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ABSTRACT

4

o . Analysis of Switchf®g Schemes
pras ‘ * for 3-Phase Static AC-DC Converter

Ty
. k4

{

. Md. Nurul Amin Chowdhury :
The performances of 3-phase AC-DC converters wi th'different switch
ing schemes are compared. Emphasis is given on the utilisation of the
"+ converter in selecting the switching functions. A conventional six-
switch converter structure is used throughout the study. The input and

Loutput current and output voltage are determined by frequency domain

" analysis. " An unbalance in a 3-phase AC supply voltage produces non-

characteristic harmonic componemts in the input current of converter.
. . ‘- , The performance Of, 3-phase AC-DC converters are compared for bocth bal-

. anced and unbalanced supply voltage conditions. A detailed harmonic
analysis is done to determine the order and magnitude of harmonic com-

L ppnents present in the input and output of converters with different
switching schemes. The seitabﬂity of different switching schemes are

1 determined depending on operating criteria. The study will be usé?u]

\ in determining the effects of different switching schemes and supply

o . unba'lances on the distortion factor, total harmonic distortion, input
\ ‘power factor and lower order harmonics of the converter. It also gi ves
- comprehensive idea about minimizing and/or maximizing certain criterion
“for the converters and also about filtering requi rements'wi th di¥ferent

switching schemes.
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CHAPTER 1

-~ INTBQ%UCTION

, N . R L2
\ . '3
1.1 Review R '

: -

Three phase AC-DC $tat1c power converters are extenswe]y used for
power conversion. These static power -converters are non'hnear . They
produce nonsinusoidal-current op/the power iystem" "Initially there were
a very fe\ﬁ AC-DC converter loads on a given bus. The d1st;ort1ons were

not so severe and no serious problems' were reported other than computer

malfunction [1]. Today the converter load is a substantial portion of

~the total s_{/stem power requirements [1]. They generate signﬁficant

amount of harmonic current into the system thereby introducinq a) in-

crease[d 1osses énd b) mterference w1th communication ]1nes

- The resulting power fact\or of an AC-DC converter is usually poor.

o From economic and 11'n.e\ vo]tege requlation point of view it is required
~tc'J improve the E\Leraﬂ system power factor. This power factor improve-
ment was achieved by usina shunt Acapgcitotr. When these capacitor Banks
vJe‘re used, problems ‘of’v ltage and current harmonics due to these eapa-
icitor and other syste(::\uipment ‘became dominant [2,3j.' For normal
.static power converter operation the circuit parameters of converter do
'not' combing with systgm paramefers to ‘beA resonant at any characteristic
harmonic [2]. The ;atura1 frequencies of power circuits are in the

ki ’

.
w

kilohertz range. But when the capacitors are added to the system the
resonance frequencies may fall within the range of harmonic frequencies
encountered with stat1c power converters. In actual power systems which

uses power factor correct1on capacitors, series or bara]]e] resonance

u f
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or a c;ombi‘na*?ﬁon.of both may occur if the resonant point becomes close.

to one of the frequencies generated by static power converter [2-5].
The result is excessive harmonic current fiow or excessive haymonic over-

voltages. .,

The recent problems involve the use of sophisticated electrical and

electronic equ1pment which are very sensitive to harmonics in power 11n/s ,

»

[2,3,5]. Metering and 1pstrumentat1on are also affected by these harmon-
i¢ currents. Carrier system that control remote devices can produce .
erroneous operation if the qenerated harmonics are close.- to the carrier
signal [7]. 1In future,the static power converter will malge harmonic dis-
tortion the only 1mportant problem in stat1c power conversion [6].

The harmonic currents aenerated by static power converter gcan be
suppressed by using a) proper 'i’nput/output filters and 'b)‘ proper
switching function for the switches of the converter. The filter adds
extra cost and weight~tb the converter. It is preferable to use a pro-

per switching function so that the harmonics generated by power conver-

sion devirc/e alone is reduced [9-117] and then to use a comparatively smal-

0,8 \
ler size filter. .
N ' S
Besides the characteristic harmonics of AC-DC converters other non-

characteristic harmonics are produced due to imperfections such as:

a. unbalanced transformer i'mpedagc_es,
b. unbalanced supply voltages and
c. perturbation of switching angles [8]. ' o
L :
fmong these imperfections unbalanced supply voltage is of special in-

terest. ‘Converters using four different types of switching functions
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are compared in this work. Their berfda,ances are studied for both ﬂa-
'lancéd and unbalanced power suppiy conditions.
In the ana]ysi; of converters using different types of sw{tching

functions, the input and output currents and output voltages are deter-

mined by a method of exact analysis.[lz].

.

1.2 Switching Functions

i '

Four switching function ighemes are considered and these are:

%~);,
1. Fhase angle controlled swispﬁﬁng function ' he
) o
2. Modifted sinusoidal PWM switching function
/ 3. PWM switching function for optimum input current distortion and
4. PWM Switching function for specific input current harmonics elimin-

ation.

Although many different switching schemes were proposed in past

years for conventional six switch converter structure [10,11,13-16],

the above mentioned four schemes exhibits better utilisation as compared

—

to othé}s.

\

1.3 Basis of Comparison

The order and magn{tude of harmonic components present in a wave-
form dictates the size of a filter. Larger filter components calls for
greater cost and weight. Re]Stive]y larger size filter is required tg
suppress lower order harmonics in comparison to higher order harmonics.

In a 3-phase AC supply system the most consideration is given to reduce
' )

T - e ——— e
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the distortion factor of the input 1ine current. Considering a general

second order filter distortion factor can be expressed as [17]

1 .

L] (2t

DFy = D=2 7 x 100 B y
1 4
N ' .
where: )
X; = RMS value of the fundamental
Xp = RMS value of the nth hafmonic’component

The presence.of harmonics in a waveform can also be expressed in
terms of Total Harmonic Distortion (THD). THD is a measure of the close-
ness between the waveform ahd its fundamental component. THD can be ex-

pressed mathematically as [17] - -
3

D% = [ ] (x /%)% x 100
n=2

where:

X1 RMS va1he‘of the fundamental

o

X RMS value of the nth harmonic component o S
Converters using different switching schemes are compared on the
basis of their input power factor, distortion fac%ors of input line cur-

rent and THD of output voltages for different normalised output dc

' vo1ta§es. Normatlised output dc voltage of a.AC-DC converter is the

2
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*,

73410 between output dc voltage and it's maximum value. The comparative
gﬁudy js done for balanced aﬁd unbalanced supply conditiqﬁs to establish
the perfotﬁance degradation of different converter schemes under unba-
lanced supply condition.

The switches are considered ideal and lossless throughout the

study. /'

Y
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CHAPTER 2~
«

- METHOD FOR ANALYSIS OF 3-PHASE AC-DC CONVERTERS ™

2.1 Introduction

ng. 2.1 éhows a 3-phase AC-DC converfer with six fu]]y—contro]]eq
switches. ‘The conduction of individual switch determines the mode of
~operation. The free-wheeling mode can be achieved by gating two switches
on the same arm whenever it ia necessary. fhe input line current, out-
but current and output voltage of a 3-phase AC-DC converter can be deter-
mined by §o]vinq the differential equétions which describes each mode of
operation. The different modes of operations are the segments of the
whole cycle within which time particular switches conducts and thereby
'1oad current is reflected into the line through these particular switches.
The solution of these differential equation describing different modes
of operation requires muqh more complicated steps in determining average
and effective values because of the presence of mathematically discon-
tinuous voltage and current wave functions. On the other hand the exact
method [12] replaces the switches with their proper switching function.
This switching function acts like transfer function bgtween input and
output. Exact metHod determines all the input and output quantities in
terms. of their Fouries series components. In determining input line
current, this method handles the output current ripples easily.

In the subsequent analysis the following assumptions have been made.

(i)  Continuous load current

(i) Lossless ideal switches
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Fully-controlled 3-phase AC-DC converter




. (iii) Switches get their timing reference for gating from their
respective phases ‘
(iv)"  Switching functions are.symmetrical about origin and have

quarter wave symmetry.

2.2 Output.Vo1tage

>

The transfer function of a converter, S(e) can be expressed in

terms of its Fourier Series as, -

5(e) = H_ sin(ne + y) ' (2
)

'Assuming‘ Si(8), Sy(e), S3(se), ...,(Ss(e) as the corresponding

»

gating functions as applied to each switch, the transfer function with
respect to port 'a' (Fig. 2.1) becomes [S;(8) - Sg(0)].
Similariy the transfer functions for other two input. ports are

\f, .
[S3(e) - s,(8)] and [Ss(8) - S,(e)] respectively. Assuming the sup-

ply phase voltages as:

Va = E,sin(e - ¢,)
v, = Epsin(e - ;) . .
Ve = Ezsin(e - ¢3) )

the output voltage expression becomes’

‘ Vo(e) = {v,(e)}{S(e)} ' . (2.2)
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or vgle) =
where: "
v;(e) = Input voltage function
Fi(e) = [S;(8) - Sg(6)] Eysin(e ~ ¢;)
Fz(b) = [53(9) - 52(9)] EzSin(e - ¢2)
Fa(6) = [Ss5(6) - Sy(8)] Essin(e - ¢3) ‘

3

By using simple triqonoméfrica] identities and selecting proper

terms from output voltage expression, average output voltage bé@omes

3

VdC = 5(E1+E2+E3)H1COSG (2.4)

Following the same procedure the mth harmonic component of the out-

put voltage can be expressed as

ExH Exhoy
Vom = __5___ cos {me-m¢1-(m+l)a} -y cos {me'm¢1’(m'])a}
E,H EoH
+ ——ﬁmil cos {me-mgp-(m+1)al} - ém-] cos {mo-mdp~(m-1)a}
E3H E3H -
+ 2h+] cos {me-méy-(m+1)al} - *“gm*l cos {me-més-(m-1)a)

(2.5)

The details of the derivation is shown in Appendix A.

ff\'

= F1(0) + Fa(o) + F3(e) o (2.3) -
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2.3 Output Current

¢ .
Load impedance to the mth voltage harmonic component is
X
7, 8y = (R + (amfl)2)? ftan” ' (amafly
; v E
- dc ¢
Output average current, I, = -—p R

Considering a specific voltage harmonic component and its corres-
ponding impedance term, the narmonic components of output current can
be evaluated. After combinfﬁg all harmonic components, the output

current of theqconverter can be expressed as
~N

-
(=]
Cne
[av]
g
"
L
a
3]
+
ne~1 P

In sinﬂne + Bn). , (2.6)

2.4 Input Line Current

Assuming no losses in the converter, 1nputlinstantaneous power is
equal to the output instantaneous pawer.
\ ' 4 : )
tvy(8))0i,(6)} = {vg(8)}{iy(0)} @

-

From Eqn. 2.2 vo(e) can be expreésed in terms of input voltage.

i.e., {vi(e))tig(e)} = tvy(e)}(s(e)}io(e)}
or, 1;(8) = {S(e)}{ig(e)} o ' (2.8)

.
ROEPe S
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4.e., Instantaneous input line current

- (switchinq funétion) " (Instantaneous

of the converter

output current

)

By using Eqn. 2.8 an expression for kth harmonic component of input-

line current can be obtained (see Appendix A) .as

11’k(d) = I, Hesin(ke + y,)

« HI ' N
. m~k+m _
+ mz,l —7—— cos(Ke + 8, - y)
/
Y - K-] H I R X
m k-m
- mzl 5 cos(Ke + Beem * wm)
« H I
n+k'n
' nzl ——5———-cos(—Ke’+ B~ Ynek)

.(2.9)

Third term in expression 2.9 contributes from second harmonic component

té higher order harmonic components.

s e e = e o

o

e 2
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CHAPTER 3' - /

©

SWITCHING SCHEMES

3.1 Introduction

Therg are many different switching schemes to improve the output
" voltage waveshape of inverters [10,11,14,18]. The objective of all
these schemes were to eliminate or minimize Tower order harmonics from
tpe output voltage waveférm of the inverter. These schemes with some
exceptions can' be used in 3-phase AC~DC converte# to improve the wave-
shape of input 1i6e current. Because of the converter structure as
shown in Fig. 3.1 and freewhee]ing opéion of the load current some modi-
fications are required Qhen these inverter PWM switching functions are
implemented in a converter. ) |

Baséd on the criteria of improved utilization factor foﬁr types
of switching functions are studied. -

3 | : )
3.2 Phase Angle Control

The phase angle controlled switching scheme is shown in Fig. 3.2
for zero phase shift. The timing reference for the occurrence of
switching function is derived from the zero crossing of respéctive
phase voltage. The switching function is implemented by the switch
pair (SW,,SWg), (SW5,SW,) or (SWs,SW,). The positive portion of the
function is implemented by one swiéch and the negative portion is im-
p]em;;ted by another switch in the same arm of the bridge. The switch-

‘ing functions for the other arms are phase shifted from each other ac-

cording to the phase shift betwe%s/fbeir respective phase voltages.

/

Pt d
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For balanced 3-phase supply this phase shift is 120°.

The conduction angle of each individual switch is 120°. This
switching function can be delayed by varying the phase shift « to con-

trol the average output vo];pge.&.Average output voltage depends on the
¢ .

_phase shift o and on fhe fundamental component of the switchingofunc-
tion.% As the delay chfeases, displacement: power factor of the input
line current decreases. Therefore, for lower aveiage'phtput voltage

input power factor decreases. o

. The utilisation factor of an AC-DC converter is expressed as
- : . ‘ S

o

UF = Maximum.output DC voltage
RMS input Tine voltage

>

p .

The utﬂ%saﬁ@n factor for this scheme is, UF = 0.9549.°

-

3.3 Modified/Sinusoidal PWM

Gagn,”
X e Y
, In modified sinusoidal PWM scheme carrier triangular wave is com-

paredlwith reference sine wave by leaving middle 60° 6f tﬁé $ine wave
untouched as shown in Figure 3.3@. The intersections praduced from
this comparison generatces the gating signals for sQitchés. In the gat-
ing signals of switch §W; the pulses of Qidth Dﬁ;Dé;D3‘ and Dy
between = and 2n .(as‘shown‘in Figure 3.3c) are introduced for free-
wheeling of load current.

__Figure 3.4 shows the positive half of the modified sinuosidal PWM
switching function with 12 pu]ses‘pér half cycle. The switchiﬁg angles
Ty through Tg can be derived'f;om intersection points as shown in

Figure 3.33, The remaining switching ang]eE T, through T;, are de-
| v .

r
1

“rived as follows: . ' w
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T7 =%"'-T6
Tg = &4 - Ts

. . \
Tg =131:'+T1 (3.])
Tio=3+Ts

bl
TIQ“ 251 - Ty )
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»Since the switéhin@ function has quarter wave symmetry other angles
between «/2 and = can be derived easily. -The number of pulses per
Ra]f cycle in the switchina function can be increased by varying norﬁa}-
ised' carrier fréquency. The width of pu]ses'are varied by varying modu- .

Tation index, where mqdulation index is expressed as

—

The output voltage can be varied by changing the modulation index:

The bu]se width 01,02;03 and Dy in the gating signal in Figure

3.3 can be obtaihed from the geometry of Figure-3.3a and Figure 3.4.

¢

WA

,These are as follows:
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The dominant harmonic component of the input line current-is shift-
* ed toward higher order frequency with the increase in‘fhe nuﬁber of
pulses per half cycle. Therefore the .distortion factor of ‘input 1ing
current decreases with the increase of pulses. Since the switching func-
tion does not reduire any phase shift for output voltage variatidn,‘the
displacement bower factor can be maintainedlat unity throughout the :
voltage range. ' ' ¢

The number of pulses per half cycle of this switching scheme is
Np = 4P, where P is the number of'pu1sEs’within 0°-60°. The ratio'

of the carrier frequency fC to the input supply frequency f{” can be

expressed as

= 6bm + 3 ' (3.3)

—hln—h

where m is an integer.

’

The utilisation factor for this scheme is,

UF

0.8631, for 12 pulses/half cycle

and © UF = 0.8643, for 16 pulses/half cycle.

3.4 Optimum Distortion Factor

A fixed PWM switching function can be obtained by varying the width

of the pulses by trial and error until _the distortion factor of the input
Tine current is minimized. Theoretically, an infinite number of pulses
would be required to bring this distortion factor down?tq zero. However,
ih practice, the pulse number is limited by the factors of switching

loss and insignificant improvement of distortion factor after a certain
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pulse number. -

Figure 3.5 shows a PWM switching function for optimum distortion
factor having 9 pulseswper half cv;le and also having quarter wave Sym-
metry. To satisfy tﬁe continuous load current condition, the sWitching
function should also meet some criterion in terms of its pulse width
as shown in'Figure 3.6. Once the switching ?unction is constrained to
this condition, the distortion factor becomes the function of switching

A

angles as follows:

CDF = f(T1uTaTgee o T) - (3.4)

where number of pulses per half cycle becomes (2n+1).

A sujtable algorithm can be used for Egn. 3.4 to determine the
switching anqles T, through Tn for optimum distortion factor (see
Appendix B). The remaining switching angles are derived'by satisfying
the pulse-width condition as shown in Figure 3.6. For a switching
function of 9 pulses per half cycles, switching angles T; through T,

are derived by optimising DF ' in Egqn. 3.4. The remaining switching

angles within 90° are derived as follows.

[

Ts ='161' )

Te =2-T ,
A (3.5)
T7 =5- T3

—
o
1
I=2
'
—
N
~5

-
(e}

!
wiA
1
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Theoptimum distortion factor decreases with the increase of pulses
in the switching function. The output voltage can be varied by phase

shifting the switching function.
" Some switching functions which pro.duces optimum di,itortion in the'
input Tline current of the converter are illustrated in Figs. 3.7, 3.8
and 3.9. ”Onb; a quarter cycle of the wave is shown for the sake of con-

venience. : \

The utilisation factor for this scheme is,

UF
and UF

0.8874, for 9 pulses per half cycle

i}

0.8839, for 11 pulses per half cycle.

1 4

3.5 Specific Harmonic Elimination

¥ Specific harmonic components of input line current can be eliminated

by 1nf:1;'dducing a suitable PWM switching function. Basically the scheme
is identical to the scheme for optimum distortion as described in Section
3.4 except the way the switching angles are derived. For specific har-
monics elimination, switching angles are derived from the expressions

of specific harmonic component terms which are constr‘%ined to zero. A
set of nonlinear equations is derived (see Appendix C). The specific v

harmonic term is

Hm = f(T]_ ,T2,T3,..., Tn) =0 Z ’ (3.6)
where m 1is the order of harmonic component.
The number of equations to be solved is equal to, the number of

specific harmonics to be‘eHminated, which ‘again is equal to n. The
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Fig. 3.7 PWM switching function.for optimum input current
distortion, 7 pulses per half cyc'le
T1=7.4°, T2=10. 9°, T3=22.9° Ty= 300,

Ts=37.1°, Te= 49.1°, T7=52.6°, DF=.117%
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F1g 3.8 PWM sw1tch1hg function for optimum 1nput current
distortion, 9 pulses per half cycle.
T\=2°, T2-4 6°, T;3=17.4°, T,=22.3°,

Ts=30°, T¢=37.7°, T,=42.6°, Tg=55.4° ‘ E
T4=58°, DF=.0765%
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Fig. 3.9 PWM switching function for optimum input
current distortion, 11 pulses per half cycle.
T1=2.1°, .T»=13.8°, T,=17.3°, T,=24.8°,

Ts=30°, Te=35.2°, T,=02.7°, T,=46.2°,
T9=57.9°, T,%60°, DF=.052%
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switching angles T, = through Tn are derived by solving the set of
nonlinear Equations 3.6. The remaining switching angles are derived by
satisfying virtual symmetry about 30° similar as shown in Figure 3.6
in Section 3.3. The number of pulses pér half cycle is (2n+1).

To obtain a possible lower value of distortion factor, lower order
harmonic components are eliminated. For 3 pulses per half cyc]g, 5th
and 7th harmonic components can be eliminated. Switching angles for 5
and 7 pulses per half cycle are shown in Figure 3.10 and 3.11. A pro-
per solution for 9 pulses per half cycle in~order to eliminate 5,7,11 and 1
13th harmonic components M’th the required constraints is nonexistent.
A solution with more than 9 pulses per half cycle was not tested.

The utilisation factor for this scheme is UF = 0.8914, for 5

pulses per half cycle and UF = 0.8833, for 7 pulses per half cycle.
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Fig. 3.10 PUWM switching functibn for specific harmonic
elimination, .5 pulses per half cycle.
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Fig. 3.11 PWM switching function for—specific harmonic
- elimination, 7 pulses per half cycle.
T1=2.24°, T2=516°, T3=21.26, Tq=30°,

Ts=38.74°, Tg=54.4°, T,=57.76°.
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CHAPTER 4
ST P
d' " COMPARISON BETWEEN DIFFERENT SWITCHING SCHEMES

«

. 4.1 Introduction | . .

. 4 -
Computer programs have been déveloped for different switching
4

! .

schemes to determine the utilisation féctqr,‘input power factor, dis-
tortion factor of input 1ine current and total harmonic distortion of
output vo*tage. This comﬁarative study is done for baianced and. unabal-
qnced supply conditions.'_lt'is important to ention here that the
modified sinusoidal PWM switching function aﬁd the switching function ~
for optimum distortion factor can have different number of pulses. De-i'
pending on/the value of 1npqt Tine Cﬁ}rent‘§ distortion facta;,15 pulses
per half cycle for modified sinusoidal PWM and 1] pulses per half cycle
for optimum distortion factor switching function has beed chosen.

+

Because, beyond these pulse numbers any increase in the pulse number

’

does not contribute to decrease the distortion factor significantly.

Figure 4.1 shows the variation of input liné current's distortion factor

with the increase of number of pulses for modified sinusoidal PWM switch-

ing function and optimum distortion factor switching function. The
curves in Figure 4.1 are drawn for maximum output dc voltage condition.’
7 pulses per half cycle has been considered for the Switching func-

tion to eliminate specific hafmonics in input line current. Puise num-

ber beyond 7 is not consigered because a proper solution having 9 pulses

per half cycle to eliminate 5;7,11 and 13th harmoinc components is non-

existent. The different switching schemes wi]1 be denoted by number 1,

2,3 and 4. '

©
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. PWM swi@ function for optimum input
/curr'ent diStortion

08 B ’ a
( : .
Modified sinusoidal PWM switching function
.64 ' .
Cont\muous curves are drawn to show the -

trend of DF as the pulse number increases.

Fig. 4,1 DF versus number of puises per half cycle.
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Phase angle controlled switching function 1

Modified sinusoidal PWM switching fuv({tion 2

.

Switching.fhnctjon for.optimum input 3

current distortion

bR

Switching function for specific input’ 4

current harmonics elimination

! ~~
'

<
[\

Frequency Spectrum of Switching Functions

) Frequency spectrum of a .switching function represents the line cur-

‘rent of a converter under ripple free load current condition. But in

practice the load current of ai] AC-DC converters contains some ripple.
The ripple content in the load current decreases with the increase of
load inductance. Because of the présence of ripple jn the 1oag current,
the ffequency spectrum of input line current will deviate, from the fre-
quency spectrum of it's switching function. This deviation becomes

-

greater for gnbalanced supply voltage.
Figure 4.2 through 4.5 show the frequency spectruﬁ of the switching
fqnctions.which‘are considered 1; this sfudy. Sthe each supply line
conducts 120° in positive half cycle and énother 120° in negative half
cycle, the effeét%ve value of all switching fﬁnctions are fixed. So a
rpduction’or elimination of lower order harmonics results in increase

-

in relitive amplitude of higher order harmonics. : p

4,3 Utilisation Factor

Utilisation factor denotes the maximum possible output dc voltage
7

converters can produce from same sue?]y. So for the same switches,
'

supply and constant load current, uti]isqtion factor' indicates the

™

0
3 - -
[ 5 R
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maximum power conversion capability of ‘the converter.

Table 1 ghows the utilisation factor and its normalised value with
respect to scheme 1 for different switching schemes. Scheme 4 shows
better utilisation for less anber of pulses in comparison to schgme 2

-~ A
and 3. It may be noted that the maximum output dc voltage occurs at

a=0 for schemes 1,3,4 and at M=1.0 for scheme 2. .

TABLE 1 | :
NormaTlised
SCHEMES UF N, UF
1 .9549 (I 1
2 .8643 16 .9051 :;:;
3 | . .8839 n .9256
4 | 8833 7 .9250

4.4.‘Input Power Factor

Semiconductor switches are passive element. So the-conve#ters having
semiconductor switches require reactive current. In general the conver-
ters can operate at a satisfactory power factor at full load. However,
the power factor decreases with. the reduction of dc output'voltage.

For balanced supply voltage input power factor of a converter can

be expressed under the assumption of a series load as [16].
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PF = T%' oS v, ‘ ~ (4.1)
i
where:
I = RMS value of fundamental input current
Ii = RMS value of input current ,
Y1 = Phase’anyle between input fundamental current and correspond-

ing phase voltage

For unba]anéed supply vo]tage/or,unba1anced load, the concept of
average power factor as used in balanced case is no more valid. Average
power fggtor for unbalanced case can be defined as the average of indivi-
dual phase power factors only. when the load is fully inductive or fully
capacitive [19].

Fig. 4.6 shows the input power factor of the converter with respect
to normalised output dc voltage for balanced supply. Figs. 4.7 and 4.8 . ’
shows the input power factor for unbalanced sipply. Two unbalanced cases

are -considered for' comparative study. They are as follows:

CASE 1

Vab = 1.b46 /-27.18° ,

-
I

be © 1.432 /80.06°

and V_ _ =1.769 /-156.54°
o ca . L

CASE 2

Vb = 1.662 /-27.33° , Vbc 1.527 /88.29 ) ‘
and Vca = 1.703 /-153.38° : .
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F1g 4.6 Power factor of different schen& .o
Ny , (Balanced supply)
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.
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Fig. 4.7 Power factor of different schemes. (Unbalanced
supply. Vab = 1.546/-27.18°, Vbc = 1.432/80.06°,
Vca = 1.769/-156.54°)..
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supply. Vab = 1.662/-27.33°,
Vca = 1.703/-153.38°).

»

. ¥
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b

] 1 1 1 . +
0 2 ‘0‘ 06 -8 1
.Fig. 4.8 Power factor of different schemes. (Unbalanced

c = 1.527/88.29°,
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A]]ivoltages are expressed in per unit. The selection of these un- \\\\\\y

balanced line voltages are shown in Appe%dix D.

The power factor of scheme 2 is better than all other schemes both
for balanced and unbalanced supﬁlylconditioﬁs, until the normalised dc
output voltage become approximately 0.9. When the normalised output dc
voltage is increased beyond 0.9, scheme 1 exhibits better power'factor
%n compaFTgbhrto others for balanced as well as unbalanced supply condi-
. tion. Although scheme 3 shows better power factor than scheme 4, the 4
difference is 1nsigqificant for balanced and unbalanced supply cases.

. ’//fjj;;;;//
4.5 Distortion Factor Q> — .

The input power factor and the distortion factor are the two impor-
tant pafameters from supply point of view regarding converter performances.
Thelprsence.of harmonic components in the system 1ine current produces
1ncyeased losses in all system components and creates ma]functioning'of
shopisticated electrical and electronic equipments. The distortion fac:
tor.repreéents the preseﬁce of. Tower order harmonics at the converter in-
put. A generalised second order filter is considered to evaluate the
distortion factors of all four schemes.

Figs. 4.9 and 4.10 show the distortion factor for different normal-
ised output dc voltage under balanced supply condition. The distortion
factors of scheme 2,3 and 4 are considerably smaller in comparison to
scheme 1.

Figs. 4.11 and 4.12 show the 9i§}ortion factor under unbalanced sup-
ply condition. The distortion facfor of scheme 2 is .smallest in coﬁpari-

son to other schemes f;ﬁ unbalanced supply. In general the distortion

Y

— Nl e
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"Fig. 4.9 Distortion factor of scheme 1
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Fig +4,10 Distortion factor of 'different scbemes.
(Balanced supply) .
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Fig. 4.11 Distortion facfor of different schemes.
o (Unbdlanéed supply. -V p = 1.546/-27.18°,
: . a
"V = 1.432/80.06°, Vea © 1;769;;-156.54°)
Q »
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Fig. 4.12 Di‘stortion factor of different schemes.
(Unbalanced supply. Vb = 1.662/-27.33°,
Vi = 1.527/88.29°, Vea = 11703/-153.38°)
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W

factor of all schemes is deteriorated when the supply becomes unbalanced.

4.6 THD of Qutput Voltage

3
[N

"The total harmonic distortion of output voltage is a measure of the

L) 4 !

closeness of output voltage waveshape to its average value. Higher rip-

L .
ple content make the THD higher. In general all practical load has some

inductance.' This inductance improves the output current waveshape. So
for odtput filtering the load indyctance gives added advantage.

Fig. 4.13 shows the THD with respect to normalised output dc voltage
for balanced supply. Fias. 4.14 and 4.15 show THD for unbalanced supply.
For both balanéed and unbalanced supply conditions, scheme 1 exhibits
better output voltage THD for most of the ouEPut dc voltage range. The

output voltage THD of scheme 3 and 4 are very close to each other for

both balanceg and unbalanced supply conditions.

Although THD gives.an idea about waveshape, it does:not aive a clear
indication about ‘output filtering requirement. "The frequency spectrum
of output voltage gives a-clear picture abéut output filtering require-
ment. Table 2 shows t;e frequency spectrum of output voltage under
balanced supply condition. Table 3 and Table 4 show the frequency spec-
trum of output voltage under unbalanced supply conditions. The order
of the dpminant harmonic components of schemes 2,? and 4 are greater than
the dominant harmonic component of scheme 1 for balanced supply condition.

Under unbalanced supply conditi?ns second harmonic comaﬂagﬁt becomes -
(-4

-
<u

significant in comparison to other harmonic components.
»
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Fig 4.13 Output voltage THD of different schemes.

(Balanced supply)
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Fig 4 14 Qutput. voltage THD of, d1fferent schemes,

= 1.546/-27.18°,
= 1.769/-156. 54°)

(Unbalanced supply.

Vab®
Vye = 1-432/80.06°, V, =
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Fig. 4.15 Output voltage THD of different schemes.

(Unbg]anced supply. Vab = 1.662/-27.33°,
Vbc = 1.527/88.29°, VCa = 1.703/-153.38°)
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TABLE 2

FREQUENCY SPECTRUM OF OUTPUT VOLTAGE
AMPLITUDE EXPRESSED AS A PERCENTAGE OF CORRESPONDING AVERAGE VALUE

N " BALANCED SUPPLY
Y
SCHEME 1 SCHEME 2 SCHEME 3 SCHEME 4
Harmonic :
O:der y VN=1 VN=.5 VN=1 VN=.5 VN=1 VN=.5 VN=1 VN=.5
6 5.713159.661 0.401 1.356 0.549f 0.705; 0.0 0.026
12 1.397129.105 0.461 1.919 3.8141 4.217| 10.555 | 21.137
18 0.617119.311 1.082 41188 6.643] 12.415| 4.137 | 94.484
24 0.351114.462 }14.455 |66.107 13.161)] 19.269| 2.967 6.98
30 0.224111.559 }14.522 166.389 4.977] 83.969 " 1.889 46.536
36 0.157] 9.625 1.369 | 5.154 0.085] 29.478] 8.261 25.673
42 0.115] 8.259 1.763 | 4.805 7.583 10:718 8.49 w& 8.523
M ]
o~

D e L I e
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TABLE 3

FREQUENCY SPECTRUM OF OUTPUT VOLTAGE -
AMPLITUDE EXPRESSED AS A PERCENTAGE OF CORRESPONDING AVERAGE VALUE

UNBALANCED SUPPLY, Vg,

1:546/-27.18°, V,. = 1.432/80.06° ,
| | Vea = 1.769/-156.54°

SCHEME 1 SCHEME 2 - KSCHEME 3 SCHEME 4
Harmonic -
Orr]‘der' VN=1 VN='5 VN"']. VN=-5 VN=1 VN=.5 VN=1 VN=-5
2 18.776137.553 |18.773 |18.768 |18.778] 37.557) 18.778 { 37.582
4 4.048| 8.095 | 0.044 | 0.132 | 0.028] 0.057 0. 0
6 4.927151.468 | 0.343 | 1.173 0.471] 0.614 0 0.014
8 6.561113.122 | 0.095 | 0.322 0.186] 0.371 0 0
10 5.271110.542 | 0.124 | 0.513" | 0.8 1.6 0.007 0.014
12 0.721114.96 0.241 | 0.982 1.957] 2.171] 5.425 1§ 10.873
14 4.114) 8.227 | 0.131 | 0.557 1.3 2.6 5.647 | 11.302
16 4,755) 9.5} 0:299 | 1.378 0.236f 0.471) 23.695 | 47.425
18 0.178| 5.675 | 0.314 | 1.232 1.95 3.643] 1.215 | 27.739
20 2.229] 4.458 | 0.299 | 1.056 2.693] 5.386} 10.672 | 21.359
22 3.472] 6.944 | 9.072 | 5.235 2.007] 4.014| 2.645 5.293
24 0.212} 8.757 | 8.744 |39.956 7.964| 11.671) 1.794 4.22
26 1.091] 2.182 | 7.027 }16.202 2.9 5.8 0.093 0.186
28 1.8981 3.796 [14.207 |32.771 [14.686| 29.371] 6.862 | 13.734
30 0.192] 9.894 {12.425 |56.745 4.2571 N.9 1.615 | 39.843
© 32 1.111} 2.222 | 3.886 | 2.317 7.4571 14.914| 4.932 9.871
34 0.721| 1.442 | 0.212 | 0.733 2.164| 4.328] 0.729 1.459
36 0.132]1 8.294 | 1.176 | 4.428 0.071| 25.386| 7.105 | 22.117
38 1.243] 2.487 | 0.248 | 1.056 3.907| 7.814| 5.139 | 10.286
40 1.2571 2.513 | 0.329 | 1.129 3.086] 6.171| 2.309 4.621
42 0.073] 5.106 | 1.088 | 2.976, | 4.693| 6.628| 5.254 5.279

»
S R
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TABLE 4

FREQUENCY SPECTRUM OF OUTPUT VOLTAGE
AMPLITUDE EXPRESSED AS A PERCENTAGE OF CORRESPONDING AVERAGE VALUE

O Ldedal ats co i Lt At U

UNBALANCED SUPPLY, V,, = 1.662/-27.33°, Vp. = 1.527/88.29° ,
Ve, = 1.703/-153.38°
SCHEME 1 SCHEME % SCHEME 3 SCHEME 4
Harmonic

Or?;der' VN=1 VN=o5 VN—]. VN=-5 VN=1 VN=-5 VN=1 VN=-5

2 9.801]19.602 9.801 9.8 9.806] 19.612] 9.806 | 19.61

q 1.797 3.594 0.021 0.057 0.014 0.028 0 0

6 5.494157.368 0.39 1.31 0.527 0.679 0 0.014

8 4.403] 8.806 0.064 0.214 0.125 0.249 0 0 :
10 2.1441 4.287 0.049 0.214 0.326 0.652 0 0

12 1.194124.788 0.397 1.638 3.245( - 3.606f 8.994 | 18.001

14 3.986| 7.972 0.128 0.541 1.262 2.524[> 5.468 | 10.937

16 1.919} 3.838 0.12 0.555 0.097}. 0.194] 9.55 | 19.112

18 0.424113.209 0.737 2.863 4.542 8.488| ~2.824 | 64.608

20 3.703]} 7.407 0.503 1.738 4.466 8.9321 17.709 | 35.419

22 1.5471] 3.094 4.042 2.336 0.894 1.7897 1.179 2.359

24 0.167} 6.97 6.964 131.838 6.345 9.2931 1.429 3.358

26 .3.369] 6.739 }21.766 }50.199 8.98 | 17.961| 0O.284 0.569

28 1.149 2.298 8.61 19.872 8.897) 17.795| 4.157 8.314

30 0.064] 3.389 4.248 119.416 1.456} 24.5911 0O.55 | 13.615

32 2.972} 5.943 110.418 6.211 20.0071 40.014| 13.234 | 26.468

34 0.815] 1,63 0.241 0.826 2.441 4.882( 0O.826 1.652

36 0.038] 2.285 0.326 1.225 0.021 6.9761 1.9%7 6.079

38 2.503| 5.006 0.496 2.108 7.8571 15.714) 10.34 20.68 ’
40 0.667) 1.335 0.17 0.598 1.629 3.2591 V.22 2.443 FY
42 0.038] 2.927 0.624 1.709 2.691 3.8 3.012 3.025
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4.7 Lower Order Harmonics

1

The lower order harmonic component in input 1ine current requires
larger size filter. Although a distortion faetor gives an overall idea
of harmonic components in input current, the specific knowledge about
order .and relative amplitude of lower order harmonic components give. a
better idea about the‘input filtering requirement. // ' ' i

Fig. 4.16 through Fig. 4.19 show the relative amp(h'tude of lower
order harmonics in input current of the converter for ’Pa]anced supply.
Fig. 4.20 tﬁrough Fig. 4.31 show the relative amthud‘g of Tower order
harmonics for unbalanced supply conditions. For balancgd supply, triplen
harmonic components are not generated at the input. Bué\\under unbalanced
supply condition triplen harmonic conponents become part of the input

current. The relative amplitude of thirc_l harmonic component generated by

scheme 2 is less than other schemes under unbalanced supply condition. '

4.8 Switching Loss /

The turn-on and turn-off of any semiconductor switch are associated
with some loss. The implementation of force commutation with thyristors‘
requires an extra comutation circuitry. Thus all the schemes "ére
susceptible to commutation and switchina Tosses. With the increase of
pulse number per half cycle, these losses increase proportionally.

Recently developed gate-turn-off (GTO) thyrsitors do not require any
external commutation circuitry. This makes the implementation of force-
conmutated converter structure easi_er. Table 5 shows the switching loss
of different schemes using GT0 thyris/tor as a switch. In calculating

switching losses following data are assumed [20] to be the same_for all
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Fig. 4.16 Lower order harmonic component (input current)
of Angle-controlled switching scheme.
(Balanced supply) ‘
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'/.\ ‘of fundamental o »

Fig. 4.18 7th harmonic component (input current)
of different schemes. (Balanced supply)
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1

W

g. 4.2(0 L_g,wer" order harimonic component (input current) .
~ of angle-controlled switching scheme.

(Unbatanced supply. V,, = 1.546/-21.18°,
Vpe = 1.432/80.06°, V. =1.769/-156.54°)

o

-
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Fig. 4.21 3rd harmonic -component (input current) of

N ' 'different schemes.. (Unbalanced supply. : ‘
- ‘. Vip =.1.546/-27.18°, v, = 1.432/80.06°, )

V., = 1.7694-156.54°).
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Fig. 4.23 7th harmonic component (input current) of
different schemes. (Unbalanced supply.
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vab = 1.546/-27.18°, .vbc = 1.432/80,06°,
vca = 1.769/-156.54°)
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s/, of the fundamental
4 -

Fig. 4.25 11th harmonic component: (input cur;ent)k of

different schemes. (Unbatanced supply.
vab = 1.51}6/-27.’18° be = 1.432/80.06°,
V., = 1.769/-156.54°) . .
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current) of angle-controlled switching

scheme. (Unbalanced supply. '4‘
vaﬁ = 1.662/-27,33°, Vbc = 1.527/88.29°,

Vea = 1.703/-153.38°)
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Fig 4, 27 3rd harmonic component (input current) of
different schemes. (Unba1anced supply.
: = 1.662/-27.33°, Vb 1.527/88.29°,

& .
= 1.703/-153.38°)
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Fig. 4.28 5th harmonic component (input current) of

"- different schemes. (Unbalanced supply.

Vab = 1.662/-27.33°, Vbc = 1.527/88.29°,

= 1.703/-153.38°)
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*/» of the fundamental

Fig. 4.30 9th harmonic component (input current) of
different schemes. (Unbalanced supply.
Vab = 1.662/f27.33°, Vbc = 1.527/88.29°,

’ Vca'= 1.703/-153.38°)
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.. ¢ of the fundamental

Fig. 4.31 11th harmonic component (input current) of
different schemes.° (Unbalanced supply. .~

= - = o

‘ Vab 1.662/-27.33°, Vbc. 1.527/88.29°,

Vea = 1.703/-153.38°)
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\ Repetitive peak off-state voltage
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- 69 -

= 800 V

Repetitive controllable on-state current = 30A

On-pulse gate current = 4A "

Rate of rise of on pulse gate current =4 A/us

Snubber capacitor = .02? uF

e

Off-pulse reverse blocking gate voltage = 12V -

>

"g TABLE 5

. Losses . Switching

Scheme Np per pulse loss in
’ o in Watt=-sec. Watts

1 1 1.74 " 10.44

2 16 1.74 7 187.92
"3 1 .74 114.84

4 7 1.74 73.08 .

Q¢




CHAPTER 5 2

CONCLUSIONS

From the frequency\spectrum-oﬁ output"vo]tage in Table 2 (Secfion

4.6),(it is evident that the PWM switchgng schemes 2,3 and 4 designed to

_ improve the waveshape ‘of input 1ine current, should require smaller out-

put filter in comparison to line commutated'eonverter (scheme 1) under

normal (balanced) supply condition, In practice, the converter loads are

inductive, and this jnductance would help the output current become

,

. smoother. From Table 3 and 4 (Section 4.6) it is clear that under un-

ba]anceq supply conditions second harmbnﬁc}éomponent will appear in sign-
ificant proportion at the output of a¥l four schemes. Thus an output
filter designed -for normal supply, will not be able to suppress the
second%harmbnic component resulted from uhbalanced supp]y..

"+ The input power factor of the modifie& sinusoidal PWM scheme (scheme
2) was<found better than other schemes over most of ‘the operating range.
Th1s improved feature exists for both balanced and unbalanced supp1y con-
d1}1ons‘(F1gs. 4.§, 4.7 and 4.8). Although the angle controlled scheme
showed improved power factor over other-schemes near rated voltage, the

« .
obvious choice is modified sinusoidal PWM scheme from power factor point
, n

of view. The power factors of other three schemes are not significant1y\
different from each other. Although specf?ic?harmonic elimination scheme
(scheme 4) showed least d1stort10n of the 1nput current over other

scheme under balanced supp]y, tt is the mod1f1ed sinuso1da1 PWM scheme

. which showed least input current. d1stort1on under unbalanced supply

condition.

LS PP
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Under unba]a;?!d supply conditions, triplen harmonic component ap-
Eears’at the input. It ishevtdent‘$rom Section 4.7 that 3rd order har-
i ‘ .
monic component appears at the input line current in significant propor-

tion in all schemes except modified sinusoidal PWM scheme. whenever the
4

supply becomes unbalanced.' In modified sinusoidal PWM schemeithis 3rd
., > g
harmonic component is not significant. An input filter or1g1na11y de—

's1gned by cons1der1ng supp]y ﬁeature as balanced, wi]l not be able to

,suppref@ this 3rd harmonic component successfully. Therefore, it is .

better to use modifiéd sinusoidal PWM schete where the}e is a bossibi1ity

of the supply to be unbalanced. .
The reduction.or e]imination‘Qf Tower order harmgnics would shift -

fhe dominant harmonics to higher order and the filter size would be

reddied. Any further shift towards higher order may not be dﬁsir-

. ¢ . .
abley because at this point the radiated EMI problem might be.signi-

ficant hle
s i o ;v/ \ ' . 4 ]
‘With the int ductjonﬂof Rate Turn-off ,thyristors, the implementa-
tion of force commutation does not require an extra commutation circui-

try.fﬁThus conventer with PWM scheme can kg'built witQ less weight using N

' .GTO thyristors. 'quever, any ngyscheme has its increased switching loss

in comparison ta conventidna] angle controlled scheme. But this switch-

~1ng |o§§ should be weighted aga1nst the ga1ns earned o ‘ :

!
This study shows the comparat1ve ana]ys1s of four different switch- -

ing schemes. It-gives a guideline to se]ect a part1cu15r switching

scheme'depending on.operating criteria. This study aTso shows the effect )

of unbaldnced supply on converter opegation.” ‘Unbalanced supply produces K

L3 . 1
.undesirable Tower order harmonic components both at the input and output ' .

of,the converﬁer. There is no known switchiﬁg scheme which can operate i

\
13
’
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under unbalanced supply without producigg*these lower order harmonic.com-
. » )

-

ponents.

Future study:

-

‘. , . L[4
1) This study can be extepded to develop a future switching scheme

which would minimize and/or maximize certain criterion under balanced

and unbalanced supply conditions.
» M

X\

-2) This study cin also be used as a basis for f1nd1ng an adaptive - .

sw1tdh1ng scheme whwch woqu handle supply unba}hnces keep1nq performance

Jdegradat1on w1th1n some toleﬁance However, the quant1tat1ve 1imit of

&

this tolerance is yet to be decided by.add1t1onal future work.
o 7 L '
'3) This study is Based on the assumption of ideal switching

scheme. In pnactice, there is a delay in switching 'on' and 'off' of ;'
. 3 ‘ ¢ —~

the power semiconductor switches. This delay will change the reSu]ts

L

af thisustudy:, The resu]ts of the imper?ébtions of the sy%tchés hay
also be’ investigated. . e ‘ o o )
4) This werk can be ég}eqded to stu;}‘theheffects of power)factor
degradation and conveEter-g;ﬁéfated harmonics'odgihe‘transforhers ina
power systems under balanced and unbalanced supply conditions. '
x0T

. ' .

-
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1 / a APPENDIX A
b . . .
% CoL
[ S DETERMINATION OF INPUT AND OUTPUT CURRENT
| f AND OUTPUT VOLTAGE BY EXACT ANALYSIS
g k y &’
%" A.1 Output Vol‘cagg
) , - , .
%’ The transfer function of a converter S(6) can be expressed in-
} .
. E terms of it's Fourier series components as
1 | i :
%‘? \\ﬂ . '
S .
' , S(e) = Z H sin(ne +y ) - : . (R.1)
! co . : n=1 '
{q Assuming Sl(e),isz(e). S3(8), ... Sg(e) as‘the corresponding gating
¥ ‘ ‘
? r ' function$ as applied to each switches, the transfer functions with res-
§
) ‘ *. pect to the input ports of the converter becomes [Sl(e) - Ss(e)],
, 1 ' Y
) [S5(8) - s2(8)] and [55(9) - su(0)1.
/ Assuming the supply phase vo1taoe as
. ” v; = E, sin(e -"¢>1) C ) o "
s & . N o, . a‘ T N - ')
Vo = Epsin(e - ¢) .- co 7 S
- ) v " "‘ ‘ ‘ /
¢ Cte . o //
vy = E3 sin(®e - ¢3) S '
” , . * ' ) .\
output voltage expression becomes ' i . ‘
‘ , ' ’ i . | ‘:"_./\ S 'Sa . .
vo(e) = (v, (e)}{S(e)} Loa N 4 - (A2)-
[ ‘ " 3
L e © = (5y(8) - Sg(0)) £ 5"“(9 ) T '
) 3 e ’ " ", (‘ , \\ . . ) / ~.: . L) “u
_ S § tj}s(e) - S3(8)} E2 ‘.51!3(“9 - ¢2) n ’ -
3 , .




- 74 -

+ {S5(8) - S4(8)} E3 sin(e - ds)

or, vole) = Fy(e) + the) + F3(e)

where:‘ '
Fl(e) = {Sl(?) - 56(6)} El Sin(e - ¢l)
Fa(8) = (S3(8) - S,(8)} E, sin(e - 6,)
F3(8) = {Ss(8) - Su(6)} E5 sin(e - &;)

Using respect1ve Fourier series for the transfer functions

-~

Fo(8) and 3(6) can be expressed as

él sin(e - &) § H, sin(ne - na - n¢1)

Fi(e) =
: n=1 | o
¢ Y
" Fa(8) = E; sin(o - &) Z H, sin(ne - no - nwz)
. n=1
= E,q 51n(e - ¢3) Z H, sin(ne - na - ng3)

F3(e)
_ n=1 -

' where o = phase displacement angle

”

(A.3)‘

Fl(e){

)

(A.5)

(A.6)

oty

" The output vo]tagé components can be rewr1tten by using simple tg¢i-

gonometrica] 1dentity

« E, H '
F1(9) =) --— [cos{(n-1)e - (n -1)¢; - na}
| n=1 ;o (
S - cos {(n+H)e - (n¥1)e, - ha}]
. p S .ﬁi “
/. ‘

(A.7)

-3
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o Ean v .
Fa(8) = ) ——E—-[cos{(n-l)e - (n-1)¢, - na}
n=1i ' - o
-cos{(n+1)8 - (n+1)¢. - na}]
a‘ Ean
Fa(e) = } —5— [cos{(n-1)8 - (n-1)¢5 - na}
n=1
-cos{(n+1)6 - (n+1)¢s - na}]

(A.8)

f

. "(A.9)

Using Egns. \A.7, A.8 and A.9 for n=1,' output dc voltage becomes

l

de = i(El + E, + Ea) H; cos a

Y

(A.10)

in the Egns. A.Z, A.8 and A.9 the cor-

L
Substituting n=1,2,3,4,...
responding output voltage harmonic components are:
First harmonic component . Vo1 = 0
2nd harmonic component,
EH .
P 1 3
Vo2 = —5— cos(26 - 24,
E2H3
‘ A e cos(26 - 2¢;
' ) ’ E3H3 2
: + —p— cos(26 - 24,
3rd harmonic component,
' ¢ I
E,H,
v°3 =.'T' COS(36 - 3¢1
'-u ) o : EZHM
. N BN —5— cos(36 - 3¢,
i | E_H

, 9
+ ——zii c0$(30 - 3¢ -

i

- 21 - a)

- 2¢2 - a)

- 245 - a)

- 3¢, - 20) !

- 3¢2 -2a) N
—.3¢3 - Za)l 3

.
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-Similarly ‘mth harmonic component of the output voltage can be written as

EH ' E.H

Vo = ——L cos{me - my - (m+1)a) - 12""] cos{me - mpy - (m-1)a}
EH g E_H
<+ 2 costme - mey - (1)) - 0L cos{mo - mo, - (m-1)a}
2 , 2
EH E;H ~
+ -3—%il§cos{me - mp3 - (m+1)al} - 32m'1 cos{mg - mps - (m-1)a)
. a ‘f (A1)

/.

A.2 OQutput Current .

{

Zofoy = (R + (2mf 1)2} /tan™ (2EIL)

: 'vdc Ec
Qutput average current, Idc alin il

Considering a specific voltage harmonic component and it's corres-
. v . ® ! . » .
ponding impedance term, the harmonic components of output current can .
' : K
be evaluated. After combining all the harmonic components, the output

current of the converter can be expressed as 6

o e

-~

- e(e) = Iy + ]

I
. na1 M

sin(ne + B_) A , - (A2)
1 n-. ' . ;

.A.3 Input Line Current

Assuming no losses in the converter,.instantaneous input powg§ is

equal to the instantaneous output poﬁer, . ) /

N *

(v, (8)}{1;(0)-= tvo(0)}{Ha(0)}

- . - * -
‘

i

¢

4

L i el
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»

From Eqn. A,2, . v,(8) can be expressedl in terms of. input voltage.

f.e., v,(8)Hi,(8)} = i oD s(e) e (0))

or,  i4(8) = {S(8)}io(6)) | (A.14)

Therefore,- instantaneous input line current,

. .

o« - <
T i5(e) = {mzl H sin(me + y )HIy «+ nzl I sin(ne + 8 )} ‘
o« ) @ « H 1 N
_ : mn
= 1, m§1 H sin(me + wm)+{mg1 nzl 5 [cos{(nfm)? + 8, -y}
- cos{(mm)e + 8 +y }]. | (A.15) .

It is clear from Eqn. A.15 that it's first terh contributes a kth

. harmonic component for m=K. The second term contributes kth harmonic

/

component for the following cases

when: -
‘ = n-m=K i.e.; n=K+m ‘
n+ms=K i.e., . n=K-m "~ (A.16)
n-m=-K 1.e:, m.,= n + K

o

An expression for kth hafmonic component of input line current can be

obtained by substituting Eqns. A.16 in Eqn. A.15.

<

. .
» . -
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A

Tz Cos(KO ¥ By - S

kT H L
- mzl_———‘ 5 cos(Ke + By * ‘Pm) |
| L ‘ , .
Ce W1 - |
+ 21 —%k—ﬂ cos(-Ko + Bn - “’n+k) (A.17)
n= ‘ .

1

Third term in expression (A.17) contributes from second harmonic componert

. N -
to higher order harmonic components. < )
g
)
- ¥ -
' A
~
]
. .
. ' s
’
- s *
v -
- ’ - *
] . C t 3
’ { , 5
/
‘ ~
. -
-t
v IS
s »
kY . . .()F
. - . -
. \ - N
, v
° 0 -] x
. . "b . - [y *,
A8 ; “ . R
“ A . Py .,
- ' & .
] i
- - .
, , g, D
LI e I
» . '
’ ' Iy b at ) *
K L
. !
. 6
. A * « Al R -
A . o . u 3 > 1 v
+ 0 » P -
. " - »
R - . . " v ’ o "
« - . : g * Y :
N -? - i ‘n. . N . “* - ' \
avi ¥ . N ¢ "
M “ [ - o I
» - g .

s
DRSSP TS WS N

JUORN

,
PR, oV

R




B s S s o e o ]

o s o e 1 ——

- 79 -

APPENDIX B ]

“ DERIVATIO?{E’F SWITCHING FUNCTION FOR OPTIMM =
‘ DISTORTION FACTOR . ,

The switching functjon for optimum input current distortion fact‘gi*
oo s

. i
is derived by considering the output current of the converter to be r‘ip- i

+

ple free. Thus the input line current becomes identical to the switch\mg/

function. The distortion factor (DF) can be expressed as,

/ . [ E (Hn/nz)zl‘}
! DF = 52 x 100 (B.1)

Hl ¢

The switching function for the opti’mum distortion factor can have dif-

. ferent number of pulses per half cycle. Each switching ﬂ;nctior; has its
; : own minimum DF depending on the pulse. number. . In general DF decreases
with the increase of pulse number. Once the number of pd]ses per half

cycle is chosen, assuming an odd switching function with quarter wave

symmetry; H_~ of the switching function becomes , . '

‘

S(e) no de | (B.2)- e

/2

\H =

4.
m

0

o

-3

-

P o4
i}

n—i—. [cos(nT,) - cos(nT,) + cos(nT,) - cos(nT,) ......

3 ) - . L+ cos(nTm)] g | (B.3)
[Note: S(63 can be either '0' or '1 llepending on'swit;hing interval]. °

co where, . S \

. C Ir;‘ = mth_sWitch’lng"ang‘I?; rad and m 3 Ny ’
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From Eqn. B.3 it is clear that all harmonic components of the switching

function become the function of switching angles. For example, the har-

. monic components of a switching function with 5 pulses per half cycle are

{
H, = % [cosT, - cosT, + cosTs - cosT, + cosTs )
h H, = &— [cos3T: - €os3T; + cos3T; - cos3T, + cos3Ts]

Hs = g; [cos5T, - cos5T, + cos5T, - cos5T, + cos5T;]

W

and so on.

”

Once the harmonic components of the switchjng function are known Eqn. B.1
can be used to determine .the corresponding DF.
A computer program named 'OPT' was deveoped to calculate the DF for

A

all possible combinations of switching angles. From thése calculated

values of DF, the switching angles for minimum DF were selected. These

switching angles then formed the required switching function for opt'imum

distortion factor. o

3 &

K> Atotn e e M

S R T LI AR R
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APPENDIX C

DERIVATION OF SWITCHING FUNCTION FOR SPECIFIC ‘
HARMONIC EL IMINATION

The switching function which eliminates specific harmonic components
from tr\e input current of. a c'qnverter is derived by considering the out-
put current of the converter to be ripple free. Thus the input line cur-
rent becomes identical to the switching function. The switching function
for specific harmonics elimination can have different number of pulses
per halfecycle. The switching function is assumed to be odd with quarter: -
wave synmetry. Considering the constraints of output current continu(%ty,
the switching functiorl can eliminate (Np-l )/2 number of harmonic com-
ponents. Thus a system of equatiéms can be aenerated in the following way.

4\ m/ 2 ’ 7
= J $(8) sin nedo = O (c.1)

-

[Note: S(8) can be either '0' or '1' depending on switching interval]

where n is the order of the harmonic component which is to be eliminated.
Depending on the number of pulses per half cycle 'n'_ can have different
values. B}

For' example, 1'f" we have a switching function 01; 5 pulses peér half
cycle, we can'eHminate. 2 harmonic components, 5th and 7th (say). The ~

corresponding two equations will be of the following form.
/2. '

oy = 4 j S(e) sinseds =0 ., (c.2).
0 s A . \
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Eqns. C.2 and C.3 can be rewritten as
o !

-

Hy = 551}. [cos (5T ) - cos(5T ) + cos:(ST;) - cos(5T, ) + cos(5T,)]1 <0
| . : | (C.4)

~ and A | . ) . N i
: Hy = 2= [cos(7T,) - cos(7T,) + cos(7T,) - cos(7T,) + cos(7T4)]1 =0

C.5)

-,

For the constraints of output current continuity, ”Ta = 30°" and T,
and T, are dependent variables. The solution of Egns. C.4 and C.5
will give the required switching angles of the switching function to
elininate 5th and 7th harmonic component of the input cu'rrent.

A computer prograrﬁ named "ELM' was developed to calculate the switch~
ing angles for specific"'harmonic§ elimination. Newton's method for non-

11near systems was used to solve the system of Eqns. C.1. L

L) ‘
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APPENDIX D o
+ >/ COMPUTATION OF DIFFERENT PERFORMANCE DATA

D.1 Unbalanced Supply

The distortion factor, input power‘ factor, THD of output voltage and
harmonic contents of input current and output voltage of converter: for

four switching schemes were computed for balanced and two unbalanced sup-

o
. ply conditions. There is no established standard fér the worst supply

unbalance. The choice of two unbalanced supply for this study is arbitrary.

Two cases of an unbalanced supply are considered in this study.

Case 1: V. = 1/0° P.U‘., Vo = 0.8/118° P.U. and Vcn'= 0.94/-131.5° P.U.

—

’ forresponding line voltages are:

Vab = 1.546/-27.18° P.U., Ve © 1.432/80.06° PU

and Vca = 1.769/-156.54° P.U.

e
C«KZ: Van = 1/0° P.U., vbn = 0.9/122° P.U. ' ‘ .
and\ Vcn = 0.93/-124.5° P.U. )
Corresponding 1_1'ne voltages are: »
‘ a S
VaB = 1.662/—27.33°. P.U., Vbc =.1.527/88.29° P.U. = | -+ S _
) g . ‘ . - '/\//‘“-\
_and vca = ]‘70.3/‘].53'38 PU - : \_’
\ \\

Four computer programs fpr schemes 1,2,3 and 4 ('ACONT' for scheme 1,
'MSPWM' for' scheme 2, "'ODF' for schieme 3 and 'SHELM' for scthe 4) were .

déveloped based on the analysis- shown in Appendix A. These computer
- ) _ P

- programs weré used to compute the different performance data a‘md frequency -

.

-
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spectrum of input current éﬁa output voltage of converter for both

balanced and unbalanced supply conditions.

D.2 . THD of Outpuf Voltage

Eqn. A.11 in Appendix A gives the output voltage in terms of it's

harmonic components. The computer programs as mentioned in previous
section D.1 combined the 1ike frequency terms of the output v61tage.
The THD was calculated-by using the expression for THD given in Section

1.3. r .

D.3 Distortion Factor “
, .

Eqn. A.15 in Apoendix A gives the input line cgrrent in terms of 1£s
harmonic components. The computer programs as’hentioned in Section D.l\
combihéd the like fﬁgquency terms of the input current. The DF was cal-
culated b§ usipg the expression for DF given in Section 123.

D.4 Input Power Factor T _ o

-
T Eqn. A.15 in Appendix A was used ,in the computer progrémsA(ACOﬂT,

: MSPWM, ODF and SHELM) to calculéte the phase and RMS va1hé of the‘funda-n
mental domponent’of the input current. The same equationl;és used to

‘ compute the amplitude of .other harmonic components. The effective value

of the ,input current was computed by using th fundamental and =other
_\_,Lhatmonic components. Once the RMS value of the input current and phase .
and RMS value of it's fundamental component was known Egn. 4.1 in

Section 4.4 was used to compute the input power factdr, Co.
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