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ABSTRACT 

In the last decade, multi-input DC-DC converters have been studied in various 

research areas related to plug-in vehicles, hybrid electric vehicles, and renewable energy 

applications. They have several advantages over conventional converters, such as 

reducing the number of components and the power conversion stages and centralizing the 

control. This research discusses a multi-input non-isolated converter in different 

operation modes to enhance the energy management of the fast-charging station of 

electric vehicles. The converter has a modular design with effective control functions. 

The converter was integrated into the proposed fast-charging station and simulated using 

MATLAB/Simulink in different operation modes, and the different losses of the 

converter and its efficiency are analyzed. The simulation results were verified by testing 

the converter at an experimental setup with a low power rate of 100 W. The results show 

an excellent performance of the proposed converter and verified the topology and the 

switching sequence of the converter. 
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Chapter 1. Introduction 

1.1 History of the DC-DC Converters and the Futuristic Perspective 

DC-DC converters appeared with the invention of semiconductors in 1920 [1]. 

The first converter was used as a simple voltage divider and was only able to reduce 

the input voltage with very low efficiency. To obtain an output voltage that is smaller 

equipment for this conversion. Before the Second World War, basic converters were 

utilized in many industrial applications. Due to the war, the research in converters 

stood, but the applications were recognized. After the war, a low-power DC supply 

was one of the technical developments, and many DC-DC conversion techniques 

were developed later [2]. 

   The recent research on fast charging of electric vehicles (EVs) and hybrid 

electric vehicles (HEVs) focuses on reducing the weight, cost, and components 

numbers of DC-DC converters and enhancing the energy management of the fast-

charging stations, and maximizing the lifetime of the energy storage devices with 

minimum cost. Typically, fast-charging stations (FCS) for EVs and HEVs utilize 

batteries and ultracapacitors as energy storage devices for their operation as they 

combine the high energy density of the former and the high power density of the 

latter. As multi-input converters can integrate at least two energy sources or power 

sources and supply at least one output, they show an excellent application in the fast-

charging stations of EVs to employ the advantages of the batteries and the 

ultracapacitors as a hybrid energy system. Moreover, they can be utilized in 

applications that use many energy sources, such as portable electronics, aerospace, 

micro-energy grids, and automotive [3]. 

1.2 Background and Motivation 

         The sales of EVs are increasing rapidly in the automobile market over the 

world to face climate change.  The transportation sector in Canada generated 186 Mt 

CO2 eq (25%) of emissions in 2018 [4]. Therefore, the Canadian government set a 

plan to increase the percentage of EVs from the light vehicles by 10% by 2025 and 

by 2030 to 30%, and finally, to 100% by 2040 [5]. Hence, increasing the fast-

charging stations is essential to make this technology more convenient and popular. 

The charging power rate of EVs in fast-charging stations is an average of 50 kW, and 

the power consumption of one house is 5 kW; as a result, charging electric vehicles 
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during peak hours can put a significant load on the grid. In addition, the cost of 

generation, transmission, and distribution will increase obviously by aggravating the 

critical peak load [6]. Thus, the main challenge of designing the fast-charging 

stations is reducing the charging time, charging cost, and mitigating the load on the 

grid while charging the EVs during peak hours. The fast-charging stations use 

different energy storage devices such as batteries, ultracapacitors, and flywheels that 

have different energy and power density characteristics to achieve the previous 

objectives. These energy storage devices (ESD) are connected to bidirectional DC-

DC power converters to control the power transfer rate between the storage devices 

and the vehicle. In addition, between EDS and the grid or any energy or power 

source like PVs or wind turbines. The DC-DC converters play an important role in 

increasing the lifetime of the energy storage devices. For example, to increase the 

battery's lifetime, it should be charged with SOC not less than 20% and not more 

than 80% [7]. Improving the efficiency of the converters is very important to 

decrease the power losses of the system and enhance the efficiency gain of the 

station. Several studies have been conducted in DC-DC converter topologies to 

utilize different energy sources for battery electric vehicles (BEVs) and Plug-in 

Hybrid Electric Vehicles (PHEVs) [8]. 

    Moreover, multi-input converters are being used in many applications 

nowadays, such as hybrid and plug-in electric vehicles, due to their ability to 

combine different input voltages and supply the load with various output levels. 

These converters have many merits over the conventional ones, such as reducing the 

number of components, the power conversion stages, and increasing efficiency. 

Similar to the conventional converters, the multi-input converters have different 

topologies that can combine one or more features like the number of operation 

modes, power flow capability, and component numbers. In addition, they add 

modularity to the design to integrate more energy sources. However, obtaining all 

features and characteristics in one topology is impossible. The multi-input converters 

can be utilized in fast-charging to reduce the charging stations cost, the cost of the 

charging, reduce the load on the grid during the peak hours, and enhance the 

charging station maintenance with centralized control. 
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1.3  Scope of the Thesis 

         The scope of this thesis is employing multiple-input, single-output, non-

isolated DC-DC converter to enhance the energy management of FCS of EVs with a 

hybrid energy storage system. The proposed design of FCS aims to minimize the cost 

of operation, charging time, impact on the grid, and enhance the lifetime of the 

energy storage devices. It uses a single converter for all energy storage devices with 

a simple control strategy in order to reduce the overall cost of the system and 

facilitate maintenance and troubleshooting. The converter will be simulated at the 

power rate of (0-500 V DC, 0-60 A, and 17 kW) and tested in an experimental setup 

of 100 W to validate the simulation work. 

1.4 Problem Statement and Solution Methodology 

            This research aims to design a dual input DC-DC converter that has a simple and 

modular configuration, so we can easily add more energy storage devices and power 

sources to the converter. Additionally, implement a control algorithm to make the 

converter work in different operation modes effectively. In addition, study different ways 

to reduce the voltage and current ripples of the converter, extend the lifetime of the 

battery, and calculate the converter losses and efficiency in different operation modes. To 

solve this problem, we will use MATLAB/Simulink to design and control the converter 

and calculate its losses and efficiency in different operation modes. The components’ 

power rating will be set according to the market rate and to match the specifications of the 

FCS components as much as possible. 

We will utilize seminal research publications to find the design calculations and equations 

required to determine the control parameters that will get the desired transient response. 

MOSFETs are selected as power switches for the proposed converter as they have good 

efficiency, high switching frequency, and can work at a high-power rate. To validate the 

proposed topology and the switching sequence in the different operation modes, this 

DC/DC converter design will be implemented in an experimental setup at a power rate up 

to 100 W. 

1.5 Research Objectives 

        The thesis aims to design and simulate a multi-input non-isolated DC/DC 

converter in five operation modes with a hybrid energy system and analyze its 

different operational losses and efficiency in those modes. In addition, the proposed 
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converter is tested with fast-charging station (FCS) to charge an electric vehicle's 

(EV) battery. This battery has the same voltage rates as the one used in the famous 

Nissan Leaf EV. The energy storage devices within the FCS will be able to charge 

the EV’s battery individually or simultaneously. Furthermore, the simulation work is 

implemented in a hardware scale with a lower power rate for demonstration and 

validation purposes. 

1.6  DC-DC Converters 

            DC-DC converters are used to convert input voltage to a voltage that is less 

than or higher than that voltage. They are divided according to power flow capability 

into unidirectional and bidirectional. In the unidirectional case, power is transferred 

in only one direction at a time. While in the bidirectional one, power is transferred 

between the source and the load in both directions. DC-DC converters do not only 

transfer power between a given source and load, but can also transfer it between two 

energy storage devices without changing their voltage. 

        They are also divided into two categories: isolated and non-isolated. For 

isolated converters, their input and output sides are magnetically coupled using 

transformers or inductors. Also, each side has its separate ground, which increases its 

safety. Conversely, the input and output sides of non-isolated converters are 

electrically connected and have a common ground. This reduces their cost and 

weight; however, non-isolated converters have a limited voltage gain which can be 

increased by adding inductors, but this is not often recommended as it increases their 

loss, weight, and cost [9]. Table 1.1 summarizes the different topologies of isolated 

and non-isolated converters. 

Table 1.1. Different topologies of DC-DC converters. 

Non-isolated Isolated 

Buck Half-bridge 

Boost Full-bridge 

Buck- Boost Flyback 

Cuk Forward 

Zeta Push-pull 

Sepic Boost Half-Bridge 
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The DC-DC converters use passive and switching elements for power conversion. The 

converter uses inductors and capacitors to reduce the current and voltage ripples. The 

power is converted by storing energy as a magnetic or an electric field on the input side. 

Magnetic field components include inductors and transformers, and the electric field 

components are capacitors. The stored energy is released through switching elements 

such as power switches and diodes at different output voltage levels. The supplied power 

to the load is controlled by changing the duty cycle of the power switches. The main 

objectives of designing any DC-DC converter are to increase its efficiency, reduce output 

ripples, and operate with good stability. The switching frequency of the converter 

determines the size, losses, and thermal/electric characteristics of the converter. For 

example, increasing the switching frequency will reduce the size and weight of the 

elements such as the inductors, but it will increase the switching losses of the converter. 

1.7 Multi-Input DC-DC Converters 

     Similar to conventional converters, multi-input converters have different topologies. 

They have many merits over the traditional converters, such as reducing the number of 

components and the number of power conversion stages. They also offer better efficiency 

and centralized control. Each topology can combine one or more of these merits and 

features and add modularity to the converter to integrate more energy sources. However, 

obtaining all features and characteristics in one topology is impossible. The multi-input 

converters can be utilized in fast-charging stations to reduce the number of DC-DC 

converters and their cost and increase the conversion efficiency with centralized control. 

The multi-input DC-DC converters have proposed several topologies with various features 

and characteristics. The features include the number of operation modes, the number of 

components, the power flow capability, the number of input sources, and design 

modularity. Similar to conventional DC-DC converters, there are isolated and non-isolated 

multi-input DC-DC converters. The non-isolated converters are smaller in size and weigh 

less than the isolated converters, but the isolated converters are inherently safer due to the 

galvanic isolation between the input and the output. 

1.8 Thesis Outline 

          This thesis consists of six chapters to discuss the design and topology of the 

proposed multi-input single-output (MISO) DC-DC converter for a hybrid energy system 
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of a fast-charging station (FCS) for electric vehicles. It also shows the simulation results 

of the converter in different operation modes, as well as the simulation results of the FCS 

with the multi-input DC-DC converter implementation. The experimental work for 

validation is also discussed. This thesis is organized as follows: Chapter 2 presents a 

comprehensive overview of EV charging standards and technologies and recent 

topologies of the MISO non-isolated DC-DC converters. Chapter 3 presents different 

energy storage devices like batteries and supercapacitors.  Chapter 4 discusses in detail 

the design, analysis, and modeling of the converter, its five operation modes, and its 

controller. 

         Moreover, it presents the design of the proposed FCS in detail, including the control 

system. Chapter 5 shows the simulation results of the five operating modes of the 

standalone converter and the simulation results of the converter while integrated into the 

proposed FCS. Chapter 6 shows the experimental results of the operational modes of the 

converter to validate the simulation work. Finally, chapter 7 summarizes this work and 

suggests future improvements. 
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Chapter 2. Literature Review 

2.1 Fast Charging Last Technologies 

          The fast-charging technologies play an essential role in reducing the charging time 

of the electric vehicle (EV)’s battery and increasing its lifetime. The EV’s charger should 

be reliable, and have good efficiency. To maintain the power quality at a high level with a 

high-power factor, the current drawn from the grid by the EV’s charger should have low 

harmonics. Many standards like IEEE1547, IEC1000-3-2, and the US National Electric 

Code (NEC) 690 determine the levels of the harmonics and DC injection into the grid. 

Therefore, most EV chargers are designed according to these standards, as well as the 

boost converter is used for power factor correction (PFC) for this objective in the 

traditional EV chargers. The fast-charging technologies are divided mainly into 

conductive charging and inductive charging. In conductive charging, the EV is connected 

directly to the charging plugs, while in inductive charging, the power is transferred 

magnetically to the EV. The topology of the power converters of each technology 

determines whether the power transfer will be bidirectional or unidirectional. Minimizing 

the battery degradation and hardware requirements can be achieved by unidirectional 

power transfer. The bidirectional charging system allows power transfer between the EV 

and the gird or the energy storage devices [10]. Many power electronics converters are 

used in fast charging technologies, like AC/DC converters, DC/AC inverters, and DC/DC 

converters, based on the need for a particular application. Typically, an EV charger has a 

front‐end AC/DC converter with a back‐end DC/DC converter. Buck/boost converter 

topology is used to achieve the PFC; therefore, modern EV charging design has this 

topology [11]. 

2.1.1 Conductive Charging 

           Conductive charging has different standards that determine the charging power 

rate and the connector type. Each region and country uses its standard; for example, the 

USA uses SAE and IEEE, Europe uses IEC, Japan uses CHAdeMO, and China uses 

Guobiao (GB/T). The GB/T is similar to IEC standards for AC and DC charging, and the 

most common standards used globally are IEC and SAE. The conductive charging is 

mainly divided into off-board and onboard charging regarding where the power 

conversion takes place. In the onboard charging, the power electronics are placed inside 

the vehicle, increasing the vehicle's size and weight and using AC power at low power 
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rates. The power electronics are placed outside the vehicle in the off-board charging, 

allowing the EV to charge with DC power at high power rates. Most fast-charging 

stations use this technology due to their capability to reduce the charging time of the EV. 

2.1.1.1 Onboard Charging 

         The power electronics components in onboard charging, as mentioned previously, 

are placed inside the vehicle, and this limits the charging power rate [10]. However, these 

components are located inside the vehicle, allowing the user to charge from anywhere 

using any outlet. This is one of the main advantages of the onboard charging technology 

compared to off-board charging, as it reduces the infrastructure cost and increases the 

charging spots for the users [12]. The manufacturers utilize these components for 

charging and traction of the vehicle to improve the functionality of the power electronics 

components. The vehicle drive train consists of a traction machine, inverter, and DC-DC 

converter that can charge the EV battery in case of charging from the AC grid, as shown 

in Figure 2.1 [13]. 

As seen in Figure 2.1, the inductance of the traction machine is connected to the AC 

source, the inverter of the traction machine is used as a rectifier, and the battery is 

charged from the DC-DC converter. Using a DC microgrid instead of an AC grid means 

no need for the traction machine and traction inverter, as the DC microgrid will connect 

directly to the DC link. The vehicle will use only one built-in bidirectional DC-DC 

converter for voltage regulation of the DC link for EV’s battery charging. To increase the 

safety of the vehicle, the onboard DC-DC converter should have galvanic isolation in 

case of the DC microgrid is connected directly to the DC link [13]. 

Figure 2.1 Utilization of the traction power electronics in the onboard charging. 
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2.1.1.2 Off-board Charging 

             Nowadays, fast charging refers to off-board charging, and the size and weight of 

the EV can be reduced by using it, as the charging equipment will be located outside of 

the EV, as shown in Figure 2.2, compared to onboard charging. 

 

Figure 2.2. Onboard and off-board charging location in the vehicle [14]. 

            The charging station's design should be capable of charging different vehicles 

with different connectors and communication standards. Therefore, the National Platform 

Electric Mobility recommends using the Combined Charging System to achieve the 

previous targets. The charger should also be able to charge the different types of EV 

battery configurations with different voltage levels. The fast-charging power rate is 

typically between 22 kW and 400 kW, and the three-phase AC circuit at 208, 240, 380, 

480, or 575 V is used to achieve the previous charging power rate [15]. The power rate of 

charging determines the capability of bidirectional power flow in the fast charging 

station. As shown in Figure 2.3, the Off-board charging system generally consists of a 

rectifier with a filter to reduce the harmonics and DC-DC converter to charge the EV’s 

battery from the DC link with its voltage rate. 

Figure 2.3 Off-board charger configuration. 
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          Different rectifier and DC-DC converter topologies could use in this technology 

based on the application and charging power rate. The medium voltage grid connection 

could use additional transformers, increasing the space of the station. The cooling system 

is essential in fast-charging stations, and it is vital to use the water cooling in the high-

power charging rates instead of the air cooling. In addition, as the charging occurs with 

high current rates, it is essential to cool the plugs with water [13]. Table 2.1 summarizes 

the power levels, power level types, typical use, and charging time of onboard and off-

board charging [10]. 

Table 2.1. Onboard and off-board charging [10]. 

Power level types Typical use Power level Charging time 

Level-1/Single phase 

120 Vac (US) 

230 Vac (EU) 

Charging at home 1.4 kW (12 A) 

1.9 kW (20A) 

4-11 hours 

11-36 hours 

Level-2/Single or three-

phase 

240 Vac (US) 

400 Vac (EU) 

Charging at private  

or public outlets 

4 kW (17 A) 

8 kW (32 A) 

 

1-4 hours 

2-6 hours 

Level-3/ Three-phase 

(208-600 Vac or Vdc) 

Commercial or public 50 kW 

100 kW 

 

0.2-0.5 hours 

 

2.1.2 Inductive Charging 

             EV batteries can be charged without direct contact between the charging system 

and the EV by utilizing a varying electromagnetic field to transfer the power remotely 

across the air gap. Currently, a lot of research is being conducted to improve this 

technology as the inductive power transfer has several merits. For example, it can 

increase the convenience of the customer as he can charge his vehicle without leaving it. 

In addition, its weatherproof technology as the EVs can be charged in harsh weather such 

as heavy snow or rain without massive cables and thick duty plugs. Moreover, it 

increases the safety of the system as it is based on galvanic isolation and the availability 

of autonomous charging of EVs. 

The efficiency of inductive charging is lower than conductive charging as the energy 

losses during the transmission are high. This will consume a lot of electricity to 

compensate for the energy losses of running an EV and is more expensive. One of the 
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main disadvantages of inductive charging is producing high magnetic fields that could 

harm the customer in the long term. The previous drawbacks make inductive charging 

availability in the market low. 

As shown in Figure 2.4, the wireless charging system generally is based on converting 

the AC current drawn from the grid to high frequencies in the primary winding to induce 

AC currents in the secondary winding. The induced AC current is rectified to charge the 

EV [13]. The conversion of the AC currents into high frequencies and the primary 

winding are placed off-board, while on the vehicle, the secondary inductance, the AC-DC 

conversion, and battery charging take place. 

 

               Figure 2.5 shows an example of an inductive charging system in detail in [16]. 

Based on the electric isolation of the charging system, the system’s components are 

divided into the components of the primary side and the secondary side. The primary side 

consists of the utility input, AC to DC Converter, DC to AC Converter, transformer, and 

matching circuit. The utility input supplies power in low frequency, either single-phase or 

three-phase. The utility's power is converted from AC to DC using the AC/DC converter 

with a power factor compensator to obtain a regulated DC voltage. Using an entirely 

switched bridge DC/AC converter can convert the power to high-frequency power. The 

system use transformer for isolation purposes to increase its safety, and the matching 

circuit uses low losses energy storage elements to inject high-frequency energy to the 

secondary side. The secondary side consists of a matching circuit similar to the primary 

side's matching circuit to inject the energy into the AC/DC converter. The converter has 

an LC filter on its output that supplies the battery of the vehicle with DC power. 

Figure 2.4 General inductive charging system. 
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Figure 2.5 Detailed inductive EV Charging System [16]. 

           The design of the coupled winding is the core of the inductive charging as the 

efficiency, power transfer level, the excepted levels of shielding and magnetic emissions, 

and overall performance-based on it [17]. The resonant converters are mainly used in 

inductive charging systems. The resonance frequency of the system depends on the 

alignment of the vehicle to the primary winding; if the alignment changes, the resonance 

frequency will change. The maximum power is achieved in the resonance frequency; 

thus, regulating the operating frequency to the resonance frequency is crucial to 

maximizing the power transfer. Using materials like silver-plated copper or aluminum for 

the secondary coil will reduce its size and resistance, and improve the charging system 

performance. Besides, increasing the transmission frequency will increase the power 

transfer efficiency by using the same power density. However, increasing the 

transmission frequency is not always possible, as the power electronics of the charging 

system could not be capable of working with these high frequencies [17]. 

Equation (2.1) shows the relation between the switching frequency, duty cycle, the input 

voltage of the inverter, and the amount of power transferred to the secondary coil. 

𝑈1(𝑡) =
4 𝑈𝑑0

𝜋
sin(𝑑

𝜋

2
) cos(𝜔𝑡)                                         (2.1) 

Where Ud0 is the high-frequency power inverter rail voltage, d is pulse duty ratio, and ω 

is the angular frequency as by controlling these parameters, the power transferred can be 

regulated [8]. The SAE J2954™ team determines three classes of wireless power transfer 

(WPT) of EVs and PEVs. The first one is up to 3.7 kW, the second is 7.7 kW, and the 

third is 22 kW [17]. 
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          This technology is still under development as few companies offer wireless 

charging. Qualcomm Halo produced wireless charging at a power rate of 22 kW and was 

successfully used by the Formula E electric race series. BWM will sell a wireless 

charging pad capable of charging an EV in 3.5 hours [18]. The researchers are now 

working to optimize the cost and efficiency, increase misalignment tolerance, and reduce 

the size of the WPT chargers. 

2.1.2.1 Stationary Charging 

               In stationary wireless charging, the EVs are charged by placing the vehicle in a 

specific charging spot where the primary coil of the site is coupled with the secondary 

coil placed in the vehicle, as shown in Figure 2.6. 

 

 

This technology could be suitable in some applications like embarking and disembarking 

the passengers while charging the bus. To prevent floods or any other hazardous 

situations in the primary coil, it is sealed in rubber or covered with plastic. The primary 

coil is located in a pad that contains ferromagnetic materials to shape the magnetic field, 

reduce the leakage of the magnetic field, and includes metal rings or plates. Installation of 

an automatic guidance system can increase the coupling between the primary and the 

secondary coils, as the driver can align directly above the primary pad using this system 

[19]. The efficiency of the charging increase by increasing the overlapping area between 

the primary and secondary coils. With air gaps of 1-150 mm between the primary coil 

and secondary coil, the stationary charging can transfer power up to 50 kW [20]. 

 

 Figure 2.6 General configuration of stationary charging. 
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2.1.2.2 Road-Embedded Charging 

           The road-embedded charging is presented as an alternative to the fast-charging 

stations as the EV can be charged while it is moving, as illustrated in Figure 2.7, as the 

primary coil is located on the pavement, and the secondary coil is located inside the 

vehicle. 

 

 

 

  

  

 

 

The battery in road-embedded charging is continuously charged, which will 

reduce the battery size and hence reduce the size and cost of the vehicle. Also, the battery 

is continuously charged, which will eliminate the range anxiety. As the primary 

transducers need to be installed on all the roadbeds, this will increase the installation and 

maintenance costs of this technology. One of the main drawbacks of this technology also 

is the coupling between the primary and secondary coils is low due to the high air gap 

between them. Many research has been conducted on-road embedded charging to study 

the relationship between highway driving cycle and inductive power transfer systems 

with power levels varying from 10–60 kW and coverage from 10–100%. The results as 

shown in Figure 2.8 shows that 50% of the road can be covered with a 20 kW power of 

the driving range or 20% with a power of 50 kW. For power transfer greater than 20 kW, 

a very high driving range can be obtained for coverage of more than 50% [21]. 

 

 

 

 

 

Figure 2.7 Road-embedded charging concept. 
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More development has also been applied to integrate renewable energy sources using 

several technologies like wind generators and solar roadways in road-embedded charging 

for charging EVs on the highways [22]. Generally, road-embedded charging has lower 

efficiency and high costs than stationary charging [13]. 

2.1.3 Battery Swapping 

          One of the suggested methods for fast charging is using the swapping battery 

technique as the discharged battery could be replaced by charged one, by opening the 

bottom of the vehicle manually or automatically and then changing the battery in the 

swapping charging station. The range anxiety of the EVs is one of the main challenges of 

EV adoption, and this technique could face this problem. The battery swapping could 

take 5-15 minutes for energy replenishment to minimize the charging time. Battery 

swapping can play an important role in reducing the price of the EV, as the total price of 

the EV will be reduced by reducing the cost of the battery. 

          However, this approach still has many limitations in being applicable, such as the 

batteries of the EVs should have the same type, dimensions, and size. In addition, the 

internal connections and shape of the battery should be standardized by all manufacturers. 

The manufacturers reject this method as it will reduce the OEM’s freedom of design [13]. 

2.2 Fast Charging Standards and Protocols 

             Many standards have been established to deal with EV charging infrastructure 

worldwide. Each region and country use its standard; for example, the USA uses SAE 

and IEEE, Europe uses IEC Japan uses CHAdeMO, and China uses Guobiao (GB/T) as 

Figure 2.8 Power rate transferred for different coverage of road embedded charging and the driving range [21]. 
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well as similar to IEC standards for AC and DC charging. The most common standards 

used globally are the IEC and SAE standards. 

2.2.1 IEC Standard 

                The International Electrotechnical Commission (IEC) is a British 

standardization organization that develops electrical, electronic, and related technologies 

standards. Several IEC  standards for fast charging of EVs are applied depending on the 

equipment used and the operation condition [23]. 

2.2.1.1 IEC 61851 

            The IEC 61851 has been used for off-board and onboard charging of EVs at a 

voltage rate of 1500 V DC and 1000 V AC. Table 2.2 summarizes the different sections 

of the  IEC 61851 standard and their definitions [24]. 

Table 2.2 Sections and definitions of the IEC61851 standard. 

 

2.2.1.2 IEC 61980 

               The standard of IEC 61980 applies for wireless power transfer for EVs from 

supply networks in voltage rates up to 1500 V DC and 1000 V AC and from on-site 

storage systems such as buffer batteries [25]. 

2.2.1.3 IEC 62196 

             IEC62196 standard defines requirements and tests for different accessories and 

equipment used for conductive EVs charging. Table 2.3 summarizes the various sections 

of the  IEC 62196 standard and their definitions [26]. 

Section Definitions 

IEC61851-1  

The standard for cable connection 

and plug setups to charge EVs and 

it is divided into 3 cases A, B, and 

C 

 

 

Type 1: The EV is attached permanently 

to the cable, but it is detachable at the 

charging station. 

Type 2: The cable is not attached 

permanently to the EV or the charging 

station. 

Type 3: The charging station permanently 

to the charging station. 

IEC61851- 

21-1 

The EMC requirements of the onboard charging for AC/DC supply of 

conductive charging. 

IEC61851- 

21-2 

The EMC requirements of the off-board charging for conductive charging. 

IEC61851-

23 

The DC fast-charging station requirements. 

IEC61851-

24 

Addressing the digital communication to control the DC charging between the 

equipment of the EV supply and the charging controller of the EV. 
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Table 2.3 Sections and definitions of the IEC62196 standard. 

Section Definition 

IEC62196- 

1 

Identify the requirements for plugs, socket-outlets, connectors, inlets, and cable 

assemblies of conductive charging of EVs in voltage and the current rate of 690 

V AC and 250 A, and voltage and the current rate of 500 V DC and 400 A. 

IEC62196- 

2 

Applies for different accessories and equipment of standardized configurations in 

voltage rate of 480 V AC and the current rate of 63 A for 3 phase and 70 A for 1 

phase. 

IEC62196- 

3 

Applies to EVs couplers with pins and contact tubes in EV conductive charging 

in voltage rate of 500 V DC and the current rate of 250 A and voltage rate of 

1000 V AC and the current rate of 250 A. 
 

2.2.2 SAE standards 

              The Society of Automotive Engineers (SAE) is an American organization that 

develops standards for different industries, especially in the transportation sector like 

aerospace and automotive. Several SAE standards for fast charging of EVs are applied 

depending on the equipment used and the operation condition [27]. 

2.2.2.1 SAE J2293 

          This standard establishes requirements for transferring electric energy for EVs 

from the electric utility in North America. It also defines all the characteristics needed for 

the energy transfer system to ensure functional interoperability between electric vehicle 

supply equipment (EVSE) and the EV. 

2.2.2.2 SAE J2293-1 

           This section addresses the physical requirements to transfer power during the 

operation condition of inductive charging, DC and AC conductive charging between 

EVSE and EV, and to send the information between them [28]. 

2.2.2.3 SAE J2293-1 

           This section identifies the communication requirements and the network 

architecture to communicate between the EVSE and the EV [29]. 

2.2.2.4 SAE J1772 

            This standard defines the connector's configuration for EV conductive charging 

couplers and the EV charging station communication protocol for DC and AC charging, 

including the three charging levels. The standard discusses the different types of 

equipment rating of EV charging, such as charging current, voltage, and circuit breaker 
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rating. All EVs sold in North America have SAE J1772 charging sockets except Tesla, as 

it uses an adaptor. Table 2.4 summarizes the voltage and current rates in IEC 62196, IEC 

61851, and SAE J1772 standards [30, 31]. 

Table 2.4 Voltage and current rates in IEC62196, IEC61851, and SAEJ1772 standards. 

Standard Source Mode/Level Voltage (V) Phase Max Current 

(A) 

IEC 62196 AC Mode 1 120 Single 16 

Mode 2 240 Single 32 

Mode 3 250 Single 32-250 

DC Mode 4 600 DC 400 

IEC 61851 AC Mode 1 120 Single 16 

Mode 2 240 Single 80 

DC Mode 4 200-450 DC 80 

SAE J1772 AC Mode 1 120 Single 16 

Mode 2 240 Single 32-80 

DC Mode 1 200-450 DC 80 

Mode 2 200-450 DC 200 

 

2.2.2.5 SAE J1773 

             This standard establishes the minimum interface requirements for manual 

connected inductive charging of EVs in levels 1,2 and 3 in North America. This standard 

is not applicable for automatic connection or transferring power at frequencies 

significantly higher than power line frequencies [32]. 

2.2.2.6 SAE J2847 and SAE J2836. 

             Along with SAE J1772, these two standards define the communication needs 

between the charging infrastructure and an electric vehicle. SAE J2847 describes the 

communication requirements, while SAE J2836 specifies the use cases and testing 

infrastructure. Table 2.5 lists the various sections and names of the SAE J2847 and SAE 

J2836 standards and the application areas that can be inferred [32, 33]. 

Table 2.5 Sections of the SAEJ2847 and SAEJ2836 standards and their definitions. 

 

Section Definition 

SAEJ2847/1-2 Communication between plug-in vehicles, off-board DC chargers, and 

between plug-in vehicles and the utility grid. 

SAEJ2836/1-2 Use cases for communication between plug-in vehicles and the utility grid 

and between plug-in vehicles and an off-Board DC charger. 

SAEJ2836/3 As a DER, use cases for plug-in vehicle communication 

SAEJ2836/4- 6 There are use cases for diagnostic, customer, and wireless charging 

communication for plug-in automobiles. 
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2.2.2.7 SAE J2931 

                 This standard specifies the requirements for digital communication between 

electric vehicle supply equipment, plug-in automobiles, service providers or utilities, 

advanced metering infrastructure, energy services interface, and the home area network.  

Table 2.6 summarizes the different sections of the  SAE J2931 standard and their 

definitions [34]. 

Table 2.6 Sections and definitions of SAE J2931 standard. 

Section Definition 

SAEJ2931-1 The architecture and general needs for digital communication are defined in this standard. 

SAEJ2931-2 Using FSK and the SAE J1772TM Pilot wire, define a MAC and PHY layer 

implementation of digital communications. 

SAEJ2931-3 Using NB OFDM and either the SAE J1772TM Pilot wire or mains, define a MAC and 

PHY layer implementation of digital communications. 

SAEJ2931-4 Defines the digital communications MAC and PHY layer implementation using BB 

OFDM and either the SAE J1772TM Pilot wire or mains. 

 

2.2.2.8 SAE J295 

            Wireless power transfer (WPT) of light-duty plug-in electric vehicles for 

acceptance criteria for interoperability, electromagnetic compatibility, electric and 

magnetic fields (EMFs) identified in this standard for an industry-wide. In addition,   

minimum performance, safety, and testing are determined in this standard. This standard 

is designed for stationary applications (charging while the vehicle is not in motion) [34]. 

2.2.3 Combo Charging System (CCS) 

          The Combo Charging System (CCS) is an international standard that SAE has 

approved. It has many advantages, like combining the AC charging of a single-phase or 

three-phase with DC charging in a single charging connector in a power rate of 50 kW- 

350 kW. Besides, it is easier to use the system and much lighter charging cord than 

CHAdeMO. The standard is used in the USA and Europe and uses the power line 

communication (PLC) for communication as part of control charging using smart grid 

protocol [35]. 

2.2.4 CHAdeMO Standard 

         CHAdeMO is a DC charging standard developed by the CHAdeMO Association for 

electric vehicles with power ratings ranging from 6 kW to 400 kW and voltage and 

current ratings up to 1000 V and 400 A with 900 kW. It uses the CAN protocol to ensure 
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smooth communication between the EV and the charger [36]. The standard is based on 

four principles: 

1-Security: by creating chargers that are safe to use in any environment. 

2- Future-proof: by including bi-directional charging and compatibility with any local or 

optional functions in addition to charging. 

3- Ease of use: The protocol is compatible with CAN and onboard communication 

networks, making integration with the rest of the vehicle simple and reliable. 

4-Uniformity: The CHAdeMO connector is the same worldwide and can be used with or 

without an AC adapter. It allows for cross-continental EV travel and saves EV 

manufacturers money. 

2.2.5 Guobiao Standard 

The Guobiao (GB/T) is a Chinese standard published by the Chinese National Committee 

of ISO and IEC and the Standardization Administration of China (SAC). The GB/T 

standard specifies the general criteria for electric vehicle conductive charging, the 

connection settings for both AC and DC charging couplers, communication protocols, 

and electric energy metering. Table 2.7 lists the various sections of the GB/T standard 

and their definitions [37]. 

Table 2.7 Sections and definitions of GB/T standard. 

Section Definition 

GB/T20234.1 Defines the requirements, testing methodologies, and testing specifications for 

the conductive charging connection set for electric vehicles. 

GB/T 20234.2 The characteristics and dimensions of an AC charging coupler for conductive 

charging of electric vehicles at maximum voltage and the current rate of 63 A 

AC and 440 V AC are specified. 

GB/T 20234.3 The characteristics and dimensions of a DC charging coupler for conductive 

charging of electric vehicles at maximum current and voltage rate of 250 A and 

1000 V DC are specified. 

GB/T 27930 The CAN communication protocol between the EV battery management system 

and the off-board conductive charger is defined in this standard. 

GB/T 28569 Specifies the technical requirements of electric energy metering for the EV AC 

charging spot. 

 

2.3 Existing Topologies of the Multi-input Converters 

             Several research has been conducted on the multi-input DC-DC converters to 

employ them in many applications like integrating renewable energies in microgrids, 

hybrid generation systems, and HEV/FCV applications. Increasing the modularity of the 
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multi-input converters becomes one of the main research targets of this technology, so it 

can easily integrate more energy sources and enhance the energy management of some 

applications. Many studies have been conducted to lower the switching losses of multi-

input DC-DC converters using zero current switching (ZCS) or zero voltage switching 

(ZVS). The characteristics of the multi-input DC-DC converters are also based on the 

control methods; therefore, many studies have been implemented to improve the control 

strategies to enhance and increase the energy management of different energy resources. 

The merits and limitations of each topology decide which applications it can be used for. 

Several topologies have been proposed in the multi-input DC-DC converters. Each 

topology has its features and characteristics, such as the number of the operation modes, 

the number of components, the power flow capability, the number of input sources, and 

the modularity of the design. Similar to the conventional converters, the structure of the 

multi-input converter is divided into non-isolated and isolated converters. This section 

discusses different topologies of non-isolated structure, as the non-isolated converters 

have less size and weight than the isolated converters. The comparison between the 

different topologies will be in terms of the number of components, the operation modes, 

the power flow capability, and the modularity of the design. 

2.2.6 Multi-input Buck/Buck-Boost Converter 

        This topology [38] works in four different operation modes. As shown in Figure 

2.10 the two power sources supplying the load using two power switches and two diodes 

and one inductor. This converter has a unidirectional power flow since the two sources 

can deliver the power separately or together to the load, but the power can not be 

transferred from the output to the input. 

  

 

 

 

 

 

Figure 2.10 Multi-input buck/buck-boost converter. 
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The four operation modes of this topology are: 

1. Switch S1 is turned on, and switch S2 is turned off in the first operation mode, so 

the load is supplied from the first source, V1. 

2. Switch S1 is turned off, and switch S2 is switched on in the second operation 

mode, so the load is supplied from the second source, V2. 

3. The switches S1 and S2 are turned off in the third operation mode, so the load is 

supplied by Capacitor C. 

4. The switches S1 and S2 are turned on in fourth operation mode, so the load is 

supplied simultaneously from sources V1 and V2. 

2.2.7 Multi-input DC-DC Boost Converter 

         The topology [39] is typically used in renewable energy applications to utilize the 

distributed generation sources in an integrated structure. It utilizes two power sources, PV 

arrays and fuel cells, and one energy storage like a battery. As seen in Figure 2.11, the 

load is supplied with continuous input and output current using two power switches with 

high efficiency. It depends on two switching periods introducing two duty ratios to 

control the power from the power sources and the energy storage. 

 

 

 

 

 

 

 

 

The three operation modes of this topology are: 

1. Charging L1 from the input source Vin1 when the switch S1 is turned on, and  S2 is 

turned off. 

2. Supplying the load from both inductors L1 and L2 when the switches S1 and  S2 are 

turned off. 

Figure 2.11 Multi-input DC-DC boost converter. 
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3. Charging L2 from the input source Vin2 when the switch S1 is turned off, and  S2 is 

turned on. 

This topology works in the unidirectional power flow so that the input power sources 

can supply the load only. 

2.2.8 Hybrid Buck/Buck DC-DC Converter 

               The topology [40] is suitable for applications whose output voltage needs a 

high voltage range, such as telecom power systems, renewable energy, and electric 

vehicles. This topology delivers power to the load from two power sources, either 

separately or simultaneously. From Figure 2.12, the main drawback of this topology 

is that it has high parts numbers. The converter works in four operation modes in 

unidirectional power flow and continuous conduction mode. 

 

 

 

 

 

 

 

 

 

The four operation modes of this topology are: 

1. S1 is switched on, and S2 is turned off in the first mode, so the source V1 charges 

inductor L1 and supplies power to the load. 

2. The switch S1 is turned off, and S2 is turned on in the second mode, so source V1 

charges capacitors C1 and C2, while source V2 supplies power to the load and 

charges inductors L2 and L3. 

3. The switches S1 and S2 are turned on in the third mode, so the sources V1 and V2 

supply the power to the load. 

Figure 2.12 Hybrid buck/buck DC-DC converter. 
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4. The switches S1 and S4 are turned off in the fourth mode, so the inductors L2 and 

L3 and capacitor C3 discharge in the load. 

2.2.9 Bridge-type Dual-input DC-DC Converter 

                This topology [41] is used in DC microgrid applications to integrate two 

different sources that have different V-I characteristics. The load can be supplied 

from the two sources individually or simultaneously, and as seen in Figure 2.13, this 

topology utilizes three power switches to work in three different operation modes in 

unidirectional power flow. The structure of this topology has the advantage of 

connecting the two sources in series connection with fewer conduction losses [42]. 

 

 

 

 

 

 

The three operation modes of this topology are: 

1. The switch S1 is switched on, and the switches S2 and S3 are turned off in this 

mode, so the source V1 supplies the power to the load. 

2. The switch S2 is switched on, and the switches S1 and S3 are turned off in this 

mode, so the source V2 delivers the power to the load. 

3. The sources V1 and V2 supply the power simultaneously to the load when the 

switch S3 is turned on, and S1 and S2 are turned off. 

2.2.10 Multi-input Converter Based on Switched Capacitor 

             Many switched capacitor cells make up this topology [43], as seen in Figure 

2.14. Each cell uses two diodes, one capacitor, and one power switch. The number of 

input sources equals the number of power switches and capacitors. This topology 

does not employ any magnetic components; it is based only on the active switches 

and capacitors; therefore, it has less weight and size than the many multi-input 

converters. It also has the advantage of modularity, as it can integrate many power 

Figure 2.13 Bridge-type multiple-input DC-DC converter. 
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sources by adding more switched-capacitor cells and work in high frequencies with 

low losses. This topology suitable for the applications has many power sources like 

microgrids, as the output power is the summation of the input sources. 

 

 

 

 

 

 

 

This topology works in two different operation modes to supply the load: 

1. The sources V1 and V2 are charging the capacitors C1   and C2 through the forward 

diodes bias D1, D2, D3, and D4 when the S0 is turned on, and S1 and S2 are turned 

off and the output capacitor Co is discharging in the load. 

2. The capacitors C1 and C2 discharge through D5 with source V0 to charge the output 

capacitor C0 when the S0 is turned off and S1 and S2 are turned on. 

2.3.6 Multi-Input Non-isolated DC-DC Converter with Vehicle to Grid 

Feature 

This topology [44] is used in electric vehicle (EV) applications to charge the EV 

from the PV while parked and execute vehicle to grid or vehicle to vehicle 

operations. The proposed converter can work in six operation modes based on the 

EV’s battery status, the power availability of the PV, and the bank of the battery. 

The proposed converter in Figure 2.15 consists of three IGBTs with antiparallel 

diode (S2, Sm, and SBi), one IGBT without antiparallel diode (S1), a diode (D1), an 

inductor (L), an output capacitor (C) and four relays (R1, R2, R3, and RA). 

Figure 2.14 Multi-input converter based on switched capacitor. 
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The six operation modes of the proposed topology: 

1. Boost operation: The R2 and RA relays are turned on in this mode, while the rest 

of the relays are turned off. 

2. Solar PV-powered operation: The load is powered only by input source V1. The 

relays R2 and RA are in the active state throughout this mode, whereas the other 

relays R1 and R3 are turned off. 

3. Battery-powered operation: The load receives power only from the input source 

V2. The relay R2 is continually turned on, whereas the remaining relays are kept 

off. 

4. Battery charging from solar PV: The relays R1 and RA are maintained on to 

charge the battery from solar PV, while the remainder of the relays are kept off. 

5. V2G in parking mode: The relays R3 and RA are kept in the on position to export 

power from solar PV into the utility grid, while the rest are held off. 

6. Bidirectional rear-buck operation: R2 and RA are enabled, while the remaining 

relays are disabled. 

2.3.7 Expandable Non-Isolated Multi-Input Single-Output DC-DC Converter with 

High Voltage Gain 

The proposed converter in [45] has several advantages, it has a simple switching 

sequence, the input sources have low current ripples, the low voltage stress on the 

switches, and the feature of extendibility to extend more PVs to the DC bus of the 

Figure 2.15 The converter topology of MISO with vehicle to grid feature. 
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system. However, it is a unidirectional converter, so the power can not be transferred to 

the input sources. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Mode 1: In the first mode Vi1 and Vi2 charge inductors except for inductor Ls2 through 

switches S1 and S2. 

Mode 2: In the second mode, all the inductors including Ls2 discharge in the load. 

 

2.3.8 Single Inductor Bidirectional Multi-Input Converter with Continuous Battery 

Current Based on Integration of Buck and Three Port Boost Topologies 

  The proposed converter in [46] has the advantage of it can work in different 

operation modes with minimum components, as well the power can be transferred 

between the output and the input sources in bidirectional power flow capability. 

However, this topology lacks the modularity to extend the power sources or energy 

storage devices. This converter can work in five operation modes as follows: 

 

Figure 2.0:16 Multi-input converter with high voltage gain 
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Single input single output mode (SISO) - P2O: In this mode switch M3 is turned on to 

transfer the power from Vi to Vo in a boost topology. This mode can be utilized to charge 

the output load from the PV only. 

Single input single output mode (SISO) - B2O: In this mode switch M6 is turned on to 

transfer the power from Vi to Vo in a boost topology through the diode of M5. This mode 

can be utilized to charge the output load from the battery only. 

Single input single output mode (SISO) - P2B: In this mode switches M4 and M3 are 

turned on to transfer the power from Vi to Vb in a buck topology through the diodes D2 

and D1. This mode can be utilized to charge the battery from the PV. 

Single input single output mode (SISO) - O2B: In this mode switch M5 is turned on to 

transfer the power from Vo to Vb in a buck topology. 

Double input single output mode (DISO) - P&B2O: In this mode, the power is 

transferred from the battery and the PV simultaneously in 4 intervals to the output during 

peak hours. 

Double input single output mode (DISO) - P&O2B: In this mode, the power is 

transferred from the output and the PV simultaneously to the battery when the PV can 

produce the power. 

    Figure 2.17 Multi-input converter with single inductor. 
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Single input double output mode (SIDO) - P2O&B: In this mode, PV produces power 

more than the output load, hence the extra power stored in the battery. 

 

2.4 Reliability and Fault Analysis of the Power Converters 

              Reliability is defined as the probability that an item (component, subsystem, or 

system) performs required functions for an intended period of time under given 

environmental and operational conditions [47]. For power electronic systems, reliability 

research at the component level has been mainly focused on failure rate models 

for the key components in power circuits, such as power semiconductors, capacitors, and 

magnetic devices. The statistical reports on fragile components report that are more prone 

to fault parts are capacitors and semiconductor switching devices [48]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



30 

 

Chapter 3. Energy Storage Devices in Charging Stations 

3.1 General 

              One of the main challenges the stakeholders face in increasing the number of 

fast-charging stations is the massive load caused by EVs on the utility during peak hours. 

The level 1 charging of EV load is equivalent to ½ of an entire home load, and a level 2 

charging of EV load is equal to almost two entire homes. One of the suggested solutions 

to solve this problem is to use energy storage systems (ESS) to store the energy from 

renewable energy sources like solar PVs and wind turbines. Another solution is to charge 

EES from the utility grid during the off peak-hours using the low energy price hours and 

use it on the peak hours to charge the EVs. In addition, integrating an ESS into a fast-

charging station (FCS) can mitigate the influence of the large-pulsating load of the FCS 

during peak hours. By integrating ESS, the high pulsating load demand is supplied 

through the ESS, while the medium voltage (MV) distribution grid supplies the relatively 

smaller and continuous load demand via the service transformer and cable. Thus, the 

investment in the transformer and cable can be considerably reduced. Moreover, it will 

also save the cost of EV charging from the customer's perspective. 

3.2 Batteries 

3.2.1 Batteries Technologies 

           The battery is an electrochemical device that uses electrochemical cells to 

transform chemical energy into electrical energy. Non-rechargeable batteries (which 

cannot be recharged due to irreversible chemical reactions) and rechargeable batteries 

(such as lead-acid, nickel-metal hydride (NiMH), and lithium-ion (Li-ion) batteries) are 

the main two types of the batteries. The cost and range anxiety of the battery of the EV is 

one of the main concerns for preventing EV penetration. Therefore, a lot of research has 

been conducted to develop and test new battery technologies to solve these issues. For 

example, graphene-based technologies charge in 15 seconds and supplement traditional 

EV batteries. Eliminating cobalt will significantly reduce the battery price [49], as it 

represents 25 … 50 % of the price of the electric vehicle, depending on the technology. It 

is expected by 2025, the price of the EV’s battery will reduce, and this can be observed 

by decreasing the cost of the production of the Li-Ion batteries by over 50 % from 2007 

until 2014 [50]. Most EVs nowadays use 400 V battery systems, and the buses and trucks 

use 800 V battery systems. There is a trend toward increasing the personal EV’s battery 

https://insideevs.com/news/442980/new-graphene-superbattery-charge-15-seconds/
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system to 800 V [13], as expanding the voltage battery will reduce the load current and 

the weight and size of the cables and connectors. 

3.2.2 Equivalent Circuit 

          Figure 3.1 (a) shows the open-circuit voltage 𝑉𝑜𝑐 ,and the internal resistance rd in a 

basic equivalent circuit model for the battery. When the battery is fully charged, both can 

be estimated using open-circuit measurement [40]. The first-order equivalent circuit is 

shown in Figure 3.1 (b), where, 𝑉𝑜. and, 𝑉𝑜𝑐𝑣 are the terminal voltage and open-circuit 

voltage (OCV), respectively, and the relationship between them can be expressed as (3.1) 

to (3.2).  The ohmic voltage and polarisation voltage, respectively, are denoted by, 𝑉𝑅 

and, 𝑉𝑃. 

 

 

 

 

 

 

𝑉𝑜 = 𝑉𝑜𝑐𝑣 – (𝑉𝑅 + 𝑉𝑃)                 (3.1) 

𝑉𝑅= 𝑖𝑅𝑆                                 (3.2) 

Temperature, operational current, and state of charge all affect ohmic resistance, 

and the variances in charge and discharge resistance are also labeled [40]. The following 

equation can be used to compute the state of charge (SOC) of the battery: 

𝑆𝑂𝐶 = 𝑆𝑂𝐶(𝑡 − 1) + ∫
𝐼

𝐶𝑏𝑎𝑡

𝑡

𝑜
 . 𝑑𝑡                (3.3) 

Where: 

𝐼                              Charge/discharge current [A] 

T                              Time [h] 

𝐶𝑏𝑎𝑡                          Battery capacity [Ah] 

Figure 3.1 Open circuit voltage for battery model (a)  Figure 3.1 first order equivalent circuit for battery model (b)  
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𝑆𝑂𝐶                        Battery state of charge at time t [%] 

𝑆𝑂𝐶(𝑡 − 1)            Battery initial state of charge [%] 

3.2.2 Types of Batteries 

           Several batteries today are accepted by the EV manufacturers to be used in the EV 

or for FCS as an energy storage device. Each type has its advantages, disadvantages, and 

chrematistics. 

Lead-acid (Pb-acid) 

          The specific energy of this technology is low and typically between 20 and 

40 Wh/kg.   This technology has a short cycle and calendar life compared to Nickel Metal 

Hydride. Lead-acid batteries have less consideration to be used in future EVs due to their 

low maturity, and the work improvement on them is low. It has many advantages, like 

cheap manufacturing technology (about USD 100/kWh), which makes it suitable for 

small-range applications [8]; it also has a high electric power/weight ratio. The main 

disadvantages of lead-acid batteries include the handling of corrosive chemicals, the 

inclusion of lead in their manufacture, a poor stored energy/weight ratio, and a low stored 

energy/volume ratio [51]. Due to its low specific energy and high weight, the Lead-acid 

battery is not used for traction in EVs. The 12 V Lead-acid battery is used to supply the 

12V board-net and electronic components besides the traction battery [52]. 

Nickel-Cadmium (NiCd) 

           The main advantage of Nickel-Cadmium it has the highest lifetime compared to 

other technologies as it has about 1500 charging and discharging cycles; therefore, it 

could be a good selection as ESD in the FCS. Using Cadmium metal harms the 

environment, humans, animals, and health. Therefore, this battery is limited in use from 

EU directives [51]. Before 2008, it was used as a spare part for EVs and its no longer 

used in vehicles currently [52]. 

3.2.2.1 Ni-MH batteries 

          Ni-MH batteries offer a better energy density and power density than Ni-Cd and 

Lead-Acid batteries, allowing for autonomous driving over 300 kilometers while using 

batteries with a specific energy of 70 Wh/kg.  Its cheap technology compared to Li-Ion 

technology as it costs around USD 700–800/kWh. The energy density of the Ni-MH 

battery is between 60 and 80 Wh/kg, which does not match the needs of the EVs  [8].  In 

https://www.sciencedirect.com/topics/engineering/nickel-metal-hydride
https://www.sciencedirect.com/topics/engineering/nickel-metal-hydride
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addition, it shows good performance in propulsion systems equipped with electric 

engines of 320 V AC, or 180 V DC, as the life cycle increases. The Ni-MH batteries have 

several merits, like the capability of recovering the regenerative energy, being 

manufactured from recyclable materials, and high range of operating temperature 

(starting from – 30 °C up until + 70 °C), and safe charging and discharging operations. 

The main disadvantages of Ni-MH batteries are their poor energy storage capacity, 

greater weight, and high self-discharge coefficient [19, 51]. Due to the previous 

drawbacks, the Ni-MH batteries can not compete with the Li-Ion batteries; hence, they 

will not use them in the future in EVs or FCS. 

Li-Ion battery 

              Recently, Li-Ion batteries have been the most common technology in EVs and 

FCS. They have several merits like high energy density, increased power density, and 

excellent calendar life and life cycle. The main drawbacks of the Li-Ion batteries are their 

high cost (more than USD 700/kWh), out-of-use batteries can not be recyclable, and they 

have safety issues (overcharging can cause fires). However, the development is ongoing 

on the Li-Ion batteries to enhance their performance, solve safety issues, and reduce their 

cost. To control and monitor the temperature of the internal cells, it is important to have a 

Li-Ion battery management cell in this technology [19]. It is also recommended not to 

recharge the Li-Ion batteries at low temperatures to avoid early degradation [52]. The 

lithium-ion battery has different chemistries, with other characteristics and degrees of 

maturity. Table 3.1 summarizes the different chemistries of the Lithium-ion battery and 

their advantages and disadvantages. 

Table 3.1 Different Lithium-ion battery technologies [42]. 

Technology Advantages Disadvantages 

Lithium Cobalt Oxide (LiCoO2) Power and energy density Safety, cost 

Lithium Polymer (LiMnO4) Power density Calendar life 

Lithium-ion phosphate 

(LiFePO4) 

Safety Energy density, calendar life 

Nickel Manganese Cobalt 

(NMC) 

Power and energy density, 

calendar and cycle life 

Safety 

Nickel-Cobalt and Aluminium 

(NCA) 

Power and energy density, 

calendar and cycle life 

Safety 
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Lithium-ion Polymer 

            Although Lithium-ion Polymer batteries have a longer life cycle than standard Li-

ion batteries, but they are functionally unstable when overloaded or discharged below a 

certain level [40]. 

NaNiCl 

            The Na-NiCl2 batteries, also known as ZEBRA batteries (Zeolite Battery 

Research Africa) have several advantages like high energy density (90 … 120 Wh/kg), 

high life cycle due to low resistance. In addition, they are cheaper compared to other 

batteries, fully recyclable, and can work in a significant temperature range from -40°C to 

+60°C as they have thermal insulation. The safe operation and the storage for longer 

periods are the main disadvantages of  Na-NiCl2 [52, 53]. Batteries with a high 

coefficient of stored energy density are desired to power electric motors in EVs, as 

raising this coefficient increases the EVs' autonomy [51]. Therefore, the researchers are 

working on improving the energy density of the batteries to increase the auto market with 

electric vehicles. This type will be recommended as an energy storage device in the FCS 

due to its high energy density. The main characteristics of batteries currently developed 

and most used to equip electric vehicles and FCS are presented in Table 3.2. 

Table 3.2 The main characteristics of different battery technologies [42,43]. 

Battery 

technology 

(type) 

Specific 

energy 

(Wh/kg) 

Energy/ 

Volume 

coefficient 

(Wh/L) 

Power/ 

Weight 

coefficient 

(W/kg) 

Self-

discharge 

coefficient 

(% per 24 

h) 

Number of 

recharging 

cycles 

Cost 

(Cdn$/kWh) 

Pb-acid 40 70 180 1 500 144-180 

Ni–Cd 60 100 150 5 1350 300-420 

NiMH 70 250 1000 2 1350 240-420 

Li-ion 125 270 1800 1 1000 240 

Li-ion 

polymer 

200 300 3500 1 1000 200 

Na–NiCl 125 300 1500 0 1000 N/A 

 

3.3 Supercapacitors 

            Supercapacitors are also known as ultracapacitors (UC) and are used as energy 

storage devices nowadays in many applications like microgrids and EVs. They have 

many good features like high power density and suitable energy density. Furthermore, 
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because there are no chemical fluctuations on the electrodes, they have a long-life cycle; 

therefore, they can charge and discharge for many cycles without losing their efficiency. 

Typically, they are used in hybrid energy systems to combine the high-power density of 

the supercapacitors and the high energy density of the batteries. 

3.3.1 Configurations and Theory of Operation 

            The materials of the supercapacitor like electrode, electrolyte, separator, and 

current collector determine the performance of the supercapacitor. The internal resistance 

is reduced by choosing the suitable electrolyte and increasing efficiency. Figure 3.2 

below [43] shows that the supercapacitor consists of two charged electrodes, a current 

collector, and a separator that allows for ion transfer while preventing direct electrical 

contact. 

 

 

 

 

 

 

 

 

 

It stores energy as an electric field, as each electrode accumulates charges in opposite 

polarity. By applying potential difference, the negative ions in the electrolyte are attracted 

to the positive electrode. In contrast, the positive ions are attracted to the negative 

electrode, and the electrodes are separated at a very small distance to form two charging 

layers. Therefore, by increasing the surface area 𝐴 of electrodes, the energy stored 

increased according to the law: 

𝑄 = 𝐶𝑉 =
𝐴𝜀

𝑑
𝑉                                             (3.4) 

Where 𝑄 is the charge on the plates, 𝐶 is the capacitance of the capacitor, 𝑉 is the 

potential difference 𝑉 across the two plates, 𝐴 is the area of two plates, 𝜀 dielectric 

material constant, and 𝑑 the distance between the two plates. Moreover, increasing the 

Figure 3.2 Supercapacitor configuration. 
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permittivity of the dielectric ε will increase the energy stored, and increasing the distance 

𝑑 between the electrodes will reduce the energy storage [54]. 

3.3.2 Equivalent Circuit 

The equivalent circuit of the supercapacitor can be shown in Figure 3.3, Where  𝐶𝐷𝐿 the 

capacitance of double layer, 𝑅𝑃  the charge-transfer resistance, 𝑍DIFF the Warburg 

diffusion impedance, and 𝑅𝑆  is the resistance of electrolytes. 

 

 

 

 

  

 

The overall capacitance in EDLC supercapacitor, 𝐶𝐷𝐿, was considered as a series of 

capacitance, 𝐶𝐻 and 𝐶DIFF . 

1

𝐶𝐷𝐿
=

1

𝐶𝐻
+

1

𝐶DIFF
                          (3.5) 

Where CH is the capacitance of the Helmholtz layer that includes the inner capacitance of 

the plane and the outer capacitance of the plane, CDIFF is the diffuse layer's capacitance 

[55]. Supercapacitors are classified into three types: electric double-layer capacitors 

(EDLC), hybrid asymmetric capacitors, and pseudo capacitors based on the cell 

configuration, and their characteristics are summarized in Table 3.3 [56]. 

Table 3.3 The main characteristics of different supercapacitors. 

Chemistry Power 

Density 

[Kw/kg] 

Energy 

Density 

[Wh/kg] 

Life Cycle Operating 

temperature 

[°C] 

Overall 

Efficiency [%] 

EDLC 1.5-6.0 5-20 1000 000 -40 to 70°C 82-98 

Pseudo Up to 6.0 10-25 100 000 -40 to 65°C 82-98 

Hybrid 

Asymm. 

0.01- 1.0 20-30 500 000 -40 to 65°C < 90 

 

The ultracapacitors have five technologies under development: foamed (aerogel) carbon, 

carbon/metal fiber composites, doped conducting polymer films on carbon cloth, carbon 

particulate with a binder, and mixed metal oxide coatings on metal foil. Carbon 

Figure 3.3 Equivalent circuit of the supercapacitor. 
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composite electrodes using an organic electrolyte can achieve high energy density 

according to the high trends compared to carbon/metal fiber composite electrode devices 

with an aqueous electrolyte [54]. 

The material used in supercapacitors determines their electric properties. For example, 

the capacity of the EDLC type is affected directly by the electrode’s surface material. 

Carbon is commonly used to make electrodes because it has several advantages such as 

low cost, availability, and long-term use. To obtain optimal performance, the electrode 

should have [44]: 

• Chemical stability 

• Low electrical resistance (milli ohm domain) 

• Good mechanical stability 

• Good accessibility and wetting for the electrolyte 

• Stable interface and low contact resistance with the charge collector 

• A convenient form for chosen capsule 

• High capacitance density (F/m3) 

         The breakdown voltage of the electrolyte determines the highest allowed voltage on 

a supercapacitor; therefore, choosing the electrolyte material is crucial since it affects the 

energy density of the supercapacitor. In addition, the type of the electrolyte: organic or 

aqueous, also affects the equivalent series resistance and hence the power density.  The 

commercial supercapacitors use organic electrolytes as they have large dissociation 

voltage and a standard voltage of 2 V up to 2.5 V.  However, the power density of 

organic electrolytes is low due to their high resistivity.  Aqueous electrolytes have higher 

conductivity than organic electrolytes and break down voltages around the value of 1 V. 

3.3.3 Characteristics of Supercapacitors 

3.3.3.1 Charging Time 

        Charge and discharge times of supercapacitors are equivalent to those of 

conventional capacitors. Because of their low internal resistance, they can obtain 

significant charge and discharge currents. Batteries can take many hours to fully charge – 

a cell phone battery is a good example – whereas supercapacitors can reach the same 

charge state in less than two minutes. 



38 

 

3.3.3.2 Specific Power 

The specific power of the battery or the supercapacitor is a statistic for comparing 

different technologies based on their maximum power output divided by the total mass. 

Supercapacitors have a particular power of 5 to 10 times that of batteries. A typical 

supercapacitor has a specific power of around 10 kW/kg, whereas Li-ion batteries have a 

particular power of 1 to 3 kW/kg. This property is significant in applications where the 

storage device must release energy quickly. 

3.3.3.3 Cycle Life and Safety 

            Compared to traditional batteries, supercapacitors are safer; for example, short-

circuiting batteries have been known to cause explosions due to excessive heating. 

However, supercapacitors do not heat much due to their low internal resistance. Shorting 

a fully charged supercapacitor causes a quick release of stored energy, which can cause 

electrical arcing and device damage; however, unlike batteries, the heat generated is not 

an issue. Supercapacitors, on the other hand, have a practically limitless cycle life and 

may be charged and discharged millions of times, whereas batteries have a cycle life of 

500 times or less. This makes supercapacitors ideal for applications that require a lot of 

energy storage and release, like FCS [57]. 
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Chapter 4. Proposed Topology of Multiple-input DC-DC Converter 

4.1 Design and the Topology of the Converter 

     The proposed converter in Figure 4.1 is utilized to charge and discharge the energy 

storage devices in the FCS in Figure 4.2 simultaneously or individually. In addition, to 

exchanging power between the storage devices using a buck-boost bidirectional structure. 

The converter consists of six MOSFETs, two inductors, and one capacitor, as shown in 

Figure 4.1. Due to the modularity of the design, adding additional input sources can be 

achieved by adding a switching leg composed of a pair of switches and one inductor, for 

example, adding S5, S6, and L2, as shown in Figure 4.1. The minimum values of inductors 

L1 and L2 are calculated using the equations listed in Table 4.1, and the capacitor C is 

designed to minimize the output voltage ripples. The parameters of the converter are listed 

in Table 4.2. As previously mentioned, the non-isolated converter is less safe than the 

isolated converter, because the input and output voltages are connected with the same 

common ground. This can be overcome by adding protection elements like circuit 

breakers in the DC link to protect against any faults in the FCS like short circuit currents. 

The proposed converter can work in five operation modes, and the output voltage of each 

operation mode can be changed by changing the value of the duty cycle, as we will discuss 

later. The switching sequence of the MOSFETs determines which operation mode the 

converter will work on, optimizing the energy management of the FCS and increasing the 

lifetime of the energy-storage devices. 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 4.1 The proposed converter. 
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Table 4.1 Inductance equations for different operation modes. 

Mode 1 2 3 4 5 

𝑳𝟏, 𝒎𝒊𝒏 
(1 − 𝐷). 𝑇𝑠

∆𝐼𝐿1

. 𝑉𝐷𝐶  
- 𝐷. 𝑇𝑠

2∆𝐼𝐿

. 𝑉𝐵𝑡 
𝑉𝐷𝐶 . (1 − 𝑑2). 𝑇𝑠

∆𝐼𝐿

 
(𝑉𝐷𝐶 − 𝑉𝐵𝑡)𝑑1. 𝑇𝑠

∆𝐼𝐿1

 

𝑳𝟐, 𝒎𝒊𝒏 
- (1 − 𝐷). 𝑇𝑠

∆𝐼𝐿2

. 𝑉𝐷𝐶  
𝐷. 𝑇𝑠

2∆𝐼𝐿

. 𝑉𝐵𝑡 
𝑉𝐷𝐶 . (1 − 𝑑2). 𝑇𝑠

∆𝐼𝐿

 
(𝑉𝐷𝐶 − 𝑉𝑆𝐶)𝑑1. 𝑇𝑠

∆𝐼𝐿2

 

 

 

Table 4.2 Design specifications of the proposed converter. 

Specification Battery 

voltage 

(𝑽𝑩𝑻) and 

capacity 

Supercapacitor 
voltage 
 (𝑽𝑺𝑪) and 
capacitance 

DC link 
voltage 
(𝑽𝑫𝑪) 

Switching 
frequency       
(fs) 

Inductors 
    (𝑳𝟏𝐚𝐧𝐝 𝑳𝟐) 

Capacitor (𝑪) Power 

Values 200V/ 
 5 Ah 

160 V/100 F 500 V 30 kHz 2mH and 2mH 500 μF 17 kW 

 

        As mentioned before in chapter 1, this study aims to reduce the cost, weight, and 

number of the components of the proposed multi-input converter compared to previous 

works mentioned in Chapter 2: a literature review. As the proposed converter is applied 

for EV charging, we will compare it to the proposed converter in Chapter 2, section 2.3.3, 

as it works in the same application, assuming they will work at the same power rate. 

Figure 4.2 Proposed fast charging station. 
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Using the Mouser Electronics Inc. website [58], the weight and cost of both converters 

can be approximately calculated. 

The weight of the proposed converter is: 

• 2 x 2.6 kg inductors = 5.2 kg 

• 6 x 0.01 kg MOSFETs = 0.060 kg 

• Capacitor = 0.04 kg 

• 6 x 0.038 g heat sinks = 0.228 kg 

• The total = 5.5 kg 

By adding other components like controllers, wires, and ICs it is expected to weigh 

approximately 7 kg. 

The price of the proposed converter is: 

• 2 x $116 inductors = $232 

• 6 x $12.94 MOSFETs = $78 

• 1 x $12 capacitor = $12 

• 1 controller x $40 = $40 

• 3 x $30 Gate drivers= $90 

• 6 heat sink x $7.5 = $45 

• Total = $500 

The weight of the proposed converter in section 2.3.3: 

• 3 x 2.6 kg inductors = 7.8 kg 

• 2 x 0.01 kg MOSFETs = 0.020 kg 

• Output Capacitor = 0.04 kg 

• 2 x 0.04 kg switching capacitor = 0.08 kg 

• 6 x 0.01 kg diodes = 0.06 kg 

• 2 x 0.038 kg heat sinks = 0.076 kg 

• The total = 9 kg 

By adding other components like controllers, wires, and ICs it is expected to weigh 

approximately 10.5 kg. 

• 3 x $116 inductors = $348 

• 2 x $12.94 MOSFETs = $26 
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• 1 x $12 output capacitor = $12 

• 2 x $2 switching capacitors = $4 

• 1 controller x $40 = $40 

• 2 x $30 Gate drivers= $60 

• 2 heat sink x $7.5 = $15 

• 6 x $1 diodes = $6 

• Total = $570 

This price is expected to increase as other components will be considered, like PCB, 

wires, passive or active components, and ICs. The table below summarizes the difference 

between the proposed converter and the Hybrid buck/buck DC-DC converter in section 

2.3.3, considering the aspects of cost, weight, power flow capability, and the number of 

components. 

Table 4.3 Comparison between the Hybrid buck/buck DC-DC converter and the proposed converter. 

Converter Hybrid buck/buck DC-

DC converter  

Proposed converter 

Weight 10.5 kg 7 kg 

Cost $570 $500 

Number of components 14 9 

Power flow Unidirectional Bidirectional 

Number of inputs Multi-input Multi-input 

 

4.2 Modeling, Analysis, and Operation Modes of the Proposed Converter 

            The converter can work in five operation modes as mentioned before utilizing 

the buck-boost topology by charging and discharging the inductors using different 

switching sequences to transfer the power from input sources to the output or vice versa. 

To achieve this, the converter must have a bidirectional power flow topology to 

discharge from the energy devices to the DC link, charge the energy storage devices 

from the DC link or exchange the power between the storage devices. The following 

sections present in detail the analysis and modeling of each operation mode of the 

converter, as well as the benefits of each mode to the FCS. The different operation 

modes help reduce the charging time, the charging cost, and the load on the grid. They 

also help increase the lifetime of the battery by charging it from a supercapacitor. 
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4.2.1 Mode 1: Exchanging Power between the Battery and the DC link 

           The DC link is supplied from the battery to charge the EV in this operating mode. 

This mode consists of three time-intervals 𝑇1, 𝑇2, and 𝑇3, the switches 𝑆2 and 𝑆3 are turned 

on the first interval 𝑇1 to charge the 𝐿1 as shown in Figure 4.3 (a) and hence the inductor 

voltage 𝑉𝐿1 is described by the following equation: 

𝑉𝐿1 = 𝐿
𝑑𝑖𝐿1

𝑑𝑡
= 𝑉𝐵𝑡                          (4.1) 

In 𝑇2, 𝐿1 discharges its energy to the DC link through diodes 𝐷1and 𝐷4 while switches 

𝑆2and 𝑆3 are turned off, as shown in Figure 4.3 (b). The switches 𝑆1and 𝑆4 are turned on 

in the last interval 𝑇3 for continuous discharging of energy from 𝐿1 to the DC link as 

opposed to using the diodes as in 𝑇2 as shown in Figure 4.3 (c). The voltage across L1 in 

𝑇2, and 𝑇3 is described by the following equation: 

𝑉𝐿1 = 𝐿
𝑑𝑖𝐿1

𝑑𝑡
= − 𝑉𝐷𝐶                          (4.2) 

To reduce the voltage drop to a level of about 0.2 V, the switches 𝑆1 and 𝑆4 are used as 

synchronous rectifiers, and thus the system efficiency is improved. By applying the 

principle of volt-second balance for inductor L1 using equations (4.1) and (4.2), the 

following equation can be deduced: 

𝑉𝐿1= 𝐷. 𝑉𝐵𝑡 + (1 − 𝐷)(− 𝑉𝐷𝐶)  = 0            (4.3) 

By simplifying equation (4.3) under the steady-state condition, the relation between the 

DC-link voltage as an output and the battery voltage as an input can be obtained, 

resulting in the following equation: 

𝑉𝐷𝐶 =
𝑇1

𝑇2+𝑇3
 . 𝑉𝐵𝑇 =

𝐷

1−𝐷
 . 𝑉𝐵𝑇                      (4.4) 

Where D is the duty cycle ratio defined by 
𝑇1

𝑇𝑆
  where 𝑇𝑆 is the total period of the 

switching cycle, and 𝑇1 can be expressed as: 

𝑇1 = 𝐿
∆𝐼𝐿1

𝑉𝐵𝑇
                 (4.5) 

And 𝑇𝑆 can be expressed as: 

𝑇𝑠 =
1

𝑓𝑠

                        (4.6) 
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The battery discharges its energy to the DC link, so if its voltage becomes less than the 

DC link, the battery voltage is boosted by driving the duty cycle to run at D > 0.5. 

 

Figure 4.3 (b) Discharging from L1 in DC link through the diodes. 

 

Figure 4.3 (a) Mode 1(a): T1 Charging L1 from battery. 
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Figure 4.3 (c) Discharging from L1 in DC link through the switches. 

In the charging mode, the inductor 𝐿1 is charged from the DC link in the time 

interval 𝑇1 through the switches 𝑆1 and 𝑆4 as shown in Figure 4.4 (a). The inductor voltage 

𝑉𝐿1 can be described by the following equation: 

𝑉𝐿1 = 𝐿
𝑑𝑖𝐿1

𝑑𝑡
= 𝑉𝐷𝐶                          (4.7) 

In 𝑇2 the 𝐿1 discharges its energy to the battery through diodes 𝐷3 and 𝐷2 while switches 

𝑆2 and 𝑆3 are turned off, as shown in Figure 4.4 (b). The switches 𝑆3 and 𝑆2 are turned on 

in the last interval 𝑇3 for continuous discharging of energy from 𝐿1 to the battery as 

opposed to the diodes in 𝑇2 as shown in Figure 4.4 (c). They work as synchronous 

rectifiers, and the voltage across L1 in  𝑇2 and 𝑇3 can be described by the following equation: 

𝑉𝐿1 = 𝐿
𝑑𝑖𝐿1

𝑑𝑡
= −𝑉𝐵𝑇                          (4.8) 

By applying the principle of volt-second balance for inductor L1 using equations (4.7) 

and (4.8), the following equation can be deduced: 

𝑉𝐿1= 𝐷. 𝑉𝐷𝐶 + (1 − 𝐷)(− 𝑉𝐵𝑇)  = 0            (4.9) 

By simplifying equation (4.9) under the steady-state condition, the relation between DC-

link voltage as an input and battery voltage as an output can be described by the 

following equation: 
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𝑉𝐵𝑇 =
𝑇1

𝑇2+𝑇3
 . 𝑉𝐷𝐶 =

𝐷

1−𝐷
 . 𝑉𝐷𝐶              (4.10) 

Where D is the duty cycle ratio defined by 
𝑇1

𝑇𝑆
  where 𝑇𝑆 is the total period of the 

switching cycle, and 𝑇1 can be expressed as: 

𝑇1 = 𝐿
∆𝐼𝐿1

𝑉𝐷𝐶
                 (4.11) 

  

 

 

Figure 4.4 (a) Mode 1(b) T1 Charging L1 from DC link. 
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Figure 4.4 (b) Discharging from L1 in the battery through the diodes. 

 

Figure 4.4 (c) Discharging from L1 in the battery through the switches. 

4.2.2 Mode 2: Exchanging Power between the Supercapacitor and the DC link 

             In this mode of operation, the DC link is supplied from the supercapacitor only, 

so EV can be charged fast, thanks to the high-power density of the supercapacitor. 

Similar to mode 1, there are three-time intervals in this mode of operations. At the first 

interval 𝑇1 the inductor 𝐿2 is charged by turning on switches 𝑆2 and 𝑆5 as shown in 

Figure 4.5 (a). The following equation describes the voltage across the inductor 𝐿2. 

𝑉𝐿2 = 𝐿
𝑑𝑖𝐿2

𝑑𝑡
= 𝑉𝑠𝑐                          (4.12) 
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The stored energy in 𝐿2, is transferred to the DC link during intervals 𝑇2 and 𝑇3 through 

diodes 𝐷6 and 𝐷1 and then through the switches 𝑆2 and 𝑆5 respectively as shown in 

Figures 4.5 (b) and 4.5 (c). During these intervals, 𝑉𝐿2 can be described by the following 

equations: 

𝑉𝐿2 = 𝐿
𝑑𝑖𝐿2

𝑑𝑡
= −𝑉𝐷𝐶                          (4.13) 

By applying the principle of volt-second balance for inductor L2 using equations (4.12) 

and (4.13), the following equation can be deduced: 

𝑉𝐿2 = 𝐷. 𝑉𝑆𝐶 + (1 − 𝐷)(− 𝑉𝐷𝐶)  = 0            (4.14) 

The following equation expresses the voltage of the DC link 𝑉𝐷𝐶 as a function of the 

supercapacitor 𝑉𝑆𝐶  voltage: 

𝑉𝐷𝐶 =
𝑇1

𝑇2+𝑇3
 . 𝑉𝑆𝐶 =

𝐷

1−𝐷
 . 𝑉𝑆𝐶                        (4.15) 

 

 

Figure 4.5 (a) Mode 1(b) T1 Charging L2 from the supercapacitor. 
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Figure 4.5 (b) Discharging from L2 in DC link through the diodes. 

 

Figure 4.5 (c) Discharging from L2 in DC link through the switches. 

In the opposite power flow direction, the power flows from the DC link to charge the 

supercapacitor by reversing the current flow in 𝐿2. The inductor 𝐿2 is charged in the time 

interval 𝑇1 from the DC link through the switches 𝑆1 and 𝑆6 as shown in Figure 4.6 (a). 

The voltage across 𝐿2 can be described by the following equation: 

𝑉𝐿2 = 𝐿
𝑑𝑖𝐿2

𝑑𝑡
= 𝑉𝐷𝐶                          (4.16) 
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In 𝑇2, the inductor 𝐿2 discharges its energy to the supercapacitor through diodes 𝐷2 and 𝐷5 

while switches 𝑆2 and 𝑆3 are turned off as shown in Figure 4.6 (b). The switches 𝑆2 and 𝑆5 

are turned on in the last interval 𝑇3 for continuous discharging of energy from 𝐿2 to the 

supercapacitor as opposed to using the diodes in 𝑇2 as shown in Figure 4.6 (c). The 

voltage across 𝑉𝐿2 in 𝑇2 and 𝑇3 can be described by the following equation: 

𝑉𝐿2 = 𝐿
𝑑𝑖𝐿2

𝑑𝑡
= −𝑉𝑆𝐶                          (4.17) 

By applying the principle of volt-second balance for inductor L2 using equations (4.16) 

and (4.17), the following equation can be deduced: 

𝑉𝐿2 = 𝐷. 𝑉𝐷𝐶 + (1 − 𝐷)(− 𝑉𝑆𝐶)  = 0            (4.18) 

Where D is the duty cycle ratio equal 
𝑇1

𝑇𝑆
 , and  𝑇𝑆 is the total period of the switching 

cycle. The following equation expresses the relation between input and output voltages: 

𝑉𝑆𝐶 =
𝑇1

𝑇2+𝑇3
 . 𝑉𝐷𝐶 =

𝐷

1−𝐷
 . 𝑉𝐷𝐶                (4.19) 

And 𝑇1 can be expressed as: 

𝑇1 = 𝐿
∆𝐼𝐿2

𝑉𝐷𝐶
                 (4.20) 

 

Figure 4.6 (a) Mode 2(b) T1 Charging L2 from DC link. 
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Figure 4.6 (b) Discharging from L2 in supercapacitor through the diodes. 

 

 

Figure 4.6 (c) Discharging from L2 in supercapacitor through the switches. 

4.2.3 Mode 3: Exchanging Power between Battery and Supercapacitor 

           This mode is useful for increasing the lifetime of the battery by reducing the peak 

values of charging and discharging currents of the battery. When the ripple current in the 

battery is smaller than in the other two modes of operation, the boost mode is used. The 

buck mode is used when the ultracapacitor voltage is lower than the battery voltage. To 
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charge the supercapacitor inductors 𝐿2 and 𝐿1 are charged in the time interval 𝑇1 from the 

battery through the switches 𝑆3 and 𝑆6 as shown in Figure 4.7 (a). The voltage across 𝐿1 

and 𝐿2 can be expressed by the equation below: 

𝑉𝐿2  + 𝑉𝐿1 = 𝑉𝐵𝑡                          (4.21) 

In 𝑇2, inductors 𝐿2 and 𝐿1 discharge their energy to the supercapacitor through the switch 

𝑆3 and diode 𝐷5 as shown in Figure 4.7 (b). Then switch 𝑆5 is turned on in the last interval 

𝑇3 for continuous discharging of energy from 𝐿2 and 𝐿1 to supercapacitor as opposed to 

the diode  𝐷5  in 𝑇2 as shown in Figure 4.7 (c).  The voltage across inductors 𝐿1 and 𝐿2 can 

be described by the following equation: 

𝑉𝐿2  + 𝑉𝐿1 = 𝑉𝐵𝑡 − 𝑉𝑆𝐶                         (4.22) 

By applying the principle of volt-second balance for inductor L2 and L1 using equations 

(4.21) and (4.22), the following equation can be deduced: 

𝑉𝐿2  + 𝑉𝐿1 = 𝐷. 𝑉𝐵𝑡 + (1 − 𝐷)(𝑉𝐵𝑡 − 𝑉𝑆𝐶)  = 0            (4.23) 

 

By simplifying equation (4.23), equation (4.24) can be obtained, and then the voltages of 

the battery 𝑉𝐵𝑇  and supercapacitor 𝑉𝑆𝐶  can be calculated in the boost operation mode. 

𝑉𝑆𝐶 =
𝑇𝑠

𝑇2+𝑇3
 . 𝑉𝐵𝑇 =

1

1−𝐷
 . 𝑉𝐵𝑇        (4.24) 

 

Figure 4.7 (a) Mode 3(a) T1 Charging L2 and L1 from the battery. 
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Figure 4.7 (b) Discharging from L2 and L2 in supercapacitor through the diode D5. 

 

 

Figure 4.7 (c) Discharging from L2 and L2 in supercapacitor through the switch S5. 

By reversing the charging current through the inductors by using the power 

switches 𝑆3, 𝑆5, 𝑆6, and diode 𝐷6, the battery can be charged in the buck operation mode 

from the supercapacitor, as shown in Figures 4.8 (a), 4.8 (b), and 4.8 (c). and using 

equation (4.6). 

𝑉𝐵𝑇 =
𝑇1

𝑇𝑠
 . 𝑉𝑆𝐶 = 𝐷 . 𝑉𝑆𝐶               (4.25) 
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Figure 4.8 (a) T1 Charging L2 and L1 from the supercapacitor. 

 

 

 

 

Figure 4.8 (b) Discharging from L2 and L2 in the battery through the diode D6. 
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Figure 4.8 (c) Discharging from L2 and L2 in supercapacitor through the diode S6. 

The switching sequence of the power switches in the three-time intervals of the previous 

operation modes is summarized in Table 4.3. 

Table 4.3 Modes (1), (2), and (3) switching states. 

 mode 1(a) mode 1(b) mode 2(a) mode 2(b) mode 3(a) mode 3(b) 

𝑻𝟏 𝑆2 , 𝑆3 𝑆1 , 𝑆4 𝑆2 , 𝑆5 𝑆1 , 𝑆6 𝑆3 , 𝑆6 𝑆3 , 𝑆5 

𝑻𝟐 𝐷4 , 𝐷1 𝐷2 , 𝐷3 𝐷6 , 𝐷1 𝐷2 , 𝐷5 𝑆3, 𝐷5 𝐷6 , 𝑆3 

𝑻𝟑 𝑆1 , 𝑆4 𝑆2 , 𝑆3 𝑆6 , 𝑆1 𝑆2 , 𝑆5 𝑆3 , 𝑆5 𝑆6 , 𝑆3 

 

4.2.4 Mode 4: Supplying the DC link from the Combined Battery and Supercapacitor 

This mode helps also increase the lifetime of the battery, especially in high-power 

demanding loads. When a battery is combined with a supercapacitor, the battery can 

supply the average current to the load while the supercapacitor can supply the transient 

currents. As illustrated in Figures 4.9 (a) and 4.9 (b), the transients caused by pulsed 

currents of source impedance are reduced.                  

Figure 4.9 (a) Current pulse of the battery without  

supercapacitor [54]. 

 

Figure 4.9 (b) Current pulse of the battery with  

supercapacitor [54]. 
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          This increases the lifetime of the battery, as pulsed currents can decrease battery 

life [59]. In addition, this mode of operation can be utilized in case of a grid failure or 

during peak hours to mitigate the load on the grid. Assuming most drivers will return 

home and plugin for charging between 4 -7 PM, which is the peak and mid-peak hours 

in Oshawa, Ontario [60]. The total number of zero-emission vehicles (ZEVs) registered 

in Ontario in 2020 is 10,515  [61], so approximately the number of ZEVs in Oshawa is 

270 vehicles from the ratio of Oshawa population to Ontario population. On average, 

EVs have a typical energy consumption of 62.7 kWh/150 miles [62]. Assuming 70 

vehicles will charge during the peak hours, the average energy consumption that can be 

reduced by using this operation mode in Oshawa will be 70 x 62.7 kWh = 4,389 kWh. 

          Furthermore, this operation mode can be useful to save money from the customer's 

perspective by using the hybrid energy system in FCS.  Typically,  drivers will return 

home and plug in between 4 and 8 PM, the customers or residents can take advantage of 

the time of use (TOU) energy prices in Oshawa, as shown in Figure 4.10 [60]. This can 

be done by varying station pricing according to the time of day, therefore reducing the 

cost of charging their vehicles. 

 

Figure 4.10 Time of Use (TOU) energy prices in Oshawa. 

Assuming that, on average, EVs have a battery capacity of 62.7 kWh [62] and 

customers charge four times per month, the charging cost during peak hours can be 

calculated as follows: 

• Per month = $0.17/kWh x 62.7 kWh x 4 = $42.6/month 

• Per year = $42.6 x 12 = $511.6/year 

Using the proposed converter and fast-charging station, and assuming the charging rate 

will be the same for the off-peak hours, $0.10, as shown in Figure 4.10 (more than the 

off-peak little bit), the charging cost can be calculated as follows: 

• Per month = $0.10/kWh x 62.7 kWh x 4 = $25/month 

• Per year = $25 x 12 = $300/year 
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The cost-saving will increase by increasing the number of charging times and the battery 

size of the vehicle. For example, suppose the customer has a Tesla Model Y (75 kWh/260 

mi) [58] and charges it seven times per month. 

In that case, the charging cost during the peak hours can be calculated as follows: 

$0.17/kWh x 75 kWh x 7 = $89/month, and the cost with the proposed converter and 

charging station = $0.10/kWh x 75 kWh x 7 =$53/month. The charging cost can be 

further reduced by charging the energy storage devices with renewable sources. 

Transit companies like DRT or Go Transit can also benefit from the proposed station. On 

average, the battery capacity of electric buses is 245 kWh, and their average energy 

consumption is 1.4 kWh/km [63, 64]. Taking the 901B DRT bus as an example, its route 

from Ontario Tech University to Oshawa center is 8.6 km, and it takes approximately six 

trips during the peak hours, so 6 x 8.6 km = 52 km. During the peak hours, its energy 

consumption is 52 km x 1.4 kWh/km = 72 kWh, so one charge for a 901B DRT bus will 

be enough for the whole day. Therefore, the charging cost during peak hours: 

➢ Per day = $0.17/kWh x 245 kWh = $42/day. 

➢ Per month = $42/day x 30 = $1,260/month. 

➢ Per year = $1,260 x 12 = $15,120/year. 

Using the proposed converter and charging station and assuming the charging rate 

will be $0.10 as shown in Figure 4.10 (more than the off-peak little bit), the charging cost 

can be calculated as follows: 

➢ Per day = $0.10/kWh x 245 kWh = $24.5/day 

➢ Per month = $24.5/day x 30 = $735/month 

➢ Per year = $735 x 12 = $8,820/year 

The cost savings using the proposed station and converter will be: 

= 15,120 – 8,820 = $6,300/year for each electric bus. 

In this mode, the switching cycle 𝑇𝑠 is divided into five-time intervals. In time-interval 

𝑇1, inductors 𝐿1 and 𝐿2 are charged from the combined sources 𝑉𝐵𝑇 and 𝑉𝑆𝐶 with current 

slopes 𝑉𝐵𝑡/𝐿1 and  𝑉𝑆𝐶/𝐿2 respectively by turning on switches 𝑆2 , 𝑆3 , and 𝑆5 as shown in 

Figure 4.11 (a). During time-interval 𝑇2, switch 𝑆3 is turned off to provide a freewheeling 

path for 𝑖𝐿1 through 𝐷4  as shown in Figure 4.11 (b). In time-interval 𝑇3, 𝐿2 continues 
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charging from the supercapacitor and switch 𝑆4 is turned on to avoid any voltage drop 

across the diode 𝐷4   as shown in Figure 4.11 (c). The stored energy in  𝐿1 and 𝐿2 is 

transferred to the DC link through 𝐷1 , as current passes through the antiparallel diodes of 

switches 𝑆1 and 𝑆6 as seen in Figure 4.11 (d). In 𝑇5 switch 𝑆1 acts as a synchronous 

rectifier to avoid the voltage drop across the diode D1 and continue discharging the 

inductors in the DC link, as seen in Figure 4.11 (e). Finally, in the interval 𝑇5 reversed 

logic signals are applied to switches S2, S3, and S5 to start overcharging the inductors 

𝐿1 and 𝐿2  and restart interval 𝑇1. Figure 4.12 shows the voltage and current across both 

inductors under steady-state conditions in this mode. The relation between the DC link 

voltage, the battery voltage, and the supercapacitor voltage by applying volt–second 

balance for both inductors can be described by the following equations: 

𝑉𝐵𝑇 =
𝑇4+𝑇5

𝑇1
 . 𝑉𝐷𝐶 =

𝑇𝑠−𝑑2𝑇𝑠

𝑑1𝑇𝑠
 . 𝑉𝐷𝐶 =   

1−𝑑2

𝑑1
 . 𝑉𝐷𝐶        (4.26) 

𝑉𝑆𝐶 =
𝑇4+𝑇5

𝑇1+𝑇2+𝑇3
 . 𝑉𝐷𝐶 =

𝑇𝑠−𝑑2𝑇𝑠

𝑑2𝑇𝑠
 . 𝑉𝐷𝐶 =   

1−𝑑2

𝑑2
 . 𝑉𝐷𝐶  (4.27) 

Where d1 is the ratio of the on-time of switch S3 to total switching period TS and, 

similarly, d2 corresponds to switch S2. From (4.27), it can be observed that the d2 can be 

calculated for a required boost ratio of 𝑉𝑆𝐶 to 𝑉𝐷𝐶. 

 

Figure 4.11 (a) Charging inductors L1 and L2 from the energy storage devices. 
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Figure 4.11 (b) Providing a freewheeling path for iL1 through D4 in T2. 

 

 

Figure 4.11 (c) Avoiding the voltage drop across the diode D4 by turning on S4 in T3. 
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Figure 4.11 (d) Discharging from L1 and L2 in the DC link using D1. 

 

 

 

Figure 4.11 (e) Discharging from L1 and L2 in the DC link using S1. 
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4.2.5 Mode 5: Charging battery and supercapacitor from the DC link 

          In this mode of operation, the battery and supercapacitor can be charged from the 

grid during off-peak hours to reduce the energy cost. Firstly, switch 𝑆5 is turned on while 

the switch 𝑆6 is turned off to connect 𝐿2 to the supercapacitor. The battery and 

supercapacitor sources are charged during the interval 𝑇1 by turning on switches 𝑆1, 𝑆3, 

and 𝑆5  as seen in Figure 4.13 (a). Then, inductor currents pass-through 𝐷2  during interval 

𝑇2 while switch  𝑆1 turned off as seen in Figure 4.13 (b). the voltage drop across the diode 

is avoided by turning on switch S2 to work as a synchronous rectifier at the interval 𝑇3 as 

seen in Figure 4.13 (c). Figure 4.13 (d) shows the current continues to flow in 𝐿1 and the 

supercapacitor is charged by continuous inductor current 𝑖𝐿2, while switches 𝑆3 is turned 

off, and S4 is turned on at the interval 𝑇4 . The battery and supercapacitor are charged 

from the DC link while switches  𝑆1 and 𝑆5 and diode D3, as switches  𝑆2 and S4 are turned 

off at the end of the interval 𝑇4 . Finally, the cycle of this operation ended by turning on 

the switch 𝑆3 , as the voltage dropped across it avoided providing a path for 𝑖𝐿1 as seen in 

Figure 4.13 (e). 

Figure 4.12 Steady-state waveforms for mode D. Figure 4.12 Steady-state waveforms for mode D. 
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The relation between the voltages of the battery, DC link, and supercapacitor can be 

derived by applying volt–second balance across the inductors, as demonstrated in Figure 

14. 

𝑉𝐵𝑇 =
𝑇1+𝑇5

𝑇1+𝑇2+𝑇3+𝑇5
 . 𝑉𝐷𝐶 =

𝑇1+𝑇5

𝑇𝑠−𝑇4
 . 𝑉𝐷𝐶 =   

𝑑1

𝑑2
 . 𝑉𝐷𝐶          (4.29) 

𝑉𝑆𝐶 =
𝑇1+𝑇5

𝑇𝑠
 . 𝑉𝐷𝐶 = 𝑑1 . 𝑉𝐷𝐶                                           (4.30) 

Where 𝑑1 = 
𝑉𝑆𝐶

𝑉𝐷𝐶
 , and 𝑑2 = 

𝑉𝐵𝑡

𝑉𝐷𝐶
 , as by regulating 𝑑1 and 𝑑2 the energy transferred from 

DC link to the battery and supercapacitor can be regulated. 

 

Figure 4.13 (a) Charging inductors L1 and L2 from the DC link in T1. 
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Figure 4.13 (b) Discharging from inductors L1 and L2 in the energy storage devices using D2 in T2. 

 

 

 

Figure 4.13 (c) Discharging from inductors L1 and L2 in the energy storage devices using S2 in T3. 



64 

 

 

 

Figure 4.13 (d) Charging supercapacitor with continuous inductor current oft iL2, while switches S3 is turned off, and 

S4 is turned on at the interval T4. 

 

 

 

 

Figure 4.13 (e) Restarting the switching cycle Ts by turning on D3 and then switching S3 in T5. 
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The switching sequences of power switches in the operation modes (4) and (5) are listed 

in Table 4.4 [65]. 

Table 4.4 Switching states in modes (4) and (5). 

 𝑻𝟏 𝑻𝟐 𝑻𝟑 𝑻𝟒 𝑻𝟓 

mode 4 
𝑆2, 𝑆3, 𝑆5 𝑆2, 𝐷4 , 𝑆5 𝑆2 , 𝑆4, 𝑆5 𝐷1 , 𝑆4, 𝐷6 𝑆1  , 𝑆4, 𝑆6 

mode 5 
𝑆1 , 𝑆3, 𝑆5 𝐷2 , 𝑆3, 𝑆5 𝑆2, 𝑆3, 𝑆5 𝑆2 , 𝑆4, 𝑆5 𝑆1 , 𝐷3 , 𝑆5 

 

4.3 Control Design of the Converter 

         The PI controller is one of the most common control algorithms used in power 

electronics, especially the DC/DC converters. It has many advantages like simplicity, 

reliability, and ease of implementation in linear systems. It is part of the PID controller 

family with three integrated constants (Figure 4.15) that have a control loop mechanism 

employing feedback that is frequently utilized in power electronics circuits. Typically, 

Figure 4.14 Steady-state waveforms for mode E. 
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the proportional and the integrals (PI) constants are only used in the DC/DC converters, 

to control the steady-state and transient errors and as well to enhance the response time of 

the system. The proportional constant (P- controller) obtains the output by comparing the 

setpoint (the desired output) with the actual value coming from the feedback. The 

resulted value is multiplied with a proportional constant to get the desired output. To 

reduce the steady-state error to zero, the integral constant (I- controller) is used to 

integrate the error over time until the error value reaches zero. However, it is affecting the 

system stability by limiting the speed response; therefore, it is crucial to tune the PI 

constant to minimize the steady-state error, enhance the response time and the system 

stability. The output of the D-controller output depends on the rate of change of error to 

time, multiplied by the derivative constant. 

 

Figure 4.15 PID controller 

            The system performance and response can be optimized by tuning, the constants 

Kp, Ki, and Kd. However, as the constants Kp, and Ki are typically used only in the 

DC/DC converters, the output currents and voltages can be adjusted by tuning them and 

getting the desired process requirements. The error value is the difference between the 

feedback signal and the desired setpoint. The controller attempts to reduce it by 

modifying a controlled variable (e), the tracking error, as shown in Figure 4.16.The error 

signal will be delivered to the PID controller, and the signal immediately after the 

controller will match the proportional gain times the error magnitude plus the integral 

gain times the integral of the error plus the derivative gain times the derivative of the 

error where, this signal will be sent to the plant, to obtain the desired output. 

Figure 4.16 System block diagram with feedback control. 
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The PI controller is used for the voltage control for the buck and boost stages of the 

Multi-input DC-DC converter. The closed-loop transfer function of the PI controller's 

first order system is: 

 

                                  𝐺(𝑠) =  
(𝐾𝑝+

𝐾𝑖
𝑠

).𝑘

𝜏.𝑠+1+(𝐾𝑝+
𝐾𝑖
𝑠

).𝑘
                                                  (4.31) 

 

Where 𝜏 is the time constant, and 𝐾 is the DC Gain. The equations below were used to 

implement the controller algorithm in Figure 4.17. 

                            
𝑉𝑜𝑢𝑡(𝑠)

𝑉𝑠𝑒𝑡 𝑝𝑜𝑖𝑛𝑡(𝑠)
 = 

𝐺(𝑠)

1+ 𝐺(𝑠)
                                                     (4.32)    

                         𝐺(𝑠) =  𝐺𝑝(𝑠). 𝐺𝑃𝑊𝑀(𝑠). 𝐺𝐷𝐶_𝐷𝐶(𝑠)                           (4.33)    

                        𝐺𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟(𝑠) =  𝐺𝑃𝑊𝑀(𝑠). 𝐺𝐷𝐶_𝐷𝐶(𝑠)                         (4.34) 

           As shown in Figure 4.17, the output signals of the PI controller determine the 

suitable duty ratio for switching the MOSFETs gates to obtain the desired operation 

mode. The same algorithm is used in the downscale DC-DC converter to control the 

charging current of the EV. The system is underdamped by regulating the value of the 

proportional coefficient 𝐾𝑝 = 3 and the integral coefficient 𝐾𝐼 = 5 to minimize the 

steady-state error. To make the whole system stable, the lead-lag compensator was 

designed using the below equation, with 𝐾𝑝=3 and 𝑇𝑖= 7.5758𝑥10−4. 

𝐶𝑖𝐿 = 𝐾𝑝(1 +
1

𝑇𝑖𝑆
)                 (4.35)    

 

 

Vpwm 

Figure 4.17 Multi-input DC-DC Converter Process with Closed-Loop Controller. 

Vpwm 
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4.4 Design of the Proposed Fast-Charging Station 

                  The proposed converter, as mentioned before, is used to charge the EVs from 

the energy storage devices individually and simultaneously. The energy storage devices 

connected with the grid utility to the DC link as shown in Figure 4.18. This DC link is 

connected to the step-down converter to reduce the voltage of the DC link and increase 

the charging current of the EV, in addition to controlling the charging rate. The proposed 

FCS uses off-board charging topology as the power conversion outside the vehicle, and it 

works at a high-power rate, as we will discuss later in the simulation work section. To 

form a hybrid energy storage system, a battery and supercapacitor are utilized to combine 

the high energy density of the battery and the high-power density of the supercapacitor. 

Furthermore, using the modularity feature of the converter, more renewable energies can 

be added easily to charge the energy storage devices; thus, the charging cost and the load 

on the gird can be reduced more. 

 

 

 

 

 

 

Figure 4.18 The proposed fast charging station. 
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4.4.1 The Design of the Buck Converter 

           The step-down DC/DC converter shown in Figure 4.19 consists of MOSFET 

switch S to charge and discharge the inductor L and diode D to prevent the current from 

passing through it during the on-state of the switch as its reversed biased by voltage. The 

capacitor C is used as a filter for voltage ripples. 

 

During the on-state, the switch S is turned on, the current through inductor L is 

increased, and the voltage across the inductor will be: 

     𝑉𝐿 =  𝑉𝑖𝑛 − 𝑉𝑂                                                (4.36) 

       In this case the 𝑉𝑖𝑛 will be the DC link voltage and the 𝑉𝑂 the output voltage to 

charge the EV’s battery. In the of- state, the switch S is turned off, the diode D will be 

forward biased, and the voltage across the inductor will be: 

                                          𝑉𝐿 =  − 𝑉𝑂                                                     (4.37) 

           The current through the inductor will decrease and flow through the freewheeling 

diode D, and the EV’s battery. The inductor has been selected to make the converter work 

in continuous operation mode and reduce the current ripples and has been calculated 

using equation (4.38) 

                                                             𝐿 =  
(1−𝐷)𝑅

2𝑓
                                     (4.38) 

Similarly, the capacitor has been selected and calculated using equation (4.39) to reduce 

the output voltage ripples and handle the required ripple current stress. 

                                       ∆𝑉𝐶 =  
𝑉𝑆 𝐷(1−𝐷)𝑅

8𝐿𝐶𝑓2                                             (4.39) 

Figure 4.19 Circuit diagram of the buck converter. 

Fig.18 
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       The buck converter works at a switching frequency 𝑓𝑠 30 kHz to reduce the size of 

the inductor and the capacitor. Table 4.5 shows the design specification of the proposed 

buck converter [66]. 

Table 4.5 Design specification of the buck converter. 

Specifications Input 

voltage 

Output 

voltage 

Switching 

frequency 

(fs) 

Inductor 

(𝑳) 

Capacitor

 (𝑪) 

Power 

Values 500 V 350 V 30 kHz 5 mH 50 F 17 kW 

 

4.4.2 The Control of the Buck Converter 

                  The multi-input converter was based on voltage control to sustain the DC link 

voltage at 500 V. In contrast, the buck converter is based on current control, as shown in 

Figure 4.20 to control the charging current of the EV. The proportional-integral (PI) 

controller was also chosen to control the charging current. Figure 4.20 shows that the PI 

controller minimizes the error between the output current and the reference charging 

current to determine the desired duty ratio for generating the pulses of the switch of the 

buck converter. The system is underdamped by regulating the value of the Integral 

coefficient KI = 5 and proportional coefficient Kp = 3 to minimize the overshoot and the 

steady-state error. 

 

 

 

 

 

 

Figure 4.20 Buck converter controller. 
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Chapter 5. Simulation Results and Performance Analysis 

5.1 Simulation Results of the Proposed Converter 

                 The proposed converter was simulated in MATLAB/Simulink, as shown in 

Figure 5.1, in different operation modes to verify its topology and analysis. The built-in 

models of the battery and supercapacitor were used, and the gate signals were sent from 

the PID controller to determine which MOSFETs would switch on and which MOSFETs 

would switch off based on the operation mode. 

Figure 5.2 (a) shows the battery was boosted from 200 V to 500 V to discharge in the DC 

link through 𝐿1 in mode 1(a), based on the switching sequence in this mode, the switch 𝑆2 

work in complementary wise with switch 𝑆4 , as the voltage across  𝑆2 present DC link 

voltage, and the voltage across 𝑆4 present battery’s voltage. In mode 1(b), the battery is 

charged from the DC link by reversing the current in the inductor 𝐿1 in the average 

current of 15 A, as shown in Figure 5.2 (b), and similarly, the voltage across  𝑆2 present 

DC link’s voltage, and the voltage across  S4 present battery’s voltage. 

Figure 5.0:1 Design of the proposed converter in MATLAB/Simulink. 
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Figure 5.2 (a) Current of L1 and voltages across VS4 and VS2 in mode 1(a). 

Figure 5.2 (b) Current of L1 and voltages across VS4 and VS2 in mode 1(b). 



73 

 

                In mode 2(a), the energy transferred from the supercapacitor to the DC link as 

voltages across switches S2 and S6 show the DC-link and supercapacitor voltage, 

respectively, along with their states. As shown in Figure 5.3 (a), the supercapacitor’s 

voltage is boosted from 160 V to the DC link’s voltage of 500 V by charging the inductor 

L2. By using the same switches and by reversing the current in the inductor L2, the 

supercapacitor charged from the DC link by reducing the voltage from 500 V to 160 V, as 

shown in Figure 5.3 (b). 

 

 

Figure 5.3 (a) Voltages across switches S6  and S2  and current of L2 in mode 2(a) 
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            The power can be exchanged between the battery and supercapacitor as shown in 

Figure 5.4 (a) and Figure 5.4 (b), respectively, in mode 3(a) and mode 3(b) using 

switches S3, S5, and S6. The SOC of the supercapacitor increases with a low voltage 

ripple of charging, and the charging current is negative, which means the current enters 

the supercapacitor, as shown in Figure 5.4 (a). Similarly, the voltage and current ripple of 

charging the battery from the supercapacitor was less than 0.2 V, as shown in 

 Figure 5.4 (b). 

Figure 5.3 (b) Voltages of switches S6 and S2 and current of L2 in mode 2(b). 
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Figure 5.4 (a) SOC ,voltage and current of supercapacitor in mode 3(a) 
Figure 5.4 (a) SOC, voltage and current of supercapacitor in mode 3(a). 

Figure 5.4 (b) SOC, voltage and current of battery in mode 3(b). 
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                  In mode four, the DC link is boosted to 500 V from the battery’s voltage  

of 200 V and supercapacitor’s voltage of 160 V simultaneously with low voltage ripples 

through inductors 𝐿1 and 𝐿2 as shown in Figure 5.5. Simultaneously, the supercapacitor 

and the battery can be charged from the DC link to their voltages by reversing the 

currents through inductors 𝐿1 and 𝐿2 also, as shown in Figure 5.6. Their SOC increased, 

and the charging currents were negative, which means the currents entered the energy 

storage devices. 

 

Figure 5.5 Currents of L2 and L1 and DC link voltage in  mode 4. Figure 5.5 Currents of L2 and L1 and DC link voltage in  mode 4. 

Figure 5.6 Currents and SOC of the battery and the supercapacitor in mode 5. 
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             The simulation results also show the optimization of the PID control 

algorithm, as the results show the steady-state error, and the overshoot values were 

low and in the acceptable range. For example, Figure 5.7 (a) shows the steady-state 

error was less than 2 V and the rising time was less than 0.2 sec in mode 1(a), and the 

same for charging the battery from the DC link as seen in Figure 5.7 (b) the output 

voltage was very smooth by charging the battery with 200  V. 

 

 

Figure 5.7 (a) Steady-state error of the output voltage in mode 1(a). 
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Similarly, the steady-state error was less than 7 V, meaning 0.014 voltage ripples, and the 

rising time was less than 0.1 sec in mode 2(a), as seen in Figure 5.8 (a). As seen in Figure 

5.8 (b), the output voltage was very smooth in charging the supercapacitor from the DC 

link with an output voltage of 160 V. 

Figure 5.7 (b) Battery’s voltage in mode 1(b). 

Figure 5.8 (a) Steady state error of the output voltage in mode 2(a). 
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            Moreover, Figure 5.9 present the battery and supercapacitor were charged from 

the DC link in low overshot and voltage ripples with different current and voltage rates. 

 

Figure 5.9 The current and voltage of the supercapacitor and battery while charging from the DC link at mode 5. 

 

 

 

 

Figure 5.8 (b) Supercapacitor’s voltage in mode 2 (b). 
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5.2 Losses and Efficiency of the Proposed Converter 

The switching losses and conduction losses are the main losses of the proposed 

converter. As the MOSFETs of the converter exposes to high voltage and current during a 

transition between the on and off states, as shown in Figure 5.10, this creates switching 

losses in the converter. By using equation (5.1), the switching losses in the different 

operation modes can be calculated. 

         𝑃𝑆 = ∫ 𝑉𝐷 𝐼𝐷  𝑑𝑡                                     (5.1) 

 

 

 

 

 

 

 

Figure 5.10 Switching losses during the overlap transaction between the current and the voltage of the MOSFET 

Where 𝑉𝐷 and 𝐼𝐷   , the voltage and current drain of the MOSFET in on and off states. 

The resistive elements of the MOSFETs dissipate power and create conduction losses as 

current is conducted through the power switch. The resistive parameter is described as on-

resistance, or 𝑅𝐷𝑆𝑜𝑛  , and it is equal to 0.1 Ω in the proposed converter. The average value 

of the conduction losses can be calculated using equation (5.2) 

                                                  𝑃𝑐=𝐼𝐷𝑟𝑚𝑠
2 𝑅𝐷𝑆𝑜𝑛                                       (5.2) 

 

Where is 𝐼𝐷𝑟𝑚𝑠 is the rms value of the MOSFET on-state current, therefore the total losses 

will be: 

                                                        𝑃𝑇 = 𝑃𝑠 + 𝑃𝑐                                      (5.3) 

The switching and conduction losses in the different operation modes are summarized in 

Tables 5.1 and 5.2 based on equations (5.1) and (5.2). 
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Table 5. 1 Switching losses of the five operation modes. 

 

 

 

  Table 5.2  Conduction losses of the five operation modes. 

 

The efficiency of the proposed converter in the different operation modes is summarized 

in Table 5.3 based on equation (5.4). 

                               efficiency = 
𝑃𝑜𝑝

𝑃𝑖𝑛
                              (5.4) 

 

 𝑺𝟏 𝑺𝟐 𝑺𝟑 𝑺𝟒 𝑺𝟓 𝑺𝟔 Total 

mode 1(a) 2.8 W 6.6 W 55.9 W 23. 7 W - - 89 W 

mode 1(b) 6.7 W 16.3 W 9.5 W 3.8 W - - 36.3 W 

mode 2(a) 3 W 13.11 W - - 14.2 W 4 W 33 W 

mode 2(b) 63 W 183 W - - 176 W 57 W 479 W 

mode 3(a) - - 48 W - 32 W 13 W 96 W 

mode 3(b) - - 45 W - 32 W 13 W 90 W 

mode 4 3 W 12 W 3.2 W 3.7 W 1.2 W 0.38 W 23 W 

mode 5 5.6 W 12.4 W 4.3 W 0.9 W 3.8 W 0 W 27 W 

 𝑺𝟏 𝑺𝟐 𝑺𝟑 𝑺𝟒 𝑺𝟓 𝑺𝟔 Total 

mode 1(a) 0.25 W 6.6 W 52 W 2.12 W - - 63.97 W 

mode 1(b) 6.7 W 1.5 W 0.87 W 3.8 W - - 12.87 W 

mode 2(a) 0.27 W 13.2 W - - 14.24 

W 

0.37 W 28.08 W 

mode 2(b) 62.7 W 16.5 W - - 15.8 W 57 W 152 W 

mode 3(a) - - 855 W - 40 W 400 W 1295 W 

mode 3(b) - - 4 W - 31.7 W 1.6 W 37.3 W 

mode 4 0.28 W 12 W 3.25 W 0.33 W 1.26 W 0.035 W 17.16 W 

mode 5 5.6 W 1.12 W 0.39 W 0.94 W 0.35 W 0 W 8.4 W 
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Table 5.3 The efficiency of the converter in the five operation modes. 

 mode 1(a) mode 1 
(b) 

mode 2(a) mode 2 
(b) 

mode 3 
(a) 

mode 

3(b) 

mode 4 mode 5 

𝑷𝒊𝒏 4000 W 2100 W 1520 W 2100 W 9000 W 2200 W 1200 W 2100 W 

𝑷𝒐𝒑 3847 W 2051 W 1471 W 1469 W 7609 W 2073 W 1160 W 2065 W 

Efficiency 96.18% 97.60% 96.70% 70% 85% 98.70% 96.70% 98.30% 

 

5.3 Simulation Results of the Fast Charging Station 

To test the charging capability of the proposed multi-input converter for charging an 

EV’s battery from the energy storage devices individually or simultaneously without the 

grid utility, a battery is connected to the buck converter with specifications similar to the 

Nissan leaf battery (350 V, 60 Ah). The storage battery successfully charged the EV 

battery with a charging current of more than 25 A and with a charging power rate of 8750 

W, as shown in Figure 5.11. Using the supercapacitor, the SOC of the EV’s battery 

increased linearly with a charging current of 25 A and a charging power rate of 8750 W, 

as shown in Figure 5.12. To increase the charging current rate and reduce the charging 

time, the EV’s battery is simultaneously charged from the battery and supercapacitor, as 

shown in Figure 5.13. During the first one second of the simultaneous charging, the 

charging current was 50 A and the SOC was higher than the SOC in the same charging 

time for individual charging. 

 

Figure 5.11 Charging the EV’s battery from the battery only. 
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The simulation results show that the converter can work and charge the EVs at a power rate 

up to 17 kW, which is considered level 2 in the SAE J1772 standard [67]. 

 

 

Figure 5.12 Charging the EV’s battery from the supercapacitor only. 

 

Figure 5.13 Charging the EVs from both sources simultaneously. 
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Chapter 6. Experimental Results of the Proposed Converter 

           Battery, supercapacitor bank, and restive loads in different values are used in the 

prototype to validate the switching sequence of the converter and the topology concept. 

In addition, Arduino UNO is used as a controller with IRS 2186 MOSFET gate driver for 

switching the MOSFETs of the multi-input converter prototype. In addition, for 

maintaining the voltage across the gate and source of the high-side MOSFETs with 12 V. 

The prototype of the multi-input DC/DC converter in Figure 6.1 was tested at a low 

power rate (up to 100 W) to test the functionality of the converter in different operation 

modes in different switching sequences and to prove the concept of the topology Table 

6.1 shows the design specifications of the multi-input converter prototype. The 

supercapacitor as mentioned before has a long lifetime compared to the battery, as the 

one used in this prototype can charge and discharge for 500,000 cycles, and the lithium-

ion battery is around 5 years or at least 2,000 charging cycles [68]. 

 

Table 6.1 Design specification of the multi-input converter prototype. 

 

Specifications Battery Supercapacitor DC 

link 

Inductor 
(𝑳𝟏) 

Inductor 
(𝑳𝟐) 

Capacitor (𝑪) Switching 
frequency 
(fs) 

Load Power 

Values 12 V/ 2.2 

Ah 

15 V/ 400 F 24 

V 

2 mH 2 mH 100 μF 30 kHz 10 k Ω 100 W 

Figure 5:1 Multi input converter prototype 

 

Figure 6.1 Multi input converter prototype. 
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6.1 Experimental Results of the Converter in Different Operation Modes 

6.1.1 Supplying the DC link from the Battery Only 

               The battery’s voltage was boosted from 12 V to 24 V with complementary 

switching signals, as shown in Figure 6.2 (a), by switching the MOSFETs S3 and S2 

complementary with S1 and S4. Inductor L1 is charged when switches S3 and S2 are turned 

on from the battery, and discharged in the DC link when the S1 and S4 are turned on as 

shown in Figure 6.2 (a). The voltage across  𝑆2 present DC link’s voltage, and the voltage 

across 𝑆4 present battery’s voltage. Vice versa, the DC link voltage was reduced from 24 

V to 12 approximately, as shown in Figure 6.2 (b), by operating switches S1 and S4 

complementary with S3 and S2. The charging current is reversed in L1, as seen in Figure 

6.2 (b), to charge the battery from the DC link, which also shows the reversal of direction 

of power to approve the bidirectional power flow capability of the proposed converter. 

 

VBt 

 

V dc_link 

 

Figure 6.2 (a) Voltage across switch S2, VS2 (scale: 10 V/div), and voltage across switch S4, VS4 (scale: 10 V/div) . 
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6.1.2 Supplying the DC link from the Supercapacitor Only 

               Same to the previous mode, the supercapacitor’s voltage was boosted from 15 V 

to 24 V with complementary signals, as shown in Figure 6.3 (a), but by switching the 

MOSFETs S5 and S2 complementary with S1 and S6. At this operation mode, the inductor 

L2 is charged and discharged to transfer the power from the supercapacitor to the DC link. 

Inductor L2 is charged when the switches S5 and S2 are turned on and releases its energy 

in the DC link when the switches S1 and S6 are turned on, as shown in Figure 6.3 (a). Vice 

versa, the DC link voltage was reduced from 24 V to 15 approximately, as shown in 

Figure 6.3 (b), by operating switches S1 and S6 complementary with S5 and S2. As 

presented in Figure 6.3 (b), inductor L2 reversed its current in mode 2 (b), so the iL2 slope 

returned to zero, which means the inductor L2 is discharging when the switches S5 and S2 

are turned on. 

 

 

 

 

 

Figure 6.2 (b) Voltage across switch S2, VS2 (scale: 10 V/div), and voltage across switch S4, VS4 (scale: 10V/div) . 
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Figure 6.3 (a) Charging and discharging of inductor L2 in mode 2(a). 

 

Figure 6.3 (b) Charging and discharging of inductor L2 in mode 2(b). 
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6.1.3 Supplying the Battery from the Supercapacitor 

           This operation mode was used and tested to extend the battery's lifetime as the 

supercapacitor voltage reduced from 15 V to 12 V using switches S3, S5, and S6. As seen 

in figure 6.4 (a), the inductors L1 and L2 are charged at the same time from the 

supercapacitor to discharge in the battery, and vice versa, the battery voltage was boosted 

from 12 V to 15 approximately to charge the supercapacitor, as shown in Figure 6.4 (b) 

by reversing the currents in inductors L1 and L2. Also, the figures below show the current 

ripples of the inductors reduced compared to the previous operation modes because the 

inductors were in series. 

 

Figure 6.4 (a) Charging battery from the supercapacitor using inductors L1 and L2 
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Figure 6.4 (b) Charging supercapacitor from the battery by reversing the currents in inductors L1 and L2 

 

6.1.4 Supplying the DC link from the Battery and the Supercapacitor 

           The inductors L1 and L2 are charged simultaneously in this operation mode from 

the battery, and the supercapacitor uses switches S2, S3, and S5, as shown in Figure 6.5. 

Then the inductors discharge their energy at the DC link using switches S1, S4, and S6 to 

boost the DC link voltage to 24 V, as shown in Figure 6.5. The voltage across switch S2 

represents the DC link’s voltage, and the voltage across switch S6 shows the 

supercapacitor’s voltage. 
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6.1.5 Charging the Battery and the Supercapacitor from the DC link 

In this operation mode, the battery and supercapacitor are charged simultaneously from 

the DC link by reversing the inductors' L1 and L2 currents compared to the previous mode. 

Same to the last operation mode, the inductors L1 and L2 are charged simultaneously from 

the DC link using switches S1, S4, and S6, as shown in Figure 6.6. Then the inductors 

discharge their energy at the battery and the supercapacitor using S2, S3, and S5, as shown 

in Figure 6.6. The voltage across switch S2 represents the DC link’s voltage, and the 

voltage across switch S6 shows the supercapacitor’s voltage. 

Figure 6.5 Charging simultaneously the DC link from the battery and supercapacitor 

Figure 6.6 Charging simultaneously the battery and supercapacitor from the DC link 
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6.2 Validation and Comparison between Simulation and Experimental Results 

          The experimental results validate the concept topology of the converter, 

specifically the switching sequence to charge and discharge the energy storage devices in 

different scenarios. It also shows the bidirectional power flow capability of the converter 

and charging and discharging simultaneously from two sources. Figure 5.2 (a) shows 

similar waveforms to Figure 6.2 (a) but in different values, which proves the functionality 

of the converter, especially the switching sequence. Similarly, the output results in Figure 

5.3 (b) are identical to Figure 6.3 (b), validating the simulation results and the 

bidirectional power flow capability. Figure 6.4 validates the functionality of the converter 

to exchange the power between two energy storage devices, as presented before in the 

simulation results. Figures 6.5 and 6.6 shows the capability of the converter to charge and 

discharge two sources simultaneously. Therefore, to operate the converter at a high power 

rate, we need to adjust the values of the specification design to match the high power rate 

applications. 

6.3 Discussions  
 

          The five operating modes of the converter have been simulated successfully as well 

as the losses, and the converter's efficiency was calculated in the different operation 

modes. The voltage ripples during most operation modes were less than 5%, and the 

efficiency was higher than 90% in the simulation work. The proposed converter was 

tested on a simulation scale to charge a Nissan Leaf battery (350 V, 60 Ah) individually 

and simultaneously from the energy storage devices. The output results show the 

converter successfully charges the EV’s battery separately on average with 25 A, and 

simultaneously on average with 50 A, which means the charging time can be reduced 

using this operation mode. The charging rate can be controlled by adjusting the reference 

charging current in the PI controller of the buck converter. The simulation results were 

validated on a hardware scale at a low power rate (100 W) to validate the topology of the 

converter and switching sequence.  The experimental results show the capability of the 

converter to operate in different operation modes at bidirectional power flow, similar to 

the simulation results but at low power rates. To upgrade the converter to work at a high-

power rate of 17 kW, similar to the simulation work, we need to adjust the design 

specification of the converter, as well as add more protection elements to increase the 

safety of the converter. 
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Chapter 7. Conclusion and Future Work 

7.1 Conclusions 

This thesis discusses the designing, modeling, analysis, and simulation of a multi-

input DC/DC converter to integrate a hybrid energy system for a proposed fast-charging 

station of electric vehicles and the experimental work for validating the simulation work. 

Chapter 1 presented a general idea about the motivation of the Canadian Government 

to set a goal to increase the sales of electric vehicles to reduce CO2 emissions and face 

global climate change, as well as the importance of increasing the number of fast-

charging stations to achieve this target. It also discusses different topologies of the 

DC/DC converters and the multi-input DC/DC converters and their merits over the 

traditional DC/DC converters. 

Chapter 2 discusses in detail the different fast charging technologies and 

infrastructure of electric vehicles. In addition, it presents different global and recognized 

fast charging standards, protocols, and power rates of each standard. Moreover, the recent 

topologies of the multi-input converters were presented and compared with the proposed 

multi-input converter in terms of the number of components, power flow capability, 

number of operation modes, and the modularity of the design. 

 

      Chapter 3 presents different energy storage devices like batteries and supercapacitors 

with their different characteristics, advantages, and disadvantages. In addition, it 

discusses the merits of supercapacitors over batteries as energy storage devices. 

 

       In chapter 4, the design of the proposed converter was presented in detail with its 

merits over the recent topologies of the multi-input converter, and the equations used for 

this design. In addition, the converter's modeling, analysis, and operation modes are 

discussed in detail in this chapter. The control algorithm was also presented, and the 

reasons for the selection of the PI controller and the equations used for calculating the 

constants of the controller were stated. The proposed fast-charging station design also 

mentioned how it could reduce the charging time, charging cost, and the load in the grid 

during peak hours with the proposed converter. A simple buck converter was used to 

charge the EV’s battery to reduce the voltage of the DC link and increase the charging 
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current, and its controller was presented as the buck converter was based on the current 

control, not voltage control like the multi-input converter. 

 

         Chapter 5 shows the simulation results obtained using MATLAB/Simulink with 

testing the converter in different operation modes with power rates (0-500 V DC, 0-60 A, 

and 17 kW). The results show the efficiency of the controller as the rising time, steady-

state error were low, and the overshot was damped well. In addition, the voltage ripples 

were in the acceptable range, less than 5%. The conduction and switching losses were 

calculated, and the efficiency of the proposed converter was higher than 90% in most of 

the operation modes. The simulation results of the whole system show the converter 

successfully charged the EV’s battery individually and simultaneously, as the charging 

current in individual charging mode was on average 25 A, and in simultaneous mode was 

50 A. The charging rate can be controlled by adjusting the reference charging current in 

the PI controller of the buck converter. 

Chapter 6 represents the experimental results for validation of the simulation 

work, but at a low power rate (100 W) and with different loads to validate the converter's 

switching sequence and topology. 

7.2 Contributions 

The first chapter looked at DC-DC converters and the purpose and merits of 

multi-input converters over the traditional ones. Multiple-input converters can play an 

essential role in reducing charging time, charging cost, and the load on the grid during 

peak hours by utilizing them with a hybrid energy system in the fast-charging station of 

electric vehicles with effective energy management. 

The merits and drawbacks of recent topologies of the multi-input converters are 

investigated to address the main concerns and introduce the efficient proposed 

converter. The proposed converter focus on reducing the components numbers, 

increasing the operation modes, working in bidirectional power flow, and reducing the 

cost and weight of the converter compared to other topologies. In addition, to add 

modularity to the proposed design, so it can easily add more energy sources to the 

converter. In Further detail, compared to other topologies mentioned in the literature 

review in chapter 2, the novelty and contribution of this proposed topology it can work 

in five operation modes as it can charge and discharge the power sources 

simultaneously or individually.  Moreover, it can exchange the power between them, 
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showing the bidirectional power flow capability of the converter as presented in the 

simulation and experimental results with minimum components parts. The proposed 

converter also shows it can be less weight and cost compared to other topologies, as 

discussed in chapter 4. In addition, the converter has the advantage of modularity by 

adding a switching leg consisting of two power switches and one inductor to increase 

power sources or energy storage devices based on the application. 

A new fast-charging station for EVs was developed with a hybrid energy system 

to combine the high energy density of the battery, and the high-power density of the 

supercapacitor. With this design, the load in the grid during the peak hours can be 

mitigated, as discussed in detail in chapter 4, and the lifetime of the energy storage 

devices can be extended. The EVs can be charged faster using the merit of the 

supercapacitor as it has a high-power density or by charging simultaneously from two 

power sources or more. In addition, with the modular design of the proposed converter, 

more power sources like PV arrays can be integrated into the station, reducing the 

charging cost on the customers and the consumption from the grid. 

A modular multiple-input non-isolated DC-DC converter was developed to give a 

reliable output power while managing energy storage devices for effective energy 

management of FCS of EVs. The losses and the efficiency of the converter were 

discussed in detail in different operation modes. The converter design was tested at a 

hardware scale using a small prototype to validate the simulation work. The topology 

shows it can be helpful for FCS and other industrial applications like microgrids and 

motor traction of EVs or PHEVs. 

 

7.3 Limitations 

The efficiency of the converter during charging the supercapacitor was very low 

compared to other operation modes, which could cause a high cost to charge it from the 

grid. As the non-isolated converters have less safety than the isolated converter, this 

could be an issue with using this converter in high-power applications like FCS. To solve 

this issue, it is recommended to use protection devices like circuit breakers and fuses in 

the DC link and near the input source to increase the safety of the FCS or any application. 

The present control algorithm is simple and reliable, but it cannot switch from operation 

mode to another mode automatically, as it needs high skills in control algorithms, as well 

as to understand more the behavior of the application and the conditions to know when to 
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switch from one mode to another. Also, the control algorithm of the prototype needs 

more optimization, as the voltage ripples and the overshot voltage in some operation 

modes were high.  The efficiency of the converter in hardware scale was not calculated 

due to limitation of the devices to calculate it, as to calculate the switching and 

conductions losses its, need high cost and advanced devices. 

7.4 Future Work 

To charge the EV’s battery using the constant current constant voltage control 

technique as its better than constant current control as this technique can extend the 

lifetime of the battery and charge it faster than the current control technique. To test the 

prototype at a high-power rate similar to the FCS power rate, hence adjusting the design 

specification of converter parameters to match the power rate of the application. Thus, to 

identify the issues the proposed topology can face while using it in high power rate 

applications. Furthermore, to calculate the efficiency of the converter in hardware scale to 

compare it with efficiency calculations in the simulation work. Furthermore, to test the 

number of power sources that can be easily added to the proposed converter using the 

advantage of the modularity without affecting the whole system stability. The topology 

was tested using the Arduino controller, an advanced controlling method, such as PLC, 

raspberry pi, and nonlinear control must be employed to get optimized results and to be 

implemented at high power rate applications like FCS. Moreover, to optimize the control 

algorithm so that the converter can work automatically from one operation mode to 

another. Finally, use suitable heatsinks to cool MOSFETs as the MOSFETs were burned 

out quickly because of the exceeding heat during the switching operations. 
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