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Abstract: One of the significant factors contributing to high energy consumption is the unutilized
waste heat from flue gas in industrial boilers. Thermoelectric generator (TEG) technology can directly
convert thermal energy into electrical energy, and has been gradually applied in the field of waste heat
recovery due to its simple and reliable structure, environmental protection, and other advantages. In
this paper, a thermoelectric generator simulation system of boiler flue gas waste heat is proposed.
The experimental platform is designed by simulating the flue gas waste heat temperature condition
of boiler, and the structure of cold end module and hot end module is optimized. During the
experiment, the fixed temperature difference was set at 120 °C (hot end:150 °C~cold end: 30 °C). An
analysis is conducted on the volt-ampere characteristics and output power of the TEG module. The
output characteristics of the TEG system are analyzed under the conditions of variable load, constant
load, different pump speed, different heat dissipation modes, and series and parallel connection
method. The results show that the experimental platform can instantaneously and accurately test
the output parameters of the TEG system, and ensure the intended design requirements. When the
ratio of the load resistance to the internal resistance of the TEG module is approximately 1-1.15, the
output power of the system reaches its maximum. In order to optimize the output power of the
TEG system, a power prediction-based adaptive variable step size maximum power point tracking
(MPPT) algorithm is introduced. Additionally, a corresponding mathematical model is formulated.
Simulations demonstrate that the time of the improved algorithm to reach the stable maximum
power point is 1.54 s faster than that of the traditional algorithm. The improved MPPT algorithm
satisfies the criteria for speed and accuracy, diminishes superfluous energy waste, and enhances the
overall system efficiency. The research results have certain guiding significance for the design and
application of subsequent TEG system.

Keywords: TEG; structure optimization; characteristic analysis; improved MPPT algorithm

1. Introduction

Coal is the main source of power consumption in China, and the power generation
efficiency is generally around 40%. According to statistics, the boiler exhaust heat loss
accounts for the largest proportion of various losses in power generation. The boiler exhaust
temperature is mainly concentrated in 120-150 °C, and a large amount of flue gas waste heat
has not been effectively used, resulting in significant energy loss. Reducing exhaust heat loss
has become a new direction of energy saving in power station boiler system. Thermoelectric
generator (TEG) is a kind of power generation method that converts thermal energy directly
into electricity by utilizing the Seebeck effect of thermoelectric materials [1]. When there
is a temperature difference between the two ends of the thermoelectric plate, thermal
energy can be directly converted into electrical energy and output. As a green power
generation method, TEG has the advantages of simple structure, durability, no vibration,
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no noise, no pollution, and high reliability [2]. In recent years, with the development of new
high-performance thermoelectric materials and reliable thermoelectric generators [3], the
level of research on TEG technology has gradually improved. TEG technology will exert
its advantages in the utilization of low-grade energy, such as industrial waste heat power
generation, automobile exhaust waste heat power generation, solar energy and geothermal
energy, etc. The research on the TEG technology of boiler flue gas waste heat plays an
important role in saving energy, reducing consumption and improving the economy of
power station.

Currently, research of TEG technology mainly focuses on the manufacture of high-
performance thermoelectric materials, the utilization of low-grade waste heat, the simu-
lation analysis and optimization of TEG model, and the maximum power tracking tech-
nology [4-7]. Maneewan et al. [8] put steel plates on the roof to absorb solar energy and
generate temperature difference with the natural environment, so as to achieve the purpose
of generating electric energy. Konstantinou et al. [9] designed a thermoelectric device that
use an optimized radiator to recover energy from the exhaust gas of a marine internal
combustion engine. Attar [10] designed a thermoelectric device to recover waste heat
from residential steam compression refrigeration system. The results showed that TEG
has a good application prospect for recovery of waste heat. Barma et al. [11] recovered the
waste heat generated by the biomass hot oil heater by installing a TEG device between the
industrial flue and the thermal oil pipe. Luo Yang et al. [12] established a three-dimensional
model of piecewise TEG performance analysis, and appropriately optimized its geometric
parameters to improve the efficiency of the system. Jia Yuan et al. [13] demonstrated the
potential applicability of using flexible thermoelectric generators to recover heat from
microleds. Chen Leisheng et al. [14] designed a tubular thermoelectric generator for au-
tomobile exhaust waste heat recovery. The optimal parameters of maximum open circuit
voltage and power density are determined by numerical simulation. Yin Tao et al. [15]
explained the influence of multi-parameter uncertainty on TEG performance from the as-
pects of temperature-related material performance, electric heating condition, structure and
geometric size, and establish a new balanced impedance matching model for the first time.
Assareh et al. [16] applied TEG technology to an integrated energy system for collecting
solar energy and geothermal energy, and used the TEG module to replace the condenser in
the system. The results showed that the design can effectively reduce the total cost of the
system. Brazdil et al. [17] designed a small boiler waste heat recovery device to study the
performance of TEG under different operating conditions, and the boiler obtained auxiliary
power. Shittu et al. [18] used COMSOL software to study the multiple physical fields of a
photovoltaic-thermoelectric hybrid system and to determine the optimal geometry of the
thermoelectric element. Montecucco et al. [19] used the minimum breaking load to obtain
the open-circuit voltage of the TEG module, which can achieve a tracking efficiency of 93%.
Fauzan et al. [20] found that when TEG modules were applied to large area of heat sources,
and there was always the problem of uneven temperature distribution at the hot end, which
reduced the overall power output of the system. Cozara et al. [21] used GT-SUITE software
to conduct numerical modeling to study the thermoelectric effect, and found that the gener-
ation power of thermoelectric modules with mixed series-parallel connection was greater
than that generated by a single series or parallel connection. Aranguren et al. [22] built
a calculation model for circular chimneys, and the predicted power generation accuracy
of this model is 12%. Beltran-Pitarch et al. [23] proposed a method for measuring contact
thermal resistance at low temperature. Khalil et al. [24] optimized the structure of industrial
smoke exhaust pipes by changing the inclination Angle, and found that the output power
could be increased by 5% when the inclination Angle was 15 degrees.

Previous reports mainly focused on the application of TEG technology, structural
parameters optimization of TEG model, MPPT control, etc. Most of their applications
belong to the recovery of waste heat at medium and high temperatures (above 200 °C),
which is relatively easy to recover. For low temperature heat source (below 200 °C), the
energy utilization efficiency is also lower due to its lower energy quality. Due to the
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limitation of production cost and conversion efficiency, there are no reliable products
for large-scale commercial application, and the recycling technology is not yet mature.
The exhaust gas temperature of power station boilers is mainly concentrated between
120-150 °C, which belongs to the range of low-grade waste heat.

At present, there are few researches on the application of TEG technology to low-grade
waste heat of power boiler flue gas. Moreover, the detailed matching relationship between
external load resistance and internal resistance of TEG module is rarely reported when the
TEG system generates maximum output power under the condition of low grade waste heat.
In this paper, a semiconductor TEG simulation system is designed to convert waste heat
from industrial boiler flue gas into electric energy. On the basis of optimizing the structure
of TEG module, the relationship between the load resistance and the internal resistance
of the module is studied when the maximum power is generated by the boiler flue gas
waste heat TEG system. An improved maximum power point tracking (MPPT) algorithm
is proposed to reduce the energy loss of the system. The system can also indirectly output
domestic hot water to reduce fuel costs. Therefore, it can improve energy efficiency and has
high economic benefits. The research can provide technical reference for the application of
TEG technology in the field of low-grade energy recovery.

2. Design of TEG Simulation System
2.1. Working Principle of TEG

In 1821, the German scientist Seebeck discovered during his research that when
two different conductor materials form a closed loop and there is a temperature difference
between the two contact points of the loop, a electromotive force will be generated in the
loop. This phenomenon is called the Seebeck effect, and TEG is based on the Seebeck effect
to directly convert heat into electricity [25,26].

As shown in Figure 1, A and B represent different conductor materials, and Tj, and T,
represent the temperature at the junction of two materials. Due to the considerably greater
Seebeck effect of semiconductors in comparison to metallic conductors, semiconductor
material is commonly utilized in the construction of thermoelectric plates.

A

B B

+ -
Figure 1. Schematic diagram of Seebeck effect.

In light of the modest amount of electromotive force produced by a solitary TEG plate,
it is customary to join several TEG plates in series or parallel configuration to create a TEG
module. The TEG module itself has internal resistance, so its equivalent circuit can be
represented by a voltage source and equivalent resistance, as shown in Figure 2. V¢ is the
open circuit voltage of the TEG module, RTEG is the internal equivalent resistance of the
TEG module, and RL is the equivalent load resistance.

Rrec

MW +
Voc R § Vi

TEG

Figure 2. Equivalent circuit of thermoelectric module.
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In Figure 2, Vpc can be expressed as shown in Equation (1).
Voc = Spn(Ty — T¢) D)

Spn is the Seebeck coefficient, Tj, and T; are the temperatures of the hot end and the
cold end respectively. The relationship between load voltage V;, and open circuit voltage
Voc is shown in formula (2)

VL = Voc — IRteg = SpnAT — IRTEG )

In Equation (2), I is the output current of the TEG module. The load voltage V| can be
expressed as:

VL = IRy 3)
S,uAT
[= /" 4)
Rp + Rree

The output power of the TEG module can be expressed as:
Prec = Vil = PRy ()
Substituting Equations (4) into (5), we can get the following results:

Ry,

_ 6
(Rp + Rreg)? ©

Prec = (SpnAT)?

According to formula (6), when the load resistance is equal to the equivalent resistance
of the TEG module, the output power of the TEG module reaches the maximum value:

2
(Spn0hT)
PTEG - m (7)

2.2. Overall Design of TEG System

The direct disposal of low-grade flue gas waste heat is one of the main reasons for
high energy consumption. Flue gas heat loss is one of the largest heat loss in power station
boilers, accounting for 80% or more of the total heat loss of boilers. The most important
factor affecting the heat loss of flue gas is the boiler exhaust temperature, which is generally
maintained at 110 °C~150 °C [27]. Therefore, the waste heat of boiler flue gas mostly
belongs to low-temperature waste heat, and the use of TEG technology will have better
commercial competitiveness.

The TEG system designed in the paper is composed of TEG module, hot end module
for heat exchange of boiler flue gas waste heat, cold end module, detection circuit, MPPT
controller, PWM controller, DC-DC converter, battery, insulated water tank, etc. It is shown
in Figure 3.

DC
Load

Waste Heat of Hot Side
Boiler Flue Gas
DC/DC
TEG Converter Battery
Water Inlet Cold Side Outlet
DC/IAC AC
Insulated Current and Converter [°]  Load
Water Tank Voltage
Detection
Domestic PWM
Water MPPT Controller

Figure 3. Schematic diagram of TEG system.
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The TEG module is composed of multiple semiconductor thermoelectric plates in
series or parallel, which can be encapsulated electronically in industrial applications. The
function of the TEG system is to convert waste heat of boiler flue gas into electric energy.
The expelled flue gas from the boiler is directed into a purpose-built pipe located at the
hot end module. The pipe incorporates a spoiler mechanism to ensure that the waste heat
temperature of the flue gas is evenly distributed around the pipe. Multiple thermoelectric
plates can be arranged around the pipe and connected in series or in parallel to increase the
output power. At the same time, tap water is heated by the TEG module, and then enters
the special water tank to meet the demand for production of domestic hot water.

The working process of the system is as follows: The TEG module converts the waste
heat energy of boiler flue gas into electric energy, and the output voltage and current are
measured and converted into digital signals. Then, it is sent to MPPT and PWM controller
to generate PWM pulse signal to control DC-DC converter. The voltage is adjusted and the
maximum power output is achieved. The output energy can be used for normal operation
of DC or AC load, and the function of the battery is to store energy.

3. Experimental Research on TEG Simulation System
3.1. Construction of Experimental Platform

Limited by laboratory conditions, this paper uses high-temperature heat conducting
oil as heating medium to obtain a heating temperature similar to the waste heat of boiler
flue gas (heating temperature between 110 °C and 150 °C), and simulates the waste heat of
boiler flue gas for experimental research.

The TEG experiment device designed in the paper is shown in Figure 4. The platform
is composed of five parts: TEG module, cold end module, hot end module, DC-DC module,
load or battery.

Cold End
Module

TEG DC-DC Load or
Module Module "| Battery

Hot End
Module

Figure 4. Schematic diagram of TEG experimental device.

(1) Design of cold end module

In order to maintain a stable temperature difference, it is necessary to dissipate heat
from the cold end in time. There are three heat dissipation modes for the cold end module:
fan heat dissipation, natural air heat dissipation, and water cooling heat dissipation.

The fan heat dissipation method is to connect a heat dissipation plate with many
sides on the aluminum alloy deflector, and then take away the heat conducted to the heat
dissipation plate through the fan. The cooling effect is related to the area, the gap between
plates and the wind speed. The natural air cooling method requires no other equipment
and uses aluminum alloy deflector at the cold end to dissipate heat. Due to the relatively
small thermal conductivity of air and thermal radiation, the heat dissipation method is
less effective. With the extension of time, the temperature of the cold end will rise quickly
and affect the efficiency. Water cooling heat dissipation is to connect the tap water into
the aluminum alloy deflector, and the tap water flows in from one end of the aluminum
deflector and then out from the other. This cooling method can keep the water temperature
relatively stable and does not pollute the water. The output hot water can be used for
industrial or domestic water.



Appl. Sci. 2023,13, 5673

6 of 20

Typical water cooling heat dissipation deflectors employ a relatively slender hollow
design, featuring an inlet and outlet for water at opposite ends, resulting in a suboptimal
heat transfer efficiency. In this paper, the structure of the aluminum alloy deflector is
optimized, and the optimized design of the aluminum alloy deflector is shown in Figure 5.
The fins inside the deflector are dense, and the heat exchange effect is very good, which can
ensure the uniformity of temperature on the deflector. The surface of the deflector is very
smooth and has almost zero contact with the thermoelectric plate. The deflector’s inlet and
outlet are outfitted with chamfered steps that facilitate installation and prevent the water
pipe from detaching after being tightened.

A r

Figure 5. Internal structure diagram of aluminum alloy guide plate.

Through the analysis of the above three cooling methods, water cooling heat dis-
sipation method is the best, and natural air heat dissipation method is the worst. This
paper intends to choose a water cooling heat dissipation method with tap water in the
aluminum deflector, and the output hot water can also be used twice to improve energy
utilization efficiency.

(2) Design of hot end module

As shown in Figure 6, the hot end module is composed of aluminum alloy deflector,
PT100 thermocouple, Delici relay, industrial electric heating rod, temperature sensor (Micco
sensor), heat resistant silicone tube, peristaltic pump and oil tank, etc. In order to ensure
the uniformity of temperature distribution at the hot end, the hot end aluminum deflector
adopts the same internal structure as the water cooling deflector. The fins inside the
deflector are dense, which can improve the heat exchange effect. The use of double-headed
peristaltic pumps solves the problem of hot oil and water flow.

Peristaltic Pump

Aluminum Ousiow m-
Alloy ==

Ko «—

Deflector Pump In lo o

~ Tank

Figure 6. Schematic diagram of hot end module.

(8) Composition of TEG module

The TEG module designed is composed of multiple thermoelectric plates in series,
which is made of semiconductor material Bi2Te3. This material works best at temperatures
below 230 °C and is the most commonly used material for commercial TEG applications [28].
It has a large Seebeck coefficient and high thermal conductivity, with a ZT value of about 1
in commercial preparations. The uniformity of temperature distribution on the hot and cold
ends of the TEG module affects the output power, where a reasonable installation position
and good contact will affect the temperature distribution [29]. It is especially important to
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increase the temperature uniformity on the hot and cold ends of the module as much as
possible. During the experiment, the thermoelectric plate is coated with thermal conductive
silicone grease.

The cold end and the hot end modules are connected by wires to form a TEG module,
which is called a single-layer generation module. The thermal radiation from the hot
end becomes severe when the single-layer TEG module is exposed to high temperatures.
This leads to a swift temperature increase at the cold end, resulting in a decline in the
thermoelectric conversion efficiency. Based on the above disadvantages, the paper design
a double-layer TEG module, with the hot end in the middle and the cold end on both
sides. The structure is more compact, as shown in Figure 7. This structure can reduce the
influence of thermal radiation and can better ensure the temperature difference and power
generation efficiency.

Cold End

Ot ow 103} Aluminum Alloy Deflector
+ el In| |P| [N |P| [N |P| |N| [P
|
Gutiow ity Aluminum Alloy Deflector Hot End
— el [n| |P| In[ |p| N[ [P] |N| [P
f—
Pl Aluminum Alloy Deflector

o)
g
3|
2

Cold End

Figure 7. Schematic diagram of double-layer TEG module.

(4) Design of DC-DC module

The design of DC-DC module is one of the key technologies of thermoelectric con-
version in TEG system, and its performance directly affects the normal operation and
efficiency of TEG system. Its function is to convert a fixed direct current into another fixed
or adjustable voltage direct current by the action of a power electronic switch [30]. It can
use the pulse width modulation (PWM) mechanism to control the conduction element,
change the duty cycle, and keep the output voltage fixed within a limited range of input
voltage and load current [31,32].

Due to the wide range of output voltage of the TEG module, and the load and the
battery have a fixed voltage rating value. In order to meet the requirements, a Buck-Boost
converter is designed, as shown in Figure 8. It has the advantages of good stability and
low loss.

L

VAR 1
i ~J
T Ulnl L G Uout

Figure 8. Circuit diagram of the DC-DC module.

I

3.2. Assembly and Debugging of Experimental Equipment

The focus of this paper is on the development of a portable thermoelectric experimental
platform comprising a customized heat transfer oil tank, water tank, aluminum alloy
deflector, peristaltic pump, Leizik thermoelectric plates, PT100 thermocouple, DC-DC
module, Delisi relay, heat-resistant silicone tubing, water-cooled plate, industrial electric
heating rod, temperature sensor, circuit components, voltmeter, ammeter, and other data
acquisition systems. The hot end adopts high-temperature heat oil to transfer heat to the
thermoelectric plate through the peristaltic pump. In order to stabilize the temperature
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difference, the cold end module adopts water cooling method. The schematic diagram of
the experimental device is shown in Figure 9.

Temperature Controller

Figure 9. Schematic diagram of the experimental device.

After the experimental platform is installed, the experimental system needs to be
debugged to ensure that the relay can operate accurately without any leaks. In order to
maintain the accuracy of temperature measurement, it is necessary to control the tempera-
ture self-tuning of the hot end module. The experimental platform is shown in Figure 10.

TEG Module
’ e
7 ‘ i : | E Peris
’ Temperature sensor § s -

in

Silicone tube

— : e
-Jfr'l/

el S Thermocouple

1

\ i1 B ]

| L

‘\ Heating rod ] Oil Tank ! 1 i

Figure 10. The experimental platform.

4. Experimental Results and Analysis

After setting up the experimental platform and completing the debugging, the exper-
imental research on TEG module is carried out. The experimental research includes the
output characteristics of volt-ampere characteristics, output power, variable load, different
pump speed, different heat dissipation conditions, series and parallel mode, etc.

4.1. Comparative Analysis of Different Speed of Peristaltic Pump

A TEG module, consisting of five semiconductor thermoelectric plates coated with
thermal grease on their surfaces, is assembled in series and sandwiched between aluminum
alloy deflectors. This TEG module is then placed in a system that allows it to be heated by
hot oil and cooled by tap water. The temperature control system ensures the accuracy of
the hot end temperature in real time and maintains a stable temperature difference.
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Since the maximum speed of the peristaltic pump is 300 r/min, in order to prevent the
pump from running at full load and resulting in reduced service life, the speed of the pump
is set as 260 r/min, 270 r/min, 280 r/min and 290 r/min. After the set target temperature
value is stabilized, maintain the same temperature difference and change the speed of the
pump to measure its open circuit voltage. According to the measurement results, the open
circuit voltage diagram at different peristaltic pump speed is shown in Figure 11.

12 4 = 260 r/min -
®— 270 r/min :
4 280 r/min 4
10 4 ¥ 290 r/min
> i
)
Iz]
3 o . J
>
5
- i
o 61
i
=
o |
4 |
2 T T T T 1
20 40 60 80 100 120

Temperature Difference/C
Figure 11. Diagram of open circuit voltage at different peristaltic pump speed.

From Figure 11, it can be seen that with the increase of the peristaltic pump’s speed, the
open-circuit voltage also increases. The increase of the speed of peristaltic pump increases
the heat dissipation efficiency, which indirectly increases the temperature difference. As a
result, the TEG module produces an amplified electromotive force. To accommodate the
extended operational duration of the double-headed peristaltic pump and the lifespan of
the silicone tube, the pump’s velocity is established at 280 r/min.

4.2. Performance Test of Thermoelectric Module
4.2.1. Output Characteristics under Different Heat Dissipation Modes

In order to increase the output voltage and power, Twenty thermoelectric plates
coated with thermal grease on both sides constitute a TEG module. In the experiment, the
peristaltic pump speed is set to 280 r/min, the corresponding flux of water is 1191 mL/min.
At the same time, the temperature control system is used to ensure a stable temperature
difference. The TEG system is subjected to experiments employing three different cooling
methods: natural air cooling, fan cooling, and water cooling. Output characteristics of
these cooling modes are compared and analyzed. Under the premise that the temperature
of the hot end is 150 °C and the load resistance is 50 Ohms, and the data is recorded every
10 s. The data are shown in Table 1 below.

Table 1. Output data under different heat dissipation modes.

Heat-Dissipating Power/W Power/W Power/W

Method (T=10S) (T=20S) (T=30S)
Water cooling 8.712 8.715 8.706
Fan cooling 8.526 8.522 8.517
natural air cooling 8.286 8.281 8.283

When the water cooling heat dissipation is used for the experiment, the inlet water
temperature of the aluminum alloy deflector is 30 °C, and the outlet water temperature
is 45.5 °C. It can be seen that the output power is basically stable at all times under the
three heat dissipation modes. The water cooling heat dissipation mode exhibits the highest
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output power, while the natural air cooling heat dissipation mode has the lowest output
power. Therefore, under the same external conditions, the effect of water cooling is the best.

4.2.2. Analysis of Volt-Ammetry Characteristics

In the experiment, the voltmeter is linked in parallel to the TEG module’s output.
Meanwhile, the ammeter is connected in series with the sliding rheostat and subsequently
linked in parallel with the voltmeter. Set a fixed temperature difference value of 120 °C
(150-30 °C). After the control system is stabilized, change the resistance value, and the data
obtained were shown in Table 2 below.

Table 2. Output characteristic data of TEG module.

Load Voltage/V Load Current/A Power/W
7.68 0.81 6.08
10.21 0.64 6.55
12.26 0.59 7.21
13.7 0.56 7.62
15.15 0.53 8
16.4 0.50 8.25
17.4 0.48 8.39
18.5 0.46 8.51
19.8 0.44 8.71
20.8 0.41 8.45
21.7 0.38 8.18
23.5 0.32 7.6
25 0.28 7.05
26.5 0.25 6.5
27.5 0.22 6.05

The output characteristics of the TEG module can be obtained from Table 2. As can be
seen from the volt-ampere characteristic curve of the TEG module in Figure 12, the load
current decreases and the load voltage increases with the increase of the load resistance. As
can be seen from the voltage and power relationship curve in Figure 13, the output power
of the TEG module presents a parabolic relationship with the increase of output voltage.
As the output voltage increases, the output power increases to a maximum. After that, as
the output voltage increases, the output power decreases. As can be seen from the load
and voltage relationship curve in Figure 14, the voltage increases rapidly with the load and
then tends to saturation. As can be seen from the load and current relationship curve in
Figure 15, the load resistance is inversely proportional to the output current.

0.9 |
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0.7 4
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o [ B
gUG -
[ = n
g05~ '..
3
L}
Qo044 -..
n
0.3 -
L}

024

0.1 4

0.0 . . T T T ]

0 5 10 15 20 25 30
Voltage/V

Figure 12. Diagram of volt-ammetry characteristics.
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Figure 13. Diagram of voltage and power.
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Figure 14. Diagram of load and voltage.

09+

0.8

Current/A

Load Resistance/()

Figure 15. Diagram of load and current.

30

As can be seen from the load and power relationship curve in Figure 16, when the
temperature difference remains stable, the external load value is gradually increased, and
the output power first keeps increasing to a certain extent and then gradually decreases.
This is due to the fact that the output power of the TEG system is dependent on both the
output voltage and the load current. Theoretically, only when the resistance value of the
external load is equal to the resistance value of the TEG module, the output power reaches
the maximum.
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Figure 16. Diagram of load and power.

4.3. Experiment of Parallel Connection of Thermoelectric Plate
4.3.1. Analysis of Parallel Output Characteristics

The output characteristics of the TEG module in series have been analyzed previously,
so the parallel mode of the TEG module is studied and analyzed here. The experiment is
carried out on the basis of 20 thermoelectric plates coated with thermal grease and cooled
by water. Parallel combination method uses 2 groups (each group of 10 plates in series)
thermoelectric plates in parallel. When the temperature difference between the hot and cold
ends is 120 °C and remains stable, the load resistance is changed to obtain the measured
data, as shown in Table 3.

Table 3. Output characteristic data of TEG module.

Load Voltage/V Load Current/A Power/W
4.72 1.29 6.09
5.29 12 6.35
6.23 1.1 6.85
6.97 1.03 7.17
8.31 0.92 7.65
8.67 0.9 7.8
9.17 0.87 7.98

10.23 0.82 8.39
11.23 0.7 7.86
12.16 0.61 7.42
13.25 0.51 6.76
14.39 0.42 6.05

As can be seen from Figure 17, the volt-ampere characteristic curve of the parallel cir-
cuit is approximately a straight line. As the load resistance increases, the current decreases
and the output voltage increases. During the experiment, the combination mode’s total
voltage is lower than the theoretical sum of a single thermoelectric plate. This could be
attributed to the increase in thermal radiation during the temperature rise process. The
thermal radiation reduces the temperature of hot end to a certain extent, and the change of
internal resistance when the temperature rises.

Figure 18 shows the voltage and power characteristic curves of the thermoelectric
plate in series and parallel modes with varying load resistance. Under the same conditions,
the maximum power obtained by series combination is 8.71 W. When the parallel combi-
nation mode is adopted, the maximum power is 8.39 W. Considering the uncertainty of
temperature distribution, the current and voltage of the maximum power point are lower
than theoretical value. The situation may be the result of a number of factors, includes
errors due to uneven temperature distribution across the TEG.
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4.3.2. Influence of Load Resistance on Output Power

The variation curve of output power with load resistance for the thermoelectric plate
in series and parallel mode is shown in Figure 19. The relationship between the output
power and the load resistance is parabolic, and the position of the maximum power point
is different in different combination modes.
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Figure 19. Diagram of Output power and load.

From the previous analysis, theoretically when the load resistance is equal to the
equivalent internal resistance, the output power reaches the maximum value. The actual
experiment findings suggest that the TEG system yields the maximum power when the
load resistance is marginally greater than the internal resistance, with the ratio between the
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load resistance and internal resistance falling within the range of 1-1.15. Therefore, for the
TEG system, it is necessary to consider not only the influence generated by electrical energy,
but also the influence generated by thermal energy on the TEG. When TEG is loaded,
there will be Peltier effect and Thomson effect, and the larger the temperature difference,
the more obvious the effect. At the same time, the higher the temperature, the internal
resistance of TEG module will increase.

5. MPPT Algorithm and Simulation of TEG System

The output performance of the TEG system is influenced by several factors, such as
the temperature of the hot and cold ends, external load resistance, and connection mode of
thermoelectric plates. As a result, the output characteristics of the system are nonlinear.
Under certain external conditions, its output power is not stable with the load change,
but there is a maximum power point and the corresponding voltage and current [19].
Therefore, it is necessary to control the operating point of the TEG system in the best
position to maximize its effectiveness, which is called Maximum Power Point Tracking
(MPPT) algorithm.

The maximum output power can be maintained as long as the load resistance and
the internal resistance of the TEG module is equal in the circuit. In fact, the measurement
of dynamic resistance is very troublesome, and it is impossible to adjust the resistance
manually [33], so the PWM signal is used to control the on/off of the switching tube.
Figure 20 shows the maximum power output block diagram of TEG system. The TEG
module is linked to the load via the DC-DC converter, which controls the switching tube
by adjusting the duty cycle of PWM. This enables the TEG system to constantly approach
its maximum power point, thereby regulating its operating point in real-time.

TEG Voltage detection DCIDLE

Converter T

Current detection PWM
MPPT Duty cycle | PWM  |Signal|
Controller

Figure 20. Maximum power output block diagram of TEG system.

5.1. Design of MPPT Algorithm

The MPPT algorithm currently used and their characteristics are as follows [34-36]:
The constant voltage algorithm is simple and easy to implement, but it is easy to fluctuate
due to the influence of external environmental factors, so it is not flexible enough to use. The
conductivity increment algorithm has good stability, but its implementation requires high
precision of sensor. At the same time, the continuous derivative calculation of the control
system also requires a high computing ability. The disturbance observation algorithm
has strong applicability, requires less measurement parameters, and has low requirements
on controller and sensor, so it is regarded as an ideal control algorithm. However, the
fixed disturbance step size has a great influence on the overall performance of the system,
resulting in energy loss. The application of artificial intelligence algorithms in controlling
TEG systems with variable temperature difference operating conditions has significant
theoretical advantages. However, the complexity and cost of implementation currently
limit its practical application.

For the selection of MPPT algorithms [37,38], in addition to the characteristics of
each algorithm itself, we should also consider the difficulty of implementing the control
algorithm, economic cost, the type of sensor, tracking speed and accuracy, etc. Based on the
above analysis, the interference observation algorithm is selected in this paper. Since the
traditional interference observation algorithm uses a fixed disturbance quantity, it cannot
meet the dynamic performance and stability accuracy requirements of MPPT tracking at
the same time. Based on this, an adaptive variable step size improved MPPT algorithm
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based on power prediction is designed. The algorithm takes power change as step size
control quantity, the control schematic diagram is shown in Figure 21.

P

Pmax

Figure 21. Control schematic diagram of improved algorithm.

According to the control schematic diagram: when AP = P, — P, = 0, it indicates
that the output power reaches the maximum value; When AP = P, — P,,_1 > 0, the TEG
module works on the left side of the maximum power point; When AP =P, — P,,_; <0,
the TEG module works on the right side of the maximum power point.

In the same disturbance interval of AU, when AP, > AP,_q, the variation trend of the
output power increases at this time and is far from the maximum power point, the method
of large step search approximation is adopted, taking step C; = AP%?E‘HM > 2M. when
AP, < APp_1, the variation trend of the output power reduces at the time and is close to the
maximum power point, the method of small step search approximation is adopted, taking

AP,
step Co = xp—5p

ap, 7ap—; M- The improved MPPT algorithm flow chart is shown in Figure 22.

[ Simpling Up_s+ Un~ Upey |

Calculate P,_;j=Up_y XIy_y~ Py =UpX Iy« Puig=Upiq Xliqs
APy=Py1— Pyn APy y =P, —Py_yn AUy=U, — Up_4

__ APy
AP, + AP,

]

2

Figure 22. Flow chart of improved MPPT algorithm.

Then the value of AP, x AU is judged, and when its value is greater than 0, the value
of Uy, is equal to U,,_1+ C. Otherwise, judge whether AP, x AU is equal to zero, if so, Uy is
equal to the value of U,,_;. If not, the value of U, is equal to U,,_;-C.

Therefore, at the working point far from the maximum power point, a large step size
is adopted to improve the tracking speed and optimize the dynamic performance. At the
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working point close to the maximum power point, the perturbation with small step size is
used to reduce the amplitude of oscillation and improve the stability of the system. The
enhanced interference observation algorithm, featuring a variable step size, can satisfy
the demands of promptness and stable accuracy, diminish unnecessary energy loss, and
enhance system efficacy.

5.2. Simulation Analysis

Matlab /Simulink software is used to simulate and analyze the MPPT algorithm, and
the simulation structure diagram of the traditional interference observation algorithm and
the improved MPPT algorithm are built in the paper. The simulation structure diagram of
traditional algorithm is shown in Figure 23, and the simulation structure diagram of the
improved MPPT algorithm is shown in Figure 24.

P Qe
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Figure 23. Simulation structure diagram of traditional MPPT algorithm.
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Figure 24. Simulation structure diagram of improved MPPT algorithm.
The models are integrated and packaged as subsystem modules to facilitate the combi-

nation of all models into a complete TEG simulation system. The complete TEG simulation
system model is shown in Figure 25.
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Figure 25. Simulation model diagram of TEG system.
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After setting relevant parameters, the two MPPT algorithms are simulated, and the

simulation results are shown in Figure 26. It can be seen from the figure that the time for
the improved algorithm to reach the stable maximum power point is about 0.21 s, while
the traditional algorithm has a large fluctuation in the early stage and reaches the stable
maximum power point at about 1.75 s. Therefore, compared with the traditional interfer-
ence observation algorithm, the improved MPPT algorithm can reach the stable maximum
power point more quickly, and the fluctuation after reaching stable the maximum power
point is smaller, which reduces the energy loss and improves the dynamic performance.
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Figure 26. Comparison of simulation results of two MPPT algorithms.

6. Conclusions

As a green power generation method, TEG provides a new idea for energy conserva-

tion and environmental protection. Taking The waste heat of low grade boiler flue gas as
the research object, the overall design scheme of TEG system is designed in this paper. An
experimental device was set up to simulate the temperature condition of flue gas waste
heat. During the experiment, the fixed temperature difference was set at 120 °C (hot end:
150 °C~cold end: 30 °C), and the output characteristics of TEG system are analyzed.

@

@)

®)

The uniformity of temperature distribution at the hot and cold ends of the TEG module
affects the output power, and the coating of thermal grease on the thermoelectric plate
can effectively improve the uniformity of temperature distribution. The evenness of
temperature distribution at both the hot and cold ends of the TEG module has an
impact on the output power. Applying a layer of thermal grease on the thermoelectric
plate can effectively enhance the uniformity of temperature distribution. The use
of water cooling heat dissipation and higher peristaltic pump speed can effectively
maintain the temperature difference and increase the output efficiency. To enhance
the output efficiency and maintain the temperature difference, utilizing water cooling
heat dissipation and elevating the peristaltic pump speed are effective measures. To
accommodate the extended operational duration of the double-headed peristaltic
pump and the lifespan of the silicone tube, the pump’s velocity is established at
280 r/min. The velocity of the double-headed peristaltic pump has been set at
280 r/min to ensure the extended operational duration of the pump and the lifespan
of the silicone tube.

Under the same conditions, the maximum power of 20 thermoelectric plates in series
is slightly greater than that of parallel combination. This is due to the error caused by
the uncertainty of temperature and the uneven transverse temperature distribution of
a single TEG.

In traditional medium to high temperature TEG systems, it is generally believed that
the maximum output power of the system is achieved when the load resistance is
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equal to the internal resistance of the TEG module. Typically, in traditional medium
to high temperature TEG systems, it is commonly believed that the maximum output
power of the system can be attained when the load resistance is equivalent to the
internal resistance of the TEG module. In the experiment, it was found that when
the fixed temperature difference is set to 120 °C, the maximum output power is
generated when the load resistance is slightly greater than the internal resistance, and
the ratio of the load resistance to the internal resistance is about 1-1.15. Therefore, it is
necessary to consider not only the influence of electric energy, but also the influence
of heat energy for TEG module. When TEG is loaded, Partier effect and Thomson
effect are produced, and the larger the temperature difference, the more obvious
the phenomenon.

(4) In order to output the maximum power, an adaptive variable step size improved
MPPT algorithm based on power prediction is designed. According to the simulation
results, the time taken by the improved algorithm to achieve the stable maximum
power point is approximately 0.21 s, whereas the traditional algorithm takes around
1.75 s to reach the stable maximum power point. The time of the improved algorithm
to reach the stable maximum power point is 1.54 s faster than that of the traditional
algorithm. So the improved algorithm can reach the stable maximum power point
more quickly and with less fluctuation than the traditional algorithm. The improved
MPPT algorithm can meet the requirements of rapidity and stability accuracy of TEG
system and reduce the energy loss.

The designed TEG system can meet the requirements of waste heat recovery, and it
has a broad application prospect in low grade energy utilization. The research results have
reference significance for the application of TEG technology in the field of low-grade waste
heat recovery.
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