C CHOLAR
OMMONS University of South Florida

[UST Sy Scholar Commons
Graduate Theses and Dissertations Graduate School
March 2021

Thermal Management of Lithium-ion Batteries Using
Supercapacitors

Sanskruta Dhotre
University of South Florida

Follow this and additional works at: https://scholarcommons.usf.edu/etd

6‘ Part of the Electrical and Computer Engineering Commons

Scholar Commons Citation

Dhotre, Sanskruta, "Thermal Management of Lithium-ion Batteries Using Supercapacitors" (2021).
Graduate Theses and Dissertations.

https://scholarcommons.usf.edu/etd/8759

This Thesis is brought to you for free and open access by the Graduate School at Scholar Commons. It has been
accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Scholar Commons.
For more information, please contact scholarcommons@usf.edu.


http://scholarcommons.usf.edu/
http://scholarcommons.usf.edu/
https://scholarcommons.usf.edu/
https://scholarcommons.usf.edu/etd
https://scholarcommons.usf.edu/grad
https://scholarcommons.usf.edu/etd?utm_source=scholarcommons.usf.edu%2Fetd%2F8759&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/266?utm_source=scholarcommons.usf.edu%2Fetd%2F8759&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarcommons@usf.edu

Thermal Management of Lithium-ion Batteries

Using Supercapacitors

by

Sanskruta Dhotre

A thesis submitted in partial fulfillment
of the requirements for the degree of
Master of Science in Electrical Engineering
Department of Electrical Engineering
College of Engineering
University of South Florida

Major Professor: Arash Takshi, Ph.D.
Ismail Uysal, Ph.D.
Wilfrido Moreno, Ph.D.

Date of Approval:
March 10, 2021

Keywords: Thermal Runaway, Hybrid Battery-Supercapacitor Architecture, Battery
Management Systems, Internal heat Generation

Copyright © 2021, Sanskruta Dhotre



Dedication

| wish to dedicate this thesis to my late grandfather, Gurunath Dhotre, who has always
inspired me to be the best version of myself, my parents, without whose continuous love and
support my academic journey would not have been the same and my brother for encouraging me

to soldier on forward no matter what the obstacle.



Acknowledgments

First and foremost, | would like to express my gratitude to my guide Dr. Arash Takshi of
the Electrical Department, whose unwavering support and guidance made this academic study
possible. His continuous understanding, patience and valuable suggestions have helped me
immensely throughout the duration of this thesis. | would also like to thank Dr. Manoj Ram Kumar

of PolyMaterials App for presenting with and leading me to undertake this exciting opportunity.



Table of Contents

LISE OF TaDIES.....eee ettt ettt et e b neesreentesreenre et i

LSE OF FIGUIES ...ttt bbbt b et e ii

N o1 =T SRR \Y;

Chapter 1: INTrOQUCTION .......oiuiiiiieieiee bbbt 1

1.1 Motivation and BacKground ............cceeveiieiiiie i 1

1.2 THESIS ODJECTIVE ..ottt 3

1.3 MATKEE SUIVEY ...ttt sttt et be et e reeeeenes 5

1.4 LITErAtUIE SUMVEY ...ouiiiiieiiiieiieieet ettt b bbbt 5
Chapter 2: Dynamic charging/discharging of the battery-supercapacitor for thermal

Y Eo T o[ a =T o | PSP PRRUPRUPRRPRN 11

2.1 Brief Overview of EV Batteries ........ccocviiiiiiiiiiicesieieeee s 11

2.2 Basic Framework and HYPOLNESIS .........ccviiiiiiiieiesc e 19

2.3 HYPOLNESIS REVIEW ....ccvviiiiiiiicsie ettt ste e 22

2.4 HYPONESIS RESUITS.......eiiiiiiieiieieiee e 23

Chapter 3: Thermal Behavior of Li-ion Batteries ..o 25

3.1 EXPerimental SELUP......cccciiieie et 25

3.2 RESUILS aN0 DISCUSSIONS.....ccueeiiierieriieieaieseesieeseeeseesieestesseesreesseeseesseesseeseesseesseeneesses 27

3.2.1 Constant Current Discharge of the Battery ..........ccocoocvvevveveiciiccece, 27

3.2.2 Simulation of the Effects of the Supercapacitor ............ccoccocvvvniriiiiveriennn, 30

Chapter 4: Conclusion and FUTUIE WOTKS...........couuiiiiiie e 34

O A O o 11 S]] ST 34

4.2 FULUIE WOTKS ...ttt e e e nneaeaneennees 35

L E T £=] TSP 38

Appendix A: COPYright PEIMISSION .....c..oiviiiiiiiiiiieiieeeiee e 41

Appendix B: Mathematical Model of the Hypothesis............ccoiiiiiiiiiiii e 42



List of Tables

Table 2.1 Various car models and their respective battery specifications.............c.cccecvevervennenn, 11
Table 2.2 Input parameters for the hypothesis model.............cccooveiiiiiic i, 22
Table 2.3 Time taken for the total discharge at different settings of the electronic load............. 23
Table 3.1 Components used for the teSt SELUD .....ceccveiieiieececee e 25
Table 3.2 Mean slopes at different intervals for the graphs 3.5(a) and 3.5(b)....................... 32



For the sake for experimentation a single Panasonic 18650 cell of 3.4Ah is considered. The
nominal voltage of the battery is 3.6V, maximum voltage is 4.2V, weighs 48.5g and has an energy

density of 243Wh/kg [15].

Figure 2.3: Datasheet of the Panasonic NCR18650B

The battery is discharged under a constant load ranging from 1.6A — 2.4A at an
incrementation of 0.2A. In the hybrid battery-supercapacitor architecture, the battery first charges
the supercapacitor and the supercapacitor delivers back the current when the load on the battery is
reduced. We assume an additional 0.2A added to the battery discharge current in order to charge
the supercapacitor for a time interval of t1. When the temperature of the battery rises and the
supercapacitor Kicks in, the amount of current supplied by the battery is reduced by 0.2A and the
deficit is covered by the supercapacitor. Battery parameters such as internal power loss,
temperature rise, and charge supplied are directly dependent on the load current and time under
load. Therefore, it can be said these parameters are reflective of the internal state of the battery and
hence will be computed to determine the success of the proposed method. The physics behind

computing the battery parameters are given below:
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The temperature constant which is defined as the amount of rise in temperature per watt is
given by,

tau -—m * Ctherm * Rtherm

where, m — is the mass of the battery
Cinerm — 1S the thermal capacity or specific heat of the battery
Rinerm — 1S the thermal resistance of the battery
Total charge supplied by the battery,
Qo=t*l
where, t — is the time under load
I, — isthe constant current delivered by the battery to the load
Power loss due to internal resistance Po is given by,
Py = Rin *I§
where, R;,, — is the internal resistance of the battery
Energy loss,
Ey=t* P,

Rise in battery temperature,

t
tempo = Py * Riperm * (1 - e_tau)

The time under load is divided into 2 fractions: t; is the time for which the battery delivers
current to the load and also charges the supercapacitor, t, is the time during which the
current delivered by the battery is reduced and the supercapacitor supplies the remaining
required amount of current.

il = IO +ICI
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ip = Iy — I

ICZ
ty =tk ———
Iey + 1y

Iep
tl =t % —
Icl + ICZ

Where I.; & I, are additional currents supplied by the battery and supplied to the battery
from the supercapacitor, respectively.
- The charge in the battery, power loss, energy loss and battery temperature for the duration
of t, are given by,
Q1= i1 %ty
Py = Ry * if
E;= P *xty

t1
temp; = Py * Rperm * (1 —e€ tau)

- The charge in the battery, power loss, energy loss and battery temperature for the duration
of t, are given by,
Q=lxty + i1 %ty
Py = Rin *i3

E2= Pz*t2+P1*t1
_t2 _t1
temp, = Py * Riperm * (1 —e€ tau) + Py * Riperm * (1 — e tau)
Changes in battery temperature due to convection and radiation are ignored as the battery is

considered to be in a controlled environment with no influence due to external factors. Based on
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the equations discussed above, a MATLAB model was built to analyze the performance of the

hypothesized system based on true values. The inputs given to the model were [9]:

Table 2.2: Input parameters for the hypothesis model

Description

Symbol Value

Internal Resistance of the battery (ohms) R;, 0.055

Constant current delivered by the battery to a load (A) Iy 1.6A-2.4A

The current to charge the supercapacitor at during t1 (A) I1 0.2A

during t2 (A)

The current that supplies back from the supercapacitor I, 0.2A

Time of being under the load (seconds) t *varies*
Mass of battery (KQg) m 0.0485
Thermal capacity of the battery (J/Kg.K) Ctherm 941
Thermal Resistance (K/W) Rinerm | 287.36

To further calculate the time required for discharge of the battery we assume linear discharge

correlation and 100% battery SOC discharge. A 3.4Ah Li-ion battery takes one hour (3600

seconds) to completely discharge under constant load current of 3.4A. Therefore, the amount of

time taken to discharge the battery completely under different load currents is as follow:

Table 2.3: Time taken for total discharge at different settings of the electronic load

Constant current supplied to the load

Time taken for complete discharge of battery

1.6A

7650 seconds

1.8A

6800 seconds
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2.0A 6120 seconds

2.2A 5564 seconds

2.4A 5100 seconds

2.4 Hypothesis Results
The results from the hypothesis calculations were plotted for load current values ranging
from 1.6A-2.4A at an interval of 0.2A. Ideal conditions were assumed for the functioning of the

battery and its temperature curve was plotted.

The temperature curves show convergence. Beyond the point of convergence, the values
of the red-blue curve are only going to be lower than the green curve. This proves that the hybrid
battery-supercapacitor architecture is effective. In practicality the point of convergence will occur
much sooner the supercapacitor won’t be charging for the entirety of the red-curve period and
hence, the projection of the red curve up on the green curve will be much smaller.

In figure(2.4)(a), the constant discharge current is set at 1.6A. An additional current of
0.2A is added to indicate the total load on the battery for charging the supercapacitor. During time
t2, the load is 0.2A lower than 1.6A as the deficit is being supplied by the supercapacitor. For
figure(2.4)(b), the constant discharge current is set at 2.4A and the increment in current for

charging and reduction in load current during supercapacitor integration is 0.4A.
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Figure 2.4: Temperature curve of the battery for (a) constant discharge of 1.6A and a reduction
of 0.2A during supercapacitor participation (b) constant discharge of 2.4A and a reduction of
0.4A during supercapacitor participation

From the figures we can see that the temperature convergence is true for low values of discharge

current as well as high. Despite the battery having to supply more current in case (b), the

temperature decreases by a considerable value during supercapacitor participation.
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Chapter 3: Thermal Behavior of Li-ion batteries
3.1 Experimental Setup

The experiment setup was designed in the simplest possible way to understand the thermal
performance of the battery under constant and alternating loads. The goal of this experiment is to
practically observe the maximum value of the battery temperature under different values of
constant current delivered by the battery to the load and also estimate the behavior of the hybrid

battery-supercapacitor architecture. The components used for the construction of the experiment

are:
Table 3.1: Components used for the test setup
Commercial label Component
Panasonic NCR18650B Li-ion battery
DS18B20 Digital Temperature sensor
ACS712 20A Hall-effect Current sensor
DROK load tester Electronic Load

The electronics load tester is capable to sinking currents up to 5A. The hall-effect current sensor
is essentially a digital ammeter which reads the current flowing from the battery to the load. The

digital temperature sensors are physically connected to the body of the battery with the aid of

25



thermal conducting tapes which do not interfere with the temperature sensing capabilities of the

Sensor.

current
sensor

SW1

Charger

]

GND +5V A0 Al

I_> Out
+5V
GND|
L BAT .
— 42V electronic load

Arduino Uno

Figure 3.1: Circuit diagram of the test setup

The Vdd of the temperature sensors and the VVdd of the current sensor and connected together to

the +5V pin and the GND pins are collectively connected to the GND (ground) pin of the Arduino

Uno. Since the DS18B20 is a one wire sensor, all four DQ pins can be connected to the same A5

pin of the Arduino Uno. The body of the battery along with the connected temperature sensors was

enclosed in a clear plastic box to prevent the changes in ambient temperatures affect the battery

temperature or record accurate readings on the sensor.

The voltage of the battery being sensed at the AO pin is analog in nature. To convert the

signal into meaningful data, we perform the following calculation,

Vol = AnalogRead(A5);

Voltage = vol * (ﬁ) ...............................................................
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terminal

Figure 3.2: Placement of the temperature sensors on the battery body

The voltage, current and temperature readings were recorded at an interval of 60s. This
was done until total discharge of the battery. A single cycle includes charging the battery to 4.2V
and discharging it at a constant current load value. After total discharge, the battery was allowed

to rest until it returned back to room temperature.

3.2 Results and discussion

3.2.1 Constant current discharge of the battery

The battery was discharged to approximately less than 10% of SOC. The temperature,
voltage and current supplied by the battery was observed. The 3 parameters were noted for batteries
current ranging from 1.6A to 2.4A. As observed from the results, the temperature of the battery
increases as the current that needs to be delivered to the load increases. The mechanism behind
this observation is that, for the battery to deliver power, the electrons move from the negative

terminal of the battery to the positive terminal.
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Figure 3.3: Temperature curves for constant
discharge current setting (a) 1.6A (b) 1.75A

(c) 2.0A (d) 2.2A (e) 2.4A
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The electronics load ensures the delivery of constant power, hence, as the current that needs
to be delivered increases, the reactions taking place inside the battery to deliver the required power
increases. There is considerable amount of heat generated due to the power loss owing to the
internal resistance of the battery. The exponential increase of the temperature is due to thermal
runaway. Once the battery undergoes thermal runaway, the electronic load is immediately
(manually) disconnected and separated from the discharge module. It is then charged so as to avoid
the internal chemistry of the battery from remaining in the same state it was during thermal
runaway. Failure to take necessary precautions as during thermal runaway can lead to even more
increase in battery temperature eventually causing it to explode. When a battery pack of multiple
cells in applications such as EVs in undergoing thermal runaway the danger can be life threatening.

The consequences can range from complete irreversible failure of the battery pack to car explosion

and loss of life.

Temperature readings from sensors

16A
— 175A

0.0 — 20A
—_— 224
g 375 —_— 2 AA
£ 30
i
@ 325
£
& 300

o 25 50 75 100 125 150 175
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Figure 3.4: Comparison graphs for Device 0
at different constant current discharge values

Figure3.4 shows the temperature curves which shows the highest battery temperature for
different settings of the load current. The amount of time taken for total discharge of the battery is

lower than the one calculated in the hypothesis. The positive feedback effects of thermal runaway
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can be verified using the above graph. As heat generation leads to more energy consumption of

the battery, the total discharge time also reduces.

3.2.2 Simulation of the effects of the supercapacitor

The supercapacitor affects the performance of the battery in two situations: 1.) When the
battery needs to supply additional current to charge the supercapacitor 2.) When the current being
delivered by the battery is reduced and the deficit is fulfilled by the supercapacitor. To simulate
the effects of the supercapacitor on the battery, the current settings of the electronic load was
increased and reduced by 0.2A to replicate the actions of charging the supercapacitor and reducing
the current required to be delivered by the battery, respectively. The purpose of this test to
understand the thermal behavior of the battery and the changes in temperature gradient upon the
application of the supercapacitor. Hence, the current settings were alternated once the battery was
discharged to 3.5V. It is around this voltage that the battery reaches almost 30% SOC and further
discharge leads to exponential increase in temperature. Since thermal runaway is inevitable, the
effects in battery temperature are to be studied between 30% SOC and 10%SOC of the battery.
Until the battery reaches 3.5V, it was constant current discharged. For further discharge, the current
settings were alternated every 5 mins starting from incrementing the current by 0.2A and then

reducing it.

The figure(4.5) shown below represents the temperature curves when the current delivered
by the battery is alternating and when the current delivered is constant, respectively. Although the
battery undergoes thermal runaway in both cases and the trends in increase of temperature are

similar, there is a vast difference between the exact specifications of the curves. To closely
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understand the distinction between curves (a) and (b) we will further analyze the temperature

gradients by calculating the slopes at different instances.
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Figure 3.5: (a) Simulation of the battery upon supercapacitor integration (b) Battery
temperature at constant current discharge of 2.2A

As observed, the maximum temperature of the battery when the hybrid battery-
supercapacitor is employed is much lower than the maximum temperature of the battery when

there is no supercapacitor involved. The maximum temperature value of curve (a) is 35.4°C
whereas the maximum temperature value of curve (b) is 42.3°C. The decrease in maximum

temperature of the battery can play a significant role in robust systems as the internal temperature
of the battery can now be prevented from reaching hazardous levels. There is a noticeable plateau
from periods between 50min to 80min. As the battery voltage reaches 3.5V around 50min, the load
current was switched from 2.4A to 2.0A every 5 min. The temperature curve plateau can be

extrapolated as a direct result of the switching of load current to simulate the hybrid architecture.
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Figure 3.6: Voltage of the battery during
supercapacitor simulation

Once the SOC of the battery reaches below 30% the temperature of the battery increasing
exponentially. Since the time between 50min and 80min are our subject of analysis the temperature
gradient calculations are computed for data points between those two instances only. The
temperature gradient is nothing but the slope of the curves in graphs (a) and (b). The mean

temperature gradient/slope between intervals 0-50min and 50-80min are:

Table 3.2: Mean slopes at different intervals for graphs 3.5 (a) and (b)

Intervals Mean Slope for graph (a) Mean Slope for graph (b)
0-50 minutes 0.0974 0.1576
50-80 minutes 0.1586 0.1853

The steeper the gradient the higher is the increase in temperature. The zoomed in images

of the temperature curves shown in figure3.7 clearly demonstrate the difference in the curves.
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Chapter 4: Conclusion and Future Works

4.1 Conclusion

This thesis reviewed different methods of thermal management of Li-ion batteries,
addressed the conditions under which thermal runaway occurs and designed a precautionary
strategy to avoid battery temperature escalations reach critical levels. The battery-supercapacitor
hybrid architecture has a well-documented history of efficient performance especially in hybrid
energy storage system applications. While current thermal management technologies employ
physical methods of battery cooling, the method detailed in this thesis makes use of the hybrid
architecture to regulate the current being delivered by the battery as a means of controlling its

internal heat generation.

The battery was discharged at different levels of load current. The discharge profile gave
us an idea about the thermal profile of the Li-ion battery. We concluded that irrespective of the
level of current being delivered by at the battery, thermal runaway would still occur if the SOC
falls below 70% of its charge. The time taken for the battery to fully discharge is reduced as the
current being delivered to the load increases. The actual time taken for discharge is lesser then the
calculated time of discharge in the hypothesis due to the positive feedback nature of thermal
runaway. The exponential increase in temperature during thermal runaway is used as an analysis

point for the performance of the parallel connected supercapacitor.
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The alternating load current strategy was used to simulate the supercapacitor performance.
Overall, the temperature of the battery was controlled before inevitably rising due to thermal
runaway. This method is efficient not only as an effective means of thermal management but in
the event of a thermal runaway situation the system can immediately cut off from the battery and
switch over to the supercapacitor for a brief period of time, thus allowing the application user to
make informed decisions based on the situation. The lesser gradient of the temperature curves for
the supercapacitor simulation test proves that the temperature did not increase as much as opposed
to constant current discharge. The simulation results provide the proof of concept detailed in the

hypothesis and verifies the approach taken to solve the thermal management issue.
4.2 Future Works

While there has been considerable amount of work done in the field of thermal
management of Li-ion batteries, there are still plenty of avenues yet to explore. The need for an
effective control strategy to ensure constant flow of power supplied from the supercapacitor to the
load remains. A supercapacitor with a suitable value of capacitance is required to integrate with
the battery system. As the power delivered by capacitors are linearly decreasing in nature, it is
necessary to pair the supercapacitors with a DC-DC converter module. The DC-DC converter
module helps establish a system to draw constant current out of the supercapacitor. Having an
optimal capacitance supercapacitor ensures the required charge that needs to be delivered is

present.

The development of machine learning has introduced mew methods of system modeling.
Using the data obtained through prognostic systems and combined with machine learning

techniques like regression, it is possible to create a model to estimate the State of Charge of sa
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battery without the need for additional and often complex machinery. By monitoring parameters
such as voltage, current and temperature of the battery, the SOC can be estimated using regression
algorithm by training a model with the data gathered. This is an incredibly powerful technique as
it accounts for battery degradation over time. As the parameters return larger mean square error in
comparison to the trained battery model, the Remaining Useful Life of the battery can also be

computed.

There are various ways to approach any problem. Mechanical outlook focusses on thermal
management methods such as air cooling, liquid cooling, use of PCMs, heat pipes, etc. These
methods are heavily used in the automotive industry and have proven their purpose and efficiency
when it comes to lowering the temperature of the battery through external means. Although these
methods are more preventive in measure. For more precautionary measures, an electrical approach
was more suited. The hybrid supercapacitor-battery architecture was successful in reducing
internal battery temperature and provided an alternative energy storage in the event of a thermal
runaway. Aside from these tow techniques, it would be interesting to see what the advances in
material science can present us with. Breakthrough in the field of construction of supercapacitors
can render a much higher energy density and energy storage capabilities. This can pave way for
reduction in linear decrease of capacitor energy and increase in a more constant delivery of power.
Increase in storage capacity of supercapacitors can propel thermal management and thermal

runaway preventive strategies into another dimension.

A battery management system is only as good as the components that are used to build the
system. A system cannot be ideal if the individual components are defective. An excellent thermal
management system can be ineffectual if the battery itself does not deliver satisfactory

performance. Therefore, advances in the construction of the battery are equally important.
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Improvements is materials for battery development could lead to more energy density, lower
internal resistance, and higher resistance to changes in ambient temperature. Lowering the internal
resistance of the battery lowers the power loss within the battery and can also significantly lower

internal heat generation. Reduced internal generation is great for improving battery performance.

Given capacitor discharge pattern and the control strategy proposed, we plan to design a
DC-DC converter to enhance supercapacitor performance. The aim of this is to regulate the current
being discharged by the supercapacitor. Based on these test results, the optimal capacitance
supercapacitor will be integrated into the battery system to evaluate its performance in a more
robust application. The results and observations obtained through the course of this thesis is a

crucial step in moving forward with the further development of the thermal management system.
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Appendix A: Copyright Permission

The permission below is for the use of figures 1.1 and 1.2

Public use:

Subject to the Exclusions sub-section 3(g), you may reproduce Insubstantial Amounts of the Materal in your own
work and distribute your work to the public provided that: (a) your work does not generate revenue; (b) such
reproduction is on an occasional basis; (c) anything greater than 5 (five) numerical data points (but still an
Insubstantial Amount) from the Material must not be made available in a separate downloadable format and must
be presented either in graphical format or aggregated (in such a manner that the reader cannot reverse engineer
or extract the original underying numerical data); (d) excerpts of non-data IEA Material, such as text, graphs andlor
figures, must be reproduced in their entirety - only stylistic modifications to the excerpt's content are permitted; and
() you must comply with the Attribution sub-section 3(b) below.

You are also permitted to produce and distribute, on a non-revenue generating basis, works based on or derived
from no more than an Insubstantial Amount of the Material only, provided that such derived works: (a) are not
primarily a copy of, or substitute for, part or all of the Material; (b) cannot be back-calculated, processed, translated,
re-converted or re-engineered in any way in order to identify the underlying Material; (c) do not affect the IEA's
ability to license part or all of the Material; and (d) clearly indicate that you, and not the IEA, produced the derived
work.

If you wish to use the Material in a way that is not permitted above, please send us a rights request. Examples of
non-permitted use include: selling the work in which Material is reproduced or which is derived from the Material;
using the Material to produce and make available, free-of-charge or for a fee, databases that are substantially
derived from the Material and/or could constitute a substitute for the Material; making more than 5 (five) raw data
points from the Material, whether or not aggregated, available for download; using the Material to produce derived
data for fee-paying clients; incorporating the Material in tools used to generate derived dala for fee-paying clients;
incorporating the Material in software distributed to fee-paying clients. Depending on the use you wish to make of
the Material, the IEA may require you to enter into a separale licence agreement and charge you an additional fee.
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Appendix B: Mathematical Model of the Hypothesis

clc

clear all

%% taking inputs from the user

R_subl=input( ' Enter Internal Resistance of the battery (ohms) : ');

I sub@= input(' Enter The constant current delivered by the battery to a load
(A) = ");

I cl= input(' Enter The current to charge the supercap at during t1 (A) : ');
I _c2= input(' Enter The current that supplies back from the supercap during t2
(A) = ");

T_sub@=input( ' Enter Time of being under the load (seconds) : ');
m_subl=input( ' Enter Mass of battery (Kg) : ');

c_subl=input( ' Enter Thermal capacity of the battery (3/Kg.K) : ");
R_teta=input(' Enter Thermal Resistance (K/W) : ');

%% calculations

t= (0:1:T _sube-1);
tau=-1*m_subl*c_ subl*R teta;
Qo= t*(I_subo);

PO= (R_subl)*(I_sub®)"2;
EO= t.*PO;
Temp® = (PO*R_teta)*(1l-exp(t./tau));

i1l=I sub® + I c1;

i2=I subo® - I c2;

tl= T_sub®*I c2/(I_cl+I c2);
t2= T_sub®*I c1/(I_cl+I_c2);
a=t(1:t1);

a2=t(tl+l:end);

if e<=t<=t1
Ql=il*a;
P1=R sub1*i172;
E1=Pl*a;
tmpl=(P1*R_teta)*(1-exp(a./tau));
Temp2=(P1*R_teta)*(1l-exp(tl/tau));
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end

if tl<=t<=T_subo
Q2=i2*(a2-t1)+(i1*t1);
P2=R_sub1*i2"2;
E2=P2*(a2-t1)+P1*t1;

tmp2=(P2*R_teta)*(1-exp((a2-tl)./tau))+Temp2*(exp((a2-tl)./tau));
end

plot(t,Qe,'g",a,Q1, 'r",a2,Q2,'b")

title('Q vs t')

xlabel('time(seconds) ")

ylabel('Q (Coulomb)")
legend('Q0','Q1",'Q2", "Location', "southeast")

grid on
%% plotting results

plot(t,Tempo, 'g',a,tmpl, 'r',a2,tmp2,'b")
%%plot(t,Tempo, 'g")

title('tmp vs t')

xlabel('time(seconds) ")

ylabel('temperature(celsius)")
legend('temp@', 'templ’, "temp2', 'Location’, 'southeast")

grid on

plot(t,EQ, 'g',a,E1l, 'r',a2,E2,'b")

title('E vs t')

xlabel('time(seconds) ")

ylabel('E(joules per second)')
legend('E@',"E1', "E2", "Location', 'southeast")

grid on
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