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ABSTRACT 

ABOUEATA, WALID M., Masters : January : 2022, 

Masters of Science in Electrical Engineering  

Title: High-Power Isolated Modular DC-DC Converter System for Heavy-Duty Fuel-

Cell-Based Electric Vehicles 

Supervisor of Thesis: Prof.Ahmed Massoud. 

Electric Vehicles (EVs) have attracted researchers' attention to further develop and 

enhance this strategic area. Compared with fuel-based vehicles, EVs are more 

demanded nowadays due to their high performance and new modern features. 

Integrating renewable energy sources such as PV and fuel cells (FCs) to EVs expand 

this technology's research area to increase system reliability. In addition, it enables an 

on-board charging feature, which can extend the mileage range of EVs. FC electric 

vehicles (FCEVs) introduce more challenges to the researchers to integrate this type of 

renewable energy source to charge the EV battery while driving. This work addresses 

and evaluates an isolated DC-DC converter for FCEV, where a high-power modular 

power converter is developed for such applications. Since the FC produces a relatively 

low voltage, a high gain DC-DC converter is required to step up the voltage to meet the 

battery's rated voltage. This is achieved through an input-parallel output-series Cuk-

based DC-DC converter. The system's small-signal model is obtained to implement 

battery charger control using the constant current control method. Furthermore, equal 

power-sharing between the converters through power balancing control is presented to 

ensure equal current sharing at the input side and maintain equal output voltage with a 

mismatch in the system modules. Fractional-order PI (FOPI) controllers are utilized to 

further enhance the system and overcome the drawbacks of conventional PI controllers. 
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Then, the proposed topology was examined through different performance indices such 

as gain, efficiency, power density, sensitivity, and FC current ripple content analysis. 

The presented concept has been elucidated through simulation using Matlab/Simulink 

platform.   
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CHAPTER 1: INTRODUCTION   

1.1  Background 

Fuel Cells (FCs) are considered one of the most efficient and clean power sources. The 

FC produces potential energy from an electrochemical reaction between hydrogen and 

oxygen; however, the observed potential is low. Therefore, a stack of FCs is used as a 

power source. By cascading multiple cells, higher potential can be obtained [1]. In 

addition, water is produced as a by-product of this chemical reaction. The hydrogen 

used in the FC is available everywhere and can be produced using different methods 

(e.g., electrolysis, biomass gasification, photo-biological processes, etc.).  

There are several reasons to use FCs compared to conventional power sources. FCs are 

considered one of the most efficient power sources. Also, the power produced by the 

FC is generated without causing any noise or any other mechanical disturbance such as 

vibration and CO2 emissions like the conventional combustion engine [2]. This helps 

eliminate greenhouse gas emissions, and hence, it is considered ultra-low/zero 

emissions fuels [3]. Moreover, the FC enhances the energy security for the user nation. 

Some studies show that the FC's amount of energy per weight produced is 2.8 times 

greater than the energy per weight produced by gasoline, and the energy per volume 

produced via FC is four times less than gasoline [1]. Furthermore, hydrogen fuel 

properties add an advantage to FCs since it can be stored as gas or liquid, which helps 

in the refueling process. The result of the chemical reaction done in the FC can be used 

in other processes, or it can be reused to produce hydrogen fuel again. 

The global FC market was valued at USD 4.1 billion in 2020, and it is expected to 

further increase at an annual growth rate of 23.2% from 2020 to 2028. The increase of 

unconventional energy sources is a key factor driving the FC market growth [4]. Also, 

governments worldwide are supplementing the development of FC by funding different 
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research activities. As a matter of fact, the global industry has experienced growth in 

the FC market since 2010. The following figure shows the exponential revenue growth 

of the FC market between 2016 and 2020 [5]: 

 

 

Figure 1: Global Fuel cell industry growth 

 

Many applications deploy FCs as a power source. One of the typical applications is FCs 

in EVs. The fuel cell-based electric vehicle (FCEV) is a purely electrical engine 

composed of the power control unit, electric motor, and compressor. The main 

advantages of the FCEV compared to the hybrid vehicle are that it can sustain longer 

distances, and the hydrogen refueling time is shorter than the charging time in EVs [6]. 

The FCEV structure replaces the gasoline tanks with hydrogen tanks compared to the 

conventional combustion vehicles. The tanks’ location is based on the vehicle type, 

whether light-duty, medium-duty, or heavy-duty. The vehicles are classified based on 

their gross weight, where vehicles below 3800 kg are considered light-duty, vehicles 

between 3800 kg and 4500 kg are medium-duty, and vehicles above 4500 kg are heavy-

duty. In buses and trucks, the hydrogen storage is usually located at the enclosure of 
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the bus roof, and for the passenger vehicles, the tanks are located instead of gasoline 

tanks. Figure 2 clearly shows the structure of FCEV for light-duty vehicles and heavy-

duty vehicles. 

 

  

Figure 2: FCEV structure (a) light-duty vehicles (passenger cars), (b) heavy-duty 

vehicles (buses) [7],[8] 

 

Figure 3 shows the projection study done by BMW of how the FCEV production in 

Europe will increase in 2050 [9]. Several architectures are used in FCEVs. For example, 

 

(a) 

(b) 
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some applications utilize FC as the main power supply to drive the train directly [10]. 

On the other hand, other applications are using the FC as a secondary power supply in 

conjunction with batteries to extend the mileage of the EVs [11]. The direct FC 

connection architecture is commonly used in normal vehicles with a limited range. 

However, the second architecture is commonly used in vehicles that require high power, 

and they are considered heavy-duty EVs such as buses and military trucks [1]. 

 

 

Figure 3: BMW vehicles production projection by 2050 

  

The largest challenge of FCEV is the lack of hydrogen infrastructure. However, there 

are more than 150 hydrogen refueling stations around the world. Figure 4 shows the 

number of hydrogen stations around the world.  
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Figure 4: Hydrogen Stations in each country in 2020 [12] 

 

Until 2020 Japan leads the countries with 100 stations distributed in the country, 

followed by the USA with 44 stations in different states [12]. Hydrogen produced from 

natural gas can be cheaper than conventional gasoline. Moreover, since Qatar is one of 

the top countries that produce natural gas, hydrogen production does not represent a 

challenge for such application. 

The output power of a single FC is low, where the nominal voltage of a single cell is 

0.7V and power of ~ 50W[13]. Therefore, a multi-stack FC technique is used to 

overcome this issue and increase FC power by cascading multiple FCs. The architecture 

of the multi-stack FC can improve efficiency, enhance reliability, and reduce cost [14]. 

Although the discovery of the FC was 150 years back, the multi-stack FC is still recent 

[15]. Several architectures can be made to build a multi-stack system. For example, the 

FC can be cascaded in parallel, series, or a combination of series-parallel connections. 

In series connection, more power is produced to reduce the hydrogen fuel [14]. 

However, high power can be obtained from the parallel connection with more hydrogen 
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fuel consumption [16]. From an electrical point of view, in a series connection, the 

voltage of cascade FCs is summed up where higher voltage can be achieved with a 

lower current. On the other hand, the parallel connection ensures a higher amount of 

current with a lower voltage, making the design of the DC-DC converter challenging 

to achieve higher gains [17]. 

FC systems can be constructed in different chemical reactions, and they vary based on 

their operating temperature, efficiency, cost, and application [18]. Depending on the 

fuel and electrolyte, the FC is classified into 6 major groups, alkaline FC (AFC), 

phosphoric acid FC (PAFC), solid oxide FC (SOFC), molten carbonate FC, proton 

exchange membrane FC (PEMFC), and direct methanol FC (DMFC). Table 1.1 

illustrates the difference between those types of FCs. 

 

Table 1.1: FC types comparison [18] 

FC Type 
Operating 

Temperature (C) 

Output Power 

(kW) 

Electrical 

Efficiency 

(%) 

Application 

AFC 90-100 <100 60 
Military 

Space 

PAFC 150-200 <1000 >40 
Distributed 

generation 

SOFC 600-1000 <3000 35-43 Electric utility 

MCFC 600-700 <1000 45-47 Electric utility 

PEMFC 50-100 <250 53-58 
Backup power 

Portable power 

DEMFC 60-200 <100 40 Portable devices 
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The Proton Exchange Membrane (PEM) FC is commonly used in EV applications due 

to its high power ratings that can run such applications. Since the FC equivalent circuit 

values vary based on the chemical reactions, this model is used to obtain the Voltage-

Current characteristic. The V-I characteristic of the PEMFC operates at a temperature 

of 65𝐶𝑜 with a stack efficiency of 55% that produces 430V and 280A at maximum 

operating point is shown in the following figure: 

 

 

Figure 5.V-I Characteristic of PEMFC 

 

As illustrated in Figure 5, the FC has a nonlinear V-I characteristic. Hence, to achieve 

the required amount of power, power electronics should be used with FC technology 

[19]. A power control unit is used to generate the desired load voltage level. Based on 

previous studies and designs developed for FC applications, some converters can 

provide a wide voltage gain but with some drawbacks. In FCEV, some necessary points 
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need to be pinned. These points are FC power variation, dynamic load, and energy 

management systems. Several reasons cause the output power of the FC to vary [20]. 

Knowing that the FC is a multi-physics system, consequently, the degradation and 

physical fluctuation will affect the performance of the FC. In addition, the operating 

conditions (temperature, humidity, gas stoichiometry, pressure) have a significant 

impact on FC power output [21]. Therefore, an energy storage system needs to be 

integrated with the FC, such as a battery or ultracapacitor, to compensate for load 

variations. The stored energy plays an essential role in different scenarios. For example, 

when the electric motor requires more power, this storage could provide this power to 

the load [22]. Also, while decelerating, the electric energy can be stored in the batteries 

to ensure no wasted energy and enhance the system efficiency [21]. 

1.2 Problem Statement 

In typical EVs, the power is mainly taken from the batteries to run the drive train and 

other systems such as cooling units or any other electrical entertainment devices. 

However, in gulf countries, especially in summer, cooling systems consume more 

power to cool down the vehicle and keep the vehicle temperature within the operable 

limits. This drains the battery and reduces the mileage range of the EV. Therefore, an 

external power supply can be integrated with the system to compensate for the power 

consumed in the cooling system to increase the EV's mileage range. FCs are one of the 

recommended power supplies due to the advantage of the hydrogen refueling option 

using liquid hydrogen stored in small hydrogen cylinders within the vehicle. Moreover, 

the by-product of the FC is water, where it can be used in the cooling system, which 

helps reduce the amount of electric power consumed in running a fan to cool down the 

EV.  

FC power supplies can be used in military applications where the by-product can be 
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used to provide drinking water for the soldiers and the vehicle cooling process. 

Furthermore, military electric trucks require high torque to move the track due to their 

high weight, increasing the rated power of the EV. Thus, adding an extra power supply 

to provide an on-board charging option to the battery will help extend the mileage range 

and operating hours in such applications. The on-board charging option should be 

designed to provide the maximum power of the FC to assure continuous battery 

charging to avoid power outages that can cause any system interruption and breakdown 

of the vehicle. 

This thesis proposes the FC as an additional power supply to the EV to provide the on-

board charging for the vehicle. The proposed system integrates the FC power supply 

with a battery connected through a power conditioning unit that extracts the maximum 

power of the FC to charge the battery while driving to avoid system interruption. 

Moreover, due to high power conversion through the power conditioning unit, a 

modular design reduces the voltage and current stresses by connecting several modules 

to share the power between the modules and provide ride-through capability if one or 

more power modules are faulty. The primary objective is to use a proper connection 

compatible with FC specifications to ensure smooth battery charging, considering FC 

requirements such as ripple current, low output voltage, and maximum power 

extraction.  

 

1.3 Thesis Objectives  

This thesis aims to integrate the FC power supply to provide on-board charging for the 

battery through a modular DC-DC power conversion unit using isolated converter 

topology. This can be achieved through the following objectives: 

1- Conduct an extensive literature review on FCEVs application to identify the 
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gaps. 

2- Compare different converters topologies that have been used in FCEV 

applications.  

3- Develop multi-module connections that fulfill FC requirements. 

4- Model the DC-DC converter using small-signal modeling to examine system 

behavior and provide proper control to the system. 

5- Investigate different control techniques to ensure robust control of the system. 

6- Assess the performance of the presented system. 

 This thesis focuses on the device level in FCEV, the power conditioning unit control, 

and design considered the main core of this study. The following diagram briefly 

describes the scope of the thesis in an FCEV system layout. 

 

   

Figure 6. The typical configuration of fuel-cell based electric vehicle  

 

1.4 Thesis Contribution  

This thesis studies and evaluates an isolated DC-DC converter for FCEV and develops 

a modular power converter with maximum power point tracking for a constant-current 

battery charging controller. The modular converter is based on an isolated Cuk 

converter, using input-parallel output-series connection of n-converters to make the 

power conditioning stage modular and assure a high efficiency for the overall power 
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conditioning system. The main contributions of this thesis are listed in the following 

points: 

1- The modular converter is based on a Cuk converter, ensuring low input and 

output current ripple with reduced capacitances. Therefore, it will extend the 

lifetime of the power conditioning unit, making the system reliable by reducing 

the capacitance, which helps avoid electrolyte capacitors. In addition, the 

advantage of low input ripple current in the Cuk converter helps reduce FC 

temperature and increase the FC efficiency. 

2- A multi-module topology makes the system modular by connecting several 

converters to increase the system's reliability. Furthermore, due to the FC's low 

output voltage, such a connection ensures enough gain to reach the battery 

voltage in driving mode. An FC in such an application requires a high input 

current with low voltage capability and high voltage at the battery side. 

Therefore, input-parallel output-series is preferred to achieve FC requirements. 

The isolated Cuk converter topology is used where a high-frequency 

transformer (HFT) is integrated into each converter. The ratings of the selected 

HFTs are reduced, reflecting the prices of the used HFTs compared to a single 

high power HFT, where the relation of HFT and its cost is not linear for with 

power rating increase.  

3-  Equal power-sharing among the connected converters is achieved by ensuring 

two main conditions in input-parallel output-series connection: input current 

sharing (ICS) and output voltage sharing (OVS). To do so, a feedback controller 

is used to achieve these conditions. A fractional PI controller is utilized in the 

control to increase the system stability and make it more reliable. The FOPI 

controller overcomes the drawbacks of the conventional PI by reducing the 
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noise level with lower-order derivatives. It also makes the system robust against 

plant variations, considered one of the main concerns in such applications when 

there is any variation in internal converter parameters. 

1.5 Thesis structure   

The breakdown of the thesis chapters are presented as follows: 

Chapter 1 briefly introduces a general background of the addressed topic, defining the 

problem statement, objectives and the main contributions, and the general outline. 

Chapter 2 An extensive literature review is presented in this chapter. It explains 

different topologies of power modules used with FC power supplies. Isolated and non-

isolated topologies are presented, highlighting the main constraints when they are 

integrated with FC power supplies. Afterward, high gain high power topology 

highlights each configuration and how they can be connected to meet the application 

requirement. Then different methods of MPPT that can be used in different applications 

are presented. According to the constraints defined by the previous authors related to 

the converter design and control, a proper selection of converter type and system 

configuration is made to meet the system requirements such as voltage level, input 

current, and power ratings.  

Chapter 3 A mathematical model of isolated Cuk converter is presented using the 

small-signal modeling. The obtained model is used to analyze the system and design 

the controller, as well as the model is used in the assessment of the proposed topology. 

Parasitic resistances are considered in modeling the converter to obtain an accurate 

model. 

Chapter 4 In this chapter, the overall system is simulated using Matlab/Simulink, and 

the simulation results are elucidated. Different control techniques are presented, such 

as voltage and current control, and the integration between such controls with MPPT is 
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tested and presented. Furthermore, equal power-sharing is presented considering the 

converter's input current and output voltage. In addition, a comparison between the 

conventional PI and FOPI controllers is presented to show the advantage of using FOPI 

controllers. Also, Z-domain analysis is explored to show the effect of discretizing the 

system.  

Chapter 5 shows performance assessment is described and presented in this chapter. 

Several performance indices are presented to assess the overall system, such as gain vs. 

duty cycle, system efficiency based on the output power and duty cycle, sensitivity 

analysis, and power density.   

Chapter 6 presents the conclusion obtained from the previous chapters. Also, the work 

can be expanded for future work, explaining different ideas that can be integrated into 

the work to enhance the overall system.  
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The following figure shows the sequence diagrams to highlight thesis chapters. 

 

 

Figure 7. Thesis sequence diagram 
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Chapter 2: Literature Review 

This chapter gives a detailed review of DC-DC converters used in EVs and FCEVs. 

Non-isolated DC-DC converters are presented, which are divided into two types 

conventional and high step-up converters. Also, the isolated converters are addressed 

considering bridge type and single switch type converters. Afterward, the high-power 

isolated and non-isolated converters consider different methods to achieve high-power 

capability.  

2.1 DC-DC Converter for FCEV. 

The power converter used in the FC application should handle the rated power of the 

FC. The FC current is high, while the FC voltage is relatively low [23]. Besides, the 

converter output voltage has to be controlled to manage charging the battery regardless 

of the FC voltage variations. One of the mandatory factors in selecting the power 

converter for such an application is to minimize the FC current ripple to extend the FC 

lifetime [24]. Accordingly, the power converter design should consider some 

specifications such as high efficiency, low input ripple current, modularity, and 

reliability. Literature on the FC DC-DC converter is presented in this part. Non-isolated 

and isolated converters for both high gain and low gain used for FCEVs are presented. 

Also, the techniques used to achieve high-gain high-power considering isolated and 

non-isolated topologies make the overall design reliable and efficient. Then by 

comparing the overall performance and efficiency, criteria will be established to select 

a suitable topology that meets thesis objectives.  

2.2 Isolated and Non-Isolated DC-DC Converters. 

The following figures show the overall system using non-isolated and isolated 

converters in FC-powered EVs. 
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Figure 8. Non-isolated topology 

 

 

Figure 9. Isolated topology 

 

DC-DC converters used to charge the EV batteries are divided into isolated and non-

isolated converters [23]. Both types can be used in EVs since several technologies and 

innovations exist for EVs. The non-isolated converters are usually utilized in medium-

power and high-power EVs [25]. Such converters can sustain high power with some 

limitations on frequency. However, isolated converters are commonly employed in 

medium power applications, and they are isolated using a high-frequency transformer. 

The following tree diagram shows the most common converters used in charging EV 

batteries: 
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Figure 10:DC-DC converter classification 

 

Figure 10 shows basic types of conventional non-isolated DC-DC converters in EVs. 

The modified interleaved converters of these basic converters are used in higher power 

applications to meet the high gain requirement. The isolated converters are derived from 

the conventional converters by integrating high-frequency transformers. These 

converters can operate in wide power ranges and provide the required galvanic isolation 

for high-power applications. 

 

2.2.1 Non-Isolated Conventional DC-DC Converters. 

Typical conventional DC-DC converters such as boost, buck-boost, Cuk, or single-

ended primary inductor converter (SEPIC) shown in Figure 11 can fulfill the basic 

FCEV system’s requirements [26]. Such converters have high gain limitations due to 

the converter elements' parasitic resistances (inductor, capacitor, switches, and diodes) 

[27]. The main effect of these elements is significant when the converter operates at a 

high duty cycle to achieve high gain that results in higher losses, and the overall effect 

is a dramatic drop in the converter efficiency and a significant disturbance on the gains 

at high duty cycles [25]. Other methods, such as cascading converters, ensure high 
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voltage gain in conventional DC-DC converters. Such converters are preferred in low-

power FC applications where they are used in low-power modes. 
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Figure 11: Basic non-isolated DC-DC Converters (a) Boost converter, (b) Buck-Boost 

converter, (c) Cuk converter, (d) SEPIC converter.   

 

2.2.2 Non-Isolated High Step-Up DC-DC Converters. 

Compared to the conventional non-isolated converters, high step-up converters are 

utilized in high voltage DC HVDC applications. These converters are modified types 

of the front-end part of the conventional converters that assure the required high gain 

with higher efficiencies. The interleaved boost converter (IBC) shown in Figure 12 (c) 

is also commonly used in EVs since it has a high gain compared to the conventional 

boost converter [28]. The conventional boost converter research aims to increase the 

voltage gain through multi-level/stage techniques, switched inductors or capacitors, and 

coupled inductor converters [29]. However, most of the studies of the non-isolated 

converter select the IBC converters due to their high efficiency and low input current. 

In [30], a coupled inductor was used to achieve high gain, but the cost of this design 
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was a high input ripple current as well as it requires a large capacitor at the output of 

the converter. Another study showed that the coupled-inductor with diode-capacitor 

converter increased the voltage gain, but this is at the expense of high voltage stress on 

the diodes [31].  One study presented an IBC design based on the conventional boost 

converter [28]. The converter showed a low input current and low switching losses. 

Nonetheless, the inductor needs to be well designed concerning the switching frequency 

to ensure the minimal input current ripples [32]. However, the overall efficiency drops 

significantly when the converter operates at the maximum and heavy loads. Also, the 

low DC output voltage of the proposed converter appears, which is one of the most 

common issues of the EVs DC-DC converters [23]. This problem was tackled in [33]. 

The authors proposed integrating a voltage multiplier to increase the converter voltage 

gain. The problem of discontinuous output current appears on this model due to the lack 

of inductors on the output stage [34]. Another DC-DC converter design in [34] utilizes 

a switched-inductor with a switched-capacitor to obtain high gain. The main advantage 

of this converter is that it reduces voltage stress on the power elements. However, it has 

a limited operating range, and such design increases the number of switches and 

capacitors, reducing system reliability. A Z-source DC-DC converter is designed using 

the same passive components as shown in Figure 12 (a). This converter has the feature 

of stepping up and stepping down the voltage. Such a converter is mainly used in 

medium/high power applications, especially renewable energy [35]. In [36], the authors 

justified this design's low input current ripple content. However, having lower ripples 

in such converter results in a larger passive elements size. Moreover, this converter's 

developed control-to-output transfer function considering parasitic elements has a 

right-hand pole-zero, complicating the controller design [36]. The study showed that 

the converter at high power would suffer from the parasitic elements as the efficiency 



  

20 

drops below 90% [35]. Another study showed a modified topology of the conventional 

converters that utilize a diode capacitor multiplier to increase the gain and make the 

system modular. Such design provides the choice to select the front-end of the converter 

to meet the application requirement, then a suitable connection for the multiplier is 

configured to achieve the required gain. The main drawback of this design is that it 

utilizes a vast number of capacitors that affect the design's reliability [34]. To overcome 

the switching losses problem in a conventional boost converter, soft-switching topology 

is introduced by switching at zero voltage or current instants. Accordingly, the power 

loss at this instant is zero. The resonant converter in [37] utilizes this technique by 

adding an auxiliary switch to the converter. A resonant tank circuit is added in 

conjunction with the switch to perform this operation. By setting the duty cycle of the 

auxiliary switch lower than the main switch, soft switching can be achieved. The zero 

voltage switching is ensured by turning on the main switch [23]. However, the auxiliary 

switch assures zero current switching. Ensuring soft-switching reduces the weight and 

size of the converter. On the other hand, the main drawback of this type of converters 

is that they can operate at a low power only with low output gains. Also, a proper design 

should be done to operate at the resonant frequency, otherwise operating at other 

frequencies attenuates the output voltage and reduces the gain. This design is unreliable 

since the resonant frequency changes if one of the passive elements changes due to time 

factors such as material degradation or insulation failures[38],[39]. 
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Figure 12: Non-Isolated high step-up converters (a) Z source DC-DC converter, (b) 

Resonant DC-DC Converter, (C)Interleaved DC-DC Converter, (d) Multilevel voltage 

multiplier DC-DC Converter 

 

2.2.3 Isolated Single-Switch Conventional DC-DC Converters.  

For the isolated DC-DC converters, conventional converters are mainly employed in 

low-power and medium-power EVs applications. Using an HFT, the voltage can be 

stepped up or down. Hence, the converter can be used in increasing the voltage, which 

helps in charging the battery in FC applications. Deploying a high-frequency 

transformer affords galvanic isolation with a high voltage gain, which is considered the 

main concern of EVs [23]. This isolation is required in the FCEV application since it 

fully isolates the FC from the battery to avoid any reflected current from the battery to 

the FC. Conventional low gain isolated power converters are demonstrated in Figure 

13. The flyback converters are used in low-power applications. The benefit of this 
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converter is that it has low cost, and it consists of a single switch which makes it easy 

to control. Due to high current ripple contents, such converters require a large capacitor 

at the input and output sides. Due to this fact, these converters have poor transformer 

utilization. For the forward converters, they are mainly utilized in medium power 

applications. This converter suffers from the same issue of transformer utilization since 

it is considered a single-ended converter, compared to the bridge-type with double-

ended merits [40]. 
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Figure 13: Conventional Isolated DC-DC Converters (a) flyback DC-DC converter, (b) 

forward DC-DC Converter 

 

2.2.4 Isolated High Gain DC-DC Converters.  

Bridge type isolated converters are classified as high power converters where a high 
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gain can be achieved using the duty cycle and the high-frequency transformer ratio. 

They are used in high power applications due to the full utilization of the transformer 

and the large range of the duty cycle; transformer optimization can be achieved [41].In 

addition, using the double-ended topology in bridge-type converters reduces the 

transformer's size since the full range of the duty cycle can be used. The state-of-the-

art FC stacks application highlights that the full-bridge and half-bridge DC-DC 

converter shown in Figure 14 as the most used topologies [23]. This is since the voltage 

stress is reduced significantly in bridge converters compared to push-pull converters. 

Both half-bridge and full-bridge have a single primary winding which helps in 

transformer utilization. However, in terms of complexity, such converters are complex 

in terms of control, and they are high in cost because of the number of power switches 

used and the HFT cost[42].  

The authors in [43] justified that the half-bridge and full-bridge topology are suitable 

with low voltage high current input power supplies. An active-clamped configuration 

is deployed in isolated topologies in [44] to achieve soft-switching and absorb turn-off 

voltage spikes. Nonetheless, an active clamped reduces the overall efficiency since it 

dissipates 1% of the output power, and it adds a circulating current that leads to an 

increase in the current stress on the converter switches [43]. Besides, it increases the 

number of components used in the converter design, increasing the converter design 

and control complexity [44],[43]. Soft switching can be achieved by ensuring zero 

voltage switching using the pulse width modulation (PWM) technique [45],[46]. By 

controlling the phase difference between the primary and secondary power switch soft 

switching is ensured [47]–[49].  

Furthermore, conventional non-isolated DC-DC converters can be used as isolated 

converters by integrating a high-frequency transformer [50]. Isolated topology can be 
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achieved by modifying the design of the converter in a manner to make it suitable to 

operate the induction principle of the high-frequency transformer. Several converters 

are converted from their original design to newly isolated topology such as boost, buck-

boost, and Cuk converters[51]. Such types of isolated converters are considered low 

voltage multistage power converters. Due to their duty cycle limitations and low voltage 

range, a multistage technique is introduced to comply with the power conditioning 

application [52].  Cuk converter is widely used in applications that require a low input 

ripple current. This advantage is due to the nature of the built-in low-pass filter of the 

Cuk converter. This low pass filter eliminates the high-frequency ripple current. This 

can be done using the parasitic elements of the transformer, such as leakage inductance 

and magnetizing inductance [53]. These elements can be tuned to modify the converter 

to a resonant converter which helps to eliminate more harmonics [54]. The isolated Cuk 

converter has more advantages than other isolated converters, such as full-bridge and 

half-bridge converters. Compared to the Bridge type converters, the range of duty cycle 

in the Cuk converter is wider than the bridge-type converters since bridge converters 

are limited to the duty cycle of 0.5. However, the Cuk converter can operate as a buck 

from 0-0.5 and boost from 0.5-1, where 0.5 is a unity gain. Also, reducing the number 

of switches increases the converter's power density by reducing its volume. 
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Figure 14: High gain isolated DC-DC Converters (a) half-bridge converter, (b) full-

bridge converter. 

 

2.3 High-power High-gain DC-DC Converters. 

As mentioned earlier, the designed system is considered a high-gain and high-power 

system. There are several approaches to achieve the required level of power conversion 

and voltage gain. One of them is integrating high voltage and high-current 

semiconductor devices into multiple level converters such as parallel/series 

connections. Such designs result in unequal power-sharing and the unsymmetrical 

voltage across the semiconductor devices due to the switching delays and converter 

elements' parasitic resistances. Consequently, a voltage balancing method must be used 

to avoid system failure if any connected converters fail [55]. 

Talking about other methods used in HVDC applications where modularity is 

introduced to the system. Modular design in HVDC application is achieved by 
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connecting several converters to withstand the system requirements with a cost-

effective solution. Furthermore, modular design modules can compensate in case of any 

other converter failure. This introduces the concept of redundancy to the system due to 

using more modules [56]. In other words, connecting several converters allows power-

sharing among the converters, ensuring that each module consistently contributes to 

handling the total system power. Accordingly, introducing such topologies in a system 

enhances the overall system performance and reduces the size of the converter [41].  

This is due to the fact of using lower voltage rating switches, higher switching 

frequency that results in reducing the size of the converter elements. Also, it gives the 

ability to utilize low-power converters in high-power applications.  

Several configurations that apply the modular design structure are used in isolated and 

non-isolated converters. Figure 15 shows the classification of high-power high-gain 

modular DC-DC converter designs, where both isolated and non-isolated topologies are 

used with different configurations. 
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Figure 15: High power DC-DC converters classification 

 

Based on Figure 15, the following sections will cover some of the mentioned topologies 

for high-gain high-power applications such as FCEV, focusing on multimodule DC-

DC converters and highlighting the use of each configuration. 

2.4 High-power High-gain Isolated DC-DC Converters. 

The following subsections present the high-power high-voltage gain isolated DC-DC 

converters proposed in previous studies. 

2.4.1 Dual Active Bridge (DAB) DC-DC Converter. 

DAB converter is one of the most used converters in high-power applications [41]. The 

converter consists of two active bridges connected via an HFT. The main idea of the 

DAB topology is that the FB on the primary side converts the input DC voltage to a 

high frequency squared AC voltage, and the secondary FB rectifies the square wave to 

a DC output voltage [57]. The intermediate transformer leakage inductance is used as 

the energy conversion element in this converter [58]. The advantage of this topology is 

that the power flow is controlled by controlling the bridges’ phase, which assures 
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bidirectional power flow. As well as ZVS and ZCS can be achieved using several 

control techniques [57]. 

Utilizing efficient control techniques helps in increasing the range of soft switching and 

reduces transformer current. This ensures a high conversion ratio by selecting a better 

transformer turns ratio. The disadvantage of using such a converter is that it utilizes 

eight switches that increase the size and cost of the converter. Also, the bridge switches 

and HFT should be capable of handling the high amount of power of the application. 

These problems can be avoided by introducing a modular multi-module topology to 

ensure that the power is distributed among different converters. The generic multi-

module topology will be discussed in the following section to be generalized for other 

converters. 
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Figure 16: DAB converter 

 

2.5 High-power High-gain Non-Isolated DC-DC Converters. 

The following subsections present the high-power high-gain isolated DC-DC 

converters topologies proposed in previous studies. 

2.5.1 Modular Multilevel DC-DC Converter (MMC). 

One of the standard non-isolated converters used in HVDC systems is the MMCs. The 

converter connection is demonstrated in Figure 17. The power exchange in this 
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converter is done using the orthogonal power flow principle at different frequencies 

between the primary and secondary loops of the converter. Such a converter requires a 

large filter, making it not promising for DC-DC power conversion[59],[60]. Moreover, 

the cost of this converter is considered high when it is compared with other topologies. 

This is due to the large number of semiconductor switching devices used in the MMC 

DC-DC converter [61]. The study in [62] stated that the MMC is not applicable in high-

voltage ratios due to the circulating current in the converter that reduces the efficiency. 

Such converters are preferred in low voltage ratio applications where galvanic isolation 

is not required.  

 

 

Figure 17:MMC DC-DC Converter diagram 

 

2.5.2 Cascaded DC-DC Converter (MMC). 

Cascaded topologies were proposed in several high-power DC-DC converter designs. 

Compared to the switched capacitor and coupled inductor designs, such topology 

provides a high voltage gain with minimal stresses and high-power conversion. One 
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way of increasing the gain of the power conditioning unit is by cascading multiple 

converters in series, as shown in Figure 18. The voltage is boosted at each stage until it 

reaches the desired level. Such design reduces the stress on the power elements of the 

converter. However, this design lacks redundancy since the whole system fails if one 

of the converters is damaged. Also, the sizes of the converters are not consistent since 

the voltage, and current requirements vary at each stage, and the efficiency is affected 

since it is the multiplication of the overall stages.  

  

 

Figure 18: Multi-stage DC-DC converter cascading topology 

Another study [63] proposed a hybrid cascaded DC-DC converter. The proposed 

converter consists of power converters and a stack of sub-modules. The proposed 

converter is presented in Figure 19. The system operates as a multiphase system, where 

each stage consists of a converter with an energy storage device. The purpose of using 

multiple phases is to avoid system interruption, as mentioned earlier. These converters 

require many semiconductor switching devices to be connected in series to withstand 

the system requirements. Also, this results in higher conduction losses, affecting the 

converter's overall efficiency [64]. 

 



  

31 

 

Figure 19: Hybrid MMC converter diagram 

 

2.6 Multi-Module DC-DC Converter. 

A multi-module system configuration is one of the most attractive areas where the 

concept of modularity, reliability, and redundancy is achieved. The main idea of these 

topologies is to connect the converters to suit the application requirements, whether to 

achieve high gain or to transfer high power, or both. The authors in [41] presented 

several topologies that can be used in designing a modular DC-DC converter such as 

input-parallel-output-series (IPOS), input-series-output-series (ISOS),  input-parallel-

output-parallel (IPOP) and input-series-output-parallel (ISOP). The main idea of these 

topologies is to connect the ports in a manner that suits the application. For instance, in 

FC applications, the output current of the FC is high, and the voltage of the FC is low. 

An input-parallel topology is considered a convenient method since the current is 

divided into multiple paths, and the power is shared among all the converters. The 

description of multi-module topologies and where they can be used to meet the system 

requirements are discussed in the following subsections: 

A.  Input Series Output Series ISOS 

An ISOS connection is presented in Figure 20, where the input and output terminals of 
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the modules are connected in series, which reduces the voltage stress on the switching 

devices and reduces the power level for each converter. This configuration is utilized 

in high input-output voltage applications [65]. The ISOS is usually implemented in high 

input high output voltages where the semiconductor switches cannot withstand system 

voltage. Such configuration enables low voltage ratings for power switches used in the 

converter. Using a proper control technique assures input voltage sharing (IVS) and 

output voltage sharing (OVS). The voltages at the input and the output of each converter 

are 
𝑉𝑖𝑛

𝑛
,
𝑉𝑜

𝑛
 where n is the number of modules.  

 

Figure 20: Input series Output series ISOS circuit diagram 

 

B. Input Series Output Parallel ISOP 

This connection is preferable in high input voltage and high output current systems 

[65]. Figure 21 shows the configuration of several DC-DC converters where the 

modules' inputs and outputs are connected in series and parallel, respectively. Such 

connection is used in high step down, where a high current flows at the output side of 

the converters and the input voltage is not within the semiconductor switches voltage 
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rating. Using a proper control that ensures IVS and outputs current sharing OCS, the 

input voltage of each module is reduced to 
𝑉𝑖𝑛

𝑛
 and the output current of each module is 

reduced to 
𝐼𝑜

𝑛
, where n is the number of connected modules. 

 

 

Figure 21: ISOP circuit diagram 

 

C. Input Parallel Output Parallel IPOP 

The IPOP configuration is utilized in applications with high input high output current 

[66]. Figure 22 shows the converters connections, where the input and output sides are 

connected in parallel. The connection is used when the semiconductor switching 

devices' current rating is below the input and output current of the application. By 

ensuring input current sharing ICS and OCS, the current is reduced to 
𝐼𝑖𝑛

𝑛
 and 

𝐼𝑜

𝑛
 at input 

and output sides where n is the number of converters used. 
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Figure 22: Input Parallel Output Parallel circuit diagram 

 

D. Input Parallel Output series ISOP 

IPOS DC-DC converter configuration is shown in Figure 23. This connection is used 

high input current and high output voltage applications [67]. The input side of the 

converter is connected in parallel to ensure that the high current drawn from the supply 

is shared between the connected modules. However, the output side is connected in 

series to step up the voltage to the desired level. This connection is used when the input 

semiconductor switching devices cannot withstand the high input current. And by 

ensuring ICS and OVS, the input current is reduced to 
𝐼𝑖𝑛

𝑛
 and output voltage is reduced 

to 
𝑉𝑜

𝑛
 where n is the number of modules. 
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Figure 23: Input Parallel Output Series circuit diagram 

 

E. Hybrid Input-Output Series/Parallel Connection 

IPIS-OPOS is a general hybrid configuration of the presented topologies. A hybrid 

connection connects several modules terminals in series and parallel. Figure 24 shows 

modules configuration. Using a proper control, the IVS and ICS is assured, which 

reduces the current and voltage at the input side to 
𝑉𝑖𝑛

𝑎
, 
𝐼𝑖𝑛

𝑏
 where a and b the connected 

modules series and parallel, respectively. And by ensuring OVS and OCS, the voltage 

and current at the output side are reduced to 
𝑉𝑜

𝑐
,
𝐼𝑜

𝑑
 where c is the connected modules in 

series and 𝑑 is the connected modules in parallel. Such design increases the system 

modularity and operates with high input-output voltage and current systems. However, 

the complexity of controlling the overall system is the cost since the control should 

ensure proper power-sharing between the converters to avoid voltage and power 

mismatch [41]. 
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Figure 24: Hybrid IPIS-OPOS circuit diagram 

 

All in all, the multi-module system specification can be summarized in the following 

table: 

 

Table 2.2: Multi-module system specifications 

Connection Input 

Voltage 

Output 

Voltage 

Input 

Current 

Output 

Current 

IPOS 𝑉𝑖𝑛 
𝑉𝑜
𝑛

 
𝐼𝑖
𝑛

 𝐼𝑜 

IPOP 𝑉𝑖𝑛 𝑉𝑜 
𝐼𝑖
𝑛

 
𝐼𝑜
𝑛

 

ISOP 
𝑉𝑖𝑛
𝑛

 𝑉𝑜 𝐼𝑖 
𝐼𝑜
𝑛

 

ISOS 
𝑉𝑖𝑛
𝑛

 
𝑉𝑜
𝑛

 𝐼𝑖 𝐼𝑜 

Hybrid 
𝑉𝑖𝑛
𝑎

 
𝑉𝑜
𝑐

 
𝐼𝑖
𝑏

 
𝐼𝑜
𝑑
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2.7 Adopted topology and system parameters 

Based on the aforementioned information in the literature, Table 2.3 is obtained to 

compare different topologies of high gain high power converters. The Cuk converter 

was selected considering the isolated topology, which provides galvanic isolation 

between the FC and the battery. Besides, it has a low input ripple current which is 

considered an advantage of the Cuk converter with such applications. The adopted 

modular topology is IPOS. The FC current is divided into three different converters, 

ensuring a high voltage gain. Figure 25 presents the adopted topology with the 

converter in their ideal conditions.    

 

Figure 25: IPOS topology 
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Table 2.3:High power DC-DC Converters comparison  [23],[24],[68]

Features MMC IBC Z-Source HBC FBC DAB Isolated Cuk 

Single Polarity Output 

Voltage 

Present Present Present Not Present Not Present Not Present Not Present 

Complexity of control 

circuit 

Complex Moderate Simple Moderate Moderate Moderate Simple 

Transformer Utilization - - - Double-ended Double-ended Double-ended Single-ended 

Current/Voltage ripple High High High High High High Low 

Number of elements 

Depends on 

how many 

SMs used 

2 switches 

2 inductors 

1 capacitor 

2 diodes 

1 switch 

2 inductors 

2 capacitors 

1 diode 

2 Switches 

2 capacitors 

4 Didoes 

1 HFT 

4 switches 

1 capacitor 

4 Diodes 

1 HFT 

8 switches 

2 capacitors 

1 HFT 

1 switch 

2 inductors 

4 capacitors 

1 HFT 

1 diode 
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Chapter 3: DC-DC Converter Modeling  

There are several modeling methods used to understand and analyze the converter's 

behavior. In this chapter, isolated-Cuk is modeled ing is presented. The isolated Cuk 

converter is modeled using the state-space model (SSM), considering the converter non-

idealities presented in [69] with the small ac dynamic model used in [70] to obtain the 

control to output current and voltage transfer functions. This model represents the 

converter using the following equations:   

 𝑥̇ = 𝐴𝑥 + 𝐵𝑢 (3.1) 

 𝑦 = 𝐶𝑥 + 𝐷𝑢 (3.2) 

An average model can be obtained by finding each switching state separately, when the 

switch is on and when the switch is off. This average model is obtained considering the 

weight of each mode with respect to the duty cycle (d).  The following equation presents 

a general form of the averaged SSM: 

𝑋𝑎𝑣𝑔 = 𝑑𝑋𝑜𝑛  + (1 − 𝑑)𝑋𝑜𝑓𝑓 (3.3) 

The following assumptions are made to obtain the model of isolated Cuk converter 

shown in Figure 26:  

- Parasitic resistances are taken into account such as:  

o Inductor resistances 𝑟𝐿 

o Equivalent Series Resistance (ESR) of the capacitor 𝑟𝑐 

o On-state switch resistance 𝑟𝑠 

o On-State diode resistance 𝑟𝐷 

- Ideal lossless HFT transformer is considered with a turns-ratio of 1:𝑁 

- Cuk converter is operating in continuous conduction mode (CCM) 
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Vi
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Figure 26:Isolated Cuk converter circuit 
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+
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rC2
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Figure 27: Non-Isolated Cuk converter circuit 

 

The transformation from the isolated model to the non-isolated model is done by 

referring the converter elements to the primary side of the HFT. The transformation 

equations are as follow:   

 
𝐶1 =

𝐶𝑃𝐶𝑆𝑁
2

𝐶𝑃 + 𝑁2𝐶𝑆
 

(3.4) 

 
𝐿′2 =

𝐿2
𝑁2

 
(3.5) 

 𝐶′2 = 𝐶2𝑁
2 (3.6) 

 
𝑅′𝑜 =

𝑉𝑜
2

𝑁2𝑃𝑜
 

(3.7) 

Where 𝐶𝑝, 𝐶𝑠 are the primary and secondary capacitors used in the isolated model, 

𝐶1, 𝐶′2, 𝐿′2  are the equivalent input, output capacitors, and output inductor referred to 
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the primary side of HFT, respectively. While 𝑁 is the turns ratio of the HFT and 𝑅′𝑜 is 

the output load referred to the primary side.  

Figure 28 shows the converter with the parasitic elements. 

 

 

Figure 28: Non-ideal Cuk converter circuit 

 

Moreover, in ideal conditions, the voltage gain is defined as follows:  

 𝑉𝑜
𝑉𝑖
=

𝑑

1 − 𝑑
 

(3.8) 

This formula is not valid when considering parasitic elements in the converter. The 

voltage gain considering non-ideal conditions can be derived using state-space 

equations. The transfer function of the converters is obtained using state-space 

equations. However, when the system operates in steady-state conditions, the state 

variables change is neglected. Thus, equation (3.1) can be equated to zero. Hence, the 

following equations can be obtained: 

 0 = 𝐴𝑥 + 𝐵𝑢 (3.9) 

 𝑉𝑜
𝑉𝑖
=
𝑦

𝑢
= −𝐶𝐴−1𝐵 

(3.10) 

A linear model is obtained through this technique to design current-mode and voltage-

mode control for the converter. Small signal models are based on studying the effects of 

small input perturbations on the overall converter performance and stability. The small 
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variations are usually considered for the input voltage and the duty cycle [71]. 

3.1 State-Space Model (SSM) of a Single Cuk Converter 

As mentioned earlier, the parasitic elements are considered to obtain an accurate transfer 

function. The switch is replaced with 𝑟𝑠  which represents the internal resistance of the 

switch when the switch is on. Also, the diode, in this case, operates on the reverse bias 

mode, and no current flows through it. The state-space representations when the switch 

is on can be obtained using (3.11) to (3.15): 

 
𝐿1
𝑑𝑖𝐿1
𝑑𝑡

= 𝑉𝑖 + (−𝑟𝑠 − 𝑟𝐿1)𝑖𝐿1 − 𝑟𝑠𝑖𝐿2 (3.11) 

 
𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= (
−𝑅𝑜

𝑟𝑐2 + 𝑅𝑜
)𝑉𝑐2 + 𝑉𝑐1 − 𝑟𝑠𝑖𝐿1 − (𝑟𝑠 + 𝑟𝑐1 + 𝑟𝐿2 +

𝑅𝑜𝑟𝑐2
𝑅𝑜 + 𝑟𝑐2

) 𝑖𝐿2 (3.12) 

 
𝐶1
 𝑑𝑉𝑐1
𝑑𝑡

= −𝑖𝐿2 (3.13) 

 
𝐶2
𝑑𝑉𝑐2
𝑑𝑡

 = (
𝑅𝑜

𝑅𝑜 + 𝑟𝑐2
) 𝑖𝐿2 + (

−1

𝑅𝑜 + 𝑟𝑐2
)𝑉𝑐2 (3.14) 

 
𝑉𝑜 = (

𝑅𝑜𝑟𝑐2
𝑅𝑜 + 𝑟𝑐2

) 𝑖𝐿2 + (
𝑅𝑜

𝑅𝑜 + 𝑟𝑐2
)𝑉𝑐2 (3.15) 

 

Thus, the state space representation of the converter when the switch is turned on using 

(3.1) and (3.2): 

 

𝑥 = [

𝑖𝐿1
𝑖𝐿2
𝑉𝑐1
𝑉𝑐2

], 𝑢 = [𝑉𝑖] (3.16) 

 

𝐴1 =

[
 
 
 
 
 
 
 
 
−𝑟𝑠 − 𝑟𝐿1

𝐿1
−
𝑟𝑠
𝐿1

0 0

−
𝑟𝑠
𝐿2

−
1

𝐿2
(𝑟𝑠 + 𝑟𝑐1 + 𝑟𝐿2 +

𝑅𝑜𝑟𝑐2
𝑅𝑜 + 𝑟𝑐2

)
1

𝐿2

1

𝐿2
(
−𝑅𝑜

𝑟𝑐2 + 𝑅𝑜
)

0 −
1

𝐶1
0 0

0
1

𝐶2
(

𝑅𝑜
𝑅𝑜 + 𝑟𝑐2

) 0
1

𝐶2
(

−1

𝑅𝑜 + 𝑟𝑐2
)
]
 
 
 
 
 
 
 
 

 (3.17) 
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𝐵1 =

[
 
 
 
 
1

𝐿1
0
0
0 ]
 
 
 
 

 (3.18) 

 
𝐶1 = [0 (

𝑅𝑜𝑟𝑐2
𝑅𝑜 + 𝑟𝑐2

) 0 (
𝑅𝑜

𝑅𝑜 + 𝑟𝑐2
)] (3.19) 

 

 

[
 
 
 
 
 
 
 
 
𝑑𝑖𝐿1
𝑑𝑡
𝑑𝑖𝐿2
𝑑𝑡
𝑑𝑉𝑐1
𝑑𝑡
𝑑𝑉𝑐2
𝑑𝑡 ]

 
 
 
 
 
 
 
 

=

[
 
 
 
 
 
 
 
 
−𝑟𝑠 − 𝑟𝐿1

𝐿1
−
𝑟𝑠
𝐿1

0 0

−
𝑟𝑠
𝐿2

−
1

𝐿2
(𝑟𝑠 + 𝑟𝑐1 + 𝑟𝐿2 +

𝑅𝑜𝑟𝑐2
𝑅𝑜 + 𝑟𝑐2

)
1

𝐿2

1

𝐿2
(
−𝑅𝑜

𝑟𝑐2 + 𝑅𝑜
)

0 −
1

𝐶1
0 0

0
1

𝐶2
(

𝑅𝑜
𝑅𝑜 + 𝑟𝑐2

) 0
1

𝐶2
(

−1

𝑅𝑜 + 𝑟𝑐2
)
]
 
 
 
 
 
 
 
 

[

𝑖𝐿1
𝑖𝐿2
𝑉𝑐1
𝑉𝑐2

]

+

[
 
 
 
 
1

𝐿1
0
0
0 ]
 
 
 
 

[𝑉𝑖] 

(3.20) 
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Figure 29: Cuk converter model when the switch state is on 

 

Afterward, when the switch is off is obtained using the same steps. However, in this 

case, the switch is replaced with an open circuit, and the diode is replaced with the 

internal resistance of the diode 𝑟𝐷. 

 
𝐿1
𝑑𝑖𝐿1
𝑑𝑡

= 𝑉𝑖 − 𝑉𝑐1 + (−𝑟𝐿1 − 𝑟𝑐1 − 𝑟𝐷)𝑖𝐿1 − 𝑟𝐷𝑖𝐿2 
(3.21) 

 
𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= (
−𝑅𝑜

𝑟𝑐2 + 𝑅𝑜
)𝑉𝑐2 − 𝑟𝐷𝑖𝐿1 − (𝑟𝐷 + 𝑟𝐿2 +

𝑅𝑜𝑟𝑐2
𝑅𝑜 + 𝑟𝑐2

) 𝑖𝐿2 
(3.22) 

 
𝐶1
𝑑𝑉𝑐1
𝑑𝑡

 = 𝑖𝐿1 
(3.23) 

 
𝐶2  

𝑑𝑉𝑐2
𝑑𝑡

= (
𝑅𝑜

𝑅𝑜 + 𝑟𝑐2
) 𝑖𝐿2 + (

−1

𝑅𝑜 + 𝑟𝑐2
)𝑉𝑐2 

(3.24) 

 
𝑉𝑜 = (

𝑅𝑜𝑟𝑐2
𝑅𝑜 + 𝑟𝑐2

) 𝑖𝐿2 + (
𝑅𝑜

𝑅𝑜 + 𝑟𝑐2
)𝑉𝑐2 

(3.25) 

 

The state-space representation of the converter when the switch is turned off:  

 𝐴2

=

[
 
 
 
 
 
 
 
 
(−𝑟𝐿1 − 𝑟𝑐1 − 𝑟𝐷)

𝐿1
−
𝑟𝐷
𝐿1

−
1

𝐿1
0

−
𝑟𝐷
𝐿2

−
1

𝐿2
(𝑟𝐷 + 𝑟𝐿2 +

𝑅𝑜𝑟𝑐2
𝑅𝑜 + 𝑟𝑐2

) 0
1

𝐿2
(
−𝑅𝑜

𝑟𝑐2 + 𝑅𝑜
)

1

𝐶1
0 0 0

0
1

𝐶2
(

𝑅𝑜
𝑅𝑜 + 𝑟𝑐2

) 0
1

𝐶2
(

−1

𝑅𝑜 + 𝑟𝑐2
)
]
 
 
 
 
 
 
 
 

 

(3.26) 

 

𝐵2 =

[
 
 
 
 
1

𝐿1
0
0
0 ]
 
 
 
 

 (3.27) 
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𝐶2 = [0 (

𝑅𝑜𝑟𝑐2
𝑅𝑜 + 𝑟𝑐2

) 0 (
𝑅𝑜

𝑅𝑜 + 𝑟𝑐2
)] (3.28) 

 

Then substituting in (3.1) and (3.3): 

 

[
 
 
 
 
 
 
 
 
𝑑𝑖𝐿1
𝑑𝑡
𝑑𝑖𝐿2
𝑑𝑡
𝑑𝑉𝑐1
𝑑𝑡
𝑑𝑉𝑐2
𝑑𝑡 ]

 
 
 
 
 
 
 
 

=

[
 
 
 
 
 
 
 
 
(−𝑟𝐿1 − 𝑟𝑐1 − 𝑟𝐷)

𝐿1
−
𝑟𝐷
𝐿1

−
1

𝐿1
0

−
𝑟𝐷
𝐿2

−
1

𝐿2
(𝑟𝐷 + 𝑟𝐿2 +

𝑅𝑜𝑟𝑐2
𝑅𝑜 + 𝑟𝑐2

) 0
1

𝐿2
(
−𝑅𝑜

𝑟𝑐2 + 𝑅𝑜
)

1

𝐶1
0 0 0

0
1

𝐶2
(

𝑅𝑜
𝑅𝑜 + 𝑟𝑐2

) 0
1

𝐶2
(

−1

𝑅𝑜 + 𝑟𝑐2
)
]
 
 
 
 
 
 
 
 

[

𝑖𝐿1
𝑖𝐿2
𝑉𝑐1
𝑉𝑐2

]

+ 

[
 
 
 
 
1

𝐿1
0
0
0 ]
 
 
 
 

[𝑉𝑖] 

(3.29) 

 

 

Figure 30: Cuk converter when the switch state is off 
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Using (3.3), the averaged SSM can be observed: 

𝐴𝑎𝑣𝑔 = 

[
 
 
 
 
 
 
 
 
 
𝑑(−𝑟𝑠 + 𝑟𝑐1 + 𝑟𝐷) + (−𝑟𝐿1 − 𝑟𝑐1 − 𝑟𝐷)

𝐿1

𝑑(𝑟𝐷 − 𝑟𝑠) − 𝑟𝐷
𝐿1

−
(1 − 𝑑)

𝐿1
0

𝑑(𝑟𝐷 − 𝑟𝑠) − 𝑟𝐷
𝐿2

𝑑(−𝑟𝑠 − 𝑟𝑐1 + 𝑟𝐷) − (𝑟𝐷 + 𝑟𝐿2 +
𝑅𝑜𝑟𝑐2
𝑅𝑜 + 𝑟𝑐2

)

𝐿2
0

1

𝐿2
(
−𝑅𝑜

𝑟𝑐2 + 𝑅𝑜
)

−
1 − 𝑑

𝐶1
−
𝑑

𝐶1
0 0

0
1

𝐶2
(

𝑅𝑜
𝑅𝑜 + 𝑟𝑐2

) 0
1

𝐶2
(

−1

𝑅𝑜 + 𝑟𝑐2
)
]
 
 
 
 
 
 
 
 
 

 

(3.30) 

 

𝐵𝑎𝑣𝑔 =

[
 
 
 
 
1

𝐿1
0
0
0 ]
 
 
 
 

 (3.31) 

 
𝐶𝑎𝑣𝑔 = [0 (

𝑅𝑜𝑟𝑐2
𝑅𝑜 + 𝑟𝑐2

) 0 (
𝑅𝑜

𝑅𝑜 + 𝑟𝑐2
)] (3.32) 

3.2 ac Small Signal Analysis 

The averaged model obtained from (3.30) to (3.32) becomes linear after being averaged 

but time variant since the matrices (A, B, and C) depend on the duty ratio. Hence, the 

system model is analyzed at the neighborhoods of the operating point. This can be done 

by introducing deviations from the averaged state space through the small-signal where 

it can be written as follow: 

 𝑑 = 𝐷 + 𝑑̂ (3.33) 

 𝑥̇ = 𝑋 + 𝑥̂ (3.34) 

 𝑣𝑖𝑛 = 𝑉𝑖𝑛 + 𝑣𝑖𝑛̂ (3.35) 

Where 𝑑̂, 𝑥̂̇, and 𝑣𝑖𝑛̂ are the small dynamic variations value, and the capital letters 𝐷, 𝑋 

and 𝑉𝑖𝑛 are the steady-state values. Then by substituting them in the averaged model. 

The state-space equations become: 

 𝑥̂̇ = (𝐴1𝐷 + 𝐴2(1 − 𝐷))𝑥̂ + ((𝐴1 − 𝐴2)𝑋 + (𝐵1 − 𝐵2)𝑉𝑖𝑛)𝑑̂
̇  (3.36) 
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 𝑦̂ = (𝐶1𝐷 + 𝐶2(1 − 𝐷))𝑥̂ (3.37) 

The Laplace transform of the above equations is: 

 𝑥̂(𝑠) = (𝑠𝐼 − 𝐴)−1((𝐴1 − 𝐴2)𝑋 + (𝐵1 − 𝐵2)𝑉𝑖𝑛)𝑑̂(𝑠) (3.38) 

 𝑉𝑜̂(𝑠)

𝑑̂(𝑠)
= 𝐶(𝑠𝐼 − 𝐴)−1(𝐴1 − 𝐴2)𝑋  

(3.39) 

 

 

Or 

 𝐼𝑜̂(𝑠)

𝑑̂(𝑠)
= 𝐶(𝑠𝐼 − 𝐴)−1(𝐴1 − 𝐴2)𝑋 (3.40) 

Where matrix C differs based on the output, either current or voltage. Afterward, based 

on the derived models, the control-to-output transfer functions of the Cuk converter can 

be obtained by substituting the value of the designed converter.  The transfer functions 

of control-to-output voltage and control-to-output current are obtained in the next 

chapter.  
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Chapter 4: DC-DC Converter Control 

In this chapter, the control of the presented DC-DC converter is addressed. The constant 

current control of the modeled Cuk converter is presented. Moreover, the control-to-

output voltage and control-to-output current models are obtained using the averaged 

model derived in the previous chapter. The design of the PI controller is then discussed. 

Also, the FOPI controller and its approximated model are presented and compared with 

the conventional PI controller. Afterward, the digital control of the derived models is 

obtained and verified. Then the overall system verification through simulation using a 

transient model in Simulink is presented. 

4.1 Control-to-Output Voltage of Cuk Converter 

The linearized model of the Cuk converter obtained in Chapter 3 using the state-space 

model is utilized to derive the converter's control-to-output voltage transfer function. 

Table 4.1 and Table 4.2 show the parameters used to design Cuk converter and its 

parasitic elements to obtain the system transfer function. These parameters are selected 

based on overall system requirements. The resulting control-to-output voltage transfer 

function is shown in (4.1).  

 

Table 4.1: Control-to-output voltage design parameters 

Parameters  Specifications  

Input Voltage 𝑽𝒊𝒏 430V 

Output Current 𝑰𝒐 111.1A 

Output Power 𝑷𝒐 40kW 

Switching frequency  20kHz 
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Table 4.2 Converter elemnts with parasitic resistances  

Component Type Part Number Value ~ Parasitic R (𝛀) 

Inductor 1&2 Hammond 195C100 1mH 0.0036 𝛀 

Capacitor 1 B32778Z8906 90 𝜇𝐹 0.0035 𝛀 

Capacitor 2 B32778Z8756 50 𝜇𝐹 0.0043 𝛀 

Diode  APT10SCD120B  1200V 0.05 𝛀 

Switch  5SN0750G650300  

  

1200V 0.012 𝛀 

 

𝑉̂𝑜

𝑑̂
=

𝑎3𝑠
3 + 𝑎2𝑠

2 + 𝑎1𝑠 + 𝑎0
𝑏4𝑠4 + 𝑏3𝑠3 + 𝑏2𝑠2 + 𝑏1𝑠 + 𝑏0

 (4.1) 

  

Table 4.3: Control-to-output voltage transfer function coefficient 

Coefficient Value 

𝑎3 6217 

𝑎2 2.891 ∗ 1010 

𝑎1 −3.922 ∗ 1013 

𝑎0 1.858 ∗ 1017 

𝑏4 1 

𝑏3 8996 

𝑏2 4.856 ∗ 107 

𝑏1 6.995 ∗ 1010 

𝑏0 1.66 ∗ 1014 

 

The output voltage control of the converter can be achieved with a proportional-integral  

(PI) controller. To control the output voltage, the PI controller is used to achieve the 

required system step response. The system's step response and bode plot are obtained to 
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see the system's behavior and to compare the system's step response before and after 

using the controller. 

Several control techniques are used to tune the designed controller to improve system 

transient response. For example, the Ziegler-Nichols, Tyreus Luyben, and pole 

placement methods [72] are used to obtain a proper gain for the designed controller to 

achieve the desired step response within a proper gain margin that keeps the closed-loop 

system stable. To get the desired closed-loop response, the overall system should satisfy 

the following frequency domain design specifications [73]: 

The equation that defines system phase margin is: 

𝐴𝑟𝑔 (𝐺𝑐(𝑗𝜔𝑔𝑐)𝐺𝑝(𝑗𝜔𝑔𝑐)) + 𝜋 − 𝜙𝑚 = 0 (4.2) 

Where 𝐺𝑐 , 𝐺𝑝 are the controller and plant transfer functions. 

Gain crossover frequency specification: 

|𝐺𝑐(𝑗𝜔𝑔𝑐)𝐺𝑝(𝑗𝜔𝑔𝑐)| − 1 = 0 (4.3) 

Robustness to overall system gain fluctuation the phase of the open-loop system is 

described as follow: 

𝑑

𝑑𝜔
𝐴𝑟𝑔 (𝐺𝑐(𝑗𝜔𝑔𝑐)𝐺𝑝(𝑗𝜔𝑔𝑐))|

𝜔=𝜔𝑐𝑔  

 (4.4) 

To dismiss high-frequency noise, a closed-loop system should contain a small magnitude 

at high frequencies:  

|𝑇(𝑗𝜔) =
𝐺𝑐(𝑗𝜔)𝐺𝑝(𝑗𝜔)

1 + 𝐺𝑐(𝑗𝜔)𝐺𝑝(𝑗𝜔)
| ≤ 𝐴 𝑑𝐵 ∀ 𝜔 ≥ 𝜔𝑡 (4.5) 

Where A is the desired noise attenuation for frequencies 𝜔 ≥ 𝜔𝑡 

Furthermore, to eliminate output disturbances: 

|𝑆(𝑗𝜔) =
1

1 + 𝐺𝑐(𝑗𝜔)𝐺𝑝(𝑗𝜔)
| ≤ 𝐵 𝑑𝐵 ∀ 𝜔 ≤ 𝜔𝑠 (4.6) 
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However, the proposed system controller is tuned using pole placement through 

MATLAB to achieve the above-mentioned frequency-domain requirements. A 

MATLAB tool uses the system transfer function to obtain the Root Locus of the system. 

Then the controller pole and zero are located on the LHP in Root Locus, enhancing the 

overall system response until the desired step response is achieved. The controller is 

designed to achieve a critically damped step response without overshoot and a maximum 

settling time of 0.02s.  

Figure 31 shows the step response of the open loop transfer function. However, Figure 

32 illustrates the MATLAB tool used to specify the gains of the controllers and the 

closed-loop system step response along with the bode plot.  

 

Figure 31: Step response of open loop control-to-output voltage transfer function. 
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Figure 32: Closed-loop control-to-output voltage system step response, bode plot, and 

root locus  

 

Table 4.4: Closed loop control-to-output voltage step response parameters 

Parameters  Specifications  

Overshoot 0% 

Settling time 0.018 𝑠 

Rise Time 0.006 𝑠 

Proportional Gain 6.8 ∗ 10−5 

Integral Gain 0.41 

Bandwidth 275 Hz 

 

It can be seen from Figure 32 and Table 4.4 that the closed-loop system step response 

has a rise time of 0.006s, settling time of 0.018s, and a bandwidth of 275 Hz. In addition, 

the obtained gain margin of the closed-loop is 8.66dB which keeps the system stable. 
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This can be increased by decreasing the integral gain that increases the settling time of 

the closed-loop response. Therefore, using the PI controller with the specified gains to 

control the output voltage satisfies the design requirement.  

 

4.2 Control-to-Output Current of Cuk Converter 

In control-to-output current, the linearized model of the Cuk converter is obtained using 

the state-space model with slight modifications in the output matrix of the model shown 

in (4.7). 

 
𝐶𝑎𝑣𝑔 = [0

1

𝑅𝑜
(
𝑅𝑜𝑟𝑐2
𝑅𝑜 + 𝑟𝑐2

) 0
1

𝑅𝑜
(

𝑅𝑜
𝑅𝑜 + 𝑟𝑐2

)] (4.7) 

The resulting control-to-output current transfer function is shown in (4.8). 

 

𝐼𝑜

𝑑̂
=

𝑎3𝑠
3 + 𝑎2𝑠

2 + 𝑎1𝑠 + 𝑎0
𝑏4𝑠4 + 𝑏3𝑠3 + 𝑏2𝑠2 + 𝑏1𝑠 + 𝑏0

 (4.8) 

Table 4.5: Control-to-output Current transfer function coefficients 

Coefficient Value 

𝑎3 2578 

𝑎2 1.199 ∗ 1010 

𝑎1 −1.213 ∗ 1013 

𝑎0 8.302 ∗ 1016 

𝑏4 1 

𝑏3 9001 

𝑏2 4.844 ∗ 107 

𝑏1 6.863 ∗ 1010 

𝑏0 1.849 ∗ 1014 
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In control-to-output current, the closed-loop system is designed to ensure that the system 

delivers a certain amount of current to the load. In battery charging applications, several 

methods are used to control battery charging through current, such as negative pulse 

charging pulsed current charger, and constant current control. The constant current 

charging method ensures stable onboard battery charging. The same parameters used in 

Table 4.1 and Table 4.2 are used to design the control-to-output current closed-loop 

system. The amount of output current is calculated based on market products. Tesla and 

Porsche are now producing 100kWh battery packs with a rated voltage of 900V [74]. 

Therefore, based on these numbers, the amount of current that needs to charge the battery 

is set to 111.1A. 

As done in the control-to-output voltage, a linear PI controller is used to stabilize the 

system step response and make it critically damped with a maximum settling time of 

0.02s. 

Figure 33 shows the step response of the open loop control-to-output current transfer 

function. However, Figure 34 shows the closed-loop system step response, bode plot, 

and the specified controller gains through pole placement in Root Locus.  
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Figure 33: Step response of open loop control-to-output current transfer function 

 

 

Figure 34: Closed-Loop control-to-output current system step response, bode plot, and 

root locus. 
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Table 4.6: Closed loop control-to-output current step response parameters 

Parameters  Specifications  

Overshoot 0% 

Settling time 0.015 𝑠 

Rise Time 0.005 𝑠 

Proportional Gain 1.68 ∗ 10−12 

Integral Gain 0.7 

Bandwidth 290 𝐻𝑧 

 

It is clear from Figure 34 and Table 4.6 that the closed-loop system has a bandwidth of 

290 Hz, as well as the step response of the output-to-current control closed-loop system 

has almost the same rise time and settling time of the control-to-output voltage system. 

Also, from the bode plot using the specified PI gains, it can be seen that the closed-loop 

gain margin is 12.5 dB. However, this margin can be increased at the cost of increasing 

the settling time of the step response. Thus, using the PI controller with the specified 

gains, the output current control satisfies the design requirement.  

Considering that the proposed system could vary based on the operating condition on 

how many modules are running, the controller should be robust against these variations 

that might result in plant variation. Therefore, The FO controllers have the advantage of 

being robust against plant variation over the conventional order controllers [75], [76]. 

The FO controllers are discussed and tested in the upcoming sections. 

 

4.3 Fractional Order Calculus 

In the last decades, fractional calculus has been used widely in control systems. It 

ensures system stability due to their robustness towards plant gain variations and 
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uncertainties [77]. Design specifications such as gain and phase margin in fractional-

order systems have more flexibility than integer order systems. 

Recently, much researches have been done on fractional order controller for DC-DC 

converters. In [78], a fractional-order controller was designed for a boost converter for 

PEMFC application. The study [78] compares integer-order and fractional-order PID 

controllers. Using a fractional-order controller, the start-up voltage shows a smaller 

overshoot and fewer oscillations than integer-order controllers. Moreover, the noise is 

reduced in the fractional-order controller as well as it has a faster compensation time 

when the load is changing. Using fractional-order shows better performance when power 

has a step change compared with integer-order controllers. Another study [79] used the 

fractional-order sliding mode control in PV closed loop system emulator. The study 

showed that the fractional-order controllers have a closer model of an actual PV 

compared to the conventional sliding mode controller. The model was based on different 

parameters such as P-I, P-V, and I-V characteristics. The error in the classical model of 

sliding mode control is almost double when compared to the fractional-order method. 

Fractional calculus generalizes differentiation and integration to new non-integer order 

fundamental operator using an int denoted by 𝐷𝑎
 
𝑡

𝑟 [76]. Equation (4.9) can define the 

operator: 

𝐷𝑎
 
𝑡

𝑟 =

{
 
 

 
 
𝑑𝑞

𝑑𝑡𝑞
               𝑞 > 0

1                 𝑞 = 0

∫ (𝑑𝜏)−𝑞    
𝑡

𝑎

𝑞 < 0

 (4.9) 

Where a and t are the lower and upper limit of integrations, respectively, and q is the 

order of fractional integration or differentiation. The commonly used definitions of 

fractional calculus are Riemann-Liouville, Grunwald-Lentnikov, and Caputo [76].  

Riemann-Liouville defined fractional calculus in (4.10): 
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𝐷𝑎
 
𝑡

𝑟𝑓(𝑡) =
𝑑𝑞𝑓(𝑡)

𝑑(𝑡 − 𝑎)𝑞
   =

1

Γ(𝑛 − 𝑞)

𝑑𝑛

𝑑𝑡𝑛
∫ (𝑡 − 𝜏)𝑛−𝑞−1𝑓(𝜏)𝑑𝜏    

𝑡

0

  (4.10) 

Where n is the first integer 𝑛 − 1 ≤ 𝑞 ≤ 𝑛, and the gamma function is given by : 

Γ(𝑧) = ∫ 𝑡𝑧−1𝑒−𝑡𝑑𝑡    
∞

0

  (4.11) 

Where the Grunwald-Lentnikov definition is given as follow: 

𝐷𝑎
 
𝑡

𝑟𝑓(𝑡) =
𝑑𝑞𝑓(𝑡)

𝑑(𝑡 − 𝑎)𝑞
= lim

ℎ→0
[
𝑡 − 𝑎

𝑁
]
𝑞

∑(−1)𝑗 (
𝑞

𝑗
) 𝑓(𝑡 − 𝑗[

𝑡 − 𝑎

𝑁
])

𝑁−1

𝑗=0

 (4.12) 

The Laplace transform of  Riemann-Liouville is given by: 

𝐿𝑇{ 𝐷0
 
𝑡

𝑟𝑓(𝑡)} = 𝑠𝑞𝐹(𝑠) −∑𝑠𝑘
𝑛−1

𝑘=0

𝐷0
 
𝑡

𝑞−𝑘−1𝑓(0) (4.13) 

𝑛 − 1 < 𝑞 ≤ 𝑛 ∈ 𝑁 

 

4.3.1 Fractional Order Controller  

Control systems have been widely explored and redesigned using fractional calculus to 

improve the control methods, system modeling, and dynamic response. The advantage 

of using fractional order controller over integer order controller can be summarized in 

the following points [75], [76]: 

- Robust control system against plant variations such as elements parameters and 

temperature variations. 

- Extra degree of freedom as it allows to have fractional and integer order of the 

integral and derivatives. 

The general transfer function of fractional order PID controller in Laplace domain is: 

𝐺𝑐(𝑠) = 𝐾𝑝 + 𝐾𝑖
1

𝑠𝜆
+ 𝐾𝑑 𝑠

𝜇  (4.14) 

Where 𝐾𝑝, 𝐾𝑖, 𝐾𝑑 are proportional, integration and differentiation gains, and 𝜆 , 𝜇 are 
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arbitrary real numbers. Due to this diversity of controller parameters, control 

performance can be enhanced [80].  

It is essential to ensure a high-performance robust, and stable plant by adequately 

designing the controller. An FOPI controller for the Cuk converter is tuned in the 

proposed system by changing the integral order to enhance the overall system response 

compared to the classical PI controller designed previously. The tuned parameters of the 

controller are presented in Table 4.7: 

 

Table 4.7: Designed controllers parameters 

Controller  Kp Ki 𝜆 

PI 1.68 ∗ 10−12 0.7 1 

FOPI 1.68 ∗ 10−12 0.7 0.98 

  

Theoretically, the FOPI controller has a shorter rise and settling time when it is compared 

to the conventional PI controller. This is verified using the mathematical model in 

Simulink when simulating both controllers with the same gains but with different 

integral and differential orders. The simulated blocks in Simulink and step response are 

presented in Figure 35 and Figure 36, which indicates that the FOPI has a faster response 

with 0.001s when it is compared to the conventional PI. 

 

Figure 35: Closed-loop system simulation using FOPI and PI controllers  
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Figure 36: Closed loop system step response comparison FOPI vs PI  

 

4.3.2 Fractional Order Approximation: 

Since the fractional-order inverse Laplace transform does not exist, it is not possible to 

estimate the exact time response of such systems [81]. Therefore, many researchers 

attempted to obtain other forms of rational approximation to the fractional-order 

Laplacian integro-differential operators. For example, the FOPID controller can be 

transferred into an equivalent integer order system that emulates the same behavior of 

the fractional-order controller [82], [83]. Such approximation can translate the system 

into an integer order transfer function within a limited frequency band.  

4.3.3 Integro-Differential Approximation: 

Several methods are used to translate the fractional order controller into the integer-order 

controller, such as Oustaloup, Matsuda, and biquadratic [84], where realizing the 

fractional elements depends only on the order of the integrator or differentiator [84]. For 

example, El-Khazali approximation utilizes biquadratic models considering flat phase 

response at its center frequency to approximate the integral-differential operators 𝑠±𝛼 
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where 0 < 𝛼 < 1, within a narrower bandwidth. Considering several 2nd-order 

approximation, biquadratic transfer functions are cascaded [85].  

(
𝑠

ωg
)

𝛼

=∏𝐻𝑖(𝑠/

𝑛

𝑖=1

𝜔𝑖) =∏

𝑁𝑖(
𝑠

𝜔𝑖/𝜔𝑔
)

𝐷𝑖(
𝑠

𝜔𝑖/𝜔𝑔
)

𝑛

𝑖=1

 (4.15) 

Using (4.19), El-Khazali fractional derivative operator can be approximated as [85]: 

𝑠𝛼 ≈ 𝑇 (
𝑠

𝜔𝑐
) =

𝑎0 (
𝑠
𝜔𝑐
)
2

+ 𝑎1 (
𝑠
𝜔𝑐
) + 𝑎2

𝑎2 (
𝑠
𝜔𝑐
)
2

+ 𝑎1 (
𝑠
𝜔𝑐
) + 𝑎0

 (4.16) 

Where 𝜔𝑐 is the center frequency and 𝑎𝑛 are constants calculated using: 

𝑎0 = 𝛼
𝛼 + 3𝛼 + 2 

𝑎2 = 𝛼
𝛼 − 3𝛼 + 2 

𝑎1 = (a2 − 𝑎0) tan (
(2 + 𝛼)𝜋

4
) = 6𝛼  tan (

(2 − 𝛼)𝜋

4
) 

 

(4.17) 

Using the above approximation method, a MATLAB code in appendix A approximates 

the FOPI controller. The approximated transfer function of the FOPI controller is shown 

in Table 4.7 and  

Table 4.8: 

  

Table 4.8: Fractional-order approximated transfer function  

Fractional-Order 

Transfer Function 

Approximated Transfer Function 

1

𝑠𝛼
 

𝑎6𝑠
6 + 𝑎5𝑠

5 + 𝑎4𝑠
4 + 𝑎3𝑠

3 + 𝑎2𝑠
2 + 𝑎1𝑠 + 𝑎0

𝑏6𝑠6 + 𝑏5𝑠5 + 𝑏4𝑠4 + 𝑏4𝑠4 + 𝑏3𝑠3 + 𝑏2𝑠2 + 𝑏1𝑠 + 𝑏0
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Table 4.9: Control-to-output Current transfer function coefficient for 𝛼 = 0.98 

Coefficient 
𝟏

𝒔𝟎.𝟗𝟖
 

𝑎6 8.45 ∗ 10−6 

𝑎5 69.72 
𝑎4 2.828 ∗ 106 
𝑎3 5.581 ∗ 108 
𝑎2 5.463 ∗ 108 
𝑎1 2.602 ∗ 106 
𝑎0 61.18 
𝑏6 61.18 
𝑏5 2.602 ∗ 106 
𝑏4 5.463 ∗ 108 
𝑏3 5.581 ∗ 108 
𝑏2 2.828 ∗ 106 
𝑏1 69.72 
𝑏0 8.45 ∗ 10−6 

 

The FOPI controller is approximated and verified through simulation with 𝛼 = 0.98 for 

the integral operator. The closed-loop step response of the system using approximated 

FOPI and actual FOPI are obtained and then compared as shown in Figure 37.  

 

Figure 37: System step response using FOPI and approximated FOPI controllers 
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It can be seen from Figure 37 that the approximated system has almost the same response 

as the actual FOPI controller. This gives the ability to deal with the FOPI as an integer-

order transfer function. Thus, the inverse Laplace of the controller can be obtained and 

analyzed, as well as it can be discretized and used in digital control. However, the used 

biquadratic approximation method has a limited frequency band, and it can be used for 

0 < 𝛼 < 1 which limits the FOPI tuning range.  

4.4 Control-to-Output Current in Z-domain  

Digital control provides an efficient integration between hardware and software. By 

converting from continuous time to discrete time, the digital signal can be used as an 

input to a computer. Thus, to make the proposed design practical, the continuous control 

system has to be converted into a discrete system to apply digital control. Given that the 

system operates at a switching frequency of 20𝑘𝐻𝑧 where the digital system would have 

close behavior to the continuous system. Therefore, digital control is highlighted to 

consider higher power rating systems that could utilize the same topology with lower 

switching frequency.  

Several methods can be used to discretize the plant or the controller, such as backward 

difference methods, forward difference methods, bilinear or Tustin transformation, 

impulse-invariance method, step-invariance method, and pole-zero matched method. 

However, the Tustin method has a proper match between continuous-time and discrete-

time domains. Therefore, the Tustin method is used to describe either the plant or the 

controller, where the discretization can be done using (4.18): 

𝑠 =
2

𝑇
(
𝑧 − 1

𝑧 + 1
) (4.18) 

The closed loop system is then discretized using (4.18), and the sampling time used is 

1

𝑓𝑠𝑤
= 𝑇 = 0.00005 𝑠. The resulted transfer functions in Z-domain are shown in Table 
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4.10 and  

Table 4.11. 

 

Table 4.10: Discretized systems transfer function  

Discretized 

Transfer Function  

Approximated Transfer Function 

𝐺𝑐(𝑧) 
𝑎1𝑧 + 𝑎0
𝑏1𝑧 + 𝑏0

 

𝐺𝑐𝐹𝑂𝑃𝐼(𝑧) 
𝑎6𝑧

6 +
 

𝑎5𝑧
5 + 𝑎4𝑧

4 + 𝑎3𝑧
3 + 𝑎2𝑧

2 + 𝑎1𝑧 + 𝑎0 
𝑏6𝑧6 + 𝑏5𝑧5 + 𝑏4𝑧4 + 𝑏3𝑧3 + 𝑏2𝑧2 + 𝑏1𝑧 + 𝑏0

 

𝐺𝑝(𝑧) 
𝑎4𝑧

4 + 𝑎3𝑧
3 + 𝑎2𝑧

2 + 𝑎1𝑧 + 𝑎0
𝑏4𝑧4 + 𝑏3𝑧3 + 𝑏2𝑧2 + 𝑏1𝑧 + 𝑏0

 

 

 

Table 4.11: Discretized transfer function coefficients 

Coefficient  𝑮𝒄𝑭𝑶𝑷𝑰(𝒛) 𝑮𝒄(𝒛) 𝑮𝒑(𝒛) 

𝒂𝟔 0.0001067 0 0 
𝒂𝟓 −0.0004966 0 0 
𝒂𝟒 0.000917 0 5.89 
𝒂𝟑 −0.0008363 0 −0.3011 
𝒂𝟐 0.000372 0 −11.77 
𝒂𝟏 −6.04 ∗ 10−5 0.00041 0.5075 
𝒂𝟎 −2.401 ∗ 10−6 −0.00039 6.089 
𝒃𝟔 1 0 0 
𝒃𝟓 −4.961 0 0 
𝒃𝟒 9.817 0 1 
𝒃𝟑 −9.656 0 −3.54 
𝒃𝟐 4.677 0 4.728 
𝒃𝟏 −0.8495 1 −2.827 
𝒃𝟎 −0.02794 -1 0.6401 

 

 

The closed-loop system is simulated in Simulink to analyze the effectiveness of the 

selected discretization method on the system behavior. Figure 39 and Figure 41 illustrate 
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the step response of the closed-loop system in the Z-domain, representing the 

effectiveness of the bilinear transform (Tustin’s method), showing a proper matching 

between discrete-time and continuous-time step response.  

 

 

 

Figure 38: Closed loop  discretized system using PI controller simulation blocks 

 

 

Figure 39: Step response of discretized system using conventional controller 
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Figure 40: Closed loop discretized system using FOPI controller simulation blocks 

 

 

Figure 41: Step response of discretized system using FOPI controller 

 

4.5 Equal Power Sharing in Modular Converters   

To ensure reliable operation of the converter regardless of the parameter deviations, a 

proper closed-loop control needs to be designed that ensures equal power-sharing 

between the DC-DC converters. This can be achieved by considering some measures 

such as input current sharing (ICS), input voltage sharing (IVS), output current sharing 

(OCS), and output voltage sharing (OVS) [41]. ICS is usually considered in input 

parallel connections to ensure that all the converters share the same input current and 
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distribute the power equally. On the other hand, IVS is considered when an input series 

connection is used. Since the same current passes throughout the connected converters, 

the input voltage of each converter should be the same to ensure that the power is 

distributed equally. However, on the output side, the same concept is applied. In parallel 

connections, OCS has to be considered, and equal voltage sharing has to be assured for 

the series output connection. There are several ways to control current and voltage 

sharing between the converters. In input parallel-connected systems, the ICS can be 

ensured by either designing an input current controller, which ensures OCS and OVS in 

IPOP and IPOS connections, or it can be done by designing a current or voltage 

controller at the output side where it leads to ensure ICS [41].  

The control scheme designed for the proposed configuration is a constant current control 

that provides continuous charging while driving, as shown in Figure 42. The OVS and 

ICS are achieved when controlling the output current of each converter [41]. 

  

 

  

Figure 42: IPOS output current control block diagram. 
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 Figure 42 shows the designed control scheme for the IPOS. It includes two loops, inner 

and outer loops. The main purpose of these loops is to ensure equal power-sharing 

between the converters in case of any variations are introduced to the system, such as 

parameters mismatch and duty cycle disturbance. The inner loops eliminate the 

mismatch effect by adjusting the converter's duty cycle, which forces the converter to 

output a certain current compared to the reference. However, the outer loop eliminates 

the duty ratio disturbance effect since it compensates for the disturbance by changing 

the other converters' duty ratios that force all the three converters to output the same 

current. 

Three scenarios are simulated to verify the control scheme shown in Figure 42. The first 

scenario is simulated by removing all the inner loops, where Figure 43 shows that the 

output current of the converters is not the same, which shows the effect of the converters 

mismatch on sharing the power between the converters. However, the second scenario 

is simulated using inner loops that consider the output current of each converter 

separately without cross feedback and with a disturbance at t=0.25s. Figure 44 shows 

that the converters share the same output current. However, when the disturbance is 

introduced to the system, the converters' output currents are diverted, and the power is 

not equally shared. Afterward, the proposed scheme is then tested, and the result is 

illustrated in Figure 45. The same disturbance is introduced to the system. The control 

scheme used maintains the same output currents of the converters, ensuring equal power-

sharing even if the disturbance is introduced to the system. 
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Figure 43: IPOS converters control using outer feedback loop only without inner loop 

 

 

Figure 44: IPOS converters control with inner loops and no cross feedback 
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Figure 45: IPOS converters control with combined outer loop and inner loops with 

cross feedback 

 

4.6 Maximum Power Point Tracking (MPPT) in Fuel Cell 

Over the years, many FC equivalent circuits have been proposed, which vary in 

complexity and accuracy. The equivalent circuit is categorized into two types, dynamic 

models and passive models. The dynamic models represent the FC behavior under the 

output electric power state. However, the passive models determine the potential 

performance and degradation when the FC is on stand-by mode[87], [13]. The dynamic 

models of PEMFC are discussed in [86], [87],[88]. However, the simplified dynamic 

electric circuit model based on chemical reactions considering the main losses of the 

PEMFC shown below is considered in this study[13]: 
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Figure 46. Fuel cell equivalent circuit 

The equivalent circuit of the FC consists of the resistance membrane 𝑅𝑚, and two 

resistors in parallel with the capacitor represent the electron transport phenomena in the 

anode and cathode. These parameters can be calculated based on the FC chemical 

parameters.  The performance of the FC varies based on the stack voltage 𝑣𝑠𝑡 and the 

current drawn by the load 𝐼𝑠𝑡. Which directly influence the generated power by FC stack, 

where 𝑃𝑓𝑐 = 𝑣𝑠𝑡𝐼𝑠𝑡. Stack voltage can be calculated as the product of the number of cells 

by the voltage of each cell. 𝑣𝑠𝑡 = 𝑛𝑣𝑓𝑐. Each cell produces a certain amount of voltage, 

considering the effect of thermodynamics, kinetics, and ohmic resistance. Therefore, the 

output voltage of the FC is considered constant since the chemical reaction takes some 

time to cause a variation in the FC output voltage.  FC has a nonlinear behavior where 

it operates at a nominal point where the maximum power is not extracted in heavy loads 

in normal conditions. A maximum power point tracking technique is used to obtain the 

maximum power of the FC. The maximum power point is extracted in order to assure 

stable and continuous operation of the FC. In fact, the FC behavior varies based on the 

chemical reaction and the electrical load connected to the cell. Furthermore, the stack 

connection plays a vital role in extracting the maximum power point. Figure 47 presents 

the power, current, and voltage characteristics of FC, showing the non-linear behavior 
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of FC.  

 

Figure 47. Voltage, current, and power curves of a fuel cell  

In general, the FCs can be connected in parallel or in series to form an FC stack. Thus, 

based on the FCs arrangement, the Stack terminals are classified to be centralized or 

decentralized. Both designs are discussed in [89]. For the centralized stack shown in 

Figure 48 (b), the overall FC stack is connected in a single converter where the MPP is 

extracted and used in the system. On the other hand, the study in [89] showed that using 

the decentralized system with MPPT shown in  Figure 48 (a) is more practical and 

increases the overall efficiency of the FC operation. The cost of using such a method is 

that multiple converters need to be connected and integrated with different controllers 

to achieve the required power, increasing the size and limiting the switching frequency 

that reflects on the converter elements sizing. As well as a smoothing capacitor is 

required at each input of the FCs to achieve higher performance. 
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Figure 48: (a) Decentralized MPPT system (b) Centralized MPPT system 

 

There are several methods to extract the maximum power point. Based on the V-I curve, 

the intersection point between the voltage and current of the FC where the maximum 

power occurs is used as the operating points of the FC [90]. The perturb and observe 

(P&O) method is done by introducing minor perturbations to cause power variation of 

the FC. In this method, the power oscillates around the maximum power point, but it 

never reaches the maximum power [91]. The incremental conductance (InC) method 

overcomes the disadvantage of the P&O in tracking the maximum power under fast 

changes. The direction in which the MPPT should move can be calculated using the 

relationship between 
Δ𝐼

Δ𝑉
 and 

−𝐼

𝑉
. This relation is derived from the fact that 

d𝑃

d𝑉
 is negative 

when the MPPT is to the right of the MPP. However, when it is positive, that means the 

MPPT is to the left of the MPP [91]. This algorithm determines when the maximum 

(a) 

(b) 

(a) 
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power point is reached while the P&O will keep oscillating around the maximum point. 

4.7 Overall System Design and Simulation 

To verify the above-mentioned theory, MATLAB/Simulink is used to simulate the 

overall system using the PEMFC model available in Simulink with a maximum power 

of 120kW. Table 4.12 presents the simulated values of the designed elements used per 

converter: 

Table 4.12: Simulated values of designed Cuk converter elements (per converter) 

Parameters  Specifications  

𝐿1 1 mH 

𝐿2 0.5 mH 

𝐶1(𝑃/𝑆) 180 𝜇F 

𝐶2 50 𝜇F 

𝑅𝑜 3.2 Ω 

 

To test the efficiency of the controller in balancing the power between the converters  

when dealing with elements uncertainties, the components for each module were 

modified with a small tolerance, as presented in Table 4.13:  
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Table 4.13: IPOS converters parameters 

Parameters Cuk 1 Cuk 2 Cuk 3 

Rated Input Power (𝑷𝒊) 
 

40k W  

Rated Output Power (𝑷𝒐) 
 

40kW  

Input Voltage (𝑽𝒊) 
 

430 V  

Output Voltage (𝑽𝒐)   333.3 V  

Input Current  (𝑰𝒊)  93.3 A  

Output Current (𝑰𝒐) 
 

108 A  

Input Inductor (𝑳𝟏) 0.9mH 1 mH 1.1mH 

Output Inductor (𝑳𝟐) 1.1mH 1 mH 0.9mH 

Input capacitors (𝑪𝟏 (𝑷/𝑺)) 164 𝜇F 180 𝜇F 198 𝜇F 

Output Capacitors (𝑪𝟐) 90 𝜇F 100 𝜇F 95 𝜇F 

 

 

 The overall model is verified and examined using the output voltage and current to 

examine the power conversion of the designed system. Meanwhile, the output voltage 

and input current per converter are used to test the power balancing control. Also, input 

voltage and input current are used to see the MPPT method effect on the FC.  
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4.8 Simulation Results for Conventional Control to Output Current  

The simulation is run for the designed three converters to illustrate the essential 

parameters mentioned earlier. The main variables in the closed-loop system operation 

are presented in the following figures. 

 

 

Figure 49: Overall system current, one converter removed at t=0.3s. 
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Figure 50: Input currents and output voltages sharing of the IPOS Cuk converters (ICS), 

(OVS), one converter removed at t=0.3s. 
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Figure 51: IPOS system using PI and FOPI controllers 

 

Figure 49 and Figure 50 show the results of the simulated system using three IPOS 

isolated Cuk converters. Figure 49 shows that the amount of power delivered to the 

battery is constant even if one of the converters is faulty, where a simulated fault is 

introduced to the system at t=0.3s by bypassing one of the converters. Furthermore, 

Figure 50 shows the equal power-sharing among the three converters. The series 

connection at the output side maintains the output voltage constant, and the parallel 

connection at the input side ensures equal current sharing between the converters. Also, 

when the system is interrupted, it can be seen that the power is shared between the two 

running converters. In addition, the FOPI controller is then tested on the proposed 

topology using three input-parallel output-series Cuk converters. The system behavior 

is presented in Figure 51. 
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Chapter 5: DC-DC Converter Performance Assessment 

In this chapter, the IPOS Cuk converter's performance is assessed. The gain of a single 

and three IPOS Cuk converter considering non-idealities with the variation of duty 

cycles is presented. In addition, the overall efficiency of the IPOS is illustrated with the 

variation of loading. Then, the sensitivity analysis presents the parasitic resistance effect 

on the overall gain. The converter power density of the proposed topology is presented, 

and the FC ripple current in the proposed system is evaluated. 

 

5.1 Cuk Converter Gain Assessment 

Using the obtained model in chapter 3 (using (3.9) (3.10)), the converter performance is 

compared against the ideal model by plotting their gain vs. duty cycle. The derived 

transfer relation is: 

𝑉𝑜
𝑉𝑖𝑛

=
𝑅(𝑑 − 𝑑2)

𝛽1𝑑2 + 𝛽2𝑑 + 𝛽
 

(5.1) 

Where 

𝛽1 = 𝑅 + 𝑟𝐿1 + 𝑟𝐿2 − 𝑟𝑐1 

𝛽2 = 𝑟𝑠 − 𝑟𝑑 + 𝑟𝑐1 − 2𝑟𝐿2 − 2𝑅 

𝛽3 = 𝑅 + 𝑟𝐿2 + 𝑟𝑑 

The parasitic resistances used are mentioned in Table 4.2. Figure 52 shows the gain vs. 

duty cycle obtained using a fixed load of 100Ω  to assess the converter performance.  
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Figure 52: Gain Vs Duty Cycle for both ideal and non-ideal Cuk converter 

 

Figure 52 illustrates the results of ideal and non-ideal Cuk converter gain. For the given 

parameters of the Cuk elements parasitic resistances, the maximum gain obtained using 

the derived models was ~39.  

 

5.2 IPOS Cuk Converters Gain Assessment 

The derived model is also used in assessing the overall system efficiency of the three 

IPOS isolated converters. However, for the non-ideal converters, the theoretical 

efficiency of the converter is obtained using the derived output voltage to input voltage 

relation. The overall gain of IPOS connection of three DC-DC converters operating at 

the same duty cycle results in the summation of each converter gain. The advantage of 

such a connection is that it introduces modularity to the system, reducing the gain 

requirements. The overall gain of the connected non-ideal model relation for the 

converters is expressed as follow:  
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𝑉𝑜
𝑉𝑖𝑛

= 𝐺1 + 𝐺2 + 𝐺3 
(5.2) 

The efficiency can be approximated by dividing the non-ideal gains over the ideal gain 

[69], where such an estimate may result in an overestimated efficiency. The efficiency 

equation of the IPOS three converters is expressed in (5.3): 

𝜂 =
𝐺1 + 𝐺2 + 𝐺3
3𝐺𝑖𝑑𝑒𝑎𝑙

 
(5.3) 

Figure 53 shows the efficiency of the connected three Cuk converters. As mentioned 

earlier, the gain of the non-ideal converter deteriorates at high duty cycles. It is clear 

from Figure 53 that the overall system's efficiency goes below 90% when the duty ratio 

exceeds 0.95. This is because the equation used to assess the efficiency divides the non-

ideal gain over the ideal gain, knowing that the ideal gain tends to infinity at high duty 

ratios. Moreover, when using multiple converters, the gain is three times higher than a 

single converter. Therefore, the overall system's efficiency is high and above 98%.   

   

 

Figure 53: IPOS three Cuk converters efficiency 
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5.3 IPOS Cuk Converters Sensitivity Analysis 

The effect of a small variation of the inductors parasitic resistance for the overall 

proposed system IPOS gain is elaborated using sensitivity analysis. Since the sensitivity 

analysis here is related to high-power applications with high current, the effect of 

parasitic resistance of the inductor has a the major effect on the overall gain; therefore, 

the following assumptions are made in sensitivity calculations: 

1- Converter diodes, capacitors, HFT, and switch losses are neglected. 

2- Major parasitic resistances variations are in inductors. 

3- Each converter has the same parasitic resistance as the other converters 𝑟𝐿. 

Sensitivity of a system 𝑌 to variation in input 𝑥 is expressed as [92]: 

𝑆𝑥
𝑌 =

𝛿𝑌/𝑌

𝛿𝑥/𝑥
=
𝑥

𝑦

𝛿𝑌

𝛿𝑥
 

(5.4) 

The derived model is modified to maintain the parasitic inductor resistances as the only 

non-idealities of the system 𝑟𝐿1, 𝑟𝐿2. The modified transfer model of the Cuk converter 

using the parasitic resistance of the inductors with respect to the load 𝑟𝐿1,2(𝑝𝑢) is 

presented in (5.5): 

𝑉𝑜
𝑉𝑖𝑛

=
𝐷

1 − 𝐷

(1 − 𝐷)

(1 − 𝐷)(𝑟𝐿2(𝑝𝑢) + 1) + 𝑟𝐿1(𝑝𝑢) (
𝐷2

1 − 𝐷
)
 

(5.5) 

Then, using the modified transfer model with respect to parasitic resistance from (5.5), 

the IPOS connected converters gain is applied to (5.4) to obtain the sensitivity equation. 

The equations obtained with respect to 𝑟𝐿1(𝑝𝑢) and 𝑟𝐿2(𝑝𝑢) independently are: 

𝑆𝑟𝐿2(𝑝𝑢)
𝐺 =

−𝑟𝐿1(𝑝𝑢)(𝐷
2)

𝑟𝐿1(𝑝𝑢)𝐷2 + (1 − 𝐷)2 (𝑟𝐿2(𝑝𝑢) + 1)
 

 

(5.6) 
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𝑆𝑟𝐿2(𝑝𝑢)
𝐺 =

(−𝑟𝐿2(𝑝𝑢))(𝐷 − 1)
2

𝑟𝐿1(𝑝𝑢)𝐷2 + (1 − 𝐷)2 (𝑟𝐿2(𝑝𝑢) + 1)
 

(5.7) 

Figure 54 and Figure 55 present the sensitivity analysis for the variation in 𝑟𝐿1 and 𝑟𝐿2 

of the three IPOS Cuk converters, given the assumption that the D=0.9 and both 𝑟𝐿 values 

are 0.001 per unit with respect to the total load.  

 

 

Figure 54: Δ𝑟𝐿1(𝑝𝑢) effect on IPOS converters gain at D=0.9 
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Figure 55: Δ𝑟𝐿2(𝑝𝑢) effect on IPOS converters gain at D=0.9 

 

From Figure 54 and Figure 55, the main interpretation is that 𝑟𝐿1 has a significant effect 

on the gain of the converters, which is considered as one of the main keys of gain 

deterioration in high power applications. It is clear that the variation of 𝑟𝐿1 is has more 

impact than 𝑟𝐿2 on the gain change at the same per-unit values. When both have a 10% 

variation of the per-unit value, the gain drop due to 𝑟𝐿1 is 0.69%. However for that due 

to 𝑟𝐿2 is 0.009%. 
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Figure 56: Effect of Duty cycle and Δ𝑟𝐿1(𝑝𝑢) on the IPOS converters gain 

 

The same variation of the parasitic resistance is applied to the converters with a wider 

duty cycle range. It can be seen that when the duty cycle increases, the gain drop 

increases. This is due to the increase of losses as D approaches unity, and when it reaches 

closer to one, the overall gain approaches zero. This is logical since the converters are 

operating at extreme duty cycles. Moreover, by comparing the efficiencies obtained at 

different duty cycles between 0.1 and 1 in the previous sections, the results show that 

gain drop increases as the duty cycle increases, affecting the overall system efficiency. 

This is due to the fact of the losses increase at higher duty cycles. However, for duty 

cycles lower than 0.8, the gain drop did not exceed 0.4 %.  
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5.4 IPOS Cuk Converter Efficiency  

The converter efficiency is one of the performance indices considered in this study. 

Knowing that the electrical efficiency is the ratio of the output power 𝑃𝑜𝑢𝑡 to the input 

power 𝑃𝑖𝑛. In FCEV, the FC determines the input power, and the power output is the 

power after being conditioned at the DC-DC converter considering converter losses. The 

efficiency of the converter can be expressed in (5.8): 

𝜂 =
𝑃𝑜𝑢𝑡
𝑃𝑖𝑛

=
𝑃𝑜𝑢𝑡

𝑃𝑜𝑢𝑡 + 𝑃𝑙𝑜𝑠𝑠
 . 100% 

(5.8) 

Many factors contribute to the converter losses, where the core losses of the HFT, 

semiconductor switching device, and diode have the highest contribution in converter 

losses.  

Semiconductor switching device has switching and conduction losses. The switching 

losses occur due to the change of voltage and current waveforms since they have rising 

and falling slopes. Considering IGBT, the switching losses can be identified as follow: 

1- IGBT turn-on energy losses 𝐸𝑠𝑤,𝑜𝑛  

2- IGBT turn off energy losses 𝐸𝑠𝑤,𝑜𝑓𝑓 

Considering the datasheet of IGBT and according to [93], switching losses of the IGBT 

can be expressed as follow: 

𝑃𝑙𝑜𝑠𝑠,𝑠𝑤 = (𝐸𝑠𝑤,𝑜𝑛 + 𝐸𝑠𝑤,𝑜𝑓𝑓). 𝑓𝑠𝑤 (5.9) 

𝑃𝑙𝑜𝑠𝑠,𝑠𝑤 = (11.9 + 12.5) ∗ 10
−3 ∗ 20 ∗ 103 = 488 𝑊 

However, the conduction losses occur during conducting period. The power conduction 

loss can be calculated using the current switch 𝐼𝑠as follows: 

𝑃𝑙𝑜𝑠𝑠,𝑐𝑜𝑛𝑑 = 𝑅𝑠𝐼𝑠𝑟𝑚𝑠
2 𝐷 + 𝑉𝐼𝐺𝐵𝑇𝐼𝑠𝑎𝑣𝑔 (5.10) 

𝑃𝑙𝑜𝑠𝑠,𝑐𝑜𝑛𝑑 = 0.0012 ∗ 135
2 ∗ 0.45 + 2 ∗ 90 = 190 𝑊 

Where 𝑅𝑠 is the on state Due to the voltage drop across the diode, diode losses can be 
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estimated: 

𝑃𝑙𝑜𝑠𝑠,𝑑𝑖𝑜𝑑𝑒 = 𝑉𝑜𝑛 𝐼𝐷 (5.11) 

𝑃𝑙𝑜𝑠𝑠,𝑑𝑖𝑜𝑑𝑒 = (1.8)(149) = 268 𝑊  

Utilizing HFT introduces some losses at the core of the transformer. Using an HFT from 

HiMAG, with high efficiency, the transformer losses can be calculated according to the 

datasheet, which is 1% of the operating power: 

𝑃𝑙𝑜𝑠𝑠,𝑡𝑟𝑎𝑛 = 400 𝑊 

Afterward, the total losses can be calculated: 

𝑃𝐿𝑜𝑠𝑠 = 𝑃𝑙𝑜𝑠𝑠,𝐼𝐺𝐵𝑇 + 𝑃𝑙𝑜𝑠𝑠,𝐷𝑖𝑜𝑑𝑒 + 𝑃𝑙𝑜𝑠𝑠,𝑡𝑟𝑎𝑛 = 1346 𝑊 

𝑃𝑟𝑎𝑡𝑒𝑑 𝑙𝑜𝑠𝑠𝑒𝑠 = 3 ∗ 1346 = 4.03 𝑘𝑊 

Using (5.8), the converter’s efficiency vs. power is illustrated in Figure 57. 

 

 

 

Figure 57: Efficiency vs. total system power of the presented FCEV converter 
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5.5 IPOS Cuk Converter Power Density 

In contrast, the output power density characterizes the degree of compactness of the used 

converter. The power density of a converter is expressed as a function of the output 

power of the converter divided by the volume of the converter. In isolated converters, 

the main concern is about the volume of the HFT used in the converter. Furthermore, 

based on [94], the power density can be calculated using (5.12): 

𝜌 =
𝑃𝑜𝑢𝑡

𝑉𝑜𝑙𝑢𝑚𝑒
 

(5.12) 

The volume of the semiconductor switches, heat sinks, passive elements, and HFT used 

gives the volume of the high power converter. The volume of the IGBT depends on the 

IGBT module volume (𝑉𝑜𝑙𝑖𝑔𝑏𝑡𝑀𝑜𝑑)And the number of IGBT switches used in the 

topology(𝑛𝑇𝑠𝑤). Where the volume of the switches can be written as follow: 

𝑉𝑜𝑙𝑠𝑤𝑖𝑡𝑐ℎ𝑒𝑠 = 𝑛𝑇𝑠𝑤  . 𝑉𝑜𝑙𝑖𝑔𝑏𝑡𝑀𝑜𝑑 

For the transformer volume calculations, a single-phase transformer is used. The main 

parameters that specify the transformer volume are the core volume (𝑉𝑜𝑙𝑐𝑜𝑟𝑒) and 

winding volume (𝑉𝑜𝑙𝑤𝑖𝑛𝑑𝑖𝑛𝑔), where they can be calculated based on some 

recommendations specified in [94].  

To calculate the total volume of the converter, a high-frequency power transformer of 

(HiMAG) brand with a rated power of 100kW and switching frequency less than 50kHz 

has been considered. In addition, ABB power switches are used with a rated voltage of 

1.2kV to 6.5kV and a rated current of 700A. Moreover, a Hammond inductor with power 

capacitor volume is considered, and a factor of 1.2 is multiplied with the total volume to 

consider heat sinks size. Thus, the total volume is: 

𝑉𝑜𝑙𝑡𝑜𝑡𝑎𝑙 = (𝑉𝑜𝑙𝐼𝐺𝐵𝑇 + 𝑉𝑜𝑙𝑡𝑟𝑎𝑛𝑠 + 𝑉𝑝𝑎𝑠𝑠𝑖𝑣𝑒 𝑒𝑙𝑒𝑚𝑛𝑡𝑠 ) ∗ 1.2 

𝑉𝑡𝑜𝑡𝑎𝑙 = (0.16 + 2 + 3.6) ∗ 1.2 = 5.86 𝐿 
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Considering converter losses presented earlier and the large volume elements such as 

HFT, power switches, heat sinks, and passive elements, the power density of the IPOS 

three Cuk converters is obtained using (5.12). It can be seen that the proposed IPOS 

system achieves high efficiency with high power density. The system has an efficiency 

of 97% with a power density of 6.6𝑘𝑊/𝐿, which satisfies the high-power requirement 

of the FCEV power conditioning unit.     
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5.6 Input Current Ripple Content Effect on FC 

The selection of the Cuk converter was made due to the advantage of having a low 

current ripple, which is considered one of the essential indices in FC applications. The 

FC produces low voltage with a high current where the current ripples are considered a 

crucial factor affecting the FC life span [95]. The input current ripple of the proposed 

system depends on the input voltage 𝑉𝑖𝑛, duty cycle 𝐷, switching frequency 𝑓 , and 

inductance 𝐿1 as expressed in (5.13), as well as the rms value of the ripple current can 

be obtained using the current peak 𝐼𝑝 value as shown in (5.15): 

Δ𝑖𝐿1 =
𝑉𝑖𝑛 𝐷

𝐿1𝑓
  

(5.13) 

Δ𝑖𝐿 =
𝑖𝑓𝑐,𝑟𝑖𝑝𝑝𝑙𝑒(𝑝−𝑝)

𝐼𝑓𝑐
. 100% 

(5.14) 

𝑖𝑟𝑖𝑝𝑝𝑙𝑒 𝑟𝑚𝑠 =
𝐼𝑝

√3
 

(5.15) 

In multimodule switching converters where the power supply and load are shared, the 

feature of current ripple cancelation is enabled [96]. This distributes the processed power 

equally between the modules, where it helps in performing ripple minimization. 

Reducing the ripples leads to minimizing the size of converter inductance and 

capacitance cost. Since the proposed system is considered as a symmetric multimodule 

system where the input-current is the sum of the three converters input currents, the 

current ripple minimization can be achieved by phase-shifting the switching function of 

each converter by an angle determined by [97]: 

𝜙𝑛 = (𝑛 − 1).
360𝑜

𝑁
 

(5.15) 

Where N is the total number of phases and n is the module number. Knowing that when 

the number of modules increases, the reduction of the ripple content increases, which 
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helps to minimize the LC filer requirement.  

Such topology helps to optimize the size and cost, and as the number of modules 

increases, the ripple content is decreased significantly where the FC can operate as a 

smooth DC current source without ripples.  

Equations (5.13) and (5.15) are used to elucidate the effect of changing switching 

frequency on the inductance size, therefore the ripple current rms. Also, the transient 

model is used to calculate the FC ripple current. Figure 58 shows the FC current with 

0.1% ripples, and Figure 59 shows the ripple current rms value with different values of 

the input inductor. 

  

 

Figure 58: FC ripple current considering 120𝑜 shift between the converters carriers 
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Figure 59: 𝐼𝑟𝑖𝑝𝑝𝑙𝑒,𝑟𝑚𝑠 Vs input inductance considring 120𝑜 shift between the converters 

carriers 
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Chapter 6: Conclusion and Future Work   

6.1 Conclusion  

Highly efficient converters with high gain are considered an essential aspect of FCEV. 

This work has presented a modular topology that assures high gain and high efficiency 

for the overall power conditioning unit. To achieve such requirements, IPOS Cuk 

converters were used, the detailed theoretical model of the converter was derived 

considering parasitic elements to understand system behavior. An averaged 

mathematical model of the Cuk converter was obtained using state-space modeling. The 

obtained model was used to design system control, where all the designed controllers 

were obtained and tested through Matlab\Simulink. Furthermore, to enhance the overall 

system behavior and avoid the drawbacks of the conventional PI controller, a FOPI 

controller was introduced to the system to make the overall system robust against the 

plant variations. The overall system showed a faster response and less noise with the 

FOPI controller. Moreover, the digital control of the overall system was done on the 

derived model. An approximation method was used to convert the fractional-order 

system to an integer-order system to emulate the behavior of the fractional system. The 

approximated model and the conventional controllers were discretized and compared 

with each other. Afterward, the overall system was verified through simulation using 

MATLAB/Simulink. The overall system was examined using the IPOS converters 

integrated with MPPT and constant current controller to assure continuous power flow 

to charge the battery. The overall system extracted the maximum power of the FC, and 

equal power-sharing was ensured by achieving ICS and OVS between the converters 

through the controller. Moreover, the system's modularity was tested by eliminating one 

of the converters, the other two converters shared the load, and equal power-sharing was 
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achieved successfully. Finally, the system was evaluated using different performance 

indices such as system efficiency, gain, sensitivity analysis, power density, and input 

current ripple content. The theoretical efficiency for the given high power system and 

was found to be greater than 95%. Moreover, the sensitivity analysis showed the effect 

of the parasitic resistances of the inductors 𝑟𝐿. It was found that the input inductors' 

resistance significantly affects the overall system gain than the output inductor. Also, it 

was found that higher sensitivities occur at higher duty cycles. The advantage of utilizing 

multimodule in decreasing the FC current ripples is discussed, showing some methods 

that could help in further reduction in the ripple content. 

6.2 Future Work  

The work in this thesis can be verified and tested practically using a scaled-down system. 

Several techniques can be integrated to increase system efficiency. For instance, 

implementing soft-switching techniques to reduce switching losses by investigating 

other topologies assures ZVS and ZCS compared to hard-switching and its associated 

losses. In addition, designing an overall energy management system could enhance the 

system and reduce the hydrogen fuel consumption by coordinating the battery charging 

by analyzing the battery's state of charge (SOC) and using the power produced by 

regenerative braking from the drive train. Furthermore, FOPI controller response can be 

enhanced by having proper gain tuning. Using optimization algorithms such as neural 

networks or genetic algorithms, optimum gains for FOPI can be obtained by defining 

system constraints such as corner frequency, allowable phase margin, and gain margin.   
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APPENDIX A: MATLAB CODE 

 

Voltage: 

 

Vi=430; Vo=360; d=Vo/(Vi+Vo); d1=1-d; L1=1000e-6;  
L2=500e-6; C1=90e-6; C2=50e-6; rL1=0.0036; 
rL2=0.0018; rc1=0.0035; rc2=0.0043; Ro=2.25; rD=0.05; rs=0.012; 
RL=(Ro*rc2)/(Ro+rc2); 
R11=(Ro)/(Ro+rc2); 
A1 =[(-rs-rL1)/L1 -rs/L1 0 0;-rs/L2 -(rs+rc1+rL2+RL)/L2 1/L2 -R11/L2; 

0 -1/C1 0 0;0 R11/C2 0 -1/((Ro+rc2)*(C2))]; 
A2 =[(-rL1-rc1-rD)/L1 -rD/L1 -1/L1 0;-rD/L2 -(rD+rL2+RL)/L2 0 -

R11/L2;1/C1 0 0 0;0 R11/C2 0 -1/((Ro+rc2)*(C2))]; 
B=[1/L1; 0; 0; 0]; 
C=[0 RL 0 R11]; 
A=(d*A1)+(d1*A2); 
I=eye(4,4); 
syms s 
z= s*I-A; 
zin=inv(z); 
Ainv=inv(A); 
x=-Ainv*B*Vi; 
Bd=(A1-A2)*x; 
G=C*zin*Bd; 
Gs=simplify(G); 
 

Current: 

Vi=430; Vo=360;Io=111.1; Ro=2.25; d=Io/((Vi/Ro)+Io); d1=1-d; 

L1=1000e-6;  
L2=500e-6; C1=90e-6; C2=50e-6; rL1=0.0036; 
rL2=0.0018; rc1=0.0035; rc2=0.0043; Ro=2.25; rD=0.05; rs=0.012; 
RL=(Ro*rc2)/(Ro+rc2); 
R11=(Ro)/(Ro+rc2); 
A1 =[(-rs-rL1)/L1 -rs/L1 0 0;-rs/L2 -(rs+rc1+rL2+RL)/L2 1/L2 -R11/L2; 

0 -1/C1 0 0;0 R11/C2 0 -1/((Ro+rc2)*(C2))]; 
A2 =[(-rL1-rc1-rD)/L1 -rD/L1 -1/L1 0;-rD/L2 -(rD+rL2+RL)/L2 0 -

R11/L2;1/C1 0 0 0;0 R11/C2 0 -1/((Ro+rc2)*(C2))]; 
B=[1/L1; 0; 0; 0]; 
C=[0 RL/Ro 0 R11/Ro]; 
A=(d*A1)+(d1*A2); 
I=eye(4,4); 
syms s 
z= s*I-A; 
zin=inv(z); 
Ainv=inv(A); 
x=-Ainv*B*Vi; 
Bd=(A1-A2)*x; 
G=C*zin*Bd; 
Gs=simplify(G); 

 

El khazali Approximation  
% structures of order 2*n. 
% 
n=3; 
w=1; 
alf=0.2; 
et=tan(alf*pi/4); 
wc(1)=w; 
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ao=alf^alf+2*alf+1; 
a2=alf^alf-2*alf+1; 
a1=(a2-ao)*tan((2+alf)*pi/4); 
if ( n > 1 ) 
% The solution of the following polynomial is used to generate 
% a recursive formula to select the next center frequency for the 
% next modular structure. 
Y=roots([ao*a2*et a1*(a2-ao) (a1^2-a2^2-ao^2) a1*(a2-ao) ao*a2*et ]); 
wx=(abs(max(Y))) 
for k=2:n 
wc(k)=(wx^(2*(k-1)))*wc(1) 
end 
% normalizing by the geometric mean; 
wm=(prod(wc))^(1/n); 
sysk=1; 
for l=1:n; 
N=[ao a1*wc(l)/wm a2*(wc(l)/wm)^2]; 
D=[a2 a1*wc(l)/wm ao*(wc(l)/wm)^2]; 
sysk=sysk*(tf(N,D)); 
end 
[Numk,Denk]=tfdata(sysk); 
else 
Numk=[ao a1*w a2*w^2]; 
Denk=[a2 a1*w ao*w^2]; 
sysk=tf(Numk,Denk); 
end 

 
 

Sensitivity analysis Code 

 
%%SA 
syms u L1 L2 C1 C2 R Rc1 Rc2 RL1 RL2 Rd Rs Vs I1 I2 V1 V2 RL1pu RL2pu 
A1 = [-(RL1+Rs)/L1 -Rs/L1 0 0;... 
    -Rs/L2 -(Rc1+RL2+Rs+((Rc2*R)/(Rc2+R)))/L2 1/L2 ((Rc2/(Rc2+R))-

1)/L2;... 
    0 -1/C1 0 0;... 
    0 R/(R*C2+Rc2*C2) 0 -1/(C2*R+Rc2*C2)]; 
A2 = [(-RL1-Rd-Rc1)/L1 -Rd/L1 -1/L1 0;... 
    -Rd/L2 -(RL2+Rd+((Rc2*R)/(Rc2+R)))/L2 0 ((Rc2/(Rc2+R))-1)/L2;... 
    1/C1 0 0 0;... 
    0 R/(R*C2+Rc2*C2) 0 -1/(C2*R+Rc2*C2)]; 
A = A1*u+A2*(1-u); 
B = [1/L1;0;0;0]; 
C = [0 (R*Rc2)/(R+Rc2) 0 1-(Rc2/(Rc2+R))]; 
TR = -C*inv(A)*B; 
TRS = subs(TR,[Rc1 Rc2 Rd Rs RL1 RL2],[0 0 0 0 R*RL1pu RL2pu*R]); 
pretty(simplify(TRS)) 

  
%% For IPOS 
GS = TRS+TRS+TRS; 

  
SensR1S = (RL1pu/GS)*diff(GS,RL1pu); 
pretty(simplify(SensR1S)); 
SensR2S = (RL2pu/GS)*diff(GS,RL2pu); 
pretty(simplify(SensR2S)); 

  
%% Calculations: 
rL1pu = 0.001; rL2pu = 0.001; D = 1;o=1; 
ssw=[]; 
ssw2=[]; 
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Dn=[]; 
b=1; 
for w= 5:0.5:10 
    b=1; 
D = w*0.1; 
Dn(o)=D; 
% Series 
BaseS1 = double(subs(SensR1S,[RL1pu RL2pu u],[rL1pu rL2pu D])); 
BaseS2 = double(subs(SensR2S,[RL1pu RL2pu u],[rL1pu rL2pu D])); 

  
for i = 1:0.5:20 
    rL1puC(b) = rL1pu*(1+0.01*i); 
     SSRL1(b) = double(subs(SensR1S,[RL1pu RL2pu u],[rL1puC(b) rL2pu 

D])); %% Series RL1 
    SSRL1R(b) = abs(SSRL1(b)-BaseS1)*100; %% Series RL1 
    rL2puC(b) = rL2pu*(1+0.01*i); 
     SSRL2(b) = double(subs(SensR2S,[RL1pu RL2pu u],[rL1pu rL2puC(b) 

D])); %% Series RL2 
    SSRL2R(b) = abs(SSRL2(b)-BaseS2)*100; %% Series RL2 
    PChange(b) = i; 
b=b+1; 
end 
ssw(o,:)=SSRL1R; 
ssw2(o,:)=SSRL2R; 
o=o+1; 

  
end 

 




