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Abstract

High performance ac-to-dc converters are required to meet the regulation stan-
dards to suit wide variety of applications. This thesis presents the steady state anal-
ysis, design and operation of high frequency (HF) transformer isolated resonant con-
verters on the single phase utility line as a low harmonic controlled rectifier. Two res-
onant converter configurations of third order have been studied namely the LCC-type
parallel resonant converter also popularly known as series-parallel resonant converter
(SPRC) and the hybrid paraliél—series resonant converter bridge (HPSRCB). These
converters are operated at HF using variable frequency as well as fixed {requency
control and they operate in different modes depending on the choice of switching

frequency and load.

The variable frequency SPRC is operated in discontinuous current mode (DCM),
to obtain low line current total harmonic distortion {(T.H.D.) and high power factor
(pf), without using active control. State space analysis has been presented for one of
the predominant circuit modes encountered during its operation in DCM. The various
decign constraints for operating the resonant converter on the utility line for high pf
operation have been stated for different control schemes. In addition, steady state
analysis, design optimization carried out for dc-dc converter have been presented.
The effect of resonant capacitor ratio on the converter performance characteristics
have been studied. SPICE3 simulations and experimental results obtained from a

150 W converter are presented to verify the theory.

Continuous current mode (CCM) operation of the SPRC, and its effect on the
line current T.H.D. and pf are studied. Both fixed and variable frequency control

schemes have been used to control the SPRC. Complex ac circuit analysis method
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has been considered as the design tool to get the design curves and design of the SPRC
operating on the utility line. SPICE3 simulation results for open loop operation and
experimental results for both open as well as closed loop operations (active control),
for two capacitance ratio’s have been presented to verify the converter performance.
It is shown that nearly sinusoidal line current operation at unity pf can be obtained

with closed loop operation.

A HPSRCB has been proposed and operated at very high pf on the utility line
as a controlled rectifier. Some of the predominant operating modes of the fixed and
variable frequency HPSRCB have been identified. The steady state analysis using
state space modeling presented for a dc-to-dc converter has been extended to analyze
the ac-to-dc converter. Using the large signal discrete time domain model, the time
variation of line current and line pf have been predicted using PROMATLAB for
both fixed and variable frequency operations of HPSRCB on the utility line. SPICE3
simulation results without active control and experimental results obtained from the
bread board model for both open as well as closed loop fixed and variable frequency

operations have been presented to verify the theory and design performance.
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Chapter 1

Introduction

1.1 General

Conversion of AC to DC is required in many industrial, consumer and other appli-
cations. The present trend is to design elegant, high performance, cost effective and
efficient power conversion schemes and conforming to the various regulation stan-
dards, to suit wide variety of applications. This has been made possible due to recent
advances in power semiconductor devices and microelectronics. Operating the con-
verters at high frequency (HF) reduce their size and weight. The study of these
HF power converter configurations and their control techniques have become a ma-
jor area of research in power electronics. This dissertation is concerned with steady
state analysis, design and operation of single phase HF transformer isolated resonant
converter configurations on the utility line with and without active current control,
to obtain low line current total harmonic distortion (T.H.D.) and high power factor
(pf)-

In section 1.2, a brief description of ac-to-dc converters in general and the ma-

jor issues involved in operating these controlled converters on the utility line are
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presented. The literature survey on various ac-to-dc phase controlled, pulse width
modulated (PWM) and resonant converter configurations, and their associated con-
trol techniques are given in section 1.3. Finally, the chapter is concluded, giving an

outline of this thesis in section 1.4.

1.2 AC-to-DC Converters

The simplest method of conversion from single phase or three phase ac-to-dc is, using
an uncontrolled diode bridge rectifier followed by huge capacitive filter to meet the
output ripple specifications. The utility line pf is very low due to very high harmonic
content in the pulsating current drawn by the bridge, from the utility as shown in
Fig. 1.1.

Some of these problems associated with uncontrolled rectifiers, can be overcome
by using bulky LC or w-filters, but there is no voltage control possible. However,
voltage control is possible using phase controlled rectifiers [1]-{3]. These converters
also suffer from low power factor and generate current harmonics on the utility line.

Also, they use bulky line frequency transformer for isolation.

1.2.1 Power factor and standards for ac-to-dc¢c converters

Unlike the conventional definition of pf (cos¢) which describes the phase relationship
between sinusoidal voltage and current waveforms, the pf for ac-to-dc converters is
defined in terms of harmonic content in the line current (See Appendix A), as the
ratio of real input power in watts to the apparent power (VA).

In order to improve and maintain the quality of service extended by the utility line
to the end users, several harmonic standards like JEC555, ANSI/IEEE — 519 and
VDE —0838,160, 712 are being imposed. This has led researchers to design ac-to-dc



converters operating on the utility line, to combat the problems associated with these
converters.

The concept of harmonic free utility interface has been to maximize the utilization
of the ac utility system. T¢ confront the problem of excessive rating, the power
electronic industry is in search of ways to minimize the harmonics, if not perfectly

correct its pf problem.

1.3 Literature survey

Since the beginning of 1970, several ac-to-dc converter topology and control schemes
[5]-[53], [86]-[99] have been proposed to address harmonic free interface, pf correction,
in the utility line which fall into one of the following category, namely,

(1} passive pf correction,

(2) active pf correction.

1.3.1 Passive power factor correction

In passive pf correction method fixed and switched capacitors [4], and tuned LC
filters are used. The filter may be on the ac side [5, 6] or on the dc side [5, 7] as
shown in Fig. 1.2. These are also known as resonant filters. Even though ac-to-
dc converters using passive pf correction method is easy to understand, implement
(open loop operation) and more reliable than their active counterparts, the maximum
pf achievable is limited in addition to increased size and weight.

In references [5, 6, 7] passive pf correction method has been used and compared
with active pf correction method in terms of size, cost, flexibility, control complex-
ity etc. It is concluded that active pf correction method has better performance

characteristics, even though it requires additional control circuitry.
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Figure 1.1: Line current drawn by a single phase bridge rectifier with capacitive
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1.3.2 Active power factor correction

Active pf correction is associated with line frequency controlled rectifiers and HF link
rectifiers. Harmonic reduction can also be achieved by using appropriate converter
configuration and control techniques or a combination of both.

For high power applications, the configurations reported [8]-[12] are: (a) Phase
controlled rectifiers with modified gating scheme [8, 10], {b) diode rectifier followed
by chopper, (c¢) multi-step converter, and (d) synchronous tap changers to improve
the pf [12]. Even with these schemes the power factor is low and they support line
frequency isolation. The HF switching converters can be broadly classified based on
the switching principle as:

(1) Pulse width modulated (PWM) converters, and
(2) resonant converters.
The PWM converters suffer from the following drawbacks:
(1) High switching stresses on the switches. _
(2) High power losses during the switching, and
(3) electromagnetic interference (EMI) produced due to large & and 2.

The disadvantages of the PWM converters become more pronounced as the switch-
ing frequency is increased even though there is a size reduction in filter and magnetic
components. Resonant converters are emerging as a viable alternative to PWM con-
verters, as they allow zero current switching (ZCS) or zero voltage switching (ZVS)
or both, resulting in the design of very high frequency, light weight, high efficiency

converters.

1.3.2.1 PWM Converters

In the multiple chopping control scheme proposed in [13]-[20], the thyristors are
switched ON and OFF several times in each half cycle of the ac line voltage to



reduce the harmonics and filter size, by choosing appropriately the position, number
of pulses per half cycle and pulse widths. Use of choppers to improve pf and to reduce
line current harmonics have also been reported in [21, 22]. In [23], hysteresis current
control has been used to get sinusoidal current at the input. Sequential and simulta-
neous control has been used to control multistage converter to derive multi-step line
current waveform {24)].

. Several single ended [25]-[41] and double ended [30, 31], HF switching ac-to-dc
converter configurations have been reported to reduce harmonics by way of current
waveshaping. Only some of the single ended configurations support HF transformer
isolation, like the buck-boost derived topology (the flyback converter {35, 36, 37}) and
CUK converter [38], while all the double ended converters provide HF transformer
isolation. The principle used in these converters is to place a HF switching circuit
between the line rectifier output and the filter capacitor to track the input line current
(active current waveshaping) by suitable control strategy also known as current mode
control.

Several current control methods have been proposed in [3, 27, 28] for active line
current waveshaping for HF converters in conjunction with line rectifiers, along with
their advantages. These control schemes can be extended for resonant converters.

References [25)-[33] use boost converter stage for active current waveshaping. Ref-
erence [32] reports pf enhancement by addition of side lobes to the line current wave-
form for both continuous and discontinuous current mode of operation of the con-
verter using boost topology. By using interleaved or phase shift control for a parallel
connected boost stages harmonic reduction has been achieved in [33].

The buck-boost ac-to-dc converter reported in reference [34] is capable operating
under wide ac line voltage variation and also for distorted input voltage waveform.

Chambers and Wang [35, 36] used current mode control for flyback converter for

dynamic pf correction. While in reference [37], flyback converter has been used to get



multiple output. Le-Huy [38] proposed an efficient sampling current control technique
to control the switch in CUK converter, to reduce line current harmonics.

The boost single ended primary inductance converter (SEPIC) in [39] for multiple
isolated output, uses hysteresis control for the single switch. Reference [40] presents
a buck derived 1 kW unity pf (UPF) rectifier having transformer isolation at HF. In
references [30, 31], several versions of half bridge and full bridge boost rectifiers have
been presented for minimizing harmonic distortion.

Based on the principle of indirect conversion, where more than one stage of power
conversion is used, several HF transformer isolated converters have been studied [42)-
[47). In this scheme the front end converter is a line frequency diode rectifier followed
by high frequency inverter and diode rectifier. Reduction of harmonics is achieved by
proper control of these power conversion stages.

In [48], use of a HF transformer isolated ac-to-ac stage followed by rectifier has
been proposed to achieve harmonic reduction. In reference [49], constant interval
chopping, carrier chopping, carrier and even chopping control has beén used to con-
trol the converter for the bilateral switch leading to unity displacement factor with
sinusoidal input current.

The multistage power conversion scheme presented in [50] consists of line recti-
fier, dc-to-dc converter, HF inverter followed by HF diode rectifier. In this dc-to-dc
converter usually a boost stage is used only for input current waveshaping, while the
output voltage regulation is achieved by inverter control.

In reference [51], a boost converter operating in continuous current mode followed
by two additional bi-directional switches driving a HF transformer is proposed.

In [52, 53] harmonic reduction has been achieved by boosting the dc link voltage
at the valleys of the input voltage waveform by adding the output voltage to the

input.



1.3.2.2 Resonant Converters

Even though resonant converters were known as early as 1960’s, their application was
limited to only dc-to-dc conversion. Several resonant converter configuration have
been studied and reported in literature which include

(1) Single ended resonant converters {quasi resonant converters etc.) and

(2} double ended resonant converters (half bridge, full bridge).

The choice and suitability of a particular resonant converter configuration for a
given application mainly depends on, isolation requirement, output power, power
density and cost.

Resonant converters for ac-to-dc power conversion and pf correction application,
calls for thorough understanding of converter characteristics, by way of modeling,

analysis, simulation and control studies for these configurations.

(a) dc-to-dc resonant converters : Three main converter configurations have
been studied and documented in references [54]-[82]. They are the serics resonant
converter (SRC) [54]-[62], parallel resonant converter (PRC) [63]-[68], and the LCC.
type series-parallel resonant converter (SPRC) [69]-[84]. These converters have been
compared [70, 74] and it has been shown that the SPRC has all the desirable features
of the SRC and the PRC, in addition to overcoming their disadvantages. The main
advantages of the SPRC are:
(1) High efficiency from full load to part load.
(2) Narrow range of variation in switching frequency for power control,
(3) The parallel capacitor is placed on secondary side of the HF transformer to include
the leakage inductance of the transformer as part of the resonant inductance [69]-[84]
as shown in Fig. 1.3(a).

The resonant circuit is switched by means of gating the semiconductor switches.

For regulating the output voltage and control the output power, the following control



strategies can be used.
(1) Variable frequency control [69]-(76].
(2) Fixed frequency phase shifted gating scheme of control {78, 79, 80].

The loading of the converter and the choice of switching frequency, controls the
modes of operation of the converter. The phase relationship between the resonant
inductor current 77, and the input voltage to the resonant tank circuit (inverter out-
put vg) decides, lagging pf (above resonance) or leading pf (below resonance) mode
operation of the converter. Depending on switching frequency, in leading pf mode,
the converter may operate in continuous current mode (CCM) or in discontinuous
current mode (DCM) [84]. With zero current turn-on and turn-off of the switch, as
~ observed in DCM [84], the converter can be operateci at very HF, leading to fur- .
ther reduction in size and weight of magnetic (inductor and transformer) and filter
components. For the PRC and SPRC, depending on the parallel capacitor voltage
waveform, the converter operation is classified as continuous capacitor voltage mode
(CCVM) or discontinuous capacitor voltage mode (DCVM) [76]. During the discon-
tinuity interval in parallel capacitor voltage, the output rectifier stage acts as a short
circuit.

The approximate ac analysis method and the state space analysis method have
been used to analyze the resonant converter operation. Among them, the exact
analysis of resonant converter using state space approach is popular, as it can be
used to carryout steady state, large signal and small signal analysis. In order to
study the converter dynamics during transients and for designing the controller for
closed loop operation, several large signal [77, 82] and small signal models for CCM
operation [58, 60, 61, 68, 81] and their analysis have been presented for all the three
configurations of resonant converters.

Even though DCM operation in the SPRC has been studied [84], SPRC converter

design optimization has not beon done under steady state, for which the converter
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enters just continuous current mode (JCCM), and did not address all the predominant
circuit modes in DCM.

In [85], a dc-to-dc hybrid parallel-series resonant converter bridge (HPSRCB) has
been proposed and operated in DCM, with capacitive output filter. State space anal-
ysis method has been used for desigring the converter. It is shown that the HPSRCB
also takes all the advantages of SRC and PRC, overcoming their disadvantages [85],
and has voltage boost characteristics due to capacitive voltage multiplication. "This
voltage boost characteristics is required for the proposed high pf operation HPSRCB
(Fig. 1.3(b}), on the utility line. It is to be noted that the HPSRCB is also capable of
operating in CCM, CCVM and DCVM like the SPRC. However, studies relating to
CCM, CCVM and DCVM operation of HPSRCB and its analysis for inductive out-
put filter, have not been reported in literature for both fixed and variable frequency

control.

(b) ac-to-dc resonant converters : In early 1980’s, the use of resonant tech-
nique in ac-to-dc converter for dynamic pf{ correction was first reported by Chambers
{86]. Here the HF transistorized flyback pf correction circuit was replaced by thyris-
torized half or full bridge series resonant converter, operating in DCM. The principle
of extended conduction angle was used for reducing the line side current harmonics.
It exhibited excellent performance with reduction in line filtering for EMI and input
capacitor. The above scheme has the {ollowing disadvantages:

(1) As the converter is operated in leading power factor mode, the rectified input
voltage should not fall below the inverter output voltage which otherwise will lead to
commutation failure of thyristor switches, due to very small reverse current flow.

(2) The maximum pf achievable was limited due to forced shut off of the gating pulses
at 50 % of the line voltage.

The single ended boost zero current switching quasi-resonant converter (ZCS-
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QRC) proposed in reference [87] reduces switching losses, and allows the usage of uni-
or bi-directional switches. Four versions of boost ZCS-QRC’s have been proposed.
The principle of operation and analysis by state plane methods are explained. Fixed
frequency variable off-time control is used (also known as current sense frequency
control (CSFC) technique) to obtain sinusoidal line current.

Jin He and N. Mohan [88] presented a four resonant state single ended SPRC
for input current waveshaping. The analysis of the circuit is complex due to various
circuit submodes of operation. Fixed frequency variable off-time control is used (also
known as current sense frequency control (CSFC) technique) to obtain sinusoidal line
current.

The soft switching resonant tank boost rectifier (RTBR) reported in [89] employs
LC circuit placed in the switch leg in single phase boost rectifier circuit. Active
current waveshaping has been used to get sinusoidal line current, with line frequency
isolation.

High power factor operation of resonant converter on the utility line using small
HF filter (unlike the conventional large capacitive filter) at the input dc link was
reported for the first time in [92]. However, the line current distortion was very high
due to overboosting effect at the valleys of the ac voltage, and the peak current did
not reduce at reduced load currents as PRC was used. In addition, a very brief study
on SPRC was made through simulation results.

Stiegarwald et al. reported [94] high pf operation by using boost stage PRC or
SRC resonant converter in series with the PWM inverter. Here, series boosting by
transformer principle is employed instead of the normal boost stage by MOSFET
switching. Only open loop operation is studied for 50% to 100% load variation.
There are series diodes at the input, which has to carry the load current, resulting in
extra losses. During the course of this thesis work variable frequency active control

of PRC was reported in [96, 99]. Even though the line current T.H.D. was reduced,



the peak current stresses were high. The PRC was operated leading pf mode (ZCS
operation) and the effect of variation in input voltage was not studied. The size of
the HF transformer increased due to decrease in switching frequency at lower load
currents while retaining all the well known disadvantages of leading pf operation. In
[99], the outer voltage feedback loop was not implemented.

Fixed frequency CCM oi)eration of SPRC with and without active current control
and variable frequency DCM and CCM operation with and without active current
control, on the utility line has not been studied so far, and is presented in this thesis.
The utility line operational characteristics of the proposed HPSRCB ((Fig. 1.3(a))
were not available in literature and have been studied for the first time in this thesis

work.

1.4 Thesis Outline

All that explained in the previous sections have been the motivation to provide an
alternate and effective solution to reduce harmonics by proposing a single phase reso-
nant converter topology using simple filtering and active control schemes. The major
issues to be addressed in realizing high pf operation of resonant converters on the
utility line are

(1) Selection of resonant converter configuration.

(2) Control strategy for the HF inverter and the tools used for the analysis.

The configurations chosen for the work presented in this thesis are the series-
parallel resonant converter (SPRC) (Fig. 1.3(a)) and the hybrid parallel-series reso-
nant converter bridge (HPSRCB) (Fig. 1.3(b)). The HF transformer leakage induc-
tance is used as part of the resonant inductance in both configurations by placing the
resonant capacitors on the secondary side of the HF transformer. A small HF filter

capacitor C; shown in Fig. 1.3, is used to filter the switching frequency component
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entering the line and to extend the duration of the current drawn by the converter
from the utility line. An HF inductive filter Ly and 120 Hz capacitive filter Cy are
used in the output section to meet the ripple specifications. Both open loop and
closed loop control strategies have been adopted to study the utility line characteris-
tics of SPRC and HPSRCB, while both complex ac circuit analysis method and state
space modeling and analysis method have been used as a design tool. The converter
is controlled in such a way that the ac line current is nearly sinusoidal at unity pf for
regulated dc output voltage.

Chapter 2 deals with DCM operation of SPRC as low harmonic controlled recti-
fier. The state space analysis method is used to obtain the converter design for onc
of the predominant circuit modes. The design constraints lor operating the ac-to-dc
converter on the utility line are discussed. SPICE3 simulation results and experi-
mental results from a bread board model are presented and discussed to verify the
design performance. It is shown that by proper converter design, pf close to unity
(> 0.99) with low line current T.H.D. can be achieved, even without active control.
In addition to the above, modeling, state space analysis, design optimization, theo-
retical and SPICE3 simulation results, and experimental results for DCM operation
of SPRC, operating as dc-to-dc converter are presented.

In Chapter 3, CCM operation of SPRC on the utility line is described. Based on
the complex ac circuit analysis and the design constraints, the converter design has
been illustrated with a design example. The effect of control scheme and capacitance
ratio on the line pf and harmonics are studied. Implementation of active control
scheme for both fixed and variable frequency operations are given. SPICE3 simula-
tion results without active control and experimental results for an 150 W converter,
with and without active control for different load currents, at rated minimum and
maximum input ac voltage have been presented to verify the theory. Line current

T.H.D. less than 9 % and 15 % has been obtained with and without active control,
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respectively.

Chapter 4 is devoted to the study of the proposed hybrid parallel-series resonant
converter bridge. The operating characteristics for both ac-to-dc as well as dc-to-dc
converter are reported. The steady state analysis for fixed and variable frequency
operations of HPSRCB, by identifying the various operating modes encountered dur-
ing its operation on the utility line have been presented. Prediction of line current
harmonics and pf using the discrete time domain modeling (when no active control
is used) is described for both fixed and variable frequency operation. Based on the
design constraints converter designs bave been obtained from the analysis, corre-
sponding to capacitance ratio of 0.5 and 1. Selected SPICE3 simulation results have
been presented for the designed converter, to verify the performance without active
control. For both line voltage and load variations, the key experimental results ob-
tained from the 150 W bread board model have been presented, for both the control
schemes. Very high power factor (> 0.99) and very low line current T.H.D. < 5%
have been obtained with variable frequency active control.

The concluding chapter 5 summarizes the main contributions of the thesis with

suggestions for further work in related areas.



Chapter 2

Operation of the LCC-Type
Parallel Resonant Converter in
Discontinuous Current Mode as a

Low Harmonic Controlled

Rectifier

In this chapter, the characteristics of a single phase high frequency (HF) transformer
isolated LCC-type or series-parallel resonant converter (SPRC) operating on the util-
ity lne as a low harmonic controlled rectifier are presented. The converter is operated
in discontinuous current mode (DCM) without active control and its effect on the linc
current harmonics and line power factor (pf) are studied. The various design curves
obtained using the state space analysis method for DCM operation of SPRC are
presented. SPICE3 simulation and experimental results, without active control are

presented for the design example to verify the theory and obtain low total harmonic

16
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distortion (T.H.D.) for the line current. In addition to the above, dc analysis for an

de-to-de SPRC operating in DCM is discussed.

2.1 Introduction

Literature studies [76, 78, 84, 92, 93] show that the SPRC takes all the desirable
characteristics of two element resonant topologies, namely the SRC and PRC. Oper-
ating the SPRC in DCM offers many advantages [84], like negligible switching losses
due to zero current switching (ZCS), choice of higher switching frequency, use of fast
switching silicon controlled rectifiers (example: ASCR’s) and IGBT’s in addition to
simple control circuitry and ease of control.

The operating characteristics of variable frequency SRC operating in DCM on the
utility line have been reported in [86). The maximum pf achievable is limited with
the DCM operation of series resonant converter (SRC) scheme reported in [86], as
the converter is shut off when the line voltage is around 50% of its peak value even
though switching losses are minimized. .'

Continuous current mode of operation of variable frequency LCC-type converter
on the utility line without active control has been discussed briefly in [92] and only
some stmulation results are presented. However at the outset of this work, the utility
line characteristics of variable frequency DCM operation of SPRC was not available
in literature.

The main objective of this chapter is to design and operate the SPRC to obtain
low line current T.H.D. and high pf in DCM using fixed on-time, variable frequency
control (without active current control). As the reference [84] did not address all
the predominant circuit modes in DCM operation of SPRC and design optimization
methodology, it was necessary to carryout analysis using exact state space model for

one of the predominant circuit modes. The state space model developed for DCM,
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and the equations derived (for de-to-dc converter) are used to obtain various design
curves and design of the SPRC as a low harmonic rectifier described in later sections
of this chapter. These objectives are achieved in the following sections of this chapter.

Section 2.2 presents the analysis of an dc-to-dc SPRC, operating in DCM. A brief
review of SPRC operation and operating modes, details of state space modeling,
converter optimization methodology, converter design illustration with an example,
and verification of analytical results with SPICE3 simulation and experimental results
are presented in this section.

Section 2.3 describes the operation of SPRC on the utility line and general de-
sign constraints for obtaining low T.H.D. for different operating modes and control
schemes, while section 2.4 presents the DCM operation of SPRC (without active
control) as a low harmonic rectifier, design methodology using state space model,
and design example. To demonstrate the operating principle, SPICE3 simulation
and experimental results are presented for the design example without active current
control. Lastly the chapter is concluded, with a detailed discussion of the results in

section 2.5.

2.2 Steady-State DC Analysis of dc-to-dec SPRC
for Discontinuous Current Mode of Opera-
tion

Fig. 2.1 shows the circuit diagram of dc-to-dc converter employing HF link .CC-type
SPRC in full bridge configuration. The bi-directional switches are formed by the
MOSFET switches S1 to S4 and diodes (D1 to D4) combination. The internal body
diodes of the MOSFET switches are bypassed by using fast recovery diodes in series
and anti-parallel diodes D1 to D4, as shown in the Fig. 2.1 for DCM operation (below
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resonance or leading pf mode of operation) of SPRC. The components L,, Cs & C,
(placed on the secondary side of the HF transformer) form the resonant tank circuit,
and Ly, Cy form the low pass filter at the output with Ry representing the resistive
load, The leakage inductance of the transformer I, is used advantageously as a part
the resonant tank inductance L (L = L, 4+ L;). However, when SPRC is operated as
a low harmonic rectifier (discussed in later sections) the dc source V; is replaced by
an ac source followed by a line rectifier and HF filter.

The SPRC is operated in DCM by gating the MOSFET switches S1 to 54 with
fixed on-time and variable frequency gating pulses. The converter is designed to
operate in just continuous current mode (JCCM) for rated minimum input voltage and
maximum load current (full load). For both input supply and output load variations,
the output voltage is regulated by decreasing the switching frequency such that the

converter always operates in DCM.

2.2.1 Converter Operation and Modeling

Fig. 2.2(a) illustrates the typical operating waveforms for SPRC in JCCM at full
load, while the waveforms in Fig. 2.2(b) shows the DCM operation at reduced load
current under steady state. The intervals marked as C1, A, C2 and FE in Fig. 2.2
represents the different circuit modes. These waveforms have been obtained from the
analysis described later in this section.

In Fig. 2.2(a) when the switches S1 and S2 turn on, the resonating current jr
(normalized 2.) starts flowing with positive polarity of the voltage m,; (normalized
vas) applied to the tank circuit. During interval-C1, me,(t) = 0 (normalized v (t))
and the load current freewheels in the output section (due to large filter inductor),
until the magnitude of resonant current j () = J load current (normalized I}) to

enter interval-A. During interval-A, the resonant current in excess of load current J



S1|D1 D3 |S3 | oo |Tof
G1 %g o G3 ihgx
. | il_}r\ n:t Jg; C(y_ Yo
%W % 02 U = ==
G4 Ld} %PI G2 r Ry
l_ , ,

G 5] | AR

Resonant Tank High Frequency Rectifier
Circuit LC filter and Load

High Frequency
Inverter

Figure 2.1: High frequency transformer isolated dc-to-dc converter employing LCC-type or

series-parallel resonant converter bridge operating in DCM.

0%



plitude

Normalized Am

|
N

=,

o

|
d

21

ucu.___ét\_al«cz
tode——ta tez |\ [/

INTERVALS .

0 200 400_. 600 800 1000

Time

(a) Just continuous current mode (JCCM) of operation.

Figure 2.2: (Continued)



]
(o]

D oo ........ SPRCDCMPROMA’TLAB
NN
:q-é) 1 //M Kmab R
[ Q
E : 17 \r—
< . .
o
N
.T_Eé
5-1
pZa

0 500 1000 1500 2000 2500
Time

(b} Discontinuous current mode (DCM) of operation.

Figure 2.2: Typical normalized steady state operating waveforms obtained from the

state space model for DCM operation of SPRC.



23

charges the parallel capacitor C;. When the resonating current reverses in interval-
A, the diodes D1 and D2 start conducting and the gating pulses to the switches are
removed. Interval-A ends when m ¢, (¢) reaches zero. In the interval-C2, the diodes D1
and D2 continue to carry the resonating current with mg; = 0. Once the resonating
current carried by diodes D1 and D2 reaches zero at the end of interval-C2, the
switches S1, S2 and D1, D2 enter fully blocking state (off state). Since the switches
and diodes turn-on and turn-off naturally at zero of resonant current, the switching

losses are negligible.

2.2.1.1 JCCM operation

For JCCM operation (Fig 2.2(a)), the other pair of MOSFET switches 53 and S4 are
turned on at the end of interval-C2. Turning on the switches 53 and S4 at the end of
interval-C'? will lead to short circuit if the diodes D1 and D2 have not recovered fully
to enter blocking state. Hence for safe operation, application of gating pulses to the
switches S3 and 54 should be delayed by amount greater than the reverse recovery
time t,, of the diodes D1 and D2, thus limiting the highest frequency of operation.
However this can be overcome by using fast recovery diodes instead of internal diodes

as shown in Fig. 2.1.

2.2.1.2 DCM operation

In DCM operation (Fig. 2.2(b)), there is an additional interval-E (dead gap), in which
the input supply to the tank circuit is cutoff as all the switches are in the off state..
It must be noted that m., follows the series capacitor voltage mc,g, which remains
constant during the dead gap period until the other pair of switches S3 and 54 are
turned on. This dead gap period (duration of interval-F) increases with decrease in

load and (or) increase in input voltage V; for regulated output voltage V,. Operation
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of the converter is similar for the other switching half cycle, where switches 53 and 54
are turned on, except for change in polarity in voltages and currents. Note that, all
the high-frequency rectifier diodes in the output section will be in conduction (load
current free-wheeling) during intervals-C1 and C2. Based on the waveforms shown in
Fig. 2.2, the equivalent circuit models obtained during different intervals of operation
(identified as interval-C1, A, C2, and F) are presented in Fig. 2.3. In view of large

output filter inductor Ly, the output filter current Iy is assumed to be constant.
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Figure 2.3: Equivalent circuit models for SPRC operating in DCM. L = L, + L,

where L; is the HF transformer leakage inductance.

2.2.2 Steady-state Operating Conditions

All the components of the resonant inverter and the high-frequency output rectifier

are assumed to be ideal to simplify the mathematical model, for analysis of the SPRC
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in DCM operation.

2.2.2.1 Normalization and notations used

All the equations derived are normalized using the base quantities defined below and

all the parameters are referred to the primary side of the high frequency transformer.
Ve = Vomin V, Zp = 2 @, Ig = Vg/Zp A, wp = w, rads/s

Where

Z=\/L|C., wo=1/VIC., L=Ls+ L, Cce=C,C/(Co+C), Ci=C,/n?
C; = capacitance referred to primary of HF transformer,

L; = transformer leakage inductance, n:1 = transformer turns ratio.

Some other parameters are defined below

w, =1/VLC,, w=2xf, Y = w/w,,

1= Iy/n, M=V, [Vs=nV./Vs, J=I/Ip,

L) =18/ Ig, mcs(t) = ves(t)/Va, me(t) = vee(2)/ Vs,
fi = switching frequency,

I = Output filter current referred to primary of HF transformer.

The additional subscripts are used to represent the corresponding intervals of

operation in the DCM. Upper case letters are used to represent steady state dc values.

2.2.2.2 General solutions for DCM operation of SPRC

Using the equivalent circuit models for different intervals of operation, the differential
equations for each interval of operation have been written using the inductor current
(i), and the capacitor voltages (ves and vgy) as the state variables. The solutions to

these equations have been written in terms of input voltage, output current and the
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initial conditions of the resonant tank state variables [82, 83]. The general solutions so

obtained are summarized below for the DCM operation of the SPRC. The equations

for normalized inverter output current, series capacitor voltage and parallel capacitor

voltage for different intervals (Fig. 2.2 & 2.3) are presented below.

Interval-C1:

jrer(t)
MmMeCi (t)

MesCd (t)

Interval- A:

jra(t)
mcs.‘l(t’)

mggA(t’)

Interval-C'2:;

Jrez(t")
mcsc2(tu)

mctCZ(i”)

Interval-E:

"

JLe(t)

0t

Mesg (t )

Hy

md;_:;(t )

where

0<t<tg

Aic1sin(w,t) (2.1)
0 (2.2)
Azc1{l — cos{wst)) + meso (2.3)

0<t <ty ¢ =t—1tg

Ayasin(w,t ) + Byacos(wot ) + Cia (2.4)
Aga(l — cos(wot ) + Bagsinfwo,t ) + Cop(wot) + mesn  (2.5)
Asa(l — cos(wot ) + Baasin(wot' ) + Caalwot ) (2.6)
0<t <toy t =t—ty

Alcgsin(w,t") + Blczcos(w,t") + Cica (2.7)
Azca(l — cos(wst ) + Bycasin(wst ) + Cooa(wst ) + s (2.8)
0 (2.9)

4

HE i
0<t <tg t =t—tgy

0 (2.10)
MesC2 (tc2) (2 11)
0 (2.12)

Mes0, Mes1 and M,z are the normalized series capacitor voltages at the beginning of

interval-C'l, A and C2 respectively, while jzo is the normalized resonant current at

the beginning of interval-C2.
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AlC‘l = (1 - mcao) \f g:‘, B‘IA = (1 - %)J: BJC‘2 = jL21 B(M = %:‘Blﬁh

Azcr = (1 — meso), By = %Bm, Cic2 =0, Cac2 =0,
A1a = (1 = mea), A = %Am, Azp = nglA, Cia= %J,
Azca = (1 — mesa), Bycr = \/& Bica, Caa=ECra, Coa=—%Cha,

Arcz = (1 — mes2) \/-‘?:

These general solutions are used to obtain steady-state solutions in the next subsec-

tion.

2.2.2.3 Steady-state solutions

To obtain the design curves it is necessary to derive the steady state solutions. How-
ever in order to evaluate steady-state solutions, the initial conditions of the resonant
tank state variables and the duration of each interval must be known. To do so, all
the intermediate variables like jp1, mes, jL2, and mcse are to be eliminated. Using
the condition of odd symmetry for the waveforms of resonant tank state variables (i.e.
the values of resonant tank state variables at the end of a switching half cycle are the
same as the values at the beginning of the switching half cycle except for changes in
signs), the simplified expression for the normalized initial series capacitor voltage at

the beginning of interval-C1 is given by

Mo = 1- V(C'e/C',) J/SZTL 9301 (2.13)

The duration of intervals C'1, A, C2 and E (Fig. 2.2) expressed in terms of angles
Osc1, 04, Osc2, and 8g, respectively, are to be determined for a given value of J and
y by equating

(1) the parallel capacitor voltage mcia(t = t4) = 0 (equation 2.6) at the end of
interval-A,

(2) the resonant inductor current at the end of interval-C1 (equation 2.1} equal to

the normalized load current (jrc1(t = te1) = J),
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(8) the resonant inductor current jrco(t = tg2) = 0 (equation 2.7) at the end of
interval-C2.

The resulting simplified simultaneous equations Fi{0,c1,04,0sc2), F2{Psc1, 04, 0sc2),

and F3(0sc1,04, 0sc2) obtained are given below.

F1(0sc1,04,05c2) =0= k; sin Oycq cot Oscy sin 04 + ky 04 cos 0,07 +

2/J + k3(l — k3)cos 04 sin 0,00 +

ks ko sin 8,02 — ks cosec Os¢1 (1 + cos Oyca) (2.14)
Fy(85¢1,04,0sc2) =0= cosec Oy sin Oy + k3 cot O,y sin 04 cos 0,00 —

ks 04 sin 0,00 + kg cos O,c0 +

(1 — ko)cos 04 cos Osc2 (2.15)
F3(0s01,04,05c2) =0= kzcot ¢y (1 —cos 0a)(1 — ko)sin 04—k, 04 (2.16)

where

O:c1 = wstcr, oz = wstce, 04 = wola,

8c1 = ks 0,01, O = wotk, Ocz = ks Oscsy O0p = n/y — (0c2 + Oc1 + OF)-

ki=Ce/Cs k2= Cc/C. k3=\/CT/E': k4=\/C_T/_CTm
tci, tez, ta, and tp represent the length of intervals-C'1, C2, A and £, respectively
on time scale.

These equations are solved numerically in PROMATLAB using Newton Raphson
method, to obtain the duration of various intervals and the initial state values. This

is done in the next section to obtain the design curves.
2.2.2.4 Converter gain, peak component stresses and RMS current rat-
ings

The converter gain, rms ratings and peak component stresses play a very important

role in the selection of components and can be calculated once the duration of intervals
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have been determined.

(a) Converter gain : The average value of rectified parallel capacitor voltage

mgy, over one switching half cycle determines the converter gain M and is given by
M = (y/x){[Asa (04 —sin 0a)+ Bsa (1 —cos 8,4) + Ca4 0:‘:1/2] (2.17)

This can be evaluated for a given y and J. Fig. 2.4 shows the plots of normalized con-
verter gain M versus the normalized switching frequency ratio y for three capacitance
ratios 3, 4 and 5, with normalized load current J as a parameter. In all these plots,
the maximum value of y represents the operating point, where the SPRC operates in
JCCM with maximum converter gain M. As a general design guideline, the converter
must be designed corresponding to this operating point (maximum M and y) at rated
minimum input voltage and full load. However, the optimum value of J, M and y are
to be determined for a given input-output specifications, by carrying out converter
parameter optimization described later in section 2.2.2.5. Any attempt to increase y
(higher switching frequency) beyond this critical value makes the SPRC to operate
in CCM (below resonance). However decreasing y, reduces the converter gain due
to increase in dead gap interval-E. In DCM operation, all the switches turn-on and
turn-off at natural zero of the resonant inductor current.

For the same value of normalized load current J, the converter gain M is lower
for lower capacitance ratios in DCM (Fig. 2.4). Choice of lower capacitance ratio
calls for larger variation in frequency for regulating the output, while increasing the
capacitance ratio beyond a certain value does not significantly increase the converter
gain M. The maximum converter gain M, obtainable is always less than 1 for DCM

operation of SPRC.

(b) Peak component stresses : The resonant tank state variables attain their

peak value in interval-A (Fig. 2.2) for DCM operation of SPRC, irrespective of the
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Figure 2.4: Plot of converter gain M versus normalized switching frequency ratio y,

with normalized load current J as a parameter for DCM operation of SPRC.
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load current. Hence the normalized peak component stresses Ji,, Mcs, and Mgy, for
the tank ¢:-cuit are obtained by substituting the values of 815, 0csp and O¢yp in their

respective interval-A equations (2.4 to 2.6} of Appendix- 2.2.2.2.
Oy, = woty, = tan'l(AM/BIA), Ocsp = w, tCspy OCtp = w, toy (2.18)

The time tzp, tey and ic,p represent the instants at which the resonant current and
respective capacitor voltages achieve their maximum in interval- A.

The angles 8csp, fcyp defined above are obtained numerically, by applying the
condition jr4(f) = 0 (equation 2.4) and the slope of the parallel capacitor voltage
dmeia(0)/d9 = 0 at fcqp when it achieves its peak respectively [76]. Also note that
under all load conditions, the duration t, < tcy < tesp < ta for the SPRC operating
in DCM.

(c) R.M.S current ratings : The R.M.S. current through the switch and the
resonant inductor are required to calculate the component ratings and losses in the
converter. The R.M.S. current through the inductor ji. and the transistor j, is
maximum at full load, while the diode R.M.S. current 74 is maximum at no load and
minimum input voltage. However to calculate the rms current rating, the duration ¢,
and ¢4 for which the MOSFET switches and the diodes conduct, respectively, must

be determined. The expressions to calculate R.M.S. currents are given below.

jir = [y/® (jcr ks + Jrez ke + jrar + jraz + jLA:S)]lﬂ (2.19}
Jer = [y/(27) (ks juor + e + quz)]]/2 (2.20)
dar = [w/(2x) (B4 jLc2 + jamr + jan2)]'? (2.21)
where
jrer = A20,(20sc1 — sin (20,01))/4 (2.22)

Jicz = A?o:fzf‘1 + 31202 (29a6‘2 — sin (29.02))/4 +



jLa1
JLA2
Jras
qul

j gA2

JdA1

JdAz

where

t, = MOSFET switch conduction time, t4 = Diode conduction time.

Aica Bicz (1 — cos O,c2)/2

(A4 + B2,) 0412 — (A2, — B2,) (sin (204))/4

2 Bia Cra sin 04+ 2 C14 Aya (1 — cos 84)

A1a Bia (1 —cos (204))/2+ C?, 04

(A3a+ Bi4) Oow/2 — (Al4 — Biy) (sin (20c5))/4
2 B1g C14 sin Ogsp +2 Cia Asa (1 — cos bgsp) +
A1a Bia (1 —cos (20¢5))/2 + CZ4 Ocsp

(A24+ B2,) Ouaf2 — (A2, — B2,) (sin (20u2))/4

2 By Cia stn 835 + 2 Cra Aza (1 — cos 84;) +
Asa Big (1 — cos (2042))/2 + C2 b4a

OCsp - 0..4, tq = ta-+ tCsp; e = (tA + tc2) - tCsp

2.2.2.5 Converter design example
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(2.23)
(2.24)
(2.25)
(2.26)
(2.27)

(2.28)
(2.29)

(2.30)
(2.31)

The dc-to-dc converter was designed on the basis of the following input/output spec-

ifications.

(a) Specifications

Rectified voltage variation, V, = 76 V DC to 153 V DC.

Maximum power output, £, = 150 W.
Switching Frequency, f; = 250 kHz.

Maximum load current, I, = 3.125 A.

Minimum load current, I, = 0.15 A.

Output voltage, V, = 48 V.

: 1—¢ supply voltage variation, V.= 85 V rms to 170 V rms.
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(b) Converter design optimization : For the specifications given above, the
converter design was optimized, by minimizing the optimum function F,, following

the procedure given in [76].
Fopr = Ip,(RVA[EW)/y (2.32)

The converter has been designed to operate in JCCM, for worst loading condition
of rated minimum input voltage Vimin = 75 V and the maximum load current
I, = 3.125 A. All the parameters of optimum function obtained from the state
space analysis together with F,; are plotted against the normalized load current

J in Fig. 2.5 for three capacitance ratios 3, 4 and 5, for a power output of 150 W.

(c) Effect of variation in capacitance ratio on DCM operation of SPRC

In the selection of resonant components, the C,/C; ratio plays a very important
role. In general for a given value of y and same power output P,, increasing the C,/C,
ratio increases the converter gain M, and the characteristics approaches to that of
a series resonant converter. However increasing C,/C; beyond a critical value of 5
affects the gain and peak current marginally, and at the same time reduces the diode
conduction time #4 given in (2.31). Fig. 2.6 shows the optimum values of .J, M, and
y as a function of capacitance ratio. For lower C,/C, ratio the peak current is higher
due to lower converter gain to derive the same power output P,. A good compromised
capacitance ratio of 4 was chosen for the design example. All the necessary switch
and diode parameters used for converter efficiency calculations were obtained from
the device data manual. In addition the quality factor of the resonant inductor (Q)
= 100, was used in the calculations.

From the plot shown in Fig. 2.5(b) for the same power output (150 W), the
optimum function Fg, attains its minimum for J = 1.6 and so does the inductor

peak current Ir, and kVA/kW for a capacitance ratio of 4. Corresponding to this
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optimum normalized load current J = 1.6, the converter gain (M) and normalized
switching frequency ratio (y) are obtained from the plot shown in Fig 2.4. The
reduction of peak inductor current I, results in lower component ratings as well as
system losses. The design calculations are done using these optimum values of J, M

and y to obtain resonant circuit and switch parameters.

(d} Converter design calculations : The design calculations for DCM opera-

tion of dec-to-dc SPRC are shown below.

J = 1.6 = Ij/(Vamin/2), M =065 y = 04234,
fi = 250 kHsz, n:1 = 0.9897:1 wy = 2r f; = 15707963 rads/s,
Ij = PJ(M V,pmin) = 3.0769 A, w, = 1/v/IC. = w,/y rads/s,

Fullload R = MV, ,.../ld = 1598, Z = JL/C. = 39.09 Q.
Solving the above equations for Z and w, the values of resonant components

obtained are

L =10.53 pH, C,=0.0344 pF, C,=0.0086 pF, (for C,/C; = 4).
The theoretical maximum component ratings required for the devices were:
Switch rms current 2.155 A, switch average current 1.0718 A,

switch peak current 7.67 A, diode peak current 3.8 A,
diode rms current 0.3655 A, diode average current 0.2229 A.

2.2.3 SPICE3 Simulation Results

The performance characteristics of the designed converter was verified by SPICE3
simulations for a capacitance ratio of 4. For all the SPICE3 simulation runs, the actual
MOSFET and diode models were used. Fig. 2.7 shows the typical operating waveforms
obtained from SPICE3 simulation for the converter entering JCCM (Fig. 2.7(a)) and
DCM (Fig. 2.7(b)), while Fig. 2.8 shows the comparative plot of converter gain M

as a function of normalized load current J for different switching frequency ratio’s y,
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load current (J), for an 150 W SPRC operating in JCCM at rated minimum input
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obtained from SPICE3 simulations and analysis (solved using PROMATLAB). The
highest value of J in Fig. 2.8 corresponds to JCCM operation of SPRC. With reference
to Figure 2.8, for the same normalized load current J, the SPRC converter had to be
operated at higher switching frequency ratio y for JCCM operation (at full load) in
SPICE3 simulations. For example for J = 1.6 and JCCM operation, the switching
frequency ratio y was set 0.430 in SPICES, even though the predicted value of y was
0.423. Also the converter gain (M) figures are lower than the predicted values due
to non-ideal elements used for SPICE3 simulation runs. Similarly plots of optimum
function Fop, kV A rating of the tank circuit per kW of output power and the peak
inductor current Iz, for an 150 W converter obtained from SPICE3 and the predicted
results from the state space analysis, are plotted for comparison in Fig. 2.9.

For the purpose of comparison, the spice simulation results are tabulated (Ta-
ble 2.1 to 2.4) using the same parameters as the mathematical model, except for the
non ideal switches and diodes. For regulated output, the gating pulse width is fixed
and the frequency is varied. The deviation observed in the tabulated results (between
theory and SPICE3) occur at lower load currents and at higher input voltages. This
is due to
(1) non-ideal switches (MOSFET drops are included) used in SPICE3 simulations.
(2) increased switching frequency ripple current carried by the output filter Ly at
reduced loads, higher input voltage and lower switching frequency ratio y in SPICE3
simulations.

The effect of load and input voltage variation obtained from SPICE3 simulations
(using the values obtained from design example) have been plotted in Fig. 2.10 as a
function of switching frequency ratio y, to determine the control range (variation in
frequency). In these plots, the highest value of J corresponds to JCCM operation, at
which the converter gain M achieves its minimum, where as it operates in DCM at

all other points. The minimum switching frequency is determined for the condition
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of maximum input voltage and minimum load for regulated output, for which the
diode experiences maximum stress as shown in Fig. 2.11. The results obtained from
the state space model, and SPICE3 simulation are in good agreement as shown in
Table 2.1 to 2.4.

For the design example, simulation studies showed that the lowest switching fre-
quency is approximately 20 % of the resonant frequency. In order to maintain DCM
operation for entire load and input voltage variation, the gating pulse width must be
set appropriately, which otherwise will lead to either early turn off of the MOSFET
switch or leading p{ continuous current mode of operation. The safe minimum pulse
width to maintain DCM operation and regulated output is determined by two factors
(1) The duration ¢4 for which the MOSFET switches conduct under worst loading
conditions {minimum input voltage and maximum load).

(2) The total conduction time of the switch and diode, t,¢ = ,+14 in a switching half

cycle for maximum allowable input voltage variation and minimum load conditions.

For t,¢ < tgm, the converter no longer maintains DCM operation, as the gating
pulse width %, is to be maintained constant at a value greater than or equal to g .
Hence this safe minimum gating pulse width ¢,, > ¢, sets the upper limit for the
maximum allowable input voltage variation. However for very wide range of variation
in input voltage (for universal compatibility), it can be overcome with additional
control circuitry to vary the pulse width accordingly in addition to frequency control.
For the design example presented, the duration %, predicted by the model was 64 %
of ¢4 for worst loading condition, where tf; = t4,m + 14 represents the total conduction
time of switch and diode for JCCM operation at rated minimum input voltage and
full load. The duration t,,, was 88 % of ¢t for an input voltage of 150 V and 6.6 %
load. Thus for all values of £,, > 0.88 ¢y will lead to leading pf operation of SPRC.

Hence the safe maximum gating pulse width is found to be 87 % of ¢/, for the design
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Table 2.1: Comparison of theoretical and SPICE3 simulation results obtained from
the model for an 150 W, 250 kHz dc-to-dc variable frequency DCM operation of SPRC

at rated minimum input voltage {V,=75 V).

———— e —

V, =15V, V, =485V, L= 10.53 uH, C; = 0.033 pIF, Ce=0.0087 p F

“ theoretical results SPICE3 simulation results

R y LA T Al Ve V| Voo V| LA [Iepg Al Vo V| Ve V
16 |[0.4213 | 3.08 | 5.65 | 66.78 { 142.21 || 2.85 | 5.26 | 60.36 | 137.80
20 10.4192 ] 246 | 4.93 | 57.99 | 139.14 || 2.28 | 4.60 | 52.54 | 135.22
30 104171 | 1.64 | 3.96 ; 4720 | 134.25 || 1.53 | 3.74 | 43.15 | 132.75
60 }0.4143 | 0.82 ¢ 2.96 | 37.71 | 128.10 || 0.77 | 2.85 | 34.81 | 126.11
0.4119 [ 041 | 2.45 | 33.58 | 124.35 | 0.39 | 2.35 | 31.27 | 123.05
0.4099 | 0,20 | 2.19 | 31L.71 | 122.28 {| U.20 [ 2.11 | 29.50 | 121.39
480 | 0.4087 [ 0.10 [ 2.06 | 30.83 | 121.17 | 0.096 | 2.00 | 28.88 { 120.00

e —
——

[—y
]
L=

b
s
o

==r=====%=ﬁ—_—:




Table 2.2: Comparison of theoretical and SPICE3 simulation results obtained from the model for an 150 W,

250 kHz dc-to-dc variable frequency DCM operation of SPRC at rated minimum input voltage (V,=75 V).

Il

Vo =T75V,V, =485V, L= 10.53 pH, C, = 0.033 x F, C, = 0.0087 u F

||

theoretical results

SPICE3 simulation results

|Re Q| 4 |tciuS|tanS|tcanS|tenS|tyuS|tausS|teruS|tapnS]|tcsus|tensS|t, pS]tsns
16 104213 | 0250 [ 1.25 | 0500 [ 14 | 120 {0710 0263 | 123 | 306 | 214 | 1.25 0546
90 [04192{ 0218 | 128 | 0374 | 146 | 122 |0656( 0238 | 1.20 | 266 | 231 | 1.20 |0.590
30 |0.4171| 0.166 | 1.3¢ | 0.286 | 23.4 | 1.12 |0.674 || 0.181 | 1.33 | 258 | 271 | 110 |0.671
60 |0.4143 | 0.006 | 1.43 | 0.208 | 30.6 | 1.00 {0734 || 0.140 | 1.46 | 185 | 278 | 0.99 |o0.774
| 120 [0.4119 0.05¢ | 1.50 | 0.156 | 34.0 | 0.94 [0.780 || 0.095 | 1.49 | 175 | 208 | 0.90 |0.858
| 240 |0.4009 | 0.028 | 1.56 | 0116 | 362 | 0.00 |o.810 | 0.0s0 | 157 | 120 | 348 | 0.88 |0.848
| 480 |0.4087 | 0.016 | 1.60 | 0.088 | 37.0 | 0.87 |0.828) 0.038 | 1.63 | 50 | 350 | 0.86 |0.857

Ly
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Ta.lble 2.3: Comparison of theoretical and SPICE3 simulation results obtained from
the model for an 150 W, 250 kHz dc-to-dc variable frequency DCM operation of SPRC

at rated maximum input voltage (V,=150 V).

—r—— —

Ve=150V,V, =485V, L=10.53 ¢H, C, = 0.033 u F, C; = 0.0087 u F
theoretical results I SPICES3 simulation results
Ry Q Y LAIILLA[ Voo, ViV, VI LA Iy Al Ve, V| Ve V
16 10.2084 | 3.08 | 7.67 | 91.92 | 266.98 | 2.86 | 7.13 | 82.72 | 258.33
20 |0.2080 | 2.46 | 6.93 | 84.58 | 262.60 || 2.32 | 6.48 | 76.36 [ 255.55
30 {0.2071 |1.64 | 592 | 75.41 | 256.18 || 1.54 | 5.60 | 68.18 | 250.00
60 |0.2059 | 0.82 | 4.90 | 67.20 | 248.70 || 0.77 | 4.67 | 60.36 | 247.41
120 [ 0.2049 | 0.41 | 4.38 | 63.50 | 244.56 || 0.42 | 4.22 | 57.12 | 244.16
240 10.2043 | 0.20 ; 4.12 | 61.67 | 24233 | 0.20 | 4.02 | 55.45 | 241.66
480 | 0.2039 | 0.10 | 4.00 | 60.81 | 241.20 || 0.096 | 4.00 | 57.09 | 242.72

———

et |

—————




Table 2.4: Comparison of theoretical and SPICE3 simulation results obtained from the model for an 150 W,

250 kHz dc-to-dc variable frequency DCM operation of SPRC at rated maximum input voltage (V,=150 V).

p——

[

Ve =150V, V, = 48.5 V, L= 10.53 pH, C, = 0.033 x F, C;, = 0.0087 p F

|l

theoretical results

SPICE3J simulation results

Ry Q y toy uS |tapS|tcapuS | tenS touS|tanS o pS |tapS|tc2uS [tenS |ty S|t nS
16 [0.2084 | 0.158 | 1.35 | 0.278 | 2.28 | 1.11 | 680 | 0.233 | 1.3¢ | 0.238 | 2.31 | 1.08 | 667

20 |0.2080 | 0.134 | 1.38 | 0248 | 230 | 107 | 698 | 0.132 | 1.38 | 0.236 | 2.35 | 1.05 | 677

| 30 |o2071 | 0096 | 143 | 0208 | 2.35 | 100 | 734 || 0118 | 140 | 0.200 | 236 | 0.98 | 770
| 60 [o2059| 0.054 | 150 | 0.156 | 240 | 094 | 780 || 0.064 | 1.50 | 0.154 | 2.38 | 0.92 | 838
120 | 0.2049 | 0.028 | 1.56 | 0.116 | 2.43 | 0.90 | s11 | 0.051 | 1.55 | 0.103 | 2.41 | 0.80 | 848
240 |0.2043 | 0.016 | 1.60 | 0.088 | 245 | 0.87 | 827 || 0.044 | 1.59 | 0.091 | 242 | 0.85 | 851
480 |0.2039 | 0.008 | 1.63 | 0.062 | 2.46 | 0.86 | 836 | 0.040 | 1.65 | 0.044 | 245 | 0.85 | 864

6%



50

example.

2.2.4 Experimental Results

An experimental SPRC bridge has been built using JRF740 MOSFET’s, ultra fast
recovery diodes MUR1620 and UF5404. The components used in the experimental

dc-to-dc converter are given below.

MOSFET’S (S1-S4): IRF740, DIODES (D1-D4): UF5404,
SERIES DIODE: MUR1620, DIODES (Da-Dd): U860,
Lq = 200 pH, Cyq = 1 uF, C; = 10,000 uF,
L, = 6.4 pH, C, = 0.033 uF, C¢ = 0.0087 pF,
HF transformer turns ratio = 12:12,
HF transformer Leakage inductance, L; = 4.1 puH,
Snubber resistance, Rs;n = 470 §, 5 W; snubber capacitance, Cyy, = 0.0022 pF.

The MURI1620 diodes were connected in series with the MOSFET switches to
bypass the internal body diodes, while the UF5404 diodes were connected in anti-
parallel as shown in Fig. 2.1. Using fixed on-time, variable frequency gating pulses,
the output voltage has been regulated in an open loop manner. The iC LD405
resonant power supply controller has been used to generate the fixed on-time, variable
frequency gating pulses. The MOSFET gates were driven by pulse transformer using
high speed MOSFET/IGBT drivers IXLD-426/4426. RC snubbers R,, and C,, were
connected across the MOSFET switches, to damp the HF oscillations during the dead
gap interval. Figs. 2.12 (a), (b), (c) show the experimental waveforms corresponding
to JCCM operation at full load and DCM operation at 53 % load and 6.6 % load,
respectively, at rated minimum input voltage V; = 75 V DC. The frequency was
reduced from 250 kHz (full load) to 242 kHz (53 % load) and 235 kHz (13.3 % load)
for regulated output at rated minimum input voltage of 75 V DC. The peak current



51

carried by the MOSFET switch reduced from 5.6 A at full load to 2.5 A at 13.3 %
load, for 75 V DC input.

Figure 2.13 shows the experimental waveforms obtained for maximum input volt-
age V, = 150 V DC at different load conditions for regulated output voltage. For
150 V DC input, the switching frequency corresponding to full load, 53 % and 6.6 %
load were 125 kHz, 118 kHz and 105 kHz respectively, at rated output voltage. The
waveforms for the voltage across the switches 52 and S4 at full load are also shown
in Fig. 2.13(b), along with their gating pulses. For 150 V DC input and same loading
conditions, the peak current and voltage stresses were higher due to lower operating
frequency as shown in Table- 2.5. Hence the components used in the SPRC converter

must be rated to withstand these current and voltage stresses.

Table 2.5: Experimental results obtained from the prototype model, for an 150 W,
48 V, 250 kHz dc-to-dc variable frequency SPRC operating in DCM, at rated mini-

mum and maximum input dc voltages.

e

L; 10.53 uﬁ? Cy =0.033 » F, C; = 0.0087 u F

Input V,=75V V, =150V

RO (| fikHz | I1, A | Voo V Voo V|| fikHz [ I, A Ve, V| Ve V
16 250 5.6 68 155 125 74 87.3 258
20 246 4.7 53 148.5 121 6.6 80.0 255
30 242 4.0 42.5 145 118 5.6 69.0 252
60 240 2.9 3 136 113 4.8 58.5 248
120 235 2.5 30 132 107 4.3 54.0 232

The notches and very HF oscillations (in MHz range) observed in the experimental

waveform (vep and ¢1) during dead gap (interval-E) at reduced loads is attributed to
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(1) the damped resonating circuit formed during the flow of reverse recovery current
through the anti-parallel diodes;

(2) damped oscillatory circuit formed by the MOSFET capacitances, circuit parasitic
capacitances and wiring inductances in the bread board model, when all the switching
devices are in OFF state. This could be minimized by placing all the components
closely on a printed circuit board.

The full load efficiency of the experimental converter was 85 % at rated minimum
input voltage while delivering 150 W output power. However higher efficiency is
expected with the use of switches with lower on resistance and fast recovery internal
diodes, optimized snubber components, etc. All the experimental waveforms and the
results tabulated in Table- 2.5 are in close agreement with SPICE3 and theoretical
waveforms and results, within reasonable limits.

Further to dc analysis, the state space model developed described in this sec-
tion has been extended to carryout large signal analysis, using discrete time domain
state space model for DCM operation of SPRC. The details of modeling, analysis,
simulation and experimental results can be found in reference [82).

The analysis presented is used to get various design curves and design of the

ac-to-dc converter for high pf and low line current T.H.D. described in next section.

2.3 Operation of SPRC on the Utility Line

Unlike the dc-to-dc converter (Fig. 2.1), for an ac-to-dc converter shown in Fig. 2.14,
the dc source V, is replaced by an ac source followed by line rectifier and small HF
filter C;, to operate SPRC as a low harmonic rectifier for utility line application. Use
of HF filter C;, makes the dc link voltage (v,(t) = Via| sin (27 f1 t)]) to be pulsating
rectified 120 Hz sinusoid , enabling the inverter to draw current from the ac line over

the entire ac cycle. However to derive a constant dc output voltage at the load, a
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large capacitive filter Cy is used to filter the 120 Hz voltage ripple that is transferred
from the input section to the output section. The inductive filter Ly is used to filter
the switching frequency current ripple. It is shown in later sections that by proprer
converter design and control, one can operate the converter shown in Fig. 2.14 to
draw nearly sinusoidal line current from the utility line and maintain line pf close
to unity. In principle, the HF transformer isolated ac-to-dc series-parallel resonant
converter (Fig. 2.14) has to emulate as a resistor, when operated on the utility line,
irrespective of

(1) the type of control used for the converter operation and dc output voltage regu-
lation,

(2) the choice of the operating modes (CCM or DCM).

Since the inverter output voltage vg is varying (pulsating dc link voltage), the in-
stantaneous normalized converter voltage gain M(f) = V, [v,(t) must also vary in
order to draw sinusoidal line current and maintain constant dc output voltage. The
voltage gain M(t) is minimum at the peak of the ac voltage, and maximum at the
zero crossings of the input ac voltage. For an ideal ac-to-dc converter and sinusoidal
line current operation, the output filter inductor current i4(¢) (rectified i5s) as seen
by the resonant circuit (inverter bridge) is a double frequency sinusoid [92], with
peak value I, being equal to twice the average current I, delivered to the load at
constant output voltage V,, which makes the reflected load referred to primary Rj

on the inverter also vary along the ac half cycle.

ig(t) = I, sin*(wrt) (2.33)

where

wi 27 fr, dym=2BfV,, igt)=ia(t)/n,

V, = nV,, fi = Line frequency (60 Hz).

]
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Also, series resonant (},(t) expressed in terms of time varying reflected load resistance

achieves its maximum at the peak of the ac veltage cycle, and is given by

Q:(t) = w,L/R (t) = Qupozsini(wr t) (2.34)

where

Qomaz = VLs/Col Ry = \/Le/Collin/Vy) = \/Cel Co{ Fmaz /M)

RLP = V‘i/(?P{,), M=V, [V, Jmaz = Iy /1,  Vin = peak ac voltage.

From the above equations, it is clear that for resistive emulation, one must be able to
derive the required M from the SPRC converter by exercising active control. However
it is shown in later sections that, by matching the converter operating characteristics
with the design constraints (discussed in next section), the SPRC can be operated on

the utility line, to obtain low line current distortion even without active control.

2.3.1 Design Constraints to get Low T.H.D. from SPRC
Without Active Control

As mentioned in the earlier section, to operate the SPRC as a low harmonic rectifier
without active control, it is necessary to properly choose the series switching fre-
quency ratio y,, peak converter gain M = V. [V, and @,,.. corresponding to rated
output power. Hence the following points should be considered as the design criteria
for operating the SPRC on the utility line in variable frequency DCM and CCM, or
fixed frequency CCM mode (CCM operation discussed in chapter 3).

(1) Qspmqs should be chosen to minimize the inductor rms current and also the
kVA/kW rating of the resonant tank circuit. Even though higher @,,,,, will be the
obvious choice for minimizing the inductor rms current, it increases the peak current
through the inductor beyond a certain value, due to decrease in converter gain M

and increase in output current I, for the same rated power output. Higher Q, ...
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also increases the size and weight of the inductor.

(2) Depending on the type of control used for regulating the dc output voltage from
full load to reduced load, the range of variation in

(a) switching frequency required in case of variable frequency DCM or CCM opera-
tion, or

(b) phase shift (pulse width) required in case of fixed frequency CCM operation (in
chapter 3),

must be minimized while choosing C,/C; ratio to account for variation in input volt-
age, in addition to the required converter gain M.

The design of HF transformer becomes difficult if the frequency variation is large,
affecting the converter efficiency.

(3) The switching frequency (or pulse width) should be chosen such that the SPRC
converter operates only in the modes for which it is designed for at full load near the
peak of the supply voltage.

(4) The SPRC should be able to generate the required gain at least from 30° to 150°
(as most part of the total output power is delivered in this range) even without active
control over the 60 Hz ac half cycle, to get lower line current distortion.

Even though the converter is not able to maintain the required gain beyond the
above range (i.e near the valleys of the ac half cycle), it is expected that @, will
adjust itself in order to maintain the current flow from the ac line. Attempting to
increase the aiove range (30° to 150°) will increase T.H.D., as the input current
wavelorm approaches square waveform due to over-boosting eflect on either side of
the ac voltage peaks, while decreasing the range reduces the output voltage, increases
the duration of discontinuity in line current waveform near the valleys of the input
voltage waveform, thus increasing T.H.D. and derating the converter (or less than

rated output power).
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2.4 DCM operation of SPRC on the Utility Line
as a Low Harmonic Controlled Rectifier

The SPRC converter is designed to operate in JCCM at the peak of the ac voltage
cycle, delivering full load power at rated minimum input voltage. In order to deter-
mine the operating point for an ac-to-dc converter under steady state, the equations
derived based on the state space analysis method described for dc-to-dc converter
in the earlier sections is used. Figs. 2.15(a) and (b) shows the plot of voltage gain
M as a function of normalized switching frequency ratio y, = fi/f, for C,/C; = 3
and 4, respectively, with (J; as the parameter. These plots were obtained by using
the relationship for Q... given in ( 2.34), for DCM operation of the SPRC. Higher
the value of @,, lower is the converter gain M, in addition to lower series switching
frequency ratio y, or switching frequency to maintain DCM operation. The variation
in Q,(t), M(t), and y.(t) over the 60 Hz ac half cycle, for two different values of Q,,, ..
and C,/C, ratios, to get sinusoidal line current with DCM operation of the SPRC
has been plotted in Fig. 2.16. It is evident from these plots, that active control can
no longer be exercised below 30 degree and beyond 150 degree point (sharp dip in
¥ as the required converter gain was not obtainable) for the chosen operating point
for DCM operation of the SPRC. However by choosing lower converter gain for same
Qsmazy 1ull control (over line current) can be exercised over the 60 Hz cycle but at
the cost of increased peak current and voltage stresses.

In order to operate the SPRC without active control {for low line current T.H.D.,
the converter is designed to operate at a switching frequency ratio y,, corresponding
to JCCM operation at rated minimum input voltage delivering rated power output.
The two design points obtained from the analysis, for a given peak converter gain

V. /Vin = 0.25 are
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(1) ys =05, Qs =3.0, for C,/C, = 3.
(2) ys = 0.5, Qspmar =3.5, for C,/C, = 4.

Using these normalized values, an ac-to-dc converter design example is presented

in the following section.

2.4.1 Design Example for an ac-to-dc Converter

The design procedure is illustrated using a design example for a converter having the
following specifications.

Average power output, P, = 150 W,

minimum input rms voltage, V,. = 120 V,

output Voltage, V, = 48 V DC,

full load Current, I, = 3.125 A,

output current Ripple in 4, A; = + 10 % of I,

output voifage ripple, A, = £ 1 % of V,,,

series resonant frequency, f, = 135 kHaz.

The design calculations are done for the SPRC delivering a peak power of 2P, by
choosing the @, at the peak of the ac line cycle for rated minimum input voltage (i.c.

at Vi = 120 V).

Ry =V,/I, = 15.36 Q M = 0.25, V, =MV, =425V,
Ry,=V2/2P)=6029 y,=f/f, =05 1:n=0885
Using the relations for Q... and y,, the followinrg component values are obtained

for the 2 cases.

Case 1, Qsmez = 3.0and C,/C; = 3

L=21.29 pH, C,=0.06527 uF, C,=0.02175 uF.

Case 2, Qsmez = 3.5 and C,/C; = 4
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L =24.843 uH, C,=0.0559 yF, C,=0.0139 uF.

In the output section, the inductive filter Ly is used to suppress the switching
frequency components of the rectified resonant capacitor voltage {vc:], such that its
dc component is equal to the output voltage V,. Making worst case assumption that
the peak value of Jug| is constant over the 120 Hz cycle, the magnitude of its harmonic

components is found to be

Voely = 2Vo/(4 K - 1) (2.35)

where k is a multiple of 2f;

Assuming that the dominant component of ripple current in Ly is at twice the switch-

ing frequency (i.e. k = 1), the output filter Ly is designed.

Li = |Vedy/@rfdadi) = V| (3 flaAs) (2.36)

where A; is the peak to peak current ripple in L.

Similarly, since both output power and the output inductor current is double
frequency sinusoid, at constant output voltage, the output capacitive filter must be
designed to filter the dominant 120 Hz voltage ripple produced by the inductor current

and is calculated as below.

Cs = I,/(1207V,A,) = I;/(1807V, A,) (2.37)
where I, =(2/3) I

I, = peak to peak 120 Hz component of I

From the ripple specifications, the components Ls and Cy are computed using the

relationships given above

Lg =98 pH, Cy=14,700 uF
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2.4.2 SPICE3 Simulation Results for an ac-to-dc SPRC in
DCM

The 150 W, 48 V output converter designed above has been simulated in SPICES,
to demonstrate the operating principle, and verify the performance. Due to storage
limitations, SPICE3 simulation studies were done for a converter switching at 25 kHz
(for full load and rated minimum input voltage), as it does not change either the
operating principle or the actual results. Fig. 2.17 shows the various steady state
waveforms obtained from SPICE3 simulation for the DCM operation of the SPRC,
for different load currents and a C,/C\ ratio of 4. These steady state waveforms were
obtained after the initial transient state, by storing the results after several 60 Hz ac
cycle simulations.

The line current waveform at full load obtained from SPICE3 simulation is shown
in Fig. 2.17(a). The T.H.D. in the current waveform shown in Fig. 2.17(a) is 16 % at
full load. The JCCM operation of the converter near the peak of ac voltage waveform
is shown in Fig. 2.17(b), while the resonant capacitor (C, and C}) voltages vg, and
vey are shown in Fig. 2.17(c). The converter switching frequency ratio y was set to
0.5 for JCCM operation and to deliver rated output power at rated minimum input
voltage. For 50 % and 10 % of the rated load, the line current waveforms are shown
in Figs. 2.17(d) and 2.17(e), which has a distortion figure of 19 % and 11 %, respec-
tively, while the converter is operating only in the DCM. SPICE3 simulation studies
showed that the line current T.H.D. for capacitance ratio 3 was higher compared to 4.
The switching frequency harmonic component appear in the line current waveforms
shown in Fig. 2.17 are due to insufficient HF line filtering. These switching frequency

harmonic components can be filtered using an appropriate LC filter on the ac side.
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2.4.3 Experimental Results for ac-to-dc SPRC in DCM

Based on the design presented earlier, an experimental prototype SPRC rated at
150 W, 42.5 V output (using readily available 1:1 BF transformer), operating on
60 Hz, 120 V rms utility line was built using JRF740 MOSFET’s in a bridge con-
figuration, as shown in Fig. 2.1. The SPRC converter was controiled using LD405

resonant controller. The component details of the bread board model are given below.

MOSFET’S (51-54): IRF740, DIODES (D1-D4): UF5404,

SERIES DIODE: MUR1620 DIODES (Da-Dd): U860

Lq = 150 pH, Cq = 10,000 xF, Ci =1 uF,
HF transformer leakage inductance, L; = 4.1 uH,

HF transformer turns ratio = 12:12.

Design 1, For C,/C, = 3,

L, =17.19 pH, Cs = 0.065 uF, C; = 0.0217 uF.
Design 2, For C,/C, = 4,
Ly = 20.74 pH, C, = 0.056 puF, C;=0.014 pl-.

The various waveforms and line current harmonic spectra obtained from the pro-
totype model are presented in Figs. 2.18 and 2.19 for different loading conditions and
C,/C: ratios of 4 and 3, respectively. In these waveforms, for reduced loads, the [re-
quency was decreased to get the desired regulated output voltage keeping the on time
copstant. Also note that the switching frequency harmonic components in the line
current waveform have been filtered using an high frequency LC filter on the ac side.
Fig. 2.18(a)(i) shows the line voltage, line current, output filter current and output
voltage waveforms, while the corresponding line current harmonic spectra at full load
are shown in Fig. 2.18(a)(iii) for C,/C; = 4. The T.H.D. obtained for the line currcnt
waveform presented in Fig. 2.18(a)(i) is 8.73 %. Also the waveform contains very

low third and seventh harmonic component as compared to the fifth harmonic. The
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JCCM operation of the SPRC converter at full load obtained from the experimental
prototype near the peak of the ac voltage cycle is shown in Fig. 2.18(a)(ii). For 50
% and 10 % rated load, line current waveforms and its harmonic spectra are shown
in Figs. 2.18(b) and 2.18(c). The T.H.D. increased to 12.9 % at 50 % load and then
decreased to 8.9 % at 10 % rated load. The frequency was decreased from 68.96 kHz
(at full load) to 39.8 kHz (at 10 % load) in an open iocop manner, to regulate the
output voltage. The resonant peak current reduced from 10 A at full load to 5.9 A
at 10 % load. The line current waveform closely resembled a sine wave with disconti-
nuities near the valleys for the entire load range. Near the valleys, the discontinuities
observed are due to insufficient voltage drive (inverter output voltage) and converter
gain M to meet the required load demand and hence higher distortion.

The line current waveforms and their harmonic spectra obtained for C,/C; = 3
are presented in Fig. 2.19, for different load conditions. The T.H.D. figures obtained
for C5/Cy = 3 were higher as compared to those for Cs/C; = 4, with a maximum of
26.2 % at 50 % rated load as shown in Fig. 2.19(b). The higher distortion figure is
due to the predominant third and fifth harmonic component. It was observed that
for C,/Cy = 4, the peak component stresses were lower as compared to C,/C; = 3.
This is due to the choice of higher @, and also due to higher gain obtainable with
C,/C; = 4. All these waveforms and results closely confirm with the SPICE3 simula-
tions. The deviation observed between SPICE3 simulation results and experimental
results are due to the difference in operating frequency for the same output power
and output voltage, and the effect of parasitic capacitance and wiring inductance in
the bread board model. For example, at full load and rated minimum input voltage,
for JCCM operation the converter operating switching frequency ratio y in SPICE3
simulation and experimental breadboard model were 0.5 and 0.52, respectively. The
pf is maintained close to unity, for the entire load range with DCM operation of the

SPRC converter even without control as shown in Table- 2.6 and 2.7 for C,/C; ratio
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(a)(iii) Harmonic spectra of i,. (scale 1V = 0.8 A).
(a) Fullload (B = 12 9, P, = 150 W, T.H.D. = 8.73 %, pf = 0.996).
Figure 2.18: (Continued)
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(b)(iii) Harmonic spectra of i, (scale 1V = 0.8 A).
(b) 50 % load (R, =24 Q, P, =75 W, T.H.D. = 12.9 %, pf = 0.991).
Figure 2.18: (Continued)
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(c)(ii) Harmonic spectra of i, (scale IV = 0.8 A).
(c) 10 % load (R, =120 ©, P, = 15 W, T.H.D. = 8.9 %, pf = 0.996).

Figure 2.18: Experimental waveforms for input voltage V., line current i, filter

current i4, output voltage V,, and line current harmonic sprctra for different load

conditions, for 42.5 V output, SPRC operating on the utility line (V. = 120 V rms

and C,/C; = 4).
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Table 2.6: Experimental results for 150 W, 42.5 V, ac-to-dc SPRC converter operating
in DCM (V. = 120 V rms, C,/C; = 4.0, Ly = 150 pH, Cy = 10,000 uF).

I]

L, = 24.843 uH, C, = 0.0059 pF, C;, = 0.0139 zF | Open loop control
Ry Q| Ic Arms | I A Voo, V| Ve V| fi kHz || %T.H.D. pf
12.0 1.73 10.05 | 225.0 | 180.0 | 68.96 8.73 0.9962
15.0 1.62 9.85 | 215.0 | 195.0 | 67.10 16.83 0.9861
24.0 1.37 9.45 | 185.0 | 205.0 | 60.65 12.9 0.9918
40.0 0.85 8.96 | 195.0 | 240.0 | 53.33 17.84 0.9845
60.0 0.68 7.75 | 155.0 | 240.0 49.5 14.50 0.9897
90.0 0.53 6.20 125.0 | 240.0 43.9 9.99 0.9950
120.0 0.38 5.90 | 115.0 | 237.5 | 39.8 8.95 0.9960
150.0 0.33 5.73 | 1125 | 225.0 30.0 9.89 0.9951
180.0 0.29 5.50 | 110.0 | 220.0 | 20.0 10.68 0.9943
. 240.0 0.22 5.73 | 112.5 | 210.0 16.0 11.89 0.9924

|
|

N




Table 2.7: Experimental results for 150 W, 42.5 V output ac-to-dc SPRC converter operating in DCM (V,. =
120 V rms, C,/C; = 4.0, Ly = 150 pH, Cy = 10,000 uF).
Magnitude of line current harmonics in Amps rms

R,Q|LA| LA | LA | LA I;A A LA InA | IsA | LisA
12 | 1.73( 1.36 {0004 | 0.03 | 0.08 | 0.03 |0.0020¢0.0001 | 0.02 | 0.02
15 1162 | 120 }0.002| 0.14 0.14 0.01 0.03 0.01 0.01 0.01
24 1.37 | 1.152 | 0.001 | 0.12 0.04 0.016 | 0.024 | 0.016 | 0.018 | 0.024
40 [ 0.85 {0.6950 | 0.001 { 0.12 | 0.025 [ 0.010 | 0.010 | 0.010 | 0.005 | 0.005
60 | 0.68 | 0.5800 | 0.0 | 0.080 | 0.015 | 0.010 | 0.010 | 0.005 | 0.005 | 0.005
90 |[0.53 {04640 | 0.0 | 0.040 | 0.0160 { 0.0080 | 0.0080 | 0.0040 | 0.0040 { 0.0040
120 | 038 {02980} 0.0 | 0.01 | 0.014 | 0.008 | 0.006 { 0.004 | 0.0020 | 0.004
150 | 0.33 | 0.2432 | 0.0 | 0.016 | 0.016 | 0.0048 | 0.0032 | 0.0032 ] 0.0032 | 0.0016
180 | 0.29 | 0.2032 { 0.0 [0.0128 | 0.016 | 0.0032 | 0.0032 | 0.0032 | 0.0032 | 0.0016
240 | 0.22 | 0.1856 { 0.0 | 0.0096 | 0.0128 | 0.0064 | 0.0064 | 0.0032 | 0.0016 | 0.0032
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(a)(ii) Harmonic spectra of i,. (scale: 1 V = 0.8 A).

(2) fullload (R =12 Q, P, = 150 W, T.-H.D. = 16.5 %, pf = 0.986).

Figure 2.19: (Continued)
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(b)(i) Waveforms for vgc, tac, ¢ and V.
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{(b)(ii) Harmonic spectra of i,. (scale: 1 V = 0.8 A).
(b) 50 % load (Rr =24 @, Fo =75 W, T.H.D. = 26.2 %, pf = 0.967).
Figure 2.19: (Continued)
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(c)(1) Waveforms for vy, tac, i¢ and V.
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(c)(ii) Harmonic spectra of i, (scale: 1 V = 0.8 A).
(c) 10 % load (Ry = 120 @, P, = 15 W, T.H.D. = 12.7 %, pf = 0.991).

Figure 2.19: Experimental waveforms obtained for an SPRC operating on the utility

line with C,/C; = 3, at rated minimum input ac voltage V.. = 120 V rms.
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4. However with active control, the line pf can be further improved by wave-shaping
the line current waveform. The measured efficiency was ~ 83 % at full load and
rated minimum input voltage at 150 W power level. Lower efficiency is attributed to
higher conduction losses and snubber losses (used for damping HF oscillations in the
dead gap period) in the bread board model.

Since the maximum converter gain obtainable with DCM operation of the SPRC
is always less than one (buck characteristics), irrespective of the capacitance ratio, it
is suitable for low voltage applications. The DCM operation of SPRC is not suitable
where the input voltage variation is very large, as it increases the design complexity of
HF transformer, due to large variation (reduction) in frequency for higher input volt-
age. These shortcomings can be cvercome by operating the SPRC in CCM described
in the next chapter 3.

2.5 Conclusions

Steady state an;lysis of the SPRC converter for DCM operation using state space ap-
proach has been presented. Normalized graphs for gain and other important design
parameters of prime importance are presented for selecting the component values.
The converter has been optimized in terms of peak component stresses. Based on the
optimization procedure a 150 W, 250 kHz resonant converter has been implemented
for illustration and to verify the theoretical and SPICE3 simulation results. A narrow
range of frequency variation was required for regulating the output from full load to
light load for the dc-to-dc converter design example. The size of the resonant com-
ponents required for DCM operation is very small, and hence considerable reduction
in ;converter size and weight.

Extending the state space analysis method, an ac-to-dc converter design was ob-

tained to get low line current T.H.D. The converter performance was verified exper-
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imentally for two differen@ capacitance ratio’s. Experimental results show that very
high line pf > 0.99 is achie\-ra.ble with DCM operation of SPRC converter even without
active control. The T.H.D. is maintained below 15 % for the entire load range. Very
high switching frequency can be chosen by using MOSFET switches having ultra, fast
diode recovery time. Zero current switching is maintained tkroughout the ac half
cycle even without active control. The converter conduction losses were higher with
DCM operation of SPRC. Unlike the dc-to-dc converter, the design of HF transformer
and filter components becomes difficult for an the ac-to-dc converter, as it requires
much wider variation (decrease) in frequency to regulate the output voltage due to
the choice of low switching frequency ratio y, = 0.5 (or y = 0.2236). In the output
section, the magnitude of ripple current increases at reduced loads, as the frequency
is reduced to regulate the output. Also the controller calls for additional circuitry to
vary the gating pulse width (instead of fixed gating pulse width) in order to maintain

DCM operation for wider input voltage variation.



Chapter 3

Operation of the LCC-Type
Parallel Resonant Converter in
Continuous Current Mode as a

Low Harmonic Controlled

Rectifier

In this chapter, the operating characteristics of a single phase high frequency (HF)
transformer isolated LCC-type or series-parallel resonant converter (SPRC) operating
in continuous current mode (CCM) on the utility line as a low harmonic controiled
rectifier are presented. Both fixed frequency as well as variable frequency control
operation of SPRC have been studied. The effect of these control schemes and ca-
pacitance ratio’s on the line current harmonics and line power factor (pf) have been
discussed. The various design curves obtained from approximate ac analysis method

for CCM operation of SPRC are presented. SPICE3 simulation and experimental re-

81
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sults are presented for the two converter designs to verify the theory. Implementation
of active control scheme for fixed and variable frequency CCM operation of SPRC, to
reduce line current total harmoric distortion (T.H.D.) are also presented. The effect
of capacitance ratio on the line current harmonics, peak current and voltage stresses

are also studied.

3.1 Introduction

As mentioned earlier in chapter 2, the SPRC has all the desirable characteristics for
operating on the utility line.

The utility line characteristics for variable frequency SRC [86, 93] and PRC [92,
93, 95, 96, 99], are known. In refs. [92, 93], the line current T.H.D. was very high
and the switch peak currents did not reduce with decrease in load current since PRC
was used. Even though the active control scheme implemented in [96, 99] with PRC
reduced the line current T.H.D., the peak current stresses were high. The PRC was
operated below resonance (zero current switching) and the effect of variation in input
voltage was not studied. In addition, the size of the HF transformer increased due to
a decrease in switching frequency at lower load currents while retaining all the well
known disadvantages of leading pf operation.

Operation of variable frequency LCC-type converter on the utility line without
active control has been discussed briefly in [92] and only some simulation results are
presented. However at the outset of this work, variable frequency DCM operation of
SPRC, fixed frequency CCM operation of SPRC, and implementation of active control
scheme for SPRC to get low line current T.H.D. were not available in literature.

The main objectives of this chapter are to obtain low T.H.D. for the line current
and high pf on the utility line by operating the SPRC in CCM, using fixed frequency

phase-shift control as well as variable frequency control (with and without active
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current control).
These objectives achieved are reported in the following sections of this chapter.

In section 3.2, a brief description for variable and fixed frequency CCM operation
of SPRC is presented. The complex ac analysis method, design curves and the con-
verter design for operating on the utility line to get low line current T.H.D. for both
fixed as well as variable frequency control (with and without active current control)
are discussed in section 3.3. In section 3.4, SPICE3 simulation results without active
control and experimental results with and without active control, implementation of
active current control scheme are presented. Lastly the chapter is concluded, with a

detailed discussion of the results in section 3.5.

3.2 Continuous current mode of operation of the

SPRC

The SPRC converter shown in Fig. 3.1 can be operated in CCM either by using fixed

frequency control or variable frequency control to get low line current distortion.

3.2.1 Fixed frequency operation

For fixed frequency operation, phase shifted gating scheme is employed to control
the switches (S1 to 54) as shown in Fig. 3.2. By increasing phase shift between the
gating pulses G1 and G2, G3 and G4, effective inverter output voltage (pulse width
& of vqp) applied to the resonant circuit is reduced, thus controlling the output dc
voltage. The maximum inverter output voltage corresponds to vs being a square
wave (zero degree phase shift or 6§ = =).

Depending on the load Ry, inverter input voltage v,, switching frequency f; and
the phase shift between G1 and G2, G3 and G4, the SPRC converter operates in
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lagging pf mode (above resonance) or leading pf mode (below resonance) shown in
Fig. 3.2. In lagging pf mode (i1, lags vas), the MOSFET switches (S1 to S4) experience
zero voltage switching (ZVS) (turn on) due to transfer of resonant tank current from
its own anti-parallel diode. In leading pf mode (iy, leads v,s), zero current switching
(ZCS) is achieved, due to natural commutation (turn off) of the switches, as the
current is transferred from switch to diode. However, it should be noted that, in
case of fixed frequency leading pf mode of operation, ¢ither two switches in the same
limb or all the four switches in the bridge experience ZCS, which again depends on
Ry, v,, etc. Thus use of {ast recovery anti-parallel diodes for two switches becomes
mandatory at very high switching frequency (if the reverse recovery time of the diode

is large), for leading pf mode of operation.

3.2.2 Variable frequency operation

In variable frequency scheme, power control is achieved by increasing the switching
frequency f; for both line voltage V. and load R, variation, as the converter is
designed to operate in lagging pf mode (above resonance).

In order to determine the operating point (for low line current T.H.D.), ac circuit

analysis method already available in literature for dc-to-dc converter is used.

3.3 Converter Analysis and Design of SPRC for
Low Line Current T.H.D.

Making simplified assumptions for the analysis of the SPRC and using complex ac
circuit analysis method for an SPRC [78] operated with fixed-frequency phase shift
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control, for an output pulse width &, the converter gain can be shown to be
sin(6/2)

M=V =V [Vy= - (3.
V&8 + (Ce/Co)(1 =y ) + (Qs [ys — 1/3))°

1)

where

Vin = rated minimum peak input ac voltage, y, = fi/[s,

8 = pulse width of vy, Q. =+/L/C,/R L,
fs = series resonant {requency, R.= V'i/ (P%)

The normalized converter gain V'opy is maximum for § = =. Fig. 3.3(a) shows the
plot of the voltage gain (for § = 7) as a function of normalized switching frequency
ys, while Fig. 3.3(b) shows the converter gain as a function of § for a given y, and
Cs/Ci = 0.5. Using the converter gain equation one can plot the required variation
in converter gain M(t), pulse width &(t) and Q,(¢) as shown in Fig. 3.4, over the 60
Hz ac cycle to draw nearly sinusoidal line current from the utility line when active
control is used. The sharp rise in § curve in Fig. 3.4 is due to insufficient converter
gain even if full pulse width (§ = =) is used for the chosen operating point. It is clear
from Fig. 3.4, that a properly designed converter should be able to generate higher
gain as the ac voltage decreases from its peak’value to zero along the ac half cycle,
to get low line current distortion.

However if no active control is used, one has to choose the operating point very
carefully to satisfy all the design constraints mentioned in section 2.3.1. Both for
variable and fixed frequency CCM operation, choosing the y, closer to the load inde-
pendent point on the gain curve reduces the range of variation in frequency {or pulse
width &) required from full load to light load, in addition to reduction in inverter
peak current stresses.

From the ac analysis it was found that for a given peak value of @,,,,. = 3.2, good
compromised design value was M = V', = 1, 3, = 1.153 for C,/C; = 0.5. Similarly
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for C,/C; = 1, the design values were M = 0.75, y, = 1.195. Note that the switching
frequency ratio chosen corresponds to the peak power point. As the operating point
corresponded to full pulse width and rated minimum input voltage, same design values

obtained in the design example were used even for variable frequency operation.

3.3.1 Design Example

Design procedure is illustrated using a design example for a converter having the
following specifications.

Average rated power output, P, = 150 W.

Input rms voltage, Vo, = 85 V to 110 V.

Output voltage, V, = 120 V DC.

Current ripple in 14, A; = £ 20 % of I,.

Output voltage ripple, A, = £ 2 % ol V,.

Switching frequency at full load and minimum input voltage, f; = 50 kHz.

The design calculations are done for SPRC delivering a peak power of 2P, by
choosing the Q... and y, at the peak of the ac line cycle for low line condition (i.e.
Vae = 85 V rms). Using the relation for @,,,,, and ys, the following component values
are obtained for the 2 cases.

Case 1, Qoo = 3.2, C./Ci =05, y,=1.153, M =1

V=MV, =120V, n:l=1:1, R, =48 Q,
L = 563.73 uH, C,s = 0.0238 uF, Cy = 0.04778 pF
Case 2, Qumaz =3.2, C,/Ci =1, y,=1.195, M =075
V.= MV, =90V, n:l = 0.75:1, R, =219,
L = 328.65 uH, C, = 0.044 uF, C, = 0.044 uF

For the output section the filter components were found to be

Lg =500 pH, Cy=921 uF.
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3.4 Operation of SPRC on the Utility Line as a

Low Harmonic Rectifier

The converter design obtained in the previous section has been used in SPICE3 simu-
lations and experimental model to verify the theory. The operating characteristics of
the SPRC, as a low harmonic rectifier with and without active control for both fixed
and variable frequency operation is described in subsequent sections through SPICE3

simulations and experimental results.

3.4.1 SPICES3 simulation results for CCM operation of SPRC

without active control

The 150 W, 120 V output, 50 kHz converter designed in the carlier section was
simulated in SPICE3 to evaluate the converter performance without active current
control. The various waveforms obtained for fixed frequency and variable frequency
SPRC are shown in Figs. 3.5 - 3.7 and 3.8, respectively, for different load currents
using the component values obtained in the design example, with all parameters

referred to primary of the high frequency transformer havipg turns ratio 1:1.

3.4.1.1 Fixed frequency operation

For fixed frequency operation at rated minimum input voltage, the SPRC is operated

with § = 7 to deliver rated output power.

(a) C,/C; ratio 0.5 : For capacitance ratio 0.5, the harmonic distortion in the
line current waveform (Fig. 3.5(a)(i)) is 14.11 % at full load and minimum input
voltage. The SPRC operates in lagging pf mode near the peak, and leading pf mode

near the zero crossings of the ac voltage cycle as shown in Figs. 3.5(a)(ii) and (iii),
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respectively. At full load the SPRC operates in just continuous capacitor voltage
mode (JCCVM) as shown in Fig. 3.5(a)}{iv). At 53 % rated load the line current
current waveform shown in Fig. 3.5(b)(i) had distortion figure of 19.8 %. The high
frequency pulsating inverter input current waveform ¢; on 120 Hz scale and high
frequency scale are presented in Fig. 3.5(b)(ii) and (b)(iii), respectively. It is clear
from Fig. 3.5(b)(iii), that the inverter does not draw any current from the ac line,
when the inverter output voltage v, is zero (i.e. for § < 7) as the resonant current i,
is circulating. The circulating current flows through a switch and a diode combination
in the top half or bottom half of the full bridge. Since the converter operates in below
resonance mode at 53 % rated load, the switch pairs 51, S4 and 52, 53 in the bridge,
experience zero voltage and zero current switching, as shown in Fig. 3.5(b)(iv) and
(b)(v), respectively. For 10 % of the rated load, the line current waveform (Fig. 3.5(c))
has a line current T.H.D. of 21 %.

Similarly for an input voltage of 110 V rms, the various waveforms obtained from
SPICES simulation have been plotted in Fig. 3.6. The T.H.D. at full load was 14.8 %
(Fig. 3.6(a)), while the converter operated in lagging and leading pf mode as shown
in Fig. 3.6(b) and (d) near the ac voltage peak and valleys, respectively. Fig. 3.6(c)
shows the continuous capacitor voltage mode (CCVM) operation at the ac voltage
peak. The pulse width é was reduced to regulate the output for both higher input

voltage as well as reduced load currents.

(b) C,/C; ratio 1 : With the choice of C,/C, = 1, it was observed that the
converter was not able to generate sufficient gain near the zero crossings (buck char-
acteristics), thus leading to higher line current distortion as shown in Fig. 3.7. At full
load and rated output voltage (V, = 90 V for turns ratio 1:1), the line current T.H.D.
was 19.8 % (Fig. 3.7(a)), and the converter operated in below resonance mode, near

zero crossings of the ac voltage cycle as shown in Fig. 3.7(c). Also, the converter
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Figure 3.5: (Continued)
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Figure 3.5: (Continued)
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Figure 3.5: (Continued)
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Figure 3.5: SPICE3 simulation waveforms for 150 W (full load), 120 V output, 50 kHz
fixed frequency SPRC operating on the utility line without active control (V,, =

85 V rms and C,/C; = 0.5).
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Figure 3.6: SPICE3 simulation waveforms for 150 W (full load), 120 V output, 50 kHz
fixed frequency SPRC operating on the utility line without active control (V,. =

110 V rms and C,/C; = 0.5).
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operated in discontinuous capacitor voltage mode (DCVM) (Fig. 3.7(d)), while deliv-
ering rated output power at rated minimum input ac voltage. For 53 % rated load,
the T.H.D. was 32 % (Fig. 3.7(e)) and the converter operated in JCCVM as shown
in Fig. 3.7(f), near the peak of ac voltage. Since the converter operated in DCVM at
full load and in CCVM at reduced load, the range of variation in switching frequency
to regulate the output was larger.

SPICE3 simulation studies also showed that, for higher capacitance ratio’s, the
line current T.H.D. figures were higher as compared those of 0.5. Also the line current
T.H.D. figures were higher for higher input voltage in case of fixed frequency SPRC

without active control.

3.4.1.2 Variable frequency operation

For a capacitance ratio of 0.5 and variable frequency operation of SPRC, the line
current and resonant tank current and voltage waveforms at full load are same as
fixed frequency (Fig. 3.5(a)(i) & Fig. 3.5(b)) operation, as it corresponds to full pulse
width of inverter output voltage v,y at rated minimum input voltage, delivering rated
output power. Unlike in fixed frequency operation, the SPRC operated fully above
resonance for decreased load currents as shown in Fig. 3.8(b) & (d), due to increase
in y, for regulated output. The resonant tank capacitor voltage waveforms v¢, and
vey are presented in Fig. 3.8(c). The line current waveform shown Fig. 3.8(a) had
a distortion figure of 15.5 % at 53 % load. In all these simulations the switching
frequency f; was increased to regulate the output voltage at reduced loads as well as
higher input voltages.

In tke line current waveforms shown in Figs. 3.5 - 3.8, the switching frequency
harmonic components appear as enough HF line filtering was not used in the SPICE3
simulation. These HF harmonic components can be eliminated by using an appropri-

ate high frequency LC filter on the ac side.
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Figure 3.7: SPICE3 simulation waveforms for 150 W (full load), 50 kHz fixed fre-
quency SPRC operating on the utility line without active control (V,. = 85 V rms,
n:1 = 1:1 and C,/C: = 1).
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Figure 3.8: SPICE3 simulation waveforms for 150 W (full load), 120 V output, 50 kHz
variable frequency SPRC operating on the utility line without active control (V,. =

85 V rms and C,/C; = 0.5).
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3.4.2 Experimental results

Based on the design presented earlier, a breadboard model of SPRC rated at 150 W,
120 V output, operating on 60 Hz, 85 V rms to 110 V rms utility line was built
using JRF640 MOSFET’s in a bridge configuration. Since the operating frequency
was chosen to be 50 kHz, the internal body diodes (reverse recovery time ¢,.) of the
MOSFET’s were found to be adequate, even though the converter operated in leading
pf (below resonance) mode in case of fixed frequency control. However, RC snubbers
were used across the two switches which operated in below resonance mode, in case
of fixed frequency control. The following components were used in the experimental

prototype.

MOSFET’S (S1-54): IRF640,  DIODES (Da-Dd): U860,

Lq = 500 uH, Cq = 1000 pF, C; = 2 uF.

Snubbers Parameters: Ry = 470 9, Csn = 0.0022 xF.

Design 1, For C,/C: =05, V,=120V n:l =1:1 P,=150W
Ly = 559 uH, C, = 0.0235 yF, C, = 0.047 pF.

Design 2, ForC,/Ci=1, V,=90V n:l=1:1 P, =150 W
L, =325 uH, Cs = 0.0445 pF, Cy = 0.0445 puF.

HF transformer leakage inductance, L; = 4.1 uH,

HF transformer turns ratio = 12:12.

For convenience, the same converter design was used for variable frequency oper-
ation of SPRC, even though higher frequency of operation was possible due to above
resonance operation at lower load currents. Therefore only capacitive snubbers were
used for variable frequency operation. The SPRC was controlled using
(1) ML4818 fixed frequency controller for fixed frequency operation and
(2) UC2825 PWM controller, configured for variable frequency operation.
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The phase shift between the gating pulses to the switches in the inverter bridge
is determined by the control voltage input to the ML4818 controller (controller con-
figured for voltage mode control). Similarly the UC2825 control voltage is varied for

variable frequency operation.

3.4.2.1 Without active control

For both fixed and variable frequency control of SPRC, the control voltage is varied

in an open loop manner, for regulating the output voltage.

(a) Fixed frequency operation : The various waveforms and line current har-
monic spectra (without active current control) obtained from the prototype model are
presented in Fig. 3.9 to Fig. 3.12 for different loading conditions and C,/C; ratios of
0.5 and 1. In these waveforms, for reduced loads, the phase shift between the gating
pulses was varied (reduced pulse width) to get the desired regulated output voltage

keeping the switching frequency constant.

(i) C./C;ratio 0.5 :The T.H.D. (harmonic spectra shown in Fig. 3.9(a)(iv))
obtained for the line current waveform presented in Fig. 3.9(a)(i) is 13.5 %. The
predominant harmonic components present in the line current waveform are fifth
and seventh. The above resonance and below resonance operation along with the
resonant capacitor voltage waveforms at full load, near the peak and the valleys
of the ac voltage cycle are shown Figs. 3.9(a)(ii) and 3.9(a)(iii), respectively. It is
evident from Fig. 3.9(a)(ii) that the converter enters JCCVM near the peak of the
ac voltage cycle. The T.H.D. increased to 23.6 % at 10 % rated load (Fig. 3.9(b))
with converter operating only in below resonance and CCVM. The third and the fifth
harmonic components contribute for higher distortion at 10 % rated load. The pulse
width was decreased from 100 % (at full load) to 33 % (at 8 % load) in an open loop
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manner, to regulate the output voltage. The resonant peak current reduced from

5.4 A at full load to 2.5 A at 8 % load as listed in Table-3.1.
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Figure 3.9: (Continued)

<
3]

*
L]

4[’4

<

When the ac input voltage was increased from 85 V rms to 110 V rms, the line
current waveforms and their harmonic spectra are shown in Figs. 3.10(a) and 3.10(b)
at full load and 10 % load, respectively. In these waveforms the output voltage was
regulated by decreasing the pulse width from 58 % to 30 % of full pulse width. The
T.H.D. reached a maximum of 33 % at 8 % load without active current control as

shown in Table- 3.1. At reduced load currents the magnitude of the third harmonic
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Figure 3.9: Experimental waveforms and line current harmonic spectra for different
load conditions at rated minimum input voltage, for a 50 kHz, 120 V output fixed
frequency SPRC converter operating on the utility line without active control (V,. =
85 V rmg, C./C, = 0.5, Ly = 500 pH, Cy = 1000 pF).
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Figure 3.10: Experimental waveforms and line current harmonic spectra for different.
load conditions at rated maximum input voltage for a 50 kHz, 120 V output fixed
frequency SPRC converter operating on the utility line without active control (V;. =

110 V rms, C,/Cy = 0.5, Lq = 500 uH, Cy = 1000 pF).
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component in the line current waveform increased, due to increase in the duration
of discontinuity near the valleys of the ac voltage. Near the valleys, discontinuities
observed are due to insufficient converter gain, along the 60 Hz ac cycle to meet the

required load demand and hence higher distortion.

(ii) C,/C; ratio 1 : The line current waveform and its harmonic spectra
obtained at full load and 50 % load under minimum rated input voltage delivering
rated output power are presented in Fig. 3.11. The converter operated in DCVM at
full load (Fig. 3.11(b)) and in CCVM at reduced load {Fig. 3.11(f)).

Similarly, Fig. 3.12 shows the various waveforms for 110 V rms input. The T.H.D.
figures were found to be higher compared to those figures at 85 V rms input. At
full load and reduced pulse width, the converter operated in DCVM as shown in
Fig. 3.12(b), while delivering rated output power.

It was observed that with the choice of kigher Q,,,.., satisfying all the design
constraints for obtaining high line pf without active control increased the peak stress
on the parallel capacitor due to increase in DCVM duration while delivering rated
output power. The experimental results in Table-3.1 and 3.2, show that T.H.D.
obtained for C,/C; = 1 are higher as compared to those for C,/C; = 0.5 without

active current control.

(b) Variable frequency operation : Using the same converter design, variable
frequency control was exercised to study the line current characteristics with SPRC,

for capacitance ratios of (.5 and 1.

(i) For C,/C; = 0.5 : Figure. 3.13 shows the line current waveforms and
their harmonic spectra obtained from the prototype model for variable frequency op-

eration of SPRC without active control at rated minimum input voltage of 85 V rms.



Table 3.1: Experimental results for 150 W, 50 kHz, 120 V ac-to-dc fixed frequency SPRC (C,/C,

= 0.5), (The bracketed vatues are theoretical predictions from ac analysis).

Vac = 85 V rms, V, = 120 V, HF transformer turns ratio = 12:12 I Open loop control || Active control

Ry QjLcArms| I A Ve V Ve V §ps || AT H.D. | pf %T.H.D.| pd
96 2.24 5.40(4.3) | 628.0(562) | 218(187.8) | 9.90 13.5 0.990 9.9 0.995
H 120 2.05 4.32(3.8) | 565.0(503) | 212(-,,-) 7.50 124 0.992 9.8 0.996
180 1.51 3.51(3.3) | 468.7(436) | 206(-,,- 5.40 23.6 0.973 12.9 0.991
360 1.00 2.97(2.9) | 437.5(391) | 200(-,,- 4.40 27.1 0.965 18.50 | 0.983
1200 | 045 | 2.50(2.9) | 354.1(376) | 195(--) | 3.30 || 345 | 0945 || 135 [0.990

Vae=110Vrms, V, =120V Open loop control || Active control
96 2.00 4.86(4.28) | 625.0(564.0) | 225(187.8) | 5.8 16.5 0.986 15.33 1 0.988
180 1.25 3.78(3.30) | 518.7(435.0) | 210(-,,) 4.2 21.7 0.977 16.25 | 0.987
1200 0.45 2.60(2.90) | 375.1(375.8) | 200(-,,- 2.8 33.0 0.950 21.02 | 0.978

a1t
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Figure 3.11: Experimental waveforms obtained for an 50 kHz, 150 W, 90 V output
fixed frequency SPRC operating on the utility line without active control (V,, =
85V rms, C,/Cy = 1, Ly = 500 gH, Cq = 1000 uF).
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(d) Waveforms of v, and i, at half load (B = 108 Q).
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(e) Harmonic spectra of 7o, at half load (scale: 1 V = 0.8 A).
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(f) waveforms of vgs, i1, & ver at 4.5 % load (R, = 1200 ),
on the hf scale near the peak of the ac voltage cycle.

- Figure 3.12: Experimental waveforms obtained for an 50 kHz, 150 W, 90 V output
fixed frequency SPRC operating on the utility line without active control (Vae =
110 V rms, C,/Cy = 1, La = 500 pH, Cy = 1000 uF).



Table 3.2: Experimental results for 150 W, 50 kHz, ac-to-dc fixed frequency SPRC (C,/C; = 1),

(The bracketed values are theoretical predictions from ac analysis).

" Vae =85V rms, V, = 90 V, HF transformer turns ratio = 12:12

Open loop control

Ry Q| I,. Arms I, A Voo V Ve V 6 us | AT.H.D.| p.f I operation
54 | 232|558 (471)|376.8(335.12) | 198.00140) {990 | 189 [o0982! pcvM
72 | 180 |532(3.72) | 314.0264.66) | 182.5(-,) [6.65| 21.3 |o0976| DCVM
108 | 129 | 4.15(2.88) | 263.8(204.75) | 178.0(--) |505] 284 |0.961| DCVM
180 0.90 3.32 (2.35) | 213.5(166.34) 165.0(-,,-) |4.25 40.8 0.926 | DCVM
1200 | 036 | 2.39 (2.00) | 150.7(140.70) | 162.0(,-) [3.50 | 39.72 |o0.929 | covMm

Vee=110V rms, V, =90V Open loop control
54 1.82 | 6.12 (4.70) | 380.8(335.03) | 205.0(140.3 ) | 5.35 | 185 |[0983| DCVM
72 152 | 5.65(3.72) | 339.1(264.63) | 190.0( -, ) |4.65] 254 [0.969| DCVM
108 | 111 | 4.65(2.88) | 288.8(204.93) | 185.0(--) |385| 396 |0920| DCVM
180 | 0.86 |3.74 (2.33) | 238.6(166.39) | 180.0(-,-) |3.35 | 4697 |0905| DCVM
1200 | 0.35 | 2.55 (2.00) | 157.0(140.60) | 150.0(-,-) | 2.90 ] 358 (0.941| CCVM

ol
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(a) Waveforms of va. and 74 at 53 % load (R = 180 §2).
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(b) Harmonic spectra of i,. at 53 % load (scale: 1 V = 0.8 A).
Figure 3.13: (Continued)
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(c) Waveforms of v, and 14 at 10 % load (Ry = 960 ).
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(d) Harmonic spectra of i, at 10 % load (scale: 1 V = 0.8 A).
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Figure 3.13: Experimental waveforms and line current harmonic spectra for different

load conditions for a 50 kHz, 120 V output variable frequency SPRC converter oper-

ating on the utility line without active control (Vzc = 85 V rms, C,/C; = 0.5, Ly =
500 pH, Cq = 1000 uF).
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At full load and rated minimum input voltage the line current waveform and harmonic
spectra are same as fixed frequency operation (Fig. 3.9(a)}) (same component values
and operating point). The T.H.D. reached a minimum of 11.9 % at 53 % load as
shown in Fig. 3.13(b), the harmonic spectra of line current. The maximum distortion
occurred at an operating frequency of 54.5 kHz, at 80 % load, due to over-boosting
effect at all points on the ac cycle. At 10 % load the pf decreased due to increase in
T.H.D. to 22.3 % as showa in Fig. 3.13(d).

For an input voltage of 110 V rms, the various waveforms obtained are presented
in Fig. 3.14. The T.H.D. reached a maximum and minimum of 34.5 % and 12.8 %,
at full load and 53 % load, as shown in Fig. 3.14(b) and Fig. 3.14(d), respectively.
For regulated output, the required variation (increase) in frequency from full load to
reduced load, at rated minimum and maximum input voltages have been tabulated

Table- 3.3 along with T.H.D. figures.

(ii) For C;/Ciy = 1 : Similarly, for capacitance ratio of 1, the various wave-
forms obtained for different load currents, from the bread board model are presented
in Fig. 3.15. The T.H.D. reached a maximum of 37.47 % (Fig. 3.15(a)) and 37.35 %,
at 60 % and 80 % rated load, for rated minimum and maximum input voltage, re-
spectively. This phenomenon occurs approximately at 60 kHz due to an over boosting
effect all along the valleys of the ac voltage, and hence quasi-square waveform of line
current. The peak current carried by the switch reduced from 6.2 A (full load) to
3.7 A (11.25 % load), at rated maximum input voltage. All the relevant experimental
results have been tabulated in Table- 3.4.

The over-boosting effect observed in variable frequency operation of SPRC (for the
two capacitance ratio’s 0.5 and 1) is due to the converter operating point (switching
frequency ratio y,) being close to the resonant peak point, where the M achieve their

maximum at their respective @,. For example, Fig. 3.3(b) shows that M achieves its
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(a) Waveforms of v, and i, at full load (R = 96 Q).
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(b) Harmonic spectra of iq. (scale: 1 V = 0.8 A).
Figure 3.14: (Continued)
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(d) Harmonic spectra of i, (scale: 1 V = 0.8 A).
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Figure 3.14: Experimental waveforms for input voltage V;., line current i,., and

line current harmonic spectra for different load conditions for a 50 kHz, 120 V output

variable frequency SPRC converter operating on the utility line without active control

(Vae = 110 V rms, Co/C; = 0.5, Ly = 500 pH, Cy = 1000 uF).
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Table 3.3: Experimental results for 150 W, 50 kHz, 120 V output, ac-to-dc variable
frequency SPRC without active control (C,/C; = 0.5).

Vae = 85V rms Voe = 110 V rms
R Q|| fikHz | %T.H.D.| pf St kHz | AT.H.D. | pd
96 50 13.5 0.990 || 54.46 34.5 0.945

120 || 54.70 36.17 0.940 }| 58.27 23.6 0.973
150 56.43 26.89 0.965 || 59.10 12.0 0.9928
180 57.47 11.9 0.992 || 59.66 12.8 0.991
240 58.54 16.9 0.986 || 61.12 21.06 0.978
360 | 59.66 23.9 0.972 || 62.01 24.41 0.971
480 60.82 26.0 0.967 | 62.56 27.03 0.965
600 61.70 30.0 0.9575 || 62.97 27.52 0.964
960 | 62.34 22.31 0.979 | 63.93 25.03 0.970
1260 || 62.65 25.93 0.967 || 64.10 22.86 0.974
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(2) Waveforms at 60 % load (V,c = 85 V rms, By, = 90 Q2).
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(b) Harmonic spectra of i, at 60 % load (scale: 1 V = 0.8 A).
Figure 3.15: (Continued)
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(¢) Waveforms at full load (V,. = 110 V rms, Ry = 54 Q).
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(d) Harmonic spectra of i,. at full load (scale: 1 V = 0.8 A).
. Figure 3.15: (Continued)
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(f) Harmonic spectra of i, at 50 % load (scale: 1 V = 0.8 A).

Figure 3.15: Experimental waveforms for different load conditions for a 50 kHz, 120 V
output variable frequency SPRC converter operating on the utility line without active

control (C,/C; = 1, Ly = 500 pxH, C,; = 1000 xF).
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Table 3.4: Experimental results for 150 W, 50 kHz, ac-to-dc variable frequency SPRC
without active control (C,/C; = 1).

Vae = 85V rms Vae = 110 V rms
Ry Qll fi kHz | %T.H.D.|{ pf || fikHz | %T.H.D.{ pf
54 50 18.9 0.983 || 56.0 25.06 0.970

67 55.9 18.58 [ 0.983 | 59.6 37.35 |0.936
90 60.38 37.47 | 0.936 | 63.45 20.40 | 0.979
108 62.34 23.55 10973 ) 65.06 15.06 | 0.983
120 | 63.45 18.10 [ 0.984 - - -

150 65.10 13.33 | 0.991 || 68.07 17.1 0.985
180 66.13 13.74 | 0.990 || 69.58 17.71 | 0.985
240 67.52 21.65 | 0.977 || 70.12 21.73 | 0.977
480 69.97 25.76 | 0.968 || 72.83 25.9 0.968
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maximurm, at a switching frequency ratio y, =~ 1.414, for all lvalues of @, < 2.5 and
C,/C\ ratio 1. The same explanation holds good for C,/C, ratio 0.5 (Fig. 3.3(a)) and
occurs at y, ~ 1.25.

All these experimental waveforms and the results are in close agreement with the
SPICES3 simulation results. Line pf is maintained above 0.9, for the cntire load range
with fixed frequency as well as variable frequency operation of SPRC, even without
active control. However, fixed frequency operation of SPRC gave higher T.H.D. and
lower peak current stresses as compared to variable frequency operation at reduced
load currents and increased line voltage. Also, the converter operated fully below
resonance for reduced pulse width and reduced load with fixed frequency control. It

is shown in next section that by active current control the T.H.D. is further reduced.

3.4.2.2 With active control

In order to reduce the line current T.H.D. active current control scheme for both fixed
and variable frequency operation of SPRC has been implemented, and the details are

given below.

(a) Implementation of active current control scheme The block schematic
of the active current control scheme implemented with the breadboard model is shown
in Fig. 3.16. In order to keep the output voltage constant for varying input voltage
and output load, and also to keep the input line current close to sinusoidal and in
phase with the line voltage, the proposed control scheme is equipped with two control

loops, namely

(i) The outer voltage feedback loop : The outer output voltage loop
forces the ac-to-dc converter to work as a dc voltage source in its output. This is a

slowly varying loop consisting of an output voltage sensing amplifier, P compensator-
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(b) PI controller for voltage and current loop.

Figure 3.16: Active current control scheme block diagram for SPRC bridge operating
on the utility line.
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1 and a multiplier. The output voltage is sensed by a voltage divider (V,,) and
compared with set reference signal (V;.;) using a PI compensator. The error signal
V. in combination with sinusoidal reference {V,| is used to generate the varying
amplitude sinusoidal reference current i, for referencing the inner current control

loop.

(ii) The inner current control loop : The current controlling feedback
loop is used to monitor the mains current and force it to follow the mains voltage
on a short time scale (i.e. within a mains half cycle). In addition to providing
proportionality on a short time scale, input-output power balance is ensured on a
larger time scale (a few mains period). This is achieved by changing the scaling
factor of the current loop with a multiplier in conjunction with voltage loop. Thus
the inner current loop forces the ac-to-dc converter to work as half sinusoidal current
sink at the input.

This control loop consists of a PI compensator-2, with inputs as, conditioned line
current waveform 4., to be shaped and the reference current i,. In the bread board
model, the input voltage and current were sensed using potential transformer (PT)
and current transformer {CT), respectively. However, it should mentioned here that
in practice both PT’s and CT’s could be dispensed with, by sensing the dc link voltage
and dc link current using resistance divider and noninductive shunt, respectively. The
sensed voltage and current were conditioned after rectification. The reference current
signal i, has a quick control of the line current while the output voltage error V. has a
slow control over the line current. The result is, the dc link current varies as a rectified
sinusoid and the voltage regulation is achieved by adjusting the amplitude of the
voltage error signal V;. Finally the control voltage V. to the controller is generated by
summation of error i, and V., after proper scaling and limiting circuits. The scaling

and limiting circuits were used to match the characteristics of the controller and
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for circuit protection. For example, the ML4818 fixed frequency controller required
control voltage variation from 6.5 V to 9.5 V to vary the phase shift from 0 to 180
degrees (or pulse width & from 7 to zero), respectively. The UC2825 PWM controller
configured for variable frequency voltage mode control, required control voltage from
12 V to 0 V for a frequency variation from 50 kHz to 75 kHz.

PI compensators were selected for the current and the voltage loops, as it con-
tributes to zero steady state error in tracking the reference current and the voltage
signal respectively. Even though dynamic analysis of PRC, SPRC for dc-to-dc appli-
cations have been previously studied, the converter input port characteristics have not
been studied or experimentally verified. For implementation of closed loop control,
the control to line current transfer function must be understood including the effects
of the input filter. Since both PRC and SPRC are nonlinear time varying system,
a rigorous (well defined) approach in designing the control algorithm for an ac-to-dc
converter is not known so far.

For a comprehensive design of the feedback loop, the complexity of modeling
increases as one has determine the loop gain and (or) phase margins to cover the
full instantaneous input voltage range from zero to the peak value at each input rms
voltage of interest. Further to this, since the proposed converter enters both above
and below resonance, DCVM and CCVM over a ac half cycle, with fixed frequency
or variable control scheme, analysis, and development of small signal model becomes
more difficult. Hence to get a working PI compensator for the voltage and current
loop, the design process went through several iterations. However, as a rule of thumb,
the zeroes for the PI compensator are placed at a frequency < 2 f; Hz for the voltage
compensator, and at 22 10 to 20 times f; Hz for the current compensator by choosing
the values of B; and Cy. The gain of the controller was chosen accordingly to match
the controller and converter operating characteristics and also to get low line current

distortion. The PI compensators used for the current and voltage loop are shown
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in Fig. 3.16(b) for fixed as well as variable frequency control. The PI compensator
chosen acts as an integrator for low frequencies and as a constant gain stage at high

frequencies.

(b) Fixed frequency operation : Figure 3.17 and Fig. 3.18 shows the ex-
perimental results obtained from the bread board model with the control scheme
described in previous section, for a capacitance ratio of 0.5. For an input voltage of
85 V rms, the line current waveform and harmonic spectra for full load (T.H.D. = 9.9
%) and 10 % rated load (T.H.D. = 15.5 %) are shown in Figs. 3.17(a) and 3.17(b),
respectively.

For an input voltage of 110 V rms, Fig. 3.18(a) shows the line current waveform
and its harmonic spectra at 8 % of rated load. The pulse width reached a minimum
of 22 % of the full pulse width near the peak of the ac voltage cycle as shown in
Fig. 3.18(b). The results obtained from the bread board model with active con-
trol scheme are also tabulated in Table-3.1. The converter operating frequency was

maintained at constant 50 kHz in all these wavefc:ms.

(¢} Variable frequency operation : The various waveforms obtained from
variable frequency active control scheme are presented in Fig. 3.19 to Fig. 3.22, cor-

responding to capacitance ratio’s 0.5 and 1, respectively.

(i) For C,/C; = 0.5 : The T.H.D. at full load and 53 % load are 8.0 %
and 9.61 %, at rated minimum input voltage as shown in Fig. 3.19(2) and 3.19(b),
respectively. The converter operated fully above resonance maintaining zero volt-
age switching throughout the ac cycle with active control at full load, as shown in
Fig. 3.19(a)(iii) and (a)(iv). The switching frequency variation is from 50 kHz (near
peak of line voltage) to about 55 kHz (near valleys of line voltage) at full load. Corre-
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Figure 3.17: (Continued)
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Figure 3.17: (Continued)

Figure 3.17: Experimental waveforms at rated minimum input voltage for a 50 kHz,
120 V output fixed frequency SPRC operating on the utility line with active current
control (Vo = 85 V rms, C,/C, = 0.5, Lg = 500 uH, Cy = 1000 uF).
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Figure 3.18: (Continued)
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Figure 3.18: Experimental waveforms at rated maximum voltage for a 50 kHz, 120 V
output fixed frequency SPRC operating on the utility line with active current control
(Vae = 110 V rms, C,/C: = 0.5, Ly = 500 pH, C4 = 1000 pF).
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Figure 3.19: Experimental waveforms at rated minimum input voltage for a 50 kHz,
120 V output va.ri_able frequency SPRC operating on the utility line with active current
control (Vo = 85 V rms, C,/C; = 0.5, Lq = 500 pH, Cy = 1000 uF).
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Table 3.5: Experimental results for 150 W, 50 kHz, 120 V output, ac-to-dc variable
frequency SPRC with active control (C,/C; = 0.5).

Veae=85Vrms || Voo = 110V rms

B, Q| %T.H.D.{ pf ||%T.HD.{ pi
96 8 0.996 9.2 0.995
120 9.47 0.995 10.36 0.994
180 9.61 0.9954 14.36 0.989
240 16.7 0.9863 19.75 0.981
480 25.4 0.969 26.5 0.966
960 26.58 j_._.%ﬁ 24.37 }0.9711

sponding to an input voltage of 110 V rms, the T.H.D. for the line current waveforms
shown in Fig. 3.20(a) and 3.20(b) were 9.2 % and 14.36 %, at full load and 53 % load,
respectively. The distortion reached a maximum of 26.58 % at 10 % load even with

active control. All the key experimental results have been tabulated in Table 3.5.

(ii) For C,/Ci =1 : Corresponding to capacitance ratio of 1 and SPRC
operating at rated minimum input voltage, the line current waveforms presented in
Fig. 3.21(a) and 3.21(b) has a distortion figure of 7.4 % and 11.33 %, at full load and
50 % load, respectively. As shown Fig. 3.21(a) for full load, the operating frequency
near the peak and valleys _of ac voltage were 51.28 kHz and 58.82 kHz, respectively.
For an input voltage of 110 V rms, the T.H.D. for the line current waveforms shown in
Fig. 3.22(a) and 3.22(b) were 13 % and 12.11 %. The distortion reached a maximum
of 30 % at 10 % load even with active control. The inductor peak current carried
by the switch reduced from 5.8 A at full load to 3.5 A at 22.5 % load, while the
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Figure 3.20: Experimental waveforms at raied maximum voltage for a 50 kHz, 120 V
output variable frequency SPRC operating on the utility line with active current

control (Voo = 110 V rms, C,/C: = 0.5, Lg = 500 pH, C4 = 1000 xF),
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120 V output variable frequency SPRC operating on the utility line with active current
control (Vo = 85 V rms, C,/C; = 1, Ly = 500 pH, Cyq = 1000 gxF).
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Table 3.6: Experimental results for 150 W, 50 kHz, ac-to-dc¢ variable frequency SPRC
with active control {C,/C; = 1).

Veoe=8Vrms || Voe = 110V rms
R Q|| %T.H.D.| pf || %T.H.D.| pf

54 74 o997 13 | 0991
67 “ 9.35 |0995| 107 | 0.995
90 99 10995 99 | o099

IOST 11.33 | 0.993 12.11 0.992
120%, 12.03 | 0.992 13.33 0.991

150 1210 | 0.992 15.8 0.987
180 15.05 | 0.988 20.3 0.980
240 20.14 | 0.980 20.10 0.980

peak series capacitor voltage reduced from 325 V to 165 V, respectively. Selected
experimental results have been tabulated in Table 3.6.
Table 3.7 summarizes the line current T.H.D. figures and the line pf obtained from

the experiment for both fixed as well as variable frequency control.

3.5 Conclusions

The characteristics of ac-to-dc fixed and variable frequency SPRC, with and without
active control, were studied. Applying ac analysis method two converter designs were
obtained for CCM operation of SPRC. Both SPICE3 simulation and experimental
results showed that, by proper converter design, one can get low T.H.D. for the

line current with SPRC even without active control. Compared to variable frequency
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Figure 3.22: Experimental waveforms at rated maximum voltage for a 50 kHz, 120 V
output variable frequency SPRC operating on the utility line with active current
control (Vi = 110V rms, C,/C; = 1, Lg = 500 pH, Cy = 1000 uF).
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Table 3.7: Summary of line current T.H.D. and line pf obtained from the ac-to-dc
SPRC breadboard model.

Vie = 85 V rms, HF transformer turns ratio = 12:12, C,/C; = 0.5

control Fixed frequency Variable frequency
" J open loop closed loop || open loop closed loop
R, (| %T.H.D.| pf || %T.H.D.| pf | %T.H.D.| pf || %T.H.D.| pf
96 13.5 0.990 9.9 0.995 13.5 0.990 8 0.996
120 124 0.992 9.8 0.996 36.17 0.940 9.47 0.995
180 23.6 0.973 12.9 0.991 11.9 0.992 9.61 0.9954
360 271 0.965 18.50 | 0.983 23.9 0.972 - -
1200 34.5 0.945 13.5 0.990 25.93 0.967 - -
Vee = 110 V rms, HF transformer turns ratio = 12:12, C;/Cy = 0.5
96 16.5 0.986 15.33 0.988 34.5 0.945 9.2 0.995
180 21.7 0.977 16.25 0.987 i2.8 0.991 14.36 0.989
1200 33.0 0.950 21.02 0.978 22.86 0.974 - -
Vae = 85 V rms, HF transformer turns ratio = 12:12, C,/C; = 1
control Fixed frequency Variable frequency
open loop closed loop open loop closed loop
R, Q | %T.H.D.| pf |%T.H.D.| pf | %T.H.D.| pf || %T.H.D.| pi
54 18.9 0.982 - - 18.9 0.983 7.4 0.997
108 28.4 0.961 - - 23.55 | 0.973 11.33 0.993
180 40.8 0.926 - - 13.74 | 0.990 15.05 0.988
Vae = 110 V rms, HF transformer turns ratio = 12:12, C,/C; = 1
54 18.5 0.983 - - 25.06 0.970 13 0.991
108 39.6 0.929 - - 15.06 0.988 12.11 0.992
J_ISO— 46.97 }0.905 - - 17.71 | 0.985 20._3-___ 0.980
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operation, fixed frequency operation of SPRC gave lower peak component stresses and
higher distortion figure, even though it simplified the transformer and filter design.
In the case of open loop operation, the T.H.D. figures are lower {or capacitance
ratio 0.5 as compared to those figures obtained for ratio ! as shown in table 3.7.
The component stresses are higher in DCVM and lagging pf operation of SPRC, and
requires larger variation in frequency or pulse width to regulate the output. The choice
of maximum switching frequency for fixed frequency operation is determined by the
recovery characteristics of the switches (anti parallel body diodes) used, while the duty
ratio (pulse width) confines the maximum allowable variation in input voltage. Usc of
snubbers and fast recovery diodes (at high switching frequency) becomes mandatory
with fixed frequency operation as both ZVS and ZCS is experienced by switches
over an ac half cycle. In case of variable frequency operation, the upper bound on the
input voltage variation is determined only by the device voltage ratings and switching
frequency dependent transformer core loss.

The implementation details of active control scheme to reduce the T.H.D. were
discussed. With the implementation of active control scheme the T.H.D. has been
reduced due to waveshaping of the line current. Variable frequency active control
scheme is found to be superior in terms of lower T.H.D. and maintaining ZVS op-
eration all along the ac votlage cycle. The dynamics of the converter is mainly
determined by the input and output filter. Since the low frequency output filter Cy
at the output introduces a low frequency pole in the voltage feedback control loop,
the loop bandwidth is very narrow, thus making the system response very slow and

sluggish which is a disadvantage.



Chapter 4

Characteristics of Hybrid Parallel
Series Resonant Converter Bridge
Operating on the Utility Line

With and Without Active Control

In this chapter, an 1-¢ ac-to-dc controlled rectifier using transistorized hybrid parallel-
series resonant converter bridge (HPSRCB) operating on the utility line is pro-
posed. Design oriented approximate ac ép_a.lysis method and exact state space analysis
method are used to obtain design curves for variable frequency and fixed-frequency
operation of the HPSRCB. The predominant operating modes encountered in fixed-
ifrequency and variable frequency control are identified. Generalized steady state
solutions are obtained for these modes using the exact state-space analysis approach.
All the relevant equations are derived and solved numerically using PROMATLAB
software. The normalized design curves like the converter gain, peak component

stresses are obtained. The necessary conditions for continuous capacitor voltage mode
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(CCVM) and discontinuous capacitor voltage mode (DCVM), lagging and leading
power factor (pf) operation, are determined. The generalized solutions derived arc
used to obtain design curves, and calculate the time variation of line current and line
current total harmonic distortion (T.H.D.) for HPSRCB operating on the utility line
with 120 Hz pulsating dc link voltage. SPICE3 simulation and experimental results
are presented to verify the theory. Implementation of active contro! scheme for fixed
and variable frequency operation of HPSRCB, to reduce line current T.H.D. arc also

described.

4.1 Introduction

Studies have already established that the LCC-type parallel resonant converter [92, 93]
and the discontinuous current mode (DCM) operation of HPSRCRB described in [85)
has all the desirable features of SRC and PRC configurations. The operating charac-
teristics of variable frequency SRC [86, 93], PRC {92, 93, 95, 96, 99] opcrating on the
utility line have already been reported in literature as mentioned in earlier chapter.
The proposed HPSRCB configuration studied in this chapter has favourable (boost)
characteristics required for operation on the utility line, as a low harmonic controlled
rectifier (described in later sections of this chapter), lower component stresses com-
pared to PRC, and is suitable for high voltage output applications. The voltage boost
in HPSRCB is due to the capacitive voltage multiplication. Similar to the PRC and
the SPRC configurations, the HPSRCB is also capable of operating in DCM [85],
CCVM, DCVM, multiple conduction mode (MCM), apart from leading pf (below
resonance) and lagging pf (above resonance) modes.

When the HPSRCB is operated on a 120 Hz pulsating dc link voltage described
later, more than one of the above modes are encountered depending on the type of

control scheme used. However both fixed-frequency and variable frequency continuous
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current mode (CCM) or DCVM operation of HPSRCB, and its effect on line current
T.H.D. and line pf has not been studied. In order to operate the converter on the
utility line, it becomes necessary to have proper understanding of the converter char-
acteristics, as a dc-to-de converter. At the outset of this work, steady state analysis
of dc-to-dc HPSRCB was not available in literature,

The main objectives of this chapter are to present a design oriented analysis and
design of HPSRCB, and study the performance characteristics of such a converter
when operated on the utility line. These objectives are achieved in the following
sections of this chapter.

In Section 4.1, operation of dc-to-dc HPSRCE for both fixed as well as variable
frequency is presented. Section 4.3 deals with classical ac circuit analysis of HPSRCB
for fixed-frequency operation, while section 4.4 presents the operating modes for fixed-
frequency and variable frequency operation. In section 4.5 a complete dc analysis of
dc-to-dc HPSRCB for both fixed and variable frequency operation using state space
approach is presented. The design curves like converter gain, peak component stresses
versus normalized load current are also plotted. All the necessary boundary conditions
for the predominant operating modes are discussed. The steady state operation of
the HPSRCB on the utility line is explained in section 4.6. The design constraints to
obtain low T.H.D. for the line current and high line pf with and without active control
are given. Application of state space model for an ac-to-dc HPSRCB, to theoretically
predict the time variation of ac line current and calculate the line current T.H.D.
are also discussed in this section. Design curves and a design example for an 150 W
ac-to-dc converter is presented. SPICE3 simulation results are used to predict the
converter performance. Lastly in this section experimental results obtained from the
breadboard model with and without active control to verify the theory and simulation

results are presented . Section 4.7 states the conclusions.
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4.2 Circuit Description

Fig. 4.1 shows the circuit diagram of the proposed high frequency (HF) transformer
isolated dc-to-dc converter employing HPSRCB. The resonant tank circuit is com-
posed of inductor L, leakage inductance of the HF transformer L;, and capacitors
C',and C', (piaced on the secondary side of the HF transformer). The capacitor Cg.
is used to filter the 120 Hz voltage ripple component to get stiff d¢ link voltage Vi,
when configured for dc-to-dc converter application. The filter components Lg and Cy
in the output section, are designed to filter switching frequency current and voltage
ripple, respectively. Both for line voltage and load variation, the output voltage is
regulated by controlling the phase shift between the gating pulses for fixed-frequency
operat_ion [78], whereas switching frequency is varied for variable frequency operation.
The converter is designed to operate in lagging pf mode, delivering rated output power
at rated minimum input voltage. The converter design parameters are obtained from

the steady state analysis described in subsequent sections.

4.3 Steady-State ac Analysis of dc-to-dc HPSRCB

Simplified classical ac circuit analysis method reported in [78] is used for the analysis
of HPSRCB {for obtaining the design curves. The simplified assumptions presented
in chapter 3 are used to carry out the analysis of the HPSRCB. Using complex ac
circuit analysis for fixed-frequency operation of HPSRCB, the normalized converter

gain M can be shown to be

M = V.V, = sin(é/2) (.1)

=52 + K/ Q)L + C/C, L = 13,3

where
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Ce= Ct'/n2 C,= cat/nz K ==%(8 Yp = wifwy, @p= R’L/Zpa 6 = wityy,
wp = 1//LC:, Zp,=+/LIC:, wi=2rf, V,=nV, Ri=n’R

In addition, the following parameters are defined as below
L=L,+L, Co=(Co+C), Z =+L[C., w,=1//LCe, Ts=1/fs.

Ji = switching frequency, L, = transformer leakage inductance,

n : 1 = transformer turns ratio, V, = output voltage referred to primary,

V, = dc link voltage, tpw = pulse width of vg.
Normalization is carried out by choosing the rated minimum dc input voltage Vi,
and load resistance R; as the base quantities, with all the quantities referred to
primary side of the HF transformer. The normalized voltages and currents are denoted

by upper case letters (M) and (J) with appropriate subscripts.

The normalized peak inductor current Ji, is given by

Jp = (4/7)sin(8/2)/|Zpu p.u. (4.2)
where
1Z0u] = (ZR* + Zrz)m, Zr = By/Bs,
Zr=(Bs + By — B1)[Bs, Bi=(2 + 1) (2)/(vp Qp)
B; = Kz(ypz - 1)/(%@ Qp), By = (1 + %)2/(yp Qpa)=
By = K/(4s Q)" Be=K*[L + (1 + &)/(K 3 Qp)’]

The normalized peak voltages across the capacitors C, and (C, + C) are given by

Mcs, = M (Co/CH/(2 yp @y) p-u. (4.3)
Mo, = M x/(2n) p.u. (4.4)

The dc converter gain equation given in (4.1) can be used for both variable frequency

as well as fixed frequency operation. For variable frequency, § is set to = and the
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switching frequency ratio y, is varied, while for fixed-frequency operation of HPSRCB,
Yp 1s fixed and pulse width & is varied to vary the output voltage. For fixed-frequency
operation, the dc output voltage V, is maximum (vide (4.1)) when § = 7. Figs. 4.2(a)
and 4.2(b) shows the plot of converter voltage gain (for § = ) as a function of
normalized switching frequency ratio y,, while Figs. 4.3(a) and 4.3(b) shows the
converter gain M as a function of é for a given y,, for capacitance ratios of 1 and 0.5,
respectively. These curves were obtained using equation 4.1.

It is evident from the Fig. 4.2(a), the load independent point occurs at y, =~ 0.71,
at which the converter gain M is o (.1 + Ci/C,). As the C,/C; ratio decreases the
load independent point occurs at higher normalized switching frequency ratio y,, with
increased converter gain. Also lower C,/C; ratio calls for narrow range of variation
in frequency f; (when variable frequency control is used), to achieve output voltage
regulation. However for very high C,/C, ratio ( > 5), the converter exhibits parallel
resonant converter characteristics.

In fixed-frequency HPSRCB operation, for a given pulse width 6, the @, curves
shown in Fig. 4.3 become more evenly spaced as y, increases. At lower values of 6,
the slope of the @, curves are higher for higher y,. From these plots (Fig. 4.3) we can
conclude that, higher the value of y,, larger the variation in é (narrow pulse width of
vas) required, for regulating the output dc voltage from full load to light load.

Even though this method of analysis is adequate enough to get some insight into
the HPSRCB converter operation, it cannot predict the various operating modes
described in the next section, resulting in large deviations in results. Therefore, an
exact analysis of HPSRCB is carried out, using the state space approach described in
subsequent sections. It becomes evident in later sections that the ac analysis method
described above, comes very handy in obtaining an approximate design for an ac-to-
dc HPSRCB, to obtain low line current distortion, even though it cannot predict the

line current waveform.
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4.4 Identiﬁcation of Operating Modes in Fixed
and Variable Frequency dc-to-dc HPSRCB

As a first step, towards identifying the various operating modes, a HPSRCB converter
was designed (specifications given in section 4.5.10.1), based on the analysis. A
few SPICE3 simulations were run for both variable frequency and fixed-frequency
operation of HPSRCB. Based on the resonant tank current and capacitor voltage
waveforms for fixed and variable frequency operation of HPSRCB, the predominant
circuit modes identifiad are

(1) continuous capacitor voltage mode (CCVM),

(2) discontinuous capacitor voltage mode (DCVM).

In each case the converter operates in lagging pf (above resonance) and leading pf
(below resonance) mode. The following section gives the operational details for these

predominant circuit modes and their corresponding normalized operating waveforms.

4.4.1 Normalization and notations used

Normalization has been done using the base quantities defined below and all the
parameters are referred to the primary side of the HF transformer.
VB = Vi(miny V, Zp =2, 2, Ip=Vg/Zp A,
All the normalized quantities and notations used are defined below
Epu =Vo/Ve  mes(t) = ves(t)/Ve, medlt) = veult)/ Ve, ji(t) = i(t)/Is,

jhf=ihf/13 ihf=irh_(/n I;:Id/n J=I;/IB,
M=nV,/Vp,

Some of the other parameters used are defined below



azwptA, ,3=wpt3, ' f:upic, K=uwy,lp
V=wptAD, T=wpt3D 5=ypwptpw 6:7_5:

Ty=a+B+E+k G=a+B+krk p=k ¢
ky=+1+C./Cc  ka=1[k

Pulse width ¢;,, =tp +tc +t4, % Duty ratio D = 100 &/ = 100 X t,,/(T./2).

The additional subscripts are used to represent the various intervals (B, C, A D

, AD and BD) in the operating waveforms.

4.4.2 Continuous Capacitor Voltage Mode of Operation

For the present work, only CCM operation (i.e. the resonant tank current is contin-
uous) is considered as the switching frequency ratio y, is chosen to be greater than
0.8. The polarity of the rectifier input current s changes, when the voltage vg,¢,(f)
changes its polarity (vg,c(t) = sum of the capacitor voltages across C; and C}). The
HF rectifier input current i;‘f is a square wave of amplitude equal to the load cur-
rent Iy (assuming ripple free dc output). This operating mode is referred to as the
continuous capacitor voltage mode (CCVM) of operation. Fig. 4.4(a) shows the nor-
malized operating waveforms, with intervals marked as A and B for full pulse width
§ = 7 (vqp is a square wave), while Fig. 4.4(b) for reduced pulse width § < 7 (vg is
a quasi-square wave). In the additional interval marked as D, the input voltage v,
to the resonant tank is zero. Note that the HF rectifier input current i, 7 is a square

wave and is in phase with vg,g(2).

4.4.3 Discontinuous Capacitor Voltage Mode of Operation

When the converter normalized load current J is exceeded a certain critical value,

the combined capacitor voltage vp,c,(t) becomes discontinuous introducing the third
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interval-C (Fig. 4.5), hence the name discontinuous capacitor voltage mode (DCVM)
of operation. In interval-C, all the HF diodes in the output bridge rectifier conduct.
The waveforms shown in Figs. 4.5(a) and (b) correspond to DCVM operation, for full
pulse width é = 7 and reduced pulse width § < m, respectively.

As mentioned earlier, in both CCVM and DCVM operation, the HPSRCB is
capable of operating in lagging or leading pf mode, depending on the loading of the
‘converter and switching frequency ratio y,. In lagging pf mode (if lags vq), all the
switches experience zero-voltage switching (ZVS) (turn on) due to transfer of resonant
tank current from its own anti parallel diode. In leading factor mode (ig, leads vqp),
zero current switching (ZCS) is achieved, due to natural commutation (turn off) of
two switches of the same limb or all the four switches at zcro current.

However, DCVM operation of HPSRCB is limited to certain range of converter
loading and the switching frequency ratio y,. Note that the CCVM and DCVM
operation described above, the polarity of the effective capacitor voltage vp,q,(t) at
the reference point (beginning of interval-B) is negative. However this may not be

true, at reduced loads and lower pulse widths as described in the next section.

4.4.4 Continuous Capacitor Voltage Mode Below Resonance

Operation (Intervals A— AD — BD)

In below resonance mode at reduced loads and reduced pulse width, the polarity of
the effective capacitor voltage vg,c,(t) can be positive at the reference point, giving
rise to a new circuit mode, with the order of intervals changing from B-A-D to A-
AD-BD. In this mode, only two switches in the same limb of HPSRCB operate in
ZCS. The operating waveforms for such a mode are shown in Fig, 4.6.

It is worth noting that, the HPSRCB is also capable of operating in discontinuous
current mode (DCM) [85] and multiple conduction mode (MCM), even though it is
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not within the scope of this thesis work.
Based on the resonant tank current and voltage waveforms, equivalent circuit
models are developed to carry out dc analysis of HPSRCB, as described in the next

section.

4.5 Analysis of dc-to-dc HPSR.CB using state space
model

In order to generalize the analysis of HPSRCB converter for both fixed-frequency and
variable frequency operation, the steady state solutions are obtained using the state
space approach for

(a) fixed-frequency DCVM operation (for intervals B~ C — A — D) and

(b) fixed-frequency CCVM below resonance operation (for intervals A — AD — BD).
Using these steady state solutions, particular cases are evaluated. In the following
section, the equivalent circuit models are used to describe fixed-frequency CCVM and

DCVM operation of HPSRCB.

4.5.1 Converter Operation and Modeling for Fixed Fre-
quency CCVM and DCVM ’

Assuming the converter has reached steady state and the load current is constant
during a switching half cycle, equivalent circuit models shown in Fig. 4.7 (obtained
from the waveforms of Fig. 4.4, Fig. 4.5 and Fig. 4.6), are used to describe the
converter operation during various intervals of operation in a positive switching half
cycle. Note that all the parameters used in the equivalent circuit models (Fig. 4.7) are
referred to the primary side of the HF transformer, for the purpose of normalization

and simplification.
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4.5.1.1 Fixed-frequency CCVM and DCVM operation of HPSRCB

Interval-B: In this interval, the gating pulses G1 and G2 are applied to MOSFET
switches S1 and §2, and the polarity of v, is positive. The polarity of the total
capacitor voltage (vcics = vector sum of ver and wve,) is opposite to that of vg.
In lagging pf mode, the resonant tank current is fed to the supply only for part of
the interval, through the anti-parallel diodes D1 and D2. Once inductor current iy,
reaches zero, the diodes D1 and D2 turn off, thus transferring the current iz, to the
switches 51 and S2 witk zero voltage across them. In leading pf mode the switch
S1 and 52 carry the resonant current iy, throughout interval-B. When the total
capacitor voltage veics reaches zero, the rectifier input current ixy (i s referred to
primary) attains the same polarity as that of resonant inductor current iz, while
its magnitude is determined by the loading condition. If the magnitude of the load
current Jy is less than a certain value ({1 + C;/C}) times i) at the end of interval-B,
then the converter operates in DCVM (interval-C).

Interval-C: This interval extends until the resonant inductor current iy, becomes
equal to (1 4+ C,/C}) times the HF rectifier input current I;. During this period all
the output rectifiers conduct as the total capacitor voltage vcc, is zero. For CCVM
operation interval-C is absent.

Interval-A: The resonant inductor current i in excess of (1 + Cs/C;) times I
charges the resonant capacitor C;, and the total capacitor voltage vcic, is of same
polarity as vqs. At the end of interval-A gating pulse G2 to the MOSFET switch 52
is removed, while gating pulse G3 is applied to MOSFET switch 53, with switch 51
still carrying the current 7.

Interval-D: It is an extension of interval-A, except for v, = 0, in which the switch
diode pair S1 and D3 and (or) S3 and D1 in the opposite limb conduct to form a
closed circuit, thus cutting off the supply to the resonant tank circuit. In lagging pf
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mode, the carrent iy, is carried by the switch S1 and anti-parallel diode D3 for the
entire interval-D. In leading pf mode, the current iy, is transferred from the switch
S1 and anti-parallel diode D3 to switch §3 and D1. Interval-D ends when the gating
pulse G4 to switch 54 is applied to start negative sﬁitching half cycle.

As mentioned in earlier section, at reduced loads and pulse widths the order of
intervals change from B - A— D to A— AD — BD, to operate in leading pf, CCVM
mode as shown in Fig. 4.6.

Interval-4D: The converter operation during interval-AD is same as explained
for interval-D, corresponding to leading pf operation. At the end of interval-AD the
polarity of the total capacitor voltage vesc reverses, and so does iy;.

Interval-BD: Operation is same as interval-B except for vy = 0, as the inductor
current iy, is carried by switch S1 and D3.

The same orderly events occur in the negative switching half cycle, with polarity

reversal and switching devices conducting.

4.5.2 General solutions

Based on the equivalent circuit models shown in Fig. 4.7, one can write the linear
differential equations describing each interval of operation. From this one can get a
generalized solutions governing each interval of operation for the three state variables,
namely the normalized resonant inductor current jr, series and parallel resonant
capacitor voltage mg, and mce, respectively, in terms of initial conditions of each
interval. The normalized general solutions so obtained for each interval are given in
Appendix- B and Appendix- C.

All the equations derived are normalized using the base quantities defined earlier
in this section. The steady-state solutions for DCVM and CCVM operation are

obtained using the general solutions, as described in subsequent sections.
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4.5.3 Steady-state solutions for DCVM operation

To obtain the design curves it is necessary to derive the steady-state solutions. For
evaluating the steady-state solutions, the duration of intervals-B, C', A and D (shown
in Fig. 4.5(b)), and the initial conditions of the resonant tank state variables must be
known. However, to determine the initial conditions of the resonant tank variables
JrLo, Mg, and mce, at the beginning of interval-B, it is necessary to eliminate all
the intermediate variables like jp1, men, mes, jL2, Mo, and mes, jra, Mo, and
me,3 and so on. Substituting the boundary conditions at each interval of transition,
(i.e. the terminal condition at the end of each interval becomes the initial condition
for the next interval), the values of the inductor current, and the capacitor voltages

at the end of switching half cycle are found to be

ito(Ts/2) = Aig zy+ Big 22+ C1p T3 — Mg 4 (4.5)
mew(Ts/2) = Aws i+ Bis y2+CiB ys + Mmcw y4 (4.6)
mesp(Ts/2) = Aig w1+ Big w2 + Cip w3 + Bag ws + Mmoo (4.7)

where
Ty = cosp sinf + ky sinp cosf cos{a + k)
—ky sinp sinf sin(a + &) — sink (4.8)
T2 = cosp cosl + ky sinp sinfl cos(a + &)
—ky sinp cosf sin(a + &) (4.9)

z3 = cosp cos(a+ k)~ 1+ cos(a+ k) — ky sinp sin(a + &) (4.10)

Ty = Sink (4.11)
Y1 = cosk — cosp cosd + ky sinp cosf sin(a + )
+k; sinp sinfl cos(a + &) (4.12)

Y2 = cosp sind — k; sinp sinf sin(a + &)



Y3
Ya
un
w2
W3

wy

+k2 sinp cosf cos(a + k)

cosp sin(o + &) + sin(a + &) + ko sinp cos(a + &)

CoSK
cosfl — cosp cosP + ka sinp sinf8
cosp sinfd — sinf + ko sinp cosf3
k, sinp

(8 = (a+£))

172

(4.13)
(4.14)
(4.15)
(4.16)
(4.17)
(4.18)
(4.19)

Also applying the condition of odd symmetry for the waveforms of resonant tank

state variables (i.e. the value of resonant tank variables at the end of switching half

cycle is same as the value at the beginning of the switching half cycle except for change

of sign), one can get a simplified expression for the normalized inductor current and

capacitor voltages at the beginning of interval-B as below.

Jro
mcio
meso

where
71

J2
my

My

Ma
M2

den

j11

Epu jl + OIB j2
Epu mpy + Cip myg

Epu ms + Cip my

(711 + k1 f12 + k2 j13)/den

(F21 + Ky joz + k2 josz)/den

(mu1 + k1 mue + k2 mas)/den

(meay + k1 Myzn + by myes)/den

(msa1 + k1 maaz + k2 ma1a)/(2 den)
(ms21 + ky ™92 + ky mg23)/den

2 (1 + cosp cosB) — (ki + kz) sinp sind
[sink — cosp (sinb + sin(a + B)))

(4.20)
(4.21)
(4.22)

(4.23)
(4.24)
(1.25)
(4.26)
(4.27)
(4.28)
(4.29)
(4.30)
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J13
Jz
J22
Ja23
M
mye12
mMy13
mi21
Myo2
Mya3
Ms11
Ms12
M3
M2t
Msa2

23

—[sinp cosP (cosa + cos{a + k))]

[sinp sinB (sino + sin{a + «))]

[2 (1 4 cosp cash) — (1 + cosp) (cos{a + &) + cosf3)]
~[sinp sind]

[sinp (sinB + sin{a + £) — sind)]

[1 4 cosp (cosh — cos(cx + B)) — cosk]

sinp (sinf cosa — cosB sin(a+ «))

sinp {cosf sina — sinf cos(a + «))

(1 + cosp) (sinfB — sin(a + &)

0

sinp (cosB — cos(a + ))

[(1 — cosp) (cosa + cos(a + &) — cosfp — cos(B + k)]
0

—[sinp (sina + sin(a + &) — sinf — sin(B + )]

[(1 + cosp cosb) C/C, (e + & — B)]

—[sinp sin Ci/C, (a+ & — B)/2)]

—[sinp sind C,/C, (a+ x — B)/2]
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(4.31)
(4.32)
(4.33)
(4.34)
(4.35)
(4.36)
(4.37)
(4.38)
(4.39)
(4.40)
(4.41)
(4.42)
(4.43)
(4.44)
(4.45)
(4.46)
(4.47)

It is clear from the above equations that, in order to determine the value of jrg,

mcuo, and mcyo, the duration of interval- B and interval-C expressed in terms of angle

B & £ must be determined for known values of normalized parameters like input E,,,

output J, and control y, and «. This is done by equating

(1) the vector sum of capacitor voltage equation (mces(ts) + mc,8(ts)) = 0 at the

end of interval-B.

(2) the resonant inductor current equation jro(tc) = J (1 + C,/C,) at the end of



interval-C.

174

The resulting simplified simultaneous equations Frn (¢, 8) = 0 and Fj(€, 8) = 0 arc

solved numerically to obtain the values of 3 and £.

Fn(€,8)

F5(¢, 8)

0= Epy (Fn1+ Fma + &y Frug + k2 Fiua)

~2 C18 {Fms + Fng + k1 Finz + k3 Fiug)

0= Epu (Fj1+ Fia+ k1 Fia+ ky Fja)

+Cis (Fis + Fjg + k1 Fyr + ke Fig + k} Fjo)

[4 (1 + cos(kg &) cos(y — §))]

—[(1+ cos(kz €)) (cos(y — (B + € + &)

+cos(y — (B +¢)) + cosf + cos(B + £))]

—2 sin(k, &) sin(y ~ (£)

[sin(ks €) (sin(y— (B+ €&+ &)

+sin(y — (B + £)) + sinf + sin(B + k) — 2 sin(y — €))]
sin(y — €) (1 + cos(ks £))

[2 (1 + cos(kz €) cos(y — &) Ci/C, ((v — €)/2)]
—[sin(kz €) (sin(y — &) C/Cs ((v — €)/2)]

(1.48)

(4.49)

(4.53)
(4.54)
(4.55)
(4.56)

—[sin(k; §) (sin(y — £) Co/Ca ((v = £)/2) + | ~ cos(y — €))[4.57)

[cos(ks €) (sinf + sin(B + £))]

—[sin(y — (8 + £ + &) — sin(y — (B +€))]
sin(ky €) (cosfB + cos(f + «))

0

[(1 4 cos(ky £)) (1 + cos(y — &))]

[2 Ce/Cs (1 + cos(k, &) cos(y — £))]

(4.58)
(4.59)
(4.60)
(4.61)
(4.62)
(4.63)
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Fjz = —[sin(ks §) sin(y — &) C/Ci] (4.64)
Fs = —[sin(k, &) sin(y—€) (14 C,/C.) (4.65)
Fjo = —[sin®(k; £} sinfB sin(y —¢)] (4.66)

For all values of normalized load current J greater than the critical load current
Jor (defined later), the two equations F,(¢, ) and F;(€, ) are solved numerically
in PROMATLAB using Newton Raphson method as described below, to obtain the

duration of various intervals and the initial conditions of state variables.

r
Dr, = | 6F/59) (6&/5&)] .

| (8F;/88) (6F;/8¢)
Fo; = | R, F,-]T (4.68)

- T
AD = [Ag Ag] (4.69)
T

® = [p¢] (4.70)
[A @]m-{-l = -—l‘.D-[“mJ'L-n_‘l [ijim (471)
[@lnir = (Bl + 1A Piy (4.72)

where ‘m’ represents the number of numerical iterations.

The solution obtained for DCVM operation is valid for all values jr; > 0 at
the end of interval-B. For normalized load current J < J. (J defined later), the
hybrid converter operates in continuous capacitor voltage mode (CCVM) and hence
interval-C is absent (£ = 0). Closed form steady-state solution have been derived in

the following section for CCVM operation.
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4.5.4 Steady-state solutions for CCVM operation (Inter-
val B-A-D)
The initial conditions for the resonant tank state variables at the beginning of interval-

B for CCVM operation (shown in Fig. 4.4(b)) are evaluated from the equations
derived (for DCVM) in previous section with (£ = 0).

jto = Epuar+ayJ (4.73)
mew = Epu by+b J (4.74)
mMeso = €1 J (4.75)

where

a; = —(siny—sin &+ sin(y —«))/c (4.76)
a; = 2 (cos(y—B)+cos f—(1+cosv))/c (4.77)
by = ~—(cos & —cosy+cos(y—&k)—1)/c (4.78)
by = 2 (sin(y—B8)—sin B)/cs (4.79)
o = (GICNB=1/2) (1.80)
g = 2(1+cos ) (1.81)

However for CCVM operation the duration of interval-B is obtained in closed

form as given below, for known values of E,,, J, y, and .

8 = pm— sin“l(c‘,/\/m) — tan"!(by/a,) (4.22)
where
p = 0 foryy<land p=1 fory,>1
ay = Epy [sin gy — sin £+ sin(y — &)] (4.83)
by = Epy [14+cosy+cos(y— k) +cos «) (4.84)
dy = 2 Epy [1+ cos 7] (4.85)



177

ev = [((C/Cs)(v/2)(L + cos ) + sin 7)) (4.86)
cw = dy+2Je, (4.87)

The closed form solution obtained for CCVM is valid for

(1) values of normalized load current J < Jr,

(2) lagging pf operation, and

(3) leading pf operation with operating intervals as B, A and D (Fig. 4.4(a} and (b))

in that order.

The derivation of closed form solution for J.., follows in the next section.

4.5.5 Boundary conditions for DCVM and CCVM opera-
tion

The expression to determine the critical value of normalized load current J = J,
above which the converter enters DCVM, is obtained, by substituting the value of
the inductor current jz; = J (1 +C,/C,) at the end of interval-B and simplifying

as below
Jo = Jer1 sin Ber + Jorz cos Boy (4.88)
Jot = Epy [(1 4+ cos 4)(1 + cos &) + sin y sin &)/ Jedn (4.89)
Jorz = Epy [(1 4 cos 7v) sin &+ sin y (1 + cos £)]/Jean (4.90)
Jean = 2 (1 +cosy) (1+C/C,) (4.91)

The critical angle B¢, corresponding to J, is given by

Ber = pr—sinTdy/y/(ay — nu)? + (by — my)?]
~tan"[(by — my)/(ay — nu)] (4.92)
ny = 2Je1 6y (4.93)
my, = 2Ja26e (4.94)
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Note that the angle 8¢, is a function of input voltage E,., angles & (or pulse width
8 or duty ratio D) and 4 (or switching frequency ratio y,) for a known C,/C; ratio.

The conditions under which HPSRCB operates in lagging and leading p{ mode,
for CCVM and DCVM are determined as explained in next section.

4.5.6 Boundary conditions for lagging and leading pf oper-

ation

For fixed-frequency operation of HPSRCB, the boundary value of normalized load
current J;, at which the change over from lagging to leading pf operation in DCVM
can be obtained by using the condition jro = 0 {(or j;p(x) = 0) and solving numeri-
cally for angles 8 and £. In case of fixed-frequency CCVM operation (¢ = 0) closed
form solution for Jy, is obtained as below

Epu(sin v — sin & + sin(y — £))

Jor 2 (cos(y — B) + cos B — (1 + cos 7))

(4.95)

The condition under which, the order of the intervals changes from B-A-D to
A-AD-BD are determined in next section, while the analysis for the circuit mode

with intervals A-AD-BD is presented in subsequent section.

4.5.7 Boundary condition for leading pf B-A-D mode and
A-AD-BD mode

The condition under which HPSRCB operating in CCVM changes over from three
interval B-A-D (Fig. 4.4(b)) to three interval A-AD-BD mode (Fig. 4.6} can be found
out by setting B = 0 in the steady state solution derived for CCVM (B-A-D) and

solving for J the normalized load current.

Jag = Epu jabl jabz (496)
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where =
Ja1 = [(cos &+ cos(y — &) — (1 + cos )] (4.97)
Jaz = [((C/Cs)(7/2)(1 + cos ) + sin 7)]/2 (4.98)

Jas Tepresents the normalized load current at which the HPSRCB operation changes
over from B-A-D to A-AD-BD mode at the reference point (positive transition of
ve5). The steady state solutions for CCVM operation with interval A-AD-BD is

presented in next section.

4.5.8 Steady-state solutions for CCVM operation (Inter-
val A-AD-BD)

Using the same notations defined in earlier sections, the general solutions for interval-
A, AD, and BD (Fig. 4.6) using state space approach has been derived and are
presented in Appendix- C

The steady state solution is obtained for a known value of §= (7 — &) (duty ratio),
by evaluating the normalized initial conditions of resonant tank state variables o,

Mmcio, and Moy at the beginning of interval-A.

Jjro = Epupitpe J (4.99)
mew = EpqtaqJ (4.100)
mew = 11J (4.101)

where
p1 = —(sin & —sin v+ sin(y — k)) /s (4.102)

P2 = 2(1+4cosy—cos(y — (a+v))—cos(a+v))/s (4.103)
@ = (L+cos 7 cos x — cos(y — ) sy (4.104)
g2 = 2(sin(y+v—«k)—sin(k—-v))/s (4.108)
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r1 = (CfC)(k—v— %) (4.106)
$1 = 2(1+cos¥) (4.107)
Similarly the durations of intervals-AD (angle ), for a given E,,, J, y, and & (or
pulse width §) are determined in closed form. The closed form solution is obtained

by equating the difference between the parallel capacitor voltage mc, and series

capacitor voltage mc,, at the end of interval- AD to zero and solving for v.

v = sinV(z,/\/22 + y) — tan” (yo/zy) (4.108)

t, = Epy[sin & —siny —sin (7 — &) {4.109)
Yo = FEpu[cos £+ cos(y — &) — (1 + cos v)] (4.110)
ze = —2J[((C/Cs) (7/2) (1 + cos 7) + sin ¥)] (4.111)

The steady state solutions obtained in earlier sections for different operating modes

are used to plot various design curves, and are presented in next section.

4.5.9 Converter Gain, Component Stresses and Ratings

The gain of the converter, the component stresses, and component average and rms
ratings are some of the vital parameters required in selecting the components. They
can be evaluated after the determining the duration of each interval. These parame-

ters are required for converter design optimization described in section 4.5.10.

4.5.9.1 Converter gain

The converter gain for fixed-frequency DCVM operation is obtained by integrating
the expression for the total capacitor voltage mg,cy (total capacitor voltages across

C, and (), during each interval over one switching half cycle.

M = (2/T)] fo  (mcea(wst) + Mo (wpt)) dt + ]o"’(mcm(w,,z)+mc.,,(w,,t)) dt
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" fu © (mewc(wpt) + meso(wyt)) dt — jn 2 (mow(wet) + meea{wyt)) df

= (yo/7) (Mg + Mc + My + Mp) (4.112)
where
Mp = —[Aas (B—sin i)+ Bap (1 —cos )+
Cap B — Asp 8%/2 — Cag f] (4.113)
Mc =0 (4.114)
My = Ajp(a—sina)+ Baa (1 -cos a) +
Caa & — Azp @*f2 — Cap « (4.115)
Mp = A (k—sink)+ Bap (1 —cos k) +
Cap & — Asp £2/2 — Csp % (4.116)

The plot of normalized converter gain M obtained from the exact state space analysis
of HPSRCB for fixed-frequency operation for full pulse width § = = is presented
in Fig. 4.8(a) and Fig. 4.8(b) for C,/C; ratios of 1 and 0.5, respectively. Also the
boundaries between CCVM and DCVM operation, above and below resonance are also
marked on these plots as x {cross) and o (circle), respectively. The HPSRCB enters
DCVM for increasing values of J beyond the x (cross) mark, and above resonance
mode beyond the o {circle) mark. It is clear from the plot for C,/C; ratio of 1
(Fig. 4.8(a)), the load independent point occurs at y, = 0.77 at which the converter
gain is &~ (1 4+ C;/C,). The frequency ratio y, approaches 1 at the load independent
point as C,/C; reduces. The point of load independence obtained by exact state space
analysis (Fig. 4.8(a)) and ac analysis method (Fig. 4.2(a)) are in close proximity. It
is important to note that the converter gain figures (M) obtained by exact analysis
method were higher compared to that of ac analysis method other than the load
independent point.

Figure 4.9 (a) and (b) shows the converter gain plot corresponding to the switch-
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ing frequency ratio y, = 0.838 and 0.92, respectively, with % duty ratio D as the
parameter. These plots show all the modes of operation identified for the analysis of
fixed-frequency HPSRCB. The converter enters A-AD-BD mode for all values of J
below the point indicated by a * (star) mark. The boundaries between CCVM and

DCVM operation, above and below resonance are also marked on the plot with x

(cross) and o (circle) marks, respectively.

4.5.9.2 Peak component stresses

The interval in which the resonant tank state variables attain their peak value de-
pends on the mode of operation. Since the converter is to be designed for worst load
conditions (i.e. while delivering the rated output power at rated minimum input volt-
age), it is necessary to determine the peak stresses under these operating conditions
for safe operation of the HPSRCB.

The resonant inductor current attains its peak value always in interval-A. Hence
this instant can be obtained by equating the slope of the resonant inductor current

in interval-A, d(ip(¢))/dt = 0.
O, = tan"l(AM/BlA) (4.117)

The normalized peak voltage stress on the series capacitor occurs at the end of

interval-B and is given by
Mes, = mea (4.118)

The interval in which the parallel capacitor voltage attains its peak value depends
upon the initial value of jzo and also the operating mode. The peak voltage stress can
be easily calculated after determining this instant of occurrence. For fixed-frequency

operation and full pulse width (§ = x) it is given by

Octy = —tan~Y(BypfAzg) for —ijrg>J (4.119)
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Octy = m—tan"Y(BaafAza) for —jro<J (4.120)

While for fixed-frequency operation at reduced pulse width & it is given by
Octy, = —tan ' (BypfAzp) for —jo>J (4.121)

However for all values other than -jro > J, this instant might occur in interval-A or
interval-D mode. Hence it is necessary to evaluate on an individual basis using one

of the expression below.

bcty = w— tan™(ByafAz4) for interval-A (4.122)
Oty = w—tan~'(A;p/Bip) for interval-D (4.123)

The normalized peak stresses experienced by the components of the resonant tank
circuit have been plotted in Fig. 4.10 for C,/C; = 1. All the derivations done above,
are not valid for fixed-frequency CCVM with intervals A-AD-BD.

4.5.9.3 Average and rms current ratings

In order to calculate tbhe average and rms current carried by the switches, it is nec-
essary to determine the duration of conduction of these devices in each half cycle.
However due to increased complexity with fixed frequency operation (at reduced puise
width é < =), the discussion is limited to only variable frequency operation (§ = 7).
For above resonance operation the diode turns off at natural zero of resonant inductor
current in interval- B, while for below resonance mode of operation the switch commu-
tates at zero current of the resonant current in interval-A. Hence the corresponding

expression for normalized inductor current can be used to determire this instant.

0s = —sin"Y(Cip/\/Alg + Blg) — tan™ (Bip/A18)) for jro <0 (4.124)
2

v— 64 (4.125)



12f-3

10r

Normalized peak current in

186

......

yirges. HPSRCB

. { \

a5 1 15 2 25 3 3:5 4
Normalized load cument J

(a) Normalized peak inductor current J,,.

14|......

12F e

Normalized paeak vollags mClp

10.—.”--»..

HPSRCB & -

------
Mg

0.5 1 1.5 2 25 3 35 4
Normalized load current J

(b) Normalized peak voltage Mc,, across parallel capacitor C,.

Figure 4.10: Plot of peak resonant component stresses versus normalized load current

J as a function of normalized switching frequency ratio y, obtained from state space

analysis (C,/C: = 1).



187

After determining the duration of conduction of the diode and switch, the average
and rms current can be determined very easily, by integrating the resonant inductor
current expression for each interval, between the above limits over one switching cycle.
For example for above resonance operation, the diode average current t4,, and switch

average current i,,, are given by

idov = —yp(A1a (1 — cos 83) + Bip sin 85 + C1803)/(27) (4.126)

fgaw = Yp (igh + fgc + iga)/(27) (4.127)
where

igp = Aip (cos 8a—cos B)+ Bip (sin f— sin 04) + Cip (B — 64)(4.128)

ige = Aic(l—cos &)+ Bic siné +Cio € (4.129)

tga = Aja(l—cosa)+Biasina +Cis a (4.130)

These parameters are very important for choosing the rating of devices for the con-
verter. Similarly the expression for resonant inductor rms current, and the capacitor
rms voltages can be derived, and used for calculating the kVA rating of the resonant
tank circuit. As explained in next section, for an optimal converter design, the kVA

rating of the tank circuit per kW output power must be minimized.

4.5.10 Converter Design Optimization

For a given rated output power, it is necessary to optimize the converter design, for
minimizing the component stresses. The optimization of the resonant components
involves minimization of the optimum function F,,; defined below (same as in chap-

ter 2).
Fut = (KVA/KW) Ipy/n (4.131)

Fig. 4.11 shows the plot of optimum function Fi, for a 300 W converter having the

following specifications.
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4.5.10.1 Specifications

Average power output, P, = 300 W,

Input voltage, ¥, = 85 V DC to 110 V DC.
Output Voltage, V, = 110 V DC.
Switching frequency, f; = 65 kHz.

All the parameters defined in ( 4.131 ) were calculated, using the relevant data
given in the reference data manual, for the MOSFET switches and diodes. In addition
the quality factor @} of the resonant inductor was assumed to be 100. For capacitance
ratio of 1 and y, = 0.838, the minimum F;, occurs at J = 1.7, M = 2.28 as shown
in Fig. 4.11(a), and the converter operates in lagging pf mode. These parameters are
used in the design calculations. In Fig. 4.11(b) for y, = 0.9, the optimum function
Fop achieves its minimum at J = 1.2019, M = 3.02. The converter operates in just
continuous current mode (JCCM). Since the converter is to be designed for lagging
pf operation (ZVS) at rated minimum input dc voltage and maximum load current,
design calculations are done corresponding to y, = 0.838 (Fig. 4.11(a)), with all the
quantities referred to primary.

Output voltage referred to primary, V, = 2.28 X 85 = 194

Transformer turas ratio, n = 1.76

Base current, Ig = (P, / V,}/ J= L7 A

Base impedance, 2, = Vic(min) / Ip = 93.72

Parallel resonant frequency, f, = fi / yp, = 77.56 kHz

L=2Z,/27 f,)=1923TpyH C, = Ci=L [ Z,* =0.0219 uF

These optimized resonant component values were used in SPICE3 simulations de-

scribed in the next section.
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4.5.11 Theoretical and SPICE3 Simulation Results for dc-
to-dc HPSRCB

Theoretical predictions were done for the above design example assuming ideal con-
verter, while SPICE3 simulations were done using the actual MOSFET model along
with all the loss parameters, snubbers included. The results obtained from these
simulations are summarized in Table- 4.1 and 4.2, respectively.

Also the steady state operating waveforms obtained from the state space analysis
approach for DCVM and CCVM operation of HPSRCB, plotted in Fig. 4.12(a) and
4.12(b), confirm with the spice simulation waveforms presented in Fig. 4.5(a) and
Fig. 4.5(b), respectively. In SPICE3 simulations, the frequency or pulse width was
set for different load conditions to get the rated output voltage. The deviation in
both frequency and pulse width accounts for the converter conduction and switch-
ing losses in SPICE3 simulations. In case of fixed frequency operation, the pulse
width () required was more than the theoretical predicted value, to get rated out-
put voltage. Even though peak current stresses were lower in case of fixed frequency
operation, the converter operated in leading pf mode at reduced loads, limiting the
maximum switching frequency of operation. All the SPICE3 simulation results are
in close agreement with theoretical predictions. The state space analysis presented
in this section can be used to study large signal characteristics (transient analysis) of
HPSRCB by expressing the steady state solution in discrete time domain.

Use of a large sized filter capacitor Cy. (120 Hz filter) at the input dc link results
in pulsating ac line current i, with very high peak value. The pulsating current
drawn by the converter will have very high line current distortion, resulting in low
line pi. The line pf can be improved, by extending the duration of current drawn by

the converter as explained in the next section.



Table 4.1: Comparison of theoretical and SPICE3 simulation results for a 300 W, 65 kHz 194 V
output dc-to-dc variable-frequency HPSRCB.
V,=8V, L, =188.37 pH, L; = 4.1 pH, C, = C, = 0.0219 uF,
Ly =2000 uH, Cy=1uF

SPICE3 THEORETICAL(PROMATLAB) MODE
WRLQ| fikHz | Iy A { Voup V| Vo V || fikHz | Ipp A | Voup V| Vo V
126 64.5 | 5.3 | 265.81 | 443 65 5.57 | 270.9 453 DCVM, AR
148 70.9 | 4.73 203 409 70.19 | 4.85 | 210.4 417.9 CCVM, AR
186 75.2 | 4.27 | 1585.7 | 371.5 || 74.99 | 4.36 | 157.55 | 3789 f CCVM, AR
256 79.8 | 4.04 | 113.69 { 349 80.34 | 4.02 | 110.44 345 CCVM, AR
375 86.2 3.7 71.0 325 85.57 | 3.88 | 69.36 320 CCVM, AR
504 873 | 3.6 53.6 305 87.5 | 3.80 50 312 CCVM, AR
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Table 4.2: Comparison of theoretical and SPICE3 simulation results for a 300 W, 65 kHz 194 V

output dc-to-dc fixed-frequency HPSRCB.

V=85V, L, =188.37 pH, L =4.1 pH, C; = C; = 0.0219 uF,
Ly =2000 pH, Cq=1yuF

SPICE3 THEORETICAL(PROMATLAB) | MODE

Ry Q

%D | Iy Al Vou V{ Ve V| %D [ I, A Ve V| Ve V

126
148
186
256
375
504

100
82
74

68.9

66.5
65

9.3 | 265.81 { 443 | 100.7 { 5.57 { 270.9 453 DCVM, AR
4.7 ] 219.00 | 417 80 4.9 | 226.6 423.2 JCCVM, BR
4.1 180.0 381 73 | 4.28 | 184.0 389.6 CCVM, BR
3.68 136 359 68.1 | 3.8 | 134.5 369 CCVM, BR
3.0 90 338 65.5 | 3.31 | 89.5 347 CCVM, BR
2.8 67 320 63.7 { 3.08 { 67.00 336.31 CCVM, BR

@61
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4.6 Operation of HPSRCB as a Low Harmonic
Controlled Rectifier on the Utility Line

Like in the previous chapter, the 120 Hz capacitive filter Cy. (used for dc-to-dc con-
figuration in Fig. 4.1) on the dc link is replaced by a small HF filter C; as shown in
Fig. 4.13, to draw line current for most part of the 60 Hz ac cycle. For a constant dc
output voltage V, at the load, a large capacitive filter Cy is used to filter the 120 Hz
voltage ripple that is transferred from the input section to the output section. The
inductive filter Ly is used to filter the switching frequency current ripple in 4. It is
shown in later sections that, by proper converter design and control, one can operate
the converter shown in Fig. 4.13 to draw nearly sinusoidal line current from the utility
line and maintain line pf close to unity.

As mentioned in the previous chapter, to operate the HPSRCB as a low harmonic
rectifier on the utility line, the converter has to emulate a resistor, irrespective of
the type of control being used. The pulsating nature of the dc link voltage (v, = v
|sin (2 7 fr t)]), makes the instantaneous voltage gain of the converter M(t) = V, [v4(2)
and the reflected load R’y as seen by the inverter bridge, to vary along the 60 Hz ac
cycle at constant dc output voltage. Hence for sinusoidal line current operation, the
variation in output inductor current i4(t) and the load resistance referred to primary
R (t) (or its normalized value Q,(#)) is defined as below at constant output voltage
Vo.

i) = Iy sin®(27 fit) (4.132)
Qp(t) = Ry(8)/Zy = Qppin/sin’(wr 1) (4.133)
where

I:Im = 2P0/V'o = VUn Im/V'o’ i:!(t) = z.d('t)/""'

ing(t) = iast)/n, V, =1V,
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Qomin = VolLimdlZp = (Vo / Vo) (Tgm [ I) = M| Trmaz
M = V[V,  Jmnae=Linll)s I = Viagminy/Zo»  Zp=+/LJC:
M) = V,[Vu|sin(27 fr 1), Vn =peak ac voltage, I, = peak ac current

fr = line frequency ( 60 Hz), P, = average dc power output.

By the above definition, Q,(t) achieves its minimum at the peak and maximum at
the zero crossings of the ac voltage cycle for sinusoidal line current. With active
current control HPSRCB, one can obtain the required gain M () along the ac cycle
corresponding to the variation in @,(t) to derive sinusoidal line current. However, to
operate HPSRCB as low harmonic rectifier without active control, one has match the
HPSRCB converter operating characteristics with the design constraints discussed in

the following section.

4.6.1 Design Constraints to get Low T.H.D. from HPSRCB
Without Active Current Control

If no active control is used, it is necessary to properly choose V',/V,, ratio, Qomin
and frequency ratio y, for a given C,/C; ratio, to minimize

(1) the inductor peak current,

(2) kV A/kEW rating of the resonant tank circuit,

(3) variation in frequency f; (or é for fixed-frequency operation) required from full
load to light load.

The converter must be designed for § = 7 (for fixed-frequency operation) at rated
minimum input voltage and maximum loading condition. Along with dc output
voltage regulation, the HPSRCB should be able to operate with low line current
T.H.D., for a wide range of variation in load as well as input voltage. The exact state

space analysis method described earlier for a dc-to-dc converter is extended to obtain
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design curves, converter design, for an ac-to-dc¢ converter described in next section.

4.6.2 Extension of State Space Analysis for an ac-to-dc HP-
SRCB

Unlike in dc-to-de converter (stiff dc link voltage), the ac-to-dc converter shown in
Fig. 4.13 (pulsating dc link voltage due to HF filter C;), enters several different operat-
ing modes (discussed in section 4.4) CCVM, DCVM, lagging pf and leading pf mode,
over a 60 Hz ac half cycle for a given load condition and operating frequency. Hence
in order to extend the state space analysis method for such an ac-to-de HPSRCB
operation, all the equations derived in previous sections (for dc to dc converter) are

to be written in discrete form and solved to obtain various design curves.

4.6.2.1 Assumptions made for analysis of ac-to-dc HPSRCB

The following simplified assumptions are made for the analysis.

(1) All the components are ideal and the effect of snubbers is neglected.

(2) Due to high switching frequency of the converter as compared to the low frequency
(120 Hz) dc link voltage, the converter is considered to have reached steady state for
each HF half cycle.

(3) The dc input voltage to the inverter v,, the dc link current 4. and the output
filter inductor current 4, are assumed to be constant during each switching half cycle
of operation under consideration and is free from switching frequency components.
(4) The dc link voltage is finite (= 5 % of the rated minimum peak ac voltage) in
and around zero crossings, which otherwise leads to trance-dental solution with the
state space model.

(5) The output filter current is assumed to be a constant ~ 0.5 % of full load current,

in and around zero crossings of the ac cycle, if the theoretical predictions from the
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state space model falls below this value, and the instantaneous converter gain is less
than the output voltage (it does not affect the final results).

(6) The inverter input voltage (dc link) to be pure 120 Hz rectified sinusoid.

Based on these assumptions, the input line current z,. and its harmonic spectra can

be predicted, and is described in the next section.

4.6.2.2 Determination of input line current, output voltage and line cur-

rent T.H.D.

The magnitude of ac side line current z,. drawn by the HPSRCB is determined by
calculating the average inverter input current over one switching half cycle. Similarly,
based on the operating mode of HPSRCB, the average inverter input current g and
average output voltage V, across the load Ry is calculated over one switching half
cycle. The relevant equations required to calculate these parameters are derived

below.

(a) Line current: The time variation of ac side line current i,. is given by

following expression.
tacet) = ta(t) sgnfsin (wr t)] (4.134)

The average inverter input current over a switching half cycle for HPSRCB operating
in fixed-frequency CCVM (Fig. 4.4(b)) or DCVM (Fig. 4.5(b)) (with intervals B-C-
A-D) is given by

tee = (gp+qc/k2+qa+4qp)/y {4.135)
where
gg = Ayp(l—cos B)+ Bipsin +Cip B (4.136)

gc = Aic (1—cos (k2 €))+ Bic sin (k2 )+ Cic (k2 €)  (4.137)
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ga = Aia (1 —cos &)+ Bys sina+ Ciy (4.138)
gp = 0 (4.139)

The expression to be used to calculate the average inverter input current over a
switching half cycle, for HPSRCB operating in fixed-frequency CCVM with intervals
A-AD-BD (Fig. 4.6) is given by

ide = (9a+ 94D+ gBD)/7 (4.140)
where
ga = Auu(l—cosa)j+Biasina+Cuaa (4.141)
gap = 0 (4.142)
ggp = 0 (4.143)

Note that during interval-D or interval-AD & BD, the inverter output voltage va(t) =

0 and the dclink current i4.(¢) = 0, due to resonant current ¢, circulating through top
switch, diode combination (51,03 or S3,D1) or bottom switch, diode combination
(54,D2 or 52,D4) of opposite limbs of the bridge.

{b) Converter output voltage : The normalized output filter current j(t) and

the normalized converter dc output voltage Vp,(t), at the end of (k + 1)** switching

half cycle are given by

Jee+1)(2)
Vou sy (2)

where

= Jw () + (M (@) = Vouy(£) 1/ Xpapy (4.144)
= VW(k}(t) + [k(t) - Vruu;)(t)/(z mesn)] ¥ Xcdpu (4.145)

= |vcsctl/Vinmin = Normalized average rectified capacitor voltages,
= V'o/Vinmin = Normalized dc output voltage,
') (Vimin/Zp)y  Xidpu = wpL'a/Zp,
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Xeip = wpC'afZy, Qomin = (W2 BL)[Zp.

The additional subscripts & and (% -+ 1), used for parameters § and M to represent

values at the end of respective switching half cycle.

(¢) Line current total harmonic distortion : Fourier analysis is carried out
on the calculated steady state ac line current vector, to determine the T.H.D. and line
pf for each load condition. The various steps involved in the PROMATLAB imple-
mentation of the integrated state space model for analyzing the ac-to-dc HPSRCB is
presented as a Pseudo flow chart in Fig. 4.14. The main advantage with this modeling
method is that it requires only one calculation for each HF half cycle. However it is
to be mentioned here that even though DCVM operation calls for numerical solution,
faster convergence is achieved due to the fact that the starting value used is the so-
lution obtained from previous switching half cycle. In all probability, convergence is
achieved in less than five numerical iterations. Use of better numerical technique will
fﬁrther enhance the rate of convergence.

The limitations of this method is also well understood, as it requires modeling,
and obtaining solutions for all the possible modes that might be encountered in an
ac-to-dc HPSRCB operation. Fig. 4.15 shows the plot of normalized converter output
voltage V,, versus switching frequency ratio y, with @, as a parameter.

From the analysis (neglecting losses), it was found that for a given peak converter
gain of V',/V,, = 1.67 and above resonance operation (for most part of ac cycle at full
load), good compromise design values were Q,,.. = 1.0 (at peak), y, = 0.9, for C,/C;
ratio of 1, delivering rated output power and satisfying all the design constraints for
both fixed and variable frequency operation of HPSRCB. At rated power output,
even though increasing beyond the optimum y,, increased the range for which the
HPSRCB draws current from the utility line, it increases T.H.D. due to over-boosting
effect on either side of the ac voltage peaks as shown in Fig. 4.16. While reducing
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Figure 4.14: Pseudo flow chart for predicting the line current T.H.D. using the state

space model for an ac-to-dc HPSRCB operating on the utility line.
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(b} Line current harmonic spectra (T.H.D. = 21.0 %).

Figure 4.16: Predicted waveforms and harmonic spectra for a 65 kHz fixed-frequency
HPSRCB at full load delivering rated output power without active control (V,. =
60 V rms, y, = 0.935 and C,/C, = 1).
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Figure 4.17: Predicted waveforms and harmonic spectra for a 65 kHz fixed-frequency
HPSRCB at full load delivering rated output power without active control (V. =
60 V rms, y, = 0.87 and C,/C; = 1).
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yp increased T.H.D. due to reduction in the range of conduction of line current as
shown in Fig. 4.17. The design values obtained above have been used to design the

converter and is described below.

4.6.2.3 Design example for an ac-to-de¢ HPSRCB

Design procedure is illustrated using a design example for a converter having the
following specifications.

Average power output, P, = 150 W.

Input voltage, V,. = 60 V rms to 85 V rms.

Output Voltage, V, = 128 V DC.

Peak to peak current Ripple in 74, A; = 4+ 25 % of L.

Peak to peak output voltage ripple in V,, A, = + 2 % of V.

Switching frequency, f; = 65 kHz.

(a) Design using ac analysis : Based on the ac analysis method, it was found
that for a given peak converter gain of V',/V;, = 1.5 and above resonance operation
(for most part of ac cycle at full load), good compromise design values were @, . =
1, y, = 0.838, for C,/C; ratio of 1, delivering rated output power and satisfying all
the design constraints.

Using these design parameters, the following values were obtained for the resonant

tank circuit:

L=1131 pH, C,=0.0378 uF, C,=0.0378 uF.

(b) Design using state space analysis : Based on the state space analysis
method design calculations were done for the HPSRCB delivering peak power of 2F,
by choosing the @, ; =1.0, y,= 0.9, C,/C; =1, and V', /V,, = 1.67, at the peak of
the ac line cycle (i.e. Vo. = 60 V rms). Using the relation for @, . and y,, and
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ac-to-dc converter and taking into account the semiconductor drops and losses in the
resonant tank and output filter inductor, the following values are obtained.
Vie~128V, n:l=1:, R =544 9,
L=1198 uH, C,=0.0405 puF, C;=0.0405 pF.
The output filter Ly and Cy components are designed using the relationship given
already in chapter 2 (section 2.4.1), to meet the ripple specifications. The values of

the components Ly and C; are given below
Lqa=1353.27 puH, Cy3=815.65 uF.

The design values obtained by both the methods were very close, as shown above.
The equations given earlier were used in PROMATLAB to predict line current wave-

form and the line current T.H.D. for both fixed and variable frequency operation.

4.6.2.4 Results predicted by analysis for fixed-frequency operation

The predicted waveforms for line current and the corresponding line current harmonic
spectra for fixed-frequency operation of HPSRCB at different load currents are pre-
sented in Fig. 4.18. The line current T.H.D. increased for reduced pulse width and
decreasing load current. Operating at rated minimum input voltage, the line current
waveforms shown in Fig. 4.18(a), (c) and (e) had T.H.D. of 18.2 %, 22.1 % and 24.5 %
corresponding to full load, 75 % and 45 % load, respectively.

Similarly line current waveforms were obtained at rated maximum input voltage
(Vee = 85 V rms) as shown in Fig. 4.19. The predicted line current T.H.D. at full
load, 75 % load and 60 % load are 19.7 %, 19.22 % and 21.8 %, respectively.

4.6.2.5 Results predicted by analysis for variable frequency operation

At rated minimum input voltage, the full load waveforms corresponds to fixed-

frequency operation and full pulse width (Fig. 4.18(a)), because same design is used.
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Figure 4.18: (Continued)
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Figure 4.18: Predicted waveforms and harmonic spectra for a 65 kHz fixed-frequency

HPSRCB at different loading conditions without active control (V. = 60 V rms, y,

= 0.9 and C,/Ct = 1)
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Figure 4.19: (Continued)
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(f) Line current harmonic spectra (T.H.D. = 21.8 %, pf = 0.977).

Figure 4.19: Predicted waveforms and harmonic spectra for a 65 kHz fixed-frequency

HPSRCB at different loading conditions without active control (V;. = 85 V rms, y,

= 0.9 and C,/C; = 1).
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However exercising variable frequency control, gave lower line current distortion at re-
duced load (T.H.D. = 19.47 % at 45 % load) currents, as compared to fixed-frequency
control as shown in Fig. 4.20. The third harmonic component is absent in the line

current.

4.6.3 SPICE3 Simulation Results for HPSRCB Without
Active Control

In order to illustrate the operation of HPSRCB and verify its performance (for ob-
taining low line current T.H.D. and high pf), SPICE3 simulation studies were donec
for an 150 W, 25 kHz redesigned converter {due to storage limitations and does not

affect the actual results) having the following parameters.

L =289.08 uH, C,=0.0985 puF, C;=0.0985 pF,
Ly=1000 pH, Cy¢=1000 pF, C;=1 uF.

4.6.3.1 Fixed-frequency operation

The fixed-frequency HPSRCB ac-to-dc converter waveforms (without active cur-
rent control) obtained by SPICE3 simulation for the above converter are shown in
Fig. 4.21 {or different load currents. The T.H.D. in the current waveform shown in
Figs. 4.21(a)(i) and (b) are 19 % and 23.6 %, at full load and 11 % rated load, re-
spectively. At full load the HPSRCB operates in lagging pf mode near the peak, and
leading pf near the zero crossings of the ac voltage cycle as shown in Figs. 4.21(a)(ii)
and (a)(iii), respectively. Even though SPICE3 simulation studies showed that the
line current (Fig. 4.21(c)) T.H.D. for a capacitance ratio of 0.5 was lower (11% at
full Joad) as compared to I, the peak current stresses were higher at reduced load

currents.
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(b) Line current harmonic spectra (T.H.D. = 19.47 %, pf = 0.981).

Figure 4.20: Predicted waveforms and harmonic spectra for variable frequency HP-
SRCB for reduced load currents without active control (V,, = 60 V rms, and C,/C;
= 1).
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(c) Waveforms of vy, 24, at full load (C,/C¢ = 0.5).
(Vac = 60 V rms, C,/C, = 0.5, V,=170 V, P, = 150 W).

Figure 4.21: SPICE3 simulation waveforms for 150 W (full load), 128 V output,
25 kHz HPSRCB operating on the utility line without active control (V. = 60 V rms
and C,/C, = 1).



4.6.3.2 Variable frequency operation

Since the design parameters are same as fixed frequency operation, the line current
waveform and T.H.D. at full load with minimum input voltage are same as shown in
Fig. 4.21(2), as it corresponds to full pulse width of v, (6§ = 7). Figure 4.22 shows
the waveforms for variable frequency operation without active control at 45 % rated
load. The converter operated fully in lagging pf mode over the 60 Hz ac cycle as
shown in Fig. 4.22(b) and (c). The line current had a T.H.D. of 15.4 %.

4.6.4 Experimental Results

Based on the design presented in the design example, a breadboard model of HP-
SRCB rated at 150 W, 128 V output, operating on 60 Hz, 60 V rms to 85 V rms
utility line was built using JRF640 MOSFET’s. The HPSRCB was controlled us-
ing ML4818 fixed-frequency controller for fixed frequency operation. The phase shift
between the gating pulses to the switches in the inverter bridge was determined by
the control voltage input to the ML4818 controller (controller configured for volt-
age mode control). UC2825 PWM controller was used to control the HPSRCB for

variable frequency operation.

4.6.4.1 Without active control

In the case of both fixed and variable frequency control, the output voltage was

regulated in an open loop manner when no active control was used.

(a) Fixed-frequency operation : Various experimental waveforms were ob-
tained from the HPSRCB prototype model for fixed-frequency operation at different

load conditions and input voltages for capacitance ratio’s of 1 and 0.5.
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Figure 4.22: SPICE3 simulation waveforms for 128 V output, variable frequency
HPSRCB operating on the utility line without active control (V,. = 60 V rms and
C,/Ce =1).
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(i) For C,/C; ratio 1 : For rated minimum input voltage of 60 V rms
and capacitance ratio of 1, Fig. 4.23(2)(i) shows the line voltage, line current, output
filter inductor current and output voltage waveforms, while the corresponding line
current harmonic spectra (T.H.D.=16.5 %) at full load are shown in Fig. 4.23(a)(iii).
The above resonance operation at full load, and series and parallel capacitor voltage
waveforms near the peak of the ac voltage cycle are shown Fig. 4.23(a)(ii). For 45 %
and 22.5 % rated load, line current waveforms and their harmonic spectra are shown
in Figs. 4.23(b) and 4.23(c), respectively. The HPSRCB operates fully in leading
pf (below resonance) mode throughout the 60 Hz ac cycle at light loads. The T.H.D.
increased to 23 % (Fig. 4.23(b)(ii)) at 45 % load and 26.5 % ((Fig. 4.23(c)(ii)) at
22.5 % rated load. For fixed-frequency operation, the pulse width was decreased from
100 % (at full load) to about 38 % (at 9 % load) in an open loop manner, to regulate
the output voltage. The resonant peak current reduced from 6.8 A at full load to
3.1 A at 9% load.

Figure 4.24(a)(i) and b(i) shows the linc curient waveforms obtained at rated
maximum input voltage of 85 V rms, for full load and 45 % load, respectively. The
T.H.D. figures at full load and 45 % load were 17.2 % and 24.6 %, respectively. In
order to regulate the output voltage, the pulse width ¢, (or §) was set to 3.8 us and
1.6 s, corresponding to full load and 9 % load. The peak current reduced from 7.6 A

to 4.9 A for the above range of variation in load. All the key results are tabulated in
Table 4.3.

(i) For C,/C, ratio 0.5 : For fixed frequency operation, the line current
waveforms and its harmonic spectra obtained at rated minimum input voltage are
presented in Fig. 4.25. The measured line current T.H.D. figures at full load and
40 % load were 11,13 % and 14.07 % as shown in Fig. 4.25(a) and (b), respectively.
The peak current reduced from 7.9 A to 3.8 A, as the pulse width ¢,,, varied from
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Figure 4.23: Experimental waveforms for different load conditions for a 150 W,
65 kHz, 128 V output, fixed-frequency HPSRCB operating on the utility line without

active control at rated minimum input voltage, V;c = 60 V rms (C,/C, = 1).
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Figure 4.24: FExperimental waveforms for different load conditions for a 150 W,
65 kHz, 128 V output, fixed-frequency HPSRCB operating on the utility line without

active control at rated minimum input voltage, Vo = 85 V rms (C,/C, = 1).



Table 4.3: Experimental results for 150 W, 65 kHz, 128 V output ac-to-dc
fixed-frequency HPSRCB without active control (C,/C; = 1).

Ci=1uF, L=113.2 pH, C;=C; = 0.0378 uF,
Lq = 350 pH, Cy= 1000 pxF

Input- Ve =60V rms Voe =85V rms

R, Qftpwps|% THD.| pf |tpwpus|% T.HD.| pf
108 || 7.45 16.5 0.986 | 3.8 17.2 0.985
150 6.8 19.0 0.982 [ - - -
180 6.4 22.5 0.975 | - - .
240 5.8 23.0 0974 | 2.8 24.6 0.971
480 5.0 26.5 0.958 | 2.0 20.54 0.979
600 [l 4.27 31.5 0.953 || - - -
1200 | 2.94 33 0949 || 1.6 19.56 | 0.981
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7.48 ps (full pulse width) to 2.45 us, to regulate the output voltage from full load to
20 % rated load, respectively. The converter operated in both ZVS as well as ZCS
mode at full load, along the 60 Hz ac cycle, while at reduced pulse width and load
it operated in ZCS mode. The line current T.H.D. reached a maximum of 21.1% at
50% load.
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(a)(i) Waveforms of v, 1, at full load (R, = 192 ).

s

T LIN S1 . 34X0vip Hanrnn

T
<-0 HPSRCBJT(Kt=ﬂDV1wuw
scale: 1 V=1A
sSo0o —THD = 11.13 %, pf = 0.893
m ' C./C: = 0.5, Ry = 192
SSAvV
Mag
mms
v
0.0 | |

 E—
(=] H2 HYB_,I;'F:TVEO_R1$E"C5_D ik
(a)(it) Harmonic spectra of 4.

Figure: 4.25(continued)

Similarly, for V. = 85 V rmua, the line current waveforms and its harmonic spectra

have been obtained for different load conditions as shown in Fig. 4.26. The line current
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Figure 4.25: Experimental waveforms for different load conditions for a 150 W,
65 kHz, 170 V output, fixed-frequency HPSRCB operating on the utility line without

active control at rated minimum input voltage, Vi.= 60 V rms (C,/C¢ = 0.5).
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waveform at full load (Fig. 4.26(2)(i)) and 40 % rated load (Fig. 4.26(b)(i)) has the
same distortion figure of 13.5 %. The measured pulse width setting and the peak
inductor current corresponding to full load and 20 % rated ioa.d, were 3.91 us, 7.95 A
and 1.69 us, 3.56 A, respectively. Selected results have been tabulated in Table 4.4.
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- N i
\ // SRCB-FFX Vi /;-'ac (64 {’Jdi")
.v’ l Y—" e (2ﬁB|A/dwj

/C =10.5

(a)(i) Waveforms of v, 14 at full load (Ry = 192 Q).

FILT LIN S14 0X0vip Hann
3.2 HAPSRCB-FF (V,, =85 V rms)|
scale: 1V =08A
400 THD = 13.5%, pf = 0.991
m C,/C; = 0.5, Ry =192 0
/Div
(
i
Mag
[l 1183
v
0.0 l
I S
2 Hz HYB_FF.VBS_R192_C5._0 1.002k

(2)(if) Harmonic spectra of 1.

Figure: 4.26(continued)

" Even though the lower T.H.D. was obtainable with C,/C; = 0.5, the peak current

stresses are higher, resulting in lower efficiency as compared to those of C,/C; ratio
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(b)(i) Waveforms of v, i at 40 % rated load (R = 480 Q).
FILT LIN Sa 32X0vip Hann
1.8 HPSRCB-FF (V.. =85 V rms)
scale: 1 V=08 A
THD = 18.5 %, pf= 0.991
200 J
°Q C./C.=0.5, Ry = 4800
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v
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(b)(ii) Harmonic spectra of ig,.

Figure 4.26: Experimental waveforms for different load conditions for a 150 W,

65 kHz, 170 V output, fixed-frequency HPSRCB operating on the utility line without

active control at rated maximum input voltage, V;.= 85 V rms

(C,/C: = 0.5).
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Table 4.4: Experimental results for 150 W, 65 kHz, 170 V output ac-to-dc
fixed-frequency HPSRCB without active control (C,/C; = 0.3).

C; =1 uF, L= 1444 pH, C, = 0.018 uF, C, = 0.037 uF,
Lq¢ = 350 gH, Cy= 1000 uF

Input Vae = 60 V rms Vae =85V rms

B Q| tpwps | Itp A% THD.| pf |tpwps!| I, Al% T.HD.| pf
192 7.48 7.9 11.13 0.993 11 3.91 | 7.95 13.5 0.991
300 4.75 6.1 15.5 0.988 |I 3.15 | 6.52 13.85 0.990
384 4.2 5.6 21.1 0.978 - - - -
480 3.85 | 4.77 14.07 0.990 | 2.51 | 5.52 13.5 0.991
960 2.44 | 3.85 18&5 0.984 | 1.69 | 3.56 16.8 0.986
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1. Close to the zero crossings of the ac voltage, discontinuity observed is due to
insufficient converter gain near valleys, along the 60 Hz ac cycle to meet the required
load demand and hence higher distortion in the line current waveform. All thesc
experimental waveforms and results tabulated in Table 4.3 and 4.4 closely confirm

with the SPICE3 simulation results.

(b) Variable frequency operation : Using the same design parameters, ex-
perimental waveforms have been obtained at rated minimum and maximum voltages,
under different load conditions for the two capacitance ratio’s 1 and 0.5. Note that
the full load waveforms at rated minimum input voltage are same as the one pre-
sented in earlier in this subsection 4.6.4.1((a)) for fixed frequency operation, as it

corresponds to full pulse width.

(i) For C,/C, ratio 1 : With variable frequency operation of HPSRCB,
the T.H.D. reduced from 16.5 % at full load (Fig. 4.23(2)), to 8.5 % at 22.5 % load
(Fig. 4.27(a)). The line current T.H.D. reached a maximum of 17.4 %, at 45 % of
the rated load. For rated minimum input voltage of 60 V rms the frequency was
increased from 65 kHz to 92 kHz for regulating the output voltage from full load to
10 % rated load. The converter operated fully above resonance (Fig. 4.27(b)(i) and
(b)(ii)) throughout the ac cycle at light loads for y, > 1. The measured resonant peak
current corresponding to full load and 10 % load were 6.8 A and 4.5 A, respectively.

For a maximum rated input voltage of 8 V rms, the line current waveforms,
harmonic spectra at full load and 9 % are shown in Fig. 4.28(a) and (b), respectively.
At full load the line current closely resembled a square wave (Fig. 4.28(2)(i)) due
to overboosting effect near the valleys along the ac voltage cycle, and hence higher
distortion. Table- 4.5 shows some of the selected results obtained from the bread

board model operating at rated minimum and maximum input voltage of 60 V rms
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(a)(ii) Waveforms of vgs, ir, & ve: on the HF scale
near the peak of the ac voltage cycle.
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(a)(iii) Harmonic spectra of ig,.
(a) At 22.5 % rated load (R = 480 Q).
Figure: 4.27(continued)
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(b)(i) Waveforms of vgs, ir, & ve: on the HF scale

near the peak of the ac voltage cycle.
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(b)(ii) Waveforms of vy, i1, & v on the HF scale
near the valleys of the ac voltage cycle.
(b) At 10 % rated load (R = 1080 ).

Figure 4.27: Experimental waveforms for the converter of design example with vari-
able frequency control (without active control) at rated minimum input voltage, Va.

= 60 V rms (C,/Ci=1).
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and 83 V rmag, respectively.
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(a)(i) Waveforms of va, 14 2t full load.

CILT LIN S84 34X0vip HMenn
4.0 HPSRCB-VF (Vo =85 V rms)
scale: 1V = 0.8 A,
THD = 2765 %
S0 pf = 0.963
/704v R{ =108
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v
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(a)(ii) Harmonic spectra of i,, (B = 108 1).

Figure: 4.28(continued)

(ii) TFor C,/C; ratio 0.5 : Similarly, for capacitance ratio of 0.5, the various
waveforms obtained at rated minimum and maximum voltage under different load
conditions are presented in Fig. 4.29. The T.H.D. increased from 11 % at full load
to a maximum of 38.5 % at 20 % load, for 60 V rms input as shown in Fig. 4.29(b).
Correspondingly the frequency was increased to 81.36 kHz to regulate the output and
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(b)(i) Waveforms of vqe, 1ac at 9 % load.

FILT LIN S1 0XOvip Hann .
aog HPSRCB-VF (V. =8V rms)f
scale: 1V =08 A
THD = 16.8 %
aog pf = 0.986
/Div Rr=12000 >
Mag -
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v
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2 Hz 1.002K

(b)(ii) Harmonic spectra of i,. (Rz = 1200 R2).

Figure 4.28: Experimental waveforms for the converter of design example with vari-

able frequency control (without active control) at rated maximum input voltage, Vi,

= 85 V rms (C,/Ci=1).
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Table 4.5: Experimental results for 150W, 65 kHz, 128 V output ac-to-dc variable
frequency HPSRCB (without active control, C,/C; = 1).

Ci; =1 pF, L=113.2 pH, C, = C; = 0.0378 pF,
Lg= 350 gH, Cy4 = 1000 pF
Input Vie=60V rms Ve =85V rms
R, Q| fikHz | I, A% T.HD.| pf fikHz | I, A% T.HD.| pf
108 67 6.8 16.5 0.9866 | 83.33 | 8.3 27.65 0.963
150 724 6.2 21.6 0.977 84.7 7.4 20.59 0.979
240 7843 | 5.6 174 0.985 90.9 6.6 7.23 0.997
480 84.70 | 5.3 8.5 0.9964 || 99.8 5.5 12.16 0.982
600 86.5 4.7 11.9 0.992 )| 1025 | 5.31 14.89 0.988
1080 { 91.74 | 4.5 16.8 0.986 - - 16.8 0.986
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the peak current reduced from 7.9 A to 4.47 A.

f\ v 397 N s W= N

= \—Q HPSRCB-VF Ve {80 V/div
ic,/C. =,0.5 pec L1.5 DGV

(2)(i) Waveforms of v, t.c at 40 % load (Vi = 60 V rms).

l'—']a:L; LIN S3 S3IXOv1p  Hann

HPSRCB-VF (V. =60 V rmus
scale: 1 V=08A
200 “THD = 20.13 %, pf = 0.980
m C,/C: = 0.5, Ry = 480 §}
/Div| - .
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©.o H . l Y | 1 i
2 Hz HYB_VF_VEO_A_480_L%__ 1.002K -

(a)(ii) Harmonic spectra of .. (R = 480 Q).
Figure: 4.29(continucd]

For 85 V rms input, the full load line current waveform had a T.H.D. figure of
31.05 %, and the waveform closely resembled a square wave as shown in Fig. 4.29(c).
The operating frequency, resonant peak current corresponding to full load and 20 %
load were 71.07 kHz, 6.9 A and 85.65 kHz, 5.7 A, respectively. All the key results are
tabulated in Table 4.6.

The line current waveform closely resembled a sine wave at full load with discon-

tinuities near the zero crossings. The discontinuity observed is due to deficient gain
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(b)(i) Waveforms of v,c, 2sc at 20 % load (V. = 60 V rms).
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(b)(ii) Harmonic spectra of i, (RL. = 960 Q).
Figure: 4.29(continued)
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(c)(i) Waveforms of vac, ta. at full load (V. = 85 V rms).

FILT LIN S1 33X0vip Hsnn
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scale: 1 V=038A
400 THD = 31.056 %, pf= 0.955
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(c)(ii) Harmonic spectra of . (RL = 192 ).
Figure: 4.29(continued)
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(d)(i) Waveforms of vac, tac 2t 40 % load (V;. = 85 V rms)

FILT LIN S1 ’ 82X0vip Hann
1.6 HPSRCB.VE (Vo =& V rme)
scale: 1V =08A
200 THD = 23.46 %, pf = 0.973
m C./C. = 0.5, R, =480 0Q
/0Av
Mag
rme
v
ool AL L | Ll 1
2 Hz HAYB_VE Va5 R — 1. 002K

(d)(ii) Harmonic spectra of i,. (R; = 480 ).

Figure 4.29: Experimental waveforms for the converter of design example with vari-

able frequency control (without active control) at rated minimum and maximum input

voltage (C,/C; = 0.5).
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Table 4.6: Experimental results for 150W, 65 kHz, 170 V output ac-to-dc variable
frequency HPSRCB (without active control C,/C; = 0.5).

- Ci=1 pF, L=1444 uH, C, = 0.018 uF, C, = 0.037 xF,
Lg = 350 uH, C;3 = 1000 pF
Input Vae =60V rms Vac = 85 V rms
Ry, Q) fikHz | It, A% THD.| pf | fekHz |I, A|% T.HD.| pf
192 67.11 7.9 11.13 0.993 || 71.07 | 6.9 31.05 0.955
300 72.83 | 5.14 20.77 0.979 || 77.7 | 5.96 19.58 0.980
480 78.03 | 4.76 20.13 0.980 j 81.4 | 5.89 23.46 0.973
960 81.36 | 4.47 38.5 0.933 | 85.6 5.70 37.13 0.937

at higher values of @, (i.e. at lower dc link voltage), and hence the HPSRCB fails
to draw adequate current from the line. The line pf is maintained in upper 90°s with
reduced T.H.D. for the entire load range with both fixed frequency and variable fre-
quency operation of HPSRCB even without control. However with active control, the
line pf is further improved by wave-shaping the line current waveform due to fv -ther

reduction in T.H.D. as illustrated below.

4.6.4.2 With active current control

Fig. 4.30 shows the block schematic of the fixed frequency (also used variable fre-
quency) HPSRCB active current control scheme, consisting of slow varying outer
voltage feedback loop and inner current control loop to get nearly sinusoidal line

current.



245

| Pl , PI -~ VARIABLE
2 COMPENSATOR MULTIPLIER COMPENSATOR ‘LEEV oC2629 | FREQUENCY Yo
- + s
v,
ref ADf-l‘".a.*r:rl fl ‘Elcrl ?*:W =K1.Yac TV.eu: hcwc
Ve ATTENUATOR "e;cr=K2- Ec ml;?za ;;(;Iél/e ;
ATTENUATOR | (K4) os = K3.Vo K1,K2, K3, Kd <
K3S. L

Figure 4.30: Active current control scheme block diagram for fixed-frequency HP-

SRCB operating on the utility line.

(a) Implementation of Active Control Scheme : The scheme of implemen-
tation is same as mentioned in the previous chapter except for change in the controller

gain to match the characteristics of the HPSRCB converter and the controller.

(b) Fixed-frequency operation : Fig. 4.31 shows the experimental results
obtained from the bread board model with the above control scheme for capacitance
ratio of 1. The T.H.D. (Fig. 4.31(a)(iii)) obtained for the full load line current
waveform presented in Fig. 4.31(a)(i) is 11.5 %. For 9 % of rated load, line current
waveform and its harmonic spectra (T.H.D. = 15.1 %) are shown in Fig. 4.31(b).
The T.H.D. reached a maximum of 16.3 % at 11.5 % load for rated minimum input
voltage of 60 V rms.

For an input voltage of 85 V rms, the line current waveform and its harmonic
spectra are presented in Fig. 4.32(a) for full load and 45 % load. It was observed
that the T.H.D. reached a maximum of 17.15 % at 9 % load as shown in Table 4.7.
Even with active current control for fixed frequency operation, zero-voltage-switching
(ZVS) could not be maintained throughout the ac half cycle. Also, the converter op-
erates completely below resonance at reduced loads. For regulated dc output voltage,
the minimum allowable variation in duty ratio D ( or pulse width §), puts a limit on

the maximum allowable variation in the input voltage. The experimental results are
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(a)(ii) Waveforms of vas, ir, & vey on the HF scale

near the peak of the ac voltage cycle.
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(2)(iii) Harmonic spectra of iq..
(2) At full load (R = 108 ).
Figure 4.31: (Continued)
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(b)(it) Waveforms of v, i1, & ver on the HF scale

near the peak of the ac voltage cycle.
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(b)(iit) Harmonic spectra of i,, (Rr = 1200 Q).

Figure 4.31: Experimental waveforms for the converter of design example with

fixed-frequency active control at different loads and rated input voltage V,. =

60 V rms, (C,/C: = 1).
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are summarized in Table- 4.7.
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(a)(i) Waveforms of vy, ioc at full load (R; = 108 ).
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(2)(ii) Harmonic spectra of 1,..
Figure 4.32: (Continued)
(¢) Variable frequency operation : The variable frequency active controlled

HPSRCB exhibited better performance and control characteristics from the point of
view of low line current distortion. Fig. 4.33 and Fig. 4.34, shows the various experi-
mental waveforms obtained from the prototype model. Low line current distortion of

4.49 % (Fig. 4.33(a)(iii}) was obtained for full load at rated minimum input voltage.
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(b)(i) Waveforms of v,e, i4c at 45 % load (R = 240 Q).
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(b)(ii) Harmonic spectra of i, at 45 % load.

Figure 4.32: Experimental waveforms for the converter of design example with
fixed-frequency active control at different loads and rated maximum input voltage,

Ve = 85 V rms (C,/C: = 1).
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Table 4.7: Experimental results for 150 W, 65 kHz, 128 V output ac-to-dc
fixed-frequency active controlled HPSRCB (C,/C, = 1).

Ci=1uF, L=113.2 pH, C, = C; = 0.0378 uF,
Ls =350 pH, Cy = 1000 pF

Input Voe = 60 V rms Ve = 85V rms

Ry Q1% T.H.D.| pf % T.H.D.| pf
108 11.5 0.9944 14.5 0.989
150 13.2 0.991 13.5 0.991
180 13.1 0.991 13.0 0.991
240 13.1 0.991 15.5 0.988
300 13.2 0.991 15.7 0.987
480 11.5 0.993 17.1 0.985
960 16.3 0.986 13.7 0.986
1200 15.1 0.988 17.15 0.985




251

Maximum T.H.D. of 18.08 % (Fig. 4.33(b)(i1)) was observed at 9 % load at rated
minimum input voltage, while for an input voltage of 85 V rms, the T.H.D. was
20.23 % (Table- 4.8) at 22.5 % load. Table- 4.8 shows the magnitude of harmonic
currents present in the line current waveform for different load conditions and input
voltages. Variable frequency active control ensures the converter to maintain zero-
voltage-switching (Fig. 4.33(a)(ii) and Fig. 4.34(b)(iii)) throughout ac cycle from full
load to light load.

4.7 Conclusions

Complex ac circuit analysis is used to get the preliminary design curves for fixed and
variable frequency operation of HPSRCB. The predominant operating modes in fixed
and variable frequency operation are identified with SPICE3 simulations. A state
space analysis method based on the constant current model is used to derive the
general solutions for all the predominant modes. The boundary conditions between
various modes like CCVM and DCVM, below and above resonance, and other modes
in fixed-frequency operation are obtained. The design curves for converter gain, com-
ponent stresses are plotted. Converter design optimization methodology followed by
a design example was presented. The state space analysis method was implemented
successfully for analyzing the HPSRCB as a low harmonic rectifier. A pseudo flow
chart was presented for calculating the line current, harmonic spectra, converter out-
put voltage etc, using the discrete state space model. The analytical results were
verified with SPICE3 simulation and experimental results and tabulated without ac-
tive control. Implementation of active control scheme with the prototype model was
described. Theoretical and experimental results show that high line pf and reduced
T.H.D,, is achievable with fixed-frequency as well as variable frequency operation of

HPSRCB even without active control. Also it is found that the fixed-frequency op-
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(a)(ii) Waveforms of vgs, iz, and v, on the HF scale

near the peak and valleys of the ac voltage cycle.
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(a) At full load (R, = 108 ).
Figure 4.33: (Continued)
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(b)(ii) Harmonic spectra of 1.
(b) At 9 % rated load (R. = 1200 Q).

Figure 4.33: Experimental waveforms for the converter of design example with vari-

able frequency active control under different load and rated mirimum input voltage,

Vie = 60 V rms (Co/Ce= 1).



P I R iad2.284/div) AN
7| 7 B2V ] d10) rac
N | /— \ .JuiFI{pSRcP.:VF N —z/‘; —/;1;
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(a)(ii) Harmonic spectra of i, at full load.
Figure 4.34: (Continued)
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Figure 4.34: Experimental waveforms for the converter of design example with vari-
able frequency active control under different load and rated maximum input voltage,
. Vae = 85 V rms (C,/Ci= 1).



Table 4.8: Experimental results for 150 W, 65 kHz, 128 V output ac-to-dc variable frequency active controlled
HPSRCB (C,/C, = 1).

H

Vie = 60 V rms, C; = 1 pF, L= 113.2 gH, C, = C, = 0.0378 uF, Ls = 350 uH, C3 = 1000 uF

{ree|wTuD.| of [nA]l na]pa|l na | KAlLAlLAa[mAlA]LA] LA
” 108 4.49 0.999 | 3.20 | 0.032 [ 0.032 ¢ 0.032 | 0.096 | 0.064 | 0.032 | 0.032 | 0.032 | 0.032 | 0.140
150 4.44 0.999 | 2.304 { 0.016 | 0.064 { 0.016 | 0.016 { 0.048 | 0.016 { 0.032 | 0.032 | 0.032 | 0.1024
180 | 533 | 0998 {1968 | 0.016 | 0.032) - |0.032]0.048 | 0.048 | 0.048 | 0.032 | 0.016 | 0.1048
240 | 744 | 0997 1530 | 0.010 | 0.030 | 0.004 | 0.070 | 0.060 | 0.050 | 0.030 | 0.004 | 0.004 | 0.1137
480 13.39 0.991 | 0.896 | 0.016 | 0.082 { 0.008 | 0.080 [ 0.024 - 0.016 | 0.016 | 0.016 | 0.1200
600 15,78 0.987 | 0.745 | 0.005 | 0.100 - 0.060 | 0.005 | 0.005 | 0.010 [ 0.00% | 0.005 | 0.1175
840 16.36 0.986 | 0.720 | 0.005 | 0.100 - 0.060 | 0.610 | 0.010 ; 0.005 | 0.001 { 0.005 | 0.1177
960 16.71 0.986 | 0.690 | 0.015 | 0.100 - 0.050 | 0.02 | 0.005 | 0.005 | 0.010 | 0,005 | 0.1150
1200 18.08 0.984 [ 0.564 } 0.010 | 0.090 ] 0.004 | 0.042 | 0.008 | 0.016 | 0.008 | 0.008 | 0.008 | 0.102
Ve = 85V rms
108 | 550 | 0998 | 2.35 |0.0064 | 0.096 | 0.0064 | 0.048 | 0.032 | 0.032 | 0.032 | 0.032 | 0.032 | 0.129
180 | 1032 | 0994 (1632 - [(0.128] 0016 [0.096| - |0.032(0.032|0.016 |0.016 | 0.1685
240 6.90 0.997 [ 1.240 | 0.0032 | 0.016 { 0.0032 { 0.060 | 0.042 | 0.032 | 0.016 ( 0.008 { 0.016 | 0.0850
480 | 2023 |09801 [0.785 | 0.005 { 0.15 | - |o0s0] o001 Jo01 | - | - | - |o1588
1200 | 167 | 0860 |0.550 | 0.00¢ | 0.084 | 0.004 | 0.028 | 0.008 | 0.012 | 0.008 | 0.008 | 0.008 | 0.0909
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eration of HPSRCB without active control gives higher T.H.D. as compared to the
variable frequency control. The lower limit of the duty ratio D controls the maximum
allowable variation in the converter input voltage for regulated output, even though
it simplifies the design of the high frequency transformer and filter components for
fixed frequency operation. Since fixed-frequency operation of HPSRCB with or with-
out active control does not ensure ZVS over the entire load range, lossy RC snubbers
and use of fast recovery diodes (at high switching frequency) becomes mandatory.
In case of variable frequency operation, the upper bound on the input voltage varia-
tion is decided only by the device voltage ratings and switching frequency dependent
transformer core loss. With the implementation of active control scheme the T.H.D.
is further reduced. Variable frequency active control scheme is found to be superior

in terms of lower T.H.D.



Chapter 5

Conclusions

The work presented in this thesis is oriented towards the realization of high perfor-
mance ac-to-dc resonant converters. The major issues in the realization of single-
phase, high frequency transformer isolated resonant converters are addressed and ex-
plained. The summary of contribution along with major conclusions and suggestions

for further work are presented in this chapter.

5.1 Major contributions

One of the major challenges of this thesis work was to analyze and implement two
third-order resonant converter configurations namely the SPRC and HPSRCB as low
harmonic controlled rectifiers. The analysis and design of such a converter has become
more complex due fo the time varying nature of input dc link voltage (pulsating)
and load characteristics of the HF inverter. Due to this reason, the use of resonant
converters for utility line application had not drawn much attention at the time when
this thesis work began. Although the analysis and operation of SPRC as a dc-to-
dc converter were well uﬁderstood, its operating characteristics as a low harmonic

controlled rectifier were not known. The major contributions of this thesis can be
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summarized below.

(1) A complete steady state analysis and converter design optimization for a dc-to-dc
SPRC operating in DCM for one of the predominant circuit modes.

(2) Application of state-space analysis to design and operate the ac-to-dc SPRC
as a low harmonic controlled rectifier in DCM even without active control, for two
capacitance ratios.

(3) Analysis and design of the ac-to-dc SPRC operating in fixed as well as variable
frequency control in CCM.

(4) Practical implementation of closed loop active control for both the control schemes
to shape the line current waveform.

(5) Identification of the various operating modes of HF SRCB and exact analysis and
design optimization of HPSRCB, for some of the predominant circuit modes using
state space model.

(6) Discrete time domain modeling of ac-to-dc HPSRCB, to predict the line current
waveform and harmonic spectra, when no active control is used.

(7) Implementation of closed loop active control for both fixed and variable frequency
operation of HPSRCB.

(8) For all the converters proposed, detailed SPICE3 simulation results were obtained

to verify the converter performance for open loop operation.

5.2 Summary of the thesis work

The characteristics of two, third order resonant converters operating on the utility
line were studied during the course of this thesis work.

Analysis and design implementation, for DCM operation of dc-to-dc as well as
ac-to-dc SPRC were presented in Chapter 2. State space modeling and analysis of
dc-to-dc SPRC have been presented for one of the predominant circuit mode in DCM.
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As closed form solution was not possible for DCM operation; all the equations de-
rived were solved using numerical technique. Generalized design curves and converter
design optimization for just continuous current mode of operation at rated minimum
input voltage were presented. These plots are given in p.u. and are therefore general.
The effect of capacitance on the converter compcnent stresses were also studied. The
optimum capacitance ratio was found to be 4, from the point of view of lower compo-
nent stresses. Lower the capacitance ratio lower was the converter gain. SPICE3 and
experimental <results were presented to show the advantages of operating the SPRC
at high frequency in DCM. The size of the resonant component values obtained were
very small, thus reducing the weight and cost of the converter. A narrow range of
variation in frequency is required to regulate the output. Design of the transformer
is difficult if a large variation in input voltage is considered, as the frequency is to
be reduced for higher input voltage to regulate the output. However, the switching
losses are reduced considerably due to zero current turn on and off of the switch.
It is suitable for low voltage high current applications. Further, an ac-to-dc SPRC
was designed using these generalized design curves, to operate as a low harmonic
rectifier and satisfying the design constraints. The effect of resonant capacitor ratio
on the line pf and T.H.D. were studied by both simulation and experimental results.
SPICE3 simulation studies showed that forced commutation does occur near the zero
crossings of the ac voltage, but its contribution towards switching los$es is negligible.
The peak component stresses and the T.H.D. were higher with the choice of capac-
itance ratio of 3 as compared to 4. SPICE3 and Experimental results confirm that
very high pf with low T.H.D. can be obtained with proper converter design, even
without active control. Unlike the dec-to-dc converter, the ac-to-dc SPRC required
much larger frequency variation to regulate the output, and hence it is not suitable
for very wide variable input voltage.

In Chapter 3, the SPRC was designed and operated in CCM as a low harmonic
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controlled rectifier. The main contributions of this chapter are summarized below:
(1) Based on the operating constraints, design oriented ac circuit analysis method
has been presented for fixed as well as variable frequency operation.

(2) Two converter designs were obtained from the analysis to study the effect of
capacitance ratio on the utility lire current harmonics and pf.

(3) SPICES simulation results and experimental results have been presented to verify
the désign and performance for open loop operation at rated minimum and maximum
voltage.

These results confirm that the lower T.H.D. can be obtained by proper choice
of capacitance ratio and converter design. The T.H.D figures obtained for the ratio
of 0.5 were lower as compared to 1 with fixed frequency operation without active
control. However, the converter operates in leading pf mode at reduced load currents
and reduced pulse widths, thus limiting the maximum operating frequency. Fixed
frequency operation simplifies the design of the HF transformer.

In order to overcome the problem of below resonance operation, variable frequency

operation is suggested. Simulation and experimental results for variable frequency
operation show that lower T.H.D. can be obtained. Similarly the T.H.D. figurcs
are lower for capacitance ratio of 0.5. Since the SPRC operates in the DCVM, for
capacitance ratio of 1, the frequency variation required to regulate the output voltage
is large, and hence CCVM operation is preferred. Some of the drawbacks of open
loop operation has been overcome by closed loop operation.
(4) Closed loop active control has been implemented to improve the power factor and
reduce the harmonic content. Since the converter enters several modes while it is
operating on pulsating dc link, a well defined control algorithm for such an ac-to-dc
converter is not known so far.

For a comprehensive design of current and voltage feedback loops, the complexity

of modeling increases as one has to determine the loop gain and (or) phase margins to
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cover the full instantaneous input voltage range from zero to the peak value at each
input rms voltage of interest. Hence to get a working PI compensator for the voltage
and current loop, the design process went through several iterations. The gain of the
controller were chosen accordingly to match the controller and converter operating
characteristics and also to get low line current distortion for both fixed and variable
frequency operation. Experimental results show that by active current waveshaping,
the T.H.D. has been further reduced. The T.H.D. figures are lower for capacitance
ratio 0.5 as compared to that of 1, with fixed frequency active control. However with
variable frequency active control the T.H.D. figures < 8 % at full load are lower for
capacitance ratio 1.

Chapter 4 presented the state space analysis, design and operation of HPSRCB
as a low harmonic controlled rectifier. Steady state analysis for both fixed and vari-
able frequency DCVM and CCVM operation of dc-to-dc HPSRCB using state space
analysis has been presented. Normalized design curves have been presented. All the
thecretical predictions have been verified by SPICE3 simulation. Large signal discrete
time domain model has been developed to analyze the ac-to-dc HPSRCB. Line cur-
rent wavelorm and their harmonic spectra have been predicted using these models.
SPICE3 and experimental results for open loop operation have been presented for
both fixed and variable frequency operation. Results show that a capacitance ratio
of 0.5 gives lower T.H.D. as compared to ratio of 1 and hence 0.5 is preferred. It is
found that variable frequency operation gives better performance in terms of lower
T.H.D. and high pf as compared to fixed frequency operation.

With the implementation of active control scheme, the T.H.D. has been further
reduced. The line current T.H.D. of less than 5 % have been obtained at full load.
Variable frequency active control is preferred to fixed frequency control both in terms
of low T.H.D. and to maintain ZVS operation.

For the proposed converter configurations, the HF transformer leakage inductance
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was used as a part of the resonant tank inductance. Also, the peak current through
the switches decrease with the load current.

The proposed ac to dc converters will find applications in several areas where
stringent specifications are to be met and one such area will be switched mode and

telecommunications power supply.

5.3 Suggestions for future work

The operation of SPRC and HPSRCB as a low harmonic controlled rectifier, for both
open loop and closed operation were presented. Some of the topics that need to be
studied are

(1) Implementation of a closed loop active control scheme for DCM operation of ac-
to-dc SPRC to reduce the line current T.H.D. further.

(2) Application of a state space model for fixed and variable [requency controlled
ac-to-dc SPRC to predict the line current wavelorm theoretically.

(3) Development of small signal models for an ac-to-dc HPSRCB to study the con-
verter dynamics and to design optimal controller.

(4) Operation of SPRC and HPSRCB on three phase utility should be studied.

(5) Design of an alternate control scheme to extend the bandwidth of the closed loop

control scheme presented in this thesis.
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Appendix A

Definition of power factor and

total harmonic distortion for

ac-to-dc converters

For sinusoidal voltage and non-sinusoidal line current [3]

Power factor (pf)

where
5L

Ioc
cos(1)

Total harmonic

distortion (T.H.D.)

il

REAL POWER.

APPARENT POWER

}-icosgbl
1

VU +T.H.D?)

Fundamental component of current (in rms),

Total rms current,

1, for switching converters.

VU B+ 15+ 15+

......
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(A.1)
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Appendix B

(General solutions for fixed

frequency DCVM operation of
HPSRCB

The equations for normalized inverter output current, series capacitor voltage and

parallel capacitor voltage for different intervals (Fig. 4.5) are presented below.

Interval-5: d<it<tp
JjLB(t) = Ajpsin(wyt) + Bipcos(wyt) + Cig (B.1)
meg(t) = Awp(l — cos(wyt)) + Bapsin(wyt) + mey (B.2)
mess(t) = Baplwpt) + mewo (B.3)
Interval-C: O<t <tg; t=t—1p
ch(t') = Alcsin(wrt') + Blccos(w,t') + Cic (B.4)
mew(t) = Age(l — cos{w,t)) + Bacsin(w,t) + meuy (B.5)
nzcsc(t') = Asc(l - cos(w,t')) + Bscsin(wrt') + mcs (B.6)
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Interval-A:

mea(t)
mesa(t’)
Interval-D:
juo(t)
mewnl(t )

MesD (tm)

where

Il

0< f.'" < ta;

t'=t—1tg

Al,wz'n.(wpt") + B;,.lcus(wpt") + Cha

Aga(l — cos(wyt’)) + Baasin(wpt' ) + mey

BI}A (wpt”) + Mmes)

0 < th‘f < fD;

H

t =t —ty

Aypsin(wyt”) + Bipcos{wyt ) + Chp

Aap(l — cos(wptm)) + Bgusi'n.(wp'tm) + My

Byp(wpt") + mesa

(B.10)
(B.11)
(B.12)

mcso, Mes1, Mesz and mesg are the normalized series capacitor voltages, e,

met, Mo and meg are the normalized parallel capacitor voltages, jro. Jr1, Jro

and jrz are the normalized inductor currents at the beginning of interval-13, ¢, A

and D respectively.
A]B = (Epu - mcto)a
Arc =k (Epy — men),

Ara = (B — men),

Bip
Bap
ChB

=jL3 - Ja

=-J&
= JG',’

=—J,

Azg = Aig,
Asc = ky Asrc,
Bic = jn1,
Byp = B,
Bsyc = Bag,

BIB =jLU +Js

Aga = Ay,

BIA = jL?. - 'ls
Bac = ks Bie,

B(S.‘l = Jg:a
Cip=J.

Ap

—Imneng,

AlDa
Hlfh
IBll)a

L413
v]C’,



Appendix C

General solutions for fixed
frequency CCVM and leading
power factor (below resonance)

operation of HPSRCB

The equations for normalized inverter output current, series capacitor voltage and

parallel capacitor voltage for different intervals (Fig. 4.6) are presented below.

Interval- A 0<t <ty
Jjra(t) = Apasin(wyt) + Byacos(wyt) + Cia (C.1)
moia(t) = A24(1 — cos(wpt)) + Brasin(wyt) + mero (C.2)
mesa(t) = Baalwpt) + meso (C.3)
Interval-A4 D: 0<t < tap; ' =t— t4
jrap(t’) = Aiapsin{wpt’) + Biapcos(wyt ) + Ciap (C.4)
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mewp(t') = Azap(l — cos(wyt")) + Boapsin(w,t' ) + mey (C.5)
meaan(t’) = Bsap(wpt )+ mey (C.6)
Interval- B D: 0<t < tep; t =1t— tap
jep(t’) = Aippsin(w,t” )+ Bippeos(wpt' )+ Ciap (C.7)
mesp(t’ ) = Assp(l — cos(wyt”)) + Bagpsin(wpt) +mee  (C.8)
mesgp(t ) = Bapplwpt )+ mes (C.9)

where
Mmcso, Mest and meg; are the normalized series capacitor voltages, meow, e and
Tacez are the normalized parallel capacitor voltages, jro, jL1 and jiq are the normal-

ized inductor currents at the beginning of interval-A, AD and BD respectively.

Ajg = (Epu - mCtO): Ajap = —mMciu, Aipp = —Mem, A= A4,
Asap = Aiap, Asgp = Aipp,  Bia=jro—J, Bup =ju~J,
Bigp = jr2+ J, Bop = Ba, Boap = Brap,  Bapp = Bigp,
B3y = -gf, Baap=.J %j, Bapp = —«f%, Cia = J,





