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 Two-level inverter control with type-1 and type-2 fuzzy logic-based space 

vector pulse-width modulation (PWM) method for induction motor drive 

(IMD) is presented in this paper. A new sampling time independent strategy 

with type-1 and type-2 fuzzy based methods are used in generating three 

phase duty ratios which are directly obtained without mathematical 

equations. The conventional method of space vector modulation (SVM) 

produces the duty ratios for the inverter which are sampling time dependent. 

However, in type-1 and type-2 fuzzy based space vector PWM algorithms, 

the three phases duty ratios generated are sampling time independent and 

with a new integrated dead-time insertion in SVM itself, can be implemented 

practically for any switching frequency. As the rule-base for Mamdani 

non-singleton interval type-1 and type-2 fuzzy inference systems are 

designed manually, with the expert knowledge of conventional space vector 

PWM, the duty ratios of the inverter are generated such that the performance 

of the IMD is improved. The simulation studies for aforementioned cases is 

performed in matrix laboratory (MATLAB) and experimental validation for 

the proposed space vector PWM algorithms is validated using real-time 

sacraetheologiae magister (STM) hardware with STM32F429I Cortex M4 

processor for a 1 hp IMD. 
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1. INTRODUCTION 

Artificial intelligence is a group of methodology whose fundamental nature is to use the extensive 

ambiguity of the real-world tolerance, imprecision, and partial truth to realize tractability, robustness, low 

solution cost, and better understanding with certainty. In complex system, there are problems of 

incompetence to build mathematical model for the problem as problems are described by huge quantities of 

data that are used in studies. Usually, an expert system has an inference engine to manage the user interface, 

peripheral files, program files, program access and planning. Secondly, a knowledge base which comprises 

the information specific to a particular problem permitting an expert to define rules which regulate a process. 

genetic algorithms (GA) are search algorithms based on the mechanics of natural selection and natural 

genetics. GA operate by searching from a population of points but not a single point. The operation of GA is 

to quest from a population of data points with aid of objective function information using probabilistic 

transition rules. Particle swarm optimization (PSO) proposed in [1] is inspired by birds flocking. It is a 

https://creativecommons.org/licenses/by-sa/4.0/
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simple algorithm, easy to implement and has few adjustable parameters. Algorithm begins with population of 

particles. Each particle is improved by adjusting their velocity based on their own best over iterations (pbest) 

and over all best of all particles (gbest). This method has been used to solve the non-linear equations of the 

selective harmonic elimination (SHE) based pulse-width modulation (PWM) and to find the best switching 

angles. The comparative evaluation with various soft computing methods with respect to convergence and 

number of iterations is shown in Figure 1(a). Figure 1(b) shows comparative evaluation with complexity and 

popularity. 

Biogeography based optimization (BBO) proposed in [2] is based on study of geographical 

distribution of biological organisms. Two vital facets of this method are habitat suitability index which 

considers the geography-based suitability of islands for habitation and suitability index variables including 

habitability related features such as rainfall, topography, diversity of vegetation, and temperature. Bee algorithm 

(BA) given in [3], [4] applied SHE is based on food foraging behavior of honey bees. Bacterial foreaging 

algorithm (BFA) consists of four stages which includes chemotaxis (swimming and tumbling), swarming, 

reproduction, and dispersal. It is based on the natural characteristic of accepting the talent living creature in 

terms of food searching capability as survival being. This process consists of four steps. The first step is 

known as chemotaxis as in [5], [6]. With the evolution of population, the difference between each individual 

value decreases which influences the convergence speed to reach optimum value [7], [8]. The flow of 

differential evolution’s generate-and-test loop mechanism [9] of clone in immune system explored in the 

field of artificial intelligence is the basis of clonal search algorithm (CSA). A brief performance evaluation of 

algoritms applied for SHE method for inverter control is described in [1]. Deterministic rule-based systems 

particularly, soft computing-based techniques such as artificial neural network (ANN) based space vector 

modulation (SVM) and adaptive neuro-fuzzy (ANF) based SVM fed induction motor drive (IMD) have been 

reported in the literature in good detail [10], [11]. The incorporation of fuzzy logic controllers (FLCs) in 

closed loop operation of adjustable speed drives as an improved alternative over conventional proportional 

integral (PI) controllers is already established in [12]-[14]. Hybrid real coded genetic algorithm pattern 

search (HRGA-PS) has advantage of reduced computational burden, faster convergence rate and higher 

probability of finding global optima [15], [16]. In [16] continuous genetic algorithm is used to compute 

switching angles and produce less total harmonic distortion (THD). 

The PSO algorithm is provided in [17], [18]. Ant colony system (ACS) used in eliminating 

harmonics in PWM is based on foraging behaviour of colony of ants [19]. Food searching process of ant is 

replicated in ACS. Ants are used to deposit a special substance called “pheromone” [19], [20] in their path of 

food searching. Higher pheromone content enhances greater probability of finding food along the path. 

This path also helps to incur other ants to the path. Visited location and pheromone content is stored in tabu 

list [20]. Ants move as per the value of pheromone content and movement probability. The movement 

probability higher than a threshold value represents that the ant is in more favourable region [20]. 

In this research paper, the performance of the two-level inverter fed induction motor drive has been 

evaluated for inverter’s source side performance in terms of overall efficiency of IMD. Also on the load side 

of the inverter, the performance is evaluated in terms of THD of line voltage and stator current of induction 

motor (IM) drive. The steady state torque ripple load conditions is also evaluated. To generate the duty ratios 

of the inverter, type-1 and type-2 FLCs with centroid de-fuzzification method which is suitable amongst 

centre of sets type, centre of heights type and centre of sum type methods. The proposed type-1 and type-2 

fuzzy based SVM is verified through real-time sacrae theologiae magister (STM) hardware.  
 
 

  

  

(a) (b) 
 

Figure 1. Comparison of soft computing based PWM methods based on: (a) convergence and (b) complexity 
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A comprehensive detailed matrix laboratory (MATLAB) simulation and real-time results are 

described to support the feasibility of proposed control strategy. To support the claims of type-1 and type-2 

fuzzy logic based SVM algorithms, performance is evaluated and compared with literature reported 

conventional SVM method of the two-level inverter fed IMD. The experimentation is done on an advanced 

RISC machine (ARM) cortex M4 processor is a new version of reduced instruction set computer (RISC) 

based processor for implementation of proposed SVM algorithms which generates gate pulses for IMD. 

 

 

2. RESEARCH METHOD  

The block diagram of SVM algorithm is described in Figure 2, which is implemented for a two-level 

inverter fed IMD shown in Figure 3(a) and Figure 3(b). The eight possible switching states from [- - -] to 

[+ + +] for the power inverter forming the eight edges of space vector diagram is shown in Table 1. The main 

function of space vector modulation is to produce three sinusoidal currents so that air gap flux has circular 

tracking path. Hence, stator mmf is resolved as in (1) resulting in current space phasor in (2) and reference 

voltage space vector in (3).  

 

𝑁𝑠𝐼𝑠⃗⃗ = 𝑁𝑠𝑖𝛼 + 𝑗𝑁𝑠𝑖𝛽 (1) 

 

𝐼𝑠⃗⃗ = 𝑖𝛼 + 𝑗. 𝑖𝛽 (2) 

 

𝑉𝑟𝑒𝑓
⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝑣𝛼 + 𝑗𝑣𝛽 (3) 

 

The resulting reference voltage space vector is expressed in polar form as in (4) which is obtained from three 

phase reference voltages as given in (5) and (6). 

 

𝑉𝑟𝑒𝑓
⃗⃗ ⃗⃗ ⃗⃗  ⃗ = |𝑉𝑟𝑒𝑓|

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗. ⅇ𝑗𝜃 (4) 

 

𝑣𝛼 = 1.5. 𝑉𝑎𝑛
⃗⃗ ⃗⃗ ⃗⃗  ⃗ , 𝑣𝛽 = 𝑗0.866. (𝑉𝑏𝑛

⃗⃗ ⃗⃗ ⃗⃗  − 𝑉𝑐𝑛)⃗⃗ ⃗⃗ ⃗⃗  ⃗ (5) 

 

|𝑉𝑟𝑒𝑓|⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = √𝑣𝛼
2 + 𝑣𝛽

2 , θ =tan−1 (
𝑣𝛽

𝑣𝛼
) (6) 

 

The reference voltage space vector is generated using principle of volt-second balancing. 

Corresponding dwelling times are calculated and the duty cycles 𝑑𝑡1, 𝑑𝑡2, and 𝑑𝑡0 are obtained from (7) to (9). 

The null time duty ratio is given in (9) and relationship between sector angle 𝛽 given in (10) and duty cycle is 

derived from phase angle 𝜃 using (6). 

 

𝑑𝑡1 = 1.155 (
|𝑉𝑟𝑒𝑓|⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗

𝑉𝑑𝑐
) sin(60 − 𝛽) (7) 

 

𝑑𝑡2 = 1.155 (
|𝑉𝑟𝑒𝑓|⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗

𝑉𝑑𝑐
) sin(𝛽) (8) 

 

𝑑𝑡0 = 1 − (𝑑𝑡1 + 𝑑𝑡2) (9) 

 

𝛽 = (
𝑛𝜋

3
− θ) (10) 

 

 

 
 

Figure 2. Block diagram for implementing SVM 
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Table 1. Switching states and voltages of two-level inverter 
No State Vab Vbc Vca Van Vbn Vcn 

1 + - - Vdc 0 -Vdc 2Vdc/3 -Vdc/3 -Vdc/3 
2 + + - 0 Vdc -Vdc -Vdc/3 +Vdc/3 -2Vdc/3 

3 - + - -Vdc Vdc 0 -Vdc/3 2Vdc/3 -Vdc/3 

4 - + + -Vdc 0 Vdc -2Vdc/3 Vdc/3 Vdc/3 
5 - - + 0 -Vdc Vdc -Vdc/3 -Vdc/3 2Vdc/3 

6 + - + Vdc -Vdc 0 Vdc/3 -2Vdc/3 Vdc/3 

7 + + + Vdc Vdc Vdc 0 0 0 
8 - - - 0 0 0 0 0 0 

 

 

  

  

(a) (b) 

 

Figure 3 Two-level inverter fed IMD: (a) two-level VSI fed IM and (b) space vector diagram 

 

 

The obtained dwell time duty cycles are applied in a sequential manner for each sector (𝑛 = 1 to 6) 

as given in Figure 4(a) representing gate pulse pattern. The three phase duty ratios generation is shown in 

Figure 4(b). Based on switching states given in Table 1, for a given sampling time Ts = 2𝑇𝑍 shown in (11), 

the instantaneous average phase voltages [𝑉𝑎𝑛𝑎𝑣  𝑉𝑏𝑛𝑎𝑣 𝑉𝑐𝑛𝑎𝑣] are obtained for sector 1 as in (12) to (14) 

respectively. These instantaneous average phase voltages are developed for each interval of sample time and 

are calculated for reference voltage vector which are discussed in section 3. The integrated dead time 

insertion in SVM is incorporated as in [21]. From (7) to (9), duty ratios 𝑑𝑡1 = 𝑇1 𝑇𝑍⁄ , 𝑑𝑡2 = 𝑇2 𝑇𝑍⁄  which are 

varying for each sample of reference voltage vector. 

 

𝑇𝑍 = 1 − (𝑇1 + 𝑇2) = 𝑇𝑆/2 (11) 

 

𝑉𝑎𝑛𝑎𝑣 = (
2𝑉𝑑𝑐⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  

3
) 𝑑𝑡1 + (

𝑉𝑑𝑐⃗⃗ ⃗⃗ ⃗⃗  ⃗

3
) 𝑑𝑡2 (12) 

 

𝑉𝑏𝑛𝑎𝑣 = (
2𝑉𝑑𝑐⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  

3
) 𝑑𝑡1 + (

𝑉𝑑𝑐⃗⃗ ⃗⃗ ⃗⃗  ⃗

3
) 𝑑𝑡2 (13) 

 

𝑉𝑐𝑛𝑎𝑣 = (
2𝑉𝑑𝑐

3
) 𝑑𝑡1 + (

𝑉𝑑𝑐⃗⃗ ⃗⃗ ⃗⃗  ⃗

3
) 𝑑𝑡2 (14) 

 

2.1.  Proposed fuzzy logic-based space vector PWM 

The input-output mapping is processed through a if-then rule base for a fuzzy system. In Figure 5(a) 

the architecture and description of type-1 and in Figure 5(b) architecture and description of type-2 fuzzy system 

is depicted. The benefits of type-2 fuzzy logic controller (T2FLC) over type-1 fuzzy logic controller (T1FLC) 

are given in [22], [23]. However, dead time can be inserted as in [24] in PWM algorithms of [22], [23]. 

The complete fuzzy computing method has background concept of fuzzy set theory [25]-[29]. One of the key 

benefits with T2FLC over T1FLC is that each membership function of T2FLC has foot print of uncertainty 

(FOU) which by far can better handle linguistic and numerical ambiguities related with the inputs and/or 

outputs of the fuzzy inference system. Type reduction is an additional step after defuzzification in T2FLC. 

Hence T2FLC has an edge of reduced rule base over T1FLC resulting in the simplified design. Moreover, 

FOU of T2FLC covers identical range of data with few number of labels.  
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(a) (b) 
 

 

Figure 4. Three phase gate pulse pattern and three phase duty ratios generation in a sequential manner for 

each sector (𝑛 = 1 to 6): (a) representation of gate pulse pattern and (b) three phase duty ratios generation 
 

 

  

  

(a) (b) 
 

Figure 5. Architecture and description of: (a) type-1 fuzzy system and (b) type-2 fuzzy system 
 
 

2.2.  Type -1 fuzzy logic-based space vector PWM 

A crisp output from a T1FLC is obtained by processing input variables through grouping of rules by 

T1FLC followed by defuzzification. A procedure to choose on which output, or blend of various outputs, will 

be used is estimated, because each rule could possibly result in a distinct output action. A brief description of 

membership functions in T1FLC and T2FLC is given in Figure 6. A type-1 fuzzy logic description of the 

connection between the input and the output can be described by the following illustration. For input premise, 

‘p’ and a particular qualification of the input represented by X1, the corresponding output ‘u’ can be qualified 

by expression U1 as indicated in the statement R1 given in the algorithm form of rules. 
 

R1: IF p is X1 then u is U1 

R2: IF p is X2 then u is U2 

Rn: IF p is Xn then u is Un 

 

The defuzzification block is used to produces the crisp output value from the T1FLC. The function, in (15) 

provides a defuzzified value of a MF positioned on associated variable value ‘p’ using one of the various 

defuzzification methods, according to the type of argument. 
 

𝐴 (𝑥) 𝑑ⅇ𝑓𝑢𝑧𝑧 (𝑥,𝑚𝑓, 𝑇𝑦𝑝ⅇ) (15) 
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Figure 6. Description of membership functions of type-1 and type-2 fuzzy systems 

 

 

 
 

Figure 7. Incorporation of T1FLC and T2FLC in SVM 

 

 

2.3.  Type -2 fuzzy logic-based space vector PWM 

The process of a T2FLC is identical with the operation of T1FLC [30]-[33]. However, on the 

interval type-2 fuzzy system, the fuzzy operation is executed at two type-1 membership functions (MFs) 

which limits the FOU, i.e., lower MF (LMF) and upper MF (UMF) to produce firing strengths. 

The additional process of type reduction operation of T2FLC to convert fuzzified type-2 fuzzy set into type-1 

fuzzy set is initiated by centre of sets (COS) type reduction technique. Further process of defuzzification is 

initiated after this step to get crisp output. In COS type reduction operation, interval type-2 fuzzy system is 

determined by its left most point (LMP) and right most point (RMP) to get to the centroid of interval type-2 

consequent set [34]-[36]. A general type-2 fuzzy set �̃� shall be specified by (16). 

 

�̃� = ∫ 𝜇𝑉(𝑝)/𝑝
𝑝∈𝑃

=
∫ [∫

𝑓𝑝(𝜇)

𝜇𝜇∈𝐽𝑝
]𝑝∈𝑃

𝑝
 (16) 

 

In (16) μṼ(p) is a secondary membership function, Jp is the set of primary membership degrees of 

𝑝 ∈ 𝑃 with μ ∈ Jp and fp(μ) ∈ [0,1] is a secondary membership degree. 

 

𝜇𝑘,𝑖(𝑝𝑖) = 𝜇𝑘,𝑖.
1 (𝑝𝑖) ∗ 𝜇𝑘,𝑖.

2 (𝑝𝑖), 𝑘 = 1,2, … ,𝑀, 𝑖 = 1,2, … , 𝑛 (17) 

 

�̅�𝑘,𝑖(𝑝𝑖) = �̅�𝑘,𝑖(𝑝𝑖) = 𝜇𝑘,𝑖.
1 (𝑝𝑖) + 𝜇𝑘,𝑖.

2 (𝑝𝑖) − 𝜇𝑘,𝑖(𝑝𝑖) (18) 
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From (17) and (18) 𝜇𝑘,𝑖(𝑝𝑖) is the LMF and �̅�𝑘,𝑖(𝑝𝑖) is UMF of T2FLC set and they are transformed 

into a crisp output through the defuzzifier. The operation of T2FLC membership functions is shown in Figure 6. 

From Figure 7, the sequence of implementing SVM using T1FLC and T2FLC is depicted using dashed lines. 

The two crisp inputs for the fuzzy logic controllers are phase angle and change in phase angle to generate 

three phase duty ratios. However, the obtained duty ratios are independent of sampling time and are 

generated in Figure 8(a) for Da, Figure 8(b) for Db, and Figure 8(c) for Dc repectively at given operating 

point of IMD. In the designing of rule base seven membership functions ranging between 0 and 1 are applied 

as given in Figure 8 (a), 8(b) and 8(c) for Da, Db and Dc respectively. The surface view of duty ratios is 

shown in Figure 9(a) for Da, Figure 9(b) for Db and Figure 9(c) for Dc repectively. The obtained duty cycles 

are compared with carrier wave to generate switching pulses of two-level inverter as shown in Figure 10(a) 

SVM, Figure 10(b) type-1 fuzzy SVM, and Figure 10(c) type-2 Fuzzy SVM respectively. 
 

 

  
  

(a) (b) 
  

  

 
 

(c) 
 

Figure 8. Rule base of duty ratios: (a) Da, (b) Db, and (c) Dc of types-1 and type-2 fuzzy based SVM 
 

 

   
   

(a) (b) (c) 
 

Figure 9. Surface view of duty ratios for three phases a, b, and c: (a) surface view of Dai, (b) surface view of 

Db, and (c) surface view of Dc 
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(a) 

 

 

  
  

(b) (c) 

 

Figure 10. Three phase duty ratios for: (a) SVM, (b) type-1 fuzzy SVM, and (c) type-2 Fuzzy SVM 

 

 

3. RESULTS AND DISCUSSION 

When type-1 and type-2 fuzzy based SVM methods are used in generating three phase duty ratios, 

after careful investigation of pulse pattern is obtained by proposed methods. Instantaneous voltage vector for 

SVM is as shown in in Figure 11(a). Figure 11(b) shows instantaneous voltages for type-1 fuzzy SVM and 

Figure 11(c) shows instantaneous volteges for type-2 fuzzy SVM. An analytical examination on behaviour of 

pulse pattern when carried out considering a sample case study for switching sequence 0127−7210 clearly 

reveals underlying reasons for performance improvement. It can be thus inferred that in type-1 and type-2 

fuzzy based methods switching sequence is changing at half of carrier cycle or sub-cycle interval for a given 

sample of reference voltage [35]-[37]. In this case study, when reference voltage is in sector 1, for dc-link 

voltage 𝑉𝑑𝑐 = 400 V, operating frequency 𝑓 = 50 Hz, switching frequency 𝑓𝑠 = 5 kHz, and peak value of 

reference phase voltage vector magnitude |𝑉𝑟𝑒𝑓| = 229 V is considered with modulation index 𝑚 = 0.8. It is 

ratio of peak value of reference phase voltage to the fundamental component of square wave. Since 𝑓𝑠 = 5 kHz, 

the sampling times 𝑇𝑠 = 200 µs and 𝑇𝑧 = 100 µs. The discrete step time interval for calculations is 𝑇𝑑 = 10 µs. 

The number of discrete steps for 50 Hz corresponding to time period of 𝑇 = 20 ms is 𝑛𝑠 = (𝑇/𝑇𝑑) = 2000. 

Hence number of steps for each sector are 𝑠 = (𝑛𝑠/6) = 333.33 with each step time value of 10 µs. Now, as 

𝑇𝑠 = 200 µs number of steps in a carrier wave cycle is given by 𝑛𝑐 = (𝑇𝑠/𝑇𝑑) = 20. Also, number of carrier 

cycles in a sector is given by 𝑛𝑐𝑠 = (𝑠 × 𝑇𝑑)/𝑇𝑠 = 16.67 cycles and 33.34 half carrier cycles. For step time 

intervals from 0 to 3340 µs, for all the three case studies instantaneous average voltages are calculated by taking 

the dwell times using (11) to (14). The proposed types-1 and -2 fuzzy based methods are analytically verified 

at each sample of reference voltage, the instantaneous value of phase voltage variation with phase angle and 

is shown in Figure 8. For a given sample over a sub-cycle interval the average value is computed as given 

in (12) to (14). As the switching pattern is changing in the proposed methods and the instantaneous values are 

improved close to reference instantaneous phase voltage value. Figure 9 illustrates the three phase voltages 

pulse pattern in one cycle of reference voltage.  

The proposed methods are implemented in real time using STM32F429I ARM Cortex M4 

processor. This floating-point unit processor is the latest generation of ARM processors for embedded systems 

which is a 32-bit micro controller with 180 MHz operating frequency. The performance of the motor is studied 

at supply frequency of 41 Hz. Hence, motor is operated with reduced dc link voltage 𝑉𝑑𝑐 = 400 V for a 

modulation index of 0.8 and three phase duty ratios in Figure 10. At this operating condition, instantaneous 

voltage vector for SVM, type-1 and type-2 fuzzy based methods are given in Figure 11. A close observation 

indicates increasing dc bus utilization. Additionally, stator current THDs are shown in Figure 12(a) SVM, 
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Figure 12(b) type-1 fuzzy SVM, and Figure 12(c) type-2 fuzzy SVM. The motor acceleration time is reduced 

from 0.43 s in space vector PWM (0127) to 0.4 s in type-1 and 0.37 s in type-2 fuzzy based methods as 

shown in Figure 13(a) SVM, Figure 13(b) type-1 fuzzy SVM, and Figure 13(c) type-2 fuzzy SVM. 

The experimental set-up is shown in Figure 14. The parameters of IM, inverter details and other accessories 

are given in Appendix. The test set-up has a three-phase autotransformer fed from three phase supply 3-phase 

415 V, 50 Hz, whose output terminals are connected to the three-phase bridge rectifier. Two coupling 

capacitors 𝐶1 and 𝐶2 are used to filter the dc voltage which is fed as the input for the inverter. The three 

phases of the output terminals of the inverter are connected through a power analyzer Yokogawa WT-333. 

The practical THDs for line voltage is 8.162% for SVM as shown in Figure 15(a) for given operating 

condition, which reduces to 7.852% for type-1 fuzzy based SVM as shown in Figure 15(b) and 6.8% as 

shown in Figure 15(c) with type-2 fuzzy based SVM. Similarly, the stator current THD is 2.049% for SVM, 

1.793% for type-1 and 1.489% for type-2 fuzzy based SVM. To evaluate overall performance of IMD for two 

different case studies considering seven parameters which include % ɳ of inverter, % ɳ of IM, flux ripple Øⅇ 

(Wb), electromagnetic torque Te ripple (Nm), %THD of line voltage (𝑉𝐿), root mean square (RMS) value of 𝑉𝐿 

(V) and %THD of line current (𝐼𝐿) have been investigated at dc link voltage of 𝑉𝑑𝑐 = 400 V and  𝑉𝑑𝑐 = 450 V 

with a load torque of 1 Nm. The results are included in Table 2 and Table 3. The obtained results indicate that 

the proposed type-2 fuzzy based SVM improves the performance of IMD when tested rigorously at different 

operating conditions. 
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Figure 11. Instantaneous voltage vector for SVM, types-1 and 2 fuzzy: (a) instantaneous voltages for SVM, 

(b) instantaneous voltages for type-1 fuzzy SVM, and (c) instantaneous volteges for type-2 fuzzy SVM 
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Figure 12. Simulation based stator current THD of: (a) SVM, (b) type-1 fuzzy SVM, and (c) type-2 fuzzy SVM 
 

 

   
   

(a) (b) (c) 
 

Figure 13. Speed, torque, and stator current of IMD using: (a) SVM, (b) type-1 fuzzy SVM, and (c) type-2 

fuzzy SVM 
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Table 2. Performance evaluation of IMD with dc link voltage of 400 V 
Type of SVM  Type-1 fuzzy 

(m = 0.8) 
Type-2 fuzzy  

(m = 0.8) 
Type-1 fuzzy 

(m = 0.84) 
Type-2 fuzzy 

(m = 0.84) 
Type-1 fuzzy 
(m = 0.866) 

Type-2 fuzzy 
(m = 0.866) 

% ɳ of inverter 94.21 97.37 93.22 95.97 92.17 95.11 

% ɳ of IM 75.69 77.29 74.28 78.82 81.84 81.84 

Ø𝑒 ripple (Wb) 00.05 00.02 00.06  00.01 00.06 00.05 

𝑇ⅇ ripple (Nm) 00.17 00.14 00.19 00.13 00.25 00.08 

% THD of 𝑉𝐿 05.80 04.82 06.98 04.27 05.99 04.01 

𝑉𝐿 (V) 231.0 260.0 273.7 294.3 301.3 333.5 

% THD of 𝐼𝐿 5.748 4.773 5.778 5.376 05.85 5.775 

 
 

Table 3. Performance evaluation of IMD with dc link voltage of 450 V 
Type of SVM  Type-1 fuzzy 

(m = 0.8) 

Type-2 fuzzy  

(m = 0.8) 

Type-1 fuzzy 

(m = 0.84) 

Type-2 fuzzy 

(m = 0.84) 

Type-1 fuzzy 

(m = 0.866) 

Type-2 fuzzy 

(m = 0.866) 

% ɳ of inverter 93.71 93.74 93.70 94.05 94.23 95.34 

% ɳ of IM 81.32 87.92 81.38 84.20 86.34 92.58 

Ø𝑒 ripple (Wb) 00.12 00.09 00.05 00.01 0.047 00.04 

𝑇𝑒 ripple (Nm) 00.30 00.20 00.24 0.213 0.077 00.03 

% THD of 𝑉𝐿 08.30 08.15 07.05 04.99 06.12 04.68 

𝑉𝐿 (V) 291.3 327.7 0308 330.3 333.9 339.0 

% THD of 𝐼𝐿 6.162 5.076 6.240 5.760 6.680 6.246 

 
 

 
 

Figure 14. Experimental setup 
 

 

  
  

(a) (b) 
  
  

 
 

(c) 
 

Figure 15. Experiment based comparision of % THDs for (a) SVM, (b) type-1 SVM, and (c) type-2 SVM 
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4. CONCLUSION  

At the inverter end, the transformation of the phase angle and change in phase angle of reference 

voltage space vector is executed to obtain three phase duty ratios of inverter. This is achieved by using 

Mamdani non-singleton interval type-1 and type-2 fuzzy inference systems which are designed manually 

leading to the development of new set of three phases duty ratios which are sampling time independent. 

Enhanced dc bus utilisation and reduction in THDs of stator voltage and current with improvement in 

efficiency of IMD is observed with Mamdani based type-1 and type-2 fuzzy based SVM algorithms. The rule 

base for designing the three phase duty cycles for PWM requires rigorous expertise since several variations 

occur in duty cycle. Thus, the attained three phase duty cycles can be implemented for any switching 

frequency with better voltage profile. Further, implementation in hardware using STM32F4 cortex M4 

ensures that proposed methods have clear cut edge over conventional SVM. 
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