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Highlights 
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• Performance analysis of INC-MPPT control algorithms at different values of temperature difference. 

• Modeled of Thermoelectric Generator system.  
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Abstract 

Thermoelectric Generator (TEG) is a new trend in renewable energy issues that utilize heat 

energy to produce electricity from various waste energy sources. These sources are available 

from natural sources like geothermal and solar heat and recovering from many industrial 

processes. In this paper, the electrical performance of a TEG system has been analyzed when 

the Incremental Conductance - maximum power point tracker (INC-MPPT) control algorithm 

has been applied to maximize the energy conversion efficiency. The TEG system has been 

simulated, implemented and tested at different values of temperature difference. Simulation 

and experimental results show that, the proposed control algorithm can be operated at the 

maximum power point (MPP) of the TEG module at any operating condition with good 

accuracy and low fluctuation around this point. Also, the experimental results show that, the 

harvested power has been duplicated by more than six times by applying the INC-MPPT 

algorithm (11.9𝑊) in comparing with connection without MPPT (1.9𝑊) at the same resistive 

load (16𝛺), the same applied temperature and the same operating conditions.   
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1. INTRODUCTION 

 

Thermoelectric Generator is a renewable energy source which can minimize the release of 𝐶𝑂2 and other 

harmful gases produced from burning fossil fuel. Heat energy from different renewable energy sources such 

as geothermal, solar [1, 2], or waste heat from any operating process such as power plants can be converted 

into DC power by applying thermoelectric generating technology depending on the Seebeck effect. 

 

Nowadays, Thermoelectric generators are widely expanded commercially. They have been inserted in 

different applications including small scale which produce only microwatts and large scale which produce 

kilowatts[3, 4]. Space and military suppling equipment were the most to used TEG in isolated, hostile fields 

as these generators have light weight and can operate in harsh environments without maintenance. It can 

be incorporated in many systems that liberate heat during their operation like stoves and automobiles, where 

they not only produce electricity but also increase the efficiency of the system. Many sensors that are based 

in their work on detecting heat changing in a system also are developed using TEG to translate these 

changes as electrical output voltage. TEG also has been used as a power source in medical equipment and 

human luxuries like watches using human body heat [5].      
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Up to date, many trails have been reported to improve the efficiency of the TEG modules by improving the 

semiconductor materials[6, 7], the heat exchangers that provide different heat energy on the TEG sides to 

decrease the thermal resistance[8], and improving the electronic interface circuit with the external load to 

obtain the output power[9, 10]. 

 

The main challenge facing the output power of the thermoelectric generator is the instability which is 

affected directly by the temperature applied. Such as most renewable energy sources like photovoltaic cells 

and wind turbine, TEG depends on the operating conditions[11]. Therefore, a TEG system needs a control 

algorithm to transfer the maximum generated power continuously to the load at any operating 

condition[12]. This occurs when the external load equals the module internal resistance [13]. 

  

In most practical applications, the different temperature applied on the TEG module sides is not constant, 

as a consequence, the electrical output voltage of the module is affected directly by these changes and 

doesn’t work or extract the maximum power. To overcome this problem, the external load must be 

connected with the TEG module via a DC-DC boost converter integrated with a MPPT control algorithm 

to adjust the load resistance with the internal resistance and maximize the harvested output power at any 

variation in temperature at different operating conditions. 

  

There are several algorithms that were reported for MPPT in photovoltaic (PV)systems[14, 15], and most 

of these techniques can be used in TEG systems. Incremental Conductance (INC) is one of the most popular 

algorithms applied in the PV systems, because this method provides advantages over other techniques 

including speed, accuracy and less fluctuation around the maximum power point[14, 16]. 

 

In this paper, TEG test bench including the design of the heat exchangers is proposed to simulate different 

operating conditions of waste heat energy sources. A design of a TEG system with a DC- to DC boost 

converter integrated with incremental conductance (INC-MPPT) is analyzed and simulated using 

MATLAB-Simulink and implemented with an Arduino microcontroller. The Arduino controls the duty 

cycle of the DC-DC boost converter to maximize the harvested output power from the TEG.  Also, it is 

used as a data acquisition system to measure the electrical current, voltage and temperature of the TEG 

module’s cold and hot sides and send it to the personal computer. Finally, the electrical performance of the 

TEG system is analyzed and compared with and without applying INC-MPPT algorithm. 

 

2. MODELING OF THE THERMOELECTRIC GENERATOR  

 

Up to date, semiconductor pellets are the basic units used to fabricate the thermoelectric generator module. 

p and n-type semiconductors pellets are arranged alternatively forming thermocouples connected in series 

to increase the output voltage of the TEG module. They are stacked between two ceramic wafers forming 

a sandwich-like TEG module as illustrated in Figure 1. 

 
Figure 1. Thermoelectric generator constructions [15] 
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Thermoelectric generation technology is based on Seebeck Effect to convert the heat energy to electrical 

power. When a temperature difference is applied on the TEG module’s sides, open circuit voltage (𝑉𝑜𝑐) will 

be generated on its terminals. This voltage mainly relies on the Seebeck coefficient (𝛼) and the value of the 

temperature difference (∆𝑇). Open circuit voltage can be calculated by the following relation[10, 17]: 

𝑉𝑜𝑐 = 𝛼 × ∆𝑇. (1) 

 

The first law of thermodynamics state that the heat energy runs from the high value temperature to the low 

value temperature (𝑄ℎ ⟶𝑄𝑐) at heat energy equilibrium as shown by the followings[10, 18]: 

𝑄ℎ = 𝛼𝐼𝑡𝑒𝑔𝑇ℎ + 𝐾∆𝑇 −
1

2
𝐼𝑡𝑒𝑔

2𝑅𝑖𝑛𝑡 (2) 

𝑄𝑐 = 𝛼𝐼𝑡𝑒𝑔𝑇𝑐 +𝐾∆𝑇 +
1

2
𝐼𝑡𝑒𝑔

2𝑅𝑖𝑛𝑡, (3) 

 

where 𝑄ℎ denotes the heat current at the hot side, 𝑄𝑐 is the heat current at the cold side, 𝑅𝑖𝑛𝑡 is the total 

pellets internal resistance, 𝐾 is the thermal conductance, ∆𝑇 is the difference between the TEG sides 

temperature (∆𝑇 = 𝑇ℎ − 𝑇𝑐) and 𝛼  is the Seebeck coefficient. 

 

The TEG module output power can be evaluated as the difference in the heat energy applied (𝑄ℎ − 𝑄𝑐) and 

estimated by the following relation 

𝑃𝑡𝑒𝑔 = 𝑄ℎ − 𝑄𝑐 = 𝛼∆𝑇𝐼𝑡𝑒𝑔 − 𝐼𝑡𝑒𝑔
2 𝑅𝑖𝑛𝑡    = (𝛼∆𝑇 − 𝐼𝑡𝑒𝑔𝑅𝑖𝑛𝑡)𝐼𝑡𝑒𝑔 = 𝑉𝑡𝑒𝑔𝐼𝑡𝑒𝑔  (4) 

 

where 𝑉𝑡𝑒𝑔 is the TEG output voltage applied on a load resistance 𝑅𝐿. 

 

TEG module can be represented by the electrical equivalent circuit that consists of a voltage source (𝑉𝑜𝑐) 
which is connected to an electrical resistance in series (𝑅𝑖𝑛𝑡) and both are connected with an electrical load 

(𝑅𝐿) as presented in Figure 2. 

 

 
Figure 2. Equivalent circuit of the TEG module 

 

By applying the Ohm's Law to the TEG module equivalent circuit, the TEG output voltage (𝑉𝑡𝑒𝑔)  applied 

on the load resistance 𝑅𝐿 can be determined by the following relation 

𝑉𝑡𝑒𝑔 = 𝛼∆𝑇 − 𝐼𝑡𝑒𝑔𝑅𝑖𝑛𝑡  = 𝑉𝑜𝑐 − 𝐼𝑡𝑒𝑔𝑅𝑖𝑛𝑡  = 𝐼𝑡𝑒𝑔𝑅𝐿. (5) 

 

Voltage (𝑉𝑚𝑝𝑝), current (𝐼𝑚𝑝𝑝) and power (𝑃𝑚𝑝𝑝) at the maximum power point (MPP) can be given by the 

following equations 

  

𝑉𝑚𝑝𝑝 =
𝛼∆𝑇

2
=
1

2
𝑉𝑜𝑐 (6) 

 

𝐼𝑚𝑝𝑝 =
𝛼∆𝑇

2𝑅𝑖𝑛𝑡
=

𝑉𝑜𝑐
2𝑅𝑖𝑛𝑡

 (7) 
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𝑃𝑚𝑝𝑝 = 𝑉𝑚𝑝𝑝𝐼𝑚𝑝𝑝 = 
𝛼2∆𝑇2

4𝑅𝑖𝑛𝑡
= 

𝑉𝑜𝑐
2

4𝑅𝑖𝑛𝑡
. (8) 

 

The electrical characteristics specifications of the commercial TEG modules HZ-14HV  shown in Table 1. 

[19], have been used for the simulation model using  MATLAB-Simulink. The same TEG module (HZ-

14HV) has been used in the experimental test for this study.  

 

Table 1. TEG HZ-14HV module characteristics 

Parameters Values 

Tℎ 250 ℃ 

T𝑐 50 ℃ 

𝑉𝑜𝑐 7.91 V 

𝐼𝑠𝑐 7.979 A 

𝑅_𝑎𝑡_𝑚𝑝𝑝 0.991Ω 

𝑉_𝑎𝑡_𝑚𝑝𝑝 3.95 𝑉 

𝐼_𝑎𝑡_𝑚𝑝𝑝 3.9895 A 

𝑃_𝑎𝑡_𝑚𝑝𝑝 15.7747 W 

 

3. DC-DC CONVERTER AND INC-MPPT CONTROL ALGORITHM 

 

The circuit of the TEG system to harvest the maximum power involving a DC-DC converter integrated 

with INC-MPPT algorithm is displayed in Figure 3. The main function of the INC-MPPT algorithm is to 

move the electrical operating point of a load by receiving the measured values of the TEG output voltage 

and/or current and changing the pulse width modulation (PWM) on the DC-DC boost converter according 

to the characteristics of the external load, therefore a TEG module operates at the estimated voltage, current 

and resistance so that, the maximum generating power will be transferred to the load. 

 
Figure 3. MATLAB/Simulink models of INC-MPPT and HZ-14HV TEG module 

 

The DC-DC boost converter is designed by applying the following equations to select the optimal values 

of the inductor and capacitors to operate in the continues mode [20]. The converter duty cycle is the most 

important key for selecting DC-DC boost converter components and controlling the DC-DC converter to 

maximize the output power from the TEG system and it can be given from the following relation:  

 𝐷 = 1 −
𝑉𝑖𝑛(min)× 𝜂𝑐𝑜𝑛𝑣

𝑉𝑜𝑢𝑡
  𝑎𝑛𝑑    0 ≤ 𝐷 ≤ 1, (9) 
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where 𝑉𝑖𝑛(min) is the minimum value of the input voltage that can be supplied to the converter,  𝜂𝑐𝑜𝑛𝑣 is 

the efficiency of the converter and 𝑉𝑜𝑢𝑡 is the required output voltage given by: 

𝑉𝑜𝑢𝑡 =
1

1 − 𝐷
× 𝑉𝑖𝑛. (10) 

 

 The inductor value must be greater than the minimum inductor (𝐿𝑚𝑖𝑛) as given by: 

𝐿𝑚𝑖𝑛 ≥
𝑉𝑖𝑛×(𝑉𝑜𝑢𝑡−𝑉𝑖𝑛)

∆𝐼𝐿×𝐹𝑆𝑊×𝑉𝑜𝑢𝑡
 , (11) 

 

where 𝐹𝑆𝑊 is the switching frequency applied on the MOSFET and ∆𝐼𝐿 is the ripple current for the inductor. 

It can be estimated from 20% to 40% from the maximum output current 𝐼𝑜𝑢𝑡(max) given by.  

 ∆𝐼𝐿 = 0 ∙ 2 × 𝐼𝑜𝑢𝑡(𝑚𝑎𝑥) ×
𝑉𝑖𝑛
𝑉𝑜𝑢𝑡

  (12) 

 𝑜𝑟 

∆𝐼𝐿 = 
𝑉𝑖𝑛(𝑚𝑖𝑛)×𝐷

𝐹𝑆𝑊×𝐿
. (13) 

 

Maximum output current of the power electronic switches (MOSFET 𝐼𝑆𝑊(max) and Diode 𝐼𝐷(max)) can be 

estimated from the following equations respectively: 

𝐼𝑆𝑊(max) = [
∆𝐼𝐿
2
+
𝐼𝑜𝑢𝑡(max)

(1 − 𝐷)
]  (14) 

 

𝐼𝐷(max) = 𝐼𝑜𝑢𝑡(max). (15) 

 

 

The minimum value of the input capacitor can be selected depending on the stability requirement of the 

input voltage for the peak current of a DC-DC boost converter. Also, the output capacitor value must be 

greater than the minimum value 𝐶𝑜𝑢𝑡(min) to decrease the ripple of the output voltage as given by: 

𝐶𝑜𝑢𝑡(min) ≥
𝐼𝑜𝑢𝑡(max)×𝐷

∆𝑉𝑜𝑢𝑡×𝐹𝑆𝑊
. (16) 

 

DC-DC boost converter was simulated and implemented with 80NF70 power MOSFET, TLP250 MOSFET 

Driver, STPS2045 diode, 0.5mH inductor, 20KHz switching frequency, 16Ω load resistance, 1000𝜇𝐹,
1800𝜇𝐹 input and output capacitors.  

 

INC-MPPT control algorithm depends on the power derivative with respect to that voltage is zero at the 

maximum power point as written in Equation (17) and the basic rules of INC-MPPT have been presented 

in Equation (18)  
d𝑃𝑇𝐸𝐺
d𝑉𝑇𝐸𝐺

= 0 ⟹
d(𝑉𝑇𝐸𝐺𝐼𝑇𝐸𝐺)

d𝑉𝑇𝐸𝐺
= 𝐼𝑇𝐸𝐺 + 𝑉𝑇𝐸𝐺

𝑑𝐼𝑇𝐸𝐺
𝑑𝑉𝑇𝐸𝐺

= 0 (17) 

 

{
 
 

 
 

    

∆𝐼𝑇𝐸𝐺

∆𝑉𝑇𝐸𝐺
= −

𝐼𝑇𝐸𝐺

𝑉𝑇𝐸𝐺
                      𝑎𝑡 𝑀𝑃𝑃 ; 

∆𝐼𝑇𝐸𝐺

∆𝑉𝑇𝐸𝐺
> −

𝐼𝑇𝐸𝐺

𝑉𝑇𝐸𝐺
         𝑎𝑡 𝑙𝑒𝑓𝑡 𝑜𝑓 𝑀𝑃𝑃 ;

 ∆𝐼𝑇𝐸𝐺

∆𝑉𝑇𝐸𝐺
< −

𝐼𝑇𝐸𝐺

𝑉𝑇𝐸𝐺
         𝑎𝑡 𝑅𝑖𝑔ℎ𝑡 𝑜𝑓 𝑀𝑃𝑃;

. (18) 
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Figure 4. INC- MPPT control algorithm flowchart 

The INC-MPPT control algorithm flowchart which has been used in the simulation model and implemented 

on the Arduino microcontroller is shown in Figure 4. The control algorithm is started by measuring the 

output current and voltage of TEG module and according to the rules (in Equation (18) and in Figure 4), 

the duty cycle (𝐷) has been increased or decreased by step value (𝑀) to estimate directly the optimal value 

of (𝐷) which transfers the maximum power to the load. 

 

4. EXPERIMENTAL SETUP  

 

The proposed thermoelectric generator test bench has been designed to test the thermoelectric generator 

module at different operating conditions as shown in Figure 6. Several components are involved in this 

system: 
 

 A heat exchanger copper block with dimensions 200 ∗ 120 ∗ 10 𝑚𝑚 has been used to provide the heat 

transferring from the heat energy supplier to the hot side of the TEG module, and another heat 

exchanger made of a copper block with dimensions 200 ∗ 120 ∗ 20 𝑚𝑚 has been used on the cold side 

to absorb the heat from the cold side of the TEG module and increase the different in temperature 

between the both sides of the TEG . 
 

 Mechanical frame to integrate and hold the TEG module in between the heat exchangers. 

   
 mechanical springs have been used to distribute the mechanical pressure regularly on the TEG module 

surface. 
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 Chiller and AC water pump; chiller is applied to cool the water and water pump is proposed to cycle 

this cold water through the cold side exchanger.  
 

 Electrical heater (1500 𝑤𝑎𝑡𝑡) with TCNL4S temperature controller to adjust the hot side temperature 

 

 DC-to-DC boost converter connected in series between the TEG module and a resistive load. 
 

 Current, voltage and temperature sensors and Arduino Mega-2560 microcontroller to control and 

monitor the TEG voltage, current, power and values of temperature on the TEG sides. 
 

The block diagram of the TEG testing system with the INC-MPPT is presented in Figure 5 and the empirical 

setup is presented in Figure 6. The TEG module has been placed between the hot and cold side heat 

exchangers. A mechanical pressure (180 (𝑝𝑠𝑖)) has been applied regularly on the TEG module surface. 

The TEG module is connected to 16Ω − 60𝑊 resistive load through the DC-DC boost converter. The 

Arduino controls the Pulse width modulation (PWM) of a DC-DC boost converter to maximize the 

harvested output power according to the INC-MPPT control algorithm.  Also, it is used as a data acquisition 

system to measure the electrical current, voltage and temperature of the TEG module’s cold and hot sides 

and send them to the personal computer. Finally, all measurements are recorded on computer, the electrical 

performance of the TEG system is analyzed when the INC-MPPT algorithm is applied at different operating 

conditions. 

 
Figure 5. The block diagram of the proposed INC-MPPT system 

 



81 Mohamed Elzalik et al./ GU J Sci, 33(1): 74-88 (2020) 

 

 
Figure 6. Hardware setup of the TEG testing system with the INC-MPPT 

 

TEG module has been placed between the two heat exchangers with the applied mechanical pressure and 

tested at different operating conditions. Also, it has been connected to the DC-DC converter integrated with 

the INC-MPPT control algorithm. TEG system was tested at fixed value of temperature of the cold side and 

various values of the hot side temperature, also tested when the both sides temperature are increased 

together and tested at rapid change in the hot and cold side temperature of the TEG module to analyze and 

examine the electrical performance of the proposed TEG system with INC-MPPT at different operating 

conditions. At all test cases, the current, voltage and temperature on the hot and cold side have been 

measured every 500𝑚𝑠 and stored on computer using Arduino microcontroller. The experimental results 

of the different tests will be discussed in the following section.   

 

5. RESULTS AND DISCUSSION 

 

The proposed TEG system has been simulated using MATLAB-Simulink as shown in Figure 3 and it has 

been tested at 46℃ cold side temperature and different values of hot side temperature to examine the 

electrical performance of the INC-MPPT control algorithm at rapid changes in temperature difference on 

the TEG module which were being changed every 0.1𝑚𝑠 from 125℃ to  221 ℃ at the final simulation time 

(0.5𝑚𝑠) as shown in Figure 7 . 
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Figure 7. Different values of the hot temperature (125; 151;169; 192; 221℃) applied on the simulation 

test 

 

DC-DC boost converter has been simulated including the real parameters of the power electronic switches 

(MOSFT and diode), inductor and capacitors. Simulation results of the input and output power, voltage and 

current of the DC-DC boost converter with INC-MPPT at different values of the hot side temperature are 

shown in Figure 8. Changing in the converter duty cycle to track the maximum output power during varying 

the applied temperature on the hot side is shown in Figure 9.  The heat energy of the hot side 𝑄ℎ and cold 

side 𝑄𝑐 (from Equation (2) and Equation (3) respectively), the efficiency of the TEG module and the 

efficiency of the DC-DC boost converter have been estimated and shown in Figure 10. 

 

 
Figure 8. Input and output power, voltage and current of the DC-DC boost converter with INC-MPPT at 

the different values of the applied temperature 
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Figure 9. Duty cycle at the different values of the hot side temperature. 

 

 
Figure 10. Simulation results of the heat energy, TEG module and converter efficiency at INC-MPPT at 

various values of the hot side temperature 

 

The experimental tests have been started by adjusting the both sides temperature of the TEG module, as the 

Arduino microcontroller was measuring the current, voltage and hot and cold side temperature every 

500𝑚𝑠 and saving them on computer. TEG module has been tested at different operating conditions.  

 

Generally, four experimental tests have been manifested and analyzed. In the first test, the implemented 

test has been adjusted at the same conditions inserted in the simulation model. The cold side temperature 

was set at 46℃  and the hot side temperature was set at 125;  151; 169;  192;  200;  221 ℃ . TEG module 

has been tested at each temperature difference to investigate the INC-MPPT control algorithm when it is 

applied to recover the low waste heat energy in the range between 120 𝑡𝑜 220 ℃ . Temperature differences 

between the both sides were obviously constant during the six applied temperature as shown in Figure 

11(a). The output current, voltage and power of the TEG module when the INC-MPPT algorithm is applied 

to maximize the output power are shown in Figure 11(b, c & d) through 17𝑠𝑒𝑐 timing test. The experimental 

results show that, the proposed TEG system including the INC-MPPT control algorithm can achieve the 

maximum output power through  1.5 𝑠𝑒𝑐 with less fluctuation around the MPP as shown in Figure 11(d).   
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(a) 

 

(b) 

 
  

(c) 

 

(d) 

 
Figure 11. Experimental measurements of INC-MPPT at constant temperature and different values of 

temperature applied on the hot side, (a) hot and cold sides temperature, (b) current, (c) voltage and (d) 

power of the INC-MPPT 

 

In the second test, TEG system with the INC-MPPT has been tested when the hot side temperature was 

being increased from 160.25℃ 𝑡𝑜 187.7℃ through a full-time test (192sec ), and the cold side temperature 

is been increased from 47.5℃ 𝑡𝑜 55℃  though the first part of the test (through  the time from 

0 𝑡𝑜 62.2𝑠𝑒𝑐). This keep the temperature difference between the both sides around 120℃  at this time as 

shown in Figure 12(a). While through the second part of the test (through the time from63 𝑡𝑜 192 𝑠𝑒𝑐) the 

cold side temperature values is being decreased from 54.75℃ 𝑡𝑜 32.75℃ . The temperature difference, 

therefor, is being increased in this time as shown in Figure 12(a). From Figure 12(b)  

 

The results of this test show that, the output power, voltage and current are extremely constant through the 

first part of the test (till 62.2sec ) as the temperature are constant between the both sides and by increasing 

the temperature difference regularly through the second part of the test (through the time from 63 𝑠𝑒𝑐 to 

the end of the test), the output power, voltage and current increase as shown in Figure 12(b). From this test, 

the changes in the temperature difference directly affect the output power, voltage and current. 
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(a) 

 

(b) 

 
Figure 12. Experimental measurements of INC-MPPT when the hot side is increased, and the cold 

side is decreased, (a)hot and cold sides temperature, (b) current, voltage and power at this 

temperature 

 

In the third test, the electrical performance of the INC-MPPT has been tested when the both side’s 

temperature of the TEG module are changed randomly. As shown in Figure 13(a), temperature of the hot 

side is increased regularly while the cold side temperature increases and then drops (around the time 

270 𝑆𝑒𝑐) which increases the net temperature difference between the both sides and increases again till the 

end of the test. The output power, voltage and current change according to the temperature difference 

applied and very fast response of the output power can be observed during the sharp increase in the 

temperature difference as shown in Figure 13(b).  Experimental results in Figure 12(b) and Figure 13(b) 

show that, the output power directly depends on the value of the temperature difference between the both 

sides of the TEG module. 

 

(a) 

 

(b) 

 
Figure 13. Experimental measurements of INC-MPPT when the both sides temperature are increased 

and rapidly changed, (a)hot and cold sides temperature, (b) current, voltage and power at these 

temperature values 

 

In the fourth test, TEG system has been tested and compared when the TEG module was connected to a 

16𝛺 resistive load through a DC-DC converter integrated with INC-MPPT and directly without INC-MPPT 

at  205.4℃ hot side temperature and 46.9℃ cold side temperature as shown in Figure 14. This figure 

includes the current, voltage and power with applying INC-MPPT through the time from 0 𝑡𝑜 25𝑠𝑒𝑐 and 

the direct connection without INC-MPPT was through the time from 26 𝑡𝑜 29𝑠𝑒𝑐. The experimental results 

show that, the output power using the INC-MPPT algorithm is 11.9𝑊 and 1.9𝑊 without applying INC-

MPPT at the same resistive load (16𝛺), the same applied temperature and the same operating conditions. 

This means that, the harvested power has duplicated by 6.26 time by using MPPT. 
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Figure 14. Experimental results of the current, voltage and power at 𝑇𝐻 =  205.4℃ and 𝑇𝐶 =  46.9℃ 

with INC-MPPT and direct connect without MPPT (hot side and cold side are constant) 

 

To ensure the accuracy of the proposed system, the experimental and simulation results have been compared 

with the available industrial data sheet at the same values of temperature difference as shown in Figure 15 

(a). Experimental and simulation results show that, the efficiency of the INC-MPPT techniques, which is 

estimated from Equation (19) , has been changed from 96.9% 𝑡𝑜 98.6% for the simulation tests and from 

88% 𝑡𝑜 98 % for the experimental tests depending on the temperature difference applied on the TEG 

module as shown in Figure 15 (b) 

 

Efficiency % =
𝑜𝑢𝑡𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑀𝑃𝑃𝑇 𝑎𝑙𝑔𝑜𝑟𝑖𝑡ℎ𝑚 

𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑖𝑛𝑔 𝑑𝑎𝑡𝑎 𝑠ℎ𝑒𝑒𝑡
× 100 .   (19) 

  

 

(a) 

 
 

(b) 
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Figure 15. Experimental and simulation results comparing with the manufacturing data sheet at the 

different values of the temperature difference (a) Average power of the TEG module, (b) INC-MPPT 

efficiency 

 

6. CONCLUSION 

 

The TEG testing system has been proposed and implemented to simulate different operating conditions of 

waste heat energy applications. Commercial HZ-14HV TEG module connected to a DC-DC boost converter 

with INC-MPPT has been simulated, implemented and tested at different operating conditions. A low-cost 

Arduino microcontroller has been used to control the DC-DC boost converter and maximize the output 

power of the TEG module and used as a data acquisition system to measure current, voltage and temperature 

on the both sides of the TEG module and store them on computer. Simulation and experimental results 

prove that, the proposed TEG testing system with the INC-MPPT method can achieve the maximum output 

power of the TEG module with good accuracy, low fluctuation around the MPP at rapid changes of 

temperature and at any operating condition and give maximum efficiency 98.6% for the simulation results 

and 98% for the experimental results, also output power has been duplicated by more than six times 

applying INC-MPPT algorithm comparing with the direct connection. 
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