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ABSTRACT

SMR TOPOLOGIES WITH ADVANCED
WAVESHAPING FEATURES

Atiurl Rama Prasad, Ph.D.
Concordia University, 1989

In switch mode ac-to-dc power conversion, a hlgh quallty Input ac
current and output dc voltage are of primary lmportance. However switch-
mode-rectifier (SMR) converters are often deslgned to produce clean, well
regulated outputs w™lle problems with the input slde are elther ignored or
inadequate compensation 1s provided through the use of typlca! L-C fllters.
The present proliferation of switching converters and other non-linear loads Is
changing this approach and forcing designers to conslder converters as genera-
tors of both input ac current and output dc voltage waveforms. These ac-to-
dc converters are expected to be rugged, cheap, compact, rellable non-
Interfering with other loads in the vicinity of the converter and lisolated for
safety and .ad matching. While these requirements can be met by exlsting
structures ¢t low power levels (less than 1 {one) kW), for medium power levels
(3 KWW to 20 kW) the above requlrements cannot be satlsfled because of the

bulky L and C components which comprise the varlous converter filters.

In this thesls, passive and active Input-current waveshaping methods
sultable for single-phase and three-phase fed ac-to-de SMR converters are pro-
posed, analyzed and experimentally verified. All these methods dlscussed
malntaln high quallty Input current and output voltage waveform: whlle pro-

viding the necessary ohmlc lsolatlon. Finally the assoclated Improved output
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voltage control methods needed to compensate for input voltage and load

varlatlons are also discussed.

The different modes of operation of the single-phase and three-phase ac-
to-dec SMR converters are analyzed In detall and the deslgn expresslons are
derived. A systematic and comprehensive analysls and design approach Is
established. Thils approach Is subsequently used to design and mplement of
the proposed methods.

Finally, In order to establish the feasibllity of the proposed passive and
active Input current waveshaping methods and the assoclated output voltage
control methods, analytical computer based results are verifled experimen-

tally.
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CHAPTER 1

Introduction

1.1 General Introduction

Today, a large number of power conversion equipment produced for
telecommunlcation, milltary, and space applicatlons are of elther thyristor
controlled or ferro-resonant design. In both cases the frequency of conversion
Is 60 Hz. Thls results In unlts that are relatively heavy, large, and nolsy.
The sllicon controlled rectifler (SCR) may not be on Its way out, but it Is cer-
talnly belng chalienged by a number of new semiconductor devices. Among
the new devices are the hlgh-power bipolar-junction transistor (HPBT), the
power MOS fleld-effect transistor (NOSFET), the gate turnofl (GTO) thyrls-
tor, and the insulated-gate blpolar transistor (IGBT). More efliclent, easler to
control, and swltching faster than the SCR, they are replacing that old
standby power supply In a varlety of applicatlons. As the new devices
become avallable In more lmpresslve voltage and current ratlngs, they are
bringing about a qulet revolution for the electrical Industry. Deslgners have
embraced thelr broad usefulness for such dlverse tasks as swltching and unin-
terruptible power supplles, electronic ballasts for fluorescent lighting, induc-
tion heating and welding, automotlve power systems, appllances, drlves equip-
ment ranging from robots to rallroad locomotives, and adjustable speed drlves
for brushless dc¢ motors and Inductlon motors.

All these new devlces functlon as controlled switches, processing power 1n

conditloning clrcults to match the source with the requirements of the load:

de to dc or ac, ac to ac or de. The high switching frequency means more
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circults can be accommodated Into a given space, making power-conditioning
systems more compact, since slze of inductors, transformers and capacitors
needed for flltering and energy storage in such systems shrinks as frequency
Increases. The hlgh switching frequency also brings faster system response

than can be achleved with SCRs.

The main design objectlve In any high frequency ac-to-dc switch-mode-
rectifier (SMR) converter Is the minimization of the converter's slze and
welght while maintalning acceptable component stresses and providing lisola-
tlon for safety and load matching. Furthermore, control of the output voltage
Is essentlal In most power supply systems elther to compensate for Input
source voltage variatlons and Internal regulation or because the load demands
adjustable voltage or both. Consequently, SMR converters consist of two
maln power conversion stages as shown In Fig. 1.1. The first stage 1s an ac-
to-dc rectifler fed from a single-phase or a three-phase ac sourcc. The second
stage I1s a dc-to-dc converter with a high frequency transformer. An increase
In the switching frequency !s used for slze reduction because the volume of the
converter depends malnly on the slze of the magnetlc components and assocl-
ated fliter capacitors. To Increase the switchlng frequency, the switching
losses Of the power switching device should be minimized to prevent overheat-
Ing. There are two methods to Increase the switching frequency. One is to
make use of high speed switching devices and are called Switeh mode rectifler
(SMR) converters. These SMR converters directly rectify the 60-Hz utlllty
voltage, invert at high frequency, transformer couple, and rectify the load vol-
tage. The advantages of these systems are small size, llght welght and high
efMclency. These circults generally operate at fixed frequeney and control the
load voltage by multl pulse pulse-width-modulation (PWN\1) of the inverter

switching devices. The switching device current and voltage can be
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approximated by rectangular pulses. The main disadvantage of the SMR con-
verter Is the nature of the pulsed current belng drawn from the Input ac
source. This puised Input current creates number of problems for the power

distributlon network. These problems are explalned later in thls chapter.

A second form of high frequency Inverter Incorporates reactive elements
(capacitors and reactors) In conjunction with the switching devices to form a
resonant Inverter. 'These circults control the output voltage by varylng the
operating frequency of the power semiconductor switches., The advantages of
these clrcults are low semlconductor switching losses and slnusoldal
waveforms. However, resonant converters exhlbit increased component count,
Increased switching stresses (peak current, rms current), and require wide
operating frequency varlations in order to malntaln constani output voltage

under large variations of ac 1nput voltage and load.

In a conventional ac-to-dc¢ SMR converter front end single-phase or
three-phase line commutated rectiflers or dlode rectiflers are used. These
rectiflers are attractive because of thelr Inherent ruggedness and silmplicity.
They require few power clrcult elements and control slgnals are easily gen-
erated by slmple clrcultry (or, as In case of dlode rectifler, none are required).
However, these clrcults Impose certaln disadvantages upon the power system
design. The output voltage of the rectifler Is not pure de but contalns a sub-
stantial ripple component. The magnitude of this ripple becomes worse »s the
rectifler delay angle Is Increased and a de fliter must generally be Included to
reduce the eflect of this ripple on the other blocks In Fig. 1.1 (Le. hgh fre-
quency Inverter and transformer). This fliter now creates additional problems
at the ac Input to the rectifler. The Input current waveforin, due to combined

effects from the filter and from phase-control action, heeomes quite non-
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slnusoldal. Depending upon the particular dc fliter configuration, the har-
monlc content of the Input current may vary as the phase delay 1Is Increased.
Furthermore, as the phase delay angle Is Increased the fundamental com-
ponent of the Input current becomes increasingly phase shifted with respect .o

the slnusoldal Input voltage.

The nonldeal character of the Input current drawn by standard rectifler
clrcults creates a number of problems for the power distributlon network and
for other electrical systems In the viclnity of the rectifler. Phase displacement
of the current and voltage fundamentals requlres that the source and distribu-
tlon equipment (l.e., generators and transmission llnes) handle reactlve power
thus Increasing thelr volt-ampere rating. Simllarly, the harmonlc currents
whlch the power system Is required to provide cause an Increase in heating
and sometimes In peak current levels In the power distributlon system. In
addition, the lImpedance of the distribution network will cause these harmon-
Ics to distort the supply voltage, causing Increased losses and Interference on
the other loads elsewhere on the power llnes (such as computers, appllances,
Industrial motors, power line carrier communlcation systems, and relaylng
equipment).

These eflects are undesirable In any power system and as the use of off-
line power condltionlng equipment becomes more widespread and densely
packed, thelr effect could well be Intolerable. It s clear that some form of
correctlon must be used to restraln these problems. In the past, system
deslgners have employed a number of methods to compensate for the poor
quallty waveforms drawn by the rectifler equipment. These methods Include
harmonlc and reactlve compensation by passlive elements, multiphase

rectiflcation, and active compensation using shunt power converters with a
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reactive load. All these methods requlre extra power handling equipment In
additlon to the basic rectifler (elther 60-Hz capacitors and/or magnetlics, or a
separate power converter). These extra components add size, welght, and cost
to the ac-to-dc converslon system and often have a severe effect on the overall

system eflficlency, since the rms input current s high.

In a conventional ac-to-dc high frequency link (HFL) converter the
second stage consists of an Inverter, a high frequency transformer, a high fre-
quency rectlfler, an output fliter and a load. The Inverter block shown in Fig.
1.1 generally operates at fixed frequency and controls the output voltage by
multl pulse PWM of the Inverter switching devices. Consequently the
inverter Input current harmonlcs are pushed to higher frequencles. If the dc
fliter does not contaln any Inductance, the Inverter input current harmonics
can degrade further the Input current drawn from the ac Input voltage.
Therefore some Inductance Is necessary In the dc fliter to Improve the Input
current waveshape. If thls dc filter Inductor value 1s too high then 1t wlill
have a negatlve Impact on the assoclated Inverter control strategy. If the
Inverter Input dc voltage contalns any unwanted harmonics, these harmonlcs
will propagate Into the hlgh frequency link through the Inverter and degrades
the performance of the high frequency transformer. Operating the Inverter at
higher frequencles essentlally reduces the slze and cost of the lisolatlon

transformer conslderably.

This thesls addresses the deslgn of a class of ac-to-dc HFIL converters
which In addition to generating high quallty output dc voltage they draw high
quallity current wave forms from the ac power source. In contrast to conven-
tlonal HFL converters by utllizing active means the proposed deslgn draws a

nearly slnusoldal line current which s In-phase with the Input lne voltage

T VA -



thus operating under unity Input power factor conditlons. It therefore avolds
harmonic Interference with other loads which are connected to the same ac
power source. Furthermore, reactive currents are kept out of the power sys-
tem, so that the most efliclent use Is made of the generation and transmission
equipment. This class of converters are Intended for use in critical applica-

tions, such as telecommunlcations, substations, and hospitals.

1.2 Revlew of Previous Work

In this sectlon, previous work related to the single-phase and three-phase ac-

to-dc HFL converters Is revlewed.

1.2.1 Single-Phase Rectiflers

Previous work on single-phase rectiflers can be classified based on the
rectifier Input current waveshaping method used as a passive and actlve
methods. One of the passlive methods frequently used Is the diode rectifler
with LC fiiter [1,3]. The maximum input power factor of thls method lIs
0.763. Other passlve methods reported In the llterature are (1) resonant Input
filter and (11) ferro resonant transformer [3]. Both of these methods have the
advantage of nearly unity Input power factor and also the dlsadvantage of the

high cost of the serles capacitor and ferro resonant transformer.

On the other hand, actlve Input current waveshaping methods reduce the
size of the rectifler and malntaln nearly unity Input power factor (3, 12-15,48].
WIith these methods the dc fliter Inductor current emulates the ac source vol-

tage and Is referred to as a resistor emulator. The dlsadvantages of thls




method are that the switching frequency of the rectifier iIs load dependent and

also that It requires a means of sensing and processing the Input ac voltage.

Ohnishl and Okiltsu [19] Investigated the power factor Improvement by
means of blas voltage control. In thls case the rectifier input voltage Is
obtalned by subtracting the blas voltage from the source voltage. A
transformer has been used to give the blas voltage by the output voltage
across the load. The cost of the additional transformer and dlode bridge

makes thls scheme not very attr-active.

Stlhl and Ool [15] Investigated the lmprovement of Ilnput current
waveform by hysteresls control. In this method all the dlodes are replaced
with translstors and feed back dlodes. If regeneration Is not an issue then the
rectifler with a dlode brldge and a single active switch for chopping Is likely to
be cheaper. It also has the disadvantages mentioned above for act!ve

methods.

Filnally Manlas et al. [10], Investigated the Improvement of the input
power factor using a synchronous front end reactor. Thls method ylelds
nearly unlty Input power factor using PWM control methods and forces the
unwanted harmonle component to higher frequencles, However, 1t has the
disadvantage of complementary switch antl-parallel dlode conduction before
the transistor turns on and requlres the use of at least four additlonal

switches.

1.2.2 Three-Phase Rectiflers

Forced commutated rectiflers are chosen In order to ellminate the draw-

backs of the traditlonal! line commutated rectifler. Hence, the application of
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PWM control methods to rectifiers Is of great Interest. However, mainly
because of the ruggedness of the llne commutated rectifier, PWM rectiflers

have attracted little attentlon In comparison to PWM Inverters.

Zlogas et al. [22], Investigated the performance of the PWM rectifler.
The Input and output fliter component sizes are reduced by forcing the
unwanted harmonlcs to higher frequencies. However it has the dlsadvantage
of requlring both Input and output fliter components, which increases the

component count.

Malesan! and Tentl [23] Investigated the PWM converter analysis to
obtain the slnusoldal ac llne currents with minimum fliter requirements. In
thls method llne currents are forced to emulate the Input ac source voltage
waveform. However the switching frequency of the converter is load depen-

dent.

Oo! et al. [24], Investigated the controlled-current PWM converter to
obtain the leading power factor. In thls method the ac llne currents are
forced to be withln the narrow band of the reference waveform. However this
method also has the disadvantage that the switching frequency iIs load depen-

dent.

The actlve input power factor Improvement method for three-phase
rectiflers has been reported In several references [4, 12-14]. In all these refer-
ences three single-phase rectiflers with actlve power factor correctlon method
are used with sultable Input and output connections. This type of Input
power factor correctlon methods exhibits Increased component count, and

requires complicated Input synchronlzation logle.

IR L e o
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1.2.3 DC-DC Converters

For low output power levels the conventlonal buck, boost, and buck-
boost clrcults are more economical [18,28]. As the output power level
increases, the pulsating elther input and/or output current of the buck, boost

and buck-boost converters requires large elther Input and/or output filters.

Stelgerwald [11] investigated the performance of high frequency resonant
dc-dc converters. However output voltage 1s controlled by varying the switch-
ing frequency of the Inverter. Thls type of output voltage control Is not
eflicient In applicatlons such as these ones consldered in thils thesis where

Input ac¢ voltage and load are expected to vary widely.

Jefl Shortt et al. [18], Investigated the use of a multi-stage phase-shifted-
parallel dc-to-dc converter for reducing the slze of the fliter components.
However thils scheme increases slgnlficantly the component count and there-

fore Is not of much practlcal Interest.

Al Haddad et al. [43], Investigated the resonant dc-dc converter using
dual thyristors. In this converter high efficlency of operation Is obtalned due
to the use of lossless snubbers. However thls converslon scheme has the disad-

vantage of requiring wide frequency varlation for output voltage regulation.

Manlas et al. [8], proposed the bllateral dc-dc converter using single-
phase high frequency llnk. In this converslon scheme the Inverter 1s operated
at high frequency using multl pulse PWM control methods. At low output
power levels the proposed converter ylelds the desired results, However, as
the output power level goes up the mult! pulse PWM control method becomes

less efficlent.

AR A




AT TR AT HTLRNT T N SRO

-11-

The three-phase dc-dc converter was realized by several authors (12,13]
using three single-phase de-de converters. This method not only Increases the

component count but 1t also Increases the slze of the overall unit.

There has been some previous work reported on the application of de-de
converters for Interfacing a dec source to a utllity grid [6,8,47]. In partlcular
Steigerwald et al. (8], Investlgated the appllcation of high frequency links for
Interfaclng a dc source to a utllity grid. Moreover, Ra)agopalan et al. [47],
Investigated the applicatlon of dual serles resonant converter for utllity inter-
face. Also Savary et al. [8], Investigated the application of dc-dc converters In
photovoltalc array power conditioners. Finally Bhat and Dewan [27] Investi-
gated the application of de-to-dc converter In utllity Interfaced high-frequency

link photovoltalc power conditioning system.

1.3 Scope of the Thesls

The previously reviewed ac-to-de HFL converter topologles ean be classified
Into rectifler and high frequency inverter sectlons. The Input current
waveform distortion because of the assoclated Inverter stage operation can be
ellminated by proper design of the rectifier output fllter Inductor and capacl-
tor values. Regarding the front end rectifier stage the disadvantages of exist-

Ing topologles could be summarlzed as follows:

(1) Low efliclency because of large rms value of Input current.

(1) Low Input power factor and contain low order harmonlcs of consld-

erable amplitude.

(111) Input ac mains voltage distortlon because of the assoclated higher

peak currents.
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(1v) Interference with other loads.
(v) Converters are bulky and heavy.

(v1) Switching frequency Is load dependent 1n active power factor correc-

tion method.

(v11) requires means of sensing and processing the Input ac voitage for

high Input power factor.

However, the power semizonductor Industry has been maklng avallable
more efliclent, easler to control and faster switching devices. The objective Is
to use these new devices to deslgn cheaper, more compact, and more efliclent
HFL converters which require only few and small passive components. How-
ever, because of the aforementloned disadvantages existing ac-to-d¢ HFL con-

verter topologles cannot be used to achleve these ob)ectives.

The maln objectlve In this thesis Is to provide practical and viable solu-
tlons to the above mentioned problems Including the deslgn of more efficlent
and rellable ac-to-dc HFL converters capable of malntalning high quallty

input current and output voltage waveforms.

Moreover, the contributions of thls thesls Include the analysls and design
of single-phase and three-phase fed ac-to-dc HFL converters which malntaln
high quallty Input ac current and output dc voltage waveforms while provid-
ing the necessary Isolatlon for medlum power levels. Different modes of opera-
tlon of these converters are dlscussed In detall and design expresslons are
derlved. Finally thils thesls also presents for the first time the advantages of
introducing three-phase Inverters and three-phase transformers in HFL con-

verters to achleve light welght and compact power supplles,

The contents of this thesls have been organized 1n five chapters as follows,

L
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In Chapter 2, single-phase fed HFL converters with passlve Input current
waveshaping methods have been Investigated extenslvely. Relevant lnput
current and output current waveforms, component ratings, and power factor
values have been derlved. Different modes of operation are discussed as a
means of obtaining high performance. It has been shown that application of
the proposed passive input filter topology reduces the size of the reactive com-
ponents considerably. Flnally, predicted results have been verlfied experimen-

tally on laboratory prototype ualts.

In Chapter 3, single-phase and three-phase fed HFL converter active
Input current waveshaping methods have been Investigated. It has been
shown that application of PWM control method to three-phase dlode rectlflers
can reduce the slize of the SMR converter conslderably. Relevant Input
current and output current waveforms, component ratings, and power factor
values have been derlved. These methods are next used to control the output
voltage of the HFL converters. The different modes of operatlon of three-
phase fed boost active fliter topology are analyzed In detall. It has been
shown that three-phase and single-phase boost actlve fliter topologles can
improve the performance of the converter substantlally. Also the proposed
synchronous active fllter topology contrnls the output voltage from zero to
rated load while malntaining the high Input power factor. A laboratory pro-

totype has been bullt and tested to verify the analytically predicted results.

In Chapter 4, single-phase and three-phase HFL characteristics have been
Investigated extenslvely. The commutation of slngle-phase and three-phase
Inverters are discussed In detall. The methods of output voltage control In
conjunctlon with the single-phase and three-phase passlve and active filter

topologles discussed In Chapters 2 and 3 have been presented. The different
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modes of operation of three-phase inverter clrcults are analyzed In detall. It
has been shown that three-phase inverters and three-phase transformers can
Improve the performance of the converter considerably. It has been shown
that converter slze can be reduced substantially by ellminating the dc link
reactlve components. Flnally, predicted analytical results have been verifled
experlmentally.

Chapter 5 revlews the entire work presented In thls thesls and presents

relevant concluslons. It also focuses on future research In the area of SMR

converters.
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CHAPTER 2

Passive Input Current Waveshaping Section

2.1 Introduction

Tradltlonally, converslon of ac line voltages (from utllities or generators)
to dc voltages has been done by uslng a dlode rectifler and a large dc capaci-
tor connected to the rectlfler output as shown in Flg. 2.1. Such a converslon
approach has the disadvantage of generating pulsed ac line currents drawn
from the ac distribution network. As dilscussed in Chapter 1 the non-ldeal
character of these Input currents creates a number of problems for the power
distributlon network and for other electrical systems In the vicinity of the
rectifler., Shaplng of the Input current waveforms can be also obtalned by
using passlve reactlve components while the output voltage s controlled by a
post regulator (dc-to-dc converter). The resultlng advantages include more
rellabllity and high Input power factor. The object of thls chapter is to pro-
pose and analyze a novel passlve wavesnaping method for single-phase fed ac-
to-dec front-end reciifier which yleld high quallty lnput current waveforms,
ellminates all the disadvantages discussed In Chapter 1 and exhlblits high
Input power factor values. The passive Input current (J;) shaping methods
generally need more stored energy and hence larger reactlve components than

actlve methods.
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2.1.1 Passlve Waveshaping Methods

Power supply systems for low to medium power applications use a front-
end slngle-phase dlode rectifier which feeds the respectlve de bus capacltors
through a very low Inductance path (Fig. 2.1). This approach has many

dlsadvantages, lncludlng:

(1) hlgh lnput current harmonle components:

(11) Jow rectiflier efliclency because of large rms values of the Input
current;

(111) Input ac malns voltage dlstortlon beczuse of the assoelated higher
peal currenis;

(1v) maximum Input power fartcr of approximately 0.50 while a larger

In the past system designers have used three pesslve waveshzping

methods 15 Improve the lnput power factor of a conventional ac-to-de SNR

(1) loput passive flier method:

{11) resonant passive lnput filter method:

(11!; ferro resorant transformer method.
All these methods have the advantage of belng easy to understand, easy 1o
Implement and service, and 1ypleally more reliable then active power facior
correction methods., A slinple way to lmrrove the lpput current waveform of

a convenuional dinde bridge rectifler (Fig. 2.1) 1 12 place an induetor In series

“e PR R s
easy 1o understand and relativels

n

with Its output (Flg. 2.2.. Thls metlnd )

cheap. The analysls and the destgn of the dlode brilge rect!fer with an LC
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filter (Fig. 2.2) have already been discussed In literature [1,3]. This topology
Is clearly superlor to the conventional diode bridge rectifier (Fig. 2.1). For low
values of fllter inductance (L,) the dlode bridge rectifier system operates in
the discontinuous Input current (/;) mode and the Input current (I, ) goes to
zero before wt = 7. For sufficlently low values of L,, the Input current
becomes a narrow spike nearly centered In the voltage half-silne wave as
shown In Fig. 2.3. The Fourler analysls of such an Input current (/)
waveform clearly shows the presence of a Lhird harmonle component of con-
slderable amplitude which Is the maln cause for low Input power factor. Con-
sequently, some form of flitering 1s necessary to remove the third harmonlc
component from the Input current (/) 2nd to Improve the Input power factor.
In other words a larger flliter Inductor 1s required to Improve the Input power
factor. However, a larger fliter Inductor (L, ) has a negatlve impact on the
assoclated post regulator control strategy because of Increased de source vnl-
tage regulation. Improving the input power factor by conneetlng a capacitnr

(C, ) at the Input termlnals has some disadvantages including:

(1) low efliclency because of large rms valuss of the rectifler Input
current;

(1) Input ac malns voltage distortlon because of the assnelated rertifler
high peak currents.

The second disadvantage s particularly lmportant for office or resldentlal

applications. A serles resonant fliter (Flg. 2.4) 1s an alternate way o passively

shape the Input current (/). When the quallty fartnr and characteristie

impedance of the serles resonant circult are both high enrsigh, only currents

at the '‘notch’ frequency can get through to the lne and the power factor will

be near unity. The malor disadvantages of the resonan® Input fiiter are the
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large size of the reactlve elements and the large rms currents In the capacitors
C, and C,. The resonant Input filter Is simllar In some ways to the ferro
resonant transformer. Llke the resonant Input fllter the ferro resonant
transformer 1s heavy and s conslidered malnly for s ruggedness, The pro-
posed passive power factor correctlon method (Fig. 2.5) ellndnates nll the
above disadvantages and lmproves the Input power factor while reducing the
size of the passive reactive components, However the proposed passive input
current waveshaping method (I'lg. 2.5) also has the dlsadvantage of nereased

complexity of the operatlon.

2.2 Typical Front-end Passive Filter Topology

The prinelples of operation of the Qlode rectMier with gt paectve fltee
method (standard diode bridge rectifler Fig Q20 are precentod i severnl refon
ences [1-3,. Baced upon the tnstant at whleh the ctemdy s tute rectier ot
current (]0 ) Boes 1o zero, the reetifler syveton chewn o Pl @08 ha three g

sible maodes of aperatlos,
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the relevani expresslons are presented here. The angle, a; at which the

’

dlodes start conduction 1s given by sin™! — . The input current ], 1n

V2E

discontinuous mode-1 during the perlod a; <w! <f; 1s glven by

V2E
wl,

I (wt) = [cos(aL ) - cos(wt) - m(wt - ap )] (2.1)

where ﬂL I1s the angle at whlch the input current l, becomes zero and
‘/
m = ——E The performance of the dlode bridge rectifler Is discussed In the

next section.

2.2.1 Front-end Rectifier

0 e

The analysle of a single-phase fed converter systeny shewn in by 22 v
based upon the following assamptlons.
(1)  The flter capacitance (C ) 3s nssutned to be sufficlently Inrge st
the output voltage (V) pts ripple froe constant oo veltuge
(1) The ac souree foo 1 eondderod Lden)
(M) T he dosees I dndugetor (L 0, eapactt o 00 5anc b the briipe reotifies
are neglecte d,
(1v) The oot tsomneedeied aeoa vartabde pesds nroe stnoe the e Moo o0y tgy,
froquenesy I to b negtet e o peer e Lttt
Nareover, the patedpne e Iy n® v ltage 1 D ansbeate Drentflor ooyt s

(P, ) are are et s b
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In Flig. 2.2 the dlode rectifier can operate either In the continuous or discon-
tlnuous conductlon mode. However a large filter Inductor (L;) Is requilred In
continuous conduction mode to yleld a high input power factor. The input

power factor of the dlode rectifier Is calculated from the following expression.

L

i,
vz
Power Factor = = cos(¢,) (2.2)

5%

Using Eqn. (2.2) the variation of the Input power factor 1n discontinuous

modes-I and II with load voltage (V) Is shown In Fig. 2.8. Evidently, the
maximum input power factor in the discontinuous mode-l Is 0.763. The out-

put power (P, ) of the bridge rectifler Is glven by
P, =V, 4, , (2.3)

where [, , 1s the average rectifler output current. Using Eqn. (2.3), the varla-
tlon of the output power (P, ) Is shown (Flg. 2.7) as a function of voltage V,
for different values of L;. From Figs. 2.8 and 2.7 the value of L, at max-

Imum Input power factor to dellver 1.0 pu P, is found to be 0.1 pu.

2.2.2 Rectlfler Output Fliter

At maximum Input power factor the value of the Inductor (L,) to deliver
1.0 pu output. power Is 0.1 pu. The amplltude of the second order voltage

harmonlc component across the rectifier output fliter capacitor (C,) s given

by
I,

-

(2.4)
2.4.'('0

L2~
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Moreover the allowable Inverter input voltage ripple can be defined by

100 *VL 2(rms)
VL ,0

Ripple % =

Substituting the above equation in Eqn. (2.4) the value of this capacltor Is

c 100+I, ,
° T VeV, , ¥2*w*(Ripple %)

(2.5)

2.2.3 Component Ratings

From the aforementioned assumptions and derlved analytlcal expressions the
voltage and current rating values of the varlous system components at max-
Imum Input power factor (V;, = 1.1pu ) when L; has a value of 0.1 are as fol-
lows. The average current (I; ;) through the rectifler dlode under this condi-
tion Is glven by

b
Ij o= 2_171:-'.1" (wt )dwt = 0.4581 pu (2.8)
[+ ]

Tae rms current (I; .., ) through the dlode Is given by

I _ Is' TS
d.,rms \/5
1 yms = (2.7)
The peak current (I ,.q¢ ) through the dlode Is glven by
pu (2.8)

where the peak forward voltage of the dlode Is 1.414 pu and
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the reverse blocking voltage of the dlode 1s 1.414 pu

The rms value of the current through L, 1s 1.345 pu and the peak value of
the current through L; 1s 1.001 pu. Moreover because of the discontinuous
current mode of operation of the rectifler the fliter Inductor can be placed on
the Input ac slde as shown In Flg. 2.2 (dotted llnes). Therefore the volt-
ampere (VA) ratings of the reactlve components are defined as follows: The ac

Inductor rating Is

51 In .
LVA = 3 mX, (2.49)
l) .
n=1 -

The capacltor rating s

V]
3] l .\(
VA = v |22 : (2.10)
nul 2 n
and the total VA (TVA) 1
VA = VA +« VA (211

The VA ratlng of the filter Wnductor (L) and the vidue of the outgot
fllter capacitor (asscuming H-pereent rlppley are ealealated usdng Lans (2.4
and (2.5). The variation of total VA CTVA Y of the peactive conpeone gt witl,

output power lo <hown In g, 28 for difforont vatuyer of ] Frog, Blg 20w

the mintmumm value GFTVA to deter 1O o ety ut poswer (7 01 s 1y

2.2.4 Destpn oo
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Vin = 208 rms = 1 pu Volts.
P, = 5,000W = 1 pu Watts.

Output voltage (V) ripple = 5%%

From these values

5,000
1 pu Current = = 24.04 Amps.
208
1 pu lmpedance = -—2—0-8—- == 8.00 Ohms
24.04
05
1 pu Inductance == -§—’ -- 23 mll
377
1 pu Capacltance = ! = 300.65 uF
8.65+ 377

1 pu Angular frequency = 2af = 377 rad./s
From Flgs. 2.6 and 2.7 the value of the Inductor, L, to deliver 1.0 pu
output power 1s 0.1 pu which s equal to 2.3 mH, Using the pa values shown

In sectlon 2.2.3 the voltage and current ratings of the rectiffer dlode and fiiter

capacitor (', arc as follows:

Rectifier Diode

Average current, Iy, 104581 ¢ 24.04 = 11.01 A,
RMS current, I, ., 0 045 ¢ 2404 = 22,24 Amp~.
Peak current, I, peab ¢ 1HOL 0 24.04 - 457 Ampe.

—

Peal forward voltage @ Qe 208 20110 Ve

DO FUter luductor L,

Value of the lnduetar 01 o 23 =0 2.3 . H
RNIS rprpent 0 1 3400 ¢ 28 O ICASNCIIN & SIS O

PPoab cnurrenr ] S o 24 Oy £, T A

s

& ArrEeY o
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DC Filter Capaclwor C,

Peak voltage : 1.12 x 208 = 232.96 Volts.
120 Hz ripple current, I, 2 ¢ 1.317 % 24.04 = 31.6 Amps.

Value : 8.31 % 306.85 = 2540.48 uF

2.2.5 Experimental Results

To verlfy the predicted results a 600 watt experimental SMR has been Imple-
mented with the following clrcult parameters:

AC tnput rms voltage (E;(yns)) = 100 Volts.

Angular frequency of the ac source = 377 rad./sec.

Filter Inductor (L, ) = 8 mH.
Experimental waveforms of the typlcal front-end passive fliter topology are
shown In Fig. 2.8. The Input power factor Is as follows:

AC Input rms current (I;(;pms)) = 8.0 Amps.

Load dc voltage (V) = 100 Volts.

Load dc current (I, ) = 6 Amps.

Usling the above Informatlon the Input power factor Is given by

*
Power Factor = _100%6 = 0.75 (2.12)
100+ 8.0

which 1s In good agreement with the slmulated results shown In Flg. 2.6.
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(b)

Time : 2 ms/div.
Amp. : 50 V/div,

Flg. 2.9: Typleal front-end passive filter topology experimental Wit eforn,
(a) Input ac source voltage, Y\nput curre (1, ) and s spectrun,
(b) DC bus voltage (V)
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2.2.6 Conclusions

Thils section has presented the analysls of the front-end Input passlive
fiiter topology In dlscontlnuous mode of operatlon. Performance evaluation
and related design data were provided for implementation and comparison of
the Input passive fliter topology. Finally, key predicted results were verified

experimentally.

2.3 Proposed Front-end Passive Filter Topology

For low values of line Inductance L,- the Input current of a standard
diode rectifier has a third harmonlc component (Fig. 2.3) of conslderable
amplitude which s the maln cause for low input power factor. Consequently
the proposed passlve Input fllter topology (shown In Fig. 2.5) conslsts of an
input L-C parallel resonant tank whose Inductor and capaclitor values are
selected so that the Input fllter presents an Infinite (theoretically) impedance
to the third harmonlc lnput current component. The resulting advantages

over the exlisting passive filter topologles Include:
(1) lower value of input peak current and hence no input voltage distor-
tion;
(1) high Input power factor;
(1) high efficlency because of the low rms values of the Input current;

(1v) reduced reactive component slzes.

Al R L\ S

Xeg T VA
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2.3.1 [nput Fliter

The n'* harmonte component of the equivalent Impedance of the Input

parallel resonant filter Is given by

X¢

nY; #—

n

Z, = v
R -2,
mX, - g —

where

(2.13)

Xy, Is the Impedance of the Input resonant Inductor (L, ) at fundamental

frequency.

X¢, s the impedance of the Input resonant capacltor (€', ) at fundamen-

tal frequency.

From Eqn. (2.13) the third harmonle lmpedance of the Input resonant filter

becomes Infinity (theoretically) when

X,
o ('

3 = ——
L. 3

or
1
L, = ——
Q.=

1 4

where « s the angular frequepey of the Inpout ac <seyree (f
Instant at whlich the <tendy <tate reetiflor ouryat surrent (] 4 g

rectifler systen <hown i F g, 2.0 hise three poretb e e

(1) IDVeeontipuome quesde 1o Phe Vrbilpe rertifler o g

tinuous o e P the cteeg v ot o
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tinuous mode II If the steady state output current (I, ) Is discontinu-

ous and goes to zero at T<wt <7 + «.

(1) Contlnuous mode JII : The bridge rectifier operates In the contlnuous

mode If the steady state output current ([, ) never falls to zero.

In Flg. 2.5 the angle () at which the dlodes start conductlon depends upon
the voltage, VL , and the resonant capacltor voltage, V,. The steady state
capacltor voltage V, can be obtalned by consldering the initial voltage, V,,
across the resonatlng capacltor Is zero volts and the Initlal current, I,.
through the Inductor Is zero amperes. During the first positlve half cycle of

the input voltage (E;) wave the angle (a) at which the conductlon starts Is

|%
glven by sin™)( \/ELE)' Where E Is the rms value of the Input ac voltage (E; ).

The conduction perlod (7) of the rectifler system depends upon the value of
the load voltage (V). Assuming that the input current (I;) goes to zero at
an angle # and 7<f<(m + «), then the conduction perlod Is v = 3 - a.
During the perlod from a to £ the current (J;) through the inductor and the

current (/,) through the capacitor are given by

V2E
wL,

I(wt) = [cos(a) - cos(wt) - m(wt - a)] (2.15)
Vi

where m =
V2E

and
I (wt)= V2E wC, *cos(wt) (2.18)

The voltage across the capacltor (C, ) at the end of the conduction perlod J1s
glven by

B
V,(8) = == [ 1 ()t

f a
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= V2E [sln(ﬁ) - sln(o)] (2.17)

At an angle £ the Input current J, goes to zero and the conducting dlodes
during the positive half cycle of the bridge rectifier system are turned off.
During the negative half cyvcle of the Input voltage I:‘l . the angle (o) nt which

the other two dlodes start conduction depends upon the value of the capuneltor

voltage (1,). From 3 to a, the capacitor ((',) starts resonating with the

Inductor (L, ) and changes 1ts polarity. Durlng the pertod d< ot < a, the
current through the capacltor Is given by
I(wt)y= Acostaw (I 4 Bsuga, (ot 1)) ALY
1 ,
where &, = —————7,, I, (1 == 0, and VoGI s ghvern By Tgn (2071 sule
Vi, G
tuting thece Inttial condittons tn Fgn (201} vielde
lr"‘*"’—— ...,‘(',\,': ["“A'.fl ‘”A'ill]‘“. »'.f.’ L (AR RY
Ioat) B
and
Voot - el [kln 1 i 1 AR I B AL
i

The voltage V., aero oo the rnloartor ol anges at o o en s detern e b,
the Inductor oL an eyt s 00 0 CI0LY oo e 0t e e 01y
Input aec wooiree e pon w0 e an e e g owtte UL e
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current I; (a,) through the Inductor Is -I. (a,). The conduction perlod (1)
during the negatlve half cycle Is given by v; = §, -~ a; and the current J; and

current I, durlng this perlod are glven by

I (wt) = ;{IEJE [cos(al) — cos(wt) + m (wt - al)] + (o) (2.22)
and
I, (wt) = V2EwC, cos(wt ) + V, (a,) (2.23)

The voltage (V,) across the capacltor at the end of the negative half cycle

conduction perlod (4,) Is glven by
Vo (8) = V(@) + VEE [sin(8,) - sin(a,)] (2.24)

At the end of the conductlon perlod (v,) the capacltor (C, ) starts resonating
with the Inductor (L, ). Now the inltial conditlons are set for the second pos!-
tive half cycle. Durlng the subsequent cycles the above operation repeats dur-
ing the positive and negative half cycles. After a few cycles of operatlon
steady state s reached. The steady state Input current (I, ), inductor current
(1} ), capacltor current (/.), and the voltage across the capacltor (V,) are

shown In Flg. 2.10.

For lower values of the load voltage (V) the conduction perlod (=)
Increases. Assumlng that the conductlon durlng the posltive half cycle ends at
180 + a. To start conductlon In the negative half cycle the capacitor voltage
(V, ) has to fall to a value at which the negatlive half cycle dlodes wlll be for-
ward blased. In contrast, In the case of Input passive fliter method, conduc-
tlon In the negatlve half cycle starts at 180 + a. From the description
presented above It 1s clear that the proposed dlode brldge rectifier will not

operate In the contlnuous current mode and wlll always operate In dlscontinu-

AR s St L
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Flg. 2.10: Proposed front-end passive fliter topology simulated waveforms
(a) Input ac source voltage (E, ) and dc bus voltage (17 ).
(b) Resonant capacltor current (I, ).
(¢) Input current (J, ) and Its spectrum.
(d) Resonant Inductor current ([, ).
(e) Resonant capacltor voltage (17, ).
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ous current mode. As the load voltage (VL) 1s Increased the conduction
perlod decreases and the angle (a) at which the conduction starts Increnses.
For higher and hlgher values of the load voltage (1) the steady state output
current goes to zero before wt = 7. This operation continues during subse-

quent cycles and reaches a steady state value.

2.3.2 Front-end Rectlfler

The analysls of the front-end of a single-phase fed converter system
shown In Fig. 2.5 1s based upon the following assumptions.
(1) The filter capacltance (C ) 1s assumed to e saMelentiy Jarge « thit
the output voltage ( “l JIs ripple free canstant de voltag
(1) The ae <ouree s condiderod Ydeal,
(M) The Tosses I Inductor of L) eapactor o0, 0 0 st e Lty
rectifler are neglected,
(Iv) The domd s quodeled e oo vard b e pec b tqnee ctre e oo 00 e,
frequency ripple Yo pegliet be o qor wee gyt ot
Morecover, the rated rins o Inp ot v g 0F Lo Sornte o n w7

are assune b e
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As described In sectlon 2.3.1, the steady state condition has been reached
after a few cycles of operatlon. The steady-state input current (I;) and Its
spectrum, Inductor current (; ), and capacltor current (I, ) are shown in Fig.
2.10. The conduction perlod of the dlodes varles with the load voltage (V).
The Input power factor of the dlode rectifier Is calculated from the followlng

expression.

Power Factor = (2.26)

where I,o',, 1s the nt* harmonlec component of the Input current I; and ¢, 1s
the phase angle between the Input fundamental ac voltage (£;) and the fun-
damental component of the current (I, ).

The varlation of the Input power factor uslng Eqn. (2.28) with dc bus
voltage (V) Is shown In Flg. 2.11. Comparison of Figs. 2.6 and 2.11 show
that the proposed front-end passive filter topology has a better Input power
factor than the standard diode bridge rectifler (Fig. 2.2). It Is also observed
that the proposed brldge rectlfier exhiblts a high Input power factor when the
conduction perlod of the dlodes ceases at approximately 180°. The output

power (P, ) of the brldge rectlfler Is glven by
P, =YV, 4, (2.27)

where Io 0 Is the average rectlfler output current. The varlation of P, with
load voltage (V; ) Is shown In Fig. 2.12 for varlous values of L,. From Flgs.
2.11 and 2.12 at maximum Input power factor the value of L, to deliver 1.0
pu output power (P, )} I1s 0.31 pu. Evaluation of Figs. 2.6, 2.7, 2.11 and 2.12

show the advantages of the proposed dlode bridge rectifler (Fig. 2.5) over the



v e,

-
1 -+
14
o
)
C.8 <+
L
4
Y
u. g 4
K4
O -
18
L ! 1 i Y I 4 L | i 31 l 1 1 1 | ) S |
I R T 1 T T A ¥ 1 T 1 T T 1 T T R |
1 . B .7 .8 .9 1 1.1 1.2
DC BUS VOLTAGE V| IN P.U.
Fig. 2.11: Varlatlon of Input power factor with de bus voltage (1)
- With L, P, 7
; % ' // \
AN
. / \
34 \
p4 <‘r , \
— P 1
P '
2 + —
¢ _.L / R L
& ; /,//~’ e
1 - - P 4
. —
-+
H"““T“*—;‘ "‘ R ot *-4 - 4 0 - -4 + - -4 ‘ +‘.- § 4
—+ & < & 1 : i l 1.
-+ LC BOS o700 "0t V) s e,
Plg. 2020 NVarbarbon of ooty 0w Wit o b v g b, e e

vl 0

2 N |



- 43 -

standard dlode bridge rectifier (Fig. 2.2). In particular from Figs. 2.7 and 2.12
it Is noted that the power dellvered by the proposed front-end passive filter

topology Is higher than the standard rectifier for the same inductor value.

2.3.3 Rectifier Output Fllter

The amplitude of the second order voltage harmonlc component across

the rectifler output fllter capaclior (C, ) Is glven by

I, ,2
2wC,
Moreover the allowable Inverter Input voltage ripple can be defined by

Vo=

(2.28)

100 *VL ,2(rms)

Ripple % =
VL ,0

Substituting the above equatlon In Eqn. (2.28) the value of this capacitor Is

C, = 100+, (2.29)
° VeV,  *2rwx(Ripple %) '

2.3.4 Component Ratings

From the aforementioned assumptlons and derlved analytical expresslons
the voltage and current ratings of the varlous components at maximum Input
power factor when L, has a value of 0.31 pu are as follows. The average

current (I o) through the rectifler dlode under thls condition Is glven by
Ij o = ?l-f],- (wt)dwt = 0.4573 pu (2.30)
: s
a

The rms current (f; ,n,s ) through the dlode s glven by

r e b s N



Id.rme = \/5
1 ) £
Ij s = -\/_5— ] = 0.7688 pu (2.31)

The peak current (I4 . ) through the diode s given by

[0 @]
Ij peak = S, )P ] = 1537 pu (2.32)

n=1

where the peak forward voltage of the dlode 1s 1.414 pu and
the reverse blocking voltage of the dlode 1s 1.414 pu

From Flgs. 2.11 and 2.12 at maximum Input power factor the value of the
Inductor (L, ) to deliver 1.0 pu P, 15 0.31 pu. The rms current through L, 1s
1.23 pu and the peak value of the current Is 1.74 pu. Using Lqn. (2.14) the
value of the capacltor ((', ) 15 0.35% pu. The rms current through °p 18 0,43
pu and the peak value of the current 1s 0.60% pu. The volt-ampere (VA) rat

ings of the reactive components are deflned as follows: The Inductor rating I

P I -
. 1 .
LVA = % nX, (2.33)
n ] Ve
The capacitor rating I«
L. A
. ‘ Y,
V4o N (231
na J’ \/2 "
where ], o 3o the amphltads Af the n™? Wt coange ettt of capar ity

current [, and the totab VA L

TV 4 IV o« o (2 4%,

The o vartat T ENA e qey e ey Tt gy e D
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ogy (L,, C,, and C,) Is shown In Flg. 2.13 for different values of L,. Using
Eqns. (2.13) and (2.29) the values of C, and C, (assuming 5-percent ripple
voltage) are calculated. Flg. 2.13 shows that the TVA value of the proposed
passive topology Is minlmum when L, has a value of 0.31 pu at 1.0 pu
rectifler output power. Evaluation of Figs. 2.8 and 2.13 show that the pro-
posed passive dlode bridge rectifler (Flg. 2.5) requires a smaller (VA) total
reactlive VA to dellver 1.0 pu power. Furthermore, the currents through the
rectifler dlodes found In Eqns. (2.8) to (2.8) are higher than the respective
values found in Eqns. (2.30) to (2.32) for the proposed rectifier (Fig. 2.5).

Comparatlve component ratings In pu of the proposed passlve waveshaplng

method, the standard dlode bridge rectifler are summarized in Table 2.1.
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Table - 2.1

Comparative Component Ratings of Passlve Waveshaping Methods

Proposed
Standard Method Passlve Method

(Fig. 2.2) (Fig. 2.5)
Inductor
L /L, 0.1 0.31
L (rms ) 1.3445 1.087
Rectifler
Dlode
Iy o 0.4581 0.4573
Iy rms 0.95 0.7686
i peak 1.901 1.537
Output
Capacltor(C, ) 8.314 4.85
I, o/ 1y 4 1.3187 0.736
Power (P, ) 1.026 1.024
Power factor 0.763 0.957
TVA Rating 4.0658 1.234

Evaluation of Table 2.1 shows that, the proposed passive fllter topology
malntalns high Input power factor, lower rectifier dlode current stresses, low
input rms current and lower total VA rating of the reactive components than
the standard dlode rectifier. Mocreover, the rectifler output current ripple Is

also lower than the value found for the standard diode rectifler. Thus
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decreasing the slze of the fliter capacitor whlle deliverlng the same output

power.

2.3.5 Deslgn Example

To \llustrate the significance and valldity of the theoretical results
obtalned In the previous sectlons, the followlng deslgn example Is presented.

The converter has the following speciflcations:

V. = 208 rms = 1 pu Voltis.

1
P, = 5,000 W = 1 pu Watts.

From these values

5,000
1 pu Current = = 24.04 Amps.
208
208
1 pu Impedance = = 8.65 Ohms
24.04
8.85
1 pu Inductance = —_f = 23 mH
4
1 pu Capacltance = -1 = 306.65 ul

8.65+#377
1 pu Angular frequency = 27 = 377 rad./s
From Fligs. 2.11 and 2.12 at max!mum input power factor the value of
the Inductor, L, at 1.0 pu output power 1s 0.31 pu which 1< cqual to 7.13 mH.

Using Eqn. (2.14) the value of the capacitor ¢ 1s glven by

1
¢, = — = 0.35R8ipu

o.2L,

= 109.0 uF

Using the pu values shown In section 2.3.4 the voltage and current rat-

Ings of the varlous rectiier components are as follows:
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Rectifler Diode

Average current, Id,o : 0.4573 * 24.04 = 10.99 Amps.
RMS current, Iy ,p,, : 0.7686 * 24.04 = 18.477 Amps.
Peak current, I 5,4 @ 1.537 * 24.04 = 36.95 Amps.

Peak forward voltage : V2= 208 = 294.15 Volts.

Fllter Inductor L,
Value : 0.31 x 23 = 7.13 mH
RMS current : 1.23 * 24.04 = 20.57 Amps.

Peak current : 1.735 * 24.04 = 41.817 Amps.

Fliter Capacltor C,

Value : 0.3584 * 308.85 = 109.9 uF
RMS current : 0.43 * 24.04 = 10.33 Amps.

Peak current : 0.608 * 24,04 = 14.62 Amps.

DC Filiter Capacltor C,
Peak voltage : 1.12 » 208 = 232.96 Volts.
7

120 Hz ripple current, I, , : 0.736 * 24.04 = 17.7 Amps.

Value : 4.65 * 308.65 = 1425.93 uF
.t 1s noted that the rectifler dlode currents and C, values found above are
lower than the respective rectifler dlode currents and C, values found In sec-

tion 2.2.3 for the typlcal front-end passive fliter topology (flg. 2.2).

AT RO E T % e T T
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2.3.6 Experimental Results

To verlfy the predicted results an 1 KVA experimental converter has been

Implemented with the following clrcult parameters:

AC Input rms voltage E, ;) = 100 Volts.

Resonant Inductor L, == 8 mH.

Angular frequency (w) of the ac Input voltage = 377 rad./s
Using Eqn. (2.14) the value of the capacltor (C, ) Is glven by

. 1
C, = ———— =97.72 uF

9?2 ‘L,

Choosing a 100 pF ac capacltor, the experimental waveforms are shown in
Flg. 2.14. In particular evaluation of Flg. 2.14(a) shows that the Input
current I, and its spectrum are In agreement with the predicted per unit

results shown In Flg. 2.10. The power factor of the proposed front-end

rectifler 1s calculated as follows:
Input ac rms voltage (E,,,,.,) = 100 Volts,
Input ac rms current (I,,,,,,, )= 12.4 Amp-~.
Load de voltage (V) = 100 Volts
Load de current (I, ) = 11 Amps.

Using the above Information, the input power factor 1s glven by

) . ‘.l, ,Im -
Power Factor = ~— == (847
1"1 (rre ;'Ix (rme )

(2.36)

Comparlcon of Lqns. (2.12) and (2.368) shows that the proposed passive bridge

rectifler exhiblits Klgh Input power factor whlle dellvering more output power,
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(b)

Time : 2 ms/dlv.
Amp. : 10 A/dIv.

(¢)

Time : 2 ms/div.
Amp. : 10 A/dlv.
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(d)

Time : 2 ms/div.
Amp. : 50 V/dlv.

(e)

Time : 2 ms/dlv.
Amp. : 50 V/div,

Tg. 2.14: Experlmental waveforms of the proposed passive SNR converter
(a) Input ac voltage (E, ), tnput current (], ) and Its spectrum.
(b) Rectifler output dec current (/,).
(c) Resonant inductor current (I}).
(d) Resonant capacltor voltage (1, ).
(e) Output de voltage (17 ).
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The varlatlon of Input power factor on the one kVA laboratory unit 1s shown
In Flg. 2.15 wlith the output voltage (V). The experimental results shown in

Flg. 2.15 are in agreement with the predlcted results shown In Fig. 2.11.

2.3.7 Concluslons

In this sectlon a novel passive Input current waveshaping method for
single-phase fed SM{R converters has been proposed. The front-end bridge
rectifler operatlon has been analyzed In detall and the steady state perfor-
mance has been obtalned. Performance evaluation and related design data
have been provided for implementation of the front-end dlode rectifier.
Detalled Input current and output current analysls has shown that the pro-
posed passive Input fllter topology ylelds higher Input power factor and
dellvers more output power as compared to the conventlonal front-end dlode
rectifler. Filnally, predicted features such as Input/output waveforms assocl-
ated harmonlc spectra have been verifled experlmentally on a one k\ A labora-

tory unit.

2.4 Conclusions

In this chapter some keyv analyels and design aspects of passive Input
current waveshaping methaods have been pre<ented, Performance evaluation
and related de<lgn data are provided for implementation of the front-end
dlode rectifier, Detalled Input current and output current analysls has shown
that the propo<ed pas<ive bridee reetifler topology (Flg, 2.5) exhibits the fol-

Iowing advantages over the conventlonal front-end diode rectifler topologles,
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(1) High lnput power factor.
(11) Low total VA rating of the reactlve components.
(1) Low Input rms current.

(1v) Lower rectifler dlode current stresses.

Finally, selected key results have been verified experimentally.

Toos tex



CHAPTER 3

Active Input Current Waveshaping Section

3.1 Introduction

3.1.1 Actlve Waveshaping Methods

In general passive Input current waveshaping methods discussed In
Chapter 2 have the advantages of belng easy to understand, easy to imple-
ment, high Input power factor and they are more rellable than thelr actlve

counterparts. However they also have several disadvantages including:

(1) they are bulky and heavy;
(11) the Input power factor can be optimlzed only for a narrow range of
operating polnts;

(111) the cost of the serles capacltor In the resonant Input fllter method
and the cost of the ferro resonant transformer In the ferro resonant
transformer method, Is relatlvely high;

(1v) the relatlvely large Input inductor results In a significant dc bus vol-
tage regulation which willl have a negative Impact on the assoclated

Inverter voltage control strategy.

(v) the output voltage Is controlled by the post voltage regulator (de-
to-dc converter) which in turn will reduce the performance of the

de-to-de converter.

These dlsadvantages can be ellmlnated through the use of actlve Input current

“c A
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waveshaping methods (3,5] (Fig. 3.1).

3.1.1.1 Boost Active

An excellent description of five (5) different current control methods sult-

able for actlve Input current waveshaplng are presented In detall In [5). These

are:

(1) the bang-bang hysteresls control method;
(11) the constant-off-time control method;

(111) the constant-on-time control method;

(tv) the constant frequency with turn-on at clock time control method;
(v) the constant frequency with turn off at clock time control method.

Application of the first method In improving the Input power factor of
single-phase supplled ac-to-dc converters is presented in detall In [3]. This
reference proposes two different active current waveshaping methods. With
the first method the boost Inductor current, I,, emulates the ac source vol-
tage, E;, and Is referred to as a resistor emulator (Flg. 3.2(a)). The advan-
tage of this method Is that it ylelds a near unity Input power factor. However
1t requires some means of sensing and processing the respective Input voltage
waveform. With the second method the boost Inductor current Is maintained
constant for each operating point (Flg. 3.2(b)) and s referred to as an Induc-
tor emulator. Consequently no voltage sensing Is requlred. However the Input
power factor value decreases from near unity to 0.8. The power factor can be
Improved to 0.85 by forcing the current to be constant only for 120 degrees

during the each half cycle instead of 180 degrees (Fig. 3.2(c)).
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Flg. 3.21 Actlve Input current waveshaping dc link Inductor current (1,)
(a) In reslstor emulator:
(b) In inductor emulator;
(c) In modifled Inductor emulator.
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One addltional and cruclal advantage of the above active current wave
shaping methods Is that they can also be used to regulate the converter dc
bus voltage. Therefore deterloration of converter performance because of ac
Input voltage and source varlatlons can be avolded [21]. Specifically, the
resulting ac-to-dec active fliter topology (Flg. 3.1) has the followlng advan-

tages:

(1) lower power semlconductor devlce current ratings (peak current etc.
)
(11) higher efMclency because of the low rms value of the Input current;

(111) a lower second order harmonic component which In turn reduces the

size of the fliter capacltor;
(1v) Increased operating range;
(v) ralsed output power levels per module.

However In the bang-bang hysteresls control method, the switching frequency
of the converter 1s load dependent. The proposed single-phase fed boost
active power factor correction method ellmlnates the above dlsadvantage and
malintalns unity Input power factor from maximum to minlmum load varla-
tlon while keeping the switching frequency constant. The passlve Input power
factor correctlon method Is more and more attractive where the rellabllity of

the converter Is of prime lmportance.

For medium to high power applicatlons (3 kW to 20 kW) the front-end
dlode rectifler Is fed from a three-phase ac source. Applicatlon of the bang-
bang hysteresis control method to improve the input power factor of a three-
phase ac-to-dc converter has been discussed by several authors [4,12,13]. In
these references the three-phase ac-to-dc converter has been reallzed usling

three slingle-phase ac-to-dc converters uslng sultable Input and output

Py
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connections (Flg. 3.3). This topology ylelds unity Input power factor and s
clearly much superlor to the original phase controlled ac-to-dc topologles.

However, It also exhlbits some disadvantages Including:

(1) It requires complicated Input synchronization logic.

(11) Owing to the varlatlons In power circult control parameters among
the three Individual converters, a complete triplen harmonic elimlna-

tlon from the Input line current (/,, ) cannot be achleved.
(111) The switching frequency Is load dependent.

(1v) The number of components required for three-phase ac to dc con-

verter Is three times the single-phase ac to dc¢ converter.

The objective of thls sectlon Is to propose and anaiyze a novel single-
phase and three-phase fed ac-to-dc actlve filter topologles which draws high
quality Input current waveforms from the ac source and exhlblits none of the
above mentioned dlsadvantages. However, the proposed front-end three-phase
fed actlve fliter topology has the dlsadvantages of substantlally Increasing the
current and volpage stresses of the boost switching rdevice and the high fre-
quency ripple content of the pre-flitered ac Input currents. Flnally, key
theoretlcal results are verifled experlmentally on a one KVA laboratory proto-

type unit.

3.1.1.2 Svnchronous Actlve

For medium power applicatlons the three-phase fed boost active filter
topology that uses a dlode rectifler and a single switch 1s a good cholce to

satlsfy the requlrements mentloned in sectlon 3.1.1.1. However 1t exhiblts
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certaln disadvantages Including:

(1) Increases the switchlng stresses of the switching devices;

(1) dc bus voltage has to be malntalned always higher than the peak ac
Input voltage. In case of three-phase fed boost topology dc¢ bus vol-

tage Is approximately five (5) times the ac source rms voltage.

(111) output voltage control Is achleved from max!mum to minimum load

varlation only.

The objlectlve of thls sectlon Is to propose and analyze a novel three-
phase fed ac-to-dc synchronous active fliter topology which draws high quality
input current waveforms from the ac source and exhiblits none of the above
mentioned disadvantages. Moreover, the proposed Inductor fed synchronous
rectifler topology ellminates all the above dlsadvantages and exhlbits high
power density, Improved rellabllity, elimination of the Input fliter ac capacl-

tors, and elimination of the de¢ fllter Inductor.

Finally, experimental results from a prototype rectifler unit are compared

and verlfled with the analytlcally predicted results.

3.2 Proposed Single-Phase Fed Boost Active Filter Topology

In sectlon 3.1.1.1 several actlve waveshaping methods to lmprove the
input power factor of a single phase dlode rectiflers have been mentloned.
Each one of these methods was found to have Its own Inherent llmitations.
The proposed active waveshaping method ellminates most of the dlsadvan-

tages dlscussed In sectlon 3.1.1.1 and exhlbits the following advantages.
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(1) practically sinusoldal input currents and unity input power factor

from minimum to maximum load varlation;

(11) robust and low cost implementation which does not require sensing
of input voltage (and !f required can employ reslstors for the sensing

of the Input current and the dc bus voltage);

(11) a constant switching frequency which 1s a significant !mprovement

over the 'bang-bang’ hysteresls approach.

The power clrcult dlagram of the proposed single-phase fed actlve current
waveshaplng topology Is shown In Fig. 3.4. In Flg. 3.4, Cl Is the ac lnput
high frequency capacltor that removes the switching frequency ripple (20-
100kHz) from the ac Input current. The hlgh frequency capacitor Cf has
been placed In parallel with an electrolytlc de capacitor C, to absorb and to
protect C, from the high frequency current component In the dlode current
Iz, . The description of one of the many possible converter control clrcults 1s
as follows. The control circult (Flg. 3.5) accepts three Inputs and produces

one output (V;). The Inputs are:

(1) the boost Inductor current slgnal I, (obtalned across the sensing

resistor R, );
(11) the dc bus capacltor voltage slgnal V7 ;
(1) the high frequency ramp signal V'’ rmp *

The only generated output slgnal Is the boost switch S,, gating signal
Vg . The dc bus capacltor voltage signal V; Is first reduced In amplitude and
prefiitered by the voltage divider arrangement of components. Filnally, the

ramp slgnal V! rmp which has been conditloned by multiplicatlon and the

current signal Ifd are fed to the comparator Inputs. The output of the com-
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parator Is next supplied to the ‘drlver’ Integrated clrcult gate (4050) which 1n

turn outputs the boost switch, S,,, gating slgnal, V, - It Is noted that In this

reallzation the gating signal Vg Is applied to S,, through an opto-lsolation

stage.

3.2.1 Principles of Operation and Topology

The basic block dilagram of the proposed current waveshaping circult is

shown In Flg. 3.5. The simplified clrcult dlagram of the respective power cir-

cult Is shown 1n Flg. 3.8. From these two figures the basic principles of opera-

tlon are as follows:

M

(h)

The power circult (Fig. 3.8) employs the boost Inductor, L;, and
switch S,, to force the Input current, I, to become nearly sinusoldal
and In phase with the Input voltage thus providing a nearly unlty
Input power factor.

The control clrcult (Fig. 3.5) consists of two control loops and asso-
clated signal conditloning components. The internal (current) loop
senses the boost Inductor current, I,, as a voltage drop across a
sensing resistor Rs and after appropriate conditionlng compares It
with a constant frequency (20-100kHz) ramp waveform, V' ...
The comparator outputs a positive pulse V, whenever V' .. 1Is
greater than I,d . Vg becomes the gating slgnal for the boost switch
S,; . Consequently, If for some reason (e.g. load short clrcult) Iy4 Is
greater than V/ rmp DO gating signal s provided to S,;, thus
preventing switch damage. The comparator actlon also ensures (see

sectlon 3.2.2) that the Input current Is sinusoldal. From the above

b
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discussion 1t also follows that if the amplitude of V' .. Increases
or decreases Input current I; will be simllarly aflected. For this rea-
son the origlnal ramp slgnal V,mp Is multiplled with the output of
the voltage loop error amplifler signal V;. Therefore, If the dc bus
voltage V| goes above the equlllbrium value set by Vie ; then VN
will also Increase which In turn will cause the V,,, and V; signals to
decrease. Also, this actlon wlll In turn decrease signal V! rmp Which
wlll finally decrease the rectifier output current Ia by decreasing the

on-time of switch §,;. This sequence of actlons ensures that V,

always returns to the value dictated by the reference voltage V,,/ .

3.2.2 Princlples of Input Current Control and Waveshaping

The current Ifd (Fig. 3.7) represents the conditioned Instantaneous Input

current durlng a given perlod of control ramp V' rmp * Then from Fig. 3.7

Ifd ]fd
toff =_V_ sw => log =Tsw°—tvff =Tawl1""'v_']
P 4

where Vp Is the peak value of the ramp V' rmp + AlsO the duty cycle, D, Is

D - ton = 1 — .—]i
T, Vp
or
I
1-D = LL (3.1)
VP
For any boost chopper
Vi 1

«1
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Note: ¢,, Is the on-time of boost switch S
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. 3.7: Princlple of the actlve Input current current control
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From Eqns. (3.1) and (3.2)

Vi 1 vV,
V. 14 /e 7
Ve
but
Vie = V21E sln(wt)l (3.3)

Vp
=> I;; = ——V2*E sln(wt)l

Vi

=> I[d = kl isln(wt) l
Flnally, slnce the Input ac current I; = K I,
I; = K sin(wt) (3.4)

Equatlons (3.3) and (3.4) show that with the adopted current waveshaplng
method (assumlng a ramp frequency f,n,, >>> 60 Hz) the Input ac current J;
and voltage E; are identical In shape and In phase with the exceptlon of the
f,mp ripple component. Therefore for all practical purposes the Input power
factor 1s unlty. Thus, compared to the 'bang-bang’ hysteresls control method,
thls method Is superlor In that it does not requlre Input voltage waveshape

sensing and In that the switching frequency 1s constant and load Independent.

3.2.3 Front-end Sectlion

The Converter s analyzed under the same assumptions used In sectlon
2.2.1. Also by assuming the fliter capacltor voltage to be about 10-percent

above peak Input voltage the rated de¢ bus voltage Is

-5

eI
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V, = 1#V2#1.1=1.556 pu (3.5)

Also, the peak value, I; ;... Of the rectifier Input current I; (Flg. 3.6)
becomes

Il'.peak =2 pu (3.8)

By further assuming a +5-percent peak-to-peak average current ripple (or 10-

percent -A—L-)

I, oy = 1485 pu (3.7)
and
I, mn = 1343 pu (3.8)

with Al, having been defined and the switching frequency, [ sw known, the
value of the boost reactor L, can be estimated. In Fig. 3.8, -17,',,. the average
value of the rated rectifler dc output voltage and, V; , the rated dc bus vol-

tage are glven by

Vin = = 0.9 pu (3.9)

and

Also from the same flgure

_ @Ik - B
v, v -,

t 1
in . m

where,

t_, Is the average on time of the boost switch S, .

t—2 Is the average off time of the boost switch S, .

or

TV=T1+72=[K_]T,(L.) i
’ ;
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Iret

Fig. 3.8: Input current waveform for a random switching perlod (Tsu )

Smae e L



¥ e e T Ve s e o

-75 -

and

( VL = Vn’n ] Vin
L; = (T,.) — (3.10)
v, (al,)

Now from boost converter theory 1t Is known that

Vi 1-D

where D in this case Is the average duty cycle,

Therefore
v
JLo_ 1 1es8 @3.11)
Vin 1-D 0.9
D =~ 0.412 (3.12)
Also from Eqn. (3.11);
Vo ()
D(t)y=" —— = 1 0.01 [\n(377 )l (3.13)
L

Therefore, the discontinuous expression for the boost switeh current beconies

1, = V201 - 0.81 SIN(3TT) ) e isIn(3T Tt )! pu (3.11)

and for the dlode D,
I = 1.2%040%(3771) = 0.643  0.843c0o8(THAL ) pu (3.15)
The dec component Iy o = 1.;50 = 0.043 pu of current I, goes to the load.

Consequently the fiiter caparltor current Is glven hy

1.285
]db g = —-é——’-('os(T-'rll ) pu (3.10)

Therefore, the fliter capacitor second harmonte ripple voltage s to be ftmited

to 5-percent ( or 0.05 ¢ 1.556 = 0.077% pu ) the respective X, value becomes

TV YT e
Iy .
R ] |
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0.0778 2+ 2¢/2
X., = = 0.342 pu 3.17
co 1.285 r ( )
and
C, = 2915 pu (3.18)

3.2.4 Component Ratlngs

From the aforementloned assumptlons and derlved analytical expressions
the voltage and current ratings of the v-..ous system components are as fol-

lows:
Rectifier Diode

Average current, I; ; : 0.555 pu
RMS current, I; ,,., : 0.743 pu
Peak current, Ij p.q : 1.485 pu

Peak forward voltage : V2 pu

Boost Reactor L;

Value of L; : Eqn. (8.10)
Peak L; current :1.485 pu

Rms L; current :1.011 pu

Boost Switch S,

Peak forward Voltage : 1.558 pu
Peak current : 1.485 pu
Rms current =V 1-(0.72)° : 0.69 pu
Average current : 0.26 pu

Boost Dlode D,
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Peak reverse blocking voltage : 1,658 pu
3
Rms current = \ﬂ)ma)% l 0.843 :0.72 pu
V2
Average current : 0.643 pu
DC filter Capacltor C,
Peak Voltage : 1.556 pu
Rms ripple current : 0.454 pu
Value : 2,915 pu

Comparative component ratings in pu of the proposed passive waveshaping

method, the sta. dard dlode bridge rectifler and proposed active waveshaping

method are summarized In Table 3.1.

s skl |
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Table - 3.1

Comrgaratlve Component Ratings of Single-phase Waveshaping Methods

Proposed Proposed
Standard Method Passlve Method Actlve Method

(Fig. 2.2) (Fig. 2.5) (Fig. 3.4)
Inductor
L;/L, 0.1 0.31 Eqn. (3.10)
I (rms) 1.3445 1.087 1.011
Rectifler
Dlode
Iy o 0.4581 0.4573 0.555
) " 0.95 0.7688 0.743
Ig peak 1.801 1.537 1.485
Output
Capacltor(C,) 8.314 4.85 2.915
I, of 14y » 1.3187 0.736 0.643
Power (P, ) 1.026 1.024 1.0
Power factor 0.763 0.957 1.0
Tva Rating 4.0858 1.234 -

Evaluation of Table 3.1 shows that, the proposed passive fliter topology
malntalns high Input power factor, lower rectifler dlode current stresses, low
Input rms current and lower total VA rating of the reactlve components thar
the standard dlode rectifier. Nloreover, the rectifler output current ripple Is

also lower than the value found for the standard dlode rectifler. Thus
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decreasing the slze of the fliter capacitor while dellvering the same output

power.

Evaluatlon of proposed active and passive methods show that the switch-
Ing stresses of the dlodes, Input power factor, and output fliter capacitor
values are further Improved by the actlve waveshaping method. Moreover the
malin advantage of the actlve method over the passlve method 1s that the
Inductor slze can be controlied by changing the input current ripple or by
increasing the switching frequeacy. Hence comparison of Inductor 1s omitted.
However active method has the disadvantage of requiring additional control

loglc over the passive method.

To Mustrate the <tgnificance and under<tanding of the theoretleal results
btalned In the previcys sections, the following deslgn example 3 presented,

The active fllter 1opology has the following specifications

Vi, = 208 rme = 1 pu Volts,

"
P, = 5000 W = 1 pu Waltts,

Boost switeh switehing frequency = 20 hH7.

From these valuyee

5,000
1 pu Cyrrent = == 24.04 AL}~
208
20%
1 pu lmpedance = = K.85 Ohine
24.04
K65 i
1 pu Inductance = —— = 23 mH
44
i 1 . .
1 pu Caparltalice == e——————— = 406.085 ul

KBHe 377

I

i
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1 pu Angular frequency = 27T = 377 rad./s

Using Eqns. (3.5) and (3.9) the dc bus voltage and the rectifler dc output vol-
tage are glven by

V, = 1.556 » 208 = 324 V
and

V,, = 0.9 x 208 = 187 V

Using the pu values shown In sectlon 3.2.4 the voltage and current rat-

Ings of the varlous system components are as follows:

Rectifler Dlode

Average current, Id,o : 0.555 * 24,04 = 13.34 Amps.
RMS current, J; ..., : 0.743 ¥ 24.04 = 17.86 Amps.
Peak current, Iy p.q¢ : 1.485 # 24.04 = 35.7 Amps.

Peak forward voltage : V2+ 208 = 204.15 \olts.

Boost Reactor L,

Assuming 15-percent average peak to peak current ripple, using Eqn.

(3.10) the boost Inductor L, Is glven by

[ = 50*(324 - 187)187 _ __
! 324 #0.15* 34

RMS L; current = 24.04 * 1.011 = 24.31 Amps.

Peak L, current = 24.04 * 1.485 = 35.64 Amps.

Boost Switch Sy

Peak forward voltage 1 1.556 * 208 = 324 Volts.
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Peak current : 1.485 * 24.04 = 35.64 Amps.

Rms current :0.68 + 24.04 = 16.62 Amps.

Average current :0.26 = 24.04 : 8.206 Amps.
Boost Dlode D,

Peak reverse blocking voltage : 324 \olts.
Rms current :0.72 + 24.04 = 17.34 Amps.

Average current 1 0.643 » 24.04 = 15.5 Amps.
DC Futer Capaaitor C,

Peak voltage : 324 ¢ 1.056 = 340 Volts,
120Hz ripple rms curren? * 1 0.454 » 24.04 = 11 Amps,
\alue $2.015 ¢ 300.005 == RUJ.RR ul

+ It 1s noted that this current s chopped at the frequency of 20 kHz.

The propnsed active filter topology experlmental evaluatlion has been car-

rled out with the arbitrary parameter valuyes of,

(1) boost Inductor, L, = 775ultl;
(1) switching frequency, [,, = 20 kHz, and ;
(111) Input current ripple factor, ‘A_l, = 107,

The performance of the power factor lmprovement converter was

evaluated with a resistive load. The respective experimental wavelorims are

WL =R W IR IIERIE Vit TR AW
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shown In Figs. 3.9 to 3.17.

Fig. 3.9 shows the ac Input current I; (Figs. 3.4 and 3.7) under full load
condltlons (5.5 kW). As predicted, the Input current waveform Is practlically
slnusoldal and ripple free. Figs. 3.10 and 3.11 depict both Input current and
voltage waveforms In order to show that the Input power factor Is practically
unity. Furthermore Flgs. 3.11, 3.13 to 3.18 show that unlty power factor Is
maintalned up to minimum load. Flg. 3.17 shows the high frequency control
ramp (20kHz) and master osclilator waveforms and was Included to provide

some Insight into the functloning of the logic control circult (Figs. 3.4 to 3.8).

However, since the L; value s Inversely proportlonal to the 3-1, and f,,
values, It Is possible to further reduce L, elther by Increasing f,, or by
allowing a larger ripple on the Input current. For example, If /,u = 40 kH:
and A_],- = 20-percent then L, =200uH. Increasing the switching frequency,

however, has the followling disadvantages:

(1) reduced efliclency because of Increased swltching and skin effect

losses;
(1) Nmiting the cholce of boost switch to FETS;

(111) Increased cost by Increasing the price of some power and loglc circult

components;

(1v) decreased rellabliity because of Increased peak current values espe-

clally under translent conditions.

From thls discussion It follows that at thls stage It Is premature to
speclfy the ‘optimum’ L; and f,, values. It also follows that such values
should be based on the cost analysls and evaluation of the overall rectifler-

boost converter-Inverter system. Moreover, the proposed converter deslgn can
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10 Amps/div , 60 Hz

Fig. 3.9: Experimental ac Input current (J,) at rated load

10 Amps/civ ., 100V/div , 60 Hz

Fig. 3.10: Experimental ac input voltage (E,) and Input current (7, ) at rated
load (180° out of phase)
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10 Amps/ div., 100V/div., 60 Hz

Fig. 3.11: Experimental ac 1nput voltage (E;) and 1nput current (J;) at rated
load (In-phase)

10 Amps/div., 120 Hz

Fig. 3.12: Experimental dc link Inductor current (J,) at rated load
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10 Amps/div., 100V/div., 60 Hz

RPN QAR

Fig. 3.13: Experimental ac Input voltage (E;) and current (J;) at 75-percent
rated load

v AT

12 faps/civ,, 172./dwv., 60 11z

Fig. 3.14: Experimental ac Input voltage (E, ) and current (1, ) at LO-pereent
rated load '
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10 Amps/div., 100V/div., 60 Hz

Fig. 3.15: Experimental ac input voltage (E;) and current (I;) at 33-percent
rated load

10 Amps/div., 100V/div., 60 Hz

Flg. 3.16: Experimental ac Input voltage (E,) and current (I;) at 14-percent
rated load
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i 2 Volts/div.
E 20 us/div,

5 Volts/div.

20 us/div,

Fig. 3.17: Experimental high frequency (20 kHz) ramp waveform (upper trace)
and respectlve osclllator output waveform (lower trace)
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readlly accept a wide range of L; and f,, values and respective changes la
the switching frequencles can be easlly reallzed through adjustments in ramp

osclllator and ramp amplitude potentlometers.

3.2.7 Conclusions

In this sectlon a novel actlve lnput current waveshaping method for
single-phase fed actlve front-end rectifier topology has been proposed. Thls
actlve topology exhibits practically ripple free slnusoldal ac input current.
Furthermore, the proposed design allows the converter to operate at constant
switching frequency. Finally, predicted features such as Input current

waveforms have been verifled experimentally on a 5.5 kW laboratory unlt.

However the proposed actlve input current waveshaplng method also has the

disadvantage of requiring additlonal control loglc components.

3.3 Proposed Three-Phase Fed Boost Active Filter Topology

Analysls and design of single-phase fed boost active fliter topology has
been discussed extensively In sectlon 3.2. This sectlon deals with the analysls
and design of a novel three-phase fed boost active fiiter topology. The pro-
posed three-phase ac-to-dc converter (Fig. 3.18) consists of two maln power
conversion stages. The first stage Is a three-phase ac to dc rectifler consisting
of an Input fliter, three boost Inductors, a three-phase dlode rectifler, a boost
switch, and a dc link filter capacltor. The second stage can be assumed to be
any type of load requirlng a regulated or unregulated dc bus such as general

purpose single-phase or three-phase inverter.
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3.3.1 Principles of Input Current Control and Waveshaping

The actlve waveshaplng of the Input current waveform s obtalned through
the use of the boost stage components L;,, Ly, Li, Sy » and Dy, as shown
in Flg. 3.18. The boost switch, S, ,Is turned on at constant frequency. The
duty cycle of S,;, 1s varled for load varlatlon only and It Is such that the
input current 1s always discontinuous. During the 'on’ perlod of the boost
switch all three Input ac phases become shorted through Inductors Ly Ly,
and L;. , the six rectifler dlodes, and the boost switch. Consequently the three
Input currents I, I, and I;, beginsimultaneously to Increase at a rate pro-
portional to the Instantaneous values of thelr respective phase voltages.
Moreover the specific peak current values during each ‘on' interval (Fig.
3.19(c)) are proportional to the average values of thelr input phase voltages
during the same ‘on’ Interval. Since each of these average voltage values
varles sinusoldally, the Input current peaks also vary sinusoldally (Flg.
3.19(c)). Moreover, since the current pulses always begin at zero, It means
that thelr average values also vary slnusoldally. Consequently all three input
ac currents conslst of the fundamental (680 1z) component and a band of
unwanted high frequency components centered around the switching fre-
quency of the boost switch (f,, ). Since the frequency, f,,, can be In the
order of several tens of kHz, filtering out of the unwanted Input current har-
monles becomes a relatlvely easy task. From Fig. 3.190 it Is also seen that
Input power control (or output voltage regulation) can be achleved through
pulse width modulatlon of the boost switch ‘on’ Interval at a constant fre-
quency (f,,) Incidently, f,, can be easlly locked to the malns 60 Hz fre-

quency to avold °beat frequency’ effects In the Input currents.
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Fig. 3.19: Proposed three-phase ac-to-dc converter simulated waveforms.

(a)
(b)
(c)
(d)
(e)

(1
()

Three-phase ac source phase voltages.

Boost switch (S, ) gating slgnals,

Rectifler Input current (J;; ) and Its spectrun..
Rectifler output current (J, ) and I1ts spectrum.

Three-phase dlode rectifler switching functlon (S;) and its
spectrum.
Boost dlode (D, ) switching function and its spectrum.

Voltage across the boost switch (S, ).
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Finally, under the operating conditlons described here the 'displacement

Input power factor' (cos(4,)) Is unity before filterlng. Consequently, the

overall Input power factor (before flitering) becomes equal to the 'harmonlic

input power factor’ and 1t Is given by

d Power Factor = (3.19)

; where I, , Is the Fourler component of the n® harmonlc component of

A current I;; and cos ¢, Is the displacement factor. It Is noted that the current
harmonlcs assoclated with this power factor can be suppressed by a relative.y
small Input capacitor (C,, ) and Inductor (L,,) because of their high frequen-
cles. Therefore the overall Input power factor after flltering (l.e. at the ac

source) Is very close to unity.

3.3.2 lpput Current

During the perlod when the boost switch (S, ) Is turned ‘on’, (Flg. 3.18)
the equivalent single-phase circult s as shown In Fig. 3.20(a). The Input
current (I;, ) rises at a rate determined by the Input source voltage (£, ) and
the Inductor (L,, ). The current (J,, ) through the Inductor during this perfod

(BLt<t,) s glven by

dl
E,, = V2+Ersin(wt) = L, —d;:-
Solving the above expression for J,, and substituting the initial conditions,

I, (w!) = 0, when t=4 ylelds

V2

Wi,

I, (wt)= [rm(.,;,i) cos{ ! )] (3.20)
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(b)

Fan @ ven @

Fig. 3.20: Equlvalent clrcults durlng the boost switch (S,,; ) operatlon
(a) Equlvalent single-phase circult when the boost switch 1s ‘on'.
(b) Equlvalent single-phase circuit when the boost switch 1s ‘off".
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Where £ Is the angle at which the boost switch (S,; ) Is turned on, with refer-
ence to the Input voltage E,, and ¢, is the boost switch (S,; ) "on’ perlod.
During the perlod when the boost switch (S, ) Is 'off’ the current through the
Inductor decreases at a rate determined by the Input voltage (E,, ), output dc

voltage (V,), and the Inductor (L;). The single phase equivalent clrcult

under thls conditlon Is shown In Fig. 3.20(b). When the boost switch Is off, the
F. boost converter theory indicates that the rectifier input phase voltage (V,, ) of

y Flg. 3.20(b) given by

Veu () = —=5Eon () (3.21)

where D Is the duty cycle of the boost switch (S, ). The current (I;)
through the Inductor (L;;) during the period when the boost switch 1s off,
t,<t<T,,, s glven by

dl,,
dt

14

V2 +E*sin(wt) = L,, + Vo, (3.22)

Solving Eqn. (3.22) for I,a and substituting the Initlal condition

I, (wt) = I, (wt,) when t = t, ylelds

Vo rE
wl,,

V('l
L

I (wt) = [cos(wﬁ) - cos{w! )] - -1, (3.23)

For the designer the worst operating point is switching on the boowt
switch (S ) at the peak Input voltage (Ej,(peqk ). Under this condition the
current through the Inductor (L,, ) Increases at 1ts maximum rate and reaches
its maximum value at the end of {, . Also, under this condition the time
required for the current (J,,) to fall to zerols maxtmum. Therefore, the fre.
quency of the boost switch (.S'” )18 a functlon of the ae Input voltage (}'.'M)

and the output de voltage (V7). Substituting 7 = 00° and t = (00" + t)n
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Eqn. (3.20) ylelds

V2 +E

Ly(wt) = wL-
ia

sin(wt ) (3.24)

In practice the boost switch switching frequency, f,, , Is of the order of
20-40 kHz and the boost switch ‘on’ perlod (¢,) Is small In comparison to the
Input source voltage (E,, ) time perlod. For small values of wt, slnwt Is
approximately equal to wt. Consequently Eqn. (3.24) becomes
V2+E

L

Iy (wt) = b, 0<t<t, (3.25)

At time ¢, the Inductor current ([;) reaches 1ts maxlmum value and the
boost switch (S, ) Is turned off by Its appropriate control signal. Substitutling

B =90° andt = (80° + t) In Eqn. (3.23) ylelds

E Ven
I (wt) = Infwt ) - =—(t -t 3.2
(Wt} = o=sint ) = 7=t - 1) (3.26)
and substituting wi for sin(wt ), the above equation becomes
V.
I,(wt) = ‘/E*Et - —(t =t t,<t<T,, (3.27)
Ll'a Lia

The current [; (wt) = 0 at time t=t,. Substituting this conditlon In the

above equatlon ylelds

t2 Ven (3 28)

t,  V, - VoiE '
Therefore, the minimum de bus voltage, V (pin)!s glven by

VL(min) = Ven *‘/5 (3.20)

If the dc bus voltage(V ) Is less than the above value then the rate at which
the Inductor current ([, ) falls to zero decreases. Consequently, the boost

switch frequency has to be decreased to a value at which the Inductor current
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(I;;) becomes zero before turning on the boost switch (S, ) agaln. In other
words the the duty cycle of the boost switch must be decreased for a glven
boost switch switching frequency (f,,, ). Therefore the switching frequency of
the boost switch (S, ) Is a function of the dc bus voltage (V). The varla-
tion of the minimum dc bus voltage (VL) with duty cycle of the boost switch

is shown In Flg. 3.21.

From the descriptlon presented above, the slmulated Inductor current
(I ) and Its spectrum, the dlode rectifler switching functlon (S; (wt)) and its
spectrum, and the dlode (D, ) switching function (Sy,(wt)) and Its spectrum,
are derived and shown In Fig. 3.19. Evaluation of Flg. 3.19 clearly shows the
elimination of the low frequency components from the rectifier Input and out-
put currents (I, ,J, ).

The Input current (J;, ) can be expressed In terms of the Fourler serles as
o0

Lywt)= 3%, [A,l cos(nwt) + B, sin(n wt )]

n=13
where A, and B, are the Fourler coefliclents of the current [,,. The above
expression can be further simplified to

I, (wt) = )0:03 C,sin(nwt + 6,) (3.30)

n=13
where

A,
C, = VA2 + B,* and 0, =tan l-I-f_-

The values of C,, and 6, depend upon the value of the operating frequency of
the boosi switch for a given inductor vajue (L,;). The variation of the input
power factor of the proposed converter (without Input fliter) with a boost

switch duty cycle 1s shown In Fig. 3.22. The low Input power factor Is due to
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Fig. 3.21: Varlatlon of minimum dec¢ output voltage (VL) with the boost
switch duty cycle.
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Flg. 3.22: Varlation of power factor (without Input fliter) with boost switch
duty cycle.
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the presence of the high frequency harmonlic components 1n the current (i,-a )
These hilgh frequency current harmonlcs can be flitered easlly with a small
input fliter thus providing a nearly unlty lnput power factor. The peak
inductor current (/;; ) depends upon the value of the Inductor (L,,), the

operating frequency, and the duty cycle of the boost switch.

3.3.3 Front-end Sectlon

In thils section the proposed front-end boost section Is analyzed under
steady-state conditlons. The expressions derlved are subsequently used to
obtaln the Information necessary for proper converter design. The converter

Is analyzed under the followlng assumptlons:
(1) all power swiltching devices are ldeal and the forward drop and
reverse leakage currents of the dlodes are negligible;
(11) filter components are 1deal;

(111) the load voltage Is ripple free.
Moreover, the rated Input rms phase voltage, E£, and rated output power, P,J '

are assumed to be

E
P,

10 pu V
1.0 pu W

By further assuming that the ac source angular frequency 1s 1.0 pu, from

Fig. 3.19(c), the value of the peak current I,G,Pmk) for L,, = 0.1 pu s glven

by
24] Tnu
]:ar cak ) =— - ’ = l.48 pu (3.31)
)
¢ L, 2

Where T,,. s the boost switeh time perlod. The amplitude of the fundamen-
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tal component of current I; ; 1s 0.62. The peak value of current I;; (Eqn.
3.31) depends upon the values of L;;, Egpn(pek) 28nd Ty, . From Fig. 3.19(c)
the ratlo of current I; ; t0 Ji; (pear) 1 0.418. Therefore the general expression
for the current I;, , Is glven by

Iia,l = ia(peak)*0-418
Substitutlng Eqn. (3.31) the above equation becomes

\/E*E * T,
L, 2
From Eqn. (3.32) the max!mum value of the Inductor L;, for any boost switch

*0.418 (8.32)

Iia 1=

swlitching frequency can be calculated.

3.3.4 Qutput fliter

The rectifier output current, I, , In Flg. 3.18 Is glven by

ok 2k7r)} (3.33)

I, (wt) = [}%I,.a(wt _ 2T, (wt -
k=0 3

where S, (wt) Is the dlode rectifier switching functlon shown in Fig. 3.19(e)
and it can be expressed in Fourler serles as

Sy (wt) = % [D,, cos(nwt) + E, sin(n wt )]

n=123

Sg(wt) = § Fosin(nwt +¢,) (3.34)

n=1,3

where

2 2 -1 D,
F, =+/D,*+ E,* and ¢, =tan" —
E,

Substituting Eqns. (3.30) and (3.34) into Eqn. (3.33) ylelds the dlode rectifler

output current
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2k 2k m

[ o 00
I (wt)= 22) 3 C,sln(n (wt —-—§—)+0,,)* S Fpsin(m (wt —T)-*-s'm)}

k=0|n=13 m=:1,3

2k m
3

2 [
= ¥ IC,sln(wt - + 6,) + Cysin(3wt - 2k 7 + 63) + ]
k=0 |

Since the harmonlc components of I, (wt) are all multlples of six (l.e.
6,12,18...) and since the boost switch switching frequency, [,,., s also

assumed to be a multiple of six Eqn. (3.35) becomes

ClFl Cfu‘lpfw'l
I(wt)=3 —cos(f,-¢;) + ... + ———E——cos(()/"_,—g/‘__,) + ..

[ 301Ff,,-1

..... > cos( [ gy wt +0;-¢7, 1)

3C,\Fy, 41
— 05 f yy, wt +0,~¢; _41) )

3Fle|w'l
[——-—cos(/w wt —§,+0f",‘)

3F,Cy, 41

- -——2———cos(f,w wt —§,+9‘,“+,) + ) (3.30)

A close examination of Eqn. (3.36) reveals that the dominant harmonlc com-
ponent of the rectifler output current (J,) Is at f,,. If the boost switch
switching frequency is not a multiple of six then the dominant frequency of
the rectifier output current (J, ) 1s a multiple of slx around [ 4y SINCe the har-
monics of frequency f,, cancel each other on the de slde. Evaluatlon of Flg.
3.19(c) shows that the dominant harmonic component of the current (/) 1s

at f,, -1. where f,,. Is the boost switch switching frequeney. Furthermore,
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the switching function (S;,) of the dlode, Dy, shown in Fig. 3.19(f) can be

expressed by the Fourler serles

Sgwt)= Gy + ‘E [H,, cos(n wt ) + K, sin(n wt )]

n=1

(o0}
=Go+ ¥ Lysin(nwt +1n,) (3.37)

n=1

where

H,
L, =+/H?*+K,? and n, = tan'—
K,

The dominant harmonlc component of the dlode (D) switching functlon
(S41) 15 [4y. Therefore the dominant harmonlc component of the de current

(145 ) before dc fllter capacttor (C, ) Is glven by

Iy 4 (peaty =Ly, * I, (0) + G, (0) * Fy (3.38)

The converter output current (I (wt)) consists of a modulated traln of
pulses and consequently some form of fliterlng 1s necessary to separate the dc
component from the undesired harmonlc components. Furthermore, the

amplitude of the f,, th order voltage harmonlc component across the output

filter capacitor (C, ) 1s given by

v _ Idb,f..(peak)
Lifw ™ fswwC,

where Idb‘/"(pea,‘) Is the amplitude of the f,, h harmonlc component of

(3.39)

current Iy . Moreover, by assuming that the ripple voltage across the fllter
capacltor, C,, Is less than 0.01-percent (}.e. less than 30mV at the load term!-

nals at V;, = 300V) the output voltage (V] ) ripple can be defined by

100Vy 1, (rms)

Ripple % = (3.40)

Vi o
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Substituting Eqn. (3.40) Into Eqn. (3.39), the value of the output fliter capacl-

tor (C, ) Is glven by

: Ib k¥ 100
1 C, = — 2.!..(.pca ) (3.41)
5 \/E*VL o* (Ripple %) +f 5, *w

Substituting Eqns. (3.21) and (3.29) into Eqn. (3.41) ylelds

C = Idb,f,.(peak)*loo*(l_D) @3 42)
® T V2x(Ripple B)tf . *w V2*E*\/3 '

R il o'

[

; 3.3.5 Input Fliter

In most specifications for power supplles the total harmonlc distortion

(THD) content of the input lne current (I;,) 1s <5-percent. Also 1t can be

shown that If the amplitude of the domlnant harmonlc component of /,, s

reduced to 3-percent of the amplltude of the respective fundamental then

THD <5-percent c¢an be ensured. Therefore for the PWM method shown in

Flg. 3.18 the order of the dominant harmonic component of the Inductor

current (J;;) 1s f,, - 1. The harmonic equlvalent circult per phase for the

; input filter Is shown In Fig. 3.23. The filter Inductor current harmonlc com-

i ponents, I, ,, shown In Fig. 3.23 are glven by

XC.._,Ila,n

; iy = (3.43)

2vv r
n ALl].l - AC’MJ

where

: . n is the order of the harmonlc;

X, , s the filter capacitor (C), ) reactance at fundamental frequency;
XL.H Is the fiiter Inductor (L, ) reactance at fundamental frequency.

Equation (3.43) can be further siinplified as
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Fig. 3.23: Single-phase equivalent circult for Input fllter deslgn.
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Xlnn 1 Iia n
- = — + 1 3.44
X 10,1 n2 Il.l,n ( )

The domlnant harmonlc component of the current [, 1s at f,,, — 1 therefore

Eqn. (3.44) reduces to

XL. Mmoo 1 L Sl
XC...) (faw - 1)2 I' l'fa- =1

+1 (3.45)

Evaluation of Eqn. (3.45) reveals that size of the fliter components s a
function of the boost switch switching frequency (f,, ). The slze of the filter
components becomes smaller and smaller for higher switching frequencles
(f/sw ). Consequently all of the harmonics of the Input current (/;,) become
smaller and smaller and the Input power factor Is nearly unity. However the
proposed method also has the disadvantages of Increasing the swltching

stresses of the switching devices.

3.3.6 Component Ratings

From the aforementloned assumptlons and derlved analytical expressions
the voltage and current ratings of the varlous system components are as fol-

lows.

Inductor L,,

Value of L,, :0.1 pu

P4
Rms L,, current = }05 ‘ he l 1 0.50 pu
h 14 o \/"z

[ 8
Peak L,, current = »\/ 3 Le 0?1201 pu
n-3

PR N
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Reculfler Diode

Average current : 0.137 pu
Rms current : 0.42 pu
Peak current : 2.01 pu
Boost Switch S
Peak forward voltage : 4.89 pu
Peak current : 1.06 pu
Average current : 0,205 pu
Boost Dlode D,
Peak reverse voltage : 4.898 pu
Peak current : 1.08 pu

Average current : 0.205 pu
DC Fllter Capacltor C,
Value : Eqn. (3.42)
Peak voltage : 4.898 pu
The conventlonal three-phase ac-to-dc converter (Flg. 3.3) consists of
three single-phase ac-to-dc converters with sulitable Input and output connec-
tlons. Therefore, the component ratings derlved in section 3.2.4 are valid in
this case also. However In three-phase converter (Fig. 3.3) each individual
converter unit dellvers 0.33 pu output power whlle dellvering total converter

unlt 1.0 pu output power (P, ). Therefore all the current ratings derlved In

section 3.2.4 are to be reduced to % of thelr values (assuming the dc bus vol-

tage Is 1.556 pu).

Comparing the boost switch ratings of the proposed three-phase actlve
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filter topology (Fig. 3.18) with ?1;- of the current ratings found In section 3.2.4

clearly shows that the proposed three-phase ac-to-dec actlve topology (Fig.
3.18) has the disadvantages of higher peak current and peak forward voltage
as compared to the conventional three-phase ac-to-dc¢ active fliter topology

(F1g. 3.3).
3.3.7 Deslgn Example

To lllustrate the slgnificance and facllitate the understanding of the
theoretical results obtalned In preceding sections, the following design example

Is glven. The front-end rectifler topology has the following speclfications.
The ac source rms phase voltage (E) = 50V = 1.0 pu
The supply frequency = 80Hz. = 1.0 pu
The rated output power = 1.0 KkW. = 1.0 pu
The boost switch switching frequency (f,, ) = 24 kHz. == 400 pu

From these values

1000
1 pu current == ——— = 6.60 A
3+50

50
1 pu Impedance == e— = 7,501}
6.66

1 pu angular frequency = 27 f = 377 rad/sec.

.50
1 pu Inductance = lé- = 0.023H
377

! = 353.86 /iF.

1 pu capaclitance =
? P 377+ 7.5

Equatlon (3.32) 1s used to find the maximum value of the inductor (L,,)

required at 24 kHz (400 pu) switching frequency to deliver 1.0 pu (rms)
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current Is glven by

[ — V2*50 1 o418
“  Ve2+e.e6 24000 2

Using Eqns. (3.21) and (3.20) the followlng values are computed:

= 65.37uH

. Duty cycle of the boost switch S,; = 0.5

50+ V2

1-5

. Rectlfler Input phase voltage V,, = = 141.4 Volts.

. Minlmum output voltage V; = V3#V,, = 141.4+V3 = 244.01 V.

Choosling an Input fllter capacltor (Cy, ,) value of 0.1 pu and using the Eqn.

(3.44) the value of the input filter Inductor (L;,) value Is obtalned.

The domlnant ripple frequency = 24000 - 1 = 23.99 kHz = 399.98 pu

and

1 .
L, = o7 + 1| = 0.00152 pu = 30.41uH
0.1 +(399.98)¢ | 0.03

Output filter capacitor (C,) (Eqn. (4.24)) = \/5*03;7:4:)21*10;5\/5*75-

= 2.53 pu = 803.83uF

3.3.8 Experlmental Results

To verlfy the selected predicted results a 1.0 KVA experimental converter

has been Implemented using power MOSFET switch with the following elrcult

parameters:
The operating frequency of the boost switch f,,, = 25.84 kHz.;

The Input ac source rms phase voltage (E) = 50V;

-
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. The rectifler ac Input rms current I;; = 11.4 Amps.;
. The duty cycle of the boost switch S,; == 0.5;

The Inductor (L;; ) = 45 pH;

The dc bus voltage (V) = 300 V;

The rectifler output dec current (J, ) = 4.0 Amps.;

Experlmental waveforms obtalned with thls prototype are shown In Flig. 3.24.
In particular, evaluation of the input current (J;,) shown In Fig. 3.24(a) Is In
phase with the ac voltage as predicted. Furthermore, the Inductor current
(I;; ), rectifier output current (J,), and the voltage across the switch are In
close agreement with the simulated results shown in Figs. 3.19(c), 3.19(d), and

3.19(g) respectively. However, with the conventlonal method (Flg. 3.3) the

1200

rated rectifler Input rms current required to deliver 1200 Watts Is ( 50

) 8.0

Amps.. Moreover, with the proposed method the rectifler Input ac rms
current 1s 11.4 Amps.. Hence as predicted the rectifler has the dlsadvantage
of Increasing the current stresses of the switching devices In comparlson with

the conventlonal three-phase ac to dc converter shown in Fig. 3.3.

3.3.9 Concluslons

In this sectlon a novel three-phase fed boost actlve fliter topology has
been proposed. Thls topology draws high quallty Input current waveforms
frcm the ac source. The front-end bridge rectifler operation has been
analyzed in detall and the steady state performance s obtalned. Performance
evaluation and relevant design data have been provided for iinplementation of

the front-end rectifler. Detalled Input and output current analysls has shown
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Time : 2 ms/dlv.
Amp. : 100 V/div.
5 A/dlv.
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(b)

Time : 2 ms/dlv.
Amp. : 10 A/dlv.

{ RBIE: i '
' 4 ]

e

Time : 0.4 ms/div.
Amp. : 10 A/div.
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Time : 2 ms/div.
Amp. : 10 A/dlv.
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Time : 0.4 ms/dlv.
Amp. : 10 A/dlv.
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()

Time : 10 us/dlv.
Amp. : 100 V/div.

Flg. 3.24: Experimental waveforms of the proposed three-phase ac-to -de SMR

converter.
(a) Input ac phase voltage, Input current (J,;) and its frequency
spectrum.

(b) Rectifler Input current (/,, ).

(¢) Expanded version of (b).

(d) Rectifler output current (/).

(e) Expanded version of (d).

(r) Voltage across the boost switeh at reduced input voltage,
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that the proposed converter ylelds unity Input power factor, ellminates the
synchronlzatlon logic requirement, and reduces the component count consider-
ably In comparison with the conventional converter. However the proposed
front-end actlve fliter topology has the dlsadvantage of Increasing the switch-
ing stresses of the semiconductor devices. Finally, key predicted results such
as Input/output waveforms and assoclated harmonlc spectra have been

verlfled experlmentally on laboratory prototype unlts.

3.4 Proposed Three-Phase Fed Synchronous Active Filter Topology

The boost actlve fliter topology (Fig. 3.18) discussed In sectlon 3.3 has
the dlsadvantage of Increasing the current and voltage stresses of the semlcon-
ductor components. The synchronous actlve fllter topology discussed In thls
section retalns all the advantages of boost actlve fllter topology and ellminates
1ts dlsadvantage. As mentioned earller, a different but equally effective
method of ‘constructing’ a slnusoldal ac Input current waveform Is through
the appllcation of synchronous link techniques. The proposed three-phase fed
actlve synchronous rectifier topology (Flg. 3.25) consists of a synchronous
PWM rectifler that employs the harmonlc Injectlon sinusoldal PWM
(HISPWM) control method [31,32] for ellmination of the Input line current
unwanted harmonlec components. The HISPWM contro} technlque was chosen
because 1t can provide a de¢ current (/,) with minilmum unwanted dc har-
monlc components [32]. Simulated waveforms of the proposed synchronous

rectifler are shown In Flg. 3.26.
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3.4.1 Principles of Operatlon

The operating principles of the synchronous rectifier topology are dls-
cussed next with the help of the equlvalent circult shown in Fig. 3.27(a). In
this clrcult E,, represents one of the three phases of the ac source; L,
represents the synchronous Interface reactor; and V,, 1s the PWM rectifler

input line to neutral voltage. The maln performance characteristics of the syn-

chronous rectifier can be deduced from Fig. 3.27(a) as follows:

(1) Real power flow is In principle bilateral, golng from E,, to V,, into the
rectifler for lagging é and vice-versa for leading 6. This pcwer Is given by
the well known from synchronous machine theory expression

EV
P = en,l(rma)s
L,

iné (3.48)

(1) For the speclal case of & = 0°,the Input power factor angle ¢ becomes
90° and consequently only reactlve power flows (excluding losses).

() For any load condition there Is always a set of voltages, (V,, i(rms)) 2nd
6 values, which yleld unlty Input power factor (¢ = 0° ) as shown In Flg.
3.27(c). The relatlonship between V,, and 6 that ensures unity power

factor Is glven by (Flg. 3.27(c))

E

V. cosb

en l(rms) =

(3.47)

3.4.2 Control Principles

In Figs. 3.25 and 3.26(f) the rms value of the fundamental component of

V.. Is glven by
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Fig. 3.26: Proposed synchronous active fiiter topology simulated waveforms.
(a) Definitlon of HISPWM

(b,c,d)
Wavelnrms obtalned from a.

(e) PWNM rectifier switching functlon (S4).

(f) PWM rectifier Input line-to-llne voltage (V,/) and its frequency
spectrurm.

(g) DC lnk current (1, ) and Its respective frequency spectrum.
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Flg. 3.27: Single-phase equivalent clreult of the synehironous front.egid tectifier
section and phasour dlagrars,

{(a) Single-phase equivalent oireult
(b)) Phasor dlagram for voltages and currents Ventifled 15 (n)

(c) Phasor diagram for voltages and currents {deptified 11 (n) that
ensure a unity Inpout peower fartor,
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en ,1(rms) \/'5 \/5
14
_ YoMy (3.48)
V2v3
Furthermore, in Flg. 3.27(c) the value of Vo 1(rm) IS glven by

. E
V = 3.49
en,l(rms) cosb ( )

Therefore, using Eqns. (3.48) and (3.48) the value of the synchronous

rectifler dc output voltage Is given by

Vo= _\/i\/_ﬁ_;_E'_ (3.50)
’ M; coséd
Also from Eqns. (3.46) and (3.47)
2
P = tané (8.51)
L,
and by setting
E =1pu (3.52)
P =1 pu (ie. rated output power ) (3.53)
then Eqns. (3.48) and (3.51) yleld
tand = X (3.54)
1 (3.55)

cosb = ———ee
V1+X%

Moreover, by using Eqn. (3.54) and setting P = O pu Watts, Eqn. (3.51)

yields

tané =0 (3.58)
cosé =1 (3.57)

Flnally, comblinatlon of Egns. (3.50),(3.52),(3.53),(3.55) and (3.57) ylelds

Sy, BV
M, ="M,

1+ XQLH pu (3.58)
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Jor 0SP<1 pu (8.50)

A block dlagram of the overall synchronous topology Including the con-

trol loops required to ensure unity power factor and output voltage regulation

1s shown In Flg. 3.28. The control circuitry of Fig. 3.28 can be simplified by

ellminating the unity power factor control loop (dotted line loop ) at the cost
of slightly reducing the Input power factor as follows.

From Eqns. (3.49) and (3.55)

Vm (M ) E Vvi+ “““L.. (3.60)
Ven atrmejouy = V1 + X%, pu (3.01)

Therefore, while output power P varles between

or

0< P <1pu

Ven 1(rms) W vary between

1SV Ven pieme) S /1 X ‘L, pu (4.02)

Eqn. (3.62) shows that 1r.\’,,u s Kept sufficlently small ( 7 0.1 pu)

..

Vi tieme - 2 b =1 pu (3.00)

While joad conditlon< change frotn no load o rated lond, malutalning

Vin 1ieme /S E has the advantage of ellminating the unity prower factor contrd

loop shown du Flig. 3.2% thus reduclng the eoplealty of the copteed olreudtny
The eflect of muintalning V,, | ey = L =0 1 pu valto anthe Ing ot ponet

factor Is examined next with referenee to Flg, 3.20 Stuee Lowe Vo0 0 the

g 4 A
voltage triangle shown o Fig, 3.20 1 Vomedler i o, o e ‘, ned f,, 1 lin
sors are perpenelieninr oo e ot the dnpae foower Doter oang'e ¢ s gl

Ly
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Via

Ve n, !

Flg. 3.29: Phasor diagram for voltages and currents Jdentiffed 1n Fig. 3.27(n)
by setting L, = V', |.
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5 | Viuim
Omax = ) = Tan™? [-—2—E(I—i}

XL,

= tan™! | — (3.64)
2

where X; Is the pu reactance of the Input filter Inductance. If, for example,

X, Is selecied to be 0.1 pu then the maxlmum ¢ value becomes
bmax = 8’
This Implles a minlmum Input power factor value of

PF = cos(3°) = 0.998 (3.85)
whlich 1Is clearly acceptable.

3.4.3 Actlve Svnchronous Fliter Topology

In thls section the proposed synchronous fllter topology Is analyzed under
steady-state condltions. The derlved expressions are subsequently used to
obtaln the Information necessary for proper front-end rectifler design. The

converter Is analyzed using the followlng assumptlons:
(1) All power switching devices are ldeal and dlodes forward drop and
reverse leakage currents are negligible.
(2) The filter components are 1deal,
(3) The load voltage Is ripple free.
Moreover, for the rated Input rms voltage E and rated Input rms current,
I;; 1(rms) values, 1t Is assumed that
E =1 pu Volts (3.86)

Iig 1(rms) = 1 pu Amps (3.67)

where
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1 pu RMS current =
rated oulput power
8 ( Efficiency) ( RMS value of the ac source phase voltage )

(3.68)
keeping In mind that power factor Is almost unity.

Assuming that the THD of the Input line current 1s < 5% (Fig. 3.25) the

rectifler output current before flivering 1s given by

I,(wt) = f} Sy (wt - %’L)Iu',sln(wt - -?LT?- - ¢) (3.69)

k=0
where

Sy (wt) 1s the PWM rectifler switching functlon shown in Fig. 3.26(c) and

1ts harmonlc coefliclents are glven by

00
Sgwt)= Y A sin(nwt) (3.70)
n=157

Also, the frequency spectrum of the PWNI rectifler switching function, S, (w!)

1s given 1n Table 3.2
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Table 3.2

Frequency spectrum of the Rectifler Switching function, S, (wt)

Harmonlc order(n) | For M; =1 | For M; =.7
1 1 i

S nc4 -.18 -.1
pe2 -.18 -1
fne +2 -.18 -.1

[ ne +4 -.18 -1
2f pe -7 -.058 -.02
2f e -5 -.13 -.06
2f pe-1 -.083 -.34
2fpc+2 +.083 +.34
2/ e +5 +.13 +.07
2fnc +7 +.0586 +.024

Substituting Eqns. (3.70) Into (3.69) and assuming that the rectifler Input

line currents are balanced

2 3
ILywt)= Y {A sin(wt —-ggl)+A/“_4sln((fM —4)wt - 2k n)
k=0
2k
+A;_ SI((] pe 2wt ——)
2k
+ Af" +251n((fnc + 2)wt - _37T_)
+ Ay 1 oSIN((f 5 + 4wt - —2-1:‘;—1)+.. ]
2k -
¥ |1, sin(wt - o ?) (3.71)
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As I,(wt) has harmonlc components which are multiples of six of the

fundamental (l.e. 6,12,18,24,......) Eqn. (3.71) becomes

34 IIia 1
I, (wt) = —2—4-cos¢

[ 3Aflu - 41"“ 1 3A/.‘ - 211.4 B
2 2

]COS((fm. - 3)wt + ¢)

_ [ 3Af_‘;21.'a,1 _ 3A!.¢;‘I‘“" )cos((f,,c + 3wt + ¢)

- 34 2f-:2- hie cos((2f ne — 8wt - @)

N 34 2/.‘2— sia cos((2f o - Bt + ¢)

) 34 2,_‘2_11“,1 B 34 2/.‘2“‘ hia s cos(2 [ wt + @)

34 z/.¢2+ et o2 e 4 )0l + 9

N 3A 2[.‘2+ 7hia 1 cos((2f o + 6)wt 4+ ¢) (8.72)

where f,. = 21,27,33 ....

A close examlnatlon of Eqn. (3.72) reveals that the ( f,.-3 ) and
(f nc +3) harmonic components cancel each other thus providing a harmonie
free dc llnk current. Also from Eqn. (3.72) 1t can be observed that the de and
dominant harmonlc components of lo (wt) under worst operating condition

(M/ =.7 ) are glven by

34,1 -
]0 0 = ——;—mlCOSO = (%)(‘\,j )(\/’2)(:\'1)
= 2.1M, (3.73)
3(-A’.’f.,l+‘4‘2/.,<!)lml
]0 2/-1 = (2

3+ 3
3= )\e
7
= = 1.2 (3.7

‘9
4
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Fig. 3.26(g) shows the simulated waveform of the rectifier output current

before filtering and Its respective frequency spectrum.
3.4.4 Qutpuy Fliter

In Fig. 3.26(g) the front-end rectifler output current, I, (wt), consists of a
modulated traln of pulses and consequently some form of flltering 1s necessary
to separate the dc component from the undesired harmonic components.
Furthermore, the amplitude of the 2f,, order voltage harmonlc component

across the output filter capacitor, C,, , I1s glven by

Iy 2.,

Vv = .
L »2fu: 2/nc U)Co (3 75)

Moreover, the allowable rectifler output voltage ripple can be deflned by

100V,
Ripple % = 2.2/ (rms) (3.78)
Vi o

Substituting Eqns. (3.74) and (3.768) Into (3.75), the value of the output

filter capacltance Is glven by

I, 2/,.100

V2(2f nc Yw)(Ripple %) (V1 o)
(1.82)100

V2(2f 0 JA)(Ripple )

26.3M,
= u (3.77)

(/ ne N Ripple%)

Cc, =

V2V, P
M;

where

1
( 1 pu frequency ) ( 1 pu tmpedance )

1 pu capacitance =

(3.78)
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and

1 pu angular frequency = w rad/sec (3.79)

3.4.5 Input Fllter

In most specifications for power supplles the THD content of the input
lne current, I, , Is required to be < 5% [33]. Also It can be shown that if
the amplitude of the dominant harmonic component of J, Is reduced to 3
of the amplitude of the respective fundamental, then a THD < S-percent can
be ensured. Therefore,

v

I, 4 = —% —o0.03 (3.K0
wd = x, T O08 3.40)

Moreover. for the harmonic injectlon sinusoldal PW2A\1 (HISPWNMN) control
technique shown in Fig. 3.28, the arder of the dominant harmonle component

of the PWNM rectifler Input voltage ( Fig. 3.26(f) ) and 1ts respective ampittude

under the worst operating conditlon ( Af, = 1) are glven from Table 3.2 s~
follows,
d =/, -4 (3811
0.1K
V d = vV (3.8
en Lo ﬁ
By substituting Eqn. (3.57) Into Eqn. (3.%2) they
Ven ¢ = 0.254/1+ X pu
R:0.25 pu IR

erefore subetituting oagn, (8840 10,00 €4 w05 the vilge of the 1000 fliter
Th re sy iting Ly 1

reactanecs ts glven by

\, — X

ar

[ SRV,
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As expected, the cholce of the synchronous reactance value XL“ involves

a trade-off between switching frequency and Inductor size and welght.

3.4.6 Component Ratings

From the aforementloned assumptions and derlved analytical expressions

the voltage and current ratings of the varlous system components are as fol-

lows.
Inductor L,

Value of L;; :0.1 pu

<
Rms current (I; )=\/§ [-I'—an—] : 1.0 pu
$a ., rms 2 \/5

Peak current (I, o ) =

Rectifler Switch
Average current : 0.707 pu

Iia (rms)

Rms current = ————:0.707 pu
V2

Peak current : V2 pu
DC Filter Capacitor C,
Value : Eqn. (3.77)
Rms ripple current : 1.287 pu

Peak voltage : 2.5 pu

It 1s noted that the ratlo of the rms Input current (/,, ) to the peak value

of the Input current Is higher In the proposed synchronous active fliter topol-
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ogy than In the single switch front-end sectlon (from section 3.3.8) for the
same Inductor value of 0.1 pu. Moreover dc bus voltage Is approximately

reduced to half the value. Therefore the proposed synchronous fllter topology

exhiblts a higher power density.

3.4.7 Deslgn Example

In order to illustrate the significance and facilitate the understanding of
theoretical results obtalned In previous sections the following design example

Is given. The rectifler unit has the followlng specificatlons.
DC load voltage (1] )= 48V
DC load current (J) )= 100A
AC sourece rme phase voltage (1T = 120V
Modulatlon factor (.\1/ ) =1

Supply frequeney (f)) = 60117

Normalized carrler frequeney (f ) = 6}
Load voltage ripple (RUO) = 247

Rectifter eMetepey — 8077

Assuming balanred fuput Nne currente anc b using the ntose cpe 0ot g

1 pu Volte = 120\

IELESAS AN -
1 pucurrent = 1., - =————— 1 TA
(3. WY 120
1 pu freguency — =0 = 477 1 e
MR
1 pu Ysngye Yo _— P
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S S
(377)(7.8)

Using Eqns. (3.84) and (3.77) the input and output fllter components are glven

== 3.47x 10~ Farads

1 pu capacitance =

by

X, =22 — o014 pu

814

X;, = (0.14)(7.6) = 100

— 26.3+1
° (61)(2)

Therefore
C, = 0.21557 pu
or

C, = 0.216+3.47+10™ = 74.8 uF
Also using Eqns. (3.64) and (3.65) the max!mum power factor angle and
power factor are given by

0.14

Brax = -g- = tan~}( ) = 4°

PF = cos(4) = .997
3.4.8 Experlmental Results

To verify selected predicted results an experimental 2 kW front-end syn-
chronous rectifler topology has been Implemented using power MOSFETSs.

Results obtalned with this synchronous rectifler experimental unlt are shown
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in Flg. 3.30. Evaluation of experimental results shows that they are in close

agreement with the simulated results shown In Flg. 3.26.

3.4.9 Concluslons

In this sectlon a novel three-phase fed synchronous active fllter topology
has been proposed. This topology draws high quallty Input current
waveforms from the ac source. The synchronous front-end bridge rectifier
operatlon Is analyzed In detall and the steady state performafice has been
obtalned. Performance evaluation and relevant design data have been pro-
vided for Implementation of the front-end bridge reetifier. Detalled tnput
current and output current analysls has shown that the proposed synchronons
rectifler exhiblts practically sinusoldal aec Input current with reduced de hat-
monlc components. Moreover, the input fiiter ac capacltor and output flter
Inductor are eltminated thus decreasing further the slye and the cost of the
front-end rectiffer unlt, Moreover since the proposed topology uses n front
end reactor U exhibite improved reitabiiity against short elrcults. Pipally,
predicted features surh as Input/output current, voltage wavelorms and e
clated harmonle spectra have heey verifled experimentally on Inboratory pro-

totype unlts,

3.5 Conclusions

The propemed fropteend stngle-g hase ncvhve fiter tope gy (Flg 34
dravwe practlealhy ripple free wlrpopw Sdal onc Nyt curtent o ant fmyreoaes the

Inpat pewer factor Torther e ~orpared U the pacsthve Nter G jogy s oyneed

- 1 o -
B R e
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(2)
(b)
Amp.:(E,, ) 100 Volts./Div.
(I; ) 2 Amps./Div.
(V. ) 100 Volts./Div.
Time:2 msec./Div.
(c)

Amp.:(I,) 1 Amp ./Div.
Time:2 msec./Div.

Fig. 3.30: Experlmental waveforms of the proposed synchronous rectifler.
(a) Rectifier Input line current and its frequency spectrum.

(b) Rectifler ac source llne-to-neutral voltage (E,, ), input line current
({; ) and PWM rect!fier input voltage with respect to neutral.

(¢c) Dc Iink current (I, ).
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In chapter 2 (Fig. 2.5). Moreover the maln advantage of the active method
over the passlve method Is that the Inductor size can be controlled by chang-
Ing the input current ripple or by Increasing the switching frequency. Furth-
ermore, the proposed deslgn allows the boost converter to operate at constant
switching frequency. Flnally, predicted features such as Input current

waveforms have been verifled experimentally on a one kKVA laboratory unit,

Moreover, In this chapter a novel three-phase fed boost active fliter topol-
ogy has been proposed. Thls topology draws high quality input current
waveforms from the ac source. The front-end bridge rectifler operation has
been analyzed In detall and the steady state performance s obtalined. Perfor-
mance evaluation and relevant design data have been provided for implemen-
tatlon of the front-end bridge rectifier. Detalled Input current and output
current analysls has shown that the proposed converter ylelds unlty input
power factor, ellminates the synchronlzation logie requirement, and reduces
the component count considerably in comparison with the conventional con-
verter. However the proposed front-end active filter topology has the disad-
vantage of Increasing the current and voltage stresses of the hoost switehing
device. Flinally, key predicted results such as Input/output current, voltage
waveforms and assoclated harmonle spectra have beep verifled Laperlinen

tally.

Furthermore, 1o Wiy chapter s novel three-phiase fed actlhve Niter topology
has been proposed.  This topalogy  draws  Ligh  qunlity  Input current
waveformms from the ac source pand reduyees the switehing stresees of the
switching devices, The svpehronons front-end baldge reetifler cpernton has
been analyveed 1o detidl and the «teads state performaloe 3o cbtalned  Perfor

manece evaluation and relevant dedten ducn have Yeen provlded for Yy ienen
L
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tatlon of the front-end bridge rectifier. Detalled input current and output
current analysls has shown that the proposed synchronous rectifler exhibits
practically sinusoldal ac input current with reduced dc¢c harmonic components.
Moreover, the input fllter ac capacltor and output filter Inductor are elim-
inated thus decreasing further the slze and the cost of the synchronous
rectifier unit. Moreover since the proposed topology uses a front end reactor
it exhibits Improved rellabllity agalnst short clrcuits. Flnally, predlcted
features such as Input/output current, voltage waveforms and assoclated har-
monic spectra have been verifled experimentally on laboratory prototype

unlts.
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CHAPTER 4

HIGH-FREQUENCY LINK SECTION

4.1 Introduction

Chapters 2 and 3 dealt with the analysls and deslgn of front-end passive
and actlve rectifler section of the high frequency link ac-to-dec converter. This
chapter concentrates on the analysls and design of the high frequency link sec-
tion of the ac-to-dc converter. The maln design objlectlves In any high fre-
quency link converter are minimization of switching transients, and minimiza-
tion of switching losses. Both of these requlrements can be met simultane-
ously If the chosen circult topology and/or method of power control ensures
switch turn-on under zero-voltage and zero-current conditlons, and swliteh
turn-off under =zero-voltage conditlons. These condltlons are naturally
satisfled with resonant types of circult topologies operating with the antiparal-
lel dlode conducting when the respective switch Is turned on [8,11] (current
lagging mode). However for SMR applications, In additlon to Increased com-
ponent count, resonant power supplles have the disadvantage of requiring a
wide operating frequency range In order to malntaln constant output voltage
under varyving Input voltage and varyving load condittons. Therefore they are

more compatible with topologles that use some form of voltage pre-regulation,

On the other hand, the PWAL type of switeh mode power supplles can by
deflnitlon malntaln constant output voltage under varving Input/output con-
ditlons without varsing the operating frequeney,  However, they cannot

always ensure the alorementioned eritieal current-laging mode of operation.

A
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Thls Is particularly true under high Input voltage and light load operating

condltlons when the respective duty cycle assumes its minimum value.

The object of thls chapter Is to propose and analyze single-phase and
three-phase fed high frequency link sectlons which yleld high quality Input
current waveforms and high Input power factor values. Furthermore the
PWM constant frequency lnverter sectlon Is always operating in the current
lagging mode. The resulting advantages Include lower Inverter switching

losses and higher efliclency.

4.1.1 Slpgle-Phase Hleh Frequencev Link

Conventlonal high frequency link (HFL) converter (Flg. 4.1) generally fed
from a single-phase front-end diode rectifier, and operated at a fixed 1nverter
frequency control the output voltage by mult! pulse PWM method. It Is cus-
tomary to provide a short dead tlme between the complementary switching
devlces in order to avold having them conduct simultaneously. This type of
output voltage control Is more sultable for low power levels. At medium
power levels the storage time of the Inverter switches becomes a significant
portlon of the total high frequency ‘on’ time when bipolar switches are used.
Consequently as operating frequencles increase the output voltage control by

multl-pulse PWM of the inverter switching devices has several disadvantages

Including:
(1) difficulty often experlenced at very short conduction times In
developing a good turn-off slgnal;

(1) pulse dropping during the narrow pulses or a possibllity of short cir-

cult across the dc bus;
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(111) assoclated turpn-on and turn-off losses of the switching devices.

To overcome these problems at medlum power level (3kW - 12kW), Inverters
are often drlven with square wave PWM method. By using a square wave
drive for each transistor palr In a full bridge Inverter (Q,,Q, and Q,.Q,),
many problems assoclated with drlving blpolar transistors at very narrow
duty cycles are completely avolded. By phase shifting the each transistor palr
gatlng signals with respect to the other palr the ends of the primary
transformer coll will always be clamped because at least one transistor at each
end Is always ‘on’. This glves better control of the energy 1n the primary cir-
cult. The results of this clamplng effect Is less ringing due to clrcult parasitics
and lower switching losses at rated load. However controlling the output vol-
tage by varylng the phase angle of the Inverter transistor palr gating slgnals
will not address the problems assoclated with the transistor antiparallel diode
recovery current splkes seen In these systems. In the proposed HFL converter
topologles the PWM constant frequency Inverter sectlon Is always operating in
the current lagging mode and the output voltage Is controlled by the front-
end controlied rectifier. This topology allows the safe use of lossless slngle
capacltor Inverter switch snubber from zero to rated load power varlatlon. To
ensure the safe and lossless operatlon of the hlgh frequency stage under all
operating conditlons, the Inverter stage Is analyzed In detall and expresslons
are derlved for the snubber capacltor voltage as a function of the high fre-
quency transformer Jeakage and magnetlzing Inductances, operating fre-

quency, and the charging time of the snubber capacitors.

e T N i) g
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4.1.2 High Freguency Link with Suppressed dc Components

For medlum power applications the three-phase fed front-end converter
that uses a dlode rectifier and a single switch Is a good cholce (discussed in
sectlon 3.3) to satisfy the requirements mentloned in section 4.1.1. However it
has the disadvantage of increasing the switching stresses of the switching dev-
ices. Applicatlon of the three-phase fed synchronous front-end rectifier (Fig.
4.2) discussed In sectlon 3.4 ellmlnates all the above disadventages and exh!-
bits high power density, Improved rellabllity, ellmination of the input fllter ac
capacitor, and elimination of the dc link capacltor. Filnally, experimental
results from a prototype HIFLL converter are compared and verifled with the

analytically predlcted results.

4.1.3 Three-Phase High Frequencv Link Section

The ever Increasing need for Isoleted dc power 1s met today by off-line
de-de rectiflers or HFL converters that employ single-phase high frequency
IInk Inverter clrcults such as the one shown In Figs. 4.1 and 4.2. These con-
verters have been shown to perform quite well for power applications ranging
from 2 to 10 kW. For higher power levels, however, single-phase inverter cir-
cults face severe component stresses. As an alternatlve thls sectlon proposes
the use of three-phase Inverter circults In HFL converters (F1g. 4.3). The

resulting advantages Include:

(1) a dramatlc Increase (by a factor of three) In Input current and out-

put voltage chopplng frequencles;

N 2

hpoala
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(1) a lower RMS current through the inverter switches or a higher
power transfer for the same switch current and voltage stresses;

(111) a reductlon in the size of the reactlve (fliter) components;

(v) better transformer copper and core utllizatlon;

(v) Inherent delays in switching actlons, such as the storage tlme In
BJT's, do not pose conductlon overlap problems under converter
overload condlitions.

The last advantage Is particularly lmportant when deslgning the converter for
large Input voltage and load fluctuations. However, the proposed topology
also exhlbits the dilsadvantage of Increased power and control circult complex-
1ty. The different modes of operation of the three-phase inverter, the assocl-
ated output voltage ccntrol methods, and the commutation of the inverter
switches have been dlscussed In detall. This section also presents an analysls
and deslgn approach for three-phase HFL converters under large Input voltage
and load varlations. Flnally, theoretical results have been verifled experimen-
tally. The three-phase PWM Iinverter employed here must exhlibit some

unusual operating features Including:

(1) switching frequencies above 20 kHz;
(1) voltage control by a single pulse PWM gating slgnal;

(1) inverter feeding (transformer excluded) a three-phase dlode rectifler

directly.
Consequently the switching tlmes of the semlconductor components become

cruclal to the inverter performance (commutation).
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4.2 Single-Phase High Frequency Link Section

The benefits derlved from operating high frequency llnk PWM power
converters In the current lagglng mode have already been ldentifled by several
researchers [8]. These benefits can be easlly visualized by referring to the full
bridge inverter circuit shown in Fig. 4.1 and the correspondlng current and
voltage waveforms shown In Figs. 4.4(a) and 4.4(b). The resulting advantages

include:

(1) Increased operating frequencles since switching losses have been

minimized;

(11) use of slower switching devices, such as high power bipolars, In high
switching frequency applications, since switching losses have been
minimlzed;

(111) ralsing the output power levels obtalned per single module;

(1v) lowering the cost per HFL module by using cheap lower switching-

grade high-power switches,

From Fligs. 4.1, and 4.4(a) 1t 1s obvlous that In the current-lagging mode,
the Inverter switches turn on when the respective antiparallel dlodes are con-
ducting (zero current and voltage condition) and turn off under the zero vol-
tage conditlon because of the presence of the snubber capaclitor. However, as
can be seen from Flgs. 4.1, and 4.4(b), such operation Is not possible when the
inverter 1s operating In the current-leadlng mode. The reason s that the
direct charging and discharging of snubber capacitors through the respective

transistor switches can serlously damage these switches,

The maln difMlculty In explolting the advantages of the current lagging

mode has been the fact that output voltage regulation through Inverter duty

LR -]
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Fig. 4.4;: Hlgh frequency transformer primary voltage, Vf , and current, If .

(a) In lagging mode of operation.
(b) In leading mode of operation.
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cycle varlatlon results In partial operation In the current leading mode. More-
over varylng the duty cycle of the inverter switches ylelds lower use of the
power semlconductor switches and hijgh component stresses. Consequently
the proposed inverter operates at a fixed duty cycle (])<50-percent) and the
output voltage 1s malntalned constant by the front-end controlled rectifier
from minimum load to maxIlmum load. The high frequency transformer leak-
age and the magnetizing inductances are designed to ensure the safe commu-

tation of the Inverter under varylng Input voltage and load conditions.

Application of the front-end passlve fllter topology (Fig. 2.5) In HFL con-
verters (see section 2.3) malntalns a hlgh quallty Input current waveform:;
however, 1t has Inherent disadvantages such as a lack of control on the output
voltage (V;) and a narrow operating reglon. Hence, this type of power
conversion approach Is more and more attractive when the converter s
dellvering constant power and the Input source voltage (E,') Is practleally con-
stant. These dlsadvantages can be ellminated by the use of the actlve front-
end converters In HFL converters (see Chapter 3). This type of power conver-
slon has the advantages of malntalning a hlgh quality Input current waveform

and output voltage control from minimum to maximum load conditlons.

4.2.1 [pverter/Rectifler

In this sectlon the Inverter Is analyzed under steady state conditlons. The
derlved expresslons are subsequently used to obtaln the information necessary
for proper Inverter deslgn. Moreover, the value of the tnverter Input voltage
(V, ) depends upon the front-end rectifler system. The inverter Is analyzed

under the following assumptlions:
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(1) all power switching devices are ldeal and the forward drop and

reverse leakage currents of the dlodes are negligible;
(11) the fllter components are ideal;

() the load voltage (V,) and inverter Input voltage (V) are ripple

free.

Furthermore,

V, = 1.0 pu
and
P, =1.0 pu
As shown In Fig. 4.4, the current flowlng through the high frequency
transformer (HFT) Is a trapezoldal waveform. To ensure the safe commuta-
tion of the Inverter switches, a small Interval of dead time Is required between
the operation of the complementary switches. Thls can be explalned as fol-
lows. Inltlally transistor @, (Flg. 4.1) carrles the load current and the voltage
across C, Is zero. The voltage across C, Is equal to the dc link voltage V;
and when @, turns off, Its current (I, ) Is diverted Into the capacltor C'y, thus
limiting the voltage rise across the switch @,. Note that the capaclitor C, Is
belng charged at the same time capacitor C, Is belng discharged. The comple-
mentary switch @, should not be turned on untll the voltage across C rises
to the dc llnk voltage, V;, and the voltage across C, falls to zero. If @,
turns on before this perlod, a short clrcult occurs between the positive and
negative Inverter terminals through capacitor C,. Therefore, a finlte dead
time 1s required between gating signals of complementary Inverter switches.
This dead time depends upon the current I, , the value of the snubber capacl-
tor, and the HFT leakage and magnetlzing Inductances. Moreover, the worst

operating condltion, In terms of commutation of the switches, 1s the no load
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conditlon. If one can ensure the safe commutation of the inverter at no-load
condltions, safe commutation at any other load Is certain because the load
current 1s at a minlmum at no-load. Further more at no-load the current
flowing through the HFT primary winding 1s as shown In Flg. 4.5. The
relevant expressions for voltage across the switch Q 1» 80d the current through
the switch @, are derlved as follows:

HFT leakage Inductance referred to primary ==L,

HF T magnetizing Inductarce = Ly,

If welet, L=L; + L) then

dl; (t)

Ve =1—5—

I (t %o L <<l
pO= -0 osts—-

T,
(t - ) T<tSTs (4.1)

'~31-S
-

At tlme t = —, translstors ¢, and @, turn ofl. Here T, Is the time

perlod of the hlgh frequency Inverter. The current flowlng through the

snubber capaclitor Is

ey p (4.2)
AP 4L ¢

Assuming constant current durlng the commutation, the current flowing
through the capacitor C,, the HFT leakage and magnetlzing inductances (L),

and the capacitor C, at time t=0Is glven by

I Lo
j(o)'——‘lf ]

Assuming for convenlence that the capacitance of the snubber capacltor

= 2C, the voltage across the capacitor C’l Is glven by
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Flg. 4.5: High frequency transformer primary current (I, ) at no load.
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t
1
Vcl(t)= —2-5'[1[ (0)dt
0

LC —V, T,t (4.3)

The time required to charge the capacitor C, to the dc link voltage Vj

is glven by

secs. (4.4)

T
The maximum time avallable to charge the capacitor C 1s —45-
t < 7. 5)
S— 4!
s = (

Assuming ihat the current through capacitor C; durlng commutation Is
not constant, then the equlvalent circult of the commutation Is shown In Fig.

4.6. The voltage equation may be written as

f()

and

I (¢ d2I, (¢
f()+L j()=
c dt?

The solution of the above equation 1s glven by

I (t)= Acos(w, t)+ Bsin(w, t)

where

At the beginning of the commutation

I, (¢ I Z VT
r Wy =1 (=)=
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Flg. 4.6: Equlvalent circult durlng turning-off of a transistor.
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and

VL
i I (t) = ET‘ cos(w, t) (4.8)

The voltage across the capacltor C, Is given by

t

: 1

, Veult)= %II]' (¢)dt
‘0

Wy

T,sin(w, t) (4.7)

The time required to charge the capacitor C, to the dc llnk voltage, V,

- wgac.

is glven by
1
t = sin~! 4.8
Wy [wn T, ] (4.8)
and
“nos g (4.9)
4,
fe ~

Using Eqns. (4.4) and (4.8) the theoretical tlme required to charge the
capacltor C, for the constant current case s compared with the actual
current when L. has a value of 500 xH In Flg. 4.7. For smaller values of the
snubber capacltor, it 1s quite reasonable to assume a constant current durlng
commutation. However, at higher values of snubber capaclitance thls assump-

tion Is not valid. ,

In order to satisfy the condltions In Eqns. (4.5) and (4.9) the maximum
value of the snubber capacltor C Is a function of operating frequency and
HFT Inductance L. The relationship between the Inverter operating frequency,

the HFT Inductance L, and the snubber capacitor C, I1s shown in Fig. 4.8 for
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Flg. 4.7: Snubber capacitor versus dead tlme between Inverter complemen-
tary switches gating signals at 20 kHz.
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Flg. 4.8: Maximum snubber capacitance versus inverter operating frequency
(a) Constant current durlng commutation.
(b) Actual current during commutation.
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both the constant current and actual current,

4.2.2 Output Fliter

In Flg. 4.1 the high-frequency inverter operates at slightly less than 50-

percent duty cycle under varylng Input voltage and load conditlons. There-

fore the output filter Is deslgned assuming 47-percent duty cycle of the
Inverter switches. The respective output voltage waveform at the lnput of the
output filter Is shown In Flg. 4.8. Also, the equivalent circult for the output
filter des!gn Is shown In Fig. 4.9(c). Moreover, Fig. 4.9(b) shows the theoretl-
cal waveform of the fllter Inductor current (I, ). From Flg. 4.9(b) 1t follows

that the value of the average peak to peak current Ia ripple 1s glven by

Vy -V
Al = _E_.___"_tnn —_ '(Eg'ton
L, L,
T
— 0.060.94%* 8
L, 2

where T, 1s the Inverter operating time perlod. By further assuming thau

Al, = 10-percent current ripple, the value of the fliter inductor L, 1s glven

by

Therefore, the second harmonic (l.e., twice the inverter operating frequency)

ripple current value through the fliter inductor becomes

I, , = 0.1414 pu
and assuming the ripple voltage across the fllter capacitor (C,) < 0.1 percent

the value of the fllter capacltor Is given by
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Flg. 4.9: Simulated waveforms and the equivalent circult for the output filter

deslgn

(a) Converter output voltage before fliter Inductor (Vy).
(b) Converter output filter Inductor current 1,).

(c) Equlvalent circult for the output filter deslgn.
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0.1414 4+
C, = 14147100 = 50.0 pu
2+#/2+1.0#0.1
It I1s noted that the 1.0 pu frequency is the operating frequency of the

inverter.

4.2.3 Inverter Input Fljter

Neglecting the ripple of current, I,, and the high frequency transformer
leakage Inductance, the lnverter Input current, I;,, shown In Flg. 4.10(b) is

given by
L (wt) = S (wt )], (wt)

where S (wt) 1s the overall switching function of the high frequency Inverter

and rectifier stages shown in Flg. 4.10(a). Therefore the domlinant harmonic

component (twlce the Inverter operating frequency) of the Inverter Input
current value Is glven by

Iin o = 0.1183 pu (4.10)

In Flg. 4.1 consldering the Inverter input current (I;, ) the equlvalent cir-

cult for the dc llnk fliter deslgn is shown In Flg. 4.10(f). In Fig. 4.10(f) the

dominant frequency component of Idb {s 120 Hz and the dominant frequency

of I,‘,, Is twice the Inverter operating frequency. Therefore, the amplitude the

120 Hz voltage harmonlc component across the fliter capacltor Is glven by

Iy o

11
2wC, (#11)

VL,2 =

and the amplitude of the 40 kHz voltage harmonlc component (assuming 20

kHz Inverter operating frequency) across the fliter capacltor Is
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Flg. 4.10: Proposed Inverter and high frequency link simulated waveforms
(a) Overall switching functlon (S(wt))
(b) Inverter Input dc current (I, (wt))
(¢) Inverter switching function (S;(wt) )
(d) High frequency transformer primary voltage (V; (wt) )
(e) High frequency transformer primary current (I, (wt) )
(f) Equivalent circult for dc link fllter deslgn
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Im 2

—_— 4.12
666.66wC, (4.12)

VL 2in =

From Eqns. (4.11) and (4.12) the rms ripple voltage across the dc filter capacl-

tor becomes

1
VL,ripple = -\/'_2'\/‘/214 2+ V2L ,2in (4.13)

Moreover, the allowable Inverter Input voltage ripple can be deflned by

100 *VL ripple

Ripple % =
° VL ,0

(4.14)

From Eqns. (4.11)-(4.14) the value of the filter capacltor Is given by

J I2|'n 2
100 + Izdb g + ———
' 333.332

C, = 4.15
° \/§VL 0 *2+w(ripple %) (4:15)

In Fig. 4.1 at 1.0 pu dc bus voltage the value of 120 Hz ripple component

(I o) for the proposed actlve fllter topology becomes

0.643
1.5566

Idb 2= = 0.413 pu (4.16)

Using Eqns. (4.10}, (4.15) and (4.18) the value of the capacitor (C, ) for 5%

ripple voltage (V) becomes

0.1193 o
100 # 0.413)2
\/( ¥+ (G388 33)

C == 2.02 pu 4,17
Tovors P (4.17)

It 1s noted that the C, value found In Eqn. (4.17) Is approximately same
as the respective C, value found in Eqn. (3.18) for the proposed active fllter
topology. Therefore the Influence of high frequency Inverter on the value of

C, 1Is negligible.




4.2.4 Hieh Frequencv Transfornier

The high frequency link llne voltage shown In Fig. 4.10(d) is given by
V/ (wt) = VL (wt )*S,- (wt)

where S; (wt) Is the Inverter switching functlon shown in Flg. 4.10(c). Siml-
larly, the slmulated high frequency link line current, I, , Is shown In Fig.
4.10(e).

Regarding Flg. 4.1 the high frequency link llne voltage, Vf , and current,
I, , are shown In Flg. 4.10(d) and (e). The rms values of voltage Vf and I,

are glven by

Vi (tmsy) =10 pu

V2
Ij (rms) = 'ﬁ = 1.0 pu

Therefore the total volt-ampere (VA) rating of the transformer = 1.0 pu

4.2.5 Inverter/Rectifler Component Ratings

In Flg. 4.1, the high frequency Inverter operates at slightly less than 50-
percent duty cycle. The Inverter Input voltage (V) Is maintalned constant
by the front-end rectifler converter under varylng source voltage and load
conditlons. Consequently the peak value of the square current pulses through

the Inverter switches I ;.0 ) = 1.05 pu (assuming 10-percent current I, rip-
ple).
Average current through the Inverter switches = 0.5 pu

RMS current through the Inverter switches (/,,,, ) = 0.707 pu
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Peak forward voltage (V,,,) = 1.0 pu

4
Total inverter switch VA = 3 L0 4 *Vou s

=1

= 4*0.707+1.0 = 2.828 pu

The peak value of the square current pulses through the output high fre-

quency rectifier diode 1s 1.05 pu (assuming 10-percent current I, ripple).
Average current through the output rectifier dlode switches = 0.5 pu
RMS current through the output rectifier dlode switches = 0.707 pu

Peak forward voltage = 1.0 pu
4.2.6 Deslgn Example

In order to lllustrate the significance and to facllitate the understanding
of the theoretlcal results obtained In the previous sectlons, the following

example Is given. The High Frequency Inver:er has the following parameters:

High frequency transformer leakage and magnetizing inductances (L) =
1274.5 ph
Operating frequency f, = 20 kHz
(1) Assuming constant transformer magnetlzing current during commutation
From Flg. 4.8(a) the theoretical maximum possible value of capacitor C =
0.061 u F.
Maximum value of snubber capacitor 2C = 0.1226 u F.
Choosing the snubber capacltor 2C = 0.01 uy F or C = 0.005 u F;
the dead time requlred between the two complementary gating signals Is

(Eqn.(4.4))
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__8LC
T,

== 1.0186usec. (4.18)
(11) Assuming the current Is not constant durlng commutation
From Flig. 4.8(b) the theoretical maximum possible value of capaclitor C =
0.03065 u F.
Maximum value of snubber capacltor 2C = 0.061 u F.
Chooslng the snubber capacitor 2C = 0.01 gy For C = 0.005 u F;
the dead time required between the two complementary gating signals Is

given by the Eqn.(4.8),

8
t = 1 sln"[ fs ]
wn wn

= 1.0196 u seconds. (4.19)

4.2.7 Experimental Results

In order to verlfy the predicted results a 7 KW experlmental converter
was Implemented using IRFK4H 451 power MOSFET transistors with the fol-
lowing clrcult parameters.

High frequency transformer ‘eakage and magnetlzing inductances (L) =
1274.5 yH

Operating frequency of the inverter (f,) = 20 kHz

Snubber capacltor 2C = 0.01 ¢ F

DC bus Voltage V; = 260 volts

The experimental waveforms are shown in Flg. 4.11. In particular, evaluation

of Fig. 4.11(b) shows that the time required to charge the snubber capacltor




(2)
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Time : 10 us/div,
Amp. : 50 V/dlv.
1 A/dlv,

Time : 0.2 ps/div.
Amp. : 50 V/dlv,
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. (e)

Time : 40 ns/dlv.
Amp. : 50 V/div.

(a)

Tle : 10 ps/div.
Amp. : 10 A/div.

Fig. 4.11: Experimental waveforms of tiie proposed Inverter operation

(a) Voltage across the transistor (V,,) and the high frequency
transformer primary current (J + ) 8t no load.

(b) Voltage across the transistor (V,,) during turn-off at no load.

(c) Voltage across the transistor (V,,) durlng turn-off at rated
load.

(d) High frequency transformer primary current at rated load.
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to the dec llnk voitage, VL , durlng turning off (<=1usec.) at no load is In close
agreement with the values predicted in the design example (Eqns. (4.18) and
(4.19)). From the specification sheet of the IRFK4H 451 the fall time, ¢, , of
the transistor s 70 ns. Moreover, the voltage rise across the transistor during
turn-off at rated load 1s shown in Fig. 4.11(c). Further, the voltage across the
transistor at the end of the 70 nsec. perlod Is approxlmately 110 volts.
Therefore, the transistor turn-off switching losses at rated load are approx!-
mately 123.2 10°® Joules /turn-off. Moreover, the trausistor turn-off switching
losses can be decreased considerably for any output power level, by choosing
the proper value of the snubber capacltor and the dead time between the

complementary power semlconductor switches.

4.2.8 Conclusions

In thils section single-phase high frequency link in which the PWM con-
stant frequency inverter section Is always operating In the current lagging
mode have been presented. These topologles allow the safe use of a lossless
single-capacitor snubber from zero to rated load power condltlons. Finally,

the theoretlcal results have been verlfled experlmentally.

4.3 High Frequency Link with Suppressed dc Components

The advantages of operating the Inverter sectlon 'in the current lagging
mode are discussed In section 4.2. Applicatlon of the front-end boost active
rectifier topology (discussed in section 3.3) In SMR converters controls the

output voltage from maximum to minimum load varlatlon whlle ensuring the
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critical current lagging operation of the inverter. However, application of the
front-end synchronous rectifier discussed in sectlon 3.4 controls the output
voltage from zero to rated load conditlons. The proposed three-phase fed
single-phase high frequency link converter (Flig. 4.2) consists of two maln
power converslon stages. The first staze iIs a PWM rectifler that employs the
harmonlc Injectlon sinusoldal PWM (HISPWM) control method [31,32] for
ellmination of the Input llne current unwanted harmonic components. The
HISPWM contirol technlque was chosen because It can provide a de llnk
current (I, ) with the minimum of unwanted harmonlc components [32] which
In turn can prevent the generation of unwanted harmonlc components In the
Isolatlon transformer primary current ( I, ). The second stage consists of a
high-frequency ( > 20kHz) fixed duty cycle single-phase Inverter that converts
the PWM rectifier dc output current into a High-Frequency ac current, 8 high
frequency transformer, a high frequency rectifler, an output fliter, and a load.
This essentlally reduces the slze and cost of the Isolation transformer conslder-
ably. Simulated waveforms of the proposed HFL converter are shown in Flg.

4.12.

4.3.1 Princlples of Qperation

The operating principles of the front-end synchronous rectifler are dis-

cussed In section 3.4 and the relevant aspects are presented here,

(1) Real power flow Is In princlple bilateral, golng from £,, to V,, Into the
for lagging 6 and vice-versa for leading 6. This power Is glven by the well

known from synchronous machine theory expression

R Evnu(rm.s)

— 6 4.20
P X, sin ( )
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Flg. 4.12: Proposed synchronous rectifler fed HFL converter simulated
waveforms.

(a) High frequency Inverter switching function (S, ).

(b) PWM rectifler Input llne-to-llne voltage (V,/ ) and its frequency
spectrum.

(c) DC lnk current (/,) and its respective frequency spectrum.

(d) Primary current of the Isolation transformer (I, ) and Its respec-
tlve frequency spectrum.
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(11) For the speclal case of 6§ = 0° ,the Input power factor angle ¢ becomes

90° and consequently only reactive power flows (excluding losses).
4.3.2 Control Princlples

In Figs. 4.2 and 4.12(b) the rms value of the fundamental component of

V.. Is glven by

y v. w1~
en, 1(rms) — \/5 N.s \/5 j

V, M; a
BN te? Bl (4.21)
V2v3
where,
a = —{\-yp—- (4 rm)
N,
Furthermore, following the procedure described In sectlon 3.4.2 ylelds
V23 Vav3 =
<V, < 1+ X u 4.23
aM/ = 0= aM, L. P ( )
for 0<P <1 pu (4.24)

A block dlagram of the overall unit Including the control loops requlired
to ensure unity power factor and output voltage regulation Is shown In Flg.
4.13. The control clrcultry of Fig. 4.13 can be simplified by ellminating the
unity power factor control loop (dotted line loop ) at the cost of slightly

reducing the Input power factor as shown In sectlon 3.4.2.
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4.3.3 SMR Converter

In thls sectlon the proposed HFL converter 1s analyzed under steady-state
conditions. The derlved expresslons are subsequently used to obtain the infor-
matlon necessary for proper HFL converter design. The converter 1s analyzed

using the following assumptions:

(1) All power switching devices are ldeal and dlodes forward drop and

reverse leakage currents are negliglible.
(2) The fliter components are 1deal.

(3) The load voltage is ripple free.
Moreover, for the rated input rms voltage E and rated input rms current,

L;s 1(rms) Values, 1t Is assumed that

E =1 pu Volts (4.25)

Ly \(rmsy =1 pu Amps (4.20)

where

1 pu RMS current =
rated outpul power
8 ( Efficiency) ( RMS value of the ac source phase voltage )

(4.27)

keeping In mind that power factor Is almost unity.

Assuming that the THD of the Input llne current Is < 5-percent (Flg.

4.2) the converter output current before flltering Is given by

I, (wt) = Lf) Sy (wt - 2’; T\l stn(wt - 22 T
=0
* [aS,- (wt)Sy, (wt)] (4.28)

where



S4(wt)

S, (wt)

,
W,

Sdr (.A)t )
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Is the PWM rectifler switching function shown In Fig. 3(e) and Its
harmonlc coefliclents are given by

Sj(wt) = E A,sin(nwt) (4.29)

ne=1,.57

15 the High Frequency Inverter Switching function shown In Fig.
4.3(f) (Fixed Duty cycle = 50-percent) and 1Its harmonlc
coefTliclents are glven by

(e o]
S, (wt) = A b -l-sln(n w, t) (4.30)
n n=135 n

{s the Inverter stage angular frequency

1s the high frequency dlode rectifier switching function which Is the

same as the switching function of the Inverter stage.

Sinee the High Frequeney Inverter stage operates at a flxed 50-percent

duty cycle

S" (.A.'t ).Qd' (—L'[ ) = 1 (4.31)

Also, the frequency spectrum of the PWNMI rectifier switching function, S, (wt)

i1s given In Table 3.2,

Substituting Eqns. (4.29) and (4.31) Into (4.2%) and assuming that the

HFL converter Input lipe currents are balanced

2 . ¢ k
I, (wty= 33 [A sin(wt- 2k +A, _ (S g )t - X7 )
k=0
2k m
+A/“_Qsln((/,”-2).~'l— —)
2k

+ A oSI((f e + 20t - )

’
«

ok
+ A/",‘Sl!l”fﬂ( + 4l - '4” )+ ]
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o [I,-a,,sm(wt - 2,;” - ¢)} (4.32)

As I, (wt) has harmonlc components which are multiples of six of the

fundamental (l.e. 6,12,18,24,......) Eqn. (4.32) becomes

lIia,l

3aA
I, (wt) = -—2—-—cosd)

3aA I 3aA I;
flc -4 1 [ T 2 .
- [ LI ! e ’cos((],,c - 3wt + ¢)

2 2
BaA; . oly, 3ad; . adia
- p - > cos((f pe + 3)wt + &)
3aA 2/ o —7I|'a,1
- > cos((2f 5 — Bt - @)
3aA 2f . -SIia,l
+ > cos((2f 5, — 8wt + &)
30A . _,I; 3aA4 I
N -/.2, 1442 1 _ 2[.,2-1»1 a1 cos(‘..’fm.w+¢)
3QA 2/-: + slfﬂ 1
- > cos((2f ,, + 4)wt + &)
3aA I,
+ 2/“2” ik cos((2f,. + B)wt + &)

(4.33)
where f,. = 21,27,33 ....

A close examlnatlon of Eqn. (4.33) reveals that the ( f,.-3 ) and
(f zc +3) harmonlc components cancel each other thus providing a harmonic
free dc llnk current. Also from Eqn. (4.33) 1t can be observed that the dc and
dominant harmcale components of I, (wt) under worst operating condition
(M; =.7) are glven by

3aA IIia 1

cosp = (%“)(M, XV2)(=1)

= 21M; a (4.34)

a(-Agy 4+ Az s
18,2]'" = 2
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30(.3-;.3.)\/5

== 2 = 1.82a (4.35)

Flg. 4.12(c) shows the simulated waveform of the converter output

current before flltering and 1is respective frequency spectrum.
4.3.4 Qutput Fliter

In Fig. 4.12(c) the HFL converter output current, J, (wt), conslsts of a
modulated traln of pulses and consequently some form of fAltering 1s necessary
to separate the dec component from the undesired harmonlc components.
Furthermore, the amplitude of the 2f,. order voltage harmonlc component
across the output fliter capacitnr, C'a s glven by

Il .
‘- N /-.

., = m——— 1.30
s 2/-: 2/'“’“:(" ( )

Moreover, the allowable converter output voltage ripple can be defined by

100t e
Itapple ¢ = "_ Ju (1.37)

& 0

Substituting kqns. (4.35) and (4.37) tnto (4.46), the value of the output

filter capacltance Is glven by

I oy 100
\/5(2/,‘, o) Rapple C)(V, )

_ (1.820)100 -
Ve f ne Y1) Rapple ('(')(-\@—@)
x ,‘{/

¢, =

20.3a°M,
=3 - pU (13“’
(] pe WHRpple©7)

where
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1
( 1 pu frequency ) ( 1 pu ympedance )

1 pu capacitance =

(4.39)

and

1 pu angular frequency = w rad/sec (4.40)

4.3.5 Hlgh Frequency Transformer

In Fig. 4.2 the ohmlc Isolation transformer primary current 1s glven by
Ip (wt) = I, (wt)S, (wt)
= al, (wt)S, (wt) (4.41)
Substituting Eqns. (4.30) and (4.33) Into Eqn. (4.41) and ignoring the

harmonlc components of I/ (wl ) which have an amplltude less than 5-percent

of the fundamental component ylelds

12a A llla 1

Ip (wt) = - " [sin(w, t + ©) + sin(w, t - 0))
(Aap, +a-Azp, 1)
4 ‘ " 2 el [sln((.@, + 2fpc Wt + 0)
+ sin((w, -2, w)t - &) ] ] (4.42)

where w, Is the Inverter stage angular frequency

Flg. 4.12(d) shows the slmulated waveforms of the lsolatlon transformer
primary current, Ij and Its respective spectrum. A close examlinatlon of Eqn.
(4.42) reveals that the fundamental component of I/ (wt) 1s osclllating at the
Inverter stage switching frequency, kw , which can be chosen to be above the
audlble frequency range ( > 20kHz ). Thus the slze and cost of the isolation
transformer can be reduced conslderably. Moreover, only the major unwanted
harmonic component of I (wt) Is osclllating at a frequency (k £2/,.)x which

has an amplitude of 20-percent of the fundamental component.
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4.3.6 Component Ratings

From the aforementloned assumptions and derived analytical expressions
the voltage and current ratings of the varlous system components are as fol-
lows.

Inductor L,,

Valueof L, :0.1 pu

Rms current (/,, ,..,) =

Peak current (1,; ;o0 ) =

Inverter Switel

Average current : 1.0605 pu

RMS current (1, ) 1.5 pu

Peak current : 215 pu
C Fyilte atincltar O

Value @ Fgn. (4.35)

Rmes ripple current @ 1.2%7 pu

Peak voltage : 2.5 pu

The current stresses of the high frequeney rectifier dlode are same as the
Inverter switch current stresses, [t 1s poted that the ratlo of the rms fnput
current ([, ) to the peak value of the Input current is higher 1n the proposed
HEL converter than in the single switely front-end section (from section 3.3.0)
for the same tnductor value of 0.1 pu. Therefore the proposed converter exhi-

bits a higher power dencity,
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4.3.7 Deslgn Example

In order to lllustrate the slgnificance and facllitate the understanding of
theoretlcal results obtalned In previous sectlons the followlng design example

Is glven. The HFL converter has the followlng specificatlons.

DC load voltage (V o)= 48V

DC load current (I )= 100A

AC source rms phase voltage (E) = 120V
. Modulation factor (M, ) = 1

Supply frequency (f,) = 60HZ

Normallzed carrler frequency (f,.) = 61

Load voltage ripple (R%) = 2%

converter overall efMclency = 85%¢

Assuming balanced Input llne currents and using the above specifications

1 pu Volts = 120V

1 pu current = L yymey) = -(3%%(;(%0'2)7) = 15.TA
1 pu frequency = 27 f, = 377 rad./sec.

1 pu Impedance = -11%(;— = 7.602

1 pu capacltance = m = 3.47* 1074 Faradr

Using Eqn. (4.38) output fliter capacltor Is given by

__26.3+a%+] pu
) (61)(2)
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‘/5\/5 Ven {rme) _ 6

where a = Va,o *Mf

Therefore
C, = 7.76 pu

or

C, = 7.76+3.47+107' = 2000 uF

4.3.8 Experimental Results

To verlfy selected predicted resuits an experimental 2 kW HFL converter
has been Implemented using power MOSFETs. Results obtalned with this
experimental unlt aie shown In Flg. 4.14. Evaluatlon of experimental results
shows that they are In close agreement with the slimulated results shown In

Fig. 4.12.

4.3.9 Coneclitsions

In ths sectlon a novel three-pliase fed HEL converter with suppressed de
components has bheen proposed, This HFL converter draws high quality Input
current waveforms from the aec scurce, The synchronous rectifier fed HEL
conv rter exhibits practlcally sinusoldal ac 1nput current with suppressed de
Ink components. Moreover, the input fiiter ac capacitor and output fAlter
induector are eliminated thus decreasing further the size and the eo=t of the
overall converter. Moreover since the proposed topology uses o front end
reactor U exhibits lmproved rellabiiy  agatnst short elreults, Flnally,
predicted features such as input/output waveforms and associated harmonle

spectra have been verified expertmentally on laboratory prototy pe unplt,
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(a)
;ffnve}tér
(b)
Amp.:(V, ) 100 Volts. /Div.
Time:200 us/Div.
(c)

Amp.:(I,) 1 Amps./Dlv.
Time:2 msec./Dlv.

Flg. 4.14: Experlmental waveforms of the proposed synchronous converter.

(a) Isolatlon transformer primary current (I; ) and its respective
frequency spectrum.

(b) Isolation transformer primary voltage (Vp)
(c¢) Dc lUnk current (I, ).
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4.4 Three-Phase High Frequency Link Section

Sectlons 4.2 and 4.3 dealt with the analysls and deslgn of slngle-phase
high frequency links In SMR converters. This sectlon concentrates on the
analysls and deslgn of three-phase high frequency links In SMR converters.
The analysls and design of single-phase fed front-end passive and active fliter
topologles arc presented In sectlons 2.3 and 3.2. These topologles malintain
high quality Input current waveform and high Input power factor. Applica-
tlon of the front-end passive fllter topology (Flig. 2.5) in three-phase HFL con-
verters reduces the slze of the converter conslderably and the output voltage
control i1s achleved by varying the duty cycle of the high frequency three-
phase Inverter switches under varylng Input voltage and load conditions. The
analysls and design of the output voltage control method by varylng the duty
cycle of the three-phase Inverter switches are discussed In detall In thils sec-
tlon. However, the performance degradation of the three-phase Inverter whlle
varying the duty cycle of the Inverter switches can be eliminated by replacing
the front-end passive fliter topology with actlve fliter topology discussed In

section 3.2.

The transistorized reallzation of the three-phase bridge inverter with Its
feedback dlodes I1s shown in Fig. 4.3. The high frequency transformer turns
ratlo s assumed to be 1:1 to simplify the discusslon. Moreover, In a three-
phase Inverter clrcult each transisior (Fig. 4.3) has a maximum conduction
perlod of 120°. The switching sequence for a three-phase Inverter 1s as shown
in Fig. 4.15. In this case the maximum duty cycle of any switch Is =33.33-Cc.
whereas In a single-phase full bridge converter the duty cyele lmit would be

50-9%,. Evidently if the duty cyele Is less than 16.66-7¢, only one switch will
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turn on at a time and the output voltage from the converter will be zero.
Thus, the required range In the duty cycle of any switch Is from 16.86-2% to
33.33-% In order to produce zero to rated output voltage. Consequently, In a
three-phase bridge Inverter (Flg. 4.3), inherent delays in switching actlons
(such as storage time In BJT's) do not pose conductlon overlap problems
under converter overload condltions (l.e. small values of duty cycle). As we
have }ust seen, such delays can be as long as one-sixth of the entire time
perlod. For Inverter switches the worst operating condition Is when the out-
put voltage 1s controlled by varylng the duty cycle of the inverter switches.
Under this operating condition (l.e. maximum input de voltage, V;, and duty
cycle less than 33.33-9%) either one transistor switch and two dlodes or two

transistor switches will be conducting at any time.

When two transistor switches are conducting, one switch Is from the Q,,
@3 and @ group and the other Is from the @ ,, @ and @, group. Conse-
quently, two of the high frequency transformer primary termlnals are con-
nected to the dc supply terminals and the third terminal remalns floating dur-
Ing any of the above six intervals. The potentlals of the terminals connected
to the dc source are well defined but the potential of the floating terminal at
any Instant wlll depend on the nature of the high frequency llnk parameters.
Moreover, the commutation of the Inverter transistor switches and dlodes

depends upon the equivalent llne Inductance presert In the high frequency
nk.

4.4.1 Inverter Under Zero Line Inductance

When the clrcult Is operating under ideal conditlons, without a high fre-
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quency transformer, the llne Inductance present in the high frequency link is
zero. Gating slgnals are shown In Fig. 4.15 for a conduction perlod of 100°.
The Inverter phase voltages are deflned with respect to the fictitlous neutral
polnt ‘o', Conslderlng the Inverter circult where @, and @, are conducting
and the filter Inductor current, I, , (F1g. 4.3) 1s Increasing in the inductor, L, '
at a rate determined by the dlfference between the Input voltage, VL , and the
load voltage, V,, as shown In Fig. 4.15(h). When @ turns of, as determined
by an appropriate control circult, the current, J far (F1g. 4.3) Is forced to zero
since the llne lnquctance Is zero as shown In Fig. 4.16(e). Under this conditlion,
the current I, which 1s malntalned by ‘uductor, Ls , attempts to clrculate
through all s1x rectifler dlodes at a rate determlined by load voltage Va and
L,. During the next interval, @, comes Into conduction and the current I,
will attempt to transfer itself entirely to the Ql and Q2 transistor switches.

At the end of the @, conductlon perlod, @, will be stlll conducting and the

Interval Il conditlons apply to transistor switch @,.

Durlng the next Interval, @, comes Into conduction and all of the
current I, will attempt to flow through the Q, and @, transistor switches.
Simllar conditions will reappear for @, - @, translstor switches durlng the
subsequent intervals. From the descriptlon presented above, the switching

functlon S; (wt ), of the inverter Is derlved and is shown 1n Fig. 4.16(d).

4.4.2 Inverter Under Sypall Line nductance

In some applicatlons, dc-dc¢ converters require a means of providing Isola-
tlon for safety and load matching. Under these conditions the equivalent

transformer leakage tnductances L“ . 1,/,,. and L,, (referred to the pri-
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Flg. 4.15: Three-phase high frequency link SMR converter simulated

waveforms.

(a)-(f) Three-phase Inverter gating signals.

(g) Overall switching function, S (w! ).

(h) Current, J, (wt ), through the output filter inductor.
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Flg. 4.16: Three-phase Inverter and high frequency link simulated waveforms

under zero line Inductance

(a)}(d) Derivation of the three-phase Inverter switching function,
S, (wt ) under zero line Inductance.

(e)  High frequency link llne current, I/,(wt ).
(n High frequency link line to line voltage, V, ab (Wt ).



- 101 -

mary) will always be present In the high frequency link phases A, B, and C
respectively. Consldering the Inverter circult where @, and @, are conduc?

Ing and the current I, Is Increasing in the Inductor, L, , at a rate determlned
by the difference between the Input voltage, V;, and the load voltage, V,, Is
shown In Fig. 4.15(h). The equilvalent transformer leakage Inductances L fa»
L,,, , and L,c are much smaller than L, and have negliglble effect on the
current J,. When Qg turns off, as determlned by an appropriate control clr-
cult, the current, I, Is forced to transfer to the @ ; and Q) g feed-back dlodes
(D3 and Dg). The current I;, Is transiently malntained by Ly, and Lg,
assuming that the transformer primary and secondary windings are star con-
nected. Under thls condltlon, the current J,, malntalned by Inductor L,,
attempts to circulate through all six rectifler dlodes. Opposing thls I, current
transfer Is the primary leakage Inductances L,,;, and L;; which attempts to
malintaln current I,,. When all the rectifler dlodes are conducting, the high
frequency link has the equlvalent circult shown In Flg. 4.17. The voltage
which tends to drive the current Iy, In Ly, to zerols glven by Vg + Vy,

and V,, + V;4. With all six rectifler dlodes conducting, the voltages V;,

and Vfd are approximately zero. The voltage V,; Is the sun of @,'s for-
ward drop and Q3's feed-back dlode drop. Simllarly the voltage V. 1s @,’s
forward drop and @ j's feed-back dlode drop. This voltage 1s estimated to be
on the order of 3V. Thus very little voltage 1s avallable to cause the current
I;, In the leakage Inductance to change. Under ideal conditions (neglecting
the forward voltage drop) the current I;, at the end of the turn-off of transls-
tor switch Q¢ will be malntalned constant by L;,, L;y, and L., as shown
In Flg. 4.18(e). During thils Interval @, carrles the load current, I, , and the

dlodes D, and D each carry half the load current. During the next interval
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Flg. 4.17: Equlvalent high frequency ink circult during free-wheeling perlod.
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@, comes Into conductlon and the current I;, will attempt to transfer itseif
entlrely to the @, and @, transistor switches. At the end of the @, conduc-
tlon perlod, @, Is still conductlng and the Interval II conditions apply to
transistor switch @,. The current I;, 1s forced to commutate the feed-back
dlode of @, (D,) because L;, and the Input dc voltage, V;, will appear

across the translstor switch, @,.

Durlng the next interval, @, comes Into conduction and the current I,
wlll attempt to transfer entirely to the @, and @, transistor switches. The
current, I/a, flowing through the Inductor, L,a , 1s suddenly Interrupted by

switching on the transistor, @,. At thls Instant the current, Ifa , 1s changlng

—-/L) at polnt

from Its value to zero. Consequently the voltage (V = L,, 7

'a’ depends upon the value of the high frequency link llne Inductance, Lfa.

and current, I, . During this Interval (V) the voltage V,, wlll be less than

VL

depending upon the value of Lfa . Simllar conditlons will reappear for

the transistor switches Ql - Q6 during the subsequent Intervals., From the

above description, the switching function of the Inverter S,,(wt) is derlved

and is shown in Fig. 4.18(d).

4.4.3 Inverter/Rectifler

In this sectlon the proposed three-phase Inverter Is analyzed under steady
state conditions. The derlved expressions are subsequently used to obtaln the
information necessary for proper HrL sectlon deslgn. The converter Is

analyzed under the following assumptlons:

e o
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Flg. 4.18: Three-phase Inverter and high frequency link simulated waveforms
under small llne Inductance

(a}(d) Derlvation of the three-phase inverter switching function,
S;(wt ), under small l1ne Inductance.

(e) High frequency link line current, Ip, (wt ).
(f) High frequency link line to line voltage, Vg (wt).
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(1) all power switching devices are ldeal and the forward drop and

reverse leakage currents of the dlodes are negligible;
(11) the filter components are ideal;
(1) the load voltage, V,, Is ripple free;

(1v) the Inverter Input dc voltage, VL ., Is ripple free.

Moreover,

The Inverter Input dc voltage, Vi (pminy = 1.0 pu

The rated output power = 1.0 pu

In order to derlve the necessary expressions required for the converter
input and output fliter design the frequency spectra of the input and output
quantitles I;, (wt) and ], (wt) must be known. These quantitles can be easlly
obtalned when the switching functlons of the high frequency inverter and the
high frequency rectifier stages are represented by an overall switching function
S(wt). The derivatlon of the overall switching functlon under maximum
Input dc voltage, VL(mu y and rated load 1s shown In Flg. 4.15. At rated
load, the dead time between the pulses of S(wt) decrcases as the inverter
input voltage decreases. At minimum input dc voltage, Vumm) the overall

switching function becomes constant (1.0).

Although the overall switching functlon shown in Fig. 4.15 helps to visu-
allze how the converter operates, Il Is also necessary Lo express the converter
operation in mathematical form In order to be able to obtaln the required fre-
quency spectra of the converter Ilnput and output currents, /,, (w!) and
I,(wt). Such a mathematlcal form can be obtalned by deriving the Fourler
series expansion which is glven by

o
Swt)y=A, + Y A;sin(nwt) {1.43)
ne-012
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where,

A, Is the amplitude of the n th harmonic component of S (wt ).

w Is the Inverter operating rréquency taken as 1.0 pu
The converter output voltage before the filter shown In Fig. 4.19(a) Is glven
by
V,(wt) =V, S(wt) (4.44)
From the above discussion and Flg. 4.15 1t is evident that the duty cycle
varlatlon of the Inverter switch for output voltage control results in comple-
mentary switch antlparallel dlode conductlon before turning-on the inverter
switch. Therefore chargilng and discharging of snubber capacitors through the
respective transistor switch can seriously degrade the performance of the
Inverter. Hence the three-phase Inverter has to be operated at its fixed duty
cycle (= 33.33-percent) and the output voltage Is controlled by the front-end
rectifier system. Furthermore, the value of the Inverter Input voltage (V] )
depends upon the front-end rectifler system. The component ratings of the

three-phase topologles are discussed In the next sectlon.

4.4.4 Qutput Fliter

In Flg. 4.3 the high frequency three-phase Inverter operates at slightly
less than 33.33-percent duty cycle. The front-end rectifier controls the output
voltage under varylng Input voltage and load conditlons. Therefore the out-
put filter Is deslgned assuming a 31.33-percent duty cycle for Inverter switches
and the respective voltage waveform at the Input of the output fliter 1s shown
In Flg. 4.19(a). Also, the equlvalent circult for the output filter design Is

shown In Fig. 4.19(b). Moreover, Fig. 4.18(c) shows the theoretical waveform

o e Sk %
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Fig. 4.19; Simulated waveforms and equivalent elrcult for the output filter
deslgn.

() Output voltage before flliter, V', (1)
(b) Equivalent circult fur the output filter design,
(c) Converter output filter Indurtor cyrrent (J, )
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of the filter Inductor current I, . From Flg. 4.19(b) 1t follows that the value of

the average peak-to-peak ripple current Is glven by

ton (4.45)

. t,, Is the output voltage, V,, pulse width = %Ta H

. T, s the operating time perlod of the Inverter taken as 1.0 pu

Substituting the above in Eqn. (4.45) ylelds

— 0.06 0.94
Al = 22T
8 La 6 8

0.0004 T,
L,

or

0.0094 Ta
L, = (4.48)
Al
Further assuming that Al, == 10-percent peak to peak current rlpple, the
dominant harmonle ripple component at slx times the inverter operating fre-

quency becomes

I, ¢ = 0.1414 pu (4.47)

Assuming the ripple voltage across the filter capacitor C, < 0.1-percent, then

the value of the fllter capacitor Is glven by

0.1414+100
V2#6+0.1#1.0
It 1s noted that the L, and C, values found In Eqns. (4.46) and (4.48) are

C, = = 16.86 pu (4.48)

smaller than the respectlve values found In sectlon 4.2.2 for the single-phase

HFL converter.
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4.4.5 lnverter Input Fliver

When the current ripple I, 1s neglected the input de current, l,. (Fig.

4.20(a)) Is glven by
I, (Wt) = S(wt)l, (wt) (4.49)

Therefore, by negleciing the output filter Inductor current ripple, the Fourler
analysis of the domlinant harmonlc component of the Input dc current (six

tlmes the Inverter operating frequency) value Is glven by (Eqn. (4.43))

I, ¢=01103 pu (4.50)

From the above equation It 1s clearly evident that the three-phase
inverter input current dominant ripple frequency Is three times the dominant
ripple frequency of the single-phase Inverter input current {see I2qn. 4.10), In
Flg. 4.3 consldering the inverter Inputl current (l,,l )} the equivalent cireult for
the dc filter deslgn s shown In Fig. 4.20(b). In Fig. 4.20(1) the dominant fre.
quency component of I, 1s 120 Hz and the dominant frequency of [, 18 sl
times the Inverter operating frequency. Therefore, the nmplitude the 120 Hy

voltage harmonle component across the filter eapacitor Is glven by
Vie= (4.51)
and the amplitude of the 120 kHz voltage harmonie eomponent (assuming 20

KHz Inverter operating frequency ) across the fiiter capacttor is

[
‘[ Gin = ot l“ -‘02’
i 62 333.33.C

From Eqns. (4.51) and (4.520) the rms ripple voltage acroms the e filter capn

citor becomnes
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2 o,n = E in,n
n=2 Co n =6

Flg. 4.20: Three-phase inverter Input current, I, (wt) and the equivalent circult
for de link fliter design (Flg. 4.3).

(a)
v-FjT
l 1 | 1 | | | | )| | d 1 |
I I ] [} ! ] 1 i 1 1 1
=]%] 180 270 360
4 wt
(b) T
Ifa
1 d 1 . 1 | I | 1 i i {
I i i ] 1 1 1] 1 { ] 1
9P 190 270 360
4 wt

Fig. 4.21: Three-phase SMR converter high frequency link voltage (1’/,5 ) and
current (I/a ) (Fig. 4.3).
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1
VL ripple = -\72r\/V2L 2t V3 ain (4.53)

Moreover, the allowable Inverter Input voltage ripple can be defined by

100¢ VL ripple

Rispple 3 = v (4.54)
| L.o
Using Eqns. (4.51)-(4.54) the value of the filter capacltor is glven by
1
1003/ 1oy + (G
C, = — (4.55)

VaVy , +2+u(ripple %)

Al 1.0 pu dc bus voltage the value of 120 Hz ripple component (1, ;) for

the proposed passive filter topology becomes

= 0.657 pu {4.50)

Using Eqgns. (4.50), (4.55) and (4.56) the value of the capacitor () for 57

ripple voltage (1 ) becomes

2 011849
100 ¢ \ﬂo.nmr + (m—— )
C o= 3¢ 333,33 -

= == “,”"-’) 14 (".d |
° \/‘5'2'«') ! '

It 1s noted that the €, value found tn Eqn. (4.57) 18 same as the respee

tive €', value found in Table 2.1 for proposed passive filter topalogy, There
fore the Influence of the high frequencey Inverter on the value of (0 v uegligl

ble,

4.4.0 High Freqgueney Traneformer

Under 1deal conditione the Wgt freguencs 1nd Hne to Hne voltage <hewy,

In FIR. 4.21 a) 1s glven by
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Vg (wt) = Vp (wt)S; (wi) (4.58)
where S; (wt ) Is the inverter switching function.

The slmulated high frequency link line current, fa»1s shown In Flg. 4.21(b).

The high frequency transformer primary line to llne voltage, V, ab» a0d
current J fa» 8re shown 1n Fig. 4.21. The rms values of voltage and current

are given by

Vfab (rms) = 0.7051 pu

2
Ifa("na) = 75- == (.8158

and the total VA of the transformer Is \/5 * 0.705 * 0.8158 = 1.0 pu

For transformatlon of three-phase power elther a bank of three identical
single-phase transformers each rated at one-third of the single-phase
transformer sultably connected or one three-phase transformer may be
employed. Uslng a single three-phase transformer Is obvlously the best cholce
since It requires a smaller core and It Is less expensive. Thls advantage Is also
true when the 1 pu VA three-phase transformer required here s compared to
the 1 pu VA single-phase transformer required by the single-phase HFL con-

verter (Fig. 4.1).

4.4.7 Inverter/Rectifler Component Ratings

Transistor ratings will be selected such that the rms current fiowing
through the transistor will be equal to the transistor rms current rating, I, .
During a cycle, the high frequency link line current is shared between two
transistors. For example, transistor @, (phase A) carrles the load current dur-
ing the positive half cycle and transistor Q4 during the negative half cycle,

Therefore the rms value of the high frequency link line current, Iy .
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under rated load conditions Is given by

Ila(rma) = ‘/“;lrmc (4.59)
where I,,,, 1s the rms current through the Inverter transistor switch.

The rms current through the transistor Is given by

1/2
pid
1 3
— 2
Iims = E';{Ia dt
. pu = 0.577 pu (4.60)
= - = V.07« .
Va3

The peak current through the Inverter switch 1s 1.05 pu and the average
current through the Inverter switeh 1s 0.33 pu. Also, the peah forwanrd vol-
tage (V,, ) = 1.0 pu

[
Total converter sutlch VA = v
[ P}

lvvm k "m 1

= 020.077°1.0

it

3.402 pu

For 1:1 hgh frequeney transformer turns ratio the currents through the
high frequeney output reetifler dlode are sane o the Inverter swite ), cyrrent
ratings found above, The cyrrents throughl the three phnse Insverter awitedes
are smaller than the respective currents through the single-phase Jnverter
switch found In Sectlan 4.2.5. However the three plhince HEL copnerter als
has the disadvantage of requiring higher total Inverter swite )y N A as coanpared

to the stngle<phase HE L catnverter
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4.4.8 Deslgn Example

In order to lllustrate the significance and facllitate the understanding of
the results predicted In the previous sections, the following design example Is
presented.

Tt.e de-to-de HFL converter has the followlng specificatlons:
Inverter operating frequency = 20 kHz

Minimum Input dec voltage, V; = 185.5 Volts

Output power = 2 kVA

From these values

1 pu current = 3.22 = 10.781 Amps
185.5

85.
1 pu impedance A888 17.21
10.781
1 pu inductance == A2 136.98 uH
2m#20+10°
1 pu capacltance = 1 = 0.48 uF

17.21 #27* 20+ 10°
Using Eqns. (4.48), (4.48), and (4.80) the followlng converter component

values are computed. The output fllter inductor, (L, ) Is given by

__ 0.0004

¢ 1.0781
The output fllter capacitor (C, ) Is glven by

(50)10° = 0.4359 uH (4.81)

C, = 16.66+0.46 = 7.666 uF (4.82)

The Inverter switch rms current is glven by

I,., = 0.577+10.781 = 6.224mps. (4.83(a))
The peak current through the Inverter switch 1s given by

I

peak = 1.05#10.781 = 11.32Amps (4.63(b))



rmmm-.mm—um P e o I T T P v e . .-

- 206 -

The average Inverter switch current is given by

l,,, = 0.33%10.781=3.558Amps (4.063(c))
and

Total converter switch VA = 3.462+185.5#10.7816
= 6923.95 (4.63(d4))
Using the equations derived in sections 4.2.2 and 4.2.5 the followlng con-

verter component values are computed. The output filter Inductor (L,) Is

given by

0.0283
L, = ———(50)10% = 1.31 uH (4.04)
1.0781

The output filter capacitor( (', ) Is given by

C, = 5020.46=23.14 pkF (4.00)

The 1nverter switch rms current is glven by

I

The peak current through the Inverter switely Is gliven by

rma = 07072 10.7K1=7.02Amps (4.60(3))

Leax = 1050 10.7K1==11.325 (4.60(H))

The average current through the Inverter switel Is given by

l,,, = 05210.781=0.301Amps (4.00(c))
and
The total converter sutleh VA == 2808 1R5.52 JOTRIN
= HOnLH. 1Y {4 000y

FEvaluation of Eqns, (4.61)(4.00) «shewe that as predleted, the three pliase
HFL converter has the advantages of (1) Jower output fiter Induetor (F, 1 a1
(1) lower output Alter caparitor (€ ) values While, Jnrreasing the nverter
Input current (],,1 ) dominant harmeonde frequeney valae fron 40 k7 e 120

kHiz.
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4.4.9 Experimental Results

In order to verlfy the selected predicted results a 2 kKkVA prototype experl-
mental converter was implemented using power MOSFET transistors with the
followlng clrcult parameters:

Operating frequency of the lnverter (f,) = 20 kHz

Maximum lnput de bus voltage (V},(pm,,)) = 260 Volts

External high frequency llnk line Inductance (L) = zero

Experimental waveforms obtalned with this prototype at maximum input dc
voltage are shown In Fig. 4.22. In particular, Fig. 4.22(d) shows that, durlng
the interval II the high frequency link line current at rated load differs slightly
from the predicted results shown In Fig. 4.16(e). This Is malnly due to the
paraslitic Inductance of the converter leads a phenomenon which cannot be
completely ellminated. Further, Flgs. 4.22(e) and 4.22(c) show that the out-
put voltage before the filter (V,) and the high frequency link line voltage
(V/ab ) are 1n close agreement with the predicted results shown In Flgs. 4.18(a)
and 4.18(f). The efliclency of the converter at maximum and minlmum Input

dc voltage are as follows:

(a) Maximum input dc voltage = 260 Volts
Input power = 2184 VA
Output power = 2100 VA

High frequency converter efliclency, n = 96.15%

(b) Minimum input dc voltage = 185.5 Volts
Input power = 2188.9 VA
Output power == 2100 VA

High frequency converter efliclency, n = 08°¢
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Time: 5 pusec./Div.
Amp.: 5 A/DIv,

Fime: 3.57 psee./Div,
Amp.: 100 V/Div.

I'ime: 5 prsee./Div,
Amp.: 5 A/DIv,

Fig. 4.22: Three-phase SMR converter experimental waveforms.

(a) Voltage across the 1nverter switch.

(b) Current through the Inverter switch.

(c) High frequency link llne-line voltage, V.

(d) High frequency link line current, I, .

(e) Output voltage before fiiter, V.

(f) Current through the output filter Inductor, I, .
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4.4.10 Conclusions

In this section an analysls and deslgn approach for three-phase high fre-
quency link converters under large Input voltage and load varlations has been
presented. The d!fferent modes of operation for the Inverter, the commuta-
tion process of the inverter switches, and the output voltage control methods
are discussed In detall. Theoretlcal and experimental reéults have shown that
the three-phase HFL converters, as compared to the single-phase equlvalent

converter, exhlbit the following advantages:
(1) lower output filter Inductor (L, ) value;
(1) lower output filter capacitor ((7, ) value;

(1) 1nput dc current dominant harmonle frequeney Is six tmes the
Inverter operatlng frequency;

(1v) three-phase transformer requires less magnetie core material, welghs
less, and occuples less space,

The three-phase HFL converter also has the disadvantage of requiring higher

total switch VA as compared to the single-phase HEL converter, Flnally, hey

predicted results have been verified experimmentally on a2 AVA protatype caon

verter.

4.5 Conclusions

This chapter has been presepted the single-ploce HEL converter power
topologles 1n which the PWNM constant frequency Inverter aection In alwayn

operating In the current lagging mevde, “Theve topologies allow the safe yne of
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a lossless single-capaclitor snubber from zero to rated load power conditions.
In these configurations the hilgh frequency Inverter operates with lossless
snubbers. To ensure the safe and lossless operatlon of the high frequency
stage under all operating conditlons, the Inverter stage has been analyzed 1n
detall and relevant expressions are derlved. Flnally, the theoretical results

have been verlfled experlmentally.

Moreover, In thls chapter a novel three-phase fed HFL converter with
suppressed dec¢ components has been proposed. This HFL converter draws
high quality Input current waveforms from the ac source. The synchronous
rectiler fed HFL converter exhlblts practically slnusoldal ac Input current
with suppressed dc¢ llnk components. Moreover, the Input filter ac capacltor
and output fliter Inductor are ellminated thus decreasing further the slze and
the cost of the overall converter. Morenver since the proposed topology uses a
front end reactor it exhibits Improved rellabllity agalnst short circults.
Finally, predlcted features such as Input/output waveforms and assoclated
harmonic spectra have been verlfled experimentally on laboratory prototyvpe

unit.

Finally, In thls chapter an analysls and deslgn approach for three-phase
high frequency link converters under large Input voltage and load varlations
has been presented. The different modes of operatlon for the inverter, the
commutation process of the Inverter switches, and the output voltage control
methods are discussed In detall. Theoretical and experimental results have
shown that the three-phase HFL converters, as compared to the single-phase

equivalent converter, exhibit the following advantages:

(1) lower output filter inductor (L, ) value;

- canrveny
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(11) lower output filter capacitor (C, ) value;

(1) input dc current dominant harmonic frequency s sIx times the

Inverter operating frequency:;

(1v) three-phase transformer requires less magnetic core materinl, welghs

less, and occupies less sj.ace.

The three-phase HFL converter also has the disadvantage of requiring higher
total switch VA as compared to the single-phase HEL converter. Finally, key
predicted results have been verified expertmentally on a 2 kKNVA prototype Hi'L

converter.
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CHAPTER 5

Summary and Conclusions

5.1 Conclusions

Single-phase and three-phase fed ac-to-dc SMR converters proposed In
this thesls malntaln high quallty lnput ac current and output dc veitage
waveforms while providing the necessary ohmic Isolatlon. Different modes of
operation of single-phase and three-phase high frequency link converters have
been studled. The assoclated output voltage control methods which compen-
sate for Input voltage and load variations have been discussed. Analysis of
the respectlve converters have shown that depending on the particular output
power level and specifications, the best comblnation of front-end ac-to-dc con-
verter topology, Inverter topology, and control strategles can be ldentifled.
Flnally, this thesls has also presented the advantages of Introducling three-
phase Inverters and three-phase transformers In HFL converters so as 1o
achieve light welght, and compact power supplies. In particular, the contribu-

tions of this thesls can be stated by chapter as follows.

In Chapter 2 1t has been shown that the proposed front-end single-phase
passive filter topology (Flg. 2.5) ylelds a high Input power factor and requlres
lower total VA rating than the conventlonal passlve fliters for dlode rectiflers.
Performance evaluation and related design data have been provided for the
implementation of the front-end dlode rectifler. Finally, selected key results

have been verifled experimentally.

In Chapter 3 It has been shown that the proposed front-end actlve fliter
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topology (Flg. 3.4) exhibits a tow ripple sinusoidal ac Input current and
Improves the tnput power factor, as compared to the passive flter topology
discussed In chapter 2 (Fig. 2.5). Moreover the main advantiage of the active
method over the passive method 1s that the Inductor size cab be controlieg by
changing the input ripple current or by Increasing the switehing frequency.
Furthermore, the proposed design allows the boost converter to operate at
constant switching frequency. Flnally, predicted results such an Input/output
current and voltage waveforms have been verified eaperlmentally on a labora-
tory prototype unit, Furthermore, In Chapter 3 1 novel three-plinse fed lunnt
active filter topology has been proposed. Detalled Input and output current
analysis have shown that the subject current waveshaping methodd yelds near
unity Input power factor, ellininates the ssncehrontzation logle, and redyces
the component count constderatdy when compared to the conventionnt con
verter. However, the proposed waveshapdng method ncrenses the currert and
voltage stresses of the semdeonduetor copng onent~, Fina's, predlicted featyres
such as the Inpul and output current Wasveforms Al assorlated harme oie
spectra are verifled experimentaily onon dat ratony uttt Alss I € hajter Oon
novel three-phase ferd <y nehronous acthve filter togob gy hias been lsogsernd
Thic tapodogy draws Bgh quallty fnpot curtent wanveforms fron the ne s Jtoe
and reduces the switeling stresaes of the awitellng deslrex Perforiarce
evaluation and eelevant desipn data Latve beer proaddest for the lnngpiemernta
tion of the fronteend Pridpge pecttfer Joetnt el try o0 atd oot rgerent
analyels hne showp that the e me Do rle o s re - tiTer ettt e pearttoa
slpussidal ae 1np ot egorent Wit et Lreed de byt rte oo opertt WU e e

the Ynp 30 foter n- rxpa-itoes as bt 0t Fouer dat st e yre e e Trate o s
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harmonlc spectra have been verified experimentally on laboratory prototype

unlts,

Chapter 4 presents the slngle-phase high frequency link converter topolo-
gles In which the PWM constant frequency Inverter sectlon Is always operat-
Ing In the current lagging mode. These topologles allow the safe use of a loss-
less single-capacltor snubber from zero to rated load power conditlons. In
these conflguratlons the high frequency Inverter operates with lossless
snubbers. To ensure the safe and lossless operation of the high frequency
stage under all operating condltlons, the Inverter stage 1s analyzed In detall
and relevant expressions are derlved. Flnally, the theoretical results have
been verifled experlmentally. Moreover, In Chapter 4 a novel three-phase fed
HFL converter with suppressed dc components has been presented. This syn-
chronous rectifler fed HFL converter exhlbits practically slnusoldal ac Input
current with suppressed dc link components. Furthermore, the input filter ac
capaclitor and output filter Inductor are ellminated thus decreasing the size
and the cost of the overall converter. Moreover since the proposed topology
uses a front end reactor 1t exhlblts Improved rellabllity agalnst short circults.
Flnally, predicted features such as Input/output current waveforms and asso-
clated harmonle spectra have been verified experimentally on laboratory pro-
totype unlt. Also In chapter 4 an analysts and deslgn approach for three-
phase high frequency llnk converters under large Input voltage and load varja-
tlons has been presented. The different modes of operation for the inverter,
the commutatlon process of the Inverter swltches, and the output voltage con-
trol methods have been discussed In detall. Theoretical and experimental
results have shown that the three-phase HFL converters, as compared to the
single-phase equlvalent converter, exhibit the followlng advantages: (1) the

Input and output current ripple frequency Is sIx tlmes the Inverter operating

ear 1 eearer |
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frequency, (11) the assoclated fllter component slze In reduced, and (M) the
three-phase transformer requires less magnetic core materinl, welgha jeas and
occuples less space. However, the three-phase high frequencey Hnk Inverter
also has the disadvantage of requiring higher total switeli VVA than the alngle.
phase high frequency Ink inverter. The keyv predicted results have bieen

verified experlmentally on a prototype HFL. converter,

In summary, single-phase and three-phiase Wigh frequency Huk conhverters
proposed and analyzed In this thests matntaln Ligh guality Input ac current
and output de voltage waveforms whlle providing the necessary ohimie Inola
tlon. Furthermore, the assoclated output voltage cobtro] netd 3~ can
improve the high frequency Inverter peorformanees atd the eMateney of the
HFL. converter conslderabtidy than the comnventionnl HED connverters ' liese
HEL converters have beegy shown to be Bght walght, o act, tugget, tel!
able, and bVt onednterforence with other Jonds Niore ver, bey e et

cally predicted recylts hauve Lern verifiesd exgeritmental’s a~ o tieats f o0 x!

Nellng the effectiveness of the prop e danett b

5.2 Suggestions for Future Work

The HEL caqverter tog g gles fier peve D0 ths thents me t 00 dosers o 1
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iz veltage Inte Mg freqcernsn w- v fage wit! Tome ttterre Yiate Y T g
Conveguently, the cornertes alze rae, e e ) el e e, Foeoter ]e €t yrtee Y
the fropt-end PPAWNE re U0er qmen o1 4 3 mTt g e b e P e md
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bilities. Hence further investigation Is needed to determine the stabllity llmiis
of the system. Flinally, In Chapter 2 the steady state solutlon of the passive
dlode rectifler Is obtalned by an iteration procedure. Further work can be
done to Include the analysls of the ac-to-dc rectiflers in dlscontinuous current

mode using power converslon transfer functlons.
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