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a b s t r a c t

PV–TEG hybrid system is widely discussed nowadays, as an alternative way to maximize solar radiation
energy which is from both of its light and heat. In recent years, the idea of using thermoelectric
generators (TEGs) to extract energy from heat waste has increased with applications varying from
milliwatts to kilowatts. To form a circuit, numbers of TEG modules can be connected in series and/or
parallel configuration to produce the required voltage and/or current. In the PV–TEG systems, due to
operating environments, each TEG module’s power generation is subject to temperature mismatch.
There is also considerable variability in the electro-thermal output and mounting pressure of each
TEG module in a circuit, resulting in a significant inconsistency. Therefore, when each TEG in the
array is active, a varying electrical operating point will occur at which peak energy can be obtained
and problems with lower power output will occur. In this work, an individual TEG module test method
was used to measure and analyze data from specific types of TEG, and a record of the maximum power
output under different temperature variations is obtained. Then, the performance of the TEG system is
measured and evaluated with a test bench where the modules are attached at different backside areas
of generic PV panels. The non-uniform heat distribution condition created in the experiment showed
an average 33 % drop in power production from the maximum power that would be available in case
each TE series circuit operates under uniform heat distribution. This experimental finding demonstrates
the problem and the outcomes discussed in this paper validated a thorough examination of the effect
of nonuniform operating temperatures on a range of thermoelectric generator’s energy output.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Developing clean, reproducible, and environmentally friendly
nergy is essential in today’s increasing demand for energy and
ue to natural resource depletion. Solar energy is the biggest
uture clean energy resource in the form of light and heat that
an be directly converted to electricity. The combination of pho-
ovoltaic (PV) and thermoelectric generator (TEG) technology has
een critically discussed throughout the previous decade and has
roved to be a useful solution to use solar waste heat in enhanc-
ng energy output effectiveness compared to single PV systems.
hrough the Seebeck effect, TEG modules can directly convert
xcess thermal energy into electrical energy through the temper-
ture difference between the PV back contact (which serves as
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the TEG heat input) and the TEG cold junction. Moreover, the use
of TEG has many benefits as its heat composition is static, totally
silent, clean and, comparable to PV systems, can last for years.

Today, many thermoelectric materials are being explored to
improve and optimize power generation. Naor Madar et al. (2016)
in their research focusing on the potential doping of p-type GeTe-
ich alloy to the Bi2Te3 at ∼9% solubility limit, achieved an
lectronic optimization at maximal thermoelectric figure of merit,
T,∼1.55 at ∼410 ◦C (Madar et al., 2016). Their method was
recedent from research by Yaniv Gelbstein et al. (2014), where
hey used density functional theory and analytical modeling, ap-
roaches the lattice thermal conductivity values originated solely
y alloying/disordering effects in the highly thermoelectrically
fficient p-type GexPb1−xTe alloys (Gelbstein et al., 2014). ZT
nhancement of up to 40% reported by Ben-Ayoun et al. (2017),
n which where they were using hot-pressing synthesis rather
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Fig. 1. Electrical equivalent circuit of PV–TEG hybrid system.

Fig. 2. Electrical equivalent circuit of three TEG modules connected in series
(a); and its equivalent summation (b).

than the previously reported cold pressing and sintering for n-
ype doped PbTe and p-type alloys. They found that in this class
f TE materials, sublimation of volatile species from grain bound-
ries was apparent, degrading the TE figure of merit (Ben-Ayoun
t al., 2017). While in another works by Meroz et al. (2016),
n their study, Bi2Te2.4Se0.6 composition was optimized by CHI3
oping, preferred alignment of the crystallographic orientation,
nd lattice thermal conductivity minimization achieved a max-
mal ZT of ∼0.9, obtained at ∼175 ◦C highest reported for n-
ype Bi2TexSe3−x based alloys (Meroz et al., 2016). Sadia et al.
2014) in their research achieved maximum ZTs of ∼0.5 for the
oped stoichiometric p-type higher manganese silicides (HMS)
FeSi2)0.05(MnSi 1.73)0.95 composition without any Silicide (Si) ex-
ess (Sadia et al., 2014).
In a TEG system, several thermoelectric modules are con-

ected to the required power level in a series and parallel array.
he electrical energy generated by TEG varies for a given heat op-
rating point depending on the current obtained by the electrical
oad. The temperature of each thermoelectric module is non-even
n most TEG systems. Examples of cases where this non-even
eat distribution happened as discovered in exhaust systems or
here the mechanical system’s thermal conductivity is poorly
egulated (Montecucco et al., 2012). The TEG’s mechanical mount-
ng pressure contributes indirectly to variability in the electrical
2380
Fig. 3. Electrical equivalent circuit of three TEG modules connected in parallel.

Fig. 4. Proposed PV/TEG Greenhouse System Concept utilizing Hydroponic
System for TEG cooling.

Fig. 5. Thermoelectric module performance experiment set-up.

utput due to dissimilarity with the partly pressure-dependent
hermal contact resistance. Therefore, each TEG module in the
rray will have a different Pmax when in operation. For optimum

output, each TEG should be operated and controlled separately,
but this will significantly increase the quantity and complexity
of the required electronic converters and adversely impact the
system application cost.

In this work, an individual TEG module test method was used
to measure and analyze data obtained from three common types
of TEG, all of which were reported to be highly efficient in low-
temperature applications. The effect of applying a clamping force
to the modules is addressed, and a record of the maximum
power output under different temperature variations is obtained.
Then, based on the results of individual module experiments, the
performance of the TEG system (TEGs connected electrically in
series and parallel) is measured and evaluated with a test bench
where the modules are attached to the backside of generic PV
panels. The power loss as a result of mismatched conditions is
quantified and discussed. The suggested approach for improving
the TEG system’s efficiency is discussed in the following sections.

2. PV-TEG hybrid system & development

Fig. 1 represents the electrical circuit of a PV–TEG hybrid
system which combined PV and TEG module with isolated power
output. Solar radiation or sunlight, Q illuminate the PV cell gen-
erating electrical power, PPV . The radiation that is not converted
into electrical energy, conducts heat, T transferring it to TEG’s
PV
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Fig. 6. TE power output at ∆T 40 ◦C (hot side 80 ◦C, cold side 40 ◦C)

ot side TH.TEG, converting it to additional electrical power, PTEG,

nd removed from the system via the TEG’s cold side, TC .TEG. The
total electrical power output of the system, PPV .TEG, and efficiency,
PV .TEG is given by Eqs. (1) and (2):

PV .TEG = PPV + PTEG (1)

ηPV .TEG =
PPV .TEG

Q
(2)

where PPV and PTEG are the power output of the PV and TEG
module respectively, while Q is the solar irradiance incident input
energy equal to Q=ISA where IS is the solar intensity illuminating
the top surface of a solar module with an area, A.

The earliest development of this hybridization has been proven
by van Sark (2011) by applying a roof-mounted PV–TEG hybrid
system model to evaluate the system efficiency by mounting the
TEG modules directly to the backside of PV modules, focusing on
the combined electrical output. 11–14.7% increase in efficiency
claimed in this system (van Sark, 2011). A combination of a
series-connected dye-sensitized solar cell (DSSC), a solar selective
absorber (SSA) and a TEG module was established by Wang
et al. (2011) which results between 9.39%–13.8% efficiency incre-
ment (Wang et al., 2011). Whereas, efficiency from 16.5%–22.02%
has been reported by Hsueh et al. (2015) in their series-connected
CuInGaSe2 (CIGS) PV cell with a TEG module (Hsueh et al.,
2015). Lin et al. (2015) experimented with the load matching
in a PV–TEG hybrid system and the results proved that the
solar irradiance, load resistances, and structure parameters of
the TEG were correlated with the optimum performance of the
2381
hybrid system (Lin et al., 2015). In another study, Zhu et al.
(2016) constructed a PV–TEG hybrid system with thermal con-
centrated and optimized thermal management. They embraced
copper plates that serve as a heat concentrator and conductor
that generate a big temperature difference between the two sides
of TEG modules. This system has accomplished indoor experi-
ment effectiveness of 23% greater compared to a single PV cell
system (Zhu et al., 2016).

Most of the prior research related to the PV–TE hybrid system
was assumed based on continuous incident solar radiation where
the solar radiation and temperature in the real climate differ
at all times. This article introduces the feasible application of
the TEG-Hybrid system in a fluctuating temperature setting and
how the distribution of heat can affect the TEG circuit energy
output. Tang et al. (2015) researched the electrical performance
of TEG systems under mismatch conditions, such as restricted
working temperature and inconsistent temperature distributions
across modules connected in series. They concluded that applying
sufficient mechanical pressure to the module enhances electrical
efficiency. The power loss of the modules in series connection
is significant, 11% less than the theoretical calculated power, as
a result of the non-uniform temperature condition (Tang et al.,
2015). It also has been proven by a theoretical analysis presented
by Montecucco et al. (2014) that the electro-thermal effects that
occur in series and parallel arrays of thermoelectric generators
when the individual module are exposed to non-uniform temper-
ature gradients may have a significant impact on the performance
of the thermoelectric system (Montecucco et al., 2014).

3. TEG array configuration

Normally, the TEG circuit or system was set up in series
and/or parallel interconnection arrays in a thermoelectric system
to produce higher voltage and current levels. The arrangement of
the TEG circuit combination is usually determined by the voltage
and/or current requirements.

3.1. Series connection

TEG modules can be considered as a dependent power source
as each module provides a voltage supply whose magnitude
depends on either the voltage across or current flowing through
some other circuit element. When it comes to the series circuit,
different voltage inputs can be used as long as there are other
circuit elements in between to comply Kirchhoff’s Voltage Law
(KVL). Fig. 2 shows three TEG connected in series, each repre-
senting voltage source V , V2 and V , with an internal resistance
1 3
Fig. 7. (a) Illustration of the experimental set-up for thermoelectric series–parallel array performance; (b) Array configuration setup for TEG series–parallel
measurement.
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Rin) of R1, R2 and R3. In a series aiding voltage source where
the current flow in the same direction, each module in the array
will encounter an equal ∆T under ideal operating conditions.
herefore all modules will generate an equivalent output voltage,
1=V2=V3, and the array will be in a balanced thermal state.
otal source voltage, Vs = V1+V2+V3, and in this case, total Rin
R1 + R2 + R3 while current, I = VS/(Rin). Thus, the maximum

ower, Pmax can be written as:

max = I2(Rin) (3)

However, in a practical system, real thermal operating conditions
may be such that each TEG may encounter a different range of
∆T and therefore their voltages and internal resistance will not
be equal.

3.2. Parallel connection

Fig. 3 represents the parallel setup of three TEG. The TEG
odules in the circuit operate on the same ∆T under optimal
perating conditions. Therefore, each TEG generates the same
oltage and current, operating at maximum power with I1 =

2 = I3. The varying ∆T across each TEG module can result in
difference in the current magnitude under non-ideal thermal
onditions:

1 =
V1 − VP

R1
(4)

I2 =
V2 − VP

R2
(5)

I3 = −I1 − I2 (6)

where VP is the voltage at the array’s terminal.

4. Experimental analysis of thermoelectric generator perfor-
mance

Previous research by Ruzaimi et al. (2018) where PV/TEG Hy-
brid Greenhouse System conceptual design was considered (Ar-
iffin et al., 2017). This system utilizes the waste heat from the
greenhouse PV roof panels by integrating the TEG system on its
backside and using the circulating fertilizer water as the liquid
coolant for the TEG’s cold side source (TC .TEG) to get the ∆T to
enerate electrical power. Fig. 4 shows the reformed concept of
he PV/TEG Greenhouse System proposed.

.1. Experiment 1: Individual preliminary test for thermoelectric
odule type selection

This experiment purpose is to compare the performance of
hree different types of common TE modules which have high ZT,
roven in plenty research works to be reliable and effective in
low-temperature application (Çimen et al., 2017; S. and Tahir,
018). Table 1 gives some characteristics of those three different
odules.
Fig. 5 shows the experimental setup for the thermoelectric

odule test. The thermoelectric modules are clamped between
he liquid cooling block and the electric hot plate. A hot plate
rovides an emulated heat that is proportional to the voltage
pplied. Aluminum liquid cooling blocks were used as a heat
xchanger with coolant (water) flowing through to regulate the
hermoelectric module’s cold temperature. The coolant is pumped
t a set temperature from a constant-temperature mini-chiller
ank. The temperature of the coolant is controlled by the mini
hiller’s PID controller.
Based on the recent concept proposed in a study conducted by

uzaimi et al. (2018) in their literature (Ruzaimi et al., 2018), an
2382
Fig. 8. (a) Open circuit voltage (Voc) vs. temperature difference (∆T); (b) Short
circuit current (Isc) vs. temperature difference (∆T); (c) Output power (P) vs.
temperature difference (∆T). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

observation was done by setting the temperature of the hot side
of TE modules to the maximum PV panel’s backside temperature
recorded, which is 80 ◦C and the temperature at the cold side
at 40 ◦C. This experimental set-up was built to compare the
maximum power generation of each type at zero loads. The data
were compared and the TE module that produces the highest
power generated at ∆T of 40 ◦C was selected for this PV–TEG
hybrid application.

Fig. 6 shows power output for the three types of the thermo-
electric module at ∆T 40 ◦C, whereby the hot side of the module
set to 80 ◦C (which is the maximum average PV temperature)
while the cold side was set to 40 ◦C (average ambient temper-
ature underneath the PV panel without any cooling element). It
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Table 1
Characteristics of common available thermoelectric.
Details TEC1-12706 TEC1-12708 SP1848

Size 40 × 40 × 3.46 40 × 40 × 3.46 40 × 40 × 3.46

Th (◦C) 27 50 25 50 27 50
∆T max(◦C) 70 79 66 75 62 70.6
Vmax (Voltage) 16 17.2 15.4 17.5 3.48 3.88
Imax (amps) 6.1 6.1 8.5 8.4 9.36 9.24
Qc max (Watts) 61.4 66.7 71 79 21.3 23.6
AC resistance (ohms) 2 2.2 1.5 1.8 0.323 –
Fig. 9. (a) PV Panel Backside Surface with TEG and liquid cooler setup; (b) Data measurement method; (c) TEG series–parallel array at different area.
Fig. 10. The actual setup at the site shows setup on the PV backside surface (left), and overall view of the setup (right).
an be seen that the highest power output was generated by
E cooler module model TEC1-12708 (TE3) at 615.7 mW, while
E2 produced 459.2 mW and TE1 which is the lowest, producing
17.6 mW.
It is necessary to select the highest power output type of TE

odules at low temperatures in this low ∆T application. Hence,
E modules from Custom Thermoelectric module TEC1-12708
ave been considered for this PV–TEG hybrid application purpose.
2383
4.2. Experiment 2: Series and parallel array configuration

The measurement method described by Montecucco et al.
(2013) has been modified to characterize the output of the ther-
moelectric module in various connection configurations under
uniform temperature distribution. Fig. 7(a) shows the setup for
the series and parallel array analysis for six numbers of TE mod-
ules selected from experiment 1 (TEC1-12706) to measure the
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Fig. 11. Temperature and solar irradiance level vs. time at (a) Area A; (b) Area
; (c) Area C.

erformance output of four configurations under uniform tem-
erature distribution. This test method offers precise and repeat-
ble measurements and allows the mechanical load and tem-
erature uniformity to be controlled independently across each
E module at the same time. The TE modules are sandwiched
etween the hot plate and a cooling block as in experiment 1. Six
E modules are arranged in 3 x 2 rows and the power is measured
y changing the array configuration (Fig. 7(b) which is in; a. 6
eries; b. 3 series 2 parallel; c. 2 series 3 parallel; and d. 6 parallel
onfiguration when it reaches a certain point of ∆T. The short
ircuit current, ISC and open-circuit voltage, VOC at points A and B
ere measured, and maximum power, PMAX was calculated and
resented in Fig. 8(a)∼(c) respectively.
It can be seen in Fig. 8(a) that in a 6 series-connected sys-

em (blue line), the voltage is multiplied and increase signifi-
antly when ∆T increase, while compared to 6 parallel-connected
ystem (yellow line), the voltage increases gradually at lowest
oltage equaling each module’s voltage. Fig. 8(b) shows that
2384
in a series-connected system, the current output was opposite
of the voltage output, where the currents in each module are
the same and increases gradually when ∆T increase, while in a
arallel-connected system, the current is multiplied and increase
ignificantly when ∆T increase. It can be seen that both systems
ave a linear relationship between the output voltages and the
utput currents. In Fig. 8(c), the power of each series and parallel
rray shows a similar tendency and increasing linearly over ∆T.
The findings presented in this experiment support the idea

hat connecting thermoelectric generators in series would pro-
uce better efficiency of the electrical system, as long as the
emperature variations remain constant.

.3. Experiment 3: Sampling on PV-TEG hybrid application

This section presents the experimental on the characteris-
ics of series and parallel connected TEG arrays subject to the
on-uniform temperature distribution. An experimental model
s provided for each configuration to describe behavior under
he open circuit condition and to predict the maximum power
utput and thermal behavior associated with it. A previous study
n Ruzaimi et al. (2018) proof that in a fixed angle of PV panel
nstallation, the temperature distribution tends to be higher to-
ards the direction of the sun from rising to sunset and tends
o be higher at its center. A prototype of PV–TEG greenhouse
oof system replication was built to assess the real environment
arameters on the effect of non-uniform temperature conditions
n the TE modules in series and parallel (2-series x 3-parallel)
rray configuration on the PV backside surface. Data collected
n 5 November 2019 between 10:00 AM – 1:00 PM at an open
rea near the Institute of Advanced Technology, Universiti Putra
alaysia (3◦00’70.57’’N, 101◦72’19.93’’E). Fig. 9(a) shows the TE
odule mounting illustration, Fig. 9(b) shows the measurement
ethod for the experiment purpose, Fig. 9(c) the series–parallel
rray configuration mounted at area A, B & C; while Fig. 10 was
he actual image of the experiment setup.

In this experiment, a 100 W monocrystalline PV panel was
sed (model PV-YM0902) and using UPM-Solar Noon Locator c⃝
oftware to find the solar panel’s optimal direction and eleva-
ion to maximize energy generation (Shafie et al., 2018; Khatib
t al., 2015). The water-cooling block and surface contact tem-
erature measurement at each TE mounting location (Area A, B
C) were taken by using a temperature data logger (EXTECH

nstruments SDL200; sensor K-Type thermocouple). Daily solar
rradiance reading (in W/m2) was also taken to evaluate the con-
ection between solar irradiance level and temperature during
he experiment duration.

The TE hot side temperature was recorded at each area sep-
rately to identify the temperature difference at a different area
f the PV panel’s backside. The thermal distribution images were
lso taken using Fluke Ti125 thermal imager to observe the tem-
erature distribution and the effect of the TE module contact on
he PV panel. The cold side reference was the cooling block water
emperature at ambient temperature fluctuating between 34–
6◦C based on environment condition, which is supposed to be
he same in all areas since the water coolant flowing evenly from
ne block to another. The voltage and current were measured
rom each module and the entire circuit (between node A to E
n Fig. 9(a)).

The temperature and solar irradiance data are presented by
he graph shown in Fig. 11(a)–(c) which proves the relativity of
olar radiation with PV panel temperature, where the tempera-
ure fluctuation is proportional to the solar radiation level. It can
e seen that there was a slight difference in the temperature at
ll the areas being Area A the highest, Area B less high, and Area
the coldest. At 1:00 PM, the ∆T dropped as the radiation level
ecrease due to rainy weather.
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Fig. 12. (a) Open circuit voltage (Voc) for series 1,2 &3 vs. time; (b) Short circuit current (Isc) for series 1,2 &3 vs. time; (c) Output power (P) for series 1,2 &3 vs.
time.
m
t

l

Fig. 13. (a) I–V generated for all series (Area A, B, C) connected in parallel; (b)
Power for TE series at area A, B, C, maximum power generated for all series in
parallel, and maximum power calculated.
i

2385
The Voc, Isc and P results obtained from the series array of
TEGs are shown in Fig. 12(a)–(c) respectively for all the areas.
It can be noted that there is a slight difference in the power
extracted at each area during the same time, whereby the highest
power produced higher at the center of the PV backside surface
(Area A) while the less is at Area C (near the PV panel edge). This
implies that each area provided a different power capacity under
the non-even temperature condition. It should be noted that the
wiring and connectors used to connect the TEGs series lead to
additional electrical resistance, which in turn reduces the total
output power of the TEG array.

The three TEG series string then were connected in parallel
into an array which was measured under the same time and
radiation. Fig. 13(a) shows the VOC and ISC graph and Fig. 13(b)
represent the combined power measured which shows that the
produced maximum power is less 33% average less than calcu-
lated power, which was what would be available if each series
(S1–S3) at area A–C were to be controlled individually. This is also
lower than the case of the electrically-in-series. Although some of
this power loss is caused by the additional wire and connectors
used, the performance comparison between series and parallel
case remains valid because of the same number of connections
used. It is not as easy to predict the open-circuit voltage of a set of
parallel-connected TEGs compared to when connecting the TEGs
in series because the value depends on the voltages and internal
resistance of the individual TEGs.

Fig. 14 represents the relationship graph between ∆T and
power. In Area A, ∆T is high but the power has not been fully
aximized. It is considered that Area A’s power was affected by

he low current in Area B & C.
Fig. 15 shows the time transition of power and ∆T. The solid

ine is power and the dotted line is ∆T. Although ∆T of Area A

s large, the power is almost the same as the other Area. Hence,
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Fig. 14. P vs. ∆T for all area connected in parallel under non-even temperature
istribution.

Fig. 15. P vs. time for all area connected in parallel under non-even temperature
distribution.

Fig. 16. An equivalent circuit diagram of the experimental setup used to mea-
sure the current flowing in parallel connection of a non-uniform thermoelectric
circuit.

it is considered that the power of area A was used for power
interchange with other areas. The overall effect can be described
as negative feedback, for which the TEG series circuit operating
at lower and higher ∆T, i.e. Series 1 and Series 3 respectively, are
rawn towards the middle ∆T of Series 2, which is represented in
quivalent circuit in Fig. 16. To overcome this feedback, a bypass
iode can be implemented, where the diode will be connected in
arallel on each TEG series string to avoid the higher current flow
o lower current circuits.

The thermal distribution can be seen distributed in non-
niform conditions (Fig. 17), where the temperature is the highest
t the center region and decreasing to the edges. However, from
he thermal point of view, the temperature distribution contour
2386
Fig. 17. PV top surface thermal contour shows the TE series circuit cold spot
will decrease PV temperature, hence increase the PV module power efficiency.

showed that the TE thermal equalizing influence (Area A, B & C)
would bring down the PV panel temperature if all its backside
surface mounted with TE modules, at the same time increasing
the PV electrical efficiency. In this study, this condition has not
been explored and will be investigated in the future to better
understand the advantages and disadvantages.

In summary, this study explains the electro-thermal effects
that occur in series and parallel arrays of TEG that are exposed
to non-uniform temperature gradients. Developed PV–TEG panel
prototype models should be modified to include additional phys-
ical effects due to temperature imbalance, otherwise, there is a
chance of overestimating total power output.

5. Conclusions

It is important to choose the highest power output type of
TE modules for low-temperature applications such as the PV–
TEG hybrid system. TE modules from Custom Thermoelectric
module TEC1-12708 have been considered for this application
purpose. The non-uniform ∆T situation created in the experiment
showed a power production drop of an average of 33% from
the maximum power that would be available if each TE circuit
were controlled individually at the specific area. Experimental
data were presented to show that such a problem can impact the
performance of a thermoelectric system. The experimental results
show that the power lost due to varying conditions (temperature
and surface mounting pressure) can be significant and lower in
the series-connected array. If there is a temperature difference
on the PV surface and TEGs are wired in parallel, TEG power
interchange may occur. Hence, it is suggested that bypass diode
can overcome this problem. The development of maximum power
point tracking (MPPT) controller for the TEG system can be con-
sidered to maximize the power output from the circuit. This work
analyzed arrays of three TEGs series circuits, however, the results
can easily be adapted for a higher number of TEGs. Furthermore,
the surface temperature of PV decreases due to heat conduction
from the cooling part of TEG can be an advantage to the PV power
generation.
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