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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.

l. 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
af frame, which is used to estimate the slip speed (wy),
synchronous speed (w,) and the motor speed as explained in
[20]. The paper is organized as given: system configuration is
given in section Il 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.

Il.  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.

I1l. 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 (Vo) equals 734V and 25 modules in
parallel of short circuit current (l) equal to 155 A,
respectively. The voltage and current reach their MPP on about
81% of V. and 90% of I respectively as given in Table I. The
specifications of PV module used, are given in Table Il and in
Appendices.

TABLE | PV ARRAY DESIGN (SIMULATION DATA)

MPP voltage, Vimp 600V
MPP power, P, 8700W
MPP current, lnp= Prmp/Vimp 14 5A
Number of module in series, Nse= Vinp/ Vinpp 34
Number of module in parallel, Npa=lmny/Impp 25

TABLE Il PV MODULE (SIMULATION DATA)

Voca Of ONe module 21.6V

lsca Of one module 0.64A

MPP Voltage, Vinpp 0.81*21.6=17.6V

MPP Current, lipp 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].

v, =\/§va 2 xa15 - 587v
[
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],

=2xxaxf_ =2xax50=314rad /s

@)

1
%Ca x(V -V, ) =3aV, It =3x1.2x 239.6x13.5x.005 (3)

[2)

rated rated

Hence, Cy.= 2509uF

where Vg is the DC link voltage and Vg 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, | is the motor phase current and V, is the
phase voltage. Therefore, capacitor value is selected as 2500
uE.

D. Design of Water Pump
Water pumps have non-linear relationship between load
torque and motor speed [21] i.e. load torque (T,) is directly in
proportion to the square of the rated rotor speed. Hence,
2
TL = K160m
where K is the proportionality constant of the pump.

(4)

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,

va = va * I pv (5)
AP, Al
B,V F 2 =0 6)
AV, AV,
Aly, 1, .
AV, V,
2
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where Vp, and I,, are the instantaneous voltage and current
values.

The reference voltage Ve is bonded between upper and
lower limit set between 0.9V,-0.8V,. In case, if Vs 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 Al,/AV, > (-1,,/Vy,) and on the
right side of MPP the slope is negative, which implies
Al /AVy, < (-1/Vp,) and slope at MPP should be zero as
shown in Fig.2.

Fig.3 shows the method of perturbation using InC based
MPP algorithm.
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Fig. 2. Ppy-Vyy curve for one module

The inputs to the MPPT algorithm, are PV voltage and
current. The reference PV voltage, thus obtained at k™"
sampling instant, is the reference DC link voltage V. and it is
compared with the PV voltage as,

V.. =V -V ©)

del (k) de(k) ~ Y pv(k)

Fig.4 (a) shows the schematic for the generation of error
signal Ve, which is fed to DC link voltage Pl controller and
the resulting speed error signal at the k™ sampling instant and is
given as follows,

Wyyy = Oy qy T Kpdc {Vdcl(k) _Vdcl(k—l)} + 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 w, 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 (wye). However, the dynamic response of the
system becomes very poor. It can be seen from the feed
forward term that it consists of P, 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.

P, =K (10)
where K; is proportionality constant of pump obtained in (4).

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

Dg =0+, (11)

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

TABLE Il MPPT THROUGH INC ALGORITHM DURING INSOLATION
VARIATION
Atmospheric Current Point Electrical Duty
condition — Next point quantity cycle
Fixed Solar A—B Pt V1 Ve +4Vp
Insolation B—C Pt V1 Ve + AV
(Pattern 2) C—D Pl V1 Ve + AV
D—C Pt V] Ve - AV
C—B P, V] Ve - AV,

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

New Insolation E—F Pt V1 Vi + AV
level F—>G Pl V1 Ve + AV
(Pattern 1) G—F P V] Ve - AV
F—E P, V] Vi - AV
E—F Pt V1 Vi + AV
F—G Pl V1 Vi + AV,

At point ‘G’, insolation changed New operating point is ‘H’
New Insolation HoI Pt V] Ve - AV
level I—J P, V] Ve = AV
(Pattern 3) J—I1 Pt V1 Ve + AV
I—»H P, V1 Vi + AV

Start InC
Algorithm

Update values

v
Track lpy(k) and Vy(K)
Compute 4V=V,(K)-Vp(k-1)
And A1=1,,(K)-1p,(k-1)
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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 (v,, Vy, V¢) are obtained by the DC
link voltage (V) by the expression as,

\Y \Y
Va :?*(2Sa_sb_sc) ‘Vb :f*(zsb _Sa_Sc)

c

v =\%*(250—3b—33) (12)

where S,, Sp and S, are switching functions (which are either
one or zero) of VSI.

The various voltage and current transformation equations to
transform from abc to o domain are given as,
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Vazé(zva_vb_vc)’vﬁZ\/é(vb_vc) (13)

ia=%(2ia—ib—ic),iﬁ:\/§(ib—ic) )

where iy, iy, ic are balanced three phase winding currents.
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This transformation is applicable for all rotating variables
viz. voltage, current and flux quantities. The stationery
components of flux are given as,

d .y d .
(l//ﬁ):(vﬂ _RS*Iﬁ )’a(l//a)z(va _RS*Ia) (15)

dt
v, =\V.+v, (16)

. . v, . l//ﬁ
I, =1, x—=—1 x—— 17
q B v, W,
i =i, (w, L)+ < (v, 1y (18)
Ve =, x(w, 1w )+, < (v, 1v,) (19)
o, = (Vs —R*iy )y, _Z(Va -R*L)y, 21)
2

where igs and ig are current components in synchronously
rotating dq0 frame, o =1-L7 /(L *L,),7, =L, /R., L=rotor
inductance, L,=magnetizing inductance, L,= rotor leakage
inductance, L= stator leakage inductance, R,=stator referred
rotor resistance, Ry=stator resistance.
The motor rotational speed is given as,
a)m = a)e - wsl (22)

The slip speed (wg) and synchronous speed (w.) are
estimated as,
(1+0S7, ) Lii,
0y =—— (20)
[ ('//d _O-leds)

C. Field-Weakening Control

The relationship of direct axis current with speed (w,,) at a
given base speed of the motor (wy.se) is given below,

(for om< wpae)  (23)

1€ =1
dm — "mag

— wbase

e*
Idm -

(for om> wpase)  (24)

I mag
m

where |y 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 (lgm ) is calculated as,

* I e* d e*

Ly = g + 7, x— 1|
dm dm r dm
dt

(25)

During steady-state condition, the derivative term tends to
zero.
The reference flux component (g ) is calculated as,

l/lds = I‘m Igm (26)

The flux error is passed through flux Pl controller, which

pushes the error signal to zero and the output is the exciting
current (lg ). The involved equations are given as,

V. = l//;s —Ws (27)

Ids(k) = Ids(k—l) + pr/ {V/e(k) _We(k—l)}+ Kiwl//e(k) (28)

Some decoupling effect is present in vector control, due to
which the change is torque component of current (ig) 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,

_ 00 %lys (29)
1+ oSz,

Therefore, the final expression for exciting component of
current is given as,

dcp

15 = g + g (30)
The torque component of current vector (Iqse*) is calculated
as follows,
The desired speed (wr) and estimated speed (wg) is
compared and the error is passed through speed PI controller to
generate reference torque (Te(k)*) as,

Werror = Drer — Wy (31)

Te(k) = Te(k—l) + Kpa) {a)error(k) - a)error(k—l) } + Kia)a)error(k) (32)
e* * e*

Iqs :Te /(leds) (33)

where K =3PL,_ /4L, , P is the number of poles.
The reference slip speed (wq ) is calculated as,

a);:lfs /(Tr*lj:) (34)
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Fig. 5. Vector control of IMD

This reference slip speed (wy") is added with the estimated
speed (w,) to calculate reference synchronous speed (w ) in
rad/s.

a)e* =, + co; (35)
The synchronous speed thus calculated is used to get flux-angle
(6.) at the k™ sampling instant as,

o ® = He(k_l) +a, xT (36)

e
where T=Sampling period of the signal.

The value of g-axis and d-axis current components lg° and
Iqse* respectively obtained from (30) and (33), are used to
obtain reference phase currents i, i,, i., by following
equations,

iy =g sing, + 1 cos 6, (37)
=15 sin(@e—120°)+ o cos(¢9e —120°) (38)
i =18 sin(6’e +120°)+ If: cos(é?e +120°) (39)

These phase currents (i, iy, ic ) are compared with the
sensed phase currents (i, iy, i) 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 (V,,), PV current (l,,), PV power (P,), DC
link voltage (V4 which increases and settles at the MPP point
within fraction of second. The reference speed (wy ) IS
calculated by adding speed derived from the voltage controller
output (ew,) and from Py, i.e. (w,).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?, are
achieved. It is observed that soft starting is achieved by vector

" | generator

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 Vi, and I, at 0.1s. Fig.7 shows the estimation of
motor speed (wy,) from slip speed (wq) and synchronous speed
(we) using estimated stationery flux components (i, and ).
The electromagnetic torque (T,) achieves its steady-state value
24.54 Nm at 1000W/m? very quickly with a limit of 34 Nm
(within allowable range) and the pump torque (T,) 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 (wse,) and estimated speed (wy,). It
is observed that both speeds (wse, and wy,,) 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? to 500W/m? 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 (V) and voltage at maximum power (V)
however, short circuit current (Is) and current at MPP (lp,)
change significantly. Once MPP is tracked, the control
algorithm (InC) maintains it at that MPP. Fig.10 (b) shows that
both the speeds (wsnand wy,) 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? to 1000 W/m?
after 1.0 s and settles at 1000 W/m? The satisfactory motor-
pump performance is observed during this variation in the
insolation. Fig.12 (b) shows the waveforms of estimated and
sensed speed (wen and wp,), which track the reference value
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obtained from the DC link voltage controller in steady state
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TABLE IV PERFORMANCE OF THE DRIVE AT DIFFERENT INSOLATION

Insolation Pol(W) | Vou(V) | In(A) | Speed | Torque THD;
(WIm?) (rad/s) | (Nm) (%)
1000 8700 600 14.5 305 245 2.78
800 6610 595 11.05 289 205 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 (ASPACE 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.

va Ipv ia ib

Sensing and signal
conditioning circuit

<
Chanmel | | Digital 110 ==t OPiooumier,
) JL ﬁ? Gate{d}river
| DSP-dSPACE1104 | Circuit
YYYVYYY
5152 33545586

Fig. 13. Block diagram of signal conditioning and control architecture of test
setup
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Fig. 14 Photograph of Experrmental 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? and 500 W/m?. The
Pov-Vpy and 1p-Vy, 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/mZ.
The MPP voltage (V) 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 (Vy), PV current (l,,), stator phase current (i,) and
estimated motor speed in rpm (wp). 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 (wsn) and estimated
speed (wn,), in which slight delay in wy, 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?).
The performance indices show satisfactory results at rated as
well as at reduced irradiance conditions.

Channel 1 - Photovoitaic curve MPPT%

W~ —FmR  RDEK] -

Channel 1 - Photovoltaic curve

v — PR FDEK

20 a0 o I
Voltage V) - Voltage )

(@ (b)
Fig. 15. MPPT of SPV array (a) 1000W/m? (b) 500W/m?
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? and 500 W/m?. It is observed that PV voltage is
settled at MPP voltage and the three phase currents (iy, ip, 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. Vpy, Iy, is and
) are abided by the variation and follow the change. Fig. 19
(b) shows the waveforms, showing wse, and e, during dynamic
condition. It is observed that the plot of estimated speed (wp,) is
slightly delayed under dynamic condition. However, it
coincides with the sensed speed parameter (ws,) in steady state
and the error speed signal (werror) IS Nearly zero in steady state
condition.

Fig. 20 shows the intermediate signals in terms of internal
fluxes and estimated speeds (Wa W, ws), ). It is observed that
the flux signals vary |n their frequency as the irradiance is
altered from 1000 W/m? to 500 W/m?. The slip speed in rad/s
(ws) and the synchronous speed in rad/s (we), 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? to 1000
W/m?. Tt is observed that the proposed system’s performance
indices in terms of internal fluxes and estimated speeds (1, wp,
wg, we) 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? to 1000 W/m?.

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

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

w"-“—‘—
) LA f'f\ llk
N VYUV

/’ Ch.4: (wm) 100rps/div

Ch.3: (ip) 20A/djv.

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

Ch.2 and Ch.3: (@wsn and ) 100 rps/div.

Scale: (x-axis: 2.0 s/div.)

(b)
Fig. 16. Soft starting at 1000 W/m?irradiance (a) Performance of the proposed
system (b) Waveforms showing sensed speed (wsen) and estimated speed (wm)

Ch.4: (werror) 5 rps/div.

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

Ch.2: (1) 10A/div.

S

Ch.3: (ia) 20A/div. [T~ 7~

Ch.4: (wm) 100rps/div.

Scale: (x-axis:500ms/div.)
(a)
0 soov/ B 100v/ @ 100v/ W S.00V/ e 4.950s 1.000s/ Stop £ E 418V

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

"Ry Ch.2and Ch.3: (@ and wy,) 100 rps/div.

Om

A AAY

Scale: (x-axis: 1.0 s/div.)

Ch.4: (werror) 5 rps/div.

(b)

Fig. 17. Soft Starting at 500 W/m? irradiance (a) Performance of the proposed
system (b) Waveforms showing sensed speed (wsen) and estimated speed (wm)

o Ch.1: (Vp) 500 V/div.

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

[

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

2| '\
M
(a)
u
n Ch.1: (V;) 500 V/div.

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

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

?

Scale: (x-axis: 10 ms/div. Ch.4: (i

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

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

/ T:h.z: I,,) SA/div.
N e e v e oo
L e AL

€h.3: (i) 10A/div.

B \ / Ch.4: (wm) 100rps/div.
'l Scale: (x-axis: 200ms/div.)

Y Ch.1: (V,y) 500 V/div.

L Ch.2 and Ch.3: (wsn and wn,) 100 rps/div.

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

(b)

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

/
/
I
!
1

) Ch.1: (w,) 1Wb/div.
|
}

M

Ch.2: () 1Wb/div.

-
3; ! I
¥ bl Ch.3: (@) 10rps/div.
1 1
\ i

Vol

/
Scale: (x-axis: 100fms/div.)

Ch.4: (we) 100rps/div.

Fig. 20. Intermediate signals during step decrease in irradiance from 1000
W/m? to 500 W/m?

0093-9994 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TTA.2018.2810263, IEEE

Transactions on Industry Applications

500V/ 504/ @ 100&/ @ 8025s 50008/ Stop £ -1.09A

L Ch.1: (Vn) 500V/div.

=" [Ch.2%[(T,y) BAIIV

T T

W

m i (T |
R
\ I |Ch.3:/(i) 10A/div
) L |/ chad (o) 100rpydiv.
:'Scale: (x-axis: 50Cms/a\i ,“/})I

Wil

@

500v/ @ 100v/ @ 100v/ @ 500V/ i 9920s 2000s/ Stop -41.8V

Ch.1: (V) 500 V/div.
Msen,

N

___—-““—_‘

oy Ch.2 and Ch.3: (wsn and om) 100 rps/div.

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

(b)

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

1.00v/ @ 100v/ @ 10V/ g| 100V/ ¥ 1510s 10008/ Stop £ [ 238%

J' A A

f W

iy y

x'vlf\ \ W\jm X u" d Yyl JIUJU
Ch.1: (l//a)1Wb/d|V

MY \f IM H\ .I il
A ‘f‘.f"\M”M WAASAAAAIAAN

VoY v
Ch.2: (y/,,) 1 Wh/div.

1

» Ch.3: () 10 rps/div.

Ch.4: (w.) 100 rps/div.

Scale: (x-axis: 100 ms/div.)

Fig. 22. Intermediate signals during step increase in irradiance from 1000
W/m? to 500 W/m?

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 g-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)

V=760V, Vip=600 V, 1=16 A, Inp=14.5 A, Ng=34,
Npar=25, (f)= 10 kHz, DC-link Capacitor (Cqc)= 2500 pF.

B. Solar PV Array (Experimental Data)
V=400 V, V=350 V, 1c=8.4A, In,=7.2 A.

C. Induction Motor Parameters (Simulation Data)

7.5 KW (10 hP), 3-phase, 415 V (L-L), 2 poles, R;=0.7384
Q, L= 0.003045 H, R= 0.7043 Q, L,= 0.003045 H,
L,=0.1241 H, J=0.0343 Kg-m*.

D. Induction motor parameters (Experimental Data)

2200W (3 hP), 3-phase, 230 V, 4 poles, R=0.603Q, L=
0.00293 H, R= 0.7 Q, L;=0.00293H, L= 0.07503 H, J=
0.011Kg-m*
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