AMA
— "\ w >
165K
1nFI
Vbat?
Vieg IR
470%
Vetrl
R3 é
470
1 LMP2234AMA
AW 100K 100nF =
51M VWA— —

Fig. 4.10 Control circuit diagram.

The design of the microelectronic system is based on the following equation:

apP avl av dl
av av av T av 4

1

RrEg

4 (4.42)

where the samples of voltage, V, and current, I, are acquired from the voltage divider and

inductor, respectively.

... dpP.
The derivative IS
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e positive on the left of the MPP,
e negative on the right of the MPP and
e zero at the MPP.

The microelectronic control system has been designed to minimize the absolute value of
the derivative 3—5 as much as possible, in order to transfer the operating point as close to the

MPP as possible, regardless of the value of the temperature gradient, AT. The control

operation is preprogrammed to operate on a specific MPP curve as shown in Fig. 1.2.
Each part is described in details in the following paragraphs.

Due to the switching operation of the circuit, a voltage ripple is developed at the inputs
of the differential amplifier AO1 and buffer amplifier OA2. Thus, for precise circuit response,
the connection of a Low-Pass Filter (LPF) between the sampling points and inputs of OAl

and OAZ2 is mandatory.

Targeting to reduce the power consumption of the microelectronic control system, a
passive LPF has been implemented. Its 3-dB cut-off frequency has been set to 1% of the
switching frequency. The cut-off frequency is given by the following equation:

1
fe = 2R Cy

(4.43)

To reduce the power loss of the filter, a low value of available capacitors has been
selected in order to aqcuire as high value of resistor as possible. For C1=1nF the value of R
can be calculated using the following equation:

1 1

(4.43) = R, = 2nf.C;  2m10310~9

= 159 k02 (4.44)

The voltage coefficient of equation (4.42) is set by the voltage divider attenuation
coefficient. The voltage divider, as seen in Fig. 4.67, consists of resistors R; and R,. The
fundamental equation of the voltage divider for the general case is the following:

Z3

Vo=
0 Z1+2Zy I

(4.45)

The factor RL of equation (4.42) is obtained by the attenuation coefficient of the voltage
TEG

divider and is given by the following equation:
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G _ 1 _ Ry
vd Rrge  R1+R;

(4.46)

The gain of the voltage divider, G,q, has been calculated for Rtgg at AT=20 K for one
TEG and two TEG modules connected in series and in parallel, respectively. The gain is

constant during the experiments.

The following calculations demonstrate the selection of resistors R; and R, to obtain the
required gain for one TEG.

The internal resistance of TEG, Rreg, at AT=20 K is calculated to be equal to 10.95 Q.
The required voltage divider attenuation coefficient can be calculated using equation (4.46),
as follows:

1 1
e — 1095 0.0913 (4.47)

Gvd =
Also, equation (4.46) can be re-written as follows:

— R1Gyqg
R, = TG, (4.48)
To reduce power consumption, a high value of resistor R; has been selected. For
R;=470 kQ and G,4=0.0913 the value of R is then calculated from equation (4.48):

_ RiGyqg __ 470 k2x0.0913

R, = =
2 T 16y 1-0.0913

~ 47 kO (4.49)

To acquire impedance matching conditions and linearity between the sub-circuits of the
control circuit, the use of buffer amplifiers is mandatory. Buffer amplifiers have ideally
infinite input impedance and zero output impedance, while also providing unity gain. In

addition, the use of buffer amplifiers provides the ability to drive more than one circuits.

The operational amplifier OA2 is configured as a buffer amplifier, interposed between
the voltage divider and input resistance of inverting adder, in order to obtain linear response.
The output level of the specific buffer amplifier is the same as that of the voltage divider

output.

The buffer amplifier consisting of operational amplifier OA5 is used to provide a
reference signal for the control circuit. It grants linearity and ability to drive inputs of many
sub-circuits, as seen in Fig. 4.1. The output of OA5 depends on the charge level of the battery
and is given by the following equation:
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470 kQ _
470 k0+470 ko =~ bat —

Vref = % Vbat (450)

where Vg is the voltage of the battery bank.

Finally, the operational amplifier OA4 is configured as a buffer amplifier and provides
linearity and impedance matching between resistor R; and the input resistance of the
inverting adder. The circuit consisting of Rz and OA4 provides the additional input V¢ to the
inverting adder, thus granting the ability to control the output level of the inverting adder to
track the TEG MPP. As soon as the potentiometer R3 has been adjusted so that the system
operating point is at the MPP for AT= 20 °K, which is in the middle of the entire AT range,
the value of the potentiometer R3 remains constant during the MPP tracking process and at
different values of AT.

To acquire the current coefficient of (4.42), the inductor resistance voltage drop is
sampled and applied to the input of the instrumentation amplifier OA1. An instrumentation
amplifier has been selected for better accuracy and stability, as the current and inductor
resistance values are substantially low, eliminating the necessity for impedance matching and
providing adequately high common-mode rejection ratio.

The output of OAL is given by the following equation:

Vdiff_amp = Gdiff_amp(_Vind) (451)

where Vinq is the inductor resistance voltage drop and

Guitr_amp 1S the instrumentation amplifier gain.
The value of Vi is calculated as follows:
Vina = IRing (4.52)
where Rjng IS the inductor winding resistance.

The instrumentation amplifier gain is given by:

1

Gdiff_amp = Rind

(4.53)

Substituting (4.52) and (4.53) in (4.51), equation (4.51) is re-written as follows:

(4.51) 22289, = L (“IR,y) = —I (4.54)

diff_amp = R,
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The instrumentation amplifier reference voltage is set to Vs to employ only positive
supply voltage and be able to respond to positive and negative values of the input signal with

respect to Vs. Therefore, (4.54) can be written as follows:

(4.50)
(458) ==V ot o = —1 +3Viar (4.55)

The inductor winding resistance has been experimentally measured to be equal to

5.55 x 103 Q. The gain of the differential amplifier can be calculated using (4.53).

G 11
diff _amp = g7 555x10-3

= 180 (4.56)

According to the AD8236 instrumentation amplifier datasheet, the gain resistance can be

defined by the following gain equation:

420k
RG B Gdiff_amp_S (457)

Thus, using (4.57) the value of R is set equal to 2.4 kQ.

The inverting adder sums the input signals of the processed samples of V, | and level
control voltage and inverts the output. The three input signals are the following:
o differential amplifier OAL1 output: -I,

1
RrEG

e buffer amplifier OA2 output: V and

e Dbuffer amplifier OA4 output: V.

Considering that input resistances equal to each other have been used and they are also
equal to the feedback resistance the output of the inverting adder is given by the following

equation:

1 1

Vadder = - (_I + V+ Vctrl) =1- V- Vctrl (458)

Rreg TEG

To acquire an output signal within the power supply voltage range, the reference voltage

of the inverting adder is set to V. Therefore, using (4.50), (4.58) is now written as follows:

(4.50) 1
(458) = Vadder =1 —

V- Vctrl + %Vbat (459)

RTEG
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To ensure a stable operation of the control loop, a PI controller is employed. Fig. 4.11

depicts the block diagram of the control system developed.

€
Vref + Gpi GPwM Gconv

V|

| Gfilter Gs

Fig. 4.11 A block diagram of the control system developed.
As shown in Fig 4.11, the control loop consists of the following parts:

e Pl controller transfer function:
K;
G, = Kp + — (4.60)

e PWM modulator gain:

1
Gpwm = (4.61)

Vg =VrL

where Vry and V. are the maximum and minimum voltage levels of the triangular

waveform produced by the PWM modulator circuit as described in Section 4.5.

e Boost converter transfer function:

Vacc
Gconv = sL (462)
e RC filter transfer function:
1
Gfilter = 1+RCs (463)
e TEG source small-signal gain:
_ Rip
G,=1—— (4.64)
Rrpg

where Ry, is the TEG small-signal internal resistance, which is determined using (4.42) by the

following calculations:
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(4.59) 15
(442) =T =1———1Ry, =1(1 -

d RTEG RrEG

Rip

) (4.66)

According to Fig. 4.11, the error signal is given by the following equation:

1

e=V, —(I———V) (4.67)

RTEG

Implementing the block diagram of Fig. 4.11 and the transfer functions given by
(4.61) - (4.64) in Simulink, the K, (proportional gain) and K; (integral gain) parameters of the
PI controller have been derived. With minor additional tuning the resulting values of K, and

K; are the following:

K, = 0.0196 (4.68)

K; =1.9608 (4.69)
The circuit implementing the PI controller is shown in Fig. 4.12.

from inverting adder

R2 C
R1
to PWM
LMP2234AMA
Fig. 4.12 PI controller circuit.
The K; parameter is given by the following equation:
Ki=— (4.70)

Substituting the value of integral gain from (4.69) in (4.70) and for an available capacitor of
100 nF, the value of resistance R is calculated.

The K, parameter is given by the following equation:

R
Ky =3 (4.71)

Again, substituting the value of the proportional gain from (4.68) in (4.71) and for the

previously calculated value of resistance Ry, the value of resistance R is calculated.
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4.5  Pulse Width Modulator

The Pulse Width Modulation (PWM) circuit drives the MOSFET with the required
switching frequency. The pulse width is modulated via a feedback loop by the Pl controller.

The PWM circuit diagram is presented in Fig. 4.13.

40K

OA2

R3 ~AD8515A

-OAB to MOSFET
from Pl controller —+
AD8515A

Fig. 4.13 The PWM modulator circuit.

The operational amplifiers OA1, OA2 and OA3 are configured as an integrator, a
comparator with hysteresis and a comparator, respectively. The operational amplifiers OA1
and OA2 compose a trianglular-wave generator. The operational amplifier OA3 compares the
level of the PI controller output with the trianglular-wave signal and produces the PWM

control signal.

The triangular-wave maximum and minimum voltage levels, V4 and V1, respectively,

are given by:
Vee (Ri+R
Ve = %22) (4.72)
Vee (Ri—R
Vp, = 2T (4.73)

where Vcc is the power supply voltage.

The peak-to-peak voltage is calculated by subtracting (4.73) from (4.72):
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(466) - (4‘67) = VTH - VTL = Vec(RitRs) - Vec(Ri—Rs) = ﬁVCC (474)
2R, 2R; Ry

where R,>R;.

The value of resistors R; and R; is determined by the ratio:

Vrn—VrL _ Ri (4.75)

Vee R

The operating (switching) frequency of the PWM circuit is given by the following equation:

Y 4fRy 1
f= 4R3CR; Ry  RsC (4.76)

For a known desirable switching frequency, f, and available value of capacitor C, the
value of resistor R3 can be calculated using (4.76) by solving for R3. To reduce the power
loss, large value resistors for R; and R, and micro-power high-frequency operational
amplifiers are used to implement the PWM modulator circuit.

4.6  Battery overcharge protection

To avoid damage of the battery due to overcharging, an overcharge protection circuit has
been designed and implemented. The overcharge protection circuit is illustrated in Fig. 4.14.

to inverting adder
inverting input

Vbat

Sir802dp

s
T

LMP2232AMA
BZX75C

Fig. 4.14 Overcharge protection circuit.

Two zener diodes with part numbers ZPD1 and BZX75C, respectively, have been

selected with nominal total voltage V,=2.1V. The values of resistors R4 and R5 of the
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voltage divider are selected such that in case that the battery is fully charged (i.e.
aproximately Vp:=2.8 V), the voltage produced by the voltage divider, Vg, is greater than
the reference voltage produced by the zener diodes, V., which is also sufficient to drive the
MOSFET gate. The comparator output equals Vg, and the MOSFET short-circuits the
inverting input of the inverting adder. As a consequence, the inverting adder output is set
equal to the power supply voltage. The output of the inverting adder drives the inverting input
of the PI controller, therefore, the PI controller output is set to zero. Thus, the duty cycle of
the PWM signal is also set to zero and no power is transferred to the battery. In case that the
accumulator voltage drops, such that V, becomes greater than Vg, then the comparator
output is set to zero. Therefore, the MOSFET is switched off and the normal operation of the
control circuit continues, charging the battery according to the MPP energy produced by the

TEG input source.

4.7 Power conditioning system total power

dissipation

Based on the previous theoretical calculations and simulations about the P-V curves of
the TEG devices presented in Chap. 2 and the power dissipation calculations for the
individual components presented in this Chapter, the total power dissipation of the TEG

power conditioning system can be analyzed by means of:
e the power conditioning system input and output power — input voltage curve,
o the efficiency (n%) — power conditioning system output power curve and

e the power conditioning system input/output power at MPP — temperature difference

curve,

for one TEG, as well as two TEG modules connected in series and in parallel for each
value of AT. The efficiency, n%, of a power conditioning system is given by the following

equation:

n% = ~2-100% (4.77)

n
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4.7.1 Power conditioning system power dissipation for one

TEG module
Figs. 4.15 - 4.17 illustrate the Pin — Vin, Pout — Vin and n% - Poy curves for the same AT

values as in Section 2.4.1, while Fig. 4.18 depicts the Pinmpp/Poutmer — AT curve for one TEG.

0.01 ! !
: | DT=104K
DT=13.2 K
——DT=16.6 K
2:208 ——DT=206 K ||
———DT=24.4 K
DT=29.1 K
0.006 —DT=33K |
DT=37.7 K
g : _ | ——DT=MEK
o / : 5
00044 A R N ............... AT Y .......................... -
0.002 b 4/ .................... o e P TR
0 ' i L
0 0.5 1 1.5

V V)

Fig. 4.15 Power conditioning system Pj, - V characteristics.
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Fig. 4.16 Power conditioning system P, - V characteristics.
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Fig. 4.17 Power conditioning system 7% - P, characteristics.
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Fig. 4.18 Power conditioning system Piywpp/Poutmpp — 4T characteristics.

4.7.2 Power conditioning system power dissipation for two
TEG modules connected in series

Figs. 4.19 - 4.21 present the Piy — Vin, Pout — Vin and n% - Pyt curves for the same AT values
as in Section 2.4.2, while Fig. 4.22 illustrates the Pinvpp/Poutmer — AT curve for two TEG
modules connected in series.
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Fig. 4.20 Power conditioning system P, - V characteristics.
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Fig. 4.21 Power conditioning system 7% - Py characteristics.
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Fig. 4.22 Power conditioning system Pinvpp/Poutmpe — 4T characteristics.
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4.7.3 Power conditioning system power dissipation for two

TEG modules connected in parallel

Figs. 4.23 - 4.25 illustrate the Piy — Vin, Pout — Vin and n% - Poy curves for the same AT
values as in Section 2.4.3, while Fig. 4.26 depicts the Pinmpp/Poutmee — AT curve for two TEG
modules connected in parallel.
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Fig. 4.23 Power conditioning system Pj, - V characteristics.
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Fig. 4.24 Power conditioning system P, - V characteristics.
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Fig. 4.26 Power conditioning system Piywpp/Poutmpp — 4T characteristics.
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Experimental Results

5.1 Introduction

In order to evaluate the performance of the system developed with the hardware setup
described in Chap. 4 , the experimental prototype of the proposed system of Fig. 5.1 has been
constructed.

Input capacitor MOSFET  Schottky diode Inductor  Quiput capacitor ~ Differential aplifier

Inverting adder
Battery

Buffer amplifier

Buffer amplifier

e¢TEG HV56

Pote PI controller
Generat_or \ Low-Pass Filter
Evaluation Kif

|
Comparator Buﬂ“e_r Zener  MOSFET Comparator Integrator  Comparator
amplifier dicdes with
hysteresis

Fig. 5.1 The experimental prototype of the proposed MPPT system
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5.2  Experiments

The performance of the system developed has been evaluated using three TEG energy

source configurations, similarly to the simulated TEG sources:
e oneeTEG HV56,
e two eTEG HV56 connected in series and
e two eTEG HV56 connected in parallel.

For each TEG configuration the following experiments at 293 °K ambient temperature have

taken place:

1. having the duty cycle controlled by a frequency generator and with the TEG energy
source connected at the input of the DC-DC boost converter, the I-V and P-V curves
were measured for each temperature gradient, similarly to the simulations presented in
Chap. 2, by altering the duty cycle value from 0 through 100%,

2. having the duty cycle controlled by a frequency generator and with a power supply
unit connected to the input of the DC-DC boost converter, the efficiency-output power
curve was measured, for input voltage of 0.2 V and 0.5V, by altering the duty cycle
values through the entire range of 0 to 100% and

3. having the system in fully operational mode, the MPP is measured for each
temperature gradient similarly to the simulations presented in Chap. 2. Afterwards, a
comparison was made between the theoretical MPP and the experimentally detected
MPP by evaluating the corresponding percentage change, according to the following
equation:

MPPp —-MPP i t
PC% — eory experimen . 100% (51)
MPPtheory

5.2.1 Experimental results for one eTEG HV56

The experimental 1-V curves of one eTEG HV56 for several temperature differences,
similarly to the simulations in Chap. 2, obtained by the procedure described in previous
section are illustrated in Fig 5.2. The corresponding experimental P-V curves are depicted in
Fig 5.3.
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Fig. 5.2 Experimental 1-V curves for one eTEG HV56.

The ripples observed in Fig 5.2 in the region between 0.08 V and 0.1 V, where the duty
cycle value is close to 80%, are due to the non-linear characteristics of the circuit modules.
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Fig. 5.3 Experimental P-V curves for one eTEG HV56.

The open-circuit voltage and short-circuit current of the TEG at various temperature
differences have been measured, in order to obtain the corresponding P-V curves, before the
TEG source is connected to the circuit for MPPT operation. The MPPs detected
experimentally by the proposed MPPT system and the theoretical MPPs of the corresponding

P-V curves are illustrated in Fig. 5.4.
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Fig. 5.4 The experimental MPPs derived by the proposed MPPT system and the
corresponding theoretical MPPs for one eTEG HV56.

A deviation is observed between the experimental and theoretical values of MPP. This
happens mainly due to the fact that the experimental MPP curve is a straight line, whereas the
theoretical MPP curve, as seen in Fig. 1.2 is a curved line and cannot follow precisely the
theoretical MPPs. Also, the largest value of percentage deviation is noticed for the two
lowest temperature difference cases, where the power produced by the TEG source is very

low.

The theoretical and experimental values of MPP, as well as the percentage deviation

between the theoretical and experimental values are summarized in Table 5.1.
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Table 5.1 Theoretical and experimental MPP values for one TEG

AT (°C) Theoretical MPP Experimental MPP Percentage deviation (%)
(mW) (mW)
10.4 0.4608 0.3134 47.02
13.2 0.7429 0.6935 7.12
16.8 1.2133 1.205 0.69
20.6 1.814 1.8135 0.03
24.4 2.7854 2.776 0.34
29.1 3.9467 3.9376 0.23
33 5.0499 5.002 0.96
37.7 6.5422 6.4982 0.68
41.6 7.9133 7.8423 0.91

The percentage deviation between the theoretical and experimental MPPs is less than 1%,
except for the lowest temperature gradients. As seen in Table 4.1, a temperature gradient of

10 °K is the lowest boundary of the HV56 thermal operation range.

5.2.2 Experimental results for two eTEG HV56 connected in

series

The experimental 1-V curves of two modules eTEG HV56 connected in series for several
temperature gradients, similarly to the simulations presented in Chap. 2, are presented in
Fig. 5.5. The corresponding experimental P-V curves of two modules eTEG HV56 connected

in series are shown in Fig. 5.6.
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Fig. 5.6 Experimental P-V curves for two eTEG HV56 modules connected in series.
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In this case, as shown in Fig. 5.5, the spikes are less and they are limited only in the
lower region of the I-V curves (i.e. for low temperature gradient) where the power produced
is very low, again at about 80% duty cycle. As the temperature gradient is increased, the
power produced also increases and the modules of the power conditioning circuit operate

linearly.
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Fig. 5.7 The experimental MPPs derived by the proposed MPPT system and the

corresponding theoretical MPPs for two eTEG HV56 modules connected in series.

The theoretical and experimental MPPs are shown in Fig. 5.7. The deviation is higher for
low temperature gradients, due to the fact that the power produced is very low.

The theoretical MPP and experimental MPP values and the comparison between them by

means of the percentage deviation are summarized in Table 5.2.
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Table 5.2 Theoretical and experimental MPP values for two TEGs connected in series

Theoretical MPP

Experimental MPP

AT (°C) Percentage deviation (%)
(mW) (mW)
9.6 0.482 0.2796 72.42
13.3 1.153 1.14 8.18
16.9 2.1192 2.0199 4.92
20.2 3.36 3.2806 242
24.3 5.1613 5.1207 0.79
28.3 1.777 7.7755 0.02
32.3 10.7464 10.6911 0.52
36 13.6194 13.6194 0.45
40.3 17.419 17.419 0.83

It is observed that with the exception of the first temperature gradient the percentage

deviation between the theoretical and experimental MPP values remain below 5% and in most

cases below 19%.

5.2.3 Experimental results for two eTEG HV56 connected in

parallel

The experimental |-V curves of two modules eTEG HV56 connected in parallel for

several temperature gradients, similarly to the simulations in presented Chap. 2, are presented

in Fig. 5.8. The corresponding experimental P-V curves of two modules eTEG HV56

connected in parallel are shown in Fig. 5.9.
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Fig. 5.9 Experimental P-V curves for two eTEG HV56 connected in parallel
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Fig. 5.10 The experimental MPPs derived by the proposed MPPT system and the

corresponding theoretical MPPs for two eTEG HV56 modules connected in parallel.

The theoretical and experimental MPP values are presented Fig. 5.10. As in the one TEG

and two TEG modules connected in series cases the deviation is higher for low values of the
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temperature gradient, due to the low power produced.

The theoretical and experimental MPP values and the corresponding percentage

deviation are summarized in Table 5.3.

73




Laboratory of Electric Circuits & Renewable Energy Sources

Table 5.3 Theoretical and experimental MPP values for two TEGs connected in parallel

AT (°C) Theoretical MPP Experimental MPP Percentage change (%)
(mw) (mw)
10.4 1.1267 0.7387 52.51
13.2 1.857 1.5694 18.32
16.6 2.905 2.65 9.62
20.4 4.3085 4.3085 1.01
24.4 6.1953 6.1953 1.17
28 8.2016 8.2016 0.29
32.3 10.6656 10.6656 1.48
36.2 13.3713 13.32 0.39
40 16.0836 16.0821 0.01

As seen in Table 5.3, except for the first three cases of temperature gradient, the

percentage deviation remains below 1.5%.

5.2.4 1-V and P-V curves for two TEG modules at different
AT

In order to investigate the operation of the proposed MPPT system for TEG modules at
different temperature gradients, the corresponding I-V and P-V curves have been measured

experimentally.

Two cases of two TEG modules connected in series are shown in Figs. 5.11 and 5.12. To
acquire the I-V and P-V curves of the first case of the serial connection, AT=16.8 °K has
been applied to the first TEG and AT=4.1 °K has been applied to the second TEG. Also, to
obtain the 1-V and P-V curves of the second case of the connection in series, AT=24.4 °K has
been applied to the first TEG and AT=3.1°K has been applied to the second TEG.

The 1-V and P-V curves, respectively, of two TEG modules connected in parallel with
different values of AT are presented in Figs 5.13 and 5.14. A temperature gradient of
AT=20.6 °K has been applied to the first TEG and AT=3.1 °K has been applied to the second
TEG.
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Fig. 5.11 I-V curves for two eTEG HV56 connected in series with different values of AT.
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Fig. 5.12 P-V curves for two eTEG HV56 connected in series with different values of AT.
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Fig. 5.14 P-V curve for two eTEG HV56 connected in parallel with different values of AT.
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The specific values of AT have been selected to verify that the P-V curves in such cases
are similar to the P-V curve of one TEG module, with absence of any local maximum. Thus,

the proposed MPPT control algorithm is able to track the MPP in such cases too.

5.2.5 System efficiency

In order to evaluate the performance of the power conditioning system, the system
efficiency has been measured. The input voltages of 0.2 V and 0.5 V have been selected as
two random values of input voltage produced by the TEG modules when operating in the
available thermal operating range. The efficiency, n%, of a power conditioning system is

given by the following equation:

n

n% = ~2-100% (5.2)

The efficiency of the power conditioning system for 0.2 V and 0.5V input voltage is

shown in Figs 5.15 and 5.16, respectively.
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Fig. 5.15 The efficiency of the proposed power conditioning system for 0.2 V input voltage.
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Fig. 5.16 The efficiency of the proposed power conditioning system for 0.5 V input voltage.

5.2.6  Oscilloscope waveforms

During the experiments, the following oscilloscope waveform snapshots were taken.

Fig. 5.17 shows the PWM control voltage waveform.
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Fig. 5.17 Duty Cycle voltage.
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The PWM control voltage waveform has been measured at the gate of the MOSFET.

Fig. 5.18 shows the DC-DC boost converter output and input voltage, which are sampled
with CH1 and CH2, respectively.

1 o]

Mrms= 3T TmL)

Fig. 5.18 Boost converter input and output voltage.

Fig. 5.19 shows the PI controller output voltage, which is sampled with CH1, and the
inverting adder output voltage, which is sampled with CH2, at the MPP. As expected, the two

voltage levels are equal, since the error signal of the feedback control loop tends to zero.
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Fig. 5.19 PI controller output and inverting adder output.

Fig. 5.20 shows the PI controller and triangular-wave generator outputs.
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Fig. 5.20 PI controller and triangular-wave generator outputs.

In Fig. 5.20 the PI controller output is sampled with CH1 and the triangular-wave
generator is sampled with CH2. The two signals are compared to produce the PWM signal of
Fig. 5.17.

5.2.7 Control circuit power consumption

The power consumption of the proposed MPPT control circuit has been calculated by
measuring the battery voltage and the current flow towards the control circuit. The battery
voltage has been measured as Vp=2.7 V and the current as l.n=1.9 mA. Hence, the power

consumption has been calculated to be equal to P¢=5.13 mW.

The developed system can be used in applications with temperature gradient (AT), which
is applied on the TEG modules connected to the input of the system, which is adequately
high, so that the power produced by the TEGs is higher than the power consumption of the
control circuit (i.e. 5 mW), or employ configurations with more than one or two TEGs, as
investigated in the present work, so that the battery can be charged. In this thesis the intention
was to investigate the MPPT accuracy for power produced lower than 5 mW too.

80



Laboratory of Electric Circuits & Renewable Energy Sources

Conclusion

As mentioned in previous chapters, the research focusing on energy harvesting becomes
more and more intensive, especially due to its suitability for small-scale applications.
However, due to the low energy conversion efficiency, much work has yet to be done towards
the development of more efficient systems, which are capable to utilize the most of an energy
source. The performance of an energy conversion system can be upgraded by improving the
conversion ratio and developing more efficient power transfer techniques. The aim of the
current study is to examine and propose a novel power transfer system from the energy source

to a load, in this case, a battery bank.

The model of the thermoelectric energy conversion system under study has been derived
based on the basic characteristics of its structure and operation. Using the set of equations of
the calculated model, the P-V, I-V, T¢-V and Ty-V curves have been plotted to determine the
TEG behavior, in order to design the suitable power conversion system, which is based on the

load matching theory.

The basic idea was to design a system with as small dimensions as possible and
maximum efficiency. Thus, a model for each circuit module has been calculated and several
simulations have been performed to select the most suitable modules out of many available in
the market. In addition, a planar core inductor has been designed and constructed for a
100 kHz switching frequency, which proved to be the most efficient out of four possible
frequencies. To maximize the efficiency of the system, the power consumption had to be
minimized. Towards this direction, an analog microelectronic control system has been

designed, consisting of low-voltage operational amplifiers.
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The proposed MPPT system is pre-programmed to operate on a specific MPP locus in
order to maximize the power transferred to the system load and it consists of a power

conditioning system, a closed-loop control system and a PWM generator.

To evaluate the performance of the developed system, experiments for several
temperature gradients were performed, for one TEG module, as well as two TEG modules
connected in series and in parallel. The MPP tracking, when lower temperature gradients are
applied to TEG, has lower efficiency due to the low values of the power produced. In
contrast, for the MPP tracking at higher temperature gradients, within the thermal operating
range of the available evaluation kit, the deviation between the TEG operating points and the
theoretical MPP is less than 1% in most cases investigated.

In [3], a comparison is performed between three MPPT methods for TEGs providing
information about the efficiency of the system using the following equation:

n. = Durpeserimenal 00 (6.1)

X Py PP,theoretical

where Pwmpp experimental Fefers to the minimum, Pmin, and the maximum, Py, Output power as a
result of the oscillation of the operating point around the MPP or stopping at a nearby point
for P&O and INC algorithms as described in Chap. 3. For INC and Fractional Short-Circuit

methods the Pnin and Pay Values are the same.

Extracting MPPT efficiency values from [3] for V=2 V for each MPPT method and
comparing with the proposed method for two TEG modules connected in series and
AT=40.3 °K, Table 6.1 has been constructed, summarizing the performance of these MPPT
methods. The minimum, 1(%)min, and maximum, 1(%)max, efficiencies in Table 6.1 result

from equation (6.1) where Pwpp experimental 1S Pmin @nd Pmax, respectively.

Table 6.1 Comparison of the proposed method with three widely used MPPT methods
for TEGs, in case that V,.=2 V.

Method N(%0) min N(%0) max
Perturb and Observe 32.3 91.8
Incremental Conductance 91.8 91.8
Fractional Short-Circuit 90.1 90.1
Proposed Method 99.17 99.17
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Apart from better results in reaching the TEG MPP, compared to the methods mentioned
in Chap. 3, the proposed method also employs a less power consuming control circuit,
achieving better efficiency. Table 6.2 illustrates the comparison of power consumption for
each MPPT method. In order to compare the methods, it was assumed that the methods
described in Chap. 3 used the same types of analog devices to implement the control circuit,

as those used in the proposed MPPT system.

Table 6.2 Comparison of the power consumed by the proposed system with the
estimated power consumption of three widely used MPPT methods for TEGs.

Method Power consumption (mW)
Perturb and Observe 9.5-12
Incremental Conductance 13.5-17
Fractional Short-Circuit Similar to the proposed method
Proposed Method 5.13

As shown in Table 6.2, the deviation in power consumption among the proposed and the
past-proposed MPPT methods is significant. This happens due to the fact that the proposed

method requires less complex computations to reach the TEG MPP.

The implemented system is a complete energy harvesting system for TEG devices.
Future work could focus on adapting the system for other types of batteries, the use of a
supercapacitor-based storage unit of the system, as well as the extension of the proposed

control circuit to regulate the battery/supercapacitor charging process.
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