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ABSTRACT

Electric vehicles (EVs) need energy storage with the highest energy density for long-term use.
When accelerating, the battery pack is not able to handle the sudden energy consumption and
performs worse because of peak utilization. Therefore, adding additional storage devices like
supercapacitors can offer the necessary quick dynamic response. A Hybrid Energy Storage System
(HESS) is a power system that utilizes two or more energy storage device by utilizing supercapacitors
as energy support when there is a surge in current both during charge and discharge and the battery
as the primary energy storage provider can optimize energy utilization on electric vehicles. In this
work, the proposed method of pulse discharging at different frequencies was analyzed to control
the energy management between battery and supercapacitor. To analyze the discharge energy and
capacity of batteries by using pulse current method and to analysis characteristics at various
switching frequencies, an experimental approach was first performed. Furthermore, to design the
Hybrid Energy Storage System, pulse current algorithm was applied for power sharing algorithm.
That system was designed in MATLAB/Simulink as validation and the system was tested at NEDC
and WLTC driving cycle with switching frequencies ranging from 200Hz to 1000Hz. Both the
experimental and simulation results show that pulse current discharging produced higher discharge
energy due to the recovery of energy during the rest, and it is observed that lower switching
frequencies facilitate achieving higher discharge energy. Regarding the simulation model, it is
observed that the hybrid energy storage system with pulse current algorithm generates power in
accordance with the dynamic power demands by the load. It is also observed that high switching
frequencies develop losses in some areas of supercapacitors and batteries power. The results also
highlight that HESS with pulse current power sharing method at low switching frequency generated
a higher output power than at high switching frequencies.

Keywords: Pulse discharging, switching frequencies, Hybrid energy storage system,

regenerative energy, MATLAB/SIMULINK



ACKNOWLEDGEMENTS

This master thesis is financially supported by King Mongkut’s Institute of Technology
Ladkrabang and National Science and Technology Development Agency (NSTDA). Firstly, | would
like to express my gratitude to National Science and Technology Development Agency (NSTDA)
for selecting me as a full scholarship recipient and enabling me to attend King Mongkut’s Institute
of Technology Ladkrabang to pursue a Master of Automotive Engineering degree.

My heartfelt appreciation goes to my dedicated supervisor, Asst. Prof. Dr. Chinda
Charoenphonphanich from King Mongkut’s Institute of Technology Ladkrabang, whose unwavering
support and guidance have been the driving force behind this journey of my graduate study. | am
also deeply grateful to Dr.-Ing. Manop Masomtob from National Science and Technology
Development Agency, Thailand, for giving me invaluable advice and guidance throughout my
research.

Furthermore, | wish to extend my thanks to Prof. Dr. Masaki Yamakita from Tokyo Institute
of Technology, Japan, for his advice and support.

Moreover, | am thankful to my seniors, Mr. Pera Tanateerapong who supported and helped
me a lot in performing experiments through my research journey. | also express my thanks to my
friend, Lwin Yamon Phyo for sharing useful information and helping me in the research.

Finally, | am thankful to the committee members who assessed my master's thesis during
the defense. Your expert questions and comments added important technical and scientific

dimensions to this work.

Hsu Myat Naing



TABLE OF CONTENTS

Chapter 1 INErOTUCTION ...ttt 14
1.1 Research BaCKGroUNG.. ...t 14
1.2 OBJECTIVES. ... 15
1.3 SCOPE Of the STUAY .. 15
1.8 TRESIS OULLINES .. e 15

Chapter 2 Background thEOMES........c.cuuiiiiceeee e 17
2.1 Lithium-ion battery 0peration ... 17
2.2 Definitions Of DAEEIY ......ouieie et 18
2.2.1 Balefy Capacityhe e Ned\ed b ol el g Moo eereeerenemeneesseeseasaeaseninee 18
242.2 State of-charge (SOC) s Ao v cese B Bttt 18
.2.3 Batleryveltagel ... ald. 2. L. L S5 g M M R 19
2.2.4 Battery discharge or charge rate (C-rate)...couuiriiiineeee s 19
2.2.5 Depti-eigischayge BODNL .\ & Yam V. Pt 2N A 19
2 3 Bafienimodel ham: ¥ f..... ANAA LN L e fe L L L ™ R 20
2 3\ EquiyatepretcuiNouel e A e o I L et MW 20
2.4 Charging and discharging method of battery ... 22
2.4.1 Constant current-constant voltage charging method ...t 22
2.4:2 Pulsercurentmode ). b i et e et bt 22
2.5 SUPETICaPaCItOr OPEIAtION . . vttt ettt sttt 23
2.6 Definition Of SUPEICAPACIHON ... vttt sttt 24
2.6.1 Capadit@ieey,..... AL 0 . 0N ... Bt e 24
2.6.2 State of charge (SO ...t 25
2.6.3 Equivalent Series reSiStANCE .....ccv ettt 25
2.6.0 SUPEICAPACHON VOILAGE ... et 25
2.6.5 Energy of SUPEICAPECITON ........cvuiiiiriiiicicicircieciscie ettt 26
2.7 Hybrid energy storage SYSTEM ..ot 26
2.7.1 Battery-SC HESS TOPOLOGIES .....cuuiieeiriecieisieieis et 27
2.8 Energy consumption Of VENICLE ..o s 28

2.8.1 VEiICle AYNAMIC ..ottt 28



Vi

2.8.2 DINVING CYCLE 1ttt 30
Chapter 3 MethOdOLOGY ...ttt 32
3.1 Experimental setup for pulse discharging...........cccvvnnnenincieeeeesseseseeene 33
3.1.1 Experimental setup for Lithium-ion battery ... 33
3.1.2 Constant Current - Constant Voltage Charging Method.........ccoooiernicnnicnees 37
3.1.3 Pulse current diSCharging .......ooceeceiriieiseieis e 37
3.2 Simulation of Hybrid Energy Storage System(HESS) with pulse discharging........... 39
3.2.1 Applying Pulse Width Modulation (PWM) method in HESS ........coooiriiinininianes 39
3.2.2 Methodology for Hybrid Energy Storage System........cocoovernirrncerescseene 41
3.2.3 Simulation of Hybrid Energy Storage System ... a4
3.2.4 Simulation of Lithium-ion battery model.........ccccooieeiieiieieeeee e 46
3.2.5 Simulation of supercapacitor MOAE . ......ccc.cc.iuiiiiiieeeesie e ar
3.2.6 Methodology for POWET LOAd..........veeiiriiiiirise st 48
Chapter 4 ReSULtS aNd DISCUSSIONS ..uuvieereuterireiiiensiereieintesse st essisense s et seceeene 51
4.1 Experimental results of Batteries pack ... ettt 51

4.2 Simulation results of HESS with pulse discharging method in NEDC drive cycle.. 56

4.2.1 Pulse discharging at 200Hz switching frequeNCY ...t 57
4.2.2 Pulse discharging at 400Hz switching freqQUENCY ....covuieirieiiiii s 60
4.2.3 Pulse discharging at 600Hz switching freqUENCY ....c.vviveiieriesiisee s 62
4.2.4 Pulse discharging at 800Hz switChing freqQUENCY .....oovvviiiriciirece s 64
4.2.5 Pulse discharging at 1000Hz switching freQUENCY .....c.ccciieieiiiricircsees 66
4.2.6 Comparison of characteristics of HESS at different switching frequencies.......... 67

4.3 Simulation results of HESS with pulse discharging method in WLTC drive cycle.. 70

4.3.1 Pulse discharging at 200Hz switching freqQUENCY ....c.vuvveierieeee s 71
4.3.2 Pulse discharging at 400Hz switching freqQUENCY ....covuveeiiriciircercees 72
4.3.3 Pulse discharging at 600Hz switching freqUENCY ....covuveeeeerieeereerecees 73
4.3.4 Pulse discharging at 800Hz switChing freqUENCY ....c.cuvevierieeieiieeeees 74
4.3.5 Pulse discharging at 1000Hz switChing freqUENCY ... 75
4.3.6 Comparison of characteristics of HESS at different switching frequencies.......... 76

Chapter 5 Conclusions and fUtUre WOIKS ..o 80



Vii

LOLLCLHEQLE DR K
N N N A
C({J(-J(J(J .’ g’ A .>\:}_\:)_l:)?»

This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



viii

LIST OF FIGURES

Figure 2.1 Operation of lithium-ion battery[10]. . ... 17
Figure 2.2 Different types of lithium metal OXide. .....c.oceiiririee s 18
Figure 2.3 Classifications of battery modelling. ... 20
Figure 2.4 Schematic of RINT MOAEL ..o 21
Figure 2.5 Second-order equivalent Circuit MOdel. ..o 21
Figure 2.6 CC-CV (Constant Current- Constant Voltage) charging strategy.......coccoevreneeeenrineneinnenes 22
Figure 2.7 Standard PPC MOGE. ... 23
Figure 2.8 Equivalent circuit model of SUPercapacitor. ... 24
Figure 2.10 Hybrid energy storage system in Electric VehiCle. ... 26
Figure 2.11 Topologies for HESS (a) passive, (b) semi-active (c) active configuration .............ccc.ee..... 27
Figure 2.9 The external forces acting on @ VEhICle. ...t 28
Figure 3.1 Methodology fOr @XPeIMENTS. ...t een 32
Figure 3.2 Methodology for SIMULGTION. ... e neeaes 32
Figure 3.3 Optocoupler and POWET TraNSISTOT. ...ttt e 33
Figure 3.4 Battery pack fOr Charging. ...ttt st ees 33
Figuref3$ Experingentalappdraiilis). @ N/ . N7 N4 D LM - bbbl ™ M. BB 34
Figure 3.6 Experimental setup schematic for voltage behavior of Lithium-ion battery..................... 35
Figure 3.7 Charging and discharging experiment of Lithium-ion batteries. ... 36
Figure 3.8 Charging and discharging experiment of Lithium-ion batteries. ... 36
Figure 3.9 Flowchart for experimental operation of Lithium-ion battery pack........ccccocevivcnininne 37
Figure 3.10 Constant current and pulse discharging at different frequencies for 0.5C. .........cccoo....... 38
Figure 3.11 Constant current and pulse discharging at different frequencies for 1C......cccoccovvvieee 39
Figure 3.12 50% duty cycle for POWET SNAMNG. ... . vciiiiiiiiiicet ettt 39
Figure 3.13 80% duty Cycle for POWET SNAMNG. ... ...ttt sttt 40
Figure 3.14 20% duty cycle for POWET SNAMNG. ..ot 40
Figure 3.15 100% duty cycle for battery and supercapacitor at the same time......c.ccccccvvverininen 40
Figure 3.16 Electrical diagram of Hybrid Energy Storage System. .......ccccveireircniseeseeees 41
Figure 3.17 Activation of five switches for the operation of hybrid energy storage system. ............ 42
Figure 3.18 Power management for hybrid energy storage SyStem. ... 42
Figure 3.19 Flowchart for the power management between two energy SOUrces. ........ccoveneeneeeee 43
Figure 3.20 Simulation model of Hybrid Energy Storage SyStem. ......ccveireienieineisieeseeeees aa
Figure 3.21 Flowchart for the overall working principle of HESS. ... a4
Figure 3.22 Switching control in SIMUUNK. ..o s a5
Figure 3.23 Energy management SYSTEIM. ..ottt 45
Figure 3.24 battery BlOCK in SIMULNK. ..o i 46

Figure 3.25 Parameters of batteries model DLOCK. ..o e a6



Figure 3.26 Supercapacitor block i SIMUUNK. .....ccciiiiiiccce e a8
Figure 3.27 Parameters of supercapacitor model block in SIMuUlinK. ......cccoeerrrnnrncereee 48
Figure 3.28 Chevrolet BOU EV MOEL ... 49
Figure 3.29 Power calculation for driving CYCle. ... 49
Figure 3.30 Energy consumption model in MATLAB/SIimulink software. .........cccovveninieniencnieninns 50
Figure 4.1 Voltage of battery pack during discharging at 400HZz 0.5C........ccoiiiiirniirnceeeens 51
Figure 4.2 Voltage of battery pack during discharging at 800HZ 0.5C........coiiiriirniirnieeeeen 52
Figure 4.3 Voltage of battery pack with constant current discharging at 0.5C. .......cccovovvvirieninnnne 52
Figure 4.4 Total discharging time of battery pack at 0.5C. ... 52
Figure 4.5 Total discharging time of battery pack at 1C. ..o 53

Figure 4.6 Comparison of Discharging capacity of pulse discharging and constant current discharging

Figure 4.8 Comparison of energy of pulse discharging and constant current discharging at 0.5C... 54
Figure 4.9 Comparison of energy of pulse discharging and constant current discharging at 1C...... 55
Figure 4.10 Comparison of energy of pulse discharging and constant current discharging at 1C.... 55

Figure 4.11 Comparison of energy of pulse discharging and constant current discharging at 0.5C. 55

Figurg 8. 12-NED@ Brivimgaeyetesprafite] £... AXoade ..\ L A bomereee ON . L0 56
Figure 4.13 Power demand of eleCtric VENICIE. ...ttt et 56
Figure 4.14 Battery Voltage at 200HZ frEQUENCY. ..ottt ettt 57
Figure 4.15 Battery current at 200HZ frEQUENCY. ..o oiviiiiiiiee s 58
Figure 4.16 Battery SOC at 200HZ frEQUENCY. ..ottt ittt 58
Figure 4.17 Supercapacitor voltage at 200HZ freqQUENCY. ..ottt 58
Figure 4.18 Supercapacitor current at 200HZz freqUENCY. ..ot 59
Figure 4.19 Supercapacitor SOC at 200HZ freQUENCY. .......cuoiuiiiirii ittt 59
Figure 4.20 Battery current and supercapacitor current at 200Hz freqQUENCY.....ccovveierieeirieriereines 59

Figure 4.21 Charging and discharging current of battery and supercapacitor at 200Hz frequency.. 60

Figure 4.22 Supercapacitor and battery pulse current with 20% and 80% duty cycle........ccccccee..... 60
Figure 4.23 Battery voltage at 400HZ switching freQUENCY. ..ot 60
Figure 4.24 Battery current at A00HZ frEQUENCY. ..ot 61
Figure 4.25 Supercapacitor voltage at 400Hz switching freqQUENCY. ..o 61
Figure 4.26 Supercapacitor current at 400Hz switching freqUENCY. ..o 61
Figure 4.27 Supercapacitor power at 400Hz switChing freqQUENCY . ......ceuivrieeiiirieee s 62

Figure 4.28 Comparison of power demand and total power from Battery and supercapacitor at
AOOHZ FrEOUENCY. ...ttt 62
Figure 4.29 Battery voltage at 600HZ frEQUENCY ..o 63
Figure 4.30 Battery current at 600HZ frEQUENCY. .....oviverieerrerierthiensies s ressesses s sas gt ensessesaesesessens 63



Figure 4.31 Supercapacitor voltage at 600HZ freqQUENCY. .....ccouviiriiniininicccee e 63
Figure 4.32 Supercapacitor current at 600HZ freQUENCY. ...oviueuriieeireeseiee e 64
Figure 4.33 Battery voltage at 800HZ freqQUENCY ...voiuieieee e 64
Figure 4.34 Battery current at 800HZ freQUENCY. ..o 64
Figure 4.35 Battery SOC at 800HZ freQUENCY ...t 65
Figure 4.36 Supercapacitor voltage at 800HZ freqQUENCY ...ciueviirieieieseier e 65
Figure 4.37 Supercapacitor current at 800HZ freQUENCY ..ot 65
Figure 4.38 Supercapacitor SOC at 800HZ freQUENCY. .....c.ciiiiriirircircrcreice e 66
Figure 4.39 Comparison of total power and power demand at 800Hz frequency. .......cccovveeneenne. 66
Figure 4.40 Battery voltage at L1000HZ frEQUENCY. ..oviuiiiiiiiieerece s 66
Figure 4.41 Battery current at 1000HZ frEQUENCY ......i ittt 67
Figure 4.42 Supercapacitor voltage at 1000HZ frEQUENCY. ..ot 67
Figure 4.43 Supercapacitor current at 1000HZ freQUENCY. «.....cciiiiiiiiiriietiee e 67
Figure 4.44 Comparison of total output power from HESS at different frequencies........c.ccccvvunee. 68

Figure 4.45 Comparison of total energy from hybrid energy storage system at different frequencies.

................................................................................................................................................................................ 68
Figure 4.46 Comparison of batteries power at different freqUENCIES. ...cc.vvieivieeiriiricieiies 68
Figure 4.47 Comparison of supercapacitors power at different frequencies. .......ccccccoivinivicninnne 69
Figure 4.50 Battery power losses variation in different switching frequendies.........ccccocoveinivcnininne 69
Figure 4.51 Battery power losses variation in different switching frequencies. ... 69
Figure 4.52 WLTC driving CYCle PrOfile. ...ttt st 70
Figure 4.53 Power demand of electric VENICIE. ......cciiviiiiiee et 70
Figure 4.54 Battery current at 200HZ frEQUENCY. ....iiii ittt 71
Figure 4.55 Battery voltage at 200HZ frEQUENCY ..ottt 71
Figure 4.56 Supercapacitor current at 200HZ freQUENTY. ..ottt 71
Figure 4.57 Supercapacitor voltage at 200Hz freqQUENCY. .......ccccoiviueiivciniinciiicicicc e 72
Figure 4.58 Comparing power demand and power from HESS.......cccoviiiinireeseeees 72
Figure 4.59 Comparing power demand and power from HESS.........oiiriiniecees 72
Figure 4.60 Battery current at 400HZ frEQUENCY. ....ooviiieeieieeee e 73
Figure 4.61 Supercapacitor current at 400HZ frEQUENCY. ...vviivieeiiirietise s 73
Figure 4.62 Batteries current at 600HZ freqQUENCY. ..cceuieeiiiirrice e 73
Figure 4.63 Supercapacitors current at 600HZ freQUENCY ..ot 74
Figure 4.64 Battery voltage at 800HZ freqQUENCY ..o 74
Figure 4.65 Supercapacitor voltage at 800HZ frEQUENCY. ....veuiiieriierieesie s 74
Figure 4.66 Batteries voltage at 1000HZ freqQUENCY. ..o 75
Figure 4.67 Supercapacitors voltage at 1000HZ freQUENCY. ..c.vuieiierieeiierie e ees 75
Figure 4.68 Comparison of power demand and power from batteries and supercapacitors............ 75

Figure 4.69 Comparison of total output power from HESS at different frequencies............cocueuuce. 76



Xi

Figure 4.70 Comparison of total output energy from HESS at different frequencies. ......ccccovveuncee. 76
Figure 4.71 Comparison of battery power at different frequencies. ..o 77
Figure 4.72 Comparison of supercapacitor power at different frequencies. ..., 77
Figure 4.73 Battery power losses variation in different switching frequencies. ..o 77
Figure 4.74 Supercapacitor power losses variation in different switching frequencies. ........ccccocu...... 78

Figure 4.75 Power comparison of total power from HESS and power demand at 600Hz. ............... 78



Xii

LIST OF TABLES

Table 2.1 Rolling resistance coefficient on various types of roads [29]........ccoeerernienniesncneene 30
Table 2.2 Parameters of NEDC drive CYCle [B7]. .. 31
Table 2.3 Parameters of WLTC drive CYCle [41] .o 31
Table 3.1 Experimental apparatus used in the experiments. ... 33
Table 3.2 Specification of Panasonic battery Cell ... 35
Table 3.3 Experimental conditions for charging of battery pack. ... 37
Table 3.4 Experimental conditions for pulse discharge of battery pack ........cccoevivivirinicninienes 37
Table 3.5 Frequencies and duty cycle parameters for pulse discharging .........c.cocoeovvverniernrnenens 38
Table 3.6 Specifications of battery PACk iN EV. e a7
Table 3.7 Specifications of supercapacitor MOAEL ..o a7

Table 3.8 Specifications of electriC VENICLE. ...t st 49



EVs
Li-ion
HEVs
SCs
HESS
SOC
ocv
cC
v
ccev

ABBREVIATIONS

Electric vehicles

lithium-ion

Hybrid Electric Vehicles
Supercapacitors

Hybrid Energy Storage System
State of Charge

Open Circuit Voltage
Constant Current

Constant Voltage

Constant Current Constant Voltage

Xii



14

Chapter 1 Introduction

1.1 Research Background

One of the biggest issues that the world's environment is currently facing is energy
conservation. It is believed that transportation will be crucial to preserving energy in the future.
Future transportation options include electric vehicles (EVs), which have the potential to reduce
the usage of petroleum fuels that release large amounts of carbon dioxide [1]. Electric vehicles
(EVs) need energy storage with the highest energy density for long-term use and due to their huge
energy storage capacity, batteries are largely employed as an energy storage unit in electric
vehicles. Since lithium-ion (Li-ion) batteries have quick charging times, minimal self-discharge, and
a relatively high energy density, they are commonly utilized as an energy source in hybrid electric
vehicles (HEVs) and EVs. The power of the battery is the most crucial component of an electric
vehicle. As battery capacity directly relates to the driving range, customers are worried about getting
stuck somewhere as charging stations are hard to find [2]. Using only batteries for EV can result in
reduction in battery life in certain applications. When accelerating, the battery pack is not able to
handle the sudden energy consumption and performs worse because of peak utilization. Large
currents are also produced via regenerative breaking, which could shorten the battery lifespan. Due
to such matters, the performance of the batteries degrades over time and face the problem of
aging [3]. Therefore, adding additional storage devices like supercapacitors (SCs) can offer the
necessary quick dynamic response when power is suddenly required due to extreme driving
conditions. Furthermore, regenerative braking energy is stored in SCs to prevent the batteries from
being exposed to peak current [4]. Because of the dynamic behavior of supercapacitors and their
increased lifespan, power sharing between batteries and SCs is a potential solution for improving
system performance and extending the lifespan of the batteries [5]. A hybrid energy storage system
(HESS) is a power system that makes use of two or more energy storage mediums, in which the
battery serves as the major energy storage source, while supercapacitors are used to support power
during surges in current during both charge and discharge. According to the experiment, a hybrid
power system can reduce the battery’s required power and increase the efficiency of braking
energy recovery as SCs has the capacity to charge with quick speed [6].

Batteries are recognized as a relatively high specific energy while supercapacitors are defined
as lower specific energy and high-power density. A suitable energy management system should be
used since the supercapacitor and battery operate differently when charging and discharging.
Supercapacitors have a higher power density than batteries, which allows them to provide and
receive sudden current surges. An efficient power distribution strategy that may modify the
parameters of energy storage media and electric vehicle is necessary to achieve optimized energy

consumption. As a result, it requires a system that can consider the starting, normal, and
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regenerative braking conditions of an electric vehicle, each of which has a unique current variation

curve for energy distribution, and distribute the power supplied to the load by the hybrid energy

storage system as efficiently as possible [7].

1.2 Objectives

@)
@)

This research aimed to achieve the following objectives.
To analyze the discharge energy and capacity of batteries by using pulse current method
To compare the discharge energy and capacity of batteries at various switching frequencies
(200Hz,400Hz,600Hz,800hz,1000Hz) and also with constant current method
To design the Hybrid Energy Storage System that use pulse current algorithm for power
sharing
To analyze the performance of Hybrid Energy Storage System by pulse method at various

switching frequencies (200Hz,400Hz,600Hz,800hz,1000Hz)

1.3 Scope of the study

The main objective of this thesis is to analyze the hybrid energy storage between battery

and supercapacitor utilized pulse discharging method for electric vehicles. The research was

structured into three main components:

©}

Pulse discharging operation of the battery pack was performed as an experimental process
in-which transistor switch is controlled by an Arduino board and controls the current with
pulse width modulation. To analyze the effect of different switching frequencies on
characteristics of battery, several different switching frequencies and duty cycle were
tested with battery pack and compare with the result with constant current discharging.
Hybrid Energy Storage System (HESS) combining Lithium-ion batteries and supercapacitors
was developed in MATLAB as validation process. Pulse discharge algorithm was developed
in HESS as a power sharing method.

The speed profile for energy consumption was based on the New European Driving Cycle
(NEDC) and Worldwide Harmonized Light Vehicles Test Cycle (WLTC). The consumption
energy of the transmission system and motor are neglected in this study. The power
consumption rate of electric vehicles was calculated by the vehicle dynamics model

considering resistance forces affecting the vehicle.

1.4 Thesis outlines

scope

This thesis is categorized into five chapters. In Chapter 1, research background, objectives,
of the study, and outlines of the thesis are discussed.

In Chapter 2, the related theories for this study are presented. First, the operation of lithium-

ion battery and definitions of battery are explained. After that battery model and charging and

discharging method of battery are explained in detail. Theories about supercapacitors and energy
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consumption of electric vehicles are also presented in this chapter. The basics theories about
hybrid energy storage systems are also expressed in the chapter.

In Chapter 3, the experimental setups and simulation for this study were discussed. This
chapter presents the experimental setups for examining the impact of pulse discharging on lithium-
ion batteries at different switching frequencies. In addition, the simulation of hybrid energy storage
system in MATLAB/ SIMULINK is also presented in this chapter.

In Chapter 4, the results of conducted experiments are presented. The characteristics of
batteries during pulse discharging at different switching frequencies are presented and the
experimental results are compared. The results of simulation for hybrid energy storage system
deployed pulse discharging are presented and compared the results tested at different switching
frequencies.

In chapter 5, all the works included in this thesis are summarized and discussed the extended

works in the future.
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Chapter 2 Background theories

In this chapter, the background theories related to lithium-ion battery, supercapacitor, charging

and discharging method and hybrid energy storage system are discussed.

2.1 Lithium-ion battery operation

Because of their great energy density, lithium-ion batteries are commonly employed in high
energy applications. The functioning of the lithium-ion battery during the charging and discharging
stages is covered in this section. Batteries are electrochemical devices that develop from oxidation-
reduction electrochemical reactions at the electrodes of their constituent materials. Chemical
energy is transformed into electrical energy by them [8]. As shown in Figure 2.1, a battery cell
typically consists of two electrodes (positive and negative), a separator, electrolyte, and current
collectors that are located on each side of the electrodes. The positive electrode of the battery,
or cathode, is where positive ions (Li+) originate and where negative ions (e-) are accepted and
the anode is considered as a negative electrode. The separator is placed between the cathode
and the anode as a barrier to prevent short circuit and it should have enough porosity to let the
electrolyte readily flow between two electrodes. Liquid electrolyte is filled at the space left

between the electrode and separator [9].

«— e A =¥
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i 14 ol : - f! .
— it b
- ! f - J
O Fr: /ﬁjischargét‘y .
| T
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electrolyte

Figure 2.1 Operation of lithium-ion battery[10].

Electrons and lithium ions are excited by an external power source while Li-ion batteries
are in the charging stage. The charging process can be regarded as an oxidation process. The power
source speeds up the lithium ions to move from the cathode toward the anode during the charging
process and the electrons move from the anode (negative electrode) to the cathode (positive
electrode). As a result, electricity flows when lithium ions move between electrodes. The oxidation
process is accomplished when the maximum storage capacity is achieved in the battery. When an

electrical load is applied between the terminals of battery, the battery starts to deplete. Moving
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the positively charged lithium ions (Li+) from a negative electrode (anode) to a positive electrode
is the process of discharging (cathode). Therefore, electrons will move from the cathode to the

anode [11].

Lithium Cobalt Oxide Lithium Nickel Cobalt

(LCA) \ ’ Aluminum Oxide (NCA)
Lithium
Lithium iron phosphate [
(LFP)

metal oxide
Lithium Nickel
Manganese Cobalt Oxide

(NMC)

Lithium Titanate Oxide
(LTO)

Figure 2.2 Different types of lithium metal oxide.

2.2 Definitions of battery

2.2.1 Battery capacity

The capacity of battery represents the amount of energy stored within the battery. The
nominal rated capacity is defined by battery manufacturers. Battery capacity is measured in
milliamps-hours (mAh). For example, if a battery has a capacity of 1000mAh, it can theoretically
deliver a current of 1000mA for one hour or 500mA for two hours. The capacity of a battery is an
important factor in determining how long a device or system will be able to operate on a single

charge [3].
2.2.2 State of charge (SOC)

SOC indicates the amount of remaining energy or charge of battery. Using Coulomb
counting method, SOC of the battery can be determined, and the range of SOC is described as
from 0% (full discharge) to 100% (full charge). SOC is an important parameter for battery
management system, and it is impacted by load current and temperature. Since SOC is the key
factor in the safe operation of batteries, an accurate estimation of SOC is important. The calculation

of SOC of the battery is presented in equation 2.1 [11],[12].

t
I
SOC = SOC, — j 2 gt 2.1
o Cc
where

SOC = State of Charge

SOC, = Initial state of charge

C. = Capacity (Ah)

I = Current (+ discharge, - charge)
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2.2.3 Battery voltage

Battery voltage is divided into two types: Open Circuit Voltage (OCV) and Closed-Circuit
Voltage (CCV). Open circuit voltage is the terminal voltage of a battery cell at equilibrium condition
or the voltage of a battery when there is no load connected to the battery, that is when the battery
is in open circuit state. It is an important parameter to understand a battery’s state of charge (SOC)
and is used as a reference point to estimate the state of charge. The nonlinear relationship between
SOC and OCV is determined by polynomial equation. CCV measures the battery voltage during

charge and discharge conditions. The equation of the CCV is shown in equation 2.2 [13].

Vee = Voco — U Tine 2.2
where
| 7 = Close circuit voltage(V)
Vocw = Open circuit voltage(V)
[ = Electric current (A) (+ discharge, - charge)
Tint = Internal resistance(Q)

2.2.4 Battery discharge or charge rate (C-rate)

C-rate is the most common way to express battery current. The C-rate of a battery is a
measure used to express the rate at which a battery is charged or discharged relative to its capacity.
For example, the battery current normalized to the rated capacity (C) of the battery. A C-rate of
1C for a battery with 1 Ah indicates a current of 1A; a current of 0.5A is represented by a 0.5C rate
[14]. Thus, it will take approximately long hours to complete charging and discharging on a battery

with a C rate of 0.5C than 1C rate [15].

2.2.5 Depth of discharge (DOD)

It is a measure that indicates the percentage of the capacity of a battery that has been
discharged compared to its total capacity. In other terms, DOD indicates the charge removed from
the battery. Depth of Discharge is a crucial factor in battery management and maintenance. Higher
percentages of the capacity of battery being used during deeper discharge cycles can have an
effect on the battery's overall longevity. As DOD inverses the SOC, DOD can be calculated from
SOC in equation 2.3 [16].

DOD =1-S0C 2.3
where
DOD = Depth of discharge
SOC = State of charge
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2.3 Battery model

The initial stage in designing, controlling, and optimizing a battery management system is
often to create a suitable model. Battery modeling is essential for both design and estimating
better performance. Battery modelling can be categorized into three main types: battery electric
model, battery thermal model and battery coupled model. The most prevalent kinds of battery
electric models include data-driven, equivalent circuit, reduced-order, and electrochemical
models. Although the electrochemical model needed a large amount of computing during model
simulation, it offered very accurate prediction performance. For analogous circuit models, the
electric behaviors of batteries have been represented by a combination of circuit elements,
including voltage sources, capacities, and resistances. Because of their straightforward model
structure and limited number of model parameters, equivalent circuit models have found
widespread application in real-time battery applications. Neural networks and support vector
machines are two examples of data-driven models that have been used to describe battery electric
characteristics in the absence of prior knowledge. The classification of the battery modelling is

presented in Figure 2.3 [17].

Battery Modelling

|
[ e |

Battery electric model Battery thermal model
{ Electrochemical model ] ‘ Heat generation model ‘
{ Equivalent circuit model t | Heat transfer model |
) Reduced-order electric Reduced-order thermal
model model
r Data-driven model | ‘ Data-driven model [

L J

-
Battery coupled electro-
thermal model

Coupled lump-parameter
model

Coupled distributed-
parameter model

Figure 2.3 Classifications of battery modelling.

2.3.1 Equivalent circuit model

2.3.1.1 Simple or linear battery model

The simple model or internal resistance model, R, is the simplest equivalent circuit
model, and it consists of an ideal voltage source and the internal resistance. The resistance Ryt
is defined as the energy losses that make batteries heat up. Only when the circuit is open, the
terminal voltage Vi is the same with open circuit voltage V.. However, when a load is attached,

this voltage is determined by equation 2.4 [18]
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Rint
—
Vo |
— Vr
Figure 2.4 Schematic of Rint model.
Ug= Uocv — 1Ry 2.4
where

U; = Terminal voltage
R, = Internal resistance
Uocy = Ideal voltage source

However, the Rj,+ model has its disadvantages in describing the dynamic behavior of
Lithium-ion batteries [17]. As a result, this model is able to simulate the voltage drop that occurs

when the circuit is connected to the load, which is directly proportional to the circulating current.

2.3.1.2 Thevenin model

Thevenin-based models, which can simulate transient response, are organized using internal
resistance, open circuit voltage (OCV), and RC networks. The present model parameters are
connected in series with a parallel Resistance-Capacitance (RC) network to characterize the
dynamic behavior of the lithium-ion battery.

As soon as the current is applied to a battery, the battery’s voltage reduces immediately
due to the resistance in the series. A DC voltage source is used to display a battery’s open circuit

voltage (OCV), which is influenced by the battery’s state of charge (SOC)[18].

Rq
R'nt
—
V T
ocv +

Figure 2.5 Second-order equivalent circuit model.
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2.4 Charging and discharging method of battery

2.4.1 Constant current-constant voltage charging method

Constant current (CC) charging and constant voltage (CV) charging method are the two
basic approaches of charging lithium-ion batteries. Because of its straightforward implementation,
Constant Current-Constant Voltage (CC-CV) charging strategy combined the CC mode and CV mode,
and it was defined as a useful way to recharge batteries. The battery is charged in two stages using
the CC-CV charging strategy: first, a constant current is used to charge the battery and second,
when the voltage reaches the switch voltage, a predefined voltage that is incredibly close to the
full charge voltage, CV stage charging begins. In CV stage charging, the current decreases until the
threshold value of current to prevent the battery from harm. The CV mode, which comes after the
CC mode, can lengthen the charging time, and increase charging capacity while reducing the
overvoltage stress on the battery cells. The charging duration can be greatly increased if the steady
charging current is less than 0.5C.The CC-CV strategy is usually a reference when assessing

experimental charging strategies [19],[20].

cc [ cv !

| |

£\ n i | W
- A U | Constant e
o A l Voltage =
= - | | o,
3 f 3
3|/ | | @
w f Constant | | =
6 Current | | =
— QO
& | I
.- | I (D

Q

| |

| |

| |

| |

L 1

Figure 2.6 CC-CV (Constant Current- Constant Voltage) charging strategy.

2.4.2 Pulse current mode

Instead of employing a continuous charging current, the idea of pulse charging depends on
gradual changes in current rate and/or direction. Essentially, the current can be replaced with a
transient discharge pulse or terminated, leading to a shortened rest period. Short rest intervals may
promote relaxation, and brief current inversions may facilitate both quick relaxation and the
battery's electrochemical processes to revers [21]. The two basic pulsed current modes are
Standard Positive Pulse Current (PPC) mode and standard Negative Pulse Current (NPC) mode. The
standard PPC mode consists of using periodic relaxation time with positive constant current. Based
on this concept, extended PPC modes are proposed which are Pulsed Current with Constant
Current (PCCC) mode, Constant Current-Pulsed Current (CC-PC) mode, Pulse Modulation (PM)
mode, and Pulsed Current-Constant Voltage (PC-CV) mode. The extended NPC modes are Constant
Current-Constant Voltage with Negative Pulse (CC-CVNP) mode, Alternating Current Pulse (ACP)
mode, Multi-Stage Constant Current-Constant Voltage with Negative Pulse (MCC-CVNP) mode [22].
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The standard PPC mode consists of the constant current with periodical rest time. While the current

is zero during the rest period, the positive pulse's current has a constant value, Ip . Toal period of

positive and negative pulse is regarded as T, and the frequency f of current pulse is equal to 1/T'
In a period as shown in Figure 2.7, the width of the pulse current is considered as t,, and the rest
time t,.. Calculation of duty cycle for the positive pulsed current is expressed in equation.
Magnitude of pulse current, I, , Period T, and duty cycle Dp are the main parameters of the
standard PPC mode. The duty cycle of the pulse current can be calculated by equation 2.5 and
2.6 [23].

h 4

Current
Fo

_ Time
Figure 2.7 Standard PPC mode.
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2.5 Supercapacitor operation

A supercapacitor, often referred to as an ultracapacitor, is an electrochemical device that
can improve capacitance compared to ordinary capacitors. Supercapacitors are also electrical
energy storage systems that have a high energy storage capacity and a rapid energy discharge rate.
It consists of two porous electrodes submerged in electrolyte with a separator between the
electrodes. Because supercapacitors use a separator rather than a dielectric between two
electrodes, they can store more energy than conventional capacitors. Supercapacitors (SCs) have
considerable specific power, strong charging and discharging currents, and a noteworthy efficiency
because of their high capacitance and low series-resistance. Typical regular capacitors consist of
two electrodes spaced by an insulating dielectric, like paper, mica, or ceramic. Although the
supercapacitors have different structures from regular capacitors, they operate on the same
principle. Based on various methods of charge storage, three types of supercapacitors can be
identified. One type is an electric double layer capacitor which creates an electric double layer
(Helmholtz layer) at the point where an electrode with a high specific surface area meets the

electrolyte to store the energy. Another one is Pseudocapacitors which use Faradaic redox reactions
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or quick reversible chemical desorption and adsorption to store energy. Hybrid supercapacitors,
which combine Helmholtz layers and Faradaic redox processes, is the third type [24],[25]. The
equivalent circuit model of supercapacitor is described in Figure 2.8 [26].

_—
Vee

Effective series R Power supply
resistance (ESR) voltage
Ry __cC
Leakage Resistance
resistance
| PP/ S S o o

Figure 2.8 Equivalent circuit model of supercapacitor.

2.6 Definition of supercapacitor

2.6.1 Capacitance
The capacitance of the supercapacitor is described as the ratio of stored charges to the
applied voltage and the unit of the capacitance is called in Farad. The calculation of the

capacitance of supercapacitor is presented in equation 2.7.

C = g 2.7
4
where
C = Capacitance (F)
Q = Quantity electric charge (C)
%4 = Voltage (V)

Supercapacitors are connected in parallel or series to increase the voltage and the
capacitance of the supercapacitor. The capacitance of the supercapacitor is calculated by the
equation 2.7 and the voltage of the supercapacitor is calculated by the equation 2.8 and the total

voltage after series connection is calculated by equation 2.9.

n

C=Cooy —~ 28
cell ng
where
Ceenl = Capacitance of cell (F)
ny = Number of cells in parallel

Nng = Number of cells in series
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V = Veey .ns 2.9
where
Veetr = Voltage of cell (V)
ng = Number of cells in series

2.6.2 State of charge (SOC)
The state of charge of the supercapacitor is calculated as the same calculation as SOC of

the battery and presented in equation 2.10 [15].

[i(t)dt

SoCc(t) =So0C(t—1)——— 2.10
Q
where
SOoC = State of charge
Q = Quantity electric charge
[ = electric current (A) (+ discharge, - charge)
t = Time (s)

2.6.3 Equivalent series resistance
The internal resistance of the supercapacitor can be regarded as an ideal capacitor in series

with a resistor. It is defined as the equivalent series resistance and expressed by equation 2.11 [27].

R, = ﬂ 2.11
l
where
R, = Equivalent series resistance (€))
%4 = Voltage (V)
i = Electric current (A) (+discharging, -charging)

2.6.4 Supercapacitor voltage

There are two forms of voltage in supercapacitors: closed circuit voltage (CCV) and open
circuit voltage (OCV). OCV is the voltage across a capacitor's terminals when no load is attached to
it and no current is passing through it. The voltage across a supercapacitor's terminals when it is
attached to a load and current is flowing is known as the CCV. The calculation of OCV and CCV is
defined in equation 2.12.

Vee =Voc — 1+ Rg 212
where
Vee = Close circuit voltage(V)
Voc = Open circuit voltage(V)
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i
Rs

Electric current (A) (+discharging, -charging)

Equivalent series resistance (£2)

2.6.5 Energy of supercapacitor
The energy of the supercapacitor is proportional to the squared of voltage and expressed

by the equation 2.13 [27].

E = 1 .C-V? 2.13
2
where
E = Energy (J)
C = Capacitance (F),
vV = Voltage (V)

2.7 Hybrid energy storage system

A hybrid energy storage system (HESS) is a power system that combines two or more energy
storage sources, and it is used in electric vehicles. The battery, which can optimize energy
consumption in electric vehicles, serves as the main energy storage source in HESS. Supercapacitors
are used to provide energy support during current surges during both charge and discharge. There
are two types of hybrid energy storage systems: active and passive. In the passive configuration,
the battery and supercapacitor are linked in parallel and have the same voltage levels. An ideal
power distribution strategy that modifies the operating parameters of electrical vehicles and energy
storage media is necessary to achieve optimal energy consumption. Thus, it requires a system that
can both operate an electric vehicle and distribute the power supplied to the load by the hybrid
energy storage. Batteries, supercapacitors, a bidirectional DC-DC converter, 3-phase inverters, a
permanent magnet synchronous motor, and an energy management system are all components
of a hybrid energy storage system[8]. Energy management system and a DC-DC converter regulate
how power is distributed in HESS. The same DC-link is connected to two DC-DC converters, one of
which controls the power flow from the batteries and the other the power flow from the SCs, as
indicated in Figure 2.9.

—— —

Bidirectional

Battery — DC-DC —

Converters Permanent
Magnet Vehicle
Inverter Synchronous Dynamics
Bidirectional Motor
Super-capacitor = DC-DC
Converters
—_— | T _____ .
Power flow

DC-DC converters controller
] P_Bt ] P_Sc

Energy and Power Management

Figure 2.9 Hybrid energy storage system in Electric vehicle.
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2.7.1 Battery-SC HESS Topologies

Using the proper energy management systems (EMSs) and topologies for HESSs, the
distribution of electricity among various power sources is coordinated. A separate DC-AC converter
is used to connect the HESS to either the DC bus or the AC bus. HESS is often created by coupling
the supercapacitor and battery using a bidirectional DC-DC converter to maximize their benefits
and minimize their downsides. Interconnection topologies come in three types: passive, semi-
active, and active [8]. The most straightforward way to combine a battery and supercapacitor is
with a passive hybrid architecture. One advantage of this design is that power electronic converters
are not needed. As the battery maintains the DC bus's voltage, the supercapacitor's stored energy
cannot be fully utilized. The type of system that has a bidirectional DC-DC converter connecting it
to a DC bus is considered as a semi-active system. In the supercapacitor semi-active topology, the
battery is connected directly to the DC bus, and to benefit from its wide voltage range, the SC is
coupled in series with a bidirectional DC-DC converter. Active HESS is used when two storage
devices are linked to a DC bus via a bidirectional DC-DC converter. This configuration is known as
active HESS if the hybrid energy storage system is linked to the DC bus via a controller or energy
management system for two bidirectional DC-DC converters. The DC bus's voltage is stable because

the battery is directly connected [42].[43]
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Supe:r' DC-DC
capacitor Converters
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Bidirectional
T DC-DC
Converters
(c)

Figure 2.10 Topologies for HESS (a) passive, (b) semi-active (c) active configuration
Energy conversion law is used as a base for all enrgy management system that the load
power needed is to be supplied by available power sources and the equation for the energy

storage system is shown in equation 2.14.
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Proaa = Psour = Ppar + Psc 2.14

At a particular instant of time, the power of EV can be defined as in equation [44] and the

power load for the system is calculated by equation 2.15 and 2.16.

Pgy = Ppqt + Psc 215

2.16
Proaa = Vpc ' Ipc = EFte v

2.8 Energy consumption of vehicle
Total energy consumption can be calculated in this study by using total force and vehicle

speed as shown in equation2.17 [28].

where
P = Electrical power (W)
= Tractive force (N)
v = Vehicle speed (km/hr)

2.8.1 Vehicle dynamic

Determining the force components that influence the dynamics of the vehicle is the initial
stage in vehicle modeling. According to Newton's second law, the acceleration of an object is
inversely proportional to the net force acting on it. In other words, an object accelerates when the
net force acting on it is nonzero. A moving vehicle is affected by the drag force, rolling resistance
force, slope force, and acceleration force. A precise estimation of normal forces could significantly
enhance vehicle handling and safety as they are important to vehicle dynamic control systems.
The power delivered to the wheel by the powertrain, the condition of the roadway, the curb mass
of the vehicles (including all components and passengers), and the aerodynamics of the vehicle

determines the acceleration and speed of the vehicle [29],[30].

Figure 2.11 The external forces acting on a vehicle.
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Tractive force (Fy,. ) is the force that make the movement to the vehicle, and in order to
drive the vehicle, this force must outweigh the resistance force. These resistant forces are described

as “road load force” and the calculation of total forces is presented in equation 2.18 [31].

Fyp = Fa+Faero+F;*+Fgrade 2.18

2.7.1.1 Aerodynamic resistance force

The air's resistance to a vehicle's motion when it is moving through the atmosphere is known
as the aerodynamic drag force. There are 2 types of aerodynamic drag force: drag due to frontal
area and skin friction at the surface of the body. The resistance force increases with the square of
the vehicle’s speed and is influenced by various factors, including vehicle’s shape, size, and the
aerodynamic drag coefficient. The mathematical equation of the aerodynamic drag force is

represented as
E,Xe X5 - b\ GalH- 1P 2.19

where p is the density of the air, Cg4 is drag coefficient,4 is the frontal area of the vehicles and
v is the velocity of the vehicle.

The drag coefficient is a value that quantifies the aerodynamic drag and a vehicle experience
as it moves through the air. It is a crucial parameter in vehicle design that has an impact on fuel
efficiency, performance, and stability. The shape of the vehicle body has a significant effect on drag
coefficient such as reducing the frontal area decreases the impact of air on the vehicle’s surface

and thus lowers drag [30],[32].

2.7.1.2 Grade resistance force

When a vehicle is moving on an incline or gradient, it needs to overcome the force of gravity
pulling it back down the slope. The grade resistance force, a type of gravitational force, is what
tends to pull a vehicle back when it is climbing an inclined surface. The grade resistance force is
influenced by the slope of the road or terrain-and the weight of the vehicle. Grade resistance is a
crucial factor to consider in vehicle dynamics, especially for fuel efficiency and performance

calculations. The grade resistance acting on the vehicle can be calculated by equation 2.20 [33].
F,=m- g -sin (0) 2.20

where m is the mass of the vehicle, g is gravitational acceleration and 6 is the road grade
in degree.
2.7.1.3 Rolling resistance force

Rolling resistance force is the force that opposes the motion of a vehicle’s tires as they roll

over a surface. The friction between the tires of the vehicle and the road generates the rolling
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resistance force. Roling resistance can vary depending on the type of road surface such as smooth
pavement, gravel, or rough terrain. The calculation of rolling resistance force is presented in

equation 2.21 .
E: 'umgcos(e) 2.21

where  is rolling resistance coefficient, m is the mass of the vehicle, g is gravitational
acceleration and @ is the road grade in degree [33],[34].

Table 2.1 Rolling resistance coefficient on various types of roads [29]

Conditions Rolling resistance coefficient
Car tires on concrete or asphalt 0.013

Car tires on rolled gravel 0.02

Unpaved road 0.05

Field 0.1-0.35

2.7.1.4 Inertial resistance force [35]

A part of the overall resistance that a moving vehicle encounters is called inertial resistance
force, or inertial force. This force is associated with the vehicle's mass and its resistance to changes
in motion and that helps a vehicle accelerate from rest to a predetermined speed in a given
amount of time is known as the acceleration force [36]. The calculation of rolling resistance force

is presented in equation 2.22.

dv

e 1 222
dt

F,=m

where M is the mass of the vehicle and v is the speed of the vehicle.

2.8.2 Driving Cycle

Driving cycles are speed-time measurements that are used to calculate how much fuel and
pollution a car emits, and to simulate the driving system and forecast its performance [37]. Vehicle
driving simulations and tests are carried out to support the design process and help assess whether
the design is appropriate for the desired use. The driving cycle process upgrades to a computer
simulation or dynamometer from a road simulation. There are several different standard driving
cycles [38]such as extra urban driving cycle (EUDC), ECE 15, New European driving cycle (NEDC), the
world harmonized light vehicles test procedures (WLTC) and others. Depending on the kind of
driving cycles profile mentioned above, these cycles include several accelerations and braking

events over a specific period of time.
2.7.2.1 New European driving cycle (NEDC)

NEDC, or the New European Driving Cycle, is the testing protocol. The European Union Urban

Driving Cycle (ECE) and the Extra-Urban Driving Cycle are combined to form NEDC driving cycle.
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Testing EV energy consumption and regenerative braking performance has made extensive use of
it. A full NEDC cycle has four repeating ECEs that follow an EUDC section to display a highway
driving speed pattern, with a maximum speed of 120 km/h [39].

Table 2.2 Parameters of NEDC drive cycle [37].

Parameters WLTP
Duration (s) 1800
Distance (km) 23.266
Average speed (with stops)(km/h) 46.5
Average speed (without stops) (km/h) 53.5
Maximum speed (km/h) 131.3

2.7.2.2 World harmonized light vehicles test procedures (WLTC)

The World harmonized Light-duty vehicles Test Procedure (WLTP) is globally harmonized
standard for determining levels of pollutants such as CO, and it is used to calculate the fuel
consumption of internal combustion engines (ICE) and the range of electric vehicles[40]. This cycle
enables the efficiency of fuel economy of vehicle and the range. Based on the power to mass ratio
of the test vehicle, this driving cycle is classified into three classes: Class 1 is for urban driving, Class
2 is for combined driving which includes both high-speed and low-speed sectors, and Class 3 is for
extra urban driving.

Table 2.3 Parameters of WLTC drive cycle [41]

Parameters NEDC
Duration (s) 1180
Distance (km) 11.016
Average speed (with stops)(km/h) 33.62
Average speed (without stops) (km/h) 44.08
Maximum speed (km/h) 120
Average positive acceleration (m/s?) 0.59
Average negative acceleration (m/s”) -0.8
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Chapter 3 Methodology

This chapter provides the experimental method and simulation method to build the battery
and supercapacitor models for hybrid energy storage system with pulse current method. This
research studies the effect of pulse discharging method on lithium-ion batteries in electric vehicles.
Firstly, the pulse discharging method was performed with battery pack as experimentation, and
then pulse discharging method was applied in hybrid energy storage system containing Lithium-ion
battery pack and supercapacitor with simulation in MATLAB/Simulink.

In the first part of the experimental process, we employed the pulse current method to
analyze the discharge energy and capacity of batteries. This involved subjecting the batteries to
varied switching frequencies, specifically at 200Hz, 400Hz, 600Hz, 800Hz, and 1000Hz. In the second
part of simulation phase, a hybrid energy storage system was designed by applying a pulse current
algorithm for optimized power distribution. The system's performance was evaluated using the

pulse method at varying switching frequencies (200Hz, 400Hz, 600Hz, 800Hz, and 1000Hz).

Different switching frequencies and duty cycle were tested

A

-Tested on the speed profile New European Driving Cycle (NEDC) and Worldwide
Harmonized Light Vehicles Test Cycle (WLTC)

- NEDC maximum speeds and higher accelerations

Figure 3.2 Methodology for simulation.
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3.1.1 Experimental setup for Lithium-ion battery
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In this study, the experimental setup was performed to analyze the effect of pulse discharge

for battery. The apparatus used in the experiments are shown in Table 3.1.

Table 3.1 Experimental apparatus used in the experiments.

No | Equipment Purpose Remark
1 Arduino Generate PWM signal Uno
2 Lithium-ion Battery Voltage source Panasonic
3 |Programmable power Supply electrical power Charge batteries, Provide
supply power to optocoupler
4 Electronic load Discharge batteries Constant current
5 Data logger Collect current and voltage data | Sampling rate 200ms
6 Clamp meter Measure electrical current 0-200A
7 Oscilloscope Measure signals Frequency
8 Transistor On/Off switching Fuji electric
9 Optocoupler Isolating high voltage circuit from | PC 817
low voltage circuit

Figure 3.4 Battery pack for charging.
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Figure 3.5 Experimental apparatus.

The specifications of the battery cell used in this experiment are described in Table 3.2. The
lithium-ion cells in this study have a nominal capacity rating of 3450mAHh. Firstly, the initial
characterization tests were performed to obtain the baseline results. All the cells were charged
with constant current-constant method (CC-CV) until the maximum charging voltage of 4.2V.
Arduino microcontroller was used to generate the Pulse Width Modulation (PWM) signals to control
the discharging of batteries. In this experiment, direct current passage from the high voltage battery
pack to the Arduino microcontroller was inhibited by placing an optocoupler between the Arduino
and the transistor. Optocouplers serve as a crucial component for isolating high voltage circuits
from low voltage circuits in electronic systems. The optocoupler effectively transmits electrical
signals between two isolated circuits, ensuring that there is no direct electrical connection between
them. Optocoupler contains two sides; input and output side in which high-voltage input can
activate the LED on the input side, which emits light. This light is then detected by the light-
sensitive component on the output side, which is electrically isolated from the input side. The
output side can be connected to the low voltage circuit, ensuring that high voltage and low voltage
sections remain completely separated. To execute switching in the discharging state, an electronic
power switch known as a power transistor module was utilized. To investigate the effects of
different frequencies of pulse discharging on lithium-ion batteries, six Panasonic NCR18650GA cells
(designated as cell A, B, C, D, E, F, and G) were chosen. Parallel connection design was used for
charging batteries as battery management system was not used and parallel charging is easy to

control to reach maximum charging voltage, and series connection is used for discharging.
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Table 3.2 Specification of Panasonic battery cell

Parameters Value
Cell type NCR18650GA
Rated capacity 3450mAh
Nominal voltage 3.6V
Maximum discharge voltage 2.5v
Maximum charging voltage 4.2v
Maximum discharge current 10A
Standard charging current 1.675A
Energy density 224Wh/ke

The lithium-ion battery pack was connected to the electronic load and the power transistor
switch is controlled by Arduino microcontroller for the pulse discharge. Power supply was used to
supply the voltage to optocoupler and power transistor. The voltage and current data of batteries
was recorded using a data logger, and the clamp meter was used to monitor the current during
discharge. Oscilloscope was used to check the switching frequency rate and to record the
frequency data. The lithium-ion battery pack was discharged within the boundary conditions to
obtain the voltage behavior.

The experimental setup of the battery pack during discharging state is shown in Figure 3.6.
By connecting the PWM output pin from Arduino to the gate of a transistor, the switching behavior
was controlled and as a result, the power delivered to a load was regulated. PWM facilitates precise

control of the duty cycle, enabling modulation of the average voltage applied to the load.
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Figure 3.6 Experimental setup schematic for voltage behavior of Lithium-ion battery.
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Figure 3.7 Charging and discharging experiment of Lithium-ion batteries.

Figure 3.8 Charging and discharging experiment of Lithium-ion batteries.

Applying the suitable duty cycle for pulse discharging is important for achieving the desired
performance and reliability. In the pulse discharging application, as longer on-time allows for more
energy to be transferred to the output and to step up the input voltage to a higher output voltage,
high duty cycle of 75% was selected. 75% duty cycle allows for a slightly shorter ON time compared
to an 80% duty cycle. However, this reduces stress on the transistor switch and associated
components and shorter ON time (75% duty cycle) results in lower heat generation during each
pulse. Moreover, longer Off time results in achieving higher energy restoration and recovery. That
means 75% duty cycle have longer Off time than 80% duty cycle. A duty cycle of 75% means that
the discharging current is active for 75% of the time and switched off for the remaining 25%. The

procedure of the experiment is shown as flow chart in Figure 3.9.
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Figure 3.9 Flowchart for experimental operation of Lithium-ion battery pack.

3.1.2 Constant Current - Constant Voltage Charging Method

The battery pack was charged under constant current conditions to cut-off voltage (4.2V)
with 0.5C, and then charged under constant voltage condition until the current dropped to a
predetermined value.

Table 3.3 Experimental conditions for charging of battery pack.

Topic Parameters Values
Conditions Charging Current 1.75A (0.5C)
Battery cell Cut-off voltage 4.2v

Charging time 2 hours

3.1.3 Pulse current discharging

Table 3.4 Experimental conditions for pulse discharge of battery pack

Topic Parameters Values
Conditions Discharging Current 1.75A (0.5C)
3.5A (10)
Battery cell Operating voltage 25V -42v
Capacity 3500mAh

After charging the battery with CC-CV method, discharging of battery with constant current
and pulse discharging method was performed. In discharging a battery cell, two discharging currents
were chosen during the test: 1.75A (0.5C) and 3.5A (1C). The selection of the discharging current
depends on the specific application's power requirements and desired discharge duration. A
simplified procedure for battery discharging experiments with varying switch frequencies is shown

in Table 3.5. Firstly, after the charging step of battery, the battery discharging experiment was
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started by setting the discharging current to a constant 3.5A, which is equivalent to a 1C rate. The
duty cycle and frequency of the switch was controlled through the Arduino. The first test was
conducted at a switch frequency of 200Hz with 75% duty cycle. The battery's performance data
for each test was recorded by a data logger and oscilloscope. Discharging of battery was stopped
when the cut-off voltage of battery reached 2.5V. After finishing the discharge step, all of the
batteries were rested for about one hour and charged again with CC-CV method with 0.5C rate
until fully charged cut-off voltage. The fully charged battery was discharged again for the pulse
discharging at the same current and duty cycle by changing the switching frequency to 400Hz.
When the pulse discharge at 400Hz was finished, all of the batteries were rested and charged again
at full voltage. After that another subsequent test was performed by increasing the switching
frequency to 600Hz, 800Hz, and 1000Hz. When the pulse discharge test was finished at 1000Hz,
the test was prepared for the transition to 0.5C rate. The same procedures of pulse discharging
tests by changing only the current rate of 0.5C at 200Hz, 400H, 600Hz, 800Hz and 1000Hz and 75%
duty cycle were applied.

The constant current discharging method maintains a steady, moderate discharging rate
without the on-and-off time. Battery pack was discharged with constant current method at 0.5C
and 1C by recording voltage, current and frequency data for voltage fluctuations and fast discharge
duration. The current wave form of battery pack during

Table 3.5 Frequencies and duty cycle parameters for pulse discharging

Parameters Values
Pulse Discharging 3.5A(10) 200Hz,400Hz,600HZz,800HZz,1000HZ
75% (Duty Cycle)
Constant Current Discharging 3.5A (10
Pulse Discharging 1.75A(0.5C) 200Hz,400Hz,600HZz,800Hz,1000HZz
75% (Duty Cycle)
Constant Current Discharging 1.75A (0.5C)
1(A) 1(A) L(A)
175 Constant Current 1.75 F=200Hz 1.75 F = 400Hz
0so | (050) H H (0.50)
0 00016 time(ms) 0 0.005 time (ms) 0 0.0025 time (ms)
1(A) 1(A) 1(A)
175 F=600Hz 175 F=800Hz 175 F=1000Hz
(0.50) (0.5C) W H H (0.50)
0 0.0016 time (ms) 0 0.00125 time (ms) 0 0.001 time (ms)

Figure 3.10 Constant current and pulse discharging at different frequencies for 0.5C.
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Figure 3.11 Constant current and pulse discharging at different frequencies for 1C.

3.2 Simulation of Hybrid Energy Storage System(HESS) with pulse discharging
3.2.1 Applying Pulse Width Modulation (PWM) method in HESS

The main purpose of this research is to apply the pulse current method in hybrid energy
storage systems. Power management between battery and supercapacitor is controlled by using
the duty cycle to control the power sharing between two energy sources. Adjusting duty cycle
value between battery and supercapacitor is based on the power requirement. When more power
is required, the duty cycle is adjusted to allow a larger portion of the energy to flow from the
batteries or supercapacitors to the load. During periods of high load demand, the duty cycle will
be varied based on the voltage difference of battery and supercapacitor, allowing one energy
source to contribute 80% of the power and another will contribute 20% of the power. For power
sharing of 20% duty cycle, battery provides 20% of the power for the load and supercapacitor
provides the remaining 80% of the power for the load. For power sharing of 80% duty cycle, battery
provides 80% of the power for the load and supercapacitor provides the remaining 20% of the
power for the load. The power sharing with duty cycle ratio is shown in Figure 3.12 - Figure 3.15.
For the case when both energy storage is needed, battery and supercapacitor simultaneously

provide power to the load known as parallel operation.

Switch Battery
status 1

50% On 50% Off

0 Time (ms)
Switch .
Supercapacitor

status 1

50% On 509 Off

0 Time (ms)
Figure 3.12 50% duty cycle for power sharing.
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Figure 3.13 80% duty cycle for power sharing.

Switch status 1
Battery
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0 Time (ms)

Switch status

" Supercapacitor

Time (ms)

Figure 3.14 20% duty cycle for power sharing.

Switch Battery

status

Time (ms)

Switch Supercapacitor

status

Time (ms)

Figure 3.15 100% duty cycle for battery and supercapacitor at the same time.
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3.2.2 Methodology for Hybrid Energy Storage System

S1 S2

LYW T
Battery _’; @ Discharging Charging @ Load

S5 63 - Voltage sensor for battery \

; Ib — Current sensor for battery
= S3 S4 Vsc - Voltage sensor for supercapacitor

SuiSreyosi(q

Isc — Current sensor for supercapacitor

(1)
\_/ ] [ VL - Voltage sensor for load

Discharging Charging IL - Current sensor for load

’ S1,52 — Switch for battery

Supercapacifor Ksasa ~ Switch for battery /

Figure 3.16 Electrical diagram of Hybrid Energy Storage system.

The hybrid energy storage system (HESS) consisting of batteries, supercapacitors, five switches
and diodes was developed with the proposed energy management system. HESS, comprising five
switches, offers an efficient solution for managing energy storage and distribution in electric
vehicles. This method was aimed to enhance the efficiency of HESS by adjusting the energy flow
to varying load demands. Energy transfer is performed between sources and loads in back-and-
forth direction as well as from one energy source to another. The ratio of battery and
supercapacitor is calculated according to the demand of load power. The working principle of the
five switches for power sharing is shown in Figure 3.27. The battery is the primary energy source
when the vehicle runs under normal conditions and supercapacitor is used as energy support.
Switch S1 and S5 are used for discharging of Battery. During normal load condition, S1 is activated
to provide the power from battery to load and the current will flow through forward bias diode.
During that condition, supercapacitors are also charged by battery by activating switch S5. Switch
S2 is used for charging battery by regenerative braking, due to the current flow through the forward
bias diode. The same strategy is also performed for supercapacitor. Switch S3 is used for discharging
of supercapacitor and switch S4 is used for charging of supercapacitor by regenerative braking. The
conditions of supercapacitor charging, discharging and battery charging, discharging are considered
based on the duty cycle of 5 switches. The duty cycle and working states of the five switches are
determined based on batteries voltage, supercapacitors voltage and power requirement. As shown
in Figure 3.18, The main inputs of HESS algorithm are voltage of batteries and supercapacitors and
power demand from load. Firstly, the capability to discharge each storage is determined by

measuring the voltage difference between the battery and supercapacitor.



Battery Discharging

42

Battery Charging

S1 82 Sl S2
Current attery Current
J' = Load pateny =Load
BatterﬂT T |
SC Discharging SC Charging
s3  s4 83 84
]
— > e T~
Current Current
= : =Load
sC = =Load sC T oa
Battery charge SC
85
s
Current
Battery — J._S('

Figure 3.17 Activation of five switches for the operation of hybrid energy storage system.
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Figure 3.18 Power management for hybrid energy storage system.

According to the working principles of power sharing between battery and supercapacitor

shown in Figure 3.19, when the power demand is less than zero, it is regarded as regenerative

braking power and batteries and supercapacitors are charged by activating switch 2 and 4 based

on the voltage difference of batteries and supercapacitors. When the power demand is greater

than zero and below 3000W, switch 1 and 5 are ON. Switch 5 is on for transfer of energy from

battery to supercapacitor to charge the supercapacitor, allowing it to store energy for rapid

discharge during peak demand periods. Simultaneously, switch 1 is engaged to direct the battery's

energy towards supplying power to the load as the primary source. When the power demand

exceeds 3000, the HESS shares the power between batteries and supercapacitor. Switches 1 and 3

work together to meet the increased energy requirements. Switch 1 is activated for the direct
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contribution of the battery's power to the load and switch 3 is simultaneously activated to allow

the supercapacitor to supply additional power to the load.

Yes No
- - Power >0 |
Dxcharge Regenerative
X _Mode Mode
. Yes
Power < 3000 No 0 Yes
$2.53.54=0f

S1.85=0N

v

Power >3000 & Bat supply power
Vs — Var <3 and charge SC S1.53.55=OF
4 5254=0N

Yes

- No Yes
§2.84.85 = Off Bat and SC are
Yes S1,53= ON(100%) charged

Bat and SC supply

Power >3000 &
Vsc — Vgar > 3

L power together
§2.5485=0f !
S1=0N(20%) r
Yes Power >3000 & 2 o
“ Voo~ Ve =3 g S3=ON(80%) 51535455 =0f
& Bat supply 20% of poywer, S2=0ON
Vaar — Vor < 10 SC supply 80% 'of power
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Power >3000 & 1
* Vgar — Vsc > 10
$2,5485=01 51,52.83.55=0f
S1 = ON(80%) S4=0ON
$3=0N(20%) g
SC = charged

Bat supply 80% of power,

SC supply 206 gf power Bat supply 100% of power

Figure 3.19 Flowchart for the power management between two energy sources.

When the voltage difference from supercapacitor to battery is minimal, both switch 1 and
switch 3 are activated with 100% duty cycle. The function of performing switch 1 and 3
simultaneously addresses high-power demands effectively and optimizes the overall system
performance. When the voltage difference from the supercapacitors to the batteries exceeds 3V,
switch 1 is engaged with a 20% duty cycle, allowing the battery to contribute a controlled 20% of
the power required to sustain the load and switch 3 operates with an 80% duty cycle, providing
the majority of the power from the supercapacitor to the load demand. After delivering 20% of
power from battery, switch 1 is off and switch 3 is on to supply 80% of power from supercapacitor.
When the voltage difference from battery to supercapacitor is greater than 3 and less than 10,
switch 1 is engaged with a 80% duty cycle, allowing the battery to contribute the majority of the
power from the battery and switch 3 operates with only 20% duty cycle, only 20% of the power
from supercapacitor. When the power demand surpasses 3000 and the voltage difference from
battery to supercapacitor is greater than 10, the HESS employs a straightforward effective approach
by activating only switch 1 to supply power from battery.

Specifying the voltage difference between batteries and supercapacitors depends on the
various factors for the applications. With a lower threshold, the system transitions to the
supercapacitors at a relatively small voltage difference, ensuring frequent and efficient utilization
of the supercapacitor's rapid discharge capabilities. A lower voltage difference threshold enables

the system to respond quickly to sudden changes in power demand.



3.2.3 Simulation of Hybrid Energy Storage System
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Figure 3.20 Simulation model of Hybrid Energy Storage System.

A Simulink model is developed to represent a hybrid energy storage system comprising a

battery and supercapacitor block, a switching control block, a power demand block, an energy

management block, and a driving cycle. The fundamental workflow of the model involves obtaining

the power demand for a vehicle from the driving cycle Figure 3.21. The model incorporates a

dynamic mechanism where the charging and discharging of the battery and supercapacitors are

determined upon the sign of the power demand.
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Figure 3.21 Flowchart for the overall working principle of HESS.
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Figure 3.23 Energy management system.

The input sigals of the EMS are the SOC of the batteries (SOCg;), SOC of the supercapacitors
(SOCg), voltage of the batteries (Vg,¢), voltage of the supercapacitors (Vge) and power demad
of the electric vehicle and the output of the EMS the duty cycle for the switches to operate the
switching between batteries and supercapacitors. When the the vehicle is stopped that is the power
requirement of the vehicle is zero, the battery uses its rated power to charge supercapacitor if the
SOC of supercapacitor is below the threshold value 90%.

If the speed of the vehicle is different from zero, the power requirement of vehicle become
high and power variation from battery to supercapacitor is needed. The positive power requirement
represents the fact that the vehicle is driving. In this situation, the battery or supercapacitor have
to supply the required driving current to meet the vehicle driving demand. To separate the usage
of battery only and together with battery and supercapacitor, power requirement is limited at
3000W. For the regenerative braking operation, if the SOC of the battery is less than 95%, it is

directly charged by the load power.



3.2.4 Simulation of Lithium-ion battery model
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Figure 3.24 battery Block in Simulink.
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() Simulate aging effects

Nominal voltage (V) 300
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Battery (mask) (link)

Implements a generic battery model for most popular battery types.
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Parameters  Discharge
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Maximum capacity (Ah) 120

Cut-off Voltage (V) 225
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Nominal discharge current (A) 52.1739
Internal resistance (Ohms) 0.025
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Figure 3.25 Parameters of batteries model block.
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X

This section describes the dynamic discharge behaviors of battery pack in order to accurately

power consumption of EV with the desired nominal voltage.

_ b
Cb_Vb
P
Eb=_b

v

identify its operational voltage and state of charge. By using battery model in MATLAB, many
parameters such as nominal voltage, rated capacity and initial state-of-charge are defined, and this
model represents the Lithium-ion battery pack model. To validate the experiment of the pulse
discharge, the simulation was needed to confirm the experimental model behavior of the lithium-
ion battery. To meet the vehicle power performance criteria, the battery pack for an electric car
needs a higher power density. Total voltage, capacity energy, and battery numbers are considered
for the choice of battery pack. It is assumed that the battery pack’s nominal voltage (V},) is 350V.
When constructing a battery pack for an electric vehicle, capacity and power are the two most

important factors to consider. The capacity of the battery is determined by calculating the electric

3.1

3.2
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N — Vb 3.3
series — s
Ve

N Gy 3.4
series — ~
Ce

where Ngeries and Npgraizer are the number of cells in series and in parallel and Ve is the
terminal voltage of single cell and Vgt pack is the terminal voltage of battery pack and Iggy; is
the current of single cell and Iggt pacy is the current of battery pack. The number of battery cells
connected in series is calculated by dividing the nominal voltage of the whole battery pack (V})
to the voltage of each cell (V). The number of cells linked in parallel is determined as the ratio
of battery pack total capacity (Cp,) and capacity of each battery cell (C) as shown in equation 3.3.
Figure 3.10 shows the battery model that was created in MATLAB/Simulink.

Table 3.6 Specifications of battery pack in EV.

Specifications Values
Nominal voltage 300V
Capacity 120Ah

Cut-off voltage 225V
Nominal discharge current 52.17
Internal resistance 0.025Q

3.2.5 Simulation of supercapacitor model

The simulation of a supercapacitor model in Simulink is an important step in optimizing the
performance of energy storage systems within electric vehicles (EVs). In this simulation, the chosen
parameters were directly aligned with the design requirements for the desired power demand. By
carefully selecting these parameters, including capacitance, voltage ratings, and equivalent series
resistance (ESR), the simulation allows for a thorough evaluation of the supercapacitor's ability to
efficiently capture, store, and deliver energy as needed, contributing to the overall performance
and energy efficiency of the EV.

Table 3.7 Specifications of supercapacitor model

Specifications Values
Rated capacitance 99.5F
Rated voltage 320V
Initial voltage 320V
Maximum ESR 0.0089
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Figure 3.26 Supercapacitor block in Simulink.
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Figure 3.27 Parameters of supercapacitor model block in Simulink.

3.2.6 Methodology for power load

To demonstrate the operation of an EV, a vehicle dynamic model was implemented in
MATLAB/Simulink. As driving cycle data simulates real-world driving situations by providing data at
different speeds over time, standard drive cycle data will be used in this model. The design of
vehicle dynamics is inspired from the specifications of a Chevrolet Bolt EV. The specifications of
the electric vehicle used in this model are presented in table 3.8. To determine the amount of
power needed from the energy storage system, the speed profile data is converted to a power
profile data. Rolling resistance power, aerodynamic drag power, slope resistance power and
acceleration resistance power are all considered for the total power demand. Drive cycle data is
used to validate the modeling results and this model uses NEDC and WLTC driving cycle to
calculate the power of an electric vehicle. The overview for finding the power demand from the
resistance force was mentioned in

Figure 3.29. The required power demand is calculated by multiplication of the speed of the
vehicle at a specific time and the aerodynamic, Inertia, rolling and gradient resistance forces. The
overview for calculation of power from electric vehicle in MATLAB/Simulink software is represented

in Figure 3.30.



Figure 3.28 Chevrolet Bolt EV model

Table 3.8 Specifications of electric vehicle.

Description Values
Vehicle mass 1616.15 kg
Vehicle inertial mass 1678.30 kg
Air density 1.16kgm™3
Aerodynamic drag coefficient 0.3

Rolling resistance coefficient 0.02
Gradient 0

Wheel radius 0.315(m)
Vehicle frontal area 2.1 m?

Speed (V) Aerodynamic

Driving Cycle Resistance Force

Inertia Resistance

Force

Total Total Power

Force Consumption (P = Fv)

Rolling Resistance

Force

Gradient Resistance

Force

Figure 3.29 Power calculation for driving cycle.
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Figure 3.30 Energy consumption model in MATLAB/Simulink software.
According to the equation the total current demand for battery can be calculated by dividing

the total power demand by the voltage of the bus voltage between battery and supercapacitor.

Pveh

livad/ = 57— 3.5
Ubus

where
Upys=the bus voltage
Pyen=the power demand of electric vehicle

[0 qq=the current demand from load
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Chapter 4 Results and Discussions

In this chapter, we will discuss the results of proposed experimental studies on effects of
switching frequencies over characteristics of lithium-ion batteries. We will also discuss the
performance of simulation model for validation of pulse discharging method in hybrid energy

storage system tested at different switching frequencies.

4.1 Experimental results of Batteries pack

In this study, we analyze the impact of pulse discharging on lithium-ion batteries in
accordance with the experimental procedures from Table 3.5. Two methods of discharging were
used to analyze the study: pulse discharging and constant current discharge. The frequency (OHz,
200Hz, 400H, 600Hz, 800Hz, 1000Hz), duty cycle (75%), and C rate (0.5C and 1C) are selected for
the study. In this chapter, the experimental results of the Panasonic NCR18650GA battery pack is
shown. The open circuit voltage (OCV) of the battery pack was not consistent throughout the
testing despite maintaining a consistent OCV at the beginning of the test. This was because of a
delay in connection induced by an error when connecting to the electronic load. The voltage
behavior of battery pack during pulse discharge at 400Hz, 800Hz is shown in Figure 4.1 and Figure
4.2. The discharging curve of voltage of battery pack with constant current is presented in Figure
4.3. The total discharging time of battery pack tested with pulse discharging at switching frequencies
of 200Hz, 400Hz, 600Hz, 800Hz and 1000Hz are compared with constant current discharging method
to explore the effects of pulse discharging at various frequencies. The voltage curve of the battery

pack at 0.5C and 1C at various switching frequencies are shown in figure 4.4 and 4.5.
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Figure 4.1 Voltage of battery pack during discharging at 400Hz 0.5C
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Figure 4.2 Voltage of battery pack during discharging at 800Hz 0.5C.
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Figure 4.3 Voltage of battery pack with constant current discharging at 0.5C.
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Figure 4.4 Total discharging time of battery pack at 0.5C.
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Figure 4.5 Total discharging time of battery pack at 1C.

The total discharging time of battery pack not only at 0.5C but also at 1C took long time at
200Hz. The battery took the longest time to discharge when it was discharged at 200 Hz as opposed
to other frequencies. Discharging time with 400Hz frequency had the second longest duration and
1000Hz frequency generated the shortest discharge time among all the frequencies. Therefore,
when switching frequencies are low, discharge time of battery is longer.

Figure 4.6 and Figure 4.7 illustrate the discharging capacity of battery pack test at 0.5C and 1C at
different frequencies. From the results, it can be seen that in terms of discharging time, constant
current discharging recorded a duration of approximately 1.7 hours, whereas pulse discharging
recorded more than 2 hours due to relaxation time. The discharging time at low switching frequency

generates longer duration than at high switching frequency.
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Figure 4.6 Comparison of Discharging capacity of pulse discharging and constant current

discharging at 0.5C
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discharging at 1C.

Figure 4.8 and figure 4.9 illustrate the energy of battery during discharging at 0.5C and 1C at
different frequencies. From the results, it can be seen that pulse discharging at low frequency
200Hz offered a significant increase in energy compared to 400Hz, 600Hz,800Hz and 1000Hz. When
compared to constant current and pulse current discharging, pulse current generates higher

discharge energy according to the results.
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Figure 4.8 Comparison of energy of pulse discharging and constant current discharging at 0.5C
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According to the results from Figure 4.10 and Figure 4.11, it can be seen that pulse discharging
at low frequency 200Hz offered a significant increase in energy compared to 400Hz, 600Hz,800Hz
and 1000Hz. Overall, in terms of discharging time, pulse current discharging generated longer
discharging time than constant current discharging. The discharging time at low switching frequency
generated longer duration than at high switching frequency. In terms of discharge energy, pulse
current discharging produced higher discharge energy than constant current discharging due to the
recovery of energy during rest. In terms of frequencies, discharging at low switching frequencies

generates greater results than at high switching frequencies.

4.2 Simulation results of HESS with pulse discharging method in NEDC drive cycle

A simulation model was built on MATLAB/Simulink for the proposed energy management
system utilizing pulse discharging. The simulation was carried out on New European Driving Cycle
(NEDQ) to test the control strategy of pulse discharging in HESS. Simulation results and comparisons
of HESS outputs between various switching frequencies for NEDC driving cycle are shown in this
section. The vehicle went in three phases: an acceleration phase, a constant speed phase and a
deceleration phase and it was driven to a maximum speed of 120km/hr. The speed data and power

demand of the vehicle are presented in figure 4.10 and figure 4.11.
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Figure 4.13 Power demand of electric vehicle.
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4.2.1 Pulse discharging at 200Hz switching frequency

The first test of simulation is performed at 200Hz switching frequency with NEDC driving cycle
in Simulink. In the first 11s, when the vehicle is stopped, the batteries charged the supercapacitors
as the SOC of supercapacitor is less than 99%. It can be observed that the current of the
supercapacitor becomes negative, and it receives some power from the battery. At 12s, only the
batteries start to provide power as the demand of power is less than 3000W and supercapacitor is
still charged by battery. At 12.439s, the power of electric vehicle starts higher than 3000W and the
voltage difference of battery and supercapacitor is greater than 10, only battery generates the
power for the electric vehicle and stops charging of supercapacitor. At t = 23s, the speed of electric
vehicle decreases to its reference, enabling regenerative braking. However, as the voltage difference
of battery and supercapacitor is greater than 3, which means the voltage of battery is greater than
supercapacitor, the system only allows the supercapacitors to charge. It is observed that the sign
of the supercapacitor power is negative, and it is charged by regenerative power during EV is moving.
The energy management system is regarded as the power sharing when the load power is lower
than 3000W, the battery supplies a full load power, and the supercapacitors is charged by battery.
While the load power is greater than 3000W, battery and supercapacitors is discharged by pulse
method with specified duty cycle and frequencies. The battery voltage, current and SOC data are
presented in Figure 4.14 - Figure 4.16.

When the load power goes up above 3000W, the power sharing between battery and
supercapacitor is performed and the sharing strategy is based on the voltage difference between
battery and supercapacitor. At t = 710.13s, the energy management system is subjected to a rising
power request from the load and energy sharing with pulse discharging of duty cycle 80% and 20%
is conducted for supporting power to the vehicle. The switching frequencies of the HESS are
changed and tested at various frequencies at 200Hz, 400Hz, 6000Hz, 800Hz and 1000Hz. The
variation of characteristics of battery and supercapacitor is compared at different frequencies. The

voltage, current and SOC of supercapacitor is shown in Figure 4.17 - Figure 4.19.
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Figure 4.14 Battery Voltage at 200Hz frequency.
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Figure 4.19 Supercapacitor SOC at 200Hz frequency.

Figure 4.18 and 4.19 shows charge and discharge state of battery and supercapacitor in
which only batteries provide the average power required by the EV load, and during high
acceleration and decelerations phase supercapacitors and batteries perform charging and
discharging together. Additionally, supercapacitors draw energy from the batteries when the SOC
falls below the minimum threshold, acceleration to restore the energy to help the batteries in the

next accelerations and braking phases.
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Figure 4.20 Battery current and supercapacitor current at 200Hz frequency.
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Battery

4.2.2 Pulse discharging at 400Hz switching frequency
Another simulation of changing the switching frequency of switches is performed and tested with

NEDC driving cycle. The voltage and current of batteries changed during the test with 400Hz
switching frequency is shown in Figure 4.23-Figure 4.24. The characteristics of voltage and current
of supercapacitor is shown in Figure 4.25-Figure 4.26 and the amount of power produced by
supercapacitor during charging and discharging state is Figure 4.27Figure 4.27. Power demand from
electric vehicle and total power output from batteries and supercapacitor is compared and the
results from Figure 4.28 shows that battery and supercapacitor can generate the required output

power and batteries and supercapacitors is charged according to the threshold value of SOC during

regenerative braking.
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Figure 4.28 Comparison of power demand and total power from Battery and supercapacitor at

400Hz frequency.

4.2.3 Pulse discharging at 600Hz switching frequency

Simulation of hybrid energy storage system deployed pulse current method is tested at 600Hz
switching frequency. The characteristics of batteries changed during the test with is shown in Figure
4.29-Figure 4.30. The characteristics of supercapacitor changed during the test with is shown in

Figure 4.31-Figure 4.32.
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Figure 4.32 Supercapacitor current at 600Hz frequency.

4.2.4 Pulse discharging at 800Hz switching frequency

Simulation of hybrid energy storage system deployed pulse current method is tested at 800Hz
switching frequency. The voltage, current and SOC of batteries changed during the test with is
shown in Figure 4.33-Figure 4.35. The voltage, current and SOC of supercapacitor changed during
the test with is shown in Figure 4.36-Figure 4.38. Comparison of total power from batteries and

supercapacitors and power demand from electric vehicle is shown in Figure 4.39.
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Figure 4.39 Comparison of total power and power demand at 800Hz frequency.
4.2.5 Pulse discharging at 1000Hz switching frequency
Simulation of applying pulse discharging method in HESS of electric vehicle model is tested
at 100Hz switching frequency. The characteristics of batteries varied during the test is shown in
Figure 4.40-Figure 4.41. The characteristics of voltage, current and SOC of battery varied during the

test is shown in Figure 4.42-Figure 4.43.
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Figure 4.40 Battery voltage at 1000Hz frequency.
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Figure 4.43 Supercapacitor current at 1000Hz frequency.

4.2.6 Comparison of characteristics of HESS at different switching frequencies
According to Figure 4.44, when the output power of HESS generated during pulse discharging
is compared at different frequencies, the results show that high switching frequencies develop
losses in some areas of battery power. It is observed that lower switching frequencies facilitate
achieving higher power from battery power. Also, for supercapacitor power, high switching

frequencies develop some losses in supercapacitors power.
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High switching frequencies in a hybrid energy storage system result in increased losses in
both the supercapacitors and batteries power. Optimizing switching frequencies is crucial to

minimize these losses and enhance the performance of the hybrid energy storage system.

4.3 Simulation results of HESS with pulse discharging method in WLTC drive cycle

The simulation was carried out on WLTC drive cycle to test the control strategy of pulse
discharging in HESS. Simulation results and comparisons of HESS outputs between various switching
frequencies for WLTC driving cycle are shown in this section. The switching frequencies of the HESS
are changed and tested at various frequencies at 200Hz, 400Hz, 6000Hz, 800Hz and 1000Hz. The

variation of characteristics of battery and supercapacitor is compared at different frequencies.
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4.3.1 Pulse discharging at 200Hz switching frequency
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The test of simulation is performed at 200Hz switching frequency with WLTC driving cycle

in Simulink. The battery voltage, current and SOC data are presented in Figure 4.52-Figure 4.53. The

voltage,
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9

current and SOC of supercapacitor is shown in Figure 4.54-Figure 4.55 Figure 4.19.
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Figure 4.52 Battery current at 200Hz frequency.
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Figure 4.55 Supercapacitor voltage at 200Hz frequency.
4.3.2 Pulse discharging at 400Hz switching frequency

Another simulation of changing the switching frequency of switches is performed and tested
with WLTC driving cycle. The power demand from EV and the output power from battery and
supercapacitor is compared in Figure 4.56 and the current characteristics of batteries and

supercapacitors changed during the test in shown in Figure 4.58 and Figure 4.59.
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Figure 4.59 Supercapacitor current at 400Hz frequency.

4.3.3 Pulse discharging at 600Hz switching frequency

Another simulation of changing the switching frequency of switches at 600Hz is performed
and tested with WLTC driving cycle. The current characteristics of batteries and supercapacitors

changed during the test in shown in Figure 4.60-Figure 4.61.
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Figure 4.60 Batteries current at 600Hz frequency.
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Figure 4.61 Supercapacitors current at 600Hz frequency.
4.3.4 Pulse discharging at 800Hz switching frequency

Another simulation of changing the switching frequency of switches at 800Hz is performed
and tested with WLTC driving cycle. The voltage characteristics of batteries and supercapacitors

changed during the test in shown in Figure 4.62-Figure 4.63.
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Figure 4.63 Supercapacitor voltage at 800Hz frequency.



4.3.5 Pulse discharging at 1000Hz switching frequency
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Another simulation of changing the switching frequency of switches at 1000Hz is performed

and tested with WLTC driving cycle. The voltage characteristics of batteries and supercapacitors

changed during the test in shown in Figure 4.64-Figure 4.65.
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4.3.6 Comparison of characteristics of HESS at different switching frequencies

According to the results when compared battery power, supercapacitors power and output
power of HESS, it can be seen that high switching frequencies develop losses in some areas of
batteries power and supercapacitor power. Although HESS could generate the required power by
the load, it is observed that lower switching frequencies facilitate achieving higher power from both
batteries and supercapacitors. Battery and supercapacitor produced the output power required by
the vehicle and in the presence of switching losses, HESS demonstrates its proficiency in generating
the required power demand by the load. It can be seen that by applying pulse discharging method,
HESS generated output power required by the load.
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High switching frequencies in a hybrid energy storage system result in increased losses in both
the supercapacitors and batteries power. That means using hybrid energy storage system at lower
switching frequencies results in good performance and less losses. Optimizing switching frequencies
is crucial to minimize these losses and enhance the performance of the hybrid energy storage
system.
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Figure 4.73 Power comparison of total power from HESS and power demand at 600Hz.

According to the results at different switching frequencies, HESS generated output power
required by the load by applying pulse discharging method although there is switching losses. In
the presence of switching losses, HESS demonstrates its proficiency in generating the required
power demand by the load. It was observed that operating Hybrid Energy Storage System with
pulse current power sharing method at low switching frequency generated higher output power
than at high switching frequencies. Through the results, advantages of the usage of supercapacitors
in hybrid energy storage rather than for using only batteries can be seen. Supercapacitors can
deliver and absorb energy at a much higher rate than batteries. By handling high power demands

and rapid cycling, supercapacitors can reduce the stress on batteries. Moreover, supercapacitors
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can efficiently capture and release energy even in short bursts, optimizing the overall energy

management of the system.

This material is reserved for educational use only, not allowed for commercial use.
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Chapter 5 Conclusions and future works

In this thesis, two studies were performed. Mainly, for pulse current method in experiments,
the performance of the Lithium-ion batteries was analyzed by applying pulse discharging method
at different frequencies ranging from 200Hz to 1000Hz. To explore the effects of pulse discharging
at various frequencies, constant current discharging is performed and compared the results with
pulse discharging. In terms of discharging time, Pulse current discharging generated longer
discharging time than constant current discharging. The discharging time at low switching frequency
generated longer duration than at high switching frequency. In terms of discharge capacity, pulse
current discharging produced higher discharge capacity than constant current discharging. It was
observed that lower switching frequencies facilitate achieving higher discharge capacity due to the
recovery of energy during rest time of pulse discharging method. In terms of discharge energy, pulse
current discharging method produced higher discharge capacity than constant current discharging.

For pulse current method in hybrid energy storage system, high switching frequencies
developed losses in some areas of battery power. It was observed that lower switching frequencies
facilitate achieving higher power from battery power. The Hybrid Energy Storage System
demonstrated the capability to generate power in accordance with the dynamic power demands
by the load. Applying the pulse current power-sharing method enables the achievement of
required power. It was observed that operating Hybrid Energy Storage System with pulse current
power sharing method at low switching frequency generated higher output power than at high
switching frequencies.

As for the future works, this development of simulation model can be considered and further

developed for discharging two batteries pack with high different voltages in electric vehicles.
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