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Abstract 
As waste heat recovering techniques, especially thermoelectric generator (TEG) 
technologies, develop during recent years，its utilization in automotive industry is 
attempted from many aspects. Previous research shows that TEG as a waste heat 
harvesting method is feasible. Even though efficiencies for TEGs are as low as 3-5% 
with existing technology, useful electricity generation is possible due to the great 
amount of waste heat emitted from the internal combustion engine operation.  
 
This thesis proposes the innovative concept of thermoelectric-generator-based DC-DC 
conversion network. The proposed structure is a distributed multi-section multi-stage 
network. The target is to tackle problems facing the traditional single-stage system 
and to advance TEG application in automotive settings. The objectives of the project 
consists of providing optimal solution for the DC-DC converter utilized in the 
network, as well as developing a systematic and bottom-up design approach for the 
proposed network. 
 
The main problems of the DC-DC converters utilized in the TEG system are 
presented and analyzed, with solution to dynamic impedance matching suggested. 
First, theoretically-possible approaches to balance the large TEG internal resistance 
and small converter input resistance are discussed, and their limitations are presented. 
Then, a maximum power point tracking (MPPT) regulation model is developed to 
address the temperature-sensitive issue of converters. The model is integrated into a 
TEG-converter system and simulated under Simulink/Simscape environment, 
verifying the merits of MPPT regulation mechanism. With the developed model, 
MPPT matching efficiency over 99% is achieved within the hot side temperature 
range of 200°C ~300°C. 
 
A design flow is suggested for the proposed network. Analysis is conducted regarding 
aspects of the design flow. Several state-of-the-art thermoelectric materials are 
analyzed for the purpose of power generation at each waste heat harvesting location 
on a vehicle. Optimal materials and TE couple configurations are suggested. Besides, 
a comparison of prevailing DC-DC conversion techniques was made with respect to 
applications at each conversion level within the network. Furthermore, higher level 
design considerations are discussed according to system specifications. Finally, a case 
study is performed comparing the performances of the proposed network and 
traditional single-stage system. The results show that the proposed network enhances 
the system conversion efficiency by up to 400% in the context of the studied case. 
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Outline of the Report 
This thesis proposes the innovative concept of TEG-based DC-DC conversion 
network, develops a systematic and bottom-up design approach for the proposed 
network. At the same time, this thesis also provides optimal solution for DC-DC 
converter utilized in this network. This thesis report is written according to the 
structure of the related research work. Hence, the report is divided into four separate 
parts: Part I: Theory, Part II: DC-DC Converter Optimal Solution, Part III: 
TEG-Based DC-DC Conversion Network, and Part IV: Conclusions and Future Work. 
 
Part I starts with a general overview of the waste heat recovering technology and its 
automotive applications. Following it is a brief description of recent automotive 
thermoelectric projects. Then, significant results of previous research which are 
related to this thesis project will be reviewed, leading to the purpose and target of this 
project. In order for a broader range of readers to understand the work presented in 
this report, the mechanism of TEG is briefly explained (in Chapter 2), together with 
the principle of DC-DC converters (in Chapter 3). 
 
In Part II, Chapter 4 analyzes the issue of impedance matching between TEG internal 
resistance and DC-DC converter input resistance. Theoretically-possible solutions for 
steady-state and dynamic matching are investigated regarding their feasibility. Then, 
Chapter 5 is dedicated to describe the development and evaluation of a MPPT 
Simulink/Simscape model targeting at achieving dynamic impedance matching. 
 
Part III first introduce the concept of the proposed TEG-based DC-DC converter 
network for automotive applications, and the topology of the proposed network is 
compared with that of the traditional single-stage topology. Then in Chapter 7, a 
design flow is suggested for the proposed network, with details of aspects in the flow 
analyzed. Most importantly, at the end of Chapter 7, a case study is presented, 
demonstrating the advantage of the proposed network over the traditional single-stage 
system. The result shows significant enhancement of system conversion efficiency. 
 
This report is concluded with Part IV, which is supposed to summarize major results 
achieved in this thesis work, and to give hints on possible tracks of future research. 
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Nomenclature 
 Delivery efficiency between TEG module and low level converter. 

DC DC  Conversion efficiency of high level DC-DC converter. 
DC DC  Conversion efficiency of low level DC-DC converter. 
DC DC  Conversion efficiency of middle level DC-DC converter. 

∆D Perturbation step of a MPPT regulator. 
CCCM Critical capacitance value of a DC-DC converter. 
CI The sign indicator of the change of converter input current ∆I, “0” for 

negative, “1” for positive. 
Cin Input capacitance value of a DC-DC converter. 
CV The sign indicator of the change of converter input voltage ∆V, “0” for 

negative, “1” for positive. 
D Duty ratio of a PWM signal. 
fd Sampling frequency of MPPT regulator. 
fs Switching frequency of a DC-DC converter. 
Iout Steady-state output current of a DC-DC converter. 
LCCM Critical inductance of a DC-DC converter. 
M Number of parallel TEG modules at a conversion section. 
N Number of serially connected TE couples within a TEG module. 
Pin The actual input power of the DC-DC converter. 
Pmatch The input power of the DC-DC converter when the matched-load 

condition is met. 
r Switching output ripple ratio of a DC-DC converter. 
Rin Input resistance of a DC-DC converter. 
RMPP Input resistance of DC-DC converter, when the load-matching 

condition is met. 
RL Load resistance of a DC-DC converter. 
rL Series resistance of an inductor. 
RTEG Internal resistance of a TEG module. 
s Thermoelectric compatibility factor. 
S, σ Seebeck coefficient. 
Tc Cold side temperature of TEGs. 
Tε The lower limit of sampling time of MPPT block. 
td Sampling time of a MPPT regulator. 
Th Hot side temperature of TEGs. 
Vin Input voltage of a DC-DC converter. 
Vin_p(max) Maximum allowed peak-peak input voltage ripple of a DC-DC 

converter. 
Vo Output voltage of a DC-DC converter. 
Voc Open circuit voltage of a TE couple. 
ηc Carnot efficiency. 
ηcouple Overall efficiency of a TE couple. 
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ηmatch The matching efficiency of MPPT. 
ηr Reduced efficiency. 
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Chapter 1: Introduction 
1.1 General Information 
In recent years, energy harvesting has become a popular term in both academic and 
industrial world, as traditional power generation resources, such as fossil fuels and 
nuclear fission, are either facing global shortage crisis or simply being quite costly. In 
contrast, the resources for energy harvesters are usually naturally present, for instance, 
the temperature gradient from the combustion engine, electromagnetic energy from 
communication and broadcast, motion from human movement, just to name a few. 
Currently, areas of research interests mainly consists of piezoelectric energy 
harvesting, pyroelectric energy harvesting, waste heat recovery, electromagnetic 
energy harvesting, ambient-radiation energy harvesting, etc. However, current 
technologies of energy harvesting are capable of producing only enough power to 
drive relatively low-power electronics. Also, high volume applications of these 
technologies depend on further enhancement of the energy harvesting efficiencies. 
 
Among all research directions, waste heat recovery (WHR) is most concerned, due to 
the widespread existence and high accessibility of suitable resources. According to 
India Bureau of Energy Efficiency [1], the benefits of WHR includes reduction in the 
process consumption and costs, reduction in pollution and equipment sizes, and also 
reduction in auxiliary energy consumption. While there are a number of devices to 
fulfill WHR, thermoelectric generator (TEG) has been utilized in most automotive 
applications, which are the targets of this thesis.  
 
TEGs are devices which convert heat (temperature differences) directly into electrical 
energy, using a phenomenon called the "Seebeck effect" (or "thermoelectric effect"). 
Their typical efficiencies are around 5-10%. TEGs are solid-state devices which have 
no moving parts. Sub-branches of TEG have been developed to cater the needs of 
specific target applications, such as radioisotope TEG for spacecraft and automotive 
TEG (ATEG) for automobiles. Moreover, some house-hold applications based on 
bio-fuel have been realized, as well as power supply for wearable electronics.  
 
Recently, TEG is often mentioned together with photovoltaic as promising energy 
harvesting device in the near future. Photovoltaic has a longer history of application. 
But when it comes to the effective applicable time, TEG is in fact advantageous in 
that it has no dependence on factors such as daylight hours and changes of seasons. 
 
1.2 Thermoelectric Companies 
Waste heat recovery, especially thermoelectric generation, is a newly-emerged 
industry sector. The market is yet to be explored. In this section, major players in the 
contemporary thermoelectric generation business are introduced.  
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BSST LLC 
BSST was found in 2000, as a subsidiary of Amerigon Incorporated (founded in 1991) 
to develop advanced thermoelectric systems. The company is located in Irwindale, 
California [2]. Its founder, Dr. Lon Bell, graduated from California Institute of 
Technology in 1968, is a renowned researcher in the field of thermoelectric. 
 
BSST is working with academic and industrial researchers toward the advancements 
in TE materials and TEG structures. The current advancements are being applied to 
electronic device cooling, home and automotive air conditioning and heating, and 
military and communications systems. BSST is also engaged in a variety of power 
generation and waste heat recovery projects with military and commercial entities. 
According to BSST, substantial improvements using their technology could be 
achieved in near future, if this is correct, thermoelectric heat pumping and power 
generation may prove to be a lucrative way of saving energy in several fields, from 
industry to consumers [2]. 
 
BSST’s top-five technological innovations concern the aspects of thermal isolation, 
convection, mechanical transport, high power density and construction [3]. 

 
Figure 1.1 BSST's proprietary high power density Y-form generator TE subassembly [3]. 

 
Hi-Z 
Hi-Z is a small R&D oriented company which was founded in 1988. The company is 
located in San Diego, California, with 18 engineers, physicists, metallurgists, and 
technicians. Its current product is mainly bulk material thermoelectric modules and 
generator systems, which can provide power output from milliwatt level to multiple 
kilowatt level [4]. 
 
The technological innovations of Hi-Z include the patented gapless eggcrate 
technology and quantum well thermoelectric modules. Hi-Z's mission is to expand 
upon the modestly sized bulk material thermoelectric product to develop, manufacture 
and commercialize the next generation of high efficiency Thermoelectric modules, 
called Quantum Wells, which show promise of conversion efficiencies ranging from 
15% to 40%. These products may lead to energy recovery in several industries [4]. 
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KELK 
KELK, former Komatsu Electronics Inc., is established in November 1966. Its head 
office is now in Kanagawa-ken, Japan. It is a part of the multinational corporation 
Komatsu Limited which manufactures construction, mining, and military equipment, 
industry machinery such as press machines, lasers, and thermoelectric modules. The 
mission of KELK is to “Be the world's leading and most reliable supplier of precise 
thermal control systems based on thermo-electric modules with outstanding quality 
and innovative technology” [5]. 
 
As the largest manufacturer of temperature control equipment for use in 
semiconductor manufacturing, Komatsu announced in January 2009, that it will begin 
production and sales of the world’s most efficient and highest powered commercial 
thermoelectric generator. Its maximum output power is 24W, with a maximum 
conversion efficiency of 7.2%. The material utilized in this thermoelectric module is 
bismuth-telluride. It was available to the market by May 2009 at a price of 30,000 Yen. 
The module, along with the thermocouples, is shown in Figure 1.2 [6]. 
 

 
Figure 1.2 The Komatsu thermoelectric module [6]. 

 
Termo-Gen AB 
Termo-Gen AB is a thermoelectric company located in Gotland, Sweden. It was 
founded in 1997. Termo-Gen markets a wide range of different thermoelectric 
modules and complete thermoelectric generator setups. The company has been 
involved in several research projects in collaboration with Volvo, KTH, St. Jude 
Medical, Electrolux and etc. [7]. 
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1.3 ATEG Projects in Industry 
Although the Seebeck effect was discovered in 1821, thermoelectric generator was 
not applied to automobiles until the first ATEG was built and reported by Neild et al 
[8] in 1963. In recent years, the global gasoline shortage and the issue of green house 
effect have brought about more research efforts targeting at finding alternative forms 
of power for engines. This part briefly describes endeavors of several industrial-based 
projects which try to involve thermoelectric generators as part of the solutions for the 
fuel economy improvement for vehicles. 
 
BSST 
BSST began developing high efficiency Thermoelectric Waste Energy Recovery 
Systems for passenger vehicle applications in November 2004 under a contract 
awarded by the U.S. Department of Energy Vehicle Technologies Program. 
 
The goal of the effort is to reduce fuel consumption by converting exhaust gas waste 
heat into electricity using a TEG. The electric power that is harvested from the waste 
heat would replace a significant portion of the electric power that is produced by a 
vehicle's alternator. BSST's TEG design and development are supported by 
contributions from BMW, Ford and Visteon in the areas of vehicle system simulation 
and subsystem hardware development. 
 

 
Figure 1.3 BSST automotive waste heat recovery project [9]. 

 
According to the bumper-to-bumper performance simulation for the system 
architecture and model of established subsystem designs, up to 12% fuel economy 
improvement can be achieved. It is scheduled that in late 2010, a complete 
thermoelectric system will be installed into both BMW and Ford vehicles. The 
vehicles will be tested over a wide range of driving conditions to validate fuel savings 
and emissions reduction performance [9]. 
 
GMC Sierra Pick-up Truck 
In 2004, the Automobile Exhaust Thermoelectric Generator (AETEG) project was 
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launched by Clarkson University and several companies, such as Delphi Harrison 
Thermal System, GM Powertrain Division and Hi-Z Technology, Inc. The purpose of 
the project is to perform a feasibility investigation for the application of 
thermoelectric generators on a GM pick-up truck, as well as to develop a commercial 
plan for the designed AETEG system [10]. 
 

 
Figure 1.4 The CAD model of the assembled ATEG in GM pick-up truck project [10]. 

 
The device was targeting a power output of 330W, being supplied with heat from the 
exhaust and cooled by the conventional coolant circuit. A CAD model of the device 
can be seen in Figure 1.4. Efficiencies of the electronic device converting the 
electrically generated TEG saw figures in the order of 80-90%. The maximum amount 
of electricity created was 140 W to 225 W, with different types of configurations [10]. 
 
BMW VisionEfficientDynamics Program 
As a world leader in automobile industry, BMW launched its ATEG program Vision 
EfficientDynamics in March 2009. The company developed a prototype vehicle (see 
Figure 1.5 [11]) fitted with a thermoelectric generator, based on Bismuth Telluride 
materials, for electric power production on board. 
 

 
Figure 1.5 BMW prototype vehicle using TEG waste heat recovery. 
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The vehicle involved was BMW 530i. The power production reached levels of 200W 
during highway driving at 130km/h. The ZT-value was claimed to be around 0.4. 
However, there exist better materials already which yield a higher ZT-value, e.g. a 
PbTe-synthesis. Based on tests and observations, BMW predict potential fuel 
consumption savings in the order of 1-8% depending on driving condition. BMW 
claims future progress mainly depends on how well the laboratory demonstrated 
materials find their way to the commercial market [11]. 
 
1.4 Background of the Thesis Project 
1.4.1 Why the Project Has Started 
Since the discovery of the thermoelectric effect, the development of TE materials and 
devices has long been the pursuit of researchers. But only until recent years, the 
introduction of new material structures has improved the TE material properties 
significantly. Several TE materials have reached figures of merit (ZT) that are around 
or above unity [12-16], which leads to the possibilities of building high efficiency 
thermoelectric devices that are suitable for industrial applications. Targeting 
applications include waste heat harvesting, cooling systems, radioisotope 
thermoelectric generators, and etc. 
 
Automotive industry is one of the main application fields of TE technologies. Among 
all the possible applications of TE technologies, vehicle waste heat harvesting by 
thermoelectric generator (TEG) is generally believed to be a feasible trial [17-20]. The 
reasons for this belief is straight-forward and intuitive. One of the main reasons is that 
a large portion of all generated energy from combustion engine is emitted as waste 
heat. For a typical gasoline fueled internal combustion engine vehicle, only about 25% 
of the fuel energy is utilized for vehicle mobility and accessories; the remainder is lost 
in the form of waste heat and coolant, as well as friction and parasitic losses (Figure 
1.6). The high quality of the waste heat is demonstrated by the high temperature 
characteristic of vehicle internal environment, which provides possibility of desired 
large temperature gradients for TEGs. Exhaust gas system is an example of waste heat 
harvesting location (Figure 1.7). 
 
From another perspective, many other industrial developments urge the development 
of TEGs for automotive applications. The increasing amount of electrical and 
electronic devices on vehicle provides comfort and convenience for users, while 
places higher requirements on vehicle power supply. Furthermore, the global gasoline 
shortage gives rise to the necessity of the development of hybrid engine vehicles 
(HEV), which entails more efficient, economic and environment-friendly method of 
providing power sources for vehicles. These facts greatly spark research interests on 
TEG for vehicles. 
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Figure 1.6 Typical energy path in gasoline fueled internal combustion engine vehicles [18]. 

 

 
Figure 1.7 Typical temperature distribution of exhaust gas system [19]. 

 
Up until now, investigation has been extended to the development of the whole TEG 
system for vehicles. However, such investigation is mainly under feasibility study, 
while some detail research on optimal solutions is conducted that mainly concerns 
functioning of TEGs at single vehicle section. The further development of TEG for 
vehicles is walking towards an application-oriented integrated TEG system. 
 
1.4.2 What Has Been Done Prior To This Project 
This thesis project is based on some important previous work in the field of TEG 
applications. Above all, TE materials with figure of merit around or higher than unity 
are available for use in devices now. A couple of research works have successfully 
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quantified the temperature dependence of TE material properties, e.g. figure of merit, 
compatibility, efficiency, and etc [21]. 
 
Significant breakthrough in configuration of stack TE couple has also taken place in 
recent years. Based on conventional vertical TE couple configuration with segmented 
elements, [22] went a step further and devised an alternative horizontal TE couple 
configuration for higher design flexibility.  
 
1.5 Project Description and Project Goals 
1.5.1 Project Description 
This thesis project is scheduled in two major phases. The work starts from definition 
and development of the concept of TEG-based DC-DC conversion network for 
automotive applications, followed by the development of a bottom-up design 
approach for this network. For the second phase, optimal solutions for DC-DC 
converters utilized in the proposed network will be investigated. The discussion 
should base on comparison study and analysis, while the optimal solution should be 
refined and verified by modeling and simulation. 
 
1.5.2 Project Goals 
The new concept of TEG-based DC-DC conversion networks is the basis of this thesis 
project. The general goal of this thesis project is to develop a systematic design 
approach which serves as a guideline for future design work to achieve high 
conversion efficiency in vehicle WHR systems. Detail goals of this thesis work are 
presented in Table 1.1 below. 
 

Table 1.1 List of detail project goals. 
Phases Goals 

The Innovative 
Conversion 

Network 

Conversion network topology with elaborated illustration. 
Optimal materials for each conversion location. 
Higher level design considerations regarding system specifications, 
such as the output voltage levels, size limit on TEG and so on. 
Optimal DC-DC switching techniques for each conversion level. 

DC-DC Converter 
Optimal Solution 

Analysis of impedance matching issue of DC-DC converters utilized in 
TEG applications. 
Proposition of possible solutions for the impedance matching issue. 
A MATLAB model of MPPT controller block which will be simulated 
in Simulink/Simscape environment. 
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Chapter 2: Thermoelectric Generator 
Thermoelectric generator (TEG) is a device that converts thermal energy directly into 
electrical energy. A typical TEG structure is shown in Figure 2.1. Early TEG devices 
utilize metallic TE material, whereas more recently manufactured TEGs use 
alternating n- and p-type semiconductor materials. The TEG structure is “sandwich 
like”, with thermoelectric materials “sandwiched” by two heat exchanger plates at its 
two ends respectively. One of the two exchangers has high temperature, and hence, it 
is called the hot side of the TEG; while the other has low temperature and is called the 
cold side of the TEG. There are electrical-insulate-thermal-conductive layers between 
the metal heat exchangers and the TE material. The two ends of n- and p-type legs are 
electrically connected by metal. 
 
The thermal-electrical conversion is done by a phenomenon generally referred to as 
“Seebeck effect”, which is named after one of the scientists who discovered it. TEGs 
are solid-state device, which means that they have no moving parts during their 
operations. Together with features that they produce no noise and involve no harmful 
agents, they are the most widely adopted devices for waste heat recovery.  
 

 
Figure 2.1 Simplified illustration of TEG. 

 
Basic theory of TEGs is fundamental in understanding the rest part of this thesis 
report. Hence, the mechanism, evaluation and formation of TEGs will be generalized 
in this chapter for the readers’ reference. 
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2.1 The Physics of Thermoelectric Generation 
2.1.1. Seebeck Effect 
To put it in a simple way, Seebeck effect is the conversion of temperature differences 
directly into electricity. In the basic version of TEG, the conductor materials used to 
generate Seebeck effect are two different metals or semiconductors. The term 
thermopower, or more often, Seebeck coefficient of a material, is a measure of the 
magnitude of an induced thermoelectric voltage in response to a temperature 
difference across that material. The Seebeck coefficient has units of V/K, though it is 
more practical to use mV/K. The Seebeck coefficient of a material is represented by S 
(or sometimes σ), and is non-linear as a function of temperature, and dependent on the 
conductors’ absolute temperature, material and molecular structure. 
 

Table 2.1 Seebeck coefficients for some common elements [24]. 

Material 
Seebeck 
Coeff. 

Material 
Seebeck 
Coeff. 

Material 
Seebeck 
Coeff. 

Aluminum 3.5 Gold 6.5 Rhodium 6.0 
Antimony 47 Iron 19 Selenium 900 
Bismuth -72 Lead 4.0 Silicon 440 

Cadmium 7.5 Mercury 0.60 Silver 6.5 
Carbon 3.0 Nichrome 25 Sodium -2.0 

Constantan -35 Nickel -15 Tantalum 4.5 
Copper 6.5 Platinum 0 Tellurium 500 

Germanium 300 Potassium -9.0 Tungsten 7.5 
* Units are μV/°C; all data provided at a temperature of 0 °C. 
 
In Figure 2.1, the materials used in the two legs are n- and p-type semiconductors. If 
we denote their respective Seebeck coefficients to be Sn and Sp, the open circuit 
voltage Voc generated by this TE couple is then governed by the equation:  

                                                    d .                  (2.1) 

If the Seebeck coefficients are approximately constant for the measured temperature 
range in the TE legs (which is often true), Equation 2.1 can be simplified as: 

                                                     · .                   (2.2) 

If the temperature difference ∆T between the two ends of a material is small, then the 
Seebeck coefficient of this material is approximately defined as: 

                                                                           ∆
∆

                           (2.3) 

where ∆V is the voltage seen at the terminals. 
 
Thermopower is a collective result of different effects, among which two mechanisms 
provide major impact, and they are charge-carrier diffusion and phonon drag.  
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In a TEG where two ends of the n- and p-type legs are at different temperature levels, 
charge carriers in the leg material tend to diffuse in the direction which can help to 
reach thermodynamic equilibrium within the leg. That is to say, the hot carriers 
(charge carriers originally at the end with higher temperature) will move toward the 
cold side of TEG, and cold carriers move toward the hot side. If temperature 
difference is intentionally kept constant, the diffusion of charge carriers will form a 
constant heat current, hence a constant electrical current. Take n- and p-legs of TEG in 
Figure 2.1 as an example, the heat source, i.e. the side with higher temperature, will 
drive electrons in the n-type leg toward the cold side, crossing the metallic 
interconnect, and pass into the p-type leg, thus creating a current through the circuit. 
Holes in the p-type leg will then follow in the direction of the current. The current can 
then be used to power a load. 
 
If the rate of diffusion of hot and cold carriers were equal, there would be no net 
change in charge within the TE leg. However, we need to take into account the 
impurities, imperfections and lattice vibrations which scatter the diffusing charges. 
Since scattering is energy-dependent, the hot and cold charge carriers will diffuse at 
different rates, which then create a potential difference, i.e. an electrostatic voltage, in 
the leg. This electric field, on the other hand, opposes the uneven scattering, and 
equilibrium will be finally reached given enough time. The above analysis brings 
about the conclusion that the thermopower of a material depends greatly on impurities, 
imperfections, and structural changes, with the latter affected often by temperature 
and electric field. 
 
Another major impact on thermopower is phonon drag. A phonon is a quantum 
mechanical description of a special type of vibrational motion, in which a lattice 
uniformly oscillates at the same frequency. Phonons are not always in local thermal 
equilibrium; they move against the thermal gradient. They lose momentum by 
interacting with electrons (or other carriers) and imperfections in the crystal. The 
phonon-electron scattering is predominant in phonon drag in a temperature region 
approximately defined by equation: 

                                D                            (2.4) 

where θD is the Debye temperature. This temperature is approximately around 200 K. 
At lower temperatures there are fewer phonons available for drag, and at higher 
temperatures they tend to lose momentum in phonon-phonon scattering instead of 
phonon-electron scattering. 
 
In the phonon-electron dominant scattering, an electron charge distorts or polarizes 
the nearby lattice, as it moves past atoms in the lattice. While the vibration of the 
lattices, i.e. phonons, will tend to push the electrons to one end of the material, losing 
momentum in the process. This effect leads to a decrease in the electron mobility, 
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which results in a decreased conductivity, while at the same time contributes to the 
already present thermoelectric field. Since the magnitude of the thermopower 
increases with phonon drag, it may be beneficial in a thermoelectric material for direct 
energy conversion applications. 
 
2.1.2. The Reversed Seebeck Effect 
In 1834, the French physicist Jean-Charles Peltier discovered that when a current I is 
made to flow through the junction of two different metals, heat is evolved at the upper 
junction, producing a higher temperature T1, while a lower temperature T2 presented 
at the lower junction. The heat absorbed by the lower junction per unit time is equal to 
                         AB B A                      (2.5) 
where ΠAB is the Peltier coefficient of the entire thermocouple, and ΠA and ΠB 
represent the coefficient of each material. Typically, p-type semiconductor material 
has positive Peltier coefficient while n-type material has negative Peltier coefficient. 
It is apparent that Peltier effect in fact has the reversed physics of Seebeck effect. 
 
One way to understand the phenomenon of Peltier effect is that, when electrons flow 
from a region of high density to a region of low density, they try to maintain electron 
equilibrium that existed before the current was applied, by absorbing energy at one 
end and emitting it at the other. A series of these thermocouples can be connected in 
order to enlarge the effect. 
 
Peltier effect is most often applied to thermocouples to make solid-state heat pumps. 
A very popular application of Peltier effect is thermo-electric cooling (TEC). 
 
2.2 Figure of Merit “ZT” 
For thermoelectric materials, the ability to produce high energy conversion efficiency 
is the most important standard in determine the performance of materials. The figure 
of merit (FOM) is a very convenient measure for comparing the potential efficiencies 
of devices built with different materials. The FOM for thermoelectric devices is 
defined as 

                                                            (2.6) 

where ρ is the electrical resistivity, κ is the thermal conductivity, and S is the Seebeck 
coefficient. The conventional unit for Seebeck coefficient in calculating FOM is μV/K. 
More commonly used measure is the dimensionless FOM, ZT, where T is the average 
temperature (T2+T1)/2 in the device. If it is necessary to take into account both legs in 
the thermocouple, the dimensionless FOM can be expressed by the following 
equation: 

                                                
/ /

                       (2.7) 

where  is the average temperature between the hot and cold side of the device, and 
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the subscripts n and p denote the n- and p-type semiconductor. 
 
For recently produced TE materials, ZT = 1 are considered good, while ZT values of 
the range of at least 3-4 is considered to be essential for thermoelectrics to compete 
with mechanical generation and refrigeration in efficiency. 
 
It is obvious from Equation 2.6 that to improve the value of FOM, we can either 
increase Seebeck efficient, or decrease thermal conductivity. These are also the focus 
of current TE material research. With the advancements of nanotechnology, these 
targets can be achieved by manipulating the nanostructure of the materials. 
 
2.3 TEG Performance Evaluation 
The most intuitive evaluation for a TEG is by its energy conversion efficiency. As is 
generally accepted, the maximum efficiency for all heat engines is given by the 
Carnot efficiency, 

                               .                         (2.8) 

Hence, we can express the overall efficiency of a TE couple as: 
                                                     (2.9) 
where we define ηr to be the reduced efficiency. According to [25], the reduced 
efficiency can be expressed as: 

                         .                      (2.10) 

In Equation 2.10, the parameter u is defined as the relative current density, which is 
the ratio of the electric current density to the heat flux by thermal conduction, and it is 
defined by: 

                           .                         (2.11) 

From Equation 2.10, we know that the reduced efficiency ηr is a function of reduced 
current density u and temperature T. 
 
The variation of reduced efficiency with u (Figure 2.2) is analogous to the variation of 
overall efficiency (or power output) to the electrical current. It can be observed from 
Figure 2.2 that, as u increases, the efficiency increases from zero to a maximum value, 
and then decreases through zero at u = z/σ. 
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Figure 2.2 Plot of reduced efficiency ηr as relative current density, u, varies at a constant 

temperature [25]. 
 
Thermoelectric generators operating at peak efficiency typically have u that varies 
less than 20% throughout the entire element. To a reasonable approximation, u, once 
established, remains constant throughout the thermoelectric element [25]. 
 
From the above observation comes the definition for thermoelectric compatibility 
factor: the value of u which maximizes the reduced efficiency. It is denoted as s, and 
can be expressed as [25]: 

                          √ .                       (2.12) 

From Equation 2.12, it is clear that s is a temperature dependent materials property 
derived from other temperature dependent properties like σ, κ, and ρ. That also means 
s cannot be changed with device geometry or the alteration of electrical or thermal 
currents. 
 
In modern TE couples, two or more types of materials are usually presented in one leg, 
so as to increase the efficiency of the TE couple. This approach of enhancing TE 
couple efficiency is referred to as segmentation. It is a rule of thumb that, the 
compatibility factors of materials within the same leg cannot differ by a factor of 2 or 
more [25]. If this rule is violated, the maximum efficiency can in fact decrease by 
segmentation. Thus, the compatibility factor s, is one of the major considerations 
when selecting TE materials for building the TE couple. 
 
2.4 TEG Materials 
Metals have been the main materials used in building TEGs, until the middle of 20th 
century, when Ioffe noticed semiconductor materials due to their high Seebeck 
coefficient and their phonon-transport-dominated heat conduction. Despite metals’ 
merit of high ratio of electrical to thermal conductivity, modern TE materials are 
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mainly semiconductors. The performances of TEGs are largely affected by the 
features of materials used. Hence, the selection and combination of TE materials is 
vital for the design of a good TEG. It is necessary to examine and compare the 
existing families of TE materials. 
 
Chalcogenides material family is main contributor to TEGs, among them bismuth 
telluride (Bi2Te3) and its alloys are very good TE materials below room temperature. 
Bi2Te3 can be alloyed with Sb2Te3 or Bi2Se3 so as to considerably reduce thermal 
conductivity. However, since tellurium is scarce, toxic and volatile at high 
temperatures, its usage is limited. Lead telluride (PbTe) was found to have good 
thermoelectric properties at temperatures in the range of 300-700 K. Similar 
thermoelectric materials such as PbS and PbSe, also belong to chalcogenides system. 
 
The alloy of silver antimony telluride AgSbTe2 with germanium telluride GeTe 
((AgSbTe2)1-x(GeTe)x, commonly referred to as TAGS) was initially sought as a 
replacement for p-type PbTe in applications at higher temperatures such as 
radioisotope TEGs for space power supplies. TAGS has been successfully used in 
long-life thermoelectric generators [26]. 
 
SiGe alloys are superior materials for thermoelectric generation and is typically used 
for both n- and p-legs in high temperature (>900 K) TEGs. However, the ZT of these 
materials is fairly low, particularly for the p-type materials [26]. 
 
Skutterudites (ReTm4M12) are complex materials containing rare earth elements (Re), 
transition metals (Tm) and metalloids (M). Skutterudites have reduced thermal 
conductivity due to rattling of the heavy rare earth element within the loosely bound 
lattice. The ZT of skutterudite has been found to be higher than unity at 700 K. 
 
Metal oxide was introduced by Ohta in 2007 [27] as a new class of TE materials. The 
introduced metal oxide was a two-dimensional electron gas (2DEG) in SrTiO3. The 
2DEG demonstrate a Seebeck coefficient that is enhanced by a factor of about 5 
compared with the bulk and an optimized ZT that reaches 2.4, which is twice that of 
conventional thermoelectric materials. The oxide TE materials appear to be promising, 
since they are chemically stable at high temperatures and are nontoxic. However, they 
have general problems of weak mechanical strength, as well as high contact resistance 
at interfaces of oxides and electrodes. 
 
For several materials, the figures of merits over the temperature range of 0-1000°C 
are shown in Figure 2.3. 
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Figure 2.3 Figure of merit (ZT) (p-type and n-type) over the temperature range of 0-1000 °C [26]. 
 
2.5 Thermoelectric Materials with Nanotechnology 
With the advancements of nanotechnology, manipulation of TE material structure at 
nano level is possible, which means possibilities in improving the TE material 
efficiency through reducing thermal conductivity, increasing electrical conductivity 
and so on. Three major nanotechnologies, superlattice, nanowire, and quantum well, 
will be briefly reviewed in this subsection.  
 
Superlattice consists of several alternating nanosized layers, each less than five 
nanometers thick (see Figure 2.4). These layers block the travel of atomic vibrations 
that produce heat flow but still let the electrons to flow as current. Adding interfacial 
phonon scattering sites, the thermal conductivity can be reduced. The superlattice 
structures appear to be more than twice as efficient as previous bulk thermoelectric 
materials.  
 
Nanowire structure improves TE material features by blocking free movement of 
phonons. A significant improvement has been reported in the case of nanowires in Si. 
Bulk Si is a poor thermoelectric material. However, with Si nanowire arrays, thermal 
conductivity was reduced without affecting much the Seebeck coefficient and 
electrical resistivity. In [16], researchers synthesized electrochemically large-area, 
wafer-scale arrays of rough Si nanowires that are 200-300 nm in diameter (See Figure 
2.5). The Seebeck coefficient and electrical resistivity values are the same as those of 
doped bulk Si. But with Si nanowires of about 50 nm in diameter, 100-fold reduction 
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in thermal conductivity was observed, yielding ZT = 0.6 at room temperature. 
 

 
Figure 2.4 Crystal structure of layered Bi2Te3/Sb2Te3 material along the growth direction. Van 

der Waals bonding exists along the c-axis [28]. 
 

 
Figure 2.5 A scanning electron microgragh of Pt-bonded rough Si nanowire [16]. 

 
Quantum wells are areas in which potential energy in a field is lower than all of its 
surroundings making it impossible for a particle to escape unless it is influenced by 
external factors. In this way, the quantum wells force particles to move in a 2D-plane 
which makes it possible to grow very thin layers (as thin as a few atom radii) of TE 
materials. The reduced thickness means possibility of significant improvements of 
ZT-values, which can be as high as 3-4 according to laboratory observation. 
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2.6 TEG Architectures 
The first TEG produced has the architecture similar to the one shown in Figure 2.1, 
with vertical structure and single material within each leg. Later, researchers realized 
that TE material properties are highly temperature dependent, that is to say 
temperature variation influence TEG performance considerably. Hence, innovated 
design concepts addressing the temperature-dependent issues have been developed 
along the way. 
 
The first improvement in the TEG architecture comes with the concept of 
segmentation (or stack in some cases) of thermocouple. In this concept, it is suggested 
that thermocouples should be built with several materials, with each material 
optimized for the temperature range it is located. With this design philosophy, the 
TEGs could reach higher overall efficiencies than those built with single material 
within each leg. Design considerations of segmented thermocouples are discussed in 
[29]. Main concerns are the compatibility of materials and the dimensioning of 
thermocouple elements. 

 
Figure 2.6 Thermocouple configuration with segmented legs [23]. 

 
In [23], Crane and Bell went a step further and proposed the concept of horizontal 
thermocouple configuration. The new configuration (Figure 2.7) allow each p- and n- 
type element to have different aspect ratios (cross-sectional area divided by thickness) 
so that each material layer of each element has the highest possible ZT for each 
temperature range, while at the same time, this configuration also increase the design 
flexibility by allowing p- and n- legs to have different thickness (length) 

 
Figure 2.7 Horizontal TE couple configuration with segmented legs of different total thickness 

[23]. 
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Chapter 3: DC-DC Converters 
DC-DC converter is a class of power converters. It converts a DC source of a certain 
voltage level to another voltage level. In modern electronic systems, DC-DC 
converters are needed to convert the voltage supply from the power source to the 
voltage level required by the target function block. Beside, DC-DC converter can also 
regulate the output voltage. For TEG utilizations in automotive applications, DC-DC 
converter is commonly used for boosting up voltage supplied by the TEG converted 
power source, so as to reach the voltage levels required by different in-car electronics. 
 
This chapter first provides a review of the principle of DC-DC converters, followed 
by the introduction to different groups of converter architectures by category. Then, 
different aspects of boost converter will be analyzed. The related theories and 
information will be used and mentioned quite frequently in the rest of this thesis 
report. 
 
3.1 General Review of DC-DC Converters 
3.1.1 Principle of DC-DC Converters 
There are two major concerns in the design of DC-DC converters: efficiency and 
regulation. The issue of efficiency arises since almost all circuit has resistive 
components or parasitic resistors, which are power consuming during the functioning 
of the converter. That is to say, designers need to optimize the efficiency of the 
converter, although efficiency can never reach 100%. The issue of regulation is 
caused due to the fact that all power sources are not absolutely constant; however, 
many electronics require a certain level of stability of power supply. Up until now, 
there are already various design techniques and optimized components addressing 
these issues. 
 
The general principle of DC-DC converters involves the storage of electrical energy 
into components, such as capacitors and inductors, and the release of energy to loads. 
By controlling the time for energy storage and release, average voltage level appeared 
at the converter load can be controlled. The average load voltage level can thus be 
either higher or lower than the voltage level of the power source. 
 
The rotation of energy storage state and energy release state is fulfilled by switching 
devices. Nowadays, the most common switching device used in DC-DC converter is 
transistor. The length of time for each state within one switching period is reflected by 
the duty cycle of the signal fed to the gate of switching transistors. Almost all modern 
DC-DC converters utilize pulse-width-modulation (PWM) signal as the switching 
control signal for its advantage of linear control over the load power [30]. If we 
denote the switching period as Ts, and the on-time of the switching transistor Ton, the 
duty cycle of the PWM signal is thus: 
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                          .                            (3.1) 

3.1.2 Categories and Topologies of DC-DC Converters 
There are many types of DC-DC converters, each type optimize a certain aspects of 
the converter performance to cater the needs of target applications, while 
compromising some other performance aspects. DC-DC converters can be classified 
in many ways. One of the most popular classification method groups converters by 
the existence of transformers. Transformers are sometimes incorporated into the 
DC-DC converter, so as to achieve DC isolation between the input and output of the 
converter. The converters with transformers are referred to as isolating converters, the 
ones without transformers are labeled non-isolating converters. In this subsection, a 
couple of basic class converter topologies will be reviewed. 

  
                (a)                                  (b) 

  
                (c)                                  (d) 

        
                (e)                                  (f) 

       
(g)                                   (h) 

Figure 3.1 Simplified topologies of non-isolating converters: (a) Buck (b) Boost (c) Buck-Boost (d) 
Non-inverting Buck-Boost (e) Ćuk (f) SEPIC (g) H-Bridge (h) Watkins-Johnson [31]. 
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In Figure 3.1, buck converter can provide output voltage smaller than input voltage, 
while boost converter can provide output voltage larger than input voltage. Although 
the boost conversion ratio shown in Table 3.1 indicates a possible limitless output 
voltage, the properties of the physical components impose an upper bound on the 
output. Buck, boost, buck-boost and its non-inverting version all provide unipolar dc 
output voltages. And it’s also worthwhile to mention that Ćuk and SEPIC converters 
have their switching MOSFET source terminals connected to ground, which 
simplifies the construction of the gate drive circuitry. H-bridge and Watkins Johnson 
converters are capable of producing a bipolar output voltage. Watkins Johnson is a 
non-isolated version of a push-pull current fed converter. Its conversion ratio is a 
nonlinear function of duty cycle. 
 

Table 3.1 Conversion ratio of non-isolating DC-DC converters. 
Converter Topology Transfer Function M(D) 

Buck  

Boost 1
1  

Buck-Boost 
1  

Non-inverting Buck-Boost 
1  

Ćuk 
1  

SEPIC 
1  

 
When large step-up or step-down conversion ratio is required, transformer can allow 
better converter optimization. By choosing turns ratio, the voltage or current stress 
imposed on the transistors and diodes can be minimized, leading to improved 
efficiency and lower cost [31]. 
 
The forward converter and full-bridge transformer-isolated boost converter shown in 
Figure 3.2 are two examples of the isolated converters. Forward converter is based on 
buck converter. Its nonpulsating output current, shared with other buck-derived 
converters, makes it well suited for applications involving high output currents. Other 
buck-derived isolated converters include push-pull buck converter, flyback converter, 
and so on. Boost derived converters find some employment in high-voltage power 
supplies, as well as in low-harmonic rectifier applications. Apart from the topology 
shown in Figure 3.2, boost-derived isolated converters include push-pull boost 
converter, etc. 
 
Isolated versions of converters can also be derived from other basic forms such as 
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Ćuk and SEPIC, but these topologies will not be elaborated here. Furthermore, by 
manipulating (for instance, cascade connection of converters) basic converters, 
various converter circuits can be built. 
 

 
(a) 

 

(b) 
Figure 3.2 Simplified topologies of two isolating DC-DC converters: (a) single transistor forward 

converter (b) full-bridge transformer-isolated boost converter [31]. 
 
3.2 Analysis of Boost Converter 
Boost derived converters, both isolated and non-isolated versions, find many usage in 
the network proposed in this thesis. Hence, this subsection will be dedicated to a 
detail analysis of the functioning of boost converter. Some designs and calculations in 
the following chapters will be based on the theory and equations presented in this 
subsection. 
 
3.2.1 Switching Frequency 
Making the decision of switching frequency fs should be the first task in the design of 
a DC-DC converter. The selection of fs should take in consideration: power level, 
cooling method and application specifics. 
 
There is a tradeoff between switch ripple and switch loss. If fs increases, the smaller 
filter components can be chosen and faster response of the system can be achieved. 
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However, the increase of fs will also increase the switch loss. Switch loss will become 
the dominate part of the loss at high frequency operation. In addition, increasing the fs 
will also increase the magnetic core loss. 
 
3.2.2 Continuous and Discontinuous Conduction Mode 
Magnetic DC to DC converters may be operated in two modes, according to the 
current in its main magnetic component (inductor or transformer). In continuous 
conduction mode (CCM), the current fluctuates but never goes down to zero; while in 
discontinuous conduction mode (DCM), the current fluctuates during the cycle, going 
down to zero at or before the end of each cycle. For high power applications, CCM 
are preferable; while for low power application where efficiency is high-lighted, 
DCM might be a better choice. 
 
In different operating mode, the converter parameters have different interaction with 
each other. The following part of this analysis will be based on CCM and DCM 
respectively. 
 
3.2.3 Design Equations of Boost Converters 
As stated earlier in this chapter, the boost converter outputs a voltage that is higher 
than the input voltage. The schematic of the boost converter is shown in Figure 3.3. 
The equivalent circuits of the boost converter, in different switching states, are 
illustrated in Figure 3.4.  
 
During the on-time, the switch Q is closed, the diode would not conduct, and the 
converter has equivalent circuit as in Figure 3.4(a). The inductor draws and 
accumulates power from the TEG output, while the converter output that appears at 
the load is supplied by energy stored in the capacitor from the previous cycle. During 
the off-time, the switch Q is open, the diode would be conducting, and the converter 
has equivalent circuit as in Figure 3.4(b). The inductor now is load-connected, and 
will now output power to the RC network. During the off-time, the inductor power is 
a combination of current TEG supplied power and previously stored power. One part 
of the inductor energy goes to the load and the other goes to charge the capacitor. This 
way, the average voltage seen from the output port can be higher than that seen from 
the input port. 

 
Figure 3.3 The schematic of the boost converter. 
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(a)                                (b) 

Figure 3.4 Equivalent circuits of the boost converter: (a) switch on (b) switch off. 
 

 
CCM 
The CCM duty ratio of the boost converter can be determined from the specification 
of input and output voltage levels of the boost converter: 

                              CCM 1 .                       (3.2) 

The solution of Equation 3.2 for the ratio of the output-to-input voltages results in the 
transfer function, i.e. conversion ratio, of the circuit: 

                              
CCM

.                         (3.3) 

The critical inductance of the converter can be expressed in terms of duty ratio, load 
resistance and switching frequency: 

                          CCM
CCM CCM L.                   (3.4) 

If the actual inductance is larger than LCCM, the circuit will operate under CCM, 
otherwise, it will operate under DCM. To ensure that the converter operates under 
CCM, the actual inductance specified for a converter must be greater than the largest 
value of LCCM computed under varying circuit conditions. For the boost converter, the 
largest inductance occurs with maximum resistance and a duty ratio of one-third, as 
illustrated in Figure 3.5, in which the normalized critical inductance is plotted versus 
duty ratio. It should be noticed that a small variation in duty ratio can result in a large 
variation of critical inductance. 
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Figure 3.5 Normalized CCM boost converter inductance [30]. 

 
The CCM capacitance for the boost converter is specified by: 

                              CCM
CCM

L
                         (3.5) 

where r is the desired output voltage ripple ratio of the converter. 
 
DCM 
The duty ratio of the DCM boost converter can be determined by: 

                           DCM 1 √                       (3.6) 

where λ = L/LCCM, is the ratio of actual inductance used in the converter circuit to the 
minimum required CCM inductance. The circuit transfer function is now: 

                         DCM
√

.                         (3.7) 

A comparison of Equation 3.3 and 3.7 reveals that the DCM boost converter is 
capable of larger magnitude output voltages than the CCM boost converter. Plots of 
the CCM and DCM converter transfer functions are shown in Figure 3.6. The plots 
also reveal that the smaller values of inductance result in larger values of output 
voltage for the same duty ratio. 
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Figure 3.6 CCM and DCM transfer functions of the boost converter [30]. 

 
The DCM capacitance for the boost converter is specified by equation below: 

               DCM
√ √ DCM

L √
2 1 √ .              (3.8) 

  



38 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Part II: DC-DC Converter Optimal 
Solution 
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Chapter 4: Impedance Matching 
Voltage levels generated by TEGs are usually at a relatively low level, which is not 
appropriate to directly serve as power source for many electronics. Hence, it is 
practical and necessary to use DC-DC converters to boost up the voltage to a desired 
level. Besides, DC-DC converter can act as a regulator for the fluctuating TEG 
voltage under varying temperature conditions. 
 

 
Figure 4.1 A simplified TEG system diagram. 

 
Most of the main problems of DC-DC converters used in TEG systems boil down to 
the core issue of impedance matching between the internal resistance Rteg of TEG 
module and the input resistance Rin of DC-DC converter. If the open circuit voltage 
generated by TEG is denoted as Voc, the power delivered to the input port of DC-DC 
converters can be calculated as: 

                            · .                        (4.1) 

The variation of Pin with regard to Rin can be observed in Figure 4.2. 
 

Figure 4.2 Input power of converter as a function of Rin. 
 
It is very clear from Figure 4.2 that the input power of converter has the largest value 
when impedance matching is achieved. However, there are several practical issues in 
current applications which jeopardize the desired condition of impedance matching. 
 



40 
 

4.1 Large Rteg vs. Small Rin 
From [32] we can learn that the input resistance of the boost converter can be 
approximated as: 
                        | | L 1 L                     (4.2) 
where rL is the series resistance of inductor. Of course, other non-idealities, such as 
ESR of the capacitor, as well as the on-resistances of MOS switch and diode, can also 
affect the equivalent input resistance. However, the collective effect of these elements 
is small compared to the influence of RL. Hence, usually only RL is taken into 
consideration in the estimation of circuit functions. 
 
To have an intuitive view of the relationship between Rin and RL, suppose PWM duty 
cycle takes the medium value of 0.5, then Rin shrinks to only one-fourth the value of 
RL. With a larger PWM duty cycle, which is quite often the case in practical 
applications, Rin shrinks even more dramatically. In reality, Rin of low level converter 
is usually several times smaller than Rteg of TEG modules for automotive applications. 
The former can be 1 Ohm or even smaller, depending on specific load applied; the 
latter ranges from around 2 Ohms to tens of Ohms.  
 
4.2 Steady State Impedance Matching 
There are three possible approaches to balance the resistance levels of TEG and 
DC-DC converter: (1) enhancement of DC-DC converter input resistance, (2) 
reduction of the TEG internal resistance, and (3) insertion of trans-impedance circuit 
in between TEG and the converter. 
 
Equation 4.2 reveals that to enhance the converter input resistance, we can lower the 
duty cycle or choose target load of higher resistance. However, the effect of the 
former option is limited by the application load resistance. The latter option limits the 
range of possible applications of the design. Moreover, many important target 
applications have very small resistance, such as the vehicle battery under the charging 
phase. 
 
To perform impedance transfiguration, buffer amplifier circuits can be a 
theoretically-good candidate, in that they possess very high input resistance and 
relatively low output resistance. Unfortunately, current technology has limits on the 
lowest output impedance that can be achieved. According to literature study, the 
lowest buffer output resistance is around 10 Ω, which is comparable to or even higher 
than the internal resistances of certain TEG modules. This in fact makes the 
impedance transfiguration scheme invalid as for now. 
 
Having ruled out the two options mentioned above, we focus on the option of TEG 
internal resistance reduction. Namely, we can use shorter TE couple strings and 
parallelize a number of such strings, instead of using one single long string. This 
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option, together with the topology of multi-section multi-stage DC-DC conversion 
network will be discussed in Chapter 6. 
 
4.3 Dynamic Impedance Matching 
The temperature-sensitivity is yet another issue we should take into consideration. 
The TEG systems usually operate in condition under which temperature varies from 
time to time, making the TEG open circuit voltage output and internal resistance vary 
accordingly. This is especially true for TEG systems in automotive applications, 
where the variation of temperature is at a level of hundreds of Kelvin (or Celsius) 
degrees. Hence, even if we manage to match the impedances in a steady state, the 
matching condition would still be violated once the temperature changes. Fortunately, 
the operating temperature of the internal combustion engine vehicle does not have a 
rapid change; hence, there are ways to tackle the dynamic impedance matching issue. 
 
4.3.1 Maximum Power Point Tracking 
From Equation 4.2, we know that the equivalent input resistance of the converter is 
partly determined by PWM duty cycle D. Hence, dynamic impedance matching can 
be achieved by real-time adjustment of the duty cycle of the PWM signal. Among 
possible approaches, maximum power point tracking (MPPT) method is adopted in 
this thesis work as the optimal solution for anti-temperature sensitivity (i.e. dynamic 
impedance matching). 
 
MPPT is first developed to work with the photovoltaic applications, and it can be 
realized by simple microcontrollers. Since TEG and photovoltaic bear similarities in 
voltage-current relationship, MPPT is introduced into the TEG field in recent years. 
As more MPPT modules may be applied in TEG systems, modeling of the MPPT 
module is becoming necessary for the feasibility study of TEG-targeted applications. 
Besides, the modeled MPPT module would provide platform for simulations prior the 
programming of microcontrollers. In this thesis work, a Simulink model of the MPPT 
module has been developed and verified within a Simulink model of a TEG-converter 
system. 
 
4.3.2 Perturb and Observe Algorithms 
Basically, every MPPT algorithm is based on the hill-climbing principle which can be 
observed in Figure 4.3. In Figure 4.3, the maximum power point is achieved when 
impedance matching condition is met. With ideal TEG module and ideal MPPT 
regulation, the power delivered to the input of DC-DC converter should be 50% of the 
TEG generated power, i.e. 100% of the TEG matched-load power output.  
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Figure 4.3 The hill-climbing principle. 

 
There are four prevailing algorithms for MPPT: perturb and observe (P&O), 
incremental conductance, parasitic capacitance and constant voltage. Among various 
algorithms proposed, P&O is the most cost-effective one. The flowchart of P&O is 
shown in Figure 4.4. 

 

 
Figure 4.4 Flowchart of perturb and observe algorithm. 
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Chapter 5: Development and Verification of MPPT Model 
5.1 The Developed Model 
The MPPT regulated TEG-converter system mainly comprises 4 blocks: TEG, boost 
converter, P&O MPPT block, and PWM generator. Considerations for the design of 
each block will be elaborated in the following sections of this chapter. 
 
5.1.1 The Simplified TEG Model 
This block produces the temperature-varying real-time parameters – TEG internal 
resistance Rteg and open circuit voltage Voc of TEG. These are the two most important 
parameters regarding the functioning of DC-DC converter block.  
 
This block is designed so that as soon as key parameters of a commercial TEG 
module are available, the performance of the module with variation of temperature 
can be simulated through this TEG model. The input data for this block is set as 
parameters for the masked subsystem, as is shown in Figure 5.1 and Figure 5.2. In this 
study, the data of TEG module TEG1-12611-6.0 is used in the simulation. 
 

 
Figure 5.1 The simplified TEG model 

 
The main thermoelectric relationship concerning this simplified block is displayed 
through Equation 5.1 to Equation 5.3: 

                           
∆

                            (5.1) 

                           ∆                             (5.2) 

                        ·                          (5.3) 

with S being the average Seebeck coefficient of the TEG materials, Vmatched the 
matched load voltage output, ∆Tspec the temperature difference at the measurement 
stated in the datasheet, Voc the open circuit voltage generated by the TEG block, ∆T 
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the temperature difference at specific application, A the Rteg-T curve slope, and B the 
Rteg-T curve intercept. 
 

 
Figure 5.2 Parameters of the masked TEG subsystem. 

 
Coefficients A and B are obtained from Rteg-T curve shown in the data sheet of the 
TEG module. Linear approximation has been applied to the curve. The linearized 
curve coincides well with the original curve within the hot side temperature range of 
200 °C-300 °C, which is also the target range for the system simulation. 
 
When time-varying hot-side and cold-side temperatures are applied at the input port 
of the TEG block, the real-time data of Voc and the TEG internal resistance Rteg will be 
mapped respectively to the controlled voltage source and variable resistor in the boost 
converter block. 
 
5.1.2 The Boost Converter Design 
This boost converter is designed to operate in continuous conduction mode (CCM) 
when the switching frequency is 25 KHz, the input voltage level is around 4.5 V, and 
the load resistance is 4 Ω. 
 
For the target temperature range, the design specification for boost converter is listed 
in Table 5.1. Let us suppose that the equivalent input resistance of converter is 
approximated as determined by only PWM signal duty cycle D and load resistance: 
                           1 · L.                      (5.4) 
If impedance matching condition is to be met, then the theoretical D for simulation 
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falls within the range [0.438, 0.464], and the input voltage Vi for the converter is in 
the range 3.57 V-5.67 V. The curve for critical inductance LCCM with variation of duty 
cycle D is shown in Figure 5.3. 
 

Table 5.1 Specification for boost converter design. 
Temperature range (°C) 200 – 300 

TEG internal resistance Rteg range (Ω) 1.150 – 1.265 
TEG open circuit voltage (V) 7.14 – 11.34 

 

 
Figure 5.3 The critical inductance value with variation of duty cycle. 

 
To ensure the CCM operation, the actual inductance is chosen to be 22 μH, which is 
twice the largest value shown in Figure 5.3, so as to allow plenty of margin. The 
actual output capacitance can be determined by: 
                               CCM                        (5.5) 
where the CCCM is calculated according to Equation 3.5, with DCCM the largest value 
within the range of interest. If an output voltage ripple ratio of 0.01 is desired, the 
CCM capacitance is then 464 μF. For sufficient margins, an actual value of 500 μF is 
chosen. 
 
To reduce the input voltage ripple, an input capacitor is applied to this boost converter. 
The value of the input capacitance can be determined by: 

                        _
_

                 (5.6) 

where Iout is the steady state output current, and Vin_p(max) is the maximum allowed 
peak-peak input ripple voltage. A value of 500 μF is chosen for the input capacitor in 
this design. 
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The circuit parameters are listed in Table 5.2. The boost converter block including 
measuring devices is shown in Figure 5.4.  

 
Table 5.2 Circuit parameters of boost converter. 

Component Component Value 
Parasitic Parameter of 
Selected Component 

Inductor 22 μH RL = 0.0015 Ω 

Switch - 
RON = 0.0026 Ω;  
Vth = 0.8~2.1 V. 

Diode - VF = 0.38 V; RON = 0.3 Ω. 
Input Capacitor 500 μF ESR = 0.04 Ω 

Output Capacitor 500 μF ESR = 0.04 Ω 
Load Resistor 4 Ω - 

 
 

 
Figure 5.4 Boost converter block. 

 
5.1.3 The MPPT Model 
This block performs the core tasks of P&O algorithm. The input parameters of this 
block are the sampling time, the initial duty cycle, perturbation step, and etc.  
 
In the block diagram displayed in Figure 5.5, the upper half of the block is in charge 
of observation task, while the lower half is responsible for the perturbation task. The 
Boolean logic block realizes the function: 
                          I · V I · V                       (5.7) 
where CI denotes the sign of the change of converter input current ∆I, and CV denotes 
the sign of the change of converter input voltage ∆V. If the change of current/voltage 
is positive, CI/CV is “1”, and vice versa. The logic function in Equation 5.7 ensures 
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that the duty cycle will be decreased (input resistance, and hence input voltage, 
increased) by one perturbation step if the operating point is at the left side of the MPP 
in Figure 4.3, and be increased (input voltage decreased) otherwise. 
 

 
Figure 5.5 Perturb and observe block. 

 
There are two major considerations in the design of this block: the transport delay td, 
and the perturbation step ∆D. 
 
With regard to the td, i.e. the inverse of sample frequency fd, it is desired to be as short 
as possible so as to speed up the process of finding the maximum power point (MPP). 
However, it being too small tends to cause instability of the MPPT output, since the 
sampled data would be practically random. If this happens, the P&O algorithm would 
be confused, and may lead the system to go opposite the MPP. Hence, the choice of td 

should take into consideration the dynamics of DC-DC converter applied. 
 
In [33], a method to determine the td through calculation with parameters of DC-DC 
converters is presented. According to [33], there is a limit for the minimum value of td, 
which can be determined by: 

                           
·

· ln                        (5.8) 

where ξ can be calculated as: 

                            
· MPP

                         (5.9) 

and n can be calculated as: 

                              
·

.                         (5.10) 
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In Equation (5.9), RMPP is the value of matched resistance. If the lower limit of 
sampling time is not violated, the change of converter input power level, in response 
to the step duty cycle perturbation, will be confined in the region [-(1+ε)Psteady, 
(1-ε)Psteady], centered around the steady-state value Psteady. A sufficiently low value of 
ε ensures that the P&O MPPT algorithm is not confused by the transient behavior of 
the system. For this design, a ε=0.001 is chosen and 0.01 s is set as the transport delay 
value. 
 
With regard to ∆D, it being too small will lengthen the settling time for the whole 
system, since it will require more steps to reach the MPP. Since oscillating operating 
points around MPP is the major cause of the possible inefficient operation of MPPT, a 
large perturbation step tend to cause a large amplitude of oscillation around the MPP 
and hence loss in efficiency. In this design, a ∆D of 0.005 is used in the simulation. 
 
5.1.4 The PWM Signal Generator Block 
This block is developed according to basic PWM signal generation mechanism. The 
sampling time for duty cycle signal is set as 1 10-7 s. 

 
Figure 5.6 The PWM Signal Generator Block. 

 
The entire system for simulation can be observed in Figure 5.7. There are only two 
input ports for the entire system: hot side temperature and cold side temperature. 
 
5.2 The Simulation Results 
The cold side temperature in the MPPT system performance simulation is set as 30 °C; 
while performance under five different hot side temperatures (200 °C, 225 °C, 250 °C, 
275 °C and 300 °C) are tested. 
 
During the simulation, a couple of parameters are observed, such as the duty cycle 
produced by the MPPT block, the power delivered to the input of converter, the 
system output power, the input/output voltage of the converter, MPPT matching 
efficiency, conversion efficiency, and etc.  
 
In the simulation for duty cycle, the temperature first goes up and then goes down. A 
maximum power point tracking process is observed. From Figure 5.8, it is clear that 
the MPPT block responds to the change of hot side temperature with variation of its 
duty cycle output. And as expected, the higher the temperature, the lower the duty 
cycle level. 
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Figure 5.7 System simulation diagram. 
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Figure 5.8 Duty cycle produced by MPPT block. 
 

 
Figure 5.9 Power generated by TEG and power delivered to the I/O port of converter (average 

value of each steady state).  
 

 
Figure 5.10 Power delivered to the input of converter under the matching condition. 
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The MPPT matching efficiency reported in Figure 5.11 below is defined by the 
following equation, 

                                                     (5.7) 

where Pin is the actual input power of the DC-DC converter, and Pmatch is the input 
power of the DC-DC converter when the matched-load condition is met, i.e. the 
maximum possible value of Pin.  
 

 
Figure 5.11 MPPT matching efficiency ηmatch at different hot side temperatures. 

 

 
Figure 5.12 Conversion efficiency ηDC-DC of DC-DC converter at different hot side temperatures. 
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Figure 5.13 Converter I/O voltages and TEG open circuit voltages at different hot side 
temperatures. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.14 Voltage conversion ratio of DC-DC converter at different hot side temperatures. 
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Figure 5.15 Input resistance of DC-DC converter at different hot side temperatures. 
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Part III: TEG-Based DC-DC 
Conversion Network 
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Chapter 6: The Concept and the Topology 
6.1 Traditional Single-Stage Topology 
Most of the TEG systems utilized nowadays is single-stage conversion system. A 
DC-DC converter is usually included to provide appropriate and stable voltage supply 
for in-car electronics. In a single-stage system, a string of series connected TE couples 
is used as the TEG module, and the module output is connected to the input of a 
DC-DC converter. The converter appears as a load to the TEG module. The TE 
couples must be piled up to a number so that the open circuit voltage of the TEG 
module is at an appropriate position in the input range of the converter. 
 
However, with the population of hybrid electric vehicles, higher output voltage is 
required from the conversion system when it comes to automotive applications, such 
as charging the batteries. Under this circumstance, the limitations of the traditional 
single-stage conversion system is straight-forward. Firstly, the internal resistance of 
TEG module climbs up as the number of series connected TE couples increases to 
reach a certain voltage level. However, the input resistance of DC-DC converter is 
usually around 1 Ohm, or even lower. The unmatched resistances tend to severely 
degrade the overall efficiency of the system. Secondly, the single-stage topology is in 
itself unreliable. If one of the TE couples in the long string fails to function, the entire 
device would fail, which might lead to more serious results of vehicle failure. 
 
6.2 Proposed Multi-Section Multi-Stage Topology 
The DC-DC conversion network proposed in this paper is a multi-section multi-level 
network based on TEGs. A general topology of the network is shown in Figure 6.1.  
According to the need of specific applications, parameters of the network can be 
customized, such as the number of conversion levels and conversion locations, the 
amount of TEG modules at each location, and so on. 
 

 

Figure 6.1 General topology of the proposed TEG-based DC-DC conversion network. 
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At each conversion location, TEG modules are placed in parallel. Each module is a 
string that consists of a number of serially connected TE couples. A relatively small 
voltage with a large current is obtainable with TEG. However, many applications 
require higher and more stable voltage supplies than the output level of TEGs, hence, 
DC-DC converter is a necessity for TEG as a power supply method. For initial boost, 
the output of each TEG module is forwarded to a low level DC-DC converter. The 
outputs of all low level DC-DC converters in the same conversion location are then 
forwarded to a mid-level DC-DC converter for further voltage boost. There is a power 
management center with multiple outputs which mainly consists of a high level 
DC-DC converter. The power management center is in charge of collecting outputs 
from all mid-level converters, and producing stable power supply for various 
electronics on vehicles. 
 
The merit of this topology is at least three-folded. First of all, this network topology 
enables high utilization of waste heat by distribution of as many as possible energy 
harvesting devices around the vehicle body. The TEG modules at different locations 
could be designed to target differently properties. For instance, TE materials can be 
specifically selected for a particular location to best suit the available amount of heat 
energy density and temperature gradient. Secondly, the parallelization of TEG 
modules serves as a fault tolerant mechanism that increases the reliability of the 
whole network. Moreover, the parallelization of TEG modules also contributes to 
compromising the pursuit of high utilization of waste heat and low level impedance 
matching. The latter issue will be discussed in later chapters. 
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Chapter 7: The Bottom-up Design Approach 
7.1 The General Design Flow 

 
Figure 7.1 Design flow of proposed network. 

 
According to the topology (Figure 6.1) of the proposed network, a design flow is 
developed to highlight the features of the network. The design flow can be observed 
in Figure 7.1. In the following sections, design considerations of the proposed 
network will be elaborated based on the design flow. 

 
7.2 Conversion Location 
The most significant indexes for the waste heat quality are power density and 
temperature range. We mainly focus on three conversion locations in our work: 
exhaust gas pipe (EGP), exhaust gas recirculation (EGR) cooler, and retarder. 
 
The EGP is the target of most automobile waste heat recovery related research. The 
exhaust system contains a large portion of the total waste heat in vehicle. The gas 
flow in exhaust gas pipe is relatively stable. The exhaust gas temperature is usually in 
the range 650 K-900 K. In addition, the exhaust gas pipe is easily accessible to mount 
energy harvesting devices. 
 
The main advantage of EGR gas is its potential of producing large temperature 
difference. Since EGR gas comes directly from the cylinders, its temperature is 
approximately in the range of 820 K-1050 K, which is similar to that in exhaust 
manifold. Besides, since the heat from EGR gas is already accounted for in the 
vehicle setup, the mounting of waste heat harvesting devices would not place 
additional strain on the cooling system. However, the flow in the EGR cooler varies 
from time to time, and can cause fluctuations in the generated electrical energy. 
 
The retarder is a device used as auxiliary or replacement of primary friction-based 
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braking systems on heavy vehicles. It utilizes the viscous friction forces of oil pumped 
through several vanes and pipes. The retarder oil also has potential for large 
temperature difference, while at the same time, oil is a much more efficient heat 
exchange medium than gases. However, the retarder oil energy is relatively hard to 
harness compared to energy at other conversion locations, since the energy occurs in 
the form of large bursts with short time durations. Hence, the retarder should be 
combined with another energy source if utilized as an energy conversion location. 
 
7.3 TE Material Selection 
In this research work, TE couples mainly take segmented structures. Within a 
segmented structure, each material should be placed at their best temperature range 
(BTR). In the analysis, we define the BTR of a certain material to be the range where 
the material ZT value is above 80% of its peak value. We have analyzed a couple of 
state-of-practice materials and have grouped them according to their BTR in 
automotive thermal conditions. Simulations are performed in MATLAB to calculate 
reduced efficiencies of these materials regarding variation in temperature and reduced 
current density. The results are summarized in Table 7.1. The rule of thumb in 
selection of segmented materials is that the compatibilities of the segmented materials 
within one leg should not differ by a factor larger than 2 [33, 34]. 

 
Table 7.1a N-type material groups by best temperature range. 

Group Material BTR (K)
Peak 
ZT 

Peak 
Reduced 

Efficiency 
(%) 

Compatibility  
Range in BTR 

(V-1) 

Hot Side Material 
(700 K-1000 K) 

CoSb3 650-1100 0.9 14.75 1.5-2.5 
PbTe 600-850 0.8 11.84 1.8-2.5 
SiGe >1000 0.9 15.85 <1.2 

Cold Side Material 
(300 K-400 K) 

Bi2Te3 <350 0.7 12.70 4.0-6.0 
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Table 7.1b – P-Type Material Groups by Best Temperature Range. 

Group Material BTR (K) Peak ZT

Peak 
Reduced 

Efficiency 
(%) 

Compatibility 
Range in BTR 

(V-1) 

Hot Side Material 
(700 K-1000 K) 

Zn4Sb3 >600 1.4 20.1 <5.5 
CeFe4Sb12 >850 1.5 21.3 4.0-5.0 

SiGe 900-1300 0.5 9.70 0.8-1.3 
TAGS 650-800 1.3 19.5 4.0-4.5 

Middle Segment 
Material  

(400 K-700 K) 
Tl9BiTe6 >400 1.3 19.7 <4.5 

Cold Side Material 
(300 K-400 K) 

Bi2Te3 <450 1.1 18.3 3.5-10 

 
Information in Table 7.1 shows that we have very few materials for the middle 
segment material group. This is especially true for N-type material. 
 
7.4 DC-DC Converter Selection 
We have analyzed the data of TEGs and commercially available DC-DC converters.  
It is found that a three-level network topology is sufficient to satisfy the need of most 
current automotive applications. The requirements on DC-DC converters at each level 
are defined in Table 7.2. With these requirements, we have found that several DC-DC 
converter architectures are suitable for application in the conversion network, and 
their general topologies are shown in Figure 7.2. 
 

Table 7.2 Requirements on DC-DC converters at each conversion level. 
Low Level Conversion Mid-Level Conversion High Level Conversion 

- Low input voltage - Stable output - Multiple stable outputs 
- Match Rin with TEG internal 

resistance 
- Relatively wide input range -Support high power 

applications 
- High efficiency - High efficiency - High efficiency 

 

Boost converter is the most commonly used architecture. Its best performance power 
range corresponds to the middle and low level in the conversion network. As all other 
inductor-type converters, the conversion factor of boost converter can be very precise 
and flexible. This feature renders it a very good candidate for low level conversion 
under the condition of non-stable temperature, hence non-stable TEG internal 
resistance and output voltage. However, for efficient implementation, a large 
inductance value hence a large inductor size may be required. 
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For low current application, the charge pump is usually cheaper and more compact 
than inductor-type converters. However, the conversion factor of charge pump is not 
as flexible. Thus, it can be a cost-effective substitute for boost converter only at low 
level applications when the TEG working condition is relative stable. 
 
Ćuk converter is a good choice for middle level conversion, with its feature of stable 
input and output terminal currents. Since there are inductors at both input and output 
terminals, ripples can be cancelled if the values of inductors are carefully adjusted. 
 
Push-pull is a good candidate for high level conversion of high power. It supports 
high power applications up to kilo watts ranges. It can perform step-up and step-down 
operations on incoming voltage levels. Furthermore, the transformer isolated version 
of it can provide multiple outputs. The push-pull reverses the polarity of magnetic 
flux in the transformer core for each alternate half-cycle, hence it is much less likely 
to cause saturation than in the flyback converter. This feature results in a significantly 
smaller size in push-pull transformer. 
 

 

(a) 

                       

(b) 
Figure 7.2 DC-DC converter architectures suitable for application in conversion network: (a) 

boost converter (b) charge pump (c) Ćuk converter (d) push-pull converter. 
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(c)                               

  

(d) 
Figure 7.2 (Continued) DC-DC converter architectures suitable for application in conversion 

network: (a) boost converter (b) charge pump (c) Ćuk converter (d) push-pull converter. 
 

7.5 Upper-Level Design Considerations 
The main concerns of higher level design are the size and number of TEG modules at 
each location. If we designate the number of parallel TEG modules at each section as 
M, and the number of serially connected TE couples within each TEG module as N, 
the total number of TE couples at each section would then be M   N. For higher 
utilization of waste heat, it is hoped to maximize M  N at each section. But there 
are limitations on both of these two parameters. 
 
For N, the main consideration is usually the trade-off between power delivery 
efficiency ηd and TEG module open circuit voltage. The voltage generated by one 
TEG module is N Voc, with Voc being the open circuit voltage of a single TE couple.  
The power that the DC-DC converter extracted from TEG module is then 

 · ·

TEG
                        (7.1) 

where Rin is the input impedance of DC-DC converter, and RTEG is the internal 
resistance of TEG module. For a fixed value of N, P has the largest value if Rin=RTEG, 
in which case the impedance matching condition is met. Since the total power 
generated by TEG module can be expressed as 
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                             ·

TEG
                       (7.2) 

ηd can be defined as the percentage of TEG generated power that is delivered to the 
input of DC-DC converter, and 

                       
TEG ·

                   (7.3) 

where rcouple is the internal resistance of a single TE couple. From above analysis, we 
find that increasing the number of serially connected TE couple would result in the 
decrease of power delivery efficiency but an increase in the TEG module open circuit 
voltage. Usually, it should be ensured that the TEG module open circuit voltage stays 
within the input voltage range of the low level DC-DC converter, while a reasonable 
level of power delivery efficiency is maintained. 
 
We can calculate the overall conversion efficiency of a single location using the 
equation below, 
        · · DC DC · DC DC · DC DC        (7.4) 
where ηcouple is the efficiency of a single TE couple, ηDC-DC(low), ηDC-DC(mid) and 
ηDC-DC(high) are efficiencies of low level, mid-level and high level DC-DC converters, 
respectively. 
 
When it comes to the design of parameter M, the main considerations are the total 
mounting area available at each conversion location, energy utilization and also the 
input current range of middle level DC-DC converter. 
 
7.6 A Case Study: the advantage of the proposed network 
A case study is conducted to explore the feasibility of the proposed novel DC-DC 
conversion network with state-of-the-art material and device features. Also, 
comparisons are made with regard to the respective performances of conventional 
single-stage conversion system and the proposed multi-stage (i.e. multi-section 
multi-level) conversion network. 
 
The target application of the study requires 48 V charging voltage. We choose EGR 
cooler and EGP as our conversion locations. The specifications of this case are listed 
in Table 7.3. The data we used for calculation takes the average values from previous 
research reports.  
 

Table 7.3 Design specifications of case study. 

Conversion Locations 
EGR Cooler 

Available Area: 180 cm2 
Average Temperature: 950 K 

Exhaust Gas Pipe
Available Area: 300 cm2 

Average Temperature: 850 K 
Highest Output Needed 48 V (for charging the battery) 
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From material analysis, we know that N-type Bi2Te3 and PbTe is a good combination 
for N-leg segmentation, while P-type Bi2Te3 and TAGS make a compatible pair for 
P-leg. These materials are commonly used, and we have chosen them for our study.  
The design of TE couple can be done following the method developed by Snyder [29].  
One TE couple prototype of the afore-mentioned materials was built and tested by 
Crane et al. [35]. According to their report, the TE couple has hot side material of 
2mm thickness, and cold side material of 0.6mm thickness. The average cross 
sectional area for N-leg is 3 mm  3 mm, and 3 mm  2 mm for P-leg. When the 
temperature difference ∆T is as high as 500 K, the efficiency of TE couple is around 
10%; when the ∆T is only around 100 K, the efficiency drops down to around 3%. 
The information of selected DC-DC converters for each conversion level is shown in 
Table 7.4.  
 

Table 7.4 Information for selected DC-DC converters. 
 Low Level Mid Level High Level  

Efficiency  ~90%  ~90%  ~85%  
Input Range(V)  0.7-1.5 3-8 ~18 

Output Voltage(V)  3 18 Multiple Outputs 
(Maximum 50 V)  

Input Resistance(Ω) ~1  ~1 ~1 

 
Two scenarios are considered for comparison. In the average scenario, good cooling 
mechanism is applied, providing a cold side temperature of 343 K-373 K. And the 
average temperature in each conversion location is considered as the hot side 
temperature. For the worst case scenario, only air convective cooling is used, 
providing a ∆T of only 100 K.  Under the worst case condition, performances of 
devices at different conversion sections are similar. The corresponding information for 
conversion locations under different scenarios is provided in Table 7.5.   
 

Table 7.5 Information for two scenarios of case study. 

Case Location 
TE Couple 
rcouple (mΩ) 

∆T (K) TE Couple VOC (V) 
TE Couple 

Efficiency (%)

Average 
(Tc=343 K) 

EGR Cooler 17.7 607 0.21 10 
Exhaust Gas Pipe 17.7 507 0.17 10 

Worst Case 
(∆T=100 K) 

EGR Cooler 17.7 100 0.034 3 

Exhaust Gas Pipe 17.7 100 0.034 3 

 
7.6.1. Single-stage conversion system 
For this demonstration, the high level converter in Table 7.4 is utilized as the single 
DC-DC converter. In order to reach the input range of the DC-DC converter, the 
number of serially connected TE couples should be large enough. In our study, the 
numbers of TE couples are found to be 86, 106 and 530 for average scenario EGR, 
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average scenario EGP and worst case, respectively. The corresponding internal 
resistances are thus 1.52 Ω, 1.88 Ω and 9.38 Ω, which are largely unmatched to Rin of 
DC-DC converters. With these data, the delivery efficiencies are 40%, 35% and 9.6%. 
The overall efficiency of the single-stage conversion system can be calculated as 
                          · · DC DC                 (7.5) 
As a result, the overall efficiencies are 3.4%, 3.0% and 0.2%. 
 
7.6.2. Multi-stage conversion network 
We performed MATLAB simulations for voltage level at the input of DC-DC 
converters (Vin) and the power delivery efficiency ηd. The simulation results are shown 
in Figure 7.3. 
 
We first look at the average scenario. When the Rteg of TEG module and the Rin of 
converter are matched, i.e. when the delivery efficiency is 50% and the power 
delivered to the converter is maximized, the number of TE couples needed is 56; 
while the available Vin for converters at EGR and EGP are approximately 5.9 V and 
4.8 V respectively. Under this condition, only two conversion levels, the middle and 
high level, are needed from the topology. The achieved overall efficiency for both 
locations under average scenario is 3.8%. It is worth noticing that with parallel TEG 
modules, the two-level conversion network can achieve even higher thermal power 
utilization than the single-stage system, while having higher overall efficiency. 
 
For the worst case scenario, the available Vin for DC-DC converter is only 0.95V, if 
matched-load condition is to be met. This means that we need to use all three 
conversion levels in the topology. The achieved overall efficiency for the worst case is 
1.0%. 
 

 
(a) 

Figure 7.3 MATLAB simulation of delivery efficiency ηd and input voltage level Vin of low level 
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DC-DC converter in proposed network: (a) EGR in ideal case (b) EGP in ideal case (c) worst case. 

 

(b) 

 

(c) 
Figure 7.3 (Continued) MATLAB simulation of delivery efficiency ηd and input voltage level Vin 

of low level DC-DC converter in proposed network: (a) EGR in ideal case (b) EGP in ideal case (c) 
worst case. 

 

7.6.3 Case study summary 
Table 7.6 shows the comparison of calculated and simulated results of each case for 
single-stage conversion system and proposed multi-stage conversion network. It is 
obvious that the overall efficiency of the network is much higher than that of the 
conventional single–stage system, especially when temperature environment is not 
satisfying. At the same time, the total power converted, i.e. the TEG area, in the 
network is not compromised compared to that of the single-stage system, which 
means an even higher output power. 
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Table 7.6 Results of comparison study. 

Topology 
Average Scenario 

Worst Case (%) 
EGR (%) Exhaust Gas Pipe (%)

Single-Stage System 3.4 3.0 0.2 
Proposed Network 3.8 3.8 1.0 

 
According to previous report, an overall TEG system efficiency of around 5% can 
improve fuel economy by about 10% [37]. Hence, if provided TE materials with 
improved efficiencies and low level DC-DC converters with relatively large Rin, the 
conversion network performance would be further improved and soon satisfy the need 
of industrial applications. 
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Part IV: Conclusions 
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Chapter 8: Conclusions and Future Work 
Literature studies reveal that WHR through TEG devices have been generally 
considered as a feasible way of converting exhaust heat in a combustion engine 
vehicle to electricity which can be supplied to the in-car electronics. However, 
traditional automotive TEG systems have intrinsic shortcomings that make them 
inefficient. The target of this thesis is to propose an innovative TEG system topology, 
together with improved DC-DC converter solutions, for automotive application which 
can improve the conversion efficiency. 
 
Through analysis in Chapter 4, it is decided that the best way to tackle the impedance 
matching issue in steady state is to develop a system topology which combine 
serially-connected TE couples and parallelized TE modules. To address the dynamic 
impedance matching issue, MPPT regulation can be applied to DC-DC converters. 
The MPPT Simulink model developed in Chapter 5 verified the dynamic impedance 
matching function of MPPT algorithm for TEG applications. The developed MPPT 
model can be utilized in further investigations on TEG applications, and provides a 
platform for simulation prior microcontroller programming. 
 
Compared to most waste heat recovery systems where only exhaust pipe is considered 
as the harvesting location, the conversion network proposed and illustrated in Chapter 
6 and Chapter 7 possesses the potential for higher energy utilization. Besides, the 
proposed network provides higher reliability, as well as higher efficiency, than what 
traditional single-stage conversion system could provide, especially under 
unsatisfying temperature environment.  
 
In line with most previous work with thermoelectrics, a similar expectation can be 
concluded: Thermoelectric materials need to see some improvements before the 
merits of automotive TEG can be fully utilized. Further improvement on overall 
efficiency of the proposed network can be achieved if more advanced TE materials 
are provided.   
 
Heat exchanger solutions and the cold side solutions were not specifically analyzed in 
this work. Nevertheless, they are of great importance for the designs of the DC-DC 
conversion networks, and should be addressed in future research. 
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