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Abstract— Thermoelectric generators (TEGs) can transform wasted heat from industrial processes into electrical power. The power
provided by TEGs systems depend on the temperature gradient, where an ideal situation for the TEGs operation is when all the modules
of an array are exposed to the same temperature difference. Unfortunately, that condition is not always possible since the TEG arrays
are exposed to non-uniform thermal conditions (known as mismatching). This paper proposes a novel equivalent model to represent the
electrical behavior of a TEG, including a high-order approximation for the temperature dependence properties of the internal resistance
and output voltage. Several configurations proposed to mitigate the mismatching phenomenon on TEGs arrays were tested, which are based
on boost converters, PI controllers and the perturb and observe algorithm for maximum power point tracking: 1) TEGs serial connection
with a single power converter, 2) a parallel connection where each TEG has its own converter, and 3) a serial connection where each TEG
has its own converter. Those tests were performed in three temperature differences (50°C, 100°C and 180°C) to study the impact of the
mismatching thermal condition over the total output power. The maximum power delivered by the traditional case 1 was 10.7 W; while the
output power provided by case 2 was 12.07 W (12.8 % higher) and 11.1 W (3.7 %) for case 3.

Keywords— Mismatching conditions, Power converters, Thermoelectric systems.

1. INTRODUCTION 1.1. Maximum power point in generation systems

The world growing energy demand has contributed to several The analysis of thermoelectric g.enerati(?n systems also requires
concerns regarding the rational and efficient use of energy resources. to model the power converter interfacing the generator and
With the Paris agreements signed in 2015, some countries pledged the electrical load. Mathematical models enables to predict the
to decrease the global warming rate by the end of the ’30s [1], perf(.)rmance‘of a TEG system and supports the developmqnt of
and that objective can be achieved by taking a series of efficient designs and contrql systems. To extract the maximum
actions focused on energy efficiency, reduction of CO2 emissions, power from the TEG array, it is necessary to reach the maximum
and the use of renewable energy [2]. Thermoelectric generators power point (MPP).Of the whole system using DC-DC power
(TEG) are solid-state semiconductor devices that directly convert converters and a maximum power point tracking algorithm (MPPT).
the temperature gradient between two surfaces into electrical Standard algorithms ff’r MPPT have beep StUdled and reported for
energy [3]. The most attractive advantages of this technology is TEG systems: according to [12], to maximize the power produced
the lack of mobile parts, lower maintenance, and lower acoustic by the TEG’ the el.ectrlcal load 1mpedgnc§ should be equal t_O the
contamination compared with other thermal machines. In recent TEG’s internal resistance. The open-circuit voltage (OCV) is the
years, thanks to the lower manufacturing cost and the development most used MPPT method for TEGs, where the maximum extraction
of new materials with higher conversion rates, TEG devices have power is reached by considering the linear relation betyveen the
been used in different contexts as thermoelectric solar generation output voltage and current for TEGs [12], and the MPP is located
systems [4], [5], thermal energy harvesting for IoT devices and by fixing the load voltage at half of the output open voltage [14].
wearables [6], hybrid photovoltaic-TEG systems [7], [8], waste heat Other methods have be;en qugmally developed for PV systems,
recovery from exhaust gas applications [9], small scale geothermal where a nonlinear relationship between the voltage and current is
sources [10], and even in space exploration with radioisotope heat prc?senFed. In the perturb and observe method (P&O), the operating
fuel application like the last rover send by NASA in the Mars point is perturbed, and the power output response is observed
Mission Perseverance, among others [11]. to decide the direction of the following perturbation to reach

a maximum power [15]. Similarly, the incremental conductance
(INC) finds the MPP by comparing the instantaneous conductance
to the incremental derivative conductance [16]. Complex techniques
such as the adaptive rapid neural optimization (ARNO) approach
have also been studied recently [17]. Novel methodologies, such
as the machine learning-based MPPT technique, have been used
to harvest the maximum power of a centralized TEG system
under various operating conditions [18]. In addition, the fast
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Fig. 1. Serial TEG array with a single boost converter

1.2. The mismatching thermal conditions

The power provided by TEG systems depends on the temperature
gradient, where an ideal situation is when all the modules of an
array are exposed to the same temperature gradient. Unfortunately,
the TEG arrays are usually exposed to different thermal conditions.
Other situations like the lack of maintenance, dust, and non-uniform
heat sources could cause different temperature conditions between
the modules. This is known as mismatching conditions, and the
main consequence is the difference in power output generated by
each module inside the array. Possible solutions are to connect
each TEG with one local converter or set up different TEGs
over an isothermal area and cluster the TEGs with equal thermal
gradients into a single array [22].

A single power converter can be used for combinations of TEGs
connected in serial and/or parallel structures [23]. Yang et al.
proposed an adaptive compass search for maximum power point
tracking (MPPT) of a centralized thermoelectric generation (TEG)
system under non-uniform temperature conditions [24], but such
a work is based on a simple model for the thermoelectric cell
formulated from [25]. That model assumes a mean value for the
Seebeck coefficient and no variable properties for the thermoelectric
materials. Fig. 1 shows the classical connection used to extract the
maximum power output from TEG systems [17, 26, 27], but there
are also a few works where individual converters are designed for
each TEG module.

Modeling TEG systems under mismatching thermal conditions
is a challenging task, this mainly because the non-uniform
thermal distributions cause multiple operative conditions for each
TEG module. Thus, each module has a particular electrical
characteristic curve for the specific temperature gradient, and the
total configuration curve must be computed from the individual
modules behavior at the array operation conditions. Therefore,
multiple MPP local peaks could appear with only one global MPP.
In this work, a novel equivalent model to represent the electrical
behavior of a TEG array with high order approximation for the
temperature dependence properties will be presented; also, different
topologies for DC-DC converters connection are evaluated, those
aimed at extracting the maximum power output from the TEG
array under mismatching conditions. In addition, the effect of
mismatching thermal conditions and the conversion efficiency on
thermoelectric power generation for both classical and distributed
configurations are also analyzed.

The rest of the paper is organized as follows: Section 2 reports
the design and models of both the TEG and the boost converter;
Section 3 presents a comparison and detailed analysis of different
configurations of the TEG array to operate under mismatching
conditions. Finally, the conclusions of the work are presented in
Section 4.
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Fig. 3. Open-circuit voltage and internal resistance of the TEG module

2. MATERIALS AND METHODS
2.1. TEG circuital model

For this study, a circuital representation based on a nonlinear
model of a commercial thermoelectric generator is built using the
TEG TEG1-12611-6.0 produced by TECTEG MFR [23]. Fig. 2
shows a typical Thevenin equivalent model of a TEG module
formed by an open-circuit voltage source (Voc) and the internal
resistance of the module (Rreq):

The voltage induced by the TEG is related to the temperature
difference according to the following relationship [28]:

Voo = a(T) AT (D

In the previous expression « is the Seebeck coefficient and AT is
the difference between the hot (7% ) and cold (1) side of the TEG
module. In many studies, « in (1) is assumed to be constant, and
it is considered an effective property. However, this assumption
yields to ignore a rejection heat caused by the Thompson effect
(1) defined by (2) [29]:

T=T aT )
From the TEG datasheet, the experimental values for Voc
and Rrpc as a function of AT are extracted for a constant
temperature in the cold side 77 = 30°C; Fig. 3 shows both
functions. Those functions represent the TEG’s actual behavior,
including the influence of the temperature over the thermoelectric
material properties.

The voltage dataset is fitted to the second-order function given
in (3), and the internal resistance is fitted to the fourth-order
expression given in (4) with a square correlation coefficient of
R? =1 and R? = 0.99, respectively. The parameters in equations
(3) and (4) are: {a = —42107°% b= 0.0413, c= 0.0631}
and {d = —42107'°, e = 321077, f = — 92107°, g = 0.0112,
h = 0.6095}, respectively.

Voe = aAT? +bAT +c (3)

Rrea = dAT* + eAT? + fAT? + gAT+ h (4
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Fig. 4. Circuit representation of TEG module considering thermal conditions

Isc - Vnc/RTEG (5)

Considering Equations (3) and (4), a circuit model for the
TEG is designed on the circuit simulation software PSIM as
presented in Fig. 4(a). The circuit consists of a current source
(Isc), calculated as given in (5), in parallel with the equivalent
resistance (R, ); this representation is a Norton equivalent
(Fig. 4(b)) of the classical TEG representation shown in Fig. 2.
Therefore, this model considers the effect of the temperature on the
thermoelectrical properties in a wide range of thermal conditions
(up to AT = 280°C). Based on the previous detailed circuit
model for the TEG module, the characteristic operative curves
power vs. voltage (P vs V) and current vs. voltage (I vs V)
for three different AT values (50°C, 100°C and 180°C) are
generated and presented in Fig. 5(a). In such a figure the curved
lines represent the power and the straight lines the current for
different voltages. Fig. 5(a) shows the power, current, and voltage
at MPP for three TEG modules, each one operating at a different
AT value. The module operating at AT = 180° delivers 9.25 [W]
at the MPP with 2.99 [A] and 3.087 [V]. For the TEG operating
at AT = 100° the power at MPP is 3.3 [W], the current is
1.727 [A] and the voltage is 1.911 [V]. Finally, the TEG operating
at AT = 50° delivers 1.049 [W] at the MPP with 1.0414 [A] and
1.008 [V]. Therefore, to reach the MPP it is necessary to modify
the operating voltage when AT changes.

On the other hand, if each TEG module operates at the
individual MPP, the total power (Pr) is obtained by the following
expression:

Pr=3% P ©)
i=1

where P; are the individual MPP power of each module at its
respective temperature gradient; in this example Pr = 13.6W. In
renewable energy applications, like thermoelectric generators, it
is common to find a series connection of the TEG modules, but
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the mismatching effect can reduce the harvested power. In this
way, Fig. 5(b) shows the power vs. voltage characteristic curve
for the three TEG modules operating in mismatching conditions
(AT values of 50°C, 100°C and 180°C): the figure shows the
global MPP (11.73W), which is 15.94% lower than the sum of
all individual MPPs (13.6W). This is due to the mismatching
condition prevents that each module operates in its individual MPP.
Moreover, there is a local maximum at 11.625W; therefore, an
MPPT can be trapped in a suboptimal maximum, thus producing
even less power.

Based on the previous analyses, it is necessary to use power
converters to isolate the operation of each TEG module, thus
enabling the operation at the MPP conditions shown in Fig. 5(a).
However, it is also necessary for an MPPT to look for the MPP in
each temperature condition for each TEG module.

2.2. Boost converter

For practical applications, the voltage of TEG systems must be
driven by a power converter, which interfaces the power source
with the load. Then, a traditional boost DC-DC device is designed
to provide the voltage level required by the load, and the same
time, to impose the desired voltage level to the TEG. Fig. 6 shows
the circuit structure of the proposed boost converter, which is
formed by a Mosfet switch (Q1) driven by a PWM signal and a
PI controller, one diode (D7), a capacitor (C), and an inductor (L).

To design the power converter, the energy storage elements C
and L must be selected to be able to manage the maximum power
delivered by the interconnected TEGs and to reduce the current
and voltage ripples on the TEG.

The voltage ripple in the capacitor (A,) represents the voltage
oscillation around the operating voltage of Vrra, hence the TEG
module exhibits a power ripple (A,) affecting the overall power
production. Therefore, A, must be selected to ensure an acceptable
A, around the operating power point. Such a voltage ripple limit
is obtained from (7), which relates the voltage and power in a
resistive circuit, thus it is applicable to the Norton equivalent
shown in Fig. 4(b).

In the same way, the current ripple in the inductor (A;) must
fulfill the power ripple parameter given in (8), which is the
classical relationship between electrical power, current and voltage.
The power ripple must be selected lower than 1% of the MPP
power to limit the power losses.

The calculation of both passive elements, L and C, is performed
using the steady-state analysis presented in [30], which provides
the small-signal equations (9) and (10) for the inductor current
ripple and capacitor voltage ripple in the two-pole filter of a boost
converter. For the L and C calculation, Vrgg and Rrgg are
selected from the TEG datasheet at the MPP, and the switching
period (Ts) is selected to impose a switching frequency (Fs)
higher than 50kHz, as recommended in [30].

Ay = (ApRrec)? )
A=A,/ A, ®)

L =VrpcTs/20; ©)
C = VrpeT? /16A,L (10)

Fig. 6 shows a boost converter interfacing a TEG module to

extract the power and store it in a battery. This system is regulated
by a PID controller and a MPPT P&O algorithm.
As discussed in subsection 2.1, the power converter is required to
regulate the operating voltage Vrra of the TEG in agreement with
the MPP condition, but when AT changes also the MPP value of
Vrea changes. Therefore, the MPPT algorithm (P&O) tracks the
optimal Vrgg value, which is imposed as the reference Vrgr to
a voltage controller. In this work the TEG module is regulated
using a PID controller, which defines the duty cycle reaching the
PWM driving the transistor Q1 of the boost converter.
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A proper design of the PID controller must be based on the
dynamic behavior of the system formed by both the TEG module
and the boost converter. Therefore, the following subsection
develops the modeling of the system and the controller design.

2.3. Dynamic model of the TEG power system

The dynamic behavior of the TEG/converter circuit is described
using the differential equations (11) and (12), which were obtained
using the flux and charge balances in the power circuit as it is
described in [30].

dVTEG o 1 . VTEG
R Rt s~ B
di 1
% = 7 (Ve + Vear (D — 1)) (12)

The previous dynamic equations can be expressed as presented
in (13), where the state variables (x) are capacitor voltage (Vrrg)
and inductor current (ir,).

) %
. ir—Isct+ Ri’;g
&= Vrgeg| | —————<@
- i T | Vreg+VBai(D-1)
L

(13)
ir

This second-order system is linearized around an operating point
to find the transfer function, which relates the state variables
with the control variable D (duty cycle of the PWM signal). For
this model, the input array (U) correspons to the system inputs:
short-circuit current of the TEG (Is.), battery voltage (VBaqt) and
the control input (D). The Jacobian matrices of & relative to x
(A) and U (B) are calculated as shown in (14):

_ 1 _ 1 S 0 0
A= C}iTEG OC ] ‘B = [ (6 D1 Ve (14)

L L
To define the transfer function needed to find the Jacobian matrices
of the output variable (Y = Vrgg) with respect to the state vector
z and input variables U, two additional matrices are defined:
Cs =11 0] and D; = [0 0 0]. Then, the transfer function H (s)
between the TEG voltage (Vreg) and the duty cycle is the

following one:

_ Ls+ D' — VBat

H(s) =
() CLs? + %s +1

(15)

2.4. The MPPT algorithm

Due to the nonlinear behavior of the TEG module and the
constantly changing environmental conditions, it is not possible
to find a unique offline MPP. Therefore, the MPPT defines a
voltage reference for the PI controller, which sets the duty cycle
for the PWM signal driving the Mosfet [31]. In this work, the
Perturb and Observe (P&O) algorithm has been implemented due
to its simplicity, fast response, low cost, and commercial use [20].
The P&O method perturbs the operating voltage of the TEG and
the power output is measured; if the power is decreased, the
voltage imposed to the TEG is perturbed in the opposite direction;
otherwise, the voltage is perturbed in the same direction. Two
parameters must be defined for this algorithm: the perturbation
voltage and the perturbation period. The selection of those values
must to considered that high AV values produce faster responses,
and those must be large enough to produce a measurable power
perturbation (higher than the power ripple). Long perturbation
periods (7,) produce a slow response; therefore, small values are
recommended. Finally, the work reported in [33] demonstrated that
T, must be larger than the settling time of the source voltage to
ensure the stability of the P&O algorithm.
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3. RESULTS AND DISCUSSION

Several TEG modules can be connected in parallel or series
configuration, which allows the system to produce higher output
power. When the temperature difference of each thermoelectric
module is different, the mismatching condition increases de power
losses as it is discussed in [34]. To extract the maximum power
from each TEG module in the array, the following configurations
are proposed:

1) DMMPT series: each module is interfaced using a single
power converter with MPPT control; and the output of the
converters are connected in series to provide an additional
boosting factor. Therefore, the voltage gain for each converter
is low, thus introducing small power losses under mismatching
conditions. In this structure the sum of converters’ output
voltages is equal to the battery voltage (VBat), hence the
behavior of each module voltage is affected by the changes
on the other TEG modules in the series connection.

2) DMMPT in parallel: each TEG module reaches its MPP with
an individual power converter, but in this case the converters’
outputs are connected in parallel. For this configuration, the
output voltage must be the same for all the power converters,
and every module works independently at its own MPP.
One of the advantages of this structure, in comparison with
the centralized MPPT techniques, is the ability to support
plug-and-play systems, where each module can be removed
or connected from the battery without compromising the
performance of the other TEG modules.

This section presents the results of the MPPT design of the
centralized TEG system (Fig. 1) and a detailed analysis of the
DMPPT solutions. Fig. 6 shows the DMPPT configurations in a)
parallel and b) series connection.

The evaluation of the DMPPT solutions is based on the
simulation of the systems reported in Figures 1 and 6, those
considering DC-DC boost converters designed with the following
parameters: A, = 0.1%Pypp, Pupp = 3.3W, Fg = 100 kHz,
L = 220 pH with an internal resistance of 36.45uf), C =
1.14 pF; and the P&O is set to AV = 0.2V and T, = 5 ms.
Finaly, the PI controller was designed from the plant model H (s)
using the pole-placement technique, obtaining the Pl parameters
K, =—19.2uV ! y 71 = 34.92 ns (integral time).

3.1. Classical TEG array with a single boost converter

Fig. 7 and Table 1 show the results of three TEG modules
connected in series and interfaced with a single boost converter.
The sum of the individual power produced by each TEG module
(Pp=13.59W) is higher than the power produced by the array
(11.73 W), which is caused by the mismatching condition and the
efficiency of the boost converter. The total voltage of the array
is the sum of individual modules voltages, and it is exceptionally
close to the MPP voltage in Fig. 5(b). In this solution, the current
is the same for all the TEG modules and equal to 2.392 A.

For the current working point, it is observed in Fig. 5(a) that
the TEG2 works near its MPP, while T EG,operates on the
right side of the power curve, and T EG3 is working on the
left side. When the TEG module works at the right side, with
a current value higher than the MPP, the Peltier effect increases
and cause a variety of temperatures on the cold and hot side of
the module, reducing the efficiency. Instead, when it works at the
left side, lower current flows through the TEG and the thermal
conductivity decrease, thus causing more significant temperature
difference between the hot and cold side of the TEG.

The simulation results of Fig. 7 show that the total array
voltage follows the reference settled by the MPPT; and both
the voltage ripple, and the average value, are over the reference
point. In consequence, the power ripple is reflected on the battery.
The power delivered to the battery is lower than the maximum
power that could be provided by the TEG modules (11.7W): the
battery receives 10.7W, which corresponds to an efficiency of
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91.4%. Those results are explained by Fig. 5(b), since the global
maximum is reached, but the maximum power of each cell is
not achieved. Moreover, the converter efficiency also reduces the
power delivered to the battery.

For the TEG module with lower temperature differential, the
voltage and power delivered are zero, thus some power is missed.
Finally, in this configuration the converter voltage gain is low,
hence its efficiency is higher than 90%.

3.2. DMPPT parallel structure

Results of the three TEG converters connected in parallel are
shown in Fig. 8, where the system reaches on average output power
Pp=12.07TW. The power generated by each module, presented in
Table 2, confirm that each TEG module works on its MPP, thus
the overall power delivered to the load is 12.8% higher than in
the previous (classical) case. Fig. 8 shows the voltage and power
of the TEG with AT=180°C (green line), AT=100°C (blue line),
and AT=50°C (red line). The voltage of each module follows the
reference value settled by the MPPT algorithms, and there is a
voltage ripple that oscillates around the reference value; such a
ripple is a consequence of the switching operation in the power
converters.

The total power of the three TEG modules is, on average,
13.6W, which agrees with the information shown in Fig. 5(a).
However, the total power delivered to the battery has an average
value of 12.07W; therefore, the conversion efficiency of the boost
converters, in this configuration, is 88.8%. Each module operates in

its corresponding MPP, and the parallel DMPPT solution manages
to deliver more power to the battery than in the classical case,
even if the converters’ efficiency (88.8%) is lower than in the
classical case (see Table 2).

3.3. DMPPT series structure

In this last case, the converters’ outputs for each TEG are
connected in series. Moreover, a 200 pF' capacitor at the output
of the power converters was settled to establish the voltage and
reduce output voltage ripple. Fig. 9 and Table 3 summarize
the results of this arrangement, also reporting the voltage over
each output capacitor. The average power delivered to the battery
(Pp=11.1W) is also higher than in the classical configuration,
but in this case the improvement is 3.7%.

The voltage, efficiency and total output power delivered by the
series DMPPT configuration are presented in Fig. 9 for the three
TEG modules under different temperature gradients. The magenta
color shows the total power produced by the three cells, and the
black trace reports the power delivered to the battery. TEG1 and
TEG 2 follow the MPPT settled by the control system and deliver
their maximum power for each temperature difference (9.25W y
3.3W respectively), but the converter of TEG 3 can not delivered
the maximum power (1.049W) even if the TEG is operating at the
MPP. This is caused by the relation between the power delivered
and the output voltage in each converter: since the converters are
connectd in series, the output current is the same, thus the output
voltage of each converter is proportional to the output power
of the corresponding converter. Therefore, the higher the output
power, the higher the output voltage. Moreover, this means that the
converter delivering the highest power will also exhibits the higher
voltage. However, since the total output voltage is fixed by the
battery, the converter providng the lower power will also exhibitis
a very low output voltage, which could increase the power losses.

The previous phenomenon is observed in the simulations
of Fig. 9: the higher output voltage will happen in
the converter of TEG 1 when the maximum AT occurs
(AT=180°C, V5,=8.79 V), followed by the converter of
TEG 2 (AT=100°C, V5,=2.75V), and the last module
(TEG 3) must supply the remaining value to achieve the battery
voltage (Vosz= 0.456V). The boost converter for TEG1 and TEG2
reach efficiencies of 87.7% and 77.3%, respectively, but the
efficiency of TEG3 is 40.7% due to power losses and the energy
dissipated to achieve the output voltage imposed by the battery.

The conversion efficiency of this system averages 82%, which
is the lowest efficiency in the three configurations; however, the
power delivered to the battery is 11.1W, which is higher than
the power provided by the classical configuration. Such a power
conversion efficiency can be improved by using passive elements
with lower ohmic resistance, which could also increase the cost.
Another disadvantage of this configuration occurs when one TEG
module changes the operation point, which also perturbs the other
TEG modules, but a proper PI controller could regulate such a
perturbation.

4. CONCLUSIONS

A new method to evaluate the TEG system was proposed
according to the performance curve constructed with the
manufacturer datasheet and the inclusion of maximum power
point tracking algorithms. Also, different DC-DC converters
connections were evaluated with aim of extracting the maximum
power from TEG arrays operating under mismatching conditions.
The maximum efficiency (91.4%) was reached by connecting the
TEGs in series with a single boost converter, but none of the TEGs
operate at their MPP, and the maximum power delivered to the
battery was 10.7W. On DMPPT configurations, each thermoelectric
module work at its MPP, but the conversion efficiency of the system
is lower than in the classical case, with a maximum efficiency
of 88.8% for the DMPPT parallel solution, and 82% in the case
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Table 1. Single boost converter for three TEG connected in series

Module AT [OC] VTEG [V} ITEG [A] PTEG [W] PB [W] MNe [%]
TEGS3s 50 0 2.392 0 10.7 91.4
TEG:> 100 1.186 2.837
TEG: 180 3.714 8.888
Total 4.9 11.725

Table 2. DMPPT parallel connection
Module AT [°C] Vrec [V] Preg [W] Pg [W] ne [%)]
TEGS3 50 1.1 1.04 12.07 88.8
TEG2 100 1.89 33
TEG: 180 3.1 9.25
Total 13.6

Table 3. DMPPT serial connection
Module AT [OC] VOI [V} VTEG [V] PTEG [W] PB [W] TMe [%]
TEG3 50 0.456 1.055 1.04 11.1 82
TEG2 100 2.749 1.899 33
TEGy 180 8.795 3.1 9.25
Total 12 5.7 13.6

where DMPPT series configuration. The power output delivered by
the distributed structures always reached the MPP on each TEG,
with a maximum power delivered to the battery of 11.1W and
12.07W for the DMPPT series and parallel, respectively. Therefore,
this work confirms the improved power production of the DMPPT
solutions over the classical centralized configuration. The higher
losses in the DMPPT cases are explained by the significant number
of elements in the converters that dissipate energy; nevertheless,
the distributed array could be improved by selecting elements with
lower parasitic resistances.

The P&O algorithm was used to optimize the power production,
but it could be improved by adapting both perturbation period and
amplitude according to the temperature differences. Similarly, an
auto-tuning PI controller could be used to establish an adequate
system response over more significant variations of temperature
differences. Future works include evaluating the proposed method
combined with new MPPT algorithms to assess the tracking
speed, accuracy, and efficiency in TEG systems under mismatching
thermal conditions.
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