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ABSTRACT

This thesis presents new configurations for three-phase AC-to-DC single-stage, soft- 

switched, high frequency (HF) transformer isolated converters with power factor 

correction (PFC) and low harmonic distortion. Four different configurations are 

presented. Topology of all these four configurations is based on integration of a front-end 

DCM boost with a soft switching HF transformer isolated DC-to-DC PWM converter 

with fixed frequency. DCM operation of the front-end boost provides natural PFC with 

low total harmonic distortion (THD) and the DC-to-DC HF transformer isolated soft 

switching PWM converter with an appropriate gating scheme provides output voltage 

regulation.

A double switch AC-to-DC converter is presented in Chapter 2. Due to unsymmetrical 

gating scheme, DC blocking capacitors are required to avoid transformer saturation. To 

reduce this problem, a new gating scheme is proposed in Chapter 3, which can be used in 

full bridge converters providing ZVS. This gating scheme is first used in a DC-to-DC 

bridge converter. In the next three chapters, this new gating scheme is applied to three 

different types of single-stage AC-to-DC boost integrated fixed-frequency bridge 

converters. These configurations are: (i) boost integrated single inductor linear current 

DC-to-DC PWM bridge converter, (ii) boost integrated series resonant DC-to-DC bridge 

converter and (iii) boost integrated parallel resonant DC-to-DC bridge converter.

The steady state operation of each converter and modes of operation are explained 

with equivalent circuits for each interval of HF cycle. The general solutions for all the 

intervals are derived and design curves are obtained based on steady state relations. The 

design procedure is illustrated with a design example. Detailed PSPICE simulation results 

and experimental results obtained from a laboratory prototype model are given for all the



Ill

converters to verify the theory and analysis. THD o f the line current without any complex 

control circuit remains in a reasonable range o f 8 % to 13% for the total range of 

operation. Input line current waveforms for all suggested converters shows a low 

harmonic distortion similar to a single 3-0  DCM boost. The difference would be in 

increase or decrease of DC bus voltage in each case, which can affect THD of the boost 

converter. Three switches in the full bridge converter operate with zero-voltage switching 

(ZVS) while the main switch operates with ZVS at full load, minimum line voltage and 

with ZVT at lower loads conditions. Soft switching of all the switches helps in lower loss. 

Chapter 6  presents the contributions of this thesis, summarizes the advantages and 

disadvantages of each configuration and gives some suggestions for future work.
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Chapter 1 

Introduction

This thesis proposes novel high frequency transformer isolated, single-stage, soft- 

switched, three-phase AC-to-DC converter configurations. Detailed analysis, design, 

simulation and experimental results of the proposed configurations are presented.

Layout o f this chapter is as follows: Section 1.1 gives a brief introduction. Section 1.2 

presents the general definitions of power and power factor (P.P.) in three-phase (3-0) 

AC-to-DC converters. Methods of realization o f 3 -0  AC-to-DC converters are given in 

Section 1.3. A brief literature survey o f  both single-phase (1-0) and 3 -0  AC-to-DC 

converters is given in Section 1.4. Thesis outline is presented in Section 1.5.

1.1 Introduction
There is wide spread use of DC electrical loads fed by AC-to-DC converters. Switch 

mode power supplies are used for a wide range of power ratings from less than one watt 

in battery operated portable equipment to thousands of watts in power supplies for 

computers and office equipment. They are also designed in high kilowatts and megawatts 

for communication systems and variable speed motor drives. Most of the AC-to-DC 

power supplies present a very low power factor to the mains utility due to the usage of the 

capacitive filter rectifier circuit. In power networks, because o f the following reasons it is 

necessary that a concentrated attention be paid to consumer power factor correction (PFC) 

and harmonics pollution:

1) High cost o f generation and transmission of electric energy to cover the unnecessary 

reactive power.

2) Higher current rating of the network components because o f the harmonic currents.

3) Thicker neutral wire in the case of triplen harmonics.



Several standards and regulations [1] are no'w provided to limit the electrical pollution 

on the electrical networks. According to the restrictions given in these standards (e.g. ; 

lEC 1000-3-2 ; IEEE 519 ; VDE 0838, 0160, 0712), all the power electronic converters 

on power network should have high power factor and very low harmonics contents (total 

harmonic distortion factor, THD).

One approach to minimize this impact is to filter the harmonic currents and suppress 

the electromagnetic interference (EMI) [2,3,4]. A better alternative is to design the power 

converters such that the harmonic currents and the EMI are minimized from being 

generated.

Single-phase rectifiers are usually designed for the power ratings up to about 1.8 kW, 

which is the maximum power applicable at a  single-phase outlet (15 Amperes at 120 

Volts). At higher power ratings, for balanced distribution of power on the three-phase 

network in order to reduce unbalanced conditions in the feeding system, 3 -0  AC-to-DC 

converters are preferred.

Isolation is a very important feature o f converters and isolating transformers are used 

for both safety and load voltage matching requirements. Converters may use either line- 

frequency or high-frequency (HF) isolation. In the converters where line frequency 

transformers are used, cost, weight and size would be highly increased. Therefore, the 

present trend is to use HF transformer isolation to reduce size, weight and cost.

Converters can be classified under two groups: hard-switched and soft-switched. Soft 

switching methods include zero current turn off (either by zero current switching (ZCS) 

[5] or by zero current transition (ZCT) [6 ]) and zero voltage turn on (either by zero 

voltage switching (ZVS) [7-14] or by zero voltage transition (ZVT) [15]). In hard- 

switching pulse width modulation (PWM) switch mode rectifiers (SMR), high voltage or 

current stresses on the switches at the instant o f turning on or off, restricts their 

application in high frequency and higher power converters. However, lower switching 

frequency increases the size of the magnetic components, decreasing the power density. 

In resonant converters, power process is in a sinusoidal form employing either ZVS or 

ZCS and they have negligible switching losses and can operate at higher switching 

frequency [5, 7-14]. PWM converters due to circuit simplicity and ease o f control are



used more predominantly in power electronics industries. With the recent available 

devices and technologies in power electronics, PWM converters can operate at higher 

frequencies and the difficulties due to high switching stress and high switching loss can 

be avoided by a convenient application of soft switching technique.

1.2 General definitions in 3 -0  AC-to-DC converters

In three-phase converters, sinusoidal phase voltages and currents are given by:

sincDf sin(©t-27c /3) sin((or-4 7 c /3)
/a = /,7j sinor ih = Ifnsm((ùt-2n/3) sin(©f-4 7 c/3) ( 1 . 1 )

The instantaneous three-phase input power in spite o f single-phase converters with 

fluctuating input power is constant as given below:

Pi^ = 4» sin^mi + Im sin^((0 f-2 x /3)+ Vjn Ijn sin^(co/-4 7 r /3)
= Ol'^W m Ifn - cos2cor - cos(2(of-4% /3) - cos(2 (0 f-8 % /3)]
= =  3Pq = Constant ( 1 .2 )

The general definition of power factor (P.P.) [1,2] in a three-phase system for a 

sinusoidal line voltage and distorted line current is:

P.F. = /.")“ ] = (cos .ji.X I  I /Ac) = (cos<|„)/(l+THD')"" (1.3)

where, is the three-phase active power; V[ is the r.m.s. line-to-line voltage; /, is the 

fundamental current component; cos(j)i = P 3^(V3 F//,), is the fundamental phase 

displacement factor. The r.m.s. value o f line current is affected by all line current 

harmonics he = and the total harmonic distortion (THD) is defined as:

THD = (Z / 3^ + ..... (1.4)

Power factor correction methods can be either by adding passive LC filters to the input 

line (which needs low frequency passive elements with their known disadvantages) [2,5] 

or by active methods (chopping action in AC line, in bridge rectifier or on the DC side) 

[16-22].

1.3 Realization of 3 -0  AC-to-DC converters
Three-phase AC-to-DC converters can be realized by one of the following methods:



A) Connection o f three identical single-phase converters as a Y- or A-connection to the 

3 -0  AC source and the parallel connection o f the dc output terminals which is called as 

DELCO connection (Fig. 1.1(a)) [16,17]. DELCO connected modules have the following 

advantages [16,17]:

• By A connection of the inputs, all the triplen harmonics o f the converter 

currents are canceled in the line current without any extra provisions.

• Lower rating components.

• Reliability and simple replacement o f each faulty module and redundancy by 

removing one module and continuing with two phases at reduced output power.

On the other hand, disadvantages may be mentioned as:

• Triple number o f components that makes it more costly and bulky.

• Difficulties in unbalanced operating condition and control system.

• They also carry on some disadvantages o f single-phase converters like single­

phase power fluctuation, which brings some difficulties and distortions near zero 

crossings o f the line voltage.

B) A single 3 -0  rectifier bridge followed by a DC-to-DC converter [Fig. 1(b)].

In the above realization methods, isolation can be provided by either bulky low 

frequency transformers or small size, light weight HF transformers. When HF
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Fig. 1.1 (a) Delco connection of three identical single-phase converter modules, (b) 
Three-phase converter using a three-phase diode bridge and a single DC-to-DC converter.



transformers are used for isolation, front-end can be a P.F. corrected converter 

followed by a HF isolated DC-to-DC converter or a single stage converter, which 

achieves both PF correction and HF isolation. In general, the important features o f 

AC-to-DC converter is summarized as below:

• Regulated output DC voltage with specified ripple.

• High input power factor with low harmonic distortion o f line current.

• Isolation between the input power network and the output DC load for safety 

and load voltage matching.

• Small size, light weight and low cost.

• High power density (defined as the ratio of the output power to the volume o f 

the converter). To achieve higher power density, volume o f converter can be 

reduced by increasing switching frequency. Increase o f operating frequency 

reduces the HF transformer size as well as size of input and output filter 

components but it can result in higher switching losses. Reducing losses by 

soft-switching techniques improves efficiency and helps to reduce volume 

because of smaller heat sinks.

•  High efficiency and good voltage regulation should be obtained for a wide 

variation of load and supply voltage.

•  Reliable and simple control.

1.4 Literature Survey

Section 1.4.1 presents a brief review of some 1-0 AC-to-DC converters. Literature 

review for 3 -0  AC-to-DC converters is given in Section 1.4.2.

1.4.1 Single-phase AC-to-DC converters

In single phase, numerous work has been done on PFC soft-switching and HF 

transformer isolation converters. Some topologies used in 1-0 for soft switching, PFC 

and HF isolation can be used in 3 -0  converters with some modifications. Some 1-0  

literature with related work is given in [18-31].



The boost converter has been widely used as a front-end converter. Its operation in 

discontinuous conduction mode (DCM) gives a low line-current harmonic distortion with 

a natural P.F.C. as described in [18]. Special control techniques have been used for front- 

end converters [19]. Use of hard-switched flyback and forward converters in realizing a 

single stage AC-to-DC converters is presented in [20,21]. Recently use of soft-switching 

techniques in AC-to-DC converters has formed an active area o f research [6,15,23-31]. In 

[15], ZVT technique using auxiliary switch and resonant circuit for PWM topologies are 

discussed and dual o f these circuits as ZCT is given in [6 ]. A  flyback, single-switch, PFC 

regulator with quasi-resonant ZCS and simple control logic is presented in [24]. The 

double-switch converter presented in [25] is designed and analyzed for DC-to-DC and 

extended for the off-line AC-to-DC PFC application with HF isolation. In reference [26], 

a family of low harmonic converters are suggested with DCM boost, followed by HF 

isolated full-bridge (forward, flyback or Cuk) DC-to-DC converter. Converter introduced 

in [23] is a half-bridge double-switch, HF isolated forward converter using a DC bus 

interrupting switch and a capacitor to achieve ZVS conditions. Operation of resonant 

converters on the utility line with high P.F. with ZVS and ZCS has been studied by 

several authors, for example, see [28-31]. In reference [27], a family of soft-switched 

converters are presented which are combination of a discontinuous conduction mode 

(DCM) boost with natural PFC and a DC-to-DC HF isolated full bridge resonant 

converter. Major problem with single-stage, 1-0 AC-to-DC converters is the fluctuating 

rectifier output voltage resulting in slow response and to overcome this problem, a output 

voltage feedback to the input has been proposed in [29].

1.4.2 Harmonics reduction to improve power factor in three- 
phase AC-to-DC converters

In [4, 32], passive LC filters added to the input line to reduce the harmonics. Some of 

the techniques used to minimize the harmonics on line side are: asymmetrical triggering 

o f thyristors in the bridge [33,34], use o f modified gating scheme [35], use of active 

filters [36], use o f  chopping action on the DC side of the rectifier [37, 38], use o f third 

harmonic modulation [39], use of buck rectifier [40] and use o f a dual thyristor bridge



[41]. In [42], current wave shaping is done on AC side by low frequency chopping of 

each phase per line cycle. In [43], chopping action takes place by three A connected 

switches on the AC side. PFC is achieved by six force-commutated switches in a 3 -0  

bridge in [44-49]. PFC using hard-switched boost converter operated in DCM [50-52] or 

using special control techniques [52, 53, 19] are well known. Use o f series connected and 

several boost configurations are discussed in [54-56]. PFC using a hard-switched, single- 

stage HF isolated AC-to-DC converter has been realized using DCM flyback [57,58], 

DCM isolated Cuk [59,60] and DCM buck-boost [61] converters. PFC is done using 

multi-stage power conversion in [62] which uses a front-end 3 -0  PWM rectifier followed 

by a HF isolated bridge converter.

Use of soft-switching techniques for front-end 3 -0  PWM rectifier (without HF 

isolation) has been presented in [63-65]. Some soft switching techniques in 3-0  are 

presented in [66-70] for ZCS, [71, 63-65] for ZVS and for zero-voltage-transition (ZVT) 

in [72].

A variety o f PFC converters with or without H.F. transformers, hard-switched and 

soft-switched, are presented in [6 8 ]. They are classified under three main categories of 

natural PFC converters that can be derived via any known DC-to-DC topology. They are 

summarized as below:

1. Converters with discontinuous pulsating input currents through input inductors 

(current-fed or boost-type input).

2. Dual version of the above converters is the pulsating input voltage in discontinuous 

conduction mode (voltage-fed or buck-type input).

3. Soft-switched converters with a zero current quasi-resonant switch added to a buck- - 

type-input converter.

General advantages of these converters are as below:

• Natural P.F.C. and low current harmonic distortion.

• Simple configuration and control system.

• Use of a single-switch or multi-switches (with the same gating signals), with a better 

utilization compared to the conventional PWM converters.



• Small filter components for switching frequency rather than line harmonics.

• In third group (ZCS), soft switching reduces losses and allows HF operation. 

Disadvantages are:

• Higher switch stress (typically by a factor of approximately two), which in 

comparison with the reduced number of switches, is still beneficial.

• In third group, ZCS can not be achieved at low loads.

Soft-switching using ZCS or multi-resonant ZCS methods in DCM buck-type 

converters are given in [67,69,70]. In [71], a new version of ZVS in PFC converters is 

introduced in completion of the work in [6 8 ]. In [65] ZCT and ZVT for three-phase 

single-switch DCM boost converter is used. Although some HF isolated converters are 

shown in [68,69,71], analysis, design and their performance are not available.

Reference [73] uses chopping method in the bridge rectifier and combines six-step 

PWM rectification with ZVS, to realize a single stage HF isolated converter. But the 

converter uses six HF AC switches and control circuit is very complex. Reference [74] 

discusses a single-stage HF isolated, ZVS full-bridge, constant frequency PWM converter 

in DCM with natural PFC and ZVS is achieved with phase-shift method in bridge legs. 

Because of the neutral path, third harmonics remain in line current and the THD 

increases. In [75], a cascade PFC ZVS boost stage and a DC-to-DC converter with HF 

isolation is proposed. Such a multi-stage converter uses a complex control circuit, reduces 

the efficiency and increases the size as the power is processed in two stages.

From the above literature survey, it can be seen that very little work has been done on 

three-phase PFC, HF isolated, soft switching converters, in particular, single-stage power 

conversion. Available literature in this field are missing either soft-switching, HF . 

isolation or PFC. All these features, because o f  the following reasons are important in 

design and application o f three-phase AC-to-DC converters.

1) Soft switching is important in reducing switching losses and therefore reducing the 

size of heat sinks and cost o f converter.

2) With HF transformer isolation, safety isolation of DC load from the AC network is 

obtained with reduced size and cost.



3) PFC is important to reduce magnitude o f the effective current in line for a given 

power. Power quality standards give restrictions on harmonic pollution in grid lines. 

With reduced low harmonics in line current, filtering can be done with small EMI 

filters at the input terminals.

Therefore, in Chapters 2-5 o f this thesis four new configurations for 3 -0  AC-to-DC 

converters are presented which all have the above mentioned advantages.

1.5 Thesis outline
Lay out o f this thesis is as follows.

In Chapter 2, an AC-to-DC 3 -0 , single-stage, HF isolated, soft-switched, double 

switch, boost integrated PWM converter is proposed. Different modes and intervals of 

operation are explained using equivalent circuits and they are confirmed by MATLAB 

programming. Steady state relations in normalized form are obtained and used for 

optimization. A normalized design procedure is given. Devices and component ratings 

are calculated. Operational characteristics of the converter at different loads and input 

voltages are obtained by MATHCAD software. A design example for a 500 W three- 

phase converter is given. PSPICE simulation and experimental results from a laboratory 

prototype model are presented. In conclusions, advantages and disadvantages are 

discussed. To overcome the disadvantage of unsymmetrical input voltage and DC 

blocking capacitors of this converter, a bridge PWM converter with symmetric tank 

voltage should be substituted for the double switch PWM. The conventional phase-shift 

control couldn't match the requirements of duty ratio control for the front-end boost of 

this converter. Therefore, in Chapter 3, a new gating scheme for bridge configuration is 

proposed and its operation is confirmed by first applying to a DC-to-DC converter. The 

general solutions, steady state relations and the optimum design procedure with a design 

example are presented. Tank inductor current waveform shows two different modes of 

operation, tank inductor continuous conduction mode (TI-CCM) for loads higher than 

some transition load and tank inductor discontinuous conduction mode (TI-DCM) for 

loads lower than the transition load. Operation and analysis for each mode is presented. 

Simulation and experimental results on a prototype model verifies the analysis and
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operation of the converter under different loading and input voltage conditions. The DC- 

to-DC converter with the new gating scheme shows a good performance. Ail the switches 

operate with ZVS at full load and only one switch, which loses ZVS in low loads, is 

helped by an auxiliary ZVT circuit. The new gating scheme is used in a PFC three-phase 

DCM boost integrated with a DC-to-DC bridge converter. Tank inductor current again 

shows two distinct modes o f TI-CCM and TI-CCM. Modes and intervals of operation, 

general solutions, steady state analysis, optimized design procedure and operation under 

different loading and input voltage conditions are discussed. Theoretical results are 

confirmed with simulation as well as experiments on a prototype laboratory model.

The new gating scheme shows good features for application in this type o f boost 

integrated PWM converters. It was not applied to any converter before. Therefore, 

analysis and behavior o f different types o f bridge DC-to-DC converters integrated with 

DCM boost imder this switching scheme are not available in literature. The other chapters 

of this thesis presents the application of the proposed gating scheme to boost integrated 

series resonant converter {BISRC) in Chapter 4 and boost integrated parallel resonant 

converter (BIPRC) in Chapter 5. In Chapter 4, analysis, steady state boundary solutions, 

design and verification of operation with simulation and experiment are presented for 

BISRC. As the SRC presents a voltage source load (capacitive output filter), there are two 

modes of operation namely TI-CCM and TI-DCM. The sinusoidal resonant current in LC 

tank shows a reduced peak compared to the single inductor tank with linear current and 

helps a lower peak rating o f devices. However, the DC bus voltage increases in low loads.

In Chapter 5, the new gating scheme is applied to BIPRC. BIPRC presents a current 

source load (inductive output filter). Tank resonant current does not go discontinuous. 

This converter operates with two main modes, namely, ZVS and ZVT (has two sub­

modes). General solutions and steady state analysis using boundary solutions are 

presented for different modes of operation. Based on the analysis, an optimum design is 

obtained and a design example is given. Behavior of the converter under different loading 

and supply voltage is confirmed by simulation and experimental results.

Chapter 6  gives a summary of contributions of this thesis. The advantages and 

disadvantages o f the different converters proposed are also summarized.
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Chapter 2

A Soft-switching, Power Factor Corrected, Two 
Switch, HF Transformer Isolated, Three-Phase 
AC-to-DC Converter

In this chapter, a fixed-frequency, high frequency (HF) transformer isolated, single- 

stage, double switch, soft-switching, three-phase AC-to-DC converter with high power 

factor and low line current harmonic distortion is introduced. After an introduction in 

Section 2.1, Section 2.2 gives the basic assumptions used in this chapter. Section 2.3 

explains the operating principle and various operating modes and intervals of the 

converter. The converter is analyzed using state space approach in Section 2.4. Based on 

the analysis, design curves are obtained and design of the converter is illustrated with a 

design example in Section 2.5. Theoretical operating results of the converter at different 

loads and supply voltages are presented in Section 2.6. Performance o f  the converter is 

predicted using PSPICE simulation in Section 2.7 for the variation in load and supply 

voltage. Detailed experimental results obtained from a 500 W prototype model is 

presented in section 2.8. The converter is modified by adding an auxiliary zero voltage 

transition (ZVT) circuit to ensure lossless turn on o f Si in low loads. Performance o f this 

modified converter is studied in Section 2.9 using PSPICE simulation and confirms the 

ZVS at 10% load. Chapter ends with the conclusions in Section 2.10.

2.1 Introduction

Most of the 3 -0  AC-to-DC converters discussed in the literature are front-end 

converters without HF transformer isolation. There are only limited papers dealing with
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HF transformer isolated soft-switching, 3 -0  AC-to-DC converters. Some of these 

converters use complex control circuit, e.g. [73,75]. A soft-switching DC-to-DC 

converter and its off-line application in 1 - 0  high-quality rectifier have been presented in 

[25]. This idea is extended to 3 -0  utility line and, a HF transformer isolated 3 -0  AC-to- 

DC single stage converter is proposed. Circuit o f the proposed three-phase AC-to-DC 

converter is shown in Fig. 2.1(a). Behavior of such converter and its analysis, design and 

experimental results are not available in the literature. A three-phase boost converter is 

integrated with a class-D DC-to-DC HF transformer isolated converter. The boost 

inductors are symmetrically distributed on the three-phase input AC lines and operate in 

discontinuous current mode (DCM) to achieve natural power factor correction (P.F.C.). It 

uses only two switches and with the aids of anti-parallel diodes (could be the internal 

diodes of the switches), switches operate in ZVS that can be maintained for wide 

variation in supply voltage and load. Regulations for load and line voltage fluctuations

\ %

Dill Dbi

+  V n

" ■ V  \ z

Cy

-v„
n

Fig. 2.1 (a) Proposed HF transformer isolated three-phase AD-to-DC soft switching 
converter with high power factor and low line current harmonic distortion, (b) Three- 

phase voltages and the time interval 0  < ©//i <n/ 6  used for the analysis.
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are done by on-time control of the boost switch. A HF transformer provides the load 

voltage match and safety isolation between the DC load and AC network.

Some of the features o f the proposed converter are:

1) Single power converter stage with HF transformer isolation using only two HF 

switches.

2) The leakage inductance of the HF transformer is used as part o f  resonant inductor.

3) A fixed-frequency variable duty ratio control circuit is used which is easy to 

implement.

4) Low harmonic current distortion and high PF is achieved without any complex active 

current control scheme.

5) Output rectifier diodes turn on with low di/dt and their voltage rating is the same as the 

output voltage.

2.2 Assumptions

1) Input 3 -0  supply is balanced and purely sinusoidal.

2) Switching frequency is much higher than the mains frequency ( f s » f i )  so that during 

each HF switching period input voltage can be assumed constant.

3) Input filter Z,/, Q-is designed for the switching frequency harmonics and has negligible 

effect on the line frequency voltage and current.

4) Load voltage is constant.

5) All the components are assumed ideal (no loss or conduction voltage drop across 

switches and no switching time for devices).

6 ) The effect o f the HF transformer magnetizing inductance is neglected and the leakage 

inductance is considered as a part of the tank inductor L\.

7) Effect o f snubber capacitors across the switches is neglected.

8 ) Capacitor Cdc and the DC voltage blocking capacitors C\ and C2 , are assumed large 

enough and the voltage across them is constant with small charging and discharging 

ripples.
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2.3 Operation

2.3.1 Circuit Description and Principle of Operation

This converter combines high performance of a 3 -0  discontinuous current mode 

(DCM) boost converter with the advantages o f  a soft switching PWM converter. HF 

switches Si and Si are gated with fixed-frequency variable duty ratio (complementary 

gating signals) and they turn off with zero-voltage-switching (ZVS). Switch Si and diode 

Di operate together with the input line inductors as a 3-0  boost converter in DCM. 

Switch Si transfers energy from DC link capacitor (C*) to the load with continuous 

current in Zi. The switches iSi and Si along with their anti-parallel diodes form a half 

bridge switching leg for the DC-to-DC converter. Pre-conduction o f anti-parallel diodes 

Di and Di provides zero voltage tum-on for switches -Si and Si. Turn-off of diodes is also 

under zero current condition. Switches iSi and Si are gated complementary, though there 

is enough gap between their gating pulses for charging and discharging time of the 

capacitors associated with switches (snubber and internal capacitors). Ci and Ci are the 

DC blocking capacitors. Ci is added in secondary to cancel out the DC bias point of the 

HF transformer. Converter operates in fixed frequency, load and input voltage regulation 

is done by the duty cycle control of the boost (on-time control o f the switch and 

subsequently the complementarily switch Si). For a given load and supply voltage on time 

is fixed and is kept constant within one cycle o f AC supply. For output HF rectification, a 

diode bridge rectifier is used.

2.3.2 Modes of operation and inductor current time intervals

At the output o f the 3 -0  diode rectifier, there is symmetry for each tc/ 6  electrical angle 

o f rectified output voltage. Depending on the position of high frequency boost inductor 

currents on the n / 6  electrical angle of line frequency scale (Fig. 2.1(b)), three modes of 

operation (Mode I, II and HI) happen. In combination with time intervals of the tank 

inductor current (I'u) and the direction of switch currents (I'swi and I'swi), three sub-modes 

(sub-mode DA, IIB and nC) and up to eight subintervals in each mode are formed. These 

modes of operation and time intervals are described in Sub-sections 2.3.2.1 and 2.3.2.1 of
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this section. Fig. 2.2 shows the HF waveforms of the converter in Mode EC, which is the 

predominant and most general mode o f  operation and includes the most subintervals in 

tank inductor current.

By MATLAB programming, HF waveforms in different modes of operation are 

obtained (will be shown later in Fig. 2.4 after deriving general solutions in Section 2.4.2).

2.3.2.1 Modes o f Operation

Depending on the position of HF switching pulse at time ti along the line frequency 

scale (co//i, (0 [ is the line frequency in rad/sec), the proposed converter operates in three 

different modes I to EH. In each mode, there are several intervals and subintervals in tank 

inductor current.

Mode I, occurs at the peak of phase-A voltage (coiri = 0). Diodes Dai, Dbi and Dd 

conduct for the whole conducting period, it = ic = -iJ 2  and maximum dead-gap (ygmax) 

between input current pulses occurs.

Mode n ,  occurs during 0 <0 )//i< n/ 6  and ia = -(/^ + ic)- There is some dead gap (Zg) 

between input current pulses. Depending on the sign o f current in L\ (in) and conducting 

devices, there can be three sub-modes HA, HB, and EEC. In sub-mode IIA, ib goes to zero 

and Db2  stops conducting when in  is negative and decreasing in magnitude. In sub-mode 

IIB, Db2 stops conducting when in  becomes positive, increasing in magnitude and before 

current transfers from D% to 8 2 - In sub-mode IIC, Db2  stops conducting when in  is 

positive and increasing, and after current transfers from D 2 to 8 2 -

Mode m ,  occurs at <ùit\ = tz/ 6  with ib = 0 & ia ~ -ic and only diodes Dai and Dc2 conduct. 

There is a minimum dead-gap (Zgmi„) between input current pulses. At full load and 

minimum input voltage, this m inim um  dead-gap becomes zero (just continuous 

conduction mode, JCCM).

2.3.2.2 Intervals in Inductor Current

In each HF switching period (t^) according to the direction and sign o f the slope of 

current in inductor Li, four main time intervals have been identified. In each interval, 

there are some subintervals. In Fig. 2.2, all the intervals and subintervals and conducting
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Fig. 2.2 Operating waveforms (on HF scale) o f  the converter for the predominant Mode 
nC. (a) Voltage at the input of the output rectifier, (b) Current through L\. (c) 3 -0  line 

input HF switching currents, (d) Current in the lower {S\, D\) and upper (^2 , Di) switches.
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devices for sub-mode EC of operation are clearly marked. Fig. 2.3 shows the equivalent 

circuits for the converter during different intervals o f operation. All intervals and 

subintervals o f operation are defined below. Depending on the mode o f  operation, some 

of these subintervals may be absent.

Interval 1: ii\> 0 and (dii\fdx) < 0 with two subintervals.

Subinterval la : when ii\ > ia and D\ conducts.

Subinterval lb : when in < ia and Si conducts.

Interval 2: in  < 0 and (din/dx) < 0, no subinterval, only Si conducts.

Interval 3: in  < 0 and (din/dx) > 0, only Dz conducts.

hi modes I, HI, HB, and HC, this interval has only one subinterval 3a. In mode HA, it goes 

to zero before xs and current through Dz changes slope and this interval is divided into 

two subintervals, 3a and 3b.

Subinterval 3a: when ib is flowing and input diodes Da\. Dbi, Dd are conducting. 

Subinterval 3b: when ib goes to zero, Dbi stops conducting and ia changes slope.

Interval 4: in  > 0 and (din/dx) > 0, Dz and then Si conduct. This interval has four

subintervals for Modes HB and HC (Fig. 2.2), whereas, has three subintervals (4a, 4b, 4c) 

for Modes I and HA, and two subintervals (4a, 4b) for Mode HI.

Subinterval 4a: when diode Dz and input diodes Da\, Dbz, Dcz are conducting.

Subinterval 4b: when switch Sz and input diodes Dai, Dbz, Dcz are conducting.

Subinterval 4c: when switch Sz is conducting and input diode Dbi has stopped 

conducting.

Subinterval 4d: when switch Sz is conducting and all input diodes have turned off.

2.4 Analysis

Analysis is based on the state-space approach and assumptions stated in Section 2.2. 

General considerations are given in section 2.4.1. In section 2.4.2, the general solutions 

for HF current waveforms for sub-mode HC and in each subinterval are derived based on 

the equivalent circuits and differential equations for each interval. Section 2.4.3 gives the 

steady state relations to be used for design.
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Fig. 2.3 Equivalent circuits during subintervals of Mode EEC. (a) Subinterval la, D\ 
conducts, (b) Subinterval lb. Si conducts, (c) Interval 2, Si is conducting and the output 

diodes conducting have changed, (continued)
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Fig. 2.3: (continued)
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(g) Subinterval 4c, turned off. (h) Subinterval 4d, all input diodes are off.
Fig. 2.3 (continued)

2.4.1 General considerations
1) Due to 7i/ 6  existing symmetry in three-phase rectifier output, analysis is done only for 0

<  (Ùit\ < Tt/6 .

2) Local time x is defined during each HF switching cycle. At any t = t\, the three-phase 

input instantaneous voltages remain constant for < x < ti+x^, as given below:

V a ( / i )  =  V„cos(<oiti), V6(ti) =  F„cos((0 /ti - 2tc/3), Vc(fi) =  VmCos(o)/ti -  4 7 t / 3 )

3) As the output voltage and the average voltage of DC capacitors (Ci and Cz) are 

assumed constant with negligible ripple, there remains only four state variables, ia(x), 

i'bCt:), and ẑ iCx).

4) DC capacitors maintain constant voltage that results in constant voltage across the 

inductor during each interval. Therefore, inductor current changes linearly.
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2.4.2 General Solutions
Sub-mode II-C (Fig 2.2, ib goes to zero in 4^ interval after current transfer from 0% to 

Sz) is the most general mode. Therefore, general solutions are derived for this mode and 

then all other modes are treated as particular cases. Mode II-C contains the most 

subintervals that can happen except for the additional subinterval 3b, which happens only 

in Mode HA. Waveforms of unrectified output voltage (vo), 3-0  input boost inductor 

currents (/'a, k , Q ,  current in inductor Li (iu )  and current in switching legs (iswi, iswi) 

during subintervals of mode HC for each HF switching cycle are shown in Fig. 2.2. 

Because of the continuity in inductor currents, final condition at the end o f each 

subinterval will be the initial condition for the next subinterval.

General solutions for the four major time intervals of inductor current with the

relevant subintervals in each HF cycle are derived below. Switch currents are calculated 

from the relations: /wi(t) = Za(t) - iuC^) and = in(r) - Za(t). Positive current is

through the switch and negative current flows through the anti-parallel diode.

Interval 1 (0 < t  < t i ): Current in  is positive and decreasing.

This interval begins when Sz turns off and the positive current in Li is flowing through 

D i. Output diodes Doi and Dos are conducting. There are two subintervals in this interval. 

Subinterval la  (0 < Di conducts (in > ia)- Equivalent circuit is shown in Fig.

2.3(a). Output of the three-phase bridge is short-circuited and the boost inductors begin to 

charge linearly from zero with different slope in each phase at time t i  of line cycle.

Lin(dijdx ) =  V a ( t l )  = VmCOS CO/ti (2.1)

Lin(diddx ) = Vi(ri) = F„cos(co/ri - 27t/3) (2.2)

Li„(dijdx ) = vjtx) = V„cos(cûjti - 4tc/3) (2.3)

Relations for the 3 -0  boost currents from above is:

L(x)= (FmCOS co/ti !L in )x  (2.4)

f6 (x) = [F]»cos(ü)/i -2tc/3)/Z/„]t (2.5)

4 (x) = [F„cos(co/ri ATd3)ILui\z (2.6)
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For the line interval 0 < a>iti < n/6 , current /a(x) is positive, going through diode Dgi, 

currents /^(t) and /c(t) are negative, returning through Dbi and Dd- 

Therefore we have ia = - 4  - ic-

Current through L\ in subinterval la  using initial condition /ii(0) = Ia would be:

/n(x) = Ia - [(Vci - nVc2 + nVo)/Li]x (2.7)

Current through switching leg SWi is:

iwi(x) = /a(T) - in(x) = [(V„ cos co/fi /Lin) + (F'ci - nVcz + nVo)/Li]x - Ia (2.8)

This current is negative, flowing through Di and providing ZV for 5i. It reaches zero at 

time t'i < t i  when ia = in  and changes direction through switch Si which is turned on with 

ZVS. Value o f x'l is given by:

t 'l = /y[F„cos((0 /ii)/Z/„ + (Vci - nVc2 + nVo)/Li] (2.9)

Subinterval lb  (x'i<x<xi): Switch Si conducts (in  < ia) and the equivalent circuit is 

shown in Fig. 2.3(b). Three-phase boost currents and in  are the same as before given by 

relations (2.4)-(2.7) and /^ i has changed sign. At x = xi, current in  reaches zero and this 

interval ends, where xi is given by:

XI =IaLi/(Vci -nVc2 +nVa) ( 2 . 1 0 )

Interval 2 (xi < x < xi): Switch Si which had started conduction at x'l, continues to

conduct. Current in  is negative and decreasing (increasing in magnitude). Equivalent

circuit is shown in Fig. 2.3(c), which is similar to equivalent circuit in subinterval lb  

except that current in  has changed direction and conducting diodes in the output bridge 

are changed to Doi and Doa- Output voltage referred to the primary side (nVo) changes 

sign and slope o f in  changes as below:

zz.i(x) = - [(Kci - - wFj,)/Zi](x - Xi ) (2 . 1 1 )

Switch Si  is turned off at x = x% = Dxp and at this instant, current in  reaches Ib, which 

is negative and can be calculated from equation (2 . 1 1 ) as below:

Ib = 4 i(x2) = -[(Vci -nVc2-nVo)ILi\(DXp  - X | )  (2.12)
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Total charging time o f boost inductors (intervals 1 and 2, %%) is given by:

X2 =  Dxp = [(Vci - nVci - nVo)xi - LiIb]/(Vci -n V d -n V o )  (2.13)

Instantaneous switch current is given by:

fjwi(T) = ia(x) - iu(x) = [(P^cos <n/fi)/Z.j„]T + [(Vci - nVc2 - nVo)/Li](x - n  ) (2.14)

At T = Dxp, switch Si turns off and the current has reached the peak value. For mode I 

(©/fi = 0 ) the maximum value o f switch current stress is given by:

iswlimax) = (VJLir,) DXp + [(Vd - nVc2 - ItVo)/Li](DXp - Ti ) (2.15)

Since the effect of snubber capacitors and internal capacitors o f switches are neglected, 

transfer from lower switching leg jwi to the upper switching leg sw2 takes place in a 

negligible time. When turns off, voltage across it rises to F*, voltage across 8 2  goes to 

zero and current is transferred to upper diode £ > 2  initializing ZVS condition for 8 2 -

During intervals 1 and 2, as the output of the three-phase bridge rectifier is short 

circuited through Di or 8 1 , currents ia , ib and ic are increasing linearly with no change in 

slope. They reach the peak values at x = Dxp, as given below:

ia (DXp) =  [FnCOS ((Olti)/Li„]DXp (2.16)

ib (DXp) = [FnCOS(©/| - lTl/3)fLin]DXp (2.17)

i c  (Dxp) = [FnCos(co//i - Anjy)!Li„]Dxp (2.18)

Interval 3 (x2  < x < X 3 ) :  in  is negative and its magnitude is decreasing towards zero. This 

interval begins when 8 1  is turned off and the negative inductor current in  transfers to £>2 . 

Equivalent circuit is shown in Fig. 2.3(d). In Mode EC under consideration, this interval 

has only subinterval 3 a.

Subinterval 3a: The equivalent circuit for the 3-(j) boost converter is changed and input 

inductors begin to discharge. Referring to Fig. 2.3(d) we can write:

Lin(dijdx) +Vdc- Lin(diiJdx ) = Va(tl) - V6 (fl) = ^ab(ti) (2.19)

Li„(dijdx) + Vdc - Li„(dijdx  ) = Va(fi) - v^h )  = Vac(ti) (2.20)

Substituting ia = -h  -ic, we can solve for each phase current as below:
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2 L i„  { d ib ld x )  +  L i n i d i j d x  ' ) = V d c -  Vabifx) (2.21 )

Li„ {dibtdx) + ILinidiJdx ) = F* - (2.22)

Lin difjdx = {MWdc - (2/3)W A) + (l/3)v«^/.) = Vé(/,) + (l/3)P:t (2.23)

Lin d ijdx  = ( 1 / 3 ) +  (l/3)v«6(fi) - (2/3)v«c(A) = v,(/i) + (I/3)F* (2.24)

Lin diJdx = - (2/3) + (1/3)v„6(/i) + (l/3)v^c(/i) = v=(fi) - (2/3) V̂ c (2.25)

In all above relations, line frequency voltages are evaluated at /  = /j and are assumed 

constant [vaé(/i), Vac(/i)] for the HF period under consideration (fi < t  < t\+ Xp).

Therefore, 3 -0  boost currents are derived as:

/«(%) =  [(Vfl(/i) -  Ç L /y )V d c ) IL in ]  (x  -  Xz) +  /a(x2) P o s i t i v e  (2 .26 )

4 (x )  =  [(v ô (/i)  +  ( 1/ 3 )  V d c )!L in \ (x  -  xz) +  4 (xz) N e g a t iv e  (2 .2 7 )

ic  (X) =  [(v c (/i)  +  ( 1/ 3 )  V d c )/L in ]  (X -  xz) +  zc(xz) N e g a t iv e  (2 .28 )

They decrease with different slopes and different initial conditions.

Current il\ for this interval is given by:

i i iC r )  =  [ (V d c  -  V c i + n V c z  +  n V o  ) / L i ]  ( x  -  tz )  +  I b  (2 .29 )

Initial value, /z.i(xz) = /b, is negative and slope is positive. Scon after current flows in 

Dj, Sz is gated with ZVS. Current fri reaches zero at time X3 , which is given by:

X3 =  [ (V d c  -  V ci +  n V c z +  n V o ) x z  -  / g I i ] / ( P ^  -  V d  +  n V c z  +  n V o )  (2 .30 )

Current in upper switching leg is given by:

W (x) = /£i(x) - /a(x) =  [ ( V d c -  V ci +  n V c z  +  n V o ) I L i ]  ( x - x z )

+  l B - { [ V a - ( 2 / 3 )V d c ] / (L i„ ) }  ( x - x z ) + i a ( x z )  (2 .31 )

It remains negative (in  is negative and ia is considered positive) and only diode Dz 

conducts. Its maximum magnitude is at t  = tz when turns off and current transfers to 

Dz. So in each HF switching cycle the maximum current of Dz is equal to the maximum 

current of Si and its highest value occurs in mode I (©//i = 0) when the phase voltage is at 

its peak. At x = X3 , in  changes sign and interval 3 ends while Dz is still conducting.
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Interval 4 (ts < t  < Xp): Current I'aC )̂ is positive with increasing magnitude. Diode D2 

and then switch S2 conduct. During the whole interval 4, inductor current in  is the same 

and is given by (2.32). Current in  reaches its maximum (Ia) at the end of period, Xp. 

Current ib which has the lowest magnitude goes to zero before the other two phases at 

time T4 . Then 4  and ic reach zero at T5 . Current î w2 also reaches to zero and changes 

direction from D2 to S2 at time T3 . In Mode EC, times T 4 ,  T 5  and x's happen in interval 4 

(x'3  is less than X4 ) and all the four possible subintervals with equivalent circuits Fig 

2.3(e)-(h) exist as explained below.

Subinterval 4a (X3 < x < x'3 ): Diode D2 conducts and equivalent circuit is shown in Fig.

2.4 (e) which is same as Fig.2.3(d) except for the change in polarity of nVo.

Current in  is given by:

4 i(t)  = [(Vac -V c x ^n V c i-  nVo)IU\(x - xi) (2.32)

Boost inductor currents, /a(x), /^(x) and /c(x) remain the same as interval 3. Current î wr 

continues flowing through D2 but with different slope because o f the change in direction 

o f in  (nVo changes to -nVo in (2.31)).

isw2(^)-[(Vdc- Vci nVc2-nVi)ILi\(x-X2) + Ib - [(Va-2/3 F^c)/^m](T-X2) + / (̂xz) (2.33)

It is negative and reaches zero at time x '3  when the next subinterval begins.

x'3 = {[(Vac- Vci +nVc2 + nVo)/Li - vJLi„ - (2/3)VaJLi„]x2 - /g+f^xz)}/
{(Vac- Vci + nVc2 +nVo)ILi - [v  ̂- (2/3)P^]/Z«} (2.34)

Subinterval 4b (x'3  < x < X 4 ) :  This subinterval starts at x '3  and iswi with the same slope 

changes sign and transfers to S2 which was gated with ZVS soon after xz. Equivalent 

circuit is shown in Fig. 2.3(f). As long as ib has not reached zero, there will be no slope . 

change in and above relations (in subinterval 4a) remain the same for this subinterval. 

Subinterval 4c (X 4  <  x <  X 5 ) :  Switch S2 continues conducting. Equivalent circuit is shown 

in Fig. 2.3(g), which is similar to Fig. 2.3(f), but Db2 is off.

After time X4, ib remains zero, ia and ic with equal magnitude and different sign of

slopes go towards zero.

ib(x) =  0, ia(x) =  -ic(x) =  [V a c ( /i)  " Vac](x -  X 4)/2£ /„  +  ia(X4) (2.35)

where V a c ( t i )  = Va(ti) - v i ( t i )  =  (3/2)cos co/fi +  (V3/2)sin ( ù ih  (2.35a)
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Current in upper switch Sz continues with a  different slope as below:

- ia(x) = [(Vdc- Vci + nVc2 - nVo)/Li] (x-xz)
+ /a-[(Vac- f̂ rfc)/2 Z.m](x-X4 )+/a(X4 ) (2.36)

This subinterval ends at time X; (xs < Xp, DCM operation of front-end boost).

Subinterval 4d (xg < x< Xp): This subinterval is the dead gap in boost inductor currents 

and all input rectifier diodes are off. DC bus capacitor C* (DC link voltage Vdc) feeds the 

tank circuit and transfer o f energy to the load remains continuous. Equivalent circuit is 

shown in Fig. 2.3(h). In this subinterval because of DCM operation of front-end boost, 

only the inductor current i£i(x) flows through the switch Sz'.

4(x) = 4(x) = /c(x) = 0 (2.37)

W (x) = i Li(x) = [(Vdc- Vci+ nVc2 - nK)/Li] (x-xs) (2.38)

At Xp when switch Sz turns off and current transfers to Di, this current has reached to 

its maximum value /^. This subinterval and interval 4 end at Xp and a new HF switching 

cycle begins.

Subintervals in the modes other than  Mode IIC: Mode IIC shows the most 

subintervals occurring in operation o f the converter. The following changes in 

subintervals of other modes are to be mentioned:

In Mode I, I'l, and I'c are equal and all the three-phase boost inductor currents go to zero at 

X5 . . In this mode, interval 4 contains three subintervals with the equivalent circuits as Fig. 

2.3(e), (f) and (h). Other intervals are same as Mode HC.

In Mode HA, 4  goes to zero in interval 3 and ia changes slope there exist subintervals . 

3a and 3b. In subinterval 3b, equivalent circuit is similar to Fig. 2.3(d) except that in 

front-end boost Dbz stops conducting. Interval 4 in this mode contains three subintervals 

with the equivalent circuits as Fig. 2.3(e), (g) and (h) with the difference that in Fig. 

2.3(e) Dbz is not conducting.

In mode HB, intervals are same as mode HC and there are four subintervals in interval 

4 with the same equivalent circuits except that in Fig. 2.3(f) diode Dbz is off.
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In modes UT, interval 4 contains three subintervals (except for mode m  in JCCM with 

two subintervals), with the equivalent circuits as Fig. 2.3(e), (f) and (h).

In Fig. 2.4 HF current waveforms of the converter in different modes, obtained from 

relations in general solutions by MATLAB programming are shown.

2.4.3 Steady State Analysis

Steady state relations are derived from the general solutions by matching the boundary 

conditions and they are normalized. The converter parameters obtained from the steady 

state solutions are used to obtain the design curves and the operational characteristics of 

the converter.

2.4.3.1 Normalization

The steady state relations are normalized by the following base values:

Fi =VipeakOnin) (ou the primary side o f HF transformer)

Fi =Vipeak(mm)/n (ou the secondary o f HF transformer) (2.39)

Pb=Por (2.40)

where Vipeakimin) is the minimum input line-to-line peak voltage and Por is rated power of 

the converter. Gain o f the converter defined as M  = n changes with input voltage

variations and has the maximum value at minimum input voltage {Mmax = nVe/V/peaHmm))- 

Base of current and impedance are as below:

Ib = Por/Vipeakimin), (on the primary side)

Ib = nPorlVipeak(mm), (on the Secondary side) (2.41 )

Zi = V̂ ipeaKmin) IP or (on thc primary side)

Zb = V̂ ipeakimin) Por) (on the Secondary side) (2.42)

High frequency switching period is used as the time base (Ti) to express time intervals 

in per unit:

Ti = Xp (2.43)

Base value for inductors would be:

Lb = Tt(Vb/Pb) =Tp(F^ lpeak(min)IPor) (2.44)
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Fig. 2.4 HF current waveforms for different operating modes of the converter, obtained 
from general solutions by MATLAB programming. In each case, 3-0  boost inductor 

currents; current in inductor Li and in switching devices.
(a) Mode I. (b) Mode III at full load and minimum input voltage (6 ^0 %= I), (continued)
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Fig. 2.4 (continued) In each case 3 -0  boost inductor currents, current in inductor Li 

and in switching devices for and for (c) Mode IIA. (d) Mode IIB. (e) Mode IIC.
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Load current and load resistance on either primary or secondary of HF transformer in 

per unit versus output per unit voltage Vopu, would be:

lopu P o p xJP o p u t P-Lpu op tJP opu  (2.45)

2.4.3 2 Normalized Steady State Relations

The main relations between the parameters o f the circuit in steady state which help to 

design the converter and to understand operation of the converter for changes in load and 

input voltage, are classified under two groups as presented below.

A) Relations in the three-phase front-end boost.

B) Relations in the DC/DC converter.

These two sets of relations are related to each other by the common parameters: D (duty 

ratio), Vdc (DC link voltage) and Po (output power).

(A) Steady State Normalized Relations in Three-Phase Boost:

For DCM operation o f  3 -0  boost converter, at any point other than = n/ 6  (D = 0.5, 

full load and minimum input voltage), there is a dead-time Xg between input HF switching 

currents. This dead-time is a function of t\ (position of HF boost currents on line 

frequency scale) and duty ratio D. For any fixed D  (specified load and input voltage), we 

can write in normalized form [51]:

^gpu 1 " iP P d c p i^ l\J ^ d c p u  ~ F/pea;ipuC0S((0/fi- 7ü/6)J (2.46)

Dead-time Xg achieves its minimum value Xgmin at co/ti = nJ6  (Mode HI) and maximum 

value Xgmax at = 0 (mode I). Conduction-factor which shows conduction time of input 

bridge rectifier in per unit of HF switching period is defined as:

Ô = (t;, - X g )lX p  = \ - X g p u  (2.47)

This factor same as Xg, is a function of duty cycle as well as mode of operation, and for 

each load achieves its maximum value hmax, at mode HI (co//i = ti/6 ).

For the front-end 3 -0  DCM boost two basic relations can be written:

1) Relation between input line-to-line peak voltage and DC link capacitor voltage as a 

function of duty cycle and maximum conduction-factor [51]:
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V jcpu  ~  V lp ea kp J{\ ~ D /Ô m er^ (2.48)

2) Relation between peak of charging current of boost inductor for mode HI and the input 

three-phase power which is derived in Appendix A:

P 2 ^ p u ~ ( ^ / '^ V m p tJ tn p u ~  (Vlpeakpu) •0Smax/(4Z/npu) (2.49)

For an ideal converter, output DC power equals input three-phase AC power:

Popu (Plpeakpt^ D^max/(APinpu) (2.50)

With a typical power conversion efficiency r|typ of the converter:

Popu ^ ^ m a x  ^(APmpu) (2.51)

(B) Steady state Relations in DC-to-DC converter:

Referring to Fig. 2.2, time duration intervals Ti, T2 1 , T3 2 , Tps are defined in per unit as:

Xipu T2 lpu ( ^ 2  " Ti)/Xp, %32pu ("̂ 3 ” “̂pipu ("̂ p “ 3̂ )/^p (2.52)

These time durations could be calculated firom general solutions using (2.10), (2.13)

and (2.30). In steady state, they are directly calculated firom the voltage drop across

inductor L\ for each interval as given in (2.53)-(2.56).

The total DC blocking capacitor voltages on the primary side o f the HF transformer, is 

defined as a single parameter Vc = Vci - nVci-

Relations (2.53) to (2.61) derived below based on the basic circuit theory, are the main 

steady state relations in DC-to-DC converter:

1) Voltage across inductor L\ during each interval:

Interval 1 

Interval 2 

Interval 3 

Interval 4

L\pu(jApu  /^Ipu) ~  Pcpu “*■ ^opu (2.53)

L\pu(jBpu  /^21pu) ^Cpu ~ Popu (2.54)

L\pu(^Bpu /T-32pif) P^dcpu ~ Pcpu~^ Popu (2.55)

Plpu(̂ Apu '̂̂ p3pu') P̂dpuc ~ Pcpu ~ Popu (2.56)

2) Charge equilibrium in Cy. (Positive A.Sec = Negative A.Sec)

^Apu (."^Ipu ”I’p3pu) ^Bpu ('^21pu "^32pu) (2.57)
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3) Average rectified current o f HF transformer at output bridge rectifier (load current) is:

[f/<pu(”̂Ipu T-p3pu) lBpuiy7.\pu ’̂ 32pii)]/2 lopu Popu/ ^opu (2.58)

4) Balance in DC bias point o f the HF transformer:

Pcpu ^dcpui 2̂2pu p̂3pw) ^opuC l̂lpu 3̂2pu “ “̂Ipu ~ "̂ p3pu} (2.59)

5) Duty cycle D, which is the charging time o f the input boost inductors (Di or 

conducting), in relation with the time intervals o f the DC/DC converter, is written as:

+ T2 lp„ = D (2.60)

T32pu + Xp3pu = ( 1 -D) (2.61)

The above equations depend on HF time intervals. In the following non-linear

relations (2.62)-(2.66), time intervals from (2.53)-(2.56) are substituted in (2.57)-(2.61).

Direct relations between voltages and currents o f the DC/DC converter in steady state are

introduced. Detailed calculations are given in Appendix B.

(JapJ Ibpu) ~ [( Fcpif Popu)(/Pdcpu ~ ^Cpu~ Popu)]/
[(f̂ Cpu - PopuKK/cpu- Pcpu+ Popu)] (2.62)

lopu ~ PopJ^opu ~ I--\pu{/Apti) [l/(Fcpi/ ^opu)
l/(K & :p .-F Q ,« -W ] (2.63)

Vcpu Pdcpu (1"D) + PopuL\pu\/Bpu/(Ĵ Cpu ~ ^opu) iBptJi/Pdcpu ~ Pcpu Popu}
- lApJiVcpu + Vopu) - lApJiVdcpu - Vcpu ~ Vopu)] (2.64)

DlL\pu~ lApJ{Vcpu + Vopu) + hpu/iVcpu - Vopu) (2.65)

Ç\-D)/L\pu~ lApJiYdcpu - Vcpu ~ Vopu) Ibpu /  /Vdcpu ~ Vcpu Vopu) (2 .6 6 )

2.5 Design

Among different modes of operation. Mode III (©/ti = n/6 , 5 = 8 max)> is important in 

determ in in g inductor values (Li, Li„), transformer turns ratio (n) and voltage ratings (Vc, 

Vdc). On the other hand. Mode I gives the highest current stress on devices and is 

important for current ratings.

2.5.1 General considerations
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Design should be done for Mode III (co/fi = ti/6 ), at full load (Po = Par — 1 p.u), 

minimum input voltage (V}peaJt = (min) = 1 pu), maximum conduction factor (5 = 

5maxFL = 1, JCCM) and maximum duty ratio (D = D^). In spite of the fact that duty ratio is 

limited to 0.5 for DC-to-DC converters [25], in AC-to-DC converter duty cycle can go 

higher than 0.5 and increase the boost DC voltage. The most important considerations in 

this type o f converters to optimize the design are:

a) Decreasing total harmonic distortion (T.H.D.) and achieving natural P.F.C. to near 

unity for front-end boost.

b) Reduced voltage and current stress and ratings o f devices.

c) High efficiency by ensuring ZVS for a wide range o f change in load and supply 

voltage.

In DCM boost, power factor is improved by increasing duty ratio as high as possible 

[18] which increases boost DC voltage F*. On the other hand, the voltage rating of 

switches S i  and S 2  is defined by V dc, and this gives an important restriction for the boost 

maximum duty cycle. Peak current o f inductor L i  (Ja ,  I b )  which affects the maximum 

current stress and ratings o f the devices is also important and has to be considered in 

optimizing the design.

2.5.2 Design Procedure and Optimization

Steady state relations given in sections (A) and (B) of 2.4.3.2 are modified at design 

point as below:

In (2.48) for gain of the front-end boost we substitute maximum duty cycle D = D„ and 5

“  ^maxFL ~  1 :

VdJVlpeakimin)— Vdcpu~ 1/(1- P>m) (2.67)

For the boost input power at unity efficiency, minimum input voltage and rated output 

power Por, in (2.50) we substitute: VipeaKmm) = 1 pu. D = D „ , Popu = Porpu = 1 pu, and 

=  1.

Porpu= 1 = DJ(ALi„pu) (2 .6 8 )

Relations (2.67) and (2.68) are the main design equations for the boost converter in 

maximum duty ratio. For DC/DC converter at full load and minimum input voltage time
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independent design equations (2.62)-(2.66) are used in which we substitute Popu = Porpu = 

1, Vopu = nVo/Vipeak(mm) = Mwnr and D = Dm- Design equations of the boost and DC/DC 

converter are interconnected by the common parameters Dm and Vdcpu- The total seven 

design equations (2.62)-(2.68) are numerically solved by MATHCAD software for the 

parameters Dm, Vjcpu, Vcpu, hpu, hpu, L\pu, versus M„ca changing from 0.2 to 0.8. 

Results are summarized in Table 2.1(A) for all voltage, current and component values of 

the converter in different possible design points. For further consideration o f each device 

conduction time and their current ratings (either average or r.m.s.), time intervals of the 

tank inductor current (xipa, iixpu, are also needed. They are calculated from

(2.53)-(2.56) for the same gain values as Table 2.1(A) and presented in Table 2.1(B). 

ZYS in this converter is a function of time intervals zipu, and Xz2pu (directly related to 

conduction time of anti-parallel diodes). An optimization factor is defined by, Opt. — 

(VdcpulApuyiyxpuDm), which is plotted in Fig. 2.5 as a function of Mmax- Points near to the 

minimum of this curve show the best area for design because of the following 

advantages:

1) Minimum voltage ratings of the switches (DC bus voltage, Vjc minimum).

2) Minimum current stress on devices (peak of tank current Ib or Ia minimum). At 

reduced loads, Ib and Ia are not equal but at full load (D = 0.5) they are the same.

3) Maximum conduction time of diode Dx (t'l which is the main portion of xi. Fig. 2.2), 

to ensure ZVS o f Sx for as low load as possible.

4) Maximum duty ratio Dm for minimum THD of front-end boost.

Any point near the minimum of this curve 0.3 < Mmax < 0.7 may be chosen for design. 

Decision depends on the trade-off between losing ZVS in lower loads or high current 

stress on devices and lower efficiencv at full load. Points near to Mmax ~  0.3 can save ZVS 

for very low loads but peak currents Ia and Ib would be higher. Points near to M„ax = 0.7 

though may lose ZVS sooner, but converter will enjoy a lower stress on devices and a 

better efficiency at full load. Here we prefer the latter, because losing ZVS in low loads 

could be helped by a simple zero voltage transition (ZVT) auxiliary circuit (suggested in 

Section 2.9 of this chapter). In Table 2.1(A) and Table 2.1(B), Mmax = 0.65 is chosen as 

design point which is high lighted and gives the following parameters:



35

Mnax = 0.65, D m  = 0.5, Vdcpu = 2 p . U . ,  Vcpu =  1 P - U . ,  D pu  = 3.077 p . U . ,  Igpu = 3.077 p . U . ,

Linpu = 0.125 p.u., L\pu = 0.047 p.u. Igrpu = 1.54 p.u., T\pu = 0.088 p.u., vjxpu = 0.412 p.u., 

T32pu = 0.088 p.u., Tp3p u  = 0.412 p.u.

Base values are also given in Table 2.1(A) to convert design in per units to actual 

values for any rating of the converter.

Table 2.1(A): Component design values and converter parameters in per unit for various 
values o f Mmax (at full load, minimum input voltage and JCCM). Base values are: =

Vlpeak(min)i Ib  ^oJVip^akijntn)') L b  lpeak{mirf/PO' Transformer ratio, tl  MmaxVlpeaHmitt/Vo-

Mmax Dm VdcDu Vcau Laou Ibpu Linpu L\pu ôrpu
0.2 0.501 2.005 1 10.005 9.995 0.125 0.024 5

0.25 0.501 2.006 1 8.006 7.994 0.125 0.024 4
0.3 0.5 2.002 1 6.668 6.665 0.125 0.034 3.33

0.35 0.5 2 1 5.714 5.714 0.125 0.038 2.85
0.4 0.497 1.989 0.999 4.989 5.011 0.124 0.042 2.5

0.45 0.496 1.985 0.998 4.429 4.46 0.124 0.044 2.22
0.5 0.497 1.99 0.99 3.99 4.01 0.124 0.046 2

0.55 0.497 1.989 0.998 3.625 3.647 0.124 0.047 1.82
0.6 0.5 2 1 3.333 3.333 0.125 0.048 1.66

m s OiS 2 1 m i l 3:07:7 0.125 0:047 1.54
0.7 0.5 2 1 2.857 2.857 0.125 0.045 1.43

0.75 0.5 2 1 2.667 2.667 0.125 0.041 1.33
0.8 0.5 2 1 2.5 2.5 0.125 0.036 1.25

Table 2.1(B): Time intervals of tank inductor current in per unit o f  switching period at 
various design points (full load, minimum input voltage and JCCM) versus gain.

Mmax “̂Ipu
0.2 0.201 0.301 0.2 0.299

0.25 0.188 0.313 0.187 0.311
0.3 0.175 0.325 0.175 0.325

0.35 0.162 0.337 0.163 0.338
0.4 0.149 0.349 0.15 0.353

0.45 0.136 0.361 0.138 0.366
0.5 0.124 0.374 0.125 0.377

0.55 0.111 0.386 0.112 0.39
0.6 0.1 0.4 0.1 0.4

m m Q W o ü i
0.7 0.075 0.425 0.075 0.425

0.75 0.062 0.437 0.062 0.438
0.8 0.05 0.45 0.05 0.45
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Fig.2.5: Optimization curve to choose the best design point for the converter.

2.5.3 Operational Characteristics

In this section, operation of the converter under reduced load and increased input 

voltage (regulated by reducing duty ratio D < D„) is studied. The normalized steady state 

relations for the DC-to-DC converter [(2.53)-(2.61)] and for the boost converter [(2.48), 

(2.51)] are used. These relations are derived for mode HI (dmax), for any output power Popu 

and input, voltage Vipeakpu (or gain M = VoptÂ ipeakpu') o f operation.

By numerical solution, using MATHCAD software, operational curves for all parameters 

of converter are presented in Fig. 2.6 for changes in output power and input voltage. 

These curves are plotted for varying normalized output power from 0.1 p.u. to 1 p.u. 

(10% to 100% o f rated power) and for three different input line voltages, 1 p.u. 

(Minimum input voltage), 1.25 p.u. (Rated input voltage) and 1.45 p.u. (Maximum input

0.6 1 .5 1
D 5mm:
0.4 1 V ---------------- ' T -

Kmi:)0 . 2 0 . 5

0 1 0 1
0.5 0-5 P .p . 1

(a) (b)
Fig. 2.6 Operational curves of the converter obtained from analysis for varying load and 
input voltage, (a) Duty cycle D. (b) Conduction time of input rectifier for mode IH, bmca-

(continued)
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voltage). In other words, input voltage variation would be from 80% to 115% of rated 

input voltage that will be used in the design example.

Theoretically predicted results for operation of the converter in the specified loads and 

input voltages (calculated by MATHCAD) are presented in Table 2.2 in per unit values.

Table 2.2: Theoretical results of MATHCAD solution for converter parameters in per 
unit with variation in load and input voltages.

Input line min. (0•8 V/rated) = 1 p.u. rated (Virated) = 1-25 p.u. max. i\.\SVira,ed) = 1.45p.u.
voltage M =  0.65 M = 0.52 M =  0.45
Load 100% 50% 10% 100% 50% 10% 100% 50% 10%
D 0.5 0.327 0.14 0.362 0.24 0.102 0.298 0.198 0.084
6 1 0.765 0.356 0.884 0.668 0.312 0.808 0.609 0.286
d̂cpu 2 1.747 1.651 2.116 1.951 1.86 2.283 2.135 2.043

Vcau 1 0.991 0.974 1.229 1.212 1.184 1.427 1.402 1.367
Iadu 3 1.175 0.18 2.538 1.066 0.174 2.377 1.024 0.171
Ibdu -3 -2.07 -0.90 -3.67 -2.53 -1.10 -4.06 -2.80 -1.22

0.083 0.033 0.005 0.062 0.026 0.004 0.052 0.023 0.004
0.417 0.294 0.135 0.3 0.214 0.098 0.246 0.175 0.081

”̂32pu 0.083 0.067 0.031 0.109 0.083 0.038 0.123 0.092 0.042
0.417 0.606 0.829 0.529 0.677 0.86 0.579 0.71 0.874

2.5.4 Device ratings

2.5.4.1 Maximum current ratings of diodes and switches

Maximum instantaneous currents through the switches and diodes occure in Mode I at 

the instant that the switches turn off. Maximum current of switch is equal to the 

maximum current o f diode Dz (at z = Dzp) and its highest value is calculated in Mode 1 

(cûiti = 0) for full load and maximum input voltage (which corresponds to maximum tank 

input voltage). From (2.15), substituting V„pu=lN3 p.u., we get:

lD2pu(max) Is\pu(max) B̂pu(max) âpu
CJ^CpuFL ~ ^ m a x ) iP m  ~‘̂ \puFÙ)IJ-‘ \pu  **” ^C ^3 £ /in p u ) (2.69)

Maximum current of switch % is equal to the maximum current o f  diode Di (at x = Zp 

= 1 p.u.) which is also equal to maximum positive current o f inductor, Ia. Its highest 

value occurs in Mode 1, which is obtained by substituting parameters o f full load and 

minimum input voltage in (2.32):
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^D\pu(mœc) Isipu(Max) ^Llpui.'^p) ^ApufMax)
(.̂ dcpu ~ ^CpuFL~ ■Â mar)Cl " '̂ipuVL)fL\pu (2.70)

Maximum value o f (2.70) occurs at full load and minimum input voltage.

2.S.4.2 R.m.s. and average current ratings of switches and diodes

R.m.s. and average current ratings of switches during each 7t/6 interval o f line cycle is 

calculated to select proper switches and diodes and to calculate conduction loss that 

affects the efficiency.

Current in each switch or diode is defined as:

idi(t) = /jh-i(t), i f  i^i(T) < 0 isi(x) = /jwi(t), i f  zWi(t) > 0

im(r) = W2(t), i f  /j,h(t:) < 0 iszÇr) = isw2(y), i f  w (x )  > 0

Current waveforms o f / 5 i ( x ) ,  / d i ( x ) ,  isï(f) and ioziy) in a HF switching period and for 

Mode I which introduces the highest current, are shown in Fig. 2.7. They are plotted by 

MATLAB software using current equations o f  Section 2.4.2. These current waveforms 

are used to calculate average and r.m.s. current o f each device by discrete-time method. 

Calculations are given in Appendix C and results are summarized in Table 2.3 in per unit 

values. Peak currents o f switching devices firom (2.69) and (2.70) are included in the 

table. Peak current of Li is Ib at full load and maximum input voltage (maximum bus 

voltage) while peak current o f boost inductor is at full load and minimum input voltage.

2.54.3 Capacitors

DC Bus Capacitor, Cjc- DC link capacitor is calculated by the maximum ripple voltage 

allowed on DC link bus. Ripple voltage on Cdc is the HF switching ripple modulated by 

the low firequency 360 Hz ripple of the three-phase rectifier output voltage. As the 

switching frequency is much higher than the 3 -0  bridge output firequency (360 Hz), low 

firequency ripple would be dominant. Assuming peak to peak low firequency ripple, hVdc 

and the electric charge entering Cdc in each it/6 interval o f line cycle as t^Qdc, DC link 

capacitor is given by:

Cdc^^QdclàVdc (2.71)

Calculations of AVdcSnd AQdcSdie given in Appendix D.
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DC blocking Capacitors C| and Cz: Ci and C2  are calculated by their restricted HF 

peak-to-peak ripple voltage AFd and AVc2 from the following relations as derived in 

Appendix D:

Cl = Tp3)/(2AFci) (2.72)

C2 = Tp3)/(2AF'c2) (2.73)

O utput Filter Capacitor: Output filter capacitor is determined according to the defined

ripple voltage in the output and the charge transferred from primary, as derived in

Appendix D and is given below:

Co= nlA/(l6fsAVo) (2.74)

Current waveshape in Diode DI (mode I) Current waveshape in Switch Si (mode I)

CL

-5
0.80 0.2 0.4 0.6 1

Time. p.u. of HF switching period 

Current waveshape in Diode D2 (mode 1)

3
Q .

c
g3o

-5
0.8 10.60.2 0.40

Q .

- 5
0 0.2 0.4 0.6 0.8

Time, p.u. of HF switching period 

Current waveshape in Switch S2 (mode I)

Q.

- 5
0 0.8 10.2 0.4 0.6

Time. p.u. of HF switching period Time. p.u. of HF switching period

Fig. 2.7 Current waveforms for switching devices D{, D2 , Si and S2 in Mode I, plotted by 

MATLAB and used for calculating device ratings.
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Table 2.3: Current ratings for diodes, switches and inductors in per unit.

Average current of lower diode, D\ /Difavi = 0.1109 p.u.
R.m.s. current o f lower switch, S\ IsUrms'S =1.9618 p.u.
Average current of lower switch, S\ =1.12 p.u.
Average current of upper diode, D2 /zJ2fav1 = 0.3815 p.u.
R.m.s. current of upper switch, S 2 IsKrms) =1.0117 p.U .
Average current of upper switch, 8 2 IsKav) = 0.4706 p.u.
Average current of each input rectifier diode for 0 < O/̂ i < 7t/2, 

iPal, DbU DcU Dal, Db2 , Del)
loiniav) = 0.6676 p.U .

Average current of each output rectifier diode, (Dou Doi, D03, D04) iDoutfav̂  = 0.7496 p.u.
R.m.s. current in inductor Li Z.Ui7nj> = 1-74 p.u.
R.m.s. current in boost inductors (-r]tvD ~  0.85) lunirms) = 0.96 p.U .

^Dlpufmax) ~  ^S\mt(max) ~  J-BnuimaxS ^aou 5.1 pu
J-D\Du(max) Is2pu(Max) ~ Iadu(Mox) 3 p.u.
Peak current in inductors L\ IlKpeak) = 4 p.u.
Peak current in boost inductors Lin ^Lin(peak) 1-6 p.U .

2.5.5 Effect of Internal Capacitor of Switch and Snubber 
Capacitor in Practical Circuit

Turn-off losses form a major part of converter loss and reduce the efficiency. To 

reduce this loss and to lessen the voltage stress (jivldf) on a switch, in practice, snubber 

capacitors are added in parallel with switches. The above analysis and design procedure 

was derived for ideal devices and with no snubber capacitors and, current is assumed to 

transfer instantaneously from one switch to the anti-parallel diode of the other switch. In 

practice, because of capacitors associated with the switches (snubber plus internal 

capacitor of switch) there is a delay in transfer of current from one switching leg to the 

other one. Enough dead gap should be provided between gating signals of upper and 

lower switch to cover this delay. At low loads and reduced duty cycle, and because of low 

current in tank, the charging/discharging time of capacitors associated with the switches 

increases.

2.5.6 Design Example:
A three-phase converter of this type with the following specifications is designed to 

illustrate the design procedure.
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Converter Specifications:

Input: 60 Hz, three-phase system with rated r.m.s. line-to-Iine voltage o f 120 Volts. 

Minimuni input voltage: 96 V, r.m.s. line-to-line (120 V-20%).

Maximum input voltage: 138 V, r.m.s. line-to-line (120 V+15%).

Output power, / ’o= 500 W, Load voltage, Vo = 48 V.

Switching firequency: fs= 20  kHz.

Design is done for the JCCM  at the critical point o f three-phase line cycle (co/ti=7r/6. 

Mode ni) with minimum input voltage at full load. Base values as defined in Section 

2.4.3.1 are given next:

Vb = VipeaK^n) = <2*96 = 135.76 V, Pb = Por= 500 W, h  = Pf/Vt =3.68 A,

Zb = Vi/Ib =36.9 Cl, tb = Xp=llf! = 50 ps. Lb = 1843.2 pH.

As can be observed in Table 2.1 (A and B) for per unit design, the firont-end boost 

parameters (Dm. Vdc, Z,») and DC blocked voltage Vc, remain almost the same for the 

various design points (duty cycle » 0.5 and boost gain » 2). To have a comparison of 

actual values in the design example, important parameters L\, Ia, Ib and inductor current 

time intervals, which determine the design point, are converted to actual values in Table 

2.4 for various values o f gain, Mmax- The optimum design point is highlighted in the table.

Table 2.4: Actual design values based on the design example ratings, 500 W output 
power and 96 V minimum line-to-line input voltage, with defined base values.

Mmax Lx
pH

Ia
A

Ib
A

Tl
ps

T21
ps

T32 
.. ps

Tp3
ps

0.2 44.2 36.8 36.78 10.05 15.05 10 14.9
0.25. 44.2 29.44 29.4 9.4 15.65 9.3 15.65
0.3 62.6 24.54 24.52 8.75 16.25 8.75 16.25

0.35 70 21.02 21 8.1 16.85 8.15 16.9
0.4 77.4 18.35 18.44 7.45 17.45 7.5 17.6

0.45 81.1 16.3 16.4 6.8 18 6.9 18.3
0.5 84.8 14.68 14.8 6.2 18.7 6.25 18.85

0.55 86.6 13.34 13.42 5.55 19.3 5.6 19.55
0.6 88.5 12.26 12.26 5 20 5 20

o m m m m s m m
0.7 82.9 10.5 10.5 3.75 21.25 3.75 21.25

0.75 75.6 9.8 9.8 3.15 21.85 3.15 21.85
0.8 66.3 9.2 9.2 2.5 22.5 2.5 22.5
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For the given specifications and for the above optimum point, designed converter has 

the following values:

Vipeaknmin)= ^2*96 = 135.76 V, Vdc = 271.5 V, Dm = 0.5, L\ = 0.047 p.u. = 86.6 pH, 

n = N 1/N 2 = Mmax- VipeakiminVVo = 188, Ia = 3.077 p.u. = 11.3 A, /a = 3.077 p.u. = 11.3 A, 

Lin =  0.125 p.u. = 230.38 pH, T,= 4.4 psec, T2 i=  20.6 psec, T3 2 = 4.4 psec, = 20.6 psec.

Component Ratings:

1) DC bus capacitor: DC link capacitor is calculated according to relation (2.71) in 

which AQdcpu was numerically calculated by MATLAB programming in Appendix D as 

2.38 p.u. and maximum peak-to-peak ripple assumed as: AVdc — 2% of Vdc-

Cdcpu = AQdcpJAVdcpu = 2 .3 8 / ( 0 .0 2 * 2 )  = 5 9 .5  p.u.

Converting with the base value:

C6 = 47V F6= 3.68*50/135.7= 1.4 pF.

C *=  CdcpuCb = 83 pF (100 pF used in simulation and experiment).

2) DC blocking capacitors: At design point (minimum input voltage, full load, D = 0.5), 

because of the symmetric volt-second across the transformer, Vc2 = 0 and Vc = Vci = 

135.76 V. Capacitor Ci is calculated by restricting ripple voltage across it. For ±2% 

voltage ripple across Ci (4% peak-to-peak), AVci = 0.04*135.7 = 5.5 V and from (2.72):

Cl = lA(zt + Xp3)/(2AVc/) = 11.05(4.15 + 20.85)/(2*5.5) = 25 pF.

It should also be ensured that no resonant oscillations might happen between Ci and 

Li. Frequency o f resonance between Ci and Li in design example is: 

fres = l/[27r(X,C,)"^] = 3.4 kHz, 

which is much lower than the switching frequency.

Assuming peak-to-peak ripple voltage across C2  to be 10% of output voltage (AVci — 

4.8 V), C2 is chosen as (2.73):

C 2 =  ( « /^ ) ( x i  +  T p3)/(2A V c2) =  1 .8 * 1 1 .0 5 ( 4 .1 5  +  2 0 .8 5 ) /2 * 4 .8  =  5 0  p F .

3) Output filter capacitor: Output filter capacitor for 2% peak-to-peak voltage ripple of 

output voltage is calculated from (2.74) as:
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AFo= 0.02*48 = 0.96 V.

C =  n/^/(16AAFo) = (1.9*11.05)/(16*20000*0.96) = 70 pF (100 |iF is used).

4) C urrent ratings of components: Per unit current ratings of switches, diodes and 

inductors, given in Table 2.3, are converted to actual values for the design example in 

Table 2.5.

Table 2.5: Current ratings of switches, diodes and inductors for the 500 W converter 
designed in Section 2.5.6 with minimum input line-to-line voltage of 96 V.

Average current o f lower diode, D \ Idhovs ~ 0.4 A
R.m.s. current o f lower switch. Si ■fsif/TOs>'̂ 7.22 A
Average current o f lower switch. Si /suav>~4.12 A
Average current o f upper diode. Eh. Ld2(ov) = 1.4 A
R.m.s. current o f upper switch, Sz Ls2(rms) ~  3.72 A
Average current o f upper switch, Sz f52fav)=1.73 A
Average current o f each input rectifier diode during the line cycle, 

(£>al, DbU DcU D al, D bl, Del)
lomiav) ~  2.46 A

Average current o f each output rectifier diode, (Doi, Doi, Dou DoÀ) ^Dout(av) 2.76 A
R.m.s. current in inductor Li LlUrms) — 6.4 A
R.m.s. current in boost inductors Lin (y\tvD ~ 0.85) lLin(rms) 3.5 A
Peak current o f Si = Peak current o f D i IsU peak) =18.5 A
Peak current o f S i = Peak current o f D \ IsK oeak) =  H A
Peak current o f inductor Z,i h u o e a k s  = 14.9 A
Peak current o f boost inductors Lm ^LM peak) 6 A

2.6 Theoretical Results of Converter Operation under 
Different Loads and Input Voltages

The operational characteristics o f the converter in per units for varying loads and input 

voltage are presented in Fig. 2.6. The actual values of converter parameters for operation 

under various loading and input voltages are extracted firom per unit values o f Table 2.2 

and are given in Table 2.6.

Among parameters of converter, time interval xi is important for ZVS o f the lower 

switch. It mainly shows conduction time o f diode D\ (x'l). Fig. 2.6(gl) shows z\pu versus 

load power. It decreases rapidly with load reduction and may cause ZVS of Si to be lost 

in low loads. For example, for a switching firequency of 20 KHz, to ensure ZVS for 10%
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load and maximum input voltage (which gives the lowest conduction time of D \ ) ,  from 

last column o f Table 2.6, transfer o f  current between upper switch and lower diode should 

take place in less than 0.19 psec (x'l < xi, x% = 0.19 psec). This condition can hardly be 

achieved for the fall-time of existing IGBTs and charging/discharging time of the snubber 

capacitors (2 nF used in simulation and experiment) added in parallel to reduce turn-off 

losses. Therefore, ZVS of Si in low loads would be lost and its soft switching can only be 

achieved by adding an auxiliary zero voltage transition (ZVT) circuit to the converter.

Table 2.6: Theoretical results o f  converter operation for specified loads and input 
voltages in actual values converted from Table 2.2 with base values o f  design example.

Input line 
voltage

Vlr.m s.
A

= 96 V (min.) 
0.667

Vlr.m.s. ~ 
J\
= 120 V (rated) 

0.53
V/r.m .s. = 138 V (max.) 

M =  0.46
Load 100% 50% 10% 100% 50% 10% 100% 50% 10%
D 0.5 0.327 0.14 0.362 0.24 0.102 0.298 0.198 0.084
Smuc 1 0.765 0.356 0.884 0.668 0.312 0.808 0.609 0.286
V dc V 271.5 237.1 224.1 287.3 264.8 252.5 309.9 289.8 277.3
p; V 135.7 134.5 132.2 166.8 164.5 160.7 193.7 190.3 185.6
I a  a 11 4.32 0.66 9.34 3.9 0.64 8.74 3.77 0.63
I b  a -11 -7.64 -3.32 -13.5 -9.3 -4 -14.9 -10.3 -4.5
Tl ds 4.15 1.65 0.25 3.1 1.3 0.2 2.6 1.15 0.19
T2 i ps 20.85 14.7 6.7 15 10.7 4.9 12.3 8.75 4
X32 ps 4.15 3.35 1.55 5.45 4.15 1.9 6.15 4.6 2.1
Trf ps 20.85 30.3 41.45 26.5 33.8 43 28.9 35.5 43.7

2.7 PSPICE Simulation:

Simulation is done by PSPICE and a switching frequency of 20 kHz with IGBT switch 

models as used in the experimental converter.

Because o f the actual device models used in simulation and their losses, there would 

exist a typical efficiency of «  85%. As the 3 -0  boost input power is higher than 

output power, boost inductors should be reduced proportional to efficiency (2.51) to 

ensure that HF switching input currents would remain in DCM. Therefore, the 

recalculated value of L ,„  is:

Lin = 230.38*0.85 « 200 pH.
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Because o f the turn-off time of the IGBT models (delay time plus fall time) and the 

snubber capacitors used in simulation, enough delay time should be provided between 

gating signals o f  upper and lower switches. This delay time depends on the charging and 

discharging time o f capacitors associated with switches (snubber plus internal capacitor). 

In PSPICE simulation, a delay o f 1 (is is applied between gating pulses of upper and 

lower switches.

As can be observed in simulation results with the snubber capacitors of 2 nF added in 

parallel with the IGBT models, for loads lower than 50% o f rated load, ZVS for the lower 

switch would be lost. Lossless turn on o f Si in lower loads can be ensured by adding an 

auxiliary ZVT circuit in parallel with Si as explained later in Section 2.9.

Figs. 2.8, 2.9 and 2.10 are the simulation waveforms for minimum input voltage (96 

V, r.m.s. line-to-line), at 100%, 50% and 10% o f the rated load, respectively. Figs. 2.11, 

2.12 and 2.13 are for rated input voltage (120 V, r.m.s. line to line), at 100% , 50% and 

10% of the rated load, respectively. Figs. 2.14, 2.15 and 2.16 are for maximum input 

voltage (138 V, r.m.s. line-to-line), at 100%, 50% and 10% o f the rated load, respectively.

Readings from simulation results are presented in Table 2.7. They show a reasonable 

compliance with the theoretical results o f Table 2.6. Of course, because of using non­

ideal models o f  devices and the snubber capacitors (2 nF) added in simulation, there 

would exist some voltage drop and power loss and some time delays, which cause a 

reasonable error.

Fourier spectrum o f the input line current, as expected, shows no third harmonic. A 

low fifth and seventh harmonic content exist. T.H.D. for all cases are also reported in 

Table 2.7 and the highest T.H.D. of 13.8% is observed for the worst case of maximum 

input voltage at 10% load. For each case power factor is calculated by (assuming unity 

displacement factor, cos <|)i=l): P.F. = (cos <j>i)/(l+THD^)*^.

Simulation results confirm the theoretical predictions. Reducing the load, the dead 

gap between HF boost input currents are increased, positive peak o f tank inductor current 

is reduced and negative peak is increased. It is also observed that when the duty cycle is 

reduced in low loads, conduction time o f  diode Di reduces. Current and voltage



47

waveforms o f switch Si shows that at minimum input voltage, ZVS will be lost below 

50% of rated load while at rated and maximum input voltage, it is lost at 50% load.

Table 2.7: PSPICE simulation results at different loads and for specified line voltage
variation.

Input line 
voltage

min., Vir.nus = 96 V 
0.667

rated, ^^.«.,=120 V 
M =0.53

max.,
1

F/r.m.^=138 V 
M= 0.46

Load 100% 50% 10% 100% 50% 10% 100% 50% 10%
D 0.5 0.34 0.16 0.38 0.25 0.12 0.31 0.23 0.1
6max 1 0.75 0.35 0.85 0.65 0.3 0.78 0.59 0.25
Vac V 265 228 222 275 257 252 300 280 275
V ci V 133 152 190 169 195 226 200 225 255
Vc2 V 0 -14 -32 -5 -19 -35 -10 -20 -36
V c =  Vci - n V c 2  V 133 127 129 160 159 159.5 181 189 186.6
Ia A 10.5 3.74 0.32 10 4 0.5 7.5 2.6 0.45
Ib A -10.5 -6.7 -3.1 -13 -8.5 -4 -14 -9.5 -4.3
Ti ps 5 2 1.1 4 1.2 1 3 1 0.5
T21 ps 21 14 7 17 11.5 5 13 9 4
T3 2 ps 4 4 2 5.5 5.5 1.9 6 5 2.5
Trf ps 21 30 41 22.5 31.8 42 28 35 43
T.H.D. % 7.7 10.6 11 10.3 11.9 13 12.5 13.3 13.8
P.F. 0.997 0.994 0.994 0.995 0.992 0.991 0.992 0.991 0.99

In Figs. 2.8 to 2.16, for each case, the simulation results are classified as below:

(a) Low Harmonics spectrums o f the input line current (phase A) and the T.H.D. are 

obtained by Fourier analysis.

(b) Input line-to-line voltage Vab, and current in phase A (n/ 6  retard).

(c) 3 -0  HF input boost inductor currents i(a.b,c)-

(d) HF current waveform for tank inductor current in  and tank input voltage v '̂g'.

(e) Voltage and current of the main lower switch iSi.

(f) Voltage and current of the upper switch S2 .
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Fig. 2.8 PSPICE simulation results for the minimum input voltage at full load.
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T.H.D.=10.6%
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Fig 2.9 PSPICE simulation results for the minimum input voltage and 50% of rated load.
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Fig 2.10 PSPICE simulation results for the minimum input voltage and 10% loading.
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T.H.D.=10.3%
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Fig 2.11 PSPICE Simulation results for the rated input voltage at full load.
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T.H.D.=11.9%
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Fig 2.12 PSPICE simulation results for the rated input voltage and 50% of rated load.
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Fig 2.13 PSPICE simulation results for the rated input voltage and 10% of rated load.
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Fig 2.14 PSPICE simulation results for the maximum input voltage at full load.
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Fig 2.15 PSPICE simulation results for the maximum input voltage at 50% o f rated load.



56

THD = 13.8%
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Fig 2.16 PSPICE simulation results for the maximum input voltage at 10% o f  rated load.
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2.8 Experimental Results

A laboratory model of the converter based on the design example using a HF isolation 

transformer is built. Test results on this prototype model for 100%, 50% and 10% of rated 

load with minimum, rated and maximum input line-to-line voltage (96 V, 120 V and 138 

V) is reported.

FastlGBTs, DCGH ION 100A, with the following specifications were used as the switches: 

VcES = 1000 V, /c(25”̂ ) = 20 A, /c(125"^) = 10 A, VcE(.sat) = 4 V.

Anti-parallel diodes used are MUR460 with a voltage drop o f 1.5 V.

Inductors and HF transformer used are the laboratory wound ones and for the input and 

output rectifiers, readily available fast-diode modules were used. HF transformer turns 

ratio is n = 23:13 = 1.77 which is a little lower than the theoretically calculated value n = 

1.88 to cover the voltage drop of the circuit.

Experimental results are summarized in Table 2.8. THD in each case is calculated 

from harmonic content (up to 11^ harmonic) of the input line current measured by 

dynamic signal analyzer. Some samples of three-phase filtered input line currents and 

input line-to-line voltage Vab along with the filtered line current iia are given in Fig. 2.17. 

Experimental HF waveforms in each case is given for tank inductor current along with 

the voltage across the lower switch, tank inductor current along with the voltage across 

the upper switch and the three-phase input boost inductor currents. Figs. 2.18, 2.19 and 

2.20 are at m in im um input voltage for 100%, 50% and 10% of rated power, respectively. 

Figs. 2.21, 2.22 and 2.23 are at rated input voltage for 100%, 50% and 10% of rated 

power, respectively. Figs. 2.24, 2.25 and 2.26 are at maximum input voltage for 100%, 

50% and 10% of rated power, respectively.

Total turn-off time of the switches (delay time plus fall time) is about 1.5 to 2 ps and a 

delay time o f 1.7 ps is provided between gating signals of upper and lower switches. For 

loads lower than 50% of rated load, ZVS for the lower switch is lost. This can be seen 

obviously in the switch voltage waveforms of experimental results. Ensuring the lossless 

tum-on of Si in lower loads can be done either by reducing snubber capacitor and 

increasing turn-off loss or by adding the auxiliary ZVT circuit as given in Section 2.9.
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Table 2.8 (A): Experimental results at different loads for specified line voltage variation.

Input line 
voltage

min., I'/.r.m.5 = 96 V 
M= 0.65

rated, 120V
M= 0.52

max., F/.r.m.x= 138 V 
M= 0.45

Load 100% 50% 10% 100% 50% 10% 100% 50% 10%
D 0.53 0.33 0.15 0.37 0.24 0.11 0.3 0.25 0.1

265 230 235 270 255 260 288 290 294
Ki 130 150 175 190 170 200 210 210 220
Vc2 V 0+10 -13+7 -2.5 - 10+10 -3 -2.7 - 10+10 -18.5 -5

K= Ki-nKzV 130 124 170 170 164 194 190 173 210
TT- 9.5 0.6 6.5 0.6 1.5 0.5

-8.5 -7 -3.4 -11 -8.5 -3.8 -13 -9
W 480 201 40.2 435 210 44 435 201 46

3.6 1.5 0.3 2.6 1.2 0.28 2.2 0.25
W 598 249 49.8 540 249 52.5 525 239 55
% 80 80.7 80.7 80.5 84.2 83.6 82.8 84.1 83.6

1.5 1.5

Æ . 23 15 16 11.5 13.5
T32 _ËL 2.5 4.5

_HL 21 30.5 42.5 27 33.5 44 29.5 36 44

* Vc2 shows higher values of ripple because of the lower value of capacitor.
** Some of experimental results of h  are lower than theoretical calculations. It is because 
of the low frequency resonance between Li and Ci. Tank current does not increase 
linearly and it tends to sinusoidal waveform with lower peak current.

Table 2.8 (B): Experimentally measured input line current harmonics.

Input line 
voltage

mil1 ., V| — 
l/=  0.65

96 rated, V |=  120 
M = 0.52

mâ i
h
:., V,= 138 
\d= 0.45

Load 100% 50% 10% 100% 50% 10% 100% 50% 10%

Ipund Aiixis 3.6 1.518 0.28 2.6 1.16 0.226 2.17 1 0.235

Lrd Anns 0.08 0.007 «0 «0 «0 0.004 0.006 0.047 0.004

Isth Arms 0.23 0.11 0.026 0.18 0.11 0.026 0.19 0.086 0.029

Lm Anns 0.002 0.058 0.013 0.097 0.05 0.01 0.1 0.032 0.012

I9 Ü1 . Anns «0 « 0 » 0 «0 «0 = 0 0.088 «0 «0
T.H.D. % 6.16 8.2 10.4 7.8 10.4 12.4 10.7 10.3 13.4
P.F. 0.998 0.996 0.994 0.997 0.994 0.992 0.994 0.994 0.991
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f 2  STOPO.OOs

3 0  input line currents, 
; (5A/div.) ;

(a)

O.OOs SZ STOP

3 0  input line currents, 
I (5 AMiv.) I

i  (b)

t 2  STOP1 1003 2 ts o .o v
Input line-to-line voltage and line current /*, (iit/6 out o f  phase)

(5 A /div.)

(c)

Fig. 2.17 Some experimental low frequency waveforms:
(a) Three-phase filtered input line currents at full load with minimum input voltage.

(b) Three-phase filtered input line currents at 50% load with maximum input voltage, 
(c) Input line-to-line voltage Vab along with the input line current Ua (tt/6 lagging) at full

load with minimum input voltage.
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1  5 0 0 3  2  S O .O V f 2  STOP

■ riL, (5 A/div.)

Tank inductor current and voltage across the upper switch.

(a)

1 500C 2 SO.OV £-O.OOs 10.0%/ f2  STOP
^ v „ ,  (50 V/div.)

Tank inductor current and voltage across the lower switch.

STOPt 40.Oÿ 20.O^^-9-------.  —1 500? 2 5007 3 -5V

3Ç) HF boost inductor currents, (5 A/div.).

( b )

(c)

Fig. 2.18 Experimental HF waveforms at minimum input voltage and full load.

(a) Tank inductor current and voltage across the upper switch, (b) Tank inductor current 

and voltage across the lower switch, (c) 3-0  boost inductor currents.
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1  SOOg 2  S O .O V f 2  STOP

...v^(soy/div.)

ÎL, (5 A/div.)

Tank inductor current and voltage across the upper switch.

1 500C 2 SO.OV fZ  STOP

V „, (50 V/div.)

In  (5 A/div.)

Tank inductor current and voltage across the lower switch.

t l  STOP1 5003 2 scop 3 -5V t 40 .Ô  20 .0%/

30  HF boost inductor currents, (5 A/div.).

(a)

( b )

 ̂ (c)

Fig. 2.19 Experimental HF waveforms of Fig. 2.18 repeated with minimum input voltage

at 50% o f rated load.
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1 2 0 0 3  2  S O .O V

V« 2  (50 V/div.)

4 (a)

Tank inductor current and voltage across the upper switch.

1 200C 2 SO.OV f 2  STOP

V„i (50 V/div.)

Tank inductor current and voltage across the lower switch.

1 1003 2 loop 3 . IV f— to.o^ 20.0%/ STOP

3(D HF traost inductor currents, ( I A/div.).

Fig. 2.20 Experimental HF waveforms of Fig. 2.18 repeated with minimum input voltage

at 10% o f rated load.
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f Z  STOP1  5 0 0 3  2  SO .O V

v „ 2  (50 V/div.)

Tank inductor current and voltage across the upper switch.

> (a)

fZ  STOPL 500C 2 SO.OV f-O.OOs
v ^ , (50 V/div.)

in (5 A/div.)

Tank inductor current and voltage across the lower switch.

1 500? 2 500? 3 .5V %1 STOP

3 0  HF  boost inductor currents, (5 A/div.).

Fig. 2.21 Experimental HF waveforms o f  Fig. 2.18 repeated with rated input voltage at

full load.
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f 2  STOP^ O . O O s  1 0 . 0 ^1 5 0 0 3  2  SO .O V

(50 V/div.) j 
... -f*»- -f—'   i

in (5 A/div.) -

Tank inductor current and voltage across the upper switch.

(a)

t—O.OOs 10.0^1 scop 2 SO.OV f z  STOP

v „ ,  (50 V/div.)

iu (5 A/div.)-

Tank inductor current and voltage across the lower switch.  :   : . :______________

1 SOOg 2 500? 3 -SV £—40.0^ 20.0^^ t l  STOP

3 0  HF boost inductor cun-ents, (5 A/div.).

i  (c)

Fig. 2.22 Experimental HF waveforms o f  Fig. 2.18 repeated with rated input voltage at

50% o f  rated load.
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f Z  STOP

lu (2 A/div.) "T

Tank inductor current and voltage across the upper switch.

1 SOOg 2 SO.OV f2  STOP
Vjwi (50 V/div.)

in  (5 A/div.)

Tank inductor current and voltage across the lower switch.

(b)

1  too? 2  too? .0% 20.0%/IV t l  STOP

3d) HF boost inductor currents, (1 A/div.).

(c)

Fig. 2.23 Experimental HF waveforms o f  Fig. 2.18 repeated with rated input voltage at

10% o f rated load.
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f Z  STOP1 SOOg 2  SO.OV f—O -O O s

in  (5 A/div.).

Tank inductor current and voltage across the upper switch.

1 500? 2 SO.OV f—O.OOs f Z  STOP
V „ , (50 V/div.)

in (5 A/div.)

Tank inductor current and voltage across the lower switch,

(b)

-STOP

(5 A/div.)

V

3C> HF boost inductor currents, (5 A/div.).

Fig. 2.24 Experimental HF waveforms o f Fig. 2.18 repeated with maximum input voltage

at full load.
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f 2  STOP1  5 0 0 ?  2  S O .O V O .O O s

: :  (50 V/div.)

i n  i (5 A/div.).'

Tank inductor current and voltage across the upper switch.

(a)

fZ  STOP1 5009 2 SO.OV

V.WI (50 V/div.)

in  (5 A/div.).'

Tank inductor current and voltage across the lower switch.

1 500? 2 500? 3 .SV  --40.Qg 20.Oë/ t l  STOP

3<D HF boost inductor currents, (5 A/div.).

(c)

Fig. 2.25 Experimental HF waveforms of Fig. 2.18 repeated with maximum input voltage

at 50% o f rated load.
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fZ  STOP1  2 0 0 3  2  S O .O V

ILI (2 A/div.)
«^(a)

Tank inductor current and voltage across the upper switch.' ... -  -

fZ  STOP1 2000 2 SO.OV

■V^I (50 V/div.)

Tank inductor current and voltage across the lower switch.

t 40.Oë 20.1%/' STOP1 l o op  2 1009 3 . IV

3d> HF boost inductor currents, ( 1  A/div.).

( b )

(c)

Fig. 2.26 Experimental HF waveforms of Fig. 2.18 repeated with maximum input voltage

at 10% o f  rated load.
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2.9 Auxiliary zero voltage transition (ZVT) circuit

To help lossless turn on o f Si in low loads, an auxiliary ZVT circuit [15] can be used. 

Configuration of the converter with such a ZVT circuit added in parallel with .Si is shown 

in Fig. 2.27. The auxiliary ZVT circuit consists of a small inductance Lt. which comes in 

parallel with the total capacitor (Ci) o f switch Si whenever the auxiliary switch S, is 

turned on. Auxiliary circuit components C, and h  form a high resonance frequency circuit 

(more than ten times o f switching frequency). As long as the tank current at the beginning 

o f each HF cycle is positive and Si has the natural ZVS, the auxiliary circuit has no role 

(though switch S, is regularly gated). That is because the positive tank current cannot flow 

opposite direction in switch S, series with diode Dn. As soon as the tank current at the 

beginning o f HF cycle becomes zero or negative (z^i starts from positive), auxiliary 

circuit will be active for a very short time, diverts the current through Di, and provides 

ZVT for Si. Effect o f the very short duration of resonating current through auxiliary 

circuit can be ignored in steady state analysis. Diode Da provides a path for the current 

remained in Lt to be discharged in the bus capacitor C* after switch S, is opened.

ZVT circuit consumes very small power and its turn-off is with ZCS. As long as tank 

current is high enough for charge/discharge of switch capacitors during time interval r'l, 

tank current naturally flows through D\ and the auxiliary ZVT circuit has no effect. As 

soon as 5i loses natural ZVS, this circuit comes in to effect and pulls the current from Sj 

through St and Di to bring voltage across 5"i to zero. This auxiliary ZVT circuit does not 

effect converter loss and efficiency at full load, which are important in design and heat 

sink size. Decision on adding such a ZVT circuit to this converter depends on comparison 

between the cost and complexity o f adding the auxiliary ZVT circuit and importance of 

improved efficiency in low loads. Here, it is not applied in experimental circuit.

In Section 2.9.1, auxiliary ZVT circuit design is given. Based on this, PSPICE 

simulation results for 10% loading condition are presented in Section 2.9.2.
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Fig. 2.27 Proposed two switch three-phase soft switching, P.F.C. converter after 
adding the auxiliary ZVT circuit in parallel to the main switch Si.

2.9.1 Auxiliary ZVT circuit design

The auxiliary ZVT circuit brings a very short interval of a half-period sinusoidal 

resonant current through S'! and Di, which provides ZVT for Si. Frequency of this 

resonance is defined by fo=l/[2 n(L,CiŸ'^] and the resonant current amplitude that is 

maximum current o f Di would be: ioiimax) = VdcmaJi.LJCi) '̂ .̂ The total snubber and 

internal capacitor of switch Si is chosen as C,. Auxiliary resonance firequency is chosen 

about 20 times of operating frequency (for short transition time). The peak resonant 

current of auxiliary circuit is limited to less than 6 A in anti-parallel diode Di. The 

maximum DC bus voltage at maximum input voltage from Table 2.3 is 2.28 p.u. (310 V). 

Therefore, the following resonant components are calculated: 

f  = l/[27t(Z,Q)'^] = 400 KHz; 0.4 ps/rad,

Ipicransuion) = VdcmJi.LJC)^'^ = 6 A; ( Z /Q '^ =  310/6 = 5 1 0 ,

Cl = 7.8 nF (includes the switch capacitor and this is the snubber capacitor),

Lt= 20.5 pH.

The peak transition current is calculated at maximum input voltage for full load. It 

would be even lower in low loads that the transition circuit becomes active.
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2.9.2 Simulation results with ZVT circuit

To show the effect o f ZVT circuit, an auxiliary ZVT circuit with the components 

calculated above, is added to the converter designed in Section 2.5.6. Simulation results 

in 10% loading are presented in Figs. 2.28 and 2.29 at minimum and maximum input 

voltage, respectively, to show the improvement in ZVS tum-on of Si. Current in D\ 

before transferring to Si shows the effect of ZVT circuit to maintain zero voltage tum-on 

of Si in low loads.

2.10 Conclusions

High power factor with low harmonic content in line current can be achieved by the 

single-stage three-phase converter presented in this chapter without any complicated 

control system. DCM operation of the front-end three-phase boost integrated with the 

DC-to-DC double-switch converter provides a low-harmonic line current. A simple 

control system with open loop fixed frequency duty cycle (on-time) control is used. HF 

harmonics and EMI pollution on input current can be avoided by small input filters to 

produce well-shaped sinusoidal input line currents. It has the advantages of HF 

transformer isolation, zero voltage tum on of both switches for a wide variation of load 

and supply voltage. Operating intervals and relations in different modes of operation were 

explained. Steady state normalized relations of boost and DC-to-DC converter were 

derived. Operating characteristics of the converter were obtained from the analysis using 

MATLAB and MATHCAD numerical solutions for operation in different loads and input 

line voltages. Design procedure with a design example has been presented. Theoretical - 

results were confirmed by PSPICE simulation and by experimental measurements on a 

laboratory model. Simulation and experimental waveforms and results are in match with 

the theoretical calculations. In low loads when the lower switch loses ZVS, a ZVT 

auxiliary circuit can be used as suggested in Section 2.9.
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Fig. 2.28 Simulation results after adding the auxiliary ZVT circuit in parallel with 5'j

(Fig. 2.27) with minimum input voltage at 10% load.
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Fig. 2.29: Simulation results with auxiliary ZVT circuit (Fig. 2.27) with maximum input

voltage at 10% load.
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Chapter 3

A Novel Gating Scheme for Soft-Switching DC-to-DC 
and AC-to-DC PWM Bridge Converters

3.1 Introduction

The 3-0  single-stage AC-to-DC converter proposed in Chapter 2 combines advantages 

of a front-end DCM boost for natural PFC with the good performance of a DC-to-DC 

PWM converter. It uses only two switches with complimentary gating signals. The 

reduced number o f switches and their simple control is an advantage for the lower cost. It 

also has advantages o f soft switching, HF transformer isolation, natural power factor 

correction (PFC). On the other hand disadvantages of this converter are;

1) Input voltage to the tank is not symmetric, so large DC blocking capacitors are 

necessary on both primary and secondary side o f HF transformer to prevent saturation. 

These DC blocking capacitors increase the size and transient response time of the 

converter.

2) Lower switch iSi, which is common between front-end boost and DC-to-DC converter, 

loses ZVS in low loads (less than half load in the design example of Chapter 2) and a 

ZVT circuit is needed for its lossless tum-on.

To provide a symmetric HF tank voltage to avoid the large troublesome DC blocking 

capacitors, bridge converter should be used. With bridge scheme, we can design higher 

power rating converters with the lower current rating switches. A DCM boost can be 

integrated with bridge to provide PFC off-line application. An appropriate gating scheme 

for the bridge configuration is the first and the most important issue to provide a wide
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range regulation with soft switching (preferably ZVS) for all of the switches. To improve 

the problems of conventional PWM DC-to-DC converters, several high frequency (HF) 

isolated soft switching (including resonant) converters have been developed [7-12, 76- 

83]. These converters have reduced size, weight and cost. Variable frequency control used 

in resonant converters suffers from disadvantage in affecting the inductor and transformer 

size and the EMI filter [7,8]. To overcome these problems, fixed-frequency resonant and 

soft-switching PWM converter emerged as an active area of research [77-83]. Among 

these converters, the most popular configuration is the zero-voltage switching (ZVS) 

phase-shifted bridge converter. It is an appropriate gating technique for DC-to-DC 

converters and can easily be realized by the control ICs available. However, this control 

technique can not maintain ZVS for a  wide variation in the load and supply voltage. 

Several modifications have been proposed by several researchers [77-83]. However, they 

still suffer from some problems and require additional components.

In the Section 3.2 o f this chapter, a new fixed frequency pulse-width gating control 

scheme is proposed and compared to the conventional phase-shifted modulation. In 

section 3.3 to show the advantages o f  this new gating scheme, it is first applied to a full- 

bridge HF transformer isolated DC-to-DC PWM converter to understand its operation. 

The DC-to-DC converter is analyzed, designed, simulated and a laboratory prototype 

model is built to confirm theoretical and practical results. In Section 3.4, this gating 

scheme is applied to a single-stage 3 -0 , AC-to-DC converter, which integrates a PWM 

DC-to-DC bridge converter with a front-end DCM boost stage to make use o f its 

advantage of natural PFC for off-line operation. Optimum design procedure and a design 

example are given. Theoretical analysis is confirmed by PSPICE simulation and by 

experimental results on the prototype laboratory model. The conventional phase shift 

control could not be used for this converter, as it can not control duty ratio of the front- 

end boost. The new proposed gating scheme overcomes this problem and is used for 

controlling the bridge. Analytical results along with the optimum design procedure and 

design example are presented followed by PSICE simulation and experimental results. 

Conclusions in Section 3.5 give a brief discussion of the chapter.
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3.2 The New Proposed Gating Scheme for PWM  
Bridge Converters

In the phase shift control used for the dc-to-dc bridge converter (Fig 3.1(a)), all the 

gating pulses are o f the same width (50%) and they are phase shifted with respect to each 

other (Fig. 3.1(b)). For reduced pulse width, dead gaps appear on both sides o f tank input 

voltage during which the tank current circulates through S\ID^ or S2 /D3 . It has 

disadvantages as below:

1) It cannot provide a wide range of ZVS for all the switches.

2) Each switching leg (either switch or anti-parallel diode) would be active for a complete 

half cycle and there is no control on the switching leg conduction time (charging time of 

boost inductors). Therefore, this gating scheme cannot be used for duty cycle control of 

the front-end boost o f the single-stage 3 -0  ac-to-dc converter.

The new proposed fvced-freauencv fvced-edee complimentary PWM control provides a 

wide range o f regulation for load and input voltage, while saving a good soft-switching 

condition. It provides ZVS for three of the switches at all loads. Only switch S\ loses ZVS 

for loads lower than some transition load, which is helped by an auxiliary ZVT circuit. 

Meanwhile its complimentary switch gains lossless tum-off by zero-current switching 

(ZCS) as well as lossless tum-on by ZVS and thus improves the efficiency.

The proposed gating signals and resulting tank input voltage Va'b' are shown in Fig. 

3.1(c) in comparison with conventional fixed frequency gating scheme (Fig. 3.1(b)). Fig.

3.2 presents the method of realization of the proposed gating scheme. In this new gating 

technique, the lower and upper switches across the DC link capacitor are gated 

complimentary (with some practical delay to cover fall time o f switches). Gating signals 

o f diagonal switches S2  and S4 (Gsi and G5 4 ) are synchronized (fixed) on the rising edge 

while the gating signals o f S\ and S3 {Gs\ and G5 3 ) would be aligned in their falling edge. 

Pulse-width modulation at reduced load is achieved by equally reducing (shrinking in) 

Gs\ and G sa and increasing (extending out) Gsi and Gsi by the same amount (Fig. 3.2(b)0. 

The total gating period of Si/S3 and S2/S4 remain constant and equal to the switching 

period as shown in Figure 3.2(b). Gsi and Gsa are realized in the logic control circuit by 

two synchronized complimentary ICs. They are fed by the same fixed slope ramps and
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their control voltages Kon(S2) and Kon(S4) are fed from a single divider (pot) so that any 

increase in one, results in equal decrease o f  the other one (Fig.3.2).

(a) - , J

?
...J

B’

■■■■ 1 Ï

+V ,

— 1 “ 1
1 1
r  —L7S3

1 1

VA'B' 1
—

Fig. 3.1 (a) Circuit diagram o f a dc-to-dc PWM bridge converter and comparison o f the 
(b) conventional phase-shifr gating scheme with (c) the new proposed gating scheme.

V p /2 =  v  
= v

(b)

Vp ramp ramp

coo(S4) -A V

►
G S3

Fig. 3.2 Realizing the gating signals for the switches in the new proposed gating scheme,
(a) at full load, (b) at reduced load.
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At full load (Fig. 3.2(a)), control voltage of Sz (VcorKSZ)) and control voltage o f & 

(VconiSit)) are equal {Vcon{si) = KonÇS4) = Vp/2). At reduced load, control voltage o f  Si is 

increased (Vcon(S2) = Vpll + AFco„) and control voltage of 6 4  is decreased (Fcon(S4 ) = -

àVcon)- Therefore, width of Gsi increases and that of G5 4  decreases by the same value. For 

the other two switches, Gs\ and G5 3  are complimentary of Gsz and G5 4 , respectively. This 

new gating scheme can be used for a variety of bridge converter configurations, e.g., 

resonant converters, single-phase ac-to-dc converter.

3.3 The New Pulse Width Control Scheme Used in 
Fixed Frequency DC-to-DC bridge Converter 
with ZVS

The new gating scheme has not been used in any converter before. Therefore, in  this 

section, it is first applied to a full bridge DC-to-DC converter to understand its operation. 

High frequency DC-to-DC converters are widely used as a separate converter or as a part 

of the AC-to-DC converters.

3.3.1 Circuit Diagram and Principle of Operation
Configuration of the bridge DC-to-DC PWM converter with a single inductor and HF 

transformer isolation is shown in Fig. 3.3. Leakage inductance of HF transformer is 

included in the tank inductor, L\. HF switches to 6 4  are gated with the new proposed 

fixed firequency complimentary gating signals. A square-wave voltage va'b'-, with equal 

positive and negative areas, is generated across the terminals ^4' and B'. Fig. 3.4 shows the 

gating signals, voltage va'B', tank inductor current in and current in each switching leg 

along with devices conducting in each interval, for three loading conditions. Fig 3.4(a) 

shows all the HF waveforms at full load with minimum input voltage and pulse-width = 

7c. As the load current decreases, pulse-width is decreased with a dead gap by cutting va'b' 

symmetrically firom both ends by a  as shown in Fig. 3.4(b) and (c).

The proposed gating scheme together with an optimum design ensures ZVS for 

switches Si, Si and S4 . Switch S\ operates with ZVS firom full load to some transition
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load. To ensure lossless zero voltage turn on o f 5i for reduced loads, an auxiliary ZVT 

circuit [15] is added. The auxiliary switch St, though regularly gated, becomes effective to 

provide ZVT only when iSi loses ZVS. This happens when load is reduced beyond the 

transition load and the tank inductor current has changed to discontinuous conduction 

mode (Fig. 3.4(c)). The ZVT circuit consumes very small power and has no dominant 

effect on efficiency. During discontinuous conduction current through the tank, switch Si 

turns on with ZVT and S2 not only turns on with ZVS, it also turns off with zero current 

switching (ZCS).

+v

m

ZVT circuit

Fig. 3.3 Circuit diagram o f the DC-to-DC PWM bridge converter with auxiliary ZVT
circuit.

3.3.2 Modes and Intervals of Operation
Modes o f  operation'. Tank inductor current in , depending on the load current and 

input voltage, operates in

a) tank inductor continuous current mode (TI-CCM)(f \g. 3.4(a), (b)), or

b) tank inductor discontinuous current mode (TI-DCM) (Fig. 3.4(c)).

Fig. 3.4(a) shows the operation waveforms o f the converter at minimum input voltage 

and full load. Tank input voltage is a full square wave va'b' and is similar to the traditional 

phase-shift control method. As the load current decreases, pulse-width is decreased by a 

dead gap (2({»), as shown in Fig. 3.4(b) and (c) and is different firom phase-shift control.
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D t-V,
D x

A1ILI

s w 4

Time

Intervals
Devices

conducting
D 2

Fig. 3.4 Gating signals, tank voltage (vx a), tank current and current in each 
switching leg for three different loading conditions: (a) Full load {TI-CCM). (continued)
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•sw l
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> ; x 3 2 , i , . - E aDevices
conducting

(b) For loads higher than transition load (TI-CCM). Dashed areas are cut by a  from gating 
signals of and S4 and added to S2 and S3 for power control.

Fig 3.4 (continued)
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Off8 2 * 8 4  : 8 2

(c) For loads lower than transition loads (TI-DCM). Dashed areas are cut by a  from 
gating signals o f S\ and S4  and added to S2 and S3 for power control.

Fig 3.4 (continued)
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Intervals in tank current*. Current waveform in the tank circuit is divided to up to six 

intervals. Intervals depend on the polarity of voltage and direction of current in the tank 

circuit and the devices conducting in each interval are different (different equivalent 

circuits). All the intervals along with the conducting devices are clearly marked in Fig. 

3.4 (a), (b) and (c) for the two modes of operation {TI-CCMand TI-DCM).

3.3.3 Analysis
Based on the simplifying assumptions (e.g. ideal devices, negligible ZVT interval, 

negligible ripple on input and output dc voltages, etc.), analysis is presented for both TI- 

CCM  and TI-DCM  operation of the converter. Variable time during each HF switching 

period is shown by t  and the HF period is Zp. Section 3.3.3.1 presents the general 

solutions for the tank inductor current. Using these general solutions, steady-state 

solutions are derived in Section 3.3.3.2 and they are used to obtain the design curves and 

the operational characteristics of the converter.

3.3.3.1 General Solutions

In the following derivations, if /ii(x) > 0, output diodes Do\/Dca conduct and output 

voltage transferred to primary is positive. If /£i(t) < 0, output diodes DozlDo^ conduct and 

output voltage transferred to primary is negative.

A) General Solutions in TI-CCM  (Fig. 3.4(b)):

There are five intervals o f operation in this mode. Equivalent circuits during these 

intervals in TI-CCM  are shown in Fig. 3.5.

In te rv a ll,Q < z< z \  (Fig.3.5a): va'B'= -Vdc- Inductor current is positive and decreasing 

firom Iai- Diodes D\ and D^ conduct. Solution for iz.i(t) using the initial condition (/n(0) = 

Iai) is:

iLx{^)=lA2 -i{Vdc + nVo)ILx\z (3.1)

Current in switching leg fwi, which is the difference between the linear currents in boost 

and in the tank, is negative and flows through D\. Current in fW] is same as /z,i(t), which 

is positive and flows through S-̂ . At the end of this interval //;i(ti) = 0.
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Interval 2, xi < t  < T2 ( t 2 = Dip), (Fig. 3.5(b)): va'B'~ -Vdc- S\ and Sz tum-on with ZVS. 

Inductor current is negative and decreasing towards Ib- Solution for îl\ using initial 

condition (/h (ti) = 0 ) is:

iu (j)  = - \iVdc-nVo)/Xi](t - Ti) (3.2)

Current flows through switch iSi and 1S3 until X2  when both switches are simultaneously 

turned off. At the end of this interval /ti(x2 ) =  Ib -

s

I j  "'A:
‘1

(c)

(e)

Fig. 3.5: Equivalent circuits during different intervals of TI-CCM  for DC-to-DC 
converter o f Fig. 3.3. (a) Interval 1, diodes D, and £>3 conduct, (b) Interval 2, switches S', and 6 3  

conduct, (c) Interval 3, diodes D2 and D4 conduct, (d) Interval 4, switches 8 2  and conduct, (e) 
Interval 5, = 0 and tank current is closed through 8 2  and D3 .

Interval i ,  X2  < x <X3 (Fig.3.5c): va'b' ~  Inductor current which is negative and 

decreasing in magnitude, flows through diodes D2 and D̂ .̂ It is given by (with initial 

condition, z/u(x2 ) = I b )'-

iixiy) = [(Vdc + nVo )/£i] (x - Dxp) + h (3J)
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At the end o f this interval ki(yz) = 0 

Interval 4, T3 <x<T4  ( t 4  = 2Z>ip), (Fig.3.5d): v a -b ' = Switches 1S2 and 64 are turned 

on with ZVS. Inductor current is positive and increasing from 0 towards Ia i and is 

given by (initial condition /z,i(t3) = 0 ):

ki(x) = \iVdc-nVo)ILy\{z - X3) (3.4)

At the end o f this interval iu  (T4 ) = Ia \- 

Interval 5, T4  < x < Xp (Fig.3.5e): va'B' ~  0. Switch Sa is turned off at X4 , and in , that is 

positive and decreasing from Ia\ towards 7^2 » current path being through switch 8 2  and 

diode D 3 . /li(x ) (with initial condition i n  QzÀ) =  Ia i )  is given by:

/u(T) = Iai - (nVolL{)(x -2Dzp) (3.5)

At the end o f the HF cycle, 6 2  is turned o ff  and the inductor current is again: /z,i(Xp) = Iai.

B) Transition from TI-CCM  to TI-DCM: Based on the design point, when load 

decreases’ less than some transition load, current z î(x) changes from continuous (TI- 

CCM, Fig. 3.4(b)) to discontinuous (TI-DCM, Fig. 3.4(c)) conduction mode. For the 

transition point we have:

■Cl = 0, I a 2 =  0, i n i ' t p )  = /r,i(0) = 0 (3.6)

C) General Solution in TI-DCM  (for loads lower than the transition load. Fig. 3.4(c)): 

Two extra equivalent circuits that happen in TI-DCM are shown in Fig. 3.6.

Interval I: During the very short interval o f ZVT, switch 5, is turned on (Fig. 3.6(a)) 

and a resonating sinusoidal current flows through D\ that provides ZVT for S\. 

Specifications of this ZVT auxiliary circuit are given in design example of Section 3.3.4. 

For analysis purpose, very short ZVT interval 1 is neglected and interval 2 is assumed to ' 

begin almost from x = 0 .

Interval 2: 0 < x < X2, vx'S'= and inductor current in(x) is zero and goes negative. 

Switch S3 (that was gated in interval 5 & tumed-on with ZVS at the end of interval 6 ) and 

switch S\ (that is turned on with ZVT) starts to conduct.

iLi(T) = -[(VAc-nVo)/L,]z (3.7)
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i  'L I

T r

(b)
Fig. 3 .6 Equivalent circuits during extra intervals of TI-DCM  for DC-to-DC converter 

o f Fig. 3.3. (a) Interval of ZVT (0 < x < x,). (b) Interval 6.

Interval 3, In terval 4 and Interval 5, are the same as described for TI-CCM with the 

same relations, except that at the end o f interval 5 inductor current has reached zero and 

Sz turns off with ZCS. We have: isi = ios = in  ~  0.

Interval 6: xs < x < Xp (dead gap in inductor current, iiu  equivalent circuit shown in Fig. 

3.6(b)). For this interval, current in the inductor remains zero, /'ii(T) = 0. All the switches 

and diodes o f the converter stop conduction and only the output filter capacitor Co 

supplies the load current.

3.3.3.2 Steady State Analysis

Based on the general solutions and the boundary conditions, steady-state solutions 

have been derived. They are classified under two groups, namely, TI-CCM  and TI-DCM.

Normalization: All the equations are normalized using the following base quantities:

Vb = Vdcimin) (minimum input DC voltage),

Pb = Por (rated output power),

h  = PorJVb, Tb = Xp, Lb = TbVb/Ib. (3.8)

As the base o f  voltage is the minimum value of Vdc and not changing with input 

voltage, converter gain, defined as M =  nVt/Vda will change with input voltage variations 

(Mnujx ~ f̂ Vo/VdcQnin)t Mmin f̂ Vo/Vdc{max))'

A) Steady S tate  Normalized Relations for DC-to-DC C onverter in TI-CCM  (Fig. 

3.4(b)):

Steady state relations are obtained by the similar technique used in Chapter 2.
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1) Voltage across the inductor Zi in each interval:

IntBTVCll 1\ L \p u ijA 2ptJ'^\ptt) Vdcpu'^ ^^m ax (3.9)

IntBt^ol 2. Lipti(lBpu^ 2̂ lpti) ^dcpu~ ^^max (3.10)

I n t e r v a l  3 . L\pu(,lBpttl^32pù) ^dcpu~^ I^m ax  (3.11)

Interval 4. L\pu(̂ lA\ptJ'̂ A3pu) d̂cpu ~ I^max (3.12)

Interval 5', Lipuilxipu ~ lAipi^lt^pu I^max (3.13)

2) Ampere-second balance of inductor current /li(t) in each switching period:

Ispt^lXpu ‘̂ 32pa) lA\putA3pu lA1piit\pu (jAXpu lAlpitl̂ pApu (3 14)

3) Average o f rectified current on secondary side (for output bridge rectifier):

Ispuiyzipu ’̂ 32p«) lAlpu^Aipu lA2put\pu (jAXpu lA2pti)tp4pu 'I.Popt/Mmax (3.15)

4) Duty cycle relations with time intervals:

D = x\pu + X2 Xpu (3.16)

jC>='C32pu+T43 (3.17)

(l-2D)=Tp4p« (3.18)

Substituting time intervals from (3.9)-(3.13) into duty ratio relations (3.16)-(3.18), the 

following set o f equations are obtained.

D/L\pu~ lA2piJ(y^dcpu'  ̂I^max) IspJlYdcpu ~ I^mca') (3.19)

D IL xpu  ~  lAXpv/(J^dcpu ~ I^m ax) IspJ^Y dcpu  I^m ax) ( 3 .2 0 )

(1 - 2D)!L\pu = (JaXpu - Ia2pu)I^max (3 .21)

These equations can be rearranged to obtain a matrix solution for I  ax, Iai, Ib versus other 

parameters o f the converter as given below:

0 1 ̂ ^dcpu ^max. ) 1 ̂ ŷ̂ dcpu ^max )
-1

D ! Lxpu
= 1 ̂ Q̂ dcpu ^max. ) 0 ^f(^dcpu +^m ax) . D ! Lip,^

J b . IW m ax ) -l/(M m ax) 0 ( 1 - 2 D ) / I i ^

(3.22)

B) Steady State Normalized Relations for DC-to-DC Converter in TI-DCM  (Fig. 

3.4(c)):

1) Voltage across inductor L\ for each interval:

Interval 2. Lxpul̂ IsptJx'zxpù) ^dcpu~ ^Imax (3.23)
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IntBrVCll 3, LypuÇ^BptJ^’il̂ xù) ^dcpu'^ ^max (3.24)

lyitBKVCll 4. L\pu(jA\pu/^A3pu) d̂cpu ~ ^̂ max (3.25)

Ifltsrvol 5. L\pu(jA\ptJ^54ptt) 3/lmax (3.26)

2 )  Ampere-second balance of inductor current ia{x) in each switching period:

^Bpu(̂ 2lpu ”t32pu) Âlpu(3-43pu ’̂ 54/n/) (3 .2 7 )

3 ) Average o f rectified current on the secondary side (for output bridge rectifier):

^ B p u (y 2 lp u '^  X^2pu) 3^A\pu(!^43pu~^'^54pu^ 2 /*opu(l ~ "^p S p u )/^m a x  ( 3 .2 8 )

4) Duty cycle relation with time intervals:

D=X2\pu ( 3 .2 9 )

D = X32pu + T43pu ( 3 .3 0 )

(  1 - 2 D )  =  Ts4p„ +  Xp̂ pti ( 3 .3 1 )

Using above equations, matrix solution for Ib and Dt is:

0 ^ l ( V d c p u ~  ^ m d x . )

1 / (Vdcpu - ^ m a x )  1 / (Vdcpu +  -''^max )

-1
L\pu 

D /  L^pu
(3.32)

3.3.4 Design
Steady-state relations are solved numerically using MATHCAD software. Design is 

done at full load with the minimum input voltage, Vdc(mw) and maximum possible duty 

cycle. Dm = 0.5 (Fig. 3.4(a), full square wave vx'S' and tank current in CCM). Design 

results obtained in per unit values for a range of gain between Mmax— 0 . 2  to Mmax- 0 . 8  are 

given in Table 3.1. From this design table, it can be observed that high gain (Mmrc) should 

be selected to reduce the peak currents in the components. On the other hand, high gain 

design increases the risk of losing 27VS for 1S4  at low loads. To ensure ZVS of S 4 ,  time 

interval T3 2  (conduction time of diode D 4 )  should be guaranteed higher than a minimum 

value at minimum load. Characteristic curve in Fig. 3.6(e3) shows that this time interval 

reduces towards zero at low loads and according to column 7 of Table 3.1, for high gain 

(Mmax) design, T3 2  is less. Therefore, an optimum design to reduce maximum current 

rating of components and to ensure the ZVS o f S 4  at minimum load should be considered.
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To achieve this, a  plot of the optimization factor lApJ"^yipu (the ratio of peak inductor 

current to conduction time o f diode D4 ) versus gain (M^x) is plotted in Fig. 3.7. 

Minimum point on optimization curve, Mmax — 0 5 (highlighted in Table 3.1) that can 

ensure ZVS o f S4  at minimum load is chosen as design point.

Transition point from TI-CCM to TI-DCM  is when Iai and t i  reach zero (or Xp$ = 0). For 

minimum input voltage (1 p.u.), transition from TI-CCM  to TI-DCM is found by 

MATHCAD programming to be at D  = 0.337 and 80% output power (Peak currents Ia\= 

2.92 p.u., Ib = 3.58 p.u.). For maximum input voltage (1.2 p.u.), the calculated transition 

power is higher than the rated power and converter operates only in TI-DCM for the 

whole loading range.

Operational curves for the important parameters o f the converter with variation in 

output power at minimum and maximum input voltages have been obtained. Fig. 3.8 

shows the design and operational curves. Theoretically predicted results for converter 

operation with 100%, 50% and 10% load for both maximum and minimum input voltage 

are given in Table 3.2.
0

4 0

0
0 . 5 M

Fig. 3.7 Optimization curve for minimizing the ratio o f peak inductor current to 
conduction time o f diode Da (/xipu/t3 2 pu).

Table 3.1; Design values in per unit for full load and minimum input voltage, D = 0.5.
Base values are as given in section 3.3.3.2

Mmax L i p u I a I p u I b p u "Cl DU tziou '̂ 32du T430U
0 . 2 0.024 1 0 - 1 0 0 . 2 0.3 0 . 2 0.3
0.3 0.034 6 , 6 6 -6 , 6 6 0.175 0.325 0.175 0.325
0.4 0.042 5 -5 0.15 0.35 0.15 0.35
# mm. 4 icms œ : m m
0 . 6 0.048 3.33 -3.33 0 . 1 0.4 0.1 0.4
0.7 0.045 2.85 -2.85 0.075 0.425 0.075 0.425
0.8 0.036 2.5 -2.5 0.05 0.45 0.05 0.45
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Fig. 3.8 Design and operational curves for minimum and maximum input voltage with 
variation in output power, Popu- (a) Duty ratio, D .  (b) Inductor positive peak current, I^ipu-

(c) Inductor current at the end of HF switching cycle, Ixipu- (d) Inductor negative peak 
current, hpu- (e l, e2, eS, e4, e5, e6) Duration o f time intervals in tank current, z\pu, xixpu,

Xs4pu, XpSpuj in p.n..
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Table 3.2: Theoretical per unit values o f converter parameters operating under different 
loads for minimum and maximum input voltage (output voltage regulated at Vo = 0.5 pu).

Input voltage min. Vdc=l p.u. 
M m ax = 0.5 p.u.

max. 1.20 p.u. 
M m in = 0.416 p.u.

Load 100% 50% 10% 100% 50% 10%
D 0.5 0.21 0.08 0.29 0.145 0.06

Ia i p.u. 4 1.8 0.56 3.027 1.514 0.6
Ia 2 p.u. 4 0 0 0 0 0
I b p.u. -4 -2.22 -0.8 -3.71 -1.854 -0.7
Xl p.u. 0.125 0 0 0 0 0
T21 p.u. 0.375 0.21 0.065 0.29 0.145 0.04
T3 2 p.u. 0.125 0.07 0.015 0.097 0.048 0.01
■C43 p.u. 0.375 0.17 0.035 0.237 0.12 0.025
T5 4 p.u. 0 0.17 0.035 0.237 0.12 0.025
•CpS p.u. 0 0.38 0.85 0.138 0.57 0.91

Mode TI-CCM TI-DCM TI-DCM TI-DCM TI-DCM TI-DCM

3.3.4.1 Design Example

A DC-to-DC converter with the following specifications is designed to illustrate the 

design procedure.

Input DC voltage Vdc= 300 V minimum to 360 V maximum.

Output rated power, Fg= 500 W.

Load voltage, Vo = 48 V.

Switching firequency,^ = 100 kHz.

Design is done at full load, minimum input voltage and for the selected optimum point. 

Base values are as defined in Section 3.3.3.2.

Vb =Vdc(mw) -  300 V, Pb = Por= 500 W, Ib= 1.67 A, Tt=  10 ps, A W  = 0.5, nVo = Mmax-Vb 

= 150 V, « = 3.1, Lb = VbTb/Ib -  1796.5pH, L\ = 0.047 p.u. = 84.6 pH, Iai = /s  = 4 p.u. = 

6.66A, Ti = T3 2  = 0.125 p.u. = 1.25 ps, T2 1  = T4 3  = 0.375 p.u. =  3.75 ps.

3.3.4.2 Auxiliary ZVT components

Conditions for design o f the auxiliary ZVT circuit is the same as explained in 

converter o f Chapter 2 (Section 2.9). Current transition time in ZVT circuit is assumed
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very short and negligible compared to the switching period Xp (transition resonance 

frequency,^ higher than 10 times of operating frequency f ^ .  Resonant components are 

calculated for the peak resonant current in auxiliary circuit (Iznimax)) to remain less than 5 

A (for the worst case, P*(max) = 360 V). Snubber capacitor (Cs„ubber) in parallel with 

MOSFET capacitor (Cuos) can be used as the resonant capacitor (here C/ = Cmos + Cs„ubber 

= 1.5 nP).

hvnmax) = Vdcimax'/i.UCtŸ'^ = 5 A and with C, =  1.5 nP, Z,= 7.7 pH.

Resonance frequency in auxiliary circuit is: co, = I x i f t  = \ / ( jL tC t Ÿ ^ ,  f t  =  1 .5  MHz and 

transition time is short enough to be neglected in theoretical analysis.

3.3.5 PSPICE Simulation Results
Simulation for varying load and input supply conditions is done for a redesigned 

converter with a reduced switching frequency of 10 kHz (to save storage space and 

simulation time). Table 3.3 gives a summary o f the PSPICE simulation results in different 

loading for minimum and maximum input voltage. The output voltage referred to the 

primary is regulated at V'o = nVg = MmaxVdc{min) = 150 V = 0.5 p.u., by changing D. 

Simulation waveforms with minimum input voltage (300 V) for full load, 50% and 10% 

of rated load are given in Pig. 3.9. Waveforms of Pig. 3.9 for maximum input voltage 

(360 V) are given in Pig. 3.10. Waveforms o f  current in switching legs show that all the 

switches tum-on with the ZVS for the entire range o f load and supply variations.

Table 3.3: PSPICE simulation results for the 500 W converter designed in Section 3.3.4 
for different loads and for maximum and minimum values o f input voltage.

Input
voltage

Min. Vdc = 300 V 
MmœT 0.5 pu

Max. Vdc =  360 V 
A/mm= 0.416 pu

Load 100% 50% 10% 100% 50% 10%
D 0.5 0.28 0.13 0.31 0.21 0.10

I a i  a 6.57 3.85 1.9 4 2.3 1.3
Ia 2 a 6.57 0 0 0 0 0
I b  a 6.57 -4.95 -2.2 -5 -3 -1.5

Mode TI-CCM TI-DCM TI-DCM TI-DCM TI-DCM TI-DCM
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Fig. 3.9 PSPICE simulation results. Voltage v/'g-, current iu  and current waveforms o f all 
switches at minimum input voltage F* = 300 V for: (a) Full load (500 W, Re = 4.6 Q).

(continued)
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Fig. 3.9 PSPICE simulation results (continued), Vjc = 300 V for; (b) 50% load (250 W,
Rl — 9.2 Q), (continued)
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Fig. 3.9 PSPICE simulation results (continued), Vdc ~  300 V for: (c) 10% load (50 W, R i
= 46 Q).
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Fig. 3.10 PSPICE simulation results. Voltage current ii,\ and current waveforms of 
all switches at maximum input voltage Vdc = 360 V for;

(a) Full load (500 W, Ri = 4.6 Q). (continued)
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Fig. 3.10 PSPICE simulation results (continued), Vdc ~ 360 V for:
(b) 50% load (250 W, = 9.2 Cl), (continued)
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Fig. 3.10 PSPICE simulation results (continued), = 360 V for:
(c) 10% load (50 W, &  = 46 Q).
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3.3.6 Experimental results

Based on the design example, a prototype converter is built to verify the operation of 

the proposed converter. The gating signals are realized by two synchronized UC 3824 

ICs.

A summary o f experimental readings for three loading (10%, 50% and 100% of rated 

power) is given in Table 3.4. Theoretical calculation shows TI-DCM operation starts at 

maximum input voltage and full load but in experiment it is still operating in TI-CCM  (at 

the boundary).

Experimental waveforms obtained from the laboratory model for the same three loading 

of Table 3.4 at minimum and maximum input voltage are presented in Figs. 3.11 and 

3.12, respectively. Voltage across the two lower switches clearly shows the ZVS turn on 

of the switches.

Table 3.4: Summary of experimental readings for the 500 W prototype converter 
designed in Section 3.3.4 for minimum and maximum value of input voltage and different

loading.

Input
voltage

M
1
in. Vdc = 300 V  
^max= 0.5 p.u.

Max. Vdc = 360 V 
-A4,m= 0.416 p.u.

Load 100% 50% 10% 100% 50% 10%
D 0.48 0.29 0.12 0.33 0.2 0.08
Iai (A) 6.2 3.9 2.2 3.3 2.1 1
Ia2 (A) 6.2 0 0 0 0 0
7̂  (A) -6.2 -4.3 -2.8 -4 -2.8 -1.2
n (%) 90 85 80 88 82 78
Mode TI-CCM TI-DCM TI-DCM TI-DCM TI-DCM TI-DCM
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g w aia lrl RUN

. . .  Tankinducfiûr.cLiT^

(a)

1 lO.OV 2 so .o v Autotl RUN

1 lO.OV 2 SO.OV -200 RUN

(c)

Fig.3.11 Experimental waveforms obtained from a 500 W prototype model with 
MOSFET switches (BUZ 45B), switching frequency 100 kHz, Li=S5 pH (including 

transformer leakage inductance), output DC voltage 48 V, transformer ratio 15:5. Tank 
inductor current and voltage across the lower switches and are shown with minimum 

input voltage (300 V) for: (a) Full load. (Time scale: 2 ps/div). (continued)
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A u t o t l  RUN

Taqk inductor (mrrent; (2A/div)

(a)

± lO.OV 2 SO.OV BIBMH4-1 WtlMf—O .OOs

(b)

1 lO.OV 2 SO.OV A u t o t l  RUN

(C )

Fig.3.11 (continued) Experimental waveforms obtained from a 500 W prototype model 
with minimum input voltage (300 V) for (b) 50% load, (continued)
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A u t o t l  RUN

Tkûik in d o o r  cffiënf (T^dîv)

(a)

lailMAH RUM1  lO .O V so .ov

(b)

1 lO.OV 2 so .ov

(C )

Fig.3.11 (continued) Experimental waveforms obtained from a 500 W prototype model 
with minimum input voltage (300 V) for (c) 10% load. (Time scale: 2 ps/div).
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j —O . O O s S n g l f l  RUN

T a n k  indu ic to r c w r e n t  (2 A /d iv )

(a)

1 lO.OV 2  s o .o v

V.WÉ (S O V /div)

(b )

± lO.OV 2 50.0V O .OOs S n g l f l  RUN
\r-

■ fV iw 4-(5uy/d i.v )-j

(c)

Fig. 3.12 Experimental waveforms o f Fig. 3.11 with maximum input voltage 360 V:
(a) Full load. (Time scale: 2 ps/div). (continued)
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(c)

Fig. 3.12 (continued) Experimental waveforms o f Fig. 3. II with maximum input voltage
360 V: (b) 50% load. (Time scale: 2 ps/div). (continued)
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1 lO.OV 2 so .ov c-O.OOs 2.00%/

V.w, (50V/diV)
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Fig. 3.12 (continued) Experimental waveforms o f Fig. 3. II with maximum input voltage
360 V: (c) 10% load. (Time scale: 2 ps/div.).
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3.4 The 3 -0  AC-to-DC Soft-Switching HF
Transformer Isolated Fixed Frequency Converter 
Using the New Complementary Gating Signals.

In this section, using the new proposed gating scheme, a 3 -0  AC-to-DC single-stage 

boost-integrated fixed-frequency bridge PWM converter with PFC and soft-switching is 

introduced. It enjoys all advantages o f  the converter proposed in Chapter 2 while solving 

the disadvantages o f unsymmetrical tank input voltage and DC blocking capacitors. Fig. 

3.13 shows the proposed AC-to-DC HF transformer isolated soft-switching converter. 

The bridge is controlled by the same new gating scheme proposed in Section 3.2 and the 

DC-to-DC converter used as a part o f this configuration, follows the same operational 

guidelines introduced in Section 3.3. Phase shift control could not be used here because it 

gives no control on duty cycle for front-end boost. In phase shift control, for each half 

cycle, either D\ or is conducting and boost duty cycle would be fixed at D = 0.5. 

Solution to this problems is given by the proposed fixed frequency complimentary gating 

scheme. It provides the duty cycle control of the front-end boost and the pulse-width 

control o f the DC-to-DC converter with a symmetric input voltage of the tank as well as 

soft switching for all the switches.

3.4.1 Circuit diagram and principle of operation
Fig. 3.13 shows the proposed AC-to-DC HF transformer isolated soft-switching 

converter. This converter is integration o f a 3 -0  boost converter and a bridge converter. . 

The switch Si and diode Di operate together with the input line inductors as a 3 -0  boost 

converter, whereas, they also form part of the bridge circuit. HF switches Si to S4 are 

gated with fixed-frequency complementary (variable duty ratio) gating signals generating 

the square-wave voltage va-b’ across the terminals A ’ and B ’, whose positive and negative 

areas are equal (Fig. 3.14(a, b, c)). The proposed gating scheme together with an optimum 

design ensures ZVS for the switches S2 , S 3  and S 4 .  Switch Si will operate with ZVS up to 

about 70% rated load. To ensure ZVS o f  Si for reduced loads, an auxiliary circuit [15] is
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added. This circuit consumes very small power and comes into operation to provide zero 

voltage transition (ZVT) only when Si loses ZVS. This happens when the tank inductor 

current becomes discontinuous as explained later. The switch Si will tum-on with ZVT 

and S2  will not only tum-on with ZVS, it will also tum-off with zero-current switching. 

Fig. 3.14 shows the gating signals, voltage va-b-and the tank inductor current in , for three 

loading conditions. At full load, pulse-width = tz (Fig. 3.14(a)). When the load current 

decreases, pulse-width is decreased with a dead gap by cutting va'b' symmetrically from 

both ends (as explained in Section 3.2) as shown in Fig. 3.14(b) and (c).

+V,

N s,

ZVT circuit

Fig. 3.13 Proposed HF transformer isolated single-stage 3-<j) AC-to-DC soft-switching 
converter with high power factor and low line-current harmonic distortion.

The auxiliary ZVT circuit in this configuration is the same as ZVT circuit used in DC- 

to-DC converter o f Section 3.3 and follows the same operational principle and design 

procedure as given in Chapter 2, Section 2.9.

3.4.2 Modes of Operation:
Independent modes of operation happen for the front-end boost converter (given in 

3.4.2.1) as well as for the DC-to-DC converter (given in 3.4.2.2).

3.4.2.1 Modes of operation for the front-end boost converter

In front-end boost converter that operates in DCM, status o f conducting diodes in input 

rectifier depends on the position o f boost pulse currents along the line frequency scale
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(oo//). Based on this, front-end boost operates in three different modes I to in along the 

line cycle and these are almost same as explained in Chapter 2. These modes are 

summarized below. The main difference here is that because o f discontinuous conduction 

of the tank current in Mode II, an extra sub-mode HD happens.

Mode I occurs at the peak of input phase-A voltage (anti = 0). This mode is important 

for designing device current ratings at minimum input voltage.

Mode n  occurs during 0 < co/ri < n / 6  on the line cycle. In mode El, based on the tank 

current intervals and the time that it goes to zero, four sub-modes IIA-D can occur. 

Sub-mode HA, ib goes to zero in interval 3.

Sub-mode HE, ib goes to zero in interval 4 before current transfer from D% to 8 2 - 

Sub-mode IIC , ib goes to zero in interval 4 after current transfer from D2  to 8 2 .

Sub-mode HD, ib goes to zero in interval 5 (Fig. 3.14(b), (c)).

Mode III occurs at co/ti = tc/ 6  and the continuity factor S (= (xp -  x^/xp) is maximum in 

this mode (5 = hmax = 1) and the input currents are in Just Continuous Current Mode 

(JCCM) for full load.

3.4.1.2 Modes of operation for the DC-to-DC converter section

Modes of operation for the DC-to-DC converter are same as mentioned in section 

3.3.2. Tank inductor current in, depending on the load current, operates in either TI-CCM 

or TI-DCM). Above a certain load current (referred to as transition load) to full load, tank 

inductor current remains continuous and converter operates in TI-CCM  (Fig.3.14(a), (b)). 

Fig. 3.14(a) introduces the full load operation of the converter that shows a full square 

wave va’B' and is similar to the phase-shift control. Pulse width control at reduced loads 

(higher than transition load, TI-CCM) is shown in Fig. 3.14(b). For loads lower than 

transition load, converter operates in TI-DCM, (Fig.3.14(c)). Value of the transition load 

depends on design optimization. All the three cases of Fig. 3.14 are shown for Mode HD 

of the front-end boost, which is the most general mode of operation.
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Si  I L

iA l

Time o 
Intervals 
Devices

conducting

P4

D 2 S 2 , S 4

Fig. 3.14 Gating signals, tank voltage (va'B'), tank current (in), 3 -0  boost inductor 
currents and current in each switching leg for three different loading conditions, (a) at full

load (TI-CCM). (continued)
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Devices

conducting
Time o x ,

5b ; 5c

S , S 3
“ ^ x ,S 4 , , ■̂4 X4 1:4 Tp

Fig. 3.14 (continued), (b) loads higher than transition load (TI-CCM). Dashed areas are 
cut by (j) from gating signals o f S'; and 1S4  and added to S2 and 1S3 for power control.

(continued)
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Fig. 3.14 (continued), (c) loads lower than transition loads {TI-DCM). Dashed areas are 
cut by (j) from gating signals o f S\ and S4 and added to 1S2  and S3 for power control.
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For each mode of operation, current waveform in the tank circuit is divided into 

several intervals and subintervals. Intervals depend on the polarity of voltage and 

direction of current in the tank circuit. Subintervals depend on the devices conducting in 

each interval and they are marked in Fig. 3.14 for the dominant mode of operation HD. 

Current in input boost inductors and in tank inductor is linear similar to double switch 

converter o f Chapter 2. However, because o f the bridge configuration and discontinuous 

mode of operation in tank current, HF current and voltage waveforms are different and 

new intervals occur in each HF cycle.

Totally six possible intervals may occure in ii\ which are explained in TI-CCM and TI- 

DCM  state space analysis below. In TI-CCM  operation o f /£i(t), intervals 1-5 and in TI- 

DCM  operation of in(y) intervals 2-6 will occur.

All the intervals in 3 -0  boost currents and in tank inductor current along with the 

voltage Va-b- and the gating signals for three loading conditions is clearly shown in Fig. 

3.14. At full load and design point (Fig. 3.14(a), pulse-width = n), there is no dead gap in 

v^'fl-and there are only 4 intervals in A s  the load current decreases, pulse-width is

decreased with a dead gap by cutting va-b- symmetrically from both ends (front part of 

interval 1 and end part o f interval 4) as shown in Fig. 3.14(b) and (c). This brings a dead 

gap in va'b’ (interval 5) during which tank current is closed through S2 and D3 . As long as 

load reduction is low and dead gap is short, interval 1 exists, tank current ia (j)  which is 

still positive, closes through Di (iSi is gated with ZVS) and converter operates in TI-CCM. 

At the boundary of transition from TI-CCM  to TI-DCM (when the load is equal to 

transition load), interval 1 vanishes and current at the end of interval 5 reaches zero. With 

further reduction of duty cycle (increase o f dead gap), when converter enters TI-DCM, S\ 

loses ZVS. Before the switch current starts from zero, auxiliary switch St is gated and a 

resonant current flows through D\ to provide lossless tum-on o f  ̂ i. This short interval of 

resonant ZVT in TI-DCM is considered as interval 1. In TI-DCM, a new interval 6  with 

zero tank current appears. Reason is that during the dead gap o f va-b' energy stored in Zi is 

discharged to the load and inductor current linearly reduces to zero. Because of the output 

capacitor filter, current cannot go negative and therefore remains zero. Tank stops
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converting energy until the beginning o f the next HF period when S'; is turned on and bus 

voltage (-Vdc) is applied to the tank.

3.4.3 Analysis

Because of the repetitive tc/ 6  symmetry at the output of three-phase rectifier, analysis is 

done for 0 < co/ti < tc/ 6 . State-space approach is used. General solutions for the current 

waveforms in front-end boost and in DC-to-DC converter in each interval for TI-CCM  

(Fig.3. 14(b)) and for TI-DCM  (Fig.3.14(c)) are derived in Section 3.4.3.1. Simplifying 

assumptions used are the same as Chapter 2. Notations are marked on Fig. 3.14.

Analysis of the bridge DC-to-DC converter section follows the same procedure used in 

Section 3.3.3. Time intervals and HF waveforms are different in TI-CCM  and TI-DCM  

operation of converter. Therefore, general solutions and steady state analysis are 

presented separately for each case. Steady state relations obtained from boundary 

solutions are solved numerically by MATHCAD software to obtain design curves and 

operational characteristics o f the converter with load and input voltage change for TI- 

CCM  and TI-DCM  operation o f  the converter.

3.4.3.1 General Solutions

The most general mode o f  operation for this converter is Mode UD, and all boost 

inductor currents (/&(%), I'cCt)) go to zero in interval 5 and HF waveforms are shown 

in Fig. 3.14. This mode is used for general solutions. In this general mode, there are two 

subintervals in interval 1, no subintervals in intervals 2 and 3, two subintervals in interval 

4 and three subintervals in interval 5.

Fig. 3.15 shows the equivalent circuits during each interval in TI-CCM  and Fig. 3.16 

shows the additional equivalent circuits for TI-DCM operation.

(A) G eneral Solutions for TI-CCM'.

This mode (Fig. 3.14(b)) occurs for loads higher than the transition load to full load 

and there are 5 intervals in tank inductor current. However, for the particular case o f full 

load and minimum input voltage shown in Fig. 3.14(a), there are only four intervals.
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Fig. 3.15 Equivalent circuits for TI-CCM  operation of converter in Mode HD during 
different subintervals, (a) Subinterval la, (b) subinterval Ib, (c) interval 2, (d) interval 3, 

(e) subinterval 4a, (f) subinterval 4b, (g) subinterval 5c, (h) subinterval 5b, (i) interval 5c.
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Interval i ,  0 < x < t i  (equivalent circuit Fig. 3.15(a), (b)): va’b'= -Vdc, inductor current

iz:i(T) is positive and decreasing from the initial value /z,i(0) = 7̂ 2- Switching legs .rwi

(comprising S\ and D\) and fW] (comprising S3 and D3 ) conduct.

Differential equation for inductor current is: L\{dÎL\ /dx) = -K* - V'o 

Solution for current is given by:

f:i(T) = Ia2 - [(F* + nVoyL\\x (3.33)

3-<P boost currents and switch currents: Three-phase input boost currents are:

fa(T)= ( V„ cos (0 /ri/Z/„)x (3.34)

4(T) = [V„ cos(o)/fi - 2n/2yLin]x (3.35)

Zc(T) = [V„ cos(©/fi - 4 7 c/3 )/Im]x (3.36)

Current in switching leg jwi (S\ + D\) is:

Wi(%) = U t)  - i'ii(x) = cos Qj/ti /Li„) + (Vdc+ nVo)/Li]x - Iai (3.37)

It starts flowing in D\ (subinterval la  (Fig. 3.15(a)) and then after x = x'l since /^(x) > 

fz;i(x), current transfers to S\ which is turned on with ZVS (transfer to subinterval lb (Fig. 

3.15(b)).

x'l = h i!  [(F'm cos (ùitx !Lin) + iVdc + nVo)!L{\ (3.38)

Current in switching leg 5 W 3  ( S '3  + Di) is the same as /li(x) and flows through diode D3 

until X = xi and then current transfers to S3 (turned on with ZVS), entering interval 2 .

î w3(x) = - i'ii(x) = (K^c + «Vo)IL\)x - Ia2 (3.39)

At the end of this interval /Yi(xi) = 0.

Interval 2, xi < x < X2  (x2  = 7)xp), (Fig. 3.15(c)): va'b' = -Vdc- î l \ is negative and 

decreasing towards Ib. Switches Si and S3 conduct.

Differential equation is: L\{dii\ldx) = -Vdc +

By integrating voltage across L\ with the initial condition /£i(xi) = 0, we have:

= - W d c-n V o yU yx  - X, ) (3.40)

3 -0  boost currents and switch currents: 3 -0  input currents in input boost inductors 

are still increasing linearly same as interval 1. Current in switching leg jwi that had 

changed positive in interval 1, continues flowing through S% with a different slope.

/5wi(t)= /5 i(x) = ia{x) - i£i(x) = [(K„cos (0 /ri)/Ij„]x + [(Vdc~ nVo)/Li](x - Xi ) (3.41)
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Current in switching leg has transferred from D3 to % (ZVS tum-on).

WsCz) = /s3(t:) = - /z.i(t) = [(Vdc - n ¥„ )/Zi](t - t i  ) (3.42)

This interval ends at T2  = Dxp. Maximum current through the switches occurs in Mode I 

(m/i=0 ) at T2 , and are given by:

is\(max) = (VJLin)Dxp+[(Vdc-nVo)/L{\(Dxp-xO (3.43)

is3 (max) ~ [(Vdc * »Vo)/Li}(L>T:p-xi) = -Ib (3.44)

Current flows in switches Si and 1S3 until T2  = Dxp when both switches are simultaneously 

turned off. At the end o f this interval, /ii(T2 ) = Ib.

Interval J, T2 < x < T3 (x2  = Dxp) (Fig. 3.15(d)): v^'b'(t) = +Vdc, /z,i(x) is negative and 

decreasing in magnitude, diodes D2 and £ > 4  conduct. Differential equation is:

L\(diLildx) =  (Vdc + V'o) with initial condition /ii(x2) = I b -

/ii(T) = [(Vdc + nVo )/£i] (X - Dxp) + Ib (3.45)

At the end o f this interval iLi(’̂ {) = 0.

3 -0  boost currents and switch currents'. At X2  = Dxp, S\ and S3 are turned off and

current is transferred to D2 and £>4 . The input boost inductors are connected to the DC bus

capacitor and start to discharge linearly as below (keeping in mind: IJiDxp) = /amax):

fa("c) = [(Va(r0 - 2/3 V d c ) ! L i n ]  (x - Dxp) + ia(Dxp) Positive (3.46)

4(T) = [(Vi(r0 + 1/3 V d c ) / L i n ]  (T -LHp) + ib(L>Xp) Negative (3.47)

fc(x) = [(vc(ri) + 1/3 Vdc)/Lin] (T -£>Xp) + ic(I>ip) Negative (3.48)

Currents transferred to the switching legs sw2  and sw^ are:

W 2 ("C) = -iD2 = /t,i(x) - /a(x) = [(F* + n V o ) /L { ]  (x-Dxp) + Ib

- [(V, - 2/3 Vdc)/(Lin)] (X - LKp) - ia(Dxp) (3.49)

/w4 (t) = -/d4 = f:i(x) = [(Vdc + nVo)/Li] (x-Dvp) + Ib (3.50)

Therefore, maximum magnitude o f diode currents occurs at X2 = Dxp'.

tD2(max) ls\.(mca)\ tD4(max) lsi(nuvc).

At the end o f this interval x = X3 , current transfers from diode D4 to switch S4 (with ZVS 

turn on). But in switching leg SW2 current continues to flow in D2 .

Interval 4, X3 < x <X4  (x4  = 2£>Tp), (equivalent circuits Figs. 3.15(e), (f)): va'B'= +F&.

iL\(f) is positive and increasing from 0 towards U\. Switch S4 starts to conduct at X3 but
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diode £ > 2  still continues conducting (subinterval 4a, Fig. 3.15(e)) until x’3 when iswi= ia(y) 

- /(t) turns positive and current transfers to S2 (subinterval 4b, Fig. 3.15(f)).

Differential equation is: L\{dit\ldx) = (Vjc - V'o).

Inductor current with the initial condition inCzj) = 0 is:

fùt(T) = [(F * - nVo)/Li](x - T3 ) (3.51)

3 -0  boost inductors and switch currents'. As long as /^(t) has not reached zero, there will 

be no slope change in input boost discharging currents. Current through switches S2 and 

Sa are:

isw iix )  = /s2 (t)  =  iL \ ( x )  -  /fl(T) =  [ { V d c - n V o ) I L { \ { x  -  T3 ) - i j f )  (3.52)

iiw4(x) = W%) = i£i(x) = [ { V d c- n V o ) I L \ \ { x  - T3 ) (3.53)

At the end o f this interval iLi(xÀ) = I a \.

Interval 5, T4 < t  < tp (t4 = 2£>Tp), (equivalent circuits Fig. 3.15(g), (h), (i)): va'B' = 0. 

Switch S a turns off at X4  and in  which is positive (decreasing from I a \ towards Ia i )  is 

closed through switch S2 and diode D3 , so that switch S3 could be turned on under ZVS 

(subinterval 5a, Fig. 3.15(g)). Differential equation is: L\{dinldi) = -V'o. Solution for

inductor current with the initial condition in  (X4 ) = Ia i  is:

in{x) = l A \ -  {nVo/Lx){x-2Dxp) (3.54)

3 -0  boost inductors and switch currents'. In this interval current ib{x) which has the

lowest magnitude goes to zero (Mode HD), a slope change appears in ia(x) and in switch 

current (creating a new subinterval 5b, Fig. 3.15(h)). After time x'4  that diode Db2 stops 

conducting, current in other two phases is: 

h{'t) = 0,

idx) =  - Z c ( x )  =  ( V a c ( / i )  -  F z c ) ( x - X 4) / ( 2£ / „ )  +  /o ( X 4)  ( 3 .55)

where Vadt\) = Vg(ri) - Vc(rO = [(3/2)cos mti + (V3/2)sin to/fi] V̂ peak)

After time x'4 , when all input diodes are off, during the dead gap o f input rectifier 

(subintervals 5c, Fig. 3.15(i)) we have:

ia{x) = h{x) = i^x) = 0 (3.56)
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In this interval, the HF tank input voltage va'B' is zero and inductor current in  is closed 

through Sz and D3 . Switching leg currents are given by:

isw3(r) = id3(t:) = = (nFo/liXT -2Dzp) - /^i (3.57)

i‘îw2('C) = /52(x) = IliCt) - /a(T) (3.58)

After /a(x) goes to zero, isiC )̂ = /d3 (t) = iuO:) and at x = Tp they reach 7^2 -

(B) Boundary Conditions for Transition from TI-CCM  to TI-DCM  : Based on the 

design point and input voltage, tank current changes from TI-CCM to TI-DCM  when the 

load decreases less than the transition load. At the transition load we have:

X5 = 'tp ,7^2 = 0; /Li(xp) = /2.i(0) = 0 (3.59)

(C) TI-DCM  (for loads lower than the transition load): In this mode, a short interval o f 

ZVT substitutes interval 1 (equivalent circuit. Fig. 3.16(a)) and an extra interval o f dead 

gap (equivalent circuit. Fig. 3.16(b)) occms in tank inductor current. During dead gap o f 

tank inductor current, no power is transferred by the tank and output capacitor supplies 

the load.

''dc

B
C

(a)

A (7 - •■ •7'?
B 4 . 7 ? 
C t - "

(b)
Fig. 3.16 Additional equivalent circuits in TI-DCM operation of tank.

Interval 1 (Fig. 3.16(a)): This interval, which should provide soft tum-on of Si does 

not naturally happen in TI-DCM. Instead, short after S2  is tumed-off and before gating Si, 

auxiliary switch St is gated and short interval o f sinusoidal resonating current through Di 

provides ZVT for iSi. Frequency of this resonance is defined by 27t/0=1/(Z,C/)*^ and the
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resonant current amplitude that is maximum current of D\ would be; ioK̂ nua) = 

Total snubber and internal capacitor of switch Si can be chosen as C,. 

Interval 2, 0<  t <  X2  1x2 = Dip) (same as Fig. 3.15(c)): Neglecting short interval of 

ZVT in analysis, interval 2 is assumed to begin from x = 0. Va'B'~-Vdc, inductance current 

î£i(x) is at its zero point to go negative. Differential equation is: L\{dii\ldi) = - F* + V'o 

Solution for /li(x) is:

/n(T) = -[(Vdc-nVo)/Li]i (3.60)

There will be no subintervals in this interval.

3 -0  boost inductors and switch currents'. Switch S3 that was turned on with ZVS in 

the last interval of previous HF cycle, continues to conduct and switch Si after the short 

time o f ZVT, starts to conduct.

fjwKT) = isi(x) = U t)  - /Li(x) = [(V„ cos (ûiti / L i n )  + (Vdc~ nVo)/Zi]x (3.61)

W(T) = /s3 (t) = -îl\(t:) = [(Vdc -nVo )/Ii]x (3.62)

Interval 3, Interval 4 and Interval 5, would be the same as described for TI-CCM and 

all the equivalent circuits, interval and subinterval relations are valid, except that at the 

end of interval 5 we have: /^(x) = /o3 (x) = /£i(x) = 0

Interval 6, xs< x < Xp (Fig. 3.16(b)): This interval only occurs in TI-DCM and for the 

whole interval current in inductor remains zero (in  = 0). All the input and output diodes 

and switching legs of the converter stop conduction and only the output filter capacitor Co 

provides the load current.

(D) HF waveforms in different Modes of operation: Based on equations obtained for 

each interval in general solutions, a MATLAB program is written in discrete time 

domain. Entries to the program are loading condition and position o f HF boost current on 

line scale. Result o f this program presents HF current waveforms in per unit for all the 

possible modes of operation. For example, some of the modes, predicted by this 

MATLAB program, are shown in Fig. 3.17(a), (b), (c) for TI-CCM in Mode HC, TI-DCM 

in Mode HD and TI-DCM in Mode HI, respectively.
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Fig. 3.17(a) Predicted HF waveform by MATLAB programming for T/-CCMoperation

and Mode ETC with D = 0.45. (continued)
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3.4.S.2 Steady State Analysis

Based on the general solutions and some additional constrains, steady-state solutions 

are derived. They are classified under two groups for DC-to-DC converter (in TI-CCM 

and TI-DCM) and for the firont-end boost, which are interconnected by the common 

parameters: power (P<j), duty cycle (D), and DC link bus voltage (P*). To generalize 

design procedure and operational characteristics, all the steady state relations are 

converted to the normalized form.

Normalization: All the equations are normalized using the following base quantities:

Vb =Vipeakimin), Pb= f  or (rated output power); 

h  = Pf/Vb', Zb = f^b !Pb\ Tb = Tp; Lb = Tb Vb Hb 

As the voltage base is fixed and not varying with input voltage, converter gain which is 

defined as M  = Vopu= nVJVipeah will change with input voltage variations.

(A) Steady State Normalized Relations for DC-to-DC C onverter in TI-CCMi

Steady state relations in normalized form for a load less than full load and higher than 

transition load are the same as derived and discussed for the DC-to-DC converter, (3.9)- 

(3.18).

(B) Normalized Steady State Relations for DC-to-DC Converter in TI-DCM'.

Normalized steady state relations for a load less than transition load are the same as 

discussed for DC-to-DC converter, (3.23)-(3.31).

(C) Normalized Steady State Relations for the Front-end Boost:

Same relations as derived for the double switch converter o f  Chapter 2 are valid here:

1) Input power with 100% efficiency:

PlOpu =  Popu = Q^lpeakpuD^max)/{Mi„) (3.63a)

Output power with a typical efficiency qtyp:

P opu Tjtyp/^3<I)p« (TltypF^ lpeakpuD̂ m?cx)l{Î Lii) (3.63b)

2) DC-link bus voltage:

Vdcpu = VlpeakpJi\-D/b„uv) (3.64)
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I  AU Ia2 and Ib, which are the initial and final values of tank inductor current in each 

interval, can be found from (3.22). The negative peak o f tank inductor current (Ib) along 

with the maximum peak o f the boost inductor current show the peak current stress on the 

main switch Si at the moment of turn off.

3.4.4 Design

Based on steady-state relations, design calculations are done in section 3.4.4.1, and 

results for the different possible designs are summarized in a design table. An 

optimization curve gives the optimum design point. Operating performance o f the 

converter for different loading and supply voltage is presented in Section 3.4.4.2. Current 

rating of the components is given in Section 3.4.4.3. A design example is presented in 

Section 3.4.4.4 to show the procedure o f design.

3.4.4.1 Design Table and Optimization Curve

Steady-state relations (3.9)-(3.18) in per unit, (3.63a) and (3.64) are solved numerically 

using MATHCAD software. Maximum possible duty ratio helps to minimize THD of the 

line currents in front-end boost. In bridge converter, the maximum duty ratio is restricted 

to 0.5. Therefore, design is done at full load with the minimum input voltage (Vipeak̂ mm)) 

and maximum possible duty cycle, D„ = 0.5 (full square tank input voltage Fig. 3.14(a), 

tank current in TI-CCM). Input boost currents are in JCCM  operation (Mode m , b^ax ~ 1, 

Vdcpu = 2 p.u.). Design relations are solved numerically by MATHCAD. Design 

parameters obtained in per unit values for a range o f gain between Mmax ~  0.5 to Mmax -  2 

(when the tank input and output voltages are equal and converter stops conducting) are 

given in Table 3.5. From this design table, it can be observed that high gain (Mmax) should 

be selected to reduce the peak currents in the components. On the other hand, high gain 

design increases the risk of losing ZVS for 1S4  at low loads (higher T3 2  gives a more 

reliable ZVS). Therefore, an optimum design should be considered.

Based on the important parameters in optimization o f design, (a) reducing maximum 

current rating o f  components, (b) ensuring ZVS o f S4 to the minimum load (by increasing 

T3 2 at design point), optimization curve is plotted in Fig. 3.18. It shows the ratio of peak
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inductor current to conduction time o f diode D4  iüpJ'^TSpu) versus gain (Mmax)- Minimum 

point is at Mmax — 1- Nevertheless, any point between Mmax = 0.8 to 1.2, could be used as 

the design point depending on the preference between lower peak currents or maintaining 

ZVS for 6 4  at low loads. We give preference to lower peak currents and Mmax = 1.2 is 

chosen (highlighted in Table 3.5). This design point provides a peak inductor current 

which is about 50 to 55% of the double switch converter o f Chapter 2 and ZVS of S4 can 

be maintained to low loads.

Table 3,5: Design values in per unit at full load and minimum input voltage. Dm = 0.5, 
Smai =1, Vdc = 2 p.u., Lin = 0.125 p.u. Base values are given in Section S.4.3.2.

M m a x L \ p u I a \ p u ^ B p u ' t l o a t 3 2 D u ”C 4 3 o u

0.5 0.117 4 4 0.188 0.313 0.188 0.313
0 . 6 0.137 3.33 3.33 0.175 0.325 0.175 0.325
0.7 0.154 2 . 8 6 2 . 8 6 0.163 0.338 0.163 0.338
0 . 8 0.168 2.5 2.5 0.15 0.35 0.15 0.35
0.9 0.179 2 . 2 2 2 . 2 2 0.138 0.362 0.138 0.362

1 0.188 2 2 0.125 0.375 0.125 0.375
1 . 1 0.192 1.82 1.82 0 . 1 1 2 0.388 0 . 1 1 2 0.388
1 : 2 0.192 i m 1 . 6 6 Q É 0:4 0 - 1 0:4
1.3 0.188 1.54 1.54 0.087 0.412 0.087 0.412
1.4 0.178 1.43 1.43 0.075 0.425 0.075 0.425
1.5 0.164 1.33 1.33 0.063 0.438 0.063 0.438
1 . 6 0.144 1.25 1.25 0.05 0.45 0.05 0.45
1.7 0.118 1.17 1.17 0.037 0.463 0.037 0.463
1 . 8 0.085 1 . 1 1 1 . 1 1 0.025 0.475 0.025 0.475
1.9 0.046 1.05 1.05 0 . 0 1 2 0.487 0 . 0 1 2 0.487

2 « 0 1 1 « 0 0.5 « 0 0.5

20
IA  l p u / ^ 3 2 p u

max 1.5
Fig. 3.18 Optimization curve for the 3 -0  AC-to-DC converter to minimize ratio of peak 

inductor current to conduction time of diode Da (/^pi/T3 2pu) at design point.
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3.44.2 Theoretical prediction of operating performance of the 
converter

Fig. 3.19 shows the operational curves for all the important parameters o f the converter 

with variation in output power (from 10% to 100% loading). These curves have been 

obtained for the steady state using MATHCAD program. Transition point from TI-CCM 

to TI-DCM is calculated by substituting Iaz =  0, t i  = 0 in TI-CCM steady state solutions. 

For the minimum input voltage (1 p.u.) transition takes place at about 70% loading with 

D = 0.393, 5 =  0.885. Boundary values o f power, bus voltage and peak currents at 

transition point are given in Table 3.6. For the rated (1.25 p.u.) and maximum (1.45 p.u.) 

input voltage, transition power is higher than rated power (higher than 1 p.u.) and 

therefore, the converter operates in TI-DCM  for the complete loading range and is not 

included in the table.

For the selected optimum design point, the theoretical results obtained in per unit at 

minimum, rated and maximum input voltage and for operation under three different 

loading (100%, 50% and 10%) are given in Table 3.7.

Table 3.6: Boundary of transition from TI-CCM to TI-DCM for different input line voltages.

Îpeak Po, p.u. Vdc, p.u. Iau P , u , Ib, P , u ,

Min. (1 pu) 0.697 1.8 1.1 1.23
Rated (1.25 pu) 1.088 For the complete rating, converter operates in 

TI-DCMMax. (1.45 pu) 1.57

3.4.4.S Current Ratings of Components

Current rating o f switches and diodes in per unit are given in Table 3.8. These values 

are calculated numerically with MATLAB programming by discrete time method for a 

tc/ 6  period of the line cycle using current waveforms in each interval o f HF cycle (derived 

in 3.4.3.1, general solutions). Peak current calculation o f input boost inductors is same as 

Chapter 2. Peak current of switches is calculated for Mode I with minimum input voltage 

at full load using the following relations:IsMpeak) — Imipeak) ~ himax) +  Ia{peak)l Is2{peak) =  lD\(peak) ~ lAl{max)Isi{peak) =  Io4(peak) =  h(mwc)‘, Is4(peak) ~ lôipeak) =  lAl(.max)
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Table 3.7: Theoretical per unit values o f converter parameters operating under different
loads and input line voltages.

Input
voltage

min. Vipeak = 1 pu 
M =  1.2

rated V\peak=  125 pu 
M = 0 . 9 6

max. peak 1.45 pu 
l /=  0.834

Load 1 0 0 % 50% 1 0 % 1 0 0 % 50% 1 0 % 1 0 0 % 50% 1 0 %
D 0.5 0.32 0.13 0.37 0.25 0 . 1 0.31 0 . 2 1 0.08

^max 1 0.77 0.4 0.85 0.64 0.33 0.76 0.57 0.29
Vdc pu 2 1.72 1.46 2 . 2 2 2.04 1.77 2.48 2.29 2 . 0 1

Po pu 1 . 2 1 . 2 1 . 2 1 . 2 1 . 2 1 . 2 1 . 2 1 . 2 1 . 2

I a i  pu 1.67 0 . 8 0.24 1.26 0.64 0.13 1 . 1 0.55 0 . 1 1

I a 2 pu 1.67 0 0 0 0 0 0 0 0

I b  p u -1.67 -0.9 -0.27 -1.41 -0.69 -0.13 - 1 . 2 1 -0 . 6 -0 . 1 2

Tl pu 0 . 1 0 0 0 0 0 0 0 0

T21 pu 0.4 0.33 0.14 0.37 0.25 0 . 1 0.31 0 . 2 1 0.08
•C32 pu 0 . 1 0.055 0 . 0 2 0.07 0.04 0 . 0 1 0.05 0.03 0.006
T4 3  pu 0.4 0.29 0 . 1 2 0.34 0.23 0.09 0.28 0.19 0.08
TS4 pu 0 0.135 0.03 0.16 0.08 0 . 0 2 0 . 1 2 0.06 0 . 0 1

Td5 p u 0 0.19 0.69 0.05 0.40 0.78 0 . 2 2 0.51 0.82
Mode of 
operation

TI-
CCM

TI-
DCM

TI-
DCM

Tl-
DCM

Tl-
DCM

Tl-
DCM

Tl-
DCM

Tl-
DCM

TI-
DCM

Table 3.8: Device ratings in p.u., for bridge scheme o f 3-0 AC-to-DC converter (Fig.
3.13).

Device Rating Bridge Devices Current Rating
Average current o f D 1/D3 I d i  = 0 . 0 7 8  p.u. / / ) 3  = 0.1 p.u.
R.m.s. current o f S 1/ S 3 I s irm s=  1 - 1 9  p.u. / s 3 n n s = 0 . 3 5  p.U.

Average current o f S 1/ S 3 l s i a v = 0 . 6 4  p.u. ■ f e a v ”  0 . 1 1 6  p.u.
Peak current o f S 1/ S 3 Isi(Deak) =  4 . 3 7  p.u. 7 si(o ea k ')~ \-6 7  p.U.

Average current o f D2 /D4 I m  =  0 .3 3  p.u. I o 4  =  0 . 0 4  p.u.
R.m.s. current o f S 2 / S 4 I s 2 r m s = ( - 5 5  p.U. / w r m s  0 . 7  p.u.
Average current o f 6 2 / 6 4 / s 2 a v =  0 . 2 3 8  p.u. I s 4 m  =  0 .4  p.u.
Peak current o f 6 2 / 6 4 7s2(ueak) ~  1  - 6 7  p.U. 7s3(peak)— 1 - 6 7  p.U.
Average current of output diodes I doui=  0 . 4 1 6  p.u.
Average current of input diodes h i n ^  0 . 6 6 7  p.u.

3.4.4.4 Design Example

A 3 -0  AC-to-DC converter with the following specifications is designed to illustrate

the design procedure.
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Converter Specifications:

Input: 60 Hz, three-phase system with rated line-to-line r.m.s. voltage of 120 Volts. 

Minimum input voltage: 96 Volts line to line r.m.s. (120 V - 20%).

Maximum input voltage: 138 volts line to line r.m.s. (120 V + 15%).

Output power, Po= 500 Watts. Load voltage, Vo = 48 Volts.

Switching frequency, =100 kHz.

Design is done for the JCCM  at (ùiti=n/6. Mode IE (the critical point on three-phase 

line cycle) with minimum input voltage at full load. Base values are defined as below:

Vb = V,peaümin) =<2*96 = 135.76 V, Pb = Por= 500 W, Ib = Pi/Vb =3.68 A,

Zb = Vb/Ib =36.9 Q, Tb = Tp = \/fs = 10 ps. Lb =  368.9 pH.

For the optimum design point, Vipeak(mm) = V2*96 V, M„ax = 1.2, 

n V o =  1.2*135.7 = 163 V, « = 163/48 = 3.4,

L\ = 0.192 p.u. = 70.8 pH, Li„ = 0.125 p.u., = 46.1 pH (for 100% efficiency).

To ensure DCM operation of front-end boost converter due to losses, an efficiency of 

about r\typ » 0.85 is assumed, which gives: Li„ = 39 pH.

Iai = 1.66 p.u. = 6.1 A, Ib = 1.66 p.u. = 6.1 A, VdcQnax) = 2.48 p.u. = 336 V.

Tl = 0.1 p.u. = 1 ps, T2 i = 0.4 p.u. = 4 ps, T3 2  = 0.1 p.u. = 1 ps, T4 3  = 0.4 p.u. = 4 ps.

Design of Auxiliary ZVT Components: Conditions for design o f the auxiliary ZVT 

circuit is the same as explained in Section 3.3.4.2 of DC-to-DC converter. Components o f 

the auxiliary circuit are calculated for a limited peak resonant current (less than 5 A for 

Vdc(max) = 336 V) and a short transition time (resonance frequency in auxiliary circuit 

more than 1 0  times o f operating frequency).

2nft= 1 / ( 1 , hmmax)  = Vdc{fnax<(LJCtŸ  ̂=  5 A, which using C, = 1.5 nP, (Ca^oî= 0.5 

nP, Csnubber = 1 nP) givcs L, = 7.2 pH and f  = 1/(1,Q )‘̂  = 1.7 MHz (which are almost the 

same as ZVT components calculated in Section 3.3.4.2 o f DC-to-DC converter).

Actual Values of Converter Parameters and Device Ratings: Per unit values of Table 

3.7 are converted to the actual values in Table 3.9. Specifications and the base values o f 

the designed converter are defined in Section 3.4.4.4. Per unit values of the device current
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ratings in Table 3.8 are also converted by the base values of design example and given in 

Table 3.10.

Table 3.9: Theoretically predicted actual values for the designed converter operating 
under different loads and input line voltages with regulated output V'o=MVipeak = 163 V. 

Converted from Table 3.7 by the base values: Vb =135 V, It  = 3.68 A, 76= 10 ps.

Input
voltage

min. Vi= 96 V (rms) 
M =  1.2

rated F/= 120 V (rms) 
M =  0.96

max. Vi= 138 V (rms) 
M = 0.834

Load 100% 50% 10% 100% 50% 10% 100% 50% 10%
D 0.5 0.325 0.13 0.38 0.25 0.1 0.31 0.21 0.09

Vdc V 271 233 198 302 276 240 336 310 273
Im  a 6.1 2.9 0.9 4.65 3.2 0.48 4 2 0.4
Ia2 A 6.1 0 0 0 0 0 0 0 0
Ib a -6.1 -3.5 -1 -5.2 -2.55 -0.5 -4.44 -2.2 -0.43
Tl ps 1 0 0 0 0 0 0 0 0
T21 gs 4 3.3 1.4 3.74 2.49 0.97 3.14 2.09 0.82
T32 g s 1 0.55 0.2 0.73 0.38 0.08 0.55 0.28 0.06
X43 p s 4 2.9 1.2 3.36 2.29 0.93 2.85 1.94 0.79
t54 p s 0 1.35 0.3 1.62 0.82 0.17 1.21 0.61 0.12
rps l i s 0 1.9 6.9 0.55 4.03 7.85 2.25 5.08 8.21

Table 3.10: Actual values of device ratings for converter o f design example.

Device Ratings for Bridge converter
Average current o f D 1/D3 A Idi ~ 0.287 Id3 ~ 0.368
R.m.s. current o f S 1/S3 A 4.38 ■ferms ~ 4.78
Average current o f 5'i/5'3 A I s  lav = 2.35 Is3av— 0.43
Peak current of S 1/S3 A Isi(peak)—16 Is3(peak) ~ 6
Average cmrent o f D2/D4 A Id2 =1-2 I04 = 0.15
R.m.s. current o f S2/S4 A Is2rms = 2 IsAmu- 2.57
Average current o f 1S2 / 5 4 A Is2av~ 0.875 /s4ov= 1.5
Peak current o f S2/S4 A IsKpeak) = 6 Is3 (peak) ~ 6
Average current o f output diodes A loout1.53
Average current o f input diodes A lûm —2.45

3.4.5 PSPICE Simulation
For saving disk space and computation time, simulation is done for a redesigned 

converter with a switching frequency o f 10 kHz. Hence, reactive components calculated
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in design example are changed 10 times more for simulation. Simulation results are 

obtained for varying load and input supply conditions. Output voltage transferred to the 

primary side o f HF transformer is regulated at V'o = MmaxVipeaKmm) = 163 V. Table 3.11 

gives the PSPICE simulation results. Sample simulation waveforms are given at 

minimum (Fig. 3.20) and maximum (Fig. 3.21) input voltages, in each case for extreme 

changes in load (100% and 10% loading). The waveforms are presented in the following 

arrangement:

(al, b l) Phase voltage (v„) and unfiltered current in phase A (/a).

(a2, b2) Low harmonic spectrum o f input line current.

(a3, b3) 3 -0  HF input boost currents.

(a4, b4) Tank input voltage (va'b)  and current (/Ti).

(a5, b5) Voltage and current o f all four switches in bridge.

THD is normally around 10% and reaches 13% only for the worst condition of 10% 

load at maximum input voltage.

Table 3.11: PSPICE simulation results for the 500 W converter designed in Section 
3.4.4.4 for specified loads and input voltages (switching frequency =10 kHz).

Input
voltage

min. V\= 96 V (rms) 
M =  1.2

rated F/= 120 V (rms) 
M =  0.96

max. //= 138 V (rms) 
17=0.834

Load 100% 50% 10% 100% 50% 10% 100% 50% 10%
D 0.49 0.35 0.18 0.4 0.26 0.14 0.34 0.24 0.12

V 268 230 215 290 285 270 335 325 300
a 6 3 1.3 5.2 3 1 5.5 3.5 1.5

Ia2 a 6 0 0 1 0 0 0 0 0
Ib a -6 -3.6 -1.2 -5.6 -3.5 -1.2 -7 -5 -1.7
Tl ps 1 ---- ---- 0.2 ---- ---- —— ----- ----
T2i ps 4 3.5 1.6 4 2.6 1.4 3.4 2.4 1.2
T32 ps 1 0.5 0.25 1 0.8 0.4 0.9 0.7 0.3
T4 3  ps 4 3 1.4 3.2 1.8 1 2.5 1.7 0.9
T5 4  ps —— 1.5 0.35 1.6 1.3 0.4 2.2 1.5 0.5
Td5 ps ——— 1.5 6.4 0 3.5 6.8 1 3.5 7.1

THD % 9.09 9.27 10.4 10 10.29 11.65 10.15 10.74 13
Mode of 
operation

TI-
CCM

TI-
DCM

TI-
DCM

77-
CCM

Tl-
DCM

TI-
DCM

77-
DCM

TI-
DCM

77-
DCM
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Fig. 3.20 PSPICE simulation waveforms for converter o f  design example at minimum
input voltage, = 96 V  (rms): (a) Fui! load, (continued)
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input voltage, Vi âx = 138 V (rms): 10% load, (continued)



139

5 . 0 -

/

i s y

/

' V s w l / 5 0 /
/

t

?

i o i

- 5 .0  

5 . 0  -

/ \  ■ / "  \  ■

/iD2
/  ■1 (

S E L »  
—6.0

5 . 0  - •

1 Vsw3/'50

'^ 1
~T

I'-Îds.

50

- 5 .0 - 1 - - - -  
2 6 . 00ms 2 6 . 05ms 2 6 . 10ms 2 6 . 15ms 

T im e

(b5)

2 6 . 20ms 2 6 .2 5 m s  2 6 .3 0 m s

Fig. 3.22 (continued) PSPICE simulation waveforms (voltage across th.e switches and the 
current through the switches) at maximum input voltage, = 138 V (rms); 10% load.



140

3.4.6 Experimental Results
Based on the design example, a 500 W prototype converter has been built to verify the 

operation of the proposed converter. Details of the converter built are: Ly = 85 

pH (including HF transformer leakage inductance), = 40 pH, the MOSFET

MTM15N50 (15 A, 500 V, 0.4 Q) is used as the main switch the MOSFETs BUZ 45 

B (7 A, 500 V, 0.8 Q) are used as the other three switches of bridge, IRF830 as the 

auxiliary switch (4.5 A and 500 V, 1.3 Cl). Switching frequency is 100 kHz and the gating 

signals are realized by two synchronized UC 3824 ICs. Table 3.12 gives a summary o f the 

experimental readings. Fig. 3.23 shows the experimentally recorded gating signal o f the 

auxiliary switch St at rated input voltage and full load in relation with gating signals o f  the 

upper and lower switches S\ and $2 . Fig. 3.24(a), (b), (c) shows the experimental 

waveforms at minimum input voltage for 100%, 50% and 20% loading, respectively. At 

the rated and maximum input voltage, experimental results for full load and 50% of rated 

power are presented in Fig. 3.25 and Fig. 3.26, respectively. Fig. 3.27 shows some 

examples o f input line filtered current, its harmonic spectrum and the THD. Conduction 

time of diode Da (X2 3 ) at 10% load, from Table 3.7 is rzsp,, = 0.01 p.u. (it can also be 

observed in Fig. 3.l7(g3), characteristic curve o f x-npu versus load power). Actual value in 

operating frequency of 100 kHz would be 100 ns, which shows the design point can 

maintain ZVS of Sa to low loads.

5V/div.

Gsi

Fig. 3.23 Gating signal of the auxiliary switch 5, and the delays required in relation with 
gating signals of switches S\ and S2 (at full load for rated input voltage).
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Table 3.12: Experimental results for the 500 W converter designed in Section 3.4.5.4 for
the specified loads and input voltages.

Input
voltage

min. F/ = 96 V (rms) 
M=1.2

rated F/= 120 V (rms) 
M=0.96

max. F/= 
M =

38 V (rms) 
3.834

Load 100% 50% 20% 100% 50% 100% 50%
D 0.48 0.35 0.2 0.43 0.25 0.35 0.25

Vdc V 270 240 210 300 260 340 320
I a i A 6 3.3 1.9 5.2 3.5 5 2.6
I a 2 A 6 0 0 0 0 0 0
I b A -6.2 -3.7 -2.2 -5.5 -4 -5.5 -3.2

ps 1.1 . . . 0.1
T21 ps 4 3.2 1.6 3.8 2.7 3 2.2
T32 ps 1.2 0.8 0.7 1.6 1.1 1.2 1
T43 ps 4 2.6 1.3 4.2 2 2.8 2.1
X54 ps 0 1.8 1.3 0 1.8 2 2

ps 0 1.3 5 0 1.9 0.8 2.3
Mode of 77- 77- 77- 77- 77- 77- TI-
operation CCM DCM DCM CCM DCM DCM DCM

3.5 Conclusion

In this chapter using a bridge configuration with a new suitable gating scheme, problems 

due to the unsymmetrical voltage o f the tank circuit for the converter of chapter 2 is 

solved. The new pulse-width modulation (PWM) gating scheme that is proposed in this 

chapter can substitute the conventional phase shift control in a single DC-to-DC bridge 

converter. It operates with fixed frequency complimentary pulse width control. Analytical 

and experimental results of its application in DC-to-DC PWM bridge converter are 

introduced which shows a good performance in regulation and soft switching. The more 

important application o f this new gating scheme is in off-line boost integrated ftdl-bridge 

HF transformer isolated AC-to-DC PWM converters where the conventional phase shift 

control could not be applied. It has advantage of control on both, the boost duty cycle and 

PWM pulse width, as well as maintaining a good ZVS condition for all the switches. The 

single stage 3 -0  AC-to-DC boost integrated PWM bridge converter developed in this 

chapter can utilize the parasitic elements (switch capacitance and transformer leakage 

inductance) to achieve ZVS for a wide range of load. The output diodes are tumed-on
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Fig. 3.24 Experimental waveforms for 500 W converter o f design example at minimum

input voltage, = 96 V (rms): (a) Full load, (continued)
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Fig. 3.24 (continued) Experimental waveforms for SOO W converter o f design example at
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Fig. 3.25 Experimental waveforms for 500 W converter o f design example at rated input
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with low dildt and voltage across them is the same as output voltage. It utilizes the 

advantage of natural PFC and low harmonic distortion of the DCM front-end boost along 

with the good performance o f  PWM converter. State space analysis, an optimum design 

procedure and a design example based on it are developed. PSPICE simulation results, 

experimental readings and recorded HF waveforms on the prototype laboratory model 

show a good performance o f  this new gating scheme for bridge configuration. Due to the 

symmetric waveform of tank input voltage, and removal of DC blocking capacitors of the 

converter in Chapter 2, cost and size are reduced.

Bridge configuration gives possibility of designing higher power rating converters with 

lower current rating switches. With the introduced gating scheme, bridge converter 

operates with soft switching to the low loads. Auxiliary switch in ZVT circuit consumes 

very low power and operates with ZCS turn on (because of the DCM operation of both 

the front-end boost and PW M tank circuit). Theoretical results match well with the 

simulation and experimental results. Nevertheless, in low duty cycle operation (light 

loads and higher input voltages), whenever tank current is transferred to the anti-parallel 

diodes (intervals 3 and 5), there appears some discrepancy in time intervals of the 

practical models (simulation and experiment). This is due to the slow charge and 

discharge of snubber capacitors in practical models (which were not included in 

theoretical analysis).

This converter enjoys all the goals of this thesis, natural PFC and low line current 

harmonics without any complex control circuit, HF transformer isolation and ZVS of the 

switches.
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Chapter 4

New Gating Scheme Used in 3 -0  AC-to-DC Boost 
Integrated Series Resonant Converter with Soft- 
Switching and BLF Transformer Isolation

4.1 Introduction

In Chapter 3, a new fixed-frequency complimentary gating scheme for bridge PWM 

converters and its application in DC-to-DC (section 3.3) and in the 3 -0  off-line AC-to- 

DC converters (Section 3.4) were introduced. The 3 -0  AC-to-DC fixed-frequency single- 

stage converter proposed in Chapter 3 is composed o f a front-end boost integrated with a 

PWM bridge converter. It enjoys natural power factor correction, symmetric voltage and 

current waveforms and HF transformer isolation as well as ZVS of the switches for a 

wide change in load. The new switching scheme proposed in Chapter 3 can also be 

implemented in some other types o f boost integrated DC-to-DC fiill-bridge converters 

where the phase-shifr control cannot be used (e.g. boost integrated series, parallel or 

series-parallel resonant converters). These converters operate as a single stage with a 

single control on boost duty ratio and pulse width o f the tank input voltage. Good features 

of the converter in Chapter 3 encourage using advantage o f this switching scheme in other 

converters o f this family.

In this chapter, implementation of this switching scheme in a boost integrated series 

resonant converter (BISRC) is discussed. This new configuration (Fig. 4.1) consists of a 

3-0  DCM boost combined with a series resonant bridge converter operating in above
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resonance mode and the DC-to-DC conversion is through the series resonant L-C tank. 

Analysis and design procedure for this new configuration is different from the single 

inductor (linear current) PWM converter of Chapter 3.

Behavior of DC-to-DC Series Resonant Converter (SRC) is well documented in 

literature [7,8]. However, operation o f the proposed 3 -0  DCM boost integrated full 

bridge DC-to-DC series resonant converter is different compared to the DC-to-DC SRC. 

Its analysis, design and experimental verification are not available in literature. Therefore, 

the objectives of this chapter are:

1) To identify the different modes and intervals of operation and then to derive the 

general solutions for the modes.

2) To obtain the steady state solutions.

3) To obtain design curves based on the steady state solutions.

4) To present a design example to illustrate the design procedure.

5) To simulate the designed converter for its performance with PSPICE program.

6) To build and verify the operation o f the designed converter.

These objectives are carried out in this chapter as outlined below:

Section 4.2 explains the circuit diagram, principles o f operation and modes and 

intervals of operation. State space analysis (Section 4.3) includes general solutions 

(Section 4.3.1) and steady state solutions (Section 4.3.2). Design (Section 4.4) is obtained 

from the steady state solutions in TI-CCM, followed by the operational curves. A design 

example is given with the same ratings used in design examples of Chapters 2 and 3, so 

that the results would be comparable. PSPICE simulation for different loads and input 

line voltages is done and the HF waveforms and tabulated results of important parameters 

are reported in Section 4.5. A laboratory model is built and the experimental results and 

waveforms are given in Section 4.6.
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4.2 Circuit Diagram, Opération, Modes and Intervals 
of Operation

4.2.1 Circuit Diagram, Operation
Circuit diagram of the proposed converter is shown in Fig. 4.1. The DCM 3 -0  front- 

end boost converter (input inductors Li„, the three-phase input diode-bridge Dau 

Dca-■■■Del, Da, the switch ■S'l and diode D2) follows the same principle o f operation as 

explained in AC-to-DC converter o f Chapter 3. Here, the single-inductor in PWM DC-to- 

DC bridge converter is replaced with a  series resonant L-C  tank circuit (leakage 

inductance of HP transformer is included in tank inductor). HP switches S'; to S4 are gated 

with the same gating signals as introduced in Chapter 3 (fixed frequency complimentary, 

variable duty ratio). A square-wave voltage va'b' with equal positive and negative areas is 

generated across the tank input terminals A ’ and B'. The resonance frequency o f L and C 

in this circuit is selected for above resonance operation [8 ] (fs > fo,)- An important 

difference in this converter compared to the single-inductor tank in AC-to-DC converter 

of Chapter 3 is the sinusoidal resonance current, which results in lower switch ratings. 

Natural ZVS for switches S2 , S3 and S4  is ensured with the new proposed gating scheme 

and a well-chosen optimum design point. Prom full load (design point at minimum input 

voltage) to about 80% of rated load, the main switch Si operates with natural ZTVS (before 

Si turns on, current flows in Di and provides zero voltage across the switch). At low 

loads. Si loses ZVS. When Si loses ZVS, the auxiliary circuit o f ZVT [15] ensures the 

lossless tum-on of Si. The auxiliary switch S, in ZVT circuit is gated before gating the 

main switch Si and forces a very short duration of auxiliary resonance current flowing 

through the antiparallel diode Di. As long as Si operates with ZVS, the auxiliary ZVT 

circuit has no effect on switching, however S/ is regularly gated. Transition from ZVS to 

ZVT only happens when the tank inductor current has entered the discontinuous current 

mode (DCM). Detailed operation o f auxiliary ZVT [15] is explained in Chapter 2 (where 

it was first proposed). It consumes very small power and improves efficiency at reduced 

load currents. In TI-DCM, switch Si turns on with ZNT  and other three switches operate 

with ZVS tum-on as well as ZCS turn-off for S2 .
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In linear tank inductor current (Chapter 3), the peak current of inductor, which affects 

the maximum current o f switches and diodes, happens at the end o f each interval at the 

instant that the tank input voltage changes sign. However, in sinusoidal resonant tank 

current, switching current at the instant o f current transfer between switching legs is 

lower than peak resonance current resulting a lower switch rating and svyitch loss.

L i  C s  A

Cs2 S2 D2 Cs3 S3 D3

0*2 DbZ Del

A _ i ï ï l  

B _ /n U d j  
Ç m y

Ct Sj D| ' Cs4 S4 D4

ZVT circuit
Fig. 4.1: Circuit diagram of the single-stage 3 -0  AC-to-DC boost integrated full- 
bridge series resonant converter with HF transformer isolation and ZVT auxiliary

circuit.

4.2.2 Modes and Intervals of Operation

Modes o f operation in front-end boost are independent of the modes in tank circuit. 

Classification o f  modes and sub-modes in front-end boost depends on the position of the 

HF pulse on the line frequency scale and is the same as given in Chapter 3, Section 

3.4.2.1 (Modes I, HA, HE, EC, HD and III). Modes of operation in tank current depend on 

the load and supply voltage. Converters in Chapter 3 and Chapter 4 are both considered 

as current-fed tank with capacitive output filter. Therefore, due to the clamping effect of 

the output diodes during dead gap o f tank input voltage, they show two distinct modes of 

operation (TI-CCM  and TI-DCM). Fig. 4.2 shows the HF waveforms o f the converter in 

Mode nC (which is the dominant mode and shows the highest possible intervals). Fig. 

4.2(a) is for full load at minimum input voltage in TI-CCM with Dxp= Xp/2 (pulse-width = 

7i). Fig. 4.2(b) gives the same waveforms for the reduced load and reduced pulse-width
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still operating in TI-CCM. Duty cycle is reduced cutting gating signal Gs\ and adding Gsi 

by the same amount a  = (0.5 - D)Zp. Waveforms for the further reduction o f load (lower 

than transition load, TI-DCM  operation o f converter) are shown in Fig. 4.2(c) where D is 

reduced and a  is increased more. In each case, the HF waveforms of the gating signals, 3- 

O HF boost inductor currents, tank input voltage tank inductor resonant current //.i, 

voltage across the series resonant capacitor (ycl) and current in each switch-diode pair are 

shown. Devices conducting in each interval are also indicated on these figures.

Intervals in Tank Current'. Intervals in resonant current are defined by the direction of 

input tank voltage and direction o f resonant current. At full load with minimum input 

voltage, converter operates in TI-CCM. Tank input voltage va'b' is fuU square wave with 

no dead gap and there are only 4 intervals in resonant current of tank inductor iuiy), 

(Fig.4.2a). When load is reduced fi’om full load, to regulate the load voltage, duty ratio D 

is reduced by cutting va-b’ symmetrically from both ends (from the front part o f interval 1 

and the end part o f  interval 4, Fig. 4.2(b)). A dead gap appears in va'b' (interval 5) during 

which tank current flows through S2 and D3 . As long as interval 1 is not completely cut, 

tank current remains in continuous current mode (TI-CCM, Fig. 4.2(b)). At a certain 

reduced duty ratio D  which depends on the input line voltage and the load (called 

transition load), the tank resonant current transfers from continuous to discontinuous 

conduction mode (TI-DCM, Fig. 4.2(c)). In TI-DCM, the natural conduction of diode D\ 

in interval 1 is replaced with the short interval of ZVT circuit operation. Tank inductor 

current begins from zero and a new interval 6  with zero tank current appears. During dead 

gap o f tank input voltage va-b' = 0, energy stored in L-C circuit is discharged to the load, 

resonant current reaches zero and remains on zero to the end of HF cycle (capacitor 

voltage vcs remains at the peak). In interval 6 , tank stops converting energy and only the 

output capacitor Co feeds the load.
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Fig. 4.2 HF waveforms in BISRC, gating signals, tank voltage (v '̂g ), 3-0 boost inductor 
currents, voltage across resonant capacitor (vcj), tank current (in), and current in each 

switching leg for three loading conditions: (a) Full load {TI-CCM). (continued).
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Fig. 4.2 (continued) HF waveforms in BISRC: (b) TI-CCM  (reduced load) operation.
(continued).
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Fig. 4.2 (continued) HF waveforms in BISRC: (c) 77-Z)CAf operation.
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4.3 Analysis

State space analysis is used. General solutions for HF waveforms in each interval and 

subinterval of operation are derived in Section 4.3.1. Equating boundary values of 

successive intervals, steady state relations are derived in Section 4.3.2. These equations 

are solved numerically by MATHCAD to obtain optimized design point and the 

operational curves o f the converter with variation in load and input voltage. Transition 

from TI-CCM  to TI-DCM  and the transition load are calculated and discussed.

Basic assumptions for the analysis are the same as the general assumptions given in 

Chapter 2. Because o f the symmetry in the output voltage of 3 -0  input rectifier, only line 

interval 0 < co/fi < id6 is considered in analysis Qa positive, h  & ic negative). Switching 

frequency is much higher than the line frequency and line voltages are assumed to remain 

constant during each HF switching period (ti < x < Switching frequency is higher

than resonance frequency (above resonance operation). Resonance frequency in ZVT 

circuit is much higher (more than 15 times) than the switching frequency and effect of the 

auxiliary ZVT circuit because of its very short time of conduction is neglected in analysis.

4.3.1 General Solutions
Section 4.3.1.1 presents the general solutions for the front-end boost. General solutions 

for DC-to-DC converter part for both TI-CCM  and TI-DCM modes are presented in 

Section 4.3.1.2.

4.3.1.1 General Solutions for the front-end DCM boost

Equations in the 3 - 0  front-end boost are similar to AC-to-DC converter o f Chapter 3 . 

These relations are not repeated for each interval. For convenience. For convenience. 

Table 4 .1  summarizes the equations for current through boost inductors and the switches. 

However, /ii(T) to be used in the switch current expressions is a sinusoidal resonant 

current instead of the linear current of Chapters 2  and 3 . Current /z,i(x) during different 

intervals to be inserted in this table is derived in Sections 4 .3 .1 .2  and 4 .3 .1 .3  for operation 

of converter in TI-CCM  and TI-DCM, respectively.
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Table 4.1: Summary o f the current waveforms in 3 -0  DCM boost and in switches for
different intervals o f operation.

Intervals 3 -0  boost inductor currents Switch-leg current*
1 ; 0 < T < T , “ iJ j) = (Kcos (ûiti/Lûdx 

f6(x) = [KnCOS(©,ti-2n/3)/Zm]X 
fc(T) = [F'mCOSC©,/! - 4%/3)/Zm]x

= ijx ) - ia(x); AwzW = 0 

f j w 3 ( x ) =  -  / / , i ( x ) ;  f « 4 ( x )  = 02 ; t , < t < T 2

3; T2 < x < T 3

(X2 =  Z>C„)
fa(x)=[(Va(/l)-2/3F<fc)/i:i„](x-X2)+/a(X2)

^é('C)=[(Vé(fl)+l/3F'<fc)/Zi„](X-X2)+/6(X2)

fc(x)=[(Vc(fl)+l/3F'dcyi^m ](X-X2)+/c(X2)

Current 4 (x) which has the lowest 
magnitude goes first to zero and the 
other two phases change slope and 
equally go to zero.

i«-i(x) = 0 ; W x ) =  iii(x) -  Ux) 

W ( x )  =  0 ; / ^ ( x )  =  / i i ( x )4; X3 <x < X4

5 ; x4 < x < xs

( x 4 = 2 D x p )

In TI-DCM at the end of interval 5, 
we have: isi = /d3 = i / , i  = 0 
i iw 3 ( x )  =  - i £ / ( x )  

t « - 2 ( x )  = - U x )

6; X s < x < X p Dead-gap in inductor current, //,i(x) = 0.
This interval exists in TI-DCM when all the input and output diodes 
and switch-legs stop conduction. Only output capacitor C<, feeds the load.

Switch-leg "swi " comprises S\ and D \, "swj" comprises 1S3 and D3 and so on. Negative current in 
each switch-leg flows through the anti-parallel diode and positive current is through the switch, 
“ in TI-DCM interval 1, there is a short interval of a sinusoidal auxiliary resonance current 
through Z)[ that provides ZNT for S\. Frequency of the ZVT resonance is defined by 

and the auxiliary resonant current amplitude that is maximum current of D\ would 
be: /oi(max) = Total snubber and internal capacitor of switch Si can be chosen as €,.

4.3.1.2 General Solutions for DC-to-DC converter

For the convenience of deriving resonant tank relations, an equivalent circuit across 

the te rm in a ls a n d  B' o f Fig. 4.1 is drawn as shown in Fig. 4.3. 

ill
. A'

^A'B'

- l e -
+  V i /  -  +  VCs -

L,
y y w A"

4-

O
If  /'il > 0 , , Va-’B"— +V'o 
If  ill ^  0,, va"b"~ -V'o

Va "B"

B"

Fig. 4.3 Equivalent circuit across the terminals yf'and B ' o f Fig. 4.1. The HF output 

rectifier, filter and load are replaced by a voltage source va-b" •

In the following derivations resonance firequency is defined as © 0  =l/(f-iCr)''^ and the 

characteristic impedance as Zch =
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Each interval of the tank current begins from time T(t -i) and ends at t* {k shows the 

number o f interval, 1, 2, 3 ,4 , 5 or 6, with tq = 0).

General form of differential equation in resonant tank circuit for interval k  is:

Lidi^idz+ (\/C ^)  J/Li(x)^fr+v„(X(*_i)) = +v^5.(Â:)-v^.B..(Â:) (4.1)

General form of resonant current in each interval k  is assumed as a sinusoidal with 

amplitude 7^* and phase angle <{)*.

iLi(x) = /,rtfcsin[tDo(x- T(i -1) ) + (4.2)

General form of voltage across the capacitor during interval k  is:

T

Vc5(x) = (1/Q) j//:!(x)^+Vc,(%-I)) = COŜ (̂T- T(t-l)) + <|)&] + (V/fS' (4.3)

Initial conditions to find constants Imk and in each interval k  are given by:

/z:i(Xk-i) = /„;fcsin(j)*:; I„ucZchCoŝ K+ v„(xjt_i) = (va'B'- va"b") (4.4)

Imic and (j)*r in each interval are obtained from (4.4) in terms of initial value of capacitor 

voltage and inductor current:

Imk = /ri(x,-i)/sin<j)« <()r = tan'* {[/£i(x«^i)Zca]/[(v^'S'- va-b”) - Vc^xt-i)]} (4.5)

In general solutions, resonant waveform o f each interval is assumed as a part of a sine- 

wave (4.2) with amplitude Imk and phase (J)*. Imk and (|)̂  as defined in (4.5) are function of 

the characteristic impedance o f the tank, Zch — (Zi/Cj)*^, voltage applied to LC tank (va'b' 

- vx~g") and the initial values of the capacitor voltage and inductor current. From the 

general solutions at the boundary of subsequent intervals (initial condition of each 

interval is the final value o f the previous interval), a set o f equations are derived which 

give the constants Imk and (Jĵ -for all the intervals.
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By above considerations, general solution of HF waveforms in all intervals of TI-CCM  

and TI-DCM are derived in sections (A) and (B), respectively. Equivalent circuits used 

for the analysis during different intervals are shown in Fig. 4.4.

(A) General solution in TI-CCM  (for the loads lower than full load and higher than 
the transition load, Fig. 4.2b):

Interval i  (0 <  t  <  t i ) :  Equivalent circuit Fig. 4.4(a and b), v a 'b ' ~  v ^ g "  =  n V o  = 

+F'o. Resonant current in  is positive and decreasing. Switching legs fW; and sws conduct. 

Differential equation for tank components is:

T

( x )d z+ v ŷ (0) = - V ' ^  (4 ,6)
0

The general form of current and capacitor voltage waveforms is:

in(x) = /„isin(cOoT + <j)i), ((j)i > n/2) (4.7)

V«('C) = -/ml2cgCOS(C0oT+ (j>i) - K&- V'o (4.8)

Initial values of current and capacitor voltage are:

4i(0)=/misin(|)i (4.9)

V«(0) = -ImlZch C0S(j)I - V j c -  F 'o  (4.10)

Peak positive capacitor voltage, Vci(peat+) occurs at the end of this interval xi when tank 

current goes to zero.

zn(Ti) = /misin((OoXi + 4n) =  0; 0)0 1̂= tt - (j)i (4.11)

Vcr("tl) ĉs(peak+) ImlZch ~Fdc~ F o, (4.12)

Diode Di carries /ii(x) - /a(x) while diode Dz carries only the tank resonant current 

/£i(x). When diodes D\ and Dz start conducting, voltage across the switching legs swi and 

fW3 reaches zero and Si and Sz are gated with ZVS.

After X = x'l, ia(x) > inCx) and current transfers from Di to Si (transfer from subinterval 

la. Fig. 4.4(a), to subinterval lb, Fig.4.4(b)) and 6'i turns on with ZVS. In switching leg 

fW] diode Dz carries only the resonant current f^;(x) until xi and then resonant current 

transfers to Sz (turned on with ZVS).
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Interval 2 {x\<-x< xa, Tz= Dxp): Equivalent circuit Fig. 4.4(c), vx%'= -Kfc, va"b"= -^ 'o- 

Differential equation for tank circuit is:

x - x ,

I i^ i i / r f r  + ( l /Q )  \iLiix)dz+v„(xO = -Vjc+^'o  (4.13)

Resonant current in  begins from zero, (j)2  = 7c and goes negative, switches S\ and Sz 

conduct. General form o f current and capacitor voltage is:

i£i(x) = /m2Sin[0 )o(T - Ti) +  Tz] (4.14)

V « (t )  = -ImZ ZcACOS[cDo(t - x{) +  Tl] -  Vjc + V 'o  (4.15 )

Initial values o f current and capacitor voltage in this interval (which are the final values 

o f interval 1, equations (4.11,12)) are:

iz;i(xi) =  0, v«(xi) = Z c h  -  V ^c  +  V 'o  (4 . 1 6 )

Negative peak of resonant current (itKpeak) = Imi ) is at ©oX = n/2 + ©oX,, when capacitor 

voltage is zero. At the end o f  this interval, x = xa = Dxp, inductor current and capacitor 

voltage have reached:

in(xa) = -Im 2 sin©o(Dxp - xi) (4.17)

Vcî(xa) = Imz Zc/,cos©o(Dxp -x\)-V dc+  V'o (4.18)

Current flows in switch 5i and Sz until xa = Dxp when both switches are simultaneously 

turned off, resulting in the tum-on of Da and D4  and initiating interval 3.

Interval 3 (xa< x < X3 ): Equivalent circuit Fig. 4.4(d), va'B' = va”b" = -V'o-

Resonant current i/,i(x) is negative and decreasing in magnitude. Diodes Da and D4  

conduct. Differential equation for the resonant tank is:

X-X2
L id iii/d z  + ( l /C^)  J/ii(i:)cfr+ v^(x 2 ) = +Vdc+V'o (4.19)

General solutions:

= /m3 sin[©o(x - Dxp) + (j)3 ], (<j>3 > 3n/2) (4.20)
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Vcs(x) = - /m32cACOS[û)o(x " DXp) + <1)3] + Kfc+ V'o (4.21)

Initial values o f current and capacitor voltage (which are the final values of interval 2, 

equations (4.17,18)) are:

zn(x2 ) = /m3sin(j)3 (4.22)

Vcî(X2 ) = - InüZch COS<()3 + Vjc + V’o (4.23)

At time x = X3 , resonant current goes to zero and capacitor voltage reaches negative peak. 

fri(x3) =  /m3sin[c0o(x3 - Dxp) + (j)3] = 0; 0 )0X3 = 2% + caJDxp - <1)3 (4.24)

Vci(X3) = yfcsipeak-) = -InùZch + Vdc+ V'o (4.25)

Current through diode £>2 is iaCr) - /r,/(x), while diode D4 carries only i'uCt). Soon after

these diodes start conducting and voltage across switches S2 and 1S4  reaches zero, they are 

gated to initiate ZVS.

Interval 4  (x3 < x <  X4 , X4=2Dxp): Equivalent circuit Fig. 4.4(e, f, g, h), va'B'= +Vbc, 

va"B"~ -^V'o. Resonant current i^i(x) is positive, switch S4  (turned on with ZVS) starts to 

conduct at T3 but diode D2 still continues conducting (subinterval 4a, Fig. 4.4(e)), until x '3 

when isw2 — 4(x) - iu(y) turns positive (subinterval 4b, Fig. 4.4(f)) and current transfers to 

S2 (turned on with ZVS). Differential equation describing this interval is:

t-Tj
L id iu /A + U C , J -u (^ )* + v „ (T 3 ) = + r * - r „  (4-26)

3̂
Current begins firom 0, (<1>4 = 0 or 2rr), and general solutions are:

iri(x) = /m4sin[©o(x - X3)] (4.27)

v«(x) = -4 ,4Zcacos[©o(x - X3)] +Vdc- V'o (4.28)

Initial values (which are the final values o f interval 3, equations (4.24,25)) are:

in(x3) = 0 , v«o«flifc-)(x3) = -ImAZch + Vdc - V'o (4.29)

At time ©oX" 3  = tc/2 + 0 x̂3  when capacitor voltage goes to zero, resonant current 

reaches the positive peak amplitude {iL\(peak+) ~ Iha)-
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After time T4  that itQz) goes to zero, input diode Db2 stops conduction and /a(x) = Ic(t) 

changes slope subinterval 4(c) with equivalent circuit Fig. 4.4(g) begins. After time x'U, 

all the 3 -0  boost inductor currents have reached zero and all input diodes are off 

(subinterval 4(d), Fig. 4.4(h) dead time o f input rectifier, ia(x) = ib(x) = ic(x) = 0), current 

through switch 1S4  is the tank current, while switch S2 carries less current that is the 

difference between tank and boost currents.

At the end of this interval t  = T4  when switch S4 turns off, the final values are:

ZZl(T4) = /m4 SinC0 o(2 DTp - T3) (4.30)

Vci(T4) = -Im4ZchCOS[CÙo(2DXp - T3)] + - V’o (4.3 1)

Interval 5 (X4  < x < Xp): Equivalent circuit Fig. 4.4(i), va-b' ~ 0, va-’B" = +V'o- When 

switch S4  turns off at X4 , resonant current in  that is positive and decreasing flows through 

switch 1S2  and diode D3  (meanwhile switch S3 is gated with ZVS). Differential equation 

during this interval is: T-T4

L id in ld x  + ( l /C^)  J//:i(x)i/x + v„ (x 4 ) = ( 4 . 3 2 )

Resonant current and capacitor voltage:

i u ( j )  =  ^ 5sin[cOo(x - 2Dxp) +  (j);], (({>5 >  tc/ 2) (4.33)

V C j ( T )  =  -Im5ZchCOS[(Ùo(x -  2DXp) +  ( j ) ; ]  -  V'o  (4.34)

Initial values at x = X4  are:

i i \ (T4 ) =  fm5sin<j>5 (4.35)

vcX":4) =-ImsZchCOsifs - V'o (4.36)

Final values o f  this interval at the end of HF period and at the beginning o f next period is:

hviyp) =  /m5sin[©oXp(l - 2D) +  <J>5] (4.37)

vcXt^p) =  -ImsZchCOs{(ùoip{\ ~ 2D) +  4»5] - V'o (4.38)

TI-CCM operation at full load can be considered as a particular case of the above

general TI-CCM.
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Fig. 4.4 Equivalent circuits during different intervals of TI-CCM operation in Mode HC 
(all the 3-0 boost inductor currents go to zero during interval 4). (a) Subinterval la. (b) 
Subinterval lb. (c) Interval 2. (d) Interval 3. (e) Subinterval 4a. (f) Subinterval 4b. (g) 

Subinterval 4c. (h) Subinterval 4d. (continued)
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Fig. 4.4 Equivalent circuits during different intervals o f TI-CCM  operation in Mode EC

(continued) (i) Interval 5.

Transition from TI-CCM  to TI-DCM'.

At the transition load, the tank resonant current changes from TI-CCM  to TI-DCM. For 

this, the sinusoidal resonant current at the end of interval 5 and at the beginning of 

interval 1 is zero and from (4.9) and (4.37) we have:

ÎLiiT^p) = /£i(0) = 0 => (OoTp(l - 2D) + <j)5 = <J)1 = TC (4.39)

Resonant capacitor voltage at the end o f interval 5 and at the beginning of interval 1 is at 

its positive peak value and from (4.10) and (4.38) we have:

F'ci(Tp) = V cs(O ) = Vcj(peak+) => ImS^ch '  V'o = Im\Zch ~ Vdc ~ V'o (4.40)

(B) General solution in TI-DCM  (for loads lower than the transition load, Fig. 

4.2(c)):

Same as the converter with linear current in Chapter 3, in this converter with resonant 

current, TI-DCMh.as two major differences with TI-CCM'.

Operation o f ZVT circuit and a short interval of ZVT which replaces interval 1 (no 

subintervals and negligible time ti«0  in analysis) o f TI-CCM.

- A new interval o f dead gap after interval 5 (interval 6).

2IVT interval, (Interval I), (0 < x < xi): Equivalent circuit o f Fig. 4.5(a). In TI-DCM, 

instead o f natural Z V S  tum-on o f S'l by pre-conduction o f its antiparallel diode, a 

resonance Z V T  circuit provides zero voltage turn on of S ' l .  After turn-off of S 2  and before 

gating S ' l ,  auxiliary switch S ' ,  is gated and for a very short time, the auxiliary resonance 

current through h ,  C, and « S , brings the voltage across S ' l  to zero. Auxiliary resonance
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Fig. 4.5 Additional equivalent circuits for operation in TI-DCM. (a) ZVT interval at the 

beginning o f HF cycle substitutes interval 1. Switch S', is gated and the auxiliary 
resonance current through D\ provides the lossless turn on o f Si. (b) Interval 6 , zero tank 

current when only the output capacitor Co feeds the load.

frequency which is defined by o , = 1 /(Z,C,)^^ is high enough to neglect its effect in 

theoretical analysis of TI-DCM. Amplitude o f this auxiliary resonant current which is 

maximum current of D\ can be limited by the characteristic impedance, o f the

auxiliary circuit where capacitor C, is the total value of external snubber capacitor and 

internal capacitor o f switch: ioximax) ~  VjJÇLtfCtŸ'^.

Interval 2 (ti < t  < T2 , T2 = ): Equivalent circuit is same as Fig. 4.4(c), -Vdc,

va"B" — -V'o- Neglecting the very short interval o f auxiliary resonance ti«0 , this interval is 

assumed to begins from x = 0. Current in  starts from zero to go negative. Current flows in 

switch 1S3 that was gated in interval 6  and switch 5"i after the small resonating half cycle of 

ZVT starts to conduct.

Differential equation for resonant components is:
T

Zi^/a/c/T + (l/C,)|/ii(T)c/x + v„(0) = -F-^, (4.41) -

Solution for the resonant current and capacitor voltage in general form (<j>2 = ti) is:

fry(T) = -Im2sin((0oT) (4.42)

V«(x) = 7„2Z:ACOS((OoT ) - Kfo + V'o (4.43)

Initial values o f  resonant current and capacitor voltage are:

lci(O) = 0, Vcs(0) = Vcs(peak+) ~ Itril^ch - V'o (4.44)
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Negative peak current (ÎLiipeak-) = Imz) is at cOoT = n/2.

Final values o f this interval at t  = T2  are:

i n W  = -/m2 sin(©o^;,) (4.45)

vcA.' ẑ) = /^miZchCOsiaJDxp) - Vdc+ V'o (4.46)

Current flows in switch Si and Sj until X2  = D^p when both switches are simultaneously 

turned off.

Interval 3 & Interval 4  (t2 < x < T4 , X4  = 2Z>Xp): These 2 intervals remain the same as 

described for TI-CCM  and all the relations are valid here.

Interval 5 (X4 < x < X5): v^-b'= 0, Va^b-- +F'o. This interval begins at X4  when switch S4

is turned off and the positive resonant current flows through switch Sz and diode £> 3

(meanwhile S3  is turned on imder ZVS). Differential equation in resonant tank during this 

interval is:

General solution o f resonant current and capacitor voltage:

iu(x) = /„ 5sin[û)o(T - IDXp) + (j)s], (<|)5 > tt/ 2) (4.48)

Vcs(x) = -/„5Zcy,cos[©o(x - 2Dxp) + ((>5] - V'o (4.49)

Initial values at x = X4  are:

t£l(X4) = //n5sin(t)5 (4.50)

V«(X4) = -/m52cACOS(j)5 -  V ' o  (4.51)

In DCM operation of tank, at the end of interval 5, resonant current has reached zero 

and capacitor voltage is at the positive peak:

/ti(x5) = /mssin[©o(x5 “ 2Dxp) + (|)5] = 0; ©0X5 = n + ©o2Dxp - (j); (4.52)

Vci(X5) VCs(peak+) ImS^cfi ~Vo ( ^ - 5 3 )

Interval 6, (xs < x < Xp): In this interval resonance current remains zero and capacitor 

voltage saves its constant peak value for the entire interval until the beginning of the next 

period (starting with ZVT circuit activated).

/Zl(x) = 0, V«(X) = constant = Vjxs)  = Vĉ peak*) = ImsZch - V'o (4.54)
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Current in all switches, input and output rectifiers is zero and load is only fed by the 

output capacitor Q .

4.3.2 Boundary Solutions
Boundary solutions in steady state, used in this section, give the design and operational 

relations.

In steady state /z,i(0) = ; Vc%(0) = VcsÇ̂ p) and the resonant current and capacitor

voltage remain continuous at the boundary of adjacent intervals. Equating these values 

firom above relations, we get the following set of equations for operation of resonant tank 

in TI-CCM (Section 4.3.2.1) and in TI-DCM  (Section 4.3.2.2). Derivations are given in 

Appendix E and results are summarized below. Relations related to the initial and final 

values o f resonant current and capacitor voltage in each interval are introduced by the 

same equation number but they are classified in two groups, "a" and "b". Group "a" 

shows continuity in inductor current and group "6" shows continuity in capacitor voltage.

4.3.2.1 Boundary solutions in steady state for the resonant tank in TI- 
CCM

/ „ i s i n ( { ) i  = / „ 5 s i n [ © o ' t p ( l  - 2D) +  (j)s] (4.55a)

7ml2cACOS<j)i +  V d c =  Im sZ ch  COS[CÙoXp(l -  2D) +  <j)s] (4.556)

©o'Cl =  K  -  (j)i (4.56a)

Im \  -  Im 2 — 2 V 'J Z c h (4.566)

/;„ 2s i n ( ( D o ^ p + ( j > i )  =  /m 3 sin (|)3 (4.57a)

7;„3C0S<{)3 -  /m 2C O S(0)oD T p +  <|»i) =  I V d J Z c h (4.576)

ÛÎ0T3 =  2tC +  O o D t p -  <|)3 (4.58a)

I n ü  -  ImA —Z V 'o J Z c h (4.586)

7 n 4 S in (0 ù o D x p  +  (j)3) =  4 ,5 s in ( j )5 (4.59a)

/„ 4 C O S (O o Z > C p +  (J>3) -/,„5COS(j»5 =  V d c lZ c h (4.596)

Output average DC current (referred to primary side) is:
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Tl Dip
^'o = Po/V'o = (\f'^p)i \lm \sin(co„ T + (j),) -  J/„2 sm(m  ̂x- o)„ Tj + 7t)

0T3 2 Z>Tp
-  pm3 sin(cû<,T-cû„Z>r^+<j)3 )c*+  sin(m  ̂x- Xg),^

Dir'PIn
+ J / ^ 5  sin(o)„ X -  co„ 2Z>t  ̂ + )di] (4.60)

IDip

Zero crossing times o f  resonance current (xi and X3 ) are substituted by their relations to 

phase shifts:

COo'tl=TC-({)i;COoX3 = 27C + ®oZ>Ĉ -(i)3 (4.61)

Integration of (4.60) gives:

I'o — PJV'o — [l/(Xp®o)]{ 7mi[l + COS(j)i] + ImlW + COS(D®oXp + (j>i)]

+ /m3[l - COS(j)3 ] + 7;„4[l-COS(D®oXp+ <j>3 )]

+ 7„s[cos(j)5 - cos(®oTp - 2D(ùoXp + (j)5)]} (4.62)

In the above relations, Imk and (j)̂  are not substituted for each interval. Instead, the set of 

above equations is solved numerically by MATHCAD to give current and voltage 

waveforms in each interval, which helps a general computer programming. Relations and 

waveforms in resonant tank are linked to the front-end boost parameters by DC bus 

voltage Vdc, duty ratio D  and load power Pp.

4.3.2.2 Boundary solutions in steady state for the resonant tank in T I -  
D C M

Tank current and capacitor voltage at the boundary o f adjacent intervals remain 

continuous. Also at the beginning of the first interval and at the end of the last interval 

resonant current is zero and capacitor voltage remains constant at the positive peak. By 

equating resonant current and capacitor voltage at the end of each interval to the 

beginning o f the next interval, following relations are derived. Derivations are given in 

section B of Appendix E and results are summarized below (relations related to resonant 

current are grouped by "a" and for capacitor voltage grouped by "6 "):

-7m2sin(cûo7>Xp) = 7n3sin<()3 (4.63a)
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Im2C0S((ÛoDXp) +  /m3COS(j)3 =  2 V jJ Z c h  (4.636)

CO0T3  = 2n-h(ûoDxp - (j)3 (4.64a)

U - I m A ^ i y j Z c h  (4.646)

/„4 sin(a>o^p+ ((,3) = /;„5sin(t>5 (4.65a)

I„^COS{(£>oDXp +  <j)3) -  /m5C0S<j)s =  VjJZch (4.656)

ûJo'Ts = îc + (ù^Dxp - ((»5 (4.66a)

/m5 -/m2 = (2F'o- ^ /ZcA  (4.666)

Average output current (referred to primary side) is calculated by the following 

integration and simplified as below;

^  T3
/ ’o =  7J,/^o =  0 /' fp ) [  J/m2Sin((D^T)A- sm(û)  ̂T - m, +  <()3) (A

0 LHp
2DZ -c

+ J/„ 4 sin(ü)„x-(0 <,X3 ) i6 :+ J/^5 sin(co„ x-2(o„ Z>r +̂({)5 )rfc] (4.67)
tj 2DVp

Substituting the zero crossing times of resonant current fi’om closed form solution:

(Û0X3 =  27t + cûoDxp - <j)3 ; ©0X5 = n + (ûç^Dxp - (j>5 (4.68)

Integration gives:

I 'o  = P J V 'o =  [l/(27t©o)]{fm2[l - COS(©oDXp)] + 4,3(1 " COS<|)3]

+ 4,4(1 - COS(©o DXp + <|)3)] + 4,s( 1 + COS(j)5] } (4.69)

4.3.3 Steady State Relations in Normalized Form

Steady state relations for the firont-end boost converter are presented in section 4.3.3.1. 

For the series resonant DC-to-DC converter, they are presented in Section 4.3.3.2 for TI- 

CCM  and in Section 4.3.3.3 for TI-DCM.

Normalization: In the converters o f previous chapters, output power and switching 

firequency were used as the base values. In the resonant converters, it is more convenient 

to choose characteristic impedance and the resonance fi'equency as the base values (base 

o f voltage in both cases is the minimum input line voltage).

Following base values are used for normalized analysis and design:
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Vb = Vipeaiĉ min), minimum input line-to-line peak voltage.

Zb = Zch= (L\/CsŸ^, characteristic impedance o f the tank circuit.

(Of, = (ûo=2%fo = l/ÇLiCsŸ'^, resonance frequency of the tank circuit.

Tb = lTtl(ùb = 27r/cOo = 27t(XiCs)‘̂ , h  = Vb /Z&, Pb = VblZb-

Converter gain is defined as M =  VJVipeak and in the following equations normalized 

output voltage is substituted with V'opu= M^ix- = nVJVipeak(tniny

By defining ratio of switching frequency to resonance frequency as y  = (fjfo), base of 

time is given by Tb -y^p-

Amplitude o f the general sine wave defined in each interval (/^t) in normalized form is 

shown by Î kpu- Only Ij îpu and l^^pu appear in the waveform and represent negative and 

positive peak o f resonant current, respectively.

In spite of the fixed normalization used in previous chapters, for the resonant converter 

the base impedance is floated with the resonant components. Hence, to decide about the 

results and optimum point o f design, per unit results should be again converted to real 

values.

4.3.3.1 Normalized steady state relations in 3 -0  DCM front-end boost 
converter

Resonant tank and the front-end boost are linked through the common variables: Vdc, 

D and the power delivered by the converter. For the 3 -0  DCM boost converter there are 

two major relations as derived in the previous chapters and in normalized form with the 

base values introduced above, they are rewritten as below.

1) DC link bus voltage (gain o f  the boost converter):

Vdcpu ~ VipeakptJiy "  - O / S m a x )
2) Input 3 -0  power:

PsOpu (2 7 1 lpeaipuT)0niax)̂ (.̂ yTinpû

4.3.3.2 Normalized Steady State Relations in Resonant Tank for T I -  

C C M
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Relations for resonant current and capacitor voltage are grouped by "a" and "6 " 

respectively.

/mipi/Sin(|)i =/m5paSin[27c/Xl -2D ) + (j)5] (4.70a)

//7ilpKC0S(j)i + /m5p«COS[27t/Xl - 2D)+ (j>5] (4.706)

ti/xp = 0/2;c)(7r - (j)i) (4.71a)

im\pu ~ Im lpu 2M (4.716)

7/n2puSin(2TüD/y <{>i) — 7}M3puSin(j)3 (4.72a)

"7m2puC0S(27[D/y + (j)i) =  2 Vjcpu ~ 7m3pi/COS(j)3 (4.726)

T3/Xp = D + (y/2n)(2n - ({>3) (4.73a)

Im 2pu ~ Im^pu (4.736)

/m4pKsin(27tD/y + (|)3) = 7m5p«sin(|)5 (4.74a)

Pdcpu ~ f/n4pHCOS(27tD/y (j)3) fmSpuCOStjjs (4.746)

DC output current which is average o f rectified tank current, is rewritten in normalized 

formas:

lo p u  = P o p u / M =  { y l2 - K ) { Im X p u V -  + cos(j)i] + I m 2 p u [ l  + cos(27r£)/y+(j)i)]

+ /m3pu[l - C0S(f)3] +/n,4pu[l " C0S(27lf)/y + (j)])]

+ /m5puC0S(j)5 - /m5puCOs[27r/y( 1 - 2D) + (|)5]} (4.75)

4.3.3 3 Normalized Steady State Relations in Resonant Tank for T I -  
D C M

Im 2p u S in (2 n D / y )  = /;„3p„sin(|)̂ (4.76a)

7fn2puC0S(27tZ)/̂ ) = 2 Vdcpu ■f/n3puCOS(j)3 (4.766)

x^lxp = D + (y/27t)(2:i - ̂ 3) (4.77a)

Im 2pu ~ Im4pu 2M (4.776)

Irn^puSm{nD/y + (j)3) = -/m5puSin(j)5 (4.78a)

Vdcpu 7m4p»0OS(7tD/̂  "t" ((*3) ~-̂ m5pû OS(̂ $ (4.786)

Xs/Xp = 2D + (y/27c)(7c - (j)5) (4.79a)

Vdcpu ~ 2 K d  Im 2pu ~ ^mSpu (4.796)
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The average output current is given by the following relation:

lo pu  =  P o p i / M =  0 /2 7 C ){ /„ 2 p u [ l - COS27cD/y] +  In ù p u \y  -  C0 S(|)3]

+ 4i4p«[l - C O S(27t£)/y + (j)3 )] + Im S p u V - +  C0 S(|)5] } (4.80)

4.4 Design

In the previous chapters, the general rule was presented for m inim um  harmonic 

distortion in 3 -0  DCM boost which is achieved by the maximum possible duty cycle 

[51]. Therefore, design is done at full load and minimum input voltage (JCCM operation 

o f DCM Boost) and in TI-CCM with full square-wave tank input voltage (Fig. 4.2(a), Dm 

= 0.5 which is the maximum possible in bridge configuration). Hence, design procedure 

for series resonant tank is almost same as the frequency or phase shift control (with 

difference in optimization factor to ensure ZVS of S4 ) [7].

In the following section, the design relations are obtained by deriving the boundary 

solutions for TI-CCM  at full load and minimum input voltage.

4.4.1 Design Relations

Design relations are obtained for operation at minimum input voltage and full load 

(Fig. 4.2a), which is treated as a particular case of Fig. 4.2b, with Dm = 0.5 and M =  Mmax- 

In this case, there is no dead gap in tank input voltage and there are only 4 intervals in 

tank current. Removing interval 5 in steady state boundary solutions of TI-CCM  (Section 

4.3.2.1) and equating initial condition of interval 1 with the final values o f interval 4, 

steady state boundary solutions of design point are derived below in normalized form.

For full-square tank input voltage and symmetric half cycles in tank resonant current 

and capacitor voltage, removing interval 5 in relations (4.70a)-(4.746), we substitute M  =  

Mmax, D = Dm= 0.5, (j)! = (tt + (j)3) and Im2pu = ImApu- Relations of the two half cycles are the 

same and for the first half cycle it is given below:

7mip«sin(()i = -Im2puSm(n/y + (j)i) (4.81 )

/mIp«/COS(j)i + 2 Vdcpu= -/m2puCOS(7t/y +((),) (4.82)

Im lpu  ~ Im lpu “̂M m a x  (4.83)
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Conduction time of anti-parallel diodes that ensures ZVS (time intervals xi and T3 2 , which 

are the same at design point) are given by:

X\!Xp =  XyilXp=  0'/27 t)(7 t - (j)i) (4.84)

Peak normalized resonant current is:

^L \{peak)pu  I m lp u  Im 4 p u  (4.85)

Peak normalized capacitor voltage at x = X| is equal to:

^cs{p ea k )p u  I m lp u  I ^ m a x  '  ^ d c p u  (4 .86)

Output normalized rated DC current (Jorpil) is the average of the rectified resonant 

current and is given by:

lorpu = ParpJMmax= (l/27t){2/„ip„[l + COS(j)i] + 24,2pu[l + COS(27tDJy + (|)()]} (4.87)

Important parameter in optimization of resonant converters is the total kVA rating of 

the resonating components per kW of output power. Therefore, we need to calculate the 

r.m.s. value of the resonant current.

I  L\(^rms) i
4 - -

J /  /wA sm (cOoX + (j)fc)̂ /x (4.88)

At design point (D = 0.5) with symmetric half cycles, result is simplified to:

I^Krms) = (l/2(ùaXp){I^„i[2cûoXi + sin2(j)i - sin(2 ©oXi +2(()i)] +

fmi[2(ûoT2i - sin(2cOoT>Xp) + sin2©oXi] } (4.89)

In p.u. form, substituting: ©oXi = (tx - (j>i) and œ̂ Xp = 2n/y, it gives:

I^L\irms)pu =  (y !2 T l){ I^m \p u [  * <|)l) + Sin(|,|COS(|)l] +

I ^ m i ,p u W y -  (7t - <|)i) + sin(7r/y)cos(7i/y) + sin(()i cos(j)i] } (4.90)

Normalized value of inductor and capacitor impedance is given by:

ZiXpu = y, Zcs.pu = y  y  (4.91 )

Total kVA rating of the tank per kW of rated power is calculated as:

(Total kVA)/(kW) = (y+  yy)I^Lims,pJPorpu (4.92)
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For the front-end 3 -0  boost converter, design point is at mode HI, m/i = 7t/6, 5max = 1 

(JCCM) and with Vipeakpu = 1 p u., D = D„ = 0.5. This is consistent with the other DCM 

boost integrated converters o f previous chapters and restricts the switch voltage to 2 

p.u. at design point.

4.4.2 Design example
Specifications of the converter designed are given below:

Input: 60 Hz, 3 -0  system with a rated line to line r.m.s. voltage of 120 V having a 

variation of 96 V to 138 V r.m.s.

Output power: Po= 500 W, Load voltage: Vg = 48 V.

Switching frequency: ̂  = 100 kHz.

4.4.3 Design Curves and Optimum Design
Relations (4.81)-(4.84), (4.90) and (4.92) along with the two relations of the front-end 

boost converter in normalized form (Section 4.3.3.1), are used to obtain the design 

curves. Numerical solution by MATHCAD software is applied. Important criteria in 

design optimization are:

1) To minimize the total kVA rating of the resonant tank per kW of the rated power. 

This minimizes the current and voltage stress on resonating components as well as 

size and cost.

2) To ensure ZVS for all the switches (5i and S<x are in risk o f losing ZVS in low loads) 

by providing enough conduction time of anti-parallel diodes. In low loads, switch S ' l  

is helped by ZVT circuit and to help switch S4 , we maximize conduction time of D4  

(X32) at design point.

Hence, optimization factor is defined as:

Opt. = {{Total kVAy{kW)^\l{x^2f'^p) (4.93)

In the single-inductor converter of the previous chapter conduction time o f diode £ > 4  

(Fig. 3 .l ie )  decreases to very low value in low loads. While, in the resonant converter of 

this chapter, as an advantage, this time interval is not very low and crucial in low loads.
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The base values change with design point, so design curves are shown by the actual 

values in Fig. 4.6. These curves present the converter parameters at design point versus 

gain, Mmax (frequency ratio y  as the parameter and for above resonance operation y  > 1):

0.5

0 .5 1 2

Ipeak*
^peak-

10

A

y=\.15

% -5

0 .5 2
(a) (b)

1000

Lx
p H

1.05

500

0
1

C
n F

>=1.25

PTtt»

(C ) (d)

Fig. 4.6 Design curves for the boost integrated series resonant converter versus gain, 
(a) Conduction time of the antiparallel diodes at design point in ps. (b) Peak o f resonant 

current in A. (c) Resonant inductor in pH. (d) Resonant capacitor in nF. (continued)
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Fig. 4.6 (continued) (e) Normalized power, (f) Peak voltage of the resonant capacitor in 
V. (g) Total kVA rating o f the resonant tank per kW of output power.

(h) Optimization factor.

Referring to the curve of optimization factor Fig. 4.6(h), it shows that for higher 

frequency ratio y, we can get lower kVA rating and optimization factor. On the other 

hand, conduction time of antiparallel diodes o f  5i and 5 4  (Fig. 4.6(a)), shows that for 

higher y, conduction time o f these diodes at design point may not be enough to cover the 

turn-off time of an actual switch. Therefore, by restricting ti  and T3 2  at design point to 0.5 

ps (which in practice is about the turn-off time o f MOSFET switches), we choose y  = 1.2, 

M„ax= 1 .8 , as the optimum design.

Based on the design curves the following design data is obtained at the optimum point; 

Cs =25 nF, L\ = 145 pH, Porpù= 2.08 p.u., hupeak) = 2 p.u.= 3.6 A, Vcs(peak) = 1.8 p.u. = 245.6
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V, total kVA rating of resonant components = 3.55 kVA, = 45.6 pH. Conduction time 

of antiparallel diodes D\ and £ > 4  at design point is x\ = T3 2  = 0.496 ps =496 ns.

Base values are given by: Vb = Vipeak̂ mm) = 135.7 V, Zb = Zch = (£i/C ,)'^ = V îJPb = 

76.7 Q, h  = Vb/Zb, = 1.78 A, Pb = 240 W, T ,̂= 12 ps.

HF transformer ratio, n = 1.8*135.7/48 = 5 . Also, at optimum point, the ©o = (2r^)/y = 

523.6 krad/sec.

4.4.4 Operational Characteristics

Operation of the converter in steady state at different input voltages with changing 

loads is presented in Fig. 4.7. These curves are obtained by numerical solution of the 

normalized steady state relations in TI-CCM (Section 4.3.3.2) and TI-DCM  (Section

4.3.3.3) by MATHCAD software. General sinusoidal form o f resonant current and 

capacitor voltage waveforms for each interval are introduced by the matrices of 

amplitudes (Jmu Imi, —, Imk), phase-shifts (<j>i, <j>2 , . ., (|)*) and the time diu-ation of each 

interval (tj, T2 1 ..., xs4 ). This generalized computer solution makes it convenient for use in 

any computer-aided calculations or plotting the waveforms in each interval and each 

mode of operation.

Transition from TI-CCM Xo TI-DCM for each input voltage takes place at the specified 

output power given in Table 4.2. These results show that only at minimum input voltage 

and the load power of 2.08 pu (full load) to 1.8 pu (86.5% of full load) converter operates 

in TI-CCM. TI-CCM operation at design point is an advantage to help lower peak values 

and lower current rating devices. For all other conditions converter operates in TI-DCM.
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Fig. 4.7 Per unit operational characteristics for the boost integrated series resonant 
converter versus output power, (a) Negative peak current of resonant inductor, (b) 

Positive peak current o f  resonant inductor, (c) Peak positive voltage o f resonant capacitor, 
(d) DC bus voltage, (e) Conduction factor, (f) Duty cycle, (continued)
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Fig. 4.7 (continued): (gl, g2 and g3) Time intervals xi, T3 2  and X5 4  per unit o f HF period.

Table 4.2: Transition points from T I - C C M  to T I - D C M  for various input line voltages.
Rated power of converter is 2.08 pu.

^Ipeak P o D Sm ax Vdc ItHpeak) ^cs(peak)
pu pu pu pu pu

1 (min.) 1 . 8 0.46 0.91 1.99 1.7 1 . 6

1.25 (rated) 2 . 8 Converter only operates in T I - D C M  for the
1.45 (Max.) 3.7 whole rating of the load

Table 4.3 gives the theoretical results for three loading conditions (100%, 50% and 

10%) at minimum, rated and maximum input voltage. All the operational curves and 

tables are given in normalized form with defined base values, which are repeated in Table

4.3). The. phase angles <j>i, (|)3 and <j)5 are converted to the related time intervals by the 

following relations and added to the Table 4.3:

Ti/Xp = (7t-(j>i)y(27r)

-csz/Tp = (271 - (j)3) y(27t)

WXp=(7C-<t)5)y(27t)

The most important difference observed in these characteristics compared to the converter 

o f Chapter 3 (single inductor, linear tank current), is the lower peak current of tank 

inductor and the increased DC bus voltage at reduced loads.
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Table 4.3: Theoretical results o f operation under three loading conditions at minimum, 
rated and maximum input voltage. Per unit values are converted to actual values for the 

designed converter with base values: Vb = 135.7 V; /* = 1.78 A; 7*= 12 ps.

Input line 
voltage

Min., V[ = 9i 
(1 pu) 

M =1.8

) Vnns Rated, Vi= 120 Vnns 
(1.25 pu)
M =  1.44

Max., Vi= 13Î 
(1.45 pu] 
M=  1.24

• Vnns

Load 100% 50% 10% 100% 50% 10% 100% 50% 10%
D ■ 0.5 0.37 0.17 0.38 0.29 0.13 0.33 0.25 0.11

^max 1 0.68 0.28 0.82 0.55 0.23 0.7 0.48 0.2
Vdc 271.4 296 340 323 358.5 401.6 373 407 459

iL\(Deak<r'\ A 3.54 2.35 1.64 4.3 3.25 2.5 5.1 4 3.24
L̂Upeak.'i A -3.54 -2.23 -1.47 -4 -2.9 -2.2 -4.6 -3.54 2.8
Vcs(peak*) V 245 119 17 236 112 11 229 105.5 5
Vcs(peak-) V -245 -129 -30 -256 -137 -37 -264 -143 -43
4»! rad 2.9 7C 7t 7T 7Ü 71 71 Tt 7T
<|)3 rad 71+2.88 71+2.9 7t+3 71+2.79 71+2.83 71+2.98 71+2.7 71+2.8 k+2.97
<j)5 rad •  •  •  • 2.6 2.8 2.38 2.42 2.74 2.2 2.3 2.7
Ti/Tb % 4.5
X32/to % 4.9 4.5 2.6 6.7 5.9 3 8.4 6.5 3.2
X54/X0 % 10.3 6.5 14.5 13.7 7.6 17.9 16 8.4
Mode of 

tank current
TI-

CCM
TI-

DCM
TI-

DCM
TI-

DCM
TI-

DCM
TI-

DCM
TI-

DCM
TI-

DCM
TI-

DCM

Switch Ratings'. Tank and input current waveforms at full load from general solutions are 

fed to a discrete time MATLAB program. Results of this program in Table 4.4 gives 

average, r.m.s. and peak current of switches as well as average and peak current of 

diodes.

Table 4.4: Switch and Diode Ratings

Switch/Diode Average current, A R.m.s. current, A Peak current, A
4.3 6.6 12

52 0.5 1.1 2.1
5 3 2.0 6.6 3
5 4 0.95 1.64 3
Dx 0.038 1.8
D2 1.34 12
T>3 0.05 2
L>4 0.22 3

D o u t 5.2 3
D in 2.45 9.8
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4.5 PSPICE Simulation

PSPICE simulation was done for a redesigned converter with a switching frequency of 

10 kHz (Cj = 250 nF; L\ = 1450 piH) to save disk space and computation time. Input boost 

inductors in simulation circuit are reduced to L\n = 390 pH, to take into account a typical 

efficiency of 85%. Sample simulation waveforms are presented in Fig. 4.8 at minimum 

input voltage for the two loading conditions: (a) full load, (b) 10% of the rated load. Fig. 

4.9 gives the simulation results at maximum input voltage for the same loading 

conditions. Harmonic spectrum o f the input line current shows a THD of less than 9% at 

full load which even reduces in low loads because o f  the increased bus voltage for low 

loads (THD in DCM Boost reduces with increased DC bus voltage). Simulation readings 

are summarized in Table 4.5 in actual values.

Table 4.5 Simulation readings for Boost Integrated Series Resonant Converter at
specified input voltages and loads.

Input line Min., Vi = 96 Vnns Rated, F/= 120 Vrms Max., V/= 138 Vnns
voltage (1 pu) 

M = 1.8
(1.25 pu) 
M =  1.44

(1.45 pu] 
M= 1.24

Load 100% 50% 10% 100% 50% 10% 100% 50% 10%
D 0.5 0.39 0.18 0.38 0.29 0.15 0.35 0.29 0.13

^max 1 0.68 0.27 0.8 0.53 0.23 0.72 0.48 0.21
Vdc 267 300 385 335 400 480 365 430 520

iLUoeak*-) A. 4 1.6 1 3.8 2.8 2.2 3.8 3.2 1
^Ll(peak-) A -4 -2 -1.5 -3.7 -2.5 -2 -3.5 -3 -1.5
Vcdoeak*) V 560 268 54 520 280 40 540 310 35
Vcs(peak~) V -560 -270 -68 -590 -290 -65 -580 -330 -8 4
T i /T d % 5.5 . . .

T 3 2 /to  % 5.5 6 3.8 6 6.5 3.8 7.5 6.5 5
T54/ T 0 % 13 10 15 17 13 18 17 14
Mode of TI- TI- TI- TI- TI- TI- TI- TI- TI-

tank current CCM DCM DCM DCM DCM DCM DCM DCM DCM
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Fig. 4.8 Waveforms obtained by PSPICE simulation at minimum input voltage, F/mm- 96
V (rms): (a) full load, (continued)
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Fig. 4.8 (continued) PSPICE simulation waveforms at minimum input voltage: (b) 10%
of rated power.



187

- 4 0  + - - 
20m s 28m s 3 2 m s

T im e
4 .OA

THD « 8.9%

S E L »
OA

OHz lOOHz 2 00H z 3 0 0 H z 4 0 0 H z 500H z

F r e q u e n c y
LOA

-LOA +
3 5 .3 0 m s  

20  - .................

3 5 . 3 5 m s 3 5 .4 0 m s 3 5 .4  5m s 3 5 .5 0 m s

^A'B'/30 Vcs/ 2 0

-20
20  •

loi

S E L » :  -20 *«-
20

V s w 4 ^ 3 0

______

:
I d 4  ■

3 0 m s 3 5 . 3 5 m s 3 5 .4 0 m s 3 5 . 4 5 m s 3 5 . SOros

Fig. 4.9 Waveforms obtained by PSPICE simulation at maximum input voltage, Vimax '■
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189

Simulation results confirm that the DC bus voltage increases at lower loads. Because 

of the actual models used in simulation, there are some logical discrepancies compared to 

the theoretical calculations with ideal modeling. Snubber capacitors are added in 

simulation circuit and switching frequency is reduced ten times. Charging and 

discharging times of snubber capacitors change the simulation readings of xi and 

T3 2 . Hence, the time intervals are not directly included in Table 4.5. In simulation, output 

power is reduced up to 10% of rated load causing an increased DC bus voltage of up to 

520 Volts (3.83 p.u.) at maximum input voltage.

4.6 Experimental Results on Prototype Model

A converter o f this type based on the design example is built and tested under different 

loading conditions. Experimental waveforms at minimum input voltage are presented in 

Fig. 4.10 for (a) full load and (b) 50% load. Experimental results with rated and 

maximum input voltage at rated load are presented in Figs 4.11 and 4.12, respectively. 

Measurements are summarized in Table 4.6. As mentioned in theory and simulation, DC 

bus voltage in lower loads goes high and with maximum input voltage at 1 0 % load, it 

increases up to 520 Volt which is higher than the switch and diode ratings used in 

experimental circuit. Therefore, experimental results are only taken for 100% with rated 

and maximum input voltage.

Table 4.6: Experimental readings for Boost Integrated Series Resonant Converter at

specified input voltages and loads.

Line voltage 

V (rms)

Load D ^max Vjc
V

lL\(peak)

A

Mode of 

operation

96 Full load 0.48 1 270 3.4 TI-CCM

96 50% load 0.38 0.78 300 2.5 TI-DCM

1 2 0 Full load 0.33 0.75 350 4 TI-DCM

138 Full load 0.28 0 . 6 8 380 4.8 TI-DCM
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Fig. 4.10 Experimental waveforms (gating signals and switch voltages for SWl and SW4,
and resonant current, in )  for BISRC designed in Section 4.4, with minimum input voltage

(96 V rms): (a) at full load, (continued)



191

f —O .O O s RUN

■ lA/div.

Vmin tOO-%

Vndn 50% 

Vmin 50%

Vmin 50%

1  l o . o v  2  s o . o v f-O.OOs 2.00%/

iL.Tswi 50 V/div. 
—>4rr—^

G s i

£

5ngl#l RUN

[-•■ G s i

W --T

I . I .  I  .  I  .  I .  I

£

1 lO.OV 2  s o . o v RUN

Fsw4  50 V/div..l.

Fig. 4.10 (continued). Experimental waveforms (gating signals and switch voltages for
SWl and SW4, and resonant current, iu )  for BISRC designed in Section 4.4, with

minimum input voltage (96 V rms): (b) at 50% load.



192

• ■ / i l  2 A / d i v .

RUNf—O.OOs1 1 0 .OV 2  s o . o v

V s w l

50 : V/div.

tG .

1  1 0 . o v  2  S O .O V f-O.OOs 2.00^/ S n g l f l  RUN

V  sw4 

50  V/div.

Fig. 4. I l  Experimental waveforms (gating signals and switch voltages for SWl and SW4, 
and resonant current, I'a) for B/SRC designed in Section 4.4, with rated input voltage (120

V rms) at full load.
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Fig. 4.12 Experimental waveforms (gating signals and switch voltages for SWI and SW4,
and resonant current, in )  for BISRC designed in Section 4.4, with maximum input voltage

(138 V rms) at full load.



194

4.7 Conclusions

The proposed converter in this chapter integrates a front-end DCM boost with a DC- 

to-DC series resonant converter. Operation o f the converter with the new proposed gating 

scheme in Chapter 3 has been analyzed. General solutions for the two distinct modes of 

operation have been derived and steady state boimdary solutions were used to design the 

converter and predict its operation under different loading and supply voltages. 

Theoretical analysis and operation of the converter were verified using PSPICE 

simulation and experimental results on a prototype laboratory model. For a given power 

level, the peak inductor current in tank circuit is lower compared to the linear tank current 

o f the converter proposed in Chapter 3. Therefore, the peak current rating of devices is 

lower. On the other hand, the increased bus voltage at lower loads and maximum input 

voltage, restricts its operation in low loads or no load. Simulation and experimental 

results and waveforms are reported which confirm the theoretical relations. The 3 -0  AC- 

to-DC single stage BISRC with the new proposed gating scheme show a good 

performance ofPFC and soft switching.

The proposed converter has also been analyzed (although not presented here) using 

approximate [8,12] and Fourier series analysis [13] approaches, and the results obtained 

from them confirm the same optimum design point and other results.
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Chapter 5

Three-Phase AC-to-DC Boost Integrated Parallel 
Resonant Bridge Converter Using the New Fixed- 
Frequency Gating Scheme

5.1 Introduction

Off-line 3 -0  converters presented in Chapters 2 to 4, all had the advantages of the low 

harmonic distortion, HF isolation and soft switching. The converter in each chapter was 

designed so that it modifies some disadvantage of the previous design. The DC blocking 

capacitors due to the non-symmetric tank voltage of double-switch converter of Chapter 2 

was removed in Chapter 3 by using bridge symmetric voltage and applying the new 

proposed gating scheme. Nevertheless, it still suffers from rather high peak current in the 

tank. The peak tank current o f the converter in Chapter 3 is reduced in Boost Integrated 

Series Resonant Converter (jBlSRG) o f Chapter 4. In both converters of Chapter 3 and 4, 

output is assumed as a voltage source (tank feeds current to the output). When tank 

current reaches zero during dead gap of tank input voltage, it can not go negative. This 

results in TI-DCM  operation of the tank at reduced loads, which brings advantage o f ZCS 

tum-on for S2 and soft switching o f S\ due to the ZVT circuit. On the other hand, in 

BISRC, DC-link bus voltage, which determines the switch voltage rating, increases high 

at low loads. This increase in bus voltage is expected due to the gain characteristic of the 

series resonant converter. Comparison of gain characteristic in series and parallel 

resonant converters and the effect on DC bus voltage is given below.

Bus-voltage in boost converter is given by Vipeak/(l- D/S) and it increases if  (D/S) 

is increased. In fixed frequency operation of resonant converters, when load reduces.
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decrease in duty ratio D required for regulations in SRC and parallel resonant converter 

(PRC) show different compared to the Ô reduction in DCM boost. In SRC, decrease 

required in D is less than decrease in Ô, while, in PRC decrease in D is higher than 

decrease in 8. Hence, with load reduction, bus voltage will increase in BISRC and 

decrease for boost integrated parallel resonant converter {BIPRC).

In this chapter, we consider a DCM front-end BIPRC to improve disadvantage o f low 

load increase o f bus voltage in BISRC. Parallel resonance in DC-to-DC converter has 

disadvantage o f  high gain in low loads. Integration of DCM boost with the parallel 

resonance tank (as the DC bus voltage would be reduced in low loads) overcomes this 

disadvantage.

Lay out of the chapter is as follows: In Section 5.2, circuit diagram and operating 

principles as well as modes o f operation are discussed. Analysis, including general 

solutions and boundary solutions in steady state including the set of equations in different 

modes of operation is derived in Section 5.3. Section 5.4 gives the design procedure 

concluded from normalized steady state equations. A design example with the same 

specifications used in Chapters 2, 3 and 4 is also presented in Section 5.4. The theoretical 

results are verified by PSPICE simulation (Section 5.5) and experimental readings and 

waveforms (Section 5.6). Section 5.7 is the conclusions of this chapter.

5.2 Operating Principle, Modes and Intervals of 
Operation

Circuit diagram of the boost integrated parallel resonant converter (BIPRC) with the 

auxiliary ZVT circuit is shown in Fig. 5.1. Operation o f this converter is almost similar to 

the BISRC o f Chapter 4. However, the major difrerences are the following:

1) In the BISRC, resonant inductor current is rectified and filtered by a capacitor. In 

the BIPRC, resonant capacitor voltage is rectified and filtered using an inductor 

and the output can be assumed as a current source load. The output current 

changes direction when the resonant capacitor voltage changes its polarit)\ This 

happens because the output rectifier diodes conducting depend on the polarity of 

the resonant capacitor voltage.
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TYYl
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J l 'o3 'o4
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)Rl

Fig. 5.1 Circuit diagram of the AC-to-DC 3 -0  boost integrated parallel resonant
converter with ZVT auxiliary circuit.

2) In the BISRC, converter operates in TI-CCM  and TI-DCM  depending on the load 

current. For the BIPRC, converter always operates in CCM. At full load and up to 

a certain load current, operation is in ZVS Mode (Fig. 5.2(a)) with all the switches 

turning-on without the help of ZVT circuit. However, below a certain load current, 

■S'! loses ZVS and ZVT circuit helps ensuring lossless turn on o f S\. Depending on 

the polarity of resonant capacitor voltage with respect to va'B' during zero voltage 

interval o f vx'as ZVT Mode is divided into two subintervals, namely, ZVT Model 

(Fig. 5.2(b)) and ZVT Model (Fig. 5.2(c)), respectively.

3) When the load current is above a certain critical load value, BIPRC can operate in 

discontinuous capacitor voltage Mode (JDCVM) with a zero resonant capacitor 

voltage interval as discussed in Section 5.3.4. Therefore, converter operates in 

continuous capacitor voltage (CCVM) for the major operating conditions but can 

enter DCVM  for higher load currents.

Principles and the modes of operation for the front-end boost are the same as previous 

chapters. Modes of operation in DCM boost depend on the position of HF DCM boost 

current pulses on the line frequency scale and are independent o f  the load.

Fig. 5.3 shows the tank equivalent circuit at the output terminals A 'B 'o f  the converter 

shown in Fig. 5.1. Detailed operation of the converter in CCVM  can be understood by 

referring to the waveforms shown in Fig. 5.2(a)-(c) and the equivalent circuits for the
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different intervals (Fig. 5.4). The direction o f resonant capacitor voltage decides the 

change in intervals. A summary o f the modes o f  operation follows:

1) Zero Voltage Switching Mode (ZVS-Mode, Fig. 5.2(a)) occurs from full load 

to transition load. Current at the end of HF cycle is positive, S\ turns on with 

natural ZVS and, the auxiliary ZVT circuit though regularly gated has no role 

in switching. All the other switches turn on with ZVS. There are five major 

intervals of operation with sub-intervals.

2) Zero Voltage Transition Mode {ZVT-Mode) occurs for loads lower than 

transition load. Tank current at the end o f HF cycle becomes negative and the 

auxiliary transition circuit should provide ZVT for S\. This mode according to 

the direction of capacitor voltage is divided to 2 sub-modes, ZVT-Model (Fig. 

5.2(b)) and ZVT-Mode2 (Fig. 5.2(c)), which are different in interval 5.

More detailed operation is given in the analysis.

5.3 Analysis

State space analysis is used. Derivations for capacitor continuous voltage mode 

(CCVM) are presented in 5.3.1, which would be valid for the optimized design of this 

chapter. General solutions for ZVS-Mode (Section 5.3.1.1), ZVT-Mode\ (Section 5.3.1.2) 

and ZVT-Model (Section 5.3.1.3) are derived. Boundary solutions in steady state are 

given in Section 5.3.2 for ZVS-Mode (Section 5.3.2.1), ZVT-Model (Section 53.2.2) and 

ZVT-Model (Section 5.3.2.3). Normalized form of these equations is used to get design 

curves and the operational characteristics.
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Device |z), 6', 
conducting | S\ S3 \ Si S3  

Interval ' 1 a.l b, ̂  1P 
T im e! A  '

D 2 1S4  I S 2  S a  S 2 D 3

4-

Ta % ^  7*3 % %4

Fig 5.2 HF waveforms o f  3 -0  boost inductor currents, tank input voltage resonant 
current (/^,), resonant capacitor voltage (Vq,) and waveforms in the switching legs.

(a) ZVS-Mode. (Continued)
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Fig 5.2 (continued) (b) ZVT-M ode\. (Continued)
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Fig 5.2 (continued) (c) ZVT-Model.
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I f  vcp >  0, i'o =  +I'o ; If vcp <  0, / ;  =  -r„

Fig. 5.3 Equivalent circuit o f Fig. 5.1 across the terminals A' and B'. Output filter

inductor is assumed large enough to assume a constant current source load.

5.3.1 Analysis in CCVM Operation
Equations in the 3 -0  front-end boost during charging and discharging intervals are 

same as AC-to-DC converters o f Chapters 3 and 4. Summary of the equations for boost 

inductor and switch currents is same as Table 4.1 given in Chapter 4.

Intervals 1 and 2 show the charging period of boost inductors. During any of intervals 

3, 4 or 5 (discharging interval o f boost currents) when discharging current o f each phase 

boost inductor reaches zero, some subintervals happen. These subintervals due to changes 

of input boost currents are explained in detail in Chapter 3 (3.4.2) and are not repeated in 

this chapter. For example, when phase B inductor current (/&) reaches zero and Dbi stops 

conduction (Ja = ic with the change in slope) or when ia and ic also reach zero and the dead 

gap starts.

In the following derivations resonance frequency is defined as cOq = 2x/0 = l/(T iQ )'^  

and the characteristic impedance as Zch = (Ti/Cp)*^. Also, ratio o f switching frequency (f^ 

to resonance frequency is y  = fjfo- For each interval, resonant current is assumed as a 

general sinusoidal with amplitude I„k and phase {k, number o f interval, 1, 2, 3, 4 or 5).- 

Imk and (j)*: for each interval are defined by initial values o f inductor current and capacitor 

voltage at the beginning o f that interval as mentioned in previous chapter.

Section 5.3.1.1 presents the general solutions for ZVS-Mode. Derivations for ZVT- 

Model and ZVT-Model are presented in Section 5.3.1.2 and Section 5.3.1.3, respectively.
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5.3.1.1 General solutions in ZVS-Mode (for loads lower than full load 
and higher than the transition load)

Interval 1  (0 <z<xa): va-b' = -Vdc, '̂ Cp> 0, i'o = +I'o- Equivalent circuit is given in Fig. 

5.4(a, b, c). Resonant current iu  is positive and decreasing. Switching-legs and 

conduct. Differential equation for the tank circuit is:

*L4
4  (d>£l / * )  + (1 / Cp ) |[ / i ,  (t) + / '„ ] *  = -V ^  (5.1)

0

The general equations for inductor current and capacitor voltage waveforms are:

= /misin(0)oT + <j)i) + I 'o  , (({>i>7c/2) (5.2)

v q , ( t )  =  -  Im\ZchC0S{(Ùo1  +  < i> l) -  Vdc (5.3)

At T = 0, values of current and capacitor voltage are:

/t.i(0) = /misin(j)i + I'o (5.4)

vcp(O) = -Vdc- Lidiu/dx  I t =o = - ImiZchCOS î - Vdc (5.5)

Current goes to zero and changes direction at ti given by:

h i ( y i )  =  /misin(cOo'Ci +  <j)i) +  I 'o  =  0; sin~'(/'o/ Im i) -  <{>i (5.6)

Capacitor voltage at ti is:

VCp(Tl)= -/ml2cACOS(C0oTi + (J)i)-Fj/c (5.7)

Peak positive capacitor voltage, vcp(peak+) occurs at Xvp+ < ti given by:

n>o'̂ vp+ = 7T - <t>i (5.8)

At the end o f this interval, current and voltage have reached:

(41 (tx) = Vmisin(û)oTx + <|)i) + I 'o  (5.9)

vcpiyÀ) = - Im\ZchCOS{(ÙoXA + <j>i) "F'* = 0 (5.10)

Based on the direction of tank current, three subintervals are defined in this interval. 

Devices conducting are different in these subintervals.

Subinterval la ( 0 < x <  t'i), Fig. 5.4(a): /̂ (t) < /ii(x), diodes Di and D3 conduct. Current 

in Di reaches zero at the end o f this subinterval.
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Subinterval lb  (x'l < t  < xi). Fig. 5.4(b): /a(x) > diode D3 in switching-leg jwg 

continues to conduct while current is transferred to iS"! (tumed-on with ZVS) in switching- 

leg Current in D3 reaches zero at the end o f this subinterval.

Subinterval Ic  (xi < x < x^). Fig. 5.4(c): /z,i(t) < 0, current continues to flow through 

in switching-leg jw; and current transfers to 6 3  (tumed-on with ZVS) in switching-leg 

fW3 . Both switches and ^ 3  conduct to the end o f this interval (xx).

Interval 2 (x^ < x < xz, xz = Dxp), = -K&, equivalent circuit is shown in Fig. 5.4(d). 

Capacitor voltage and output rectifier input current change the sign, v q ,  <  0  and i'o= -I'o- 

Differential equation for the tank is:
X - X A

A I + a /C p )  J[Ai(x) + ]dx = (5.11)
X A

Resonant current iu  is negative and switches and Sz conduct. General form of inductor 

current is:

4 i(t)  = /m2Sin[03o(T - Tx) + (|)2 ] - I'o  (5.12)

Capacitor voltage is (voltage starts from zero at x = xx):

V C p ( j)  =  -Im 2Z chC O S[(Û o(x  - Xx) + ^ z ]  - Vdc (5.13)

which gives:

Vdc = - ImzZchCOS ẑ (5.14)

Inductor current at the beginning o f this interval, f^i(xx) is:

k  1 (xx )  =  /m2 sin(()2 - I 'o  (5.15)

Negative peak of resonant current is at:

(OoXip. =  3 lz /2  +  C O o X x  -  <(l2 ;  (ilKpeak-) =  -ImZ ~ I 'o )  ( 5 . 1 6 )

If current cannot reach the peak value in this interval, maximum negative current is at 

the end o f  interval x = xz and less than the peak value.

At the end o f this interval, x = xz = Dxp, inductor current and capacitor voltage have 

reached the following values:ki(T:2) = ImzsinlcooCDxp -  x x )  +  ( | ) z ]  -  I'o ( 5 . 1 7 )

VCp('C2) = -Im2ZchCOS[(Ùo(DXp - Xx) + - Vdc (5.18)

At Xz = Dxp, switches S\ and 1S3 are simultaneously turned off.
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Fig. 5.4 (continued) (g) subinterval 3c, (h) interval 4, (i) interval 5. (i'), (i") additional 
subintervals o f interval 5 when the input rectifier diodes stop conduction in interval 5.

Interval 3 (X 2 < t  < X g ):  Equivalent circuits are shown in Fig. 5.4(e, f ,  g), va'B’ = +F^. 

Capacitor voltage is negative and i'o = -I'o- Resonant current itt(x) is negative and 

decreasing in magnitude. Diodes Di and D4  conduct. Differential equation for the 

resonant tank is:
T-T2

+ (1 /C p )  J [ /i i(x )  +  I'o ]ck  +  Vq,(X2 ) -  +vJo

which gives:

= /m3sin[fflo(x - Dxp) + (j)3] - I'o, ((j)3 > 3ti/2)

V C p(t) =  -  /m32cACOS[0)o(x -  DXp) +  <}>3] +  K /c 

Initial values o f current and capacitor voltage are:

4 1 (1:2) = /m3 Sin((»3 -I'o 

VCp(t2) =  -/m32cA C0S*3 +

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)
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Subinterval 3a (%%< t  < T3), Fig. 5.4(e): In this subinterval, resonant current is 

negative and diodes D4  and D2  conduct. Current through diode Di is iaix) - //./(x), while 

D4  carries only //./(x).

Current goes to zero at X3 given by:

in(x3) = /m3sin[cDo(x3 - Z>Cp) + ^ 2] - I ’o  = 0; (5.24)

©o'C3 = sin"^(/'oA43) + (ùoDxp - (|)3 (5.25)

Current through £ > 4  goes to zero at the end o f  this subinterval and S4  turns on with ZVS.

Subinterval 3b (X3 < x < x'3), Fig. 5.4(f): Tank resonant current is positive and flows in 

S4 . Since in  - ia < 0, Di continues to conduct. Current in Di goes to zero at the end o f this 

subinterval.

Subinterval 3c (x'3  < x <  x^). Fig. 5.4(g): Si turns on with ZVS and S4  continues to 

conduct. Negative peak capacitor voltage, vcp(peak-) occurs at Xyp. < X3 given by:

(ùoXyp = 2n + (ùoDxp- ^ 2  (5.26)

Q̂j(pcafc-) I m i ^ c h '^  ^ d c  (^-27)

At the end of this interval, current reaches:

f n ( x g )  =  / m 3 s i n [ © o ( x B  -  D x p )  +  (j)3 ]  -  I 'o  (5 .2 8 )

Capacitor voltage at the end o f interval (xg) reaches zero and xg is given by:

V c g (x g )  = - £»3ZcAC0 S[û)o(Xg - DXp) + (})3 ] + Fdc = 0 (5.29)

Interval 4 ( x g  <  x  <  X4 , X4  = IDxp)-. Fig. 5.4(h), v ^ - g '=  i'o =  +/'o, Vcp >  0. Resonant 

current /n(x) is positive, switches S4 and S i conduct. Differential equation describing the 

interval is:
T - T B

Lydin idx  + HCp  J[/ii (x) -  /'^  ]dx = ^o)
X B

General solutions for resonant current and capacitor voltage are:

in(x) = £n4 sin[d)o(x - xg) + <j>4 ] + I ’o  (5.31)

vq,(x) = -I„4ZchCOs[(ùo(x - Xg) + <{)4 ] + Vdc (5.32)

Initial value VQ,(xg) = 0 gives:

Vdc=  I m ^ c h O O S ^ A ,  (5.33)

Initial current:



208

lL l( '^ B )= Im 4 S m ^ 4  + I'o  (5.34)

At time cùoT,p+ = n/2 + (OgtB - <j)4 , resonant current reaches the positive peak amplitude 

(jLHpeak+) = hnA +  I'o)- At the end of this interval t  =  T 4  =  2Dxp, switch 6 4  is tumed-off and 

the final values are:

/ii('t4) = /m4Sin[CDo(2DTp - zb) + <t>4] + I'o  (5.35)

Vq,(T4) = -Im4ZchCOS[(Ùo(2DXp - Tfi)] +  Vdc (5.36)

Interval 5 (T4  < x < x^), Fig. 5.4(i): va-b'= 0, io = +/o- After turn-off o f  switch 6 4  at X4  = 

2Dxp, D3 starts conducting. Resonant current /z,i(x) which is positive and decreasing, 

flows through switch Si and diode D3 . Differential equation during this interval is:
T— T4

L ^d iii/d z  + HCp J [ / i i(x ) - / 'o M x  + VQ,(x4) = 0

T4

Resonant current and capacitor voltage are given by:

Î L \ ( f )  =  /mssin[cDo(x - 2 D z p )  +  <j)5 ] + I'o, (<j) 5 > 7t/2) (5.38)

VCp(T) = -/m52’c/,COS[C0o('t - 2DZp) + (j)5] (5.39)

Initial values at x = X4  are:

fn(x4) = /m5Sin<{)5 +  I'o  (5.40)

VCp('C4) = -ImsZchOosifs (5.41)

Final values of this interval at the end o f HF period and initial values at the beginning of 

next period are:

ii\(yp) = /m5sin[(ûo'Cp(l - 2D) + (j)5 ] + I'o (5.42)

VCp('Tp) = -/m5Zc/.cos[cùoTp(l - 2D) + (j);] (5.43)

Switch Si is gated during this interval and turns on with ZVS at the end o f  this interval.

If ib(x) goes to zero during any of intervals 3 ,4  or 5 and other two phases change slope 

(at time x'4 ) , an extra subinterval occurs. Also when /o(x) = /c(x) reach to zero (at time 

x '4 ) another subinterval occurs. These subintervals appearing due to the boost inductor 

currents, were explained in Chapters 3 and 4, and are not repeated here. Equivalent 

circuit for the case o f  two input diodes conducting in interval 5 is shown in Fig. 5.4(i'). 

Corresponding circuit when all the three input boost inductor currents go to zero in 

interval 5 is shown in 5.4(i").
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Transition from  ZVS-Mode to ZVT-Modei Transition from ZVS-Mode to ZVT-Mode 

occurs if  the tank current at the end of interval 5 (5.42) reaches zero:

4i(Tp) = 0 => G)oTp(I-2Z)) + <j)5 = sin'^(-/V/„5) (5.44)

Therefore, resonant capacitor voltage at the boundary between ZVS and ZVT modes 

(substituting (5.44) in (5.43)) gives:

VCp(Xp) = -ImsZchil - (I'ollmsf] (5.45)

The above conditions are used in MATHCAD program to determine the transition point 

from ZVS to ZVT  mode.

5.3.1.2 General solutions in Z V T - M o d e l  (for loads lower than the 
transition load, Fig. 5.2(b))

The auxiliary ZVT circuit operation interval is called as the ZVT interval and occurs 

before interval 1. During this transition interval, auxiliary ZVT circuit with a sequence of 

events, shown in Fig. 5.5, brings the voltage across to zero to be gated under ZVT.

ZV T Interval (0 < x < x,, waveforms during ZVT interval are expanded in Fig. 5.5), 

equivalent circuit is shown in Fig. 5.6(a). = - Vjc, io ~ +To- In this interval, auxiliary

ZVT circuit is responsible for diverting the negative current in upper diode to the 

auxiliary resonant circuit and discharging the capacitor across S\ to zero before gating 

this switch. Duration time and peak current during this process is important and not 

negligible compared to the other intervals. Therefore, it is considered as a main interval 

before interval 1 in ZVT-Mode.

In Fig. 5.5, HF waveforms during ZVT interval are expanded to show the events 

clearly. High negative current at the instant of ZVT operation can be harmful for the 

circuit. Current Ixo to be transferred to auxiliary circuit in any load condition can not be 

very high. When amplitude of load current is high, duration of negative current is small 

and Ixo can not go high. On the other hand, for lower loads when the dead gap is larger, 

magnitude of current is reduced and Ixo can not be high. During transition interval, tank 

current is assumed as a current source almost constant at Ixo-
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At To = 0, when the auxiliary switch St turns on and starts conduction, negative tank 

current is diverted smoothly from upper diode (P2) through Lt, St and via Da to the DC 

link capacitor Cdc- It linearly decreases to zero at x,\. Then, sinusoidal resonance current 

between Lt and C, starts and reduces capacitor voltage from P* to zero ( time t^), D\ 

starts to conduct and iSi is gated under zero voltage. From za, current in auxiliary circuit 

remains constant until xa when the tank current Lo linearly decreases and goes to zero at 

T,. At T = T current transfers to S\. Switch St can be turned off any moment after xa.

To divert all the current in D2 back to the auxiliary circuit we need the time:

T,1 - To = Ltl JVdc', (To = 0) (5.46)

During a quarter of sinusoidal resonance between Lt and Ct, increase of inductor 

current and decrease o f capacitor voltage are given by the following relations, where Z, = 

(T /Q *^ and o),= 1/(Z,C,)‘̂ :

kt (%) = /to + ( Vjc/Zt)sin[(ût(x - t,i )] (5.47)

Vo (T) = VdcCOS[(Ù,(x -T,i)] (5.48)

Peak of this transition resonant current is Ip j  = VdJZt, which is added to Im- 

Time xa that vc / ( t )  reaches zero is given by (substituting t , i from above):

cùt(ya-'^tO = T^2;xa = LtIrt^Vdc+(n/2)(LiCtŸ'^ (5.49)

Hence, for gating time of switch Si we should have Xt3 > xa and the end of transition 

interval is given by:

T, = t,3 + Lt(Ito+ Ipj)!Vdc (5.50)

D1
p_tI swi02

T = 0

Fig. 5.5 ZVT interval in ZVT-Mode, expanded to show the events during transfer of
current from D2 to S\.
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Interval i  ( t /  < t  < x^): va-b' = -Vdc, < 0, v q , ( t )  >  0, i'o = +/'o- It is a short interval 

same as subinterval Ic  o f ZVS-Mode. The equivalent circuit shown in Fig. 5.4(c) applies 

during which switches S\ and S-̂  conduct, î wz = fn(x); = /a(x) - /£i(x). Differential 

equation and relations for /z.i(x) and v q , ( x )  are the same as (5.1)-(5.3) with (J>i >  n.

Interval2 (za<t<Dip): va'B' =  -Vdc, <  0, v q , ( t )  <  0, i'o =  -I'o- All equations and 

discussions o f interval 2 (equivalent circuit Fig. 5.4(d)), given for ZVS-Mode are valid 

here.

Intervals 5 ,4 : Intervals 3 and 4 in this mode are the same as ZVS-Mode

Interval 5; Interval 5 in this mode has two subintervals 5a (Fig. 5.4(i), 2Dip< x < ts) 

and 5b (Fig. 5.6(b), xs < x < Xp). These two subintervals are due to the change in resonant 

current direction. Differential equation, inductor current and capacitor voltage relations 

are identical for both subintervals. In subinterval 5a, tank current is still positive flowing 

through S2 and D 3 . At the end of subinterval 5a (x = xs), current through S2 (fz.i(x)) 

reaches zero and flows back in D% (ZCS of S2 ). Also, in switching leg ^ 3 , current 

transfers from D 3 to S3 (ZVS tum-on o f S3 ). In subinterval 5b, /£i(x) < 0 and current flows 

through D2 and S3 . If boost inductor currents go to zero during interval 5, two extra 

subintervals due to the change in conduction of input rectifier diodes occurs. Equivalent 

circuits are similar (with D2 , S3 conducting) to Fig. 5.4(i"), (i") will occur, which are not 

discussed here.

r/'
A
B
C

Fig. 5.6 Extra equivalent circuits (in addition to Fig. 5.4) for ZVT-Mode\ o f operation. 
Intervals la  and lb  do not exist and ZVT  interval substitutes them, (a) Equivalent circuit 

during ZVT  interval, (b) Equivalent circuit during subinterval 5b.
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5.3.1.3 General solutions in Z V T - M o d e 2

At light loads and reduced duty cycle, when 2I>Zp < tb, converter operates in ZVT- 

Model. In this mode, vcp goes to zero after x = IDxp dining zero voltage interval of tank 

input voltage, va'b' — 0 (HF waveforms o f Fig. 5.2(c)). The boundary of transition from 

ZVT-Mode\ to ZVT-Model is at IDxp = Xg. ZVT-Model is different from ZVT-Model in 

intervals 3, 4 and 5.

Z V T  interval. Interval 1 and 2, are the same as ZVT-Model (equivalent circuits of 

Figs. 5.6(a), 5.4(c) and (d), respectively).

Interval 3 {Dxp < x < IDxp): Differential equation, equivalent circuit and relations for 

resonant current and voltage are the same as interval 3 in ZVS-Mode except that at the 

end of this interval final values are:

i u i l D X p )  = I„ 3S m [(û o (lD X p  - D Zp) + (jig] - I'o  = /m3 sin(©oZ>Cp + (j)3) - I'o  (5.51)

vcp(lDxp) = - InûZchOOsisùoDxp + (j)3) + Vdc (5.52)

Interval 4  {lE>Xp< x < xg), equivalent circuit is shown in Fig. 5.7. v '̂g- = 0, vq, < 0, i'o 

=  -I'o . Tank resonant current is positive and decreasing (/z,i(x) > 0) and flows through 

switch 5% and diode £>3 . Differential equation during this interval is:

x-lDxp
£ 1  /  dx) + (1 / Cp ) \[Ilx ( t)  + To Mr = 0 (5.53)

2Dxp

Resonant current and capacitor voltage are given by:

;gi(T) = Im4sin[a>o(x - IDxp) + (j)#] - T o ,  (4)4 > Tdl) (5.54)

Vcg('c) = -/„4 2 cacos[©o(x - IDxp) + 4)4 ]  (5.55)

At the beginning of this interval:

/ii(2 £)Xp) = /m4sin4)4 -  I 'o ,  (4>4 > 7t/2) (5.56)

vcp(lDxp) = -I„4ZchCOS^4 (5.57)

At the end o f  this interval, x = xg, capacitor voltage reaches zero and we have:

/ri(xg) = £»4 sin[©o(xg - IDxp) + 4>4] - To, (4>4 > n/1) (5.58)

VQ,('tg) = -I„4ZchCos[(ùo(xB - ID X p )  + 4)4] = 0 (5.59)
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Interval 5 (xs < t  < Xp): There are again two subintervals due to direction of resonant 

current, "5a" (Fig. 5.4(i)) and "5b" (Fig. 5.6(b)). In subinterval "5a " inductor current is 

positive flowing through 5% and D3 and in subinterval "5b" tank current is negative and 

flows through £ > 2  and 6 3 . For both subintervals, va’B’ — 0, vcp > 0 and i'o = + /o.

Differential equation, inductor current and capacitor voltage are:

X - T ,

Ii(£/iii tdx) + ( 1  / Cp)x J[/ii(x) -  I ' o  ]dx = 0
Xg

ï£ i( t )  =  /m 5Sin[0)o(X  -  Xg) +  (j)5] +  I'o  

VQ'W = - /m52c/iCOs[(Oo(T - Tg) + <()s]

Initial value o f the inductor current in this interval:

=  / m 5 S i n ( j ) 5  +  I 'o

The capacitor voltage starts from zero:

VQ ,(Tg) = -ImsZchCOS^s =  0, (j); = T ill

(5.60)

(5.61)

(5.62)

(5.63)

(5.64)

L̂I
- ^  \  —

'dc

d c

A
B
C

b 2 |

lt«

Fig. 5.7 Equivalent circuit of subinterval "4" in ZVT2-Mode of operation when capacitor 
voltage is still negative and tank input voltage (vx a ) is zero. All the other equivalent 

circuits remain the same as Fig. 5.4 and 5.6.

5.3.2 Boundary Solutions in Steady State
The general solutions for tank HF waveforms in each interval were derived with an 

initial condition regardless to the final value of the previous interval. In this section, 

boundary values o f subsequent intervals are equated and the set o f  equations obtained is
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solved by MATHCAD. In steady state, values at the end and beginning o f  each HF cycle 

are also equal. Relations obtained from boundary solutions are classified below for ZVS- 

Mode (Section 5.3.2.1), ZVT-Model (Section 5.3.2.2) and ZVT-Mode2 (Section S.3.2.3).

5.3.2.1 Boundary Solutions in Steady State for ZVS-Mode

Equating the final and initial values of subsequent intervals in ZVS-Mode gives the 

following relations (relations related to inductor current are classified by "a" and 

capacitor voltage by

fri(O) = 4 i(Tp) = /misin<|>i + I'o = /m5 sin[©oXp( 1 - 2D) + <|)s] + I'o (5.65a)

Vq,(0) = VCp(Tp) = - ImlZchCOSifi - P* = - 7m52cAC0S[(0oTp(l - 2D) + ^s\ (5.65b)

ÎLii^À) = /misin(©oTx + ((,;) + I'o = /m2 sin(|)2 - /'„ (5.66a)

Vcp(t/i) = vcp(xc) = -Im\ZchC0s((ùoiA +4)i) - P̂ c = 0; -Vdc = ImlZchCOS^i (5.666)

ini'll) = 7m2sin[ü)o(Dxp - xx) + - I'o = /m3 sin(j)3 - I'o (5.67a)

VCp('C2) = -I„aZchCOS[(Ùo(DZp - X/) + (j>2] - Vdc =  -Im3ZchCOS^3 +  Vdc (5.676)

fri(xg) = /,„3sin[cOo(Xfl - D x^  + (j)3] - I'o = /m4sin<})4 + I'o (5.68a)

VCp('̂ B) = -Im3ZchCOS\(Ùo(XB-DXp) + (j>3] + Vdc= 0; Vdc = Im^chCOS^A (5.686)

. îl\('̂ a) = /m4 sin[c0 o(2 Dxp - xg) + ((>4 ] + I'o = 7 n5 Sin(|)5 + I'o (5.69a)

Vqp(x4) = -/„42cACOs[a»o(2£)Xp - xg)] + Vdc = -Im^chCOsifs (5.696)

In the above equations, I'o = PJV'o, where I'o and V'o are the average output current 

and output voltage referred to primary side and, Po is output power.

Output voltage is obtained as the average o f rectified capacitor voltage is given by:

V'o = \ym\^ch  C O S (C 0 „  X  +  ( |) j  f[-I„2^ch C O S [(0 < , ( x  -  X ^ )  -hhJ-Vdcl^X

-  f[-^m3 ^ch cos[cü„ ( x  -D V pJ  + <J>3 ] + Jdx + ^{-I^^Z^h cos[©„ ( t  -  Xb ) + (j)4  ] + ]dx

+ \i-Im5^ch c o sK  (T: -  2 DXp ) + 4 ,5  ]dx
icnp
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V'o =  (1/Xp){- (/m l I l ) [ s i n ( C 0 o T ^  + ( j ) i )  - S in < j ) i ]  - VjoTa + ( / m 2 l i ) [ s i n ( ( D j > C p  -  (ùo-Za + W - 

sin(j)2 ] + VjJJ>Cp-XA) + {ImzLi)[sm((ùoXB - (ùoDxp + <l>3) - sin<(>3 ] - £>Xp)

- (/„4l-i)[sin(<Bo2Z>C;, -  aJoXff +  (j>4) - smi|)4] + VBc(2Dxp- xs)

- (/m5l'i)[sin(cûoXp - cûo2Dxp + ((is) - sincjis]} (5.70)

5.3.2.2 Boundary Solutions in Steady State for 2 ^ V T - M o d e l

Since the ZV transition interval is short enough, we assumed the inductor current to 

remain constant. Therefore, final value o f interval 5 can still be assumed equal to initial 

value o f interval 1. All the equations are the same as ZVS-Mode with the difference that 

here <j)i > ti and D is reduced so that /li(0) = ẑ:i('Cp) < 0.

5.3.2.3 Boundary Solutions in Steady State for Z V T - M o d e 2

Equations for the end o f interval 5 and beginning o f interval 1 and equations at x = 

and x=  X2  are the same as ZVS-Mode given by (5.65a) to (5.61b).

At the end of interval 3 and beginning o f interval 4 we have

ii\(^Dxp) = 7ncsin((0oDxp + ((13) - I'o = /m4sin(j)4 - (<|)4 > tz/T) (5.71a)

VCp(2DXp)  =  -Im3ZchOOS((ÙoI>Zp +  <(>3) +  Vdc =  -Im^chCOSifA (5.716)

At the end of interval 4 and beginning of interval 5;

îl\('Zb) = /m4sin[©o(tfl - 2Dxp) + (j)4] - I'o = //nsshwjis + I'o, (4)4 > Tz!2) (5.72a)

5.3.3 Steady State relations in Normalized Form
Relations obtained firom boundary solutions are normalized by the following base 

values to be used in general form for design and operational characteristics:

Vb= Vipeakfjnin), Zb= Zch~ (LifCpŸ^, Ib= VblZb, Pb~ V^IZb,

=  cOo =  y(L\CpŸ'^, Tb =  2n/(ùb =  Itc/cOo =  2n(LiCpŸ'^.

5.3.3.1 Normalized Steady State Relations in ZVS-Mode

Equations (5.65) to (5.70) are simplified in normalized form with the base values 

given above. Per unit values of resonant current amplitude in each interval is shown by 

Imkpu (k is the number o f interval).
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/miptisin(()i = I„si^ia[lTdy(\ - 2D ) + ((15] (5.73a)

-/mi/7«C0 S(|)i - Vdcpu= -Im5puCOs[2Tt/y(\ - 2D ) + <j>5 ] (5.736)

Im\puS\n(sùoXAn + <|)i) = L ip u S m ^  - 2P opJM  (5.74a)

-ImXpuCOSQ.niAjy + <t)l) - Vdc = 0; - Vdc = InüpuZchCOS  ̂ (5.746)

Im ^ ^ \2 n ly (p  - XAn) + 4)2] = /m3puSin4)3 (5.75a)

-Im2pifiOS,\2KJy{P - XAn) +4*2] - Vdc = -InûptfiOS^z + Vdcpu (5.756)

/m3puSin[27t/><X5„ - D) +  4*3] = /m4/7uSin4)4 + 2Popu/A  ̂ (5.76a)

-/m3p«COS[27C/XT5„ - D) + 4)3] + Vdcpu = 0; Vdcpu = /m4puCOs4>4 (5.766)

/;„4puSin[27i/X2D - T5 „) + 4)4] = 7m5p«sin4)5 (5.77a)

-T»4p«COS[27[/y(2D - Xg»)] + Vdcpu = -7m5puCOS4)s (5.776)

Converter gain M  (normalized average output voltage) in above relations is given by:

M=y{-I„xpu\smÇ2-KXAn/y+ 4»i) - sin4)i] - Vdcpu'̂ Â y

• /m2pu{sin[(27i/y(7) - x /̂i) + 4*2] - sin4>2} + VdcpuiP - xx„)/y 

■ /m3ptt{sin[27t/y('̂ fl/i - 7)) + 4)3 ] - sin4)3 } - Vdcpu{yBn - D)!y

- 7n4p«{sin[27i/><2£> - xg„) + 4)4 ] - sin4)4 } + VdcpuQ-D - xg»)/y

- /m5pu[sin[27t/y(l- 2D) + 4)5] - sin4)5]} (5.78)

5.3.3.2 Normalized Steady State Relations in Z V T - M o d e l

Relations are the same as ZVS-Mode. The only change is that in ZVT-Model we have

4>i > 7T . -

5.3.3.3 Normalized Steady State Relations in 2 Z V T -M o d e 2

At X = 0, Xa. and xz, relations are same as and xsn ZVS-Mode except that end of interval 

3 is at X = 2D and end of interval 4 is at x = xg. Hence, in above relations, 2D and xg>, 

replace each other. Hence, the equations for ZVT-Mode2 are the same as (5.73a)-(5.78) 

interchanging 2D and xan  wherever they appear in relations.
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5.3.4 Extra relations in analysis for DCVM

When load current is higher than some critical value [9,10], converter operates in 

DCVM. Detailed operation of the DC-to-DC parallel resonant converter in DCVM  is 

discussed in literature [9,10]. For the optimized design of this chapter (Section 5.4.1), 

load current remains below this critical value and converter only operates in CCVM.

A brief discussion of analytical changes in DCVM  operation is given in this section.

Fig. 5.8(a) shows DCVM  tank waveforms for ZVS-Mode (at full load). If  converter 

operates in DCVM, there is an extra interval o f capacitor zero voltage (CZV) between 

intervals 1 and 2 (t^  < t  < t c )  and between intervals 3 and 4 (tb < t  < t c O> shown on Fig. 

5.8(a). Equivalent circuit during CZV  interval is given in Fig. 5.8(b). Usually even if 

converter at full load is in DCVM, in lower loads it goes to CCVM. In CZV intervals, 

output current transferred to primary is higher than resonant current. Hence, when I'o 

changes direction, output current flows through diodes of output rectifier and Cp is short- 

circuited. If DCFMhappens, it brings the following changes in general solutions:

In CZV  intervals, current in inductor changes linearly with a slope o f  (-Kfc/^i) and the 

initial condition of /£i(xa):

/z.i(x) = - { V d J L { ) ( j :  - Xa) + f6i(xx) (5.79)

At the end of this interval, inductor current forms the initial value o f  the next interval, 

which is:

kii-^c) = -(Vdc/Li)(xc - ta) + /£i(xa) (5.80)

(a)

y

*swj

(b)
Fig. 5.8(a) HF waveforms during discontinuous capacitor voltage mode (DCVM) 

operation at full load, (b) equivalent circuit during extra interval o f ZCV.
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For the CZK-interval between 2 and 3, same relations are valid by changing to xg and 

TctO Tc-

In relations (5.12)-(5.18) is substituted withxc and in relations (5.30)-(5.36) xg is 

substituted with xc- At loads lower than transition load, if converter still operates in 

DCVM, the same changes appear in ZVT-Mode (in interval 2, xa is substituted with xc and 

in interval 4 xg is substituted with xcO-

In boundary solutions, relation (5.66a) at the end o f interval 1 and beginning of 

interval 2 is substituted with relation (5.81) below:

/£i(tc) = -{VdJLxXxc -T/0 + /„isin(cùo'Cyi + <|)i) + /o  = /m2sin(j)2 - To = -To (5.81)

Relation (5.68a) at the end o f interval 3 and beginning of interval 4 is also substituted 

with relation (5.82) below:

i L l ( T C ' )  =  ( ^ £ f c / ^ l ) ( T C ' - X B )  +  / m 3 S i n [ C 0 o ( X 5 - Z > X p )  + ( j > 3 ] - I 'o

= /m4sin<|i4+ To = To (5.82)

In normalized steady state relations for ZVT-Model in DCVM, relations (5.86) and 

(5.87) below substitute relations (5.77a) and (5.79a):

-Q.TtVdcpu/y'K'̂ Cn - Txn)+ Im\puSm{2nxAjy + <{)i) =/m2guSin(j)2 - PopJM= -PopJM  (5.83)

(2TcFgcpi/y)('Cc'/i-Tg„) +/m3p«sin[27c/y (xgh -D) +<{)3 ] =/m4pHsin(j)4+Pog«/A/= -PopJM (5.84)

5.4 Design and Operational Characteristics

5.4.1 Design
Boundary solutions for ZVS-Mode at design point and with four intervals in each HF 

cycle is simplified below. In this particular case o f ZVS-Mode (no dead gap, no interval 

5), final values of interval 4 are equated to initial values o f interval 1. With full square 

wave tank input voltage, because of the symmetrical half cycles, in equations (5.73(a))- 

(5.77(b)) we have:

/m l =  /m 3 ; / m 2 =  /m 4  ; <|)3 =  H- <j)i; <J)2 =  TC +  "Cg = ( V ^

Hence, relations for half a  cycle in normalized form are solved. As discussed in previous 

chapters, for minimum THD in front-end DCM boost we substitute the maximum 

possible duty cycle at design point, D„ = 0.5 (which gives Vdc = 2 p.u.):
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/mipi/Sin<j)i = -I„2pusm\lnly (JD - xa„) + (5.85a)

-/mip«cos<j)i - Vdc = Im2puCOs\2n/y{D - ta„) + (j)2 ] + Vdc (5.856)

I„ipuSm(2mAn^y + (|)i) = InOpuSin.  ̂ - 2Por!M (5.86a)

-/mlpr/COS(27lT  ̂!y+ ( j ) i )  - Vdcpu = 0; - Vdcpu = /m2p«COS(f>2 (5.866)

In above relations, = Tx/̂ p shows the time interval xa as per unit o f the HF period x̂ . 

Gain of the converter (output voltage in normalized form) is calculated as the average of 

capacitor voltage and at design point, because of symmetrical half cycles, it is calculated 

for a half cycle as below:

M= ( 2 / y ) { - / „ i p „ s i n ( 2 7 t x x ; / v +  4 » i )  +  / „ i p « s i n ( { ) i  -  Vdcpu-̂Ary 
+  V m 2 p « s i n [ 2 % / y  ( D  -  x x „ )  +  2̂] -  ImipuSiâ + (VdcpJy)(.D -  xa„) ( 5 . 8 7 )

Optimization

In front-end boost converter, optimum is defined by the maximum possible duty cycle 

(Pm = 0.5) for minimum THD. In resonance tank circuit, there are two parameters of 

interest for optimization:

- ZVS o f 5 4  be ensured to the minimum load.

-Total kVA rating o f the resonant components be minimized to reduce the size and cost 

of resonant tank.

In BIPRC, conduction time of antiparallel diode of 1S4  (X32)  increases in low loads 

(unlike BISRC, where this time interval was reduced in low loads and was entered in 

optimization factor). Hence, optimization factor for BIPRC is defined as total kVA per 

kW of output rated power.

Opt. = (TkVA)l(Por) (5.88)

Conduction time o f antiparallel diode of iSi (xi) will decrease with load reduction and 5i 

loses ZVS which is helped by ZVT circuit.

Total kVA Rating: Because of symmetric half cycles at design point (Dm = 0.5), 

absolute summation of kVA in resonant components which defines the size and cost of 

tank components is given by:

T k V A p J P o p u  I  “Z iA p u f " LXjnArms) I  I  Z c p .p u l  Cpjju(nns) I > ^ L \ p u ~ y  > ^C p .p u  ~  l/X 

In non-normalized form, total kVA (TkVA) is written as below:
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TkVA = (Zii + Zcp){A\ l̂(ûoTp)[(ùoXA - ( l/2)sin(2©oT̂  + 2(j)i) + ( l /2)sin2(j)i]

TkVA = (2Zii / Xp)/ J[^ i sin(ffl„ x + ({>1) + /'« f d x  + j { ^ 2  sm[©^ (x - x^) + ({>2 ] -  /'<,f(/x 
\  0

/ t .  \
+ (2Zq, /  Xp )/ J [ 4  sin(©„ x + ̂ i ) f  dx + J { ^ 2  s in K  (x -  x^) + ̂ 2  ] fdx

+ (Zl\ +Zcp)(A2 /(ùoXp){(ûoiT)Xp-XA)-{\l2 )sm\l(ùo{Dxp-XA)+2 ^ ]  +(l/2)sin2(j)2}

+ (4/'oZii î/©oTp)[-COS(©o'C  ̂+ <j>l) + COS(|)i]

- Art^L\A2l(ÙoXp){-COS[(ÙoiDXp - Xx) + <j)2] + C0 S(j)2 } +  1DZl\1'o (5.89)

With defined base values and substituting lopu = PopJM, m̂ Xp = 2n/y, ©̂ Xx = 2nxAjy, it is 

simplified as:

(TkVA)pu = Imipt^iy-^ l/y)(yl2-K)\2TiXAjy - (l/2)sin(4Tcxx»/y + 2(J)i) + (l/2)sin2(j)i]

+Im2pu(y+ yy){yl2n){(2.Tz/y)(D - x a „) - (l/2)sin[(47r/y)(D - xx»)+2((i2] +(l/2)sin2(j)2}

- {2lTZ)I„\pJPopJM)[-COsÇlTlXAjy + <j)l) + COS(J)i]

+  Ç2lii)Imipu{PopJM){-cos[(2idy)(J^ - xa„) + ((>2 ] + cos(j)2 } + {2D/y){PopJMf

(5.90)

Design example: Specifications o f the converter designed are:

Input: 60 Hz, 3 -0  system with a rated line-to-line rms voltage of 120 V having a 

variation of 96 V to 138 V rms.

Output power, Pq= 500 W.

Load voltage, Vo = 48 V.

Switching firequency,^ =100 kHz.

As discussed in Chapter 4, base values depend on the design point and design 

optimization cannot be judged on per unit values. Hence, the five equations of design 

(5.S5a,b), (5.86a,6) and (5.87) are solved numerically by MATHCAD. Design curves 

converted to actual values as well as optimization curve versus gain are given in Fig. 5.9.
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Fig. 5.9 Design curves for Boost Integrated Parallel Resonant Converter, (a) Peak of 
resonant current, (b) Peak o f voltage across resonant capacitor, (c) Value o f resonant 

inductor, (d) Value o f resonant capacitor, (e) Per unit output power, (f) Conduction time
o f  antiparallel diodes (xi). (continued)
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(TkVA/kW, defined as optimization factor), (h) Magnification of optimization curve

around the minimum point.

As observed in optimization curve, the lower frequency ratio (y — f j f ^  gives a better 

optimization point. Nevertheless, to ensure above resonance operation, y  = 1.1 is chosen. 

Minimum point o f this optimization curve is at gain value Mmax =1.5 , which is accepted 

as the design point. With this optimized design point, resonant tank only operates in 

CCVM  and all the operational relations of CCVM are valid. Based on the design curves 

the following design data is obtained at the optimum point: L\=  163.5 pH, Cp = 18.7 nF, 

Ppu -  2.56 pu, IlKpeak) = 3 A, Vcp(peak) = 815.3 V, total kVA rating of resonant components 

= 2 kVA, Conduction time of antiparallel diodes at design point is ti  = T3 2  = 0.86 psec.

Base values are given by: = VipeakOnm) = 135.7 V, Z* = (Li/Cp)‘̂  = 93.51 Q, h  =

Vf/Zb, = 1.44 A, Pb = 195 W.

HF transformer ratio, n = 1.5*135.7/48 = 4.2. Also, at optimum point, the coo = (2nfs)/y 
= 571 krad/sec. Following values were also obtained from the MATHCAD program: za = 

2.77 psec, Xb = 7.77 psec.

Components of the Zero  Voltage Transition Circuit:

Ct and Lt define the resonance transition peak current Ip.t and the ZVT time interval given 

by (5.49X5.50).

T, > L t I J V d c  + ( j l / 2 ) i L t C t Ÿ ' ^  +  I p J ) fV d c

W (z /c ,) '^
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Ct is the snubber capacitor to limit turn-off loss and its selected value is 4 nF.

To limit Ipj to less than 3 A with Vdc ~  2 p.u. = 271 V, we choose:

Zch-t = = 100 Q, X, = 40 pH.

5.4.2 Operational Characteristics

For the designed converter, normalized steady state relations in ZVS-Mode, ZVT- 

Model and ZVT-Model are numerically solved by MATHCAD software. Transition 

points between modes are also calculated. The three mode sections of each operational 

curve are shown on a single diagram changing load from 10% to 100% and input line 

voltage at minimum, rated and maximum value. Fig. 5.10 shows diagrams o f important 

parameters of the converter versus output power in per unit. Transition between ZVS- 

Mode and ZVT-Model happens when = tr which gives the following parameters:

- At minimum input voltage: Popu = 2.02 p.u., 5 = 0.97, D =0.408, P* = 1.725 pu, xb„ = 

2D = 0.69, =0.19.

- At rated input voltage: Popu = 2.75 p.u. > rated power and converter never enters ZVS- 

Mode.

- At maximum input voltage: Popu = 3.38 p.u. > rated power (2.56 p.u.) and converter 

never enters ZVS-Mode.

Transition from ZVT-Model to ZVT-Model is when XBn = 2D and other parameters are:

- At minimum input voltage: Popu = 125 p.u., Ô = 0.827, D = 0.296, Vdc = 156 p.u., xpn 

= 2D = 0.6, T̂ „ = 0.1.

- At rated input voltage: Popu = 1.55 p.u., 5 = 0.7, D =0.278, Vdc = 2.07 p.u., xsn = 2D = 

0.556, XAn -  0.06.

- At maximum input voltage: Popu = 1 .8  p.u., 6 = 0.628, D =0.267, Vdc = 2.52 p.u., Ta„ = 

2D = 0.535, xa„ = 0.04.

In Table 5.1, computed values o f these parameters are presented at minimum, rated 

and maximum input voltage and, for 100%, 50% and 10% load, respectively.
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Fig. 5.10 Operational characteristics for the Boost Integrated Parallel Resonant Converter 
versus output power (rated output power is 2.56 p.u.). (a) Conduction factor (ômor). (b) 

Duty cycle (D). (c) Peak current o f resonant inductor, (d) DC bus voltage, (e) Time 
interval t i  per unit o f HF period, (f) Time interval T3 2  in per unit o f HF period.

(continued)
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Fig. 5.10 (continued) (g, h) Time intervals xa and Tginper unit o f HF period (change o f

capacitor voltage polarity).

Table 5.1 Theoretical actual values o f B I P R C  parameters at minimum, rated and 
maximum input voltage for 100%, 50% and 10% load, respectively. Base values o f 

current and voltage are: K* = 135.7 V, /* = 1.44 A and P* = 195 W. Output voltage is
regulated on Vo =1.5 pu.

Input
voltage

Vimfn = 96 V rms 
M =  1 . 2

f̂ lrate<f= 120V H U S  

M =  0.96
V i^ =  138  ̂

M =  0.83
/  rms 
4

Load 1 0 0 % 50% 1 0 % 1 0 0 % 50% 1 0 % 1 0 0 % 50% 1 0 %
D 0.5 0.31 0.192 0.4 0.26 0.178 0.35 0.23 0.15

^max 1 0.85 0.43 0.835 0 . 6 8 0.34 0.78 0.57 0.28
V dc V 271 213 258 296 264 339 353 325 406

• IlAmca A 3 2.7 5.5 2 . 2 3.1 6 . 2 3.6 3.7 6.9
• •  X [ /X p 0 . 1 •  •  • •  •  • •  •  • •  •  • •  •  • •  •  • •  •  •

X 3 2 /X 0 0.085 0.089 0.142 0.087 0.093 0.14 0.09 0.094 0.137
*• X p g /X p » •  • 0.13 0.32 0.04 0.19 0.42 0 . 1 0 . 2 2 0.45
*** X x /X p 0.3 0 . 1 0 2 0 . 1 1 0.19 0.08 0 . 1 0.14 0.06 0.09

Mode o f 
operation

ZVS-
Mode

ZVT-
Model

ZVT-
Mode2

ZVT-
Model

ZVT-
Mode2

ZVT-
Mode2

ZVT-
Model

ZVT-
Mode2

ZVT-
Mode2

* In each case to enter iLimax in table, value o f tank current at x = Dxp (which is: /m3 sin(|)3 ) 
and at X = 2Dxp (which is /m5sin<j>5) are compared to the resonant peak currents (Jmz and 
Im4r). Whichever happens in that interval, is accepted as the peak o f tank inductor current.

** To calculate time intervals xi, X3 2  and Xps the following relations are used:
( T i / x p )  =  ( t c  - < ( > i ) ( y / 2 7 c ) ,  ( x s z / x p )  = ( 2 t c  -  ^2)(y/2n), (Xps/Xp) =  1 - 2D - ( t c  - ( j > s ) ( y / 2 T c )

Using x^/xp in each case, we can calculate xg/x  ̂= xx/x  ̂+ 0.5 (not given in table).
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5.5 PSPICE Simulation

PSPICE simulation is done to confirm the theoretical results of analysis. As done in 

Chapters 3 and 4, to save disk space and computation time, simulation is done for a 

redesigned converter with an operating firequency o f 10 kHz (10 times less). Hence, in 

simulation circuit all the reactive components are scaled 10 times larger as below. 

Parallel resonance capacitor is transferred to the secondary o f HF transformer and input 

boost inductors are reduced by a typical efficiency of 85%:

CV=(18.7nF)(10)(4.2)2=3.3 pF; Z, = (163.5)(10) = 1635 pF; Z« = (4S.6)(0.85)(10) = 380 pF

Snubber capacitors and ZVT components are not changed because they are sufficient 

for the reduced firequency condition.

Samples o f simulation waveforms at minimum input voltage are presented in Fig. 5.11 

for (a) full load and (b) 10% of rated load. Figs. 5.12 shows the same loading results with 

maximum input voltage. In Table 5.2, simulation readings for important parameters of 

converter are summarized. Simulation waveforms confirm that unlike converters of 

previous chapters, here there is no risk o f losing ZVS for S4 because conduction time of 

antiparallel diode increases at low loads. The advantage o f lower peak currents in tank 

and in devices (compared to the AC-to-DC converter of Chapter 3) is same as the 

converter o f Chapter 4 with series resonant tank. On the other hand, disadvantage of 

increased DC bus voltage in lower loads is reduced. O f course as observed in operational 

characteristics, for loads lower than transition to ZVT-Mode2, DC bus voltage again 

increases which will not be as high and risky as the converter o f Chapter 4.

5.6 Experimental Results

A 500 W prototype model of this converter with the specifications in design example 

(same ratings as the previous chapters) is built in laboratory (using the available HF 

transformer turns ratio = 16:7):

Lin  =  38 pH (considering the typical efficiency of 85%), resonant inductor L \  = 163.5 

pH (including transformer leakage inductance), and the parallel resonant capacitor Cp = 

100 nF (placed on the secondary side).
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Table 5.2: Simulation results o f BIPRC at minimum, rated and maximum input voltage, 
for 100%, 50% and 10% load, respectively. Output voltage is regulated at V'o = MVipeak=

203.5 V.

Input
voltage

V\min — 96 Vnns 
M =1.2

VlraieJ- 120 Vnns
M =0.96

V\max— 138 Vnns 
M =  0.835

Load 100% 50% 10% 100% 50% 10% 100% 50% 10%
D 0.49 0.28 0.16 0.39 0.25 0.15 0.35 0.23 0.13

^max 1 0.73 0.4 0.8 0.57 0.31 0.7 0.54 0.26
Vtfo V 268 238 210 312 287 300 363 330 345
VcptbeaiJ V 380 350 360 385 350 375 390 387 380

ItXmax A 4.5 4 4.2 5 4.3 4.5 5.5 5 4.2
Xl/Tp 0.15 • • • • • • 0.03 • • • V • • J5S0 • • •

0.14 0.11 0.13 0.13 0.11 0.14 0.113 0.12 0.125
0.27 0.11 0.07 0.16 0.05 0.03 0.12 0.07 0.045
0.76 0.65 0.55 0.63 0.53 0.51 0.61 0.55 0.52
• • • 0.095 0.18 wO 0.15 0.18 «0 0.138 0.22

Mode o f 
operation

ZVS-
Mode

ZVT-
Model

ZVT2-
Mode

End of 
ZVS

ZVT-
Mode2

ZVT-
Mode2

Start o f 
ZVTl

ZVT-
Mode2

ZVT-
Mode2

The MOSFET MTM 15N50 (15 A, 500 V, 0.4 O) is used as the main common switch 

and MOSFETs BUZ 45B (10 A, 500 V, 0.5 Q) are used for the other three switches of 

the bridge. For the auxiliary switch St, IRF830 (4.5 A and 500 V, 1.3 Q) is used. 

Switching frequency is 100 kHz and the gating signals are realized by  two synchronized 

UC 3824 ICs. Table 5.3 gives some of the experimental results. Fig. 5.13 shows some of 

the experimental waveforms obtained at minimum input voltage (96 V  rms) for (a) full 

load and (b) 50% load. These waveforms are repeated in Fig. 5.14 with rated input 

voltage (120 V rms).
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Fig. 5.11 Waveforms obtained by PSPICE simulation for BIPRC with minimum input
voltage (96 V rms); (a) at full load, (continued)
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Table 5.3: Experimental readings for Boost Integrated Parallel Resonant Converter at
specified input voltages and loads.

Line voltage 
V (rms)

Load D ^m ax Vdc
V

I I I  (peak)
A

Mode of 
operation

96 Full load 0.48 1 275 4 ZVS-Mode
96 50% load 0.3 0.74 245 3.2 ZVT-Model
120 Full load 0.35 0.83 310 4.2 ZVT-Model
120 50% load 0.26 0.6 285 3.5 ZVT-Mode2

Experimental waveforms match reasonably with the results obtained in PSPICE 

simulation and the theoretically predicted values. In ZVT-Mode, tank negative current 

through £ > 2  at the beginning o f each HF cycle (Jzo) which should be transferred to the 

auxiliary circuit does not go more than 2 A. The calculated transition time (t,) is 1.6 psec, 

whereas experimental results showed that even 1 psec is more than enough.

In the analysis of auxiliary ZVT circuit, effect of reverse recovery in antiparallel diode 

£ > 2  is neglected which in practice should be considered. If  MOSFET switches with slow 

internal diodes are used, it is preferable to bypass the internal diode of switch S2 and use a 

fast-recovery external diode.

5.7 C onclusions

In this chapter, integration o f DCM boost with parallel resonant tank {BIPRC) in off­

line application was presented which reduces high gain in lower loads, while making use 

of some good performance characteristics of parallel resonance. The converter is 

analyzed using state-space approach. General solutions and steady-state boundary 

solutions have been presented. Design curves have been obtained and the design 

procedure was illustrated using a design example o f a 500 W converter.

DC bus voltage remains much less than the BISRC at reduced loads and there is no 

risk o f high switch voltage. Hence, lower voltage rating MOSFET switches for high- 

switching firequencies can be used. On the other hand, peak current through the tank 

inductor and the switches does not decrease with the load, a typical characteristic of a 

PRC [8-10]. Analytical results and waveforms are confirmed by simulation and 

experimental results.
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Fig. 5.13 Experimental waveforms (gating signals and switch voltages for SWl and
S W4, and resonant current, iiO  for BIPRC  designed in Section 5.4, with minimum input

voltage (96 V rms): (a) at full load, (continued)
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Fig. 5.13 (continued). Experimental waveforms (gating signals and switch voltages for
SWl and SW4, and resonant current, ia )  for BIPRC designed in Section 5.4, with

minimum input voltage (96 V rms): (b) at 50% load.
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Fig. 5.14 (continued). Experimental waveforms (gating signals and switch voltages for
SW l and SW4, and resonant current, Il\) for BIPRC  designed in Section 5.4, with rated

input voltage (120 V rms): (b) at 50% load.
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Chapter 6

Conclusions

This chapter summarizes the contributions and the results of this thesis. In Section 6.1 

contributions of this thesis are outlined. Section 6.2 gives a summary and performance of 

the four different 3 -0  AC-to-DC converters discussed in Chapters 2 to 5. A comparison 

between their advantages and disadvantages are presented. Some suggestions for future 

work are given in Section 6.3.

6.1 Contributions

The major contribution o f this thesis is to propose novel configurations for three-phase 

single-stage AC-to-DC, soft-switching, HF transformer isolated converters with PEC and 

low harmonic distortion. A new gating scheme is introduced to obtain soft switching in 

ftill bridge DC-to-DC converters. This proposed new gating scheme allows to integrate 

the DCM boost converter with the DC-to-DC bridge converter. Detailed analysis, design, 

PSPICE simulation and experimental results have been presented for all the proposed 

converters. The proposed converters achieve natural PEC with low line-current harmonic 

distortion without any complex control circuit.

As concluded from the literature survey o f Chapter 1, very little work has been done 

on three-phase, single-stage AC-to-DC, soft-switching, HE transformer isolated 

converters with PEC. Most o f  the papers published so far in this field are missing either 

soft-switching, HE isolation or PEC. This thesis has attempted to include all these 

important features.
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6.2 Sum m ary and perform ance o f the new  converters 
proposed in th is thesis

A half-bridge, single inductor PWM converter integrated with a front-end 3 -0  DCM 

boost was proposed in Chapter 2. Complementary gating scheme used for the two 

switches, applies unsymmetrical voltage across the input tank and HF transformer 

terminals which brings necessity o f using DC blocking capacitors on primary and 

secondary sides o f HF transformer. Current in tank inductor increases linearly and at the 

instant o f  turn-off o f the switches, current has reached its peak value. This converter was 

analyzed and HF waveforms were obtained theoretically by the general solutions. Steady 

state relations and optimization factor were derived and used for the design example. The 

theoretically predicted parameters o f operation were confirmed by PSPICE simulation as 

well as experimental waveforms from a prototype model built in the laboratory. As the 

main common switch which controls the duty ratio of the boost converter loses ZVS in 

low loads, an auxiliary ZVT circuit was suggested (Section 2.9) to ensure lossless turn on 

of this switch. Satisfactory operation o f this circuit was confirmed by PSPICE simulation 

waveforms in low loads. Advantages o f the converter in Chapter 2 are:

1) It uses only two switching devices.

2) A simple complementary gating scheme which can be realized by existing ICs.

3) Output diodes tum-on with low di/dt and their voltage is clamped to the output 

voltage.

4) It satisfies all the goals o f  this thesis, HF transformer isolation, soft-switching, 

naturally reduced THD and improved PF.

Disadvantages are:

1) Unsymmetrical voltage across the HF transformer and the DC blocking capacitors

on primary and secondary o f the HF transformer.

2) Increased size, cost and transient response time because o f the DC blocking 

capacitors.

3) Higher peak current in switching devices compared to their average and rms 

currents.
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To overcome disadvantages o f the converter in Chapter 2, bridge conjRguration o f the 

DC-to-DC converter with symmetrical voltage across the tank and HF transformer 

terminals is suggested in Chapter 3. The conventional phase-shift gating scheme, which is 

usually used for pulse width control o f bridge DC-to-DC converters, could not be used 

for on time control o f the boost stage as well as the DC-to-DC converter. Therefore, a 

new gating schetne with complementary gating pulses for the bridge was proposed and its 

realization was discussed (Section 3.2). Section 3.3 of Chapter 3 was devoted to 

application o f this new gating scheme in a bridge DC-to-DC converter to understand its 

modes and intervals o f operation. Steady state analysis and theoretical predictions were 

confirmed by PSPICE simulation and an experimental converter. In Section 3.4, the 3 -0  

AC-to-DC converter as a combination o f 3- O DCM boost with a bridge DC-to-DC 

converter using the new proposed gating scheme was proposed which satisfies all the 

goals o f this thesis. Advantages are:

1) Symmetrical voltage across the tank and HF transformer.

2) HF transformer isolation.

3) Output diodes tum-on with low di/dt and their voltage is clamped to the output 

voltage.

4) PFC and low harmonic distortion on line current.

5) Zero-voltage tum-on of all switches at full load. Three switches maintain the soft

switching to the minimum load. The main switch, which loses ZVS in lower loads, 

is helped by a ZVT circuit and meanwhile its complementary switch gains ZCS as 

well as ZVS.

Disadvantage is that because o f  linear current change, it still suffers from high peak 

current at the instant o f switch tum-off and a high di/dt in switching devices.

In Chapter 4, instead of single inductor linear current tank, bridge converter with a 

series resonant tank is integrated with the DCM front-end boost, called as BISRC. 

Resonance sinusoidal current in the tank helps a lower current in switch at tum  off. 

General solutions and steady state boundary solutions are used to derive design relations 

and operational characteristics. The capacitive output filter of the series resonant 

converter introduces a voltage source load similar to the converter of Chapter 3 and 

resonant tank current operates in discontinuous mode in low loads. Design example with
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the same ratings as the previous chapters show lower peak currents in components and an 

increased bus voltage in low loads. Simulation and experimental results confirm the 

theoretical work.

Advantages o f this converter are:

1) All the advantages o f the converters in Chapters 2 and 3 (natural PFC and low 

harmonic distortion, HF transformer isolation and soft switching o f devices).

2) Lower peak currents in components and reduced dUdt in tum-off because the 

current at the instant o f tum off is less than the peak.

Disadvantage is increased DC bus voltage in low loads.

Converter o f Chapter 5 (BIPRC), integrates a parallel resonant converter with the 

DCM boost. Because o f the inductive output filter, its behavior is different from the 

converter o f Chapters 3 and 4 and resonant current in tank remains continuous and goes 

negative. Design of the ZVT circuit for the main switch in this converter is very 

important and should be done carefully. Analysis and design in this converter are 

presented and theoretical results are confirmed by PSPICE simulation and experiments. It 

has all the common advantages o f the other converters introduced in this thesis, natural 

PFC by DCM boost stage, HF isolation and soft switching of the switching devices. 

Furthermore, peak current o f switching devices at tum off is low due to the sinusoidal 

resonant current. The increase in DC bus voltage at light loads is much lower compared 

to BISRC. But the disadvantage is the tank current does not decrease with the load.

6.3 Future w ork

The new proposed gating scheme for the bridge in Chapter 3, opens a prospective 

future for a group of DC-to-DC, AC-to-DC, single-phase and 3 -0  converters. It gives • 

symmetrical voltage waveform, which can be used in HF transformer isolated converters. 

It also provides a good condition for soft switching. Integration of a front-end boost 

converter as a natural PFC stage with the DC-to-DC converter combines good features of 

both. The integrated converter, based on the characteristics o f the DC-to-DC converter, 

shows different advantages and disadvantages. Comparison between advantages and 

disadvantages o f each show that resonant type converters compared to the linear current 

converters can reduce the high peak o f current at switch tum off. A boost integrated
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series-parallel resonant converter has to be investigated in the future. This converter 

should have better performance characteristics compared to BISRC and BIPRC. This will 

give the first step o f improvement in operation of these type converters. Large signal and 

small signal analysis o f the proposed converters are not given and should be done in the 

future to operate the converter in a closed loop. Further work also should concentrate on 

investigating new combinations of converters operating with this gating scheme.
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A ppendix A

Derivation of Power Relation in 3 -0  DCM Boost Converter

In DCM operation o f the boost inductors, fundamental o f line current is the average of 

input HF switching currents. Figure A.1 shows the 3 -0  input boost DCM currents in the 

three different modes of operation. For phase A in Mode HI which is used for design, the 

peak of triangular HF switching current (at x = Dxp, ia = iam) is calculated (in normalized 

form) as below:

■am

■an •an "

Dx,Dx,Dx,

Fig. A. 1 HF switching currents in 3 -0  input boost inductors and the dead-time Xg in 
conduction o f input bridge rectifier, (a) Mode I. (b) Mode H. (c) Mode HI used for design.

^ la p u (jl)  !mpû OS (Ù/ti 4zyn/w(l - Xgpu)/2 (A. 1)

In charging interval o f boost (yipu+^2 ipu — D), boost inductor current in phase A increases 

to iampu y we can write (V ^ p u  = VipeakpJ^):

LifxpU'^atnpJ  ̂ C^* )̂
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Substituting iampu from (A.2) in (A.1) line current in phase A at r = /i is derived as:

hapu(JÙ  { V i p e a k p i J - Xgpj^DK^Linpt  ̂ (A.3)

For the other two phases, same relations are valid with 120 degrees phase shift in 

At mh=n/6 (mode HI, for design), Ô =  ô^tc (or Xg =Xgm,„) and above relations (substituting 

cosaiti = Vs/2) are written as:

( / " ^ I m p u  ^ampufnJ6) ^ m a x / ^  (A 4)

Linpu- ̂ ampuftt/6) ^IpeakptJ'^ (■ •̂ )̂

^mpu ~ (J^lpeakpu/ VS ) ̂ m axD /(^J^inpu) (A.6)

The total three-phase input power (constant for the whole line cycle) in unity power factor

operation of the converter is defined as:

?3* = 3(F^V 2)(/jV 2) =  (3/2) Vmlm (A.7)

Substituting (A.6) in (A.7) we have:

P z^pu  ~ (Vlpeakpu)^D hm ax/{.^L inpu) (A.8)
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Appendix B

Derivation of Time Independent Steady State Relations in DC- 

to-DC Part of Double Switch Converter of Chapter 2

Time intervals from (2.53)-(2.56) can be shown as:

T lp u  L \ p u l A p u ^nuD^ (B.l)

"̂ 2lpu Lipitlspu ~ ^mccj (B.2)

T'32pu L Xpt̂ Bpu !( ̂ dcpu ~ ^Cpu (B .3 )

“̂pipu L\pulApu f{}̂ dpuc ~ ^Cpu~ ^max) (B.4)

Substituting time intervals from (B.1-B.4) into relations (2.57) we get:

ÂptĴ Bpu ~ (S2\pu '̂ p3pu) (B.5)

J-A p u U sp u  ( J s p iJ lA p t^  [ C ^ C p u '^  ^ m a x ) (J '^ d c p u  ~ ^ C p u ~  ^ m a x ^

IliVcpu - MmadiVdcpu ~ Vcpu + Mmrc)] (B-6)

( jA p iJ ^ B p u )  ï .(J ^ C p u ~ ^  ^ m a x ) i j ^ d c p u ~  ^ C p u ~  -̂ l̂ max)]
/ [ (  Vcpu - Mmax)( Vdcpu "  Vcpu +  Mwzz)] (B. 7)

Substituting time intervals from (B1-B4) and i j s p i ^  from (B.7) into (2.58) we get:

ôpu Popu /^max P lpu(jAptt) • C1 /( ̂ Cpu ^max)

+ l/(K/cpu - f̂ Cpu - Mnax)] (B.8)

Substituting time intervals from (B1-B4) into (2.59) and using (2.61) we get:

V c p u  l ^ c p u ( l " - ^ )  ^ m a x 'L \p t^ lB p u /( J ^ C p u  “  ^ m a x )  ^B pu^Ç J^dcpu  ~ ^ C p u  ^ m c o ^

- lApJiYcpu ^max) ~ J-ApJ^dcpu ~ ^Cpu ~ A/max)] (B.9)

(B.l) and (B.2) are substituted into (2.60), and (B.3) and (B.4) into (2.61) to get:

hpJiVcpu + M m coc + hpu/iVcpu - Mnax) = D / L \ p u  (B. 10)

IdpJiYdcpu ~ Vcpu ~ ^max) iBptJiVdcpu ~ Vcpu Â mar) ~ (l"^)/^Ifu (B.l 1)

Relations (B6)-(B.lO) are the same as (2.62)-(2.66).
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A ppendix C

Current Rating of Devices in Double Switch Converter of 

Chapter 2

Average rating o f each device is calculated by integrating HF switching pulses during a 

7t/6 interval of the line cycle.

R.m.s. and average ratings of switching devices are defined as below:

/ 5 l ( n « ) =  { 6 / t c | '  |^l/Xp^/^Si(x,Ü),Oi^tJcfa>,f} (C.l)

{x /6  t ,  1

J[I/xpJ/o,(T,û),r)(iT]G?co,r| (C.2)

/5 2 (n m )=  { 6 / j c £  ( C . 3 )

/d2(ov) =  ( 6  /  7 t)j ^ \\l  XpyD2{x,(ù,t)di]fi(ù,t\ ( C . 4 )

r*/2 V 1
/ D w ( o v ) = (2 / 7t)| j [1 / Xpya(z,(ù,t)dx\i(ù,t\ (C.5)

To find average and r.m.s. current o f each device, numerical discrete time method is 

used. Area under each current waveform and, average and r.m.s. current in each device is 

calculated by MATLAB programming. Averaging is done over enough HF switching 

periods to cover entire area of it/6 line cycle. Current ratings of each device in per unit are 

presented in Table 2.3 o f Chapter 2.

Average current o f each input rectifier diode needs integration of input HF switching 

current of each phase during a n il  period o f line cycle. As in the 3 -0  rectifier, every id6
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interval o f the line cycle is in phase sequence and symmetrical, average current of each 

diode during a 7t/2 period o f line cycle can be substituted by averaging the currents of 

three conducting input diodes during the same tc/6 period o f the line cycle.

Average current of input rectifier diodes, given in Table 2.3 for ti/2 interval of line 

cycle is calculated as the total average o f current in three conducting diodes {Da\, Dbi and 

Dc2) in each tU6 o f the line cycle.

Average current of input rectifier diode Dai for 0 < ©/ti < tc/ 6 . / n a l ( a v ) =  1 . 0 0 1 5  p . u .

Average current of input rectifier diode Dbi for 0 < ©/ti < tc/ 6 . ^Db2(av) — 0.2046 p.u.

Average current of input rectifier diode Dczfov 0 < ©A< n/6. ^Dc2(av) ~  0.7969 p.u.

Average current o f output rectifier diodes is simply calculated from output power and 

output voltage:

hout{,av) = niA (T i - I -  X p3)/(2Tp) = ( \ / 2 ) P J V o  = P J { 2 M V ip e a k )  ( C . 6 )
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Appendix D

Calculation of Capacitors in Double Switch Converter of 

Chapter 2

D .l DC Link Capacitor

In each HF cycle, during boost charging interval, (Dxp), Cdc is not connected in the 

circuit and there will be no change in its voltage. During boost discharging interval, (1- 

D)tp, Cdc is first charged up by the current through diode and then is discharged by the 

current through switch S^. For the line interval 0 < coiti < tc/6, electric charge entered Cdc 

in each HF cycle is higher than the electric charge exiting it and its voltage increases (Fig. 

D .l) with the low rate o f  the low firequency ripple, AF* •

Dr, T,
>0 (D.l)

By the MATLAB programming, total charge difference, AQdc for 0 < cû//i < tz/6 is 

numerically calculated in per unit (area under current plot) as AQdc = 2.38 p.u. Assuming

a maximum ripple o f  AVdc = 0.05 p.u., the DC link capacitor is given by:

Cdc ~ AQdJA Vdc

Fig. D .l: Vdc and the HF ripple modulated on 

360 Hz ripple o f  3 -0  rectifier output. A Vdc n __

D.2 DC Blocking Capacitors
The volt-second balance on the secondary o f HF transformer gives:

(K  - Fc2)(ti + Tps) = (K  + Fc2)('^2i + "[3 2) (D.2)

At full load, D  = 0.5 and = Ib, firom (2.64) we have:

( t i  +  Xpa) =  ( t 2 i +  X32) = (D.3)
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According to (D.2) and (D.3), at full load Vc2  ~  0- When the load decreases, Vci will 

achieve negative magnitude to cancel out unbalance effect of the secondary voltage. At 

design point Vci = Vc and Ci can be calculated by its restricted HF peak-to-peak ripple 

voltage AFci as below:

C[ = /XXI+Tp3)/(2AF'ci) (D.4)

C2  can be calculated by restricting its peak-to-peak ripple voltage AVci with respect to the 

DC output voltage:

C2=«/Xxi+Tp3)/(2AF;2) (D.5)

D.3 Output Capacitor Filter

Current on the secondary side o f HF transformer (Fig. D.2) is decomposed to the load 

DC current (lo) and the triangular ripple current (I'co) with twice switching frequency 

through the filter capacitor. At full load, = -Is. Restricting output peak-to-peak ripple 

voltage to AVg, filter capacitance Cg is calculated as below.

io =  I o + i c o -
. ^
ICo

i
lo

Fig. D.2 Representation o f DC component and the ripple of output current:

Average output current is given by:

lo =P</Vo= [«//i(xi + Xp3 ) + nlB(Z2l + X32)]/2 = hIa/ I  (D.6)

Ripple current through capacitor Cg is of twice switching frequency (2fs) and relation 

between electric charge and ripple voltage (A V o )  across Cg is:

(l/2)(«/y2)(Xp/4) = C g ( A V o )  (D.7)

Output filter capacitor is given by:

Cg = nlA/{\6fsAVo) (D.8)
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Appendix E
Derivation of Steady State Boundary Solutions in TI-CCM  and 

TI-DCMfor Boost Integrated Series Resonant Converter

A) Derivation in T I -C C M '.

From (4.9) and (4.37), equating inductor current at t = 0 and t =

iii(O) = /z.y(Tp) = /misin(j)i = 7;„5sin[cOoTp(l - 2 D ) + <()5] (E.la)

From (4.10) and (4.38) equating capacitor voltage at t = 0 and x=

VCi(O) = V C i(X p) = -/„iZcACOS<()i - Vdc- V'o = - Im5ZchCQS[(ÙoXp{\ - 2D ) + <j)5] - V'o

=> I m iZ c h C O S ^ i + V dc =  Im 5 Z c h C O S \(Û o 'lp i\  -  2 D ) + (j)s] (E. 1 b )

Inductor current at the end of interval 1 (4.11), and beginning of interval 2 is zero 
which gives:

i n(T|) = /misin(ffioXi + (j)i) = 0 => ©oti + (j)i = 7t (E.2a)
Equating capacitor voltage at the end of interval 1 (4.12), and beginning of interval 2 

(4.16), gives: (substituting oDoTi + (j)i = ti)

VC5("̂ l) Ĉsipeaki-) Im\Zch ~ Vdc ~ V g IrnilZch ~ Vdc Vq 

=> Im x Z c h  - I m lZ c h  =  2 V 'o  (E.26)
Equating inductor current at the end of interval 2 (4.17), and beginning of interval 3

(4.22), gives: (substituting cOqTi = ti - (|)i)

iuiyi) = - /m2Sin[COo(Z>Cp - Xi)] = 7m3Sinij)3

=> /„2sin(cOo7>Cp + <t)i) =/m3sin<j)3 (E.3a)
Equating capacitor voltage at the end of interval 2 (4.18), and beginning of interval 3

(4.23), gives: (substituting ©o'Ci = ti - (j)i)

V C 5(T 2) =  ImlZchCOS[(Ùo(J0np -  X i ) ]  -Vdc + V'g =  -  I,„3 Zc/,COS(f)3  + Vdc+ V'o

—̂ -  ^ m 2 Z c /iC O S (^ o D X p  ~i~ <^l) — 2Vdc-  7/n3Zc:yiCOS<j)3 (E.36)
Inductor current at the end of interval 3 (4.24), and beginning of interval 4 is zero which 
gives:

f 6l ( T 3)  =  -  /m 3 S in [ C D o ( X 3 - £ ) X p )  +  <|)3] =  0

= >  (D0X3 -  cùoDxp +  (|>3 =  2 t i  ( E .4 a )
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Equating capacitor voltage at the end o f interval 3 (4.25), and beginning of interval 4

(4.29) gives: (substituting cOo'Cs - 0 )oDTp+< (*3 =2%)

VC;(T3) =  -In iiZ ch  +  Vdc +  V 'o =  -  ImAZch +  K/c - V 'o

=> IrnzZch - !m^ch ~  2 V'o (E.46)

Equating inductor current at the end o f interval 4 (4.30), and beginning of interval 5 

(4.35) gives: (substituting ©0X3  = 27t + cOoZ>tp - (j)3 )

f 6 l ( X 4 )  =  /m 4 S i n [ ( 0 o ( 2 Z>Xp -  X3 ) ]  =  /m 5 S in ( j )5

=> /„4sin(cOoZ>Tp+<{)3) = /„ 5 sin(|)5 (E.5a)

Equating capacitor voltage at the end o f interval 4 (4.31), and beginning of interval 5 

(4.38) gives: (substituting OJ0T3  = 2ti + (OoDxp - <j>3 )

V o ( X 4 )  =  - I „ 4 Z c h C O S [ ( O o ( 2 D X p  -  X3 ) ]  +  V ^  -  V 'o =  -  I „ s Z c h C O S ^ 5  -  V 'o

=> I„4ZchC0S((ÙoDXp + (j)3) - ImsZchCOS ŝ = F* (E.56)

B) Derivation in T I - D C M :

Inductor current at the end o f  interval 2 (4.47) and beginning o f interval 3 (4.22) gives: 

ï/.i(x2 ) = -Im2sin((ùoDTp) = ^ 3 si# 3  (E.6 a)

Capacitor voltage atX2 = Dxp (end o f interval 2 (4.18), and beginning o f interval 3 (4.23)):

Vo(X2) =  ImlZchCOSiçùoDXp) - F *  +  V'o = Vdc +  V'o - /m3ZcACOS(j)3

— ^  7 / n 2 2 c ^ C O S ( C O o Z ) T p )  "1" In i iZ c f iC O S ^ 'i  2  V d c  ( E .  6 6 )

Inductor current at the end of interval 3 (4.24), and beginning o f interval 4 is zero:

ii/(X3 > = /m3 Sin[(Do(T3 - DZp) +<|)3] = 0

=> 0 )oX3 = 271+ (ùJDxp - (j)3 (E.7a)

Equating capacitor voltage at the end o f interval 3 (4.25), and beginning of interval 4

(4.29) gives: (substituting CD0X3 - (ùJDxp + ̂ j = 2 n )

VCi(X3) =  VCs(peai-) ~  - IniiZch +  Vdc +  V'o ~  Vdc ~ V'o - ImZZch

=> /m3 - /« 4  = 2V'JZch (E.76)

Equating inductor current at the end o f interval 4 (4.30), and beginning of interval 5

(4.50) gives: (substituting 0)0X3 = 27t + (OoDxp - <j>3 )
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fi/(T4) =  Im4,Sm[(Ûo(2DZp- T3)] =  /mssiiwjjs

=> /„ 4 sin(c0 £,Z>Cp+<})3) = /„5sin<J>5 (E.8a)

Equating capacitor voltage at the end of interval 4 (4.31), and beginning of interval 5

(4.51) gives: (substituting 0 ) 0X3 =2% + (ù o D ip  -  (j)3 )

VCs(X4) =  -  /m4 2 cACOS[0)o(2 Z>Cp -  X3) ]  +  Vjc ~ V'o =  -P^o '  ImŜ chCOSifs

=>  -  I„ A Z c h C O S (S Ù o D X p  +  <j>3) +  V d c  =  -  /m5ZchCOS{()5 (E.86)

At the end o f interval 5, inductor current reaches zero (4.52), and capacitor voltage has 

reached the positive peak (4.53). Because of the clamping effect of output rectifier, tank 

stops conduction. Current remains at zero, capacitor voltage cannot be discharged and 

until beginning of the next HF cycle, it remains constant at peak value. 

fiiCts) = /ii(0) = /„ssin[o)o(x5 - 2Z>tp) + <j>5] = 0

=> (OoXs = 7t + (ù^Dxp - (t>5 (E.9ûr)

VCi(Xs) =  VcXO) =  VCs(peak+) = -V'o + ImsZch = 'Vdc + V'o +  ImlZch

=> ImS - Iml = (2 V'o - Vdc)/Zch (E.96)




