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Resultant Theory and Jenkins-Traub Algorithm Based 

SHEPWM using Assimilated Software Environment for a 

Seven Level VSI 
          

S. Sangeetha 
1
               S. Jeevananthan 

2 

 
 

Abstract–The staircase, sinusoidal like output ac voltage 

waveform of a multilevel inverter (MLI) can offer a higher 

output voltage but fails to have an easy filterable harmonic 

spectrum as MLIs of higher number of levels can only 

suppress the lower order harmonics and the total harmonic 

distortion (THD). Increasing the level may complicate the 

power circuit and control, and also increases the cost. An 

effective pulse width modulation (PWM) method with an 

inherent property of reducing the lower harmonics with the 

reduced level is proposed in this paper. An ingenious solution 

to the persisting problem of eliminating specific lower order 

harmonics in MLI can help in minimizing the circuit 

complexity. The crux of the selective harmonic elimination 

(SHE) method is resultant theory based estimation of 

switching instants for the entire working range of a single 

phase MLI using a developed assimilated software 

environment (ASE). The ASE replaces the principal 

transcendental equations by polynomial equation of higher 

order and then reduces the order using elimination theory 

using Mathematica® solved by the Jenkins-Traub algorithm 

in a Visual C++ platform. The MATLAB/Simulink based 

simulation results are corroborated in a fabricated prototype 

for elimination of the third, fifth and seventh harmonics.  

 

Keywords–Assimilated software environment (ASE), multi-

level inverter (MLI), selective harmonic elimination (SHE), 

resultant theory, total harmonic distortion (THD) 

 

I. INTRODUCTION 

 
The basic idea behind any pulse width modulation (PWM) 

strategy employed in voltage source inverter (VSI) is 

shifting the dominant harmonic from low order to higher 

order and hence reducing the filtering efforts [1-2]. The 

traditional sine-triangle PWM method and its variants 

perform this task at few kHz and commonly acceptable in 

applications where switching losses are not a concern [3]-

[5]. Multilevel inverters (MLIs) are the relatively complex 

structures which can produce an ac voltage with a 

reasonably reduced total harmonic distortion (THD) and 

switching losses. Even though the typical MLI output 

voltage spectrum has suppressed lower order harmonics, 

the dead band and filtering requirements are inferior to 

conventional natural sampled PWM methods [6]-[7]. 

Incorporation of selective harmonic elimination (SHE) 

theory with the low switching operation of MLI makes the 

system more attractive, as it further reduces the filtering 

requirements. This combination is well suited for 

application like ac drives, flexible ac transmission systems 

(FACTS)  etc.  SHEPWM   is   special   kind   of    regular  
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sampled PWM, which can result in acceptable spectral 

quality with low switching frequency. 

 

In SHEPWM, inverter switching instants are determined 

by solving a set of nonlinear transcendental equations, 

which are formulated from Fourier analysis. SHEPWM 

was introduced by Patel and Hoft in 1973 [8]. The 

principle of SHE is, that for any value of target output 

voltage (hence modulation index) there will be set of 

switching angles to equalize the Fourier coefficients 

associated with the required harmonics to zero. Thus 

SHEPWM is meant to place switching edges to eliminate 

required harmonic. 

 

A modulation-based method for generating pulse 

waveforms with SHE has been proposed, which functions 

without transcendental equations [9]. The gating pulses 

have been obtained by comparison of a sine wave with 

modified triangular carrier while all existing SHE 

algorithms are digital (regular sampled). One alternative 

to the hassle free Fourier series formulation has been the 

orthonormal set based on Walsh functions [10]. By using 

the Walsh domain waveform analytic technique, the 

harmonic amplitudes of the inverter output voltage can be 

expressed as functions of switching angles. Thus, the 

switching angles are optimized by solving linear algebraic 

equations instead of solving nonlinear transcendental 

equations. The resulting equations are more tractable due 

to the similarities between the rectangular Walsh function 

and the desired waveform. Newton-Raphson method 

although being an iterative method does not guarantee all 

the possible solutions of determining the required 

switching angles [11]. A method has been developed to 

work with the SHE technique for sinusoidal voltage 

generation applied to control static VAR compensators 

[12]. Homotopy method allows higher degree of freedom 

by solving the harmonic pulses graphically. The 

fundamental wave component is considered as the 

Homotopy parameter [13]. Recently, evolutionary search 

algorithms  like genetic algorithm (GA), particle swarm 

optimization (PSO), bacterial foraging (BF) algorithm 

with their good convergence rate have pitched in and 

played there greater role in determining their optimum 

switching  angles needed for SHE [14-16]. 

 

The main challenge associated with existing SHE 

techniques is either obtaining the analytical solutions of 

nonlinear transcendental equations (contain trigonometric 

terms which naturally exhibit multiple solutions) or the 

solution accelerating starting values (the close proximity 

of the starting values to the exact solutions ensures 

convergence). This paper provides systematic and 

sequential approach to overcome such difficulty of solving 

the equations. The principal transcendental equations are  
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mapped into higher order polynomial equation. Later 

these higher order polynomials are reduced using 

elimination theory by computing the resultant of the 

polynomial. Software package Mathematica
®
6 is 

employed to explore the theory of resultants. The 

switching angles are predetermined using the software 

tool developed in Visual C++ based on Jenkins-Traub 

algorithm. Experimental results support the theoretical 

considerations and simulated results reported in the paper. 

 

II. PROPOSED SHE ALGORITHM 

 

The Proposed procedure is an offline method of 

determining the switching angles for the proposed seven 

level MLI. The entire algorithm is divided into two stages. 

The initial stage of mathematical formulations is based on 

Fourier analysis and its associated trigonometric 

summations and substitutions. The second stage involves 

the resultant theory and the Jenkin-Traub algorithm which 

deals with higher order polynomial and calculations of the 

switching angles required to eliminate or cancel the lower 

order odd harmonics. The resultant theory method of 

formulating the equations involves the usage of 

Mathematica®.The steps are indicated in Fig.1. 

 

 A.MLI and SHE  

The cascaded MLI consists of several single-phase H-

bridge inverters with separate DC sources as illustrated in 

Fig.2 [17]. This structure can avoid extra clamping diodes 

or voltage clamping capacitors [18]. An example of the 

output voltage waveform for a seven-level cascaded 

inverter is diagrammed in Fig.3. For a cascaded MLI, the 

number of output phase voltage levels is defined by 

m=2S+1, where ‘S’ is the number of DC sources and ‘m’ 

is the number of inverter levels. 

 

The output voltage, VAB obtained is a summation 

individual H-bridge outputs (V1+V2+V3). The real valued 

Fourier series of the (stepped) output voltage waveform of 

the multilevel inverter is written as  

 

 0 0

1 1

( ) sin cosn n

n n

V t a a n t b n t  
 

 

     (1) 

The DC component, a0 = 0. Cosine component and even 

order sine component do not exist, while the fundamental 

component wave and the odd order sine harmonic 

components are as follows : (bn=0) 

                  na = ]ncosncosn[cos
n

V4
321

dc 


           (2)            

Substituting the values of a0, an  and bn, the instantaneous 

output voltage equation can be obtained.                           

                 

tnsin)]ncos(

)ncos()n[cos(
n

1V4
)t(V

3

21
5,3,1n

dc
0










 



(3)        

Fig. 1:  Flow chart of proposed SHE algorithm 
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Fig. 2:  Structure of a seven level cascaded H-bridge 

Inverter 

 

The equation obtained will lead to two fold solutions ; (i) 

to obtain the required fundamental voltage by calculating 

the appropriate switching angles so that (S-1) harmonics 

can be removed from the voltage waveform and (ii) to 

minimize the THD [19-21]. Here, ‘n’ is the order of 

harmonics and it exists only for odd. For a given desired 

fundamental peak voltage V1, it is required to determine 

the switching angles such that 0 ≤ α1< α2< ….   αs ≤ π/2.  

 

 

Fig.3: Output waveform of a seven level cascaded H-bridge inverter 

 

The single-phase seven-level MLI considered has three 

DC sources and the default eliminations are for third, fifth 

and seventh harmonics as they tend to dominate the 

spectrum. The switching angles are chosen in such a way 

that they eliminate the lower frequency harmonic and also 

that the THD is minimized. Instants α1, α2 and α3 in Fig.3 

represent a sample indication of optimal angles using the 

proposed method with the condition
2

0 321


  . 

The switching instants and output levels of the considered 

MLI is presented in Table 1. Moreover, the relation 

between the fundamental voltage and the maximum 

obtainable voltage is given by modulation index, MI = 

V1*π/(s*4*Vdc).  

 
Table 1: Switching states of cascaded seven level inverter 

switching 

angles 
Va1 Va2 Va3 Van 

α < α1 0 0 0 0 

α1< α < α2 Vdc 0 0 Vdc 

α2< α< α3 Vdc Vdc 0 2Vdc 

α3< α< π/2 Vdc Vdc Vdc 3Vdc 

                

  1321
dc Vcoscoscos

V4
 


 

  03cos3cos3cos 321    

  05cos5cos5cos 321    

  07cos7cos7cos 321    

(4) 

                         

 

The set of equations grouped in (4) are redefined using 

trigonometric identities i.e by binomial and DeMoivre's 

formulae [23].   

 

                   3cos4cos33cos   

        53 cos16cos20cos55cos   

     

   



75

3

cos64cos112

cos56cos77cos




                    (5) 

  

The total number of harmonics to be eliminated is taken as 

two, which are either 3
rd

 and 5
th

 or 5
th

 and 7
th

 or 3
rd

 and 7
th

. 

To attain such an objective a specific set of equations is to 

be formulated. The equations obtained by using the 

trigonometric identities are quite lengthy and contains 

many common terms so, for the sake of simplification. 

For seven level (S=3). Let: 

 

 11 cosx   

 22 cosx   

                                          33 cosx 
                           

 

(6)
 

 
On substitution of (6) in (4) becomes  

          1321
dc Vxxx

V4



 (7)                                             

 

 

                                    
dc

1
321

V4

V
xxx


     (8)

 
 

  Mxxx 321 

 
    

 

                                                         
p1(x)                        (9) 
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where, M=
dc

1

V4

V 
. The resultant polynomial equations are 

represented using the script of p1(x). This assumption 

holds good for the other equations such as p3(x), p5(x), 

p7(x). 

 

For the set (5), the equation takes the form as follows  

   

    0xxx4xxx3 3
3

3
2

3
1321      (10) 

                          

              (i.e)
   0x4x33

1i
3
ii             p3(x) 

 (11)
 

                      
   

  0xxx16

xxx20xxx5

5
3

5
2

5
1

3
3

3
2

3
1321





             (12)       
 

         
 

(i.e)
    3

1i
5
i

3
ii 0x16x20x5               (13) 

                                                  p5(x)           

(i.e)
   0x64x112x56x73

1i
7
i

5
i

3
ii    

 p7(x)           (14) 

 

(4) becomes, 

  0Mxxxxp 2211   

                            0xp3   

             0xp5                                                 

                          0xp7            

(15)
 

 

Thus, there are set of four equations which are 

transcendental in nature. This transcendental equation 

requires unique method of finding solutions. There are 

three unknowns namely x1, x2 and x3. They are higher order 

polynomials, which has to be solved. The value of x=(x1, 

x2, x3), so, there are four equations with three 

unknowns 1xxx0 123  . 

B. Mapping of Transcendental Equations into                 

 Polynomial 

The numerical analysis involves solving the set of 

polynomial equations to predetermine the switching 

angles. But for nonlinear equations convergence is crucial 

[15]. The work done previously [19], [26-27] have shown 

that the transcendental equations characterizing the 

harmonic content can be converted into polynomial 

equations which are the solved using the method of 

resultants from elimination theory [28]. The resultant of 

two polynomials is well known and is implemented in 

many computer algebra systems [18].  It is a powerful tool 

for finding solutions of equations. Substituting, (M = m) 

and x3=m-x1-x2 in (11), (13) and (14) for the sample case 

for elimination of 5
th

 and 7
th

 harmonics, results the 

following equation. 

 
 

 

5
21

3
2121

5
2

3
22

5
1

3
11215

)xxm(16

)xxm(20))xx(m(5x16

x20x5x16x20x5x,xp







(16)

                                                                                           

                                          
 

 

 

   

 721

5
21

3
21

21
7
2

5
2

3
22

7
1

5
1

3
11217

xxm64

xxm112xxm56

xxm7x64x112

x56x7x64x112x56x7x,xp









 

    

 

(17) 
 

Now the two polynomials need to be solved using 

methods of resultant with the theory of resultants is that 

the two invariable polynomials will have a common root if 

and only if the polynomial function of the coefficient is zero. 

For each fixed, x1 the pair of polynomials, 

0)x,x(p,0)xx(p 2172,15   has a solution x2 if and only 

if the corresponding resultant matrix is singular. The 

determinant of the resultant matrix is a polynomial in x1. 

Obtaining the specific harmonic equations may be 

possible by manual computation their collective solution 

becomes more tedious and impossible in some cases. 

Employing versatile computational software like 

Mathematica
®
6 would be a wiser decision. It has been 

conceived by Stephen Wolfram and developed by 

Wolfram Research of Champaign, Illinois [24].  

                                                                 

 

4
21

4
2

3
2

2
1

3
21

3
2

23
2

3
1

2
2

2
1

2
21

22
21

2
2

32
2

2
4
12

3
12

2
1

2
2

2
1

21
3

212
4

2
2

4
1

3
1

22
1

32
1

1
4

1
253

215

xx80mx80xx160

xmx320xm160xx160xmx480

xxm480xx60xm160mx60

xx80xmx320xxm480xx60

xxm320xmx120xm80xm60

mx80xm160xm160mx60

xm80xm60m16m20m5x,xp















  (18)     
 

Similarly, p7(x1, x2) can also be computed. 

    4x,xpdeg 2152x 
 
                                    (19)     

                             

    
     6x,xpdeg 2172x                                      (20)     

  53
25 m16m20m5x,mp               (21)                                     

         
                

  753
27 m64m112m56m7x,mp 

            
(22)  

  
            

Resultant Matrix is S 7,5 pp (x1) is a 10*10 matrix
 

    )x(Sdetxr 17p,5p1                                  (23) 

                      

                                                                   

It is a polynomial in x1. It is found using Mathematica
®
 6 

by Resultant command.  

http://en.wikipedia.org/wiki/Wolfram_Research
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 )x(r)xm(m16777216)x(r 1
2

1
4

1
4

2        (24)
 

                                                                                                             
 

Here, r(x2) is a 22
nd

 order polynomial and r(x1) is a ninth 

order polynomial calculated by Mathematica
®
 6. 

 

III. JENKINS-TRAUB ALGORITHM AND ASE 

 
The resultant theory with combination of Mathematica

®
 6 

yields the required resultant of the polynomial. In order to 

predetermine the switching angles the resultant 

polynomial need a solution. Jenkins-Traub algorithm 

robust numerical algorithm, which can thoroughly deal 

with computer round-off errors, would provide the needed 

solution. It is a three-stage, extremely effective, globally 

convergent algorithm designed specifically for computing 

the roots of polynomials [25]. It uses the technique of 

deflation of the polynomial by synthetic division to find a 

root each time. This specific feature is fully utilized in 

solving the polynomial. The algorithm does not stop as the 

roots are computed; it proceeds to compute in the in 

similar way until all roots are exacted in increasing 

magnitude. This approach is taken because deflation of a 

polynomial can be unstable unless done by factors in order 

of increasing magnitude. The algorithm converges for any 

distribution of roots and the convergence is faster than the 

quadratic convergence of Newton-Raphson iteration. The 

entire process is implemented in VC++ platform, which 

can be understood through algorithms A.and B.detailed 

below. 

 

A.  Algorithm to generate x1   

 (i)  The first step involves the calculation of the 

coefficients of the equations for a given ‘m’ value. 

The program takes the ‘m’ value as the input 

from the user. 

(ii) The next step is writing the values of the roots 

which are in the range of interest which is 

between 0 and 1. To do this the complex roots are 

to be effaced. Using appropriate ‘if’ conditions 

the imaginary roots are eliminated. 

(iii) The negative roots and the roots which are 

greater than one are eliminated. The roots which 

satisfy all the conditions are written into a file 

named “x11out.txt” along with the ‘m’ value. An 

“end of file marker” is also used for verification 

purposes.  

 

B.  Algorithm to generate x2 and x3 

        This also involves a similar process. 

(i) The coefficients of the equations are calculated   

depending on both ‘m’ and ‘x1’ values. The file’   

x11out.txt’ is opened in read mode and the ‘m’ 

value is extracted first. Following this the ‘x1’ 

values are read one by one. 

(ii) For each of the ‘x1’ values the coefficients are 

calculated. The equations are solved using the 

same steps as above.  

(iii) The ‘x2’ values are also filtered using the same 

procedure. All the negative roots, the complex 

roots and roots greater than one are also 

discarded.  

(iv) The ‘x3’ values are calculated using the formula 

x3= (m-x1-x2). The ‘x3’ value has to be greater 

than ‘x2’which in turn has to be greater than ‘x1’. 

These conditions are checked using simple  ‘if’    

conditions.  

 (v)  If all these conditions are satisfied then these 

roots are triplet roots. 

  

A text file “x12out.txt” is created to write the calculated 

values in append mode. The x1, x2 and x3 values are written 

into the file. If they are triplet then it is indicated and the 

corresponding firing angles α1, α2 and α3 are calculated 

and saved into the file. 

 

The module is coded as a two-step process to monitor the 

working of the codes closely. The values that are being 

generated can be viewed at every step. If the first stage is 

found not working properly then the execution can be 

stopped and the process can be started from the beginning. 

Another advantage of the code is that even the non-triplet 

positive roots of the system are available in the file which 

can be used later if needed. The fastidious process of 

filtering gives surety of the results. One great advantage of 

the module is that it gives all the triplet roots for all the 

values of ‘m’ in a single file. Since the “x12out.txt” is 

opened in append mode the results are in a detailed form. 

The algorithmic steps are indicated sequentially using a 

data flow diagram (DFD) in Fig.4. DFD will be able to 

provide a structural analysis of the software programme 

designed to solve the set of polynomial [23].  

 

 

 

 

Fig. 4: Data flow diagram for computation of x1. 
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IV. SIMULATION RESULTS 

 

The seven-level cascaded inverter is simulated using 

MATLAB/Simulink software. All the separate DC 

voltages are set equal voltage values of 50V. The 

predetermined switching angles calculated are used for 

selective harmonic elimination. Tables 2, 3 and 4 shows 

the summary of switching angle computed against 

elimination of specific harmonics pair. Table 5 clearly 

shows the comparison between N-R and Resultant method. 

Similar tables can be formed for any pair to   be 

eliminated. The basic result, the variation of switching 

angles with respect modulation index for 5
th

 and 7
th

 

harmonic elimination, is indicated in Fig.5. Fig.6 indicates 

the presence of harmonics before application of the 

Jenkin-Traub algorithm.  

 

 
Table 2: Switching angle for elimination of 5rd and 7th 

Harmonics 

 

MI α1 α 2 α 3 %V5 %V7 THD (%) 

1.15 40.9 66.86 89.91 0.07 0.36 46.26 

1.15 41.1 66.73 89.92 0.18 0.31 46.67 

1.45 39.4 57.55 81.88 0.07 0.04 46.07 

1.50 39.4 56.25 80.09 0.07 0.02 45.92 

1.75 35.6 54.29 69.33 0.02 0.08 41.23 

1.85 31.1 55.88 65.26 0.95 0.48 38.52 

1.85 6.73 34.39 88.18 0.03 0.2 16.01 

1.85 6.25 33.87 88.52 0.05 0.07 16.6 

2.20 14.9 39.07 62.79 0.03 0.11 15.42 

2.35 11.7 31.51 58.77 0.06 0.01 10.48 

2.40 11.5 28.71 57.1 0.1 0.02 9.51 

2.45 12 25.56 55.27 0.08 0.04 9.60 

2.50 13.7 21.5 53.26 0.08 0.06 12.51 

           

 

Table 3: Switching angle for elimination of 3rd  and 5th 

Harmonics 

 

MI α1 α2 α3 %V3 %V5 THD (%) 

01.65 11.98 47.89 89.92 0.01 0.07 14.95 

01.70 11.73 45.93 88.54 0.11 0.05 14.46 

01.75 11.73 43.91 87.10 0.02 0.04 14.66 

01.80 12.01 41.82 85.60 0.03 0.07 15.16 

01.85 12.60 39.62 84.03 0.08 0.05 15.64 

01.90 13.54 37.27 82.41 0.10 0.03 15.95 

01.95 14.88 34.70 80.70 0.11 0.03 16.12 

02.00 16.74 31.75 78.92 0.02 0.03 16.89 

 

     

Table 4: Switching angle for elimination of 3rd and 

7thharmonics 
 

MI α1 α2 α3 %V3 %V7 THD (%) 

01.70 16.58 42.81 89.53 0.01 0.12 14.35 

01.75 14.19 42.47 87.53 0.16 0.07 13.79 

01.80 11.88 41.89 85.58 0.08 0.01 15.16 

01.85 09.55 41.13 83.64 0.03 0.08 16.11 

01.90 07.10 40.23 81.70 0.03 0.03 16.69 

01.95 04.21 39.22 79.74 0.08 0.07 18.39 

 

 

Fig.7 clearly indicates the elimination of selected 

harmonics after the application of the algorithm. Besides 

the efficient cancellation of above mentioned harmonics 

and the total harmonic distortion (THD) is also reduced 

about 14.35% [29]. 

 

 

 
 

Fig. 5: Optimal switching angles versus MI for 5th and 7th 

harmonics   elimination 

 

 

 
                 

         Fig.6: Harmonic spectrum without harmonic elimination 

 

 

 
 

Fig.7: Output voltage and harmonic spectrum for (MI=1.7) with 

3rd and 7th harmonic elimination 
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Table 5: Comparison of n-r method with proposed resultant theory method 

Methods MI α 1 α 2 α 3 
V1 

(V) 

V3 V5 V7 V9 THD 

(%) 
(% of V1) 

 

 

N-R Method 

 

1.15 41.35 67.40 90 71.9 43.62 0.46 0.53 5.69 49.89 

1.45 39.42 58.05 82.49 89.61 42.44 1.05 0.83 7.03 47.43 

1.85 32.69 54.87 66.39 115.1 38.55 0.04 0.97 4.99 40.58 

2.3 12.35 33.81 60.11 146 5.74 0.07 0.70 3.84 14.08 

Proposed 

Method 

(Resultant 

Theory) 

1.15 40.9 66.86 89.91 72.88 42.90 0.04 0.48 5.14 48.18 

1.45 39.4 57.55 81.88 91.87 43.09 0.04 0.03 7.85 47.75 

1.85 31.1 55.88 65.26 115.7 36.23 1.16 0.91 9.55 39.83 

2.3 12.5 34.11 60.28 145.6 6.04 0.04 0.03 3.76 14.23 

 

V. EXPERIMENTAL CORROBORATION 

 

The constructed prototype hardware with the test work 

bench is shown as a photograph in Fig.8. The control 

circuit and power circuit of 7-level inverter is designed 

and fabricated. The switching angles are calculated in off-

line for different operating conditions. Real-Time Windows 

Target of MATLAB/Simulink is used to generate the 

gating pulses.  

 

Fig.8: Photograph of the hardware setup 

The host computer needs only a virtual device driver to 

exchange parameters between MATLAB and Simulink 

memory space. The Virtual Reality Toolbox contains 

functions for using special hardware devices, including 

Joystick and space-Mouse. It connects the hardware 

devices using Simulink blocks. The separate DC voltages 

are set to 50V and the resistive load is set to 100 ohms. 

MOSFETs IRF840 constitute the power module. The 

result for 5
th

 and 7
th

 harmonic elimination is studied in this 

section. 

The systematic digital generation of gating pulses is 

displayed vividly through channels 1 to 4 of the scope 

TPS2024. A sample of the output voltage along with 

output current is captured through the two channels of the 

same scope as seen in Fig.9 and also demonstrates they in 

phase nature (for resistive load). The harmonic spectrum 

of output voltage and current is presented in Fig.10 and 

Fig.11 for MI=1.7.The experimental results closely agree 

with the simulation results as seen in Table 6. 

 

 

Table 6: Comparison of simulated and hardware results 

(MI=1.7) 

Methodology 
Fundamental 

Voltage 

V3 V7 THD (%) 
%V1 

Simulation Values 76.16 0.01 0.03 14.35 

Hardware Values 76.62 .513 .527 17.40 

 

 

Fig.9: Output voltage and current waveform-R load 

 

Fig.10: Harmonic spectrum of output voltage 

 

Fig.11:  Harmonic spectrum of output current  -RL load 
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VI. CONCLUSION 

 

In recent years, multi-level inverters are widely used as 

static power converter for high power applications such as 

FACTS devices, high voltage DC (HVDC) transmission, 

ac drives, active filters, static var compensator and heavy 

duty hybrid-electric vehicles (HEVs) such as tractor 

trailers, transfer trucks, military vehicles. Even though the 

MLIs triumph in generating distortion less output voltages 

with reduced switching operation, dominant lower order 

harmonics restrict their application. Selective harmonic 

elimination can generate high quality output voltage 

through elimination specific order harmonics rather than 

shifting the harmonics to multiples of carrier frequency. 

The problem of eliminating harmonics in switching 

converters has been the focus of research for many years. 

 

A systematic method is presented both through software 

simulation and hardware implementation to perform 

selective harmonic elimination is presented. The problem 

of selective harmonic elimination, together with voltage 

control, is formulated as Fourier analysis, simplified using 

resultant theory, reduced using Mathematica 6 and then 

solved by Visual C++ programme by calculation of all the 

possible triplent roots. The optimal switching angles 

obtained through the ASE not only eliminate the selected 

frequency components, but also guarantee a smaller total 

harmonic distortion (THD). The algorithm presented in 

this paper can be applied to MLI of any number of output 

levels and harmonics of any order. The developed ASE 

may be extended logically to three-phase system as well. 
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Implementation of an Intelligent Controller for Three 

Phase Vector Controlled Induction Motor Drive 
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Abstract–Induction motor (IM) control has drawn 

considerable attention in the past decade due to its wide 

range of application in industry. Vector control allows a 

decoupled control of electromagnetic torque and the motor 

flux. In this paper an intelligent control scheme for a three 

phase vector controlled induction motor drive is implemented 

using Fuzzy Logic Controller (FLC) and the performance is 

compared with conventional PI Controller. The rule base of 

FLC is designed using the speed error and the change in error, 

which are the two linguistic variables. An FLC embodies 

human like decision to compensate for uncertainty in 

parameter variation and non-availability of data. The vector 

control scheme of the IM drive incorporating PI-Controller 

and FLC is experimentally implemented using a digital signal 

processor board DS-1104 in the laboratory on a 3hp 

Induction Motor. A comparison of the drive performance 

using conventional and an intelligent controller is presented 

through simulation studies as well as through real time 

implementation of the scheme. The objective of the intelligent 

controller is to maintain the drive speed to the reference 

speed and enable the drive to provide a fast dynamic 

performance with smaller tracking error, while controlling 

the nonlinear dynamics of IM. 

 
 

Keywords–Field oriented control (FOC), fuzzy logic 

controller (FLC), indirect vector control, intelligent controller, 

pi controller 
 

I. INTRODUCTION 

 

The rugged construction, minimal maintenance and low 

cost of the IM Drive has resulted in its numerous industrial 

application and has also drawn attention of researchers to 

explore options for better speed and torque control of IM 

[1, 2]. The IM drives are replacing DC motors and other 

drive systems due to their low cost and high performance 

[3, 4].  For the operation of IM as an adjustable speed 

drive, it is necessary to decouple the stator current of IM 

into flux and torque current components [1] and control 

them independently to achieve fast dynamic response, 

similar to a separately excited DC motor. This is achieved 

by vector control techniques. In an indirect vector 

controlled induction motor (IVCIM) drive, the three phase 

current vectors from a stationary reference frame are 

converted to a two dimensional rotating reference frame, 

where the d and q axes components of the stator currents 

represent the independently controllable flux and torque 

producing components [5, 6]. The need for separate 

excitation resulted in intelligent control methods like 

Fuzzy [7], Neural Network [8, 9, 10]  based techniques 

being researched.  

 

In this paper a novel intelligent control scheme for a three 

phase vector controlled IM drive is implemented using 

Fuzzy Logic Controller (FLC) and the performance is 

compared with conventional PI Controller. The proposed 

scheme is analyzed through simulation studies and 

experimental validation using PI and FLC speed 

controllers for a 3hp laboratory IM. A voltage source 

inverter (VSI) and a digital signal processor board DS-

1104 are used to develop the IVCIM drive. A comparison 

of the drive performance under different operating 

conditions such as starting, sudden change in load, speed 

reversal etc. using conventional and intelligent controllers 

is presented through simulation studies as well as through 

real time implementation of the scheme. This paper is 

organized into five more Sections, with Dynamics of 

IVCIM, Speed Controllers, Simulation Results, 

Experimental Evaluation of IVCIM and Conclusion 

presented in Sections II, III, IV, V and VI respectively. 

 

II. DYNAMICS OF IVCIM 

 

The dynamic model of an IM involves transforming the 

three phase line currents using Park’s Transformation [1] 

into two independently controllable orthogonal DC 

quantities, direct axis current, 𝑖𝑑𝑠  and quadrature axis 

current  𝑖𝑞𝑠, to control the flux and torque/speed of the IM 

independently. In the synchronously rotating d-q reference 

frame, the electromagnetic torque developed by the IM, 𝑇𝑒 

is given by [11, 12] 

                    

Te=
3

2

P

2

Lm

Lr
(Ψdriqs-Ψqrids)                  (1) 

 

where 𝑃  is the number of poles, 𝐿𝑟  and 𝐿𝑚  are the rotor 

and mutual inductances, 𝛹𝑑𝑟  and 𝛹𝑞𝑟 are d and q axes 

rotor flux linkages respectively. In the synchronously 

rotating frame, as the d axis is aligned with the rotor flux, 

𝛹𝑑𝑟 = 𝛹𝑟  and 𝛹𝑞𝑟 = 0, accordingly: - 

 

Te=
3

2

P

2

Lm

Lr
Ψdriqs                              (2) 

                       

ωsl=
Lm

Lr

iqs

Ψdr
rr                               (3) 

 

where 𝑟𝑟  is the rotor resistance. The dynamic and steady 

state behaviour of the rotor flux is expressed as (4) and (5) 

 

                   
dΨdr

dt
+
rr

Lr
Ψdr=

rrLm

Lr
ids                      (4) 

                  

Ψdr=Lmids,ωsl=
rr

Lr

iqs

ids
                     (5) 
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The d-axis stator current is controlled to maintain the flux 

at its rated value and the q-axis stator current is varied to 

achieve the desired electromagnetic torque.  In Indirect 

Vector Control method, the rotor angle 𝜃 is evaluated in a 

feed forward manner using the measured speed 𝜔𝑟 and the 

slip speed 𝜔𝑠𝑙  as: 

                         

    r= sl dt                          (6) 

 

The speed error is converted into a torque producing 

current component 𝑖𝑞𝑠
∗ , using any conventional/intelligent 

controller. Fig.1 shows the block diagram of IVCIM, 

where torque is controlled by PI controller or Fuzzy Logic 

controller. The flux producing component of the stator 

current 𝑖𝑑𝑠
∗  , as given in (5) is constant up to the rated speed 

of operation, beyond which it is controlled by weakening 

the flux. These d and q axes components of stator current, 

𝑖𝑞𝑠
∗  and 𝑖𝑑𝑠

∗  are transformed into three phase reference 

currents. A hysteresis PWM Current Controller compares 

the reference currents with actual sensed stator currents 

and generate necessary PWM signal for gating of VSI [13]. 

The variable frequency, variable voltage inverter output 

when applied to the stator windings of the IM tracks the 

commanded speed. 

 
Fig.1: Block Diagram of Indirect Vector Controlled Induction 

Motor 

 
III. SPEED CONTROLLERS 

 
A. PI controller 

PI controller is a conventional control technique used in 

most of the control process applications. The input to the 

PI controller, 𝑒  is the difference between the reference 

speed 𝜔𝑟
∗, and the actual speed 𝜔𝑟 . The output and input 

relationship of a PI speed controller is described as 

 

 0 P ie K e K edt                            (7) 

 

The values of the parameters 𝐾𝑝  and 𝐾𝑖 are determined to 

meet the desired dynamic response of the IVCIM.  

 

B. Fuzzy logic controller (FLC) 

The general scheme of FLC for the speed control of IM 

[14] is shown in Fig. 2. The two inputs to the FLC are the 

speed error 𝑒, and the rate of change of speed error 𝑐𝑒 , 

which are calculated at every sampling time, 𝑡𝑠   

 

                         s r s r se t t t         (8) 

     1s s sce t e t e t                         (9) 

 

The FLC output ∆𝑖𝑞𝑠
∗  , for the IVCIM is given by (10) 

where GE and GCE are the gains for error and change in 

error.  
                  

qsi e GE ce GCE                        (10) 

 

A typical FLC architecture composes of an inference 

engine and a defuzzifier. The inference engine processes 

the inputs using the knowledge base. The outputs of the 

inference engine are converted into crisp values by the 

defuzzifier. Designing of a FLC involves 1) identifying the 

range of the controller inputs and outputs, 2) creating 

fuzzy sets for each input and  output, 3) translating the 

interaction of the input and outputs into if-then rules and 

creating the rule matrix, 4) deciding on the inferrence 

engine and the defuzzifier and then applying them to crisp 

inputs to produce crisp outputs and 5) implementation of 

controller, testing it and modifying it , if necessary. The 

fuzzification maps the error and change in error to 

linguistic labels of fuzzy sets. A Sugeno type Fuzzy Logic 

Controller is designed for the IVCIM, the inputs, i.e. the 

error 𝑒, change in error 𝑐𝑒 and the output 𝛥𝑖𝑞𝑠
∗  follow the 

membership function plot as shown in Fig. 3.  

 

 
 

Fig.2: Block diagram of fuzzy Logic based controller 

 
Fig.3: Sugeno membership function plots for (a) Inputs (b) 

Output 

 

Knowledge base involves defining the rules represented as 

if-then rules statements governing the relationship between 

input and output variables in terms of membership 

function. The input variables 𝑒(𝑡𝑠)  and 𝑐𝑒(𝑡𝑠)  are 
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processed by the inference mechanism that executes 7 × 7 

rules [14, 15] represented in rule base shown in Table 1, 

where the linguistic levels NB, NM, NS, Z, PS, PM and 

PB denote negative big, negative medium, negative small, 

zero, postive small, positive medium and positive big 

respectively. The output of the fuzzy controller is directly 

computed from 𝑒 and 𝑐𝑒. 

  Table 1: Rule Base for the Fuzzy Logic Controller 

 e      

ce 
NB NM NS Z PS PM PB 

NB NB NB NB NB NM NS Z 

NM NB NB NB NM NS Z PS 

NS NB NB NM NS Z PS PM 

Z NB NM NS Z PS PM PB 

PS NM NS Z PS PM PB PB 

PM NS Z PS PM PB PB PB 

PB Z PS PM PB PB PB PB 

 

The following rules are formed as shown in Table 1. 

 

if 𝑒 is 𝑍 and 𝑐𝑒 is 𝑍, then 𝛥𝑖𝑞𝑠 is 𝑍 

if 𝑒 is 𝑃𝑆 and 𝑐𝑒 is 𝑍, then 𝛥𝑖𝑞𝑠 is 𝑃𝑆  

if 𝑒 is 𝑁𝑆 and 𝑐𝑒 is 𝑍, then 𝛥𝑖𝑞𝑠 is 𝑁𝑆 

 

Similarly other rules are also formed for all combinations 

of 𝑒 and  𝑐𝑒 and summarized in Table 1. Each of the inputs 

and output contain membership function with all these 

seven linguistics as shown in Fig. 3(a). 

 

IV. SIMULATION RESULTS 

 
Simulation study of the IVCIM is performed in MATLAB 

to analyze the dynamic behavior of the drive before 

actually developing an experimental setup. The dynamic 

behaviour of a three phase 3hp, 230 V, 1440 rpm  IM is 

analysed through simulation studies using both PI and FLC 

speed controllers. The tuning of PI and FLC controllers are 

carried out through simulation study to determine the 

necessary tuning parameters. The rating of the IM and 

controller parameters are given at Appendix. 

 

A. Performance of IVCIM using PI controller 

The performance analysis of IVCIM using a classical 

PI controller is described under different operating 

conditions. The simulation results during starting of 

IVCIM drive is shown in Fig.4.  

 

 

Fig.4: Performance analysis of IVCIM using PI controller 

At starting the drive develops starting torque of about 

20Nm to track the desired no-load speed of 150 rad/sec. It 

is observed that the motor reaches the rated speed in just 

over 0.03 sec with an offset in speed of 2 rad/sec. The 

starting current is initially higher and reaches a steady state 

at 2.7A. As soon as the drive attains the desired no-load 

speed, the torque is reduced and the motor current 

decreases to the level of no-load current. At t=0.4 sec a 

sudden load of 9Nm is applied to the motor shaft, which 

results in a small dip in the motor speed, which is finally 

regulated by the PI controller and the drive achieves the 

desired speed at t=0.48 sec. Due to the increase of load 

torque the stator current of the motor is increased. The 

PWM controller varies the output voltage instantaneously 

by changing the number of pulses and their widths during 

each alternation. The pulse width is decreased for lower 

rms voltages and increased for higher voltages. This 

variation of PWM line voltage waveform along with the 

torque is shown in Fig. 4. 

 

B. Performance of IVCIM using FLC 

The performance analysis of IVCIM using FLC is shown 

in Fig. 5. At no-load, it is observed that the speed transition 

from zero to rated speed takes place in 0.03 sec with no 

offset. The starting current is initially higher and 

eventually reduces to steady state of 2.7A. When a load of 

9 Nm is suddenly applied at t=0.1 sec, there is a 

momentary dip in speed which is recovered in just 0.05 sec 

and the motor once again settles at the rated speed of 150 

rad/sec with a proportional increase in stator current. The 

torque pulsations in case of FLC based IVCIM are less as 

compared to that of PI controller, implying smoother 

operation of the motor having same value of hysteresis 

band. Being a nonlinear controller, FLC models the 

nonlinear dynamics of IVCIM drive accurately to provide 

fast dynamic response of the drive under different 

operating conditions. 

 

 
Fig.5: Performance analysis of IVCIM using FLC 

 

V. EXPERIMENTAL EVALUATION  OF IVCIM 

 
The experimental setup used for the laboratory prototype is 

shown in Fig.6, which includes a three phase 3hp squirrel 

cage IM fed by a VSI . The IM is coupled to a DC 

generator, which act as the load. A dSPACE Controller 

whose software operates under Matlab/Simulink 

environment is used for generating PWM signals to the 

VSI. The current sensors sense the line currents 𝑖𝑎 and 𝑖𝑏 

from the motor. The voltage sensor provides the speed 
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equivalent voltage from the tacho-generator.  These sensed 

signals are fed to the Analogue to Digital (ADC) terminals 

of the dSPACE controller and MATLAB/Control Desk 

where the control scheme is implemented using ‘RTI’ 

block sets for interfacing MATLAB with DS-1104.  The 

pulses generated from the MATLAB/Simulink model are 

fed to the VSI through the Digital I/O connector port of the 

dSPACE controller.  

 

A. Experimental evaluation of IVCIM using PI controller 

The experimental performance characteristics of IVCIM is 

obtained under different operating condition and test 

results are shown in Fig. 7. The IM is started at no load for 

a commanded speed of 150 rad/sec. The profile of the 

motor current has initial high starting current surge, which 

eventually settles to the steady state current in about 1.5 

sec. At t=10 sec, a load torque of 7Nm is applied at the 

motor shaft, which increases the motor current to 7.5A 

with a momentary dip in the motor speed. However the PI 

controller regulates the speed of motor to 150 rad/sec 

within 2 sec. 

The performance of PI controller in regulating the motor 

speed in forward, reverse motoring mode and braking 

mode is shown in Fig. 8. Initially the motor is operated in 

braking mode for 3 secs followed by forward mode at 150 

rad/sec upto t=6.5 sec and then in reverse motoring mode 

at -150 rad/sec upto t=10.5 sec. The motor is then operated 

at -100 rad/sec upto t=14 sec and then finally at 100rad/sec. 

The performance of IVCIM is dependent on the hysteresis 

current controller. A change in hysteresis band changes the 

switching frequency of the IGBT. A higher value of 

hysteresis band is tried out experimentally using a PI 

controller and the performance of the IVCIM is shown in 

Fig.9. It is observed that speed and current take longer 

time to reach steady state. 

 
(a) 

 
(b) 

 

(c) 

Fig.7: Experimental Performance of IVCIM using PI controller  

(a) Line current, (b) Speed, (c) Torque 

 

Fig.8: Experimental Performance of IVCIM using PI in forward, 

reverse and braking mode 

 

(a) 

 

(b) 

Fig.9: Experimental Performance of IVCIM using PI controller 

with Hysteresis Band=5 in current controller 

(a) Line current (b) Speed 
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Fig.6: Block Diagram of Laboratory Prototype 
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B. Experimental Evaluation of IVCIM using FLC 

Fig. 10 shows the experimental dynamic performance 

characteristics of IVCIM using FLC.  When the motor is 

started for a commanded speed of 150 rad/sec at no-load, 

the performance of FLC is observed to be superior to that 

of PI controller as the motor takes just 2 sec to reach rated 

speed. After the initial high starting current, it settles down 

to a steady state value in about 1.2 sec. At t=4.2 sec, a load 

torque of 7 Nm is applied at the motor shaft, which 

increases the motor current proportionally with a 

momentary dip in the motor speed. However the Fuzzy 

Logic controller regulates the speed of motor to 150 

rad/sec within 0.3 sec. The FLC regulates the current faster 

within desired range as compared to PI controller.  

 

The current profile shows more harmonics in case of a PI 

controller. The FLC based IVCIM is able to reduce the 

harmonic content in the current. Also, less torque 

pulsations are observed in case of FLC based IVCIM as 

compared to PI controller based IVCIM validating the 

simulation results. 

 

      
 (a) 

        
 (b) 

 (c) 

Fig.10: Experimental Performance of IVCIM using FLC  

(a) Line current, (b) Speed, (c) Torque 

 

The performance of FLC for operation of the motor in 

forward, reverse motoring mode and braking mode is also 

studied and is shown in Fig. 11. The motor speed is set to 

150 rad/sec in forward motoring mode, then it is operated 

in reverse motoring mode at t=5.5sec with a speed of -50 

rad/sec, followed by operation at -150 rad/sec at t=8.5 sec. 

The motor took about 2 secs to track the commanded 

speed. The motor speed is then changed to forward 

motoring mode of 50 rad/sec at t=12.5 sec after which it is 

set to 150 rad/sec at t=18 sec. The motor tracks the 

commanded speeds in less than a sec. The speed regulation 

of motor in all the three modes improve significantly in 

case of FLC with reduced overshoots in speed as 

compared to PI controller. 

 

Similar to PI controller, the IVCIM is operated with a 

higher value of hysteresis band using the FLC and the 

performance of the IVCIM is shown in Fig. 12. It is 

observed that speed and torque take longer time to reach 

steady state. The torque pulsations indicate that the motor 

current has significant harmonic content.   

 

The torque pulsation in case of FLC based IVCIM are less 

as compared to that of PI Controller as evident from the 

simulation results shown in Figs. 4 and 5, which is also 

observed in case of experimental results as shown in 

Figs.7(c) and 10(c).  Also, analysis of the simulation 

results shown in Figs. 4 and 5 reveal that the speed 

response is better while using FLC as compared to PI 

Controller, which is validated through experimental studies 

as shown in Figs. 7(b) and 10(b). 

  
Fig.11: Experimental Performance of IVCIM using FLC in 

forward, reverse and braking mode 

  
(a)   

   
(b) 

Fig.12: Experimental Performance of IVCIM using FLC with 

Hysteresis Band=5 in current controller (a) Speed (b) Torque 
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VI. CONCLUSIONS 

 
In this paper an intelligent control scheme for a three phase 

vector controlled induction motor drive is implemented 

using FLC and the performance is compared with 

conventional PI Controller. The vector control scheme 

developed for the IM drive incorporating PI-Controller and 

FLC is experimentally implemented using a digital signal 

processor board DS-1104 in the laboratory on a 3-hp IM. A 

comparison of the drive performance under different 

operating conditions using conventional and intelligent 

controllers is presented through simulation studies as well 

as through real time implementation of the scheme. The 

IVCIM shows better speed response with FLC as 

compared to PI Controller. On application of sudden load, 

the FLC shows quicker response to reach steady state. The 

current profile is better in case of FLC, having reduced 

harmonic content. The performance of FLC in forward, 

reverse and braking mode is also observed to be 

satisfactory, resulting in quick and smoother transition of 

speed from forward motoring mode to plugging mode and 

to reverse motoring mode. Thus the results obtained 

experimentally and from simulation  studies  show 

superior performance of the drive with FLC. 

 

APPENDIX 

 
The parameters of PI and FLC controller, the rating of the 

3 Phase Delta connected Squirrel Cage IM used for 

simulation and experimental studies are given in Table 2. 

 
Table 2: Ratings of 3hp IM and Controller Parameters 

Rated speed - 1440rpm  
Stator rms voltage - 230 V (50 

Hz) 

𝑅𝑠  = 3.3 Ω ;  𝑅𝑟 = 3.22 Ω Rated stator current - 8.5 A 

𝐿𝑠 = 𝐿𝑟 = 0.1573 H 𝐿𝑚 = 0.144 H 

𝑃 = 4 Moment of inertia, 0.002 kg m2 

PI Controller:  𝐾𝑝 = 4, 

𝐾𝑖 = 3.5 

FLC: 𝐺𝐶𝐸 × 𝐺𝐶𝑈 = 0.231,    

            
𝐺𝐶𝐸

𝐺𝐶𝑈
= 1.5 × 10−5 
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Abstract–In this paper, support vector machine (SVM) and 

fuzzy based feedback harmonic elimination technique is 

proposed. The proposed technique is to overcome the 

drawbacks of control rule selection of fuzzy logic. Here, the 

feedback error voltage and change of error voltage of the 

load is applied as the input of fuzzy logic. The Fuzzy Logic 

Controller (FLC) builds the logical rules; it depends on the 

input error voltage and change of error voltage. From the 

fuzzy rules, the basic SVM takes a set of input data and 

predicts optimum switching angle and frequency, for each 

given input. Then, the selected switching angle and frequency 

is applied to multilevel inverter and the harmonics of the 

system is eliminated. The proposed method is implemented in 

MATLAB/simulink working platform and the harmonic 

elimination performance is demonstrated by the comparison 

of Neuro Fuzzy Controller (NFC) and Adaptive Neuro Fuzzy 

Interference System (ANFIS).  

 
Keywords–THD, multilevel inverter, ANFIS, NFC, SVM, 

FLC, switching angle. 

 

I.  INTRODUCTION 

 

A multilevel inversion known by the power conversion 

approach diminishes the total harmonic distortion (THD) 

by getting the output voltage in steps and taking the output 

nearer to a sine wave [2]. Generating an estimated 

sinusoidal voltage from multiple stages of dc voltages, 

usually got from capacitor voltage sources is the general 

objective of multilevel inverters [1]. Using transformers, a 

multi-pulse inverter like 6-pulse or 12-pulse inverter 

accomplishes harmonic with reactive power (VAR) 

compensation through numerous voltage-source inverters 

interrelated in a crisscross manner [3]. A few power 

electronics applications are Flexible ac transmission 

systems, renewable energy sources, uninterruptible power 

supplies and active power filters; in which multilevel 

inverters are significant [4]. 

 

For power increase and harmonics reduction of AC 

waveform, Multi-level inverters (MLI) have materialized 

as a victorious and practical solution [19]. Non-linear 

loads like adjustable speed drives; electronically ballasted 

lighting and the power supplies of the electrical with 

equipment applied in present offices affect current 

harmonics in recent electrical allocation systems [5]. By 

these harmonic currents, Voltage alteration is generated as 

they unite with the impedance features of the supply 

systems [6]. Extra heating losses, shorter insulation 

lifetime, increased temperature and insulation stress, 

______________________________________________ 
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decreased power factor, decreased output, efficiency, 

ability and deficiency of plant system performance happen 

thus of a raise in the harmonic alteration component of the 

transformer [7].To diminish the problem of harmonics, 

different methods have been recognized. A few examples 

are: 1) Specific Harmonic Elimination (SHE} [18] which 

is applied for abolition of discarded lower order harmonics 

and control of fundamental voltage in a square wave 2) 

Harmonic elimination pulse width modulation (HEPWM) 

technique that has a number of advantages compared to 

traditional sinusoidal PWM (SPWM) for Voltage Source 

Inverters (VSI) [8-9]. Eradication of harmonics in 

nonlinear system is moreover attained by using a non-

natural neural Network [10]. Lately, Shunt Active power 

filter is commonly utilized for eliminating harmonics and 

for improving power factor to eradication of the negative 

and zero series elements [11].Intended for abolition of 

harmonics, an Active power filters are widely employed. 

The shunt compensator APF exterminates commotion in 

current, whereas the series compensator dynamic voltage 

Restorer (DVR) destroys turbulence in voltage [12]. By 

avoiding generation or consumption of reactive power, the 

load harmonic currents can be effectively reimbursed with 

fundamental frequency components by planning the active 

filter controller to take out and insert load harmonic 

currents and maintain up a steady dc capacitor voltage [13]. 

Using pulse width modulation or by controlling the dc-link 

voltage, it has the prospective to change the amplitude of 

the synthesized ac voltage of the inverters [14-15]. 

Solitary technique applied to recognize active filter current 

indications is by linking Lf and Cf on the AC and DC 

sides correspondingly and standards can be met and power 

rating of the APF can be reduced by employing choosey 

harmonics compensation.[16-17].In the paper, support 

vector machine (SVM) and fuzzy based feedback 

harmonic elimination technique will be proposed. The 

proposed technique is overcome the drawbacks of control 

rule selection of fuzzy logic. Here, the feedback error 

voltage and change of error voltage of the load is applied 

as the input of fuzzy logic. The Fuzzy Logic Controller 

(FLC) build the logical rules; it is depends on the input 

error voltage and change of error voltage. From the fuzzy 

rules, the basic SVM takes a set of input data and predicts 

optimum switching angle and frequency, for each given 

input. Then, the selected switching angle and frequency is 

applied to multilevel inverter and the harmonics of the 

system is eliminated. 

. 

II. MULTILEVEL INERTER 

 

Maintaining the power quality is one of the important 

tasks a device which is operating based on power 

electronics device. Power quality problem occurs due to 

non linearity loads connected in the system. These non 
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linear loads cause different types of power quality problem 

in the system such as harmonics sags and etc. To reduce 

the harmonic contents present in the multilevel inverter 

output voltage is used to maintain the power quality. Here, 

the harmonic elimination on the multilevel inverter using 

SVM and fuzzy based technique has been proposed. The 

proposed method structure is given in the Fig. 1 

 

 
 

Fig.1: Structure of the proposed method 

 

The proposed method is described with the multilevel 

inverter, i.e., seven level inverter; the output of the 

multilevel inverter is connected to the nonlinear load. In 

the multilevel inverter each bridge contains Insulated Gate 

Bipolar Transistors (IGBT). Each bridge contains its own 

identical dc supply VDC. The output of the multilevel 

inverter is given to the nonlinear RLC load. Here, the 

system output voltage Vout. is compared to the reference 

voltage Vref. The difference between output voltage and the 

reference voltage is known by the error voltage Verr. Then 

the error voltage and change in error voltage is the input of 

the proposed hybrid technique, which generates the gate 

pulses to mitigate the harmonics. The output voltage of the 

present multilevel inverter is of fundamental sinusoidal 

staircase waveform, which contains seven levels. The 

multilevel inverter output harmonic voltage can be 

described in the following (1). 

 

         
1

( ) .sin( )out h

n

V t V n t 




             (1)  

 

where, ω =2π f, f is the frequency in Hz, t is the 

continuous time signal; Tt 0 , Vk is the amplitude 

of harmonics.  The THD present in the voltage can be 

identified from the following (2). 
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                         (2) 

 

where, )(kVout
is the multilevel inverter output voltage of 

the k
th

 order, the reduced THD has been achieved by the 

gate pulses generated from the fuzzy logic and SVM based 

hybrid technique. The detail explanation about the 

elimination of harmonic content present in the multilevel 

inverter output voltage is given in the following section 

3.1. 

                                                                          

A .Generating switching angle and frequency fuzzy rules 

Fuzzy logic is the form of probabilistic logic rules, which 

deals with reasoning that is approximate rather than fixed 

and exact. Generally, there are three different process for 

the fuzzy logic i.e., fuzzification, decision making and 

defuzzification. In fuzzification process, the given input 

data is converted into fuzzy values. Finally the fuzzy 

values are converted into the output. The general structure 

of the fuzzy logic controller is given in the following 

figure. 

 

 
Fig.2: Structure of the fuzzy logic controller 

 

In this method, there are n input variables and s+1 output 

variables. The input variables are different voltage values, 

i.e., error voltage and change in error voltage, which are 

considered for generating fuzzy rules. Here, the error 

voltage is the difference between the system output 

voltage )(tVout
and reference voltage )(tVref

. The input 

variables are fuzzified into small medium and large. Then 

the fuzzy rules are generated using the triangular 

membership function. The fuzzy logic output variables are 

switching angles and frequency. The output variables are 

used to train the SVM, which is briefly described in the 

following section. 

 

B. Multiclass classifier based switching angle and 

frequency prediction 

The multiclass classifier is the one of the SVM technique, 

which classifies the multilevel inverter switching angles 

and frequency in pair wise. It has two different process 

likely training and testing. Here the multiclass classifier is 

trained using the training dataset with above generated 

fuzzy rules. Then, the testing process of the input is given 

to the multiclass classifier and obtains the corresponding 

output. In the proposed method multilevel inverter 

harmonic elimination, the N training data points 

),( ii yx are choose, i.e., iy is the class label and ix  is the 

input vector, the value of i  is in-between  the range from 

0 to N. The training process of the multiclass classifier 

requires data set. The experimental steps to predict the 

switching angle and frequency is given in the following. 

 

Procedure: 
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Step 1: Initialize all the parameters of the multilevel 

inverter, i.e., the voltage )(V , switching angle )(  and 

frequency. Here, the voltage )(V  and switching angle )(  

are the two classes, which are selected from the separated 

target class.  

 

Step 2: To identify the decision function of the separated 

target class, which is given by the following (4). 

 

      , , ,( ) . ( , )V V Vf x w K x y b                 (3) 

                                   
1

N

i i i

i

w y x


                            (4)

                                             

where, w is the normal to the hyper plane between class 

m and n , ,Vb is the offset value of class m and 

n , xwV ., is the scalar product between xandwV , , 

),( yxK is the kernel function and i is the non-negative 

Lagrange multipliers.  

 

Step 3: Apply kernel function; here the ),( yxK value is 

changed based on the function. The kernel functions are 

linear, Gaussian, polynomial and tangent hyperbolic. And 

the resultant function is applied into the (4). The equations 

for kernel functions are described as follow, 

Linear kernel function, 

 

           ( , ) ( . )K x y x y                          (5) 

 

Gaussian kernel function, 

           

2

2
( , ) exp

2

ix x
K x y



 
  
 
 

            (6) 

Polynomial kernel function, 

 

                               ( , ) ( . ) pK x y x y                       (7)

           

Tangent Hyperbolic kernel function, 

 

         ( , ) tanh( . )K x y x y               (8)   

  

where,  is the standard deviation and p is the 

polynomial. 

 

Step 4: To classify the data based on the signum function 

of the decision function, which is used for setting the 

threshold decision. The signum function is described as 

follow, 

 

    
,

,

,

1 ( ) 0
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1 ( ) 0

V

V

V
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sign f x
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             (9) 

                      

 Then, the pair wise function is summed to determine the 

class decision function. The class decision function of 

)(xfV
is determined as follow, 

                     ,

; 1

( ) ( ( ))
C

V V

V

f x sign f x
  

                  (10)

                   

where, C is the class classification. Similarly, the class 

decision function of )(xf is determined. Finally, the 

)1(max  kfVV
condition is checked. 

 

Step 5: To evaluate the training and testing error by using 

the following equation. 

),),((
1

)(
1

i

m

i

iemp yxfL
m

R 


       (11) 

 

  ),(),,()( yxdPyxfLR        (12) 

 

where, (11) is the training error and (12) is the testing error. 

The process is continued until the training and the testing 

error gets minimized. 

 

C. harmonic elimination of the multilevel inverter 

The harmonic contents present in the system output 

voltage is eliminated after the SVM training process. In 

the proposed technique the optimum switching angle and 

frequency has been predicted from the multiclass classifier 

based SVM. Here, error voltage and change in error 

voltage is used for the generation of fuzzy rules. From the 

fuzzy rules, the SVM has identified the switching angle 

and frequency. The SVM training is possible by the 

training dataset, which is given in the (3). The system 

output voltage is given in the following (13). 

 

)...2.sin()( tfhVtV SFHout               (13) 

 

where, 



N

k

k

dc

H h
h

V
V

1

)cos(
4




, 
SFf is the frequency 

obtained from the SVM and fuzzy technique. 

 

The harmonic content elimination can be identified using 

the following conditions 

 

1. If the system output voltage )(tVout
is equal to the 

reference voltage
refV , the harmonic contents has been 

eliminated. 

2. If the system output voltage is not equal to the reference 

voltage, the harmonic contents are present in the system 

output voltage. 

By using above conditions, the harmonic content present 

in the system are identified. If there is no harmonics the 

proposed method stop its process or else the process is 

repeated until the harmonic contents are eliminated. The 

proposed method is implemented in the MATLAB 

platform and effectiveness is analyzed. 

 

III. RESULTS AND DISCUSSIONS 

 

The fuzzy and SVM based hybrid technique is 

implemented in the MATLAB 7.10.0 (2012a). The input 
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dc supply is 230V, the bridge IGBT resistance is 0.1Ω, 

IGBT diode resistance (RD) is 0.01Ω , the load R=10, 

L=1mH, C=1μF respectively and the reference voltage is 

230V, 50Hz. The effectiveness of the proposed method is 

demonstrated with the various techniques like NFC and 

ANFIS. The proposed method implemented MATLAB 

model is shown in the Fig. 3 and the corresponding results 

are described in below. 

 

 
Fig.3: MATLAB model of the proposed technique 

 

 
Fig.4: Seven level inverter output voltage without controller 

 

 

 
Fig.5: Reference voltage waveform 

 

 
Fig.6: Difference between normal output and reference voltage 

 

 

 
Fig.7: Change in error voltage waveform 

 

 

 
Fig8: Multilevel inverter output voltage with NFC 

 

 

 
Fig.9: Multilevel inverter output voltage with ANFIS 
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Fig.10: Multilevel inverter output voltage with proposed 

technique  

 

 

 
 

 
Fig.11: THD analysis of output voltage with NFC (a) Selected 5 

cycles of voltage (b) THD 

 

 

 
                                              (a) 

 
                                               (b) 
Fig.12: THD analysis of output voltage with ANFIS (a) Selected 

5 cycles of voltage (b) THD 

 

 
(a) 

 
(b) 

Fig.13: THD analysis of output voltage with proposed method (a) 

Selected 5 cycles of voltage (b) THD 

 

In this section the numerical results of the proposed 

method are presented and discussed. Comparisons 

between the proposed system and the NFC, ANFIS are 

also presented. Here, the maximum time interval used in 

the proposed technique is T=0.1sec. Initially the multilevel 

inverter produced the output which is sinusoidal staircase 

waveform, which is illustrated in the Fig. 4. The output 

voltage of the multilevel inverter is given to the non linear 

RLC load (R=10, L=1mH, C= F ). The presence of the 

nonlinear load generates the harmonic contents in the 

output voltage. It is slightly different from the standard 

waveform and it has distortions. To find the distortion of 

the output voltage from the comparison of standard 

voltage and the multilevel inverter output voltage. The 

standard voltage is considered as the reference voltage, 
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which is illustrated in the Fig. 5. The reference voltage 

contains 230V amplitude and 50Hz frequency. By using 

the output of the voltage of the multilevel inverter and the 

reference voltage, the error voltage has been determined. 

The error voltage is demonstrated in various time intervals 

which is shown in Fig. 6. Then apply the delay to the error 

voltage at various time intervals and the change in error 

voltage is attained, which is explained in the Fig. 8. 

 

The harmonic contents present in the output voltage are 

eliminated using the NFC, ANFIS and proposed hybrid 

technique. For using these methods, the obtained results 

are illustrated in the Fig. 8, 9 and 10 respectively. Then the 

THD of each method are analyzed in the Fig. 11, 12 and 

13. During the THD analysis, the 5 cycles of the output 

voltage is selected and the corresponding THD range is 

analyzed. In the Fig. 11 the NFC based harmonic 

elimination has been analyzed. Here, the measured THD 

range is 12.86% for the required frequency 50Hz. 

Similarly ANFIS based harmonic elimination is described 

in the Fig. 13 and the measured THD at the required 

frequency level is 10.85%. Also the proposed hybrid 

technique based harmonic elimination has been illustrated 

in the Fig. 12 and the measured harmonic range is 9.28%. 

From the analysis, we observed the proposed hybrid 

method attains reduced THD; it can be used to eliminate 

the harmonic contents present in the output voltage of the 

multilevel inverter. Finally the THD at various load 

conditions are given in Fig.14. 

 
Table 1: Comparison of THD at different loading conditions 

 Non linear load THD (%) 

R  L C NFC ANFIS Proposed 

1 1 1e-5 1e-8 12.83 10.87 9.27 

2 5 1e-4 1e-7 12.78 10.86 9.20 

3 10 1e-3 1e-6 12.80 10.85 9.26 

4 15 1e-2 1e-5 12.88 10.8 9.29 

5 20 1e-1 1e-4 13.15 11.02 9.54 

6 25 0.5 1e-3 12.83 10.88 9.28 

7 30 1.1 1e-2 13.47 10.88 9.69 

 

 
Fig.14: THD comparison of NFC, ANFIS and proposed method 

 

The above figure shows the THD range at the various load 

levels at different methods, i.e., NFC, ANFIS and 

proposed method. Here, the nonlinear load is gradually 

increased and analyze the THD at considered methods. In 

that the NFC and ANFIS has 12.78% and 10.86% THD 

respectively but the proposed hybrid technique contains 

9.20% THD. From the comparison graph and table we 

concluded that the proposed method is the effective 

technique to eliminate the harmonics contents present in 

the multilevel inverter output voltage and which is 

competent over the NFC and ANFIS.   

 

IV. CONCLUSION 

 

The SVM and fuzzy based hybrid feedback controller 

technique for harmonic content elimination of multilevel 

inverter was proposed in this paper. Here, the FLC 

develops the logical rules depending on the error and 

change of error voltage. From the fuzzy rules the optimum 

switching angle and frequency were predicted by the SVM 

technique. By using the selected switching angle the 

harmonic contents present in the multilevel inverter has 

been eliminated. Then the proposed method performances 

are compared to the NFC and ANFIS at various nonlinear 

load levels. In that the NFC and ANFIS has 12.78% and 

10.86% THD respectively but the proposed hybrid 

technique contains 9.20% THD only. Hence the 

comparison results proved that the proposed method is the 

most effective technique to eliminate the harmonic content 

present in the multilevel inverter and which is competent 

over the other techniques. 
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Abstract–Recently, several numbers of multilevel inverter 

topologies have been presented that the numbers of power 

electronic devices have been reduced.  This paper presents a 

novel single-phase topology for multilevel inverter. The 

proposed topology is based on cascaded connection of basic 

units. This topology uses minimum lumber of power 

electronic components such as IGBT, gate driver circuit and 

antiparallel diode. For proposed topology, two methods are 

presented for determination of dc voltage sources values. The 

propose topology is used in medium and high-voltage 

applications. The proposed topology is compared with other 

topologies which recently have been proposed. 

MATLAB/SIMULINK software is used for simulation. 

 
Keywords–Multilevel inverter, classical topologies, 

modulation control, total harmonic distortion. 

 

I.  INTRODUCTION 

 

Compared to two level inverter, Multilevel inverters can 

generate output voltage waveform with fewer total 

harmonic distortions (THD) and the value of voltage stress 

on power electronic devices is low [1, 2]. Multilevel 

inverters are used in more applications such as renewable 

energy sources, Electric/Hybrid electric vehicles, FACTS 

devices and so on [3-5]. There are three types of classical 

multilevel inverter topologies which have been named as 

follows: 

 Diode Clamped Multilevel Inverter [6]. 

 Flying capacitors Multilevel Inverter [7]. 

 Cascade Multilevel Inverter [8]. 

 

The most important part of multilevel inverter is switches. 

Because increasing the number of switches is caused that 

the costs and circuit size increase and the control of 

switches will be a big problem [9, 10]. Cascade Multilevel 

Inverter utilizes the least number of power electronic 

components in comparison with diode clamped and flying 

capacitor inverters. 

 

Cascade converter is divided into two configurations 

which are named symmetric and asymmetric 

configurations. The symmetric configuration uses the dc 

voltage sources of the same magnitude. In the asymmetric 

configuration, the values of the dc sources are non-equal. 

Asymmetric configuration can generate more number of 

output voltage levels in comparison with asymmetric 

configuration [11, 12]. The symmetric configuration has 

the advantage of modularity that makes them simple to 

design and extend. But, the number of power electronic 

switches increases. 
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However, the asymmetric configuration has more complex 

design and providing the dc sources of various magnitudes 

can be a big difficulty. On the other words, the number of 

output voltage levels increases leading to reduction in the 

number of required power electronic elements. 
 

Therefore, to reduce the number of power electronic 

devices a new topology for multilevel inverter has been 

presented in [13]. But, this topology needs more number 

of bidirectional switches. 

 

In [14], a novel topology for multilevel inverter has been 

presented. Compared to proposed topology in [13], this 

topology needs less number of switches. But, this topology 

uses only one full-bridge converter and the switches of 

full-bridge converter require withstanding more voltage 

levels and it is restriction in high-voltage applications. 

 

Several modulation technique have been improved for 

multilevel inverters such as sinusoidal pulse width 

modulation (SPWM), selective harmonic elimination 

(SHE-PWM), space vector modulation (SVM), 

fundamental frequency switching and so on [15]-[19]. This 

paper focuses on fundamental frequency switching 

strategy for trigger the power electronic switches for 

controlling and generating output voltage levels. 

 

This paper presents a new topology for multilevel inverter 

which needs minimum number of power electronic 

elements. 

 

II. PROPOSED TOPOLOGY 

 
Fig. 1 shows the basic unit structure for proposed 

multilevel inverter. This structure consists of four 

unidirectional switches ),,,( 4321 TTTT and one 

bidirectional switch ( )S . The unidirectional switches 

include an antiparallel diode and an IGBT. For 

bidirectional switches several structures are used. In this 

structure, the common emitter structure is used which 

consists of two antiparallel and two IGBTs. This structure 

of bidirectional switch needs only one gate driver circuit. 

The dc voltage sources values are the same. 

S

Vo

T1 T2

T3 T4

V

V

 

Fig. 1: Basic unit structure for proposed multilevel inverter. 
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This basic unit can generate five levels at the output 

voltage (0, , ,2 , 2 )V V V V  .Table I shows the switching 

states of proposed basic unit for generation five levels at 

the output voltage waveform. 

Table 1: Switching States of Proposed Basic Unit 

State 
Switches Output 

voltage S  1
T  

2
T  

3
T  

4
T  

1 0 1 1 0 0 0 

2 1 0 0 0 1 V 

3 1 0 1 0 0 -V 

4 0 1 0 0 1 2V 

5 0 0 1 1 0 -2V 

 

To generate an output voltage waveform with high quality 

and lower value of harmonic distortions, the number of 

output voltage waveform must be increased. Therefore, a 

cascade topology based on series connection of basic units 

is proposed. Fig. 2 shows the proposed cascade multilevel 

inverter. The output voltage of the proposed cascade 

inverter is obtained by: 

onooo VVVV  21  (1) 

The number of IGBTs in proposed cascade topology is 

given by the following relationship: 

nN IGBTs 6  (2) 

In this topology, the bidirectional switches uses only one 

gate driver. Therefore, the number of gate driver circuits is 

given by: 

nNdriver 5  (3) 

In this equations,
 IGBTN and driverN  represent the number 

of required IGBTs and gate driver circuits. In this topology, 

the dc voltage sources values of each basic unit are the 

same. For proposed cascade converter two methods are 

presented to generate all levels (odd and even) in the 

output voltage. 

 

 A.  First Method 

In this method, the values of dc sources are the same. In 

the other words, we have 

nVVV  21  (4) 

Because the values of dc sources are the same, this 

topology is named symmetric topology. For this method, 

the number of output voltage levels is calculated by the 

following equation: 

14  nN level  (5) 

where n represents the number of basic units in the 

proposed cascade structure. From (2) and (5), we have 

1
3

2
 IGBTlevel NN  (6) 

Considering (3) and (5), the relation between the number 

of output voltage levels and gate drivers will be: 

4
1

5
N N

level deriver
   (7) 

 

S1

Vo

T11 T12

T13 T14

V1

V1

S2

T21 T22

T23 T24

V2

V2

Sn

Tn1 Tn2

Tn3 Tn4

Vn

Vn

Vo1

Vo2

Von

 

Fig. 2: Proposed cascade multilevel inverter structure. 

B. Second Method 

In this method, the magnitudes of dc voltage sources are 

obtained by: 

VV 1  (8) 

nmVV m
m ,3,25 1  

 

(9) 

Using this method, the number of output voltage levels is 

calculated by: 

n
levelN 5  (10) 

Using (2) and (10), the relation between the number of 

output voltage levels and IGBTs will be: 

65

IGBTN

levelN   
(11) 

Considering (3) and (5), we have 

55

driverN

levelN   
(12) 

In this method, the magnitudes of dc sources are non-equal. 

Hence, this method is named asymmetric configuration. It 

is noticeable that Instead of dc voltage sources, we can use 

capacitors, fuel cells and so on. 

 

III. COMPARISON OF PROPOSED TOPOLOGY WITH OTHER 

TOPOLOGIES 

 

In this section, the proposed topology is compared with 

other topologies in terms of IGBTs, antiparallel diodes, 

gate drivers and the maximum voltage stress on switches. 

 

A. Comparison between proposed symmetric topology 
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(first method) and classical symmetric cascade topology. 

Fig. 3(a) and (b) compare the number of IGBTs and gate 

drivers versus the number of output voltage levels for 

proposed symmetric topology (first method) and classical 

symmetric cascade topology, respectively. This figures 

show that proposed symmetric topology needs less number 

of IGBTs and gate drivers. 

 

It is noticeable that in the recommended structure and 

proposed topologies in [13] and [14], the number of 

antiparallel diodes and IGBTs are equal. Hence, 

recommended structure needs fewer numbers of anti-

parallel diodes in comparison with other topologies. 

 

 
(a) 

 

 
(b) 

Fig. 3: Comparison between proposed symmetric topology (first 

method) and classical symmetric cascade topology in terms of  

(a) The number of IGBTs; (b) The number of gate drivers. 

 

B. Comparison between proposed asymmetric topology 

(second method) and proposed topologies in [13] and [14]. 

It is important to note that in the presented topologies in 

[13] and [14] have been utilized bidirectional switches that 

are composed of two IGBTs and this bidirectional switch 

needs only one gate driver circuits. Fig. 4(a) and (b) 

compare the number of IGBTs and drivers versus the 

number of output voltage levels for proposed asymmetric 

topology (asymmetric method) and proposed topologies in 

[13] and [14].  

 

It is obvious that the second method of proposed topology 

requires fewer numbers of IGBTs and drivers in 

comparison with proposed topologies in [13] and [14]. It 

results in the reduction of cost, losses, circuit size and 

simple control strategy. The gate driver circuits are the 

electronic part of the circuit and increasing the number of 

gate driver circuits is a considerable. Because increasing of 

the number of gate drivers cause increasing costs and 

control complexity.  

 

 
(a) 

 

 
(b) 

Fig. 4: Comparison between proposed asymmetric topology and 

proposed topologies in [13] and [14] in terms of 

(a) The number of IGBTs; (b) The number of gate drivers. 

 

It is noticeable that the proposed structure utilizes multiple 

cascaded full-bridges in the output side of the converter, 

while the presented structure in [14] utilizes one full-

bridge in the output side and this full-bridge converter 

have to withstand a voltage equal to sum of all of dc 

sources. This leads to restriction on the high-voltage 

applications. However, the proposed cascade switched-

diode converter can be used in high voltage applications. 

 

For proposed cascade topology, with assumption that the 

value of voltages in the jth basic unit is equal to jV , the 

maximum voltage stress of bidirectional and unidirectional 

switches will be jV and jV2 , respectively. But, the 

maximum voltage stress of switches in the proposed 

topologies in [13] and [14] is high and it is an important 

advantage. 
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IV. FUNDAMENTAL FREQUENCY-SWITCHING STRATEGY 

 
To control of the switches of the proposed multilevel 

inverter topology, the fundamental frequency-switching 

strategy is utilized. Because the fundamental frequency-

switching strategy has its low switching frequency in 

comparison with other strategies and it is an advantage [13, 

20]. For power converters, the total harmonic distortion 

(THD) is a popular performance index, which evaluates 

the quantity of harmonic contents in the output waveform. 

For sinusoidal waveform, the THD is defined as follows: 

          (13) 

In this equation, n represents the order of the 

corresponding harmonic, while the sub-index 1 

corresponds to the fundamental frequency. Therefore, Von
 

and
1

Vo are the rms of the n order harmonic and 

fundamental of the output voltage waveform, respectively. 

Also, Vorms
 represents the rms magnitudes of the output 

voltage. In above equation, the magnitude of 
1

Vo and 

Vorms
can be calculated using the following equations, 

respectively: 

                (14) 

(15)      

In this equation, N
level

is the number of levels and the 

values of , , , .,1 2 3 N
level

    represent switching 

angles and is calculated by: 

 (16)  

In this equation, N
level

 represents the number of 

generated levels at the output voltage waveform. Using 

(13-16), it is obvious that the magnitude of THD depends 

on the number of levels and switching angles. It is clear 

that increasing the number of levels leads to the multilevel 

inverter produces near-sinusoidal output voltage waveform 

and as a result, very low harmonic distortion. The 

objective of this paper is not the calculation of the optimal 

switching angles in order to the elimination of selected 

harmonics and reducing the total harmonic distortion 

(THD). 

 

V. SIMULATION RESULTS 

 
In order to validate the proposed multilevel inverter, 

MATLAB-Simulink software has been utilized. The 

simulation studies are carried out for a structure that the 

first and second methods of determination of dc voltage 

sources are applied. Fig. 5 shows the proposed cascade 

structure, which consists of two basic units. The selected 

parameters for testing are:  

(a) An R-L load with L =50mH and R=100 Ω  

(b) Load frequency=50Hz. 

S1

Vo

T11 T12

T13 T14

V1

V1

S2

T21 T22

T23 T24

V2

V2

Vo1

Vo2

 
Fig. 5: Proposed cascade structure. 

 

A. Simulation results based on the first method: 

In this method, the values of dc voltage sources are equal 

and have been considered 60 volts ( 60 )
1 2

V V V  . 

Therefore, using this method, this structure can generate 

nine levels at the output voltage waveform.  

    

The output voltage and current waveforms and their 

corresponding Fourier spectrums are shown in Fig. 6 and 7, 

respectively. THD of the output voltage and current based 

on simulations are 8.14% and 3.26%. 

 

 
Fig. 6: Output voltage and harmonic spectrum of 9-level inverter 

(THD=8.14%). 

 

 
Fig. 7: Output current and harmonic spectrum of 9-level inverter 

(THD=3.26%). 
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B.  Simulation results based on the second method: 

In this method, the dc voltage sources values are 

selected ( 20 )
1

V V  and ( 100 )
2

V V  . Therefore, using 

this method, this structure can generate 25 levels at the 

output voltage waveform. Fig. 8(a) and (b) show the 

output voltage of (
1
)V

o
and (

2
)V

o
. Fig. 8 (c) and (d) show 

output voltage and currents waveforms. THDs of the 

output voltage and current based on simulations are 2.44% 

and 0.43%, respectively. 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 8: Simulation results for 25-level cascade inverter. (a) 

Output voltage of the first stage  (
1
)V

o
; (b) Output voltage of the 

second stage (
2

)V
o

; (c) Output voltage and harmonic spectrum 

(THD=2.44%);  (d) Output current and harmonic spectrum 

(THD=0.43%). 

 

The comparison of THDs of output voltage and current in 

the two simulated methods show that increasing the 

number of levels leads to the multilevel inverter produces 

output voltage waveform with very low THD. For 

increasing high power quality and desired output voltage 

waveform, other switching strategy should be applied to 

the converter or the number of voltage levels should be 

increased.  Based on this figure and the value of THD for 

current, it is clear that the load current is almost sinusoidal. 

Because, the R-L load of the converter (R-L) behaves as a 

low-pass filter for the current. 
 

VI. CONCLUSION 

 
In this paper, a new structure for multilevel inverter with 

reduced number of IGBTs and gate drivers, antiparallel 

diodes was presented. Less number of the IGBTs and 

drivers leads to the reduction of size, simple control 

strategy and high efficiency. Two methods for 

determination of dc voltage source values were suggested. 

This technique provides more voltage levels without 

increasing number of power electronic components. 

Comparison among the proposed converter with other 

similar topologies has been provided. It is shown that the 

proposed topologies, has many levels with fewer 

components. Fundamental frequency-switching method 

was applied to the new topology to trigger the power 

switches for controlling the voltage levels generated on the 

output. 
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Abstract–This paper presents a novel scalar based pulse 

width modulation (PWM) algorithm for four-level 

asymmetrical dual inverter fed induction motor drive. In the 

conventional carrier based PWM algorithms for dual 

inverter fed induction motor drive, both inverters will be 

operated at all modulation indices. But, the proposed PWM 

algorithm operates only one inverter at lower modulation 

indices and other inverter will be clamped to the dc bus. 

Hence, the proposed PWM algorithm results in reduced 

switching losses at lower modulation indices. At modulation 

index between the range 0.33 to 0.66, the proposed algorithm 

will operate both inverters such that the common mode 

voltage will be reduced. At higher modulation indices 

(>0.666), the proposed algorithm results in same common 

mode voltage when compared with the conventional 

algorithm. To validate the proposed algorithm, the numerical 

simulation studies have been carried out and results are 

presented and compared. 

 
Keywords–Dual inverter, induction motor, SVPWM 

 

I. INTRODUCTION 

 

The voltage source inverter (VSI) plays a key role in 

variable speed drive applications. In order to achieve the 

controllable voltage and frequency from the VSI, the pulse 

width modulation (PWM) algorithms are becoming 

popular in recent years. The comparison of various PWM 

algorithms is discussed in detailed in [1]. Among the 

various possible PWM algorithms, the space vector PWM 

(SVPWM) is popular due to high dc bus utilization and 

reduced harmonic distortion when compared with 

sinusoidal PWM (SPWM) technique. Conventional 

SVPWM algorithm constructs the reference voltage vector 

by using the active and zero states in an average manner 

[2]. The dwell times can be calculated by using (1)-(3). 

  si TMT 


 0
1 60sin

32

 (1) 

  si TMT 


sin
32

2 
  (2) 

 

21 TTTT sz 
   (3) 

 

For the real time implementation of SVPWM algorithm, 

there are two well-known approaches namely, triangular 

comparison and space vector approaches. The correlation 

between these two approaches has discussed in detailed in 

[3]. The carrier comparison approach is simple for the real  
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 time implementation and hence became 

time implementation and hence became popular in various 

applications. As the calculation of dwell times requires 

angle information and reference magnitude information, 

the complexity involved is more. To reduce the 

complexity, a simplified approach has been proposed in 

[4-5] by using the concept of effective time. The switching 

times are calculated by using the imaginary switching 

times, which are proportional to the instantaneous phase 

voltages. 

 

The harmonic distortion and common mode voltage is 

more in two-level inverters. The harmonic distortion can 

be reduced by increasing switching frequency. But, the 

increment in switching frequency will increase the 

switching losses of the inverter. In order to achieve the 

reduced harmonic distortion at low switching frequency 

and to reduce common mode voltage, the multilevel 

inverters are presented in [6-8]. The harmonic distortion 

can be reduced by increasing the number of levels, which 

increases the complexity also. Moreover, the diode 

clamped inverter requires clamping diodes and also 

exhibits the neutral point oscillations. In order to nullify 

the neutral point oscillations, the H-bridge inverters 

became popular. But, H-bridge topologies require more 

number of dc sources. 

 

To overcome the drawbacks of diode clamped and H-

bridge multilevel inverters, dual inverter fed open-end 

winding induction motor drive is presented in [9-11]. The 

dual inverter configuration can also be extended to higher 

levels [11] by using unequal source voltages on both sides 

of the drive as shown in Fig. 1.  

 

 

 

 

 

 

 

 

 

 

 

Fig.1: Dual inverter circuit configuration with unbalanced source 

voltages 

 

 

The PWM algorithm, which is presented in [11-13] for 

open end winding induction motor drive results in higher 

switching losses, large common mode voltage variations 

and increased harmonic distortion at lower modulation 

indices.  
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This paper presents a simplified SVPWM algorithm for 

open-end winding induction motor drive. The proposed 

carrier based PWM algorithm results in reduced common 

mode voltage, switching losses and harmonic distortion at 

lower modulation indices. Between the modulation index 

ranges 0.3 to 0.6, the proposed algorithm gives reduced 

common mode voltage variations with slightly increased 

harmonic distortion. 

 

II. SIMPLIFIED SVPWM ALGORITHM 

 

The proposed SVPWM algorithm calculates the dwell 

times by using the instantaneous phase voltages only. 

Assume a set of three-phase balanced ac voltages as given 

in (4) 

 

)240cos(

)120cos(

)cos(
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  (4)

 

 

Then, a unique zero sequence signal is calculated as 

 

0 0 max 0 min(2 1) ( 1)
2

dc
zs

V
V a a V a V      (5) 

 

zsrefref VVV *    (6) 

 

The modulating waves of SVPWM algorithm can be 

generated by adding this zero sequence signal to the 

instantaneous phase voltages, which are given in (6). By 

varying the constant a0 between zero to one various PWM 

algorithms can be generated. In order to achieve 

modulating signal similar to the conventional SVPWM 

algorithm this constant is taken as 0.5. 
 

III. CONTROLSTRATEGIES FOR PROPOSED INVERTER 

 

The dual inverter fed induction motor with unequal source 

voltages is shown in Fig.1., where Vdc represents the DC 

input voltage,Vao,Vbo,Vcoare the corresponding pole 

voltages of inverter-I and Va'o',Vb'o',Vc'o'are the 

corresponding pole voltages of inverter-II.Vaa',Vbb',Vcc'  are 

the effective pole voltages which can be calculated as 

given in (7). Vab,Vbc,Vcaare the line voltages.Voo'is the 

common mode voltage given by (8) 

 

' ' '-aa ao a oV V V
 

' ' 'bb bo b oV V V                           (7) 

' ' 'cc co c oV V V 
 

 

' ' ' ' ' ''      
3

ao a o bo b o co c oV V V V V V
Voo

    
     (8) 

 
In this paper, for the implementation of SVPWM 

algorithm, the carrier comparison approach has been 

considered. The multi-level carrier comparison approach 

requires N-1level shifting triangles to generate N-level 

output voltage. The proposed inverter configuration [12] is 

capable of generating four-level output voltage and hence, 

the carrier comparison approach requires three level 

shifting triangles. The magnitude of level shifting 

triangular signal is given in (9) 

1

1
cV

N



                                              (9) 

 

As N=4, the three level shifting triangular signals is having 

a magnitude of 1/3.  These three level shifting triangles are 

shown in Fig. 2 dividing the modulating plane in to three 

different regions (R1–R3). Based on value of modulation 

index, the operation of inverters will be decided. If the 

modulating signal is not present any of three regions, 

mean that both inverters are not in operation and output 

voltage obtained is zero. This condition is only possible 

when modulation index is zero. For modulation index 

greater than zero modulating signals are present in any of 

the three regions.  

 

 
 

Fig. 2:Different regions in carrier based modulation approach 

 

 

For the generation of pulses for the proposed inverter 

topology two possible approaches are considered in this 

paper. One is the conventional approach and other one is 

the proposed approaches. The comparison of triangular 

and modulating signals for these two approaches is as 

shown in Fig. 3 and Fig.4. From Fig.3(a) and Fig. 4(a), it 

can be observed that during the lower modulation indices 

(from 0 to 0.3), the modulating wave falls in the region R2 

in the conventional approach where as it falls in R1 in the 

proposed approach. Hence, in the conventional approach, 

both inverters will operate. But, in the proposed approach 

only inverter-II will operate and inverter-1 will be 

clamped to the dc bus. Hence, the proposed approach will 

give reduced switching losses. Moreover, in the proposed 

approach, the inverter-II produces an output voltage of 0 

and Vdc/3 which results in two-level output voltage.  

 

During the medium values of modulation indices (from 0.3 

to 0.6), in the conventional approach the modulating wave 

falls in all three regions whereas in the proposed approach 

it will be in R1 and R2 regions. 

 

Due to this reason the effective or combined pole voltage 

of dual inverter configuration with conventional approach 

is four-level and with proposed approach is three-level. In 

the proposed approach, two inverters will operate and 

generates three level output voltage of (0,Vdc/3, 2Vdc/3). 

Even though the effective pole voltages are different, these 

two approaches generate same output phase and line 

voltages. But, with the proposed approach, the common 

mode voltage variations are reduced as the effective pole 

is low when compared with conventional approach. In the 

proposed approach, at higher modulation indices (greater 

than 0.6), the operation of the inverters with conventional 
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and proposed approaches will show the same effect on 

load. In the proposed approach, the modulating signal is 

present in all the three regions as shown in Fig. 4 both 

inverters are in operation and the inverters will be operated 

such that these generate four level output voltage of 

0,Vdc/3, 2Vdc/3,Vdc. 

 

 
 

(a) 

 

 
 

(b) 

 

 
 

(c) 

 

Fig. 3 conventional carrier based approach (a) at low modulation 

indices (b) at medium modulation indices (c) at high modulation 

indices 

 

 
 

(a) 

 

(b) 

 

(c) 

Fig. 4: Proposed carrier based approach (a) at low modulation 

indices (b) at medium modulation indices (c) at high modulation 

indices 

 

IV. SIMULATION RESULTS AND DISCUSSION 

 

To evaluate the proposed scalar based (carrier comparison 

based) control strategy, numerical simulation studies have 

been carried out by using the MATLAB. For the 

simulation studies the induction motor parameters given in 

Table 1. 

Table 1: Induction motor parameters 

Rated speed 1440 RPM 

frequency 50Hz Rotor 

resistance 

1.21Ω 

Stator 

resistance 

1.57Ω Mutual 

inductance  

170mH 

Stator 

inductance 

183mH Rotor 

inductance 

183mH 

 

 

Dc link voltage is taken as 540 V and switching frequency 

is taken as 3kHz. The simulation results for two 

approaches during no load and loaded (30N-m)conditions 

are shown in Fig. 5-Fig. 12 at different modulation indices. 

 

Fig. 5: Simulation results for conventional approach at M=0.27 
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Fig. 6: Simulation results for proposed approach at M=0.27 

 

Fig. 7: Simulation results for conventional approach at M=0.45 

From Fig.5 and Fig.6, it can be observed that as one of the 

inverters is being clamped in the proposed approach, it 

results in reduced switching losses. 

 

Fig. 8: Simulation results for proposed approach at M=0.45 

 

From Fig. 7 and Fig. 8, it can be observed that the 

effective pole voltage in the conventional approach has 

four levels of voltage and whereas in the proposed 

approach has three levels of voltage. Conventional 

approach has high effective pole voltage when compared 

with proposed approach.  Hence, the proposed approach 

results in reduced common mode voltage. The common 

mode voltage variations of two approaches are as shown in 

Fig. 9 and Fig. 10. From Fig. 9, it can be observed that the 

conventional approach will give the common mode 

voltage variations between -60V and 240V. Whereas, the 

proposed approach will give the common mode voltage 

variations between 60V and 300V as shown in Fig. 10. 

 

 

Fig. 9: Common mode voltage plot at modulation index M=0.45 

with the conventional approach. 
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Fig. 10:Common mode voltage plot at modulation index M=0.45 

with the proposedapproach. 

 

The simulation results at higher modulation indices are 

shown in Fig. 11 and Fig. 12. During the higher 

modulation indices these two approaches will give similar 

results. 

 

Fig. 11: Simulation results for conventional approach at 

M=0.815 

 

Fig. 12: Simulation results for proposed approach at M=0.815 

The harmonic spectra of line currents at different 

modulation indices are as shown in Fig. 13 and Fig. 14. 

(a)

(b) 

(c) 

Fig.13: Harmonic spectra of line current at various modulation 

indices with the conventional approach (a) M=0.27 (b) M=0.45 

(c) M=0.815 
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(a)

 
(b)

(c) 

Fig.14: Harmonic spectra of line current at various modulation 

indices with the proposed approach (a) M=0.27 (b) M=0.45 (c) 

M=0.815 

From Fig. 13 (a) and Fig. 14 (a), it can be observed that 

the proposed approach results in reduced harmonic 

distortion when compared with the conventional approach. 

Moreover, it can be observed that during the medium 

values of modulation indices the proposed algorithm 

results in reduced common mode voltage variations with 

slightly increased ripple in line current 

 

V. CONCLUSION 

 

The dual inverter configuration with unbalanced input 

voltage is presented in this paper, which is having less 

complexity when compared to other diode clamped or H-

bridge multilevel inverter topologies. With the convention 

carrier comparison approach at low modulation indices 

(less than 0.3), the dual inverter configuration will give 

high switching losses because of operation of both 

inverters. But with the proposed control strategy nearly 

50% of switching losses are reduced as only one inverter 

is in the operation. Moreover, the proposed approach 

results in reduced harmonic distortion during the lower 

modulation indices. In the modulation index range from 

0.3 to 0.6 common mode voltage variations can be reduced 

with the proposed approach with slightly increased ripple 

in line current because of low effective pole voltage. At 

high modulation index (greater than 0.6) both control 

strategies have same effects. 
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Study of Temperature in Five Phase Induction Motor 

with Z-Source Inverter and Traditional Inverter at Low 

Speed  
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Abstract–This paper presents the experimental study of 

temperature at various parts of five phase induction motor 

with PWM drive and compared the temperature at various 

parts of the five phase induction motor with Z-source 

inverter drive. It utilizes an exclusive Z-source network to 

link the main inverter circuit to the power source. The Z-

Source converter employs a unique impedance network to 

couple the converter main circuit to the power source, thus 

providing unique features that cannot be obtained in the 

traditional voltage-source and current-source converter 

where a capacitor and inductor are used, respectively. The Z-

Source inverter system using MOSFETS provide ride 

through capability during voltage sags, reduce line 

harmonics, improves power factor and high reliability. 

Analysis and experimental results obtained by implementing 

the inverter circuit using Z-source inverter drivewill be 

presented in this paper. 

 
Keywords–Induction motor drive, Z-source, five phase 

inverter drive. 

 

I.  INTRODUCTION 

 

In electrical drive applications, three-phase drives are 

widely used in the industries. Now the interest in poly-

phase motor drive system has been increased due to 

several advantages over a three phase drive system. The 

advantages are reducing the amplitude of harmonic 

currents, increasing the frequency of torque pulsations, 

reducing the rotor harmonic current losses, and lowering 

the dc link current harmonics [1-3].   

 

Excessive thermal heat in the motor leads to machine 

failure therefore prevention of such a failure is crucial for 

increasing the motor’s lifetime. By knowing the 

temperature at various parts of the induction motor 

prevention can be taken. Using different PWM technique 

heat generated at various parts in the Induction motor can 

be reduced. 

 

For efficient power utilization various new PWM 

techniques are developed. Impedance-source inverter or Z-

Source Inverter is an advanced PWM inverter topology is 

employed. The traditional inverters used for power control 

of Adjustable Speed Drives (ASD) are voltage source 

inverters (VSI) and current source inverters (CSI) which 

consists of a diode rectifier, dc link and inverter. The VSI 

and CSI are characterized by relatively low efficiency 

because of switching losses and considerable EMI 

generation.  
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The switches are used in the main circuit each is 

traditionally composed of power transistors or IGBT’s and 

anti-parallel diode. It provides bi-directional current flow 

and unidirectional voltage blocking capability. Thus PWM 

inverter presents negligible switching losses and EMI 

generation at the line frequency.  

 

The voltage source Inverters are widely used in various 

industrial applications. However it has the following 

limitations: 

 

1. The upper and lower devices of each phase leg cannot 

be switched on simultaneously either by purpose or by 

EMI noise.  A shoot through would occur and destroy the 

devices. Minimum dead time is provided to both upper 

and lower switches to avoid short circuit and distortion in 

the output voltage wave form to avoid the Inverter circuit 

failure. 

 

2. The AC output voltage is limited below and cannot 

exceed the DC bus voltage or the DC bus voltage has to be 

greater than the AC input voltage.  Therefore the voltage 

source inverter is a buck inverter for DC to AC power 

conversion and the voltage source converter is a boost 

rectifier for AC to DC power conversion. For applications 

where over drive is desirable and available dc voltage is 

limited, an additional DC-DC boost converter is needed to 

obtain a desired AC output. The additional power 

converter stage increases system cost and lower the 

efficiency of the drive system. 

 

3. An Output converter is needed for providing a 

sinusoidal voltage compared with the current source 

inverter, which causes additional power loss and control 

complexity.   

 

The current source converter has the following conceptual 

and theoretical barriers and limitations. 

 

1. Any one of the switch from the upper and one from the 

lower switch have to be maintained on at any time.  

Otherwise, an open circuit of the DC inductor would occur 

and destroy the devices. Overlap time for safe current 

commutation is needed in the current source converter, 

which also causes waveform distortion. 

 

2. The AC output voltage has to be greater than the 

original DC voltage that feeds the DC inductor or the DC 

voltage produced is always smaller than the ac input 

voltage.  Therefore, the current source inverter is a boost 

inverter for DC to AC power conversion and the current 

source converter is a buck rectifier for AC to DC power 

conversion[4].  For applications where a wide voltage 



Manjesh et. al: Study of Temperature in Five Phase Induction Motor… 

38 

range is desirable, an additional DC-DC buck converter is 

needed. 

 

The voltage source inverter is employed for driving the 

five phase Induction motor, the provisions are made in the 

inverter circuit that the upper and lower devices of each 

phase leg cannot be turned on simultaneously, furthermore 

the V-source inverter is a buck (step-down) inverter [2,6]. 

Therefore, the ac output voltage is limited and cannot 

exceed the DC-rail voltage. The Z-source inverter 

overcomes the conceptual and theoretical barriers and 

limitations of the V-source inverter and provides a novel 

power conversion concept[5,8]. 

 

A Z-source inverter could elevate most of the problems 

associated with traditional VSI and CSI. Z-source inverter 

circuit provides both voltage buck and boost properties, 

which cannot be achieved with conventional voltage 

source and current source inverters. Unique features of the 

Z-source inverter provide a simpler and single stage power 

conversion structure for induction motor drives. The Z-

source concept can be applied to all DC-to-AC, AC-to-DC, 

AC-to-AC, and DC-to-DC power conversion. 

 

A Z-Source based drive can: 

1. Produce any desired output voltage, even greater than 

the line voltage, regardless of the input voltage, thus 

reducing motor ratings. 

2.Provide ride-through during voltage sags without any 

additional circuits. 

3.Improves power factor and reduces harmonic current 

and common mode voltage. 

4. Reduction of harmonic content results in drastic 

minimization of rate of rise of heat in the induction motor. 

 

II. FIVE PHASE INDUCTION MOTOR DRIVE WITH 

TRADITIONAL INVERTER 

 

The design of five phase induction motor drive with 

traditional PWM inverter is as shown in Fig. 1. By using 

Voltage frequency method speed can be controlled in five 

phase Induction motor by using microcontroller. Five 

Phase Signals are generated by microcontroller to drive 

the five phase Induction motor. Five phase signals are 

connected to Inverter drive circuit through Optoisolator 

(MCT2E) to provide isolation between high power and 

control signals generated by microcontroller. IGBT 

(Insulated-Gate Bipolar Transistor) switches are used to 

construct PWM five phase inverter drives [8,9]. 

 

 
Fig.1: Five phase induction motor with traditional PWM inverter 

 

The five phase control signals generated from 

microcontroller with 72⁰ out of phase with each other is as 

shown in Fig.2. 

 

 
Fig. 2: Switching sequence of 1800 conduction mode 

 

The drive converts standard input power (230V, 50Hz) to 

adjustable voltage and frequency to power AC motor. V/f 

control method is employed to vary the speed of the five 

phase induction motor to operate at low speed and to study 

the temperature of five phase induction motor is 

recommended in this work experimentally.  

 

The thermal network model for squirrel cage induction 

motor is developed according to the principles reported by 

Kessler [10]. It has been shown by Kylander [11], that a 

high level of accuracy can be achieved by modest sub 

division of the machine's geometrical parts. In building a 

thermal model, a machine part is identified as a node in 

the thermal network.  A thermal capacitance and heat 

source is associated with each node. 

 

A very simple, 3 node, 3 thermal resistance thermal 

network model has been developed for five phase 

induction motor. The corresponding thermal network is 

shown in Fig.3. 

 
Fig.3: Thermal model of an induction motor 

 

Table1 shows the thermal capacitances and thermal 

resistances of five phase induction motor at various parts. 

These parameters has been obtained by studying DC 

analysis of the five phase induction motor (the motor is in 

stall), the predicted temperature has been found by 

Powering DC to the five phase induction motor. 
 

Table 1: Thermal resistances and thermal capacitances 

Thermal 

Capacitance 

Values in 

J/ºC 

 

Thermal 

Resistance 

 

Values 

in W/ºC 

C1 6541 R1 0.0303 

C2 6888 R2 0.0178 

C3 7037 RA 0.1354 
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III. FIVE PHASE INDUCTION MOTOR DRIVE WITH  

Z-SOURCE INVERTER 

 

The construction of Z-Source Inverter (ZSI) of a Five 

Phase Induction Motor Drive and it has a DC voltage 

Source, Z-Source network, Inverter and an AC load shown 

in Fig.4, the dc Source can be either a voltage source or a 

current source. The Z-Source network comprises split 

indictors L1 and L2, and X connected capacitors C1 and 

C2 for coupling of the inverter network to the dc source. 

 
Fig. 4: Construction of Z source inverter for five phase induction 

motor drive 

 

Equivalent circuit of Z-Source network A diode and Z-

source network connected between the dc input voltage 

and inverter are the main differences in the power circuit, 

the equivalent circuit of Z-source inverter shown in Fig.5. 

 

The diode function is to prevent discharging capacitor 

through the dc-input voltage. A special feature of ZSI 

operation is that it allows both power switches of a phase 

leg to be turned on simultaneously without damaging 

inverter network (a scenario called shoot-through). The 

inverter’s performance can be analyzed via its equivalent 

circuits as shown in Fig.6. 

 
Fig. 5: Equivalent circuit of Z-source network 

 

By assuming C1=C2=C, therefore 

 

VL1=VL2=VL=VC1=VC2=VC 

   

Vd=VL+VC  

    

 Vi=0       

No energy is transferred to the load. 

 

During non-shoot-through state, current flows from the Z-

source network through the inverter network, to the 

connected ac load.  

 

The following equations thus result: 

VL=Vdc – VC  

    

Vd = Vdc  

    

Vi = VC – VL = 2VC - Vdc 

 

 

 
Fig.6: Equivalent z-source inverter circuits in (a) shoot-through 

state (b) non-shoot –through state 

 

Inductor and capacitor requirements: Considering 

additional filtering and energy storage provided by the 

inductors, the Impedance source network should require 

less capacitance and smaller size compared with the 

traditional voltage source inverter. Similarly, when the two 

capacitors (C1 and C2) are small and approach zero, the 

Impedance source network reduces to two inductors (L1 

and L2) in series and becomes a traditional current source. 

The two capacitors are small the Impedance source 

network reduces to two inductors in series and becomes a 

traditional current source. Considering additional filtering 

and energy storage by the capacitors, the Impedance 

source network should require less inductance and smaller 

size compared with the traditional current source inverters. 
 

IV. COMPLETE SETUP 

 

The complete circuit is constructed as shown in Fig. 7 and 

AC mains are connected to the autotransformer, then it is 

connected to the bridge rectifier. The rectifier converts AC 

to DC then it is connected to Z-source inverter. Five phase 

signals are generated using a microcontroller kit using the 

IC AT89S54. These phase signals are connected to the 

driver circuit. Drive circuitry is designed to isolate and to 

provide desired control signals, then these signals are 

connected to the inverter IGBT’s gate terminals.  

 

To measure the temperature of five phase induction motor, 

J-type thermocouples are inserted at various parts five 

phase induction motor[12]. The thermocouples are 

connected to the temperature module kit, the module kit is 
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interfaced to personnel computer where the experimental 

data has been collected and used to draw the graph. 

 

 
Fig.7: Complete setup of five phase induction motor drive with 

Z-source inverter 

 

The Z-source network consists of inductors L1 and L2 and 

capacitors C1 and C2. The values of L1=L2=18mH, and 

C1=C2=1000uF/450V is used for the experimental work, 

the experiment is studied at low speed. The motor will be 

running at the frequency of 5 Hz and 20 V based on v/f 

control method, speed is reduced to 143 rpm. Then the 

temperature is measured at various parts of the five phase 

induction motor. This experiment is done in two stages, 

one with traditional inverter and other with Z-Source 

Inverter. The experimental study of heat at various parts of 

the five phase induction motor is obtained for both normal 

PWM drive and Z-source inverter drive, powering the five 

phase induction motor for a period of 3 hours. 

 

V. EXPERIMENTAL RESULT 

 

The motor parameters ratings are used in this experimental 

work are 

 

Voltage= 200V 

Current= 3.4A 

Horsepower= 1Hp 

RPM=  1400 

Frequency= 50Hz 

 

The maximum temperature of PWM inverter and Z-source 

inverter are shown in the table2. The graph is plotted time 

versus temperature of PWM inverter and Z-source inverter 

is shown in Fig.8 and Fig.9 respectively. 

 
 

Table 2: Comparison of Maximum temperature at various 

parts of five phase induction motor. 
Induction 

motor parts 
Temperature 
with PWM 

Inverter (oC) 

Predicted 
Temperature 

(oC) 

Temperature 
with Z-Source 

Inverter (oC) 

Top  Stator 

Winding 

33.50 28.74 30.51 

Bottom  

Stator 
Winding 

33.27 28.74 30.65 

Inner Frame 

1 

32.80 28.44 30.45 

Inner Frame 
2 

32.7 28.44 30.14 

Body 31.93 27 29.8 

Ambient 27.18 27 27.06 

 

 
Fig.8:Measurement of temperature at various parts of five phase 

induction motor with PWM inverter at V=20V, F=5Hz, Torque 

load=0.15Nm 

 
Fig.9: Measurement of temperature at various parts of five phase 

induction motor with Z-source inverter at V=20V, F=5Hz, 

Torque load=0.15Nm 

 

VI. CONCLUSION  

 

Study of stator windings of five phase induction motor 

with Z-source inverter, and traditional PWM inverter has 

been studied experimentally. It is concluded from the 

experimental results the rate of rise of temperature at 

various parts of five phase induction motor with Z-source 

filter is found to be less compared to normal PWM 

Inverter. In summary, the Z-source inverter system has 

several unique advantages, such as Z- source can be used 

both in Buck and Boost properties and Z-source concept 

can be applied to all DC-to-AC, AC-to-DC, AC-to-AC, 

and DC-to-DC power conversion. These advantages are 

very desirable for many Adjustable Speed Drive 

applications. 
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