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ABSTRACT

o Some Novel Power Conversion Schemes
Employing Pulse Width Modulated High-Frequency Links

A

Stefanos Manias, Ph.D. ‘
Concordia University, 1984 : . .

~ Static power conversion schemes emp1oying Pulse Width Moduhtedis
High Frequency (HF) 1inks, are 1nvestigated fn this thesis. The
employment of HF Tinks in power conversion schemes results in substantial
size, weight and-cost reuuction of the power converterisolation transformer
and reactive components, ’Therefore, in ahp]ications where power density
is of prime 1mportahce the employment of HF 14nks 1s the'natural choice.
The fq}]owing power conversion schemes emplpying an HF 1ink
are considered in particular. '
A ucltage source DC to AC'inverter cbnsisting of an HE 1ink and
a DC to AC inverter stagexis 1nvest1gated ItsAmain advantage over
conventional 1nverter configurations is the drastic size and weight
reductipfi of\ the magnetic components. Furthermore, the proposed
1nyerter off%;zt:;7 operating efficiency, step-up/step-down ability,

programmable t frequency and transformer isolation at HF 1ink

switching frequencies. Inderter‘perfonnance is obtained usinggche
"results of the analysis aua\a uesign procedure s given,

A three phase CurrentzSource DC to AC inverter cons1st1ng of an’
HF 1ink and a DC to.A nverter stage {s investigated. The Current
Source 1s created*ﬁy the HF 1ink stage which together: with a high-
frequency transfonqer provides isolation between the source and t‘e

load. The output curreht regulat1on and circuit protection is perfbrmed'
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e
by,the'HF 1ink stage. The function of the'DC to AC invertef stage 1is
to create an output current with low harmonfc content by applying }1xed

T

switching patté?ns.

4]

“An AC to DC ®otVerter consisting of an HF 1ink étage is investiga-

ted. fhe proposed power conversion séheme employs an AC to AC cyclo~

~converter as an HF 1ink which together with‘a‘high frequency isolation

tfansfgfmer provides {solation between thefsource and the load. Further-
more, tng proposed convertef.exhibits conkrolled power factor,'step-up/
step-down ability and\low input Total Harmonic Distortion (THD) with
the employment of small sized input filter. J

A bilateral HF link power converter is investigated. The proposed
power conversion schéme 1ncohborates a battery charger into an 1nvertér
by using the existing power circuit components. This power conversion
scheme, which can Be applied to Uninterruptible Power Supb]y systems,
can also be applieq as an AC motor drive and on board battery charger
for Electrié‘vehicles where yeight and size rgduction is of prime

rtance.

To facilitate understandin§ and appiicability of fhe'anplyticaI

results, design examples are presented for all the proposed power

‘conversion schemes. Also selected p}edicted results are veri¥ied

experimentally. - ' '
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~ LIST OF PRINCIPAL SYMBOLS
1. Voltages L - .
E DC bus voltage ) . o
Emin ‘ Lowest expected E value |
Erax | X Higpe;t expected E value
van’vbn’vcn Three]fhase 1ine to-neutral voltages
vab’vbc’vca ‘ Three-phase 1ine to 1ine voltages
Vi, | " Amplitude of 1ine to neutral voltages
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Vm(min) Lowest expected Vm value
] Load voltage. -
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V0 n ( Amplitude of the nth harmonic component of‘V0
Vo d Amplitude of the dominant harmonic component of VO
Avif Voltage before output filtering ‘
V. Amplitude of the nth harmonic.component of V | "
if,n . if
v1f d Amplitude of the dominant harmonic component of vif
, ;
vp Voltage across the isolation transformer primary
vs Voltage across the isolation transformer secondary
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. 1

Input filtgr inductor current ]

Anplitude of the nth harmonic component of f1
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3.

Output filter inductor currenté//,//
¥
Amplitude of the nth harmonic tomponent of I

2

%

Load current
(3
~A .
Ampl1itude qf the nth harmonic component of Io

Isolation tfansformer primary current

Isolation transformer secondary current

if

Commztation current

Thyristor peak current

o

Thyristor RMS current

Thyristor ayerage current
e

Power switch average current

Power switch RMS current

Power switch peak current
{

».
Capacitances

"Input filter capacitance

.\‘\\\-// Qutput filter capacitancel

Inductances

Intermediate filter capacitance

Commutation Capacitance

‘Input filter inductance
OQutput filter capacitance ' .
Intermediate filter inductance e

Commutation 1ndhctance



Impedances

> NT ¢

Impedance of the commutation inductor

Equivalent Resistance of the Comutation Circuit
Impedance of the 1nput,f1¥tér capacitor

Impedance of the ‘output filter capacitor
Impedance of the intermediate filter capacitor

Impedance of the fnput‘fijter inductor . T
. L

Impedance of the output filter inductor

Impedance of the intermediate ‘filter inductor

Impedance of the shunt capacitors of the Current

Source Inverter output filter

Load impedance

Magnitude of ZL at the nth harmonic frequency

Input impedance of the ioad filter

Magnitude of Z0 at the nth harmonic frequency

Waveform period

Power Semiconductor switch turn-off-time specified’
by'the manufacturer

Thyristor turn-off interval

Turn-off time safety margin

Period of the reference skgna}

Period of the Carrier Signal’
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7. Frequencies |
. fo . Frequency at which the DC to AC Inverter operates.
’ N ." (1céo fo = GOHZ)
W, Angular Frequency at which the DC to AC Inverter.
‘ operate§ (ize. wy = Zﬂfo) o
’
{I ) ‘ AC input voltage fregeuncy
) (wi ‘ Angular frequency of the AC input voltage
‘Rbc - Nbrmalized (with respect to f  or f,) carrier
N T frequency
- f2 HF 1ink switching frequency
; Normalized (with respect to f, or fi) HF 1ink i
| ‘ - frequency C
Who Angular break frequency of the output filter
Wy 4 . Angular break frequency of the fnput filter
8, Switching Functions -
- ) N
N /j(wt) Converter overall switching function )
- 7 'i Sc(wt)' ‘ Cycloconverter switching function
' 54 (wt) - Inverter Stage Switching function
'”4“\;//fsr(wt) Recttfier Stage Switching function
9, Miscellaneous Parameters '
' d Order of the dominant harmonic
n - Order of the nth harﬁonic_
ok o\ _ Order of the kth harmonic :
/ .
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.};hase displacement between the fundamental components

» e
- xi -
. £-
A variable defined as K_ = j? " e .
1 filter *inductor. current ripple Taué;? )
) . e

Input filter capacitor voltage ripple factor

Output filter inductor cuirent ripple factor

. . ' ' )
. Output. filter capacitgr vo1ta95’r1pp1e factor

Intermediate filter inductor current ripple %actor

Intermediate filter capacitor Voitage ripple factor
: . ¢

Modulation factor '//// ).

-

Current Source Reactor current ripple

Qk-whé?e w,'L and'R

Coil parameter defined as Q = R .-
’ ¢

. are the Operation Angular frequency Induactance and

coil Resistance respectively
Toté] #:;monic Distoft1on
Phase displacement betweenthe nth harmonic components -

of.Vif(wt) and Iif(wt)‘

Phase displacement between the fundamentfal components

-

of load voltage and current- \\g

of voltage and current before output filtering-
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CHAPTER 1
INTRODUCTION

1.1 Introduction

Depending on ‘the power conversion scheme emp]oyed static power

‘converters are divided 'lnto two broad,%sses-
a) The linear-mode converters
b) The switch-mode converters -
The Hnea;--mode converter offers excellent voltage regulation and is
relatively insensitive to variations in input source frequency. Its
initial cost 1s mo&erate, but because of low power conversion efficiency,
its long term cost increases steeply with time, This type of power '
converter:is widely used on TV sets, audio ar;wo]ifiers, stereos, and
taboratory power supplies, as well as in a wide range of commercial ‘and
industrial electroni¢ equipment. In comparisan, the Switch-Mode power
converter is at least twice as efficient as the linear-mode.,
Moreover, Switch-Mode converters offer the advantages of reduced size,
weight and cost. However, 1f improperly designed, they can generate
Electromagnetic Interference (EMI) that can degrade other systems. Also,
a major shortcéming of Switch-Mode converter technology is that they
‘require more complex design. Even with these disadvantages, Switch-

Mode converters are being increasingly accepted in industry, particularly -

where size, weight, cost and efficiency are of prime importance.

“  The number of applications of Switch-Mode converters has increased
rapidly over the past decade. In addition to their wide spread use as
~ DC regulators, these convefters have found employment in a variety of

-applications involving electrical power conversion, including DC to AC

.



o N .
inverters for solar arrays, AC to DC unity input power factor controlled
- ‘\.Q—N . ' .
rectifiers for battery charger applications, ringing and tone generators
for telephone systems and other applications associated with aerospace
and military industries. Fig. 1.1 [1] shows the market distribution of

11hegr and Switch-Mode power converters.

1.2 _General background on conventional Switch-Mode corverter confiqurations

Current Switch-Mode converter technology employs five main power
converter configurations. These configurations and their salient \
features are as follows:

a) Ferroresonant converter [27]

‘Ferrorésonant converters, Fig. 1.2(a), operate by resonating a
capacitor in the secondary of the isolation transformer with a satdrab]e
reactor which is-.one of the legs of the transformer, Resonance

Jncreases the voltage level jpdependently of the input -valtage, Its

salient features include simpiicity, inherent overvoltage protection
~ and poor power factor. Because of its poor power factor and the need

. ‘ N v
for additional reactive components to create the resonance effect the

t

converter becomes. complex, Sulky and inefficient. . i
*b) Phase control converter [3] o . \¥
This power converter configuration, Fig. 1.2(b), is norma 1(
A

used for AC to DC power conversion, The simplest phase conErof~ponve;I?h
‘operates by turning on the poﬁer switches of the rectifier %or qnly a
portion o% each half cycle of thegigput voltage to which 1t is connected,
Therefb;e. the corresponding output voltage consists of segments of the

input voltage. The salient features include simplicity, poor power

#

)

.
e
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factpr; and creation of low order harmonic components in the output
/>9itage. Therefore.-because,o? the ratings of the input and output
filter components‘and the size of the low frequency isolation transformer,

. the: converter becomes buiky,‘costiy and inefficient.

¢) Single Stage DC to AC inverter [4]

This power converter configuration, Fig. 1.2(c), is wideiy

- empioyed for DC to AC power conversion. .The main disadvantage of this

converter is that the high inverter switching frequency is not exploited

for reducing the size weight and cost of the isolation transformer.
" This high sw1tching frequency results from Sinusofdal Pulse Width
! Modulation (SPWM) control technique which is typically empioyed for

output voltage regutation and eiimination.of unwanteo harmonic components.

The employment -of SPWM results in size"reduction of the input and output-‘

«

filter components. : . ]
ri ‘ ' d) DC to DC converter using a High Frequency link [5]
'$1 ’ : This power converter configuration, Fig, 1 2(d) inciudes ,11

DC to UC converters that are reaiized ‘using the Boost or Buck chopper
configurations or combinations of the two. This scheme of converters empiov

/,f high switching frequency thus reducing the size of magnetic and.reactive

components. A further significant advantage of the high switching

freguency-is that these converters exhibit fast response.

— e).. DC to AC, AC to DC and AC 'to AC converters using a- High
©° . Frequency 13nk ‘

i

These configurations include all converters reaiized by;

A




~  {). cascading two single power conversion states

- ) .
or : -
- . 11) replacing the unidirectionaf switching devices of a AN ¢
singl‘e conversion stage bybidirectional ones |
or | o ‘
111) any combination.of (i) and (i{)
- thus yielding new power schemes with improved properties. These ..
properties include good quality input a;nd output waveforms and substantial
size, weight anﬁ cost reduction of the reactive elements and 1isolation
trans former. °
At p'resent the size and cost of Switch;Mode converter {s largely
'- influenced by the: ’ h
1) rumber of power semiconductor devices needed to implement
the power conversion scheme. : BN
i1)- ratings of the reactive eler;\ents of the input .and output‘
filters. ‘ .
' 111) ratings of the isolation transformer. -
. However, power semliconductor techno'logy is rapidly improving, yiéldirpg
1‘1 ® better and better devices at dﬁninishing cést. While reaciive elements

a'vjd magnetic componer;ts are not likely -to be'come much cheaper and maller’
in the future. Therefore, reactive elements and magnetic components are
bound to share increasing amount of the size, weight ar;d cost of the

power convers‘l,on schemes based on present designs. Consequently..'it is “
preferable to emp'loy‘ two stage power conversion schemes in designs where

(4

power density and cost are of prime importance.

)



- {s first inverted into high frequency AC voltage (High frequency 1ink)

" .considerably. The high frequency AC voltage then is rectified and

-6 -

Fig. 1.2(e) shows in block diagram form a DC to‘AC converter which
t]y’

employs a high frequency link. The DC voltage, inst &d\pf being dire
inverted into the required”low output f?equengy voItzgg

thus m9k1ng the size of the isolation transformer to be reduted

finally inverted by a second power conversion stage to iow frequency AC
output voltage. Fig. 1.2(f) shows in block diagram form an AC to DC
converter which employs a high frequency 1ink., The Tow frequéncy input
AC voitage, instead of being directly rectified into DC voltage, {is first
converted into High frequency vo];gge thus making the size of the
jsolation tr@nsformer to be reduceg considerably., The DC output voltage
is then ob?ained by~féctify1ng the high frequancy AC voltage. Final}y.
both power conversion s?bemes may emp1oy_SPWM technique or any other

switching function éRprendix D) in order to obtain input and output wave-

forms with low harmonic distortion using minimum filtering,

1.3 Selection of. power converter configuration o

The widespread use of Switch-Mode converters and the avajlability

of new power semiconductor devises have generated a need for power dﬁ!

conversion échemes with the following new properties:
+ 1) To exhibit high power density (reduction of size and‘weight)
i1) To exhibit controlled power factor,
ii1) To provide 1nputf;nd output waveforms with low Tota1”Harmon1c
Distortion (THD) by Employing small size filters.
iv) To provide transformer isolation between the source and the 1oad.

v) To exhibit high power conversion efficiency. '

.
4
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vi) To exhibit high reliability
vii) To be realized with minimum cost.

L 4
These properties have motivated the search for new powei conversion - .

schemes (OC to AC and AC to DC) where the‘High Frequency (HF ) Link //,ﬁ

technique is employed in order fo achieve the above mentioned properties.
. T ) g . .
However, since the HF link power-conversion schemes generally involve an
additional power conversion stage extensive investigation will be
required before their credentials arc established. For power levels up
to few tens of kilo-watts HF links are attractive. ‘Their acceptance
has also been dccelerated by recent improvements in power semiconductor

technology, which have resulted in increased switchin§ speeds for power

thyristors and alsd in continuing improvement in the power handling

capability of transistors and MOSFETs. The technique of HF 1ink

conversion should therefore become increasirgly widespread.

1.4 Review of Previous Work on HF link techniques

N )
The use of an HF 1ink in power conversion schemes has been

suggested in the past in connection with various applications.

<

A DC to OC converter utilizing a series resonant inverter as an
HF link was proposed by Séhwarz [6]. The rectifier load is connected
in series with the LC resonant circuit. The converter there fore
posseSfes the characteristics bf a current source. Current is regulated

«

by controlling the frequency of operation of the converter.

’ McMurray investigated an electronic transformer utilizing an HF
link [7]. The 60 Hz AC input voltage is chopped at high frequency of

about 10 KHz, using thyristor series inverter. The high chopping ’

“w
,

r~~

-
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frequency‘results in reductiom of the isolation transformer size. The
60 Hz AC waveform is reconstructed on‘the secondary of the transformer .
by further thyristor switches whtch are operated 1n sychronism with the\
switphes on the primary side. Thus the input and output are isolated
with the employment of a nigﬁ frequency t{ansforher. -
The use of HF 1inks has also been con;tdered for high power
utility applications. Gyugyi et al #nvestigated.an HF link technique
for applications such as 1nterconnection of power system[8].
Espelage et al investigated a DC to AC inverter using an HF 1ink
[9]. The overall unit consists of two power conversion stages. A DC
to AC inverter stage that creates the HF link and a cycloconverter
stage that converts the h®h freqoency noltage‘generated into a 1o€,v
frequency one. In this power conversion scheme the principie of
series :esonence ts applied. .
HF 1ink conversion schemes have been proposed for interfacing
solar cell .arrays to the AC spower line. The small transformer size
resulting from high frequency operation makes this ary n;ement attractive
[10] [11]. Considerations of weight apd size ere of flajor importance
in on-board power supplies for electric.vehicles. This is another
a:ea where the potential offered by HF links has attracted 1nvestigation.
It is noted that most of the prev13hs work on HF links has been
focused on converter configurations that incorporate an additional
resonance subcircuit. €;rhis subcircuit consists of two series connected
L C components as shown in Fig. 1.3(a). The function of this subcircuit
is to generate a resonant high frequency current and to facilitate ‘

current commutation when the main power converter switches are realized

by non-Gated turn off devices, The resonant HF link converter when
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compared to Pulse Width Modulated (PWM) converter (Fig. 1.3(b}) has the

following advantages and disadvantages. -~ , . _ ;u\ ;

Advantages . v - CoL
. . s . L) \_{
! (1) Exhibits lower switching losses ‘

(11) ;xh1b\Ys\10wer E]ectromagnetic Interference

°

Disadvantages \ , 7 A
X o

(1) Requires ada1 t'l?‘a'l passive components

v

(i1)” Exhibits high KVA'ratings Because of the resonant circuit
(i14) Power switches are subjected to higher peak currents 4

l (iv)  Operation is feasible only close to resonance freque\des.

-~

The introduction of higher gain switches adds more-weight to disa-
‘dvantages and subtracts weight from the advantages. Therefore, power

conversion.-schemes employing the PWM HF 1ink teéhno1ogy is the ‘:natura'l

'chofse for satisfying the design objective of this research.

& N

1.5 Scope of the thesis

*

Briefly, the main objective of“this thesis 15‘ to propose four novel
power conversion schemes which exhibit the properties presented in

section 1.3. Thejaforementioned schemes are novel in that they have not

I
|

been either descvp l?ed or analyzed in previously published work, For

Al EXample the schemé described in Chapter 4 includes a circuit configura-

o

‘)tion conceived, described apd analyzed for the first t1me by the au?hor.

« Simﬂalr'ly the power conversion scheme described in Chapter 3 1sncomp1etely

| original and has for the first time been reportéd in technical literature
[15] by.a paper co-authored by the author of this thesis. Finally, the
same degree of originality applies to the work desgribed in Chapter 2 [12],
5 and Appendix B [35]. |
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The proposed schemes, which epp]oj'dﬁ‘!% link, are analyzed and

evaluated in a modular form with the aid of computer simulation. The

. computer simulation obtains spectra of waveforms of interest, determines

component ratings and performs waveform analysis. The computer program
computes the real time waveforms over a full cycle. ‘

The guidelines for the design of 1nput“and output filters are .
discussed, and the factors commonly employed fow the{u’desigq are defined
in terms of the harmonic content of the power convef;1on scheme variables,

The préposed poﬁer conversion schemes are ana]xzea under steady state
conditions and with the following assumptions:

i) AN power switching devices are ideal and diodes
forward qrop and reverse leakage current are. ignored.

ii) The filter components are ideal. ‘

‘iii) The*input source voltages are ripple free and in case of a

three-phase AC source are balanced.

iv) In the AC to DC power conversion scheme the output filter
inductor current is ripple free.

v) QIn the DC ta AC inversion schemes thé rated loadkpower factor
is allowed to vary from .8 capacitive %o'.ﬁ inductive.

v{) The input sourﬁe voltage typically vary from 10% above to
20% below its nominal value.

The contents of this thesis is divided into five chapters and four
‘appendites listed as follows:

124

\ In Chapter 2 a novel single phase DC to AC inverter, which emp1oys’

a DC to DC converter as an HF link, is analyzed. The predicted
results are verified experimentally and design guidelines are

prBvided for selecting components.

4

h
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In Chapter 3 a novel three phase current éouree DC to AC inverter,

which employs a DC to DC cbnverter-as an HF. 1ink, 1s analyzed.
The advantages and disadvantages of Current Source Inverters (CSI)
‘when compared to Voltage Soyrce Inverters (VSI) are briefly
‘discussed. The prggjcted results are verified experimentally and
design guidelines are provided %or se1ect1n§ components.

* In Chapter 4 a novel AC to DC rectifier, whigh employs an AC to

AC converter (cycloconverter) as an HF 1link) is analyzed. Design
guidelines are produced for selecting components.

In Chaptdr 5 a novel bilateral converter, which employs an HF

l1ink in both modes of operation, is analyzed. Thetﬁ$edicted

resuQ}s are verified experimenfa11y and design guidelines are

L4

provided for selecting components.

In Appendix A the algorithm of the developed éBmputer\p{ogram,
which was used throughout this thesis to analyze the various
proposed power conversion-schemes, is outlined.

In Appendix B an analysis of a novel current impulse commutated ..

‘thyristor inverter is presented and analyzed. The proposed
inverter is used in this thesis as an HF 1link for thyristorizéd
power conversion schemes.

In Appendix C the definitions of some important variables used

throughout this thesis are presented. 3
In Appendix D thé switching function dpproach, which is used for

Tthe analysis of the proposed power conversion schemes throughout
‘ ‘ .
this thesis, is presented. .

-
§
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CHAPTER 2

A VOLTAGE SOURCE DC TO AC INVERTER USING A
OC TG DC CONVERTER AS A'HIGH FREQUENCY LINK

L4

) é.] introduction‘ s

* Fig. 2.1 shoﬁgu¥he conventional full bridge inverter where Sinu-
sqida! Pulse Width Modulation (SPWM) control technique is applied.
The disadvantage of this power conversion scheme is, that the size of
the magnetic components must be designed for the fundamenta) component
~instead of the inverter switching frequenqyr Consequently; the high
inverter switching frequency cannét be exploited for réducing the
size of the isolation transformer. Furthermore, the power conversion
scheme shown in Fig. 2.1 has no means of regulating the 1nvertér
input voltage or means of changing the inverter input voltage to a
level which would optimize the performance of the inverter components.
These drawbacks result in substantial power underrating of the

overall ‘inverter unit,

Fig. 2.2'shows the p;oposed power conversion scheme that has
none of the above disadvantages, but it does rehgire an addjtiona1
power conversion stageQ This additional stage is a H1§h Frequency“
(HF ) DC-to DC link which inputs the uﬂregufated'DC bus .voltage and
outputs a regulated DC voltagé ;é any desired’1eve1 The HF 11nk'
includes a high frequency transformer which provides isolation at
‘ switching frequenhy, thus resulting in substantial cost, size, and
'weight reduction for the isolation transformer. The remaining power

convers1on stage consists of a full bridge DC to AC inverter, Note

-that because of the high switching fnequency the 1nput filter
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_.Fig. 2.1: Schematic diagram of the conventional inverter
configuration, .
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. DC TO BC- ,
. . © WIGH FREQUENCY LINK , T w
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ISOLATION STAGE
TRANSFORMER '
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- ' Fig. 2.2: Schematic diagram of the proposed inverter . .
' . configuration. .
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components can also be reduced. Furthermore, circuit protection 1s

performed in the HF 1ink stage.

2.2 System description

= A variety of semiconductor switches are available that can be

used to implement the proposed inverter system. Depending on the DC
bus voltage and rated output power these devices can be transistors,
GTO0s, Assymmetrical'SCRs or tra@itiona] thyristors. Fig. 2.3 shows a
family of trﬂnsistorized power conversion units employing the proposed
scheme. Inmparticular,

Fig. 2.3(a) shows the flyback configuration,

Fig. 2.3(b) the push-pull configuration, and

‘Fig. 2.3(c)'the full bridge con%iguration.
The‘fiyback fonfiguration requires fewer components than the others,
resulting, in reduced cost and Bigher reliability. 1In addition, there
is no "switch through” problem with flyback HF 1ink stagé. However,
in the flyback configuration the voltage and’current stresses of the

’ power switches in the HF Tink stage are increased by a factor of two

compared to the stresses of the power switches in the push~pull and
full QZidge cénfigurations. Moreover, since the flyback is a forward

converter it cannot function without a voltage control loop.

For the DC to AC fﬁvertgr stage. the full bridge inverter was
chosen because 1t utilizes the full DC bﬁs ﬁrovided by the HF 1ink and
\a1§o whén connected to the HF link there is no need for centertapiqg;
Since the inverter system output voltage waveform consists of train

of pulsesﬁ(Fig. 2.4(d)) some form of filtering is necessary in order
. A% , Ry,

~a
~h

~Y
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"to separate the fundamental harmonic component from the u;wanted

- components. Moréover. by'employing proper switching function patlerns
(Appendix D) to the inverter stage, the size, weight, and cost éf the

. {nverter stage input Pnd output filter components can be m1ﬁ1m1zed.
Finally, for this power conversion séabme, the Tow ﬁhss L-C fiItéi
conffguration was chosen for harmoniﬁ filtering in different parts of‘
the inverter system because it §atisfies the harmonic distortiog

requirements with-a minimum number of components,

2.3 System analysis

In this section, the proposed power converstom\scheme is analyzed
o 7
under steady state conditions. The derived expressidis are subsequently
“used to obtain the information necessary for the safe_gesign of the system,

Finally, the fd116wing analysis has also been presented in reference [12].

2.3.1 Loq%yconditions
In order to generalfze the analysis of the proposed power coﬁversion
» ) ) - .
scheme the rated output voltage, Vo’ and rated output current, Io’ are

expressed in per unit as follows:

X;TJ .vo(rms) = 1p.u, ﬂvolt%) ' ‘ (2.1)°

Iotims) =} Pol, ‘Amps) C* - (2.2)

. 2.3.2 Derivation of the 1ﬁverterst§gg éwitchigg,function. S(wt)
: \

‘Experience with static converters has shown that the most useful -
analytical information is obtained when the converter {is viewed by
the 1nput and output ports as a multi-frequenc{ Acﬁégr4zﬁt~and/or

voltage source genérator (Appendix D).

-
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Consequently the éonverter can be modelled as a black bok whose
transfer characteridtics are analytically described by the Fourier
series expansion of its respective set of switching functions 131,
' L f14], D5]). By multiplying converter switching functions with

expressions describing respective input voltages, analytical exp@sions
for the converter output voltages are obtained. Therefore, by p perly
" selecting the @wert‘er switching functions e11m1r?at1on of unwanted
— o harmonic compqnents from its input or output ports can be achieved.
Moreover, the required component ratings are ca]culated' from the

product of line currents and voltages with the appropriate switching

functions.

There §s a number of switching -functions'that can be employed
with the inverter stage Lfor elimination of unwanted harglonic.
) components. These switching functions can be of the following two
A types: | | ‘
| a) Fi‘xed pattern programmable switching functions fi61.
Normally these types of §w1tch1ng functions are employed
where s‘maﬂ numbers (up to seven) of unwanted harmonic
&mponents are to be eliminated, and slow turn-off switching
. devices (GTOs or Thyristoré) are used for the implementation
of the power conversion stages. HWhen large numbers of un- \
waﬁted harmonic components are to be e'liminéted. this
o ‘, Co technique becomes ana]yti cally very comp]ex. Moreover,
considerable computer execution time is needed in order to N\
- obta?’ﬁ the required switching angles. Using this technique

. ’
- , the resulting maximum RMS value of the fundamental component

g;wwu».
s

Gt N . . ' -
-
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of the‘inverfef output voitage is 8.2% less than the
vatue of the DC bus voltgGe provided by the HF 1ink stage.
b) Fixed pattern switching funct10n§‘obtained with Sinusoidal
Pulse Width Modulation- (SPWM) technique by setting the
Modulation factor equal to one.. These functioﬁs can easi\y‘
employ hiéh switching frequencies. Consequently, they are
compatible with fast turn-off switching devi ces (Bipolars or
MosFets). Because of the high swjtching frequéﬁcies th&t
can be reallzed the unw%pted dominant harmonic component
(Appendix C) can be sh1fted far away from the fundamental
(as in Fig. 2.4(e)). This feature can be utilized to reduce -
the size of the butput filter components. Using this tefhnique
) the ré§h1ting maximum RMS value of the'fundamental component |
| of the inverter output voltage is 29.3% less than the value

of the DC bus voltage provided by the HF 1ink stage.

As mentioned earlier in the introduction of this thesis and in

oduction of this chapter, one of the réquireménts of the
fnverter besides the reduction of the 1solation.transfofm€r was the
reduction of the°1nput and out&yt f1iter components. The reductfon of
the output filtér components requires high-order dominant harmonic
components which can be achieved with the employment of high inverter
stage switching frequencies. Theréfotg) sincg the SPWM fixed pattern

can employ high switching frequencies it was chosen as the inverter
stage switching function. v ”

.
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Fig. 2.4 shows the derivation of the inverter stage switching

function obtained by applying the single-phase unidirectional SPWM

technique. The significant varfables in the switching functions

" resulting from the SPHM technique are:

L
a) The ratio of the normalized carrier frequency, %c ,» defined

s

2

—

N Tf )
as f = -T-C- (Fig. .2.4(a)), .
b) The modulation factor, Mg, defined as
v : ' ;7
M, = —L (Fig. 2.4(a)). : - *
. f Ve : .

Furthermore, results obtained with the developed computer}rogram'

'(Append"lx‘ A) have shown fhat for Modu]atfoﬁ/f:ctor equa1 to one
a)

b)

c)

A

.

the value of the normalized carrier_frequency (fnc) and the
order of the dominant harmonic component (d) of the switcﬁ'lng
¢ ~.

“function (S(wt))are related t(

‘d-{%c-3 . (2.3)

the amplitude of the fundamental cofnponent of the switching
function (S(wt)) is 1ndepends.31-t of the value of the A

normalized carrier frequency (fnc) and is given by

]‘= 1 | : / ‘ (2.4)

the amp11tud7e of the dominant harmonic component (d) of the
[ .

switching function (S(wt))is independent of the value of the

. . o
normalized carrier frequency (f.) and is given by .

Ag = 0.2 : : Y (2.5) ,

Although sw1t(\:h1ng function patterns (such as Fig. 2.4(d)) h'elp

to visualize the generated inverter stage voltage and current waveforms, .

¢
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© . ‘stage analysis requires that. the function S{wt) should be expressed

’maa\emalticaﬂy. Such expression can be obtained by deriving its Fourier . . )

series expansion which is given by . b 5 . /}
c. > o . : :
S - S(wt) E A, sin(nw t) .
C> . n=l,odd .
; .
| LT = sin(wot) + iAn s1n(mot)‘ : (2.6) i
< . ‘ n=d .
" where:
>
. W, " is the 1nverter operating frequency,
7
: A] is the amp11tude of the fundamenta] component of the
" " inverter stage switching function, S(wt),
A is the amplitude of the nth harmonic component of the 1
- n . ’ /ﬂ—
. inverter stage switching function, S(wt), .
d is.the dominant harmoniccomponent of the inverter stag ‘ :

]

switching function, S(wt).

Thghéfore. usind eqn. (2.6) and the expressions given in Appendix D

the inverter stage input and output quantities can be found in mathema-~

. tical form.

/ " 7
' . . Y

_2.3.3 inverter stage

Regarding Fig. 2.3 and using the switching function relations

given 1n*Appendfx D the inverter stage output voltage and current are

‘ ‘given by

v log) = v, o Slut) - (2.1
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(wt) )
f
Lt = zmo (2.8) e

where: C

VS‘O is the dc component of the voltage provided by the

HF 1ink stage (Fig. 2. 3), ¢

‘Zo is the input impedance of the output fi1ter.

By employing eqn. (2.6) eqns. (2.7) and (2.8) become / : q"
00 . ‘ //' ) )
Vif(wt) = Vs’osin(mbt) + \is’0 An sin(nwot) , ) <:*2{9)
' n=d A ‘
L () = Vs,osin(wot+¢]) y :E: An sin(nwot+¢n) -
if |10,1| 550 b lZo’nF
n=d
. . ’ —
=Z Bn s1n(nw0.t + ¢n) " (2.10) .
n=1,o0dd .

where : . i

B, is the amplitude of the nth harmonic component of the -

inverter stage output current, Iif(wt),

|2, ;| is the magnitude of Z  at the nth harmonic frequency,
’ ‘.

1 Imag(Zo n) C
O 7 Efn Real(Z; ) ) ‘2’]‘)
o1 is the phase displacement between respective fundamen-

e : ta1 components of V, c(wt) “and I elwt). For f > 17,

o

and ¢](m1n)_0 for loads vary from 0.8 leading to

. 01 3 °
X ; p.u. and XL < p.u. was found that ¢]( ax) 51

0.8 lagging.
* Eqn. (2. 9) implies that in order to obtain 1 p.u. rms load voltage

(exp. 2. 1) the dc component V 0° of the inverter stage input voltage o

.

must be = /2 p.u. :
S,O
* (2.12)
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Also, by using exps.(2.5) and (2.9) %Pe1amp1itude of the dominant

-

harmonfc component of the-inverter stage output.voltage; V1.f 4 is

found to be ‘

i, :
15,0 = Vsio  Ag " (/2)(\0.2) = 0.28 p.u. (2.13)
}

.. The simulated waveforms with their &espective spectra ‘for the voltage

v

and currént quantities defined in e&ks. (2.9).and (2.10), under

worst operating coqgition for component ratings (0.8 leading poWer

factqr) and ﬁ1c =7 (fnc has been intentionally chosen low and equ#l to

7 for waveform clarity), are shown in Figs. 2.5(a) and (b). These wave-
forms havé been obtained by incorporating the aforementioned expressions

in the computer program discussed in Appendix A and can be “used for computing

the inverter stage main component voltage and current ratings. »
)

In order to be able to obtain design gdidelines for the inverter
stage 1npqt filter the frequency spectrum of the inverter stage input e
..current has to be known. Therefore, regarding Fig. 2.3 and using
the switching function relations given in Appendix D the 1n&erter stage

input current, Iii(wt)’ is given by

&

Iii(wt) = Iif(wt)-s(wt) - . (2.14)
SuBétituting egns. (2.6) and (2.10) into eqn, (2.14) §
I”(mt) =Z Bn sin(nwot + ¢n)-z An sin(nmot)
n=1,o0dd n=1,0dd ’
(2.15)

e
Simplifying further eqn. (2.15) the mth harmonic component of the

inverter stage input currentiis given by

- G
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before output filtering, Vif(wt) and Iif(wt),
obtained with P.=0.8 leading, M.=1 and fhc=7'
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H,m(wt) 5 A, kB cos(mn t+ ¢ ) .
k=1 ,odd ' '
¥ o .
: ¥ AnaiBy Cos(magt + o)
* ‘ k=1,0dd
+ A, B ipcos(mo t = o) : “.(2.,16.) _
o *.n=1,0dd '
- Woere;
{ -
’ N m = 2, 4. 6’ 8,00.0
Consequently, using eqn. (2.16) the amplitude of the dc and second-order
' components ér'e given by. , )
i | \ " N Al 1 -~
< Lio = cos ¢, . | | (2.17)
A.B
171
Lii,2= 7 (2.18)
. A -~ .
T where: . o
A] is the amplitude of the fundamental component of the
N inverter stage switching function given by eqn. (2.4),
“*
81_ is the amplitude of the fundamental component of the
inverter stage output %r-rent, I”(wt),‘ given by . '
(S . B]=J2 p.u. ' . (2,19)

for fic 2 17 (Realistic values of f__ for HF applications) -

Fuythemore. using exps.(2.4), (2.17), (2.18)<ané_j (2.19) and assumina



. *e

- 30 -

that the normalized carrier frequency %c > 17 (since high switching
frequency is applied t9 the inverter stage) the fo]'lowing'expressions

required for the inverter stage input filter design are obtained

N

()2 (cos 51°) _ ‘
IH,c(min B 2 =5 p.u (2.20)
OIS0 B D
L1 o(pax)” —lé—-)f—l - 0.707 pu. (2.21)
* ‘111.’2 = i‘—)-é@ = 0,707 pau. : ' (2.22)

Finally, Fig. 2.6 shows the simulated waveform of the inverter stage

ﬁlput current, Iﬁ(wt)x, and its respective frequency spectrum obtained

\

- -

with 0.8 leading power factor and fnc =.Z\.

»

2.3.4 Qutput filter : : N

In most specifications for power supplies the Total Harmoriic
\. . .
Distortion (THD, see appendix C) content of the output voltage, Vo,

is < 5% at rated 1oad and no load conditions 171, (18], It can be

| shown that if the amplitude of the.dominant hammonic component

(2 fn -3) is reduced to 3% of the amplitude of the fundamental then,
c ' :

undér worst operating condition (0.8 lagging power factor), a THD < 5%

can be insured. Therefore, the value by which the amplitude of the

dominant harmonic component has to be attenuated by the output fﬂtgr :

{s given by , £ ‘
BA = 20 10g;(0.03) - 20 TogrolVie,d) . (2.23)
. W ’.
There fore, using-exps. (2.13) and (2.23) ”
M= -19.4 db . o S (2.28)

¢ ! /
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Simulated waveform of the inverter stage input
current, I (wg), and its respective frequency
spectrum obtained with Pf=0.8 Teading, Mf=1
and fnc=7.
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To achieve th!EQattenuatioﬂ'a second order LC filter was chosen for its
simplicity (Fig. 2.3). Using the characteristics of the second-order
filter and exp, (2.24) the following expression is obtained

19.4 40

~ —5v = g - {2.25)
109y 090710910 {2f, . =3)  Togy gy -Tog, g T0w,
- where: Co ‘
. £, ist normalized carrier frequency [
Wy, s the break frequency of the output filter ; ’ s
2 I/VLOCO

After further simplification eqn. (2.25) becomes
o ) -19.4/40 |
Wy =.(2F =3)(20) p.u. ) (2.26)

4

where:*

»

1 p.u. frequency is the inverter system operating

frequency, W e

Consequently, using egn. (2.26)’the output filter components are given by

X ,
T(Ei’-i— = LC, =-?—-2—3‘{C——§72 o . ‘fz.l‘zn
where: o _ . fr&
Lo | is tﬁe inductance of the output filter,
€, . - is the capacitance of the output filter, -
4 xLo,l fs the reactance of the output filter‘inductor at
operating frequency,
xco,1 is the.reactance of the output filter capacitoy: ‘

at operating frequency,
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fnc. s the nommalized carrier fredqency.
There is no "right” answer to how the two filter components 1

‘chosen but the fol]owm*'g factors should be considered:
_1) In order to prevent the resonance condition in thd~filter

~ the following inequalities must hold

< QL—— 3 for the fundamental component
o .

g ] ’
4 ettt ®
dwoL0> ‘ dwo'co’ for the dominant component

i1) A low LG/C0 ratio results in larger peak 'output)current,
when initially the inverter unit is switched on.

i11) A low L,/C, ratio will dissipate much more power.

.Therefore, since the output filter input quantities (Vif(wt) Ilf(mt))
are given by eqns. (2 9) and (2 10) respectively and using eqn. (2.27)

the expressions for the Toad voltage and current are expressed as

follows: d
Vo(wt) = E vo,n sin(nwot + Gv)’ . (2.28)
o n=1,o0dd , C
I (wt) = z Iy sin(n%t ¢ 0y *e,) (2.29)
n=1,o0dd
respectively, ' .
wﬁere- ' , \ \
TR 2
J(v .o An+Bn xL sing,)2+(B X cos¢)2  _  (2.%0)
0 \) )
) ) '

(2.31)
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Simulated waveforms with their réspective frequency
spectra for load voltage and current, V (wt) and
Io(wt), obtained with Pf=0.8 leading,

M'F--] and' fnc=7 e
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and whera:

Z, , 1s the load impedance at the nth harmonic

. ?
frequency, .S |

ev is the voltage phase shift introduced by the output
filter /

0 is the current phase shift introduced by the

output filter

Finally, the simulated waveforms with their respective spectra for load

voltage and current quantities, Vo(wt) and Io(wt), are shown in Figs.

2.7(a) and (b). These waveforms have been obtained by incorporating

Py ¢

the expressions (2:28), (2.29), (2.30) and (2.31) in the computer

Program in Appendix A. °

2.3.,5 Inverter stage input filter .

The factors affecting the reactive components (LS,CS) of the

inverter stage input filter are: _ . .

a). The specified filter inductor current ripple tactor, Ki . .
: B

b) The specified filter capacitor voltage ripple faétor, K .
. Vs

c) The specified switching frequencies of the HF 1link and
inverter stage.

Fig. 2.8(a) shows the harmonic eqﬁivalenf circuit of the inverter
stage input filter, As it can'be,segn the filter is subjected to two

types of harmonics. Current harmonic components reflected by the

B
g l
e



4

inverter stage and voltage harmonic components generated by the HF 1ink

stage. However, since the switching frequency of the HF link is

nonna1¥¥ much higher than the switching frequency of the fnverter

stage, the main contributor to the size of the filter is the second-

order harmonic component that is reflected by the inverter stage.

)

Therefore, the fipa1 harmonic equivalent circuit can be prgsented as

shown in Fig. 2.8(b).

&
Regarding Fig. 2.8(b} the filter inductor current and filter

capacitor voltage are given by,

-

. _ 1 ‘ “
s, ° 77, Liin (2.32)
L .
s,]1
C oy S,]
) ¢
nX X
v .LSJJ cs,] I .
s,Nn 2 ji,n
! n XL - XC -
S, S,1 s
where?
, | S is the amplitude of the nth harmonic component of
?

the filter inductor currert, .

X
Ls,l
frequency,
X
cs,l
frequency,
no is the harmonic order.

P

is the reactance of the filter inductor a operat{ng

is the reactance of the filter capacitor at operatin%

The filter inductor current ripple factor,(Angndix C), K1 , and
. . s

filter capacitor voltage ripple factor, Kv

\
\

S

, are given by
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2

-

i .
Fig. 2.8: Determination of the inverter stage input ripple
current and input ripple voltage.

a) Harmonic equivalent circuit of the inverter
stage input filter- o

b) Final hamonic equiva'(ent circuit of the
inverter stage input filter
»
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.
- .\ .
- X s .
- . ) . . -

© i
, Z\IZ /2
. " ’ - :
| s n{rms) _ sglms) =
. Ki = I e I . , (2094)
: s \ $,0 Y _ . 78,0 ’ '
- E 2 1/2 Y-
’ L= san(ms)g . 5,2 (rms) e ,
K, L= tml - s,2(m (2..35)
s 5,0 : $,0 ‘
where:
I, , s the dc compopént of the filter inductor

current = ?11,6f'

is the ' rms value of&the second-order

Is',2(rms) )
harmonic component of the fi];er inductor-current,
| Vo o - s the dc component of the filter capacitor )
" voltage, l T
Vst(rms) is the rms Value of the second order haf’(;1c '

component, of the filter capaci}or voltage,

Substituting egns. (2:32) and (2.33) into eqns; (2.34) and (2.35)

N

/ —

( .

o~

~ L
- 1 ‘ ’
S TS li1,2¢rms) . (2.36)
o s,]
(4 Xc - ])Is,o 5 b
S,
> 2%, . X .
L C : ‘
s,! ’s,l
K Li4,2(rms) A2.37)

v = .
s (4% - X W

Consequently, substituting exps. (2.12), (2. 20) and (2.22) into exps.
(2.36) and/ (2.37) &he relationsﬂf? the filter components as a function

of the ripple factors are given by - e

V'8
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» 5 .
e ’ .
.o , XL
S,] .0.25 K p.u. (2.38)
. P A
s,1’ S o .
A
Y -
, HLS"XCS’.‘ 14K pu. (2.39)
4x -X ' v Pet *
L Cs 1 S .

Theréfbre, given the allowable values of-K1 and KV. and solving the
. S S

system of éqns. (2.38) and (2.39) the filter component values can be

4

_ obtained. ‘ ;
v ’ ‘© !
.7 2.3.6 HF link stage TN
» Depending on the output power requirements of the inverter one of

the fbl]owing configurations of the DC t6 DC converters can.be used as

a HF link In order to’ regulate DC bus of the inverter stage.

4 »
2.3.6.1  Flyback configuration

' Regarding Fig. 2,3(a)

Vso_ N - . ‘
N A il = | - (2.40)° .
- . p p ‘
N ,
. where :
‘ Np * is the ﬂsolation‘transfdrmer primary winding number
- \ " of turns, - - . o
. NS is the isolation transformer secondary winding number i
- / ‘ of turns, “
. Vp is the voltage across the primary of the isolation
trans former,
"

V_! s the dc component of the inverter stage input voltage,

. 's,0
- - Transistor ON time >
b .‘5 the‘Duty cycle = Trans‘stor OFF time

I
o
S
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‘ 3\ . .'
\ | “ . | o
N _ | S |
. . o \ ‘
but since_yp is equal to E“and using eqn. (2.12) then egn. (2.40) -
N\
" becomes
L
N V2 k.(1-D) ,
== - , (2.41)
p
where : ‘ ‘
. \ / .
v ‘
Ke = —Qéﬁﬂil . (2.42)

s ¢ .
The number of turns in the primary of the transformer is given by [19] ///

I X,

. é s
N = E x 10.

L 4
= : (2.43)
p  FITAB ' .

where

A

‘fi, is the switching frequency of the HF link stage, ¢

. %" 2
AC is the transformer core cross section ared in cm®,

max

. B___ is the maximum f)ix density in Gauss () Neber/cmz=~A
108 Gauss).

Regarding .Fig. 2.3(a) the peak current that flows through the -

primary of the isolation~transformer‘js given by

i
~ ' -

T =T () . L (2.04),

/T . .
//,—ffkom«Figs. 2.9(a) and (b), which il1lustrate the waveforms.of the

v current that flows through the primary and secondary windings of the

} ) isolation transformer, can be shown that , - L L
. ' I Al o . : ,
~ % . s,o(max) ) :
L= e (2.45).

where ® . ) ‘ o,
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AI_ 1s the peak to-peak allowable inverter stage input r

ripple current given by

r

=22 st Is,o(max)

(2.46)

K1 is the inverter stage input filter inductor current

.
e

ripple factor,

I is thp maximum dc component supplied toxthe

s ,0(max) .
inverter stage and is given by eqn. (2.21).

Therefore, substituting egns. (2.21), (2.45) and (2.46) into (2.44)

and assuming maximum duty cycle equal to 0.45 then -

/J ~ ‘ .
: ‘ lp = 1.22Kc(2.2 + 2 Ki ) p.ul : (2.47)

S

-

Regarding Fig. 2.3(a) the peak voltage across transistor Q

during OFF period is given by R
= E.+ (58) (2.48)
N 1

VCE(Q]) Veo0

N and by using egns, (2.41), (2.43) and (2.13) then eqn. (2.48) for maximum
' 7 , s
-duty cycle of 0.45 becomes

.A = L—& ’ ‘ ’ ’ ’ !

VCE(Q]) Kc p.u. . . . ‘. (2.49)

' L e ’; . 14 '
2.3,6.2 . push-Pull and Full bridge configurations _ o

P

Since for the Push-Pull and Full bridge configuratjons the voltage .

»

across the primary of the isolation transformer is equal to E (Figs. 2.3

(b) and (c)) then the transformes turns ratio 1s given by

3

’

»

o
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~ /
)
;§'= ZSEOD | ;—DK ' (2.50)
P max , ) .

The pedak current that flows through the pr1maryxof"the'transformer

,

exc1uding the magnetizing current is given by.

NS B . .o
('N—) ' (2.51) ’
B p ' .
From Figs. 2.9(c) and (d), which illustrates the waveforms of the

— >
wn

I =
)

o’ R
current that flow through the primary and sécondary‘wiﬁdings of the

transformer, can be shown that
] \\ ' ‘
A

I L
I = se0(max) . 5y

. I SRR
S “Dhax s ssolmax) s \-
‘ . . (VZ K 1 - QM)‘
= + R \C. . .
s ,0{max) i ZDmax

Assuming that the maximum duty cycle is equal to nt45 and using eqns..
a4 ;

" (2.21), (2.50) and (2.52) then egqn. (2.51) béecomes - °
. ‘%= LlK(L1+ﬁm)pm. . (2.53)
A1so, assuming that the magnet}zxng current is 10% of I; then the“fota1

~

peak current that flows through the primary is giveqhtf
. \ux 11+fK)R o (2.58)

:2.4 Inverter system main component ratings

¥

In this sectfon the rat1ngs'of the inverter main compbnents are

given as follows: e N
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a)
wt
b)
.
wt
. .
-
wt
d)
‘wt
®
Fig. 2,9: Iso]ation' trans former primary and secondary
Currents, .
(a), (b) Flyback configuration ' ’
(c), (d) Push-Pull and Full ’hridge/ configurations
- "( -
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Inverter Stage -~ ‘ 7~
Peak switch current Ipg = YZ p.u. : , (2.55)
RMS switch current Pﬁs‘= {g p.u. - (2.,56)
Average switch.current iAS = “%:p.u. ' . (2.57)

HF Link Stage

é) Flyback‘configuration

(2.2 + /2 Ky ).p.u. (2.58)
. .
p.u. ' (2.59)

‘Peak switch current 1 s = 1.22 K

P

- 0
w

Peak Forward blocking voltage =

)

C
b) Push-Pull configuration

“Peak swith current I . = 1.2 Ke(1.1 + /2 K, Jp.u. (2.60)

PS s

Peak forward blocking voltage = 2E (2.61)
H - ‘ “ ,

»

‘¢) Full-bridge configuration

' Peak switch current Ipe = 1.2 KC(1.1 + Jfkj Jp.u. (2.62)
'; * . w"s .
Peak forward blocking voltage = 2E

2.5 Design example - Q\NL

IS a

\

(2.63)

In order to illustrate the significance and facilitate the under-
; standing of fheoretical results obtained in previous sections the

followily example is given, ¢

“ CoE s Supply voltage = 48V e
Vo(rms) = RMS Toad voltage = 86V o
Io(rms) = RMS joad current = 2 Amps

‘
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fb = Inverter system output frequency = 60Hz
fnc = Normalized carrier frequency = 80 ..
£ 0 . B - -
ng= - = Normalized 1ink switching frequency = 350
s - "
- K, = Inverter stage input filter capacitor voltage
s
: ripple factor = 0,01
ﬁ = Inverter stade input'fi1ter inductor current
s ]
ripple factor = 0.2 _

~Thus /

1 p.u. volts = 86 V
1 p.u. current = 2 A
1 p.u. 1mp§dance = %? = 43 Q _ R

1 p.u. frequency sﬂano = 377 rad/sec
\
Because of the output power requirements the flyback configuration

inverter is chosen. From the above p.u. values ‘and using eqn.,(2.27§

o . . ,
the output filter components are obtained *g
X ‘ |
ybecr s 22 3780107 puu. (E1)
"¢, (2x80-3) .
]

If a 0.5 p.u. capacitance is chosen for the 6utput filter and using

exp. (E1)

Xe .o 1. | |
cO;‘ w, lxo.ik" 2 pyu. (E2)

1 ‘ ,
Co=m=30.8uF . o (El3)



- 46 -

3,78x10~%

-4
0.5 = 7.56xﬂ0 TS

L -4
7.56x10 .
Lo - (uo,l - 5 ;;7 x43 _ 86 LH
0 C ‘

f

Using eqns. (2.38) and (2.39) the inverter stage input filter

components are given by

X,
Sl =228 0.2 5 1.3 pau.
G
X, X
L. 1%
4XS,1~-X5J = (1.414)(0.01) = 0.0141 p.u.
Lsv G

Solving the sysfem of eqns. (E6) and (E7)

Xc .= 0.046 p.u.
. S,‘] B ’
X = 0.06 p.u.
$,1
e p— = 1,361 WF
s 0.046x43x377 s9%) H
_ 0.06x43  _
LS = —-—3-77—— 6.84 mH

(€4)

(E5)

“(£6)

(E7)

(E8)

(E9)

(E10) ~

(E11)

If the maximum duty cycle 1s taken to be 0.45 and using exp. (2.4i

the 1solation transformer turns ratio is given by -

N L 2(1.8)(1-0.85) .,
o 0.45 %

Q

(E12)
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Finally, using exps. (2.55) through (2.59)'the ratings of inverter

main components are:

A
HF link stage . &\ »
Peak switch current = 11,0 Amps . : (E13)
> T ’ . .
Peak forward and reverse blocking voltage = 86 volts (E14)

Inverter stage

Peak switch current = (v/2)(2) = 2,82 Amps , _(E15)
RMS switch current = ({%)(2) = 1.414 Amps o (E16)
, Average switch current = ({%)(2) = 2.25 Amps (E17)

2.6 Control circuit and ggperimental results

There are nu&erous control circufts already deve]ﬁped for any
of the three configurations of the HF link stage [20], t21]. oQ\There-\‘
fore, there is no necessity for further explanations. For the inverter
stage, the control circujt shown in Fig. 2.10 has been utilized. The
intersection points between tﬁe referepce and Farrier signals (Fig.
2.4(a)) were stored in a 16K bit EPROM. The resolution used was 0.2
degrees/bit. . The overlapping protection delays between transistors

in the inverter stage were incorporated in the gating signals stored

- in the EPROM.
-

In order to 11lustrate the significance and facilitate the.

unders?anding of theoretica1\;gsu1ts obtained {n previous sections
the f1yback configurapion inverter was built using power MOSFET
transistors. Fig. 2.11 shows the experimental results which are

in close agreement with the theoretical ones (Figs. 2.5(5), 2.6(a),
2.7(&)5. - -
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Fig. 2.11: Experimental resul'ts obtained with Pf=0.8 leading,

ud
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(c)

Mf=1 and fnc=?.

a) Valtage and current waveforms before output
filNering, Vif(wt) and Iif(wt)

b) Top: Current waveform before output filtering,

I1f(wt)
Bottom: Inverter stage input current waveform,
I1 § (wt) -

¢) Load voltage and current waveforms, Vo(wt) and Io(wt)‘

i
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2.7 Conglusions L

In this chapters a novel two stage DC to AC inverter has been
presented. The'main inverter features included an HF 1ink sfage for
tnagsfbrmer isolation and a reguTated bc bus for the inverter stage.
The:propo§ed inverter system has been analyzed with various'Hﬁ 1ink
configurations suitable for different output power levels. Theorétical
and experimental results have shown ghat the proposgd'two stage

inverter system yields high operating efficiency, programmable 6utput

o frequency and high power density. Finally, when an extra power "leg"

is inserted in the inverter stad&a the proposed conversion séheme

can be extended to three-phase output system.,
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| CHAPTER 3 ‘
_ A CURRENT SOURCE DC TO AC INVERT@;NG
A DC TO DC CONVERTER AS HIGH FREQUENCY LINK
3.1 Intffduction = : .

123

Of the various converter .topologigs available °for power inversion,
Current Source Inverts (CSI) seem to offer certain advantages over the

Vo]tage Source Inverters (vs1). The former 1nvertérs are characterized

"

by a DC 1ink input which behaves as a. DC current source, through the

aqtion of a front end converter and a current regulation loop. The latter
are cﬁaqacterized.by a DC link input which béhaves as a DC voltage source.
ﬁﬁe principle of operation fOr‘ySI's is to supply power to the
load by holding the output voltage fixed (in phase) relative to the VSI
switching functiof’ Consequently, the output current is forced to
f1uc£uate back and forth  from negative to positive. Since the sem:conductor
switches are unidirectional current devices, the VSI needs free wheeling
diodes to operate under these condjtions. |
In the CSI, the outpat current is'he1d fixed (in phasej relative to
the CSI switching function. Consequently, the output voltage is forcad fo
f1uctuate from positive to négative. Thus, the need for free wheeling
diodes is eliminated. However, the semiconductor switches must now be

“

capable of blocking reverse voltage (If not a“ﬁiode must be connected

in series).

A schémapic diagram of the proposed CSI system is shown in Fig.

3.1 which has the following advantages and disadvantag@k when compared

to.¥SI (Fig. 2.2). ( .

a) Advantages
¢ >
1) Since the input DC current is cgntro]led and 11m1ted

misfiring of the inverter switches or short circuit in the

Toad 1s not catastrophic.
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i1) The negative ljnk avoltage capability of the CSI en:able;s the
~ inverter to handle reactive or regenerativé loads without the
l: | " use of g?ée wheeling diodes, in contrast to the VSI which
. reverses its link current.c = '
..%115 The power semiconductor switches are subjected to lower peak
current stresses because of the constaht supply current. o
vi) Sin;e current spikes are filtered by fhe Current Saurce R?actor )
(CSR), the Elg&troﬁEgnétic Interference (EMI) of the CSI is
reduced. .
v) When thyristors are qsed't? realize the CSI power switches,

the commutation inductor 4s eliminated from the commutation

circuit.

b) bksadvantages i

’

i) Utilizes a relatively large DC filter reactor to exhibit current
§ourcg,characterist1cs. This 1is espécia11¥’tﬁue for single- *
phgée output 1n5;rter configurat{gn and three-phase configuration

“ under unbalanced load conditions. However, for three phase
inverter configuration with balanced load (3-¢ synchronous

machines), the size of the filter inductor is considerably

N v

14 f _reduced. : . .
* 51) Exhibits slow Current résponse because of the utilization of
g the large DC filter reactor. . »

. o
Vs d \ L

f 3.2 System description %

‘

A brief description of the function performed and configuration
" for each system section of the proposed CSI system (Fig. 3.1) is as.’
L J 4 - . i . ,

' follows.

i
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3.2.1 High Frequency link converter

The function of the high frequency (HF) 1ink converter is. twofold:
First it controls the current level of the cufrent source in response "\

to changeg in load and/or changes in the DC voltage feeding the HF 11ink.

‘Second, it provides transformer isolation between the source and the

Toad using a high frequency transformer. The.éhofce GYf the- power

switches is. based on the output power requirements_and’fﬁﬁﬁi—DC\bus.
/

/’
3.2.2°Current Source Reactor (CSR) //‘ *h; : .

The main function.of tﬁf'CSR E; to convert the character1st!cs of T~

the battery subsystem from voltage source into a current source type.

Furthermore, the CSR limitsfthé ripplg factor of the DC 1ink current to

a prescribed level, The factors affecting the CSR inductance value are
a) the specified ripple factor for the DC 1ink current, . -
b) the switching frequencies\éf the HF 1ink and CSI stage, and

X

c) load conditions (balanced or unbalanced). ] 'P

3.2.3 Current Source Inverter (CSI) Stage

The function of the CSI stage is to convert’the‘DQ current fed
from CSR into single or three-phase AC bqlan;ed éurrents.‘ Si
current cofftinuity éannqt be violated there should.be always conduction
overlap between one of the upper three Qnd one bf the lower three
switches. To minimize voltage stresses during current transfer from
one.phase‘té anbther the inverter is feeding the load through.a capacitor /
input fiiter (Fig. 3.1). A]so"since a CSI does not require free

wheeling diodes voltage stresses associated with diode recovery transients '

are not present. - o .
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oA

fSwitching functions compatible with CSI can have fixed or
variable switching patterns ae shown in Figs. 3.2 and ?.3 respectively.
A switching funct10n1w1th1{ixed pattern requiresathat the eource current
v Tevel 1s variable (to accomodate load changes), while in thekfase of
variable pattern the current 1eve1 can be either constant or variable. ‘
?i - Fixed switching patterns have{the advantages of: Eor |

-

' ¥
» a) VYielding maximum current utilization,

“‘ 3 /’77“~’“"//. b) requiring the lowest switching frequencies and
AL‘T“%’f ‘ c) having the simplest hardware 1mp1em§ntation. u
ﬁowever, the inverter response to step changes in ioad is slower than
that with the variable switching pattern. In the Tatter case the
1nverter can respond praCt1ca11y instantaneous]y by changing the degree
_of modulation (i.e. width of puls@s) in the sw;tching pattern. However,.

| ~

because variable switching patterns. require signif1cant1y high:t’frequenc-

, les and yield poor source current ut1112at10n they are considetred only -
briefly in this chapter. /
- - : . 3.2,4 Qutput filter o ' _

f' ’ | The -function of the load filter is to maint;?nﬂthe quality (1 e.,n
| harmonic distortion content) of the load vo]tage within'Specified limits.-
.- C o Since the filter is fed with a train of current pulses, its input ‘
component is a cepacitor. This choice minjmizes pattern d1§tortiond1n
line currents (ny allowing- sharp current transitions) and suppresses .the
u91tage “spike§“ typically assocfated with step current changes in CSI's. ‘.
A Fig. 3.4(a) and (b) shows two filter configurations suitable for -
?;L\" o | CSI applications.’ The obvious advantage of the first-order filter\isj v,
| \ circuit simplicity. Note, npwever, tnat axproper]y‘desjgned third- . /
. , o - - N

j e
AN T -
. ’ ! ¢
' .
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Fig. 3.2: Derivatign of a fixed switching pattern for

three-phase (S inverters.
. a) Basic switching pattern, P.I
b) Pattern p,=p,[1204¥

" c) - Resulting switching pattern, P,, for a

single Tine current waveform.
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of three-phase CS inverters.

'a) Basic switching pattern, P,

. b) Pattern szP]/120°

' I
) !
J el
ey Bt |
' |
-— rememp— - '
| (/ 1'
| T
‘.‘.‘.... L' J b +_L_'
: - | |
0 | ‘
nlm | ' B ]
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T~ ey J’ J 2T
/ . 3 . L L L LU .
Fig. 3.3: Derivation of a variable switching pattern

c) Resulting switching pattern, P3. for

a single line current waveform:

.
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Fig. 3.4: Load filter configurations compatible with
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a) First order
b) Third order
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A

order -filter yields better quality load voltage while drawing less

reactive power.

3.2.5 Load conditions

In order to analyze under steady-stage conditions the proposed
CSI 1nvefter, the following per unit load conditions are'assuned for the
rated output voltage and rated output current.

I° e ] p.u:/?Amps)

O(rmS) = ] p.u, (VO]tS) ;

Moreover, the load is assumed to be linear and balanced.

3.3 Synthesis of Switching Functions for CSI's

‘Sw1tch1ng functions that e]iyinate any number o% low-order harm0n1c§
from CSI line currents are derived next. The method employed is based
on the fol]oh1ng three performance characteristics of ideal CSI's:
a) at any instant the line current is conducted by one upper
andﬂ Tower switch only; » f
b) at any instant the sum of all line currenis is equal to zero;
ahd
¢) since a CSI is the dual of a vs;, switching patterns
- encountered 1in. 1ine-to-line voltages of VSI's are also

applicable to line currents of CSI's.

3.3.1 “fFixed Pattern Switching Functions

Since this topic has already received considerable attention [16],
¢
[22]. it is appropriate to introduce’a g&neralized method for deriving

such function. The proposed method is as follows:
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a) The harmonics to be eliminated or sévere1y attenuated are
specified first (fifth, seventh, eleventh, etc.).

b) The respecfive angles Oys Opaeessp required are computed as

outlined [16]. Note that the resulting switching pattern P1.- )

ﬁig. 3.2(a). cannot Qet be emplﬁ}ed on a three-phase»csf.
o Let ﬁatterq P, =Py |- 120° as shown in Fig. 3.2(b), and
pattern Py = Py - P, as shown in Fig. 3.2(c).
- d) P is the require; switching pattern for the three-phase CSI

line current. .

-

The mathematical representation (i.e., switching function), S{wt)

f )
‘for P3 can be easily obtained through Fourier series analysis. "The

general form for S{wt) is 111ustrateq¥1n eqn. (3.1).

»

3.3.2 Variable Pattern Switching Functions

Such functions‘can be obtained as follows:

a) The basic switching pattern P obtathed as shown in
. Fig. 3.3(a). The numbep/Bf low-order harmon\cs eliminated
in this case.dapand’Gﬁ/the ratio of the frequencies of the

carrier to reference waveforms. .

\\N’) b) Let pattern P, = P, |-120° (Fig. 3.3(b)) and pattern .-
h P,=P

- Py. Then P,y is the required variable switching

3 1
pattern for the three-phase CSI line current, Fig. 3.3(c).
- Finally, because of the disadvantages outlined in sectfon 3.2.3,

‘ Jaripﬁle paitern switching‘functions are not examined any further,
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3.4 System analysis

In this section the proﬁosed inverter system is analyzed under

steady state conditions. The derived expressions aré subsequently used

to obtain the information necessary for the safe system design.

ent sbﬁrce and as. a current harmonic generator to the output filter and ‘
. {oad " This approach suggests that careful manipulation of the harmonics
‘generated by the 1nverter c;n drastica]]y reduce the KVA ratings (and
sfzes) of the CSR and of the load filter compoéents. To 11lustrate how
these benefits can be achieved, consider the fixed pattern switching
function shown {n Fig. 3.2(c) and its respective frequency spectrum

shown in Table I. From these considerations it follows that if -

/

switching angles Uys GopeeesC are' chosen properly, a signifigjnt

n
number of low-order harmonics (1.e., from third to (2-1)th) can\be.
eliminated or severely attenuatad; In such a case the respective

a) switching function S(mt) B8 be mathematically descr}bed by

S(wt) = A cos{w,t) JZ A, cos(nu_t) (3.1)

n=%
where ;

2 An is the amp11tude‘df the nth hgrmonic component of S(wt),
T % 1s the order of the lowest (above fundamental) significant
. . ”»
harmonic in the S({wt)spectrum;

p) three inverter 11pe currents I‘f1, Iif2’ 11f3 are given by -
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&

TABLE I

FREQUENCY SPECTRUM OF THE IDEAL SWITCHING FUNCTION

NORMALIZED TO THE MAXIMUM POSSIBLE FUNDAMENTAL (4)

SWITCHING ANGLES
TO ELIMINATE THE

\

THE 5TH, 7TH, AND | HARMONIC ORDER AMPLITUDE
11TH HARMONIC n (p.u.)
COMPONENTS S
1 ‘ 0.925
3 0.000
oy = 8.29° 5 : 0.000
g 0. 000
. o 0.000
0y = 13.53 n 0.000
13 0.050
0y = 27.46° 15 0.000
17 0.007
_ o 19 0.135
ol = 30.00 21 . 0.000
23 0.259
25 0.188
-

"
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Iiﬂ(ust)-l (wt) S(wt) = AT, cos (w t) +1 z A cos(m: t) (3. 2a)
n=g

L pplt)=I wt) St +120) - (3.2b)
where ,‘Is is the CSI stage input current (or DC Yink current);

c) | three-phase voltages Vifrs Vygor Vygg are given by

/ vm(wé) = 1, (0t) 2 (0t) = A]15|zo’1|cos(u§ot +01)
+ 1 Z l\nIZ0 nlCOS(nw t+o ) | : (3.3a)
N n=L -
Vpplwt) & Iy p(ut) Z (ut) - . (é.sb)
Vigglwt) = Teglut) Z (ut). . o (3.3¢)

wheéA . | -

Zo(wt) . 1s the input impedance of the output filter,

Y IZO n' is the magnitude of Z_ at the nth harmonic
’
frequenc . -
req Y ) . <
‘ ¢n ¥s the phage shift angle between respective voltage

and current components fntroduced by Z n?
)

d) inverter input (i.e., DC 1ink) vo1thge Vy» by
V (wt) = "m (wt) S(wt) + V,ff.z(wt) S(wt + 120) + \{”.3 S{wt - 120)
(3. 4)

3
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where:

A
v'lfl (wt)S{wt) = [Arcos(w t)+ ZA cos%cos(nw t))-
n=g
P I 1Z, glcoslugt + o)
Q :
| +1 Z AlZy nlcostugt + 407 (3.5)
,”"' . n=L
3\.4 2 C(CSI stage ana1ys1s
N

e A variety.of semiconductor switches are available today that
can be used to imp]e‘ment the CSI stage. Depending on the DC bus
voltage and rated output power these devices can be transistors, GTOs.

Assymetrical SCRs, or traditional thyristors. w1th devices that cannot

' support_revef'se vq]tage a suitable diode-must be connected in series.

* Fig. 3.5 shows two possible realizations of the CSI stage.

@
With gate turn-off switches (Fig, 3.5(a)) the gaating pulée

pattern required to produce a giving switching function can be easily
deduced from the 1ine current waveforms., With auxﬂiary commutated
switches however, the complexity of.the gating pulse pattern may
1n'crease because of the 1ntlroduction ‘of commutation gating pulses.
Moreover, the pattern is ;ww determined not only by the switching
function alone but also by the commbtatipn scheme emp1oyed.' As an

example, consider the 1inverter configuration. in Fig. 3.5(b). "The

/;c_gqﬁ_guratioh in Fig. 3.5(b) [23] employs a voltage commutatfon schémg

that requires additional commutation thyristors and -their assocfated
commutation firing pulses. The current transfer from 't‘hyr'l stor -T1

and T, (with T, and T, initially conducting) requires

—-——

B8
e
P
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a) firing thyristors T3, T' {this action turns bff T T and

])
'{ .several microseconds later reverses the vo]tage po1ar1ty of

. .

commutation capacitors C], 3). .

B) firing thyristors T, Tg and sever®® microseconds later

' .restores the initial polarity across C;» Cgiand

c) firing thyristors T3, T2'

- o

. The CSI stage confjguratior shown in Fig. 3.5(b) when compared

to the conventional quasi-resonant CSI [24] has the following -

\ ,,_\\ ( advantages and disadvantages. ) '
/ o
< s :
/r

-a) Advantages .

\ , i) It does not require series diodes. -

ii) It therefore yields lower conduction losses.
\s

. iif) It yuelds lower\VBitage stresses,
iv) The chmutation process is load 1ndependent:
b) Disadvantages ‘ ! ‘ o

. ' -
{ : i) It requires siklextra thyristors.

11) It reqpires morg complex gating pattern,

The current ratrngs}}or the main CSI stage components (worst
\
operating conditibns) tqp,bE'Easi1y deduced”from the-CSI-switch1ng
function S{wt) in Fig. 3.2(c), and they are as follous:
” - A

- , 1 ,
Average switch current I, 3_—339 ' | (3.6)
NIV o ‘ ’
RMS switch current Iog 2 =2 : . (3.7)
/3 -

’ R B ’ (/-—'//\ ) R

p.Peak switch current Ipg 21,215 o . - (3.8)
where : s ’
, W .

A
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“£ e N

N - .
Is't is the maximum DC component of the inverter stag\e input current.

’ a
Simflarly, with sinusoidal load voltage, the respective voltage ratings

» . .
. Peak-switch forward blocking vqltage XFB = V1.m (3.9)
\\.‘ Peak switch reverse blocking voltage VRB = V_1m ' (3.10)
, . where : ' / . ",
o / ' , ’N
o Vwﬁ' tihe maximum expected value of the CSI stage input voltage.
-“ 1/‘. =6 “ ' { 6 ) A
) ihese ratings become more r'e'tevant f one selects:
’ .a)\ the rms value of the fundamenta'l component of 10ad ('Ime to .
g . \‘neu'tral) vo1tage 1 p. LT./base voltage and .
. e, y
AN &\/’gb) the "rms value ‘of the fundamental component of the Joad ¢
. . .
i - current as1 p.u. Base current.
~ .
, ( , & ) .
P In such ascase it can be easi]y shown (Tab1e III) that with load power
| - fact:r%(Pf) arying from 0.8 1ead1ng to 0.8 lagging and for the fﬂter
" . -component va'lue shown in Fig. 3.4(a) and (b) '
© e ' ’ A . " _ o ‘(3.11) “
= R o~ ot " -
B (3.12)

. 3.4.3 . Qutput filter analysiss '

&

e A ‘ -
The two filter confidurations to-be analyzed are shown in Fig. 3.4

((a) and (b} The component values (Fig. 3.4) have been thosen \r;g‘therj'
*arb‘ltrarﬂy'wce fﬂté? optimization is outside the scope of this

. »thesis. Hoaever with these component values, 1t is noted that c ,
L . Lg ‘ .
- a) under no-‘load conditions botm filters "draw" approximate]y ‘ "‘l
4 ‘ 0.5 p.u. Anpyt current. and _“',.-: . 7ol
L ‘ . | .
¢ . : .
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©

b) both filters draw approximete1y\£he same ({i.e., 0.5 p.u.)

reactive power,

,'The analysis consists of establishing the output voltage to input
n%urrent xransfer'characteristics H(nwt) for each filter codfigurat1on.'
with worst-load conditions (i.e., P. 0.8 leading). By inspection,

* the two transfer'functions can be expresrced as,

V) X.Z

Ha(nwt) - q,n - ¢l Ln 'a L . C (3‘13)
Y TP -
2 :
Co H (nwtf'— XchCZZL n~ c1xLozL n+Jan1 X2 ¢ N
3 .
v ) Xclxcz n Xc2XLo+J"xc1ZL n+J"xc22L n~ 0 chZL.n 53 )
' .14

where:

Hfﬁnt) 15 the value of the load filter transfer function at the
| nth harmonic frequency,

. ;’n . is the vd%ue of the nth load voltage harmonic component
| Iifﬁn isothe vq]ue of the nth harmonic component of the load

y 4
filter input curkent,

%
RS

H(nwt) plots for the two fi]ter configurations (Fig. 3.4(a) and (b)) with

" 0. 8 1oad P, ]eading are shown in Fig. 3. 6{a) and (b) As expected,

f
the th1rd-order filter has much sharper cutoff characteristiCs around

’the dominant 11ne current harmonic frequencies (e.g., nineteenth, twenty-
thjrd, twenty-fifth)'than the first-order one. Consequently, the Total
Ha;monic Distortion .(THD) values of the load voltage, with the switching
pattern shozn in Fig. 3. 2(c) are under worst-load cond1t1ons (1.e. P £

6.8 1ead1ng‘ 7.1%% «and 2.5% respective'ly (TABLE 111).

. . . . — . .
.
' 4
»
4 .
. N ‘.
f .
N . - ' '
‘ ‘
1

\v4
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Fig. 3.6: Amplitude response of output filters with”
. load power factor 0.8 leading. - :
a) For f{lter shown in Fig. 3.4(a)
b9 For fi\tér shown in Fig. 3.4(b) -
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. Is.d is given by

/ Laen §8 the inﬂ/ctance of the CSR,

3
o

. .
it *‘q

3.4.4 (SR ana]ysis

As mentioned earlier (section 3.2.2), the factors affecting the
value of CSR inductance Jnclude

a) the specified ripple for the DC 1ink current’AIs, and

b) the switching frequencies of thehF 1ink and'C;; stage,

Moreover, as shown in section 3.6, Table I1II, the effect of AIS on the

ripple of the load voltage is negligible 1f ' ‘ J.?“ ,
I d | . | :
a1, =724 < 0.2 . (3.15) .
5. 15,0 S
. .
where ;

Is d is the amp]itude .0f the dominant harmonic component

-——

"\ of -the DC lfnk current, : s
I p_‘is.the oc component of the DC 1ink current.-
Also.‘with the switching frequency w, of the HF 1ink chosen lower

than the frequency of the lowest significént\harmonic of S{wt) (of CSI).ﬂ

{

10 = = o Cosak)

s»d  wolesp b

where:

\ ' v is the maximum amplitude of the fundamental o v

o sm o
! component of the HF link output voltage, : -

'. et et i N . * -
p ) CoRn ) » . .

4y is the HF 11nk switcﬁiﬁg frequency.
. Furthermore, since V dccurs when the HF 1ink 15'operat1ng w1th 50% . }
© duty cycle, ‘ LT . : »
p ? ! ' o .
.
.(
N ‘ - r

b
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. . E 2E i . - .

. = (4 (_maxy _ __max , ,

p vsm (ﬂ) ( 7. ) T . (3.17)
where: !
' )
) E ax 15 the maximum expected value of the DC bus
’ \\ ! >
. The maximum expected value of Emax with worst-load conditions (i.e.,
// ) *
f Ps 0.8 leading) {s given by (TABLE III),
| | Emax £ 2.21 p.u. . ( (3:18)
T Therefore, from exps. (3.17) and (3.18) . .
’ e m »
2 : '

o Ve T T X 2.21 = 1.4 p.u, o (3.19)

. oL . : a . v . 5 ) .

’ . 1.4 ' , B
. . Lpeg = = = —2 5y, .(3.720)

v , CSR oy Gelsg T .
Wy s,d "

where: “ \

v

w, is the operating frequency taken as flp\.u. base frequency .

" Also from ¢xps. (3.15) and (3.11),

//
~ i | . I.S,dl= 0.2 {Is,o = 0.3 p.u. . ‘ (3.21) ..
therefore, using eqn. (3.20) -~ !
1.4 3.7 : .
N L = = = - p.u. T . (3.22)
, ek OFE G, T Ty | o 3.

.
L. .
\

As expected, LCSR {s inversely proportional to the normalized HF
. 1ink switching frequéncy wnhz'

Furthermore, current and voltage ratings for I.CSR are
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Average current ratings I_ = 1.89 p.u. ©(3.23)
- ]

*RMS current rating (12 4 (A1)9)'/2=1.89 p.u..  (3.24)

Peak voltage rating Vim = 1.4 p.u. | (3.25) ’

Finally, by neglecting ihe effects of the CSI stage input ripple

voltage, the ripp'le VA ra'%}ng, for CSR is found to be '.V
2.21

( max)(l

VACSR s,d 55—

Example: If one considers a three-phase 60Hz 100-KVA system at 115 VFms

l.-N load voltage, then according to prevtous discussion, ' LI

1 p.u. power = 33.33 KVA 0 . (3.27)

1 p.u. volts = 115V (3.28)

. ' 3 . )

1 p.u. current :\-:-3—_3-1-3—]3—1—;.:—1—0— = 290 A . (3.29)
115 _ ’ ' |

'I p.u, impedance &\290 0.4 - (3.30) -
\ : B

1 p.u. inductance = 2= 1.06mH % . (3.31)

4 . ‘ {
whence, fromexps. (3.26) and (3.27)
/

VA = (0;481)(33.33)=14-KVA ' (3.32)

CSR

Moreover, assuming a HF link switchirﬂg frequency of 720 HZ, K
. 120 =

Ynp = B0 - 1 . o _ (3.3
Therefore, from ‘exps. (3.22), (3.25) and (3.33), .
x S .
g = O 065(35) & 0.326 m o (3.34)
Finally, from e‘xps. (3.23) -‘(3.25) and (3.29), ,
Average L.cp current I = (1589)(290)-546 A (3.35) ‘
| RMS Lggp current =11.89)(290)=548 A C T (3.36)
Peak Locp vo'ltagef (5,44)(115)=622 V . {3.37) 1

-

£.21)(0.378)=0.418 p.u. (3.26)

A""&
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" 3.4.5 HF 1ink analysis .

Dependfng on the 1nput DC voltage level, E, rated output power,
and chosen HF 1ink switching ‘frequency; the HF link can be hnplemented
by using bipolar tranéistors, GTO's, or fast turn-off thyristors.

Fig. 3.7(a) and (b) shows two possible realizations of the HF 1ink.

Regarding Fig. 3.7(a) when transistors Qé ane’Qé are conducting
curTent is Qeing built up in the CSR at a rate determined’by the
¢1fferegce be tween theJDchinput voltage E, and thg instantaneous value

) r’ \\‘\ of voItagé reflected by the CSI stage. When the current has reached
"' ¢

the desfired value as determined by an appropriate control circuit

‘ ] %Xchrent 1imit) Qé or Q3 is -turned off to reduce the applied DC Voltage
{; | o:zero and thereby allow current to free wheel through the bridge .
’ 1 rectifier. In this case Qé is turned off, thus forcing the current
. s '

‘to transfer to st feedback diode. Under this condition, the current
l-'mainta1ne& by the CSR attempts to circulate through all four
reefifier diodes. thq it is desired to build current up in the
CSR again Q3 is turn off Q] on, which will once again effect1ve1y
appIy DC voltage E, to C§R and to the load Fig. 3.8 shows the |
typical waveforms of the HF link presented in Fig. 3.7(a)1 Regarding
Fig. 3.8 the ratings f&r £he HFﬁgink components are as follows :
Average HF 1ink ‘switch current I, " 1.89 p.u? (3.38)
‘ -Peak HF 1ink switch current I, (J+042)=2.27 p.U. - (3.39)
jﬁi ) - “ RMS HF linkvswitch_canent {Is’°+(AIS)?]1f2-1.89 p.u. (3.40)

"7 . peak HF 1ink switch voltage q“ax!é.21 pou. 4.6 (e
A ¢ . A S
P o S s

.
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(

/‘,
‘ The proposed thyristorized realization of the HF.-Hnk,which is
shown in Fig. 3.7(b), {s analyzed in appendix B.

, 3,5 Computer-aided harmonic aﬁa]ysis

In the earlier sections it has been claimed thaf
1) properly selected pulsé width modulation (PWM) switching
functions, such as S(wt) (section 3.4), can m1n1m12erinput
and output fiitering‘ r;equirements; .
‘ 2) 'if HF 1ink switching érequency. Wy s is chosen less than
the f%equenty of the Towest significént harmond ¢ of Sfwt),
- then, as shown in eqn. (3.16), the main-source for the DC

link ripple- current AIS is Vsm (i.e., fundamental component
of the HF 1ink output voltage); and

3) if Al is keptdelow 20% (see eqn. (3.15)) the effects of AIs

- on the ripple of the load voltage are negligible.
. N\ . b ! ° . . >

*

To validate these statements a computer-atided analysis basad on

eqns. (3.1) i (3.3) has been performed (Appendix A) with the follgwing

—

input data, g o

| ai The CSI stage switching function, S(wt), is a§‘7powﬁ 1n.f19.
3.2(c), with switching angles as specified in Table I. '

'b) The normalized HF liﬁi/;;;lching frequency, “52' is taken 18,

b

c) The load-filter assuﬁes the configurations and §omponent
. values in Fig. 3.4(a) and (b).

d) The load P, varies from 0.8 leading to 0.8 lagging.

f Y
e) The fundamental component of the 11nelto-neutra1 voltage

¢ - . _ .
. (rms) at the inverter output terminals is taken equal to

4 ' l E . ~

1 p,u. voltage base., L.
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f) The fundamental cﬁrﬁponent of the inverter load current is
taken as 1 p.u. current base.

g) The ripple in the DC 1ink current may be fncreased up to 20%.

The results of the computer-aided analy'sis.,have been tabulated as
'(’?Eﬁlows. Table II contains the spectra of voltage and curren%”vj(;vefoms,
at key system points, o_btained with. ripple-free DC 1ink current, 'IS, and
- P1= = 1, In particular columns 1, 3 and 5 depict the -order of individuai
harmonics. Columns 2, 4 and 6 depict the spectra of CSI stage line

current, CSI stage load voltage 'and CSI stage input voltage, respecti- ;

vely,

3 A o
~

From the contents of Table II it {s evident that a propéﬂy

~ selected -S{wt) function significantly {mproves the harmonic spectra of
~\
_ the CSI stage input and output voltages (by eliminating or seyere

—
attenuating low-order harmonics). This cppclusively satisfies

1

statemeﬁt (1) regarding input and output fil tering requirements. It“
1§ also evident that the amplitudes of dominant CSI stage i'ﬁ'put
voltage harmni;:s are beloy 0.33 p.u. (co1um;\ 6, for n=18,24,30),
g From eqn. (3.17) and (3.18), however, V_ =1.4 p.u. Therefore
1./ statement (2) regarding the domi nant :sou'rce (e.q,, vsrﬁ) of the DC Tink

1

"~ " ripple current is also true.

.. Also, *statement (3) regarding the effects of the DC 1ink ripple
~ current, AIS. ‘on loid voltaﬁe ripple can be shown to be true by examining

A respective current and voltage THD values {(with ripple-free and non-

n ripple~free DC 1ink current), depicte& in Table I1I. Specifically, it

a 20% rise in the THD value of the Yoad voltage (columns 3,6).

L

PN N L S
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Moreover, table III, 1l1lustrates some differences in the

-

performance of first and third-order load filters. Q§\expected, the
third-order filter provides substantially better quality load voltage

(i,e., Tower THD values) for the same operating conditions.

—
+

3.6 Experimenta1 results

To demonstrate the feasibility of the proposed CSI system and
verify selected predicted results an experimental 2-KVA unit has been
implemented. Results obtained with this breadboard unit are depicted

L3

in Figs. 3.9 - 3.11.

Fig. 3.9(a) and (b) i1lustrate the CSI stage line eurrent and
line-to-neutral voltage waveform with their respective spectra These
experimental results were obtained with r d)pp1e ~free DC 1ink current,

.first-prder fi]ter (Fig., 3 4(a)) and unity load power factor. Compari-
E,::;ggh between predicted (Table 11 columns 2 and 4) and experimental ’

results shows‘that they are in close agreement,

1

The CS1 stgge 1nput vo]tage and its spectrumoh&@ined with e
|}
rippIe-free OC 1ink current, first-order filter and unity power factor

are shown in Fig. 10, It can be seen that the results of Fig. 3.10

S
-

agree with the predicted requts of Table II column 6,
o/ ,

The effects of the 20%‘r1§p1e current on the frequency spectra of (a)
DC 1ink current, (b) CSI stage line eurrent. and (c) Toad voltage are
* {1ustrated in Figs -3.11 (a), (b) and (c) respectively. Fig. 3.11(a)
illustrates, as predicted in eqn, {3.16), that the main source of the

‘, DC Tink ripple current is the fundamental harmon1c. vsm’ generated at

‘

e
’

e

y . ) "
{ S
v 4
/ . .
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B . ~
the output of the HF 1ink, Furthermore, Figs. 3.11(b) and (c) 11lust-

rate that the cqntribut\dﬁ/gj;;he’fa% ripple current to the distortion
of thig§§ﬂ stage 1ink 9u?fent and load voltage is minimal.

2+

3.7 onclusions

In this chapter a curfent source DC to AC power conversion scheme

s%as presented for three-phase balanced loads. It has been shown that

4

prgperly selecféd Csl switch{pg funétions can minimize the input and

- output requirements (i.e. current source and load filter) of the g

system, The resu?;@ng power conversion scheme” combines the high

o

relfability of a current source fed s&stem with the fast response of
[y : !
voltage fed system.

,/\\
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d CHAPTER 4

g "~ AN AC TO DC CONVERTER USING A CYCLOCONVERTER
' AS HIGH FREQUENCY LINK

4.4 Introduction ’ - : ]

19

Several aerospace and military specifications for off-l1ine AC
to DC power conversfon schemds require the following spécificat1ons [25]:
i)  Trangformer isolation-between source qu load,
- i11) = Controlled 1nbutpower factor, '
iii) The amphitudgs of the AC source line current harmonic
components go be ]1miéed to 3% of ;he fundamental component

for power conditioning, and

—

iv) .Minimum weight, size and cdst:

Limiting the AC source line current harmonic components to 3% of the
fundamental component results in an input voltage Total Harfionic
Distortion ( THD, see appendix C) within 5%:‘.1f the THD 1s more than
5% it can cause problems in poorly designed electronic equipment,
increase power losses in motors and other magnetic devices, decﬁgase

the input power factor, and generate Electromagnetic Interference (EMI).

To satisfy the above mentioned specifications, in the past few
years the conventional Switch-Mode Rectifier (SMR) and the Delco
~ approach rectifier schemes were proposéd 26 1, [2“7], 281, [291].
schematic diagram of these converters is shown in Fig. 4.1(a) anh (b)
respectively. These two schemes exhibit the following advantages ana
disadvantages when gompared to the conventional phase control AC to bc

{
power conversion scheme, -
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a) Advantages

.““\ 1) The _employmgnt of a h1gh frequency DC to DC Tink results in

substantia cost size and weight reduction for the 1so]ation
tr r.
if)//see to the high switching frequency the size of the output
J{ filter is reduced\gons1derab1y.

$
111) The Delco approach offers some improvement regarding the

<

input power factor.

Disadvantages d?“\\

a) conventional Switch-Mode Reqt1fier (Fig. 4.1(a)).

1) It utilizes two rectification stages.
ii) It utilizes an additional filter after the input
~ rectifier stage. |
‘?115 It\exhibfts low efficiency because of the employment

“6f two power conversion stages.

iv) It exhibits poor input power factor.

b) The Delco-approach rectifier (Fig. 4.1(b)).

i) Since 1t consists of thiree individual DC to DC converters it
utilizes a complex control system. .

Therefore, from the above mentioned advantages and_disadvanteges, the

Delco'approach seems to. be superior to the conventionalnphase control

rectifier and the conventional Switch-Mode Rectifier. However, due

to the variatiens in power circuit and control parameters among the

~three individual converters'used in the Delco approach,-a complete

trfplen harmonic cancellation can not be achieved. Moreover. the

9
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conduction angle, o, in the Delco approach, must be higher' than 150/
in order to maintain 2.2% third harmonic component of the input 1Zﬂe .
" carrent. However, this is not possible due to the f1uctuaf10ns §

~

Delco approach and none of their disadvantages! However, the proposed

scheme requires bidirectional power switches for the fmplementation of

ed specifications

fﬁéfﬁz to AC stage. FindMly, it satisfies the requ
r's . S
mentibned previously with mihimup input and output

for controlled input power factor,

<

4,2 Circuit description

Fig. 4.2 shows a transistorized realizagtion of the proposed AC
to DC conversion scheme. The proposed SMR/scheme consists of a PM
AC to AC convérter (cycloconverter) stage and a full bridge rect1f¥er
stage. The'main function of the cyclogonverter stage 1s to input the
low frequency three-phase AC source and output a high frequency PWM
" voltage. Thus the size and cost of the isolatfon transformer is
considerably reducéd. The. main 74<ction of the full bridge reétifier
is to convert the high frequen f output voltége of the cycloconverter

eventually provides &e desired DC

into a low frequency one whi

output voltage. Since the tonverter output voltage waveform consists

of a triin of pulses (Fig. 4.3(c)),.some form of filtering is necessary

in order to separate the DU component from the unwantedfharﬁontc
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components ;@ Moreover, in order to m*nimize fhesiée. weight, and cost of
- ) such a filter, the Sinusoidal Pulse Width Modulation {SPyM) technique .
(Fig. 4.3) was chosen for implementation. ?1na11y. for this power
.conversion scheme, the low pass L-C filter was chosén for input and
" output filtering (Fig. 4.2) because it satisfies the harmonic distortion

/ - . . ’ )
tgquirzments with minimum number of componénts,
\

L)

4?3} System analysis o ‘ s

g :
-~ In.this section the proposed SMR scheme is analyzed under steady

~

v state conditions. The derived expressions are subsequently used to

obtain: the information necéssary for reliable unit design.

\ _ 4.3.1 Load conditions ‘

“5\ In order to analyze the proposed unit, the following per unit

A 4

N - load conditions are assumed for the rated output volfage and rated

’ output current respectively.
o~ , ' )
\XQ\i,l/B’u' (Volts) (4.1) .

S — . ' # ¢ »
f © 1, =1 p.u.. (Amps) (4.2)

' %.3.2 Derivation of the SPWM putput voltage

Fig. 4.3 illustrates the principle of Sinusoidal Pulse Width
- Modulation (SPWM) contro{ technique. The employment of SPWM technique
+ . pravides output voltage control and tﬁe same time it reduces the
lowgr harmonic components of the input line current by proper seIegtion :
of both normaljzed carrier frequency, fn

¢
(Fig. 4.3(a)). High order harmonic components of the AC source line

, and Modulation factor, Mg

. _current may increase, but.these can be easily eliminated by small

sized filters.

I3
ToarYy Lo
: ‘ &
. v
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As in the three-phase inverter design case the normalized

carrier frequency (fnc) is selected in mulfip]es o'f three. This prevents

the dominant harmonic components, (see appendix C).present in Sé(wt) and -

Sb(wt) (?{éé:/z.B(b) and (c)) from appear1ngbin Eﬁe overall switching
function, S](wt), spectrum. \Furthermore by selecting the normalized

carrier frequency in o¥d multiples 6f’three,quarter wave symmetry is

achieved which regults in the elimination of even ordé} harmonics.

Consequently, the normalized carrier freﬁuency is given by

L '\ i (4.3)
f = = 3m TR 4.3
nc T; d : v

£ Period of the reYerence signal (Input voltage):

T
TC = Period of the carrier signal
N

anrd,

X

M =357, revecnrnnnn <

Letting 'V, (wt), Y%n (wt) and Ven (wt) be the "instantaneous values
of the AC source supply and regarding Fig. 4.3(e) the SPWM Bﬁtput
voltage, V*f(wt), of the SMR unit is given by

- 2 \Q‘\-——'/
. 2 : 2y, _ 2, ’
Viglut) = Vonlogt =570+ gt -557) (4.4)
k=0, 1 > '

where: _ ' .

. 51(w ), is the overall switching function of the SMR uﬁit -
~~~ oObtained by employing SPWM (Fig. 4.3(e)) and considering
cycloconverter and rectifier stage switching fUnctibns‘

as one,

~

-

" .
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P . . Twg IS the AC source operati‘ng"fréqhency. S R '
. N -‘, " ) ~ EEEE N
" ”‘\ «** . . JAhe overall switching function of the SMR unit can be mathematically
b - , . ,
CO described by v \' g T
>.l ‘[-&:. N . . ‘ o . ' “,‘.'_v:: . .
_— ' .. S, (wt) = A, sin (nugt) > (4.5)
N / . ¢ LA i A .
K P v LT K n=1 5,‘7 : - '
! ,7\‘33 N . nftriplen‘ e ; -
\.\;&u where: : ] = T ' i ..
o "v*ﬁj" © A 1s the /amp'litude of the nth harronic component e
N , P | n o--f'\ \// -\ e -
. - of .-.S’J.(“’t)‘ | ‘ " ' Ny
)‘ " Thgrefore, u’sy\g egns. (4.4) and (4.5) and regarding fig. 4.2 the SMR .
output voltage, V, f(wt), can be expragsed by . “\\‘l“-*m—%
2 l 3
. o Vif(wt)= E Z V“A -s1n(w t-——-) sin(nwit’2K1r) (4.6)
' B . k=0'ln='|57° ,
. L , v . ‘n;ftr'lp1e;/’
, - : where : , . ' ‘ - e
a r . - I . A ¢ . ]
' Cor V_is the peak value of the AC source.
. ms %) . , \
: . After further §1mp11f1pationiqn. (4#) becomes
) . : . 't .
v \ * Py © . , .
' (wt) = E v cos( & ¥e,)
- Vgl ‘ 11,0 COSiugl * 6,
~ | ©2=0,6,12, .
. Where:- . ,
. ) jp a
‘ ) , >, ¢ ’,BV - < )
- A \ Vﬁr g 2 (A2,+1 A \1)
. _ A - :
\ w 92 is the ppase angle of the Zth harmonic component.
_ o, . \ - o
L o ‘ n
\s« ‘ . ' - {
’ - ) \/)'
\/ . R
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¢

_ Therefore,eueingtegns. (4.7) and (4.8) the OC component of the SPWM e
vothge waveform is given by ‘;‘ ‘ '
- {Ii.f,o ) E;'"l A ' SR )
where: 0 ; .
// Ai is the amplitude of the fundaméntal component of the overall
8 oo ) switching-function, §q (wt) = (V3/2)M, ' ”3(4.10)

.

2 ard--where !

-

Mf is the modu1ation factor of the SPWM technique that must change “

'u 1n responée to the variations of the input AC voltage in order

to. ma1nta1n a constant DC load voltage. For the specified

« variations (10% above\and 20% belaw 1ts nominal va)ue as
. A v -
- sect1on-1 5). the input AC vo]tage and assuming Mf 0. B_At/~”’/77/

) .
nominal input ACvoltage then the values of M must vary ‘“-’f/

\
between 0.7.5 Me < 1. .7 \

Uéipg exps¢ (4.1), (4.9) and (4.10) the peak vatue of the AC source is

given by - B C. o

- ! 0,77 Ty
( )(,/gn ) = I » (4.17)

The spectra of the overall function, S Gut) and SMR output voltage

, waveform, V f(wt), are shown in Fig. 4.4(a) and (b) respective]y.
From the computer a1ded ana]ysis (Appendix A) 1t was observed that the
re]attue amplitude of the dominant harmonic component of th(wt) is

1ndependeqt of the normalized carrier frequency (fnc) value and {s
' ) 0 \/,’\\ [ ] ' . X
v \ R

3 (& :7)(A f ok ) (4.2)

given by

Vif,d ~ 1ff 3

~

L N



- 96 - _
B ‘ } ’
0 ‘ .
/
.\» ) o ' ,
! * -
. ° “ K ‘b ’
, C o -
frd ! ' -,
. L] I3
1 ' ‘é’
' * Fig. 4.4: Computer derived frequency spectra obtained for
‘ _ a) SMR overall switching function, S.‘(wt) N
. - \ b) SMR SPWM output voltage, Vif(mt) v '
. ¢ g . '
‘ i :




- 97 -
& : -
*

Therefore, regarding Fig. 4.4(a) and using edn. (4.1?3 the dominant
harmonic component of V1fGnt), under worst opérating condition
< A .

(Mf =0.7), is given by

v —13y(0.77 .
Vif,d = (50(577~)(0.275-0.9154) = 0,428 p.u. (4.13)

-

4.3:3' Qutput filfer o
Since the §MR output.Qo1tage wa;eform V1fﬁut). consists of a
modulated train of pulses (F%g. 4.3(e)), some form of filtering is
necesa;ry in-order to separate the DC component from the undesired
harmopic components. Therefore, using egqn. (4.13)‘the amﬁ]itude by
which the dominant harmonic component (?né-B) has to be attenuated by.

the second order LC filter (Fig. 4.2), under no load condition, is .

given by’ ) ,
AR = 20 Tog,4(K ) - 20 log]O(V1f,d)Qg\ (4.14)
- 0 - .
where;
3 '.. ° .
.Kv is the allowable output voltage ripple factor given by
\ 0 ‘ - .
. N * V , . s
. v V . ~
: o - 0 ‘ . -
and where: .
: : @
V0 d is the rms value of the output voltage dominant harmonic *
’ N -
" component, - ’

‘ ‘Vo is the oﬁtput'voltage dc component (= 1 p.u.).
Employing the characteristics of the second order filter and using -

exps. (4.13)‘and (4.14) tﬁé'?o1loW1ng expression i's derfved -

3

s '
20°log,n(K ) + 7.4
10 Vo

1 Togg(F. =3 1 e (4.16)
20109y qupo=109101F =30 1095001081 10,0 7
’ f
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where : ,
 w, s the output.filter break frequency = *’]FOC;
Aff:e'r “further manipulatjo}ﬁn. (4:16) becomes .
LG = (20?19 (K )+7.8)/8042 (4.17)
[(f,-3)(10 10, ]

Finally, to select the filter components the factors of section 2.3.5

must be considered.

4,.3.4 Cycloconverter stage

Regarding Fig. 4.1(c) the cycloconverter switching function
is given by
Sc(wt) = S](wt)'Sr(wt) . (4.18)

where :

S,(wt) 1s the SMR overall switching function,

Sr(wt)— is the Rectifier Stage switching function’

-~

' »
ZB sin k(w t) ' (4.19)
3f ,Sf
and where:
[y f .
B, = 25 X | . (a.20)

fnc is the normalized carrier frequency.

. Therefore, using eqns. (4.5), (4.18) and (4.19) eqn. (4.18) becomes

S (wt) -4 Z Z sin(nmit)~sin(kw1t) (4.211
r;-'l 5,7, k= =fe 3fnc‘5fnc’ ‘ :
n¢triplen '

/
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J
After further simplification of ean. (4.21) the mth harmonic component

of the cycloconverter swi;cﬁ?ﬁaffunction, Sc(wt). is given by )
’ . /

a

m-1 pd
‘2 . {
Sc,m(wt) -‘;-[-E Anoy B cos(mw‘t + em?k) ‘
k=fnc,3fnc, '
o v . \
+ E %+k Bk COS(mwit + em+k) '
s k=fnc’3fnc’ . '
v . ) ’
+ E , An Bnﬂ“ coy(mwit - en)] . (4.22) o
n=1,5,7,
nftriplen : '

Therefore, the Fouriér series of the switching function, Sc(wt) is

given by .
D e
) S (ut) = E Cp cos(mu,t + 8 ) | (4.23)
m=2,4,8, . L :
I m#multiple of six

C_ is the amplitude of the mth harmonic componént of
Sc(gt) given by egn. (4.22),

8' 1s the phase angle of mth harmonic component of Sc(wt)-

Using the digital computer program, the real time waveform of eqn.
(4.23) and fts respective spectrum were Gbtained and are presented in

Fig. 4.5(d) &nd (e) respectively.
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Fig. 4.5: Derivation of the cycloconverter stage switching
function, Sc(wt).

a)
b)
c)
d)
e)

Three-phase AC source

SMR overall switching function, Sy{uwt).
Rectifier stage switching function, Sy(wt)
Cycloconverter stage switching function, S (wt)
Frequency Spectrum of S (wt)
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Employing the switching function, § (wt) to the cycloconverter
stage a HF AC to AC 1ink is created which together with the high

frequency transformer provides transformer isolation between the sour;:e

and the load. Regarding Fig. 4.2)the transformer primary voltage is

given by s ’
2 g A .
2k ' : :
v (wt) Vo lwgt- TT) S (wit-zg") ‘ (4.24)
_ T , o
Therefore, using eqn. (4.23) eqn. (4.24) becomes ;
] o :
. . 2k
‘V‘p(wt)= Van(mlt..——:s—Tl E c cos(m(wit-2k“)+e )
k=0,] "'2 4 8 *
' “ mfmu1t1p1e of six

-

v Z"" . '
= 7"1[ Cm[sin((m&yiﬁem)«‘sin((m-] )mit:em)/,
"o tm=z,4,8 .

mfmultiple of six

~ + sin{(m- )'(wi’f;.:le‘ZO“);Ba)-*s'i n((m-1)(w,t-120) +em)i

+.s1'n((m+1)(w £-240)+9. J#sn ‘(m-l)(w 1-240)+9 )]' (4.25)
—

S1mpT1fy1ng eqn. (4 25) and us1ng eqn. 4!11), the transformer primary. |

voltage 15 given by

v (wt) =43 M.77 E D, cos(rmit +¢zn')' | ’ (4,26)

)J(C:n .Isinen 1+Cn+151"9n+1) +(($n 1cosen ‘+Cn+1cosen+])

c sing

¢ = arctan c"] "lﬂ:)]sme"" | R
n

cosé ?fn‘]cose"ﬂ

n-1

[,

P

-
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Fig. 4.6(a) and (b) presents the real time waveform of Vp(wt) gnd its
respective spec?rum obtained by fhe digital computer progrém. Regarding
Fig, 4.6(b), thé\dominant harmonic component of Vp&ut) is located at the
nor&éﬂized carriét\frequency (fhc) and its amplitude is independent of
the value of ﬁ1c. T%is indicates that the isolation transformer has

to be designed ta's;erate at f . p.u. frequency-in order to prevent

v

saturation.-

»

Assuming that the current through the output filter inductor

is ripple free (section 1.5 assumption iv), the cycloconverter input

current is given by Lo

Iwt) = 1j - $;(wt) | c (4.27)

Therefore, using exps. (4.1), (4.2) and (4.5), exp. (4.27) becomes

[ 4 5 ' .
Ig(wt) =§\2 :‘ An sin(nwit + Qn) , (4.28)
_ n=1,5,7, ]
- nftriplen

and¢ its spectrum is the same as that shown in Fig. 4.4(a). Regarding

Fig. H.4{a),‘the dominant harmonic component of cycloconverter input
.
current is located at ;“:-2 p.u. frequency. Its amplitude, which is

independent of the normalized carrier frequency (%c ) value, is given

*

by

a

9,d fnc

- ’ .

= 0,275 p.u.

Igg = lgwAs o = (1)(0.275)

(4.29)
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- Fig. 4,7 sﬁows the cycloconverter stage input currént, the current
through a bidirectidnal switch and'the current through a diode of the
bidirectional switch. Régarding Fig. 4.7 and using the digital
computer program, the following cyc]ocon&%rter current rafings were

cbtained.

Average bidirectional switch current Ing =0.213 pou. (4.30)

RMS bidirectional switch current I, = 0.46 p.u. (4.31)~
Peak bidirectional switch current T,¢ = 1 pou. (4.32)
f’r Average diode current I,, = 0.11 p.P. » “(4.i§)n
RMS diode current Iy = 0.34 pou. - : (4.34)
Peak diode currerufT}D =1 p.u. (4.35)

Finally, using eqn. (4.11) the cycloconverter voltage ratings 3re

[ 24
v

given by,

. '
Peak bidirectional switch farward blocking voltage

= V3V man)* 3 (FFD = 1.9 pou. (4.36)

Peak bidirectional switch reverse blocking voltage

e s

[

Ve (man)® g 77) = 1.9 p.u. (4.37)

A

Ve *

4.3.5 - Input filter

As discussed in the introduction of this chapter the AC source Tine
current harmonic components generated by the SMR unit must be less than
5% of the fundamental component. To achieve this,requfranent an input .-
filték is placed between the AC source and the cycloconverter stage ‘

f

Lo



, Fig. 4.6: Simulated waveform of the transformer primary
voltage, Vp(wt) and its respective frequency spe®trum.
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| S a) 'Cycloconverter stage tnput' current, I (wt)
b) | Cycloconverter stage switch current, fct(wt)
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“input (Fig. 4.2). Regarding Fig. 4.2, the nth harmonic component of the .

AC source line curre;l{: is given@ﬁy .
Qr ,»- :
o~ 7 2 T 1 . (4.38)
. |_ ( et 7 B ELL
whére ; T
1 is the améHt"ude of the ffth harmonic component of the

gsn
cyc]oconverter input current, I (wt),

w; is the AC source 'operating frequency

i =1 p.u.

L
C

i fs the input filter inductance,

i is the ‘input filter capacitance, ,

n is the harmonic order, -

"(4.39)

" The factor 1/3 by which the input filter capacitante is multiplied

is determined by the fact that eqn. (4.35) initially was obtained from

.the wye equivalent of the input filter circuit (Fig. 4.2).

Therefore,

using exps.(4.29), (4.30) and (4.39) the inpﬁt filter components

are given by .
X!
3 +
LiCy = xLi’] - Zan 2 n’ ¢
c1,1 (fnc-2) Ii,n LT
f
_ 3(.27+. 03) 30

(602009 T ?

(4.40)
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Exp. (4.37) shows the drastic ef;'fect of the normalized c‘arrier.frequency

. aa
fnc‘ on the size of the input fi}'fer‘\components C1 and Li.dFinaHy, to

prevent the resonance condition in thé"fﬁter the following two conditions
v ' ‘

must hold Y . )
0 " * “\ v N - ‘
Ly, < .011)1; for the fundamental and (fnC-Z)Liu{)i > W
for the dominant harmonic component, c |
4.4  Design Example
In order to 11lustrat® the significance and facilitate the ‘ *
understénding of thepretica] results obtained in p{évious éectior)s
‘the fo]lc;ving examplie is given: » |
\I0 = DC load voltage = 48V, \
I, = 0DCload current = an | ) i v /
f, = Supply frequency = 60 Hz . - o ' | H
THD - Input voltage Total Harmonic Distortion 4 5%
‘Z\VO‘ = (Qutput voltage ripple =.01 - !
) foc = Norma\'li;zed carrier frequency = 51 .
There fore, from the above 'specifi cations . .
C 1 pu. volts = 48V , | o
1 p.u. current = 465 ' ll
1"p.u. Impedance = %Q = fZQ .

Using eqns. (4.17) and (4.40) the LC\Qroducts of the input and output
. P
filter components are obtained
29

C LG, = = 0.012 p.u. - . - (E1)
J %4 m - , .o .



(%]

" There fore usiﬁ'g the above"p.u. values and chosing 0.35 pe U, capacitance

for G and‘ro\’p.u. capacitance for C,

LC, = 0.0163 p.u,

:both- filter

. Also, using exps,(4.47) through (4.34),

components are obtained

_ 0,024 % 12

- 0.012

G = 0.028 pou,

377 = 764

0.5 p.u.

"..%0,5

=377 " 110.5 uF

_ 0.00163 x 12 _

0.0173

70 = 0,00163 p.u.‘&'

and vo1ltage 'ratiﬁgs are obtained

By

>

Ins

Ts
Ips

Tap

I
Iop

VrB

RD

L
=0.213 x4 = 0,82 A

0.46 x 4=1.8574

4 A

0.11 x 4= 0.44A
0.36 x4=1.36A
4 A ¢

Vgp = 1.9 x 48=191.2V

?

-

J=

T (E2)

™

, the ;;.\u‘.’aﬁ'd actual values of

(E3)

-(E4)

(£5)
255)
(E7)’l
(e8).

(£9)

4

the cycloconverter currént

)

i

.

]

v
t”';/\;

(Efo)
(ENT)

| (e1g:)

(B13)

(£14)
(E15)

" (E16)

~
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[ 4 . - 7- . . ’ °
N h - . » - {
- &‘\. Finally, the peak input vo'ltage is given by - . ’ o
S 0,77 . 52 .
‘ L , . m(max) (W) 3548 52,8 V (E17)
. . T ‘ . ) .
- : N © ’ ‘ - ‘ ) ‘
_'/'\\’ -t (}onc’lusions ' . : N |
Ne il - In this chapter a SPWM controlled Switch-Mode Rectifi er. scheme,
. o+ was prgsgnted which provides high frequency transformer 1so1at10n
) - ¥ - £ between the source 2 pnd the 1oad Moreover, the proposed scheme exhibits

) EOntroHed input power factor Jow input THD and requires small -

h

: N
e s'lzed f11t,er components.
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o N CHAPTER 5
A NOVEL B;}ATERAL HIGH FREQUENCY LINK CONVERTER .

5.1 Introduction * ,

g
The ever 1ncreasing demarid for a compact, egonomica1 and efficient

power conversion unit that incorporates a battery charger 1nxo a_DC to
AC inverter has put a heavy emphasis to propose and analyze such a
bfﬁatera] power conversion scheme using an HF link, The Eroposed power
conversion scheme has a very wide use in stand-by power supplies and
when the output filter is eliminated can be applied as a voltage souréé

1 N
AC motor drive .and on-board battery charger for electric vehicles.

Fig. 5.1(a) shows the conventional Uninterruptible Pow&r Supply

‘/,1(Ef§) system which consists of a battery charger, battery and inverter.

The 35{32292 which is used to supply DC power to the inverter stage
during power disturbances and failures , ‘must b; recharged at regular
intervals. As it can be seen ffom Fig. 5.1(a) a separate rectifigr-
charger is eﬁbloyed for'this purpose, However, when the inverter
stage is synchronized with the mains then it also can function as an

AC to DC converter thus transferring power from the mains to the
battery. Fig. 5.1(b) shows a configuration of such a bilateral power
convérsion scheme. The ana]ysis aﬁd operation of this powér conversion
schewe s presented in ré ferences [31], [32].” The disadvantage of this
poweir conversion schene is that the size of the isolation transfbrmer.
which {s employed between the. DC bus and the load, must be designed f;h

‘the fun%gq;netal instead of the inverter switching frequency.

. 7
. . ~

P
°
. .
[ v
3
L ’

23
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Consequently, the high 1nvérter switching frequency cannot be exoloitég - ‘
for reducing the size of the isolation transformer. However, the

inclusion of a cycloconvévter power conversion stage in such a power

, conversion scheme can yield considerable reduction of the isolation

>

transformer. Fig, 5.1(c) shows the proposed power conversion scheme

that utilizes a'bilateral HF 1ink,

A

5.2 System descrtgtfon
Fig. 5.2 shows a transistorized realization qf the prdposed bilate-

ral HF link converter. The proposed converter coﬂ§ists of a PWM inverter

stage and a cycloconverter stage. The function of {he inverter.is tyo—

fold: First, when the converter de]ivgrs'powé; to the load the inverter,h
) stage acts as an HF 1ink which inputs.the DC bus vo1£age and outputs .
high frequency Sinusofdal Pulse w1q£ﬁ Modulated (SPWM) voltage without
satu}ating the traﬁsfonme}. Also because of the high frequengy SPUM
used, the isolation transformer is providing isolation at switching
frequeﬁcy thus.resu1ting in substantial éost and weight reduction for
:ihe isolation transformer. Second, when the converté} delivers power

~

to the DC bus 1n the AC to DC mode the inverter stage operates as a

rectifier rectifying the high frequency voltage provided by the cycln-

converter stage,

The main function of the cycloconverter stage when the conyerteﬁ
~ opera;es 1B\ﬂ§530-55,mode is to convé;t the high frequency SPWM output
| voltage of the inverter stage 1;to the required low frequency output -

voltige. Furthermore, when the converter operates in the AC to DC -

*mode the cycIoconQerter stage, converts the low AC .input frequency
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7
voitage into a high frequency voltage jn order .to prevent the saturation
of the high frequency transformer. Therefore, during the AC to DC mode

the cycloconverter stage provides an HF 1ink between the source and the

battery (load).

5.3 System analysis in the DC to AC mode

In this section the bilateral HF link converter is analyzed

~

under steady-stage conditions. The derived expressions are subsequently

used to obtain the information necessary for the safe converter design.

~

5.3.1 Load conditions

In order to generalize the analysis of the proposed conversion
* scheme the rated output voltage, Vo’ and rated outbht current, Io,are

expressed in per unit as follows:

Vo(rms) * 1.p.u. (volts) : (Sjrs

Io(rms) = 1 p.u. (Amps) ’ (5.2)

5.3.2 Derivation of the proposed converter input and 6utput
quantities Vifﬁwt), Iif(wf) and E;(bt)

In order to derive the'néces§ary expressions required for the‘

converter input and output f11teruaesign the frequency spectfa of the
tnput and output quantities Vif(wt), Iif(wt) and Ig(wtf fFig.‘S.Z)
must be known. These quantities can be'easily obtained when the
switching functions of the inverter and cycloconverter stages are

" represented by an erraii switching function, S(wt). As mentidhéd :

earlier in the introduction of this c:Cpté?, one of the requirements of

’

the proposed converter besides the redyction of the isolation transformer

was the reduction of the input and output filter components. To

achieve this reduction the SPWM control technique with variable

A
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Modulation factor was choéen to be employed as the overgll,converter
switching function for the same reasons that were explained in section

2.3.2.

By using phe SPWM control technique w1§h variable Modulation -

‘ factor_(fig. Z,Ef results obtained:w1th the developed computer program

(Apﬁendix A) have shown that

a) the amplitude';R the fundamental component of the ;dﬁve?ter
overall switchipgy function (S{wt)) is independent of the
value of  the no>@alized carrier frequency (fnc)/and is |

given by
A, = M, (5.3)
where: ‘
Mf is the Modulation factgi\af the $bWM technique.that f
must change in response to the variations of the input .
DC voltage in order to maintaip a constant load voltage.
- For the specified variations (10% above and 20% below
1ts nominal-value, see section 1.5) for .the input DC .
voltage aﬁd assuming Mf = 0.8 at nominal input DC voltage
then the values of Mf must vary between

0.7 <M. <1 (5.3a)

f

1 *

b) the value of normalized carrier frequency (fﬁc) and the order

of the dominant harmonic component (d) of the ovérall converter

switching function (S{wt)), under worst operating'condition
(Mf = 0,7), are related by

d=2f -1 oG

gd
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c) ;he amplitude of the domipant harmonic component (d) of the

; overall converter sw1tch1ng-ﬁqg5;}6h (S(wt)) s 4ndependent

. of the value of the normalfibd carrier frequency (f,.) and
under worst operating condition (Mf = 0.7) is given by

A, = 0.354 (5.5)

d

Althodﬁh the overall converter switching function, S{wt), is
depicted in Fig. (2.4(d)) 1t would be required to be expressed in
' m:thematical form 1in order to'be able to obtain the frequency specfra
of the required converter input and output quantities (Vif(wt)’ Iif&ut),
Ig(wt). Such mathgmat}caI form can be obtained by deriving its”

Fourier series expansion which is given by

oo

S(wt) = A, sin(nwot)
n=1,0dd
= Mfginﬁuot) + E An sinhwot) | (5.6)
) n=d '
where:
An js the amplitude of the nth-harmonic component of S(wt).
W is the converter operating frequency taken
as T p.u.

There fore, using eqn.\(5.6) and the switching function relations given

in appendix D the quaifyties fo(wt), Iif(wt) and Ig(wt) are given by

(mt)=E-S(mt)=EMfs1n(nwot)+EZAnsin(nwot) (5.7)
: n=d

Vi



o

]

Iglut) = Zwt)

I

- 117 -

Vif(wt) E M, s1n(wt+¢]“)1§ : A siln(.nwot )

o ] ! lzo,nT - :
= B]sin(w(;t + o)+ E B sin(nut + ¢)
. =
‘ . (5.8)
g.(ust) ’= Iif(ust)- S{ut)
M M .
—%ﬁ- cosq:] fB] cos (2wt A

+ B]sin(mot + ¢]).E Ansin(nmot) +
n=d

+ v Z B A sin(nwot +¢n)-sin(kw°t)“ \ (5.9)
k=d

7\

wheref ;
is the amplitude of the fundamental component of the converter

|Z

V4

N

4

output current, Iif(wt), given by

=JZ p.u. ' @’3@)

for f, 2 17 (Realistic values for HF applicatians)
c

is the amplitude of the nth harmonic component of Iif(wt),

A}
is the input impedance of the output filter,

0 nl is the magritude of Z at the nth harmonic freduency

is .the phase disp'lacement‘ between respactive fundamental

c,omponents.of vif(wt) and Iif(‘m For fnc _>_ 17, Xc ‘= 2 p.u.

~
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_and XL°< .1 p.u. was found that ¢1(max)=51‘° and ¢1(m1n)=°°

for loads vary from 0.8 leading to 0.8 lagging.

. Imag(Z_ )
S -1 0,n

Eqn. (S.Tmmpﬁﬂt in order to obtain 1 p.u. ms load voltage

(exp. 5.1) the input BC bus must be

AN

E =22 pu J (5.12)
f ‘ '
Moreover, using th& inequality (5.3(a)) the maximum and minimum values
y g
of the input DC bus are given by
V2 . '
Emax 0.7 ° 2 p.‘u. . (5.13a)
Y2 .7 '
Emin = Y2 p.u. ) (5.13b)

Therefore, using exps. (5.5), (5.7) and (5.13(a)) the amplitude of the
dominant harm¥ic component of the converter output voltage (Vif(wt)),

under worst oberating/condition (Mf = 0.7), is given by
v X

= Em Ay = (2)(0.‘354) = 0.7 p.u, (5.14)

if,d
Msp, using exps. (5.9) and (5.10) and the inequality (5.3(a)), the

[
Ig’0 = /2 cos ¢ p.u. (5.15a)
B = L2)(0.7) = 1'}2-)(057)_(&7) = 0.35 p.u.

g.o(min) 2 €08 ) (max)
/ (5.15b)

' f’/
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s - b
VD) 43 - | ;
Tg,0(max) ° 5 = =5 Pp.u. - (5.15¢)
vZ Mf '
Ig’2 — pou. . (5.16a)
k . (V2)(0.7) 1
/} Ig,Z(min) = ? = é‘ Ppu. N (5.]6b)
, .
. % .
e \ - 2)) .72 ' .
\ Ig,Z(max) = 2 = “—2' p.n. (5.]6C)
} \
where
Ig o is the dc component of the converter input curFiEI?‘
I (wt),
. gfw )
Ig 2 s the amplitude of the second-order harmonic

component of the converter input current, Ig(wt).
Finally, the simulated waveforms for the quantities V1f&ut). Iif(wt)
and Ig(wﬁééi}r Mg = 1, Pe = 0.8 leading and fc =7 (fnc has begn intentio-

nally chosen low and equal to 7 for waveform clarity) are tne same as: that._ _

i

shown In Figs. 2.5 and 2.6 of section 2.3.4.

5.3.3 0utpu§;fj1ter

Having derivea‘ihe value of the dominant harmonic component,

which 1s_given by egn. (5.14), the output f11fer components can be
obtained using the procedure discussed ip section 2.3.5. Consequently,

\7?hsing eqns. (2.25) and (5.14) in order to insure a THD < 5% the output
\\ \ fi)ter break fréquen&yk*mbb. must be ' '
N4 | |
) oy (10y=27.5/40
Yoo (2 fnc -=71) (10). n P.U, (5.17)

, 1 . . ‘ .
where : , .

1 p.u. frequency is the converter operating frequency,

' ' e ——

- wo. . i

P

\

\
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Consequently, the output filter components are given by’

X .
L -
0,1 . 24 .
Y——‘— LOCO = ———7 p.U. (5.18)
Co,1 (2%C71) ’ o ‘

~

) 5.3.4 xnput filter

In this section the input filter components are derived as a

-

function of the allowable filter 1ndq§tor current ripple factor K s
Ty

sand filter capacitor voltage ripple factor, Kvu)s

Regarding Fig. 2. 6 (section 2.3.4) the dominant harmonic
component of th% inverter stage input current, I (wt) is the second.
Therefore, using the eqns. derived in sect1on 2. 3 6 the filter components
must satisfy the fol]owing"two relations 1n'order to insure the
specified a]]owable)current and voltage ripple factors

L -

X

L, . 1 '
’ﬁx\f\i X’1'1 . lgi2(§MS) + K (5.19) P
i 1579,0 i :
’ ~
XL Xc Ky vc'o
i,1 ~i,l i 20
X - X . 221 2(me) (5.20)
i it 9
™ where: . T . -,
Ig,2(nms)° is Ehe rms yalue of the second-order harmonic
4 component of .the converter input cgg;snt, :
I (wt).
Vc~6 ’1s the dc component of the input fi]ter capacitor
’

voltage which 1s equal to'E.



-

. //\\/’\\O /
RS T ‘
Therefore, substituting exps. (5.15(b)), (5.16(b)), and (5.13(a)) into
exps.~(5.19) and (5.20) the relations of the filter components as
function of the ripple factors, under worst operating con\a‘\\;cions - T
(Mg = 1 and P_ = .8 leading), are given by ' Lol
f f X . »y
Xl: 3 i ) . )
X 1.0 . ?('28 + K:l KT § : . (5.21)
C. i i " :
i, i - "{ . . !
x x . h ’ N
L. . °C ' : : )
\k . B, 1,1 _ y.ammx pou (5.22)
X - .X Vs D
R Li -I. Ci ] 1 " . N T

5.3.5 Demvat'lon of the cycloconvérter and ihverter stage swjtchﬂng
functions (S {wt], S, {wt]) \

_ Fig. .5.3(b) shows the derivation bf the“ cyc1oconverter stage

switching function, Sc(wt)\. As it C}/be seen Sc(wt) is a bidirectional ‘
square wave (1 or =} §ta/'_ces on'I/y)/with frequency equal to nqrma'lized
carrier fréquency ('g’m )s Wh e states change at the intervals defined

gular carrier. Regarding Fig. 5 3 the

by the peaks of the tri

mathfematica] expressi ,représ\enting S (wt) is g'lven by

! - .
[=2} .
£ \ —— -

SC‘(&t) 4 E C sin(‘nw t - T) . (5.23) 7
/ fnc,3f 5\f \ '
whe{e { - ' | 7 _
IR n (5.28)

Y

/‘o/

’ \" B )
- AT is the phasgzg;sphcement between the nth harmonic

2
compgonent of Sc(wt) and, S{wt). . L. -
\ : >
\. '
\\
\ .

\\ .
i ’/" I'
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“

switching functions.

" Fig. 5.3: Derivation of thé cyclonverter and inverter stage

p - 5
References and carrier waveforms

Cycloconverter switching function, S_(wt)
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Converter overall switching function, S(wt)

. " Inverter stage switching function, Si(wt)
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Also, from Fjg. 5.3\it can be seen that the inverter stage switching '
+ function is given by _
S;(wt) =5 (wd) - S(ut) ‘ (5.25)
e —, : © ‘
Therefore, substituting eqns, (5.6) a}d (5.23) into (5.25) then
! - o R
i) = A kn
5, (wt) = = AL Cp sin(nwov)’ sin(kat - = |
‘n=1,0dd k=f _ , «
c
\ . (5.26)

Consequently, using eqns. (5.25) and (%.26) and the switch1ng function

relations given in appendix D the cyclocopverter stage 1nput current

1 (wt), and the inverter stage output voltaye, Vp(mt), expressions can
T

be obta'lned These quantities, which are”necessarv for the desian of the

isolation transformer and for the main comoonerit ratings of the inverter

and cycloconverter stage, are given by

Iwt) = Ligot) - S lwt) .. (.5.27)
V (wt) £ ES;(ut) . (5.28)
P

-

Substituting eqns. (5.8), (5.25) and (5.26) into eqns. (5.27) and

~

(5.28) then

%, ] = . o
Is(wt) == S'in(wot + ¢])- Cn s‘ln(nmot - —2—) +
n=1'.m: ’3fnc’
. N [+ ] (-] -~ k‘ﬂ
’ +E E BCk sin(nwt-*(brx) sin(kwt+ 7
n=d k= fnc' .

(s,zg)

Vs
el
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Vplut) = K AL sta(mu t) sin(ke t - 5
5 n=1,0dd k=f ,3f. . |
- (5.30),

Moreover, assuming that the normalized carrier ffequency f > 17
I

(proper :choice for highwswitchi equengy applications) the doub]e

\

Bn for n > d are negligible. {onsequently,eqn. (5.29) becomes

> -~
I‘ls(wt) = 2—1{--2-2 Cn[cos((n-1 )w‘ot - ﬂ%- ¢1) -
n=fic*3%c > '
- cos((n+1)w t - —é— + ¢.‘)]\ ‘ (5.31.)

Eqn. (5.31) clearly implies that the isolation tran‘sformér must be

.

designed to operate at fnc - 1 p.u. frequency without going into

saturation,
7

/‘"’\/ Finally, the simulated waveforms with thgir respective spectra

for current and voltage quantities, Is(wt) and_l(p(wt), are showy in

Fig. 5.4. These waveforms have been obtained by incorporating the

- “expressions (5.30) and (5.31) in the computer program discussed in’

appendix A. 4

o
"5.4 Simulated waveforms obtained in the AC to DC mode

In this section the simulated waveforms of vo]tage and current
quantitﬂiof,interest are presented when the converter operates in the
AC to DC mode. : . .

~ - 5
o ¥

A L

.y >
—_——————
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i FigenS.4: Simulated waveforms of the Isolation Transformer
gfj a) Secondary current, Is(wt) '

b) - Primary voltage', Vp(ut)

c) Frequency spectra of IS( t) and Vp(wt)
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.

Fig. 5.5 shows the primary vdltage of the isolation transformer,

.the 1n&erter stage output voltage, and finally. the converter input

current.. As it can be seen from Fig. 5.5 by using the existing

reactive and magnetic csmponents fnput and output waveforms with low'

harmonic distortion can be obtained.

5.%, Component ratings
‘ Regarding Fig. 5.2 and assuming that fnc'i']7’ the converter

main component current and voltage ratings are given by

I

Inverter Stage

" Peak switch current I = Y2 p.u. A (5.32)
& RMS switch current Ipc =1 p.u. ) - (5.33)
Average switch current IAS = Z%Z = 0.9 p.u. (5.34)

Peak switch forward.blocking voltage = E =2 p.u. (5.35)

md x

Cycloconverter Stage

Peak switch current I,. = V2 pou. - (5.36)
RMS switch current IRS =1 p.u. (5:57)
Average switch current I,. = 22 = 0.9 p.u. (5.38)
. . . AS m s

Peak switch forward blocking voltage = Emax =2 p.u. (5.39)

5.65. Design Example ,

In order to illustrate the si§nif1cance and facilitate the
understanding of‘theoretical results obtained in previous sections the
following example is given |

E = Supply voltage = 48 V

= RMS load voltage = 115 BN

Vo(rms) .
¥
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Fig. 5.5: Simulated wave forms obtained in the AC to DC mode,

a)
b)
c)

; g
Transformer secondary voltage, V (ut) v

Inverter stage input'vo]tage,‘vii(wt)
Current before output filering, 11%(wt)

~

-
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Io(rms) = RMS load current = 4A
fo = converter output frequency = 60 Hz
: foc = Normalized carrier frequency = 7 .
K1. = Input filter inductor current ripple factor = 0.2
i ’ :
Kv = Input filter capécitor voltage ripple factor = 0.01
i - )
< ‘ THD < 5% .
. * From the above specifications the following p.u. values are .obtaiﬁed >
x . - N , * ra
X 1 p.u. volts =15 V (E1) <
1 p.u. current = ' (E2).‘
1 p.u. impedance = —> J59 ‘ | (E3)
N\p.u. frequency = nf = 377 r;ad/sec (E4)
Using thd above p.u. values and éqn. (5.18) the output filter
parametérs are obtaine‘d~ a
L,C S L S 0.14-p.u. (E5)
0 (2x7-1) '
Choosing 0.5 p.u. capacitancé. '
C, * 0.5 p.u. : L - (E6)
L, = 0.28 p.u. 6 " ’ . (E7)
' 1 1 ' %
Xo = —= === =2 p.uU. - (EB)
Co " 0ol 03 N ‘ s
- XLO = woLo = 0.28 p.u. | ‘ ‘ (E9)
" Therefore, the actual values of the output filter components are
given by M 1 . .
N - -
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1 i
o " Xow, T ZWeB.TNITT " 46 uF
0 . '

X
L \
~_ o _ O0)8k28.7 _
v LG T = 21,6 MH
(< 0 ’

(£10)

(EN)

Using egns. (5.21) and (5.22) the input filter componént parameters

are given by the system of equations S,

L 0.28
. 1,] _ U _
xc = 0.2 + 0.2 - ].6 p.u. _
i, -
_ Xmeci | ' .
: ax X =1.414(0.01) = 0.0141 p.u.
Lisv G

(E12)

7

(E13)

Solving the system of egns. (E12) and (E13) the p.u. and actual

values of the input filter components are given by

XC. =0,0265 p.u.

1,1'

X, . =0.082 p.u. .

i’] N . o
- L. =3,488 uF

i T0.0265x28.7x377. Ss4B8 Y

C

©0.042x28.7 . _ :
L, =248 T o 350 my

The current and voltage ratings of the converter main components

(E14)
(E15)
(E16)

(E17)

can be obtained using exps. (5.32) - (5.39). Finally, a breadboard

unit was—im nted for this design example and the experimental .
results are depic;ed in Fig.5.6. ompa'fson~between simula@ed and .

experimental results.shows that they are in close agreement.

Lot
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h )

~ In this chapter-a SPWM controlled bilateral HF link power

\‘——_, . .
conversion scheme was presented which provides bilateral high —— - -

5.7 COnclusions\' /

frequency transformer .isolation between the source and the load.
Amalytical expressions have been subsequently derived to provide

circuit design guidelines.

Finally, selected experimental results obtained from a 500 VA

breadboard unit have been employed to verify respective predicted

results,

LW
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L2 CHAPTER 6

-
.

a/ | CONCLUSIONS S
6.1 Conclusiofis —

The performance of four novel Switch-Mode power conversion schemes
utilizing an HF 1ink as one of the two power conversion stages has
been investigated. The employment of the HF }ink yield high power
density for thé,proposed schgmes at the cost df an additional power
conversion stage, :and/or fhe replacement of unidirectional power

switching devices by bidirectional ones. ‘ . "

_ A voltage source DC/EQ AC powef conversion scheme using DC to DC
converter as anHF 11nﬁ/ﬁas been investigated, The guidelines for —~——
the design of the filters involved are discussed and expressions of

the filter components are derived as a function of the normalized

¢ 4

carrier frequengy (ﬁ1c). and the allowable voltage and current ripple

factofs (Ki’ Kv). Simulated and experimental results have shown that

the proposed power conversion scheme yields high operating efficiency,

programmable output frequency and high power densi;y,»fﬂ’?imTiy of
transistorized schemes were presented for‘diffgrent output applfcations.

——

When an extra power "leg" is inserted in the inverter stage, the h
—_ .

proposed conversion scheme can be extended to three-phase output

system. Y

A current source DC to AC power conver?ﬁon scheme using DC to oc

_converter as an HF 1ink has been investigated. The function of ‘the

HF 1ink in this proposed power conversion scheme is twofold. F1r§t.
it creates the current source which is bpp]ied to the DC to. AC sﬁige

and second, togéther with a;higg frequency transformer, it provides

e
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isolation between the source and the load: A brief digcussion on the
comparative advantages and disadvantages between Current Source
Inverters (CSI) and Voltage Source Invgrter§ (VS1) was presented.

The propased conversion scheme can be successfully used for ch;achine

drive applicatioqg when the isolation transformer is eliminated. A

An AC to DC §zftch-Mode Reetd figr (SMR) scheme using a cycloconverter

as an HF 1ink was investigated. proposed power conversion scheme
exhibits controlled input power factor and Tow input THD by emp]oyingu
small sized filtering. Moreover, due to the reduction 1né}he\size

of the isolation transformer and filter components, the scheme exhibits

<

high power density.

A bi]atera]lpowef conversion scheme using an HF 1ink was
investigated. The proposed power conversion schéhé incorporates a
batter§ charger into an Inverter by using the existing power circuit
components. This power conversion scheme can be applied as an AC
motor arive and on-board battery charger for Electric vehicles when

it is extended to three-phase output system,

Fina\ly, all—four proposed power conversion &chemes met the

initial design objective of this thesis which was to obtain good qualfty

input and waveforms with the employment of small sized isolation

s
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APPENDIX A )
COMPUTER AIDED ANALYSIS METHOD - .

Since a large number of computations are required for the plott-
ing of voltage and current waveforms (observed at various point§ of
the pdwer convérsion system) digital computer programs are empioyed to
perform‘fhfélt;sk. A11 these programs share a common algorithm which
consists of the following steps: -

i) The spgcf?ied normalized carrier frequency (gc),‘Modu}ation

: factor'(Mf) and load power factor (Pf) are read into the \_

N -

program.

fi) From thesé values (step 1) the intersections between the
carrier and reference waveforms (which de{jne in case of an
inverter the inverter output vo\fage waveform before filter-

. fng and in case of a Rectifier the Rectifier 1np;t Tine

- current) are found using the Newton-Raphson method. From
these intersettion points and using Standard Fourier‘ana1;51s\
techniques, the harmonic components (Vif’n)ﬂngi;he power

'ik ,/GOQl:rSion scheme output voftage (Vif) are computed and
tor

.5 d.

1) Haviné the voltage before output filtering qglgulaxed }n
(i1) the output filter components arg/?6;;;£ed‘and stored
insuring a T-H.D < 5%, o ' ’

iv) From the values Qf the output filter componen%s (foynd in
step (11i)) the complex values of the transfer function CHn)

and the input impedance (Zo n) of the output filter (as "seen”



rhg e

v)

vii)

or voltage waveform are computed from the values of the harmonic

- M0 -

°

by each valtage harmonic vif n) are computed and stored.

The comp]ex values of the load f11ter input current harmonics
(Iif,n) and load vo1tage.harmon1cs (V ) are computed~and
stored from equations; Iif, if n/Z and v = 1f n H s
respectively. The harmonic components of other currents or
voltages (e.g. the current through the filter capacitor) are
found in the game manner, "

The desired waveform is plotted from a set' of computed wave; \

form points. The computation of these points is performed

by evaluating all harmonics at each point.,and then adding

\

all harmonic values.

The desiEed peak, rms, average pr‘THD values for any current

components of the same waveform. ‘

X
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A d ! \\\'
) ' R APPENDIX B
! s .
ANALY§JS OF A NOVEL CURRENT IMPULSE
COMMUTATED THYRISTOR INVERTER

B.1°  CIRCUIT DESCRIPTION

The cbnfiguration of a three-phase inverter with tﬁe proposed
fdmmutation gircuit is shown in fig. B.1. The commutation scheme
utilizes a stati& switch S whose function is to isolate the dc. bus from
the_invertpr during each commutation interval. With S open current
through any of the six thyristors is commutated by firing its respec-
tive comp]emenfary thyristor. Thus to commutate current through ihyri-
stor T] (fig. B,1) thyristor T, is turned on. This action initiates
the flow of -an oscillatory current 1c’ through circuit Lc - CC - 3’ - T2.
- 777 Current ic eventually reverses polarity and begins to displacé the load
current from T]. A ch microseconds later current through T] and T2
decyeases to ze;o with the excess 1c Qur;ent flowing through diodes
D1, DZ' During- the D], Dz,conduction 1ntervai%%ﬁycistors T] and T2
become reverse bfased, recover their forward blo;king capability ;nd

they are ready for the next conduction interval.

‘ .
The functign of diodes D;,, Dgys Ds (fig. B,1) is to prevent

\ - .
‘{nteraction between the main thyristors of one inverter fleg' and the
: ')

L, - C. components of the other two legs. Co@sequently the flow of

—_ commutation currents is restricted within the circuits of their respec-

tive inverter 'legs'. This eliminates the problem of equal (commutation)

current sharing between the three inverter 'legs’. / '
' </ .
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ng. B.1: C1rcu1t conf1guration of the proposed three- phase

1nverter.
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The presence of diodes D]Z"D34' 056‘ however, prevents the
flow of regenerative current from the load to the dc source. To
eliminate this problem feedback diodes DF]’ DFZ’ and DF3 are

introduced as shown in fig B.1l.

Further examination of the inverter configuration reveals
that half of redundantkfonmutations cannot occur with }he proposed
commutation scheme. -The reason is that if an ant}para11e1 diode is
conducting (e.g. D; instead 6f T]) when the respective complementary
thyrsitor (e.g. T2) is turned on commutation current i cannot flow.
This is an important circuit featbre since it reduces commutation

losses and improves overal efficiency.

Anoéher intrinsic feature of yhe proposed ciécuit‘1s that it
has "instantaneous" current 1imit capability. This means that if
the 1oad current exqeedsra prescribed value all six 1Hverter '
thyristors can be.turned-off simultaneously, forcing the load current
to decrease by flowing throdgh thé feedback diodes and against the \
: positive pgteﬂtia? of the dc bus. To enter this mode of operétion
- the gafing signal to switch S;is first removed and all six thyristqrs d

are subsequently gated only once.

This mode of operation s essential for provi&ing overcurrent

protection especially in active load applications such as motor

drives.

Discussion: Fig.'B.l suggests that the inverter circuit could be
Eonsiderably simplified if all six diodes: Deys DFZ’ DF3’ 012. 034.

056 are teminatgp and the three Lc - Cc commutation circuits are

.

*
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replaced by a single Lc - Cc circuit with a thyristor switch, shared
by all fhree inverter 'legs'. This option, known as the 'dc side
commutation’ B3], Bal, s not favored‘ here for the following
reasons: | |

(1) The.shared LC - CC circuit must have three timgs the )
current commutation capability of each of the proposed
three independent -ones. ' .
(11) In order to commutate a single thyristor all six
inverter thyristors must be commutated. This require-

//// " the three inverter 'legs'.

{(111) To ensure equal currgnt sharing additional reactive

ment credtes’ the problem of equal current sharing aminp
V)

\ components must be introduced into the inverter ciruit.

J ,
Fig.B.1 also shows that switch Slis realized with one or more

gate turn-off devices such as power transistors (or GTOs), The
_ reason for this choice is that the switching frequency of S is six

times the frequency of an individual thyristor. Such realization

~-  however, suggests that it might also be preferable to implement the

three phase inverter with only six S type switches. This suggestion
is rejected here for the following reasons: k
(1) 'in order to match thyristor current and voltage ratings,
more than one gate turn-off device may have to be
connected 1n\para11e1 and/or in series. Such afrange-
~ ments 1nc%e§ge the cost and decrease the relfability

of the overal system. e
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(i1) It is very likely that for high power applications the

cost and complexity of two or more base drives for bi-

o

polar transistors or GTOs will exceed the cost and

L complexity of a single L, - €. circuit shared by two
tﬁyristors. This 1s‘ma1n]y beca&se of the relatively
Tow gain of the gate turn-off devices (excluding power
FETs).

¢ Al

(i1i) Inverter isolation switches, such as’S, (fig. B.1) are

.

P

frequently employed even with~3all transistor inverters

to improve system reliapility.

B+2 CIRCUIT ANALYSIS AND DESI
- /

In this section the circuit, fig. B.1, for the praposed
commutation scheme is analyzed. The gnalysis yields a set of design
equa%ions that specify the sjze and thé voltage and current ratings
of circuit components in terms of the: .

(i) input dc voltage

(11)' peak load current.lo
(i11) thyristor turn-off time toeee
Moreover the analysis which- is supported by ieférence [35], 1s
performed with tﬁe following assumptions:
- (1) the dc supﬁ1y voltage is ripple free
e (11) lthe load current rema1n§ constant during S-given
commutation interval

" (111) power switches and filter components are ideal.
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B.2,1 CircuiteAna.lysis

Consider that thyristor T2. fig;B 1, has been conducting

Toad current I for some time and it 1is about to be commutated.

At t = 0 sec., when it is assumed that the commutation
1nterva'l for T2 begins, commutation capacitor C is charged to dc
source voltage E and i, = 0. Moreover, at t - 0 switch S has been
moff;' and at t = 0 thyristor T1 is turned on. The ensuing
icircuit operawn be divided into the four modes of operation '

& -

shown in fig. B.3.

Mode I begins at t = 0, when thyristor T.l is turned on. The initial

conditions for this mode of operation are:

Capacitor CC voltage Vco E VYolts

(81)

Capacitor Cc current Ico .0 Amps .

At t = 0F the oscillatory current ic (fig. B.3) begins to flow °

through components (:c - Lc - T1 - T2 whose equivalent circuit

\ representation is shown in fig. B.2. Since commutation circuits

are designed for the highest possible quality factor Q they can be
;reated as highly underdamped R-L-C circuits. Therefore, from egns.
(B1) and fig. B.2);

g._

ZQ o
i(t) = (-E-&—)sin(ut) (82)

L wt . .
v.(t) = (E Q)cos(mt) (83)
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(a) /
(b)
N Ny

)'c

— Y0 /\R;q

(c) - ° (Dto

Fig. B.2: Equivalent circuit representation for commutation
circuit during commutation intervals.

a) Modes I and II

b) Mode 111 -
¢) Mode IV .

* :

}

-
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Where: 1. is the commutation curggnt T ‘
Ve is the voltage across the commutation capacitor Cc.
. o .
[
wz = .I -
Lccc -
: L. 1/2 B ' )
T ¢ X = wl, = (t'q . ' - (64)
. P c .
, ‘s ¢
' X
= R
Q eq o
: \ 7
o ‘ S
Req 1‘3 the sum of the ohmic and equivalent ohmic resistances

of the passive and acgjvq components respéctive1y,~

which comprise the'iC path.

As shown in fig. B.3 oscidlatory current 1c reverses polarity-
at t = n/w and begins to displace load current Io from thyristor Tg.w

Mode 1 enqsowhen 1c(t) = Io, at whichlgpint T2 stops conduct-

.ing. In fig. B.3 this is shown to occur at t =-% +‘t1 secs. &
Therefore: \ | ‘ ‘
_ wty+n wty )
‘ T2Q T2Q ’
at (T ._Ee . E® "y
I ) ———x-———siCmt1m) ——T-—sjln(th) “
o . ) (B5) .
‘Also from fig.B.3: B .
- mt]hr- 3n
e 20 .0



. - - ’:3
. - %
» . o ¥
»
, - 149 - - e
I ) ‘
-~ ' v
T - ' i T
" d'\b LY
K]
¢ s
' - N -
L i ‘o
a)
B .
" ‘ ! T
LY
v ‘? . . .
- v
“
' )
*>
s
; .
B "K' hd
# . t
b) -3
- .
A
.
"1 s
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Therefore: ,
o N
1 Io Xe, 4Q . ®
t] =~ sin T o (B6)
I . -~
or; . . )
i . l -}
t, = o sin (o) (B7)
where ‘ %\ N
I * .
p 8'“_0_ . N ! N - (BB)
‘«Ic ‘ oo N .
L] . - - ' .,'( : '
and: 3 ‘ ' C \ .
T =L, R S ‘ (89)
c X \ l
S .

m sitive p'gk value of the commutation current ic(t).

Mode I{ begins when commutation current 1c exceeds load current

‘s mode diodes D] and D2 conduct currents ic and A1c=

SRR P respectively, as shown in fig. B.3. This actfon”impresses

\
\xg\ a reverse bia§ voltage equal to a diode drop across each of T] and
h a

,fl'z thyristors initiating the respective turn-off interval tq for T, .

-

With reference to f1g; B 3, tq can be found from;

. ¢ /
gt E - 2uty) ‘
‘ NN tq &g._ 2t] v S ' | )
g ' = % [v - Z sin” (p)) \ e ’ (810)
’ where ) 2 S ‘ '( : Co - ‘

P, €qn. (88), is the ratio ofl load current I " to peak comnut-
, ation current I and it s typically ?nployed as an 1ndepen-

«dent design parameter.

.
.
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Mode II ends the moment 1c(t) falls below I, at’whith point diode D
- . )

/

-

¢
flows into C. instead of through D, is that;

a wt2+n x .
v (t = tz) = (E e 2¢ ) gos(mtz+n) < E . (B11)

flow_ihg through components D] - Lc - C_.. The.r&ason for which Io

o

c

F1 is reversed biased.

During this mode C cha;'ges with constant current
(ﬂ.e. i
The duration of this mode can be calculated from the initial

= I ) until v = E Volts, at which ptﬁ nt mode IlI ends.

Ve © Vc1: and final Ve T E capacitor voItages and the capacit?

current ic =UI°, as-f?llows; g ]
E - Vei -
t3- t, = ¢ T , (B12)
,//’
where; ‘ ' /
s .
- wt2+1r !
v = v () =Ee 2Q, )cos(ét2+n) . (813)
‘. » - 3 . . .
and;

1

‘"- _ll
t, =ty +t =% [n - 2:sn V)] L s1n"Y(o)

tln-sinT (o) - (814)

“"Also, p can be computed from eqns.. (B8) and (B9).

1

Mode III is a constant current mode, fig. B.2.b, with load current Io
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Mo&e IV begins when\v 'rises slightly above E and diode DF1 becomes
forward biased. As a result current 1, stops. flowing through Qq*and
begins to flow through DFl' With C acting as an open circuit the
energy stored 1in Lc at t = 3, fig. B.3, is gradually being trans-
ferred to the dc source through the D; - D] - Lc - DF] path.

- The equivalent circuit for this mode of operation is shown in

figo BQZOCQ Fig. B.Z.C‘ yie1d5’;

. % ‘
= E. :
) = Aleg) - » (B15)
where; ) :
4
R th=t-ty A " . T
and from fig. B.3; a , . " }” 1
’ 12(1:3) = Io- B . - (B]B) | 1
/ - N
/ . Since mode IV lasts until ig(t')~='0, its duration is given by;
& . o
. - i} E - :
; 0=1 -7 (t4-t3) 7 - (‘
c
IoLc L
-+ t4 - t3 =5 secs. ) (317)

&

’ * It is noted that hodes‘III and IV of the commutation interia1
ﬁs Just described are valid on]y when current.through one of the three

bottom thyristors (e.g. T 2, T4. 6 fig.B.1) is being commutated

When current through one of the top three thyristors is being
g 3
commutated modes III and IV_do not exist.« Instead the commutation

current 1c follows the sinusoidal path indtcated with a broken  1ine

in fig.B.3; Lack of°mode 11 Teayes capacitor C charged sligh%ly. -
[

beIow E volts at the end ‘of such a commutation, as shown by eqn, (B18).
TI' ,

) ‘ ’ v ‘ 'Q- ) N ;« ' ‘(B]B)
, cf : .
. . | Ve
T . |
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The f1na1 capacitor voltage v cf? however 1ncreases to E volts “‘}
a few microseconds after switch S is closed again. It is finally
noted that at the end of any commutation interva1 switch S is gateo

. .
again and resumes its normal conduction function.

D{scussion: The preceding analysis has demonstrated fhat the‘proposed
commutation scheme has the following two unique features: ‘ .
il) Thf initial and final commutation capacitor voltage is
" equal to the dc supply vo]tage E. o A
(1) Excess reactor, Lc’ energy returns to the source at the /’

* end of the cymmutatipn interval, ' . ’

These two features ly minimum voltage stresses across the
semitonductor components and the elimination of energy diss1pat1ve : -

resistors (361 from the circuit.,

B.2.2 Aspects of Circuit Design:

B.2.2.1 Commutation Capacitors and Inductors:

2

o A properly designed cooﬁﬁtation cirgyit must ensure safe ; T
current commutation under worst load current conditions. Consequen-
tly, the turp-off interval tq provided by the commo%ation circuit,
with maximum expected load current, must be larger than the respec-
t1vevthyristor toff time provided by the manufacturer's application '
notes. Therefore, from eqn. (B10); .
t = l-[n - sin'](p)] =t + At o . (819)

9w off .
- where? - ' g \
| At {s the turn-off time safety margin., o o \\\
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ow thét: _ ’ ’ o

3n

I (t . #t) ‘ | -
o' off a0
o6 ¢ and ‘ (B2C)
EminoG P . .
L
' 3n .-
oopE L (bt L Ht) - = : :
.Lc . 'miln G(g)ff’ e 4Q » (B21)
, o
, where;
6lp) = vty = 7 - 2 sin"(p)'.év - . (822)

and, (}
E  is4fhe minimum anticipated~dc bus voltage. .
min AN

Ifdoreover; since parameter Q is a function of (i‘(gqn. .(84)), it might
appear that eqns. (B20) and (B21) cannot be directly evaluated.
However,” since for typical cases Q > 10, eqns. (B20) and (B21) can be

evaluated with Q = 10, which represents the worst circuit losses

-

. condition.

-

B.3.2-2 Main Switching Components:

'N‘lth fixed load condition%the ‘peak and rms current values B

" through the main switching components depend on the modulation scheme

Ll
‘employed and the level of the_ input tage. Therefore, exact

current ratings can bé detemined only when such parameters have been

'l

specified. ‘

In relative tersfs, however, it can be seen, figiB8.1, that

‘ the peak current value I 5 for switch S is equal to the peak load
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current value. Also, it can be easily shown that the respectqge rms
current value Ipc is Y2 ‘times the value of one of the three line

currents. Finally, the average current value IAS through switch

S can be computed from; N*S .
[ = Poutgmaxz . ‘ : (823)' ,f
‘AS  n x Emin , . ~
where BN . ;
a I . ’ R "y
,Pout(max)'is the maximum expected real output power
0 1s the inverter efficiency
and ]
Emin is the minimum expected value of the dc

N
. bus voltage.

Similarly, the gtak; IPT rms; IRT and average;_IAT current
values for the six thyristors are related to the respective switch

S Qé]ues as follows;

RN - :
Ipr = Ips * Epax T;; o R x o -
I X '
L g S . (B24)
a;d . ) ~ b
v =.EA.S-
AT 3

méxvcc/Lc term, in the expresséon fqr the

thyristor peak current, ‘accounts for the commutation current that

‘It is noted that the E

also flows through the main ;hyristérs. However, commutation current

~

pulses last for only several microseconds and thyristors cag'

r

transiently tolerate very high pulse currents. Therefore, this

-t

-
LA
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extra term causes no significant current derating to thp respective

\\;/

devices.

B3 Experimental Results:

To demonstrat3¢£ﬁe fEasib131ty of fﬁ: proposed commlitation
scheme and verify se&ected predicted results, an experimental 3 kVA
1nver£er has been implemented. ﬁesults obtained with this inverter

are depicted in figs. B- 4 and B.5.

Fig. B.4 1llustrates, on various time scales, the voltage
and Eurrent waveforms ofhthe cqmmutat;bn capacitor CC. It also shows
d15t1né§1y the four modes of dperatipn that occur within a commutation
1nter&$1, as predicted in sectjon B.2 and depicted in fig.B. 3.
Comparison between predicted and'experimental results showpthat they

are in close agreement except for the 'ringing' observed at the end.

. of the commutation interval. This 'ringing’ 1{}ca05ed by the stra§

lead inductances connected 1in series with Cc ang'qot taken into
con;iderat1on in the ciriyit analysis pre%ented in section B.2. |
Furtﬁer experimental results are depicted in fig. B.5. 1In
particuiai; fig. B.5(a) illustrates the waveforms of one of the three
line to centre-tap (imaginary, fig. B.1) neutral voltages Vao and
fts respective line current ia With.R;L load, In fig. B-5(b) the

line to neutral voltage has been replaced by its respective line to
1ine voltage.

_ Moreover the pulse width modulation (PWM) technique depicted

in fig. B.5 {s the sine PWM. This choice demonstrates the compata-

bility 6f the proposed comutation Scﬂgme with moduldtion technique;

of anylcomplexity.
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Fig. B.4: Experimental waveforms.,

(a) Commutation current {.. “
(Vertical scale: 20 A div. Horizontal sca1e.
10 ps/ds.) ‘

(b) Vo]tage v *'(Vertica1 scale: 50 V/diy.
Horizonta1 scale: 10 ps/div.) =

et .

. N ‘ .
b R -
./ L : ’ R
- . . ~
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. Fig. B.5: Experimental load vpltage and current waveforms
. ' with delta connected R-L Load. .
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Fig. 1) and line current i, waveforms.
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current waveforms, Vertical scales:
. ' 50 V/div { 10 A/div. Horizontal scales:
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APPENDIX C ©

USEFULL DEFINITIONS

Total Harmonif Distortion (THD)

The THD fs a measure of the closeness in shape between a waveform

and its fundamental harmonic. The mathematical definitioﬁ of THD 1is

THow = 122 E (v . )2 |1/2
X, XN
] n=2

where, _
Vx n is the RMS value of .the nth harmonic component of an
arbitrary waveform Vx,
L is the RMS value of the fundamental component of the
] ’
waveform V*,
n is the order of the harmonic component.

. Distortion factor (Dﬁl

The distortion factor, Df, indicates the amount of harmonic
distortion that remains jn a particular voltage or current waveform,
after the harmonics of that waveform have been subjected to a second- _
order attenuation‘(i.e. divided by nz). Thus, the effectiveness of
a particular PQM technique, in reducing unwanted harmonics, can be
" evaluated without hafing to specify the values of the (second-order)

load filter. The distortion factor mathematically is given by

k)

hY



. - 160 -

v

@ 2 1/2
100 X N
f vx,l [Z;m n ]

!
Ripple Factor

. The. pulsations, or ripple, caused by the harmonic components
in the AC to DC converter outpu‘t or in the input of a DC to AC inverter °
are very undesirable ih the supply to most eiectronié equipment. 'T.he
amount of ripple, compargd with the direct componeqt/is a measure of
wpurity and 1§ caﬂéd the ripple factor. The ripple factor is given by

2 1/2
vV
Z XsM (rms )

n=1l

Vo . -

’ where, (\X ' ‘ "

v is the dc component of the waveform V_. . "y
X,0 "

Ripple factor =

Ha'l f-wave symetry_

If a function f(t) is per(iodic with period T, then the
periodic function f(t) is said to have haif-wavg symmetry when it

~ ——

saty sfies the condition

f(t) - - f(t]s Lo -

Al .
f

Any periodic function f(t) which has half-wave symmetry contains only

odd harmonic components.

Quarter-wave symmetry:

If a function f(t) is periodic with period T, then {s said to
have Quarter-wave symmetry when f(t) has half-wave s"rmetry and, in

add'l tion, is either an even o; odd function.
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Symmetry Conditions for periodic waveforms and Fourier Coefficients

e
k Type of Symaetry Conditions Form of the Foutier Sertes Formulaa fer the Fowier Coellicionts
. ‘. - rse
LB 1(4) « (=) Ho- 2 Z; 8, o8 At .- "i_[ 1(1) con (g t) ¢t
- / '
Odd 1) « —1(~1) (- Z b, ain nuyt ;.‘T‘[m:(nm (rant)dt ?
LT} '
- #
. o« Z {030y c08 (20 - Danye P I cot
© Hell-wave " - -:(« . %) sl } -H' 4(-)[ (2n =1haytldt
/ « bgury oin Q2 = Dyl bl T4 Asia
:N/ 101) « 1(=1) and . - " )
quarnter-weve -y -
} m)--t(:. ?r) o) 2_1 a1y €08 (2n~Duyt e -H: 1() coa [(2n ~Vhant)dr
|
‘ e BN T Y TR Yo - *n T '
qusrter-wave ({t) - 3oy 8in (20 1) | PYS 13 -
: o _’(' ) I) .); tat 8i0 (20 Dyt T L W2n -yl ds
2 [ 44 ’

Dominant harmonic component

Given a sbecific frequency spectrum of an afbitrary waveform the
dominant harmonic component (d) is the component that contributes maximum
individual distortion factor. The distortion factor of an individual
harmoni¢ component is given by '\\\
v

100 —"-fﬂ

n

dn%

-

Lowest significant harmonic component

c,/ In a frequency spectrum the harmonic component, which is
nearest to the fundamental component, and-its amplitude s freater
than orbéqual to 3% of the fundamental component is called the lowest

significant harmonic component.
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KVA rating of the filter components

4

The KVA ratings of the filter components are given by

. N 2
Inductor Rating = I.R Z‘\Px,n' . pr

n=1
£ Ll
: X, N
Capacitor Rating =-C¢R =, '
n
»
where,
toL Ix n is the RMS valve of the filter inductor nth current
rd ’
harmonic component, ™ ' .
X is the reactance of the filter 1inductor at the nth

Ln N
harmonic frequency,

X is. the fctance of the filter capacitor_at the nth
harmonig¢- frequency. ' \

{ ? ’ ; °




model is shown in Fig. D.1. ' ' -
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APPENDIX D =~y . /

SWITCHING FUNCTIONS
)

‘»Most AC to DC and DC to AC power conversion schemes fall 1nto one

-
'v

of the fo]]owing two categories: , AJ/
a) Voltage Source, in which the input DC bus is made tosq
oppear Tike a vo1tage‘soo}ce to'\$e‘power conversion scheme, -
b) .Current‘Source. in which the 1ngdf DC bus is made to appear

, 1ike a current source to the power ‘conversion scheme, N

‘For either category a general model can be formulated [38] that provides

re]at1onsh1ps between the input and output port variables of the

conversion scheme by ignoring the specific circuit topology. Such a

Regarding Fig. D.1 the input and output port variables. for the
two power conversion categories are related as follows:

a) Voltage Source -~ o .

£ = ,0) . R ()
Voo = Tilut) , S (02)
- Lwt) = St) « Llut) . (03)
Vlot) = Sty « €. - (D4)
'b) Current Source L ]
Eeiyl0) S
TV et) = v let) . (D6)
1y (ut] = st?'s N )

LG

Vz(wt) = S(ut) ° Vac(wt)




* . Id * ’ . \\
l v ) - 164 - N

T re S(wt) is a fifiction that describes the switching operatwns of

“ the power swi‘tches $ through 54. This function is given by

C < . v, (wt) I (wt) ‘

‘ : s(wt) = ey = - T2 ' (09) -
L lwﬂ I (wt) /

’w /\4-—@"""
“4and 1is allowed to assihe the states +1, 0 and -1. Therefore, with

the %M of i:ntching functiogs waveform! synthesis can be achieved.

By proper selégtio,n of switching funwt/ions any'number of low-order

o

f i harmork-o/components (unwanted components) cafl ¢be eliminated from the

' : . 1nput or output port var?.ab’les ofmthe power conversion scheme. Fig.
( D.2 showg ah example of high frequency”wa‘veform synthesis for a DC

vt AC~ oowg‘% conversion scheme, MultipHcation of the inverter input
K vo'ltage E (Fig\D 2(a)) with the se]ected switching function S(wt)

(Fig D.2(b)) yields the output voltage waveform V (wt) (Fig. D.2(c)).

IR Moreover. from the switching function S{wt) the gating signal waveforms
q’- .\
' / for the power sw1tch1ng dev1ces S] and S can be obtained. For the half-
r’ LY
[f) bridge power convers1on scheme appHcatwn (Fig. D.2(a)) the upper
‘ LU

half of S{wt) dpfines the gating signal wav,efdrm of the upper svntch

v e .5 gh'cl the. lower half of S(wt) defines the gating signal‘ waveform of
» 9 N . [ “ -~
‘ , the lower switch s, (Figs.B.2(d) and (e)).
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Fig. D.2: txampTe of high frequehcy waveform synthesis,

’

e) Gating signal waveform employed to S,

SO no0oaon; .

(1) ., 1em

-l ede

. )
¢

a) Half-bridge inverter® ‘

b) Half-bridge 'inverter switching$function, S{wt)
c) Half-bridge inverter output voltage, V,

d) Gating signal waveform employed to Sj



