ANALYSIS AND DESIGN OF A BALANCED

OUTPUT STATIC CONVERTER

BY

MD. SHAFIQUL ISLAM

A THESIS

SUBMITTED TO THE DEPARTMENT OF ELECTRICAL AND ELECTRONIC ENGINEERING
IN PARTIAL FULFILLMENT OF THE REQUIREMENT FOR THE DEGREE
CF

MASTER OF SCIENCE IN ENGINEERING

T

DEPARTMENT OF ELECTRICAL AND ELECTRONIC ENGINEERING

BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY, DHAKA

JUNE 1989.



62845 1
1999 ~
S HA

ABSTRACT

Static power converters are designed to work under balanced supply
condition. 1In many instances static convertéfs are subject to unbalanc-
ed condition. Conventional static converters may not work under such
condition. Special unbalanced converter are required for such casese. An

unbalanced converter topology is analysed and deslgn procedure ig fully

discussed in this thesis,

- The contribution of the thesis 1is the deﬁelopment of a technique to
correct the lnput unbalance. The progosed technique states that inorder to
generate balanced output voltage and curreng from unbalanced {amplitude)
input voltages, the magnitude of the fundamental component of the switching
functions are inversely proportional to the émplitude'of the corresponding
unbalanced input phase voltage. The dependency éf'the width of sQitching
function on the Fourler._coefficient 1is established by harmonic analysis.
Input currents and output voltage are fully analysed both under inpﬁt b;la~

nced and unbalanced conditions. The analytically predicted results are veri-

fied by computer alded analysis,

Finally, a complete design procedure ls described for this three phase

“to single phase unbalanced converter,
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INTRODUCTION

1e1 Introduction

’

‘ Unbalanced a.c. electric péwer causes severe problem in operation of stafic
poWer converters, Static poﬁef converters are usually designed to work undér_ba-
lanced input condition. The unbalance is usually caused due td improper loading
of different phases or unbalanced phase impgdance. Nature of unbalance could be
i) Amplitude unbalance or ii) Phase unbalance, Unbalance in static converters
causes varicus problems [}] - [:{] like harmonic heating in motors, electromag-

"netic interference (EMI) in communication equipments, etces

This thesis proposes a method for balancing the output voltage when the input

voltage is amplitude unbalanced. The proposed method.is applied to a three to single

phase static converter,

1.2 Implementation of the Proposed Method

The method proposed in this thesis to balance the input amplitude unbalance
uses switching function variation technique. According to the magnitude of the
input unbalance, the switching function width is varied and it is invgrsely propor=
tional to the amplitude of the input phase voltage. A simplified block diagram of

the proposed unbalance phase converter is shown in Fig. 1.

The converter consists of six biljzteral switches. The switches are synchro-
nized with the input voltage and their opening and closing are determined by the

percentage of input unbalance, The output'voltage is balanced (Fige 1).
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Fige. 1 ¢+ Block diagram of the proposed balanced output static converter.



1.3 Review of Previous Work

There are two types of unbalances in Three-phase supply voltages. These are
amplitude unbalance and phase unbalance; Amplitude unbalance arises due to the
unev;n distribution of loads [ﬂ] in the three-phase circuits. Phase unbalance
arises due to the difference in impedanéés (reactive part) of loads connected in
the three-phase circuits. Amplitude unbalance can be eliminated by changing the

width of the switching functions. Phase unbalance can be eliminated by shifting

the switching functions to the desired positionse

The problems those wers previougly‘detectedrdue to unbalance are harmonic
‘generation in the conyerter, electromagnetic interference (EMI) in thé comminica=
tion equipments; harmonic heating in motor drives, and in military application.
Smail amount of unbalances may generate harmonics in the cnnverte? due to it's
non-linear characteristics. Electromagnetic interference (EMI) in the communica-
tion equipments (feceivers) due to analances does not allow faithful reproduction
of messages In large motors, harmonic heating due to unbalances may cause insula-
tion breakdown or damage the motors. Electromagnetic (EM) radiation from fhe

submarine due to urbalances is used to detect the enemy submarine. This is very

important in military application.

Not very many work are reported in unbalanced converters, although it has
good prospect with the evolution of semiconductor technology. Power Electronics
group at Concordia University, Montreal, [ﬁ:] is doing some work in unbalanced
converter. But those works are aimed at assessing the harmonics present in conver—
ters due to unbalance rathef than finding solution. The Power Elect;onics group
at Texas A&M University is working on un$alance converter solution by using

Fortescuets theorem but their work is targeted for motor problems rather than

converter problems,



1.4 Scope of the Present Work

A new technique‘is used to analyse the proposed static converter. Such’
technique was not used previously in the analysis. Switching functioh; are used
to solved the amplitude unbalance. Amplitude unbalance is corrected by changing the
wid£h of the switching functions according to the unbalances. The magnitude of
the fundamental component of thelthfge switching functions is taken as inversely

proportional to the amplitude of the three unbalanced input phase voltages.

At first a graphical technique has been -developed to find out the output vol-
tage and input currents. The graphs of the above menticned quantities are'plotted

with the help of FORTRAN-IV program. A general FORTRAN-IV plotting program " has

been developed in the analysis.

Fourier analysis is used to prove the graphical voltage and currentse Fourier

co—efficient for m=th harmonic is used Eu find out the output voltage and input
currents. All analysis is-carried out on the basis of three phase to single ﬁhase

converter consisting of sixe-switches, The results of two methods are compared and

found satisfactory.
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ANALYSIS OF THE CONVERTER

2e1 Introduction

The objective of this chapter is to analyse a converter which can handle unbalan-
ced input voltages, To achleve this objective first a phase converter 1s anélysed
under balanced input condition. From this analysis some basic criterion is establi-

shed so that the 1nput 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 is unbalanced conventional Static. converter may not work pro-
perly. Short circulting, harmonic generation, unbalancing of the output powerl:S :]

" are the major problems associated with unbalanced input.

The input voltage could be unbalanced due to different amplitudes of the three
input phases or the improper phase relation. Both amplitude and phase unbalance could

be corrected. Only the amplitude unbalance is treated in this theéis.

A method for correcting the amplitude unbalance is developed in this chapter
which could be applied to different phase converters., A specilfic case of three phase

to single phase converter is studied in details,

2e2 Mathematical Analysié of the Converter

The transfer function of a converter (Fig. 2.1) can be written as the ratlo of

output to input quantityj

v (S) = AT 1.(8)
H(s) =—2 ___ and H (S)} s —d
, s To(5)

Vv (w t) T I, (wit)
or, H (w t)= 2 o __ and E‘ls (wst)v] . TU S
'8 'S v, (W, ) I, (w t)

Therefore, output voltage, Eo(wot)] = ‘;lis(wst)] ..[-Vi (wit):] se " ae es» f{2a)

and input current, [fi (wit)1-= [?s("st):]T [fo (wot{l .o . . es (2b)



Input

I, (wt) | I_ (W) :
P . H_(W_t) : e C e output
vilwy®) Converter v, (W t)

Fige 2.1 3 Representation of an {deal converter by transfer function,



Let Els(wst)] = A [Cos (wst) Cos (wst - 1200) cos (wst-240°j and

[Vi(wit)] = ‘.F:l Cos (wit)

Cos (wit-‘lZOO) be the switching function

o
Cos (wit—240 )J

and input voltage of the converter.

[Hs(wst) ]. Vi(wit)

= AE:os (w_t) Cos(wst-120°) Cos (wst-240°)].

From eqn. (2a),

[v (w t)
_ o] VO

Cos (wit)

- A o
v, |cos (w;t=120")
Cos' (w, £-240°)

o o
= Avi [-COS (wst) Cos(wit) + Cos (wst-‘120 ) Cqs(wit-120 )

+ Cos (Hst-240°) Cos (wit—240°)]

AV : .

i - _24n®

or,Eo (wot)] = — [Cos_(ws + W ) £t + Cos (ws wi) t + Cos {(ws + wi)t ?40}
+Cos (ws—wi)t + Cos {(ws+w1)t-120°} + Cos (ws—wi) t]

BAVil Cos (w -w,) £ + Avi | ©
- s~ > [co.s (ws + wi) t + Cos {(ws+wi)t-t-‘120 }

) - o)
+Cos {(ws-rwi t _240.}]

Since the second term of the above equation is the three phasars of equal magnitude

and displaced 1‘200 apart from each other, their sum i.e. the resultant is zero.



Therefore,

o o

- Vv (w t) =
o] o

AV

i

3AV

3AVi
Cos (w t)
> o
Cos (w t) .s
o

From egn. (2b), input current is given by

o] ][]

Oory r_Ia( wit)_]
I‘b(wit) sA

I (w t)l

Acheit

=Al

Al

s

Cos (w =w )t
8 o

m’ ﬁ

-

Cos

Cos

Cos

by

Cos

Cos

Cos

O|Cos

Cos

[

O|Cos {(w;—wo)t-120°} +

Cos {(ws-wo)t-24o°}

Cos'

(w t)
o ‘
(wst"120 ) -

o
(wst~240 )

(w t) Cos (w t)
s o
{w t—120°) Cos{w_t)
K] o

(w t-240°) Cos(w _t)
s ]

i
[?os (ws - wi)F]

I lCos (w t)
o o

-

(w +w )t + Cos{w -w )t
s © s ©

{(w W )t-120°} + Cos {(w -w-)t-120°}
s O S o

{(ws+wo)t—240°} + Cos {(ws-wo)t-240é}

— r‘

Al

2

-~ L

Cos (w +w It

© |cos {(w ‘W It - 120 }

Cos {(ws + wo)t -2400}

1

pu

+ W)
o

-

—

(2c)

(2d)



The Second part of equation (2d) is the 3rd harmonic term. As we are considering

the ideal case (free of harmoni&s), the secohd part will be considered as zero.

Therefore,
- -1 ~ : _
Ia ("it) Cos (w -w )t .T
s o
AIO o
Ib (wit) . o= > Cos {(ws—wo)t-igo }
I (wt) Cos {(w - )t-240°}
- — s o \
Cos (wit)
AIO .
e —— | cos (w,t=-120°) .o ee (2e)
2 i .
' ' o
Cos (H’it,-240 )
L. .

2+2+1 Three to Single Phase Converter under Unbalanced Condition

The output voltage of a three to single phase converter shown in Fig. 2.2 is

- éiven by [5]; '

E]o (wot)] = (:F_ (wst)]-[vi(witﬂ

where, [Vo (wot)] = output voltage

rk Cos (wit)

' Vi (wit) = Input voltage = o
B Cos (wit-120 )

C Cos (wit-24o°)

[% (wsti] = Switching function = [%1 F, Fé]

Unlike three phase balanced voltages, the émplitude of the three input voltages
V, 4 V are unequal and given by A, B, and C respectively.

an' "Bn’ v

Cn

Let us assume,

1=‘.1 = A1 Cos (wst)

o
F2 = 81 Cos (wst-120 )

F3 = C,4 Cos (wgt -240°)
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vo(wot)

Van
() I, :
\/ "~ ' f
s s
3 5
Vb €><
v
- bn L
TOAY Ip 3 0
v - FZ € F A
v s ) )
cs e o
vbc ‘
v
Ot r—
B
3-PHASE INPUT 3-PHASE CONVERTER STAGE 4~PHASE
SUPPLY STAGE OUTPUT

STAGE

Fige 2.é t Simplified circuit diagram of the proposed 3-phase to 1-phase converter,
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where A‘l' B‘1 and C‘l are the amplitudes of the fundamental components of three |

switching functions Fi’ F2 and Fa respectively,

Therefore,

o o ‘
[Vo(wot)] = [LCOS(wSt) Bl Cos(wst-—120 ) Ci_Cos(wst—ZQO )] .

-

A Cos (wit )
B Cos (wit -1200)

C cos iwit -240°)
-

B Cos (wst—120°)-Cos(w £=120°)

1

= [ 1 A Cgs (wst) Cos (wit) + B 4

+ c1c Cos (wst-240°)Cos (wit -.240°{}

A=1,BB=1 &8CC=1

A;suming A 1 1 1

' ' ©
=% | Cos (ws + wi)t + Cos (ws-wi)t + Cos {(ws+ wi) t - 240}
' 0
+ Cos (\-_urs-wi)t + Cos {Sws+wi)t - ‘%20 }4- Cos (ws-wiH;]
;'3, _ o o o
> cos (ws-—wi)t + % |Cos (ws+wi)t + Cos i(ws + wi)t - 120 }4» Cps{(ws+wi)t-240}]

Since the Second term in the above equation is zero, therefore,

‘ 3
[Vo (wot)] = > Cos (ws - wi)t |

l=%Cos (wot) j as w_ = Wi and wg = Wo + W,
Since A‘IA = ‘1 --.'.-A‘1 = 1/A
B-;B=‘1 . .31= 1/B

e 1 .. - 1
cic c, /c
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Therefore, we can conclude that in order to get a balanced output voltage from
three unbalanced input voltages, the amplitude of the fundamental components of
switching functions should be inverseiy proportionél to the amplitude of three

input phase voltages respectively.

2.3 Operation of the Balanced 3 to 1 Phase Converter

The operation of a 3-phase to 1-phase balanced output Static Converter can

be explained with the help of Fige 2.2. The converter output voltage is giﬁen

[ro 0] - [ | - [ (g
-
=‘[F1 FZ F3] . Van

n[}‘llxvan+F2”vbn+F3uvcr_’Lj

. Vo (wot) a F‘1 » Van + F2 £ Vbn + F3 * Vcn .

The switching functions can have both +1 and -1 and zero values. when

F. has #1 value the top switch S isrcloSed.

1
F_ has -1 value the bottom switch S 4 1s closed.

"F, has O value both top and bottom switches S1 & S, are open.

4

F2 has +1 value the top switch S is closed.

3

'F2 has =1 value the bottom switch S6 is closed,

F. has O value both top & bottom switches 5, & 5. are open.

3 6

Fqy has +1 value the top switch 5_ is closed.

5

F3 has =1 value the bottom switch 52 i1s closed.

Fgy has 0 value both top & bottom switches Sg & 5, are open.
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The principle of operation of the converter is explained by dividing each

switching function into two switch operation as follows;

Figure 2.3 shows the input voltages and switching functions graphically,

~ For the first 30o F1 has a value of +1 and F3 has a value of =-1. So s1 and S2

is closed. The output is the combination of F "‘Van and F_u vcn' For 30° to 600,

1 3

F2 has a value of +1 and F3 has a value of =1, 8o 53 and S2 is closed, The output

is the combination of F.» V and F

o ()
2 bn 3u Vcn' For 60" to 90 ) F

1 has a value of -1

and F, has a value of +1. So S, and 5, is closed. The output is the combination

of F and F . » V. .
n

1* Van * Y%

Por 90° to 120°, F_ has a value of -1 and F, has a value of +1. So S, and

3 4
o
wV . For 1207 to
cn

1

55 is closed. The output is the combination of F

150°, F

» Van and F3

5 has a valﬁe of -1 and F3 has a value of +1, So switches S

closeds The output is the combination of an Vbn anle3

1

5 and S6 is

#»V_. For 150° to 180°,
cn
Fi has a value of +1 and F2 has a value of -1. So S1 and Sé is closed., The output

is the combination of F_» V and F. % V. .
1 an 2 bn

After 1800, the operation is the same as explained earlier and the cycle is

' repeated.
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F, |
1
1
N BE! __Els_. %1 .
Pl o ? P i oot
3@ g.92 180 279 360
_'i'"' 4 . ’ g4
Fa
| 93 9,
: 5S¢ g i8@ 278 q 3e0
1+ . 6
Fa
d| 95 9
R — =% ' e (O
| g, 99 182 4 z10 369
{ 2 2

Fige 2.3 : Swltching functlions for balanced case.
a)Balanced input voltages.

b)=d) Switching function components.
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Fige 2.4 : Switching functions for unbalanced case.

a) Unbalanced input voltages.'

b)=d} Corresponding switching functions,
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243.1 Operation of the Unbalanced 3 to 1 Phase Converter

For the unbalanced case, only the switching function widths will be different,
Principle remains the same., Figure.2.,4 shows the three unbalanced input voltages and
three switching functions with different widths due to unbalances in the input volta-

ges. We can explain thé operation of the unbalanced converter as follows;

The unbalanced voltages are.taken as
V e 097 Cos (w,t)
an- - i

o
vbn = (.95 Cos (wlt—lzo.)

and V n = 0693 Cos (wit—2400) i.e, unbalances are 3%, 5% & 7% respectively.
c
Due to this unbalance, the widths of the switching functions are 51, 52. and 53
{eqn. 2.5) which is shown in Fig. 2.4, For the balanced inputs, the width of the

switching function is § = 61 = 52 = 63.

Comparing Figs 2,3 & 2.4 we see that the principle of operation of the conver-

ter remains the same under balanced and unbalanced input conditions, only the widths

of the switching functions become different.

2,4 Harmonig Analysis

Practical power converters operate in ON/OFF mode rather than in continuous
mode and emﬁloy static switches, Consequen;ly, the switch elements, i.e. switching
functions described earlier are actualiy ‘trains' of rectangular pulses of uniform
or Sine modulated widths and as such, they posses frequency spec£ra comprised of
infinite series of harmonic components. The harmonics associated with switching

functions, output voltage and input currents are described as follows:

The Fourier-series expansion for a function F(8) with time period 2Tlradians

is given by

.
F(0) =i§.+7_:3 E" cos (n8 ) + by Sin (ne)]
] .

n=1,2
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F(@e)

1.0

S| B %O % W | %[ ws

—————e—-—d 1.0

Fige 25 t Switching function F(@) with pulse width & and time period
2T radians,.
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where,

s f T
n T
-1

/ F(8) Sin (n8) ae
-

a = Average value of the function F(8)

on
=u»-

For the switching function shown in Fig., 2.5, the Fourier coefficients are calculated

as follows;

| 1

a =--_ﬁ:)£F(B) Cos (nB) de
T

] F{8) Cos (n8) do

° +T _
%[fcos (n8) d& - Cos (nB) d8
[ : L"-s/") ,
2 2 TT
... a =—= (Sin n9 - (Sin ne)
n [ (-] _ c“‘_S/z)
2 Sin ("S ) - sin (nW) + sin (nﬁ- -—g-."‘-’ )]
7 7 |
nd i nd) - Cos(n'rl) Sin "S) .
__2__ [ sin (T) - 5 n(nT[)+ Sin (nT{) Cos ) -
T
2 - ) st _) ( * sin (nn )
,:_.ﬁ._ﬁ [ Sin(—z— Cos (n ) S n ]
h'ﬂ' (1-Cos n".'\') Sm(nz‘s)

= O; for n= even--ﬂ 2' 4' 6’ *«Es s sae L
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. a _isin(i;_),forn=0dd=1'3 5, -oaao-
Y n
_2
-"IT
(n-'ﬁ/;

2 .__.§]-:

1 .
bh =1 F(B) Sin ne d@
1
(’“ﬁﬁ) ' +% ol
... b, =%‘_[f-‘1.0 Sin ne de -tf Sin n® d8 Jsin né de
-.1T _‘a}l- m-slz:’ ]
]
= --'%-n - Cos n('lT— S/z) + Cos (nT) «+ Cos(g-f-) - Cos(_:_)- Cos{nT) +

cos n (1T~ % )J

.-.-[Cosn os_—sinryén%ia-Co;AﬂTd-CO}A]s—C nS

- Co nTT) + Cos yé:s + Sin (%jm hﬁ]

Therefore, the switching function F(&) 1s given by

=
F(8) = z a, Cos né
)
ne= 1’3,5
ol '

= Z:. ap Cos (nwt)

n=1’3,5

= 0

and the Fourler coefficlent a, is glven by

a ==—4—Sin gs);forn=‘l,3,5,......

n T
or, K]TI =_ﬂ_sin(£1.i ;form='1,'3, S,.-..-.
mTT 2
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. Kp o= m‘_l“ Sin(';'s) .o ‘ .. - | (2"4)

From eqn (2.4) we see that K is dependent on 5 .

D mTTK
1.3. 6 = ......_2.....- [Sin 1 (——Eu-r-n— - -0 e (2.5)
m .

2+4e1 Qutput voltage Spectrum

The output voltage and input current equations (2a) and (2b) are for ideal
case., In an actual converter, the switches operate in ON-OFF mode, therefore
the practical switching function [Fd (wstﬂcontains harmonics. Therefore, the

practical expression for output voltage [Vo (wot)] y (2a) becomes

: o >C .
ot '
[vo (wot)] = [: An Cos nw_t : B;, Cos in (wst—120°)}

n=1,3,5 n=1,3,5
> , ° A, Cos (wt) -1
> c! cos {n (w_t-240 )} 101 .
n=1,3,5 B, Cos (w,t-120 )

o
C4 Cos (witf240 ) i

oC oc
= Z:. A.IA{.I Cos (nwst} Cos (wy t) o+ z B, B; Cos {n (wst-120°)}
n=1’3'5 n=1’3's n
>
Cos (w,t-120°) & Z c.c’ cos in (w t-240°)} Cos (w,t-240°)
i 1™n s . 1
n=1,3,5
oC §
¢ / ’ /
=3% (A Al + By B] +#CyCq ) Cos (ws W, it + X En . A‘lAn E:OS(nwsf"'i)t
= . . .

. o
+Cos (nw ""i“_;]* % 2 " BB E:os {(nw +W )t-n120°-120°}
s 1'n s 1
n=3,5
="

+ Cos 2 (nw -w )t-n‘1200+‘120o + 4 2 C C/ Cos (nw _+w )t—n240°—240°}
s 1 5 1™n s 1

n=3,
+ Cos {(nws—wi)t-n240°+2400}]
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Since w =w, + w and w, = w
s o i

i o

©, NWg = Wy = (2n'= 1) w

-] o]

and A1 1+ BiB1+ C1C1= 1 +1+1=3

' 1
Eo(wot)] = —:— Cos (wot) + —Z. A.IA/cos (2n-1) w,t + ?Z_-_ B1B Cos {(Zn-‘l)

n=3,5%

w t = (n-1) 120} E C,C Cos {(Zn-‘l)w t-(n=1)240 }]

n=3,5

o
1 7
+.l_ 2 C A4A Cos (2n + 1)w t + 5 B,B Cos

n=3 5

{(2n+‘1)w t - (ne1)120%} %—%5 c1cfcos {(2n+1)w t-

(n+1.) 2400}} e ) ..(2.6)

From equation (2.6) it is clear that the output voltage of the converter is the sum

of the fundamental component and the harmonic componentse
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- 2¢4+2 Input Current Spectrum

Since the input voltages are unbalanced and switching functions are unbalanced,
the input currents will also be unbalanced. The input phase currents can be calcula-

ted refering to Fig. 2.2.
The phase current Ia for resistive (R) load is given by

Ia = Fi” IAB

= Fin Io Cos (wot)

1.0, therefore, we get

Since I _ =
o
oL
Ia =:E:::: A; Cos (nwst) » Cos (wot)
n=1,3,5
og .
e a -
= : Al 1 Cos (nw - wo) t + Cos (nw_ + w )t
n=1,3,5 n - - s o
AI‘]_ Ali 1 o<
= +
5 Cos(wyt) el Cos ( 3w, t) — :E:::. A; ‘E?s (2n-1) wyt + Cos(2n+1)wi€]
. ne’ 3,5
A; A/ 1 = ¢
= ; + 1 3 ——
5 Cos ( wyt) > Cos (3wyt) « 3 E A,;‘ Cos (2n-1) wt
. n=3,5
oC o
1 !
3 AnCos (2n+1) wyit .e | e (2.7)

n=3,5

From equation (2.7) it is clear that for a particular value of n the input current

contains two harmonic components of order (2n=1) and (2n+1).

The phase current I, is given by

b

I, = F_ n.I

b 2 TAB

= an Io Cos (wot)
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I = F_.# Cos (w t}
o

b 2 '
O
" : B’ Cos {n (w_t - 120°}} M Cos (w_t)
n=1,3,5 n
..1.:... B/E:os i(nws-wo)t—n‘IZOO} + Cos{(nws + wo)t-n120°}]
2 "he1,3,5 "
Ve . :
1 / o o
e 5 B” [Cos <(2n-1} wi;t - n120 + Cos €(2n+1)w, t-n120
2 n i . i
n=1'3’5

B’ B o
= _1 ros (wyt -120°) + 5= Cos (3wt - 1207}
2 -

+ ___..1 \-Cos i( 2n-1} wyt-n 120 }-r 1— B;: Cos {_( 2""'1}"111"“120%" (2.8)
2 2

n=3,5 n=3,5

The phase current I'c is given by
IC = F3* IAB .

" Fan I0 Cos (wot)

= F3x Cos (wot}

o0

=Z: c; Cos {n (wst -240°)}  Cos (wgt)

n=1,3,5

oo ’

1

=5 E ' Cr‘: Cos {(nws- w&t-nZd,O?}*_C:os {(nws-» wo)t-n240°ﬂ
n=1’3’5

l:Cos {(Zn-‘l) wgt - n240 }4- Cos {.(2n+1}wit—n240 }l

I’\)Ii—‘l

n=135

-52- Cos (wit -240°) + Z1. cos (3wjt-240 Cy ¢+ z . &n [_ ( Yy
na3,5

-n240 }] * —— E E:os {( 2n+1) wit -n240 }] ea (2,.9)

n=3,5
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From equations (2.8) and (2.,9) it is observed that the input currents Ib
and Ic contain odd harmonics only., For a parficular value of n, there are two

harmonic components of currents given by (2n=1) and (2n+1).

2.5 Conclusions

A three phase to single phase converter is analysed under balanced and

unbalanced input conditions.

The relation between the unbalanced input voltage amplitude and the‘funda-b
mental component of corresponding switching function is established, It is found
that in order to make the output voltage balanced, the amplitude of the fundamen-
tal component of corresponding switching function must be inversely proportional

to the amplitude of the respective input phase voltage.

The operation and analysis of the unbalanced phase converter 1s discussed
in details, Detailed harmonic analysis of balanced output voltage and unbalanced

input current is presented in this chapter.



CHAPTER 3
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FOURIER ANALYSIS OF INPUT-OUTPUT VOLTAGE-CURRENT

3.1 Introduction

The analytical expressions developed for balancing the input amplitude unbalan=
ce in chapter 2 1s thoroughly analysed in this chapter. Using this concept the pro—=
posed phase converter ;s studied for both balanced and uﬁbalanced input conditions.
Detalled Fourler analysis of input-output voltage and currents are performed. Com-—
parison of spectrum of voitage and cur?ent for balanced and unbalanced condition is

also done.

Dedicated computer programs in IBM—370-32782 using FORTRAN=IV 1s develcped
and respective results varified with analytically predicted input-output quéntities.
Agreement between analytical predicted and computer calculated results verify

the validity of the proposed technique.

3.2 System Description and Mode of Operation

Flg. 3.1 shows the simplified circuit diagram of the three phase to single
phase static converter. It consists.of input stage, converter stage and output
stagee The three phase main is assumed to be amplitude unbalanced. Switches
S, to S_. are ideal bilateral swit;hés. The load could be resistive-inductive

1 6

type. Howeyer, for analysis purpose only resistive load is considered,

The proposed three-phase to single-phase converter operates on direct

mode of operation. The switches 51 to 56 are operated by the gating signals

which are determined by the control scheme used.
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Fige 3,41 : Simplified circuit diagram of the proposed Three phase  to Single

phase static converter.
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3.3 Switching Functions

An electrical converter contains static switches. These switches require
gating signals to change the ON/QOFF étates. The operation of the switches
depends on a particular sequence. The functions which are required for the
sequential operation of the converter static switches are termed as switching

functionse. Switching functions may be continuous or discontinuous type.

In the design of a balanced output three phase to single phase static
converter, the switching functions are of ON/OFF type. They operate on logic
levels 1 and 0. The Qwitching pattern 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 switch is closed and opened according to a predetgrmined
repetitive pattern; hence, its siwtchiné function will take the form of a
train of pulses of unit amplitude. Neithér the pulses nor the intervening
zero value periods have necessarily the same durqtion. The requirement that
a repetitive switching pattern must exist méans that the function must at
least consist of repetitiﬁe gfdups of pulses. The simplest or unmodulated
switching functions have pulses of the same time duration and zero intervals
with the same prOperty.' A ﬁoré complex type with different pulse durations
and various zero intervals, is termed as a pulse width modulated (PWM)

switching functione

There are variocus types of modulation techniques [7] - ElO] » These
are singlé—pulse modulation, multi-pulse modulation, sinusoidal pulse modu—
lationy sinusoidal pulse-width modulation, delta modulation, etc. The modu~-

lation technique used in this thesis is described in sub-section 3.3.1.
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3.3,1 Single-Pulse Modulation

In singlé—pulse'modulation, there is only one pﬁlse per half-cycle, The -
pulse width is varied to control the converter output v01tage; The switching
functlion obtalned from single-pulse modulation is shown in Fig. 3.27(a). For the
purpose of analysis, it is assumed that the start of each pulse 1s delayed and
the end of each pulse 1is advanced by equél angular intervals, resulting in a :

variation of the pulse-width 6 over the range 0565-" radian,

The wave form of F(8) in Fig. 3.2(a) may be described by the Fourier-series

. OC
‘a
F(8) = 39... + 2 a, Cos(n8) + b, Sin (nG{J

n-1,3,5
where, ' ) r
= — F(8) Sin (n9) de
bh =T .
(-

.4 nj
= —= Sin n 1s odd
o (? ) ' |
and’ aono, a, =0
and the corresponding harmonics l.e. b, values are shown in Fig, 3.2(b) for

5 = 120°, width of the pulse is determined by the unbalances present in the

input phase voltages.
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a)

b)

The switching function.

F(8)
A
i -+
5 ¢+
& } 4 + -
5 4 . 9@ 180 270 %@ O
14 L 65—
101
1+
ST 22 g6 1 .po° 5= 120°
¢ o w2 97 '
1 5 7 1 13 1?

Harmonic number

Fige 3.2 : Single pulse modulation switching function.

Respective frequency spectrum.
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3.4 Mode of Qperation (Balancéd Case)

. For balanced case, the switching functions are of equal widths. The
Fourier coeffliclents of the switching functions for this case are equal. The

output voltage for balanced case 1s glven by

oo o

[Vo(wot)] = E A Cos (nw t). E B Cos {n(wst—-‘].ZOO)}
n=1,3,5 n=1,3,5 :
O
E C Cos {n(ws t -240 )}
n=1,3,5
Cos (w;t)

e | cos (wit—‘120°)

Cos (w,t-240°)

Since A =B =C for balanced case, therefore

n

og .
3 1
[vo (w,t ﬂn > Ay Cos (wot) + = E [Cos (2n-1) wyot + Cos {(Zn—l)wot

n=3,5

—(n-1) 120°} + Cos {( 2n-1) wgt =(n-1) 240°}]

o . :
1 . .
Yo A |cost2ne1) wot 4 cos {( 2n+1) wot =(n+1)120° }+ Cos {( 2n+1)wot

nx=3,5
-(n+'1) 2400}] s e aw a0 (3.1)

Equation (3.1) shows that under balanced input condition, the output voltage
spectrum contalns a fundamental component of amplitude ‘1.5;!\,1 and harmonic
components whose frequency is determined by (2ns 1) w_ term. The amplitude of

harmonic component is equal to An/2.
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Fige 3.3 3 Output voltage waveform. obtained with three to single phase converter
under balanced condition,
- a) Three input balanced phase voltage
b)=d}F 4 Fyy Fy switching function components

e) Resulting cutput voltage.
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TABLE 3.1
FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
CONVERTER QUTPUT VOLTAGE SHOWN IN FIG 3,3,
Harmonic coefficients of Harmonic coefficient of output
switching function phase voltage V_, Fig. {3.3e}.
(Figs 3.3b) °
Oorder Amplitude Amplitude, V,
) CCT I I ik
1 " 1,10 1 0.87 87
3 - 3 - -
5 0,22 5 - -
7 0.16 7 - -
9 0.00 9 . - -
11 V.10 11 0.26 20
13 0.09 13 0.14 14
15 - 15 - -
17 0.07 17 - -
19 0406 19 - -
21 0.00 21 - -
23 0405 23 0.08 8

(1) Input phase voltages have been taken as 1 p.u. volt and 100% volt,
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Table (3.1) shows the output voltage spectrum for balanced input conditions.

The input current equation for the practical 3-phase to 1-phase converter

is e.xpre;.ssed as follow5°

I = %“ ‘;fs (2n=-1) wit + Cos (2n+1) w;t .o (3.2)
a .
n=1, 3 )
Ib =-—%— (2n-1) wi t-n120 Bﬂ+ cos &}2n+1)wit-n120° es  (3.3)
n=1 3 S .
o
Ic = E ‘E?s {on-l) wy t~-n240 5’+ Cos§f2n+1)witwn2401} es s (3.4)
' " h=1,3,5 _

Equations (3.2), (3.3) and (3.4) show that the input current spectrum for balanced

-input conditions contains harmonics at frequencies of (2n » 1) Wie The ampiitude

of I, I, and I. are equal and is given by An/2. So the input current spreatra

of I, I, and I_ are same and is glven in Table {3.2).
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Fige 3e4: Input current waveforms for balanced case.
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TABLE 3.2
FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
CONVERTER INPUT CURRENTS Ia or Ib or Ic SHOWN IN FIG. 3.4
Harmonic coefficlients of Harmonic coefficients of resulting
switching function input phase currents Ia’ or Ib or Ic’
(Fige. 3.4b) | " (Fig. 3.49) '
Order Amplitude Amplitude, I or I or I
(n) (A) a b c ‘
n Order (1) (1)
(n) _ PelUe %
1 1.10 1 0.55 55
3 - . 3 0455 55
5 0.22 5 - -
7 0.16 7 - -
9 - 9 0.11 11
11 . 010 : 11 0.11 n
13 0.09 13 0.08 8
15 - 15 0.08 8
17 0.06 17 - -
19 0.06 19 - -
21 - 21 0.05 5
23 0.05 23 0.05 5
25 - 0,04 25 0.04 4
27 - 0.04 4

(1)output phase current has been taken as 1.psu. current and 100% current.
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3,4.1 Mode of Operation (Unbalanced Case)
Output voltage is constructed by direct multiplication of input voltages by

the respective converter transfer function. The practical equation for the output
voltage of a 3-phase to 1-phase converter which is derived in 2.4.1, chapter 2, is

once again described here to maintain continuilty.

[ {wy } 7 | A;‘A,l_[Cos (nwg+wg)t + Cos (nwWg— wi)t_;]
. n=1,3,5
1 .
+ = E , BnB'l[fs {(nw +wi)t - n‘l20-‘120}+ Cos {_(nw - )t -n128 + 120 }}

n=1,3,5
T
1 OC ,, : o
+ 5 E Cnc‘l [C-os {(nws+ wi-) t-n240°—240°} +Cos {( nws—wi)t-n240°+2409ﬂ
. nN= 1!3$5
s oC ' = p
3
=5 Cos (wot) + . 5 E A’nA.l(;os(zn_“ wot + .%_ z BnB.1Cos{(2n-'1)wot
n=3,5 ’ n=3'5 -
' - oc
: 1 E
_(n-1)120°}+ 2— C;C.ICos {( Zn-‘l)wot ={n=-1) 2400}]
n'—'3,5 |

] (=~
E jiff: ’h gt + = 4 2n+1)wot~(n+1)120°
4z AnAq Cos (2n+1)wot + 5 BpB4Cos {(2n+1}wot-(n+1)1

n=3,5 n=3,5
1 Zoc / '
+ -2'-" CnC1C65 {( 2n+‘1)w0t —(n+'1) 2400} e -00(3-5)
n=3,5

Equation (3,5) shows that output voltage spectrum contains a fundamental component

of amplitude 1.5.and harmonic component whose frequency is determined by (2n + 1 } w,

term,
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Fig. 3.5 H
a) Three input unbalanced phase voltages,
b)=d)F4 5 F3 4 F3 switching function components.,

e) Resulting output voltage.
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output voltage waveform obtained with three to single phase converter,
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TABLE 3.3

FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH CONVERTER
QUTPUT VOLTAGE SHOWN IN FIGe 3.5

Harmonic coefficients of
switching function

{(Fige 3.5b)

Harmonic coefficlent of output
phase voltage VoutFig. (3.5e)

Order Amplitude Amplitude, Vo,¢
(n) A B c. ?:;ger ' p.u.('l) % (1)
1 1.03 | 1.06 | 1.08 1’ 0.87 87
3 0e13 | 0,09 | 0,04 3 - -
5 025 | 0.25 | 0.24 5 0402 2
7 0.06 | 0.09 | 0.13 7 0402 2
9 0e11 | 0.08 | 0.04 9 0.01 1
11 0.09 | 0,11 | 0.11 11 0420 . 20
13 0.03 | 0.01 [ 0.05 13 0.08 8
15 Q.oé 0.07 | 0.04 15 0.02 o
17 0.02 | 0.06 | 0.07 17  0.02 ' 2
19 0.05 0.02 0.03 19 .' 0.02 | 2

{1} Input phase voltages have been taken as 1 p.u. volt and 100% volt,
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Table 3.3 shows the output voltage spectrum from where we can compare the

theoritical and analytical results for different harmonics,

The input current equation for this practical 3-phase to 1-phase converter

is expressed as follows;

O ’ :
I, = ;_. E Ar’1 Eos (nwg~ wy) t + Cos (nwg + wo)t]

n=1,3,5

i

) oc .
’ /
1 z
i:l_ Cos (wit) + ﬂ, Cos (3wit) + 5" A:.‘ [(-:os {(Zn—‘l)wit}
) 2
n=3,5

- COos {(Zn'f.l) wit}] se (3.6)
O .
I, = - Z B, | ¢ (w.t — 120°
b =5 n os ¢n (wst - )p% Cos (W t)

n=1,3,5

e

= ;— Br: [i:os i(zn—‘l) wit -n ‘1200}4» Cos {(Zm»i) wit -n‘120°}]..(3.7)
n=1,3,5 ’

. l : o
.1 ,
| Ie =5 Z Cn, E:os {(2n-1)' wit-n240°} + Cos {(2n+1)wit - n240°}] se(3.8)

' n=1,3,5

From equations (3,6), {3.7) and (3.8) we see that the input current Spectrum

contains harmonics at frequencies of (2n ¢ 1) wy. The linput current spectra

of 15, Ip and I_ are given in table 3.4, 3.5 & 3.6 respectively from where we

can compare the theorlitical & Analytlcal results,
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TABLE 3.4
FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH CONVERTER
INPUT CURRENT I_ SHOWN IN FIG. 3.6
lHarmonic coefficients of Harmonic coeffiéients of resulting
switching function input'phase current Ia(Fig. 3.69)
{Fig. 3.6b)
Order Amplitude Amplitude, I,
(n) (An) order {1 (1)
' {n) . Pella %
1 1.03 1 0.52 52
3 0.13 3 0.52 52
5 025 5 . 0.97 i
7 0.05 7 0.07 7
9 0.11 9 0.13 13
11 0.10 11 0.13 13
13 ) 0.03 13 0.03 3
15 0.08 15 0.03 3
17 0.02 17 0.06 6
19 0.05 19 0.06 6
21 0.05 21 0.05 | 5
23 0.02 .23 0.05 5
| 25 0.02 2
27 0.02 . 2

(1) output phase current has been taken as 1 psu. current and 100% currents’
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AB
1 -
% AFREAL
& 90 1R 279 360
b F
1--
® % 11 ! A
32 99 {80 210 360
-{+
{ I
g4 .
5t '\ l/—l .
31 op 122 18¢ | 270 36
_.5..
-1+
3.7 ¢ _Iﬁput current waveform obtained with three to single phase converter,
a) Qutput current, Ig*
h) F2 switching function component.
c) Resulting Lnput current, I

b.
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TABLE 3.5

FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH CONVERTER

INPUT CURRENT Ib SHOWN IN FIG. 3.7

Harmonic coefficlient of Harmonic coefficlents of resulting
switching function input phase currept Ib,(Fig. 3.7¢)
(Fige 3.7.b)
Order Amplitude Amplitude, Iy
{n) (Bp) order (1) )
' {n) Pelue %
1 - 1.06 1 0.53 53
3 0.09 3 0,53 53
5 _ 0.25 5 0.05 .5
7 0.10 7 0.05 5
9 c.08 9 0.13 13
11 Ofii 11 0.13 13
13 0.01 13 0.05 5
15 0.07 l15 0.05 5
17 ‘ 0.06 17 0.04 | 4
19 0.02 . 19 0.04 4
21 | ous 21 0,06 | 6
23 0.03 23 0.06 6
| 25 . 0.01 1
27 0,01 - 1

(1) output phase current has been taken as 1 p.u. current and 100% current,




I
AB
1~
? =60 wt
-1+
4 F
i1
b) o + } } >
B 9p - 149 1% 270 %p ot
-1 .
1
14
c) @ f } t . } -
239 277 wt
- o | Z 36h
| : . ,
Fige 3.8 : 1Input current waveform obtained with three phase to single phase
converters,
a)r Qutput current, IAB'
b) F3 switching function'component.
<)

Resulting input current, Ic'

i
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TABLE 3.6
FREQUENCY SPECTRA OF WAVEF‘ORMS ASSOCIATED WITH CONVERTER
INPUT CURRENT IC SHOWN IN FIG. 3.8
Harmonlc coefficients of ' Harmonic coefficients of resulting
switching function . _ input phase currer_xt Ic(Fig. 3.8¢c)
(Fige 3.8b)
order Amplitude Amplitude, I.
(n) . {cy) order (1) (1)
{n) . Pele - %
1 1.08 1 0.54 54
3 0.04 3 Q.54 54
5 0.24 5 0.02 2
7 0.13 7 0.02 2
9 0.04 9 | 0.12 | 12
11 0.12 11 0.12 | 12
13 0.05 13 | 0.06 6
15 ' 0.04 15 0,06 6
17 0,08 17 0.62 2
19 0.03 19 0.02 - 2
21 : - 0.04 21 0.06 6
23 0.05 23 0.06 6
25 . 0,03 3
27 0.03 3

(1) output phase current has been taken as 1 p.u. current and 100% current,
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3,5 Comparison of Spectrum of Balanced and Unbalanced phase Converter

The Fourlier coefficients for balanced and unbalanced cases are different due
to different widths of the switching functions. Therefore, the spectrum for the
two cases will also be different. The comparison of spectrum for balanced and

unbalanced phase converter is explained in the following sections.

3.5.1 Output Voltage Spectrum

v

Tables 3.1 and 3.3 show the output voltage spectrum of balanced and unbalanced
~case respectively. For the balanced case first harmonics appears as 11th harmonics
and i?:s magnitude is 20‘%.. of the fundamental. As expected in unbalanced case, the
output voltage corx'i:ains S5th, 7th and 9th harmonics but their magnitudes are insigni-
ficant i.e. only é,2 and 1 percent respectively. These harmonics come from the 2nd

. . ' !
and 3rd terms of eqn {3.5). For example, Sth harmonics is the sum of ‘;“ A3hq

/ o
%—B’:,.B.l(with > x ,‘1200 phase delay), and ;_ €3C4 (with 2 x 240  phase delay) terms.

7 . /
) ."I'he 7th harmonics is the sum of .'21_. A3A.1, ;_ BSB‘]. (with 4 x 1200 phase delay), %.Cgci
(with 4 x 240° phase delay) terms. Similarly, the 9th harmonics can be explained

as above, However these'harmonics can easily be filtered out by appropriate filter.
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3.5.2 Input Currents Spectra

The input cugreqt spectra for balanced and unbalanced cases are depicted in
Tables 3.2, 3.4, 3.5 and 3.6 respectively. 1In Table 3,2 the-fundamental and 3rd
ha;monics have the same amplitude, This phenomena 1is expectgd.'as shown in eqn(3.6).
It also contains 9th, 11th, 13th and 15th of amplitude 11, 11, 8 and 8 perceﬁt
respectively.. As it is a balanced case, all the three input currents have the same .
spectra. For unbalanced case, the input currents are expected té be unbalanced as

‘the input voltages are unbalanced. This is reflected in Tables 3.4, 3.5 and 3.6.

From table 3.4, we see that the éth, 11th, 13th and 15th harmonics of input
current I, are 13, 13, 3 and 3 percent %espectively. Table 3.5 shows that they are
13, 13, 5 and 5 percent respéctively fdr'input current I, For phase current I .,
they are 12, 12, 6 and 6 percent respectively. Therefore, the input currents
spectra are different due to the unbalanced input voltages. The magnitﬁde of
harmonics are dependent on the amount of amplitude unbalance present in the

corresponding input phase voltages,
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‘3¢6 Reduction of Higher Harmonics

Qutput voltage of the converter contains higher harmonics. fhese harmonics
must be eliminated in order to retrieve the fundamental frequency component.
The converter will supbly harmonic (Table 3.4) compoﬁents to the supply (scurze}
due to its non-linear characteristics. These harmonics will disturbe other
-consumers connected to the same source. Particular modulation technique may be
emp}oyed to eliminate the higher harmonics. Only the modulation technique is
not sufficien£ to eliminate the harmonics comﬁletely, 30 low=pass filtér
circuits are to be added prior to and after the sampler.
The distortiop factor (DF) of a filter indicates the amount of harmonic
distortion that remains in a waveform after the harmonics of that waveform
have been subjected to a second-order attenuation, Thus DF 1s a measure of
effectiveness in reducing unwanted harmonics and is defined as
s 2% |
a1 E <: Vn’) :} : 3.9)
OF = ” :2-— .. ) {3a
1 N=2,3, eees ‘
whare Vv 1s the rms value of the fundémental comﬁonent and vn is the rms value

of the n-th harmonlc component,

The distortion factor of an individual (or n=th) harmonlc compoﬁent is

defined as
IF 'n | 3.10)
Fpe —— & (3.10)
P ,

From Table 3.3 ,we see that fundamental component of dutput voltage 1s 0.87 p.au.

whereas, 3rd, 5th, 7th, 9th, 11th, and 13th harmonics are 0.00, 0.0Z2, 0.02, 0.01,

Oe20, and 0,08 p.u. respectively.
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The total distortion factor is given by eqn. (3.9);

1 v 2 v
F = — (3 + 9
2 2
1 ) 3 S
N\ 21Y2
132
. 1 0+(°'°2 L[ =02 920\, [o.08
%ﬁl
- 21 3,78 x 1078
0.87
= 2.234 x 10>
The distortion factor of 11th harmonic is
¢ M £t Ut S SPT
(‘l‘nzv,1 121 V1 .121X%0,87

1
512

From Table 3.3, we see that the 11th harmonic is 20% of input phase voltage

and is dominant cne. Other harmonics are negligible. So a low-pass{-section

filter may be used before the load.
c—v—rﬁ.‘m‘ : -
L .

e —e % Ry (LoAD)

ro—— &5

‘Fige 349 & Low~pass ][ -Section Filter.

1 \ '
The cut-off frequency, fo= —— = 11 X 50 C/Se  4ee

mic

ee (3.11).
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Assuming load resistance, RL = 1000 chms

«»  load resistance RL = \’-li- = 1000 ohms, ) s {3.12)
L . ’ C .
or, L = 106
C
6 -

or, L= CX10

Putting the value of L in eqn (3.11) we get,

1 = 11 X S0 = 550

TT\chioﬁxc
or, 1 = 550
' -TTc103
1 -7
or, C = . = 5.78X 10 F
TT X107%550
= O.SB/LF

L= CX 10° = 0.58 x 1078 x 10% H

= 038 H
v L O.SB H

New from Table 3.4, we see that input current Ia contains 3rd harmonics
0.52 pau. of output current and this is dominant. We will require a Low=-pass

Tl = Section filteﬁ before the converter to cut-off this 3rd harmonic term.
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Here, cut-off frequency, f_ = 1_ = 3X50=150¢C/S .. (3.13)
’ TT\I LC . -
Now load resistance =, ’_L— = ,1000 ohms. . (3.14)

From eqne (3.13) we get,

1 = 150

'TT\‘ C % _105xc

Qor ,‘ Ca 2- 12 /‘{F

anx_we -2.12%x 100 x 10° 1

= 2,12 H

S L=242H
and €= 2,45 4F

3.7 Conclusions

The analytical expressions developed in the earlier chapter is utilized
to study the phase converter under balanced and unbalanced conditions, The
proposea technique produces balanced output voltage. The input-current unba=-
lance is dependent on input Qoltage unbalances By choosing appropriate swit-
ching function the harmoniec content of-the output voltage can be reduced.
Detailed input current, output vdltage.harmonic analysis has shown that the

proposed technique produces balanced output voitage with effetive suppression

of lower order'harmonics.



CHAPTER 4
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DESIGN OF THE CONVERTER

4.1 Introduction

This chapter focuses on the design aspects of logic-control circuit of the
unbalanced phase converter. These aspecfs include, the derivation of the appro—
priate switching function,the prOcessing of the gating signals from their respe-
ctive fﬁnctiOns and the develobment of the.circuitry required to implement these

functions and' signal processing.

As the input voltages are unbalanced, the principle and process of deriv—
ing the proper -gating signals is much more ecomplexEl:l—El.Z] than deriving respect-
ivg sighals for a balanced phase converter. Tﬁe unbalance present suggests that
the implementation and performance of such phasé con;e;ter‘depends to a large

extent on- their respective logid control boards. 51light mismatch of the gating

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

Finally, a complete design data for the converter is provided.

4,2 Control Logic Design

The design of control circuit includes the derivation of the appropriate

switching fun;tiops. the processing of the gating signals from their respective
functions and finally the development of the circuitry required to implement the
' abdve functions and signai processinge .

To implemént tﬁe schemes proper relationship between iﬁput voltages and
gating signals is required. Such a gating signal .relationship with balanced input
for the phase converter (Fige 4.1) is shown in Fig. 4.2. This gating signals can

be realized by using digital components.
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v
an
—0O “
v S s 5
aH 1 3 5
Vca 1?( ?( 1?(
L
Vbn aleo 0
1 A
\J/ — —4F4
Sa Sg s,
vbc ;K/ ;?( . :K/
\'
cn
(A

B

Fige 4.1: Simplified circuit diagram of the proposed 3-phase to 1-phase
‘converter in full-bridge configuration,
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Six gating sicjnals relationship with balanced input voltages

for the converter.

9@ 12
9!'® Lfacb
%0 130
Sp 180
99 T
o9 180 o wt
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3= PHASE

3-PHASE
. INPUT

ZERO CROSS
SENSING
CIRCUIT

Fige 4.3

AO~Y transformer

bc

ca

3 Loglc circuit block diagram for the converter,.

DIGITAL
DELAY
CIRCUIT

—9,

. g,
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A delta-wye step down transformer (Fig. 4.3) is used for input line voltage
sensings The output of this transformer provideszthe three zero crossing points
for the three input line voltages. The zZero-cross sensing is implemented by emp—

loying three properly biased voltage comparators.

The six gating signals 91-96 {F1ge 4«2 ) are then applied to the gates of

the six switchés_si- 56 in synchronization with zero crossing signalse The gating

signals for balanced and unbalanced case is deplicted in Fig. 4.2 and 4.4 respectively,

The derivation of unbalanced gating signals are described as follows:

Let,

vab = 0,97 3in wt

V. = 0.95 Sin (wt -120°)
be

v = 0493 Sin (wt - 240°)
ca

i.es the unbalances are 3%, 5% and e

The widths of the gating signal will be changed according to the amplitude
of the unbalanced line voltages. The width of the gating signals are calculatéd

as follows;

For signal g, & g,, the width a 90° x 0.97 = 87.3°
For signal g, & g , the width = 90° x 0.95 = 85.5°
For signal g; & g, the width = 90° x 0.93 = 83,7°

The relationship between the gating signals and the unbalanced line voltages are’

shown in Fig. 4.4.

Therefore, the width of the gating signals changes according to the unbalances

present in the input line wvoltagese
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for the converter.

@ b |
9g 180 70 260
i 9,
@ s } - —= Wt
9 189 270 360
1 g3 o
2 4 f + ~ -
r 90 180 270 360 Wt
%
@ — : IE —
L s ¢ 130 270 S Tw
i
Q } } 4 3 {0
' 9 o 13¢ 220 sp
@ { { } ' —
99 180 170 3690 wt
Fig. 4.4 : Six gating signals relationship with unbalanced input voltages-
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- CONVERTER
s INPUTS OUTPUT
S
S~ ,
o~
c
_____ p— — e e el — — S — — e e e— — SRR e vy el e—— — _—-—————1
|
|
: o
SENSING OF v
MAGNITUDE OF |
AMPLITUDE |
UNBALANCE |
PRESENT [
I.
[
|
I
|
1 v |
LOOK-UP APPROPRIATE GATING |
. TABLE SIGNAL {
(CORRESPONDING 1
GATING SIGNALS) l
|
|
MICROPROCESSOR |
e e e e T, e — = —————— d

Fige 45 @ Microprocessor based control circuitry.



LOCK-~UP TABLE

- . d - . -
Sﬁii:?m:- Co?‘espondln Amplitude Corresponding |Amplitude Corresponding
present in gating ‘Unbalance-= |gating signal [Unbalance gating signal
e tin signal present in |width 9499, present in | width Ie» g,e
11 ine 1 width g.,g input Line | input Lin _
voltage V 1774 P €
in percen voltage V, voltage V__
1 in percent in percent.
1 89,1° 1 89.1° 1 89.1°
2 88, 2° 2 88,2° 2 88.2°
3 8743° 3 87.3° 3 87.3°
4 86.4° 4 86.4° a 86, 4°
5. 8545° 5 85.5° 5 85.5°
6 e4.6° 3 84.6° 6 84.6°
7 83,7° 7 83,7° 7 83.7°
8 82.8° 8 82.8° 8 82.8°
9 81.9° 9 81.9° 9 '81.9°
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If the amplitude of the unbalanced input voltages are previously known,
then the corresponding gating signals can be stored in EPROM and can be synch=-
ronized with the zero crossings. A computer program for loading (burning)

EPROM for known amplitude unbglance 1s written in BASIC language.

wWhen the amplitude of the-input unbal ance voltages change with time i.e.
varying continuously, then a dedicated microvrocessor can be used. Various
combinations of gatingrsignals forrcorresponding amplitude unbalance can be
stored (Fig. 4.5) in a look-up table. According to the unbalance present the .
corresponding éating signals will be applied to the switches to balance the

output (Fig. 4.5).

4.3 Component Ratings

To select the ratings of the switches, the worst case condition (Fig. 4.2)
is considered. The worst case condition is 120° conduction and for this case

the peak, rms and average switch currents Isp’ ISr and Isav are given by [Eét]

I = (\”3) »* (\I'é') PsUes AMpPSe

sp
Isr - . & /\E Pele AmPSQ "
Isav = \FE /Q‘ PsUs Amps,.

with these ratings a simple design is provided here for the phase converter,

“
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Considering the design of 30 KVA three phase to single phase converter

(Fige 4+1), it is assumed that ;

Nominal input ac voltage Yan = 220 volts (rms)

lipeu. volt = 220 volts (rms)'
and the fundamental component of output (Table 3.1) voltage
Vag» 1= 220 % 0.87 = 191.4 volts (rms)

and the load ‘current, I,; (Fige 4.1) is given by

I, = 30,000/ (3 x 19144 ) = 52.25 Amps (rms)

By using computed per unit voltage and current values, ‘the actual converter

switch voltage and current ratings (without safety margin) can be computed as

follow's:

Peak switch voltage = 220 » ~J2 = 311 volts.

Peak switch current = 52.25 = (-’\]-_G_-)p.u.
= 128 Amps.

Average switch currents 52,25 ¥ (‘ﬁn/‘“')

a 40,74 Amps.
RMS switch current = 52.25 M (\]—i/\rf)

64 A“‘ps.
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Fige 4.6 : The converter circuit showing protective elements.
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4,4 Component Protection

It is very difficult to provide effective protection for the cdhverte;

shown In Fige. 4.1 as the load current commutation must be done without free-

. wheeling diode. Referring to [jé] a shubber circuit (Fig. 4.6) which can

provide adequate protection for the switches is discussed below :

1) When the switch is turned ON from the OFF condition, a current transient

takes place. Reactors LS—1—2—3 facilitate current transient (i.e. commutation)

from a turning off to a turning on switch. -

2) The snubber circult consists of a full-wave diode rectifier circuit.
During normal or accidental switching transient, the snubber rectifier diverts

input currents to storage element Coq®

3) Over-voltages occur during transient. Snubber capacitor Ca1 limits resulting

over~voltages during transients.

4) Once the storage element C_, is fully charged,it must be discharged

for further application. The charge stored in C51 is discharged through the

enerqgy "bleeding" resistor Rgz.

5) During transieht, a series L-R-C circuit is fommed by the smubber circuit

components. Resistor R51 provides critical damping for L-R-C series path.

4,5 Conclusions
A coamplete design for the proposed unbalanced phase converter is provided
in this chapter. Design for both fixed and variable amplitude unbalance is

discussed, Using these design data and control logic circuitry a laboratory

prototype can easily be built.
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SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

541 Summary and Conclusions

A three to single phase converter is investigated under balanced and
unbalanced supply conditions. A complete analytical description and relevant
design data are provided., The analysis 1s carried out for amplitude unbalance

and the load is considered as resistive. In particular the contributions of

this thesis by chapter are as follows:

In chapter 2, a converter which can handle unbalanced input voltages is
analysed. To make the output balanced, the converter is first analysed under -
balanced input condition and from this analysis some basic principle is estab-

lished for unbalanced input conditions

The principle states that inorder to generate balanced output voltage
{and current) from unbalanced {(amplitude) input voitagés, the magnitudes of
" fundamental component of the switching functions are inversely proportional to
the amplitude of the corresponding unbalanced input phase voltage. Opefational
feature of the converters is described under both balanced and unbalanced input
conditionse. Principle of operation remains the same for both conditionsj onl&

width of the switching functions varies.

The dependency of the width of switching function on the Fourier—coefficient
is established by harmonic analysis. The output voltage and input current spectra
are described in this chapter. These spectra show that output voltage and input

currents contain fundamental of 0.87 and 0455 respectively and the harmonics con-

tent is not very higha
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" In chapter 3, complete Fourier analysis for balanced and unbalanced phase
converter is done., The sjétem description and mode of operation are described.
The sﬁitéhing function and modulation technique of the switching function used
in this thesis are presented, Computer simulated results of ocutput voltage and
input currents spectra under balanced and unbalanced conditions are compared; It

is seen that the harmonic content of output voltage increases with the increase

of unbalances.

The fundamental component of input currents decreases with the'inqrease of
unbalances, For balanced case, the fundamental component of Ia or I or Ic is
55%, whereas they are 52%, 53% and 54% for IvT, and I _ respectively for unbalanced

case. But the harmonic content of input currents increases with the increase in

unbalancesa.

In chapter 4, complete design data is presented. Input voltage sensing is
used to synéhronize the opening and closing of the converter switches, Cont?ol
logic circuit using siﬁple logic blocks is designed to handle both fixed and
varying amplitude unbalance. Dedicated microprocessor is suggested to correct
the continuous variation of input unbalance, Component ratings and their

" protection scheme are also discussed.
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Se2 Suggestions for Future Work

The analysis and design of the three to single phase converter under .

unbalanced operating condition is presented in this thesis. As a first step
simple switching function is considered for this study. More complex and

advanced PWM switching functions may be used to study furthér the behaviour

of this converter. Moreover, three phase to single phase converter study

may be extended to cover the three phase to three phase unbalanced converter,
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APPENDIX=-A

N BASIC PRINCIPLE OF CONVERTERS

“The output of a converter depends on the switching pattérn af the converter
switches and the input Qoltage (or current). Similar to linear system, the output
quantities of a converter can be expressed in terms of the input quantities by sp-
‘'ectrum multiplication, The arrangement of a single-phase converter is shown ' in
Fige A=la. If Vi(wi§) and Ii(wit)-a:e-the inpuf voltage and current, respectively,

the corresponding output voltage and current are vo(wot) and Io(wot), respectively.

The converter could be either a voltage source or a current source converter‘:ri].

Yoltage Source: For a voltage source, the output voltage Vo(wot) can be related to

input voltage vi(wit) by
o o s 14 _
where F(wst) is the switching function of the converter as shown in Fig. A=1be
F(wst) depends on the type of converter and the gating pattern of the switches.
If 9yr 9y 9 and g, are the gating signals for switches Qi’ Qz, Q3 and Q4, respect=
ively, the switching function is |
FW,E) = 9,79, = 9379,
Neglecting the losses in the converter switches glves us
-vi(wit) Ii(wit) o Vo(wot) Io (Wot)

v (W t) Ii (wit)

F (W t)= o 0O - .e . (A-Z)
s Y '
vi(wit) Io (Not)
I, (W b= *FlWgt) I (W £) oo | .o L e (A=3)

Once F(wst) is known, vo(wot) can be determined. v, (wot) divided by the load

impedance, gives Io(wot); and Ii(wit) can be found from eqn. (A=3).
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Figs. A=-11 Single-phase converter

structure,
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Current Source: In the case of current source, the input current remains constant,

Ii(wit) = Ii and the output current I0 (wot) can be related to input current Ii'

Io(wot) = F(wst) Ii -0 . . L X ] (A""4)

votwot) Io.(wot) = vi(wit) Ii (wit)

which gives
iti 5 o o
v, (W, t) I (Wt ,
F(Ww.t) o A e . ee (A=B)
Vv (W t) I, (W, t)
o o ii

A=1 SINGLE-PHASE BRIDGE RECTIFIERS
If the input voltage to the sinélé—phase bridge rectifier is

Vi(wit) = Vm Sin (wit), then output voltage is given by

4v 2
V(W E) = F(W.t)V,(Wt) a— E Sin (Wgt) Sin (nW.t) = (. o)
o o 5 11 T :
nﬂl' , P o e n ) .
oc ' '
v, Cos {(n—i) wit} - Cos { (n+1) wit}- (Am8)
il 2n

rlﬂl'3'5,o . o
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2v
: m 1 1 cos(aw t)
- ‘ 1= Cos (2 t) + % Cos (@ t) - 5 Cos (‘Niﬂjf 5 1

| | o
1 cos (6W.t) + 2 Cos (6W ) = COS (BWE) + o ¢ o o o
5 1 7 . i 7 .

2V 2 2 2 COS (GW t) - . ® & = '
- C d.t) - — i *
AL l 1 - 5 Cos (2w, t) 5 cos (4w, t) T i l

T
oC Cos (2mW, t)
- 2vm - 4vm . i T . .I(A—g)
m o am°-1

mn‘l,2,3,...

The first term of eqn. {A=9) is the average output voltage and the second part is

the ripplé constant on the output voltﬂgé.
For a three-phase rectifier, the switching functions are Flmst)’ Fz(wst)

and F ( . .
3(wst) respectively, If the three input phase voltages are Van(wit), Vbn(wit),

and vcn(wit)' the output voltage becomes

Vo('dot) -E"1 (Hst) va.n (Nit) + Fz (Ust) vbn (Uit) * F3(wst)Vcn(wit) eses (A=10)
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APPENDIX-B

COMPUTER PROGRAM ~ 1

THIS PRIGRAM IS5 DONE BY MD. SHAFIQUL ISLAM
THESTS SUPERVISOR DR. SHAHIDUL ISLAM KHAN
ASSOCIATE PRDFF)SUR DEPARTMENT DOF £.7 F RUET » DHAKA

DETERM[NATIDW-DF 0UTPUT VOLTAGE WAVEFORH
UMDER UNBALAHNCED INPUT CONDITION
WITH THE HELP NF FOURIER COEFFTCIENT

DIMENSION 81100113C(200)1XX(360)oYY(SGOl-A(lOO),C(lOO)
OPEN(UNIT= 39FILE='0UTPUT'pSTATUS"NFH‘)

PI=3.1415327

DELL=10B.%PI/18D.

DEL2=112.%P1/180.

" DEL3=115.%P1/180.

DD, 46 X=1999+2

p

51

72

37

" 92

g1,

AfK)=4-35[N(KtjELI/ZoiflKﬁpl’

BiK,=4-tSIN‘K*DEL2/Zo'/(K¢p[’

C(K)—Qo:SIN(K30EL3/2-)/(K*P[,

CONTINUE

WRITE{3,31)1K+K, AlE ) Ko 3IK)} KyCIKY $K= 17742}

FORMATIIX, " K=*yI2:3Xs"A0"* 12, *1=',Fl2. qy]Xv'B('y[Zq J=*yF12a8¢3 Xy
SCUyI2e7 )= FL248)
AL=D.727

ft1=2.75

C1=7.93

DO 51 M=3+37+2
AN=AL:A{M])
AH=FL=31M)])
CN=Z1%C (M)

N=2+M-1
BC(’”=O-5*(AN¢‘I-0*BN*COS("(H“ll$2.$PI/3""CN$CUS{‘(H-l 126.%5P1/3.))
K=2%Ms
BC(K}=O-3*(AN*1.O’GN$CUS(‘(M*l’*2-3p1/3.l'CN*CUS(-(H’l)$4-3PI/3-’,
CONTINJE :

HRITE(3,72)

FORMAT[*1* 45X, *START FQUW NEW PAGE'")

\]R[TE{?O?Z)(Pf"gBC“‘”!M 31,99,21)

FURMAT{2X,*M=",12, ZXr'3C['vIZ|""1Fq 5'

nn 21 I=ll360

VOv=0.0

RAD=I*=PI/1R0.

00 72 J=3:+97,2

VOV=BC(J)=COSTIERAD) +VOV

CONTTHUE

XX{I)Y=FLOAT{I)

YY(I)=3,%COS(RAD}/2.+VOQV

CONTINUE

CALL ZPLOT{XX» YY'3603
sTap o

END

SURIOQUTIME FOPR AHOVE FUNCTIGH
SUBROUTIME ZPLOTI(Z2Z,00.N)Y |
DIMENSION ZZ(N),QQ(M),PLOTLLIOL)
CHAZACTER G.BLANK H,PLOT

DATA GeBLANK H/Z 2"y *9tat/
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83

82
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WRITE(3435) .
FORMAT(*L® y4Xs ' CONSTRUZTION PRAAGRAMT /74X * XX LT}y
DO ’D K=0,101 :
PLOT(K) =BLANK

QOMAX=Q7( L)

QQMIN=Q0( L)

DO 8t I=2+«N
1F1Q0(T).6T.QQMAXIQQAMAX=2211)
[FLQOT) LT IRMINIIAMIN=D(T)

CONTINUE '
rAx(s=1.5»:-ooulnlftQoMnx—ooMtNr$zs.o
DO 82 I=1,N .
PLOT(IAXIS) =H
L=1.s+(00(I1—QOMIM&/toonax—QQMIN)?25-0
PLOTIL) =G

WRITS(3,8312Z11).2200),PLOT
FURMAT(BKst-ZvBX'FG.J'ZXpIOl&ll
pLOTILY=DLAMK

CONTIMUE

RETUIN

FHD

AXetYYLT//)
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COMPUTER PROGRAM=2

THIS PRIG2ZAM IS DOME BY MD.. SHAFIJUL ISLAM
TYZSIS SUPSRVISIR DR. SHAHIDUL IsSLAM KHAH
ASSOCIATE PRJFESSUP DEPARTHrﬂT NF EsCelFea@IFET ¢ DHAKA

3FTF°“[1ATIWﬂ NF INPUT PHAS "JR’FHTS(IA'IQEICldAVrF]RM“

UNDER UNBALANCED INPUT CUN“IT[UN
WITH THV HELP OF FOURIER COEFFICIENT

DIMSNSION B[lOO]oXB(360!vYB!163)ob(lOWl'XC(160)’Y"(150)'A(1001vXA(
1360) yYAL360) o
DPEN(UNIT=3,FILE="0QUTPUT* ,STATUS="NEW"}

PI=3.1415227 '

NPEL1=103.%PI/180.

DEL2=112.%P1/180.

DEL3=115.%PI/1%0.

DO 0L N=1,77.2

A(N) =G SSININENZLL/2.) /NPT

FINY =4S IMINEDTL2/2)/ INEDT)

CIN) =4« 5STHIN®DEL3/ 2.1/ (HEPT)

CONTINUE

WR[TF(3151)(N-NpA(hIpN.W(H)vN-C(H)oN-1v7° 2)
F(]RHAT[lK"N""[212X9'A('112!'," Fl.5, xi'n"llZ!',-_—'fFB-SOZX!'C‘
L*y[24*)=",FBa3) ’ -
DO 03 I=1,362
AAD=I=PI/ 180,
TOA=0.9
CO%=2.0
C():‘-'U-O

DO 04 N=1,727,2
coa-(AtN)/Z.l“tcnSt(2¢uvl)*ﬂa9!»r0,((c N-1)=RADI)I+CDA

FOR={0INI/2) 5 (COSL 2%+ 1) SRAD)-25NFPT/34)+COSUULIEN- 1!$RAD)f2:N¢
1PI/3.))+C0OB '
COC*IC(N)/L.I*(LWS((IZwH*lJ‘RAW)—ﬁvu~P[/3.!*CJS(((2 "N-1VE=RADI-45N%
1°1/3.))+C0C

CONTINUT

Xa{[)=FLOAT(T)

YAal1)=COA

XBlI)}Y=FELOATI(I)

Ys(1Y=C08B

XC{L)=FLOAT{ )

YC(I}=COC '

CONTINUE

CALL APLOT(XA,YA,3572)

CALL BPLOT{X7,Y3,360)

CALL CPLOTIXC +YC,350)

5TOP

END

SUSROUTIME FOR CUR ENT.

SUBROUTINE APLOT(ZA,NAsNA)

"DIMENSION ZA(NA),QA(NA},PLOTAL1O0])

CHARACTER GA,ABLANK,HA,PLOTA

DATA GAJABLANK HA/* 2%y "'/

WRITE{1455)

55 FORMAT(*L?,2%,*INPUT PHASE CURRENT TA*//72Xe "XAL L)Y 04X, "YALL)*//)

D3 05 K=0,101
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PLOTA(K)=ABLANK
QAMAX=Da(1)
QAMIN=NALL)

00 N6 T=2,.MA

05

55

Q7

57

nA

07

93

12

53

It

TF{QAIT)YGTQAAXI0AAX=DA(])
IFIQAITI) L TadAMIMNIONAMIN=0ALT)

COMNTINUG ’

IAX =156 {—=QAMIN) /{QAMAX-QAMIN]) 50,0

DO 07 I=1+HA

PLOTA(TIAX)=HA

LAl «S+IQATT)I=-2AMIN) /I YAMAX-QAMIN] 565040
PLOTA{LA)=GA
WRITE(34563ZA(1)2A(1),PLOTA
CORMATILIXsFH292XsFRaS594X,101A1)
PLOTA{LA)=ABLANY ~

CONTINUZ

RETURN

END

SUBROUTING "PLOT{ 27,78 :NB)

DIMENSION Z{NM) Q0 {HY) PLITTILOL)
CHA2ZACTERY S DRLANYKHE,,PLITN

DATA GBRy3S3LANK 40/ "8 00/
WRIT=123,57) - .
FORMATI 'L* +2X, *INPUT PUASE TURTENMT IR //2Xe " XTI 94X, YRILY //
00 09 K=92+121

PLOTH(K)=4YELAMK

THMAX=2501)

SUMIM=27(1)

DI 29 I=22N%

[(0R(TI ST ARNYMAXIIMAX=QBL{T])

[0 0T)a LT OMINIIWMIN=08(1)

TOMTINUE .
[9X=1a5¢ [ -QGBMIM)/{Q34AX-7BMIN) %50.0

M) 10 [=1,M3 :
PLOTAL LX) =H3

L3=1.5+(23071) QBHINI/!?BHAX ASMINYES0.0
PLOTRILB) =GB
WRITE(3,3812801),208(1}.,PLOTH

COIMATI I Xy FHa 22X +FBa5+4Xy 10OLAL)
PLOTB(LA)=0"LANK

CONTIMUE

2ETURN

END

SURROUTINE C2LOT(ZC,QC,NT)

DIMINSION ZIC(NC).QC{MC},2PLOTCILOL)
CHHAPACTER GC+CDBLAMNKsHC,PLOTC

DATA GCsCBLANKIHE/* 79" "o'e*/
WRITE(Y,57)

FDPHAT('l',zx.'[NPur PHASE ZURREMT IC*//2Xe"XCILI)* 44X,y YCII)? //
DO 11 K=0,1n1 *

PLOTZ({K)}=CBLANK

- QLMAX=QC (1)

QCMIN=QCIY)
DO 12 [=2,MC
TFIQCII).GT.QCMAX)IQCMAX=QCI )
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TF(OCII LT OCHINIACHIN=ICIT)
CATIHUE

ICX=1aS¢{=02MI4) /1ACHAX-2CME ) %5040

3C 13 I=1,NC

PLOTCLICX)=HT
Lo=1e5+12C1T)-QC4I' M/ (ICHAX=QTHIN] £50.0
PLOTCILL) =5GC
WRITE(3,6012C (1} ,QCII),PLOTC
FORMATU1X yF54292XsF3e5,4%Xy LO1AL)
PLOTCILEC) =CBLANK -
CONTINUE C

RETURN o et
A\,\C"T ﬁ??f\ .

END
(8, 750327
'-‘; *\&\!C?fgrﬁﬁ, {‘.

AN Wré’cafﬂ rﬁ‘i‘\
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