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Power factor correction is a way of counteracting the undesirable effects of electric load that create power factor less
than unity. The word “converter” in wider perspectives include all the devices that convert electrical energy from one
form to another, e.g. inverters, rectifiers or power pack. The term can also denote frequency converter and/or circuit
that beat signals together to form a new signal frequency. Pulse Width Modulation (P.W.M) is a method of varying the
mark-to-space ratio of the output voltage waveform during a cycle so as to minimize the magnitude of harmonics in
the output. Modulation may be done by using transistors as switches instead of thyristors because transistors have
much higher switching frequencies, thus, leading to improve and more efficient operation of the thyristors with
switching time of about 1 to 2 seconds. In this paper, a single-phase and three-phase bridge rectifier circuits’ power
factors were modeled and simulated in MATLAB. The resulting voltage wave forms displayed in Figures 4 and 5
respectively showed that P.W.M method is a premier compared with other methods and is also better at low output
voltage demand. Again, by using several pulses in each half cycle of the output voltage, it can reduce harmonic
contents at low output voltages. In P.W.M, control is made independent of alpha (o), the firing angle of thyristor, and
as such all the switching loss problems and electromagnetic interference (EMI) noise associated with

switches/switching are totally eliminated here.
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INTRODUCTION

Pulse Width Modulation (P.W.M) is a form of
modulation using a signal to modulate the width of
pulses. The power amplifier for instance is switched
according to the level of the modulating signal, passing
current only when the output resistance is low. The
width or duration of each pulse is proportional to the
amplitude of the modulating signal at that instant. The
system operates with a very high depth of modulation
so that overall power efficiencies of about 70% can be
achieved [1].

In P.W.M, the source voltage, V; is placed
across the load for a certain interval followed by
shorting the load for the subsequent interval. P.W.M is
a method of varying the mark-to-space ratio of the
output voltage waveform during a cycle so as to
minimize the magnitude of harmonics in the output [2].
PWM are of two types: (i) equal pulse width
modulation and (ii) sinusoidal pulse width modulation.

Equal Pulse Width Modulation

In the modulation circuit, we have a voltage
source Vs, a pair of self-commutating switches T,, Ts, a
pair of line commutating switches T,, T, and an applied
load [4]. Figure-1 is a single-phase P.W.M rectifier
circuit while (b) is its voltage and current waveforms.

Figure-2 consists of the voltage waveforms V;
the thyristor gate pulses ig, and igs for the line
commutated switches. Just below this is the dc
reference signal V, of variable magnitude while the
triangular shapes are the triangular or carrier signal
waves of fixed amplitude. Modulation is obtained by
comparing the two signals in a comparator. The pulse
width is changed by varying the magnitude of the dc
reference signal. The dc reference signal also sets the
output frequency, f, while the carrier or the triangular
signal waves determine the pulse number P. While v,
represent the output voltage waveform, is represent the
source current [4].
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Attributes of Multi-pulse or Equal P.W.M [4] e Here, using several pulses in each half cycle of
e  Several equidistant pulses per cycle are used. the output voltage can reduce the harmonic

e Equal PW.M is so-called because all the content.
pulses have the same width for a given value e The method is a natural extension of the single

pulse modulation and permits a reduction of

of modulation index (m).
harmonic content at low output voltages.
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Fig-1: Single-phase pulse width modulated fully controlled rectifier circuit
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Fig-2: Its waveforms for rectification mode (f; = 6f;)
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Sinusoidal Pulse Width Modulation

Similarly, for V, in equal pulse width
modulation, Vg can be a sinusoid in which case is
called sinusoidal pulse width modulation. The method
is so-called because the pulse width is a sinusoidal
function of its angular position in the cycle. It is also
called triangulation or P.W.M with natural sampling
[4]. With Vg as rectified sinusoid, the graphs are
repeated for f, = 6f,. Figure-3 is the waveform for
rectification mode of a single-phase sinusoidal P.W.M
rectifier with fc = 6f;; where f, and f; are the carrier and

source frequencies respectively. The figure shows that
in sinusoidal P.W.M, the d.c modulating signal in equal
P.W.M described in Figure-2 is replaced by a sinusoid
in which case is called sinusoidal P.W.M [4].

The rectified sinusoid Vg is synchronized with
source voltage V; and has a variable amplitude V.. The
carrier wave V. also synchronized with a.c source
voltage Vs, producing integer number of cycles in half
cycle of Vs e.g. f. = 6f,.
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Fig-3: Waveforms for rectification mode of a single-phase bridge rectifier (sinusoidal P.W.M) f. = 6f..

Attributes of Sinusoidal P.W.M [4]

e The d.c reference signal (in equal P.W.M) is
replaced by a sinusoid in which case, is called
sinusoidal P.W.M.

e Sinusoidal P.W.M is so-called because the
pulse width is a sinusoidal function of its
angular position in a cycle.

e The method is also called triangulation or
P.W.M with natural sampling.

Analysis and Power Factor Models
Single-phase Full Bridge, Voltage P.W.M Analysis

(3]

The modulation index m is

m= 20 e (3.0)

ch

Where,
V. is amplitude of V,
V. is amplitude of V.

For under modulation0<m<1
With reference to Figure-1[3].
If T, and T, are on,

=1o

If T;and T, are on,
is = '{0

If T,and T, or T3 and T, are on,
is=0
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a, =2 — B3 By =21 — az
a6=2n_ﬂ1ﬁ6=2n_a1

Slope for the negative slope section of the triangular wave looking at Figure-2 [3] is given as:
—em - _Dm (33)

/Ny e P PP PP
Where,
Ve = amplitude of the carrier wave
n/N, = angular space occupied by half of the carrier signal
N, = pulse number

Its intercept at the y-axis is obtained as follows:
1 negative sloped section, y intercept = Vg, )
2% negative sloped section, y intercept = 3V, ‘
34 negative sloped section, y intercept =5V, I‘A' ............... (3.4)
kth intercept = (2k — 1)V

Hence, equation of the first negative sloped side of the carrier wave [3]

Y, = —%}:’D X 4 Ve —
= Y= -TEEmX 4y,
For the second. Y,_ = —ﬂ% X+ 3V,
For the third, Y, = —2022 X + 5V, . (35)
Forthekth, Y =— 22 X 4 (2k— Ve

JR—

Similarly, for the equations of positive sloped side of the carrier waves, we have [3]:
Vi =2 X~ Vo
For the second, Y5, = EP:ﬂ X—3Vim
For the third, Y3, = 2" X~ 5V, L ... (3.6)
For the kth, Vi, =22 X — (2k — 1)Vey,

Therefore, we have for positive and negative kth sloped section of the carrier wave:

Yie = =B X (2K = DV covooeeeeeenn (3.7)
(1<k<3)
Yiee = "B X — (2K = 1)Ve oo (3.8)
(1<K <3)
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Since these equations cut the d.c reference axis (V) at oy and By we have:

NpVem
Vem = == 0 A+ (2K = DVem cooveic (3.9)
Vim N
Tl = =R F 2K =, (3.10)
Where
Xr—"‘ = modulation index (M) ...........ccooviieiiiiiii e (3.11)
m=——"Loy +2k—1 ... (3.12)
m+—La,—2k+1=0
PR g = 2K = 1= Moo (3.13)
oy = Nlp[Zk—l—m] [3] - e (3.14)

Similarly, for Y.
Be= - [2k =14 M][3] ceeoriiiiiiiiiie e (3.15)
Np

Power Factor Model for Single-phase Voltage P.W.M
For pair of pulse duration (o, Bx) and (2w - By), (27 - o), the harmonic current, {j, is:
in = &k COS Nt + by, sin nwt (using Fourier series)

Where
A = (111) fozn[[kn €oSNOL AWt «..oevneieee i (3.16)
A = (111) {ff}i‘[id cosnot] — fzzs__;:(k[[d cos no)t]} dot.............. (3.17)
an=0
by = (i) fozn[[kn sinnotldwt .............. (3.18)
by = (i) {ff}i‘[[d sinnot] — fz?__;:‘[[d sin nu)t]} dot........ ... (3.19)
bk = % {cosnay — cosnfy} ....ooeonennn. (3.20)

. . 2d .
tn = by SiN Nt = - {cosnay — cosnfy} sin nwt

ton = 2y = Z% {cosnay — cosnPy}sinnwt ...................... (3.21)
= % = Z@ {cosay — COSBi} voviniiiiii (3.22)
ir=[X%,isn?land is = [¥2,(sn?]Y2 ... (3.23)

- {Zﬁoﬂ [2\/% {cosnay — COSHBk}]Z}

1/2

, 2
g = {Zﬁ":l [E% {cosnay — cosan}] } .................... (3.24)
PoF.= S COSP [3] el (3.25)
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“P.F.= Y(cosag—cosfk)

{2;,"’=1[2§£{2 %(Cosnak—cosnﬁk]z}
Where P.F. = power factor, Np = pulse number, oy and By = where equation cut d.c reference axis.
Note that @; = 0 since cosine component of the harmonic amplitude is zero.
Three-phase Six-pulse Voltage P.W.M Analysis and Power Factor Models [3]
Similarly, the three-phase six-pulse voltage P.W.M analysis and power factor models were carried out and came

up with [3]:

Zﬁzl (cosag—cosfyk)+ cosay

PF=—7—F5—— 3.27
{ ﬁ”zl{% [Z2_, (cosnay—cosnBi)+ cosnotk]}l/2 ( )
Where P.F. = Power Factor
_ msina, + (12/m)ay + (4k — 2)
G = Go mcosa, + 12/m
B msinf, — (12/m)By + 4k — 1)
B = Bo mcosf, — 12/m
o = Bo = rough values of alpha and beta obtained graphically
m = modulation index, range =m (0 <m < 1)
k = variable with range, k (1 <k <3)
n = harmonic order, rangen=1,3,5 ... ©
SIMULATION/RESULTS programming and simulation of the single-phase and
With the power factor expressions obtained in three-phase voltage P.W.M converters and the resulting
equations 3.26 and 3.27, Matlab [7] was employed in curves are displayed in Figures 4 & 5 respectively.
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Fig-4: Plot of single-phase full-bridge P.W.M converter
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Fig-5: Plot of three-phase full-bridge P.W.M converter

ANALYSIS RESULTS

P.W.M in single or three-phase system is a
premier when compared with other phase-controlled
methods. It is better at low output voltage demand.
Again, by using several pulses in each half cycle of the
output voltage, it can reduce harmonic contents at low
output voltages. Moreover, in P.W.M, control is made
independent of alpha (o) or firing angle of the thyristor
and so all the switching loss problems and
electromagnetic interference (EMI) noise associated
with switches/ switching are totally eliminated.
Although P.W.M has all these qualities, the a.c input
power factor still degenerate with decrease in the load
voltage. Therefore, both P.W.M and other phase control
methods are tolerable where nonlinear load
concentration is low.

CONCLUSION

Since harmonics decrease with the increase in
rectifier pulse numbers, the three-phase six-pulse
rectifiers have lower amplitude of harmonics than the
single-phase two-pulse rectifiers and therefore have
better power factors. Again, P.W.M is better at low
output voltage demand and by using several pulses in
each half cycle of the output voltage it can reduce
harmonic contents at low output voltages. Although all
these good qualities are abound in P.W.M the ac input

power factor still degenerate with decrease in load
voltage and therefore P.W.M and other phase control
methods are tolerable where nonlinear load
concentration is low.
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