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Governments worldwide are encouraging the phasing out of vehiclesi that use internal 

combustion enginesi in favour of electric vehicles (EV) to reduce emissions. Electric 

vehicles that are currently on the market use a battery only energy storage system (ESS). 

The main disadvantage of this ESS is that when the EV requires more that rated power from 

the battery on a frequent basis, the battery’s lifespan is greatly reduced. Although the battery 

output power may be electronically limited, reducing the battery output power reduces the 

performance of the EV. To compensate for the battery’s inadequacies, a supercapacitor (SC) 

is introduced to the ESS to form a battery-SC hybrid energy storage system (HESS).   

  

An energy management system (EMS) play an important role as it manages the power slit 

between the battery and the SC. There are three types of EMSs namely, rule-based, 

optimization based and intelligent based systems each with their own advantages and 

disadvantages. A rule-based EMS was proposed that utilizes the vehicle’s parameters, that 
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is, mass, drag coefficient, the vehicle’s frontal area, and the vehicle’s rolling resistance. The 

EMS also considers external factors such as terrain elevation, and traffic information.  

The proposed EMS was modelled in MATLAB Simulink using the EV reference model. The 

implementation and design of the proposed EMS was guided by knowledge gained 

throughout the study. Unlike in previous studies where the SC was used only as a peak power 

shaving solution, in the proposed EMS the SC is used throughout the operation of the EV. 

The simulation results of the proposed EMS showed that for city driving conditions, the 

battery current was reduced by 19% when compared to a battery only ESS of the same size. 

For traffic conditions, the battery current for was reduced to 0 A while with highway driving 

the battery current was reduced by 50% when compared to a battery only ESS of the same 

size. Furthermore, the proposed EMS ensured that the battery current is only in one direction, 

discharge only. These factors ensure the longevity of the battery.   
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LIST OF ABBREVIATIONS 

 

AC Alternating Current  

CBD Central Business District 

DC Direct Current 

EMS Energy management system 

EV Electric vehicle  

HESS Hybrid energy storage system  

SA South Africa 

SC Supercapacitor  

SOC State Of Charge 
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CHAPTER 1 INTRODUCTION 

1.1 PROBLEM STATEMENT 

1.1.1 Context of the problem 

According to available data from 2010, fossil fuel combustion contributed to 65% of the 

world's CO2 emissions [1]. Ini Southi Africai, the transportation sector contributed 15% to 

CO2 emissions [2]. In thei USAi, the transportationi sector contributedi 29% to CO2 emissions 

[3]. It can be observed that the transport sector is one of the significant contributors to CO2 

emissions [1]. Governments around the world have provided tax incentives for EVs and 

some have resorted to ban internal combustion (IC). The UKi governmenti announcedi that 

the sale of all petroli and dieseli vehiclesi will be bannedi in the UKi in 2040i [4]. Therefore, 

EVs and their ESSs have been investigated by researchers.  

 

Currently, EVs use battery only ESS as it is the most common ESS, easily available, and it 

does not have high-cost implications. The main drawback with batteries is that when they 

are exposed to frequent charge and discharge cycles, or if they are exposed to high frequency 

currents, their life cycle is greatly reduced. For this reason, a SC is added to the ESS to form 

ai battery-SCi HESS. The SCi is in placei to protecti the batteryi from highi frequencyi 

currentsi and to assistanti the batteryi when the EVi demandsi more than ratedi poweri from 

thei battery.  

 

A battery-SCi HESSi hasi twoi energyi sourcesi and thereforei an EMSi is requiredi to managei 

the poweri sliti between the batteryi and the SC [5]. The objectivei of the EMSi is to increasei 

the HESSi efficiencyi, poweri qualityi and systemi stabilityi [6]. The EMSi is also responsiblei 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



CHAPTER 1 INTRODUCTION 

 

Department of Electrical, Electronic and Computer Engineering 2 

University of Pretoria 

for increasingi the lifei spani of the batteryi and the SCi as well as protectingi eachi storagei 

element. The EMSi controli techniquesi can be summarizedi into three categories namely 

rule-basedi EMS, optimization-basedi EMS, and intelligenti EMS. The rule-based control 

method uses experiencesi and mathematicali models to derive rules that determinei the poweri 

exchange of the HESS [7]. The rule-based controli approachi is effective in real-time energy 

managementi applications. Optimizationi controli techniquesi use optimizationi algorithmsi 

such as dynamici programmingi (DP), particlei swarmi optimizationi (PSO), linear 

programmingi etc. to find the globali minimum/maximum of a cost function. The cost 

function being the energy slit between the battery and the SC to support the EV power 

demand. Intelligent/datai driveni controli methods use intelligenti algorithmsi such as neural 

networks (NN), supervised learning etc. to obtain the best power slit solution [8].  

 

Thei arei twoi maini challengesi thati arisei withi respecti toi EMSs.i Thei firsti challengei isi 

regardingi designingi ani algorithmi thati isi real-timei implementablei andi providesi thei mosti 

optimali [9].i Thei rule-basedi algorithmi mayi bei thei mosti real-timei implementablei strategy,i 

iti doesi noti providei thei mosti optimali poweri sliti solution.i Whilei optimizationi techniquesi 

providei thei optimali poweri sliti solution,i theyi arei computationali expensive,i andi theyi 

requirei thei drivei cyclei toi bei knowni beforehand.i Intelligent/datai driveni methodsi observei 

thei behaviouri ofi thei ESSi overi timei toi providei thei mosti optimali poweri sliti [10].i Thei 

problemi withi thisi approachi isi thati extensivei trainingi datai isi requiredi andi computationali 

expensive.i Thei secondi challengei isi ensuringi thati thei EMSi effectivelyi utilizesi thei energyi 

storedi ini thei SC.i Ini thei EMSsi presentedi ini literaturei soi far,i thei SCi isi onlyi usedi toi assisti 

thei batteryi duringi peaki poweri demandi situationsi andi toi absorbi highi frequencyi currents.i 

Whilei thisi isi thei functioni ofi thei SC,i thisi approachi doesi noti effectivelyi utilizei thei energyi 

storedi ini thei SC.i  

1.1.2 Research gap 

It became apparent from study literature that there are no EMSs that utilize the SC to support 

the EV load demand during normal driving. In [11], an ANN based strategy embedded in a 

rule-based control scheme to control the SOC of the SC to ensure that the energy stored in 
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the SC is available for more than one drive cycle is presented.  But this system required a 

large amount of training data. In studies [6] – [10], the authors attempted to use the energy 

stored in the SC such that the SC is available for more than one drive cycle.  

The research gap lies in the fact that researchers thus far have not used the SC in their EMSs 

to support the load during normal driving operations. In this study, a rule-based EMS was 

developed with the following control objectives: 

1. Utilize the energy stored in the SC during normal driving scenarios. This is done to 

alleviate stress on the battery.  

2. Increase the battery lifespan by ensuring that the battery does not deliver more than 

rated current to the EV. This is because if the battery deliveries more than its rated 

current to the EV on a frequent basis,  

3. Increase the accuracy of the power slit between the battery and the SC of the rule-

based algorithm by using multiple parameters such as the EV mass, aerodynamic 

coefficient, and the vehicle frontal area. Road parameters such as traffic information 

and terrain information.   

1.2 RESEARCH OBJECTIVE AND QUESTIONS 

• What is the state of the art for the proposed study on rule-based EMSs for EVs? 

• What is the appropriate rule-based EMSs and how to increase EVs’ performance? 

• Will the modelling of the EVs system and the implementation of the rule-based 

EMSs for EVs equipped with both the battery result in the performance validation? 

1.3 APPROACH  

Ai simulationi (MATLAB/Simulink)i softwarei hadi beeni choseni whichi hadi thei capabilityi 

toi simulatei ani EVi asi welli asi poweri electronici components.i Thei EVi referencei 

applicationi modeli wasi besti suitedi fori thisi design.i Thei electrici vehiclei (EV)i referencei 

applicationi representsi ai fulli electrici vehiclei modeli withi ai motor-generator,i battery,i 
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direct-drivei transmission,i andi associatedi powertraini controli algorithms.i Thei simscapei 

electricali toolboxi wasi usedi toi simulatei DC-DCi converters.i  

 

Thei modeli usedi ai Li-ioni batteryi modeli foundi underi thei simscapei electricali toolbox.i 

Insteadi ofi usingi thei defaulti parameters,i thei modeli wasi madei toi resemblei thei 

specificationsi ofi ai first-generationi BMWi ix3.i Thei drivei cyclesi thati werei choseni werei 

UDDSi cyclei whichi representsi cityi driving,i thei CBDi drivei cyclei whichi representsi 

stop/starti traffici andi thei Artemisi motorwayi 130i drivingi cyclei whichi representsi highwayi 

drivingi withi ai maximumi speedi ofi 130i km/h.i Thei referencei modeli withi thei batteryi onlyi 

configurationi willi bei comparedi toi thei battery-SCi HESSi equippedi withi thei proposedi 

EMS.i Thei batteryi onlyi ESSi wasi alsoi usedi toi sizei thei battery-SCi HESS.i  

 

Iti wasi decidedi thati thei HESSi topologyi toi bei usedi wouldi bei ai fullyi activei HESSi 

topology,i thati is,i thei batteryi andi thei SCi wasi bufferedi byi ai DC/DCi converter.i Thisi wasi 

donei soi thati thei flowi ofi energyi fromi andi toi eachi storagei elementi mayi bei controlledi 

efficiently.i Thei advantages,i disadvantages,i andi thei costi implicationsi ofi havingi ai fullyi 

activei HESSi werei documented.i  

1.4 RESEARCH CONTRIBUTION 

• The proposed EMS uses a multitude of information, that is, traffic information, road 

slope information, temperature, wind speed as well as vehicle dynamics. Previous 

studies only used one of these parameters while this study uses all the above-

mentioned parameters to attempt to increase the accuracy of the rule-based EMS. 

The advantage of using a multitude of information is that the EMS can slit the EV 

power demand between the battery and SC more optimally without using 

optimization techniques.   

• It was determined that having the SC fully contributing to the EV’s load reduced the 

stress on the battery and the battery size could be reduce as well to save costs.  
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• The study proved that the fully active HESS topology must be the topology of choice 

when implementing a HESS to gain full control of the energy flow from the energy 

storage elements.  

• The study slits the driving scenarios between, city driving, stop/start traffic and 

highway driving. The EV power demand is split between the battery and the SC 

according to the driving scenario encountered by the EV.  

1.5 RESEARCH OUTPUTS 

Two conference papers were submitted to the PEMD (power electronics, machines, and 

drives) 2023 conference.  

 

Authors: Ntokozo Khanyile and Dr. Mwana Wa Kalaga Mbukani 

Title: Supercapacitori Controli fori Electrici Vehiclei Poweredi byi Hybridi Energyi Storagei 

System:i Ai Reviewi Paper 

Abstract:i Thei energyi storagei systemi (ESS)i ofi ani electrici vehiclei determinesi thei electrici 

vehicle’si power,i range,i andi efficiency.i Thei electrici vehiclesi thati arei availablei ini thei 

marketi currentlyi usei battery-basedi ESS.i ESSi ofi electrici vehiclesi experiencesi ai highi 

numberi ofi chargei andi dischargei currentsi whichi degradei thei batteryi lifei span.i Thei 

introductioni ofi supercapacitorsi hasi ledi toi thei developmenti ofi battery-supercapacitori 

hybridi energyi storagei systemsi (HESS)i whichi takesi advantagei ofi thei highi energyi densityi 

ofi batteriesi fori drivei rangei andi thei high-poweri densityi ofi supercapacitorsi toi protecti thei 

batteryi ofi highi chargei andi dischargei currents.i Toi managei thei energyi sliti betweeni thei 

batteryi andi thei supercapacitori ani energyi managementi systemi isi required.i Thisi paperi 

reviewsi thei differenti energyi managementi strategiesi thati havei beeni proposedi ini literature. 

 

The paper was accepted and published.  

 

Authors: Ntokozo Khanyile and Dr. Mwana Wa Kalaga Mbukani 

Title: Supercapacitori Controli fori Electrici Vehiclei Poweredi byi Hybridi Energyi Storagei 

System 
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Abstract:i Purei electrici vehiclesi andi hybridi electrici vehiclesi havei gainedi attentioni ini 

recenti yearsi duei toi concernsi abouti thei carboni footprinti ofi internali combustioni engines.i 

Ini recenti years,i thei focusi ini thei electrici vehiclei researchi spacei hasi beeni toi establishi 

systemsi thati willi ensurei thei maximumi lifei spani ofi thei battery.i Therefore,i researchi hasi 

coupledi thei batteryi withi ai supercapacitori toi becomei ai battery-supercapacitori hybridi 

energyi storagei systemi (HESS).i Thei supercapacitori cani absorbi thei highi frequencyi poweri 

surgesi ofi thei EVi whilei thei batteryi suppliesi thei averagei poweri ofi thei EV.i Ini thisi paper,i 

ai noveli rule-basedi energyi managementi systemi (EMS)i isi proposed.i Thei proposedi EMSi 

usesi thei physicali parametersi ofi thei EVi toi limiti thei batteryi poweri ratei andi amplitude.i 

Thei simulationi resultsi showi thati thei controli objectivesi ofi thei controlleri werei reachedi 

withi thei usei ofi thei urbani dynamometeri drivingi schedulei (UDDS). 

 

The paper was accepted and published.  

 

A Journal article was compiled using the knowledge gained from this study and was 

submitted to the IEEE Transactions on Transportation Electrification.  

 

Authors: Ntokozo Khanyile and Dr. Mwana Wa Kalaga Mbukani 

Title: Ai Newi Rule-Basedi Energyi Managementi Systemi fori Battery-Supercapacitori 

Hybridi Energyi Storagei Systemi fori Supercapacitori Energyi Effectivei Usage 

Abstract:i Thei batteryi lifei spani ini electrici vehiclesi (EVs)i thati utilizei ai batteryi onlyi 

energyi storagei systemi (ESS),i isi affectedi byi itsi frequenti utilization,i highi currenti surges,i 

accumulatedi heat,i andi overalli energyi output.i Thei inclusioni ofi ai supercapacitori (SC)i toi 

formi ai battery-SCi hybridi energyi storagei systemi (HESS)i hasi ensuredi thati thei batteryi isi 

protectedi fromi highi currenti surges,i andi iti hasi allowedi researchersi toi utilizei thei batteryi 

morei effectively.i Asi thei battery-SCi HESSi usesi twoi ESSs,i ani energyi managementi 

systemi (EMS)i playsi ai significanti rolei ini determiningi thei overalli efficiencyi ofi thei 

system.i Iti wasi notedi thati thei EMSsi proposedi ini literaturei mainlyi usedi thei SCi toi absorbi 

highi frequencyi currentsi andi toi absorbi highi currenti surges.i Thisi strategyi doesi noti allowi 

thei energyi storedi ini thei SCi toi bei usedi effectivelyi becausei ini instancesi wherei thei EVi 

doesi noti experiencei highi frequencyi current,i thei SCi isi noti utilized.i Ini thisi paper,i ai newi 
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rule-basedi EMSi isi proposedi thati considersi thei traffici information,i terraini information,i 

windi speedi andi ambienti temperature.i Thei proposedi battery-SCi HESSi utilizesi ai fullyi 

activei HESSi topology.i Thei proposedi EMSi isi comparedi withi ai batteryi ESSi systemi withi 

thei samei specificationsi asi thati ofi ai first-generationi BMWi ix3.i Thei systemsi werei testedi 

underi threei drivei cyclesi i.e.i UDDS,i Artemisi motorwayi 130i andi thei CBDi drivei cycle.i Iti 

isi showni thati thei proposedi EMSi effectivelyi usesi thei energyi storedi ini thei SCi andi thei 

batteryi lifespani isi improved.i MATLABi Simulinki wasi usedi asi thei simulationi softwarei 

andi thei EVi referencei modeli wasi usedi asi ai template. 

1.6 OVERVIEW OF STUDY 

• Chapter 2 provides background and context to the study documented in this 

dissertation.  

• Chapter 3 introduces the theoretical calculations for the proposed EMS. The reader 

will also be introduced to the EV reference model in MATLAB SIMULINK and how 

it was used to simulate the EMS. This chapter also includes the sizing of the battery-

SC HESS.  

• Chapter 4 presents the simulation results. Waveforms are provided to compare the 

battery-SC HESS results with the reference and the proposed. The system was 

simulated on three different drive cycles namely UDDS, Artemis motorway 130 and 

the CBD drive cycle.  

• Chapter 5 discuss the results. The benefits as well as the disadvantages of the 

proposed EMS in terms of battery life and total system cost.  

• Chapter 6 concludes the study and provides the reader with a complete summary of 

all the work done and a subjective outcome of the study followed by work that can 

possibly be done in the future.  

•  Addendum A is the final part of the document in which some more information is 

provided about the simulation models used in this study.  
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CHAPTER 2 LITERATURE STUDY 

2.1 CHAPTER OVERVIEW 

This chapter presents the literature study for this dissertation. Section 2.2 introduces the 

development of the battery-SC HESS and the different topologies that are available. Sections 

2.3 discusses the different EMS strategies.   

2.2 HYBRID ENERGY STORAGE SYSTEM 

Battery only EV’s suffer from a decreased battery lifespan over time as discussed in section 

1.1.1. Therefore, to extend the battery lifespan, a supercapacitor is added to the ESS to ensure 

that battery is protected from high frequency currents. There are four battery-SC HESS 

topologies namely, passive, semi-active, and fully active.  

2.2.1 Passive HESS topology  

The passive battery-SC consists of the battery and the SC are connected in parallel as shown 

in Figure 2.1. In the passive topology, the SC is purely used as a low pass filter. This 

connection directly links the HESS to the DC bus without the need for any DC-DC 

converters. Consequently, there is no control over the active power flow through the storage 

devices. The amount of current drawn from the battery and SC depends on their internal 

resistances [13],[12]. As a result, the SC's transient power handling capability is not fully 

utilized. The battery primarily provides the ramp up (and down) power in response to a 

frequency nadir (zenith). Furthermore, due to the small voltage variation at the battery 

terminal, the SC does not operate within its full SoC range, leading to poor volumetric 
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efficiency [14],[13]. The passive HESS offers advantages such as simplicity and low 

implementation cost since it does not require power electronics and control circuits [15],[14].  

 

Figure 2.1. Passive battery-SC HESS. 

The advantages of the passive battery-SC HESS topology are summarised below [16],[17]: 

 

1) As there are not DC/DC converters used, the cost of the system is decreased.  

2) The system is easy to implement.  

3) Easily serviceable.  

 

The disadvantage of the passive battery-SC HESS topology are as follows [18]-[20]: 

 

1) The battery may be still exposed to high frequency currents.  

2) The energy stored in the SC is not effectively used. According to [21], the passive 

HESS topology utilizes 25% of the energy stored in the SC.  

3) As there are no DC/DC converters, the flow of energy from the battery and the SC 

cannot be controlled.  

 

2.2.2 Semi-Active HESS topology  

There are two types of semi-active HESS topologies as shown in Figure 2.2 and Figure 2.3. 

The SC semi-active HESS consists of the SC that’s connected to the DC through a DC/DC 

converter while the battery is connected directly onto the DC bus.  
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Figure 2.2. SC Semi-active battery-SC HESS. 

The advantages of the SC semi-active battery-SC HESS, shown in Figure 2.2, are as follows 

[22]-[24]: 

 

1) The DC/DC converter allows for the energy stored in the SC to be controlled.  

2) As there is one DC/DC converter used, the cost of the system is moderate.  

3) The inclusion of the DC/DC converter allows for a supervisory controller/EMS to be 

added onto the system.  

 

The disadvantage of the SC semi-active battery-SC HESS are as follows [3],[25],[26]: 

 

1) The battery may still be exposed to high frequency currents. This is dependent on the 

response time of the DC/DC converter.  

2) The inclusion of a DC/DC converter increases the cost of the system. This is 

dependent on the type of DC/DC converter that is selected as its power rating.  

3) The battery must be sized according to the DC bus voltage.  

 

 

The battery semi-active HESS consists of the battery that’s connected to the DC bus through 

a DC/DC converter while the SC is connected directly onto the DC bus. This arrangement 

separates the battery from the SC through a DC-DC converter. While this setup ensures a 

smooth operation for the battery with the converter's assistance, the SC's full potential cannot 
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be realized due to its linear discharge characteristic. The optimal ramping capability of the 

SC ought to be exponential, but this is not feasible economically as it would necessitate an 

exceptionally high SC rating. 

 

Figure 2.3. Battery Semi-active battery-SC HESS. 

The advantages of the battery semi-active battery-SC HESS, shown in Figure 2.3, are as 

follows [27]-[29]: 

 

1) The DC/DC converter allows for the energy stored in the battery to be controlled.  

2) The battery is full protected from high frequency currents as it is buffered by a 

DC/DC converter.  

3) The size of the battery may be reduced to reduce the cost of the system.   

 

The disadvantage of the battery semi-active battery-SC HESS are as follows [30]-[32]: 

 

1) As the SC is connect directly to the DC bus, the energy stored in the SC is not 

efficiently used.  

2) The battery DC/DC converter can only be operated in voltage control mode to keep 

the DC bus voltage stable.  

3) The SC must be sized according to the DC bus voltage which will drastically increase 

the cost of the system.  
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2.2.3 Fully Active Battery-SC HESS 

The fully active battery-SC HESS consists of the battery and the SC both connected to the 

DC bus through a DC/DC converter as illustrated by Figure 2.4.  

 

Figure 2.4: Fully active battery-SC HESS. 

The advantages of the battery semi-active battery-SC HESS, shown in Figure 2.4, are as 

follows [33]-[35]: 

 

1) The DC/DC converter connected to the battery grants the battery full protection from 

the high frequency currents.  

2) The energy flow from both the battery and the SC are controlled.  

3) The energy stored in the SC and the battery may be efficiently used.  

 

The disadvantage of the battery semi-active battery-SC HESS are as follows [36]-[38]: 

 

1) Due to the use of two DC/DC converters, the cost of the system may increase.  

2) The complexity of the system is increased due to the control of two DC/DC 

converters. 

3) The weight of the system is increased.  
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2.3 ENERGY MANAGEMENT SYSTEM  

Ani energyi managementi systemi (EMS)i isi essentiali fori thei optimali functioningi ofi thei 

battery-supercapacitori HESSi [39].i Thei primaryi goali ofi thei EMSi isi toi enhancei thei 

efficiency,i poweri quality,i andi stabilityi ofi thei HESSi system.i Byi carefullyi regulatingi thei 

poweri distributioni betweeni thei batteryi andi supercapacitor,i thei EMSi maximizesi thei 

utilizationi ofi theiri complementaryi characteristics,i therebyi improvingi thei overalli 

efficiencyi ofi thei HESSi [40],[41].i Additionally,i thei EMSi monitorsi thei Statei ofi Chargei 

(SOC)i andi Statei ofi Healthi (SOH)i ofi thei system,i adjustingi thei chargingi andi dischargingi 

ratesi toi ensurei safei operationi withini thei prescribedi limitsi [42],[43].i Throughi thei 

implementationi ofi advancedi controli algorithms,i thei EMSi alsoi mitigatesi voltagei andi 

currenti fluctuations,i promotingi systemi stability.i Furthermore,i thei EMSi playsi ai cruciali 

rolei ini extendingi thei lifespani ofi bothi thei batteryi andi supercapacitor,i safeguardingi themi 

againsti excessivei power,i temperature,i andi energyi usagei [44].i Thei batteryi isi protectedi 

fromi high-frequencyi dischargei cyclesi toi prolongi itsi lifespan,i whilei thei supercapacitori isi 

shieldedi fromi overchargingi andi over-discharging.i Moreover,i thei EMSi isi responsiblei fori 

optimizingi thei utilizationi ofi bothi thei batteryi andi supercapacitor,i ensuringi theiri effectivei 

andi efficienti operationi [45],[46].i Thei controli objectivesi ofi thei EMSi arei summarizedi ini 

Figure 2.5. 
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Figure 2.5. EMS control goals adapted from [22], © 2011 IEEE.  

EMSi controli techniquesi cani bei categorizedi intoi twoi maini types:i rule-basedi EMSi andi 

optimization-basedi EMS.i Rule-basedi EMSi utilizesi ai flowi diagrami withi instructionsi toi 

determinei thei system'si behaviouri ini differenti scenariosi [47].i Thesei methodsi arei derivedi 

fromi heuristicsi andi intuition,i wherei thei controli lawi isi basedi oni rulesi extractedi fromi 

humani experience,i withouti priori knowledgei ofi ai predefinedi drivingi cyclei [48].i Oni thei 

otheri hand,i optimization-basedi EMSi employsi techniquesi likei Dynamici Programmingi 

(DP),i Particlei Swarmi Optimizationi (PSO),i andi othersi toi optimizei thei poweri distributioni 

betweeni thei batteryi andi thei supercapacitori [49]. 

 

Rule-basedi EMSi controli techniquesi havei thei advantagei ofi beingi easieri toi implementi 

comparedi toi optimization-basedi methodsi andi theyi imposei lessi computationali burdeni 

[16].i Thisi makesi themi ani ideali choicei fori real-timei implementation.i However,i thei 

drawbacki ofi rule-basedi EMSi controli isi thati iti doesi noti offeri ani optimali poweri sliti 

solutioni wheni comparedi toi optimization-basedi controli techniquesi [12].i Oni thei otheri 

hand,i optimizationi controli techniquesi providei ani optimali poweri sliti solutioni buti comei 

withi ai highi computationali costi [17].i Wheni dealingi withi thei battery-supercapacitori HESSi 

EMSi problem,i iti isi challengingi toi designi ai real-timei supervisoryi controlleri thati cani 
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achievei ani optimali solutioni [50].i Toi addressi thisi challenge,i researchersi havei developedi 

supervisoryi controllersi thati combinei bothi rule-basedi andi optimization-basedi controli 

techniquesi [18]-[20].i Ini [21],i ani EMSi wasi developedi thati utilizedi ai combinationi ofi ani 

intelligenti onlinei Neurali Networki (NN)i controlleri andi ani offlinei Dynamici Programmingi 

(DP)i toi providei ani optimali onlinei EMS.i Anotheri approachi proposedi ini [22]i isi ani onlinei 

EMSi thati utilizesi ai NNi (Neurali Network)i basedi methodologyi andi ai Particlei Swarmi 

Optimizationi (PSO)i toi generatei ai real-timei predictivei poweri managementi controli 

strategy. 
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2.3.1 Rule-based control strategy  

2.3.1.1 Deterministic  

 

Thei poweri exchangei ofi thei HESSi isi determinedi byi rulesi derivedi fromi experiencesi andi 

mathematicali modelsi ini thei rule-basedi controli methodi [8],[21].i Ini real-timei energyi 

managementi applications,i thei rule-basedi controli approachi provesi toi bei highlyi effectivei 

[51].i Thei rule-basedi approachi cani bei dividedi intoi twoi maini categories:i deterministici andi 

fuzzyi logici [52].i Thei deterministici rule-basedi strategyi employsi ai predeterminedi seti ofi 

rulesi toi determinei thei poweri distributioni betweeni thei batteryi andi thei SCi [53].i Oni thei 

otheri hand,i fuzzyi logici controli utilizesi priori knowledgei ofi thei system'si functionalityi toi 

establishi thei rulesi thati governi itsi operationi [54]. 

 

Deterministici rule-basedi algorithmsi arei furtheri sub-dividedi fouri categoriesi namelyi 

thermostati on/off,i poweri follower,i statei machinei controli andi frequency-decouplingi [55].i 

Ini thei thermostati controli strategy,i thei battery'si optimali poweri efficiencyi pointi isi 

identifiedi andi maintainedi byi operatingi thei batteryi ati ai constanti poweri leveli [56].i Thei 

battery'si operationi isi regulatedi byi turningi iti oni andi offi basedi oni thei currenti upperi andi 

loweri limitsi ofi thei battery'si statei ofi chargei (SOC)i [57]. 

 

Oni thei otheri hand,i ini thei poweri followeri controli strategy,i thei energyi managementi 

systemi (EMS)i assignsi thei poweri demandi ofi thei electrici vehiclei toi thei battery,i whilei thei 

supercapacitori suppliesi thei differencei betweeni thei poweri demandi ofi thei electrici vehiclei 

andi thei battery'si responsei [58].i Thisi differencei isi calculatedi byi subtractingi thei maximumi 

allowablei batteryi supplyi poweri fromi thei poweri demandi ofi thei electrici vehiclei [59].i Thei 

poweri followeri approachi involvesi thei independenti controli ofi thei batteryi andi 

supercapacitori toi meeti thei electrici vehicle'si demandi whilei optimizingi thei efficiencyi ofi 

thei HESSi [24].i Thei batteryi suppliesi consistenti poweri fori steady-statei operation,i whilei 

thei supercapacitori deliversi high-poweri burstsi duringi accelerationi andi regenerativei 
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braking.i Therei arei twoi versionsi toi implementi thei poweri followeri controli strategy,i suchi 

asi [25],[7]: 

• Versioni 1:i Ini thei directi controli approach,i thei batteryi andi supercapacitori arei 

managedi directlyi toi meeti thei necessaryi poweri output.i Wheni therei isi ai surgei ini 

poweri demand,i thei supercapacitori dischargesi toi supplyi extrai power,i andi wheni 

thei poweri demandi decreases,i thei supercapacitori isi recharged. 

• Versioni 2:i Ini thei indirecti controli approach,i thei estimationi ofi poweri demandi isi 

carriedi outi throughi ai model,i andi subsequently,i thei batteryi andi supercapacitori arei 

regulatedi accordingi toi thisi estimatedi poweri demand.i Thei estimationi ofi poweri 

demandi reliesi oni variousi factorsi suchi asi vehiclei speed,i acceleration,i andi roadi 

grade. 

 

The benefits and disadvantages of the power follower methods are listed in Table 2.1 below.  

 

Table 2.1. Advantages and disadvantages of the power follower method [15],[60]-[62]. 

Advantages Disadvantages 

Thei supercapacitori enhancesi thei vehicle'si 

accelerationi andi brakingi performancei byi 

deliveringi highi poweri bursts,i resultingi ini 

improvedi overalli performance. 

Thei implementationi ofi thei poweri 

followeri controli strategyi cani posei greateri 

complexityi comparedi toi otheri controli 

strategies,i especiallyi wheni dealingi withi 

larger-scalei systems. 

Thei battery'si cyclei lifei cani bei extendedi 

byi reducingi thei loadi oni thei batteryi 

duringi periodsi ofi high-poweri demand,i 

resultingi ini ani extendedi batteryi life. 

Thei implementationi ofi thei poweri 

followeri HESSi controli strategyi mayi 

resulti ini increasedi expensesi duei toi thei 

needi fori additionali controli hardwarei andi 

software,i therebyi impactingi thei overalli 

costi ofi thei system. 

Byi utilizingi thei supercapacitori toi deliveri 

high-poweri surges,i thei batteryi cani 

Thei poweri follower,i mayi havei limitedi 

flexibilityi comparedi toi otheri controli 
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operatei ati ani ideali poweri level,i therebyi 

enhancingi itsi efficiencyi andi prolongingi 

itsi lifespan. 

strategies,i especiallyi wheni iti comesi toi 

accommodatingi systemsi withi fluctuatingi 

poweri demandsi ori evolvingi energyi 

storagei needs. 

 

 

Ini thei statei machinei controli approach,i multiplei rulesi arei employedi toi governi thei flowi ofi 

poweri flowi ofi HESS.i Thesei rulesi arei determinedi basedi oni factorsi suchi asi thei maximumi 

charge/dischargei ratesi ofi thei batteryi andi supercapacitor,i thei upperi andi loweri limitsi ofi 

theiri SOC,i andi thei maximumi poweri thati cani bei drawni fromi eachi storagei element.i Thei 

algorithmi usedi ini thisi approachi determinesi thei appropriatei poweri distributioni betweeni 

thei batteryi andi thei supercapacitori basedi oni thei poweri demandedi fromi thei HESSi 

[63][64].i Thei statei machinei hasi thei capabilityi toi bei programmedi fori transitioningi 

betweeni variousi modesi ofi operation,i includingi [28],[65]: 

• Statei 1:i Ini thei chargei mode,i thei batteryi andi supercapacitori receivei energyi fromi 

ani externali poweri sourcei toi replenishi theiri charge. 

• Statei 2:i Ini thei dischargei mode,i thei HESSi providesi poweri toi thei electrici motori toi 

propeli thei vehicle. 

• Statei 3:i Duringi regenerativei braking,i thei HESSi isi utilizedi toi storei thei energyi 

producedi whilei braking.i Thisi storedi energyi cani lateri bei employedi toi propeli thei 

vehiclei forwardi duringi acceleration.i  

The advantages and disadvantages of state machine control are listed in Table 2.2 below: 

 

Table 2.2. Advantages and Disadvantages of state machine control [15],[66]. 

Advantages Disadvantages 

Thei statei machinei controli ensuresi ai rapidi 

responsei timei byi promptlyi adaptingi thei 

energyi flowi betweeni thei batteryi andi 

supercapacitori ini real-timei toi meeti anyi 

Thei statei machinei alternatesi betweeni thei 

chargei andi dischargei states,i withouti 

computingi thei mosti efficienti poweri 

distributioni solutioni fori thei electrici 
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changesi ini poweri demand. vehicle. 

Enhancedi systemi dependability:i Throughi 

thei implementationi ofi statei machinei 

control,i thei HESSi cani bei engineeredi toi 

functioni withini securei parameters,i 

therebyi minimizingi thei possibilityi ofi 

systemi malfunction. 

Thei controli algorithm'si limitedi flexibilityi 

restrictsi itsi abilityi toi adapti toi variousi 

operatingi conditionsi ori systemi 

configurations. 

  

2.3.1.2 Fuzzy Logic  

 

Thei implementationi ofi thei deterministici rule-basedi controli concepti isi straightforwardi 

andi dependablei [6],[67].i Nevertheless,i thei rulesi arei establishedi accordingi toi thei initiali 

statesi ofi thei batteryi andi thei supercapacitor.i Consequently,i thei accuracyi ofi thei EMSi 

diminishesi overi time.i Toi addressi thisi issue,i thei fuzzyi logici controli strategyi isi 

introduced,i whichi utilizesi membershipi functionsi andi fuzzyi rulesi toi determinei thei 

transitioni betweeni differenti rules.i Fuzzyi logici isi ai methodologyi fori handlingi variablesi 

thati enablesi thei processingi ofi multiplei potentiali truthi valuesi usingi ai singlei variablei [68].i 

Byi incorporatingi ani openi andi imprecisei rangei ofi datai andi heuristics,i fuzzyi logici aimsi 

toi addressi problemsi andi derivei ai diversei seti ofi precisei conclusionsi [69].i Asi ai result,i thei 

operationi becomesi smoother,i morei logical,i andi morei adaptable.i Fuzzyi rule-basedi controli 

algorithmsi cani bei integratedi withi otheri controli strategiesi toi createi ai hybridi controli 

algorithmi thati enhancesi thei performancei ofi HESS.i  

 

Differenti researchersi havei developedi multiplei versionsi ofi fuzzyi controli systems.i [6]i 

developedi ai supervisoryi controlleri basedi oni fuzzyi logici toi effectivelyi regulatei thei 

voltagei ofi thei supercapacitori withini ani appropriatei range.i Toi enhancei thei performancei 

ofi thei controller,i particlei swarmi optimizationi isi employedi toi optimizei thei membershipi 

functioni curves.i Ini [34],i ai fuzzyi rule-basedi energyi managementi systemi wasi devisedi toi 

optimizei thei statei ofi chargei (SOC)i ofi bothi thei supercapacitori andi thei battery.i 
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Additionally,i thei real-timei vehiclei speedi isi utilizedi asi ani inputi toi thei controller,i enablingi 

furtheri optimizationi ofi thei poweri allocationi ini thei energyi managementi system.i Authorsi 

ini referencesi [34], [27],i andi [28]i havei devisedi fuzzyi logici rule-basedi EMSsi fori fueli cell-

supercapacitori systems.i Thei focusi ofi thesei EMSsi wasi toi enablei thei supercapacitori toi 

handlei thei transienti poweri demandsi ofi thei electrici vehicle.i Thei fuzzy-logici controli 

systemi developedi byi referencei [34]i isi passivelyi basedi andi buildsi uponi thei controlleri 

createdi byi referencei [28],i withi thei distinctioni thati thei EMSi utilizedi thei supercapacitori 

toi supplyi poweri toi thei electrici vehiclei ini bothi steady-statei andi transienti conditions,i 

dependingi oni thei supercapacitor'si statei ofi charge.i i EMSsi basedi oni fuzzyi logici havei alsoi 

beeni employedi ini stationaryi battery-supercapacitori hybridi energyi storagei systemsi 

(HESS)i fori transiti raili applicationsi [29].i Thei HESSi comprisesi ai fullyi activei battery-

supercapacitori system.i PIi controllersi arei employedi fori voltagei andi currenti regulation,i 

whilei thei energyi managementi systemi (EMS)i utilizesi ai fuzzy-logici rulei seti fori poweri 

distributioni control.i Thei primaryi aimi ofi thisi researchi wasi toi guaranteei voltagei stabilityi 

andi enhancei energyi efficiencyi byi reducingi reliancei oni gridi power. 

2.3.2 Optimization technique  

The energy management Optimization approach entails determining the optimal energy 

distribution between the battery and the supercapacitor through the utilization of 

mathematical [20]. Optimization techniques can be classified into two categories: offline 

optimization and online optimization techniques. This section will provide a concise 

overview of various optimization techniques. 

2.3.2.1 Offline optimization approach 

Offlinei optimizationi methodsi entaili resolvingi thei energyi managementi issuei beforehandi 

byi utilizingi ai predeterminedi drivingi cyclei ori usagei patterni [59].i Thei optimizationi 

dilemmai cani bei expressedi asi ai mathematicali program,i aimingi toi minimizei ai costi 

functioni thati considersi elementsi likei energyi lossi andi batteryi deteriorationi [66].i Thei 

resolutioni toi thei optimizationi issuei offersi ai seriesi ofi controli inputs,i likei thei poweri 
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requirementi oni thei batteryi andi supercapacitor,i whichi cani bei integratedi intoi thei vehicle'si 

controli system. 

 

Offlinei optimizationi techniquesi offeri severali benefits.i Firstly,i theyi arei computationallyi 

efficienti asi theyi solvei thei optimizationi problemi ini advancei andi pre-determinei thei 

controli inputsi [23].i Thisi resultsi ini ai reducedi computationali burdeni oni thei vehicle'si 

controli systemi andi enhancesi real-timei responsiveness.i Additionally,i offlinei optimizationi 

techniquesi enablei thei explorationi ofi optimali trade-offsi betweeni variousi performancei 

objectives,i suchi asi maximizingi fueli economyi ori minimizingi emissionsi [25]. 

 

Nevertheless, offline optimization methods do have certain constraints. They are usually 

tailored to cater to driving cycles or usage patterns and may not be suitable for more erratic 

or changeable driving situations. Furthermore, offline optimization techniques necessitate 

precise understanding of a vehicle's operational surroundings, encompassing elements like 

road incline, traffic congestion, and weather conditions [21],[25]. 

2.3.2.2 Online optimization approach 

Online optimization is a distinctive methodology that has gained popularity in the field of 

computer science. Its objective is to evaluate the effectiveness of a strategy that operates 

without any prior knowledge of future events (online) in comparison to an optimal strategy 

that possesses complete knowledge of the future (offline) [27]. Implementing optimization-

based control techniques can be challenging due to their complexity and high computational 

resource requirements [41]. Additionally, offline global optimization methods rely on a 

predetermined driving cycle, making them unsuitable for real-time applications. Despite 

these drawbacks, global optimization techniques offer precise results. Hence, a blend of 

global optimization techniques and rule-based control techniques is preferred. 

 

Thei mosti controli onlinei optimizationi controli methodi isi Modeli predictivei controli (MPC).i 

MPCi hasi gaini attentioni amongsti researchersi ini developingi ani EMSi fori battery-SCi 

HESSi basedi EVs.i MPCi isi ai controli strategyi thati involvesi determiningi thei optimali 

controli actionsi toi minimizei ai costi functioni fori ai constrainedi dynamicali systemi withini ai 
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finite,i recedingi horizoni [9].i Ati everyi timei step,i thei MPCi controlleri obtainsi thei currenti 

statei ofi thei planti eitheri throughi directi measurementi ori estimation.i Subsequently,i iti 

computesi ai sequencei ofi controli actionsi thati minimizei thei costi overi thei horizoni byi 

solvingi ai constrainedi optimizationi problemi [25].i Thisi optimizationi processi isi basedi oni 

ani internali planti modeli andi isi influencedi byi thei currenti systemi state.i Thei controlleri theni 

implementsi onlyi thei firsti calculatedi controli actioni oni thei plant,i disregardingi thei 

remainingi actions.i Thisi cyclei repeatsi ini thei subsequenti timei steps.i Figurei illustratesi ai 

basici MPCi controli loop.i  

 

 

Figure 2.6. Basic MPC control loop, taken from [70] with permission.  

 

P. García introduced an energy management system utilizing model predictive control 

(MPC). The primary goal of the controller was to maintain the state of charge (SOC) of the 

battery and supercapacitor close to their set reference values to achieve optimal charging 

efficiency. The main purpose of the MPC controller is to forecast the upcoming control 

actions by analysing the current system output. According to P. García et al., the 

implementation of the predictive controller was challenging due to its complexity and 

extensive computational requirements. Nevertheless, the controller delivered precise 

outcomes [24]. 
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2.3.3 Data Driven Approach  

2.3.3.1 Machine Learning 

Datai driveni controli methodsi involvei thei usei ofi intelligenti algorithmsi thati learni thei 

behaviouri ofi thei systemi andi theni optimizei itsi operation.i Machinei learningi isi ai rapidlyi 

developingi methodi thati hasi beeni employedi toi tacklei energyi managementi ini battery-

supercapacitori HESSsi fori electrici vehicles.i Byi utilizingi machinei learningi algorithms,i iti 

becomesi possiblei toi acquirei knowledgei fromi datai andi utilizei iti toi makei predictionsi ori 

carryi outi actions.i Thisi makesi machinei learningi particularlyi suitablei fori energyi 

managementi applications,i wherei timelyi decisionsi needi toi bei madei basedi oni intricatei andi 

ever-changingi datai [12].i  

 

Machinei learningi hasi foundi ai valuablei applicationi ini energyi managementi throughi 

predictivei control.i Ini thisi context,i thei controli algorithmi utilizesi pasti patternsi toi forecasti 

futurei energyi demandi andi adjustsi thei energyi flowi accordingly.i Ani illustrativei examplei 

isi thei usei ofi machinei learningi algorithmsi toi analysei previousi drivingi patternsi andi 

anticipatei poweri demandi basedi oni factorsi likei roadi grade,i traffici conditions,i andi 

weatheri conditionsi [29].i Byi doingi so,i thei algorithmi optimizesi performancei andi 

efficiencyi byi effectivelyi regulatingi thei energyi flowi betweeni thei batteryi andi 

supercapacitor. 

 

Reinforcementi learningi isi alsoi utilizedi ini energyi managementi fori optimizingi thei energyi 

flowi betweeni thei batteryi andi supercapacitori byi adaptingi toi thei vehicle'si real-timei 

performance.i Ini thisi approach,i thei controli algorithmi learnsi throughi triali andi errori byi 

interactingi withi thei environment,i leadingi toi morei efficienti energyi utilizationi [20]. 

 

Machinei learningi hasi thei capabilityi toi enhancei thei designi ofi battery-supercapacitori 

HESSs.i Fori instance,i machinei learningi algorithmsi cani forecasti thei deteriorationi andi 

lifespani ofi thei batteryi andi supercapacitori byi consideringi variablesi likei temperature,i 
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voltage,i andi current.i Thisi datai cani theni bei utilizedi toi refinei thei energyi storagei system'si 

design,i ultimatelyi enhancingi itsi efficiencyi andi durability. 

 

Nevertheless,i therei existi certaini constraintsi wheni employingi machinei learningi ini thei 

realmi ofi energyi managementi fori electrici vehicles.i Thei efficacyi ofi machinei learningi 

algorithmsi heavilyi reliesi oni thei availabilityi ofi substantiali datai fori learningi purposes,i 

thusi renderingi themi lessi effectivei ini scenariosi wherei datai isi scarcei [17].i Furthermore,i 

thei computationali demandsi ofi machinei learningi algorithmsi cani bei quitei burdensome,i 

necessitatingi considerablei processingi capabilitiesi andi memory,i whichi cani posei ai 

challengei withini thei constrainedi computingi resourcesi ofi vehiclesi [22]. 
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2.3.3.2 Deep Learning 

Deepi learningi hasi demonstratedi significanti promisei ini tacklingi energyi managementi ini 

battery-supercapacitori hybridi energyi storagei systemsi (HESSs)i fori electrici vehiclesi 

(EVs).i Byi leveragingi deepi learningi techniques,i iti isi possiblei toi createi predictivei modelsi 

thati cani effectivelyi forecasti thei energyi requirementsi ofi EVsi andi optimizei thei utilizationi 

ofi HESSs.i Thesei modelsi cani learni fromi historicali data,i real-timei sensori data,i andi otheri 

pertinenti factors,i enablingi themi toi makei precisei predictionsi andi enhancei thei overalli 

performancei ofi thei system. 

 

Ani essentiali usei ofi deepi learningi ini energyi managementi involvesi creatingi predictivei 

modelsi fori batteryi SOCi andi SOHi estimation.i Precisei estimationi ofi thesei parametersi isi 

cruciali fori maintainingi thei safei andi effectivei functioningi ofi thei batteryi ini thei HESS.i Byi 

trainingi deepi learningi algorithmsi oni extensivei datasetsi ofi batteryi performancei data,i 

accuratei andi reliablei modelsi fori SOCi andi SOHi estimationi cani bei developed. 

Deepi learningi ini energyi managementi hasi foundi anotheri applicationi ini thei formi ofi 

controli algorithmsi thati aimi toi optimizei thei utilizationi ofi thei battery-supercapacitori 

HESS.i Thesei algorithmsi cani learni fromi bothi historicali andi real-timei data,i enablingi themi 

toi makei informedi decisionsi regardingi thei chargingi andi dischargingi ofi thei system,i asi 

welli asi determiningi thei appropriatei amounti ofi energyi toi bei utilizedi fromi eachi storagei 

componenti [21].i Byi implementingi suchi algorithms,i thei lifespani ofi thei batteryi cani bei 

prolonged,i whilei simultaneouslyi enhancingi thei overalli efficiencyi ofi thei HESS. 

2.4 SUMMERY  

Iti hasi beeni observedi ini thei literaturei thati thei controli objectivesi ofi thei EMSi shouldi 

encompassi ati leasti onei ofi thei following: 

 

1) Maximizingi thei drivingi range. 

2) Minimizingi componenti stress. 

3) Maximizingi batteryi lifespan. 
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4) Satisfyingi instantaneousi loadi demand. 

5) Managingi poweri flowi optimallyi fori futurei demand. 

 

Ini mosti scenarios,i ai controlleri wouldi havei multiplei controli objectives,i andi thei selectioni 

ofi ai controli approachi wouldi bei basedi oni thei primaryi controli objective.i Iti hasi beeni 

acknowledgedi thati rule-basedi EMSsi arei easieri toi implement,i havei ai quickeri reactioni 

time,i andi arei lessi computationallyi intensive,i makingi themi ideali fori real-timei 

implementation.i However,i rule-basedi EMSsi doi noti providei thei mosti accuratei poweri 

distributioni information,i resultingi ini suboptimali utilizationi ofi energyi storedi ini thei 

batteryi andi supercapacitor. 

 

Oni thei otheri hand,i optimization-basedi EMSsi arei muchi morei precisei ini determiningi thei 

optimali poweri distributioni betweeni thei batteryi andi supercapacitor.i However,i 

optimization-basedi EMSsi arei computationallyi morei demanding,i andi somei requirei priori 

knowledgei ofi thei drivei cycle.i Therefore,i ai hybridi controlleri isi necessaryi toi mitigatei thei 

drawbacksi ofi thesei controli approachesi andi leveragei theiri advantages. 
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CHAPTER 3 IMPLEMENTATION AND 

SIMULATION 

3.1 CHAPTER OVERVIEW 

In this study, Chapter 3 delves into the comprehensive coverage of the modelling and 

simulations. The chosen topology for the battery-SC HESS is the fully active one, and the 

rationale behind this selection is elucidated. Furthermore, the selection and design 

calculations of the DC/DC converters for both the battery and the SC are expounded upon. 

The setup and design of the EMS are also outlined, along with the demonstration of how the 

MATLAB EV reference model was utilized to simulate the proposed EMS. Section 3.2 

discusses the control design of the EMS. Section 3.3 illustrates the HESS topology selection. 

Section 3.4 shows the EV simulation model while section 3.5 discusses the sizing of the 

complete battery-SC HESS. The chapter concludes with a chapter summary in section 3.6.  

3.2 CONTROL DESIGN 

Thei aimi ofi thisi studyi isi toi developi ai real-timei EMSi thati considersi variousi factorsi 

influencingi thei poweri demandi ofi EV.i Thesei factorsi include: 

 

1) Thei real-timei poweri needsi ofi thei vehicle 

2) Gravitationali resistance 

3) Windi resistance. 

4) Roadi incline. 

5) Traffici conditions.i  
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Thei proposedi EMSi categoriesi drivingi intoi threei types,i thati is,i stop/starti traffic,i highwayi 

drivingi andi cityi driving.i Duringi start/starti traffici onlyi thei SCi contributesi toi thei load,i 

duringi highwayi andi cityi drivingi bothi thei batteryi andi thei SCi activelyi contributei toi thei 

EVi load.i Thei advantagesi ofi thei proposedi EMSi arei asi follows: 

1) Thei proposedi rule-basedi EMSi operatesi ini real-time.i  

2) Thei proposedi EMSi doesi noti requirei thei useri toi uploadi thei drivei cyclei 

beforehand.i  

3) Thei vehicle’si physicali parametersi arei usedi toi ini determiningi thei poweri limiti oni 

thei batteryi andi thei SC.i  

4) Thei SCi isi sizedi accordingi toi thei amounti ofi regenerativei energyi producei byi thei 

UDDSi drivei cycle,i thei Artemisi motorwayi 130i drivei cyclei andi thei CBDi drivei 

cycle. 

3.2.1 EV Modelling  

Newton'si secondi lawi ofi motioni statesi that: 

 

𝑚𝑣̇ = 𝑖 𝑓𝑡 − 𝑓𝑎 − 𝑓𝑟 , (3.1) 

 

wherei thei massi ofi thei electrici vehiclei isi denotedi byi 𝑚i ini kilogramsi andi thei speedi ofi 

thei electrici vehiclei isi representedi byi 𝑣i ini metersi peri second.i Thei tractioni forcei isi 

labelledi asi 𝑓𝑡,i thei aerodynamici dragi forcei asi 𝑓𝑎,i andi thei rollingi resistancei forcei asi 𝑓𝑟.i 

Thei equationsi thati governi thei aerodynamici dragi forcei andi rollingi resistancei forcei arei asi 

follows: 

 

𝑓𝑎 = 𝑖 
1

2
𝑝𝑎𝐶𝑑𝐴𝑓𝑣2 

(3.2) 

 

andi  
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𝑓𝑟 = 𝑚𝑔µ𝑐𝑜𝑠𝑖 (𝛼)𝑖 + 𝑚𝑔𝑠𝑖𝑛(𝛼). (3.3) 

 

Thei parametersi ini thei formulai consisti ofi 𝑝𝑎 i fori airi density,i 𝐶𝑑 i fori airi dragi coefficient,i 

𝐴𝑓 i fori EVi frontali crossi section,i µi fori rollingi resistancei coefficient,i 𝑔i fori gravitationali 

acceleration,i andi 𝛼i fori roadi slope. 

Thei poweri neededi fori ani EVi movingi ati ai speedi 𝑣i cani bei representedi as: 

 

𝑝𝑒𝑣 = 𝑖 𝑓𝑡𝑣 = 𝑖 (𝑓𝑎 + 𝑓𝑟 + 𝑚𝑣̇)𝑣, (3.4) 

 

𝑝𝑒𝑣i isi thei poweri neededi byi thei EV.i  

Thei vehiclei needsi poweri fromi thei HESSi toi operate.i Ini thei developmenti ofi thei proposedi 

EMS,i iti isi consideredi thati thei HESSi DC/DCi converters,i battery,i andi supercapacitori havei 

ai consistenti energyi transmissioni efficiency.i Asi ai result,i accordingi toi (3.5),i thei poweri 

requiredi byi thei electrici vehiclei cani bei calculatedi as: 

 

𝑝𝑒𝑣 = 𝜂𝑑(𝑝𝑏𝑎𝑡𝜂𝑏𝑎𝑡 + 𝑝𝑠𝑐𝜂𝑠𝑐), (3.5) 

 

𝜂𝑑 i symbolizesi thei overalli mechanicali transmissioni efficiencyi andi thei efficiencyi ofi thei 

electrici motor.i 𝑝𝑏𝑎𝑡i standsi fori thei poweri usedi fori chargingi andi dischargingi thei battery.i 

𝑝𝑠𝑐 i refersi toi thei poweri fori chargingi andi dischargingi thei supercapacitor.i 𝜂𝑠𝑐 𝑖 denotesi thei 

efficienciesi ofi supercapacitori dc-dci converter,i andi 𝜂𝑏𝑎𝑡 𝑖 indicatesi thei dischargingi 

efficiencyi ofi thei batteryi dc-dci converter. 

3.2.2 Controli Objectives 

Thei primaryi goali ofi thei controlleri isi outlinedi below: 

1) Efficienti energyi management:i Thei EMSi isi designedi toi preventi thei batteryi fromi 

experiencingi highi frequencyi charge/dischargei currents,i thusi prolongingi thei 

battery'si lifespan. 
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2) Utilizationi ofi supercapacitori energy:i Thei controlleri prioritizesi thei involvementi ofi 

thei SCi ini meetingi thei poweri needsi ofi thei electrici vehicle. 

 

Thei controli lawsi outlinedi ini referencei [16]i utilizei ai Lyapunov-basedi nonlineari controlleri 

andi arei presentedi asi follows: 

 

𝑃𝑏𝑎𝑡,𝑙𝑖𝑚𝑖𝑡 = 𝑖 
𝑚𝑣

𝜂𝑑𝜂𝑏𝑎𝑡
(

𝑝𝑎𝐶𝑑𝐴𝑓

2𝑚
𝑣𝑟

2 + 𝑔µ𝑐𝑜𝑠 (𝛼)) 
(3.6) 

 

andi  

 

𝑃𝑏𝑎𝑡,𝑙𝑖𝑚𝑖𝑡 = 𝑖 
𝑚𝑣

𝜂𝑑𝜂𝑏𝑎𝑡
(

𝑝𝑎𝐶𝑑𝐴𝑓

2𝑚
𝑣𝑟

2 + 𝑔µ𝑐𝑜𝑠 (𝛼)). 
(3.7) 

 

𝑃𝑏𝑎𝑡,𝑙𝑖𝑚𝑖𝑡 i signifiesi thei batteryi poweri andi 𝑃𝑏𝑎𝑡,𝑙𝑖𝑚𝑖𝑡 i indicatesi thei poweri ofi thei 

supercapacitor.i Ai keyi enhancementi ini controli designi fromi [16]i isi thati thei controli lawsi 

outlinedi ini Eq.i 6i andi 7i servei asi poweri constraintsi ratheri thani determiningi factorsi fori 

poweri distribution. 

 

Figurei 3.1i depictsi thei initiali verificationsi conductedi byi thei EMS.i Initially,i thei systemi 

requestsi thei driveri toi inputi thei desiredi destination.i Thei systemi isi alreadyi awarei ofi thei 

currenti locationi ofi thei electrici vehiclei (EV).i Subsequently,i thei systemi utilizesi Googlei 

mapsi toi assessi thei leveli ofi traffici congestioni alongi thei mosti efficienti route.i Thei roadi 

gradienti alongi thei choseni routei isi determinedi byi employingi Googlei Earth.i Followingi 

this,i thei systemi calculatesi thei amounti ofi energyi necessaryi fori thei journey.i Thei EMSi 

operatesi ini threei distincti modes:i cityi driving,i traffici conditions,i andi highwayi driving.i 

Wheneveri necessary,i thei systemi seamlesslyi transitionsi betweeni cityi driving,i traffici 

driving,i andi highwayi driving.i Thei loopi markedi redi isi thei “drivingi loop”i whichi thei 

systemi staysi ini untili thei destinationi isi reached.i  
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Figurei 3.1:i EMSi initiali setup.i  

Figurei 3.2i illustratesi thei rulesi fori drivingi ini thei city.i Ini thei casei wherei thei electrici 

vehiclei (EV)i requiresi poweri fori forwardi motion,i thei systemi checksi thei Statei ofi Chargei 

(SOC)i ofi thei Supercapacitori (SC)i toi determinei ifi iti isi abovei ori belowi 50%.i Thisi checki 

isi donei toi ensurei thati thei supercapacitori cani lasti fori morei thani onei drivei cycle. 

 

Ifi thei SOCi ofi thei supercapacitori isi greateri thani 50%,i thei systemi willi calculatei thei 

poweri limiti fori thei supercapacitori usingi (3.7).i Thisi calculatedi poweri limiti willi bei usedi 

asi thei upperi limiti fori thei SC,i andi thei SCi willi solelyi supplyi thei poweri requiredi byi thei 

EV. 

 

Oni thei otheri hand,i ifi thei SOCi ofi thei SCi isi belowi 50%,i thei systemi willi calculatei thei 

upperi poweri limiti fori bothi thei batteryi andi thei SCi using (3.6)i andi (3.7).i Ini thisi case,i thei 

SCi willi stilli supplyi thei poweri requirementi ofi thei EV,i whilei thei batteryi isi usedi toi chargei 

thei SC,i ensuringi thati thei SOCi ofi thei batteryi remainsi abovei 50%i andi itsi currenti isi 

stable.i Duringi regenerativei braking,i alli thei poweri isi absorbedi byi thei SC. 
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Figurei 3.2:i Cityi drivingi flowi diagram.i  

 

Figurei 3.3i depictsi thei rulei seti governingi traffici conditions.i Thei rulei seti fori traffici 

drivingi conditionsi closelyi resemblesi thati ofi cityi driving.i However,i thei keyi distinctioni 

liesi ini thei scenarioi wherei thei statei ofi chargei (SOC)i ofi thei SCi fallsi belowi 50%.i Ini suchi 

cases,i bothi thei SCi andi thei batteryi contributei toi supportingi thei load,i withi theiri upperi 

poweri limitsi determinedi byii (3.6)i andi (3.7).i Thisi adjustmenti isi madei specificallyi duringi 

traffici drivingi conditions,i wherei regenerativei brakingi isi minimal,i resultingi ini limitedi 

opportunitiesi toi rechargei thei SC.i Ifi thei batteryi isi utilizedi fori rechargingi purposes,i iti willi 

inevitablyi reducei thei drivingi rangei ofi thei electrici vehiclei (EV). 
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Figurei 3.3:i Traffici conditionsi flowi diagram. 

 

Figurei 3.4i depictsi thei rulei seti fori highwayi driving.i Wheni drivingi oni thei highway,i thei 

poweri demandi ofi thei electrici vehiclei (EV)i isi dividedi betweeni thei batteryi andi thei 

superchargeri (SC),i withi thei SCi onlyi providingi poweri duringi peaki periods.i Thisi 

approachi isi adoptedi duei toi thei highi energyi consumptioni duringi highwayi driving,i 

necessitatingi thei batteryi toi beari ai significanti portioni ofi thei EV'si load. 
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Figurei 3.4:i Highwayi drivingi flowi diagram. 

3.3 HESSI TOPOLOGY 

Thei SCi semi-activei topology,i asi depictedi ini Figure 2.2,i isi thei mosti utilizedi battery-SCi 

configuration.i Thisi topologyi involvesi ai singlei DC/DCi converteri linkingi thei SCi toi thei 

DCi bus,i potentiallyi leadingi toi costi savingsi fori thei system.i Thei SCi DC/DCi converteri 

playsi ai cruciali rolei ini managingi thei energyi ofi thei SC. 

 

Oni thei otheri hand,i thei SCi semi-activei topologyi facesi limitationsi asi thei batteryi isi 

directlyi connectedi toi thei DCi bus,i resultingi ini inefficienti controli andi protectioni ofi 

batteryi energy.i Toi addressi thisi issue,i thei fullyi activei HESSi isi employed,i featuringi twoi 

DC/DCi convertersi toi regulatei energyi flowi fori bothi thei SCi andi thei battery.i Thei fullyi 

activei battery-SCi HESSi topologyi cani bei observedi ini Figure 2.4.i Thei proposedi systemi 

utilizesi ai fullyi activei battery-SCi HESSi topology.i  

 

Thei proposedi systemi intendsi toi dischargei thei batteryi ini onei directioni (forwardi direction)i 

whilei thei SCi isi toi bei dischargedi andi chargedi throughi regenerativei braking.i Therefore,i ai 
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singlei directionali boosti converteri willi bei usedi fori thei batteryi whilei ai bi-directionali 

buck/boosti converteri willi bei usedi fori thei SC.i Thei fulli systemi diagrami isi illustratedi byi 

Figurei 3.5i andi Figurei 3.6i showsi thei systemi diagrami legend.i  

 

 

Figurei 3.5:i Proposedi Fulli systemi diagram.i  

 

Figurei 3.6:i Systemi diagrami legend. 

3.4 EVI SIMULATIONI MODEL 

Thei MATLABi EVi referencei applicationi isi ai comprehensivei modeli thati includesi ai 

motor-generator,i battery,i direct-drivei transmission,i andi powertraini controli algorithms.i Iti 

servesi asi ai valuablei tooli fori conductingi powertraini matchingi analysis,i selectingi 
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components,i designingi controli andi diagnostici algorithms,i andi performingi hardware-in-

the-loopi (HIL)i testing.i Figurei 3.7i illustratesi thei MATLABi EVi referencei model.i  

 

Figurei 3.7:i MATLABi EVi referencei model, taken from [16] with permission. 

Tablei 3.1i specifiesi thei differenti subsystemsi thati arei presenti ini thei EVi referencei model.i 

Eachi subsystemi isi customizablei accordingi toi thei useri specifications.i  

 

Tablei 3.1:i EVi referencei modeli subsystemi descriptions 

Referencei Applicationi Element Description 

Analysei Poweri andi Energy Thisi isi ai livei scripti ofi thei poweri andi 

energyi consumptioni ofi thei EVi oni thei 

componenti leveli asi welli asi oni thei systemi 

level.i  

Drivei Cyclei Sourcei block Thisi blocki providesi ai listi ofi standardi 

drivei cyclesi toi choosei from.i  

Environmenti subsystem Thisi subsystemi enablesi thei useri toi inputi 

environmentali variablesi suchi asi roadi 

slope,i windi speed,i atmospherici 

temperature,i andi pressure.i  

Longitudinali Driveri subsystem Thisi subsystemi simulatesi ai driveri andi 

outputsi accelerationi andi brakingi 

commandsi suchi thati thei specifiedi drivei 
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cyclei velocityi isi followed.i i  

Controllers’i subsystem Thisi subsystemi implementsi ai powertraini 

controli modulei (PCM)i thati incorporatesi 

regenerativei braking,i motori torquei 

arbitration,i andi poweri management. 

Passengeri Cari subsystem Thisi subsystemi mimicsi ai passengeri 

vehiclei withi ani electrici systemi andi 

drivetraini subsystems.i  

Visualizationi subsystem Providesi vehicle-leveli performancei data,i 

batteryi statei ofi chargei (SOC),i andi 

equivalenti fueli economyi outcomesi thati 

arei valuablei fori powertraini matchingi andi 

componenti selectioni analysis. 

 

Ini thisi work,i thei MATLABi EVi referencei modeli wasi customizedi toi matchi thei 

specificationsi ofi thei proposedi system.i  

3.5 HESSI SIZING 

Thei proposedi systemi isi directlyi comparedi withi thei first-generationi BMWi ix3i toi gaini ai 

real-worldi comparisoni ofi howi thei proposedi systemi performsi ini simulation.i Thei BMWi 

ix3i hasi ani 80kWhi batteryi onlyi ESS.i Therefore,i thei totali energyi ofi thei proposedi systemi 

willi bei designedi suchi thati iti isi equivalenti toi 80kWh. 

 

Tablei 3.2:i BMWi G08i ix3i parameters. 

Parameter Value 

Vehiclei weighti  2270i kgi (fulli loadedi =i 2740i kg) 

Electrici motori power 210i kW 

Batteryi Capacityi  80i kWh 
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Batteryi nominali voltagei  400i Vi  

Vehiclei frontali areai  2,65 

Transmissioni efficiencyi  0.98 

Gravitationali acceleration 9,8i m/s2 

Airi dragi coefficienti  0,29 

Rollingi resistancei coefficient 0.05 

3.5.1 Totali Regenerativei brakingi energy 

Anotheri factori thati wasi consideredi wheni sizingi thei battery-SCi HESSi wasi thei 

regenerativei brakingi energyi thati thei SCi wouldi needi toi absorb.i i Asi thei proposedi EMSi 

takesi intoi considerationi threei typesi ofi drivei conditionsi i.e.i cityi driving,i traffici drivingi 

andi highwayi driving.i i Toi representi cityi drivingi thei UDDSi isi used,i thei traffici drivingi isi 

representedi byi thei CBDi cycle,i thei highwayi drivingi isi representedi byi Artemisi motorwayi 

130i drivei cycle.i Toi obtaini thei totali regenerativei brakingi energy,i thei EVi referencei modeli 

wasi tunedi withi thei parametersi showni ini Tablei 3.2.i Theni eachi ofi thei drivei cyclesi (i.e.i 

UDDS,i CBD,i andi Artemisi motorwayi 130)i arei rani andi thei batteryi poweri isi measured.i 

Figurei 3.8i toi Figurei 3.12i illustratesi thei batteryi poweri fori eachi drivei cycle.i Thisi wasi 

donei toi geti ani indicationi ofi thei ofi howi muchi poweri thei SCi wouldi needi toi absorbi duringi 

regenerativei braking.i i  

 

Figurei 3.8i illustratesi thei poweri demandi oni thei batteryi duringi thei UDDSi drivei cycle.i 

Figurei 3.9i illustratesi thei negativei poweri demandi duringi thei UDDSi drivingi cycle.i Thei 

averagei regenerativei brakingi poweri isi 3.605kW. 
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Figurei 3.8:i UDDSi cityi drivingi batteryi power.i  

 

Figurei 3.9:i UDDSi cityi drivingi negativei batteryi power. 

 

Figurei 3.10i depictsi thei batteryi poweri waveformi fori thei CBD.i Thei CBDi cyclei showcasesi 

ai drivingi patterni resemblingi ai "sawtooth"i shape,i consistingi ofi 14i iterationsi ofi ai 

fundamentali cyclei comprisingi idle,i acceleration,i cruise,i andi decelerationi modes.i Thisi 

drivingi cyclei accuratelyi representsi ai vehiclei navigatingi throughi stop-starti traffic.i Oni thei 

otheri hand,i Figurei 3.11i showcasesi thei regenerationi poweri waveformi fori thei CBDi drivei 

cycle.i Thei averagei poweri obtainedi fromi regenerativei brakingi amountsi toi 4.036kW. 

 

 

Figurei 3.10:i CBDi traffici drivingi batteryi power. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



CHAPTER 3 Implementation and Simulation 

 

Department of Electrical, Electronic and Computer Engineering 40 

University of Pretoria 

 

Figurei 3.11:i CBDi traffici drivingi negativei batteryi power. 

 

Figurei 3.12i depictsi thei poweri requirementsi ofi thei batteryi throughouti thei Artemisi 

motorwayi 130i drivingi cycle,i whichi simulatesi motorwayi drivingi conditions.i Meanwhile,i 

Figurei 3.13i showcasesi thei negativei poweri demandi thati occursi duringi motorwayi driving.i 

Thei averagei regenerativei brakingi poweri isi measuredi ati 14.297kW. 

 

 

Figurei 3.12:i Artemisi motorwayi 130i highwayi drivingi batteryi power. 

 

 

Figurei 3.13:i Artemisi motorwayi 130i highwayi drivingi negativei batteryi power. 

 

 

Hence,i thei SCi shouldi havei thei capabilityi toi absorbi ai minimumi regenerativei poweri ofi 

21.938i kW. 
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3.5.2 Batteryi Degradationi Model 

Numerousi batteryi degradationi modelsi havei beeni studied,i withi thei mosti pertinenti modeli 

fori lithium-ioni batteriesi beingi introducedi byi [10].i Thisi modeli isi widelyi utilizedi toi assessi 

thei decreasei ini batteryi capacityi overi timei ini electrici vehiclesi (EVs).i Thei batteryi 

capacityi lossi isi specificallyi definedi as: 

 

𝑄𝑙𝑜𝑠𝑠 = 𝐵𝑒−
𝐸𝑎
𝑅𝑇𝐴ℎ

𝜌
. 

(3.8) 

 

 

Thei battery'si percentagei capacityi loss,i denotedi asi 𝑄𝑙𝑜𝑠𝑠,i cani bei calculatedi usingi thei 

followingi variables:i Bi (preexponentiali factor),i 𝐸𝑎 i (activationi energyi fromi Arrheniusi lawi 

ini Ji mol-1),i 𝐴ℎ
⬚

i (ampere-houri throughputi ofi thei batteryi ini Ah),i Ti (absolutei temperaturei 

ini K),i Ri (gasi constanti ofi 8.314i Ji mol-1K-1),i andi ρi (poweri lawi factori ofi 0.5). 

 

Thei modeli wasi expandedi byi [16][21]i toi assessi thei capacityi degradationi ofi ai batteryi 

underi non-uniformi currenti profiles.i Thisi involvedi generatingi ai histogrami ofi thei batteryi 

currenti rates,i followedi byi determiningi thei depth-of-dischargei (DoD)i ofi thei batteryi basedi 

oni ki (DoD(k)).i Here,i ki representsi thei specifici currenti ratei beingi analysed.i Thei batteryi 

capacityi lossi isi determinedi byi  (3.9)i andi (3.10). 

 

𝑄𝑙𝑜𝑠𝑠 = ∑ 𝑄(𝑘)

𝑘

. (3.9) 

 

𝑄(𝑘) = 𝐵(𝐶𝑟𝑎𝑡𝑒(𝑘))𝑒−
𝐸𝑎(𝐶𝑟𝑎𝑡𝑒(𝑘))

𝑅𝑇 𝐴ℎ(𝐷𝑜𝐷(𝑘))
𝜌

. 
(3.10) 

 

3.5.3 Optimali Sizing 

Ani ideali sizingi modeli wasi developedi toi achievei thei followingi objectives: 
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1) Thei supercapacitori (SC)i shouldi havei thei capacityi toi absorbi 21.938i kWi fromi 

regenerativei braking. 

2) Thei combinedi poweri ofi thei batteryi andi thei SCi shouldi bei 80kW,i ensuringi thati 

thei hybridi energyi storagei systemi (HESS)i isi equivalenti toi ani 80kWi battery-onlyi 

energyi storagei systemi (ESS). 

3) Thei battery'si capacityi shouldi noti decreasei byi morei thani 20%i overi ai spani ofi 10i 

years. 

 

Thei objectivei functioni fori thei optimali sizingi problemi isi formulatedi asi follows: 

 

𝑓(𝑛𝑠𝑐
𝑠, 𝑛𝑠𝑐

𝑝, 𝑛𝑏𝑎𝑡
𝑠, 𝑛𝑏𝑎𝑡

𝑝) = 𝑖 𝑛𝑠𝑐
𝑠𝑛𝑠𝑐

𝑝𝑚𝑠𝑐
𝑐𝑒𝑙𝑙 + 𝑛𝑏𝑎𝑡

𝑠𝑛𝑏𝑎𝑡
𝑝𝑚𝑏𝑎𝑡

𝑐𝑒𝑙𝑙 (3.11) 

 

subjecti toi thei followingi constraints: 

 

 

 

𝑛𝑠𝑐
𝑠𝑣𝑠𝑐

𝑐𝑒𝑙𝑙
𝑖 ≥ 𝑉𝑙1,𝑚𝑖𝑛 (3.12) 

 

𝑛𝑠𝑐
𝑠𝑣𝑠𝑐

𝑐𝑒𝑙𝑙
𝑖 ≤ 𝑉𝑙1,𝑚𝑎𝑥 (3.13) 

 

𝑛𝑏𝑎𝑡
𝑠𝑣𝑏𝑎𝑡

𝑐𝑒𝑙𝑙
𝑖 ≥ 𝑉𝑙2,𝑚𝑖𝑛 (3.14) 

 

𝑛𝑏𝑎𝑡
𝑠𝑣𝑏𝑎𝑡

𝑐𝑒𝑙𝑙
𝑖 ≤ 𝑉𝑙2,𝑚𝑎𝑥 (3.15) 

 

𝑛𝑠𝑐
𝑠𝑛𝑠𝑐

𝑝𝑝𝑠𝑐
𝑐𝑒𝑙𝑙

𝑖 ≥ 21.938𝑖 𝑘𝑊 (3.16) 

 

𝑛𝑠𝑐
𝑠𝑛𝑠𝑐

𝑝𝑝𝑠𝑐
𝑐𝑒𝑙𝑙 + 𝑛𝑏𝑎𝑡

𝑠𝑛𝑏𝑎𝑡
𝑝𝑝𝑏𝑎𝑡

𝑐𝑒𝑙𝑙 = 80𝑖 𝑘𝑊 (3.17) 

 

𝑄𝑙𝑜𝑠𝑠,10 ≤ 0.2 (3.18) 
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Ini thei(3.12)i toi (3.18),i ni denotesi thei totali numberi ofi cells,i whilei thei superscripti "s"i 

indicatesi thei numberi ofi cellsi ini series,i andi thei superscripti "p"i signifiesi thei numberi ofi 

cellsi ini parallel.i 𝑉𝑙1,𝑚𝑖𝑛i andi 𝑉𝑙1,𝑚𝑎𝑥i referi toi thei minimumi andi maximumi inputi voltagei 

fori thei SCi dc/dci converter,i respectively.i Oni thei otheri hand,i 𝑉𝑙2,𝑚𝑖𝑛i andi 𝑉𝑙2,𝑚𝑎𝑥i representi 

thei minimumi andi maximumi inputi voltagei fori thei batteryi dc/dci converter.i Thei subscripti 

"bat"i isi usedi fori thei battery,i andi Pi denotesi poweri ini Watts. 

 

Ai PSOi algorithmi wasi usedi toi determinei thei optimali sizei ofi thei batteryi andi thei SCi giveni 

thei abouti costi functioni andi constraints.i Thei PSOi algorithmi wasi choseni becausei ofi itsi 

easei ofi implementation,i iti isi noti computationali expensive,i andi itsi codei resourcei isi 

widelyi available.i Thei MATLABi PSOi solveri wasi usedi toi determinei thei batteryi sizei asi 

welli asi thei SCi size.i Iti wasi calculatedi thati thei batteryi sizei musti bei 41.34i kWi andi thei SCi 

38.66i kW.i Iti wasi decidedi thati thei sizesi ofi thei batteryi andi thei SCi wouldi bei madei equali 

toi 40i kW.i  

3.6 CHAPTERI SUMMERYI  

Ini thisi section,i thei designi ofi thei controlleri wasi done.i Thei EVi modellingi equationsi werei 

formulated,i thei controli objectivesi asi welli asi thei rulesi thati governi thei rule-basedi EMSi 

werei defined.i Thei fullyi activei HESSi topologyi wasi selectedi asi iti allowsi thei batteryi 

energyi andi thei SCi energyi toi bei fullyi controlled.i Thei EVi modeli thati wasi usedi wasi thei 

MATLABi EVi reference.i Thei drivingi conditioni werei spliti intoi threei categoriesi namelyi 

cityi driving,i stop/starti traffici andi highwayi driving.i Thei drivei cyclesi thati representi thesei 

conditionsi arei thei UDDS,i CBD,i andi thei Artemisi motorwayi 130i drivei cyclesi 

respectively.i Toi sizei thei battery-SCi HESS,i thei followingi wasi considered:i thei totali 

averagei regenerativei breakingi energyi requiredi byi eachi drivei cycle,i thei batteryi 

degradation,i andi thei totali ESSi sizei ofi thei BMWi ix3.i Ani optimizationi costi functioni withi 

constraintsi wasi formulatedi andi solvedi usingi PSO. 
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CHAPTER 4 RESULTS 

4.1 CHAPTER OVERVIEW  

Thisi sectioni providesi thei simulationi resultsi fori thei EVi withi ai batteryi onlyi ESSi andi theyi 

arei comparedi withi ai battery-SCi HESSi (withi thei proposedi EMS)i ofi thei samei size.i Thei 

aspectsi thati werei consideredi arei thei batteryi current,i SCi current,i batteryi andi SCi SOCi 

afteri eachi drivei cycle.i Alli thesei factorsi werei consideredi fori thei UDDS,i CBD,i andi 

Artemisi motorwayi 130i drivei cycles. Section 4.2 defines the UDDS drive cycle and 

illustrates the simulation results for the battery-only system and for the battery-SC HESS 

under the UDDS drive cycle. Section 4.3 defines the CBD drive cycle and illustrates the 

simulation results for the battery-only system and for the battery-SC HESS under the CBD 

drive cycle. Section 4.4 defines the Artemis Motorway 130 drive cycle and illustrates the 

simulation results for the battery-only system and for the battery-SC HESS under the 

Artemis Motorway 130 drive cycle. The chapter concludes with a summary in section 4.5.  

4.2 UDDSI DRIVEI CYCLE 

UDDS,i ani acronymi fori Urbani Dynamometeri Drivingi Schedule,i isi ai dynamometeri testi 

requiredi byi thei Unitedi Statesi Environmentali Protectioni Agency.i Thisi testi accuratelyi 

simulatesi cityi drivingi conditionsi andi isi specificallyi designedi fori evaluatingi thei fueli 

economyi ofi lighti dutyi vehicles.i Figurei 4.1i showsi thei velocityi (km/h)i versusi timei 

(seconds).i Thei cyclei replicatesi ani urbani coursei spanningi 12.07i kmi withi numerousi stops.i 

Iti reachesi ai topi speedi ofi 91.25i km/hi andi maintainsi ani averagei speedi ofi 31.5i km/h.i Ini 

thei contexti ofi Southi Africa,i specificallyi Gauteng,i thei UDDSi cyclei cani bei likenedi toi 

travellingi fromi Turffonteini (Johannesburgi South)i toi Dunkeldi Westi (Rosebank,i 
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Johannesburgi North)i throughi Johannesburgi CBD.i Figurei 4.2i showsi thei pathi oni thei mapi 

whilei Figurei 4.3i showsi thei elevationi profilei ofi thei path. 

 

 

Figurei 4.1:i UDDSi Velocityi versusi timei graph. 
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Figurei 4.2:i Turffonteini toi Dunkeldi Westi path. 
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Figurei 4.3:i UDDSi elevationi profile. 

 

4.2.1 Batteryi Onlyi Simulationi Results 

Figurei 4.4i andi Figurei 4.5i belowi showi thei batteryi currenti andi thei batteryi SOCi fori thei 

batteryi onlyi systemi wheni puti throughi thei UDDSi cyclei underi thei abovei statedi 

conditions.i Iti cani bei observedi thati thei batteryi currenti isi frequentlyi chargingi andi 

discharging.i Thei batteryi SOCi remainsi steadyi ati 80%i withi ai slighti dropi toi 79%.i  

 

 

Figurei 4.4:i Battery-onlyi ESSi currenti (UDDS). 
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Figurei 4.5:i Battery-onlyi ESSi batteryi SOCi (UDDS). 

4.2.2 Battery-SCi HESSi Results 

Figurei 4.6i showsi thei traffici informationi betweeni Turffonteini andi Dunkeldi west.i Iti cani 

bei observedi thati thei traffici conditionsi arei moderate.i  

 

Figurei 4.6:i UDDSi traffici conditions. 
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Thei averagei dischargei poweri requiredi toi completei thei tripi isi 6.987i kW.i Consideringi 

thati thei UDDSi drivei cyclei runsi fori 1369i seconds,i thei energyi requiredi toi completei thei 

tripi isi 2.657i kWh.i  

 

Figurei 4.7i illustratesi thei batteryi HESSi current,i Figurei 4.8i illustratesi thei batteryi HESSi 

SOC.i Thei proposedi EMSi ensuresi thati thei batteryi averagei batteryi currenti isi equali toi thei 

averagei currenti requiredi fori thei totali trip.i Anotheri observationi isi thati thei batteryi currenti 

isi onlyi ini thei forwardi directioni toi ensurei thati thei batteryi isi noti exposedi toi frequenti 

chargei andi dischargei cycles.i Asi thei energyi usedi fori thei tripi isi muchi loweri thani thei 

capacityi ofi thei battery,i thei batteryi SOCi remaini constanti ati 80%i fori thei durationi ofi thei 

UDDSi cycle.i  

 

 

Figurei 4.7:i Batteryi HESSi currenti (UDDS). 

 

Figurei 4.8:i Batteryi HESSi SOCi (UDDS). 

 

Figurei 4.9i illustratesi thati SCi current,i andi Figurei 4.10i illustratei thei SCi SOC.i Iti cani bei 

observedi thati thei SCi absorbsi ai largei portioni ofi thei currenti requiredi byi thei EVi isi 

suppliedi byi thei SC.i thei SCi alsoi absorbsi thei regenerativei brakingi energyi duringi thei drivei 

cycle.i thei SCi SOCi dropi fromi 100%i toi approximatelyi 60%.i  
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Figurei 4.9:i SCi Currenti (UDDS). 

 

Figurei 4.10:i SCi SOCi (UDDS). 

4.3 CBDI DRIVEI CYCLEI  

Thei CBDi cyclei isi characterizedi byi ai "sawtooth"i drivingi pattern,i consistingi ofi 14i 

iterationsi ofi ai fundamentali cyclei thati comprisesi idle,i acceleration,i cruise,i andi 

decelerationi modes.i Figurei 4.11i illustratesi thei vehiclei speedi throughouti thei durationi ofi 

thei CBDi cycle.i Thisi cyclei representsi stop/starti traffic.i  

 

Thei CBDi drivei cyclei exhibitsi thei followingi characteristici parameters: 

 

1) Duration:i 560i seconds 

2) Averagei speed:i 20.23i km/h 

3) Maximumi speed:i 32.18i km/h 

4) Drivingi distance:i 3.22i km 

5) Averagei acceleration:i 0.89i m/s2 

6) Maximumi acceleration:i 1.79i m/s2 
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Figurei 4.11:i CBDi drivei cyclei velocityi versusi time. 

Ini thei contexti ofi Southi African,i stop/starti traffici isi normallyi foundi oni thei M1i highwayi 

ini Johannesburgi duringi morningi peaki timesi asi showni byi Figurei 4.12.i  

 

 

Figurei 4.12:i Stop/starti traffici oni M1i highwayi Johannesburg. 
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4.3.1 Batteryi Onlyi Simulation 

Figurei 4.13i showsi thei batteryi current,i andi Figurei 4.14i showsi thei batteryi SOCi fori thei 

CBDi drivei cycle.i  

 

Figurei 4.13:i Batteryi onlyi ESSi currenti (CBD). 

 

Figurei 4.14:i Batteryi onlyi ESSi SOCi (CBD). 

4.3.2 Battery-SCi HESSi Simulationi  

Figurei 4.15i illustratesi thei batteryi current,i andi Figurei 4.16i showsi thei batteryi SOC.i Thei 

proposedi EMSi ensuresi thati onlyi thei SCi isi usedi duringi stop/starti traffici soi asi toi ensurei 

thati thei batteryi isi noti exposedi toi transienti currents.i  

 

 

Figurei 4.15:i Battery-SCi HESSi currenti (CBD). 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



CHAPTER 4 RESULTS 

 

Department of Electrical, Electronic and Computer Engineering 53 

University of Pretoria 

i  

 

Figurei 4.16:i Battery-SCi HESSi SOCi (CBD). 

Figurei 4.17i illustratesi thei SCi current,i andi Figurei 4.18i illustratesi thei SCi SOC.i Iti cani bei 

observedi thati thei SCi absorbsi thei fulli loadi ofi thei EV.i  

 

 

Figurei 4.17:i Battery-SCi HESSi SCi SOCi (CBD). 

 

 

Figurei 4.18:i Battery-SCi HESSi SCi SOCi (CBD). 

4.4 ARTEMISI MOTORWAYI 130 

Thei Commoni Artemisi Drivingi Cyclesi (CADC)i werei formulatedi asi chassisi dynamometeri 

proceduresi underi thei Europeani Artemisi project.i Thesei proceduresi werei developedi byi 

analysingi ai vasti databasei ofi real-worldi drivingi patternsi ini Europe.i Thei CADCi consistsi 

ofi threei distincti drivingi schedules:i Urban,i Rurali Road,i andi Motorway.i Thei Motorwayi 
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cyclei offersi twoi variations,i withi maximumi speedsi ofi 130i andi 150i km/hi respectively.i 

Fori thisi study,i thei motorwayi 130i cyclei wasi used.i Figurei 4.19i showsi thei velocityi versusi 

timei graphi fori thei Artemisi drivingi cyclesi 130i cycles.i  

 

Thei Artemisi motorwayi 130i drivei cyclei exhibitsi thei followingi characteristici parameters: 

 

1) Duration:i 1068i seconds 

2) Distance:i 28i km 

3) Averagei speed:i 96.9i km/h 

4) Maxi speed:i 131.4i km/h 

 

 

Figurei 4.19:i Artemisi motorwayi 130i drivei cycle. 

 

Ini thei contexti ofi Southi Africa,i thei Artemisi motorwayi 130i drivei cyclei cani bei likenedi toi 

travellingi fromi goldi reefi cityi themei parki toi Kelvin,i Santoni usingi thei M1/N1i motorwayi 

asi showni byi Figurei 4.20.i Figurei 4.21i showsi thei elevationi profilei ofi thei M1/N1i 

motorwayi fromi goldi reefi cityi andi toi Kelvin,i Santon.i  
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Figurei 4.20:i Artemisi motorwayi 130i ini SAi context. 
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Figurei 4.21:i Artemisi motorwayi 130i ini SAi contexti elevationi profile. 

 

4.4.1 Batteryi Onlyi ESSi Simulation 

Figurei 4.22i illustratesi thei batteryi currenti wheni thei batteryi onlyi ESSi systemi isi puti 

throughi thei Artemisi motorwayi 130i drivei cycle.i Iti cani bei observedi thati thei batteryi 

currenti isi fluctuatingi andi thei maximumi currenti ofi 191i Ai isi veryi closei toi thei batteryi 

currenti limiti ofi 200i A.i Asi thei durationi ofi thei drivei cyclei isi short,i 1068i seconds,i thei 

batteryi SOCi decreasedi byi onlyi 10%.i  

 

Figurei 4.22:i Batteryi onlyi ESSi currenti (Artemisi motorwayi 130). 
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Figurei 4.23:i Batteryi onlyi ESSi SOCi (Artemisi motorwayi 130). 

4.4.2 Battery-SCi HESSi Simulation 

Figurei 4.24i illustratesi thei battery-SCi batteryi currenti andi Figurei 4.25i illustratesi itsi SOC.i 

Iti cani bei observedi thati thei proposedi EMSi ensuresi thati thei batteryi currenti isi onlyi ini thei 

forwardi direction.i Thei batteryi SOCi droppedi byi 20%.i  

 

 

Figurei 4.24:i Battery-SCi HESSi batteryi currenti (Artemisi motorwayi 130).i  

 

Figurei 4.25:i Battery-SCi HESSi batteryi SOCi (Artemisi motorwayi 130). 

 

Figurei 4.26i illustratesi thei SCi currenti andi Figurei 4.27i illustratesi thei SCi SOC.i Iti wasi 

observedi thati thei proposedi EMSi ensuredi thati thei SCi playedi ani activei rolei ini supportingi 

thei EVi load.i Thei SCi SOCi droppedi significanti fromi 100%i toi 20%,i whichi indicatesi thati 

thei SCi wasi overi utilized.i  
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Figurei 4.26:i Battery-SCi HESSi SCi currenti (Artemisi motorwayi 130). 

 

Figurei 4.27:i Battery-SCi HESSi SCi SOCi (Artemisi motorwayi 130). 

4.5 SUMMERY 

Thisi chapteri showsi thei resultsi obtainedi fromi simulations.i Fori eachi drivei cycle,i ai pathi 

wasi definedi ini thei Southi Africani context,i specificallyi Gautengi Johannesburg.i Thei roadi 

elevationi profilei asi welli asi thei traffici conditionsi werei obtained.i Fori eachi drivei cycle,i thei 

batteryi onlyi ESSi wasi simulated,i andi thei proposedi battery-SCi HESSi wasi simulatedi toi 

comparei thei resultsi ofi bothi systems.i i 
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CHAPTER 5 DISCUSSION 

5.1 CHAPTER OVERVIEW 

The cost, and the benefits of implementing the proposed EMS are discussed in this chapter. 

Section 5.2 compares the performance of the battery-only ESS and the battery-SC HESS in 

terms of battery life span. Section 5.3 compares the hardware cost between a battery-only 

ESS and a battery-SC HESS. The chapter concludes with a summary in section 5.4.   

5.2 BATTERY ONLY ESS VS. BATTERY-SC HESS 

There have been studies in which a rule-based EMS is designed for a battery-SC HESS. In 

most cases, the SC is used to supply the peak current of the EV. At the time of writing this 

dissertation, there have been no studies that attempt to actively use the SC in supplying the 

EV power demand during steady state conditions. Furthermore, there has been no study that 

slits the traffic conditions into three categories and address them individually.  

 

In this study, the proposed rule-based ESS was directly compared to a battery-only ESS, i.e. 

both systems were simulated under the same drive cycles. The battery only system when 

going through the UDDS, CBD, and Artemis motorway 130 drive cycles would last 461km 

(sum of the city driving, stop/start traffic and highway driving). This is based on the 

knowledge that the lithium-ion battery has 1500 life cycles, a power consumption of 

20kW/100km. the vehicle with the battery-SC HESS has a battery lifespan of approximately 

800km. this is because during motion, the battery is discharge only and the SC absorbs all 

the regenerative braking energy and when the EV is in stop/go traffic only the SC is used to 

power the EV. This is done to take advantage of the 1 million duty cycles of the SC. 
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5.3 COST COMPARISON 

Table 5.1 draws a hardware cost comparison between the battery only system and the 

battery-SC HESS. These are estimations if the items were purchased individually. 

Manufacturers may manufacture these products in house to reduce cost. It is evident from 

Table 5.1 that the hardware cost associated with the battery-SC HESS are high compared to 

the battery-only ESS. Therefore, because of the high cost associated with the battery-SC 

HESS, this system may be better suited to high performance luxury EV or heavy duty EVs 

such as trucks and construction machines to justify the cost of the total system.  

 

Table 5.1: Cost Comparison 

Parameter  Battery only ESS Battery-SC HESS 

2 x DC/DC converters N/A R 199 839.16 

Battery R324 938.00 R 120 834.00 

SC N/A R 2 043 816.00 

Total R324 938.00 R 2 364 489.16 

5.4 SUMMARY 

This chapter shows that the results obtained are positive. The cost of the proposed system 

was compared to a battery only system and it was found that the cost of the proposed system 

is higher than that of the battery only system and therefore the proposed system maybe better 

suited for luxury high performance EVs. The proposed system actively utilizes the SC to 

supply the EV load and therefore this results in the extension of the EV battery lifespan. And 

compared to other studies that have been conducted, the proposed system in this dissertation 

is the first of its kind. 
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CHAPTER 6 CONCLUSION 

6.1 CHAPTER OVERVIEW  

Chapter 6 concludes the study. Section 6.2 provides the concluding remarks of the study. 

Section 6.3 provides other elements that could be focused on in future research.  

6.2 CONCLUDING REMARKS 

The experiment was successful. It is possible to have a rule-based EMS that actively uses 

the SC energy to support the EV that also considers road elevation and traffic conditions. 

The proposed system uses a fully active battery-SC HESS topology as shown in Figurei 3.5. 

The battery DC/DC converter is a single direction boost converter. The SC DC/DC converter 

is a bi-directional to allow the SC to be discharged and to be charged by the regenerative 

braking energy. The factor that makes the proposed system unique is that the SC is actively 

used to supply the EV load, traffic and road elevation is used to inform the EMS on how to 

behave. Furthermore, the proposed EMS divides driving conditions into three categories 

namely city driving, stop/go traffic and highway driving. This is done to optimize the system 

for each driving condition.  

 

The results showed that for city driving conditions in the context of SA, the battery energy 

was well conversed, the battery was not exposed to high frequency currents and the SC SOC 

dropped to just above 50%. For stop/go traffic conditions, only the SC supplied the EV to 

protect the battery from being exposed to continuous transient currents. The stop/go traffic 
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condition only used 20% of the SC energy. The highway driving scenario showed to be the 

most energy intensive and demanded 80% of the SC energy but took only 20% of the battery 

energy.  

 

The use of the proposed system was compared to an equivalent battery only system and it 

was found that the proposed system has the potential to increase the lifespan of the battery 

to 800 km compared to the 461 km.  

It was also observed that the cost of the battery-SC HESS is significantly higher than that of 

the battery-only system. Therefore, the battery-SC HESS is better suited to high performance 

EV and heavy duty EVs such as SUVs and trucks.  

6.3 FUTURE STUDIES 

This study covered the battery-SC HESS in terms of topology and energy management. 

There are still a lot of other elements to be investigated. A further study could include 

decreasing the battery size and increasing the SC size such that they deplete at the same rate. 

As it was observed that battery SOC in the battery-SC HESS remained nearly the same 

through the different driving conditions while the SC SOC was depleted fasted in 

comparison.  

 

Another study could involve the cost reduction of the battery-SC HESS such that it is 

equivalent to the cost of a battery-only system.  

 

The proposed EMS could be paired with an intelligent management system such MPC, 

neural network or machine learning [9][7], [36]. A study could be performed in which the 

system learns the driving pattern of the driver, the environment, traffic condition as well as 

other factors affecting the EV performance to optimize the EV’s performance overtime. 
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ADDENDUM A EV REFERANCE MODEL 

PARAMETERS AND 

SIMULINK MODELS 

The subsequent tables in this section provide an overview of the parameters utilized in all 

simulations. These specific values are incorporated into the graphical user interface (GUI) 

masks of every component displayed on the modelling page. 

 

Table A.1. Vehicle Parameters 

Parameter Value 

Total Vehicle Mass 2740 kg 

Rotating Mass 5% 

Vehicle cross section 2 m2 

Wheel diameter 0.5 m 

Drag coefficient 0.29 

Rolling Resistance coefficient 0.05 

 

 

 

 

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



ADDENDUM A                                   MATERIAL CONSTANTS AND OTHER PARAMETERS  

Department of Electrical, Electronic and Computer Engineering 74 

University of Pretoria 

Table A.2. Supercapacitor model parameters 

Parameter Value 

Capacity of each SC 165 F 

Internal resistance of each SC 0.310 Ω 

Maximum voltage of each SC 202 V 

Maximum power of each SC 40 kW 

Initial charge of each SC 955 

Number of SC in parallel connection 1 

 

Table A.3. Battery model parameters  

Parameter Value 

Initial charge 80% 

Battery voltage 200 V 

Battery capacity 100 Ah 

 

 

Figure A.1. Full Electric system 
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