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ABSTRACT 

 ملخص: 
ي السنوات  

 
ة،ف ي  الأخير

للطاقة  مقتصدة   يد تي  المجتمع للبحث عن نهج جديد لأنظمة  ،  جنبًا إلى جنب  دفعت أزمة الطاقة مع التدهور البيئ 
يد التقليدية بضغط  أصبح هذا مكننا م صديقة للبيئة. و  ي لها مزايا مهمة على عكس أنظمة التي 

يد الكهروحرارية الئ  ن خلال تطور أجهزة التي 
ي هذه  

 
د    ،طروحةالأ البخار. ف المي  ي 

 
التحكم ف أداء وكفاءة  تقييم  أجل  ي وعددي من  تجريئ  نهج  استخدام  لهذا .   (TEC)الكهروحراري تم 

يد حراري جديد باس  الغرض، ي تعمل تحت تأثير  تم تصميم نظام تي 
  يتم التحقق   Arduino.وجهاز  بلتيير تخدام مادة أشباه الموصلات الئ 

من كفاءة النظام من خلال معامل الأداء وامتداد درجة الحرارة للسائل الحامل بير  المبادل الساخن والبارد.    باستخدام النموذج المصمم 
يد ونقل الحرارة لنظام PID م استخدام نهج التحكم ت  ذلك،بالإضافة إلى  ي حلقة مغلقة من   TEC من أجل الحفاظ على درجة حرارة التي 

 
ف

ي تم تصميمها خصيصًا لـ  القيادة،خلال دائرة  
ي  TEC والئ 

والذي يمر عي  الثلاجة للاستفادة الكاملة    بسهولة،ضبط تيار الإدخال  يمكنها    والئ 
ي ذلك معامل الأداء الأقصى المسجل هي  

 
ي تم الحصول عليها بما ف

يد السريــــع. النتائج الرئيسية الئ   مجالمع    0.1إلى    0.73من مزايا طاقة التي 
ح  أداء  كفاءة   درجة مئوية. تؤكد النتائج التجريبية 51 بـ  مقدر درجة حرارة   ة الزمنية  بحيث  ،الجهاز المقي  ،  الأولى دقيقة  20- 0أنه خلال الفي 

ي درجة مئوية   1.5انخفضت درجة الحرارة الداخلية للثلاجة الكهروحرارية بمعدل 
 
 dk ، وpk ،= 0.15 ik 0.9 =ذ دقيقة. من خلال أخ ال ف

يد إلى    ،أمبير   5  تيار التغذيةوقيمة   0 = ي أن هذه الأنظمة ت  21درجات مئوية خلال    5تنخفض درجة التي 
ستجيب لعامل  ثانية فقط، مما يعئ 

حة قادرة على الوصول إلى خطأ  مهم و هو الوقت    ثانية.  20 يقل عندرجة مئوية مع الحد الأدن  من التجاوز   0.1. وحدة التحكم المقي 

، تحكم  الكلمات المفتاحية:  ي درجة الحرارة، دراسة تجريبية، PIDتأثير بلتيير
د حراري، تحكم ف   أداء. معامل ، مي 

Abstract: 

In recent years, energy crunch along with environmental degradation has driven the society in search of 

novel approach of eco-friendly cooling systems. This can be possible through the evolution of thermoelectric 

cooling devices which have important advantages Unlike the traditional vapor compression cooler systems. 

In this thesis, an experimental and numerical approach is used in order to evaluate the thermoelectric cooler 

(TEC) control performance and efficiency. For this purpose, a novel thermoelectric refrigeration system is 

designed by using the semiconductor material operating under Peltier effect, and Arduino device. The 

efficiency of the system is investigated through the performance coefficient and temperature span for carrier 

liquid between the hot and cold exchanger by using the prototype designed. In addition, PID control approach 

is used in order to maintain the cooling temperature and heat transfer of the system TEC in a closed-loop 

through the driving circuit, which is specially designed for the TEC can conveniently adjust the input current, 

which passes through the refrigerator so as to fully make use of quick cooling power advantages. The main 

results obtained including the maximum coefficient of performance registered is 0.73 to 0.1 with a 

temperature span about of 51 °C. The experimental results confirm that during the time interval 0–20 min, 

the inside temperature of thermoelectric refrigerator has been decreased rate of 1.5 °C/min. By taking kp = 

0.9, ki = 0.15, and kd = 0 and supply current value is 5A, the cooling temperature decreases to 5 °C over 21 

sec only, which means that these systems work in time-dependent conditions. The proposed controller is able 

to reach an error of 0.1 °C with minimal overshoot under than 20 seconds.  

Keywords: Peltier effect, PID controller, Thermoelectric cooler, Temperature control, Experimental study, Coefficient 

of Performance. 

Résumé : 

Ces dernières années, la pénurie d'énergie ainsi que la dégradation de l'environnement ont poussé la 

société à rechercher une nouvelle approche des systèmes de réfrigération respectueux de l'environnement. 

Cela peut être possible grâce à l'évolution des dispositifs de réfrigération thermoélectriques (TEC) qui 

présentent des avantages importants contrairement aux systèmes de réfrigération traditionnels à compression 

de vapeur. Dans cette thèse, une approche expérimentale et numérique est utilisée afin d'évaluer les 

performances et l'efficacité du contrôle du réfrigérateur thermoélectrique. À cet effet, un nouveau système 

de TEC est conçu en utilisant le matériau semi-conducteur fonctionnant sous effet Peltier et Arduino. 

L'efficacité du système est étudiée à travers le coefficient de performance (COP) et la plage de température 

pour le fluide caloporteur entre la source chaude et froide en utilisant le prototype conçu. De plus, l'approche 

de commande PID est utilisée afin de maintenir la température de réfrigération et le transfert de chaleur du 

système TEC en boucle fermée à travers le circuit d'entraînement, qui est spécialement conçu pour que le 

TEC puisse facilement ajuster le courant d'entrée, qui traverse le réfrigérateur et de tirer des avantages de la 

puissance de refroidissement rapide. Les principaux résultats obtenus dont le COP maximal enregistré est de 

0,73 à 0,1 avec une plage de température d'environ 51°C. Les résultats expérimentaux confirment que 

pendant l'intervalle de temps de 0 à 20 min, la température intérieure du réfrigérateur thermoélectrique a été 

réduite de 1,5°C/min. En prenant kp = 0,9, ki = 0,15 et kd = 0 et la valeur du courant d'alimentation est de 5 

A, la température de la source froide diminue à 5 °C en 21 secondes seulement, ce qui signifie que ces 

systèmes fonctionnent dans des conditions dépendant du temps. Le contrôleur proposé est capable d'atteindre 

une erreur de 0,1°C avec un dépassement minimal inférieur à 20 secondes. 

Mots clés : Effet Peltier, Commande PID, Réfrigérateur thermoélectrique, Contrôle de température, Etude 

expérimentale, Coefficient de Performance. 
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I.1. INTRODUCTION 

In recent years, energy crunch along with environmental degradation has driven the society 

in search of novel approach of eco-friendly cooling systems. This can be possible through the 

evolution of thermoelectric cooling devices and several researches over it have made the above 

scenario feasible. The cooling system is a crucial process for many applications, ranging from 

fresh keeping the drink and food to the cooling temperature controllers in electronics, industries 

and in medical fields such as for surgery works or keeping the medicines in good conditions 

[6].  

 A typical thermoelectric cooler works mainly on the Peltier principle [1–3], i.e., a solid-

state convertor generating a temperature gradient with application of minimal DC voltage [4, 

5]. On application of such low DC voltage, one face of the module becomes colder, while there 

is a surge in temperature at the other side (Peltier’s effect). 

Unlike the traditional vapor compression systems, Thermoelectric cooling device have many 

advantages, and renders certain convenience such as no moving parts, in other words no wear 

[7]   and lesser system weight [8], thus resulting in improved system reliability [9], long lifetime 

[10], and negligible maintenance [11], works acoustically silent, highly precise temperature 

control.  As a result of smallness and lightweightness, they can be used in every cooling case 

where conventional cooling system are not applicable. 

Thermoelectric are not a new technology and can be implement to any cooling application. 

Today, thermoelectrics are using in many different fields such as military and space research, 

to cool medical devices and small electronic components. 

Thermoelectric refrigerator systems (TER) are comprised by modules, electrical and thermal 

insulators, heat sinks, connectors and interface thermal transfer materials [12]. Each of these 

items puts limits on efficiency of the cooling systems because of temperature [15], structural 

stress and thermal resistance, tour of thermoelectric legs [13], Seebeck coefficient [14], among 

the module’s faces (hot and cold) [16]. It is to be noted that the same thermodynamic laws 

govern both the thermoelectric cooler as well as mechanical refrigerants [17]. At this point, 

basic problems of thermoelectric coolers show up. 

However, in case of thermoelectric refrigeration, different roles are played by the direct 

current and mobile electrons, the former playing the compressor’s role [18], while the latter 
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playing the conventional mechanical refrigerant’s role [19]. The working of thermoelectric 

cooler is based on Peltier effect which states that, based on the current direction in the circuit, 

the heat is absorbed or rejected [20]. 

One of the basic problems of thermoelectric cooler is to remove the high dense rejected heat 

from the hot side of the module [21]. To remove heat from the module surface, fin and fan 

system are used [22]. However, surface of thermoelectric module is small so, heat accumulate 

the hot side of thermoelectric and fin which is using to cool hot side of thermoelectric, starts to 

saturate [23]. When it saturated, in the reverse direction heat transfer starts and cold surface 

temperature of thermoelectric module starts to increase [24]. Therefore, thermoelectric module 

efficiency and cooling power decreases and current values, which are applied to thermoelectric 

module, cannot reach high values [22,24]. 

To overcome this problem, various modifications are done and liquid cooling systems are 

developed. In liquid cooling systems, the heat transferred by thermoelectric module is passed 

to the cooling liquid with the help of heat exchanger [25]. Thus, module performance is tried 

to increase. However, because of thermal resistance at the contact areas, preventing the Fourier 

effect was a limited application. So liquid cooling system has become a better solution. 

Generally, among the liquid cooling heat exchanger, the most effective one is new generation 

direct liquid contact heat exchangers [25]. In the scope of this thesis, to prevent the irreversible 

effects of thermoelectric modules on the cooling performance, two different direct contact 

liquid heat exchangers are used. 

In the outside constructed design, for the hot side of thermoelectric cooler a heat exchanger 

is used and for the cold side of thermoelectric cooler a pin-fin is used to improve the heat 

transfer area. According to this assembly, cooling system performance is tested. In the 

experiment, different cases are observed and besides cold side of the thermoelectric cooler 

module are also determined with respect to current for both heat exchangers. 

In the first case, a thermal analysis was completed for the TEC system to predict their 

performance. Heat transfer was modeled between three bodies, the thermoelectric modules 

(TEMs), the environment, and the inside the cooler system. Overall, the system parameters 

were analyzed using MATLAB simulations to prove that the authenticity formulae used in 

theory are self-sufficient to be applied in real applications. The system modeling consisted of a 

model that predicted the performance of the TEMs based on the simulation conditions. 
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In the second case, a 0.05m3 volume without any heat load is cooled by applying a PID 

control approach for different current values to improve the cooling temperature of 

thermoelectric cooler system. 

In the third case experiment has been done in the TEC cooler at 31°C ambient temperature 

without any thermal load. 

In design model, current-temperature, current-cooling power, current-COP values and 

cooling power-COP values relations are observed. From the results of experiments, new 

designed direct liquid contact heat exchangers increased the performance of thermoelectric 

module, compared to the old heat removal techniques such as fin and fan system and liquid 

base heat exchangers. New exchangers increased both cooling power and COP values. Besides 

cold side pin-fin temperatures are decreased as well. One of the basic reasons of this is 

annihilated contact thermal resistances by help of direct liquid contact heat exchangers. In this 

way, the pumped heat by the inside thermoelectric modules transferred directly to the cooling 

liquid and thus irreversible effects are prevented which gives higher cooling power and COP 

values for the same current. 

As a result, to design effective TEC-systems and to extend usage are of thermoelectric cooler 

systems, new designed direct contact liquid flow heat exchangers are expected to be useful, 

equipped with a PID controller to quickly achieve cooling performance with low energy 

consumption. 

I.2. Thesis Motivations 

The primary motivation for this thesis is to provide the cooling systems with a repeatable 

temperature control system without having to find suitable commercial products for every 

application. The set of design algorithms formulated over the course of this work are of 

particular value as they should help guide the design of future thermoelectric refrigeration 

systems with modified requirements.  

Applications of specific interest for the developed refrigerator device include maintaining 

fixed cooling temperature amid a range of ambient temperatures and generating flexible 

temperature profiles. The practical implementation of a controlled thermoelectric cooler device 

is useful, and can help provide an added degree of assurance in temperature sensitive systems. 
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I.2.1. Approach 

The approach adopted to achieve the goal of control and experimental performance 

investigation performance of thermoelectric cooler composed of TEC devices is as follows: 

▪ A thermal simulation framework is established and validated allows for rapid 

assessment of TEC and refrigerator system level thermal performance. 

▪ The thermoelectric modules have an optimum current to achieve the maximum COP 

and the required cooling/heating capacity, by using an appropriate number of 

thermoelectric modules.  

▪ Through the use of liquid-cooling minichannel heat exchanger, the general trends of 

TEC performance optimization were also validated. Thus, as long as the thermal 

resistance could be achieved. 

▪ A PID control approach has been proposed to force the user-desired refrigeration 

temperature gradient on a thermoelectric refrigerator. The Ziegler-Nichols method has 

been adopted to set the optimal parameters of the controller. 

▪ The TEC has been used for direct temperature control on the inside of a TE refrigerator 

and cooling liquid circulates in two minichannel aluminum blocks. The influences of 

heat sink temperature, flow rate, and current have been analyzed by calculation.  

I.3. Overview of Thermal Management Techniques 

I.3.1. Passive Cooling 

Passive cooling is one of the most commonly used thermal management techniques in 

today’s refrigeration technology. This method relies mainly on heat conduction, spreading, and 

natural convection. Their Advantages include high reliability, low cost and low complexity, 

while some disadvantages may include low heat removal, bulkiness, and the inability to cool 

below ambient temperature. Some examples of passive cooling techniques include heat 

spreaders, natural convection heat sinks. 

I.3.2. Active Cooling 

Active cooling is typically more expensive than passive cooling and involves moving parts 

and/or the input of electrical power. This method actively pumps heat from a heat source to a 
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heat sink. Some common forms of active cooling involve fan cooled heat sinks, fluid pumped 

through microchannels, and jet impingement cooling.  

Thermoelectric coolers, or TECs, are also a form of active cooling and offer a unique and 

promising solution to the hot spot problem. Some advantages of TECs include their solid-state 

design, the absence of moving parts, high reliability, and their capability to selectively target 

and cool hot spots. 

I.3.3. Basic Thermoelectric Phenomena 

The thermoelectric effect can be described as the conversion of energy between electricity 

and heat. There are three types of thermoelectric effects that occur: the Seebeck effect, the 

Peltier effect, and the Thomson effect. These effects are found to be thermodynamically 

reversible [26]. 

 

 

 

 

 

 

 

 

 

Figure I.1. Conceptual schematic of (a) the Seebeck effect and (b) the Peltier effect  

I.3.3.1. Seebeck Effect  

The Seebeck effect occurs when two dissimilar metals or semiconductors are joined at two 

points that are maintained at different temperatures [27]. An electromotive force will develop 

over the closed loop that can be measured. The Seebeck effect for materials A and B, shown in 

figure I.1(a), is interfacial and arises when charge carriers in a conductor are exposed to a 

temperature gradient within the conductor. This produces an electric flow of current that lasts 

as long as there is a temperature difference along the conductor. The heat is 

𝑉 = 𝛼𝐴𝐵Δ𝑇                                                                  (I.1) 
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where Δ𝑇 = 𝑇ℎ − 𝑇𝑐 and 𝛼𝐴𝐵 = 𝛼𝐴 − 𝛼𝐵 is called the Seebeck coefficient (also called 

thermopower) which is usually measured in 𝜇𝑉/𝐾. The sign of 𝛼 is positive if the electromotive 

force (emf), tends to drive an electric current through wire A from the hot junction to the cold 

junction as shown in Figure.1(a). The absolute Seebeck coefficient can be only calculated from 

the Thomson coefficient. If it is also assumed that there is no voltage drop in the electrodes, the 

total module voltage is N times the voltage created in one couple. Therefore, equation (I.1) can 

be changed to: 

𝑉 = 𝑁. 𝛼𝐴𝐵Δ𝑇                                                            (I.2) 

I.3.3.2. Peltier Effect  

The Peltier effect is the principal effect concerned with thermoelectric refrigeration or heat 

pumping. This effect is also interfacial and transports heat between two different conductors, 

from one junction to another, when an electric current is passed through the closed loop circuit. 

In Figure I.1(b), heat is absorbed at one junction and carried to the other. The Peltier heat is 

linear with respect to current, in contrast to the irreversible Joule heat, which is quadratic with 

respect to current. The rate at which heat is absorbed is proportional to the current and depends 

on the nature of the two materials comprising the junction. Thus, the Peltier heat absorbed or 

liberated is 

𝑄𝑃𝑒𝑙𝑡𝑖𝑒𝑟 = 𝜋𝐴𝐵𝐼                                                           (I.2) 

where 𝜋𝐴𝐵 is the Peltier coefficient, in units of Watts per Amp (W/A) and the sign of 𝜋𝐴𝐵 is 

positive if the junction at which the current enters wire A is heated and the junction at which 

the current leaves wire A is cooled. This means that heating (or cooling) will produce electricity 

and electricity will produce heating (or cooling) without a loss of energy. 

Like the Seebeck effect, each couple will absorb and reject a certain amount of energy, and 

thus, N couples will absorb N times the amount of heat of a single couple, assuming they are 

all at the same temperature. Figure II.2 (in chapter II) shows a module with multiple junctions 

connected electrically in series, and thermally in parallel. The total heat absorbed or liberated 

at either the hot side or cold side of the module is given as: 

𝑄 = 𝑁. 𝜋𝐴𝐵𝐼                                                           (I.3) 
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I.3.3.3. Thomson Effect  

Also noteworthy is the Thomson effect, which is a bulk effect that transports heat within a 

current carrying material at one temperature to the same material at a different temperature (i.e. 

in a material with a temperature gradient) should absorb or dissipate heat.  

 

 

 

 

 

 

 

Figure I.2 Thomson heat addition to a thermocouple 

The Thomson coefficient is defined as positive if heat must be added to keep the temperature 

constant. It is dependent on the absolute temperature and the change in the Seebeck coefficient 

with respect to temperature [26]. Thus, it is dependent on the temperature change and the 

current along as well as the Thomson coefficient, as given by the sign convention. The sign 

convention is best described in conjunction with a sketch, such as Figure I.2. 

If the current is flowing in the positive x direction, as it is in the p-type material, then the 

Thomson coefficient is negative. If it is the opposite situation, as in the n-type material, the 

Thomson coefficient is positive. the Thomson heat absorbed or liberated across a wire is 

𝑄𝑇ℎ𝑜𝑚𝑠𝑜𝑛 = −𝜏. 𝐼. ∇𝑇                                                           (I.4) 

where 𝜏 is the Thomson coefficient. The Thomson coefficient is unique among the three 

thermoelectric coefficients because it is the only thermoelectric coefficient directly measurable 

for similar semiconductors. Thus, it is proportional to the change in the Seebeck coefficient per 

change in temperature [26]. The expression is given as, 

𝜏𝐴𝐵 = −𝑇.
𝑑𝛼𝐴𝐵

𝑑𝑇
                                                           (I.5) 
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To get a further understanding of the Thomson effect on a material, we need to look at heat 

rejection/absorption. When current flows through a material with a constant Seebeck coefficient 

(𝜏𝐴𝐵 = 0), energy is lost solely through Joule heating (𝐼2𝑅). When the Seebeck coefficient is a 

function of temperature (𝜏𝐴𝐵 ≠ 0), the Thomson effect becomes important [26], given as, 

𝑄𝑠 = 𝐼2𝑅⏟
𝐽𝑜𝑢𝑙𝑒 𝐻𝑒𝑎𝑡𝑖𝑛𝑔

− 𝜏𝐴𝐵. 𝐼. ∆𝑇⏟      
𝑇ℎ𝑜𝑚𝑠𝑜𝑛 𝐻𝑒𝑎𝑡𝑖𝑛𝑔

                                                           (I.6) 

The subscript, 𝑠, denotes that this heat is transferred from the sides of the material. The 

resistance term, 𝑅, is also be slightly dependent on temperature. 

I.3.3.4. Thermodynamic Relations Between Coefficients (Kelvin Relations) 

The relationships between the three thermoelectric effects are important in order to 

understand the basic phenomena. Thomson [26] studied the relationships thermodynamically 

and provided two relationships as shown in Equations (I.7) and (8) by applying the first and 

second laws of thermodynamics with an assumption that the reversible and irreversible 

processes in thermoelectricity are separable. The Thomson effect is relatively small compared 

to the Peltier effect, but it plays an important role to deduce the Thomson relationship. The 

relationships were later completely confirmed by experiments, which are 

𝜋𝐴𝐵 = 𝛼𝐴𝐵. 𝑇                                                      (I.7)     

𝜏𝐴𝐵 = 𝑇
𝑑𝛼𝐴𝐵

𝑑𝑇
                                                      (I.8) 

Equation (I.7) leads to the very useful Peltier cooling as 

𝑄̇𝑃𝑒𝑙𝑡𝑖𝑒𝑟 = 𝛼𝐴𝐵. 𝑇. 𝐼                                                 (I.9)     

where 𝑇 is the temperature at a junction between two different materials and the dot above the 

heat 𝑄 indicates the amount of heat transported per unit time. 

I.4. Choosing Materials 

A conventional thermoelectric device is typically comprised of an array of P- and N-type 

semiconductor materials that are oriented in series electrically but in parallel thermally. A high 

conductivity metal such as copper is typically used to electrically connect the semiconductor 
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pillars and complete the electric circuit [26]. This circuit is usually sandwiched between two 

ceramic substrates that are electrically insulated but thermally conductive.  

Schematics of a thermoelectric cooler (TEC) and thermoelectric generator (TEG) are shown 

in Figures I.3(a) and .3(b), respectively. Bismuth telluride (Bi2Te3) and its alloys are commonly 

used as the semiconductor materials in many applications because of their high thermoelectric 

properties, reflected in the commonly-used thermoelectric metric (𝑍 = 𝛼2 𝜌. 𝑘⁄ ) at near room 

temperature, which is described later. 

 

 

 

 

 

 

 

 

 

Figure I.3 Functional diagram of (a) thermoelectric cooler (TEC)  

and (b) thermoelectric generator (TEG) 

In particular, Bi2Te3 shows the best thermoelectric properties at the desired temperature 

range for thermoelectric refrigerator [28]. 

I.5. TEC Advantages  

While refrigerators and air-conditioners utilize compressors, condensers and refrigerants to 

lower temperature; solid state cooling utilizes DC power, heat sinks and semiconductors. 

[24,29]. This fundamental difference gives solid state thermoelectric coolers the following 

advantages over conventional devices. 

• Environment friendly (as no refrigerants are used). Therefore, leaking problem of 

refrigerants can also be avoided. 

• Can be manufactured in compact sizes using less space. 

• Light weight, which can be advantageous where light weight is more important feature than 

COP. (e.g. in aircrafts). 

• Rate of refrigeration and COP can be easily controlled by varying voltage and current. 
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I.6. Current Research Works on Thermoelectric Coolers 

I.6.1. Thermoelectric cooler Temperature Control 

There exist several approaches for the enhancements of thermoelectric cooling control 

system performance including (PID) Control [30–33], fuzzy control [34], neural network 

control, and adaptive control. The concept of thermoelectric self-cooling introduced as a 

cooling and temperature control of a device using thermoelectric technology without electricity 

consumption was studied by [29]. 

From the above concepts, the thermoelectric cooling system performance has been 

guaranteed by controlling the variation of input current. TEC module of 12706 types which is 

composed of Bi2Te3 semiconductor material [35], has been used. Here, the purpose of cooling 

system control is expected to keep the internal temperature of an object below the ambient 

temperature of around ±30 °C. Song Shaojing et al. [36] offer to use NN-PID algorithm. It 

includes three basic values (three-term control P, I and D) parameters. In their work, Song 

Shaojing et al. adopted their controller model to calculate the control signal and then adjust the 

current of thermoelectric module. Ning Wang et al. [30], have based on an improved PID 

algorithm to design an efficient TEC temperature control system. The aim of their research was 

to determine which energy feedback approach is used to enhance TEC cooling. To improve the 

energy utilization efficiency of the system, The COP value was increased from 4.2 to 5.08 for 

changing the duty cycle. In [37], the problem of waste heat accumulation in optical crystals of 

high-power semiconductor lasers is discussed and an automatic constant temperature control 

system based on Thermoelectric Cooler is designed for temperature control of the optical 

crystals in high power semiconductor lasers to ensure its temperature stability. The system 

mainly includes two parts: human-computer interaction touch screen and TEC control driver 

module. The system can make the temperature change of optical crystal is less than ± 0.01℃ 

when Laser diode is working. A classical PID algorithm applied to control and adjust 

temperature automatically. Jin Wang et al. [38] proposed the use of MATLAB/Simulink 

environment to develop and simulate control system for thermoelectric cooling. MATLAB 

itself proved the most popular and reliable software for the purpose of modeling and simulation. 

Jin Wang et al. were interested in power losses acquired during the cooling process, so their 

system measured this value and compared it to a fixed threshold. According to that, TEC current 

was calculated and power was given to drive TEC module. Constant control is achieved with 
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PI and PWM generator use, which adjusted current and power permanently. The computational 

model proposed in [39], was conducted to study the influence of the temperature control system 

on the electric power consumption and coefficient of performance of a thermoelectric 

refrigerator, in order to make these devices more competitive. This control system supplies the 

thermoelectric modules with the maximum voltage until the inner temperature reaches the lower 

limit, and switches them off until the inner temperature reaches the upper limit. 

A commercial portable thermoelectric refrigerator was modified to design and develop a 

new control system to improve the performance of the refrigerator in [40]. The modified 

refrigerator system can vary the input current of the refrigerator in order achieve an inner 

temperature of the refrigerator in the desired range. This refrigerator is able to operate using the 

AC power source from a wall socket or the DC power source from the battery. 

All in all, study of those simulation techniques provided several crucial aspects to consider. 

It is important to note temperature accuracy, and speed of its changes, to design an effective 

cooling system. Also, different methods of current calculations should be considered to define 

the best one for precise operation. Moreover, power losses have to be observed because they 

affect the power applied to the system. 

I.6.2. Performance investigation 

Zhu et al. [41] have investigated the impacts of the load current, the geometric size, the ratio of 

length to cross-sectional area and the substrate’s thermal resistance on the cooling performance 

and response time of the miniature thermoelectric coolers via finite element methods. The 

results show that reducing TEC’s size and ratio of length to cross-sectional area can improve 

the TEC’s performance. Lee et al. [42] have carried out the numerical analysis of the 

thermoelectric micro-cooler with the three-dimensional model. The temperature difference, the 

current, the thickness of a thermoelectric element, and the number of thermoelectric pairs on 

the performance of the cooler have been investigated. Cai et al. [43-44] presented a 

comprehensive survey of TEC Temperature into effects of cooling load, air temperature and all 

thermal conductance in heating side on the cooling performance. The authors in [45], conducts 

numerical performance analysis and optimization of a combined cross-regenerative cross flow 

thermoelectric assisted indirect evaporative cooling system. A heat and mass transfer model are 

developed. Performance comparison is conducted under various operating conditions. An 

experimental performance investigation on thermoelectric cooler box with several positions of 
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the thermoelectric was performed in [46]. The experiment was conducted for about 18,000 s at 

the open ambient temperature. The results showed that the COP decreased with the times, and 

the best position of the thermoelectric placement of the study was on the wall. 

I.6.3. Optimization of TEC 

To obtain an optimized performance from thermoelectric cooler various optimization 

techniques have been used to optimize the operational performance as well as their size.  A 

general approach in evaluating and optimizing thermoelectric cooler (TEC) performance was 

presented by Hy Zhang in [47]. A multi-objective optimization based on thermoelectric heat 

exchanger module was presented in [48] for application in CPU cooler. The thermoelectric heat 

exchanger module coupling multi-parameters is used as a novel method to solve the heat 

dissipation. Yin, Tao et al [49], have proposed novel general single/multi-parameter 

optimization model for the thermoelectric cooler (TEC) based on the 1D resistance method, 

which precisely captures all the thermoelectrical effects and the impacts of temperature-

dependent thermoelectric properties. Jeong et al. [50] have investigated one dimensional 

analytic mode to optimize the TE cooling module. Applying entropy generation analysis 

method, Wang et al. [51] have studied the optimum configuration of a thermoelectric cooling 

(TEC) system with a generalized theoretical model. Through operating condition management 

of the thermoelectric modules (TEM) and design optimization of the heat exchangers linked to 

the TEM, David et al. [52] have introduced an optimization method for improving 

thermoelectric heat pump performance. Huang et al. [53] have developed an inverse problem 

approach which integrates a complete Multiphysics TEC model and a simplified conjugate-

gradient method to optimize the geometric structure of TEC. Chen et al. [54] have proposed a 

model of thermoelectric generator-driven thermoelectric refrigerator with external heat transfer. 

Zhu et al. [55] have used the theoretical analyze to explore the optimization problems of 

thermoelectric cooler (TEC) systems applied in electronic cooling which mainly focuses on the 

optimal heat exchanger configuration of a TEC system. Zhou et al. [56] have proposed a 

generalized theoretical model for the optimization of a TEC system. The thermal conductance 

from the cold and hot sides of the system are considered. The results show there are the 

maximum COP and the maximum cooling capacity of the TEC system, when the finite total 

thermal conductance is optimally allocated. 
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I.6.4. TEC application areas 

TEC can be applied in many areas. This overview mainly focuses on two fields. One is the 

popular electric device. The gradually higher heat fluxes of the microprocessor and the demand 

for a microprocessor that has a very high computing ability are inevitably contradictions. TEC 

is an excellent solution. the other is its potential wide used place, the storage of medicine. 

With the constant increasing of the microprocessor power dissipation and the size of 

microprocessor, the heat flux of the microprocessor is gradually higher. Thus, conventional air-

cooled cooling systems are no longer adequate to remove these heat fluxes. Gould et al. [57] 

have investigated the thermoelectric cooling and micro-power generation from waste heat 

within a standard desktop computer. The thermal cooling enhancement technique of dual 

processors workstation computer couple thermoelectric air cooler module is studied 

experimentally in [58]. The temperature distribution inside the computer chassis depends on 

the density, position of the components inside the computer both active and passive 

components. Martínez et al. [59] have investigated the simulation of thermoelectric self-cooling 

applications for both the steady and the transient state of the whole system. The results show 

the model architecture allows the inclusion of new analytical expressions. TE cooler appears to 

be especially favorable for automotive applications [60]. Besides the automobile air-

conditioning system and automobile mini refrigerators, researchers also utilized TE device to 

control car seat temperature to either cooling down or heating up [61]. Wiriyasart et al. [62–64] 

experimentally studied on the thermoelectric air cooler module for thermal cooling 

enhancement of dual processors work-station computer. The work in [65], aimed at obtaining 

the optimal cooling performance of a medical non-toxic thermoelectric refrigerator through 

three groups of experiments. 

I.7. Overview of Thesis 

This thesis is organized into chapters; each chapter is focused on an objective to achieve the 

goal of the research. The aim and end objective of each chapter is summarized below. 

▪  Chapter I, presents the motivation behind the research and an outline of the approach 

adopted to reach the objective. This part is devoted to the general background of the 

thermoelectric cooling system. The research objectives and thesis structure are also discussed. 

Brief literature review on the Current Research Works on Thermoelectric Coolers, composed 
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of the performance investigation, optimized thermoelectric materials for TEC cooling 

temperature control applications areas, is also presented. 

▪  Chapter II, presents a numerical and thermal modeling approach to determine the 

cooling optimum performance as well as the proposed optimum design to power a small 

thermoelectric refrigeration system. The model is derived from three energy conservation 

equations for temperatures at both ends of the thermoelectric materials within a TEM module, 

as well as the cooling temperature required. The design process focuses on meeting the demand 

criteria of the application rather than optimizing the system, because no thermal optimization 

occurs. Modeling approach takes accounts for realistic working conditions to meet the cooling 

temperature range with simulation results. Current and module optimization were provided to 

reach minimum temperatures required. One of the objectives of this chapter was to modeling 

and investigate the optimal design of a thermoelectric cooler applied for a thermoelectric cooler 

control. 

▪  In the Chapter III, a numerical simulation study was conducted to investigate the 

performance of the TEC cooler system model with PID control strategy. The mathematical 

model of cooling system created and detailed in chapter I by making energy balance for the 

TEC cooling system. The simulation of the PID controller was designed by using 

MATLAB/SIMULINK. To increase the sensevity and stability of the PID system operation, 

digital filters were used to eliminate the influence of random disturbances of the temperature 

indicated by the feedback closed-loop. This ensures stable, much faster, and more accurate 

operation of the controller. The novelty of the presented PID control system is the determination 

of the TEC temperature based on the solution of the inverse problem of heat conduction 

formulated for a thermoelectric device. 

▪  Chapter IV, presents the experimental design and development of a thermoelectric 

cooling system. Its mathematical model relating thermal loads and TEC heat capacity is also 

developed in chapter II. the TEC has been used for direct temperature control on the inside of 

the refrigerator and cooling liquid circulates in two minichannel heat exchangers block. The 

influences of the heat exchangers temperature, flow rate, and current have been analyzed. The 

proposed system is found to have less maintenance and simplicity in design which can easily 

replace the HVAC system. In the experimental results, the cold side temperature of the 

thermoelectric cooling unit has decreased quickly. The highest COP has been obtained as 0.73. 
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▪  Chapter V, presents the conclusions, the main contributions reported in this thesis and 

recommendations for future work are presented. 

I.8. Aims and results obtained in the Thesis 

In this thesis, the effects of the proposed PID control on the thermoelectric cooler module. 

The analytical model was experimentally investigated at high outdoor temperature value 

without thermal load, and the following main Objectives and results were obtained: 

• Design and application of the PID control approach on a thermoelectric refrigeration 

device. 

• Development of a new model of a thermoelectric cooler working with mini-channel heat 

exchangers takes into consideration the all effects. 

• Investigation and realization of the proposed model on a thermoelectric refrigerator. 

• Variation of coefficient of performance with cooling power. 

• Variation of the lowest achievable temperature values with current. 

• The effect of supply current variation on the cooling power of the system. 

• Effect of heat exchangers and TEM numbers on the performance of the cooling system. 

• Behavior of the cooling system in different PID parameters. 
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II.1. INTRODUCTION 

Most research efforts have focused on enhancing the properties of thermoelectric materials 

and improving the figures of merit [66–70]. In order to fully utilize enhanced thermoelectric 

materials, a model of the thermoelectric cooling system (TEC) should be readily available for 

performance evaluation and system design. Careful engineering of the system should be 

conducted to meet the performance requirements while staying within the design criteria. 

Neither Putra and Ahiska [71] nor Guler [72] presented any type of modeling approach of their 

systems. 

Traditional modeling of thermoelectric refrigeration [73,74] has allowed us to reach simple, 

closed form solutions for the optimum current and minimum temperature possible for 

thermoelectric refrigeration. However, these approaches make assumptions, which cannot be 

satisfied in practical applications. Firstly, the traditional model assumes that the current has no 

effect on the hot/cold side temperatures of the thermoelectric modules. In reality, the 

temperatures of the hot/cold side of the thermoelectric module changes with current due to the 

Peltier effect and Joule heating. 

Therefore, the traditionally accepted optimum current value 𝐼 =
𝛼.𝑇𝑐

𝑅
 does not lead to the 

minimum temperature in a real system. Secondly, the traditional model assumes that the hot 

side temperature of the module is known and kept constant at ambient. In practical application, 

heat should be dissipated to the environment through heat exchangers or heat sinks, which 

makes the hot side temperature of the module greater than the ambient temperature. An active 

cooling system with a large amount of energy consumption is necessary to make this 

temperature difference negligible [75]. Lastly, the traditional model assumes infinite thermal 

resistance, or perfect insulation, on the surface of the cooling chamber, and does not account 

for the heat gain of the chamber from the environment. As a result, the minimum temperature 

occurs when there is no inner heat removal from the refrigerator (𝑄𝑐_𝑚𝑎𝑥 = 0). With finite 

thermal resistance at the TEC, constant heat removal from the thermoelectric module exists. 

Now that we have a basic understanding of how TE devices work, we can look at how these 

devices can be optimized. The remainder of this chapter will focus on modeling and applying 

the cooling phenomenon discovered by Jean Peltier. Thus, in particular, will investigate 

optimum refrigeration conditions for the available TE modules. 
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II.2. Description of the main TEC cooler model  

II.2.1. TEC Baseline Model 

The schematic diagram in Figure II.1(a) illustrates a basic single-stage TEC design. Multiple 

thermoelectric (TE) elements are used to construct a thermoelectric cooling device. Electrically, 

these TE elements are connected in series. Interconnecting p-type and n-type TE elements is 

achieved with copper tabs. Between two ceramic substrates (thermally conducting), this array 

arrangement is sandwiched. The exploded view of a practical TEC device is depicted in Figure 

II.1(b). A thermocouple is the basic physical unit of a thermoelectric cooler's physical model.  

A thermocouple is the pair of semiconductor p-type and n-type dissimilar elements. The TE 

elements pair count can be from few to hundreds, depending on the design. Hence, the 

performance prediction of the thermoelectric cooling system (with heat sink) is complicated. 

Furthermore, the thermal resistances in the ceramic substrates, copper conductors, and heat sink 

contribute to the overall heat flow resistance in the thermoelectric cooling system. 

 

 

 

 

 

 

Figure II.1. (a) Single-stage TEC (b) Exploded view of TEC [76] 

The performance optimization problem is difficult to solve because of these challenges. The 

effects of thermal resistance as well as electrical contact resistance are considered in this 

chapter. The effects of Joule heating and thermal conduction are also taken into account.  

A thermal- resistance model has been created for this research study to make the analysis of 

thermal resistances easier. To develop more realistic thermoelectric cooler model, this model 

contains thermal resistances of ceramic substrates, copper parts, and hot side heat sink. Figure 

II.2 illustrates a pair of semiconductor p-type and n-type TE elements. 
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Figure II.2 (a) Thermoelectric couple (b) Thermal resistance model 

In this chapter, the thermoelectric refrigeration model is based on the ideal refrigeration 

cycle. In this way, the calculation of one-dimensional physical model can be simplified. The 

model is assumed that the structure and material of the semiconductor bridge is completely 

symmetrical. In order to discuss the intricate issues of TE cooling modeling, we must include 

the TE module in a refrigeration system. A TE cooling system simply places a TE module in 

between a heat dissipation device and a liquid-cooled heat sink.  

Using heat flow as an electrical analogy to the model of thermal resistance as shown in 

Figure II.2 (b), the temperatures at the TEC's hot and cold surfaces can be expressed as [77]: 

𝑇ℎ = 𝑄ℎ(𝑅ℎ𝑠 + 𝑅𝑐𝑟 + 𝑅𝑐𝑢) + 𝑇𝑎                                              (II.1) 

𝑇𝑐 = 𝑇𝑐𝑜 −𝑄𝑐(𝑅𝑐𝑟 + 𝑅𝑐𝑢)                                                    (II.2) 

Where 𝑇𝑐 and 𝑇ℎ denote the temperatures on the cold and hot sides of semiconductor elements. 

𝑄ℎ denotes the rate at which heat is rejected from the hot side. 𝑄𝑐 is the rate at which heat is 

absorbed on the cold side, which is commonly known as the cooling power. 𝑇ℎ𝑜 and 𝑇𝑐𝑜 denote 

the temperatures at the thermoelectric cooler's hot and cold surfaces, respectively. 𝑅ℎ𝑠 denotes 

the thermal resistance of the hot side heat sink in thermoelectric cooling system, 𝑅𝑐𝑟 denotes 

the thermal resistance of the ceramics, and 𝑅𝑐𝑢 denotes the thermal resistance of the copper 

parts. 𝑇𝑎 denotes the ambient temperature. 

The baseline model assumed for our problematic consists of a liquid-cooled heat sink 

attached directly to the hot-side ceramic of TEC. Depending on which way the electric current 

flows, a thermoelectric couple provides cooling or heating. Figure II.3 shows this configuration. 
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Figure II.3. The baseline model diagram 

A thermal resistance network can be generated for the model. Figure II.4 shows the simple 

one-dimensional resistance network. Note that the heat absorbed flow 𝑄𝑐, is the same through 

both the interface material and the heat sink. 

 

 

Figure II.4. Baseline model thermal resistance network 

The thermal modeling of the TE refrigerated system is aided through the drawing of a 

resistance network as shown in Figure II.5. 

 

 

 

 

Figure II.5. Thermal Resistance Network for TE Cooler 
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In Figure II.5, 𝜓𝑗𝑐  and 𝜓ℎ𝑠 are the interface resistances, and 𝜓𝑠𝑎 is the thermal resistance of 

the heat sink. Analysis of the TE system demands a more rigorous model than the baseline 

design. As implied by Figure II.5, the operation of the TE module requires external work. That 

work is needed to drive heat from cold to hot. The input work is converted to heat in the TE 

module and must be dissipated by the heat sink (as illustrated in Figure II.5 by the additional 

heat flow term in the heat sink). This additional heat load limits the application of TE 

refrigeration relative to the baseline configuration, and must be accounted for in the system 

level modeling [78]. 

II.2.2. Assumptions of thermoelectric ideal (standard) equations  

The important assumptions of thermoelectric ideal (standard) equations are illustrated Below: 

• The Thomson effect is negligible. It has been proven analytically and experimentally 

that the Thomson effect has a very small effect on the performance of TEC. 

• The electrical and thermal resistances between ceramic plates and thermoelectric 

elements are negligible. 

• The convection and radiation losses are negligible. 

• The materials properties are assumed to be independent of temperature. 

It is of general interest to establish the amount of heat that can be cooled by the TE cooler. 

This is found through an energy balance on the cold junction of the TE module, and is given 

by: 

{
 
 

 
 𝑄𝑐 = 2.𝑁. 𝛼. 𝐼. 𝑇𝑐 −

1

2
𝐼2. 𝑅 −

Δ𝑇

𝜓𝑇𝐸

𝑄𝑐 = 2.𝑁. 𝛼. 𝐼. 𝑇𝑐⏟      
𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛 

𝐻𝑒𝑎𝑡 𝑃𝑢𝑚𝑝𝑖𝑛𝑔

−
1

2
𝐼2.

2𝑁.𝜌

𝛾⏟    
𝐽𝑜𝑢𝑙𝑒 𝐻𝑒𝑎𝑡𝑖𝑛𝑔

− 2𝑁. 𝛾. 𝑘. Δ𝑇⏟      
𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 
𝐻𝑒𝑎𝑡 𝐿𝑒𝑎𝑘

                                      (II.3) 

where: 

𝛾 =
𝐴𝑒

𝐿
                                                               (II.4) 

Note: Δ𝑇 = 𝑇ℎ − 𝑇𝑐 and the parameters, 𝜓𝑇𝐸 and 𝑅, are referred to as the module thermal and 

electrical resistance, respectively. These are defined as, 

𝑅 =
2𝑁.𝜌

𝛾
                                                            (II.5) 
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𝜓𝑇𝐸 =
1

2𝑁.𝑘.𝛾
                                                          (II.6) 

The input work, or electric power, used by the TE must overcome the Seebeck voltage as 

well as the Joule heating. 

𝑊 = 2𝑁𝛼. 𝐼. Δ𝑇⏟      
𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝐻𝑒𝑎𝑡
𝑃𝑢𝑚𝑝𝑖𝑛𝑔

+ 𝐼2. 𝑅⏟
𝐽𝑜𝑢𝑙𝑒 
𝐻𝑒𝑎𝑡𝑖𝑛𝑔

                                              (II.7) 

Using these equations along with knowledge of the interface and heat sink thermal 

resistance, the TEC junction temperature can be found from: 

𝑇𝑗 = 𝑇𝑎 + (𝑄𝑐 +𝑊)𝜓ℎ𝑎 − Δ𝑇 + 𝑄𝑐. 𝜓𝑗𝑐                                     (II.8) 

The heat sink thermal resistance has been added to the interface thermal resistance to obtain 

𝜓ℎ𝑎. 

Since there are a lot of parameters that impact the performance and efficiency of the 

thermoelectric cooler system, it is useful to look at each individually. Table II.1 gives an 

indication as to whether each parameter can be optimized and the effect that it has on the 

performance and efficiency.  

Parameters Optimization Correlation to 𝑻𝒋 Correlation to COP 

Heat Input 𝑄𝑐 No Positive Positive 

Temperature difference Δ𝑇 No Negative Negative 

Current 𝐼 Yes Indeterminate Indeterminate 

Thermal resistance 𝜓ℎ𝑎 No Positive Indirectly Negative 

Hot-side temperature 𝑇ℎ No Depends on 𝑇𝑐 and Δ𝑇 Depends on 𝑇𝑐 and Δ𝑇 

Cold-side temperature  𝑇𝑐 No Depends on 𝑇ℎ and Δ𝑇 Depends on 𝑇ℎ and Δ𝑇 

Ambient temperature  𝑇𝑎 No Positive Negative 

Total geometry 𝑁. 𝛾 Yes Indeterminate Indeterminate 

Seebeck coefficient 𝛼 No Positive 
Positive if 𝑇𝑐 > Δ𝑇 

Negative if 𝑇𝑐 < Δ𝑇 

Electrical resistivity 𝜌 No Negative Negative 

Thermal conductivity 𝑘 No Negative Negative 

Table II.1. Optimization potential for the various parameters 
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Positive correlation means that an increase in the parameter will cause and increase in the 

given system characteristic, holding everything else constant. Negative correlation means that 

an increase in the parameter will cause a decrease in the given system characteristic, all other 

parameters held constant. Indeterminate correlation means that an increase will cause either a 

positive or a negative response to the characteristic, providing the opportunity for optimization. 

For instance, if we can decrease the thermal conductivity, holding everything else constant, the 

heat load would be increased allowing the junction temperature and the COP to rise. 

This Table II.1 shows that geometry and current are the only two parameters that can be 

optimized. It is also interesting to see that there are certain parameters that are positively or 

negatively correlated for both system characteristics. For example, if the heat input is increased 

(assuming the work is kept constant) the COP will increase. Similarly, if everything can be kept 

constant in equation (I.8), an increase in heat load would cause an increase in junction 

temperature. Therefore, a trade-off is possible between the two characteristics. This situation is 

what makes it possible to achieve an optimum performance and efficiency at the same time (a 

happy medium). 

A counter situation is also possible. A parameter can be negatively correlated to one 

characteristic while it is positively correlated to the other characteristic. For example, if the 

electrical resistivity was to decrease (keeping everything else constant), the junction 

temperature would decrease and the COP would increase. In both cases, this is due to the fact 

that parasitic resistive heating would be decreased. If this parameter were independent of the 

other material properties it would be beneficial to make the electrical resistivity as close to zero 

as possible (a metal). 

II.3. Modelling and Design of TEC Overview 

Figure II.6 demonstrates the relationship between the thermal resistance and heat transfer. 

Where 𝑄ℎ is the heat rejected through the external heat sink between the hot side of the module 

and 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 the temperature of the environment. 

The symbol 𝜓ℎ indicates the thermal resistance of the heat sink. 𝜓𝑐 indicates the thermal 

resistance for cold side of the module in which 𝑄𝑐 is absorbed by TER space. The thermal 

resistance of the room and insulation is represented by 𝜓𝑇𝐸𝑅 where heat is lost from the internal 

space to the environment [79]. 
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Figure II.6. Modeling schematic of thermoelectric cooling system (TEC).  

Heat sinks are passive heat exchangers used to increase the surface area and the amount of 

heat transfer between the heating side of the thermoelectric modules and the environment. 

Figure II.6 shows the general locations of the heat sinks inside and outside of the thermoelectric 

refrigerator [77].  

The performance of the fins placed within the room was determined based on the 

enhancement of heat transfer relative to the case that the interior surface of TER had no heat 

sinks. Mathematically, fin effectiveness, 𝜎𝑓𝑖𝑛 can be expressed as 

𝜎𝑓𝑖𝑛 =
𝜌𝑓𝑖𝑛

ℎ.𝐴𝑒(𝑇𝑏𝑎𝑠𝑒−𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡)
                                                    (II.9) 

Where 𝜌𝑓𝑖𝑛 is the conductive heat transfer through the fin, ℎ is the convective heat transfer 

coefficient across the fins, 𝐴𝑒 is the cross-sectional area of the fin base, 𝑇𝑏𝑎𝑠𝑒 is the base 

temperature, and 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 is the ambient temperature of TER. 

Shown in Figure II.7 is a comparison of how much the TER inside temperature can be 

reduced based on the thermal resistance and number of modules. This model assumed that the 

heat dissipation is split evenly among each of the modules. As seen in the Figure II.6, colder 

temperatures can be achieved with lower. For each value, however, there exists a single point 

with the minimum temperature indicating the optimum number of modules to use. 
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Figure II.7. Cold-side temperature achievable based on number of TEMs and 𝜓ℎ 

The best design iteration tested achieved a lowest temperature of 21°C using three modules. 

The model suggested decreasing the number of modules while keeping the same. However, for 

this iteration, each TEM had its own heat sink and fan. This meant that to keep the same for a 

single module, those three heat sinks would have to be combined to dissipate the heat from that 

module. 

It can also be seen that TEC can be analyzed by Joule heat, which is called heat rejection 𝑄ℎ, 

from TEC hot side larger than the heat absorption 𝑄𝑐, into TEC cold side. 

The input and output heat from two sides of a thermoelectric cooler can be written as follows, 

[80-88]: 

𝑄𝑐 = 𝛼. 𝐼. 𝑇𝑐 − 0.5𝑅. 𝐼
2 − 𝜅. Δ𝑇                                                    (II.10) 

𝑄ℎ = 𝛼. 𝐼. 𝑇ℎ + 0.5𝑅. 𝐼
2 − 𝜅. Δ𝑇                                                    (II.11) 

Where 𝛼, 𝑅, 𝜅, 𝐼, 𝑄𝑐, 𝑄ℎ,  𝑇𝑐, 𝑇ℎ and Δ𝑇 represent the Seebeck coefficient, electrical resistance, 

thermal conductance, electrical current, heat rate absorbed from the chamber [𝑊𝑎𝑡𝑡𝑠], heat rate 

dissipated by the hot side of the TEM [𝑊𝑎𝑡𝑡𝑠], cold surface temperature (°𝐶), hot surface 

temperature (°𝐶) and the temperature difference between the cold and hot sides (°𝐶) through a 

TEC, respectively. The temperature difference between the two sides of a TEC can be express 

as follows: 

Δ𝑇 = 𝑇ℎ − 𝑇𝑐                                                    (II.12) 
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The above two Equations (II.10) and (II.11) are known as the ideal (standard) equations. The 

first term 𝛼. 𝐼. 𝑇𝑐 is the Peltier/Seebeck effect, which is a reversible process. A higher 

Peltier/Seebeck effect is needed in order to have a higher cooling or power generation. The 

second term 0.5𝑅. 𝐼2 is known as the Joule heating, which is an irreversible process. Finally, the 

third term 𝛾. (𝑇ℎ − 𝑇𝑐) is the thermal conductance, which is also an irreversible process. The 

heat flow direction is significant in order to know the type of thermoelectric couple, either a 

thermoelectric cooler or thermoelectric generator (TEG). By reversing the heat flow direction, 

the thermoelectric cooler can be represented. 

Based on the thermal circuit, 𝑄𝑐 and 𝑄ℎ can be equated to [89,90]: 

𝑄𝑐 =
𝑇𝑖𝑛𝑡−𝑇𝑐

𝜓𝑐
                                                         (II.13) 

𝑄ℎ =
𝑇ℎ−𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡

𝜓ℎ
                                                   (II.14) 

Where 𝑇𝑖𝑛𝑡 is the temperature inside the TEC internal space, 𝜓𝑐 is the sum of thermal 

resistances on the TEM cold side in the room, and 𝜓ℎ is the sum of thermal resistances on the 

hot side of the TEM to the environment. Combining equations (II.11) and (II.13) and equations 

(II.12) and (II.14) [91-92]: 

𝑇𝑖𝑛𝑡−𝑇𝑐

𝜓𝑐
= 𝛼. 𝐼. 𝑇𝑐 − 0.5𝑅. 𝐼

2 − 𝜅. (𝑇ℎ − 𝑇𝑐)                                        (II.15) 

𝑇ℎ−𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡

𝜓ℎ
= 𝛼. 𝐼. 𝑇ℎ + 0.5𝑅. 𝐼

2 − 𝜅. (𝑇ℎ − 𝑇𝑐)                                    (II.16) 

In addition, the heat gain from the environment is given by: 

𝑚.𝐶.
𝜕𝑇𝑖𝑛𝑡

𝜕𝑡
=
𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡−𝑇𝑖𝑛𝑡

𝜓𝑇𝐸𝑀
−
𝑇𝑖𝑛𝑡−𝑇𝑐

𝜓𝑐
                                              (II.17) 

In the steady state Equation (II.14) becomes: 

𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡−𝑇𝑖𝑛𝑡

𝜓𝑇𝐸𝑀
=
𝑇𝑖𝑛𝑡−𝑇𝑐

𝜓𝑐
                                                       (II.18) 

Based on equations (II.14), (II.15), and (II.17), by knowing the module properties, the three 

unknowns 𝑇𝑖𝑛𝑡, 𝑇ℎ and 𝑇𝑐 can be solved for as a function of current. This was the first model 

which solved for temperatures of the module solely based on current. Previous attempts to 
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model thermoelectric refrigeration required knowledge of the temperature difference across the 

module or the temperature of TER to be able to predict the system’s performance. The cooling 

power of TEMs, the desired temperature difference, the number of TEMs was coupled 

constraints in modelling. The TEMs have a maximum cooling power because Joule heating 

counteracts the Peltier effect. In order to increase the cooling power, different approaches were 

taken. Multiple modules were implemented, or the thermal resistances were lowered to increase 

the amount of heat absorbed/rejected by the TEM. 

The equation (II.13) is given by a steady-state energy conservation of the refrigeration 

system. This equation matches the heat removed from the TEC internal space with the heat 

transfer from the environment into the internal TEC area: 

𝑄𝑐 =
𝑇𝑖𝑛𝑡−𝑇𝑐

𝜓𝑐
=
𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡−𝑇𝑖𝑛𝑡

𝜓𝑇𝐸𝑅
                                                          (II.19) 

where 𝜓𝑇𝐸𝑅 is the thermal resistance between the TEC internal space and the environment, or 

the insulation. 

With three equations and three unknowns, the temperatures of the TEC internal space 𝑇𝑖𝑛𝑡 

and the hot 𝑇ℎ and cold side 𝑇𝑐 temperatures of the modules can be solved along with the cooling 

power 𝑄𝑐. The chamber temperature is given by: 

𝑇𝑖𝑛𝑡 = (
1

𝜓𝐶𝑇
) [𝜓𝑐 . 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 + 𝜓𝑇𝐸𝑅 (

𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡+𝜓ℎ𝐼
2𝑅+

1

2

𝜓ℎ𝛼𝐼
2𝑅+𝐼2𝑅

𝜅
+(

𝜓ℎ
𝜓𝐶𝑇

+
𝜓ℎ𝛼𝐼

𝜅𝜓𝐶𝑇
+

1

𝜅𝜓𝐶𝑇
)𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡

𝜓ℎ
𝜓𝐶𝑇

+
𝜓ℎ𝛼𝐼+1

𝜅𝜓𝐶𝑇
+2𝜓𝑐𝛼𝐼+

𝜓ℎ𝛼
2𝐼2

𝜅
+
𝛼𝐼

𝜅
+1

)] 

(II.20) 

where 

𝜓𝐶𝑇 = 𝜓𝑐 − 𝜓𝑇𝐸𝑅                                                (II.21) 

By applying the first law of thermodynamics, the electric power input in watts required to 

produce the effect described in equations (II.10) and (Ii.11) can be written as [91]: 

𝑊 = 𝑄ℎ − 𝑄𝑐                                                        (II.22) 

which is also equal to: 

𝑊 = 𝛼(𝑇ℎ − 𝑇𝑐). 𝐼 + 𝑅. 𝐼
2                                           (II.23) 
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also, 

𝑊 = 𝑉. 𝐼                                                        (II.24) 

Hence, voltage becomes 

𝑉 = 𝛼(𝑇ℎ − 𝑇𝑐) + 𝐼. 𝑅                                             (II.25) 

The coefficient of performance COP of TER is similar to the thermal efficiency and it is 

defined as the ratio of the cooling power (or heating power) to the input power [92]. 

𝐶𝑂𝑃 =
𝑄𝑐

𝑊
=

𝑇𝑐

𝑇ℎ−𝑇𝑐
                                                 (II.26) 

Substituting Equations (II.10) and (II.11) into (II.23), (II.26) gives [93] 

𝐶𝑂𝑃 =
𝛼.𝐼.𝑇𝑐−0.5𝑅.𝐼

2−𝜅.(𝑇ℎ−𝑇𝑐)

𝜅(𝑇ℎ−𝑇𝑐).𝐼+𝑅.𝐼
2                                         (II.27) 

There are two design patterns including the maximal cooling efficiency design mode and the 

maximal cooling production mode. The operating mode is changed by changing the voltage. 

Cooling production 𝑄𝑐 should be correlated with the thermoelectric energy consumption. For 

maximum cooling power, 𝑄𝑐_𝑚𝑎𝑥 the optimum input current can be found by differentiating 

Equation (II.10) with respect to current and setting it to zero as follows [93] 

𝜕𝑄𝑐

𝜕𝐼
= 𝛼. 𝑇𝑐 − 𝑅. 𝐼 = 0 ⟹ 𝐼𝑚𝑝 =

𝛼.𝑇𝑐

𝑅
                                      (II.28)  

The current in Equation (II.28) can also be represented in terms of 𝑇𝑐 [93]: 

𝐼𝑚𝑎𝑥 =
𝛼(𝑇𝑐−∆𝑇𝑚𝑎𝑥)

𝑅
                                                         (II.29)  

The maximum temperature difference ∆𝑇𝑚𝑎𝑥 is the maximum possible difference in 

temperature which always occurs when the cooling power is at zero and the current is 

maximum. This is obtained by setting 𝑄𝑐 = 0 in Equation (II.10) substituting both 𝐼 and 𝑇𝑐 by 

𝐼𝑚𝑎𝑥 and 𝑇ℎ − ∆𝑇𝑚𝑎𝑥, respectively, and solving for ∆𝑇𝑚𝑎𝑥. The maximum temperature difference 

is obtained as [93] 

Δ𝑇𝑚𝑎𝑥 = (𝑇ℎ +
1

𝑍
) − √(𝑇ℎ +

1

𝑍
)
2

− 𝑇ℎ
2                                          (II.30) 
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where the figure of merit 𝑍 (unit: 𝑍−1) is defined as [93] 

𝑍 =
𝛼2

𝜌𝑘
=

𝛼2

𝑅𝜅
                                                           (II.31)  

The maximum cooling power 𝑄𝑐_𝑚𝑎𝑥 is the maximum thermal load which occurs at ∆𝑇 = 0 

and 𝐼 = 𝐼𝑚𝑎𝑥. This can be obtained by substituting both 𝐼 and 𝑇𝑐 by 𝐼𝑚𝑎𝑥 and and 𝑇ℎ − ∆𝑇𝑚𝑎𝑥, 

respectively, and solving for 𝑄𝑐_𝑚𝑎𝑥. The maximum cooling power for a thermoelectric module 

with 𝑛 thermoelectric couples is [93] 

𝑄𝑐_𝑚𝑎𝑥 =
𝑛.𝛼2(𝑇ℎ−∆𝑇𝑚𝑎𝑥)

2.𝑅
                                                 (II.32) 

The maximum voltage is the DC voltage which delivers the maximum possible temperature 

difference ∆𝑇𝑚𝑎𝑥 when 𝐼 = 𝐼𝑚𝑎𝑥. The maximum voltage is obtained from Equation (II.25), 

which is [93] 

𝑉𝑚𝑎𝑥 = 𝑛. 𝛼𝑇ℎ                                                     (II.33) 

Usually, there are some factors should be taken into account before determining whether 

adopting maximal cooling production or maximal cooling coefficient design. The primary 

important factor is the temperature difference between hot side and cold side. Considering the 

practical operating condition, the theoretical analysis is carried out by setting the temperature 

of cold side as a constant. 

The maximum COP can be obtained by differentiating Equation (II.26) with respect to 

current and setting it to zero as follows [93,94,95-97] 

𝜕(𝐶𝑂𝑃)

𝜕𝐼
= 0 ⟹ 𝐼𝐶𝑂𝑃 =

𝛼.∆𝑇

𝑅[(1+𝑍𝑇̅)
1
2−1]

                                           (II.34) 

𝐶𝑂𝑃𝑚𝑎𝑥 =
𝑇𝑐

𝑇ℎ−𝑇𝑐
.
√(1+𝑍𝑇̅)+

𝑇ℎ
𝑇𝑐

√(1+𝑍𝑇̅)+1
                                                (II.35) 

where   

𝑍𝑇̅ = 𝑍𝑇ℎ (1 −
∆𝑇

2𝑇ℎ
)                                                  (II.36) 
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A higher value of 𝑍𝑇̅ is desirable for both cooling and power generation applications. The 

difficulty of maximizing 𝑍𝑇̅ lies in the fact that the above parameters are generally 

interdependent [98-99]. Therefore, it is a challenge to develop advanced thermoelectric 

materials with an optimization of these conflicting properties to increase 𝑍𝑇̅. Current 

thermoelectric devices are considered to be; 

❖ inefficient when ZT is about 1. 

❖ able to recover waste heat when ZT = 2. 

❖ able to match a refrigerator when ZT = 4/5 [100]. 

For a long time, the best 𝑍𝑇̅ has been one for material bismuth telluride Bi2Te3, which 

translates to efficiencies of about 5-7% for most applications but falls off rapidly with hot side 

temperatures of over 230°C [101]. 

Temperature 

[°C] 

Type TEM Material ZT Value 

(Maximum) 

< 150 p-type Bismuth Telluride Bi2Te3 0.8 

 n-type Bismuth Telluride Bi2Te3 0.8 

150-500 p-type Zn4Sb3 - 

 p:n-type PbTe 0.7-0.8 

 p-type TeAgGeSb(TAGS) 1.2 

500-700 p-type CeFe4Sb12 1.1 

 n-type CoSb3 0.8 

700-900 p:n-type SiGe 0.6-1.0 

 p-type LaTe 0.4 

Table II.2 The characteristic of available TEMs materials [102,103] 

A dimensionless cooling power (𝑄𝑐 𝑄𝑐_𝑚𝑎𝑥⁄ ) and COP vs. dimensionless current (𝐼 𝐼𝑚𝑎𝑥⁄ )can 

be presented graphically as shown in Figure II.8 assuming 𝑍𝑇̅𝑐 = 1. The dimensionless cooling 

power is obtained from the cooling power found in equation (II.10), where the current is the 

only variable, and from the maximum cooling power equation (II.32) at given thermoelectric 

material properties and hot side temperature. This generalized plot shows that the cooling power 

is inversely proportional to the coefficient of performance especially at smaller temperature 

difference. Moreover, increasing the temperature difference across the junction will decrease 

the cooling power and the performance of the TEC [93]. 
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Figure II.8 Generalized charts for TEC where 𝑍𝑇̅ = 1 [104]. 

This analysis represents the concepts of only one thermoelectric module where multiple couples 

are being used in many of the cooling applications. In order to obtain the thermoelectric cooler 

(TEC) parameters for multiple couples as shown in Figure II.1(a), the unit couple parameters 

need to be multiplied by the number of couples, 𝑛, as follows [93] 

(𝑄𝑐)𝑛 = 𝑛𝑄𝑐                                                        (II.37) 

(𝑄ℎ)𝑛 = 𝑛𝑄ℎ                                                        (II.38) 

(𝑊)𝑛 = 𝑛𝑊                                                         (II.39) 

(𝑅)𝑛 = 𝑛𝑅                                                          (II.40) 

(𝑉)𝑛 = 𝑛𝑉                                                          (II.41) 

(𝜅)𝑛 = 𝑛𝜅                                                          (II.42) 

(𝐼)𝑛 = 𝑛𝐼                                                          (II.43) 

(𝐶𝑂𝑃)𝑛 =
(𝑄𝑐)𝑛

(𝑊)𝑛
= 𝐶𝑂𝑃                                                (II.44) 
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The objective of the current chapter can be defined as design and thermal modeling of a 

thermoelectric cooling system using theoretical and numerical simulation. 

II.4. Results and Discussions 

A thermal analysis was completed for the TEC system to predict the performance. Heat 

transfer was modeled between three bodies, the thermoelectric modules (TEMs), the 

environment, and the inside the cooler system. Overall, the system parameters were analyzed 

using MATLAB simulations to prove that the authenticity formulae used in theory are self-

sufficient to be applied in real applications. The general system modeling was done in a three-

part process: first, the analysis involved multiple models of heat sinks, and material properties 

subjected to varied working conditions. The second part consisted of a model that predicted the 

performance of the TEMs based on the simulation conditions.  

The assumptions made in this study for modeling were based mostly on the principles 

surrounding the energy balance equation: 

(a) Heat transfer is assumed to take place along the length of TE elements. 

(b) The thermoelectric elements have the same cross-section and length. 

(c) Thomson effect is not considered. 

(d) Steady-state condition is prevailing. 

(e) the refrigeration system has a one-dimensional heat flow, constant properties of 

all materials, and uniform temperature distribution across an infinitesimally small 

control volume. 

Validation of existing thermoelectric module is done to prove the authenticity of the ideal 

equations using MATLAB functions. A comparison is done between the analytical modeling 

and MATLAB simulation of the modules under various conditions. Contact resistance is a 

parameter in studying the behavior of thermoelectric materials that defines the total output of a 

given module. In the following results, we understand the importance of contact resistance to 

provide better cooling system performance when contact resistance is included at a constant 

input current. 
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Figure II.9 COP and Power consumption as a function of current. 

The COP, power consumption of the TEC system as a function of current are shown in 

Figure II.9. There is no optimum supply condition for either minimum power consumption or 

maximum COP. Instead, it was found that more electric supply will lead to more power 

consumption and a lower COP; however, the system increases in size, and the required cooling 

power also decreases. Furthermore, for this system, the required cooling power decreases more 

dramatically than the energy to cool the internal area of TEC system, resulting in a lower COP 

with increasing of current.  

 

(a) 
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(b) 

Figure II.10 Cooling/Heating power and COP versus input current for given model:  

(a) Cooling mode and (b) Heating mode. 

In Figure II.10(a), the maximum cooling power and COP indicated by red and blue dashed 

lines, respectively, show fair agreement with data provided in [105]. Similarly, Figure II.10(b) 

illustrates the heating power and COP versus input current compared against Feher’s variable 

temperature seat VTS heat pump data for the heating mode with good accuracy. The simulation 

results showed her also acceptable agreement with Feher’s experimental data when the flow 

rate was increased [106]. 

 

Figure II.11 TEC junctions Cooling/Heating power versus input current. 

The simulation results of the heating and cooling power flow are also evaluated at different 

applied input current values as shown in Figure II.11. These results indicate a good variation 

although with small errors in the cold and hot junction temperatures. This is usually because 
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the theoretical junctions’ temperature across the thermoelectric device has equal values even at 

higher input current values. 

 

Figure II.12 TEC Hot and cold junction temperatures versus current. 

As discussed earlier, one of the thermoelectric devices advantages is that they can provide 

temperature difference on their two sides, which can be used as a source of cooling and heating 

depending on the surrounding conditions. The heating mode for the thermoelectric module can 

be achieved simply by reversing the direction of the applied input current. The analytical cold 

and hot junction temperatures were simulated with good agreement at variable input current, as 

shown in Figure II.12. 

It can be shown by substituting Equation (II.16) into Equation (II.17) and setting the 

derivative with respect to current equal to zero (𝐼 = 0) that the minimum temperature and the 

maximum cooling power occur at the same current, because the ambient temperature and the 

insulation thermal resistance do not depend on the current. However, the expression for the 

optimum current was found to be too complex to present easily. 
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Figure II.13. Refrigeration chamber temperature and cooling power as a function of current. 

The minimum temperature and cooling power as a function of current are shown in Figure 

II.13 for a given system. The maximum cooling power and minimum temperature occur at the 

same current value, which remains consistent with the ideal model of conventional approaches. 

The maximum cooling power is not zero, indicating that heat is constantly removed from the 

system to offset the heat gained from the environment. The optimum current and minimum 

temperature of the ideal model are depicted in Figure II.13. The optimum current is significantly 

higher and the minimum temperature is lower than achievable for the system. At the current 

suggested by the ideal model, the real system would actually heat the system rather than cooling 

it. 

 

Figure II.14. Power consumption and temperature comparison of the model and the experiment. 

Figure II.14 compares by modeling and numerical simulation of the cooling temperature and 

power consumption of given thermoelectric cooler system (TEC). The steady state temperatures 

for different current values and power consumption at the minimum cooling temperature are 
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illustrated. The simulation results fell within 5% of the model predictions. The temperatures 

were recorded when the system reached steady-state, determined by temperature changes less 

than 0.1°C in 5 sec. The necessary power given during steady-state operation, and includes 2 

W of power needed to run the fan. 

 

Figure II. 15 Effect of heat sink thermal resistance 𝜓ℎ and number of modules 𝑁𝑚𝑜𝑑   

on the internal space temperature 𝑇𝑖𝑛𝑡  profile. 

 To achieve thermal impedance matching between the used thermoelectric modules number 

and the hot/cold side heat sink thermal resistances. The cooling temperature variation of the 

TEC internal space with variation on TE module number and heat sink hot-side thermal 

resistance is illustrated in Figure II.15. With increase in the number of modules, the internal 

cooling temperature increased rapidly. Since the heat input to the refrigerator system increases 

with increase in the number of TE module, which means that the hot-side temperature of the 

TE module will increase. The internal space cooling temperature also increases with increase 

in the heat sink thermal resistance value. Figure II.15 shows that the TE module number and 

thermal contact resistances variation influence on refrigerator cooling performance. 
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Figure II. 16 Effect of heat sink thermal resistance 𝜓ℎ and number of modules 𝑁𝑚𝑜𝑑   

on the maximum cooling power 𝑄𝑐_𝑚𝑎𝑥 profile. 

The maximum cooling power variation was also studied to achieve matching impedance 

between the used thermoelectric modules number and the hot-side heat sink thermal resistance 

is illustrated in Figure II.16. With increase in the number of modules, the TEC maximum 

cooling power is decreased. The maximum cooling power value also increases rapidly with 

increase in the heat sink thermal resistance until reaches the value of 𝜓ℎ = 2 [𝐾/𝑊] which 

corresponds to a maximum value of 𝑄𝑐_𝑚𝑎𝑥 ≈ 4𝑊 then decreases rapidly. Thus, the TE module 

number augmentation and thermal contact resistances variation influence on refrigerator 

maximum cooling power performance. 

 

Figure II. 17 Thermoelectric cooling system thermal resistance sensitivity. 
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The thermal resistance between the cooler internal space, the thermoelectric module, and 

ambient were considered to improve the performance of the cooler and their effects on the TEC 

system constraints. Both the TEMs hot and cold side thermal resistances should be lowered to 

minimize the temperature differences between the hot side of the module and ambient, and 

between the cold side of the TEM module and the internal space temperature.  

Additionally, the cooler internal space resistance should be increased to insulate the system 

and reduce the heat gain that the module would have to overcome. Figure II.17 shows the 

change in minimum steady-state thermoelectric cooler temperature and the maximum cooling 

power rate as one thermal resistance of the cooler system changes while the other two are fixed. 
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II.5. Conclusion 

This chapter presents a modeling approach to determine the cooling optimum performance 

as well as the optimum geometry to power a small thermoelectric refrigeration system. The 

model is derived from three energy conservation equations for temperatures at both ends of the 

thermoelectric materials within a TEM module, as well as the cooling temperature required. 

Modeling approach was provided that accounts for realistic working conditions with 

simulation results. A further module geometry study was carried to meet the cooling 

temperature range. With module changes, the temperature goal could be reached, while also 

reducing the power consumption, and the theoretical size of the cooling system. The design 

process used in this study focuses on meeting the demand criteria of the application rather than 

optimizing the system, because no thermal optimization occurs. Current and module 

optimization were provided to reach minimum temperatures required. 

One of the objectives of the present chapter was to investigate the optimal design of a 

thermoelectric cooler applied for a thermoelectric cooler control. This optimization utilizes a 

newly developed optimization theory with the dimensional technique to simultaneously obtain 

the optimum combination of the dimensionless applied current and the dimensionless thermal 

conductance to determine the optimum cooling/heating power and COPs suitable for a 

refrigerator temperature controlled. The optimal design of heat pump was analyzed maintaining 

the same input parameters and overall geometry. The optimized results indicated a decrease in 

the COP by about 10% in the cooling mode. 



 

 
 

 

 

 

 

 

 

 

 

Chapter III 

PID CONTROL DESIGN OF 

THERMOELECTRIC COOLER 
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III.1. INTRODUCTION 

Thermoelectric refrigeration has the outstanding advantage of allowing accurate temperature 

control during heating/cooling has gained increasing attention [107–110,111]. However, on the 

market there are thermoelectric refrigerators which include on/off temperature control systems, 

because of their simplicity and low cost. The major problem with this system is that, when the 

thermoelectric modules are switched off, the heat stored in the heat exchanger at the hot end of 

the modules goes back into the refrigerator, forming a thermal bridge.  

In this chapter, we use a computational model, presented and validated in previous chapter, 

to study and assess the influence of PID in cooling performance of the TEC system.  

A new system model is introduced based on idling currents; that is, once the temperature of 

the refrigerator reaches the lower limit, the thermoelectric modules are not switched off but 

supplied with minimum current values. This model simulates the performance of the 

thermoelectric refrigerator, the heat exchangers, and the thermoelectric modules. 

Computational results prove that this system reduces the electric power consumption of the 

refrigerator by at least 40% with respect to that obtained with on/off control systems, and the 

coefficient of performance increases close to the maximum provided by any other control 

system. 

Some manufacturers provide thermoelectric refrigerators with improved temperature control 

systems, such as those featuring different levels for the voltage supplied to the modules [112-

113] or those including proportional–integral–differential (PID) control systems [114-117, 

118]. These two systems improve the performance of the thermoelectric refrigerator and reduce 

the electric power consumption (EPC) to a great extent. However, their cost is around four times 

as high as that of a simple on/off control system [119], which explains why there are so many 

thermoelectric refrigerators on the market including cheap on/off temperature control systems.  

Among the types of control used in residential and industrial installations, the PID methods 

are the most accurated and recommended [111], [114–116], [118]. Due to their simplicity and 

ability to provide an excellent control performance, they constitute a good solution to the 

control of large number of current industrial processes, because the implementation of the PID 

is based on a digital design. Thus, these digital PID include many algorithms to improve their 

performances, such as autotuning, anti-windup mechanisms, fuzzy fine-tuning, and adaptive. 
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However, the basic actions remain the same [120]. PID control is based on the mathematical 

modeling of a problem, represented by a process loop to control. 

There exist several approaches for the enhancements of thermoelectric cooling control 

system performance including Proportional-Integral-Differential (PID) Control which as the 

most accurated and recommended [114-117,120]. 

Some methods that combine PID control with fuzzy logic control have been applied in the 

field of temperature control [121]. From the previous concepts, the thermoelectric cooling 

system performance has been guaranteed by controlling the variation of input current.  

The main objective of this chapter is to provide numerical approach in order to evaluate the 

TEC performance through its operational parameters. The purpose of cooling system control is 

expected to keep the internal temperature of an object below the ambient temperature of around 

30°C. The refrigerator system was modeled and controlled using the PID based 

Matlab/Simulink and S-function block to set the error between input current profile and cold-

side desired temperature of TEC cooler system. 

III.2. Temperature control approach of TEC 

The refrigeration capacity of the TEC refrigerator is affected by the ambient temperature. The 

lower temperature limits a semiconductor refrigerator can reach is not the same under different 

ambient temperature conditions. The theoretical expressions developed in [122] are the subject 

of the control approach proposed in this part.  

When designing TEC control, the input electric current must be regulated. The direction of 

current flow can achieve the conversion between heating and cooling in TEC. 

III.2.1. Structure Design of Control System 

Temperature Control systems can be divided into two categories: open-loop control systems 

and closed-loop control systems. There is no temperature measuring element in the open-loop 

control system and no feedback signal is used. The system block diagram is shown in Figure 

III. 1. The advantage of the open loop system is that the system has a simple structure and is 

easy to debug. However, when the working environment and the performance parameters of 

the system components change, the controlled quantity of the open loop system will be greatly 

affected. 
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Figure III.1 Open-loop Control system block diagram. 

Generally, a high-precision open-loop control system requires that all components have high 

accuracy and very stable performance. That is, the open-loop control has stricter requirements 

on the environment and components. 

On the other hand, the output signal of the closed-loop control system is not only controlled 

by the input signal, but also by a feedback signal that is proportional to the output signal. The 

system block diagram is shown in Figure III.2.  

 

 

 

 

Figure III. 2 Typical temperature feedback control system. 

The closed-loop control system itself can detect the difference between the set value of the 

controlled quantity and the real value. This control structure can significantly reduce the adverse 

effects of certain component parameters and control object parameters on the controlled 

quantity, so the requirements for these components are not very strict [120,123].  

The closed-loop temperature control system generally consists of three parts: a temperature 

sensor, a temperature controller, and a temperature regulator.  

The temperature sensor collects the temperature of the controlled object, and the temperature 

controller controls the temperature regulator to heat or cool the controlled object according to 

the actual temperature compared with desired temperature. 

III.3. PID control algorithm design 

This chapter aims to investigate numerically the thermal performance in terms of cooling 

behavior efficiency of TEC cooler, which was improved and verified with a PID control 

algorithm. 
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This type of control works with the difference between the expected value of a process 

variable and its real value, measured using a sensor. It allows the control with low offset error 

and good stability, which is the reason why it is widely used in academic projects and industry 

[123-124]. 

The proportional action (P mode) adjusts controller output according to the size of the error. 

It is based on current behavior of the system. The integral action (I mode) is the accumulated 

effort using the experience information of bygone state to eliminate the steady-state offset and 

the future trend is anticipated via the derivative action (D mode), which makes use of the 

predicted future values of the control error and accelerate thus the response time. In order to 

enjoy the advantages of each of these control modes, these three actions are combined, in such 

a way that a stable feedback controller is produced, and the control output at desired setpoint is 

delivered (see Figure III. 3). 

 

 

 

 

 

 

 

Figure III.3 Functional block diagram of PID controller. 

Figure III. 3 shows a closed loop of our thermoelectric cooler control system [125], in which 

a PID controller operates. A set-point is defined, i.e., a desired value for the controlled variable. 

The exit of the loop is a sensor that monitors the value of the same variable. The system 

calculates the difference between the set-point and the measured value and transmits it to the 

PID controller, which acts to reduce this difference to zero. In the actual system, the Plant is 

the TEC cooler. 

Continuously, a PID controller algorithm calculates an error value 𝑒(𝑡) = 𝑟(𝑡) − 𝑦(𝑡) as the 

difference between a desired setpoint 𝑟(𝑡) and a measured process variable 𝑦(𝑡) as the feedback 
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signal from the process plant and produces a combined response or controlled output signal 

𝑢(𝑡) which is applied to plant control devices. 

Tuning of the PID controller can be performed by understanding the effects each term has 

on the response. Table III.1 illustrates the behavior of each term as related to the tuning 

specification. Following these guidelines, the present system has been tuned to shorten settling 

time when reaching a steady state signal, while also trying to minimize system overshoot. 

 Transient response Steady-state response Tunning Comments 

P term 

Increasing 𝑘𝑝 

generates faster 

response 

Increasing 𝑘𝑝 reduces 

steady-state offset but 

does not remove it 

Increasing 𝑘𝑝 increases 

control signal bandwidth; 

expect greater signal 

oscillation with faster 

control response 

I term 

Increasing 𝑘𝑖 

generates several 

responses depending 

on transient signal, 

may be unstable 

Introducing 𝑘𝑖 

eliminates steady-state 

offset over time 

Increase integration time 

when fixed input and 

stable output are required; 

expect response time to be 

slower 

D term 

Increasing 𝑘𝑑 

generates several 

responses and may 

be unstable, but can 

be tuned to dampen 

response 

Introducing 𝑘𝑑 has no 

effect on steady-state 

behavior 

Consider transience of 

input signal; low 

frequency input can 

afford longer derivative 

time for greater damping; 

expect oscillations for 

higher frequencies 

Table III.1 Tuning effects of PID controller terms. 

The gains or adjustment parameters of the PID can be obtained by different methods. In this 

work, trial and error method has been adopted; this method makes the adjustment relatively 

easy. The first step is to set I and D terms to 0. Then, we increase the proportional gain P until 

we notice an oscillation in the response, which should revolve around the set point. Care should 

be taken with the stability of the system. From there you can change the full term of the 

controller. Increasing this term reduces the error between the actual temperature and the desired. 

Finally, also modifying the value of the derivative term generates a decrease in overshoot, 

an increase in gain a maintain of stability, thus providing a system that is very sensitive to noise. 

The latter parameter is generally used only in systems that require greater precision and control 

to dealing with sudden and rapid changes in external parameters. 
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The temporal representation of the actions described above is given below: 

𝑢(𝑡) = 𝑘𝑝𝑒(𝑡) + 𝑘𝑖 ∫ 𝑒(𝜏)𝑑𝜏 + 𝑘𝑑
𝑑𝑒(𝑡)

𝑑𝑡
                                     (III.1) 

where 𝑘𝑝, 𝑘𝑖, and 𝑘𝑑 denote respectively, the proportional, integral, and derivative action gain. 

The temperature of the thermoelectric cooler system has been set to shorten the stabilization 

time upon reaching a steady-state signal, while trying to minimize the overshoot of the desired 

temperature [126,127]. PID regulator is based only on the variation of the temperature measured 

inside the thermoelectric cooler and not on the knowledge of the underlying system. The 

response of the controller can be described in terms of the difference made between the desired 

temperature and the measured temperature [128-129]. 

𝑇𝑝 is now the sampling period, at a series of sampling points 𝑘𝑇𝑝 represents a continuous 

time 𝑡. In order to sum data to replace the integral approximately. After the first order, take the 

difference to replace the integral approximately. To do the following approximate 

transformation: 

𝑇𝑝 = 𝑘𝑇𝑝                                                               (III.2) 

∫ 𝑒(𝑡)
𝑡

0
= 𝑇𝑝 ∑ 𝑒(𝑗𝑇𝑝) =𝑘

𝑗=0 𝑇𝑝 ∑ 𝑒(𝑇𝑝)𝑘
𝑗=0                                        (III.3) 

𝑑𝑒(𝑡)

𝑑𝑡
=

𝑒(𝑘𝑇)−𝑒[(𝑘−1)𝑇𝑝]

𝑇𝑝
=

𝑒(𝑘)−𝑒(𝑘−1)

𝑇𝑝
                                          (III.4) 

Among them, 𝑒(𝑘) for the system of the deviation of the sampling time of the 𝑘, 𝑒(𝑘 − 1) for 

the system of the deviation of the sampling time (𝑘 − 1), 𝑘 for sample serial number, 𝑘 = 0,1,2, .. 

Take the above type in equation (III.3) and (III.4) in the equation (III.1). We can get the discrete 

PID expression: 

𝑢(𝑘) = 𝑘𝑝 (𝑒(𝑘) +
𝑇𝑝

𝑇𝐼
∑ 𝑒(𝑗)𝑘

𝑗=0 +
𝑇𝐷

𝑇𝑝
[𝑒(𝑘) − 𝑒(𝑘 − 1)])                        (III.5) 

Take ∆𝑢(𝑘) = 𝑢(𝑘) − 𝑢(𝑘 − 1), then 

∆𝑢(𝑘) = 𝑎0𝑒(𝑘) + 𝑎1𝑒(𝑘 − 1) + 𝑎2𝑒(𝑘 − 2)                              (III.6) 

with: 𝑎0 = 𝑘𝑝(1 +
𝑇𝑝

𝑇𝐼
+

𝑇𝐷

𝑇𝑝
), 𝑎1 = 𝑘𝑝(1 +

2𝑇𝐷

𝑇𝑝
), 𝑎2 = 𝑘𝑝(

𝑇𝐷

𝑇𝑝
). 
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The equation (III.6) is the incremental PID control algorithm. Its program flow chart is shown 

in Figure III.4 below. 

 

 

 

 

 

 

 

 

 

 

Figure III.4 Incremental PID control algorithm program flow chart. 

The feedback control loop designed to regulate the cold flow of the TEC module which 

decreases the refrigerator actual temperature is based on the minimization of the quantity [124]: 

𝑒(𝑡) = 𝑇𝐶_𝐴𝑐𝑡𝑢𝑎𝑙(𝑡) − 𝑇𝐶_𝑟𝑒𝑓(𝑡)                                       (III.7) 

where 𝑇𝐶_𝑟𝑒𝑓(𝑡) is the user-defined reference cold side temperature of the TEC. 

In the closed-loop of the TEC system simulation model, the cold side reference temperature 

of the TEC model is chosen to be equal to the DC power supply current form as below: 

𝑇𝐶𝑟𝑒𝑓
(𝑡) = 𝑓(𝐼(𝑡))                                                   (III.8) 

The TEC model presented in MATLAB/Simulink illustrated in Figure III.6 is developed as 

a function of time to approximate the evolution of the parameters depending on the temperature 

𝑟(𝑘), 𝑦(𝑘) 
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Input and Sampling 

𝑟(𝑘), 𝑦(𝑘) 
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𝒆(𝒌) = 𝒓(𝒌) − 𝒚(𝒌) 

Calculating  

∆𝒖(𝒌) = 𝒂𝟎𝒆(𝒌) + 𝒂𝟏𝒆(𝒌 − 𝟏) + 𝒂𝟐𝒆(𝒌 − 𝟐) 
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over the length of TEC. S-Function proposed allowing to process a set of programs and interface 

it with the MATLAB/Simulink model to allow dynamic changes of TEC parameters.  

The actual values of 𝑇ℎ, 𝑇𝑐, and 𝐼 are respectively used at the input of the thermoelectric 

refrigeration simulation model. To start the simulation, the initial values shown in Table II. 2 

(in chapter II) have been used. The output of this S-function is again used as feedback for the 

next simulation step. 

Some applications require using only one or two terms and setting the other parameters to 

zero in order to achieve the performance of the appropriate system control. The PID controller 

is quite more efficient, since the measurement noise of the sensors affects the sensitivity of the 

derivative action, whereas the absence of an integral action may prevent the closed-loop system 

from reaching its desired performances [128].  

 

 

Figure III. 5 Open-loop Simulink block diagram. 

Process simulation is necessary to specify effect all variables on the system and then the 

limiting which variable has a bigger effect during the process [129–130].  

 

Figure III. 6 Closed-loop Simulink block diagram. 

In this study, Simulink/Matlab has been used to the simulation of the TEC cooler model. 

Simulink of dynamic simulation diagram for open loop system is shown in Figure III. 5, and 

the Simulink simulation diagram with PID controller is shown in Figure III. 6. 
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The developed PID controller has been implemented on Matlab/Simulink model in order to 

impose for simulation the different temperature gradient from the temperature values taken on 

the cold side of the TEC model. Generation of a certain waveforms of the input DC current is 

expected to produce specific of TEC cold side temperature response.  

However, it is tricky designing a controller adapts to these input and output waveforms of 

the system. The refrigerator thermal behavior is dynamic and inherently nonlinear. As for the 

parameters of the PID controller, they will often vary in optimal values under different 

operating states. Fortunately, in thermoelectric refrigeration systems, the temperature response 

is slowly occurring over several moments. This allowed us to adjust the PID controller in real-

time and by simple modifications of its parameters. 

The Zeigler-Nichols closed-loop method is used to manually adjust the PID controller 

parameters with keeping constant two parameters and varying the remaining ones until the 

overshoot and settling phase specifications were reached on all ranges of interest [131]. 

III.4. Results and discussions 

based on the results obtained in the previous chapter, a numerical modeling approach is 

proposed in order to evaluate the TEC performance through its operational parameters. The 

refrigerator system was modeled and controlled using the PID based Matlab/Simulink and S-

function block to set the error between input current profile and cold-side desired temperature 

of TEC. 

In order to reach the maximum cooling temperature and to ensure the cooling effect of the 

TEC, the following suppositions and conditions are taken into account: 

• The controlled temperature of the Thermoelectric cooler is not lower than the ambient 

temperature, that is, there is no external heat transfer to the internal space of TEC. 

• The cold side of the TEC contact with the heat sink exchanger completely or insulate 

the untouched parts, that is, there is no heat loss in TEC. 

• The temperature rise of the pipe heat conduction sleeve (HCS) can be used to control 

the cooling capacity of the thermoelectric cooler (TEC) through controlling the electric 

current using PID algorithm, which is easier to control than air-cooling system [132]. 

PID Control block receives the values of (𝑘𝑝,  𝑘𝑖,  𝑘𝑑), and the desired temperature value 

𝑇𝑐_𝑟𝑒𝑓 = 5 °𝐶 after computing the difference between this value and the temperature of the cold 
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side of the TEC Module. The initial value of TEC cold side temperature has been chosen to be 

equal to the ambient temperature for the different simulation cases, 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 = 30 °𝐶. 

The simulation result of Figure III. 7 shows that the TEC’s cold-side can have the lowest 

temperature of -3.5°C. However, this lowest temperature has lasted only for three seconds and 

after a period of 20 seconds the value of the temperature of the TEC’s cold side reaches is 5 °C 

and stabilizes at this value when the PID control is applied in both cases. This stable temperature 

value is used as the reference set value of the PID algorithm. We obviously prove that applying 

PID into a thermoelectric refrigerator accelerates the cooling rate about three times faster. 

 

 

Figure III. 7 Thermoelectric cold-side temperature with PID and Without PID controller. 

Based on the closed-loop Ziegler-Nichols tuning method, 𝑘𝑝, 𝑘𝑖, and 𝑘𝑑  were predicted 

around 0.9, 0.15, and 0 respectively. Varying the 𝑘𝑝, 𝑘𝑖, and 𝑘𝑑  these parameters around the 

previous values leads us to the conclusion that the best PID parameters fit well with the Ziegler-

Nichols prediction. 
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Figure III. 8 Time series error with PID and Without PID controller. 

A Comparison of the open-loop error response of the TEC system with respect to the closed-

loop error response is illustrated in Figure III. 8. It shows a significant improvement in terms 

of the desired temperature tracking performances. 
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III.5. Conclusion 

In this chapter, a numerical simulation study was conducted to investigate the performance 

of the TEC cooler system model with PID control strategy. The mathematical model of cooling 

system was created and detailed in chapter I, by making energy balance for the TEC cooling 

system. The simulation of the PID controller was designed by using MATLAB/SIMULINK.  

The TEC cold side temperature is determined using a thermoelectric Peltier model. To 

increase the sensevity and stability of the PID system operation, digital filters were used to 

eliminate the influence of random disturbances of the temperature indicated by the feedback 

closed-loop. This ensures stable, much faster, and more accurate operation of the controller. 

The controller’s parameters were calculated by using Zeigler Nichols closed-loop tuning.  

The novelty of the presented PID control system is the determination of the TEC temperature 

based on the solution of the inverse problem of heat conduction formulated for a thermoelectric 

device. 

PID controller is used to improve the performance of the system by minimizing, the rise time 

and overshoot. The simulation results have shown that the controller gave better response and 

performance (reduced steady-state time and eliminate the oscillation in the response 100%) 

compared without PID controller cases. 
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IV.1. INTRODUCTION 

The experimental conception of TEC cooler required different mechanical subsystems. 

These subsystems included thermoelectric modules, heat dissipation, refrigeration chamber, 

and insulation. The thermoelectric modules were the main component of the design that cooled 

the room. Understanding how the modules worked was crucial for each module performing at 

its max capabilities. Heat dissipation greatly affected the thermoelectric module’s performance. 

The thermoelectric modules required heat dissipation in order to remove the heat that the 

module rejected. If the heat dissipation was inadequate, the module could not function as a 

cooler and, in extreme cases, heated the chamber instead of cooling it. As the TEC temperature 

cooled lower and became lower than the environment temperature, heat transfer naturally 

occurs between the environment and the TEC. Insulation needed to be carefully chosen and 

manufactured to reduce heat transfer. 

In this chapter, an experimental and numerical approach is proposed in order to evaluate the 

TEC cooler performance through its operational parameters. The experimental configuration of 

refrigerator system was modeled based Matlab/Simulink and S-function block in order to 

enhance the heat transfer and cooling performance. 

IV.2. The experimental system set-up 

The actual setup diagram of the experimental system used in this thesis is shown in Figure 

IV.1. The whole system was fabricated and constructed locally to be tested under the outdoor 

condition of the city. The device consists of internal and external heat exchangers. The first one 

is designed according to the possibility of use in the food industry. As for the second one, it 

will be used for possible heat dissipation. The heat transfer between these exchangers will be 

provided by thermoelectric modules with thickness is 3.8 mm., minichannel Heat sink, fans, 

liquid-cooler storage tank, DC power supply, and coolant circulating pump. 

The refrigerator is designed for the experimental study with an inner volume of 0.05 m3. As 

the device contains a number of these cells in which the consistent selection is the key to the 

proper functioning of the device, a comparative cell measuring device is designed and 

constructed. Therefore, it will be possible to determine how a particular cell will behave in the 

device. 
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For the proper functioning and use of the properties of Peltier cells, a source using pulse 

width modulation (PWM) with processor control is designed and constructed. The processor 

will allow a great variety of the system. It will therefore be possible to find the optimal 

parameters. The two hot-sides of thermoelectric modules were attached to their inner aluminum 

minichannel liquid-cooler block illustrated in Figure IV.4(c), whose details are listed in Table 

IV.1, to absorb the heat flow released in the inside of the TEC. The system was operated without 

load (water for example). 

Specifications Value 

Dimensions (LxWxH) [mm] 40x40x12 

Internal fin thickness [mm] 0.5 

Spacing [mm] 1 

Table IV.1 Specifications of the minichannel liquid-cooler block. 

To eliminate the thermal contact resistance effect in each surface of the TEC, a paste with 

high thermal conductivity has been used. The experimental set-up has been designed so that the 

heat sink is in the internal part of the refrigerator. However, the TEC is in the middle and vertical 

to the wall (refer to Figure IV.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure IV.1 Schematic diagram of the experiment set-up 
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IV.3. Experimental Method 

The Peltier thermoelectric module constituted of two symmetrical internal heat sinks, two 

TEC cells placed symmetrically with respect to the liquid-cooler block of the internal 

exchanger, and two external heat sinks located in the upper part of the inner case. One of the 

heat sinks has been installed to increase the cooling of the refrigerator internal space and the 

other to improve the heat rejection effect. 

A cold-water circulation system was used to cool the surfaces of the modules inside the 

refrigerator. In order to keep the liquid-cooler at the same temperature (always between 13°C 

and 15°C) during the measurements, a PID-controlled water distributor with LM35 temperature 

sensor input, is used. Here, it is important to highlight that the reference temperature can be 

adjusted. The volume of liquid in the cooled-circuit has been chosen to be 0.3 L. To detect the 

thermal values of the hot (𝑇ℎ) and cold (𝑇𝑐)  surfaces, two DHT22 types thermocouples have 

been used to find the temperature difference (∆𝑇) between surfaces of TEMs.  

A data acquisition system, At Mega Arduino 2560 and MATLAB/Simulink, allows the 

periodical acquisition on the related measures in real-time. The water flow has been regulated 

by the power supply voltage of the pump. The water leaving the system has been passed through 

another heat exchanger block which is located outside the refrigerator for water cooling by the 

TEC cold sides and the hot sides of outer TECs are provided by fans (12V-3A) in order to 

evacuate the heat released in the minichannel cooler block and to reduce water temperature. DC 

power supply has been used to provide the power required in cooling fans. 

The Arduino platform has been chosen to control the cooling flow. Arduino which is based 

on a simple board and an IDE environment, is one of the most popular open-source platforms 

today. 

The main goal is to improve the performances of the designed refrigerator using a PID 

algorithm. The refrigerator COP and its Inner temperature have been adopted as two different 

performance indices. To enhance the refrigeration performance, the temperature of the 

circulating water must be maintained. The COP expression is the ratio between the cooling 

production and electrical power consumption of the refrigerator which it indicated in the 

equation (I.26) (in chapter I) [133,134]. 

 

 



CHAPTER IV                                                                                                                         EXPERIMENTATION 

55 
 

IV.4. Hardware construction 

Figure IV.2 shows the hardware architecture details of the cooling system, with 

thermoelectric modules (TEM), fans and heat sinks. Thermal paste and screws have been used 

to merge each of them. The displays of the full assembly of the thermoelectric refrigerator 

installation have been powered with a DC source (voltage = 12.0 V, current = 5.0 A).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.2 A complete assembled to the thermoelectric refrigerator. 

To obtain a stable decrease of temperature in the internal of the refrigerator box, the 

experiment has been lasted two hours and a half long. During this experience, the TEC Peltier 

device surface temperatures (𝑇𝑐 and 𝑇ℎ), the temperature of internal space Tint have been 

measured using temperature sensors then logged. 

The temperature of the ambient (𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡) has been measured and recorded every 60 seconds 

because the experiment has been conducted in an open environment. 
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Figure IV.3 External configuration of the minichannel cooler Block. 

Figure IV.3 shows the details of the external set-up of the heat exchanger block made for 

cooling liquid, with TEC modules, heat sinks and fans. Thermal paste and screws were used to 

join each of them. 

IV.5. Effective Material Properties 

IV.5.1. Heat Sink design 

For a more effective transfer and dissipation of the heat generated at the hot and cold side of 

the module, a heatsink and a DC fan (12V-3A) is used in order to dump the heat gained in the 

heat sink and maintain a constant temperature tank.  

When designing a thermoelectric cooler, it is particularly important to choose and use 

suitable thermal grease and a heat sink of a proper size and design. 

The heat sink in the TEC cold side is made of aluminum alloy. The heat sink and cooling 

fan dimensions are 40mm×40mm with 11 fins witch as shown in Figure IV.5(a) and IV.5(b) 

respectively, which is the same size as that of the TEC. The dimensions of the heat sinks are as 

follows: 
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Sr. No. Dimensions 

Hot side 

Heat sink 

(Plate Fin) 

Col side 

Heat sink 

(Pin Fin) 

1 Fins 17 11 

2 Height (H)[mm] 30 30 

3 Length (L)[mm] 90 40 

4 Width (W)[mm] 70 40 

5 Base Thickness (b)[mm] 3.5 3 

6 Fin Thickness (t)[mm] 1 1 

7 Fin Spacing (s)[mm] 4 3 

8 Thermal Conductivity (W/m°C) 170 170 

Table IV.2 Heatsink Dimensions. 

A tool that functions to help transfer heat by conduction, there are 2 parts of the heatsink, 

namely the heat absorbing section and the cooling section, the heat absorption section is usually 

made of aluminum. This cooling technology was invented by Daniel L. Thomas in 1982 [135]. 

In the process of heat transfer by conduction there is a fast heat is delivered through the hot 

side of TEM. A conceptual illustration of the heat flow is modeled in Figure IV.4. There are 

quantities that affect the rate of heat conductivity, namely the surface area of the object, the 

length or thickness of the object and is also influenced by a quantity 𝜅 called thermal 

conductivity. The rate of heat transfer that occurs in conduction heat transfer is proportional to 

the following equation which is called Fourier's law and is the basic conduction equation [136], 

[77]. The basic equation for conduction: 

𝑄𝑐𝑜𝑛𝑑 = 𝜅. 𝐴
∆𝑇

∆𝑥
                                                     (IV.1) 

𝜅: 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 

𝐴: 𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 

∆𝑥: 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 ℎ𝑒𝑎𝑡𝑠𝑖𝑛𝑘 

∆𝑇: 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 

 

 

 

 
Figure IV.4 Heat flow by conduction through a uniform slab [137] 

 

∆𝑻 

∆𝒙 

𝑸 
Temperature Profil 

𝑸 

𝑇1 

𝑇2 



CHAPTER IV                                                                                                                         EXPERIMENTATION 

58 
 

IV.5.2. DC Fan design 

Cooling Fan is used to carry the heat from one side to another. It cools the particular area by 

pulling the hot air away from that particular area. In the set-up thermoelectric refrigeration 

process, there are four fan cooling used on both sides of the module which as shown in Figure 

IV.5(a). Cooling fan takes away the heat from the one side and discharges it to the surrounding 

atmosphere. Figure IV.5 shows the design with two heat sinks and two DC fan. This design was 

used for the internal and external heat rejected configuration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. III.5 (a) DC Fan used in the TEC System 

(b) The design with two Heat Sink (c) minichannel cooler block 

Basically, the fans used are similar to ones that are found in CPU of computer. 

 

IV.5.3. Temperature Sensors 

There are several methods to measure temperature. One of these methods is using integrated 

circuit (IC) temperature sensors. The output signal of such sensors can be voltage-based or 

current-based. LM35 is an IC temperature sensor which has voltage-based output signal (refer 

to Figure IV.6(b)) [138].  

 

 

 

 

 

Figure.IV.6 Temperature sensors: (a) DHT22 sensor (b) LM35 sensor.  
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LM35 temperature sensor has linear output (10 mV/°C). Regarding the abovementioned 

advantages, LM35 is chosen for temperature measuring in our experimentation. The output 

signal of LM35 informs the Arduino about the environment temperature. 

The DHT22 sensors measurement are easy and quick, are great for data logging. DHT 

sensors are made of two parts as shown in Figure IV.6 (a), a capacitive humidity sensor and a 

thermistor. There is also an inside chip that does some ADC conversion and spits out a digital 

signal with the temperature and humidity. The digital signal is fairly easy to read using any 

microcontroller. 

IV.5.4. TEC Device Selection 

To increase the maximum cooling capacity (𝑄𝑐_𝑚𝑎𝑥), two thermoelectric coolers (TEC) type 

TEC1–12706 (Bi2Te3) which is having 127 couples (see Figure IV.7), were used in this 

experimental configuration. Their catalog data are presented in Table IV.3. The TEC module 

dimensions are 40mm×40mm.  

Parameter Specification 

Hot-side temperature[°C] 30 

Maximum Temperature difference ∆𝑇𝑚𝑎𝑥[°C] 67 

Maximum Absorbed heat Power 𝑄𝑚𝑎𝑥 [W] 63 

Number of the thermocouples, n 127 

Material Aluminum Oxide 

Thickness [mm] 3.8 

Length [mm] 40 

Width [mm] 40 

Geometric factor, Ge [mm] 1.2 

Length of element, Le [mm] 2 

Maximum Electric current  𝐼𝑚𝑎𝑥 [A] 6.4 

Maximum Voltage  𝑉𝑚𝑎𝑥 [V] 15.4 

Measured Resistance R[Ω] 25 

Seebeck coefficient (𝛼) [V/°C] 2.2x10-4  

Electrical resistivity (𝜌) [Ω.cm] 1.2x10-2 

Thermal conductivity (𝜅) [W/cm.°C] 1.62x10-2 

Table IV.3 Performance specifications of Thermoelectric Module (TEC1-12706). 

The modules were connected electrically in parallel. The cascade stacking of the TEC 

modules both shortens the time necessary to reach negative temperatures and served as thermal 
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boundary after switching off the power supply. A creative solution was applied to control the 

water flows through the minichannel cooler block at the hot side of the TEMs. 

 

 

Figure IV.7 Thermoelectric module TEC1-12706 

IV.6. Experimental Results and analysis 

When designing the experimental TEC system, the input electric current must be regulated 

as detailed in the previous chapter. The direction of current flow can achieve the conversion 

between heating and cooling in TEC [139-141]. 

The ambient temperature can be influenced the cooling efficiency of the refrigerator. 

However, the cooling temperature that the TEC device can reach is not the same under different 

values of ambient temperature. 

Joule effect and thermal conductivity reduce the cooling performance of the TEC. The use 

of a fan is necessary for heat dissipation under the cooling condition of TEC, which allowed to 

reduce the influence of the refrigeration effect due to thermal conductivity and Joule effect. 

Practically, when powering TEC with DC source and controllable input current, the 

temperature values of the cold and hot sides can be obtained with two DHT22 sensors (accuracy 

of up to 0.1°C). 

The TEC input current varied from 0A to 6A with a step of 1A was adjusted and simulated 

the variation of the temperature after waiting 10 seconds to reach the steady-state in the TEC 

system. 

The electric power supply used in each TEC is equal to 60 W. The liquid cooler in the 

internal minichannel cooler block used to reject the released heat from the hot side of the TEC 

was absorbed by the pump to cool it by the external liquid-cooler block. 

The cooling of the sides of the thermoelectric cascade is realized in the internal space of 

refrigerator by minichannel cooler block with forced convection provided by an external pump. 
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Aiming to accelerate the cooling, the inner minichannel is made of aluminum with coefficient 

of heat conductivity 80 (W/m°C).  A heat sink with DC cooling Fan contacts with the cooling 

side of the Peltier modules through thermal paste with coefficient of heat conductivity 6 

(W/m°C). 

During 150 min of the experimental studies, the following initial conditions were selected: 

▪ Ambient temperature (environment) has been varied between 30°C and 31°C 

▪ Inlet liquid cooling temperature in aluminum minichannels block is 30.25ºC 

▪ The refrigeration system is powered by direct current stabilized power supply for 2.5 h; 

▪ the refrigeration system is then powered off without opening the compartment aiming 

to monitor the dynamic of the change of the temperature and humidity over the 

subsequent 1 h. 

Figure IV.8 shows that the inner temperature values and time were measured for finding the 

temperature increases rate and the ambient temperature of refrigerator. During the interval of 

time between 0 and 20 minutes, the inside temperature of refrigerator box has been decreased 

rate of 1.5 °C/min. The minimum temperature has reached -10.1 °C. 

 

Figure IV.8 Inner temperature, ambient temperature of TE refrigerator profiles versus time. 

The TEC’s lower-cooling behavior at temperature differences between the inside and outside 

surfaces of the Peltier Module (or fins), has driven to a gradually decreases in the associated 

coefficient of performance (COP) as shown in Figure IV.9. The COP value changes from 0.73 

to 0.1 during the experiment. We have found that COP value of refrigerator are notably low. 
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Moreover, it was seen that the COP value of the whole system are better to the similar studies 

in the literature. 

 

Figure III.9 COP variations during test time. 

In Figure IV.10 we illustrate the variations of cold side temperature and hot side temperature 

of inside thermoelectric modules, as well as the ambient temperature versus time for 1 L/min 

flow rate. From Figure IV.10, we can see that the cold side temperature of the thermoelectric 

cooling unit decreases quickly during the first 30 min then it stays steadily below −5.0 °C after 

two hours. 

 

Figure III.10 Experimental relationship of time and temperatures.  

After 10 min, hot temperature 𝑇ℎ has approached to 46.01°C. After 14 minutes have elapsed, it 

was rather constant. As for 𝑇𝑐, it has got closer to −5.0°C after 30 min (refer to Figure IV.10). 



CHAPTER IV                                                                                                                         EXPERIMENTATION 

63 
 

The ambient temperature has been varied between 30°C and 31°C during the experiment. The 

temperature span between the two sides of the TEC has reached 51.01°C after only 30 minutes. 

 

Figure IV.11 Experimental relationship of time and temperatures of internal minichannel block 

Tint_water_block, external minichannel block temperature Text_water_block, and cooling storage tank 

temperature Twater_tank. 

As it can be seen in Figure IV.11, the water temperature in the internal minichannel block 

increases to 46.01 °C after 20 min then it drops to 15 °C after 90 min. After 120 min, the water 

temperature in the external cooling minichannel block reaches about 5.0 °C. As for the volume 

of cooling liquid in the tank, it is constant during the experiment. We can see that the 

temperature of the liquid in the storage tank increases from 30 °C to 40 °C in 20 min and then 

drops to around 12 °C after 90 min. 
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IV.7. Conclusion 

The experimental design and development of a thermoelectric based cooling system is 

presented in this chapter. Its mathematical model relating thermal loads and TEC heat capacity 

is also developed in chapter II. the TEC has been used for direct temperature control on the 

inside of a TE refrigerator and cooling water circulates in two water aluminum blocks. The 

influences of heat sink temperature, flow rate, and current have been analyzed by calculation.  

The proposed system is found to have less maintenance and simplicity in design which can 

easily replace the HVAC system. 

In the experimental results, the cold side temperature of the thermoelectric cooling unit has 

decreased quickly in the first 30 min then it remained steady below −5 °C after two hours. 

The highest COP has been obtained as 0.73. The COP value has decreased over time during the 

cooling period and to get closer to zero, which means that these systems work in time-dependent 

conditions.  

Some concluding remarks are as follows: 

1) The proposed system shows improvement in cooling performance due to liquid cooling 

circulation by spraying it through the hot side compartment. 

2) Since, current through TECs is in series, the cooling performance of both TECs are quite 

same.  

3) The number of TEC modules required for the desired cooling system can be estimated by 

considering the effective area of heat sink at the cold side of TECs obtained by heat load 

analysis. 

4) To improve the cooling performance of the proposed system, a heat sink with more cooling 

effective area can be chosen. 
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V.1. CONCLUSIONS 

V.1.1. Broad-Based Findings 

Several things can be concluded about the modeling, control and experiment investigation 

of Thermoelectric refrigerator from this thesis. It is evident that the approaches were taken in 

place in this thesis could provide solutions in terms of modeling, control and, design of 

thermoelectric refrigerators. 

First a thermal simulation framework is established and validated allows for rapid 

assessment of TEC and refrigerator system level thermal performance. 

For an application with fixed working temperatures 𝑇ℎ and 𝑇𝑐, the thermoelectric modules 

have an optimum current to achieve the maximum COP and the required cooling/heating 

capacity 𝑄𝑐 𝑄ℎ⁄ , by using an appropriate number of thermoelectric modules. Geometry factor 

and working temperatures 𝑇ℎ and 𝑇𝑐, they have no relationship with the cooling capacity. The 

required number of the thermoelectric modules for optimum current and COP decreases with 

the increase of the hot side temperature and increases with the increase of the cold side 

temperature. 

Through the use of liquid-cooling minichannel heat exchanger, the general trends of TEC 

performance optimization were also validated. Thus, as long as the thermal resistance could be 

achieved. 

The notion of stability under operating constraints is a delicate step for thorough an 

appropriate behavior of the TE refrigerator. In this thesis, a PID control technique has been 

proposed to force the user-desired refrigeration temperature gradient on a TE refrigerator. The 

Ziegler-Nichols method has been adopted to set the parameters of the controller. The 

component derived from the controller has not been used, so the controller functions have been 

utilized as PI controller. Even in this case, the transient characteristic has a relatively small 

overshoot and a short stabilization time, especially with a large decrease in the recipient 

temperature. 

The results of simulations in the case of using PID controller have shown its performance in 

terms of stability. The response time for the various tests is for the variations of PID controller 

parameters on one hand, and on the other hand, the change the power supply profile of the TEC. 

Through the different simulation results with PID controller, for 𝑘𝑝 = 0.9, 𝑘𝑖 = 0.15, 𝑘𝑑 = 0, 



CHAPTER V                                                                                                    CONCLUSIONS AND FUTURE WORK 

66 
 

the proposed controller has reached an error of 0.1°C with minimal overshoot less than 20 

seconds. In the experimental results, the cold side temperature of the thermoelectric cooling 

unit has decreased quickly in the first 30 min then it remained steady below −5 °C after two 

hours. 

In the worst case, the controller effect exhibits a cooling temperature slight overshoot of 5 

°C. Generally, the temperature fluctuates only by a value corresponding to the resolution bit of 

the analog-digital converter. The PID method is useful for remedying transient heat transfer 

issues, where response time is as important as heat transfer. 

In this study, the TEC has been used for direct temperature control on the inside of a TE 

refrigerator and cooling water circulates in two water aluminum blocks. The influences of heat 

sink temperature, flow rate, and current have been analyzed by calculation. The highest COP 

has been obtained as 0.73. This value has decreased over time and to get closer to zero, which 

means that these systems work in time-dependent conditions. This study shown that it is 

possible to achieve high COP values for TE refrigerator when the suitable heat sink is used. 

The proposed control system has been validated by the Matlab/Simulink model which has 

proved its ability to keep the operating temperature profile constant following the modification 

of the supply DC current. This increases the overall energy efficiency of the cooler and verifies 

the TEC control methods. The cold side reference temperature chosen as equal to direct current 

form, where 𝑇𝑐_𝑟𝑒𝑓 = 5°C.  

To summarize, the targets stated at the beginning of thesis were achieved. 

V.1.2. Contributions 

❖ The main contribution from this work is the use of the PID based Matlab/Simulink and 

S-function block to set the error between input current profile and cold-side desired temperature 

of TEC cooler system. This contribution aims to provide numerical approach in order to 

evaluate the TEC performance through its operational parameters. The purpose of cooling 

system control is expected to keep the internal temperature of an object below the ambient 

temperature of around 30°C.  

❖ Furthermore, a new mathematical and thermal modeling of thermoelectric refrigerator 

based on the physics of the thermoelectric effect has been proposed. This model can be used to 

very exactly predict the transient and steady-state behaviour of a complete thermoelectric 
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system including heat sinks and liquid-cooler minichannels, given the material properties are 

known. 

V.2. Suggestions for Future Work 

Although substantial work has been carried out during this research, there are still quite a 

few opportunities to develop this thermoelectric refrigerator in order to improve the system's 

performance further. These may be indicated as follows: 

V.2.1. Thermoelectric Refrigerator Control 

❖ There are ample opportunities to improve a thermoelectric cooler control systems with 

the migration to new control approaches and that currently available solutions can be optimized 

for better using and functioning in reality. 

V.2.2. Thermoelectric Refrigerator Design 

❖ Due to the larger temperature difference between the hot and cold side of thermoelectric 

modules in the thermoelectric refrigerator, the COP of the system is much lower. The hot side 

heat sink system could be improved to reduce the hot side temperature and therefore improve 

the COP. This improvement could be achieved by developing a heat pipe heat sink system. 

❖ Further investigations of the combining the PV into the thermoelectric refrigeration 

system could be carried out in order to have autonomous design. The further investigations 

should include the optimum design of the PV system for a specific thermoelectric refrigeration 

system application. 
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