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Abstract 

With the increasing global awareness and call for reduced dependence on fossil fuels and their polluting 

byproducts, energy efficient electric vehicles are gaining more attention for replacing internal combustion 

engine vehicles. Current battery technologies such as the Li-ion batteries, as the main source of energy in 

the electrified vehicles offer good energy density features, which fulfills the energy requirements for 

covering long mileages. However, other performance metrics for batteries such as power density, thermal 

operating range, and cyclic life span is not sufficiently high. In this regard, electric vehicle manufacturers 

have been overdesigning the battery packs in their products to offer adequate degree of confidence to the 

market for more appeal towards the electrified vehicles. This has led to an increase in the weight, volume, 

and the price of the battery packs. As an attempt to address the aforementioned challenges, hybridization 

of the battery packs with super-capacitors has been suggested. Super-capacitors offer complementary 

characteristics to the battery packs such as high-power density, wide thermal operating range, and high 

number of cyclic life span. Nevertheless, hybridization of the battery packs as the energy source and the 

super capacitors banks as the power source to take the advantages of both sources introduces new 

challenges. The need for electrical converters for compliance of these sources, and the requirement for the 

control system to share the power demand between these two sources based on their inherent features are 

among the concerns to be addressed.  This thesis introduces new electronic hardware structure for 

incorporative utilization of battery packs and super-capacitor banks, moderated by supervisory control 

systems for power sharing purposes between the energy and the power sources in electric vehicle 

applications. 
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Chapter 1 

Introduction 

1.1 Motivation 

Paris Accord, as an international awareness of the increment in the amount of greenhouse gases 

requires 169 countries of the world “To hold the increase in the global average temperature to well 

below 2 °C above pre-industrial levels and to pursue efforts to limit the temperature increase to 

1.5 °C above pre-industrial levels, recognizing that this would significantly reduce the risks and 

impacts of climate change” [1]. As shown in Fig.1-1, transportation as the fourth biggest contributor 

to the global greenhouse gas emission, produces 14% of the greenhouse gases including around 

65% of 𝐶𝑂2 [2]. Studies have shown that the concentration of 𝐶𝑂2 in Earth’s atmosphere has 

passed 400 ppm, which is above the acceptable concentration level of 350 ppm as shown in Fig.1-

2 [3].  In this regard, energy efficient electric drive vehicles consisting of Hybrid Electric Vehicles 

(HEVs), Plug-in Hybrid Electric Vehicles (PHEVs), and Electric Vehicles (EVs)  as the best 

existing solution, not only reduce the share of greenhouse gases produced by the transportation 

means but also save a large amount of oil, as the transportation sector consumes up to 63.7% of 

the petroleum products worldwide [4]. Such vehicles utilize electrochemical storage devices in 

their traction systems and reduce the dependence on the fossil fuels. Moreover, enjoying the 

regenerative braking capabilities, energy efficient electric drive vehicles can restore more than 30% 

of the kinetic energy during brakes.  Considering the fact that more than 25% of the world’s energy 

is being consumed in the transportation sector, exploiting HEVs, PHEVs, and EVs can save 

significant amount of energy in comparison to the conventional Internal Combustion Engine (ICE) 

cars [5]. Among the available energy efficient electric drive vehicles, EVs offer the overall system 
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efficiency of over 90% from the storage systems to wheels, whereas this metric for the ICE vehicles 

is less than 30%.  Hence, EVs show a great potential as a promising solution for environmental 

issues and energy crisis.  

  

 

Fig.1- 1: Greenhouse gas emission sectors chart [1]. 

 

Fig.1- 2: Yearly CO2 emission chart from 1955-2017 [3]. 
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The global interest in EVs is growing at a fast rate such that it is anticipated by 2040 at least 34% 

of the vehicles on the roads will be EVs. Fig.1-3 indicates the EV market regional annual sale, 

which is expected to reach approximately 530 million EVs worldwide by 2040. With this number 

of EVs, up to 8 million barrels of oil consumed in the transportation sector can be replaced by the 

stored electrical energy in EV storage systems such as batteries [6]. In this regard, EVs can also be 

treated as distributed energy systems, which are storing a large amount of the world’s energy, and 

can be used for purposes such as grid voltage and frequency stabilization [7] - [9].  

 

 

Fig.1- 3: Estimated EV sale shares by country [6]. 

 

Existing marketable EVs use battery packs as the only source of energy. This means, battery packs 

should be designed to meet all the requirements of an EV including sufficient energy for covering 

long mileages, fulfillment of the energy demand for comfort loads such as electronic devices and 

air conditioning units, sufficient power for accelerations etc., [10]. To this end, batteries offer high 

specific energy features, which meets the long mileage requirement [11]. The high energy density 

features of the battery packs make them unique energy sources for EV applications considering the 

existing technologies. It is expected that the demand for EV batteries grow from 21 𝐺𝑊ℎ in 2016 
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to 1300 𝐺𝑊ℎ by 2030 [12]. Nevertheless, due to the chemical reactions in batteries, which 

transforms the chemical energy to the electrical energy, batteries do not show high specific power 

characteristics [13]. In fact, in battery cell design process, high specific power and high specific 

energy are in contrast to each other as the former requires thin electrodes while the latter requires 

thick ones [14]. Thus, to respond to the fast acceleration/deceleration requirements in EVs, battery 

packs are being overdesigned by putting more battery cells in series/parallel. This leads to bulkier 

and more expensive battery packs in EVs, which occupies more space under the EV hood, and 

increases the curb weight [15], [16]. As an example, the 85kWh battery pack of a Tesla model S 

weighs 540 kg, which is more than 30% of the total weight of the vehicle. Each 3kWh module of 

such batteries has 18.5 cm height, 7.5 cm width, 99 cm length, and 19 kg weight [17], [18]. This 

sizeable battery pack that consists of 7,104 Li-ion cells spreads like a rug underneath the vehicle. 

Regarding the battery price, the overall cost of the battery pack depends on the manufacturing 

technology, type of the utilized chemicals, cell voltage, power density and energy density of the 

battery cell. Currently, the price of Li-ion battery cells can vary between $250/kWh to $400/kWh. 

However, with improvements in the technology, increased investments and production, this price 

is supposed to drop to $100/kWh by 2030 [19]. This shows that with current technologies, the 

price of battery pack can go up to 30% of the final ownership cost of an EV, which is a significant 

barrier in lowering the final price of future EVs.  

The other issue regarding EV batteries is their low charging efficiencies at temperatures around 

0℃ due to an increase in their internal resistance. Moreover, at very cold temperatures, which is 

typical in many countries such as Canada, and Scandinavian countries, battery pack operation 

degrades due to slower chemical reaction process. Specifically, at −15℃ and below, Li-ion 

batteries can hardly deliver any energy [20], [21]. Additionally, battery packs are very vulnerable 
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to high discharge rates, known as C-rate1. As shown in [22] and [23], four factors impact battery 

life span, also known as State of Health (SOH). These factors consist of operation in high/low 

temperatures, high C-rates, Depth of Discharge (DOD), and extreme SOC2 levels. Indeed, the effect 

of the first two factors are more detrimental than the other two. For instance, extracting high 

amplitude currents from batteries with amplitudes over 2𝐶-rates, or charging them with currents 

more than 𝐶/2-rates will accelerate the capacity fade in batteries. 

1.2 Hybrid Energy Storage Systems 

Combining battery pack with an alternate source with high specific power characteristics, can 

mitigate the aforementioned issues [24]. Super-Capacitors (SC), also known as Ultra-Capacitors 

(UC), as a new technology for EVs, PHEVs, and HEVs, can serve as a power source with very high 

specific power capabilities [25]. SCs do not generate electric power, but instead store it in their 

electric field and release it as required. Consequently, they can be charged or discharged at fast 

rates, which counts for their high specific power [22]. Contrary to batteries, SCs can operate in the 

range of  −40℃ to 65℃ during charging/discharging cycles. Moreover, due to their low internal 

resistance, SCs feature energy efficiency capabilities up to 98%. The other great benefit of the SCs 

is their theoretical unlimited cyclic life span. However, when it comes to real practice, they last up 

to one million charge/discharge life cycles [26]. The most noticeable disadvantage of SCs is their 

low specific energy property, and their high cost of $3000/𝑘𝑊ℎ − $4000/𝑘𝑊ℎ [27]. In this 

regard, Hybrid Energy Storage Systems (HESS) using battery packs and SC banks can benefit from 

the advantages of both sources and compensate for the aforementioned shortcomings.  

 

1 C-rate: A metric that shows the discharge rate of a battery regarding its maximum capacity [29]. As an 

example, a 1C-rate for a battery pack at the capacity of 100 Ah means that the battery pack can last for 1 

hour if it is discharged with a constant current of 100 A.   
2 SOC: The level of the available energy of a battery cell relative to its maximum capacity. 
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Efficient performance of the battery/SC combination such that the SC bank assists the battery pack 

during peak power requirements to prevent oversizing the battery pack has been a challenge. During 

peak power demands, which normally happens at acceleration or deceleration moments, a large 

amount of current is drawn from or injected to the battery pack [28]. These high amplitude current 

stresses lead to capacity fade and early aging in batteries [29].  

Fig.1-4 shows the discharge curve of a Li-ion battery cell with the rated discharge current of 2.34 A, 

and the maximum capacity of 5.4 Ah.  

 

Fig.1- 4: Discharge curve of an Li-ion battery with different C-rates. 

As it can be seen, when the battery is being discharged with rates of 𝐶/6, and 𝐶, the stored energy 

is extracted completely. However, when the discharge rate is increased, the full capacity of the 

battery is not utilized and it reaches its cutoff voltage faster [30]. Consequently, an Energy 

Management Controller (EMC) is required to supervise the power split task between battery pack 

and the SC bank such that the high current amplitudes are drawn from the SC bank while battery 

pack is being discharged in a smooth pattern with low C − rates. Realtime operation of such 

controller without the prior knowledge of the driving cycle is a very significant feature as a vehicle 
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could be driven in different roads with different driving styles [31]. The primary objective of this 

thesis is to introduce an optimized supervisory energy management controller for splitting the 

reference power between the battery pack and the SC bank.  

1.3 HESS hardware  

Other than the EMC, a hardware system consisting of high-power converters is required to facilitate 

the integration of the battery packs and the SC banks, as well as the control of their energy flow. 

Conventionally, high-power bidirectional DC/DC buck-boost converters have been used for this 

purpose. Various HESS configurations using DC/DC converters for active power control of the 

sources have been introduced that regulate the interaction of the storage devices among each other 

and the load through the supervision of the EMC. Despite the great features of the bidirectional 

buck-boost converters such as simplicity of the topology and ease of control, these converters use 

bulk magnetic devices in their structures. Thus, when designed for high-power applications, the 

converter becomes massive and heavy. Other than that, the losses of the magnetic devices including 

core-losses and the conduction loss of the equivalent series resistance are relatively high and 

degrade the converter efficiency [32].  

To address the aforementioned challenges, a new generation of power converters known as Multi- 

Source Inverters (MSI) have been introduced lately. Such power electronics apparatus connects 

various DC sources to the same AC loads in a single-stage manner without any magnetic devices. 

Therefore, more compact and more efficient traction systems are achievable [33], [34]. The recent 

MSI topologies introduced so far lack modularity and have high number of switching devices. 

Therefore, the need for new MSI topologies with lower number of switching devices and modular 

structure is of paramount importance. In this regard, one of the main objectives of this thesis is to 

introduce a new MSI architecture to address the above shortcomings. Since the field of MSI DC/AC 
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converters is new to the power electronics community, only very limited modulation techniques for 

the control of the switching actions in an MSI have been studied. This thesis introduces new 

modulation techniques using the Space Vector Modulation (SVM) method to enjoy the possible 

benefits of the MSI topologies.  

 

1.4 Thesis contributions 

In this thesis, several technical contributions have been surveyed and introduced. The followings 

summarize these contributions for the field of hybrid energy storage systems in EV applications: 

• Mathematical modeling of a hybrid battery/SC system for determination of the behavior of 

the battery pack and the SC bank with DC/DC converter in the frequency domain. The 

results were used in a hybrid fuzzy logic, low-pass filter EMC for power split purposes in 

EV applications with HESS.  

• Evaluation of the proposed hybrid fuzzy logic, low-pass filter EMC using a Typhoon HIL 

real-time simulator to assess the implementation feasibility of the proposed EMC for the 

Urban Dynamometer Driving Schedule (UDDS) as a real-world standard driving cycle in 

real-time manner.  

• Proposing a novel reconfigurable magnetic-less multi source inverter for active control of 

an HESS in a single-stage manner. A small-scale lab prototype of the proposed MSI was 

built and tested for various operating modes.  

• Introduction of a novel deterministic SC bank state of charge controller for the proposed 

MSI feeding an induction machine with testing under the European Driving Cycle (EUDC) 

using MATLAB Simulink.  
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• A generalized modified space vector modulation technique for the simple synthesis of the 

reference voltage vector using MSI topologies.  

• A novel space vector modulation technique using the concept of four nearest voltage 

vectors in the 𝛼𝛽 frame for synthesis of the reference voltage vector, which enhances the 

voltage THD and current THD in comparison with the conventional three nearest voltage 

vector approaches. 

 

The following publications have also resulted from the research contributions reflected in this 

thesis:    

• O. Salari, K. Hashtrudi-Zaad, A. Bakhshai, M. Z. Youssef and P. Jain, "A Systematic 

Approach for the Design of the Digital Low-Pass Filters for Energy Storage Systems in EV 

Applications," in IEEE Journal of Emerging and Selected Topics in Industrial Electronics, 

vol. 1, no. 1, pp. 67-79, July 2020, 

• O. Salari, K. H. Zaad, A. Bakhshai and P. Jain, "Reconfigurable Hybrid Energy Storage 

System for an Electric Vehicle DC–AC Inverter," in IEEE Transactions on Power 

Electronics, vol. 35, no. 12, pp. 12846-12860, Dec. 2020,  

• O. Salari, K. H. Zaad, A. Kumar, A. Bakhshai and P. Jain, "On the Concept of Four Nearest 

Space Vector PWM for Multi Source Inverters," proc. of the 2019 IEEE Energy 

Conversion Congress and Exposition (ECCE), Baltimore, MD, USA, 2019, pp. 1816-

1821,  
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• O. Salari, M. Nouri, K. H. Zaad, A. Bakhshai and P. Jain, "Space Vector Modulation for 

Multi-Source Inverters," proc. of the 2018 IEEE International Power Electronics and 

Application Conference and Exposition (PEAC), Shenzhen, 2018, pp. 1-6, 

• O. Salari, K. H. Zaad, A. Bakhshai and P. Jain, "Hybrid Energy Storage Systems for 

Electric Vehicles: Multi-Source Inverter Topologies," proc. of the 2018 14th International 

Conference on Power Electronics (CIEP), Cholula, 2018, pp. 111-116 

• O. Salari, M. Nouri, K. H. Zaad, A. Bakhshai and P. Jain, "A Multi-Source Inverter for 

Electric Drive Vehicles," proc. of the 2018 IEEE Energy Conversion Congress and 

Exposition (ECCE), Portland, OR, 2018, pp. 3872-3879, 

• O. Salari, K. H. Zaad, A. Bakhshai and P. Jain, "Filter Design for Energy Management 

Control of Hybrid Energy Storage Systems in Electric Vehicles," proc. of the 2018 9th 

IEEE International Symposium on Power Electronics for Distributed Generation Systems 

(PEDG), Charlotte, NC, 2018, pp. 1-7,  

• O. Salari, K. Hashtrudi Zaad, A. Bakhshai and P. Jain, Pseudo Multi Level Space Vector 

Modulation Technique for Multi Source Inverters" to be submitted to IEEE Transactions 

on Power Electronics, 

 

1.5 Thesis outline 

Chapter 2 reviews the state-of-the-art of the technologies for EV energy storage systems. A 

comprehensive review of different types of battery technologies, and marketable SC cells are 

provided. Various HESS configurations using DC/DC converters for combining battery pack and 

SC bank in EV applications are studied along with supervisory energy management controllers for 
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power split purposes. Also, a review of the investigated MSI topologies and the well-known 

modulation techniques for DC/AC inverters are investigated as well. Chapter 3 introduces an EMC 

technique using the Digital Low Pass Filter (DLPF) and the Fuzzy Logic Controller (FLC) as the 

supervisory controller for HESS in EV applications. Chapter 4 proposes a novel MSI topology with 

modular structure for combining battery packs and SC banks. Also, a modified SVM technique 

along with a deterministic SC bank controller is investigated to augment the performance of the 

MSI. Chapter 5 introduces a novel SVM technique using four adjacent voltage vectors to synthesize 

the reference voltage vector in multi-source inverters. The proposed SVM method reduces the 

voltage THD at the output side. Thus, improved voltage and current output waveforms for the MSI 

topologies are obtained, accordingly. Finally, chapter 6 concludes the thesis and introduces some 

ideas for possible future works.  
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Chapter 2 

Overview of the Hybrid Storage Systems for Electric Vehicles 

Batteries as mature and well-known technologies have been utilized in energy efficient electric 

drive vehicle industry for years. Specifically, due to the relative high energy density of the Li-ion 

batteries, they are the only source of energy in the current commercial EVs. Despite the good energy 

density, still the battery technology suffers from some issues such as low specific power, poor 

performance in low temperatures, low cyclic life, and high cost, etc. However, SC cells offer 

complimentary features such as high-power density, high cyclic life, and wide thermal operating 

range. The combination of battery packs with SC banks can improve the performance of the battery 

packs and enhance their life span as one of the most expensive elements of an EV [29]. In this 

chapter, a comprehensive review of the latest battery and SC technologies for EV applications are 

presented. Additionally, various HESS hardware configurations, including the passive and active 

battery/SC combinations using DC/DC converters, and recent EMC techniques for power split 

between the sources in hybrid storage systems are discussed. Finally, a review of the MSI DC/AC 

inverters as a new approach for combining battery packs and SC banks in EV applications is 

presented.   

2.1 USABC goals for EV storage systems 

The Department of Energy (DOE) Vehicle Technologies Office (VTO), as one the key players in 

compilation of the general approaches and policies towards efficient and sustainable transportation 

technologies, was founded to support Research and Development (R&D) and bridge between 

industry and universities for future transportation systems [35]. The guidelines and services of VTO 

help companies to adjust their products based on the latest standards in order to reduce fossil fuels 

dependency, and air pollution. As reported, if companies develop their products based on DOE 
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standards for vehicle technologies, only in U.S. up to 3.1 million barrels of daily petroleum 

consumption can be saved by 2035 [36]. The close collaboration of VOT and United States 

Advanced Battery Consortium (USABC) since 1991 has been a lantern for electrochemical energy 

storage manufacturers to develop their products based on the market requirements in fair 

competitive business level for different class of energy efficient vehicles. An analysis in 2013 

showed that DOE has been invested $971 million in battery technologies for EVs, HEVs, and 

PHEVs, which has resulted in commercialization of 2.4 million energy efficient electric drive 

vehicles between1999-2012. The resultant benefits are assessed to be around $16.7 billion by 2020 

through reduction of petroleum consumption in U.S. [36].  

Table 2- 1: USABC goals for advanced EV batteries by 2020 vs. current technologies [31] 

 

Specifications at 𝟑𝟎℃ Units System 

Level 

(Expected) 

System 

Level 

(Current) 

Cell Level 

(Expected) 

Cell Level 

(Current) 

Peak Specific Discharge 

Power, 30 s Pulse 

𝑊/𝑘𝑔 470 239 700 400 

Peak Discharge Power 

Density, 30 s Pulse 

𝑊/𝐿 1000 600 1500 800-1000 

Usable Energy Density @ 
𝑪

𝟑
 

Discharge Rate 

𝑊ℎ/𝐿 500 350 750 600 

Usable Specific Energy @
𝑪

𝟑
 

Discharge Rate 

𝑊ℎ/𝑘𝑔 235 180 350 220 

Calendar Life Years 15 8-10 15 8-10 

Cost @ 100K units $/𝑘𝑊ℎ 125 250-300 100 200-300 

Survival Temperature 

Range, 24 Hr 

℃ -40 to 66 -20 to 50 -40 to 66 -20 to 50 
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One of the many missions of USABC is to set goals for battery technologies as a roadmap for 

researchers and manufacturers to standardize their products. Table 2-1 summarizes some of the 

USABC battery specification goals and compares them with state-of-the-art battery technologies 

[35] - [39]. 

2.1.1 Nickel-Metal Hybrid (NiMH) batteries 

NiMH batteries were first introduced commercially in the market in 1989 for low power portable 

computers and after that have been widely used in HEV applications. In 2008, NiMH batteries held 

over 10% of rechargeable battery markets and sold over $1.2 billion [40]. Low price, high cyclic 

life, safety, and wide range of temperature operation make NiMH batteries a viable candidate for 

HEV applications. Especially, thin design of the positive and negative electrodes can increase their 

specific power up to1300
W

kg
 . Nevertheless, due to their low specific energy characteristics they 

are not ideal choices for EV applications. Furthermore, they have a noticeable temperature 

dependent self-discharge rate, which can go up to 90% per month at 45℃ [40].  

2.1.2 Lithium-Ion batteries 

The first commercial Li-ion batteries were released by Sony and Asahi Kasei in 1991 [40], which 

used LiCoO2 (LCO) as the positive electrode and petroleum coke as the negative one. LCO 

electrodes introduced a capacity of 155 
mAh

g
, and coke negative electrodes had a capacity of 

180 
mAh

g
 . As of 2016, anode and cathode materials with capacities of 200 

mAh

g
 and 600 

mAh

g
 are 

available, respectively. Nevertheless, DOE aims to improve these numbers to 300 
mAh

g
, and 

1000 
mAh

g
 by 2020 for anode and cathode materials. This will introduce cells with specific energies 
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up to 400 
Wh

kg
, and energy density of 1200 

Wh

l
 [41]. The resulting cells will be lighter and smaller, 

which will highly improve EV range and acceleration performance.  

Li-ion battery market has grown rapidly, and it experienced a global market of $36.2 billion in 

2016. It is expected that this market hits $94.4 billion by 2025 and reduce the Li-ion battery price 

to $87/kWh [42]. Fig.2-1 shows global market revenue of Li-ion batteries from 2008 to 2020 [43]. 

Table 2-2 contains information on some of the most popular Li-ion battery technologies for EV 

applications. 

Table 2- 2: Li-ion battery technologies for EV applications 

Positive/Negative 

Electrodes 

Manufacture Voltage 

(𝑽) 

Specific 

energy (
𝑾𝒉

𝒌𝒈
) 

Charge 

C-rate 

Discharge 

C-rate 

Cycle life Runaway 

temperature 

LiCoO2/Graphite Sony 3.6 150-200 0.7-1C 1C 500-1000 150℃ 

LiMn2O4/Graphite NEC, GS, 

Yuasa, 

3.7 100-150 0.7- 3C 1-10 C, 

30C pulse 

300-700 250℃ 

NCA/Graphite SAFT, 

Samsung, 

Sanyo 

3.6 150-220 0.7-1C 1-2C 1000-

2000 

210℃ 

NMC/Graphite SAFT, 

Samsung, 

Sanyo 

3.6 200-260 0.7C 1C 500 150℃ 

LiFePO4/Graphite A123, 

Valence 

Tech, BYD 

3.2 90-120 1C 1C-25C 

(2s pulse) 

1000-

2000 

270℃ 

LTO/Titanate Padre 

Electronics 

2.4 50-80 1C 10C, 30C 

(5s pulse) 

3000-

7000 

N/A 
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Fig.2- 1: Global Li-ion battery market [43]. 

 

2.1.3 Lithium-Air batteries 

A factor that highly interferes with the competition between EVs with ICE cars is the low specific 

energy of Li-ion and NiMH batteries in comparison with gasoline, which is around 12,889 
Wh

kg
 

[44]. This incomparable energy level results in lower range coverage for EVs. However, since the 

ICE has an efficiency of around 25%− 30%, and is heavier than electric drive systems in EVs, 

batteries with specific energies of around 400 
Wh

kg
− 500 

Wh

kg
 can promise high mileages up to 

500 miles per one charging [41]. A good candidate for such batteries, which might find a niche in 

future EV and renewable energy storage systems is the Lithium-air (Li-air) battery technology. Li-

air batteries have the theoretical specific energy of 11,680
Wh

kg
. However, due to the existence of a 
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heavy separator in the cell structure, their practical specific energy is around 1700
Wh

kg
. This means 

that a 120 kWh Li-air battery pack, after considering a packaging factor of 2.5, reflecting the BMS 

and thermal management system, will weigh less than 200 kg. Reported rechargeable Li-air 

batteries can be categorized in two groups, i.e., non-aqueous and solid-state Li-air batteries [40]. 

Table 2-3 summarizes characteristics of these two types of Li-air batteries.  

Table 2- 3: Rechargeable Li-air batteries [40] 

Type Advantages Disadvantages 

 

Non-aqueous 

High theoretical energy 

density, rechargeable 

Insoluble discharge products, 

 

Solid State 

Good stability, may use air, 

rechargeable, no dendrite 

formation 

Poor conductivity, low capacity and 

energy density 

 

Two major drawbacks of Li-air batteries are their low specific power, and low charge-discharge 

cyclic life. The internal resistance of Li-air batteries with current technologies is very high, which 

limits their specific power to 0.003 
W

cm2 . This number is 10% of specific power in Li-ion batteries 

(0.03 
W

cm2). Also, their cyclic life time is around 100 charge/ discharge cycles, which is very limited 

for EV or renewable energy storage systems. In terms of cost, Li-air batteries cost around 80% of 

Li-ion batteries [45].  
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2.1.4 Zinc-Air batteries 

The other promising battery technology for covering long distances in EV applications is the Zinc-

air (Zn-air) batteries. They offer the theoretical specific energy of 1300 
Wh

kg
, while their practical 

value is within the range of 400 − 500
Wh

kg
. In addition, their power capabilities is about 200

W

kg
, 

which is further reduced if packaging factor is included [46]. As of 2020 there are not many 

companies that produce metal-air batteries. Tesla claimed they have patented new technologies for 

rechargeable metal-air batteries [40]. Also, Revolt Technology is making rechargeable Zn-air 

batteries with specific power and energies of 200
W

kg
, and 450

Wh

kg
 for cell-phone applications, 

respectively [41].  

The cell voltage of Zinc-air batteries is around 1.6 V, which in comparison with the Li-ion batteries 

is not high. This requires a high number of series cells for traction batteries as the voltage can go 

up to 400V − 600 V. This will make the BMS more complicated since it has to meet the cell- 

balancing needs for more battery cells in series.  Table 2-4 summarizes battery technologies for EV 

applications.  

Table 2- 4: Comparison of battery technologies for EV applications 

 Cell Voltage 

(𝐕) 

Charge 

Transfer 

(
𝐦𝐀𝐡

𝐠
) 

Specific 

Energy (
𝐖𝐡

𝐤𝐠
) 

Specific 

Power(
𝐖

𝐤𝐠
) 

Cyclic Life 

(Cycle) 

Ni-MH 1.2 100 60-120 250-1000 300-1000 

Li-ion 3.8 130-180 100-190 250-300 500-1500 

Li-air 2.9 3860 1700-2000 40-80 50-100 

Zn-air 1.2 820 400-500 100 50-100 

Specification 

Type 
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2.2 Super-Capacitors 

Unlike the traditional electrolytic capacitors, electrochemical capacitors, known as Ultra-capacitors 

(UC) or Super-Capacitors (SC), introduce very high faradic capacities, as well as high energy 

densities. As shown in Fig.2-2, in the structure of an SC, two layers of porous electrodes immersed 

in an electrolyte, are separated by an insulating thin layer, which results in very high capacitance 

as well as high energy densities [48]. On the other hand, due to this thin separator layer, the 

breakdown voltage will reduce considerably in comparison to the electrolytic ones. This implies 

that the nominal voltage of an SC is not as high as the conventional electrolytic capacitors.  

 

Fig.2- 2: Structure of an SC [48]. 

 

SCs offer features such as high specific power characteristics, long life span, high efficiency, and 

wide thermal operation range. Thus, they have been highly recommended for being combined with 
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batteries to make up for the shortcomings of the batteries, especially during transient events such 

as acceleration/deceleration moments where a high burst of energy is captured /released by the 

electric motor. Also, in very cold climates where the performance of batteries is compromised, SC 

cells indicate good performance [49].  

Table 2- 5: some of the available UC products 

Type Rated 

Voltage (V) 

Capacitance 

(F) 

ESR (mohm) Specific 

energy (
𝑾𝒉

𝒌𝒈
) 

Specific 

power (
𝒌𝑾

𝒌𝒈
) 

Maxwell HC series 2.3- 2.7 1-150 14-700 0.7-4.7 2.4-7 

Maxwell BC series 2.7 310-350 2.2-3.2 5.2-5.9 9.5-14 

Maxwell Modules 16-160 5.8-500 21-240 3.2-4 3.6- 6.8 

Skeleton SCA500- 

SCA3200 

2.85 500- 3200 0.23- 0.09 5.1-6.8 80-42 

Skeleton 

SMOD170V178F 

170 53 8.4 3.4 13.7 

Yunasko Power 

Cell 

2.7 400 & 1200 0.25 4.8 & 4.2 41 & 38 

Yunasko Energy 

module 

13, 165 & 

500 

90, 48, & 16 30, 3.1, & 1 2.6, 3.9, & 

3.3 

3.9, 3.7, & 

3.3 

Ioxus 

iRB1250K270CT 

2.7-2.85 1300 0.25 4.5 34 

 

Most of the available SC cells and modules in the market are produced by Maxwell. However, 

Skeleton Technologies with the introduction of curved graphene electrodes instead of carbon 

electrodes, have increased the energy densities and power densities of their SC cells to up to 7
Wh

kg
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and 110
kW

Kg
 , as well as their efficiencies. With progressions in material and cell design, energy 

densities of SC cells might reach 30
Wh

Kg
 with the specific power of up to 3

kW

Kg
 [50]. Specifications 

of some SC products in the market are gathered in Table 2-5. 

2.3  Hybrid Energy Storage Systems for EVs 

This section summarizes some of the most utilized Hybrid Energy Storage Systems (HESS) 

designed for EV applications. Generally, HESS includes hardware and software parts.  The 

hardware provides the apparatus for the integration of the energy and power sources into the system, 

as well as the required components to transform the control commands into the physical measures 

to be applied to the electric motors.  On the other hand, the software component is responsible for 

monitoring the measured signals from the BMS and the other parts of the EV system including the 

torque-speed controller, inverter’s input DC voltage, reference power by driver etc., and determines 

the reference power for each source [51]. With this introduction, various configuration of HESS 

systems will be discussed in the next section. 

2.3.1 Battery-UC HESS hardware configurations  

Depending on the degree of freedom in controlling the extracted power/energy from the battery 

pack and the SC bank, an HESS hardware configuration can be categorized into active or passive 

configurations. In passive configurations, the SC bank is placed in parallel with the battery pack. 

Thus, there is no power split between the sources. However, in active configurations, at least one 

of the sources can be controlled independently from the other one since the converters and the 

sources are arranged such that the power flow paths are not the same [52]. With such technique, 

the desired power by the driver can be split into two parts tailored for each source based off of their 
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features. Due to the existence of at least one converter in active configurations, voltage or current 

control of the source interfaced to the DC link through the converter is also possible.  

2.3.2 Passive parallel configuration 

A conceptual diagram of the passive parallel HESS is shown in Fig.2-3 [53], where the SC bank is 

placed in parallel to the battery pack. In the very basic form, the paralleled sources, are directly 

connected to the DC link without any DC/DC converter, which simplifies the HESS as there is no 

converter to control. However, the number of series cells in the battery has to be increased to realize 

the voltage required for the operation of the motor. Due to the high number of series cells, a cell-

balancing system with additional hardware and control is required to ensure a similar voltage level 

for the series battery cells/modules. Furthermore, due to the parallel placement of the sources, the 

voltage rating of the SC bank should match the voltage rating of the battery pack. Thus, a high 

number of SC cells are required in series. Considering a voltage rating of 400V-500V for the DC 

link, cell voltage of 2.7V for the SC cells, and assuming that the HESS is interfaced to the DC link 

directly, almost 200 series cells are required in the SC bank. To reduce the burden of putting the 

SC cells in series, most of the SC manufacturers produce 16V, 48V, 125V, and 160 V modules. For 

instance, the BMOD0063 P125 B08 by Maxwell Technology offers a nominal voltage rating of 

125V with a weight of 61 kg [54]. This means, to realize a voltage of 400V, a 240 kg of SC bank 

is required for the case of passive parallel configuration, which results heavy and bulky HESS.  

To address this issue, a unidirectional/bidirectional converter can be placed between the sources 

and the DC link. With this converter, the voltage rating of the sources can be kept in a lower range, 

usually half of the high voltage DC link, which will highly decrease the number of series cells, and 

simplifies the cell balancing process. In the case of using a unidirectional converter, the energy 

from braking cannot be stored in the sources. Therefore, a mechanical brake system is required to 
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dissipate the braking energy. On the other hand, with bidirectional converters, regenerative braking 

is possible, which increases energy efficiency and system performance [52].  

Furthermore, due to the parallel placement of the sources, once the SC bank is slightly discharged, 

an inrush of current from the battery pack tries to equalize the voltages of the sources. As a result, 

due to the lack of control over the SC bank, energy utilization of the SC bank is very low. In fact, 

the SC bank plays the role of a filter that damps some parts of the high-power fast transients in this 

structure [51].  

 

Fig.2- 3: Conceptual block diagram of passive HESS. 

 

2.3.3 Active UC/battery HESS 

The most surveyed configuration in the literature is the active SC/battery configuration where the 

battery is directly connected to the high voltage DC link and the SC bank is connected through a 

bidirectional DC/DC converter, as shown in Fig.2-4 [55]. Due to the direct battery connection, the 

voltage of the DC link will remain constant. However, this structure increases the number of series 

cells in the battery pack, which introduces complexity in the cell balancing system of the battery 

pack. The existence of the bidirectional converter between the DC link and the UC bank gives 

sufficient degree of freedom to effectively utilize the SC bank energy and control its power during 

acceleration and braking events. Thus, increase in the battery life span as well as load sharing 

capabilities are guaranteed [56]. The main disadvantage of this structure is inclusion of the bulky 
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and heavy high-power DC/DC converter. Moreover, for low SOC values of the SC bank, the current 

at the input side of the DC/DC converter will be high. This will decrease the efficiency of the 

converter and requires a large cooling system to dissipate the generated heat.  

 

Fig.2- 4: Conceptual block diagram of active SC/battery HESS. 

 

2.3.4 Active battery/UC HESS 

Interchanging the position of the battery pack and the SC bank in the previous structure results in 

battery/SC configuration, where the SC bank is directly connected to the DC link and the battery 

pack is connected through a DC/DC converter [57]. Fig.2-5 illustrates the configuration of this type 

of the active HESS. With the existence of the converter as the interface between the battery pack 

and the DC link, the voltage rating of the battery pack can be kept lower than the DC link voltage. 

Nevertheless, the SC bank voltage is the same as the DC link voltage, which requires more series 

SC cells or modules. In addition, due to the direct connection of the SC bank to the DC link without 

any converters, the stored energy of the SC bank cannot be utilized effectively.  
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Fig.2- 5: Conceptual block diagram of battery/SC. 

2.3.5 Active Cascaded Configuration  

As discussed earlier for the previous configurations, the voltage rating for either of the sources 

should be equal to the voltage of the DC link. This issue can be addressed by devoting a DC/DC 

converter to each source. 

The first configuration with two converters is called cascaded HESS where converters are placed 

in series between the sources and the high voltage DC link, as shown in Fig.2-6 [58].  As it can be 

seen in Fig.2-6, the voltages of the sources can be different from the DC link. Decoupled control 

of each source is possible in this structure. Nevertheless, existence of two converters make the 

overall system bulkier, more expensive, and more complicated to control. Normally, the battery 

converter is controlled for its output voltage where the SC bank is placed. However, it should be 

noticed that if the voltage controller of the battery converter is sluggish, the SC voltage will undergo 

unwanted changes. Consequently, it will be difficult to keep the DC link voltage at the desired 

value. A good strategy to prevent this situation is to control the battery converter for smooth current 

extraction, and control of the SC bank converter for maintaining the DC link voltage. This way, the 

stored energy in the SC bank can be exploited more effectively since the SC bank voltage is allowed 

to vary over a wide range. However, for very low SC bank voltages, the input current of the SC 

converter will be high. Thus, the semi-conductor devices with high-current capabilities are required 
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at the SC converter [51]. These high-current amplitudes increase the power losses in the SC bank 

and requires more cooling systems to manage the generated heat.      

 

Fig.2- 6: Conceptual block diagram of cascaded battery/UC HESS. 

 

2.3.6 Multiple converter configuration 

Decouple power control for each source as well as parallel power sharing for the sources are of the 

main advantages of this structure as shown in Fig.2-7 [59], [60]. Furthermore, there is no limits for 

the voltages of the sources, which solves the aforementioned issues of the previous structures. As 

it can be seen, due to the existence of the decoupled power flow paths, a high degree of flexibility 

and stability is promised by this configuration. Also, in the case of the failure of one of the sources 

or one of the converters, the other source can feed the system, which introduces high reliability to 

the system. However, due to the utilization of two high-power converters, the resulting HESS will 

be bulkier and more expensive than previous configurations. Moreover, simultaneous control of 

two converters is more complicated than controlling an HESS with only one converter.  
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Fig.2- 7: Conceptual block diagram of multiple converter battery/UC HESS. 

 

2.3.7 Multiple input converter configuration  

As discussed before, utilizing two high-power converters makes the cascaded and the parallel 

structures bulkier and more expensive to realize.  To tackle this issue, the multiple input topologies 

have been introduced as shown in Fig.2-8.  

 

 

Fig.2- 8: Conceptual block diagram of multiple input converter battery/UC HESS. 

 

A multiple input converter can interface two or more sources to the high voltage DC link with fewer 

number of components in comparison to the multiple or cascaded topologies [61]. The multiple 

input DC/DC converters share components between the sources and the high voltage DC link, 
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which results in lighter, more compact, and cheaper systems [62], [63]. However, a multiple input 

system is not as flexible as the multiple converter topology, and its reliability is lower since the 

failure of one component can affect the operation of the entire HESS.   

2.3.8 Comparison  

Table 2-5 summarizes specifications of the HESS systems in terms of their cost, control flexibility, 

complexity, and SC energy utilization. The basic passive topology without converter offers the 

advantage of cost effectiveness, and simplicity of control. If a converter is added to this topology, 

its power control flexibility will be improved. However, converter cost should be considered. The 

SC/battery topologies, cascaded topologies, and multiple converter topologies offer good SC 

energy utilization as SC power can be controlled in such structures. Among these three topologies, 

existence of more than one converter in cascaded and multiple converter topologies, increases the 

cost, as well as control complexity. Nevertheless, more control flexibility is offered by these 

configurations. In the battery/SC topologies, SC energy utilization is not efficient since SC power 

cannot be controlled. On the other hand, multiple input converter topologies, depending on their 

structures, may introduce average to poor SC bank energy utilization. The reason for such 

inefficient energy utilization is the compromised power decoupling capability between the SC bank 

and the battery pack due to sharing of the converter components between the sources.  

Table 2- 6: Summary of HESS specifications. 

 Cost     Control 

    Flexibility 

Control 

      Complexity 

SC Energy 

Utilization 

Basic Passive without converter Good Poor Good Poor 

Basic Passive with converter Average Average Average Poor 

SC/Battery Average Average Average Good 

Battery/SC Average Average Average Poor 

Cascaded Poor Good Poor Good 

Multiple Converter Poor Good Poor Good 

Multiple Input Average Average Poor Average/Poor 

Specification 

Type 
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2.4 HESS energy management controllers 

The Energy Management Controller (EMC), as the brain of the HESS is responsible for monitoring 

the measured signals from the storage devices, the electric motor, and the driver to provide the 

appropriate reference power for the storage devices based on their features. Although the hardware 

configuration of the HESS, and the size of the storage devices are significant factors in energy 

exploitation of an HESS, yet the EMC acts as a key player in providing the best reference power 

for each source through its power splitting capabilities [64]. If the energy management controller 

is fast and sufficiently accurate enough, the effective utilization of the stored energy of each source, 

considering the type of HESS, becomes more feasible and the desired features such as efficient 

energy capturing during regenerative braking, enhanced battery life span, and peak power sharing 

during acceleration will be achieved.  

 In many literatures, energy management system has been referred to as “supervisory control” [65]. 

Such system should be tailored based on the characteristics of the battery pack and the SC bank to 

assign appropriate reference power to each of the sources. However, the optimized performance of 

an EMC depends on certain parameters such as vehicle speed, SOC of the sources, motor torque 

and power, current and voltage ratings of the storage devices, etc. Additionally, there are uncertain 

parameters such as vehicle mass, driving trend, traffic load, road uncertainties such as asphalt 

quality or slope, weather, trip length etc., that could impact the performance of an EMC. Such 

challenges in the real world makes the EMC design a difficult task [29]. Here, we briefly mention 

some of the requirements for the appropriate performance of an HESS: 

1. High amplitude power surges, and transient power demands with high frequencies are 

drawn from the SC bank. 

2. The current drawn from the battery pack should be kept low to prevent fast depletion of 

the battery pack energy and its premature aging. 
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3. SC should be the primary source for capturing regenerative braking since the released 

energy from the brakes contains high amplitude currents with fast transients. 

4. The EMC should perform real-time without dependence on offline driving cycle data.   

In this thesis, the energy management strategies are divided into three main categories, as shown 

in Fig.2-9. These approaches will be reviewed briefly in the following sections. 

 

2.4.1 Rule-based approaches   

 This approach can be divided into deterministic rule-based, fuzzy rule-based and neural network 

methods. In this approach, a set of heuristic rules based on either the HESS characteristics or the 

empirical knowledge of the driving trend and required power are designed so that the reference 

power can be shared between the sources in the desired manner. Here we briefly, summarize these 

methods. 

2.4.1.1 Deterministic rule-based strategies 

Deterministic approaches have been utilized vastly in HEVs where a combustion engine is 

hybridized with a battery pack or a SC bank as the secondary source [31]. An Example of such 

approaches is the thermostat on/off controller investigated in [66].  In thermostat on/off controllers, 

the ICE is kept turned off based on the required power by the driver and the power/energy of the 

secondary source considering its SOC. If the demanded power by driver is more than the maximum 

power of the secondary source, then the ICE will be turned on to compensate for the excess power 

demand that the secondary source is not able to generate. Charge sustaining and charge depletion 

modes of operation are the other examples of such controllers where in the former the SOC of the 

secondary source fluctuates between two limits with an average that stays at a certain level, and in 

the latter, the SOC fluctuates with an average that decreases during the driving period. [66]. Low 
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complexity, ease of implementation and robustness to the uncertainties are the major features of 

such controllers. Nevertheless, optimal power split with efficient performance is not guaranteed.  

2.4.1.2 Fuzzy logic rule-based strategies 

Fuzzy logic controllers as a generation of expert systems have been widely used as supervisory 

controllers in EV and HEV applications [67]-[69]. In this method, a set of 𝑖𝑓 − 𝑡ℎ𝑒𝑛 rules is 

defined to split the power between the sources based on certain inputs such as the battery and SC 

SOC levels, reference power, battery power etc.  In [67] a fuzzy logic controller for power split 

between a fuel-cell stack, a battery pack, and a SC bank in the power train of a bus is introduced. 

Due to the slow transient response of the fuel-cell stack, the battery pack and the SC bank have 

been combined to assist the system during peak power moments. In this architecture, the battery 

pack is directly connected to the high voltage DC bus, while the fuel-cell stack and SC bank are 

interfaced through unidirectional and bidirectional converters, respectively. Similar HESS 

configuration has been surveyed in [68] with one converter for each source to provide the highest 

degree of flexibility in the control system. In both works, depending on the momentary values of 

the input signals and the defined membership functions, the power share of each source as the 

outputs of the fuzzy control block will change. For instance, in [68], when the SOC of the battery 

pack and the SC bank are low, fuel cell stack provides the power with its highest capacity.  

In [70], a fuzzy supervisory control has been proposed for a battery/SC system using a multi-input 

converter HESS configuration. The proposed EMC uses the output voltage and current of the 

converter to calculate the output power. The SC SOC and the calculated output power are fed to 

the fuzzy system to determine the reference power for the battery pack. The DC link voltage in this 

method is used to control the charging/ discharging operation of the SC bank and the battery pack 

during regenerative braking. Likewise, when the SOC of one source is less or more than a 

designated limit, the energy transfer between the sources is possible. Advantages of the fuzzy 
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controllers include the simplicity of implementation, robustness to imprecision of the 

measurements, and real-time operation. Nevertheless, their accuracy is compromised by selection 

of the input signals, the defined fuzzy rules, and the type of the membership functions [31]. 

 

Fig.2- 9: Supervisory control approaches for HESS. 

 

2.4.1.3 Neural Network strategy 

This method emulates human decision-making process to find an effective solution for splitting the 

power among the storage devices of an HESS. In a neural network based EMC, the system is trained 

using offline data sets such that when the system is exposed to new environments the best possible 

decision is made in real-time [71]. Example of such EMS technique is the work presented in [72], 

where offline dynamic programing was applied to a set of known driving cycle information to find 

the optimal power split between the battery pack and the SC bank. The offline dynamic 

programming results were used to train a neural network system for online power split. The major 

drawback of this method is its dependence on large datasets for training the neural network.  
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2.4.2 Frequency based approaches 

In this method, the reference signal is broken into two parts on the based on its frequency contents, 

i.e. a DC part and a part containing higher order harmonics. The reason for such frequency 

separation lies in the nature of sources. In other words, batteries and the fuel-cells are basically 

electrical sources with slow transient responses as they generate electrical energy through chemical 

processes. On the other hand, a SC cell is a source with fast transient response since it stores 

electrical energy in its electrical field [73]. The feasibility of real-time implementation is a major 

advantage for this approach [29]. Fig.2-10 indicates the frequency response of the SC, battery and 

SC-battery in parallel. As it can be seen, the battery has low impedance characteristics at low 

frequencies close to zero, while the SC shows low impedance characteristics at higher frequencies 

[74]. Thus, frequency separation techniques, such as low-pass filters, or wavelet-transform can be 

utilized for power split between sources. In the following section, these two methods are explained.  

 

 

Fig.2- 10:Impedance response of battery and SC [93]. 
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2.4.2.1 Filter based methods 

Low-pass filters have been widely proposed in the literature for power sharing purposes among 

energy and power sources in EVs and fuel-cell EVs [75]- [78]. The work in [75] introduces a 

multiple input converter for a battery/SC HESS and exploits a Bessel based low-pass filter for 

deriving battery power. However, the cutoff frequency of the filter is set to 50 Hz, which is too 

high for EV HESS. In [76] a multiple converter structure with a unidirectional converter for fuel-

cell stack and a bidirectional converter for the SC bank was utilized in the HESS. The power split 

was done through a low-pass filter with a time constant of 40 seconds, which represents a cutoff 

frequency of 4 mHz. However, no analytical expressions were considered in the selection of the 

low-pass filter parameters including the bandwidth, passband ripple, etc. In [77] an energy 

management system with battery and SC for an all-electric ship was proposed, which exploits both 

fuzzy-logic and low-pass filter. The fuzzy logic received the DC link voltage, the difference 

between the total generated current by the sources and the demanded current, battery SOC and SC 

SOC as the inputs. The output of the fuzzy system, as the new reference power is fed into the low-

pass filter to split the power between the SC bank and the battery pack. The filter cut-off  frequency 

1Hz is the only design parameter. Nevertheless, no analytical justification was provided for the 

selection of the filter parameters. In [78] a low-pass filter with two cutoff frequencies for highway 

and urban driving cycles was introduced. For urban driving cycles the cutoff frequency is set to be 

0.01 Hz, and for the highway this metric is 1 Hz. However, no design criteria for changing the 

cutoff frequency was considered, and the control system does not consider the battery or SC SOC 

levels. The major issue with most of the filter-based methods, is their lack of the design 

considerations, and their disability in taking into account the effect of SC and battery SOC levels 

in the EMC.  
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2.4.2.2  Wavelet transform method 

Wavelet transform as a powerful tool for frequency-based signal decoupling approaches has been 

utilized in energy management systems of EVs [79], and fuel-cell EVs [80], [81]. In this method, 

long-time intervals are evaluated as low-frequency (DC) components while the short-time intervals 

contain information on high-frequency components. Unlike the low-pass filters that contain 

frequency data, wavelet transform contains frequency and time information [82]. Wavelet 

transform can be implemented in two forms of Discrete Wavelet Transform (DWT) and Continuous 

Wavelet Transform (CWT). Although CWT is more accurate in comparison to DWT, due to its 

high computational requirement, DWT is the preferred wavelet transform for real-time EMC 

applications. In [79], DWT is combined with a fuzzy logic controller for controlling two electric 

machines with complementary torque-speed characteristics powered by a battery pack and a SC 

bank. The fuzzy controller takes the SC SOC level and the demanded power as the input 

membership functions, while the three-level db1 DWT splits the power demand into a detailed part 

and an approximation part. The detailed part is the reference power for the SC bank and the 

approximation part is the reference power for the battery pack. The output of the fuzzy-logic 

controller adjusts the SC bank and the battery pack reference powers.   

In [81], a three-level Haar wavelet transform was used for power split between a fuel-cell stack 

and a SC bank. However, the control system does not consider the SC SOC level. This lack of SC 

SOC monitoring will affect the performance of the system since the SC bank might go under deep 

discharge or overcharge regimes. 

2.4.3 Optimization based approach 

Optimization based approaches aim to find the globally optimized points [32]. These methods 

exploit the mathematical model of different parts of the HESS, including the storage devices, 

converters, and the electric motor in order to minimize a cost function. The predefined cost function 
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could include the fuel consumption rate in HEVs or the electrical losses of the converters in EVs 

for a specific driving cycle. Finding the global optimum points requires the prior knowledge of the 

driving trend. Thus, the optimization-based approaches are categorized as offline methods [31]. 

Thus, they cannot be used as real-time supervisory controllers in the EV and HEV industries. 

However, due to the exploitation of the exact model of the system components, and the prior 

knowledge of driving cycle including the reference power, the optimization-based methods 

generate the most accurate results [73]. Dynamic programming, stochastic programing and Model 

Predictive Control (MPC) have been utilized vastly in the literature for the goal of fuel 

minimization in HEVs or efficiency improvement and keeping the SOC of the SC bank at a certain 

level for battery/SC HESS [83] structures in EVs. The following sections discuss these methods 

briefly.    

2.4.3.1 Dynamic Programing 

In this method, the goal is to optimize a cost function that mainly represents the efficiency or the 

SOC of the storage devices. The solutions to the dynamic programing problem are the globally 

optimal reference power for each of the storage devices for a given driving cycle. This approach 

relies on the model of the system and the prior knowledge of the driving path to find the optimal 

solution [84]. In this method, the cost function is the weighted sum of several objectives such as 

the square of the difference in the battery and SC currents. An example of such cost function is 

presented in [85] as follows, 

𝑓(𝐼𝑏𝑎𝑡𝑡, 𝐼𝑆𝐶) = −𝑤1 (1 − (𝐼𝑏𝑎𝑡𝑡 − 𝐼𝑏𝑎𝑡𝑡
𝑝𝑟𝑒𝑣

)
2
) − 𝑤2(1 − (𝐼𝑆𝐶 − 𝐼𝑆𝐶

𝑓𝑖𝑡
)
2
) (2-1) 

 

where 𝐼𝑆𝐶
𝑓𝑖𝑡

 is used as a metric that aims to keep the SC SOC at a certain level based on the maximum 

current that the SC bank can provide [86].  
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𝐼𝑈𝐶
𝑓𝑖𝑡
= (2

𝑉𝑈𝐶
2 − 𝑉𝑈𝐶,𝑚𝑖𝑛

2

𝑉𝑈𝐶,𝑚𝑎𝑥
2 − 𝑉𝑈𝐶,𝑚𝑖𝑛

2 − 1)𝐼𝑈𝐶,𝑚𝑎𝑥 
(2-2) 

 

Regarding the cost function of (2-2), it is worth mentioning that using the square of the difference 

in the battery current not only prevents dramatic changes in the battery current but also serves as a 

measure in curbing the electrical losses in the battery pack.   

 

2.4.3.2 Stochastic Dynamic Programing  

As mentioned earlier, dynamic programming can be utilized to solve an optimization problem in 

finding the global optimal power split points in an HESS for a known drive cycle. The need for the 

driving cycle information makes dynamic programing infeasible for online EMC purposes. To deal 

with this issue, stochastic dynamic programing methods have been proposed [87]. In this method, 

a number of finite sets of the demanded power and the wheel speed are taken into consideration to 

develop a stationary Markov chain, as formulated in equation (2-3) and (2-4) [29], [88].  

 

𝑃𝑑𝑚𝑑 ∈ {𝑃𝑑𝑚𝑑
1 , 𝑃𝑑𝑚𝑑

2 𝑃𝑑𝑚𝑑
3 , … , 𝑃𝑑𝑚𝑑

𝑁𝑝 } 

𝜔𝑤ℎ = {𝜔𝑤ℎ
1 , 𝜔𝑤ℎ

2 , 𝜔𝑤ℎ
3 , … , 𝜔𝑤ℎ

𝑁𝜔} 

 

(2-3) 

 

where 𝑁𝑝 is the total number of considered discrete power demand scenarios, and 𝜔𝑤ℎ is the finite 

set of the wheel speeds. Assuming that the dynamics of the demanded power is 𝑃𝑑𝑚𝑑,𝑘+1 = 𝜔𝑘, 

the probability distribution of 𝜔𝑘 is presumed to be: 

Pr{𝜔 = 𝑃𝑑𝑚𝑑
𝑗 |𝑃𝑑𝑚𝑑 = 𝑃𝑑𝑚𝑑

𝑖 , 𝜔𝑤ℎ = 𝜔𝑤ℎ
𝑙 }=𝑃𝑖𝑙,𝑗 

𝑖, 𝑗 = 1,2, … ,𝑁𝑝, 𝑙 = 1,2, … ,𝑁𝜔 

 

(2-4) 
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where 𝑘 is the time index, 𝑃𝑖𝑙,𝑗 represents one-step transition probability of the system being with 

the power demand ... at the time step 𝑘 + 1, if the system is with the power demand of 𝑃𝑑𝑚𝑑
𝑖  and 

the wheel speed of 𝜔𝑤ℎ
𝑙  at time-step 𝑘. 𝑃𝑑𝑚𝑑, and 𝜔𝑤ℎ can be calculated from the vehicle model 

each time [88].  

After building the Markov model of the power demand, stochastic model of the vehicle is 

constructed. This model uses three variables, namely, battery SOC, speed, and demanded power. 

Then, the model will be used to determine the probability distribution of the power demands and 

to generate a sequence of random drive cycles. Finally, the power management controller optimizes 

a cost function, which can be fuel consumption in HEVs [89], or fuel and electricity cost in PHEVs 

[87]. The major drawbacks of this method are computational complexity, and the requirement of 

large datasets for generating Markov model [29].  

2.4.3.3 Model Predictive Control (MPC) based Energy Management Strategies 

In MPC, an optimal control problem based on the system model dynamics and the future horizon 

of the driving cycle is sketched. The states of the system are evaluated in each time-step, and a cost 

function is minimized in real-time [90]-[92]. In [83], a cost function based on the weighted sum of 

the total power loss and the battery current change was introduced to solve the energy management 

problem in a battery/SC hybrid system as follows: 

{

Min 𝑓 = 𝑤1𝑃𝑙𝑜𝑠𝑠(𝑘) + 𝑤2Δ𝐼𝑏𝑎𝑡𝑡
𝑃𝑙𝑜𝑠𝑠(𝑘) = 𝑅𝑏𝑎𝑡𝑡𝐼𝑏𝑎𝑡𝑡

2 (𝑘) + 𝑅𝑐𝐼𝑈𝐶
2 (𝑘) + 𝑃𝑙𝑜𝑠𝑠,𝑐𝑜𝑛𝑣(𝑘)

Δ𝐼𝑏𝑎𝑡𝑡(𝑘) = (𝐼𝑏(𝑘) − 𝐼𝑏(𝑘 − 1))
2

 

 

(2-5) 

such that    

{

𝐼𝑏𝑎𝑡𝑡,𝑚𝑖𝑛 ≤ 𝐼𝑏𝑎𝑡𝑡(𝑘) ≤ 𝐼𝑏𝑎𝑡𝑡,𝑚𝑎𝑥
𝐼𝑈𝐶,𝑚𝑖𝑛 ≤ 𝐼𝑈𝐶(𝑘) ≤ 𝐼𝑈𝐶,𝑚𝑎𝑥
𝑉𝑈𝐶,𝑚𝑖𝑛 ≤ 𝑉𝑈𝐶(𝑘) ≤ 𝑉𝑈𝐶,𝑚𝑎𝑥

 

 

(2-6) 
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 where it was assumed that the demanded power over the prediction horizon is constant, i.e., 

{𝐼𝑑𝑚𝑑(𝑘), [𝑘 = 𝑡0, 𝑡0 + 1, 𝑡0 + 2,… 𝑡0 +𝑤]} = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, which is a drawback of this method as 

the demanded power is not necessarily constant. Also, the dependence of the method on the system 

model and high computational burden are the other issues of this method. Choosing appropriate 

prediction horizon is an important factor in the performance of this method as short prediction 

horizon leads to short-sighted decision and long prediction horizon increases the error and the 

convergence time [29]. MTALAB MPC Toolbox, as an offline design tool, has been used in [93] 

and [94] to find an optimal MPC solution for the cost function for the battery/SC configurations. 

The cost function depends on the battery current and the SC bank SOC levels. The defined cost 

functions in [93] and [94] are functions of the battery current and the SC bank SOC levels. Table 

2-6 summarizes advantages and disadvantages of the surveyed methods. 

2.5 multi-source topologies 

As discussed in Section 2.3, the conventional HESS systems use passive and active configurations 

to control the energy of the storage components. As shown in Fig.2-11, in such configurations the 

storage systems can be interfaced to the DC link by one or a couple of high-power DC/DC 

converters. However, existence of high-power DC-DC converters makes the overall system 

heavier, bulkier, more complicated to control and more expensive to realize.  
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Fig.2- 11: Traditional HESS using DC-DC converters. 

 

In addition, the efficiency of the system is compromised due to the high series resistance of the 

inductors and other magnetic components of the DC-DC converters. As such, the converter 

efficiency drops significantly at light loads if suitable actions are not taken into account [95]. 

Recently, multi-source inverters (MSI) as a new approach for addressing hybridization of the 

battery packs and SC banks in EVs have been proposed. Such structures remove magnetics from 

the circuit and improve the overall volume, weight, and efficiency of the system. By definition, an 

MSI is a power electronics system that connects several DC sources to the same AC output through 

a single stage conversion [34], [96]. In the traditional passive or active HESS configurations, the 

voltage at the high voltage DC link (input of the voltage source inverter) is fixed. In other words, 

the efficiency of the electric motor is compromised at low speeds, where the value of the 

modulation index is very small [33]. However, in a multi-source structure this voltage is not fixed 

anymore. Thus, a combination of different voltage values can be applied to the electric motor based 

on the value of the reference speed, which improves the performance of the electric motor in 

comparison with the traditional HESS systems with fixed DC link voltage. In this regard, a multi-

source structure is more advantageous to the traditional systems [33], [34]. 
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Table 2- 6: Summary of the surveyed split methods 

 

 

EMC Advantages Disadvantages 

 

 

 

 

 

 

 

 

Rule 

Based 

Deterministic 

[31], [66] 
• Simple 

• Real-time 

• Robust to system model and road 

uncertainties, and new load 

profiles 

• Low Complexity 

• Ease of implementation 

• No optimal and efficient power spilt 

is guaranteed  

• Heuristic  

Fuzzy [67]-[70] • Simple 

• Real-time 

• Robust to system model and road 

uncertainties, new load profiles, 

and measurement imprecision 

• Low Complexity 

• Ease of implementation 

• No optimal and efficient power spilt 

is guaranteed  

• Accuracy depends on the fuzzy 

rules, and type of inputs 

• Heuristic  

Neural Network 

[71], [72] 
• Real-time 

• Robust to road uncertainties and 

new load profiles 

• No optimal and efficient power spilt 

is guaranteed  

• Requires large sets of offline data 

with optimal solution for training 

Frequency 

Based 

Filter [75]- [78] • Simple  

• Real-time 

• Ease of implementation  

• Requires parameter tuning  

• Does not consider the load 

amplitude and sources’ parameters  

Wavelet [79]-[82] • Real-time 

• Ability to separate details and 

approximations of the power 

signal 

• High computational burden  

• Does not consider the load 

amplitude and sources’ parameters  

 

Optimization 

Based 

Dynamic 

Programing [84]-

[86] 

• Multi objective cost function 

• Accurate power sharing with 

optimal solution  

• High computational burden  

• Requires accurate model of the 

system 

• Requires knowledge of the road and 

driving trend 

• Offline 

Stochastic 

Dynamic 

Programing [87]-

[89] 

• Multi objective cost function 

• Road and driving trend knowledge 

is not required  

 

• High computational burden  

• Requires accurate model of the 

system 

• Complexity 

• State pairs should be defined 

properly 

Model Predictive 

Control [90]-[94] 
• Multi objective cost function 

• Road and driving trend knowledge 

is not required 

• Can be implemented real-time  

• High computational burden  

• Requires accurate model of the 

system 
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(a) 

 

(b) 

Fig.2- 12: Topologies of multi-source inverters. (a) topology in [96], (b) topology in [97]. 

 

The variable DC link voltage also gives the degree of freedom to custom design the voltage ratings 

of each source. This way battery packs and the SC banks with lower voltage ratings can be used in 

HESS. Therefore, not only the cell-balancing requirements and the final price of the energy sources 

drops but also the overall system becomes simpler and easier to maintain. In [96], a multi source 

inverter for combining a high voltage and a low voltage battery pack is introduced. This structure 

has been utilized in the powertrain of Toyota Prius for the purpose of reducing the power rating of 

the DC/DC converter between the storage systems and the high voltage DC link. Fig.2-12 (a) 

illustrates this structure where the high voltage battery pack is shown as a DC source with the 

voltage rating of 𝑉1 and the low voltage battery pack is shown by the voltage rating of 𝑉2. The MSI 

of Fig.2-12 (a), which is derived from the topology of the T-type inverter [98], offers the following 

three modes of operation: 

• the high-voltage battery pack feeds the load,  

• the low-voltage battery feeds the load  

• the high-voltage battery pack charges the low-voltage one and supplies the load 

concurrently.  
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Fig.2-13 indicates these operating modes in the 𝛼𝛽 frame. As it can be seen, each operating mode 

is shown by a hexagon where the vertex of the hexagon is proportional to the combination of the 

DC link voltage values. For instance, the vertex of the most inner hexagon is proportional to 𝑉2, 

vertex of the middle hexagon is proportional to 𝑉1 − 𝑉2, and the vertex of the most outer hexagon 

is proportional to 𝑉1.    

 

Fig.2- 13: Space vector representation of the multi-source inverter proposed in [96]. 

 

The same topology is used in [99] for the active control of the battery/ (SC) combination. A study 

of the functionality of the same topology as an AC/DC rectifier in the regenerative braking mode 

for EV applications has been reported in [100]. 

As it can be inferred from the structure shown in Fig.2-12 (a), the voltage rating of the battery pack 

should be sufficiently high to match the high voltage DC link and the electric motor voltage ratings. 

To address this issue, a reconfigurable multi-source inverter was proposed in [97], which has an 

extra mode that adds up the input DC source voltages to generate (𝑉1 + 𝑉2). This converter is 

illustrated in Fig.2-12 (b). By exploiting such structure, the voltage rating of 𝑉1and 𝑉2 can be 
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custom designed, which lowers the cell balancing requirements for both sources. Also, during 

accelerations both sources are put in series to respond to the high-power needs. In other words, 

instead of drawing high current ratings from the battery pack to compensate for the low voltage 

values in the traditional HESS with fixed DC link voltages, in a multi-source converter the voltage 

of the DC link sources can add up together to respond to higher powers requirements without 

extracting excessive amount of current from the sources. This will decrease the current drawn from 

the battery pack, which enhances its life span. However, this structure is not modular and its 

operation is restricted to two sources. Chapter 4 of this thesis proposes a new MSI with modular 

structure, which enables the connection of more DC sources to the AC load.   

 

2.6 Modulation Strategy for MSI 

Among the commonly-used modulation techniques introduced for the DC/AC inverters such as 

Sinusoidal Pulse Width Modulation (SPWM) [101], Third-order Harmonic Injection PWM 

(THIPWM) [102], Selective Harmonic Elimination (SHE) [103], and Space Vector Modulation 

(SVM) [104], the SVM has the benefit of inherently digital implantation, enhanced DC link 

utilization and improved THD performance, which make it a suitable candidate for many DC/AC 

applications [105]-[108]. In [109] a comparison between the SVM method with the nearest voltage 

modulation technique is carried out for multi-level inverters. It has been shown that due to the 

flexibility of SVM in the selecting the switching patterns as well as its high accuracy in allocating 

the duty cycle to to the converter switches, SVM is an appropriate choice for three-phase 

applications. A virtual vector SVM method was developed in [110] for reducing the common mode 

voltage in motor drive applications. It was also shown how the selection of the appropriate 

switching pattern offered by the SVM can reduce the third-order harmonic components from the 

common mode voltage spectrum. In [111], [112] the redundant switching states as a degree of 
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freedom offered by the SVM has been utilized for the voltage balancing purposes in multi-level 

inverters.    

Due to the above-mentioned inherent features of the SVM, the surveyed papers in [96] and [97] 

have used this method for the synthesis of the reference voltage vector at the output side of the 

MSIs. However, utilizing the conventional SVM method for MSIs increases the computational load 

and does not offer good voltage THD. In Chapter 5, a Pseudo Multi Level Space Vector Modulation 

(PMLSVM) technique is proposed, which significantly decreases the voltage THD of these 

converters in comparison with the traditional SVM methods. A generalized formulation for the 

calculation of the dwell-times using the 60°coordinate system is formed, which decreases the 

computational burden for the practical implementations.  

2.7 Summary 

This chapter provided a comprehensive overview of the state-of-the-art technologies used in the 

EV applications, which included: 

• Review of the USABC goals for the EV storage system criteria such as power density, 

energy density, cyclic life span, thermal operating range, etc. 

• Review of the latest available battery and SC technologies available in the market  

• Review of the conventional HESS configurations with their specific features  

• Review of the supervisory EMC techniques with their pros and cons.  

• Review of the multi source DC/AC inverter structures as the new approach for 

hybridization and joint control of the EV storage devices in a single stage manner without 

the need for magnetic components. 

•  Review of the modulation techniques for the MSI structures 
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Despite the fact that there are available battery electric vehicles in the market, yet due to the 

technological challenges, manufacturers have to overdesign the battery packs to fulfil the customer 

and market requirements. Consequently, the EV manufacturers guarantee the battery packs only 

for a few years, and limited operating mileage under specific circumstances. As the literature 

review showed, hybridization of the battery packs with SC banks as a secondary source, not only 

improves the life span of the battery packs, but also can decrease the volume and the weight of the 

storage systems. Nevertheless, introducing a secondary power source to the EV traction system 

requires some hardware and control scheme to take the advantage of the possible benefits. Albeit, 

with some additional costs. It is worth mentioning that, as of today, due to the additive complexities, 

none of the known EV companies have introduced products with HESS. In this regard, the next 

chapters of this thesis attempts to introduce a new supervisory controller for the conventional HESS 

configurations, a new modular MSI structure with the possibility of active control of the storage 

systems without the need for the high-power DC/DC converters, and a novel general modulation 

technique to control the switching actions in MSIs to improve the quality of their output voltage.      
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Chapter 3 

A Systematic Approach for the Design of Digital Low Pass Filters for 

Energy Storage Systems in EV Applications 

 

As shown in the previous chapter, Li-ion batteries as the main energy storage system have been 

utilized in the commercial BEVs. However, due to the low specific power characteristics, and the 

high-power requirements of the EVs, their functionality for such applications could be 

compromised. In fact, to encourage the customers to welcome more environmentally friendly 

transportation systems, the EVs in the market should be able to offer similar performance metrics 

just like the conventional ICE vehicles. This requires that the EVs cover mileages of up to 500 km 

per charge, and 0 to 100 km/hour acceleration of 3 to 4 𝑚
𝑠2⁄

 to compete with the regular ICE based 

cars [113]. To this end, considering the mentioned drawbacks of the available Li-ion battery 

technologies, EV manufacturers have been overdesigning the battery packs. Moreover, as the 

literature survey witnessed, the Li-ion battery packs have life span of around 1000 charge/discharge 

life cycle. In other words, the EV battery packs could be functional only for a few years while the 

battery packs are of the most expensive elements in an EV. Besides, the nature of the driving 

profiles requires stop-go patterns. This means that the battery pack has to be capable of responding 

to high-power demands during the accelerations and absorbing high-power pulses from brakes. 

Both of these scenarios are destructive for the battery pack. However, combing battery packs with 

SC banks could prevent premature aging to the battery packs. Indeed, the SC banks have 

complementary feature of the battery packs, which would improve the performance of the battery 

packs and prevent from overdesigning them. In such hybrid system a supervisory EMC is vital to 

split the power between these two sources based on the nature of each source.  As the literature 
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review has shown, many of the real-time EMC strategies have adopted rule-based methods, 

frequency decomposition methods or a combination of both. Among the frequency-based methods, 

LPF offers significant features such as real-time performance and simplicity of implementation. 

However, there has not been a comprehensive methodology for the selection of their key design 

characteristics such as the passband, stopband and attenuation capabilities. In this chapter, a novel, 

step-by-step procedure, for the design of the Digital Low Pass Filters (DLPF) is presented for the 

EMC purposes in EV applications. Mathematical models for a generalized battery/SC structure are 

derived for the impedance functions of the system. These impedance functions are used to 

investigate the behavior of the sources and the converter in the frequency domain. Moreover, using 

the extracted information from the frequency response curves, the guidelines for the design of the 

DLPF are presented. In addition to the DLPF, a Fuzzy Logic Controller (FLC) is also developed to 

monitor the State-of-Charge (SOC) of the SC bank to ensure its operation in the safe regions. The 

controller is designed and tested for the Urban Dynamometer Driving Schedule (UDDS) using 

MATLAB/Simulink. Finally, the theory and the simulations are validated using a Typhoon 

Hardware-in-the-Loop (HIL) real-time emulator. 

3.1 HESS Modeling 

As discussed in Chapter two, any HESS system consists of two parts, i.e. a hardware part and an 

EMC part. The hardware part consists of the physical components of the HESS including the 

storage systems and the power conditioning units to control charge/discharge actions. The EMC, 

as the brain of the HESS is responsible for monitoring the measured signals from the storage, the 

electric motor, and the driver to provide the appropriate reference power for the storage devices 

based on their features. Fig.3-1 indicates the conceptual block diagram of a typical HESS with the 

supervisory EMC [51].  
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Fig.3- 1: Block diagram of the HESS with EMC in EVs. 

 

Depending on the flexibility in controlling the extracted power/energy from the battery pack and 

the SC bank, an HESS hardware configuration can be categorized as active or passive. In passive 

configurations, the SC bank is placed in parallel with the battery pack; thus, there is no power split 

between the sources. However, in active configurations, since the converters and the sources are 

arranged such that the power flow paths are not the same, at least one of the sources can be 

controlled independently from the other one [114]. With such technique, the desired power by the 

driver can be shared between the sources in a controlled manner. Among various active HESS 

structures investigated in the literature, the active SC/battery structure is a well-surveyed 

configuration in which the battery is placed directly to the high voltage DC link, and the SC bank 
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is placed in parallel to the DC link through a DC/DC converter. As shown in Fig. 3-2, due to the 

direct battery connection, the voltage of the DC link will remain stable during the operation. Also, 

the bidirectional converter between the DC link and the SC bank provides sufficient degree of 

freedom to effectively utilize the SC bank energy and to control its power during acceleration and 

braking events. This will increase the battery pack’s life span as well as the load leveling 

capabilities [51]. Thus, this topology is used in this chapter as the HESS configuration.  

 

 

Fig.3- 2: Active SC/battery HESS hardware structure. 

 

Various parts of the active SC/battery structure are explained briefly in the following sections.  

3.1.1 Converter Model 

Fig.3-3 presents the circuit diagram of the bidirectional DC/DC converter utilized for control of the 

power flow in the HESS. The converter acts as a boost converter from the input side and acts as a 

buck converter from the output side [115].  
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Fig.3- 3: Bidirectional DC/DC converter. 

The mathematical state-space model of the converters obtained using the averaging method is 

derived as follows,  

{
�̇� = (𝐷1𝐴1 + 𝐷2𝐴2)𝑋 + (𝐷1𝐵1 + 𝐷2𝐵2)𝑈𝑖
𝑌 = (𝐷1𝐶1 + 𝐷2𝐶2)𝑋 + (𝐷1𝐸1 + 𝐷2𝐸2)𝑈𝑖

 
(3-1) 

where, 

𝐴1 =

[
 
 
 
 
0 0 0

0
−1

𝐶𝑖𝑅𝐶𝑖
0

0 0
−𝑅𝛼
𝐿 ]
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1
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and 𝐸1 = 𝐸2 = [

0
1

𝑅𝐶𝑖

0 0
−𝑅𝐶𝑜 0

].  

In equation (3-1), 𝑋 = [

𝑣𝐶𝑜
𝑣𝐶𝑖
𝑖𝐿

] is the vector of state variables, the output capacitor voltage, input 

capacitor voltage, and the inductor current, 𝑈𝑖 = [
𝐼𝑜
𝑉𝑝
] is the input vector with the output current 

and the input voltage as its elements, and 𝑌 = [

𝑖𝑝
𝑖𝐿
𝑣𝑜𝑢𝑡

] is the output vector with the input current, 

the inductor current, and the output voltage as its elements [115],[116].  

and for the boost operating mode, 

 𝐷1 = 𝐷, 𝐷2 = 1 − 𝐷,  𝑅𝛼 = 𝑅𝐿 + 𝑅𝑑𝑠, 𝑅𝛽 = 𝑅𝐿 + 𝑅𝐹 

For the buck operating mode,  

𝐷1 = 1 − 𝐷, 𝐷2 = 𝐷, 𝑅𝛼 = 𝑅𝐿 + 𝑅𝐹, and 𝑅𝛽 = 𝑅𝐿 + 𝑅𝑑𝑠 

where 𝑅𝑑𝑠 is the MOSFET turn-on resistance, and 𝑅𝐹 is the diode forward resistance. The 

parameter 𝐷 is the duty cycle of the switch 𝑄1 in the boost mode while the switch 𝑄2is kept turned-

off. In the buck mode, D is the duty cycle of the switch Q2, while switch Q1 is kept turned-off.  

3.1.2 Battery Model 

The equivalent Thevenin-based electrical model of the Li-ion battery cells used is shown in Fig.3-

4 [117]. As it can be seen, this model represents the cell transients as well as the steady-state 

electrical losses. The output voltage of the battery cell using the components of Fig.3-4 can be 

described as follows:  

𝑉𝐵𝑎𝑡𝑡 = 𝑉𝑜𝑐
𝐵𝑎𝑡𝑡 − (𝑅𝑠𝑒𝑟𝑖𝑒𝑠 + 𝑅𝑝1 + 𝑅𝑝2) × 𝐼𝐵𝑎𝑡𝑡 − 𝜏1 ×

𝑑𝑉𝑐𝑝1
𝑑𝑡

− 𝜏2 ×
𝑑𝑉𝑐𝑝2
𝑑𝑡

 
(3-2) 
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where 𝑉𝑜𝑐
𝐵𝑎𝑡𝑡 is the battery open circuit voltage. The parameters 𝜏1 and 𝜏2 with the following 

definitions are the short and long interval time constants of the cell:   

𝜏1 = 𝑅𝑝1 × 𝐶𝑝1  

𝜏2 = 𝑅𝑝2 × 𝐶𝑝2 

 

(3-3) 

 

Fig.3- 4: Equivalent Thevenin-based battery cell electrical model. 

3.1.3 SC Model 

The equivalent circuit model of the SC cell is shown in Fig.3-5. This model is chosen based on the 

Maxwell BCAP0050 P300 X11 3.0V/50F SC cell with the internal resistance of 10 mΩ.  

 

Fig.3- 5: Electrical model of the SC cell. 

 

Rp
1

Cp
1

Rp
2

Cp
2

R
series

VBatt

+

-
I

Batt
ocV
Batt

RSC

CSC

VSC

+

-
I
SCV

SC

OC



 

 

 

54 

 

The output voltage of the SC cell can be described as follows, 

𝑉𝑠𝑐 = 𝑉𝑜𝑐
𝑆𝐶 − 𝑅𝑠𝑐 × 𝐼𝑠𝑐 −

1

𝐶𝑠𝑐
∫ 𝐼𝑠𝑐𝑑𝑡     (3-4) 

where 𝑉𝑜𝑐
𝑆𝐶 is the open circuit voltage of the SC cell, 𝑅𝑆𝑐 is the internal resistance, and 𝐶𝑠𝑐 is the 

Faradic capacity. 

3.2 Proposed Method 

As mentioned earlier, in the frequency-based EMC, the demanded power signal is broken into two 

parts. A low-pass portion, and a high-pass portion. The low pass signal is obtained from passing 

the demanded power though the LPF, and the high-pass part is obtained from the subtraction of the 

low-passed signal from the demanded power. Fig.3-6 demonstrates the block diagram of the 

proposed EMC. As it can be seen, the demanded power signal (Pdemand) is passed through the 

LPF to generate PLP. This low-pass signal is subtracted from Pdemand to yield the high-pass portion 

of the demanded power, which is shown by PHP. Since the LPF is not capable of supervising the 

SOC of the SC bank, which might cause overcharge or undercharge of the SC bank, a FLC 

controller is also added in the controlling loop to supervise the SOC status of the SC bank. 

Consequently,  PHP is then fed to the FLC, which ultimately specifies the share of power for the SC 

bank, shown by PSC
∗  in Fig.3-6. The subtraction of PSC

∗  from Pdemand is the portion of the power 

that should be supplied by the battery pack and is shown by PBatt
∗  .  

 

Fig.3- 6: Block diagram of the proposed EMC. 
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The design of the DLPF and the FLC are discussed in the following.  

3.2.1 Design of the DLPF 

DLPF is designed using the impedance functions of the sources and the converter. To explain more, 

let us consider the configuration of the active battery/SC system of Fig.3-7. The input impedance 

of the system from the perspective of the battery pack is 𝑍𝐵𝑎𝑡𝑡, and from the perspective of the SC 

bank is 𝑍𝑆𝐶+𝐷𝐶/𝐷𝐶. The slower source has a bigger impedance amplitude while the faster source 

has a smaller impedance amplitude for each frequency region. Consequently, using the structure of 

the system, the input impedance of the battery pack and the SC bank connected to the DC/DC 

converter in each mode is calculated. Using these impedance functions, the behavior of the system 

in the frequency domain is investigated and the appropriate passband frequency for the filter is 

specified. 

Using Fig.3-4, the input impedance of the system from the battery pack branch perspective can be 

obtained as follows, 

𝑍𝐵𝑎𝑡𝑡(𝑠) =
𝑁𝑆𝑒𝑟𝑖𝑒𝑠
𝐵𝑎𝑡𝑡

𝑁𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙
𝐵𝑎𝑡𝑡 × (𝑅𝑆𝑒𝑟𝑖𝑒𝑠 +

𝑅𝑃1
1 + 𝑠𝜏1

+
𝑅𝑃2

1 + 𝑠𝜏2
) 

(3-5) 

 

where 𝑁𝑆𝑒𝑟𝑖𝑒𝑠
𝐵𝑎𝑡𝑡  and 𝑁𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙

𝐵𝑎𝑡𝑡  are the number of series battery cells and the number of parallel battery 

cell branches in the battery pack.  
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Fig.3- 7: Configuration of the HESS with sources and converter impedance. 

The calculation of the impedance functions for the SC bank connected to the DC/DC converter is 

done through the small signal model of the converter in the boost and the buck modes as shown in 

Fig.3-8 (a) and (b), respectively. In the boost operating mode, the impedance of the system from 

the perspective of the SC bank branch is equal to the input impedance of the boost converter in 

series with the SC bank as the source, which is shown in Fig.3-8 (a). Thus, the input impedance 

function is calculated as follows, 

𝑍𝑖𝑛
𝐵𝑜𝑜𝑠𝑡(𝑠) =

𝑣𝑖𝑛
𝐵𝑜𝑜𝑠𝑡

𝑖𝑖𝑛
𝐵𝑜𝑜𝑠𝑡 =

𝑍𝑠𝑐𝑍𝑐𝑖+𝑍𝑠𝑐𝑍𝐿+
(1−𝐷)2𝑍𝐶𝑜(𝑍𝑠𝑐+𝑍𝑐𝑖)+𝑍𝑐𝑖𝑍𝐿

𝑍𝑐𝑖+𝑍𝐿+
(1−𝐷)2𝑍𝐶𝑜

   
   (3-6) 

where, 

{
 
 
 
 

 
 
 
 𝑍𝑠𝑐(𝑠) =

𝑁𝑆𝑒𝑟𝑖𝑒𝑠
𝑆𝐶

𝑁𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙
𝑆𝐶 (

1

𝐶𝑆𝐶𝑠
+ 𝑅𝑆𝐶)

𝑍𝑐𝑖(𝑠) =
1

𝐶𝑖𝑠
+ 𝑅𝑐𝑖

𝑍𝐿(𝑠) = 𝐿𝑠 + 𝑟

𝑟 = 𝐷𝑟𝑑𝑠 + (1 − 𝐷)𝑅𝑓 + 𝑟𝐿

𝑍𝐶𝑜(𝑠) =
1

𝐶𝑜𝑆
+ 𝑅𝑐𝑜

 

 

 

(3-7) 
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(a) 

 

(b) 

Fig.3- 8: Small signal model of the converter for calculation of the input impedance in, (a) 

boost mode, (b) buck mode. 

 

Using Fig.3-8 (b), the impedance of the system from the perspective of the SC bank branch in the 

buck mode can be calculated as follows, 

𝑍𝑖𝑛
𝐵𝑢𝑐𝑘(𝑠) =

𝑣𝑖𝑛
𝐵𝑢𝑐𝑘

𝑖𝑖𝑛
𝐵𝑢𝑐𝑘 =

𝑍𝐶𝑜𝑍𝐿 + 𝑍𝐶𝑜𝑍𝑥

𝑍𝐿 + 𝑍𝑥 + 𝐷
2𝑍𝐶𝑜

 
 (3-8) 

where 𝑍𝑥 = 𝑍𝑠𝑐(𝑠) ||  𝑍𝑐𝑖(𝑠).  
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Table 3- 1: Battery Pack Parameters 

Parameter Value 

𝑅𝑆𝑒𝑟𝑖𝑒𝑠 0.074 Ω 

𝑅𝑃1 0.046 Ω 

𝐶𝑃1 703.6 F 

𝑅𝑃2 0.049 Ω 

𝐶𝑃2 4475 F 

𝑁𝑆𝑒𝑟𝑖𝑒𝑠
𝐵𝑎𝑡𝑡  132 

𝑁𝑆𝑒𝑟𝑖𝑒𝑠
𝐵𝑎𝑡𝑡  3 

 

Using the parameters of the battery pack in Table 3-1 and the parameters of the SC bank and the 

DC/DC converter in Table 3-2, the bode diagrams of the input impedance of the battery pack and 

the SC bank connected to the DC/DC converter in the boost and buck modes are plotted in Fig.3-

9. Considering an SOC variation of 90% to 10% for the SC bank, the duty cycle (D) of the DC/DC 

converter corresponding to the SOC values of 90%, 70%, 50%, 30%, and 10% for the SC bank are 

plotted for the boost and the buck operating modes in Fig.3-9 (a) and (b). As it can be seen in      

Fig3-9 (a), for the boost operating mode, the lowest intersection point of the battery pack and the 

SC bank connected to the DC/DC converter happens at 0.023 Hz, which is corresponding to the 

duty cycle of D=0.964 or the SC bank SOC of 10%. In the buck operating mode, shown in Fig.3-9 

(b), the lowest intersection point happens at 0.13 Hz, which is corresponding to the SC bank SOC 

of 90% or D=0.321. Since we aim to design only one filter for the controller and the designed filter 

should be capable of handling all the allowable SOC values, we choose 0.023 Hz as the passband 



 

 

 

59 

 

frequency for designing the filter. This number is small enough to extract the DC parts of the power 

signal while handling the lowest allowable SOC value of 10%.   

Table 3- 2: SC Bank and the Converter Parameters 

Parameter Value 

𝐶𝑆𝐶 50 F 

𝑅𝑆𝐶 10 mΩ 

𝑁𝑆𝑒𝑟𝑖𝑒𝑠
𝑆𝐶  50 

𝑁𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙
𝑆𝐶  5 

𝐶𝑖 1200 𝜇𝐹 

𝑅𝐶𝑖 166 m Ω 

𝐶𝑜 2400 𝜇𝐹 

𝑅𝐶𝑜 191 m Ω 

L 3 mH 

𝑟𝐿 100 m Ω 

𝑟𝑑𝑠 43 m Ω 

𝑟𝐹 28 m Ω 
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(a) 

 

 (b) 

Fig.3- 9: Frequency response of the input impedance of the DC/DC converter connected to 

the SC bank versus the battery pack. (a) Boost mode, (b) Buck mode. 
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3.2.2 Fuzzy Logic Controller  

Among the possible artificial intelligent controllers that mimic the human being behavior, the fuzzy 

logic offers the following advantages:   

• Can be adjusted and customized based on human’s reasoning capability  

• Ease of implementation and development  

• Robustness to the measurement imprecisions and incomplete data  

• Handling a wide range of performing situations without the loss of stability in the presence 

of uncertainties  

• Can be designed for nonlinear and complex systems  

• Can be optimized for multiple number of input variables  

• Real-time operation 

• Simple to understand  

In the design of the proposed Energy Management Controller (EMC) of Fig.3-6, the LPF is not 

capable of monitoring the changes in the SOC of the SC bank. This might lead to undercharging or 

overcharging of the SC bank. Consequently, another controller should be incorporated to ensure 

that the SC bank works in the safe operating region. Due to the above-mentioned features, the FLC 

at the final stage of the hybrid EMC of Fig.3-6 is utilized to monitor the SOC of the SC bank and 

the high frequency portions of the demanded power for deciding the amount of the reference power 

for the SC bank.   

 As shown in Fig.3-6, the inputs of the FLC block are the SC bank SOC and the high-pass portion 

of the demanded power shown by PHP. Fig.3-10 (a) depicts the membership functions of the SCSOC, 

and Fig.3-10 (b) shows the membership functions of the PHP.  
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Fig.3- 10: Input membership functions. (a) SOC of the SC bank, (b)𝑷𝑯𝑷 (p.u.). 

For the SC bank SOC three membership functions are used, namely, Low, Medium, and High. As 

for the  PHP seven membership functions are defined, namely, PNeg
High

, PNeg
Med, PNeg

Small, PZero, PPos
Small, 

PPos
Med, and PPos

High
.  

The output of the FLC block is the reference power signal for the SC bank, shown by PSC
∗ . Seven 

membership functions for the output power signal are considered as shown in Fig.3-11. Three 

membership functions are chosen for the charging regime, shown by HighC, MedC, SlowC. For 

the discharge regime three membership functions are chosen, which are shown by, SlowD, MedD, 

HighD. Also, for the middle region between the charging regime and the discharging regime, a zero 

membership function is chosen, which is shown by Zero in Fig.3-11. The fuzzy rules of the FLC 

block are summarized in Table 3-3. These rules are categorized into 21 different cases based on the 

defined limits for the SC bank SOC and the PHP. This way, with a proper resolution, a good decision 
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can be made for controlling the reference power of the SC bank. The following discussion explains 

the operation of the fuzzy rules of Table 3-3.  

 

Fig.3- 11: Output membership function, 𝑷𝑺𝑪
∗  (p.u.). 

 

During the brake events, the SC bank will be the primary source for capturing the energy from the 

brake. For more explanation, let us assume that the vehicle is in the brake mode and PHP in this 

situation is PNeg
High

 and the SOC of the SC bank is LOW. As indicated in Table 3-3, the fuzzy rules 

force the reference power for the SC bank to be High Charge (HighC). In other words, a big portion 

of the energy from the brake will be stored in the SC bank through the operation of the bidirectional 

DC/DC converter of Fig.3-3 as the power conditioning unit. The DC/DC converter will operate in 

the buck mode during the regenerative braking to force the flow of the braking energy from the DC 

Link to the SC bank.  
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Also, in the cases where for instance the demanded power is positive (acceleration events for 

example) based on the amount of the requested power from the load and the SOC of the SC bank, 

the battery pack can supply the load and the SC bank concurrently. For instance, let us assume that 

PHP is PPos
Small, and the SOC of the SC bank is LOW. In this situation, the reference power for the 

SC bank will be Slow Charge (SlowC). This means that although the required demanded power is 

positive, since the demanded power is not high and the SC bank SOC is low, the battery pack feeds 

some energy to slowly recharge the SC bank for the future high-power needs while supplying the 

load power as well. The rest of the rules can be seen in Table 3-3.  

Table 3- 3: FLC Parameters and the Defined Rules 

 

3.3 Simulation and Experimental Results 

To design the DLPF MATLAB Filter Design Tool was used. Generally, there are two main types 

of the digital filters, i.e. Finite Impulse Response (FIR) filters, and Infinite Impulse Response (IIR) 

filters shown by (3-9) and (3-10), respectively.  

𝐻(𝑧) = ∑𝑏𝑘𝑧
−𝑘

𝑚

𝑘=0

 
 

(3-9) 

 𝐏𝐍𝐞𝐠
𝐇𝐢𝐠𝐡

 𝐏𝐍𝐞𝐠
𝐌𝐞𝐝 𝐏𝐍𝐞𝐠

𝐒𝐦𝐚𝐥𝐥 𝐏𝐙𝐞𝐫𝐨 𝐏𝐏𝐨𝐬
𝐒𝐦𝐚𝐥𝐥 𝐏𝐏𝐨𝐬

𝐌𝐞𝐝 𝐏𝐏𝐨𝐬
𝐇𝐢𝐠𝐡

 

LOW HighC MedC MedC SlowC SlowC SlowD MedD 

MEDIUM HighC MedC SlowC Zero SlowD MedD HighD 

HIGH MedC SlowC SlowC SlowD SlowD HighD HighD 

𝐏𝐇𝐏 

 
𝐒𝐂𝐒𝐎𝐂 
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𝐻(𝑧) =
∑ 𝑎𝑘𝑧

−𝑘𝑚
𝑘=0

∑ 𝑏𝑘𝑧
−𝑘𝑛

𝑘=0

, 𝑎0 = 1 
 

(3-10) 

 

As it can be inferred from equations (3-9) and (3-10), the IIR filters provide more flexibility in 

filter design due to the accessibility for optional design of the poles and zeros in their structures. 

Furthermore, IIR filters require a small number of coefficients, which make them a more suitable 

choice for the low-pass filters with narrow passbands. In this regard, they are computationally more 

efficient than the FIR filters due to the lower number of required coefficients in the filter transfer 

function.   

The main design criteria for the DLPF are the passband frequency (Fpass), passband ripple (Apass) 

stopband frequency Fstop, stopband attenuation (Astop), and filter order. Based on the prior 

calculations in filter design part of Section 3.2, we choose the passband frequency to be 0.023Hz. 

The stopband frequency should be selected such that all the data with frequencies above the 

passband are filtered with high attenuation. Also, it should be noted that the distance between the 

stopband frequency and the passband frequency should not be very close as it increases the filter 

order. We set the stopband frequency to be 0.024 Hz, which is 0.01 above the passband frequency. 

The passband ripple is set to less than 5% of the input signal (equivalent to 0.42 dB), and the 

stopband attenuation is set to be -26 dB, so that the contents of the power signal above the stopband 

are damped down to less than 5% of the input signal. Table 3-4 summarizes the design criteria used 

in the simulations.  

Table 3- 4: Specifications of the DLPF 

Fpass Apass Fstop Astop 

0.023 Hz ≤0.42 dB 0.024 Hz ≥ 26 dB  
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 Fig.3-12 presents the simulation results for the four main types of the DLPF, i.e. Butterworth, 

Chebyshev Type 1, Chebyshev Type 2 and the Elliptic filter. As it can be seen in Fig.3-12 (b), the 

Chebyshev type 1 and Chebyshev type 2 have similar passband ripple of -0.305 dB at 0.023 Hz 

while the Elliptic filter has the passband ripple of -0.325 dB, and the Butterworth has the ripple of 

-0.392 dB at this frequency. At the stopband frequency of 0.024 Hz, all the filters have -26 dB 

attenuation, which matches the criteria of Table 3-4. Besides the investigated metrics, the filter 

order should be taken into account when it comes to the selection of an appropriate filter.  

Since the filter order is an important factor in the digital implementation of the filters, it is of 

significant importance to choose the filter with lower order so that it requires less hardware 

resources. With the designed criteria of Table 3-4, the Butterworth filter has an order of 98, the 

Chebyshev type 1 and 2 have orders of 17, and the Elliptic filter has an order of 6. Hence, the 

Elliptic filter is the suitable choice regarding the filter order and implementation complexity.  As, 

the simulation results show, all the filters have the similar stopband attenuation of -26 dB and their 

passband ripples are not very different; however, the Elliptic filter offers the lowest filter order. 

Thus, we choose the Elliptic filter as the DLPF for the EMC of Fig.3-6. 

The proposed control system of Fig.3-6 was implemented in MATLAB Simulink environment and 

tested on the Urban Dynamometer Driving Schedule (UDDS) as a standard driving trend for the 

verification of the control system performance. The simulation parameters are chosen based on the 

parameters of Table 3-1 and Table 3-2. At the beginning of the simulations, the initial SOC of the 

battery pack is set to 90% and the initial SOC of the SC bank is set to 79%. Fig.3-13 and Fig.3-14 

present the simulation results for the UDDS driving cycle. 
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(a) 

 

 (b) 

Fig.3- 12: Simulation results. (a)Magnitude diagram of the simulated DLPF in MATLAB 

Filter Design Tool. (b) Ripple at the pass-band frequency. 
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Fig.3- 13: Simulation results. (a) Demanded power under the UDDS driving cycle, (b) 

Battery power in hybrid storage system, (c) SC bank power in the hybrid storage system. 

 

As it can be seen in Fig.3-13 (a), the demanded power is a highly fluctuating power profile with 

peak power values of more than 51.2 kW. Such power profiles are damaging for battery storage 

systems and decreases their lifespans. However, the hybridization of the battery pack with a SC 

bank using the structure presented in Fig.3-2 and utilization of the proposed control system, resulted 

in an active power sharing between the sources such that the drawn power from the battery pack is 

a smoother power profile with less severe fluctuations as shown in Fig.3-13 (b). The peak power 

drawn from the battery pack is around 28 kW which represents about 45% decrease in the battery 
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pack’s peak power demand. As it can be inferred from Fig.3-13 (c), the fluctuating parts of the 

demanded power is provided by the SC bank, which is by nature a faster source with higher power 

capabilities.     

For further illustration of the controller performance, the demanded power and the battery power 

waveforms have been plotted together in Fig.3-14 (a), and the SC bank power and the battery pack 

power are plotted together in Fig.3-14 (d). As it can be seen, the demanded power has a highly 

dynamic behavior. However, the battery power is conditioned to be smooth without severe dynamic 

peaks and valleys.  

 

Fig.3- 14: Simulation results. (a) demanded power and battery power, (b) and (c) zoomed 

area from (a), (d) battery and SC power. (e) and (f) zoomed area from (d). 
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As shown in Fig.3-14 (b), the sudden rise/fall in the demanded power does not lead to a sudden 

rise/fall of the battery pack reference power. In other words, due to the performance of the EMC, 

the battery reference power starts to rise/fall with a slow slope in comparison with the demanded 

power. Also, the battery pack power remains almost DC during sudden changes of the demanded 

power. A similar discussion is valid for Fig.3-14 (c). The sudden rise/fall of the demanded power 

does not lead to the extraction of the high amplitude power from the battery pack. Eventually, this 

is very helpful for preventing from an early stage aging of the battery packs in EVs.  

The battery pack reference power and the SC bank reference power as shown in Fig.3-14 (d) reveals 

that the SC bank is capable of supplying the dynamic portion of the demanded power. Also, the 

peak of the SC bank reference current is more than the battery pack peak reference power. This is 

due to the higher specific power features of the SC bank in comparison to the battery pack. This 

helpful feature of the SC bank, can eventually decrease the price of the battery pack in EV 

applications, as they are not required to be designed for peak power supply. Also, the weight and 

the volume of the battery pack will be decreased. In addition, as shown in Fig.14 (e) and (f), during 

the brakes, the SC bank is the primary and the main source for capturing the regenerative braking 

power. In other words, the corruptive regenerative braking power, which can increase the charging 

rate current to more than several C-rates, is not affecting the battery pack.  

Fig.3-15 (a) indicates the load current, the battery pack current, and the SC bank current during the 

simulation. The maximum load current is around 128 A while the peak current drawn from the 

battery pack is around 66.67 A, which illustrates a 47.9% decrease in the peak current. The peak 

current of 66.67 A is less than the 1-C rate capacity of the available Li-ion battery packs in the 

market used for EV applications. This means less current stress on the battery pack, which 

essentially enhances the life span of the battery pack as well as its efficiency. The SC bank has a 

current profile with the maximum value of around 300 A, which shows the good performance of 
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the control system in sharing the power between the sources so that the current and power stress on 

the battery pack is decreased.  

 

Fig.3- 15: Simulation results. (a) battery, SC, and load currents, (b) and (c) Zoomed area 

from (a), (d) battery and SC bank SOC. (e), (f) zoomed area from (d). 

 

As it can be seen in Fig.3-15 (b), for a small period of the simulation time, at around t=150 second, 

with a sudden increase in the load current demand, the SC bank is the first source to provide the 

required power for acceleration by injecting high current amplitudes. This provides enough time 

for the battery pack to start supplying the load current with a smooth and slow rise in its current, 

which is helpful for preventing the battery pack from excessive amount of heat losses. It is worth 
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mentioning that the generated heat is due to the increase of current amplitude. Also, sudden 

discharge of the battery pack with high amplitude currents can result in the capacity fade and 

voltage drop. 

 As the SC bank provides power to the load, its SOC level decreases, which can be seen in Fig.3-

15 (d) and (e). However, the controller forces the battery pack to feed the SC bank slowly while it 

is supplying the load concurrently. Thus, the SC bank SOC starts to increase. As demonstrated in 

Fig.3-15 (b), the extracted current from the battery pack is almost DC in comparison with the load 

current. The fluctuating parts of the load current is provided by the SC bank over the course of 

simulation time, which is in agreement with the theory. Similar discussion is valid for Fig.3-15 (c) 

and (f), where the sudden rise of the load current is addressed by the SC bank prior to the battery 

pack. As the SC bank SOC decreases due to the fast and high amplitude current extractions during 

the acceleration events, the battery pack charges the SC bank slowly and prepares the SC bank for 

the next sudden increase in the load current. 

For further validation of the proposed control system, experiments on a Typhoon HIL402 4-core 

real-time emulator were carried out. Fig.3-16 presents the Typhoon HIL results for the UDDS 

driving cycle with similar simulation parameters reported in Table 3-1 and Table 3-2. The load 

current, battery current, and SC bank current are shown in Fig.3-16 (a) with similar current division 

of 100A/div for all the variables set in Typhoon HIL SCADA. As it can be seen, the load reference 

current is successfully shared between the SC bank and the battery pack. Also, with the inclusion 

of the SC bank, the drawn current from the battery pack contains less fluctuations, which essentially 

improves the battery pack’s lifespan. The voltage and current of the sources, are shown in Fig.3-16 

(b).  
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(a) 

 

 (b) 

Fig.3- 16: Typhoon HIL402 experimental results: (a) Load current (green), SC current 

(blue), Battery current (pink). (b) Battery voltage (green), SC voltage (cyan), (c) SC current 

(blue), battery current (pink). 
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(a) 

 

 (b) 

Fig.3- 17: Typhoon HIL402 experimental results: (a) Battery voltage (green), SC voltage 

(cyan), (c) SC current (blue), battery current (pink). (b), SC current (blue), Battery current 

(pink), SC voltage (cyan). 
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The voltage division of the battery pack and the SC bank voltages are set at 100 V/div and 20 V/div, 

respectively. Also, the current divisions are set at 50 A/div and 100 A/div through the HIL SCADA 

for the battery pack and the SC bank, respectively. As it can be seen, the SC bank captures the 

fluctuating parts of the current, which results in a fast change of its voltage during the HIL operation 

while the battery pack current is controlled to be smooth and without sudden changes. Comparing 

the HIL results with the simulation results and the theory proves that the proposed control system 

is capable of effective real-time power sharing between the sources based on their dynamic features 

for highly fluctuating driving scenarios like the UDDS. Considering the current division of the 

variables, the battery pack has a peak current of 66.67 A, which is 47.91% smaller than the peak 

load current. This is in agreement with the simulations. Also, sudden increases in the load current 

due to the acceleration events, are addressed by the SC bank as a faster and stronger power source, 

prior to the subsequent actions of the battery pack. In this regard, the battery pack is providing 

smaller portion of the load currents with less current fluctuations. As shown in Fig.3-16 (b), the 

sudden extraction of the current from the SC bank decreases its SOC substantially. Thus, the 

controller triggers the battery pack to supply power to the SC bank to increase its SOC once again.  

The depicted area by the black circle in Fig.3-17 (a) and (b) indicates that although the load required 

power is almost zero, the SC bank has a positive current profile while the battery pack current has 

negative values. This means that the SC bank is charging the battery pack. In other words, since 

the SC bank voltage is around 135 V (the voltage division of the SC bank waveform is 20 V/div), 

which can be translated as high SOC values (SCSOC = High) , and due to the zero required load 

power, the PHP command of the controller will be PZero. Consequently, PSC
∗  as the reference power 

for the SC bank will be Slow Discharge (SlowD). Thus, the excessive amount of the SC bank 

energy is discharged into the battery pack, which is in agreement with the operation of the designed 

EMC and the defined rules of the FLC of Table III.  
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3.4 Comparison with other EMC approaches 

This part compares the performance of the proposed EMC approach with three more cases, i.e. the 

battery only system, a rule-based approach and an offline optimization method. The results for the 

UDDS driving cycle have been discussed and compared for the RMS value of the battery current 

and the peak current drawn from the battery pack. 

 

Fig.3- 18: Rule-based EMC [94], [118]. 

 

Fig.3-18 shows the block diagram of the rule-based EMC introduced in [118] and used in [94] for 

comparison purposes. In case the demanded power Pd is negative (regenerative braking), the SC 

bank receives as much power possible from the regenerative braking until the SC bank SOC reaches 

its maximum allowable level. The remainder of the regenerative braking power will be absorbed 

by the battery pack. Other than that, if the demanded power is positive and higher than a minimum 
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level of Pmin, two cases are considered according to the SC bank SOC. If the SC bank SOC is 

higher than 0.5, the battery pack will provide Pmin to the electric motor, and the rest of the 

demanded power is supplied by the SC bank. If the SC bank SOC is less than 0.5, the battery pack 

will feed Pd to the electric motor and Pch to the SC bank. For the cases where the demanded power 

Pd is less than Pmin, if the SOC of the SC bank is higher than 0.5, the rule-based method requires 

the battery pack to feed Pd to the electric motor while the SC bank is inactive. Otherwise, if the SC 

bank SOC is less than 0.5, the battery pack will provide Pd to the electric motor and Pch to the SC 

bank. In the simulations of this method, Pmin was chosen to be 20 kW, Pch was 3 kW, and the 

maximum and minimum values for the SC bank SOC were 0.9 and 0.5. 

An optimization-based EMC approach using the objective function and constraints (3-11) -(312), 

introduced in [119], has been also utilized for further demonstration of the performance of the 

proposed EMC. As explained in [119], the objective function of (3-11) tries to minimize the 

maximum extracted/injected current from/into the battery pack as well as the jump in the battery 

pack current while minimizing the power loss of the SC bank. This has been formulated as follows: 

Minimize: 

𝑤1 (𝜀(𝐼𝑏𝑎𝑡𝑡(𝑘)
2) + (1 − 𝜀)(𝐼𝑏𝑎𝑡𝑡(𝑘) − 𝐼𝑏𝑎𝑡𝑡(𝑘 − 1))

2
) + 𝑤2(𝑅𝑆𝐶𝐼𝑆𝐶(𝑘)

2) (3-11) 

Subject to: 

{
 
 
 
 
 

 
 
 
 
 

𝐼𝑏𝑎𝑡𝑡
𝑚𝑖𝑛 ≤ 𝐼𝑏𝑎𝑡𝑡(𝑘) ≤ 𝐼𝑏𝑎𝑡𝑡

𝑚𝑎𝑥

𝐼𝑆𝐶
𝑚𝑖𝑛 ≤ 𝐼𝑆𝐶(𝑘) ≤ 𝐼𝑆𝐶

𝑚𝑎𝑥

𝑉𝑆𝐶
𝑚𝑖𝑛 ≤ 𝑉𝑆𝐶(𝑘) ≤ 𝑉𝑆𝐶

𝑚𝑎𝑥

𝐼𝑏𝑎𝑡𝑡(𝑘) + 𝐼𝑐𝑜𝑛𝑣(𝑘) = 𝐼𝐿𝑜𝑎𝑑(𝑘)

𝐼𝐿𝑜𝑎𝑑(𝑘) =
𝑃𝑑𝑒𝑚𝑎𝑛𝑑(𝑘)

𝑉𝐷𝐶−𝑙𝑖𝑛𝑘

𝐼𝑐𝑜𝑛𝑣(𝑘) = {
(
𝑉𝑆𝐶(𝑘)

𝑉𝐷𝐶−𝑙𝑖𝑛𝑘
)𝐼𝑆𝐶(𝑘), 𝐼𝑆𝐶(𝑘) ≠ 0

          0,                            𝐼𝑆𝐶(𝑘) = 0

 

 

 

(3-12) 
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where 𝐼𝑏𝑎𝑡𝑡(𝑘),  𝐼𝑆𝐶(𝑘), and 𝐼𝑐𝑜𝑛𝑣(𝑘) are the battery pack, the SC bank and the converter output 

current for the kth sample of the optimization procedure, respectively. The selected values for 𝐼𝑏𝑎𝑡𝑡
𝑚𝑖𝑛  

and 𝐼𝑏𝑎𝑡𝑡
𝑚𝑎𝑥 are -80 A and 80 A, respectively. For the SC bank 𝐼𝑆𝐶

𝑚𝑖𝑛 and 𝐼𝑆𝐶
𝑚𝑎𝑥 are -400 A and 400 A, 

respectively. Also, considering the maximum and minimum allowable SC bank SOC to be 0.9 and 

0.5, 𝑉𝑆𝐶
𝑚𝑖𝑛 and 𝑉𝑆𝐶

𝑚𝑎𝑥 are selected to be 135 V and 75 V for the SC bank of 150V. The selection of 

the weight values of 𝑤1 and 𝑤2 depends on the design and the importance of the terms of the 

objective function. Since the focus here is on the battery pack and the goal is to limit the battery 

pack current, we chose 𝑤1 = 0.7 and 𝑤2 = 0.3. This way the objective function minimizes the 

battery terms more than the SC bank term. Also, by adjusting the value of 𝜀 in the battery terms, 

the objective function can put more emphasis on either the square value of the battery current or 

the difference between the present battery current sample and the previous battery current sample. 

Since the goal is to limit the battery current, so that the battery current remains in the vicinity of 1 

C-rate, which is the recommended safe region for the operation of the battery packs, we set 𝜀 to be 

0.7. This way, not only the battery pack current is controlled not to exceed the bound limits, but 

also the losses in the battery pack are reduced. 

In [94], the RMS current of the battery pack with the following definition has been introduced as a 

criterion for measuring the performance of an EMC for any driving cycle. 

𝐵𝑎𝑡𝑡𝑐𝑢𝑟𝑟𝑒𝑛𝑡
𝑅𝑀𝑆 = √

1

𝑇𝑓
∑𝐼𝐵𝑎𝑡𝑡𝑒𝑟𝑦

2

𝑇𝑓

𝑖=1

 

 

(3-13) 

 

where 𝑇𝑓 is the duration of the driving cycle. It is worth mentioning that the battery current RMS 

can also be counted as an indication of the heat-loss in the battery pack, which can be translated 

into the battery efficiency as well. Consequently, any EMC strategy that offers less RMS current 
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for the battery pack, has a better performance in general. The summation of the battery current 

square (∑ 𝐼𝐵𝑎𝑡𝑡𝑒𝑟𝑦
2𝑇𝑓

𝑖=1
) for four different cases for the UDDS driving cycle is shown in Fig.3-19.  

 

Fig.3- 19: The summation of the battery current square (∑ 𝑰𝑩𝒂𝒕𝒕𝒆𝒓𝒚
𝟐𝑻𝒇

𝒊=𝟏 )for four different 

cases for the UDDS driving cycle. 

As it can be seen, the highest ∑ 𝐼𝐵𝑎𝑡𝑡𝑒𝑟𝑦
2𝑇𝑓

𝑖=1
 is generated by the battery only system. The rule-based 

method has the second highest ∑ 𝐼𝐵𝑎𝑡𝑡𝑒𝑟𝑦
2𝑇𝑓

𝑖=1
, while the proposed method has the third highest value. 

As expected, the offline optimization method indicates the best result for ∑ 𝐼𝐵𝑎𝑡𝑡𝑒𝑟𝑦
2𝑇𝑓

𝑖=1
. However, 

this method requires the knowledge of the driving trend, which limits its application for online 

EMC development purposes.  
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Fig.3- 20: (a) battery RMS current, (b) Maximum battery current. 

 

Fig.3-20 (a) and (b) indicate the RMS current calculated through (3-13), and the maximum current 

drawn from the battery pack, for the four different mentioned cases. As it can be seen, the highest 

amount of the battery RMS current is related to the battery only system, while the rule-based 

method of Fig.3-18 has the second highest amount of the RMS current. In this regard, the proposed 

method has the RMS battery current of 19.88 A, which reflects a 28.71% decrease in comparison 

with the battery only system. This implies less duty on the battery pack as well as less introduced 

heat in the battery pack system, which essentially increases the life span of the battery pack as one 

of the most expensive parts of an EV. Regarding the maximum current drawn from the battery 
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pack, as shown in Fig.3-20 (b), the proposed method has a peak battery current of 66.67 A, which 

represents 47.9% decrease in comparison to the battery only system and 34.41% decrease in 

comparison to the rule-based method. Again, as expected, the optimization method, offers the best 

result among the four cases; however, it is an offline method and requires the driving trend data.    

3.5 Summary 

In this chapter, a systematic design approach is introduced to design the specifications of the DLPF 

to be utilized as the EMC in EV applications. This approach is based on the impedance functions 

of the battery pack and the SC bank connected to the DC/DC converter. The intersection points of 

the calculated impedance curves for various SC bank’s SOC levels have been used to measure the 

appropriate passband frequency for the DLPF. Using MATLAB filter design tool, simulations have 

been carried out for different IIR DLPFs with defined passband ripple of less than 0.42 dB, and 

stopband attenuation of 26 dB. It has been shown that the Elliptic filter has the good performance 

in terms of satisfying the passband frequency ripple, stopband attenuation and the lowest number 

of the filter order. The designed Elliptic DLPF was used along with a Fuzzy Logic Controller (FLC) 

to share the power between the sources in an EV HESS structure. The MATLAB/Simulink 

simulations along with the Typhoon HIL experiments confirmed that the proposed EMC is capable 

of effective power sharing between the sources, which essentially decreases the peak power and 

current of the battery pack by 45.35% and 47.91% in the UDDS driving cycle, respectively. The 

proposed EMC was compared to the three more different cases for the rms current drawn from the 

battery pack as well as battery pack peak current. It was shown that in comparison with the battery 

only system there is a reduction of 28.71% in the rms current in comparison to the battery only 

system.  

 



 

 

 

82 

 

Chapter 4 

Reconfigurable Hybrid Energy Storage System for an Electric Vehicle 

DC/AC Inverter 

DC/AC Voltage Source Inverters (VSI) are the integral part of the traction system in HEVs, 

PHEVs, and EVs. Fig.4-1 indicates the structure of the VSI with six IGBT switches in two 

configurations as the traction inverters. The architecture of Fig.4-1 (a) connects the battery pack 

directly to the VSI. Simplicity of operation, high reliability, low cost, and ease of control are of the 

main advantages of this configuration, which has been utilized by famous EV manufacturers such 

as Tesla. Besides the mentioned features, VSI is a well-known inverter topology and could be 

manufactured in various power levels for different applications, which justifies its functionality to 

play the role of inverter in traction systems. Despite all the above-mentioned good features, the VSI 

is a buck converter by nature [120]. It means that the voltage at the input side of this converter 

should be considerably high to match the voltage requirements of the electric motor connected to 

the AC side.  Considering the battery pack as the energy storage system of an EV, the voltage rating 

of the battery pack should be high enough to provide high voltage amplitudes to the electric motor 

specifically at higher speed levels. This requires more battery cells in series, which increases the 

size and the weight of the battery pack on one side, and needs more cell-balancing hardware, on 

the other side. Consequently, the cost of the battery pack will increase accordingly. Moreover, since 

the amplitude of the DC link voltage at the input side of the VIS is fixed and equal to the voltage 

of the battery pack, the efficiency of the VSI drops down at light loads. Also, at low speed operation 

of the electric motor, where the modulation index value is low, the ac side voltage and current of 

the VSI contains high THD contents. The high THD values degrade the operation of the electric 

motor and increase the electrical losses [120].  
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(a) 

 

(b) 

Fig.4- 1: Standard power conditioning units in electric vehicles. (a) Battery connected 

directly to the VSI. (b) Battery connected to the VSI through a bidirectional DC/DC 

converter 

 

To address the raised issues, a DC/DC converter is used to adjust the voltage at the input side of 

the VSI, as shown in Fig.4-1 (b). Such structure has been utilized in the Toyota Prius for years. 

This way, the voltage rating of the battery pack can be down-sized to decrease its price as well as 

the cell-balancing system. Furthermore, flexible voltage at the DC link side of the VSI not only 

enhances the VSI efficiency but also improves the operation of the electric motor. Nevertheless, 

existence of the high-power DC/DC converter introduces additional costs, weight, volume, and 
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requires more control complexity. Besides, considering the power losses of the interface DC/DC 

converter, the overall traction system efficiency will be degraded. 

In this regard, a new generation of the traction inverters known as the multi-source inverters (MSI) 

have been introduced lately [33]. The prime function of an MSI is to facilitate the connection of 

several DC sources to the same AC load through a single-stage magnetic-less operation. Selection 

of the DC sources is dependent on the load features and the desired characteristics of the sources. 

As surveyed in the literature review section, examples of such topologies for EV applications can 

be found in [96] and [97], which essentially is a variant of the T-type and the neutral pint clamed 

three-level inverters. In this chapter, a novel MSI topology with modular structure is introduced for 

the joint control of the battery pack and the SC bank without using the bulk high-power DC/DC 

converters. Indeed, this new approach reduces the weight and the volume of the power electronics 

interface between the storages systems and the electric motor, and offers simpler control of the 

energy of the storage system. Along with the proposed MSI, a Space Vector Modulation (SVM) 

technique and a deterministic State of Charge (SOC) controller are also introduced for control of 

the switching actions and the operation of the SC bank. Simulations using MATLAB/Simulink and 

experimental results on a scaled down lab prototype are studied to assess the concepts.      

4.1 Proposed Modular MSI 

As the literature review revealed, the MSI of [96] offers three operating modes, i.e., the main battery 

pack is the only source to supply the load, the main battery pack charges the auxiliary battery pack 

and supplies the load concurrently, and finally the auxiliary battery pack as the only source to 

supply the load. Since this topology is not capable of adding up the sources, the voltage of the main 

battery pack should be high enough to facilitate the high voltage requirements of the electric motor 

at higher speed levels. This needs a high number of series cells in the main battery pack, and 
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increases the size, weight, and the price of the battery pack. To overcome this, with some 

modifications, topology of [97] was introduced, which has an extra mode for adding up the voltages 

of the two battery packs. However, both topologies are not modular and the number of DC link 

sources are limited to only two sources. In this section, a modular structure is proposed that is 

capable of offering all the possible combinations of the DC link sources. The generalized structure 

is discussed with mathematical analysis for the number of semiconductor devices, the number of 

DC link sources, and the relationship between the voltage amplitudes of the two consecutive 

voltage sources.  

4.1.1 Generalized form 

The generalized form of the proposed modular structure is shown in Fig.4-2. As it can be seen, 

various number of DC sources including sources with high energy storage capabilities and sources 

with high power capabilities can be integrated together without any magnetic elements.  

 

Fig.4- 2:  Structure of the proposed MSI. 

 

By proper control of the switches of the converter, all possible combinations of the input DC 

sources can be available at the load side. To explain further, let us consider the value of the voltage 

at the input side of the final stage of the converter, which is a Voltage Source Inverter (VSI), as 
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𝑉𝑉𝑆𝐼. Unlike a traditional VSI with stiff DC link voltage, the value of 𝑉𝑉𝑆𝐼in this structure is not 

fixed and can be varied between the lowest and the highest voltage values resulted from the 

combined input DC links. Before calculation of the maximum and minimum values of 𝑉𝑉𝑆𝐼, it is 

worth mentioning that considering the voltage blocking direction of switches 𝑄𝑖, i=1,2,…,6 in the 

conventional VSI, 𝑉𝑉𝑆𝐼 can only take positive values. With this in  mind, let us start with the case 

when only two DC sources are in the circuit. This can be seen in Fig.4-3.  

 

Fig.4- 3: Two DC Sources in the circuit. 

In Fig.4-3, 𝑉𝑉𝑆𝐼 can have four values, namely,𝑉1, 𝑉2, 𝑉1 − 𝑉2, and 𝑉1 + 𝑉2. Considering that the 

electric motor in EV applications requires a minimum voltage to run (here, it is called 𝑉𝑚𝑖𝑛), and 

assuming that 𝑉2 is the source with lower voltage value than 𝑉1, then the following constraints 

should be considered for voltage values of the sources, 

 

{
𝑉2 > 𝑉𝑚𝑖𝑛

𝑉1 − 𝑉2 > 𝑉𝑚𝑖𝑛
 

(4-1) 

 

To make sure that 𝑉1 − 𝑉2 > 𝑉𝑚𝑖𝑛, 𝑉1 should be selected based on (4-2). 

 

𝑉1 > 2 × 𝑉2 (4-2) 
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By analogy, equation (4-3) can be used for determination of the voltage ratings of each source as 

follows. 

{
𝑉𝑖 > 2 × 𝑉𝑖+1

𝑖 = 1,2,… , 𝑁𝐷𝐶 − 1
 

(4-3) 

where 𝑁𝐷𝐶 is the number of input DC sources. 

Using (4-1)- (4-3), the highest value of 𝑉𝑉𝑆𝐼 is calculated by (4-4), which is also equivalent to the 

maximum blocking voltage of the switches of the VSI. 

𝑉𝑉𝑆𝐼
𝑚𝑎𝑥 = ∑𝑉𝑖

𝑁𝐷𝐶

𝑖=1

 

(4-4) 

 

Assuming a fixed voltage ratio between the two consecutive DC sources as follows, 

{

𝑉𝑖+1
𝑉𝑖

= 𝑟

0 < 𝑟 < 0.5
𝑖 = 1,2,… ,𝑁𝐷𝐶 − 1

 

 

(4-5) 

 

equation (4-4) can be further simplified as the summation of a geometric progression. 

𝑉𝑉𝑆𝐼
𝑚𝑎𝑥 =

𝑉1 × (1 − 𝑟
𝑁𝐷𝐶)

1 − 𝑟
 

(4-6) 

For an unlimited number of input DC sources, (4-6) tends to approach 𝑉𝑉𝑆𝐼
𝑚𝑎𝑥 =

𝑉1

1−𝑟
. This means 

that for 𝑟 = 1/3, the maximum value of 𝑉𝑉𝑆𝐼
𝑚𝑎𝑥 =

3

2
𝑉1.  

Assuming the same fixed voltage ratio between the sources, the minimum value for 𝑉𝑉𝑆𝐼 is 

governed by (4-7), which is equal to the value of the last DC source. 

𝑉𝑉𝑆𝐼
𝑚𝑖𝑛 = 𝑟𝑁𝐷𝐶−1 × 𝑉1 (4-7) 
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The number of operating modes considering that 𝑉𝑉𝑆𝐼 can only take positive values and the DC 

voltage sources are chosen appropriately using the aforementioned analysis is, 

𝑁𝑚𝑜𝑑𝑒𝑠 = ∑ 2𝑘−1 × 𝐶(𝑁𝐷𝐶 , 𝑘)

𝑘=𝑁𝐷𝐶

𝑘=1

 

𝑁𝐷𝐶 ≥ 2 

(4-8) 

where 𝑁𝑚𝑜𝑑𝑒𝑠 is the number of allowable values for 𝑉𝑉𝑆𝐼, which is equal to the number of operating 

modes of the converter and 𝐶(𝑁𝐷𝐶 , 𝑘) is the number of possible combinations of 𝑘 DC sources 

from the total number of 𝑁𝐷𝐶 , DC voltage sources.  

The number of required switches for 𝑁𝐷𝐶 voltage sources is calculated by (4-9). 

𝑁𝑠𝑤𝑖𝑡𝑐ℎ = (𝑁𝐷𝐶 + 1) × 4 

𝑁𝐷𝐶 ≥ 2 

 

(4-9) 

Table 4- 1: Specifications of the proposed MSI 

Number of DC Sources 𝑽𝑽𝑺𝑰
𝒎𝒂𝒙

𝑽𝟏
 

𝑽𝑽𝑺𝑰
𝒎𝒊𝒏

𝑽𝟏
 

𝑵𝒎𝒐𝒅𝒆𝒔 𝑵𝒔𝒘𝒊𝒕𝒄𝒉 

2 4

3
 

1

3
 

4 12 

3 13

9
 

1

9
 

13 16 

4 40

27
 

1

27
 

40 20 

. . . . . 

𝑁𝐷𝐶 3

2
× (1 − (

1

3
)𝑁𝐷𝐶) (

1

3
)𝑁𝐷𝐶−1 

Eq. (8) Eq. (9) 
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Table 4-1 summarizes the calculated metrics of the proposed converter assuming the fixed ratio of 

𝑟 =
1

3
 between the voltage sources as described in (4-5). The reason for choosing 𝑟 =

1

3
 is that 3 is 

the closest integer that is valid for equation (4-2).  

4.1.2 Two input DC source structure 

Configuration of the proposed converter with IGBT switch modules for two DC sources is shown 

in Fig.4-4. IGBT switches with body diodes are chosen for the bidirectional operation of the 

converter. As it can be seen, the converter is able to connect two DC sources, namely, a high voltage 

battery pack with the voltage rating of 𝑉1 and a second source having the voltage rating of 𝑉2, which 

is chosen to be a SC bank. It should be noted that 𝑉2 can be other DC sources such as a low voltage 

battery pack like the one in [96]. However, due to the high number of charge/discharge cycles that 

this source undergoes, an SC bank is a more reliable choice in comparison with the battery pack. 

Different combinations of the input DC sources can be connected to the load according to the 

following modes, 

• Mode 1: the load is provided by the second DC source and the first DC source is not in the 

power transfer path between the DC and the AC sides. This mode is utilized for the loads 

with smaller power requirements. Thus, the second DC source is the sole source of power 

and no power is extracted from the first DC source.  

 

• Mode 2: the first DC source is responsible for providing the load, while it charges the second 

DC source concurrently. This mode can be used for the cases where the SOC of the second 

DC source is less than a certain level or the load requires more power in comparison with the 

first mode. 
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• Mode 3: In mode 3, the first DC source is the sole source for providing the required power 

of the load. In other words, there is no power interaction between the second DC source with 

the load and the first DC source.   

 

• Mode 4: both sources are placed in series, so that both of the sources provide the load 

simultaneously.  

 

Fig.4- 4: Proposed MSI with two input DC Sources and IGBT modules. 

 

Selection of the appropriate operating mode depends on the load power requirements, the 

characteristics of the DC sources, and the SOC level of the minor DC source, which is a SC bank 

in this configuration. For instance, for the loads with small or fractional power requirements, the 

minor DC source (depicted by 𝑉2in Fig.4-4) can be used. The minor DC source can keep operating 

in this mode until its SOC reaches a certain lower level. In the case of the loads that require medium 

power levels, the converter will be operating in mode 2 provided that the SOC level of the second 

DC source is in between its lower and higher limits. For the loads with high power requirements, 

the converter operates in mode 3, where the major DC source (depicted by 𝑉1in Fig.4-4) is 

responsible for feeding the load. Thus, there is no power interaction between the second DC source 
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with the first DC source and the load. Finally, for the loads, which require a very large amount of 

power, both sources will be placed in series. Thus, they provide the load simultaneously. The 

converter remains working in this mode until the second DC source reaches its lower SOC limit. 

 Considering an electric motor as the load, for each speed level of the electric motor, one operating 

mode can be chosen. This has been shown in Fig.4-5. In this regard, instead of having an inverter 

with fixed DC link voltage, in an MSI, the DC link voltage value can be changed depending on the 

speed level. For instance, for low speed levels, the source with lower voltage can be used. This can 

be mapped to mode 1, shown in purple in Fig.4-5. Likewise, as the speed level increases, the source 

or a combination of the sources are chosen such that the voltage 𝑉𝑉𝑆𝐼 increases. Ultimately, this 

increases the efficiency of the system in comparison with fixed DC link voltage inverters as shown 

in [33],[121]. For the very high-speed levels, both sources are added up together. This means 𝑉𝑉𝑆𝐼 =

𝑉1 + 𝑉2, and considering a voltage ration of 1/3 between the sources, 𝑉𝑉𝑆𝐼 =
4

3
× 𝑉1.  

 

Fig.4- 5: Torque- Speed characteristics of electric motor [66], [122]. 
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This voltage add-up feature has two advantages. First, the number of series cells in the battery pack 

is decreased, which reduces the cell-balancing hardware requirements of the battery pack and its 

control complexity. Second, during higher speed levels of the electric motor operation, which needs 

higher power levels, the extracted current from the battery pack is reduced. This improves the life 

span of the battery pack since extraction of high amplitude currents accelerates the aging process 

of the batteries. To explain more, let us assume the two cases where a stiff DC link conventional 

VSI with a fixed DC voltage of 𝑉𝑉𝑆𝐼
𝑠𝑡𝑖𝑓𝑓

is feeding the load and the case where an MSI with the 

variable voltage of 𝑉𝑉𝑆𝐼
𝑣𝑎𝑟 and voltage add-up feature is utilized. The input current in the first case is 

equal to, 

𝐼𝑖𝑛𝑉𝑆𝐼
1 =

𝑃𝑑𝑒𝑚𝑎𝑛𝑑

𝑉𝑉𝑆𝐼
𝑠𝑡𝑖𝑓𝑓

 
(4-10) 

 

In this case, the increase of 𝑃𝑑𝑒𝑚𝑎𝑛𝑑 is compensated by increase of 𝐼𝑖𝑛𝑉𝑆𝐼
1 , which means more duty 

on the battery pack. In other words, assuming 𝑉𝑉𝑆𝐼
𝑠𝑡𝑖𝑓𝑓

= 𝑉1, then the maximum extracted current 

from the battery pack is, 

𝐼𝑖𝑛𝑉𝑆𝐼
1,𝑚𝑎𝑥 =

𝑃𝑑𝑒𝑚𝑎𝑛𝑑
𝑚𝑎𝑥

𝑉1
 

(4-11) 

 

In the second case, the extracted current is equal to, 

𝐼𝑖𝑛𝑉𝑆𝐼
2 =

𝑃𝑑𝑒𝑚𝑎𝑛𝑑
𝑉𝑉𝑆𝐼
𝑣𝑎𝑟  

(4-12) 

 

Assuming a voltage ration of 
1

3
 between the two sources of the proposed MSI, the maximum 

extracted current from the battery pack in voltage add-up mode is, 
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𝐼𝑖𝑛𝑉𝑆𝐼
2,𝑚𝑎𝑥 =

𝑃𝑑𝑒𝑚𝑎𝑛𝑑
𝑚𝑎𝑥

𝑉1 +
1
3
𝑉1

 
(4-13) 

 

Comparing (4-11) and (4-13) reveals up to 25% decrease in the extracted current from the battery 

pack for the same battery voltage ratings in the two cases which is achieved by the flexible voltage 

at the input side of the VSI due to the structure of the MSI. The switching states of the converter 

regarding the operating modes are shown in Table 4-2. As it can be inferred, there are two redundant 

switching states that can generate mode 3. In the first states, the current flow path is through 

switches𝑆1, 𝑆3, and 𝑆5 while the current flow path in the second state is through switches 𝑆1, 𝑆4, 

and 𝑆6. In total, there are five switching modes that can be used to generate positive values for 𝑉𝑉𝑆𝐼 

with the shown polarities in Fig.4-4.  

Table 4- 2: Modes of the inverter in Fig 2 and the related states of switches 

Mode 𝐒𝟏 𝐒𝟐 𝐒𝟑 𝐒𝟒 𝐒𝟓 𝐒𝟔 𝐕𝐕𝐒𝐈 Effect On SC   

(𝐈𝐢𝐧𝐕𝐒𝐈 ≥ 𝟎) 

1 0 1 0 1 1 0 𝐕𝟐 Discharge 

2 1 0 1 0 0 1 𝐕𝟏 − 𝐕𝟐 Charge 

3 

1 0 1 0 1 0 𝐕𝟏 Neutral 

1 0 0 1 0 1 𝐕𝟏 Neutral 

4 1 0 0 1 1 0 𝐕𝟏 + 𝐕𝟐 Discharge 

 

Table 4-3 is the comparison of the proposed MSI with the ones in [96] and [97]. The comparisons 

are conducted in terms of the number of switches, operational modes, none-zero switching states 
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and modularity when only two input DC sources are used for the proposed structure since the ones 

in [96] and [97] can only take two input DC sources.  

 

Table 4- 3: Comparison of the proposed MSI with other topologies 

Specification Inverter in [96] Inverter in [97] 

Proposed 

inverter 

Number of input sources 2 2 2 

Number of operational modes 
3 4 4 

Number of switches 12 14 12 

Modularity No No Yes 

 

The inverter in [96] has 12 IGBT switches for three operating modes and is not modular. The MSI 

of [97] has four operating modes for 14 IGBT switches. For the same number of input DC sources, 

the proposed inverter utilizes 12 IGBT switches, offers modularity feature and has four operating 

modes. Thus, the proposed MSI is superior to the one in [96] in terms of the number of operating 

modes and modularity feature. Also, the proposed MSI is superior to the one in [97] regarding the 

number of IGBT switches, as well as the modularity. The lower number of IGBT switches 

decreases the manufacturing cost, gate drive circuitry, control complexity and hardware 

implementation requirements.  

4.2 Modulation Scheme 

 Considering Table 4-2 for specifying the voltage 𝑉𝑉𝑆𝐼
𝑀 , which takes values of 𝑉2, 𝑉1, 𝑉1 − 𝑉2, and 

𝑉1 + 𝑉2 , the line voltages at  the output side of the proposed inverter in Fig.4-4 are shown in Table 
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4-4. Symbolizing each of the operating modes of the inverter using the number M, which can take 

values of 1, 2, 3, and 4 based on the previously mentioned operating modes, the three-phase line 

voltages with their corresponding switching states during each mode are given in Table 4-4. 

 

 

Fig.4- 6: Space vector representation of the inverter’s switching states in 𝛼𝛽 frame. 

 

Using Clarke’s transformation in (4-14), these switching states can be represented in the 𝛼𝛽 frame, 

as shown in Fig.4-6.  Based on the location of the reference vector in the 𝛼𝛽 frame, three nearest 

vectors can be recognized and applied with the appropriate dwell-time to synthesize the reference 

vector [107]. For instance, considering the reference vector lying in the red region of sector 1 of 

Fig.4-5, which is mode 4, then the three nearest vectors will be 04-4, 40-4 and 444. The same 

analogy can be extended to the reference vector in the other regions of the remaining sectors. 
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[
𝑉𝛼
𝑉𝛽
] = 2/3 [

1 −0.5 −0.5

0
√3

2
−
√3

2

] [

𝑣𝐴𝑛
𝑣𝐵𝑛
𝑣𝐶𝑛

] 

(4-14) 

 

where 𝑣𝐴𝑛, 𝑣𝐵𝑛,and 𝑣𝐶𝑛 are line to neutral voltages. 

Table 4- 4: Inverter line voltages for each switching state and αβ frame presentation 

𝑽𝑽𝑺𝑰 at mode 𝑴 𝑸𝟏 𝑸𝟑 𝑸𝟓 𝑽𝑨𝑩 𝑽𝑩𝑪 𝑽𝑪𝑨 𝜶𝜷 frame 

 

 

 

 

𝑽𝑽𝑺𝑰
𝑴  

0 0 0 0 0 0 000 

1 0 0 𝑽𝑽𝑺𝑰
𝑴  0 −𝑽𝑽𝑺𝑰

𝑴  M0-M 

1 1 0 0 𝑽𝑽𝑺𝑰
𝑴  −𝑽𝑽𝑺𝑰

𝑴  0M-M 

0 1 0 −𝑽𝑽𝑺𝑰
𝑴  𝑽𝑽𝑺𝑰

𝑴  0 -MM0 

0 1 1 −𝑽𝑽𝑺𝑰
𝑴  0 𝑽𝑽𝑺𝑰

𝑴  -M0M 

0 0 1 0 −𝑽𝑽𝑺𝑰
𝑴  𝑽𝑽𝑺𝑰

𝑴  0-MM 

1 0 1 𝑽𝑽𝑺𝑰
𝑴  −𝑽𝑽𝑺𝑰

𝑴  0 M-M0 

1 1 1 0 0 0 MMM 

 

Using the values of 𝜃 calculated in (4-15), the sector number can be identified. For instance, if 0 ≤

𝜃 ≤
𝜋

3
, then the sector number is 𝑘 = 1. 

𝜃 = 𝐴𝑟𝑐𝑡𝑔(
𝑉𝑟𝑒𝑓𝛽
𝑉𝑟𝑒𝑓𝛼

) 
(4-15) 

 

The next step is to identify the region 𝑅𝑖, 𝑖 = 1,2,3,4 that contains the tip of the reference vector to 

verify the operating mode. As it can be seen in Fig.4-6, the 𝛼𝛽 representation of the proposed MSI 

consists of four hexagons. The most inner hexagon is constructed by vectors of mode 1 with the 
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length of 𝑙1 =
2

3
𝑉2, the second hexagon is constructed by vectors of length 𝑙2 =

2

3
× (𝑉1 − 𝑉2), third 

hexagon is built by vectors of length 𝑙3 =
2

3
× (𝑉1) and finally the most outer hexagon is 

constructed with the vectors of length 𝑙4 =
2

3
× (𝑉1 + 𝑉2). The maximum voltage limit for 𝑉𝑟𝑒𝑓 =

√𝑉𝛼
2 + 𝑉𝛽

2 to operate in each mode is equal to the radius of the biggest circle of the corresponding 

hexagon.  This way, the following rules are used to identify the operating mode; 

{
 
 
 
 

 
 
 
 𝑚𝑜𝑑𝑒 1 𝑎𝑛𝑑 𝑅1;                                 𝑖𝑓 |𝑉𝑟𝑒𝑓| ≤

𝑉2

√3

𝑚𝑜𝑑𝑒 2𝑎𝑛𝑑 𝑅2;                        𝑖𝑓
𝑉2

√3
< |𝑉𝑟𝑒𝑓| ≤

𝑉1 − 𝑉2

√3

 𝑚𝑜𝑑𝑒 3 𝑎𝑛𝑑 𝑅3;                        𝑖𝑓
𝑉1 − 𝑉2

√3
< |𝑉𝑟𝑒𝑓| ≤

𝑉1

√3

𝑚𝑜𝑑𝑒 4 𝑎𝑛𝑑  𝑅4;                        𝑖𝑓
𝑉1

√3
< |𝑉𝑟𝑒𝑓| ≤

𝑉1 + 𝑉2

√3

 

 

 

(4-16) 

 

Since the sector number and the operating region are known, the three nearest vectors surrounding 

the tip of the reference vector are also known. The dwell-time of these three nearest vectors can be 

calculated by (4-17).  

{
 
 

 
 
 𝑇1 = 

𝑇𝑠𝑚𝑎 (sin (
𝜋
3 −𝜃𝑁))

𝑙𝑖

𝑇2 =
𝑇𝑠𝑚𝑎 sin(𝜃𝑁)

𝑙𝑖
𝑇0 = 𝑇𝑠 − 𝑇1 − 𝑇2

                         

 

(4-17) 

 

where 𝑇𝑠 is the sampling period, and 𝑚𝑎 is the modulation index with the following definition, 

𝑚𝑎 =
√3 × 𝑉𝑟𝑒𝑓

𝑉1 + 𝑉2
 

(4-18) 
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In (4-18), 𝑉𝑟𝑒𝑓 is the reference vector shown in Fig.4-5. Also, 𝑉1 and 𝑉2 are the amplitudes of the 

first and the second DC sources of Fig.4-3. The parameter 𝑙𝑖 is the lengths of the voltage vectors in 

Fig.4-5 and are selected as follows, 

𝑙𝑖 =

{
 
 
 

 
 
 

2

3
× (𝑉2), 𝑓𝑜𝑟 𝑅𝑖 =  𝑅1 

2

3
× (𝑉1 − 𝑉2), 𝑓𝑜𝑟 𝑅𝑖 =  𝑅2

2

3
× (𝑉1), 𝑓𝑜𝑟 𝑅𝑖 =  𝑅3

2

3
× (𝑉1 + 𝑉2), 𝑓𝑜𝑟 𝑅𝑖 =  𝑅2

 

 

 

(4-19) 

 

The parameter 𝜃𝑁 is the new angle between the transferred reference vector and the 𝛼-axis, which 

is calculated according to,  

{
 
 

 
 𝜃𝑁 = 𝜃 − (𝑘 − 1) ×

𝜋

3
    𝑖𝑓  0 ≤ 𝜃 ≤ 𝜋

𝜃𝑁 = 𝜃 + (𝑘 − 1) ×
𝜋

3
       𝑖𝑓 − 𝜋 ≤ 𝜃 ≤ 0

 𝑘 = 1,2,… ,6                                                            

 

 

(4-20) 

 

The last step is to apply a symmetric switching scheme to synthesize the reference vector [96].  

4.3 Control of the SC Bank SOC 

The SC bank undergoes discharge cycles during mode 1 and mode 4, and experiences charge cycles 

in mode 2. In this regard, a control strategy is required to monitor the SOC of the SC bank to prevent 

deep discharge in mode 1 and mode 4 as well as overcharge in mode 2. A simple rule-based control 

strategy is proposed here for control of the SC bank SOC. The proposed control algorithm monitors 

the SOC of the SC bank, as well as the operating mode of the inverter, and manipulates the 

operating modes such that the SC bank SOC level remains between a maximum limit and minimum 

limit. Fig.4-7 indicates the flowchart of the SC bank SOC control.  
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Fig.4- 7: Flowchart of the SC bank SOC control. 

 

The control scheme starts with receiving the values of the region 𝑅𝑖 , 𝑖 = 1,2,3,4, where the tip of 

the reference vector lies and  𝑆𝐶𝑠𝑜𝑐 as the inputs. The value of 𝑅𝑖 specifies the mode of operation, 

which is identified by the proposed SVM modulation technique. As shown in the flowchart, if the 

mode of operation is mode 1 (𝑅 = 𝑅1) and 𝑆𝐶𝑠𝑜𝑐 < 𝑆𝑂𝐶𝑚𝑖𝑛, then the mode of operation is switched 
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to mode 2 by setting the output of the control algorithm to 𝑅𝑛𝑒𝑤 = 2. The control algorithm holds 

𝑅𝑛𝑒𝑤 = 2 till the SOC of the SC bank reaches its maximum value. If the operating mode is still in 

mode 1 (𝑅 = 𝑅1), 𝑅𝑛𝑒𝑤 = 2, and the SC SOC reaches its maximum limit, then the control 

algorithm changes the region to 𝑅𝑛𝑒𝑤 = 1. In mode 2 (𝑅 = 𝑅2), if 𝑆𝐶𝑠𝑜𝑐 > 𝑆𝑂𝐶𝑚𝑎𝑥 then 𝑅𝑛𝑒𝑤 =

3, which sets the operating mode to mode 3. This holds the SOC of the SC bank at its maximum 

allowable value and prevents the SC bank from overcharge. In mode 4, if 𝑆𝐶𝑠𝑜𝑐 < 𝑆𝑂𝐶𝑚𝑎𝑥, then 

the operating mode is switched to mode 3 by setting 𝑅𝑛𝑒𝑤 = 3 to prevent deep discharge of the SC 

bank. If the operating mode is mode 3 (𝑅 = 𝑅3), then 𝑅𝑛𝑒𝑤 = 3, which means there is no change 

in the operating mode.  

The stored energy in the SC banks obeys the law of stored energy in standard capacitors as 

formulated in (4-21), 

𝐸𝑆𝐶 =
1

2
𝐶𝑆𝐶𝑉𝑠𝑐

2 
(4-21) 

where 𝐸𝑆𝐶  is the stored energy of the SC bank, 𝐶𝑆𝐶 is the Faradic capacity of the SC bank and 𝑉𝑠𝑐 

is the SC bank open circuit voltage.  

Using (4-21), the utilized energy of the SC bank can be calculated by (4-22), 

𝐸𝑢𝑡𝑖𝑙𝑖𝑧𝑒𝑑 =
𝑉𝑚𝑎𝑥,𝑆𝐶
2 − 𝑉𝑚𝑖𝑛,𝑆𝐶

2

𝑉𝑚𝑎𝑥,𝑆𝐶
2  

(4-22) 

 

 To utilize 75% of the stored energy in the SC bank, a voltage variation of ∆𝑉 = 𝑉𝑚𝑎𝑥,𝑆𝐶 −

𝑉𝑚𝑖𝑛,𝑆𝐶 =
1

2
𝑉𝑚𝑎𝑥,𝑠𝑐 is required. Defining the SC bank SOC [94] as, 

𝑆𝑂𝐶 =
𝑉𝑠𝑐

𝑉𝑛𝑜𝑚,𝑠𝑐
 

(4-23) 
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where 𝑉𝑠𝑐 is the SC bank open circuit voltage and 𝑉𝑛𝑜𝑚,𝑠𝑐 is the nominal voltage of the SC bank, 

and considering (4-22), we set 𝑆𝑂𝐶𝑚𝑎𝑥 and 𝑆𝑂𝐶𝑚𝑖𝑛 as the limits of the SC bank SOC in the 

algorithm of Fig.4-7 to 98% and 49%, respectively. This way 75% of the stored energy of the SC 

bank is utilized while the SC bank is guaranteed to work in a safe regime from deep discharge and 

high overcharge. 

 

Fig.4- 8: Block diagram of the proposed SVM method with the control of the SC bank SOC. 
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The complete block diagram of the proposed SVM method with the SC bank SOC control is shown 

in Fig.4-8.  

4.4 Closed Loop Current Controller 

The change of operating mode from one mode to the other ones resulted from the SC bank SOC 

controller, and the variations in the voltage magnitude of the SC bank during modes 1, 2 and 4, 

results in unwanted changes of the load current. Consequently, a current controller is required to 

hold the load current at its reference value during operation of the converter. A current controller 

in the dq frame is used to regulate the load current during such changes. 

 

Fig.4- 9: Block diagram of the current controller. 

 

A
B

C
 /

d
q

 

id
*

+-

+-
iq

*

PI

PI

/A
B

C
 

d
q

 Vq
*

ia*

*ib

ic*

Vd
* Va

*

Vb
*

Vc
*

Proposed 

SVM Method 

with SC bank 

control

Proposed 

MSI

+ V1 - + V2 -

A
C

 S
id

e
 

L
o
a
d

A
B

C
 /

d
q
 

P
L

Lγ 

P
L

L

id

iq

SOCmin

γ  *

errd
*

errq
*

S1

S2

S3

S4

SOCmax SCSOC



 

 

 

103 

 

 Fig.4-9 presents the block diagram of the current controller. As it can be seen, the transferred 

reference load currents in the dq frame are subtracted from the three- phase AC load currents in the 

dq reference frame. The error signals are passed through the PI controllers [123], [124] to generate 

the reference voltages in the dq frame, which are transferred to the ABC frame and fed to the 

proposed SVM method. Finally, the generated switching signals are fed to the inverter block.  

4.5 Simulation Results 

In this section, the proposed MSI topology along with the proposed SVM technique and the 

introduced SC bank SOC controller, have been exploited in two case-studies. For the first case-

study, the simulations have been done for a constant RL load under various operating conditions. 

Also, the dynamic behavior of the system when the SC bank controller forces the system to change 

the operating mode has been investigated. The second part, focuses on the operation of the proposed 

system when the system is used for feeding a three-phase induction machine in inverter mode under 

the EUropean Driving Cycle (EUDC) as a standard driving pattern. Comprehensive study of the 

results and system parameters including the battery pack and SC banks voltage, current, and SOC 

have been provided.  

4.5.1 Constant RL load  

MATLAB Simulink high-fidelity Li-ion and SC modules are used as the first and the second DC 

sources, respectively. The battery pack is set to have a voltage of 450 V, with the capacity of 112 

Ah and an initial SOC of 70%. The SC bank is selected to have the nominal voltage of 150 V and 

initial voltage of 120 V with capacitance of 14 F. The selection of the 14 F as the Faradic capacity 

of the Super Capacitor (SC) bank in the simulation is done based on the Maxwell BCAP0150 P300 

S17 super capacitor cells with maximum capacity of 180F per cell and typical capacity of 165F per 

cell with nominal cell voltage of 3V. This series of SC cells are among the recommended ones for 
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automotive applications. Considering the rated voltage of 150 V for the SC bank in the simulations, 

50 SC cells of this series are required to be placed in series to construct a bank of 150V. If the 

maximum Faradic capacity for each cell is assumed, the equivalent capacity of the series branch 

will be 3.6 F. Assuming the typical Faradic capacity of 165 F per cell, the equivalent Faradic 

capacity of the series branch will be 3.3 F. Considering the peak current amplitude of 113 A based 

on the datasheet for each cell, a power rating of around 60 kW for the load, and the 150 V SC bank 

voltage, the SC bank should be able to provide at least a peak current rating of 400 A. This requires 

a minimum of 4 branches of 50 series SC cells in parallel. With all of these in the mind, the 

maximum SC bank’s Faradic capacity will be 14.4 F while the typical Faradic capacity will be 13.2 

F. Thus, the closest round value in between these two values is chosen for the simulations, which 

is 14 F.   Capacitors 𝐶1 and 𝐶2are 4800𝜇F and 2400 𝜇F. A three-phase Y-connected RL load with 

resistance of 3Ω and inductance of 2mH is selected as the electrical load. The proposed SVM 

method with a switching frequency of 10 kHz is used for control of the switching actions. The 

fundamental voltage vector has a frequency of 60 Hz. 

 Fig.4-10 illustrates the simulation results of the system when the load reference current is set to 20 

A. Under this condition, the operating mode is mode 1 and as a result the SC bank is the only source 

to feed the load. As it can be seen in Fig.4-10 (a) and (b), the battery current is zero, and the SC 

bank has a current of about 10.1 A. The battery voltage and SOC remain unchanged under their 

initial values as shown in Fig.4-10 (c) and (e). However, due to the extraction of the current from 

the SC bank, its voltage and consequently its SOC start to decrease, which can be seen in Fig.4-10 

(d) and (f). The three-phase sinusoidal load current is shown in Fig.4-10 (g) and is controlled at the 
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desired value. The line voltage at the output side of the converter is shown in Fig.4-10 (h), which 

is essentially the converted voltage of the SC bank.  

 

Fig.4- 10: Simulation results in mode 1: (a) battery current, (b) SC current, (c) battery 

voltage, (d) SC voltage, (e) battery SOC, (f) SC SOC, (g) load current, (h) line voltage. 
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Fig.4- 11: Simulation results in mode 2: (a) battery current, (b) SC current, (c) battery 

voltage, (d) SC voltage, (e) battery SOC, (f) SC SOC, (g) load current, (h) line voltage. 

 

Fig.4-11 is the simulation results when the load reference current is set to be 50 A. For such 

reference value, the closed loop current controller forces the converter to operate in mode 2. 

Consequently, it is expected that the battery pack charges the SC bank and supplies the load 

concurrently. As it can be seen in Fig.4-11 (a) and (b), the battery pack’s current is equal to 23 A, 

and the SC bank current is equal to -23 A, which implies that the battery pack is charging the SC 
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bank. The voltage and SOC of the battery pack are shown in Fig.4-11 (c) and (e), which are slightly 

decreasing due to the discharge of its stored energy in the load and the SC bank. On the other hand, 

the SC bank voltage and SOC are increasing as depicted in Fig.4-11 (d) and (f), which confirms 

the SC bank getting charged. The load three-phase current are shown in Fig.4-11 (g), which are 

controlled at the desired reference value of 50 A. Also, the line voltage is shown in Fig.4-11 (h), 

which has the maximum value of 𝑉1 − 𝑉2 as expected from the theory.   

Fig.4-12 indicates the operation of the converter in mode 3 for a reference load current value of 80 

A, where it is expected that the battery pack to be the only source to feed the load. 

As it can be seen in Fig.4-12 (a) and (b), the battery pack has a current of around 43 A, and the SC 

bank current is zero. In other words, there is no energy interaction between the SC bank and the 

load or the SC bank and the battery pack. As a result, the voltage and the SOC of the SC bank 

remain constant during this interval as shown in Fig.4-12 (d) and (f). On the other hand, the voltage 

and the SOC of the battery pack are decreasing due to the transfer of energy to the load, which can 

be seen in Fig.4-12 (c) and (e). The load current is shown in Fig.4-12 (g), which is controlled at the 

desired 80 A reference value and the line voltage has the maximum value of the battery pack’s 

voltage.  
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Fig.4- 12: Simulation results in mode 3: (a) battery current, (b) SC current, (c) battery 

voltage, (d) SC voltage, (e) battery SOC, (f) SC SOC, (g) load current, (h) line voltage. 

 

Simulation results of the converter for a reference current of 110 A is shown in Fig.4-13. The 

converter operates in mode 4, which means the battery pack and the SC bank supply the load 

together. The battery pack current and the SC bank current are equal to 65 A, which are shown in 

Fig.4-13 (a) and (b). Since both sources are feeding the load simultaneously, the voltage and the 

SOC of both sources are decreasing, which can be seen in Fig.4-13 (c) to (f). The three-phase load 
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currents are shown in Fig.4-13 (g), which are controlled at the desired values. Also, the line voltage 

has the maximum value equal to 𝑉1 + 𝑉2, which is equal to the summation of the voltage of both 

sources.  

 

Fig.4- 13: Simulation results in mode 4: (a) battery current, (b) SC current, (c) battery 

voltage, (d) SC voltage, (e) battery SOC, (f) SC SOC, (g) load current, (h) line voltage. 

 

Fig.4-14 and Fig.4-15 are the simulation results for change of the operating mode from mode 1 to 

mode 2 due to decrease of the SC bank SOC. As it can be seen, from time=0 to time=1.73 second, 
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the battery current is zero and the SC bank current is around 9.2 A.  During this period of time, the 

converter is in mode 1, and the battery SOC remains constant while the SC bank SOC decreases. 

At time=1.73 second the SC bank SOC reaches the limit of 49%. Thus, the SC bank SOC controller 

changes the operating mode from mode 1 to mode 2. The battery pack starts to feed the load and 

charge the SC bank together. The battery current is around 1.85 A and the SC bank current is -1.85 

A, which is in agreement with the theory. Battery SOC starts to decrease and the SC SOC starts to 

increase.  

 

Fig.4- 14: Simulation results for change of the operating mode from mode 1 to mode 2 (a) 

battery current, (b) SC current, (c) battery current zoomed, (d) SC current zoomed, (e) 

battery voltage, (f) SC voltage. 
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Fig.4- 15: Simulation results for change of the operating mode from mode 1 to mode 2 

under the SC bank control strategy. (a) load current, (b) line voltage, (c) load current 

zoomed, (d) line voltage zoomed, (e) operating region. 

 

Fig.4-15 is the load side and the SOC controller simulations during transition from mode 1 to mode 

2. The load reference current is set to be 15 A. As it can be seen in Fig.4-15 (a) and (c), the load 

current during time=1 second to time=1.73 second is at the reference value. Also, as shown in 

Fig.4-15 (b) and (d), the line voltage is equal to the SC bank voltage. At time=1.73 second the 

operating mode is changed to mode 2 by setting Rnew=2 through the controller, which can be seen 
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in Fig.4-15 (e). As the operating mode changes, the voltage of the load is equal to 𝑉1 − 𝑉2, which 

is the subtraction of the SC bank voltage from the battery pack’s voltage, as shown in Fig.4-15 (b) 

and (d). However, the load current is controlled at the reference value of 15A, as shown in Fig.4-

15 (a) and (c) for time=1.73 second to time=2 second. 

 

Fig.4- 16: Simulation results for change of the operating mode from mode 2 to mode 3 (a) 

battery current, (b) SC current, (c) battery current zoomed, (d) SC current zoomed, (e) 

battery voltage, (f) SC voltage. 
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Fig.4- 17: Simulation results for change of the operating mode from mode 2 to mode 3 

under the SC bank control strategy. (a) load current, (b) line voltage, (c) load current 

zoomed, (d) line voltage zoomed, (e) operating region. 

 

The simulation results for change of the operating mode from mode 2 to mode 3 are depicted in 

Fig.4-16 and Fig.4-17. From time=0.2 second to time=0.93 second, the battery pack has a current 

of 36.5 A and the SC bank current is equal to -36.5 A as depicted in Fig.4-16 (a) to (d). This means 

that the battery pack is charging the SC bank while supplying the load at the same time. The load 

current is set to be controlled at 60 A, which can be seen in Fig.4-17 (a) and (c), and the line voltage 

is equal to 𝑉1 − 𝑉2. At time=0.93 second the SC SOC reaches its maximum limit of 98% as can be 
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seen in Fig.4-16 (f). As a result, the controller sets the operating mode to Rnew=3, which is shown 

in Fig.4-17 (e). This means that the battery will be the only source to feed the load and the SC bank 

is not in the energy transfer loop. As it can be seen in Fig.4-16 (b) and (d), the SC bank’s current 

is equal to zero, and its SOC remains at the maximum allowable value shown in Fig.4-16 (f). 

Although the operating mode is changed and line voltage is equal to the battery pack voltage, the 

load currents of Fig.4-17 (a) and (c) are controlled at the desired reference value, which confirms 

the good performance of the control system. 

 

Fig.4- 18: Simulation results for change of the operating mode from mode 4 to mode 3 (a) 

battery current, (b) SC current, (c) battery current zoomed, (d) SC current zoomed, (e) 

battery voltage, (f) SC voltage. 
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Fig.4- 19: Simulation results for change of the operating mode from mode 4 to mode 3 

under the SC bank control strategy. (a) load current, (b) line voltage, (c) load current 

zoomed, (d) line voltage zoomed, (e) operating region. 

 

Simulation results for change of the operating mode from mode 4 to mode 3 are plotted in Fig.4-

18 and Fig.4-19. The load current is set to be controlled at 100 A. As it can be seen in Fig.4-18 (a) 

to (d), the battery current and the SC bank current are equal to 58 A, and the line voltage is equal 

to 𝑉1 + 𝑉2 till time=0.76 second. At time=0.76 second, the SC bank SOC reaches its minimum limit 

of 49%. Consequently, the SC bank SOC controller sets the Rnew=3 and changes the operating 

mode form mode 4 to mode 3, which is shown in Fig.4-19 (e). At new operating mode, the SC bank 
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current is equal to zero and the battery pack is the only source to feed the load. The new battery 

pack current is 67.5 A, and the line voltage has the maximum value of to the battery pack voltage. 

Despite the change in the operating mode and line voltage, the load current is regulated at the 

desired reference value of 100 A through the proper operation of the converter, which can be seen 

in Fig.4-19 (a) and (c).   

4.5.2 Simulation results for the EUDC driving cycle 

Fig.4-20 depicts the block diagram of the vector control method [101] used for the speed control 

of the three-phase induction machine in simulations.  

 

Fig.4- 20: Block diagram of the vector control of induction machine. 

 

The three-phase stator currents of the induction machine are sensed and transferred to the αβ frame 

and then to the dq rotating frame to generate the quadratic and direct components for the vector 

control. The reference speed and the measured speed are subtracted and passed through a PI 

controller to generate the reference quadratic component of the stator current. The calculated direct 
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and quadratic components of the sensed stator currents are subtracted from the direct and quadratic 

components of the stator reference current and passed through PI controllers to generate the 

reference voltage vectors components in the dq frame. This has been shown in Fig.4-20 by 𝑉𝑠𝑑
∗  and  

𝑉𝑠𝑞
∗ , respectively.  

The dq components of the reference stator voltage vectors are transferred to the αβ frame and then 

fed to the proposed SVM technique, which includes the proposed SC bank SOC control method of 

Fig.4-7. The generated switching signals by the SVM block are fed to the proposed inverter to 

provide the appropriate voltage values to the induction machine.  

Table 4- 5: Simulation parameters of the three-phase induction machine 

Parameter Value 

Pole Pairs 2 

Nominal Power 37.3 kW 

Stator Resistance 0.09871 Ω 

Stator Inductance 0.001245 H 

Rotor Resistance 0.1081 Ω 

Rotor Inductance 0.001245 H 

Mutual Inductance 0.04717 H 

Inertia 0.4 kg.m2 

Frequency 60 Hz 

 

Table 4-5 is the simulation parameters of the three-phase induction machine used in MATLAB 

Simulink. This model has been chosen from the available induction machine libraries in MATLAB 

Simulink. The battery pack has a voltage of 450 V, and the initial SOC of 70%. The SC bank 
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voltage is 150 V and its initial SOC is set to be 70%. Also, the switching frequency of the inverter 

is 10 kHz. In this part of the simulations, the higher and lower limits of the SC bank SOC are set 

to be 95% and 5%, respectively. 

 

Fig.4- 21: EUDC reference speed and the measured speed of the electric motor. 
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Fig.4- 22: Simulation results for the EUDC driving cycle. (a) stator voltage, (b) three-phase 

stator current. 

 

The simulation results for the reference and measured speeds are shown in Fig.4-21. As it can be 

seen, the measured speed is following the reference speed appropriately, which confirms the 

suitable performance of the speed controller. Fig4-.22 is the stator voltage and three phase stator 

currents for a short interval during the simulation. Fig.4-23 is the simulation results for the 

operating region of the converter and the storage systems current and SOC variations for the EUDC 

driving cycle. 
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Fig.4- 23: Simulation results of the storage systems parameters for EUDC driving cycle. (a) 

operating region, (b) battery current (A), (c) battery SOC, (d) SC current, (e) SC SOC, (f) 

SC SOC zoomed area, (g) SC SOC zoomed area, and (h) SC SOC zoomed area. 

 

As it can be seen, during the first 22 seconds of the simulation time, the reference speed is zero (the 

vehicle is stalled), thus the applied voltage to the stator windings is zero. As a result, no current is 

extracted from the sources. As the motor speeds up at t=22 second, a small voltage value is required 
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for lower speed levels, thus the converter operates in mode 1 (R=1), and the SC bank is the only 

source to feed the induction motor. Since the SOC of the SC bank is 70%, the rule-based SC bank 

SOC controller of Fig.4-7 keeps the current value for the operating region. Thus, Rnew=1, which 

is shown in Fig.4-23 (a). The converter operates in this mode till t=34 second, where the SC bank 

SOC is reduced to around 68%. It should be noticed that since in mode 1, the battery pack is not 

being used; thus, its current is zero and its SOC level remains at 70%. With the increase of the 

reference speed, at t=34 second, the speed controller forces the converter to operate in mode 2 since 

more voltage is required for higher speed levels. As it can be seen, the operating region is changed 

from R=1 to R=2 in Fig.4-23 (a). Also, the battery current starts to increase from zero while the SC 

bank current starts to decrease from positive values to negative values. In other words, since the 

converter is operating in mode 2, the battery pack is feeding the electric motor while charging the 

SC bank at the same time. The converter keeps operating in this mode till t=56 second where the 

SC bank is charged up to 84% of its SOC. At t=56 second, the reference speed is increased such 

that the converter is forced to operate in mode 3 to feed the electric motor with the appropriate 

voltage level. As expected, in this mode, the battery is the only source to feed the electric motor 

and the SC bank is not in the energy transfer path. Consequently, as it can be seen in Fig.4-23, the 

SC bank current is equal to zero at t=56 second and its SOC remains constant at 84%. The system 

keeps operating in this mode till t=116 second where the reference speed starts to decrease. Thus, 

the controller forces the converter to operate in mode 2. As a result, the SC bank starts to charge 

up again through the battery pack.  

The system operates in this mode till t=128 second where the SC bank reaches its maximum SOC 

level of 95%. Although the main operating region is R=2, the SC bank’s SOC controller forces the 

system to operate in mode 3 to prevent the SC bank from being charged to higher SOC levels. This 

is necessary to keep the SC bank performing in its safe operation region and prevent it from 
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explosions due to overcharge. Thus, once again, the battery pack is the only source in the energy 

transfer path and the SC bank is off. The system remains operating in this mode till t=274 second. 

With the increase of the reference speed at t=274 second, the speed controller forces the inverter to 

operate in mode 4. Thus, the switching arrangements are changed by the SVM block such that both 

sources are placed in series to feed the electric motor. As it can be seen from Fig.4-23 (b) and (d), 

both sources are having the same amount of current in this interval which is in agreement with the 

theory for this mode. Since the SC bank is also in the energy transfer path, its SOC starts to decrease 

from the maximum allowable value of 95%. At around t=336 second the SC bank SOC reaches its 

minimum value of 5%, thus the SC bank’s SOC controller forces the converter to operate in mode 

3 to prevent the SC bank from under discharge. Consequently, at t=336 second, the battery pack is 

the only source to feed the electric motor while the SC bank is out of the energy transfer path. As 

the reference speed starts to decrease, the speed controller forces the inverter to operate in mode 3 

till t=368 second where the reference speed is sufficiently decreased such that the inverter starts to 

operate in mode 2. Thus, the battery pack can again charge the SC bank while feeding the eclectic 

motor concurrently. The converter remains operating in this mode till t=376 where the SC bank is 

charged up to 12% of its SOC. At t=376 second, the reference speed is decreased to zero and 

remains at this speed, which is an indicator of the vehicle being stalled. Consequently, no energy 

is extracted from either of the sources, and their currents are equal to zero. The simulation results 

for the EUDC driving cycle are in agreement with the theory and confirm the good performance of 

the proposed MSI under the proposed SC bank SOC controller integrated in the SVM technique.    
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4.6 Experimental Results 

A scaled-down 1 kW lab prototype of the proposed converter was built to verify the theory and 

simulations under the proposed SVM technique. Fig.4-24 indicates the built scaled-down 

prototype. 

 

Fig.4- 24: Scaled-down laboratory prototype of the proposed multi-source inverter. 

 

Infineon IKW25N120H3 IGBT switches, and ACPL- 336J gate driver optocouplers were used to 

drive the switches.  
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Fig.4- 25: Experimental setup of the proposed multi-source inverter. 

 

A Texas Instrument F28335 DSP controller is utilized to implement the proposed modulation 

technique with a switching frequency of 10 kHz and fundamental sinusoidal waveform of 60 Hz. 

A battery pack with voltage rating of 48 V and capacity of 80 Ah is used as the first DC source 

while a Maxwell BMOD0058 E016 B02 SC pack with voltage rating of 16.2V and Faradic capacity 

of 58F is used as the second source. A three phase RL load with resistance of 5Ω and the inductance 

of 3mH per-phase is chosen as the load. The experimental setup is shown in Fig.4-25 with each 

explained part illustrated.  
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Fig.4- 26: Experimental results for mode 1. Line voltage (20 V/div), battery current (0.5 

A/div), SC current (0.5 A/div), and the load current (2 A/div). 

 

Fig.4-26 is the experimental results of the MSI under mode 1 with the load reference current of 

1.5A. The SC bank has the initial voltage of 16 V, and the battery pack voltage is 48 V. The SC 

bank is the only source to feed the load and the battery is not in the energy flow loop. Consequently, 

as it can be seen in Fig.4-26, the battery current is zero. Line voltage and the sinusoidal load current 

is also shown in Fig.4-26 for this mode, which is in agreement with simulations and the theory. The 

line voltage has the maximum value of the SC voltage, which is 16 V, as expected. 

Fig.4-27 shows the experimental results under mode 2 with the load reference current of 3 A. As 

expected from the theory, battery is charging the SC bank and supplying the load concurrently. The 
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battery pack current has the DC amplitude of around 0.6 A while the SC bank has the same current 

amplitude but with negative sign, which confirms that the SC bank is being charged by the battery 

pack.  

 

Fig.4- 27: Experimental results for mode 2. Line voltage (50 V/div), battery current (0.5 

A/div), SC current (0.5 A/div), and the load current (5 A/div). 
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Fig.4- 28: Experimental results for mode 3. Line voltage (50 V/div), battery current (1 

A/div), SC current (1 A/div), and the load current (2 A/div). 

 

Performance of the converter under mode 3 with the maximum current amplitude of 4 A is shown 

in Fig.4-28. Since the battery pack is the only source to feed the load, the battery 

current is positive and has an amplitude of slightly less than 1 A, while the SC bank current is zero. 

The line voltage has the maximum value of the battery pack voltage, which is 48 V, and is the value 

expected from the theory.  The three-phase load current and the line voltage for this mode is also 

shown in Fig.4-29.  
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Fig.4- 29: Experimental results for mode 3. Line voltage (50 V/div, and the three-phase load 

current (5 A/div). 

 

Fig.4-30 illustrates the experimental results of operation of the MSI in mode 4 with the load 

reference current of 5 A. Both sources are feeding the load together with the same current 

amplitude, which is in agreement with the theory and simulations. Also, the line voltage has a 

maximum of the summation of both sources which is 64 V.   



 

 

 

129 

 

 

Fig.4- 30: Experimental results for mode 4. Line voltage (50 V/div), battery current (1 

A/div), SC current (1 A/div), and the load current (5 A/div). 

 

Fig.4-31 is the dynamic operation of the converter under step change in the load’s reference current 

from 1 A to 2 A. As it can be seen, the controller is able to follow the desired changes from 1 A to 

2 A reference current. For 1 A load, the converter is in mode 1, and the SC bank is the only source 

to provide the load. Thus, the battery current is zero. When the load reference current is increased 

to 2 A, the operation of the converter is switched to mode 2. The battery pack charges the SC bank 

and provides the load, concurrently. 
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Fig.4- 31: Experimental results for step change in the load current. SC current (1 A/div), 

Battery current (1 A/div), Line voltage (50 V/div), and the load current (2 A/div). 

 

4.7 Summary 

Multi Source Inverters (MSI) as a new technology for integration of the energy storage systems 

have been introduced lately. Single-stage integration of the sources without any magnetics, reduces 

the weight, volume and the complexity of control in such structures. In this chapter, a new MSI that 

enables the use of SC banks in combination with battery packs was investigated. Theoretical 

analysis on the general form of the converter was done and the possible number of operating modes 

for the specified input DC sources, as well as the number of required switches and the maximum 

switch blocking voltage was studied. Comparison with other available multi source inverters has 



 

 

 

131 

 

shown that for the same number of input DC sources, the proposed converter offers superior 

performance either in terms of the number of operational modes or the number of required semi-

conductor devices. Furthermore, a new Space Vector Modulation (SVM) technique was proposed 

for control of the switching actions to synthesize the reference vector based on the 60° symmetry 

of the 𝛼𝛽 frame and the reference vector decomposition on the vectors that constitute the boarders 

of the first sector. Along with the modulation scheme, a deterministic control strategy was proposed 

to control the SOC of the SC bank during operation of the system. A case-study of the proposed 

system with two input DC sources was investigated and simulated in MATLAB Simulink for a 

constant three-phase RL load and the EUropean Driving Cycle (EUDC) as a test benchmark for 

operation of the proposed MSI when feeding an induction machine. All four possible operating 

modes along with the load and the source currents were investigated in the simulations. It was 

shown that the deterministic controller is capable of monitoring the SOC of the SC bank and change 

the operating region of the proposed MSI whenever the SOC of the SC bank reaches its maximum 

or the minimum of the allowable levels. Also, the proposed SVM technique appropriately controls 

the switching actions of the MSI such that the reference voltage vectors are synthesized. Finally, 

experimental results on a scaled down lab prototype were conducted with a 48 V battery pack and 

16 V SC bank, which confirmed the theory and simulations.  
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Chapter 5 

Pseudo Multi Level Space Vector Modulation Technique for Multi 

Source Inverters 

 

In Chapter 4, a new modular MSI topology for integration of the various DC sources for EV 

applications was proposed and verified through simulations and experimental results. Due to the 

significant features of the SVM such as enhanced DC link utilization up to 15% in comparison to 

the SPWM, inherent digital implementation features, accurate calculation of the duty cycles for 

each switching device, improved THD performance etc., with some modifications, this method was 

implemented on the proposed inverter. Indeed, the algorithm of Fig.4-8, transfers the reference 

voltage vector to sector 1, and projects the reference voltage vector on the boarder lines of sector 1 

to determine the duty cycles of the designated switching states. The published works in [96] and 

[97] used the conventional SVM method for synthesis of the reference voltage vectors. Fig.5-1 is 

the 𝛼𝛽 representation of the voltage vectors for the MSI of [96] with three operating modes. As it 

can be seen, since the middle vectors do not exist in the 𝛼𝛽 plane, the three phase output voltages 

for any reference voltage vector are synthesized using the two active vectors of each operating 

mode and its associated zero vector. For instance, let us assume that the tip of the reference vector 

lies in mode 2 of Fig.5-1. 
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Fig.5- 1:  αβ representation of the voltage vectors of an MSI with three operating modes [9]. 

 

Based on the conventional SVM method [106], vectors 𝑣1, 𝑣2 and 𝑣0 of Fig.5-1 are used to 

synthesize this reference vector in region 2. In case of the conventional SVM, the duty cycle portion 

of each voltage vector can be calculated using equation (5-1) as follows: 

{

𝑅𝑒{𝑑1 × 𝑣1 + 𝑑2 × 𝑣2} = 𝑅𝑒{𝑉𝑟𝑒𝑓}

𝐼𝑚{𝑑1 × 𝑣1 + 𝑑2 × 𝑣2} = 𝐼𝑚{𝑉𝑟𝑒𝑓}

𝑑1 + 𝑑2 + 𝑑0 = 1

 

 

(5-1) 

 

where 𝑑1, 𝑑2 and 𝑑0 are the duty cycles of the voltage vectors 𝑣1, 𝑣2 and 𝑣0, respectively. Also, 

𝑅𝑒 and 𝐼𝑚 are the real part and the imaginary part operators. 
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As the number of operating modes increases, the number of voltage vectors increases accordingly, 

and more computational burden is required for solving (5-1), which eventually becomes 

cumbersome and requires more hardware. Other than that, due to the two-level nature of the output 

voltage, the THD performance of this method is not good, which increases the filter requirements.  

In this chapter, a novel SVM method is proposed for the MSI structures, which enhances the THD 

performance significantly in comparison with the conventional SVM, and decreases the 

computational requirements. The proposed method utilizes the 60° coordinate system for 

derivation of the duty cycles of the nearest vectors to the reference vector, which simplifies the 

implementation of the SVM. Furthermore, the synthesis of the reference vector has been done 

through the active vectors, which generate a pseudo multi-level voltage waveform at the output 

side. Consequently, in comparison to the conventional SVM method, highly improved THD content 

is achieved, which is the main merit of this method. The proposed SVM technique has been 

implemented on the MSI of Chapter 4, and its performance for different operating modes are 

analyzed and compared with the conventional method.  

 

5.1 Case Study MSI 

In this section, a brief review of the case study converter from Chapter 4 is provided. Fig.5-2 

indicates the structure of the converter of Fig.4-2 with two input DC sources. Considering 𝑉1 as the 

main DC source and V2 as the auxiliary DC source, the converter can have four distinct operating 

modes, as follows: 

Mode1: 𝑉2 is the only source of power and 𝑉1 is not in the power transfer loop. Thus, the voltage 

at the input side of the VSI, shown by 𝑉𝑉𝑆𝐼 is equal to 𝑉2. 

Mode 2: 𝑉1 supplies the load and charges 𝑉2 concurrently. Consequently, 𝑉𝑉𝑆𝐼 = 𝑉1 − 𝑉2. 
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Mode 3: 𝑉1 is the only power source and 𝑉2 is not utilized. Thus, 𝑉𝑉𝑆𝐼 = 𝑉1. 

Mode 4: Both sources are placed in series and 𝑉𝑉𝑆𝐼 = 𝑉1 + 𝑉2.  

 

Fig.5- 2: Topology of converter of Fig.2 with two input DC sources. 

 

 

Noticing that the load requires 𝑉𝑚𝑖𝑛  as the minimum voltage value for the proper operation of the 

converter, the following limits should govern the source voltage values. 

{
𝑉2 > 𝑉𝑚𝑖𝑛

𝑉1 − 𝑉2 > 𝑉𝑚𝑖𝑛
 

(5-2) 

 

Equation (5-2) implies that 𝑉1 > 2 × 𝑉2. To have symmetrical voltage difference between the 

voltage values taken by 𝑉𝑉𝑆𝐼, 𝑉1is set to be three times bigger than 𝑉2, as shown in (5-3). 

𝑉1 = 3 × 𝑉2 (5-3) 

 

Table 5-1 is the associated switching states of the converter for each operating mode. In mode 1, 

switches 𝑆2, 𝑆4 and 𝑆5 are turned-on while switches 𝑆1, 𝑆3 and 𝑆6 are turned-off. Reversing the 

switching arrangement of mode 1 generates mode 2, i.e. 𝑆1, 𝑆3 and 𝑆6 are turned-on while 𝑆2, 𝑆4 

and 𝑆5 are turned-off. Mode 3 can be generated by two redundant switching states. Either 𝑆1, 𝑆3 
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and 𝑆5 can be turned-on while 𝑆2, 𝑆4 and 𝑆6 are turned-off, or 𝑆1, 𝑆4 and 𝑆6 are turned-on while 

𝑆2, 𝑆3 and 𝑆5 are turned-off to generate mode 3. Finally, in mode 4, switches 𝑆1, 𝑆4 and 𝑆6 are 

turned-on while switches 𝑆2, 𝑆3 and 𝑆5 are kept turned-off.  

 

Table 5- 1: Switching states of the converter for each operating mode 

Mode 𝑺𝟏 𝑺𝟐 𝑺𝟑 𝑺𝟒 𝑺𝟓 𝑺𝟔 𝑽𝑽𝑺𝑰 

1 0 1 0 1 1 0 𝐕𝟐 

2 1 0 1 0 0 1 𝐕𝟏 − 𝐕𝟐 

3 

1 0 1 0 1 0 𝐕𝟏 

1 0 0 1 0 1 𝐕𝟏 

4 1 0 0 1 1 0 𝐕𝟏 + 𝐕𝟐 

 

5.2 Proposed PMLSVM Scheme 

As mentioned earlier, the input voltage at the VSI stage of the inverter of Fig.5-2, shown by 𝑉𝑉𝑆𝐼, 

can take four values depending on the operating mode. Indication of the associated voltage value 

to each mode by 𝑉𝑉𝑆𝐼
𝑀 , where M takes values of 1,2,3, and 4 regarding each operating mode, and 

noticing that the final stage of the MSI of Fig.5-2 is a VSI, which allows eight distinct switching 

states per mode, the MSI can have 40 switching states in general. Table 5-2 contains these switching 

states and their associated line voltages. For further explanation, let us assume that the converter is 

working in mode 1; thus, M is equal to 1, and 𝑉𝑉𝑆𝐼
𝑀  will be 𝑉𝑉𝑆𝐼

1  or 𝑉2, which is the voltage value of 

the second DC source. Now, depending on the arrangement of the VSI switches, i.e. 𝑄1, 𝑄3, and 

𝑄5, eight possible switching states can be performed to generate the output line voltages. For 
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instance, if the arrangement of 𝑄1, 𝑄3, and 𝑄5 are 1, 1 and 0, then the line voltages will be as 

follows: 

{
𝑉𝐴𝐵 = 0
𝑉𝐵𝐶 = 𝑉2
𝑉𝐴𝐵 = −𝑉2

 
 

(5-4) 

 

Similar considerations can be extended to the other switching states for each operating mode.  

Table 5- 2: Switching states at the VSI stage of the MSI of Fig.3 with their associated line 

voltages and αβ frame representation 

𝑽𝑽𝑺𝑰 at mode 𝑴 𝑸𝟏 𝑸𝟑 𝑸𝟓 𝑽𝑨𝑩 𝑽𝑩𝑪 𝑽𝑪𝑨 𝜶𝜷 

frame 

 

 

 

 

𝑽𝑽𝑺𝑰
𝑴  

0 0 0 0 0 0 000 

1 0 0 𝑽𝑽𝑺𝑰
𝑴  0 −𝑽𝑽𝑺𝑰

𝑴  M0-M 

1 1 0 0 𝑽𝑽𝑺𝑰
𝑴  −𝑽𝑽𝑺𝑰

𝑴  0M-M 

0 1 0 −𝑽𝑽𝑺𝑰
𝑴  𝑽𝑽𝑺𝑰

𝑴  0 -MM0 

0 1 1 −𝑽𝑽𝑺𝑰
𝑴  0 𝑽𝑽𝑺𝑰

𝑴  -M0M 

0 0 1 0 −𝑽𝑽𝑺𝑰
𝑴  𝑽𝑽𝑺𝑰

𝑴  0-MM 

1 0 1 𝑽𝑽𝑺𝑰
𝑴  −𝑽𝑽𝑺𝑰

𝑴  0 M-M0 

1 1 1 0 0 0 MMM 

 

Applying Clarke’s transformation (5-5) to these switching states, forms the 𝛼𝛽 representation of 

the possible voltage vectors, which are shown in the last column of Table 5-2. For the switching 

state discussed earlier, and noticing that M is equal to 1 as for the first operating mode, the 𝛼𝛽 

frame representation of this switching state will be 01-1. 
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[
𝑉𝛼
𝑉𝛽
] = [

1 −0.5 −0.5

0
√3

2
−
√3

2

] [

𝑣𝐴𝑛
𝑣𝐵𝑛
𝑣𝐶𝑛

] 

 

(5-5) 

 

where 𝑣𝐴𝑛, 𝑣𝐵𝑛,and 𝑣𝐶𝑛 are line to neutral voltages and are calculated as follows: 

{
 
 

 
 𝑣𝐴𝑛 =

1

3
(𝑣𝐴𝐵 − 𝑣𝐶𝐴)

𝑣𝐵𝑛 =
1

3
(𝑣𝐵𝐶 − 𝑣𝐴𝐵)

𝑣𝐶𝑛 =
1

3
(𝑣𝐶𝐴 − 𝑣𝐵𝐶)

 

 

(5-6) 

 

 

Fig.5- 3: Space vector representation of the MSI switching states in αβ frame. 

Fig.5-3 indicates the voltage vectors and their associated switching state representation based on 

Table 5-2 in the 𝛼𝛽 frame. As it can be seen, there are four hexagons with the origin of the 𝛼𝛽 

frame at their centers. Also, the vertex of each hexagon is a voltage vector that can be generated by 

Mode 1

Mode 2

Mode 3

Mode 4
000

111

222

333

444

10-1

01-1-110

-101

0-11 1-10

20-2 30-3 40-4

02-2

03-3

04-4

-220

-330

-440

-202-303-404

0-22

0-33

0-44

2-20

3-30

4-40

α 

β 



 

 

 

139 

 

the MSI of Fig.5-2 based on the switching arrangements of Table 5-1 and Table 5-2. Comparing 

Fig.5-1 and Fig.5-3 reveals that the increase in the number of operating modes, increases the 

number of hexagons accordingly. Thus, a generalized SVM approach is required to synthesize the 

reference vector.  

 

Fig.5- 4:  Reference voltage vector in a conceptual location surrounded by vectors 𝒗𝟏, 𝒗𝟐, 

𝒗𝟑, and 𝒗𝟒. 

 

As explained earlier, synthesis of the reference vector in each mode, can be done using the two 

active vectors and their associated zero vector. This requires solving equation (5-1) for finding the 

appropriate duty cycle for each voltage vector. The resultant line voltage will be a two-level voltage 

with high voltage THD contents. However, in this chapter, we aim to minimize the use of zero 
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vectors, especially for modes two, three and four, in order to improve the THD performance.  To 

this end, without loss of generality, let us assume that the reference voltage vector lies in a 

conceptual region in sector 1, constructed by two small vectors, i.e. 𝑣1 and 𝑣2, and two big vectors, 

i.e. 𝑣3 and 𝑣4 as shown in Fig.5-4. As of any SVM method, the ultimate goal is to find the 

appropriate voltage vectors and their associated duty cycles for synthesis of the reference vector. 

Instead of using two active vectors and one zero vector, the proposed SVM method utilizes three 

active vectors for the synthesis of the reference voltage vector. 

As depicted in Fig.5-4, considering 𝜃 as the angle of the reference voltage vector with the 𝛼-axis 

and 𝑀𝑎 with the definition in (5-7) as the modulation index, two combinations of the three adjacent 

active vectors can be used for construction of the reference vector. In other words, based on the 

location of the reference voltage vector, which can be specified by 𝜃, and the value of the 

modulation index, which is denoted by the magnitude of 𝑉𝑟𝑒𝑓, the reference vector can be 

constructed using a combination of two big vectors and one small vector, or two small vectors and 

one big vector during each sampling time. 

 

𝑀𝑎 =
2

√3
×

𝑉𝑟𝑒𝑓

𝑉1 + 𝑉2
 

(5-7) 

 

For further explanation, by splitting the shown region of Fig.5-4 into two equal portions using the 

bisector line of sector 1, four different scenarios can be considered. These four cases are shown in 

Fig.5-5 vividly. This way, depending on the magnitude of the reference voltage vector (or the value 

of the modulation index, equivalently), and the value of 𝜃, three adjacent voltage vectors are chosen 

to synthesize the reference voltage vector during each sampling period, as follows: 
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• Case 1: The magnitude of the reference vector is smaller than the depicted lower limit in 

Fig.5-6, and 𝜃 is less than 30°. In this case, 𝑣1, 𝑣2 and  𝑣3 are used to construct the 

reference vector. Fig.5-5 (a) indicates the location of the reference voltage vector in this 

case along with the active vectors surrounding the reference vector. 

 

• Case 2: The magnitude of the reference vector is smaller than the depicted lower limit in 

Fig.5-5, and 𝜃 is more than 30°. In this case, 𝑣1, 𝑣2 and  𝑣4 are used to construct the 

reference vector. Fig.5-5 (b) indicates the location of the reference voltage vector in this 

case.  

 

 

• Case 3: The magnitude of the reference vector is bigger than the depicted lower limit and 

smaller than the higher limit as shown in Fig.5-5 (c), and 𝜃 is less than 30°. In this case, 

𝑣1, 𝑣3 and  𝑣4 are used to construct the reference vector.  

 

• Case 4: The magnitude of the reference vector is bigger than the lower limit and smaller 

than the higher limit, and 𝜃 is more than 30°. In this case, 𝑣2, 𝑣3 and 𝑣4 are used to 

construct the reference vector, as shown in Fig.5-5 (d).  

Calculation of the associated duty cycle to each voltage vector based on the location of the reference 

vector, as well as the higher and lower limits for the discussed scenarios are provided in the 

following parts.  
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(a) 
(b) 

 

(c) 

 

(d) 

Fig.5- 5: Operating scenarios for the reference voltage vector in a conceptual region with 

the utilized vectors for synthesis of the reference voltage vector. (a) case 1, (b) case 2, (c) 

case 3, (d) case 4. 
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5.2.1 Duty cycle calculations for case 1 and 2 

Considering Fig.5-5 (a) and (b) with the reference voltage vector having a magnitude less than the 

denoted lower limit, equation (5-8) can be used to find the appropriate duty cycles for vector 𝑣1, 

𝑣2, 𝑣3, and 𝑣4.   

 

{
 
 
 
 

 
 
 
 𝑅𝑒 {∑𝑑𝑖 × 𝑣𝑖} = 𝑅𝑒{𝑉𝑟𝑒𝑓}

𝐼𝑚 {∑𝑑𝑖 × 𝑣𝑖} = 𝐼𝑚{𝑉𝑟𝑒𝑓}

∑𝑑𝑖 = 1

𝑖 = {1,2,3,4}
𝑑4 = 0 𝑖𝑓 0° ≤ 𝜃 ≤ 30°
𝑑3 = 0 𝑖𝑓 30° < 𝜃 ≤ 60°

 

 

 

(5-8) 

 

where 𝑅𝑒 and 𝐼𝑚 are the real part and the imaginary part operators. 

As it was mentioned earlier, solving such system of equations is ultimately cumbersome, 

specifically as the number of operating modes increases in an MSI. A more convenient way for 

calculating the duty cycles is to use the 60° coordinate system, where the reference vector is 

decomposed on the boundary lines establishing the first sector [125]. Considering Fig.5-6, the 

projection of the reference voltage vector on the boundary lines of the first sector can be obtained 

as follows: 

{
 
 

 
 𝑃1 = 𝑉𝑟𝑒𝑓 cos(𝜃𝑁) −

𝑉𝑟𝑒𝑓

√3
sin (𝜃𝑁)

𝑃2 = 𝑉𝑟𝑒𝑓 cos(60 − 𝜃𝑁) −
𝑉𝑟𝑒𝑓

√3
sin (60 − 𝜃𝑁)

 

 

(5-9) 

 

where 𝑉𝑟𝑒𝑓 is the magnitude of the reference voltage vector, and 𝜃𝑁 is the angle of the transferred 

reference voltage vector to sector 1 with respect to the 𝛼-axis.  
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(a) 

 

 (b) 

Fig.5- 6: Projection of the reference vector on the boundary lines of sector 1: (a) case 1, (b) 

case 2.  
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The value of 𝜃𝑁 is calculated as follows: 

{
 
 

 
 𝜃𝑁 = 𝜃 − (𝑘 − 1) ×

𝜋

3
    𝑖𝑓  0 ≤ 𝜃 ≤ 𝜋

𝜃𝑁 = 𝜃 + (𝑘 − 1) ×
𝜋

3
       𝑖𝑓 − 𝜋 ≤ 𝜃 ≤ 0

 𝑘 = 1,2,… ,6                                                            

 

 

(5-10) 

 

where 𝜃 is the angle of the reference voltage vector with respect to the 𝛼- axis and can be calculated 

as follows, 

𝜃 = 𝐴𝑡𝑎𝑛(
𝑉𝑟𝑒𝑓𝛽
𝑉𝑟𝑒𝑓𝛼

) 
(5-11) 

 

The calculated value for the reference voltage vector angle with the 𝛼-axis in (5-11) is used for 

determination of the sector that hosts the reference voltage vector. For instance, if 0° ≤ 𝜃 ≤ 60°, 

then the reference voltage vector is in sector 1, or for  120° ≤ 𝜃 ≤ 180°, the reference voltage 

vector lies in sector 3.   

Using, the 60° coordinate system, and the calculated values for 𝑃1 and 𝑃2 as the projection of the 

reference voltage vector on the 𝛼-axis and the 60° line, equation (5-11) is simplified to equation 

(5-12) for 0° ≤ 𝜃𝑁 ≤ 30°, for case 1.  

{

𝑑1 × 𝑙1 + 𝑑3 × 𝑙3 = 𝑃1
𝑑2 × 𝑙2 = 𝑃2

𝑑1 + 𝑑2 + 𝑑3 = 1
𝑑4 = 0 

 

 

(5-12) 

 

where 𝑙1, 𝑙2, and 𝑙3 are the magnitudes of the vectors 𝑣1, 𝑣2, and  𝑣3, respectively.  
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Solution of the escalated system of equations in (5-12) is as follows: 

{
  
 

  
 𝑑2 =

𝑃2
𝑙2

𝑑3 =
𝑃1 + 𝑃2 − 𝑙1
𝑙3 − 𝑙1

𝑑1 = 1 − (𝑑2 + 𝑑3)
𝑑4 = 0 

 

 

 

(5-13) 

 

By analogy, similar procedure can be performed for calculation of the duty cycles of vectors 𝑣1, 𝑣2 

and  𝑣4, for case 2, as shown in Fig.5-6 (b). The duty cycles for vectors 𝑣1, 𝑣2 and  𝑣4,  using the 

60° coordinate system are: 

 

{
  
 

  
 𝑑1 =

𝑃1
𝑙1

𝑑4 =
𝑃1 + 𝑃2 − 𝑙2
𝑙4 − 𝑙2

𝑑2 = 1 − (𝑑4 + 𝑑1)

𝑑3 = 0 

 

 

(5-14) 

where 𝑙4 is the magnitude of vector 𝑉4.   

5.2.2 Duty cycle calculations for case 3 and 4 

Similar to case 1 and case 2, assuming that the magnitude of the reference voltage vector is bigger 

than the lower limit and less than the denoted upper limit of Fig.5-7, a combination of the two big 

vectors and one small vector can be used to construct the reference voltage vector.  
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(a) 

 

 (b) 

Fig.5- 7: Projection of the reference vector on the boundary lines of sector 1: (a) case 3, (b) 

case 4. 
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With some changes in the arrangement of the vectors, equation (5-8) can be rewritten for finding 

the appropriate duty cycle of the adjacent vectors as follows: 

{
 
 
 
 

 
 
 
 𝑅𝑒 {∑𝑑𝑖 × 𝑣𝑖} = 𝑅𝑒{𝑉𝑟𝑒𝑓}

𝐼𝑚 {∑𝑑𝑖 × 𝑣𝑖} = 𝐼𝑚{𝑉𝑟𝑒𝑓}

∑𝑑𝑖 = 1

𝑖 = {1,2,3,4}
𝑑2 = 0 𝑖𝑓 0° ≤ 𝜃𝑁 ≤ 30°
𝑑1 = 0 𝑖𝑓 30° < 𝜃𝑁 ≤ 60°

 

 

 

(5-15) 

 

Deliberately, by exploiting the 60° coordinate system, equation (5-15) can be further simplified to 

equation (5-16) for case 3. 

{

𝑑1 × 𝑙1 + 𝑑3 × 𝑙3 = 𝑃1
𝑑4 × 𝑙4 = 𝑃2

𝑑1 + 𝑑2 + 𝑑4 = 1
𝑑2 = 0 

 

 

(5-16) 

 

The solution to (5-16) is obtained in (5-17). 

{
  
 

  
 𝑑4 =

𝑃2
𝑙4

𝑑1 =
𝑙3 − (𝑃1 + 𝑃2)

𝑙3 − 𝑙1
𝑑2 = 1 − (𝑑1 + 𝑑4)

𝑑3 = 0 

 

 

(5-17) 

 

By analogy, for case 4, synthesis of the reference voltage vector can be done using vectors 𝑣2, 𝑣3, 

and 𝑣4. Utilizing the 60° coordinate system, the associated duty cycles for these vectors are: 
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{
  
 

  
 𝑑2 =

𝑃1
𝑙2

𝑑3 =
𝑙4 − (𝑃1 + 𝑃2)

𝑙4 − 𝑙3
𝑑4 = 1 − (𝑑1 + 𝑑4)

𝑑1 = 0 

 

 

 

(5-18) 

Fig.5-7 (a) and (b) demonstrate the location of the reference voltage vector, and the changes of its 

projection on the boarders of sector 1 for case 3 and case 4, respectively.  

 

Fig.5- 8: Reference voltage vector in mode 1 and its projection on the boundary lines of 

sector 1. 

5.2.3 Duty cycle calculations for mode 1 

In mode 1, the three adjacent vectors to the reference vector, are 𝑣1, 𝑣2, and their related zero 

voltage vector as shown in Fig.5-8. Consequently, using the 60° coordinate system and the 

calculated values for the projection of the reference voltage vector on the boundary lines of the first 

sector, the following equations are utilized for finding the duty cycles, 

 

β 

α  

Mode 1

θ 

P
1

P
2

N

V
ref

v1

v2

v0
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{
 
 

 
 𝑑1 =

𝑃1
𝑙1

𝑑2 =
𝑃2
𝑙2

𝑑0 = 1 − (𝑑1 + 𝑑2)

 

 

(5-19) 

 

5.2.4 Selection of the operating modes 

 In this section, the logic for selection of the operating mode based on the magnitude of the 

reference voltage vector, or equivalently based on the value of the modulation index is studied. The 

maximum allowable magnitude for the reference voltage vector in the linear operation for each 

mode is equal to the radius of the inscribed circle by the related hexagon made by the vectors of 

that mode [106]. In other words, in the linear operating region of the SVM, the value of the 

calculated duty cycles for the adjacent voltage vectors must always be a positive value. This means 

that the magnitude of the reference voltage vector cannot exceed the radius of the inscribed circle 

by the hexagon of that operating modes. With this in the mind, and considering Fig.5-3, which 

demonstrates the operating modes and the inscribed circle by the hexagon the related mode, the 

following rules can be defined for selection of each operating mode based on the magnitude of the 

reference voltage vector: 

{
 
 
 
 

 
 
 
 𝑖𝑓 0 ≤ 𝑉𝑟𝑒𝑓 ≤

√3

2
𝑉2 𝑡ℎ𝑒𝑛 𝑚𝑜𝑑𝑒 1

𝑖𝑓
√3

2
𝑉2 < 𝑉𝑟𝑒𝑓 ≤

√3

2
(𝑉1 − 𝑉2) 𝑡ℎ𝑒𝑛 𝑚𝑜𝑑𝑒 2

𝑖𝑓
√3

2
(𝑉1 − 𝑉2) < 𝑉𝑟𝑒𝑓 ≤

√3

2
𝑉1 𝑡ℎ𝑒𝑛 𝑚𝑜𝑑𝑒 3

𝑖𝑓
√3

2
𝑉1 < 𝑉𝑟𝑒𝑓 ≤

√3

2
(𝑉1 + 𝑉2) 𝑡ℎ𝑒𝑛 𝑚𝑜𝑑𝑒 4

 

 

 

(5-20) 
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where 𝑉1 and 𝑉2 are the voltages of the first and the second DC sources of the converter of Fig.5-

2, respectively. 

For further explanations, let us consider the switching state 10-1, which is on the horizontal vertex 

of the most inner hexagon of Fig.5-3. The length of the associated vector to this switching state, is 

equal to 𝑉2, which is the voltage of the second DC source of the converter of Fig.5-2. Now, if the 

magnitude of the reference voltage vector is less than 
√3

2
𝑉2, then the converter would operate in 

mode 1. Similarly, let us consider the switching state 40-4, which lies on the 𝛼-axis and is on the 

vertex of the most outer hexagon of Fig.5-3. The voltage vector associated to this switching state 

has a length of 𝑉1 + 𝑉2, i.e. the summation of the voltages of the first and the second DC sources 

of Fig.5-3. If the magnitude of the reference voltage vector is true for 
√3

2
𝑉1 < 𝑉𝑟𝑒𝑓 ≤

√3

2
(𝑉1 + 𝑉2), 

then the converter would operate in mode 4.  

Considering the definition of the modulation index in (5-7) and the voltage ration of 
1

3
 between the 

two DC link voltage sources as calculated in (5-3), equation (5-20) can be furthered simplified as 

follows: 

{
 
 
 

 
 
 𝑖𝑓 0 ≤ 𝑀𝑎 ≤

1

4
𝑡ℎ𝑒𝑛 𝑚𝑜𝑑𝑒 1

𝑖𝑓 
1

4
< 𝑀𝑎 ≤

1

2
𝑡ℎ𝑒𝑛 𝑚𝑜𝑑𝑒 2

𝑖𝑓 
1

2
< 𝑀𝑎 ≤

3

4
𝑡ℎ𝑒𝑛 𝑚𝑜𝑑𝑒 3

𝑖𝑓 
3

4
< 𝑀𝑎 ≤ 1 𝑡ℎ𝑒𝑛 𝑚𝑜𝑑𝑒 4

 

 

 

(5-21) 

 

5.2.5 Calculation of the operating limits for each case 

As mentioned earlier, the reference voltage vector can be constructed using two different 

combinations of the reserved voltage vectors, i.e. two small vectors and one big vector (case 1 or 
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case 2), or two big vectors and one small vector (case 3 or case 4), depending on the modulation 

index and the angle of the reference voltage vector with the 𝛼-axis. This is valid for all of the 

operating modes, except mode 1, where the synthesis of the reference voltage vector is done using 

two active vectors and one zero vector. Clearly, the value of the calculated duty cycles for each set 

of the vectors cannot be a negative value. We use this simple rule for measuring the limits of 

operation for each case.  

 

Fig.5- 9: Demonstration of the operating modes limits, the limits of each operating case, and 

the constructing vectors of sector 1. 

 

Fig.5-9 indicates the first sector of the 𝛼𝛽 representation of the switching states of the MSI of Fig.5-

2 with the operating limits shown for each mode. The calculated values for the duty cycles in mode 

1 using (5-19) will remain positive if 0 ≤ 𝑀𝑎 ≤ 0.25 as discussed earlier. However, for the other 
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operating modes, depending on the vector arrangements, some precautions should be taken into 

account. It means that, the calculated values for the duty cycles for each vector arrangement are 

positive only for certain ranges of the reference voltage vectors. In the followings, these limits are 

calculated for each case.  

For mode 2, case 1 the reference voltage vector is synthesized using two small vectors and one big 

vector. Having this in mind that the duty cycles cannot be negative values, the following 

inequalities are valid for equation (5-13): 

{
 
 

 
 0 ≤ 𝑑2 =

𝑃2
𝑙2
≤ 1

0 ≤ 𝑑3 =
𝑃1 + 𝑃2 − 𝑙1
𝑙3 − 𝑙1

≤ 1

0 ≤ 𝑑1 = 1 − (𝑑2 + 𝑑3) ≤ 1

 

 

(5-22) 

 

Simplification of (22) leads to: 

{

0 ≤ 𝑃2 ≤ 𝑙2
𝑙1 ≤ 𝑃1 + 𝑃2 ≤ 𝑙3

𝑙1 × 𝑙2 ≤ 𝑃2 × (𝑙2 + 𝑙3 − 𝑙1) + 𝑃1 × 𝑙2 ≤ 𝑙2 × 𝑙3

 

(5-23) 

Specifically, at 𝜃𝑁 = 30° as the boundary between case 1 and case 2, where 𝑃1 = 𝑃2 =
𝑉𝑟𝑒𝑓

√3
, 

equation (5-23) can be rewritten as follows: 

{
 
 

 
 0 ≤ 𝑉𝑟𝑒𝑓 ≤ √3𝑙2

√3

2
𝑙1 ≤ 𝑉𝑟𝑒𝑓 ≤

√3

2
𝑙3

√3(𝑙1 × 𝑙2)

2𝑙2 + 𝑙3 − 𝑙1
≤ 𝑉𝑟𝑒𝑓 ≤

√3(𝑙2 × 𝑙3)

2𝑙2 + 𝑙3 − 𝑙1

 

 

(5-24) 

 

Since 𝑙1 = 𝑙2 and 𝑙3 = 2 × 𝑙1, further simplifying (5-24) results in: 
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√3

2
𝑙1 ≤ 𝑉𝑟𝑒𝑓 ≤

√3(𝑙1 × 𝑙3)

𝑙3 + 𝑙1
 

(5-25) 

 

In Fig.5-9, the values of 
√3

2
𝑙1 and 

√3(𝑙1×𝑙3)

𝑙3+𝑙1
 are represented by 𝑀𝑜𝑑𝑙𝑖𝑚

1  and  𝐿𝑜𝑤𝑙𝑖𝑚
2 , respectively.  

Due to the symmetry between the vectors of case 1 and case 2, the calculated limits in equation (5-

25) are also valid for case 2.  

Similarly, in mode 2, case 3 the reference voltage vector is synthesized using two big vectors and 

one small vector, i.e. 𝑣3, 𝑣4 as for the big vectors and 𝑣1 for the small vector, respectively. Again, 

considering the fact that the duty cycles cannot take negative values the following inequalities must 

be valid for the calculated duty cycles in equation (5-17): 

{
 
 

 
 0 ≤ 𝑑4 =

𝑃2
𝑙4
≤ 1

0 ≤ 𝑑2 =
𝑃1 + 𝑃2 − 𝑙1
𝑙3 − 𝑙1

≤ 1

0 ≤ 𝑑1 = 1 − (𝑑2 + 𝑑3) ≤ 1

 

 

(5-26) 

 

Simplification of (5-26) results in: 

{

0 ≤ 𝑃2 ≤ 𝑙4
𝑙1 ≤ 𝑃1 + 𝑃2 ≤ 𝑙3

𝑙1 × 𝑙4 ≤ 𝑃2 × (𝑙4 + 𝑙1 − 𝑙3) + 𝑃1 × 𝑙4 ≤ 𝑙3 × 𝑙4

 

(5-27) 

 

With similar procedure to case 1 and case 2, at 𝜃𝑁 = 30°, where 𝑃1 = 𝑃2 =
𝑉𝑟𝑒𝑓

√3
, inequalities of  

(5-27) can be simplified as follows: 



 

 

 

155 

 

{
 
 

 
 0 ≤ 𝑉𝑟𝑒𝑓 ≤ √3𝑙4

√3

2
𝑙1 ≤ 𝑉𝑟𝑒𝑓 ≤

√3

2
𝑙3

√3(𝑙1 × 𝑙4)

2𝑙4 + 𝑙1 − 𝑙3
≤ 𝑉𝑟𝑒𝑓 ≤

√3(𝑙3 × 𝑙4)

2𝑙4 + 𝑙1 − 𝑙3

 

 

(5-28) 

 

Since 𝑙3 = 𝑙4 and 𝑙3 = 2 × 𝑙1, applying further simplifications to (5-28) leads to: 

√3(𝑙1 × 𝑙3)

𝑙1 + 𝑙3
≤ 𝑉𝑟𝑒𝑓 ≤

√3

2
𝑙3 

(5-29) 

 

The value of 
√3

2
𝑙3is shown by 𝑀𝑜𝑑𝑙𝑖𝑚

2  in Fig.5-9.  

The summary of the operating limits for cases 1,2,3, and 4 in mode 2 are as follows: 

{
 
 
 
 

 
 
 
 𝑖𝑓

√3

2
𝑙1 ≤ 𝑉𝑟𝑒𝑓 ≤

√3(𝑙1 × 𝑙3)

𝑙3 + 𝑙1
 𝑎𝑛𝑑 0° ≤ 𝜃𝑁 ≤ 30° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 1 

𝑖𝑓
√3

2
𝑙1 ≤ 𝑉𝑟𝑒𝑓 ≤

√3(𝑙1 × 𝑙3)

𝑙3 + 𝑙1
 𝑎𝑛𝑑 30° < 𝜃𝑁 ≤ 60° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 2

𝑖𝑓
√3(𝑙1 × 𝑙3)

𝑙3 + 𝑙1
≤ 𝑉𝑟𝑒𝑓 ≤

√3

2
𝑙3 𝑎𝑛𝑑 0° ≤ 𝜃𝑁 ≤ 30° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 3 

𝑖𝑓
√3(𝑙1 × 𝑙3)

𝑙3 + 𝑙1
≤ 𝑉𝑟𝑒𝑓 ≤

√3

2
𝑙3 𝑎𝑛𝑑 30° < 𝜃𝑁 ≤ 60° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 4

 

 

 

(5-30) 

 

Noticing that the value of 𝑙1 = 𝑙2, and 𝑙3 = 𝑙4 in Fig.5-10 are essentially equal to 𝑉1 and 𝑉1 − 𝑉2, 

where 𝑉1 and 𝑉2 are the voltages of the first and the second DC sources of the converter of Fig.5-

3, equation (5-30) can be written using the definition of the modulation index as follows: 
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{
 
 
 

 
 
 𝑖𝑓

1

4
≤ 𝑀𝑎 ≤

1

3
 𝑎𝑛𝑑 0° ≤ 𝜃𝑁 ≤ 30° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 1 

𝑖𝑓
1

4
≤ 𝑀𝑎 ≤

1

3
 𝑎𝑛𝑑 30° < 𝜃𝑁 ≤ 60° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 2

𝑖𝑓
1

3
≤ 𝑀𝑎 ≤

1

2
 𝑎𝑛𝑑 0° ≤ 𝜃𝑁 ≤ 30° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 3 

𝑖𝑓
1

3
≤ 𝑀𝑎 ≤

1

2
 𝑎𝑛𝑑 30° < 𝜃𝑁 ≤ 60° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 4

 

 

 

(5-31) 

 

Similarly, in mode 3, for case 1 the reference vector is constructed using vectors 𝑣3, 𝑣4, and 𝑣5 

shown in Fig.5-9. In mode 3, case 2 the synthesis of the reference voltage vector is done using 

vectors 𝑣4, 𝑣5, and 𝑣6. Following the same procedures for calculation of the operating limits in 

mode 2 case 1 and case 2, and noticing that the length of 𝑙5 = 𝑙6, and 𝑙5 =
3

2
× 𝑙3, the following 

limit can be used for determination of the operating limits in mode 3, case1 and case 2: 

 

√3

2
𝑙3 ≤ 𝑉𝑟𝑒𝑓 ≤

√3(𝑙3 × 𝑙5)

𝑙3 + 𝑙5
 

(5-32) 

where 𝑙5 is the length of vector 𝑣5 , and 
√3(𝑙3×𝑙5)

𝑙3+𝑙5
 is shown by 𝐿𝑜𝑤𝑙𝑖𝑚

3  as shown in Fig.5-9.  

In mode 3 case 3, the reference vector is constructed using vectors 𝑣3, 𝑣5, and 𝑣6. In case 4 of this 

mode, the reference voltage vector is synthesized using vectors 𝑣4, 𝑣5, and 𝑣6. Thus, the operating 

limits in these cases can be calculated in the similar fashion to mode 2 cases 3 and 4 as follows: 

√3(𝑙3 × 𝑙5)

𝑙3 + 𝑙5
≤ 𝑉𝑟𝑒𝑓 ≤

√3

2
𝑙5 

(5-33) 

where 
√3

2
𝑙5 is shown by 𝑀𝑜𝑑𝑙𝑖𝑚

3  in Fig.5-9.  

 

Since the value of 𝑙5 = 𝑙6 is equal to 𝑉1as the voltage of the first DC source of Fig.5-3, the operating 

limits for the cases of mode 3 can be summarized as follows: 



 

 

 

157 

 

{
 
 
 
 

 
 
 
 𝑖𝑓

√3

2
𝑙3 ≤ 𝑉𝑟𝑒𝑓 ≤

√3(𝑙3 × 𝑙5)

𝑙3 + 𝑙5
 𝑎𝑛𝑑 0° ≤ 𝜃 ≤ 30° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 1 

𝑖𝑓
√3

2
𝑙3 ≤ 𝑉𝑟𝑒𝑓 ≤

√3(𝑙3 × 𝑙5)

𝑙3 + 𝑙5
 𝑎𝑛𝑑 30° < 𝜃 ≤ 60° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 2

𝑖𝑓
√3(𝑙3 × 𝑙5)

𝑙3 + 𝑙5
≤ 𝑉𝑟𝑒𝑓 ≤

√3

2
𝑙5 𝑎𝑛𝑑 0° ≤ 𝜃 ≤ 30° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 3 

𝑖𝑓
√3(𝑙3 × 𝑙5)

𝑙3 + 𝑙5
≤ 𝑉𝑟𝑒𝑓 ≤

√3

2
𝑙5 𝑎𝑛𝑑 30° < 𝜃 ≤ 60° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 4

 

 

 

(5-34) 

 

Rewriting equation (5-34), using the modulation index defined in (5-7) results in: 

{
 
 
 

 
 
 𝑖𝑓

1

2
≤ 𝑀𝑎 ≤

3

5
 𝑎𝑛𝑑 0° ≤ 𝜃𝑁 ≤ 30° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 1 

𝑖𝑓
1

2
≤ 𝑀𝑎 ≤

3

5
 𝑎𝑛𝑑 30° < 𝜃𝑁 ≤ 60° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 2

𝑖𝑓
3

5
≤ 𝑀𝑎 ≤

3

4
 𝑎𝑛𝑑 0° ≤ 𝜃𝑁 ≤ 30° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 3 

𝑖𝑓
3

5
≤ 𝑀𝑎 ≤

3

4
 𝑎𝑛𝑑 30° < 𝜃𝑁 ≤ 60° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 4

 

 

(5-35) 

 

In mode 4 case 1, the reference vector is constructed using vectors 𝑣5, 𝑣6, and 𝑣7. In mode 4, case 

2 the synthesis of the reference voltage vector is done using vectors 𝑣5, 𝑣6, and 𝑣8. Similar to the 

taken procedures in mode 2, and noticing that length of 𝑙7 = 𝑙8, and 𝑙7 =
4

3
× 𝑙5, the following limit 

can be used for determination of the operating limits in mode 4, cases1 and 2: 

√3

2
𝑙5 ≤ 𝑉𝑟𝑒𝑓 ≤

√3(𝑙5 × 𝑙7)

𝑙5 + 𝑙7
 

(5-36) 

 

where 𝑙7 is the length of vector 𝑣7 , and 
√3(𝑙5×𝑙7)

𝑙5+𝑙7
 is shown by 𝐿𝑜𝑤𝑙𝑖𝑚

4  as shown in Fig.5-9. 

For case 3 in mode 4 voltage vectors  𝑣5, 𝑣7, and 𝑣8 are used to generate the reference voltage 

vector while for case 4 of this mode voltage vectors  𝑣6, 𝑣7, and 𝑣8 are exploited.  
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The operating limits for cases 3 and 4 in this mode are: 

√3(𝑙5 × 𝑙7)

𝑙5 + 𝑙7
≤ 𝑉𝑟𝑒𝑓 ≤

√3

2
𝑙7 

(5-37) 

where 
√3

2
𝑙7 is shown by 𝑀𝑜𝑑𝑙𝑖𝑚

4  in Fig.5-9. 

 

Since the value of 𝑙7 = 𝑙8 is equal to 𝑉1 + 𝑉2as the summation of the voltages of the first and the 

second DC sources of Fig.5-3, the limits for the operating cases of mode 4 can be summarized as 

follows: 

{
 
 
 
 

 
 
 
 𝑖𝑓

√3

2
𝑙5 ≤ 𝑉𝑟𝑒𝑓 ≤

√3(𝑙5 × 𝑙7)

𝑙5 + 𝑙7
 𝑎𝑛𝑑 0 ≤ 𝜃 ≤ 30° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 1 

𝑖𝑓
√3

2
𝑙5 ≤ 𝑉𝑟𝑒𝑓 ≤

√3(𝑙5 × 𝑙7)

𝑙5 + 𝑙7
 𝑎𝑛𝑑 30 < 𝜃 ≤ 60° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 2

𝑖𝑓
√3(𝑙5 × 𝑙7)

𝑙5 + 𝑙7
≤ 𝑉𝑟𝑒𝑓 ≤

√3

2
𝑙7 𝑎𝑛𝑑 0 ≤ 𝜃 ≤ 30° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 3 

𝑖𝑓
√3(𝑙5 × 𝑙7)

𝑙5 + 𝑙7
≤ 𝑉𝑟𝑒𝑓 ≤

√3

2
𝑙7 𝑎𝑛𝑑 30 < 𝜃 ≤ 60° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 4
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Rewriting equation (5-38) based on the modulation index, results in: 

{
 
 
 

 
 
 𝑖𝑓

3

4
≤ 𝑀𝑎 ≤

6

7
 𝑎𝑛𝑑 0° ≤ 𝜃𝑁 ≤ 30° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 1 

𝑖𝑓
3

4
≤ 𝑀𝑎 ≤

6

7
 𝑎𝑛𝑑 30° < 𝜃𝑁 ≤ 60° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 2

𝑖𝑓
6

7
≤ 𝑀𝑎 ≤ 1 𝑎𝑛𝑑 0° ≤ 𝜃𝑁 ≤ 30° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 3 

𝑖𝑓
6

7
≤ 𝑀𝑎 ≤ 1 𝑎𝑛𝑑 30° < 𝜃𝑁 ≤ 60° 𝑡ℎ𝑒𝑛 𝑐𝑎𝑠𝑒 4
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Summary of the mode and case selection procedure using the values of 𝜃 and the modulation index 

𝑀𝑎 is provided in Table 5-3.  
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Table 5- 3: Summary of mode and case selection based on the angle θ and the value of the  

modulation index 𝑴𝒂 

 0° ≤ θN ≤ 30° 30° ≤ θN ≤ 60° 

0 ≤ Ma ≤ 1/4 Mode 1 Mode 1 

1/4 ≤ Ma ≤ 1/3 Mode 2, Case 1 Mode 2, Case 2 

1/3 ≤ Ma ≤ 1/2 Mode 2, Case 3 Mode 2, Case 4 

1/2 ≤ Ma ≤ 3/5 Mode 3, Case 1 Mode 3, Case 2 

3/5 ≤ Ma ≤ 3/4 Mode 3, Case 3 Mode 3, Case 4 

3/4 ≤ Ma ≤ 6/7 Mode 4, Case 1 Mode 4, Case 2 

6/7 ≤ Ma ≤ 1 Mode 4, Case 3 Mode 4, Case 4 

 

Fig.5-10 is the flowchart of the proposed PMLSVM method, which summarizes the 

implementation process. The summary of the PMLSVM method is as follows: 

• Transferring the reference voltage vectors from the abc frame to the 𝛼𝛽frame. 

• Selection of the operating mode using the magnitude of the reference voltage vector and 

equation (5-20). 

• Calculation of the angle of the reference voltage vector with respect to the 𝛼-axis using 

equation (5-11). 

• Transferring the reference voltage vector to sector 1 through equation (5-10).  

• Specifying the operating case for each mode using Table 5-3. 

• Calculation of the duty cycles for the adjacent voltage vectors that surround the 

reference vector using the formulations of Section 5.2 for each mode and each case. 

• Selection of the switching states based on Table 5-1 and Table 5-2.  

𝑴𝒂 



 

 

 

160 

 

• Applying the gating commands to the gate driver circuits to control the switching 

actions of the MSI.  

 

Fig.5- 10: Flowchart of the PMLSVM method. 
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5.3 Simulation Results 

This part details the simulation results of the proposed PMLSVM method controlling the switching 

actions of the converter of Fig.5-2. MATLAB Simulink has been used for the simulation purposes. 

The PMLSVM method and the conventional SVM method have been implemented on the converter 

of Fig.5-2 and the results are compared for different values of the modulation index. A constant 

three-phase RL load with the resistance of 10Ω and the inductance of 5mH is selected as the load. 

The first DC source has a voltage rating of 300V and the second DC source has a voltage rating of 

100V. The frequency of the reference voltage vector in all the simulations are 60Hz, and the 

sampling frequency for both SVM methods is selected to be 10.2kHz. The simulation results of 

both methods are compared for their voltage and current THD performances. 

5.3.1 Simulation results for mode 1 

Fig.5-11 is the simulation results for 𝑀𝑎 = 0.1. This means that the converter is operating in mode 

1 and the tip of the reference vector lies in the violet colored region of Fig.5-3. As mentioned 

earlier, in this mode, the reference voltage vector is synthesized using vectors of the most inner 

hexagon. The magnitude of these vectors is equal to the voltage of the second DC source, i.e. 𝑉2 =

100𝑉. For the PMLSVM method, as shown in Fig.5-8, the duty cycles of vectors 𝑣1, 𝑣2, and 𝑣0are 

calculated using equation (5-19), and for the conventional SVM method equation (5-1) is used to 

calculate the duty cycles of the reserved voltage vectors. As it can be seen in Fig.5-11, both 

methods, have similar results. Since the PMLSVM method, and the convectional SVM method use 

two active vectors and one zero vector, the output voltage is essentially a three-level line voltage, 

with steps of -100V, 0V, and 100V as shown in Fig.5-12 (a) and (e) for both methods. In other 

words, both PMLSVM and the conventional SVM utilize the generated voltage vectors by the 

second DC source. Thus, the results are similar for both methods. The voltage and current THD 

both methods in this mode for 𝑀𝑎 = 0.1 are 174.79%, and 1.97%, respectively.  The magnitude of 
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the line voltage around switching frequency harmonic is 4.5V for both methods. Also, both methods 

have similar current harmonic of 1.97%.  

 

Fig.5- 11: Simulation results for 𝑴𝒂 = 𝟎. 𝟏. Simulation results for PMLSVM on the left 

panel: (a) 𝑽𝒂𝒃, (b) three phase load current, (c) voltage THD, (d) current THD. Simulation 

results for the conventional SVM on the right panel: (e) 𝑽𝒂𝒃, (f) three phase load current, 

(g) voltage THD, (h) current THD. 

5.3.2 Simulation results for mode 2 case 1 and 2 

Fig.5-12 is the simulation results for 𝑀𝑎 = 0.2875. In other words, the reference voltage vector 

orbits in the yellow colored area of Fig.3. Based on the analysis of Table III, and as shown in Fig.5-
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6 (a) and (b), for this value of the modulation index, the reference voltage vector lies in the area of 

case 1 and case 2 of mode 2. Consequently, for the PMLSVM, for 0° ≤ 𝜃𝑁 ≤ 30°, vectors 𝑣1, 𝑣2, 

and 𝑣3 of Fig.5-9 are used to build the reference voltage vector. Also, for 30° < 𝜃𝑁 ≤ 60°, vectors 

𝑣1, 𝑣2, and 𝑣4 of Fig.5-9 are used. For the conventional SVM method in this case, vectors 𝑣3, 𝑣4, 

and 𝑣0 of Fig.5-9 are used.  

As it can be seen in Fig.5-12 (a), the PMLSVM generates a five-level line voltage with the steps 

of, -200V, -100V,0V, 100V, and 200V. In other words, in the PMLSVM method, the switching 

actions are done such that a multi-level like voltage waveform is generated. On the other hand, in 

the conventional SVM method, the line voltage waveform is a three-level voltage waveform with 

steps of -200V, 0V, and 200V, which are generated using subtraction of the 300V DC voltage 

source and 100V DC voltage source. Comparison of the voltage THD for both methods reveals that 

the voltage THD of the PMLSVM method is 55.55% while the conventional SVM has a voltage 

THD of 109.79%. This confirms that how using the active vectors decreases the voltage THD in 

PMLSVM in comparison to the conventional SVM. As it can be seen, in Fig.5-12 (c) and (g), the 

magnitude of the fundamental voltage harmonic for both methods are equal to 115.5V. However, 

the magnitude of the generated voltage harmonics around the switching frequency for PMLSVM 

method is around 24.77V, while the conventional SVM generated the switching frequency 

harmonics of magnitudes of around 67.49V, which is a relatively big difference and confirms the 

good performance of the PMLSVM. Also, the current THD for the PMLSVM method for 𝑀𝑎 =

0.2875 is 1.17% while for the conventional SVM this metric is 2.78%. In other words, the quality 

of the load current is better in the PMLSVM in comparison to the conventional SVM method.    
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Fig.5- 12: Simulation results for 𝑴𝒂 = 𝟎. 𝟐𝟖𝟕𝟓. Simulation results for PMLSVM on the left 

panel: (a) 𝑽𝒂𝒃, (b) three phase load current, (c) voltage THD, (d) current THD. Simulation 

results for the conventional SVM on the right panel: (e) 𝑽𝒂𝒃, (f) three phase load current, 

(g) voltage THD, (h) current THD. 

 

5.3.3 Simulation results for mode 2 case 3 and 4 

Fig.5-13 is the simulation results for 𝑀𝑎 = 0.5, where the tip of the reference voltage vector lies in 

mode 2 region. For this value of the modulation index in mode 2, the shown area in Fig.5-7 (a) and 

(b) which demonstrate case 3 and 4 are used, respectively. As discussed in section III and Fig.5-9, 

for mode 2 case 3, vectors 𝑣1, 𝑣2, and 𝑣4 will be used and for case 4, vectors 𝑣3, 𝑣2, and 𝑣4 will be 

utilized to calculate the duty cycles of the adjacent vectors for synthesis of the refence voltage 
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vector. Thus, it is expected that the waveform of the line voltage will be a five-level voltage with 

steps equal to the magnitude of the second DC source, i.e. 𝑉2, and the subtraction of the second and 

the first DC source, i.e. 𝑉1 − 𝑉2, respectively. As it can be seen in Fig.5-13 (a), the voltage 

waveform is a five-level waveform, with the steps constructed by -200V, -100V, 0V, 100V, and 

200V. This is in agreement with the theory, as expected. However, as for the conventional SVM 

method, the voltage waveform is three-level waveform with steps of -200V, 0V, and 200V.  

Comparing these two waveforms reveals that the generated waveform by the PMLSVM mimics 

the sinusoidal waveform better than the conventional SVM. Thus, it is expected that the voltage 

THD is of better quality in PMLSVM. As it can be inferred from Fig.5-13 (c) and (g), the proposed 

SVM method introduces a voltage THD of 49.46% while this metric for the conventional SVM is 

95.63% for 𝑀𝑎 = 0.5. The magnitude of voltage waveform at the fundamental frequency is 199.5V 

for both cases. However, the magnitude of the voltage waveform around the switching frequency 

harmonic, for the PMLSVM is around 44.84V while for the conventional SVM is around 96.4V, 

which confirms the better performance of the PMLSVM method in comparison to the conventional 

SVM. In terms of the current THD, the fundamental current waveform has a magnitude of 11.32A 

for both methods. However, the current THD in the PMLSVM is 1.28% while for the conventional 

SVM is 2.36% in this case. This indicates that the PMLSVM has a better current quality in 

comparison to the conventional SVM.  
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Fig.5- 13: Simulation results for 𝑴𝒂 = 𝟎. 𝟓. Simulation results for PMLSVM on the left 

panel: (a) 𝑽𝒂𝒃, (b) three phase load current, (c) voltage THD, (d) current THD. Simulation 

results for the conventional SVM on the right panel: (e) 𝑽𝒂𝒃, (f) three phase load current, 

(g) voltage THD, (h) current THD. 

 

5.3.4 Simulation results for mode 3 case 1 and 2 

For mode 3 case 1 and 2, the value of the modulation index is selected to be 𝑀𝑎 = 0.577. This 

means that the reference voltage vector rotates in the cyan area of Fig.5-3, and vectors of length 

𝑉1 − 𝑉2, and 𝑉1will be exploited to synthesize the reference voltage vector. In other words, based 

on the discussions and as shown in Fig.5-9, calculation of the duty cycles for 0° ≤ 𝜃𝑁 ≤ 30° are 
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done using vectors 𝑣3, 𝑣4, and 𝑣5 and for 30° < 𝜃𝑁 ≤ 60° vectors 𝑣3, 𝑣4, and 𝑣6are utilized. Thus, 

it is expected that the line voltage for this value of the modulation index is a five-level voltage with 

steps of -300V, -200V, 0V, 200V, and 300V. Fig.5-14 (a) is the line voltage for this value of the 

modulation index under the PMLSVM. As it can be seen, the line voltage is a five-level voltage 

with the expected steps, which is in agreement with the theory. Fig.5-14 (e) is the line voltage for 

similar modulation index value under the conventional SVM, which is a three-level waveform with 

steps on -300V, 0V, and 300V. Comparing these two waveforms shows that the PMLSVM 

generates voltage waveforms that mimics the sinusoidal waveform better than the conventional 

SVM. Fig.5-14 (c) is the voltage THD for the PMLSVM, and it shows that for 𝑀𝑎 = 0.577, the 

voltage THD is 50.68%. For the conventional SVM, as demonstrated in Fig.5-14 (g), the voltage 

THD is 80.87%. As expected from the theory, once again, the PMLSVM method offers a better 

voltage THD performance. The line voltage magnitude at the fundamental frequency for both 

methods is equal to 230.9V; however, the line voltage at the switching frequency harmonics is 

around 50.92V for the PMLSVM and 85.4V for the conventional SVM. In terms of the current 

THD, the PMLSM has a current THD of 1.23% while the conventional SVM has a current THD of 

1.89%. This means the quality of the load current under the PMLSVM is better in comparison to 

the conventional SVM.   
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Fig.5- 14: Simulation results for 𝑴𝒂 = 𝟎. 𝟓𝟕𝟕. Simulation results for PMLSVM on the left 

panel: (a) 𝑽𝒂𝒃, (b) three phase load current, (c) voltage THD, (d) current THD. Simulation 

results for the conventional SVM on the right panel: (e) 𝑽𝒂𝒃, (f) three phase load current, 

(g) voltage THD, (h) current THD. 

 

5.3.5 Simulation results for mode 3 case 3 and 4 

For 𝑀𝑎 = 0.702, the reference voltage vector rotates in mode 3, and the vectors of case 3 and case 

4 as shown in Fig.5-9 are used to calculate the duty cycles. Thus, it is expected that the steps of 

output line voltage will be -300V, -200V, 0V, 200V and 300V. As it can be seen in Fig.5-15 (a), 

the output line voltage is a five-level voltage with the expected steps by the theory. The simulated 
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line voltage for this value of the modulation index under the conventional SVM is a three-level 

voltage with steps of -300V, 0V, and 300V, which can be seen in Fig.5-15 (e). Comparing the 

voltage THD performance in Fig.5-15 (c), for the PMLSVM, and Fig.5-15 (g) for the conventional 

SVM, confirms the better THD performance of the PMLSVM. In fact, the voltage THD for the 

PMLSVM is 50.26% while the conventional SVM has a THD of 60.02% for 𝑀𝑎 = 0.702. The 

magnitude of the line voltage at the fundamental frequency of 60Hz for both methods are 280.8V, 

however, the conventional method has switching frequency harmonics with the magnitude of 

around 69.79V. For the PMLSVM method the magnitude of the line voltage at the switching 

frequency harmonic is around 60.49V. This also, confirms the better performance of the PMLSVM 

in comparison to the conventional SVM at 𝑀𝑎 = 0.702.  

The current THD for both methods are indicated in Fig.5-15 (d) and Fig.5-15 (h). The PMLSVM 

offers a current THD of 1.26% at 𝑀𝑎 = 0.702 while the conventional SVM has a THD of 1.54%. 

This means the current quality of the load is better under the PMLSVM in comparison to the 

conventional SVM.    
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Fig.5- 15: Simulation results for 𝑴𝒂 = 𝟎. 𝟕𝟎𝟐. Simulation results for PMLSVM on the left 

panel: (a) 𝑽𝒂𝒃, (b) three phase load current, (c) voltage THD, (d) current THD. Simulation 

results for the conventional SVM on the right panel: (e) 𝑽𝒂𝒃, (f) three phase load current, 

(g) voltage THD, (h) current THD. 

 

5.3.6 Simulation results for mode 4 case 1 and 2 

For this part of the simulations, the value of the modulation index is set to be 𝑀𝑎 = 0.866. Thus, 

vectors 𝑣5, 𝑣6, and 𝑣7 of Fig.5-9 are used to calculate the duty cycles. It is expected that the line 

voltage is constructed using the steps of -400V, -300V, 0V, 300V, and 400V since the length of the 

utilized vectors for construction of the reference voltage vector in this mode are equal to 300V and 

400V, respectively. As it can be seen in Fig.5-16 (a), the line voltage of the PMLSVM method is a 
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five-level waveform with the expected steps. This confirms the theory. Fig.5-16 (e) is the line 

voltage of the MSI using the conventional SVM method, which is constructed using the vectors of 

length 400V with the steps of -400V, 0V, and 400V.  

 

Fig.5- 16: Simulation results for 𝑴𝒂 = 𝟎. 𝟖𝟔𝟔. Simulation results for PMLSVM on the left 

panel: (a) 𝑽𝒂𝒃, (b) three phase load current, (c) voltage THD, (d) current THD. Simulation 

results for the conventional SVM on the right panel: (e) 𝑽𝒂𝒃, (f) three phase load current, 

(g) voltage THD, (h) current THD. 

As shown in Fig.5-16 (c), the voltage THD of the PMLSVM is 48.95% for 𝑀𝑎 = 0.866 while the 

voltage THD for the conventional SVM is 68.58%. This confirms the better THD performance of 
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the PMLSVM in comparison to the conventional SVM. The fundamental voltage waveform for 

both methods are equal to 346.3V, which is the desired value. However, the magnitude of the line 

voltage around the switching frequency harmonic is around 78.2V while the conventional SVM 

has a line voltage magnitude of around 99.44V at the switching frequency harmonics. In terms of 

the current THD, the PMLSVM has a load current THD of 1.26% with the amplitude of 19.65A at 

the fundamental frequency while this metric for the conventional SVM is 1.54% with similar 

amplitude of 16.65A at the fundamental frequency. This shows the better performance of the 

PMLSVM in comparison to the conventional SVM.  

5.3.7 Simulation results for mode 4 case 3 and 4 

Fig.5-17 is the simulation results for 𝑀𝑎 = 1. Under this value of the modulation index, the refence 

voltage vector rotates in mode 4, and vectors 𝑣5, 𝑣7, and 𝑣8 for 0° ≤ 𝜃𝑁 ≤ 30° and vectors 𝑣6, 𝑣7, 

and 𝑣8 for 30° < 𝜃𝑁 ≤ 60° are use to calculate the duty cycles of the transferred reference voltage 

vector to sector 1.  

Since the length of the utilized vectors for synthesis of the reference voltage vector in this mode 

are 300V and 400V, it is expected that the output live voltage has steps of -400V, -300V, 0V, 300V, 

and 400V. As indicated in Fig.5-17 (a), the line voltage for this value of the modulation index with 

the mentioned steps are built which verifies the theory. On the other hand, Fig.5-17 (e) is the line 

voltage under the conventional SVM method, which is a three-level voltage with steps of -400V, 

0V, and 400V. The voltage THD performance of both methods are shown in Fig.5-17(c) and (g). 

As it can be seen, the PMLSVM method has a voltage THD of 47.8% for 𝑀𝑎 = 1 while the 

conventional SVM method indicates a voltage THD of 52.43%. This means that the PMLSVM 

method offers better THD performance than the conventional SVM.  The magnitude of the line 

voltage around the switching frequency harmonics for the PMLSVM is 90.08V while the 
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conventional methods indicates a voltage magnitude of around 93.22V for the switching frequency 

harmonics.  

The current THD of the PMLSVM method for 𝑀𝑎 = 1 is 1.23% while the current THD for the 

conventional SVM is 1.27%. This confirms the higher quality of the load current when the 

PMLSVM is used to construct the reference voltage vector.  

 

Fig.5- 17: Simulation results for 𝑴𝒂 = 𝟏. Simulation results for PMLSVM on the left panel: 

(a) 𝑽𝒂𝒃, (b) three phase load current, (c) voltage THD, (d) current THD. Simulation results 

for the conventional SVM on the right panel: (e) 𝑽𝒂𝒃, (f) three phase load current, (g) 

voltage THD, (h) current THD. 
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5.4 Comparison study 

This section summarizes the comparison of the PMLSVM method and the conventional SVM 

approach. Fig.5-18 is the summary of the voltage THD for both methods. As it can be seen, for 

modulation index of 0.1, both methods have similar voltage THD percentage. In other words, when 

the converter operates in mode 1, as shown in Fig.5-3, the two active vectors with length of 100V, 

and their associated zero vector are employed to synthesize the reference voltage vector in both 

methods. Since the voltage vector arrangements and the calculated duty cycles for both methods 

are similar, the voltage THD are the same as well. As a result, it is expected that the current THD 

and the magnitude of the line voltage at the switching frequency harmonic should be the same as 

well. As it can be seen, in Fig.5-19, for 𝑀𝑎 = 0.1, the magnitude of the line voltage around the 

switching frequency harmonic, is 4.5V for both methods. Also, as indicated in Fig.5-20, the current 

THD for both methods are the same and equal to 1.97%, which is in agreement with the 

expectations.  

As the value of the modulation index is increased to 𝑀𝑎 = 0.2875, the converter operates in mode 

2, and the reference voltage vector lies in the area associated with case 1 and case 2. For this 

situation, the PMLSVM has a voltage THD of 55.55% while the conventional SVM has the voltage 

THD of 109.79. This shows a relative increase of more than 97% in the voltage THD when the 

reference voltage is synthesized using the conventional SVM in comparison to the PMLSVM. The 

load current THD for the PMLSVM at 𝑀𝑎 = 0.2875 is 1.17% while the conventional method 

offers a current THD of 2.78%. In other words, almost 137% of relative increase in the current 

THD, which is a noticeable difference. Also, the magnitude of the line voltage at the switching 

frequency harmonic is 24.77V for the PMLSVM and 67.49V for the conventional SVM, which is 

more than 172% of relative increase. The reason for such difference is that, the PMLSVM 

constructs the reference voltage using vectors of 200V and 100V length. Thus, the line voltage has 
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a shape similar to the output of the multi-level inverters with equal step sizes. However, the 

conventional SVM utilizes the vectors with length of 200V and zero vector, which increases the 

line voltage THD.    

 

Fig.5- 18: Comparison of the PMLSVM and the conventional SVM for the voltage THD at 

different values of the modulation index. 

 

At 𝑀𝑎 = 0.5, the voltage THD of the conventional method is 95.63% while the PMLSVM 

introduces a voltage THD of 49.46%. Again, it can be inferred that employing active vectors at 

mode 2, case3 and case 4 results in a relative increase of around 93.34%.   Also, the magnitude of 

generated line voltage at the switching frequency harmonic is 44.84V for the PMLSVM while the 

conventional SVM generates a line voltage of 96.4 at modulation index of 0.5. This means almost 

115% of relative increase in the line voltage magnitude if the conventional method is used instead 

of the PMLSVM. Also, the current THD of the load is 1.28% for the PMLSVM while the 
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conventional SVM has a current THD of 2.36%. In other words, using the conventional SVM 

increases the current THD more than 84% at 𝑀𝑎 = 0.5 in comparison to the PMLSVM.  

 

Fig.5- 19: Comparison of the PMLSVM and the conventional SVM for the magnitude of the 

line voltage at the switching frequency harmonic at different values of the modulation index. 

 

Similarity, at modulation index value of 0.575 the converter operates in mode 3 with the reference 

voltage vector lying in the area of case 1 and case 2. Thus, a pseudo multi-level voltage waveform 

is generated at the output of the converter with steps of -300V, -200V, 0V, 200V, and 300V. As it 

can be seen in Fig.5-18, the voltage THD for the PMSVM at this modulation index (𝑀𝑎 = 0.575) 

is equal to 50.68% while the conventional method introduces a voltage THD of 80.87%. It means 

a relative increase of around 60% in the voltage THD. The magnitude of the line voltage at the 

switching frequency for the PMLSVM at 𝑀𝑎 = 0.575 is 50.92V while the conventional method 

generates 85.4V at the switching frequency harmonic in the line voltage. This is a relative increase 

of more than 67% in comparison to the conventional method. The load current THD for the 
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PMLSVM at 𝑀𝑎 = 0.575 is 1.23% and for the conventional SVM is 1.89%, which is a relative 

increase of more than 53.65%.  

 

 

 

Fig.5- 20: Comparison of the PMLSVM and the conventional SVM for the current THD at 

different values of the modulation index. 
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situation, the conventional SVM has a voltage THD of 60.02%, which is an increase of around 

19.4% relative to the PMLSVM. The magnitude of the line voltage at the switching frequency 
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relative to the PMLSVM. The current THD for the PMLSVM is 1.3% and for the conventional 

method this metric is 1.36%, which indicates a relative increase of around 4.61%.  

For modulation index of 0.866 the converter operates in mode 4 with tip of the reference voltage 

vector lying in the area of case 1 and 2. The line voltage THD of the PMLSVM is 48.95% while 

this metric for the conventional method is 68.58%. This is a relative increase of around 40.1% in 

the line voltage THD. Furthermore, the line voltage magnitude at the switching frequency harmonic 

is 78.2V for the PMLSVM and 99.44V for the conventional SVM. In other words, a relative 

increase of 27.16%. The current THD for the PMLSVM at 𝑀𝑎 = 0.866 is 1.26% for the PMLSVM 

and 1.54% for the conventional method, which is a relative increase of 22.22%.  

Finally, at 𝑀𝑎 = 1 where the converter operates in mode 4 with the tip of the reference voltage 

vector lying in the area of case 3 and 4, the PMLSVM has a voltage THD of 47.8% and the 

conventional method has a voltage THD of 52.43%. These two values are the lowest line voltage 

THD results obtained for both methods, respectively. The relative THD increase in the line voltage 

for the conventional method to the PMLSVM is about 9.6%. Also, the magnitude of the line voltage 

at the switching frequency harmonic for the PMLSVM is 90.08V and 93.22V for the conventional 

method. This shows a relative increase of about 3.4%, which is the lowest measured value for this 

metric among the surveyed modulation index values. The current THD for the PMLSVM is 1.23% 

at this value of the modulation index and 1.27% for the conventional SVM, which is a relative 

increase of about 3.25%.  

5.5 Summary  

Recently, multi-source inverters (MSI) as a new generation of the DC/AC converters for integration 

of various DC sources have been introduced.  Such converters supply the load through various 

combinations of the DC sources on the basis of the load requirements. Due to the structure of these 
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inverters, the line voltage at the output side of them is similar to the conventional two-level 

inverters. In fact, the representation of the voltage vectors in the 𝛼𝛽 frame reveals that these 

structures are not capable of generating middle vectors between two consecutive hexagons. 

Consequently, the output line voltage contains more THD contents, which increases more filter 

requirements.  In this chapter, a novel SVM method was proposed, which utilizes four nearest 

voltage vectors for calculation of the dwell-times. In other words, the proposed SVM method 

transfers the reference voltage vector to sector one, and uses two different sets of voltage vectors 

for 0 ≤ 𝜃 ≤ 30, and  30 < 𝜃 ≤ 60 to synthesize the reference voltage vector. As a result, a pseudo 

multi-level voltage waveform is generated that enhances the voltage and current THD. The 

generalized formulation for calculation of the dwell-times and selection of the voltage vectors was 

investigated and implemented on a MSI. Comparison studies using simulations for the conventional 

SVM method and the proposed PMLSVM method confirmed the superiority of the proposed 

method. For instance, it was shown that at modulation index of 𝑀𝑎 = 0.5, the PMLSVM has a 

voltage THD of 49.46% while the conventional method introduces voltage THD of 95.63%. 

Similarly, at 𝑀𝑎 = 1 the voltage THD for the PMLSVM was 47.8% while this metric for the 

conventional method was 52.43%. At modulation indices below 0.25, both methods showed similar 

voltage THD since both of them used same voltage vectors to synthesize the reference voltage 

vectors.  
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Chapter 6 

Conclusion and Future Work 

6.1 Conclusion and summary of the contributions 

Electric vehicle manufacturers have accelerated their production, in an effort to fulfill the 

requirements for a cleaner planet dictated by the Paris climate change agreement. This has spurred 

a relentless research and development effort in both the academia and the industry. As shown in 

Chapter 1, batteries have been extensively used in various types of energy efficient electrified 

vehicles including HEVs, PHEVs, and EVs for years. In fact, electrochemical batteries such as Li-

ion cells offer good energy density characteristics that make them a suitable source of energy for 

the electrified vehicles industry. With the existing battery technologies, an EV can cover distances 

of up to 600 km with a single charge, which is a good range if compared with the conventional ICE 

cars. Despite the good energy density, current battery technologies do not show high power density 

features. Indeed, as the energy density of a battery cell increases, its power density decreases 

accordingly. Conventionally, car manufacturers have been overdesigning the battery pack of their 

products to compensate for the low power density. The unavoidable outcome of an overdesigned 

battery pack is increased weight, volume, and price. To deal with this, hybridization of the battery 

packs with Super Capacitors (SC) has been proposed. This way, battery pack can be designed to 

meet the energy needs of an EV while the SC bank can be designed for the power requirements. 

Moreover, the life span of the battery packs as one of the most expensive and vulnerable parts of 

an EV can be enhanced.  
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Chapter 2, reviewed the state-of-the-art of battery technologies including Li-ion, NiMH, Li-air and 

Zn-air batteries. Their substantial features including energy density, power density, life span, and 

cell voltage were investigated. Additionally, a comprehensive review of the SC cell including the 

study of its structure and marketable SC cells were provided. Various active and passive hardware 

configurations using DC/DC converters for combining battery packs and SC banks in EV 

applications were surveyed with their merits and demerits. Different supervisory control techniques 

including the rule-based methods, optimization-based methods, frequency separation-based 

methods etc., were studied and compared. Finally, multi source inverters as a new generation of 

single-stage DC/AC converters for the joint control of battery packs and SC banks were reviewed.  

Chapter 3 revealed that digital low-pass filters as an extensively used technique for EMC purposes 

in HESS applications lacks design specifications such as passband, stopband, ripples, etc. To 

address these concerns, a systematic approach using the frequency response characteristics of the 

battery packs and SC banks connected to the bidirectional DC/DC converter was proposed for the 

appropriate design of the digital low-pass filters. Since a low-pass filter cannot take the SOC of the 

SC bank into account, to prevent the overcharge or undercharge scenarios for the SC bank a fuzzy 

logic controller was also incorporated along with the DLPF in the designed EMC. Simplicity for 

implementation, online performance, and effective reduction of the battery duty are of the main 

advantages of the proposed controller. It was shown that a cut-off frequency of around 0.023 Hz 

can be an optimized selection for the stopband of the EMC based low-pass filters with attenuation 

of 26 dB. Four main types of the DLPF were simulated using MATLAB filter design tool and a 6th-

order Elliptic filter was chosen. In fact, among the simulated types of filters, the Elliptic filter 

showed the minimum number of filter order, which simplifies its digital implementation. 

Simulation results on the UDDS driving cycle and the experimental results using the Typhoon HIL 

were added to assess the proposed EMC. It was shown that using the proposed EMC, up to 47.9% 
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of reduction in the extracted current from the battery pack in comparison to the battery only system 

is possible.   

Chapter 4 investigated a novel MSI topology for a battery/SC HESS. It was shown that the 

previously introduced MSI architectures either lack the modularity feature or do not offer all the 

possible combinations of the sources. However, the proposed MSI of Chapter 4 offers all the 

possible combinations of the DC sources. Moreover, its modular structure makes it possible to 

exploit as many DC sources. The comparison of the proposed topology with the existing 

counterparts revealed its superiority including the lower number of semiconductor devices, which 

decreases its production price. In fact, the previously proposed structures based on the T-type 

inverter use 12 IGBT switches for 3 operating mode or 14 IGBT switches for 4 operating mode 

whereas the proposed MSI uses 12 IGBT switches for 4 operating modes. To control the SOC of 

the SC bank, a deterministic controller was proposed. By change of the operating mode, the 

proposed controller keeps the SOC of the SC bank in a certain level depending on the reference 

speed. Also, a modified SVM method using the projection of the reference voltage vector on the 

borderlines of sector one in the 𝛼𝛽 frame was proposed to control the switching actions of the MSI. 

Simulation and experimental results were presented to verify the performance of the proposed MSI.      

Chapter 5 introduced a new SVM method for MSI DC/AC inverters. The proposed SVM method 

splits the first sector of the 𝛼𝛽 frame into two 30° bisectors. For each part, three closest voltage 

vectors were used for synthesis of the reference voltage vector. A generalized formulation for 

calculation of the duty cycles was provided that could be applied to any type of MSI converters. 

Simulation results were carried out and it was shown that the proposed PMLSM method offers 

better THD performance in comparison to the conventional SVM method. For instance, it was 

shown that at modulation index of 𝑀𝑎 = 0.5, the PMLSVM has a voltage THD of 49.46% while 

the conventional method introduces voltage THD of 95.63%. Similarly, at 𝑀𝑎 = 1 the voltage THD 
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for the PMLSVM was 47.8% while this metric for the conventional method was 52.43%. At 

modulation indices below 0.25, both methods showed similar voltage THD since both of them used 

same voltage vectors to synthesize the reference voltage vectors.  

6.2 Future work 

Regarding the continuation of research for hybrid energy storage systems, the following 

contributions could be made. 

1. As of today, most of the works on HESS hardware systems have been focused on the 

conventional bidirectional DC/DC converters. This converter acts as a boost converter in 

one direction and plays the role of a buck converter in the other direction. However, there 

are some challenges that need to be addressed. Let us assume that the input of the converter 

is connected to a SC bank. At low values of the SC bank SOC, the SC bank voltage level 

is highly low. It means that if the share of power, which has to be provided by the SC bank 

is relatively high, then a high portion of current needs to processed at the input side of the 

converter. Considering the fact that the input side of the boost converter has only one switch 

manufactured with the existing semiconductor technologies, the current stress on the 

switches will be very high. Thus, with a high probability, the switch of the converter might 

be burned down. Even if the switch is not burned, due to the high amplitudes of the input 

current, the conduction losses of the converter increase dramatically and require more 

cooling systems. Moreover, low voltage values at the input side require the converter to 

have higher voltage gain capabilities. The conventional boost DC/DC converter shows a 

high efficiency drop at voltage gains of more than 3 [126]. In this regard, introducing new 

bidirectional DC/DC converters with capabilities to handle high portions of current at the 
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input side by sharing the current among more semiconductor devices, as well as higher 

voltage gains without compromising converter efficiency seems to be vital.  

2. New multi-input bidirectional DC/DC converters with the capability of integrating more 

energy sources and parallel operation of the sources seem to be vital. In fact, most of the 

proposed multi-input DC/DC converters lack the ability to exploit the energy of the sources 

in a parallel form. In other words, the fundamental issue regarding most of the previously 

proposed multiple input DC/DC converters is that the sources do not have decoupled paths 

to supply the load. Thus, only one source can feed the load at the time. Moreover, the 

current and voltage stresses as well as the component count is the other issue with most of 

the previous designs. To this end, new designs could be proposed with decoupled power 

sharing paths and novel control techniques for governing the stored energy of the sources. 

In addition, the utilization of the Gallium Nitride (GaN) devices paves the path for 

emergence of new DC/DC converters with higher switching frequencies and improved 

efficiencies, which can be considered in the new converter structures.  

3. New online EMC techniques with focus on the SC bank efficiency is another topic that 

could be considered for further research. As mentioned earlier, at low values of the SC 

bank SOC, which is corresponding to the low voltage values, the current drawn from the 

SC bank for high power levels is high. Such high amplitude currents increase the losses of 

the SC bank. Thus, the SC bank efficiency drops down significantly. Moreover, the 

generated heat from the losses increases the cooling requirements and cost. New EMC 

techniques for efficient exploitation of the SC bank energy and limiting its output at lower 

SOC levels could be highly beneficial. Such EMC system could be designed using offline 

training data from a neural network. The data can be mined by escalating optimization 

problems with focus on controlling the SC bank SOC during various driving cycles. 
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Heuristic methods using the mathematical model of the SC bank connected to the DC/DC 

converter to adjust the reference power for the SC bank based on its SOC and input current 

level could be of interesting solution.   

4. As the power electronics systems tend to move towards more compact and more dense 

converters, the need for reducing the magnetic elements seems to be necessary. In this 

regard, switch-capacitor based converters play a crucial role in the emergence of high-

density power converters. As it could be inferred from the existing single-stage MSI 

topologies, they suffer from issues such as lack of modularity, high number of converter 

elements, and lack of parallel power processing path for the sources. To this end, 

introduction and design of new topologies with reduced number of elements, as well as the 

parallel exploitation of the sources seems to be very appealing.  

5. With some modifications and control, the proposed MSI of Chapter 4 can be designed for  

boost magnetic-less single-stage three-phase DC/AC inverter. As it was shown, the 

converter has some extra redundant switching states that could be used for control 

purposes. Thus, by proper control and modulation techniques such as SVM, the converter 

can be designed to introduce magnetic-less boost inverters with only one DC source at the 

input side. This way, the amplitude of the AC side voltage can be enhanced, which is a 

very interesting solution for motor drive applications.     

6. New control techniques for keeping the SOC of the SC bank in an MSI is suggested. For 

instance, control techniques such as model predictive controllers can be used to keep the 

SC bank SOC and control the load current or motor speed/torque concurrently. For such 

purposes an optimization problem that minimizes a cost function can be a solution. Such 

cost function could be consisting of the weighted difference of the SC bank voltage from a 

reference voltage for the SC bank, and the weighted load reference current from the load 
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actual current in the 𝛼𝛽 frame. Since there are a limited number of possible switching states 

in an MSI, during each sampling time, the controller tries to minimize the cost function by 

selecting the most appropriate switching arrangement. This way, while providing the load 

with its desired current, the SC bank SOC can be kept in a certain limit without the need 

for extra control actions.   

7. The operation of the proposed MSI in rectifier mode is suggested here as a continuation of 

this work. The proposed MSI in Chapter 4 operated in the inverter mode. However, for 

proper performance in the EV applications, the MSI needs to be able to work in the rectifier 

mode, as well. As mentioned earlier, one of the most important features of the energy 

efficient vehicles is their capability to capture the released energy from the brakes, which 

requires the inverter to operate in the rectifier mode to transfer energy from the AC side to 

the DC side. By proper control and modulation, this could be done for the proposed MSI.  

8. Selection of the operating mode based on efficiency hierarchy is an interesting topic. A 

great feature of the MSI topologies is their ability to generate flexible voltage at the DC 

side of the inverter. This way, for light load operations, the small voltage value can be 

applied to the inverter input while for higher load operations, higher voltage values could 

be applied. Thus, at light loads the input voltage is reduced, while at higher loads the input 

current is reduced. This leads to better efficiency performance in MSI topologies. To this 

end, a complete mathematical modeling of the system is required for the analysis of the 

efficiency of the MSI in different operating modes. Then, as the load changes, the proper 

operating mode is selected to keep the system efficiency at its best performance.  

9. The emergence of MSI topologies requires new modulation techniques such as selective 

harmonic elimination, SVM, third order harmonic injection etc., for different purposes and 

applications. For instance, as it was shown in Chapters 4 and 5, the 𝛼𝛽 frame representation 
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of the MSI topologies indicated that these structures lack the middle vectors. SVM 

techniques using the virtual vector representation by mathematically defining such vectors 

to synthesize the reference voltage vector is highly recommended. Such techniques can be 

used to reduce of the common mode voltage value in motor application or enhancing the 

THD performance of the MSI topologies.  
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