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Abstract: In the present research, we have developed a new modified Type 2 neuro fuzzy (T2NF) based MPPT 
controller, which combines the advantages of fractional open circuit voltage (FCV), variable step and optimized 
P&O algorithm. It leads to a faster and better tracking and lower oscillations around the MPP to contribute higher 
efficiency. The simulation result shows an efficiency of 96.41 %, an improvement of 2 ms is observed in the 
starting characteristics. The above concept has been extended to single phase AC photovoltaic system with 
improvement of 15 % in its performance. It has benefits of high efficiency and low harmonic distortion at output 
voltage waveform. Here DC-DC boost converter and space vector modulation based inverter are used to provide 
the required supply to the load. The proposed T2NF based MPPT improves the system efficiency even at abnormal 
weather conditions. Here a lot of reduction in torque and current ripple contents is obtained with the help of T2NF 
based MPPT for an asynchronous motor drive. Also the better performance of an asynchronous motor drive is 
analyzed with the comparison of conventional and proposed MPPT controller using Matlab-simulation results. 
Practical validations are also carried out and tabulated. 

 
Keywords: Photovoltaic (PV) system, Maximum power point tracking (MPPT) controller, Type 2 neuro fuzzy 
(T2NF) system, DC-DC boost converter, Space vector modulation (SVM), Abnormal weather conditions, 
Asynchronous motor (ASM) drive and harmonic distortion. 
 
 

 
1. Introduction 
 

The PV power and voltage characteristics are 
nonlinear and affected by the irradiance and 
temperature variations. The applied MPPT uses a type 
of control and logic to look for the knee, which in turn 
allows the converter to extract the maximum power 
from the PV array. The tracking method provides a 
new reference signal for the controller and extracts the 
maximum power from the PV array. The hill climbing 

method has slow response especially under varying 
weather conditions because the MPPT gives the 
decision directly for the duty cycle declaring a 
controller of error signal [1-3]. The voltage based 
MPPT method uses the fact that the ratio between the 
maximum power voltage and the open circuit voltage 
under different weather conditions, which are linearly 
proportional [4]. Perturbation and observation method 
are commonly used due to its ease of implementation, 
also works effectively under varying weather 
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conditions where it can reach to the error signal due to 
its separation between the MPPT method that controls 
the reference signal and duty cycle resulting of 
changing the reference signal [5-6]. 

Among different intelligent controllers, fuzzy logic 
is the simplest to integrate with the systems. Recently, 
fuzzy logic controller has received an increasing 
attention to researchers for converter control, motor 
drives and other process control as it provides better 
responses than other conventional controllers [7]. The 
imprecision of the weather variations that can be 
reflected by PV arrays also addressed accurately using 
fuzzy controller. Here Type 2 fuzzy based technique is 
implemented for PV system which is involved in the 
operation of fuzzification, inference and output 
processing. This output processing consists of type 
reduction and defuzzification to provide the better 
performance. The T2FLC deals with the variable step 
size to increase or decrease the reference voltage. 
Therefore the tracking time becomes short and the 
system performance during steady state conditions is 
much better than other conventional techniques [8-10]. 

Intelligent controls using artificial intelligence, 
fuzzy logic and neural networks, these systems are 
introduced as major sources to improve the 
performance of motor drives. Intelligent controls with 
adaptive network techniques are creating an interest 
research for practical implementation and control of 
motor drives. Earlier sinusoidal pulse width 
modulation (SPWM) was majorly used technique for 
industrial applications, because it reduces the 
harmonics. SPWM is suitable up to 0.7855 modulation 
indices for linear modulation index and above it gives 
more ripples in voltage [11-13]. To overcome this third 
harmonic injected pulse width modulation SVPWM 
techniques are used to improve the total harmonic 
distortion in voltage and current. Also it increases the 
modulation index up to 0.907 with increasing the 
fundamental value compared to SPWM [14-16]. Here 
the speed of the induction motor can also be controlled 
by direct torque control with PIC. But it cannot give 
good transient and steady state responses [17]. To 
overcome this, a new technique with type-2 fuzzy 
logic systems has been introduced as an upgrading of 
ordinary fuzzy logic set which is called type-1 fuzzy 
set. The characterization of type-2 fuzzy set is that the 
membership value for each element of this set is a 
fuzzy set in [0,1], not a crisp set like type-1 fuzzy. 
Type-2 fuzzy set can handle linguistics as well as 
numerical uncertainties. Because it can be modeled 
with reducing their effects [18-19]. 

Unfortunately, type-2 fuzzy sets are more difficult 
to use and understand than traditional type-1 fuzzy 
sets. Though it has few difficulties, it being used for 
many applications like coded video streams, co-
channel interference elimination from nonlinear time-
varying communication channels, connection 
admission control, extracting knowledge from 
questionnaire surveys, forecasting of time-series, 
function approximation, pre-processing radiographic 
images and transport scheduling with some control 
applications [20-21]. A comparison of adaptive neuro 

fuzzy based space vector modulation with neural 
network and conventional based system has been 
presented [22-23]. Here type-2 neuro fuzzy logic 
controller based MPPT method is proposed with boost 
converter to regulate the PV output voltage and track 
the MPP of PV modules and also to determine the 
system operation point which varies with load, solar 
irradiation and temperature variations. 

So this paper proposes a novel type 2 neuro fuzzy 
based MPPT controller which takes variable irradiance 
and variable temperature into the consideration in 
order to get performance better than the existed 
methods. The advantage of this proposed MPPT 
algorithm is used to control the MPP even under 
abnormal weather conditions compared to other 
conventional algorithms. In section 2 mathematical 
modeling of PV array is discussed. Section 3 & 4 
explains about the type 2 neuro fuzzy system and a 
novel type 2 neuro fuzzy based MPPT controller. 
Mathematical modeling of asynchronous motor drive 
is noted in section 5. Section 6 states a brief note on 
proposed space vector modulation technique. Using 
the proposed MPPT along with DC-DC converter to 
boost up the PV output and to feed asynchronous 
motor drive is detected in section 7. Matlab-simulation 
results with the comparison of conventional and 
proposed MPPT techniques are presented in section 8. 
The concluding remarks are stated in section 9. 
 
 
2. Mathematical Modeling of PV Array 
 

Solar PV system is made of photovoltaic cells. 
Cells are grouped to form panels and panels are 
grouped to form array. The basic mathematical 
equations describes the ideal PV cell and those are 
clearly mentioned in equations (1) and (2) 

ெܫ  = ௉௏஼ா௅௅ܫ − ை஼ா௅௅ܫ ൥ୣ୶୮൬ ೂೇಾ಼ಿ೅ಲು൰ூ೏ − 1൩, (1) 

 
where IPVCELL is the incident light generated current, ܫை஼ா௅௅ is the diode reverse saturation current, Q is the 
charge of an electron at 1.602×10-19 C, K is the 
Boltzmann’s constant at 1.381×10-23 J/K, ஺ܶ௉ is the 
temperature at the junction in Kelvin, N is the diode 
identity constant, VPVCELL is the voltage across the PV 
cell and IPVCELL is the current of the ideal PV model as 
illustrated in Fig. 1. 
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IPVCELL

-

+
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Fig. 1. Practical PV cell equivalent circuit. 
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PV system basic equation does not represent I-V 
characteristics, as a practical PV module consists of 
various PV cells which require additional parametric 
values as series and parallel resistances (RSE & RSH) as 
shown in Fig. 1. PV module modeling is based on 
mathematical equation of the solar cell which is given 
by Eq. 2. 

ெܫ  = ௉௏஼ா௅௅ܫ − ை஼ா௅௅ܫ ቈ݁݌ݔೂ൫ೇಾశ಺ಾೃೄಶ൯ಿ೅಼ಿ೅ಲು − 1቉ −௏ಾାூಾோೄಶோೄಹ  (2) 

 
where IM = PV module current in Amps,  
IPVCELL = Photocurrent or light generated current in 
Amps, IOCELL = Reverse saturation current of a diode in 
Amps, Q = Electron charge in Coulombs, N = Ideality 
factor (taken from data sheet), K = Boltzmann constant 
in J/oK, TAP = Applied temperature for the PV module 
in Kelvin, VM = Module voltage in Volts, RSE = Series 
resistance in ohms, RSH = Parallel resistance in ohms 
and Current generated by light (IPVCELL) depends 
linearly on solar radiation and also on temperature is 
given by Eq. (3) 

 
௉௏஼ா௅௅ܫ  = ௉ಲು[ூೄ಴ೃା்ೄ಴಺(்ಲುି்ೃಶಷ)]௉ೃಶಷ  (3) 

 
where PAP = Applied solar irradiance in W/m2 (applied 
to the module during the experiment),  
PREF = Reference irradiance in W/m2 (1000 W/m2 is 
taken under STC), ISCR = Module short circuit current 
(taken from the data sheet), TSCI = Temperature 
coefficient of short circuit current in A/oK (taken from 
data sheet), TAP and TREF are applied and reference 
temperatures in Kelvin. The practical calculated IPV 

CELL values for different irradiance and different 
temperature are tabulated in Table. 1. 

 
 
Table 1. The Practical Calculated Ipv Cell Values for 

Different Irradiance and Different Temperature. 
 

Irradian
ce in 

(W/m2) 

Temperature (in oC) 

20 oC 30 oC 40 oC 50 oC 60 oC 
1000 8.661 8.678 8.695 8.712 8.729 
800 6.929 6.942 6.956 6.97 6.983 
500 4.330 4.339 4.347 4.356 4.364 
250 2.165 2.169 2.173 2.178 2.182 
100 0.866 0.867 0.869 0.871 0.872 
50 0.433 0.433 0.434 0.435 0.436 
10 0.086 0.086 0.086 0.087 0.087 

 
 
Modules reverse saturation current (ܫோௌ)	at 

nominal condition and reference temperature is given 
by Eq. (4) 

 
ோௌܫ  = ூೄ಴ೃ௘௫௣( ೂೇೀ಴ಿ೅಼ಿ೅ಲು)	ିଵ (4) 

 

where IRS = Reverse saturation current in Amps, and 
NT = total no. of cells in a module. Here module 
voltage decreases as the applied temperature goes on 
increases which can be calculated by Eq. (5) 

 
 ெܸ = ே೅௄ே்ಲುொ × ln ቂூುೇ಴ಶಽಽିூೃೄூೃೄ ቃ  (5) 

 
On the other hand saturation current (ܫௌ஺்)	is given as 

ௌ஺்ܫ  = ோௌܫ × ቀ ்ಲು்ೃಶಷቁଷ × ൜ೂಶಸೀಿ಼݌ݔ݁ ൬ భ೅ೃಶಷ	ି	 భ೅ಲು൰ൠ (6) 

 
where EGO = is the semiconductor band gap energy of 
the module in J/C. The resistance RSH is inversely 
proportional to leakage current and a small variation of 
series resistance will affect the PV output power. A PV 
cell will produce less than 2 watts at approximately  
0.5 V. The cells must be connected in series and 
parallel to get required power. Array basic output 
current of single diode module is calculated by Eq. (7) 

஺ܫ  =௉ܰ௏	ܫ௉௏஼ா௅௅
  − ௉ܰோܫை஼ா௅௅ ቈ݁݌ݔ ೂಿ೅಼ಿ೅ಲು൬ ೇಾಿೄಶା಺ಾೃೄಶಿುೃ ൰ − 1቉ −ଵோೄಹ ቂேುೃ௏ಾேೄಶ +  ெܴௌாቃ (7)ܫ

 
where ௌܰா and ௉ܰோ are the number of solar cells 
connected in series ad parallel. Modeling of PV array 
is done based on data sheet parameters of SSI-3M6-
250W poly-crystalline solar module at 25o C and 1000 
W/m2. Based on above parameters PV is modeled in 
Simulink model is developed under standard test 
conditions. 

 
 

3. Type-2 Neuro Fuzzy Controller 
 

In this section, the structure and mechanism of 
T2NFIS is presented. The structure of T2NFIS is 
shown in Fig. 2. It is a five layered network which uses 
type-2 neuro fuzzy sets in the antecedent and the 
consequent realizes the Takagi-Sugeno-Kang Type-0 
fuzzy inference mechanism. Let assume the structure 
consists of q input features, n output features and has 
grown K rules after processing t-1 samples. Hereafter, 
we detail the function of each layer when the network 
is presented with the tth sample, x(t). 

 
Layer 1 - Input layer 

Each node in this layer passes the input data 
directly to the fuzzification layer. The output of ith 
node is given as in Eq. (8) and the diagram is shown 
in Fig. 2. 
 
 ui(t) = xi(t), where i = 1, 2, ···, q (8) 
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Fig. 2. Structure of five layered type-2 neuro-fuzzy system. 
 
 

Layer 2 - Fuzzification layer 
The function of this layer is to perform the 

fuzzification operation. Each node in this layer 
computes the Type-2 membership of the input with the 
rule antecedents. The membership of ith input feature 
with kth rule is given by: 
 

 ∅௞௜(ݐ) = ൫ೠ೔(೟)షഋೖ೔൯మమ഑ೖ೔మି)݌ݔ݁ ≡∅(ఓೖ೔,ఙೖ೔,௨೔(௧))
 (9) 

 
where ߤ௞௜ ∈ ௞௜௟ߤൣ , ௞௜௥ߤ ൧ and ߪ௞௜ ∈ ௞௜௟ߪൣ , ௞௜௥ߪ ൧. Are left and 
right limits of the center and width of kth rule’s ith 
feature respectively. The footprint of uncertainty of 
this membership function can be represented in terms 
of upper membership function φup and lower 
membership function φlo as given below 

 

 ∅௞௜௨௣(ݐ) = {∅ቀఓೖ೔ೝ ,ఙೖ೔ೝ ,௨೔(௧)ቁ∅൬ఓೖ೔೗ ,ఙೖ೔೗ ,௨೔(௧)൰
 (10) 

 
where ݑ௜(ݐ) < ௞௜௟ߤ	 ௞௜௟ߤ , ≤ (ݐ)௜ݑ ≤ ௞௜௥ߤ (ݐ)௜ݑ , > ௞௜௥ߤ  

 

 ∅௞௜௟௢ = {∅൬ఓೖ೔೗ ,ఙೖ೔೗ ,௨೔(௧)൰	௨೔(௧)வഋೖ೔೗ శ	ഋೖ೔ೝమ
∅ቀఓೖ೔ೝ ,ఙೖ೔ೝ ,௨೔(௧)ቁ	௨೔(௧)ஸഋೖ೔೗ శ	ഋೖ೔ೝమ  (11) 

 
The output of each node can be represented as 
 

 ∅௞௜ = [∅௞௜௟௢(ݐ), ∅௞௜௨௣(ݐ)] (12)
  
Layer 3 - Firing layer 

The firing layer consists of K nodes where each 
node represents the upper and lower antecedent part of 
a fuzzy rule. The function of this layer is to calculate 
the firing strength of each of the rules. The algebraic 
product operation is used to compute the firing 
strength of a rule and is given by 
 
,(ݐ)௞௟௢ܨ]  ;[(ݐ)௞௨௣ܨ ݇ = 1,… . ,  (13) ܭ

(ݐ)௞௟௢ܨ]  =ෑ∅௜௞௟௢௠
௜ୀଵ (ݐ)௞௨௣ܨ	݀݊ܽ =ෑ∅௜௞௨௣௠

௜ୀଵ ; 

 ݇ = 1,… . . ,  (14)  ܭ
 

Layer 4 - Interval-reduction layer 
This layer contains K nodes. The function of each 

node is to perform the interval- reduction of Interval 
Type-1 fuzzy set to Type-1 fuzzy number. The 
computationally efficient algorithm is employed to 
reduce the interval and is given as 
(ݐ)௞ܨ  =∝ (ݐ)௞௟௢ܨ + ;(ݐ)௞௨௣ܨ(∝−1) ݇ = 1,……  (15) ܭ,

 
where α is the design vector. In our study α is chosen 
as 0.5. 
 
Layer 5- Output layer 

This layer computes the output of network by 
employing weighted average defuzzification 
technique and is given as 
 

 Ŷ௝(ݐ) = ∑ ௪ೕೖிೖ(௧)ೖ಼సభ∑ ி೛(௧)೛಼సభ ; ݆ = 1,… . , ݊ (16) 

 
where wjk is the output weight connecting the kth rule 
with the jth output node. 

 
 

4. Novel Type-2 Neuro Fuzzy based 
MPPT Controller 

 
TIFLCs are unable to handle rule uncertainties 

directly, because they will not use type-2 neuro fuzzy 
(T2NF) sets that are certain. On the other hand 
T2NFLC is very useful in uncertainties measurement 
with minimizing the effects of uncertainties in rule 
base. Because their use is not widespread yet. In this 
one should identify the main control variables and 
determine the sets that describe the values of each 
linguistic variable. This algorithm is designed to 
achieve the advantage of other MPPT algorithms to 
simplify and eliminate all aforementioned drawbacks. 
The change in PV array output and the change in PV 
array output voltage are the inputs of the T2NF. The 
increment of the reference voltage is the output of the 
T2NFLC where the increment is added to the previous 
reference voltage to produce the new reference 
voltage. The inputs and the outputs of the T2NFLC are 
shown in the equations from (17) to (19) 

 
 ∆ܲ = ܲ(݇) − ܲ(݇ − 1) (17) 
 
 ∆ܸ = ܸ(݇) − ܸ(݇ − 1) (18) 
 
݂݁ݎܸ∆  = (݇)݂݁ݎܸ − ݇)݂݁ݎܸ − 1) (19) 
 

The differential power dp can be calculated as 
 

 ݀ܲ = ݔܽ݉ܲ − ܲ݉݅݊ (20) 
 

Flow chart of type-2 neuro fuzzy based MPPT 
algorithm is shown in Fig. 3. 
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P(k)=V(k)*I(k)
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Decrease VrefIncrease VrefDecrease VrefIncrease Vref

P(k)>P(k-1)

V(k)>V(k-1)V(k)>V(k-1)
NO YES YES NO

NO YES

Return  
 

Fig. 3. Flowchart of type-2 neuro fuzzy based MPPT algorithm for power improvement. 
 
 

The input variables of the T2NFLC are divided into 
4 subsets as positive big (PB), positive small (PS), 
negative small (NS), negative big (NB). Also, the 
membership functions of the output variables are four 
fuzzy sets, where the maximum of minimum 
composition technique is used for the inference and the 
gravity method for defuzzification process to convert 
the fuzzy subset reference voltage changes to real 
members as presented in (21) 

 

݂݁ݎܸ∆  = ∑ ∆௏௥௘௙௜	ఓ(∆௏௥௘௙௜)೙೔ ∑ ఓ(∆௏௥௘௙௜)೙೔  (21) 

 
where ∆ܸ݂݁ݎ is the fuzzy output and ∆ܸ݂݅݁ݎ is the 
output membership functions of max-min interference 
composition. ∆ܸ݂݁ݎ is the increasing function with 
respect Vref. The left most point VrefL and right most 
point VrefR can be obtained as follows 

 

ܮ݂݁ݎܸ∆  = ∑ ∆௏௥௘௙௅௜	ఓ(∆௏௥௘௙௅௜)೙೔ ∑ ఓ(∆௏௥௘௙௅௜)೙೔  (22) 

 

ܴ݂݁ݎܸ∆  = ∑ ∆௏௥௘௙ோ௜	ఓ(∆௏௥௘௙ோ௜)೙೔ ∑ ఓ(∆௏௥௘௙ோ௜)೙೔  (23) 

 
The defuzzified crisp output from the type-2 fuzzy 

system is the average of VrefL and VrefR as 
 

݂݁ݎܸ∆  = ∆௏௥௘௙ோା∆௏௥௘௙௅ଶ   (24) 

 
But from equations (17), (18) and (20) Pmax and 

Pmin we get as follows 
 

ݔܽ݉ܲ  = ݇)_ݒ݌ܸ − 1) ∗ ݇)_ݒ݌ܫ − 1)  (25) 
 

 ܲ݉݅݊ = ݇_ݒ݌ܸ ∗  (26)  ݇_ݒ݌ܫ
 

This algorithm modifies the phase displacement 
between grid voltage and the converter voltage 
providing the voltage reference Vref. Furthermore, 
here an extra feature is added to monitor the maximum 
and minimum power oscillations on the PV side. In 
case of single-phase power systems, the instant power 
oscillates with the line frequency. If the system 

operates in the area around MPP, the ripple of the 
power on the PV side is minimized. A flow chart of the 
MPPT explains how the angle of the reference voltage 
is modified in order to keep the operating point as close 
to MPP. 

The phase displacement dݐ݌݌݉ߜ is provided by 
the controller. If that the operating in the area on the 
left side of the MPP then dݐ݌݌݉ߜ has to decrease. This 
decrement is indicated with side=-1. Moreover, if the 
operating in the area on the right side of the MPP then 
dݐ݌݌݉ߜ has to increase and it is indicated with side 
=+1. The increment size determines how fast the MPP 
is tracked. The measure of the power oscillations on 
the PV side is used to quantify the increment that is 
denoted. 

 
 

5. Mathematical Modeling of 
Asynchronous Motor Drive 

 
The mathematical modeling of a three-phase, 

squirrel-cage asynchronous motor drive can be 
described with stationary reference frame as 
 
 ௤ܸௌ = (ܴௌ + ௤ௌܫ(ௌܮ݌ +  ௤ோ (27)ܫெܮܲ

 
 ௗܸௌ = (ܴௌ + ௗௌܫ(ௌܮ݌ +  ௗோ (28)ܫெܮܲ

 0 = ௤ௌܫெܮ݌ − ߱ோܮெܫௗௌ + (ܴோ + ோ)݅௤ோܮ݌ −߱ோܮோ݅ௗோ  (29) 
 

 0 = ߱ோܮெ݅௤ௌ + ெ݅ௗௌܮ݌ + ߱ோܮோ݅௤ோ + (ܴோ  ோ)݅ௗோ, (30)ܮ݌+

where ߱ோ = ௗఏௗ௧ ݌ ,  = ௗௗ௧ 
Suffixes S and R represents stator and rotor 

respectively. VdS and VqS are d-q axis stator voltages 
respectively, idS, iqS and idR, iqR are d-q axis stator 
currents and rotor currents respectively. RS and RR are 
stator and rotor resistances per phase. LS, LR are self 
inductances of stator and rotor and LM is mutual 
inductance. Stator and rotor flux linkages can be 
expressed as 
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௤ௌߣ  = ௌ݅௤ௌܮ +  ெ݅௤ோ (31)ܮ
ௗௌߣ  = ௌ݅ௗௌܮ +  ெ݅ௗோ  (32)ܮ
௤ோߣ  = ோ݅௤ோܮ +  ெ݅௤ௌ  (33)ܮ
ௗோߣ  = ோ݅ௗோܮ +  ெ݅ௗௌ  (34)ܮ

 
From the above equations (27)-(30), Squirrel-cage 

asynchronous motor can described by following 
equations in stator reference frame as 
 

൦ ௤ܸௌௗܸௌ00 ൪ = ൦ܴௌ + ெܮெ߱ோܮ݌ௌ0ܮ݌ 	 0ܴௌ + ெܮ݌ோܮௌ−߱ோܮ݌ 	 ெ0ܴோܮ݌ + ோܮோ߱ோܮ݌ 	 ோܴோܮெ−߱ோܮ݌0 + ێێۏ	ோ൪ܮ݌
ۑۑے௤ௌ݅ௗௌ݅௤ோ݅ௗோ݅ۍ

ې
  

(35) 
 

The electromagnetic torque Te of the induction 
motor is given by 

 

 ௘ܶ = ଷଶ ቀ௣ଶቁ ൫ߣ௤ோ݅ௗோ −  ௗோ݅௤ோ൯ (36)ߣ
 

From the dynamic model of asynchronous 
machine, the rotor flux is aligned along with the d-axis 
then the q-axis rotor flux λqR=0. So from the equations 
(33 and 36) described in the previous section and 
putting λqR=0, the electromagnetic torque of the motor 
in the vector control can be expressed as 

 

 ௘ܶ = ଷଶ ቀ௣ଶቁ ௅ಾ௅ೃ ൫ߣௗோ݅௤ௌ൯ (37) 

 
If the rotor flux linkage λdR is not disturbed, the 

torque can be independently controlled by adjusting 
the stator q- component current iqS. As the rotor flux 
aligned on d-axis, this leads to λqR=0 and λdR=λR, then 
 

 ߱௦௟ = ௅ಾோೃఒೃ௅ೃ ݅௤ௌ (38) 

 
 

6. Proposed SVM Technique for Two-
Level Inverter 

 
In this the space vector modulation algorithm for 

two level inverter is introduced for which the solar 
panels are connected to provide the dc supply. SVM 
basic principle and switching sequence is given in 
order to get symmetrical algorithm pulses and voltage 
balancing. This scheme is used to control the output 
voltage of the two level inverter with the T2NF based 
MPPT controller. In the SVM algorithm, the d-axis 
and q-axis voltages are converted into three-phase 
instantaneous reference voltages. Then the imaginary 
switching time periods proportional to the 
instantaneous values of the reference phase voltages. 
Which are defined as 

 ௎ܶଵ = ቀ ்ೄ௏ವ಴ቁ ௎ܸଵ∗ ,	 ௏ܶଵ = ቀ ்ೄ௏ವ಴ቁ ௏ܸଵ∗ ,	 ௐܶଵ = ቀ ்ೄ௏ವ಴ቁ ௐܸଵ∗
 (39) 

 
where TS and VDS are the sampling interval time and dc 
link voltage respectively. Here the sampling frequency 
is the twice the carrier frequency. 

Then the maximum (MAXI), middle (MID) and 
minimum (MINI) imaginary switching times can be in 
each sampling interval by using (40)-(42) 

 ெܶ஺௑ூ = )ܫܺܣܯ ௎ܶଵ, ௏ܶଵ, ௐܶଵ) (40) ெܶூேூ = )ܫܰܫܯ ௎ܶଵ, ௏ܶଵ, ௐܶଵ) (41) ெܶூ஽ = )ܦܫܯ ௎ܶଵ, ௏ܶଵ, ௐܶଵ) (42) 
 

The active voltage vector switching times T1 and 
T2 are calculated as 

 
 ଵܶ = ெܶ஺௑ூ − ெܶூ஽ and ଶܶ = ெܶூ஽ − ெܶூேூ (43) 

 
The zero voltage vectors switching time is 

calculated as 
 

 ௓ܶ = ௦ܶ − ଵܶ − ଶܶ (44) 
 

The zero state time will be shared between two zero 
states as T0 for V0 and T7 for V7 respectively, and can 
be expressed as 

 
 ଴ܶ = ଴ܭ ௓ܶ (45) 
 ଻ܶ = (1 − (଴ܭ ௓ܶ (46) 

 
Here K0 is taken as 0.5 to obtain the SVM 

algorithm. The various SVM algorithms can be 
generated by changing K0 between zero and one. 
However, in this SVM algorithm, the zero voltage 
vector time distributed equally among V0 and V7 as 
shown in Fig. 4. 

 
 

 
 

Fig. 4. Space vector diagram. 
 
7. Proposed MPPT System with DC-DC 

Converter, Inverter and ASM Drive 
 

The below system represents the proposed system 
structure with DC-DC converter. In this, PV array 
contains 6 PV modules with 250 Watts each; these 
modules are connected in series and parallel to yield 
better output voltage and current. The proposed type 2 
neuro fuzzy (T2NF) based MPPT algorithm extracts 
the maximum power from solar PV array. 
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The point of operation of the PV array is adjusted 
by varying the duty cycle. DC-DC converter boosts the 
PV array voltage and also increases the maximum 
utilization of PV array by operating at MPP. Boost 
converter increases the array output voltage up to  
400 Volts with the help of SVM based inverter. The 
minimum inductor value (LMIN) is calculated from  
Eq. (47) to ensure the continuous inductor current. 

 

ெூேܮ  = (௏బ(ଵି஽)మ×஽ଶ ) × ௌ݂ ×  ஺௏ீ (47)ܫ

 
where ଴ܸ is the DC output voltage, D is the duty ratio, 
fS is the switching frequency of the converter, ܫ஺௏ீ is 
the average output current. The minimum capacitance 
value (CMIN) can be calculated using Eq. (48) 

 

ெூேܥ  = 	 ௏బ×஽ோ×∆௏బ×௙ೄ (48) 

 
The switching frequency selection is trade-off 

between switching losses, cost of switch and the 
converter efficiency. 

 
 

8. Results and Discussion 
 

Simulation results are obtained under different 
operating conditions taking the reference value of 
speed as 1200 rpm. The results obtained with 
conventional MPPT and proposed type 2 neuro fuzzy 
(T2NF) based MPPT controller are given in Fig. 5-22. 

 
 

8.1. Simulation Results of Asynchronous 
Motor Drive at starting 

 
For the asynchronous motor drive the maximum 

current and the ripple content in the torque is reduced 
during starting in order to reach the early steady state. 
With the proposed type 2 neuro fuzzy (T2NF) based 
MPPT the maximum torque, stator phase current and 
the speed are obtained as 12.5 N-m, 20 Amps and 1200 
RPM respectively. It is observed that the ripple content 
in the torque is reduced a lot compared to the other 
existed methods. Due to this better speed response is 
obtained. These results are presented in Figs. 5-7. 

 
 

 
 

Fig. 5. Stator phase current responses with conventional 
and proposed T2NF based MPPT controller during starting. 

 

 
 

Fig. 6. Torque responses with conventional and proposed 
T2NF based MPPT controller during starting. 

 
 

 
 

Fig. 7. Speed responses with conventional and proposed 
T2NF based MPPT controller during starting. 

 
 

8.2. Simulation Results of Asynchronous 
Motor Drive at steady state condition 

 
Here torque ripple with the proposed MPPT is 

reduced i.e. it is observed that the torque ripple with 
the conventional and proposed MPPT are 0.48 and 
0.09 respectively. The better speed response is 
obtained with the proposed T2NF based MPPT 
controller. The steady state responses of the stator 
phase currents, torque and speed with conventional 
and proposed MPPT are observed in Figs. 8-10. 

 
 

 
 

Fig. 8. Stator phase current responses with conventional 
and proposed T2NF based MPPT controller during  

steady state. 
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Fig. 9. Torque responses with conventional and proposed 
T2NF based MPPT controller during steady state. 

 
 

 
 

Fig. 10. Speed responses with conventional and proposed 
T2NF based MPPT controller during steady state. 

 
 

8.3. Simulation Results of Asynchronous 
Motor Drive at transients with step 
change in load 

 
The ripple content in the current and torque is 

reduced with the proposed T2NF based MPPT. Also 
the speed decrement is little less with the proposed 
T2NF based MPPT during the load change. The 
response during the transients with step change in load 
torque of 8 N-m is applied at 0.6 sec and removed at 
0.8 sec is shown in Figs. 11-13. 

 
 

 
 

Fig. 11. Stator phase current responses with conventional 
and proposed T2NF based MPPT controller during step 

change in load. 
 
 

 
 

Fig. 12. Torque responses with conventional and proposed 
T2NF based MPPT controller during step change in load. 

 
 

 
 

Fig. 13. Speed responses with conventional and proposed 
T2NF based MPPT controller during step change in load. 

 
 

8.4. Simulation Results of Asynchronous 
Motor Drive at transients with the speed 
reversal operation from +1200  
to -1200 RPM 

 
The overall performance of the drive is improved 

with the proposed T2NF MPPT controller and the 
speed response reaches the reference value earlier 
compared to other existed methods. The results of the 
drive during speed reversals from +1200 to  
-1200 RPM are observed in Figs. 14-16. 

 
 

 
 

Fig. 14. Current responses with conventional and proposed 
T2NF based MPPT controller during transients at speed 

reversal from +1200 to -1200 RPM. 
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Fig. 15. Torque responses with conventional and proposed 
T2NF based MPPT controller during transients at speed 

reversal from +1200 to -1200 RPM. 
 
 

 
 

Fig. 16. Speed responses with conventional and proposed 
T2NF based MPPT controller during transients at speed 

reversal from +1200 to -1200 RPM. 
 
 

8.5. Simulation Results of Asynchronous 
Motor Drive at transients with the speed 
reversal operation from -1200 to  
+1200 RPM 

 
The overall performance of the drive is improved 

with the proposed T2NF based MPPT controller and 
the speed response reaches the little earlier compared 
to conventional methods. The results of the drive 
during speed reversals from -1200 to +1200 RPM are 
observed in Figs. 17-19. 

 
 

 
 

Fig. 17. Current responses with conventional and proposed 
T2NF based MPPT controller during transients at speed 

reversal from -1200 to +1200 RPM. 
 
 

 
 

Fig. 18. Torque responses with conventional and proposed 
T2NF based MPPT controller during transients at speed 

reversal from -1200 to +1200 RPM. 
 
 

 
 

Fig. 19. Spedd responses with conventional and proposed 
T2NF based MPPT controller during transients at speed 

reversal from -1200 to +1200 RPM. 
 
 

9. Conclusion 
 

The PV array model with the type 2 neuro fuzzy 
(T2NF) based MPPT controller is tested. From this the 
performance of the asynchronous motor drive is 
analyzed with comparing the both conventional and 
proposed type 2 neuro fuzzy based MPPT controller 
results. Also the behavior of the proposed T2NF 
MPPT is observed with practical validations during a 
partially cloudy day. PV system with DC-DC boost 
converter and space vector modulation based 
technique inverter enhances the system performance 
even under abnormal weather conditions. The ripple 
contents in the torque and stator phase currents are 
reduced a lot with the proposed T2NF based MPPT 
controller. Here the early steady state response of the 
motor drive is reached along with attaining of better 
speed response. Thus the utilization and efficiency of 
the system is improved much with the proposed T2NF 
based MPPT controller. 
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