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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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1. 

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 CO2 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 
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thermoelectric generators are attracting more and more attention due to the following features 

they exhibit: 

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

maintenance cost, 

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

provide operation without noise or vibration, 

• scalability: thermoelectric generators can be applied to a wide heat range and 

• 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, ΔΤ. 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 ΔΤ, ΔΤ=10.4 οK and ΔΤ=16.8 οK. 

 

Fig. 1.1 Examples of TEG P-V, I-V curves and MPP for ΔΤ=10.4 K and ΔΤ=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. 

 

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. 

 

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: 

• 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. 

• 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. 

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

methods and explains the necessity of the present work.  

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

chapter and a comparison with the theoretical simulations is performed. 

• 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.
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2. 

TEG Model Analysis 

2.1 Introduction 

As mentioned in Chap.1, 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 THJ and 

TCJ 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 𝑉𝑉𝐺𝐺 = 𝛥𝛥𝑉𝑉𝑝𝑝𝑝𝑝  is present between the 
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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. 

 

Fig. 2.1 Basic structure of TEG [2]. 

 The voltage 𝑉𝑉𝐺𝐺  which is produced due to the Seebeck effect is proportional to the 

temperature difference, according to the following equation: 

 𝑉𝑉𝐺𝐺 = 𝛥𝛥𝛥𝛥𝑝𝑝𝑝𝑝 = 𝛼𝛼𝑝𝑝𝑝𝑝 (𝑇𝑇𝐻𝐻𝐻𝐻 − 𝑇𝑇𝐶𝐶𝐶𝐶 ) (2.1) 

where αpn is the Seebeck coefficient between the p and n semiconductors.  

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

Thus 𝛼𝛼𝑝𝑝𝑝𝑝 = 𝛼𝛼𝑝𝑝 − 𝛼𝛼𝑛𝑛  is positive. The reverse is the Peltier effect, which is present when 

current I 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 I 

according to the following equation: 

 𝑄𝑄𝑋𝑋 = 𝛼𝛼𝑝𝑝𝑝𝑝 𝑇𝑇𝑋𝑋𝐼𝐼𝐿𝐿 (2.2) 

where ΤΧ is the absolute temperature of the junction.  
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Assuming that the current I flowing through semiconductor p has a positive sign from 

hot junction to cold junction, then QH is considered positive for an incoming flow of heat to 

the thermoelectric generator and QC 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 TH temperature to the hot junction which in turn is 

at THJ temperature through the ceramic plate. On the other hand, the cold junction that is at 

ΤCJ 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 α, electrical 

resistance ρ and thermal conductivity λ of the semiconductors are independent to temperature. 

Assuming a load, RL, is connected to the thermocouple, then a current IL that flows 

through it is given by the following equation: 

 𝐼𝐼𝐿𝐿 = 𝑉𝑉𝐺𝐺
𝑅𝑅𝑖𝑖𝑖𝑖 +𝑅𝑅𝐿𝐿

= 𝛼𝛼𝑝𝑝𝑝𝑝 (𝑇𝑇𝐻𝐻𝐻𝐻 −𝑇𝑇𝐶𝐶𝐶𝐶 )
𝑅𝑅𝑖𝑖𝑖𝑖 +𝑅𝑅𝐿𝐿

 (2.3) 

where Rin is the internal electrical resistance of the thermocouple and it is given by the 

following equation: 

 𝑅𝑅𝑖𝑖𝑖𝑖 = 2𝜌𝜌ℎ
𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙

 (2.4) 

where h is the height and Aleg 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: 

 𝑄𝑄𝐻𝐻 = �𝑇𝑇𝐻𝐻 − 𝑇𝑇𝐻𝐻𝐻𝐻 �𝐾𝐾 (2.5) 

 𝑄𝑄𝐶𝐶 = �𝑇𝑇𝐶𝐶𝐶𝐶 − 𝑇𝑇𝐶𝐶�𝐾𝐾 (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, QH and QC can be expressed by the following equations: 

 𝑄𝑄𝐻𝐻 = 𝛼𝛼𝑝𝑝𝑝𝑝𝑇𝑇𝐻𝐻𝐻𝐻 𝐼𝐼𝐿𝐿 + 𝐾𝐾𝑖𝑖𝑖𝑖�𝑇𝑇𝐻𝐻𝐻𝐻 − 𝑇𝑇𝐶𝐶𝐶𝐶 � −
1
2
𝐼𝐼𝐿𝐿2𝑅𝑅𝑖𝑖𝑖𝑖  (2.7) 

 𝑄𝑄𝐶𝐶 = 𝛼𝛼𝑝𝑝𝑝𝑝 𝑇𝑇𝐶𝐶𝐶𝐶 𝐼𝐼𝐿𝐿 + 𝐾𝐾𝑖𝑖𝑖𝑖�𝑇𝑇𝐻𝐻𝐻𝐻 − 𝑇𝑇𝐶𝐶𝐶𝐶 � + 1
2
𝐼𝐼𝐿𝐿2𝑅𝑅𝑖𝑖𝑖𝑖  (2.8) 

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

following equation: 

 𝛫𝛫𝑖𝑖𝑖𝑖 = 2𝜆𝜆𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙
ℎ

 (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. 

 

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 TH. 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 Rin 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 𝑉𝑉𝐺𝐺  that is 

proportional to the temperature difference is produced according to equation (2.1). In case 

that a load RL is connected to the thermoelectric generator, thus creating a loop, then a current 

𝐼𝐼𝐿𝐿, which is proportional to the voltage 𝑉𝑉𝐺𝐺 , flows in that loop. Due to the current flow, a Joule 

heat occurs as a result of the power dissipation in the internal resistance 𝑅𝑅𝑖𝑖𝑖𝑖  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]. 

 

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

 𝑄𝑄𝐻𝐻 = �𝑇𝑇𝐻𝐻 − 𝑇𝑇𝐻𝐻𝐻𝐻 �𝐾𝐾 (2.5) 

 𝑄𝑄𝐶𝐶 = �𝑇𝑇𝐶𝐶𝐶𝐶 − 𝑇𝑇𝐶𝐶�𝐾𝐾 (2.6) 

 𝑄𝑄𝐻𝐻 = 𝛼𝛼𝑝𝑝𝑝𝑝𝑇𝑇𝐻𝐻𝐻𝐻 𝐼𝐼𝐿𝐿 + 𝐾𝐾𝑖𝑖𝑖𝑖�𝑇𝑇𝐻𝐻𝐻𝐻 − 𝑇𝑇𝐶𝐶𝐶𝐶 � − 0,5𝐼𝐼𝐿𝐿2𝑅𝑅𝑖𝑖𝑖𝑖  (2.7) 

 𝑄𝑄𝐶𝐶 = 𝛼𝛼𝑝𝑝𝑝𝑝 𝑇𝑇𝐶𝐶𝐶𝐶 𝐼𝐼𝐿𝐿 + 𝐾𝐾𝑖𝑖𝑖𝑖�𝑇𝑇𝐻𝐻𝐻𝐻 − 𝑇𝑇𝐶𝐶𝐶𝐶 � + 0,5𝐼𝐼𝐿𝐿2𝑅𝑅𝑖𝑖𝑖𝑖  (2.8) 

Considering that (2.5)=(2.7) and (2.6)=(2.8), it is possible to calculate �𝑇𝑇𝐻𝐻 − 𝑇𝑇𝐻𝐻𝐻𝐻 � and 

�𝑇𝑇𝐶𝐶 − 𝑇𝑇𝐶𝐶𝐶𝐶 � respectively, as follows: 

(2.5) = (2.7) ⇒ �𝑇𝑇𝐻𝐻 − 𝑇𝑇𝐻𝐻𝐻𝐻 �𝐾𝐾 = 𝑎𝑎𝑝𝑝𝑝𝑝 𝑇𝑇𝐻𝐻𝐻𝐻 𝐼𝐼𝐿𝐿 + 𝐾𝐾𝑖𝑖𝑖𝑖�𝑇𝑇𝐻𝐻𝐻𝐻 − 𝑇𝑇𝐶𝐶𝐶𝐶 � − 0,5𝐼𝐼𝐿𝐿2𝑅𝑅𝑖𝑖𝑖𝑖 ⇒ 

 𝑇𝑇𝐻𝐻 − 𝑇𝑇𝐻𝐻𝐻𝐻 = 𝑎𝑎𝑝𝑝𝑝𝑝 𝑇𝑇𝐻𝐻𝐻𝐻 𝐼𝐼𝐿𝐿+𝐾𝐾𝑖𝑖𝑖𝑖 �𝑇𝑇𝐻𝐻𝐻𝐻 −𝑇𝑇𝐶𝐶𝐶𝐶 �−0,5𝐼𝐼𝐿𝐿
2𝑅𝑅𝑖𝑖𝑖𝑖

𝐾𝐾
 (2.9) 

and: 

(2.6) = (2.8) ⇒ �𝑇𝑇𝐶𝐶𝐶𝐶 − 𝑇𝑇𝐶𝐶�𝐾𝐾 = 𝑎𝑎𝑝𝑝𝑝𝑝 𝑇𝑇𝐶𝐶𝐶𝐶 𝐼𝐼𝐿𝐿 + 𝐾𝐾𝑖𝑖𝑖𝑖�𝑇𝑇𝐻𝐻𝐻𝐻 − 𝑇𝑇𝐶𝐶𝐶𝐶 � + 0,5𝐼𝐼𝐿𝐿2𝑅𝑅𝑖𝑖𝑖𝑖 ⇒ 

 𝑇𝑇𝐶𝐶𝐶𝐶 − 𝑇𝑇𝐶𝐶 = 𝑎𝑎𝑝𝑝𝑝𝑝 𝑇𝑇𝐶𝐶𝐶𝐶 𝐼𝐼𝐿𝐿+𝐾𝐾𝑖𝑖𝑖𝑖 �𝑇𝑇𝐻𝐻𝐻𝐻 −𝑇𝑇𝐶𝐶𝐶𝐶 �+0,5𝐼𝐼𝐿𝐿
2𝑅𝑅𝑖𝑖𝑖𝑖

𝐾𝐾
 (2.10) 

Comparing (2.9) and (2.10) it is possible to calculate 𝑇𝑇𝐻𝐻𝐻𝐻 − 𝑇𝑇𝐶𝐶𝐶𝐶 : 

(9) + (10) ⇒ 𝑇𝑇𝐻𝐻 − 𝑇𝑇𝐻𝐻𝐻𝐻 + 𝑇𝑇𝐶𝐶𝐶𝐶 − 𝑇𝑇𝐶𝐶 =
�𝑇𝑇𝐻𝐻𝐻𝐻 + 𝑇𝑇𝐶𝐶𝐶𝐶 �𝑎𝑎𝑝𝑝𝑝𝑝 𝐼𝐼𝐿𝐿 + 2𝐾𝐾𝑖𝑖𝑖𝑖�𝑇𝑇𝐻𝐻𝐻𝐻 − 𝑇𝑇𝐶𝐶𝐶𝐶 �

𝐾𝐾
⇒ 

 𝑇𝑇𝐻𝐻𝐻𝐻 − 𝑇𝑇𝐶𝐶𝐶𝐶 = − 2𝐾𝐾𝑖𝑖𝑖𝑖 �𝑇𝑇𝐻𝐻𝐻𝐻 −𝑇𝑇𝐶𝐶𝐶𝐶 �
𝛫𝛫

− �𝑇𝑇𝐻𝐻𝐻𝐻 +𝑇𝑇𝐶𝐶𝐶𝐶 �𝑎𝑎𝑝𝑝𝑝𝑝 𝐼𝐼𝐿𝐿
𝐾𝐾

− 𝑇𝑇𝐶𝐶 + 𝑇𝑇𝐻𝐻 (2.11) 

Subtracting (2.10) from (2.9) it is possible to calculate 𝑇𝑇𝐻𝐻𝐻𝐻 + 𝑇𝑇𝐶𝐶𝐶𝐶 , as follows: 

(9) − (10) ⇒ 𝑇𝑇𝐻𝐻 − 𝑇𝑇𝐻𝐻𝐻𝐻 − 𝑇𝑇𝐶𝐶𝐶𝐶 + 𝑇𝑇𝐶𝐶 = 

𝑎𝑎𝑝𝑝𝑝𝑝 𝑇𝑇𝐻𝐻𝐻𝐻 𝐼𝐼𝐿𝐿 + 𝐾𝐾𝑖𝑖𝑖𝑖�𝑇𝑇𝐻𝐻𝐻𝐻 − 𝑇𝑇𝐶𝐶𝐶𝐶 � − 0,5𝐼𝐼𝐿𝐿2𝑅𝑅𝑖𝑖𝑖𝑖
𝐾𝐾

−
𝑎𝑎𝑝𝑝𝑝𝑝𝑇𝑇𝐶𝐶𝐶𝐶 𝐼𝐼𝐿𝐿 + 𝐾𝐾𝑖𝑖𝑖𝑖�𝑇𝑇𝐻𝐻𝐻𝐻 − 𝑇𝑇𝐶𝐶𝐶𝐶 � + 0,5𝐼𝐼𝐿𝐿2𝑅𝑅𝑖𝑖𝑖𝑖

𝐾𝐾
⇒ 
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 𝑇𝑇𝐻𝐻𝐻𝐻 + 𝑇𝑇𝐶𝐶𝐶𝐶 = −𝑎𝑎𝑝𝑝𝑝𝑝 �𝑇𝑇𝐻𝐻𝐻𝐻 −𝑇𝑇𝐶𝐶𝐶𝐶 �𝐼𝐼𝐿𝐿+𝐼𝐼𝐿𝐿
2𝑅𝑅𝑖𝑖𝑖𝑖

𝐾𝐾
+𝑇𝑇𝐻𝐻 + 𝑇𝑇𝐶𝐶  (2.12) 

Substituting (2.12) to (2.11) and setting 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑇𝑇𝐻𝐻𝐻𝐻 − 𝑇𝑇𝐶𝐶𝐶𝐶  and 𝛥𝛥𝛥𝛥 = 𝑇𝑇𝐻𝐻 − 𝑇𝑇𝐶𝐶 , it results 

that: 

(11)
(12)
��� 𝑇𝑇𝐻𝐻𝐻𝐻 − 𝑇𝑇𝐶𝐶𝐶𝐶 +

2𝐾𝐾𝑖𝑖𝑖𝑖�𝑇𝑇𝐻𝐻𝐻𝐻 − 𝑇𝑇𝐶𝐶𝐶𝐶 �
𝛫𝛫

+
�−𝑎𝑎𝑝𝑝𝑝𝑝 �𝑇𝑇𝐻𝐻𝐻𝐻 −𝑇𝑇𝐶𝐶𝐶𝐶 �𝐼𝐼𝐿𝐿+𝐼𝐼𝐿𝐿

2𝑅𝑅𝑖𝑖𝑖𝑖
𝐾𝐾

+𝑇𝑇𝐻𝐻 + 𝑇𝑇𝐶𝐶� 𝑎𝑎𝑝𝑝𝑝𝑝 𝐼𝐼𝐿𝐿
𝐾𝐾

= 

 −𝑇𝑇𝐶𝐶 + 𝑇𝑇𝐻𝐻 ⇒ 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑇𝑇 = −𝑎𝑎𝑝𝑝𝑝𝑝 𝐼𝐼𝐿𝐿(𝐼𝐼𝐿𝐿
2𝑅𝑅𝑖𝑖𝑖𝑖 +𝐾𝐾(𝑇𝑇𝐻𝐻+𝑇𝑇𝐶𝐶))+𝐾𝐾2𝛥𝛥𝛥𝛥

𝐾𝐾2+2𝐾𝐾𝑖𝑖𝑖𝑖 𝐾𝐾−𝑎𝑎𝑝𝑝𝑝𝑝2 𝐼𝐼𝐿𝐿
2  (2.13)

  

Finally using (2.9) and (2.10) it is possible to calculate 𝑇𝑇𝐻𝐻𝐻𝐻  and 𝑇𝑇𝐶𝐶𝐶𝐶  respectively: 

(9)
𝑇𝑇𝐶𝐶𝐶𝐶 =𝑇𝑇𝐻𝐻𝐻𝐻 −𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑇𝑇
������������ 𝑇𝑇𝐻𝐻 − 𝑇𝑇𝐻𝐻𝐻𝐻 =

𝑎𝑎𝑝𝑝𝑝𝑝 𝑇𝑇𝐻𝐻𝐻𝐻 𝐼𝐼𝐿𝐿 + 𝐾𝐾𝑖𝑖𝑖𝑖 (𝑇𝑇𝐻𝐻𝐻𝐻 − 𝑇𝑇𝐻𝐻𝐻𝐻 + 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑇𝑇) − 0,5𝐼𝐼𝐿𝐿2𝑅𝑅𝑖𝑖𝑖𝑖
𝐾𝐾

⇒ 

 𝑇𝑇𝐻𝐻𝐻𝐻 = 𝐾𝐾𝐾𝐾𝐻𝐻−𝐾𝐾𝑖𝑖𝑖𝑖 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑇𝑇 +0,5𝐼𝐼𝐿𝐿
2𝑅𝑅𝑖𝑖𝑖𝑖

𝑎𝑎𝑝𝑝𝑝𝑝 𝐼𝐼𝐿𝐿+𝛫𝛫
 (2.14) 

Furthermore: 

(10)
𝑇𝑇𝐻𝐻𝐻𝐻 =𝑇𝑇𝐶𝐶𝐶𝐶 +𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑇𝑇
������������𝑇𝑇𝐶𝐶𝐶𝐶 − 𝑇𝑇𝐶𝐶 = 𝑎𝑎𝑝𝑝𝑝𝑝 𝑇𝑇𝐶𝐶𝐶𝐶 𝐼𝐼𝐿𝐿+𝐾𝐾𝑖𝑖𝑖𝑖 �𝑇𝑇𝐶𝐶𝐶𝐶 +𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑇𝑇 −𝑇𝑇𝐶𝐶𝐶𝐶 �+0,5𝐼𝐼𝐿𝐿

2𝑅𝑅𝑖𝑖𝑖𝑖
𝐾𝐾

⇒ 

 𝑇𝑇𝐶𝐶𝐶𝐶 = 𝐾𝐾𝐾𝐾𝐶𝐶+𝐾𝐾𝑖𝑖𝑖𝑖 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑇𝑇 +0,5𝐼𝐼𝐿𝐿
2𝑅𝑅𝑖𝑖𝑖𝑖

𝐾𝐾−𝑎𝑎𝑝𝑝𝑝𝑝 𝐼𝐼𝐿𝐿
 (2.15) 

The output power of the thermoelectric generator is given by the following equation: 

 𝑃𝑃𝐿𝐿 = 𝐼𝐼𝐿𝐿𝑉𝑉𝐿𝐿 = 𝐼𝐼𝐿𝐿�𝑎𝑎𝑝𝑝𝑝𝑝 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑇𝑇 − 𝐼𝐼𝐿𝐿𝑅𝑅𝑖𝑖𝑖𝑖 � (2.16) 

Substituting equation (2.3) to (2.16), PL can be written as a function of ΔΤΤΕG: 

(2.16)
(2.3)
��� 𝑃𝑃𝐿𝐿 =

𝛼𝛼𝑝𝑝𝑝𝑝𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑇𝑇
𝑅𝑅𝑖𝑖𝑖𝑖 + 𝑅𝑅𝐿𝐿

�𝑎𝑎𝑝𝑝𝑝𝑝𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑇𝑇 −
𝛼𝛼𝑝𝑝𝑝𝑝𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑇𝑇
𝑅𝑅𝑖𝑖𝑖𝑖 + 𝑅𝑅𝐿𝐿

𝑅𝑅𝑖𝑖𝑖𝑖� =
𝛼𝛼𝑝𝑝𝑝𝑝2 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑇𝑇2

𝑅𝑅𝑖𝑖𝑖𝑖 + 𝑅𝑅𝐿𝐿
�1 −

𝑅𝑅𝑖𝑖𝑖𝑖
𝑅𝑅𝑖𝑖𝑖𝑖 + 𝑅𝑅𝐿𝐿

� 

 = 𝛼𝛼𝑝𝑝𝑝𝑝2 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑇𝑇
2

𝑅𝑅𝑖𝑖𝑖𝑖 +𝑅𝑅𝐿𝐿

𝑅𝑅𝐿𝐿
𝑅𝑅𝑖𝑖𝑖𝑖 +𝑅𝑅𝐿𝐿

= 𝛼𝛼𝑝𝑝𝑝𝑝2 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑇𝑇
2 𝑅𝑅𝐿𝐿

(𝑅𝑅𝑖𝑖𝑖𝑖 +𝑅𝑅𝐿𝐿)2  (2.17) 

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

𝑅𝑅𝑖𝑖𝑖𝑖 = 𝑅𝑅𝐿𝐿. In this case the transferred power can be expressed by the following equation: 
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 𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 𝛼𝛼𝑝𝑝𝑝𝑝2 𝛥𝛥𝛥𝛥𝑇𝑇𝑇𝑇𝑇𝑇
2

4𝑅𝑅𝐿𝐿
 (2.18) 

The output power PL depends on the temperature difference between the hot and cold 

junctions, ΔΤTEG. However, ΔΤTEG is always less than ΔΤ 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, ΔΤTEG is dependent 

on the value of the load, RL. The lower the value of RL, the higher the current IL 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, ΔΤTEG 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 ≤ 𝐼𝐼𝐿𝐿 ≤ 𝐼𝐼𝑠𝑠𝑠𝑠  and various values of ΔΤ, a model 

has been developed in Matlab for the available TEG device eTEG HV56. The model is 

applied to 3 different types of connection: 

• One eTEG HV56 module, 

• Two eTEG HV56 modules connected in series and 

• 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 I-V, P-V, Tcj-V and Thj-V respectively for one 

TEG for ΔΤ=10.4 oK, 13.2 oK, 16.8 oK, 20.6 oK, 24.4 oK, 29.1 oK, 33 oK, 37.7 oK and 41.6 oK. 
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Fig. 2.4 I-V characteristics of the TEG. 

 

Fig. 2.5 P-V characteristics of the TEG. 
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Fig. 2.6 Thj-V characteristics of the TEG. 

 

Fig. 2.7 Tcj-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 I-V, P-V, Tcj-V and 

Thj-V, respectively, for two TEG modules connected in series for ΔΤ=9.6 oK, 13.3 oK, 16.9 oK, 

20.2 oK, 24.3 oK, 28.3 oK, 32.3 oK, 36 oK and 40.3 oK. 

 

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. 

 

Fig. 2.10 Thj-V characteristics of two TEG modules connected in series. 
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Fig. 2.11 Tcj-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 I-V, P-V, Tcj-V 

and Thj-V, respectively, for two TEG modules connected in parallel for ΔΤ=10.4 oK, 13.2 oK, 

16.6 oK, 20.4 oK, 24.4 oK, 28 oK, 32.3 oK, 36.2 oK and 40 oK. 
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Fig. 2.12 I-V characteristics of two TEG modules connected in parallel. 

 

Fig. 2.13 P-V characteristics of two TEG modules connected in parallel. 
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Fig. 2.14 Thj-V characteristics of two TEG modules connected in parallel. 

 

Fig. 2.15 Tcj-V characteristics of two TEG modules connected in parallel. 
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3. 

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. 

 

Fig. 3.1 MPPT operation in different temperature gradient conditions. 
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It is assumed that a temperature gradient equal to ΔΤ=10.4 oΚ 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 ΔΤ=13.2 oΚ, 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 ΔΤ=13.2 oΚ curve. Assuming the temperature gradient drops again 

to ΔΤ=10.4  οΚ, then the new operating point is point E, which is not the maximum power 

point on the Power - Voltage curve for ΔΤ=10.4 oΚ. 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 - Voltage 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. 

 

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 
ΔP ΔV 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: 

• positive on the left of the MPP, 

• negative on the right of the MPP and 

• zero at the MPP. 
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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: 

−  𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

> 0 ⟹  𝑉𝑉𝑜𝑜𝑜𝑜 < 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀  (3.1a) 

−  𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 0 ⟹  𝑉𝑉𝑜𝑜𝑜𝑜 = 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀  (3.1b) 

−  𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

< 0 ⟹  𝑉𝑉𝑜𝑜𝑜𝑜 > 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀  (3.1c) 

where Vop is the voltage at the current operating point. 

Furthermore, since 𝑃𝑃 = 𝑉𝑉𝑉𝑉 the above derivatives can be re-written as follows: 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝐼𝐼 + 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
𝑉𝑉 = 𝐼𝐼 + 𝛥𝛥𝛥𝛥

𝛥𝛥𝛥𝛥
𝑉𝑉 (3.2) 

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

 (3.1𝑎𝑎)
(3.2)
��� 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
> 0 ⇒ 𝐼𝐼 + 𝛥𝛥𝛥𝛥

𝛥𝛥𝛥𝛥
𝑉𝑉 > 0 ⇒ 𝛥𝛥𝛥𝛥

𝛥𝛥𝛥𝛥
> − 𝐼𝐼

𝑉𝑉
 then 𝑉𝑉𝑜𝑜𝑜𝑜 < 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀  (3.3a) 

 (3.1𝑏𝑏)
(3.2)
��� 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
= 0 ⇒ 𝐼𝐼 + 𝛥𝛥𝛥𝛥

𝛥𝛥𝛥𝛥
𝑉𝑉 = 0 ⇒ 𝛥𝛥𝛥𝛥

𝛥𝛥𝛥𝛥
= − 𝐼𝐼

𝑉𝑉
 then 𝑉𝑉𝑜𝑜𝑜𝑜 = 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀  (3.3b) 
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 (3.1𝑐𝑐)
(3.2)
��� 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
< 0 ⇒ 𝐼𝐼 + 𝛥𝛥𝛥𝛥

𝛥𝛥𝛥𝛥
𝑉𝑉 < 0 ⇒ 𝛥𝛥𝛥𝛥

𝛥𝛥𝛥𝛥
< − 𝐼𝐼

𝑉𝑉
 then 𝑉𝑉𝑜𝑜𝑜𝑜 > 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀  (3.3c) 

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

conductance, 𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥

, with the negative of the instantaneous conductance, i.e. − 𝐼𝐼
𝑉𝑉
 [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. 

 

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: 

 �𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥

+ 𝐼𝐼
𝑉𝑉
� < 𝑒𝑒 (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 (VMPP) is at a fixed ratio of the open-

circuit voltage (VOC) [3]: 

 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑘𝑘𝑉𝑉𝑂𝑂𝑂𝑂  (3.5) 

where k 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 𝑘𝑘 = 1
2
. 

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: 

 𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑘𝑘𝐼𝐼𝑆𝑆𝑆𝑆  (3.6) 

where 𝑘𝑘 = 1
2
 is a constant. 

In this case the ISC value is acquired by short-circuiting the TEG output terminals.
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4. 

The Proposed MPPT System 

4.1 Introduction 

The proposed MPPT system, as seen in Fig. 4.1, consists of the following parts: 

• TEG energy source (eTEG HV56 in the present application), 

• power conditioning system (DC-DC boost converter), 

• microelectronic control circuit and 

• Pulse Width Modulator. 

 

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. 

 

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 mm2) and profile (0.6 mm), 

which makes it suitable for small-scale applications with restricted space available. 
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 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 ΔΤ which is applied on the eTEG HV56. The higher the value of ΔΤ, the higher the 

value of voltage, current and power produced. However, the hot side temperature, cold side 

temperature and ΔΤ 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 oC 298-473 oK 
Cold side temperature Tcold 0-50 oC 273-323 oK 

Temperature difference ΔΤ 10-200 oC 10-200 oK 
Max. mean temperature Tm,max 150 oC 423 oK 

Thermal Parameters 
Thermal resistance R 13.1 K/W 

Thermal conductance K 0.076 W/K 
Seebeck coefficient αpn 0.026 V/K 

 Typical Electrical Maximum (for ΔΤ=200  oΚ) and Minimum (for ΔΤ=10 oΚ) Values 
Max.  open-circuit voltage VOC,max 5.2 V 
Max.  short-circuit current ISC,max 397 mA 

Max. power output Po,max 516 mW 
Max. internal resistance Rin,max 13.09 Ω 

Min.  open-circuit voltage VOC,min 0.26 V 
Min.  short-circuit current ISC,min 12 mA 

Min. power output Po,min 1.56 mW 
Min. internal resistance Rin,min 10.83 Ω 

 

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. 

 

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: 

• HV56 TEG as energy source, 

• thick film heater for heating the hot side of the TEG, 

• heat sink/fan assembly for cooling the cold side of the TEG, 

• two Type K thermocouples for temperature measurement and 

• 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: 

• input capacitor, 

• 28 μH inductor, 

• Schottky diode, 

• MOSFET and  

• output capacitor. 

 

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: 

• significantly low profile, which is of interest in small-scale system development, 

• improved heat dissipation due to large surface area to volume ratio, 

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

inductance and 

• 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 Isc=1.678 A, Voc=0.563 V and Vout=1.8 V 

have been taken into consideration to calculate the inductor parameters. 

The inductance is given by the following equation: 

 𝐿𝐿 = 𝑉𝑉𝐿𝐿
𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥

 (4.1) 

where VL is the inductor voltage (it is equal to Vd), 

 Δt is the on-time of the duty cycle and 

 ΔI 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: 

 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑉𝑉𝑖𝑖𝑖𝑖
1−𝐷𝐷

 (4.2) 

The off-time of the switch can be calculated using the following equation: 

 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑇𝑇𝑠𝑠𝑉𝑉𝑑𝑑
𝑉𝑉𝑜𝑜

= 10−5×0.563
1.8

= 0.31278 × 10−5 𝑠𝑠 (4.3) 

where Ts is the switching period and 

 Vo is the output voltage of the converter. 

Using equation (4.3), Δt can be calculated by the following equation: 

 𝛥𝛥𝛥𝛥 = 𝑡𝑡𝑜𝑜𝑜𝑜 = 𝑇𝑇𝑠𝑠 − 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜 = 10−5 − 0.31278 × 10−5 = 0.6872 × 10−5𝑠𝑠 (4.4) 

The value of ΔI has been set to 10%: 

 𝛥𝛥𝛥𝛥 = 𝐼𝐼𝑝𝑝𝑝𝑝 = 0.1 × 1.678 = 0.1678 𝐴𝐴 (4.5) 

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

the inductance can be calculated as follows: 

 𝐿𝐿 = 0.563 0.6872×10−5

0.1678
= 23.0568 𝜇𝜇𝜇𝜇 (4.6) 

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

by the following equation: 

 𝐿𝐿 = 𝑁𝑁2 × 𝐴𝐴𝐿𝐿 ⇒ 𝑁𝑁 = � 𝐿𝐿
𝐴𝐴𝐿𝐿

= �23.0568×10−6

3244×10−9 ≈ 3 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (4.7) 

where AL 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: 

 𝛥𝛥𝛥𝛥𝑎𝑎𝑎𝑎 = 𝐿𝐿𝐿𝐿𝐿𝐿
𝑁𝑁𝐴𝐴𝑒𝑒

= 23.0568×10−6×0.1678
3×40.1×10−6 = 32.1607 𝑚𝑚𝑚𝑚 =  321.607 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 (4.8) 

where Ae 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 cm3 of the inductor core can be calculated as follows: 

 

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

𝑃𝑃𝑃𝑃 = 𝑎𝑎𝑓𝑓𝑐𝑐𝐵𝐵𝑑𝑑 = 0.036 × 1001.64 × (0.321607)2.68 

 = 3.2805 𝑚𝑚𝑊𝑊/𝑐𝑐𝑐𝑐3 (4.9) 

where a, c, 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 cm3. Thus, the power loss of the core is 

calculated by the following equation: 

 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 3.2805 × 1.944 = 6.3772 𝑚𝑚𝑊𝑊 (4.10) 

Assuming a current density of 4 A/mm2, the cross-sectional area of the wire for the 

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

 𝛢𝛢𝑥𝑥 = 0.894
4

= 0.2235 𝑚𝑚𝑚𝑚2 (4.11) 

where Ax 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: 

 𝑥𝑥 = 𝐴𝐴𝑥𝑥
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

= 0.2235𝑚𝑚𝑚𝑚 2

0.5𝑚𝑚𝑚𝑚
= 0.447 𝑚𝑚𝑚𝑚 (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. 

 

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: 

 𝑅𝑅 = 𝜌𝜌 𝐿𝐿
𝐴𝐴𝑥𝑥

(1 + 𝑡𝑡𝑐𝑐(𝑇𝑇 − 25)) (4.13) 

where ρ is the resistivity of copper, 𝜌𝜌 = 1.7 × 10−6𝛺𝛺𝑐𝑐𝑐𝑐, 

 L is the length of the track, 

 T is the track temperature in degrees Celcious and 

 tc is the temperature coefficient of copper, 𝑡𝑡𝑐𝑐 = 3.9 × 10−3𝛺𝛺/𝛺𝛺/𝐶𝐶. 

According to (4.13), the resistance of the printed tracks at 293 oK is calculated to be 

equal to 4.68 mΩ. 

 𝑃𝑃𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ,𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐼𝐼2𝑅𝑅 = 0.8942 × 4.68 × 10−3 = 3.7 𝑚𝑚𝑚𝑚 (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: 

 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑃𝑃𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 + 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (4.15) 

The minimum power dissipation for one TEG module with temperature gradient 

ΔΤ=10.4 οΚ is 6.7197 × 10−9 W and the maximum power dissipation for two TEG modules 

connected in parallel with temperature gradient ΔΤ=40 οΚ  is 1.007 × 10−2  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 μH. 

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: 

 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑃𝑃𝑆𝑆𝑆𝑆 (4.15) 

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

 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑉𝑉𝑂𝑂𝑂𝑂
2

𝐼𝐼𝑆𝑆𝑆𝑆
2

 (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: 

 𝐼𝐼𝑂𝑂 = 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇
𝑉𝑉𝑂𝑂

 (4.17) 

where VO is the output voltage. 

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

equation: 

 𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐼𝐼𝑂𝑂𝑉𝑉𝐹𝐹 + 𝐼𝐼𝑂𝑂2𝑅𝑅𝑑𝑑  (4.18) 

where VF is the forward voltage drop, 

 Rd is the forward resistance and 

 IO is the output current. 

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

 𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇
𝑉𝑉𝑂𝑂

𝑉𝑉𝐹𝐹 + (𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇
𝑉𝑉𝑂𝑂

)
2
𝑅𝑅𝑑𝑑  (4.19) 

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

equation: 

 𝑃𝑃𝑆𝑆𝑆𝑆 = 𝑄𝑄𝐶𝐶𝑉𝑉𝑂𝑂𝑓𝑓𝑆𝑆𝑆𝑆  (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: 

 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡 ,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇
𝑉𝑉𝑂𝑂

𝑉𝑉𝐹𝐹 + (𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇
𝑉𝑉𝑂𝑂

)2𝑅𝑅𝑑𝑑 + 𝑄𝑄𝐶𝐶𝑉𝑉𝑂𝑂𝑓𝑓𝑆𝑆𝑆𝑆  (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 ΔΤ=10.4 οΚ, of 0.021 mW and a 

maximum total power loss, for two TEG modules connected in series with temperature 

gradient ΔΤ=40.3 οΚ, of 2 mW at 100 kHz is the diode BAT60A. 
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4.3.4 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, POn, is of importance, as given by the following equation: 

 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑃𝑃𝑆𝑆𝑆𝑆 + 𝑃𝑃𝑂𝑂𝑂𝑂 (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: 

 𝑃𝑃𝑠𝑠𝑠𝑠 = (𝐸𝐸𝑜𝑜𝑜𝑜 + 𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜 )𝑓𝑓𝑠𝑠 (4.23) 

where Eon is the dissipated energy during the turn-on transition and 

 Eoff is the dissipated energy during the turn-off transition.  

The value of Eon is calculated as follows: 

 𝐸𝐸𝑜𝑜𝑜𝑜 = 𝑉𝑉𝑑𝑑𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑
𝑡𝑡𝑟𝑟𝑟𝑟+𝑡𝑡𝑓𝑓𝑓𝑓

2
+ 𝑄𝑄𝑟𝑟𝑟𝑟𝑉𝑉𝑑𝑑  (4.24) 

where tri is the current rise time, 

  Idon is the on-state drain current, 

 Qrr is the body diode reverse recovery charge and 

 tfu is the switch voltage fall time to a small on-state value of IdRDSon. 

The value of Idon is given by the following equation: 

 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐼𝐼𝑑𝑑 −
𝛥𝛥𝐼𝐼𝑑𝑑

2
 (4.25) 

 The value of  tfu is given by the following equation: 

 𝑡𝑡𝑓𝑓𝑓𝑓 = 𝑡𝑡𝑓𝑓𝑓𝑓 1+𝑡𝑡𝑓𝑓𝑓𝑓 2

2
 (4.26) 
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where tfu1 and tfu2 are the fall times defined through the gate current and the gate-drain 

 capacitances.  

The values of tfu1 and tfu2 are given by the following equations: 

 𝑡𝑡𝑓𝑓𝑓𝑓1 = (𝑉𝑉𝑑𝑑 − 𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝑑𝑑)𝑅𝑅𝐺𝐺
𝐶𝐶𝐺𝐺𝐺𝐺 1

𝑉𝑉𝐷𝐷𝐷𝐷 −𝑉𝑉(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 )
 (4.27) 

 𝑡𝑡𝑓𝑓𝑓𝑓2 = (𝑉𝑉𝑑𝑑 − 𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝑑𝑑)𝑅𝑅𝐺𝐺
𝐶𝐶𝐺𝐺𝐺𝐺 2

𝑉𝑉𝐷𝐷𝐷𝐷 −𝑉𝑉(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 )
 (4.28) 

where RDSon is the drain-source on-state resistance, 

 ID is the continuous drain current, 

 RG is the gate resistance, 

 VDr is the voltage across the diode, 

 V(plateau) is the gate plateau voltage observed during switching transition, 

 CGD1 is the gate-drain capacitance and is equal to Crss(Vd) and 

 CGD2 is the gate-drain capacitance and is equal to Crss(IdRDSon). 

The value of Eoff is given by the following equation: 

 𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑉𝑉𝑑𝑑𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑡𝑡𝑟𝑟𝑟𝑟 +𝑡𝑡𝑓𝑓𝑓𝑓

2
 (4.29) 

where Idoff is the off-state drain current,  

 tfi is the current fall time and 

 tru is the switch voltage rise time to an off-state value of Vd.  

The value of Idoff is calculated as follows: 

 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐼𝐼𝑑𝑑 + 𝛥𝛥𝐼𝐼𝑑𝑑
2

 (4.30) 

The rise time tru is given by: 

 𝑡𝑡𝑟𝑟𝑟𝑟 = 𝑡𝑡𝑟𝑟𝑟𝑟 1+𝑡𝑡𝑟𝑟𝑟𝑟 2
2

 (4.31) 

where tru1 and tru2 are the rise times defined through the gate current and the gate-drain 

capacitances.  

The values of tru1 and tru2 are calculated as follows: 

 𝑡𝑡𝑟𝑟𝑟𝑟1 = (𝑉𝑉𝑑𝑑 − 𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝑑𝑑)𝑅𝑅𝐺𝐺
𝐶𝐶𝐺𝐺𝐺𝐺 1

𝑉𝑉(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 )
 (4.32) 
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 𝑡𝑡𝑟𝑟𝑟𝑟2 = (𝑉𝑉𝑑𝑑 − 𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝑑𝑑)𝑅𝑅𝐺𝐺
𝐶𝐶𝐺𝐺𝐺𝐺 2

𝑉𝑉(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 )
 (4.33) 

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: 

 𝑃𝑃𝑂𝑂𝑂𝑂 = 𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟2  (4.34) 

where 

 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟2 = 𝐷𝐷𝐼𝐼𝑑𝑑2 (4.35) 

and D is the duty cycle. 

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

𝑃𝑃𝑆𝑆𝑆𝑆 = 𝑉𝑉𝑑𝑑(𝑉𝑉𝑑𝑑 − 𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝑑𝑑)𝑅𝑅𝐺𝐺�𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 (𝑉𝑉𝑑𝑑) + 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 (𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝑑𝑑)� �
2𝐼𝐼𝐷𝐷 + 𝛥𝛥𝐼𝐼𝐷𝐷
8𝑉𝑉(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 )

+
2𝐼𝐼𝐷𝐷 − 𝛥𝛥𝐼𝐼𝐷𝐷

8(𝑉𝑉𝐷𝐷𝐷𝐷 − 𝑉𝑉(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ))
� 

 +𝑉𝑉𝑑𝑑 ��
𝐼𝐼𝐷𝐷+𝛥𝛥𝐼𝐼𝐷𝐷

2
� 𝑡𝑡𝑓𝑓𝑓𝑓

2
+ �𝐼𝐼𝐷𝐷−𝛥𝛥𝐼𝐼𝐷𝐷

2
� 𝑡𝑡𝑟𝑟𝑟𝑟

2
� + 𝑄𝑄𝑟𝑟𝑟𝑟𝑉𝑉𝑑𝑑  (4.36) 

Also by combining (4.34) - (4.36), equation (4.22) can be written as follows: 

𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡 ,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙= 

𝑉𝑉𝑑𝑑(𝑉𝑉𝑑𝑑 − 𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝑑𝑑)𝑅𝑅𝐺𝐺�𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 (𝑉𝑉𝑑𝑑) + 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 (𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝑑𝑑)� �
2𝐼𝐼𝐷𝐷 + 𝛥𝛥𝐼𝐼𝐷𝐷
8𝑉𝑉(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 )

+
2𝐼𝐼𝐷𝐷 − 𝛥𝛥𝐼𝐼𝐷𝐷

8(𝑉𝑉𝐷𝐷𝐷𝐷 − 𝑉𝑉(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ))
� 

 +𝑉𝑉𝑑𝑑 ��
𝐼𝐼𝐷𝐷+𝛥𝛥𝐼𝐼𝐷𝐷

2
� 𝑡𝑡𝑓𝑓𝑓𝑓

2
+ �𝐼𝐼𝐷𝐷−𝛥𝛥𝐼𝐼𝐷𝐷

2
� 𝑡𝑡𝑟𝑟𝑟𝑟

2
� + 𝑄𝑄𝑟𝑟𝑟𝑟𝑉𝑉𝑑𝑑 + 𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟2  (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 ΔΤ=10.4 οΚ, 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 

ΔΤ=40.3 οΚ, 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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 𝐶𝐶𝑂𝑂𝑂𝑂𝑂𝑂,𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂,𝑚𝑚𝑚𝑚𝑚𝑚𝐷𝐷𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚
𝑓𝑓𝑠𝑠𝛥𝛥𝛥𝛥𝑂𝑂𝑂𝑂𝑂𝑂

 (4.38) 

where IOUT,max is the maximum value of the output current, 

 DCmax is the maximum value of the duty cycle, 

 fs is the switching frequency and 

 ΔVOUT 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: 

 𝐷𝐷 = 1 − 𝑉𝑉𝑖𝑖𝑖𝑖
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

 (4.39) 

where Vin is the input voltage to the boost converter and 

 Vout is 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: 

 𝐷𝐷 = 1 − 0.563
2.4

= 0.765 ≈ 76% (4.40) 

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

follows: 

 𝐶𝐶𝑂𝑂𝑂𝑂𝑂𝑂,𝑚𝑚𝑚𝑚𝑚𝑚 = 1.673×0.76
100×103×0.012

≈ 1 𝑚𝑚𝑚𝑚 (4.41) 

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: 

• Low-Pass Filters (LPF), 

• a voltage divider, 
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• buffer amplifiers, 

• a differential amplifier, 

• an inverting adder and 

• a Proportional Integral (PI) controller. 

 

Fig. 4.10 Control circuit diagram. 

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

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝐼𝐼 + 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
𝑉𝑉 = 𝐼𝐼 − 1

𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇
𝑉𝑉 (4.42) 

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

inductor, respectively. 

The derivative 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 is: 
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• positive on the left of the MPP, 

• negative on the right of the MPP and 

• zero at the MPP. 

The microelectronic control system has been designed to minimize the absolute value of 

the derivative 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 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, ΔΤ. 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 OA1 

and OA2 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: 

 𝑓𝑓𝑐𝑐 = 1
2𝜋𝜋𝑅𝑅1𝐶𝐶1

 (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 R1 

can be calculated using the following equation: 

 (4.43) ⇒ 𝑅𝑅1 = 1
2𝜋𝜋𝑓𝑓𝑐𝑐𝐶𝐶1

= 1
2𝜋𝜋10310−9 = 159 𝑘𝑘𝑘𝑘 (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 R1 and R2. The 

fundamental equation of the voltage divider for the general case is the following: 

 𝑉𝑉𝑂𝑂 = 𝑍𝑍2
𝑍𝑍1+𝑍𝑍2

𝑉𝑉𝐼𝐼 (4.45) 

The factor 1
𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇

 of equation (4.42) is obtained by the attenuation coefficient of the voltage 

divider and is given by the following equation: 
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 𝐺𝐺𝑣𝑣𝑣𝑣 = 1
𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇

= 𝑅𝑅2
𝑅𝑅1+𝑅𝑅2

 (4.46) 

The gain of the voltage divider, Gvd, has been calculated for RTEG at ΔΤ=20 Κ 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 R1 and R2 to obtain the 

required gain for one TEG. 

The internal resistance of TEG, RTEG, at ΔΤ=20 Κ is calculated to be equal to 10.95 Ω. 

The required voltage divider attenuation coefficient can be calculated using equation (4.46), 

as follows: 

 𝐺𝐺𝑣𝑣𝑣𝑣 = 1
𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇

= 1
10.95

= 0.0913 (4.47) 

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

 𝑅𝑅2 = 𝑅𝑅1𝐺𝐺𝑣𝑣𝑣𝑣
1−𝐺𝐺𝑣𝑣𝑣𝑣

 (4.48) 

To reduce power consumption, a high value of resistor R1 has been selected. For 

R1=470 kΩ and Gvd=0.0913 the value of R2 is then calculated from equation (4.48): 

 𝑅𝑅2 = 𝑅𝑅1𝐺𝐺𝑣𝑣𝑣𝑣
1−𝐺𝐺𝑣𝑣𝑣𝑣

= 470 𝑘𝑘𝑘𝑘×0.0913
1−0.0913

≈ 47 𝑘𝑘𝑘𝑘 (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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 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 = 470 𝑘𝑘𝛺𝛺
470 𝑘𝑘𝛺𝛺+470 𝑘𝑘𝛺𝛺

𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏 = 1
2
𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏 (4.50) 

where Vbat 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 R3 and the input resistance of the 

inverting adder. The circuit consisting of R3 and OA4 provides the additional input Vctrl 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 ΔΤ= 20 οK, which is in the middle of the entire ΔΤ range, 

the value of the potentiometer R3 remains constant during the MPP tracking process and at 

different values of ΔΤ. 

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 OA1 is given by the following equation: 

 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑_𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑_𝑎𝑎𝑎𝑎𝑎𝑎(−𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖) (4.51) 

where Vind is the inductor resistance voltage drop and 

 Gdiff_amp is the instrumentation amplifier gain. 

The value of Vind is calculated as follows: 

 𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐼𝐼𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖 (4.52) 

where Rind is the inductor winding resistance. 

The instrumentation amplifier gain is given by: 

 𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 _𝑎𝑎𝑎𝑎𝑎𝑎 = 1
𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖

 (4.53) 

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

 (4.51)
(4.52),(4.53)
��������� 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑_𝑎𝑎𝑎𝑎𝑎𝑎 = 1

𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖
(−𝐼𝐼𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖 ) = −𝐼𝐼 (4.54) 

 
48 

 



Laboratory of Electric Circuits & Renewable Energy Sources 
 
The instrumentation amplifier reference voltage is set to Vref to employ only positive 

supply voltage and be able to respond to positive and negative values of the input signal with 

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

 (4.54)
(4.50)
���� 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑_𝑎𝑎𝑎𝑎𝑎𝑎 = −𝐼𝐼+ 1

2
𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏 (4.55) 

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

5.55 × 10−3 Ω. The gain of the differential amplifier can be calculated using (4.53). 

 𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 _𝑎𝑎𝑎𝑎𝑎𝑎 = 1
𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖

= 1
5.55×10−3 = 180 (4.56) 

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

defined by the following gain equation: 

 𝑅𝑅𝐺𝐺 = 420 𝑘𝑘𝑘𝑘
𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑_𝑎𝑎𝑎𝑎𝑎𝑎−5

 (4.57) 

Thus, using (4.57) the value of RG is set equal to 2.4 kΩ. 

The inverting adder sums the input signals of the processed samples of V, I and level 

control voltage and inverts the output. The three input signals are the following: 

• differential amplifier OA1  output: -I, 

• buffer amplifier OA2 output:  1
𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇

V and 

• buffer amplifier OA4 output: Vctrl. 

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: 

 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = −�−𝐼𝐼 + 1
𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇

𝑉𝑉 + 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 � = 𝐼𝐼 − 1
𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇

𝑉𝑉 − 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (4.58) 

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

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

 (4.58)
(4.50)
���� 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐼𝐼 − 1

𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇
𝑉𝑉 − 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 1

2
𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏  (4.59) 
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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.  

 

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: 

• PI controller transfer function: 

 𝐺𝐺𝑝𝑝𝑝𝑝 = 𝐾𝐾𝑝𝑝 + 𝐾𝐾𝑖𝑖
𝑠𝑠

 (4.60) 

• PWM modulator gain:  

 𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝 = 1
𝑉𝑉𝑇𝑇𝑇𝑇−𝑉𝑉𝑇𝑇𝑇𝑇

 (4.61) 

where VTH and VTL are the maximum and minimum voltage levels of the triangular 

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

• Boost converter transfer function:  

 𝐺𝐺𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎
𝑠𝑠𝑠𝑠

 (4.62) 

• RC filter transfer function:   

 𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 1
1+𝑅𝑅𝑅𝑅𝑅𝑅

 (4.63) 

• TEG source small-signal gain: 

 𝐺𝐺𝑠𝑠 = 1 − 𝑅𝑅𝑡𝑡ℎ
𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇

 (4.64) 

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

following calculations: 

 𝑣𝑣� = 𝑖̃𝑖𝑅𝑅𝑡𝑡ℎ (4.65) 
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 (4.42)
(4.59)
���� 𝑑𝑑𝑝𝑝�

𝑑𝑑𝑣𝑣�
= 𝑖𝑖̃ − 1

𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇
𝑖𝑖̃𝑅𝑅𝑡𝑡ℎ = 𝑖𝑖̃(1 − 𝑅𝑅𝑡𝑡ℎ

𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇
) (4.66) 

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

 𝑒𝑒 = 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 − (𝐼𝐼 − 1
𝑅𝑅𝑇𝑇𝐸𝐸𝐸𝐸

𝑉𝑉) (4.67) 

Implementing the block diagram of Fig. 4.11 and the transfer functions given by 

(4.61) - (4.64) in Simulink, the Kp (proportional gain) and Ki (integral gain) parameters of the 

PI controller have been derived. With minor additional tuning the resulting values of Kp and 

Ki are the following: 

 𝐾𝐾𝑝𝑝 = 0.0196 (4.68) 

 𝐾𝐾𝑖𝑖 = 1.9608 (4.69) 

The circuit implementing the PI controller is shown in Fig. 4.12. 

 

Fig. 4.12 PI controller circuit. 

The Ki parameter is given by the following equation: 

 𝐾𝐾𝑖𝑖 = 1
𝐶𝐶𝑅𝑅1

 (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 R1 is calculated. 

The Kp parameter is given by the following equation: 

 𝐾𝐾𝑝𝑝 = 𝑅𝑅2
𝑅𝑅1

 (4.71) 

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

previously calculated value of resistance R1, the value of resistance R2 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 PI controller. 

The PWM circuit diagram is presented in Fig. 4.13. 

 

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, VTH and VTL, respectively, 

are given by: 

 𝑉𝑉𝑇𝑇𝑇𝑇 = 𝑉𝑉𝐶𝐶𝐶𝐶 (𝑅𝑅1+𝑅𝑅2)
2𝑅𝑅2

 (4.72) 

 𝑉𝑉𝑇𝑇𝑇𝑇 = 𝑉𝑉𝐶𝐶𝐶𝐶 (𝑅𝑅1−𝑅𝑅2)
2𝑅𝑅2

 (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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 (4.66) − (4.67) = 𝑉𝑉𝑇𝑇𝑇𝑇 − 𝑉𝑉𝑇𝑇𝑇𝑇 = 𝑉𝑉𝐶𝐶𝐶𝐶 (𝑅𝑅1+𝑅𝑅2)
2𝑅𝑅2

− 𝑉𝑉𝐶𝐶𝐶𝐶 (𝑅𝑅1−𝑅𝑅2)
2𝑅𝑅2

= 𝑅𝑅1
𝑅𝑅2
𝑉𝑉𝐶𝐶𝐶𝐶  (4.74) 

where R2>R1. 

The value of resistors R1 and R2 is determined by the ratio: 

 𝑉𝑉𝑇𝑇𝑇𝑇−𝑉𝑉𝑇𝑇𝑇𝑇
𝑉𝑉𝐶𝐶𝐶𝐶

= 𝑅𝑅1
𝑅𝑅2

 (4.75) 

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

 𝑓𝑓 = 𝑅𝑅2
4𝑅𝑅3𝐶𝐶𝑅𝑅1

⇒ 4𝑓𝑓𝑅𝑅1
𝑅𝑅2

= 1
𝑅𝑅3𝐶𝐶

 (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 R1 and R2 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.  

 

Fig. 4.14 Overcharge protection circuit. 

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

selected with nominal total voltage Vz=2.1 V. 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 Vbat=2.8 V), the voltage produced by the voltage divider, Vdiv, is greater than 

the reference voltage produced by the zener diodes, Vz, which is also sufficient to drive the 

MOSFET gate. The comparator output equals Vdiv 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 Vz becomes greater than Vdiv, 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: 

• the power conditioning system input and output power – input voltage curve, 

• the efficiency (η%) – power conditioning system output power curve and 

• 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 ΔΤ. The efficiency, η%, of a power conditioning system is given by the following 

equation: 

 𝜂𝜂% = 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
𝑃𝑃𝑖𝑖𝑖𝑖

∙ 100% (4.77) 
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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 η% - Pout curves for the same ΔΤ 

values as in Section 2.4.1, while Fig. 4.18 depicts  the PinMPP/PoutMPP – ΔΤ curve for one TEG. 

 

Fig. 4.15 Power conditioning system Pin - V characteristics. 
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Fig. 4.16 Power conditioning system Pout - V characteristics. 

 

Fig. 4.17 Power conditioning system η% - Pout characteristics.  
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Fig. 4.18 Power conditioning system PinMPP/PoutMPP – ΔΤ characteristics. 

4.7.2  Power conditioning system power dissipation for two 

TEG modules connected in series 
Figs. 4.19 - 4.21 present the Pin – Vin, Pout – Vin and η% - Pout curves for the same ΔΤ values 

as in Section 2.4.2, while Fig. 4.22 illustrates the PinMPP/PoutMPP – ΔΤ curve for two TEG 

modules connected in series. 

 
57 

 



Laboratory of Electric Circuits & Renewable Energy Sources 
 

 

Fig. 4.19 Power conditioning system Pin - V characteristics. 

 

Fig. 4.20 Power conditioning system Pout - V characteristics. 
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Fig. 4.21 Power conditioning system η% - Pout characteristics. 

 

Fig. 4.22 Power conditioning system PinMPP/PoutMPP – ΔΤ 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 Pin – Vin, Pout – Vin and η% - Pout curves for the same ΔΤ 

values as in Section 2.4.3, while Fig. 4.26 depicts the PinMPP/PoutMPP – ΔΤ curve for two TEG 

modules connected in parallel. 

 

Fig. 4.23 Power conditioning system Pin - V characteristics. 
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Fig. 4.24 Power conditioning system Pout - V characteristics. 

 

Fig. 4.25 Power conditioning system η% - Pout characteristics. 
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Fig. 4.26 Power conditioning system PinMPP/PoutMPP – ΔΤ characteristics. 
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5. 

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.  

 

Fig. 5.1 The experimental prototype of the proposed MPPT system 

 
63 

 



Laboratory of Electric Circuits & Renewable Energy Sources 
 

5.2 Experiments 

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

source configurations, similarly to the simulated TEG sources: 

• one eTEG HV56, 

• two eTEG HV56 connected in series and 

• two eTEG HV56 connected in parallel. 

For each TEG configuration the following experiments at 293 oK 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 0.5 V, 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: 

 𝑃𝑃𝑃𝑃% = 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 −𝑀𝑀𝑀𝑀𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

∙ 100% (5.1) 

5.2.1 Experimental results for one eTEG HV56 
The experimental I-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 I-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 

ΔΤ (οC) 
Theoretical MPP 

(mW) 

Experimental MPP 

(mW) 
Percentage deviation (%) 

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 oK is the lowest boundary of the HV56 thermal operation range. 

5.2.2 Experimental results for two eTEG HV56 connected in 

series 
The experimental I-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. 5.5 Experimental I-V curves for two eTEG HV56 modules connected in series. 

 

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. 

 

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 

ΔΤ (οC) 
Theoretical MPP 

(mW) 

Experimental MPP 

(mW) 
Percentage deviation (%) 

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 2.42 

24.3 5.1613 5.1207 0.79 

28.3 7.777 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 1%.  

5.2.3 Experimental results for two eTEG HV56 connected in 

parallel 
The experimental I-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. 5.8 Experimental I-V curves for two eTEG HV56 connected in parallel. 

 

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 

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

ΔΤ (οC) 
Theoretical MPP 

(mW) 

Experimental MPP 

(mW) 
Percentage change (%) 

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 I-V and P-V curves for two TEG modules at different 

ΔΤ 
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, ΔΤ=16.8 oK  has 

been applied to the first TEG and ΔΤ=4.1 oK has been applied to the second TEG. Also, to 

obtain the I-V and P-V curves of the second case of the connection in series, ΔΤ=24.4 oK has 

been applied to the first TEG and ΔΤ=3.1o K has been applied to the second TEG. 

The I-V and P-V curves, respectively, of two TEG modules connected in parallel with 

different values of ΔΤ are presented in Figs 5.13 and 5.14. A temperature gradient of 

ΔΤ=20.6 oK has been applied to the first TEG and ΔΤ=3.1 oK 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 ΔΤ. 

 

Fig. 5.12 P-V curves for two eTEG HV56 connected in series with different values of ΔΤ. 
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Fig. 5.13 I-V curve for two eTEG HV56 connected in parallel with different values of ΔΤ. 

 

Fig. 5.14 P-V curve for two eTEG HV56 connected in parallel with different values of ΔΤ. 
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The specific values of ΔΤ 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, η%, of a power conditioning system is 

given by the following equation: 

 𝜂𝜂% = 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
𝑃𝑃𝑖𝑖𝑖𝑖

∙ 100% (5.2) 

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

shown in Figs 5.15 and 5.16, respectively. 

 

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. 

 

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.  

 

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. 

 

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 Vbat=2.7 V and the current as Ictrl=1.9 mA. Hence, the power 

consumption has been calculated to be equal to Pctrl=5.13 mW. 

The developed system can be used in applications with temperature gradient (ΔΤ), 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. 
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6. 

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, Tcj-V and Thj-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: 

 𝜂𝜂𝑥𝑥 = 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀,𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

∙ 100% (6.1) 

where PMPP,experimental refers to the minimum, Pmin, and the maximum, Pmax, 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 Pmin and Pmax values are the same.  

Extracting MPPT efficiency values from [3] for Voc=2 V for each MPPT method and 

comparing with the proposed method for two TEG modules connected in series and 

ΔΤ=40.3 oK, Table 6.1 has been constructed, summarizing the performance of these MPPT 

methods. The minimum, η(%)min, and maximum, η(%)max, efficiencies in Table 6.1 result 

from equation (6.1) where PMPP,experimental is Pmin and Pmax, respectively. 

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

Method η(%)min η(%)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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