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ABSTRACT

The non-uniform heat distribution of a thermoelectric generator is equivalent to the
partial shading event of the photovoltaic system, and hence, it is identified as a critical
aspect in maximizing electrical output. In this thesis, a technique to enhance the
performance of the thermoelectric generator under non-uniform heat distribution is
developed. A large area of heat source is needed when the thermoelectric generator is
used for high power applications such as powering air conditioners, household
appliances, and distributed generation systems. Non-uniform heat distribution is a
natural phenomenon in the large surface of the heat source, which results in the voltage
diversity of each thermoelectric generator; therefore, the output power of the arrays
drops significantly. One of the objectives of this study is to model the thermoelectric
generator system for high-power applications under non-uniform temperature
distribution. The parameters of the model, including the internal voltage source in
series with an equivalent resistance, are determined from experimental analysis. The
model has successfully demonstrated the performances of a thermoelectric array
connected to the grid under uniform and non-uniform heat distribution conditions. A
method of maximizing power, i.e., developing a specialized maximum power point
tracker (MPPT) along with blocking diodes, is proposed to overcome the effects of
non-uniform heat distribution. The proposed MPPT uses a modified perturbed and
observed technique to extract the peak power under the change of partial surface
temperature, as well as the change of loads. A prototype of a thermoelectric generator
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is developed for verification purposes. A rigorous comparative study is conducted as
well between the model outputs and the experimental scenarios.
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CHAPTER 1
INTRODUCTION

Thermoelectric generation (TEG), originating from the abundant thermal energy in the
environment, has become a promising alternative energy source. Various sources of
thermal energy, such as body temperature, exhaust pipes of vehicles, chimneys, and
solar concentrators, can be converted to electric power via a thermoelectric generator.
The TE conversion method is environmentally friendly because it is based on a
physical process that directly converts thermal energy to electricity. Other advantages
of a TEG system include silent operation, no moving parts, long lifetime, and
environmental friendliness. A wide variety of applications have demonstrated the
promise of TEG technology, such as micro-power applications (e.g., wearable devices,
medical devices, and Internet of Things sensors) and high-power applications (e.g.,
power generators in space (RTEG), automotive industry, geothermal power
harnessing, and distributed power plants).
Despite its advantages, important challenges of TEG technology that must be assessed
in the near future include improving semiconductor materials to improve its efficiency,
which is currently around 5%. Real-world application of TEG technology requires
further improvement in the efficiency of the conversion of thermal energy into
electrical energy.
Most TEG researchers in the world are focused on three fields of research: the
development of a high efficiency material, thermoelectric generator modeling, and
applications of TEG systems [1-12]. Two types of thermoelectric devices based on
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established research have been industrially produced: TEG devices for power
generator applications and thermoelectric cooling (TEC) devices for cooling system
applications. Both types of devices involve similar materials, device constructions, and
characteristics; however, TEG and TEC devices are slightly different in terms of
efficiency and operating temperature. A typical TEG device has a soldering
temperature that exceeds 200oC, whereas a TEC devices has a maximum soldering
temperature of 138oC. In terms of market price, a TEG device is approximately 15
times more expensive than a TEC device [13].
Because a thermoelectric device involves the conversion of one form of energy onto
another, it can be modeled under the scope of thermal and electrical material
properties. The modeling of thermoelectric generators in the literature primarily
involves the thermal material property for energy conversion process in the device.
Thus, material selection, architecture of design, and manufacturing process must be
considered in the model. As a result, the models vary greatly in the literature [14-23].
In contrast to the majority of models, modeling of a TEG in terms of an electrical
equivalent circuit has rarely been conducted, with any equivalent circuit work being
typically a small part of the entire material analysis.
In applications, researchers have primarily studied thermoelectric generators for use
as a micro-power supply for wearable devices, medical devices, Internet of Things
sensors, etc. Because such studies involve small-size devices, the modeling of such a
small TEG device exposed to a source of a non-uniform distribution of heat has not
been considered [14-23]. In contrast to the large amount of research on TEG devices
for low-power applications, few research works have considered high-power
2

applications [24-30]. A TEG system for high-power applications requires a large
surface of high temperature as the source of energy. In this case, the distribution of
heat temperature may not be uniform. High-power applications also require other
models involving larger systems that allow for the use of a pure electrical equivalent
circuit.
In this thesis, applications of a thermoelectric generator for a high-power system are
discussed. A model of a large system that is extended from individual TEG devices is
considered. The modeled system performances involve the use of a thermal source
with a non-uniform temperature distribution.

1.1 Research Goal
The research goals are as follows:
•

Modeling and analysis of a large TEG system under the presence of a
thermal source with a non-uniform heat distribution based on an electrical
equivalent circuit and basic laboratory tests, e.g., open circuit and short
circuit tests;

•

Develop a method to maximize the electrical power output of
thermoelectric generators.

A literature review was conducted prior to performing the state-of-the art modeling of
applications of thermoelectric generators. To enhance the accuracy of the model, a
prototype of a TEG system with a capacity of 80 Volts/ 2 Amperes maximum was
built. Data sets from laboratory tests were used to develop further models of large
thermoelectric systems and analyze the system performances. Based on the analysis,
3

a method of maximizing the output power was proposed. Applications of TEGs for
grid-connected system with MPPT were also demonstrated. The scope of this study is
shown in Fig. 1.1.
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Fig. 1.1. Scope of the study
1.2

Contribution of the Thesis

The Thesis presents three contributions to the knowledge in the field of study,
especially in related to the modelling and maximizing power in the large-scale
thermoelectric under non-uniform heat distribution. The contributions are as
follows:
1. The proposed and development methodology to model the TEG for high
power applications. A novel scheme to build a model of single cell and array
of TEG is presented.
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2. The performance characteristics of TEG under non uniform heat distribution.
Results from laboratory test of the prototype built prior to detail simulations
support the findings. It is also shown that the proposed TEG model is an
effective one to represent the appropriate electrical characteristics of the
TEG.

3. The method of achieving maximum power under normal and non-uniform
heat distribution. It presents the proposed modified perturbed and observed
scheme of Maximum Power Point Tracker for the TEG array.

1.3

Thesis Organization

This thesis is organized as described in the following. The first part introduces the
basic concept of a thermoelectric generator, types of TEG models, TEG applications,
and the scope of the study. Chapter 2 presents a literature review covering
thermoelectric applications, TEG heat sources, TEG models, and maximization
methods of a TEG system.
Chapter 3 discusses the modeling of a thermoelectric system. The proposed model is
also described. The modeling steps to go from a single device to a larger system (such
as a thermoelectric module consisting of several devices, a panel, a string, and an array)
are explained. The relevant equations for the model were developed, and the model
was used to simulate a TEG device. A prototype of a thermoelectric generator was
built and used to collect test data. Finally, the chapter presents the details of the
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construction of the prototype, the concept of the prototype, and the measured
parameters.
Chapter 4 focuses on the system performances of thermoelectric generators. A TEG
panel, a string of TEG panels, and an array of TEG panels are operated under uniform
and non-uniform temperature distributions. The highlights of the system performances
are noted in this chapter.
Chapter 5 deals with the proposed maximization methods. The methods are based on
the findings of Chapter 4. Two methods are proposed to maximize the power output
of thermoelectric systems: using a blocking diode and using MPPT.
The conclusion is presented in Chapter 6.
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CHAPTER 2
LITERATURE REVIEW

2.1

Introduction

This chapter presents a literature review of thermoelectric generator applications.
There are two main applications of TEG systems: low-power and high-power
applications. A wearable device (such as a watch, a sensor for medical devices, and an
internet of things device) requires a low power electrical supply. High-power
applications involve the use of thermoelectric generators to power air conditioning
systems, lighting systems, house-hold appliances, etc. This thesis considers a TEG
system for high-power applications in which a large system of thermoelectric
generators is designed to inject power into the grid. A comprehensive review of the
application of thermoelectric generators is presented that covers both low-power and
high-power applications as well as the relevant power processing unit.
2.1.1

Wearable TEG

The human body is one of the favorable heat sources for thermoelectric generator
applications. Heat from a human body can be used to supply power to a wearable
device (such as a watch, a sensor for medical equipment, or a communication device);
however, different parts of the body are at different temperatures. For example, the
chest area is the warmest part of the human body. A zone diagram of human body
temperature presented in reference [31] is shown in Fig. 2.1.
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Fig. 2.1. Zone diagram of human temperature [31]

A person emits 100–120 W of heat under the resting condition. During a period of
average load, such as walking at 5 km/ hour, the heat emitted is 300 W. During a period
of heavy work or sport, the body emits 500 W. The temperature on the skin depends
on the human thermal resistance. A model of the human body heat source, as illustrated
in Fig. 2.2, was developed in reference [31].

9

(a)

(b)

Fig. 2.2. Developed model of (a) the thermal generator and (b) the thermal load [31]

The model shown in Fig. 2.2 employs a TEG to convert the gradient (T) between the
heat generated (Tcore = 37oC) and room air temperature (Tair). The skin temperature
(Tskin) depends on the body resistance (Rbody). The gradient of thermopile temperature
(Ttp) represents the difference between the cold plate temperature (Tcp) and the hot
plate temperature. The total TEG resistance (RTEG) involves the combination of the
parameters in the thermopile, including the internal resistances (Rist) and (Rtp). The
specific resistance value is Rbody = 200–500 cm2 K/W, the air resistance value is Rair =
500–1000 cm2 K/W, and the optimum total TEG resistance value is RTEG = 300–800
cm2 K/W. Using this model, the heat flow W is given as follows:
10

𝑊=

𝑇

(2.1)

𝑅𝑏𝑜𝑑𝑦 +𝑅𝑎𝑖𝑟 +𝑅𝑇𝐸𝐺

A system based on the model was designed to supply an electronic watch [31]. When
the hand of the wrist bearing the watch was immobile, the temperature was found to
change dynamically as a function of time, as shown in Fig.2.3. The skin area for the
thermoelectric generator is 9 cm2, with T reaching 0.9oC–5.2oC, thereby generating
a voltage of 20 mV–200 mV. This condition is sufficient to activate the electronic
circuit and maintain the output voltage at a constant value.

Fig. 2.3. Temperature difference as a function of time after hand movement [31]

Using the same model, a TEG placed in the human body for supplying other wearable
devices, such as an electroencephalogram (EEG) and an accelerometer, was studied
[14-16], [32-34]. A thermoelectric generator as an energy harvester was seamlessly
integrated into a textile or office shirt [35]. This integrated TEG was tested under
11

actual daily activity conditions. The thermoelectric generator was found to provide 0.5
mW–5 mW of power over a range of ambient temperatures of 27°C–15°C. The
hotplate area was 5 cm2, and the radiator area was 9 cm2. Fig. 2.4 shows the
architecture of the TEG embedded into a textile.

(1) thermopile,
(2) polyethylene encapsulation,
(3) thermally insulating spacers,
(4) textile

Fig. 2.4 TEG is integrated into a textile [35]
Amin Nozariasbmarz et al. presented research involving the placement of a
thermoelectric generator in a wrist, chest, and arm [32]. A power processing unit is
required to boost the voltage up to the standard voltage supply for an electronic device.
The power processing unit includes a rectification unit, a dc-to-dc or dc-to-ac
converter, and a voltage regulator. The embedded system may use a rechargeable
battery or be directly connected to the regulator. Joao Paolo Carmo et al. used a microconverter or a step-up dc-to-dc converter to boost the voltage. Fig. 2.5 shows the
circuit of the boost converter.
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Fig. 2.5 Micro-converter for the power processing unit of a thermoelectric generator
[22]

The micro-converter was proposed as a means to supply ultra-low power to
electroencephalogram (EEG) amplifiers. An integrated system of human temperature
power and wireless electroencephalograms, as illustrated in Fig. 2.6, was
demonstrated.

Fig. 2.6 A wireless EEG powered by a thermoelectric micro-converter [22]

A study of an accelerometer attached to the wrist and powered by a thermoelectric
generator was presented in reference [34]. The accelerometer detected three-axis
accelerations during the period of wrist movements. The TEG dimensions were 22
mm in width and 24 mm in length. At ΔT = 18 K, the generated output power of the
thermoelectric was 45 μW. The minimum voltage and power consumption of the
13

accelerometer were 1.6 V and 2.4 μW, respectively. A step-up dc-to-dc converter was
used to amplify the thermoelectric output voltage. The converter involved a
transformer to achieve high gain voltage amplification and an integrated circuit to
regulate the voltage, as shown in Fig. 2.7.

Fig. 2.7. Power conditioning unit for an accelerometer [34]

2.1.2

Ground and Ambient Temperature TEG

Harnessing power from the temperature difference between the earth and the ambient
atmosphere was proposed in reference [36]. In that study, a TEG is placed between a
black body radiator to absorb heat in ambient and a thermal guide connected to the
ground at depth.

Radiator

20 cm depth
Under ground

TEG

 25 mm
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Fig. 2.8 Model of harnessing energy from the temperature difference between the
ground and the ambient atmosphere [36]

Fig. 2.8 shows the basic diagram of the model. The gradient temperature T transfers
heat through the thermoelectric to the ground via a thermal guide of 25 mm in
diameter. The ambient resistance (Kambinent) and the ground resistance (Kground)
attenuate the heat transferred. The heat generates a voltage (Voc) due to Seeback effect
TEG. The voltage generated powers the load through the equivalent internal resistance
RTEG. The system generated the peak power of 27.2 mW during a sunny day and 6.3
mW during night-time.
2.1.3

Solar Dish Concentrator TEG

A solar dish concentrator is another promising heat source for thermoelectric
generators [37]. Highly concentrated thermal energy can be collected in an area as
small as 5x5 cm2. The concentrator uses 2 reflective dishes to allow the thermoelectric
generator, Stirling engine, or other thermal harvester to be placed on the ground
beneath the main dish, as shown in Fig. 2.9. This architecture allows for a lighter
mounting structure compared to the mounting structure involving a single disk that
requires the thermal receiver to be mounted above the disk. With a thermoelectric
generator placed on the concentrator, at the temperature difference of 59oC, the voltage
generated was 2.3 V.
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Fig. 2.9 Solar concentrator as a heat source for a thermoelectric generator [37]

The use of car exhaust, chimney exhaust, or other combustion systems as a heat source
was introduced in references [38-39]. Because this system employs a larger area of
heat source, several series and parallel connections of thermoelectric generators were
used, instead of a single thermoelectric generator device. The system is capable of
providing power to interior automotive equipment, household appliances, and power
plants. An economic analysis found that a TEG system has the favorable
characteristics of low operation and maintenance costs, no moving parts, and ability to
use of abundant thermal energy [24].
2.1.4

Waste Heat Recovery TEG

Applications for waste heat recovery in a commercial vehicle were introduced [25] by
Arash [38]. The thermoelectric system was placed into two sub-systems of car exhaust:
the ATS (after treatment system) sub-system with 224 TEGs and the EGR (exhaust
gas recycling) sub-system with 240 TEGs. The experiment showed that when the
16

engine speed was 1000 rpm at 25% load, the ATS temperature was in 248oC and the
EGR temperature was 318oC. When the engine speed was 1300 rpm at full load, the
ATS temperature was 396oC and the EGR temperature was 560oC.

Fig. 2.10. TEGs with an electric power processing unit on a car exhaust system [38]

Fig. 2.10 shows the TEG structure diagram in the ATS and EGR system. The TEGs
are separated into 4 sub-systems, for which T is similar to each other. Each TEG subsystem is attached to an electric power processing unit. The system was capable of
harnessing 1 kW of electricity from a total of 170 kW of waste heat in combustion
vehicles.
Harnessing energy and analysis of heat from a chimney was presented in references
[38, 40]. Experimental application of TEGs on a residential incinerator chimney was
presented in reference [38]. The temperature was varied up to 300oC. A prototype of
24 series TEGs was found to successfully generate power up to 20 W at the voltage of
46.5 V and the current of 0.43 A.
17

The temperature gradient in a household chimney was analyzed by Daniel Rudisser
(41). The chimney was formed by a precast brick of 20 cm in diameter. The inner
chimney temperature was around 90oC, and the outside temperature in the room
surrounding the air fresh channel was 25.9oC.

Fig. 2.11. Temperature gradient in a household chimney [41]

Other high-power thermoelectric applications, namely, heating and refrigeration
systems, were proposed by researchers in reference [26]. One of them was TEGs for
low temperature geothermal sources presented by Liu et al. [27]. The geothermal
source studied produced a 120oC heat difference to drive a 1 kW thermoelectric power
generator. The experiment proved that power was generated in direct proportion to the
temperature gradient. A system containing 96 TEG modules of Bi2Te3 type, 16 cm2
area, and 127 couples with the cost of US$ 3.4 each was proposed in reference [42].
During the test period, the system was operated using 100oC hot water and 20oC tap
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water. The output power remained constant at 160 W. The relationship between the
temperature difference and the power generated is shown in Fig. 2.12

Fig. 2.12. The test results of the power generated as a function of the temperature
difference [42]

A design of a gas combustion source with a thermoelectric generator, as shown in Fig.
2.13, was presented in reference [43]. That study found that an open loop 500 MW gas
turbine can generate 5.9 MW electricity via a thermoelectric generator.

Fig. 2.13. Design of a gas combustion power plant for thermoelectric generation [43]
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2.2

Power Processing Unit

A thermoelectric generator produces power at an output voltage that depends on the
temperature difference. In low power applications, the area used is small, and the
temperature difference is several degrees; thus, the voltage generated is in the millivolt
range. As a result, a power processing unit is required to boost the voltage up to a
useable standard voltage. Fig. 2.14 shows a closed loop diagram of a power processing
unit to increase the output voltage of a thermoelectric generator. The closed loop
control is used to stabilize the output at a certain standard voltage

Thermoelectri
c Generator

Vin

Power
Processing
Unit

Vout

Load

D

Controller

feedback

Fig. 2.14. Power processing unit for a thermoelectric generator

ton
Time (s)

T=1/f

(a)

(b)

Fig. 2.15. Open loop Boost dc-to-dc converter (a) power circuit of a Boost converter
(b) timing diagram of the switch
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Because the function of a power processing unit is mainly to increase the voltage, it
may use an open loop boost converter, as shown in Fig. 2.15. A boost converter
increases the voltage by using the high pulse current during the transient condition of
the inductor caused by operation of the switch. The duty cycle (D) is defined as the
ratio of the conduction time (ton) and the period (T) of the switching; thus, the output
𝑉

𝑖𝑛
voltage (Vout) is 𝑉𝑜𝑢𝑡 = 1−𝐷

For example, when the switch of a boost converter is operated at 1 kHz, the duty cycle
D = 75%, as shown in Fig. 2.15 b). It can be shown that Vout = 4 Vin. To achieve a
high gain ratio of voltage boosting, a flyback dc-to-dc converter may be used. The
converter employs a transformer designed with the required turn ratio. The operation
of a flyback converter is based on similar principles to the operation of the Boost
converter, except for the use of a transformer.

Fig. 2.16. Open loop flyback converter
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When the requirement is to not only increase the voltage but also improve the system
efficiency, a maximum power point tracker (MPPT) is involved. An MPPT is an
electronic circuit whose function is to maximize the available power in a renewable
energy source. An MPPT is commonly employed in a solar photovoltaic system;
however, with the necessary adjustments, it can be used for other sources, such as wind
energy systems and thermoelectric generators. All the TEGs in the model receive
uniform irradiance, but the magnitude may change dynamically. The use of maximum
power point tracking for a thermoelectric system was proposed by researchers in
references [49-56]. The use of TEGs with an MPPT to charge a battery was introduced
by Hayati Mamur et al. [58]. Another method to expand the peak power using an array
reconfiguration was presented by Qiping et al. [60]. The method employs a number of
switches to reconfigure the array. Qiping et al. claimed that the system could remain
at high efficiency under various temperature gradients.
Electronically maximizing methods, especially utilizing an MPPT has been widely
implemented in PV applications. The basic working mechanism is by adding a
converter and adjusting the voltage to yield the highest power possible. There are
several main problems in MPPT methods,
1.

Maximum Power Point Precision
Precision has a very important role in MPPT, the slightest shift from
the true maximum power point will result a significant difference. An
MPPT with a “pre-setting’ type is prone to imprecision if the presetting
parameter is not set correctly. [55]

2.

The time needed to reach MPP
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Searching type MPPT works by gradually increasing the duty cycle
until the MPP is achieved. By setting the incremental steps wide, MPP
will be achieved quickly, but less precise. On the other hand, it will be
more precise if the increments are set narrow, but then it will take a
long time to achieve MPP. [49]
3.

Local Maximum Power Point
On a large scale application in PV or TEG, it is very common to have
differences in irradiance or heat distribution. This will result in several
different maximum power points on different areas, causing the MPPT
to pick the wrong MPP. This problem can be eliminated by utilizing a
smart MPPT that is based on a searching algorithm combined with AI.
[52][53]

4.

Maximum Power Point Shifting
Irradiance from the sun is relatively constant, except when it is cloudy
that causes partial shading. This does not apply to heat, a wide surface
in an incinerator is prone to temperature changes that depends on many
factors. [52][53]

An MPPT comprises two major components (as shown in Fig. 2.17): the DC-to-DC
converter and the controller.
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Input
parameters

MPPT
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Load

feedback

Fig. 2.17. DC-to-DC converter and controller for an MPPT

The MPPT concept is basically to change the terminal voltage of a renewable energy
source when supplying power to the load to allow the output power to reach the
maximum point. The DC-to-DC converter provides the interface between the
renewable source and the load terminals, i.e., the load voltage is fully regulated by the
converter. The converter is controlled by pulse width modulation, i.e., adjustment of
the duty cycle. The input parameters from the renewable source are used to determine
the suitable duty cycle for obtaining the maximum power point. The feedback
parameters are used to sacrifice some of the input of the controller to meet the target
of the converter output.
Many types of MPPT have been proposed by researchers [49-56]. Podder, A.K, et al.
divided their MPPT’s algorithm into 8 categories: conventional, mathematical based,
measurement & comparison based, constant parameter based, trial & error, numerical,
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intelligent prediction, and iterative [49]. According to its tracking process for
obtaining the peak power, we can divide MPPT algorithms into 3 categories:
•

Pre-setting: lookup table, curve fitting, fractional Open Circuit Voltage, etc.

•

Predicting: Fuzzy logic, artificial neural network, ANFIS, genetic algorithm,
etc.

•

Searching: perturbed & observed, incremental conductance, hill climbing, etc.

Preset Pmax

Power (Watts)

T =60oC
T =50oC
T =40oC
T =30oC
T =20oC
Preset V or Duty Cycle

Fig. 2.18. Principles of MPPT pre-setting algorithm

In MPPT operation, a predetermined pre-setting algorithm introducing a typical data
set–such as peak powers and duty cycles under several conditions–is utilized. By
considering the input parameters, an appropriate duty cycle is then selected for
controlling the DC converter. Fig. 2.18 shows the principles of this pre-setting
algorithm. Lookup table, curve fitting, fractional of open circuit voltage, fractional of
short circuit current, etc. are included as pre-setting MPPT types.
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The predicting algorithm uses artificial intelligent methods to identify such conditions
based on the input parameters. Next, a duty cycle is selected based upon consideration
of those parameters and the internal data base. This technique commonly requires
training procedures to generate the internal data base. Fuzzy logic, neural network,
ANFIS, genetic algorithm, etc. are the artificial intelligence schemes used by
researchers for an MPPT control system [52-54].

Fig. 2.19. Flow-chart of perturbed and observed MPPT [52]

A searching algorithm utilizes step-by-step increments to increase the voltage of the
DC converter until the peak power is achieved. The algorithm compares the previous
step of calculation or measured data with the recent one. When the recent power is
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higher than the previous result, it means that the peak power remains to be achieved.
Thus, searching is continued. When the recent power value is lower than the previous
power value, it means that the peak power was previously achieved. Thus, the voltage
of the DC-to-DC converter must be reduced. Oscillation may occur at the point of peak
power. Famous names for this type of MPPT are perturbed and observed (P&O),
incremental conductance (INC), hill climbing, etc. [49-51], [55-56]. Fig. 2.19 shows
a flow-chart diagram of the perturbed and observed method. The P&O method uses a
constant increment step to increase the DC converter voltage; it also utilizes a constant
decrement to reduce the voltage when the peak power went through. Another P&O
type involves an adaptive increment instead of a constant one.
In this thesis, the P&O method is utilized to investigate the thermoelectric generator
performance. The method is a simple but effective approach to obtain the maximum
power point without pre-setting any values or training the system. Modification to the
control system was implemented to allow the MPPT to cover rapid and deep changes
of local temperature.

2.3

Inverter System used in this study

An inverter system is a piece of power electronic equipment used to convert from dc
voltage to ac voltage. An inverter system is applied when the source is a dc voltage
source, whereas the load is an ac voltage load. There are 2 types of inverters: stand
alone and grid-interactive inverter. The stand-alone inverter supplies load only,
without connection to other sources.
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An inverter grid-interactive circuit is an electronic circuit used as an interface between
a renewable energy source and an electricity grid system. The inverter injects power
generated by the renewable source to the grid. This system is commonly-known as
Distributed Generation (DG). The renewable energy sources include solar
photovoltaic (PV) house rooftop, small wind turbine, and thermoelectric generators.
Larger renewable energy systems are called farms, e.g., PV farms and wind farms,
whose capacity reaches tens to hundreds of megawatts.
Many types of inverters for distributed generation have been proposed by researchers
[57-65]. Inverters can be categorized by their number of phases, waveform patterns,
parameter-controlled types, etc. A single-phase inverter is employed for low-power
applications, whereas a three-phase inverter is for high-power applications. Both types
of inverters are commonly used for uninterruptible power supply systems and
distributed generation interfaces. The first inverters utilized a square wave pattern of
output voltage. Subsequently, better inverter technology was released that utilized
pulse width modulation patterns. A very famous pattern that is widely used in
industries is the sinusoidal pulse width modulation (SPWM) [58].
In terms of the parameter controlled, an inverter is grouped into 2 types: voltage
controlled and current controlled. A block diagram of an inverter involving a voltagecontrolled SPWM is shown in Fig. 2.20.
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Load

PWM controller

Feedback voltage

Fig. 2.20. Sinusoidal PWM inverter based on the voltage-controlled method

Bridge Inverter

Grid
Iref

~

+
PWM controller

Feedback current

Fig. 2.21. Sinusoidal PWM inverter based on the current-controlled method

Fig. 2.21 illustrates a Sinusoidal PWM inverter based on the voltage-controlled
method. The inverter is used for stand-alone power supplies, uninterruptible power
supplies, or distributed generation systems [60-62]. For supplying stand-alone loads,
the voltage is maintained at a constant value according to certain standards and quality.
When connected to the grid, the inverter is coupled with an inductor. The power
allowed to the grid is controlled through the phase angle and the voltage magnitude.
Detection of the grid voltage availability, namely, the islanding method, determines
whether the inverter is isolated or connected to the grid. When the grid fails, the
inverter must be isolated to the grid; however, it can supply the load to replace the grid
voltage immediately. Hence, it functions as an uninterruptible power supply system.
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Fig. 2.21. shows the current-controlled inverter connected to an electricity grid
system. The amount of power injected is adjusted from the current while the voltage
follows the grid voltage. The current phase angle can be set at any value, such as in
phase, leading, or lagging relative to the grid voltage. This type of inverter is mostly
used for distributed generation applications because of its simple control method [6365]. The disadvantage of the system is that the inverter shuts down when the grid fails.
The loads that may connect to the inverter will also black out. Other advanced controls
include dual inner and outer loops, triple loops, and cascade [62].
In this thesis, the current-controlled method is used in a thermoelectric inverter gridtied system. The system is a favorable technology for DG applications. A proposed
additional control that considers the thermoelectric available power is embedded into
the system.

2.4

Conclusion

Based on the application reviews stated above, it is concluded that thermoelectric
generators have widely been analyzed, tested, and implemented. Most applications
employ small area of thermoelectric generators, especially for low power
implementations. Some applications use an array of thermoelectric generators for
high-power applications. In addition, none of the applications reported in the literature
consider a non-uniform temperature distribution in the analysis. However, a nonuniform heat distribution typically occurs over the large area of a hot surface because
of the ambient and heat source conditions. This thesis focuses on high-power
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thermoelectric generator applications, especially for powering a distributed generating
unit. The block diagram of the entire system is shown in Fig. 2.22.

Fig. 2.22. The proposed system of a thermoelectric generator application

The system is designed in small- to medium- scale with a peak capacity of around 3000
Watt. The system is connected to the grid through a low-voltage distribution system
of 220 V/ 380 V.
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CHAPTER 3
THERMOELECTRIC SYSTEM MODELING

This chapter presents a model of a thermoelectric system. A proposed model is
introduced based on an electric circuit for large-power applications. The model
includes features to simulate the thermoelectric system under a non-uniform
temperature distribution.
3.1. Non-uniform Temperature Distribution
Non-uniform temperature distribution can also be translated as different temperature
gradients that occur on a large surface. This phenomenon is mostly present on
equipments that uses combustion in its process. A waste incinerator is a good sample
of an equipment that produces heat as a byproduct and prone to non-uniform
temperature distribution. This heat byproduct can be utilized as the heat source for the
thermoelectric generator. Sagi Samlas and Anilkumar S.H, did a reaserch about
Comparative evaluation of different design configurations for a Solid Waste
Incinerator which includes the analysis of heat non-uniformity inside a working
incinerator [67]. Fig. 3.1 shows the temperature gradients present on the incinerator. It
is clear that the part closest to the core has the highest temperature, while the part
furthest from the core will have the lowest temperature. Applying thermoelectric
generators to the walls of this incinerator whithout any ancillary equipment (e.g.,
MPPT controller) will result to a power generation with very poor efficiency.
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Fig. 3.1. Temperature distribution in solid waste incinerator [67]
3.2. Brief Thermodynamics Review of a Thermoelectric Device
According the first law of thermodynamics, The change in a system’s internal energy
is equal to the difference between heat added to the system from its surroundings and
work done by the system on its surroundings. This means that that energy can neither
be created nor destroyed, only altered in form. In the matter of thermoelectric devices,
the correlation is between heat flow and electromotive force. Thermoelectric devices
works in both ways, it will generate a temperature gradient when electromotive force
is applied and vice versa. These effects was discovered by Thomas J. Seebeck and Jean
C. Peltier. Thomas J. Seebeck founded that when a piece of copper wire and a piece of
bismuth wire is connected in series, it will generate electric current when one of the
junctions is heated. This effect is called Seebeck’s Thermoelectric Effect. While the
reverse mechanism is found by Jean C. Peltier and later known as the Peltier’s
Thermoelectric Effect.
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In the thermodynamics study, a thermoecouple composed of metals A and B with
junctions at different temperature, there are four different heat flows. First there is
Peltier heat, which is proportional to the current. Second, the rate of absorpsion of
Thomson heat is proportional to the temperature gradient and to the current. Third,
Fourier’s heat flow is proportional to the temperature gradient. And the last is Joule’s
heat generation rate according to Ohm’s law.
In recap, the thermoelectric generator is a heat engine that directly converts heat taken
from the environment into electricity. The active medium subject in thermoelectric
devices is a stream of electrons that are present in the semiconductors (metal A and
B). The semiconductors are connected at one end by another metal (e.g., copper),
identified as a grey colored strip in Fig. 3.2a. The presence of the connecting strip does
not affect the thermoelectric effect, since the connections are isothermal [33]. The
temperature gradient is defined as the difference between the hot temperature Th and
cold temperature Tc of a semiconductor junction. When a TEG is run in reverse,
electricity will cause a temperature gradient between two different metals that conduct
electricity. The basic concept and modeling of thermoelectric energy conversion are
shown in Fig. 3.2.

Gradient Temperature

(a)

(b)
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(c)

Fig. 3.2. Basic thermoelectric energy conversion (a) conceptual diagram (b)
thermoelectric energy flows [33] (c) electrical diagram

Fig. 3.2 shows the basic concept of thermoelectric conversion; it consists of two
conversion stages. The first stage is the use of a temperature gradient to generate the
internal voltage source (Voc), and the second stage is the flow of electric energy to the
load through the internal equivalent resistance (Rs). In this case, both Voc and Rs are
dependent on the thermoelectric material properties.

To analyze the conversions and performances, researchers use models. Many types of
models of thermoelectric generators have been presented [1- 12]. Each of the models
was developed according to the application of the TEGs. The model that is based on
the material properties is intended for low-power applications [14-23], whereas the
model that is based on an electric equivalent circuit is primarily for high-power
applications [24-30].

3.3. Modeling of a Thermoelectric Generator involving Material Properties

Modeling of a thermoelectric generator starts with understanding the Seebeck effect,
the Peltier effect, and the Figure of Merit. Thomas Johann Seebeck found that when
semi-conductors are connected to an electric circuit in series, they can convert heat
into electricity; the Seebeck coefficient α that characterizes this phenomenon is
defined as follows [8]:
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𝛼 = −𝛥𝑉/ 𝛥T

(2.1)

where V is the voltage, and T is the temperature. The Seebeck process drives charge
carriers to diffuse from the hot side, where they have higher thermal energy, to the
cold side in the thermoelectric material.
The Peltier effect represents the reverse process of the Seebeck effect. When two
different semiconductors are driven by an electric current, a heating at a rate of q
occurs at one side of the junction and cooling occurs on the other side. The Peltier
coefficient Π is defined as follows [8]:
Π=𝐼/q

(2.2)

where I is the electric current and q is the rate of cooling.
The thermoelectric figure of merit is useful to estimate the performance of the material.
The non-dimensional thermoelectric figure of merit, ZT, is given as follows [8]:
𝑍𝑇 = 𝛼2𝜎𝑇/ κ

(2.3)

where α is Seebeck coefficient, σ is electrical conductivity, and κ is thermal
conductivity of the thermoelectric materials. ZT presents the symbol of performance
on thermoelectric. To obtain high ZT, both the Seebeck coefficient and the electrical
conductivity must be high, whereas the thermal conductivity must be minimized. The
temperature T is thus maintained.
Characteristics of thermoelectric materials are classified into three categories based on
the operating temperature. In low-temperature operation, up to 450oK is applied to
Bismuth-based alloys containing elements of Antimony, Tellurium, and Selenium. In
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medium-temperature operation, up to 850oK, Chalcogenides, Skutterudites, and HalfHeuslers are used. Application for high temperatures up to 1300oK involves Silicon
Germanium alloys [8]. Fig. 3.3. illustrates the relationship between ZT and operation
temperatures of various materials.

Fig. 3.3. Figure of merit ZT as a function of temperature of various materials [8]

Thermoelectric performances can be demonstrated in terms of either efficiency or
output power. TEG efficiency for power generation and cooling modes is given as
follows [12]:
Power-generating efficiency p:
𝜂𝑝 =

𝑇ℎ −𝑇𝑐
𝑇ℎ

[

√1+𝑍𝑇−1

]

(2.4)

]

(2.5)

𝑇

√1+𝑍𝑇+𝑇 𝑐

ℎ

Cooling efficiency c:
𝑇

𝜂𝑐 = 𝑇

𝑇ℎ
ℎ −𝑇𝑐

[

√1+𝑍𝑇− 𝑇ℎ
𝑐

√1+𝑍𝑇+1
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As an example, curves in generating and cooling modes of a typical thermoelectric
generator are given by Xiao Zhang as shown in Fig. 3.3 [12].

Fig. 3.4. Thermoelectric efficiency in generating and cooling types [12]

Both curves show similarities and differences in terms of efficiency and operating
temperature. The power-generating type utilizes higher temperature –(almost 2.5
times) and has a higher efficiency compared to the cooling type. The TEG generating
type obviously is more complicated and is more expensive to manufacture. From Fig.
3.4, both generating and cooling types have similar characteristics when operating at
low temperatures (around 300oK) with low temperature gradients. Marco Nesajah et
al. [13] conducted experiments to compare thermoelectric products for generating
power. A cooling type (or TEC) was utilized for generating power. In terms of market
price, the TEC types are 15 times cheaper compared to TEG generating types. The
results showed that both demonstrated very similar characteristics if the operating
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temperature were below 100oC. For a low temperature difference, a TEC presented
slightly better performances compared to a TEG [13].

TEG efficiency is also defined as the ratio of electrical power delivered to the load
(PL) and the thermal power absorbed by the hot surface (Qh). Assuming the heat flow
absorbed by the hot side equals that of the cold side (Qc) and the electrical power to
the load, the efficiency is given as follows [9]:
𝑃

𝜂𝑝 = 𝑄𝐿 = 𝑄
ℎ

𝑃𝐿

(2.6)

𝑐 +𝑃𝐿

Once the ZT is determined from the material properties, the efficiency can be
calculated. When the heat flow is calculated or measured, the electrical power of
thermoelectric can be found. This type of modeling is commonly used for research
involved in obtaining higher efficiency or supplying low-power equipment.

3.4. Modeling of Thermoelectric Generators for High-Power Applications

A model involving both the material properties and an electrical circuit of a
thermoelectric system for high-power applications was proposed [24-27].
High-power application systems require wide areas of hot surface as the source of
energy. Most systems presented operated using a uniform heat distribution. Gunay et
al. proposed models and applications using a heat source from an industrial chimney
[10]. The temperature difference could reach 100oC. The model concentrates on heat
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conversion. Another model consists of a 3-stage thermoelectric system [44]. A
dynamic model of energy conservation, unsteady heat conduction, and fluid dynamics
is involved in the 3-stage model.
Another model of a thermoelectric generator that utilizes an electric equivalent circuit
was proposed by researchers [28-30]. The model primarily considers the electric
power side. The components of the model consist of an equivalent voltage source Vo
and an equivalent internal resistance Rs as shown in Fig. 3.4. Gunay et al. presented
the relationship between the electric parameters of the load and thermoelectric
properties as follows [10]:

𝐼=

𝑉=

𝑃=

𝛼(𝑇ℎ −𝑇𝑐 )

(2.7)

𝑅𝑠 +𝑅𝐿

2𝑁𝛼(𝑇ℎ −𝑇𝑐 )
𝑅𝑠 +𝑅𝐿

(2.8)

𝑅𝐿

2𝑁𝛼2 (𝑇ℎ −𝑇𝑐 )2

(2.9)

𝑅𝑠 +𝑅𝐿

where I is the load current, V is the terminal voltage of the thermoelectric device, and
P is the power absorbed by the load. N is the number of cells, and Rs represents the
internal electric resistance and thermal resistance.

𝑉 = 2𝑁𝛼

+V

-

I=
I

RL
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(𝑇ℎ −𝑇𝑐 )
𝑅𝑠 +𝑅𝐿

𝛼(𝑇ℎ −𝑇𝑐 )
𝑅𝑠 +𝑅𝐿

𝑅𝐿

Fig. 3.5. Heat conversion to electric parameters with the Seeback coefficient

Two types of electric equivalent models were introduced, namely [28-30]:
•

Constant temperature gradient condition,

•

Constant heat flow condition.

Fig. 3.6 (a) shows the electric equivalent circuit used in the constant gradient condition
model. At a gradient temperature T, for the given TEG’s parameters, the equivalent
voltage source and the internal equivalent resistance are constant. Fig 3.5 (b) depicts
the electric equivalent circuit for the constant heat flow condition. In this case, the
internal equivalent resistance is load current-dependent. This model neglects the
thermal resistance.

RL

RL

(a)

(b)

Fig. 3.6. Models of a thermoelectric generator utilizing an electric equivalent circuit
(a) constant temperature gradient model (b) constant heat flow model [28]

All models presented in the past used material properties for determining the electric
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parameters. The thermoelectric properties are dependent on the material selection,
design layout, manufacturing process, etc.; therefore, they involve complicated
equations, parameters, and constants.

3.5. The Proposed Model

The proposed model is developed using an electrical engineering approach, as it is
more practical rather than based on the development of material property technology.
The model has the following important features:
•

The model uses an electric equivalent circuit;

•

The model is based on electrical test procedures to determine the electric
parameters, avoiding the figure of merits and other constants commonly
embedded in a thermoelectric model;

•

The model is suitable for large systems designed to operate under non-uniform
temperature distributions.

The steps consider laboratory tests of open and short circuits of a typical module that
is studied in the research project. This method is similar to analysis and determination
of the parameters of an electric machine or an induction motor. This method works in
a fully electrical equivalent circuit. Thus, this method becomes favorable for engineers
in the field, as it avoids complicated numbers and constants, including figure of merits
for the thermoelectric properties. The flowchart can be used to characterize a single
device as well as a set of devices or an array of thermoelectric devices. A single device
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under typical conditions generates a very small output power and a current in the millior micro-ampere range, which requires high accuracy measurement equipment to
monitor. Scaling up the output power can be achieved by connecting a set of
thermoelectric devices in series and parallel.

As stated, modeling of a thermoelectric generator considers the following 3 main
parameters:
•

Seeback coefficient α, which is dependent on the materials used, the
construction, and the process of manufacture;

•

The internal electrical resistance RE, which is the resistance in the junctions that
is in contact with the load;

•

The internal thermal resistance θm and the contact thermal resistance θc, which
is the thermal resistance contact between the TEG and the thermal source.

Gradient Temperature

Fig. 3.7 The diagram of a thermoelectric model based on an electrical equivalent
circuit
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From Fig. 3.7, the model of a thermoelectric generator is based on an electrical
equivalent circuit consisting of a voltage source, Voc, and an internal resistance, Rs.
According to Siouane et al., both Voc and Rs can be assumed as constants if we used a
constant temperature gradient in the conversion process [28]. At the given T, the
equivalent voltage source Voc, and the equivalent internal resistance Rs are determined
as follows:

𝑉𝑜𝑐 (𝑎𝑡 ∆𝑇) = 𝛼∆𝑇 𝜃

𝜃𝑚

(3.1)

𝑚 +𝜃𝑐

𝑅𝑠 (𝑎𝑡 ∆𝑇) ≈ 𝑅𝐸 +

𝛼 2 𝜃𝑐 𝜃𝑚 (𝑇𝐻 +𝑇𝐶 )
𝜃𝑚 +2𝜃𝑐

(3.2)

As mentioned, parameters of a thermoelectric device, such as the Seeback coefficient
α, the internal electrical resistance RE, the internal thermal resistance θm, and the
contact thermal resistance θc, are dependent on the materials used, the structure
designed, and the process of manufacture. If those parameters can be assumed as
constants at the given ∆𝑇, then equation (3.1) and (3.2) can be rewritten as follows:

𝑉𝑜𝑐 (𝑎𝑡 ∆𝑇) = 𝑐1 ∆𝑇

(3.3)

𝑅𝑠 (𝑎𝑡 ∆𝑇) ≈ 𝑅𝐸 + 𝑐2 (𝑇ℎ + 𝑇𝑐 )

(3.4)

where the constants are 𝑐1 = 𝛼 𝜃

𝜃𝑚
𝑚 +𝜃𝑐

𝛼2 𝜃 𝑐 𝜃 𝑚

and 𝑐2 = 𝜃

𝑚 +2𝜃𝑐

. Expression (3.3) proves that the

equivalent voltage source Voc depends on the temperature gradient T directly. The
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temperature gradient is defined as follows:

𝑇ℎ = 𝑇𝑐 + 𝑇

(3.5)

Substituting Equation (3.5) into (3.4), equation (3.4) can be rewritten as follows:

𝑅𝑠 (𝑎𝑡 ∆𝑇) ≈ 𝑅𝐸 + 𝑐2 (𝑇𝑐 + 𝑇)

(3.6)

The cold surface of the thermoelectric device Tc is maintained constant; hence, 𝑐3 =
𝑅𝐸 + 𝑐2 𝑇𝑐 . Equation

(3.6) thus becomes:

𝑅𝑠 (𝑎𝑡 ∆𝑇) ≈ 𝑐3 + 𝑐2 𝑇

(3.7)

Equation (3.7) shows that the equivalent internal resistance is a function of the gradient
temperature T. Hence, it is proven that Voc and Rs can be determined directly from
the temperature gradient.

The proposed modeling technique is based on the following procedures, which begin
with open and short circuit tests of a typical thermoelectric device, as illustrated in the
flowchart diagram in Fig. 3.8.
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Start

2

Tc = Tc1oC

Curve fitting Voc[T] for T= YoC to ZoC
Result: equation for Voc(T)

T = 0; Max=ZoC

Curve fitting Isc[T] for T= YoC to ZoC
Result: equation for Isc(T)

Step = YoC
Equation for Internal resistance
Rs[T] = curve Voc(T)/curve Isc(T)

1

T= T + Step
Open Circuit test at T
Voc[T] = Voc
Short Circuit test at T
Isc[T] = Isc

TMax
Y

Stop

?

2

Fig. 3.8. Flowchart diagram of the proposed modeling technique

The temperature of the cold surface is maintained at a constant value, whereas the
temperature gradient is varied. During the open circuit test, the current is zero while
the terminal voltage of the thermoelectric device is Vt. Because there is no current
flow, the terminal voltage is equal to the equivalent voltage source Voc. Thus, at the
given T, Voc is determined as follows:
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Voc (T) = Vt

(3.8)

During the short circuit test, at a given T, when the thermoelectric terminals are
shorted, the current flowing at the terminal It is equal to Isc.

𝐼𝑠𝑐 (𝑇) = 𝐼𝑡

(3.9)

The data set of Voc and Isc for various T is obtained. To achieve a general condition,
both Voc and Isc can be determined by fitting the curve. Next, equations of both curves
are found for the defined range of temperature gradient.

Voc = f (𝑇)

(3.10)

Isc = f (𝑇)

(3.11)

Finally, the equivalent internal resistance is calculated as follows:

𝑅𝑠 =

𝑉𝑜𝑐 =𝑓(𝑇)
𝐼𝑠𝑐 =𝑓(𝑇)

for the defined range of 𝑇

3.6. The Prototype Building, Testing, and Modeling
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(3.12)

3.4.1

Prototype Building

Practically, a thermoelectric device is quite similar to a photovoltaic device, which
consists of a set of small cells that are connected in series and parallel in order to output
a usable voltage and current. In a photovoltaic device, the smallest scale unit is called
a cell, which normally generates less than a volt. Correspondingly, the smallest part in
a thermoelectric device application is called a junction. Much weaker compared to a
single photovoltaic cell, a single junction is only able to generate a very small voltage
of around 20mV. As a result, thermoelectric generators are commonly manufactured
in a package with a dimension of 40 × 40mm; this package consists of 127 junctions
that are connected in series, with a voltage generated of around 3V (depending on the
applied temperature difference). In this matter, the thermoelectric we are using is
TEC1-12706, which can handle temperatures from -50oC to 138oC.
To further increase the voltage to be usable while still utilizing common components
sold in the market, those 40 x 40mm thermoelectric modules are stacked side by side
to each other 3 in a row. This 3 in a row configuration is to conform to the water
block, which is commonly sold in dimensions of 120 x40mm. The setup is Fig. 3.9.

TEG

Fig. 3.9 Thermoelectric generator and water block configuration
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To maintain a good thermal connection between the thermoelectric generator and the
water block, thermal conducting tape is used. A thermal conducting material is
characterized by a unit that is called W/mK. The larger the W/mK number, the better
the thermal conductivity. Thermal tape with a thermal conductivity of 3.2W/mK was
the best we found in the market. The thermal tape placement and configuration is
shown on Fig. 3.10.

Thermal tape

Fig. 3.10 Placement of the thermal tape between the TEG and the water block
To maximize the output power while maintaining a small dimension of the
thermoelectric panel, thermoelectric module is also placed on the other side of the
water block. A single 120 x 40mm water block will have 6 thermoelectric modules
attached to both sides of it, as shown in Fig 3.11.
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TEG

Water Block

TEG
Fig. 3.11. Thermoelectric cells placed on both sides of the water block
Next, all of the steps are repeated 3 more times to obtain 24 thermoelectric generator
modules attached to 4 water blocks. The water blocks are then stacked, aligning the
inlet and outlet ports to one side. Fig. 3.12 shows the arrangement of the thermoelectric
modules in a 3 x 4 configuration on both sides of the water block, corresponding to a
total quantity of 24 cells. All of the thermoelectric modules are then connected in
series. In order to keep all of the components in place and reduce the non-uniform heat
distribution, the thermoelectric generator modules and the water blocks are
sandwiched in place by 2 plates of aluminum and then bolted together. A small
temperature probe is placed on each side of the thermoelectric panel for monitoring
and as a reference for the heater closed loop system, as shown in Fig. 3.12.
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Fig. 3.12 Thermoelectric modules arrangement

Temperature probe
Fig. 3.13 Temperature probe placement
Fig. 3.14 displays the completed thermoelectric generator prototype. Fig. 3.14 are 3D
model renderings of the completed thermoelectric generator. The thermoelectric
generator is illustrated from multiple angles in 3.14A–3.14D. An exploded view of the
generator is illustrated in 3.14E. An actual picture of the completed prototype is
displayed in 3.14F. As seen in the illustration, especially on the exploded view, all of
the individual components of the thermoelectric generator module are visible. The
water blocks responsible for heat exchange are located in the center and are color
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coded in blue. Thermoelectric cells are marked as number 2 and 4; there are 24 of them
arranged in a 3 x 4 configuration on both sides of the water blocks. The outermost
parts number coded as 1 and 5 are the aluminum plates that hold everything together
and maintain a good thermal connection between all of the thermoelectric cells,

thereby reducing the effect of non-uniform heat distribution. On the back side of the
prototype are the inlet and outlet pipes of the water-cooling system. All four of the
water blocks are connected in parallel to ensure that all of them receive cool water at
an equal temperature. If the water blocks are connected in series, then the last water
block will receive preheated water that was heated by the previous water block.

Fig. 3.14 Thermoelectric generator prototype (A-D) multiple angle view (E1, E5) hot
side (E2, E4) thermoelectric cells (E3) water cooling blocks (E6) inlet and outlet
water pipes (F) actual photo of the thermoelectric panel prototype
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This prototype of a thermoelectric generator module containing 24 thermoelectric cells
connected in series can generate a peak voltage of 80V and a peak current of 2A. For
verification purposes, the thermoelectric generator cannot stand alone; a heat source is
required to generate heat on the two sides of the generator, and a cooling system is
required to remove heat from the water-cooling system. To yield a good and accurate
set of data for verification purposes, the heating and cooling systems must be
monitored and controlled accurately. Controlling these systems manually by a human
operator is not feasible because human response is not consistent. Thus, an Arduino
controller is utilized to handle the monitoring and controlling of the heating and
cooling systems.
To determine the efficiency of a thermoelectric generator, a heating element with a
minimal of 1000W of heating capability is needed. A stove heating element is used to
keep the experiment affordable but reliable. Two stove heating elements are presented
in Fig. 3.15; these elements are used to heat the two sides of the thermoelectric
generator. These two heating elements are 1000W each.

Fig. 3.15 Heating elements used as controllable heat sources
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The heating elements are fixed on a frame that is designed to fit the thermoelectric
generator perfectly. The frame also houses all of the electronic components for the
monitoring and controlling systems.

Fig. 3.16 Complete set of the heating system and control
To remove heat that is close to 1000W, a heat exchanger is required. In this matter, a
PC water cooling radiator was chosen for its good cooling capability, a relatively small
size, and large selection of sizes. Fig. 3.16 shows the heating element and the control
sytem. Fig. 3.17 illustrates the complete prototype system in a block diagram.

Load

TEG device

Heat
Controller

Water
Cooler
system

Heater
system

Heater
system

From the heat
controller

Temperature
sensors

Measurement, display, control station

Fig. 3.17. Prototype of a thermoelectric generator
module and the control system
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The parameters to be measured include voltage, current, short circuit current (Isc), and
open circuit voltage (Voc) at various load resistances (RL) and temperature differences
(T). The temperature difference is defined as the difference between the hot side (Th)
and cold side (Tc) of the thermoelectric generator. Fig. 3.18 shows the prototype and
the measurement set up.

Fig. 3.18. Prototype and equipment setup

The prototype employs a thermoelectric cooling type device, instead of a generator
type device. A typical device of TEC1-12706 comprised of 127 cells of thermocouples
connected in series is used. The device is widely available in markets for the purpose
of cooling electronic equipment, such as computer processors, dehumidifiers, and
mobile refrigerators. To increase the simplicity and accuracy of the investigation, the
24 devices of TECs were connected in series. The output voltage is thus presented at
a suitable accuracy for the measurement equipment.
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3.4.2

Prototype Testing

After the prototype was built, it was tested to obtain the relevant parameters, as
presented in the flowchart of Fig. 3.1. Before conducting the open circuit and short
circuit test of the prototype, this sub-chapter presents parameters from similar testing
presented by other researchers. Marco Nesajah et al. introduced the operation and
testing of a cooling thermoelectric device for generating electric power [13]. As
previously mentioned, TEGs and TECs have the same materials, design layouts, and
structures, but are different in terms of the process of manufacture and the operating
temperature. For example, the soldering temperature for a TEC is at 138oC maximum,
whereas it exceeds 200oCfor a TEG. TEGs and TECs are found to have very similar
characteristics when applied for the purpose of generating electric power, especially
for a hot temperature not higher than 100oC. Experimental results conducted are
presented in Table 3.1 [13].

Table 3.1. Experimental results of TEC1-12706 for generating electricity [13]
T = 20oC

T = 30oC

T = 40oC

Voc (Volt)

0.63

0.9

1.2

P (Watt)

0.05

0.10

0.15

The following presents steps to determine the parameters of the thermoelectric
prototype. As stated, the prototype employs 24 devices of cooling type, TEC1-12706,
connected in series. The maintained parameters, Tc and T, are also controlled as
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suggested in the flowchart. The cold side is kept at 30oC, and the gradient temperature
is adjusted from 10oC to 65oC in 10oC temperature incremental steps. The maximum
hot-surface temperature was 100oC to prevent damage of the thermoelectric because
the soldering temperature of TEC1-12706 is 138oC.
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Fig. 3.19. Experimental results of open circuit voltage (Voc) vs. temperature
difference (T)

Experimental results of the prototype Voc as function of the gradient temperature T
are shown in Fig. 3.19, as a continued line of the curve. The results are also given in
Table 3.2. The curve is compared with the results of other experiments that are
tabulated in Table 3.1. The results presented in table were obtained for a single TEC112706. Therefore, for comparison purposes, the results are multiplied by 24, which is
the number of devices in series of the prototype. The average of the errors between
results in Table 3.1 and the prototype experiments is found to be 4.7%.
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The curve of the prototype Voc shown in Fig. 3.19 was plotted from data obtained in
the experiments. By fitting the curve, a linear expression can be written as follows:

Voc = 0.60925 T + 3

for 10oC ≤ T ≤ 60oC

(3.13)

Next, comparison of 3 curves is presented in Fig. 3.20.
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Fig. 3.20. Comparison of experimental tests and a linearized model

Table 3.2. Results from experimental tests of the prototype
Gradient Temperature, T (oC)
Open Circuit Voltage (Volts)
Short Circuit Current (Amps.)

10

20

30

40

50

60

10.232

15.085

20.029

26.933

32.793

40.874

0.08

0.125

0.187

0.253

0.316

0.387
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Another experiment was also conducted to measure the output current (at short circuit
condition) as a function of the temperature difference. The short circuit current from
laboratory tests is also given in Table 3.2. After the data is plotted and linearized, the
mathematical model is found, as shown in Fig 3.21.
Isc = 0.0066 T–0.0058

for 10oC ≤ T ≤ 70oC

(3.14)

0,5

Current (Amps)

0,4
0,3
Linearized Model

0,2
Experimental test of
Short circuit current

0,1
0
10

20

30

40

Temperature difference T,

50

60

(oC)

Fig. 3.21. Experimental results and linearized model of the short circuit current (Isc)
as a function of the temperature difference (T)
Both model parameters, the open circuit voltage and the short circuit current, are
obtained. The next step is to determine the internal resistance of the thermoelectric
generator. Referring to equation (3.12), the expression of the internal resistance Rs for
10oC ≤ T ≤ 70oC is given as follows:

Rs = Voc / Isc = (0.60925 T + 3) / (0.0066 T–0.0058)
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(3.15)
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Fig. 3.22. Model of the internal resistance (Rs) as function of the temperature
difference (T)

An essential model for the system is given in terms of the voltage-current
characteristics loaded with a resistance. From Fig. 3.22 (a), when the thermoelectric
terminals are connected to a load resistance Rt, the current flowing It and the terminal
voltage Vt are written as follows:
Vt = Voc–It x Rs

(3.16)

It Rt = Voc–It x Rs

(3.17)

In equations (3.16) and (3.17), when the open-circuit voltage Voc is substituted with
equation (3.13), and the internal resistance Rs is replaced by equation (3.15), the final
V-I expression of thermoelectric is as follows:
Vt = (0.60925 T +3)–It (0.6982 T +3)/(0.0066 T–0.0058)
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(3.18)

The output power Pt of the thermoelectric becomes
(3.19)

Pt = Vt It

3.4.3

Prototype Modeling

A model of the prototype for PSIM circuit simulation was developed. PSIM is an
Electronic circuit simulation software package developed by Powersim. The software
package is designed specifically for the purpose of simulations in power electronics,
motor drive, or other any electronic circuits.
Modeling of the prototype starts with the given specifications, which are presented as
follows:

•

Device

: TEC 12706

•

Number of devices

: 24 in series

•

Designed output voltage

: 80 V

•

Designed output current

: 2 A peak

Results from open circuit and short circuit tests conducted are as follows, rewriting
(3.13–3.15):
•

Voc = 0.60925 T + 3

for 10oC ≤ T ≤ 60oC

(3.13)

•

Isc = 0.0066 T–0.0058

for 10oC ≤ T ≤ 70oC

(3.14)

•

Rs = Voc / Isc = (0.60925 T + 3) / (0.0066 T–0.0058)

(3.15)

As previously mentioned, the model consists of a voltage source Voc and an internal
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resistance Rs. The Simplified C Block is called using a menu in PSIM with the
following path: Element\ Other\ Function Blocks\ Simplified C Block; it has a default
of one input and 1 output. The Simplified C Block represents 24 thermoelectric
generators in series; it has one input, which is the temperature difference dT. The
output is set in 2 ports, which represent the voltage source Voc and the internal
resistance Rs. Voc is given by equation (3.13), and Rs is given by equation (3.15). These
equations are filled in the dialog box. Because the outputs of Voc and Rs are numerical
values, conversion into electric circuit is required via connecting it to a Voltage
Control Voltage Source and a Variable Resistor R, as shown in Fig. 3.23.

Fig.3.23 The model of the prototype representing 24 thermoelectric devices in series

To test the performance, a resistor variable R as a load is connected to the TEG 24
series of Simplified C Block, as given in Fig. 3.24. By applying the temperature
difference dT1 and adjusting the resistor R from 0 Ω to the desired values, the terminal
voltage (Vt), the load current (It), and the output power (Pt) can be obtained.
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Fig. 3.24 The PSIM circuit of 24 TEGs in series with a variable resistor load

A model for strings or arrays of thermoelectric generators can also be developed in a
PSIM circuit for simulation. The number of series and parallel of the prototype units
can be set as desired. Fig. 3.25 shows an example of 2 x 3 units of the thermoelectric
prototypes connected in series and parallel.
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Fig. 3.25. PSIM model of 2 x 3 thermoelectric prototype units in series and parallel

By using the simulation circuit shown in Fig. 3.24, the temperature difference on each
TEG can be set independently. The model simulates the condition of non-uniform
temperature distribution, which is one of the focuses of discussion in this thesis.

3.7. Modeling of a Thermoelectric Panel
Similar to a photovoltaic system, a large thermoelectric system also contains arrays
that consist of strings. The strings are constructed from panels and modules. Modeling
of large thermoelectric systems is commenced from the basic model, which follows
the V-I characteristics described in equation (3.18).
From equation (3.18), we can calculate the maximum power or other designed rated
operations. For example, if a 70oC temperature difference is applied to the
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thermoelectric generator, the power can reach 5.2 Watts, with the terminal voltage of
24 Volts and the current of 0.22 Amperes. This model is used as the basic component
to scale up into a model of a panel, string, or array. The operating point and basic
construction of the thermoelectric system are determined as shown in Table 3.3.

Table 3.3. Operating point of thermoelectric systems at T=70oC
MODULE
(Prototype)

PANEL

STRING

ARRAY

Power (Watts)

5.2

96

600

m x n x 600

Voltage (Volts)

24

120

720

m x 720

Current (Amps)

0.22

0.8

0.8

n x 0.8

Number of series circuit

24

5

6

m

Number of parallel circuits

1

4

1

n

The panel configuration of a thermoelectric generator given in Table 3.3 is comprised
of 4 parallel lines, with each line containing 5 modules connected in series. Thus, a
panel has 20 modules of thermoelectric generators, as shown in Fig. 3.26 (a). The
panel supplies a load resistance Rp. When a line in the thermoelectric panel receives
uniform irradiance, the response of each module will be the same. Therefore, each line
containing 5 modules in series can be simplified by a single equivalent circuit of a
thermoelectric generator. Because the panel has 4 parallel lines, the panel has 4
equivalent circuits that are connected in parallel, as depicted in Fig. 3.26 (b). The
symbols Voc_L1, Voc_L2, Voc_L3, and Voc_L4 represent the equivalent voltage sources at
Line 1, Line 2, Line 3, and, Line 4, respectively. The same subscripts are applied for
the equivalent internal resistances Rs_L1 to Rs_L4.
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If the temperature is distributed uniformly to the 4 parallel equivalent circuits, then the
panel can be modeled with a single equivalent circuit, as illustrated in Fig. 3.26 (c).
The subscript P in the symbols Voc_P, Rs_P, and RP denote Panel.

(a)

(b)

(c)

Fig. 3.26. Model of a thermoelectric panel under uniform heat: 96 Watts and 120
Volts (a) TEG configuration in a panel (b) a simplified circuit of a line (c) a
simplified panel

The mathematical model of equivalent voltage source Line 1, Voc_L1 in Fig. 3.26 (b) is
the multiplication of the single module open circuit voltage (Voc) and the number of
series connections (m). Similarly, the module resistance Rs is multiplied by the number
of series connection (m=5), resulting in the equivalent resistance in the line. When the
temperature is uniformly-distributed, the voltage sources Voc_L1 to Voc_L4 will have the
same value of Voc_L, and the internal resistance values of RS_L1 to RS_L4 are equal to RS_L.
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From equations (3.13) and (3.15), the components in Fig. 3.26 (b) can be written as
follows:

Voc_L = Voc_L1 = Voc * m

(3.20)

Voc_L = (0.60925 T + 3) 5

(3.21)

Rs_L = Rs_L1 = Rs * m

(3.22)

Rs_L = (0.60925 T + 3) / (0.0066 T–0.0058) 5

(3.23)

In Fig. 3.26 (c), the panel equivalent voltage source Voc_P has the same value as that of
the single voltage source of the line Voc_L. The equivalent internal resistance Rs_P of
the entire panel is obtained from the line resistance Rs_L divided by the number of
parallel lines, n = 4, as shown in Fig. 3.25 (b). The components in Fig. 3.26 (c) can be
written as follows:
Voc_P = Voc_L = Voc * m

(3.24)

Voc_P = (0.60925 T + 3) 5

(3.25)

Rs_P = Rs_L / n = Rs (m/n)

(3.26)

Rs_P = (0.60925 T + 3) / (0.0066 T–0.0058) (5/4)

(3.27)
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The complete mathematical model of the thermoelectric panel to supply a resistive
load with current Ip is expressed in equation (3.28). The terminal voltage of the panel
is Vp, and the temperature difference is T. The thermoelectric modules inside the
panel are configured in n parallel lines, with each line containing m modules in series.

Vp = (0.60925 T +3) m–{Ip (0.60925 T +3)/(0.0066 T –0.0058)} (m/n)

(3.28)

Each panel can generate approximately 100 Watts, 120 Volts, and 0.8 Amperes.
3.8. Modeling of a Thermoelectric String and a Thermoelectric Array
The structure of a string is similar to a thermoelectric panel. A string is comprised of
n number of parallel lines, with each line having m number of series connected
thermoelectric panels. According to Table 3.1, the string is designed to have 6 series
panels and only one line, m = 6 and n = 1. The thermoelectric string is depicted in Fig.
3.27 as a single line containing 6 series panels. The string supplies current Is1 from the
string of line 1, Is2 from the string of line 2, and Isn from the last-end string. Each string
generates a power of 600 Watts at 720 Volts. In this design, the array uses 6 strings;
thus, the output power of the array is 3600 Watts. The string and array configuration
is shown in Fig. 3.27.
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Fig. 3.27. Structure of the thermoelectric array, 3600 Watts/ 720 Volts

3.9. Conclusion

The proposed and developed methodology to model a single cell, module,
and an array of TEG is presented in this chapter. The model uses an
electric equivalent circuit and is based on electrical test procedures to
determine the electric parameters. The steps consider laboratory tests of
open and short circuits of a typical module under various gradient
temperature. This results in a mathematical model for the output voltage,
output current, and nonlinear curve of internal resistance as function of
gradient temperature.
A prototype of thermoelectric generator containing 24 TEG modules
connected in series with a peak voltage of 80V and a peak current of 2A
was built for verification purposes. The prototype is attached with an
electronic control system for arranging the heat source and temperature.
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Comparison results from simulations and laboratory tests of the model are
found very similar with error less than 5%. It indicates that the proposed
TEG model is an effective one to represent the appropriate electrical
characteristics of the TEG.
A simulation circuit model of TEG using software PSIM is also built. The
model represents the prototype, the string, and the array of TEG systems.
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CHAPTER 4
THERMOELECTRIC SYSTEM PERFORMANCE
UNDER NON-UNIFORM TEMPERATURE DISTRIBUTION

The modeling of various thermoelectric systems was presented in Chapter 3. Chapter
4 deals with simulation results of the models under certain conditions. The panel and
string of a thermoelectric system are treated under various load resistances and
irradiances. The configurations are also pre-designed to receive a non-uniform heat
distribution ranging from T=15oC, T=25oC, and T=65oC.

4.1.Results V-I Characteristics of Thermoelectric Module

The performances of the thermoelectric prototype were investigated using the
proposed model. The gradient temperature T is set as 65oC, and the cold side
temperature is maintained at 30oC. When we calculate each parameter, we find that
Voc is 42.6 Volts, and Rs = 99.7 Ohms, which are recalled from equations (3.13), (3.15),
(3.18), and (3.19) as follows:
Voc = 0.60925 T + 3

(3.13)

Rs = (0.60925 T + 3) / (0.0066 T–0.0058)

(3.15)

Vt = (0.60925 T +3)–It (0.6982 T +3)/(0.0066 T–0.0058)

(3.18)
(3.19)

Pt = Vt It
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The results of laboratory tests showed that the load resistance varies from 10 to
120. The terminal voltage, current, and output power were measured. The
measurement results are presented in Table 4.1. The simulated output can be
calculated using equations (3.18) and (3.19).

Table. 4.1. Experimental tests of the prototype at T = 65oC under various loads
R (Ohm)
20

Vt (Volts)

It (Amps)

Pt (Watts)

R (Ohm)
90

Vt (Volts)

It (Amps)

Pt (Watts)

9.3

0.343

3.216

19.2

0.250

4.800

30

11.2

0.324

3.629

100

21.1

0.230

4.853

40

13.5

0.310

4.185

110

22.5

0.215

4.838

50

14.7

0.300

4.410

120

23.0

0.209

4.807

45.1

0.000

-

0.0

0.417

-

60

15.5

0.289

4.480

Open circuit

70

17.0

0.274

4.658

Short circuit

80

18.0

0.260

4.680
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Fig. 4.1. The terminal voltage of the prototype at T=65oC for various load
resistances
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Fig. 4.2. The load current of the prototype at T=65oC for various load resistances

Plots of the terminal voltage and load current are depicted in Fig. 4.1 and 4.2,
respectively. The results from the prototype tests and those from the simulations prove
to be very similar. The average error between the test and the simulation for the
thermoelectric voltage is 7.1%, and the error for the load current is 6.9%. The output
power as a function of the terminal voltage is illustrated in Fig. 4.3.
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Fig. 4.3. Output power of the prototype at T=65oC for various load resistances
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4.2.Performance of a Thermoelectric Panel under a Non-Uniform Heat
Distribution
A simulation of the thermoelectric panel was conducted, measuring its performance
parameters when treated under non-uniform heat distribution. Heat changes received
by the thermoelectric may occur in 3 conditions:
•

Change of irradiance or the temperature magnitude;

•

Change of the distribution;

•

Both of the above concurrently.

The thermoelectric panel with the rated power of 96 Watts/120 Volts supplies a load
resistance. The load varied from nearly short circuit to open circuit, from 10 to
2000. The first condition is applied for a uniform heat distribution at constant T =
65oC. Next, a non-uniform temperature distribution was employed. The arrangement
of 20 modules inside the panel that received different irradiances is clustered, as shown
in Fig. 4.4. Line 1 consists of 5 modules in series, TEG1.1 to TEG1.5. Two of them,
TEG1.1 and TEG1.2, are set to receive full irradiance T = 65oC, whereas the others in
Line 1 receive the lowest irradiance, T = 15oC. In Line 2, there are 2 modules, TEG2.4
and TEG2.5, with lower gradient temperature at T = 25oC. Other modules are under
full irradiances. This represents a non-uniform temperature distribution, which may
occur frequently over a wide area of a hot surface, compared to solar insolation. The
layout of arrangement is shown in Fig. 4.4. The groups of irradiances are given as
follows:
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Group 1: T = 15oC for TEG1.3, TEG1.4, TEG1.5
Group 2: T = 25oC for TEG2.4, TEG2.5
Group 3: T = 65oC for the rest

Fig. 4.4. Equivalent circuit of a TEG panel receiving energy from a non-uniform
heat distribution

Fig. 4.5. Simplified circuit of a TEG panel under a non-uniform heat distribution
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Fig. 4.5 shows the simplified version of Fig. 4.4. A thermoelectric device under
uniform irradiance can be represented by a single equivalent circuit. This case makes
the model simpler. This is also the solution when there is a limitation of the amount of
memory, the number of nodes, and the number of sub-circuits used for a typical
software package.

The model in Fig. 4.5 was run under the first condition, i.e., a uniform heat distribution
for all the thermoelectric devices. However, the temperature difference varied at T =
65oC, 50oC, 40oC, and 30oC. The output power produced when utilizing the
temperature difference variation and various load resistances from 10 to 1500 is
depicted in Fig. 4.6. As can be seen, the peak power when T = 65oC is 90.1 Watts,
and the voltage at the peak power is 106.8 Volts. The complete results are written in
Table 4.2.

Table 4.2. Peak power and voltage under various temperature gradients
T = 65oC

T = 50oC

T = 40oC

T = 30oC

Peak Power, Ppeak (Watts)

90.1

54.2

35.3

20.4

Voltage at Ppeak (Volts)

106.8

108.0

109.2

111.6

UNIFORM DISTRIBUTION
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Fig. 4.6. Thermoelectric output power with uniform heat and various T
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Fig. 4.7. Power of thermoelectric panel during load tests under a non-uniform heat
distribution
For the second condition, the model was run under a non-uniform temperature
distribution. Based on the model shown in Fig. 4.5, part of thermoelectric device is
under a temperature gradient of T = 15oC, with other parts being at T = 25oC, and
the remainder being at T = 65oC. The output power of a non-uniform curve is shown
below the uniform temperature, as depicted in Fig. 4.7. The peak power is reduced by
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30%. The terminal voltage of the thermoelectric is shown in Fig. 4.8, and the load
current is illustrated in Fig. 4.9.
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Fig. 4.8. Voltage of the thermoelectric panel during load tests under a non-uniform
heat distribution
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Fig. 4.9. Current of the thermoelectric panel during load tests under a non-uniform
heat distribution
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Running under a non-uniform heat distribution, the current in each line (as illustrated
in Fig. 4.10) is investigated. Lines 3 & 4, which share an irradiance at T = 65oC,
contribute the largest current; they produce 0.4 Amps when the load resistance is 10,
and 0.09 Amps when the resistance is high. The curve of the current I2 at Line 2 is
below the currents in Lines 3 (I3) & 4 (I4). The curve from Line 1 deserves special
attention; it contributes the lowest current because the thermoelectric receives the
lowest gradient temperature of T = 15oC. However, in certain conditions, the current
changes from positive to negative polarity, i.e., the thermoelectric shifts from
generating power into absorbing electric power.

Line Current

Current (Amps)

0.4

0.3

Line 3&4
Line 2

0.2

Line 1

0.1

0

-0.1
0

500

1000
Resistance

1500

2000

Resistance ()

Fig. 4.10. The current of each line inside the TEG panel under non-uniform heat
distribution

For the third condition, the model was under a dynamic temperature distribution. In
the first stage, the thermoelectric generators were run uniformly under T = 65oC;
subsequently, the temperature distribution was changed to non-uniform, as shown in
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Fig. 4.11. The output power was suddenly dropped around 30% when the non-uniform
temperature was applied.

Output Power

Power (Watts)

Uniform heat

Non uniform heat

Resistance ()

Fig. 4.11. The output power under a dynamical heat distribution
4.3. Conclusion
This chapter presented simulations of TEG system for high power application. The
TEGs were arranged to form a panel, string, and array. The system was simulated to
obtain the TEG characteristics under uniform and non-uniform heat distribution for
various temperature differences, and loads.
Non-uniform heat distribution received by the thermoelectric array was simulated by
separating the array into 3 parts. Each part is exposed to different temperatures. Then,
the system is operated dynamically by changing the load.
It is found that under non-uniform heat distribution causes the output voltage and
current to drop. The peak power of TEG system drops to 30% on a typical condition
compared to the uniform heat distribution. In parallel connection of TEG systems, nonuniform heat distribution changes the TEG mode, from generating to consuming electric
current when the TEG is receiving less heat compared to others.
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CHAPTER 5
MAXIMIZING METHOD OF A THERMOELECTRIC GENERATOR

The previous chapter discussed the performances of a thermoelectric generator under
uniform and non-uniform temperature distributions. The following two interesting
findings were obtained:
1. In a typical condition, the parallel thermoelectric generator may shift from
generating power to absorbing electric power. When the thermoelectric
absorbs electricity, it acts as a heat pump.
2. The case of a non-uniform heat distribution results in lower output power of
the thermoelectric generator compared to the case of a uniform distribution.
This chapter presents proposed solutions to improve the thermoelectric performances.
Based on the findings, two methods for maximizing the output power of thermoelectric
systems are introduced here.

5.1.Improvement using a Diode
A parallel operation with various conditions applied on the thermoelectric generators
may lead them to supply electric power to each other. For a non-uniform heat
distribution, this phenomenon of one thermoelectric generator powering another was
demonstrated in the previous chapter. A diode is used to prevent the reverse current
flow to the thermoelectric generator. A diode is connected in series in each line of the
thermoelectric array, as shown in Fig. 5.1.
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Fig. 5.1. Blocking diodes to prevent reverse current flowing through each
thermoelectric generator

A comparison between a thermoelectric generator with a diode and without a diode
was simulated. Fig. 5.2 shows that the output power of the model increased when a
diode was attached to each thermoelectric generator. The curve tends to increase when
the resistance is higher. In Fig. 5.3, the negative current is zero because it is blocked
by the diode; this prevents the thermoelectric generator from operating in heating
mode.
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Fig. 5.2. The improved output power when a diode is attached
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Fig. 5.3. The negative current of a thermoelectric generator was blocked by a diode

5.2.Improvement using MPPT
Harnessing electricity from thermal energy by employing a thermoelectric generator
can be achieved at a conversion efficiency in the vicinity of 4% to 20%, depending on
the thermoelectric type and the gradient temperature applied. It was demonstrated in
the previous chapter that a typical non-uniform temperature distribution will reduce
the power generation by 30%. Similar to photovoltaic systems, a maximum power
point tracker (MPPT) is also needed for thermoelectric systems. MPPT works to
increase or decrease the voltage of a thermoelectric generator so that the maximum
power is obtained.
The occurrence of a non-uniform heat distribution over the large surface of a
thermoelectric system may be more frequent compared to the occurrence of partiallyshaded surfaces in a photovoltaic system. Different temperatures in different areas may
occur at any time and may rapidly change because of the dynamic movements of
flame, hot air, or other high temperature sources. A maximum power point tracker that
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is able to accommodate temperature change and rapid change of irradiance is
proposed. A diagram of an MPPT is shown in Fig. 5.4.

Thermoelectric
Array

Load

Buck DC Converter

Array voltage

Duty Cycle
MPPT
Controller

Array current

Fig. 5.4. MPPT with Buck DC-to-DC Converter and the controller

The DC-to-DC converter chops the array voltage through a semiconductor switch. The
switch is turned on and off at the duty cycle, with pulse width modulation generated
by the MPPT controller. Adjusting the duty cycle will adjust the average output
voltage of the Buck converter. While chopping the array voltage, the controller also
monitors the output power of the array. The duty cycle is regularly changed until the
peak power of the array is reached.
The commonly used MPPT controller is a “search type”, which uses a searching
method to catch the peak power, instead of a pre-determined power point or other
predictive methods. Perturbed and Observed (P&O) is a well-known method that
searches the maximum point by adding a constant increment or decrement to the duty
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cycle. This method has the ability to effectively achieve the maximum power point.
However, this method takes time when the peak position is far away from the latest
position of search. When the maximum point has dynamically moved and rapidly
shifted, the method may lag behind. Fig. 5.5 shows the principles of MPPT P&O type.

Pmax

P2
P1

D1

D2

D3

D4

D5

Duty cycle (D)
D1 > D2 > D3 >…

Fig. 5.5 Constant increment of the duty cycle to achieve the maximum power
Fig. 5.5 shows the concept of P&O MPPT when the dc converter is at low duty cycle
to reach the peak power point of the thermoelectric generator (Pmax). Initially, the duty
cycle is set at D1, resulting in the generated thermoelectric output power of P1. Using
a certain increment, for example 0.1 point, added to the duty cycle, D1 becomes D2.
For this case, the measured output power is P2. Subtracting the power second power
from the first power (P2–P1) results in a positive value because P2 > P1. The duty cycle
is continuously increased until the peak power point is achieved or passed through, as
indicated by a negative value of the power subtraction. Once the peak power point is
obtained, the duty cycle is decreased using a constant decrement. A problem arises
when Pmax dynamically moves or shifts to other positions according to the surface
temperature. A wide area of hot surface tends to be a non-uniform distributed
temperature. This situation may be different compared to the situation of a
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photovoltaic system, for which the maximum power point commonly remains constant
due to the relatively constant of sun ray irradiance.
The proposed MPPT offers a modification from the P&O method, namely, it
employs an asymmetrical increment to the duty cycle. A constant increment is
involved when the peak point is in the forward position, whereas a wide decrement is
used after the peak power has been passed through. The MPPT controller of the
modified Perturbed and Observed block diagram is shown in Fig. 5.6.

Fig. 5.6. The MPPT controller using the modified perturbed & observed method

Fig. 5.6 shows how the control system uses two inputs, i.e., the voltage and current
from the array. The multiplication of both results in the array output power. Prior to
feeding the comparator, the output power is registered in the Unit Time Delay. The
output powers from the recent and last calculation are compared. The comparator
output signals “high” when the recent array power is higher than the last array power.
The “high” signal drives the multiplexer (MUX) to connect the output with the “Hi86

set” duty cycle. The “Hi-set” applies a constant increment duty cycle to work for the
PWM modulator. In this stage, the voltage of the DC converter is increased with
constant increments until the maximum point is obtained.

Pmax1

P&O
Pmax2

Modified P&O

Power Locus

D1

D2

D3

D4

Low set,
constant value
D5

D4

D3

D2

Time

Fig. 5.7. Principles of the modified perturbed & observed method

An opposite condition occurs when the recent array power is lower than the previous
data step, i.e., the maximum point has been passed through. The comparator signals
“low”, and the MUX connects the “Lo-set” to the multiplexer output. The “Lo-set”
uses a constant value instead of a constant decrement. The trajectory to search a
maximum power point is presented in Fig. 5.7. The power locus changes from Pmax1
to Pmax2. Both P&O and the Modified P&O have the same trajectory when catching
the maximum point from the lower power condition. Using the P&O method, Pmax2
can be reached after decreasing the duty cycle in 5 steps. However, applying the
Modified P&O method, Pmax2 can be obtained in a shorter period, within 2 steps. After
achieving the peak point, the modified P&O applies the Low set value to reset the duty
cycle. It shows one period steps of calculation. The period will be repeated after the
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algorithm finishes its cycle. The proposed method has the ability to cover deep changes
of temperature variations because of its wide range of duty cycle configurations.
To demonstrate the performance, a thermoelectric array connected to an MPPT (as
shown in Fig. 5.4) is simulated. The array uses one string consisting of 6 panels
connected in series. Because the rated power of one panel is 100 Watts, 120 volts, the
string outputs 600 Watts and 720 Volts. The load is varied dynamically from 200,
600, and 300. The results of power-maximizing are shown in Fig. 5.8. This
treatment is under a uniform temperature distribution heat at T=65oC. When the load
resistance is 200, the array output power can be increased from 358 Watts without
MPPT to 391 Watts with MPPT, i.e., an improvement of 9.2%. Fig. 5.9 depicts the
voltage when an MPPT is connected to the thermoelectric string; it is slightly
improved compared to the voltage without an MPPT.
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Fig. 5.8. The output power of a thermoelectric string under load change with an
MPPT
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The thermoelectric string was also run under a non-uniform temperature distribution.
One-third of the thermoelectric received a constant temperature difference at

T=65oC, while two-thirds received dynamically-varied gradient temperatures at
T=65oC, T=40oC, and T=55oC, as shown in Fig. 5.10. It can be seen that the MPPT
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still works properly under this condition. The thermoelectric power is increased from
440 Watts without MPPT to 462 Watts with MPPT, i.e., an increase of 5%.
The complete proposed system is illustrated in Fig. 5.11; it employs a thermoelectric
array with 6 strings. The total rated power is 3600 Watts, 720 Volts. An MPPT and an
inverter grid-tie are embedded. A three-phase inverter of current-controlled type is
used; it injects the power available in the thermoelectric array into the grid system.
The bridge inverter and the control system are depicted in Fig. 5.12. The DC source
of the inverter is the thermoelectric array, which is maximized by the MPPT. The
amount of power injected to the grid must be equal to the output of the MPPT. Thus,
the inverter control must coordinate between the grid and the MPPT. The power data
available from the array is divided by the peak voltage of the grid, resulting in the
amount of current used to regulate the 3-phase oscillator for controlling the current
injected to the grid. Any changes in the array power will be automatically followed by
the inverter.

Fig. 5.11. A complete diagram of the proposed system
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Fig. 5.12. The inverter and the control system

The results of the complete system when injecting power to the grid are shown in Fig.
5.13. The gradient temperature is deeply and rapidly changed. Initially, the gradient
temperature is set at T = 65oC; subsequently, it becomes T = 40oC and then increases
again to T = 55oC for a total of 0.6 seconds.

Fig. 5.13. Thermoelectric grid-connected system when encountering deep & rapid
temperature changes
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Fig. 5.14. The voltage and current waveform during the period of deep and rapid
changes of temperature

Fig. 5.13 depicts the power transferred to the grid when the thermoelectric array
received dynamically-changed temperatures. The available power is highlighted by
the bold line, whereas the injected power is highlighted by the curve with hysteresis
bands. The inverter injects power, adding to the one available from the thermoelectric
array. During the sudden drop of gradient temperature, from 65oC to 40oC for only 0.2
seconds, the inverter control system still works properly to follow the array output.
5.3. Conclusion
A maximizing method of TEG system is proposed in this chapter. There are 2 schemes
of maximizing method, e.g. employing a blocking diode, and using a maximum power
point tracker (MPPT). The blocking diode is attached in every parallel TEG strings.
Thus, it blocks the current flowing to the TEGs with mode of absorbing electric power.
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The maximizing method using MPPT inserts a dc-to-dc converter between the terminal
output of TEG array and the loads. The common perturbed and observed (P&O) MPPT
works electronically to adjust the converter voltage in a constant increment or
decrement duty cycle until the maximum output power is reached. However, the
proposed modified P&O employs a constant low set value of duty cycle, instead of
using decremental to catch the power point.
Simulation results show that the modified P&O scheme is effective to improve the
output power of TEG system. Under uniform heat, the MPPT improves the output
power of TEG up to 9%, while under non-uniform heat distribution, the MPPT still
works to increase the power output by 5%. Simulations of the entire system that
includes inverter for injecting the TEG power to the grid, demonstrate an effective
operation. The injected power follows the available TEG array output under
dynamically changing temperature differences.
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CHAPTER 6
CONCLUSION

A model, a description of applications, and a maximizing technique of a thermoelectric
generator system were presented in this thesis. In particular, the application of
thermoelectric generators in a high-power, spatially-distributed generating system
connected to the grid was considered. The modeling work involved the development
of a thermoelectric model, testing of the model, and consideration of the use of the
model in larger systems and applications.

A model of a thermoelectric generator system was proposed based on an equivalent
electrical circuit. The elements of the model include an equivalent voltage source
connected in series with an equivalent internal resistance. The parameters of the model
were determined through open circuit and short circuit electrical tests under various
temperature differences between the hot and cold surfaces of the thermoelectric
systems. Based on the laboratory test results, formulas for the equivalent circuit were
obtained. The model was tested using a prototype system; the results between them
proved to be very close, with an average error of around 7%. A larger thermoelectric
system was developed based on the proposed model. The design was expanded from
the single device model to a module that consisted of 24 devices in series as a string
and as an array of thermoelectric generators.
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High-power applications require the configuration of a thermoelectric generator
system to have each generator connected in series and in parallel to scale up the output
power. However, parallel connections of thermoelectric generators may lead to the
thermoelectric generators powering each other. Attaching a diode to each parallel line
of thermoelectric generators was found to be a potential solution to this problem.

In high-power applications, a large surface area of thermoelectric generators exists to
receive heat. Flame or high temperature with the characteristics of dynamic
movements may lead to a non-uniform distribution of temperature. Such a nonuniform temperature distribution was considered to analyze the thermoelectric
performance of a system. Under typical conditions, the case of a non-uniform heat
distribution can reduce the output power by up to 30% compared to the case of a
uniform heat distribution.

The use of a maximum power point tracker (MPPT) was proposed to maximize the
output power of a thermoelectric system. By applying an asymmetrical incremental
duty cycle, the MPPT has the ability to handle deep and rapid changes of temperature.
The MPPT properly operates under various loads, various temperature differences, and
dynamic operations involving those changes. The power extracted under typical
conditions is around 9%, depending on the temperature gradient and load impedances.
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6.1. Recommendations for future research
1. Large scale deployment of the TEG technology
The study can include the challenges and opportunities regarding the utilization of
a large system of Thermoelectric Generator for power generation in industrial
applications.
2. Power system studies on Grid-tied TEG Syetem
Detailed and more focused study regarding a TEG generation system that is
connected to the grid.
3. More sophisticated MPPT technology connected to the cooling system
In thermoelectric generator applications, the cooling system is also directly related
to the power generation of the TEG. The cooling system considered in this thesis
was only programmed to control the cold side of the TEG in order to maintain a
certain temperature difference. In future research work, the cooling system can be
connected with the MPPT to achieve a higher overall efficiency.
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APPENDIX

Results from experiment with temperature differences varied are given in Fig. A to
Fig. L
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