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Abstract 
     Elimination of load harmonics can be achieved by either filtration of selected 

harmonics or the use of pulse-width modulation PWM technique. Many PWM 

techniques are developed, but the most commonly used in industrial applications  is the 

SPWM technique where the distortion factor DF (one of the most important 

performance parameters of the quality and efficiency of a lot of the electronic devices)  

is significantly reduced. In this paper, the SPWM technique for harmonic elimination 

(HE) is implemented using 8051 microcontroller and the well known MATLAB 

software. The result is tested on a prototype inverter which was designed since 1998. 

This method is based on the analysis of Fourier series and Fourier coefficients of the 

required SPWM output voltage waveform. 

     In this paper, the odd function technique with three and five pulses per half cycle to 

generate the required SPWM control signals is achieved. The basic flow chart of the 

control program, samples of the experimental results as well as an appendix illustrating 

the complete source code programs (INV1) and (INV2) in an assembly language of 8051 

microcontroller are given.  
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 جامعة الموصل / كلية الزراعة والغابات / قسم العلوم الأساسيةكامل غاوي صالح / 

 

 ةصالخلا                                         
    عار                                                                                        حذف التوافقياات للحمال الربربااإم  ماا بواساطة المرااحات انلرترو ياة خو باساتخدام تقنياة ت امي        يتحقق       

                                              الأكثر ايوعا" واستخداما" فم التطبيقات الصناعية        بيد خن        الموجة     عر                           .هنالك عدة تقنيات لت مي    PWM       الموجة 

                                                         )الذي يعتبار ما  خهام العوامال التام تحادة كفااءة وجاوةة كثيار ما    (DF)             عامل ال وضاء         حيث يقل   SPWM         هم تقنية 

                                                                  فام هاذا البحاث  تنفياذ الطريقاة الأكثار اايوعا" لحاذف التوافقياات باساتخدام    تام             بشارل كبيار .      فيباا                    الأجبزة انلرترو ية( 
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  Fourier                                                    هذه الطريقة على التحليل الرياضم وذلاك بيياااة متوالياة       تعتمد  .  1998                                   انلرترو ية التم تم تصنيعبا منذ عام 
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INTRODUCTION: 
     In this section, a brief summary of power inverters  is presented. Dc-to-ac converters are 

known as inverters. The function of an inverter is to change dc input voltage to ac output 

voltage with the desired frequency and magnitude. A static semiconductor circuit of an 

inverter does this electrical energy transformation . This type of inverter is called voltage-

source inverter (VSI) in which dc input voltage (battery voltage) is constant and independent 

of the load current drawn. The inverter specifies load voltage while the load dictates the shape 

of the drawn current [1]. 

     The output waveforms (voltage or current) of an inverter are usually rectilinear in nature 

and as such contain harmonics which will reduce the efficiency and performance of the load. 

Elimination of load harmonics can be achieved by either filtration of selected harmonics or 

using pulse-width modulation PWM technique.  

     The efficiency and quality of an inverter output is normally evaluated in terms of the 

following performance parameters [2] : 

     Harmonic factor ( HFn ) : The harmonic factor (of the nth harmonic), a measure of the 

individual harmonic contribution, is defined as  

  HFn = Von / V01    for n <  1                                       ------------------------------------------- ( 1 ) 

 

     where V01 is the rms value of the fundamental component and Von is the rms value of the 

nth harmonic component. 

     Total harmonic distortion ( THD ) : The total harmonic distortion, a measure of 

closeness in shape between the fundamental component and the actual waveform, is defined 

as  
                  ∞ 

THD =  (  ∑   V
2

on  )
1/2

  /  V01                                       ------------------------------------------ ( 2 ) 
                     n=2,3,…  

 

      Distortion factor ( DF ) : The distortion factor indicates the amount of harmonic 

distortion that remains in a particular waveform after the harmonics of that waveform 

subjected to a second-order attenuation is divided by n
2
. Thus distortion factor is a measure of 

effectiveness in reduction unwanted harmonics without having to specify values of a second-

order filter and is defined as  
                 ∞ 

DF =  [ ∑  (  Von / n
2 
 )

2
 ]

1/2  
/  V01

                                           
------------------------------------------- ( 3 ) 

               n=2,3,…  

 

Sinusoidal Pulse–Width Modulation SPWM Technique (SPWM): 
     The basic method of obtaining SPWM is demonstrated by many references but the most 

preferable one is presented by Mohammad H. Rashid [2] in which the width of each pulse 

varies in proportion to the amplitude of the sine wave evaluated at the center of the same 

pulse as shown in figure (1). In this technique, the control signals are generated by 

comparison between the triangular carrier wave of frequency fc  and a sinusoidal reference 

signal fr . This technique is commonly used in industrial applications. The frequency fr of the 

reference signal determines the frequency fo of the output inverter; Ar the peak amplitude 

controls the modulation index M(M=Ar/Ac) which intern controls the rms output voltage Vo. 

Comparison of the carrier signal Vcr with the two sinusoidal reference signals (Vr &  -Vr) 

shown in figure (1a) gives the control signals g1 & g4, respectively as indicated in figure (1b). 
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This can be implemented by an analogue circuit using op-amp as a comparator. The output 

voltage waveform is obtained from Vo=Vs(g1-g4).  

     The carrier frequency determines the number of pulses per half cycle as : 

fcr / fr = number of pulses                                --------------------------------------------------- ( 4 ) 

 

     The modulation index (M) controls the rms output voltage. From the figure, it can be seen 

that the area of each pulse corresponds approximately to the area under the sine wave between 

adjacent midpoints of off periods on the gating signals [2]. 

     If m defines the width of mth pulse, the rms output voltage can be calculated from the 

following equation  
                    2N 

Vo= Vs ( ∑   m /   )
1/2 

                        --------------------------------------------------------------(5) 
                    m=1 

 

where N defines the number of pulses per half-cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 : Sinusoidal Pulse-Width Modulation SPWM 

 

 The Fourier series of the instantaneous output voltage in general form is : 
                       ∞  

Vo (t) = a0 + ∑ [ an cos(nwt) + bn sin(nwt) ]                            ----------------------------------(6) 
                           n=1  

     The even harmonics (n=2,4,6,…) are cancelled because of the symmetry of the output 

voltage along the x-axis since a0=0 & an=0 , hence the instantaneous output voltage is reduced 

to [3] 
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              ∞  

Vo (t) = ∑ bn sin(nwt)                             ------------------------------------------------------------(7) 
                 n=1,3,5,… 
  

     The Fourier coefficient of output voltage can be found as : 
           2N 

bn = ∑ 4Vs/n sin(nm/4) [ sin(m+3m /4) - sin n(+m+m/4) ] 

          m=1                                    for  n=1,3,5,..                      -----------------------------------(8) 

      

      The width of the pulses and the harmonic profile of sinusoidal modulation can be 

evaluated by a computer program. Figure 2 indicates the harmonic profile for five pulses per 

half cycle (N=5) . It can be seen that the distortion factor (DF) is significantly reduced in 

comparison with the other PWM 

techniques (single or multiple-pulse-

width modulation techniques). All 

harmonics less than or equal to (2N-1) 

are eliminated by this type of 

modulation. For N=5, the lowest order 

harmonic (LOH) is the ninth[2].  

      

                       

 

 

 

 

The Most Common Harmonic 

Elimination Method : 
     Many methods of (HE) are 

developed[4], but the most common 

used one satisfies the following 

techniques:  

     - Optimized PWM switching 

strategies ( OPWM ). 

     - Harmonic elimination PWM technique ( HEPWM ). 

     - Programmed PWM techniques. 

     In this method a large number of OPWM switching angles are usually programmed off-

line into an EPROM or a microcontroller's data memory. The Two commonly used SPWM 

techniques are; the odd function technique which applies odd number of pulses per half 

cycle(3,5,7,…) while the even function technique uses an even number of pulses per half 

cycle in the inverter output  waveform . Odd function technique is more preferable and usable 

than the even one since it represents the sine wave signal more closely (better curve fitting). 

Therefore it is used in this work.  

               

      Applying this technique to obtain the required switching angles needs the adoption of the 

following steps: 

Step1 : Selection of a particular  performance method which eliminates several lower-order 

harmonics from the inverter output with the specification of odd or even function SPWM 

technique and determination of number the of pulses per half cycle to be used. 

Fig. 2 : Harmonic Profile Of 

SPWM 
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Step2 : Plotting the required generalized quarter-wave symmetric PWM inverter output 

voltage waveform. 

 

Step3 : Calculation of Fourier coefficients of the generalized SPWM waveform in terms of N 

variables ( N:number of switching angles per quarter cycle (Notches)), taking into 

consideration that the number of switching angles per quarter cycle is equal to the number of 

pulses per half cycle. 

 

Step4 : Computation of switching angles by equating of N-1 harmonics to zero and 

assignment of specific value of amplitude of the fundamental of inverter output voltage in per 

unit value (M). A set of non-linear equations to be developed with multiple solutions for 

switching angles satisfying the criterion:  

         1 >  2   >  3    >   ……….. >  N >  /2   ----------------------------------------------(9 ) 

     Switching angles have to be obtained for each increment in M  for voltage control with 

simultaneous elimination of harmonics . These non-linear equations have to be solved using 

suitable numerical method i.e. standard math library for PC environment (for example 

MATLAB). 

 

Step5 : A program is written in an assembly language for the microcontroller used to generate 

the required SPWM waveform control signals after storing the required switching 

angles(degree values), obtained in the previous step into the data memory (look-up table) and  

converting them into time domain. 

 

Implementation of the SPWM Technique for HE Using 8051 

Microcontroller & MATLAB : 
     This section explains the implementation of HE method based on MATLAB analysis that 

can be applied in microcontroller based system.      

     Two cases are studied. The first one is the odd function simulation technique of the 

sinusoidal waveform using three PWM pulses per half cycle (INV1), while the second one 

applies five PWM pulses per half cycle (INV2). 

 

CASE 1 [ ODD FUNCTION TECHNIQUE WITH 3 PULSES / HALF CYCLE       

                ( INV1) ] : 

 

STEP 1: Determination of HE method: 

     Definition of HE criteria is achieved by following steps :  

- Applying Odd function technique. 

- Number of pulses is three per half cycle. 

- Elimination of several lower-order harmonics from the inverter output can be 

calculated from the (2N-1) formula. Hence for N=3, the lowest order harmonic (LOH) 

is the fifth. All harmonics less than 5
th
   are eliminated [2]. 

STEP 2: Plotting The Required SPWM Inverter Output Waveform : 

     Figure(3) indicates the required inverter sinusoidal output waveform and its corresponding 

SPWM waveform with 3 pulses per half cycle.  
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Fig. (3) :  Required SPWM Inverter Output Waveform for N=3 

 

STEP 3 : Calculation of Fourier Coefficients of The SPWM Waveform : 

     Figure (3) indicates that SPWM is a quad-wave symmetry waveform. In general this type 

of waveforms has the following mathematical Fourier series and  coefficients [3] : 
            ∞ 

F(x)= ∑ bn sin(nx)                              ---------------------------------------------------------------(10) 
              n=1,3,5,… 

                                           

 a0 = an = 0    ,    bn = 2/ ∫ f(x) sin(nx) dx   n=1,3,5,…                            ----------------------(11)       
                                        0 

                  /2 

bn = 4/ ∫ f(x) sin(nx) dx                              -------------------------------------------------------(12) 

             0 

                       2                                     /2 

bn = 4/ [ ∫ f(x) sin(nx) dx + [ ∫ f(x) sin(nx) dx ]                            ----------------------------(13) 
                1                                  3                             

     The above equation can be simplified to the following generalized equation : 
                         N           k+1                

bn = 4Vs / n [ ∑   (-1)      cos(nk)    n=1,3,5,….                           ---------------------------(14) 
                        K=1      

Where N as previously defined equals the number of pulses per half cycle.  

     

STEP 4 : Switching Angles or Notches Calculation : 

     From equation (14), one can derive the mathematical equations for the fundamental, 3
rd

 

and 5
th

 harmonic components as :      

         

b1 = 4Vs/ [ cos(1) -cos(2) +cos(3) ]                               ------------------------------------(15) 

b3 = 4Vs/3 [ cos(31) -cos(32) +cos(33) ]                               ------------------------------(16) 
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b5 = 4Vs/5 [ cos(51) -cos(52) +cos(53) ]                             ------------------------------(17)   

 

 For N=3 pulses, equating (N-1) harmonics=0 gives the 3
rd

 and 5
th
 harmonics=0 as: 

 

cos(1) -cos(2) +cos(3) = /4 b1                                  ---------------------------------------(18) 

cos(31) -cos(32) +cos(33) =0                                  -----------------------------------------(19) 

cos(51) -cos(52) +cos(53) =0                                  -----------------------------------------(20) 

 

     MATLAB is used to solve these three non-linear equations to find (1,2,3) for  different 

values of b1(1,0.9,0.8,….,0.1) respectively knowing that b1=M. 

      In MATLAB, Levenberg-marquardt algorithm was used instead of trust-region dogleg 

algorithm which is the weighted average of Newton's method and steepest Descent method. 

Since the steepest Descent method is a good way to obtain the initial  condition compared to 

Newton's method, the weight is biased toward the steepest method until convergence is 

detected, at which time the weight is shifted toward the more rapidly convergent Newton's 

method[5]. 

     Table (1) indicates switching angles (1,2,3) obtained for M=1,0.9,0.8,….,0.1 

respectively, while figure (4) shows the plot of these switching angles.  

 

 

 

 

 

 

 

 

Table (1) : Switching Angles Solution 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4) : Plot Of Switching Angles Solution 

 

SEP 5 : Generation of SPWM Waveform Signals : 

     The generation of SPWM waveform signals is performed by writing an assembly program 

(INV1) using assembly language of 8051 microcontroller [6].   

      

     The switching angles obtained from table (1) are stored into the data memory of 8051 

microcontroller as a look-up table. The program uses one of the 16-bit timers (TR0) of such 
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microcontroller as a down counter to convert switching angles from degree values into time 

domain (µs) as shown in figure (5). Two bits  of the input/output port (P2.7 & P2.6) of the 8051 

microcontroller are used to generate the required switching signals [7]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5) : Required SPWM Waveform Signals 

 

  

The Main Control Program : 
     The main control program is written to perform many tasks as illustrated in figure (6) 

which presents its detailed flow chart. A complete list of the source program (INV1) in an 

assembly language is presented in the appendix. 

 

 

CASE 2 [ ODD FUNCTION TECHNIQUE WITH 5 PULSES / HALF CYCLE       

                ( INV2) ] : 

     In this case, the same steps are repeated as done in the previous case. The only difference 

is using five clock pulses instead of three per half cycle as shown in figure (7). All switching 

angles values are given in table (2), while figure (8) shows the plot of these switching angles 

solution trajectories for N=5. 

     The complete list of source program (INV2) is also presented in the appendi 
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Fig. (6) : Detailed Flow Chart of the Main Control Program 
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Fig. (7) :  Required SPWM Inverter Output Waveform for N=5 

 

 

 

 

 

 

 

 

 

 

 

 

Table (2) : Switching Angles Solutions Trajectories 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (8) : Plot of Switching Angles Solutions Trajectories 
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Experimental Results and Discussion : 
      To investigate the effect of HE method, two experimental setups were built; one for 

square wave output (without HE) and the other for HE :    

   

Case (1) : The Square wave control signal (SW) : 

     Figure (9) shows the experimental setup which consists of a prototype inverter that has 

three basics parts; the first part is the oscillator circuit which produces two complementary 

switching signals (Q & Q
-
) of frequency 50 Hz. The second part includes the driver and 

power transistors (used as electronic switches), while the third part is a step-up transformer to 

give the required ac output voltage. The real output power (POUT) is measured by single-phase 

wattmeter while the (THD) parameter  is measured by using Power Pad AEMC instruments 

(Model 3945-B). 

     The efficiency () of the inverter is calculated from : 

PIN = VIN * IIN                              ----------------------------------------------------------------- ( 21 ) 

 

     Where VIN is measured by DC voltmeter connected across the battery terminals and IIN is 

measured by DC clamp meter. 

 = ( POUT / PIN ) * 100 %                                  --------------------------------------------------( 22 ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. ( 9 ) : Square Wave Control Signal ( SW ) Setup 

 

Case (2) : The SPWM Control Signals (INV1& INV2) : 
     In this case, the oscillator circuit as shown in figure (10) is replaced by Microcontroller 

Training System (MTS-51) to produce the two complementary switching signals (P2.7& P2.6). 

Two programmed 8051 microcontroller chips are needed for (INV1& INV2) control 

programs. Actually, the output port of the microcontroller is protected from driver and power 

transistors circuits by triple logic inverters (for each bit) which act as a buffer circuit as well 

as driving the required TTL output current. 
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Fig. ( 10 ) : The SPWM Control signals (INV1& INV2) Setup 

 

     Many of non-inductive domestic devices are used to cover the inverter power range 

required for measurements. Table (3) indicates the measurement results taken for each case, 

while figure (11) shows the corresponding plot and histograms of the inverter parameters for 

different control signals. It is obvious from this figure that the  SPWM(INV2)  is not the best 

since with larger values of N, the amplitudes of LOH would be lower, but the amplitudes of 

some higher order harmonics would increase because switching losses of power transistors 

are increased. However, such higher order harmonics can be easily filtered out, and this 

agrees with that mentioned by Muhammad H.Rashid[2].  

 

 

 

 

 

 

 

 

 

 

 

Table ( 3 ) : The Inverter Parameters for Different Control Signals 
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      Finally figure (12) shows the laboratory experimental set. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a- Plot of Inverter Efficiency for different control signals 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 b- Histogram of Inverter Parameter         c- Histogram of Inverter Parameter 

                     ( THD% )                                                        I no-load (A) 

 

Fig. (11 ) : Plot and Histograms of Inverter Parameters for different control signals 
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b-  
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d-  

e-  

f-  

g-  

h-  

i-  

j-  

k-  

l-  

a- Experimental Setup 

 

 

 

 

 

 

 

 

 

 
b- Oscilloscope output for SPWM               c- Oscilloscope output for SPWM  

        Control signal (N=3)                                     Control signal (N=5)  

 

 

 

 

 

 

 

 

 

 
e-  

d- THD measurement for                                   e- THD measurement for  

       SW control signal                                               INV1 control signal 

Fig. (12) : Laboratory Experimental set photos  

Conclusion 
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      The main objective of this research is to prove the validity of using the most common 

method of HE practically on a prototype inverter previously designed through the 

enhancement of its performance parameters. Our goal is the design and implementation of a 

simplified and reliable stand-alone microcontroller based solution system using Fourier 

analysis and MATLAB for generation of the required SPWM control signals. 

      The obtained experimental results are identical to that of MATLAB analysis done for the 

calculation of the switching angles needed for the elimination of the selected harmonics 

through the measurement of the basic inverter performance parameters (THD, I no-load & γ) 

which are improved from (42.2,7A,62%) values for the (SW) control signal to the values 

(21.5,3.5A,68%) by applying HE method using the (INV1) control signal.  

        Finally, in this off-line method, a long time is spent for calculating the switching angles 

in relation to the modulation index and look-up tables are required. However this trouble can 

be solved by using the on-line method which is adopted in the current research [10]. 
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