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ABSTRACT

Static power converters are designed to work under balanced supply

condition. In many instances st~tic converters are subject to unbalanc-

ed condition. Conventional static converters may not work under such

condition. Special unbalanced converter are required for such cases. An

unbalanced converter topology is analysed and design procedure is fully

discussed in this thesis.

The contribution of the thesis is the development of a technique to

correct the input unbalance. The proposed technique states that lnorder to

generate balanced output voltage and current from unbalanced, (amplitude)

input voltages, the magnitude of the fundamental component of the switching

functions are inversely proportional to the amplitude 'of the corresponding

unbalanced input phase voltage. The dependency of'the width of switching

function on the Fourier_coefficient is established by harmonic analysis.

Input currents and output voltage are fully analysed both under input bala-

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

fied by computer aided analysis.

FiJ;lally,a complete design procedure is described for this three phase

to single phase unbalanced converter.
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INTRODUCTION

1.1 Introduction

Unbalanced a.c. electric power causes severe problem in operation of static

power converters. Static power converters are usually designed to work under ba-

lanced input condition. The unbalance is usually caused due to improper loading

of different phases or unbalanced phase impedance. Nature of unbalance could be

i) Amplitude unbalance or ii) Phase unbalance. Unbalance in static converters

causes various problems [1] - [3J like harmonic heating in motors, elp.ctromag-

.netic interference (~MI) in communication equipments, etc.

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

voltage is amplitude unbalunced. ~he proposed method.is applied to a three to single

phase static converter.

1.2 Impl~m~nt.tion of th~ Propos~d M~thod

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 inversely 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 bilateral 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 (Fig. 1).
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Fig., 1 I Block diagram of the proposed balanced output static converter.
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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

uneven distribution of loads [4J in the three-phase circuits. Phase unbalance

arises due to the difference in impedances (reactive part) of loads connected in

the t~ee-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 positions.

The problems those wl!re previously detected due to unbalance are harmonic

generation in the c~nverter, electromagnetic interference (EMI) in the communica-

tion equipments, harmonic heating in motor drives, and in military applic~tion.

Small amount of unbalances may generate harmonics in the c:mverter due to it's

non-linear characteristics. Electromagnetic interference (EMI) in the com~nica-

tion equipments (receivers) due to unbalances does not allow faithful reproduction

of message. In large motors, harmonic heating due to unbalances may cause insula-

tion breakdown or damage the motors. Electromagnetic (EM) radiation from the

submarine due to unbalances 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, [4J is doing some work in unbalanced

converter. But those works are aimed at assessing the harmonics present in conver-

ters due to unbalance rather than finding solution. The Power Electronics group

at Texas A&M University is working on unbalance converter solution by using

Fortescue's theorem but their work is targeted for motor problems rather than

converter problems.
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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 functions are used

to solved the amplitude unbalance. Amplitude unbalance is corrected by changing the

width of the switching functions according to the unbalances. The magnitude of

the fundamental component of the three 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 mentioned 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 ~e graphical voltage and currents. Fourier
co-efficient for m-th harmonic is used tu find out"the output voltage and input

currents. All analysis is carried out on the basis of three phase to single phase

converter consisting of six-switches. The results of two methods are compared and

found satisfactory.
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ANALYSIS OF THE CONVERTER

2.1. Introduction

The objective of this chapter is to analyse a converter which can handle unbalan-

ced input voltages. To achieve this objective first a phase converter is analysed

under balanced input condition. From this a~alysis some basic criterion is establi-

shed so that the input 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 circuiting, harmonic generation, unbalancing of the output power [5'~

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 thesis.

A method for correcting the amplitude unbalance is developed in this chapter

which could be applied to different phase converters. A specific case of three phase

to single phase converter is studied in details.

2.2 Mathematical Analysis of the Converter

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

output to input quantity;
V (S)o
Vi(S)

Therefore, output voltage,

or, H (w t)=s s

V (w t)o 0

..

..
••

••

• •

••

( 2a)

( 2b)



Input H (w t)s s
Converter

6

v (w t)o 0

output

Fig. 2.1 : Representation of an ideal converter by transfer function.
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Let ~s(Wst>] c 'A [cos (w t) Cos (w t _ 1200) Cos (Wst-2400~ ~d
, S S

(Vi(Wit)] D Vi Cos (Wit)
0 be the switching functionCos (wit-120 )
0Cos (wit-240 )

and input voltage of the converter.

From eqn. (2a),

D

Cos (Wit)
. 0

Vi Cos (wit-120 )
oCos .!wit-240 )

AVi (:os (wst) cos(wit)

+ Cos (wst-240
0) Cos (Wit-2400~

or'Eo (Wot)] D A:i [cos (ws + wi ) t + Cos (ws-wi) t + Cos t (ws + Wi)t-240
0}

+Cos (ws-wi)t + Cos {(Ws+wi)t-120
0} + Cos (ws-wi) tJ

D 3:Vi [Cos (ws-wi) t] + A:i [Cos (ws + wi) t + Cos t(WS+Wi)t~1200}

+Cos {(Ws+wi)t - .24001]
Since the second term of the above equation is the three phasors of equal magnitude

aand displaced 120 apart from each other, their sum i.e. the resultant is zero.
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Therefore,
~AVi

LVo(Wotl] (:os (w - Wilt]= s2

3AVi
(w tl (. . W =: wi + W 1

= Cos s °2 ° •

3AV.
• V (w tl = ~ Cos (w tl ••..
• • ° ° 2 °
From eqn. (2bl, input current is given by

[Ii(Witl] = ~s (Wst>JT.[Io (Wotl]

or, I (w tl Cos (w tl
a i s

IoEos (Wotl)Ib(witl °=A Cos (w t-120 1 •s

I.c(Wi tl °Cos (w t-240 1s

Cos (w tl Cos (w tl
s °

=AI Cos (w t-1200l Cos(w tl° s °
Cos' (w t-2400l Cos(w tl

s °

Cos (w +w It + Cos(w -w It
S 0 S 0

= ~ Cos t (Ws+Wolt-1200} + Cos {(Ws-Wolt-1200}

Cos {(Ws+Wolt-2400} + Cos {(Ws-wolt-2400}

•• (2cl.

Cos (w -w It Cos (w +w 1t
s ° AI s °

AI
{(Ws -Wolt-1200}

° Cos {(Ws + wolt - 120°\__ 0 Cos +
- 2 2

Cos {(ws-wolt-2400} Cos {(ws + wolt _240°} •• •• (2dl
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The Second part of equation (2d) is the 3rd harmonic term. As we are considering

the ideal case (free of harmonics), the second part' will be considered as zero.

Therefore,

Cos, (w -w )ts 0

Cos !(w -w )t_i200}1 so.

Cos (wit)
AI
0 0

a- Cos (wit-i20 ) .. •• (2e)
2

, 0
Cos (wit-240 )

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

Cos

Cos

Cos

C

A

B

output voltage

Input voltage a

(Wit)
o(wit-i20 )
o(Wit-240 )

~ (Wstl] a Switching function a [:1 F2 FJ

given by [6]; ,
to ('wot)]

where, [vo (Wot)] a

ti (Wit~ a

Unlike three phase balanced voltages, the amplitude of the three input voltages

VAn' VBn' Ven are unequal and given by A. B, and C respectively.

Let us assume,

Fi a Ai Cos (w t)s
0F2 a B1 Cos (w t-120 )s

F3 a C1 Cos (wst _2400)
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Van
I A

v- a

Vah
S S3 S5

Vbn a F1
L

n" Ib b. 0 v (W t)
V' F2 o 0c F3

A
V S6 0
ca 4

S2
Vbc

Ven I
'"

3-PHASE INPUT 3-PHASE CONVERTER STAGE B
1-PHASE

SUPPLY STAGE OUTPUT
STAGE

Fig. 2.2 I Simplified circuit diagram of the proposed 3-phase to 1-phase converter.
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Where A1, B1 and C1 are the amplitudes of the fundamental components of three

switching functions F1, F2 and F3 respectively.

Therefore,

A Cos (wit)

°B Cos (wit -120 )
. °C Cos (wit -240 )

a [A1 A Cos (wst) Cos (Wit) + B1B Cos (wst-120o) CoS(wit-120o)

+ C1C Cos (wst-240o)COS (wit -.240o~

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

3 Cos (w t) as Wo = w and Ws = Wo + wi.
="2 ° i

Since . 1/AA1A ••1 . - •A1 ••
5tB 1 .• B1 = 1/B= •. 1/cC1c c 1 • • C1 a
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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 inversely proportional 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-ph,se to 1-phase balanced output 5tatic Converter can

be explained with the help of Fig. 2.2. The converter output voltage is given

by

~o (~ot)J = ~~ (w t) J . (Vi (wit~s

=t F2 FJ • V. 1 an
Vbn
Vcn

•
• •

=~1 .H Van + F2 H Vbn + F3 H Vc~

= F1 H Van + F2 H Vbn + F3 H Vcn

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

F1 has +1 value the top switch 51 is closed.

F1 has -1 value the bottom switch 54 is closed.

F1 has o value both top and bottom switches 51 & 54 are open.

F2 has +1 value the top switch 53 is closed.
.F has -1 value the bottom switch 56 is closed.2
F2 has o value both top & bottom switches 53 & 56 are open.

F3 has +1 value the top switch 55 is closed.

F3 has -1 value the bottom switch 52 is closed.

F3 has o value both top & bottom switches 55 & 52 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.

50 51 and 52
For 300 tois closed. The output is the combination of F1" V and F3" V •,an en

F2 has a value of .1 and F3 has a value of -1. 5053 and 52 is closed. The output
o 0For 60 to 90 , F1 has a value of -1

oFor the first 30 F1 has a value of .1 and F3 has a value of -1.

and F2 has a value of .1. 50 53 and 54 is closed. The output is the combination

of F1" Van and F2" Vbn•

o 0For 90 to 120 , F1 has a value of -1 and F3 has a value of .1.

50 switches 55 and 56 is
. 0 0and F3 "V • For 150 to 180 •

cn

The output is the combination of F1" V and F3" V •an cn

The output is the combination of F2" Vbnclosed.

55 is closed.
o150 , F2 has a value of -1 and F3 has a value of .1.

F1 has a value of .1,and F2 has a value of -1. 5051 and 56 is closed. The output

is the combination of F1" Van and F2" Vbn•

oAfter 180 • the operation is the same as explained earlier and the cycle ,is

repeated.



V Vbn Van cn
i

.5
" a) U)~

£I

-.5

-1

F1
i

gl ~
b)

gl
eJ

9 9.0 i8~ 9 27~
-1 4. 4

F2
1 g3 g3Sc} 0 C&

g6 27fj g6 3b(J

-1

F3
!

g5 S g5
d) W~.0 90 i8~g 27f1> '3{,ilg2

-1 2

•

Fig. 2.3 : Switching functions for balanced case.

a)Balanced input voltages.

b)-d) Switching function components.
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Fig. 2.4: Switching functions for unbalanced case•

a) Unbalanced input voltages. •

b)-d) Corresponding switching functions.
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2.3.1 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 the operation of the unbalanced converter as follows;

The unbalanced voltages are taken as

v = 0.97 Cos (wit)an,

and V =
cn

o0.93 Cos (wit-240 ) i.e. unbalances are 3%, 5% & 7% respectively.

Due to this unbalance, the widths of the switching functions are b1, ~ 2' and ~ 3

(eqn. 2.5) which is shown in Fig. 2.4. For the balanced inputs, the width of the

switching function is ~ = ~1 = 62 = ~3'

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 Harmonic Analysis

Practical power converters operate in ON/OFF mode rather than in continuous

mode and employ static switches. Consequently, the switch elements, i.e. switching

functions described earlier are actually 'trains' of rectangular pulses of uniform

or sine modulated widths and as such, they posses frequency spectra comprised of

infinite series of harmonic components. The harmonics associated with switching

functions, output voltage and input currents are described as followSI

The Fourier-series expansion for a function F(S) with time period 21Tradians

is given by

F ( S
,00 :l

=~+2 : ran Cos (nS) +, bnSin'(ne)J
n=1,2,3 L ,

, '.
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F(e)

1.0

-.-1T
-1.0

.2:rr 9

Fig. 2.5 z switching function FIe) with pulse width ~ and time period
2TTradians.
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where, 1+11"
eJ:.. F(B)

an 1f .
-TT

Cos (nB) dB

1"1f
b
n
e ~ F(8) Sin (nS) dB

-11"

a e Average value of the function F(8)
o

e .l..1+:(8) dB
1T ..-IT

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

as follows; 't IT

"n .,t1FlO) '0' (,,0) "

1+11"

Cos (nS)

l'T-$t..)

(Sin n8)1T ]

\ ("l1-';~)

Sin (n1T) + Sin (nlT - ~s)1
Sin (n1T)+ Sin In-rr)cos( ~$)- CoslnlT) sinl¥-)l

[
[ Sin l¥-)-
L Sin (~b)_

[ ""t-"}) - '''' ("rr) ",,(;')1 (",. ""(,,.)-..)2
e-"tnt

e ~ jrrF(8) Cos (n8) dB

ofl~/~
e ~ loCOS (n8) d8 -

$/.2-
(Sin n~ -

o

2e-711T
•
• •

= ~1T (1-Cos nlT) Sirt Inn
== 0; for n == even ... 2, 4, 6, ••• ••• •
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_~'Sin(n~\; for, n = odd = 1,'3, 5,
an -1I1t 2/

o 0 o 0 0

Cos (nlt) +

Cos n (1T - 1i'tz)J
a M~ [- Cos n,Ls ~-o - Sin ~n ¥- + Co~1T + CaP: _c;/n:

- coy(nrr) + Cos~s ~'li+ .Sin .(~in ~~1
= 0

Therefore, the switching function F(e) is given by

OC

F(9) a 2 an Cos n9
n = 1,3,5
0.:::

= 2L---
n=1,3,5

an Cos (nwt)

and the Fourier coefficient an is given by

an = _4_ Sin (n~) ; for n z:: 1, 3, 5, 0 0 0 0 0 0'l\lT 2
or, Km = -!.. Sin l~) ; for m = 1, 3, 5, 0 0 0 0 0 0

mIT 2
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= 4
m1l Sin( ;$) .. • • ••

From eqn (2.4) we see that K is ddt n <m epen en 0 O.

2=--m .. •• ••

2.4.1 Output 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-QFF mode, therefore

the

(Wit)
o

(wit-120 )
o(wi t-240 )

< Cos {n

the practical switching function (F d (Wst~ contains harmonics. Therefore,

practical expression for output voltage ~o (Wot)] , (2a) becomes

(V (w t)] = [c '< Cos nwst )~ B~ Cos t n
o 0 n=l,3,5 n=l,3,5

OG

>n=1,3,5

oc
= 5L.__
n=l,3,5

oc
+L.
n=l,3,5

B1 B~ Cos tn
oCos (Wit-120 ) +

oc
2
n=l,3,5

ex:
L
n=3,5

o.c
L
n=3,5

+,cos {(nwS-Wi)t-n120
0+1200J] + ~

+ Cos t (nwS-Wi)t-n2400+2400J]
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• •

B
oc

+i-L
. 2 n=3,5

DC

{(2n+1)Wot - (n+1)120
0
}+ ~ 2:: C1C~COSt (2n+1)wot-

n~3,5

(n+1) 240
0}J .. ..

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

of the fundamental component and the harmonic components~
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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 I for resistive (R) load is given by
a

= F1" I Cos (w t)o 0

Since I a 1.0, therefore, we get
0

C><:
I =Z= A' Cos (nw t) " Cos (w t)a

n=1,3,5 n s 0

oc
= ;} L... __

nal,3,5 A~ ~os (nw - w ) t + Cos (nw + Wo)t
1

s 0 s 'J

Cos ( 3wit)

AI AI OC
= -1-. Cos ( wit) + -1- Cos (3wit) + ~ L. I2 2 An Cos (2n-l) wit

n=3,5

oc

+~L
JA Cos (2n+l) wit •• (2.7)n ••

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-l) and (2n+l).

The phase current Ib is given by



23

Ib = F2H Cos (w t)
0

OC

=L. a~ Cos {n (w t - 120o)} H Cos (w t)
n=1,3,5 s 0

1
=-

2

oc
2n=1,3,5

1 oc
+-2-L=.

n=3,5
a'n ~os 1(2n-1) a'n

The phase current I' is given byc

= F3H Cos (wot)
0<:=2

n=1,3,5

C~ ~os {( 2n-1)wit
C,...

= 1-Cos
2

o(wit -240 ) C'"
+ ...l.. Cos

2

o(3wit-240 )

•• (2.9)
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From equations (2.8) and '(2.9) it is observed that the input currents Ib
ahd I contain odd'harmonics only. For a particular value of n, there are two

c
harmonic components of currents given by (2n-l) and (2n+l).

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-"

mental component of corresponding switching function is established. It is found

that 1n 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 operatio~ and analysis of the unbalanced phase converter is discussed

in details. Detailed harmon~c analysis of balanced output voltage and unbalanced

input current is presented in this chapter.



OiAPTER 3
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FOURIER ANALYSIS OF INPUT-QUTPUT VOLTAGE-CURRENT

3.1 Introduction

The analytical expressions developed for ba~ancing the input amplitude unbalan-

ce in chapter 2 is thoroughly analysed in this chapter. Using this concept the pro- .

posed phase converter is studied for both balanced and unbalanced input conditions.

Detailed Fourier analysis of input-output voltage and currents are performed. Com-

parison of spectrum of voltage and current for balanced and unbalanced condition is

also done.

2Dedicated computer programs in IBM-370-3278 using FORTRAN-IV is developed

and respective results varified with analytically predicted input-output quantities.

Agreement between analytical predicted and computer calculated results verify

the validity of the proposed technique.

3.2 System Description and Mode of Operation

Fig. 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

stage •. The three phase main is assumed to be amplitude unbalanced. Switches

Sl to S6 are ideal bilateral switches. The load could be resistive-inductive

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

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

mode of operation. The switches Sl to S6 are operated by the gating signals

which are determined by the control scheme used.



26

S1- S6 SWITCH
CONFIGURATION

Van
A

S1 S3 S5
Vah

Vbn a F1 b L
n F2 0

c F3
A
0V S4ca Vbc S6 S2

"Vcn

3-PHASE INPUT STAGE 3-PHASE CONVERTER STAGE
B

1-PHASE
OUTPUT
STAGE

Fig. 3.1 : Simplified circuit diagram of the proposed Three phase" to Single
phase static converter.

,,



27

3.3 switching Functions

An electrical converter contains static switches. These switches require

gating signals to change the ON/OFF states. 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

functions. 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 O. The switching 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 predetermined

repetitive pattern; hence, its siwtching function will take the.form of a

train of pulses of unit amplitude. Neither the pulses nor .the intervening

zero value periods have necessarily the same duration. The requirement that

a repetitive switching pattern must exist means that the function must at

least consist of repetitive groups of pulses. The simplest or unmodul.ated

sWitching functions have pulses of the same time duration and zero intervals

with ~,e same property. A more complex type with different pulse durations

and various zero intervals, is termed as a pulse width modulated (PWM)

switching function.

There are various types of modulation techniques [7J - [10]. These

are single-pulse modulation, multi-pulse modulation, sinusoidal pulse modu-

lation, 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 single-pulse modulation, there is only one pulse per half-cycle. The

pulse width is varied to control the converter output voltage. The switching

function obtained from single-pulse modulation is shown in Fig. 3.2(a). For the

purpose of analysis, it is assumed that the start of each pulse is delayed and

the end of each pulse is advanced by equal angular intervals, resulting in a

variation of the pulse-width ~ over the range 0 ~ 0~"TT radian.

: ran Cos(nS) + "bn Sin (n80
=1,3,5 L J

. a
o-+
2

F(B) ~

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

'i

where,
~; jn:.(B) Sin

o
(n8) de

~~rr Sin (~) , n is odd

and the corresponding harmonics i.e. bn values are shown in Fig. 3.2(b) for

~ ~ 1200• Width of the pulse is determined by the unbalances present in the

input phase voltages.
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F(e)

1-
.5

-. S • l.-S-J 180 270 ~"e e
-1-

1.1
1

QJ
'tl .5.a .22 .1' . 1 .0~ .07 6:::- 120" -b) ...•
l::
0- 1 5 7 11 L3 1'7III
~ Harmonic number

Fig. 3.2 Single pulse modulation switching function.

a) The switching function.

b) Respective frequency spectrum.



30

3.4 Mode of Operation (Balanced Case)

For balanced case, the switching "functions are of equal widths. The

Fourier coefficients of the switching functions for this case are equal. The

output voltage for balanced case is given by

[vo(Wot)] = [= OC

Bn Cos {n(Wst-1200)}> - A Cos (nw t) >n s
n=1,3,5 n=1,3,5

C>c

-2400)}J> Cn Cos {n(wst
n=1,3,5

Cos (wit)
0• Cos (wit-120 )
0Cos (wit-240 )

Since An = Bn = Cn for balanced case, therefore

o.c G+~~, ~ An Cos(2n+l) ~t
n=3,5

+ Cos {(2n+l) wot _(n+l)1200}+ Cos {(2n+llwot

•• ••

Equation (3.1) shows that under balanced input condition, the output voltage

spectrum contains a fundamental component of amplitude 1.5A1 and harmonic

components whose frequency is determined by (2n~ 1) Wo term. The amplitude of
harmonic component is equal to A /2.

n
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36~

I270

I
27rtJ

V
cn

[

118(2)

I
~

90

I9~

1

o

Ii'>

-iTit F2

°1-iT
F 2 * Vbn1

-1

-1

:l

e)

b)

a)

-!L

Fig. 3.3 I OUtput voltage waveform. obtained with three to single phase converter
under balanced condi tion.

a) Three input balanced phase voltage
b)-d)F1, F2, F3 switching function components
e) Resulting output voltage.

c)
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TABLE 3.1

FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
CONVERTER OUTPUT VOLTAGE SHOWN IN FIG 3.3.

Harmonic coefficients of Harmonic coefficient of output
switching function phase voltage V , Fig. (3.3e).

(Fig. 3.3b) 0

Order Amplitude Amplitude, Vo
(n) (An) Order

[).u~ 1) % (1)(n)

1 1.10 1 0.87 87

3 - 3 - -
5 0.22 5 - -
7 0.16 7 - -
9 0.00 9 - -.
11 0.10 11 0.20 20

13 0.09 13 0.14 14

15 - 15 - . -
17 0.07 17 - -
19 0.06 19 - -
21 0.00 21 - -
23 0.05 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 l-phase converter

is expressed as follows:
0G0

Ia= ~ L
n=1,3,5

An ~os (2n-l) wit + Cos (2n+l) wi~ •• (3.2)

0<::Ib=+L:
n=1,3,5

0<1

Ic = ~ L:
n=1,3,5

An ts \( 2n-l) wi t-n120o J+ COS t( 2n+l)wi t-n120~ ••

An ros \(2n-l) wit-n2400} + cost2~+1)Wit-n240~ ••••

(3.3)

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

input conditions contains harmonics at frequencies of (20 ! 1) wi. The amplitude

of la' Ib and I are equal and is given by An/2. So the input current spreatrac
of la' Ib and Ic are Same .and is given in Table (3.2)"
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a)

b)

e)

d)

lAB
i

-.5

I
. 9~

I
911!

I
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I I

~

I
27?>

I
')..7~

I

e)

1

.S
(/I

.180

27~

f)

g)

-1

1 Ib

.5
~

-.5

-1
1 Ie
.S'
~

-;;5
-1

.90

( ,

.t',

Fig. 3.4: Input current waveforms for balanced case.
a) output curr~nt lAB for balanced inputs.
b)-d)Ft• F2' F3 Switching function components.
e)-g)Three input phase currents.
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TABLE 3.2

FREQUENCY SPECTRA OF WAVEFORMS ASSOCIATED WITH
CONVERTER INPUT CURRENTS I or Ib or Ie SHOWN IN FIG. 3.4a

Harmonic coefficients of Harmonic coefficients of resulting
switching function input phase currents I , or Ib or Ie'a

(Fig•.3.4b) (Fig. 3.4g)

Order Amplitude Amplitude, I or Ib or Ie
(n) (An) a

Order (1) (1)
(n) p.u. %

1 1.10 1 0.55 55

3 - 3 0.55 55

5 0.22 5 - -..

7 0.16 7 - -
9 - 9 0.11 11

11 0.10 11 0.11 11

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

(l)output.phase current has been taken as 1.p.u. 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, 1s

once again described here to maintain continuity.

1
2 2

n=1,3,5.

+2.-
2

C>G

2
n= 1,3,5.

3
= "2" Cos (wot) + t OC.lz=.

2 n=3,5.

OG

A~A1Cos( 2n-1) wot + +-L
n=3,5.

01 1-(n-1)120 J+ Z-
oc2:=
n=3,5.

G
OC

+-~
. 2 L--

n=3,5.

oc

A~A1 COS (2n+1)wot + t z==.
n=3,5.

1
+-

2 •• ••(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 ) wo

term.
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V Vbn1 an

.5
a) t.)~

t/J

-.5

-1

F
1

• • •
27 9P iBID 2';~ :k1J

-1

i

b)

1
F2

c) ~ 32
-1
1

F3

d) I/J 1 90
-1

2
Vo

lB~ 270

l:

e)

!

-j

-2
Fig. 3.5: output voltage waveform obtained with three to single phase converter.

a) Three input unbalanced phase voltages.
b)-d)F1 ' F2 , F3 switching function components.
e) Resulting output voltage.



38

TABLE 3.3

FREQUENCY SPECTRA OF \;AVEFOHMSASSOCIATED WITH CONVERTER
OUTPUT VOLTAGE SHOWN IN FIG. 3.5

Harmonic coefficients of I Harmonic coefficient of output
switching function phase voltage V utFig. (3.5e)

(Fig. 3.5b) 0

Order Amplitude Amplitude, Vout
(n) Order (1) % (1)

An B Cn n (n) p.u.

.
1 1.03 1.06 1.08 1 0.87 87

3 0.13 0.09 0.04 3 \01 -
5 0.25 0.25 0.24 5 0.02 2

7 0.06 0.09 0.13 7 0.02 2

9 0.11 0.08 0.04 9 0.01 l'

11 0.09 0.11 0.11 11 0.20 20

13 0.03 0.01 0.05 13 0.08 8

15 0.08 0.07 0.04 15 0.02 2
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 cpn compare the

theoritical ,md analytical results for different harmonics.

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

is expressed as follows;

~
A1 Cos (3wit)
2

oc

+~ L
n=3,5

•• (3.6)

C>C

B~ ~os= t-L:.
n=1,3,5

OC'

Gos.1 z= .-=-Ic 2 Cn
nc1,3,5

From equations (3.6), (3.7) and (3.8) we see that the input current spectrum

contains harmonics at frequencies of (2n ~ 1) Wi' The input current spectra

of la, Ib and Ic are given in table 3.4, 3.5 & 3.6 respectively from 10here we

can compare the theoritical & Analytical results.
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a)

-1

1

-1

b)

F1.

, I •
2.7 ~3 90 18<1> 27f/J ?>f:,0

-!-

wt.

Ia

!
.5

c) 0 l.Jt.27 iSq> '36~
-.5

-1

Fig. 3.6: Input current waveform obtained with three to single phase converter.
a) Output CUrrent, lAB'
b) F1. switching function component.
c) Resulting Input current, la'
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TABLE 3.4

FREOOENCY SPECTRA OF WAVEFORMS ASSOCIATED WIn! CONVERTER
INPUT CURRENT I SHOWN IN FIG. 3.6a

Harmonic coefficients of Harmonic coefficients of resulting
switching function input phase current I (Fig. 3.6C)a "

(Fig. 3.6b)

Order Amplitude Amplitude, Ia
(n) (An) order (1) % (1)

(n) p.u.

1: 1.03 1 0.52 52

3 0.13 3 0.52' 52

5 0.25 5 0.07 7

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 p.u. current and"100% current.'
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lAB
1

o 3&0

b)

1

-1

F2

"32- 9tl 18(> 27f/J 360

c)

1
.5

o
-s
-1

91ll 1 '2.2. 180

Fig. 3.7: Input current waveform obtained with three to single phase converter.
a) output current, lAB.
b) F2 switching function component.
c) Resulting lnput current, Ib"
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TABLE: 3.5

"FRE:QUE:NCYSPE:CTRAOF \iAVE:FORMSASSOCIATE:D WI'lllCONVE:RTE:R
INPUT CURRE:NT Ib SHOWN IN FIG. 3.7

Harmonic coefficient of Ha~moriic coefficients of resulting
switching function input phase c=rent Ib,(Fig. 3.7c)

(Fig. 3.7.b)
.

Order Amplitude Amplitude, Ib
(n) (Bn) order (if \ l.J

(n) p.u. %

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 0.08 9 0.13 13

11 0.11 11 0.13 13

13 0.01 13 0.05 5

15 0.07 15 0.05 5

17 0.06 17 0.04 4

19 0.02 19 0.04 4 ,

21 0.06 21 0.06 6

23 0.03 23 0.06 6

25 0.01 1

27 0.01 1

(1) output phase cur~ent has been taken as 1 p.u. current and 100% cu~rent.
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lAB
1

a)

-1

c..>t

1
F3

-1-'

.
1 9~ 149 l8IJ 270 36'/J

-1

b) (/)

I
c

1
.S

c) 0 2~9 Glt.
.•5 i8ll> ').7~ 3b~

-1

Fig. 3.B : Input current waveform obtained with three phase to single phase
converters.

a)
b)

c)

output current, lAB.
F3 switching function'component.
Resulting input current, I •c
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TABLE 3.6

FREQJENCY SPE:CTRAOF WAVEFORMS ASSOCIATED WITH CONVERTE:R
. INPUT CURRENT I SHOWN IN FIG. 3.8c

Harmonic coefficients of Harmonic coefficients of resulting
switching function input phase current I (Fig. 3.8c)c

(Fig. 3.8b)
.

Order Amplitude Amplitude, Ic
(n) (Cn) order (1) (1)

(n) p.u. %

1 1.08 1 0.54 54

3 0.04 3 0.54 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 0.02 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 Fourier 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

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 its magnitude is 20% of the fundamental. As expected in unbalanced case, the

output voltage contains 5th, 7th and 9th harmonics but their magnitudes are insigni-

ficant i.e. only 2,2 and 1 percent respectively. These harmonics come from the 2nd

and 3rd terms of eqn (3.5). For example, 5th harmonics is the sum of ~ A)A1 ,

1 / (i 0 21C3/C1 (with 2 x 2400 phase delay) terms.~B3B1 w th 2 x 120 phase delay), and

The 7th harmonics is the sum of ~ A~A1'
o(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 current spectra for balanced and unbalanced cnses are depicted in

Tables 3.2, 3.4, 3.5 and 3.6 respectively. In Table 3.2 the fundamental and 3rd

harmonics hnve the Same amplitude. This phenomena is expected, as shown in eqn(3.6).

It also contains 9th, 11th, 13th and 15th of amplitude 11, 11, 8 and 8 percent

respectively. As it is a balanced case, all the three input currents have the same

spectra. For unbalanced case, the input 'currents are expected to 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 9th, 11th, 13th and 15th harmonics of input .

current Ia are 13, 13, 3 and 3 percent respectively. Table 3.5 shows that they are

13, 13, 5 and 5 percent respectively for input current lb' For phase current Ic'
they are 12, 12, 6 and 6 percent respectively. Therefore, the input currents

spectra are different due to the unbalnnced input voltages. The magnitude 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

Output voltage of the converter contains higher harmonics. These h~rmonics

must be eliminated in order to retrieve the fundamental frequency component.

The converter will supply harmonic (Table 3.4) components to the supply (sour=e)

due to its non-linear characteristics. These harmonics will disturbe other

consumers connected to the same source. Particular modulation technique may be

employed to eliminate the higher harmonics. Only the modulation technique is

not su=ficient to eliminate the harmonics completely. So low-pass filter

circuits are to be added prior to and after the sampler.

The distortion factor (OF) 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 OF is a measure of

and is defined as

.. (3.9)

where Vl is the rms value of the fundamental component and Vn is the rms value

of the n-th harmonic component.

The distortion factor of an individual (or n-th) harmonic component is

defined as

.cFn = •• '~..•• (3.10)

From Table 3.3 ,we see that fundamental component of output voltage is 0.87 p.u.

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

0.20, ~ 0.08 p.u. respectively.
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The total distortion factor is given by eqn. (3.9);

=

= 0.2234%

The distortion factor of 11th harmonic is

V11 V11 0.20
OF11 = • a

(11)2V1 121 V .121XO.87
1

= 0.19%

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

and is dominant one. Other harmonics are negligible. So a 10w-passTT-section

filter may be used before the load.

L

Rl- (LOA~

'Fig. 3.9 : Low-pass rr -Section Filter.

The cut-off frequency, f a
C

a 11 X 50 cIs. ,.. •• (3.11).



---"

50

Assuming load resistance, RL = 1000 ohms

•• load resistance RL = ~ ~ = 1000 ohms. •• (3.12)

or,

or,

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

1 = 11 X 50 = 550

TT -JCX10GXC

1 = 550or,
'1TC10

3

or, -7
= 5.78X 10 F

= 0.581{F

•
•• L=0.58H

and C = 0.58}{F

= 0.58 H

Newfrom Table 3.4, we see that input current I contains 3rd harmonics, a

0.52 p.u. of output current and this is dominant. Wewill require a Low-pass

IT - Section filte,t before the converter to cut-off' this 3rd harmonic term.
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1
=TIiLC

3 X 50 = 150 cis •• (3.13)

Now load resistance =" ~ = ,1000ohms. •• (3.14)

or,

From eqn. (3.13) we get,'

L =

or; c = 2.12AF

= 150

6 -6 6L = C X 10 = 2.12 X 10 X 10 H

...
and.

3.7 Conclusions

L ""2.1'2 H

C. = 2.12/f..F

= 2.12 H

The analytical expressions developed in the earlier chapter is utilized

to study the phase converter under balanced and unbalanced conditions. The

proposed technique produces balanced output voltage. The input current unba-

lance is dependent on input voltage unbalance. By choosing appropriate swit-

ching function the harmonic content of the cutput voltage can be .reduced.

Detailed input current, output voltage harmonic analysis has shown that the

proposed technique produces balanced cutput voltage with effet.ive 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 aspects include, the derivation of the appro-

priate switching function,the prOcessing of the gating signals from their respe-

ctive functions and the development 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 ecomplex~iJ-l2-~than deriving respect-

ive signals for a balanced phase converter. The unbalance present suggests that

the implementation and performance of such phase converter depends to a large

extent on their respective logic control boards. Slight 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 app~opriate

switching functions, the processing of the gating signals from their respective

functions and'finally the development of the circUitry required to implement the

above functions and signal processing •.

To implement the schemes proper relationship between input voltages and

gating signals is required. Such a gating signal.relationship with balanced input
•

for the phase converter (Fig. 4.1) is shown in Fig. 4.2. This gating signals Can

be realized by using digi tal components.
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A

v
Vca

CF 3

a F1 b F2

S4 S6
Vbc

L
o
A
Dn

Vcn

B

Fig. 4.1: Simplified cireui t diagram of the proposed 3-phase to l-phase

'Converterin full-bridge configuration •

•
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Fig. 4.2 : Six gating signals relationship with balanced input voltages
for the converter •

•
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3-PHASE
.INPUT

Tab
3- PHASE DIGITAL g1
ZERO CROSS DELAY
SENSING CIRCUIT g2
CIRCUIT

Thc g3

4

gs

Tca
~-Y transformer 6

Fig. 4.3: Logic circuit block diagram for the converter •

•
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A delta-wye step down transformer (Fig. 4.3) is used for input line voltage

sensing. The output of this transformer provides the three zero crossing points

for the three input line vol tages. The zero-cross sensing is implemented by emp-

loying three properly biased voltage comparators.

The six gating signals gl-g6 (Fig. 4.2 ) are then applied to the gates of

the six switches. Sl- S6 in synchronization with zero crossing signals. The gating

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

The derivation of unbalanced gating signals are described as follows:

Let,
Yab : 0.97 sin wt

Vbc ~ 0.95 Siri (wt _1200)

: 0.93 Sin 0
Yca (wt - 240 )

i.e. the unbalances are 3%, 5% and 7%•.

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 calculated

as follows;

For signal & the width D 900 x 0.97 D 87.30gl g4'

For signal g3 & g6' the width D 900 x 0.95 ~ 85.50

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

shown in Fig. 4.4.

Therefore, th.ewidth of the gating. signals changes according to the unbalances

present in the input line voltages.
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Va}:>
Vbc Vca

!

.5

~ 360
wI:

-.5

-1

~1g1 t J t I • wI:.
9~ 18" 2'11; "3bfll

.:t
g2

l I
l~~

I. I Wt
9f/J 27() "360

:1
g3

I I I
[ I wi:

91J 18W 27~ 360

~lg4

II II J II .wt
~ 1~Ql 21f/) 3G(]J

:1
g5

[
I I it~ wl

g6 9;J 1S)!) :J:,q;

!

~ wi.
9tl l8g) 27QJ 3b2l

Fig. 4.4 : Six gating signals relationship with unbalanced input voltages
for the converter •.

•
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CONVERTER

I
I___ . .J

INPUTS OUTPUT
~

~
r---/

91 92 93 94 95 96

---- I-- -~- - --- - -- - - '- -- -- -- - ----,
I
I
I

SENSING OF I

MAGNITUDE OF
AMPLITUDE
UNBALANCE
PRESENT

.

~K~P APPROPRIATE GATING
TABLE SIGNAL
(CORRESPONDING
GATING SIGNALS) I

I

b

a

c

r-
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I, MICROPROCESSOR
L - - - - - - _....:-- - - - - -

Fi9. 4.5: Microprocessorbased=ntrol circuitry •
•



LOOK-lJP TABLE

Arnplitude Correspondin Amplitude Corresponding Amplitude corresponding
Unbalance- gating Unbalance- gating signal Unbalance gating signal
present in signal present in width g3,g6' present in width g5' g2'
ipput Line width g1,g4 input Line input Line
~oltage Vr voltage Vbc voltage V.ca
Jon percen in percent in percent.

.

1 89.1° 1 89.1° 1 89.1°

88.2° ° 2 88.2°2 2 88.2.

3 I. 87.3° 3 87.3° 3 87.3°

4 86.4° 4 86.4° 4 86.4°

5. 85.5° 5 85.5° 5 85.5°

6 84.6° 6 84.60. 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 unbalance is written in BASIC language.

When the amplitude of the input unbalance voltages change with time i.e., .

varying continuously, then a dedicated microprocessor can be used. Various

combinations of gating signals for corresponding amplitude unbalance can be

stored (Fig. 4.5) in a look-up table. Accordi~g to the unbalance present the.

corresponding gating 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 1200 conduction and for this case

the peak, rms and average switch currents Isp' Isr and Isav are given by (23J
I • (-[3) •• (V") p.u • Amps.sp

Isr • . -f3 /-12 p.u. Amps •.

Isav • -r6 lit p.u. 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

(Fig. 4.1), it is assumed that

Nominal input ac voltage ~an = 220 volts (rms)

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

and the fundB/lllentalcomponent of output (Table 3.1) voltage

VAB, 1 = 220 H 0.87 = 191.4 volts (rms)

and the load.current, lAB (Fig. 4.1) is given by

= 30,000/ (3 H 191.4 ) = 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

follows:

Peak switch voltage. = 220 H ~ = 311 volts.

Peak switch current = 52 •.25 H C{6}P'u.

= 128 Amps.

Average switch current: 52.25 ~ (.r"",/rr)
= 40.74 Amps.

RMS switch current = 52.25 H (V/'I/2)

= 64 Amps •

•
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LS1
a "3 to 1

PHASE
Ls2 CONVERTER LOAD

b

Ls3
c

Fig. 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 converter

shown in Fig. 4.1 as the load current commutation must be done without free-

.wheeling diode. Referring to [14] a snubber 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 L -1-2-3 facilitate current transient (i.e. commutation)
s

from a turning off to a turning on switch •.

2) The snubber circuit consists of a full-wave diode rectifier circuit.

During normal or accidental switching transient, the snubber rectifier diverts

over-voltages during transients.

input currents to storage element C 1.. s

Snubber capacitor C limits resultingslOver-voltages occur during transient.3)

4) Once the storage element CS1 is fully charged, it IaIstbe discharged

for further application. The charge stored in C is discharged through thesl
energy "bleeding" resistor Rs2•

5) During transient, a series L-R-<: circuit is fonned by the snubber circuit

components. Resistor RS1 provides critical damping for L-R-<: series path.

4.5 Conclusions

A complete design for the proposed unbalanced phase converter is provided

in this chapter. Design for both fixed and variable amplitude unbalance is

discussed. Usi~g these design data and control logic circuitry a laboratory

prototype can easily be built.
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SUMMARY! CONCLUSIONS AND RECOMMENDATIONS

5.1 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 is 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 co~dition and from this analysis some basic principle is estab-

lished for unbalanced input condition •.

The principle states that inorder to generate balanced output voltage

(and current) from unbalanced (amplitude) input voltages, the magnitudes of

fundamental component of the switching functions are inversely proportional to

the amplitude .of the corresponding unbalanced input phase voltage. Operational

feature of the converters is described under both balanced and unbalanced input

conditions. Principle of operation remains the same for both conditions; only

width of the switching functions varies.

The dependency of the width of switching function on the Fourier-eoefficient

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 0.55 respectively and the harmonics con-

tent is not very high •
•
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. In chapter 3, complete Fourier analysis for balanced and unbalanced phase

converter is done. The system description and mode of operation are described.

The switching function and modulation technique of the switching function used

in this thesis are presented. Computer simulated results of output 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 increase of

unbalances. For balanced case, the fundamental component of Ia orIb or Ic is

55%, whereas they are 52%, 53% and 54% for I •.Ib and I respectively for unbalanceda c

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

unbalances.

In chapter 4, complete design data is presented. Input voltage sensing is

used to synchronize the opening and closing of the converter switches. Control

logic circuit using simple 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 •

•



..-
/--

66

5.2 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 further the behaviour

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

may be extended to cover tne three phase to three.phase unbalanced converter •

•



•
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APPENDIX-A

BASIC PRINCIPLE OF CONVERTERS

-The output of a converter depends on the switching pattern of the converter

switches and the input voltage (or cUrrent). Similar to linear system, the output

quanti ties 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

Ii(Wit)'are the input voltage and current, respectively,

the corresponding output voltage and current are V (W t) and I (W t), respectively.o 0 0 0

The converter could be either a _voltage source or a current source converter~15:l.

Voltage Source: For a voltage source, the output voltage V (W t) can be related to
..••.._ •.•.•_'- ..••....••..~ 0 0

V (W t) ~ F (w t) Vi(WJ.'t)o 0 s

•
(A-1)

where F(W t) is the switching function of the converter as shown in Fig. A-tb.
s

F(W t) depends on the type of converter and the gating pattern of the switches.
s

If g1' g2' g3 and g4 are the gating signals for switches Q1, Q2, Q3 and Q4, respect-

ively, the switching function is

Neglecting the losses i~ the converter switches gives us

_Vi(Wit) Ii(Wit) D V (W t) I (W t)o 0 0 0

V (W t) Ii (Wit)
F (W t)- o 0 •••s Io (W t)Vi(Wit) 0

Ii (Wit)•• F(W.t) Io (W t) ••
0

••

••

•• (A-3)

Once F(W t) is known, V (W t) can be determined. Vo (Wot) divided by the load
s 0 0
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co Converter
r------..,
J Q

1
c I

I ,

I I
I Q4'I I
I I
I I
I I
I I

I
I '"I I
I
I I
I Q2 I
L " .J

•
Converter structure.

I (W t)
o 0

+

'" V (W t)o 0

L.. L.. +---'- Wit
1T 21T

L.. --..:... .L- .L..... wit
TT :l1T

I- -+.:=------------r.:;;:----- wit
" 1T '2.1T

-1

(b) switching function
•

•
Fig. ~-1 I single-phase converter structure.



.71

A-1 SINGLE-PHASE BRIDGE RECTIFIERS

If the input voltage to the single-phase bridge rectifi~r is

oc
4V

=-;-)
",,1,3,5,.

•

4Vm ~oc Sin (Wit) Sin (nW.t)= _ _ .1_ .. (A-7)

IT na1" t • • n

Cos {(n-1) wit} - Cos t (n+1) wit}
•• (A-8)

2n
• •
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1 .__ Cos (6W.t)
5 J.

1 1 J+ 7Cos (6Wit) -,- Cos (SWit) + ••••••

2Vm.-
if [1 - Cos (2W. t)

J.

1 1 C (~it) + 1Cos(4Wit)
+ "3 Cos (~i t) - "3 os i 5

2V
s __ m_

IT

_L Cos (4W.t) - L Cos (6w.t) - ••••• J
15 J. 35 J.

C>C Cos (2mwit)
2V 4V C •• (A-9)m m ••s __ - 2
tT if 4m -1

Jng1,2,3, •••

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

the ripple constant on the output volt~ge.

, For a three-phase rectifier, the switching functions are F1(Wst), F2(Wst)

and Vcn(Wit), the output voltage becomes

•
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73APPENDIX-B

COMPUTER PROGRAM - 1

THIS PRJGRAH IS D[J~E OY MO. SHAFIQUL ISLAM
rHESIS SUPERVISOR JR. SflAHIDUL ISLAM KHAN
A:;S~CIArE PROFE'iSOR,DEPARHIE/lT OF E.r.E.f\llEr,[J!~AK"

DErERMI~ATIO~OF OUTPUT VOLTAGF WAVEFORM
U/IOER UNBALAr1CEO I~PUT CONOIrION
WITH THE HELP OF FOURIER COEFFICIENT

DIM EN S IO"l B I100 ), 'J C I200 ),X X I160 I ,Y 'f I360) ,A I100 I ,C I100 I
OPENIUNIr=3,FILE='OUrrUT',STATU5='NEW')
PI = 3.1l,15.?2 7
[JELl=10B.orI/IBJ.
DEL2=112.~PI/IBO.
OEL3=116.~PI/IBO.
,00.44 \(=1,'1'1,2
AIK)=4.DSINIK~JELI/2.I/IKOPl1
8lK)=4.~5INIKcDEL2/2.'/lKOPI)
CIK)=4.~SINIK~DEL3/2.I/(KCPI'

(,4 CONTINUE
WR IT E I 1 , 3 1 , (K , K , A ( K ) ,K , [J ( K , , K , C l K J , K = 1 , '1"" , 2 ,

3 1 FORM A F( l)(, ' K = , ,I2 ,1 X , 'A I' , I~ , ' ) =' ,F 12. R ,3X ,'B I ' ; I2 , ' )= ' ,F 1 2 •'I,3 X , .
.1.'C( '~I2,'I=',FI2.8)

Al=1.'11
fll=.1.'15
Cl='),q3
I) 0 (, [ fi = 3 , 'n , 2
AN=Al:'''lM)
1311= 'J 1 ~ :3 I M I
CN=: ICC (l'11
N=2('M-lB C l/I,=0 •5~ IUl:q •0 '[)N C COS I- (11-1Ic 2 •C P II 3 •),C 11CCOS I- lr'- 1 )c 4 •C P I13 • I )
K=2CM'1
BCIK'=O.5CIANCl.0'9NCC051-IM'I)CZ.OPI/3.I'CNOCOSI-IM'1)04.cPI/3.11

SI :O~HPUE
WRI rEI 3,12)

12 FORIIATl'I',5X,'srART F~OM 'lE\~ PA:;E'1
\-IR I TEl 1 , 32 I I Po, II , B C I /1) ,M = 3 , '1'1 , 2 )

3? FOR'" ,\TI ZX, "M = , ,I2 ,2 X ,'1C I' ,I2 , ' I= ' ,F'1•5 ,.
Oll '11 I=lt~60
VOV=O.O
RAD=IcP[/IRO.
DO '7.2J=3,9~,2
VOV=~CIJloCOSIJCRAO)'VOV

.92 COIHI NUE
XXI I) =FLOATI I I
YYIII=3.cCOSIRAO)/2.'VOV

91. CONTINUE
CALL lPLOTIXX,YY,360)
STOP •
END
SUfI'l.OUTUIE FOR A'lOVE FUNCTIOII
SU~ROUTI~E lPLOTlll,QQ,N) .
DIMENSION llltO,OQ(/1) ,PLOFlln1)
CHARACTER G,AlANK,H,PLor
DATA G,~LANK,H/;~',' ','.'/

•.
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W'<If!:,!J,3'il
fl5 F URI1 i\ f( , 1 ' ,4 X , ' CON 5 fR U: T[ uN P ~ l1G~ ~M ' 114 X, ' x x ( I I ' ,4 X, ' YY IlL' III

00 flO K=0.,101
8~ PLOfl~I='LANK

OQI'A X= Q') ( II
OQMIN=OOlil
DO '31 1.=2,N
IF(OQ(II,Gf.OQM~X'QQ~\AX=Q,)(II
IF(QO(ll.Lf.,)Q~1INIJ')MIN=')')(11

81 CON fI NIJEI~XI5=1.'i.(_QQHINI/(QQMAX-QOMIN1~Z5.0
DO 92 1=I,N •
PLOTlIAXI51=H
l'=I •5 + IOr,)!I l-0 Q rH f.lII !Q Q I'A X -Q Q 11110 ~ Z 5 •a
PLOTlLl=G
WRlf~(3,81Illlll,,),)111,I'LIJf

83 F OR IIA r! 11(,F". 2 , 3X ,F r, • 3 , ? X , I01 .\1 I
P LO rt Ll = flLAI!K

8 Z CON TI tIlJE
REfUUI
~rlO

•
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COMPUTER PROGRAM-2

,rH[~ PR]~~A~ [S oa~E RY MO. SH.F[JUL [SL.~
PES[S SUPcRV[S]R DR. SHAff[lLJL [SL.'1 KHAtI
ASSOC[AfE PR]FESSOP,DEPARTME~f OF E.E.F.~]FT,OHAKA

j,

JEfEiHlI:IATI'l'1 'IF TNPIH PHASr: :JR~E'lfSI TA, I~!:T'C)HAVr-F:JRMS
UNDER UNBALANCED I'lPUf corl~[T[UN
WITH filE HELP OF FOURIER COEFF[(IE~T

DIM ~N S I ON B I 100 I , XB I 360 I " YB I :I f,:) J , : I 101 J , XC I :I h 0 ) , YC I :I &0 J , A I 100) , XA [
13&01 ,YAI 3&0)
OPENIUN[T=3,F[LE='OUTPUT',SfATUS='NEW')
P[=3.141'i927
nEL1=10~,:,pr/lf10.
0[L2=112.~P[/lf10.
OEL3=11S.*p[/l~0.
DO a 1 N= 1., 'n, 2
• IN I =4. * Sltl I I'j* n = L 1/2 • II (lP P [ I
3INJ=4.=S[NIN*DELZ/Z.I/(N=prJ
CINI=4.~srNIN*OEL3/2.I/IN~P[J

DL CONflNUr:
WR I T r: I 3, 'i 1 J ( N, II, A I N I , II, "I til , r~, : I r.l1 , II = I , 'J'l, Z I

5 1 F n R1'1AT( I X , , II = ' , [ Z , 2 X , ' A ( , , I 2 , " I = ' , r: ;J • ') , 2 X , , r\ I ' , [ Z, , I =' , F fI • 5 , 2 X , ' C I
l',IZ,'I=',FfI.51
Of) 03 I = 1 , 3 h J
RAO=[~Pl/l~r).
:or.=O.J
CW)=:).O
:11:=0.0
DO 04 N=1,')",2
( 0 •••= I •••II Jl I ? • J ;' ( C rl S ( ( 2 * r J • I I :. P A 'J I • C [l ~ I I 2~' N - 1 I = R A0 I I • C (1 A
: 0 .\ = I [) ( (~ J I Z • ) = leo S I ( ( 2 * r I' I J :' R 'dJ ) - Z '. w:q' r 13 • ) • COS I ( I 2 * II - 1 I * R A0 J - 2 * N"

lPT/3.II'COB
COC = ( C ( N I 12 '. I * ( C!l S ( ( ( 2~11 • 1 I '. R A'l ) -'. * rI:' P [ I 3. I • C J S ( ( I 2 ~N - 1 J "R r. 0 J - 4 =11~

lDII3.II+COC
0'. CON f II!U ':

XA([I=FLOAf(rl
Y A ( I ) =C 0 A
XBI [) =FLOI\ f( I)
YBI [' =C06
XCI [I =FLOATl [)
YC([)=COC

03 COIHlfJUE
CALL APLOTIXA,YA,3S0J
CALL GPLOTIX1,YJ,36~1
CALL CPLOflx=,YC,3~01
STOP
END
SU~R(JUTrrJE FOR CUQ.~ENf.
SUnROUT[NE l\oLOfIZ"',OA,NAJ

.O[~'E'lS[ON ZAINAl,"rJA(N.' ,PLOfll( 1011
CHARACTE.R GA ••ABLANK, itA, PLOT.\
DATA GA,ABLI\NK,HA/'=',' ','.'1
Wf([TEll,'i')1

55 FORMATl'l',2X,'[NPUT PHASE CURREIl! [A'112X,'XAI[I',4X,'YA([)'11l
DO 05 K=0,101
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05 PLor~lKI=ABL.NK
QAMAX=:JA III
QMH rJ='JA I II
J0 06 [= 2 , '~A
[ F t 0 A I [ , • Gr. Q" " '\X J 0 A '!AX = 1 A I [ I
[FIQAI[).LT.)A'I[NIQA~[11=1~1[1

05 ::ONfl'~ClC'
IAX=I.5'l-QAMINI/IQAMAX-QAMINJ=50.0
DO 07 [=I,NA
PLOTAIIAXI=I-lA
L" = L • 5' t 0 A I [ I -1\ 'H ~III I 'M '\ A X-'J A 'I fl.1l = 5 a • 0
PLorAlLAJ=GA
WR IT F I 3,50) l ~I [ J ,') A ( [ l , P UH 1\

55 ~ORMATIIX,F6.Z,2X,F~.5,4X,laIAII
PLOTAILAI=ABLANK

01 ::ONfl N~E
< [Tun.N
END
SUBP DUTI IF "P LUT( l'\, ~fI ,NB J
D[M<~'~SION l11 'I"",O'\(fl'l),PL:JT"IIIClIJ
C H A ~ A C r c < G '1 , '1" L A \1 K , Il 11 , P L'] r "I
DATA GII,l'\l,\NK,,!l/'::'~' ','.'1
WRTT;:(3,571

57 FORtlATI'L',~X,'p~PJr P'IA')<:::'H"r.~'r[n'll7.x,'X'\(II',t,X,,'YfI(II'11
UO 09 K='), LlI

09 PLnr'\IKI='I~LAtIK
')',t14X=1:;( I J
:: '\ 1-1.1'I =::)1 ( 1 I
DJ J 9 ! = 7., tn
!r. I Q 111 !I • G T .0 'I '\' X I ry; t! AX = Q [I( I I
!r.en I!I•L r•:)'I'll'n ')'I.~[n =Q f\ ( ! I

07 ::O'ITl:IU~
!:'.X = 1.5' I -QBMnl J II Q'\'.I.\X-')[\'1[ r~l= 50. (l

)U 10 [=I,N".
PLOT'll ['IXI=Il]
L] = I • 5' ( :J J I I ) -Q BM I N II' ')p.M AX- 'J ~ ,ll N I = 5 a • 0
PLOr!3!LBJ=GB
WPITE(1~58IlgIII,~BIII,PLOT'l

59 cJ<MATIIX,F5.Z,2X,F8.5,~X.IOIAII
PLOr~ILnl=[I~LANK

I J ::'IN r HIU=
'U:TURN
E'ID
SU1ROUTI~E COLOrllC,QC,~::1
!)[M,NSIJN lC I'lCI, QC PIC' ,.oLOrC (1011
C/I~P.ACTER GC,C[JLAtIK,'lC,PLOTC
D~TA GC,CBLANK,HC/'~',' ','.'1
WR! rEI l,'j?l

57 FORMA"rI'I',2X,'I'IPUr D'tr,S" ::U!t;<E'lTIC'112X,'XCI1I',4X,'YCI1I'11
00 II 1':=0, un "

II PLor::IKI=CBL~NK
QCMAX=QC(11
QCM!N=QC!ll
DO 12 1=2 ,~IC
TFIQCIII.r,r.QCMAXIQCMAX=QC'IJ
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,r(O[(".LT.O(HI~JOCMIN=1[IIJ
L2 : ~l'l Tl r IU"

I C~ = 1 .5. ( - :J: ..,I "1) / I ')C "'\ X-1 C'~I 'II ~ 'j 0 .0
)0 13 1=I,NC
PLOTC II.CX) =H:
L:=1.5.I:JCIII-,)C~I'II/11C/'~X-')CMI~I~50.0
PLOrCILC)=GC
W~ I TEl 3, &0) lC I I ) ,QC ( I J , Pl or C

~~ FOR~Ar(I~,F5.Z,ZX,Fq.5,4X,IOIAl)
I>LOTC IlC.) =CBLMI<

I' CONTINUE
RETU",II
EHO

•

•
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