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ABSTRACT

\

Analysis and Design of .Forced Commutated Cycloconverters’
for Three and Single Phase Applications

Y .

Shahidul Islam Khan, Ph.D.
Concordia University, 1986

Ful} automation in manufacturing processes has generated
a considerable research interest towards the "next gehera-
tion" of solid state power converters. These converters are
expected to be rugged, cheap and‘compact enough to be mounted
on the frames of their réséective motors. These requirements
can not be satisfiéd by existing converter structures because
of the bulky L-C components which comprise the various
éoﬁventer filters. To meet these requirements some Forced
Commutated Cycdwconverter (FCC) structures with improved
performance .characqgrisggcs interms of Joltage utilization
and generated harmonic dist&?iion are proposed, analysed and
experimentally verified in this thesig.

To analyse the aforementioned FCC st:uctureé a general-
ized FCC switching matrix model has been developed. Using
this conver£er model and two distinct modes of operation, a
systematic and comprehen;iye FCC analysis and design“appro&ch
is 'established. This approach is subsequently used to

analyse and design a number of practical FCC structures

suitable for 1low, medium and high fréquéncy industrial
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applications. For example, the proposed three to three phase
FCC is targeted towards variable speed-ac drive'applicationa
while the proposed single to three phas‘ FCC could find

vy ad
extensive use in 'rural or lightly industrialized areas.

Pipnally, in order to establish the feasibility of the
proposed new FCC topologies and associated frequency, voltage

and ‘phuse conversion methods, analytical computer 'based

results are verified experimentally.
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_ CHAPTER 1
INTRODUCTION k

1.1 Introduction "-

et

-2’ Utilities generate .and supply the consumers with

e
efégﬁ ic power which is of fixed frequency and voltage.
ﬁh\;ejare many application\s, h;)wever, where the fixed fre-
) quency and voltag;a is of no use to the consumer and where
variable frezluency and voltage are required. They include
[1]-[5]); wvariable frequem‘:y speed control for ac drives,
constant frequency power supplies, controllable VAr gener—
ators for voltage- support and power factor correction, and ac
system i}'lterties (see also Table 1.1). This incompatibility
between ‘available electric power and req®ired electric power
can be solved by using an appropriate power conditioning
’ interface between the source and the load. This interface
should have the characteristics;;sf accepting fixeé frequency

and. voltage and delivering varlable frequency and voltage.

—

In short it must exhibit the transfer characteristics of a
generalized ;requency/voltage transformer. These character-
istics areﬁ analytically depicted in Fig. 1l.1.

Furthermore, this hypothetical ideal frequency/voltage
transformer is by definitio‘n assumed to have complete “func-
tional flexibility of independently transforming frequencies
and- voultages and also genera.ting sinusoidal t‘erminal vdltages

and currents. Another important property of this frequency/-

voltage transformer is* that: =5.‘t must be theoritically loss-

¢ : _//M
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TABLE 1.1: Applications of Frequency/Voﬁpage Transformer

3] A
‘A Medium Frequency Applications
. ' '+ +'1. Variable frequency ac drive
T , - Textile manufacturing -
. - Chemical processing, ‘ . o : : :

- Glass manufacturing
'~ = Machine tools

- Polymer forming

- Food processing 7
. - Material handling and packaging

‘-~ - Printing and paper making ©

) - Grinders .
. . - Pumps
' .= Mine Hoist . -
.= Cranes " . -

- L 2. Constant frequency power supplies

— Alrcraft power supplies
.= Mobile ground power geqerating stations

o

« 3. Controllable VAr guppiy for energy saving

- Centrifugal’pumps T e
- Electric fans
- Power factor correction

4. Transportation . 7
‘ 0 g ,
= Electric locomotive-

e .
e ]

B. High(Ftequenqy ggglicqgions

™

- "= "Switch-mode rectifiers ! ’C/ )
J , ’ . " = Battery cha?’geraﬁgu O y )
’ ‘ . - Linking asynchrq 8 utility lines .© - R
] - ‘-Induction heating J ¢ D .,
' * » » . , O " - -
, S . el G
. ;
: b X ) ] SIS g L)
- v ' - P . ) d o)
» v » Ie) ‘ . , (‘)
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'{ - 7 @ ) . {,d
4 ¢ :)» !



~ 3 .,‘ e
. &
¢
3
: INPUT [ QUTPUT
\ STRTIC
.
, D FREOUENCY/ lo, — ¥
» , " A VOLTAGE
: : .| TRANSFORMER. A__
[ 3 ’
AC ]
SOURCE@ V1 . Vo é
~ . ‘ ’ ‘ D .
1] ‘ o
=
" Input , -* Output
Excitationw , vI‘= VI sinuIt 'ba sine_t
Response: - iI =%fI siﬁ(ult + ¢I). io' Sin(w t + ¢:)
Gi%eq: VI’ wy ' Zd"¢o‘ s o
Controllable: 2., ¢ o V., u
: R ; o' "o

1
4 Rest;idtion:

P, = VIIICOS°I;= PQ = Volocos¢o
Fig.-1.1:; Simplified functional representation of the’
— ideal hypothetical frequency/voltage

* transformer. ( :
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- less. Therefore, the real power at the input terminals must
be equal to the real power at the output terminals. Also,
power must be able to flow in either direction through it.

1.2 Generalized Transformer Implementation

1.2.1 Blectromechanical Converter

3

The first attempt to implement such a practical gener-
alized transformer (i.e. one that generate variable ou't.pu’t.
frequency and voltage) employed a mechanical variable- speed
mc;tor-altornator set. This rotary converterbhad tpe
fol.lowi:ng‘lim‘itat.ions (61-C71]: )

i) The motor-alternator speed had to be changed to
produce a frequency change with a resulting poor. dynamic
response for the combined motor-alternatpr induction motor

. drive system. ‘ N .
> 11) The amplitude of the alternator voltage is propo:;—
t.icmal to the rate of cutting, mgnetic flux, which means that
at low speeds, .in spite of raising the alternator field
excitation ;:o a maximum, ° the amplitude of the output voltage
would be very small, and the unit would be incapable of
, " providing the constant voltage/Hz required for. constant
torque requirement of the ac drive.
i - ifi) 1Installation as well as life cycle cost is high.
| iv) - Initial and on going maintenance cost is high.
v) Non-evolutionary.
3 Due to these disadvant;.ages the rotary converter has been

alnost completely replaced by the static freéuenlcy con-

verter.
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1

1.2.2 DC Link Frequency Changer
The second ;ttémpt to implement the subject\gjrefalized
frequency/voltage“jransfofmer employs electronic means and
in particular a‘static dc link frequency ;:hanger" (8]-L9]. 1In
- this case, the fixed‘ frequency fixed voltage  ae supply is
first rectified’and cSnverted into an intérmediafe stage dc
source as shown in Fig. 1.2. The Hc source voltage is then
invgrted at desired output frequency and ;roltage. The
successful application of this type of static frequency
changers (dc link frequency changers) was mainly due to the
emergence of a new electronic switéhing devi'ce [10] called
silicon controlled rectifier (SCR) which was made available
in early nineteen sixties. With this switch, frequency and
voltage control could be done econohically and effecﬁi&ely
within the 1inverter. Although this type ' of variable fre-
.que/ncy static converter is suitable for most vax('ia.ble fre-
quency vaxl'iable. voltage applicatior;e discussed earlier, it
also has several disadvantages éspecuiall); whélL the invertezf"'
is of six pulse type. These include [11]-[12]:
i) 1Input current contdains large low order harmonics
associated with (six pulse recéifier, consequently it
requ’ires a large ac\' filter.
ii) Haf\nonic content “0f inverter generated input (dc)
current is also higﬁu '
iii) 1Inherent slow reéponse due to 'the presence of dc
link filter inductor and capacitor .Sndf

*

the front
end phase controlled rectifier.

iv) Non-evolutionary circuit topalogy. )

-

A2
o
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Large harmonic contents both in input ac current and dc
link/stage current éake it mandatory to have large dc 1link
" and input (ac) filters. Moreover, this topélogy cannot take
advantage of evolution;ry new semiconductor devices [13].

- A

1.2.3 _Naturaily Commutated Cycloconverter (NCC) ' “&

The naturally commutated cycloéonverter (Fig. 1.3)
offers yet another approach in implementing (Sy electronic
means) the subject generalized transformer. The cyclocon-n
verter, in its basic form, consists merely of a collection of
static switches connected di:ectﬁy between the inpué ac
system and the load circuit and th; basic principle of power
conversion is to fabricate an output waveform having the
desired frequenéy, simplf by 6pening and closing the switches
accérding to a predetermined temporal sequence. Natﬁrally
comﬁutated cycloconverters (NCCs) [14]-[15] are,simple, easy
to operate and suitable mainly for applications with low load
frequency requirements. Main ﬂisadvantages‘of ﬁCC includes
[16]: ‘

i) ' Limited output frequenéy'(fo<: fi) range (Fig. 1.3).

ii) Generation of sub-harmonics both in qutput voltages

and input currents.
iii) Input displacement angle (p.f.) is always lagging

irreébective of load power factor.
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1.2.4 Forced Commutated Cycloconverter (FCC)

It has been shown earlier that cycloconverters simplify
the prbgess of frequency and voltage transformation by elim-
inating, one étage of power processing, i.e. the dc llnk
stage. For this reason the NCC is obviously a better choice.
However, the inherent operating and output frequency limita-
tions of NcCC ifnplieé further circuit refinements. Such a
refinement is the introduction of forced commutation.

Forced commutation un{ike natural commutation js the:
method of 'forcibly' turning on and off of a switch at any
required instant irfespective of direction of current or
voltage. By using forced commutation the output frequency
can be made higher (unrestficted) than the input frequency
and also. generated harmonics can be better controlled. Thus
FCC becomes the best possible means of realizipg'the subjeqt N
generalized ffequengy/voltage static transformer. “Because of
its frequency related operating 'characteristics the new
converter structure is also known as the "Unrestricted
Frequency Changer" or UFC. Most of the investigations on UFC
were performed by Gyugyi and Pelly [1],[17). The performance
characteristics of these UFp's are satisfactpry; However,
they contain gub-harmonics and their spectral characteristics
‘contain low order harmonics. ‘This problem is particularily
acute when the output voltage is low. In such cases the \
amplitude of the unwahted harmonic components becomes higher
than the amplitude of the fundamen@l component. Conse-

quently system performance becomes heavily influenced by

0 o h J
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harmonic behaviour. In spite of- the enormous potential for
application of ffequency/voltage convertérs (UFCs), further
development and application of UFC was delayéd due to two
main reasons: limited capability of powef devices (in terms
of price and switcbipg characteristics) and intrins{g circuit
limitations.

Recent advancement in semiconductor technology, however,
has shown renewed interest in UFCs and specially Forced
Commutated Cycloconverters'(FFCs)( The power semiconductor
industry has lately been making availab;e fastef, cheaper,
and more efficient switching devices [2], [13] in modular
integrated form. The most significant of th%ée devices
include; the power MOSFET, asymmetr:ilcal thyristors (ASCR),
reverse conducting thyristors, gate-turn-off thyristor (GTO),
FET - gated 'bipolar transistor (FGT), gaie assisted tﬁrn—off
thyristors (GATT), etc.

- Based on these developments Venturini first proposed and

inveatigated [29] a ‘generalized transformer"” electronic

circuit capable of frequency, voltage and power factor trans-

formation. In this circuit model an imaginative PWM voltage
control scheme has been also introduced which in prinéiple
can eliminate any number of unwanted harmonics and is also
free of sub-~harmonics. However, the voltage utilization of
this scheme is :er low [29].

The work presented [18]-[19] here ' proposes some novel

Forced Commutated Cycloconverter structures (e.g. Fig. 1.4)

which have improved performance characteristics.

o

+]
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1.3 Review of Previous Work -

- The first static frequency transformer characterized by
variable frequency ratio and bidirectional power flow was
proposéd [20? by Hazeltine. He established the fundamental

principle of constfﬁct;ng output voltage of /fequired

frequency from the segments of multiphase ihput vo;;ages. He
then proposed the use of various arrangements of electric
valves to switch the load sequentially, thus obtaining the
output yoltage,of required frequency. The frequency change;.
proposea by Hazeltine was capable of bidirectional power flow
o ahd had the flexibility of changing the input—output~"
fr;quency ratio employing simple control techniques.
However, the frequency changer could not be implemenéed

successfully due to lack of suitable electric valves at that

time.

.
A different frequency changer was developed independ-

ently by Schenkel [21] and Von Issendorf [22] in early nine-s
teen thirties. These frequency changers uéed the princible
of phase controlled mercury arc converters(%ﬁg were capable
of bidirectional power flow. However, the ma jor drawback of
the scheme was the attaiqablevoutput frequency which was less
tﬁdh the ;nput frequency. Nevertheless, the system had two
important features that ensured its usefulness in practical
applicaiionz first, it employed mercury arc valves, which .
were Qvailable with adequate ratings; second, voltage control
could be achieved by controlling the ignition angle of the
valves. This’frequﬁggx converter [15], [23] was originally

o+
+

Y* .i:_. "" . "

Yk I O . L "My
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designed to convért the standard three-phase, 50Hz, ac power
to single-phase ac power at 15, 16 2/3 or 25Hz, which was
" used for traction purpose in Europe.

-

p A thorough review on the subject of mercury arc fre-
quency converter was given by Rissik [24]-[25] who introduced
the term ‘cycloconversion' to designate the érocess by which
an alternatlng yoltage wave of lower frequency is conatructed
from successive voltage waves of a higher frequency multi-
phase supply. ~ He also dgsignated the static frequency
converters,usinq the above principle as cycloconverter. o

In sp{te éf enormous potential of f;equency converéer.‘
no major contribution has been reported until early nineteen
sixties when the new power semiconductor device (SCR) was
available in the market.

The first unified treatment of frequency changers as a
family of static converters was published by Pelly aéd Gyugyi
in two se?arate books [11], [17j. Out of different frequency
changer structures treated there, the most promising one 1is

\
Unrestrngted Frequency Changer (UFQ).. In addition to

)allowingibiiateral power flow, this UFC's offer an unlimited
output f}equency range, good input voltag? utilization, do
not generate subharmonics and require only nine bidi;ecti&nal'
switches (for 3-phase to 3-phase conversion) and relatively
low switching fr;quencies. The main disadvantage of this UFC
structure [l1] is that they generate large unwanted input

current and output voltage harmonics. The order of these

harmonics is generally low which makes it difficult to filter



. using slit-width modulation.

.14

then; out. ,This is particularly true with flow: voltage condi-
tions uﬂ%ere the amplitudea of the unwanted harmonics can even
exceed the- amélitude of the wanted qfundament:al voltagé/.
current compc‘ments. Consequently, the advantage gained (over

4

dc link frequency changer) by eliminating the dc link filter

’

is in most cases offset by the presence of large ac filtexﬁfs.'

A method of direct frequency conversion using 18(or 12)
transistor-diode pairs for three (single) phase controlled
current output operation was proposed by Daniels et. al.

[26]-[27]. This converter allows bidirectional power flow

~and is of unrestricted frequency type. The control technique-

uses continuous monitoring and controlling of load current

’ .
i

Rodriguez proposed and presented a simulation [28] of

control techni:que for direct frequ'ency conversion using

- bidirectional switéhes. The converter works with a fixed

switching frequency and\the modula;tion is performed by usipg
a high freéuency dither (carrier) signal superimposed to a
low-frequency control (mod;alatihg) voltage. _The proposed
control strategy ‘is based on the concept of fictitious
bipolar source. Ne.ither the quality (spectra) of voltade and
current, nor any experimenfgal verificétion is presented. |
The proposed control technique of Daniels and Rodriguez
creates no low order ﬁarmonics in input current. But their

control system has the inherent problems of:

1) High switching frequency.

N -



P~

15

ii) Low voltage uﬁilization as switching is8 controlled
by monitoring the output current at all timé?“

iii) As the modulation technique inQolves some sort of
frequency modulation it is difficydt to design
associated output/input filter.

iv) Loss of control if one or more phases open as

current monitoring is used. v

Finally a fgéneralised trgﬁsformer' electronic circuit
capable of frequency, voltage and power factor change has
been proposed and demonstrated by Venturini [29]. This
direct frequency converter is characterised by sinusoidal
wa#eforms both at input and output ports, bidireétionality,
independent control over input and output frequency, ampli-
tude and phase displacement. This 3-phase frequency trans-
former constitutes of 9 bidireqtional switches. A prototype
was successfully implemented as new semiconductor switches
became available in the market. Although the output voltage
and input current are free of low order harmonics, the

——

voltage wutilization of this convert?f is low. - Maximum
" attainable oﬁtput voltage is 50% of respective 'input voltage.
However, it has been récently reported [30] that deliberate
addition‘ of extra compénents in the switching function
increases ﬁhe voltage gain from 0.5 to.0.866. However, this

is achieved at the expense of even higher switching frequen-

cies and control circuié complexity.
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1.4 Scope of the Thesis

‘The main disadvantages of the previously reviewed FCC

structures could be summarised as follows:

i) Unrestricted frequegcy changers (UFCs) contafn low
order harmonics of considerable amplitude. m
ii) Gain of Venturini's generalised frequencqy/voltage
transformer is very low. '
N . ) On a parallel development, the power semiconductor industry
has been making available faster,i cheaper, ‘and more efficient

%,
.switching® devices in modular integrated form. To exploit

these features towards producing cheaper and more compact

variable speed motor drive units, the static converter
® industry. is showing considerable interest in converter

structures that rely mainly on semiconductor components ‘and

I «

require onl‘y few and small passive components. However,
because of the aforementi’oned disadvantages existing FCC
structures cannot’be used to achieve these obJectives.

The. gcope and objective of this thesis is to provide
solutions to the aforementioned ‘problems of high harmonic
. contents and . low voltage utilization of FCCs for variable ¢
%d ac motor\ydrives. — 2 )
| Further thesis cont&*butions include the proposal of
l ‘ | novel three phase to three phase, threg phase to aingle phase
high frequency FCCs for applications that require compact and
light weight power supplies. Finally, this thesis presents ‘
also a novel single to three phase FCC with potential appli- %

cations in rural areas where frequently only single phase ac

mains is ‘svailkable.-’ '

N -~
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In particular the contents of this thesis have been

2
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organised as follows: 4

1

A generalized FCC switching model with N-pﬁaae inputs
and M-phase outputs is developed in Chapter 2. This model—is
‘ . o C /A/N‘” ¥
next used to provide analytical generalized expressions for
thg dependent input/output FCC variables such as output
voltages, input currents. The same model is also used to

evaluate FCC transfer characteristics such as voltage and

current gains, ,
In Chapter .3, the performance of three.phase to three
\ . ’ )

phase FCC for ac drives applications is investigated exten-

sively by u’sing" the analysis methocf developed in Chapter 2

for two different modes of operation. ' Relevant component

‘ratings, (e)\'ffi“ciency figures are derived with various
switch\ir'lg functions. ‘Circuit protectior; is also c'iiscussed.
Finally predicte;l results are yerified by gsimulation and as
well as experimentally on labora‘t‘ox'y prototype units. -

' In‘ Chapter 4, the analysis presented i‘;x'ChaéEer 3 is
repéated for three phase to sin'gle phaﬂse FCC for single phase
variab}e voltage variable freq'uency' ac source applications.

3

. Both direct and indirect mode of .Z)perat_ion"i's considered for
performance eval’u’at\ion. Some of the predic;ted analyticacl
results .are, vez:i,fj,.,ed experimentalx&ly.

In Chapter 5, a novel single p‘ha,se to three phase FPCC

particularly' suitable’ for ‘rural areas’ is "analysed and

and tested to verify the analytically predicted results.

o ‘ -
P

evaluated in detail. A laboratory prototype. is also built

ld
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In Chapter 6, the performance ‘of all FCC -structﬁres

* proposed in Chapters 3 and 4 is analysed undaf high frequepéy .

operating conditions, to determine suitable FCCs in high

" | frequency link applications. Some of .the proposed structures
‘are built and\ tested in the laboratory: | )

' | ; C"haptpr 7 reviews ‘the, entire work ;resented, in ﬂ;is
thesis and presents relevant conclt;eiops. It also focuaea on

\\ H Suture research in' the areas of circuit analysis and relevant

' applications of forced commutated cycloconverters (FCCs).

e

1

/

i
N
Q
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CHAPTER 2

MODELLING AND ANALYSIS OF FORCED COMMUTATED CYCLOCONVERTERS

2.1 Introduction

The objective of this chapter is to develop a switching
model suitable for the analysis and evaluation of performance
characteristics of Forced Commutated Cyéloconvertére (FcC).

To achieve this objective the cycloconverter (in its ideal

qform) is modelled as a circuit matrix consisting of [NxM]

sw'itc'hing elements (Fig. 2.1). The proposed matrix represen-
tation of this generalized converter a>llows' us to understand
easily the process of voltage, current, frequency, phase and
anplitude transformation. This model,‘is used t:.hroughout the
the;is to study the performance characteristics of dif'ferent
FCC. structures. E}ements of this circuit matrix modelling )
the converger represent the switching elements of an actual
converte;. : )

In addition to the modelling of converter, this chapter
also analyses respgcsive generalized input-output waveforms
and their spectra. Input-output waveforms of‘ such conyerters
are dependent function.s of, actual switching p&tterns,
ac,cording to which the converter switching ;peration is
carried out. Switching patterns are determined by various
pulse width modulation technigues and accordingly the
switches operate in ON/OFF mode rather than continuous mode

for higher power conversion efficiencies. Consequently the

resulting input/output current/voltage waveforms are periodic

-
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"

and contain numerous harmonics and therefore can be for
analysis convenience represented by respective Fourier series

expressions. The fundamental and “dominant harmonics of these

waveforms are dependent on respective output frequencies and
modulation techniques. This spectr;al information is

essential for the design of converters as well as input-

*

output filters.
The matrix model of the converter is analyzed using two

different approaches; namely Dii‘ect Mode of Operation (DMQ)
. ¥
and Indirect Mode of Operation (IMO). Merits and demerits of

these modes of operation jinterms of voltage utilization and

~

harmonic contents are discussed in detafls.

-

2.2 Modelling of Cycloconverter

The model of a converter structure capable of performing
. & “
the voltage, current, frequency, phase and amplij:ude trans-

formation is shown in Fig. 2.1. This switching model [31]

3
‘-

comprises of an "input matrix" of [Nxl1] dimension, "converter

-

switching” matrix of [MxN] dimension.and an "output matrix"

A\l

. of [Mxl] dimension. Two methods of power control nameiy

direct and indirett cycloconversion can be realized with this

converter “model. These two methods are ba d, one on diredt

[4

and the other indirect approaches of power conversion and
PR J

allow effective elimination of all sut;harmonics from the

14

respective output stages.
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2.2.1 Direct Mode of Operation (DMO) Cycloconverter

This mode is based on the principle that "the multi-
plication of a set of Nxl sinusoidal quantities (e.g.
input voltage matrix) by a compatible set of MxN balanced
sinusoidal quantities (e.g. converter transfer matrix) yvields
a third set of Mxl sinusoidal c}uantities (e.g. output voltage
mat‘;ix) t'hat are also balanced and free of subharmonic
components”. Therefore, the analytical ;epresentation of- the
DMO converter interms of output voltage [vo(“"ot” and input
e

currént [Ii (wit )], becomes:

{

v

V(o )] = [Fytw t)] [V (w t)]

— — e

vo'l fl'l * & @ 0 fl'p e e & 9 fl'NT Vi'l

Y = . * ® o 8 . e & o f .B G .
-YO:’- A fq,l fqu q,N .109 i
—VOIM_ _fM' 1 oo o0 fM,p cs s e PM’N— L_vi'N_

. ' _(p=1) .0 _(8=1),.00
m(ust)l......‘....‘.m(wst N xo )......O..".....m(u't N m )
cés(wsu -‘9,21-1-’-3so° )....cos(wst-(tul—)- 360°+ Lq;—”- 360°)...cos(ust-(-"—;£360°+ ‘—9,‘71-1360")

r

. e

(M=1) .0 _ (p=1)en0, (M=1) . -0 _(N=1)..q0. (M-1). .0
008 (w4 5= 360°). . cos(ugt 1=d) 360+ L2220 360°).. . com(u t-""5"360 +.(_"_L350 )|
'
"
£ ¢
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[ cos (w Ry

]
*

.B cc;s(w‘it - —(-9-;—1-)- 360?)

_ (N-1) o
co_\sw(wit N 3607 )

ustnn , ——

[ cos (w_t)
" - = NAB cés(wot - -(—q;—l—)— 360°) (2.1a)
. . \

_ (M-1) )
cos(w t - —p= 3607)
: R

and
[N

- T
[Ii(wit)l - [Fd(wst)l [IO(wot)] ' »

irl

I

LI . ] f i oB i

i,p £ P .
I

= se i o =4
" .
>

h e oo

m‘u.t).c.............m(wst*(%l)mo)...‘..‘......‘:.m"ust*(".Tl)mg)

eéi(a‘:- -(z"l—)mo)...cos(q't- iEgl—’seo% -‘-%ll mo)...cm(ust-(%-l-)-mo'r -‘-"{‘-!lsso%'

.
. ! -

. _ (N-1). 0 _ (N=1)och0. (G=1) 1240 _(N=1),.n0 (M=1). .0
eoo(u.t TJGO )...cos(ust — 360+ -ﬂr 360 )...cos(ust N 360\-& m ?601

.



.B cés(mot - iﬁﬁll 360°)
__c;s(wot - ;ﬂﬁll 360°) .
N
r_cos(wit) ] . \
= g%g cés(mit - iﬂﬁll 360°) - (2.1Db)
cés(mit --Lgﬁll 360°)

and

£, p(t) = A coslut - iﬁgil 360° + 19§ll 360°)  (2.2)
A cycloconverter. structure capable of performing voltage,

éurfent,\frequency, phase and amplitude transformations given
in ((2.1a), (2.1b)) is illustrated in Fig. 2;1. This figu;e
intentionaly depicts the Converter circuits as an MxN matrix
[32Nof édtive_elements (i.e. active element matrix) so that
there is a one to -one correspondance between respective
entries of tMe "converter transfer" ana the "active element”
matr;ces. This correspéndence 'is analyticaly stated in
(2.2), where the fq;p(t) entrx of the transfer matrix
[Fd(wst)]. describes the traﬁsjer characteristics of the

Sq pactive element of the converter element matrix.

| '@
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N-PHASE INPUT

3

Generalized Forced Commutated Cycloconverter

(FCC) topology for N input and M output
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Furthermore, the matching of the "converter transfer" and
"active element" maErices yields two important results.

First, it allows straight-forward derivation of the “transfer
matrix" from the "element matrix" and second it allows the
straight-forward synthesis of the "active element” matrix
(i.e. converter «circuit) frow the respective "transfer
matrix". These features have t-;‘ne advantage of finding a
transfer -matrix when the :circu%} ‘topology® (i.e. active
element matrix) is known. ' On the other hand a. suitable
circuit topology can be determined for .any specified
"transfer matrix?.

n
2.2.2 Indirect Mode of Operation (IMO) Cycloconverter

o 2]

This mode of operation is based on the following
principles, ’ i

i) "The multiplication of a set of 1xN balanced sinu-

soidal quan;:ities (i.e. fictitious r“ectifierc transfer

matrix), [Fr(wit)] by a compatible set of Nxl sinu-

soidal quantities. (eg input voltage matrix),

[Vi(wit)] yields a dc quantity free of any

harmonics".

4" 1i1) “"Further multiplication of the aforementioned dc

quantity (e.g. fictitious rectifier output voltage)
by a set of Mxl balanced sinusoidal quantities (i.e.
}>i;cti_tious inverter transfer ‘matrix), [Pi(wot)]
yields a second set'of Mxl balanced and harmonic free

% . ¢
sinusoidal quantities (e.g. output voltage matrix),

Vo (wgt) 1™, ' . -
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'l'ﬁere.ﬁe.re,

the analytical expression for the IMO type of

’

converter interms of the converter output voltages [V (w t)]
and 1nput currents [I (wit)] can be expressed as follows°

[vg (w t)] = [F (w t)ILF (u;t) 1LV, (u,t)]

— ] semnd ]
vo,l coe(mot)
. = _ (a-1) °
vo.q A cos(wqt M 3607) .
- . : _ (M-;l) o,.
—vo’i _cos(got S 360 )_

-

'Bthﬂgwit)o--CdB(Qit - 12§£1_360°)...cos( it - (N-1)

0O,
' . w N 3607)]
: r’cos(’wit) :
.C ces(wit - -(-P—;-L)— 360'0) ‘
. (Ne1) L0 ‘ \
_cos(wit N 360 )-‘
_cos(wot) S ]
- : - la-1) 400y | | NBC -
AQ cos(mot m 3607) . = -
' . ) §
'  {M-1) ..o |
_cos(uot - = 3607)




and

. ".A[cos(wot)...cos&ﬁbt -

|

(oS
- -
|

=B

P
)

- s0e |=f coe H

e
-4

-

1

. r_qos(wot)
cos(mot -

~

cos(wit)
cos(wit -
cos(mit -

(g-1
M

(gq-1)

-1
M

: _ (M-1) o
cos(wot‘ N 360)
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. _cos(got) —
Nasc | C_{g=1) agq0y
= 5 cos(wot v 360 )
cos(mot - Lﬂgll 360°)
- A _

(p-1)
N

(N=-1)
N

-

360°

360°)

360°)

i

[1, (0 t)] = [F () 17LF, (0 £) 1701 (u t)]

vt

360°)..:coa(wot

(2.3a)

Y (M-1) 0"
- - 360 )]

1
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~cos(u,t) 7
= MABC cés(mit - iP-g-l—’ 360°) | - (2.3b) |
's(wi't - -Q'%U— 360°) 4

Furthermore, the transformitions shown in (2.3a) and (2.3Db)

can also be .realized with the.c0nv¢rter structure shown in

]

Figc 2'0 1 .

[}

b L4
2.3 Practical Cycloconverter 8tructure

Generalized N-input, M-ougﬁu;J voltage/frequency/phase
st;tic transformer topology (Fig. 72.1) discussed 1in the
previous section can be readily used to realise practical ECC
circuits for a specified number of input/odﬁg?t.phas s (N,M).
A simplified FCC ,circuit topo{ogy that results ironl the
ganéf;lized model shown in Fig. 2.1,‘N=M=3 is illustrated in
Fig. 2.2. This converter structure is capable of voltage/
frequehc& transﬁormation~from fixed frequency/voltage 3-phase
input té variable frequency 3-phase voltage output. .

This FCC topology (Fig. 2.5) comprises of 9(=3x3)
"active élements” since the "transfer matrix" is of dimension
[3x3] (i.e. N=3, M;3). The active elements are the physical

static converter switches. As the converter should‘ be

capable of power flow in both direction, the switcheés are

1
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H

* bidirectional. The physical composition of eachldf the 9

i ' bilateral switches, S,

to ?9 are’ ghown ?n'“top of Fig. 2.2.
Other realizatibons are also possible. Moreover, a bilateral

four quadrant sid:l._f.ch has been lately produced in integrated
f:orm' for low power applications. -These switches are gated
according to some predetermined gating scheme directly

\\ related to particular PWM“ scheme used.
" \.

2.4 [3.x 3] Cycloconverter Operation

’%‘ . The operation of the.cycl3converter shown in Fig. 2.2 is

[

explained next, after .the converter transfer matrix is:first
RN chosen.  Both modes, of operation, i.e. DMO -and IMO are

\
explained separately as follows:

T 2.4.1 Direct Méde of Operation (DMO) .

For a 3-phase to 3-—-phase cyclocon rter operating undezi
DMO principle, the converter “"transfer matrix" (2.1la), can be

rewritten as:

"
1 . B .1 f1,2 B3 7
[F4lugt)] - A «f2,1 fg,z, | £.,3 ‘(*‘2‘.4a) ’
} | £3,1) £3,2 f3,3 | ' .

The converter transfer matrix elements £, £ o etc. can
. 0 4

ll
14
be ~ex_preased as Fl‘ F2 and F3. where,

.
5
b

\

53
e
L
s
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andr : F3:= §;‘3 ',Pl' [—?40 (2.4b)

i’

Q

-

-~

Volu,t)l =1 F F, . F. v -

3 Q@

Vap FiVep + FoVie + FV,
Vee | = F3Vab + PV, o+ r?vca ' (2i4c)
9 ’ ’

L Vea -1 | F2Vap * FaVbe'* F1Vea _

or, B :

&
¥

VAB = vabF1 + vchZ + vch3

' Voc ™ VapFa * Vch1,f V.aFa o gz.4d)

. #
Vea ® VabF2 * Vbef3 * Veafr g
<

The realization of (2.4d) on a cycloconverter structure
‘(Pig. 2.2) for ac:particular modulation scheme (uniform PWM

schemé, Fig. 2.3), can be explained as follows;
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Considering switch matrix element Fl, bilateral switches

8 S, and S_ are turned ON whenever F, has the values of one

. 1’ 5 9 1
‘ (Pig. %§3b), thus connocting’ihe three cycloconverter. input
‘te;minals a, b, ¢ to the three respective output terminals A,
) ' B, ¢ (Pig. 2.2). .Whenever F, has the value pf zero, two of
. . 'the three switches are tﬁ}ned OFF (in this case éS and S9),

L]

while at the same time the remaining two of the three

switches connected to the input terminal a, S, and S,, are

turned ON. With sgwitches Sl' 82 and S3 simultaneously ON,
\ -
all three output voltages becomes zero, thus disconnecting

the output from the input terminals. This mode of ON-OFF:

Q

operation lasts for 120° interval of the period of the output-

voltage. For the next 120°finterval/sxcloconverter op;fation
is determined by.awftching matrix element F2 (@natead oﬁ’ﬁi?i
Conaequ;ntrx, thF funct%on per formed by §witches Sl' SS',S9
is now pérformed by 83, 84, S8 and the functjon performed by .
switches Sl, Sz,\s3 is now performed by S4, SS' SE. A
similar switch by switch.aubstizaiion occurs during the third
(and final) 12q¥% interval of the -period of the lutput

voltage. The resulting gating signals for the nihe cyclocon-

7

verter switches are shown in Fig. 2.3f. Héwever, the
switching matrix elements and the gating signals are

A identical when the modulation factor, Mg = 1.
\ In the same manner, the operation of DMO cycloconverter

can be explained for\any other type of switch matrix i.e.

PWM scheme.
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Fig. 2.3: . Waveforms obtained with DMO uniform PWM
. scheme at modulation index, Mf= 0.8. (a) Three

input line voltages. (b)-(4d) Fi, Fz, F3 switch
matrix elements. (e) Output line voltage, )

VAB' (f) Gating strategy for sl-s9 switchesﬁ*

-
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2.4.2 1Indirect Mode of Operation (IMO)

Indirect Mode of Operation, as describgg in sub-section .
2,2.2, is a two step process. No straight forward method
(1ixe DMO) of describing the combined rectifier and inverter
transfer matrices has yet been reported. /'The 3-phase to
3-phase converter transfer matrix can be derived‘ from the

general equation, (2.3a) as follows:

L)

V(o t)] = [F, (o ) ILF_(w )1V, (0,01
_YAB— —cos(w ot) T «
VBC T =] cos(wot - 120°) ]
| Vea | - h-cos(wot - 24o°)__
w
2 cos(mit)

.1£cos(wit) cos(wit—lzoo) cos(wit-240°)] .1 cos(dit-lzoo)
cos(wit-240°)

~

-
cos(wot) .

Njw

- _ 0
| Cos(wot &&120 ) 1.

éos(wot - 240°).

. e

— e —
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?o‘s(%) -

coa(wot - I26°) ‘ (2;5)

]
Njw

cos(uot - 240°)

Equation (2.5) shows that IMO converter transfer matrix
’ consists of two terms, rectifier transfer matrix, Fr("’it)' at
input frequency, fi and inverter transfer matrii, Fi(“ot)' at
output frequency, fo. Consequently, multiplicatioﬁ of the
three ;nput ac voltages Q}th the redtifier'transfef matrix
can be :fiewed as a fictiti;oue rectification, while multipli-
cation of);hevrectified volgaée'with the inverter transfer
matrix ‘can be viewed as inversion. —_W:veforms repfesenting
the rectifier and inverter transfer matrices are illustrated
in Fig. 2.4b and d, respectively (for simplicity, only one of
the required three waveforms is shown in each case). Pig.
2.4c depicts the fictitious dc voltage and'Fig. 2.4e depicts
the resulting ac voltage, VAB' 'Mor.eover. the gating strateg;
(for the 9 switches) which yielt‘ids the required V,, voltage i
“shown in Fig. 2.4f. . ° ' ‘

4

2.5 Harmonic Analysis ‘ "

Practical power converters 'operate in ON/OFF mode
employing switches father_: than in continuous lflgde_. Conse-
quently, the switch matrix elements, i.e. switching functions
described in previous section are actually'/}ttains‘ of

recntangular pulses of uniform or sine modulated widths and as

such, they possess fréquency,spectra comprised of infinite

- g
. o
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series &f harmonic _components. Harmonics associated with
switching functions, output voltages and‘input currents for~
direct and indirect cyclobonvetsio; methods "are discussed in
details in the following sub:sections.

For simplicity, the analysis is performed for 3-phase to
3-phase cycloconverter. This-analytical approach is equail&
valid for 3-phase to l-phase and l-phase to 3-phase cyclocon-

verters, which are described in" Chapter 4 and .5 respec-

tively.

2.5.1 Direct Mode of Operation Switching Function, [Sd(mst)]'

It is obvious from the introduction presented, that the
practical counterpart of switch matrix element, 1{i.e.
.switching function haslinfinitely more harmonic cémponents
than oriéf;ally congsidered transfer matrix elements. There-

fore, the equation (2l2)_can be rewritten as,

p(t) = A + A Cosfut - 1p1) 360°+ {921) 360°)

)
q

E

o . R ’ -1 . -1
n’; );'4 A cos(n(w t- -gP-N—)-36(.)°,+ -(357—)-3.60 ))

‘ . . | - (2.6)

3]

2.5.1.1 DMO Output Voltage Spectrum

The practical switching matrix can be described interms

of converter transfer matrix elements ga;
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: - — P;‘ Fy- Fy ]
[Sytw )T = X 1R ‘
° | Fp F3 Fy | ‘

*-
n=

-
A

Ll I

A+ X A cos(nluw_ t~240°))

it S ) Ancos(nlu t))

n=],2

o

°n-1z

A+ Z A cos(nlu, €-120°)) A+ { A cos(nlu t-240°)) A+ { A cos(n(u_t))

‘? n=1,2 o /’ ' n=1,2 .

n=l,2

(2, 7)

and the analytical expression for‘out:put voltages (Fig. 2.3),

—cy

A cos(n(w t)) A+ -120° ~240°
)2 n "% N/_o/fj‘,gﬂﬁ(nm t=1207)) A°+n-§ 24‘\nc:os(n(w t~2407))

A+ § A cos(n(w t-120°))

for a 3-phase to 3-phase DMO cycloconvert'er

lvo(wot)]l
becomgs ’ )
—— r— —
[‘FI’ E'2 F3 an
[Vo(wot)] = F3 Fl‘ F2 . bn
| F2 F3 Fy || Ven
br' .
— f_ n : . —
Van cos (w_t) Eos(wlt)

N

VBN = -3 cos(wot-240

0
v cos (w t-120")
L . ° .

" [Sgfwgt] vy

cos(w, t-120

e ’

(2.8)

%)

cos(wit-240°ﬁ



where

(Sdh(wst)l =

[ -
. X A _cos(n{w én'
n=2,3 " &

I Ancos(n(ust—240°{)
n=2,3

-
] A cosin(w t-120°))
n=2,3

n=2, 3

»
I A _cos(n(w_t))
n=2,3 " s

n=2,3

»

“

o o -
) A cos(n(w t-120°))

! A cos(n(mst-240°))

I A cos(ni
n=2,3 "

n=2,3

n=2,3

b [+
) A cos(n(u,t=120°))

) A cos(nlu t))

(2.9)

Comparing equation (2.9) with the general equation (2.la) of

éhe DMO shows that the difference between practical and ideal

DMO cycloconverter outp

A

harmonics represented by the product,

[Voh(wot)] =

[Vi(mit))lsdh(wst)]

lﬂ; voltages is an infinite series of

(2.10)

The Lth component YO(Lth) in this series is obtained by

setting n = 2

in (2.9)

and then evaluating

-

(2.10).

After

some analytical éimplification (given . in Appendi£1A), (2.10)

-

yields,
' A
” Vo(Lwot) f —>3— €o0s ([(Lw_2 wi)t]
or, .
BAXVi )
Vo(Lwot) = 5 cos [lmo+ (2 *
for 2.= n =

-

l)mit]

(31 1), " I =1,2,3...s inéeger (2.11a)

)
wst 2407))

——
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: ' and V,(Lw t) = 0, for 2 # (3I 7 1) (2.11b)
Also Luo - Lmatmi, for L = (3I1%1), I =1,2,3.... integer
- . (2.12a)
and since, wg = wi-!- wor
. >
L]
. : ' Ly
Lu)o' lwo‘l' (ltl)wi = [2 + (2 igl‘) “_’; W
!
= L =2 + (1) —= . . (2.12b)
Yo
- Finally, from (2.1la) and (2.8),
IV (Lw t)' A . I
+2 O u L (2.13)
Vorlugt)l Ay )

° | . i Z’t’
where.IVO(Lwot)| and lvol(wot)l are the amplitudes of thg Lth
. harmonic aqd fundamental components of the cycloconjirter
output voltages [Vo(”ot)J' ;espectively.
Equation (2.11)|impiies that the lowest.possible L is
2=2, (2.1l1a), consequently the lowest possible frequency

component Vo(Lmot) in the cyclaconverter output voltage is

given by, o
- 3A2Vi !
: Vo(Lmot) = —3—= cos (2w + mift © (2.14a)
: Lwo = 2ws+ Wy 2m°+ 31,«)‘1 (2.14Db)
v : : .
‘. - ‘
:”. # ‘ .




41

Consequently, it can be concluded that [Sd(wst)] type of
transfer functions do not generate subharmonic (i.e. L < 1)

frequency components in the output volt&ge [Vo(wot)]

3

spectrum. Also, from (2.12) and (2.13) the following can be

concluded:

1) If low-order harmonics, such as % = 2,4,5,..., etc.,
are eliminated from the swipchidg function [Sd(wst)] spectrum
(as with the case shown in Fig. 2.5), respeétive\low-ofder L
harmonics will also be eliminated from the output voltage,

[Vo(wot)] spectrum.

. ' %
2) The normalized values Al/Al of the [Sd(mst)] harmonic

components are identical to é%e respective values of the
[Vo(wot)] harmonic components. Consequently, [Vo(wot)] can
be improved by improving the [Sd(wst)] spectrum. These
conclusioqﬁ,.gecamf possible due to the novel anaiytical
technique developed for.analysis of DMO cycloconverter, in
section 2.2.1. _ ,

2.5.1.2 DMO Input Current -Spectrum

The input current (Pig. 2.5) spectrum for the DMO cyclo-
converter can be calculated in the same manner as the output
voltage spectrum computed in sub-section %2.5.1.1. The
equation for input current of a practical 3-phase to 3-phase

DMO cycloconverter can be expressed as follows;

a



b)

c)

q)

e)

[
Input current waveform obtained with DMO

Fig. 2.5:

uniform PWM scheme.
currents.

(a) Three output phase

(b)-(d) Fl, F2, F, switch matrix

elements. {(e) Resulting ‘input line current, I



\ b * 9
a
a

1 2 A
[Ii(“’it” =|F, F Fy . Ip
___F3 F2 Fl___ _Ié_
or, ° -
a 31 cosluge) coslu,t)
- O - (o] - 0
Ib ) coa(mitSIZO ) +[Sdh(wst)].lo cos(mot 120°)
Ic ‘ Lcos(mit—2400 ) cqs( mot—240° )
{
: cog(mit) @ cos(r}ms+wo)t
3AII° @ 3AnI°
= cos(w t-ix20°) + ) cos( (nw_+w_)t-n120°)
2 i n=2-5.8 2 8 O
cos(wit-2'40°) cos( (nw_+w_)t-n240°)
8 0O
r—— - - N —— o
\ ) a1 cos(nms wo)t
+ . 3 73— |cos((nw_-w )t-n120°) (2.15)
n=4, 7,10 8 . \
_Eps((nms-mo)t-n24o {J

The harmonic content of the input current is similar to
output~ voltage the main difference being the order of the
harmonic components, which g'ii'e wéll above the fundamental

frequency di' Equation (2.14b) in this case becomes;

. . )
Lwiu 2w8+ W™ 2wi+ 3wo. A (.2.16). ~
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2.5.1.3 Gain of DMO Cycloconverter

A comparative evaluation of the fundamental components
6fﬁthe input and output voltages and éhe respective currents,
obtained from (2.8), (2.15) and (2.9), yields that the
circuits shown iﬁ'Figs. 2.1 and 2.2 can also be viewed as a

generalized solid state frequency transformer  whose turns

ratio is given by

‘ Ns Vout I&n ?A;Vi 3A;I° 3A1
NV, T "7V, T =773 (2.17a)
P in out i o ’

Furthermore, the vaiues of Al can easily be found once’the
switching patterns for [Fl F, F3J functioqp have been
established. By noting that these three patterns~san,pever
oveilap (overlapping is eguivaleﬁt to sﬁort circuiting source
voltages), and their maximum span being 120° pe; cycle, the

-

maximum value for Al can be expressed as,

'

202 7/3 : /3
A,, max = l. cos wt d(ut) = I=—
- 1 o~ 2n {, ¢ x
Ng 3/3 /
= =, max = = " 0.827 (2.17b)
p n . )

“ ’ C | (/

_ B
Thus the maximum - turns ratio between the secondary and the
primary of the static frequency changer is 0.827 %;d. the
minimum obtainable is 0.5 (for a distributed switching

function Fig. 3.4, Chapter 3).

-
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o o ‘ .
=

Ay, min = 3 -ﬁ, min = 3 = 0.5 (2.17¢)

-4

‘ -

Also for the switching function- shown in'Fig. 2.4b this value

bé‘CO!l;es, ( . ’ . ‘ N
2 4 5. 2 |
A, mx = = L sin wt d(wt) = < 8in 3 = - wnsﬁ & = 3/3
N ‘. )
» =, max = % T2 = 0.955 % 2.174)
. P )
% » -

2.5.2 Indirect Mode of Operation Switching

(

The practical cycloconverter switch matrix elements,

Punction, [S, (s t)I[S_(u,t)]

.i.e} switching function for IMO consist of uniform of -

3

modulated width pulses (Fig. 2.6). Therefore, the practical

o

l1,p element of, (2.3a) the (fictitious) rectifier switching
matrix, [Fr(wit)].i.e.o [s_(u;¢)] becd?es

- »

5, p(t) = Bycos(ut - -‘P{;l-’- 360°)
)
z_s B cos (nCuyt - {221} 360°))  (2.18a)
3‘ e . : .

.

-

and the q:1 element of the respective inverter switching

matrix, [El(“ot)i' (2.3a), i.e. [Si(wot)] becoézs.

L
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. =54 . - 8@ . ' 18@ 270 _ 360 wt
l ~n
Fr1.5
d) ; y { :
-.5 se 180 270 360 wt

»
[:]
S
[ o]
o
n -
-+

w

. : _ 1 ‘ i - l { .
- 99 180 LU MMJUJ 3ge wt
| ‘ , |

-

Fig. 2.6: Input curxent waveform obtained with IMO mixed
modulation scheme. (a) Three output phase
‘currents. ' (b) Fictitious,inverter switching
matrix element, F;, (one bf the three).

‘ ‘\ , (c) Fictitious dc current, I, . (d) Fictit-
4 - N ious rectifier switching matrix elemeént, Fr1
-4 (one of the three). (e) Resiulting input line

current, Ia'

¢ )
&

N R o @ ~ l.
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/ }3§q,l(t)" ﬁlcos(mot - iﬂill 360°)
+ ) Agcos(m(uot - i9511360°)) ' (2.185)

m=3,5,7

[

2.5.2.1 IMO 6B¥put Voltage Spectrum

The anal;ﬁ&bal equation for output voltage (Fig. 2.4) of

practical IMO cycloconverter for a 3-phase to 3-phaaé

»

b conversion can be re-written from (2.3a) as follows;:

Vo uot)] = [8] (w ) IS oy €)1V, Cuy )]

) - . |

+ - -

nag 2Ancos(nuot)
’

N L= ) A_cos(n(uw t—126°))
, nei,2 P o

Y Ancos(n(wot-240°)) L
__n.l ’ 2 ) //

—

.| 'Y B cos(mut) ] Bmcos(m(uit-lzoo)i ) Bméps(m(uit-2465)

m=1,2 .=, 2% m=l,2
vl
© “
R - ‘. CO'(wit)
. 0
_ A cos(wit-lzo ) ‘
cps(uit-240°)

7



n=5,7

- — -
o> 48
N _ -—
y A cos(nw t)
n=5,7 n 0
, cos(w_t)
' 3A1B,Vy ° 0 3BV, | S 0
;o= cos (w_t-120") |+ —5 ) A _cos(n(w t=-120"))
o n=5,7
cos(wot-240 ) © . . o
] ) A cos(n(w t-240°))
[n=5,7 -
Y - —
‘ ; ‘ cos(wit)
(s}
+ [Sih(wot))[srh‘wit)]".vi cos(wit-120 ) (2.19)
COS(Nitf240°)
where >
— [;lcos(wot) + ) A_cos(nw_t) :
© n=5,7 ) ,
- ¢ _ ) o m" - o
[sih(mot)l(srh(wit);- Ajcos(w t-120")+ ) A _cos(n(w_t~120"))

cos(wot-120°)j'

, : A, ] A cos(n(w_t-240°))| -
| | n=5,7 —
¢ ° »
g
“ ‘. [ ) o
[ _J [ -] w
1 5 8 cos (mw, t) ) Bméos(m(wit-lzoo))‘ ) Bmcos(m(wit—240°))
m=3,4 ’ m=3,4 . . m=3,4 ,

[y

(2.20)

Comparing (2.19) and (2.3a) yields that the difference

+ between practical and ideal IMO cyclqconverter output voltage

. . v
is again an infinite series of harmonics represénted by’ the

: pfoduct,

]
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i ——

-
wne-8g
-

~

Ancos(nwot)

3
"

3B, V. .
- 171 L4 o .
[Voh(wot)}— — Ancos(n(wot-lzo )) +(Sihdw°t)1lsrh(wit)l

a

L

A

~ 5400
/3 ncos{n(w £-240))

-]

U]
wne~18 i 8

-

~

B
1

cos(wit)

WV, cos(wit-120°) T (2.21)

o -
L-__t:os(mit—Z«lol) .

e

-

Substitution of [sih(wot)]{srh(wit)] from (2.20) into (2.21)

and evaluating only for the phase A voltage, i.e. ’ .
[Voh,A(“ot)] vyields,
. \ 9
r
. \ 3Blvi o©.
[Voh.A (mot)] = — ) Ancos(nwot)
n=S5,7 .
+ ) (B__.+B Jcos({(mw, tw )t)
2 =6,12,18 M1 mil 17"
My
~ + » (B__,+B JA_cos((mw;+nw Jt) .
‘ m=6,12 n=5,7 m-1 "m+l’ n i o
A ‘
+ —= (B__,+B )A_cos({(mw,-nw _)t)
2 n=6,12 n=5,7 ™1 mH a0 i1 7o
(2.22)
s

B
&3
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Equation.(2.22) implies that the IMO cycloconverter output

voltage [Vo(uot)J contains- spectral components at fre-
]

quencies
“n1 * m“i+ Yo < |
, “nz © muft Yo u (2.23)
) Up3 = Myt Do, H
Whg = PwyT Dug
where  m=6,12,18,... and n=5,7,.... Moreover, apectrel

components with frequencies mh<< w, are known as subharmonic
components or subharmonics. These low-frequency large-
amplitude subharmonics contribute to a number of problems
includipg magnetic saiuration, torque pulsations, energy
losses, light flickering, etcd. For these reasons they should
be avoided whenever poaaible.‘

Of the four sets of frequency components in (2.23), the
WUp2o and Wy 4 sets may comtain aubharmonicp (i.e., vy < wo)
components. In particular, an'mo increases, W2 decreases,
and when Wy o™ 6”1'“o'< W, the first aubharmonfcs appéars.
Therefore, to avoid subharmonics the 'following conditions

have to be satisfied. R
u°)< 3@1 or £°< 311 (2.24)

- for £ = 60 Hz, £,<180 Hz \  (2.25a)
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where fi and fo are the cycloconverter input and output‘
frequenc;qs respectively.

Further study has proved that subharmonics which appear

at a relative frequency, frt,°given by:

6£,~- £ 6f,
i o i ~
] rt fo' fo . )

‘has -its magnitude of about 2.9% of the fundamenta'l. For
output frequeAbies higher than 3fi there will S? sub-
harmonics, however, their magnitude willvc be insignificant
(2.98 of input voltage).

_Equation (2.25) implies that, for fy= 60 Hz (and’
assuming that respective [Sih(wot)] sééctrum contains 5th and
7th harmonic components) the upper limit on thé frequency fo
before subharmonics begin to appear in the output voltage
[Vo(mot)] spectrum is at fo- 180 Hz. However, another method
to raise fo above 180 Hz is by eliminating respective er

1

and B harmonic coefficient (2.22) from.the spectrum of

m+1l
[srh(”&t)] switching function (2.20). This can be achieved
by selecting a suitable PWM scheme.

Reéarding the v, , set of spectral components (2.23),

uubhafmonica can be avoided if the following conditions are

satisfied
g = Doy mogl > o, G20
w (V)
m o m (-
= w25 TaT<y
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: | - > -f2 (2.27)
n+ £, te
‘ m fo
or, 'E:-i‘< 'f—i" (2.28)

It can be noted that in theory inequalities (2.27) and (2.28)

-cannot be satisfied for ‘all m and n values since, as implied

by (2.22)r» m=6,12,18,...., «» and n=5,7,11,...., =. In
practice, however, these inequalities can be satisfied and
yield subharmonics of negligible amplitudes, 1f“£he u&i and
(ntl) fo are assumed to represent only the frequencies of the
dominant Bmcos(mwi) and Ancos(nwo) harmonic components in
12.22). Under this assumption, (2.27) can be satiafied with
the type of [Si(wot)][Sr(wii)] functioﬁ shown in FPig. 2.6.

\

2.5.2.2 IMO Input Current Spectrum

The equation for input current -of a practical 3-phase to

3-phase cycloconverter can be written from (2.3b) as follows,

[Ty (wyt) I=ES  (w;£) 1708, (w ) 1TLT (0 )
‘ \
. — - —
B _cos(mw,t)
-y — mn%,z m i

[ . o
b mtg,zsmcos(m(wit-lzo Ni.

L) -
[o]
npg'zsmcos(m(mit-24o )

N
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2

) Ancos(nwot)~ 7 chos(n(wot-120°)) ] “A_cos(n(w, t-240°))]

n=1l,2 n=1,2 n=1,2
cos(mot)
o
-Io cos(mot-lzo )
cos (w t—240°)
o
] — ] — i -]
I a cos(wit) ) cos(mwit)
a -
3A.B, 1 ¢ 3A0 I
1, |- —212 Jeos(w, =120+ —22 7 Bnlcos(m(w,t-=120°))
b 2. i 2 _ i
m=3,5,7
I - o , o
ch ﬁos(wit 240 _)—- . ﬁos(m(wit 240 )_)_
Yo 5 7
+ . B (A__,+A_ .)
2 ms1,3,5 n=6,12,18 m-1" "m+l
rbos(mwit nwo)t
+| cos((mw;¢ nw )t - (m120°+ n120°)) (2.29)
cos(.(mwit nwo)t ‘= (m240°% n240°%))
The spectral nature of the input current is similar to
the output voltage. However; the . order of the harmonic

components is high enough permitting easy filtering.

l
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2.5.2.3 Gain of IMO Cycloconverter

Like DMO approach, (2.17), (2.19) and (2.29) also show
that the IMO cycloconverter (Fig. 2.2) output voltages [vAN
VBN VCN] and inpuf: currents []Za Ib Ic:[ consist of their
fundamental (i.e. wanted) components and an infinite series
of harmonic (i.e. unwanted) components. }\lso, (2.17a) shows

that the equivalent solid state transformer turns ratio for

IMO cycloconverter shown in Fig. 2.2 is given by:

N v . 3A181Vi 3AlBlIo 3A. B
Smout_‘in= 2 - 2 - 171 (2.30a)

N \ I v -3 2 P \e. 02
P in out i o

Fig. 2.6b and 2.64 show that maximum A, and B, values are

AY

u — . -
Al' ma x ‘= -?t- ‘{ sin wt d(wt) = % . i—g—
(2.30b)
* n
and B,, max = 2 | sin ot d(wt) = 2
LA n
Therefore,
Ng 3(% . !%)- . (’%) 6/3
ﬁ—; max = 5 = 5 = 1.053 (2.30¢)
, P n '
' . ¥

which is a significant improvement over the values obtained

from (2.17).
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2..6 Conclusions \T

A generalized circuit model of _mfrequ'ency/voltage
converter is presented in this chapter. 'This model has been
utilized to predict the behavior of cycloconverters with any
number of input-output phases. Furthermore, two ‘modes of
converter operat‘:ion have been identified. By apprc;pri.ate
co,;nbination of mode of operation and switching function, FCCs

can be made to yield high quality output voltage and—input

current waveforms with low harmonic content and insignificant

~ P
-

' output voltage derating. -

B - 2
by
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CHAPTER .3
THREE PHASE TO THREE PHASE CYCLOCONVERTER

3.1 1Introduction

The generalized cycloconverter with N input and M output

phases discussed in Chapter 2 has been an&lyzed throughly and .

" implemented for three input and three output phases in this

cﬁapter. Motivation behind this analysis and design is Adue
to the potential for extensive application of this type of
ECC in high power applications. The advantages of FCC over
the dc link frequency changer has beeg discussed in Chapter
1, Sections 1.2.2 and 1.2.4.

The ‘concepts of switching function and switching
patterns afe also discussed here. These concepts can be
applied to various FCC schemes. The Eontent of this chapter
can be summarised as follows; |

i) System description and ope;atiné principle.

ii) Different DMO and IMO schemes and their evaluation.
iii) Simulation of the various schemes proposed in this
chapter.~
iv) Des}gn criteria for the proposed structures.
v) Design example and experiﬁentalfverifications of two

of the proposed schemes.

3.2 System Description and Mode of Operation

Fig. 3.1 shows the simplified circuit diagram of a
3-phase to 3-phase cycloconverter derived from the general-

ized converter diagram shown in Fig. 2.1, Chapter 2 by

Ly
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Simplified circuit diagram of fhe ﬂroposed
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setting N=M=3. It consists of a 3-phase mains supply, the
3:lphase converter and a 3-phase balanced load. The 3-phase

mains 1is assumed to be. balanced and distortion free.

.

Switches S, to S

1 9
diodes and a gate turn-off device, such as bipolar

are assumed to be ideal and composed of four

transistor, MOSFET's, GTO's, etc. The load could be an ac
load or a step up/down frequency converter. However, for the

gshake of simplicity, resistive-inductive type of 1load has

@

been assumed.

The proposed three-phase to three-phase FCC converter
structure can operate under either the DMO or the IMO mode.
These two operating modes have been explained in»subsections

2.4.1 and 2.4.2 of Chapter 2. For both modes, switches S, to

1

89 are commanded by the gating signals which are determined

by the control scheme used. Consequently the rate of
repetition of ON and OFF (closing and opening). of these nine

switches with respect to the input cycle is determined by the

-

required output frequency.

+

3.3 ‘Switching Functions

The realization of the 'converter transfer matrix' can
be" at‘:hieved only by means of a set of switches which operate
according to a predetermined switching pattern. The switch-
iﬁg function for a single switch assumes unit value whenever
the switch is closed and a zero value whenever the switch is
opened. In a converter, each witch is closed and opened.

=,
according to a predetermined repetitive pattern: hence, its

-
T
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. &
switching function will take the form of a train of pulses of

unit amplitude. Neither the pulses nor the intervening zero-

4

value periods have necessarily the same ’.time duration: how-
ever, the requirement that a tepati'tive switching pattern
~must exist means that the functidn must at least consist
of repetitive groups of pulses. The sirﬁplest, or unmodu-
lated, switching funct‘ions have pulses of the same time dura-
ti;)n 'gnd iero intervals with the same property. A more
complex type with differing pulse durations and various
interspersed zero times, i'a termed as a pulse width modulated
(PWM) switching function. By modulating the pulse widths,
harmonic content of the resultant waveform iniproves and
voltage control at the output is achieved. 1In the case of a
variable frequency converter, the selection of a suitable
modulation strategy is of utmostA importance. This |is.
particularly true wh'enA the output voltage shape and the
‘frequency spectrum change with a corresp;)nding chahge in
output frequency. ’
~There are various types of modulation techniques [(33)-
-[37] reported in the literature, e.g., singleixﬁzlse mc;du-
lation, multi-pulse modulation, sinusoidal-pulse moduulation.‘ !
sinusoidal pulse-width modulation, etc. ’
The techr;iques available differ .in the harmonic content
that they produce and in the output voltage gain. ) Thus the

acceptable harmonic content and resulting voltage gain are

the factors that determine the choice of a partioslar PWM

&
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. technique. ‘Some of the modulation techniques used in this

thesis are described in the following sections.

. ( e

3.3.1 si_gl.-Pulse Modulation
A

mo switching function waveforms of the s-ingle-pulse

modulation scheme |is illuatrated\‘in Flg./ 3.2. For the

purp&ce of analysis it is assumed that the pulse width can be
varied by equal angular intervals on bot,/h sides from the

' centre of the pulse, thus igsulting in variation of the pulse

width 6 over the range O < § < n radian.

'
. . ¢

-y . The mga:?ef.or;n can be described by the Fourier series, ¢
- A
J . \
Lo - - £
| ‘ ‘ SP =.A + ] (A cos nut + B Sin nut) {3m1).
. : .2 'n=1,2,3 ' , , PR
D where . . ' O
S 4 : . . -
, 2 X .
, e, B d £Q31n‘ not alet) A
: . & ‘
. 4‘0 . ' . A .
S | nd
‘ ’!‘.“ sin =% n is odd ‘ .
" Q\‘t— * . N [4
and . |
] & - . ' ,
. Ao =400 A =0
And the erroaponding harmonics i.e. A values are shown in
;- Hg. 3.2b tor the value of 6 = 120° This PWM technique is\'
: uocd in IHO cycloconverter. Var:lation of pulse width & is
] ponllblo in 3-phase to ningle-—phase IMO r'ycloconverter. For
o
three to throg-phasc IMO cycloconverter &As fi.xed at 120°.

¢ .
w
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3.3.2 Unigprm‘pulae Width Modulation (UPWM)

Uniforim pulse width modulated switching function pattern
is obtained by comparing a single pulse with triangular
carrier wave as shown in Fig. 3.3. The freqﬁency spectrum
can\ be changed by varying the number of triangles in the
carrier wave. This also changes the numbe; of pulses. The

UPWM waveform can be represented by its Fourier series as,

SF.,= A _+ )} (A _cos nut + B_ sin nwt) . (3.2)
o n n
n=1,2,3
-y
where A = & .
o 3 -
Np 2 qp+l )
A =} = [ cos na.da
/ n Loom .
p=1 <
B =0 | : 2
n s A + -

and NP = no. of pulses per cycle
= no.. of trianglés +1
Associated frequency spectra of this type of switching

function is plotted in Fig. 3.3b for modulation lndex. Mg = 1

and four pulses per cycle. Thig PWM technique is used in DMO
‘ \ N L4

cycloconverter.

-

3.3.3 Sinusoidal Pulse Width Modulation (SPWM)

A particuiar’type of sinusoidal pulge'width_modulétton
v . , .
technique proposed by'Veﬂfurini {29] which in principle can

eliminate any number of low-order harmonics is shown in Fig.

-
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3.4. Switching function pattern for 3-phase frgauency

converter is calculated as -

T
£ K= —3%9 (1L + 2q. sin (k. T,

l eq' wm))
k Tseg . - .
ty = 3 (L + 2q. sin (k. Tseq' W= 27/3)) (3.3)
k .Tseg )
. t3 = 3 (1 + 2q. sin (k. Tseq' W= 47/3))
x k x_ !
where tl + t, + t3 = Tseq— 3 X
. seq
v Wy = ihput‘voltage'apgular frequency,
2 ]

q = no. of segments of input voltage {requency{
The Fourier series of this function cénéaina Ao' An and
Bn coefficients. The frequency spectrum of; this function is
~shown in Fig. 3.4b. This PWM ttechgique is used 4in DMO

cycloconverters.

Py -

A

. 3.3.4 Modified Sinusoidal Pulse Width Modulation (MSPWM)

.

The modified sinusoidal pulse width’ modulation [37])
switching function pattern is:. obtained by comparing the
triangular carrier wave with the reference sine wave. This
technique is’ used in IMO cycloconverters. The carrier wave

wis applied only during the firsg and last'SQ? ;;térvalg pgf
~ half-cycle i.e. 0°-60° and 120°-180°. The intersection

points between the carrier and reference waves are the pulses

(Pig. 3.5& and b). Middle pulses between 60° and 120° of the

.

-
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switching function pattern are determined by considering the
mirror image.of the pulses in the firﬁ and last 60° inter-
vals, while the next half-cycle of the pat't,erns can be
readlly getermined by considering the half wave symmetry of,
the waveform. The width of the pulses and consequently the I\‘\\\J-
arﬁplitude of the Pourier coefficients can be varied by |
varying the‘ modulation index, Mf. The normal opere;tion of a
balanced three-phase system requires {that the following
correspondence: between the carrier (requency and Kthc:

raference frequency be satisfied,

\ fc/fr- 6Np+ 3, Np' 1.2,3.00. (3.4‘)

where N

Np- numberr of pulses in the first 60° int(erval.‘ There-

fore, -t':he number of pulses per cycle, N’l" is -given by:
& Mpm O (3.5)

An excellent property of this variable pattern MSPWM is
that the dominant harmonic can be pushed further Qu{ay from
the fundamental component by“’ varying -the number of pulsesy
which can be expressed as; L ‘ 2

< apmeN+ 1T :

flh - ,wp+ 5

i

|
3;4@,&01“&. Mode of Operation (DMO) Cycloconverter

Direct mode of operatioﬁ (D_HO) is a one step process in .

which output voltage is constructed by direct multiplication

. ?
Y . ' , ¢
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of input voltages by the r;upective converter transfer
matrix. ' This process can be illustrated by a diagram shown
in Pig. 3.6, where Pl is one of the three (Fl,Pz,Fa) conver-
ter transfer matrix elements. T™wo of the several switching
function patterns described in the previous section can be -
applied to DMO cyz:loconverter. Firfu; the respective out;;ut
voltage and input current expression for three phase DMO
converter are describ'ed and sub;equently the two schemes are

analysed.
The practical equation for the voltage of a 3-phase to
3-phase DMO FCCs which' is derived in (2.8), Chapter 2 is once

again described here to maintain continuity‘.

VAN cos(w t)
AV, ,
> Vey | = —— cos(w t-240°%) | +
_VCN__ _cot(uot-lzo )_-
2 A cos(n(m t)) 2 A_cos(n(w_ c-1zo )) ): *\ncos(n(w t-240°))
n=2, 3 n=2,3 n=2,3 )
{ A _cos (n(u, :-240 )) 2 Ancoe(n(u t)) ),' A cos (n(w_ £-120°))
" |n=2,3 n=2,3 rf=2,3 "
{ Anccb(n(w t-120°)) { A_cos(n(uw t-240°)) )j A 008 (n(u, t))
. _{n=2,3 ", ) ) n-2,3 n=2,3 * |
- , A \l
Y B \
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Fig. 3.6: Diagram showing power conversion process for
DMO FCC output voltage and input current.
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g

o
.Vi coa(wit-IZOI)

cos(wit-240°)

_c'os(wot)

cos(wot-240°)

3Anvi

»10

o
[_c_os(wot 1207)|

g —— cos((nw8+wi)t-n240°)

cos( (nw_-w,)t) «.

Cos( (nu tu; )t)

°
| cos( (nw +w; )t-nl120") ]

k4

3 cos((nws-wi)t-n240°) : (3.7)

- . o
cos((nw8 mi)t nl20%)

Equation (3.7) shows that Sutput voltage spectrum contains a
\/ . .

fundamental component of amplitude % A, and harmonic

3An

component of -3 whose freﬁuency is determined by (nwatwi)

term.

L4

x
- 1}

The input current equation for this practical 3-phase

cycioconverter is expressed as follows;

Ia s I cos(uit)
e 1o -120°){+
Ib —5— cog(mit
) (o]
Eg :os(mit-zcto -)_
)

[

7536((nws+wo)t)

—— cos((nws+w°)t-nlio°)

0
cos((nw'+m°)t n240")
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cos((nwa-wo)t)

, ® 3A 1
+ ) ._.g_?. cos((nm‘-wo)t-n120°) (3.9)

n'4' 7' 10, L)
- cos((nwa-uo)t-n240°)

Input current sééctrum contains harmonics at frequencies of

(nwa:wo), which can be expressed in terms of input frequency

of wy Then the order of the harmonics is given by

i.

3.4.1 DMO FCC with Uniform PWM (Scheme #1)

Scheme #1 is a DMO FCC using uniform PWM switching
fuﬁction. Output voltage and input current waveforms are
shown in Figs. 3.7 and 3.8 respectively. With this type of
switching function, the general equation for the choppfﬁq

frequepcy per converter switch fch' is given by,

-

> 2 2 ) !
f= 5 (2Np+l).£ = 5(%NP+1)°(fi+fo) .. (3.9)

where NP is the ﬁumber of pulses in one pgriod of il
switching function component waveform.

Purthermoré. Table 3.1 illustratas the order and
amplitude of the frequency components for switching funct}on
component waveforms, expressed }ﬁ per unit (where the
ahplitude of the line input ,voltages has been taken as lp.u.
V). In particular, the first and ,second columns ‘of this

table show that there are two dominant switching function

‘(SE) harmonics at n=2 and n=4, As prediétad by (2.11),

Cha#ter 2, these §F harmonics are reflected onto the spectrum
of the FCC output line voltages as also dominant harmonics

-

i
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with fregquencies
fo,dl’ 2f°+ 3f1, fo,dz' 4fo* 3fi ) (3.10)
and amplitudes 3
3A .Y 3a -
. 2 s 4
'Vo,cu' - =, Ivo,d2' - (3.11)

The third and fourth columns in this table verify the earlier
prediction.
' Finally, the mechanism for obtaining \Jgggut voltage

control can be demonstrated with reference to Fig. 3.3 and

(3.7 as follow;

The amplitude Al of the fundamental component
Alcoa(ust),l(3.7), of Fl' F,. Fy SF components is directly
proportional to the A /A, amplitude ratio (Fig. 3.3a). More-
over, éhq ampiitude of the fundamental component of the
output 11n; voltage V_ is given, (3.7), by

vol - 31}3' .
pohsequently.'vol is proportional to Mf and can b@ controlled
by electroqically controlling Arlgc ratio. ;

Input currapt“wavoform and the corresponding frequency
spectrum are ahownbin Pig. 3.8 and Table 3.2 respectively.
Magnitude of harmonics is same as the output voltage although
their order is ch#ngcd. This is because now the spectrum is
in terms of the input troqu&ncy. As predicted in (3.8) ana
(2.16), Chapter 2,'tho dominant harmonics are at 2£°+ 3f1-a
5.75 andn4{9+ 3f1-'7.75 fo' I? Fig. S.éa. output line

current Ic is leading IB"al the output line voltage is

Vea
’ A B ’

L]
-
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, uniform PWM (scheme #1).
a) Three input line voltages.

b)-d) F,, F,, Fq switching function components.
e) Resulting output line voltage, VAB'-

o
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Fig. 3.7: Output voltage waveform obtained with DMO
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TABLE 3.1 )
FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
! FCC INPUT CURRENT SHOWN IN FIG. 3.7
" Harmonic Harmonic ;ocfficionts of resulting line
co ffifiento of lvoltage, Vyg (Pig. 3.7e) for £ = 75 He
switch : ,
function (Fig. = 1.25 £,
3.7n) _ -
Amplitide Vyo \
el el et (kf ) ]\
n o p.u. s\ -
dc 0.33 ™)
1 0.55 fo 0.83 83
c 2 0.28 20'41-2£°+3£1-4.4£° 0.4l 41
3 4 0.14 fo'd2-4£°+3£1-6.4f° 0.21 21
5 0.11 9.8f, 0.17 17
17 0.08 '11.820 -1 0.12 12
s 8 0. 07 150 2:0 h 00 10 10
10 0.06 17.2!o , 0.08 8
) 16 0.04 20.6f£, 0.08 8
17 - 0.03 T 25.2f, 0.06 6
19 0.03 ZB.QSQ - 0.0§ ?: \5

(1) 1Input line voltages have boon taken as 1 p.u. volt and
| 4 1008 volt.
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TABLE 3.2 ﬁ
FREQUENCY SPECTRA OF WAVEFORMS'ASSOCIATED WITH
\ FCC INQHT CURRENT SHOWN IN FIG. 3.8
Harmonic Harmonic coefficients of resulting input--
coefficients of|phase current I,,, (Fig. 3.8e) for
switching _ fo= 75 Hz = 1.25 £,
function (Fig. ,
3-8b) 3 ¢
-J \'}
Amplitude, I,.
Order|Amplitude Order ‘
(n) | (A (k£y) p.u.(l) 3}%)
1 ac 0.33 . - ,
1 0.55 £, 0.83 .. 83
~ ]
/> 0.28  |f£y q1=2f;+3£,=5.756;] 0,41 a1
4 | 0.14 £, go=4£i+3£,=7.75£,| 0.21 “ 21
5 0.1¥ 12,56 10.17 17
7 \.',40,, 08 14' sfi r 0:12 12
. 0.07 19.25¢,, 1 o.0 10 ©
10 0.06 21.%5¢; ,0.08 8
16 0.04 26.0fi 0.08» 8 .
17 0.03 28.0f; 0.06 6
.19 0.03 32.75fi 0.06 6

1) Oﬁtput phase currents have been taken as 1 p.u. current
and 1008 current ) ‘

{

.-

2
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leading VBC

by 120°/in (3.7).

3.4.2 DMO FCC with Sine PWM (Scheme $2)

» ’ M

The <«switching function components a;nd output\ voltage
waveforms associated with this technique are shown in Fig.
39 From Fig. 3.‘9 and 3.1 it is apparentthaf (3.7) and
(3.(8) are also gpplicable here. However, in this case Fl' Fz'
anﬁ F3 SF comp"onents do not contain any low-order harmonics
(Table 3.3', colu}nn'i"and 2) "and consequently the output .volt-
age 'is free from low-order harmonics.ud 'I'his,is achieved by
pulsewidth modulating the switching function in sinusoidal
fashion il‘lustrated in Fig. 3.4a. With this technique the
dominant harmonic frequencies in the output voltage waveforms

are closely related to the number of pulses N_ per SF period

P
and clustered around the frequency point,

£fo=N

a f°+ (Np-l) f

p* i° (3.12)

) Consequently, by increasing the NP value, t;\e fd value\can be

13

increased accordingly. A similar relatign, however, exists

a

between Np and chopping frequency per converter switch fch'

o

specifically, ’

f.

ch? N

fs= Np(fi+ fo‘). (3.13)

14

P.

Consequently, praétical fch values are a compr}bsé between

converter gwitching losses and motor (load) harmonic losses.

o

Theé only sericus drawback with this technique is that

Sthe ampli‘tude of the’refdulting fundamental %mf:ohéﬁt**o'f the

A
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7]

output voltage has also been ‘reduced to half (50%) the wvalue
of the respective input voltage (Table 3.3). This is less

, »
than the previous technique (Scheme #1). g

’Because this SPWM switching function offers the

a

advantages of yielding sinusoidal output voltages and input
currents, a serious effort had been undertaken to improve its
resggbtive voltage gain. As a result it has been reported

[30] that the deliberate addition of the components

c,= 1/6 cos 4 wyts arfd Co= 24%2 cos (3mo+ wi)t in the

syitching.fgpction [F1 F, F3] ((2.4), section 2.4.1, Chapter
2) increéses voltage gain from 0.5 to 0.866 ((2l17), section
2.5.1.3 Chapter 2); It has also been repo;ted (30], however,
this gain is acﬁieved at the cost of a significant increase
in switching frequencies and complexity of control circuit

hardware.-

]

Input current waveform ‘and spectra are.shown 1in Fig.

3.10 and Table 3.4. The spectrum is similar to odEEbt

¢

voltage when fi= fo' The spectrum is different when the;ﬂ
* - L~

outpuﬁ'frequency is different than input frequency, which can

-z,

be verified from Tables 3.3 and 3.4. )

3.5 ?Indirect Mode of Operation (IMO) Cycloconverter

Characteristics of FCC operating under IMO have been
‘thoroughly analyzed in this section. Reconstruction of the
output voltage from the inéﬁt voltages is carried out in two

stages. These two stéps have been discussed “in subsection

2

((7 -t
.
.

"~
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Fig. 3.9: Output voltage waveform obtained with DMO sine

PWM (scheme #2).
a), Three input line voltages.
b)- 4d) F F2' F3 switching functlon components.

e) Resu%glng output line voltages, VAB’
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. TABLE 3.3

FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
"FCC OUTPUT VOLTAGE SHOWN IN FIG. 3.9 >

Harmonic Harmonic coefficients of resulting line
poefficients of |voltage, Vpq, (Fig. 3.9),-for - £f = 75 He
‘|switching = 1.25 £y .
functions (Fig.
3.9) '
Amplitude Vjapn
Order | Ampli- order AB
{n) | tude (k£ ) (1) ()
Cp) o p.u. , s
1 0.33 2 0.50 50
2 0.02 fq-2=26£ 0.12 12
- | “»
Np-2 2'11;» faq =28f O.37u 37
Np-l 0.20 £q+1=29.6£, 0.23 23
NP:iG g.:j f34+2=29.8f 0.24 R ri4
N + . N BRS
p £34+3=31.4f 0.26 . 26
N+2 |0.12 ’ .

(1) output phase currents have been taken as 1 p.u. current
and 100% current.
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TABLE 3.4 /
. . L

FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED/WITH
FCC INPUT CURRENT SHOWN IN FIG. 3.19

Harmonic cbeffic#@nts of

Harmonic coefficients of resulting input phase current

switching function: }flan‘ (Fig. 3.10e) for
(Fig. 3.10b) » |fg = 75 Hz = 1/§5fi
N 7
N .Amplitu?e, ) S,
Order Amplitude Order (1) (1)
(n) c,) (k£;) // p-u.
/
1 0.33 £,/ '0.50 50
2 0.02 * '
3 - £4-2=32{5 £5|. 0.12 12
. £3-1=32.75¢f .0.28 28
Np-2 0.11 / \
Np-1 0.20 fd=€;§i 0.37 37
Np=16 0.35 faf}=37fi 0.23 23
N1 0.17 £34o=37.25¢6;| 0.24 24
Np42 0.12 €§g3=39.25fi 0.26 26

1) Output‘phase“currenté have been taken as 1 p.u. current
and 1q0% current
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2.2.2, Chapter 2 and are shown g\i‘a.‘phically in Fig. 3.11.
Reconstructing the input ocurrent is basically the reverse
pro\cess of output voitage construction, i.e. output current
multiplied by inverter, SF produces the fictitious dc current.
Next, this dc¢ current multiplied. by rectifier function yields

\

the inéut ac current. -

L]

The practical equations for output voltages and inputs

for IMO FCCs .are restated here as; &
Van| 3aB v, [e08lut) MV, o cos(kugt)
- VBN - ——— cos(wot-lzoo) + > Bk‘ _cos(k(mot-lzoo))
] Ven cos(w_t-240°) =303 7 Tleos(k(u t-240°))
™ , ,
2 N .
! v @ © <
i =
~ + ¥ ) B, (A .+ A )
\7‘///’,\ 2 y=1,3,5 n=6,i2,18 %X ™1 “n# . o
- .
cos( (kwoi nwi)t) . ) :
v |cos( (ke t nw )t - (k120°+ n120°)) (3.14)
cos((kw_* nw,)t - (k240°: n240°))
‘ o i
and ¢
. . Ia 31\-18110 cos(wit) '—38110 - cos(nwit) .
' I|= 3 cos(wit-—120°) + —5 I A lcos(n(uw,t-120%))
I cos(w, t-240°) n=3,5,7 cos(n(w t-240°))
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Fig. 3.11: Diagram showing power conversion process for
IMO FCC output voltage and input current.
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3t - ° . cos((nu zku )t .
+ 2 ;E;: 5'k-6):12 18An(8k-1+3k+1) c°9((““’iikwo)t‘lzoo(ntk))
iy L cos((nw,tku_) t-240° (ntk))

(3.15)

Analytically IMO is a two step process. Thereforg,
various combination of ewitchir_mg function patterns for
‘ \fictitigus rectification and inv’ersion stages pre possible.

These mixed modulation schemes can be grouped’;as, '
i) R‘ectifying' function s8ingle pulse 'iand inverting
S function MSPWM, Scheme #1.
ii)  Rectifying function MSPWM and inverting function
single pulse, Scheme $#2.
1fT) Rectifying and inverting: functions are both MSPWM,
Scheme #3. ’
iv) Rectifying and inve’rting functions are both single
. pulse, Scheme #4.
: . These four IMO ita\’c':hemes are described and analysed as

. &
follows;

L] —

)

3.5.1 IMO FPCC Scheme #1

In this scheme rectifying SF is a -single pulse of- 60°
duration (line function) or of 120° duration .(phase fuhction)
and the inverting ‘SF is MSPWM. Fig. 3.12 depicts the wave-

form agsociated with this mixed modulation scheme. Recti-

fying SF (Fid. 3.12b) is at,input frequency, fi and the

2

.inverting SF is at output frequency, fo’. For si;nplicity and

[ .
easy visual understanding all the waveforms of this chapter
. ) ) N

¥y

L)
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are drawn at equal input and output frequencies, although all
the schemes (both DMO and IMO) are valid for any other output'
frequency. A few waveforms at different butputxfrequency ;re
shown in subsequent chaptéra. Resulting output line voltage,

VAB is shown in Fig. 3.12e. Also, the gating strategy for

the nine cycloconverter switches which yields the required

output voltage, VAB is" shown in 'Fig. 3.12f. From this

figure, it can be shown that the per switch maximum chopping

. 2
ﬂ{requgncy fch,is given by

N

= (-2 :
fch = (’2 + 2) fa ' (3.16)

4

Furthermore, careful examination of (3.14) and (3.15)
reveals that spectral shaping is also possible for all the =

mixed modulation IMO schemes. Tables 3.5 and 3.6 show the
( ghim .

output voltage and input, current spectra for this scheme.

Since fo has been selected less than 3f fy (2.24), ?

Chapter 2) and nfi'= 5£, <€ (k-1)f = 1Y _ (to satidfy (2.28),
Chaptey 2), the resulting VAB specfrum does not contain ayy
perceptible harmonics. Low-order VAB harmonics (up to lOfo)

have a}so been eliminated. Morepver, the fundamental VAB

component has remained significeantly higher than the
respéctive coméonent obtained with DMO approach (Table 3.1).
Fina{ly, it can be noted that the’amplitude of this component
can be varied by varying the modulation index, Mf as shown in

Fig. 3.5.
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Equatio (3.14) and (3.15), also reveal a potential

problem with this IMO technique. Specifically, the term

%os(t(kmo—anwi‘)) can yield harmonic components of very low

frequencies (i.e. sub-harmonics) for the cases where

kwo ~ Nwy . , (3.17)

Since these sub-harmonics can cause flux imbalance in
? )
input/output transformers, excite resonant frequencies gin

input L-C "tanks", and deteriorate the performahce of

magnetic loads, they should be carefully avoided, This can

. be accomplished by separating compqrients of the "rectifying"

and "inverting" switching functioris included in. (3..14) and
(3.15). For example, the signif:i.'cant spéctral components
generated by the "rectifying" function in fictitious dc¢
Fig. 3.12c, are the 360 Hz and 720 Hz harmonics. Now,' if as
shown in Fig. '3.124, the "inverting” function is chosen such
that its fi|rst fignificant harmonics component occurs -at a
frequency well above the 720 Hz .point, then the FCC output
voltage and input ’currents will be practically free of sub-
harmonics. This/'statement can be verified by examining
relevant output voltage and input _current data contained in
Tables 3.5 ané 3.6. Input current waveform and respective
f‘requency spectrum are\ shown in ‘Fig. 3.£3 and Table 3.6.
This spectrum is very similar to 3-phase 6-diode rectifier
input current. It contains 5th and 7th harmonics of 19% and

178 of fundamerital component respectively. Subbarmonics is

less than 1%.
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. ‘ . , * TABLE 3,5

PREOUBNCY SPECTRA OF WAVFFORMS ASSOCIATED WITH
FCC OUTPUT VOLTAGE QQOWN IN FIG. 3.12

100! volt.

Y, v
»
-

-4

[ . |Harmonic coefficients of’ g ,Earmonic coefficients of -
cr .« rectifier and inverter resulting output phase
, : switching function (Fig. 3. 12b voltage, Vpy (Fig. 3.12e)
M : ‘Jand 3.124) for fo- 75 Hz = 1‘25fi
_ Rectifier SF |Inverter SF Amplitude, V,,
'Jg« |
K Order Amplitude lOrder. Amplitude ‘Order (1) (1)
(n) (A, ) 1 (x), (By) . (x£,) pP-u. Y
1 | -,0.64 1| .0.99 £,] 0.95 95
3 0.42 | 3| | -- 3.8£,| 0.03 3
L 5 0.13 .5 == .- . 5£5] 0.01 1
7 © 0.09 7 0.01 7£,| 0.01 1
. ‘ 1. Loe - o d .
9 . 0.14 9 -] g 2=11£,] 0.10 10
_ 11 -] 0. 06 11} 0.11 " | £4_,=13£,] 0.25 25
- 13 © 0.08 13- 0.26 | f4. =15f,] -~ -
’ 15 . 0.09 - 15} - ) '
17, | “- 0.04 17| "A-0.26 fa41=17£,| 0.25 25
19 0.03 191 0.10 fd+2-19fo 0.10 10
. [1)‘ Input phase Voltages have been taken as 1 p.u. volt ando
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TABLE 3.6

FREQUENCY SBECTRA.OF WAVEFORMS ASSOCIATED WITH
' FCC INPUT CURRENT SHOWN IN FIG. 3.13

Harmonic coefficients of Harmonic coefficients of
inverter and rectifier resulting input phase
switching)function (Pig. 3.13b |current, I,., (Fig. 3.13e),

3.13
and for £,= 75 Hz = 1.25 £

LY
L g

Inverter SF Rggtifier SF Amplitude, I.n
Order{Amplitude/|Order{Amplitude Order (1) (1)
(k) (By) (n) (A,) (k£5) p.u. 8
. - 0.5f, 0.00105]| 0.11
1 0.99 1 1.10 . £5 . 0.95 95
5 - 5 0.22 5f, 0.19 19
7 0.01 7 0.16 £y 0.14.| 14
11 0.11 11 0.10 - 11£4 ~0.09 N 9
13 0.26 13 0.09 13fF, S o0.07 .7
17 0.26 17 0.07 C17Ey 0.06 6
19 0.10 19 0.06 19F4 0.05 5

(1) Output phase currents have been taken as 1 p.u. current
and 100% current. ,

« +

- -
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3,5.2 IMO FCC Scheme #2 .
A diffefent class of IMO FCC scheme with miied modula-
tion is shown -in Fig. 3.14, ) In tl';is scheme rectif‘ying SF is
MSPWM aqd invertj.ng SF is single pulse. The advantage of
this over the previous scheme #1 is thlat it yieida'sub—
| hahrro‘h‘igs free'output voltage wavef?rm at substantially

"higher fo value. However, low order harmonics in V cannot

AB
be eliminated with this technique, as shown in Table 3.7.

\ N
Input current and respective, ,frequency spectrum are
shown in Fig. 3.15 and Table 3.8. 'I'hé‘ input current spectrum
is, however, better than the previous scheme, i.e. low order

““armonics are eliminated.

3.5.3 IMO FCC Scheme #3

" Another class of IMO FCC schem:e with mixed modulation is
shown -in Fig. 3.16 and 3.17. In this case MSPWM. awi{;ching
funct;ion is appldied to botl'; the rectifying and inverting
stages. Complete spectral separation, like scheme #2, is not
possible in this schem‘g. The solution in this case is to
select the number of  plilgses of the "rectifying” function.
(Fig. 3.16b) and of the "inverting" function (F"ig. 3.16&)
such that the condition nwg ~ Ko, (3.17) is never satisfied.
The simplest .approach in this case is "to maintain “recti-
fying" switching patter fixed (since in?ut frequency, fi is
fixed) and vary tThe number of pulses of, the "inverting®'

. function las xthe output frequency, fo varies). IMO FCC

output voltage anl input current spectra obtained with this -



Fig.

® o1

3.14:

Output voltage waveform obtained with IMO FCC
scheme #2, a) Three input voltages.

b) Fictitious rectifier SF (one of the three)
c) Fictitious rectifier voltage. d) Fictitious
inverter SF (one of the three). e) Resulting

output liqp voltage, VAB‘
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/’ TABLE 3.7
i FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
“ FCC OUTPUT VOLTAGE SHOWN IN--FIG. 3.14
Harmonic coefficients of Harmonic coefficients of
rectifier and inverter resulting output phase
switching function (Fig. 3.14b |voltage, Vpy (Fig. 3.14e)
and 3.144) for £f,= 75 Hz = 1.25f;
Rectifier SF Inverter SF Amplitude, Vpy -
Order Ampliiude Order |Amplitnde Order (1) (fT
(n) (A,) (k) (By) (k£,) p.u. Y
1 0.99 1 1.10 fo 0.95 95
3 - 3 ) - - 5fo y 0.20 20
5 - 5 Y. 0.22 7f€ 0.14 14
7 - 7 j0.16 llfo 0.09 9
9 - 9 |- 13f, 0.07 7
11 0.11 11 +0.10 13.4fo ' 0.08 8
13 0.26 13 0.09 15.4fo 0.08 8
1.5 - 15 - -
: ——

(1) Input phase letages have been taken as 1 p.u. volt and
' 100% VOlt. bl ) ‘ ’

4
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TABLE 3.8

FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
FCC INPUT CURRENT SHOWN IN FIG.

3.15

Harmonic coefficients of

inverter and rectifier -

S

Harmonic coefficients of
resulting input’ phaae

switching function (Fig. 3.15b |current, I,,, (Fig. 3.15e)
and 3.15d) ) for £ = 75 Hz = 1.25 £,
_—
T ' i
Inverter SF Rectié}eanF Amplituae, Ian
Order {Amplitude|Order|{Amplitude Order’ (1) (1)
(k) (By) (n) 1T (Ay) - (k£5) p.u. | 8
1 1.10 1 0. 99 £, /| o.% %
- 3 - 3 - 7fi 0.01 1
5 0%22A 5 - llfi 0.08 8
7 0.16 7 - 13f, 0.28 28
9 -- 9 - l7fi 0.25 25
11 0.10 11 0.11 19f; 0.10 10
13 0.09 13 0.26 23f5 0.04 4
17 0.07 17 0.26
19 0.06 19 0.10 -

(1) Output phase currents have been taken as 1 p.u. current

and 100% current.
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f) Analytically predicted frequency spectrum of .
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) TABLE 3.9
FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
FCC OQUTPUY VOLTAGE SHOWN IN ft‘IG. 3.16
Harmonic coefffcients of Harmohic coefficients of
rectifier and inverter resulting output phase
switching function (Fig. 3.16h |voltage, V4y (Fig. 3.16e)
and 3.164) - £ f,= 75 Hz = 1.25f;
Rectifiexr SF Inverter SF Amplitude, VAN
A
Order{Amplitude|Order|Amplitude Order (1) (1)
(n) (AL) (ky | (By) (k£g) p.-u. 3
1 0.99 1 0.99 0.2£,] 0.02 2
3 - 3 - fo 0.86 86
5 -- 5 - 3.8£,] 0.02 2
7 - 7 - 4.6f° 0.02 2
9 -- 9 -- 13.4£, | 0.06 6
11 - 11 - 15.4fo 0.06 6
13 o 13 . 17fo 0.10 10‘
17 0.11 17 0.11 o] .
19 0.26 19 - 0.15 19f° 0.22 22
(1) Input phase voltages have been taken as 1 p.u. volt and

100% volt.
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AL

TABLE

3.10

FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
== FPCC INPUTJCURRENT SHOWN IN FIG.

3.17

and 3.

-

174)

AN

Harmonic coefficients' of
inverter and rectifi®r
switching function (Flg.

3.17p

current,

1 (Fig.

an'’

Harmonic coefficients of
resulting input phase

3.17e)

for f = 75 Hz = 1.25 £,

*Inverter SF

Rectifier SF

Amplitude, 1

L

an
Order |Amplitude|Order|Amplitude Order (1) (1)
(x) | (By) (n) (A,) (k£;) p.u. )
'
1 0. 99 1 0.99 £y 0.86 86
3 - 3 - 3.5£ 0.02 2
5 - 5 -- 15 0.02 2
7 - 7 - 11£5 0.02 2
11 - 11 - 17€4 0.10 10
13 - 13, - 19£;. 0.22 22
17 0.11 17 S 0.11
19 0.26 19 ¥ o0.26
(1) Output phase currents have been taken as 1 p.u. current

and 100% current.
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sub-harmonics contrc;l stratlequ‘are shown in Tables .3.9 and
3.10 respectively for a particular ratio of output to ini)ut
frequencies. Contents of thgse table ve’rify&the
effectiveness of the proposeg_strategy. Low order harmonics
from output voltage and input current as well as significant

sub~ harmonics is eliminated.

-
L)

3,5.4 IMO FCC Scheme #4 - f

The final class of IMO FCC scheme with mixed modulation .

is shown in Pigs. 3.18 and 3.19. 'In this case both switthing

-3

functions are single pulse. This scheme produées the maximum

output of 105% (of input voltage), (Table 3.11). However,
its output voltage spectrum ‘contains 5th and 7th harmonics of
R J

21% and 15% respectively of the fundamental component. This

._is typical of a 6 diode bridge rectifiers. And the infmt

current _fundamentai component is also 105% (of output
i , .
current), (Table 3.12). But, as usual it contains 5th and

g
~ 7th” harmonics of @dignificant amplitudes. This scheme may not

be suitable for high performance system, but is quite effec~

tive for systems which are insensitive to harmon?cs'.

N

3.6 Evaluation of the Schemes / , -

To facilitatgyth: evaluation of the PFCC, DMO and IMO
schem’oi; discussed in this chapter, the main fez.:tures‘ of each
scheme are summariz‘ed and presehted in Table 3.13. These
features imply that ‘reg'arding voltage utili'zqtion, harmonic

distortion, switching frequencies, and complexity of imple-'

‘

&

[
A
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TABLE" 3.11
FREQUENCY' SPECTRA OF WAVEFORMS ASSOCIATED WITH
P FCC OUTPUT VOLTAGE SHOWN IN FIG. 3.18
Harmonic coefficients of Harmonic coefficients of
rectifier and inverter resulting output phase
Jswitching function (Fig. 3.18b voltage, Vpy (Fi?. 3.18e)
and. 3.184) fof £,= 75 Hz = 1.25f,
. ? .
Rectifier SF Inverter SF Amplitude, Vpy
Logﬁér Amplitude|Order|Amplitude Order: (1) (1)
() | (A | k)| (By) (k£,) | p.u. | %
0.2fo 0. 006 +6
2 T S 9 { 1 1.10 £, 1.05 105
. : 3.8, | o.03 3
3. - 3 - 5€£, 0.21 21
5 0.22 5 0.22 5.8f, 0.03 3
7 0.16 7 0.16 £, 0.1%2 15
9 v 9 ¢ -
11 .0.10 11 i 0.10 11fo 0.09 9
%3 0.09 l&n 0.09 13fo 0.08 8
~15 - 15 - 17fo 0.06 6
17 - 0.07 17 0.07 * 19fo 0. 06 u6
19 0.06" 19 0.06 ’

“(i) "Igput phase voltages have been taken as 1 p.u. volt and

. 1008 volt.

£l

o )
e
.
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TABLE 3.12 . ™
FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
FCC INPUT CURRENT SHOWN IN FIG. 3.19

Harmonic coefficients of Harmonic coefficients of
inverter and rectifier . resulting input phase
switching function (Fig. 3.1% |current, I,., (Fig. 3.19e)
and 3.194) for £,= 75 Hz = 1.25 £,

Inverter SF Rectifier SF Amplitude, I

- L
Order|Amplitude|Order{Amplitude Order (1) (1)
(x) (By). [ (n) (Ap) (k£5) | p-u. L
{
. O.Sfi 0.004 .4

1 | 1.10 1 1.10 £y 1.05 105

3 - 3 - S£y 0.21 21

5 0.22 5 0.22 6.5 0.03 3

7 0.16 7 0.16 1 0.15 | ' 15
11 0.10 11 0.10 8.5£; 0.03 3
13 0.09 13 0.09 llfi 0.10 10
15 - 15 O 13fi 0.08 8
17 0.07 17 0.07 17fi 0.06 6.
19 0.06 19 0.06 19fi 0.06 6

o - 8
(1) output phase currents have been taken as 1 p.u. current
and 100% current. >

d
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ﬁentation,ueaéh scheme has its own advantages and disadvag-
tagés. Consequently, respective PWM schemes should be chosen
by carefu11§ matching 1load ‘requirements with the scheme
characteristics. For example,’if a truly unrestricted output
freéuen?y range is required and the load is rather insensi-
ti&e to voltage harmonics then the DMO scheme #1 shown in
Fig. 3.7 should be chosen. If, however, the output frequency
rgn;e‘XS limited within 0-180 Hz, then the IMO scheme #1

shown in Fig. 3.12 should be chosen because it combines high

voltage utilization with low harmonic distortion.

3.7 Simulated Results

“

To verify Xkey analytical results, the discussed FCC

schemes are tested by simulating on a HP 9836 - DATA 6000

~

system. A dedicated computer program simulating the precise
opening and closing of the nine bilateral switches (Slto Sg)
is employ;d to generate the output voltage waveforms shown in
Figs. 3,7, 3.9, 3.12, 3.14 and 3.16 (DMO Schemes #1 and, #2,
and IMO Schemes #1, #ﬁ, and #3). Further processing of these
waveforms on the DATA 6000 waveform analyzer yields .the
respective fréquency spectra shown in Fig. 3.20. Comparison
between analytically predicted fréquency spectra (Tables 3.1,

3.3, 3.5, 3.7, 3.9) and spectra"obtained by simulation shows

that they are in close agreement.

; - h

Pl
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TABLE 3.13
PERFORMANCE CHARACTERISTICS OF ISMO AND IMO SCHEMES SHOWN
IN FIGS. 3.7-3.10 AND 3.12-3.17
bMoO —_— IMO
Criteria .
’ Scheme #1|{Scheme #2|Scheme #1 |[Scheme #2 |Scheme #3 |Scheme #4
(Fig.3.7){(Fig.3.9)|(Fig.3.12)|(Fig.3.14)|(Fig.3.16)|(Fig.3.18)
Output/
input Average Low High High Average ‘High
voltage (0.83) (0.50) (0.95) (0.95) (0.85? (1.05)
ratio
Output
frequency [Unres- Unres- <180 Hz <300 Hz <300 Hz <300 Hz
range tricted |tricted -~
"|Attenua-
tion of
low
order \ N
harmonics | Low/low |High/high|High/low [Low/high \High/high Low/low
in output .
voltage/ “
input
current
Subhar- ’ |can be
monics . controlled
in output | None None Negligible|Negligible|to an Negligible
|voltage/ acceptable :
input level 4
current
Switching ‘
frequen- Average High High High High Average
cies -
Control
logic Average | High High High High Average
complexity
‘ /




A

DMO Scheme #1 (Table 3.1)

IMO Scheme #1 (Table 3.5)

IMO Scheme #3 (Table 3.9)

106

DMO, Scheme #2 (Table 3.3)

/

IMO Scheme #2 (Table 3.7)

4

Figo 3.20: *

Simulated waveforms
associated with dif-
ferent schemes of
three to three phase
DMO & IMO FCC at

f°= 75 Hz.

a) Output line volt-

age, VAB' -

b) Respective frequ-
ency spectrum.
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3.8 Design Criteria

Some FCC design aepecﬁs regarding component ratings, -

control logic and component protection are discussed in this

P

section.” =

3.8.1 Component Ratings

The component ratings presented here have been derived
under steady state ope;ating conditionq. Although these are
not the worst case ratings, they are nevertheless essential
for the completion of the converter 'base’' design. Once
'base' design value‘ have been establi;ked, worst case values
csn be estimated fj;m: specified overload conditions and the
interaction between circuit stray inductances and circuit
anhbber components. '

In determining the current ratings for'eaéh of the nine
FCC switches, it is noted that the worst case éﬁﬁdition
interval is 120°. conduction of more than 120° interval for

. i
any switch is equivalent .to short circuiting the source,

which 1s not desirable. Therefore, with induqtive load;

-~ Peak switch current, is= Peak rated load line current,

f /

L’ .
- RMS switch current, I = i1/7r§
' ‘ _ 21,
- Average switch current,oIav= 35

Finally, the 'base' peak switch blocking voltage VFB

to the respective peak input line to line source voltage.

a

is equal
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3.8.2 Control Logic

FCC have special logic control requirements because of B
the complexities of associated p\dwer circui’ts and poever
conversion requirements. 'i'he aspects iﬁ;:l\;tde: the deriva-«
tion of the appropriate switching functions, the ;)rocessipg.
of the gating signals from their— respective funci?ons_. ?~nd
finally the development of the circuitry required to imple-
ment the above _méntioned functi:ons and signal procéssing. )

Deriving the gating/timing signals for DMO FCC is
simpler than the IMO FCC signals. There are three input
voltages and three comenents .Fl' Fz. F3 of converter

transfer function. These two waveforms combine to produce

o
the required gating signals. These can be explained by a

‘block diagram shown in Fig. 3.2la. The derivatidn and

~ (3

implementation of this control signals and circuits are
described 'in Appendix B. | ‘ u | .
The first step in organizfng the IMO FCC control logic
requirements (for the techniqugs illustrated in Figs. 3.12-
3.19) .is to observe that the respective outiaut Ivoltage wave-
form (i.e. Figs. 3.12e, 3.l4e) are identiqal to the ones
obtained with standard 3-¢ PWM inverters. 'l"herefore, the
cbnverter depicted in Ff:; 3.1 can be viewed as a standard
six-switch inverter (Fig. 3.22) supplied sequentially from

input voltages vab' v_,

v
ac

bec’ 'ba’ ‘ca’ v

cb* This means that
when, for example, input voltage Vab is most positive the
six-switch equivalent for the nine-switch converter is as

shown in Fig. 3.22.

L 3a4
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TRANSFER CONTROL INPUTS

R ’ Vab Voc Vea .

S 8

TRANSFER INPUTS S ‘

Fj— ! cATING PULSE - }—3» S ° .

. o F'2——-——> MUX/DMUX CIRCUIT[: > S
,-R:j F3 \ ) __:,.-__>

a) DMO cycloconverter.

. TRANSFER CONTROL INPUTS y
].bv[c r]vu]’“leb l | —
TRANSFER INPUTS S ]

t

:‘—a-»- GATING ~PULSE - o2
g2 MUX/DMUX CIRCUIT >3 oureuts
bids

. ‘  ———t -
d | §
’ 90 > ——D-I:

b) IMO cycloconverter.

- -

Fig; 3.21:- Block diagram representation of the pfocess of
deriving gating signals.

. " ‘2 l sa
- 9y 9 9
1Y) wq\, , A B ——eC
34 s

-

Fig. 3.22: Equivalent three-phase bridge inverter.
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The exact correspondence between input voltages andl
groupé of switcﬁés comprising the six-switch equivalent
inverter, is shown‘;n Table 3.14. This table also estab-
lishes the correspondence between theé gating signals (glu 96)
of the equivalent six-switch and the real nine-switch con-
verter circui.ts ‘as a function of tpe predominant (on !:)f six)
input voltage.

' _E:E'om these data and with reference to Figs. 3.1 and 3.22
the FCC control 1logic requirements are estabkished as
follows: - . -

i) A PwWM coptrol technique that satisfies output voltage
and . input current requirements is first :ﬁosen. References
[33], [37];[39] cohprlse a good 'menu’ to chose from.

ii) The gating signals g, to gg (Table 3.14) required to
implement the afo;emen;ionéd PWM technique. on the equivalent
six-éwitch inverter (Fig. 3.22) are next specified.

4 iii) A multiplexing/demu1tip1e¥ing circuit (Fig. 3.21Db)
\ which assigns signals g,- g, to the nine’ IMO FCC switches
‘X(Sl-sg) according to the Truth Table 3.14 is finally con-

. structed by using standard logic blocks (Appendix B).



/) . Table 3/. 14 o
. Vab | Vac | % Vie Vba ca Veb R
. ) 9| S5 5) 54 S4 57 Sq
9 | Se Sg Sq 53 ’53 Se¢
93 } Sy S2 Sg Sg Sg Sg
94 | S4 Sq $; |~ s S1 1 S4
95 | Sj S3 S¢ Se Sg | . So
9% | Ss-| sg Sg S, s, Sg

3.8.3 Component Protection

*

Providing effective switch protection in FCC circuits is

a more difficult task than with most other converter

circuits. The reason is that load cutrent commutation in IMO

FCC circuits must take place without the presence of free-
wheeling doides. To illustrate this problem consider, for
simplicity the chopper circuit shown in‘Fig. 3.23.

In this circuit it is assumed that switches SW, and SW,

_ ?
. are of the (four quadrant) type shown in Fig. 3.1 and that

N the chopper is operat:.ing with continuous load current Io'
The obviQus difficulty with thi:s circuit is that th; conduc-
tion intervals (and therefore gating signals) of SW, and SW,
must be exactly complementary. Otherwise, '?lf \they over1a§/f
the two switches will be destroyed from the resulting short
circuit across the dc source while if they do not overlap the

two switches will again be destroyed from the release K of the

circuits inductive energy. ~Since a precisefy' complementary
% . .

@
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switch performance cannot be guaranteed, speéialv emphasis
must be placed on the choice of proper snubber networks. An
example of such a network 'is shown in Fig: 3.24, The func-

tion of each (network) component is as follows:

- Reactors Loy ,_3 facilitate current transition (i.e.

commutation) from a turning off to a turning 6n
switching device. ' ' a
- Front—end snuﬁber ng;tifier diverts input currents to
storage element 051 during convertgr normal or

accidental switching transients.

- Load-end snubber rectifier diverts 1load currents to

©

storage element C during converter normal or

S2
accidental gwitching transients.

- .Snubber capacitors CSl and C limit resulting over

§2

voltages during abovementioned transients.
’ -
-,Resistors Rg, and Rg4 2Ct as energy 'pleeding’

elements for CSl and csz. o

‘ ~="Resistors R and RS3 provide critical damping to .the

\

Sl
L-R-C- path comprised by *the snubber circuit com-

ponents. \$ ~ -2k\5 :
: Fipally, the design basis for this snubber circuit are

provided in ref. [40].

3.9 Design Example and Experimental Results -

" In this section, some of the sélected theoritical

results obtained in agctiops 3.4.and 3.5 are verifiedlexperi-

L
Il
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'

mentally on. 3 phase 1KVA laboratory units with the following v

o

example, !

Rated KVA: 1 p.u. KVA/ph. ' g

- Rated voltage: 1 p.u. V.. (line to neutral)

. - Input fi‘equency: 60 Hz

Output frequency: variable
Thus, from the above specifications, let

-1 p.u. xva/phise = 1000 VA. © : '

-. 1 p.u. rms/phase =1nsv. . :
= 1 p.u. rms current "= %‘?'(1}_?3 =2.9Aa- ) - (

‘-a 1 ptu. impedance = %—1—% = 40 ohm ‘ )

. / .
Therefore, the base switch ratings are

~

- Peaklswitch cuftent, Is- /2 e 2,9= 4,1 A -

4.1

- RMS switch current, I, = _-—i = —— = 2,37 A
/3 /73
. - 21 . : .
.~ Average switch current, Iav- ri 0.87 A

- - -
Experimental results obtained with 1IMO cycloconvetter

. ) ’
constructed with the specific component values dérived here

are shown in Figs. 3.25 to 3.29. These experimental wave-
t o

forms have been recorded by uging DATA 6000 waveform analyser
© [ N -

.to gisplay -their respective frequency spectrum. Fig. 3.25

02

shows the output line voltage and output phase current for
fia 60 Hz, f = 60 Hz fo,r IMO scheme #1. Fig. 3.26 ,;showa ,the
output and input voltage and currents and their frequency)
spectra for the ‘same scheme. "I'he_irj_ frequency spectra.is in_

close "agreement with the spectra shown in Pigs. 3.12f angd

—

/./\\
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: Fig. 3+25: BExperimental input/output voltage/current
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A A A

fo 19 231, fo w2y
(f\‘ A. a) Output line voltage, VAB B. a) Output line current,lp,
N (Fig. 3.12e).

b) Respective frequency

b) Respective frequency
spectrum (Fig. 3.128K).

spectrum.

b) - s -‘W‘..Uw‘.~.ﬁ L

A AA A

, s7 17 23 1'.',1i fo % ‘Alo '
C. a) Input current, Ia D. a) Output phase current, IK'
(Fig. 3.13e). ‘

""b) Respective frequency

b) Respective frequency
spectrum (Fig. 3.13f).

spectrum.

Fig. 3.26: Experimental input/output voltage/current waveforms

obtained with three-phase to three-phase FCC for
IMO Scheme #1, delta connected resistive load at
Mf= 0.8, fi= 60 Hz, and fo=60 Hz.
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' v 23q, '0 - % ,13(0
A. a) Output line voltage, B, a) Output line current,l,.
Vag - .
AB _
b) Respective frequency b) Respective frequency
) spectrum. ) spectrum,

A AA AL A . A
) , 87 nw 'y 7 28y, to 3y,
C. a) Input current, I . - D. a) Output phase current, Iy
b) Respective frequency b) Respective frequency
spectrum. o spectrum,

Fig. 3.27: Experimental input/output voltage/current waveforms
‘ for IMO Scheme #1 with delta connected R-L ioad
(p.f. = 0.8), at M. = 0.8, i'GOthndfo-GOBz.
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o IR
o . .
A. a) Output voltage, VAB at B. a) Output voltage, VAB at 90 Hz.
75 Hz.
b) Respective frequency b) Respective frequency
spectrum, spectrum.

Fig. 3.28: Experimental output voltages for IMO Scheme #1 at
different output frequency with Mg = 0.8 and delta
connected resistive load. ‘

Y A A AA |
. :, %»ﬁ ,éuo ‘ , 8 AL
A. a) Output line voltage, VAB B. a) Input current, Ia (Fig. 3.17).
(Fig. 3.16).
b) Respective frequency b) Respective frequency
spectrum. spectrum.

Fig. 3.29: Experimental input/output voltage/current waveforms
for IMO scheme #3, delta connected resistive load

at Mf = 0.8, fi = 60 Hz, fa = 60 Hz. P



. 8inusoidal in this case. Figs. 3.28 A and B show output

119 T
e [\

3:13f. Fig. 3.27 shows the same waveforms for a resistive-
inductive load, i.e. p.f. 0.8. Output currents have become

1

voltage waveforms at fo= 75 Hz and 90 Hz respectively. IMO

AL

schemé #3 output voltage and input Sﬁrrent waveforms are
shown in Figs:>3.29 A and B. 'Tbey agree with the predicted
spectra of Figs. 3.16f and 3.17f. All Fhese waveforms are
unfiltéged. Filtering will obviously imprové the quality of
waveforms. , ‘

3.10 Conclusions .

A comprehensive analysis for several FCC schemes for

- three phase to three phase conversion has been presented in

this.chapter. Performance evaluation and related design data
are provided for implementation of the structures. Detailed
input current, output voltage harmonic analysis has shown
that the proposed schemes yield effective auépression of
low-order harmonics while they can offer up to 100 percent
output-tofinput,vpltage tr;nafer ratio. A

A method for generating the .required converter gating
signals and a anubbef circuit for providina effective switch

protection have also been discussed.

Simulated results are éroviﬁed for comparison purpose.

Finally, predicted FCC features such as input/output wave-

"forms, associated harmonic spectra, and voltage transfer

\

ratio have been verified experimentally on 1 KVA experimen£a1
+

breadboards.
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; CHAPTER 4
/ ~
7
?gREE/PﬂASB TO SINGLE PHASE CYCLOCONVERTER
4.1 —Intfoduction -

There are many single phase applications, where variable
frequency power’ is required. These types of loads could be
normally supélied from a single—phgse' to single-phase
cycloconverter. However, this can cause uan}ance in ghree
phase ac mains if a substantial amourit of power. is required.
An alternative solution is to supply the variable frequency
single phase 1load from a three-phase to single-phase -
cycloconverter, therepy distributing edual stresses on all
three input phases. ' \

The three phase to single phase cycloconverter could be
of half;bridge or full bridge configuration depending on the
output power requirement. The four switch coﬁfiguration
(half-bridge) reguire les; number of components and simpler
control logic wunits than the six switch (full-bridge)
confiéuration. However full-bridg; converter configuration
is versaqﬁki and can deliver twice the amount of power than
the alf—briagé converter. A

The object of this chapter is to, select the most
suitable scheme, the control logic circuit and subsequently
analyse' the vafious configurations to suit different types of
load requirements. ‘éﬁ‘

Finally,‘ experimental results from a prototype cyclo-
converter are compared ;nd verified 'wifﬁ the analytically

predicted results.

. \
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4.2 Converter Configurations ‘ -

This three phase to single phase FCC configuration is
derived from the genefali:zed circuit configuration, Fig. 2.1,
Chaptér 2 by setting number of irgut phases, N=3 and number
of outpui: phases, M=-1., Six switch full-bridge converter
configuration' capable of frequency/voltage .txjansformation
from three phase ac source to single phase ac, is shown in
Fig. 4.1. This converter consists of six bilateral switches.

This arrangement is particularly- suitable ‘\’vhen a neut;al

\ (%

“‘connection is unavailable. A converter structure with

identical performance features of Fig. 4.1 employing only
four qswitches is shown in Fig. 4.2. This topoiogy is
particularly suitable when a neutral from the ac source ‘is
available. = However, the input current spectrum of <this
configuraf_ion is not asl good as with th: full ’briége

converter. Al-so an extra switch, S4 becomes necessary for

“output voltage control. ‘ ' ) .

-

4.3 Direct Mode df Operation (DMO) FCC hd

DMO FCC as discussed earlier in subsection 2.2.1,
Chapter 2 requires only one switching functién. Unifogm PWM
switching function (Fig. 3.3, Chapter 3) can %pplied for
both of theﬂse configurations. No attempt has been made to
implemenbt Venturini's .acheme‘ as his proposed sinusoida'I
PWM (Fig. 3.4, Chapter 3) has: the serious di.sadvantage of low‘
:oltage gain. The equations fqr'output voltage and input

current waveforms for‘ three to single phase cycloconversion
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Fig. 4.1: Simplified circuit diagram of the proposed

)

three-phase to single-phase FCC in full
bridge configuration with no neutral available.

.



(v}
o~
-

0e
030
Lam
e o
| Je
-~ 00

| 8 -

diagr

gm of the proposed

ion with neutral available.

1
LY
—~

o
<

=
e
O
O
]

o
£
(7
3
0
-t
o

Fig., 4.2:— Simplified circypij

-

- —



124

4

under DMO can be derived from the generalized equation

L - - '
((2.1), Chapter 2) as follows,
¢

3A,V o 3AV

. 1 n i '
vV, = cos(w t) + | ——cos((nuw_+uw,)t)
AN 2? o n=2,5,8 2 8 1 ¢

= 3V, (4.1)
. + ]  —3—coel(nw_-w,)t) -
7,10 2 8 1

3
AlIO - : ™ AnIO
2= 37— cos(uwt)+ ) —5—cos( (hw_+u )t)
n=2,5,8

© AnIo ' i (4.2)
+ z Tcos((nws—wo)t)
n=4,7,10
Voltage control can be achieved by suitable modulation of the

pulse widths. This p.rinciplie has been discussed in sub-

section 3.3.2 of Chapter 3. ~ v

>

4.3.1 Full Bridge Configuration Scheme #1

~

A simplified c'ircuit‘ diagram of the £full bridge FCC,
analysed in this subsection is shown in Fig. 4.1. Output
voltage and input current waveforms are shown in Figs. ‘4..3
and 4.4. Corresponding frequency spectrum is tabulated in
Tables 4.1 and 4.2. The Qvoltagev utili;ation as predicted in
(2.17b), Chapter 2, is 9%% of input phase voltage. However,
the output voltage contains low order 8th and 10th harmonics
of magnitud%e 0.19 and 0.14 respectively. , Input current

. ]

‘fundamental is 55% of output current. This is in a way

)
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ﬁig.

b

4 3 _Output, voltage wayeform obtained with three to.
single-phase full-bridge configuration DMO FCC
scheme #1. .

a) Three input phase voltages.
b) - 4y Fy, Fy, Fyq switching function components.

e) Resulting output line voltage, 'V

AB’

<}

0



- TABLE ‘4.1

FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
FCC OUTPUT VOLTAGE SHOWN IN FIG. 4.3

Harmonlic coefficients of
Harmonic coefficients of . |resulting output phase
switching function voltage V,y, (Fig. 4.3e) for
Amplitude, V
P uee -AN =,
order | . -Amplituge Order . (1) (1)
(n) , (Anl 1 (kfy) p.u. 3
1 1.10 fo 0. 96 96
- 3 - 8f, 0.19 19
5 0.22 10£, 0.14 14
' | 17£, { 0.09 9
Y 0.16 ' -
: 19f, . 0.07 7
9 - - - ’ :
26fo 0.06 6
11 0.10 1
35£° 0.04 4
* 13 - 0.09
15 - - 1.
17 0.07
19 0.06

< - h

(1) Input phase voltages have been taken as 1 p.u. volt and
100% volt. ’

. : "

e
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* - .

Input current waveform obtained with three to
single-phase full-bridge configuration DMO-FCC
&cheme #1. . -~ g

a) Output current, IA' ”~

b) Flﬁswitching function component.

c) Resulting input current, Ia'
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.
'TABLE 4.2 - e
FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
FCC INPUT GQURRENT SﬂOWN IN FIG. 4.4
Harmon;; coefficients of
Harmonic coefficients of resdlting input phase current
switching function ) S (Pig. 4.4c) for
(Fig. 4.4b) . Cof fo = 120 Hz = 2f;
- Amplitude, ian
Order Amplitude Order T (1)
(U . (n) (An) (kfi) p-u. s » ‘
\k/ : id A N
1 1.10 £, | o0.55 | 55 -
3 - - 5fy4 0.55 55
5 0.22 13f1 0.11 11
7 0.16° 17€; 0.11 11
9 | -- 1 9£; ° 0.08 8
11 0.10 '
13 . .. 0.09
15 3 -
17 0.0 :
19 0.0
T

-

1) Output phase currents-have been taken as 1 p.u.

and 100% curren%

\

a
]

current
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L] P

'desirablo as the capacity ©of the switching elements will be
less than the rated output current. However, it contains 5th -
harmonics of the same aﬁblitudé (55%) as the fundaméntal.

4.3.2 Half Bridge Configuration Scheme $#1

The circuyit diagram of half-bridge FCC, analysed in this
sub-gection is shown in Fig. 4.2. Output voltage and input
current Qaveforms and the respective frequency spectra are
ildustrated in Figs. 4.5 and 4.6 and tabulated in Tables 4.3
and 4.4. Amplitude of fundamental component of the output
voltage is 83% (column 3, Table 4.3) of the input voltage.
As expected it containa: low orﬁe; Harmohiqs! but it |is
Felatively freé of sub-harmonic components. The low order

. . L .
harmonics are 3.5th, 5.5th and their amplitudes are 42% and

[

218 of input voltage resgpectively.
Amplitude of the fuddaﬁentaf component of input current

-

is 28% of output current. It also contains 2nd, 4th and 5th
‘harmonic component of amplitude 0.33, 0.14 and 0.28

respéctively. : &

. S
For half-bridge configuration  IMO schemes“>are nobt

generally feasible. Because the 3 switch configurations is

insufficient to achie?e the IMO principle.

. “
4.4 Indirect Mode of Operation (IMO) FCC

Inditect mode of operation. FCCs require two analytically
» ]
1ndopondent stages of "conversion. Therefore, different

combination of rectifying and invetting switching functions

P

are possible. The practical equatipns for output voltage and



Fig.

4.

5:

Output voltage waveform obtained with three-
phase to single-phase half-bridge configura-
"tion DMO FCC Scheme #1. >
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3

FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
FCC OUTPUT VOLTAGE SHOWN IN FIG. 4.5

TABLE 4.3

\ Harmonic coefficients of
. Harmonic coefficients of resulting output phase
switching function voltage V,,,, (Fig. 4.5e) for
(Fig. 4.5b) fo = 120 He = 2 £,
Amplitude, ka
Order Amplitude . Order (1) (1)
(n) (a,) (x£,) p-u. 3
dc 0.33
1 0.55 f;. 0.83 83
2 0.28 3.5f, - 0.42 42
4 0.14 5.5f, " 0.21 21 .
5 0.11 8.0f, 0.17 17
: 7 0.08 . 10.0f, 0.12 12
8 0.07 12.5€, 0.10 10
10 0.06 14.5¢, 0.08 ‘ 8
16 0.04 ' 17.0£, 0.08 8
17 0.03 ] 19.0£, 0.06 6
19 0.03 21.5fF, 0.06 6

(1) 1Input phase voltages have been taken as 1 p.u. volt and
1008 volt. .
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2wt

" Fig. 4.6: Input current wvaveform obtained with three-phase
to single-phase half-brldge configuration, DMO FCC
Scheme ll -
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TABLE 4.4
FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
. FCC INPUT CURRENT SHOWN IN FIG. 4.6 AS
|larmonic coefficients of.
Harmonic coefficients 'of resulting input phase current
“awitching function Inn: (Fig. 4.6c) for
(Pig. 4.6D) , fo = 120 HZ = 2f;
p ' Amplitude, Ian .
R ' Order -Amplitude - Order (1) (1)
P (n) (An) (kfi) . p-u. _ 3
N dc : 0.33. )

o 1 0.55 . fi . 0.28 28
N 2 . 0.28 2fi 0.33 33
" 4 0.14 4f, v 0.14 14
. 5 0.11 , . S'fi N 0028 ) 28
7 0.08 : Bf; 0:.14 14
8 ’ 0.07 10£, .0.07 -7
\ 10 - 0.06 13fi 0.07 6
16 © 0,04 % Yaf, 0.07 7
a 17 0003 17fi 0006 6
| 19 0.03 - 19fi ’ 0.04 -4

lg\butput phase currents have,K been taken as 1 p.u. current
and 100% current. ..

—
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input current for IMO FCC can be derived from the generalized

»
equations as follows;

¢

3A_B. v, ' 3A

v 11 ( t)+ ._ly_l. 5 (k
AN -\———i——cos w ! > z Bkcos wot) ]
k=‘3, 507 .
2 ’ (4.3)
3Vi E @
+ ] B (A . +A . )cos((kw_ tnw, )t)
2 x=1,3,5 n=6,12,18 ¥ "1 n*l o
and
A BTI B, I -
1= 21 Cog(u, t)+ L2 ] A _cos(nu,t)
a 2 i 2 n i
n“‘3' 5,7
(4.4)
Io @ « @
+ 5 ¥ ) A (B 1By, )cosl(nu, tku )t)

n=1,3,5 k=6,12,18

N

In this case the output voltage waveshape is similar to the

three-phase FCC. Input current waveshapé is .different than
the three—gbase FCC input current as in this case only one
current (single phase) is flowing in the 1load circuit rather-
than the three currents .in thfee-phase case. All the wave-
forms have been computed at a output frequency of 120 Hz.
The moddlation schemes employeé (for full-bridge FCC) in this:

case can be grouped as follows;

-

a) Rectifying function single pulse and inverting

3

-

function MSPWM, Scheme #1.

b) Rectifying function MSPWM and inverting function

-

gingle pulse, Scheme $2.

c) Rectifying and inverting functions’ are both MSPWM,

S

Scheﬁe $3. .

[N
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\
d) Rectifying and inverting function® are both single

pulse, Scheme $4.

4.4.1 1IMO FCC Scheme #1

The rectifying functic'm is single pulse and inverting
function is MSPWM for this scheme. Resulting output voitage
wamd corresponding ‘spectrum are shown in Fig. 4.7
and Table 4.5. 'In this case the ‘output ‘frequer;cy is
12QHz(=2fi). Consequently, the inverting switching frequency
is als’o 120Hz, which is sh?:wn in Eig. 4.7d. Amplitude .of
the fundamental component of the resultant output voltage is
95% of input voltage. 1In th‘is Scheme the low .order harmonics
are very insignificant. Dominant‘harmonics occur at l3fo and
its amplitude is 25% of input voltage. This dominant
parmonic cdn be displaced further away from fundamentai by
.simply increaai’ng the number of pulses 'per$ cycle {tthe

inverting switc:hing function, i.e. increasing the switching
frequency.
' Input current waveform and_\_its _frequency spectrum are

shown in Fig. 4;8 and Table 4.6. . Amplitude of the funda-

mental componént is 508 'of the output’current. But it also

7

contains 3rd \and ' 5th harménica of considerable ampli.tudes.

Thieir magnit are 31% and 17% respectively.

L)

{
A il

4.4.2 1IMO FCC Scheme #2

In this scheme the rectifying SF and im?ertiné SF are

MSPWM and single, pulse respectively. Duration of the single
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a) ' 1 ] [
-.5 1 270 2 wt
-1 , .
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b) rl } { | 1
_.5:1: 80 160 270 | 3@ wt
-1

Fig. 4.7: Output voltage obtained with IMO Scheme #1.
a) Input phase voltages.
' b) Fictitious rectifier SF (one of the three).
' c) Fictitious rectifier voltage.
d) Fictitious inverter SF (one of the three)

e) Resulting output line voltage, VAB
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.

TABLE 4.5

FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH

FCC OUTPUT VOLTAGE SHOWN IN FIG. 4.7

Harmonic coefficients of
rectifier and inverter
switching function (Fig. 4.7b

and 4.74)

Harmonic coefficients of
resulting output phase
voltage, VAN

for *f = 120 Hz = 2fy

(Fig.

4,.7e)

SF

Rectifier SF Inverter Amplitude, Vpy
\

Order{Amplitude|Order|Amplitude Order (1) (1)
(n) | (a,) ) | (By) (k) | peu. | & _
1 1.10 1 0. 99 8 0.95 95
3 - 3 - 2f, 0.03 3
5 0.22 5 - 4f, 0.03 3
7 0.16 7 0.01 - - -

11 0.10 11 0.10 - - -

13 0.09 13 0.26 - —— -
17 0.07 17 0.26 11£, 0.10 10
19 0.06 19 0.10 13£, 0.25 25
23 0.05 c 17£, 0.25 25
(1) Input phase voltages have been taken as 1 p.u. volt and

100% volt.

e
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4,8:

Input current waveform obtained with IMO Scheme #1.

a)
b)
c)
d)
e)

90 180 ? 360 wt

°

Output current , I,,

Fictitious inverted switching function.
Fictitious rectifier current.
Fictitious rectifier SF.

Resulting input current, Ia'

o

S
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TABLE 4.6

-

FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
FCC INPUT CURRENT SHOWN IN FIG. 4.8

* [y

Harmonic coefficients of
resulting input phase
current, I (Fig. 4.8e)

Harmonic coefficients of
inverter and rectifier

switching function (Fig. 4.8b an’

and 4.84d) |for £,= 120 Hz = 2f;
[ ~ [ie
Inverter SFI | Rectifier SF Amplitude, I,
Order {Amplitude|Order Amplitudé Order (1) (1)
d (k) (By) (n) (a,) (k£y) p-u. %,
1 0. 99 1 1.10 £ 0.50 | 50
3 -- 3 -- C3fy 0.31 31
5 - 5 0.23 7" .5f; 0.17 17
7‘. 0.01 7 0.16 7fi 0. 05 5
’ 11 0.10 11 .| 010 9f 0.03 3
— | 13 0.26 13 0.09 11£; 0.01 1.
15 -- 15 - 13£; 0.03 3
17 0.26 17 0.07 17£4 0.01 1
19 0.10 19 0.06 |

(1) Output phase currents have been taken as 1 p.u. current
and 100% current.

”
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pulse is 180°, i.e. 6 = 180°. This is possible (5 = 180°) as

the required ocutput is single phase. Output voltage waveform

and its respective spectrum is showm in Fig. 4.9 and Table
4.7, Amplifude of output voltage fundamental is 110% i.e.
greater than the input phase voltage. However, it contains

A
low order harmonics and sub-harmonics. It also contains a

dc component. . However, its magnitude -is insignificant

(0.0096). £

4
[N

Input current waveform gnd its frequency spectra are
shown in Fig. 4.10 And Table 4.8. Fundamental component is
64% of the output current "and is free from sub-harmonic
components. It contains low order harmonics of high ampli-
tude. Third and fifth harmonics have the magnitude of 0.21
each.

\ v

4.4.3 IMO FCC Scheme #3°

Rectifying and inverting SF émployed in this scheme are -

both MSPWM. However, frequency control is achieved by
varying the switching frequency of the inverting function..
The frequency spectrum and output*voltage waveshape are shown
in Table 4.9 andéfig. 4.11. By the introduction of SPWM in
the inverting function, the output voltage and the input
current spectra have considerable improvement. Output
voltage does not contain any subharmonics. However, voltage
utilization is 86%Jof the inﬁﬁt voltage which is.less than
IMé scheme #2. uThe frequency sp;ctrum containsé harmonics at

Bfé. llfo, 13f°, and their magnitudes are 7%, 14% and 16% of
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TABLE 4.7 :
FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
FCC OUTPUT VOLTAGE SHOWN IN FIG. 4.9
Harmonic coefficients of ‘ Harmonic¢ coefficients of
rectifier and inverter - resulting output phase
switching function (Pig. 4. % voltage, Vpy (Fig. 4.9e) . )
and 4.94d); ‘ for £ = 120 Hz = 2f -
Rectifier SF In\erter SF A.mplitqde, VAN ‘ %
Y i . (
Order |Amplitude|Orde plitule Order (1) (1)
(n) (Ay) . (x) (By) (x£,) P-u. ]
| , " ac 0.00%| 0.9 [
1 0.99 1 1.27 £, 1.10 | 10 TN
3 - 0.42 2f, 0.02 2
3f° 0.37 37
5 — 5 0.26 4f° 0.02 2
7 e 7 0.18 Sf; 0.22 22
N 6f 0.03 3
Iy o .
9 - 9 ‘0,14 7f° 0.18 18
11 - 11 0.12 Bfo 0.98 8
of . 0.15 15
13 - 13 0.10 10fo 0.08 B i
15 o= 15 0.09 llfo 0.18 18
17 - 0.11 17 0.08
19 0.26 19 0.07 !
‘ P
(1) Input phase voltages have been taken as 1 p.u. volt and

100% volt.:
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TABLE 4.8

FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
FCC INPUT CURRENT SHOWN IN FIG.

4.10

and 4

Harmonic coefficients of
inverter and rectifier
switching function (Fig. 4.10b

.104)

Harmonic coefficients of
resulting input phase

current,

I

an’

for fo- 120 Hz = Zfi

(Fig. 4.10e)

Inverter SF

Rectifier SF

Amplitude, I

, an
o
Order |Amplitude|Order|Amplitude _Order (1) (1)
(k) (By ) (n) a,) (k£y) p-u. %
1 1.27 1 0.99 £ 0.64 64
3 0.42 3 R 3£ 0.21 21
5 . 0.26 . 5 - Sfi 0.21 21
7 0.18 7 - 7fi C.04 4
9 0.14 . | 11 - o 9fy 0.04 4
11 0.12 13 - 13€4 0.01 1
13 0.10 15 - lei 0.06 6
15 0.09 17 0.11' 17fi 0.09 9
17 0.08 19 0.26 19fi 0.12 12

(1) Output pﬁase currents have been taken as 1 p.u. current

- and 100% current.
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input voltage respectibely.

Input current waveform and its ‘corresponding frequency
spectrum is shown in Fig.‘ 4.12 and Table 4.10 respectively.
Fundamental component of the input current has an amplitude
of 508 of the output current. It also contains 3rd and 5th

harmonics of amplitude 258% of the output current.

.
s

b

4.4.4 IMO FCC Scheme $#4

Applying single pulse'modulation to both rectifying anad
inverting functions enhances the amplitude of fundamental
component of output voltage to a maximum of 122%' of input
-voltage (Fig. 4.13). However, it gontains¢sub-harmonics.
Moreover, it behaves as a six-pulse rectifier containing 5th
and 7th harmonics of amplitude 24% and 18% respectively. It
also contains a 3rd harmonic component of amplitude 41%.

As expected, input current (Fig. 4.14) frequency spectra
contains 3rd ’and 5th harmonic components of amplitude 28% ancl
98 of the output current. Amplitude of the fundamental
current is 0.65 of output current. .

This scheme is particuh;rly su.itab,le when a t;é»os‘t in the
output fundamental is the main de;ign requirement rather than
t?\e converter overall performance.‘ ’

L

P . "
4.5 Output Frequency Lower than Input Frequency Waveforms

All the output waveforms studied until now are at a
higher frequéncy than the input frequency, i.e. f°> fi.
However the proposed FCCs are capable, of generating output

)
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Fig. 4.11: Output voltage waveform obtained with IMO
Scheme #3. ,
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TABLE 4.9
FREQUENCY SPECTRA OP)WAVEFORMS ASSOCIATED WITH
FCC OUTPUT VOLTAGE SHOWN ;N°FIG. 4.]11
Harmonic coefficients of Harmonic coefficientdﬁof
rectifier and inverter resulting output phase"
switching function (Fig. 4.11b |voltage, Vp, (Fig. 4.1lle)
and 4.114) for f,= 120 Hz = 2f; ,
Rectifier SF Inverter SF ' Amplitude, Vp,
Order|Amplitude|Order|Amplitude Order . (1) (1)
(n) (A,) (x) (By) (x£,) p.u. | %
— ;
1 0.99 1 0.99 £, 0.86 86
. 3 - 3 - Af 0.009 .9
5 -- 5 -- .8f, 0.07 7
7 -- 7 0.01 - 11£, 0.14 14
9 -- . 9 - 13f, 0.16 16
11 - 11 0.10 17f° 0§22 22
13 - 13 0.26
15 - 15 -
N 17 0.11 17 0.26
19 & 0.26 19 0.10 -

(1) 1Input phase voltages have been taken ag l p.u. volt and
1008 volt. ) :
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Fig. 4.12: Input current waveform obtained with
I%p Scheme #3.
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TABLE 4.10

. PREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
FCC INPUT CURRENT SHOWN IN FIG. 4.12

and 4.124)

Harmonic coefficients of
inverter and rectifier .
switching function (Fig. 4.12b

Harmonic coefficients of
resulting input phase
current, I,.. (Fig. 4.12e)

for fo- 120 Hz = 2fi

Inverter SF

Amplitude,

I

Rectifier SF an
Order {Amplitude|Order|Amplitude Order (1) (1)
(k) (By ) (n) (A,) (x£y) p.u.
1 0.99 “1 0. 99 £ 0.50 50
3 -- 3 -- 3f, .0.25 5
5 - 5 -- 5fy 0.25 25
7 | o001 7 -- 74 0.04 4
11 -0.10 11 - 9f, 0.07 7
13 0.26 | 13- -- 11£, 0.06 6
15 -- 15 - 13€4 0.06 6
17 0.26 17 0.11 15£; 0.02 2\
19 0.10 19 0.26 17€; 0.07 7

(1) Output phase currents have been taken as 1 p.u. current

and

)

1008 current.
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. Scheme #4. .
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) TABLE 4.11
. FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
A FCC OUTPUT VOLTAGE SHOWN IN FIG. 4.13
Harmonic coefficients of Harmonic coefficients of
rectifier and inverter resulting output phase
switching function (Fig. 4.13b |voltage, Vpy (Fig. 4.13e)
and 4.134d) X . for fo- 120 Hz = 2fi
Rectifier SF Iﬁverter/ﬂ? Amplitude, Vpy
Order |Amplitude|Order Am&i;tudé Order © (1) (1)
Sl @y (k) | () (k€,) | peu.: | 8
. ‘ T
. de 0.011 1.1
1 1.10 1l 1.27. f° 1.22 122
_ 2f 0.04 4
3 == 3 0.42 3fo 0.41 . 41.
. , 5 ] 0.22 S 0.26 4f° 0.04 4
. ‘ Sf, 0.24 24
\ 7 0.16 7 0.18 6f, 0.01 1
9 - 9 0.14 7f° 0.18 18
11 0.8 11 0.12 9f, 0.14 14
13 0.09 |13 | 0.10 11£, 0.11 11
- l3fo 0.09 9
. 15 - - 15 0.09 15€ 0.08 8
‘ 17f° 0.07 7
17 0.07 17 0.08 19f° 0.06 6
19 0.06 19 0.07

'

(1) Input phase volta%es have been taken as 1 p.u. volt and
1008 volt. . ¥ : o
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Fig'. 4.14: Input current waveform obtained with IMO

Scheme #4. '
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TABLE 4.12

. FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH

and 100% current.

FCC INPUT CURRENT SHOWN IN FIG. 4.14
Harmonic coefficients of Harmonic coefficients of
inverter and rectifier resulting input phase
switching function (Fig. 4.14b |current, I, , (Fig. 4. 14e)
and 4.144) ‘ for £,= 120 Hz = 2fi
Inverter SF Rectifier SF Amplitude,» I,
Order|Amplitude|Order|Amplitude Order (1) (1)
(k) (By) (n) (A,) (k£y) p.u. t
1l 1.27 1 1.10 £q 0.65 65
3 0.42 3 - 3£, 0.28 28
5 0.26 5 0.22 5, 0.09 9 |
7 0.18 7 0.16 7£4 0.03 3 [
9 0.14 9 - of 4 0.08 8-
11 0.12 11 0.10 11£4 0.01 1
13 0.10 13 0.09 13£4 0.07 7 ;
15 0.09 15 - lei 0.03 .3 ;
17 0.08 17 0.07 17€; 0.04 4 ;
19 0.07,.‘ 19 00.06 19fi 0004 4
(1) Output phase currents have beent aken as 1 p.u. current’
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which is at 1lower frequency than the ifnput source. To
establish this capability, one of the schemes i.e. IM; Scheme
#1 waveforms i.e. output voltage and input cu'r‘rent are
analytically drawn with thelr corresponding spectrum in Figs.
4.15 and 4.16 for a frequency of fi- 60 Hz,' f = 30 Hz.

Output voltage and input current frequency specrtra are shown

‘in Figs. 4.15f and 4.16f respectively.

4.6 Design Requirements

———

The design component values are the same as with| the
t);ree-phase cycloconverter components.i.e. the ratings of
switches remain the same only fewer number of switches, six
and four are employed in this case. The control 1logic
requirement is also the same except for the fact that it
becomes much more simpler t.ha'n‘ three phase case as the number
of switches employed in this Scheme are less.

The control logic and its implementation requirements

4

are discussed in Appendix B.
o

t

4.7 Experimental Results ' L

To verify key predicted results in this chapter cheme
#1 for s;:ructure $1 (Fig. 4.1) hardware implementation is
sy'ught. A 1 KVA three—-phase to single-phase cycloconverter
workiLng under DMO principle has been constructed and tested.

Fig. 4.17A shows the citrxtput voltage at a frequency of
120 Hz. 'rhe frequency spectrum agrees well with the
analytically predicted results of Table 4.1. Fig. 4.17B

shows the experimental input current and, its spectrum there
ﬂ .
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Fig. 4.15: Output voltage waveform obtained with three
phase to single-phase full-bridge IMO FCC

Scheme #1 at f.,= 60 Hz, f_ = 30 Hz. Respective

frequency spectrum is shown in "f",
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Input' current waveform obtained with three N
to single phase full-bridge IMO FCC Scheme #1
at fi= 60 Hz, fo= 30 Hz. FRespective

frequency spectrum is shown in “f".



-«

J

o 1
<
.
A
t ) .’
¢
'
'.““r—--v
~ 3 b)
» 1 >
’ A)
v
; w
- 0 . .
(° - .
\'l \r
.lds ’ R . ’&I»
F
o
‘l .
\e ‘ﬂ .. Al
‘ a)
s
i,
. f
- . ¥ f
' .b’ s
‘g
v & * . ¢
i
x
o B.
‘Q) T '
"' "o
fig. 4.17¢
' L] I
<-., "
s .
e, . » -
e
. ‘ /
-~. <
“ . ,
» .-
¢
- 5
i b
s ~

167

N N vl ,

. [ - &
a) Output voltage, V,, (Fig. 4.3).
b) Respective frequency spectrum.

5. 2
Al

a) ;nph;qurrent, I, (Pig. 4.4).

b) Respective fteq‘pncy spectrum. ' | rﬁ

Bxpcribdntzl input/output v tage/current wave-

forms obtained with full br{tge three to .single

phase DMO PCC Scheme #1 at _ = 120 Hz and -

o
M, = 1 for resistive load. s
. M . . 4 )
. :“f -
L " . t "
' ol
'\-} i .
) \ L )



A. a) Output voltage, Vap

. b) Respective frequency spectrum

b B
A ‘
LB 15, 11, .
- B. a) Input cuzrent, I,- C. a) Output current, I,.
b) Raapeotf.t_frequency . b) Respective frequency
apectram. spectrﬁm
Experimental input/output voltage/current -

o ng. 4.13.,

waveforms obtained with full bridge three to
single phase DMO FCC Scheme' 01 at f = 120 Hz

and M, = 1 for R-L load (p.f. = O 8)

o

"
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too hqée close agreement with analyticallf predicted results .
(Table 4.2).

B Pig.. 4.18 shows the same results .for a load power
factors of 0.8. Output current (Fig. 4.18C) in this case is
l{pusoidai. Output voltage (Fig. 4.18A) and input current
(Fig. 4.18B) spectra .iave’ improved due to the filtering
effect of the load.

4.8 Discussion and COnciusions

The several conversion schemes discussed in this chapter

- have igproved voltagg utilization, sinusoidal output voltage

and input current. Most of the schemes described do not

genqrath output or input .sub-harmonics. Any suitable

structure combined with specific scheme can suit various type
of load requirements.

Y (4

thally, the feasibility of a proposed scheme has been

tested and verified on‘p 1KVA labératory-prototype unit.

A
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CHAPTER 5

SINGLE PHASE TO THREE PHASE CYCLOCONVERTER

5.1 Introduction

Use of balanced three phase ac mains allows for the most
efficien{ and economical use of electrical power. This ié
mainly because three phase electrical equipment, such as
3-phase induction motors are significantly more efficignt‘and

economical than their single phase counterparts. In many

8

instances, however, extension of 3-phase power lines to.rural
gnd light industrial areas is not economical. Consequently,
these areas are supplied from single phase mains. A typical -
solu£ion to this problem has been the use of single to three
phase frequency changegs, whose cost is often only a fraction
of tJhe cost of provid‘"ing full 3-phase service. For this
reason several phase conversion systems [41]-[42] have been
' developed and are in wide use today. These ;ystems are
\eitﬁer rotary or static. A brief Aescription of how they
function and of their limitations is as follows:

Fig. 5.la shows a simplified circuit diagram of a rotary
phase converter. “ It consists of rotary transformer and
Qasociated capacitors. The rotary: transformer is actually a
bolyphaae squirrel-cage induction motor without a shafé. At -
no load capacitors curréntw 1 -, flows into the rotary

cap

transformer, IA"f At light load capacitors current, Icap

flows into the rotary, IA“', and also to the load circuit,

IA' As the load current requirements increase, most of the

e '

capacitor current flows to the external load circuit.
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ROTARY
¢ TRANSFORMER

CAPACITORS
'c.Ptl LOAD
/)
| W i A
> - J-L.
le-

«
SINGLE- PHASE [ .
INPUT -
“:‘ «

-

a). Rotary converter

\

VINPUT:s INPUT VOLTAGESVRE  °
VXFMR® VOLTAGE STEP-UP FROM
AYTOTRANSPORNER ¢
VeAP: CARRITOR VOLTAGE
Ia-090°TOVCAP
FOR BALANCED CONDITIONS :
Vocr"n-"ac

b) Staé?% converter

]

"Fig. 5.1: Simplified diagram of rotary and static phase
converters.

o v
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The main advantage of rotary converter is; that the unit
is cost effective and many motors can .be’ operated under
varying 1load coﬂditions with the same rotary converter.
Howeveé, the major d;sadyantage is the reduced lock rotor
torque (sometimes 508 or 1less) which is a obvious problem
witﬁ high starting torque 1loads. The noh lsad losses are
also high. The loss ratio, compared to static éonverter.
could be as high as 10:1.

The static ;onverter illustrated in Fig. S.1b consists
of an autotransformer and capacitors. Phase A current ia
generated by the capacitor. Ba lanced outht supply can be v
achieved by the proper design of the autotransformer and by
suitable choice 6f the capacitance valueé.' This converter
has the advantage of very low no-load losses and the ability
to adjust or balance the load motor currents thereby
improving the perfor ce of tEe motor. The main problem of
this converter is t e supply of balanced-current for all the
three phases for different load conditions. Other limjita-
tions are; wide variation from the given load point should be
avoided and breakdown torque is limited because of . the

reduced capacitor current (I,) at overload [43].

A

It is repgrted [44] that static frequency convertera W}
capable of supplying balanced three phase voltage under vary\\\\
ing load conditions are feasible. However, ‘these converters

[44] use conv;ntional reactors and capacitors in conjunction

with four thyristors. b . w

S A A T



183

The single to three phase frequency changer proposed
(Fig. '5.2) in this chapter is also static but it employs

semiconductor components for phase transformation. Addi-

tional passive components such as inductors and capacitors
(for input/output filtering) mty or may not be reguired
according to . customer specifications. Since it employs

semiconductor switches, the proposed phase converter has the

foilowing merits. , ‘ (\_‘
i) It allows for full voltage control '(z_ero mto rate

voltage) which in turn allows smooth starting .of’
s induction motors by employing constant Vo,lt;/l-lz speed
control. , \

\ -

ii) Resulting converter input current is sinusoidal.

(

The demerits are:
i)'.Output voltage of this phase converter contains third
harmonic component of same amplitude as fundamental.
- However, this third harmonics can be filtered by
employing a ltuned line to line filter .
112 Voltage utilization is low (55% of input voltage)

<
This problem can however be solved by the use of a

matching step-up transformer.

-

\,\ ' Finally, analytically predicted results are verified on
. ‘an pr&r-ime{\tml 1 Kg prototype unit\‘. , |
17 R ]

-

5,2 Fundamentals

- [The basic principle of operation for this sihgle phase
A}
to tﬁree converter can be derived from the general equation
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(2.1) in Chapter 2, by setting the number of input phases,

N=1 and number of output phase, M=3.

e u— bt nand
Van ¥ coa((w8 + wi)t)
Avy 0
. VBC = N COB((NB t'wi)t - n2407)
_ )
L_YCA__ L_cos((ma t wi)t nl20 ] s
4
_-cos((nws + mi)t) —
.+ E ﬁﬂ;i cos((nw_ ¢ @ )t - n240°) (5.1)
- i , L
n=2,3,4,... 8
_—cos((nws t wglt - Q£30°)_-

and respectively the input current equation is given by:

Y

-

3A110 4 Y 3AnI°

[1.] = cos{w,t) + cos{(nw_ + w_)t)

a 2 . n-2.§,8 s o

‘( .
‘ \ [}
@ 3AnIo

+ —5 cos{(nw_- w_)t) (5.2)

n-4,;,1o‘ 8 © .

Equation '(5.1) and Tables 5.1-5.3 show that output
voltages are balagéed for all freéuency ranges. It contains
low order harmonics and their magnitudes are constant due to
a fixed ga;}ng signal pattern. It should be noted here that
ihc order of the harmonics vary dcco;ding .to the output

' [

frequency. However, this scheme is proposed here for fixed

frequency aéplication at 60 Hz (fi- fo- 60 Hz). The ampli-
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‘ ’ AV
tude of the fundamental is given by ; %, (5.1). The input
current spectrum is found to be very favourable and it does

"not inject any low order harmonics to input supply .lines.

5.3 Physical Structure — ] «

‘A circuit configuration capable of transforming ;ingle
phase input power to three phase output power is shown in
Fig. 5.2. 'l"hia structure consists of six bilateral switches
as shown on top of the Pig. 5.2. AltRough this structure is
suitable for variable frequency single to three phase conver-
sion, only fixed frequenéy operation (at 60 Hz) is considered
and analysed here. IMO condition is not applicable to this
structure as imbalance occurs in the output voltages. Only

DMO condition is applied to this structure.

5.4 Analysis of the Converter

The concept‘of FCC is used fg)r‘ the-analysis of the
converter and to explore the possibility of finding a quality
single phase to three pl'_mse static phase converter. S8ince
the intended use of the converter is for a fixed frequency

operation, ‘it is analysed at a output frequency which is same

as the input frequency. ‘ Indirect mode of operation is

discarded as imbalance occurs in output voltages (v = 0,95,

ABl

Vo™ 0:63). | N

"Three DMO output voltage waveforms V,._, Vge and V,, are

plotted in Pigs. 5.3, 5.4 and 5.5 respect{vely’. Their
spectra are shown in Tables 5.1, 5.2 and’ 5.3 respectively.

Althougﬁ the waveshape of VBC is Adifferent from the wvave-

4
Y

g

Sy
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shapes of the other two line voltages, their spectra are

same. Fundamental component of'outp t voltage is 558 of

- input voltage. This is in accordance to the prégicted value

7

in (5.1). <The spectrum contains 3rd harmonic of the same
amplitude as given by the second and third terms of (5.1).
This 3rd harmonics (and higher r‘mrmonicg) can however, be
filtered by a 3rd harmo}xic trap (filter). The spe::}trmn aulao
contains harmonics of order 9, 11, 13 and 15 and of magnitude
11, 11, 8 and 8 percent respectively of th; fundamental.

- Respective input current waveform and ita"}corresponding
spectrum ar/e shown in Pig. 5.6 and Table 5.4. Input current
can be filtered for harmonic by suitable means to obtain a
near sinusoidal waveehaée. The e@rmonic content of the input
current is as follows, 1llth, 13th harmonics of magnitude 19

and 14 percent. Ampiitude of the fundamental component is

968 of the output current.

5.5 Design Criteria .

This converter requires only 6 gatiné signaia ‘for the 6
bilateral switches. The switches are composed of 4 diodes

Qd a gate turn-off device, i.e. transistor. 1In near future

these bilateral switches will be available (in sufficient

\ . . .
power) in modular integrated forms. In designing the digital

contrc:l (firing) circuit, the following need to be con-
lidetegz '
i) Deriving the 6 gating signals. /

.11) Applying the 6 gating signals. :
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TABLE 5.1

FREQUENCY SPECTRA OF WAVBFORMS.ASSOCIATED WITH
- PCC OUTPUT VOLTAGE SHOWN IN FIG. 5.3

Harmonic coefficients of
Harmonic coefficients of |[resulting output line o
switching function . voltage V.5, (Fig. 5.3 ) for

(Frig. 5.3b) fo= 60 He = 2#

Kmplitude, VAB

Order Amplitude Order (1) (1)
. (n) (an) (x£,) p.u. s

) L. 27 £, 0.55 55

3 0.42 3f, ‘| o.ss 55

> 0-26 9f 0.11 11

1 0.18 o - ¢

5 0.14 11£, 0.11 11

11 0.12

13- 0.10 13¢, 0.08 8
: 15 0.09 ’ 15€ . 0.08 8

17 "0.08

19 0.07

(1) Input phase voltages have been taken as 1 p.u. volt and
* 100% volt. .
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: Fig. 5. 4: Output voltage, V.c waveform obtained with
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e single to three phase converter. &Q’) \
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Y

TABLE 5.2

4

)

.

;) 1

FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH

.. FCC OUTPUT VOLTAGE SHOWN IN FIG. 5.4

-

Harmbnib coefficjients of
switdhing function

(Fig. 5.4D)

Harmonic coefficients of’
resulting output line
.| voltage Vgq, (Fig. 5.4t) for

f°é=“60 Hz = fi

e

|

"

< —Amplitude: VBC
Order » implitude Order (1) (1)
(n) (A,) (k£f,) p.u.
fq 0.55 55
1 . 1.27
3 0.42 3f, . 0.55 55
5 0.26 , :
v 7 0.18 of 0.11 11
9 0.14 11£, " 0.11° 11
) 1 0012 « q
13 0.10 . 13£, 0.08 8
15 0.09 . X “.
17 ° ¥ 0.08 15¢€, 0.08 8
19 0.07

L
4

(i)‘.Input phase‘Qoi
) 100% volt.

]

tages have bee

1
l

e

S,

n taken as l/p.u. volt and
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"‘ 1
Vv
a) an -5-:\ 1 ™, /__‘ : /.f’.
. -.5+4 ' 90 180 >€70 360 wt
oo -1+ . , o .
. g
. Py .5~ )
B) % 1 i 4
\ _— , _ 30 180 270 36@ wt
E —.5 ' I o e 4 s r —
N N - - [ I I ol 3
Fy .5 - : , —
c) i 1 -1 .1
1 T T 1
§ . 1) 180 270 360 wt
. . T ‘

o sl v, =F. |
e)VAN Ba AN./ll an; ~ [,

. - . ‘q_ _ . ;
i v . Vo= Vo= V... ‘
: ca 54 ‘ca 2 AN “ ./‘ o
f) » ~‘xr * ] “ o - I
. _,5__/| sa~ - 160 gre ‘la_éa wt
‘ <a

,'_1..

‘

) e ' - N - ‘ P . -
4> . Fig., 5.5: Output voltage, Vop waveform obtained with
single to* three phase converter,
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, TABLE 5.3 ”
FﬁéQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
' FCC OUTPUT VOLTAGE SHOWN IN FIG. 5.5
Harmonic coefficients of
Harmonic coefficients of |resulting cutput line -
switching function voltage Vg,, (Fig. 5.5t) for
(Fig. 5.5b) £,= 60 Hz = £, ’ :
. -
> } . Amplitude, VCA
Order Amplitude’ Order (1) (1)
(n) (A,) (kfg) p.u. %
1 1.27 fo 0.55 55
3 0.42 ¢ 3f, 0.55 55
5 © 0.26 .
7 0.18 i*, 0.11 11
9 0.14
11 . 0.12 11£ 0.11 11
13 0.10
15 0.09 13F, 0.08 8
17 0.08 15€, 0.08 8
19 0.07 ¢
(1) Input phase voltages have been taken as 1 p.u. volt and
1008 volt.
— N
L =) !
R
o G
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{ - IA’ I/ I~* _
a) ST . : ¢ \
-.5- %) 1680 ) 2 wt
-14 :
b)Fl .5
1 1 4 i
EAPR | —1
-.54 99 180 270 360 wt
C)Fz .S"‘L .
1 J | 1 }
L T —T —1
-.5 . *9@ 18 270 360 wt
05 "WL - -
a)Fs3 i . , :
T L L)
-5 3@ B 278 360 wt
.9 N
e)IAN | "y ] — | —— [ -
~st L0 2?'?‘ 360 wt
1 5
-.54 sel_____+80 ——azg 360 wt

1 1 1 FN ] |
! | 1 ~T
36— TBe—__ I27@ 368 wt

. : g :
Fig..5.6: Input curfént, I_ waveform obtained with single
to three phase converter,

[y
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\
TABLE 5.4 °
FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
" FCC INPUT CURRENT SHOWN IN FIG. 5.6
~ |Harmonic¢ coefficiénts of
Harmonic coefficients of resulting input phase current
switching function I,n+ (Fig."5.6h) for
(Fig. 5.6Db) fo = 60 Hz = f
{
Amplitude, Ian
Order Amplitude Order ' (1) (1)
1 1.27 £ 0.9% . 96
3 0.42 ,
) 7 0.18 v ]
9 0.14 13f4 0.14 14
11 0.12
13 0.10 . 23fy 0.09 9
15 0.09
17 0.08
19 0.07 tod

¢ 1} Output phase cgrreﬁts have been taken as 1 p.u. current
" and 100% current.

[
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The 6 gating signals are shown in Fig. 5.7a, which are
pulses of 180° duration. The voltage controlqcan be achieved*'
by introducing notche; in the middle of the pulses as QhoWn
in Fig. 5.7b, or by redpcing the' pulse duration. These six
gating signals are applied directly to the gates of the six

‘ %
switches. i . .

g

5.6 .Experimental Results

The experimenta% résults obtgined witth this phase
converter\for various load conditiohs are shown in Figs. 5.8
to 5.10. Fig. 5.8A shows the output line voltage, input
current, output line current and output phase currents for a
resistive load. Output line Yoltages VAB' BBC and zFA and

) :

their respective spectra dre shown in Fig. 5.8B, C and D.

The experimental voltage and current waveshapes and their

corresponding spectra have close agreement with the analyti-

cally predlcted resuits in Tables 5.1, 5.2 and 5.3. Thus, it

' is shown that they produce balanced output Yoltages. Input

current and its spectrum is shown in Fig. 5.9 which agrees

with the predicted spectrum shown in Table 5.4. Output phase

and line currents and their spectra are shown in Fig. 5.9,
and C respectively. 7

The same output voltage and current for delta‘connected
R-L load of 0.8 power factor is shown in Fig. 5.10. They

also agree with expected waveshape of voltag?s and currents.

a
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1
.54
g, °% - . .
P J -
-.54 Y 160 270 360 wt
14
.5+
g .
2 L , - ‘ K
U ™ A !
_ sl 3@ 180 270 360 Wt
1 + -
a) 9, .'5 -+ . /
) w .\ . :
T 1 1 T
~-.s54 3 - 188 _ jeve 3ce wt
1.4
.5+
t 1
sl 3@ 180 / 27 360 wt
1
-
gs T | l/ 1 {
L) 1 1
-5l 90 180 270 360 Wt
1
.54 ‘
e | lr j %
sl 30 / 180 270 360 Wt
not {0
. Vet
b) 9;° ¥ / ) o .
1}
-.5+ 9 180 270 360 wt
Fig. 5.7: Gating signals of the single to three phase

~J¢ gatihg signals.

utput voltage control by introducing notch.
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AAAA

13 9111319  21f
A, a) Output line voltage, Vag- B a) Output line voltage, VAB'
b) Input current, Ia' b) Respective frequency

c) Output line current, I,.. spectrum.

d) Output phase current, Id .

b)

A f AA A
13 onww 21 13 9TimB®w 21f
C. a) Output line voltage, Vgee D. a) Output line voltage, Vg,

b) Respective frequency b) Respective frequency
spectrum, " ‘ spectrum,
Fig. 5.8: Experimental input/output voltage/current waveforms.
obtained with the proposed single to three phase
converter for delta connected resistive load.
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AA »
13¢ .
A.- a) Input current, I . .

b) Respecti@e frequency spectrum,

L

A A
~13 9 i3 2t ) 13 9N~ 21f
B. a) Output phase current, Iz . C. a) Output line current

b) Respective frequency
spectrum. spectrum.
. Fig., 5.9: Experimental input/output current waveforms
obtained with the proposed single to three

phase converter for delta connected resistive
load.’

' IA.

b) Respective frequency

»
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i
b)
. AA AAAA
13 9 1113 15¢
A. a) Output line voltage, VAB'. B. a) Output Xine voltage, VAB'
b) Input current, Ié. b) Respective frequency

c) Output line current, I,. spectrum.

d) Output phase -current,

—-—h e e e

D .oreg” o INTD 1T Y

AL AA 3 “
13 - 1113¢ 1?3 of .
C. a) Input current, Ia’ D. a) Output line current, %A'
2 b) Respective frequency b) Respective frequency
spectrum. < . spectrum.

Fig. 5.10: Experimental input/output voltage/current wave-
forms obtained with the proposed single to three
phase converter for delta connected R-L load

(p.f. = 0.8). S

<«

-
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attractive economically as well as practicall‘y.
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5.7 Discussion and Conclusions

-

This chapter provides a comprehensive aq&lysis of a .

phase converter structure capablé of pr&viding three phase
power frorn“existing single phase ac mains employing thel
principle of cycloconversion. The proposed converter
provides balanced three phase output powef. \Hoyever, output
voltages conta;.n low order harmcar/xics which can be easily
filtered. The 'simplée cm;trol iogic circuit and standard
six-switch configuraéion of the proposed scheme makes it

]

Experimental nesults p

-

predicted results of| th new phase converter structure.

G
[~

p—
.

ves the validity of analytically

’
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~ CHAPTER.6

i

CYCLOCONVERTERS FOR HIGH FREQUENCY LINK APPLICATIONS

6.1 Introduction

The possiblé applicatiohs of Forced Commut;ted Cyclocon~
verters for low to medium frequency conversion have already
been described in the previous chapters. This chapﬁ:F
investigates the use of FCés for high frequency applications
agd in particular in the role pé hiéh'frequency links (HFLs).
Such links are widely used agfintermediate stag% circuits to
provide simultaneous power conditioning 3nd ohmic isolation
of input and output stages. -

High frequ;;cy links have shown a number of signifié;nt
advantages in the area of static powé; conversion and'condi;
tioning. These advantages include; neductiqn in the size
of magnetics, elimination of dc link components, cépability
for independant control of ggal and reactive power compo-
ngpts, bilateral control of power flow, precise output
voltage and input current waveshaping, [45]-[47], etc.
Because of these advantages high frequency IP;ks are now
employed in épplications which require ligﬁ;-weight ac/dc and
ac/ac power supplies. Some of the applications include:
switch—mode rectifiers, battery chargers, and high frequency
power distribution buseé—Which are employed in 60 Hz ané 400

Hz UPS. Moreover, HFLs have been recently propbsedfofor

_linking asynchronously independent (48] utility lines and for

linking utilities with industrial users.

[
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So far most of the technical literature in this area
focuses on thyristor based technology main%y because of the
-largexpower'ratings envi%qged'and the established ;upe}ior
performance of thyristors in high powef applications. Recent

developments” in the power semiconductor have shown that for

i
4

low to medium power levels the bipolar power transistor is by

far the most\éconoﬁical choice in many applications. In the

L] 7

. present day powefltransistor with superior switching speeds
“are available in integrated-insu%ated éackagqs which allow
the imp;ementation'of tiovel circuit topologies phét require
only small size reactive components thus contributing to the
overall reduction in converter size‘and weight. Several such
HFL topologies are discussed and thoroughly analyzed in this
chapter. Although some of.98f§§ topologies are p;eviqualx
‘known [49]-[50], they have b&en treated here for the first
time as a family of circuits with common'functioﬁﬁl charac-
teristics. In particular ﬁﬂreé HFL eircuit configurations
(Figs; 6.1, 6.7 and 6.12) and two mode of opération.(Figs.
6.2, 6.5) are discussed in this chapter. _Each of these
\ circuits is comggkibie with one of the followiﬂg source phase‘

) to‘load phase configurations;
i) Three phase source éo three phase load with no

neutral available (Fig. 6.1).

“p

a

-
ii) ' Three phase source to single phase load with no

S neutral available (Eié. 6.7). @ .

iii) Three phase source to single phase load with neutral

available gFié§ 6.12).
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. 4 .
The two modes of operation i.e. the direct and indirect

- v
» o

mode of lop’eration ‘(DMO°and IMO) have alréady been dgscribegl'
. in Chapj:er 2, For each ’ca;e the best combination of circuit
. topology ,ané moc;e of operation has been sought for oétimum
o s?ss\em performance. For each of the aforementioned combina-
tions this chapter preseﬁts; )

&' g i)J detaiXed functional description for the. resulting

- HFL power cenversion system.
’ . A M . )
S ‘@, ) ii) Respective input current and output voltage wave-

LN forms (Figs. 6.2, 6.3, etc.). '

iii)" Detailed harmonic analysis of the above with
N : ~emphasis on respaective"voltqge gain c‘naracte’ristics.
(Tables 6.1raL10). '

Finally some predlcted results are ekpe_r)imentally

) -
¢ verified (Figs. 6.15 and 6.16) on 1 KVA laboratory prototype
’ : ] ' _ v
: units. ) s

3 s

-~ . A .
6.2 Practical FCC Circuits for HFL Applications

'The generalized N-input M-output voltage/frequency/phase
static transformer (or FCC) topology shown in Fig: 2.1,

Chapter 2 can be readily us'éd to - realize practical HFL-FCC

l

circuits once the number of input/output phases (N,M) have

been specifiqg. Some of the examples treated in this chapter

~ v

-~ are, shown in Fit_;. 6.2. - R
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6.2.1 Three Phase to Three Phase HFL-FCC Circuit

Fig. 6.1 shows the simplified HFL-FCC circuit topology
that results from. the general jzed case"descrfﬁed in (Fig.

2.I, Chapter 2), bf‘setting the number of'?nput and output:
—_— F = )
phases equal to three (i.e. N=Mz3). This HFL topology is
{ .

useful in cases where a'*fixed frequency, fiked voltage three

phase ac power supply is used as a common source for several
i )

loads with different variable fregdency (e.g. from dc to 400

P

Hz) variable voltage supply requirements (these loads are

assumed to -includeée their . respective frequency step down
oy ' ¢ )

converters). Other applications include;' static VAR compen-

_sators and/or dedicated three phase high fregquency loads.

fOutput Voltagé and input acurrent eqhgtions are same as
described in (3.7),,(3.8): (3.14) and (1.15) in Chaptef 3 for
DMO and Iﬂo)respectively. Oné efficient scheme each for DMO
and IMO are considered and analysed here.
[ - ) . M ‘w
’ ' ¢

6.2.1.1 DMO HFL-FCC Characteristics"
-

The waveforms of the elemenés fi L f
, L

—

2
and f

1,2 1,3 of the;

converter "switching matrix" [Fd(ust)} are shown in Fig.

w

6.2.b, c, 4d. The respective spectrum of these waveforms is
shown in column 2 of Table 6.1. .The main advantage with this
type of switching waveforms :is’ that they yield maximum

possible output/to input voltage gain (i.e. ©.827) for the

S

DMO. However, the principls;,ﬂf?gdvantage is that ﬂthey
generate output voltage waveforms (Fig. 6.2.e) with low

order harmonics of significant amplitude. This is shown in

“~

v
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' . ‘Fig. 6.1: Simplified ciréuit diagram of the proposed
three-phase to three-phase FCC-HFL
topology. - "
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~columns 3, 4 and 5 of Table 6.1. These three columns also
illustrate the amplitu@es of all other significant components
af the generated FCC-HFL output voltage (line to line) wave-
forms. 4Respective DMO output/input curren£s and switc’t;i—ng
matrix waveforms are shown-in Fig. 6.3. Table 6.2 provides
the amplitudes of all significant components of the input
current wdgpferms\fhown 1n”Fig. 6.3. It is worth noting that
ghe resuléing input current does not contain any low order-
harmonicg(provided that fo S»fi.

¥

Output voltage control can be achieved by introducing

“

notches at the centre of the pulses as shown ih‘Fig. 6.4,

6.2.1.2 -TMO HFL-FCC Characteristics

IMO is a two step process. In this method, input
voltage is first rectified into dc voltage, and then it is
inverted to obtain th% desired freéuency )at‘ the output.-
Output frequency is varied by varying the inverter treéqency.
MSPWM switching function consists of a number of pulses and
as such,‘ some of the pulses may be 1lost at that high
frequency due to . finite switching time of the inverter
gwitches. Therefore, inverter switching function cannot be
’éWM SF. Therefore, only one scheme where rectifier function
in MSPWM and inverter function is single pulse is considered
for analysis.” ~ - . ~

Respective output 'voltage and input current results are

presented here for the indirect mode of operation (IMO). 1In

particular, Fig. 6.5 shows the waveform of the fl 1 element
. .

s
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High frequency output voltage waveform obtained
with three-phase to three-phase DMO FCC- HFL
topology.
a) Three input line Vvoltages.

b) - 4) Fl, F2' F3 switching function.components.
c) Resulting output lihe voltage, Vap*
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100% volte

LY
')

° TABLE 6.1
FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
FCC HIGH FREQUENCY OUTPUT VOLTAGE SHOWN IN FIG. 6.2
Harmonic coefficients of
Harmonic coefficients of resulting output line ‘
switching function voltage V,p, (Fig. 6.2e) for
T - Amplitude, V T
plitude, AB
Oorder | Amplitude Order (1) (1)
(n) (A,) (k£,) p.u. %
"de’ I 0.33
1 0.55 £, 0.83 83
2 0.28 2f +3£;=2.25f | 10.42 42
4 0.14 4f +3f£;=4.25£,| 0.21 | 21
5 0.11 5.5£45] 0.17 17
7 0.08 7.5€£,| 0.12 12 -
8 0.07 8.75€,] 0.10 10
10 0.06 10.75fo 0.08 8
16 o 0.04 12fo 0.08 8
17 "0.03 14£, 0.06 6
19 0.03 18.5£,1 0.05 5
(1) Input line voltages have been taken as 1 p.u. volt and
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R TT lﬂ%ﬂ i [tﬂ (.
ﬂ LL] M,Jl” @aﬂ” fL =

Input current waveform obtained with three-phase
to three-phase DMO'FCC-HFL topology.

a) Three- output phase currents.

b) - d Fl, 27 F3 switching function components.

c) Res lting input current, Ia‘
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TABLE 6.2

FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
FCC INPUT CURRENT SHOWN IN FIG. 6.3

Harmonic coefficients of
Harmonic coefficients of resulting input phase current
switching function Ian, (Fig. 6.3e) for
(Fig. 6.3Db) o fo = 720 Hz = 12f;
Amglitude, Ian
Order Amplitude - d;&eﬁ/ (1) (1)
(n) (A,) (x£y) p.U. 3
dc 0.33 . ’ .
1 0.55 £ 0> 83 83
2 0.28 2£;+3f,=38f .42 42
4 0.14 4£;,+43£,=40£4] 0.21 21
5 . 0.11 77£5 0.17 17
7 "0.08° - 79£4 0.12 12
8 0.07
10 0.06 .
16 0.04 )
17 . 0.03
18 0.03

-

1) Output phase current has been taken as 1 p.u. current and
100% current. : \

13
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Fig. 6.4:
by 1ntroduc1ng notches.
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Output voltage control for DMO FCC-HFL topology
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of the fictitious rectifier switching matrix [F.(w;t)] while
Fig. 6.5d4 shows corresponding waveform for the fictitious
inverter switching matrix [%i(wc;t)]' Also the waveform of

-

one of the resulting HFL line to line output véltages VAB i‘s
"shown' in Fig. 6. 5e. Sim;lar wave‘fo‘i'ms' regarding HFL input
current are shown in Fig. 6.6. -

Complementary information for the .abovementioned
voltage/current/'switching matrix' waveforms 1is given 1in
Tables 6.3 and 6.4. - It can be seen from column 6 of Table
6.3 thlat the IMO mixed modulation scheme provides a good
voltage gain (i.e. 0.96). Moreover, as shown in Table 6.4

column 5 the respective HFL input currents are free of low

order harmonic components.

6.2.2 Three Phase to Single Phase HFL-~FCC Circuits’

Three phase lto single phase conversion can be achieved
by two structure, i.e. full-bridge (6 switch) or half-bridge
(4 switch). Input and output current and voltage equations
shown in (4.1), (4.2) -and (4.3), (4.4) in Chapter 4 are
equally valid for high output frequency. These two struc-
tures are analysed below. s 5

6.2.2.1 Full-bridge Configuration

Fig: 6.7 shows a simplified FCC-HFL circuit topology
that results from the gbkneralized cycloconverter structure
(shown in Fig. 2.1, Chapter 2) by, setting the number of input

phases N=3 and the number of output phases M=l, 'I'his_ HFL

[



High freguency output voltage waveform obtained
. with three to three phase IMO FCC-HFL topology.
a) Three input phase voltages. b) Fictitious

rectifier SF. c¢) Fictitious rectifier voltage.
d) Fictitious inverter 'SF. e) Resylting output
line voltage,‘VAB’. .
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'y TABLE 6.3
FREQUENCY SPECTRA-OF WAVEFORMS ASSOCIATED WITH HIGH
FREQUENCY FCC 0!:1"1‘1.10'1“ VOLTAGE SHOWN IN FIG. 6.5
Harmonic coefficients of Harmonic coeffiéients_of
rectifier and inverter |resulting output phase
switching function (Fig. 6.5b voltage, Vau (Fig. 6.5e)
and 6.54)
‘ ) for £ = 720 Hz = 12€F; -
Rectifier SF |[Inverter SF Amplitude, Vpy
Order |Amplitude|Order|Amplitude Order - 1) (1)
(n) (An) (k) (By) (x£,) p.u. %
A3
dc 0.00329 0.329
0. 5f° 0.01 1
1 0.99 | "1 1.10 £, |o0.% %
@ . 1.5¢, |0.075 7.5
3 - 3 - 2fo 0.055. 5.5
2.5f, 0.013 1.3
5 - 5 0.22 3. Sfo 0.075 7.5
\;) 4fo ) 0.1095 10.9
7 - 7 0.16 4, 5f° 0.067 6.7
Sfo 0.224 22.4
9 - 9 - S. 5fo 0.017 1.7
. 6f, 0.042 4.2
11 - 11 0.10° 6. Sfo 0.076 7.6
'lfo 0.082 - 8.2
13 - ’13 0.09 8f° 0.009 0.9
B.LSf° 0.018 1.8
15 - 15 - 9f, 0.022 2.2
4 ’ 9. 5f, 0.009 0.9
17 . 0.11 17 0.07 10f 0.008 0.8
19 0.26 19 0.06 ) %

Y

(1) Input phase voltageé®s have been taken as 1 p.u. volt.

-

Y
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@
i
-Fig, 6.6: Input':‘current waveform obtained with three,
to three phase IMO FCC-ZHFL topology.
, ,

Ve o -
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TABLE 6.4

.

FREQUENCY .SPECTRA OF WAVEFORMS ASSOCIATED WITH

FCC INRUT CURRENT SHOWN IN FIG. 6.6
Harmonic coefficients of -|Harmonic coefficignts of”
inverter and rectifier resulting input phase
switching function (Fig. 6.6b .|current, I,., (Fig. 6.6e)
and 6.64) for £ = 720 Hz = 12f,
{ ~ 4
anerter SF Rectifier SF Amplitude, Ian -
Order|{Amplitude|Order|Amplitude| . Order (1) (1)
1 1.10 1 0.99 fi 0. 954 95.4’
3" = 3 -- 25€; 0.006 0.6
5 0.22 -5 -- 29f, 0.109 | 1009
7 0.16 B A P 31f 0.245 24.5
9 - 9 - 35£4 0.246 24.6
.11 0.10 11 - .
I3 0.09 13 ¢ - :
15 -- C 15 e
17 0.07. {] 17 | o0.11
19 0.06 19 0.26. _ :

and 100% current.

i

- (1) Qutput phase.currents have been ¢aken

S

0

]

» -

as 1 p.u. current
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topology is particularly suitable for ac/dc power conversion
process (such as switch-mode rectif;erai that incorporates'
aéages of high frequency ohmic isolation [47]. Théy can also

be eﬁployed for any of the applicatidhs considered in sub-
7

gection 6.2.1.

Moreover, the HFL circuit topology, K can function .equally

g

well either with DMO or IMO. Again, the waveforms of the

1,1° f1,2 1,3 of the converter DMO 'switching

matrix' [Fd(wst)] are shown in Fig. 6.8b, c and Ad.

and £

Fig. '6.8e shows the waveform of the resulting HFL output line
to line voltage VAB' Respective HFL input' current waveforms
a;e shown id‘Fig. 6. 9. Complementary information regarding
the harmoniic composition of the abovementioned waveforms is

tabulated in Tables 6.5 and 6.6. In particular column 5 of

dTable 6.5 shows that the maximum amplitude of the fundamental

'component of V is approxihately 9% % ofwthe respective

~~AB
[
amplitudes of the input line voltage and also that VAB
contains significant 1low O{der harmonils. However as

eipected, no subharmonic components are presént in the VAB
”

spectrum. Similarily column 3 of Table 6.6 shows that the

resulting threé HFL input currents, although discontinuous,

do not contain any low order harmonics. These features allow

o

effective filtering of unwanted current harmonics employing

&

smaller size input filter components.

)

«

Output voltage and input .current waveforms and‘ their
absocieted frequenéy spectra for IMO are shown in Figs.
' &
6.10, 6.11 and Tables 6.7 and 6.8 respectively. This mode of
. : . ;

Vo

”
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High frequency output voltage waveform obtained
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DMO FCC~HF]L, topology.
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TABLE 6.5-

FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
FCC HIGH FREQUENCY OUTPUT VOLTAGE SHOWN IN FIG. 6.8

switching function
(Fig. 6.8Db)

H

Harmonic coefficients of

Harmonic coefficients of
resulting output phase
voltage Vpy, (Fig. 6.8e) for

f°= 720 Hz = 12fi

Amplitude, VAN

Order Amplitude Order (1) (1)
(n) 1 (a) (kfy) p-u. %
1 1.10 £ 0.9 9%
3 -~ 5.5f, | 0.19 19
5 0.22 7.5¢£, 0.14 14
: 12£ 0.09 | 9
7 0.16 ‘ .
14£, 0.07 7
9 - -l ~vv .
. 18.5f, 0.06 6
11 0.10 : ‘
25€, - 0.04 | 4
13 - 0.09
15 -
17 0.07
19 0.06

(1)

100% .volt.

Input phase voltages have been taken as 1 p.u. volt and



202

el I

T J'H”"‘U "l'““

-1
- Fig. 6.9: Input currenf:".waveform obtained with three to
'single-phase (full bridje) DMO FCC~HFL
topology. ' -
A 7




203 '

TABLE 6.6 v
FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
- FCC INPUT CURRENT SHOWN IN FIG. 6.9
_ Harmoni¢ coefficients of

Harmonic coefficients of resulting input phase current
switching function . I,, (Fig. 6.9c) for
(Fig. 6. 9b) - £, = 720 Hz = 12f,
Order - Amplitude Amplitude, I,,

(n) (Ay) Order (1) (1)

1 Al )

1 1.10 fi 0.55 55

3 N - 25fi 0.55 55

5 0.22 53f; 0.11 11

7 0.16 774 0.11 11

9 A - 79f; 0.08 8

11 “ 0.10

13 0.09

15 --

17 0.07 o

19 0.06

1) Outﬁut phase currents have been taken as 1 p.u.

and 100% current

current
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Fig. 6.10: High frequency output voltage waveform obtained
with three-phase to single-phase (full bridge)

IMO FCC-HFL topology.
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Y

100% volt.

TABLE 6.7
FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
FCC OUTPUT VOLTAGE SHOWN IN FIG. 6.10
.. |Harmonic coefficients of Harmonic coefficients of
rectifier and inverter resulting output phase
switching function (Fig. 6.10b |voltage, Vay (Fig. 6.10e)
and 6.104) for fo= 720 Hz = l2fi
k)
Rectifjer SF Inverter SF Amplitude, Vpy -
Order |Amplitude|Order Ampliiude Oord (1) (1)
(n) | (ap) x) | (By) (k£ pou. | %
dc 0.00134| 0.13
0.5f, 0,0738 7.38
1 0.99 1 1.27 fo 1.05 105.0
1.5£, 0.012 1.2
3 - 3 0.42 . 2€, 0.045 ‘4Q;J
) 2.5F, 0.139 13.
5 —- S 0.26 . 3fo 0.5 50.0
, 3.5F, 0.049 4.9
-3 - 7 0.18 4f, 0.064 6.4
4.5F, 0.062 6.2
9 - 9 0.14 5£, |0.171 17.1
5.5f, 0.059 5.9
11 - 11 0.12 6f, 0.028 2.8
6.5f, 0.065 6.5
13 - 13 0.10 £, 0.251 25.1
‘ 7.5F, 0.017 1.7
15 - 15 ©0:09 8fo 0.008 0.8
17 0.11 17 0.08
19 0.26 19 0.07
23 0.26 23 0.06
(1) Input phase voltages have been taken as 1 p.u. volt and
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v ' TABLE 6.8
. FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH -
FCC INPUT GWRRENT SHOWN IN FIG. 6.11
Harmonic coefficients of ' Harmonic coefficients of
inverter and rectifier ) resulting input phase
switching function (Fig. 6.11b |current, I,,, (Fig. 6.1lle)
and 6.114) ' . for F°= 720 Hz = 12f;
Inverter SF Rectifier SF Amplitude, I,
. ™~
Order |Amplitude|Qgder|Amplitude Order (1) (1)
(x) | (By) (n) (An) (kfi) p.u. $
1 1.27 1 0-. 99 £y 0.609 60.9
3 0.42 3 S 5£4 0.055 5.5
5 0.26 5" - 7fi 0.276 27.6
9 0.14 9 - 13f; 0.032 3.2
13' 0110 - ].3 - lgfi 0-177 17.7
15 0.09: 15 -
17. 0. 08 17 0.11
19 0.07 19 0.26

\

A
(1) Output phase currents have been taken as 1 p.u. current
and 100% current. '’

=4
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( ry
operation results in high ga#n i.e. 105% at the output but

contains subharmonics and low order harmonic components.

L

Input current spectrum is féirly good. ’-

-

v

6.2.2.2 Half-bridge Configuration ’

»

Fig. 6.12 shows a three-phase to single-éhase FCC-HFL
circuit topology that r:esults from the one shown in' Fig. 6.7
by removing the three top or bottom switche; [49]. The
fourth switch S4 has been introduced to allow for output
voltage control. This topology is particularly useful when
tht; neutfal terminal of the ac source is available. -

The converter DMO switching matrix [Fd(mst)]. elements
are shown in Fig. 6-13b, c and Ad. ’Resultim‘g HFL output
voltage, is illustrated in Fig. 6.13e. The spectrum of the
output voltage is tabulated in Table 6.9. -Column 4 (Ta”ble
6.9) shows that the maximum ampl-itude, of the fundamental
component of output voltage is approximatelg 83%, of the
respective amplitude of the inpu't voltage. As expected it
conéailns low order harmon.;Lca. Howpver, it is free from sub-
harmonic components. Input current waveform, Ia is shown in
Fig. 6.14. Resﬁ:\tiive spectra for inbut currents are shown
in Table 6.10. Column”3 shows that it do not contain any low

order harmonics, although HFL input ac currents are discon-

-

tinuous.

» -

N
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TABLE 6.9

-

' éREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED HI*H.
FCC HIGH® FREQUENCY OUTPUT VOLTAGE SHOWN IN FIG. 6.13

.

(Fig. 6.13Db)

Rarmonic cpefficients of
switching functions

.
1

]

Harmonic coefficients of
resulting output phase -
voltage Vpy, (Fig. 6.13e) for

£~ 720 Hz = 12f,

10@8 volt.

.

. o Amplfgude, VRN' \
Order Amplitude Order ~ < (1) ) (1). -
(n) L () (kf,) p.u. t
dc . 0.33
1 0.55 : fg 0.83 83
2 0.28 2.25fo 0.42 _ 42
* 4 0.14 4.25¢F 0.21 . 21
5 0.11 5.5€, 0.17 /] 17
7 " 0.08 ' 7.5€, 0.12 . 12
Q' 0.07 ‘ e8.75£° 0.10 10
10 ! 0.06 1Q.75£, 0. 08 ° 8"
16 0.04 126, S o.08]| > 8
}7' 0.03 14£ 4 0.06 6
19 0.03 '18.5f° 0.05 5
- (1) 1Input phase voltages have been, taken as 1 p.u. volt and
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TABLE 6.10

FREQUENCY SPECTRA OF WAVEFORMs ASSOCIATED WITH ]
FCC INPUT CURRENT SHOWN IN FIG. 6.14

Harmonic coefficients of
switching function
(Fig. 6.14b)

Harmonic coefficients of
resulting ‘input '‘phase current

£ = 720 Hz = 12f; .

Ampiitude. 1

an -
Order Amplitude Order 1) (1)
(n) (A,) (kfy) p.u. LI
dc 0.33 :
1 0.55 £, . 0.28 . 28
2. ~0.28 126; 0.33 33
4 0.14 14£, 0.14 14
5 0.11 ° 25£4 0.28 -28
7 0.08 38£;° 0.14 . 14
8 0.07 40f; 0.07 -7
10 . 0.06 , 53%; 0.07 6
16 . 0.04 64f, . '0.07 7
17 ' 0.03 |
19 . 0.03

1) Output phase currents have been taken as’'l p.u. current

“and 100% current

°

]
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6.3 Experimental Results - o

To demonstrate the feasibility of the proposed FCC-HFL
topologies and their associated switching control schemes two
1 KV& expérimental prototypes w;re implemented Dfoz" the
topologies éhown in Figs. 6.1 and 6.7. Key experimental
results obtained with these prototypes are shown in Figs.
6.15 and 6‘16’1 In .particular Fic;. 6;.15; shows the output line

voltage V (Fig. 6.5) and the input line current, Ia (Fig.

AB
6.6) for the case of three phase to three phase IMO FCC-HFL
topology (Fig. 6.1). Also Fig. 6.16 shows the output line
voltage, V,p (Fig. 6.8) and the input line current, I, (Fi:g.
6.9) for three-phase to single-phase DMO FCC-HFL topology
(Fig.) 6.7). Their spectra agree with respective simulated

results (Tables 6.5 and 6.6). : ,

6.4 ‘Conclusions

. i X
Several FCC-HFL topologies and two modes of operation

have been presented and evai'uated' :L‘n this chapter. It has
begn éhown theoreticglly' and experimentally tpat I-;CC'a can be
.successfully e{nployed i'nk various HFL'ap'plications and in
particular for'caz;es where bilateral power flo;.r and compact
packaging are reqﬁ{red. Also it has been demonstrated that
throu?h the use of appropriate mode and switching function
FCC-HFL c;ircuits can be made to yield output voltage and
input ‘current waveforms with low harmonic content and insig-

-

nificant amplitude derating.

A
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A. a) Output line voltage, B. a) Input current, Ia (Fig. 6.6e).
VAB (Fig. 6.5e). .
b) Respective frequency b) Respective frequency
spectrum. spectrum.

Fig. 6.15: Experimental input)output voltage/current waveforms
obtained with three to three-phase FCC~HFL (Fig. 6.1)

IMO topology at fo= 600 Hz, fi = 60 Hz for resistive
load. . ‘

A .
-’?‘?“,,5 551, 1 28
A. a) Output lihe voltage, VAB B. a) Inpdt current, Ia (Fig. 6.9c).
(Fig. 6.8e). !
b) Respective frequency b) Respective frequency
spectrum, . -~ 7 spectrum, ¢

Fig. 6.16: Experimental input/output voltage/current waveforms
. obtained with full-bridge three to single-phase
FCC~HFL (Fig. 6.7) DMO topology at f°= 720 Hz,

fi = 60 Hz for resistive load.
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Moreover, the genéralized synthesis approach redarding
éircﬁié topologies presented in Chapter "2, can be used to

obtain suitable topologies for any combination of HFL input

‘to output number of phases.
©

Finally key pnedicted‘pesults have been Yerifigd'experi-

mentally on laboratory prototype units.

1)

Ly
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]
CHAPTER 7

El

SUMMARY, CONCLUSIONg\AND RECOMMENDATIONS

7.1 Summary and Conclusions

Some Forced Commutated Cycloconverter (FCC) structures
to suit different types of loads have been investigated in
this thesis. Depending on a particular load characteristics
and gpecif{cations, various FCC topoiogies and combinations
of switching functions have been studied. A generalized
matrix model of FCC has been developed, which ‘has been later
used to analyse diffe;ent types of FCCs. Cycloconverter
control strategies employing direct and indirect modes of

operation (DMO and IMO) have been identified. Respective FCC

analyses have shown that IMO offers the best combination of

voltage gain and 1low harmonic distortion. However, it

requires a considerable more complex, conceptual and hardware

realization.
In particular the contributions of this thesis by

\
chapter are as follows:
In Chapter 2 it has been shown that -complex FCC
structures could*be_analytically and physically represented
by a generalized matrix m;del. This model has been uséd_to

investigate différent FCC structures operating under bMO and
IMo. Y-

In Chapter 3 three-phase’to three-phase FCCs under DMO
and IMO conditions have been investigated. Some advanced PWM

techniques, which have yielded minimum possible harmonic

Fa
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distortion of the input/output waveforms along*with maximum
possible voltage utilization have been proposed and employed.
It has been shown that IMO Qo;tage‘gain could be increased up
to 0.95 of input voltage.Without any significant harmonics.
This is a significant improvement since existing control
strategies yield only 0.5 (output to input) voltage transfer
ratio. For FCC under DMO condition the voltage gain has been
shown to be only 0.83%. However, DMO -control logic is
eignificant%y simpler. Also an evaluation of all the
proposed FCC structures and control schemes has been provided
which facilitates the selection of best scheme for specific
load characteristics and requirements. ’

Three phase to single phase FCCs have been inﬁestigated
in Chapter 4. It has been shown that these new FCC struc-
tures have bettéf performance in terms of voltage utiltza-
tion, harmonic content an? subharmonics than any other know
structures. . Experimental results have ﬁeen employed to
confirm these conclusions.

Next, the search for an efficient single to theee phase

FCC has led to a novel converter structure whose principles

P

of operation are described in Chapter 5. This new FCC strwc-
ture is recommended for- fixed frequency single phase to
three-phase power conversion applications in rural areas. It
has been shown that this new phase converﬁér.is simple, light
Qeight, economical, efficient and uses no bulky reactive
components. The validity of these conclusions has again been

verified experimentally.
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Finally, the proposed three-phase to three and single-
phase FCCs have been further investigated in Chapter 6 for
potential use in high frequency link (HFL) applicat{ons. It
has been -shown theoretically and experimentally that the
proposed Fcés can be successfully employed in various HFL
applications and 1in particulér for cases where bilateral
power flow and compact lighg weight packaging are réquiféd.

In summary all FCC structures propoged and treated in
this tﬁesis exhibit significantly .improved performance than
respective knowﬁ'FCC structures. They are light weight and
compact as no bdlky reactive compchents are necessary. jMore-
over, some key theoreticaly results have been verified
experimentally in order to prove their validity.

4

7.2 Suggestions for Future Work =~

—

Most-éf the anilysis and design of static FCC tepologies
discussed in this thesis have been performed under - steady
state operatihg condition._ Further investigation is there-
fore required in the areas of transient performance and
staPility of the FCCs. Some input/output filters are
necéssary for the subject FCCsg, but no filter design has been
provided in this thesis. Further study is requiréd to design
these“ input/output filter components to suit particular
customer \specifications. A reductjon in complexity and size
of FcC ¢bntrol logic circuitry can be investigated by
employing VLSI techniques.  Converter protection for the

proposed FCC structures can be further investigated.

A



(1]

[2]

[3]

[4]

‘[5]

Le]

7]

f8]

A

220

a REFERENCES
L. Gyugyi and B.P. ﬂPellé, Sta;ié Power Frequency
Changes{ Theory, Performance and Appliéation, Wiley-—
Interscience, New' York, 1976.

V.R. Stefanovic, "Present trends in variableuspeed ac

drives", Conference Record, IPEC-Tokyo, 1983, pp.

_ 438-449.

B.K. Bose, Power Electronics and AC Drives,.Prentice—
Hall, New Jersey, 1986. )

K.M. Chirgwin, L.J. Stra£ton and J.R. foth, “Precise
frequer;“cy power generation from an unregulated shaft",
AIEE Trans. Appl. and Ind., Vol. 79, No. 52, Pt. II,
Jan. 1961‘, pp. 442-451.

R. Chauprade and A. Abbondanti, "Variable speed drives:

--modern concepts and approaches", Conference Record,

IEEE-ISPCC, 1982, pp. 20-37.

R.A. Pearman, Power Electronics Solid State Motor
Control, Reston Publishing Company, Inc., \Virginia,
1980.

T.A. Kneschke, "Static. frequency converter for SEPTA's
Wayne Jjunction traction substation", IEEE Trans. Ind.
Appl., Vol. IA-21, No. 2, March/April 1985, pp.

8
295-300.

T.A. Lipo and P.C. Krause, "Analysis and simplified
representation of a rectifier-inverter induction motor
drive", IEEE Trans. Power BAppar. & Sys., Vol. Pas-88,

No. 5, May 1969, pp. 588-59.
[



<221 -

[9] P.D. Ziogas, Y.G. Kang and V.R.HSte,fan"ovic, "R,ec£ifier
inverter frequency changers with suppressed dc 1link
components", Conference Record, IEEE-IAS, 1985, pp.
1180-189. A | ‘

[10] F.E. Gentry, F.W. Gutzwiller, N. Holonyak, Jr. and E.E.
Von Zastrow, Semiconductor Contxrolled Rectifiers,
Principles and Applications ‘of p-n-p-n Devices,
Prentice-Hall, N.J., 1964.

(11] s.B. Dewan and A. Straughen, Power 'Semiconductor
Circuits, John Wiley &kSons, New York, 1975.

[12] Pp.D. 2iogas, Y.G. Kang and V.R. Stefanovic, "Optimum
System éesign of a three-phase PWM rectifier-inverter

type frequency changer", Conference Record, IEEE-IAS,

1984, pp. 908-9109.

(13] B.R. Pelly, "Power Semiconduction devices - a status
review", Conference Recoxd, IEEE-ISPCC, 1982, pp.
1-109.

[14]\F. Wesselak, "Thyristor convertors with natural com-
mutation", Siemens Review, No. 12, pp. 405-410,
December, 1965. )

[15] W. Faust, “Static freguency changers for 16 2/3-cycle

railway network", The Brown Boveri Review, pp. 51 9-525,

Aug./Sept. 1964. .
'EIZJX.G. Fipnk and H.W. Beaty, Standard Handbook for

Electrical Engineers, McGraw-Hill Book Company, 1978.

f17] B.R. Pelly, Thyriston Phase-controlled Converters and

Cycloconverters, Wiley-Interscience, 1971.

~



18]

Yy [19]

~ [20]

[21]

[22]

(23]

[24]

[25]

%ﬁﬂ(".? -
i+ i
i\

.

222. , !
P.D. 2iogas, S.I. Khan and M.H. Rashid, "Some improved
forced commuﬁated cyclocopv?!ter structures”, IEEE
Trans. Ind. Appl., Vol. IA-21, N?. 5, pp. 1242-1253,
Sept./Oct. 1985.

P.D. Ziogas, S.I. Khan and M.H. Rashid, "Analysis' and

design of forced commutated cycloconverter structures

with improved transfer charhcteristics”, IEEE Trans.

"Ind. Eléctronics, Vol. IE-33, No. 3, pp. 271-280, Aug.

¢
-, ¢,

1986. '
L.A. Hazeltine, "An improved method of and apparatus
for converting electric ‘power", British Patent No.
218.675, Jan. 4, 1926.

M. Schenkel, "Eine unmittelbare asynchrone umrichtung

\

fur niederfrequente bahnneutie", Electr. Bagnen,)e, pPP.

69-73, 1932..

J. Von 1ssendorff, "Der gesteuerte umrichter", Wiss.
2
Veroff. Siemens, 14, pp. 1-31, 1935.

C. Ehrensperger, "Static converter with current and

"

voltage smoothers for flexibly coupiing a three—ghése

50 cycle network with ‘a single-phase 16 2/3-cycle
/

~

network", Brown Bovery Rev., Vol. 21, No. 6, pp.

96-112, 1934. °

(3 - -

H. Rissik, Mercury Arc Current Convertors, Sir Issac
Pitman & Sons, 1935.

N 6'
H. Rissik, The Fundamental Theory of Arc Convertors,

Chapman & Hall, 1939,
& @ ' ~

- \



~

[26]

»

[27]

[28]

[29]

£30]

[31]

[32]

[33]

[34]

223 ~ o
A.R? Daniels and D.T. Slattery, "New power convertor
technique. employing power transistors", Proc. IﬁE, Vol.
125, No. .2, pp. 146-150, PFeb. 1978.°

A.R: Daniels and D.T. Slattery, "Application of power
transistors to polyphase iregenerative power con-
vertgrs", Proc. IEE, Vol. 125, No. 7, July 1978.

J. R;dfiguéz, :mA new control technique for ac-ac
converters", Third IFAC Sympos‘ium, Lausanne, Switzer-
land, 1983, pp. 203-208. ' )

M. Venturini, "A new sine wave 1in, s;ne wave oug
conversion.technique eliminates reactive elements", in
Proc. Powercon 7, 1980, E3-1-E3-15. ' U
K:J. Maytum and D. Colman, "The implementation and
future potential of the Venturini “converter", Proc. of
the Conference on Drives/Motors/Controls, Harogate,
England, October, 1983. .
S.I. Khan, P.D. Ziogas and M.H. Rashid, "Forced com-
mutated cycloconverters for high frequency 1link appli-
cations", in Conf. Rec., IEEE-IAS, 1986, pp. 476-487.
P, Wood, Switching Power Converters, Van Nostrand
Reinhold Company, New York, 1981.
H.S. Patel and R.G. Hoft, ;Generalized techniques of
harmonic elimination and voltage control in thyristor
inverters: Part I, harmonic-el%mination"; IEEE Trans.
Ind. ‘Appl., Vol. IA-9, pp. 310-317, May-June 1973.

H.S. Patéi and R.G. Hoft, "Generalized techniques ﬁf

i
harmonics elimination and voltage control in thyristor

:
[y

~t



/

[35]

[36]

* [37]

[38]

[41)]

224 . K
inverters: Part 1I, voltage contrd{’:;chniques“, IEEE
Tfans. Ind. Appl., Vol. IA-10, pp. 666-673, July-Aug.
1 974.‘ ‘ "

M. Boost and~lNT;*Marinq$, "Rectifier optimization",
Dept.\\Elect. Eng. , Conco}dia University, Montreal
Canada, Tech. Rep., Dec. 1982.

B.D. Bedford d R.G. Hoft, Principles of Inverter
Circuits, John Wiley & Sons, New York, 1964. E

. ) ' v ,
T. Ohnishi and H.' Okitsd, "A novel PWM technique for

three phase invirter/converter“,  Cinference Record,

_IPEC-Tokyo, 1983, pp. 384-395,

3

A. 'Schonung and H. Stemmber, "Static.frequency changers
with subharmonics control in cohjuhction w th‘
reversible variable speed ac drives", Brown-B ri-
Review, pp. 555-557, Aug./Sept. 1964. )

R. Bonert and Ru-Song Wu, "Improved three phase pulse
width.modulator for overmodulatiqﬁ", Conference Record,

IEEE-IAS, 1984, pp. 784-786.

J.B. Rice, "Design of snubber éircuits for thyristor
converters", Pgﬁer Semiconductgt Applications,w;ol. I,

pp. 21-24, IEEE Pres3, 1972, edited by J.D. Harden, Jr.

and F.B. Golden. '

Claude M. Hertz, "Current techniques in phase conver-

sion systems", Conference Paper’' No. 78A3, IEEE Rural

. Electric Power Confdﬁbnce, Minneapolis, Minn., May 1-2,

1978' ppo 35-4 90



7

f42]

[43]

[44]

[45)

'[46]

(471

[48]

[49)

Conference Record, IEEE-IAS, 1981, pp. 910'-9°16.

! ) 225 .

T.C.” Jongsma, "The application of phase converters",

"Electrical/Electronic Shéwcase '79, Winnipeg, Manitoba,’

May 2, 1979. ‘ e

R.L. Chhabra, L.H. Soderholm,. and L.F. Charity,

"Voltage effects on phase converter lopérated three-

phase motors™, Trans. of the ASAE, 1973, pp. "’ ‘500~503.

®

S.B. Dewan arid M. Showleh, "Steady-state analysis of

static single-phase/ to three-phaﬁe converters"”,

13

L. Gyugyi and F. Cibulka, "The high-frequency base

converter - a new approach to static high-power

[

converter", IEEE Trans. Ind. Appl., Vol. IA-15, No. 4,

n

pp. 420-429, July/August, 1979.
P.M. Espelag; and B.K. B@se,‘ "High-Frequency 1link power .
conversion", ‘IEEE': Trans. In. Appl., Vol. ,1A-13, No. 5,
PP 387-3;3,'5ept./0c:., 1977.

S. Manias and P.D. 2%iogas, "A ‘noyel sinewave in AC to
DC converter with high-£frequency transf.ox:me; isola-
tion", IEEE Trans. Ind. Electronics, Vol. IEE—BZ,. No. 4, .
pp. 430-438, November, 1985. : ’

T. Fukao. and M. Matsui, ‘{Basic" characteristics of.
cycloconverter for linking commergi:al and‘high

.~

frequency distribution lines", Conference Record, IEEE-
. —

IAS-1985, pp. 975-983. t Co.

V.C. Jones and B.K. Bose, "A frequency step-up cyclo- \

converter using power transition ‘in inverse-series

¢



i

5>

[sol

' [51)

226

mode”, IAQ. J. Eiectronics. Voi, 41, No. 6, pp. 573-
587, 1976. S . ' )
X. Ma, ;High-performaAg; PWM frequency changers", IEEE
Trans. Ind. Appl, Vol: IA-22, No. 2, pp. 267-280,
March/April. 1986. ‘ '
Shahidul I. Khan,uﬁzﬂ. RSshid'aﬁd P.D. Ziogas, "Design

aspects of logic°pontr9l‘circuits for direct frequency .

changers”, in cConf. Rec., IEEE-IECON, 1985,

e .

pp. 277-284. -

pl
/

e»

N4



227

APPENDICES

APPENDIX A

HARMONIC ANAL¥SIS OF [3 X 3] DMO CYCLOCONVERTER

The practical equation for DMO cycloconverter is given

v by: . .
A7 *

Vollugt) = [Vilu )10s 4 (0,001

- : =Yi[cos(mit)f cos(wit - 120°) cos(wit - 240%)}

~

Alcos(lwst)
0
) ﬁ&cqy(stt : 1120’)
. _ 0
Alcos(lwst 2240°)

I

. H o+ .
= % VoA [cos(fu + i)t + cos ((Lo + )t = (1 + 1) 120%)V

. >

-

: + cos ((1“§+ wi)t'— (¢ + 1) 240°)]

.
-~
—

+ % Viax[cos(lwa- wilt + cos((xwa-”wi)t - (2-1) 120°)‘

.

+ cos ((tw - w)t - (4 - 1) 240°)] -

= % ViAlrcosf(lwst wi)tjv

q
-

]
oW

Alvicbs [(w+ (2 + 1)wg)t], for £ = n = (31 1),

1 =1,2,3,..°. integer

= 0 ' for 2 ¥ (31 7 1)
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APPENDIX B

DESIGN OF CONTROL LOGIC CIRCUIT _
Designin§ a proper control circuit for a cycloconverte;
is very important. Direct and indirect cycfoconvjrsion modes
have«different logic circuit configurations and requirements.
A general éoolean expression for a three phase to three phase
cycloconverter operating under IMO (section a) and DMO

(section b) principle is first developed, which is then

reduced for three phase to single phase operation.

a. IMO Control Logic Circuit -

Selection of the specific cycloconverter switch corntrol

strategy is based on several considerations CSl].vwhich
include:
(i) Overall converter voltaée gain
(ii) Converter switching frequency
(iii) Quality of generated outpu; voltages/input

currents.

A strateéy for 9 switéh configuration that .provides good
voltage gain and yields good quality output voltages at
modefate switching frequencies is illusgrated in Figs. Bl and
B2q Specifically, Fig. Bl shows the switch timing diagr;m
for the fictitious rectification stage ‘'while Fig. B2.c shows
the rospect;ve‘diagram for the fictitious inzgrsion stage.
Furthermore, Fig. B2.a illustrates the PWM (MSPWM) technique ’
employed to improve the quality of the cycloconverteg output

voltage whiiq Fig. B2.b shows one of three resulting_qutput

line to line voltages. The remaining step in conceptualizing
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> the cycloconverter switch contral strategy involves the
derivation of the nine switch (S1 to Sg) gating signals (g1
to 945 from the switch timing diagrams shown in Figs. Bl and
B2. This is accomplished by considering that the converter
simultaneously performs the 'rectification' and 'inversion’
functions byiactivating the appropriate subset among‘the set

of nine cycloconverter switches. The resulting 'truth-table’

is presented in Table Bl.

Table B1 ,

- Vab vac _ vbc vba V'ca vcb
o | s, s, | sy | s, s, 5,

9, | S sg | s, S3 S3 Se

‘ 93 | S s, | S5 Sg Sg Sg

9 | Sa Sy¢] S, Sy 51 54

95 | S, Sy Se Se So g

9 | Ss | .Ss Sg S2 s, | ss

Hardware ImplemSBthion

; A block diagram representation of the hardware required

for the all digital implementation of tﬁzjsubject cyclocon-
",verter PWM control st;ategy is shown in figa. B3 and B4. The
associated 1logic components have been for convenience,
Aivided into  two cection; each. of which performs a distinct

control logic task, as follows:

-
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\

'Rectifier' 1logic 'section: The block diagram for this

B—secltion is shown in Fig. B3. fThis* logic section perforﬁs the
task of producing the six 'réctifier' timing signals shown in
Fig. Bl.b. Consequently, it is comprised of the following
N ﬁw components: ] ,
i) A delta-wye step-down transformer is used for input
lipe voltage sensing. The output of this transformer
pfovides the-six zero cross points for the three input line
voltages. It is also used to sense a Aumber of input line
faulté, such as: input over/under voltagé, improper phase
rotation, etc. The zero-cross sensing is implemented by
employing six properly biased voltage comparators.
ii) . A digital delay circuit comprised:of monostables is
"used to produce the rectifier timing signals (Fig. . Bl.b),

which is then fed to the combinational circuit to produce the

desired gating signals, g, to gq

R

a

'Inverter' logic section: The block diagram for this section

is shown_in Fig. B4. The sine reference wgveform, Fig. B2.a
is stored in an EPROM and the respective triangular waveform
is obté&ned from suitable (cascaded) UP-DOWN counters. The
points of intersection between the two waveforms.are deter-
mined through the use of digital comparators (also cascaded
for greater agcuracy).

Finally, both the 'rectifier' and 'inverter' timina

signals are combined together to produce the required gating

Y
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?&gnals (gl to gg) acco'rding to the Truih Table Bl by suit-
ble digital .components. '

The Boolean _eqt‘:ations for the gating signals can be
written (from Table él,) as follows:

— \l *
gl-('r + 7T ).t+('rba+'rc).t

ab ac’ - 1 a 4
9,= (Tab+ Tac) . t2+’(Tba+ Tca) -t
93= ('rab+ Tac) . tat (Tb'a+' 'rca) -t
94= (Tt Tab) tat (T * T) - &
g/ii ('rcb+ Tab) .+ tgt ('rbc+ 'rba)g. t,

6+ (Tbc+ Tba) . t

g,= (To+ T ) « ty+ (T, + T ) . t

cb ca 1 ac be 4

— -_— /\
9g= (Tcp+ Tea) + ta* (Tt Tbc) b
9= (ch+ Tca) . t3+ (’rac+ Tbc) - te

The combinational circuit  required .to implement these

expressions is s_how?x in Fig. BS5. -

For a three-phase to single—phase' cyclocon\:\erter operat-
ing under IMO principle, only six switches are required.
Therefore only gating signals 9 to 9 need to be generated

in this case.

L]

. b. DMO Control Strategy Logic Circuit

Cycloconverters operating under DMO principle is simplei'
than IMO principle as DMO is a single step éroceas. Refer-
ring to Fig. B6 the Boolean expressions for 9 ewitch config-
uration (three-phase to three-phase cycloconverter) can ‘be

writtén as follows;
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= ¥ t
: 91" (Tap* Tpa) * t1* (Tap* Tpa) - &

+ (P .+ T

) -t ab. bay ‘

9® (Tpet Top

ca) . t2+ (Tab+‘Tba) . t

) . to+ (Tac+ Tca) -ty

g3= (Tac+
| ' g4= (Tac+ ca

1l ac ca

) . t3+ (?ac+ Tca) . t

q !

4 9= (Tpe*t Top

+ (Tbc+ ch) -

+ (Tbc+ ch) -t

9= (Tpet Toy) -

) .t

ca 2

T
T
T

gg= (T, + Ty ) « ty+ (T, + T ) . &,
T
T

a » 95" (Tac+ T

) T

) . t. .+ (Tbc+

9¢= (Top* Tha Tep) *

The hardware implementatiqi is similar to iMO'implemen-
tation. The only difference is in the logic b}oEk confiQura-
tion, which is described by the above equations.

Fér three phase to sihg{e phase cycloconverter only 6

gating signals will be required.

Vi
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20
30
40
50

70
80
90
100

110.

120
130
140
150
160
170.
180
190
200

210.

220
230
240
250
260
270

280 .

290
300
310
320
330
340
350
360
370
380
390
400
410
420
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APPENDIX C

. COMPUTER  PROGRAM FOR IMO FCC SIMULATION

xr

e

! THIS PROGRAM SIMULATES IMO FGC (THREE TO THREE OR SINGLE PHASE) SHOWN

IN FIG.4.7 ON HEWLETT PACKARY MINI-COMPUTERS USING BASIC LANGUAGE
DIM Ta(9),Tb(4),Tc(4),Fa(l440), Fb(ZOOO),Fc(2k00).Xdc(1460) Xa(laa0)
DIM Tai(200),Fd(1440)

Wo=60. ! OUTPUT FREQUENCY
CALL Rectfn(Ta(*),Fa(*),Fb(*),Fc(*))
CALL Rectout(Fa(*),Fb(*),Fc(*),Xdc(*))
CALL Hirosi(3,.8,Kp,Tai(*))
CALL Invout(Wo,Kp,Tai(*),Fd(*),Xdc(*), Xa(*)) '
CALL Sines(Ta(¥*)) . *
CALL Mplot(20,34,1.2,-1.2,Fa(*))
CALL Mplot(36. 50; 1-91‘- G,XdC(*))
CALL Mplot(52,66,1.2,-1.2,Fd(*)) ,
CALL Mplot(68,86,1.9,-1.9,Xa(*)) - ¢
END AN . L4
SUB Rectfn(Ta(*) Fa(*),Fb(*), Fc(*))
! THIS SUBROUTINE CALCULATES RECTIFIER S.F.(SINGLE PULSE MODULATION)

Ta(1)=30. —

‘Ta(2)=Ta(1)+120. i s

Ta(3)=210. . :

Ta(4)=Ta(3)+120. ]

Ij=4 ’ ¢

FOR I=1 TO 4

> Tb(I)=Ta(I)+120.
Tc(X)=Ta(I)+240. .
PRINT I;Ta(I),Tb(I);Te(I)
NEXT I
{ CALCULATION OF SWITCHING FUNCTIGE%RESOLUTION 1S .25 DEG.
Jj=1
, FOR J=1 TO Ij STEP 2 0
FOR I=Jj TO 1440
Xf=.25+1"
IF Xf)Ta(J) THEN .
Fa(l)=1 A o, - .
ELSE .
Fa(l)'o ‘ \u b ‘
END IF
IF Xf)Ta(J+1) THEN GOTO Rl
NEXT I .
Rl: ! NEXT Angle
Jj=1 , .
NEXT J " .



.430 . FOR I=721 TO 1440 , .
" 440 Fa(I)=-Fa(l) -~ o
450 NEXT I ' . ’ .
460 " FOR I=1 TO 1440
470 Ib=120%4 ..
480 - Fb(I+Ib)=Fa(l)
490 Ic=240%4 ) .o
- 500 ° Fc(1+Ic)=Fa(l) .
510 NEXT I ’ .
520 FOR I=1441 T0-1920 . . —
530 Fb(I-1440)=Fb(1)
540 NEXT I -
550 FOR I=1441 TO 2400
560 Fc(1-1440)=Fc(1)
570 NEXT I -
| : 580 SUBEND
» 590  SUB Rectout(Fa(*) Fb(*),Fc(*),Xde(*)) -
| 600 |THIS SUBROUTINE CALCULATES FICTITIOUS RECTIFIER OUTPUT VOLTAGE
B 610 DIM Y(120) . ,
- 620 _ DEG |
| : 630 FOR I=l TO 1440 .
640 Ya=,25*1 ~ ‘
650 Xa=Fa(I)*SIN(Ya) ‘
660 Yb=Ya-120 .
670 Xb=Fb(I)*SIN(YD)
680 Yc=Ya-240
< 690 Xe=Fc(I)*SIN(Yc)
700 Xde(I)=(Xa+Xb+Xc) . b
710 PRINT I;Xdc(I) B
: 720 IF Xde(I))SQR(3) THEN Xdec(l)=Xde(I-1) ! A cnscx
. 730 NEXT 1
740 1GOTO RS | ONLY USED WHEN 30 DEG SHIFT IS NOT oesxxnn
750 - ! THIS PORTION 1S TO SHIFT RECT. OUTPUT BY 30 DEG
~~ 760 FOR. I=1 TO 120
770 Y(I)=Xde(I)
780 NEXT 1 k
790 FOR I=121 TO 1440 ‘
800 Xde(I-120)=Xde(I) s —
810 NEXT I ] :
820 FOR I=132Y TO 1440
. 830 Xde(1)=Y(1-1320)
. "840 . NEXT I
850 RS5: ! :
_‘,r , 860 SUBEND
. 870 SUB Hirosi(L,Sn, Kp,Tai(*))
: . 880 I THIS SUBROUTINE CALCULATES INVERTER S.F.(MSPWM)
890 DIM $(20),C(20),Y(90),X(90),T(90)
900 Tol=, 0001
910 Kp=2¥141
: 920 Kpl=Kp-1
3 ) 930 FOR I=1 TO Kpl
s 940 S(I)-((-I)I)*(B*KpIPI)
950

L Y -2
v

4

NEXT 1 ' °

9
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& had
960 FOR I=1 TO Kpl STEP 2 .
970 - C(I)=I+1 ’
980 ° NEXT I .
990 FOR I=2 TO Kpl STEP 2
.1000 C(I)=-1 i
1010 NEXT I ’ :
1020 ! CALCULATION OF INTERCEPT OF TRIANGLE & SINE WAVE g
1030 Y(1)=Sm :
1040 X(1)=P1/2,
1050 FOR J=1 TO Kpl . : ‘ '
.1060 FOR 1=1 TO 50 s - -
1070 K=I+1
1080 X(K)=(Y(1)-C(J1)/S()
1090 Y(K)=Sm*SIN(X(K)) ,
1100 . Xx=ABS(X(K)-X(X-1)) . .
1110 IF Xx{(Tol THEN GOTO Hl ‘
1120 NEXT I
1130 Hl:  T(J)=X(I)
1140 - NEXT J
1150 FOR Ke=1 TO Kpl
1160 " Kel=Kp-Kc
1170 Ke2=Kpl+Ke
1180 Kc3=2#Kpl+Ke
1190 Keag3nKpl+Ke
1200  * T(Kc2)=2%PI/3-T(Kcl) b,
1210 T(Ke3)=PI/3+T(Kc)
1220 T(Kc4)=PI-T(Kcl)
1230 NEXT Ke ‘
1240 KpS=4*Kpl-1
1250 FOR J=1 TO Kp5 . -
1260 M=4*Kpl-J ‘ & .
1270 FOR I=1 TO M .
1280 IF T(J)>T(J+1) THEN
1290 GOTO H2
1300 ELSE
1310 ‘. GOTO H3 .
1320 :
1330 H2: .
1340 ) -
1350 T(J+1)=Aux . .
1360 H3: NEXT I . * : !
1370 . NEXT J : . .
1380 Kpu=4*Kpd- .
1390 FOR I=1 TO Kp4 .
1400 Tai(1)=T(1)*180,/P1
1410 PRINT I,Tai(l) .
1420 NEXT I . : -
1430 SUBEND ) : ..
1440 SUB Invout(Wo,Kp,Tai(*),Fd(*),Xdc(*),Xa(*)) N

1450 1 THIS SUBROUTINE CALCULATES INVERTER OUTPUT VOLTAGE AT fo(=Wo)
1460 . Wil=60, .
1470 Wsl=Wo - ‘ )



: 1480
1490

1500 -
1510

1520

- 1530 °

1550
1560
1570
1380
» 1590
' 1600

-

‘ 1610
. - 1620
1630

1640

1650

1660

1670

1680

f 1690
\ 1700
‘ 170
1720

. 1730

1740 °
1750 °

1760

> 1770

1780

1790

1800

s 1810
1820

1830

1840

1850
1878

1890

1900

) 'I:IO

. 1920

¥ 1930
1940

| o
. ~1960

- 1970
oy 980
990

2000

Y
v,

1860 -

: Kphs= .(KP'I)
KprsKp4+l
Kpt=2*Kp4
1j=Kpt
FOR I=Kpr TO Kpt

Perd=i!il/wsl * n
Pctigd-360.*20rd'“ ' 1

. . J=I-Kpa

Tai(I)=Tai(J)+180.

NEXT I - !

FOR I=1 TO I}j
Tai(I)=Tai(1)*Pexd
PRINT I1;Tai(l)

NEXT I

"FOR I=1 T0 10
Dreqd=Period*]
‘ ‘IF Dreqd 3600 THEN"GOTO Il
{NEXT I . , .
Il:1prods] -

FOR Is=l TO Iprod
FOR J=1 TO I}

Jp=l j*1+) - .
Tai(Jp)=Tai(J)+Period*l
NEXT J .

NEXT I

Nang=Jp .

PRINT Perd,Period, Iprod,Nang

Ji=1 :

FOR J=1 TO Nang STEP 2 .
IF Tai(J)>360. THEN GOTO I2
FOR K=Jj TO 1440

Xi=,25%K
JF XOTal(J) THEN
Fa(K)=1
" ELSE
Fd(K)=0
END IF .

.

NEAT K
13t Jj=X
NEXT J

12:1lend=Iprod*2-1

FOR I=1 TO Iend
Inup=4*180*Perd»]
FOR J=lzum’ TO 1440

’ Fd(J)=-Fd(J)
‘NEXT J

NEXT 1

FOR I=1 TO0 1440

Xa(I)sFd(1)*Xde(1)
{ PRINT- I:Xa(l)

-

240

IF Xi>Tai(J+1) THEN GOTO I3

<

o
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'2010 . SUB Sines(Ta(*)) ’
2020 / ITHIS 3UBROUTINE PLOTS 1"'E INPUT VOLTAGES

2030 GINIT

2040/t GRAPHICS ON

205 ~ 1PLOTTER IS 705,"HPGL"  TO GET A HARD COPY

206 1OUTPUT 705;"VS 4" IT SLOWS DOWN THE SPEED OF PLOTTER
207 DEG ’ '

2080 LDIR 90

2090 CSIZE 2.6

2100 VIEWPORT 5,16,20,96

2110 WINDOW 1.2,-1.2,-40,402

2120 AXES .5,90

2130 LORG 6!LABEL Y AXIS . -

2140 FOR I=90 TO 360 STEP 90 -

2150 MOVE -.1,1

2160 LABEL I

2170 IF I=360 THEN

2180 MOVE -.02, 390

2190 CSIZE 2.9 : . o
2200 LABEL “wt" e

2210 END IF

2220 NEXT I

2230 CSIZE 2.6

2240 LORG 8 ! LABELLING X AXIS ,

2250 FOR I=-1.0 TO 1.0 STEP .5 S '

2260 IF I=0 THEN 2290 “
2270 MOVE I,-.4

2280 LABEL 1 -
2290  NEXT I .
2300, FOR H=0 TO 2

2310 MOVE 0,0

2320 FOR X=0 TO 360

2330 IF H=0 THEN DRAW SIN(X),X

2340 IF H=1 THEN DRAW SIN(X-120),X ‘ %
2350 IF H=2 THEN DRAW SIN(X-240),X J
2360 NEXT X ' /
2370 NEXT H \ <
2380 SUBEND ’

2390 SUB Mplot(Vift,Vrt,Wife,Wre, Plotp(*))
2400 {THIS SUBROUTINE CALCULATES DIFFERENT S F./OUTPUT ‘'VOLTAGE WAVEFORMS

2410 DEG v

2420 LDIR 90 . N

2430 CSIZE 2.6

2440 VIEWPORT Vift,Vrt, 20,96 : a
2450 WINDOW Wilft,Wrt,-40,402

2460 AXES .S, 90 : - :

2470 LORG 6 ! LABELIING Y AXIS . ' o
2480 FOR 1=90 TO 360 STEP 90

2490 MOVE -.15,I ) ;

2500 LABEL I ' , 3

2510 IF I=360 THEN '

2520 . CSIZE 2.9
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2530
2540
2550
2560
2570
2580
2590
2600

2610

2620
2630
2640
2650
2660
2670
2680
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MOVE -.02, 390
- LABEL "wt"
END IF
NEXT I :
CSIZE 2.6 (
LORG 8 ! LABELLING X AXIS
FOR I=-1.0 TO 1.0 STEP .5
IF I=0 THEN Ml
“OVE I'-Ot‘ >
> LABEL I '
MITNEXT I
MOVE 0,0 -
FOR X=1 TO 1440 ]
DRAW Plotp(X),X/4
NEXT X ‘ ,
SUBEND :




