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 This paper presents a new method for single phase variable 

voltage inverter based on Random Pulse Width Modulation. In 
Random Pulse Width Modulation based inverter, the frequency 
spectrum of the output current and voltage waveforms becomes 
continuous because of the randomization of the switching function of 
the devices controlling the output voltages. This paper establishes a 
theory that if the distributions of the random numbers generated by 
the random source are kept within certain limit with respect to the 
peak value of reference sinusoidal waveform, the frequency spectrum 
can be controlled. On the basis of the results, a novel drive using 
variable tap changing transformer (optional) and adaptive random 
number generator, to control the ratio between the numbers generated 
by the random source and the reference waveform has been 
suggested that will guarantee a better power quality profile for a 
broad range of output voltages. 

 

Keyword: 

Random Pulse Width 
Modulation,  
Controlled frequency spectrum, 
Deterministic Pulse Width 
Modulation, 
Voltage Source Inverter, 
Pulse Width Modulation Drive 

Copyright @ 2012 Insitute of Advanced Engineeering and Science.  
All rights reserved. 

Corresponding Author: 

Muhammad farrukh Yaqub, 
GSIT, Monash University, VIC, Australia, 
Email: farrukh.yaqub@monash.edu 

 
 
1. INTRODUCTION 

Modern inverters use different types of modulation techniques for achieving different magnitude of 
output voltages. Variable output voltages are normally controlled by Pulse Width Modulation (PWM) [1]. 
But the problem with PWM based converters is that it introduces higher frequency components which are 
discrete in nature. This problem is originated by the periodic switching of the power electronics devices 
controlling the output voltages. These frequency components are discrete in nature because of the periodicity 
of the output current and voltage waveform. The entire spectrum energy is localized at discrete frequencies 
which cause problems like acoustic noise, electromagnetic interference, etc [2,3].  

One solution to address the problems related to discrete frequency spectrum is to use Random Pulse 
Width Modulation (RPWM). The key property that differentiates random PWM from classic PWM is that the 
random PWM produces switching functions that have a non-deterministic (random) component [3]. If the 
switching function is non-deterministic then its frequency spectrum will be continuous because of non 
periodicity of the signal. Since the switching signal is random, its frequency spectrum would also change 
with time and hence the use Fourier Transform for the analysis of the signal would be required. Fourier 
transform of a particular realization of a random signal (of arbitrary length) is a random signal itself, i.e. it is 
a random variable at each frequency [3]. The continuity of the spectrum does not cause the energy of the 
signal to be concentrated on any particular frequency. And this spreading of the spectral energy eliminates 
the problems associated with classical PWM. But the problem arises when the randomization causes 
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excessive distortion at low values of modulation index and broad variations of output voltage swing. This 
paper works out a solution to control the spectrum such that it meets the power quality standards in all 
scenarios. 

 
 

2. RESEARCH CRITERIA 
The research findings in this paper are based upon the the following research criteria. The 

parameters in this section would help establish the problem and the results quantitatively. 
 

2.1. The Control Parameters of a PWM drive 
Among all the paremeters of an inverter, there are two important paremeters that are used to control 

the quality of the output voltage in the inverter: 
1. Modulation Ratio 
2. Modulation Index 

Modulation Ratio is defined as: 
 

scr ffM /=  (1) 

 
where ‘fc’ is the carrier frequency (triangular in case of deterministic PWM) and ‘fs’ is the frequency of the 
modulating (reference) waveform (sinusoidal in this case). 

Modulation Index ‘Mi’ is defined as: 
 

 
veformCarrier Wa  theof Amplitude
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Mi =  

 
or 

               V  M  V dciin ×=  (2)  

 
Vin is the output voltage of inverter and Vdc is the DC link voltage. 
Typical Values of ‘Mi’ fall in the range: 0.7 – 0.95 
 
2.2.  Deterministic PWM Drive 

The model given in figure 1 has been used to perform the analysis for deterministic pulse width 
modulation by varying the aforementioned parameters.  

In figure 1, there is a PWM drive based upon Insulated Gate Bipolar Transistors ‘IGBTs’ named as 
‘universal bridge’. Two power supplies each of 200V DC are placed. There is a PWM Generator (Controller) 
used for driving the IGBTs. The load is connected with RL = 1ohm and L = 5mH. Oscilloscopes are also 
connected to record different current and voltage waveforms. The purpose of ‘POWER GUI’ module is to 
perform the spectral analysis by taking FFT of the waveform. 
 
2.3.  Results by varying parameters for aforementioned PWM drive 

The parameters, modulation index and modulation ratio are varied. In case of Deterministic 
Modulation, since the frequency spectrum is discrete in nature (because of the periodicity of the switching 
function by the PWM Generator), Total Harmonic Distortion ‘THD’ to characterize the strength of the 
harmonics and quality of the inverter is measured. Greater the value of total harmonics distortion, poor it is 
the quality of the inverter and vice versa.   The mathematical value of THD is given in [1] (3).  

 

( )( )1/ 2
1 −= ss IITHD  (3)  

 
‘I s’ and ‘Is1’ are the RMS value of the supply current waveform and the fundamental harmonic 

respectively. The value of ‘Is’ is given by (4) [1]. 
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By varying Modulation Ratio:  Figure 2 shows the variation in the value of THD by varying the modulation 
ratio. It can be observed that if the switching speed is increased by increasing modulation ratio, THD is 
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decreased. It is also observed that by varying modulation, the peak value of the output current and voltage 
remains the same. In figure 2, it is also evident that if the numerical value of the modulation ratio is 
continuously increased beyond 25, there is no substantial improvement in THD, hence it is the typical value 
of modulation ratio. 

 

 
Figure 1. Model used for analysis of deterministic pulse width modulation. 

 
 

 
Figure 2. Percentage Variation in THD by varying 

varying Modulation Ratio. 
 

 
Figure 3. Variation in peak current amplitude by 

varying modulation index. 
 

 
By varying Modulation Index: It can be deduced from (2) that if the modulation index is changed, 

there will be a change in the magnitude of the output voltage and current. So to control the magnitude of the 
output voltage and current, the modulation index is varied. It has also been observed that changing 
modulation index has very small impact on the total harmonic distortion. Figure 3 shows the change in the 
output current by changing the modulation index.  

 
2.4. Deterministic PWM Vs Random PWM: 

In case of deterministic PWM, It is seen that the spectrum is discrete in nature. This discrete 
spectrum generates the problems like acoustic noise in motors, input voltage waveform distortion, and 
electromagnetic interference. The most significant contributions to the EMI are the fundamental and its 
harmonics [4]. These problems are eliminated with the help of random PWM in which the switching function 
for universal bridge is randomized in nature and the significant noise producing frequencies are suppressed 
and spread through the spectra more uniformly [2,5]. This continuity in the spectrum eliminates the problem 
of large amplitudes at discrete frequencies. So, the entire spectrum spreads over entire range of frequencies 
with very small amplitudes at any particular frequency except the fundamental frequency. 
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In the larger scenario, the random modulation schemes can be categorized under four titles: random 
pulse position modulation (RPPM). Random pulse width modulation (RPWM), random carrier frequency 
modulation with fixed duty cycle (RCFMFD) and random carrier frequency modulation with variable duty 
cycle (RCFMVD) [6]. Also, a random space vector modulation scheme which effectively reduces the 
acoustic noise by smoothly distributing the tonal energy throughout the spectrum was introduced in [7]. 
Strategies that are based on an amalgamation of both the random modulation and deterministic modulation 
schemes are also discussed in the literature [8]. [9-13] present different optimization techniques used to 
control the spectral contents. In the analysis of the deterministic PWM drive, it has been observed that if the 
switching speed is kept sufficiently high by increasing the modulation ratio, an improvement in the power 
quality of the inverter is achieved because of the reduction in the THD. In this work, the switching speed for 
random modulation would be kept constant (on the average) for all variations in the magnitude of the output 
voltage. 

 
 

3. ANALYSIS AND RESULTS FOR RANDOM PULSE WIDTH MODULAT ION 
3.1. Model Used for Random Pulse Width Modulation: 

The simulations are performed in the MATLAB. The model that has been used for random pulse 
width modulation is given in figure 4. This drive is different from the one given in figure 1 as it utilizes a 
Random Source which is a noise source. The value of this noise source is compared with the reference sine 
wave. The comparator is designed in two phases. In first phase there is just one subtractor that computes the 
difference between the reference sine wave and random noise signal. If this difference is greater than zero, 
then one set of IGBTs (serving as switches) is turned ‘on’. If the difference is ‘less than zero’ then the other 
set of IGBTs is turned on. The load conditions are similar to the one in case of Deterministic PWM shown in 
figure 1.  

 
 

 
 

Figure 4: Model used for analysis of random pulse width modulation. 
 

3.2. Types of Analysis 
In this analysis, the following two types of noise generators have been used: Gaussian noise 

generator and Uniform noise generator. 
Gaussian Noise Generator: Probability density function (PDF) which gives the probability of all the random 
values generated by the Gaussian Noise Generator is given in (5) [14]:  
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       (5) 
 

In this equation, ‘µ’  represents the mean value (average value of the randomly generated numbers) 
and ‘σ’  corresponds to the variance (which determines the spread of the randomly generated numbers). 
Greater the value of ‘σ’, greater it is the spread of probability density function and vice versa. 
Uniform Noise Generator: In uniform distribution, there are two parameters ‘a’ (minimum value) and ‘b’ 
(maximum value) that determine the characteristics of the uniform noise generator. The probability density 
function for Uniform Distribution is given in (6) [14]. 
 

                                (6) 
 
In uniform noise generator, all the numbers between ‘a’ and ‘b’ are equally probable.  
 
3.2.1. Analysis for Gaussian Noise Generator 

The time domain analyses for current waveform for Gaussian noise generator are given in figure 5. 
In these analyses, the value of variance is varied while keeping the value of mean fixed. It can be observed 
that if the value of variance is increased, the output waveform is a poor approximation of the ideal sine wave. 
The results from Gaussian noise generator are in accordance with the deterministic modulation. If the value 
of variance is increased, the numbers generated by the random source greater than the reference waveform 
have larger probability and the switching rate is reduced. There is one more observation from figure 6, that if 
the value of the variance is increased, the peak current amplitude is decreased so is the RMS value of the 
output voltages. Figure 7 contains the frequency domain analysis for the Gaussian noise generator. In this 
figure, it can be observed that if the value of variance is increased, the involvement of high frequency 
amplitudes is increased and result is poor approximation with the sinusoidal behavior. 

 

 
Figure 5. Time domain analysis for Gaussian noise generator. 
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Figure 6. Peak current amplitude versus 

variace. 
 

 
 

Figure 7. Frequency domain analysis by varying variance. 
 

 
Notice that in the analysis for Gaussain noise generator, the value of mean is kept constant at ‘0’. If 

a different value of the mean is selected, then the time domain current waveform is shifted above or below 
the x-axis (A DC offset) depending upon the sign (positive or negative) of the mean. This scenario is not 
acceptable and hence not included in the analysis. 

 
3.2.2. Analysis for Uniform Noise Generator 

Figure 8 gives the time domain analysis for the current waveform based on uniform noise generator. 
It can be seen that if the difference between the maximum and minimum values generated by the noise 
generator is increased, the probability of the numbers greater than peak value of reference waveform is 
increased resulting in the reduction of the switching speed for the universal bridge and consequently the 
inverter shows a poor power quality profile with reduced peak amplitudes.  

 
 

 
 

Figure 8. Time domain analysis for uniform noise generator. 
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The results obtained from uniform noise generator are exactly in accordance with those obtained 
from the Gaussian noise generator.  

In case of uniform noise generator, if the magnitudes of ‘a’ and ‘b’ are not kept contant, then again 
the mean ≠ 0 i.e., the waveform of the load current is shifted above or below the x-axis and again the analysis 
of this situation is not included in this work.  

 
3.3. Discussion on the Results: 

In case of Gaussian and uniform noise generator, it is seen that if the output voltages are controlled 
by increasing the range of the numbers (by varying variance for Gaussian noise generator and increasing the 
difference between maximum and minimum value for Uniform Noise Generator) generated by noise 
generator, switching speed of universal bridge is reduced, causing degradation in the performance of the 
inverter in term of spectral contents of the current waveform i.e., the involvement of high frequency 
amplitudes to a greater extent.  
 
3.4. Optimized RPWM drive 

Hence to overcome the distortion in the output waveform caused when the ‘variance’ for Gaussian 
or the difference between maximum and minimum value for Uniform Noise Generator is increased, a 
technique is proposed that would help in changing the output voltages without causing the distortion in the 
output waveform of the inverter. Figure 9 gives the amended drive which optimizes the results.  

 

 
Figure 9. Optimized random pulse width modulation. 

 

In this alteration, a transformer with variable taps has been used.  In case of variable voltage 
inverter, whenever it is desired to change the output voltage, range of the numbers generated by the random 
generator and the position of the selector switch would be selected such that it provides the optimized 
performance for that particular situation. From Figure 5, comparing the shape of the output current in case of 
variance = 1 and variance = 2, there is not much problem as far as the degradation in the output sine wave is 
concerned. Same is the case in Figure. 8 where, by comparing the results for Max, Min = ±1 and Max, Min = 
±2, the degradation in the quality of the inverter is ignorable. From these figures, it can be concluded that the 
output voltage level can be changed by changing the range (within limits) of the number generated by the 
random source to some extent without much effect on the quality of the waveform. 
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While implementing the system in hardware, usually a lookup table of pregenerated random 
numbers is used. Empirical analysis of the spectrum suggests that certain areas in the spectrum are amplified 
if certain numbers in the random numbers list are used more often. Hence, by making prior measurements, a 
hybrid random number generator can be developed to get the desired shape of the spectrum. If it is desirable 
to change the output voltages beyond that limit, then the tap of the transformer would also be changed. The 
idea is that a minimum difference between the range of the numbers generated by the random source and the 
peak value of the reference sinusoidal waveform should be maintained in order to get the optimized results 
(which will guarantee a certain minimum switching speed). If difference tends to go below that minimum 
threshold, then the tap of the transformer should also be adjusted from the selector switch. Hence, a modified 
RPWM scheme has been introduced that provides the optimized performance for the whole range of 
modulation index. 

The optimized strategy consists following steps:  
• Prior statistical information of the relationship between the modulation index and the distortion factor 

should be available. 
• Drive could be preconfigured to meet certain spectra shapes by making a hybrid random numbers table.  
• If the prior information of the load is not available (hence the information of changing the random 

numbers table and its effect on the spectrum is not available), the computational intelligence can be 
incorporated in the drive control that would obtain the information of the spectral density and modify the 
lookup table as per demand.  

• A threshold should be setup such that if the modulation index is too small (below that threshold), the 
entire spectrum is almost uniformly dense. Hence, instead of introducing further modifications in the 
random number generator (which would further worsen the power quality), the appropriate settings for 
the transformer’s transfer ratio can be applied. The transformer may be servo/stepper motor controlled for 
improved accuracy.  

 
 

4. CONCLUSIONS 
It has been observed that decrease in the switching speed reduces the power quality of the output of 

the inverter in both the cases, deterministic PWM and random PWM. Further, in case of random pulse width 
modulation, the increase in the range of the numbers generated by the random generator degrades the power 
quality of the output of an inverter for smaller values of modulation index. Also, certain numbers in the 
random numbers lookup tables add to certain high density ares in the spectrum. A novel strategy based on the 
use of hybrid random numbers list with restrictions on the ranges of numbers that change adaptedly with 
operation, and an optional (only required when the prior two strategies are not good enough) variable tap 
transformer has been proposed. A few results with these strategies have been given that individually prove 
the efficacy of this technique. Hence, this technique will provide an optimal voltage source inverter which 
would maintain an excellent power quality profile for a broad range of output voltage swing.  
 
 
REFERENCES 
[1] M.H. Rashid, “Power Electronics: Circuits, Devices and Applications”, Pearson Education, Singapore, 2005 
[2] Kirlin, R.L.; Lascu, C.; Trzynadlowski, A.M., “Shaping the Noise Spectrum in Power Electronic Converters”, IEEE 

Transactions on Industrial Electronics, Vol. 58, Isue 7, 2011 
[3] Michael M. Bech, “Analysis of Random Pulse-Width Modulation Techniques for Power 

ElectronicConverters”http://www.iet.aau.dk/Research/phd_abstract/ theses_phd_mmb. pdf, 21st September, 2008 
[4] Josep Balcells, Alfonso Santolaria, Antonio Orlandi, David Gonzalez and Javier Gago, “ EMI Reduction in 

Switched Power converters using frequency modulation techniques”, IEEE Trans. Electromagn. Compat. Vol.47, 
No.3, pp. 569-576, 2005 

[5] Alfonso Carlosena, Wing-Yee Chu, Bertan Bakkaloglu and Sayfe Kiakei,” Random Carrier PWM with exponential 
frequency mapping”, IEEE. Trans. Pow. Elect., Vol.. 22. No. 3, pp.960-966, May 2007 

[6] K.K. Tse, Henry Shu-hung Chung, S. Y. R. Hui and H.C. So, “A Comparative Investigation on the use of random 
modulation schemes for DC/DC Converters”, IEEE. Trans. Ind. Elect., Vol.47, No.2, pp. 253-263, April 2000 

[7] Young-Cheol Lim; Seog-Oh Wi; Jong-Nam Kim; Young-Gook Jung, “A Pseudorandom Carrier Modulation 
Scheme “, IEEE Transactions on Power Electronics, Vol. 25, Issue. 4, 2010 

[8] Ki-Seon Kim, Young-Gook Jung and Young-Cheol Lim “A New Hybrid Random PWM Scheme”, IEEE 
Transactions on Power Electronics, Vol 24, Issue 1, 2010  

[9] Josep Balcells, Alfonso Santolaria, Antonio Orlandi, David Gonz´alez and Javier Gago, “EMI Reduction in 
Switched Power Converters Using Frequency Modulation Techniques”, IEEE Transactions on Electromagnetic 
Compatibility, Vol. 47, No. 3, 2005 

[10] Alfonso Carlosena, Wing-Yee Chu, Bertan Bakkaloglu and Sayfe Kiakei,” Random Carrier PWM with exponential 
frequency mapping”, IEEE. Trans. Pow. Elect., Vol.. 22. No. 3, pp.960-966, 2007. 



IJPEDS  ISSN: 2088-8694 � 
 

Variable Voltage Source Inverter with Controlled Frequency Spectrum …. (Muhammad Farrukh Yaqub) 

33

[11] Josep Balcells, Alfonso Santolaria, Antonio Orlandi, David Gonzalez and Javier Gago, “ EMI   
Reduction in Switched Power converters using frequency modulation techniques”, IEEE Trans. Electromagn. Compat. 

Vol.47, No.3, pp. 569-576, 2005 
[12] Jacob,B.; Baiju, M.R., “Spread spectrum modulation scheme for two-level inverter using vector  
quantised space vector-based pulse density modulation “, IET Electric Power Applications, Vol. 5, Issue 7, 2011  
[13] Yuan-Chih Chang; Chang-Ming Liaw, “A Flyback Rectifier With Spread Harmonic Spectrum”, IEEE Transaction 

on Industrial  Electronics, Vol 58, Issue 8, 2011  
[14] Papoulis, A., Probability, Random Variables, and Stochastic Processes, McGraw-Hill Book Company, New York, 

1965 
 
 
BIBLIOGRAPHY OF AUTHORS 
 

 

Muhammad Farrukh Yaqub received his BSc and MSc degrees in electrical 
engineering from University of engineering & Technology, Lahore. He has been a 
lecturer (on leave) in Electrical Engineering at University of Engineering & 
Technology, Lahore since 2008. Currently he is a student of PhD in electrical 
engineering at Monash University Australia. His areas of interest include Power 
Electronics, Digital Signal Processing, Artificial Intelligence and Macine vision. He 
has authored/coauthored many conference/journal papers to date. 

  

 

Muhammad Safian Adeel received his BSc and MSc degrees in electrical engineering 
from the University of Engineering and Technology, Lahore, Pakistan, in 2007 and 
2010, respectively. Since 2009 he has been with the University of Engineering and 
Technology, Lahore, Pakistan, as a Lecturer in Electrical Engineering. Muhammad’s 
research areas are in power electronics, integrated circuits, control systems and digital 
signal processing. He has authored or co-authored six papers to date and supervised 
one undergraduate thesis. Muhammad is a Fulbright Scholar and is expected to pursue 
his PhD in electrical engineering in USA. 

  

 
 

Dr. Tahir Izhar received his BSc and MSc degrees from University of Engineering & 
Technology, Lahore and PhD degree from University of Birmingham, UK. He has 
been with the Univerity of Engineering & Technology, Lahore as a teacher and 
researcher for the last 27 years. Currently he is the professor in electrical engineering 
and the director of technology transfer lab at the university of engineering & 
technology, Lahore. His field of expertise includes power electronics, motor drive 
systemsand electronics system design. He has authored/coauthored many 
conference/journal papers to date. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



      �          ISSN: 2088-8694 

IJECE  Vol. 2, No. 1,  March 2012 :  25 – 34 

34

 
 


