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Abstract 

Since the temperature of the lithium-ion battery has a great impact on its performance and 

life, heat generation measurement of the lithium-ion battery becomes one of the most important 

parts of designing lithium-ion battery and battery manage system (BMS). Commercial 

calorimeters are widely used in measuring heat generation rate of the lithium-ion battery but fail 

to measure large heat generation rate, and the response is slow. Therefore, this thesis presents a 

new calorimeter that consists of two thermal electric modules (TEMs) and two metal plates can 

measure large heat generation (120W) with a quick response (100s). A test station that constitutes 

with a bipolar power supply, an electronic load, and a DC power supply is built to test the designed 

calorimeter and the lithium-ion battery, it can charge/discharge the battery with any current 

profiles. All the equipments in the test station are controlled by LabVIEW. In order to identify the 

parameters of the metal plate and calibrate the calorimeter, a printed circuit board (PCB) is used 

as a dummy heat source. The PCB has the same size as the battery, and is assumed to have a pure 

electrical resistance. Therefore, the heat generation of the lithium-ion battery can be simulated. In 

order to control the temperature of the lithium-ion battery, different control methods are designed 

to control the current that is applied to the TEM. A lead-lag compensator has been selected by 

comparison because of its response time and stability. The calorimeter is thermally modeled based 

on the equation of energy balance of the metal plate. MATLAB/Simulink is used to simulate the 

calorimeter and the results are compared with the experimental data to validate the accuracy of the 

model. Based on the thermal model of the calorimeter, Kalman filter is used to estimate the heat 

generation rate of the lithium-ion battery. Finally, Kalman filter is implemented using MATLAB 
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and integrated into LabVIEW to measure heat generation rate of the lithium-ion battery in real 

time. The designed calorimeter is able to measure the heat generation of the lithium-ion battery 

accurately and fast. 
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1. Introduction 

1.1. Background 

In recent decades, people pay more concern on the environmental pollution, and the emission 

is becoming more and more stringent. Automobile companies, on the one hand, try to improve the 

efficiency of the traditional internal combustion engine; on the other hand, put much effort to 

develop hybrid electric vehicle (HEV) and electric vehicle (EV). With a great improvement in 

battery technologies, the average unit price of the lithium-ion battery is reduced by 50% in twenty 

years [1]. Therefore, HEVs and EVs become more important in automobile industry. In order to 

better protect the lithium-ion battery (including control its enviroment,balancing cells, etc), battery 

management system (BMS) need further development. Temperature is an important state of the 

lithium-ion battery that BMS should monitor because both high temperature and low temperature 

have a great impact on the lithium-ion battery’s performance and life. Therefore, measurement and 

estimation heat generation rate of the battery play an critical role in designing of the lithium-ion 

battery and BMS. 

Some researchers use the commercial calorimeters to measure the heat generation rate of the 

battery [2]. However, most of the calorimeters in the market are very expensive and have large 

sizes, measurement range is not enough for the high power battery as well. Moreover, the 

commercial calorimeters have a slow resoponse due to a relatively large thermal time constant. 

Therefore, a new calorimeter was designed which consists of two thermal electric modules (TEMs) 

that allow measuring the large heat generation rate. A lead-lag compensator was used to control 

the surface temperature of the metal plate and the battery. A thermal model of the designed 

calorimeter was built; then Kalman filter was applied to make calorimeter respond rapidly and 

accurately. 
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1.2. Basics of lithium-ion battery 

Lithium-ion battery is widely used in industry because of its high power, high energy density, 

and lower cost. Based on the way of packaging, the lithium-ion battery can be manufactured into 

four different types: button, pouch, cylindrical and prismatic [3]. The advantages and the 

disadvantages of these types of the batteries are summarized in Table 1. According to the materials 

used in the cathode, the lithium-ion battery can be classified as LiCoO2 , LiMn2O4, LiFePO4 , etc. 

[3]. Some typical properties of the commercial lithium-ion battery are summarized in Table 2. 

Charge or discharge rates are usually denoted as C-rates (A). C-rate is determined by the 

capacity of the battery. For example, a battery’s capacity is 15.6 Ah. When the battery is discharged 

from 100% state of charge (SOC) to 0% SOC, the current corresponding to 1C is 15.6A, and it 

takes an hour to fully discharge the battery. 2C means discharging the battery with 31.2A DC, and 

it only takes half an hour to complete discharging.  

Table 1: A comparison of different types of cells [1] [4] 

Construction Advantages Disadvantages 

 

Cylindrical 

High specific energy 

Good mechanical stability 

Long calendar life and low cost 

Less packaging density 

 

Button 

Low cost 

Space-efficient 

No safety vent 

Long charge time 

Prismatic Space-efficient 

High cost 

Sensitive to humidity and 

temperature 
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Pouch 

Light and cost-efficient 

Space-efficient 

Sensitive to humidity and 

temperature 

 

Table 2: Typical Properties of different cathode active materials [1] [4]. 

Characteristic LCO LMO LFP 

Positive Electrode LiCoO2 LiMnO4 LiFeO4 

Negative Electrode Graphite Graphite Graphite 

Nominal Voltage (V) 3.6-3.7 3.7-3.8 3.2-3.3 

Operating Voltage (V) 2.5-4.2 2.5-4.2 2.5-3.6 

Specific Energy (Wh/kg) 175-200 100-240 60-110 

Energy Density (Wh/L) 400-640 250-640 125-250 

Cycle Life(100% to 80% 

capacity) 

500+ 500+ 1000+ 

Commercially Available 1991 1996 1996 

1.2.1. Fundamental chemical reactions in Li-ion battery 

The lithium-ion battery consists of four main components: anode, cathode, electrolyte, and 

separator. The voltage and the capacity of a lithium-ion battery are determined by the material of 

the electrodes. The major cathode materials are lithium compounds, and anode used in lithium ion 

battery are graphite. In general, the electrolyte material of lithium-ion battery is  polymer, because 

the polymer is a good medium that can transport Li-ion, whereas it cannot carry electrons. 

Moreover, polymer is also a good insulator to prevent shorting inside of the battery. The structure 

of a Li-ion battery is shown in Figure 1. 
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Figure 1: Structure of a Li-ion battery [3] 

The battery that used in this study is LiMn2O4/Carbon pouch cell. The battery’s capacity is 

15.7Ah; operating voltage is between 2.5V and 4.15V; the dimension of the active material is 

about 20cm×15cm×0.5cm. There are plenty of chemical reactions in this kind of battery. Tom 

Eriksson made a full discussion about the chemical reactions inside of the battery [5]. The major 

reaction is: 

642642 CLiOMnLiCLiOMnLi yxyx    . (1-1) 

During discharging, the Li-ions go through the separator from the anode to the cathode, with 

electrons flowing through the circuit. Therefore, a reduction reaction takes place at the cathode, 

while an oxidation reaction takes place at the anode, and vice versa during charging. In 

thermodynamics, the change in energy is a function of changes in Gibbs free energy in Li 

concentration. The Gibbs free energy (G) is defined as: 

TSHG  , 
(1-2) 

where H is enthalpy, T is absolute temperature and S is entropy. Then the chemical potential (u) is 

defined as: 
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x

G
u




 , 

(1-3) 

where x is the number of inserted Li atoms. 

Moreover, the change of the free energy can be presented as: 

EnFG  , 
(1-4) 

where n is the number of electrons, F is Faraday’s constant, E is the potential difference between 

cathode and anode, α is in equation (1-1). Combining (1-3) and (1-4), the relationship between 

electrical energy and chemical energy of the battery is defined as: 

c anF E u u    , 
(1-5) 

where cu  and au  are the chemical potentials of the lithium ions in cathode and anode, respectively. 

1.2.2. The effect of temperature on lithium-ion battery 

When the battery is charging or discharging, a large amount of heat could be generated due 

to Joule heating and oxidation processes. These phenomena have a great impact on the 

performance of the battery. When a battery is working under an elevated temperature, it will 

accelerate decomposition of the binder and electrolyte, ultimately causing the capacity fade. At the 

same time, the elevated temperature accelerates the chemical reaction between the electrolyte and 

the electrode, the by-product can decrease the surface area of active material that blocks lithium-

ion transport from the electrolyte to the electrode, eventually leading to the power fade [6]. Also, 

due to the loss of active material, the power degradation is significantly enhanced at elevated 

temperature [7]. Gerardine G. Botte indicated that temperature could also affect other important 

parameters of the battery, such as the conductivities and the diffusion coefficients [8]. Shriram 

Santhanagopalan and his group member cycled their battery 200 times at different temperature. It 
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shows that under elevated operating temperature (308.15K and 318.15K compared to 298.15K), 

the capacity fades by 66.10% at 308.15k and by 87.46% at 318.15K, which is drastically higher 

than 25.93% at 298.15K [7]. Therefore, battery manufacturers attribute great importance to the 

high thermal stability and active material degradation [9]. 

On the one hand, the elevated temperature can lead to capacity fade and power fade of the 

battery. On the other hand, the low temperature can severely shorten the cycle life of the battery 

due to the lithium-ion being not able to diffuse into the graphite [10]. Moreover, the low-

temperature increases resistance of the anode when the battery is charging, which leading to the 

power fade [11]. Researchers from Tsinghua University tested LiFePO4 battery at 263.15K and 

reported that over 85% capacity fades after 50 cycles [11]. The capacity fade is even more severe 

under the low temperature than at elevated practical temperature. 

In order to minimize the temperature effects on the lithium-ion battery, either heat at a low 

operating temperature or heat pump at a high operating temperature should be generated. In reality, 

the battery modules or packs consist several cells and myriads of heat is generated during charging 

and discharging- therefore, an active cooling strategy is always required [12]. Facing the low-

temperature issues, a new charging model was applied to the LiFePO4 battery: current pulses can 

heat the battery to avoid the low-temperature effect during charging [13]. 

In summary, the temperature affects the performance and the degradation of the lithium-ion 

battery significantly. Therefore, estimation and accurately measurement of heat generation play a 

pivotal role not only in BMS but also in designing and safety of the lithium-ion battery. 

1.3. Literature review 

Heat generation rate of the lithium-ion battery can be measured directly by commercial 

calorimeters. There are two kinds of calorimeters are widely used: accelerated-rate calorimeter 
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(ARC) and isothermal heat conduction calorimetry (IHC) [14]. In general, the ARC method 

measures the heat generation rate of the lithium-ion battery based on the increase of the battery’s 

temperature and the total heat exchange from the battery to surroundings.  It can be described by 

the energy balance equation under the natural convective heating condition. The governing 

equation is: 

( )p a

dT
C m Q hA T T

dt
   . 

(1-6) 

The boundary condition is: T=Ti at t=0.Ta is the ambient temperature. Where Cp is the heat capacity 

of the cell (J kg-1 K-1); m is the mass of the cell (kg); T is the temperature of the cell (K); Ta is 

ambient temperature (K); Q is the heat generation rate of the cell (W); h is the effective heat 

transfer coefficient (W m-2 K-1); A is the surface area of the cell (m2). The product of effective heat 

transfer coefficient and the surface area (hA) is also called ARC constant γ (W K-1).When heat 

source term is 0, the solution of equation (1-6) is 

t
mC

hA

TT

TT

pi

a 



)ln( . 

Heat capacity, mass and surface area of the cell are known, ambient temperature and cell 

temperature are measured directly. Then calculate h based on equation (1-6). So far, all the 

parameters are known, and instantaneous heat dissipation rate from the cell to the surroundings 

can be defined as: 

)( andissipatio TTQ   . 

(1-7) 

 

Once the instantaneous heat dissipation rate is determined, the heat generation rate of the 

cell is determined by equation (1-6). 
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On the other hand, the IHC method measures the heat generation rate of the lithium-ion 

battery based on the instantaneous thermal power which is measured by a heat flow sensor located 

between the battery and a heat sink. The total heat can be calculated by integrating the thermal 

power with time. 

Hong and his team used an ARC (ARC2000, Columbia Scientific Industries) to measure the 

heat generation rate of a cylindrical lithium-ion battery with a capacity of 1.35Ah. They discharged 

the battery with 1C, 0.33C, and 0.5C at different temperatures [15]. However, the measured heat 

generation rate was usually under 1W.  Using the same method, Al Hallaj measured the heat 

generation rate of an 18650 lithium-ion battery; the discharge rate was less than 0.1C and the 

maximum heat generation rate he found was only 0.26W [16]. Kim, Prakash, and Selman used an 

isothermal microcalorimeter to measure the heat generation rate of a LiMn2O4 coin-type cell. They 

kept their heat sink temperature at 298.15K, and used thermoelectric sensors that was located 

between the test cell and the heat sink to detect the heat produced by the cell [17]. All their tested 

batteries were the low power batteries that applied to portable appliances, and the calorimeters 

were limited by low maximum measurement power. 

Forgeza developed a simplified thermal model that can determine the heat transfer 

coefficients and the heat capacity of the battery by experiments [18]. He used two thermal couples; 

one was introduced into a cylindrical lithium-ion battery’s positive electrode side, and the other 

one was placed on the surface of the battery. According to the equation of energy balance, he 

assumed that the heat flux generated inside of the battery (Qn) through the battery was the same as 

the heat flux that from the surface of the battery to the environment. Therefore, the heat flux 

conservation equation came out to be: 

A( ) A( )n in in surf out amb surfQ h T T h T T     . 
(1-8) 
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Then the heat transfer coefficient and the heat capacity of the battery can be determined by steady 

state and transient part, respectively.  

His work predicted the inner temperature of the battery that was pivotal to BMS and simple 

enough to be implemented. In addition, the heat transfer coefficient and the heat capacity of the 

lithium-ion battery are two key parameters to make a precise measurement of the heat generation 

rate. However, this method cannot be applied to our test because it is impossible to drill a hole in 

a pouch cell. The battery we are tested has high power and capacity. The internal structure of the 

battery is complicated, therefore, it cannot be guaranteed with that putting a thermal-couple into 

the battery will not make the battery leak, even with careful handling. It is very likely to make a 

short circuit inside of the battery or even cause an explosion. 

Kaiwei Chen designed a special calorimeter to measure heat generation of the prismatic 

battery that was quite similar to our batteries not only in battery size but also in capacity. They 

assumed that the total heat generated by the battery was conducted through a high-density 

polyethylene (HDPE) slab into a constant temperature heat sink. Based on the convolution theorem: 

0

( ) ( ) ( )

t

m battery

t

T Q t d      , 

and according to the measured temperature change, heat generation rate of the Li-ion battery can 

be obtained [14].Where ∆Tm is the overall temperature change of the calorimeter, Qbattery (τ) is heat 

generation rate of the battery, )(  t  is the apparatus function. The following is a part of his 

calorimeter scheme. 
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Figure 2: Configuration of the calorimeter [14] 

However, the HDPE slab he chose was five times the thickness of the battery. Therefore, a 

limited heat transfer capability leading a long time constant of his calorimeter, and his calorimeter 

cannot meet the transient behavior of the battery’s heat generation rate. The following figure shows 

that the calorimeter needs about 1 hour to follow up a step heat generation. Heat generation rate of 

the battery could be changed during charging and discharging in our testing. Therefore, a long time 

constant is not able to provide an accurate measurement of the transient heat generation rate. 

 

Figure 3: Comparison between measured and estimated heat generation rate [14] 
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1.4. Motivations and Objectives 

The main objective of BMS is to protect the battery. Therefore, a BMS should prevent the 

battery from over-current, under-current, over-voltage, under-voltage, over-temperature, under-

temperature. However, these functions are far away from optimizing states of the battery and 

slowing down the aging process of the battery. It is worth of mentioning that the current and 

voltage are usually dependent on how much power the battery could provide.  The temperature of 

the battery is relatively simple to control and optimize. Like mentioned earlier; temperature has a 

great impact to the lithium-ion battery. Therefore, controlling the temperature can be one of the 

most efficient ways to slow down the aging process of the battery.  

The temperature of the battery varies when the battery is charged and discharged due to the 

internal heat generation [19]. In order to control the temperature of the battery, it is important to 

estimate and measure heat generation rate of the battery. However, the accurate heat generation 

rate estimation is very complicated due to reversible heat generated by the change of entropy, and 

irreversible heat generated by Joule heating, charge-transfer overpotentials and mass transfer 

limitations [20]. The reversible heat and the irreversible heat are also effect by changing electrode 

resistivity due to current density, the complex behavior of the interfacial areas of the electrode and 

electrolyte, and etc. Not only these conditions need to be considered, but also the mentioned 

parameters are temperature dependent. Therefore, an electrochemical model needs further 

development to make estimation of the heat generation rate more precise [21]. However, 

electrochemical model is not presented in this study, this study focus on measuring heat generation 

rate of the lithium-ion battery directly.  

After reviewing the above literature, the previous works on measuring heat generation rate 

have the following limitations: First, cylindrical or coin type cells that are in small size, capacity, 



 

 

12 

and low power were tested by most of them. These kinds of batteries are not suitable for HEVs or 

EVs that need a high power and large capacity battery. Second, all of them can only measure a 

relatively small heat generation rate of the magnitude is from 0.1 W to 20W. In this study, a large 

current will be applied to the battery to meet the fast charging requirement. Heat generation rate’s 

range is usually between 20W and 110W, so that the commercial calorimeter are not used. Third, 

most of them did not show any details of their response time to a step signal. Some of them showed 

the response time, but it took more than 3,000 seconds to follow up a step signal that fail to meet 

our requirement of transient behavior. 

Therefore, the objective of the present study is to measure a large heat generation rate of the 

battery that applicable for HEVs and EVs, as well as to measure a quick heat generation rate. 
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1.5. Thesis Outlines 

The full configuration of my thesis is as follows: 

1. Introduction 

First, this chapter elaborates the background of this research. Second, it briefly introduces 

the basics knowledge of the lithium-ion battery and temperature impact on the lithium-ion battery 

in more details. Third, it shows a plenty of work that other researchers have conducted, including 

their methods and results. Finally, the motivation and objective of this study are addressed. 

2. Parameter Identification 

First of all, this chapter elaborates on the test station we designed. Then the characteristics 

of the designed calorimeter’s core part are introduced: thermal electric module (TEM). Five effects 

are introduced that are integral in the TEM and 11 sets of experiments have done to determine the 

parameters of the TEMs. A thermal model of the metal plate is built, the heat capacity and the heat 

conductivity are calculated in theory and identified by using the least square method. A comparison 

between the simulation and experimental data are shown that the model and the identified 

parameters are close to the true values. 

3. Dynamic calibration 

First, we select a lead-lag compensator to be the controller for maintaining the temperature 

due to its stability and quick response. Then a feed-forward element is applied to the system to 

optimize the overshoot. Kalman filter is introduced and applied to estimate the states of the 

designed calorimeter. Finally, a simulation based on ‘SIMULINK’ simulates the whole process of 

the test station and compares with the estimation of Kalman filter. 

4. Heat generation rate measurement of the PCB and the lithium-ion battery  
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First, the calorimeter is used to measure heat generation rate of a PCB, because we can 

control its heat generation rate as a constant, and then compare the heat generation rate measured 

by the designed calorimeter with the real generation rate of the PCB. This work aims to test the 

performance of the calorimeter. Second, the calorimeter measures the heat generation rate of the 

battery under different charge and discharge rate, and then compares the results between the 

experimental data and theory calculation. 

5. Conclusion and future research 

Summarize the results of this study and discuss the remaining works that can improve the 

performance of the calorimeter. 
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2. Static calibration of the calorimeter 

2.1. Test station setup 

A battery test station is designed and constructed so that it can charge and discharge the 

lithium-ion battery with any desired current profile. The terminal voltage, charge/discharge current, 

and temperature of the lithium-ion battery can be measured directly and be recorded by the data 

acquisition (DAQ) board. SOC and heat generation rate of the lithium-ion battery can be estimated 

based on the above profiles. The battery test station has a programmable logic controller (PLC) 

(Not show in figure 4 and figure 5) which is used to protect the battery from over-charging and 

over-discharging. The PLC works independently and can measure the battery terminal voltage 

directly. Once the terminal voltage of the battery is higher/lower than the maximum/minimum 

limit voltage of the battery, PLC will cut off the charge/discharge loop immediately. An overall 

test station wiring diagram is shown in Figure 4, and a picture of the test station is shown in Figure 

5.  

 

Figure 4: Test station wiring diagram 
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Figure 5: Test station photograph 

2.1.1. Test equipment 

A DC power supply is used to charge the battery, and an E-load is used to discharge the 

battery. A bipolar power supply is used to provide the power needed for the TEMs. The list of the 

test equipment is shown in Table 3. 

Table 3: Specifications of test equipment 

Equipment Specification Value 

Power supply Maximum current 125A 

E-load Maximum current 300A 

Bi-polar power supply Operating Current -15A~15A 

TEM Operating current -7.4A~7.4A 

Voltage Sensor Measurement range 0-50V 

Current Sensor Measurement range 0-200A 

Calorimeter 

Bipolar power supply 

DC Power Supply 

Electronic load 
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Thermocouple Measurement range -190˚C~260 ˚C 

Data acquisition Channel 

16 Analog inputs 

2 Analog outputs 

24 Digital inputs/outputs 

The inputs/outputs of the National Instruments (NI) connector block and modules are voltage 

signal, which allows a user to use analog or digital inputs/outputs. Analog inputs/outputs are used 

to control the bipolar, E-load, and DC power supply. Digital inputs/outputs are used to control the 

relays in the battery test station. A calibration is needed before testing. Taking current calibration 

as an example: The current sensor used in the test station is a current transducer (CT). The CT 

transforms the current signal which passing through it into a much smaller current at a ratio of 

2000:1 theoretically. Then a 10Ω precision resistor with a tolerance of 0.01% is series with the CT. 

The voltage across the precision resistor as an input signal goes to the module. The CT is calibrated 

through the use of a current probe and associated error less than 0.2%. 

2.1.2. Test programming 

The test station is designed to facilitate the integration of controls written by MATLAB and 

LabVIEW code, which is called battery-in-the-loop (BIL). Any algorithms written using 

MATLAB code can be embedded. Therefore, some variables that cannot be measured directly can 

be obtained by estimation. For example, the Coulomb’s method is embedded to estimate SOC, 

while Kalman Filter is embedded to estimate heat generation rate of the battery.  

2.2. Thermoelectric effect 

The thermoelectric effect describes the conversion between temperature difference and 

electric voltage. A thermoelectric device creates a temperature difference when there is a voltage 
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applied to it and vice versa. Based on this characteristic, the thermoelectric effect can be used to 

measure temperature or generate electricity, for instance, thermocouple, solid cooler and heater. 

The critical parts of the calorimeter are two TEMs which are thermoelectric devices. There is three 

separately identified thermoelectric effects domain on the TEM: Seebeck effect, Peltier effect, and 

Thomson effect.  

2.2.1. Seebeck effect 

When two different materials and different temperature of metal A and B are connected into 

a loop, the closed loop will generate a current, which the phenomenon is called Seebeck effect. As 

shown in figure 7, the temperature at joints 0 and 1 are Th and TC (Th> TC), respectively. Then the 

open circuit will produce an electromotive force, known as the Seebeck electromotive force (EMF). 

The value is : 

)( ChABCD TTV   . 

When the temperature difference is not great, it can be considered that AB  is constant and the 

constant is called Seebeck coefficient. It can be defined as : 

dT

dVCD
AB   . 

The unit of the Seebeck coefficient is V/K. From the above equation, we can see that Seebeck 

coefficient can be positive or negative determined by the polarity of the voltage that applied to the 

metal.  
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Figure 6: Schematic diagram of Seebeck effect 

At the atomic scale, a temperature gradient can cause the unevenly charge carriers 

distribution in the material. Taking a metal bar, for example, assumed that the electrons in the 

metal bar is gas. According to the molecular motion theory, when a temperature difference applied 

on two sides of the bar, the average kinetic energy of hot side of the metal bar is larger than that 

of the cold side of the metal. Therefore, the speed of electrons on the cold side is slower than the 

hot side’s electrons, then from the overall view, the electrons go to the cold side of the metal bar 

from the hot side. Due to the uneven distribution of the electrons, there is an electromotive force 

generated inside of the metal bar and finally, enters an equilibrium state. 

2.2.2. Peltier effect 

When the current flows within a closed loop that is constructed by two different types of 

conductors, there will be the heat generation and the heat absorption at the electrified junctions, 

respectively. As is shown in Figure 7: Schematic diagram of Peltier effect, this phenomenon is 

called Peltier effect and the heat generated and absorbed called Peltier heat. 
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Figure 7: Schematic diagram of Peltier effect 

The heat generation or absorption (Q) at the junctions is proportional to the current (I) that 

flows within the circuit. The relationship is as following: 

IQ •  , BA   TBA • )(  , 

where Π is the Peltier coefficient, ΠA and ΠB is the Peltier coefficient of conductor A and B, 

respectively. T is the absolute temperature of the junction.  

From the above equation, the cool side or the hot side can be swapped due to the change of 

the current direction. Peltier effect is the key characteristic that makes the thermoelectric device to 

behave as a cooler or heater.  

At the atomic scale, the Peltier coefficient can be considered as the unit charge’s ability of 

carrying heat. When the current flows in a circuit, charges continuously travel through the junction. 

Different materials have different Peltier coefficients, in other words, different abilities of carrying 

heat. Therefore, when traveling through the junction, the charge’s ability of carrying heat becomes 

weaker, the junction will release heat, if the ability of carrying heat becomes stronger, the junction 

will gain heat from the environment.  

Conductor A 

Conductor B 

Cold side Hot side 

Absorb heat Generate heat 

+ - 
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2.2.3. Thomson effect 

The Seebeck coefficient of a conductor is different under different temperatures. Therefore, 

a spatial gradient in temperature causes a gradient of the Seebeck coefficient. When the current 

flows through this gradient, the heat generation or the heat absorption can be observed. This 

phenomenon is called Thomson effect, as described in the following equation: 

Th

dT
dQ I

dx
  • • , 

where 
ThdQ  is heat generation/absorption rate, τ is the Thomson coefficient, I is the current flows 

in the conductor, and dT/dx is the temperature gradient. Thomson effect scheme is shown in Figure 

8.  

 

Figure 8: Schematic diagram of Thomson effect 

Heat exchange between the bar and the environment 

High Temperature Low Temperature 

Temperature gradient 

Current direction           
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2.3. Characteristics of Calorimeter 

 

Figure 9: Working mechanism of TEM 

Thermoelectric module (TEM) is the core part of the designed calorimeter. It’s not as 

common as vapor-compression refrigeration (VCR), because comparing to the VCR, the efficiency 

is lower than VCR’s. However, the TEM has a longer life and never leaks. Having less components 

and no circulating liquid, the TEM has a relative small size and flexible shapes which fits better 

for laboratory applications. Based on the working mechanism, the TEM has a hot and a cold side 

during its working period. A schematic diagram is shown in Figure 9: Working mechanism of 

TEM. 

The key components in the TEM are the semiconductors (P-N junction) that is placed 

thermally in parallel and electrically in series to each other. When a voltage is applied to the P-N 

junctions, the electrons in the N-type junction and the holes in the P-type junction move from the 

cold side to the hot side. With the electrons and holes flowing through the P and N-type junction, 

heat is absorbed in the bottom and is transported to the top due to the Peltier effect. Therefore, one 

side becomes cooler and cooler, and the other side becomes hotter and hotter. The cold and hot 

side of the TEM is determined by the direction of the current. 

I 
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2.3.1. Governing equation of TEM 

Seebeck effect, Peltier effect, and Thomson effect are reversible effects in the TEM; there 

are also two effects that are irreversible in the TEM: Fourier effect and Joule effect. The heat 

generation by Thomson effect is very difficult to measure and not significant compared to Joule 

effect. Therefore, this study ignores the Thomson effect. 

Figure 10 shows the energy flow in a P-N junction,  the bottom is the hot side, and the top 

Figure 10: A P-N junction energy flow scheme 

is cold side. When an input power goes into a P-N junction, it can be divided into two parts, the 

first one is Joule heating due to the resistance of the P-N junction, which is generated inside of the 

P-N junction. It is assumed that half of it goes to the cold side, the other half goes to the hot side. 

The second part is the heat transfer from the cold side to hot cold side due to Peltier effect. The 

input power can be described as: 

hT

cT

)( ch TTK     TI  

cIT

2

2RI

2

2RI

Qc 

P
input

: Input electric power (W) 

T
h 
:Temperature of hot side (K) 

T
c 
: Temperature of cold side (K) 

K : Thermal conductivity (W/K) 

Q
h 
: Heat generation rate of hot side (W) 

Q
c 
: Heat pump rate of cold side (W) 

ΔT : T
h
–T

c
 (K) 

I : Input current (A) 

Α : Seebeck coefficient (V/K) 
Q

h
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2

inputP I R I T IU    , 
(2-1) 

where U is the voltage across the P-N junction. Equation 2-1 describes the input power required 

to overcome the Seebeck effect (αI∆T) and the heat generation (I2R). According to Fourier effect, 

a temperature gradient exists between the hot side and the cold side; there will be a heat conduction 

rate defined as : 

)( chT TTKQ  , 

from the hot side to the cool side. Therefore, including Peltier effect, Joule effect and heat 

conduction, the heat generation rate of the hot side is: 

)(2/
2

chhh TTKRIITQ   . 

(2-2) 

The same way, the heat pump rate of the cold side is: 

)(2/
2

chcc TTKRIITQ   . 

(2-3) 

According to energy conservation, it has Qh=Qc+Pinput and because of Seebeck effect, it has  

TIRU   . 
(2-4) 

2.3.2. Structure of the Calorimeter 

The calorimeter is designed using two TEMs, and the battery is placed between the two 

TEMs like a sandwich. The heat sink is directly open to the environment and a fan is used to 

accelerate the air flow. The designed calorimeter is a symmetrical system, which half structure of 

the designed calorimeter is shown in Figure 12 
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Figure 11: Structure of part the calorimeter 

,where T1 is the temperature of the metal plate in the battery side, T2 is the temperature of the metal 

plate in the P-N junction side, T3 is the temperature of the hot side of the P-N junction. T4 is the 

temperature of the heat sink. 

The cold side of the TEM is in contact with a metal plate and the metal plate is in contact 

with the battery. Between the battery and the metal plate, a carbon-based thermal sheet (Not shown 

in the figure) is used to minimize the thermal resistance. A heat sink is in contact to the hot side of 

the TEM, and a fan (Not shown in the figure) is used to speed up the air flow to increase the heat 

exchange. The foam is used to thermally insulate the designed calorimeter from the ambient. 

The heat generated by the battery goes through the metal plate and is pumped out by the 

TEM. The battery test station controls the current that is applied to the TEM to control the heat 

pump rate, so that the designed calorimeter can maintain the battery under a normal operating 

temperature even though there is large heat generation rate produced by the battery during charging 

and discharging. 
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2.4. Modeling of the Calorimeter 

TEMs have been widely used in many applications to control the temperature of an object. 

Some researchers used TEM to cool the object below the ambient temperature or maintain the 

object at a constant temperature [22] [23] [24]. In order to estimate the heat generation rate of the 

battery and control the temperature of the TEM and the battery. A mathematical model of the TEM 

should be built. However, it is difficult to determine the model of the TEM because of nonlinear 

behavior of the TEM. In order to solve the problem, finite element model and finite difference 

model have been proposed [25] [26]. Neto presented a second order discrete time autoregressive 

moving average model to describe the behavior of the TEM [27]. However, these models are still 

complex to be used to design the controller and implement into the test station. 

In this paper, a simple and concise model considering the nonlinear characteristics of the 

TEM has been proposed.  A first order heat conduction model is constructed and transforms into 

Laplace domain to design the controller using Simulink. Then the model is transformed into a state 

space form and discretized to develop a heat estimation algorithm.  

2.4.1. Parameters identification of TEM 

It has been mentioned earlier that the heat pump rate of the TEM is a function of the current 

and the temperature of the cold and hot side of the P-N junction (Equation (2-2)). Therefore, we 

defined the heat pump rate as: 

)( 233

2

221 TTkIkITkQ TEMTEMpump  , 
(2-5) 

where ITEM is the current that applied to the TEM and k1, k2 and k3 are constants that should be 

determined. However, we cannot place thermocouples between the cold side of the P-N junction 

and the metal plate to measure T2 or between the hot side of the P-N junction and the heat sink to 
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measure T3. We can only measure the temperature of the metal plate in the battery side T1 and the 

temperature of the heat sink T4 that is in contact with the hot side of the P-N junction. Even though 

there is a temperature difference between the heatsink and the hot side of P-N junction, because 

the thermal conductivity of the heatsink is very large, we can approximately assume that T3 is the 

same as T4. In order to make T4 closer to T3, we used a copper shelter that has the same surface 

area to cover the thermocouple which placed at the center of the heat sink. In this way, the shelter 

can prevent the air flowing and decrease the heat dissipation only at the thermocouple area, so that 

it cannot influence the whole heat dissipation of the heat sink. For T2, it can be calculated based 

on a thermal conduction model of the metal plate. 

We divide the metal plate into two control volumes. A PCB is used instead of the battery to 

calculate the heat generation rate (QPCB): PCBPCBPCB RIQ
2

 , where IPCB is the current applied to 

the PCB and RPCB is 0.5Ω, as shown in Figure 12.  

 

Figure 12: Control volumes of the metal plate 
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The coefficient of k1, k2, k3 are need to be determined. In general, the thermal model of the 

metal plate is formulated based on the thermal energy balance in a control volume:  

q
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(2-6) 

where q   is described by a volumetric heat source (W/m3). In this thesis, we assumed that the heat 

generated by the PCB all goes into the metal plate that is insulated with a soft foam. In addition, 

there is no internal heat source inside the metal plate, so the heat conduction in y and z-direction 

and q  is equal to 0. Then equation (2-6) becomes:  
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2

2

 , 

(2-7) 

where α=kx/(ρCp) is the thermal diffusivity of the material, and then we assumed that 

T(x,t)=U(x)V(t). It has: 
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(2-8) 

Solving the equation (2-8), we have:  

)sin()cos( xBxAU   , tCeV ••  2

, (2-9) 

texBxAT •• 
2

))sin()cos(( , (2-10) 

where, A and B are integration constants, β can be regarded as exponentially decaying constant. 

Equation (2-10) describes the temperature profile of the metal plate with time and position. In 

reality, we can only measure the temperature at x=0, and we do not need to analyze the temperature 

of all the points within the metal plate. So we focused on the temperature at point x=0. Equation 
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(2-10) becomes: teT  2

C  . In order to use the model for designing of the controller and Kalman 

Filter, a state space form of the model is derived.  

In order to estimate the temperature profiles at the surface of the metal plate, the values of 

the thermal diffusivity, length, surface area of the metal plate are needed. The metal plate is made 

of aluminum, which the parameters are shown in the following table.   

Table 4. Characteristics of Aluminum. 

Thermal conductivity(W/(m· K)) 100 

Density(kg/m3) 2700 

Specific heat capacity(J/(kg· K)) 897 

α is calculated based on the Table 4, and the result is 510*13.4  m2/s. The length of the metal 

plate L is indicated from the specifications of the thermoelectric assembly, 1.85*10-2m. The 

characteristic time, t is read from the following figure. 

 

Figure 13: Determine the characteristic time 

Figure 13 shows that when a 20W heat pump rate is applied on the one side of the metal 

plate at the 1202 second, the surface temperature of the other side begins to decrease at the 1208 

second. Therefore, the characteristic time of the metal plate is 6 seconds. Then the thermal Fourier 
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number of the metal plate is calculated by using Foh=(αt)/L2. And the result is 0.72, which is much 

larger than 0.2. 

Therefore, according to Figure 12, the metal plate is considered as two control volumes, we 

derive the equation based on the left control volume:  

L

TT
AkQ

dt

dT
VC PCB

121
1


 , 

where C  is the heat capacity of the metal plate, 1V  is control volume of the left side of the metal, 

k  is the conductive coefficient, A  is the area of the metal plate, and L  is the distance between 

the two control volumes. Likewise, we derive the following equation based on the right side of the 

metal plate: 

L

TT
AkQ

dt

dT
VC pump

211
2


 , 

where V2 is control volume of the right side of the metal plate. 

In order to simplify the equations, 1V  is the same as 2V  in ideal and k , A  and L  are all constant. 

Therefore, we define that 
L

Ak
K

)( •
  with the unit (W/K) and 

1 2 M MC V C V C m     with the 

unit (J/K). Then the two equations can be rewritten as follows: 

)()( 211 TTKQTmC PCBMM  . 

(2-11a) 

pumpMM QTTKTmC  )()( 212
 . 

(2-11b) 

Rearranging the equation (2-11), we can get equation (2-12) and equation (2-13): 
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K

QTKTmC
T

PCBMM 


11

2

)( 
, 

(2-12) 

K

QTKTmC
T

pumpMM 


22

1

)( 
, 

(2-13) 

where CM is the heat capacity of the metal plate for the control volume, 
Mm  is the mass of the 

metal plate for a control volume, K  is presented as 
L

kA
, pumpQ  is the heat pump rate of the TEM, 

and PCBQ  is the heat generation rate of the PCB. 

From the equation (2-12) and (2-13), the initial condition is initialTTT  21 (shown in Figure 

14), and when in steady state:  

2
PCB

working initial

Q
T T

K
  , 

(2-14a) 

1

pump

working initial

Q
T T

K
  , 

(2-14b) 

where T1working and T2working are steady state of the metal plate temperature in PCB and TEM side, 

respectively. It means that when the PCB is generating heat and the TEM is working to pump out 

heat, there occurs a temperature gradient in the metal plate. The temperature of the metal plate in 

PCB side (T1) is measurable, but the temperature of the metal plate in P-N junction side (T2) is not 

measurable. Under the condition that
pumpPCB QQ  , we can calculate T2working: 

2 12working initial workingT T T  . 
(2-15) 

In order to make
pumpPCB QQ  , we applied a certain current to the PCB to make QPCB as a 

constant, then applied different constant current to the TEM (changing Qpump) at the same time, 



 

 

32 

and made sure that the final value of T1 is equal to the initial value of T1. The results are shown in 

Figure 14. 

 

Figure 14: Temperature profile of metal plate in PCB side 

The temperature profile of the metal plate in the PCB side shows that the initial temperature 

of T1 is 21ºC that is the same as the ambient temperature. When the PCB and the TEM begin 

working at the same time, the temperature of the metal plate in the PCB side rises up and stabilizes 

at 23.78ºC. When the current is cut off to the PCB and the TEM at the same time, T1 fall to 21ºC 

exactly. We assume that the whole thermal system is well insulated so that the average temperature 

of the metal plate does not change during this process and the total heat generation of the PCB is 

all pumped out by the TEM. Within the same period, Qpump=QPCB. The recorded data is shown in 

Table 5.  
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Table 5: Parameters identification of TEM 

IPCB (A) Qpump (W) ITEM (A) T2working ( C ) T3working ( C ) 

4 8.0 0.17 20.14 21.60 

5 12.5 0.29 21.36 22.81 

6 18.0 0.43 19.40 21.62 

7 24.5 0.64 19.60 22.43 

8 32.0 0.84 18.94 22.76 

9 40.5 1.09 17.98 23.06 

10 50.0 1.45 17.55 23.79 

11 60.5 1.84 16.65 24.74 

12 72.0 2.30 15.29 25.44 

13 84.5 3.08 15.72 28.03 

14 98.0 4.09 15.70 31.51 

 

T2working in Table 5 is calculated by equation (2-15), and QPCB is calculated by

PCBPCBPCB RIQ
2

  where RPCB is equal to 0.5Ω. The other three variables are measured directly. 

Least squares method is employed to fit the data into equation (2-5):  

)( 233

2

221 TTkIkITkQ TEMTEMpump   

Then, we can obtain k1=0.166（V/K）, k2=4.587(Ω), k3=1.5(W/K). Then equation (2-5) becomes: 

 32

2

2 5.1587.4166.0 TTIITQ TEMTEMpump  . 
(2-16) 
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According to equation (2-16), there are three terms in Qpump. The first term represents the heat 

pump rate by Peltier effect. The second term represents the Joule heating generation. The third 

term represents the Fourier heat conduction. 

Now, we have obtained an experimental equation of the heat pump rate of the TEM based 

on the current applied to it and the temperature measured by the thermocouples. We can put the 

data in Table 5 into the experimental equation (2-16) and compare with QPCB in Figure 15. indicates 

that the identified coefficients are close to the measured value with the error that is less than 5%. 

 

Figure 15: Comparison of experimental values and estimated value 

After determining the heat pump rate of the TEM, the heat capacity and the thermal 

conductivity of the metal plate remain to be identified. 

2.4.2. Identification of thermal parameters of the metal plate 

When plugging equation (2-13) into equation (2-12), we obtain the equation: 
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Rearranging the equation, it becomes: 
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)(
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2


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QmC
QQTmCT

K

mC PCBMM
PCBpumpMM

MM


 . 

(2-17) 

In order to solve equation (2-17), we assume that 
pumpPCB QQ   and in the steady state, 

PCBQ is 

equal to 0. Equation (2-17) becomes: 

02
)(

11

2

 TmCT
K

mC
MM

MM  . (2-18) 

This is a second order ordinary differential equation (ODE), and the solution for this equation has 

the following form: 

2
( )

1 1 1( ) (0) (1 ) (0)
2

M M

K
t

C mM MC m
T t T e T

K



    , 
(2-19) 

where T1(0) and 𝑇1̇(0) are initial values for three different intervals. The unknow initial value T1(0) 

is obtained from the experimental data. 1(0)T  is calculated backwards based on comparison 

between the experimental data and the equation (2-19). With the least squares method:

12 / 0.022M MK C m s .  

Table 6 The initial values of the solution for equation (2-18) 

 T1 (º C) 𝑇1̇(0) (º C/s) 

Initial State 22.21 0 

Working State 22.16 -0.027 

After Working 23.03 0.024 

The following figure shows the comparison between the experimental data and calculation. 
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Figure 16: Comparison between experimental data and equation (2-19) 

K can be determined when the metal plate is in the steady state. The control volume in the 

PCB side is shown in Figure 12, based on the energy balance theory, the heat flux flows into the 

control volume should be equaled to the heat flux that flows out in the unit area. Therefore, when 

in the steady state equation (2-20) results as follows: 

1 2( )PCB working workingQ K T T  . 
(2-20) 

When plugging equation (2-15) into equation (2-20), K can be determined by the following 

equation: 

Initial state Working state 

After working 
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12( )

PCB

working initial

Q
K

T T



. 

(2-21) 

QPCB can be calculated by Ohm’s law and T1working, Tinitial are listed in Table 7: Data used for 

determining K. 

Table 7: Data used for determining K 

QPCB (W) T1working ( C ) Tinitial ( C ) K (W/K) 

8.0 22.02 21.50 7.69 

12.5 23.02 22.19 7.53 

18.0 22.22 20.81 6.38 

24.5 22.60 21.10 8.16 

32.0 23.02 21.07 8.20 

40.5 23.88 20.93 6.86 

50.0 24.35 20.95 7.35 

60.5 25.89 20.97 7.00 

72.0 26.45 20.87 6.45 

84.5 27.26 21.49 7.32 

98.0 28.26 21.89 7.80 

 

Calculating the average value of K and we can finally determine the thermal conductivity of 

the metal plate to be 7.34 W/K. K and K/CM mM have already been calculated, and the product of 

the heat capacity and the mass of the metal plate CMmM then can be calculated. According to the 

11 sets of the experimental data and then calculating the average value of CMmM, CMmM is equal 

to 670J/K.  
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2.4.3. Model Validation 

After determining the heat capacity and the thermal conductivity of the metal plate, the 

forward difference method is used to discretize the model of the metal plate. Then equation (2-11) 

becomes:  

1

1 1
1 2( )

k k
k k k

PCB M M

T T
Q K T T C m

t

 
  
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, 

(2-22a) 
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Pump M M
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  


, 

(2-22b) 

where ∆t is the sampling time that is 0.5s. 

Then rearranging equation (2-22) to obtain equation (2-23): 

Recall equation (2-23) in state space form: 
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(2-23b) 
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Figure 17: Model validation 

All the parameters in the equation (2-23) are known and using MATLAB to simulate 

equation (2-23). Figure 17 shows two sets of experimental data with different heat generation rate 

of the PCB and different initial values of the temperature of the metal plate in the PCB side. The 

two sets of the experimental data from the battery test station are compared with the simulation 

results calculate by MATLAB based on equation (2-23). 
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Figure 18: Expanded view of the transient behaviors 

From the Figure 17: Model validation and Figure 18, the simulation results with the 

identified parameters are very close to the temperature profile of the metal plate that is measured 

by the battery test station. During 0 to 900s, where no current is applied to the PCB and the TEM, 

the metal plate temperature is the same as the ambient temperature that varies within 0.2°C. The 

PCB begins to generate heat at 900s, and the TEMs begin to pump out heat at the same time. The 

heat generation rate of the PCB is equal to the heat pump rate of the TEMs. After around 200s, the 

temperature of the metal plate enters the steady state. The current that is applied to the PCB and 

the TEMs are stopped at 3600s. The temperature of the metal plate falls back to the ambient 

temperature, meaning that the average temperature of the whole metal plate is the same as the 

ambient temperature during the working period and the rest period. When in the steady state, the 

experimental data and simulation reaching the same temperature means that the thermal 

conductivity of the metal plate determined is correct. When the current stops to flow to the PCB 

and TEM, the temperature drops in the same pattern, meaning that the time constant (r) of the 
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metal plate is determined correctly. Recalling equation (2-22), when the thermal conductivity and 

the time constant are determined, then the heat capacity can be determined. The simulation results 

match the experimental data well. 
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3. Dynamic calibration of the calorimeter 

3.1. Design of a temperature controller 

3.1.1. Review of linear controllers 

Proportional controller (P), integral controller (I), derivative controller (D), and lead-lag 

compensator are widely used in industry, especially a well-known structure for the control form: 

proportional plus integral plus derivative control (PID). The advantages of the PID controller are 

to control a system without any mathematical model and tune the parameters manually. The 

algorithm is: 

dt

tde
KdtteKteKtu D

t

IP

)(
)()()(

0
  , 

(3-1) 

where u(t) is the output of the controller. KP, KI, and KD are the proportional gain, integral gain, 

and derivative gain, respectively. All the three gains are the turning parameters. Several tuning 

methods like Ziegler-Nichols method, Tyrus-Luyben method can be used to tune the gains online. 

Table 6 summarizes the effect of the parameters independently. e(t) is the error that equals to the 

reference value (RV(t)) minus the processing variable (PV(t)): 

)()()( tPVtRVte  . 

The corresponding transfer function of equation (3-1) is: 

sK
s

K
sKsD D

I
P )(  

(3-2) 

Steady-error (ess), rise time (tr), settling time (ts), and overshoot (Mp) are the four important 

specifications for a control system design.  
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Table 8: Effect of the parameters 

 KP KI KD 

ess Decrease Eliminate No effect 

tr Decrease Decrease Depended on Plant 

ts Depend on Plant Increase Decrease 

Mp Increase Increase Decrease 

  

Even though PID controller is powerful and widely used, under some conditions,  a 

satisfactory design of process dynamics cannot be obtained by adjusting the gains alone. Therefore, 

a compensation of the process dynamics is necessary. A compensator is based on the system plant 

that can improve the frequency response of the system. The compensator works by putting poles 

and zeros on the root locus of the system to optimize the system response including steady state 

error, rising time, overshoot, and settling time. The transfer function of a compensator in the 

Laplace domain can be written as: 

1

1J
)(






aJs

s
sD , 

(3-3) 

where J is a constant, and if a˃1, the compensator is called a lead compensator which functions as 

a PD controller, so it is also called PD compensator; if a ˂1, the compensator is called a lag 

compensator as a PI compensator.  

Lead compensator is used to determine the system response and increase its stability. Lag 

compensator can improve the steady-state response of the system but decrease the speed of 

response. Therefore, in order to meet the requirements of the desired system, a lead compensator, 
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and a lag compensator sometimes are group together and construct a lead-lag compensator that not 

only enhances the stability but also improves the response. A lead-lag compensator means that two 

poles and two zeros are needed. The transfer function of a lead-lag compensator is as: 

))((

))((
)(

21

21

psps

zszs
KsD D




 , 

(3-4) 

where KD is a proportional gain, z1 and z2 are two zeros, p1 and p2 are two poles which satisfied

2211 pzzp  . 

3.1.2. Selecting the controller 

The most notable advantage of the PID controller is that the parameters can be turned without 

the system plant. However, tuning a PID controller’s parameters needs a plenty of experience and 

is time-consuming. In addition, the performance of the D controller usually is very poor because 

of its noise sensitivity. The thermal model of the metal plate is used to design the compensator. 

The most important thing is a fast response of the system that is considered for design of the 

controller. 

From equation (2-10), we can rewrite it in a transfer function form: 
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(3-8) 

Therefore, we obtain the system plant and can use a parameter tuner software that inserts in 

MATLAB to determine the parameters of the controllers. 

 

Figure 19: A screenshot of parameter tuner 

Figure 19 shows that when a plant is imported into the software, you first can select what 

kind of the controller or compensator that you want to choose, then tuning the parameters to see 

the response of the system. The requirements of the desired controller or compensator that need to 

be applied in the battery test station including the overshoot of the system response needs to be 

less than 20%; the rising time is less than 120s, and no steady error. A PI, PID controller, lead 
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compensator, lag compensator, and lead-lag compensator are tested. A block diagram of selecting 

a controller is shown in Figure 19. 

 

Figure 20: Block diagram for controller and TEM 

In this block diagram, we regard the heat generation of the PCB as a disturbance of the 

system, and is set to 0. Y(s) is the response of the system, G1(s) and G2(s) are the system plants. 

After tuning an optimized parameter of each controller, the response of the system with different 

controllers and compensator are shown in Figure 21. 


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Controller 

)(2 sG

)(1 sG
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Figure 21: Step response of the system with different controllers 

The figure shows clearly that the lead-lag compensator and the lead compensator have a 

faster response compare to other controllers with the overshoot less than 20%. 

There are two commonly used quantities that measure stability margin related to the stability 

criteria: phase margin (PM) and gain margin (GM). The GM and the PM can be read directly from 

the Bode plot. GM is the value of the vertical distance between the magnitude curve and the 

magnitude curve equal to 0 dB at the frequency where phase curve is equal to 180˚. PM is an 

alternative way to test the stability of a system, it is defined as the value that the phase exceeds -

180° when magnitude curve is equal to 0 dB. When 𝐺𝑀 < 0, it indicates that the system is unstable 

while PM˃0 indicates the system is stable. Figure 22 and Figure 23 shows the Bode plot of the 

lead compensator and the lead-lag compensator. From the two figures, we can find that the value 
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of GM of the lead-lag compensator is larger than the lead compensator. Therefore, the lead-lag 

compensator is more stable than that of the lead compensator. 

 

Figure 22 The Bode plot of the lead compensator 

After the comparison with the step response and the stability, a lead-lag compensator is 

selected to be the controller for controlling the temperature of the calorimeter. 
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Figure 23: The Bode plot of the lead-lag compensator 

 

3.1.3. Implement of the lead-lag compensator 

The lead-lag compensator in the Laplace domain cannot be directly implemented into 

LabVIEW. Therefore, we have to discretize it. The compensator GC(s) is expressed as: 
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where Q(s) is an output of the compensator that is the heat pump rate applied to the metal plate. 

E(s), the voltage signal, is the input of the compensator. First, the Laplace function is transformed 

into the time domain: 
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Second, discretize the equation: 

 

Rearrange the equation, and it becomes: 

 

Finally, implement the above formula into LABVIEW, where a1, a2, b1, b2, and Kp are knowns, 

and ∆t is the sampling time which equals to 0.5s. 

3.2. Design of the feed-forward element 

The controller was designed with assumption that there is no disturbance. In fact, the heat 

generation rate is a disturbance. When the heat generation rate is not equal to 0, there will be a 

large overshoot of the system, as shown in Figure 23. 
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Figure 24: The response of the system when different disturbance applied 

From the figure, we can see that the overshoot is more than 120% when the disturbunce is 

applied to the system. In order to solve this issue, a feed-forward (FF) element is applied to 

minimize the overshoot of the response. The block diagram of an applied feed-forward element 

system is shown in Figure 25. 

 

Figure 25: Block diagram of a system with feed-forward element 
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From the block diagram, we derive equation (3-9) and (3-10), where D(s) is the disturbance . 

12))(( DGGDGGYWY FFC  , 
(3-9) 

FFC DGGYWQ  )( , 
(3-10) 

Rearrange the equation (3-9), it becomes:  
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(3-11) 

Plug equation (3-11) into equation (3-10) and substitute Y, rearrange the equation, it becomes: 
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(3-12) 

In order to eliminate the impact of the disturbance D on the output of the system Y, the term  
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G
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In this way, the disturbence can be compensated by the FF element, which is the basic idea. 

However, the goal of our system is to make the output of the controller tracking the disturbance, 
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which means that Q should follow D. From the equation (3-12), we consider W is equal to 0, and 

it becomes: 
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(3-13) 

In ideal condition, Q follows D means 
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then equation (3-13) becomes: 
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Since the transfer function of G1, G2, and GC have been determined in earlier chapter, GFF can be 

determined. Applying GFF to the system and simulating the system by using SIMULINK 

embedded in the MATLAB, the result is shown in Figure 26. 

 

Figure 26: Comparison between the outputs of controller with/without FF element 
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Figure 26 shows that after applying feed-forward element, the settling time of the output of 

the controller do not change, but the overshoot reduces to less than 20%. The feed-forward element 

improve the performance of the system by reducing the overshoot by approximated 100%. 

3.3. Design of Kalman Filter 

3.3.1. Basic of Kalman Filter  

Kalman filter was invented in 1960 by R. E. Kalman and is still widely used in control 

systems. It is a recursive dynamic estimator for what is called the linear-quadratic problem. The 

linear-quadratic method is used to estimate instantaneous states of a linear dynamic system 

perturbed by white noises. The resulting estimation is statistically optimal on any quadratic 

function of estimation errors [28]. 

Kalman filter is an estimator, can be also called an observer. In order to explain Kalman 

filter, an observer should be introduced first. A linear, time-invariant system in state space form 

can be written as follows:  

uBxAx  , 

xCy  , 

where x are the state variables that describe the dynamic and static behavior of the system given 

any set of inputs u. y is output and A, B and C are the system matrices, and x, y and u are all 

vectors. 

In the linear systems, states of an unknown system can be tracked dynamically using a 

mathematical model that is similar to the unknown system. The difference between the outputs of 

the unknown system and the mathematical model product by the gain is the feedback to the 

mathematical model. As a result, errors of the states induced by different initial values between 
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the unknown system and the model can be compensated. Therefore, both of the states become 

likely identical. The mathematical model along with the gain is called an observer or estimator. It 

is defined that �̂� is the estimate states of the mathematical model, and an observer can be expressed 

in a state space form as: 

)ˆC(Lˆˆ xyuBxAx  . 

The following diagram shows an observer. 

 

Figure 27:Block diagram of observer 

The estimation error is defined as: xxx ˆ~   that can be vanished by choosing a proper gain 

L. The dynamics of estimation error is described as: 
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From equation (3-14), the error dynamics are stable if eigenvalues of (A-LC) are in the left 

half of the complex plane. If and only if the system is observable, the eigenvalue of (A-LC) can 

be freely chosen. 

In general, a system is called observable when the current states can be determined by the 

outputs (usually by measuring) in a finite time. The observability matrix of a system can be 

expressed as: 

 

 

When Vn is in full rank, the system is observable. 

Therefore, the estimation error can be compensated by a proper selection of the gain (L). 

Kalman filter is an algorithm that can calculate the gain and update it during processing. It can be 

said that Kalman filter is an estimator that the gain is automatically changing based on the input 

of the system.  

3.3.2. Implementation of Kalman Filter 

The discrete model used for Kalman filter is a linear system with stochastic noises, which 

the equation expresses as follows: 

kkkk wBuAxx  1
. 

(3-15) 

With a measurement equation: 

kkk vxHz  . 
(3-16) 

The variables kw  and kv  are process and measurement noises, respectively. We assume that 

they are Gaussian white noises and not correlate with each other. It is satisfied a normally 

distributed probability as follows: 
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  ),0(~ QNwp , 

  ),0(~ RNvp . 

There are plenty of published documents that explain how Kalman filter works. In this study, 

the core part of Kalman filter is summerized by five equations. A linear state space model is 

defined as: 

kkkk wBuAxx  1
, 

kkk vxHz  , 

Priori predicted state update: 

kkk BuxAx  



1
ˆˆ                          1. 

Priori prediction error covariance update: 

QAAPP T

kk  



1
                          2. 

Kalman gain update: 

1))((   k

T

k

T

kk RHHPHPK       3. 

Posterior estimated state update: 

   kkkk xHzKxAx ˆˆˆ                  4. 

Posterior estimation error covariance update: 

 kkk PHKIP )(                            5. 

Where k= 1, 2, 3 … 
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1 and 2 are the time update equations; 3, 4 and 5 are the measurement update equations. Initial 

values of the prior predicted and the posterior estimated states should be provided at first and initial 

value of error covariance is 0. 

Recall the mathematical model of the metal plate that is studied in Chapter 2: 

1

1 1 2(1 )k k k k

PCB

M M M M M M

t tK tK
T Q T T

C m C m C m

   
     

(2-23a) 

1

2 2 1(1 )k k k k

pump

M M M M M M

t tK tK
T Q T T

C m C m C m

   
      

(2-23b) 

 

We assume that QPCB
k
 is a constant during the sampling time and 
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kkk

TEM
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TEM

kk

pump TTkIkITkQ  , kk

initial

k TTT 12 2   

Therefore, the above equations are rewritten as: 
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, where ak=k1(2Tinitial
k-T1

k). T1, T3, and ITEM are measured directly, and they are the inputs of the 

Kalman filter. Then the diagonal values of process covariance are selected as 10-3, 10-3, and 10-2; 

the diagonal values of measurement covariance are selected as 10-2, 10-2 and 10-2. 

3.4. Simulation 

Before doing the experiment, the whole process is simulated using SIMULINK, the block 

diagram of the simulation is shown as follows: 

 

Figure 28: The block diagram of the calorimeter system 

The controller is a lead-lag compensator that is designed in previous charpter. The 

compensator and the feed-forward element are embedded in LABVIEW, the amplifier is the 

module (SCC-FT01) from NI. The output of the module is a voltage signal that controls the bipolar 

power supply, which the output produces a current that applied to the TEM , the outputs of the 

bipolar power supply have a linear relationship with the inputs: output (current) =1.5*input 

(voltage). The TEM has a nonlinear relationship between its input (current) and its output (heat 

pump rate) which is discussed in chapter 2. 
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In order to simplify the simulation, we hope the heat pump rate of the TEM is only 

determined by the current applied to it. Recall the equation from chapter 2: 

)( 233

2

221 TTkIkITkQ TEMTEMpump  . 

The first term represents the heat pump rate, the second term represents the heat generation rate 

and the third term represents the heat conduction rate of the calorimeter. From the experiment data, 

we can see that T2 varies within 6K, and T3 is the ambient temperature varying between 0.2K. 

Therefore, we assumed that the coefficient of the heat pump rate is constant. The second and the 

third term: heat generation and heat conduction, which decrease the efficiency of the calorimeter 

are combined into one term. The above equation becomes: 

2

TEMTEMpump IbIaQ  . 

Using the least squares method, a=41.89; b=-4.566 are obtained, shown as follows:  

 

Figure 29: Comparison between the fitting curve and experiment data 

The block diagram using SIMULINK is shown in Figure 30. It simulates that when a step 

heat generation applied to the metal plate, the compensator will give a voltage signal to the bipolar 



 

 

61 

power supply, and then the bipolar power supply gives a certain current to the calorimeter. The 

calorimeter will generate a heat pump rate applied to the metal plate. The temperature profile of 

the metal plate in TEM side and PCB side are recorded as well as the current applied to the TEM. 
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Figure 30: Block diagram of the calorimeter 
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In the simulation, we first apply a 60W heat generation rate as a disturbance to the 

calorimeter system, which simulates the heat generation by the PCB. The ambient temperature in 

the test environment is 21±0.2ºC. Therefore, the initial value of the metal plate temperature is set 

to be 21ºC. The temperature response of the metal plate in the PCB side is shown in Figure 31 

 

Figure 31: Temperature of the metal plate in PCB side 

From the figure, we can find that the temperature rises from 21ºC to 26.2˚C in 200 seconds 

and enters into the steady state. When the disturbance is removed at the 600 seconds, the 

temperature drops to 21˚C, which means that the total heat generated by the PCB is the same as 

the total heat pump by the TEMs.  

Figure 32 (a) shows the current applied to the calorimeter controlled by the designed 

compensator.  
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(a) 

 

(b) 

Figure 32: (a) The current applied to the calorimeter (b) Estimated heat generation rate of the 

calorimeter 

The two figures show the compensator controls the current that is applied to the calorimeter 

precisely, and the heat pump rate generated by the calorimeter follows the disturbance in 150 

seconds without any overshoot. The temperature profile and the current profile shown in Figure 
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32 (a), (b), respectively, that are the input of Kalman filter. The estimated heat generation rate of 

the PCB by Kalman filter is shown in Figure 33.  

 

(a) 

 

(b) 

Figure 33: (a) Comparison between the estimation result and the simulation result (b) Zoomed-in 

dynamic response 
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Figure 34: Estimated results by Kalman filter 

Figure 33 (b) shows that the estimated heat generation rate by Kalman filter is exactly 60W 

and it takes 50 seconds to converge. Five simulation runs are made, and the results are shown in 

Figure 34. The heat generation rate is estimated accurately within 50 seconds. 
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4. Heat generation measurement 

4.1. Measurement of the PCB heat generation 

Before testing the battery, the heat generation rate for a PCB is measured. Since the heat 

generation rate of the PCB can be easly calculated with the applied current, and the heat generation 

rate can be assumed to be constant during the test period, the steady state behavior of the 

calorimeter can be tested accurately.  

The PCB has the same size as that of the battery and which resistance is 0.499Ω. After 

mounted, different values of the step current are applied to generate a step form of the heat 

generation rate. At the same time, a current controlled by the compensator is applied to the 

calorimeter to pump out the heat in order to keep the average temperature of the metal plate 

constant. The current controlled by the compensator that applied to the calorimeter when the PCB’s 

heat generation rate is 10W, 20W, 30W, 40W, 50W respectively is shown in Figure 34.  

 Before the cycle starts, there is an 1800 seconds preparation, and during this period, the 

calorimeter and the PCB are at rest. Then the PCB produced a step of 10W heat generation rate 

for 1800 seconds and rested for another 1800 seconds. At the same time, the compensator generates 

a certain current to the calorimeter. The calorimeter works as a heat pumper to maintain the average 

temperature of the metal plate same as the ambient temperature. Five cycles were tested and each 

cycle has a different heat generation rate of the PCB.  
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Figure 35: Current applied to the calorimeter 

The Figure 35 shows that in the steady state, with the heat generation rate of the PCB 

increasing, the current that is controlled by the compensator in the steady state increasing at the 

same time. ±0.15A varies in the steady state caused by noises. According to the equation 

)( 233

2

221 TTkIkITkQ TEMTEMpump  , 

k1, k2, and k3 are determined in chapter 2. ITEM and T1 T3 and Tamb can be measured directly. 

T2=2Tinital-Tworking. Therefore, heat pump rate of the calorimeter can be calculated and is shown in 

Figure 35. 

 

 

 

 

 

 

 

 

Figure 36: Comparison between the calculated and real heat generation rate 
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Figure 36 shows a large steady state error (about 5W) from the calculation due to noises. In 

order to solve this problem, a Kalman filter is used and the results are shown below. 

 

Figure 37: Static performance of Kalman filter estimation 

 

Figure 38: Dynamic performance of Kalman filter estimation 

After applying the Kalman filter, both the static and dynamic response of the heat generation 

rate estimation of the PCB are improved. The steady error becomes less than 5%, and it takes about 

60 seconds to follow the measured heat generation rate. Figure 37 and Figure 38 shows the static 

and dynamic behavior of the applied KF. 
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4.2. Measurement of heat generation rate of lithium-ion pouch battery 

4.2.1. Solid electrolyte interphase (SEI) 

Before testing a fresh lithium ion battery, ‘initial cycles’ must be done, which means the 

battery needs to be discharged to 0% SOC and charged to 100% SOC with 1C rate for five times. 

Solid electrolyte interphase (SEI) is a thin layer that adheres to the surface of the anode particles. 

It is the product of the side reactions that take place on the anode side. The two main side reactions 

are [29]: 



32

- COLiCH2CH2EC2e2Li , 



222

- )LiOCO(CHCH2CH2EC22e2Li . 

During charging and discharging of the battery, the side reactions continue to take place, and 

the chemical products will accumulate, and cause the increase in the SEI thickness. Once a SEI is 

formed, it can prevent lithium ions having a chemical reaction with the solvents of the electrolyte, 

therefore, protecting the active material of the lithium-ion battery. However, with SEI growing, 

the ionic resistance of the electrodes continues to increase and lead to power fade, moreover, SEI 

prevent the lithium-ion to the electrodes leading to capacity fade [29]. 

During the initial cycles, the calorimeter works as a thermal isolator that maintains the 

surface temperature of the battery at 25°C. Heat generation of the battery with 1C charge or 

discharge is relative small, the surface temperature cannot reach to 25°C under the condition that 

the ambient temperature is 22.5˚C. Therefore, the calorimeter needs to generate heat instead of 

pumping heat. The characteristic of a TEM has been already discussed in chapter 2, changing the 

direction of the current can change the hot side and the cold side of the calorimeter. Then a PI 

controller is used to control the calorimeter that makes it generating heat to maintain the surface 
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temperature at 25ºC. The parameters of the PI controller is tuned manually online. Maintaining the 

temperature is another advantage of the designed calorimeter since it acts as a battery surface 

temperature keeper, not only as a heat generation rate observer. The following figures show the 

surface temperature of the battery during rest and charging/discharging mode. 

 

Figure 39: An initial cycle in charge model 
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Figure 40: An initial cycle in discharge model 

The two figures show that the initial temperature of the battery surface is the same as the 

ambient temperature. The designed calorimeter heats up the battery surface to 25ºC in 250 seconds. 

No matter the battery in rest, charge or discharge mode, the surface temperature of the battery is 

always kept at 25°C. 

4.2.2. Heat generation 

The total heat generation by a Li-ion battery (Qtot) can be defined as two heat sources: 

reversible (Qrev) and irreversible heat (Qirr). 

irrrevtot QQQ  . 

The governing equation of reversible heat generation is expressed as: 
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T

V
TIQ OCV

rev



 , 

(4-1) 

where I is the charging or discharging current and the sign is negative when charging. T is the 

temperature inside of the battery and VOCV is the open circuit voltage (OCV). From equation (4-

1), a lithium ion battery absorbs heat when it is charged and releases heat when it is discharged. In 

the chemical reaction, this term is the change of entropy expressed as (∆TS). 

In general, there are two main methods to estimate irreversible heat generation of a lithium 

ion battery. The first one is calculated by the following equations [2] [11] [16]: 

1 2

2

1 2 2

( )

[ ( ) ( ln ) ]

irr reaction ohm

reaction equ

eff eff eff

ohm D e

Q Q Q

Q I U dV

Q c dV

 

     

 

    

        





 

, where I is the current. The current flowing from the electrode to the electrolyte is defined as 

positive. 
1  is the electrode potential, 2  is the electrolyte potential, equU  is the equilibrium 

potential. eff is the effective conductivity in the electrode. eff  and eff

D  are the effective 

conductivity in the electrolyte and the effective diffusion conductivity in the electrolyte 

respectively. ec is the concentration of the electrolyte.The second method is expressed by the 

equation (4-2):  

)( tOCVirr VVIQ  , 
(4-2) 

where I is charge/discharge current. VOCV is the open circuit voltage. Vt is the terminal voltage. 

This formula describes the irreversible heat generation caused by the product of the voltage drop 

and the current. It assumes that when a lithium ion battery is charging or discharging, there is a 

voltage difference between the terminal voltage and the open circuit voltage due to ion and electron 
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transport and chemical reactions that take place inside of the battery. However, according to 

equation (4-2), irreversible heat generation becomes zero when the current is zero, therefore, the 

heat of mixing is not considered in this equation. In reality, the irreversible heat is continuously 

generated due to non-uniform distribution of the electrochemical energy that is denoted as the heat 

of mixing [2]. 

In summary, the first method is complicated, and the parameters are hard to obtain. In 

addition, this equation does not consider the enthalpy heating that cannot neglect in this study [2]. 

Therefore, we cannot use the method to calculate irreversible heat generation. In contrast, the 

second method is easy to calculate because I and Vt can be measured directly, and VOCV is a 

function of SOC. Then using the coulomb counting method to calculate SOC, find the function 

VOCV=f(SOC). For reversible heat, the current can be measured directly, and we assume that 

surface temperature of the battery is the same as the temperature inside of the battery, so that it can 

be measured directly too. Some researchers have tested the same type of the battery, and denoted 

that ∂VOCV/∂T is a constant, equals to 2.2×10-4 V/K [2]. So far, we can estimate reversible heat. In 

reality, the reversible heat is significant at low charging/discharging rates, however, in this study, 

the aim of the experiments are a preparation for fast charging which means a high current (more 

than 4C) is needed for the battery. Therefore, the reversible heat is relatively small compare with 

the irreversible heat in our experiments. For the heat of mixing term, it is also relatively small 

compares to irreversible heat and can be neglected during charging or discharging of the battery. 

When the current is cut off, there is a period that ion concentrations are not uniformly distributed 

inside of battery and vanish until the concentration gradient does not exist. It can be described as 

[30]: 
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dv
t

c
HHQ

ij

j i

avg

ijijmixing



  )( , 

where ijH  is the partial molar enthalpy of particles i in phase j. avg

ijH  is average partial molar 

enthalpy of particles i in phase j. cij is the concentration of particles i in phase j. dv   is the 

differential control volume. This kind of heat becomes the only heat source term after the current 

is cut off. However, an electrochemical model of the battery needs to be established to estimate 

the heat of mixing. We do not have the model in this study and neglect this term in the theoretical 

calculation.  

4.2.3. Open circuit voltage (OCV) and SOC 

Open circuit voltage is the difference of the equilibrium potentials of both electrodes. It can 

be measured directly when the battery is not loaded. 

The SOC is defined as the ratio between the energy that the battery can release (Qreleasable) 

and the maximum capacity (Qmax) of the battery. 

max

100%releasableQ
SOC

Q
  , 

where Qreleasable and Qmax have a unit of ampere-hour (Ah). SOC is also expressed by the 

following equation: 

dttISOCSOC  )(0
, 

(4-3) 

where SOC0 is the initial value, and I is the terminal current, which sign is defined as positive 

when charged. 

In order to find the relationship between OCV and SOC, a fresh battery should be fully 

charged at the first. Under this condition, SOC of the battery is 100%. Then a discharging pulse 
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current is applied to the battery, the response of the terminal voltage is measured until the battery 

is fully discharged. The discharging rates and the pulse duration is dependent upon the battery 

types. After each pulse, the battery should have enough time to rest. At this time, the terminal 

voltage is the OCV of the battery and SOC can be calculated from equation (4-3) as well. Therefore, 

OCV is a stoichiometry function with SOC, which is a nonlinear function. The nonlinear 

relationship is approximated by two exponential functions: 

SOCdSOCb eceaOCV   . 

For the test battery in this thesis, a=3.418, b=0.001902, c=0.8846, d=0.2759. 

The following figure shows the relationship between SOC and OCV. Both experimental data 

and the fitting curve are compared in this figure. 

 

Figure 41: SOC-OCV curve 

4.3. Experiment  

In this study, a high current (up to 95A) is applied to the battery so that a large heat generation 

occurs at the clamps and the terminal taps of the battery. In order to minimize the contact resistance 
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between the clamps and the terminal taps of the battery, a 300lbs force is applied on them, and the 

clamps are made of copper that cover the whole area of the taps. When a 95A (6C) charging current 

is applied to the battery, the temperature measured at the clamp is shown as follow: 

 

Figure 42: Temperature of the clamp 

It shows that the temperature of the clamp only rises 1.5°C so that the effects of the contact 

resistance and the heat generation at the clamps can be excluded. 

The total heat generation of the battery is measured when the battery is discharging at 

different currents in the constant current (CC) mode. When the battery is charging at different 

currents, it charges in the CC mode at first, when the terminal voltage reached 4.15V, it charges 

with constant voltage (CV) to make sure that the battery is fully charged. Experiment results and 

the calculation results (based on equation 4-1 and 4-2) are shown in Figure 42. The solid lines and 

the dash lines represent experimental data and calculation results. The calculation results do not 

consider the heat of mixing. 
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Figure 43: Heat generation of the battery during discharge 

The current, terminal voltage and heat generation rate of the fresh battery is shown in Figure 

43. The experimental data matches the calculation results well. The heat generation rate at the end 

of discharging rises more rapidly than at the beginning of the charging. In fact, the terminal voltage 

drops drastically when the battery at low SOC, and lithium-ion concentration gradient at the end 

of discharging is much higher than at the beginning which causes the over-potential resistance 

increase. The performance of the calorimeter is shown Figure 44. 
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Figure 44: Performance of the calorimeter at discharging 

The solid lines show the heat generation rate measured by the calorimeter; it takes around 

60 seconds to follow the calculation results. When comparing 3C to 3.5C discharging rate, the 

measured data do not have much difference. However, based on the calculation, 3.5C discharge 

rate generates around 11W heat generation rate; 3C discharge rate generates around 7W heat 

generation rate. This is becasue the accuracy of the calorimeter is about 2W, when the heat 

generation rate is under 10W, the estimated error could be more than 20%. So this is a disadvantage 

of the designed calorimeter: it cannot measure heat generation rate precisely at the low heat 

generation rate (under 10W). In addition; the calorimeter measures about 5 watts of heat generation 



 

 

80 

rate of the battery at 6C discharging rate when the current is cut off. Even though the designed 

calorimeter has a time delay, from the zoomed-in figure, the heat generation rate drops sharply 

from 110W to 5W, and then it decays to zero in about 120 seconds. The period that the heat 

generation rate decays generally can be the heat of mixing which the theory calculation does not 

consider. This kind of heat can be neglected during charging but is significant after the current is 

interrupted.  

The charging behavior of the battery is shown in Figure 45. 

 

Figure 45: Heat generation of the battery during charge 

The heat generation of the battery at the end of charging is much smaller than the discharging. 

However, the heat generation is almost the same between charging and discharging at the 

beginning. This is due to the reversible heat absorbs heat when the battery is charging and the 
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terminal voltage of the battery rises generally. From the OCV-SOC curve mentioned in the earlier 

of the study, the curve performs almost linearly between 100%-20%. In CC mode, SOC increases 

approximate linearly causing the OCV increases approximate linearly. Therefore, the OCV 

increases gently means there is no drastic change of the difference between the OCV and the 

voltage terminal voltage, which causing the heat generation rate at the end of charging is much 

smaller than the discharging. More details of the measurement heat generation during charging are 

shown in Figure 46 

 

Figure 46: Performance of the calorimeter at charging 

Before charging the battery, there should be no heat generation, but some caused by the error, 

a 1.5W calorimeter error. This is mainly caused by the input of the calorimeter: temperature and 
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current. The measured temperature has a 0.1 °C fluctuation, and the measured current has a 0.1A 

fluctuation. The fluctuation is caused by noises during measurements. 

The response time becomes around 100s due to the increase of measurement covariance in 

Kalman filter. Because during charging the battery, the heat generation measurement range 

becomes smaller, the accuracy of KF needs to be improved. Increasing measurement covariance 

means trusting less in the measurement data and increases confident in the mathematical model. 

This action makes the measurement data smooth but needs more time to converge. When the 

charging model enters in CV mode, the terminal voltage of the battery maintains at 4.15V, and the 

current becomes smaller and smaller. In the period, heat generation of the battery decreases gently 

to zero. 
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5. Conclusion and future work 

5.1. Conclusion 

The coefficients of the heat pump rate, Joule heating, and heat conduction of the TEM are 

identified. The heat conductivity and capacity of the metal plate are also specified. A thermal 

model is built based on the determined parameters and the validation indicates that the parameters 

are close to the true value. The controller of temperature for the calorimeter is designed and 

optimized. The calorimeter can track a large step heat generation within 120 seconds and the steady 

state error is less than 5%. The calculation and measurement results are compared and show that 

the heat generation rate at the end of the discharging rises more rapidly than any other period of 

the whole charging. This is because the irreversible heat generation increases rapidly due to the 

open circuit voltage dropping drastically at the low SOC.  

5.2. Future work 

1. The ambient temperature of the calorimeter is not being controlled when the calorimeter 

is calibrated. The ambient temperature can affect the heat dissipation from the heat sink 

to the environment that may cause static calibration to be inaccurate, and the high 

ambient temperature can decrease the heat pump rate efficiency of the thermal electric 

module. 

2. The method to calculate the heat generation rate of the lithium-ion battery does not 

consider the heat of mixing. Even though, it can be neglected at low C rates. Therefore, 

a new method needs to be developed to calculate the heat generation rate of the battery 

theoretically. 

3. The calorimeter cannot maintain the surface temperature and measure the heat generation 

rate of the battery at the same time due to the metal plate. The passive load (heat 
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dissipation rate to the environment) of the metal plate needs to be determined, which 

enables to achieve two measurements simultaneously.  
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