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Abstract. AC choppers are modified types of ac voltage controllers. They become very
popular nowadays in many applications, because objectionable harmonic components of its
output voltage and current can be eliminated. The output voltage waveform of the ac chopper
may have many patterns with as many segments as desired. This paper presents a generalized
mathematical model for the output voltage waveform of an ac chopper. The output voltage
waveform is realized by multiplying the control pulses by a sine wave. Many patterns of the
output waveform can be produced by setting suitable constraints. The practical circuit of the
proposed model is out of the scope of this paper. The model is implemented using MATLAB.
Typical patterns are presented to illustrate the versatility of the proposed model.
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1 INTRODUCTION

AC choppers are devices which convert fixed alternating voltage directly to variable
alternating voltage of the same frequency. They can be used in many domestic and industrial
applications like automatic voltage regulators (Kwon et al., 2002), (Hietpas et al, 2000) and
(Veszpremi et al., 2000), soft-starter and speed regulator of the induction motor (Bodur et al.,
2000), (Sundareswaran et al., 2006) and (Fujikura et al., 2007), light dimmer (Geraldo et al.,
2007) etc. Usually, insulated gate bipolar transistors (IGBT) are used in ac chopper circuits
(Hunyar et al., 2001), (Ursaru et al., 2004) and (Nan et al., 2010).

The output voltage waveform of the ac chopper may have segments of different numbers
and positions. Many patterns have been recorded in the literature (Altintas, 2010).

This paper is a modest attempt to develop a generalized mathematical equation for the ac
chopper output patterns. Many patterns can be produced by setting suitable constraints. This
equation is developed utilizing MATLAB programming.

2 THE DEVELOPED EQUATION
Using MATLAB program, the proposed equation is devised as

v=(c1*symsum(heaviside(t-(T/2)*(2*n/k))-heaviside(t-(T/2)*((2*n+1)/k)),n,k1,k2)

+ c2*symsum(heaviside(-t-(T/2)*(2*n/k)+T/2)-heaviside(-t-(T/2)*((2*n+1)/k) +T/2),n,k1,k2)
+ c3*symsum(heaviside(t-(T/2)*(2*n/k)-T/2)-heaviside(t-(T/2) *((2*n+1)/k)-T/2),n,k1,k2)+
cd*symsum(heaviside(-t-(T/2)*(2*n/k)+T)

-heaviside(-t-(T/2)*((2*n+1)/K)+T),n,k1,k2))* sin(2*pi*f*t);

Where

cl, c2, c3 & c4 are the controlling variables responsible for the existing of each quarter
(portion) of the output wave. These variables can be assigned as 0 or 1. When any of them is
zero, the corresponding quarter wave will disappear. Putting all these variables as zeros,
results in zero output.
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k is the total no of segments, which is also responsible for the pulse width, the more the value
of k the less the pulse width is.

n is the variable of the series.

k1 is the lower limit of the summation which determines the order of the initial segment in the
positive & the negative half cycle. k1 = 0 means we have the first pulse or segment.

k2 is the upper limit of the summation which determines the order of the final segment in the
positive & the negative half cycle. k2 = 7 means we have the eighth pulse or segment.

f is the supply frequency in hertz.

T is the period of the waveform corresponding to the supply frequency.

Symsum and Heaviside are the summation notation and the step function, respectively, as
defined by MATLAB.

3 VOLTAGE WAVEFORMS

Improvement of the output voltage waveforms was always a main goal for many researchers
(Balasubramonianl et al., 2014) and (Saravanakumar et al., 2015). The above equation is
developed so as to obtain a perfect quarter wave and half wave symmetry as follows:

The first quarter of the ac chopper output waveform is obtained by multiplying a train of
pulses by a sine function. The train of pulses is obtained by the symsum function. This can be
achieved by setting the constants c1 =1 and ¢2 = ¢3 = ¢4 = 0 in the generalized equation. Thus
the remaining portion of the equation, “cl1*symsum(heaviside(t-(T/2) *(2*n/k))-heaviside(t-
(T/2)*((2*n+1)/k)),n,k1,k2)*sin(2*pi*f*t)” gives the first quarter wave.

For 1 p.u and 50 Hz, the train of pulses and the resulting chopped quarter wave is
presented in Fig. 1 (a) to (d).
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Fig. 1 (a) Developing of first quarter chopped wave

In a similar manner the second, third and fourth quarters can be obtained by setting only
€2 =1, ¢3 =1 and c4 = 1 respectively. The resulted waveforms are given in
Figs. 1 (b) to (d).

Adding the four quarters, as in the generalized equation, results in the complete chopped
wave as shown in Fig. 2.

In Fig. 1 and 2, k is taken as 30 indicating that there are 30 segments throughout the
waveform, k1 is taken as 0 which means that the first segment is available, and k2 as 7
indicating that there are 8 segments in each quarter wave (from 0 to 7). It may be noted that
the 8" segment of the first quarter and the 1% segment of the second quarter are combined
together to form the middle segment of the positive half wave. The total number of the
segments in the positive half wave is thus 15. The negative half cycle is formed in a similar
manner. Total number of segments can be varied by varying k. However, k must be even to
maintain half wave symmetry.
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Fig. 1 (d) Developing of fourth quarter chopped wave
Fig. 1 Development of the four quarter waves from the generalized equation

In fact each portion of the proposed equation produces a corresponding portion of a wave.
For the above settings, each portion constitutes exactly a quarter wave. If k2 is changed, each
resulting portion may be more or less than a quarter wave. However, irrespective of the value
of k2, combination of the two positive portions yields the positive half cycles and the same is
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true for the negative half cycle. Thus, we will keep using the term quarter even if it spans
more or less than 90 degrees of a cycle.
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Fig. 2 Development of a full cycle chopped wave

Voltage (p.u)

For the above conditions, the output voltage is reproduced in Fig. 3 (a). Combination of
the two middle segments in each half cycle is illustrated in Fig. 3 (b).
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Fig. 3 (a) Output voltage
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Fig. 3 (b) Combination of the two middle segments in each half cycle

Fig. 3 Construction of the output voltage for k =30, k1 =0and k2 =7
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4 VARYING THE OUTPUT VOLTAGE
The output voltage can be increased or decreased by adjusting k1 or k2.

4.1 Increasing the output voltage

Increasing the output voltage can be made in many ways. One way is by increasing the width
of the middle segment. This can be achieved by increasing k2 keeping k1 = 0. For k2 = 8, as
an example, the output voltage is presented in Fig. 4 (a). Combination of the middle segments
in each half cycle is illustrated in Fig. 4 (b) and (c).
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Fig. 4 (a) Output voltage
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Fig. 4 (b) The four quarters of the output waveform
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Fig. 4 (c) Combination of the middle segments in each half cycle
Fig. 4 Construction of the output voltage for k =30, k1 =0and k2 =8

As it is evident from Fig. 4 (b) and (c), six segments constitute the middle segments of
positive and negative half cycles.

If k2 is further increased, the width of the middle segment increases. For k2 = 12, the
output voltage is shown in Fig. 5.
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Fig. 5 Output voltage for k =30, k1 =0and k2 =12

To produce a sine wave, k2 is made 14. The output voltage for such a case is presented in
Fig. 6 (a). Construction of this wave is achieved by combining all the segments in the first and
second quarters to produce the positive half cycle and the third and fourth quarters to produce
the negative half cycle. This is illustrated in Fig. 6 (b) and (c).
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Fig. 6 (c) Combination of all the segments in each half cycle
Fig. 6 Construction of the output voltage for k =30, k1 =0 and k2 = 14
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4.2 Decreasing the output voltage

Conversely the output voltage can be reduced by increasing k1 or decreasing k2 or varying
both of them. For k1 = 2 and k2 = 7, the first segment appears is the third one (from zero to
two). The output voltage for such a case is presented in Fig. 7.
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Fig. 7 Output voltage for k = 30, K1=2 and K2=7

Increasing k1 further will reduce the output voltage more and more. Fig. 8 present the
output voltage for k1 = 6.
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Fig. 8 Output voltage for k =30, K1=6and k2 =7

Removing the middle segments, results also in a reduction of the output voltage. This is
achieved by reducing k2. For k1 = 0 and k2 = 3, the output voltage is shown in Fig. 9. These
constraints mean that there are only four segments at the beginning and four segments at the
end of each half wave.

20


file:///C:/Users/user/Desktop/March%202013%20Vol%205%20No%202/Final%20Draft/www.aasrc.org/aasrj

Www.aasrc.org/aasrj American Academic & Scholarly Research Journal Vol. 7, No. 8, Dec 2015

| T 1l 0 T T

0 0.0075 0.005 0.0075 .m 00125 o015 0.0175 0.02
Fig. 9 Output voltage for k = 30, K1=0and k2 = 3

And with k1 =2 and k2 =5, the resulting wave appears as in Fig. 10.
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Fig. 10 Output voltage for k = 30, Kl=2and k2=5

Improving the chopped voltage can be made by increasing the value of k as illustrated in
Fig. 11.

LS
|

00025 6005 0.0075 oo 00125 0015 0615 042
Fig. 11 Output voltage for k =70, K1 =0and k2 = 17
More patterns can also be obtained by just replacing k1 and k2 in c2 and c4 parts of the

general equation by k3 and k4 respectively. The modified equation will be
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v=(c1*symsum(heaviside(t-(T/2)*(2*n/k))-heaviside(t-(T/2)*((2*n+1)/k)),n,k1,k2)

+ c2*symsum(heaviside(-t-(T/2)*(2*n/k)+T/2)-heaviside(-t-(T/2)*((2*n+1)/k)+T/2),n,k3,k4)
+ c3*symsum(heaviside(t-(T/2)*(2*n/k)-T/2)-heaviside(t-(T/2)*((2*n+1)/k)-T/2),n ,k1,k2)

+ c4*symsum(heaviside(-t-(T/2)*(2*n/k)+T)-heaviside(-t-(T/2)*((2*n+1)/k)+T),n,k3,k4))

* sin(2*pi*f*t);

It is noted that by introducing k3 and k4, the quarter wave symmetry gets lost. Typical
examples for such patterns are presented in Figs. 12 (a) to (c).
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Fig. 12 (a) Output voltage for k =30, K1=0and k2 =14, k3 =0and k4 =7
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Fig. 12 (b) Output voltage for k =30, K1 =0and k2 =14, k3 =0and k4 = 11
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Fig. 12 (c) Output voltage for k =30, K1=0and k2=7,k3=0and k4 = 14
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Fig. 12 (d) Output voltage for k =30, K1 =0and k2 =11, k3 =0and k4 =7
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Fig. 12 (e) Output voltage for k =30, K1=0and k2 =7, k3 =0and k4 = 11

Fig. 12 Miscellaneous patterns with unsymmetrical quarter waves
As seen, many patterns can be produced, however, harmonic content is minimized by
making quarter and have wave symmetry.

Although all the previous results have been produced for f = 50 Hz, the above equation
holds true for any operating frequency.
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5 CONCLUSION

The output voltage waveform of an ac chopper may have many patterns with as many
segments as desired.

This paper presents a generalized mathematical model for the control pulses of an ac
chopper. The model is developed using MATLAB programming.

Different patterns of the output voltage including sinusoidal waveform can be obtained by
varying just two constraints, in the model, to get an output voltage of quarter wave and half
wave symmetry. More patterns with quarter wave asymmetry can be obtained by adding two
more constraints. Typical patterns are presented to illustrate the versatility of the proposed
model.

The output voltage can be controlled by adjusting the model constraints of the generalized
equation

Improving the chopped voltage can be made by increasing the number of segment of the
voltage waveform. The developed model is capable of producing as many segments as
required.

qAlthough ac choppers are used in low frequency power circuits, the developed model is
valid for any other operating frequency.

Implementing this model practically minimizes the harmonic content of the output
voltage.
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