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Abstract— This paper deals with a single stage solar 

powered speed sensorless vector controlled induction 

motor drive for water pumping system by using fuzzy 

logic controller The proposed system includes solar 

photovoltaic (PV) array, a three-phase voltage source 

inverter (VSI) and a motor-pump assembly. An 

incremental conductance (INC) based MPPT 

(Maximum Power Point Tracking) algorithm is used 

to harness maximum power from a PV array. The 

smooth starting of the motor is attained by vector 

control of an induction motor. Results were 

compared to classify the difference between 

Conventional (PI) and Proposed (FLC.)The desired 

configuration is designed and simulated in 

MATLAB/Simulink platform and the design, 

modeling and control of the system, are validated on 

an experimental prototype developed in the 

laboratory.  

Keywords- Field-Oriented Vector Control (FOC), 

Photovoltaic (PV), INCMPPT Algorithm, Induction 

Motor Drive (IMD), Water Pump. 

I. INTRODUCTION 

In the modern era of development, renewable 

resources of energy, are being advocated by many 

countries to meet the increasing demand of electrical 

energy due to rapid depletion of non-renewable 

resources [1]-[2]. Solar PV based energy generation, 

has come up as an important alternative for many 

purposes [3]. The irrigation sector is one of the major 

sectors where solar PV power is extensively used for 

water pumping [4-5]. Solar PV water pumping has 

been initially realized using the DC motor. However, 

with all due virtues associated with the induction 

motor in terms of mechanical simplicity, ruggedness, 

reliability, low cost, higher efficiency and lower 

maintenance than the DC motors, it has replaced DC 

motors. Here, a solar PV array fed induction motor 

drive using vector control is used [6]-[7],as one knows 

that solar PV power depends on solar insolation and 

temperature. The characteristic of PV module exhibits 

a single power peak. An extraction of maximum power 

is very important part of the PV system. Therefore, 

various MPPT (Maximum Power Point tracking) 

techniques have been developed and explained in the 

literature. These algorithms vary in their speed, range 

of effectiveness and complexities [8]. Here, an 

incremental conductance (InC) based MPPT algorithm 

is used to track MPPT. This algorithm is developed to 

overcome some drawbacks of perturb and observe 

(P&O) algorithm. INC algorithm improves the 

tracking time and to produce increased energy on a 

vast irradiation changes. Moreover, it has advantage 

over P&O method, which increases losses in slow 

varying atmospheric condition as it oscillates around 

MPP [9]-[10]. 

Most of the existing induction motor drives (IMDs) 

incorporate one DC-DC converter and a VSI (Voltage 

Source Inverter) for achieving MPPT and maximum 

efficiency of the motor [11]. Moreover, the DC link 

voltage regulation is achieved by VSI itself. However, 

the system requires at least seven power converter 

switches and hence switching losses are increased. 

This further includes a DC-AC conversion with a VSI 

feeding a vector-controlled three-phase IMD. 

Therefore, there is a need to use single stage  

controlled drive for water pumping and thereby 

decreasing number of switches and losses. In single 

stage system, a VSI has to maintain the MPP as well 

as DC link voltage is also controlled by it. Therefore, 

variable DC link voltage cannot be achieved as 

explained in [12]-[13]. The vector control strategy is 

superior to scalar control in terms of speed of response 

and accuracy as explained in [14]- [16]. In the vector 
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control technique, an AC motor is operated in such a 

manner to behave dynamically as a DC motor by using 

feedback control [16]. This technique enables to vary 

the speed over the wide range. Hence with the 

advancement of power electronics and by using 

powerful microcomputer and DSPs, the vector control 

ousts scalar control [17]-[19]. In this vector control 

scheme, the stator flux is estimated in stationery αβ 

frame, which is used to estimate the slip speed (ωsl), 

synchronous speed (ωe) and the motor speed as 

explained in [20]. The paper is organized as given: 

system configuration is given in section II followed by 

the design of system, control strategy including vector 

control and results and discussion in the subsequent 

sections. The performance of the given system is 

achieved through simulation using 

MATLAB/Simulink. Simulation results are validated 

by experimentation carried out in the laboratory on the 

developed prototype. 

II. SYSTEM CONFIGURATION 

Fig.1 shows the configuration of a single stage solar 

PV array fed speed senseless induction motor drive 

incorporating vector control for water pumping. This 

proposed system constitutes PV array followed by a 

VSI fed three-phase induction motor drive operated 

pump. The motor speed is estimated by stator fluxes, 

which is estimated by DC link voltage and motor 

currents. Three-phase VSI switching is controlled by 

hysteresis-band controller. An incremental 

conductance (INC) control algorithm is used for 

MPPT to generate switching pulses for the VSI. 

III. SYSTEM DESIGN 

 Fig.1 shows a basic schematic of a three-phase 

induction motor of a 7.5 kW (10 HP), 415V, used to 

drive the pump powered by a 8.7 kW maximum power 

solar PV array. The various stages of system have been 

designed here and the performance of overall system 

is shown in subsequent sections under various 

conditions. The detailed data are given in Appendices. 

 

Fig. 1. PV fed induction motor drive configuration 

A.Design of Solar PV Array  

A 8700 W PV array is designed to drive a 7.5kW 

induction motor drive. The rating of PV array is 

selected more than the motor rating so that the 

performance of the motor remains unaffected by the 

losses incurred in the motor and converter. A PV array 

is designed by connecting 34 PV modules in series of 

open circuit voltage (Voc) equals 734V and 25 

modules in parallel of short circuit current (Isc) equal 

to 15.5 A, respectively. The voltage and current reach 

their MPP on about 81% of V oc and 90% of Isc 

respectively as given in Table I. The specifications of 

PV module used, are given in Table II and in 

Appendices 

 

B. Calculation of DC Link Voltage 

  In order to control the output current of VSI, 

the voltage of the DC link should be more than as 

compared to the peak amplitude of line voltage given 

to the motor [13]. 

𝑉𝑑𝑐 = √2*𝑉𝐿=√2*415=587V …………….(1) 
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Hence the value of DC link voltage is kept as 600V.  

C. Design of DC Link Capacitor  

The value of DC link capacitor is estimated 

by using fundamental frequency component as [13], 

𝜔𝑟𝑎𝑡𝑒𝑑 = 2 ∗ 𝜋 ∗ 𝑓𝑟𝑎𝑡𝑒𝑑=2*𝜋*50=314 rad/s….(2) 

1

2
∗ 𝐶𝑑𝑐 ∗ (𝑣𝑑𝑐

2 − 𝑉𝑑𝑐
2) =

3𝑎𝑉𝑝𝐼𝑡=3*1.2*239.6*13.5*0.005………(3) 

Hence, Cdc= 2509µF  

Where Vdc is the DC link voltage and Vdc1 is 

the minimum allowable DC link voltage during 

transient condition, t is the time required for the 

voltage to recover minimum allowable DC-link 

voltage, I is the motor phase current and Vp is the 

phase voltage. Therefore, capacitor value is selected as 

2500 μF.  

D. Design of Water Pump  

Water pumps have non-linear relationship 

between load torque and motor speed [21] i.e. load 

torque (TL) is directly in proportion to the square of 

the rated rotor speed. Hence, 

𝑇𝐿 = 𝐾1𝜔2
𝑚 ………(4) 

Where   K1 is the proportionality constant of the pump.  

IV. CONTROL OF RECOMMENDED SYSTEM 

The control of overall system includes MPPT of solar 

PV array to extract maximum power through three 

phase VSI, control of three-phase VSI switching by 

using hysteresis-band controller for vector-controlled 

IMD and speed estimation for speed sensorless vector 

control of an induction motor drive. 

 A. Incremental-Conductance Algorithm  

The technique for controlling the PV array 

voltage is given in Fig.2. There is a nonlinear 

relationship between power and voltage in solar PV 

array characteristic and various MPPT techniques 

have been used to track maximum power point. 

However, because of its inherent demerit of oscillation 

at MPP and loss associated with P&O technique as 

discussed in previous section, an INCcontrol 

algorithm is used. The commanding equations for 

explaining the operating principle of InC, are given as, 

𝑃𝑝𝑣 = 𝑉𝑝𝑣 ∗ 𝐼𝑝𝑣……… (5) 

∆𝑃𝑝𝑣

∆𝑉𝑝𝑣
= 𝐼𝑝𝑣 + 𝑉𝑝𝑣 ∗

∆𝑃𝑝𝑣

∆𝑉𝑝𝑣
= 0…….. (6) 

∆𝐼𝑝𝑣

∆𝑉𝑝𝑣
= −

𝐼𝑝𝑣

𝑉𝑝𝑣
 ……….. (7) 

 

Where V pv and Ipv are the instantaneous 

voltage and current values. The reference voltage Vref 

is bonded between upper and lower limit set between 

0.9V oc-0.8Voc.  In case, if Vref does not lie  within 

the boundary, it is set to its nearest saturated value. 

From the above equation, it is clear that on the left side 

of MPP the slope is positive meaning ΔIpv/ΔVpv > (-

Ipv/Vpv) and on the right side of MPP the slope is 

negative, which implies ΔI pv/ΔVpv < (-Ipv/Vpv) and 

slope at MPP should be zero as shown in Fig.2. 

Fig.3 shows the method of perturbation using 

INCbased MPP algorithm. 

 

Fig. 2. Ppv-Vpv curve for one module 

The inputs to the MPPT algorithm, are PV voltage and 

current. The reference PV voltage, thus obtained at kth 

sampling instant, is the reference DC link voltage 

Vdc* and it is compared with the PV voltage as, 

𝑉𝑑𝑐𝑙(𝑘) = 𝑉∗
𝑑𝑐(𝑘) − 𝑉𝑝𝑣(𝑘)   (8) 

http://jespublication.com/


Vol 11, Issue 5,May/ 2020 

ISSN NO: 0377-9254                                  

  

 

 

www.jespublication.com Page No:589 

 

 

 

Fig.4 (a) shows the schematic for the generation of 

error signal Vdcl(k), which is fed to DC link voltage PI 

controller and the resulting speed error signal at the kth 

sampling instant and is given as follows, 

𝜔𝑙(𝑘) = 𝜔𝑙(𝑘−1) + 𝐾𝑝𝑑𝑐{𝑉𝑑𝑐𝑙(𝑘) − 𝑉𝑑𝑐𝑙(𝑘−1)} +

𝐾𝑖𝑑𝑐𝑉𝑑𝑐𝑙(𝑘)….. (9) 

Fig.4 (b) shows the PV power converted into a speed 

term by the following relation and this gives one 

component of the reference speed by affinity law of 

pump. It can be treated as the feed forward component.  

The physical significance of ω2 quantity can be 

justified as maximum rated speed corresponding to the 

given insolation. Only PI controller pushes the voltage 

error to the desired reference speed (ωref). However, 

the dynamic response of the system becomes very 

poor. It can be seen from the feed forward term that it 

consists of Ppv and the proportionality constant 

obtained from motor affinity law. Both of these terms 

help in fast dynamic response by instantaneously 

reflecting the PV power on motor speed. It is 

expressed by the following formula. 

𝑃𝑝𝑣 = 𝐾1𝜔3
2… (10) 

Where K1 is proportionality constant of pump obtained 

in (4). Hence, the reference speed of the motor is 

estimated as, 

𝜔𝑟𝑒𝑓 = 𝜔1 + 𝜔2 ….. (11) 

This reference speed is used for control of VSI feeding 

induction motor drive. 

 

 

 

 

 

 

 

 

TABLE-III MPPT THROUGH 

INCALGORITHM DURING INSOLATION 

VARIATION 

 

 

Fig. 3. Incremental-Conductance algorithm  

B. Speed Estimation of Induction Motor Drive  

The fundamental equations for the estimation of speed 

are given as follows.  

The three phase VSI voltages (va, vb, vc) are obtained 

by the DC link voltage (Vdc) by the expression as, 

𝑉𝑎 =
𝑉𝑑𝑐

3
∗ (2𝑆𝑎 − 𝑆𝑏 − 𝑆𝑐), 
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𝑉𝑏 =
𝑉𝑑𝑐

3
∗ (2𝑆𝑏 − 𝑆𝑎 − 𝑆𝑐) 

𝑉𝑐 =
𝑉𝑑𝑐

3
∗ (2𝑆𝑐 − 𝑆𝑏 − 𝑆𝑎)……   (12) 

Where S a, Sb and Sc are switching functions (which 

are either one or zero) of VSI.  

The various voltage and current transformation 

equations to transform from abc to αβ domain are 

given as, 

𝑉𝑎 =
1

3
(2𝑣𝑎 − 𝑣𝑏 − 𝑣𝑐), 𝑉𝛽 = √3(𝑣𝑏 − 𝑣𝑐)… (13) 

𝑖𝑎 =
1

3
(2𝑖 − 𝑖𝑏 − 𝑖𝑐), 𝑖𝛽 = √3(𝑖𝑏 − 𝑖𝑐)….. (14) 

 

Where ia, ib, ic are balanced three phase winding 

currents 

 

Fig.  4. Reference speed generation (a) ω1 estimation 

(b) Feed-forward speed component  

This transformation is applicable for all rotating 

variables viz. voltage, current and flux quantities. The 

stationery components of flux are given as,  

 

𝑑

𝑑𝑡
(𝜑𝛽) = (𝑣𝛽 − 𝑅𝑠 ∗ 𝑖𝛽),

𝑑

𝑑𝑡
(𝜑𝛼)

= (𝑣𝛼 − 𝑅𝑠 ∗ 𝑖𝛼)    (15) 

𝜑𝑠 = √𝜑𝛼
2 + 𝜑𝛽

2               (16) 

𝑖𝑞𝑠 = 𝑖𝛽 ×
𝜑𝛼

𝜑𝑠

− 𝑖𝛼 ×
𝜑𝛽

𝜑𝑠

           (17) 

𝑖𝑑𝑠 = 𝑖𝛽 × (
𝜑𝛽

𝜑𝑠
⁄ ) + 𝑖𝛼 × (

𝜑𝛼

𝜑𝑠

)            (18) 

𝜑𝑑𝑠 = 𝜑𝛽 × (
𝜑𝛽

𝜑𝑠

) + 𝜑𝛼 × (
𝜑𝛼

𝜑𝑠
⁄ )      (19) 

𝑤𝑐 =
(𝑉𝛽 − 𝑅𝑠 ∗ 𝑖𝛽)𝜑𝛼 − (𝑉𝛼 − 𝑅𝑠 ∗ 𝑖𝛼)𝜑𝛽

𝜑2
        (20) 

 

Where ids and iqs are current components in 

synchronously rotating dq0 frame,  

𝜎 = 1 −
𝐿𝑚

2

(𝐿𝑠 ∗ 𝐿𝑟)
, 𝜏𝑟 = 𝐿𝑟/𝑅𝑟  , 

Lr=rotor inductance, Lm=magnetizing inductance, 

Llr= rotor leakage inductance, Lls= stator leakage 

inductance, Rr=stator referred rotor resistance, 

Rs=stator resistance.  

The motor rotational speed is given as, 

𝜔𝑚 = 𝜔𝑒 − 𝜔𝑠𝑙          (21) 

The slip speed (ωsl) and synchronous speed (ωe) are 

estimated as, 

𝜔𝑠𝑙 =
(1 + 𝜎𝑆𝜏𝑟)𝐿𝑠𝑖𝑞𝑠

𝜏𝑟(𝜑𝑑 − 𝜎𝐿𝑠𝑖𝑑𝑠)
             (22) 

C. Field-Weakening Control 

 The relationship of direct axis current with 

speed (ωm) at a given base speed of the motor (ωbase) 

is given below, 

𝐼𝑑𝑚
𝑒∗

= 𝐼𝑚𝑎𝑔          (𝑓𝑜𝑟 𝜔𝑚 ≤ 𝜔𝑏𝑎𝑠𝑒  )       (23) 

𝐼𝑑𝑚
𝑒∗

=
𝜔𝑏𝑎𝑠𝑒

𝜔𝑚

𝐼𝑚𝑎𝑔     (𝑓𝑜𝑟 𝜔𝑚 > 𝜔𝑏𝑎𝑠𝑒 )         (24) 
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Where I mag is the magnetizing current of the motor.   

D. Vector Control of Induction Motor Drive  

Fig.5 shows the schematic of vector control 

method, which is used to control the stator currents and 

flux. It comprises of three stages. 

The flux component of current vector (Idm*) 

is calculated as, 

𝐼𝑑𝑚
∗ = 𝐼𝑑𝑚

𝑒∗
+ 𝜏𝑟 ×

𝑑

𝑑𝑡
𝐼𝑑𝑚

𝑒∗
            (25)   

During steady-state condition, the derivative term 

tends to zero.  

The reference flux component (𝜓ds*) is calculated as, 

ψ𝑑𝑠
∗ = 𝐿𝑚𝐼𝑑𝑚

𝑒∗
              (26) 

The flux error is passed through flux PI controller, 

which pushes the error signal to zero and the output is 

the exciting current (Ids*). The involved equations are 

given as, 

ψ𝑒 = ψ𝑑𝑠
∗ − ψ𝑑𝑠        (27) 

𝐼𝑑𝑠(𝑘)
∗ = 𝐼𝑑𝑠(𝑘−1)

∗ + 𝐾𝑑𝑠{ψ𝑒(𝑘) − ψ𝑒(𝑘−1)}

+ 𝐾𝑖𝑣ψ𝑒(𝑘)   (28) 

Some decoupling effect is present in vector control, 

due to which the change is torque component of 

current (iqs) can change the torque as well as flux. 

Therefore, this effect must be eliminated by adding 

one feed-forward path. The equation of decoupling 

component of current is given as, 

𝐼𝑑𝑐𝑝 =
𝜎𝜏𝑟𝜔𝑠𝑙𝑖𝑞𝑠

1 + 𝜎𝑆𝜏𝑟

 

Therefore, the final expression for exciting component 

of current is given as, 

𝐼𝑑𝑠
𝑒∗

= 𝐼𝑑𝑠
∗ + 𝐼𝑑𝑐𝑝          (30) 

The torque component of current vector (Iqse*) is 

calculated as follows,  

The desired speed (ωref) and estimated speed (ωm) is 

compared and the error is passed through speed PI 

controller to generate reference torque (Te(k)*) as, 

𝜔𝑒𝑟𝑟𝑜𝑟 = 𝜔𝑟𝑒𝑓 − 𝜔𝑚             (31) 

𝑇𝑒(𝑘)
∗ = 𝑇𝑒(𝑘−1)

∗ + 𝐾𝑝𝜔{𝜔𝑒𝑟𝑟𝑜𝑟(𝑘) − 𝜔𝑒𝑟𝑟𝑜𝑟(𝑘−1)}

+ 𝐾𝑖𝜔𝜔𝑒𝑟𝑟𝑜𝑟(𝑘)       (32) 

𝐼𝑞𝑠
𝑒∗

=
𝑇𝑒

∗

𝐾 × 𝐼𝑑𝑠
𝑒∗      (33) 

Where K=3PLm/4Lr,P is the number of poles. 

The reference slip speed (ωsl*) is calculated as, 

 

 

Fig. 5. Vector control of IMD  

This reference slip speed (ωsl*) is added with the 

estimated speed (ωm) to calculate reference 

synchronous speed (ωe*) in rad/s. 

 

The synchronous speed thus calculated is used to get 

flux-angle (θe) at the kth sampling instant as,The 

synchronous speed thus calculated is used to get flux-

angle (θe) at the kth sampling instant as, 

 

where T=Sampling period of the signal. The value of 

q-axis and d-axis current components Idse* and I qs e* 

respectively obtained from (30) and (33), are used to 

obtain reference phase currents ia*, ib*, ic*, by 

following equations, 
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These phase currents (ia*, ib*, ic*) are compared with 

the sensed phase currents (ia, ib, ic) and the error 

signal is passed through hysteresis-band controller to 

generate switching pulses for VSI. 

FUZZY LOGIC CONTROLLER 

Fuzzy logic is applied with great success in various 

control application. Almost all the consumer products 

have fuzzy control. Some of the examples include 

controlling your room temperature with the help of air-

conditioner, anti-braking system used in vehicles, 

control on traffic lights, washing machines, large 

economic systems, etc. 

A control system is an arrangement of physical 

components designed to alter another physical system 

so that this system exhibits certain desired 

characteristics. Following are some reasons of using 

Fuzzy Logic in Control Systems 

 While applying traditional control, one needs 

to know about the model and the objective 

function formulated in precise terms. This 

makes it very difficult to apply in many cases.   

 By applying fuzzy logic for control we can 

utilize the human expertise and experience 

for designing a controller. 

  The fuzzy control rules, basically the IF-

THEN rules, can be best utilized in designing 

a controller. 

Followings are the major components of the FLC as 

shown in the above figure –  

Fuzzifier − the role of fuzzifier is to convert the crisp 

input values into fuzzy values.  

Fuzzy Knowledge Base − It stores the knowledge 

about all the input-output fuzzy relationships. It also 

has the membership function which defines the input 

variables to the fuzzy rule base and the output 

variables to the plant under control.  

Fuzzy Rule Base − It stores the knowledge about the 

operation of the process of domain.  

Inference Engine − It acts as a kernel of any FLC. 

Basically it simulates human decisions by performing 

approximate reasoning.  

Defuzzifier − the role of defuzzifier is to convert the 

fuzzy values into crisp values getting from fuzzy 

inference engine. 

 

Fig.6 Shows the Membership functions for error. 

 

Fig.6 Shows the Membership function for 

Differentiated-error. 

 RESULTS AND DISCUSSION: 

Performance at Constant Irradiance: 

PI-CONTROLLER: 

 

Fig.7 Shows the MPPT of PV array at 1000w/m2 
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Fig.8 Shows the Electromagnetic torque and Estimate 

speed. 

 

Fig.9 Shows the Speed parameters, Current and 

Electromagnetic Torque. 

FUZZY-CONTROLLER: 

 

 

 

Fig.10 Shows the PV characteristics for Fuzzy 

Controller. 

 

 

Fig.11 Shows the Electromagnetic torque and 

Estimate speed. 
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Fig.12 Shows the Speed parameters, Current and 

Electromagnetic Torque. 

REDUCING IRRADIANCE: 

 

Fig.11 Shows the SPV array performance during 

decrease in irradiance from 1000 W/m2 to 500 W/m2. 

 

Fig12. Dynamic performance during irradiance 

decrement from 1000 W/m2 to 500 W/m2 

 

Fig.13 Shows the Speed parameters, Current and 

Electromagnetic Torque 
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FUZZY-LOGIC CONTROLLER: 

 

Fig.14 Shows the SPV array performance during 

decrease in irradiance from 1000 W/m2 to 500 W/m2. 

 

 

Fig15. Dynamic performance during irradiance 

decrement from  1000 W/m2 to 500 W/m2. 

 

Fig.16 Shows the Speed parameters, Current and 

Electromagnetic Torque. 

It is observed that the flux signals vary in 

their frequency as the irradiance is altered from 1000 

W/m2 to 500 W/m2. 

INCRESING IRRADIANCE: 

 

Fig.17 Shows the SPV array performance during 

increases in irradiance from 500 W/m2 to 1000 W/m2. 

 

Fig18. Dynamic performance during irradiance 

increasing from 500 W/m2 to 1000 W/m2 
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Fig.19 Shows the Speed parameters, Current and 

Electromagnetic Torque. 

FUZZY LOGIC CONTROLLER: 

 

 

Fig.20 Shows the SPV array performance during 

increases in irradiance from 500 W/m2 to 1000 W/m2. 

 

 

Fig21. Dynamic performance during irradiance 

increasing from 500 W/m2 to 1000 W/m2 

 

Fig.22 Shows the Speed parameters, Current and 

Electromagnetic Torque 

In all cases, PV voltage and power shows the 

differences across the circuits. As Fuzzy is able to 

reduce the error more accurately, Proposed topology is 

showing results accurately. For the Torque 

calculations. Fuzzified concept is having fewer 

harmonic (Oscillations) than Conventional topology.  

For speed controlling, Conventional 

reference speed and measured speed is having huge 

differences, whereas proposed topology is showing 

less variations. 

CONCLUSION 

A single stage solar PV array fed speed sensorless 

vector controlled induction motor drive has been 

operated subjected to different conditions and the 

steady state and dynamic behaviors with Fuzzy logic. 

The torque and stator flux, have been controlled 

independently. The motor is started smoothly. The 

reference speed is generated by DC link voltage 

controller controlling the voltage at DC link along 

with the speed estimated by the feed forward term 

incorporating the pump affinity law. The power of PV 

array is maintained at maximum power point at the 

time of change in irradiance.  
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Better speed control and less torque ripples were 

found. 
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