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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
CC-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
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converters to verify the theory and analysis. THD of the line current without any complex
control circuit remains in a reasonable range of 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-® 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 of 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.F.) in three-phase (3-®)
AC-to-DC converters. Methods of realization of 3-® AC-to-DC converters are given in
Section 1.3. A brief literature survey of both single-phase (1-®) and 3-® 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 of the following reasons it is
necessary that a concentrated attention be paid to consumer power factor correction (PFC)
and harmonics pollution:

1) High cost of generation and transmission of electric energy to cover the unnecessary
reactive power.
2) Higher current rating of the network components because of the harmonic currents.

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



Several standards and regulations [1] are now provided to limit the electrical poilution
on the electrical networks. According to the restrictions given in these standards (e.g. ;
IEC 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-® AC-to-DC
converters are preferred.

Isolation is a very important feature of converters and isolating transformers are used
for both safety and load voltage matching requirements. Converters may use either /ine-
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 sofi-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 of turning or 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 [S5, 7-14]. PWM converters due to circuit simplicity and ease of 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-® AC-to-DC converters

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

Vg = Vpysinot vp = Vpsin(ot-271 /3) ve = Vipsin(ot-47 /3)

iq = Iy sinwt ip = Iy sin(wt-27 /3) ic = Iy sin(wt-4m /3) (1.1)

The instantaneous three-phase input power in spite of single-phase converters with
fluctuating input power is constant as given below:

D3¢ = Vi Iy sin’ot + Vi Iy sin’(@1-21 /3)+ Vi Iy sin’(ot-4m /3)
=@V Iy, - cos2ot - cosQRat-4w /3) - cosRwt-8nt /3)]
= 3(Vy/N2)(I;/N2) = 3P = Constant (1.2)

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

sinusoidal line voltage and distorted line current is:

P.F. = Py/[N3Vi(Zpuro. 1.1 = (cos &1)( ] /Tac) = (cosd;)/(1+THD?)'? (1.3)
where, P is the three-phase active power; V] is the r.m.s. line-to-line voltage; I, is the
fundamental current component; cos;= P3¢/(\/3 Vi), is the fundamental phase
displacement factor. The r.m.s. value of line current is affected by all line current
harmonics fac = (Z,.;,__1;")"” and the total harmonic distortion (THD) is defined as:

THD = (Z L+ L2+ 1 +.....) "/, (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-® AC-to-DC converters

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



A) Connection of three identical single-phase converters as a Y- or A-connection to the
3-® AC source and the parallel connection of 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]:

e By A connection of the inputs, all the triplen harmonics of the converter
currents are canceled in the line current without any extra provisions.

e Lower rating components.

e Reliability and simple replacement of 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:

e Triple number of components that makes it more costly and bulky.

¢ Difficulties in unbalanced operating condition and control system.

e They also carry on some disadvantages of single-phase converters like single-
phase power fluctuation, which brings some difficulties and distortions near zero
crossings of the line voltage.

B) A single 3-® 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 of

AC-to-DC converter is summarized as below:

Regulated output DC voltage with specified ripple.

High input power factor with low harmonic distortion of 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 of
the converter). To achieve higher power density, volume of converter can be
reduced by increasing switching frequency. Increase of 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-® AC-to-DC converters. Literature

review for 3-® 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-® for soft switching, PFC

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

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 of research [6,15,23-31]. In
[15], ZVT technique using auxiliary switch and resonant circuit for PWM topologies are
discussed and dual of 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-® 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
of thyristors in the bridge [33,34], use of modified gating scheme [35], use of active
filters [36], use of chopping action on the DC side of the rectifier [37, 38], use of third
harmonic modulation [39], use of buck rectifier [40] and use of 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-®
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 of 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-® PWM rectifier followed
by a HF isolated bridge converter.

Use of soft-switching techniques for front-end 3-® PWM rectifier (without HF
isolation) has been presented in [63-65]. Some soft switching techniques in 3-® are
presented in [66-70] for ZCS, [71, 63-65] for ZVS and for zero-voltage-transition (ZVT)
in [72].

A variety of PFC converters with or without H.F. transformers, hard-switched and
soft-switched, are presented in [68]. 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:

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

¢ Simple configuration and control system.

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

utilization compared to the conventional PWM converters.



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

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

Disadvantages are:

e Higher switch stress (typically by a factor of approximately two), which in
comparison with the reduced number of switches, is still beneficial.

e 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 [68]. 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 of the following reasons are important in
design and application of 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 of 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 of 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 of this thesis four new configurations for 3-& AC-to-DC

converters are presented which all have the above mentioned advantages.

1.5 Thesis outline

Lay out of this thesis is as follows.

In Chapter 2, an AC-to-DC 3-®, 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 (7I-CCM) for loads higher than
some transition load and tank inductor discontinuous conduction mode (7I-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



10

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. All 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 of T/-CCM and 7/-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 of boost
integrated PWM converters. It was not applied to any converter before. Therefore,
analysis and behavior of different types of bridge DC-to-DC converters integrated with
DCM boost under 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 S. 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 7/-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 of 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, nameiy, ZVS and ZVT (bas 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 of the different converters proposed are also summarized.



11

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 of 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 of S; in low loads. Performance of 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-® AC-to-DC converters discussed in the literature are front-end

converters without HF transformer isolation. There are only limited papers dealing with



12

HF transformer isolated soft-switching, 3-® 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-® high-quality rectifier have been presented in
[25]. This idea is extended to 3-® utility line and, a HF transformer isolated 3-® AC-to-
DC single stage converter is proposed. Circuit of 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
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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 < g, <7/6 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 of 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 of 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-® supply is balanced and purely sinusoidal.

2) Switching frequency is much higher than the mains frequency (f; >> f)) so that during

each HF switching period input voltage can be assumed constant.

3) Input filter Ls, Cris 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 of the HF transformer magnetizing inductance is neglected and the leakage
inductance is considered as a part of the tank inductor L;.

7) Effect of snubber capacitors across the switches is neglected.

8) Capacitor C4 and the DC voltage blocking capacitors C; and C;, 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-® discontinuous current mode
(DCM) boost converter with the advantages of a soft switching PWM converter. HF
switches S; and S, are gated with fixed-frequency variable duty ratio (complementary
gating signals) and they turn off with zero-voltage-switching (ZVS). Switch S; and diode
D, operate together with the input line inductors as a 3-® boost converter in DCM.
Switch S, transfers energy from DC link capacitor (C4) to the load with continuous
current in L;. The switches S| and S; along with their anti-parallel diodes form a half
bridge switching leg for the DC-to-DC converter. Pre-conduction of anti-parallel diodes
D, and D, provides zero voltage turn-on for switches S and S,. Turn-off of diodes is also
under zero current condition. Switches S} and S 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). C| and C; are the
DC blocking capacitors. C; is added in secondary to cancel out the DC bias point of the
HF transfbrmer. Converter operates in fixed frequency, load and input voltage regulation
is done by the duty cycle control of the boost (on-time control of the switch S and
subsequently the complementarily switch S5). For a given load and supply voltage on time
is fixed and is kept constant within one cycle of 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 of the 3-® diode rectifier, there is symmetry for each 7/6 electrical angle
of 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 III) happen. In combination with time intervals of the tank
inductor current (iz;) and the direction of switch currents (is,; and i,;), three sub-modes
(sub-mode IIA, IIB and IIC) 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 IIC, which is the
predominant and most general mode of 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 of Operation
Depending on the position of HF switching pulse at time ¢ along the line frequency

scale (w1, o is the line frequency in rad/sec), the proposed converter operates in three
different modes I to III. In each mode, there are several intervals and subintervals in tank
inductor current.

Mode I, occurs at the peak of phase-A voltage (wity = 0). Diodes D,,, Dy and D,
conduct for the whole conducting period, iy = i, = -i,/2 and maximum dead-gap (Tgmax)
between input current pulses occurs.

Mode II, occurs during 0 <o#< n/6 and iz = -(ip + ic)- There is some dead gap (ty)
between input current pulses. Depending on the sign of current in L, (iz;) and conducting
devices, there can be three sub-modes IIA, IIB, and IIC. In sub-mode IIA, i, goes to zero
and Dj, stops conducting when iz is negative and decreasing in magnitude. In sub-mode
IIB, D;; stops conducting when i;; becomes positive, increasing in magnitude and before
current transfers from D, to S,. In sub-mode I[IC, Dp stops conducting when i is
positive and increasing, and after current transfers from D, to Sa.

Mode I, occurs at o#; = 7/6 with i, = 0 & i, = -i. and only diodes D, and D.; conduct.
There is a minimum dead-gap (Tgmn) between input current pulses. At full load and
minimum input voltage, this minimum 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 of the slope of
current in inductor L, 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) of the converter for the predominant Mode
IIC. (a) Voltage at the input of the output rectifier. (b) Current through L;. (c) 3-® line
input HF switching currents. (d) Current in the lower (S}, D;) and upper (S2, D,) switches.
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devices for sub-mode IIC of operation are clearly marked. Fig. 2.3 shows the equivalent
circuits for the converter during different intervals of operation. All intervals and
subintervals of operation are defined below. Depending on the mode of operation, some
of these subintervals may be absent.

Interval 1: i;,> 0 and (di;)/dt) < 0 with two subintervals.

Subinterval 1a: when iy, > i; and D; conducts.

Subinterval 1b: when i <i, and S| conducts.

Interval 2: i;; <0 and (diz)/dt) < 0, no subinterval, only S, conducts.

Interval 3: i; <0 and (di;/dx) > 0, only D, conducts.

In modes I, IT1, [IB, and IIC, this interval has only one subinterval 3a. In mode IIA, i, goes
to zero before 13 and current through D> changes slope and this interval is divided into
two subintervals, 3a and 3b.

Subinterval 3a: when i is flowing and input diodes D1, Ds2, D, are conducting.

Subinterval 3b: when i; goes to zero, Dj; stops conducting and i, changes slope.

Interval 4: i;; > 0 and (di;;/dt) > 0, D, and then S, conduct. This interval has four
subintervals for Modes IIB and IIC (Fig. 2.2), whereas, has three subintervals (4a, 4b, 4c)
for Modes I and IIA, and two subintervals (4a, 4b) for Mode III.

Subinterval 4a: when diode D, and input diodes D), Ds2, D2 are conducting.

Subinterval 4b: when switch S, and input diodes D, Dp;, D, are conducting.

Subinterval 4c: when switch S; is conducting and input diode Dj, has stopped

conducting.
Subinterval 4d: when switch S; 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 IIC 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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19

Dal =
Lin Ca& T Ve +

+ h Vc2
A g1y \L,j Coo——~ Vg +

C iosrrnlp nV,
DMZF%Q -
(e
Eswa (™ '
iy JJ S |+ ch - Li__in
| — €
Dal =
A i Lin i nVe
Bom L Ca Va +
C ’.c»m*éiﬂ_ = +
nVv,
B O
® ‘

(d) Interval 3, D, conducts. (e) Subinterval 4a, D, is conducting and the output diodes
conducting have changed. (f) Subinterval 4b, S, conducts.
Fig. 2.3: (continued)



20

fgw2 T
ia_ngJ ’:l +Ver - Ly ipu
f'\__' —>
Dy + nV, o)
A i, in Cae T Va +
- +
C Ic Lin nV o
DcZ -
(@
w2 4S v L i
Isw2 v2 + Var- L1
— { :s_‘ C —
Dal -
A L,‘,, N + nVCZ
B . Ca™ R Ve +
C N _ +
Wa'a Wl nv,
Dp2 7% 2 -
W [T

(g) Subinterval 4c, D, turned off. (h) Subinterval 4d, all input diodes are off.
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2.4.1 General considerations

1) Due to n/6 existing symmetry in three-phase rectifier output, analysis is done only for 0
< i) <T/6.

2) Local time t is defined during each HF switching cycle. At any ¢ = ¢, the three-phase
input instantaneous voltages remain constant for #; < T < £;+1,, as given below: .
va(t1) = Vmcos(@ty), ve(t1) = Vmcos(wit; - 27/3), v(t1) = Vmcos(out; - 47/3)

3) As the output voltage and the average voltage of DC capacitors (C; and C;) are
assumed constant with negligible ripple, there remains only four state variables, is(T),
i5(7), ic(t) and iz (7).

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, i goes to zero in 4™ interval after current transfer from D, to
S,) 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 MA. Waveforms of unrectified output voltage (v,), 3-® input boost inductor
currents (iz, ip, ic), current in inductor L; (ir;) and current in switching legs (i1, isw2)
during subintervals of mode IIC for each HF switching cycle are shown in Fig. 2.2.
Because of the continuity in inductor currents, final condition at the end of each
subinterval will be the initial condition for the next subinterval.

General solutions for the four major time intervals of inductor current iz;(t), with the
relevant subintervals in each HF cycle are derived below. Switch currents are calculated
from the relations: ig1(T) = ix(7) - ir1(t) and ina(t) = in1(t) - ix(t). Positive current is

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

Interval 1 (0 <t < 7y): Current i is positive and decreasing.

This interval begins when S; turns off and the positive current in L; is flowing through
D;. Output diodes D, and D3 are conducting. There are two subintervals in this interval.
Subinterval 1a (0 < Tt <7')): D; conducts (iz; > i ). 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 ¢; of line cycle.

Li(dizddt ) = va(t)) = Vimcos ot 2.1)
Lin(disldt ) = vs(ty) = Vicos(at - 21/3) 22)
Li(diJdv ) = v(t)) = Vcos(ogt; - 41/3) 2.3)

Relations for the 3-® boost currents from above is:
io(t)= (Vmcos oty /Lin)T 2.4)
is(t) = [Vmcos(wty -21/3)/ L)t 2.5)
io(t) = [Vmcos(wjt) -41/3)/Liz]T (2.6)
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For the line interval 0 < o;f; < /6, current i,(t) is positive, going through diode D,

currents i5(t) and i.(t) are negative, returning through Dj; and D,>.

Therefore we have iy = - iy - i..

Current through L, in subinterval 1a using initial condition iz1(0) = Z4 would be:
in()=L-[(Va -nVea +nV,)Lilt @.7

Current through switching leg SW is:
ine1(t) = ia(T) - i11(7) = [(Vim cOs @4ty /Lin) + (Vo1 - nV 2 + nVo) L]t - I (2.8)

This current is negative, flowing through D; and providing ZV for S;. It reaches zero at
time t'; < t; when i, = i1 and changes direction through switch S| which is turned on with
ZVS. Value of t'; is given by:

v = L/ [Vmcos(oi))/ Lint+ (Ve1 - nV2 + nV,)/L1] 2.9)

Subinterval 1b (t';<t<7)): Switch S| conducts (i;; < i) and the equivalent circuit is
shown in Fig. 2.3(b). Three-phase boost currents and iz; are the same as before given by
relations (2.4)-(2.7) and iy, has changed sign. At T = 11, current iz reaches zero and this

interval ends, where T is given by:

T =L Li/(Ver - nVea +nV,) (2.10)

Interval .2 (t1 < T <1): Switch S| which had started conduction at t';, continues to
conduct. Current iz; is negative and decreasing (increasing in magnitude). Equivalent
circuit is shown in Fig. 2.3(c), which is similar to equivalent circuit in subinterval 1b
except that current iz; has changed direction and conducting diodes in the output bridge
are changed to D,; and D,s. Output voltage referred to the primary side (nV,) changes
sign and slope of iz changes as below:

in(v)=-[(Vaa-nVa-nVo)/L1J(t- ) (2.11)

Switch S is turned off at t = 1, = D, and at this instant, current iz; reaches /, which
is negative and can be calculated from equation (2.11) as below:

Ig=ir(v2) = -[(Ve1 - nVe2 - nV, Y L J(Dvp - T1) (2.12)
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Total charging time of boost inductors (intervals 1 and 2, ;) is given by:
12 =Dt =[(Ver - nVa - nVo)t1 - Lulpl/(Vey - nVep - nV,) (2.13)

Instantaneous switch current is given by:
ino1(T) = ia(t) - ipn(t) = [(Vimc0s @) LinJt + [(Ver - iVia - nV)ILi}(t-11) (2.14)

At t = D, switch S; turns off and the current has reached the peak value. For mode I
(@it; = 0) the maximum value of switch current stress is given by:

i.rwl(max) = (V,,.,/L,-,,) D‘Cp + [(Vc[ -nVg,- nVo)/Ll](Dtp -T1) (215)

Since the effect of snubber capacitors and internal capacitors of switches are neglected,
transfer from lower switching leg sw; to the upper switching leg sw, takes place in a
negligible time. When S turns off, voltage across it rises to V., voltage across S, goes to
zero and current is transferred to upper diode D, initializing ZVS condition for S;.

Duriné intervals 1 and 2, as the output of the three-phase bridge rectifier is short
circuited through D, or S, currents i, , i5 and i. are increasing linearly with no change in

slope. They reach the peak values at T = D, as given below:

ia (Dtp) = [Vmcos (1) Lin]} Dp (2.16)
iy (Dtp) = [Vmcos(oit - 21/3)/Lin] D, 2.17)
ic (D) = [Vmcos(wity - 41/3)/Lin] D, (2.18)

Interval 3 (12 <t < 13): i is negative and its magnitude is decreasing towards zero. This
interval begins when S is turmed off and the negative inductor current iz, transfers to Da.
Equivalent circuit is shown in Fig. 2.3(d). In Mode IIC under consideration, this interval
has only subinterval 3a.
Subinterval 3a: The equivalent circuit for the 3-¢ boost converter is changed and input
inductors begin to discharge. Referring to Fig. 2.3(d) we can write:
Lin(dialdt) + V. - Lin(dis/dt ) = va(t1) - ve(t1) = vas(t1) (2.19)
Lin(disldr) + Vg - Lin(didddv ) = va(t1) - ve(t1) = Vac(t1) (2.20)

Substituting i, = -ij -i;, we can solve for each phase current as below:
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2Lin (di/dt) + Lin(diddt ) = Vi - Vas(t1) (2.21)
Lin (dip/dr) + 2Lip(didldT ) = Vic - Vac(t1) (2.22)
Lin dig/dt = (1/3)Vge - (2/3)vas(t1) + (1/3)vac(tr) = ve(t)) + (13)Wae  (2.23)
Lin diddt = (113)Va + (13)vas(t1) - 2/3)ac(t1) = ve(t) + (13)Vae  (2.24)
Lin digldt = - (213)Vae + (1/3)vas(t1) + (13)ac(t)) = va(t1) - QB3)Wae  (2.25)

In all above relations, line frequency voltages are evaluated at ¢ = #; and are assumed
constant [vas(t1), Vac(t1)] for the HF period under consideration (f; <t < #+ 1p).

Therefore, 3-® boost currents are derived as:

1) = [(Va(tt) - /3)Wae)Lin] (¢ -T3) +ia(ts) Positive (2.26)
is(t) = [(vs(t)) + (1/3)Va)/Lin] (v - 12) + is(t2) Negative (2.27)
i () = [(ve(tr) + (1/3)Vac)/Lin] (x - T2) +ic(t2) Negative (2.28)

They decrease with different slopes and different initial conditions.

Current i;; for this interval is given by:

inf()=[(Vae - Ve + iV + nV, Y L] (v -12) + I (2.29)

Initial value, izi1(t2) = Ip, is negative and slope is positive. Scon after current flows in
D, S, is gated with ZVS. Current iz reaches zero at time 3, which is given by:

T3 = [(Vdc - Vcl + nVcZ+ nVo)TZ - IBLl]/(Vdc - Vcl + ”VCZ + nVo) (230)

Current in upper switching leg is given by:
is02(t) = i1(7) - (V) = (Ve - Ver + 0V 2+ nV5)/L4] (1-12)
+Ip - {[Va - 23V ae)/(Lin)} (% - T2) +ia(T2) (2.31)
It remains negative (iz; is negative and i, is considered positive) and only diode D, .
conducts. Its maximum magnitude is at T = T, when S) turns off and current transfers to
D,. So in each HF switching cycle the maximum current of D, is equal to the maximum
current of S) and its highest value occurs in mode I (o) = 0) when the phase voltage is at

its peak. At T=T13, iz| changes sign and interval 3 ends while D, is still conducting.
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Interval 4 (ts <t < 1p): Current i) (<) is positive with increasing magnitude. Diode D,
and then switch S; conduct. During the whole interval 4, inductor current iz is the same
and is given by (2.32). Current i;; reaches its maximum () at the end of period, t,.
Current i, which has the lowest magnitude goes to zero before the other two phases at
time t4. Then i, and i. reach zero at ts. Current iy, also reaches to zero and changes
direction from D, to S at time t';. In Mode IIC, times T4, ts and t'; happen in interval 4
(t'3 is less than t4) and all the four possible subintervals with equivalent circuits Fig
2.3(e)-(h) exist as explained below.

Subinterval 4a (13 < Tt < t'3): Diode D, 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 nV,,.

Current iz, is given by:

iny(v) = [(Vae - Ver + nVa - nVo)/Li](x - 13) (2.32)

Boost inductor currents, i,(t), is(t) and i.(t) remain the same as interval 3. Current i,
continues flowing through D, but with different slope because of the change in direction

of iyy (nV, changes to -nV, in (2.31)).

isw2(0) = [(Vae- Ver + nVea - nVo) Li)(v-t2) + Ip - [(Va~ 2/3 Vi) Lin](z-72) + ia(T2)  (2.33)

It is negative and reaches zero at time t'3; when the next subinterval begins.

t'3 = {[(VJL"’ Vcl + nVcZ + nVo)/Ll - Va/Lin - (2/3)Vdc/Lin]r2 - [B+ ia(TZ)}/
{(Vae-Ver + nVa+ nV,)/Ly - [va - (2/3)V4c)/Lin} (2.34)

Subinterval 4b (1'3 < T < t4): This subinterval starts at '3 and i5,, with the same slope
changes éign and transfers to S, which was gated with ZVS soon after t,. Equivalent
circuit is shown in Fig. 2.3(f). As long as i; has not reached zero, there will be no slope -
change in 5,2 and above relations (in subinterval 4a) remain the same for this subinterval.
Subinterval 4¢ (14 <t <7s): Switch S, continues conducting. Equivalent circuit is shown
in Fig. 2.3(g), which is similar to Fig. 2.3(f), but Dj; is off.

After time 14, i, remains zero, i, and i, with equal magnitude and different sign of
slopes go towards zero.

i5(t) =0, ix(t) = ~i(t) = [Vac(t1) = Vael(t - Ta)/2Lin + ia(Ta) (2.35)

where v, (t1) = va(t)) - ve(t1) = (3/2)cos oty + (V3/2)sin oyt (2.352)
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Current in upper switch S continues with a different slope as below:

isw2(t) = iL1(T) - ia(t) = [(Vae - Vo1 + 0V - nVo)/L1] (z-12)

+ Ip - [(Vac - Vac)/2Lin](t-T4) +ia(Ta) (2.36)

This subinterval ends at time s (ts < t,, DCM operation of front-end boost).
Subinterval 4d (5 < 1< 1p): This subinterval is the dead gap in boost inductor currents
and all input rectifier diodes are off. DC bus capacitor Cg (DC link voltage V) feeds the
tank circuit and transfer of 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 iz;(t) flows through the switch Sj:

ia(t) = is(t) = i) =0 (2.37)

I52(T) = 1 01(V) = [(Vie - Ver + Va2 - nVo)/Ly] (t-13) (2.38)

At t, when switch S, turns off and current transfers to D), this current has reached to
its maximum value I4. This subinterval and interval 4 end at 1, and a new HF switching

cycle begins.

Subintervals in the modes other than Mode IIC: Mode IIC shows the most
subintervals occurring in operation of the converter. The following changes in
subintervals of other modes are to be mentioned:

In Mode I, i5 and i. are equal and all the three-phase boost inductor currents go to zero at
Ts. . 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 IIC.

In Mode IIA, i; goes to zero in interval 3 and i, 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 Dp; 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) Dp; is not conducting.

In mode IIB, intervals are same as mode IIC and there are four subintervals in interval

4 with the same equivalent circuits except that in Fig. 2.3(f) diode D;; is off.
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In modes II1, interval 4 contains three subintervals (except for mode III 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:
Vs =Vipeak(miny (on the primary side of HF transformer)
Vs =Vipeakminyn (on the secondary of HF transformer) (2.39)
Py=P, (2.40)
where Vipeak(min) is the minimum input line-to-line peak voltage and P,, is rated power of
the converter. Gain of the converter defined as M = nV,/Vj.ax changes with input voltage
variations and has the maximum value at minimum input voltage (Mua = nVo/Vipeak(min))-
Base of current and impedance are as below:
Iy = Por/Vipeakimin), (0n the primary side)
Iy = nP o Vipeak(miny, (0N the secondary side) (2.41)
Zy= V2 jpear(min) / Por (0N the primary side)
Zy= Vzlpeak(,,.i,,) /(nz P,,) (on the secondary side) (2.42)
High frequency switching period is used as the time base (73) to express time intervals
in per unit:
Tpr=1p (2.43)
Base value for inductors would be:

Ly = To(Vs’/P)= Ty (V peakiminy/ Por) (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-® boost inductor
currents; current in inductor L; and in switching devices.

(a) Mode L. (b) Mode III at full load and minimum input voltage (Sma=1). (continued)
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Fig. 2.4 (continued) In each case 3-® boost inductor currents, current in inductor L,

and in switching devices for and for (c) Mode [IA. (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 V,,,, would be:

Topu = Popul Vopu, Ripu = Vzom/ Popu (2.45)

2.4.3.2 Normalized Steady State Relations

The main relations between the parameters of 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), V4 (DC link voltage) and P, (output power).

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

For DCM operation of 3-® boost converter, at any point other than o = n/6 (D = 0.5,
full load and minimum input voltage), there is a dead-time 1, between input HF switching
currents. This dead-time is a function of ¢, (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]:

Toou = T/ Tp = 1 - (DVacpu)/[Vicpu - Vipeakpucos(®it1- 7/6)] (2.46)

Dead-time 7, achieves its minimum value Tgm;, at oy = /6 (Mode III) and maximum
value Tgmqax at o = 0 (mode I). Conduction-factor which shows conduction time of input
bridge rectifier in per unit of HF switching period is defined as:

3=(tp - Tty = 1-Tgu (2.47)

This factor same as tg, is a function of duty cycle as well as mode of operation, and for
each load achieves its maximum value 8,4, at mode III (w;#; = 1/6).
For the front-end 3-® 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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Vacpu = Vipeakpud (1 - D/ Eax) (2.48)

2) Relation between peak of charging current of boost inductor for mode III and the input
three-phase power which is derived in Appendix A:

P 3¢pu =(3/ 2) Vmpu[mpu = (leeakpu)zDSmax/ (4Linpu) (2-49)

For an ideal converter, output DC power equals input three-phase AC power:
Popu= (Vipeakpu) DSmad (4 Lingu) (2.50)

With a typical power conversion efficiency nyy, of the converter:

Popu =(Mip%6/100)(Vipeakgnd” Dmaz /(4Lingu) (2.51)

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

Referring to Fig. 2.2, time duration intervals 1y, 721, T32, Tp3 are defined in per unit as:

Tipu = Tt/ Tps T21pu = (T2 = T1)/Tp, T32pu = (T3 - T2)/Tp, Tp3pu = (Tp - T3)/1, (2.52)

These time durations could be calculated from general solutions using (2.10), (2.13)
and (2.30). In steady state, they are directly calculated from 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 of the HF transformer, is
defined as a single parameter Vo= Ve - nVes.

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:  Lipullupu /T1pu) = Vepu + Vopu (2.53)
Interval 2: Lipu(IBpu It21p4) = Veepu = Vopu (2.54)
Interval 3:  Lipu(@pu [t320u) = Veepu = Vepu+ Vopu (2.55)
Interval 41 Lipu(Tupu /tp3pu) = Vpuc - Vpu = Vopu (2.56)

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

IApu (Tlpu + Tp3pu) = [Epu (tZIpu + 1'-'32pu) 2.57)



32

3) Average rectified current of HF transformer at output bridge rectifier (load current) is:

[IApu(tlpu + Tp3pu) + IBpu(T21pu + T32pu)]/ 2= Iopu =P opu/ Vopu (2.58)

4) Balance in DC bias point of the HF transformer:

VCpu = Vdcpu(T32pu + tp3pu) + Vopu(TZ 1pu + T32pu =~ Tipu - tp3pu) (2.59)

5) Duty cycle D, which is the charging time of the input boost inductors (D; or S
conducting), in relation with the time intervals of the DC/DC converter, is written as:
Tipu * T21pu =D (2.60)
3200 + Tp3pu = (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 of the DC/DC converter in steady state are
introduced. Detailed calculations are given in Appendix B.

(IApu/ IBpu)2 = [( VCpu + Vapu)(Vdcpu - VCpu" Vopu)]/

[( Vi Cpu = opu)(Vdcpu - VCpu + V. opu)] (262)
Iopu = Popu/Vapu = Llpu(IApu)Z[ll(VCpu + Vopu) +
1/( Vdcpu = VCpu - opu)] (2.63)
VCpu = Vdcpu (I“D) + VopuL lpu[IBpu/(VCpu = opu) + IBpu/(Vdcpu - VCpu + Vopu)
- Lipu/ (Vepu + Vopu) = Lapu!(Vacpu = Vepu = Vopu)] (2.64)
D/LIpu= lApu/(VCpu + Vopu) + IBpn/(VCpu = Vopu) (265)

(I'D )/ Llpu= IApu/ ( Vdcpu - VCpu - Vapu) + IBpu / (Vdcpu - VCpu + Vopu) (266)

2.5 Design

Among different modes of operation, Mode III (wi#; = /6, & = Smax), is important in
determining inductor values (L, L;,), transformer turns ratio (n) and voltage ratings (¥,
V4). On the other hand, Mode I gives the highest current stress on devices and is

important for current ratings.

2.5.1 General considerations



Design should be done for Mode Il (0, = ©/6), at full load (P, = P, = 1 p.u),
minimum input voltage (Vigeax = Vipeak (miny = | pu), maximum conduction factor (8 =
Omaxrr = 1, JCCM) and maximum duty ratio (D = Dp,). 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 of converters to optimize the design are:

a) Decre.asing 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 of devices.

c) High efficiency by ensuring ZVS for a wide range of 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 V. On the other hand, the voltage rating of
switches S; and S; is defined by V., and this gives an important restriction for the boost
maximum duty cycle. Peak current of inductor L, (I4, Ig) which affects the maximum
current stress and ratings of 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 &
= Omaxrr = 1:
Vad Vipeak (miny = Vepu= 1/(1- Dp) (2.67)
For the boost input power at unity efficiency, minimum input voltage and rated output
power P,,, in (2.50) we substitute: Vipeaimin)=1 pu. D =Dy, Popy= Porpu=1 pu, and Smarr
=1. ' .
Porpu=1= Dp/(4Linpu) (2.68)
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 Popy = Popy =
1, Vopu = nVo/Vipeakimin) = Mmax and D = D,,. Design equations of the boost and DC/DC
converter are interconnected by the common parameters D, and Vygp.. The total seven
design equations (2.62)-(2.68) are numerically solved by MATHCAD software for the
parameterS D, Vacpu, Vpus Lapus IBpus Linpus Lipus VETsus My, 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 of each device
conduction time and their current ratings (either average or r.m.s.), time intervals of the
tank inductor current (Tipu, T21pus T32pu Tp3pu) 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).
ZVS in &ﬁs converter is a function of time intervals Ty, and t3z,, (directly related to
conduction time of anti-parallel diodes). An optimization factor is defined by, Opt. =
(Vacpul apu)/(T1puDm), Which is plotted in Fig. 2.5 as a function of Mp,. 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, V4 minimum).
2) Minimum current stress on devices (peak of tank current [z or [, minimum). At
reduced loads, Iz and I, are not equal but at full load (D = 0.5) they are the same.
3) Maximum conduction time of diode D; (t'; which is the main portion of ti, Fig. 2.2),
to ensure ZVS of S for as low load as possible.
4) Maximum duty ratio D, for minimum THD of front-end boost.
Any point near the minimum of this curve 0.3 < M < 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 efficiency at full load. Points near to Mo = 0.3 can save ZVS

for very low loads but peak currents I, and /g would be higher. Points near to Mpax = 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), Mpua: = 0.65 is chosen as
design point which is high lighted and gives the following parameters:
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Mg =0.65, D = 0.5, Vapu =2 pu., Vepu = 1 pou, L4p = 3.077 p.u., Iy = 3.077 pou,,
Linpu = 0.125 p.u., L1p, = 0.047 p.u. Ippy = 1.54 p.u., 7ip, = 0.088 p.u., mypu = 0.412 pou,
T320u = 0.088 p.u., 7,3, =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 of M (at full load, minimum input voltage and JCCM). Base values are: ¥, =

leealc(min), Ib =P, o/VIpeak(min)a Lb=7'}JV21peak(min)/P o- Transformer ratio, n= Mmalepeak(min)/Vo-

Mpex | Dm | View | Voo | Lip Ispu | Ligw | Lipn | lom
02 | 0.501 | 2.005 1 10.005 | 9.995 | 0.125 | 0.024 | 5
025 | 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 5714 | 5714 | 0.125 | 0.038 | 2.85
04 | 0497 | 1.989 | 0.999 | 4.989 | 5.011 | 0.124 | 0.042 | 25
045 | 0.496 | 1.985 | 0998 | 4429 | 4.46 | 0.124 | 0.044 | 222
05 10497 | 199 | 099 | 399 | 401 | 0.124 | 0046 | 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
0:65 035 2 1 3,077 | 3:077 | 0125 | 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 | 1.5

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

Minax Tlpu Dlpu T32pu Tp3pu
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 04
0i65 01083 0412 0:088 0412
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 III (§..), for any output power P,
and input voltage Vipeakpu (Or gain M = Vop/Vipearpu) Of Operation.
By numerical solution, using MATHCAD software, operationai 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% of 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
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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 III, 5nax.
(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¥jarea) =1 p-u. | rated (Virateq) = 1.25 p.u. | max. (1.15Vmes) = 1.45p.u.
voltage M=0.65 M=052 M=045

Load 100% [ 50% [10% [100% [50% [10% |100% [50% [10%
D 0.5 0327 [0.14 (0362 [024 [0.102 {0298 [0.198 |0.084
5 1 0.765 | 0.356 | 0.884 | 0.668 [ 0.312 [ 0.808 |0.609 |0.286
Vteou 2 1.747 [ 1.651 [2.116 [1.951 [ 1.86 [2.283 [2.135 [2.043
Vepu 1 0.991 10974 [1229 [1212]1.184 [1.427 [1.402 [1.367
Lipu 3 1.175 0.18 ]2.538 {1.066 [ 0.174 [2.377 [1.024 [o0.171
Iopu -3 2.07 [-090 [-3.67 [253]-1.10 [-4.06 |-2.80 |-1.22
Tip 0.083 [0.033 | 0.005 | 0.062 |0.026 | 0.004 [0.052 |0.023 |0.004
e | 0417 [0.294 [0.135 {03 [0.214[0.098 ] 0.246 [0.175 [0.081
T30 0.083 [0.067 | 0.031 |0.109 |0.083 [0.038 |0.123 [0.092 [0.042
To3pu 0.417 | 0.606 [ 0.829 [0.529 [0.677]0.86 [0.579 071 [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 S is equal to the
maximum current of diode D, (at T = Dr,) and its highest value is calculated in Mode I
(ant; = 0) for full load and maximum input voltage (which corresponds to maximum tank .
input voltage). From (2.15), substituting ¥y, = 1/93 p.u., we get:

Ip2puma) = Is\putma) = Igpumar) + lapu =
(Vepurt. - MinaxY(Dm “S1pur) Lipu + Din /(N3 Linus) (2.69)

Maximum current of switch S; is equal to the maximum current of diode D, (at t = 1,
= 1 p.u.) which is also equal to maximum positive current of inductor, /4. Its highest
value occurs in Mode I, which is obtained by substituting parameters of full load and

minimum input voltage in (2.32):
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[Dlpu(max) = IS2pu(Max) = iLlpu(Tp) = IApu(Max) =
(Vdcpu - VCquL - Mmax)(l = 1:3P1l["l..)/Llpu (270)

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

2.54.2 R.m.s. and average current ratings of switches and diodes

R.m.s. and average current ratings of switches during each /6 interval of 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:
ip1(T) = igp1(T), if iswi(T) <O i51(T) = igy1(T), if is1(T) > 0
ip2(T) = igw2(7), if inei(T) <O i52(T) = isw2(T), if Igp2(T) > 0

Current waveforms of isi(t), ipi(t), is2(t) and ipx(t) 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 of Section 2.4.2. These current waveforms
are used to calculate average and r.m.s. current of 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 of switching devices from (2.69) and (2.70) are included in the
table. Peak current of L; is /5 at full load and maximum input voltage (maximum bus

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

2.5.4.3 Capacitors

DC Bus Capacitor, C: DC link capacitor is calculated by the maximum ripple voltage
allowed on DC link bus. Ripple voltage on Cg is the HF switching ripple modulated by
the low frequency 360 Hz ripple of the three-phase rectifier output voltage. As the
switching frequency is much higher than the 3-@ bridge output frequency (360 Hz), low
frequency ripple would be dominant. Assuming peak to peak low frequency ripple, AV
and the electric charge entering Cy. in each n/6 interval of line cycle as AQx, DC link
capacitor 1s given by:

Cac= AQuc AV 4 (2.71)
Calculations of AV and AQy.are given in Appendix D.
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DC blocking Capacitors C; and C;: C; and C; are calculated by their restricted HF

peak-to-peak ripple voltage AV, and AV, from the following relations as derived in

Appendix D:
(2.72)

(2.73)

Ci1= Li(ti+ tp3)/(2AV )
C2 = )'1[,;(1?[-}- T.'p_';)/(ZA ch)
Output 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= nly (16f; AVp) (2.74)

Current waveshape in Diode D1 (mode () Current waveshape in Switch S1 (mode ()

st ) ] 5
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Fig. 2.7 Current waveforms for switching devices Dy, D», Sy and S; 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, Ipyay=0.1109 p.u.
R.m.s. current of lower switch, S} Isi(rms) = 1.9618 p.u.
Average current of lower switch, S} Isjany =1.12 p.u.
Average current of upper diode, D, Ipyay =0.3815 p.u.
R.m.s. current of upper switch, S> Iso¢rms) = 1.0117 p.u.
Average current of upper switch, S, Iy =0.4706 p.u.

Average current of each input rectifier diode for 0 < o) <n/2, | Ipin@@) =0.6676 p.u.
(Dah Dbla DCI’ DaZ, Dbz, DCZ)
Average current of each output rectifier diode, (D,1, Dy, Do3, Dos) | Ipout(avy) = 0.7496 p.u.

R.m.s. current in inductor L; Iniemsy = 1.74  p.u.
R.m.s. current in boost inductors L;, (4, = 0.85) Iinrmsy =0.96  p.u.
Ipopumax) = Is\pufmax) = Ippuimar) + fapu 51 pu
Imﬂcm) = Iszpu@@x) = LipuMax) 3 p.u.
Peak current in inductors Z; Inpeay= 4  pu
Peak current in boost inductors L, : Iinean=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 (dv/df) 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-line voltage of 120 Volts.
Minimum 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%).

Qutput power, P, = 500 W, Load voltage, V,=48 V.

Switching frequency: f;= 20 kHz.

Design is done for the JCCM at the critical point of three-phase line cycle (w#;=n/6,
Mode II) with minimum input voltage at full load. Base values as defined in Section
2.4.3.1 are given next:

Vs = Vipeakmin) = N2*¥96 = 135.76 V, Py = P,,= 500 W, [, = Py/V}, =3.68 A,

Zy=Vy/ly =369 Q, ty =1,=1/f; =50 us, L, = 1843.2 uH.

As can be observed in Table 2.1 (A and B) for per unit design, the front-end boost
parameters (Dm, Va, Lin) and DC blocked voltage Vi, 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,, Iy, Iz and inductor current
time intervals, which determine the design point, are converted to actual values in Table

2.4 for various values of gain, My,,,. 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.

Mo L, Iy Ip T T21 32 Tp3
pH 4 4 ps ps ps ps
0.2 4472 36.8 36.78 10.05 15.05 10 14.9
0.25. 442 29.44 294 94 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
04 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
0565 86:6 | 11382 | 14382 | 44 | 20% | 44 | 206
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:

Vipeakiminy™= \2*96 =135.76 V, V4. =271.5 V, Dy =0.5, L; = 0.047 p.u. = 86.6 uH,

n = Ni/N2= Muaz. Vipeak miny’Vo = 1.88, [ =3.077 p.u. = 11.3 A, Iz =3.077 p.u. = 11.3 A,
Lin=0.125 p.u. = 230.38 uH, v{= 4.4 usec, t21= 20.6 psec, 3= 4.4 usec, 1,3 = 20.6 usec.

Component Ratings:
1) DC bus capacitor: DC link capacitor is calculated according to relation (2.71) in
which AQy, was numerically calculated by MATLAB programming in Appendix D as
2.38 p.u. and maximum peak-to-peak ripple assumed as: AV, =2% of V..

Cacpu = AQucpu! AV gepu = 2.38/(0.02%2) = 59.5 p.u.
Converting with the base value:

Cp=IyTp/V, =3.68*50/135.7=1.4 puF.

Cac= CacpuCp = 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, V> = 0 and Ve = V¢ =
135.76 V. Capacitor C; is calculated by restricting ripple voltage across it. For +2%
voltage ripple across C| (4% peak-to-peak), AVc; =0.04*135.7 = 5.5 V and from (2.72):
Cy=Iy(t1 + 1p3)/(2AVc) = 11.05(4.15 + 20.85)/(2*5.5) = 25 uF.
It should also be ensured that no resonant oscillations might happen between C; and
L,. Frequency of resonance between Cy and L; in design example is:
Sfres = 1/[21(L,C1)"?] = 3.4 kHz,
which is much lower than the switching frequency.
Assuming peak-to-peak ripple voltage across C; to be 10% of output voltage (AV =
4.8 V), C;y is chosen as (2.73):
Ca= (nly)(t1 + 13)/(2AV2) = 1.8*11.05(4.15 + 20.85)/2*%4.8 = 50 pF.

3) Output filter capacitor: Output filter capacitor for 2% peak-to-peak voltage ripple of
output voltage is calculated from (2.74) as:



AV,=0.02*48 = 0.96 V.
Co= nl/(16£,AV,) = (1.9%11.05)/(16*20000*0.96) = 70 uF (100 pF is used).

4) Current 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 of lower diode, D, Ipiay=04 A
R.m.s. current of lower switch, S; Isitmg=7.22 A
Average current of lower switch, S iy =4.12 A
Average current of upper diode, D> Imay=14 A
R.m.s. current of upper switch, S> Iemsy =3.72 A
Average current of upper switch, S> Igey=173 A

Average current of each input rectifier diode during the line cycle, | Ipin@v) =2.46 A
(Da1, Ds1, De1, Da2, D2, De2)
Average current of each output rectifier diode, (D1, Doz, Do3, Dos) | Ipouta) =2.76 A

R.m.s. current in inductor L, Iyemsy=6.4 A
R.m.s. current in boost inductors L;, (s, = 0.85) ILinms = 3.5 A
Peak current of S; = Peak current of D, Isipeaiy = 18.5 A
Peak current of S; = Peak current of D, Ipeay =11 A
Peak current of inductor L; In\peay = 14.9 A
Peak current of boost inductors L;, Iinpeay =6 A

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

The operational characteristics of 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 from per unit values of Table 2.2
and are given in Table 2.6.

Among parameters of converter, time interval t; is important for ZVS of the lower
switch. It mainly shows conduction time of diode D; (t'1). Fig. 2.6(gl) shows Ty, versus
load pow.er. It decreases rapidly with load reduction and may cause ZVS of S; to be lost

in low loads. For example, for a switching frequency 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 of Table 2.6, transfer of current between upper switch and lower diode should
take place in less than 0.19 psec (t'1 < 11, T1 = 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 S} 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 of converter operation for specified loads and input
voltages in actual values converted from Table 2.2 with base values of design example.

Inputline | Vjms =96 V (min.) | Viems = 120 V (tated) | Vims = 138 V (max.)

voltage M=0.667 M=0.53 M=0.46
Load 100% [ 50% | 10% | 100% |50% [10% | 100% |50% | 10%
D - 10.5 0.327 10.14 ]10.362 | 0.24 [0.102 | 0.298 | 0.198 | 0.084
Smax 1 0.765 | 0.356 | 0.884 | 0.668 | 0.312 | 0.808 | 0.609 | 0.286
| Vae V. 1271.5 |237.1 {224.1 | 287.3 | 264.8 | 252.5 | 309.9 | 289.8 | 277.3
Ve V [135.7 | 1345 [132.2 1 166.8 | 164.5 | 160.7 | 193.7 | 190.3 | 185.6
Iy, A |1l 432 10.66 |9.34 3.9 064 |874 |3.77 {0.63
Iz A |-11 -7.64 1-332 |-135 [-93 |4 -149 |-103 [-4.5
nn us |415 |1.65 {025 |3.1 1.3 0.2 2.6 1.15 |0.19
T us | 2085|147 [6.7 15 10.7 {49 123 875 |4
w3, us |4.15 |335 [1.55 |545 4.15 |19 6.15 |4.6 2.1
3 Mus |20.85 303 [41.45|26.5 33.8 |43 28.9 355 |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 of the actual device models used in simulation and their losses, there would
exist a typical efficiency of n,, ~ 85%. As the 3-® 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:

Li» =230.38%0.85 =~ 200 pH.
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Because of 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 of upper and lower switches. This delay time depends on the charging and
discharging time of capacitors associated with switches (snubber plus internal capacitor).
In PSPICE simulation, a delay of 1 us 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% of rated load, ZVS for the lower
switch would be lost. Lossless turn on of S| in lower loads can be ensured by adding an
auxiliary ZVT circuit in parallel with S; 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% of 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% of the rated load, respectively.

Readings from simulation results are presented in Table 2.7. They show a reasonable
complian;:e with the theoretical results of Table 2.6. Of course, because of using non-
ideal models of 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 of 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 ¢;=1): P.F. = (cos ¢;)/( 1+THD%)'2,

Simulation results confirm the theoretical predictions. Reducing the load, the dead
gap between HF boost input currents are increased, positive peak of 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 of diode D; reduces. Current and voltage
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waveforms of switch S; 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 min., Vipms =96V rated, Vipms=120V | max., Virms=138V
voltage M=0.667 M=0.53 M=0.46
Load 100% | 50% | 10% | 100% | 50% | 10% | 100% | 50% | 10%
D 05 | 034 ) 0.16 | 038 | 0.25 | 0.12 | 0.31 | 0.23 0.1
Omax 1 075 (03508 | 065 ]| 03 | 0.78 | 0.59 | 0.25
Ve V| 265 | 228 222 | 275 | 257 | 252 | 300 | 280 | 275
Ve VvV | 133 152 190 169 195 | 226 | 200 225 | 255
Ve \' 0 -14 -32 -5 -19 -35 -10 -20 -36
Vo=V -nVy V| 133 127 129 160 159 | 159.5| 181 189 | 186.6
Iy A | 105 | 3.74 | 0.32 10 4 0.5 7.5 2.6 | 045
Ip A|-105| -6.7 | -3.1 -13 -8.5 -4 -14 95 | 43
T us 5 2 1.1 4 1.2 1 3 1 0.5
21 us 21 14 7 17 11.5 5 13 9 4
T32 us 4 4 2 5.5 5.5 1.9 6 5 2.5
Tp3 us 21 30 41 225 | 31.8 42 28 35 43
T.H.D. % 7.7 10.6 11 103 | 11.9 13 125 | 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 of the input line current (phase A) and the T.H.D. are

obtained by Fourier analysis.

(b) Input line-to-line voltage v,s, and current in phase A (7/6 retard).

(c) 3-® HF input boost inductor currents i, s,).

(d) HF current waveform for tank inductor current i;; and tank input voltage v4s-

(e) Voltage and current of the main lower switch Si.

(f) Voltage and current of the upper switch S,.
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Fig. 2.8 PSPICE simulation results for the minimum input voltage at full load.
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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 2.12 PSPICE simulation results for the rated input voltage and 50% of 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.

FastIGBTs, IXGH 10N100A, with the following specifications were used as the switches:
Vees= 1000 V, Ic(25€) =20 A, I(125°) =10 A, Vegeay=4 V.
Anti-parallel diodes used are MUR460 with a voltage drop of 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 v,; along with the filtered line current iy, 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 uppef switch and the three-phase input boost inductor currents. Figs. 2.18, 2.19 and
2.20 are at minimum 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 1.5to 2 psand a
delay time of 1.7 us 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
turn-on of S) 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 min., Vi ms=96V rated, Vioms= 120V max., Virms= 138V
voltage M=0.65 M=0.52 M=0.45
Load 100% | 50% 10% 100% 50% 10% 100% | 50% 10%
D 0.53 033 0.15 0.37 0.24 0.11 0.3 0.25 0.1
Ve V | 265 230 235 270 255 260 288 290 294
Ve VvV |130 150 175 190 170 200 210 210 220
Vo VvV { 0+10 -13+7 | -2.5 -10+10 | -3 -2.7 -10+10 | -18.5 -5
V.=V,-nVaV | 130 124 170 170 164 194 190 173 210
I Al9s 2 0.6 6.5 2 0.6 6 1.5 0.5
Ip A | -8.5 -7 34 -11 -8.5 -3.8 -13 -9 -4
P, W | 480 201 40.2 435 210 44 435 201 46
L A |36 1.5 0.3 2.6 1.2 0.28 2.2 1 0.25
P, W | 598 249 49.8 540 249 52.5 525 239 55
n % | 80 80.7 80.7 80.5 842 83.6 82.8 84.1 83.6
T us | 4 1.5 — 3 1.5 — 2 1 —
T us | 23 15 6 16 11.5 S5 13.5 9 5
Ty3 ‘us |21 30.5 42.5 27 33.5 44 29.5 36 44

* I/, shows higher values of ripple because of the lower value of capacitor.

** Some of experimental results of I are lower than theoretical calculations. It is because
of the low frequency resonance between L; 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 min., Vi=96 rated, V;=120 max., V=138
voltage M=0.65 M=0.52 M=045

Load 100% | 50% 10% | 100% | 50% 10% 100% | 50% 10%
IFund Ams | 3.6 1.518 [ 028 |26 1.16 0.226 | 2.17 1 0.235
[3ed Ams | 0.08 [0.007 | =0 =0 =0 0.004 | 0.006 | 0.047 | 0.004
Isin Ams [ 023 [0.11 0.026 | 0.18 | 0.11 0.026 | 0.19 0.086 | 0.029
Tt Ams | 0.002 | 0.058 |0.013 | 0.097 | 0.05 0.01 0.1 0.032 | 0.012
Ioth . Ams | =0 =0 ~0 ~0 =0 =0 0.088 [ =0 =0
T.H.D. % | 6.76 | 8.2 104 | 7.8 10.4 12.4 10.7 10.3 13.4
P.F. 0998 |0.996 |0.994 | 0.997 | 0994 | 0.992 | 0.994 | 0.994 | 0.991
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Fig. 2.17 Some experimental low frequency waveforms:

(a) Three-phase filtered input line currents at full load with minimum input voltage.
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(b) Three-phase filtered input line currents at 50% load with maximum input voltage.
(c) Input line-to-line voltage v,; along with the input line current i, (n/6 lagging) at full

load with minimum input voltage.
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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-® boost inductor currents.
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Fig. 2.19 Experimental HF waveforms of Fig. 2.18 repeated with minimum input voltage

at 50% of rated load.
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Fig. 2.20 Experimental HF waveforms of Fig. 2.18 repeated with minimum input voltage
at 10% of rated load.
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Fig. 2.21 Experimental HF waveforms of Fig. 2.18 repeated with rated input voltage at
full load.
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Fig. 2.22 Experimental HF waveforms of Fig. 2.18 repeated with rated input voltage at
50% of rated load.
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Fig. 2.23 Experimental HF waveforms of Fig. 2.18 repeated with rated input voltage at
10% of rated load.
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3d> HF boost mductor currents (5 A/dlv )

Fig. 2.24 Experimental HF waveforms of Fig. 2.18 repeated with maximum input voltage
at full load.



67

1 S00T 2 SO.0Vv —0.00s 10.0%/ . £2 ST0P
: : : ; : i z : ;
--------- o Vg (50 VUdiv.) e s

N oz -t-l-hl-l»l-c»l-l-l-l-tq-:- -ten- oY 1oy IR BT TTRYRTRS SYRR IR B |\ T (-{1.

__;._.._.._.___4'___+ N S S S

3<D HF boost mductor currcnts (5 A/le ).

Fig. 2.25 Experimental HF waveforms of Fig. 2.18 repeated with maximum input voltage

at 50% of rated load.
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Fig. 2.26 Experimental HF waveforms of Fig. 2.18 repeated with maximum input voltage
at 10% of rated load.
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2.9 Auxiliary zero voltage transition (ZVT) circuit

To help lossless turn on of S in low loads, an auxiliary ZVT circuit [15] can be used.
Configuration of the converter with such a ZVT circuit added in parallel with S; is shown
in Fig. 2.27. The auxiliary ZVT circuit consists of a small inductance L, which comes in
parallel with the total capacitor (C,) of switch S; whenever the auxiliary switch S; is
turned on. Auxiliary circuit components C;and L, form a high resonance frequency circuit
(more than ten times of switching frequency). As long as the tank current at the beginning
of each HF cycle is positive and S} has the natural ZVS, the auxiliary circuit has no role
(though switch §; is regularly gated). That is because the positive tank current cannot flow
opposite direction in switch S; series with diode D,;. As soon as the tank current at the
beginning of HF cycle becomes zero or negative (i, starts from positive), auxiliary
circuit will be active for a very short time, diverts the current through D), and provides
ZVT for S). Effect of the very short duration of resonating current through auxiliary
circuit can be ignored in steady state analysis. Diede D, provides a path for the current
remained in L, to be discharged in the bus capacitor Cy. 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 t's,
tank current naturally flows through D) and the auxiliary ZVT circuit has no effect. As
soon as S loses natural ZVS, this circuit comes in to effect and pulls the current from S;
through S; and D, to bring voltage across S; 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 of 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 S;.

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 D,, which provides ZVT for S;. Frequency of this
resonance is defined by f;=1/[2n(Z,C))'?] and the resonant current amplitude that is
maximum current of D; would be: ipimax) = Vdc,,,m/(L,/C,)“Z. The total snubber and
internal capacitor of switch S; is chosen as C,. Auxiliary resonance frequency 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 D;. 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:

£, = 1/[2n(L,C)"] = 400 KHz; (L,C)"*=0.4 ps/rad,
Lransition) = Vaemad (LIC)' = 6 A; (L/C)'*=310/6 =51 Q,
C,= 7.8 nF (includes the switch capacitor and this is the snubber capacitor),

L,=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 of 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 turn-on of S;. Current in D,
before transferring to S; shows the effect of ZVT circuit to maintain zero voltage turn-on

of S; 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 turn 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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Chap_ter 3

A Novel Gating Scheme for Soft-Switching DC-to-DC
and AC-to-DC PWM Bridge Converters

3.1 Imntroduction

The 3-® 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 of switches and their simple control is an advantage for the lower cost. It
also has advantages of 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 of HF transformer to prevent saturation.
These DC blocking capacitors increase the size and transient response time of the
converter.

2) Lower switch S}, 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 circﬁit is needed for its lossless turn-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 of 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 of 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-®, AC-to-DC converter, which integrates a PWM
DC-to-DC bridge converter with a front-end DCM boost stage to make use of 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 of 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 of tank input
voltage during which the tank current circulates through Si/Ds or S»/Ds;. 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 indpctors). Therefore, this gating scheme cannot be used for duty cycle control of
the front-end boost of the single-stage 3-® ac-to-dc converter.

The new proposed fixed-frequency fixed-edge complimentary PWM control provides a

wide range of 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 turn-off by zero-current switching
(ZCS) as well as lossless turn-on by ZVS and thus improves the efficiency.

The proposed gating signals and resulting tank input voltage V44 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
techniqué, the lower and upper switches across the DC link capacitor are gated
complimentary (with some practical delay to cover fall time of switches). Gating signals
of diagonal switches S, and Ss (Gs; and Gs4) are synchronized (fixed) on the rising edge
while the gating signals of S| and S; (Gs1 and Gs3) would be aligned in their falling edge.
Pulse-width modulation at reduced load is achieved by equally reducing (shrinking in)
Gs) and Ggq and increasing (extending out) Gs3 and Gs; by the same amount (Fig. 3.2(b)0.
The total gating period of S)/S3 and S»/S; remain constant and equal to the switching
period as shown in Figure 3.2(b). Gs; and Gs; are realized in the logic control circuit by
two synchronized complimentary ICs. They are fed by the same fixed slope ramps and



77

their control voltages Veon(s2) and Vionssy are fed from a single divider (pot) so that any

increase in one, results in equal decrease of the other one (Fig.3.2).

@
Gsi [ ] T —]
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Gss
VA'B
(b) — L_‘

©
Fig. 3.1 (a) Circuit diagram of a dc-to-dc PWM bridge converter and comparison of the
(b) conventional phase-shift gating scheme with (c) the new proposed gating scheme.
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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 S, (Veoms2)) and control voltage of Ss
(Veon(ssy) are equal (Veons2) = Veon(say = Vp/2). At reduced load, control voltage of S, is
increased (Veons2) = Vp/2 + AV,) and control voltage of S4 is decreased (Veonsay= Vp/2 -
AV¢on). Therefore, width of Gs; increases and that of G4 decreases by the same value. For
the other two switches, Gs; and Gg3 are complimentary of Gs; and G, 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 S; to S; are gated with the new proposed
fixed frequency complimentary gating signals. A square-wave voltage v, with equal
positive and negative areas, is generated across the terminals 4’ and B". Fig. 3.4 shows the
gating signals, voltage v, tank inductor current i;; 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 =
7. As the load current decreases, pulse-width is decreased with a dead gap by cutting v4s'
symmetrically from both ends by o as shown in Fig. 3.4(b) and (c).

The proposed gating scheme together with an optimum design ensures ZVS for
switches S3, S3 and Ss. Switch S; operates with ZVS from full load to some transition
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load. To ensure lossless zero voltage turn on of S; for reduced loads, an auxiliary ZVT
circuit [15] is added. The auxiliary switch S;, though regularly gated, becomes effective to
provide ZVT only when S} 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 S;

turns on with ZVT and S, not only turns on with ZVS, it also turns off with zero current

switching (ZCS).
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ZVT circuit

Fig. 3.3 Circuit diagram of the DC-to-DC PWM bridge converter with auxiliary ZVT
circuit.

3.3.2 Modes and Intervals of Operation

Modes of operation: Tank inductor current iz;, depending on the load current and
input voltage, operates in
a) tank inductor continuous current mode (T/-CCM)(Fig. 3.4(a), (b)), or
b) tank inductor discontinuous current mode (77-DCM) (Fig. 3.4(c)).

Fig. 3.4(a) shows the operation waveforms of the converter at minimum input voltage
and full load. Tank input voltage is a full square wave v4- 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 from phase-shift control.
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Fig. 3.4 Gating signals, tank voltage (v4’), tank current (i), and current in each
switching leg for three different loading conditions: (a) Full load (7/-CCM). (continued)
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(b) For lo.ads higher than transition load (T/-CCM). Dashed areas are cut by a from gating
signals of Sy and Sy and added to S; and S3 for power control.
Fig 3.4 (continued)
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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 (7/-CCM and TI-DCM).

333 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 7/-
CCM and TI-DCM operation of the converter. Variable time during each HF switching
period is shown by t and the HF period is 1,. 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 i;;(z) > 0, output diodes D,1/Dy4 conduct and output
voltage transferred to primary is positive. If iz;(t) < 0, output diodes D,5/D,3 conduct and
output voltage transferred to primary is negative.

A) General Solutions in TI-CCM (Fig. 3.4(b)):
There are five intervals of operation in this mode. Equivalent circuits during these
intervals in T/-CCM are shown in Fig. 3.5.

Interval 1, 0 <t <1, (Fig.3.5a): v = -V4. Inductor current is positive and decreasing
from 4. Diodes Dj and D3 conduct. Solution for iz;(t) using the initial condition (i£1(0) = '
Ip)is:

in(v) =Ly - [(Vac + nV,)/ L]t (3.1
Current m switching leg sw;, which is the difference between the linear currents in boost
and in the tank, is negative and flows through D;. Current in sws is same as iz;(t), which

is positive and flows through S3. At the end of this interval if;(t;) = 0.
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Interval 2, ©i <t < 12 (12= D1p), (Fig. 3.5(b)): v45'= -Va. S1 and S3 turn-on with ZVS.

Inductor current is negative and decreasing towards /. Solution for iz; using initial

condition (ir;(t;) =0) is:

irf(t) =- [(Vac- nVo )/ Li)J(t - 11)

Current flows through switch S| and S3 until T, when both switches are simultaneously

turned off. At the end of this interval if;(t2) = I.

| D;
L

-

d

(3.2)

®)

©

Fig. 3.5: Equivalent circuits during different intervals of TI-CCM for DC-to-DC
converter of Fig. 3.3. (a) Interval 1, diodes D, and D; conduct. (b) Interval 2, switches S} and S; -
conduct. (c) Interval 3, diodes D, and D4 conduct. (d) Interval 4, switches S, and S conduct. (e)
Interval 5, v45 = 0 and tank current is closed through S, and Ds.

Interval 3, t; <t <t3 (Fig.3.5¢): v4p' = +V4. Inductor current i;; which is negative and

decreasing in magnitude, flows through diodes D, and Ds. It is given by (with initial

condition, izi(t2) = Ip):

iLl(‘C) = [(Vd,_. +nV, )/Ll] (‘t - D‘Cp) + Ip

(3.3)
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At the end of this interval iz (t3) =0
Interval 4, 13 <t<ts (t4=2Drp), (Fig.3.5d): vy = +V4. Switches S; and Sy are turned
on with ZVS. Inductor current iz;(t) is positive and increasing from 0 towards /4 and is

given by (initial condition iz;(t3) = 0):

ir1(T) = [(Vac - nVo)/Li](t - T3) (3.4)
At the end of this interval i; (t4) = I4.
Interval 5, 14 <t <7, (Fig.3.5€): vqpr=0. Switch Sy is turned off at 14, and iy, that is
positive and decreasing from I towards I, current path being through switch S, and

diode Ds. iri(t) (with initial condition iz; (t4) = I41) is given by:

in(x) =1Iq - (nV,/L1)(x —2Drp) (3.5)
At the end of the HF cycle, S, is turned off and the inductor current is again: iz1(tp) = Iy2.
B) Transition from TI-CCM to TI-DCM: Based on the design point, when load
decreases less than some transition load, current iz;(t) changes from continuous (7/-
CCM, Fig. 3.4(b)) to discontinuous (7/-DCM, Fig. 3.4(c)) conduction mode. For the

transition point we have:

11=0,02=0,in(t) =in(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 7/-DCM are shown in Fig. 3.6.

Interval I: During the very short interval of ZVT, switch S, is turned on (Fig. 3.6(a))
and a resonating sinusoidal current flows through D; that provides ZVT for Si.
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 t = 0.

Interval 2: 0< t <1y, v4p = -V4 and inductor current iz;(t) is zero and goes negative.
Switch S3 (that was gated in interval 5 & turned-on with ZVS at the end of interval 6) and
switch S; (that is turned on with ZVT) starts to conduct.

i(v) = -[(Vac- ¥, )/Li]t (3.7
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J1Sl : : :
G T ()
Fig. 3.6 Equivalent circuits during extra intervals of T7/-DCM for DC-to-DC converter
of Fig. 3.3. (a) Interval of ZVT (0 <t < 1,). (b) Interval 6.

Interval 3, Interval 4 and Interval 5, are the same as described for T/-CCM with the
same relations, except that at the end of interval S inductor current has reached zero and
S, turns off with ZCS. We have: is; = ip3 = i1 = 0.

Interval 6: ts < t < 1p (dead gap in inductor current, iz;, equivalent circuit shown in Fig.
3.6(b)). For this interval, current in the inductor remains zero, i.i(t) = 0. All the switches

and diodes of the converter stop conduction and only the output filter capacitor C,

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, 7/-CCM and TI-DCM.

Normalization: All the equations are normalized using the following base quantities:
Vs = Viacminy (minimum input DC voltage),
Py = P, (rated output power),
Iy = PV, Ty =15, Ly=TsVi/Is. (3.8)
As the base of voltage is the minimum value of ¥, and not changing with input
voltage, converter gain, defined as M = nV,/V4, will change with input voltage variations
(Munax = 1V o/ Vactminys Mmin = nVo/ Vicimax))-

A) Steady State Normalized Relations for DC-to-DC Converter 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 L; in each interval:

Interval I: Lipu(Lazpu/T1pu) = Viepu+ Mimax 3.9
Interval 2: Lipi(Ispu/T21pu) = Vdepu = Mmax (3.10)
Interval 3: Lipu(Ippu/T32p1) = Videpu+ Minax (3.11)
Interval 4: Lipu(Lt1pu/Ta3pu) = Vicpu = Minax (3.12)
Interval 5: Lipu(Laipu - La2pu)/Tpapu = Mimax (3.13)

2) Ampere-second balance of inductor current iz;(t) in each switching period:
Ippu(T210u + ©32p) = La1puTa3pu + LizpuCipu + Laipu + La2pu) Cpapu (3.14)
3) Average of rectified current on secondary side (for output bridge rectifier):

Igpu(T21pu + T320u) + Lirputaspu+ Lizpu®ipu+ La1pu+ Liopu)tpapu = 2Popu/ M~ (3.15)
4) Duty c_ycle relations with time intervals:

D=rlpu+721pu (316)
D=‘t32pu+1,'43 (317)
(1-2D) = Tpapu (3.18)

Substituting time intervals from (3.9)-(3.13) into duty ratio relations (3.16)-(3.18), the

following set of equations are obtained.

D/Lpu= Liopl (Vcpu + Mimax) + Igpud (Viepu = Mmax ) (3.19)
D/Lipu= Litpul (Vcpu = Mmax) + Ippid (Vacpu + Mimax) (3.20)
(1 - 2D)/Lipu= (La1pu = La2pu)/ Mimax (3:21)

These equations can be rearranged to obtain a matrix solution for Iy, L2, I versus other

parameters of the converter as given below:

-1
I 0 UV e+ M) VUV teps— M) [ D11,
[1 Az] = [V g = Mop) 0 U gepu + M) | | D/ Ly,
Ig (M) (M) 0 (1-2D)/ L,

(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: Lip(Ippndt21pu) = Vicpu = Mimax ' (3.23)
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Interval 3: Lipu(Ippu/t32pu) = Viepu + Minax (3.24)

Interval 4: Lipu(La1pu/%a3pu) = Viepu - Mmax (3.25)

Interval 5: Lipu(La1pu/Tsapu) = Minax (3.26)
2) Ampere-second balance of inductor current i;;(t) in each switching period:

Tgpu(T210u + T32pu) = La1pu(Ta3pu + Tsapu) (3.27)
3) Average of rectified current on the secondary side (for output bridge rectifier):

Igpu(T21pu+ T32pu) + Latpu(Tazpu + Tsapu) = 2Popu(l = Tpspu)/ Mimax (3.28)
4) Duty cycle relation with time intervals:

D=11p4 (3.29)

D =304+ T43pu (3.30)

(1-2D) = Ts4pu + Tpspu (3.31)
Using above equations, matrix solution for /g and I is:

[ 1,41] _ { 0 VY e = M nax )]-1 [ D/L, p,,] (3.32)
Ip VW oo = M) VWV otopu + M) | 1P/ Lipu

3.3.4 Design

Steady-state relations are solved numerically using MATHCAD software. Design is
done at full load with the minimum input voltage, Vgmn) and maximum possible duty
cycle, D, = 0.5 (Fig. 3.4(a), full square wave v, and tank current in CCM). Design
results obtained in per unit values for a range of gain between Mpa = 0.2 t0 My = 0.8 are
given in Table 3.1. From this design table, it can be observed that high gain (Mux) 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 S, at low loads. To ensure ZVS of S, time
interval t3; (conduction time of diode Ds) 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
(Mpa) design, T35 is less. Therefore, an optimum design to reduce maximum current

rating of components and to ensure the ZVS of S; at minimum load should be considered.



89

To achieve this, a plot of the optimization factor [p./T32,. (the ratio of peak inductor
current to conduction time of diode Ds) versus gain (Mna) is plotted in Fig. 3.7.
Minimum point on optimization curve, Mp. = 0.5 (highlighted in Table 3.1) that can
ensure ZVS of Sy at minimum load is chosen as design point.

Transition point from 7I-CCM to TI-DCM is when I4; and t; reach zero (or tp5 = 0). For
minimum input voltage (1 p.u.), transition from 7/-CCM to TI-DCM is found by
MATHCAD programming to be at D = 0.337 and 80% output power (Peak currents 4=
2.92 p.u., Iz = 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 7/-DCM for the
whole loading range.

Operational curves for the important parameters of 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.

50 T
IAlEu
T 32pu

40 — —

30

0 0.5 Mmax 1

Fig. 3.7 Optimization curve for minimizing the ratio of peak inductor current to
conduction time of diode D4 (L41pu/T32pu)-

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

Mipox Llpu Iy lpu IBpu Tipu T21pu T32pu T43pu
0.2 0.024 10 -10 0.2 0.3 0.2 0.3
0.3 0.034 6,66 -6,66 0.175 0.325 0.175 0.325
0.4 1 0.042 5 -5 O;Qﬁ 0.35 0.15 0.35
0:5 0:047 4 4 0825 0875 03125 0875
0.6 0.048 3.33 -3.33 0.1 04 0.1 04
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, P (a) Duty ratio, D. (b) Inductor positive peak current, ;.
(c) Inductor current at the end of HF switching cycle, . (d) Inductor negative peak
current, Ig. (€1, €2, €3, e4, e5, e6) Duration of time intervals in tank current, Tizu, T21pu,

T32pus T43pus T54pu » Tpspus iN P-U.,
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Table 3.2: Theoretical per unit values of converter parameters operating under different
loads for minimum and maximum input voltage (output voltage regulated at ¥, = 0.5 pu).

Input voltage min. Vz=1pu. max. Vz=1.20p.u.
- M = 0.5 p.u. Mpin=0.416 p.u.
Load 100% 50% 10% 100% 50% 10%
D 0.5 0.21 0.08 0.29 0.145 0.06

Iy pu 4 1.8 0.56 3.027 1.514 0.6
lp  pau 4 0 0 0 0 0
Ip p-u. -4 -2.22 -0.8 -3.71 -1.854 -0.7
T p-u. 0.125 0 0 0 0 0
T21  p.u. 0.375 0.21 0.065 0.29 0.145 0.04
T2  p-u. 0.125 0.07 0.015 0.097 0.048 0.01
T43  p.U. 0.375 0.17 0.035 0.237 0.12 0.025
Ts4  p-U. 0 0.17 0.035 0.237 0.12 0.025
Tps 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 V4= 300 V minimum to 360 V maximum.

Output rated power, P,= 500 W.
Load voltage, V,=48 V.
Switching frequency, f; = 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.

Vo =Victmin) =300V, Py=Po,= 500 W, I, = 1.67 A, Ty = 10 ps, Mpax = 0.5, nVo= Mz Vs

=150V, n=3.1, Ly = VsTs/I, = 1796.5uH, L; = 0.047 p.u. = 84.6 pH, ;1= Ig=4 p.u. =
6.66A, T =132 =0.125 p.u. = 1.25 ps, 121 =143 = 0.375 p.u. = 3.75 ps.

3.34.2 Auxiliary ZVT components

Conditions for design of the auxiliary ZVT circuit is the same as explained in

converter of 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 1, (transition resonance
frequency, f; higher than 10 times of operating frequency f;). Resonant components are
calculated for the peak resonant current in auxiliary circuit (/zyrmax)) to remain less than 5
A (for the worst case, Vigmax) = 360 V). Snubber capacitor (Csnusser) In parallel with
MOSFET capacitor (Caps) can be used as the resonant capacitor (here C; = Capos + Csnusper
= 1.5 nF).

Izvitmay) = Vactmaxy(L/C)'* = 5 A and with C, = 1.5 nF, L,= 7.7 pH.

Resonance frequency in auxiliary circuit is: o, = 27nf; = /(L,C)'?, f; = 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 of the PSPICE simulation results in different
loading for minimum and maximum input voltage. The output voltage referred to the
primary is regulated at V', = nV, = MuuVacming = 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 Fig. 3.9. Waveforms of Fig. 3.9 for maximum input voltage
(360 V) are given in Fig. 3.10. Waveforms of current in switching legs show that all the
switches turn-on with the ZVS for the entire range of 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 of input voltage.

Input Min. V4 =300V Max. V4 =360V
voltage = 0.5 pu M= 0.416 pu
Load 100% 50% 10% 100% 50% 10%
D 0.5 0.28 0.13 0.31 0.21 0.10
Ly A 6.57 3.85 1.9 4 2.3 1.3
I A 6.57 0 0 0 0 0
Ip 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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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 of experimental readings for three loading (10%, 50% and 100% of rated
power) is given in Table 3.4. Theoretical calculation shows 7/-DCM operation starts at
maximum input voltage and full load but in experiment it is still operating in 7I-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 Min. Vg =300V Max. V4. =360V
voltage M= 0.5 p.u. Mpin=0.416 p.u.

Load 100% 50% 10% 100% 50% 10%

D 0.48 0.29 0.12 0.33 0.2 0.08
Ta1 (A) 6.2 3.9 2.2 3.3 2.1 1
Li; (A) 6.2 0 0 0 0 0
Is (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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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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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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Fig. 3.12 Experimental waveforms of Fig. 3.11 with maximum input voltage 360 V:
(a) Full load. (Time scale: 2 ps/div). (continued)
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Fig. 3.12 (continued) Experimental waveforms of Fig. 3.11 with maximum input voltage
360 V: (b) 50% load. (Time scale: 2 ps/div). (continued)
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Fig. 3.12 (continued) Experimental waveforms of Fig. 3.11 with maximum input voltage
360 V: (c) 10% load. (Time scale: 2 ps/div.).
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3.4 The 3-® 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-® AC-to-DC single-stage
boost-integrated fixed-frequency bridge PWM converter with PFC and soft-switching is
introduced. It enjoys all advantages of the converter proposed in Chapter 2 while solving
the disadvantages of 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 of 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 S; 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 of 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 of a 3-® boost converter and a bridge converter. .
The switch S; and diode D, operate together with the input line inductors as a 3-® boost
converter, whereas, they also form part of the bridge circuit. HF switches S; to S are
gated with fixed-frequency complementary (variable duty ratio) gating signals generating
the square-wave voltage v, g across the terminals 4’ 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 Sj, S3 and S4. Switch S will operate with ZVS up to
about 70% rated load. To ensure ZVS of S 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 S| loses ZVS. This happens when the tank inductor
current becomes discontinuous as explained later. The switch S; will turn-on with ZVT
and S; will not only tum-on with ZVS, it will also turn-off with zero-current switching.
Fig. 3.14 shows the gating signals, voltage v,-5- and the tank inductor current i;, for three
loading conditions. At full load, pulse-width = = (Fig. 3.14(a)). When the load current
decreases, pulse-width is decreased with a dead gap by cutting v,4-3- symmetrically from
both ends (as explained in Section 3.2) as shown in Fig. 3.14(b) and (c).

. J; 2 Ve S:JE D, ? Vo

[Du: |Dy; Dcl_.'A' L, / —>ig 1
A .._>JW\_L..FZF Zk - i} € ;“F (] \C§&
B> o o P <

o> M < @&"J s SJT% 7

AL

Fig. 3.13 Proposed HF transformer isolated single-stage 3-¢ AC-to-DC soft-switching
converter with high power factor and low line-current harmonic distortion.

L-/l

D03 o

ZVT circuit

The auxiliary ZVT circuit in this configuration is the same as ZVT circuit used in DC-
to-DC converter of 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:

Indepéndent 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 of conducting diodes in input
rectifier depends on the position of boost pulse currents along the line frequency scale
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(o). Based on this, front-end boost operates in three different modes I to III 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 of discontinuous conduction
of the tank current in Mode II, an extra sub-mode IID happens.

Mode I occurs at the peak of input phase-A voltage (o = 0). This mode is important
for designing device current ratings at minimum input voltage.

Mode IT occurs during 0 < o;f; < 7/6 on the line cycle. In mode II, based on the tank
current intervals and the time that i; goes to zero, four sub-modes ITA-D can occur.
Sub-motie IIA, i; goes to zero in interval 3.

Sub-mode IIB, i; goes to zero in interval 4 before current transfer from D, to S,.
Sub-mode IIC, i; goes to zero in interval 4 after current transfer from D; to S,.
Sub-mode IID, i; goes to zero in interval 5 (Fig. 3.14(b), (c)).

Mode ITI occurs at &;f; = /6 and the continuity factor 8 (= (T, — T5)/1p) is maximum in

this mode (8 = Omax = 1) and the input currents are in Just Continuous Current Mode

(JCCM) for full load.

3.4.2.2 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 ir1, depending on the load current, operates in either 7-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 7/-CCM (Fig.3.14(a), (b)).
Fig. 3.14(a) introduces the full load operation of the converter that shows a full square
wave V45 and is similar to the phase-shift control. Pulse width control at reduced loads ‘
(higher than transition load, T/-CCM) is shown in Fig. 3.14(b). For loads lower than
transition load, converter operates in 7I-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 IID
of the front-end boost, which is the most general mode of operation.
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Fig. 3.14 Gating signals, tank voltage (v45’), tank current (iz;), 3-® 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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Fig. 3.14 (continued), (b) loads higher than transition load (T/-CCM). Dashed areas are
cut by ¢ from gating signals of S; and Ss and added to S; and S; for power control.
(continued)
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Fig. 3.14 (continued), (c) loads lower than transition loads (T/-DCM). Dashed areas are

cut by ¢ from gating signals of S; and S; and added to S; 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 IID.
Current in input boost inductors and in tank inductor is linear similar to double switch
converter of Chapter 2. However, because of 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 i;; which are explained in 7-CCM and T7-
DCM state space analysis below. In TI-CCM operation of ir;(t), intervals 1-5 and in 77-
DCM operation of iz(t) intervals 2-6 will occur.

All the intervals in 3-® boost currents and in tank inductor current along with the
voltage v4-5- 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 = ), there is no dead gap in
v4p-and there are only 4 intervals in i;;(t). As the load current decreases, pulse-width is
decreased with a dead gap by cutting v4-3- symmetrically from both ends (front part of
interval 1 and end part of interval 4) as shown in Fig. 3.14(b) and (c). This brings a dead
gap in v4p (interval 5) during which tank current is closed through S, and Ds. As long as
load reduction is low and dead gap is short, interval 1 exists, tank current iz;(t) which is
still positive, closes through D, (S| is gated with ZVS) and converter operates in 7/-CCM.
At the boundary of tramsition from T/-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 of dead gap), when converter enters 7/-DCM, S
loses ZVS. Before the switch current starts from zero, auxiliary switch S; is gated and a
resonant current flows through D, to provide lossless turn-on of S|. This short interval of
resonant ZVT in T/-DCM is considered as interval 1. In 7I-DCM, a new interval 6 with
zero tank current appears. Reason is that during the dead gap of v energy stored in L; 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 of the next HF period when S is turned on and bus
voltage (-V4) is applied to the tank.

3.4.3 Analysis

Because of the repetitive ©/6 symmetry at the output of three-phase rectifier, analysis is
done for 0 < o;t; < 1/6. 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 7I-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 of the converter with load and input voltage change for 7/-

CCM and TI-DCM operation of the converter.

3.4.3.1 General Solutions

The most general mode of operation for this converter is Mode IID, and all boost
inductor currents (i5(T), i,(t), i«(t)) 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 T/-CCM and Fig. 3.16
shows the additional equivalent circuits for 7/-DCM operation.

(A) General Solutions for T7-CCM:

This mode (Fig. 3.14(b)) occurs for loads higher than the transition load to full load
and there are S intervals in tank inductor current. However, for the particular case of 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 7-CCM operation of converter in Mode IID during
different subintervals. (a) Subinterval 1a, (b) subinterval 1b, (¢) interval 2, (d) interval 3,
(e) subinterval 4a, (f) subinterval 4b, (g) subinterval Sc, (h) subinterval 5b, (i) interval Sc.
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Interval 1, 0 <t <t (equivalent circuit Fig. 3.15(a), (b)): v45 = -V, inductor current
ir1(t) is positive and decreasing from the initial value i;;(0) = I4;. Switching legs sw,
(comprising S; and D)) and sw3 (comprising S3 and D3) conduct.

Differential equation for inductor current is: L(dir; /dt) =-V4 - V',

Solution for current i is given by:

i () = Iz - [(Vac + nV, )/ Li]t (3.33)
3-D boost currents and switch currents: Three-phase input boost currents are:
ig(t)= (Vim cos @t\/Lin)T (3.34)
i5(t) = [Vim cos(wyty - 21/3)/Lin]T (3.35)
i(t) = [Vm cos(ogty - 4/3)/Lin]T (3.36)
Current in switching leg sw,; (S| + D)) is:
Inw1(T) = ig(T) - iL1(t) = [(Vm cos oty /Lin) + (Vac+ nV,)/Li]t - [n (3.37)

It starts flowing in Dy (subinterval 1a (Fig. 3.15(a)) and then after T = t'; since i (z) >
ir1(t), current transfers to S; which is turned on with ZVS (transfer to subinterval 1b (Fig.
3.15(b)).

Ty = Lgo/ [(Vm cos @ity /Lip) + (Vaec + nV,)/L1] (3.38)

Current in switching leg sws (S3 + D3) is the same as iz;(t) and flows through diode D;
until T = t; and then current transfers to S3 (turned on with ZVS), entering interval 2 .

is3(D) = - in(v) = Vac+ nVo) L)t - Ip2 (3.39)
At the end of this interval i;;(t;) = 0.
Interval 2, ©,< 1< 13 (12=D1,), (Fig. 3.15(c)): vas = -Vi. ir1 is negative and
decreasing towards /g. Switches S) and S3 conduct.
Differential equation is: Li(digi/dt) = -V + V',
By integrating voltage across L; with the initial condition iz (t;) = 0, we have:
ing(¥) =« [(Vac- nVo)Li](x-T1) (3.40)
3-® boost currents and switch currents: 3-® input currents in input boost inductors
are still increasing linearly same as interval 1. Current in switching leg sw; that had
changed positive in interval 1, continues flowing through S with a different slope.

Isw1(T)= i51(t) = ia(7) - ir1 (%) = [(Vmcos o))/ Lin]t + [(Vac-nVo)LilJ(x-11) (3.41)
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Current in switching leg sws has transferred from Ds to S3 (ZVS turn-on).
isw3(T) = is3(v) =- in(x) = [(Vac- nVo)/Lil(t -1 ) (3.42)
This interval ends at 12 = Dt,. Maximum current through the switches occurs in Mode [
(w2,=0) at 7, and are given by:
is1(max) = (Ve Lin)Dtp + [(Ve - nVo)/L1])(Dp-T1) (3.43)
is3tmax) = (Ve - nVo) LiJ(Dp-t1) = -Ip (3.44)
Current flows in switches S} and S; until 1, = Dt, when both switches are simultaneously
turned off. At the end of this interval, iz;(12) = /.
Interval 3, 1;< 1t <13 (t2=Drp) (Fig. 3.15(d)): vam (t) = +Va, iri(7) is negative and
decreasing in magnitude, diodes D, and D4 conduct. Differential equation is:
Li(dip/dx) = (V4 + V',) with initial condition iz (t2) = Ip.

i11(v) = [(Vac + nVo )/L1] (x - Dvp) + I (3.45)

At the end of this interval ir;(t3) = 0.
3-® boost currents and switch currents: At t, = Dt,, S and S3 are turned off and
current is transferred to D, and Dy4. The input boost inductors are connected to the DC bus

capacitor and start to discharge linearly as below (keeping in mind: i,(Dtp) = igmax):

i(t) = [(va(t1) - 2/3 Viae)/Lin] (x - D) + ia(Dr,)  Positive (3.46)
is(t) = [(Vs(tr) + 1/3 Vo) Lin] (v -D1p) + is(D,) Negative (3.47)
ie (%) = [(ve(t1) + 1/3 Vi)l Lin] (x -Dr,) +i(Dt,) Negative (3.48)

Currents transferred to the switching legs sw> and sw; are:
Isw2(t) = =ip2 = iL1(T) - ia(T) = [(Vae + nVo)/L1] (x-Dp) + Ip
- [(Va - 2/3 Vae)/(Lin)] (t - D) - in(Drep) (3.49) .
Iswa(t) = ~ips=in1(T) = [(Vac + nV,)/L1] (v-Drp) + Ip (3.50)
Therefore, maximum magnitude of diode currents occurs at 1, = Dr:
1D2(max) = IS\ mav)s  Dd(maz) = 153 (mex)-
At the end of this interval T = 13, current transfers from diode D4 to switch Sy (with ZV'S
turn on). But in switching leg sw> current continues to flow in D,.
Interval 4, t3 < t© <t4 (t4=2Dt,), (equivalent circuits Figs. 3.15(e), (f): vas = +Va.

ir1(t) is positive and increasing from O towards ;. Switch Sy starts to conduct at 13 but
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diode D; still continues conducting (subinterval 4a, Fig. 3.15(e)) until t'5 when ig,2 = io(7)
- i(t) turns positive and current transfers to S, (subinterval 4b, Fig. 3.15(f)).
Differential equation is: L(diri/dx) = (Vg - V).

Inductor current with the initial condition iz;(t3) =0 is:

ir1(v) = [(Vac - nVo)/L1](t - 13) (3.51)
3-@ boost inductors and switch currents: As long as is(t) has not reached zero, there will
be no slope change in input boost discharging currents. Current through switches S, and
Sy are:

isw2(t) = is2(T) = i01(x) - ia(T) = [(Vaie - nVO)/L1](x - t3) - ia(T) (3.52)

iswa(T) = isgf(t) = iL1(T) = [(Vae - nVo)/L1](T - T3) (3.53)
At the end of this interval iz (t4) = Iy.

Interval 5, 14<t <1, (14=2Dr,), (equivalent circuits Fig. 3.15(g), (h), (i)): v = 0.
Switch Sy turns off at 14 and iz; which is positive (decreasing from I4; towards Ig,) is
closed through switch S; and diode Dj, so that switch S5 could be turned on under ZVS
(subinterval Sa, Fig. 3.15(g)). Differential equation is: L(dizi/dt) = -V’,. Solution for
inductor current with the initial condition iy; (ts) = Ly, is:

in/(®) = La - (nVo/L1)(x —2Dry) (3.54)

3-& boost inductors and switch currents: In this interval current ip(t) which has the
lowest magnitude goes to zero (Mode IID), a slope change appears in i,(t) and in switch
current (creaﬁng a new subinterval 5b, Fig. 3.15(h)). After time t'4 that diode Dj; stops
conducting, current in other two phases is:

iy(t) =0,

ia(t) = -i(t) = (Vac(t1) ~ Vac)(*—14)/(RLin) + ia(T4) (3.55)
where vac(t1) = va(t1) - ve(t1) = [(3/2)cos @ity + (N3/2)sin wit1]Vipear)
After time t"4, when all input diodes are off, during the dead gap of input rectifier
(subintervals 5c, Fig. 3.15(i)) we have:

io(t) =ip(t) =i(t) =0 (3.56)
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In this interval, the HF tank input voltage v4+- is zero and inductor current iz; is closed
through S, and D;. Switching leg currents are given by:

isw3(t) = ip3(z) = -ip(x) = (Vo /L)(v 2D7%) - Lu (3.57)

isw2(T) = isa(T) = ip1(T) - ia(T) (3.58)

After i (t) goes to zero, isy(t) = ip3(t) = ir;(t) and at T = 1, they reach L,,.

(B) Boundary Conditions for Transition from 7/-CCM to TI-DCM : Based on the
design point and input voltage, tank current changes from 7/-CCM to TI-DCM when the
load decreases less than the transition load. At the transition load we have:

5= ,12=0; i) =in(0)=0 (3.59)

(C) TI-DCM (for loads lower than the transition load): In this mode, a short interval of
ZVT substitutes interval 1 (equivalent circuit, Fig. 3.16(a)) and an extra interval of dead
gap (equi;/alent circuit, Fig. 3.16(b)) occurs in tank inductor current. During dead gap of
tank inductor current, no power is transferred by the tank and output capacitor supplies
the load.

(b)
Fig. 3.16 Additional equivalent circuits in 7/-DCM operation of tank.

Interval 1 (Fig. 3.16(a)): This interval, which should provide soft turn-on of S does
not naturally happen in TI-DCM. Instead, short after S, is turned-off and before gating Si,
auxiliary switch S;is gated and short interval of sinusoidal resonating current through D
provides ZVT for S;. Frequency of this resonance is defined by 2nf=1/(L,C)'"? and the
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resonant current amplitude that is maximum current of D; would be: ipipmay) =
Vdc/(L,/C,)m. Total snubber and internal capacitor of switch S; can be chosen as C,.
Interval 2, 0< 1< 1 (12=Dr,) (same as Fig. 3.15(c)): Neglecting short interval of
ZVT in analysis, interval 2 is assumed to begin from t = 0. V45 = -V, inductance current
ir1(t) is at its zero point to go negative. Differential equation is: Li(disi/dt) =-Va + V7,
Solution for i;;(t) is:
in(t) = -[(Vac- nVo)/Li]x (3-60)

There will be no subintervals in this interval.

3-@ boost inductors and switch currents: Switch S; that was turned on with ZVS in
the last interval of previous HF cycle, continues to conduct and switch S after the short
time of ZVT, starts to conduct.

isw1(t) = is1(t) = ia(z) - i1() = [(Vm cOs ity /Lin) + (Vac- nV, ) L]t (3.61)
isw3(t) = is3(t) = -ip1(x) = [(Vae - nV, )/ L]t (3.62)

Interval 3, Interval 4 and Interval 5, would be the same as described for 7/-CCM and
all the equivalent circuits, interval and subinterval relations are valid, except that at the
end of interval 5 we have: is;(t) = ip3(t) = iLi(t)=0

Interval 6, 1s< T <1, (Fig. 3.16(b)): This interval only occurs in 7/-DCM and for the

whole interval current in inductor remains zero (iz; = 0). All the input and output diodes
and switching legs of the converter stop conduction and only the output filter capacitor C,
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 of HF boost current on
line scalel Result of 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 T-CCM in Mode IIC, TI-DCM
in Mode IID and T/-DCM in Mode III, respectively.
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3.4.3.2 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 7/-CCM
and TI-DCM) and for the front-end boost, which are interconnected by the common
parameters: power (P,), duty cycle (D), and DC link bus voltage (V). 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 =Vipeak(min)y, Ps= Por (rated output power);
Iy=Py/Vs; Zs = V?5/Ps; Ts = p; Lo = ToVs /Iy
As the voltage base is fixed and not varying with input voltage, converter gain which is

defined as M = Vop,= nV,/Vipear Will change with input voltage variations.

(A) Steady State Normalized Relations for DC-to-DC Converter in 77-CCM:
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 of Chapter 2 are valid here:
1) Input power with 100% efficiency:
" Piop= Popu= (PipeaipuDBna)(ALir) (3.63a)

Output power with a typical efficiency nyyp:

Popu = NtypP30pu = (Meyp ¥ ipeaipuDSmax)/ (4Lin) (3.63b)
2) DC-link bus voltage:

Viepu = Vipearpu! (1-D/dmax) (3.64)
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Ly, Iy and Ip, which are the initial and final values of tank inductor current in each
interval, can be found from (3.22). The negative peak of tank inductor current (/z) along
with the maximum peak of the boost inductor current show the peak current stress on the

main switch S| 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 of 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 of 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 (Vijpeak(min))
and maxihm possible duty cycle, D,, = 0.5 (full square tank input voltage Fig. 3.14(a),
tank current in 7/-CCM). Input boost currents are in JCCM operation (Mode III, dmax = 1,
Vagu = 2 p.u.). Design relations are solved numerically by MATHCAD. Design
parameters obtained in per unit values for a range of gain between M = 0.5 t0 My =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 (Mpn4) 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 S4 at low loads (higher T3> gives a more
reliable ZVS). Therefore, an optimum design should be considered.

Based on the important parameters in optimization of design, (a) reducing maximum
current rating of components, (b) ensuring ZVS of S4 to the minimum load (by increasing

T3> 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 of diode D4 (L4pn/T235:) Versus gain (Mpma). Minimum
point is at M, = 1. Nevertheless, any point between Mp. = 0.8 to 1.2, could be used as
the design point depending on the preference between lower peak currents or maintaining
ZVS for S4 at low loads. We give preference to lower peak currents and Mpa = 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 of Chapter 2 and ZVS of S; can

be maintained to low loads.

Table 3.5: Design values in per unit at full load and minimum input voltage, D,, = 0.5,
Omax=1, Vae =2 p.u., Li;=0.125 p.u. Base values are given in Section 3.4.3.2.

Minax Lipu La1pu Igpu Tipu T21pu T32pu T43pu
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 2.86 2.86 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 2.22 2.22 0.138 0.362 0.138 0.362

1 0.188 2 2 0.125 | 0375 | 0.125 | 0.375
1.1 0.192 | 1.82 1.82 0.112 | 0.388 | 0.112 | 0.388
12 0.192 | 1i66 1.66 04 04 0.1 04

13 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 1.11 1.11 0.025 0.475 | 0.025 | 0.475
1.9 0.046 1.05 1.05 0.012 0.487 | 0.012 | 0.487

2 ~0 1 1 =0 0.5 ~0 0.5
20
IAlpu/":32pu
18
16
0.5 1 1‘.2 Mmax 1.5

Fig. 3.18 Optimization curve for the 3-® AC-to-DC converter to minimize ratio of peak
inductor current to conduction time of diode D4 (L4p./T32pu) at design point.
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3.4.4.2 Theoretical prediction of operating performance of the
converter

Fig. 3.19 shows the operational curves for all the important parameters of 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 T/-CCM
to TI-DCM is calculated by substituting I, = 0, Ty = 0 in 7/-CCM steady state solutions.
For the minimum input voltage (1 p.u.) transition takes place at about 70% loading with
D = 0.393, 6 = 0.885. Boundary values of 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 T/-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.

Vipeak P,, p.u. Ve, p-u. Iy, pou, I, 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
Max. (1.45 pu) 1.57 TI-DCM

3.4.43 Current Ratings of Components

Current rating of 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 -
7t/6 period of the line cycle using current waveforms in each interval of HF cycle (derived
in 3.4.3.1, general solutions). Peak current calculation of 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:

Isipear)y = ID2(peai) = I8(max) + lagpeak); Is2(peak) = ID1(peak) = La1(max)

Is3(peak) = Ipa(peak) = IBimax)s Isa(peak) = ID3(peak) = Lp1(max)
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Fig. 3.19 Operational characteristics (in per unit) for changing loads at different input voltages.
(a) Conduction factor of input rectifier, dma. (b) Duty cycle, D. (c) DC bus voltage, Viegpu.
(d) Latpu. (€) Lazpu. () Inpu- (81, 82, g3, g4, g5, g6) Time intervals Tipu, T215u T32pu> Ta3pus
TS4pus Tpspu.
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Table 3.7: Theoretical per unit values of converter parameters operating under different
loads and input line voltages.

Input min. Vipea =1 pu
voltage M=1.2

rated Vipear=1.25 pu max. Vipear=1.45 pu
M=0.96 M=0.834

Load | 100% | 50% 10%

100% | 50% | 10% [ 100% | 50% | 10%

D 0.5 0.32 0.13

0.37 | 0.25 0.1 0.31 0.21 | 0.08

S 1 077 | 04

085 | 0.64 | 033 | 0.76 | 0.57 | 0.29

Ve pu| 2 | 1.72 | 146

222 | 2.04 | 1.77 | 2.48 | 229 | 2.01

Vo pu 1.2 1.2 1.2

1.2 1.2 1.2 1.2 1.2 1.2

Ly pu| 167 | 0.8 | 024

126 | 0.64 | 0.13 1.1 0.55 | 0.11

Iyp pu | 1.67 0 0 0 0 0 0 0 0
Is pul-167] -09 | -027 | -141 | -0.69 | -0.13 | -1.21 | -0.6 | -0.12
7t pu | 0.1 0 0 0 0 0 0 0 0

T21 pPu 04 0.33 0.14

0.37 | 0.25 0.1 0.31 0.21 | 0.08

732 pu 0.1 0.055 0.02

0.07 | 0.04 | 0.01 | 0.05 | 0.03 | 0.006

743 pul 04 0.29 0.12

034 | 023 | 0.09 | 0.28 | 0.19 | 0.08

Tss _pu 0 ]0.135 | 0.03

0.16 | 0.08 | 0.02 | 0.12 | 0.06 | 0.01

Tp,s  pu 0 0.19 | 0.69

0.05 | 040 | 0.78 | 0.22 | 0.51 | 0.82

Mode of | TI- TI- TI-
operation] CCM | DCM | DCM

TI- | T | T | TI- | TI- | TL-
DCM | DCM | DCM | DCM | DCM | DCM

Table 3.8: Device ratings in p.u., for bridge scheme of 3-® AC-to-DC converter (Fig.

3.13).
Device Rating Bridge Devices Current Rating
Average current of D1/Ds Ip;=0.078 p.u. Ip3=0.1 p.u
R.m.s. current of S1/S3 Isims=1.19 p.u. Is3ms = 0.35 p.u.
Average current of S1/S3 Isiv=0.64 p.u. I32v=0.116 p.u.
Peak current of Si/S3 IS10eay =4.37 p.u. Is3peaiy=1.67 p.u.
Average current of Do/Ds I;,=033 pu. Ips=0.04 p.u
R.m.s. current of S>/Ss Im:=(.55 p.u. Is4ms=0.7 p.u.
Average current of $»/S, Is2.,=0.238 p.u. Ieq0v=0.4 pu. |
Peak current of S»2/Ss I peay = 1.67 p.u. Isypeary= 1.67 p.u.
Average current of output diodes Ipow=0.416 p.u.
Average current of input diodes Ipin=0.667 p.u.

3.4.4.4 Design Example

A 3-® 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, P,= 500 Watts. Load voltage, ¥V, =48 Volts.
Switching frequency, f; = 100 kHz.
Design is done for the JCCM at oi1=n/6, Mode III (the critical point on three-phase
line cycle) with minimum input voltage at full load. Base values are defined as below:
Ve = Vipeakmin) =N2*96 = 135.76 V, Py = Po,= S00 W, I, = Py/V; =3.68 A,
Zy=V/I; =369 Q, Ty =1, = 1/f; =10 ps, L, =368.9 puH.
For the optimum design point, ¥jpek(min) = V2*96 V, My = 1.2,
nV,=12%1357=163 V,n=163/48 = 3.4, '
L1 =0.192 p.u.=70.8 pH, L;; =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 n,, ~ 0.85 is assumed, which gives: L;,= 39 pH.
I1=1.66 p.u.=6.1A, Ig=1.66 p.u. = 6.1A, Vicimax) =2.48 p.u. =336 V.
1=0.1pu.=1pus, 121 =04pu=4ps, 132=0.1pu=1ps,t43=04 p.u.=4 ps.

Design of Auxiliary ZVT Components: Conditions for design of the auxiliary ZVT
circuit is the same as explained in Section 3.3.4.2 of DC-to-DC converter. Components of
the auxiliary circuit are calculated for a limited peak resonant current (less than S A for
Vicimaxy = 336 V) and a short transition time (resonance frequency in auxiliary circuit
more than 10 times of operating frequency).

2nfe = 1(LCY", Izviimas = Viacma/L/C)'? = 5 A, which using C, = 1.5 nF, (Cpos= 0.5
0F, Conusser= 1 nF) gives L,=7.2 uH and f; = 1/(L,C)"* = 1.7 MHz (which are almost the
same as ZVT components calculated in Section 3.3.4.2 of 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 of

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'oe=MVp.q = 163 V.
Converted from Table 3.7 by the base values: V,=135V, [,=3.68 A, 7= 10 ps.

Input min. V=96V (rms) |rated ¥;=120V (rms) | max. V;=138 V (rms)
voltage M=1.2 M=0.96 M=0.834

Load | 100% | 50% | 10% | 100% | 50% | 10% | 100% | S0% | 10%

D 0.5 0.325 ] 0.13 | 0.38 ] 0.25 | 0.1 0.31 0.21 | 0.09

Vie V| 271 233 198 302 276 | 240 336 310 273
Ly Al 6.1 2.9 0.9 4.65 3.2 | 048 4 2 0.4
Lo Al 6.1 0 0 0 0 0 0 0 0
Ip Al -6.1 -3.5 -1 -52 | 255} -05 | 444 | -22 | -043
7 us 1 0 0 0 0 0 0 0 0
7 us| 4 3.3 1.4 374 | 249 | 097 | 3.14 | 2.09 | 0.82
3, us| 1 0.55 0.2 0.73 | 038 | 0.08 | 0.55 | 0.28 | 0.06
3 us| 4 2.9 1.2 336 | 229 | 093 | 2.85 1.94 | 0.79
¢ uMs| O 1.35 0.3 1.62 | 0.82 | 0.17 1.21 0.61 | 0.12
Ts ps{ O 1.9 6.9 0.55 | 403 | 785 | 2.25 | 508 | 8.21

Table 3.10: Actual values of device ratings for converter of design example.

Device Ratings for Bridge converter

Average current of D/Ds A Ip1=0.287 Ip3=0.368
R.m.s. current of S1/S3 A Istrms=4.38 Isms=4.78
Average current of Si/S; A Isiav=2.35 I34,=043
Peak current of S/S3 A ISl(peak) =16 15‘3(peak) =6
Average current of D2/Dy A Ipp=1.2 Ips=0.15
R.m.s. current of S>/S4 A Isorms =2 Isarms=2.57
Average current of S7/Sy A Isy=0.875 Isgay=1.5
Peak current of S5/S4 A ISt (peary= 6 IS3(peat) = 6
Average current of output diodes A Ipous=1.53

Average current of input diodes A Ipin=12.45

3.4.5 PSPICE Simulation

For saving disk space and computation time, simulation is done for a redesigned

converter with a switching frequency of 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. Qutput voltage transferred to the
primary side of HF transformer is regulated at V', = MuacVipeak(miny = 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
anangemént:
(al, bl) Phase voltage (v,) and unfiltered current in phase A (i;).
(a2, b2) Low harmonic spectrum of input line current.
(a3, b3) 3-® HF input boost currents.
(a4, b4) Tank input voltage (v45-) and current (ir,).
(a5, bS) Voltage and current of 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 min. =96V (rms) | rated V;=120V (rms) | max. V;=138 V (rms)

voltage M=1.2 M=0.96 M=0.834

Load | 100% | 50% 10% | 100% | 50% 10% [ 100% | 50% 10%
D 0.49 | 0.35 0.18 0.4 026 | 0.14 | 034 | 0.24 | 0.12
Vie V| 268 230 215 290 285 270 335 325 300

Iy Al 6 3 1.3 5.2 3 1 5.5 3.5 1.5
Iix, Al 6 0 0 1 0 0 0 0 0

Is Al -6 -3.6 -1.2 -5.6 -3.5 -1.2 -7 -5 -1.7
7 us| | -—-- — 0.2 —— -—-- - ———- -
T ps| 4 3.5 1.6 4 2.6 1.4 34 24 1.2
T2 ps| 1 0.5 0.25 1 0.8 0.4 0.9 0.7 0.3
T43 _ps| 4 3 1.4 3.2 1.8 1 2.5 1.7 0.9
Ts4 MUS| - 1.5 0.35 1.6 1.3 0.4 2.2 1.5 0.5
Tps US| - 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 | TI- TI- TI- TI- TI- T- TI- TI- TI-
operation| CCM | DCM | DCM | CCM | DCM | DCM | DCM | DCM | DCM
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Fig. 3.20 PSPICE simulation waveforms for converter of design example at minimum
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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: L, = 85
pH (including HF transformer leakage inductance), L;,, = 40 pH, the MOSFET
MTMIS5NS0 (15 A, 500 V, 0.4 Q) is used as the main switch S, 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 Q). Switching frequency is 100 kHz and the gating
signals are realized by two synchronized UC 3824 ICs. Table 3.12 gives a summary of the
experimental readings. Fig. 3.23 shows the experimentally recorded gating signal of the
auxiliary switch S; at rated input voltage and full load in relation with gating signals of the
upper and lower switches S; and S;. 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 of input line filtered current, its harmonic spectrum and the THD. Conduction
time of diode D4 (t23) at 10% load, from Table 3.7 is T3, = 0.01 p.u. (it can also be
observed in Fig. 3.17(g3), characteristic curve of 13;,, versus load power). Actual value in
operating- frequency of 100 kHz would be 100 ns, which shows the design point can

maintain ZVS of S4 to low loads.

Freqdl) not found

Fig. 3.23 Gating signal of the auxiliary switch S,and the delays required in relation with
gating signals of switches S| and S; (at full load for rated input voltage).
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Table 3.12: Experimental results for the S00 W converter designed in Section 3.4.5.4 for
the specified loads and input voltages.

Input min. V;=96V (rms) rated V;=120 V (rms){max. ;=138 V (rms)
voltage M=1.2 M=10.96 M=0.834
Load 100% 50% 20% 100% 50% 100% 50%
D 0.48 0.35 0.2 0.43 0.25 0.35 0.25

Ve VI 270 240 210 300 260 340 320
I A 6 3.3 1.9 5.2 3.5 5 2.6
Lo A 6 0 0 0 0 0 0
I ‘Al -6.2 -3.7 2.2 -5.5 -4 -5.5 -3.2
Ti HS 1.1 .es cee 0.1 ces
T21 us 4 3.2 1.6 3.8 2.7 3 2.2
32 usj 1.2 0.8 0.7 1.6 1.1 1.2 1
T43 us 4 2.6 1.3 4.2 2 2.8 2.1
Ts4 ys 0 1.8 1.3 0 1.8 2 2
Tps s 0 1.3 5 0 1.9 0.8 2.3
Mode of{ TI- TI- TI- TI- TI- TI- 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 of 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 of this new gating scheme is in off-line boost integrated full-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-® 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 turned-on
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Fig. 3.24 Experimental waveforms for 500 W converter of design example at minimum

input voltage, Vimin =96 V (rms): (a) Full load. (continued)
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Fig. 3.24 (continued) Experimental waveforms for 500 W converter of design example at

minimum input voltage, ¥imin = 96 V (rms): (c) 20% rated power.
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Fig. 3.25 Experimental waveforms for 500 W converter of design example at rated input

voltage, Vigea= 120 V (rms): (a) Full load. (continued)
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Fig. 3.26 Experimental waveforms for 500 W converter of design example at maximum

input voltage, Vimar = 138 V (rms): (a) Full load. (continued)
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with low di/dt 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 of 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 of 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 PWM 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.



151

Chapter 4

New Gating Scheme Used in 3-® AC-to-DC Boost
Integrated Series Resonant Converter with Soft-
Switching and HF 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-® off-line AC-to-
DC converters (Section 3.4) were introduced. The 3-@ AC-to-DC fixed-frequency single-
stage converter proposed in Chapter 3 is composed of 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 of boost integrated DC-to-DC full-bridge converters
where the phase-shift 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 of the tank input voltage. Good features
of the converter in Chapter 3 encourage using advantage of this switching scheme in other
converters of 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-® 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 of the proposed 3-®@ 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) fo simulate the designed converter for its performance with PSPICE program.

6) To build and verify the operation of the designed converter.

These objectives are carried out in this chapter as outlined below:

Section 4.2 explains the circuit diagram, principles of 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 reporfed 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, Operation, 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-® front-
end boost converter (input inductors L;,, the three-phase input diode-bridge D,
Dg3....Dey, D, the switch S; and diode D;) follows the same principle of operation as
explained in AC-to-DC converter of 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 HF transformer is included in tank inductor). HF switches S; to Sy are gated
with the same gating signals as introduced in Chapter 3 (fixed frequency complimentary,
variable duty ratio). A square-wave voltage v, with equal positive and negative areas is
generated across the tank input terminals A’ and B'. The resonance frequency of L and C
in this circuit is selected for above resonance operation [8] (f; > f»,). 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 S,, S3 and S is ensured with the new proposed gating scheme
and a well-chosen optimum design point. From full load (design point at minimum input
voltage) to about 80% of rated load, the main switch S| operates with natural ZVS (before
S turns on, current flows in D; and provides zero voltage across the switch). At low
loads, S loses ZVS. When S) loses ZVS, the auxiliary circuit of ZVT [15] ensures the
lossless turn-on of S;. The auxiliary switch S; in ZVT circuit is gated before gating the
main switch S; and forces a very short duration of auxiliary resonance current flowing
through the antiparallel diode D;. As long as S; 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 of 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 S| turns on with ZVT and other three switches operate
with ZVS turn-on as well as ZCS turn-off for S,.
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In linear tank inductor current (Chapter 3), the peak current of inductor, which affects
the maximum current of switches and diodes, happens at the end of each interval at the
instant that the tank input voltage changes sign. However, in sinusoidal resonant tank
current, switching current at the instant of current transfer between switching legs is

lower than peak resonance current resulting a lower switch rating and switch loss.
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Fig. 4.1: Circuit diagram of the single-stage 3-® 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 of operation in front-end boost are independent of the modes in tank circuit.
Classification of 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, ITIA, [IB, IIC, [ID 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 of tank input voltage, they show two distinct modes of
operation (TI-CCM and TI-DCM). Fig. 4.2 shows the HF waveforms of the converter in
Mode IIC (which is the dominant mode and shows the highest possible intervals). Fig.
4.2(a) is for full load at minimum input voltage in 7/-CCM with Dt,=1,/2 (pulse-width =
n). Fig. 4'.2(b) gives the same waveforms for the reduced load and reduced pulse-width
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still operating in 77-CCM. Duty cycle is reduced cutting gating signal Gs; and adding Gs;
by the same amount o = (0.5 - D)t,. Waveforms for the further reduction of load (lower
than transition load, 7/-DCM operation of converter) are shown in Fig. 4.2(c) where D is
reduced and « is increased more. In each case, the HF waveforms of the gating signals, 3-
@ HF boost inductor currents, tank input voltage v4.-, tank inductor resonant current iz,
voltage across the series resonant capacitor (v¢s) 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 of resonant current. At full load with minimum input
voltage, converter operates in 7/-CCM. Tank input voltage v, is full square wave with
no dead gap and there are only 4 intervals in resonant current of tank inductor iz,(7),
(Fig.4.2a). When load is reduced from full load, to regulate the load voltage, duty ratio D
is reduced by cutting v45- symmetrically from both ends (from the front part of interval 1
and the end part of interval 4, Fig. 4.2(b)). A dead gap appears in v, (interval 5) during
which tank current flows through S; and Dj. As long as interval 1 is not completely cut,
tank current remains in continuous current mode (7/-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 of tank input voltage v45 = 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 v¢;s remains at the peak). In interval 6, tank stops converting energy and only the

output capacitor C, feeds the load.
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Fig. 4.2 HF waveforms in BISRC, gating signals, tank voltage (v4s7), 3-® boost inductor
currents, voltage across resonant capacitor (v.), tank current (iz1), and current in each
switching leg for three loading conditions: (a) Full load (T/-CCM). (continued).
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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 of 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 of the symmetry in the output voltage of 3-® input rectifier, only line
interval 0 <®;f; < 7/6 is considered in analysis (i, positive, i, & i, negative). Switching
frequency is much higher than the line frequency and line voltages are assumed to remain
constant during each HF switching period (#; < t < #;+1,). 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 T/-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-® front-end boost are similar to AC-to-DC converter of 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, i, (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 iz ;(t) 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 of the current waveforms in 3-® DCM boost and in switches for
different intervals of operation.

Intervals 3-® boost inductor currents Switch-leg current’
I; 0<t<7,™" [iLt) = (Vmcos ati/Lin)T lan(T) = i(T) - i11(%); iwa2(T) =0
DU | e Y et Ay | () i) =0
3; u<t<my LT [(Va(11)-2/3 Vi) Lin)(t-T2)Hia(T2) |ise1(T) = 0; dewa(T) = ipa(T) - ()
=D)LV a Ll (T2 | () = 05 (D) = i (5
s T3<T<14
5;T4<T<Ts i{)=[(v1))F1/3 V) Lin](t-T2)Hi{T2) |In TI-DCM at the end of interval 5,
Current i5() which has the lowest| "¢ P2V® I2=i=iu=0
(t=2D%) | magnitude goes first to zero and the beed(1) = -I0(7)
other two phases change slope and bn2(T) = iLi() - i(%)
equally go to zero.
6;1s<t<71, Dead-gap in inductor current, i;;(t) = 0.
This interval exists in 77-DCM when all the input and output diodes
and switch-legs stop conduction. Only output capacitor C, feeds the load.

.Switch-leg "sw; " comprises S and D, "sw;"” comprises S; and D; 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 D, that provides ZVT for S;,. Frequency of the ZVT resonance is defined by
a),,,=1/(L,C,)"2 and the auxiliary resonant current amplitude that is maximum current of D, would
be: ipi(max) = Vi /(L/C)'. Total snubber and internal capacitor of switch S can be chosen as C.,.

4.3.1.2 General Solutions for DC-to-DC converter

For the convenience of deriving resonant tank relations, an equivalent circuit across

the terminals 4’ and B’ of Fig. 4.1 is drawn as shown in Fig. 4.3.

ir Ly Cs
A —>  (YY\L {C A" If iy > 0, Vyngn= +V,
+vp - +ves- + If iy <0, ,vgmp"=-V"%
Va'B' \7:
Bl B"

Fig. 4.3 Equivalent circuit across the terminals 4’ and B’ of Fig. 4.1. The HF output

rectifier, filter and load are replaced by a voltage source v4~g~.

In the following derivations resonance frequency is defined as w, =1/(L,Cs)'"* and the

characteristic impedance as Z;, = (L/Cy)'2.
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Each interval of the tank current begins from time Ty -1y and ends at t; (k shows the
number of interval, 1, 2, 3, 4, S or 6, with 1ty = 0).
General form of differential equation in resonant tank circuit for interval k is:
T=T(k-1)
Ldig 1+ U C) [y () +ve (gpmn)) =+,05 () =V 00 (F) 4.1)
T(k-1)
General form of resonant current in each interval k is assumed as a sinusoidal with

amplitude [, and phase angle ¢; .
ir1(t) = LuSin[®o(T- Tk - 1)) + du] “4.2)

General form of voltage across the capacitor during interval k is:

ves(D=/Cy) _[iLl(T)df Vo5 (Ck-) = ~LmutZen COS (T = T(e-)) + e 1+ Vg —Vep)  (4.3)

Tk-1)
Initial conditions to find constants /4 and ¢, in each interval k are given by:

i1 (Ta-1) = TSI 5 Lk ZenCOSP c+ Ves(Th-1) = (Va'B' - Va~B") 4.4)

Int and ¢, in each interval are obtained from (4.4) in terms of initial value of capacitor
voltage and inductor current:

Lk = ip(Te1)/sindns Ox = tan™ {[ir1(te1) Zenl/ [(Vas - Va=) - Ves(ti-1)]} 4.5)

In general solutions, resonant waveform of each interval is assumed as a part of a sine-
wave (4.2) with amplitude I and phase ¢y. Ine and ¢, as defined in (4.5) are function of
the characteristic impedance of the tank, Z, = (L1/Cs)'?, voltage applied to LC tank (v
- v4-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 of the previous interval), a set of equations are derived which

give the constants /,, and ¢, for all the intervals.
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By above considerations, general solution of HF waveforms in all intervals of T-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 1 (0 <t < 1;): Equivalent circuit Fig. 4.4(a and b), v4s- = -V, V4gr=nV, =
+V",. Resonant current iz is positive and decreasing. Switching legs sw; and sw; conduct.

Differential equation for tank components is:

Lidiy, /de+(1/Cy) ojiL, (D +v(0) =V V", 4.6)

The general form of current and capacitor voltage waveforms is:

iL(t) = Imsin(@ot + ¢1),  (¢1> 1/2) 4.7

Ves(T) = ~Im1Zencos(ot + ¢l) -Vac-V's (4.8)
Initial values of current and capacitor voltage are:

ir1(0) = Iy1sing; “4.9)

Ves(0) = -ImiZeh cos¢, - Vac- V' 4.10)

Peak positive capacitor voltage, Vespeak+) Occurs at the end of this interval t; when tank
current goes to zero.
in(t1) = Imsin(@oTy + ¢1) = 0; @oTi=17 - ¢ (4.11)

Ves(T1) = Vespeak+) = ImiZeh Ve - Vo, (4.12)

Diode Dy carries iz (z) - is(t) while diode D; carries only the tank resonant current '
ir1(t). When diodes D, and D; start conducting, voltage across the switching legs sw, and
swireaches zero and S; and Sj are gated with ZVS.

After T =1'1, i(t) > ir1(%) and current transfers from D, to S} (transfer from subinterval
1a, Fig. 4.4(a), to subinterval 1b, Fig.4.4(b)) and S; turns on with ZVS. In switching leg
sw3 diode Ds carries only the resonant current iy;(t) until v, and then resonant current

transfers to S3 (turned on with ZVS).
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Interval 2 (1| <t < 13, To= Drp): Equivalent circuit Fig. 4.4(c), v4ws = -V, varg~= -V’.
Differential equation for tank circuit is:
T-tl

Lydig, lde+(U/Cy) [ip(Dde+v(v) =V +V7, (4.13)

T
Resonant current i;; begins from zero, ¢, =7 and goes negative, switches S} and S3

conduct. General form of current and capacitor voltage is:

ir1(t) = Impsin[@o(T - 1) + 7] (4.14)

Ves(T) = ~In2 Zenc0S[@o(T - T1) + 7] - Vae + V' 4.15)

Initial values of current and capacitor voltage in this interval (which are the final values
of interval 1, equations (4.11,12)) are:
int)=0,v(x)=ImZch-Vat+ V', (4.16)

Negative peak of resonant current (izi(pear) = Im2 ) is at ®,T = /2 + ®,T;, when capacitor
voltage is zero. At the end of this interval, T = 1; = D1, inductor current and capacitor
voltage have reached:

ir1(t2) = ~Im2 sinwo(D1p - T1) (4.17)
Ves(T2) = Im2 Zencoswo(Dtp - T1) - Vae+ Vo (4.18)

Current flows in switch S} and S3 until T2 = D1, when both switches are simultaneously

turned off, resulting in the turn-on of D, and Dy and initiating interval 3.

Interval 3 (1;< t< 13): Equivalent circuit Fig. 4.4(d), vy = +Va, va~ = -V’.
Resonant current iz;(t) is negative and decreasing in magnitude. Diodes D; and D4

conduct. Differential equation for the resonant tank is:

=12
Lidigy /dv+(1/Cy) jiLl (Dt + vy (1) =+V4 +V'y (4.19)
T2
General solutions:
ir1(t) = Imssin[wo(t - D1p) + ¢3], (93> 37/2) (4.20)
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Ves(T) = = ImzZencos{mo(t - Dtp) + §3] + Ve + VY 4.21)

Initial values of current and capacitor voltage (which are the final values of interval 2,
equations (4.17,18)) are:

i1(t2) = In3sings (4.22)

Ves(12) = - Im3Zep cosdz + Vg + V' (4.23)

At time t = T3, resonant current goes to zero and capacitor voltage reaches negative peak.
ir1(t3) = Im3sin[wo(t3 - D1p) + ¢3] = 0; T3 =27 + ©cD1p- §3 4.24)
Ves(T3) = Vespeak) = ~Im3Zen + Vac+ V' (4.25)

Current through diode D; is ix(t) - iri(t), while diode D4 carries only iz1(t). Soon after
these diodes start conducting and voltage across switches $; and Sy reaches zero, they are

gated to initiate ZVS.

Interval 4 (13< Tt < 14, 14=2D1,): Equivalent circuit Fig. 4.4(e, £, g, h), vqn = +Vy,
v4g»= +V",. Resonant current iz;(t) is positive, switch S4 (turned on with ZVS) starts to
conduct at 3 but diode D; still continues conducting (subinterval 4a, Fig. 4.4(e)), until 1';
when ig,2 = i,(T) - i1(T) turns positive (subinterval 4b, Fig. 4.4(f)) and current transfers to

S7 (turned on with ZVS). Differential equation describing this interval is:

T—T3
Ldip 1d+1/C; i (R)ar+v 4 (t3)=+Vy =V, (4.26)
13
Current begins from 0, (¢4 = 0 or 2x), and general solutions are:
ir1(1) = Inssin{oq(T - 13)] “4.27)
Ves(T) = ~ImaZencos[@o(t - T3)] + Ve~ Vs (4.28)

Initial values (which are the final values of interval 3, equations (4.24,25)) are:
ir1(v3) = 0, Veseak-)(13) = ~ImaZen + Vac- V' (4.29)
At time o©,t"3; = W2 + ©,T3 when capacitor voltage goes to zero, resonant current

reaches the positive peak amplitude (iz1(peak+) = Ima)-
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After time t'4 that i5(T) goes to zero, input diode Dj; stops conduction and i,(t) = i(t)
changes slope subinterval 4(c) with equivalent circuit Fig. 4.4(g) begins. After time ",
all the 3-® boost inductor currents have reached zero and all input diodes are off
(subinterval 4(d), Fig. 4.4(h) dead time of input rectifier, i,(t) = i5(t) = i(t) = 0), current
through switch Sy is the tank current, while switch S, carries less current that is the
difference between tank and boost currents.

At the end of this interval t = t4 when switch S turns off, the final values are:
ir1(t4) = Inasin®y,(2D7, - 13) (4.30)
Ves(T4) = ~ImaZencos[0,(2D1, - 3)] + Vae - V5 (4.31)

Interval 5 (t4 < Tt < 1p): Equivalent circuit Fig. 4.4(1), v4p = 0, v4g~ = +V",. When
switch Sy turns off at 14, resonant current iz; that is positive and decreasing flows through
switch S, and diode D3 (meanwhile switch S; is gated with ZVS). Differential equation
during this interval is: tmtq

Ldig /dv+(1/C;) [ig()dt+vee(t4) =V, (4.32)

T4

Resonant.current and capacitor voltage:

i£1(t) = Iyssin[@o(T - 2D1,) + §s], (¢s> n/ 2) (4.33)

ves(t) = -ImsZencos[oo(t - 2Dp) + ¢s] - Vo (4.34)
Initial values at t = 4 are:

iL1(ta) = Imssings (4.35)

ves(ta) = -ImsZcpcosds - V' (4.36)

Final values of this interval at the end of HF period and at the beginning of next period is:
in1(tp) = Imssinf{wqt,(1 - 2D) + ¢s] (4.37)

TI-CCM operation at full load can be considered as a particular case of the above
general TI-CCM.
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+o3 !

Fig. 4.4 Equivalent circuits during different intervals of T7-CCM operation in Mode IIC
(all the 3-® boost inductor currents go to zero during interval 4). (a) Subinterval la. (b)
Subinterval 1b. (c) Interval 2. (d) Interval 3. (e) Subinterval 4a. (f) Subinterval 4b. (g)
Subinterval 4c. (h) Subinterval 4d. (continued)
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A e
B iy -
C ic -
@)
Fig. 4.4 Equivalent circuits during different intervals of 7/-CCM operation in Mode IIC
(continued) (i) Interval 5.

Transition from T7-CCM to TI-DCM:

At the transition load, the tank resonant current changes from 7-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:

in(t) =in(0)=0 = 0,7p(1-2D) + ¢s= ¢p1 == (4.39)
Resonant capacitor voltage at the end of interval 5 and at the beginning of interval 1 is at
its positive peak value and from (4.10) and (4.38) we have:

Ves(tp) = es(0) = Vestpeak+) = ImsZeh - Vo= ImZeh - Vac-V's (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, 7I-DCM has two major differences with 7/-CCM:

- Operation of ZVT circuit and a short interval of ZVT which replaces interval 1 (no

subintervals and negligible time ;=0 in analysis) of TI-CCM.

- A new interval of dead gap after interval 5 (interval 6).
ZVT interval, (Interval 1), (0 < t< 1;): Equivalent circuit of Fig. 4.5(a). In TI-DCM,
instead of natural ZVS turn-on of S; by pre-conduction of its antiparallel diode, a
resonance ZVT circuit provides zero voltage turn on of S;. After turn-off of S, and before
gating S, auxiliary switch S; is gated and for a very short time, the auxiliary resonance

current through L,, C, and S, brings the voltage across S; to zero. Auxiliary resonance
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Fig. 4.5 Additional equivalent circuits for operation in 7/-DCM. (a) ZVT interval at the
beginning of HF cycle substitutes interval 1. Switch S;is gated and the auxiliary
resonance current through D, provides the lossless turn on of S). (b) Interval 6, zero tank
current when only the output capacitor C, feeds the load.
frequency which is defined by ax = 1/(L,C,)"? is high enough to neglect its effect in
theoretical analysis of TI-DCM. Amplitude of this auxiliary resonant current which is
maximum current of D; can be limited by the characteristic impedance, (L/C;)'?, of the

auxiliary circuit where capacitor C, is the total value of external snubber capacitor and

internal capacitor of switch: ipigmax) = Vac/(L/Ci)".

Interval 2 (1| <t <1y, T2=Dr,): Equivalent circuit is same as Fig. 4.4(c), v45 = -V,
vy~ = -V",. Neglecting the very short interval of auxiliary resonance t,=0, this interval is
assumed to begins from t = 0. Current iz, starts from zero to go negative. Current flows in
switch S; that was gated in interval 6 and switch S; after the small resonating half cycle of
ZVT starts to conduct.

Differential equation for resonant components is:
Lidig, ldv+(1/C, )tjiu (2)dT + v, (0) =~V +V', (4.41) -
0
Solution for the resonant current and capacitor voltage in general form (¢, = x) is:
iL1(t) = ~Imzsin(@qT) (4.42)
Ves(T) = ImaZopcos(®ot) - Vac + V7, (4.43)

Initial values of resonant current and capacitor voltage are:

ir1(0) = 0, ves(0) = Vespeakr) = ImaZeh = Vac+ V' (4.44)
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Negative peak current (izi(peak-) = Im2) is at ©,T = /2.

Final values of this interval at t = 15 are:
i11(t2) = ~Inasin(@oDty) (4.45)
ves(T2) = ImaZencos(@oDry) - Vac+ VY (4.46)

Current flows in switch Sy and S3 until 12 = Dt, when both switches are simultaneously
turned off.

Interval 3 & Interval 4 (1< T < T4, Ta= 2D1p): These 2 intervals remain the same as
described for 7/-CCM and all the relations are valid here.

Interval 5 (t4< 7t <1s): vgp-=0, vy=g~= +V",. This interval begins at t4 when switch S4
is turned off and the positive resonant current flows through switch S; and diode Ds;
(meanwhile S3 is turned on under ZVS). Differential equation in resonant tank during this

interval is:
T 4.47
Lidigy [dt+(U/Cy) [ig, (Dt +veg(zg) = V", - (4.47)
T4
General solution of resonant current and capacitor voltage:
iL1(t) = Inssin[og(t - 2D75) + ¢sl, (¢s>7/2) (4.48)
Ves(T) = ~ImsZencos[@o(T - 2D7p) + ¢s] - V', (4.49)
Initial values at t = 14 are:
ir1(ts) = Inssings (4.50)
Ves(Ta) = -ImsZencosds - Vo (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:

iL1(ts) = Imssin[oo(Ts - 2D7p) + ¢s5] = 0; 0oTs =T + 0,207, - ¢s (4.52)

Ves(Ts) = Vespeak+) = ImsZch -V'o (4.53)

Interval 6, (ts < T < 1): 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).

ir1(t) = 0, ves(t) = constant = v(Ts) = Vesgeak+) = ImsZeh - 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 C,.

4.3.2 Boundary Solutions

Boundary solutions in steady state, used in this section, give the design and operational
relations.

In steady state i£1(0) = ir1(%p) ; ves(0) = ves(Tp) and the resonant current and capacitor
voltage remain continuous at the boundary of adjacent intervals. Equating these values
from above relations, we get the following set of equations for operation of resonant tank
in TI-CCM (Section 4.3.2.1) and in T/I-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 of 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 "4" shows continuity in capacitor voltage.

4.3.2.1 Boundary solutions in steady state for the resonant tank in TI-

CCM
LniSingy = Inssin[@gty(1 - 2D) +¢s] (4.55a)
I Zenc0sdy + Viae= InsZen cos[@aTy(1 - 2D) + s] (4.55b)
T =T - (4.56a)
Imi - L2 =2V'o/Zes, (4.56b)
LnaSin(@oDt,+ ¢1) = Lnssins (4.57a)
In3cosds - Imacos(@oDt, + &1) = 2Vl Zeh (4.57b)
@oT3 = 27 + QoDTy- §3 (4.58a)
I - It =2V'5/Z2 . (4.58b)
Lnasin(@oDrtp + ¢3) = Inssings (4.59a)
InacoS(@6DT,+ 3) ~Iscosds = Vie/Zen (4.595)

Output average DC current (referred to primary side) is:
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T Dr,
Io=P, V' o=/t p) [Iysin, t+¢) dr— [I,,sin(@,T-0,7 +m)dt
0

T
2Dr,

]
- J'I,,,3 sin(@, t—o, Dt, +¢3)dt+ II,,,4 sin(®, -, T3)dt
DtP

T3

Tp
+  [Lnssin@, T—w, 2D, +bs)dx] (4.60)
2Dr

Zero crossing times of resonance current (t; and t3) are substituted by their relations to
phase shifts:
WoTI =T - §1; WpT3 = 2T + ©oDT, - §3 (4.61)
Integration of (4.60) gives:
I's = Po/V'o= [1/(tp00o)]{ Im[l + cos¢1] + Ln2[1 + cos(Dw,T, + ¢1)]
+ Im3[1 - cosds} + Ina[1-cos(Dw,t, + ¢3)]

+ Ims[cosds - cos(®oT, - 2D, + §5)]} (4.62)

In the above relations, /»« and ¢, 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 V4, duty ratio D and load power P,.

4.3.2.2 Boundary solutions in steady state for the resonant tank in 717-
- DCM

Tank current and capacitor voltage at the boundary of 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 of the next interval, following relations are derived. Derivations are given in
section B of Appendix E and results are summarized below (relations related tc resonant

current are grouped by "a" and for capacitor voltage grouped by "5"):

-Im25in(0,D1p) = Ip3sings (4.63a)
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Iacos(,Dp) + Imzcosds = 2Vad/ Zey, (4.63b)
WoT3 = 2T + 0o D1y - 3 (4.64a)
I3 = Ina = 2V "o/ Zep (4.64b)
LnsSin(@oD5+ §3) = Lnssings (4.65a)
Tnacos(@,D1,+ §3) - [nscosds = Vad Zen (4.65b)
WoTs = T+ 0207, - ¢s5 (4.66a)
I;s - Im2 = 2V - V) Zoh (4.66b)

Average output current (referred to primary side) is calculated by the following

integration and simplified as below:

T3

Dr
I'y=F/V,=1/7,)[ J[I,,,z sin(, ) dr— |13 sin(@, T-0, D, +¢3) dt
0

DtP
201, T
+ |I,4sin, t-0, ;) dt+ J’I,,,s sin(@, T—2w, Dt ,, +bs5)dt] (4.67)
% 201,

Substituting the zero crossing times of resonant current from closed form solution:

WoT3 = 2T + 0o, - §3; 0T =T + @207 - §s (4.68)
Integratio'n gives:
I'o = PolV'o= [1/(2100)]{Im2[1 - cOs(@o Dp)] + Im3[1 - cosds]
+ Ina[1 - cos(wo Dtp + §3)] + Ims[1 + cosds] } (4.69)

4.3.3 Steady State Relations in Normalized Form

Steady state relations for the front-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 T/-DCM.
Normalization: In the converters of previous chapters, output power and switching
frequency were used as the base values. In the resonant converters, it is more convenient
to choose characteristic impedance and the resonance frequency as the base values (base
of voltage in both cases is the minimum input line voltage).

Following base values are used for normalized analysis and design:
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V5= Vipeak(min), minimum input line-to-line peak voltage.
Zy=Z4=(Ly/ C,)”z, characteristic impedance of the tank circuit.

Wp = W =27fp = 1/(L1Cs)"2, resonance frequency of the tank circuit.
Ty = 2m/ep = 210w, = 27(L1C)"?, Iy = Vi Zy, Py= Vi3 Zp.

Converter gain is defined as M = V',/Vipeqr and in the following equations normalized
output voltage is substituted with V'opu = Mmax. = nV,/ Vipeak(min)-

By defining ratio of switching frequency to resonance frequency as y = (f/f,), base of
time is given by T = yt,.

Amplitude of the general sine wave defined in each interval (/n¢) in normalized form is
shown by Inign. Only Inopy and Inepu appear in the waveform and represent negative and
positive peak of 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 of design, per unit results should be again converted to real

values.

4.3.3.1 Normalized steady state relations in 3-© DCM front-end boost
converter

Resonant tank and the front-end boost are linked through the common variables: Vg,

D and the power delivered by the converter. For the 3-® DCM boost converter there are
two major relations as derived in the previous chapters and in normalized form with the
base valu.es introduced above, they are rewritten as below.
1) DC link bus voltage (gain of the boost converter):

Viepu = Vipeakpn! (1 = D/Sax)
2) Input 3-® power:

Piopu = V2 jpeatpuDOmax)/(4Y Linpu)

4.3.3.2 Normalized Steady State Relations in Resonant Tank for 77-
cCM



174

Relations for resonant current and capacitor voltage are grouped by "4" and "b"

respectively.

Inipusingy = Inspusin[27/y(1 - 2D) + ¢s] (4.70a)
In1puC0SO1 + Viepu = Imspucos[2mt/y(1 - 2D)+ ¢s] (4.70b)
T/t = (V121)( - §y1) 4.71a)
Imtpu = Tmapu= 2M (4.71b)
Im2puSINQTD/Y + §1) = Ln3puSings (4.72a)
~Im2puC0S(2RD/y + §1) = 2Vicpu - Im3puc0OSh; (4.72b)
T3/t =D + (27) 27 - §3) 4.73a)
Ln3pu = Imapu = 2M (4.73b)
ImapuSIN(2D/y + §3) = Lnspusings (4.74a)
Vacpu = Imapu€0s(2nD/y + §3) = -Ins5pucOSPs (4.74b)

DC output current which is average of rectified tank current, is rewritten in normalized
form as: -
Lopu = Popu/ M= W2T){Imipu[1 + cOSO1] + Lmapu[1 + cos(2nD/y+¢1)]
+ In3pu[1 - cos§3] +lmapu[1 - cos(2nDly + ¢3)]
+ In5puCOSQs - Imspucos[2n/y(1 - 2D) + ¢s]} 4.75)

4.3.3.3 Normalized Steady State Relations in Resonant Tank for TI-

DCM
Im2puSIN(2TD/Y) = [y3pusinds (4.76a)
t3/t,= D + (/2m)27 - §3) 4.77a)
Loi3pu = Imapu = 2M 4.77b)
ImapuSIN(TD/y + $3) = ~IpnspuSings (4.78a)
Viepu+ InapucOS(D/Y + §3) = ~Inspuc0Osds (4.78b)
ts/1, = 2D + (y27)( - §s) (4.79q)

Vicpu = 2M= Lnopy = Imspu (4.79b)
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The average output current is given by the following relation:
Topu = Popi/M = (V127){ Inizpu[ 1 - cOS21D/y] + In3pu[1 - cosds]
+ Inapu[ 1 - cOSQRTDIy + §3)] + Inspul 1 + coss]} (4.80)

4.4 Design

In the previous chapters, the general rule was presented for minimum harmonic
distortion in 3-® 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
of DCM Boost) and in 7/-CCM with full square-wave tank input voltage (Fig. 4.2(a), D
= 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 Sy) [7].

In the following section, the design relations are obtained by deriving the boundary

solutions for T7I-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 D,, = 0.5 and M = M,4..
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 7/-CCAM (Section
4.3.2.1) and equating initial condition of interval 1 with the final values of 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)-(4.74b), we substitute M =
Mz, D= Dp=0.5, ¢1= (n + ¢3) and Lnizpu = Imapu. Relations of the two half cycles are the

same and for the first half cycle it is given below:

ImipusSing| = -Lppsin(n/y + ¢1) (4.81)
In1pu€OSP1 + 2V gepu™ ~Imapucos(n/y + 1) (4.82)
Im lpu= ImZpu = 2Mmax (483)
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Conduction time of anti-parallel diodes that ensures ZVS (time intervals t; and 135, which
are the same at design point) are given by:

T/t = 132/T,= (Y27)(T - 1) (4.84)
Peak normalized resonant current is:

iL1(peakypu = Im2pu = Imapu (4.85)
Peak normalized capacitor voltage at T = 1, is equal to:

V. es(peakipu = 1m2pu + Mmax - Vdcpu (486)

Output normalized rated DC current (L) is the average of the rectified resonant
current and is given by:

Lorpu = Porgud Minax = (1127){ 2 m1pu[ 1 + cOSP1] + 2Lnapu[1 + cos@nrDn/y + ¢1)1} (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.

T

4 ‘i
Ipiemsy = |1/t )Y | Pk sin® (0,1 + ¢y )dr (4.88)
k=lr,
At design point (D = 0.5) with symmetric half cycles, result is simplified to:
PLigms) = (1120,T){ Prmi [205T1 + 5in2¢; - sin2 0,71 +2¢1)] +

Pra[20,7T21 - sin(Rw,Dr,) + sin2w,t] } (4.89)

In p.u. form, substituting: ®,t) = (% - §;) and w,T, = 2, it gives:
Ile(nn.v)pu = @lzn){lzmlpu[ (‘)T - (bl) + sin¢1cos¢1] +
12,,,2,,,,‘[1r/y- (7 - ¢1) + sin(m/y)cos(m/y) + sin¢; cos¢;] } (4.90)

Normalized value of inductor and capacitor impedance is given by:

Zipu =Y Zespu=lly (4.91)
Total kV A rating of the tank per kW of rated power is calculated as:

(Total KVAY/(KW) = (v + Uy Licms pu/ Porpu (4.92)
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For the front-end 3-® boost converter, design point is at mode III, o1 = /6, Smax = 1
(JCCM) and with Vigeagpw = 1 p.u., D = D, = 0.5. This is consistent with the other DCM
boost integrated converters of previous chapters and restricts the switch voltage to Vyepu=2

p-u. at design point.

4.4.2 Design example

Specifications of the converter designed are given below:
Input: 60 Hz, 3-® 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: P,= 500 W, Load voltage: V,=48 V.
Switching frequency: f; = 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 (S| and S4 are in risk of losing ZVS in low loads)
by providing enough conduction time of anti-parallel diodes. In low loads, switch S}
is helped by ZVT circuit and to help switch Ss, we maximize conduction time of D4
(t32) at design point.

Hence, optimization factor is defined as:

Opt. = [(Total kVA)/(kW)])/(T32/7p) (4.93)

In the single-inductor converter of the previous chapter conduction time of diode Dq
(Fig. 3.11e) 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, M. (frequency ratio y as the parameter and for above resonance operation y > 1):

T2

0.5

1000
L

(©) @

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 of resonant
current in A. (c) Resonant inductor in uH. (d) Resonant capacitor in nF. (continued)
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Fig. 4.6 (continued) (¢) Normalized power. (f) Peak voltage of the resonant capacitor in
V. (g) Total kV A rating of 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 of S} and Ss (Fig. 4.6(a)), shows that for
higher y, conduction time of these diodes at design point may not be enough to cover the
turn-off time of an actual switch. Therefore, by restricting t; and t3; at design point to 0.5
ps (which in practice is about the turn-off time of MOSFET switches), we choose y = 1.2,
M, = 1.8, as the optimum design.

Based on the design curves the following design data is obtained at the optimum point:
Cs; =25nF, L; =145 pH, P,=2.08 p.u., I i(peaty =2 p-u.=3.6 A, Vspeary = 1.8 p.u. =245.6
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V, total kVA rating of resonant components = 3.55 kVA, Li; = 45.6 pH. Conduction time
of antiparallel diodes D; and D, at design point is t; = t32=0.496 pus =496 ns.

Base values are given by: Vs = Vipeak(miny = 135.7 V, Zs = Zoy = (LJ/C)'? = V2y/P, =
76.7Q, I, =VyZy =1.78 A, P, =240 W, T, =12 ps.
HF transformer ratio, n = 1.8%135.7/48 = 5 . Also, at optimum point, the @, = 2nf)/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 7/-DCM (Section
4.3.3.3) by MATHCAD software. General sinusoidal form of resonant current and
capacitor voltage waveforms for each interval are introduced by the matrices of
amplitudes (/m1, Lm2, .-, Imk), phase-shifts (¢1, ¢2, ..., ¢«) and the time duration of each
interval (tj, T2i..., Ts4). 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 T/-CCM to 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 7/-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)
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Positive peak current of resonant inductor. (c) Peak positive voltage of 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 1, T32 and ts4 per unit of HF period.

Table 4.2: Transition points from T/-CCM to TI-DCM for various input line voltages.
Rated power of converter is 2.08 pu.

leealt P o D 5max Vdc ILl(peak) Vc.s(pealc)
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 7-DCM for the
145 (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 ¢;, ¢3 and ¢s are converted to the related time intervals by the
following relations and added to the Table 4.3:

T/t = (1t - 1) y/(2m)
T32/Tp = (27 - ¢3) Y/(27)
Ts4/Tp = (T - §5) y/(27)
The most important difference observed in these characteristics compared to the converter

of 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 of 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: V;=135.7V; [, =1.78 A; T,= 12 ps.

Input line Min., V; =96 Vs Rated, ;=120 Vs Max., V;= 138 Vs
voltage (1 pu) (1.25 pu) (1.45 pu)
M=1.8 M=144 M=124
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
Spmax 1 0.68 0.28 0.82 0.55 0.23 0.7 0.48 0.2
Ve 271.4| 296 340 323 358.5 | 401.6 373 407 459
Iveary Al 3.54 | 2.35 1.64 4.3 3.25 2.5 5.1 4 3.24
INieary A -3.54| -2.23 | -1.47 -4 -2.9 2.2 -4.6 | -3.54 2.8
Vestpeak) V | 245 119 17 236 112 11 229 | 105.5 5
Vespeaky V | 245 | -129 -30 =256 | -137 -37 —264 | -143 -43
¢; rad | 2.9 L i T T T 1L i T
¢3; rad m+2.88 n+2.9 | w+3 |n+2.79 | n+2.83 | n+2.98 | n+2.7 | n+2.8 | n+2.97
¢s rad 2.6 2.8 2.38 2.42 2.74 2.2 2.3 2.7
wt % | 4.5
woft, % | 4.9 4.5 2.6 6.7 5.9 3 8.4 6.5 32
Tsalty, Y| ... 10.3 6.5 14.5 13.7 7.6 17.9 16 8.4
Mode of TI- TI- TI- TI- TI- TI- TI- TI- TI-
tank current{ CCM | DCM { DCM | DCM | DCM | DCM | DCM | DCM | 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
Si 4.3 6.6 12
Sy 0.5 1.1 2.1
S3 2.0 6.6 3
Ss 0.95 1.64 3
D 0.038 1.8
D, 1.34 12
Ds 0.05 2
D, - 0.22 3
Dout 5.2 3
D, 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 (Cs = 250 nF; Ly = 1450 uH) to save disk space and computation time. Input boost
inductors in simulation circuit are reduced to Li, = 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 of the input line current shows a THD of less than 9% at
full load which even reduces in low loads because of 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., V;=96 Vs Rated, V1= 120 Vs Max., V;= 138 Vs
voltage (1 pu) (1.25 pu) (1.45 pu)
M=1.8 M=144 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

1 0.68 0.27 0.8 0.53 0.23 0.72 | 0.48 0.21

Omax
Ve 267 | 300 385 335 400 480 365 430 520
Ingeary Al 4 1.6 1 3.8 2.8 2.2 3.8 3.2 1
Inpeary Al 4 -2 -1.5 | =37 | -25 -2 -3.5 -3 -1.5

Vesweakny V| 560 268 54 520 280 40 540 310 35
Veseak) V | -560 | -270 —68 -590 | -290 -65 -580 | -330 -84
T, % 5.5
T32/t, % | 5.5 6 3.8 6 6.5 3.8 7.5 6.5 5
Tsa/tp Y| ... 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, Vimin=96
V (rms): (a) full load. (continued)
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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 t; and
T32. 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 of 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 10% 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 Load D Smax Vae I 1(pear) Mode of
V (rms) \' A operation
96 Full load | 0.48 1 270 34 TI-CCM

96 50% load | 0.38 | 0.78 300 25 TI-DCM

120 Full load | 033 | 0.75 350 4 TI-DCM

138 Full load | 0.28 | 0.68 380 4.8 TI-DCM
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Fig. 4.10 Experimental waveforms (gating signals and switch voltages for SW1 and SW4,
and resonant current, i;) for BISRC designed in Section 4.4, with minimum input voltage
(96 V ms): (a) at full load. (continued)
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Fig. 4.10 (continued). Experimental waveforms (gating signals and switch voltages for
SW1 and SW4, and resonant current, iz;) for BISRC designed in Section 4.4, with
minimum input voltage (96 V rms): (b) at 50% load.
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Fig. 4.11 Experimental waveforms (gating signals and switch voltages for SW1 and SW4,
and resonant current, i¢;) for BISRC 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 SW1 and SW4,
and resonant current, i;;) for BISRC designed in Section 4.4, with maximum input voltage
(138 V rms) at full load.
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4.7 Conclusions

The proposed converter in this chapter integrates a front-end DCM boost with a DC-
to-DC series resonant converter. Operation of 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 boundary 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
of 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-® AC-
to-DC single stage BISRC with the new proposed gating scheme show a good
performance of PFC 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-® 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 of the converter in Chapter 3 is reduced in Boost Integrated
Series Resonant Converter (BISRC) of 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 of ZCS
turn-on for S; and soft switching of 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 Ve = Vigea/(1- D/8) and it increases if (D/5)

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 & reduction in DCM boost. In SRC, decrease
required in D is less than decrease in &, 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 (B/PRC).

In this chapter, we consider a DCM front-end BIPRC to improve disadvantage of low
load increase of bus voltage in BISRC. Parallel resonance in DC-to-DC converter has
disadvantage of 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 of 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 of this converter is almost similar to
the BISRC of Chapter 4. However, the major differences 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 polarity. This
happens because the output rectifier diodes conducting depend on the polarity of

the resonant capacitor voltage.
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Fig. 5.1 Circuit diagram of the AC-to-DC 3-® boost integrated parallel resonant
converter with ZVT auxiliary circuit.

2) In the BISRC, converter operates in 7/-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 of S;. Depending on
the polarity of resonant capacitor voltage with respect to v, during zero voltage
interval of v4s, ZVT Mode is divided into two subintervals, namely, ZVT Model
(Fig. 5.2(b)) and ZVT Mode2 (Fig. 5.2(c)), respectively.

3) When the load current is above a certain critical load value, B/PRC can operate in
discontinuous capacitor voltage Mode (DCVM) 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 of the load.

Fig. 5.3 shows the tank equivalent circuit at the output terminals 4'B’ of the converter
shown in Fig. 5.1. Detailed operation of the converter in CC¥M 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 of resonant capacitor voltage decides the
change in intervals. A summary of the modes of 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 of 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, ZV'T-Model (Fig.
5.2(b)) and ZVT-Mode?2 (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-Model (Section 5.3.1.2)
and ZVT-Mode2 (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 5.3.2.2) and
ZVT-Mode?2 (Section 5.3.2.3). Normalized form of these equations is used to get design

curves and the operational characteristics.
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Fig 5.2 HF waveforms of 3-® boost inductor currents, tank input voltage (v4), resonant
current (i), resonant capacitor voltage (v.,) and waveforms in the switching legs.
(a) ZVS-Mode. (Continued)
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Fig 5.2 (continued) (c) ZVT-Mode2.
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If vg, >0, i=+[; If v, <0, ir=-I]

Fig. 5.3 Equivalent circuit of Fig. 5.1 across the terminals A' and B'. Qutput filter

inductor is assumed large enough to assume a constant current source load.

5.3.1 Analysis in CCVM Operation

Equations in the 3-® front-end boost during charging and discharging intervals are
same as AC-to-DC converters of 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 of boost currents) when discharging current of 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 (ip) reaches zero and D, stops
conduction (i, = i, with the change in slope) or when i, and i, also reach zero and the dead
gap starts.

In the following derivations resonance frequency is defined as w, = 2%f, =1/(L|C,,)”2
and the characteristic impedance as Z, = (Ll/C,,)“z. Also, ratio of switching frequency (f;)
to resonance frequency is y = fJ/f,. For each interval, resonant current is assumed as a
general sinusoidal with amplitude /. and phase ¢, (£, number of interval, 1, 2, 3, 4 or 5).-
I and ¢, for each interval are defined by initial values of inductor current and capacitor
voltage at the beginning of that interval as mentioned in previous chapter.

Section 5.3.1.1 presents the general solutions for ZVS-Mode. Derivations for ZVT-
Mode?2 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 <t <<t4):vag =-Vi, vep> 0, i',=+I',. Equivalent circuit is given in Fig.

5.4(a, b, c). Resonant current iz; is positive and decreasing. Switching-legs sw; and sw;

conduct. Differential equation for the tank circuit is:

T4
Ly(digy /dn) +(1/Cp) [ligg (v) + I', Jdu ==V,
0

The general equations for inductor current and capacitor voltage waveforms are:

in(®) =Ipsinf@,t +01) + I, (p>n/2)
vep(t) = - ImZencos(@ot+ 1) - Vac
At T =0, values of current and capacitor voltage are:
ir1(0) = Imsingy + I
v6p(0) = -Vige - Lidipn/a| <=0 = - ImZencosdy - Ve
Current goes to zero and changes direction at t; given by:
i1(11) = LmiSin(@,T1 + ¢1) + I'o = 0; @gti= sin™ (I Lmi) - 1
Capacitor voltage at T is:
Vep(t1) = - ImZencos(@oti + §1) -Vae
Peak positive capacitor voltage, vcppeak+) OCCUrS at Typ+ < Ty given by:
@oTyp+ = T - Oy
At the end of this interval, current and voltage have reached:
ir1(ta) = Imsin(@gta + ¢1) + 1%

vep(ta) = - ImZencos(@oTat §1) -Vae =0

5.1

(5-2)
(5.3)

(5-4)
(5.5)

(5.6)

(5.7)

(5-8)

(5.9)
(5.10)

Based on the direction of tank current, three subintervals are defined in this interval.

Devices conducting are different in these subintervals.

Subinterval 1a (0 <t <t'y), Fig. 5.4(a): i,(t) < if1(1), diodes D and D3 conduct . Current

in D, reaches zero at the end of this subinterval.
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Subinterval 1b (' < t< 1), Fig. 5.4(b): i (t) > ipi(r), diode Dj in switching-leg sws
continues to conduct while current is transferred to S (turned-on with ZVS) in switching-
leg sw;. Current in D3 reaches zero at the end of this subinterval.
Subinterval Ic (1) <t <1y4), Fig. 5.4(c): ir1(zr) <0, current continues to flow through S}
in switching-leg sw; and current transfers to S; (turned-on with ZVS) in switching-leg
sws. Both switches S and S3 conduct to the end of this interval (t4).

Interval 2 (t4 <t <13, 12=Drp), vqp' = -V, equivalent circuit is shown in Fig. 5.4(d).

Capacitor voltage and output rectifier input current change the sign, v¢, <0 and i',= -/',.

Diﬁ’erenﬁal equation for the tank is:

-
Lydig 1dw)+(1/Cp) [lip(R)+1',ldr ==V, (5.11)

Resonant current iz is negative and switcl::s St and S3 conduct. General form of inductor
current is:

i(t) = Imsin[wo(t - T4) + ¢2] - 15 (5-12)
Capacitor voltage is (voltage starts from zero at T = t4):

vep(t) = ~ImaZcncos[wo(T - T4) + 2] - Vac (5.13)
which gives:

Ve = = Ima2Zcncosda (5.14)

Inductor current at the beginning of this interval, ir(T4) is:

iLl(‘EA) =[,,,zsin¢2- I, (515)
Negative peak of resonant current is at:
WoTip- = 3T/2 + ®oTa - §2 5 (L1(peak) = Im - 1'y) (5.16)

If current cannot reach the peak value in this interval, maximum negative current is at.
the end of interval T = 1, and less than the peak value.
At the end of this interval, T = 1, = D, inductor current and capacitor voltage have
reached the following values:
ir1(t2) = ImzSin[@o(Dtp - T4) + $2] - I (5.17)
vep(T2) = ~Im2Zencos[@o(Dtp - Ta) + 2] - Vae (5.18)
At 1ty = Dr,, switches S| and S; are simultaneously turned off.



205

© ®

Fig. 5.4 Equivalent circuits for ZVS-Mode of operation during (a) subinterval 1a (b)
subinterval 1b, (c) subinterval Ic, (d) interval 2, (e) subinterval 3a, (f) subinterval 3b.
(continued)
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Fig. 5.4 (continued) (g) subinterval 3c, (h) interval 4, (i) interval 5. (i"), (i") additional
subintervals of interval 5 when the input rectifier diodes stop conduction in interval 5.

Interval 3 (12 < t < 18): Equivalent circuits are shown in Fig. 5.4(e, f, g), v4s = +V4.
Capacitor voltage is negative and i‘, = -I',. Resonant current iz;(t) is negative and

decreasing in magnitude. Diodes D, and D4 conduct. Differential equation for the

resonant tank is:

Ly(diy, /dt) + (1/cp)t f [2iLl (D) + ', Jdt + v, (T2) =+V, (5.19)
which gives: w©
in1(t) = Im3sin[@o(t - Dtp) + ¢3] - I, ($3>37/2) (5.20)
vep(T) = - ImzZencos[@o(T - Dp) + ¢3] + Vae (5.21)
Initial values of current and capacitor voltage are:
iri(t2) = Ip3sings - I, (5.22)
vep(t2) = ~Im3Zen coss + Vg (5.23)
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Subinterval 3a (1< t< t3), Fig. 5.4(e): In this subinterval, resonant current is
negative and diodes D4 and D, conduct. Current through diode D; is i,(t) - ir;(x), while
Dy carries only iz (7).

Current goes to zero at t3 given by:
ir1(t3) = Im3sin[@o(t3 - Dtp) + ¢3] - Lo =0; (5-24)
o3 = sin” (I'/43) + @D, - 3 (5.25)
Current through D4 goes to zero at the end of this subinterval and S; turns on with ZVS.

Subinterval 3b (13 < t < 1'3), Fig. 5.4(f): Tank resonant current is positive and flows in
Sa. Since iy - i; <0, D, continues to conduct. Current in D> goes to zero at the end of this
subinterval.

Subinterval 3¢ (t's< t < tg), Fig. 5.4(g): S> turns on with ZVS and S4 continues to
conduct. Negative peak capacitor voltage, Vcp(peak-) OCCUrS at T, < T3 given by:

WoTyp = 2T + @D~ §3 (5.26)
Vep(peak-) = = Im3Zent Vac (5.27)
At the end of this interval, current reaches:

ir1(t8) = Im3sin[@o(Ta - Dtp) + ¢3] - I's (5.28)

Capacitor voliage at the end of interval (tg) reaches zero and 13 is given by:
vep(t8) = - ImsZencos[o(ts - Dtp) + 431 + Vae =0 (5.29)
Interval 4 (1< T < 14, Ta= 2D1,): Fig. 5.4(h), vyp= +Vg, i's = +I',, v;, > 0. Resonant

current i ;(t) is positive, switches Sy and S> conduct. Differential equation describing the

interval is:
T—18
Ldipy 1dv+1/Cp ligy(2)—1I', Jdt = +V4 530)
18
General solutions for resonant current and capacitor voltage are:
ir1(t) = Ipasin[oo(t - 18) + $a] + I’ (5.31)
vep(T) = s ZepCOS[0o(T - TB) + $4] + Vac (5.32)

Initial value vgy(ts) = 0 gives:
Vd,_- = [m4Zc},COS¢4 (5.33)
Initial current:
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i11(t8) = Inasings + I’ (5.34)

At time @,Tp+ = /2 + ®,Tp - §4, resonant current reaches the positive peak amplitude
(iL1(peak+) = Ima + I';). At the end of this interval T = t4 = 2D, switch Sy is turned-off and
the final values are:

ir1(t4) = Lnasin[wo(2Dtp - t) + ¢a] + 1 (5.35)
vep(Ta) = -ImaZercos[@o(2Dt, - t)] + Vae (5.36)

Interval 5 (t4 < T <7p), Fig. 5.4(i): vaz-= 0, i, = +I',. After turn-off of switch Sy at 14 =
2Dr,, D starts conducting. Resonant current iz;(t) which is positive and decreasing,

flows through switch S> and diode Ds. Differential equation during this interval is:

T—T4
Lidigy /dv+1/Cp [ligy(x) = I', Jdu +v(,(34) = 0 (5.37)

T4

Resonant current and capacitor voltage are given by:

ir1(t) = Imssin[@o(T - 2Dtp) + ¢s] + I, (¢5> 7/2) (5.38)

Vep(%) = ~ImsZetcos[@o(t - 2D7) + s] (5.39)
Initial values at t = 14 are:

ir1(ta) = Inssings + I, (5.40)

vep(Ta) = -ImsZcncosds (5.41)

Final values of this interval at the end of HF period and initial values at the beginning of
next period are:
iL1(tp) = Imssin[@qt,(1 - 2D) + ¢s] + 1% (5.42)
vep(Tp) = ~ImsZcrcos[@oTp(1 - 2D) + ¢s] (5.43)
Switch Sj is gated during this interval and turns on with ZVS at the end of this interval.

If iy(T) goes to zero during any of intervals 3, 4 or 5 and other two phases change slope
(at time t'4) , an extra subinterval occurs. Also when i,(t) = i(t) reach to zero (at time
t"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 of two input diodes conducting in interval 5 is shown in Fig. 5.4(1").

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 ZVI-Mode: Transition from ZVS-Mode to ZVT-Mode
occurs if the tank current at the end of interval 5 (5.42) reaches zero:

ir1(tp) =0 = @oT(1-2D) + §s = sin (-I'y/ Ins) (5.44)
Therefore, resonant capacitor voltage at the boundary between ZVS and ZVT modes
(substituting (5.44) in (5.43)) gives: .

Vep(tp) = ImsZenl1 - ('o/Ims)*1" (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 ZV7T-Model (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 S| to zero to be gated under ZVT.

ZVT Interval (0 <t <, waveforms during ZVT interval are expanded in Fig. 5.5),
equivalent circuit is shown in Fig. 5.6(a). v4s = - Vg, i, = +I',. 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 /;, 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 I, can not go high. On the other hand, for lower loads when the dead gap is larger,
magnitude of current is reduced and I, can not be high. During transition interval, tank

current is assumed as a current source almost constant at I,
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At 1, = 0, when the auxiliary switch S; turns on and starts conduction, negative tank
current is diverted smoothly from upper diode (D;) through L,, S, and via D, to the DC
link capacitor Cg. It linearly decreases to zero at 1. Then, sinusoidal resonance current
between L, and C, starts and reduces capacitor voltage from V- to zero ( time tp), D,
starts to conduct and S is gated under zero voltage. From 1, current in auxiliary circuit
remains constant until ts when the tank current /;, linearly decreases and goes to zero at
T,. At T =1's, current transfers to S;. Switch S; can be turned off any moment after 1.

To divert all the current in D, back to the auxiliary circuit we need the time:

Tt - To = Lel oo/ Vae; (1o = 0) (5.46)

During a quarter of sinusoidal resonance between L, and C,, increase of inductor
current and decrease of capacitor voltage are given by the following relations, where Z, =
(L/C)"* and o, = 1/(L,C)"™:

ire (T) = Ip + (Val Z)sin[ oA - Tn)] (5.47)

vee (1) = Vaccos[ot —tn)] (5.48)
Peak of this transition resonant current is I, ;= Va/Z;, which is added to /.

Time 1, that v¢, () reaches zero is given by (substituting t,; from above):

olte —ta) = 1/2; ta = Lo/ Ve + (W/2)(LCH (5.49)
Hence, for gating time of switch S; we should have 13 > 1, and the end of transition
interval is given by:

T =13+ Lot Ip ) Vac (5.50)

Va

C
: \"4 .
~\ Ct /T

' IL ro)

50 T T2 113- T3 "-;;
Fig. 5.5 ZVT interval in ZVT-Mode, expanded to show the events during transfer of
current from D, to S).
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Interval I (t; <t <7t4): vap = -Vie, ir1(1) <0, vep(t) >0, i',=+I',. It is a short interval
same as subinterval Ic of ZVS-Mode. The equivalent circuit shown in Fig. 5.4(c) applies
during wﬁich switches S| and S3 conduct, ig3 = iri(t); i1 = ia(t) - iri(t). Differential
equation and relations for i7;(t) and vc,(t) are the same as (5.1)-(5.3) with ¢; > &.

Interval 2 (t4 <t <Dtp): vy = -V, ir1(1) <0, vgp(t) <0, i, = -I',. All equations and
discussions of interval 2 (equivalent circuit Fig. 5.4(d)), given for ZVS-Mode are valid
here.

Intervals 3, 4: Intervals 3 and 4 in this mode are the same as ZV.S-Mode

Interval 5: Interval 5 in this mode has two subintervals Sa (Fig. 5.4(i), 2Dt,< 1 <1s)
and 5b (Fig. 5.6(b), s <t <1p). 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 S and Ds. At the end of subinterval 5a (t = ts), current through S (ir1(1))
reaches zero and flows back in D, (ZCS of S;). Also, in switching leg sws, current
transfers from D3 to S3 (ZVS turn-on of S3). In subinterval 5b, i;;(t) <0 and current flows
through D, 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 D5, S3 conducting) to Fig. 5.4(i"), (i") will occur, which are not

discussed here.

Fig. 5.6 Extra equivalent circuits (in addition to Fig. 5.4) for ZVT-Model of operation.
Intervals 1a and 1b 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 ZVT-Mode2

At light loads and reduced duty cycle, when 2Dt, < 13, converter operates in ZV7-
Mode2. In this mode, v¢, goes to zero after t = 2D, during zero voltage interval of tank
input voltage, v45- = 0 (HF waveforms of Fig. 5.2(c)). The boundary of transition from
ZVT-Model to ZVI-Mode2 is at 2D, = 13. ZVT-Mode?2 is different from ZVT-Model in
intervals 3, 4 and 5.

ZVT 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 (D, < t < 2Dr,): 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:

i11(2D%) = In3sin[0o2DT, - Dtp) + 431 - Lo = Lnssin(@oDt, +43) - I (5.51)
vep(2Dtp) = - I3 Zencos(woDty + ¢3) + Ve (5.52)

Interval 4 (2D, < 1 < 1p), equivalent circuit is shown in Fig. 5.7. vgz =0, v, <0, i%
= -I',. Tank resonant current is positive and decreasing (iz1(t) > 0) and flows through
switch S and diode Ds. Differential equation during this interval is:

t-2Dtp

Ly(diy /dv)+(1/Cp) [ () +1',]dt=0 (5.53)
2Drp

Resonant current and capacitor voltage are given by:

i(%) = Imasin[@o(t - 2D7p) + §a] - I's, ($4> 7/2) (5.54)

Vep(T) = ~-ImaZcncos[@o(T - 2Dtp) + §4l (5.55)
At the beginning of this interval:

i11(2Drp) = Imasings - L'o, (94> 1/2) (5.56)

vep(2Dp) = -ImaZcncosds (5.57)
At the end of this interval, t = tp, capacitor voltage reaches zero and we have:

ir1(t8) = Imasin[wo(ta - 2D1,) + ¢a] - I's, ($a> 7/2) (5.58)

vep(t8) = -ImaZencos[@o(ts - 2D1p) + ¢4] =0 (5:59)



213

Interval 5 (1 < t < 1p): 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 S; and D; and in subinterval "5b" tank current is negative and
flows through D, and S;. For both subintervals, v4- =0, vg,> 0 and i, = +1’,.

Differential equation, inductor current and capacitor voltage are:

T—Tp
Li(diy /dn)+(1/C,p)t j [, (v) - I', Jdt =0 (5.60)
TB
i£1(%) = Inssin[®o(T - TB) + ¢s] + I’ (5.61)
vep(T) = - InsZepcos[®o(T - T8) + ¢s] (5.62)

Initial value of the inductor current in this interval:
ir1(tg) = Imssings + I, (5-63)
The capacitor voltage starts from zero:

vep(t8) = ~ImsZcncosds = 0, ¢s = m/2 (5.64)

Fig. 5.7 Equivalent circuit of subinterval "4" in ZVT2-Mode of operation when capacitor
voltage is still negative and tank input voltage (v4g°) 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 of subsequent intervals are equated and the set of equations obtained is
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solved by MATHCAD. In steady state, values at the end and beginning of 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-Mode?2 (Section 5.3.2.3).

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 "b"):
ir1(0) = ir1(tp) = Lmisingy + I's = Ipssin[wot,(1 - 2D) + 5] + 1, (5.65a)

" vep(0) = vep(tp) = - Im1Zercosdy - Ve =- InsZcncos[woTy(1 - 2D) + ¢s] (5.65b)

iL1(t4) = ImiSin{@ot4 + ¢1) + Lo = Ippsing, - I, (5.66a)

VCP(‘L' )= ch(‘tc) = L1 ZenC0S(WoT 4+ $1) - Vae =0; -V = ImZencosdz  (5.665)

i1(%2) = Im2Sin[@o(Dtp - t4) + 2] - I's = Lm3sings - I (5.67a)
vep(12) = ~Im2Zencos[@o(Drp - T4) + $2] = Vae=-Im3Zcncosds + Ve (5.67b)
ir1(t8) = Im3sin[wo(tp - Dtp) + ¢3] - I'c = Inusings + I (5.68a)

vep(t8) = -Im3Zencos[®o(Ta - Dtp) + ¢3] + Vae = 05 Ve = InaZcncosds (5.68b)

ir1(t4) = Inasin[o(2D7p - T5) + ¢4] + I'o = Inssings + I, (5.69a)
vep(ta) = ~-ImaZencos[o(2Dt, - 18)] + Vae = -ImsZcrcosds (5.69b6)

In the above equations, I', = P,/V",, where I', and V', are the average output current
and output voltage referred to primary side and, P, is output power.
Output voltage is obtained as the average of rectified capacitor voltage is given by:
Ty Drp
V'o =@/ Tp) [[-LmiZon 05(0, T+6,) ~Vgeldt—  [[-LmaZes cos[@, (v —T,0) +b] -V lde
0

< 204,
- I [-Im3Zcp cos[o, (t —Drt,) +¢3]1+ Vg ldr+ _[ [-/maZcp cos[o, (vt —Tp) + ¢q]+Vy]dr
DEP Ty

Tp
+ I[— msZch cos[o, (T —2Drt,) +¢sldr
201,
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V'o = (Mtp){- Um1L1)[sin(®oT4 + §1) - sind1] - Vaeta + (Im2L1)[SIN(@oD7p - @5T4 + ¢2) -
sing;] + Va(Dtp - T4) + (Im3L1)[5in(@,T8 ~ @07, + §3) - sinds] - Va(tg- D1p)
- Ul )[Sin(@02D%, - 0,5 + bs) - sinds] + Ve 2Dt,- 5)
- (msL1)[sin(@oTp - @,2D7p + §s) - sinds]} (5.70)

5.3.2.2 Boundary Solutions in Steady State for ZV7-Model

Since the ZV transition interval is short enough, we assumed the inductor current to
remain constant. Therefore, final value of interval 5 can still be assumed equal to initial
value of interval 1. All the equations are the same as ZVS-Mode with the difference that
here ¢; > m and D is reduced so that i;(0) = ir1(zp) <O.

5.3.2.3 - Boundary Solutions in Steady State for ZVT-Mode2

Equations for the end of interval 5 and beginning of interval 1 and equations at T= 1y
and t = 1, are the same as ZVS-Mode given by (5.65a) to (5.67b).
At the end of interval 3 and beginning of interval 4 we have
it1(2D7p) = Inasin(oDtp + $3) - 'y = Inasingy - I'o, (¢4 > 1/2) (5.71a)
vep(2D7p) = -Im3Zencos(@oDtp + ¢3) + Vae= =ImaZcncosds (5.71b)

At the end of interval 4 and beginning of interval 5:
iL1(t8) = Imasin[wo(tg - 2Dtp) + ¢a] - I'o= Imssings + Lo, (44> 1/2) (5.72a)

5.3.3 Steady State relations in Normalized Form

Relations obtained from boundary solutions are normalized by the following base
values to be used in general form for design and operational characteristics:

Vo= Vipeakiminys Zo = Zew= (LU/Cp)'?, Iy= V123, Py= V3?1 Zs,

w5 = o= U(LCp)'2, T = 2m/0p= 21w, = 21(L1Cp) .

53.3.1 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

Imipu (k is the number of interval).
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LnipuSing1 = InspuSIn[27/y(1 - 2D) + ¢s] (5.73a)
“In1puCOSQ2RT4n/y + §1) = Vac = 0; - Viae = Im2puZcncosha (5.74b)
LapuSIn[27t/(D - T45) + ¢2] = In3pusSings (5.75a)
~Lm2puCOS[2T/Y(D - tap) + $2] = Ve = -In3puC0SP3 + Vicpu (5.75b)
IapSin[21/y(tgs - D) + ¢3] = IpapusSings + 2P yp/M (5.76a)
~Im3puCOS[27/¥(Tgn - D) + $3] + Viepu = 0; Vacpu = InapuCOsd4 (5.76b)
InapsSIn21/y(2D - t8s) + §4] = Imspusings (5.77a)
~ImapuCOS[27/Y(2D - Tn)] + Vacpu = ~LmnspCOSPs (5.77b)

Converter gain M (normalized average output voltage) in above relations is given by:

M = y{-In1pu[SIN@TT 4, [y + ¢1) - SING1] - ViacpuTanly
+ Inpu{SIN[RTY(D - Tan) + $2] - sinda2} + Vacpu(D - Tan)ly
+ Im3pu{Sin[21/y(tgn - D) + §3] ~ sinds} - Viepu(Tan- D)y
- Dnapu{SIn[27/y(2D - T8,) + $a] - sinda} + Vacpu(2D - tan)ly
= Inspu{sin[2n/y(1- 2D) + ¢s] - sin¢s]} (5.78)

5.3.3.2 Normalized Steady State Relations in ZVT-Model
Relations are the same as ZVS-Mode. The only change is that in ZVT-Model we have

¢‘>1r, .

5.3.3.3 Normalized Steady State Relations in ZVT-Mode2

At t =0, t4 and 15, relations are same as and 15, ZVS-Mode except that end of interval
3 is at Tt=2D and end of interval 4 is at Tt = tz. Hence, in above relations, 2D and 1z,
replace each other. Hence, the equations for ZVT-Mode2 are the same as (5.73a)-(5.78)

interchanging 2D and 15, 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 of capacitor zero voltage (CZV) between
intervals 1 and 2 (14 <t <7(¢) and between intervals 3 and 4 (15 < Tt <t¢), 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 [,
changes direction, output current flows through diodes of output rectifier and C, is short-
circuited. If DCVM happens, it brings the following changes in general solutions:

In CZV iﬁtervals, current in inductor changes linearly with a slope of (-V4/L,) and the
initial condition of iz;(Ta):

ini(t) = -(Vad L1)(t - t4) + ir1(z4) (5.79)
At the end of this interval, inductor current forms the initial value of the next interval,
which is:

iri(vc) = -(Va/L1)(tc - Ta) + iLi(ta) (5.80)

A faperle] s,

-Kic N i'“'l
z oz C s
1 G2 3 G4
AC  BC Qﬁg |
(@) (®)

Fig. 5.8(a) HF waveforms during discontinuous capacitor voltage mode (DCVM)
operation at full load, (b) equivalent circuit during extra interval of ZCV.
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For the CZV-interval between 2 and 3, same relations are valid by changing t4to 13 and
Tcto T

In relations (5.12)-(5.18) 1, is substituted with t¢ and in relations (5.30)-(5.36) 13 is
substituted with t¢-. At loads lower than transition load, if converter still operates in
DCVM, the same changes appear in ZVT-Mode (in interval 2, 14 is substituted with t¢ and
in interval 4 <3 is substituted with t¢’).

In boundary solutions, relation (5.66a) at the end of interval 1 and beginning of
interval 2 is substituted with relation (5.81) below:

iril(te) = -(Va/Li)(tc - Ta) + Imsin(@yta + ¢1) + I'o = Lpsing, - I'o=-1", (5.81)

Relation (5.68a) at the end of interval 3 and beginning of interval 4 is also substituted
with relation (5.82) below:
ir1(tc) = (Va/L1)(tc - t8) + [m3sin[wo(T s -Dtp) + 3] - 15
=Inasings +1'=1', (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):
-~V acpul VI (TCn - Tun) + Im1puSINCRRTARY + G1) = ImzpuSinga- Popu/ M= -Pop/ M (5.83)
QRrVacpu!y)(Tcm = T8n) + Lm3puSin[21y (Tn -D) + ¢31= InapusSinda+Pop/ M= -Pop /M (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 of ZVS-Mode (no dead gap, no interval -
5), final values of interval 4 are equated to initial values of 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:

Im=In3; Ima=Ina; 3= + ¢1; G2 = + ¢ag; Ta =(7/2 + T4)
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 Vg =2 p.u.):
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ImipuSINQ1 = ~LmppuSin[2n/y (D - t4n) + ¢2] (5.85a)
~In1puC0OSO1 = Ve = ImapuCOS[2Tt/V(D - Tan) + $2] + Vac (5.85b)
ImipuSIN2RT 40y + O1) = ImppuSings - 2P /M (5.86a)
“ImipuCOSRNTan [y + 01) - Videpu = 0; - Vaacpu = Ini2puCOSP2 (5.86b)

In above relations, t4, = T4/1, shows the time interval t4 as per unit of the HF period t,.
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= Q1) {-InpuSINQRTT4n/y + 01) + In1puSind) - VaepuTany
+ Im2puSIN[27/y (D - T4n) + §2] - ImzpuSingz + (Vacpu!V)(D - T4n) (5.87)

Optimization

In front-end boost converter, optimum is defined by the maximum possible duty cycle
(Dm = 0.5) for minimum THD. In resonance tank circuit, there are two parameters of
interest for optimization:

- ZVS of S4 be ensured to the minimum load.
-Total kVA rating of the resonant components be minimized to reduce the size and cost
of resonant tank.

In BIPRC, conduction time of antiparallel diode of S; (t32) 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)/(P,,) (5.88)
Conduction time of antiparallel diode of S; (t;) will decrease with load reduction and S;
loses ZVS which is helped by ZVT circuit.
Total kVA Rating: Because of symmetric half cycles at design point (D, = 0.5),
absolute summation of kVA in resonant components which defines the size and cost of
tank components is given by:
TkVApul Popu = | Zit a1 putrmsy | + | Zep il coutemsy |3 Zirou=y 5 Zcppu= Uy
In non-normalized form, total kVA (TkVA) is written as below:
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TkVA = (Zp1 + Zcp)(Ar2/0oTp) [T 4 - (1/2)sin(a,T4 + 2¢1) + (1/2)sin2¢,]

Dt

TkVA=(2Zy /7 ,) I[Alsm(mot+¢l)+l'o]2dt+ j{Azsin[m,, (t —t4) +0,]1-1',Fde
. 0 D, T4

+(2Zy I7,) [l sin(@, T+ 6P de+ [{4ysinfo, (x —1,9) +¢,1Pc
0 T4

+(Zp + Zcp)(Azzl(Do‘lTp){OJo(DTp -Ty)- (1/2)sin[2(oo(Drp -T4)+2 ¢2] +(1/2)sin2¢2}
+ (412114 0sTp)[-cos(@st4 + §1) + cosd]
- 4I',Z1 1 A2/ 0,tp) {-cos[@o(Dt, - T4) + ¢2] + cosha} + 2DZ; 1 )2 (5.89)

With defined base values and substituting I,pu = Pop/M, @4t = 2Ty, ©oTq = 2RT4aly, it is
simplified as:
(TkVA)py = Im ,,uz(y+ 1)G21)[ 21t anly - (1/2)sin(4ntanly + 2¢1) + (1/2)sin2¢]
+Inaps 3+ 1p)p2){2nLy)(D - Tar) - (1/2)sin[(4m/y)(D - T4n) +262] +(1/2)sin2¢2}
- /Y m1pu(Popu/ M)[-COS2TT4/y + 1) + cOSP(]
+ /) Lzl P opud M) {-cOS[RT/Y)(D - Tan) + 03] + cosdz} + (2DIY)(Popul MY
(5.90)
Design example: Specifications of the converter designed are:
Input: 60 Hz, 3-® system with a rated line-to-line rms voltage of 120 V having a
variation of 96 V to 138 V rms.
Output power, P,= 500 W.
Load voltage, V,=48 V.
Switching frequency, f; = 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
(5.85a,b), (5.86a,b) 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 of voltage across resonant capacitor. (¢) Value of resonant
inductor. (d) Value of resonant capacitor. (€) Per unit output power. (f) Conduction time

of antiparallel diodes (t;). (continued)
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Fig. 5.9 (continued) (g) Total kVA rating of resonant components per kW of rated power
(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/f,) gives a better
optimization point. Nevertheless, to ensure above resonance operation, y = 1.1 is chosen.
Minimum point of this optimization curve is at gain value M, = 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 uH, C, = 18.7 nF,
P, =2.56 pu, Iipeaty = 3 A, Veppeary = 815.3 V, total kVA rating of resonant components
=2 kVA, Conduction time of antiparallel diodes at design point is T; = T3 = 0.86 psec.

Base values are given by: Vs = Vipeatminy = 135.7 V, Zp = (Li/Cp)'? = 93.51 Q, I, =
Vi/Zp, =144 A, P, =195 W.

HF tra_nsformer ratio, n=1.5%135.7/48 = 4.2. Also, at optimum point, the ®, = 2nf;)/y .

= 571 krad/sec. Following values were also obtained from the MATHCAD program: t4 =

2.77 usec, tg=7.77 psec.

Components of the Zero Voltage Transition Circuit:

C; and L, define the resonance transition peak current [, and the ZVT time interval given
by (5.49)-(5.50).

T > Lo Ve + (U2)LC)'? + Ll oot I, ) Vs

L= Val(LIC)'”
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C, is the snubber capacitor to limit turn-off loss and its selected value is 4 nF.
To limit I, , to less than 3A with V. =2 p.u. =271 V, we choose:
Zene = (LJCY'* =100 Q, L, =40 pH.

5.4.2 Operational Characteristics

For the designed converter, normalized steady state relations in ZVS-Mode, ZVT-
Model and ZVT-Mode2 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 of important
parameters of the converter versus output power in per unit. Transition between ZVS-
Mode and ZVT-Model happens when ¢; = nt which gives the following parameters:
- At minimum input voltage: Py, = 2.02 p.u., § = 0.97, D =0.408, V4. = 1.725 pu, tg, =
2D =0.69, 14, =0.19.
- At rated input voltage: P, = 2.75 p.u. > rated power and converter never enters ZVS-
Mode.
- At maximum input voltage: P, = 3.38 p.u. > rated power (2.56 p.u.) and converter
never enters ZVS-Mode.
Transition from ZVT-Model to ZVT-Mode2 is when tg, = 2D and other parameters are:
- At minimum input voltage: P,,, = 1.25 p.u., 3= 0.827, D = 0.296, V4= 1.56 p.u., 13,
=2D=0.6, t4,=0.1.
- At rated input voltage: P,p, = 1.55 p.u., 8=0.7, D =0.278, V4= 2.07 p.u., 1. =2D =
0.556, t4, = 0.06.
- At maximum input voltage: P,,, = 1.8 p.u., §=0.628, D =0.267, V4= 2.52 p.u., 15, =
2D =0.535, t4, = 0.04.

In Table 5.1, computed values of 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 (dma). (b)
Duty ¢ycle (D). (c) Peak current of resonant inductor. (d) DC bus voltage. (e) Time
interval 1) per unit of HF period. (f) Time interval t3; in per unit of HF period.

(continued)
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Fig. 5.10 (continued) (g, h) Time intervals t, and 1 in per unit of HF period (change of
capacitor voltage polarity).

Table 5.1 Theoretical actual values of BIPRC parameters at minimum, rated and
maximum input voltage for 100%, 50% and 10% load, respectively. Base values of
current and voltage are: V; =135.7 V, [, = 1.44 A and P; = 195 W. Output voltage is
regulated on ¥, = 1.5 pu.

Input Vimin =96 V rms Viratea— 120V rms Vimee= 138 V rms
voltage M=12 M=0.96 M=0.834
Load 100% | 50% | 10% | 100% | 5S0% | 10% [ 100% | 50% | 10%
D 0.5 | 0.31 |0.192] 0.4 | 0.26 {0.178] 0.35 | 0.23 | 0.15
Omax 1 0.85 1043 |0.835| 0.68 | 0.34 | 0.78 | 0.57 | 0.28
Vae V| 271 | 213 | 258 | 296 | 264 | 339 | 353 | 325 | 406
s Ilmax A 3 2.7 5.5 2.2 3.1 6.2 3.6 3.7 6.9
w T1/T, 0.1
o T3/, 0.085]0.089|0.142{0.087{0.093| 0.14 | 0.09 [ 0.094|0.137
v T,s/T, 0.13 1032|004 0191042 | 0.1 | 0.22] 045

e T4/T, 0.3 (0.102] 0.11 | 0.19 | 0.08 | 0.1 | 0.14 | 0.06 | 0.09
Mode of | ZVS-|ZVT-|ZVT-|ZVT-|ZVT-|ZVT-|ZVT-|ZVT-|ZVT-
operation |Mode [ModelMode2|ModelMode2[Mode2{ModelMode2(Mode2

«In each case to enter I im in table, value of tank current at © = Dt, (which is: /,35in¢3)
and at T = 2D, (which is Ixssings) are compared to the resonant peak currents (/2 and
I.4). Whichever happens in that interval, is accepted as the peak of tank inductor current.

« To calculate time intervals Ty, 732 and 7,5 the following relations are used:
(/1) = (- d1)(y2m), (t32ftp) = 2m - §3)(y/27m),  (Tps/tp) =1 -2D - (7 - s)(y/2m)

«»+ Using t4/1, in each case, we can calculate tp/t, = t4/7, + 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 frequency of 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 of HF transformer and input
boost inductors are reduced by a typical efficiency of 85%:

C',=(18.7 nF)(10)(4.2)>=3.3 uF; L, = (163.5)(10)=1635 puF; L:=(45.6)(0.85)(10) = 380 uF

Snubber capacitors and ZVT components are not changed because they are sufficient
for the reduced frequency condition.

Samples of 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 of losing ZVS for S4 because conduction time of
antiparallel diode Dy increases at low loads. The advantage of lower peak currents in tank
and in devices (compared to the AC-to-DC converter of Chapter 3) is same as the
converter of Chapter 4 with series resonant tank. On the other hand, disadvantage of
increased DC bus voltage in lower loads is reduced. Of 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 of 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
transformier turns ratio = 16:7):

Li» = 38 puH (considering the typical efficiency of 85%), resonant inductor L; = 163.5
pH (including transformer leakage inductance), and the parallel resonant capacitor C, =
100 nF (placed on the secondary side).
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Table 5.2: Simulation results of BIPRC at minimum, rated and maximum input voltage,
for 100%, 50% and 10% load, respectively. Output voltage is regulated at V', = MVpen =

203.5V.
Input Vimin =96 Vs Virated™ 120 Vs Vimas= 138 Vims
voltage M=12 M=0.96 M=10.835
Load 100% 1} 50% | 10% | 100% ] 50% | 10% | 100% | 50% | 10%
D 049 | 028 | 0.16 | 0.39 | 0.25 | 0.15 | 0.35 023 | 0.13
Omax 1 073 | 04 0.8 | 0.57 | 0.31 0.7 0.54 | 0.26

Ve V| 268 | 238 | 210 | 312 | 287 | 300 | 363 | 330 | 345
Veomeas V| 380 | 350 | 360 | 385 | 350 | 375 | 390 | 387 | 380
Iimee A| 45 | 4 | 42 | 5 | 43 | 45 | 55 | 5 | 42

T/, 0.15 | ... ... 1003} ... ~0

132/, 0.14 1 0.11 { 0.13 | 0.13 | 0.11 | 0.14 | 0.113 | 0.12 {0.125
T4/t 0.27 | 0.11 | 0.07 } 0.16 | 0.05 | 0.03 | 0.12 | 0.07 [0.045
T5/1T, 0.76 { 0.65 | 0.55} 0.63 | 0.53 | 0.51 | 0.61 | 0.55 | 0.52
Tps/ Ty 0.095| 0.18 | =0 | 0.15 | 0.18 ~0 |0.138} 0.22

Mode of | ZVS-|ZVT-{ZVT2-End of| ZVT- | ZVT- | Start of | ZVT- | ZVT-
operation | Mode Model| Mode | ZVS [Mode2Mode2| ZVT1 [Mode2[Mode2

The MOSFET MTM 15N50 (15 A, 500 V, 0.4 Q) is used as the main common switch
S)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 S,, 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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Fig. 5.11 (continued). Waveforms obtained by PSPICE simulation for BIPRC with
minimum input voltage (96 V rms): (b) at 10% load.
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Fig. 5.12 Waveforms obtained by PSPICE simulation for BIPRC with maximum input
voltage (138 V rms): (a) at full load. (continued)
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Fig. 5.12 Waveforms obtained by PSPICE simulation for BIPRC with maximum input

voltage (138 V rms): (b) at 10% load.
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Table 5.3: Experimental readings for Boost Integrated Parallel Resonant Converter at
specified input voltages and loads.

Line voltage | Load D Smax Ve I 1(peak) Mode of
V (rms) \Y A 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 D, at the beginning of each HF cycle (Z,) 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
D> 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 S, and use a

fast-recovery external diode.

5.7 Conclusions

In this chapter, integration of 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 of a 500 W converter.

DC bus voltage remains much less than the BISRC at reduced loads and there is no
risk of high switch voltage. Hence, lower voltage rating MOSFET switches for high-
switching frequencies 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 SW1 and
Sw4, and resonant current, iz;) 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
SW1 and SW4, and resonant current, iz;) 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 Experimental waveforms (gating signals and switch voltages for SW1 and
SW4, and resonant current, iz;) for BIPRC designed in Section 5.4, with rated input
voltage (120 V rms): (a) at full load. (continued)
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Fig. 5.14 (continued). Experimental waveforms (gating signals and switch voltages for
SW1 and SW4, and resonant current, ir;) 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-® 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 of this thesis is to propose novel configurations for three-phase
single-stage AC-to-DC, soft-switching, HF transformer isolated converters with PFC and
low harmonic distortion. A new gating scheme is introduced to obtain soft switching in
full 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 PFC with low line-current harmonic
distortion without any complex control circuit.

As concluded from the literature survey of Chapter 1, very little work has been done
on three-phase, single-stage AC-to-DC, soft-switching, HF transformer isolated
converters with PFC. Most of the papers published so far in this field are missing either
soft-switching, HF isolation or PFC. This thesis has attempted to include all these
important features.
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6.2 Summary and performance of the new converters
proposed in this thesis

A half-bridge, single inductor PWM converter integrated with a front-end 3-®& 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 of using DC blocking capacitors on primary and
secondary sides of HF transformer. Current in tank inductor increases linearly and at the
instant of turn-off of 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 of 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 of this circuit was confirmed by PSPICE simulation
waveforms in low loads. Advantages of 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 turn-on with low di/dt and their voltage is clamped to the output

voltage.

4) It satisfies all the goals of 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 of the HF transformer.

2) Increased size, cost and transient response time because of 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 of the converter in Chapter 2, bridge configuration of 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 of bridge DC-to-DC converters, could not be used
for on time control of the boost stage as well as the DC-to-DC converter. Therefore, a
new gating scheime 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 of this new gating scheme in a bridge DC-to-DC converter to understand its
modes and intervals of operation. Steady state analysis and theoretical predictions were
confirmed by PSPICE simulation and an experimental converter. In Section 3.4, the 3-®
AC-t0-DC converter as a combination of 3- ® DCM boost with a bridge DC-to-DC
converter using the new proposed gating scheme was proposed which satisfies all the
goals of this thesis. Advantages are:

1) Symmetrical voltage across the tank and HF transformer.

2) HF transformer isolation.

3) Output diodes turn-on with low di/dr and their voltage is clamped to the output

voltage.

4) PFC and low harmonic distortion on line current.

5) Zero-voltage turn-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 of linear current change, it still suffers from high peak
current at the instant of switch turn-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 turn 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 of this converter are:

1) All the advantages of the converters in Chapters 2 and 3 (natural PFC and low

harmonic distortion, HF transformer isolation and soft switching of devices).

2) Lower peak currents in components and reduced di/dt in turn-off because the

current at the instant of turn off is less than the peak.
Disadvantage is increased DC bus voltage in low loads.

Converter of Chapter 5 (BIPRC), integrates a parallel resonant converter with the
DCM boost. Because of the inductive output filter, its behavior is different from the
converter of 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 of 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 of switching devices at turn 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 work

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-® 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 of the DC-to-DC converter,
shows different advantages and disadvantages. Comparison between advantages and
disadvantages of each show that resonant type converters compared to the linear current

converters can reduce the high peak of current at switch turn 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 of improvement in operation of these type converters. Large signal and
small signal analysis of 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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Appendix A

Derivation of Power Relation in 3-® DCM Boost Converter

In DCM operation of the boost inductors, fundamental of line current is the average of
input HF switching currents. Figure A.l shows the 3-® input boost DCM currents in the
three different modes of operation. For phase A in Mode III which is used for design, the
peak of triangular HF switching current (at T = Dr,, iz = izm) is calculated (in normalized

form) as below:

4 7'\ A

iﬂs ibs iC iﬂ': ib’ ic iaa iba iC
Iam
ia"ﬂ iﬂ
iy i i
Tlg mgx Lo ;_rgmin
T > —+ > T
[ N § Io~}b 7
ic
Drp 5 Tp Dt, 1w 5 1 D, T5 Tp
(@) (b) ©

Fig. A.1 HF switching currents in 3-® input boost inductors and the dead-time tzin
conduction of input bridge rectifier. () Mode 1. (b) Mode II. (c) Mode III used for design.

ilapu(f )= ImpuCOS oy = ia,,,pu(l - 1:@")/2 (A.1)
In charging interval of boost (Ti,u+t2/m = D), boost inductor current in phase A increases
10 dampu » We can write (Vmpu = Vipeatpu! V3 ):

Linpu- iampu/ D= (leeakpu/ \/5 Jeoswyt (A2)
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Substituting izmpy from (A.2) in (A.1) line current in phase A at ¢ = ¢, is derived as:
itaput1) = (Vipeatpu! 3 Y(c0s@it1)(1 - Tgpu) D/(2Linp) (A.3)

For the other two phases, same relations are valid with 120 degrees phase shift in o..

At oity=n/6 (mode III, for design), § = Sma (OF Tg =Tgmin) and above relations (substituting

coswit; = V3/2) are written as:

(\/g / 2)Impu = iampu(n/G) snzax/ 2 (A.4)
Linpu- iampu(1r/6) /D= leealcpn/ 2 (AS)
[mpu = (leeakpu/ ‘/-3-) 8mtsz/ (2meu) (Aé)

The total three-phase input power (constant for the whole line cycle) in unity power factor
operation of the converter is defined as:

Py = 3(VudN2) U/ N2) = (3/2) Vinlm (A7)
Substituting (A.6) in (A.7) we have:

Psspu = (Vipeakpid” Dmad (4Linpu) (A8)
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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:

Tipu = Lipulupu I(Vepu + Minay) (B.1)
T21pu = LipulBpu I(Vepu = M) B.2)
32pu = LipulBpu I(Vepu = Vepu+ Mmay) B.3)
Tp3pu = Lipulapu I(Vapuc = Vepu - Mmax) (B.4)

Substituting time intervals from (B.1-B.4) into relations (2.57) we get:

Lipul Ipu = (T21pu + T320u) (T1pu+ Tp3pus) (B.5)
Lipu! Tgpu™ Uspud Lipu) [(Vepu + Mmax) Vacpu = Vepu Mmax)]
N(Vcpu = Minax)(Vaepu - Vepu+ Minax)] (B.6)
Uapd T = [(Veput Muna) Vaepu= Vepu~ Mimax)]
I(Vepu = Minax)(Viepu = Vepu + Mmax)] B.7)

Substituting time intervals from (B1-B4) and (IBP,,)2 from (B.7) into (2.58) we get:
Iopu = Popu !Mumax = Lipui(lapu)*-[1/(Vpu + Minax)
+ 1/(Vdcpu = VCpu - Mmax)] (BS)

Substituting time intervals from (B1-B4) into (2.59) and using (2.61) we get:
VCpu = Vdcpu(l'D) + Mmax-Llpu[IBpu/ ( VCpu - Mma.x) + IBpu/ (Vdcpu - VCpu + Mmax)
= IApu/ ( VCpu + Mmax) - IApu/ (Vdcpu - VCpu - Mmax)] (B9)

(B.1) and (B.2) are substituted into (2.60), and (B.3) and (B.4) into (2.61) to get:
IApu/(VCpu + Mpax + IBpu/(VCpu = Mmax) = D/Llpu (B-IO)
IApu/(Vdcpu - VCpu = Mmar) + IBpu/(Vdcpu = VCpu + Mmax) = (I'D)/Llpu (B-l 1)

Relations (B6)-(B.10) are the same as (2.62)-(2.66).
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Appendix C

Current Rating of Devices in Double Switch Converter of

Chapter 2

Average rating of each device is calculated by integrating HF switching pulses during a
7/6 interval of the line cycle.

R.m.s. and average ratings of switching devices are defined as below:

Ingmo={6/x [ ’6[1/1,, [ izs;(r,co,t)dt:,dm,t}m (C.1)
x/6 ™
Iowan = (61 'n:){ /] iD,(‘t,(o,t)dt]da),t} (C.2)
4] (o]
16
Fmo={6/[ [1 I izsz(t,(o,t)dt]dco,t}"z (C.3)
Ip2avy = (6/ n){ I[l /R 7) J'iDZ(T,(O [2)dtdo ,t} (C4)
0 1]
=/2 173
Ipin(ay =2/ n:){ f[l /1 Iia(t,w,t)dt}im,t} (C.5)
] 0

To find average and r.m.s. current of 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 n/6 line cycle. Current ratings of each device in per unit are
presented in Table 2.3 of Chapter 2.

Average current of each input rectifier diode needs integration of input HF switching

current of each phase during a 7/2 period of line cycle. As in the 3-® rectifier, every w6
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interval of the line cycle is in phase sequence and symmetrical, average current of each
diode during a n/2 period of line cycle can be substituted by averaging the currents of
three conducting input diodes during the same 7/6 period of the line cycle.

"Average current of input rectifier diodes, given in Table 2.3 for n/2 interval of line
cycle is calculated as the total average of current in three conducting diodes (D,1, Ds2 and

D) in each /6 of the line cycle.

Average current of input rectifier diode D, for 0 < o) < /6. Ipai(av) = 1.0015 p.u.

Average current of input rectifier diode Dy, for 0 < ot </6. | Ipsaav) = 0.2046 p.u.

Average current of input rectifier diode Dfor 0 < o< /6. Ipca(av) = 0.7969 p.u.

Average current of output rectifier diodes is simply calculated from output power and
output voltage:
IDoul(av) = n[A (tl + Tp3)/ (ZTP) = (1/ 2)P o/ Vo =P o/ (2mpeak) (C6)
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Appendix D

Calculation of Capacitors in Double Switch Converter of

Chapter 2

D.1 DC Link Capacitor

In each HF cycle, during boost charging interval, (Dt,), Cy4 is not connected in the
circuit and there will be no change in its voltage. During boost discharging interval, (1-
D)tp, Cac is first charged up by the current through diode D, and then is discharged by the
current through switch S,. For the line interval 0 < oy < /6, electric charge entered Cg
in each HF cycle is higher than the electric charge exiting it and its voltage increases (Fig.

D.1) with the low rate of the low frequency ripple, AV .

'Z'; T
{ J- 1p,(v)dz ~ Iiswz(f)df}>0 (D.1)

Dz, 7}
By the MATLAB programming, total charge difference, AQ, for 0 < w# < /6 is
numerically calculated in per unit (area under current plot) as AQy. = 2.38 p.u. Assuming
a maximum ripple of AV4 = 0.05 p.u., the DC link capacitor is given by:
Cae=AQal/ AV uc

Fig. D.1: v, and the HF ripple modulated on /\__/\
360 Hz ripple of 3-® rectifier output. A Va [\ ,

5 loon

D.2 DC Blocking Capacitors
The volt-second balance on the secondary of HF transformer gives:
(Vo - Ve2)(t1 + 1p3) = (Vo + V) (T21 + T32) (D.2)
At full load, D = 0.5 and I = I, from (2.64) we have:
(T + Tp3) = (T21 + T32) = Tp/2 (D.3)



254

According to (D.2) and (D.3), at full load ¥V = 0. When the load decreases, Ve will
achieve negative magnitude to cancel out unbalance effect of the secondary voltage. At
design point ¥¢; = V¢ and C; can be calculated by its restricted HF peak-to-peak ripple
voltage A-Vcl as below:

C1= Li(ui+ tp3)/(2AVer) (D.4)
C; can be calculated by restricting its peak-to-peak ripple voltage AV, with respect to the
DC output voltage:

Co= nly(t1+ 153)/(QAV ) : (D.5)

D.3 Output Capacitor Filter

Current on the secondary side of HF transformer (Fig. D.2) is decomposed to the load
DC current (/,) and the triangular ripple current (ic,) with twice switching frequency
through the filter capacitor. At full load, I, = -Ip. Restricting output peak-to-peak ripple

voltage to AV, filter capacitance C, is calculated as below.

ip =L+ ice—> ' '
iCO 1'0 iOA I ='I
Co__/JZR[_ Io A A\ ﬂ /\
2l / V \\/ VAR
D

Fig. D.2 Representation of DC component and the ripple of output current:

Average butput current is given by:

I, =P/V,=[nly(t1 + Tp3) + nlp(t21 + 132))/2 = nl4/2 (D.6)
Ripple current through capacitor C, is of twice switching frequency (2f;) and relation
between electric charge and ripple voltage (4V)) across C, is:

(1/2)(nl2)(zp/4) = Co(A4V0) D.7)
Output filter capacitor is given by:

Co = nl 16f; AVp) (D.8)
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Appendix E
Derivation of Steady State Boundary Solutions in 7/-CCM and
TI-DCM for Boost Integrated Series Resonant Converter

A) Derivation in TI-CCM:
From (4.9) and (4.37), equating inductor current at t=0 and t = 1,:
ir1(0) = iri(vp) = Lmising; = Ipssin[wety(1 - 2D) + ¢s] (E.la)
From (4.10) and (4.38) equating capacitor voltage at t=0 and ©= 1,:
ves(0) = ves(tp) = <ImiZencosdy - V- Vo = - InsZencos[woty(1 - 2D) + ¢s] - o
= Im1Zencosdy + Ve = InsZercos[@otp(1 - 2D) + ¢s] (E.1b)
Inductor current at the end of interval 1 (4.11), and beginning of interval 2 is zero
which gives:
ipi(t) = Imsin(e,11+¢1) =0=> @t +Pr1=mn (E.2a)
Equating capacitor voltage at the end of interval 1 (4.12), and beginning of interval 2
(4.16), gives: (substituting ®,t, + ¢, = 7)
 ved®) = Vespeatn = ImZen- Vae = Vo = InxZen - Vac + V'o
= ImiZeh - ImaZen=2V", (E.2b)
Equating inductor current at the end of interval 2 (4.17), and beginning of interval 3
(4.22), gives: (substituting ®,T; =7 - ¢;)
ir1(t2) = - Imesin[wy(Dr, - T1)] = In3sings
= Insin(@oDt, + ¢1) = Imasings (E.3a)
Equating capacitor voltage at the end of interval 2 (4.18), and beginning of interval 3
(4.23), gives: (substituting @,t; =1 - ¢)
ves(T2) = ImaZencos[@o(Dp - ©1)] -Vae + Vo = = Im3ZeiC08¢3 + Vae+ V'
= = InaZcacos(@oDTp + ¢1) =2V - Im3Zcncosdhs (E.30)
Inductor éurrent at the end of interval 3 (4.24), and beginning of interval 4 is zero which
gives:
ir1(t3) = - Imssin[wq(T3-D1p) + ¢3] =0
= 073 - WDy +¢3 =21 (E.4a)
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Equating capacitor voltage at the end of interval 3 (4.25), and beginning of interval 4
(4.29) gives: (substituting ®,t3 - @eDtp +¢3 =271)
ves(3) = -Im3Zeh + Vac + Vio=-InaZen+ Ve - Vs
= Im3Zeh - InaZen=2V" (E.4b)
Equating inductor current at the end of interval 4 (4.30), and beginning of interval 5
(4.35) gives: (substituting ®,t3 = 21 + @eD1p -3 )

ir1(ta) = Inasin[@o(2D7p - 13)] = Inssings
= ImasSin(@oDtp + §3) = Inssings (E.5q)
Equating capacitor voltage at the end of interval 4 (4.31), and beginning of interval 5
(4.38) gives: (substituting w,t3 = 21 + ©,D1, - ¢3 )
vé_,(u) = ~InaZcnCoS[@o(2D7p - t3)] + Vae - V'o=- ImsZcncosds- Vs
= InaZencos(@oDtp + ¢3) - InsZcncoshs = Ve (E.5b)

B) Derivation in TI-DCM:
Inductor current at the end of interval 2 (4.47) and beginning of interval 3 (4.22) gives:
ir1(12) = -Im2Sin{0,01p) = Ip3sings (E.6a)
Capacitor voltage at 12 = Dr, (end of interval 2 (4.18), and beginning of interval 3 (4.23)):
ves(t2) = ImZencos(@oDtp) - Vae + Vio = Vg + Vo - I3 Zencosds
= Im2ZchCos(woDTp) + In3Zcpcoshs = 2V, (E.6b)

Inductor current at the end of interval 3 (4.24), and beginning of interval 4 is zero:

ir/(t3) = Imasin[wo(t3 - Dtp) +¢3] =0
= 0eT3 = 2T + @oDTp- 3 (E.7a)
Equating capacitor voltage at the end of interval 3 (4.25), and beginning of interval 4
(4.29) gives: (substituting w,t3 - @Dt +¢3 =27)

ves(T3) = Vespeak) = = Im3Zen+ Viac + Vo= Vac - Vo - InaZcp
= I3 - Ina =2V'o/ Z, (E.7b)
Equating inductor current at the end of interval 4 (4.30), and beginning of interval 5
(4.50) gives: (substituting w,t3 = 21 + @oDT, - §3 )
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ir1(ts) = Inasin[wo(2Dt,- 13)] = Imssings
= Lnsin(@oDtpt¢s) = Lnssings (E.8a)
Equating capacitor voltage at the end of interval 4 (4.31), and beginning of interval 5
(4.51) gives: (substituting ®,73 =21 + ©,D1,- §3 )
ves(Ta) = - [naZenCos[@o(2Dt, - 13)] + Vae - Vo ==V - InsZcacosds
= - InaZoycos(@oDtp+ ¢3) + Ve = - InsZchc0sds (E.8b)
At the end of 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.
ir1(ts) = ir1(0) = Lnssin[wo(ts - 2Dp) + ¢s] =0
= 0T =T+ 02D7, - ¢s (E.9a)
ves(ts) = ves(0) = Veseaks) = Vo + InsZen= -Vac + V'o+ ImaZen
= Ins~Im= 2V'o - Vac) Zen (E.90)





