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ABSIEACT
Converter analysis presented in technical literatures have been

mostly based on aaauﬁption that converter operates under balanced

conditions. Evaluation of real operating conditions, however '
show that this assumption is not valid for all operating
conditions. It is, therefore , essential in converter analysis to

accomodate unbalanced operating conditions. This thesis discusses
a novel technique of prodﬁcing the balanced output of the

converter when the input is unbalanced in amplifude.

The proposed technique states that in ofder to generate
balanced vbltggegrand currents from.umplifu&e uqbalanced systems,
the magnitudes ot the tundamental components of three awitching
functions has to be inversely proportional to the amplitudes of
‘the corresponding unbalance input phase voltagés .. Thig thesis
focuses on the analysis and design of the three phase static
converter under both balanced and unbalanced operating
conditions. Analytically predicted results zdre varified by

simulation.
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1.1 Introduction

Electrical power is processed by power electronics to make
it suitable for varions applications, such as dc and sc
regulated power suéplies, electrochemical processés, heating and
lighting control, eiectrical machine drives, induction heating,
electr?nic welding, - active power line filtering, static var
cbmpensation, etc. The processes involve conversibns { ac to ﬁc,
ac to de, dc to dc and ac to ac) and control of power [1] wusing

poWer semiconductor switches.

A power converter incorporates a matrix of.power switching
devices to convert the electricsl power nnder the guidance of
control electronics.The general classifiéation of converters on
functional basis are : rectifier, chopper, . inverter, ac
controller, cycloconverter. Often, a prﬁctical pawer electronic
system may combine mere than one conversion ﬁroéesses. The
recent advancement of power éemiconductor devicés and control
electronics is creating a tremendous impact on power converter

technology in terms of size, cost, reliability and performance.



In s modern power electronic equipment, thefg.are essentially
two types of semiconductor elements: the powef semiconductors
that can be considered as the muscle of the eqﬁipment and the
microelectronic control chips whichrprovide the power of the
brain. Both are digital in nature, except that one manipulates
powér upto gigawatts and the other handles only miliwafts. The
close coordination of these end~of~the—spectruﬁ electronics is
offering 1large size and cost effectiveness and high lével of

performance 1in today’'s power supplies.

Static converter are designed to work under- balanced input
condition. The power frequency three phaée {nput voltage of
static converter may be unbalancedlin phase>or Iémplitude. This
work discusses a novel technigue of produciqg the output of a

converter balanced when the input iz amplitude unbalanced.

This thesis focuses on the analysis, design and development
of & three phase to three phase static converter which produces

balanced output voltage when the input is amplitude unbalance.
1.2 Review of Previous HWorks

Usually power electronics converters are designed to work
with balanced input power. However, the input electric power

may be unbalanced in phase and amplitude. The case of unbalanced



voltage supply is often a perplexing and difficult application

problem. Causes for such an unbalance ([2] are numerous .
Unsymmétrical transformer windings or: transmission line
impedance, unbaianced three phase loads or lafge sinéle phase
load, =are some typical examples. Caqses exist in all sﬁateS'

of the electricsal energy transformation from the generation to
utilization. The c¢ycloconverters are designed to wprk under
balanced condition. . In general, unbalanced (phase and
amplitude) voltages produce wvarious probléms‘ such as signal
interference, relay malfunctioning,'over voltages and e;cessive
carrents causing losses, distortion of voltagesfand currents (dc,

in case of rectifier) and errors in monitoring meters.

Any device with nonlinear characteristics that derive their
input power from a sinusoidal electrical system may be

responsible for injecting harmonic currents and voltages into the

electrical system. The primary sources [2] of undesired
harmonics are from rectifiers and electric arc furnaces. Common
applications of rectifiers are . solid-state drives and

uninterruptible power supplies (UPS). Unbalancé voltage problem



for different types of converters is studied by different
researchers in different ways. Unbalance in tﬁg operation of

high-voltage dc converter gives rise to harmonics in the current

and voltages waveforms . The analysis and assessment (3] of
uncharacteristic harmonics arising in.HVDC transmission are
-specified in terms of asymmetry of the control pulse of the
converter. l

Proper understanding and detail information on unbalanced

voltage operation is carried out by R.F. Woll, ([4]. Here the
unbalanced voltage is spilt in positivé, negﬁtive and zero
sequences [9}. Using this sequence -network‘ concept high
voltage DC transmission when éxperiencing unbalanced condition

was studies in reference [6].

Regardless of the cause, a small phase unbalance voltagde

- can induce large negsative sequence current, due to the relatively

lpw negative sequence impedance - the machine. Induction
motors are particularly sensitive ;o unbaiance operation
éince localized hesting can occur in thé: stator and
the life of the machine can be seriously affected with

only a few percent voltage ﬁﬁbalancé £71. Induction motor

|

—

e T e T
e

—. .
e T

e



phase unbalance problem solution has been proposed [7]1-[9] by

digital controller.

Converters, mainly recfifiers are‘analysed (103-{12] for
input unbalance using sequence network. In these works 'both
phase and amplitude  unbalance were considered.. Complex
mathematical procedure is followed to break the unbalance
network into tLthree sequeﬁce ‘networks. Proper switching function
is calculated by rigorous mathemematical 3calcu1ation.. An
evaluation of harmonics generated' by Forced Commutated

Cycloconverter (FCC) under unbalance is reporﬁéd {13].

This thesis is devoted only on amplitude unbalanced
converter. Simple mathematical calculation is needed to find the

proper switching function. The implementation of the technique is

simple and effective.

1.3 The Proposed Method

This thesis proposes and analyse 3 novel method for
balancing the -output voltage when ‘the input voltage is
amplitude unbalanced. This voltage balancing technique states

that the output voltage is balanced when the fundamental

component of the switching functions are equal to inverse of

H




the amplitude of the corresponding unbalance input phase

" voltage. The analytical method of design and analysis of three
|

phase to three phase static converter is 'presented in this

thesis. A simplified block diagram of the ‘proposed wunbalance
three phase to three phase static converter is shown in Fig.
1.1(b). Fig 1.1(a) and (c¢) shows the unbalanced input voltagdes

and balanced output voltages respectively.

The converter consists of six bilateral switches. The
switches which are controlled by switching function are
synchronized with the input voltages and thei; ON/OFF opérations

are determined by the percentage of inpwt unbalance.

1.4 Scope of the Present Work

In this thesis a novel technigue 'is used to analyse the

proposed three phase to three phase static converter conversion.

The =analytical method of design ahd aﬁalysié-of three phase_ to
three phase static converter is complicated. The voltage
balancing technigue proposed here stétes thaﬁ'the output voltages
are balancgd when the fundamental component of three switching
fﬁnctions are' taken as inversely proportional to the amplitude
of the three unbalance input phsase voltages .The amplitude wun-

balance is corrected [14] by changing.the width of the switching
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Fig. 1.1: Block diagram of the proposed 3 phase to 3 phase balanced
cutput static converter.



function according to unbalance. This type of converter may find
extensive wuse to correct unbalance in power systems. Moreover,
this converter may be used in unbalanced environment for wmotor

drives.

The objectiﬁe of this research 1s to analyze the simulated
balanced waveforms obtained by switching fﬁhctidn method from an

unbalanced system,

In particular the contents of this thesis have been

organised as follows:

A generalized converter matrix model with N-phase inputs and

H-phase outputs is used to develop a three phaée to three phase
static converter structure. Mathametical snalysis of a 3-phase to

3-phase static converter under balanced and unbalanced input

condition are analysed. A grabhical technique has been develbped-

using IBH PC to findout the output voltages and input currents.
The .data for analysing the waveforms of input—oﬁtput quantities
are calculated with the help of FORTRAN program 'using 'tranéfer
function approsach. d .‘z C

In Chapter 3, through Fourier analysis of 'input and output

voltage/currents sre done. Both balanced and unbslanced operating



conditions sre considered. Computer programs were developed using

the mathematical expressions detailed in chapter 2.

In Chapter 4, the operation and design of the proposed
converter are discussed. The control logic algorithm developmenf
and implementation using simple simple logic blocks are also

discussed,

Three phase controlled rectifier wunder unbalqnced input
condition is studied in chapter 5. It has beeﬁ_ proved that the
de%eloped technique of voltage balancing is equally applicable to

unbalanced controlled rectifier. ; - .

Chapter 6 reviews the enfire work'preseﬁfed in this thesis
and presents relevents conclusions. Suggessiﬁn for using more
complex and advanced PWH Switéhing functions technigue &and
. studying the phase unbsalanced cycloconverter are focused for

future research work.
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CHAPTER 2
MODELLING AND ANALYSIS OF THE CONVERTER

2.1 Introduction

The__objective of this chapter is to develop s switching
model suitane for the analysis and evaluation of a three phase
to three phase converter wh%ch can handle unblanced input
voltages. To achieve this 6bje%five the converter {(in its ideal
form) 1is modelled as a circuit matrix consisting of [ R x H]
‘switching elements (Fig 2.1). The matrix representation ([15]} of
this generalized converter allows us to understand easily the
process of voltage §nd frequency transformation. In this thesis
this model is used to %galyze a three pha§e to three phase
converter. To reach the géal, first such a conveter is ansalysed
under balanced input conditicn. From this analysis some basic
criterion is established so that the inpu£ unbalance can be made

balanced in the output circuit.

Converters are usually designed to handle balanced three and
single phase input power. When the input 1is -unbalanced
conventional static conveter "may not work properly. Short-
circuiting, harmonic generation, unbalancing of output.power- #re

the major problems associated with unbalanced input.
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The 1input voltage could be unbalaﬁced by amplitudes of the
three input phases or by improper phase relationshipé. Both
amplitude and phase unbalance could be corrected. Only the

amplitude unbsalance is treated in this thesis.

A method for correcting the amplitude unbalance is developed

in this chapter which could be applied to polfphase converters. A

specific case of three phase to three phase converter 1s studied

in detsails.
2.2 MHathametical Modelling of the Converter

The model of a converter structure capable of performing the
voltage, current, phase, frequecny and amplitude transformation
is shown 1in Fig 2.1. This switching model (15} comprises of an

"input matrix” of [Hx1]J dimension and an “"output matrix” of [Mx1]

dimension.

The multiplioatien of a set of Nxl siﬁﬁsoidal quantities
(e.g€. 1input voltage matrix) by a compatible set of MxN balanced
sinusocidal gquantities (e.g. oonverte; transfer matrix) vields a
third set of Hxl sinusoidal quantities. {(e.g. output ~voltage
matrix)} that are balanced. Therefore,_ " the analytical
representation of the converter interms of output voltage

[vo(wot)] and input current [I. (wit}] becomes:

1
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(Vo lwot)I= [Fy(ugt)] [V (w:t)]

[Mx1] [MxN] [Bx1]
i . . r
Vool f1,1---f1,p F1.¥ Vi1
Vo.q =8 fa,1- - fq,p - fq,u B Vip
Yo,u | P, 1 fy,pe - e M, | Vi, N |
I (F-1) {N-1] .
Los (ust)...custn5t~ w—— 36001...costn5t - e 36001
N N
{q-1} (#-1) (g-1) (N-1) (g-1)
=Alcos{u te - 3600)...c05(n5t IR 1l 3600)...cus(u5t - == 3607 ---- 30T
H 0 M N B
{H=1}) {P-1) (H-1} (N-1} (K1)
tosin te == 36001...c05(u5t w3400 g e 350“)...cns(u5t « mmem 365 -e-- 3409
[ N o N K
L |
; . .
cos (wWjit) . cos(wgt)
B (g-1)
(P-1) NAB eos(wot - --- 3609)
B cos (wit - ~--- 3609) e . M
) N _ 2
(N-1) (H=1)
Ccos (wit - ---360° ) cos(wot - ——— 3600)
L. N R K J

(2.1a)
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[I3¢wit)]= [Fywgt)IT (I (wgt)]
{Mx1) [(MxN] [(Nx1]
Ij.1 £1,1--fq,1 fi,1 Io,1
Ti,p = A Brpfap- o T, p B Io.q
Liw | LS TR S0 TR fu.n | Ioon
- {g-1) (-1}
cos (W tho..coslwgte ---= 360%)...cos{w t + --==- 360%)
) X E
{p-1) (P-1) {g-1) S tpe)
cosim t- --- 35033..,cns(wst Rl L - 36003-..505(u5t t === 360" ——=- 340
N N N . 1 N~
{N-£) (h-1) (g-1) (N-1) (#-1]
cosiugt- == 36071 .costut - ~-- 360° ¢ - 366%). . cosin b - - 360% --—- 3400
N N f N W
cos (w,t) cos(wit)
. (p-1)
(g-1) MAB cos(w;t - --- 360°)
cos (wot - —--- 380%) S . N
2
(H-1) (R-1)
cos (wot - ---360° ) cos(wit - ---- 360°)
L. H ' N J

(2.1b)



15

.

A generalized converter (fqi N input and M ouvtput phases)
structure capable c¢f performing voltage, current, phase,
frequency and amplitude transformation given in egns.(2.1s) and

{(2.1b) is illustrated in Fig. 2.1.
2.2.1 Practical Converter Structure

A simplified circuit topology thﬁt results frém the
deneralized model shown in Fig 2.1 and N=M=3 is illustrated in
Fig 2.2. This convérter structure is cable of voltageffreguenoy
transformation from fixed frequency/ﬁoltage 3-phase 1input to

.variable frequency 3-phase' output voltage.

This topology (Fig 2.2 comprises of 8(=3x3) "active
elements” since the " ideal 3-phase to 3-phase converter transfer
matrix” is of dimension {3x3] (i.e. M=3, H=3). The transfer

A
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an I }(S
O
A }(Sz
v >(S Ig
ab v 3 ZC
ca :
Y
bn }(s z
O RICAL: B
- - A
\—/‘L }(Ss c
Vbc }(S
I
Ven B Z 3
I 3(5 B
c Y.
‘_®: : }(s
é J-phase ;
E input E }(5 : T : C
isupp ly stage; 3-phase convertenr i 3-phase . 3-phase
- ; stage toutput ' Ipad f
! i stage ' stage '
Fig., 2.2: Simplified circuit diagram of the proposed 3 phase

to 3 phase static converter.
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function is represented as:

-
[Fqlwgtdl = A | fo.1 £9 2 £33 ' (2.3a)
P f3,1 f3,2 £3,3

The converter transfer matrix elements fl 1> f1.2 ’fl 3 can be

expressed as Fl’FZ and FS

where,
Fy = T
- - o
Fo = fy,p=Fy < - 120 ' (2.3 b)
and Fq = £y 3 = Fy < -240°

Equation (2.1 a) can be simplified as

I 3

P Fy Fa Fg | P Vap |

i ) : ) i
- _ H i . i

E Fo Fg Fy i L Vo |

1

F1V5b + FaVpe + FaVes
F3Vab + Flvbc + FEV

FaVap * F3Vpe + FqV

0
2
[



18

or

Va = VapF1 + VpeF2 + Voqf3

Vee = VabFg + VpeF1 *+ Vegafa
Vea = VapFa + VpoF3 + Vg Fy
VAN Fy Fo Fg %
f VBN =l Fg B Fa |
' i
Veu Fo Fg Fy ]

or per phase

also

[ s e ey

1
[ e ey

"Fa.l, 1 + Fp I,

an
an

arn

And for & 3 phase to 3 phase converter equation

be rewritten and simplified as:

ti,1 Fi F3 Fa i | o,
; i

iz ] =1 Fa Fy Fz i - 1o.2
|

Ii.3 F3 Fa Feo 10,3

Fl'IO,l + FS’IO,Z + F":.-IOJ:B

[

FZ'IO_‘]. + F].IO,Z + F3IO.3

UV UV |

)
£

+ F110’3

U |

an

Vbﬂ (23 C}

(2.3 d)

(2.1 b} can

(2.3e)

ey

a3
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or Ii,l = Fl'IO,l + F3’IO,2 + Fz.Io’s
Ii,Z = FZ‘IO,I + Fl'Io;2,+ F3‘Io,3 (2.3f)
Li,3 = F3. Iy + Fp.lgp + Fioig 3

or expressing in per phase

- } . ]
| Ig % Fv  F3 . Py ! { Iy

t {

b I, | = | F, F, Fq | | Ig | (2.3 g)
! i N i i

| le | Fz  Fj Fy i | e

- 4 L A 1

Ia = FL.IA + F3'IB + F2'IC

Ib = FZlIA + Fl'IB + F3'IC

IC = ‘F3'IA + FZ'IB + Fl.IC
2.2.2 Cperation of the Converter

Considering switch matrix element Fl’ bilatersl switches 51, S5
and Sqg are turned ON whenever Fl has the values of one (Fig.
2.2), thus connecting the three converter input terminals a,b,c
to the three respective output terminals A, B, C (Fig. 2.2).
Whenever F; has the value of zero, two of the three switches are
turned .DFF (in this case of S5 and $S8), while 3t the same time
the remszining two of the threé switches connected to the input
terminal a, 82 and 83, are turned ON. With switches Sl’ 82 and S3

simultaneously ON, all three output voltages becomes zero, thus
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disconnecting the output fromiﬁhe input terminals. This mode of
ON-OFF operation lasts for 1209 interval of the period of the
ontput voltage. For the next 120° intervsl converter operation
is determined by switching matrix element F, (instead of Fy).
Consequently, the function performed by swiftches Sl’ 85, Sg is
now performed by 33, 354, Sg and the function performed by
switches 354, S5, 55 is now performed by 5S4, S5, Sg. A similar
switch by switch substitution oceurs during the third {and final)

120° interval of the period of the output voltaze.

2.2.3 Mathematical Analvsis of the 3 phase to 3 phase Converter
Under Balance Lnput

Congsider a balance case and assume

Fl = A cos (wst)
Fy = A cos (wgt - 1207) ' . (2.4)
F3 = A cos-(wst - 240°)

where A is the amplitude of the fundamental components of all

three function Fi1:Fo & Fg.

O
LEOSJCwit}

and [Vi(wit)]:Vif

i i N
| cos (Wit - 240%)!

b
; N :
| cos (w;t --120%) (2.5)

fffff 3 . -
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From equation (2.3 d) , (2.4 & (2.5)
The expression for cutput vopltage is given by:

[ Vo(ugt)l = [F(ugt)l. [V5(w;t)]

- : cr ;
Fl ' F2 - FB ! ‘cos (Wit) I}
, - :
= | Fg Fq Fo v, 3'?95 (wit-120°) 3
Fo Fg  Fy | i{fg?f(wit~2400) }

Vay = AVj[Ccos(ugt).cos(wjt)+cos(ugt-1209) cos(w;t-120°)

+ cos(w t - 2400),cos(wit-2400)]

3 AVy AV,
= ---- cos(wW~w;)t + —----- [cos(wg + wjidt
2 -2 :

+ cos {(wg + wi)t - 1209} + cos {{ wg + wydit - 240°}]

Since the second term of the above equation is the three
phasors of equal magnitude and displaced 1200 apart from each
other, their sum i.e. the resultant is zerec.

3

LV = — A5 cos(qé?) _ (2.6a)

where

4]
R
o}
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Similarly
Von = Via cos(ﬂst~240°).éos(wit)
./ 0
+ ViA cos(wst).cos(wit—IZD )
+ ViA cos(wgt-1209) . cos(w;t-240°)
AV]_ - "
S — [{cos((ws—wi)t—240°)+cos((w5+wi)t—2400)}
2
i{cos((ws—wi)t+1200)+cos((ws+wi)t—1200)}
+{cos((wg-w;)t+120%) +cos((Wgrw; It} ]
3AV;
= [cos((wg-ws )t-240°)
2.
AV .
+ - {cos(Swot—240°)+cos(3wot—120°)+cos(3wot)}
2
3AV,
VBN = > cos(wot-240°)
and Vey = ViA cos(wst—lzﬂo)tcos(wit)
+ VA cos(w t-2407).cos(w t-120°)
o
+ ViA cos(wst).cos(wit—240 3
AV
= [{cos({wg-w;)t-120%)+cos((w +w;)t-120°)}
2
+{cos((ws—wi)t—lZOO)+cos((ws+wi)t—360°)}
+{cos({wg-w;)t-240%)+cos( (W +w;)t~240°)1]
SAVi

= cos(wot—IZOo)
p

(2.8 b)

P
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3 — [cos(3W,t-120°)+cos(3u t-240°)+cos (3 t) ]
2
. L
34V :
Voy T cos(w,t-120°) (2.6c)
2

From equation (2.6 a), (2.6 b) and (2.6 ¢) it is observed

that the output voltsges are balanced.

The input current expressions are derived as:

I r ' {I_ 1
E I, Fy Fq Fo | Ié;
L I, | = | Fy Fy Fq | Ih § (2.7 &)
i
! Ie Fq Fq Fy ; I& ?
3 r o 0y
Ia I cos(w_t) cos(wW,t-2407) cos(w t-1207 )
. ] ) |
or I, (= A} cos(ugt-120°) cos(wgt) cos(wg-240°)

%
i . .
{ cos(wst—2400} cos(wst—IZOO) cos(wst)

— . b

' cos(wot)

cos(wot-2400)

'
H

| S

cos(w0t~1200)1
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or
] I, W ] c?s(wit) 1
Iy 381, cos(w;t-120°) (2.7 b)
B3 Sz _ cos(w;£-240°) |

2 2.4 Mathematical Apmalysis of the 3 phase to 3 phase converter
under Unbalance Input '

Consider an unbalance case and assume the unbalanced input

voltage Vi(wt) as

[V;(wjt)I=Input voltage

PR |
Vs

A cos (wit)
B cos (wit—120°)
C cos (wit-240°)

P e

| S

e

and

Fl = Al cos(wst}

Lo ]
2]

1}

m
[

cos(wst*1200} (2.8)

Fg = Cq cos(w t-240°)

where Al, Bl and Cl are the amplitude of the fundamental
components of thres switching function Fl, F2 and F3 respectively.

From equation (2.3 <)
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Van
VBN = [SFy] . [Vi(witd] . |
Vew '
Fy Fa F3 ; Van|
;
Fa F3 Fq A i Vcni
Ay cos (wgt) By cos(w,-120°) C; cos(w t-240°)
Cq cos (wgt-240°%) Ay cos(wgt) By cos(wgt-120°)

By cos (wst—1200) Cq cos(ws—2400) Ay cos(ugtl

A.cos (wit)

B cos (wit—1200)

U —— |

r
i
!
i
!
L € cos (wit-2400}

AAlcos(wSt)cos(wit)+BBloos(wst—1200}cos(wit-IEDO}
+CC cos(w t-240%)cos(w;t-240°)

= AClcos(wst-240°)cos(wit)+BAlcos(wst)cos(wit‘IEOO)
+CBycos(wgt-120%)cos(w;t-240°)

ABjcos(w t-120°)cos(w;t)+BC cos(w t-240%)cos(w t-120°) |

. +CA1 oos(wst}cos(wit~240°}

| S |
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Therefore,

)

Vag = AAlcos(wst)cos(wit}+EBlcos(wst—120°}cos(wit~1200}
+ CCcos(ngt-240%)cos(w;t-240%) |

= 3/2 cos (wot)

When AA; = 1, BBy =1, and ccy = 1
A = 1/A1
B = l/Bl
C = 1/C1 ‘ (2.9}
and where W, = W, + Wi, and Wy =W

Similarlyi

Vpy = AClcos(wst-240°)cos(wit)+Bﬁlcos(wst)cos(wit—lzﬂo)
+ CBjeos(wgt-120%)cos(w;t-240)

1

= — [ACl{cos((ws—wi)t—240°)+cos((ws+wi)t—2400}}
2 :

+BAl{cos((ws—wi)t+120°)+cos((ws+wi}t—1200}}

+CB1{cos((ws—wi)t+120°}+cos((ws+wi)t—3600}}}

= cos (wot -.240°%)
2

1

"+ - [ACjcos(3w,t-240°)+BAjcos(3wyt-120°)

+ CBycos(3w, t-360°)] -
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and
VCH!: ABlcos(wst—120°)cog(wit)+Bclcos(wst—240°)cos(wit—120°)
+ CAlcos(wst)cos(wi§;240°)

1
= — [ABy {eos((wg-w;)t-120°)+cos( (W +w;)t-120°)
2

+ BCy {cos((wg-w;)t-120%)+cos((w +w; )t~360°)}
+ CAy {cos((wg-w;)t+240%)+cos((wi+w;)t-240°)1]

= cos(w t-120°)
‘ 2

1 .
+ — [ABycos(3w, t-120°)+BCycos(3w t-360°)+CAy (3w t-240°)]
5 .

Bow, from equation (2.7a) sand in which the phase
rotation of cutput current IB andﬁﬂcgis_considered.
A 1) .

F, Fg Fg

LY

| % - ; Fyp Fy Fq i_% I -

BRCR I B F2 Frj | %

? I, I ‘{Alcos(wst> Cqcos(wg t-240%) Bjcos(w t-120°) 1
or{ I, i = |Bjeos(wgt-120°)  Ajcos(wgt) Cicos(w t-2407) |

| I, J LClcos(wst—240°) Blcos(wst—IZOd) Aqcos(wgt)
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A cos(wotj
C cos(w;t—240°)

B cos(wyt-1209)
L 4

AAjcos(wgt)cos(w t)+BBcos(wgy-120% jcos(w;£-1207)

+ CCicos(wt-240%)cos(w; t-240°)
=1 ABycos(wgt-120%)cos(w t)+CAjcos(w t)cos(w,t-240°)

+ BCycos(wgt-240%)cos(wgt-120°7)
ACloos(wst-24O°)cos(wot)+CB1cos(wst—1200)cos(wot—2400)

f'BAlcos(wst)cos(wot~120°)

L
Therefore
Ia = AAlcos(wst)cos(wot)+BBlcos(wst~1200)cos(wot—IZOO)

+CCiens(w t-240%)cos(w t-2409)

1
———'[AAl{cos(ws—wo)t+cos(ws+wo)t}
2

i1

+BBy{cos(Wg-w, ) t+ens((Wg+w, )t-240°)]

+CCy {cos(ug-w dt+cos((ugtH, )t -480°)7]

tl

3/2 cos wit [ As AA1 = 1, 881:1 & CC1:1}
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Similarly

8B cos(wg t-120°)cos(w,t )+CAycos(w tcos(w,t-240°)

Iy
+ BCycos(wgt-240%)cos(w, t-1207)

1
N [ABl{cos(ws—wo)t~120°)+cos((ws+w0}t-1200}
2

+CAy{cos((wg-w ) t+240% y+cos((wg+w, ) t-240°))
+BC{cos( (W -w )t-1207)+cos{(w + W, )t-360°)}]
AB, + CA4 +BC, 1 T”uﬁ

= cos(w;t-120°) + —— [ABcos(3w;t-120°) |
2 2 | |

+ GAlcos(Bwit-24O°)+BClcos(3wit-3800)3 N

and

[aa ]
|

= AClcos(wst—240°)cos(w0t) + CBlcos(wst~120°)cos(wot—240°)
+ BAlcos(wst)cos(wot-lzoo)
1

e [AC {cos((Wg~W,)t-240%)+cos((w+tw )t-2407)}

+CBy {cos((w -w yt+120%)+cos({w+w,)t-3607))

+BA 1 {cos{(R~w ) t+120%)+cos((wo+w 3t-120°)}]

AC, + CB, +BA
= ! ! ! cos(wit—°400)

2 !

1 - R
+ —[AC c08(3w;t-240°)+CBcos(3w;t~-360%)+BAjcos( 3w, £-12093]

2

-For a 3 phase to 3 phase unbalanced <({amplitude only )

converter



30

The Odtput voltages are

3
VAN = - cos(w,t)
2
‘ AC,+BA;+CB
‘ 1TeaTLEy
VBN (= cos(w,t-240°)
oL "
1
e [AC cos(3w,t-240°)+BAcos(3u,t-120°)
+CBycos(3w t-360°)]
VCN = cos(wot—120°)
2
1
+ —— [ABjcos(3w, t-120°)+BCcos(3w, t-3607)
2

+CAqcos( 3w, t~240%)]

(2.10)

. ﬂf.,-.A__ﬂ_,_g'——&.“.

F
o



31
3
[p = — cos(w;t).
2
AB{+BC{+CA4
I, = 2 cos(w;t-120°)
2
1 :
+ —- [ABjcos(3w;t-120°)+BC cos(3w;t-3607)
" ;
+CAjcos(3w;t-240°)]
AC,+BA{+CBy :
I, = . cos(w;t-240°)
7
2
1 | | »

+ — [AC cos(3w;t~240°)+BAjcos(3w;t-120°)

2
+CBlcos(3wit-360°)]

2.3 Conclusions -

e
——— e

(2.11) j}
J

. Y -
“‘"ﬁ:E:LWH\b
e
R & A

L

The three phase converter structure is described in terms of

the -generalized matrix model. The operation of a three 'phase

converter is described in this chapter. The three phase converter

is analysed under balanced and unbalanced input conditions. It is

established that the output voltages are balanégd in magnitude

when the fundamental component of the switching functions . are

equal to the inverse of the amplitude of tHe 'corresponding

unbalanced input phase voltages.



32

CHAPTER 3 |
FQURIER ANALYSIS OF THE CONVERTER
3.1 Introduction

The three-phase converter model developed in chapter 2 1is
analysed wusing Fourier analysis in this chapter. Both balanced
and unbalanced input case have beén analyéed using FORTRAR
programs on personsl computer. The spectra lof three output
voltages and input currents of the COnverter are presented 1in
Tables 3.1-3.8. Using these Fourier coefficients the waveforms
are reconstructed. The reconstructed waveforms matches the
original waveforms, which proves the vnlidit;‘of the proposed
technique of voltage balancing. Finally the harmonic sanalysis of
input/output wvoltage/current ‘waveforms . are  8150 done using

MATLAB psckage program.

The analysis is done for simple single pulse modulation.

3.2 Switching Functions

The operation of the converter c¢an be achieved only by means
of 8 set of switches which operste according to a predetermined

switching pattern. The switching function for a single switch

assumes unit value whenever the switch is closed snd s zero value,

whenever the switch is opened. In a converter, each switch is
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closed and opened according to a predetermined repetitive
pattern; hence, 1its switching_function will take the form of a
train of pulses of unit amplitude. Weither the pulses nor the
intervening =zeroc-value period; have necessarily the same time
duration; however, the requirement that & repetitive switching

pattern must exist means that the function must at least- consist

of repetitive groups of pulses. The simplest, or unmodulated,

switching functions have pulses of the ssme time duration’
and Zero intervales with the same property..(A4 more
complex type with differing pulse dorations and varlious

<:EEE§£§§E£§;§)?zero times, is termed as a pulse width modulated
i _

(PWM) switching function. By modulating the pulse widths,
harmonic :content of the resultant waveform improves and voltage
control at the output is achieved. In the case of s variable
frequency converter, the selection of a suitable modulation [16]
strategy is of utmost importance.This is particularly truae when
the output voltage shape and the freéuency spectrum change with a

corresponding change in output frequency.

There are various types of modulation technigues e.g.
single-pulse modulation, multi-pulse modulation, sinusoidal-pulse

modulation, sinusoidal pulse-width modulation, etc.

The techniques availsable differ in the harmonic content that

T

.
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they produce and in the output voltage gain. Thus the acceptable
harmonic content and resulting voltage dgain are the factors

that determine the choice of a’particular PWM technique.

The switching funetion waveforms of the single-pulse
modulation scheme is illustrated in Fig. 3.1. For thé purpose of
analysis it is assumed that the pulse width can be varied by
equal angular intervals on both sides from the centre of the
pulse, thus resulting in variafion of the pulse width & over the

range 0 <« § < m radian.

The waveform can be described by the Fourier series,

a
-SF=AO+ Z (A _cos nwt+anin nwt ) {3.1)
n=1,3,3
where :
2 T
Ap= - [.ocbs nwt d(wt)
i Jo'
4 nsd
z - sin —, n is odd
nw 2 .
and
AO:U,anﬂ

and the corresponding harmonics i.e. An values are shown 1n

Fig.d.lb for the value of 5=120°. This single pulse modulation
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Fig. 3.1: Single pulse modulation switching function.

a) The switching. function.

b) Respective frequency spectrum.

s
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technigue is used in this converter analysis.

3.3 Fourier Analvsis of Qutput Voltage and Input Current for
Balanced Input

For bsalanced case, the switching functions are of egqual
widths. The Fourier coefficients of the switching functions for
this case are equal. In an actual converter (Fig.3.2),the
switches cperate 1in .ON—OFF mode, therefore, the practical

switching function [Fd(wst)] cointain harmonics.

3.3.1 Qutout Voltage

‘The practical expression for cutput voltage under balancad

case becomes

(Vo (Wt 1= (Fglugt) 10V (w;t)]

I ks
j 1 Fa  Fg |
wherg Fd(wst) = ! FB Fl FZ 5
] Fo Fg Fy i
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Simplified circuit diagram of the proposed 3 phase
to 3 phase static converter.
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a 2§ a
I Ajcos(nu t) £ Apcos n(wg,t-120°) Z A cos n(w,t-240°)
n=1,3,5 n=1,3,5" n=1,3,5
=ia o a a ”
z2 A cos n(w_t-240%) Z A_cos{(nw.t) 2 A cos n(w_t-1207) 1(3.2)
n=1,3,5 s n=1,3,5 = n=1,3,5 =
a o (2 § o a
2 A cos n(w_t-120") Z A_cos n(w_t-240%) 2 A_cos{nw.t)
n=1,3,5 n=1.3,5 S n=1.3,5 °
and the analytical expression for output voltage (Figs.3.3-3.5)
for 3 phase to 3 pﬁase converter becomes
[ 1 f i T
VAN i F1 Fa  Fg i Van |
I
. oy
VBN = | F3 F1 Fg | Von |
i i
Ven | § Fo Fg By - VYen |
_ - ]
ALY cos(w,t) !cos(wit) %
= * lcos(n t-240°) +{Sqp(Wgt)T. V5 lcos(w; t-120°) | (3.3)
2 : !
. i {
cos(w t-1209)) {cos(w;t-2407) |
b i i A
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where
F L ~
a a - &
b Ancos(nwst} z Angos n(wst—120°) z Ancos n(wst—2400>
n=3,5 n=3, n=3,3
a a a

[Sdh(wst}]: z Ancos n(wst—2400) z Ancos(nwst) b Ancos n(wst—120°)
n=3,5 n=3,5 n=3,5
a a a
z Ancos n(wst—12G°) b Ancos n(wst-2400) z Ancos(ant)
n=3,5 n=3, n=3, N

(3.43

Comparing equation(3.3) with eqn.{(2.8a,b,c) of chapter 2 we esn se

vl

that there is difference between practical and idesal conveter ountput
voltages.  In practical case output voltages contains an. infinite

series of harmonics.

3.3.2 Ipput Current

The input current (Figs.3.8-3.8) spectrum of the 3 phase to
3 phase converter can be calculated in the same manner as the
cutput voltage spectrum computed in subsection 3.3.1. The

equation for input current of a 3-phase to 3-phase converter for

balanced case can be expressed as follows:

[I5Cwit)I=FqCagt) 3T eI (ngt)]
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Tabig,3.1'

l

Frequency spectra of waveforms associated with converter

output voltages Vﬁﬁ;VBN‘and Vch?éhown in Figs. 3.3-3.5

Harmonic coefficients of i Harmonic coefficients of
switching function output voltages VAN’VBN and |
Fig. (3.3 b-d) ) Ve -
Flg {(3.3h-3.5h)
Amplitude V.V and Vo)
Order Amplitude AN ?N ff' !
(n) (A,) Order ou (1) €
P (n
1 1.10 ‘ 1 g.37 87 |
3 .00 3 - - i
5 Q.22 5 - - {
7 g.16 7 - - i
g 0.00 i 9 - -
11 0.10 |11 .20 2
13 0.08 i 13 0.14 14
15 0.00 .15 - -
17 0.07 P17 - -
18 0.08 P18 - -
21 0.00 P21 - -
2 0.405 P23 0.08 8

(1) Input phase voltage have been taken as 1 p.u. volt &

100% volt.
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Table 3.2

1
i
1

Frequency spectra of waveforms associated with converter

Input currents Ia’Ib and I0 shown in Figs.(3.6-3.8)

Harmonic coefficients of
switching function
Fig. (3.8 b-d)

Harmonie coefficients of
resulting input phase
currents I_,I, and Io
(Fig.3.8h-3.85)

Order Amplitude

Amplitude Ia,Ib and IC

{n) (An Order p.u.kl) Z\l)
(n)

1 1.10 1 0.87 87
3 0.00 3 - -
5 0.22 5 - -
7 0.18 7 - -
9 0.00 9 - -
11 0.10 11 0.20 20
13 0.09 13 0.14 14
15 0.00 15 - -
17 0.07 17 - -
19 0.086 19 - -
21 0.00 21 - -
23 0.305 23 .08 3

(1) Qutput phase

100% volt.

current has been taken as 1 p.u. volt &
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3.4 Eourier Analvsis of Output Voltage and Input Current for
Unbalanced Tnput .

The switching functions are of unegual widths (Fig 3.9)
for an unbalanced case. The widths are varied according to inpnat
unbalance.As practical power converters operate in OM/0FF mode

employing switches rather than in continuous mode, they posses

frequency spectra  having | g:? infinité series of harmonic

components. Harmonics associated with output voltages and input

currents are discussed in details in the following sub-sections:

3.4.1 Qutput voltage

Similar to balanced case in subsection 3.3.1 the practical
expression for output voltages under amplitude unbalanced input

condition becomes:
v (Wot ) I=[Fylw t)l. (v (w;t)]

| F; F, Fq

where

PR

b i rpmm i e
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1 a
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a a
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1 @

+oe 2 BA [cos{(nwg+w; t-120}+cos{(nw-w;)t-120°}]
2 n=3,5 .
l @ '
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a a
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Tablie 3.3

ot e e

Frequency spectra of waveforms associated with converter

Output voltage, Vgﬁ shown in Fig. 2.10
Harmonic coefficients of Harmoniec coefficients of
switching function output phase voltage
Fig.(3.10 b-d) VAmrFig. (3.10h)
: . f
Amplitude Amplitude, V&N ;
Order e i3 T
(n) . | A, B, c Order | pru. (17| xtb)
1 1.030 1.058 1.080 1 f 0.8882 86.82
3 0.131 0.088 0.044 3 - : -
5 -0.255 -0.25 -0.239 5 §.0185 | 1.85
7 0.056 0.088 0.131 7 6.0185 1.85
9 0.114 ©0.083 G.044 9 -0.0048 0.486
11 -0.074 ©.112 -0.115 11 -0.2044 20.44
13 -3.030 0.014 0.055 13 0.0774 7.74
15 0.085 0.074 0.042 15 -0.0150 1.50
7 -0.023 -0.058 -0.075 17 0.42150 1.50
19 -0.054 -0.018 3.025 19 0.0150 1.50
21 0.049 0.060 0.041 21 0.00486 .48
23 ¢ 0.017 -0.026 -0.053 23 -0.0878 8.78
25 1 0.051 -0.033 0.009 25 i 0.0088 .98 |
(1) Input phase voltage have been taken as 1 p.u. volt &

100% volt.
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Table 3.4

Frequency spectra of waveforms associated with converter

Cutput voltage,VBﬁ'shown in Fig.3.11

B S

Fig.(3.11b-d)

Harmonic coefficients of
switching function

Harmonic coefficients of
output phase voltage
VBNpFig. (3.11h)

{
|
}
!
!-
}

amplitude, Vgy

(1) Input phase voltage have been taken as 1 p.n. volt &

100% volt.

o Amplitude
Order 7
(n) An B C Order 1 p.u.(l) AR
(r)
i . i
i i . i
{1 1.030 1.056 1.080 1 { -0.8684 | 86.84 ;
3 0.131 0.083  0.044 3 i -0.0185 1.85 g
5  {-0.255 -0.251 -0.239 5 -0.03486 3.46 '
7 0.056 0.096 0.131 7 -0.0348 3.43
9 0.114 0.083 0.044 9 0.0023 0.23
11 -0.094 -0.112 -0.115 11 0.2044 20.44
13 -0.030 0.014 0.055 13 -0.0774 | 7.74
15 -0.085 0.074¢ 0.042 15 0.0000 | 0.00
17 1-0.023 -0.058 -0.075 17 0.0289 . 2.89
19 -0.054 -0.018  0.025 19 0.0289 | 2.89
21 0.051 -0.080  0.041 21 0.0023 | 0.23
23 ' 0.017 -0.026 -0.053 | 23 0.0878 | 3.78
25 | 0.051 -0.033 0.009 ; 25 { -0.0104 ; 01.04
i 3 H
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Fig. 3.12: Output voltage waveform, Vck‘obtained with 3 phase
to 3 phase converter under unbalanced condition.

. a) Three input unbalanced phase voltages.
b) -d) F,,F,,F, switching function components.
h) ©Output voltage, Vck.
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Tablse 3.5

Frequency spectra of waveforms associated with converter

Output voltage, Vchpshown in Fig. 3.12

Harmonic coefficients of : Harmonic coefficients of
switching function : output phase voltage
Fig.(3.12b-d) - Vow Fig. (3.12 h)

| Auplitude Amplitude, Vo

Qrder ,

(n) An B Ch Order p.u.<l) %Kl)

1 1.030 1.056 1.080 1 -3.8682 B6 .82

3 0.131 0.088 0.044 3 . 0.0201 2.01

5 -0.2585 -0.251 -0.239 5 | ~1.0020 .20

7 0.0568 0.196 0.131 7 0.0020 0.20

g 0.114 0.083 0.044 9 0.0073 0.73

11 -0.084 -0.112 -0.115 11 0.2042 20.42

13 -0.030 0.014 0.055 13 -0.0773 07.79

15 | 0.085 .0.074 0.042 15 0.0297 02.97

17 -0.023 -0.0588 -0.075 17 0.0039 0.39
- 19 -0.054 -0.018 0.025 19 0.0039 0.39 |
21 0.043 0.080 0.041 21 -0.0083 Q.83 i
23 -0.017 -0.026 -0.053 | 23 0.0880 |  B.80 |
25 0.051 -0.033 0.009 25 -0.0107 | 01.087 %

(1 Input phase voltage have been taken as 1 p.u volt and 100%

volt.
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EQuations (3.8)-(3.10) show thst outpnt voltages

fundamental components of amplitndes in the order of
harmonic components whose frequency is determined by

term.

3.4.2 Input Current

The input current egunation for 3-phase to

converter 15 expressed ags follows:

SH ISR FICM AN LN S W CA Y

or

T ) N ’ !
iI-EI. El Frj F2 A COS(WOt) %
Tyl= | Fp Fy TFg | . |B cos(w,t-240°) }
1, Fq F, F, C costw,t-120°))]
I . N
where

F, Fgq Fy
[Fqlwgt)] =

contaln
1.5 and

(2ntl)wg

3-phase

(3.11)
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Fig. 3.13: Input current waveform, Ia obtained with 3 phase

to 3 phase converters under unbalanced condition.

a) Three output unbalanced phase currents.

b) - 4) Fl’Fz’FB switching function components.

h) Input current, Ia.

¢-5) |
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‘Table 3.6

Input c,-urrent,Ia shown in Fig. 3.13

Frequency spectra of waveforms associated with converter

Harmonic coefficients of Harmonic coefficients of
switching function input phase current,Ia
Fig.(3.13b-d) Fig. (3.13h) |
{ !
; i
b Amplitude Amplitude, I,
Order = - -
(n) A B, Cp Order | p.u.(P? | (D)
{n)
1 1.030 1.056 1.080 1 | o0.8882 | 86.82 |
3 ¢.131 0.088 0.044 3 - - §
05 -0.255 -0.251 -0.234 S -0.015 1.85 ;
7 0.056 0.08s - 0.131 7 0.0185 1.85
g 0.114 0.083 0.044 g -0.0048 0.48
11 -0.094 -0.112 -0.115 11 -0.2044 20 .44 }
13 -0.030 0.014 0.055 13 0.0774 7.74 i
15 0.085 0.074 0.042 15 -0.0150 1.50
17 -0.023 -0.058 -0.075 17 0.0150 1.50
19 -0.054 -0.018 0.025 14 0.0150 1.50
21 0.049 0.0860 0.041 21 0.00486 0.48 i
23 0.017 -0.026 -0.053 23 -0.0878 8.78 |
25 0.051 -0.033 0.009 25 -0.0098 0.398 |
: { H
(1) Qutput phase current has been taken as 1 p.u. current & 100%

current
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Fig. 3.14: Input current waveform, I, obtained with 3 phase
to 3 phase converter under unbalanced condition.

a) Three output ﬁnbalanéed phase currents.
by - 4) Fl’FZ'FB switching function components.

h) Input current, Ib.
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Table 3.7
Freguency spectra of waveforms associated with converter
Input current,Ib shown in Fig. 3.14
Harmonic coefficients of Harmonic coefficients of
switcehing function input phase current,Ib
Fig.(3.14 b-d) Fig. (3.14n>
L . i
Amplitude Amplitude, I i
Order :
{n} A Bn Cn i Order p.u.(l} AR
i (n)
1 i 1.030 1.058 1.080 l 1 -0.88682 86.82
3 0.131 0.088 0.044 3 0.0201 2.01
! -3.255 -0.251 -0.239 S 0.4020 G.20
7 0.056 0.096 0.131 7 3.0020 0.20
9 0.114 0.083 0.044 9 0.0073 0.73
11 -0.094 -0.112 -0.115 11 0.2042 20.42
13 -0.030 0.014 0.055 13 -0.0779 7.79
15 0.085 0.074 0.042 15 0.0297 2.97
17 -0.023 -0.058 -0.075 17 0.0039 0.38
14 -0.054 -0.018 0.025 18 0.0039 . 0.39
2 0.043 9.060 G.041 21 ~-0.00863 .83
23 0.017 -0.0268 -0.053 23 0.0880 3.80
{29 0.051 -0.033 0.0049 j 25 -0.0107 1.07
{ H I
(1) Output phase current has been taken as 1 p.u. current & 100%

current
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a} Three output unbalanced phase currents.
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Input current, Ic
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Tabl

e 3.8

{ Frequency spectra of waveforms

associated with converter

Input current,I, shown in Fig. 3.15 |
Harmonic coefficients of Harmonic coefficients of f
swilitching funecticon input phase current, I i
Fig.(3.15 b-d) Fig. (3.15h} |

| : i
| Amplitude Amplitude, I
Order | . 13 T
(n) A B C Order p.ou, b %t
' (n) |
3
1 1.030 1.058 1.080 . 1 -0.8684 86.84 |
3 0.131 0.088 0.044 3 [ 0.0185 1.85
5 -0.255 -0.251 -0.238 5 b-0.0348 3.48
7 8.0586 0.0986 D.131 7 -0.0346 3.46
g 0.114 0.083 0.044 S 0.0073 0.23
11 -0.094 -0.112 -0.115 11 0.2044 20.44
13 -0.030 0.014 0.055 13 ~-0.0774 7.74
15 -0.085 0.074 06.042 15 0.0000 0.00
17 -0.023 -0.059 -0.075 17 -0.0288 2.89
19 -0.054 -0.018 3.025 18 -0.0289 Z2.89 ;
21 0.048 0.080 0.041 2 -0.0023 0.23 g
23 0.017 -0.026 -0.053 23 0.0878 8.70 |
25 0.051 -0.033 6.009 | 25 -0.0104 i.04 |
i ! | i
(1) Input phase current has been

current .

taken as 1 p.u. current & 1002%
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“cos n{wgt-240°)
8,5

cos(n w.t)
3,5 S

cos n(wst—lzoo)
3.9

Hence, the

currents are similar to ontput voltages.

input currents Ia’Ib and Ic are the

harmoniec content of the

cos n(wst-120)
3,5

cos n{w t-240°)
3,5

cos(n wot )
3,5

J

(3.12)
replica of

input

To verif& the proposed technique a specific example of input

simpl

pulse duration will be different for the three

i

2

voltage

. €.

example,

duration,

of magnitudes Van=0.97 p.u. Vbn=0.95 p.u.

single pulse modulation (Fig.3.1) is considered for

3,9 and 7 percent amplitude unbalance 1s considered.

and Vcn=0.93
A

this

As the input phase voltages are of different amplitudes,

8,

An=4/nn Sin(nd/2

for n=1,3.5

phases. The

of the pulses can be calenlated as follows:
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To get thq output voltage balanced, fundamental Al must satisfy
- Egqn. 2.9 of chapter 2 which étates that
1 1
Ay = wee=—— = 1.03093
A 0.97
or, A(=4/m 5in(5,/2)
or, 1.03083=4/mlslin(&;/2)

5,=108°
1
1 1
Bz ——=—mm 5o=112°
B 0.95 '
1 1 .
snd Cyz = H6,=1186
1 ¢ 0.93 J '

Therefore, pulse widths for a,b and ¢ phases are &;=108°
62=112° and 63=118° respectively. The converter configuration 1is
shown in Fig.3.2 and corresponding gating signals 21725 for this

specific example is depicted in Fig.3.9. The output voltages and

the corresponding input currents are shown in Fig.3.10-3.15. In
order to provide a detailed description of the generated
converter output voltage and input current waveforms, their

respective spectra have been computed and shown in Tables 3.3-
3.8. This information 1is essential not only for the proper
evaluation of the converter performance but also for the desizgn

of input output filters (when reqdired).
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3.6 Simulation of Input-Output Yoltage/Currents

It 1is customary to verify the analytically predicted
frequency spectra of unknown shaped waveform by reconstrucing the
waveshapes from predicted frequency spectra. Using the harmonic
coefficients shown in Tables 3.3-3.8 the three output voltages
and three input currents are reconstructed and depicted in Figs
3.18 &and 3.17. Their shapes matches the analytically predicted

2

wave shapes. of Figs. 3.10-3.153.
3.7 Varification of Results bv MATLAR Simulstion Backasge

To verify key analytical results, the discussed unbalanced

converter ,éré:-tested by simulation on IBM PC using MATLAB package
program. A dedicated computer program simulating the precise opening
and closing of the switches is emploved to generate output voltages
and input ecurrents are shown in Figs 3.18 and 3.19. Further processing
of these waveforms using MATLAB package program yields the respective
frequency spectra. These waveforms are also shown in Fig 3.18 and
3.19. Comparison between analytically predicted freguency spectra

(Tables 3.3-3.8) and spectra cobtained by simulation shows that they

are in close agreement,.
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Fig. 3.16: Output voltages VAN’ Vﬁﬂ,& Vcﬂ‘reconstructed from harmonic

coefficients (shown in Tables 3.3 - 3.5).
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Fig. 3.17: Input currents Ia’ Ib & Ic reconstructed from harmonic
coefficients (shown in Tables 3.6 - 3.8).
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3.8 Conclusio

A detailed Fourier analysis'of ountput voltages and currents
for the unbalanced converter i; presented in this chapter. The
gating signal required to get a balanced output is derived. The
voltages and currents are reconstructed using the Fourier

coefficients. Finally their spectrum are verified by using

- MATLAB packagde.

The frequency spectrum of ocutput voltages and currents
proves that the output of the proposed unbalanced converter 1is

balanced. This verifies the validity of proposed technique.

_ﬁ:\\w .

porye
T

AT
: — "



75

CHAPTER 4

4.1 i ucti
This chapter discusses the operation and design of the

converter. The aspects of the zactive elements which are used for

switching purpqse?and also thg design aspecté of logiec-control
circuit of thefaﬁbalanced phase converter are discussed. These
aspects includq} the defination and derivation of the appropriate
active element i.e switching eslement, switching function, the

processing of the gating signals from their respective functions

and the developement of the necesszry circuitry to implement

these functions and signal processing.

As the input voltages are unbalanced, the appropriate
switching fucntion or gating signal generation’ is much more
cbmplex [11}-[121 than the generation of fespeotive funection or
signals for a balanced 3 phase to 3 phase convertef. The
unbalance present suggests that the Vimplementation and
performance of such converter depends to a larde extent on their
respective logic control boards. Slight mismatch of the gating

signals will result in short-circuiting and blow-up of switches.

Some discussion is made regarding the active element 1i.e.
glements of converter transfer matrix, before the discussion of

operation of the converter.

2
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Finally, a complete design dﬁta for fhe converter 1is
provided.

4.2 (Qperation of the Converter

The operation of & 3-phase to 3 phase balanced output static

converter «c¢an be explained with the help of Fig. 4.1. Before

going in the operation of the conyerter it is essential to

discuss about active element and switching funétion
4.2.1 Active Elements & awitching Functions

The realization of the ‘Converter Transfer Hatrix’ can be
achived only by means of s set of switches which operates
according to a predetermined switching pattepn. This topology
(Fig 4.1) comprises of 9(=3x3) ‘activg-elément': In this specific
case of converter as switching fgnction have both positive(+) and
negative (-) values and ail nine active elemeﬁfs (Sl to Sg) has
to operate both in positive (+) and .negetive (-) values, so it is
clear that esch of nine active eléments (54 to Sg)_éonsists of
two static converter switch; one in top and another at the bottom
called top switch and bottom switeh respectively.,For a 3-
phase to 3-phase converter s total no. of-9x2(¥18) static'.switch
are required. So one switch (top switch) _opefate on positive
value of switching funcfion and other switch -(bottom‘ switch)

operate on negative value of the switching function.

The phase A of the converter (Fig. 4.1) can be redrawn as

2

E

L

P otd

T e W
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Fig. 4.1: Simplified circuit diagram of the proposed 3 phase to
' 3 phase static converter.
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shown in Fig. 4.2 considering the top and bottom switch concept

(negative and positive value).

The switching funetion for a single switch assumes unit
value whenever the switch is closed and a zero value whenever the
switch is open. But here switéhing function for an active element
have & positive unit, zero and negative unit value; whenever the
top and bottom switch are open the switching function have & zero
value and whenever.the bottom switch of the active element 1is
closed the switching funection have a negative unit value. The
funetion which are required for the operation of the converter
active elements/switches are termed as switching function. In the
design and analysis of a balanced output 3 phase tc 3 phase

static converter, the three switching function FI’FZ and F3 have

+1, 0 and -1 value. Consider an active element Sl' Top switeh Sl'

., operate when the switching function have a positive unit wvalae
and top switch Sl',remain inoperative whén the switching function
have zero or negative unit value. Similarly the bottom switeh 5"
operate when the switching funetion have & negative unit wvalue
and the bottom switch Sl” remain inoperative when the switching

function have a positive or zero value. All nine active elements

operate like active element Sy as{dgchibed'abdve(f

ET )
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Fig. 4.2: Simpliefied circuit diagram of the proposed 3 phase to

to 3 phase static converter. (Here phase 'A' has taken
into account.)
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4.2.2 Operation of the Converter Under Balanced Input Condition
The qperation of phase "A° sccording to Fig. 4;2 can be
expléined as follows:

For the first 3009, F, has a value of +1 and F3 has a value
of -1. So Sl’ and S7" are closed. The output is the combination.
of Fi*V,, and Fg*V.,. For 309 to 60° Fo. has a value of +1 and Fjg
has a value of -1. So 54" and S;" are closed_‘The'output is the
combination of Fo*V,  and Fg*V,,. For 60° to 90°, F, has = value
of -1 and F5 has a value of +1. 86 S1" and 34 are closed. The
output is the combination of F{*V,, and FZ*Vbn.'For 90° to 120°,
Fy has ﬁ value of -1 and Fg has a vslue of +1. So 5, aqd 57" are
closed. The output is the combinafion’of Fl*vaﬁ and Fg*V_ . . For
120° to 1509, F, has a value of -1 and Fé has a value of +1. So
switches 84" and 87" are closed. The output is the combination of
Fo*Vy, and Fg*, . For 150° to 180° F; has a value of +1 and Fo
has a value of -1. So S{ " and S4" are closed., The output is the

combination of FyxV, o and FoxVy .

After 180° the operation is the same as explained earlier

and the cycle is repeated.

For phases B and C the operations are similar to phase'A.

—-

4.2.3 Qperation of thg Convérter Under Unbslanced Inbut Condition

For the unbalanced input condition, only the width of the
switching function will be different, principle of operation

remains the same as explained for balanced case disscussed in
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section 2.3. Fig 4.4. shows three' switching function with
different widths due to unbalances in the input voltages, we can
explain the operation of thejqﬁnverter under unbalanced case és
follows;

The unbalanced voltages are taken as

Van = A cos w;t

Yy

n B cos(wit—lﬁoo)

v

H

o
en C cos(w;t-240%)

Consider a specific example of input voltages Van:D.ST p.u.,
Vbn=D.93 p.u. 1i.e 3,5 and 7 percent amplitude unbalanced 1is
considered. The switching function angle for this specific case

are calculated as 512540, 622580 and 63:580 using : the formula

4 nd
An = e sin{ -~ and dividing the value of & by Z2(two) because
nm 2
WS: Wi.

For the balanced case the width of the switching function 1is
§=61=6,5=63.

Comparing figures 4.3 and 4.5 we see that the principle of
operation of the converter remains the same under balanced and
unbalanced input conditions, only the widths of the switehing

functions become different.

4.3 Desi o :

Some converter design aspects regarding component rating
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voltages for the converter.
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Fig. 4.3 Six gating signals relationship with balanced input
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control logic and component profection are discussed in this

section.

e e . i

4.3.1 Component Ratings |
————— e ] .
In determining the ratings of the converter switches, the

worst case condition is considered. It is noted that the [ worst

case condition interval is 120° conduction. Conduction of more
than 120° interval for any switeh is equivalant to short
circuiting the source which is not desirable. For this case the

peak, rms and average switch currents I I and I are given

sp’ ~sr sav
by [13];
ISp = (f3)¥(/2) p.u Amps
Igp =-((3)*/((2) p.u. Amps
Igav = (46)/m  p.u. Amps

With these ratings a simple design is provided here for the
phase converter. | .

For +the case éf.simplisity consider phase "A" only. (Fig.
4.2)

Now considering the design of 30 KVA three phase to three
phase converter (Fig. 4.1). it 1= assumed that

Nominal ac vaoltage Van=220 volts (rms)

1 p.a. volt =220 volts (rms)

and the fundamental component of'outgut (Table 3.1) voltage
VAB’ 1 = 220%0.87=191.4 volts (rms)

and the load current IAB(Fig 4.1) is given by
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Iap.1 = 30,000/(/3%181.4)=90.48 Amps(rms)

By using computed per uhit voltage, the actual converter
switch voltage and current ratings (without safety margin) can be

computed as follows:

Peak switch voltage 220%42=311 volts.

80.49%{({8) p.u

Peak switch-current

221 .86 Amps.

Average switch current =90.49%(/{B6/m)
=70.55 Amps
RMS switch current =90.49x(/3/42)

=110.83 Amps.

4.3.2 Design of the Control Circuit

Converter have special logic control reguirements becauserf
the complexities of assoclated power circuits. The design of the
control circuitlincludes:

- the derivation of the appropriate switching functions

- the processing of the gating signals from their respective

functions
- the development of the circultry required to implement the

above functions and signal processing.

To implement the schemes proper relationship between 1input
voltages and gating signals is required. Such a gating signal

which have relationship with balanced input for the ©phase
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converter (Fig 4.1 & Fig 4.2) is shown in Fig 4.3. This gating

signals can be realized by using digital components.

A delta-ﬁye step down téansformer (Fig. 4.4) is wused for
input line voltage sensing. The output of this transformer
provides the three zero crossing points for the three input line
voltages. The zero—cfoss sensing is implemented Dby employing

three properly biased voltage comparators.

The six gating'signals g1-Eg (Fig 4.3) are then applied to
the gates of the swithes of the converter  in proper
synchronization with zero crossing signals. The gating signals
for balanced case and unbalanced case is depicted in Fig. 4.3 and

Fig 4.5 respectively.

The derivation of unbalanced gating signals are described as

follows:

Let

I
an,

vb;': 0.95 Sin(wt-120°)

v 0.97 Sinwt

Yen = 0.93 Sin(wt-240°)

I

i.e the unbalances are 3%, 9% and 7%.

The widths of the gating signal will be changed according Lo
the amplitude of the unbalanced line voltages. The width of the

gating signals are calculated as follows:
- For signal gy and g4, the width ='s54 1°
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- For signal g3 and gg, the width = 55,80

- For signal g and g5, the width = 'Q?:SO _ 7[

The relationship between the gating signals and the
unodalanced line voltages are shown in Fig 4.5. -

Thefefore,‘the width of the gating signals changes according

. |

to the unbalances present in the input line voltages. .
- DR PR

. -

If  the amplitude of the wunbalanced input voltages sare
previcusly known then the correspending gating signals can  be
stored in EPROM and can be synchronized with the zero crossing. A

dedicated computer program for loading (burning) EMROM for known

amplitude unbalance is developed in FORTRAN language.

When the asmplitude of the input unbalance voltages change
with time, i.e. var?ing continuously, ﬁhen a dedicated
microporcessor can be used. Various combinations of gating
signals for corresponding amplitude unbalance can be stored (Fig
4.8) 1in a look up table. According to'ﬁhe unbalance the output

(Fig 4.8).

4.3.3 Component Proftectinp

Providing effective switech protection for the converter
shown in Fig 4.1 .is very difficult task, as the 1load current

commatation must be done without free-wheeling diode. "‘Reffering

i

to [14] asnubbefcircuit which can provide adequate protection

for  the switches shown in Fig 4.7. The Function of
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Fig. 4.5: 8Six gating signals relationship with unbalanced input_f_';
voltages for the converter.
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Fig., 4.6 Microprocessor based control circuitry.

#



90

LOOK-UP TABLE

Amplitude |Correspon- |Amplitude (Correspon-|Amplitude|Correspon-
Unbalance|{ing gating|Unbalance |ing gating{Unbalanceling gating]|
present signal present inl|signal - present width By, -
in input |width gy, |input Line|width g4, {in ‘input |&,
Line g4 voltage gg Line
voltage Vbc in voltgge
Vab in percent ‘Vca in
percent percent

1 52.59 1 52.59 1 52.5°

2 53.3° 2 53.3¢ 2 53.3°

3 54.1° 3 . 54.1° 3 54.1°

4 54.9° 4 54.9¢ 4 54.8°

5 55.8° 5 55.8° 5 55.8°

6 56.7° 6 56.7° '8 56.7°

7 57.6° 7 57.6° 7 57.6°

8 58.6° 8 58.6° 8 . 58.6°

9 59.7° B 59.7° 8 59.7°
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egch (protective circuit) component is as follows:

~

Reactors Lg 1-2-4 facilitate curreﬁt.transitidn (i.e.
commutation) from a turning off to .é_xburning on
switching device.

Front end snubber rectifier diverts input curréﬁts_ to

¥storage elements CSI during converter normal or

accidentsl switching transients.
Load end snubber rectifier diverts load currents +to

storage element CsZ during converter normal or

5]

accidential switching transients.

Snubber capacitors Csl and CSE limit resulting over
voltages during =above mentioned transients.

Resistors RSZ and R,y act as energy "bleeding” element
for Cgq 2and Cgo.

provide critical damping to L-R-C

Resistors Rsl and RS

3

path comprised by the snubber circuit compoents.
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Fig,

4,
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1:

The converter circuit showing protective elements.
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4.4 Conlusions

This chapter Qiscussed the operation and design of the
converter. Derivation of the gating signals and their
implementation by wusing micrcprocessor is also discussed.

Component ratings and a saubber circuit for providing effective

switch protection have slso been discussed. Due to 1inadeguate

i

laboratory facilities the circuit could not be constructed.
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CHAPTER o

ANALYSIS OF AN UNBALANCED INPUT THREE PHASE CONTROLLED RECTIFIER

5.1 Introduction

Developments iﬁ microelectronics, power semiconductors snd fast
switches have wmade possible the widespread use of ac to dc
converters in the control of d.c. motors, in voltage and current
source inverters to provide the front end de link, in reactive
power control and harmonic current compensation schemes. Due to
the increase in application of these rectifier the effect of
unbalance 1input operation conditicn study has become necessary.
The novel technique discussed for the study of a balanced output
thrée phase static converter for an unbalanced system can alsoc be
applied to produce near perfect dc (output}-from a three 1inpnat

phase voltages when they are amplitude unbalanced..)

Controlled Rectifiers like all other power electronics converters
are designed to work in balanced inPut condition. Evalunation of
real.operating conditions, howe?er; shows that this assumption 1is
not true in most cases [12]. It is, therefore, essential for the
valiﬂity of typical results, converter analysis mephods should

accomodate unbalanced operation conditilons.

This chapter focuses on the analysis and design of a three phase

controlled Yectifier (CR) which produces near perfect dc output

voltages with the amplitude unbalanced inputsjﬁccording to noyel
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technigue 1fto have a desired output it has been proved that the

fundamental componentéWof the switching functions are inversely

‘proportional to the corresponding unbalanced inpﬁt phase voltage

magnitudes. However the output contzins insignificant harmonics.

s
Y

5.2 Mathematical Analvsis of the Controlled Rectifier -

r |
7

The simplified cirecuit diagrasm of theﬁCR capable to produce a
near perfect de¢ is shown in Fig. 5.1f This c¢ircuit structure
consists of six bilateral‘switches. The basizc principle cof
operation for this CR can be derived fram the genral equation
(2.1a & 2.1b) in Chapter 2 by setting the number of input phases
N=3 and the number of output phase M=1l. In particular, the direct

multiplication of the input phase voltage Van’ Vb and Vcn by the

n
corresponding switching function components Fl‘FZ and FB vields
the near perfect de voltage, Vdc {(Fig. 5.3). Similarly un-
balanced input phase currents 1Ia,Ib and Ie (Figs. 5.4, 5.5 and

5.68) are obtained by multiplying the output current Idc by

respective converter switching function components Fl,F? and FB.

5.2.1 i : o Lthre if3

Consider a balanced case and assume, switching functions are:

o
—
|

A cos,(wst)

Ly |
J
1

A cos (w_t - 120° (5.1)

A cos (wgt - 2407%)

3
o)
|
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M

Proposed controlled rectifier.

S.1:

Fig.
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Fig. 5.2 Gating signals for the proposed controlled
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where & is the amplitude of the fundsmentsal components of all the

function Fl,Fz & F3.

and Input voltages

[Vi(wit)] =V;

r cos (wit)

Cos (wit - 240°)

Cos (wit - 1209)

A

(5.2)

Now the theoritical input, output gquantities for a three phase CR

with balanced input can be derived using spectrum multiplication

as follows:

[V (R t)]

If w_=w:

or

AVi[cos(wSt)cos(wit)+cos(wst¥1200)c05(y1t~120°)

[SF1.[V;(w;t)]

+cos(w t-240%)cos(w;t~240°)]

5 1

then

3

[Vochot)]:vdcz e

[I;(w;t)]1={Fy(ut)1T0I;]

I (wsit)
Ib(“it)

Ic(wit

L

|

A'cos(wst)

A cos(w,t-120°)

A cos(wgt-240°)

[I,]

(5.3)

(5.4)

(5.95)
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cos(wst)

o | cos(ugt-1200)] | | (5.8)

cos(wst-2400)

-

5.2.2 Analysis of _the upbalanced three phase controlled
rectfifer

Consider an unbalanced case and assume switching functions are:

F1 = Al cos (Wst)
Fo = By cos (wgt - 120%)
Fq = Cy cos (wgt - 2409)

and the input voltages

A cos (wjt)

(Vi(witd] = % B Cos (wjt - 120°)
i
L
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Now wusing the same eguation (5.3) for a three phase CR with

unbal;nced input we have-

(Vo(Wot)d = [SFI.[V;(wit)]

= AjA((cos(ugt).cos(n;t)+BBcos(ugt-120°). cos(w; t-120°)

+CyCcos(w t-240°) . cos(w;t-2409)]

3
- (5.7)
2
When
A].A:l, Blel & Clczl
1 1 1
Ay e ByT e, Ty — (5.8)
1 A t B 1 G
Similarly the  corresponding input currents can be derived
follows using the same equation (5.5),
[Io(wit)I=(FyCugt 1T LI, ]
[ o ) ;
i Ia(wit) ; Al cos(Wt? |
| ! 3
or | Iy(wit) {=| By cos(wgt-120°) {.[I]
i i
L I (w;t | €1 cos(w t-240°) }
iAl cos(wt) i
i o
=I, {By cos(wgt-120°)] | (5.9)
i z
ICy cos(w_ t-2407)
L = 1
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In the above analysis Wy is the fregquency of input gquintities
(i.e. o0 Hz) wg 1is the operating fregquency of the CR (e.g. 30 Hz)
and Wozws—wi=0.

Equation (5.4) and (5.7) shows that the output voltage is
theoritically harmonic free. It can be concluded from equations

(5.7) and (5.8) that the output voltage is pure <dc¢ when the

fundamental component of the switching function are equal to the

inverse of the smplitude of the corresponding 1input phase.

voltage. The amount of unbslance that can be corrected depends on
the choice of proper switching function (SF). In this analysis a
single pulse modulation is considered (Fig. 5.4b). Though
theoritically the output is harmonic free, but the outpu:
contains some insignificant harmonics, because 5F 1s a sguare
wave instea@ of a cosine wave as considered during analysis. The
various waveforms are depicted in Figs. 5.3 - 5.6 and the

associated frequency spectra are shown in Tables 5.1 and 5.2.

The 1input currents are balanced for balanced case and the input

currents are unbalanced for wunbalanced case.

The complete expression for the output voltage and input currents

can be written as follows:

VOZEFd(WSt}]-[Vi(Wi)]

JULh
E_ e

s
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i [+4] m . [+4] ’
= | I A, cos(nwgt) I B, cosn(wg t-120°) I C, cosn(w t-240°) }
! n=1.3,5 n=1,3,5 n=1,3,5 [
[ 4
i 3
] A cos(w;t) i
i : K
| B cos(w;t-120°) |
! : |
f C cos(wit-2400) !
L J
[+4] m
= 2 A cos (nw_t).cos(w:;t) +2 BB cos ni{w.t-120°).cos{w;t-120°)
n=1%%,5 S * n=1.3,5 S *
w
+ % CC, cos n{w t-2409) cos(w;t-2407)
n:l,g,s
3 1 re
= —— + —1 Z AA_ (cos{(nw_ tW:;)t + cos(nW.-w;)t)
2 2 l n=3,8 st s

o
+2 BBg (cos({nwg+w; )t-(n+1)120°) + cos((nw -w; t-(n-1)120°))
n=3,

@ "1

+ 2 ccg (cos((nug+w;)E-(n+1)240°) + cos{{nwg-w;)t-(n-1)2407)) |
n=3, !

{
-

...(5.10)

and the input current expression becomes ;

(T4 (wit)=[Fq(ugt)IT .(I,]

i 1

s cos(nw.t) "
n=§?3,5 s
m
2

or | Iy(wit) |= s n(wgt~120% 1. [I.]

Io(w;t) S n(wgt-240%) |

—
JmMm8B
53
Q
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. z An cos(nw_t) :
T, (ws5t) n=1,3,5

i o

Iy(wit) |=I '3 B, cos n(wgt-120°) C(5.11)
n=1,3,5 -

T (wst) 0 |
R 3 G, cos n(ugt-240°) |
L n=1,3,5 4




104

5.3 An_Example

To veryfy the proposed techniguel$ specific exémple of input
voltage of magnitudes Van=0.97 P.U. V,,=0.85 P.U. and V,,=0.83
p.u. i.e. 3.5 and 7 percent amplitude unbalsance 1is considered. As
the input phase voltages msre of different amplitudes, the pulse
duration will be different for the three phases. The duration 4]

of the pulses can be calculated as follows

A =(4/nw )sinin 8/2) For n=1,3,5...

- i 1
To get the output balanced Alz o T ez | 03093
A A _ ,
- o
§,=108
Corresponding pulses widths for b and ¢ phases are 2:112O and

63:1180 respectively. The CR converter configuration shown in Fig
5.1 and corresponding gatting signals g21-2g for this specific
example 1is depicted in Fig 5.2. The output voltage Vdc and the
corresponding input eurrents are shown in Fig '5.3 - 5.6

Respective Fourier spectrum is shown in Table 5.1. For comparison
purpose the output voltage and input currents waveforms for

balanced C.R. are shown 1n Fizgs 5.7 - 5.10. Corresponding Fourier

spectrum is shown in Table 5.2.

5.4 Simulated Results

To verify key analvytical results, the discussed CR was tested by

simulation on an IBM PC. A dedicated computer program simulating

-
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Van(0.97) Vbn(0.95) Vcn(0.93)
1.00 -
a)
—1.00
1.00
) Fy rr r rrrr (It rrrrrrr e T T T et
0.0 80.00 180.00 270.00 360.00
-1.00
1.0_0
) Fy LU, LI T S T U N N B N 0 R e {2 e e e e e e e
0 0 -~ 90. 00 180 00 70.00 360.00
-1.00
1.00
d} F, T T T T T T S B I B D S I B B T wt
O C 90. OO 180.00 270 OO 360.00
—1.00
2.00 - |
5 VO :r,———-~1-ra'-“-mslj»—“—“h\1f,~'_—f‘\Ljf—‘_‘“ﬂntf’jfmhnwl
- Vo = Van ¥ Fy * Vpy * Fy + Cop % Fy
0.00 T T T T lllrlllllllllrirlrstr:rr]wt
0.00 90. OO 180.00 270. OO - 360.00

Fig. 5.3: Output voltage waveform, V obtained with CR under unbalanced
input condition. »

a) Three input unbalanced phase voltages.
b) - 4) Fi/Fy, F3 switching function components.
e) Output D.C. voltage, VO.
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2.00 ] .
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b) F1 rrrrrrrr [l'l L2 1L B S I I B ' S T i e e e e
0.90 - 90.00 180.00 270.00 360 00

-1.00 -

2.00 ':I |

c) Ia ‘ Ia = Io * F1 j l

| T

0.00 T rrrrrrrm T T T T ;l T3 T T 7] iL T T T et
0.60 0. OC 180 00 i 270. 00 360.00

Fig. 5.4: Input current waveform, Ia obtained with CR under unbalanced
condition. :

a) Output current, IO of CR.
b) Switching function, F1

c) Input current, I, of CR.
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2.00 -
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0.00 1T T T V1T 7171 Tt 17T 1T 1T 17771 L IR S D D D B R | T P 1T 1T 7T ¥ 1 lwt
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Fig. 5.5: Input current waveform, I, obtained with CR under

unbalanced condition.
a) Output current, IO of CR.
b) Switching function, F2‘

c) Input current, Ib of CR.
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90. OO 1 80 00

Input current waveform, Ic

unbalanced condition.
Qutput current, IO of CR.
Switching function, F3.

Input current, Ic of CR.
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Table 5.1

Frequency

spectra

of

waveforms Associated with unbalanced

C.R. output voltage and Input currents shown in Fig 5.3 - 5.8

cients of
switching
function

(Fig.5.3b~d)

Harmonic coeffi-

Harmonic coeffi-
cients of

output

voltage .
Vdc(Fig.5.3e)

Harmonic coefficient.
of input currents:

I, or I, or I
(Figs.54¢,5.5¢,5.60)

Order Amplitude Order Amplitude|Order| = Amplitude
(n) | Ap n n (n) Vg, (n) + Iy Iy Ie
1 1.03 1.06 1.08 0o . 1.865 1 0.52 0.53 0.54
3 0.13 0.09 0.04 2 0.03 3 0.07 0.05 0.02
5 0.25 0.25 0.24 4 0.01 5 0.13 0.13 0.12
7 0.06 0.09 ©0.13 5] 0.29 7 0.03 0.05 0.07
9 0.11 0.08 0.04 8 0.05 g 0.06 0.04 0.02
11 10.09 .11 0.11] 10 0.02 11 0.05 0.08 0.06
13 |0.03 0.01 0.05 12’ 0.09 13 0.02 0.01 0.03
15 (0.08 0.07 0.04 14 0.03 15 0.04 0.04 0.02
17 t0.02 0.06 0.07 16 0.04 17 0.01 0.03 0.04
19 §0.05 0.02 0.03 18 0.11 19 0.03 0.01 0.02

(1) Input phase voltage

and output current

have taken asll P.U.-

e e —

h-‘ﬁ__&‘__—vw-.—-—-'l-——'a—hw;ﬁ
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Fig. 5,7: Output voltage waveform, V0 obtained with CR under (3
balanced input condition.
a) Three input balanced phase voltages.
b) - 4d) Fl’FZ’FB switching function components.
e) Output near perfect D.C. voltage, VO.
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Fig. 5.8: Input current waveform, I, obtained with CR under

balanced condition.
a) Output current, I0 of CR.
b) Switching function, Fl.

c) Input current, Ia of CR.
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Fig. 5.9: Input current waveform, Ib obtained with CR under

balanced condition.
a) Output current, I_ of CR.
b) Switching function, F2.

c) Input current, I0 of CR.
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Fig. 5.10: Input current waveform, Ic obtained with CR under

balanced condition.
a) Output current, IO of CR.
b) Switching function, F3.

c) Input current, Ic of CR.
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Table 5.2

controlled rectifier.

Frequency spectrs of waveformstéssociated with balanced

Harmonic coeffi-
cients of
switching
function

(Figs. 5.7b-d)

Harmonic coeffi-
cients of

cutput

voltage
Vdc(Fig.5.7e)

Harmonic coefficient
of input currents

or Ic

g€s.5.8¢ or 5.9 or
5.10¢) '

I
(#i

or I

Order Amplitude

Order Amplitude

Order Amplitude in p.u.

(n) (Ap) (n) (V4e) (n) (I, or Iy or I
1 1.10 0 1.85 1 0.55
3 Q.00 2 0.00 3 0.00
5 0.22 4 . Q.00 5] 0.11 .
7 0.186 6" 0.36 7 0.08
9 0.00 8 0.00 g 0.00
11 0.10 10 0.00 11 0.05
13 0.09 12 0.18 13 0.05
15 0.00 14 0.00C 15 0.00
17 0.07 16 0.00 17 0.03
19 0.08 18 0.11 13 0.03

(1) Input phase voltage and output current have taken as 1 P.U.
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the opening and closing of the six CR switches in example@! to
gener&te{j the output voltage and input current. Waveforms are
shown in Figs. 5.11A, 5.12A, 5.13A, 5.14A. Further processing of
these ‘waveforms by using MATLAB package vields the respective
freguency spectra as shown in Figs. 5.11B, 5.12B, 5.13B and
5.14B. Comperison between analytically predicted (Table 5.1)
frequency spectra and‘speﬁtra obtained by simulation shows that

they are in close agreement.

5.5 Design Criteria

This CR reguires only 6 gating signals for 6 bilateral switches.
The swithces are composed of 4 diodes and a gate turn-off divice.
In dgsigning the digital control (firing) circuit the following

need to be considered:

i) Deriving the B gating signals.

11) Applying the 6 gating signals.

The 6 gating signal for the specific example are shown 1in Fig.
5.2. These six gating signals are applied directly to the gates
of the six swithces in proper time relative to zero crossing of

input vbltages.



116

2 1 T 2 ¥ ]
oF - 14 -
...2 1 1 . ol_____/-\_ ™ L -~
0 200 400 wt 0 500 1000 1500 Hz

Fig. 5.11: Output voltage, Vs of CR (A) & its spectrum (B) under

unbalanced condition.
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Fig. 5.12: Input current, Ia (A) & its spectrum (B) under unbalanced

condition.
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Fig. 5.13: Input current, Ib (A) & its spectrum (B} under unbalanced
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5.8 Conclusions

This chapter provides a comprehensive analysis of a three phase
rectifier under amplitude unbalanced input voltages. A simple
example 1is used to illustrate the validity of the principle and

is supported by simulation.
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6.1 Summarv and Copclusions

A three phase converter under unbalancea input condition has
been studied in this thesis . The-converter is modelled and
analysed wusing Fourier analysis . The technique used for

correcting the input unbalance is proved to be effective.
Contributions of this thesis by chapter are as follows:

In Chapter 2 , the three phase converter model is derived
using generalized matrix model. The mathematical relationship of
input/output quantities are derived for both balanced and

unbalanced input conditions.

Fourier gnalysis of the proposed converter for balanced
and unbalanced conditions is provided in Chapter 3. To prove the
effectiveness of the proposed technique the qutput and input
voltages/currents sare reconstructed using the predicted Fourier
coefficients. Finally the waveformé'are analysed in a personal
computer using MATLAB package. The resﬁltslproves the - vality of

the proposed technique,

In Chapter 4 operation of the convertef‘ and necessary

design and protection data are provided. Input voltage sensing is
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used to synchronize the precise opening and closing of the
converter switches. Microprocessor can alsoc be used to correcy

various amount of input unbalance.

Next, the search for using this proposed +technique for
frequency changer application has led to & novel unbalanced
controlled rectifier 1is analysed wusing Fourier coefficients.

Design data are also provided .for its impleﬁentation.
6.2 Suggestion for Future Work

The analysis and 'design of an unbalanced three phase
converter using a sgimple single switch is presented in this
thesis. During this analysis only unbalance in amplitude is
considered . Advanced PWH éwitching function maylbe used to study
the improvement of quality (spectrum) of output
" voltages/currents considering both amplitude an¢ phase unb&lance
operating condition. Further study may be carried out to
investigate the validity of this voltage balanciﬁg technique for
this converter as a frequency changer. .Further study may also
be focussed on the microprocessor bsased control circuitry and the

filter circuit necessary for such a converter.

prlY
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A.1 INTRODUCTION
In implementing a converter configurdtion the Erasable

Programmable Read Only Hemofy (EPROH) can be used as a means of

storing .the gate signals applied to the different SCR’s and power

transistors. The gate signsls can be stored 1in the memory.

loecations of the EPROH by means of a device called the EPROM
ﬁrogrammer or burner. A logic circuit can be ﬁéed to retrieve the
gate signals from the memory 1ocatiohs of the EPROM. Both the
storing of gate signals into EPROM and retrieving of- the same 1is

discussed in this chapter.

A.2 EPROH

EPROM is a field-programmable and field " erasable device.
The rpackage has a quartz window ove:rthe chip.‘Fig. A.l1 shows =a
pictorial view of THS 2516 or 2716 EPROM device. It is possibie
to erase this device by exposing it to ultraﬁiolet light at or
near a wavelength of 0.2537 pm for about a minimum of 21.minutes.
Before programming, the device 1s erased. Afte; erasure all bits
are in the “1" state (aSsuﬁing a high level output corresponding

to logic "1").

S —
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1

After erasure logic "0's” are programmed into the desired
locations. EPROM 2516 and 2716 are organized intn 18K meﬁory
locations. A "0" can be erased only by Ultra Violet 1light. The
programmable mode is achieved when Vpp is 25 volts and NOT CS5 1is
at Viy. Data is presented in parallel (8 bits) on pins @y through
fg . Once address and data are stable a 50ms TTL high level pulse
should be applied to the PGM pin at esch address location to be
programmed. Programming is usually performed by placing the EPROH

in a programmer or burner.

A.3 PROGRAMMING THE EPROMN

The EPROM programmer used to store data on the different

memory locations of an EPROM consists of an PC add on card, +est

cr
b
o
b
V)]

socket box and software based on a IBM PC/XT/AT or compa
PC under PC-DOS or MS5-DOS environment. The main software is
EPROHX . EXE and using this software the EPROM can be
programmed, read, verified, blank checked, and the memory buffer
contents can be edited, displayed, printed etc. The EPROM 27185
and 2516 contains a total of 18K bits of memory space and each
has 0O to 7FF (hex) or 0 to 2047 memory locations. Each location
can’ storé up to 8 bits of binary information. The EPROH
programmer software consists of a built in editor through which

the desired 8 bit data can be stored in the desired location. If
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the binary bits 00011100 (1C Hex) is to be stored in the memory
location BFF(Hex) of the EPROM then after running the EPROMx.EXE
programe under the DGS prompt the editor is invoked and - the
data 1C (Hex)} is written against the correspondig address 6FF.
This memory area is on the PC system memory and is called the
memory buffer. The buffer is allocated by main software through
the arrangement of DOS. Any portion of this buffer can be saved
to diskette or programmed to the EPROM.

The six gate signals as shown in fig. A.2 which are to be
applied to & converter are stored in the 2048 memory locations of
the EPROM 2516 or 2716 by dividing each signal into 2048
sub-divisions. Each of these sub-divisions contains either a "1"
state or a "0" state according to the corresponding signal. Then
for each of the 2048 8-bit location from O to 2047 the six gate
signals g4 through = and two other signals g€~ and 25> assumed to
be zero at all time, are combined to form the 8-bit binary
information to. be stored in that location. As for exampie,
suppose after dividing the gate signals inteo 2048 sub-divisions
the gate signals correséonding to locatien 005 are g1=0,g2:
0,83=0,84=0.85=1.85=1, and g7=g8=0. S0, at the memory locationr
005 of the EPROM the 8-bit byte 00001100 or OC Hex corresponding
the gate signals 1is to be stored; In this way every memory
locaton of the EPROM can be programmed to store certsin data. A

computer progran is developed to determiﬁe the 8-bit binary
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digits corresponding *to the six gate signalé for each memory
location from O TO 7FE (Hex) of the THS 2516 or 2716 EPROM. The
output of the program is a binary file contaiﬁing the required 8-
bit byte to be stored at each memory address. The binary file was
loaded 1into the memory buffer of the PC using the EPROM main
software and later loaded inte the corresponding EPROM memory

locations throungh the EPRCH programmer or burner.

The programming of the EPROM 1is briefly as follows:-

1. Execution of the main software of the EPROM burner under DOS
command .
2. Selection of the desired EPROM type numbe and corresponding

manufacturer of the EPROM.

3. Placing of an erased EPROM on the master socket of the
burner and blank-checking (all bits high) of the EPROHM.

4. Loading of the desired contents of eéch memory locations
into the memory buffer from diskette containing the binary
file.

5. Programming the EPROM <(i.e. loading the contents of memory
buffer into the EPROM} by uasing the érogramming option- of

the main software of EPROM programmer.-

-
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A.4 RETRIEVING DATA FROM THE EPROM

Once the EPROM THS 2516 or THMS 2716 has been programmed, the
5ix gate‘signals, as discussed previcusly, can be retrieved by
using an approximate logic circnit as shown in the figure A.3.
The logic circuit consists of a counter and a clock. If the
desired output frequency is 50 Hz then the clock has to Ee set to
a frequency of 50{@@{?}102.4 KHz for reading all the 2048 memory
locations in the required 50 Hz intervali The THS 2516 or 2718
contains 2048(=211} memory locations: i.e. 11 address bits are
required to obtsasin the content of each memory location. The CD
4040 is a 11 bit binary counter and changes the address of the 11
EPROM address pins at the clock freguency of 102.4 KHz. As the
addresses of the EPROM memory location is continnously varied
from 0O to 2047 the output pins of the EPROM ©,10,11,13,14.15
contains the gate signals previously stored, =at the desired

output frequency of 50 Hz.
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APPENEDIX B
COMPUTER PROGRAM - 1

THIS PROGRAM IS DONE BY SADIQUR RAHMAN KHAN

DETERMINATION OF NECESSARY DATA TO PLOT OUTPUT VOLTAGES
AND INPUT CURRENTS UNDER BALANCED INPUT CONDITION

DIMENSION TA(Q),TB(S),TC(S).FA(3000),FB(4500),FC(5000),VA(SOOU)
DIMENSION XA(S5000),XB(5000),XC(5000),XDC1(5000),VB(5000),VC{3000)
DIMENSION XDC2(5000),XDC3(5000)
OPEN(UNIT=3,FILE="0QUTS.DAT ,STATUS="0OLD "}
DEL1=120.0/2.0

TA{1Y=(DEL1/2.0)
TA(2)=90.0~-(DEL1/2.0)
TA(3)=TA(2)+DEL1
TA(4)=180.0-(DEL1/2.0)
TA(5)=180.25

I=1

J=1

XF=.25%J

FA(J)=1

J=J+1

IF(XF.LT.TA(I))GO TO 1

FA(J)=0

IF(I.EQ.5) GO TO 2

I=I+1

J=J

J=J+1

AF=.25%]

FA(J)=0

IF(XF.LE.TACI))GO TO 3

I=T+1

J=J

IF(J. GE.720) GO TO 2

GO TO 1

J=0

J=J+1

IF (J.LE. 180) GO TO 5

IF (J.GT. 540y GO TO 5
FA(J)=-FA(J) )

GO TO 7 _

FA(J)=FA(J) :

IF(J. EQ. 720) GO TO 6

GO TO 4

J=J+1
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13

12
14

15
17

18
18

19
20

S0
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FA(J )=FA{J-720)

IF¢(J. EQ. 1440) GO TO 8
GO TO 8

DELZ2=120.0/2.0
TB{1)=60.0+(DELZ2/2.0)
TB(2)=90.0-(DEL2/2.0)+60.0
TB(3)=TB(2)+DEL2
TB(4)=180.0-(DEL2/2.0)+60.0
TB(S5)=180.25+60.0

I=1

J=241

XF=.25%J

FA(J)=1

J=J+1

IF(XF.LT.TB(I))3EO TO i1
FB(J)=0

IF(I.EQ@.5) GO TO 12
I=1+1

J=J

J=J+1

XF=, 25%J

FB(J)=0
IF(XF.LE.TB{(I))GO TO 13
I=T+1

J=J

IF(J.GE.880) GO TO 12
GO TO 11

J=240

J=J+1

IF(J.LE.420)G0 TO 15
IF(J.GT.780) GO TQ 15
FB{J)Y=-FB{J)

GO TO 17

FB(J)=FB(J)

IF(J .EQ.880) GO TO 18
GO TO 14

J=720

J=J+1

FB(J-720)=FB(J)
IF(J.EQ.9680) GO TO 19
GO TO 18

J=240

J=J+1

FB(J)Y=FB(J)
IF(J.EQ.720) GO TO 359
GO TO 20

J=J+1

FB{Jy=FB{(J-720)

S
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21

22
24

25
27

26
28

28
30

61
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IF(J.EQ.1920) GO TO 80

GO TO 50

DEL3=120.0/2.0
TC(1)=120.0+(DEL3/2.0)
TC{2)=80.0-(DEL3/2.0)+123.0
TC(3)=TC(2)>+DEL3
TC(4)=180.0-(DEL3/2.0)+120.0
TC(5)=180.25+120.0

I=1

J=481

LF=.25%J

FC(Jy=1

J=J+1

IF (XF .LT. TC{(I)s GO TO 21
FC(J =0

IF(I. EQ. 5) G0 To 22

I=-T+1

J=J

J=J+1

AF=.25%xJ

FC(J=0 ,
IF (XF .LE. TC(I)) GO TC 23
I=1+1

J=J

IF (J. GE. 1200y GO TO 22
GO TO 21

J=480

J=J+1

IF (J .LE. 680) GO TQO 25

IF (J .GT. 1020) GO TO 25
FC(J)y=-FC(J)

GO TO 27 ,

FC(J)=FC(J)

IF(J .EQ. 1200 GO TO 28

GO TO 24

J=720

J=J+1

FC(J-720)=FC¢Jy

IF¢J .E@. 1200} 30 TO 29

GO TO 28

J=480

J=J+1

FC(J=FC(J)

IFC( J _EQ. 720) GO TO B1
GO TO 30

J=J+1

FC(J 3=FC(J-720)

IF(J .EQ. 2400) GO TO 100

iy ]
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31

230

200
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GO TO B1

J=1

PI=3.141582654

YA=.25%J _
VA(J)=1.00%COS((YA*PI}>/180.0)
KA(JI)=FA(JI)IXVA(J)

YB=Y2-120.0
VB(J)=1.00*COS((YB*PI)/180.0)
XB(J)=FB(J)*VB(J)

YC=YA-240.0
VC(J)=1.00xCOS((YC*PI)>/180.0)
XC(JIH)=FC(J»*VC(J)
XDC1(IY=XA(JI))+XB(JY+XC(J)

ADCZ2(II=FC(JI Y(VA(JIY+FA(JIYKRVB(JI }+EB{J 3*VC(J)
XDC3(JI)=FB(IYXVA(JIY+FC(JII*VB(J )+FA(J ykVC(J )}
WRITE(3,230)YA,FA(J),FB(J),FC{J),XDC1{J), XDC2{J), XDC3(J)

FORMAT(1X,F7.2,10(1X,F6.3)
IF(J .EQ. 1440 GO TO 200

J=J+1 '

GO TO 31

STOP

ERD

e —



Qaan

e DD

135

COMPUTER PROGRAM - 2

THIS PROGRAM IS DONE BY SADIQUR RAHMAN KHAN

DETERMINATION OF NECESSARY DATA TO PLOT OUTPUT VOLTAGES
AND INPUT CURRENTS UNDER UNBALANCED INPUT CONDITION

DIMENSION TA(S),TB(9),TC(89),FA(3000),FB(4500),FC(5000),VA(S5000)
DIKMENSION XA(S5000),XB(5000),XC(5000),XDC1(5000),VB(5000),VC(5000)
DIMENSION XDC2(5000),XDC3(5000)
OPEN(UNIT=3,FILE="QUTS.DAT " ,STATUS="0OLD "}

DEL1=116.4/2.0

TA(1)=(DEL1/2.0)

TA(Z2)=80.0-(DEL1/2.0)

TA(3)=TA(2)+DEL1

TA(4)=180.0-(DEL1/2.0) -,

I=1

J=1

XF=.25%J

FA(J)=1

J=J+1
IF(XF.LT.TACI})GO TO 1
FA(J)=0

IF(I1.EQ.5) GO TO 2
I=I+1

J=J

J=J+1

XF=.25%]

FA(J)=0
IF(XF.LE.TA(I)»»GO TO 3
I=I+1

J=J

IF(J. GE.720)y GO TO 2
GO TO 1

J=0

J=J+1

IF (J.LE. 180) GO TO 5
IF (J.GT. 540) GO TO 5
FA(J)=-FA(J)

GO TO 7

FA(J)=FA(J}

IF(J. EQ. 720) GO TO 8
GO TO 4

J=J+1 N

TA(5)=180.25 Tagi
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13

12
14

15
17

186
18

19
20

50

FA(J)=FA(J-720)

IF(J. EQ. 1440) GO TO 8

GO TO 6
DEL2=114.0/2.0
TB(1)=60.0+(DEL2/2.0)

TB(2)=80.0-(DEL2/2.0)+60.0

TB(3)=TB(2)+DELZ

TB(4)=180.0-(DEL2/2.0)+860.0"

TB(5)=180.25+60.0
I=1

J=241

XF=.25%J

FA(J)=1

J=J+1

IF(XF.LT.TB(I))GO TO 11

FB{(J)=0

IF(I.EG.5) G0 TO 12
I=I+1

J=J

J=J+1

AF=.25%]

FB(J)=0
IF(XF.LE.TB(I))GO TO 13

I=1I+1

J=J :
IF(J.GE.S80) GO TO 12
@0 TO 11

J=240

J=J+1

IF(J.LE.420)G0 TO 15
IF(J.GT.780) GO TO 15
FB{(J»=-FB(J)

GQ TO 17

FB(J)Y=FB(J)
IF(J.EGQ.960) GO TO 186
GO TO 14

J=720

J=J+1

FB(J-720)=FB(J)

IF(J.EQ.980) GO TO 19

GG TO 18

J=240

J=J+1

FB(J)=FB(J)
IF(J.EQ.720) GO TC 50
GO TO 20

J=J+1

FB(J)»=FB(J-720)
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IF(J.EQ.1920) GO TO 80

GO TO 50

DEL3=111.68/2.0
TC(1)=120.0+(DEL3/2.0)
TC(2)y=90.0-{DEL3/2.0)+120.0
TC(3)=TC(2)+DEL3
TC(4)=180.0-(DEL3/2.0)+120.0
TC(5)=180.25+120.0

I=1

J=481

XF=.25k]

FC(JHy=1

J=J+1

IF (XF .LT. TC(I})) 60 TO 21
FC(J)Y=0

IF(I. EQ. 5) GO TGO 22
I=T+1

J=J

J=J+1

EF=.25%J

FC(JIH=0

IF (XF .LE. TC(I))y GO TO 23
I=I+1

J=J :

IF (J. GE. 1200) GO TO 22
G0 TO 21

J=480

J=J+1

iF ¢J .LE. 660y GO TO 25
IF (J .GT. 10203 GO TO 25
FC(J¥=~-FC{J>

G0 TO 27

FC(J)=FC(J >

1¥¢(J .EQ. 1200) GO TO 26
G0 TO 24

J=720

J=J+1

FC(J-7203=FC(J}

I¥¢J .E@. 1200) GO TO 29
G0 TO 23

J=480

J=J+1

FC{JYy=FC(J} :
IFC¢( J .EQ. 720) GO TO B1
GO TO 30

J=Jd+1

FC(J)=FC(J-720)

IF¢J .EQ. 2400) GO TO 100

Fer
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GO TO 61

J=1

PI=3.141582654

YA=.25%J
VA(J)=0.97%COS((YA%PI}>/180.0)
XA(J)Y=FA(J)Y*VA(J)

YB=YA-120.0
VB(J)»=0.95%COS((YB*PI}>/180.0)
XB(J)=FB(J)*VB(J}

YC=YA-240.0
VC(J»=0.93%COS((YCxPI)/180.0;
XC(J)=FC(JI)Y¥VC(JI)
XDC1(J)=XA(JI)+XB(J+XC(J)

XDC2(J)=FC(JI y*VA(JIY+FA{ Ty VB{J y+FB(I»*VC(JI)
XDC3(J)=FB(J)Y*VA(JY+FC(JI)KVB(J)+FA{J »*xVC(J>
WRITE(3,230)YA,FA(J),FB(J),FC(J),XDC1(J ), XDC2(J),

FORMAT(1X,F7.2,10(1X,F6.3)
IF(J .EQ. 14403 GO TO 200
J=J+1

GO TO 31

STOP

END

XDC3{J
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COMPUTER PROGRAKM -3

THIS PROGRAM I5 DONE BY SADIQUR RAHMAN KHAN
DETERMINATION OF NECESSARY DATA TO PLOT GATING SIGNALS

DIMENSION X(725),2(725);F1(725},F2(725),F3(725),F4(725)

1,F5(725),F8(725)
DO 11 HM=0,720.
X(M)=FLOAT(H)/2.0

11 CONTINUE

DO 22 I=0,720

A=FLOAT(I)/2.0

IF(A.LE.36.)THEN

F1(I)=0.0
ELSEIF((A.GT.36.).AND.(A.LT.144.))THEN
F1(I)=1.0

ELSEIF((A.GE.144.) .AND.(CA.LE.360. ))THEN
F1(I)=0.0

ENDIF

22 CONTINUE

DO 33 J=0,720

B=FLOAT(J)/2.0

IF(B.LE.S4.)THEN

F2(J)=0.0
ELSEIF((B.GT.S84.).AND.(B.LT.206. ) >THER
F2¢J)=1.0
ELSEIF((B.GE.206.).AND.(B.LE.360.))THEN
F2{J)=0.0

ENDIF

33 CONTINUE

DO 44 XK=3,720

C=FLOAT(K)/2.0

IF(C.LE.154.)THEN

F3(X)=0.0
ELSEIF((C.GT.154.).AND.(C.LT.266.))THEN
F3(K)=1.0
ELSEIF((C.GE.266.).AND.(C.LE.360.)THEN
F3(K)=0.0

ENDIF

44 CONTINUE

DO 23 I=0,720

D=FLOAT(I)>/2.0

IF(D.LE.216. )THEN

F4(1)=0.0
ELSEIF{(D.GT.216.).AND.(D.LT.324.))THEN
Fa4(1)=1.0
ELSEIF((D.GE.324.).AND.(D.LE.360.))THEN
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F4(I)=0.0

ENDIF

CONTINUE

DO 34 J=0,720

E=FLOAT(J)/2.0

IF(E.LE.28.)THEN

F5(J)=1.0
ELSEIF((E.GT.28.).AND.(E.LT.272.))THEN
F3(J)=0.0
ELSEIF((E.GE.272.).AND.(E.LE.360.))THEN
Fo(J)=1.0

ENDIF

CONTINUE

DO 45 K=0,720

F=FLOAT(K)s/2.0

IF(F.LE.86. )THEN

F6(K)=1.0
ELSEIF((F.GT.86.).AND.(F.LT.334.))THEN
F6(K)=0.0
ELSEIF((F.GE.334.).AND.(F.LE.360.))THEN
FB(K)=1.0

ENDIF -

CONTINUE

DO 55 L=0,720

Z(L)=X(L)
HRITE(3,20)Z(L),Fl(L),FZ(L),FB(L),F4(L),F5(L),F8(L)
FORMAT(1X,F6.2,2X,3(F4.1,2X),3¢(F4.1,2%X3)
CONTINUE

STOP

END
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