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Abstract

The prospect of combining, at small-scale, a photovoltaic cell and a thermoelectric generator has emerged
as a promising approach to enhance the non-recovered and unexploited heat from a photovoltaic cell. The
increase of efficiency compared to standalone photovoltaic systems has varied, in some cases, up to 30%
compared to the measured base efficiency. With the potential of improving the electrical energy generation
capabilities of solar photovoltaic cells, it is no surprise innovative research regarding these hybrid
photovoltaic-thermoelectric (PV-TE) systems has substantially increased over the last few years. In this
analysis, electrical aspects of thermally coupled photovoltaic-thermoelectric energy harvesting systems
observed in research are discussed and their main properties and specificities are reviewed and analyzed. A
particular focus is made on the possible electrical connection between the photovoltaic cell and the
thermoelectric generator within the hybrid system. The control mechanism for maximum power point
tracking (MPPT) to achieve optimized power extraction, based on studies, is also addressed. Additionally,
limitations and possible improvements are discussed regarding power extraction due to their specific needs
for an electronic interface.

Highlights
* Impact of series, parallel, electrically isolated connections on PV-TE hybridization
* Review of control and MPPT techniques applied to hybrid PV-TE systems
* How concepts used in large-scale systems can be relevant to small-scale systems
* Analysis of the gaps of knowledge regarding the hybridization of PV-TE devices

Keywords: Photovoltaic, Thermoelectric Generator, PV-TE, hybridization, MPPT, electrical
connection
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1. Introduction

The strain on resources and the environment has forced research towards renewable energy technologies to
accelerate. In particular, solar photovoltaics, i.e. the conversion of solar energy into electricity, is one of the
most capable electricity generation technologies. Since the first silicon photovoltaic cell in 1954 [1], it has
seen exceptional growth and has a vital contribution toward the energy transition in connection with
renewable energy.

Solar PV plays a vital role in many different application fields, from providing power to earth-orbiting
satellites, to remote locations through solar farms [2]. These applications are focused more on large scale,
but research is also being conducted keeping more small-scale applications in mind. One field that is being
explored is the internet of things (IoT) sector where PV generators are being integrated with self-powered
IoT nodes [3]. The benefits and versatility of PV systems seem endless, but solar photovoltaics also have
intrinsic limitations.

Solar photovoltaic cells operate with the principle of the photoelectric effect [4]. Sunlight consists of a vast
spectrum. Only a small portion of that spectrum can be utilized for power generation as not all of the
incident photons can excite electrons to the conduction band. A significant part of incident energy thus
results in the production of heat [5]. The performance of PV devices degrades with the increase of
temperature [6]. Utilization of this generated and unexploited heat to improve the performance of PV cells
is thus a key research issue, particularly at small-scale where self-power IoTs are planned. To do so, a
promising auxiliary device, in terms of additional electrical power generation, is the thermoelectric
generator (TEG) [7].

TEGs operate based on the Seebeck effect which converts thermal energy to electrical energy [8], [9]. In
the case of an integrated hybrid energy harvesting system at small-scale, one possible way to facilitate the
heat transfer from the PV cell to the TEG would be to couple them together thermally. This can be especially
effective at small-scale as the dimensions of the PV and TEG would be similar. This is imperative, as many
losses though conduction, radiation, and convection can occur. In this case, to minimize losses and
maximize the heat transfer between these two energy harvesting sources, a specific and efficient thermal
interface can be placed between the two electrical generators, thus creating an optimized hybrid PV-TE
device [10].

Indeed, hybrid energy harvesters have attracted a lot of interest [11]. In particular, numerous recent research
studies have focused on PV-TE hybridization [12]. Some have shown innovative ideas applying a similar
framework but using the Peltier effect instead of the Seebeck effect. In this case, the TE device operates in
refrigeration mode and cools down the PV instead of generating power [13]. There is another case where
both the Seebeck and Peltier effect are applied [14]. Many have shown prospects in larger scale such as
Shen et al., where several TEGs are combined with a PV panel, without using a dedicated thermal interface
[15]. Others have shown the potential in small-scale IoT applications with hybrid PV-TE devices. [16],
[17]. From the previous research studies, it is clear that the hybridization of PV and TEGs has huge
potential. However, one may wonder how this potential energy will be optimally harvested and converted
into electrical energy, as efficiently as possible.
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Figure 1: Hybrid PV-TE System Composed of the Energy Harvesting Device or Unit, Electrical Connection and Electronic
Interface

Source

Figure 1 illustrates the two possible hybridization of the PV and TE components. The hybridization does
not necessarily need to operate at a fixed scale, both large and small-scale energy harvesting are applicable.
The designs may also vary and incorporate different components. The so-called “PV-TE devices” include
both energy sources thermally coupled (PV cell and TEG), and a dedicated thermal interface. Therefore,
the entire area of the back side of PV cell can be utilized for heat transfer. However, the so called “PV-TE
unit” does not require a thermal interface as the PV and TEG are physically separated and thus, not
thermally coupled. The limitation of this is that the TEG must now be given an external heat source to be
of use. Based on studies, it seems that PV-TE devices are more targeted towards small-scale energy
harvesting while PV-TE units are steered more toward large-scale energy harvesting. One may assume that
this is due to the possibility to connect more TEGs in PV-TE units compared to the single TEG in a PV-TE
device. However, additional losses may be present for PV-TE units applying this methodology as there may
be additional connections linking the TEGs together.

To maintain clarity within the review, henceforth PV-TE units will refer to energy harvesting at a large-
scale and PV-TE devices will be associated to small-scale energy harvesting. In addition, we mention here
that the so called “Hybrid PV-TE system” in the following, is composed of the PV-TE energy harvesting
device or unit, the electrical connection and the electronic interface (see Figure 1).

What is clear from Figure 1 is that regardless of the nature of the considered PV-TE system (device or unit),
a specific electronic interface with maximum power point tracking (MPPT) capabilities is a necessity to
have an efficient energy harvesting system. Therefore, even though in the following the focus will be on
thermally coupled hybrid PV-TE devices for energy harvesting at a small-scale, many innovative theories
in terms of electrical connection and MPPT techniques developed for energy harvesting at a large-scale can
still be beneficial and will be also discussed in this review. Moreover, the research available for large-scale
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harvesting is just as abundant compared to harvesting at a small-scale. For all these reasons, we thus believe
that this study can be very useful for research in the field of PV-TE energy harvesting at a small-scale or in
similar fields of research, like multi-source energy harvesting [18].

In this review, the main components of a hybrid PV-TE energy harvesting system will be briefly discussed
but emphasis will be placed on the electrical aspect of energy harvesting. This aspect has been neglected or
seldomly discussed upon, even in other review articles [19]. This review will highlight research that has
been carried out regarding electrical connections between the two sources (PV cell and TEG), and
maximum power harvesting (MPPT), as well as the electronic interface needed for optimal power
conversion and control. In addition, this review will discuss how the ideas proposed at large-scale from this
research could possibly be applied to thermally coupled PV-TE hybrid systems used in small-scale energy
harvesting, based on an integrated PV-TE device. To our current knowledge, there has not been a review
focusing on these topics.

The methodology in place for this review was to thoroughly review research within energy harvesting
hybridization with an emphasis on photovoltaics and thermoelectricity. A deeper analysis would take place
if there was any mention of an electronic interface, the electrical connection, or MPPT. After this final
analysis was complete and clear conclusions could be drawn, the review was made. The best effort was
made to research and include work from as many articles as possible, from various journals, within the
construction of this review.

2. PV-TE Hybridization

A possible solution for the electrical energy conversion of the intrinsic thermal losses in photovoltaic cells
lies in PV-TE hybridization. This PV-TE hybridization is comprised of photovoltaic cells and
thermoelectric generators integrated into a single energy-producing system. These systems can be classified
into two categories: i) hybridization based on spectrum splitting and ii) PV-TE hybrid devices [20], [21].

In spectrum splitting PV-TE electrical systems, the thermoelectric generator is combined with the PV
module using a solar beam splitter, forming a hybrid unit capable of absorbing a broad spectrum of solar
irradiance. The spectral beam splitter allows shorter wavelengths with sufficient photon energy to reach the
PV receiver, while directing the longer wavelengths with insufficient energy towards the TEG. The radiant
energy from the spectral splitter is used to generate a high heat flux for the thermoelectric device, thereby
improving the energy efficiency of the hybrid system [20]. In PV-TE hybrid devices, the TEG is merely
attached to the back side of the PV cell as depicted in Figure 2, utilizing the waste heat from the PV module
to produce energy.

In both types of technologies, other than increasing energy output, the coupling with a TEG acts as a cooling
system, lowering the operating temperature of the PV module, concurrently enhancing its efficiency [20],
[22], [23].
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Figure 2: Schematic of a PV-TE Hybrid Device

In addition, much of the conducted theoretical and experimental investigations have demonstrated that
using solar concentration technology increases the electrical power output of the PV-TE hybrid energy
systems depending on the solar concentration ratio [24]-[26]. The experimental work by Yin et al. showed
an 8.7 % improvement in the electrical power output of single junction GaAs-based PV-TE hybrid devices
when the concentration ratio is increased from 120 to 255 [27].

Furthermore, the application of PV-TE hybrid devices has been extending to the relatively new types of PV
technologies. Dye sensitized solar cells with a much lower production cost than silicon-based photovoltaics
have been implemented in PV-TE hybrid devices [28], [29]. Regarding the promising perovskite materials,
Lorenzi et al. demonstrated an efficiency gain over 3% by combining a perovskite solar cell with a TEG
[30]. Studies have also proposed novel ideas for hybrid energy-producing devices with a focus on the
electrical or thermal coupling mechanism between the PV and the TEG devices. Park et al. achieved lossless
electrical coupling between the PV and TEG devices by matching the thermoelectric internal resistance to
the PV internal resistance. The study showed approximately 30 % improvement in the efficiency of the PV
device in the hybrid system, compared with the PV device alone [31].

Kim et al. focused more on the thermal coupling at the physical interface between the PV and the TEG. In
their study, a high-performance monolithic PV-TE hybrid device is presented, integrating an acrylic film-
based photothermal interface [32]. Zhang et al. removed the top part of a conventional TEG and replaced
it with a thermal lubricant to enhance the heat transfer capabilities of the integrated PV-TE device [33].

Nevertheless, despite the technological progress achieved in PV-TE hybrid devices reported in previously
mentioned studies, in-depth research on the electrical aspects of PV-TE hybrid systems is still lacking.
Hybrid PV-TE systems are complex systems, and they incorporate multiple disciplines. Therefore, a study
of the PV-TE system requires considering various disciplines which is often challenging for
monodisciplinary oriented research. In the following, this study will focus on the types of electrical
connection (between the PV cell and the TEG) and on the electronic interface and MPPT control. These
areas that are usually neglected in research in the study of hybrid energy harvesting systems based on PV-
TE devices. In the following sections, we will present an in-depth review of the possible types of electrical
connection between the PV and the TEG and discuss the possible electronic interfaces as well.
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3. Electrical Connection

While it is apparent that hybrid PV-TE systems have sparked extensive interest in research in the last
decade, it can be stated that relatively less attention has been dedicated towards the electrical aspects of the
hybrid systems. Most of the work done in research primarily focuses on the design of the PV-TE hybrid
device, overlooking fundamental aspects such as the electronic interface and MPPT for energy harvesting
in their study. However, a highly efficient PV-TE hybrid device is not of much benefit at system level if
connected to an inefficient electronic interface or MPPT.

First, it is essential to determine the suitable mode of electrical connection and then, optimize the electronic
interface for the most efficient transfer of electrical power to the load. In the following, we present a review
of work on these electrical aspects of hybrid PV-TE systems, which to our knowledge has not been
conducted before. This section focuses more in-depth on the various modes of electrical connection between
the PV and the TEG in hybrid systems that are discussed in the research.

Three basic modes of electrical connection exist: parallel connection, series connection, and electrical
isolation. As the isolated electrical connection is less commonly discussed compared to the series and
parallel connection, an example of the connection can be seen in Figure 5 [28]. In this section, the three
different configurations will be discussed in detail and their key advantages and drawbacks will be summed
up in Table 1. The configurations can be classified based on the number of electrical wires used to connect
the energy sources to the electronic interface(s). Thus, there are two-wire and four-wire connection modes.
The series and parallel configurations fall under the two-wire connection mode, having both PV and TEG
terminals interconnected. This implies that there is a single positive terminal and a single negative terminal
for connection purposes. In the isolated configuration, because the PV and the TEG are electrically isolated,
four wires are required to connect to the interface. This means that there will be two positive terminals and
two negative terminals. One positive terminal and one negative terminal will be allocated for the PV and
the other pair for the TEG.

The most common mode of electrical connection for both small-scale (case of PV-TE devices) and large-
scale (case of PV-TE units) applications is the isolated configuration. We detail the preference in research
for this connection mode in sub-section 3.3. There is also a wide application of the series connection
although some gaps remain in research for this type of configuration as discussed later in section 3.2. The
parallel mode is the least common connection mode applied in research partly because it has been newly
studied, in comparison to the other two connection modes.

3.1 Parallel Connection

The parallel mode of connection is an uncommon electrical connection mode studied by Zhang et al., and
it involves connecting the similarly charged terminals of the PV and the TEG together [34]. A schematic
showing the connection between the two pairs of similarly charged terminals is depicted later, in Figure 9.

To our knowledge, there are very few applications of this parallel configuration in small-scale hybrid PV-
TE systems that exist in studies. Truly, in this case, the PV and TEG parts require voltage matching exactly
at the optimum operating point of the PV cell and TE elements to perform lossless hybridization [35], which
is a major constraint. However, this connection mode has some major advantages that can be exploited for
small-scale applications. One of them is that it allows the use of a single electronic interface and a single
MPPT control.

Another feature of the parallel connection mode that may be fundamental in small-scale applications is the
lower sensitivity of this configuration to the TEG internal resistance compared to the series connection. In
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general, the TEG energy contribution in the hybrid energy device is significantly lower than the energy
contribution of the PV cell. In the parallel connection, in large scale, because of low sensitivity to the TEG
resistance, a larger number of TEGs can be attached to the PV panel backside and therefore, the TEG
contribution is larger compared to the series connection. Furthermore, given that the electronic interface
and the PV cell are optimized, the increase in the number of TEGs indicates that the parallel connection has
the potential to produce more output power than the series connection [34].

However, the application of this configuration in small-scale applications can be limited by energy losses
incurred as a result of PV and TEG voltage mismatches. Because the PV and the TEG are placed in parallel
with each other, both the PV and TEG voltages must be constantly matched despite the changes in
environmental parameter. As a matter of fact, achieving the voltage matching under fluctuating solar
irradiance is a major challenge. Therefore, fluctuations in the solar irradiance are usually accompanied by
high power losses.

According to studies conducted by Zhang et al. for a PV-TE hybrid unit, the output power in the parallel
connection case was 33% lower than the series connected system, when the solar irradiance was reduced
from 1000W/m? to 200W/m? at a constant temperature gradient. Unlike the parallel connection, the series
connected PV-TE system, discussed in the following sub-section, depends more on the PV and TEG
currents than their voltages and hence it is less affected by these fluctuations in the solar irradiance [34].

However, one of the innovative ways to minimize these power losses is by incorporating phase change
materials in the PV-TE hybrid systems [36]. The phase change material reduces the fluctuations in the PV
cell temperature and thus maintains the thermal operating conditions of the system almost constant.
Therefore, in this scenario, the solar irradiance does not have a direct impact on the TEG voltage.

As stated, the parallel connection has not been extensively studied yet, especially in small-scale
applications. However, there are a few relevant studies in which the parallel connection was implemented
in the case of a hybrid PV-TE devices. One of the few notable innovations was proposed by Mishu et al.
where a hybrid PV-TE device was used to power a network of wireless enabled sensors [16]. In this study,
the parallel connection mode was chosen because it prevents the use of multiple electronic interfaces. The
authors acknowledge that mismatches in the PV and TEG impedances can limit the performance of this
hybrid unit. Figure 3 shows the electrical model and prototype of the hybrid device developed in this study.

Boost Converter with MPPT

v Load
~ e — |
Dev 12 mH
Rspy m
St a /)
PV Cell w 120 = >
t = d== 2 & o
— I !D 5 ‘Lc: arcal) L5
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Thermal =
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Voc

Interface Drec
— RS_I{:G
TEG | |
\ Microcontroller

N y
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Figure 3: Model of the Ambient Based PV-TE Hybrid System as Proposed by Mishu et al.[16].

Tan et al. also implemented the parallel connection for a hybrid PV-TE system with a single electronic
interface and MPPT circuit [37]. An ultra-low power fixed voltage reference method with very low power
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losses was used. To ensure that there is maximum power transfer from the PV and the TEG to the load, a
closed loop feedback voltage control was implemented. The power management circuit consisted of a boost
converter with MPPT, control circuitry and a pulse width modulation (PWM). Figure 4 shows a schematic
of the designed parallel connected PV-TE hybrid system proposed in this study. Tan et al. also acknowledge
that the system has issues related to impedance mismatch caused by the parallel connection [37].

PV model TEG model

Figure 4: PV -TEG Hybrid System with a Parallel Connection as Proposed by Tan et al.[37]

3.2 Series Connection

Similar to the parallel connection, the series connection is a two-wire connection, as depicted later, in Figure
8. As explained in section 3.1, the series connection is characterized by a high sensitivity to the TEG
resistance unlike the parallel connection. As a consequence, series connected hybrid PV-TE devices usually
consist of fewer thermoelectric elements, connected in series to form the TEG. Thus, it also means that the
contribution of the TEG to the output electrical power is lower compared to the parallel connected PV-TE
hybrid devices. Nonetheless, at large scale, the lower number of TEG legs attached to the backside of the
PV improves the simplicity of the system, making it easier to assemble.

The series configuration is compatible with the use of a single circuit for the electronic interface, performing
power conversion and optimization, which lowers the complexity and the overall cost of hybrid PV-TE
systems. In the studies presented and discussed in the research, internal power losses in the series
connection are considerably much lower than the losses observed in the parallel connection, precisely for
hybrid PV-TE units exposed to fluctuating solar irradiance [34].

Clearly, the series connection mode is more common than the parallel connection for small-scale energy
harvesting systems, based on PV-TE devices. The biggest knowledge gap that has limited the widespread
implementation of this configuration is the unknown maximum power point of operation of the system
when the PV and the TEG are placed directly in series with each other. Certainly, the electrical behaviour
of a separated PV cell and TEG when exposed to solar irradiance and a temperature gradient respectively,
is a subject that has been well and widely discussed in the research [31]. PV cells and TEGs each have a
well-known maximum power point of operation and many techniques and algorithms have been studied to
track these points of operation. However, when the PV cell and the TEG are placed in series with each
other, the maximum power point of operation of such a hybrid configuration is still unclear.

To improve the development of the series connection mode in small-scale applications, several attempts
have been made in studies to better understand the electrical behaviour of PV-TE series connected hybrid
devices. In studies done by Park et al., the performance of a series connected hybrid device was analysed
by varying the temperature gradient across the TEG [38], [39]. The results of this study demonstrated an
improvement in the output electrical power of the hybrid device compared to isolated PV cells, as high as
6.7 %.
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Furthermore, the small-scale application of the series configuration has been partly limited by the energy
losses incurred when current mismatches occur between the PV cell and the TEG. A major loss occurs due
to the voltage drop that takes place across the internal resistance of the TEG. Moreover, as the same current
crosses the PV and TEG devices, it is difficult for both sources to reach their maximum power point of
operation simultaneously. The increase in PV current increases the energy losses due to the TEG resistance
and hence, the TEG acts as a mere voltage drop, if the TEG generated voltage is not large enough (case of
a small thermal gradient across the TEG). Therefore, the electrical power output of such a configuration
can be lower at higher solar irradiances, compared to PV alone [34].

3.3 Isolated Sources

The electrical connection mode commonly used in both small-scale and large-scale applications is the
isolated configuration. In the isolated configuration, each of the PV and TEG sources has its own separate
electronic interface and power optimization circuit for MPPT. Besides having separate electronic interfaces
for the PV and the TEG, the electrical loads can be either isolated or shared between the two sources. An
illustration of the isolated configuration is shown in Figure 5.

One of the major advantages of the isolated configuration is that conventional MPPT algorithms can be
used, for the PV and the TEG as well. Nevertheless, using two separate electronic interfaces has its own
disadvantages pertaining to the costs of the system and to the power losses due to the additional power
converter [33]. Despite the electrical isolation of the two energy sources, a highly efficient thermal coupling
between PV and TEG sources in the hybrid device must be maintained to facilitate effective heat transfer
from the backside of the PV to the TEG.

Thus, electrically separating the PV and the TEG has some advantages over the series and parallel
connections. Besides the easier design of energy harvesting electronic interfaces (if classical and separate
electronic interfaces are implemented), this configuration minimizes power losses caused by voltage and
current mismatches. Therefore, the isolated system is more flexible contrary to the other methods in the
sense that the electrical features of the two energy sources are independent from each other. In other words,
the distinction between the electrical features of the two sources does not alter the performance of the PV-
TE hybrid system.

J PV electronic circuit
PV Current Flow R pv
NVVVVVVV

lSolar Irradiance

+ -
| PV cell |
I TEG hotside _ Tn I i
- circui
Heat Flowl _|n p n p n p + - represented by a
- singular
v Y TEG cold side  Tc | resistances
VVVV e ——
TEG electronic Riec  TEG Current Flow
\ circuit

Figure 5: Schematic of the Isolated Configuration in PV-TE devices [28]
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Thus, one can say that the isolated configuration has formed the basis of energy harvesting and MPPT
circuit design for PV-TE hybrid energy systems. Innovative designs focusing on energy harvesting and
MPPT for the isolated mode have been proposed. Zhang et al. proposed a time multiplexed energy
harvesting circuit with high efficiency and small volume [40]. In this study, a single electronic circuit is
time-shared to extract power from both PV and TEG sources. Moreover, the use of a single, multiple input
DC-DC converter for the isolated PV and TEG has also been proposed in research [41]. This innovation
has the potential to reduce the gap between the four-wire mode and the two-wire mode in terms of system
costs. One can think that the use of a single electronic circuit reduces power losses, although it has not been
discussed and validated in the mentioned studies.

The isolated configuration is quite useful in large-scale hybrid PV-TE applications where the PV and the
TEG are not integrated together. In these cases, the PV and the TEG are separated from each other and an
external heat source is used to drive the TEG. A classic example of such an application is the dual harvesting
of PV power and waste heat from exhaust to form a hybrid energy harvesting unit. Innovative designs have
been proposed for energy harvesting in such system [42], [43]. A review of the different electronic
interfaces for control and MPPT proposed in research will be discussed in detail in section 4.

Table 1: Summary of Key Advantages and Disadvantages of the Studied Electrical Connections
Electrical Connection Key Advantages Key Disadvantages

*  High complexity due to
possible voltage

. . mismatches.
* Requires a single
.. * Lower output power
electronic interface.
Parallel . compared to other
* Lower sensitivity to .
configurations.

TEG resistance. ) ..
* Higher sensitivity to

fluctuations of solar
irradiance.

» Significant voltage drop

across the TEG internal
) . resistance.
. ¢ Requires a single )
Series .. e Custom electronic
electronic interface. ) .

interface required to
accommodate both TEG
and PV characteristics.

¢ Conventional MPPT

algorithms can be
. *  More components
applied.

required if two separate
* Power losses are

Isolated .. electronic interfaces are
minimized due to .
implemented.

dedicated electronic e Hicher cost
interface for each g ’
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4. Electronic Interfaces for Control and MPPT

To fully maximize the potential of PV-TE hybrid devices or units, energy extraction must take place at the
system’s maximum power point (MPP). The difficulty surrounding this topic is that external conditions
such as irradiance and temperature, which fluctuate, have a significant influence on the maximum power
point [44]. Furthermore, the PV and TEG have their own unique characteristics. Figure 6 illustrates how
the maximum power point (MPP) of a typical 200 Watt panel changes with temperature (Figure 6A) and
irradiance (Figure 6B) in case of photovoltaics [45]. The MPP shifts to the left with an increase of
temperature and shifts downward as irradiance reduces.
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Figure 6: Variation of MPP for PVs with the Change of (A) Temperature and (B) Irradiance, extracted from [45]

In case of TEGs, the magnitude of the temperature gradient has a significant effect on the characteristic
curves of TEGs. This, in turn, changes the location of the maximum power point. Figure 7 demonstrates
the evolution of the TEG characteristic curve when the temperature gradient varies and the corresponding
effect on the maximum power point [46].
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Figure 7: The Change of MPP with the Adjustment of the Temperature Gradients, Extracted from [46]

Many different MPPT techniques and algorithms have been developed and applied to both PVs [45] and
TEGs [46]. They consist of well-known algorithms which are controlled and operated by various electronic
circuits [44], [47]-[50]. How are these techniques and electronic circuits modified for hybrid PV-TE
devices? Does it depend on the mode of connections of the PV and TEG sources? The research conducted
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338  in this area will be examined and segregated hereafter in four different categories, (1) sources in series, (2)
339 sources in parallel, (3) isolated sources with their own converter, and finally (4) isolated sources with a
340  single shared-converter.

341 4.1 Sources in Series
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342

343 Figure 8: Hybrid PV-TE Representation for Sources in Series

344  To our current knowledge, few research studies have been focused on the MPP of sources connected in
345  series. Papers [38], [39] applying a series connection between the PV and TEG do not clearly mention the
346  MPPT methodology used, or the electronic circuit used to apply the necessary control. They are mostly
347  focused on the hybrid PV-TE device alone (and in particular on the thermal interface between the PV and
348  TEG) and authors have not considered the system point of view, neither the electronic interface for MPPT.
349  Only few research articles pinpoint the maximum power point using numerical methods, or experimentally
350 such as Park et al. in [31] and Park et al. in [38].

351  The research conducted by Zhang and Xuan regarding the comparison between a parallel and series
352 connection for hybrid PV-TE devices shows more insight towards MPPT for a series connection [34]. A
353  series connection would require just one electronic interface circuit but may lead to more complexities such
354  as mismatching of electrical features between the PV and TEG. The MPPT method applied was the perturb-
355  and-observe method (P&O). The electronics used to employ this technique was the IAP15W4K58S4 single
356  chip microcomputer [34].

357  This shows that conventional algorithms such as P&O can still be applied for MPPT in series connection
358 as well as commercially available controllers [34]. Unfortunately, this method will still not extract the
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maximum power that could be extracted if the sources were electrically separated due to the differences in
the electrical characteristics between the PV and TEG sources. Undeniably, as the PV and TEG are in series,
they will influence each other electrically.

4.2 Sources in Parallel
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Figure 9: Hybrid PV-TE Representation for Sources in Parallel

Similar to the series connection, based on the studies available, there is not abundant research focused on
the MPP of sources connected in parallel. This lack of interest could be due to the lower output electrical
power of the parallel connection compared to other connections [34]. Fortunately, one detailed paper
describing the electronics involved and the MPPT technique employed was found and will be elaborated
upon [37]. Tan et al. employed a parallel configuration considering small-scale applications meant for
power electronics, which is more in line with the desired application field for this study. Their electronic
interface and energy management circuit are composed of three main building blocks, a boost converter
with MPPT and PWM for the control mechanism, supercapacitors acting as the storage element, and a
regulating buck converter to provide constant voltage to wireless sensor nodes or other loads. Figure 10
showcases this architecture.
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Figure 10 : Energy Harvesting System Proposed by Tan et al. [37]

The operation of the boost converter was based on the MPPT reference voltage signal which was compared
with the feedback voltage signal from the output of the hybrid energy harvester. The resultant error signal
was passed through a proportional integral controller (PI) which was embedded with a Texas Instruments
microcontroller (TT MSP430F2274) to produce a low frequency (PWM) signal meant to control the boost
converter. The lower clock speed of the TI microcontroller substantially reduced the power consumption
of the system.

To maintain the compact size of the hybrid system, smaller passive components must be used. To facilitate
this, the low frequency PWM control signal generated is transformed to a higher switching frequency. This
is accomplished by using a low power PWM generation circuit composed of a precision programmable
oscillator (LTC6906), necessary to produce sawtooth waves, and a CMOS comparator (LMC7215). The
low frequency PWM signal which represented the MPPT reference voltage was first filtered by a low-pass
filter and the subsequent DC signal was compared with the sawtooth signal. This was done to generate the
duty cycle of the high frequency PWM control signal meant for the control of the boost converter [37].

The supercapacitor was utilized to provide energy in a short period of time, when conditions were not
favorable for rapid power generation through the PV or TEG sources which was likely due to the indoor
environment of the study. The last building block consisted of a switched-mode voltage regulator
(LTC1877), placed after the supercapacitor, to provide a consistent operating voltage to power the wireless
sensor node or any other electronic circuit with similar characteristics [37].

The design proposed by Tan et al. is ideal for small-scale energy harvesting and thus may benefit the IoT
sector. The paper provided detailed information regarding the management circuit as well as the MPPT
strategy which is normally lacking in similar papers. However, the indoor environment may limit the
capabilities of the implemented management scheme. To overcome that limitation, the sources could be
thermally coupled with a thermal interface to make the most out of the incident irradiance. Nevertheless, it
showcases the possibility to implement an electronic interface focused on energy harvesting at a smaller
scale.
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For research to progress, challenges related to the electrical matching of the energy sources in parallel must
be resolved. Tan et al. also raise the possibility of impedance mismatch [37] which reinforces the parallel
connection issues. Like the series connection, the electrical influence of the interaction of both sources must
be considered to properly control the electronic converter to achieve maximum power extraction.

4.3 Isolated Sources with their Own Converters
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Figure 11: Hybrid PV-TE Representation for Electrically Isolated Sources

As mentioned previously, using two sources with their own MPPT control or their own dedicated electronic
converter may increase the system cost as more components would be required. Nevertheless, the benefits
of this configuration cannot be overlooked. Since each source has its own dedicated MPPT system,
conventional techniques can be easily applied and achieve great results. In this section, we highlight some
of the related research [15], [51].

Verma et al. [51] presented models (in the Matlab/Simulink environment) for not only an energy harvesting
PV-TE hybrid system but also for MPPT in standalone PV and TEG systems at large scale. In case of the
MPPT algorithm implemented for the PV, the classical P&O method was used, based on the output voltage
of the PV source. They also explain the significance of the boost converter and provide guidelines to size
the necessary inductors and capacitors. Verma et al. [51] also detailed the MPPT control designed for the
TEG, using the P&O method but based on the TEG current. The DC-DC converter was constructed on the
same basis as the sole PV system. Figure 12 shows the integration of both systems to form the hybrid PV-
TE unit. A battery is incorporated in the model to prevent any power shortage.
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Figure 12: Developed Mathematical Model for PV-TE Hybrid System proposed by Verma et al. [51]

Verma et al. [S1] have applied specific parameters in their models to successfully emulate commercially
available PVs and TEGs, namely the MAX60 solar cell and the Be.Tes semiconductor for the TEG [51]. It
can be observed that since each source has its own dedicated MPPT controller, the number of components
required is substantial, at least for small-scale energy harvesting. However, the power losses may restrict
the capability of powering devices designed with a capacity of a few Watts, such as IoT nodes. The design
proposed by Verma et al. might be more suitable for large-scale grid-connected applications [47]-[51].

Shen et al. [15] utilized a similar topology by applying commercially available converters. To produce their
stable voltage-conversion circuit based on positive feedback amplification, they integrated the commercial
buck-boost converters LTC3119 and the Ultralow Voltage Step-Up Converter and Power Manager
LTC3109, for the TEG and PV sources, respectively (see Figure 13). The output voltages obtained were
5V for the TEG and 12V for the PV. They also exhibited the actual printed circuit board (PCB),
experimental setup, and the results. They applied an average current mode modulation in their designed
compensation network current loop. The internal current mode control loop error was compared with the
detected average inductor current and drove the average inductor current to cycle between the SW1 and
SW2 pins (see Figure 13) [15].
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Figure 13: Compensation Network using Average Current Mode Modulation Proposed by Shen et al. [15]

Thus, Shen et al. [15] proposed a very intuitive control and monitoring system. The energy generated by
the PV would be supplied to a battery pack while the energy generated by the TEG would be used to power
the control and monitoring system. The strategy applied was an intelligent power-track switching technique
and was embedded into the control module to control the direction of current generated by the TEG. When
the control module is powered on, the monitoring system is activated and checks the entire system. When
it is powered off, the current is transferred to battery packs thus minimizing energy expenditure. To achieve
high-precision timing and measurement, the monolithic timing circuit TLC555 and the INA19 chip were
combined with the control and monitoring circuit. Raspberry Pi was used to establish communication
between the monitoring module. Figure 14 illustrates the control and monitoring strategy [15].
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Figure 14: Control and Monitoring Strategy Proposed by Shen et al. [15]

Shen et al. utilized both sources well and provided a unique way of making use of the power produced by
the TEG. One could add a dedicated thermal interface between the PV and the TEG which may harness
more heat compared to just a concentrator, as proposed by [24]-[27], [36]. Another way to improve the
design may be to provide some sort of redundancy. For example, if the TEG is damaged then the control
and monitoring system would not have a continuous power source as the battery pack would eventually
fully discharge. Like Verma et al. [51], the design proposed by Shen et al. may contain too many
components for small-scale energy harvesting but the experimental results show great potential and might
help generate novel ideas for energy harvesting with hybrid PV-TE devices.
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4.4 Isolated Sources with a Single-Shared Converter

We have just seen systems where a converter or entire MPPT system was dedicated toward each source.
As mentioned earlier, this type of topology may not be most suitable for small-scale implantation due to
the large number of required components. As it will be discussed in this section, in order to reduce the
number of components, research has been carried out to develop an electronic interface with a single
converter to be shared by the two sources. These specific electronic interfaces also apply very distinctive
types of maximum power point tracking, which will be discussed in this section.

Liu et al. [52] proposed a topology that utilized the single inductor approach to reduce the number of
components. Figure 15 displays the proposed architecture for the electronic interface. The power stage
includes a single boost converter. The start-up circuit is responsible for starting the interface circuit without
any external influence. The MPPT and time-multiplexed (TM) controller determine the states of the
switches. Samp is O when the open circuit voltages of the TEG or the PV are sampled, otherwise it has a
value of 1. The PV is harvested when Spy is 1 while Stg is O and vice versa when energy is harvested from
the TEG. With the adjustment of Sy or the period, the MPPT and time-multiplexing enable the interface to
harvest energy at the MPP. The accurate zero current detector (AZCD) was used to improve the power
conversion efficiency [52].

................................................................................................................
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Figure 15: Block Diagram of Proposed Electronic Interface proposed by Liu et al. [52]

Thus, the various switch configurations in the paper of Liu et al. [52] allowed energy to be harvested from
the different sources. Figure 16 shows different configurations possible: when the TEG is the energy source,
when the PV is the energy source, and when the open circuit voltages are sampled (off-phase). Figure 17
displays the corresponding timing diagram, exhibiting the output waveforms.
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Figure 17: Timing Diagram Waveforms for the electronic interface proposed by Liu et al.[52]

The MPPT and TM controller were composed of two sample and hold circuits (S&H1 and S&H2), two
comparators (CMP1 and CMP2), two 5-bit counters (where Qai-Qgi and Qax-Qg: are the binary outputs
from counter one and counter two respectively) a TEG conduction time generator TCG, a PV conduction
time generator, and finally a logic processing circuit. The MPPT circuit allowed the optimal operating point
to be found, thus resulting in the maximum output of the source. Figure 18 displays the layout of the control
circuit [48].
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Figure 18: Layout of MPPT and TM Controller proposed by Liu. et al.[52]

In the same spirit, Zhang and Liu [40] proposed a nearly identical system and applied the same MPPT
methodology. A few differences between Liu et al. and Zhang and Liu were that the latter showed the
connections with the control circuit while Liu et al. provided more details of each block presented in their
block diagram. There was more elaboration present in Liu et al. regarding the electronics involved and
operation of their proposed electronic interface. Both designs utilized a well-known MPPT approach
utilizing the fractional open circuit values of the TEG and PV, limiting the complexity of the interface.
However, a possible anomaly may be found in the timing diagram shown in Figure 17. It can be observed
that harvesting from the TEG occurs longer than that of the PV which is odd considering that the PV is the
more efficient device. One could attribute this anomaly to the use of a large TEG for the energy harvesting.
More explanation regarding this phenomenon could help provide more clarity.

Ideas for energy harvesting at a small-scale can also come from systems designed for applications at a much
larger scale. For instance, Fan et al. [42] and Zhang and Chau [43] both developed hybrid energy units
using multiple input converters intended for the automotive industry. Zhang and Chau intended to harvest
from two sources while Fan et al. designed the system to harvest from three sources with an extra TEG.
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Figure 19: Comparisons of two designs with multiple input converters proposed by: (A) Fan et al.[42] (B) Zhang and Chau [43]

The electronic components used in both designs being nearly identical, we chose to explain the operation
based on Fan et al. [42]. The different operating modes of the electronic circuit (multiple input converter
(MIC) in Figure 19) are briefly summarized and illustrated by Figure 20 (B).

In mode one, the power switch S (S;-S3) is turned on. The voltage source us (PV, TEG1 and TEG2) charges
the inductor L (Li-Ls). The capacitor Cs (Ci- Cs) creates a path for the output current I, and the energy
stored in the capacitor is released. Due to the voltage of the capacitor, the diode D (D;-D3) is reverse biased
and is represented by an open circuit.

In mode two, the power switch S (S1-S3) is turned on and the voltage source (PV, TEG1 and TEG2)
continues to charge the inductor L (Li-L3). The energy of the capacitor C; (C;- C3) has been fully discharged
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at this point, so the voltage V. decreases to zero. The diode D (D;-D3) provides a pathway for the output
current lo.

Finally, in case of mode 3, the switch S (S1-S3) is turned off. Both voltage sources (PV, TEG1 and TEG2)
and the inductor charge the capacitor Cs (Ci- Cs) and increases the voltage across the capacitor Cs (Ci- Cs).
The diode D (D:-D3) provides a path for both the inductor current Irs (ILi-Ir3) and the output current Io.
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Figure 20: (A) Cuk-Cuk-Cuk MIC proposed by Fan et al. with (B) Conduction Modes [42]

Concerning the MPPT for the depicted electronic circuit, both Fan et al. and Zhang and Chau designs used
the P&O algorithm, by adjusting the duty ratio of the switches’ control at a fixed switching period. Due to
the independent nature of the MIC, the switches can be triggered both synchronously and asynchronously
[42]. This allows for greater flexibility of the system.

The proposed systems were tested at both simulation and experimental levels on a 100 W experimental
board. Furthermore, the authors claimed that the proposed system has the potential to be used in larger
power systems (up to 1 kW), similar to the ones present in the automotive industry.

In these PV-TE systems, the integration of a thermal interface between the PV and TEG is not relevant nor
possible as the PV would be placed on the roof of the vehicle and the TEG near the exhaust. This makes it
quite difficult to employ the proposed designs for energy harvesting at small-scale. However, these studies
still demonstrate ways to create more compact designs. It also shows the possibility of asynchronous control
and of flexibility in the MPPT of hybrid devices based on PV and TEG sources.

Lastly, Yehia et al. proposed a very insightful energy harvesting system using TDM (Time Division
Multiplexing) with a dynamic MPPT controlled by a global duty factor (known in the paper as a TDM
factor) [53]. Figure 21A shows a representation of the proposed system.
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Figure 21: (A) Energy Harvesting System proposed by Yehia et al. with (B) corresponding Timing Diagram [53]

In this case, two energy sources are considered: a TEG and a piezoelectric (PZ) transducer. This paper is
of interest in the review as the idea used for the rectified PZ (Figure 21A) can be applied to a PV or TEG.
The capacitors Creg and Cpz were used to smoothen operating voltages while Cou was used to produce a
stabilized DC output voltage. TDM was applied to merge the harvested energy at the output load by
periodically switching between the TEG and the PZ. Vrrg and Vpz were the voltages stored across Creg and
Cpz correspondingly. ¢sqand ¢, corresponded to the control signals meant for source selection, ¢ for
the TEG and ¢y, for the PZ. Finally, ¢, and ¢,rr were the control signals for inductor charging and
discharging [53].

The timing diagram (Figure 2/(B)) displays the source selection signals as well as the inductor current
control signals during a complete harvesting cycle Tcrk. The number of charging and discharging cycles
for each harvester was represented by m and n, and their allocated time was represented by aT¢;x and (1 —
a)Te1k, respectively. As mentioned earlier, & was the TDM factor. I; (t) and I (t) were current waveforms
for the TEG and PZ, while I (t) symbolized the inductor current and Ly (t) signified the load current. Tont
and Ton indicated the time spent charging the inductor by each source, while Tosi and Tosr represented the
complete discharge of the inductor. During operation, the inductor current rises to the maximum values of
Ip1 during TEG harvesting and I> during PZ harvesting. During off times, the inductor current decreases
and the output voltage increases [53].

Regarding the MPPT mechanism, impedance matching for each energy source allowed maximum power
to be delivered to the load. The equivalent impedance seen by each source can be viewed as the ratio
between its operating voltage and the average current drawn from the source in one harvesting cycle [53].
In case of both the TEG and the rectified PZ, the maximum power is extracted by maintaining a voltage at
half the open circuit voltage [54]. Figure 22 shows the MPPT mechanism applied. The working principle
of the circuit Figure 21(A) will be more detailed hereafter.
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Figure 22: (A) MPPT Mechanism proposed by Yehia et al. and (B) corresponding Internal Control Circuits [53]
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The switches M1 and Mg, connect the energy sources to the boost converter and are controlled by ¢4, and
¢s,. The fixed duty cycle frequency modulation (FM) method was used with programmable dividers that
were regulated by MPPT in order to correct the ¢,, for the regulation of Myi. In the timing control block,
the timing signals were created using a 5.12 MHz oscillator and powered with V.. Dedicated dividers are
used to generate fpz, freg, fork. The dead time circuit generated non-overlapping clock phases ¢4 and ¢, to
maintain TDM operation [53].

The MPPT block consists of a dual-fractional open circuit voltage (FOCV) extraction unit with an
INC/DEC logic which are all controlled with a control-logic component. The control logic generated all the
necessary signals for the extraction unit while the dual FOCV oversaw sampling and generating the
optimum points Vrec-mpp and Vpzmep. The INC/DEC logic periodically compared the source operating
voltages Vtec and Vpz against their corresponding generated optimum voltages to properly control ¢,,,.
The algorithm they applied is similar to the working principle of phase locked loops (PLL) but with the
produced frequency being controlled by digital logic circuits [53].

Overall, Yehia et al. have proposed a very unique topology for dual source harvesting. They applied a global
duty factor, in their paper denoted as a TDM factor. They also provide much more detail regarding the
electronic interface and MPPT technique they used which is not as apparent in other research papers. More
elaboration regarding their choice of a TDM factor of 50% could clarify its importance as well as seeing
how it is affected under different conditions. Further research could be carried out on this aspect. Still, this
work highlights the possibility and potential for dual source energy harvesting for applications meant for a
smaller scale. As such, studies have already begun to make advancements based on this work [55].

5. Discussion and Future Directions

Table 2: Key Findings from Research Review

Topic Yes (%) No (%)
Mention of Electrical
Connection between PV and 72% 28%
TEG
Mention of MPPT Strategy 34% 66%
Large-scale (%) Small-scale (%)

Scale of Energy Harvesting

based on Research Review 52% 48%

In this study, we have reviewed the research searching for studies regarding PV-TE hybrid energy
harvesting both at small-scale and large-scale. Key findings from the research are displayed in Table 2. A
few evident observations have been made regarding the comparison with standalone PV, modelling
approach taken, the electrical connections considered and MPPT.

The performance of hybrid PV-TE systems are usually compared with the performance of a standalone PV
cell. The main significance of the TEG is to assist the PV cell to increase its output electrical power and its
overall performance by harnessing the PV cell’s excess heat. The TEG uses this heat to establish a larger
temperature gradient and generate output power. Most papers show slight improvement but others show
that the hybrid system is only useful within a certain irradiance range [38] or express that the maximum
power, as a function of solar irradiance, of a standalone PV cell can be better than a hybridized PV-TE
device connected in series, as shown in the supplementary information provided by Park et al.[39]. In most
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cases, commercial components (PV and TEG) are used in the presented experiments and the chosen
connection type is not the most favorable such as the three referenced cases where a series connection is
applied [31], [38], [39]. One might suggest that standard commercially available components are not
sufficient to obtain a significant increase in the performances when hybridization is addressed (compared
with the PV cell alone).

Particular care must be taken when designing each of the PV and TEG components, without neglecting the
key role of the physical interface between the PV and TEG. The thermal coupling between the two devices
must also be investigated to optimize the hybrid system. Park et al. have shown that, without any PV-TE
interface, the temperature gradient between the backside of the PV cell and the topside of the TEG increases
with rising irradiance. Conversely, both interfaces they tested, boron nitride with and without graphene
oxide, showed significant reductions in the temperature difference between the backside of the PV cell and
the topside of the TEG even under higher irradiance [39].

If we consider a PV-TE device, each element of the system can be thoroughly tested separately to optimize
their respective performances. However, when they are assembled together, the interactions between all the
components may hinder their individual performances and thus reduce the efficiency of the overall system.
Therefore, it is critical to examine and analyze at the system level and consider the global physical, thermal,
and electronic potential contributions of all components [56].

Regarding the modelling aspect, conventional models have been applied with slight variations. For
example, some authors have used the double diode representation for the PV [57] and many others have
applied the single diode model [24], [25], [37], [51], [58]-[60]. In case of the TEG, the typical model with
a single variable voltage source and internal electrical resistor has been utilized. However, from the research
reviewed, no paper has showcased a fully electrical model including the effects of a dedicated thermal
interface, placed between the PV and the TEG. When coupling the hybrid PV-TE device, the use of a
conventional gel or thermal paste [38] has been investigated for the heat transfer from the PV to the TEG.
More research efforts can be focused here to improve the heat transfer between sources.

Although there has been some research modelling the thermal resistances of the PV, TEG and hybrid PV-
TE [61], to our knowledge there has been nothing showcasing the specific thermal impact of the interaction
between the PV and the TEG [44]. Even papers with more complex thermal interfaces did not model them
electrically, authors concluded about their effects through experimental characterization of the global
system and utilized those values in simulations and analyses [39]. Therefore, integrating a thermal interface
into the modelling of the hybrid PV-TE device would allow to provide vital data regarding the exact
influence of a thermal interface at small-scale and pave the way towards optimal PV-TE coupling.

As previously described in this review, several electrical connections between PV and TEGs have been
reported in the research. Interestingly, many of the papers do not explicitly state the type of connection
applied. Note that it can often be deduced from the connection diagrams provided [57], [59]. Very few
papers applied a parallel connection between the sources due to the complexity of electrical compatibilities
[14], [34], [37]. One paper did extensive research on this configuration and concluded that the potential of
a parallel connection is quite limited compared to a series connection [34].

Relevant research work has been done to date to investigate the optimal conditions of operation and to
enhance the performance of the series connected PV-TE devices. One aspect that has been a focal point of
research is the effect of the thermal interface between the PV and the TEG on the performance of the series
connected system. The study conducted using three different hybrid devices with unique thermal interfaces
showed that thermal interfaces with a high thermal conductivity and high solar absorptivity significantly
improved the performance of hybrid PV-TE systems [39].
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Finally, there is the electrically isolated connection which is applied in many papers such as [15] and [53].
Conventional practices and calculations can be applied but more electronic components are required for the
overall system which would incur more costs and increase power consumption. Overall, each connection
mode has its own positives and negatives, and the feasibility also depends on the application considered.

In terms of MPPT and the electronics involved, existing research is limited [31], [34], [38], [42], [43], [52]
and there is considerable opportunity for further research. In particular, in the case of the series connection,
further research is needed to find compatible MPPT techniques in order to make this connection mode
viable. As stated earlier, in case of isolated sources with their own electronic interfaces, conventional MPPT
techniques like P&O or fractional open-circuit voltage can be applied. However, they would need to be
more compact and less power demanding for them to be viable for energy harvesting at a small-scale.
Finally, the potential of a shared. single converter for multiple sources has been highlighted in [52] and
[53]. More research effort should be applied to the optimized value of the global duty cycle and how it is
affected by modifications of external conditions. Overall, there is a vast scope of research that can be carried
out in this field such as a thorough sensitivity analysis.

With the immense expansion expected in the IoT sector, it will become crucial to meet the power demand
while remaining environmentally friendly. This will not be an easy task as there are plenty of difficulties
and challenges to overcome [62], [63]. Hybrid PV-TE devices may be a way to accommodate the power
requirements of green IoT [64]. Studies has been showcased to articulate the potential of the hybridized
system with regards toward energy harvesting at a small-scale and IoT applications [65]. The PV-TE device
may help bridge the gap to the power requirements of more complex and advanced sensors or nodes that
cannot be powered by standalone PVs. More research and time will be required to provide definitive
answers.

6. Conclusion

Despite the surge in popularity of hybrid PV-TE systems, relatively less attention has been given to the
electrical aspects of hybrid systems. This research review presents an in-depth analysis of the state of the
art regarding the electrical aspects of PV-TE hybrid systems, a subject that is often neglected in the
optimization of these systems. This work is limited to the research available within the time of the review,
and as such allows plenty of opportunity to add to what is stated in this review in the future.

First, the primary focus of the review was on the three modes of electrical connection between the PV and
the TEG sources. Each of the three modes of connection was discussed and analyzed. There is widespread
application of the isolated mode of connection for small and large-scale applications because the
performance of each source is independent of the electrical characteristics of the other. There is also
potential for the series connection to be used in small-scale applications, especially in combination with
phase change materials. To enhance the small-scale implementation of the series connection, more research
is required to investigate how to minimize the detrimental and unavoidable voltage drop at the series
resistance of the TEG.

Second, we proposed a review of studies on the electronics for control and MPP using the parallel, series
connection and the isolated configuration. The few reported studies have shown that conventional methods
such as P&O algorithms are currently being applied to track the maximum power point of operation for the
series connection. For both the series and parallel connection, the techniques applied in the electronic
circuits for control and MPP were not elaborate, and more investigations are required. As for the isolated
connection, two subclasses of PV-TE hybrid systems were identified, single and dual converter interfaces.
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There is a need to increase the compactness of the electronic interfaces for the isolated connection mode to
make them viable for small-scale applications.

Finally, the design of both PV-TE devices and units must be looked upon at a system level perspective.
This can be done by determining the global physical, thermal and electronics potential contributions. A
thorough understanding of the significance of these contributions may help progress the development of
PV-TE hybrid devices and make them an ideal power source for the IoT industry in the future.
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