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Abstract 

 I 

Abstract 

This thesis is to examine the energy handling in DC-DC converter systems.  

The management of the energy in terms of energy factor is the core area of the 

examination.  The theory derived is extended to the family of DC-DC power 

converters from which the efficiency and its implication in power factor as that in the 

AC counterpart are studied. 

The main purpose of this thesis is the extension of the understanding of the 

energy handling in power converters.  The conventional AC power factor is a start 

point.  Its exploration to DC system, mainly the DC-DC power converters are 

thoroughly done.  There are a number of new concepts that have been explored.  

These include the variation energy factor, non-active energy and non-active power. 

Besides the classical switched-mode power converters, the tapped-inductor 

converters are used as examples of study in their energy handing. Systematic 

formulations indicated energy handling have been obtained for the converters. 

Five main aspects of works carried out in this thesis have been clarified below. 

A series of novel concepts such as Energy Storage (ES), Energy Factor (FE), 

Buffer Energy (EB) and Buffer Energy Factor (FEB) are reviewed and presented to 

quantitatively describe the energy behaviour in DC-DC converters. Energy storage 

and energy factor are used to represent the amount and ratio of energy stored in 

DC-DC converters during operation. Buffer energy and buffer energy factor are used 

to evaluate the variation of energy storage in DC-DC converter. Explicit definitions 

of these energy-related concepts have been also presented. Formulations of these 

concepts have been deducted for inductor, capacitor and transformer in various 

DC-DC converters.  

The definitions of buffer energy and buffer energy factor are further extended on 

the basis of theory of non-active power. Through the extended definitions buffer 

energy and buffer energy factor can be applied not only to DC systems but also to 

AC systems. The correlations and distinctions among buffer energy and reactive 
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energy, buffer energy factor and power factor have been clarified. 

On the basis of energy factors and buffer energy factors, comparison study has 

been carried out for basic topologies of DC-DC converters. Useful results for design 

of DC-DC converter have been obtained. The correlations between efficiency and 

buffer energy factor are also presented. In general, efficiency of DC-DC converter 

decreases when buffer energy factor increases. 

Tapped-inductor converters have been researched carefully by this thesis. A 

number of special topologies of tapped-inductor converters have been explored. 

Static performances of tapped-inductor Boost converter have been examined. 

Comprehensive comparisons between tapped-inductor Boost converter and 

conventional Boost converter have been carried out. The comparisons include stress 

of components, efficiency, energy factors and buffer energy factors. Experimental 

results reveal the superiority of tapped-inductor converter over their conventional 

counterpart on the occasion of large voltage conversion ratio. Tapped-inductor 

converter is the promising single-stage high-efficiency choice for future DC 

distribution systems. Experimental results reveal the main drawbacks of 

tapped-inductor converter including spike and power loss caused by non-ideal 

coupling of tapped inductor. 

Compared with conventional Boost converter, the design of closed loop 

controller for tapped-inductor converter is more challenging. This thesis has 

researched the buffer energy factors during transient time. The design of controller 

for tapped-inductor Boost converter has been studied. The application of one famous 

energy-based control method: passivity-based control to tapped-inductor Boost 

converter has been researched. The overall performances of control are analyzed. 

The comparison between peak-current mode control and passivity-based control has 

been carried out through theory and experiment. These researches can provide useful 

references for the controller design of tapped-inductor DC-DC converters.  
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Chapter 1  Introduction 

This chapter firstly introduces the background and motivation of the thesis. 

Then the literatures in the field of the research topic of the thesis are reviewed. 

Lastly the structure of the thesis is presented. 

1.1 Background and motivation 

1.1.1 Efficiency requirements 

Efficiency is one of the main concerns for all power electronics systems. 

Nowadays everyone has to face the challenge of increasingly severe energy crisis. 

There are mainly two ways to solve this problem. One is to develop new energy 

sources, especially renewable and green energy sources, such as wind power, solar 

energy, tide energy and biomass energy. Another way is to increase the efficiency of 

energy utilization. In terms of power converters, because of their wide applications, 

the small increase in efficiency of each converter can cause significant reduction of 

total energy loss in the world. Many organizations have specified the requirements 

on efficiency for DC power supply through various standards and guidelines. In 

recent years, the standards for efficiency of power supply have been tightened by 

many organizations. For example, Energy Star Tier II standard has specified the 

efficiency for external power supply with power level above 49W should be higher 

than 87%[1]. 80Plus specifies in its silver-level standard on 230V input power supply 

such that the efficiency under 20%, 50% and 100% load should be higher than 85%, 

89% and 85%, respectively[2]. In China, the standard of High Frequency 

Switch-mode Rectifier for Telecommunications specifies that the efficiency of 

rectifier (48V DC output) with power level above 1500W should be higher than 90% 

[3]. Improvement of efficiency is one of the main objectives for industrial power 

converters. At present, some product of communication power supply with 3kW 

power level can reach the efficiency over 95%. 

 

1.1.2 Methods to improve efficiency 

Both research institute and industry endeavor to improve the efficiency of 

power converters. The main measures include soft switching technology, 

improvement of topology and optimization of magnetic design. To improve 
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efficiency is equivalent to reduce power loss. Generally, power loss of switching 

devices in converters is divided into two kinds: switching loss and conduction loss.  

The evolution of soft switching technology is a milestone in the development of 

power converters [4-12]. It significantly reduces the switching loss of converters and 

raises the frequency of converters to a higher level. In recent years soft switching 

technologies have obtained great development. It now includes many modes of 

converters such as phase-shift resonant, quasi resonant, series resonant, parallel 

resonant, series parallel resonant and multi-resonant. Special attention should be paid 

on the LLC resonant topology. It has become the mainstream topology in the product 

of communication power supply (48V output) [13-17].  

The reduction of conduction loss depends on the innovation of switching 

devices. Trench technology [18-20] reduces the saturation voltage drop of IGBT. 

Super junction CoolMOS technology can reduce on-state resistance (Rds(on)) of 

MOSFET substantially [21-27]. Recently the materials SiC and GaN have been used 

in the evolution of new ages of power switching devices. These new materials also 

help to decrease conduction loss, as well as switching loss of switching devices. 

1.1.3 A special kind of Loss: ripple loss 

There is an important phenomenon has not been paid enough attention. That is 

the power loss caused by ripple of voltage and current. This kind of power loss 

depends on the energy-storage components. For example, current ripple of inductor 

will induce extra RMS copper loss to components in the circuit. Moreover it is the 

source of magnetic hysteresis loss of inductor (Core loss). The loss caused by current 

ripple of inductor is severe under discontinuous conduction mode (DCM). In terms 

of transformer, although it often does not significantly store energy as the inductor, 

its magnetizing current exists in the form of ripple variation which also causes extra 

copper loss and core loss to the circuit. The voltage ripple of capacitor is in fact 

caused by the ripple current during charge and discharge. The ripple current of 

capacitor is one of the main sources of power losses on the equivalent series resistor 

(ESR). It is meaningful to research the ripple of DC-DC converters under different 

topologies and different parameters of components. 

From the perspective of energy, ripple of current or voltage is in fact the 

variation of stored energy of energy-storage components (inductor, capacitor and 
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transformer). During the operation of power converters, the ripple is to provide 

temporary energy storage in order to activate the power conversion. This is the 

intrinsic property of switching power converters. It is also the root of ripple of 

current or voltage. The average energy storage has important effect on the size or 

power density of converters. The bigger the energy storage, the larger the size of 

power supplies. On the other hand, the variation of energy storage brings ripple of 

current or voltage which causes power loss and reduces efficiency of converters. 

Moreover, it is one of the main sources of EMI of power converters. These two 

aspects of energy both have great significance on the quality of power converters. 

This thesis proposed two concepts: Energy Storage and Buffer Energy to describe the 

two aspects of energy in DC-DC converters. 

1.1.4 Energy storage and energy factor of DC-DC converter 

Energy stored in reactive components of power converters is the basic and 

necessary method for power conversion. The energy is temporarily stored and 

delivered to the output stage or other terminals periodically subjected to the 

switching frequency. This inherit property has not been explored thoroughly to 

DC-DC converters. Especially the characteristic of storage energy with aspects to the 

power throughput under different converter operation parameters has not been 

discovered fully. In this thesis, the concept of energy factor has been introduced and 

illustrated in detail. Comparative research of energy factors of different topologies 

under different circuit parameters has been carried out. 

1.1.5 Non-active power, Buffer energy and Buffer energy factor for 

DC-DC converter 

Are there “reactive power” and “power factor” for DC power system? It is well 

known that reactive power and power factor play important roles in the analysis of 

AC power system. In AC power grid, improper handling of reactive power will cause 

the voltage of some nodes deviated from normal value seriously. Power factor 

reflects the efficiency of energy transmission.  

During the operation of DC-DC converter, a portion of energy absorbed from 

front-end power supply is stored in the converter during the on-state of switching 

devices and such energy is delivered to the load during off-state. This portion of 

energy can be viewed as “non-active energy”. The time derivative of non-active 



Chapter 1 Introduction 

 4 

energy is the “non-active power”. The “non-active power” is counterpart of the 

conventional concept of reactive power which is originally developed only for 

sinusoidal AC system. Non-active power of DC-DC converter can cause extra loss to 

the converter, e.g. core loss of inductor and ripple loss on other components 

mentioned above. 

Recently, DC distribution system and micro grid attract much more interests. 

More and more renewable energy sources and DC power loads are connected to 

power grid. For a long time, DC power transmission has been considered as less 

reactive power handling and higher stability. However, in DC distribution system, 

equipment of DC power source and load contain lots of switching devices and 

energy-storage components including inductors and capacitors. DC ripple voltage 

and current will produce “non-active power”. Like reactive power in AC system, 

non-active power will also cause power loss to DC distribution system, pollute the 

power network and degrade the performance of front-end power supply. 

Classical concepts of reactive power and power factor cannot be applied directly 

to the evaluation of the non-active power of DC-DC converters. It is necessary to 

develop an alternative method to measure the effectiveness of the power handled by 

DC-DC converters. New concepts are needed to investigate the non-active power and 

energy process in DC-DC converters. 

Following the reactive power and power factor defined for AC system, this 

thesis proposed a series of novel concepts to describe the energy variation in DC 

systems. The concepts include: non-active power, buffer energy and buffer energy 

factor. The significances of these novel concepts have been illustrated in this thesis. 

1.1.6 Tapped-inductor DC-DC converters 

In recent years, DC distributed system gains significant interests in research. 

The benefit of the DC distribution over the AC distribution has been presented by 

many researchers [28-35]. Compared with AC distribution, DC distribution has been 

shown to be more efficient and provided good power quality in a distribution system. 

DC distribution allows the flexibility of merging many energy sources [32]. 

Small-scale DC distribution systems applied in industry includes data centre, 

vehicles (ship, airplane), charging station and so on. 

In DC distribution system, the interconnections between energy sources and DC 
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buses, as well as DC buses and loads are implemented by DC-DC converters. To 

reduce power loss, high-efficiency single-stage DC-DC topologies are preferred. For 

the applications which need very high/low voltage gain without isolation 

requirement, the tapped-inductor DC-DC converter provides an attractive choice. For 

example, energy sources such as photovoltaic and fuel cell have low output DC 

voltage. The energy storage components such as battery cell and super capacitor can 

also provide low-voltage output effectively. Step-up converter with high voltage gain 

is required to connect these systems to the high voltage DC bus. Conventional 

single-stage Boost converter has very low efficiency under extreme high voltage 

conversion ratio. At these occasions, tapped-inductor Boost converter provides a 

high-efficiency and low-cost choice. 

Tapped-inductor DC-DC converters extend the application of its traditional 

counterparts. For these applications, unlike conventional DC-DC converter, 

tapped-inductor converter can avoid the duty ratio falling into extreme range to 

achieve very high/low voltage gain through controlling the tapped turns ratio of 

windings. The key feature is the efficiency and reliability is improved in the 

applications of extreme voltage gain. 

Although lots of work on tapped-inductor converter has been carried out 

previously [36-54], the comparison in detail between tapped-inductor converter and 

conventional converter does not appear in literatures. Moreover, the energy 

behaviour of tapped-inductor converter has not been clarified. The non-active power 

of tapped-inductor converters and its impact on DC distribution system have not 

been examined too. 

Chapter 4 of this thesis uses tapped-inductor Boost converter as the example to 

illustrate the energy storage, energy factors, buffer energy and buffer energy factors 

of tapped-inductor converters. The basic principles of operation of tapped-inductor 

DC-DC converters are reviewed. Then detailed comparisons between 

tapped-inductor Boost and conventional Boost are carried out, which include the 

comparison of voltage gain, component stress and efficiency. Experimental results 

present solid verifications to the analysis of performance of tapped-inductor Boost 

converter. Similar methods can be extended to other tapped-inductor DC-DC 

converters. 
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1.1.7 The function of energy in building of control strategy for 

DC-DC converters 

Like switching device and topology, control is also one of the important aspects 

of power electronics technology. Although PID control is still the mainstream in 

industry application nowadays, but nonlinear control technologies will be more 

widely applied to DC-DC converter because of the continuous improvement of 

digital signal processor (DSP) and Analog to Digital (AD) sampling technology. The 

continuous reduced cost, increased speed and complicated function handling of DSP 

and AD chip are the preferred factors to promote digital realization of nonlinear 

control algorithms of DC power conversion. 

In terms of DC-DC power converters, PID controller provides an easy way to 

carry out the closed-loop operation of power converter [55-58]. There are systematic 

theory and successful experience for the PID controller design. PID controller can be 

implemented by low cost analog IC (integrated circuit). But the theories of classical 

PID compensation are mainly focused on the linear model of plant. In fact DC-DC 

power converters are highly nonlinear systems. To apply PID controller into DC-DC 

converter, it is necessary to make an approximate linearization around the static 

operating point. The well designed PID controller can achieve good performance in a 

certain range around the predetermined static operation point. Usually this range 

cannot be very wide. Outside this range the preset PID controller will degrade and 

cannot assure stability. 

Based on the original nonlinear model, nonlinear control algorithms provide 

alternative ways to implement closed-loop operation of DC-DC converter. Nonlinear 

controller can provide global asymptotical stability and can still achieve good 

performance under a large signal disturbance.  

Energy plays a key role in the formation of nonlinear control algorithms. 

According to Lyapunov’s second method for stability, if a positive energy function 

can be found for a dynamic system, and the energy function decreases with time, 

then this dynamic system is stable. The difficulty to apply the Lyapunov’s second 

method is to find an energy function, especially for nonlinear systems.  However if 
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we can utilize the real energy stored in physical systems to shape the energy function, 

things may be simplified. Although the energy function in Lyapunov indirect method 

is often not necessarily related to real energy, physical energy sometimes can provide 

an intuitional choice for the energy function. 

In fact some nonlinear control methods for DC-DC power converters are exactly 

based on physical energy stored in inductors and capacitors [59-68]. Passivity-based 

control (PBC) is the most famous one of such kind of control methods. The basic 

idea of PBC is to utilize the intrinsic dissipation of nature system and control the 

injected energy to drive the energy stored in a system to the desired level. In the last 

ten years passivity-based control gains a great development and wide applications. It 

also extends into the field of control of power conversion [67-77]. But the 

application of PBC are mainly concentrated in classical DC-DC converters, such as 

Buck, Boost, Buck-Boost, phase-shift full bridge converter, and so on. Along with 

the rapid development and application of micro grids and DC distribution systems, 

Tapped-inductor DC-DC converter will play an important role because of its virtue 

of wide conversion ratio, high efficiency and simple structure. It is necessary to 

research the application of PBC to provide an alternative control method for the 

Tapped-inductor DC-DC converters. 

Most of the previous researches on tapped inductor are mainly focused on the 

static performance. The research of closed-loop operation of Tapped-inductor 

converter especially applying modern nonlinear control into Tapped-inductor 

converter has not been explored enough. Compared to classical DC-DC converters, 

Tapped-inductor DC-DC converter exhibits different characteristics which bring new 

challenges to the design of controller. During the operation of Tapped-inductor 

DC-DC converter, the current of inductor has more than one level. The number of 

levels can be increased by adding taps. Then the freedom of control can be increased. 

Because of the discontinuity of inductor current, the mathematical model of 

conventional converter is invalid for the Tapped-inductor converter. However, 

although the current changes suddenly at the instant of switching of taps, the mmf 

and energy must be continuous. That means the magnetic flux and magnetizing 

current of the tapped inductor are continuous. This point can be used to build new 

models for the control of converter with tapped inductor. 
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The Chapter 5 uses passivity-based control to implement closed-loop operation 

for Tapped-inductor Boost converter. The models of Tapped-inductor Boost converter 

are elaborated in detail. The overall performances of control are analyzed. 

Comparisons among peak-current mode control, sliding mode control and 

passivity-based control are carried out. 

1.2 Literature review 

1.2.1 Review on the origin of concept of energy factor 

When the keyword “energy factor” is searched on Google, lots of explanations 

will be presented. The explanation from Wikipedia is: “An energy factor (EF) is a 

metric used to compare energy conversion efficiencies of appliances or equipment” 

[78]. The most common application of energy factor exists in the field of water 

heater. The words for energy factor from U.S. Department of Energy are: “Use the 

energy factor to determine the energy efficiency of a storage, demand (tankless or 

instantaneous), or heat pump water heater”, “The energy factor (EF) indicates a water 

heater's overall energy efficiency based on the amount of hot water produced per unit 

of fuel consumed over a typical day”, “The higher the energy factor, the more 

efficient the water heater. However, higher energy factor values don't always mean 

lower annual operating costs, especially when you compare fuel sources”. The 

organization of Energy Star has ruled on the energy factor in its “Residential Water 

Heaters Key Product Criteria”. For example, it rules that: for the water heater with 

type of high-efficiency gas storage, the energy factor must be bigger than 0.67. 

Energy factor is also applied to compare the efficiency of clothes washer.  For the 

clothes washer, Energy Star presents the definitions of energy factor (EF) and 

modified energy factor (MEF). “EF” is the quotient of the capacity of the clothes 

container, C, divided by the sum of the machine electrical energy for the mechanical 

action of a cycle, M, and the water heating energy required for a cycle, E. “MEF” is 

the quotient of the capacity of the clothes container, C, divided by the total clothes 

washer energy consumption per cycle, with such energy consumption expressed as 

the sum of the machine electrical energy consumption, M, the hot water energy 

consumption, E, and the energy required for removal of the remaining moisture in 

the wash load, D. Generally speaking, energy factor is often used to represent the 

ratio of useful quantity of work to input energy. 

http://www.energysavers.gov/your_home/water_heating/index.cfm/mytopic=12980
http://www.energysavers.gov/your_home/water_heating/index.cfm/mytopic=12820
http://www.energysavers.gov/your_home/water_heating/index.cfm/mytopic=12820
http://www.energysavers.gov/your_home/water_heating/index.cfm/mytopic=12840
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In the field of electrical engineering, the concept of energy factor has been put 

forward and introduced as stored energy ratio and indicated the implication in 

efficiency and control by Cheng [79] and Luo [63].  

The first goal of this thesis is to describe and clarify the energy behaviour of DC 

systems, especially DC-DC converters, by introducing a series of novel concepts. 

Some scholars have initiated this work. Lawrenson has proposed a goodness factor 

for switched reluctance motor (SRM) to express the ratio of active power processed 

by SRM[80]. In reference[80], stored energy and co-energy are defined for switched 

reluctance motors. References [81-83] elaborate the concept of DC power factor and 

use such definition in the analyses of SRM. In these papers the power factor of a 

machine system can be examined through operating parameter and switching angle. 

Similar concepts for DC-DC converters were firstly put forward in references [63, 79, 

84, 85]. References [63, 85] propose the concepts of Stored Energy and Energy 

Factor. The stored energy means the energy stored by DC-DC converters during 

operation. Energy factor indicates the ratio of the stored energy to the output energy. 

In these papers Luo applied the stored energy and energy factor to the modeling and 

control of DC-DC converters. On the other hand, it is noticed that the stored energy 

of DC-DC converter oscillates all the time during operation, the concepts of 

Variation of Energy Storage (VES) and Maximum Storage Energy Factor (MSEF) for 

DC-DC converters have been introduced in Ref. [79] by Cheng. The VES is defined 

as the difference between the maximum energy and minimum energy stored in the 

inductor or capacitor of DC-DC converters during one cycle under steady state. 

MSEF is defined as the ratio of the VES to the input energy of the whole circuit in 

one cycle. In papers [79, 84], Cheng investigates the characteristics of variation of 

energy storage for some basic DC-DC converters and their isolated version, and 

points out the relation between efficiency and variation of energy storage. All the 

above concepts around energy proposed by the above scholars provide new 

measurements on the performance of DC-DC converters. However their concepts 

and definitions cannot provide enough information of non-active power in DC-DC 

converters, and can only be applied to DC-DC converters instead of all electrical 

systems. 
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1.2.2 Extension of reactive power and power factor 

As mentioned before, the concepts of active power, reactive power and power 

factor are very important for the analysis for AC electrical systems. Active power is 

the average value of instantaneous power. It is defined on the basis of balance of 

physical energy. In pure sinusoidal AC system, reactive power is the remaining 

portion of power flow after being averaged over a complete cycle of AC waveform. 

Along with the widely use of electronic devices and nonlinear loads, the original 

definition of reactive power meets challenges in the field of compensation for 

reactive power. So many scholars have attempted to revise and improve the 

definition of reactive power to make it fit for the application of compensation[86-94]. 

These improvements of reactive power are mainly based on time-domain or 

frequency-domain method.  

Early in 1930, Fryze has proposed that the input current can be divided into two 

orthogonal components. One is in phase with the input voltage and has the same 

shape of waveform as that of input voltage. It is called the active component as it is 

responsible for the supply of the active power P. Another component is obtained by 

subtracting the active component from the main input current and is called reactive 

component as it when multiplied by rms value of voltage would give the reactive 

power. References[88, 89, 92] extended the Fryze’s theory. 

The above theories about reactive power are all developed for the problem of 

compensation for reactive power and to improve power factor. Nowadays power 

electronic devices are widely used in power control. The electrical systems include 

power electronic devices are usually nonlinear systems, which means the currents 

may include lots of harmonics. It is necessary to develop a concept to depict the 

energy process in such power systems including power electronics devices especially 

in dc power converters. Some novel concepts such as energy storage, variation of 

energy storage and energy factor to depict the power phenomenon in dc converters 

have been proposed by previous scholars[63, 79, 84, 85]. But the research on these 

concepts is not deep enough. Systematic analysis and comparisons of different 

topologies of DC converter is lacking. The original definitions for these novel 

concepts are not generous and can be only applied on DC-DC converters but not all 
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electrical systems. This thesis extends the concepts proposed in refs. [63, 79, 84, 85] 

based on the decomposition of current. The gap between the application of these 

concepts in ac and dc systems is completed by the theory of energy factor developed 

in this thesis. 

1.2.3 Review of works on Tapped-inductor DC-DC converter 

Tapped-inductor DC-DC converter has the potential to be widely applied in DC 

distribution system as the interface between DC bus and point of load (PoL). 

Tapped-inductor technology provides a simple and feasible method to extend the 

voltage ratio. Previous scholars have explored this feasibility. In refs.[39, 45, 47, 52] 

D. A. Grant etc. proposed a classification scheme to categorize the topologies of 

Tapped-inductor converter. Their scheme systemically and logically lists many 

possible circuit variants of basic Tapped-inductor converter derived from Buck, 

Boost and Buck-Boost converter. In [95] K.W. Cheng explored the Tapped-inductor 

converters derived from the topologies Quadratic Buck, Cuk, switch-capacitor Buck 

and so on. One of the main drawbacks of Tapped-inductor converter is high voltage 

spike on the transistors during switching transition. This spike is caused by not full 

coupling of the tapped inductor. To overcome this problem, many kinds of snubbers 

and soft switching technologies are proposed[44, 49, 51, 96-98]. The critical mode 

operation is investigated in [37, 49, 96, 99]. The modeling and control of 

Tapped-inductor converter is also investigated primarily in Refs [43, 46]. Although 

lots of work on Tapped-inductor converter have been carried out previously, the 

comparison in detail between Tapped-inductor converter and conventional converter 

does not appear in literatures. Most of the above researches on tapped inductor are 

mainly focused on the static performance. The research of closed-loop operation of 

Tapped-inductor converter especially applying modern nonlinear control into 

Tapped-inductor converter has not been explored enough. 

1.2.4 Review of works on control methods based on energy storage 

Switching device, topology and control form the three main aspects of power 

electronics technology. Although PID control is still the mainstream in industry 

application nowadays, but nonlinear control technologies will be much widely 

applicable to DC-DC converter because of the continuous improvement of digital 

signal processor (DSP) and Analog-to-Digital (AD) sampling technology. 
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The theories of classical PID compensation on DC converters are mainly based 

on the linearized state-space average model [100, 101].  The well designed PID 

controller can achieve good performance in a certain range around the predetermined 

static operation point. Usually this range cannot be very wide. Outside this range the 

preset PID controller will degrade and cannot assure the stability. 

Based on the original nonlinear model, nonlinear control algorithms provide 

alternative ways to implement closed-loop operation of DC-DC converter. Nonlinear 

controller can provide global asymptotical stability and can still achieve good 

performance under a large signal disturbance. So far, the nonlinear control methods 

applied in DC converters include sliding mode control, back step control, feedback 

linearization, boundary control and passivity-based control [102-111]. 

In the stability design of nonlinear control methods, energy plays an important 

role. Some nonlinear control methods are based on the physical energy of system 

[67]. Passivity-based control (PBC) is a famous control methods and provokes 

widespread interests in the past twenty years. The basic idea of PBC is to utilize the 

intrinsic dissipation of nature system and control the injected energy to drive the 

energy stored in system to the desired level. It also extends into the field of control of 

power conversion. But the application of PBC are mainly concentrated in classical 

DC-DC converters, such as Buck, Boost, Buck-Boost and phase-shift full bridge 

converter. The application of PBC to Tapped-inductor DC-DC converters has not 

been reported. 

1.3 Structure of the thesis 

The structure of this thesis is as follows.  

Chapter 2 systematically reviews a series of concepts related to the energy 

stored in DC-DC converters. Based on the works of previous scholars, the 

characteristics of energy storage are now further explored for the higher order 

converters including Cuk, Zeta and Sepic. The implication of energy storage on the 

overall efficiency of these higher order converters is examined. 

Chapter 3 extends the definitions of the concepts of buffer energy and buffer 

energy factor on the basis of active power and non-active power. The redefined 

buffer energy and buffer energy factor can be applied to depict and analyze 
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non-active energy of both DC and AC systems. They can be also used explicitly to 

compare the performance of different DC-DC converters.  

Chapter 4 uses Tapped-inductor Boost converter as an example to illustrate the 

energy storage and energy factors, buffer energy and buffer energy factors of 

Tapped-inductor converters. The basic principles of operation of Tapped-inductor 

DC-DC converters are reviewed. Then detailed comparisons between 

Tapped-inductor Boost and conventional Boost are carried out, which include the 

comparison of voltage gain, component stress and efficiency. Experimental results 

present solid verifications to the analysis of performance of Tapped-inductor Boost 

converter. Similar methods can be extended to other Tapped-inductor DC-DC 

converters. 

Chapter 5 uses passivity-based control to implement closed-loop operation for 

Tapped-inductor Boost converter. The models of Tapped-inductor Boost converter 

are elaborated in detail. The overall performances of control are analyzed. 

Comparisons between peak-current mode control and passivity-based control are 

carried out. 
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Chapter 2  Definition and application of Buffer Energy and 

Energy Factor 

This chapter reviews a series of novel concepts related to the energy stored in 

DC-DC converters. Based on the works in Refs[63, 79, 84, 85], the characteristics of 

energy storage are now further explored for the higher order converters including 

Cuk, Zeta and Sepic. The implication of energy storage on the overall efficiency of 

these higher order converters is examined. 

Temporary energy storage is the mechanism for energy conversion in 

switched-mode power conversion. The classical switched-mode power converters 

have been fully explored for voltage conversion and control analysis, but its energy 

handling for each component has not been fully explored. Energy factor has been put 

forward as a goodness factor and examined in electric machines in papers [81-83] in 

which the energy factor is used to evaluate the switch reluctance motor. The previous 

study on energy of DC converter is mainly restricted to the power factor correction 

externally through a cascaded circuit [91, 112, 113] rather than through the circuit 

and parameter analysis. The concept of energy factor has been introduced into 

DC-DC converter as stored energy ratio and indicated the implication in efficiency 

and control of DC-DC converter by Cheng [79, 84] and Luo [63, 85]. In [79, 84] the 

characteristics of storage energy for classical and isolated DC-DC converters have 

identified the relationship of the efficiency and the storage energy. On the other hand, 

in Refs[63, 85] the energy factor has also been developed for the small signal 

analysis. 

The characteristics of storage energy in three classical higher order dc 

converters including Cuk, Zeta and Sepic have not been explored. These converters 

involved a number of passive components and their energy factors under different 

inductor conduction mode are interesting. Under discontinuous mode, higher order 

converters are much more complex than the basic converters such as Buck, Boost 

and Buck-Boost. That is because the higher order converters have two inductors and 

two capacitors. They have more than one case of discontinuous mode.  
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2.1 Definition of buffer energy and energy factor 

This section presents the basic definitions of buffer energy, energy factor and 

their associate concepts for DC-DC power conversion. The circuits are assumed to 

operate under ideal condition including negligible loss and linear magnetic and 

electric characteristics for inductor and capacitor. 

2.1.1 Energy storage ES 

The energy storage of DC-DC converter is defined as the total energy stored in 

the circuit. 

The energy storage components in DC-DC converter can store energy are 

mainly inductor, capacitor and transformer. During the operation of DC-DC 

converters, these components absorb and deliver energy periodically. The 

formulations of energy storage of inductor and capacitor are shown as (2-1) and (2-2), 

respectively. 

 

2

2

1
LiESL 

 
 (2-1) 

 

2

2

1
CvESC 

 
 (2-2) 

For transformer, its energy is stored in magnetizing inductor and leakage 

inductor. So energy storage of transformer can be calculated by (2-1), too. 

From (2-1) and (2-2), it can be found that energy storage is time-varying and 

often has the same period as switching period. 

2.1.2 Buffer Energy EB 

For DC-DC converter, the energy stored in inductor or capacitor varies 

periodically subject to the switching frequency. Buffer energy is defined as the 

maximum variation of energy storage during one cycle. 

The formulation of buffer energy is shown as (2-3). 

 minmax SSB EEE 
  (2-3) 

2.1.3 Energy Factor FE 

Energy factor is defined as the ratio of averaged stored energy to output energy 

in one cycle. The formulation of energy factor of DC-DC converter is shown as (2-4), 
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where oV , oI and sT  are the output voltage, output current and period of the 

switching cycle, respectively, of the DC system. 

 soo

S
E

TIV

E
F    (2-4) 

Energy factor can evaluate the inertia of power converter. High energy factor 

means slow response of circuit. 

2.1.4 Buffer Energy Factor FEB 

Buffer energy factor is defined as the ratio of buffer energy to output energy in 

one cycle. The formulation of buffer energy factor of DC-DC converter is shown as 

(2-5). 

 

soo

B
EB

TIV

E
F    (2-5) 

Buffer energy factor reflects the ripple energy ratio which will be discussed 

later. It can evaluate the magnitude of variation of stored energy. When converter 

operates, it absorbs energy from source, and delivers energy to load. The stored 

energy varies cycle by cycle. High buffer energy factor indicates high EMI and low 

efficiency. 

2.2 The characteristics of energy stored in basic converters 

The basic second order converters include Buck, Boost and Buck-Boost 

converters. This section describes the steady-state characteristics of energy stored in 

these three converters based on the novel concepts proposed in previous section. The 

methods to calculate the buffer energy and energy factor under steady state are 

presented. 

2.2.1 Energy factors of Buck Converter 

 Continuous conduction mode (CCM) 

The circuit of Buck converter is shown in Fig. 2-1. The waveforms of current of 

inductor and voltage of capacitor under CCM are also shown in this figure. 
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Fig. 2-1 The circuit and waveforms under CCM of Buck converter 

 Inductor  

The current of inductor vibrates during one cycle. The average inductor current 

is equal to the output current. According to the previous definition, the average 

energy storage of inductor of Buck converter in one cycle is  
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 (2-6) 

Then the energy factor of inductor can be expressed as  
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where K is a parameter of circuit. It is defined as (2-8). 

 sRT

L
K

2


 

 (2-8) 

Under steady state, in one cycle, the current of inductor increases from a 

minimum to a maximum and then returns to a minimum. Assume the variation is 

linear; therefore the buffer energy of inductor can be expressed as (2-9), 

 
)(

2

1 2

min

2

max LLBL iiLE    (2-9) 

where maxLi and minLi are the peak and trough values, respectively. If the current 

waveform has an average current Li , under continuous mode, then the expression of 

buffer energy can be reduced to (2-10). 
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 LLBL iiLE    (2-10) 

where Li is the peak-to-peak current ripple of inductor. For Buck converter, this 

current ripple can be expressed as (2-11). 
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Since 

 oL Ii    (2-12) 
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where D is the duty ratio, M is the voltage conversion ratio. Hence the buffer energy 

of inductor is simplified as (2-14). 

 sooBL TIVDE )1( 
  (2-14) 

Then the buffer energy factor is  

 

MD
TIV

E
F

soo

BL
EBL  11   (2-15) 

 Capacitor  

The average energy storage of inductor of Buck converter in one cycle is  
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Then the energy factor of capacitor can be expressed as (2-17). 

 ssoo

SC
EC

T

CR

TIV

E
F

2
   (2-17) 

The buffer energy of capacitor is  
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The average voltage of capacitor is equal to the output voltage of Buck 

converter. Then the expression of buffer energy can be reduced to (2-19). 
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 CoBC vCVE 
  (2-19) 

where Cv  is the peak-to-peak voltage ripple of capacitor. For Buck converter, this 

voltage ripple can be expressed as (2-20)[114]. 
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Hence the buffer energy can be transformed into (2-21) equivalently. 
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Then the buffer energy factor is  
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 Discontinuous conduction mode (DCM) 

The waveforms of current and voltage of Buck converter under DCM are shown 

in Fig. 2-1. 

 Inductor  

Under DCM, the current ripple of inductor is very large. The average energy 

storage is  
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Then the energy factor of inductor can be expressed as (2-24) 
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Assuming the variation linear, therefore the buffer energy of inductor under 

steady state can be expressed as (2-25). 
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Under DCM, the voltage conversion ratio is  
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Then the current ripple of inductor can be expressed as (2-28). 
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Hence the buffer energy can be simplified as (2-29). 

 
222 /2 DMLIE oBL 
  (2-29) 

The buffer energy factor can be obtained as (2-30). 
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 Capacitor 

The average energy storage of capacitor is  

 

22

2

1

2

1
oCSC CVvCE    (2-31) 

Then the energy factor of capacitor can be expressed as (2-32). 
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Under DCM, the voltage of capacitor is still continuous. Hence the buffer 

energy of capacitor can be obtained by (2-33). 

 CoBC vCVE 
  (2-33) 

The ripple of voltage of capacitor can be obtained by integrating the positive 

part of current waveform of capacitor. The detail is shown in (2-34). 
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Substitute (2-34) into (2-33), we can obtain the buffer energy of capacitor under 
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DCM as (2-35). 
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Then the buffer energy factor of capacitor under DCM can be expressed as 

(2-36) 

 

2)
1

2(
4

1

M

K

TIV

E
F

soo

BC
EBC


   (2-36) 

The above results of calculation are summarized in TABLE 2-1 for comparison. 

2.2.2 Energy factors of Boost and Buck-Boost Converter 

The buffer energy and energy factors of Boost and Buck-Boost converter can be 

deducted by the same procedure to the Buck converter in section 2.2.1. The results 

are also put together in TABLE 2-1. 

Special attention should be paid on the deduction of buffer energy factor of 

capacitor in Boost and Buck-Boost converters under DCM. That is because the 

current of capacitor has five cases shown in Fig. 2-2. This property does not appear 

in Buck converter. 
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Fig. 2-2 Waveforms of current of capacitor in Boost and Buck-Boost converters 

under different modes 



Chapter 2 Definition and application of Buffer Energy and Energy Factor 

 22 

From the above figures it can be found that case b and case d are two critical 

conditions. Case a is corresponding to continuous mode. Case c and case e are two 

discontinuous modes which are DCM mode 1 and DCM mode 2. The differences of 

modes affect the calculation of buffer energy and energy factor of capacitor. Hence 

the buffer energy and energy factor of capacitor must be calculated separately. In fact 

DCM mode 1 (case c) is the intermediate mode. Separate calculation of energy factor 

on this mode can make sure the continuity [79]. The results of three modes of 

Buck-Boost converter can be found in TABLE 2-1. 

2.2.3 Comparison of energy factors of basic converters 

TABLE 2-1 put together all the energy factors and buffer energy factors of the 

three converters under both CCM and DCM. 

In this table, R, L and C are resistance, inductance and capacitance, respectively. 

Ts is the switching period. K=2L/(RTs), D is the duty ratio. M is the voltage 

conversion ratio. The expression of M for the three converters under CCM and DCM 

can be found in Ref[114]. 

 Comments on energy factors 

Energy factor represents the ratio of stored energy to output energy. To export 

certain amount of energy (or power), the DC-DC converter must store a 

corresponding amount of energy first. The ratio of stored energy to output energy is 

different for different converters. 
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TABLE 2-1 Energy factors and buffer energy factors of basic converters 

Converters Modes 

Energy factor (FE) Buffer energy factor (FEB) 
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From TABLE 2-1, it can be found that the energy factors of capacitor are the 

same for three converters. They only depend on the circuit parameters and are not 

affected by the voltage conversion ratio. On the other hand, the ratios of energy 

stored by inductor are different for the three converters. Only the energy factor of 

Buck converter has no relationship with voltage gain. The energy factors of inductor 

of Boost and Buck-Boost converter increases along with the increase of voltage 

conversion ratio. Obviously, Buck-Boost converter has the highest energy factor, 

while Buck converter has the lowest energy factor. That indicates that to deliver the 

same power, Buck-Boost converter has to store the most energy, while the energy 

that Buck converter needs to store is the least. From this table, we can also find that 

the ratio of inductor’s energy factor to capacitor’s energy factor depends on the 

circuit parameters including L, C and R. In Boost and Buck-Boost converters, this 

ratio is also related to the voltage conversion ratio M. When M increases, the ratio 

also increases. 

 Comments on buffer energy factors 

Buffer energy factor can reflect the amplitude of variation of energy stored in 

converter. During operation of DC-DC converter, the stored energy varies over a 

cycle. The variation of energy will induce extra loss to the circuit including copper 

loss and core loss, and also cause more severe EMI. From TABLE 2-1, it can be 

found that buffer energy factor is related to circuit parameter K (equal to 2L/(RTs), 

see equation (2-8)), voltage gain M and duty ratio D. 

 Buck converter 

The total buffer energy factor FEB is the summation of buffer energy factor of 

inductor and capacitor. Fig. 2-3 shows the FEB of Buck converter as a function of 

voltage gain M for various values of K. It can be seen that for the Buck converter, 

FEB decreases as M increases and K increases. For K≥1, the relationship is linear. For 

K<1, the characteristic exhibits a portion of nonlinearity because of the discontinuous 

conduction mode. 

The ratios of buffer energy factor of inductor to that of capacitor are shown in 

Fig. 2-4. The buffer energy of inductor is larger than capacitor when K is a high value. 

That indicates that, during the operation of DC-DC converter, the variation of energy 
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storage of inductor is bigger than that of capacitor. Under DCM (K≤0.1), the value of 

FEBL/FEBC decreases as M increases. That means, under DCM, the capacitor suffers 

bigger variation of energy storage than inductor. 

 

Fig. 2-3 Buffer energy factor of Buck converter against voltage gain 

 

Fig. 2-4 Ratio of buffer energy factor of Buck converter against voltage gain 

 Boost converter 

Fig. 2-5 shows the FEB for Boost converter against voltage gain M. Its 

characteristic is different from that of Buck converter. FEB of Boost converter 

increases as M increases and K decreases. Fig. 2-6 shows the ratio FEBL/ FEBC against 

M. The ratio increases as M increases and K increases. And the ratio is always 

smaller than one. That means the buffer energy of capacitor is always bigger than 

that of inductor, especially under small voltage gain and small value of K.  
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Fig. 2-5 Buffer energy factor of Boost converter against voltage gain 

 

Fig. 2-6 Ratio of buffer energy factor of Boost converter against voltage gain 

 Buck-Boost converter 

Fig. 2-7 shows the FEB for Buck-Boost converter against voltage gain M. FEB of 

Buck-Boost converter increases as M increases and K decreases. That means the 

Buck-Boost converter stores more energy under higher voltage gain and smaller K 

value. Fig. 2-8 shows the ratio FEBL/FEBC against M. The ratio decreases as M 

increases and K decreases. And the ratio is always bigger than one. That means the 

buffer energy of inductor is always bigger than that of capacitor, especially under 

small voltage gain and big value of K. 
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Fig. 2-7 Buffer energy factor of Buck-Boost converter against voltage gain 

 

Fig. 2-8 Ratio of buffer energy factor of Buck-Boost converter against voltage gain 

In general, for all the three converters, buffer energy factor increases as K 

decreases. That means the variation of energy storage increases as L decreases, R 

increases and switching period increases. These are reasonable as it implies the less 

storage energy being processed. 

2.3 The characteristics of energy stored in high order 

converters 

The basic high order converters include Cuk, SEPIC and Zeta converters. This 

section describes the steady-state characteristics of energy stored in these three 
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converters based on the novel concepts proposed in section 2.1. These high order 

converters have four energy-storage components: two inductors and two capacitors. 

The increased numbers of energy-storage components raise the complexity of 

analysis. The methods to calculate the buffer energy and energy factors for the three 

converters are presented. 

2.3.1 Energy factors of Cuk Converter 

As shown in Fig. 2-9, Cuk converter is a combination of Boost and Buck 

converters [100, 101]. The operation of Cuk converter has continuous mode (CCM) 

and discontinuous mode (DCM). Fig. 2-10 shows the process from CCM to DCM. It 

is noted that the DCM of Cuk converter is obviously more complex than the basic 

second order converters. Here only researches the case that inductor L2 works under 

DCM. It has two modes under DCM as shown in Fig. 2-10. 

iL1 iC1
C1L1

Vin T D C2
R

L2

iC2

iL2

vL1 vL2

Vo

 

Fig. 2-9 Circuit of Cuk converter 

 Continuous conduction mode (CCM) 

Fig. 2-10 (a) shows the typical waveforms of Cuk converter under CCM.  

The average energy storages of the four energy-storage components are shown 

as (2-37) ~ (2-40). 
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Then the energy factors of these components can be obtained through dividing 

the average energy storage by output energy of the converter in one cycle. The results 
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are shown as (2-41) ~ (2-44). 
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where K1 and K2 are constants determined by the parameters of circuit. They are 

defined as follows. L1 and L2 are inductances of the two inductors of Cuk converter, 

respectively. R is the resistance of load. Ts is the switching period. Such definitions 

for K1, K2 and K hold true for the analysis of Zeta and Sepic converters.  

 )/(2 11 sRTLK    (2-45) 

 )/(2 22 sRTLK 
  (2-46) 

 )/( 2121 KKKKK    (2-47) 

Next the method to obtain buffer energy factor will be presented. The current 

ripple and average current of inductor L1 under CCM can be expressed as 

 11 / LDTVi sinL    (2-48) 

 inL Ii 1   (2-49) 

The buffer energy and energy factor of inductor L1 can be obtained as following 

expressions. 

 sooLLBL TIDViiLE  1111   (2-50) 
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The buffer energy factors of component L2, C1, and C2 of Cuk converter under 

CCM can be worked out by the same procedure as that of L1. The results are listed in 

TABLE 2-2. 
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Fig. 2-10 Operation waveforms of Cuk converter under different mode 

K1, K2 and K are defined as (2-45) ~ (2-47) respectively. 

 Discontinuous conduction mode (DCM) 

The inductor currents of Cuk converter for discontinuous mode analysis should 

be considered for the interaction between the two inductors L1 and L2.  The Cuk 

converter is symmetrical for input and output when bi-directional switch scheme is 

used. The analysis is firstly started with the discontinuous mode of output inductor, 

i.e. L2 (The case for discontinuous mode of L1 is similar and will not be repeated 

here). Secondly, when the basic converters go into discontinuous mode, the inductor 

current will be zero during off time. But when Cuk converter goes into discontinuous 

mode, the inductor current can be reversed. This leads to more than one situation for 

the DCM of Cuk converter. As Fig. 2-10 shows, if L2 works in discontinuous mode, 

then during off time, its current should be initially zero, and then decreases until the 

diode stops conduction. The waveforms in Fig. 2-10 show the course to the 

discontinuous mode. 

There are three situations of DCM of Cuk converter. The critical points between 

these situations are: 1) at the end of off time, 2Li  touches zero; 2) 2Li  reverses, but 

Di  reaches zero at the end of off time. Fig. 2-10 (b) and (d) show these two critical 

situations. So there are totally two discontinuous modes for the Cuk converter and 

their start points are the above two critical situations, which can be determined by the 

circuit parameters. 

Now parameters about storage energy for the two discontinuous modes of Cuk 
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converter shown in Fig. 2-10 are calculated below. 

 Mode 1 

This mode is between critical situations b) and d) in Fig. 2-10. The critical 

condition from CCM to this mode is 

 oL Ii 22 
  (2-52) 

Then by waveform analysis, the critical condition can be simplified as (2-53). 

 DK 12   (2-53) 

 Inductor L1:  

As Fig. 2-10 (c) shows, the situation of L1 is the same as that under CCM.  

Therefore 

 DFEBL 1   (2-54) 

 Inductor L2:  

The maximum variation of storage energy is  
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Since 

 
2/2max2 LoL iIi 

 
 (2-56) 

Substituting (2-56) into (2-55), it follows that 
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 Capacitor C1:  

As Fig. 2-10 (c) shows that， 

 oinC VVV 1

  (2-59) 

1CV  can be obtained through integrating the area below the horizontal axes of iC1.  
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Substituting (2-59) and (2-60) into (2-4), one can get  
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 Capacitor C2:  

As Fig. 2-10 (c) shows, under this mode, the situation of C2 is the same as that 

under CCM. So 

 
)4/()1( 22 KDFEBC    (2-62) 

 Mode 2 

This mode emerges after the critical situation (d) occurs in Fig. 2-10. The 

critical condition from DCM mode 1 to this mode is 

 
2)1( DK    (2-63) 

There is a flat part in the waveforms of 1Li  and 2Li . The value LoI of the flat 

part can be expressed by circuit parameters[114]. Here only the results of LoI  and 

voltage conversion ratio are provided.  
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where K . 

 Inductor L1:  

As Fig. 2-10 (e) shows, the buffer energy of inductor L1 can be expressed as  

 ])[(
2

1 22

111 LOLLoBL IiILE    (2-66) 

Substitute (2-64) and (2-66) into (2-4), one can get  

 21 /)1(1 KKDFEBL     (2-67) 

 Inductor L2: 
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Substitute (2-64) and (2-68) into (2-4), then  

 4/]/)2(/[ 2
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 Capacitor C1:  

Similar to the calculation in Mode 2, the ripple of voltage of capacitor C1 can be 

obtained by calculation of the area in waveform of 1Ci  under the horizontal-axis. 

According to the principle of similar triangles, so 
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Substituting (2-64) and (2-71) into (2-4):  
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 Capacitor C2: 

 oC VV 2

  (2-73) 

2CV  can be calculated by the waveform area of C2 above the horizontal axis. 

That is: 
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Substituting (2-64) and (2-74) into (2-4), then 

 2

2

2 /)/1()2/2/1( KKDDFEBC     (2-75) 

Results of buffer energy factor of all reactive components under different modes 

are listed in TABLE 2-2. Their sum under each mode is the total buffer energy factor 

for the whole circuit. 
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TABLE 2-2 Buffer energy factors of components in Cuk converter 
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TABLE 2-3 Buffer energy factors of components in Zeta converter 
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TABLE 2-4 Buffer energy factors of components in Sepic converter 
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2.3.2 Buffer energy factors of Zeta and Sepic Converter 

Typical Zeta and Sepic converters are shown in Fig. 2-11 and Fig. 2-12. Their 

operational waveforms are similar to that of the Cuk converter[114]. The process 

from CCM to DCM also resembles that of Cuk converter. They also have two modes 

under DCM. 
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Fig. 2-11 Circuit of Zeta converter 
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Fig. 2-12 Circuit of Sepic converter 

The buffer energy factor of the reactive components of Zeta and Sepic 

converters can be easily deduced based on the results of Cuk converter. Their 

expressions under different modes are listed in TABLE 2-3 and TABLE 2-4. Their 

sums under each mode are the total buffer energy factors for the whole circuits. 
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Fig. 2-13 Operation waveforms of capacitor C2 in Sepic under different modes 

The boundary conditions between different modes of Zeta and Sepic converters 

are the same as those of Cuk converter shown in Fig. 2-10. Special attention should 

be paid to the voltage waveform of C2 in Sepic. It is different from that in Cuk and 

Zeta converters. This will cause the boundary conditions between states of C2 in 

Sepic to be different from those in Cuk and Zeta converters. The operation of C2 in 

Sepic still has three states as illustrated by Fig. 2-13. In the five states in Fig. 2-13, (b) 

and (d) are boundary states. State (e) corresponds to the DCM mode 2. But states (a) 

and (c) can be taken place at any moment during CCM and DCM Mode 1. It depends 

on the value of K and D.  In fact, based on Fig. 2-13, the boundary condition for 

state (b), which is the transition from (a) to (c), can be calculated as follows: 

 
0

2

1

2

1
2211  oLLLL Iiiii   (2-76) 

Simplifying (2-76), the boundary condition for the transitional state (b) is: 

 DK 1   (2-77) 

It can be seen that this boundary condition is different from DK 12 , which is 
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the boundary condition from CCM to DCM Mode 1 in Cuk and Zeta converter.  

The buffer energy factor of C2 in Sepic can be easily deduced like the buffer 

energy factor of other reactive components. Its results are listed in TABLE 2-4. 

2.4 The consolidation of the energy factor 

Fig. 2-14 ~ Fig. 2-16 show the buffer energy factor of Cuk, Zeta and Sepic 

converters as a function of duty ratio D. For simplicity, K=K2 are assumed. This 

assumption is justified when K2 is much smaller than K1. K1, K2 and K are defined as 

(2-45) ~ (2-47) respectively. It is also noted that L1 works in CCM. 

All three converters have continuity characteristics between different operation 

modes. The boundary conditions between different operation modes are the same for 

all three converters. Fig. 2-14 ~ Fig. 2-16 also illuminate the continuity of the curves. 

Fig. 2-14 shows the characteristics of buffer energy factor (FEB) of the Cuk 

converter. It can be seen that for Cuk converter, buffer energy factor is always larger 

than 2. It decreases as K increases. For 1K , the relationship between buffer energy 

factor and D is linear. FEB decreases as D increases. For 1K , the characteristic 

exhibits a portion of nonlinearity because of the discontinuous inductor conduction 

mode. The lower limit of buffer energy factor is 2 and is independent of K. It occurs 

even when the transistor is always turned on. 

 

Fig. 2-14 Buffer energy factor of the Cuk converter 
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Fig. 2-15 Buffer energy factor of the Zeta converter 

 

Fig. 2-16 Buffer energy factor of the Sepic converter 

The characteristic of buffer energy factor of Zeta converter is shown in Fig. 

2-15, which is different from that of the Cuk converter. Buffer energy factor of Zeta 

also decreases when K increases. FEB varies linearly with D when K1.  It reaches 

maximum value of 2 at D=1.  For K<1, the nonlinear portion of the curve is again 

due to discontinuous mode. And the maximum value of buffer energy factor does not 

occur at D=1, but occurs when D is at certain value between 0 and 1.  

Fig. 2-16 shows characteristics of buffer energy factor of Sepic. It can be seen 

that the buffer energy factor of Sepic is always not less than 2. It decreases as K and 

D increase. For 1K , a large portion of buffer energy factor maintains the value of 2. 

For 1K , the characteristic exhibits a portion of nonlinearity again because of the 
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discontinuous mode. Buffer energy factor reaches the maximum value when the 

transistor is always turned on. 

In general, for all the three converters, buffer energy factor increases as K 

decreases. This is the universal property shared by the three basic first order 

converters (Buck, Boost and Buck-Boost converters). 

2.5 Experimental results 

Fig. 2-17 and Fig. 2-18 show the experimental results of efficiency against 

buffer energy factor for Cuk and Zeta converter. The circuits for experiments are the 

same as Fig. 2-9 and Fig. 2-11, L1=L2=340H, C1=C2=220F, fs=100kHz, the load is 

set as R=10.07Ω, output voltage is set as Vo=30V and output power is set as 90W. 

Then the values of K1, K2 and K can be calculated out. They are K1=K2=6.8, K=3.4. 

Low Rds(on) MOSFET IRFB4227PBF is used. The converters work under the 

continuous mode. Duty ratio is varied to give different buffer energy factors for the 

experiments. The buffer energy factor covers 2.0096-2.0284 for the Cuk converter 

and 1.272-1.754 for the Zeta converter. Beyond this range it will be very difficult to 

operate due to either a very large voltage or current in the circuits. Fig. 2-17 and Fig. 

2-18 show that the efficiency decreases as buffer energy factor increases for most 

values of buffer energy factor as expected.  

 

Fig. 2-17 Efficiency against Buffer energy factor of Cuk converter 
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Fig. 2-18 Efficiency against buffer energy factor of Zeta converter 

2.6 The energy factors for isolated DC-DC converters 

One benefit of isolated DC-DC converter is to extend the voltage conversion 

ratio by adjusting the turns ratio of the transformer. The classical isolated DC-DC 

converters include Forward and Flyback converter which are derived from the Buck 

and Buck-Boost converters, respectively. In the isolated DC-DC converter, besides 

inductor and capacitor, the magnetizing inductor of transformer can also store energy. 

This section analyzes the energy factors of Forward and Flyback converters under 

CCM. Through these two examples, the differences of behaviour of energy storage 

between isolated and non-isolated converters are presented. 

By the definitions in (2-1)~(2-5) and methods presented in the above section, 

the energy factors and buffer energy factors of Forward and Flyback converters can 

be obtained. The results are listed in TABLE 2-5. 
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TABLE 2-5 Comparison of energy factors between isolated and non-isolated 

converters 

Converters Modes 

Energy factor  (FE) Buffer energy factor (FEB) 

Inductor 

(FEL) 

Capacitor 

(FEC) 

Transformer 

(FETR) 

Inductor 

(FEBL) 

Capacitor 

(FEBC) 

Transformer 

(FEBTR) 

Forward CCM 
4

K
 

sT

CR

2
 

MKN

M
4

2

 

N

M
1  

K

NM

4

/1  

MKN 2

1
 

Buck CCM 
4

K
 

sT

CR

2
 Not applicable

 

M1
 

K

M

4

1

 

Not 

applicable
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Not 

applicable 
sT

CR

2
 2)1(

4 N

MKM   Not 

applicable MN

M


 1 

Buck-Boost CCM 
2)1(

4
M

K


 

sT

CR

2
 Not applicable

 

1 
M

M

1  

Not 

applicable 

 

In TABLE 2-5, N is the ratio of the secondary turns to the primary turns of 

transformer. The constant K for Tapped-inductor Boost converter is defined as (2-78). 

KM is determined by (2-79). 

 
)/(2 sRTLK 

  
(2-78) 

 
)/(2 sMM RTLK    (2-79) 

where LM is the inductance referred to the primary side. 

Firstly Forward converter is compared with Buck converter. The energy factors 

of inductor and capacitor are the same for the two kinds of converters. But Forward 

converter has one more energy-storage component which is transformer. The amount 

of energy stored in transformer depends on the magnetizing inductor LM, turns ratio 

N and voltage gain M. The amount of energy storage increases as M increases, N and 

LM decrease. That means the magnetizing inductor should be large enough to 

decrease energy storage to a low level. In terms of buffer energy, for N>1, the buffer 

energy of inductor and capacitor in Forward converter are both higher than those in 

Buck converter. For N<1, the buffer energies of inductor and capacitor in Forward 

converter are both less than those in Buck converter. The transformer of Forward 

converter also has buffer energy factor which depends on the magnetizing inductor 

and turns ratio. 

Secondly Flyback converter is compared with Buck-Boost converter. The 
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energy factors of capacitor are the same for the two converters. As the transformer in 

Flyback converter is in fact a coupled inductor, the energy factor of transformer has 

the same style with that of inductor of Buck-Boost converter. The only difference is 

the turns ratio. The buffer energy factor of transformer in Flyback converter is the 

same as that of inductor in Buck-Boost converter. They are both equal to one. 

2.7 Conclusion 

This chapter presents the concepts and corresponding definitions of Energy 

Storage (ES), Energy Factor (FE), Buffer Energy (EB)and Buffer Energy Factor 

(FEB). ES and FE are used to indicate the amount of energy stored in DC-DC 

converters during operation. EB and FEB are used to indicate the magnitude of 

variation of energy storage in DC-DC converter. 

These novel concepts can be applied to evaluate different topologies of DC-DC 

converters. Through the comparison of Buck, Boost and Buck-Boost converter, it can 

be found that the Buck-Boost converter has the highest FE, while Buck converter has 

the lowest FE. That indicates that to deliver the same power. Buck-Boost converter 

has to store the most energy, while energy that Buck converter needed to store is the 

least. It can be also found that the ratio of inductor’s FE to capacitor’s FE depends on 

the circuit parameters including L, C and R. In Boost and Buck-Boost converter, this 

ratio is also related to the voltage conversion ratio M. When M increases, the ratio 

also increases.  

FEB can reflect the magnitude of variation of energy stored in converter. For 

Buck, Boost and Buck-Boost converters, the total buffer energy factor FEB (sum of 

that of inductor and capacitor) increases as inductor L and frequency fs decreases, and 

resistor of load R increases. That means the magnitude of variation of energy storage 

increases as L and fs decreases, and R increases. 

The analysis based on energy is also carried out for higher order DC-DC 

converters which include Cuk, Sepic and Zeta converters. For all the three converters, 

in general, FEB increases as inductor L and frequency fs decreases, resistor of load R 

increases. This is the universal property shared by the three basic first order 

converters (Buck, Boost and Buck-Boost converters). 

Small buffer energy factor indicates that the power loss will be relatively low 

and efficiency is expected to be high. Experimental results for Cuk and Zeta 
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converter confirm the relationship between buffer energy factor and efficiency. 
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Chapter 3  Extension of definition of buffer energy and 

buffer energy factor 

This chapter extends the definitions of the concepts of buffer energy and buffer 

energy factor which are introduced in Chapter 2 . The extension is on the basis of the 

theory of active power and non-active power. Explicit formulations are presented for 

them. The redefined buffer energy and buffer energy factor can be applied to depict 

and analyze non-active energy of both DC and AC systems. They can also be used 

explicitly to compare the performance of different DC-DC converters.  

3.1 Background 

In Chapter 2 the definitions of buffer energy and buffer energy factor have been 

presented. Using these definitions the energy behaviour inside DC-DC converters 

can be described. But the exchange of energy between converter and power source 

cannot be analyzed based on the definitions. This chapter extends the definitions of 

these two novel concepts. After the development, buffer energy and buffer energy 

factor can be applied to analyse the whole DC systems which not only include single 

component but also the whole circuit. By the extension study in this chapter, buffer 

energy and energy factor are more suitable to be viewed as the counterparts of 

reactive power and power factor, respectively, in DC systems. 

DC-DC power converter has L and C for energy storage. In each switching 

cycle, energy absorbed from front-end source is stored in the converter during the on 

time of switching devices.   Such energy is released to the output during the 

transistor off time and can be considered as non-active energy. The time derivative of 

non-active energy is the non-active power. The non-active power is the counterpart 

of the reactive power for the conventional AC system. Such power deteriorates the 

efficiency, and imposes extra stress in components and power quality. 

Traditional concepts of reactive power and power factor cannot be applied 

directly to evaluate the non-active power of DC-DC converters. Although the 

improved definition of power factor [86] reflects the amount of active power in 

DC-DC converters, it cannot indicate the amount of non-active power. Along with 

increasing developments of new energy source, the analysis of power and energy for 

DC system is increasingly important. It is necessary to develop a method to measure 
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the effectiveness of the power being handled by DC-DC converters. New concepts 

are needed to investigate the non-active power and energy processing in DC-DC 

converters. 

On the other hand, stored energy has a close relationship with the stability of 

DC-DC converter. Some control methods for DC-DC converter are based on energy 

storage [65, 67, 73, 115, 116]. Passivity based control is one of such control methods 

[67, 73, 115, 116]. It uses naturally stored energy of the system as the Lyapunov 

energy function, and utilizes the intrinsic passivity of the physical system to 

formulate the control methods. Ref [107] uses state-energy plane to deal with 

right-half-plane zero problem and implement boundary control. The ripples of 

inductor current and capacitor voltage reflect the variation of energy storage which 

can also be used to build a controller for DC-DC converters. Such controller is 

referred as ripple based control [117, 118]. 

This chapter aims to define and clarify the static energy behaviour of DC system, 

especially DC-DC converters. Some scholars have initiated this work. Lawrenson 

has proposed a goodness factor for switched reluctance motor (SRM) to express the 

ratio of active power processed by SRM [80]. Papers [82, 83] elaborated the concept 

of DC power factor and use such definition in the analyses of SRM. Similar concepts 

for DC-DC converters were firstly put forward in references [79, 84]. In [79] the 

concepts of Variation of Energy Storage (VES) and Maximum Storage Energy Factor 

(MSEF) for DC-DC converters have been introduced. The VES is defined as the 

difference between the maximum energy and minimum energy stored in the inductor 

or capacitor of DC-DC converters during one cycle under steady state. MSEF is 

defined as the ratio of the VES to the input energy of the whole circuit in one cycle. 

On the other hand, references [63, 85] also proposes similar concepts such as Stored 

Energy and Energy Factor. In these papers the concepts have been applied to the 

modelling and control of DC-DC converters. All the above concepts around energy 

proposed by the above scholars provide new measurements on the performance of 

DC-DC converters. However their concepts and definitions cannot provide enough 

information of non-active power in DC-DC converters, and can only be applied to 

DC-DC converters instead of all electrical systems. 

This chapter systematically introduces two novel concepts which are buffer 

energy and energy factor to describe the non-active energy and evaluate the 
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performance of DC-DC converters. Explicit definitions are presented for them. The 

proposed buffer energy and energy factor can be applied to depict and analyze 

non-active energy of both DC and AC systems. They can be used explicitly to 

compare the performance of different DC-DC converters. It can be proved that they 

are the extension of the concepts of VES and MSEF respectively proposed in 

reference [79].  

The structure of this chapter is as follows. Section 3.2 will define the 

instantaneous non-active power and introduce the concepts and definitions of buffer 

energy and energy factor. Section 3.3 studies the relations between energy factor and 

efficiency. Section 3.4 describes the application of buffer energy and energy factor. 

Section 3.5 presents the experimental results of energy factors of different converters. 

Section 3.6 concludes the study. 

3.2 Extension of definition of buffer energy and buffer energy 

factor 

The concepts of active power and reactive power are widely used to analyze the 

energy usage in electrical systems. Active power is the average value of 

instantaneous power. It describes essentially the energy being consumed or released 

by the system and hence is applicable to all electrical systems. But conventional 

definition for reactive power cannot be directly applied to non-sinusoidal systems 

including DC system. Lots of works have been done to improve the definition of 

reactive power and make it suitable for non-sinusoidal systems [86, 90, 93, 119, 120]. 

Reference [86] presents a novel method to decompose current into active component 

and non-active component. The method is adopted in this thesis to define 

instantaneous non-active power and non-active energy. Then buffer energy and 

energy factor are introduced to address and measure non-active energy in DC-DC 

converters. 

For the one-port network shown as Fig. 3-1 (a), u and i are input voltage and 

current respectively. According to [86] the input current i can be divided into two 

orthogonal components which are active current ia and non-active current iq. Active 

current ia is the component consumed by an equivalent resistor. Hence it should be 

directly proportional to the input voltage at any instant. This component is called the 

active current because it is responsible for the supply of the active power P. The 
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non-active current is the remaining component which is obtained by subtracting the 

active current from the input current. It is called non-active current because the 

average power in one cycle T caused by this component is zero. The formulas of 

active and non-active currents are shown in (3-1) and (3-2) respectively. 

networku

i

u

i

Non-active
 load GR

(a) (b)

ia

iq

 

Fig. 3-1 Network of circuit. (a) One port network. (b) The equivalent network 
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k is a constant to be determined. As mentioned before, the average power in one 

cycle caused by non-active current iq should be zero. This can be used to determine 

the formula of k as (3-3),  

 
TT

dtuuidtk
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0
/   (3-3) 

where T is the period of cycle. The active power and non-active power can be 

defined as (3-4) and (3-5)respectively. 

 
 

T

a

T

dtui
T

uidt
T

P
00

11

 
 (3-4) 

 qiuq ＝
 

 (3-5) 

Obviously P in (3-4) is the average active power or active power for short. The 

quantity q in (3-5) can be regarded as non-active power. It is a kind of instantaneous 

power.  

From the above definitions it can be found that non-active power is different 

from reactive power. In the following example a circuit comprising of a resistor R 

and an inductor L connected in series is being considered. If the input voltage is 

sinusoidal AC voltage, then the input voltage and current can be expressed as (3-6), 

in which ω is the angular frequency, φ is the impedance angle, which is equal to 



Chapter 3 Extension of definition of buffer energy and buffer energy factor 

 47 

tan
-1

(ωL/R). U and I are the RMS values of input voltage and current respectively. 

Following formulations through (3-1) ~ (3-5), the non-active power of the circuit can 

be obtained as (3-7). The reactive power Q of the circuit is shown as (3-8). From (3-7) 

and (3-8) it can be found that the definition of non-active power proposed in this 

thesis is different from reactive power. Furthermore, the common definition of 

reactive power is only for the case that voltage and current are both sinusoidal and 

with the same frequency. But non-active power is suitable for voltage and current 

with all kinds of waveforms. 

 
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)2sin(sin tUIiuq qin 

 
 (3-7) 

 sinUIQ    (3-8) 

Based on the above definitions, the system in Fig. 3-1 (a) can be taken as 

equivalent to the circuit comprising of one resistor R and one non-active load G in 

parallel connection. The equivalent circuit is illustrated in Fig. 3-1 (b). In this figure, 

the admittance of the equivalent resistor is k. The non-active load is in fact an 

imaginary non-active power supply which can consume or release non-active power. 

As mentioned above, the average value of q in one cycle must be zero. That 

means the energy absorbed and released by G in one cycle are equal. Then the energy 

absorbed or released by G in one cycle T is defined as buffer energy. It is denoted by 

Eb and its formula can be obtained as (3-9). Buffer energy is to-and-fro energy. Its 

average value in one cycle is zero. The accompanying concept buffer power Pb is 

defined as (3-10). Buffer power is the DC counterpart of reactive power which is 

widely used in AC sinusoidal system. 

 
dtqE

T

b 
02

1

 
 (3-9) 

 
TEP bb /

 
 (3-10) 

The ratio of buffer power Pb to the input active power P of the whole system 

under consideration is defined as energy factor. It is denoted by FE. The formula of 

FE can be obtained as: 
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 (3-11) 

The application of Eb and FE based on a Buck converter is studied as given 

below. For clarity, Fig. 3-2 is the circuit of the Buck converter used for this example. 
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Fig. 3-2 Circuit of Buck converter 
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Fig. 3-3 (a) The waveforms of Buck converter under CCM; (b) The waveforms of 

input voltage, non-active current and non-active power of Buck converter. 

The waveforms of Buck converter operating under CCM (continuous 

conduction mode) are shown in Fig. 3-3 (a). According to (3-3), k can be formulated 

as (3-12). Active input current iina is equal to Iin which is the average value of input 

current. Non-active current iinq and instantaneous input non-active power qin are 

illustrated as Fig. 3-3 (b). The shaded area in the waveform of qin in the figure is the 

input buffer energy Ebin. Ebin can be obtained as (1-D)VinIinT. The energy factor of 

whole circuit FEin can be obtained as (3-13). 

 inin VIk /
 

 (3-12) 

 
DTPEF inbinEin  1)/(

 
 (3-13) 

In (3-13) Pin is the input average power which is also the input active power 
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based on the definition given in (3-14). Based on the above mathematics, the buffer 

energy of each single component in Fig. 3-2 can also be obtained from (3-14) ~ 

(3-16). Their energy factors can be obtained according to (3-11). The results are 

listed in TABLE 3-1. 
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In (3-15), K=2L/(RT). The buffer energy and energy factor for Buck converter 

under discontinuous conduction mode (DCM) are also derived. The results are 

shown in TABLE 3-1. It can be proved that the buffer energy and energy factors of 

transistor and diode are zero. Special attention should be paid on that the energy 

factor of the whole circuit is not simply the direct sum of the energy factor of each 

component. This is similar to the fact that the power factor of the complete circuit is 

not equal to the sum of the power factors of each component. 

TABLE 3-1 Energy Factor for Whole Circuits and Each Components of Buck 

Converter 
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K=2L/(RTs), M is the energy conversion ratio under discontinuous mode. 

In TABLE 3-1 M is the voltage conversion ratio under DCM, it has different 

expressions for different  

 )/411/(2 2DKM    (3-17) 

For Boost converter, 

 2/)/411( 2 KDM    (3-18) 
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and for Buck-Boost converter, 

 KDM /   (3-19) 

From TABLE 3-1 it can be found that the energy factors of inductor and 

capacitor of Buck, Boost and Buck-Boost converter are the same as the MSEF 

(Maximum storage energy factor) proposed in reference [79] which is a new 

goodness factor for DC-DC converter. In that paper the Variations of Energy Storage 

(VES) are defined as the difference between the maximum energy and minimum 

energy stored in an inductor or capacitor of the DC-DC converter during one cycle at 

steady state. They can be expressed as (3-20) and (3-21). 

 LLL iLIiiLS  )( 2

min

2

max2
1   (3-20) 

 CCC vCVvvCS  )( 2

min

2

max2
1   (3-21) 

Based on these definitions, the ratios of VES to output energy is formulated as 

(3-22). The MSEF is defined as (3-23). 
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In fact, VES and MSEF defined in Ref[79] are special cases of buffer energy 

and energy factor when they are applied to energy-storage components at steady state. 

Under steady state, the average energy absorbed by inductor and capacitor is zero. 

This means the power consumed by inductor or capacitor is thoroughly non-active. 

According to such definition, the buffer energy is in fact the difference between 

maximum energy and minimum energy stored in an inductor or capacitor, which is 

exactly the VES defined in [79]. The ratios RSL and RSC defined in (3-22) are equal to 

the energy factors for inductor and capacitor proposed in this thesis if the converter is 

under idealised condition. In other words, (3-20) ~ (3-23) provide alternative 

methods to obtain buffer energy and energy factor of energy-storage components. 

It can be shown that the concepts of buffer energy and energy factor proposed in 

this thesis do have advantages that VES and MSEF do not possess. This is because 

buffer energy and energy factor can be applied not only to energy-storage 
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components but also to all kinds of components. It is applicable not only to single 

component but also to the whole circuit (like power factor). It is applicable not only 

to steady state but also to dynamic state. Lastly it is applicable not only to DC system 

as it is equally applicable to AC system. 

3.3 Relationship between efficiency and energy factor 

Buffer energy will cause extra loss to the converters. It will increase the RMS 

value of the devices’ current which causes an increase of power loss in parasitic 

resistors, and buffer energy also imposes core loss on magnetic components and 

polarization loss on capacitors. Buck converter is used in the exercise to illustrate the 

extra power loss caused by buffer energy. Simplified equivalent circuit of Buck 

converter as shown in Fig. 3-4 is adopted to demonstrate the influence of buffer 

energy. The inductor comprises an equivalent resistor in series with an ideal inductor. 

Only the on-state resistor is considered for the transistor and its value does not 

change with temperature. Only the on-state voltage drop and equivalent resistor are 

taken into account for the diode. Equivalent series resistor (ESR) will be considered 

for capacitor. The waveforms of inductor’s current and capacitor’s voltage are 

illustrated in Fig. 3-3 (a). The above parasitic parameters are assumed to be small and 

do not affect the principal operation and waveforms of the circuit. 

Vin
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iin rT rL
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rD

 

Fig. 3-4 Buck converter with simplified equivalent parasitic resistors 

The current of inductor iL comprises of DC component IL and ripple δiL, which 

are shown in (3-24). 

 LLL iIi    (3-24) 

The energy loss of inductor in one cycle can be expressed as (3-25). 
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From (3-25), it can be found that the copper loss comprises two parts. The first 

part is caused by average current which is necessary for power output, and the 

second part is caused by ripple which can be restrained. The second part can be 

named as ripple copper loss and is referred as Eriploss. It can be easily proved that 

under CCM the ripple energy loss of inductor can be obtained as (3-26). 
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Substituting (3-9) ~ (3-11) into (3-26), Eriploss can be expressed as 
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The ripple loss rate ξL of inductor can be defined as (3-28). 
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Under CCM the ripple loss rate of capacitor, transistor and diode can also be 

obtained. They are listed in TABLE 3-2. 

TABLE 3-2 Relationship between ripple loss rate and Energy Factor under CCM 
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K=2L/(RTs), R is the resistance of load. 

TABLE 3-3 The Loss Calculation of Boost Converter (Unit: W) 

Po 55.1 82.4 109.4 135.9 162.1 187.8 213.6 237.9 262.1 286.1 

DC Loss 0.567 1.304 2.343 3.685 5.347 7.296 9.573 12.10 14.99 18.32 

Switching 

Loss 

0.915 1.312 1.699 2.072 2.471 2.846 3.211 3.557 3.906 4.220 

Ripple 

Loss 

0.468 0.674 0.963 1.339 1.808 2.366 3.028 3.766 4.623 5.614 

Total 

Loss 

1.951 3.290 5.005 7.096 9.626 12.51 15.81 19.42 23.52 28.16 
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From TABLE 3-2 it can be seen that the ripple energy loss can be expressed by 

energy factor, i.e. the energy loss caused by ripple can be computed by energy factor. 

Usually the conduction loss of certain components includes the loss caused by both 

the average current and ripple current. TABLE 3-2 indicates that buffer energy has 

potential influence on efficiency.  

 

(a) 

 

(b) 

Fig. 3-5 The loss and efficiency of Boost converter. (a) Loss; (b) Efficiency. 

Here an example is used to illustrate the influence of buffer energy on the 

efficiency. In this example a prototype of Boost converter is built with synchronous 

rectifier technology. To exaggerate the effect of buffer energy, small inductor is used 

in the prototype. The parameters of the circuit are as follows. Inductor L=100μH, 

rL(DC)=0.11Ω, rL(40kHz)=0.252Ω. The MOSFET IRFB38N20DPBF is used. The rDS(on) 

is 0.054 Ω. Output capacitor C=440μF, with rC=0.164 Ω. The input voltage is kept as 

30V. Duty ratio is kept as 0.492. Switching frequency is 40kHz. Under these 
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conditions the ripple current of inductor is very large (about 3.5A), and the converter 

works under CCM. The load is varied from 55.1W to 286.1W. From TABLE 3-1 it 

can be seen that in this circuit FEL is equal to 0.492. By substituting FEL into TABLE 

3-2, one can get the ripple loss in TABLE 3-3. Fig. 3-5 shows the ripple loss and its 

contribution to the efficiency. From Fig. 3-5 it can be found that the predicted 

efficiency including ripple loss is closer to the measured efficiency than that without 

including ripple loss. 

3.4 Comparison of basic converters by energy factor 

TABLE 3-4 lists the input energy factors of Buck, Boost and Buck-Boost converters. 

TABLE 3-4 Input Energy Factor of Three Basic Converters under CCM 

 Buck Boost Buck-Boost 

EinF  

CCM D1  
)4/()1( 2 KDD  † D1  

DCM 
2

2
)1( D

 KMM

KMD

)1(4

)2( 22




 

2

2
)1( D

 

†K=2L/(RT), T is the switching period, M is the voltage conversion ratio. 

Fig. 3-6 shows the characteristic of the energy factors of the above three 

converters under CCM and DCM. In Fig. 3-6 (a), the circuit parameters of the three 

converters are the same. They are R=10Ω, L=50µH, C=47µF, fs=100kHz. These 

values ensure the converters are operating under CCM. From Fig. 3-6 (a) it can be 

seen that the input energy factor of Boost converter is much smaller than the input 

energy factors of Buck and Buck-Boost converters. In Fig. 3-6 (b), the load resistor 

of the three converters are changed into R=50Ω. With this load, the converters will 

enter DCM when the duty ratio is smaller than certain values. Fig. 3-6 (b) shows the 

input energy factors of the three converters under DCM. It can be seen that under 

DCM the input energy factor of Boost converter is still the lowest. Energy factor is a 

measurement of non-active power. Fig. 3-6 shows that Boost converter absorbs much 

less non-active power from front-end supply. It is reasonable as Boost converter has 

an input inductor as filter. That is why the energy factor of Boost converter depends 

on the value of inductor (K depends on inductor). 
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(a) 

 

(b) 

Fig. 3-6 The input energy factors of three basic converters against duty ratio. (a) 

CCM; (b) DCM 

Cuk, Zeta and Sepic are fourth order converters. Their circuits and waveforms 

of operation can be found in references [114, 121]. Each circuit has two inductors L1 

and L2. L1 is at input side and L2 is at output side. TABLE V lists the input energy 

factors of the three converters under CCM and DCM respectively [122]. In this table, 

T is the switching period.  

Fig. 3-7 (a) shows the characteristics of the input energy factors of three fourth 

order converters under CCM against duty ratio. The simulation parameters are 

R=10Ω, L1=L2=100µH, C1=C2=100µF and fs=100kHz. These values ensure that the 

converters operate under CCM. From Fig. 3-7 (a) it can be found that SEPIC and 

Cuk converters have the same characteristics of input energy factor against duty ratio. 

The input energy factors of SEPIC and Cuk converters are much smaller than the 

energy factor of Zeta converter over a large range of duty ratio. It is reasonable as 

SEPIC and Cuk converters both have an input inductor. They absorb less non-active 

energy from front-end power supply when compared to Zeta converter.  
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TABLE 3-5 Input Energy Factors of Three High Order Converters 
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(a) 

 
(b) 

Fig. 3-7 The input energy factors of Cuk, Sepic and Zeta converters vs. duty ratio. (a) 

CCM; (b) DCM 

Fig. 3-7 (b) shows the input energy factor of the three converters under DCM 

against duty ratio. As the three converters all have two inductors, the simulation 

parameters now are changed to R=10Ω, L1=100µH, L2=10µH, C1=C2=100µF and 

fs=100kHz. To make sure the inductor L2 operate under DCM, the duty ratio cannot 

be larger than 0.6 according to the boundary conditions of these converters [114, 

121]. From Fig. 3-7 (b) it is found that under DCM input energy factors of SEPIC 

and Cuk converters are much smaller than the energy factor of Zeta converter again. 

But their difference is larger than that under CCM. That means under DCM the 

quality of harmonic and distortion for input current and input power of Zeta 

0.1 0.2 3 0 0.5 0.6  0 9 0 

0.2 

0.4 

0.6 

0.0.0188 

1 

1.2 

1.40.2 

-0 

D 

F.2 

0.2 

EB 
Zeta 

Cuk Sic 

0.1 0.2 0.3 0.4 0.5 0.6 0 

0.2 

0.4 

0.6 

0.8 

1 

D 

F 
EB 

Zeta 

Cuk and Sepic 



Chapter 3 Extension of definition of buffer energy and buffer energy factor 

 57 

converter further deteriorates because of its input transistor. 

TABLE 3-6 presents the energy factors of components (L1, L2, C1, and C2) of 

the Cuk, Sepic and Zeta converters under CCM. Energy factors of each single 

component can indicate the characteristics of non-active energy circulating inside the 

converters. The non-active energy circulating inside the converters will cause power 

loss and the reduction in voltage conversion ratio. Fig. 3-8 shows the sum of energy 

factors of all components for the Cuk, SEPIC, and Zeta converters under CCM 

respectively. The simulation parameters are R=10Ω, L1=L2=100µH, C1=C2=100µF, 

fs=100kHz. From Fig. 3-8 it is found that the Cuk converter has the highest amount 

of non-active circulating energy while Zeta converter has the least amount. This 

indicates that Zeta converter has the best internal energy handling characteristic even 

though its input current is discontinuous all the time which is bad for filtering. 

TABLE 3-6 Energy factors of components in high order converters under CCM 

 
1ELF  

2ELF  
1ECF  

2ECF  Sum of FE of all components 

Cuk D  D1  1 )4/()1( 2KD  2+ )4/()1( 2KD  

Zeta D  D1  D  )4/()1( 2KD  1+D+ )4/()1( 2KD  

Sepic D  D1  D1  D  2 

 

Apart from static analysis of DC-DC converter, the buffer energy and energy 

factor and their correlative concepts defined in this thesis can be applied to dynamic 

analysis of DC-DC converter. For example, during transient period the inductor and 

capacitor absorb or release not only non-active energy but also active energy until 

steady state is reached. Under steady state the inductor and capacitor only consume 

non-active energy. Indeed such characteristics can be used to indicate whether the 

converter goes into steady state. The fact that the value of k defined in (3-3) for 

inductor is zero means the converter has entered into steady state. Otherwise the 

converter is in transient state.  



Chapter 3 Extension of definition of buffer energy and buffer energy factor 

 58 

 

Fig. 3-8 The sum of energy factors of all components under CCM vs. duty ratio 

3.5 Experimental results 

Too much buffer energy can degrade the performance of power supply and the 

front-end equipments. Two sets of experiments are used to illustrate how the energy 

factors of Buck and Boost converters are measured. 

The parameters of experimental prototype of Buck converter are as follows: 

L=100µH, C=100µF, R=2.5Ω, fs=20kHz, and duty ratio D=0.5. These chosen values 

ensure the converters operate under CCM. The output power is 60.6W. The output 

voltage and output current are 12.29V and 4.94A respectively. The input voltage and 

input average current are 28.2V and 2.64A respectively. In the experiment the input 

voltage and current are recorded by HIOKI 8855 (a data logger). The sampling 

interval is 5µs. These data are used to obtain the energy factor of Buck converter 

according to (3-1)~(3-11). Fig. 3-9 (a) illustrates the input voltage vin, current iin and 

energy factor FEin of Buck converter from initial state to steady state. From Fig. 3-9 

(a) it can be found that the input energy factor of Buck converter with 50% duty ratio 

is about 0.5. This is consistent with the theoretical value according to TABLE 3-1.  

Fig. 3-9 (b) illustrates vin, iin and FEin of Boost converter from initial state to 

steady state. The parameters of the prototype of Boost converter are as follows. 

L=100µH, C=100µF, R=15.68Ω, fs=20kHz, duty ratio D=0.5. These values ensure 

the converters operate under CCM. The output power is 60.9W. The output voltage 

and output current are 29.62V and 2.06A respectively. The input voltage and input 

average current are 16.2V and 4.11A respectively. 

From Fig. 3-9 (b) it is found that the input energy factor of Boost converter with 
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50% duty ratio is about 0.123. This is again consistent with the theoretical value 

according to TABLE 3-3. This result also proves that at the same power level, Boost 

converter has a lower energy factor than Buck converter, which means Boost 

converter absorbs less non-active power from front-end power supply than Buck 

converter at the same power level. 

 

(a) 

 

(b) 

Fig. 3-9 Experimental results of input voltage, current and energy factor. (a) Buck 

converter and (b) Boost converter. 

Fig. 3-10 presents the measured energy factors of inductor and capacitor of 

Boost converter under steady state. According to the definition in Section 3.2, the 

theoretical values of the energy factors of the inductor and capacitor of Boost 

converter are both equal to the duty ratio D. In this experiment D is 0.5. From Fig. 

3-10 it can be found that the measured energy factors of inductor and capacitor are 

both about 0.4. This value is slightly smaller than the theoretical value of 0.5. This 

error is induced by the voltage loss caused by transistor, diode and parasitical 

components of the inductor and capacitor. 
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Fig. 3-11 presents the measured energy factors of inductor and capacitor of the 

Boost converter against duty ratio. The theoretical values of the energy factors of 

inductor and capacitor are both equal to the duty ratio D. From Fig. 3-11 it can be 

found that the measured results are very close to the theoretical values. 

 

Fig. 3-10 Energy factors of inductor and capacitor of Boost converter. 

 

Fig. 3-11 Measured energy factors of inductor and capacitor of Boost converter 

against duty ratio 

3.6 Conclusions 

The novel concepts referred as buffer energy and buffer energy factor proposed 

in Chapter 2 are reviewed in this chapter. Their explicit and more general definitions 

are proposed based on the non-active energy circulating in circuits. By the proposed 

definitions, the buffer energy and buffer energy factor can be used to analyze both 

DC and AC systems. The analysis of energy process shows that the buffer energy and 

buffer energy factor can be used as a measurement of the performance of electrical 
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system, especially for DC-DC converters. They are different from traditional reactive 

power and power factor. Their advantage is that they can indicate the amount of 

non-active energy (or power) in DC-DC converters whereas conventional reactive 

power and power factor cannot. 

The buffer energy factors of some basic converters have been researched in 

detail. Theoretical results explain Boost converter has much lower energy factor than 

Buck and Buck-Boost converters, which indicate that much less non-active power is 

absorbed by Boost converter from the front-end power supply. For the same reason 

SEPIC and Cuk converters have lower energy factor than Zeta converter. But among 

these three converters, Zeta converter has the least amount of non-active circulating 

energy inside the converter. 

Experimental results show that buffer energy factor can be measured. The 

measured results are consistent with theoretical analysis. Buffer energy can also be 

measured based on the experiments described in this thesis. Buffer energy, buffer 

energy factor and their related concepts proposed in this thesis have promising 

application in both static and dynamic analyses and design of DC-DC converters. 
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Chapter 4  Static performance and energy factor of 

Tapped-inductor converters 

This chapter uses Tapped-inductor Boost converter as an example to introduce 

the basic principle of operation. Then detailed comparisons between Tapped-inductor 

Boost and conventional Boost are carried out, which include the comparison of 

voltage gain, component stress and efficiency. Experimental results present solid 

verification of the analysis of performance of Tapped-inductor Boost converter. 

Similar methods can be extended to other Tapped-inductor DC-DC converters. 

4.1 Introduction  

The Tapped-inductor DC-DC converter extends the application of its traditional 

counterparts. For the applications which need very high/low voltage gain without 

isolation requirement, the Tapped-inductor DC-DC converter is an attractive choice. 

For these applications, unlike conventional DC-DC converter, Tapped-inductor 

converter can avoid the duty ratio falling into extreme range to achieve very high/low 

voltage gain through controlling the tapped turns ratio of winding. The after-effect is 

that the efficiency and reliability are improved in the applications of extreme voltage 

gain.  

Tapped-inductor technology provides a simple and feasible method to extend 

the voltage conversion ratio. Previous scholars have explored this feasibility. In 

Refs[39, 45, 47, 52] D. A. Grant revised the converter and categorize the topologies 

of Tapped-inductor converter. The nomenclature of circuit variants of basic 

Tapped-inductor converter derived from Buck, Boost and Buck-Boost converter are 

diode tapped, transistor tapped and rail-tapped. In [95] K.W. Cheng explored the 

concept of Tapped-inductor converters and generates the topologies of Quadratic 

Buck, Cuk, switch-capacitor Buck and so on. Because of the discontinuous current in 

the tapping, high voltage spike may occur in the transistor and diodes that deteriorate 

the converter performance. Snubbers and soft-switching are proposed to solve the 

problem[44, 49, 51, 96-98]. The critical mode operation is investigated in Refs [37, 

49, 96, 99]. The modeling and control of are also investigated presented in Refs[43, 

46]. Most of the works are presented as independent studies and there is no 

comparative study between Tapped-inductor converter and conventional converter in 
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detail. They are mostly in terms of circuit analysis during static state. The research of 

closed-loop and small signal analysis of Tapped-inductor converter especially 

applying modern nonlinear control into Tapped-inductor converter has not been 

explored enough. 

Nowadays, along with the increase usage of DC electronic equipment, DC 

distribution system gains more applications such as telecommunication system, data 

center, and vehicles (ship, airplane). In the DC distribution systems, DC-DC power 

converters are used for DC voltage matching. High performance power converters 

are needed to reduce the power loss and hence simple topology and low component 

count are preferred. Many DC line may operated under low voltage.  The associated 

energy source or devices such as photovoltaic, fuel cell, battery and super capacitor 

are also low voltage for individual cells. High voltage gain step up converter are 

needed for the connection of various units together. Tapped-inductor Boost converter 

is a feasible choice. 

This chapter uses Tapped-inductor Boost converter as an example to introduce 

the basic principle of operation. Then detailed comparisons between Tapped-inductor 

Boost and conventional Boost have been carried out, which include the comparison 

of voltage gain, component stress and efficiency. Experimental results verify the 

analysis results and confirm the performance of Tapped-inductor Boost converter. 

Similar methods can be extended to other Tapped-inductor DC-DC converters. 

The output voltage of Boost converter is higher than input voltage. The voltage 

gain depends on the duty ratio. Theoretically it can reach infinitely large voltage gain. 

But practically large voltage gain cannot be obtained by conventional Boost 

converter. It is because of three main reasons. Firstly, very high duty ratio (e.g. >0.9) 

is not easy to implement reliably because of the limit of switching speed. Secondly, 

the components in the circuit have parasitic resistance. The input current during high 

conversion ratio is large. It will cause extra voltage drop. The voltage drop is severe 

when the duty ratio is high because of high input current and peak diode current. 

Thirdly, the high pulsation currents occur in the diode and capacitor that cause 

additional loss. 

4.2 The topologies of Tapped-inductor converters 

Ref. [39] synthetically presents the introduction of most kinds of 
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Tapped-inductor DC-DC converters. The possible topologies of Tapped-inductor 

converters which is derived from basic DC-DC converters can be found in [39]. 

Several novel topologies derived from high order converters are listed in TABLE 

4-1. 
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TABLE 4-1 Topologies of some novel Tapped-inductor converters 

 Diode to tap Switch to tap Switch and diode to tap 

Cuk 

   

Quadratic Buck 
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4.3 The voltage gain and efficiency of conventional Boost 

converter 

One of the advantages of Tapped-inductor converter is high efficiency under 

extreme duty ratio. Conventional DC-DC converters suffer low efficiency under 

extreme high or low voltage conversion ratio. Here Boost converter is used as an 

example to explain this point. 
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Fig. 4-1 Classical Boost converter with parasitic parameters 

Fig. 4-1 is the boost converter with parasitic parameters. In the figure, rL is the 

ESR of inductor, rds(on) is the on-state resistor of MOSFET, rD is the body resistor of 

diode, rC is the ESR of capacitor, VFD is the forward voltage drop of diode. R is the 

resistance of load. L is the inductance of input inductor; C is the capacitance of 

output capacitor. Vin is the input voltage which is equal to E. Vo is the output voltage. 

The dynamic model of this converter is as follows. In the model, current of inductor 

and voltage of capacitor are chosen as the state variables. They are represented by x1 

and x2, respectively. u is the duty ratio. 
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At steady state, the states are represented by 1x  and 2x . 

 0,0 21 


xx   (4-2) 

Substitute (4-2) into (4-1). The voltage conversion ratio ξ under steady state can 

be obtained as follows. 
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So the efficiency η can be predicted as 
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Using the data in TABLE 4-2, the relationship between voltage conversion ratio 

and duty ratio is plotted as Fig. 4-2. 

TABLE 4-2 the parameters used in the simulation of voltage gain and efficiency 

 rL 

(mΩ) 

rds 

(mΩ) 

rD 

(mΩ) 

rC 

(mΩ) 

VFD 

(V) 

E 

(V) 

R 

(Ω) 

L 

(μH) 

C 

(μF) 

N 

Boost 50 
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220 

23 

Tapped-inductor 
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24 
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Fig. 4-2 The practical voltage conversion ratio of classical Boost converter with 

various loads 

From Fig. 4-2, it can be found that the practical Boost converter cannot attain 

infinite voltage gain because of the existence of parasitic parameters. In fact the 

maximum voltage gain decreases along with the increase in load. 

On the other hand, the duty ratio above 0.9 imposes a big challenge to the electronic 

driver circuits as it is not reliable in most cases. 
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Fig. 4-3 The theoretical efficiency of classical Boost converter with various loads 

From Fig. 4-3, it can be found that, the efficiency decreases with the increase of 

duty ratio. The efficiency also decreases when the load increases. 
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Under steady state, if the output voltage is set to 160V, then according to (4-3), 

the duty ratio should be 0.8559. According to (4-5), the efficiency will be 96.07%. If 

the load increases to 25Ω, then the efficiency will be 86%. This result does not 

include the switching loss and the extra loss caused by temperature’ influence on the 

rds of MOSFET. So the practical efficiency will be decreased more severely. 

4.4 The voltage gain and efficiency of Tapped-inductor 

converter 
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Fig. 4-4 The circuit diagram of Tapped-inductor Boost converter 

Fig. 4-4 is the Tapped-inductor Boost converter with parasitic parameters. In the 

figure, rL1 and rL2 are the ESR of primary and secondary windings, respectively. rds(on) 

is the on-state resistor of MOSFET, rD is the body resistor of diode, rC is the ESR of 

capacitor, VFD is the forward voltage drop of diode. R is the resistance of load. L is 

the inductance of input inductor; C is the capacitance of output capacitor. Vin is the 

input voltage which is equal to E. Vo is the output voltage. The dynamic model of 

Tapped-inductor Boost converter with parasitic parameters are shown in (4-6)~(4-10). 

In the model, the flux of magnetic core and voltage of capacitor are chosen as the 

state variables. They are represented by φ and vC, respectively. u is the duty ratio. 
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iLon is the on-state current through primary winding. N1 and L1 are the turns and 
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inductance of primary winding, respectively. 

Off-state: 
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iLoff is the off-state current through both primary and secondary windings. N2 is 

the turns of secondary winding. 

Then the average state space model is shown below. 

 





































C

CC

C

FD
C

C

C

C
DLLdsL

v
CRrCLrRNN

RNu
v

NNN

VNuENuN
v

rRNN

R
u

LNN

N

rR

Rr
rrrurru

)(

1

))((

)1(

)(

)1()(

))((
)1(

1
]

)(
))(1()([

121

2

1

211

112

21

1

2

21

2

1
211





  (4-10) 

At steady state, we have 
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Then average output voltage  

 Coo vvV    (4-13) 

Substituting (4-11) and (4-12) into (4-10), we can obtain the voltage conversion 

ratio and flux under steady state as (4-14) and (4-15). 
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So  
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Then the efficiency is  
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Fig. 4-5 and Fig. 4-6 show the voltage gain and efficiency of Tapped-inductor 

converter against duty ratio. The parameters used for simulation are the same as 

those in conventional Boost converter which are shown in TABLE 4-2. Special 

attention should be paid on the ESR of inductor. As the tap divides the inductor into 

to two parts: L1 (Lp) and L2 (Ls). So the ESR is also assumed to be divided into two 

parts according to the turns ratio. That is to say rL1:rL2=N1:N2. 
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Fig. 4-5 The voltage gain of Tapped-inductor Boost converter with various loads 
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Fig. 4-6 The theoretical efficiency of Tapped-inductor Boost converter with various 

loads 

4.5 Comparison between Tapped-inductor and conventional 

Boost converter 

4.5.1 Comparison of voltage gain and efficiency  
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Fig. 4-7 Comparison of voltage gain and efficiency between conventional Boost and 

Tapped-inductor Boost converter 

From Fig. 4-7 it can be found that: at the left side of peak voltage gain, under 

the same duty ratio, the voltage gain of Tapped-inductor Boost converter is higher 
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than the conventional Boost converter; but the efficiency of Tapped-inductor Boost is 

lower than the conventional Boost converter. For the application to pump a 24V 

energy source (e.g. battery stack) to a 160V DC distribution bus, the conventional 

Boost converter needs a duty ratio of 0.87, whereas the Tapped-inductor Boost 

converter only needs a duty ratio of 0.75. The theoretical efficiencies are 90% and 

95%, respectively.  

Fig. 4-8 shows the relationship between efficiency and voltage gain for the both 

converters. In the figure, the region above the efficiency of 0.5 is the nominal 

operation condition. In Fig. 4-8, the parts of curves with efficiency lower than 0.5 

indicate that the converters operate under extremely high duty ratio and it is not 

reliable.  

From this figure, it can be found that with the same voltage gain, the efficiency 

of Tapped-inductor converter is higher than the efficiency of conventional Boost 

converter. 

 

Fig. 4-8 The relations between efficiency and voltage gain of conventional Boost and 

Tapped-inductor Boost converters 

4.5.2 Comparison of stress of components  

In this section, the stresses of components are considered under the condition of 

the same size inductor and the same voltage gain. The ripple analysis for the 
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Tapped-inductor converter and the conventional converter are examined. Boost 

converter is chosen for the case study. 

The figures below show two types of Boost converter with ideal components 

(no parasitic parameters).  
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Fig. 4-9 Circuit diagram of conventional Boost and Tapped-inductor Boost 

converters with same circuit parameters 

Under the same input voltage, output voltage and load resistor, the waveforms 

are shown in Fig. 4-10. In Fig. 4-10, k is a constant which is equal to N2/N1, D is duty 

ratio, and Ts is the switching period. The stresses of each component are compared in 

TABLE 4-3. 
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Fig. 4-10 The waveforms of conventional Boost and Tapped-inductor Boost 

converter operating under CCM 

TABLE 4-3 Comparison of stress of components between conventional Boost and 

Tapped-inductor Boost converter 
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The stresses of two kinds of Boost converter are listed in TABLE 4-3. The total 

inductance is L. M is the voltage gain which is expressed as (4-20). 

 MVV ino /   (4-20) 

The boundary condition between continuous mode (CCM) and discontinuous 

mode (DCM) of Tapped-inductor Boost converter is  
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where 

 
)/(2 sRTLK 

 
(4-22) 

If K is larger than the right hand side of the equation, the Tapped-inductor Boost 

converter operates under CCM. Otherwise it operates under DCM. 

From the above table, it can be found that, the voltage stress of MOSFET in 

Tapped-inductor Boost is smaller than in conventional Boost converter. But the 

voltage stress of diode in Tapped-inductor Boost is higher than in conventional Boost 

converter. The average currents of each component in both converters are the same. 

But the rms current of components in Tapped-inductor is higher than that of the 

conventional Boost converter. This means the current ripple of Tapped-inductor 

Boost is higher than that of the conventional one. 

The output voltage ripple is mainly determined by the current of output 

capacitor. The rms value of current of capacitor as shown in TABLE 4-3 cannot be 

determined by observation for which one is larger. It is affected by the value of K 

(K=2L/RTs), which is decided by the circuit parameters. 

4.5.3 Comparison of energy factors of components  

As elaborated in Chapter 2 and Chapter 3 , energy factor reflects the amount of 

buffer energy in DC-DC converter. Too much buffer energy will cause large extra 

loss to the converter. This section aims to compare the energy factor of 

Tapped-inductor Boost converter with conventional Boost converter. 

A current step exists in the inductor of Tapped-inductor converter. But the flux 
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of the whole inductor is continuous. So the energy storage is also continuous. 

Following the equations (2-1) ~ (2-5) in Chapter 2 , the energy factor of 

Tapped-inductor Boost converter under CCM can be derived as TABLE 4-4.  

The storage energy: 

 

2
2

22

2

1

2

1

2

1


L

N
RLiE mS    (4-23) 

where  is the flux. Rm is the magnetic resistor, which is the same for both on state 

and off state.
 

 mR

Ni

N

Li
   (4-24) 

 1

min1

min
N

iL p
   (4-25) 

 1

max1

max
N

iL p
   (4-26) 

For the inductor 

 

sooppa

ppSSbL

TIV
M

M
iIL

iiLEEE

1

)(
2

1

1

2

min

2

max1minmax






  (4-27) 

 M
FEbL

1
1   (4-28) 

For the capacitor 
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TABLE 4-4 Comparison of energy factor between conventional Boost and 

Tapped-inductor Boost converters 

 Energy Factor of components 

Inductor  Capacitor 
 

Conventional Boost M/11  M/11  

Tapped-inductor Boost 
M/11  

kM

M



1
 

 

TABLE 4-4 compares the buffer energy factor between conventional Boost 

converter and Tapped-inductor Boost converter. From TABLE 4-4 it can be found 

that, under the same voltage gain, the buffer energy factor of inductor is the same for 

both converters. But the buffer energy factor of the capacitor in the tapped inductor 

Boost converter is less than the conventional Boost converter. This means the flux 

ripple of inductor is the same for the both converters. But the output voltage ripple of 

Tapped-inductor Boost converter is smaller than that of the conventional Boost 

converter. This is reasonable because, comparing to conventional Boost converter, 

the Tapped-inductor Boost converter can operate under a smaller duty ratio to 

achieve the same voltage gain. 

4.6 The model of Tapped-inductor converters 

Unlike conventional DC-DC converter, Tapped-inductor converter has the 

discontinuous current between different taps and terminals of the inductor during the 

switching transition interval. This difference increases the difficulty of modeling and 

controller design for Tapped-inductor converter. This section uses Tapped-inductor 

Boost converter as an example to illustrate the difference of modeling between 

Tapped-inductor converter and convention DC-DC converter. 

4.6.1 State space average model 

The configurations of tapped Boost converter are as follows. 
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Fig. 4-11 The circuit diagram of Tapped-inductor Boost converter 

 Modeling based on magnetizing current 

As mentioned above, the terminal current of inductor is discontinuous. But the 

magnetic flux and magnetic motive force (MMF) of inductor are continuous. So the 

magnetizing current transferred to primary side is also continuous. Now the 

magnetizing current transferred to primary side is adopted to build the state space 

averaged model for the Tapped-inductor Boost converter.  

 On-state: 

The on-state state space equation is shown as (4-32). In (4-32), im is the 

magnetizing current transferred to the primary side. Lon is the inductance of primary 

windings. 
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 Off-state: 

When the switch is turned off, the circuit is changed from on-state to off-state; 

the current of inductor reduces by the ratio of total number of turns to the primary 

turns. If the leakage inductance is negligible, the current of inductor is fully 

magnetizing current. Transferring this magnetizing current to the primary side, we 

can obtain a continuous primary-side magnetizing current im. Then the state space 

equation during off period is shown in (4-33) below. Lon is the inductance of primary 

windings. 
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 Average model in one cycle 

Using the standard state-space average method [100, 101] based on duty ratio, 

we can obtain the local average states and averaged state space model shown in 

(4-34). 
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This is the large signal state space average model. By linearizing this model, we 

can obtain the linearized small signal model. 

 Linearized small signal model 

The equilibrium point can be obtained by letting the left hand side of equal sign 

in (4-34) equal to zero. When the Tapped-inductor Boost converter goes into steady 

state, its steady operational point should be one of the equilibrium points. Now 

assume the steady operating point is ( mI , CV ), and the corresponding duty ratio is D . 

The static state ( mI , CV ) can be expressed by the D  as equation (4-35). 
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Around this static operating point, the averaged model shown in (4-34) can be 

linearized. The linearized model is obtained as (4-36). 
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This model is small-signal linearized state space averaged model of 

Tapped-inductor Boost converter. The small-signal state variables are voltage of 

capacitor Cv̂  and magnetizing current of inductor transferred to primary side mî . It 

should be paid more attention that the magnetizing current transferred to primary 

side cannot be obtained directly during off time, but it is needed to obtain through 

turns ratio relationship. This model can be applied to implement the peak current 

mode control for Tapped-inductor Boost converter, which is elaborated in Chapter 5 . 
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 Modelling based on the flux 

As mentioned above, for the Tapped-inductor converter, the terminal current of 

inductor is discontinuous during the switching transition. But the magnetic flux of 

inductor is continuous. So the magnetic flux can be used to build the state space 

averaged model of Tapped-inductor converter which is shown below. 
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More accurate model based on magnetic flux has been obtained as (4-10) in 

section 4.4. That model comprises of the main parasitic parameters of each 

component in a Tapped-inductor Boost converter. 

To apply the model using flux to build controller, a flux observer is necessary to 

implement the closed-loop operation. 

 Modelling based on the input current 

The benefit of using input current to build model is that, compared with 

magnetizing current, the input current can be measured conveniently. Like 

conventional DC-DC converters, it only needs a sampling resistor in series 

connection with Tapped-inductor to measure the input current. 

 

Fig. 4-12 The waveform of Vds of MOSFET and current of inductor     

CH1:40V/div, CH2:5A/div 

The input current is the same to the current of inductor. Their waveforms are 

shown in Fig. 4-12. The local averaged input current is the average value in one 
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cycle of input current. The local averaged input current is called input current for 

short. The relationship between input current and magnetizing current is shown in 

(4-38). 
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k is the turns ratio of secondary side to primary side, and u is the duty ratio. 

Substitute (4-38) into (4-37), we can obtain the model of Tapped-inductor Boost 

converter based on input current. 

 inon
C

in

RC

on

C

in
VkL

kukuk

v

i

Cku

u

kL

kuu

v

i




































































0

)1(

)3(1

)1(

)1(

)1(

)1)(1(
0

2

2

1

2

  (4-39) 

4.7 Experimental results 

A 250W Tapped-inductor Boost converter prototype is built to compare with the 

conventional Boost converter with the same power level. 

Fig. 4-13~Fig. 4-16 shows the waveforms of the experiments with prototype of 

Tapped-inductor Boost converter. During the experiments, load resistor is kept at 

100Ω. The duty ratio varies from 0.1 to 0.85. Input voltage is set as 12V when duty 

ratio is 0.25 (low power) and 16V for other values of duty ratio. Fig. 4-13 is the 

result under duty ratio of 0.25. The output voltage and power are 31.07V and 9.6W, 

respectively. From the figure it can be found that the Tapped-inductor converter 

works under discontinuous mode. After the current decreases to zero, reverse 

recovery of diode occurs. The duty ratios for Fig. 4-14~Fig. 4-16 are 0.6, 0.75 and 

0.8, respectively. The corresponding output voltages are 60.86V, 101.86V and 

124.32V. And the output powers are 37W, 103.8W, and 154.6W, respectively. 
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Fig. 4-13 The waveforms of Vds of MOSFET and current of inductor (Po=9.6W) 

CH1:10V, CH2:1A/div 

 

Fig. 4-14 The waveforms of Vds of MOSFET and current of inductor (Po=37W). 

CH1:20V/div, CH2:2A/div 

 

Fig. 4-15 The waveforms of Vds of MOSFET and current of inductor (Po=103.8W) 

CH1:40V/div, CH2:5A/div 
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Fig. 4-16 The waveforms of Vds of MOSFET and current of inductor (Po=154.6W) 

CH1:40V/div, CH2:5A/div 

Fig. 4-17 shows the measured voltage gain of both conventional Boost and 

Tapped-inductor Boost converters. The experimental conditions are the same for 

these two converters. They are: Vin=16V, R=100Ω, the duty ratio is varied from 0.1 to 

0.8. The circuit parameters are the same for the two converters except the inductor. 

The inductor of conventional Boost is 144.3μH, while the Tapped-inductor Boost has 

primary inductor of 33μH and secondary inductor of 39μH. From this figure, it can 

be found that, under the same duty ratio, the voltage conversion ratio of 

Tapped-inductor Boost is obviously higher than that of conventional Boost.  

Fig. 4-18 compares the measured and predicted voltage gains of both Boost and 

Tapped-inductor Boost converter. From this figure it can be found that they are 

matched well. 

Fig. 4-19 exhibits the measured efficiency of the both converters. The 

experimental conditions are the same for the two converters. They are: Vin=16V, 

Po=100W. By adjusting the duty ratio, voltage gain is varied from 1 to 6 and 1 to 8 

for conventional Boost and Tapped-inductor Boost, respectively. From this figure, it 

can be found that, under the same voltage gain, the efficiency of Tapped-inductor 

Boost is obviously higher than that of conventional Boost converter. 
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Fig. 4-17 The measured voltage gain of conventional Boost and Tapped-inductor 

Boost against duty ratio 

 

Fig. 4-18 Comparison between measured and predicted voltage gain 
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Fig. 4-19 The measured efficiency of conventional Boost and Tapped-inductor Boost 

converter against voltage gain 

4.8 Conclusions 

This chapter investigates the performance of Tapped-inductor converters under 

steady state. First the possible topologies of Tapped-inductor are collected based on 

previous research. The topologies of Tapped-inductor converter can be derived by 

tapping inductor of all conventional DC-DC converters. The tapping methods can be 

classified into five types [39]: diode to tap, switch to tap, power source to tap, Load 

to tap and ground to tap.  

Tapped-inductor Boost converter has been chosen to compare with conventional 

Boost converter. The comparison are carried out under the same output voltage and 

output current. 

Theoretical analysis illustrates that, with the existence of parasitic parameters of 

components in circuit, the voltage gain of Tapped-inductor Boost converter is higher 

than the conventional Boost converter under the same duty ratio; the efficiency of 

Tapped-inductor Boost converter is higher than the conventional Boost converter 

under the same voltage conversion ratio.  

The comparison of stress of components is also carried out between 

Tapped-inductor Boost converter and conventional Boost converter. The maximum 

voltage of transistor of the former is smaller than that of the latter. But the RMS 

current of transistor of the former is higher than that of the latter. In terms of Diode, 

the maximum voltage of the former is higher than that of the latter. But the current 
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stress between the two converters has no explicit trend. In terms of inductor, the rms 

current of the former is higher than the latter.  

The buffer energy factors of the two converters have been also carried out. The 

results of buffer energy factors of inductor and capacitor are the same for the two 

converters.  

Experimental results proved the theoretical prediction on voltage conversion 

ratio of and efficiency improvement between the two converters. 
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Chapter 5  Passivity-based control for Tapped-inductor 

converter 

PID has been used extensively in power converter control because of its simple 

and cost effect.  Many cases, only electronic Analog IC can perform the duty.  

However, because of the demand in the higher power and higher performance and 

lower cost in Digital Signal Processor (DSP) and sampling technology, more 

advanced control method is used. 

Nevertheless the theories of classical PID compensation are mainly focused on 

the linear model of plant. Most of the PID control relies on an approximate 

linearization around the static operating point of a power converter. The well 

designed PID controller can achieve good performance in a certain range around the 

predetermined static operation point. For practical applications and other special 

applications, the operational range may be wide. The preset PID controller will 

degrade and cannot assure the stability. 

Based on the original nonlinear model, nonlinear control algorithms provide 

alternative ways to implement closed-loop operation of DC-DC converter. Nonlinear 

controller can provide global asymptotical stability and can still achieve good 

performance under a large signal disturbance. In the stability design of nonlinear 

control methods, the energy function of Lyapunov theory plays the key role. 

Although this energy function is often not necessarily related to the real energy, the 

physical energy sometimes can provide an intuitional choice for the Lyapunov 

energy function. In fact some nonlinear control methods are exactly based on the 

physical energy of system [67]. Ref. [59, 61, 123] proposed an energy-based control 

method. This control method can make sure the large-signal stability of plant, even 

can avoid the problem of chaos of DC-DC converters. But the drawback of this 

method is that the converter can only work under DCM and is not suitable for high 

current load. Passivity-based control (PBC) is one of such kind of control algorithms. 

The basic idea of PBC is to utilize the intrinsic dissipation of nature system to control 

the injected energy to drive the energy stored in system to the desired level. In the 

last ten years passivity-based control gains a good development and wide 

applications. It also extends into the field of control of power conversion [67-76, 115, 

116, 124-129]. However the application of PBC are mainly concentrated in classical 
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DC-DC converters, such as Buck, Boost, Buck-Boost, phase-shift full bridge 

converters, and so on. Along with the rapid development and application of micro 

grids and DC distribution systems, Tapped-inductor DC-DC converter will play a 

more and more important role because of its virtue of wide conversion ratio, high 

efficiency and simple structure. It is significant to research the application of 

nonlinear algorithm especially PBC to control the Tapped-inductor DC-DC 

converter. 

Compared to classical DC-DC converters, Tapped-inductor DC-DC converter 

exhibits different characteristics which bring new challenges to the design of 

controller. During the operation of Tapped-inductor DC-DC converter, step change of 

the current of inductor will occur at the instant of switching of tap. The number of 

steps can be increased by adding taps. Then the freedom of control can be increased. 

Because of the discontinuity of inductor current, the mathematical model of 

conventional converter is invalid for the Tapped-inductor converter. However, 

although the current of the inductor has step changes at the instant of switching of 

taps, the energy must be continuous. That means the magnetic flux and magnetizing 

current of the tapped inductor are continuous. This point can be used to build new 

models for the control of converter with tapped inductor.  

This chapter uses passivity-based control to implement closed-loop operation for 

Tapped-inductor Boost converter. The models of Tapped-inductor Boost converter 

are elaborated in detail. The overall performances of control are analyzed. 

Comparisons among peak-current mode control, sliding mode control and 

passivity-based control are carried out.  

5.1 Overview of passivity-based control 

5.1.1 Definition of passivity 

Dissipation is a common property of nature object, which implies that the 

stored energy of system is always less than the received energy from outside. For a 

dissipative system, if the injected power can be expressed by the product of input and 

output, then this kind of dissipative system can be called Passive System. Passivity is 

a special kind of dissipation. The property of passivity plays a vital role in designing 

asymptotically stabilizing controllers for nonlinear systems. The passive property can 

be illustrated by (5-1) and (5-2).  
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In these equations, H is the energy stored in systems. u and y are input and output, 

respectively, which may be vectors. If the “ ” can be changed into “<”, then this 

passivity system is so-called strictly passive system.  

5.1.2 Port-controlled Hamiltonian system 

Most nature physical systems have the property of passivity. One important 

passivity system is Hamilton system. Hamilton equation is one of important method 

to describe mechanical system. Researches show that this methodology can be 

applied to electrical system including power electronics converters [130]. The 

port-controlled Hamiltonian systems (PCH) with dissipation can be expressed by 

(5-3).  
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where x  is the state variable. )(xJ  is the structure matrix. For a Hamilton system, 

it can be proved that )(xJ  is a skew-symmetric matrix [130], which is the key 

property to form the passivity-based control algorithm. )(xR is the damping matrix 

which can dissipate the stored energy. It should be positive or semi-positive definite 

matrix. H is the energy stored by system. It is a positive real quantity at non-zero 

state and is zero only at zero state. )(xg  is input matrix. u  and y  are input and 

output respectively.  

It is quite straightforward to check that all the average models of the basic 

DC-DC converters conform to the generalized Hamiltonian model given in (5-3). 

It is easy to test that a system described by (5-3) is passive. By differentiating 

the energy function H with respect to time, the PCH system satisfies the 

power-balance equation as follows. 
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Using the condition that )(xJ  is a skew-symmetric matrix, the above equation 

can be simplified to (5-5). 
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As mentioned above, )(xR is positive or semi-positive definite matrix. We can 

obtain the following inequality (5-6) which demonstrates the passivity of system 

(5-3). 
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5.1.3 Energy shaping 

The purpose of energy-shaping is to reshape the energy-storage function H for 

closed-loop system. When passivity property is applied to controller design, the 

energy storage H should be clarified further. In (5-3), H is the energy storage of 

original system which is also open-loop system. If input quantity u can be set to zero 

or negative output –y, then the energy storage H will dissipate to zero or a lower limit 

(if it exists). Unfortunately for most controlled system, the desired value of energy 

storage is not zero or the lower limit. So one of the key procedures in PBC design is 

the so-called energy-shaping [130]. Equations (5-7) and (5-8) illustrate the common 

choice for open-loop energy-storage function and reshaped closed-loop 

energy-storage function. The matrix D can be viewed as inertia matrix. It is a positive 

diagonal matrix [130]. 
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5.1.4 Damping injection 

The second key procedure in PBC design is damping injection. The main 

purpose of damping injection is to modify the damping matrix R(x) to make it 

strictly positive definite. The damping injection also provides adjustable parameters 

to adjust the effect of control. 
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5.2 PBC for Tapped-inductor Boost converter 

This section uses Tapped-inductor Boost converter as example to illustrate the 

application of PBC to Tapped-inductor DC-DC converters. 

5.2.1 Port-controlled Hamiltonian model of Tapped-inductor Boost converter 

Unlike conventional DC-DC converter, Tapped-inductor converter has the 

discontinuous current of inductor during the transition interval. This difference 

increases the difficulty of modeling and controller design for Tapped-inductor 

converter. This section uses Tapped-inductor Boost converter as an example to 

illustrate the difference of modeling between Tapped-inductor converter and 

convention DC-DC converter. 

The configuration of Tapped-inductor Boost converter is shown in Fig. 5-1. 
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Fig. 5-1 Tapped-inductor Boost converter 

Assume the turns ratio of secondary winding to primary winding is k, Lon is the 

inductance of primary winding, and ims is the magnetizing current transferred to 

secondary side. The switch is turned on and off alternatively in a period. The two 

state equations under on-switch and off-switch are described in (5-9) and (5-10), 

respectively. 
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Off-switch: 
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It should be noticed that
2)1( kLL onoff  . Then Using the standard 

state-space-average method [100, 101], we can obtain the state-space averaged 
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model of Tapped-inductor Boost converter as (5-11). u is the duty ratio. 
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In fact this model can be transformed into the port-controlled Hamilton model. If 

the state variables are chosen as flux linkage of inductor and charge of capacitor, H 

represents the energy stored by the Tapped-inductor Boost converter, then the model 

(5-11) can be transformed into port-controlled Hamiltonian model equivalently. The 

state vector and energy function can be expressed as  

 
 TCL Qα   (5-12) 
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where D is positive diagonal matrix. D and its inverse matrix can be expressed as 

(5-14). 
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Now the original system (5-11) can be equivalently revised to the PCH equation 

(5-15). 
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It can be verified that (5-15) is consistent to the standard PCH equation (5-3) by 

just letting: 
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In the equation (5-16), U is the equivalent control input, which is a function of 

duty ratio u. It can be concluded that the PCH system (5-15) defines a passive map: 

U→y. 

Let x represent the original state vector appeared in (5-11).  

  TCms vix   (5-17) 



Chapter 5 Passivity-based control for Tapped-inductor converter  

 94 

Notice that  

 Dxα    (5-18) 

and  

 
xαD

α




 1H

 
   (5-19) 

Substitute (5-18) and (5-19) into (5-15), an equivalent and simplified PCH 

equation can be obtained as (5-20). 

 U


gxRJxD )(   (5-20) 

5.2.2 PBC for Tapped-inductor Boost converter 

 Energy shaping 

The desired state of Tapped-inductor Boost converter is shown in (5-21). 

 
 TCdmsdd vix

 
 (5-21) 

Then the PCH model shown in (5-20) can be transformed into the error 

dynamics as follows.  

 
ΦxRJxD 


~)(~

 
 (5-22) 

where  

 dxxx ~
  (5-23) 

 ddU xRJxDgΦ )( 


  
(5-24) 

Now the energy function of the error dynamic system (5-22) should be chosen 

as (5-25). With this energy function, it can be easily verified that (5-22) also defines 

a passive map: xΦ ~ . 
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1 T

ddeH xxDxx 
 

 (5-25) 

 Damping injection 

Reforming the damping matrix R can make sure that the state vector converges 

to the desired point. The converging condition is that the reformed damping matrix is 

positive definite. One simple method of damping injection is shown by (5-26). 
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where 
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r1 and r2 are adjustable parameters. Now dR  is positive definite. 

Then the new error dynamic equation of original Tapped-inductor Boost 

converter should be: 
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Using the method in section 5.2.1, it can be easily verified that, with the energy 

function He (see equation (5-25)), the error dynamic system (5-28) also defined a 

strictly passive map: xΨ ~ . This indicates that: 

 
ΨxT~



eH
 

 (5-30) 

The equal sign is satisfied only at 0~ x .  

If Ψ  is set to zero, then according to Lyapunov theory about stability, the error 

dynamic system (5-28) is asymptotically stable at the equilibrium point 0~ x . 

So the controller can be derived by setting 0Ψ , which leads to (5-31). 
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By substituting (5-16), (5-17), (5-21), (5-23) and (5-27) into (5-31), the 

controller dynamic equation can be obtained as (5-32). 
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 (5-32) 

The next step is to determine the reference values msdi  and Cdv , which leads to 

two kinds of controllers. The first one is so-called “direct control”, which stabilizes 
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the capacitor voltage to a preset reference of output voltage directly. The second one 

is so-called “indirect control”. Indirect control stabilizes the magnetizing current of 

inductor to a preset reference that is corresponding to a desired output voltage. The 

problem of indirect control is that the reference value of magnetizing current of 

inductor is hard to be determined for those applications with frequently varied load. 

Additional measure, e.g. adaptive algorithm, robust control etc., is necessary to 

enhance the robustness of controller. 

 Direct control 

The purpose of direct control is to regulate the output voltage to the expected 

value directly. This means the Cdv
 
should be set to the constant reference *V . This 

leads to the control strategy shown in (5-33) and (5-34). For simplicity, r2 can be set 

to zero. This does not affect the stability because the modified damping matrix 

shown in (5-26) is still negative definite. 
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The control strategy is: 
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The controller should stabilize x  to the desired value dx
 
under steady state. 

Then under steady state, the controller should be reduced as follows. 

 

])1()1[(
)1( *

*

2

VuVku
VL

Ru
u in

off







  

(5-35) 

By letting 0


u , the only equilibrium of the controller with physical meaning 

can be obtained as (5-36). 
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At this equilibrium,  
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Inequality (5-37) means the controller is not stable under steady state. So this 

controller is not a feasible controller. 

 Indirect control 

From above analysis it can be found that the direct control of output voltage is 

not feasible. This is the common problem of non-minimum phase property of Boost 

converter. An alternative method is indirect regulation of output voltage.  

Indirect control set the inductor current to a constant reference, i.e. *Iimsd  . 

Then substitute it into (5-32), the desired state can be obtained as (5-38). Here r2 can 

be set to zero again. This does not affect the stability. 
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(5-38) 

Substituting this desired state into the second equation in (5-32), the indirect 

control strategy can be obtained as follows. 
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Now examine the stability of this algorithm. At steady state, the state reaches 

the desired point shown in (5-38). Then the zero dynamics is as follows. 
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The static duty ratio under steady state can be obtained by letting 0


u . 
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Under this duty ratio,  
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This inequality proves the controller is stable at the static point. So it is a 
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feasible controller. 

If the purpose of the controller is to stabilize the output voltage to a desired 

value Cdv , then the magnetizing current reference should be set according to (5-43). 
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The control structure is shown in Fig. 5-2. 
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Fig. 5-2 The structure of indirect PBC for Tapped-inductor Boost converter 

5.2.3 Simulation results 

Simulation results are presented below based on the above indirect PBC 

algorithm. The simulation parameters for the Tapped-inductor converter are: k=12/11, 

Vin=24V, Lon=33μH, R=20Ω, C=220μF. The desired output voltage is 74V. The 

adjustable damping is selected as 31 r .  
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Fig. 5-3 Enlarged transient response of Tapped-inductor Boost converter under 

indirect PBC

 
Fig. 5-3 shows the simulation waveforms for the course from start-up to steady 
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state of Tapped-inductor Boost converter under indirect PBC.  

 

Fig. 5-4 Response of Tapped-inductor Boost converter controller by indirect PBC 

under load variation 

Fig. 5-4 shows the simulation results under varying load. From this figure, it can 

be found that there is static error of output voltage when the load resistor deviates 

from nominal value. This is drawback of indirect control. Extra measures, e.g. 

adaptive strategy or robust strategy, are necessary to enhance robustness of the 

indirect PBC controller. 

5.3 Peak-current-mode control for Tapped-inductor Boost 

converter 

5.3.1 The small-signal model of Tapped-inductor Boost converter 

The nonlinear state-space averaged model of Tapped-inductor Boost converter 

which is shown in (5-11) can be linearized around static operating point.  

Assume the desired static value of output voltage, magnetizing current and duty 

ratio are Vc, Im and D, respectively. By applying the standard methods of linearization 

[114] to the state-space averaged model shown in (5-11), the small-signal model of 

Tapped-inductor Boost converter can be obtained as (5-44).  
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Based on this model we can obtain the transfer function from Cv̂  to d̂ . 
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It can be found that, like conventional Boost converter, the small-signal transfer 

function of duty ratio to voltage of Tapped-inductor Boost converter also comprises 

right half plane (RHP) zero. It inherits the property of non-minimum phase from 

classical Boost converter, which makes the compensation with only voltage feedback 

be difficult. So current-mode control is adopted to fix this problem. 

Based on the small-signal state-space equation (5-44), the transfer function from 

Cv̂  to mî  
can be obtained as equation (5-47). 
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 (5-47) 

For the converter with the parameters: k=12/11, Vin=24V, D=0.5, Lon=33μH, 

R=20ohm, C=220μF and expected output voltage Vc=74V, the transfer function is 

derived as (5-48) 
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Fig. 5-5 The Bode diagram of small-signal model of Tapped-inductor Boost 

converter 

It can be found that the maximum phase shift of the open loop system is 180
o
. It 

is easy to be compensated. Even just an integrator is sufficient. Here use a type 2 

compensator is used. 

5.3.2 The design of peak-current-mode controller for Tapped-inductor Boost 

converter 

Now choose the crossover frequency equal to 1/5 switching frequency, i.e. 

20kHz. Using a type 2 compensator, the transfer function of compensator is: 
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(5-49) 

Then the total transfer function is 
m

C
C

i

v
G

ˆ

ˆ
* . The open-loop Bode diagram of 

compensated system is as follows: 
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Fig. 5-6 The Bode diagram of compensated small-signal model

 

The structure of closed loop system is shown in Fig. 5-7 below. 
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Fig. 5-7 The block diagram of peak-current-mode controller 

5.3.3 The simulation results 

Fig. 5-8 shows the simulation results of Tapped-inductor Boost converter with 

peak-current-mode control. The controller is shown in Fig. 5-7. The parameters of 

linear compensator in Fig. 5-7 are shown in (5-49). From Fig. 5-8, it can be found 

that the current overshoot is much larger than that in PBC control. But the response 

time is shorter than that in PBC control. 
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Fig. 5-8 Start-up of Tapped-inductor Boost converter under peak-current mode 

control 

5.4 Experimental results and comparison between PBC and 

peak-current-mode control 

5.4.1 The results of PBC control 

Fig. 5-9 shows the response of output voltage under the step of resistance of 

load. The conditions of experiment are as follows. E=24V, Vo_ref=60V, fs=50 kHz. 

The PBC controller in Fig. 5-2 involves adaptive estimation of load resistance in this 

experiment. The parameters of controller are set as R1=0.19, R2=0. The nominal 

resistance of load is changed by 68Ω→45.33Ω→68Ω. From Fig. 5-9 it can be found 

that under the disturbance the recovery time of output voltage is about 10ms. The 

maximum voltage dip is about 5V (8.3% of nominal output voltage). 

Fig. 5-10 shows the response of output voltage under the step of reference. The 

conditions of experiment and parameters of controller are the same as above 

experiment. The reference of output voltage is changed by 60V→40V→60V. From 

Fig. 5-10 it can be found that under negative step the response time of output voltage 

is about 40ms, while under positive step the response time is about 20ms. No 

overshoot occurs. 
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Fig. 5-9 The response of output voltage under load step.  

CH1: output voltage (10V/div), CH3: output current (0.5A/div), CH4: ims (1A/div) 

 

Fig. 5-10 The response of output voltage under reference step. 

CH1: output voltage (10V/div), CH4: ims (1A/div) 

5.4.2 The results of peak-current-mode control 

Fig. 5-11 shows the transient response of Tapped-inductor Boost converter 

under load step. The conditions of experiment are as follows. E=24V, Vo_ref=60V, 

fs=50 kHz. The linear controller in Fig. 5-7 is chosen as PI controller in this 

experiment. The controller parameters are set as kp=4, ki=1. The resistance of load is 

changed by 30Ω→60Ω→30Ω. 

Through the experimental result shown in Fig. 5-11, it can be found that the 

response time for negative step of load is about 50ms, while the response time for 

positive step of load is about 20ms. In general, the response time is long. 
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Fig. 5-11 the transient response of Tapped-inductor Boost converter under load step. 

CH1: output voltage, CH2: current of tapped inductor, CH3: gate signal 

5.5 Conclusions 

Two controllers have been developed for Tapped-inductor Boost converter. One 

is peak-current-mode control, another one is passivity-based control.  

Peak-current-mode control has the advantage that the control law is simple and 

it can be implemented by analogy circuit. The controller circuit is the same as that for 

conventional Boost converter. But in the compensator design the magnetizing 

inductance should be used to replace the inductance in conventional Boost converter. 

The passivity-based control (PBC) is more robust under large signal disturbance. 

The transient performance of system controlled by PBC is better than that controlled 

by peak-current-mode control. But the control law of PBC is more complicated than 

that of peak-current-mode control. Moreover the PBC can only be implemented by 

digital control which may increase the cost of controller. 

Experimental results reveal that the recovery time under PBC control is shorter 

than that under peak-current-mode control. The voltage vibration under PBC control 

is smaller than that under peak-current-mode control. 
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Chapter 6  Conclusions and suggestions for further 

research 

6.1 The works carried out in thesis 

Based on the research results of previous scholars, this thesis has carried out the 

research on energy handling in power conversion. The concepts of energy storage 

and variation of energy storage have been distinguished. The latter is named as 

buffer energy. The characteristics of energy storage and buffer energy are explored 

for basic topologies of DC-DC converters based on the index of energy factor and 

buffer energy factor. The relation and difference between buffer energy factor and 

AC power factor has been examined and clarified. The relation between efficiency 

and buffer energy factor has also been uncovered and proved by experiment. As the 

enormous potential in the application of DC distribution system, Tapped-inductor 

converters have been chosen as the object to apply the above methods on energy 

research. The comparison between Tapped-inductor Boost converter and 

conventional Boost converter has been carried out. The comparison includes buffer 

energy factor, efficiency, voltage gain and stress of components. The particularity of 

dynamic model of Tapped-inductor converter which is different from conventional 

DC-DC converters has been clarified. One important energy-based control methods: 

Passivity-based control (PBC) has been used to control the Tapped-inductor Boost 

converter. The comparison between PBC and peak current mode control has been 

carried out by both theoretical analysis and experimental results. 

6.2 Conclusions 

Through the work in this thesis, the following conclusions are obtained. 

(1) This thesis presents the concepts and corresponding definitions of Energy 

Storage (ES), Energy Factor (FE), Buffer Energy (EB)and Buffer Energy Factor 

(FEB). ES and FE are used to indicate the amount of energy stored in DC-DC 

converters during operation. EB and FEB are used to indicate the magnitude of 

variation of energy storage in DC-DC converter. 

These novel concepts can be applied to evaluate different topologies of DC-DC 

converters. Through the comparison of Buck, Boost and Buck-Boost converter, the 

following conclusions can be obtained. To deliver the same power, Buck-Boost 
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converter has to store the most energy, while the Buck converter needs to store the 

least energy. It can be also found that the ratio of stored energy of inductor to 

capacitor depends on the circuit parameters including inductance, capacitance and 

load. In Boost and Buck-Boost converters, this ratio is also related to the voltage 

conversion ratio M. When M increases, the ratio also increases.  

Buffer energy factor FEB can reflect the magnitude of variation of energy stored 

in converter. For Buck, Boost and Buck-Boost converters, FEB increases as inductor 

L and frequency fs decreases, resistor of load R increases. That means the magnitude 

of variation of energy storage increases as L and fs decreases, R increases. The 

analysis based on buffer energy factor is also carried out for higher order DC-DC 

converters which include Cuk, Sepic and Zeta converter. For all the three converters, 

in general, FEB increases as inductor L and frequency fs decreases, resistor of load R 

increases. This is the universal property shared by the three basic first order 

converters (Buck, Boost and Buck-Boost converters). Small FEB indicates that the 

power loss will be relatively low and efficiency is expected to be high. Experimental 

results for Cuk and Zeta converter confirm the relationship between buffer energy 

factor and efficiency. 

(2) The definitions of the novel concepts referred as buffer energy and buffer 

energy factor has been further extended based on the theory of decomposition of 

power. The more general definitions make the buffer energy and buffer energy factor 

can be used to analyze both DC and AC systems. The correlation and difference 

among buffer energy and reactive energy, buffer energy factor and power factor have 

been clarified. The advantage of buffer energy and buffer energy factor is that they 

can indicate the amount of non-active energy (or power) in DC-DC converters 

whereas conventional reactive power and power factor cannot.  

Based on the extended definitions, buffer energy factor can be calculated for a 

whole circuit of DC-DC converters. Theoretical results explain Boost converter has 

much lower energy factor than Buck and Buck-Boost converters, which indicate that 

much less non-active power is absorbed by Boost converter from the front-end power 

supply. For the same reason SEPIC and Cuk converters have lower energy factor 

than Zeta converter. But among these three converters, Zeta converter has the least 

amount of non-active circulating energy inside the converter. 
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Experimental results show that buffer energy factor can be measured. The 

measured results are consistent with theoretical analysis.  

(3) This thesis investigates the performance of Tapped-inductor converters 

under steady state. The possible topologies of Tapped-inductor are collected based on 

previous research. Tapped-inductor Boost converter and conventional Boost 

converter have been chosen as examples to carry out the comparison. The 

comparison is carried out under the same input voltage, output voltage and load. 

Theoretical analysis illustrates that, with the existence of parasitic parameters of 

components in circuit, the voltage gain of Tapped-inductor Boost converter is higher 

than the conventional Boost converter under the same duty ratio; the efficiency of 

Tapped-inductor Boost converter is higher than the conventional Boost converter 

under the same voltage conversion ratio.  

The comparison of stress of components is also carried out between 

Tapped-inductor Boost converter and conventional Boost converter. The maximum 

voltage of transistor of the former is smaller than that of the latter. But the RMS 

current of transistor of the former is higher than that of the latter. In terms of Diode, 

the maximum voltage of the former is higher than that of the latter. But the current 

stress has no definite results. In terms of inductor, the RMS current of the former is 

higher than the latter.  

The buffer energy factors of the two converters have been also carried out. The 

results of buffer energy factors of inductor and capacitor are the same for the two 

converters.  

Theoretical analyses reveal the superiority of Tapped-inductor converter over 

their conventional counterpart on the occasion of large voltage conversion ratio. 

Experimental results proved the theoretical results on voltage conversion ratio 

and efficiency of the two converters. The Tapped-inductor converter suffers spike 

and power loss caused by non-ideal coupling of tapped inductor. 

(4) Two controllers have been developed for Tapped-inductor Boost converter. 

One is peak-current-mode control, another one is passivity-based control.  

Peak-current-mode control posses the advantage that the control law is simple 

and it can be implemented by analogy circuit. The controller circuit is the same as 
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that for conventional Boost converter. But in the compensator design the magnetizing 

inductance should be used to replace the inductance in conventional Boost converter. 

The passivity-based control (PBC) is more robust under large signal disturbance. 

The transient performance of system controlled by PBC is better than that controlled 

by peak-current-mode control. But the control law of PBC is more complicated than 

that of peak-current-mode control. Moreover the PBC can only be implemented by 

digital control which may increases the cost of controller. 

 

6.3 Limitations and future work 

Buffer energy, buffer energy factor and their related concepts proposed in this 

thesis have promising application in both static and dynamic analysis and design of 

DC-DC converters. But not all works in this area can be finished in this thesis. The 

following works deserve further research. 

(1) The influence of buffer energy and buffer energy factor on EMI of DC-DC 

converter. 

Buffer energy is an oscillating energy. It will induce radiated EMI. Research of 

the influence of buffer energy factor on EMI will be useful for the design of DC-DC 

converter with high switching frequency. 

(2) The development of high-performance control method directly based on the 

buffer energy factor or buffer energy.  

The energy-based control method PBC indeed provides a straight design which 

can obtain large-signal stability. But the future DC-DC converter needs fast response, 

because the trend of DC-DC converter is high efficiency and high power density. 

How to dissipate the energy of disturbance may depend on the research of buffer 

energy.
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