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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, which is superior to conventional motor 

drive. The speed is estimated through estimated stator flux. 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. 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— Speed Sensorless Control, Stator Field-Oriented 

Vector Control, Photovoltaic (PV), InC MPPT 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 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 sensorless 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.
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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 Voc and 90% of Isc respectively as given in Table I. The 
specifications of PV module used, are given in Table II and in 
Appendices. 

TABLE I  PV ARRAY DESIGN (SIMULATION DATA) 

MPP voltage, Vmp 600V 

MPP power, Pmp 8700W 

MPP current, Imp= Pmp/Vmp 14.5A 

Number of module in series, Nser= Vmp/Vmpp 34 

Number of module in parallel, Npar=Imp/Impp 25 

 
TABLE II  PV MODULE (SIMULATION DATA) 

Voca of one module 21.6V 

Isca of one module 0.64A 

MPP Voltage, Vmpp 0.81*21.6=17.6V 

MPP Current, Impp 0.9*0.64=0.58A 

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]. 

2 2 415 587
dc L

V V V                         (1) 

  
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], 

2 2 50 314 /
rated rated

f rad s             (2) 

 2 2

1

1
3 3 1.2 239.6 13.5 .005

2
dc dc dc p

C V V aV It           (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, 

2

1L mKT                                      (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 InC control algorithm is used. The 

commanding equations for explaining the operating principle 

of InC, are given as, 

*
pv pv pv

P V I                                           (5) 

* 0
pv pv

pv pv

pv pv

P I
I V

V V

 
  

 
                           (6) 

pv pv

pv pv

I I

V V


 


                                        (7) 
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where Vpv and Ipv are the instantaneous voltage and current 

values. 

The reference voltage Vref is bonded between upper and 

lower limit set between 0.9Voc-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 

ΔIpv/ΔVpv < (-Ipv/Vpv) and slope at MPP should be zero as 

shown in Fig.2.  

Fig.3 shows the method of perturbation using InC based 

MPP algorithm. 

A
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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 k
th
 

sampling instant, is the reference DC link voltage Vdc
*
 and it is 

compared with the PV voltage as, 
*

( ) ( ) ( )dcl k dc k pv k
V V V                              (8) 

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 k

th
 sampling instant and is 

given as follows, 

 1( ) 1( 1) ( ) ( 1) ( )k k pdc dcl k dcl k idc dcl kK V V K V        (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. 
3

1 2pv KP                                   (10) 

where K1 is proportionality constant of pump obtained in (4). 

Hence, the reference speed of the motor is estimated as, 

1 2ref                                (11) 

This reference speed is used for control of VSI feeding 
induction motor drive. 

TABLE III  MPPT THROUGH INC ALGORITHM DURING INSOLATION 

VARIATION  

Atmospheric 

condition 

Current Point 

→ Next point 

Electrical 

quantity  

Duty 

cycle 

Fixed Solar 

Insolation 

(Pattern 2) 

A→B P↑ V↑ Vdc
*+ΔVpv 

B→C P↑ V↑ Vdc
*+ ΔVpv 

C→D P↓ V↑ Vdc
*+ ΔVpv 

D→C P↑ V↓ Vdc
*- ΔVpv 

C→B P↓ V↓ Vdc
*- ΔVpv 

At point ‘B’, insolation changed New operating point is ‘E’ 

New Insolation 

level 

(Pattern 1) 

E→F P↑ V↑ Vdc
*+ ΔVpv 

F→G P↓ V↑ Vdc
*+ ΔVpv 

G→F P↑ V↓ Vdc
*- ΔVpv 

F→E P↓ V↓ Vdc
*- ΔVpv 

E→F P↑ V↑ Vdc
*+ ΔVpv 

F→G P↓ V↑ Vdc
*+ ΔVpv 

At point ‘G’, insolation changed New operating point is ‘H’ 

New Insolation 

level 

(Pattern 3) 

H→I P↑ V↓ Vdc
*- ΔVpv 

I→J P↓ V↓ Vdc
*- ΔVpv 

J→I P↑ V↑ Vdc
*+ ΔVpv 

I→H P↓ V↑ Vdc
*+ ΔVpv 
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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, 

 * 2
3

dc

a a b c
S S S

V
v    ,  * 2

3

dc

b b a c
S S S

V
v      

 * 2
3

dc

c c b a
S S S

V
v                          (12) 

where Sa, 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, 
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where ia, ib, ic are balanced three phase winding currents. 
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(b) 

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, 

   *
s

d
v R i

dt
  

   ,    *
s

d
R i

dt
v

  
    (15) 

2 2

s  
                                           (16) 

qs

s s

i i i


 



 
                                 (17) 

   / /
ds s si i i

                      (18) 

   / /
ds s s                        (19) 

   
2

* *s s

e

s

V R i V R i      




  
          (21) 

where ids and iqs are current components in synchronously 

rotating dq0 frame,  21 / * , /m s r r r rL L L L R    , 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,                           

m e sl
                                      (22) 

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

estimated as, 

 

 

1 r s qs

sl

r d s ds

S L i

L i

 


  





                               (20) 

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,  
*

mag
e
dm

I I              (for ωm≤ ωbase)     (23) 

* base

mag

m

dm
eI I




        (for ωm> ωbase)     (24) 

where Imag 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, 

* * *

dm dm

e e

r dmI
d

I I
dt

                          (25) 

During steady-state condition, the derivative term tends to 

zero. 

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

* *e

ds m dmL I                                      (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, 

*

e ds ds                                   (27) 

 * *

( ) ( 1) ( ) ( 1) ( )ds k ds k p e k e k i e kI I K 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, 

  
1

r sl qs

dcp

r

i
I

S

 

 



                               (29) 

Therefore, the final expression for exciting component of 

current is given as, 

* *e

ds ds dcpI I I                               (30) 

The torque component of current vector (Iqs
e*

) 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, 

error ref m                                  (31) 

 ( ) ( 1) ( )

* *
( ) ( 1) error k error k error kp ie k e kT T K K   

    (32) 

 * * *
/

qs e ds

e e
I T K I                            (33) 

where 3 / 4
m r

K PL L , P is the number of poles. 

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

 * **
/ *

qs ds

e

sl

e
rI I                           (34) 
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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.  
* *

me sl                                     (35) 

The synchronous speed thus calculated is used to get flux-angle 

(θe) at the k
th
 sampling instant as, 

( ) ( 1)

*
e k e k e T                            (36) 

where T=Sampling period of the signal. 

The value of q-axis and d-axis current components Ids
e*

 and 

Iqs
e*

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

obtain reference phase currents ia
*
, ib

*
, ic

*
,
 
  by following 

equations, 
* * *

sin cos
e e

a ds qse ei I I                              (37) 

   * * *
sin 120 cos 120

qs

e e

b ds e eI Ii     
o o

             (38) 

   * * *
sin 120 cos 120

qsc ds

e e
e eI Ii     

o o
             (39) 

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.  

V. SIMULATED PERFORMANCE OF THE SYSTEM 

The proposed single stage solar PV fed vector controlled 

induction motor drive is modeled for water pumping and its 

simulation has been performed in MATLAB/Simulink using 

SPS toolbox. The salient points of these results are as follows. 

A. Starting and Steady state Performance of the Drive 

Fig.6 presents that the solar PV array parameters such as 

solar PV voltage (Vpv), PV current (Ipv), PV power (Ppv), DC 

link voltage (Vdc) which increases and settles at the MPP point 

within fraction of second. The reference speed (ωref) is 

calculated by adding speed derived from the voltage controller 

output (ω1) and from Ppv i.e. (ω2).The PV MPP is tracked by a 

well-known MPPT control algorithm i.e. InC and the excellent 

tracking profile is achieved during dynamically changing 

weather conditions. The perturbation size is adjusted to 

mitigate oscillations around MPP. Henceforth, smooth and 

stable starting performances of solar PV fed vector controlled 

induction motor drive at a fixed insolation of 1000W/m
2
, are 

achieved. It is observed that soft starting is achieved by vector 

control of an induction motor first and within few seconds the 

steady-state condition is reached as the DC link voltage 

achieves its steady state value of 600V and the solar PV array 

achieves Vmp and Imp at 0.1s. Fig.7 shows the estimation of 

motor speed (ωm) from slip speed (ωsl) and synchronous speed 

(ωe) using estimated stationery flux components (ψα and ψβ). 

The electromagnetic torque (Te) achieves its steady-state value 

24.54 Nm at 1000W/m
2
 very quickly with a limit of 34 Nm 

(within allowable range) and the pump torque (Tp) quickly 

settles down to a steady-state value. Fig.8 (a) deals with the 

smooth and stable performance of the motor-pump and it has 

been observed that the motor steady state performance is 

achieved within fraction of second. Fig.8 (b) demonstrates the 

waveforms of sensed speed (ωsen) and estimated speed (ωm). It 

is observed that both speeds (ωsen and ωm) are matching during 

the steady state condition. 

B. Dynamic Performance of  Proposed System During Step 

Decrease in Variable Irradiance 

Fig.9 and Fig.10 (a) show the satisfactory dynamic 

performance of the drive when insolation level is reduced from 

1000W/m
2
 to 500W/m

2
 after 1s. From the P-V and I-V curve of 

PV array it is evident that there is normal change in the open 

circuit voltage (Voc) and voltage at maximum power (Vpv) 

however, short circuit current (Isc) and current at MPP (Ipv) 

change significantly. Once MPP is tracked, the control 

algorithm (InC) maintains it at that MPP. Fig.10 (b) shows that 

both the speeds (ωsen and ωm) track the reference value at steady 

state condition. There is slight delay in speed estimation during 

dynamic condition, which is due to the estimation of speed is 

achieved by fluxes, which depend upon the sensed parameters 

like DC link voltages and phase currents.  

C. Dynamic Performance of  Proposed System During Step 

Increase in Variable Irradiance 

Fig.11 and Fig.12 (a) show the satisfactory performances of 

the system during variable insolation. The detailed explanation 

is given above and the behavior is verified by Fig.11 in which 

the insolation level is increased from 500W/m
2
 to 1000 W/m

2
 

after 1.0 s and settles at 1000 W/m
2
. The satisfactory motor-

pump performance is observed during this variation in the 

insolation. Fig.12 (b) shows the waveforms of estimated and 

sensed speed (ωsen and ωm), which track the reference value 
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obtained from the DC link voltage controller in steady state 

condition with slight deviation in insolation transition.  

Table IV shows the steady-state performance of the drive in 
terms of PV voltage (Vpv), PV current (Ipv). DC link voltage 
(Vdc), THDi (total harmonic distortion of motor current) for 
wide range of speed control as it is controlled and regulated by 
vector-controlled VSI fed IMD. THDi increases as the 
insolation decreases. 

 
Fig. 6. Starting and MPPT of  PV array at 1000 W/m2 

 
Fig. 7. Intermediate signals during starting at 1000 W/m2 

Sensed Speed (ωsen)

Estimated Speed (ωm)

 
(a)                                                        (b) 

Fig. 8. Simulation results during starting at 1000 W/m2 (a) Proposed drive 

(b) Waveforms showing sensed speed and estimated speed 

 
Fig. 9. SPV array performance during decrease in insolation from 1000 

W/m2 to 500 W/m2 

Sensed Speed (ωsen)

Estimated Speed (ωm)

 
(a)                                                         (b) 

Fig. 10. Dynamic performance during irradiance decrement from 1000 W/m2 

to 500 W/m2 (a) Proposed drive (b) Waveforms showing sensed speed and 

estimated speed 

 
Fig. 11. PV array performance on increasing insolation from 500 W/m2 to 

1000 W/m2 

Sensed Speed (ωsen)

Estimated Speed (ωm)

 

(a)                                                        (b) 
Fig. 12. Dynamic performance during irradiance decrement from 500 W/m2 to 

1000 W/m2 (a) Proposed drive (b) Waveforms showing sensed speed and 

estimated speed 
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TABLE IV  PERFORMANCE OF THE DRIVE AT DIFFERENT INSOLATION 

Insolation 
(W/m2) 

Ppv(W) Vpv(V) Ipv(A) Speed 
(rad/s) 

Torque 
(Nm) 

THDi 

(%) 

1000 8700 600 14.5 305 24.5 2.78 

800 6610 595 11.05 289 20.5 3.06 

600 4730 586 8.0 255 17 3.35 

400 2900 570 5.08 220 11.8 4.16 

200 1140 530 2.15 160 7 5.01 

VI. EXPERIMENTAL VALIDATION 

Fig. 13 demonstrates the block diagram representation of 

signal conditioning and control of proposed topology. The 

performances of the single stage PV array fed IM-pump 

assembly, are experimentally validated on a developed 

prototype in the laboratory, shown in Fig.14. Due to the 

laboratory constraints, the proposed system performance is 

validated on a 230V, 2200W, 4-pole, 1430rpm induction 

motor. The main components of proposed system comprise of 

a photovoltaic simulator (ETS600x17DPVF Terra SAS), three 

current sensors (LA-55P) and a voltage sensor (LV-25P). The 

characteristics of volumetric type water pump resemble the 

DC generator fed resistive load as it becomes comparable to 

volumetric pump when the armature voltage drop is neglected 

as the torque becomes proportional to speed. A VSI 

(SEMIKRON MD B6CI 600/415–35F), real-time DSP 

controller (dSPACE 1104) are used to perform the motor 

speed control. For recording purpose, a four-channel digital 

storage oscilloscope (Agilent make DSO) is used. The PWM 

signals from DSP, are in range of 0–5V and gate driver of the 

semiconductor switches requires 15-V signal. The transistor 

(2N2222) circuitry is used to pull up the PWM voltage to 15V 

required for the gate driver circuit of three-phase inverter. 

Opto-couplers (6N136) are used for providing isolation 

between the controller and gate driver circuit. 

Sensing and signal 
conditioning circuit

ADC 
Channel

DSP-dSPACE 1104

Digital I/O Opto-coupler 
isolation circuit

Gate driver 
circuit

S1S2 S3S4S5S6G

Vpv Ipv ia ib

 
Fig. 13. Block diagram of signal conditioning and control architecture of test 

setup 

Current probe

dSPACE 1104

Induction motor

Voltage probe

VSI

Power supply 
for sensors

DSO

DC Generator

Current sensors

Voltage sensors

 
Fig. 14. Photograph of Experimental prototype of the proposed system 

A. Test Results for MPPT 

Figs.15 (a-b) show the excellent performance of the drive 

at two insolation level viz. 1000 W/m
2
 and 500 W/m

2
. The 

Ppv-Vpv and Ipv-Vpv curves shown at each insolation level, 

display the tracking efficiency nearly 100% in each case, 

which verifies the full utilization of solar PV power at rated 

condition as well as at reduced insolation. 

B. Performance During Starting 

Fig.16 (a) shows the soft starting of the drive at 1000 W/m
2
. 

The MPP voltage (Vpv) is set at 350 V with the current at MPP 
(Ipv) fixed at 7.2 A. The MPP is tracked immediately after the 
motor is started. Test results shown in Fig.16, demonstrate PV 
voltage (Vpv), PV current (Ipv), stator phase current (ia) and 
estimated motor speed in rpm (ωm). The performance of the 
drive during starting is satisfactory and the parameters reach 
their steady-state value immediately after starting. Fig.16 (b) 
shows the waveforms of sensed speed (ωsen) and estimated 
speed (ωm), in which slight delay in ωm is observed at starting. 
This is because, the estimation of speed is achieved from rotor 
fluxes, which depend on different sensing of parameters viz. 
DC link voltage and phase currents. Figs.17 (a-b) present the 
similar kind of observation at reduced irradiance (500 W/m

2
). 

The performance indices show satisfactory results at rated as 
well as at reduced irradiance conditions. 
 

1000W/m
2

 

500W/m2

 
                  (a)                                                        (b) 

Fig. 15. MPPT of SPV array (a) 1000W/m2 (b) 500W/m2 

C. Performance in Steady State 

Fig.18 (a-b) show the steady state performance of the drive 
in terms of PV voltage and three phase currents of the motor at 
1000 W/m

2
 and 500 W/m

2
. It is observed that PV voltage is 

settled at MPP voltage and the three phase currents (ia, ib, ic) 
are also at their rated value with 120° apart from each-other. 

D. Dynamic Performance of Drive: Irradiance Decrement 

Fig.19 (a) shows the performance of the drive during step 
decrement of variable insolation. The drive performance is 
exceptionally satisfactory as all the indices (viz. Vpv, Ipv, ia and 
ωm) are abided by the variation and follow the change. Fig. 19 
(b) shows the waveforms, showing ωsen and ωm during dynamic 
condition. It is observed that the plot of estimated speed (ωm) is 
slightly delayed under dynamic condition. However, it 
coincides with the sensed speed parameter (ωsen) in steady state 
and the error speed signal (ωerror) is nearly zero in steady state 
condition.   

Fig. 20 shows the intermediate signals in terms of internal 
fluxes and estimated speeds (ψα, ψβ, ωsl, ωe). It is observed that 
the flux signals vary in their frequency as the irradiance is 
altered from 1000 W/m

2
 to 500 W/m

2
. The slip speed in rad/s 

(ωsl) and the synchronous speed in rad/s (ωe), are estimated by 
the formulae given in the previous section, are shown 
decreasing as the irradiance is decreased. 
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E. Dynamic Performance: Increase in Irradiance 

Similar performance is observed in Figs. 21 (a-b) and 
Fig.22, when the irradiance is changed from 500W/m

2
 to 1000 

W/m
2
. It is observed that the proposed system’s performance 

indices in terms of internal fluxes and estimated speeds (ψα, ψβ, 
ωsl, ωe) comply with the change in environmental conditions 
being realized here in terms of change in irradiance. The 
estimated speeds show gradual change as the irradiance is 
changed from 500 W/m

2
 to 1000 W/m

2
. 

Ch.1: (Vpv) 400V/div.

Ch.2: (Ipv) 5A/div.

Ch.3: (ia) 20A/div.

Ch.4: (ωm) 100rps/div.

Scale: (x-axis: 500ms/div.)

 
(a) 

Ch.1: (Vpv) 500 V/div.

Ch.2 and Ch.3: (ωsen and ωm) 100 rps/div.

 ωsen 

 ωm 

 Ch.4: (ωerror) 5 rps/div.Scale: (x-axis: 2.0 s/div.)
 

(b) 
Fig. 16. Soft starting at 1000 W/m2 irradiance (a) Performance of the proposed 
system (b) Waveforms showing sensed speed (ωsen) and estimated speed (ωm) 

Ch.1: (Vpv) 500V/div.

Ch.2: (Ipv) 10A/div.

Ch.3: (ia) 20A/div.

Ch.4: (ωm) 100rps/div.

Scale: (x-axis:500ms/div.)
 

(a) 

Ch.1: (Vpv) 500 V/div.

Ch.2 and Ch.3: (ωsen and ωm) 100 rps/div.

 ωsen 

 ωm 

Scale: (x-axis: 1.0 s/div.)  Ch.4: (ωerror) 5 rps/div.
 

(b) 

Fig. 17. Soft Starting at 500 W/m2 irradiance (a) Performance of the proposed 

system (b) Waveforms showing sensed speed (ωsen) and estimated speed (ωm) 

Ch.1: (Vpv) 500 V/div.

Ch.2: (ia) 20 A/div.

Ch.3: (ib) 20 A/div.

Ch.4: (ic) 20 A/div.Scale: (x-axis): 10.0 ms/div.  
(a)                                                      

Ch.1: (Vpv) 500 V/div.

Ch.2: (ia) 20 A/div.

Scale: (x-axis: 10 ms/div.)

Ch.3: (ib) 20 A/div.

Ch.4: (ic) 20 A/div.
 

(b) 

Fig. 18. Steady state performance (a)1000 W/m2 (b) 500 W/m2 

Ch.1: (Vpv) 500V/div.

Ch.2: (Ipv) 5A/div.

Ch.3: (ia) 10A/div.

Ch.4: (ωm) 100rps/div.

Scale: (x-axis: 200ms/div.)
 

(a) 

Ch.1: (Vpv) 500 V/div.

Ch.2 and Ch.3: (ωsen and ωm) 100 rps/div.

 Ch.4: (ωerror) 5 rps/div.Scale: (x-axis: 2.0 s/div.)

 ωsen 

 ωm 

 
(b) 

Fig. 19. Performance indices of (a) The proposed system (b) Waveforms 
showing sensed speed (ωsen) and estimated speed (ωm), during decrease in 

irradiance 

Ch.1: (ψα) 1Wb/div.

Ch.2: (ψβ) 1Wb/div.

Ch.3: (ωsl) 10rps/div.

Ch.4: (ωe) 100rps/div.
Scale: (x-axis: 100ms/div.)

 

Fig. 20. Intermediate signals during step decrease in irradiance from 1000 

W/m2 to 500 W/m2 
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Ch.1: (Vpv) 500V/div.

Ch.2: (Ipv) 5A/div.

Ch.3: (ia) 10A/div.

Ch.4: (ωm) 100rps/div.

Scale: (x-axis: 500ms/div.)
 

(a) 

Ch.1: (Vpv) 500 V/div.

Ch.2 and Ch.3: (ωsen and ωm) 100 rps/div.

 Ch.4: (ωerror) 5 rps/div.Scale: (x-axis: 2.0 s/div.)

 ωm 

 ωsen 

 
(b) 

Fig. 21. Performance indices of (a) The proposed system (b) Waveforms 
showing sensed speed (ωsen) and estimated speed (ωm), during increase in 

irradiance 

Ch.1: (ψα) 1 Wb/div.

Ch.2: (ψβ) 1 Wb/div.

Ch.3: (ωsl) 10 rps/div.

Ch.4: (ωe) 100 rps/div.
Scale: (x-axis: 100 ms/div.)

 

Fig. 22. Intermediate signals during step increase in irradiance from 1000 

W/m2 to 500 W/m2  

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 
have been found quite satisfactory and suitable for water 
pumping. 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. This is achieved by using incremental-
conductance based MPPT algorithm. The speed PI controller 
has been used to control the q-axis current of the motor. 
Smooth operation of IMD is achieved with desired torque 
profile for wide range of speed control. Simulation results have 
displayed that the controller behavior is found satisfactory 
under steady state and dynamic conditions of insolation 
change. The suitability of the drive is also verified by 

experimental results under various conditions and has been 
found quite apt for water pumping. 
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APPENDICES 

A. Solar PV Array (Simulation Data) 

Voc=760V, Vmp=600 V, Isc=16 A, Impp=14.5 A, Nser=34, 

Npar=25, (fs)= 10 kHz, DC-link Capacitor (Cdc)= 2500 µF. 

B. Solar PV Array (Experimental Data) 

Voc=400 V, Vmp=350 V, Isc=8.4A, Imp=7.2 A.  

C. Induction Motor Parameters (Simulation Data) 

7.5 kW (10 hP), 3-phase, 415 V (L-L), 2 poles, Rs=0.7384 

Ω, Lls= 0.003045 H, Rr= 0.7043 Ω, Llr= 0.003045 H, 

Lm=0.1241 H, J=0.0343 Kg-m
2
. 

D. Induction motor parameters (Experimental Data) 

2200W (3 hP), 3-phase, 230 V, 4 poles, Rs=0.603Ω, Lls= 

0.00293 H, Rr= 0.7 Ω, Llr=0.00293H, Lm= 0.07503 H, J= 

0.011Kg-m
2
. 
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