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Abstract 

Electric Vehicle (EV) applications are an improved, alternative and emerging 

technology that is causing a growing interest due to the reduced fuel consumption if offers 

and the benefits it brings to issues like greenhouse emissions in transportation systems. 

These vehicles have a long way to go in terms of technological improvements. They demand 

high efficient, compact and high-power converters in order to supply the enough torque 

and the needed speed in the daily requirements of the users. These requirements become 

critical especially in places with varying topography and unstable soils. 

Nevertheless, high efficient, high power density and high voltage gain operation are 

required in the DC-DC converter that interfaces the storage unit with the electric motor 

and in the DC-DC converter between the storage unit and the auxiliary systems. These 

features allow to keep the power and autonomy of the electric propulsion system and to 

have an efficient use of the energy from the storage unit. 

In this context, interleaving phases and magnetic integration are known as effective 

techniques to reduce the volume and mass of power converters as well as the probable 

increase of the converter efficiency. Therefore, this thesis presents a detailed analysis of 

several applications of magnetic integration for non-isolated DC-DC converters for these 

applications. 

First, the total volume analysis of the two-phase interleaved boost converter with three 

different magnetic components is proposed. As part of this analysis, novel magnetic 

integration techniques and a novel technique to increase the reduce fringing losses are 

proposed to increase the power density and the efficiency of these converters. From this 

analysis, the power density is evaluated from the electric and magnetic modeling. 

Second, the magnetic integration technique is evaluated in the proposed single-phase 

and two-phase tapped-inductor converters with saturable-inductors in order to reduce the 

recovery phenomenon on the main diodes. These topologies are proposed and evaluated in 

order to obtain a high efficiency in DC-DC conversion. 

Third, for auxiliary systems where low voltage is required to feed non-propulsive load, 

a high step-down DC-DC converter is proposed to supply these low-voltage loads by a high 

voltage power supply. Therefore, a high-step-down converter with integrated winding-

coupled inductor offers the advantage of a high conversion ratio keeping a high power 

density and a suitable efficiency. This converter is evaluated and compared with other 

outstanding high step-down converters. 
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Finally, a High Step-Up DC-DC converter is proposed as a solution for EV applications 

where the storage unit voltage is much lower than the voltage required by the motor. This 

novel converter uses the well-known technique of coupling inductors for achieving high 

power density and high voltage-gain. This converter is studied in detail, compare to other 

outstanding converters, and evaluated. Moreover, a parasitic analysis is conducted in 

order to evidence the advantages of the proposed converter. 

In summary, the magnetic integration technique is studied and evaluated in detail for 

several DC-DC converter topologies, some of them proposed by the author. These analyses 

include electric and magnetic modeling, characterization of power devices, thermal 

analysis, geometry analysis, and electric and magnetic design. Moreover, all the presented 

analyses are validated with experimental tests and some of them with Finite Elements 

Modeling. 

Conclusively, magnetic integration technique proved to be an effective technique with 

outstanding advantages that can be used in EV applications for increasing the power 

density, the conversion efficiency, and the voltage gain. 

 

Keywords: DC-DC Converters; Magnetic Integration; Interleaved Converters; Coupled 

Inductor; Efficiency; Power Density; High Voltage Gain; Electric Vehicles. 
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1. Introduction 

In recent times, there has been a global concern regarding the environmental impacts 

of the global warming, the resources depletion, and the health problems increase related 

to the diseases brought by the fossil fuels burning and the greenhouse emissions [1]. 

In fact, 2016 has been reported as the hottest year ever with a record of 9.4°C of anomaly 

in certain areas of the planet versus the temperature records of the period between 1951 

and 1980 [2]. This is a critical situation due to the harmful impacts that the global 

warming produces. The main cause of this temperature increase is the greenhouse effect. 

This phenomenon is produced by the accumulation of greenhouse gasses: CO2, NOx, CO, 

Sox, among others. Consequently, the energy that comes from the sun everyday cannot be 

released because of the greenhouse layer. Thereby, earth is continuously adsorbing this 

solar radiation and becoming heated [3]. 

These problems are mainly produced by the transport, energy, and heavy industries, 

just to give an example. These industries constitute an important source of the CO2, NOx, 

CO, SOx among others polluting gases [4]. In 2014, the United States reported 6.87 

Gigatons of CO2 emissions. From this amount, 30% was produced by the energy 

generation, 26% by the transportation sector and 21% by the industry [5]. 

In addition, from these emissions produced by the transportation systems, 76% is 

generated by road transport (automobiles, trucks, etc.), 12% by air traffic, 10% by shipping, 

and only a 2% by rail traffic [6]. In this context, it is important to highlight the huge impact 

of the energy generation and transportation systems, especially the road transport, on the 

global warming and all its effects. 

1.1 Power electronics in Renewable Energies and Electric 

Vehicle applications 

The situation mentioned above calls for the development of renewable energies and 

electric transportation to contribute with solutions that help tackle these environmental 

issues [7]-[9]. In this context, power electronics plays a huge role because through it the 

efficiency of electric systems can be improved, reducing energy consumption. Especially, 

power converters are key subsystems in applications where power circuits interface 

renewable energy sources with loads, as well as energy storage units to electric motors in 

case of electric automotive applications (EVs applications). These applications cover the 
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concept of vehicles that use an electric motor for the motion of the vehicle, i.e. all the types 

of Hybrid Electric Vehicles (HEVs), Fuel Cell Electric Vehicles (FCEVs), and pure Electric 

Vehicles [10]-[16]. 

These automotive applications present volume and mass problems due to the following 

reasons: 1) EVs need heavy storage units in order to offer an acceptable autonomy to be 

competitive with the Internal Combustion Engine (ICE) vehicles. 2) Low efficiency electric 

systems produce an increase of volume and mass because additional stored energy is 

required to supply the power losses. And, 3) Bulky and heavy electric systems produce and 

excess of mass and volume because additional stored energy is needed to supply the energy 

to move these electric systems. To help tackle these issues, high power density DC-DC 

converters have attracted considerable attention in the last years [17]-[23]. 

Consequently, downsizing of the electric powertrains in EV applications becomes 

essential to increase their performance. Specifically, if the DC-DC converter that 

interfaces the storage unit with the electric motor is downsized, the energy from the 

storage devices will be better used because the vehicle systems will be lighter and smaller 

[24]-[27]. Figure 1.1(a) shows the electric power train of several EV applications where a 

step-up DC-DC converter is used to boost the voltage of the storage unit in order to achieve 

the voltage of the motor. Figure 1.1(b) shows the electrical system needed to feed the 

auxiliary systems, where a step-down DC-DC converter is required. 

 

 

(a) Electric power train  (b) Auxiliary systems  

Figure 1.1. Electric systems in EV applications. 

1.2 Isolated and Non-Isolated converters 

There are two types of DC-DC converters: Isolated and Non-Isolated. The main 

difference between these two types is the dielectric isolation between the input and the 

output networks. In other words, isolated converters do not present an electric contact 

between the input and the output circuits. Isolated converters offer the advantages of 1) 

in the absence of electric contact, a safety condition is produced for both the input and the 

output circuit, as well as for the personnel or the circuit user. This condition is presented 

because three will not be an electric current transmission in case of a circuit failure; 2) 

Following the previous concept, the isolation between the circuits also prevents the 

transmission to the output of voltage transients produced in the input side. This 

transmission absence generated a great blocking capability of noise and interferences: and, 

3) Isolated converters can offer different grounding configurations: Negative or positive 

ground, or even floating ground. Therefore, these converters can be configured to provide 

negative or positive voltages depending on the load. Isolated converters are widely used in 

communications where loads are highly sensitive [28]-[30]. 
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Nevertheless, isolated converters present drawbacks of big size. Usually, these 

converters use bulky transformers and more components that non-isolated converters. 

Thus, volume, mass, cost, and power losses in some cases of isolated converters are bigger 

than the case of non-isolated converters. 

Non-isolated DC-DC converters offer the advantages of lower cost, and high power 

density. Consequently, in applications of electric mobility where the DC-DC converters of 

Figure 1.1 are not continuously connected to the grid, non-isolated converters are suitable 

candidates to be installed in these applications [31]. 

1.3 Multi-phase and magnetic integration in Non-Isolated 

converters 

EV applications have conventionally used non-isolated converter topologies like the 

well-known single-phase boost converter. Figure 1.2 shows the schematic of a single-phase 

boost converter [32]-[37]. This topology presents some drawbacks that may decrease the 

vehicle performance. Among those are recognized: 1) switches and diodes are operated 

under hard switching which produce EMI/RFI noises and large switching losses; 2) Large 

conduction losses in the windings and in the power devices are produced by the large peak 

current generated when the voltage of the storage unit is quite lower than the output 

voltage. This behavior results from the high duty cycle produced to obtain a high voltage-

gain; and 3) large mass and volume of the cooling system due to additional components 

employed for dissipating power losses. Consequently, novel techniques, that offer 

reduction of mass and volume as well as efficiency increase, are required for these EV 

applications. 

  

Figure 1.2. Single-phase boost converter. Figure 1.3. Interleaved boost converter. 

Consequently, interleaving phases and magnetic coupling are studied in this document 

in order to offer solutions to the problems described before. Interleaving-phases is an 

effective technique because it offers the following advantages: 1) input current is divided 

into the number of phases. Therefore, a reduction in the power ratings of the components 

is generated, and this may cause a reduction of the power losses and therefore a heat sink 

volume reduction; 2) a size miniaturization of the capacitive components results from the 

high frequency operation produced by the power transmission alternation in each phase; 

3) Electromagnetic Interference (EMI) suppression is presented when the number of 

phases in interleaved converters is increased or when the phase shift is changed. 
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Figure 1.3 shows the schematic of an interleaved boost converter with n-phases. 

Nevertheless, interleaving technique presents the disadvantage of increasing the volume 

and weight of the magnetic components because each phase needs its own inductor [38]-

[42]. 

In this context, magnetic coupling is introduced as an effective technique because: 1) 

DC fluxes generated by DC currents can be effectively canceled when an inversely coupling 

is used. In addition, the AC flux may be reduced in certain parts of the core. Therefore, a 

size reduction of the magnetic components may result from the integration of several 

windings into only one core. 2) Inductor current ripples in each phase can be reduced due 

to the mutual effect. As a result, smaller inductances in each phase can be used for 

realizing the same inductor ripple currents of non-coupled inductors. 3) Transient response 

speed is improved because the inductor current rate becomes higher than the one of the 

non-coupled inductor [43]-[49]. 

1.4 Outline of the thesis 

This document presents the volume analysis of outstanding two-phase DC-DC 

converters. In addition, it proposes four topologies of DC-DC converters using the 

techniques of interleaving phases and magnetic coupling. Chapter 2 presents a review of 

the two-phase interleaved boost converter with coupled-inductors. Volume and efficiency 

trends are studied and evaluated. Chapter 3 proposes a single-phase and a two-phase DC-

DC converter for reducing the recovery losses on the power diodes. These converters offer 

the novelty of the inclusion of saturable inductors with the purpose of reducing the slope 

of the diode current and thereby the reverse recovery reduction. Chapters 4 and 5 present 

the application of magnetic integration and interleaving phases for obtaining high voltage-

gains. As it was explained above, conventional converters often present some problems 

when a high voltage-gain is required to produce it, a large duty cycle and large currents 

are needed. These conditions increase the conduction losses especially caused by the 

parasitic components, and in most cases a high voltage-gain is not reached because of these 

losses. Consequently. Chapter 4 derives a method for achieving a high step-down ratio in 

a converter aimed to be applied for low voltage systems in EV applications (Figure 1.1 (b)) 

or in renewable energy applications. Chapter 5 proposes a high voltage-gain converter 

using the technique of chapter 4. In chapters 4 and 5, the study of the high voltage-gain 

converters is conducted through the steady state analysis, comparison with outstanding 

converters reported in the literature, and the analysis of the effect of parasitic components 

on the voltage gain. Finally, conclusions are given to this document as well as the list of 

publications resulting of this research. 
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2. Two-Phase Interleaved Boost 

Converter 

2.1 Introduction 

Many converter topologies reported as effective for electric mobility applications have 

been proposed [1],[2],[4], [7]-[17]. Each topology offers different advantages for the vehicle 

performance. However, in order to evaluate the power density characteristics of these 

topologies, a volume comparison is required. Thereby, based on this characterization a 

design criterion to downsize the electric power train of the vehicle is proposed. 

This chapter presents the electric and magnetic analysis of inductor arrangements 

using the magnetic coupling technique to the two-phase interleaved boost converter. These 

topologies appear as promising candidates to be applied in EV applications. Specifically, 

the studied arrangements are the topologies with Loosely Coupled-Inductor (LCI) and 

Closed Coupled-Inductor (CCI). In addition, in this chapter the recently proposed 

arrangement of the Integrated Winding Coupled-Inductor (IWCI) is also reviewed. Figure 

2.1 shows the schematics of these three magnetic components. 

It is important to mention that CCI is divided into a single winding inductor and a 

transformer achieving higher filtering because of the sum of two magnetic components. In 

addition, in the CCI converter, different core materials can be selected for the inductor and 

the transformer, e.g. the single inductor can be made of high flux density materials 

(Amorphous, Nanocrystaline, Powder, etc.) while the transformer can use Ferrites [16]. 

However, the CCI evaluation and comparison is not conducted because the interleaved 

circuit with LCI integrates the concept of inductor and transformer of the CCI converter 

into only one core resulting in a direct reduction of the number of magnetic cores. Therefore, 

the LCI is evaluated instead of the CCI. 

Additionally, the conventional single-phase boost converter with only one magnetic 

component, and the two-phase interleaved boost converter with non-coupled inductors (two 

magnetic components) are evaluated with the purpose of showing the outstanding 

advantages of the interleaving phases and the magnetic coupling techniques. 
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Figure 2.1. Interleaved boost converter with integrated magnetic components: LCI, CCI and IWCI 

In Figure 2.1, L corresponds to the self-inductances; M are the mutual inductances 

between the windings; and N are the number of turns of each winding. In addition, in order 

to evaluate the magnetic coupling technique, the two-phase interleaved boost converter 

with non-coupled inductors is considered as well. 

These topologies were selected because the interleaving-phases technique is expected 

to downsize the output capacitor, as a higher frequency is achieved by power transmission 

alternation in each phase [20]. In addition, the magnetic coupling technique is effective 

because the inductor current ripple presents a higher frequency behavior, and DC fluxes 

can be cancelled due to the mutual induction effect [15]. 

The analysis is conducted in several steps: 1) Geometry sizing of each magnetic 

component is calculated considering the inductor model; 2) Power losses of each magnetic 

component are calculated with the purpose of obtaining the efficiency of each inductor; 3) 

Semiconductor power loss calculation is carried out for sizing the required cooling device 

needed to dissipate these losses; 4) Finally, the total volume of each converter is evaluated 

and compared. As an evaluation example, the volume and the power loss analyses are 

conducted on four converters having the parameters shown in Table 2.1. 
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The parameters of Table I were selected as a model of the DC-DC converter of the Toyota 

Prius III. This scale model is set as 1/60 of the power of the Prius’ converter and it was 

chosen due to the available equipment for tests and safety conditions. This case study will 

suggest the qualitative advantages and disadvantages of the four topologies by the volume 

evaluation of their entire structure. 

Table 2.1.Converter Parameters for Two-Phase Converter Evaluation 

Parameters Value 

Input Voltage [V] 80 

Output Voltage [V] 200 

Power [kW] 1 

Switching Frequency [kHz] 50 

Duty Cycle 0.6 

Input Ripple Current [%] 20 

Output Ripple Voltage [%] 0.1 

2.2 Inductor Sizing 

In order to conduct the volume evaluation of the selected topologies, inductor volume 

sizing and loss calculations are required. Thus, the definition of the core and winding 

geometries is presented as the base of the volume and power loss analysis. In this section, 

the size of each inductor is analyzed considering a Continuous Current Mode (CCM) 

condition. This is because magnetic components are usually designed at maximum ratings, 

and Discontinuous Current Mode (DCM) is not effective in high power applications 

because conduction losses tend to increase. 

2.2.1 Core size 

Volume analysis of the inductors of each topology is carried out based on the core 

modeling with the geometries presented in Figure 2.2. Usually, non-coupled inductors can 

use two-leg cores (conventionally CC, CI or U cores) or in some cases three-leg cores. Figure 

2.2(a) shows the dimensions of the geometry for non-coupled inductors, and, Figure 2.2(b) 

shows the geometry dimensions for the three-leg cores (usually EE, EI, EC or EER cores) 

used by the LCI and IWCI converter. These types of geometries employ a central leg 

because of the increasing of the leakage inductance. 

With the purpose of simplifying the calculation of the dimensions and thereby the 

volume of the core, most of the dimensions are set according to the sectional area of the 

core Ae. Moreover, the sectional areas and the window areas are assumed as squares for 

convenience in the calculation. 

The selected core material for this evaluation example is a TDK ferrite of reference 

PC40, with a saturation flux density of 380mT at 100°C, a remanent flux density of 125mT, 
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and a relative permeability of 2300. Consequently, for these analyses, we set a maximum 

flux density of 250mT. 

  

(a) Core geometry for Single-Phase and 
Interleaved converters 

(b) Core geometry for LCI and IWCI converters 

Figure 2.2. Core geometries. 

2.2.2 Core losses 

Core losses are mainly dependent on the eddy currents and the hysteresis process, and 

can be calculated by the well-known Steinmetz Equation (SE) [20]-[23]. However, this 

calculation method is limited because it is valid only under a sinusoidal excitation 

condition. For this problem, the improved Generalized Steinmetz Equation (iGSE) was 

proposed [21]. In this context, using the SE parameters of the PC40 material, the core 

losses can be calculated as follows: 
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where dB/dt is the slope of the flux density; ∆B is the peak-to-peak flux density; Tsw is the 

switching period; and Vc is the volume of the core. k, α, β are the Steinmetz parameters 

obtained from the datasheets of the PC40 core material. In the example case, k=4.5×10-

14, α=1.55, and β=2.5. ki can be calculated by applying these parameters to equation (2.2), 

and core losses per volume is obtained from (2.1) [20],[24]. 

2.2.3 Winding size 

Winding volume is calculated to complete the total inductor volume. This analysis is 

conducted on the base of the winding geometry illustrated in Figure 2.3(a). As well as the 
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calculation. In addition, the winding volume is calculated in accordance with the sectional 

area of the surrounded core, see Figure 2.2 and Figure 2.3. 

  
(a) Winding geometry (b) Winding resistances geometry 

Figure 2.3. Winding geometries. 

2.2.4 Winding losses 

Finally, the calculation of the winding losses is needed to complete the inductor 

efficiency analysis. These losses are generated by the DC resistance of the total winding 

and the AC resistance affected by the skin-effect. Figure 2.3(b) shows the geometry of each 

resistance. Winding losses are derived as follows: 

 
22

LrmsACLDCwinding IRIRP   (2.3) 

where RDC and RAC are the DC and AC (at high frequency) resistance respectively, IL is the 

DC component of the inductor current, and ΔILrms is the effective value of the inductor 

current ripple. In this context, DC resistance is dependent on the length of the winding, 

the sectional area of the wire and the wire material. In addition, AC resistance, where the 

skin effect is considered, can be calculated as: 
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where ρ is the resistivity of the winding materials, d is the diameter of the wire, l is the 

winding length, δ is the skin depth, and μ0 is the permeability of the free space. 

2.3 Inductor Modeling  

After the definition of each geometry that affects the power density and the efficiency 

of the inductor in the selected topologies, the inductor modeling is conducted. Therefore, 

regarding the volume comparison, regarding the volume comparison, the behavior of the 
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magnetic flux that flows in each magnetic component of the four converters is analyzed. 

The maximum flux intensity is defined as: 

 
2

max
AC

DC


   (2.6) 

where ΦDC and ΦAC are the average and the peak-to-peak magnetic fluxes in the core. The 

derivation of the maximum flux in each of the four topologies is presented in [11]-[19]. 

The required sectional area can be calculated with the derived magnetic flux of each 

topology and the maximum magnetic flux density of the selected material (Ae=Φmax/Bmax). 

In the case of the four topologies evaluated in this study, their maximum magnetic flux 

density has been previously derived and presented in [12]-[19]. 

2.3.1 Single phase converter 

The single-phase boost converter has only one inductor with one winding of N turns. 

Based on the overall modeling presented in [24], it is possible to derive the sectional area 

calculation as follows: 

 























swL

L
L

ax

e
NfI

DV
I

I

B
A

in

m

)
2

(
1

 (2.7) 

where ΔIL is the ripple current through the inductor, Vin is the input voltage, and D is the 

duty cycle. 

2.3.2 Interleaved converter with non-coupled inductors 

Figure 2.1 shows the two-phase interleaved boost converter with non-coupled inductors. 

Each inductor has one winding of N turns. Consequently, as it is reported in many studies 

[12]-[13], the operating principle of this topology is the same as the conventional single-

phase boost converter with the exception of the phase-shift in the switching process of the 

switches. Therefore, the sectional area calculation according to the magnetic flux is 

modeled as follows: 
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where Iph and ∆Iph are the average and ripple current through each winding, respectively. 
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2.3.3 LCI converter 

The modeling of coupled inductors in interleaved boost converters is more complicated 

than the one of conventional topologies. As Figure 2.1 and Figure 2.2 depict, the loosely-

coupled inductor is composed of one core of three legs and two windings, each one of N 

turns [14]-[15]. In this context, the sectional area of the external legs of the core as a 

function of the duty cycle can be calculated from the maximum flux density reported in 

[14]-[15] as follows: 
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where Rmo is the magnetic reluctance of the external legs, and α is defined as the ratio of 

Rmc/Rmo, where Rmc is the reluctance of the central leg. Figure 2.4(a) shows the magnetic 

model of the LCI magnetic component. 

  

  
(a) LCI (b) IWCI 

Figure 2.4. Magnetic circuit models. 

Considering the behavior of the magnetic flux in the central leg, and based on the 

maximum flux density derived in [14]-[15], (2.10) shows the calculation of the sectional 

area when the duty cycle is lower than 0.5. In the same way, (2.11) shows the calculation 

for the case of duty cycles higher than 0.5. 
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2.3.4 IWCI converter 

Finally, the integrated winding coupled inductor is composed of one magnetic core with 

three different windings installed in each leg. Figure 2.4(b) shows the magnetic model of 

the IWCI component. The numbers of turns are N1 for the central winding and N2 for the 
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external windings (see Figure 2.1 and Figure 2.2). Consequently, and based on the overall 

modeling of this magnetic component and the maximum magnetic flux density derivation 

presented in [17]-[19], (2.12) shows the sectional area of the external legs for the cases of 

duty cycles lower than 0.5, and (2.13) shows the sectional area calculation for the external 

legs when the duty cycle is higher than 0.5. In this converter, the operating states are 

different for duty cycles lower or higher that 0.5, and thereby the sectional area calculation 

is different for both cases. 
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where β is defined as the ratio of N1/N2 and, for this particular volume study, it is set as 

β=1. This β is chosen due to the convenience of having the same number of turns because 

the height of the central and external legs is the same in regular EE cores. Furthermore, 

(2.14) shows the calculation of the sectional area of the central leg when the duty cycle is 

lower than 0.5; and, (2.15) shows the case for a duty cycle higher than 0.5. 
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2.3.5 Volume and losses comparison 

A comparison among the selected topologies was performed taking into account the 

geometric models of cores and windings, their loss models, and the magnetic flux modeling 

of each topology. This was possible by solving (2.7)-(2.15) with the evaluation of different 

number of turns, and the calculation of each variable with the parameters defined in Table 

2.1. 

Figure 2.5 shows the comparison between the volume of each inductor (or pair of 

inductors in the case of the interleaved converter) and their power losses. This comparison 

was made considering a varying number of turns in each inductor, because the number of 

turns influences the core size and the inductor losses (both core and copper losses). Thus, 

each of the dots on each line corresponds to a value of the number of turns. In addition, 

the increment of the number of turns produces a reduction in the total inductor volume in 

each converter. This behavior is generated by the winding-core dependency, where the 
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lower the number of turns, the larger the core size in order to accomplish the filtering 

requirements. 

 
Figure 2.5. Inductor volume vs. inductor losses. 

Figure 2.5 also shows that LCI and IWCI topologies offer low inductor volume. 

Moreover, the IWCI can be miniaturized compared with the LCI, but this miniaturization 

can lead to the increase in the inductor losses, this is because of the trade-off between the 

core size and the inductor losses. Additionally, it is possible to see the effectiveness of the 

magnetic coupling technique compared with the non-coupled inductors. Finally, the 

performance of the LCI converter is remarkable because it presents the lowest power losses 

with small volume for this case study. Therefore, the magnetic coupling technique is 

validated as an effective technique for downsizing and, in some cases, for increasing the 

efficiency of magnetic components. 

2.4 Cooling Devices Volume 

In order to calculate the volume of the cooling devices, the semiconductor losses and the 

heat sink modeling are required. 

2.4.1 Semiconductor losses 

Power losses in semiconductor devices can be classified into: switching and conduction 

losses that are dependent on the Equivalent Series Resistance (ESR), voltage drops, 

parasitic capacitances, and parasitic inductances, among others. [25]-[28]. 

In fact, transistor losses are produced by the static drain-source on-state resistance 

RDS(ON), the transistor input capacitance, the output capacitance, and the switching 

transition process. Diode losses are produced by the diode voltage drop, the diode 

resistance, and the reverse recovery when the converter operates in continuous conduction 

mode. The overall power loss model is explained in detail in [24].  

Conventional Silicon and next-generation devices (Super Junction and SiC Devices) 

were chosen for evaluating their losses and thereby the volume of the required cooling 

devices. Table 2.2 shows the parameters of the selected semiconductors, taking into 
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account the voltage and current stresses of each topology. All the selected devices have a 

TO-247 package and a voltage rating of 650V for the Super-Junction devices and 600V for 

the other devices. 

TABLE 2.2.Power Semiconductors Characteristics 

Transistors Mosfet S-Jun Diodes Si Diode SiC Diode 

RDS(ON) [mΩ]1 46.2 27.5 VF [V] 1 0.9 1.35 

RDS(ON) [mΩ]2 45.9 27 VF [V] 2 0.8 1.18 

Ciss[pF] @200V 9600 9900    

Coss[pF] @200V 350 190 Qr [nC] 65 - 

trise [ns] 52 27 trr [ns] 50 - 

tfall [ns] 81 5    

1 @ ID=12.5 A, TJ=100°C  2 @ ID=6.25 A, TJ=100°C 

Based on the power loss model of [24], the parameters of Table 2.1 and the power 

semiconductors of Table 2.2, the individual power losses of the transistors and diodes of 

each converter are displayed in Table 2.3. 

TABLE 2.3.Power Semiconductors Losses 

Single-Phase Interleaved LCI IWCI 

Transistor Losses [W] 

Si S-Jun Si S-Jun Si S-Jun Si S-Jun 

13.11 4.85 5.7 1.91 6.04 2.11 6.04 2.11 

Diode Losses [W] 

Si SiC Si SiC Si SiC Si SiC 

13.28 7.75 5.78 3.2 5.78 3.2 5.78 3.2 

2.4.2 Heat sink modeling 

The first step to model the semiconductor cooling device (heat sinks are conventionally 

used for low power dissipation) is to calculate the required thermal resistance from the 

cooling device to the air [29]. This resistance can be calculated from the thermal circuit 

presented in Figure 2.6. 

            
Figure 2.6. Thermal circuit. 

The junction temperature TJ (defined by the manufacturer) can be calculated using 

(2.16). 
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 LossHACHJCAMBJ PRRRTT )(    (2.16) 

where TAMB is the ambient temperature (usually 50°C for the ambient within the converter 

[30]), RΦJC is the thermal resistance from the junction to the semiconductor’s case, RΦCH is 

the thermal resistance from the case to the heat sink (usually neglected due to its very 

small value), RΦHA is the thermal resistance from the heat sink to the air, and PLoss is the 

dissipated power in each power device. Thus, using (2.16), it is possible to calculate the 

required heat sink thermal resistance. 

All the selected power devices have a maximum junction temperature of 175°C; 

however, the heat sink volume calculation is conducted assuming a maximum junction 

temperature of 100°C with the purpose of protecting the power devices and preventing 

high ambient temperature rises. 

Once the thermal resistance of the heat sink from the base plate surface to the ambient 

is calculated, the next step is to model the size of the heat sink. Figure 2.7 shows the 

definitions of the heat sink geometry, and based on [31]-[33], it is possible to derive the 

thermal resistance of the heat sink in relation to its geometry as follows: 
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Figure 2.7. Heat sink geometry. 

where n is the number of the channels, ρair is the air density, cp,air is the specific thermal 

capacitance of air, V is the air volume flow, and Rth,d is the thermal resistance of the heat 

sink base of height d. Rth,d is calculated as follows: 
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where AHS is the size of the heat sink plate, and λHS is the thermal conductivity of the heat 

sink material (generally, heat sinks are manufactured with aluminum alloys). 

Additionally, Rth,FIN is defined as the thermal resistance of the fins and is expressed as: 
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where c, t and L are the dimensions of the defined heat sink geometry. Finally, Rth,A is the 

thermal resistance between the fin surface and the air channel: 

 
hLc

R Ath

1
,   (2.20) 

where h is the convective heat transfer coefficient. The required heat sink dimensions, and 

thereby its volume, can be calculated by solving (2.17) according to (2.18)-(2.20). This 

calculation is made using the heat sink parameters shown in Table 2.4. Note that (2.17) 

presents several variables: s, L, t, d, c, and n. Based on several heat sinks, suitable for the 

TO-247 package and available in the market, the dimensions s, L, t, d, and c were selected 

as it is shown in Table 2.4. Using the calculated thermal resistance for the heat sinks, it 

is possible to derive the number of channels n that the heat sink needs, and therefore its 

volume is estimated. 

TABLE 2.4. Heat Sink Parameters and Dimensions 

Parameters Value Dimensions Value 

h [W/(m2°C)] 25 s [mm] 4 

λHS [W/(m°C)] 237 L [mm] 25 

V [m3/s] 0.006 t [mm] 1 

ρAIR [kg/m3] 0.99 d [mm] 2 

cp,AIR [J/(kg°C)] 1010 c [mm] 10 

2.5 Volume Comparison 

2.5.1 Power devices 

When next-generation devices are used instead of conventional Silicon semiconductors, 

a reduction in power losses and heat sinks volume is produced. Table V shows the volume 

of the heat sinks set (pair or single) needed to dissipate the losses of each individual 

semiconductor. This heat sinks set corresponds to one device in the case of the single phase, 

and two devices in the case of the other three topologies. As a result, the use of next-

generation power devices can reduce the power losses and thereby the heat sink volume 

up to 60% in comparison with the conventional Silicon semiconductors for the case of the 

defined 1kW prototype. 

In addition, in order to have a better understanding of the calculated volume, Table 2.5 

reports also the Cooling System Performance Index (CSPI), defined as the power density 

capability of the cooling system, described in detail in [31]. 



2. Two-Phase Interleaved Boost Converter 
 

21 

 

 

 

Table 2.5.Heat Sink Volume 

Single-Phase Interleaved LCI IWCI 

Transistor Heat Sink Volume [cc] 

Si S-Jun Si* S-Jun* Si* S-Jun* Si* S-Jun* 

7.18 2.79 6.46 2.54 6.81 2.75 6.81 2.75 

CSPI [°C /(W.Liter)] 

18.74 17.59 17.86 15.09 17.9 15.44 17.9 15.44 

Diode Heat Sink Volume [cc] 

Si SiC Si* SiC* Si* SiC* Si* SiC* 

6.36 3.7 5.52 3.27 5.52 3.27 5.52 3.27 

CSPI [°C /(W.Liter)] 

18.66 18.03 17.56 16.13 17.56 16.13 17.56 16.13 

*Heat Sink Values of Interleaved, LCI and IWCI correspond to a pair of devices 

2.5.2 Total volume 

Based on the inductor and the cooling modeling described above, the total volume of the 

selected topologies under the defined parameters was calculated. Two comparisons were 

made. The first one compares the volume of the total converter when each magnetic 

component of the four converters has windings with N=20 turns. This comparison is shown 

in Figure 2.8. The second comparison shows the converters when the inductors have their 

lowest power losses (Figure 2.9). These comparisons were calculated using the values of 

the Super-Junction Mosfet and the SiC Diode, as well as their corresponding heat sinks. 

For the comparison of Figure 2.8 and Figure 2.9, conventional electrolytic capacitors were 

used. 

  
Figure 2.8. Total volume comparison when the 

inductors have 20 turns. 

Figure 2.9. Total volume comparison at the 

lowest inductor losses. 

Figure 2.5, Figure 2.8, and Figure 2.9 show the opposition between efficiency and power 

density, i.e., first, the topology that offers the lowest power losses is the LCI converter, and 
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second, this topology has a bigger volume in certain numbers of turns in comparison with 

the other three topologies. On the contrary, the IWCI converter exhibits the smallest 

volume, but for this case study, it presents the highest power losses. 

2.6 Inductor Size Evaluation 

In the previous sections, ideal cores with defined geometries (Figure 2.2) have been 

modeled. These geometries were defined using squares for calculation convenience. 

However, in practice, it is difficult to find the exact core that fills the design parameters. 

In this context, there are two possibilities: 1) To use a customized core that fulfills all the 

design requirements, resulting in an overcost due to the personalized core, or 2) To use a 

core available in the market that can fulfill the requirements. Consequently, in order to 

validate the modeling presented so far and compare the changes of efficiency and volume 

in the defined geometries with cores available in the market, four different cores were 

selected to be compared with the results exhibited in Figure 2.5. These cores were selected 

because their volume and effective sectional area fit into the calculated values of Figure 

2.5, they are fabricated with the selected core material (TDK ferrite of reference PC40), 

and they offer a convenient trade-off between efficiency and volume based on Figure 2.5. 

In consequence, Figure 2.10 shows the core volume of the selected cores. These selected 

cores are represented in the comparative figure of inductor losses vs. core volume of each 

inductor (or pair of inductors in the case of the non-coupled interleaved converter). 

 

Figure 2.10. Core volume vs. inductor losses. 

Figure 2.10 shows that non-coupled inductors (Single-Phase and Interleaved) require 

large cores to obtain the required filtering. Therefore, the region of considerable large 

number of turns (where the points represent a volume smaller than 200cc) is suitable for 

this study because huge core volumes are required for the region of few winding turns (a 

volume larger than 200cc). In addition, EC90 and EE90 cores are selected for the Single-

Phase and the interleaved inductors, respectively. These cores were selected taking into 

account Figure 2.10 where their volume matches with the region of suitable core sizes. It 

is important to mention that the interleaved converter with non-coupled inductors (Blue 

line in Figure 2.10) uses two cores, obtaining a total core volume of 118.1cc for the case of 

two EE90 cores. 

Core: EE90

Vc: 59.05 cc x2

43 Turns

2.19 W x2

Core: EC90

Vc: 138.27 cc

23 Turns

3.28 W

Core: EE60

Vc: 27.1 cc

29 Turns

2.4 W

Core: EE50

Vc: 21.6 cc

20 Turns

4.4 W
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Additionally, magnetic coupled inductors can be made with smaller cores. EE60 core 

was selected for the case of the LCI, and EE50 for the IWCI. 

In order to validate this modeling procedure, a Finite Element Method (FEM) was 

conducted for each inductor in order to check the magnetic flux density of each core and 

corroborate the saturation absence. Figure 2.11 shows the results of the FEM presenting 

the normal magnetic flux density in the surface of the cores. Figure 2.11 also shows the 

FEM results using slices of the cores in order to display the inner magnetic flux density. 

All the FEM results are presented in Teslas. 

  
(a) Single-Phase (b) Interleaved 

  
(c) LCI (d) IWCI 

Figure 2.11. FEM results in Teslas. 

Based on these results, the inductor modeling is validated because none of the models 

exceed 250mT (defined as the maximum magnetic flux density). 

2.7 Experimental Results of the Volume Comparison 

2.7.1 Inductors 

In order to validate the volume comparison presented above, an experimental 

verification was conducted. This validation was carried out considering the results 

presented in Figure 2.10. As it was explained before, the volume comparison conducted in 

section V was made using custom core geometries; however, only specific cores could be 

used for the experimental validation due to access restriction of geometries available in 

the market. In this context, the experimental tests were performed using the cores 

evaluated in the previous section: EC90, EE90, EE60 and EE50 (Ferrites of reference PC40 

manufactured by TDK). The setups of the prototypes of each inductor are shown in Figure 

2.12. These prototypes were designed according to the method illustrated in sections II and 

III. Figure 2.12 clearly shows the size difference between the inductors. 
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(a) Single-Phase (b) Interleaved (c) LCI (d) IWCI 

Figure 2.12. Inductor prototypes. 

2.7.2 Power devices 

The power devices used for the prototypes were the Super-Junction Mosfet and the SiC 

Diode presented and described in Table 2.2. This selection was made based on the higher 

efficiency performance of these components. 

2.7.3 Heat sinks 

As it is shown in section IV, the heat sink modeling was made with custom geometries. 

Although the heat sink parameters and dimensions of Table 2.4 were chosen based on real 

parameters of regular heat sinks for TO-247 packages, the total estimated volume is 

slightly different from the heat sinks available in the market. Therefore, the selected heat 

sinks are described as follows: Single-Phase’s Mosfet: 7.9cc, 16.5°C/W; Single-Phase’s 

Diode: 9.4cc, 14.2°C/W; All devices of the two-phase topologies (Interleaved, LCI and 

IWCI): 4.9cc, 22.2°C/W. 

All the selected heat sinks present a thermal resistance slightly higher than the one 

calculated in section IV. This means that the junction temperature will be lower than the 

designed 100°C. In addition, the selected heat sinks present larger volume than the 

designed ones because only net volume (without dead space) was considered in the 

analytical design of section IV. 

2.7.4 Capacitors 

In order to select a suitable capacitor for the prototypes, MultiLayer Ceramic Capacitors 

(MLCC), Metallized Polypropylene Film, and Electrolytic capacitors were compared. The 

required capacitance is approximately 300µF and 150 µF for the single-phase and the two-

phase converters, respectively. Therefore, capacitors with a capacitance nearby to 50µF 

were compared. Figure 2.13 shows the selected capacitors. Table 2.6 shows the 

specifications of the selected converters. It is possible to highlight in Table 2.6 the low ESR 

of the Film and the MLCC capacitors, the small volume of the MLCC and Electrolytic 

capacitors, and the large ESR of the electrolytic capacitor. 
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Table 2.6. Capacitor Comparison 

Specification Film Electrolytic MLCCx2 

Capacitance [μF] 50 47 30x2 

Rated Voltage [V] 500 400 400 

ESR [mΩ] Datasheet 4 -- 1 each 

ESR [mΩ] Measured 5.65 416 2.8 each 

Volume [cc] 56.7 4.02 2.37x2 

PCB Area [cm2] 12.6 2.56 (square) 7.82x2 

 

 
Figure 2.13. Capacitor comparison. 

Although the volume of the electrolytic and the MLCC capacitors is really similar (4.02 

vs. 4.74cc), the required PCB area of both capacitors is different (2.01 vs. 11.84cm2). 

Therefore, electrolytic capacitors were chosen because they require much less PCB area 

leading to a more compact prototype in comparison to the case of the MLCC. 

2.7.5 Volume evaluation 

Figure 2.14 shows the prototypes of the four converters made with the selected 

components described before. The gate drivers were made using surface mount 

components with the purpose of reducing the volume. Figure 2.14 shows the volume 

difference between the prototypes. Each figure presents a Pie chart where the measured 

volume of each component group is presented. As Figure 2.8 and Figure 2.9 presented, it 

is confirmed that the inductor volume of the single-phase and the interleaved converters 

represents more than the 75% of the total prototype volume.  

As a matter of fact, the largest volume of the four prototypes was presented by the 

single-phase topology (335.3cc). Note that in Figure 2.8 and Figure 2.9 the largest 

calculated volume was exhibited by the interleaved two-phase converter. Nevertheless, the 

analytical comparison presented in section V was made using net values without 

considering dead spaces between the heat sinks or inside the inductors. In practice, the 

prototype of the single-phase converter presents the largest volume because the window 

volume (dead space) of the EC90 is much bigger than the one of the two EE90 cores (82cc 

vs. 19cc, respectively). Conclusively, the interleaved two-phase topology is better in volume 

terms because it is more compact than the single-phase converter. 

Film Electrolytic MLCC
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Finally, having the measured volume of each topology (Figure 2.14) and knowing that 

the prototypes were designed for 1kW, it is possible to calculate the power density of each 

prototype as follows: Single-Phase: 2.98W/cc; Interleaved: 3.36W/cc; 8.4W/cc; and IWCI: 

9.66W/cc. 

In conclusion, the volume comparison and the sizing modeling, presented in sections III, 

IV and V, are validated. It was confirmed that IWCI offers the highest power density due 

to the effect of the interleaving phases and the magnetic coupling techniques. 

  
(a) Single-Phase (b) Interleaved 

  

(c) LCI (d) IWCI 

Figure 2.14. Prototypes of the four converters. 

2.7.6 Experimental results 

Figure 2.15 shows the experimental waveforms of the LCI converter tested with a 1kW 

load. From this figure, the current balancing is confirmed because the current peaks of 

both phases represented in the input current are almost the same. Also, it was confirmed 

that magnetic saturation in the magnetic components did not occur and a stable operation 

was realized. Therefore, the accuracy of the inductor design is validated from the 

experimental results. 

  
Figure 2.15. Experimental waveforms of the LCI prototype. 
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The efficiency of the LCI converter was measured with the conditions presented in Table 

2.1, and a 98.05% of efficiency was measured at 1kW. Figure 2.16 shows the efficiency 

scanning from 200W until 1kW of the LCI converter. 

 
Figure 2.16. Efficiency measurement of the LCI converter. 

In addition, Figure 2.17 shows the temperature rise of the heat sinks attached to the 

power devices of the LCI converter, where a maximum temperature of 73°C was measured 

after 11 minutes of testing. 

 
Figure 2.17. Temperature rise in the power devices of the LCI converter. 

2.8 Short-Circuited Winding Technique 

As it was explained above, the LCI converter shows an outstanding downsizing 

characteristic, specifically for magnetic components. Nevertheless, the design of this 

coupled-inductor is complicated. Usually it is designed by adjusting the coupling coefficient 

in order to realize the design parameters. However, the coupling coefficient is saturated 

by the fringing fluxes in the central leg and the external leakage fluxes.  

These fluxes manly cause electromagnetic induced noises and the reduction of the 

downsizing performance. Consequently, to solve this problem, this section proposes the 

Short-Circuited Winding (SCW) technique. 

Generally speaking, coupled inductors that use magnetic cores such as EE or EI shapes 

presents the following three problems. 1) There are external leakage fluxes in the 

windings, and these fluxes affect the other components by the generation of 

Electromagnetic Induced (EMI) noise if the winding is installed near the other 

components. Even if there is a solution where the inductor can be arranged far from the 
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other components, the power-density packaging might be reduced. 2) Additional winding 

losses due to the fringing flux near the airgap can occur by a long airgap in the central leg. 

3) If the coupling coefficient is saturated by these leakage fluxes, an airgap has to be 

inserted into the external legs. However, this solution produces a smaller mutual 

inductance, and a larger magnetizing current in the transformer. As a result, the efficiency 

may be decreased.  

On the other hand, the reduction in the downsizing performance of the coupled inductor 

has to be considered. This is because the leakage inductance which is proportional to the 

DC fluxes has to be increased when the inductor current ripple of the circuit specifications 

is satisfied. To solve this problem, EIE core structure, designed to suppress fringing flux, 

has already been proposed in [25]. However, this core structure needs three parts of 

magnetic cores to configure the EIE structure. Therefore, the SCW technique is 

introduced. This SCW approach is effective for reducing the external leakage flux which is 

one of the causes of the EMI noise to other components [34]. 

2.8.1 Short-circuited winding approach 

The interleaved boost converter with LCI is shown in Figure 2.18(a) and the magnetic 

core structure of the conventional LCI is shown in Figure 2.18(b). In the coupled inductor, 

there are external leakage fluxes of the windings and the fringing flux at the airgap as 

well as the magnetizing flux between each winding. The saturation of the coupling 

coefficient is caused by the fringing flux and the external leakage flux in the case of an EE 

core. 

  
(a) Circuit configuration (b) Type of magnetic flux 

Figure 2.18. LCI converter. 

The aim of the SCW is to surround the magnetic core, see Figure 2.19. In this way, the 

internal fluxes, including the fringing flux and the magnetizing flux, do not affect the SCW 

because the total interlinkage fluxes do not change. However, only the external leakage 

fluxes have an effect inducing currents into the SCW. Therefore, the external leakage 

fluxes are canceled by the induced current into the SCW. Consequently, a high coupling 

coefficient by the short airgap length and the effect of the electromagnetic shield for the 

external leakage flux can be achieved. 
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Figure 2.19. Coupled inductor surrounded by a short-circuited winding. 

2.8.2 Experimental results of the SCW 

To show the effectiveness of the SCW for the coupled inductor, an experimental 

evaluation was carried out. The evaluation circuit parameters and the magnetic 

parameters are shown in Table 2.7 and Table 2.8, respectively. The inductor ripple current 

and the flux density are designed at 1.5A and 250mT, similarly as the volume evaluation 

presented before. To obtain these parameters, a design method that satisfies both the 

inductor current ripple and the flux density is applied [34]. The design value and the 

measured value using the SCW and a conventional inductor are shown in Table 2.8.  

Table 2.7.Circuit Parameters of the Interleaved Boost Converter 

Input voltage Vi 140V 

Output voltage Vo 390V 

Switching frequency fs 100kHz 

Inductor ripple current ILpp 1.5A 

Output power Po 700W 

 

Table 2.8. Magnetic Parameters 

Magnetic core PC40EER49(TDK) 

Number of turns N 44 turns 

Maximum flux density Bmax 250mT 

Designed value 

Mutual inductance M 4.4mH 

Leakage inductances Llk1, Llk2 138μH 

Measured values 

Proposed loosely coupled inductor with a short circuited winding 

Mutual inductance M 4.5mH 

Leakage inductances Llk1, Llk2 139μH, 140μH 

Air-gap length in the central leg 4.1mm 

Conventional coupled inductor without a short circuited winding 

Mutual inductance M 4.5mH 

Leakage inductances Llk1, Llk2 150μH, 148μH(Saturation) 

Air-gap length in the central leg 22.2 mm 

 

Internal flux

Short-circuited winding

× ×

External leakage flux of winding

Induced current

Fluxes come from induced current

Cancellation Cancellation
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In addition, the prototype of coupled inductors is shown in Figure 2.20. The airgap 

length of the LCI with SCW can be reduced in comparison with the conventional LCI 

without SCW. Therefore, this SCW approach contributes to improve the coupling 

coefficient. Additionally, the leakage inductance of the conventional coupled inductor is 

saturated around 150μH. These values are different from the designed value of 140μH. 

Therefore, the conventional loosely coupled inductor cannot obtain any leakage inductance 

with high mutual inductance. 

 

  
(a) With short-circuited winding (b) Without short-circuited winding 

Figure 2.20. Prototypes of coupled inductors with short-circuited winding. 

Figure 2.21(a) and Figure 2.21(b) show the experimental waveforms under the 

conditions of Table 2.7. From (a), (b), the proposed method fulfills the ripple current. 

Moreover, the conventional coupled inductor could not realize the design specification 

because of the external leakage flux. 

  
(a) With short-circuited winding (b) Without short-circuited winding 

Figure 2.21. Experimental waveforms. 

Figure 2.22 shows the power conversion efficiency when the windings of the SCW use 

Litz wire to thin-film winding instead of the conventional wires. The reasons why Litz wire 

or thin-film winding are applied to the SCW is to reduce the AC resistance RAC in the SCW 

and to improve the power conversion efficiency. From Figure 2.22, the power conversion 

efficiency is improved if the number of winding turns for the SCW is increased. 
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Figure 2.22. Converter efficiency using the short-circuited winding. 

If the SCW approach is used, the power conversion efficiency can be decreased due to 

the winding losses of the SCW. However, if the number of turns is increased, the induced 

current can be reduced as shown in Figure 2.23. Therefore, the power conversion efficiency 

is improved in comparison with the case of few turns. If the AC resistance is close to the 

DC resistance of the SCW using Litz wire or thin-film winding, an increment in the turns 

of the SCW is effective for realizing the improving power conversion efficiency of the 

converter and keeping the electromagnetic shielding effect even if RAC is increased by the 

winding length. 

  
(a) Litz wire 10 turns (b) Litz wire 20 turns 

Figure 2.23. Experimental waveforms including induced current. 

2.9 Conclusions 

A volume modeling methodology of four DC-DC converter topologies, combining 

geometry sizing, inductor modeling, power loss evaluation, and heat sinks modeling of 

conventional and next-generation devices, was proposed in this section. As a result, 

interleaving-phases and magnetic coupling techniques were validated as effective 

techniques to downsize the volume of DC-DC converters. For the 1kW case study presented 

in this article, the IWCI converter offered the smallest volume in comparison with other 

studied topologies. Additionally, this research suggests that the LCI converter is effective 

for reducing the size and improving the efficiency, and IWCI can further reduce the size 

but it can lead to increase in the magnetic losses. These facts make magnetic coupling and 
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interleaving phases as suitable techniques to be applied in the DC-DC converters of EVs, 

HEVs and FCEVs. 

It was confirmed that the use of next-generation power devices can reduce the power 

losses and thereby the heat sink volume up to 60% in comparison with the conventional 

silicon devices. Moreover, based on the experimental results, a 98.05% of efficiency and a 

power density of 8.4 W/cc was measured in the LCI prototype. 

The proposed methodology can be used for a designer of DC-DC converters, intended to 

be applied in electric mobility applications, because it gives an overall understanding of 

the effect of the characteristics of each component on the volume and efficiency of the entire 

converter. Moreover, the methodology can be used as a part of an optimization procedure 

of the converter, e.g. a multi-objective optimization of the volume, efficiency and 

temperature of the converter. 

Finally, the Short Circuit Winding is introduced in order to increase the efficiency of 

magnetic integrated inductors by reducing the effect of the fringing flux. This approach 

was validated with experimental tests obtaining a 98.5% of efficiency. 
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3. Recovery-Less Boost Converter 

3.1 Introduction 

EVs applications have used conventional DC-DC topologies, like the well-known single-

phase boost converter [1]-[2]. These conventional converters have some drawbacks that 

decrease the vehicle performance. Some of these drawbacks are: 1) switches and diodes are 

operated under hard switching which produce EMI/RFI noises and large switching losses 

[3]. 2) Large conduction losses in the windings and in the power devices are results of the 

large peak current generated when the voltage of the storage unit is quite lower than the 

output voltage. This behavior is presented due to the high duty cycle produced to obtain 

the required voltage-gain [4]-[5]. And, 3) Large mass and volume of the cooling system due 

to the additional components required for dissipating these losses described before [6]. 

An alternative to solve some of these problems is the use of the tapped-inductor DC-DC 

converter, shown in Figure 3.1. This converter offers the advantage of increasing the 

voltage-gain and reducing the voltage stress on the switch using one magnetic component 

where two windings are wounded [7]-[8]. Therefore, it is possible to achieve high power 

density and high voltage-gain using the magnetic coupling technique. 

 
Figure 3.1. Tapped-inductor boost converter. 

Integrated magnetic components have been often used in power converters to reduce 

the volume and the weight of their components [9]-[10]. Tapped inductors use this 

technique as they consist of two windings n1 and n2 magnetically coupled and wound into 

only one magnetic core. This characteristic offers the advantage of a high voltage-gain 

dependent on the ratio of the number of turns between the windings n1 and n2 [11]-[12]. 

The voltage-gain of tapped-inductor converters is expressed as follows: 
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where Vo and Vi are the output and input voltage, respectively; D is the duty cycle of the 

gate signal in the power switch; and N is defined as the ratio of the number of turns in the 

primary and secondary windings in the tapped inductor: 

 

1

2

n

n
N   (3.2) 

The complete derivation process of Eq. (3.1) is described in [12]. However, despite the 

advantages highlighted, the conventional tapped-inductor topology presents some 

drawbacks: 1) Leakage inductances of the tapped-inductor, especially in winding n2, 

produce high voltage spikes on the switch in the turning OFF process, which makes 

necessary high voltage rating devices with high ON resistance or high forward voltage; 2) 

EMI/RFI noises are generated by the steep performance of di/dt and dv/dt; 3) This topology 

operates at hard switching producing high switching losses. 

In order to solve these problems, some improved tapped-inductor topologies with 

recovery-less performance are proposed in [13]-[17]. These converters use auxiliary 

inductors for reducing the reverse-recovery phenomenon. However, in some of them, the 

output voltage is not stable because the voltage-gain is dependent on the output load. In 

addition, the reverse-recovery reduction does not offer a considerable decrease of the 

switching losses in comparison to the conduction losses produced by the additional 

components. Thereby, the converter efficiency decreases in comparison to the hard-

switching topology as is presented in [15]. 

In attention to this set of problems, in this section, a novel single-phase recovery-less 

boost converter with saturable inductors, capable of achieving high efficiency and volume 

reduction, is presented. This converter is inspired in the improved tapped-inductor 

converters proposed in [13]-[16]. The configuration and operating principle of this 

converter is introduced. Then, the suppression of the reverse-recovery phenomenon and 

the design procedure are introduced. In addition, the two-phase recovery-less boost 

converter is introduced as a solution to increase the efficiency of the conventional tapped-

inductor converter. This way, the same tests are employed to analyze both the two-phase 

and the single phase recovery-less converter Finally, experimental test results of a 1kW 

prototype are shown as a validation of the presented topologies. 

3.2 Conventional Tapped-Inductor Converter with Auxiliary 

Inductor 

Figure 3.2 shows the conventional recovery-less boost converter with auxiliary inductor 

proposed in [13] and studied in [14]-[16]. This converter has a tapped-inductor divided into 
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the primary winding L1a the secondary winding L1b that are made with n1 and n2 turns, 

respectively, a main diode D1, a bypass diode D2, a switching transistor S1, a smoothing 

capacitor Co, and an additional inductor La connected between the secondary winding L1b 

and the main diode D1. This auxiliary inductor produces a small reduction of the reverse-

recovery phenomenon and the suppression of the turning on losses in the switch because 

Zero Current Switching (ZCS) is achieved [14]. 

 

Figure 3.2. Conventional tapped-inductor converter with auxiliary inductor. 

Moreover, in comparison with the conventional single-phase boost converter [17], this 

topology has only two additional components: the bypass diode D2 and the auxiliary 

inductor La. No additional cores are required as the tapped inductor L1 uses the same core 

of the conventional inductor required for the single-phase boost converter.  

It is important to note the existence of variations of this topology that preserve a similar 

operation principle based on the operation of the auxiliary inductor. Such variations are 

related to the auxiliary inductor position. Some examples are explained in detail in [18]-

[19]. 

This topology presents four operating modes based on the switching performance of S1 

and the operation of the auxiliary inductor. This way, [15] widely explains the operation 

of each mode, highlighting the operation of the auxiliary inductor and the bypass diode 

that produce a soft-switching performance in the main loop current when the switch is 

turned OFF. Additionally, when the switch is turned OFF, a soft commutation process 

takes place resulting from the stored energy of the auxiliary inductor that starts to 

decrease as the current through the switch increases. Therefore, the slope of the main 

diode current is not as high as the conventional boost converter, which helps to reduce the 

reverse-recovery phenomenon [13]-[16]. 

The recovery-less converter with auxiliary inductor presents some drawbacks that 

reduce the effectiveness of the converter to be used in EV applications. These problems are 

described as follows: 

1. When the current flows from the bypass diode D2 to the main diode D1, the 

commutation time is longer at high power or high current condition than at lower current 

condition. Therefore, if the commutation does not finish during the OFF state, the recovery 

phenomenon will occur in the bypass diode D2, due to the stored charge of the bypass diode. 

Nevertheless, this problem can be solved by two means. 1) Reducing the inductance of the 
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auxiliary inductor. However, the change rate of the current di/dt is increased and therefore 

the reduction effect of the recovery phenomenon is reduced; 2) Increasing the OFF time of 

the switch by increasing the winding turns n2. However, this method increases the volume 

and the power losses of the tapped inductor. 

2. Although this converter offers a reduction of the reverse-recovery phenomenon, this 

reduction is not significant enough to compensate the use of additional components. 

Therefore, as [15] shows, the efficiency of this topology is lower than the conventional boost 

converter operating at hard-switching condition. 

Once described the problems mentioned above, a novel topology of recovery-less boost 

converter capable to realize a further reduction of the reverse recovery phenomenon is 

introduced. 

3.3 Single-Phase Recovery-Less Boost Converter 

In this section, the proposed recovery-less boost converter, that integrates the use of 

saturable inductors as a solution to the drawbacks described above, is presented and 

analyzed. It is important to mention that the use of saturable inductors to reduce the 

reverse-recovery phenomenon was introduced by [20] in a similar topology than the 

conventional recovery-less converter with auxiliary inductor. Nevertheless, the proposed 

converter offers a faster transition, due to the fact of using two saturable inductors, which 

produces a larger reduction of the reverse-recovery phenomenon. In addition, the proposed 

converter has fewer components which means a power density increasing. 

As shown in Figure 3.3, the proposed recovery-less boost converter is a single-phase 

boost converter composed of a tapped inductor made of two windings L1a and L1b, a main 

diode D1, a bypass diode D2, a switching transistor S1, a smoothing capacitor Co and two 

particular auxiliary inductors Lsat1 and Lsat2. These inductors are made with saturable 

characteristics.  Lsat1 is installed between L1b and the main diode and Lsat2 between the tap 

of the tapped-inductor and the switch. In comparison to the conventional recovery-less 

boost converter with auxiliary inductor, the proposed converter has an additional inductor.  

 

Figure 3.3. Single-phase recovery-less boost converter. 

The novel recovery-less converter with saturable inductor has six operating modes 

corresponding to all the combinations of the ON and OFF states of the switch and the 
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transition modes generated by the saturable inductors and the bypass diode D2. Figure 3.4 

shows the voltage and current waveforms of each mode, and Figure 3.5 shows each 

operating mode. 

 
Figure 3.4. Voltage and current waveforms during each mode. 

  
(a) Mode 1 (b) Mode 4 

  

(c) Mode 2 (d) Mode 5 

  

(e) Mode 3 (f) Mode 6 

Figure 3.5. Operating modes. 
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 Mode 1: As Figure 3.5(a) shows, S1 is turned ON and the input current flows through 

the first winding of the tapped inductor L1a, the auxiliary inductor Lsat2 and the switch. 

The saturable inductor becomes saturated and the energy stored in the output capacitor 

is discharged onto the load. 

Mode 2: Based on Figure 3.5(b), mode 2 corresponds to the short transition period 

immediately after S1 is turned OFF. The input current is divided between the loop of the 

bypass diode D2 and Lsat2, which continues in magnetic saturation, and the main loop of 

Lsat1 and D1. Due to the stored energy of Lsat2, the current through the bypass loop starts 

to decrease as the current through the main loop is increased. 

Consequently, the slope of the current in the main loop is determined by the inductance 

of L1b and Lsat1, which is not saturated yet. Therefore, the current flowing through the main 

diode D1 is linearly increased from zero. Additionally, the output capacitor and the load 

are fed directly from the power supply across the main loop and the bypass loop. Finally, 

when the current flowing through the auxiliary inductor Lsat2 reaches the point where the 

inductor leaves the saturation state, the change to Mode 3 occurs, as is shown in the 

voltage and current waveforms of Figure 3.4. 

Mode 3: As Figure 3.5(c) shows, when the auxiliary Lsat2 is not anymore saturated, a 

transition occurs where the majority of the input current starts to flow through the main 

loop and thereby the auxiliary inductor Lsat1 becomes saturated. 

At the same time the current through the bypass diode D2 and the auxiliary inductor 

Lsat2 decreases as the current of the main loop is increased.  

This mode finishes when the energy stored in the auxiliary inductor Lsat2 is totally 

discharged onto the output capacitor and the load. Therefore, it is possible to infer that the 

transition process between the ON and the OFF state of the switch finishes. In addition, 

the soft behavior of the main diode current iD1 is achieved, as Figure 3.4 shows. 

Mode 4: As is shown in Figure 3.5(d), mode 4 presents a similar operation than the 

conventional tapped converter, where the input current totally flows through the tapped 

inductor and the main diode D1, and it supplies the energy to the output capacitor and the 

load. In addition, the saturable inductor of the main loop Lsat1 remains in saturation.  

Mode 5: Based on Figure 3.5(e), mode 5 corresponds to the short transition period 

immediately after S1 is turned ON, which is similar to the behavior of mode 2. 

When S1 is turned ON, the input current starts to flow through Lsat2 and through the 

switch. Therefore, ZCS operation is achieved because the input current gradually increases 

through S1 while the switch is already ON. Therefore, no turning ON losses are produced. 

On the other hand, Lsat1 is still under magnetic saturation and the current through the 

main diode D1 starts to decrease as the current through the switch increases. Additionally, 

the output capacitor and the load are feeding directly only by the power supply across the 

main loop. 
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Finally, when this current flowing through the auxiliary inductor Lsat1 reaches the point 

where the inductor leaves the saturation state, the change to Mode 6 occurs, as is shown 

in the voltage and current waveforms of Figure 3.4. 

Mode 6: As Figure 3.5(f) shows, when the auxiliary Lsat1 is out of saturation, a transition 

occurs where the majority of the input current starts to flow through the switch and 

thereby the auxiliary inductor Lsat2 becomes saturated. In addition, the current through 

the main diode D1 and the auxiliary inductor Lsat1 decreases as the current of the switch is 

increased. 

This mode finishes when the energy stored in the auxiliary inductor Lsat1 is totally 

discharged onto the output capacitor and the load. Therefore, it is possible to infer that the 

transition process between the OFF and the ON state of the switch is finished. 

3.3.1 Suppression of the recovery phenomenon 

In order to show the advantage of the proposed converter in the recovery phenomenon 

suppression, the comparison to the conventional recovery-less boost converter with 

auxiliary inductor is carried out. 

Consequently, Figure 3.6 shows the commutation current in the main diode D1 and in 

the bypass diode D2 of the conventional topology. This commutation period corresponds to 

the short transition period immediately after S1 is turned OFF. As it is mentioned above, 

this topology produces a reduction of the recovery phenomenon which is dependent on the 

slope of the decreasing diode current. However, it is important to mention that this 

phenomenon is quite soft and produce lower recovery losses in comparison to the basic 

tapped boost converter [8]. 

 

Figure 3.6. Commutation current in the conventional recovery-less boost converter with auxiliary 

inductor. 

In contrast, the proposed recovery-less boost converter with saturable inductors shows 

a different transition behavior due to the presence of the auxiliary inductors and their 

saturable characteristic. 

As shown in Figure 3.7, the commutation period between the ON and the OFF state of 

the switch presents one additional mode because of the presence of one additional auxiliary 

inductor and its saturable characteristic. 
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Figure 3.7. Commutation current in the proposed converter. 

Therefore, as it was described above, Mode 2 occurs immediately after S1 is turned OFF, 

the current through the bypass diode D2 starts to decrease as the current through the main 

loop is increased. This mode is similar to the one of the conventional recovery-less boost 

converter with auxiliary inductor. 

Nevertheless, the main difference between these two topologies is the presence of the 

second auxiliary inductor and it is evident in Mode 3, as is shown in the blue bar in Figure 

3.7. In this mode, a transition occurs in the bypass diode D2 and the current 

instantaneously decreases due to the presence of the saturable inductor in the main loop. 

In fact, the slope of the change rating of the main and bypass current is determined by 

the value of the saturable inductors that is calculated considering the falling rate current 

of the selected diode diD/dt. 

Conclusively, the proposed method produces a rapid transition which is faster than the 

conventional recovery-less converter with auxiliary inductor, see the comparison between 

Figure 3.6 and Figure 3.7. Therefore, the recovery phenomenon is minimized because the 

reverse recovery time is very small due to the transition process generated by the saturable 

inductors. This characteristic offers the advantage of a highly reduction of the recovery 

loss in the main diode. 

3.3.2 Design of the saturable inductors 

As it was shown in section 3.3, where the suppression of the recovery phenomenon was 

presented, the objective of the saturable inductors is to reduce the transition time of the 

switch commutation and to soft the slope of the diode current. Therefore, the first step to 

design the saturable inductors is to define the value of reverse-recovery current that is 

desired to obtain in the main diode. Consequently, the characterization of the selected 

diode is required in order to obtain the relationship between the falling current rate and 

the recovery current produced. Figure 3.8 shows the characteristic curve of the selected 

diode. This curve can be obtained from the diode datasheet or by the conduction of a 

characterization procedure. 
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Figure 3.8. Diode current rate vs. peak of the recovery current. 

Once the target of recovery current is defined, it is possible to find the required 

inductance by applying the following expressions. 

 
dtdinn

VnVn
L

D

io
sat

)( 21

21
1




  (3.3) 

 
dtdinn

VnVnn
L

D

io
sat 2

21

211
2

)(

)(




  (3.4) 

These equations can be derived on the basis of the steady-state analysis of the proposed 

converter. Consequently, considering the operating modes shown in Figure 3.5 and 

described in section 3.2 it is possible to establish the voltages of each saturable inductor 

as follows: 
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Simplifying (3.5) and (3.6), it is possible to obtain: 
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Moreover, the reverse-recovery phenomenon during the turning-OFF process of the 

main diode can be suppressed taking into account the appropriate current falling rate 

diD/dt. Therefore, the required inductance to ensure the current falling rate is derived as 

follows: 



44 Applications of Magnetic Integration for Non-Isolated DC-DC Converters 
 

 

 

dt
di

v
L

D

Lsat
sat

1
1   (3.9) 

 

dt
di

v

nn

n
L

D

Lsat
sat

2

21

1
2


  (3.10) 

Therefore, replacing (3.7) in (3.9) and (3.8) in (3.10), it is possible to obtain: 
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Moreover, in order to select the suitable core and wire, a conventional method for 

inductors designing can be applied. However, for this specific case, the magnetic core must 

be designed to be saturated, therefore, the core size can be greatly reduced [21] 

On the other hand, in order to compare the design procedure of the proposed converter 

with the conventional topology, [15] and [19] show the design procedure of the auxiliary 

inductor for the conventional topology. Consequently, the minimum value of the required 

inductance of the auxiliary inductor can be calculated by using the following expression: 
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3.3.3 Experimental validation 

In order to validate and to have a complete understanding of the effectiveness of the 

proposed recovery-less converter with saturable inductors, a 1kW prototype was 

constructed and experimentally tested. Additionally, a 1kW prototype of the conventional 

recovery-less converter with auxiliary inductor, explained in section 2, was constructed 

with the purpose of comparing the recovery phenomenon and the power density. Table 3.1 

shows the parameters of each prototype and Figure 3.9 shows the experimental setup of 

the proposed converter. 
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Table 3.1. Design Parameters of the Conventional and the Recovery-Less Circuit 

Parameter  Conventional Recovery-Less 

Input voltage [V] Vi 100 100 

Output voltage [V] Vo 200 200 

Tapped inductance [µH] L1 659 659 

Auxiliary inductance [µH] La 23.2 -- 

Saturable inductance [µH] Lsat1 -- 54.95 

Saturable inductance [µH] Lsat2 -- 47.1 

Switching frequency [kHz] fs 50 50 

Output capacitance [µF] Co 60 60 

Turns ratio n1:n2 5:1 5:1 

 

 
Figure 3.9. Experimental setup of the single phase recovery-less converter. 

These prototypes were constructed with 600V Mosfets, 600V Silicon Diodes, Ferrite 

cores and Multilayered Ceramic Capacitors. As a result, Figure 3.10 shows the switch 

voltage and the input current of the proposed converter. 

 
Figure 3.10. Switch voltage vs. Input current in the proposed converter. 
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 Size Comparison 

Figure 3.11 shows the size comparison of the auxiliary inductor used in the prototype 

of the conventional recovery-less converter and the two saturable inductors used in the 

proposed converter.  

As a result, the auxiliary inductors used in the conventional converter have a cross 

sectional area of 0.48 cm2, while the saturable inductors of the proposed circuit have a 

cross sectional area of 0.23 cm2. Therefore, a total volume of the auxiliary inductor is 3.89 

cc compared to the 1.42 cc of the two saturable inductors. As a conclusion, the proposed 

converter offers a reduction of 63.5% in the size of the auxiliary inductors even when the 

proposed converter used one additional inductor compared to the conventional circuit. 

 

Figure 3.11. Inductor size comparison. 

 ZCS Behavior 

Figure 3.12 shows the current and voltage waveforms of the switch when it is turned 

ON. Consequently, both topologies present ZCS behavior because in both circuits the 

drain-source voltage becomes zero while the current does not start to increase. 

Nevertheless, it is evident the noise reduction in the current waveform of the proposed 

converter due to the presence of the saturable inductors. In addition, the transition 

exhibited in the proposed converter is shorter. 

  

(a) Conventional circuit (b) Proposed circuit 

Figure 3.12. Turning ON process of the switch. 



3. Recovery-Less Boost Converter 
 

47 

 

 Reverse-Recovery Reduction 

Figure 3.13 shows the comparison of the current and voltage of the main diode. 

Therefore, it is possible to conclude that the proposed converter offers a reduction of the 

surge voltage in the main diode because the presence of the saturable inductor in the main 

loop produces a damped effect in the diode voltage due to the resonance of the inductance 

Lsat2 and the internal capacitance of the diode. 

  

(a) Conventional circuit (b) Proposed circuit 

Figure 3.13. Reduction of recovery phenomenon in the main diode. 

Therefore, the propose converter has a reverse-recovery current of 0.6A while the 

conventional circuit presents 2.2A. It means, a reduction of 72% in the reverse-recovery 

current. 

 Efficiency 

Finally, with the purpose of having a better understanding of the advantages of the 

proposed converter, efficiency tests were made. Figure 3.15 shows the comparison of the 

total efficiency of the conventional and proposed recovery-less converters. Consequently, 

the proposed converter offers an outstanding performance in comparison to the 

conventional recovery-less topology. Specifically, the proposed converter offers an 

efficiency increment of approximately 1.2%. Where its maximum efficiency point is 

presented at 400W with a value of 97.55%. 

 
Figure 3.14. Efficiency comparison. 
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Moreover, comparing these results with the one presented in [15], it is possible to 

validate the effectiveness of the proposed converter that offers a higher efficiency in 

comparison to the conventional converter and the hard-switching converters. 

3.4 Two-Phase Interleaved Boost Converter with Saturable 

Inductors 

The two-phase tapped-inductor DC-DC converter was proposed as a solution for 

increasing the voltage-gain and reducing the voltage stress on the switch. This topology 

uses one magnetic component which reduces the volume and the complexity of the 

converter [22]. Therefore, it is possible to achieve high power density, high efficiency and 

high voltage-gain using the well-known magnetic coupling technique. Figure 3.1 shows the 

conventional tapped-inductor boost converter. 

The tapped inductors of this converter have two windings n1 and n2 magnetically 

coupled due to the fact of these windings are wound in only one magnetic core. This 

characteristic offers the advantage of a high voltage-gain dependent on the ratio of the 

number of turns between the windings [23]. 

However, the conventional tapped-inductor topology presents some drawbacks: 1) 

Leakage inductances of the tapped-inductor, especially on winding n2, produce high 

voltage spikes on the switch when it is turned OFF. Additionally, high losses are induced. 

2) EMI/RFI noise is generated by the large slope of voltage and current waveforms. And, 

3) This topology operates under hard switching operation that produces high switching 

losses [24]. As a consequence, the Zero Current Switching (ZCS) converter, proposed in 

[25]-[26] and shown in Figure 3.15, offers attractive features of increasing the efficiency, 

ZCS behavior and EMI/RFI reduction. 

 
Figure 3.15. Conventional interleaved ZCS converter. 

This converter is a two-phase interleaved boost converter composed of a tapped inductor 

made of two windings L1a and L1b, two main diodes D1,3 two bypass diodes D2,4, two 

switching transistors S1,2, a smoothing capacitor Co and two particular auxiliary inductors 

Laux1 and Laux1 [27]-[28]. 
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However, at large current operation, the commutation time when the current flows from 

the bypass diode D2,4 to the main diode D1,3 is longer and recovery phenomenon might occur 

in the diode D2,4 due to the stored charge in the bypass diode. Additionally, the reverse-

recovery phenomenon is presented in the main diode. 

Consequently, a novel ZCS interleaved boost converter, shown in Figure 3.16, is 

proposed. In this converter, the use of saturable inductors is introduced in order to reduce 

the reverse-recovery phenomenon and the EMI/RFI noises. In addition, the proposed 

converter can achieve a size reduction of the auxiliary inductors in comparison to the 

conventional topology. 

 
Figure 3.16. Proposed interleaved ZCS boost converter. 

Figure 3.16 shows the proposed ZCS interleaved boost converter with saturable 

inductors. It is a two-phase boost converter constructed with two tapped inductors L1 and 

L2, where each inductor is made of two windings a and b, two main diodes D1 and D3, two 

bypass diodes D2 and D4, two power switches S1 and S2, that are switched with a 180-

degree phase shift, a smoothing capacitor Co and four particular auxiliary inductors Lsat1-

Lsat4.These inductors operate as saturable inductors in order to achieve the reverse-

recovery reduction and the ZCS behavior. 

3.4.1 Operating Principle 

Similarly to the operating principle of the single-phase recovery-less converter, the 

novel ZCS interleaved boost converter with saturable inductors has 24 operating modes 

that can be reduced into eight main modes where the commutation process is included. 

Therefore, as Figure 3.17 shows, when the proposed converter operates at a duty cycle 

lower than 50%, Modes 1-4 are presented and Modes 5-8 occur when the duty cycle is 

higher than 50%. Each mode has sub-modes a, b and c corresponding to the turning 

process. Figure 3.18 and Figure 3.19 show the operating modes when the converter is 

operating at a duty cycle of D<0.5 and D>0.5, respectively. 
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(a) D<0.5 (b) D>0.5 

Figure 3.17. Operating waveforms. 

   
(a) Mode 1-a (b) Mode 1-b (c) Mode 1-c 

   
(d) Mode 2-a (e) Mode 2-b (f) Mode 2-c 

   
(g) Mode 3-a (h) Mode 3-b (i) Mode 3-c 

   
(j) Mode 4-a (k) Mode 4-b (l) Mode 4-c 

Figure 3.18. Operating modes when D<0.5. 
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Mode 1: As Figure 3.18(a)-(c) show, S1 is turned ON and S2 remains OFF from its 

previous mode (Mode 4). Therefore, Sub-Modes 1a to1c occur. 

Sub-Mode 1a, see Figure 3.18(a), occurs immediately after S1 is turned ON while S2 

remains OFF. When S1 is turned ON, the input current is divided between the main loop 

of the tapped inductor L2, Lsat3 and D3, and the two loops of L1. Consequently, the current 

through S1 starts to increase slowly as the current through L1b, Lsat1 and D1 starts to 

decrease while Lsat1 remains under saturation (product of the previous state, Sub-Mode 

4c). 

Sub-Mode 1b, see Figure 3.18(b), is presented when the current of Lsat1 decreases until 

the point where Lsat1 is not anymore saturated and Lsat2 goes into saturation. Consequently, 

there is a rapid response where the majority of L1a current flows ascendant through Lsat2 

and S1 as the current through Lsat1 and D1 decreases. 

Finally, Sub-Mode 1c, see Figure 3.18(c), occurs when all L1a current flows through Lsat2 

and S1 while Lsat2 is saturated and there is no more current through L1b, Lsat1 and D1.  

As a matter of fact, Sub-Modes 1a and 1b corresponds to the short process of turning 

ON that is the transition to the Sub-Mode 1c. This commutation process is repetitive in 

the operating principle of this converter, therefore, in order to summarize, this process will 

be cited. 

Mode 2: Based on Figure 3.18(d)-(f), S1 is turned OFF, S2 remains OFF and Sub-Modes 

2a to 2c occur. 

Sub-Mode 2a, see Figure 3.18(d), occurs immediately after S1 is turned OFF while S2 

remains OFF. This sub-mode corresponds to the short transition period when the S1 is 

turned OFF and L1a current is divided between the main loop of L1b, Lsat1 and D1, and the 

bypass loop of Lsat2 and D2. Consequently, as Lsat2 remains in saturation the majority of 

current flows through the bypass loop and starts to decrease as the current through the 

main loop starts to increase from zero. Moreover, the state of the main loop of L2 remains 

the same as the previous mode. 

Sub-Mode 2b, see Figure 3.18(e), is presented when the current through Lsat2 is 

decreased until the point when Lsat2 is not anymore in saturation, then the majority of L1a 

current flows through L1b, Lsat1 and D1, consequently Lsat1 is saturated. The current 

through the main loop is increased until the current through the bypass loop becomes zero. 

And, Sub-Mode 2c, see Figure 3.18(f), is presented when the bypass current of D2 

becomes zero, then the input current is completely divided between both main loops, 

though L1 and L2. 

In fact, Sub-Modes 2a and 2b correspond to the short process of turning OFF that gives 

the transition to Sub-Mode 2c. As Mode 1, the turning OFF commutation process is also 

repetitive in the operating principle of this converter, therefore, this process will be cited 

during the next modes. 
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Mode 3: Considering Figure 3.18(g)-(i), where S2 is turned ON and S1 remains OFF, it 

is possible to infer that Mode 3 is the dual of Mode 1. 

Then, Sub-Modes 3a and 3b, see Figure 3.18(g) and (h), correspond to the turning ON 

commutation process of S2 where Lsat3 and Lsat4 are saturated alternatively as it was 

explained in Sub-Modes 1a and 1b. 

Finally, in Sub-Mode 3c, see Figure 3.18(i), the input current is divided between the 

main loop of L1, Lsat1, D1 and Co and the loop of L2a, Lsat4 and S2. Lsat1 and Lsat4 remain in 

saturation. 

Mode 4: As Figure 3.18(j)-(l) show, S2 is turned OFF while S1 remains OFF, 

consequently Mode 4 is the dual of Mode 2. 

Therefore, Sub-Modes 4a and 4b, see Figure 3.18(j) and (k), correspond to the turning 

OFF commutation process of S2 where Lsat3 and Lsat4 are alternatively saturated as it was 

explained in Sub-Modes 2a and 2b. 

And, Sub-Mode 4c, see Figure 3.18(l), exhibits the same behavior as Sub-Mode 2c. 

Finally, it is important to highlight that Mode 1 occurs after Mode 4 when the converter is 

operating at a duty cycle lower than 50%. 

Mode 5: For the case when the converter is under operation of a duty cycle higher than 

50%, and based on Figure 3.19(a)-(c), S1 is turned ON and S2 remains ON from the previous 

mode (Sub-Mode 8c). In Mode 5, Sub-Modes 5a to 5c are presented. 

Sub-Mode 5a, as Figure 3.19(a) shows, occurs when S1 is turned ON and the input 

current is divided between the loop of L2, Lsat4 and S2, and the two loops of L1. 

Consequently, the behavior of L1a current is the same as the L1a current of Sub-Mode 1a 

explained above where the current through the main diode D1 decreases as the current 

through S1 increases. See Mode 1 operation. 

Then, for Sub-Mode 5b, as Figure 3.19(b) shows, L2a current still flows through S2 and 

Lsat4 while Lsat1 goes out of saturation and the transition current is presented, therefore 

Lsat2 is saturated and the current through S1 increases as D1 current decreases. The 

operation of this transition is the same as the explained in Sub-Mode 1b for Lsat1 and Lsat2. 

Finally, Sub-Mode 5c, as Figure 3.19(c) shows, corresponds to the mode where the 

current through D1 becomes zero and therefore all L1a current flows through S1 while L2a 

current flows through S2. Moreover, Lsat2 and Lsat4 are saturated. 

Mode 6: As Figure 3.19(d)-(f) show, S2 is turned OFF, S1 remains ON, and Sub-Modes 

6a to 6c are presented. 

Sub-Mode 6a, as Figure 3.19(d) shows, occurs immediately after S2 is turned OFF and 

the majority of L2a current starts to flow descendant though Lsat4 (saturated) and D4 while 

the current through D3 starts to increase from zero. In fact, the behavior of L2a current is 

the same as the L2a current of Mode 4a explained above. In addition, L1a current still flows 

through Lsat2 and S1. 
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(a) Mode 5-a (b) Mode 5-b (c) Mode 5-c 

   
(d) Mode 6-a (e) Mode 6-b (f) Mode 6-c 

   

(g) Mode 7-a (h) Mode 7-b (i) Mode 7-c 

   

(j) Mode 8-a (k) Mode 8-b (l) Mode 8-c 

Figure 3.19. Operating modes when D>0.5. 

Sub-Mode 6b, as Figure 3.19(e) shows, is presented when Lsat4 goes out of saturation 

and the transition current occurs while L1a current remains flowing through Lsat2 and S1. 

Therefore, Lsat3 is saturated and the majority of L2a current increases through Lsat3 and D3, 

while the current through Lsat4 and D4 is decreased. The operation of this transition is the 

same as the explained in Sub-Mode 4b for Lsat3 and Lsat4. 

Finally, Sub-Mode 6c, as Figure 3.19(c) shows, corresponds to the mode where the 

current through Lsat4 and D4 becomes zero and therefore all L2a current flows through Lsat3 

and D3 while L1a current flows through S1. Lsat2 and Lsat3 are saturated. This sub-mode has 

the same operation of Sub-Mode 1c. 

Mode 7: Considering Figure 3.19(g)-(i), where S2 is turned ON and S1 remains ON, it is 

possible to infer that Mode 7 is the dual of Mode 5. 
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Consequently, Sub-Modes 7a and 7b, as Figure 3.19(g) and (h) show, correspond to the 

turning ON commutation process of S2 where Lsat3 and Lsat4 are alternatively saturated as 

it was explained in Sub-Modes 3a and 3b for Lsat3 and Lsat4 or in Sub-Modes 5a and 5b for 

Lsat1 and Lsat2. 

Finally, in Sub-Mode 7c, as Figure 3.19(i) shows, the input current is divided between 

the loop of L1a, Lsat2 and S1 and the loop of L2a, Lsat4 and S2. Lsat2 and Lsat4 remain in 

saturation. 

Mode 8: As Figure 3.19(j)-(l) show, S1 is turned OFF while S1 remains ON, therefore, it 

is possible to conclude that Mode 8 is the dual of Mode 6. 

Consequently, Sub-Modes 8a and 8b, as Figure 3.19(j) and (k) show, correspond to the 

turning OFF commutation process of S1 where Lsat1 and Lsat2 are alternatively saturated 

as it was explained in Sub-Modes 2a and 2b for Lsat1 and Lsat2 or in Sub-Modes 6a and 6b 

for Lsat3 and Lsat4. 

Then, Sub-Mode 8c, as Figure 3.19(l) shows, occurs when the current through D2 

becomes zero and therefore the input current is divided between the loop of L2a, Lsat4 and 

S2 and the main loop of L1, Lsat1, D1 and Co. This sub-mode exhibits the same behavior as 

Sub-Mode 3c. 

Finally, it is important to mention that Mode 5 is presented after Mode 8 when the 

converter is operating at a duty cycle higher than 50%.  

3.4.2 Suppression of the recovery phenomenon and ZSC behavior 

 Reverse-Recovery Reduction 

Figure 3.20 shows the commutation current in the main Diodes D1 and D3 and in the 

bypass Diodes D2 and D4. There are two transition processes, one corresponds to the short 

transition immediately after S1 or S2 are turned ON and the other after S1or S2 are turned 

OFF. 

 
Figure 3.20. Diodes commutation current in the proposed converter. 

Therefore, as it was explained above, these commutation processes occur because of the 

effect of the saturable inductors. Consequently, when the switch is turned ON the majority 

of the input current still flows through the main diode D1,3 while Lsat1,3 remains saturated. 

Then, the main diode current decreases until the point where Lsat1,3 goes out of saturation 
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and the transition occurs. The majority of the input current flows through the switch S1,2 

while the main diode current decreases to zero. 

As a consequence of this transition process, the commutation duration is decreased and 

the slope of the main and bypass diode currents are reduced in comparison to the 

conventional ZCS interleaved converter, see Figure 3.21. 

 

Figure 3.21. Diodes commutation current in the conventional converter. 

Finally, as the slope is smaller, the recovery current is considerable reduced and 

therefore the switching losses produced by the reverse-recovery phenomenon are reduced 

as well. 

 ZCS Behavior 

As Figure 3.22 shows, the proposed converter presents ZCS due to the presence of the 

saturable inductors and the commutation process that they produce. 

 
Figure 3.22. Switch commutation process in the proposed converter. 

Therefore, as it was explained before, immediately after the switch is turned ON the 

main diode current starts to decrease softly due to the presence of stored energy in the 

saturable inductor Lsat1,3. In addition, the switch current starts to increase softly from zero 

because of the effect of the saturable inductor Lsat2,4 that avoid a large slope of the switch 

current. 

As a consequence of this process, switching losses produced by the turning-on process 

in the switches are minimized. 

3.4.3 Experimental validation 

In order to have an experimental validation of the effectiveness of the proposed ZCS 

interleaved converter with saturable inductors, a 600W prototype was constructed and 

experimentally tested. Additionally, a 600W prototype of the conventional ZCS interleaved 

converter with auxiliary inductors was constructed with the purpose of comparing the 
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recovery phenomenon and the size reduction. Table 3.2 and Figure 3.23 show the circuit 

parameters and a photo of the experimental setup. 

Table 3.2 Design Parameters of the Conventional and ZCS Interleaved Converter 

Parameter  Conventional Two-phase ZCS 

Input voltage [V] Vi 100 100 

Output voltage [V] Vo 200 200 

Tapped inductor [µH] L1 650 650 

Tapped inductor [µH] L2 660 660 

Auxiliary inductor [µH] Laux1 22.6 -- 

Auxiliary inductor [µH] Laux2 23.8 -- 

Saturable inductor [µH] Lsat1 -- 19.1 

Saturable inductor [µH] Lsat2 -- 18.7 

Saturable inductor [µH] Lsat3 -- 18.3 

Saturable inductor [µH] Lsat4 -- 18.2 

Switching frequency [kHz] fs 50 50 

Output capacitance [µF] Co 60 60 

Turns ratio n1:n2 5:1 5:1 

 

 
Figure 3.23. Experimental setup. 

These prototypes were constructed with 600V Mosfets, 600V Silicon Diodes, Ferrite 

cores and Multilayered Ceramic Capacitors. As a matter of fact, these capacitors were 

selected due to their small resistance (1mΩ) and the advantage of the interleaved 

technique that allows the downsizing of output capacitors because higher frequency 

operation is presented [29]-[32]. Figure 3.24 shows the interleaving waveforms of the 

proposed converter. 
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Figure 3.24. Switches voltages vs. input currents in the proposed converter. 

 Size Comparison 

Figure 3.25 shows the size comparison of the two auxiliary inductors used in the 

prototype of the conventional ZCS interleaved converter and the four saturable inductors 

used in the proposed converter. 

 
Figure 3.25. Inductor size comparison. 

As a result, the auxiliary inductors used in the conventional converter have a cross 

sectional area of 0.48 cm2, while the saturable inductors of the proposed circuit have a 

cross sectional area of 0.23 cm2. Therefore, a total volume of the two auxiliary inductors 

was 7.78 cc compared to the 2.84 cc of the four saturable inductors. Conclusively, the 

proposed converter presents a reduction of 63.5% in the size of the auxiliary inductors even 

when the proposed converter used two additional inductors in comparison to the 

conventional circuit. 

 Comparison of the Reverse-Recovery Reduction  

Figure 3.26 shows the comparison of the main diode current and voltage. Therefore, it 

is possible to conclude that the proposed converter offers a reduction of the surge voltage 

in the main diode because the presence of the saturable inductor in the main loop produces 

a damped effect in the diode voltage due to the resonance of the inductance Lsat2 and the 

internal capacitance of the diode. 
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(a) Conventional circuit (b) Proposed circuit 

Figure 3.26. Voltage and current waveforms of the main diode D1. 

Moreover, Figure 3.26 shows the difference between the diode current when the switch 

is turned OFF where the proposed converter has a shorter transition. 

Additionally, Figure 3.27 shows the comparison of the reverse-recovery reduction. 

Therefore, the propose converter has a reverse-recovery current of 0.5A while the 

conventional circuit presents 1.2A. It means, a reduction of 58% in the reverse-recovery 

current. Finally, Figure 3.27 shows the advantage of the proposed converter in surge 

reduction of the diode voltage. 

  
(a) Conventional circuit (b) Proposed circuit 

Figure 3.27. Reduction of recovery phenomenon in the main diode D1. 

 Comparison of the ZCS Behavior 

Finally, the ZCS behavior was analyzed. Figure 3.28 shows the switch current and the 

voltage waveforms when the switch is turned ON. Consequently, it is possible to affirm 

that both topologies present ZCS behavior because in both circuits the drain-source voltage 

becomes zero while the current does not start to increase. However, it is evident the noise 

reduction in the current waveform of the proposed converter due to the presence of the 

saturable inductors. 
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(a) Conventional circuit (b) Proposed circuit 

Figure 3.28. Turning ON process of the switch S1. 

3.5 Conclusions 

A novel single-phase recovery-less boost converter with saturable inductors was 

proposed in this section. First, the circuit configuration, the operating principle and the 

disadvantages of the conventional recovery-less converter with auxiliary inductor were 

introduced. Then, the operating principle and the operation of the reverse-recovery 

reduction of the proposed converter were analyzed. Then, the design procedure of the 

saturable inductors was presented. Finally, a performance comparison was conducted from 

the experimental point of view. Prototypes of the conventional and the proposed converter 

were evaluated. From these tests, it was confirmed the effectiveness of the proposed 

converter in the suppression of the recovery phenomenon, with a 72% of reduction. 

Additionally, the downsizing advantage of the proposed converter was illustrated, where 

it was possible to see that the conventional topology needs an inductor with larger 

dimension in comparison with the two saturable inductors of the proposed converter. 

Therefore, a reduction of 63.5% in the core volume was achieved. Finally, efficiency tests 

were conducted and an increase of 1.2% of the total efficiency in the proposed converter 

was obtained.  

Additionally, the two-phase interleaved topology was introduced as well. The circuit 

configuration and the operating principle were presented. In addition, the recovery 

phenomenon and the switching behavior were analyzed. Finally, a performance 

comparison was conducted from the experimental point of view. Prototypes of the 

conventional and the presented two-phase converter were evaluated. From these tests, the 

effectiveness of the proposed converter in the suppression of the recovery phenomenon, 

with a reduction of a 58% in the recovery current, was confirmed. Additionally, the 

downsizing advantage of the proposed converter was illustrated, where the conventional 

topology needs auxiliary inductors with bigger size in comparison to the four saturable 

inductors of the proposed converter. Specifically, a reduction of 63.5% in the auxiliary 

inductors size was achieved. 

Based on the validation of the advantages of the proposed converters (single-phase and 

two-phase interleaved) in terms of core downsizing, reverse-recovery reduction and ZCS 
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operation, it is possible to conclude that it is a promising topology for vehicular applications 

where high power density and high efficiency are required. 
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4. High Step-Down Converter 

4.1 Introduction 

High power density DC-DC converters have become important components in 

networking, telecommunications, and computing applications where the supply voltage is 

higher than the required by the load [1]-[5]. Moreover, digital equipment such as, inter alia, 

MCUs (Micro Controller Unit), FPGAs (Field Programmable Gate Array) and ASICs 

(Application Specific Integrated Circuit) on mother boards usually require a very low 

feeding voltage with the purpose of increasing the efficiency and the power consumption of 

these devices [6]-[7]. Therefore, step-down converters with a High Step-Down (HSD) 

conversion ratio have gained attention to interface the power supply with the digital 

equipment that requires a much lower voltage [8]-[10]. 

Nevertheless, conventional topologies present some drawbacks when a high step-down 

ratio is required. These drawbacks appear mainly by three reasons: 1) A very small duty 

cycle is required to achieve the required output voltage which produces extremely high 

losses in the components due to the parasitic effects; 2) Usually, conventional converters 

cannot achieve high step-down conversion ratio because of the presence of parasitic 

resistances, capacitances and inductances in the components; and 3) Conventional 

converters have low power density because they use bulky components to achieve the 

required voltage and current ripples [11]-[14]. Consequently, the demand of high step-down 

conversion techniques has gradually increased according to the downsizing and low-voltage 

requirements of digital equipment [15]-[17]. 

Currently, there are several step-down topologies with high conversion ratio 

performance. However, most of them present problems regarding low power density 

because they need many additional passive components to achieve a high conversion ratio. 

This study focuses on these problems and propose the use of interleaving phases and 

magnetic coupling, as they are well-known techniques to increase the power density and 

downsize magnetic components [18]-[20]. Interleaving phases is effective because the input 

current is divided into the number of phases. Therefore, a reduction in the power ratings 

of the components, as well as a size miniaturization of the capacitive components can be 

achieved as a result from the high frequency operation. Another aspect that makes 

magnetic coupling effective is the size reduction of the magnetic components it provides as 

a result of the integration of several windings into only one core. The magnetic coupling 
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technique may reduce the input current ripple of the converter as well [21]-[23]. In Figure 

4.1 it is depicted the proposed high step-down interleaved converter with integrated 

coupled inductor that is proposed. 

 

Figure 4.1. Proposed high step-down two-phase interleaved converter. 

This section is organized as follows: First, the circuit configuration and the operating 

principle of the novel high step-down interleaved buck converter is presented with a 

particular integrated coupled-inductor that helps to tackle the problems described above. 

Second, the steady state analysis is conducted as the base to calculate the theoretical step-

down conversion ratio of the proposed converter. Then, the performance of the proposed 

topology is compared with similar state of the art high step-down converters. Finally, 

experimental tests of several prototypes with different ratios of the number of turns are 

shown as a validation of the proposed topology. 

4.2 High Step-Down Converter 

The converter shown in Figure 4.1, is a two-phase interleaved buck converter made with 

a particular magnetic coupled-inductor constructed with three windings arranged in an EE 

core as shown in Figure 4.2. 

 

Figure 4.2. Coupled-inductor with 3 windings for a HSD converter. 

The external windings are directly coupled and an air-gap is installed in each external 

leg to suppress DC flux induction. In addition, this converter has four power switches S1-

S4 which are alternative commuted with a 180-degree phase shift between S1,4 and S2,3. In 

fact, each switch is driven by an independent gate drive circuit with isolated power supply. 

L1 L2
Lc
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Additionally, two diodes D1 and D2 are connected between the ground and the source of the 

switches S3 and S4, respectively, plus one output capacitor Co. Each external winding, L1 

and L2, is connected between the output capacitor and the cathodes of the diodes. Finally, 

the central winding Lc is located between the source terminals of S1 and S2. Consequently, 

compared to the conventional two-phase interleaved buck converter, the proposed topology 

has the addition of two switches and one winding [24]. 

The two-phase interleaved high step-down converter has four different operating modes 

corresponding to the combinations of the ON and OFF-states of the switches. Figure 4.3 

shows the four operating modes and Figure 4.4 shows the operating waveforms of the 

proposed converter when it is operating under a Continuous Conduction Mode (CCM). 

  

(a) Mode 1 (b) Mode 2 

  
(c) Mode 3 (d) Mode 4 

Figure 4.3. Operating modes of the HSD converter. 

  
(a) D<50% (b) D>50% 

Figure 4.4. Operating waveforms. 

Mode 1: As Figure 4.3(a) shows, during this interval, S1 and S4 are turned ON, while S2 

and S3 are turned OFF. The input current increases linearly through the central winding 

Lc, the external winding L2, the output capacitor and the load. In addition, there is a loop 

where the energy stored in the external winding L1 is linearly discharged through the 
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output capacitor and the load across the diode D1. In this mode, a positive voltage is induced 

in the central winding as a result of the voltage applied to the external windings. 

Mode 2: Figure 4.3(b) shows Mode 2 as the dual of Mode 1 because S1 and S4 are turned 

OFF, while S2 and S3 are turned ON. The energy stored in the external winding L2 is 

linearly discharged to the output capacitor and the load through the diode D2. Thus, the 

input current increases linearly across the central winding Lc, where a negative voltage is 

induced because of the voltage applied to the external windings, the external winding L1, 

the output capacitor and the load. 

Mode 3: During this interval (see Figure 4.3(c)), all four switches S1-S4 are turned OFF. 

Therefore, there are only two discharging loops where the current generated by the 

external winding L1 and L2 decreases linearly across the output capacitor, the load and the 

diode D1 and D2, respectively. In this mode, the central winding does not affect the circuit 

behavior because no voltage is induced in the central winding. 

Mode 4: Finally, as Figure 4.3(d) shows, during Mode 4, all four switches S1-S4 are turned 

ON. Consequently, the input current is divided into the winding currents flowing through 

L1 and L2. These currents join to flow through the output capacitor and the load. In this 

mode, as well as in Mode 3, there is no voltage induced in the central winding. 

4.3 Analysis of the Step-Down Conversion Ratio 

For analytical convenience in the steady state analysis and the post-deriving of the step-

down conversion ratio expressions of the proposed converter, it is necessary to consider the 

induced voltage in each winding of the coupled-inductor. This deriving process is conducted 

based on the magnetic circuit of the integrated coupled inductor. Figure 4.5 shows the 

magnetic fluxes in the particular inductor. 

 

Figure 4.5. Magnetic fluxes in the coupled-inductor with 3 windings. 

In this case, three magnetic fluxes circulate through in the core. These influence the 

induced voltages as follows: 

i1
i2

1
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where, vL1, vL2 and vLc are the external and central winding voltages, respectively; ϕ1, ϕ2 

and ϕc are the external and central magnetic fluxes, respectively; and Ne and Nc the number 

of turns of the external and central winding, respectively. In addition, according to Figure 

4.5, we obtain: 

 
21  C

 (4.4) 

Consequently, from (4.1)-(4.4), the induced voltage in the central winding is produced by 

the applied voltage to the external windings L1 and L2 as follows: 
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Hence, N is introduced as the ratio between the number of turns of the central and 

external windings: 
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Finally, from (4.5) and (4.6), it is possible to derive the induced voltage in the central 

winding accordingly with the introduced turns ratio N, as follows: 

 )( 21 LLLC vvNv   (4.7) 

Using the voltage-second balance technique, the induced voltages in each external 

winding vL1 and vL2 are calculated in each operating mode, as it was described above. These 

derivations are conducted taking into account (4.7). 
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 oL vv 2  (4.11) 

 

Mode 3: 

 oL vv 1  (4.12) 

 oL vv 2  (4.13) 

Mode 4: 

 oiL vvv 1  (4.14) 

 oiL vvv 2  (4.15) 

 

Equations (4.8)-(4.15) are helpful to derive the conversion ratio of the proposed 

converter. 

Usually, two-phase interleaved topologies show two types of operational sequences: 

Sequence 1: Duty cycles lower than 50% and Stage 2: Duty cycles higher than 50%. 

Consequently, based on Figure 4.4, Sequence 1 presents Modes 1, 2 and 3, while Sequence 

2 presents Modes 1, 2 and 4. Moreover, based on the steady-state analysis shown in the 

previous sub-section, the voltage conversion ratio for duty cycles D lower than 50% is 

derived from (4.8), (4.10) and (4.12) as follows: 
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On the other hand, from (4.8), (4.10) and (4.14), the conversion ratio for the case when 

the duty cycle is higher than 50% is derived as: 
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As a result, when evaluating the ratio of the number of turns of N=1, 2 and 4, and the 

conversion ratio of the conventional single-phase buck converter or the two-phase 

interleaved buck converter [24], it is possible to construct the ideal voltage according to the 

duty cycle as shown in Figure 4.6. 
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Figure 4.6. Conversion ratio comparison. 

The step-down ratio of the buck converter is defined as: 

 DM buck
 (4.18) 

Summarizing, the proposed converter presents a high step-down ratio performance in 

comparison to the conventional single phase and two-phase interleaved buck converters. 

4.4 Comparison with Conventional Topologies 

As it was mentioned above, two of the attractive features of the propose converter are 

the high step-down conversion ratio and the high power density that the topology can 

achieve due to its downsizing characteristics. Consequently, in this section, a performance 

comparison is shown with the purpose of making evident the effectiveness of the novel 

topology. Therefore, three outstanding high step-down topologies were selected from the 

literature in order to compare the number of components and their step-down ratio 

performances. The selection of the outstanding topologies, presented in [25]-[27], was 

conducted under the criteria of similarity of the interleaving phases and magnetic coupling 

techniques. Specially, the converter proposed in [27] has the similarity of the step-down 

ratio dependence on the turns ratio N of its coupled inductor  

Consequently, Table 4.1 shows the characteristics comparison of the mentioned high 

step-down converters. In this table, the number of components and their step-down ratios 

are evaluated. In addition, Table 4.1 shows the characteristics of the conventional two-

phase interleaved buck converter as well. Based on the comparison of Table 4.1, it is 

possible to conclude that the number of components of the proposed converter is comparable 

to the converters of [25] and [26], and it is less than the converter published in [27]. 

Moreover, the relationship between the step-down ratio and the duty cycle of the 

compared converters is shown in Figure 4.7. From Figure 4.7, it is possible to see the high 

step-down performance of the selected and the proposed topologies over the conventional 

buck converter. In addition, the converter reported in [25] offers a higher step-down 

conversion ratio than the other converters in duty cycles higher than 50%. On the other 

hand, in duty cycles lower than 50%, where the high step-down converters are more 
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required due to the high conversion ratio requirements, the proposed converter offers the 

highest step-down ratio in the comparison. 

Table 4.1 HSD Converters Comparison 

Converter Configuration Conversion Ratio Sw Di Wins Caps 

Conventional 

Interleaved Buck 

 

DM   2 2 2 1 

Converter 

published in [25] 

 

2
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Converter 

published in [26] 
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Figure 4.7. Step-down ratio of the proposed converter vs. other topologies. 

Based on this comparison, it is possible to infer that the proposed converter theoretically 

offers a quite high step-down ratio in comparison to the number of components that 

requires. 

4.5 Experimental Validation 

With the purpose of validating and having a complete understanding of the effectiveness 

of the proposed high step-down converter, three prototypes were constructed and 

experimentally tested. These prototypes were tested to compare and evaluate the step-

down conversion ratio of the proposed converter at different values of N. These circuits 

were constructed using 30V/5A Schottky Barrier Diodes, 30V/100A Power Mosfets, 
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Ceramic Capacitors and Ferrite Cores. Table 4.2 shows the experimental parameters of the 

tests. 

Table 4.2 Experimental Parameters for HSD Evaluation 

Parameters Value 

Input Voltage Vi 1V – 20V 

Output Voltage Vo 1V 

Output Load Ro 3.9Ω 

Duty Cycle D 99% – 10% 

Frequency f 30kHz 

These three circuits were experimentally tested with an open control loop programmable 

to 1V of output voltage, where the input voltage was varied between a range of 20V and 

1V. These tests, were conducted with three different inductors made with different number 

of turns as Table 4.3 shows. Figure 4.8 shows the experimental setup of the proposed 

converter with N=2. 

Table 4.3 Inductor Parameters for HSD Evaluation 

 N=1 N=2 N=4 

Number of turns N 
External: 4 turns 

Center: 4 turns 

External: 4 turns 

Center: 8 turns 

External: 4 turns 

Center: 16 turns 

Inductance L 

L1: 0.82 μH 

L2: 0.85 μH 

Lc: 0.77 μH 

L1: 0.84 μH 

L2: 0.85 μH 

Lc: 3.34 μH 

L1: 0.87 μH 

L2: 0.89 μH 

Lc: 13.22 μH 

ESR R 

R1: 52 mΩ 

R2: 53 mΩ 

Rc: 60 mΩ 

R1: 52 mΩ 

R2: 53 mΩ 

Rc: 119 mΩ 

R1: 50 mΩ 

R2: 51 mΩ 

Rc: 460 mΩ 

Window area Aw 34.3 mm2 

Sectional area Acore mm2 

 



72 Applications of Magnetic Integration for Non-Isolated DC-DC Converters 
 

 

 
Figure 4.8. Prototype of the proposed high step-down converter. 

Consequently, Figure 4.9 shows the experimental results of the three circuits in 

comparison to the conventional Buck converter. From this figure, it is possible to validate 

the effectiveness of the proposed high step-down two-phase interleaved boost converter 

with the particular coupled-inductor. It is evident the difference between the conversion 

ratios of the conventional interleaved converter and the proposed topology. 

 

Figure 4.9. Experimental step-down conversion ratio. 

As Figure 4.9 shows, the proposed converter is more effective at duty cycles lower than 

50%. For example, the proposed converter with a turns ratio N=2 achieves an increment of 

40% in the step-down ratio when it is operating at a duty cycle of 30%. However, the 

experimental results present lower values in comparison to the theoretical calculation. This 

is because of the parasitic resistances and inductances presented in the coupled-inductor. 

Nevertheless, even with reduction generated by these parasitic components, the results 

revealed the effectiveness of the proposed converter in comparison to the ideal conventional 

topologies. 

In addition, as it was explained before, these prototypes can manage a rated voltage of 

30V and a rated current of 5A per phase. Therefore, the maximum allowable power of these 

prototypes is 300W. Moreover, taking into account the fact that the constructed prototype 

has a volume of 34.5 cc (including dead spaces, without casing), it is possible to mention 

that the maximum power density that this converter can manage is 8.7 W/cc. 
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4.6 Conclusions 

A novel high step-down two-phase interleaved buck converter with a particular coupled-

inductor was presented in this section. First, the circuit configuration and the operating 

principle were presented as the base of the steady-state analysis where it was possible to 

calculate the step-down ratio performance of the proposed converter. Then, a performance 

comparison of the presented converter with some outstanding high step-down converters 

was conducted. It was possible to see the effectiveness of the proposed topology over other 

topologies. Finally, some experimental tests were conducted as a validation of the 

theoretical calculations of the proposed converter. A power density of 8.7 W/cc was 

achieved. In addition, it was found that the proposed converter, when it is operating with 

a ratio of number of turns of 2 and a duty cycle of 30%, offers a step-down conversion ratio 

40% bigger than the conventional interleaved buck converter. 

Taking into account the advantages of this converter in terms of step-down ratio and 

power density, it is possible to conclude that it is a promising topology for networking, 

telecommunications and computing applications when a high conversion ratio is needed 

keeping a high power density. 
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5. High Step-Up Interleaved Boost 

Converter 

5.1 Introduction 

Recently, High Step-Up (HSU) converters, identified as circuits capable of boosting the 

low voltage of a power supply to a much higher voltage, have gained great attention due 

to its potential in many applications [1]-[6]. These converters have found several industrial 

applications in Uninterruptible Power Systems (UPS) and some emergent communication 

systems. In addition, with the introduction of the renewable energies and their application 

in grid-connected systems, high step-up converters have been required to boost the low 

voltage of sustainable structures based on Photovoltaic (PV) or Fuel Cells [7]-[8]. 

Moreover, the cost, shelf-life and auxiliary components of the battery cells used in electric 

mobility, especially in Electric Vehicles (EV) or Hybrid Electric Vehicles (HEV), have 

drawn the attention to the sizing, downsizing and reconfiguration of the storage units 

composed of battery cells. Consequently, high step-up converters are required to interface 

the low voltage battery with the electric motor and its inverter [9]-[13]. 

These high voltage-gain converters are a solution to the conventional single-phase boost 

topologies that present some drawbacks mainly due to two reasons: 1) Extremely high 

losses in the power devices produced by the parasitic components and the high duty cycles 

needed to obtain the required output voltage. When a high duty cycle is used, an extremely 

high input current is demanded, therefore, high losses occur; and 2) As [5] shows, the 

parasitic components hamper the conventional voltage-gain at high duty cycles, i.e. when 

a high duty cycle is used, the voltage-gain tends to decrease because of the parasitic 

components [14]-[17]. 

Hence, several high step-up topologies have been proposed in order to deal with the 

problems mentioned above. For example, the switched-capacitor converter, proposed to 

increase the voltage-gain by adding several capacitors. However, this converter presents 

low efficiency due to the switching losses generated by the hard-switching operation and 

conduction losses in each capacitor [18]. Moreover, in order to increase the voltage-gain, 

several outstanding converters use techniques of built-in transformers, flyback-boost cells, 

voltage multipliers cells, etc. In addition, techniques of active clamping and charge 

pumping are used to recycle leakage energy and to absorb switching spikes [7]. 
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Nevertheless, the high step-up converter that uses these techniques have limitations of 

efficiency and power density because these converters are single-phase topologies, i.e. the 

total input current has to flow throw the inductors, the power devices have to be selected 

at the full rated voltage and current, and the output capacitor is bulky. What is more, 

these converters use additional circuitry that increases the size of the converter. 

In this context, well-known techniques reported as effective to increase the power 

density of power converters can be applied. This brings into scene the interleaving phases 

technique, which is effective because the input current can be divided into the number of 

phases. This way, it produces a reduction on the inductance of the input smoothing 

inductors, as well as a size miniaturization of the capacitive components because of the 

high frequency operation. Additionally, magnetic coupling represents an appealing 

technique in interleaved converters because a size reduction of the magnetic components 

can be achieved through the integration of several windings into only one core. This 

technique may reduce the input current ripple of the converter as well [19]-[22]. 

Therefore, this study addresses the problem of low power density by analyzing a novel 

high step-up DC-DC converter that uses the techniques of interleaving phases and 

magnetic coupling in order to obtain a higher voltage-gain and high power density 

performance. In [3] and [5], previous analyses of this outstanding topology are presented. 

Specifically, the magnetic core configuration and the parasitic resistance effect are 

employed. Nevertheless, the comparison with other outstanding high step-up has not been 

done. In this study, the effectiveness of the proposed converter is evaluated from the 

analytical point of view and by means of comparisons with outstanding interleaved 

topologies that offer high voltage-gain. 

This chapter is organized as follows: First, the configuration and operating principle of 

the novel high step-up interleaved boost converter with a particular integrated coupled-

inductor is presented. Second, the voltage-gain of the proposed converter is derived from 

the steady-state analysis. Third, each coupled-inductor configuration is introduced. The 

magnetic modeling of each coupled-inductor configuration is presented and later, a 

quantitative comparison with some recent and outstanding high step-up interleaved 

converters with similar configuration to the proposed converter is presented. Fourth, a 

parasitic analysis of the proposed converter and a comparison with outstanding converters 

is developed. Fifth, the modeling of the magnetic flux in each leg of the coupled-inductor 

is conducted as the base for the inductor designing. Finally, experimental tests of 100W 

prototypes are shown as a validation of the effectiveness of the proposed topology in terms 

of voltage-gain versus number of components. 

5.2 High Step-Up Converter 

The proposed high step-up converter ( Figure 5.1) is a two-phase interleaved boost 

converter composed of a particular magnetic coupled-inductor that consists of three 

windings that can be installed in different core configurations. There are two windings, L1 
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and L2, connected to the power source and a third winding Lc, known as central winding, 

located between the cathodes of D1 and D2. For convenience, we define the positive 

terminal of Lc as the node where the cathode of D1 and the anode of D3 are connected. 

This converter has also two power switches S1 and S2 which are alternatively commuted 

with a 180-degree phase difference between them, four diodes D1-D4 and one output 

capacitor Co. 

 

Figure 5.1. High step-up converter with coupled inductor. 

Figure 5.2 shows the coupled inductor with three windings installed into only one core. 

The number of turns of this specific inductor may vary, which will make the voltage gain 

vary as well. 

 

Figure 5.2. Coupled-inductor with 3 windings for a HSU converter. 

At combining the high step-down converter presented in chapter 4 with the high step-

up converter of this chapter, it is possible to obtain a bidirectional high step-up converter 

as shown in Figure 5.3. This topology can be useful for EV applications in which a 

bidirectional performance is required to feed the motor when the vehicle is driven and to 

charge the storage unit when the vehicle is braked. 

 
Figure 5.3. Bidirectional high step-up converter. 
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5.2.1 Steady state analysis 

The two-phase interleaved high step-up converter presents four different operating 

modes corresponding to all the combinations of the ON and OFF-state of the switches, as 

shown in Figure 5.4. In addition, Figure 5.4 shows the operating waveforms of the 

proposed converter when it is under an ideal operation when the duty cycle d is lower and 

higher than 50%. 

In this context, Figure 5.5 shows the overall operating modes of the high step-up 

converter. 

  

(a) D<50% (b) D>50% 

Figure 5.4. Operating waveforms. 

  
(a) Mode 1 (b) Mode 2 

  
(c) Mode 3 (d) Mode 4 

Figure 5.5. Operating modes. 

Mode 1: As Figure 5.4 and Figure 5.5(a) show, S1 is turned ON and S2 is turned OFF, 

where i1 flows only through the external winding L1. On the other hand, i2 flows through 

L2, D2, D3, LC and Co. Moreover, a negative voltage is induced in the central winding as a 

result of the voltage applied to the external windings.  
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Consequently, based on the two loops of Figure 5.5(a) it is possible to derive: 
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where Δϕ1, Δϕ2 and Δϕc are the magnetic flux variations in the windings L1, L2 and Lc, 

respectively. And, T1 is the time duration of Mode 1. 

Mode 2: Based on Figure 5.4 and Figure 5.5(b), S1 is turned OFF and S2 is turned ON, 

i1 flows through L1, D1, D4, Lc and Co. In contrast, i2 flows only through the winding L2. In 

addition, a positive voltage is induced in the central winding Lc and therefore the current 

flows through Lc rather than through D2 and D3. 

Taking into account the operating principle of each loop in Mode 2, it is possible to 

derive: 
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where T2 is defined as the time of Mode 2. 

Mode 3: As Figure 5.4 and Figure 5.5(c) show, S1 and S2 are turned OFF and i1 flows 

through L1, D1, D3 and Co; while i2 flows through L2, D2, D4 and Co. 

Based on Figure 5.5(c) and the operation explained before, we can derive: 

 ooi V
T

NV 



3

1
 (5.5) 

 ooi V
T

NV 



3

2
 (5.6) 

where T3 is the time duration of Mode 3. 

Mode 4: Finally, as Figure 5.4 and Figure 5.5(d) show, S1 and S2 are turned ON, where 

i1 flows only through L1, and i2 through L2. All four diodes remain OFF and there is no 

current flowing through the central winding of the coupled inductor. Consequently, the 

loops expressions can be derived as: 
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where T4 is the duration of Mode 4. 

5.2.2 Central winding operation 

As it was mentioned above, the magnetic component of this converter has three 

windings sharing the same core. In this case, there are three different magnetic fluxes 

circulating through the entire core, see Figure 5.6. In this coupled-inductor, the external 

windings are directly coupled where an air-gap is made in each external leg with the 

purpose of suppressing the DC flux induction. 

 

Figure 5.6. Magnetic flux in the coupled-inductor. 

Taking into account the fact that the induced voltage in the central winding, produced 

by the applied voltage to the external windings, is presented in Modes 1 and 2, see Figure 

5.4, it is possible to derive: 
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where, vL1, vL2 and vLC are the external and central winding voltages, ϕ1, ϕ2 and ϕc are the 

external and central magnetic fluxes, and Ne and Nc are the number of turns of the 

external windings and the central winding respectively. Additionally, taking into account 

the orientation of the magnetic fluxes of Figure 5.6, it is possible to infer that: 
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Consequently, from (5.9) and (5.10) it is possible to obtain: 
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Now, it is possible to define the relationship between the external windings and the 

central winding as the ratio N: 
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Finally, from (5.11) and (5.12): 

 )( 21 LLLC vvNv   (5.13) 

In this way, the relationship between the voltage of the central winding and the voltage 

of the external windings is defined. 

5.2.3 Voltage-gain derivation 

In order to derivate the voltage gain expression of the high step-up converter, the 

steady-state analysis is required, therefore the following presents a review of the winding 

voltages of each operating mode. 

Mode 1: 
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 iL vv 2  (5.17) 

Mode 3: 

 OiL vvv 1  (5.18) 
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 OiL vvv 2  (5.19) 

Mode 4: 

 iL vv 1  (5.20) 

 iL vv 2  (5.21) 

Therefore, this converter has two sequences of voltage-gain presented at different 

values of duty cycle D. Hence, from (5.14), (5.16) and (5.18), the voltage conversion ratio, 

that is the ratio between the output voltage vo and the input voltage vi, when the duty 

cycle is lower than 50% is derived as: 
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On the other hand, from (5.14), (5.16) and (5.20), the voltage-gain for the case when the 

duty cycle is higher than 50% is derived as follows: 
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Thus, taking into account equations (5.22) and (5.23), and the values of N=2, 4 and 8, 

it was possible to construct the ideal conversion ratio according to the duty cycle as shown 

in Fig. 8. This figure shows the performance comparison of the proposed converter, and 

the conventional single-phase boost converter and the interleaved two-phase boost 

converter which voltage-gain is defined as follows [15]: 

 
DV
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Figure 5.7. Voltage-gain of the proposed converter vs. conventional boost converters. 
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From this analysis, it is possible to conclude that the influence of the coupled-inductor, 

specifically the central winding and the arrangement of the four diodes D1-D4, generates 

a higher voltage-gain in comparison with the conventional step-up topologies. 

5.2.4 Experimental validation of the HSU comparison 

In order to validate and to have a complete understanding of the effectiveness of the 

proposed high step-up converter, a 100W prototype was constructed and experimentally 

tested. Therefore, five different circuits were tested. Therefore, four circuits were 

constructed using SiC Diodes, CoolMos, Multilayer Capacitors and four coupled-inductors 

with different turns ratios: N=1, 2, 4 and 8. Additionally, the two-phase interleaved boost 

converter with Integrated Winding Coupled-Inductor IWCI was tested as well. 

These five circuits were tested at 100V of output voltage and an input voltage between 

a range of 3.5V and 76V, in order to evaluate different conversion ratios and different duty 

cycle values. Moreover, the experimental tests were set at 100 W of output power and 100 

kHz of switching frequency. Table 5.1 shows a summary of the experimental parameters. 

Table 5.2 shows the parameters of the coupled inductors. 

Table 5.1 Experimental Parameters for the Number of Turns Comparison 

Parameter Value 

Input Voltage Vi 3.5V – 76V 

Output Voltage Vo 100V 

Output Power Po 100W 

Duty Cycle d 10%-70% 

Frequency f 100kHz 

 

Table 5.2 Inductor Parameters for the Number of Turns Comparison. 

 HSU N=1 HSU N=2 HSU N=4 HSU N=8 IWCI converter 

Number of 

turns 
N 

External: 32 

turns 

Center: 32 

turns 

External: 16 

turns 

Center: 32 

turns 

External: 8 

turns 

Center: 32 

turns 

External: 4 

turns 

Center: 32 

turns 

External: 16 

turns 

Center: 16 

turns 

Inductance L 

L1: 1.53 mH 

L2: 1.54 mH 

Lc: 1.87 mH 

L1: 380 μH 

L2: 378 μH 

Lc: 1.87 mH 

L1: 98.5 μH 

L2: 99 μH 

Lc: 1.87 mH 

L1: 25.3 μH 

L2: 25.2 μH 

Lc: 1.87 mH 

L1: 257 μH 

L2: 517 μH 

L2: 525 μH 

ESR R 

R1: 820 mΩ 

R2: 835 mΩ 

Rc: 806 mΩ 

R1: 403 mΩ 

R2: 409 mΩ 

Rc: 806 mΩ 

R1: 50 mΩ 

R2: 53 mΩ 

Rc: 806 mΩ 

R1: 29.2 mΩ 

R2: 29.1 mΩ 

Rc: 806 mΩ 

R1: 3.64 Ω 

R2: 3.77 Ω 

Rc: 670 mΩ 

Air gap Lg 
0.5 mm 

(external legs) 

0.5 mm 

(external legs) 

0.5 mm 

(external 

legs) 

0.5 mm 

(external 

legs) 

2.55 mm 

(center leg) 

Window area Aw 642 mm2 

Sectional area Acore 280 mm2 
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Consequently, Figure 5.8 shows the experimental results of the selected five circuits. 

In this figure it is possible to validate the effectiveness of the proposed high step-up two-

phase interleaved boost converter with the particular coupled-inductor. It is evident the 

difference between the voltage-gain of the conventional interleaved converter with the 

IWCI coupled-inductor and the proposed converter high step-up boost converter. 

 
Figure 5.8. Experimental Results. 

As Figure 5.8 shows, the proposed converter is more effective at duty cycles higher than 

50%. In comparison with the IWCI converter, the proposed converter with a turns ratio 

N=2 achieves an increment of 20% in the voltage-gain when it is operating at a duty cycle 

of 70%. In addition, when the converter has a turns ratio N=8 achieves an increment of 

four times in the voltage-gain when it is operating at a duty cycle of 70%. However, the 

experimental results show lower values in comparison to the ideal cases presented by the 

theoretical calculation, as it is shown in Figure 5.7. This behavior is caused by the parasitic 

resistances and inductances presented in the coupled-inductor. 

Nevertheless, even with the reduction generated by these parasitic components, the 

results revealed the effectiveness of the proposed converter in comparison to the ideal 

conventional topologies. 

5.3 Analysis of Coupled Inductor Configuration 

The HSU converter can be constructed with two different core configurations: The first 

one is the two-core coupled inductor version, which is composed of an additional winding 

LC wound on normal inductors for L1 and L2. The second one is the integrated coupled-

inductor version, which magnetically integrates the two-core coupled inductor into only 

one core. 

In this subsection, the performance evaluation of the two coupled-inductor 

configurations of the proposed converter is presented. This evaluation is conducted with 

the purpose of establishing the suitable core configuration which offers the highest 

voltage-gain. 
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5.3.1 Coupled-inductor configurations 

Two configurations of coupled inductor that achieve these features are proposed: The 

first one is the Integrated Coupled-Inductor (ICI), where the three windings are installed 

into only one EE core, in which, L1 and L2 are wound in the external legs of the EE core 

and Lc is wound in the central leg, as shown in Figure 5.2. Moreover, the external windings 

are directly coupled and an air-gap is installed in each external leg in order to suppress 

excessive DC flux induction. 

On the other hand, the second configuration is the Two Cores Coupled-Inductor (TCCI), 

where two EE cores are used in order to integrate the windings. As Figure 5.9 shows, L1 

and L2 are independently wound in the central leg of each EE core. Each of these windings 

is wound in different direction with the purpose of emulating the direct coupling of the ICI 

configuration. In addition, Lc is wound around the windings L1, L2 and the central legs of 

both EE cores, see Figure 5.9. The purpose of this approach is to obtain a magnetic 

coupling between the windings L1, L2 and Lc. 

 
Figure 5.9. Two cores coupled-inductor. 

In both configurations, there are two independent magnetic fluxes ϕ1 and ϕ2, and one 

shared flux ϕc as shown in Figure 5.10 and Figure 5.11. 

 
Figure 5.10. Magnetic flux in the integrated coupled-inductor. 
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Figure 5.11. Magnetic flux in the two cores coupled-inductor. 

5.3.2 Magnetic modeling 

With the purpose of analyzing the current behavior of each winding in both coupled-

inductor configurations ICI and TCCI, the magnetic modeling of each configuration is 

required. 

In this case, for convenience in the calculation, a general magnetic circuit model generic 

for both configurations is introduced in Figure 5.12. 

 

 
Figure 5.12. General magnetic circuit model. 

In this generic model, each magneto-motive force (N·i) is applicable for both models 

because windings L1 and L2 are directly coupled while the central winding Lc is crossed by 

both fluxes (ϕ1 -ϕ2). 

On the other hand, the magnetic reluctances of this generic model are different in both 

inductor configurations. Therefore, the magnetic reluctances of the ICI configuration are 

defined as: 

 









cmc

ema

RR

RR
 (5.25) 

where Re and Rc are defined as the reluctances of the externals and central leg, 

respectively, of the EE core of the ICI configuration, see  Figure 5.10. 

While the magnetic reluctances of the TCCI configuration can be defined as: 
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In this case, for convenience in the calculation, the reluctances of the TCCI 

configuration are defined according to the independent core used for the ICI.  

This section introduces the deriving process of the equations (5.25) and (5.26). These 

equations can be derived on the basis of the magnetic modeling of each inductor 

configuration. In fact, this modeling procedure was conducted with the purpose of 

representing both configurations with only one model. 

Figure 5.13 shows the magnetic model of the ICI configuration. 

 
Figure 5.13. ICI magnetic circuit model. 

From this model, it is possible to infer that each variable described in Figure 5.12 

corresponds to the same of Figure 5.13, as follows: 

 
ema RR   (5.27) 

 
cmc RR   (5.28) 

On the other hand, the modeling of the TCCI is more complicated. Figure 5.14 shows 

the reluctances in each core. 

 
Figure 5.14. TCCI magnetic circuit model. 

In addition, Figure 5.15 shows the equivalent magnetic circuits of each independent 

core.  
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Figure 5.15. Equivalent circuit of each independent core in the TCCI configuration. 

As Figure 5.15 shows, the equivalent circuit of each independent core of the TCCI 

configuration is simplified by the parallel of both reluctances of the external legs (Re/2) 

plus the reluctance of the central leg Rc.  

Therefore, the magnetic circuit of each independent core of the TCCI can be described 

as: 

 111
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On the other hand, for the derivation of the reluctance of the center of both cores, where 

there are both central legs and air, it is necessary to consider the base of Faraday’s law 

and Ampere’s law. Therefore, in order to satisfy Eq. (5.29) and (5.30), it is possible to infer 

that the value of Rmc, in the generic model for the case of the TCCI, has to be zero.  

Finally, as a conclusion, the reluctances of the TCCI can be defined as: 

 
2

e
cma

R
RR   (5.31) 

 0mcR  (5.32) 

In this context, the generic model of Figure 5.12 can be applied for the windings current 

calculation for both inductor configuration, having in mind that the magnetic reluctances 

are different as it was explained before. Consequently, on the base of the Faraday’s law, 

the magnetic loops of Figure 5.12 can be described as: 

  2111   mcmacca RRiNiN  (5.33) 

  2122   mcmacca RRiNiN  (5.34) 

Consequently, based on the steady-state analysis and Figure 5.5(a), the central winding 

current during Mode 1 is defined as: 
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2IIc   (5.35) 

Therefore, in Mode 1, substituting (5.35) into (5.33) and (5.34) yields: 
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Based on Figure 5.5(b), the central winding current in Mode 2 is defined as: 

 1IIc   (5.38) 

Consequently, from (5.38), (5.33) and (5.34) the current of L1 and L2 in Mode 2 is: 
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Then, taking into account the steady state analysis and Figure 5.5(c), there is no 

current flowing through the central winding during Mode 3. Thereby, it is possible to 

derive: 

   211

1
 mcmcma

a

RRR
N

I   (5.41) 

   122

1
 mcmcma

a

RRR
N

I   (5.42) 

Finally, as Figure 5.5(d) shows, there is no presence of current flowing through the 

central winding during Mode 4 and therefore the current of L1 and L2 present the same 

value of Eq. (5.41) and (5.42), respectively. 

Conclusively, and based on the windings current presented in each mode, it is possible 

to see that the current flowing through each winding has a different behavior dependent 

on the magnetic reluctance of each configuration. 

Nonetheless, the total input current, i.e. I1+I2, is always equal to Rma/Na·(ϕ1+ϕ2), 

regardless to the operating modes. This indicates that the waveform of the total input 

current is continuous because fluxes ϕ1 and ϕ2 should be continuous according to Faraday’s 

law. Therefore, the proposed converter can offer small input current ripple, although the 
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waveform of each phase current can have significant discontinuity. 

5.3.3 Experimental validation 

In order to verify the operating principle of the proposed converter, and to compare the 

effectiveness of each inductor configuration, three 100W prototypes were constructed and 

experimentally tested. 

The experimental tests evaluate the voltage-gain of the two types of coupled-inductor 

and the input current of the proposed converter. Table 5.3 shows the experimental 

parameters of the ICI and TCCI prototypes and Figure 5.16 shows the experimental setup 

of the ICI converter. 

Table 5.3 Experimental Parameters for Inductor Configuration Evaluation. 

 ICI TCCI 

Input Voltage Vi 10.1V – 80.7V 12.5V – 82.4V 

Output Voltage Vo 100V 

Output Power Po 100W 

Frequency f 30kHz 

Number of turns N 
External: 16 turns 

Center: 32 turns 

External: 16 turns 

Center: 32 turns 

Inductance L 

L1: 380 μH 

L2: 378 μH 

Lc: 1.87 mH 

L1: 210 μH 

L2: 231 μH 

Lc: 1.86 mH 

Window area Aw 642 mm2 396 mm2 

Sectional area Acore 280 mm2 247 mm2 

Volume Ve 40420 mm3 27100 mm3 each 

 

 
Figure 5.16. Experimental setup. 

These prototypes were constructed using SiC Diodes, CoolMos, Multilayer and 

Electrolytic Capacitors and the mentioned coupled-inductors with a ratio of turns of N=2. 

In fact, the third prototype corresponds to the conventional interleaved two-phase boost 
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converter which is constructed with the purpose of comparing the voltage-gain of the 

proposed converter. 

Figure 5.17 shows the experimental results of the voltage-gain of the proposed high 

step-up converter with the two configurations of coupled-inductors. This figure also shows 

the theoretical voltage-gain at N=2. In addition, the experimental voltage-gain of the 

conventional two-phase interleaved boost converter is presented as well. 

 
Figure 5.17. Voltage-gain vs. duty cycle. 

The results revealed that both prototypes of the proposed converter show a higher 

voltage-gain compared to the conventional boost chopper, particularly in duty cycles 

higher than 0.5. In addition, the voltage-gain of the integrated coupled-inductor was 20% 

higher than the two cores coupled-inductor when the converter is operating at a duty cycle 

of 80%. 

However, the experimental results present lower voltage-gain in comparison to the 

theoretical calculation; this may be caused by the parasitic resistance and the stray 

inductance in the coupled-inductor [25]. Consequently, the effectiveness of the integrated 

coupled inductor in the proposed converter is demonstrated. 

Moreover, Figure 5.18 shows the experimental waveforms of the gate-source voltage 

VGS1 and the winding current iL1 of the proposed high step-up converter with the integrated 

coupled-inductor as a validation of the operating waveforms illustrated in Figure 5.5. 

 
Figure 5.18. Winding current of the ICI prototype. 
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Based on Figure 5.18, it is possible to affirm that the winding current iL1 and its dual 

iL2 have a discontinuous behavior. However, the integration of these two waveforms shapes 

a continuous input current, as shown in Figure 5.19. 

 
Figure 5.19. Input current of the ICI prototype. 

Finally, the input current ripple iin of the proposed converter with ICI configuration 

was measured and compared with the input current ripple of the conventional interleaved 

two-phase boost converter. As a result, the proposed converter presents a normalized input 

current ripple of 8.33%, while the conventional topology has a ripple of 10%. Therefore, 

the effectiveness of the proposed converter is validated. 

5.4 Comparison of HSU converters 

With the purpose of showing the effectiveness of the proposed converter in voltage-gain 

and number of additional components, a performance comparison of the proposed 

converter with several outstanding high step-up converters that use the techniques of 

interleaving converters and magnetic coupling was conducted. In this comparison, the 

conventional two-phase interleaved converter with conventional inductors and with the 

Integrated Winding Coupled-Inductor (IWCI) are compared as well. The IWCI converter 

was selected because the coupled inductor is composed of three windings, which is similar 

to the proposed converter [23]. 

Moreover, the high step-up converters published in [24] and [25] were selected because 

they are improved topologies proposed in the recent years that offer higher voltage-gains 

than the conventional high step-up converters. These selected converters and the proposed 

converter have the similarity of the voltage-gain dependency on the turns ratio N of the 

coupled-inductor or of the built-in transformers. 

In this context, Table 5.4 shows the characteristics comparison of the mentioned high 

step-up converters. In this table, the number of components and the voltage-gains are 

evaluated. Based on the comparison of Table 5.4, it is possible to conclude that the 

proposed converter has fewer components in comparison to other outstanding high step-

up topologies. Specifically, the proposed topology offers a reduction in the number of 

magnetic cores and an addition of two diodes. Therefore, the proposed converter presents 
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a lower mass, volume and cost regarding the magnetic components. Based on this 

comparison, it is possible to infer that the proposed converter presents higher power 

density. 

Table 5.4 HSU Converters Comparison 

Converter Configuration Conversion Ratio Sw D Wind Cores Cap 
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Finally, the voltage-gain of the converters compared in Table 5.4 is plotted and shown 

in Figure 5.20. Based on this figure, it is possible to determine that the IWCI converter 

presents the same conversion ratio as the conventional boost and the interleaved boost 

converter. Nevertheless, the voltage-gain of the converter published in [24] is much higher 

than the one of the conventional interleaved boost converter and several high step-up 

converters reported in the literature. Additionally, the converter published in [25] 

presents a higher conversion ratio than the converter published in [24] due to the presence 

of a built-in transformer and some voltage clamp circuits. Finally, the proposed converter 

presents the same conversion ratio than the converter published in [25] at duty cycles 

higher than 50%. However, it is necessary to take into account that the converter 

published in [25] uses four switches, two diodes and five windings disposed in three cores, 

while the proposed converter uses two switches, four diodes and three windings disposed 

in only one core. Thereby, based on the fact that magnetic components are the greatest 

contributors to the mass and volume in DC-DC converters, it is possible to conclude that 

the proposed converter exhibits better advantages than the compared high step-up 

converters. 
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Figure 5.20. Voltage-gain comparison according to the duty cycle. 

5.5 Parasitic Resistance Analysis 

The analyzed converter presents a high voltage-gain performance, compared to the 

conventional single phase and two-phase interleaved converters. However, it is important 

to consider the parasitic effects, especially in the coupled-inductor in order to identify their 

consequences on the voltage-gain performance. Thus, the study of the equivalent parasitic 

resistance in series in the coupled-inductor and its effect on the converter behavior is 

required. 

Each component of every converter presents parasitic effects which highly affect the 

performance of the power converter and specially the voltage-gain in DC-DC applications. 

Consequently, in order to have a better understanding of the capabilities of each topology 

presented above, it is important to analyze the effect of the parasitic components in the 

voltage conversion. Figure 5.21 shows the equivalent circuit of a two-phase interleaved 

boost converter, including the parasitic components, where RS is the power source 

resistance, L is the filter inductance, RL is the resistance of the inductor’s winding (AC 

and DC), CX is the equivalent parasitic capacitance of the transistor, RDSon is the static 

drain-source on-state resistance, VF is the forward voltage of the diode, RD is the diode 

resistance, CO is the output capacitance, RC is the parasitic resistance of the output 

capacitor and Ro is the load resistance [3]. 

 
Figure 5.21. Equivalent circuit of the two-phase interleaved boost converter. 

Nevertheless, in most cases, the parasitic resistances presented in the inductor’s 

windings might produce the biggest impact to the voltage-gain [26]. Furthermore, the 

parasitic resistance of the free-wheeling diodes and the on-state resistance of the power 
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switches might be included, without loss of generality, in the value RL. Moreover, in most 

cases, the parasitic resistance of the windings is much higher than the transistor’s on-

state resistance and the diode resistance. Therefore, the transistor’s on-state resistance 

and the diode resistance are almost negligible for the voltage-gain analysis. 

5.5.1 Parasitic resistance effect 

Figure 5.22 shows the proposed high step-up interleaved boost converter with the 

parasitic resistances of the windings presented in the coupled-inductor. In this figure, 

switches  𝑆3 -  𝑆6  were replaced by four diodes 𝐷 -  𝐷4 . In addition, 𝑅L , 𝑅L  and 𝑅Lc  are 

defined as the equivalent parasitic resistance in series of each external winding and the 

central winding, respectively. In addition, for analytical convenience, the following 

equations are assumed: 

 
N

R
RRR cL

2L1LL   (5.43) 

 
2L1LL iii   (5.44) 

 
Figure 5.22. HSU converter with parasitic winding resistances. 

As a matter of fact, equations (5.43) and (5.44) are valid when the two phases are 

structurally symmetric, the windings of the external and central legs are composed of 

wires with the same cross-section and the magnetic core has the same sectional area. 
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(c) Mode 3 (d) Mode 4 

Figure 5.23. Operating modes of the converter with parasitic resistance. 

In addition, all switches in the bidirectional converter can be considered as a resistor 

in their on-state and the diodes in the step-up converter can be considered as a resistor 

based on their diode resistance. Thus, the parasitic resistance of the four diodes 𝐷 - 𝐷4 can 

be included in the value of the parasitic resistance of the central winding 𝑅Lc. In addition, 

the parasitic resistance of the power switches 𝑆  and 𝑆  can be included in the value of 

resistance of each external winding 𝑅L , 𝑅L , respectively. This assumption is made on the 

basis that the parasitic resistance presented in the windings is much higher than the on-

state and the diode resistance. 

With the purpose of understanding the high step-up operation with the effect of the 

described parasitic resistance presented in the proposed interleaved converter, steady-

state analysis is conducted. Thus, it is important to consider that the converter has four 

different operating modes corresponding to all the different combinations of the ON and 

OFF-state of the switches, as shown in Figure 5.4.  

Mode 1: As shown Figure 5.23(a), S1 is turned ON and S2 is turned OFF, where the 

current of the phase 1 i1 conducts only through the external winding L1 and its resistance 

RL1. On the other hand, the current of the phase 2 i1 conducts through L2, its resistance 

RL2, D2, D3, Lc, RLc and Co. This is possible because of a negative voltage is induced in the 

central winding and the corresponding drop voltage of RLc, as a result of the voltage applied 

to the external windings. 

Mode 2: Based on Figure 5.23(b), S1 is turned OFF and S2 is turned ON, i1 conducts 

through L1, D1, D4, Lc and Co, consequently a drop voltage appears in RL1. In addition, i2 

conducts only through the external winding L2 and its resistance RL2. Due to the positive 

voltage induced in the central winding, therefore the current flows through Lc instead of 

throughD2 and D3. 

Mode 3: As Figure 5.23(c) shows, S1 and S2 are turned OFF and i1 conducts through L1, 

RL1, D1, D3 and Co. At the same time, i2 flows through L2, RL2, D2, D4 and Co. In this mode, 

there is no current flowing through the central winding of the coupled-inductor and 

therefore there is not voltage drop due to RLc. 

Mode 4: With the base of Figure 5.23(d), S1 and S2 are turned ON, where i1 flows only 

through L1 and its resistance RL1; and i2 conducts through L2 and RL2. All four diodes do 

not operate and there is no current flowing through the central winding of the coupled 

inductor and no voltage drop in RLc. 
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Based on the operation of Mode 1 and the assumption of equations (5.43) and (5.44), 

the following equations are derived: 

 
LLiL1 RiVv   (5.45) 

 
oLcLLcLLi2L VRivRiVv   (5.46) 
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Thus, replacing equations (5.13) and (5.43) into (5.46), the next equation is obtained: 
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In addition, in the case of Mode 2: 

 
oLcLLcLLi1L VRivRiVv   (5.49) 

 
LLi2L RiVv   (5.50) 
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Therefore, replacing equations (5.13) and (5.43) into (5.49) produces:  
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In addition, the analysis for the Mode 3 is shown as follows: 

 
oLLiL1 VRivv   (5.53) 

 
oLLiL2 VRivv   (5.54) 
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Finally, for Mode 4: 

 
LLiL1 Rivv   (5.56) 

 
LLiL2 Rivv   (5.57) 
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D<50%: Based on Figure 5.4(a) and Figure 5.23, the case of duty cycles lower than 50% 

presents the operating modes 1, 2 and 3. Therefore, from (5.45), (5.49), (5.53), the output 

current analysis, and the relationship between every mode and the duty cycle, the voltage-

gain with the parasitic effect is given by: 
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D>50%: On the other hand, according to Figure 5.4(b), the case of duty radio higher 

than 50% presents the operating modes 1, 2 and 4. Therefore, from (5.45), (5.49), (5.56), 

the output current analysis, and the relation between every mode and the duty cycle, the 

voltage-gain is given by: 
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Consequently, from (5.59) and (5.60) it is possible to establish the complete voltage 

conversion performance. Therefore, Figure 5.24 shows the conversion ratio according to 

the duty cycle for the proposed converter with a number of turns ratio of N=2. 

 

Figure 5.24. Non-Ideal conversion ratio vs. Duty cycle. 

In addition, Figure 5.24 shows the comparison of a converter with different ratios of 

winding resistance and output resistance. Finally, the conversion ratio of the conventional 

boost with a resistance ratio of RL/Ro=0.01 is evaluated having into account that its 

conversion ratio with parasitic resistance effect for all the duty cycle cases is defined as 

follows [17], [18]: 
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Conclusively, the parasitic resistance in series considerably affects the voltage-gain of 

the proposed converter. However, in comparison with the conventional topologies, is 

evident the high step-up operation which presents higher voltage-gain at the same ratio 

of parasitic resistance and output load. 

5.5.2 Experimental validation  

In order to have a validation and a complete understanding of the effectiveness of the 

proposed high step-up converter and the effect of the parasitic resistance presented in the 

windings of the proposed coupled-inductor, a 100W prototype was constructed and 

experimentally tested. 

This prototype was constructed using Silicon Carbide Diodes, CoolMos transistors, 

Multilayer Ceramic Capacitors and a TDK PC40 Ferrite core with 3 windings with a 

number of turns ratio of 𝑁 = 2. The semiconductors and the capacitors were chosen due to 

its low ESR in order to reduce its effect on the voltage-gain. 

Thus, this prototype was tested with the parameters shown in Table 5.5 where four 

different loads were installed and drive at the same output power in order to have a 

constant parameter of power for convenience in the comparison. 

Table 5.5 Experimental Parameters for Parasitic Analysis of the HSU 

Resistance Ratio RL/Ro 0.0035 0.0045 0.0071 0.0106 

Load Ro 200 ohms 154.8 ohms 98.8 ohms 65.8 ohms 

Input Voltage Vi 110.3V – 8.5V 97.5V – 8.04V 78.9V-7.44V 65.5V – 7.2V 

Output Voltage Vo 140V 122.94V 98.08V 79.99V 

Output Power Po 98.98W 98.43W 98.24W 97.38W 

Frequency fsw 30 kHz 

Number of Turns N 
External: 16 turns 

Center: 32 turns 

Inductance L 

L1: 380 μH 

L2: 378 μH 

Lc: 1.87 mH 

Parasitic 

Resistance 
R 

RL1: 703 mΩ 

RL2: 699 mΩ 

RLc: 1.41 Ω 

 

In addition, the experimental parameters are arranged so that the voltage drops at the 

diodes are ignorable because the parasitic resistance of the windings is much larger. It is 

important to mention that the resistance of the semiconductor is not ignorable. But, in 
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this experiment, for simple verification of the proposed analysis, a coupled inductor with 

a great parasitic resistance was used. 

Consequently, Figure 5.25 shows the experimental results of the circuit with four loads 

in comparison with the theoretical performance of the proposed converter with  𝑁 = 2 

without parasitic resistance. Based on Figure 5.25, the effect of the parasitic resistance of 

the coupled-inductor windings in the voltage-gain performance is validated. However, it 

is evidently the difference between the conversion ratios of the conventional boost 

converter, shown in Figure 5.24, and the proposed converter with parasitic resistances. 

 

Figure 5.25. Conversion ratio tested vs. Duty cycle. 

Finally, with the purpose of validating the parasitic analysis, Figure 5.26 shows the 

experimental results of the prototype with a ratio of 𝑅𝐿/𝑅𝑜 = 0.0035 and the theoretical 

values obtained from the equations (26) and (27). In addition, the ideal performance of the 

proposed converter when there is no parasitic resistance presented in the coupled-inductor 

is shown in Figure 5.26. Therefore, it is inferred that theoretical and experimental 

waveforms have a close performance. 

 

Figure 5.26. Ideal, theoretical and tested performance with RL/Ro=0.0035. 

Finally, in order to have a better understanding of the advantages of the proposed high 

step-up converter, several efficiency tests were performed. In these tests, the ratios of 

𝑅𝐿/𝑅𝑜 , studied in the previous section, were evaluated in order to get the converter 

efficiency under the parasitic resistance effect. 

Figure 5.27 shows the efficiency experimental tests where is possible to see the 

influence of the parasitic resistances in the total efficiency of the converter; when the 

parasitic resistance increases the efficiency decreases. At the same time, when the duty 



5. High Step-Up Interleaved Boost Converter 
 

103 

 

cycle is increased the efficiency is drastically affected due to the increasing of the input 

current. 

 
Figure 5.27. Efficiency tested vs. duty cycle. 

Conclusively, in order to design a high step-up converter to be applied in EV 

applications, it is important to take into account the relation between the parasitic 

resistance of the converter and the load with the purpose of increasing the efficiency of the 

converter. 

5.6 Parasitic Analysis Comparison 

This sub-section focuses on the study and comparison of several outstanding high step-

up topologies with the potential of being applied in electric mobility. Specifically, this 

comparison evaluates the voltage-gain of the selected converters looking for a suitable 

topology capable of offering a high voltage-gain with a few additional components. In 

addition, the effect of the parasitic components of each topology on the voltage-gain is 

evaluated as well. 

For this comparative analysis, the influence of the inductors’ parasitic resistance on the 

voltage-gain is evaluated. These calculations are conducted using small-ripple 

approximation, voltage-second balance and capacitor-charge balance. 

5.6.1 Interleaved boost converter 

Figure 5.28 shows the interleaved boost converter with the parasitic resistances of the 

coupled-inductor. 
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Figure 5.28. Two-phase interleaved boost converter with parasitic resistances. 

In this context, for analytical convenience and assuming that the two phases are 

structurally symmetric and the windings are composed of wires with the same cross-

sectional area, it is possible to state: 

 
2L1LL RRR   (5.62) 

 
2L1LL iii   (5.63) 

where iL1,2 are the winding current in each phase. Then, the steady-state analysis is 

conducted where each of the four operating modes is evaluated. As a result, it is possible 

to obtain the voltage-gain with the parasitic effect as follows: 

 















2

o

L

boost

)1(
1)1(

1

DR

R
D

M  (5.64) 

Figure 5.29 shows the voltage-gain of the two-phase interleaved boost converter 

considering several values of parasitic resistance ratio between the windings and the load 

(RL/RO). The ratio RL/RO is used because it is an effective way to measure the effect of the 

parasitic resistance in general conditions, i.e. specific parameters are not required for the 

evaluation. 

 
Figure 5.29. Non-ideal voltage-gain of the interleaved boost converter. 

5.6.2 Interleaved tapped-inductor converter 

In the case of the interleaved tapped-inductor converter, the parasitic analysis is 

conducted taking into account the same assumptions of the basic interleaved boost 

converter. As Figure 5.30 shows, the tapped-inductor presents four parasitic resistances, 

where it is possible to define: 

 
21L11LL1 RRR   (5.65) 

 
2L21L2L2 RRR   (5.66) 
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Figure 5.30. Interleaved tapped-inductor converter with parasitic resistances. 

Consequently, based on the steady state analysis presented in [26], it is possible to 

derive: 
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Figure 5.31 shows the voltage-gain of the two-phase interleaved tapped-inductor 

converter when it has a tapped-inductor of N=2. It means that RL2 is twice RL1 if the 

windings are structurally symmetric and use the same wire. In addition, Figure 5.31 

presents several voltage-gains corresponding to some parasitic resistance ratios between 

the primary windings and the load (RL1/Ro). 

 
Figure 5.31. Non-ideal voltage-gain of the tapped-inductor converter. 

5.6.3 Super tapped-inductor converter 

Figure 5.32 shows the defined super single-phase tapped-inductor converter with 

parasitic resistances. Similarly to the tapped inductor converter, this topology presents 

two parasitic resistances RL1 and RL2. 
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Figure 5.32. Super tapped-inductor converter with parasitic resistances. 

Taking into account the voltage-gain derivation presented in [27], it is possible to obtain 

the voltage-gain according to the duty cycle and the parasitic resistance ratio RL1/Ro. 
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where 

 3)2(  DNA  (5.70) 

  3)2(2  DNNB  (5.71) 

From (5.69), Figure 5.33 and Figure 5.34 are plotted showing the voltage-gain of the 

defined super tapped-inductor converter when it has a tapped-inductor with N=2. Figure 

5.33 presents the voltage-gain for the parasitic resistance ratios evaluated in the previous 

subsections (0, 0.001, 0.01 and 0.1). Nevertheless, at these values, the effect of the 

parasitic resistance is quite high. Consequently, in order to see a smooth parasitic impact 

on the voltage-gain of this converter, Figure 5.34 shows the voltage-gain for much smaller 

ratios (0.0005, 0.0001 and 0.001). 

 
Figure 5.33. Non-ideal voltage-gain of the super tapped-inductor converter for RL1/Ro=0.1-0.001. 
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Figure 5.34. Non-ideal voltage-gain of the super tapped-inductor converter for RL1/Ro=0.001-

0.0005. 

5.6.4 Voltage-gain comparison 

With the purpose of comparing the effectiveness of each selected converter, a voltage-

gain comparison was made taking into account the operating principle of each converter 

described above: The interleaved boost converter, the interleaved tapped-inductor 

converter, the super tapped-inductor converter, and the IWCI high step-up converter. 

Firstly, it is evident the advantage of the magnetic coupling technique because each of 

the selected topologies uses coupled-inductors, tapped-inductors and integrated coupled-

inductors, where the common factor is the magnetic integration into only one magnetic 

core. Consequently, with the exception of the conventional boost converter, all selected 

converters have the similarity of the voltage-gain dependence on the turns ratio N of the 

coupled-inductor or tapped-inductors. 

In summary, Table 5.6 shows the characteristic comparison of the mentioned high step-

up converters. In this table, the ideal voltage-gain, the non-ideal voltage-gain (considering 

the parasitic resistances), and the number of components (switches, diodes, inductors and 

capacitors) are compared. 

Based on the ideal voltage-gain of Table 5.6, it is possible to conclude that the converters 

that offer a few additional components in comparison to the conventional interleaved boost 

converters are the tapped-inductor and the IWCI high step- up converter. Therefore, these 

converters might present lower mass, volume and cost in terms of semiconductor devices, 

magnetic and capacitive components. On the other hand, it is possible to compare the 

voltage-gain behavior of each converter as well. This comparison, presented in Figure 5.35, 

is carried out using a fair evaluation of the same turns ratio N=2. 
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Table 5.6 HSU Converters Comparison (Including Parasitic Resistances). 
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Figure 5.35. Voltage-gain comparison of the selected converters. 

Figure 5.35 shows that the super tapped-inductor converter with voltage multiplier 

capacitors offers the highest voltage-gain in comparison to the other selected converters. 

This ideal voltage-gain is much higher than the conventional boost converter and almost 

four times the voltage-gain of the IWCI and Tapped-inductor converters (for the case of a 

duty cycle of 0.9) This converter offers an outstanding performance in all the duty cycle 

range. Moreover, the IWCI high step-up converter presents higher voltage-gain than the 

tapped-inductor and the conventional boost converter, especially when the duty cycle is 

higher than 0.5. 

Nevertheless, it is necessary to take into account that the super tapped-inductor 

converter with voltage multiplier capacitors has more additional components than the 

IWCI or the tapped-inductor converters. 
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In this context, in order to have a fair and more realistic comparison of the selected 

converters, the parasitic resistance effect must be considered. Therefore, Figure 5.36 

presents the non-deal voltage-gain of the four selected converters evaluated with N=2 and 

RL/Ro=0.001 (RL=RL1 for the tapped inductors). 

 
Figure 5.36. Non-ideal voltage-gain comparison of the selected converters. 

Figure 5.36 shows a great drawback of the super tapped-inductor converter. Although 

it presents the highest ideal voltage-gain, the presence of many components and the 

location of the tapped-inductor prior the boosting and switched capacitors produces that 

the parasitic resistances deteriorate the voltage-gain. Consequently, the voltage-gains for 

duty cycles higher than 0.75 decrease rapidly. 

In addition, it is evident the outstanding voltage-gain of the IWCI converter, i.e., it 

achieves much higher voltage-gain than the other converters at duty cycles higher than 

0.75. 

From these results, IWCI converter offers suitable characteristics of high voltage-gain, 

relatively simple in its construction, and a few additional components. Therefore, it is 

possible to state that IWCI converter is a promising topology to be applied in electric 

mobility applications. 

5.7 Magnetic Flux Modeling 

This section addresses the modeling of magnetic flux in the core of the novel coupled 

inductor. This analysis is essential in order to clarify the advantages of the proposed 

converter, understand the downsizing design of the magnetic core, and illustrate the non-

triangular flux behavior that the coupled inductor presents. Moreover, these discussions 

can give a better understanding of the performance of magnetic structures with different 

magnetic flux waveforms. 

The analysis of the magnetic characteristics of the coupled inductor used for this 

particular HSU converter is conducted taking into account the magnetic circuit model and 

the operating principle. Figure 5.13 shows the magnetic circuit for the integrated coupled 

inductor, where Rme and Rmc correspond to the external and central reluctances of the EE 

core; ϕ1, ϕ2, and ϕc are the external and central magnetic fluxes, respectively; and Ne and 

Nc are the number of turns of the external and central windings, respectively. 
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Leakage fluxes are neglected in order to fully understand the effect of the additional 

central winding. In this context, magnetic fluxes can be divided into DC and AC 

components. Therefore, the magnetic flux is analyzed separately for each component. 

Additionally, as the DC flux is generated by the inductor average current, and the 

average current IDC in each phase is ideally the same, the DC flux in the first external leg 

is equal to the one in the other external leg. This flux can be calculated from the magnetic 

circuit model (Figure 5.13) as ϕDC=(NeIDC)/Rme. In addition, as the external windings are 

directly coupled, the DC fluxes in the central leg, calculated as ϕc=ϕ1-ϕ2, is equal to zero. 

Moreover, on the basis of the Faraday’s Law, applying a voltage to the inductor 

windings generates AC fluxes. Therefore, from Figure 5.13 and the operating modes 

presented in the previous sections, it is possible to deduce the AC flux equations for the 

external and central legs in the case of D<0.5 as follows: 

 

Table 5.7 Winding voltage and AC flux equations when D<0.5 
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Where N is the ratio between the number of turns of the central winding to the external 

winding (N=Nc/Ne). From these equations, and taking into account the possible values of 

D and N, it is possible to point out that there are two possible shapes of AC flux in the 

external legs at D<0.5. After making a mathematical analysis of each shape, it was 

possible to conclude that the existence of each shape depends on the condition N-D(1+2N). 

Therefore, the duty cycle and the turns ratio influence the flux shape at D<0.5. Figure 

5.37 shows the slope of the flux at D<0.5 taking into account the condition N-D(1+2N).  

 

  
(a) N-D(1+2N)<0 (b) N-D(1+2N)>0 

Figure 5.37. External legs flux waveforms (D<0.5). 
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The condition N-D(1+2N) (defined as a flux factor that affects the flux density) is plotted 

in Figure 5.38. 

 

Figure 5.38. Flux factor N-D(1+2N). 

 

As seen in Figure 5.38, as most of the possible combinations of N and D are above the 

plane “zero”, these combinations produce a non-triangular flux waveform. A triangular 

flux waveform is only guaranteed at duty cycles near 0.5. Also, it is possible to point out 

that at low turns ratios N, the range of duty cycles, where a triangular waveform is 

guaranteed, is increased. 

Considering this behavior and the voltage gain presented when the duty cycle is lower 

than 0.5 [28], it is confirmed that this converter has very different operating conditions 

when the duty cycle is lower or higher than 0.5. 

As it is known, from Faraday’s law, the winding voltage is proportional to the magnetic 

flux variations and the number of turns. In the same way, the winding currents are 

dependent on the magnetic reluctances, the number of turns, and the magnetic flux. 

Consequently, knowing the possible shapes of the magnetic flux and the issues that 

influence these shapes, the designers can have more criteria that may be helpful for 

choosing the suitable operating point based on their requirements. 

On the other hand, the AC flux equations for the case of D>0.5 are presented as follows: 

 

Table 5.8 Winding voltage and AC flux equations when D>0.5 
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Based on these equations, the waveform of the AC fluxes in the external legs at D>0.5 

is shown in Figure 5.39. 

 

 
Figure 5.39. External legs flux waveform (D>0.5). 

 

Now, considering the AC flux in each external leg, it is possible to calculate the AC flux 

through the central leg. Figure 5.40 shows the waveforms of the AC flux in the central leg 

for both duty cycle cases. 

 

  
(a) D<0.5 (b) D>0.5 

Figure 5.40. Central leg flux waveforms. 

 

Finally, using the DC and AC fluxes, the peak flux equations can be calculated as 

follows: 

 
s

e

i

me

DCe
epeak DT

N

V

R

IN

2
  (5.72) 

 
s

e

i
Dcpeak DT

NDNN

V

))21(1(2
5.0


  (5.73) 

 
s

e

i
Dcpeak DT

N

V

2
5.0   (5.74) 

 

s
i

2
DT

N

V

e

s
2

T
D



2

sT

2

sT


0
t

 te

s
i

2
DT

N

V

e



s
2

T
D

s
))21(1(2

DT
NDNN

v

e

i



s
2

1
T

D


2

sT

2

sT


0
t

 tc

s
))21(1(2

DT
NDNN

v

e

i




s
2

T
D

s
4

12
T

D 


2

sT

2

sT


0
t

 tc

s
2

1
T

D

s
2

DT
N

v

e

i

s
2

DT
N

v

e

i



5. High Step-Up Interleaved Boost Converter 
 

113 

 

With the derivation of the peak flux, the design of the inductor based on the maximum 

magnetic flux allowed by the selected core can be conducted, as well as the core size and 

the downsizing analysis can be addressed. 

5.7.1 Validation 

In order to validate and to have a better understanding of the effect of magnetic 

integration on HSU DC-DC converters, a 1kW circuit of the analyzed converter was 

simulated in PLECS. This circuit was simulated with a turns ratio of two, 200V of output 

voltage, and an input voltage between the range of 20V and 152V, in order to evaluate 

different conversion ratios and different values of duty cycle. In addition, the simulations 

were set at 1 kW of output power and 30 kHz of switching frequency. Figure 5.41 shows 

the schematics of the simulated circuit. 
 

 

Figure 5.41. Simulated circuit. 

 

Figure 5.42 and Figure 5.43 present the simulated waveforms for both duty cycle cases. 

In each figure, winding currents, magnetic fluxes, and gate signals are provided. Figure 

5.42 shows the non-triangular flux waveform at D=0.27. With these waveforms, the 

analysis presented above is validated because the simulations present the same shape of 

the modeling theory. 
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Figure 5.42. Simulation results at D=0.27 (D<0.5). 
 

 

Figure 5.43. Simulation results at D=0.8 (D>0.5). 

 

Finally, experimental tests of a 1kW prototype were conducted. Figure 5.44 shows the 

measured gate-source voltage and one of the winding currents. In addition, Figure 5.44 

shows the simulated currents at the same duty cycle of the measurements in order to see 

the validation. 
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(a) Experimental (b) Simulated 

Figure 5.44. Experimental and simulated waveforms. 

5.8 Conclusions 

A novel high step-up two-phase interleaved boost converter with a particular coupled-

inductor was evaluated in this section from different point of views. First, the circuit 

configuration and the operating principle were presented as the base of the steady-state 

analysis where it was possible to calculate the voltage-gain performance of the analyzed 

converter.  

Second, two different configurations of coupled-inductor were evaluated. A performance 

comparison was conducted to evaluate the effectiveness of the integrated coupled-inductor 

in comparison to the two cores coupled-inductor. The integrated coupled-inductor was 

found to exhibit a voltage-gain 20% higher than the two cores coupled-inductor when the 

converter is operating at a duty cycle of 80% and a ratio of turns of 2. In addition, the 

proposed converter offers a reduction of the input current ripple in comparison to the 

conventional interleaved boost converter. 

Third, a parasitic analysis of the proposed converter was conducted. It was found that 

the voltage-gain is reduced when the parasitic resistance is increased. In addition, it was 

found that the parasitic resistance affects largely as the ratio of the number of turns in 

the integrated magnetic component in the proposed converter increases and particularly 

when the duty cycle is larger than 0.5. However, its voltage conversion ratio is higher than 

the conventional topologies. Finally, efficiency experimental tests were conducted and it 

was found that the efficiency decreases when the parasitic resistance increases. 

Fourth, the voltage-gain of four outstanding high step-up converters that are promising 

to be applied in electric mobility applications was presented. This study is performed on 

the base of the operating principle of conventional two-phase interleaved boost converters 

with coupled-inductors, which integrate the techniques of interleaving phases and 

magnetic integration. These techniques have been reported as effective to downsize power 

converters and therefore to be applied in EV applications. From the comparative analysis 

of the selected topologies, it was possible to conclude that the converters that offer the best 
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relative performance in terms of a few number of components are the tapped-inductor and 

the IWCI high step-up converters. It was also found that the super tapped-inductor 

converter with voltage multiplier capacitors offers the highest ideal voltage-gain in all the 

duty cycle range. In addition, IWCI converter offers higher voltage-gain than the tapped-

inductor and the conventional boost converters. 

However, once the parasitic effects are considered, the super tapped-inductor presents 

a considerable voltage-gain reduction, making it comparable to the other topologies.  And 

at high duty cycles, its voltage-gain becomes smaller than the other converters. Moreover, 

the IWCI converter presents a quite outstanding operation at D>0.75 offering the highest 

voltage-gain in comparison to the selected converters. 

Fifth, the magnetic flux of the coupled inductor was modeled as well. As a result, it was 

found that the coupled inductor exhibits a non-triangular flux waveform when the duty 

cycle is lower and close to 0.5. In addition, the peak magnetic fluxes on the external and 

central legs were derived. These models are the base for the design and downsizing of the 

coupled inductor. Moreover, these results can be a guide for magnetic and electrical 

characterization of different high step-up converters. 

Finally, taking into account the evaluation of number of components, ideal and non-

ideal voltage-gain of the compared topologies, it is possible to conclude that the IWCI 

converter, proposed by the authors, is a suitable combination between high voltage-gain 

and number of components, and thereby it is a promising topology to be applied in electric 

mobility applications. 

Taking into account the advantages of the proposed converter in terms of voltage-gain 

and number of additional components, it is possible to conclude that it is a promising 

topology for renewable energies and electric vehicles applications when a high conversion 

ratio and high power density are required 
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6. Conclusions 

Integrated magnetics is an outstanding technique capable to be applied to power 

converters in order to achieve high power density performance through the downsizing of 

magnetic components by the integration of several windings into only one core.  Therefore, 

in this document, magnetic integration was studied for those applications where non-

isolated DC-DC converters are required. Specifically, it was expected that this technique 

helped tackle three specific issues of the power converters aimed to be applied to electric 

mobility applications: 1. Low power density, i.e., high mass and large volume of the electric 

systems. 2. Low efficiency. And, 3. Low voltage gain. 

This document addressed these issues by proposing a study of several non-isolated DC-

DC converters, mainly most of them proposed by the author. 

Chapter 2 presented a volume modeling methodology of four DC-DC converter 

topologies, combining geometry sizing, inductor modeling, power loss evaluation, and heat 

sinks modeling of conventional and next-generation devices. With this analysis, the power 

density of several topologies with magnetic integration were evaluated. Moreover, a novel 

approach to increase the efficiency was presented (the Short-Circuited Winding). 

Chapter 3 presented a novel single-phase recovery-less boost converter with saturable 

inductors. In addition, the interleaved two-phase recovery-less converter was proposed as 

well. These two topologies that use the concept of magnetic integration were studied for 

their capability to increase the efficiency by reducing the reverse recovery phenomenon. 

Chapter 4 showed a novel high step-down two-phase interleaved buck converter with a 

particular coupled-inductor. This coupled-inductor integrates three windings into only one 

core offering the characteristic of a high step-down conversion ratio. 

Finally, chapter 5 presented an analysis of the novel high step-up two-phase 

interleaved boost converter with a particular coupled-inductor from different point of 

views: Evaluation of two arrangements of coupled-inductor, comparison with other high 

step-up converters, derivation of voltage gain with parasitic components and the 

comparison with non-ideal voltage gains of other converters. 

From these analyses of several converters, it is possible to conclude that magnetic 

integration technique is a powerful technique capable of dealing with the issues mentioned 

above for high demanding applications like renewable energies or electric mobility. 
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