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Abstract—In this paper, a single-stage solution for solar
photovoltaic (PV) pumping system using a dual-inverter
fed open-end winding induction motor drive is presented.
The three-level dual-inverter requires a low PV bus volt-
age compared with its conventional three-level counterpart.
This could avoid large string of PV modules and helps in
reducing the voltage rating of the capacitors and semicon-
ductor devices used in the system. This may further help in
reduction of cost of the system. The proposed single-stage
system is operated using an integrated control algorithm,
which includes the maximum power point tracking (MPPT),
the V/f control, and the sample-averaged zero-sequence
elimination (SAZE) pulsewidth modulation (PWM) tech-
nique. While the MPPT algorithm ensures the extraction
of maximum power from the PV source, the V/f control
improves the motor pump performance. Furthermore, the
zero-sequence current is avoided by the SAZE PWM algo-
rithm. Thus, the integrated control algorithm improves the
overall performance of the system. Furthermore, this paper
also presents the details of system design and analysis
of its dynamic behavior during transient environmental
conditions. The performance of the system is verified using
MATLAB simulation and hardware prototype.

Index Terms—Dual inverter, maximum power point track-
ing (MPPT), open-end winding induction motor (OEWIM),
photovoltaic (PV) cell, single-stage system.

I. INTRODUCTION

NORMOUS research work is being reported on multi-

level inverter drives ever since Nabae et al. [1] introduced
the three-level inverter. The three-level neutral-point-clamped
(NPC) inverter is advantageous over the two-level H-bridge
inverter as it has the benefits of low electromagnetic interfer-
ence and high power quality, which improves the overall per-
formance of the drive systems [2]. There is another alternative
to the three-level NPC inverter drive, which is suggested by
Stemmler and Guggenbach [3], using two two-level inverters
(dual inverter) connected to either ends of an open-end winding
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induction motor (OEWIM). Thereafter, vast work is being
carried out on various converter topologies [4]-[7] and pulse
width modulation (PWM) techniques [8]-[11] for OEWIM
drive. Most recently, the multiphase induction motor drives for
high-power applications are also being studied using OEWIM
topology [12], [13].

The advantages offered by the three-level dual-inverter fed
OEWIM drive over the conventional NPC three-level inverter
are well documented in [14]. These advantages include the
absence of neutral point fluctuations and the requirement of
lower dc bus voltage. It is envisaged that this drive, which is
coupled to a centrifugal pump, could be employed for pumping
applications. Of the available pump drive systems, the water
pump drive systems are most commonly used in industries,
agriculture, and multistoried buildings. In these applications,
water from the ground or canal can be stored and used later
whenever necessary. Thus, variations in the flow rate of water
from the pump could be considered to be acceptable. Hence,
a solar-powered water pump drive seems to be an attractive
proposition owing to its renewable nature, zero pollution, and
maintenance-free operation.

Many investigations have been reported on two-stage and
single-stage PV-powered pumping systems [15]-[20]. Several
investigations used a two-level inverter to drive the conven-
tional induction motor pump [16]-[18], as shown in Fig. 1(a).
To improve the system performance further, a three-level NPC
inverter is used in the recent work, which is presented in
[19] and [20]. However, the three-level NPC inverter has the
disadvantages as discussed in the previous paragraph, and it
requires excessive number of clamping diodes compared with a
three-level dual inverter.

This paper presents an alternative solution for a single-
stage PV pumping system using a three-level dual-inverter fed
OEWIM pump, as shown in Fig. 1(b). The key features and
advantages of the proposed system are as follows.

1) It is a single-stage system wherein the maximum power
point tracking (MPPT) and the motor control are simulta-
neously achieved by an integrated control algorithm.

2) The proposed control algorithm can maintain the system
stability by forcing the operation toward the voltage
source region of P—V curve even under worst environ-
mental conditions.
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Fig. 2. Schematic circuit diagram of the proposed system.

3) The proposed system requires low value of PV/dc bus
voltage, which reduces the voltage rating and size of PV
bus capacitor and the power semiconductor devices.

The rest of this paper is divided into four sections. Section II
describes the design and operational principles of the proposed
system. Section III presents a detailed analysis along with the
simulation results. Experimental validation of the proposed
system is presented in Section I'V.

Il. WORKING PRINCIPLE, DESIGN, AND OPERATION
OF THE PROPOSED SYSTEM

The circuit schematic of the proposed system is shown in
Fig. 2. It consists of two two-level inverters whose outputs are
connected to six terminals of an OEWIM coupled to a pump
load. The inverters are switched using the sample-averaged
zero-sequence elimination (SAZE) PWM algorithm, which
controls the input phase voltage of the OEWIM. This algorithm
alternatively clamps the output of one inverter and switches the
other with high frequency to obtain the required phase voltage.
Clamping an inverter reduces the switching losses in the sys-
tem. The SAZE PWM algorithm is integrated with the MPPT
algorithm and the V/f control to achieve maximum output
from the system and the PV source. Furthermore, as life of PV

delivered to the OEWIM is determined by the PV array power.
In addition, the phase voltage V,, of the OEWIM decides the
maximum required operating voltage for the PV modules [21]
to be connected in series (details of which are given in Table I).
The modulation index of the dual-inverter system is defined as

|V97"|
My = Vi ()
where |V;,.| is the magnitude of the reference voltage space
vector, and Vg is the input dc bus voltage. For the proposed
system, Vg, = 2V}, as the output of the PV array is given as
the input of the dual inverter. The PV bus voltage required
to generate the rated phase voltage using the three-level dual
inverter is

=V =V2x230=325V (2)

_ma,maxvpv =

2 \/§Vaa/
3 2
where Mg max 1S the maximum modulation index, which as-
sumes a value of 0.75 for the dual-inverter system with the
SAZE PWM technique [14]. Assuming the derived operating
voltage to be optimum for meeting the power requirement, the
open-circuit voltage V.. of the PV panel is designed for 1.3
times the PV bus voltage [22]. Thus,

Ve = 1.3V, = 422.5 V. 3)
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The low value of the PV bus voltage V},, given in (2) helps
in the optimum arrangement of PV modules for better perfor-
mance and efficiency.

B. Dual-Inverter Design

The dual-inverter system shown in Fig. 2 consists of 12 power
semiconductor switches. Each switch should block the com-
plete PV bus voltage V},, (firmly V,,.) when its counterpart is
in conducting state. Hence, the nominal voltage rating of the
semiconductor switches is

Viw = Voo = 422.5 V. (4)

Similarly, each switch of the inverter should carry the load
current supplied by the PV source when the switch is in ON-
state. Thus, the inverter current ¢;,,, (see Fig. 2) supplied by the
PV source can be expressed as

Z.inv - (SA - SA’)Z'aa/ + (SB - SB/)Z'bb/ + (SC - SC’)icc’
Q)

where 444/, ippr, and 4. are the instantaneous current flow-
ing through the motor phases aa’,bl’, and cc/, respectively;
and S,(x € {A,B,C,A', B’,C"}) is the switching function
defined for all the six poles a, b, ¢, @/, b/, and ¢’ of the dual
inverter. The switching function S, holds the value “1” when
the upper switch of the pole is ON and “0” when it is OFF.

The current rating of the switch for a given pole (for example,
pole “a”) is determined by the peak current carried by that load
phase. The peak value of current flowing through the switch,
i.e., %SW, is given by

%sw = (SA - SA/):L'aa/ (6)

where 74, is the rated peak value of motor phase current
(=~10.2 A for the 4-kW OEWIM).

Using (4) and (6), the power semiconductor device with
450-V 15-A rating can be chosen for the dual inverter in the
proposed system.

C. PV Bus Capacitor Design

As the PV bus voltage required in the proposed system is
reduced nearly by half [see (2)], the voltage rating of the PV bus
capacitor also reduces. The capacitance value is designed based
on the ripple current that has to be carried by the capacitor, i.e.,
i, which is given by

Z.c = Z'pv - Z.inv (7)

where 4, is the current supplied by the PV source (i.e., 3.74 x
3 =11.22 A, from Table I).

To calculate the ripple in the capacitor current, the worst
case is considered at which i;,, is zero. With the SAZE PWM
scheme, such a worst case occurs when inverter I and inverter
IT of the dual inverter assume same switching state (for ex-
ample, {SA, SB, Sc} = {SA/, SB/, SC/} = {0, 1, 0}) Hence,
from (7),

iemax = 11.22 A, 8)

The capacitance needed would be then given by

Z'c,max
LAV, ©)

Cov =
where f is the frequency at which the semiconductor switches
are operated, and AV, is the ripple content in the PV bus
voltage. Considering AV}, to be 2% of the PV bus voltage (i.e.,
Voe X 0.02 = 8.4 V), the lowest switching frequency should
be 1.28 kHz for maximum possible capacitance value (cor-
responding to the minimum modulation index m, = 0.2 and
96 samples per fundamental cycle of inverter output voltage),
and substituting %, max from (8) into (9) results in

Cpv = 1043 pF ~ 1100 pF. (10)
Thus, a capacitor of 450 V, 15 A, 1100 uF can serve the need
of the proposed system.

D. Integrated Control Algorithm

The aforementioned designed single-stage PV pumping sys-
tem is operated with an integrated control algorithm, which
consists of MPPT and SAZE PWM techniques along with
V/ f control. The flow of the control algorithm is presented in
Fig. 3 and is explained in the following.

MPPT algorithm: The hill climbing algorithm, one of the
simplest, popular, and commercially used methods of MPPT
[22], [23], is employed in the proposed system. As shown in
the first part in Fig. 3, i.e., the MPPT section, the instantaneous
values of PV array voltage v, and PV array current 7, are fed
into the MPPT algorithm. Before feeding vy, and iy, to the
MPPT controller, they are passed through a low-pass filter to
filter the noise. The PV array power P, is then calculated
using the sensed averaged values of V},, and I,, output by the
low-pass filter. Then, by comparing the present PV power and
voltage with their previous available values, the slope of operat-
ing point on PV curve is determined. The sign (positive or
negative value) of the slope determines the modification for
modulation index m,. Based on the sign of the slope (neg-
ative or positive), the value of m, is modified (increased or
decreased, respectively) as follows:

(1)

Mg = Mg = Amyg

where Am,, is the step change in m,.

The calculated value of m,, is then used by the V/ f control
and the SAZE PWM algorithm to operate the dual inverter
connected to the OEWIM pump, which can extract maximum
power available from the PV source.

SAZE PWM Algorithm: The basic PWM algorithm used in
this work is based on the concept of imaginary switching time
periods and the effective time Tog [24], [25]. This space vector
PWM algorithm is adopted for the dual-inverter fed OEWIM
drive [14], wherein the zero-sequence current is suppressed by
the relocation of the effective time period within a sampling
time interval. This technique, which is named as SAZE PWM,
is presented in the form of an algorithm in the second part in
Fig. 3 and is briefly explained in the following.
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Fig. 3. Flowchart of the integrated control algorithm.

Inverter I and inverter II of the dual inverter shown in
Fig. 2 are the two-level inverters, which are combined to
generate three-level motor phase voltages vqq/, Upy’ , Veer. Each
inverter individually can produce the phase voltage with a peak
value of V,,;, (OA) and together can produce 2V}, (OG), as
shown in Fig. 4. InFig. 4, A, B, C, D, .. ., S represents the space
vector locations, and each equilateral subtriangle is a sector.
The space vector locations A, C, and E are considered as nearest
subhexagonal centers (NSHCs) for inverter I to be clamped to
the magnitude of v, Nsuc and vg Nsuc, while inverter II is
switched with high frequency. Similarly, the locations B, D,

3 H Il Clamping of inverter-I
i Ps-axis

bs-axis %,
K

[ Clamping of inverter-1I

Boundary of
linear modultaion
Mg max=0.75

as-axis

P

/ es-axis

Fig. 4. Space vector locations for the dual inverter with the combination
of inverter | and inverter |l switching states.

TABLE 1l
VOLTAGE VECTOR MAGNITUDES AT ALL THE NSHCs

NSHC Clamping inverter-I Clamping inverter-I1
Vector A C E B D F
Vonsic | Vov | 05V | 05V | 05V | Fov | 05V
Vgnsae | 0 [0.867 ¥y |-0.867 Vyy 0.867 Vyy 0 -0.867 Vpy

and F are considered as NSHCs for inverter II to be clamped
to the magnitude of v, nsHC and vg NsHe, While inverter I is
switched. Two different shades shown in Fig. 4 represent the
region for clamping either inverter I or inverter II. The values
of v, NsHC and vg nsHe for all the NSHCs for inverter I and
inverter II, when they are clamped, are furnished in Table II.

In Fig. 4, the magnitude of the reference voltage vector OT
(|vsr|) is dependent on the value of m,, as given in (1), which is
generated by MPPT block depending on the insolation (G) and
temperature (7).

The angle “a” (see Figs. 3 and 4) is the function of the
fundamental frequency f of the motor phase voltage, where the
value of f is calculated using m, as follows:

f _ mafrated (12)

Ma,max

where frated(= 50 Hz) is the fundamental frequency of the
motor phase voltage at and above the boundary of linear
modulation.

The value of m,, decides the magnitude of reference voltage
and its fundamental frequency and hence the ratio V/f, so
that the motor always maintains the rated air-gap flux. This
could improve the performance of the OEWIM pump drive by
generating the highest possible torque at various environmen-
tal conditions. Furthermore, the performance of the proposed
system is analyzed for various environmental conditions using
the simulation studies presented in the next section.
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Fig. 5. Vpv versus Py and m, versus P, characteristics (a) for in-
creasing insolation and (b) for decreasing insolation (along with slight
variation in temperature).

[lI. ANALYSIS AND SIMULATION OF
THE PROPOSED SYSTEM

The simulation of the proposed single-stage PV pumping
system is performed using MATLAB/Simulink with the follow-
ing assumptions.

1) The OEWIM pump is operated with '/ f control at and
above 10% of its rated speed.

2) The flux generated in the air gap of the OEWIM is always
at its rated value.

3) As the envisaged application is pumping, the mechanical
torque generated by the OEWIM is proportional to the
square of the motor speed.

4) The dual-inverter system is lossless.

A. Dynamic Analysis of the Proposed PV System With
Integrated Algorithm

In addition to the aforementioned assumptions, the following
points are to be noted for the simplification of analysis of the
proposed system.

1) The value of m,, corresponding to maximum power point
(MPP) at a particular insolation and temperature is con-
stant and is denoted by m,mpp.

2) The PV voltage V},, at MPP is assumed to be nearly
constant for various environmental conditions (with slight
variation in operating temperature).

3) The value of m,vpp is assumed to be in linear relation-
ship with the PV power, which can be observed from
Fig. 5(a), where the ratio of mgmpp1, MaMmpp2, and

maMpP3 t0 Poy1, Ppyve and Py, respectively, is nearly
equal. Thus,

13)
(14)

MmaeMpPP X va

= mempp ~ K1 Py

where K1 is a constant.
Furthermore, considering the motor pump side, the frequency
of phase quantities applied to the motor is proportional to m,,
as given in (12), and can be written as

Wg X maMPP('-' Ws = 27Tf) (15)

Wy

a 16

i=s) X MaMPP (16)

where wy is the synchronous speed (rad/s) of the motor, w, is

the rotor speed, and s is the slip.

The centrifugal pump connected to the OEWIM holds the
affinity laws as follows:

Q x wy; H < w; Ppiect X W (17)

where () is the flow rate (m3/s), and H is the head (m).
Relating the OEWIM input power Pgject With mgypp using
(16) and (17) results in the proportionality

(18)
19)

Prleet X (maypp)®(1 — s)3
Peiect ~ Ka(maupp)® (1 — 5)°

where K> is a constant.

As the dual inverter is assumed to be ideal, P, and Pgject
can be equated to deduce the relation between mq\pp and slip
s as follows:

va = PElect (20)

1
- <?> manpp = Ka(maupp)®(1—5)> (21
1

= K3 = (maupp)*(1 — 5)° (22)
where K5 = 1/(K1K>) and is a constant.

From (22), it can be concluded that, for a change in the
value of m,\pp, there will be a corresponding change in the
motor slip s and hence the slip power. The change (increase)
in the slip power can be also observed from Fig. 6(a) (i.e.,
the power difference between P, and Pgiec is the slip power,
since inverter losses are neglected). In addition, from (19) it can
be concluded that, for increase (decrease) in m,vpp and s, the
value of Pgject also increases (decreases), as shown in Fig. 6(a).
In addition, the increment in Pgject iS gentle when compared
with P, because m,vpp and s are decimal numbers (varying
between 0 and 1). In addition, the increment of Pgject iS steeper
at the MPP because of the mechanical time constant of the
motor pump set.

Furthermore, few more important observations can be made
from Figs. 5(b) and 6(b), where the plots for reduced inso-
lation are presented. In Fig. 5(b), the operating point P(p)
corresponds to insolation 1 Sun, and it shifts to 7'(t) when the
insolation is reduced to 0.8 Suns. At the instant when insolation
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Fig. 6. mq versus P,y and m, versus Pgiecy characteristics (a) for
increasing insolation and (b) for decreasing insolation (along with slight
variation in temperature).

is reduced suddenly, the motor power demand is more than the
generated PV power. Thus, the PV bus capacitor discharges to
serve the need, and hence, the PV bus voltage falls down to
Q(q). The algorithm reduces the value of m, (from @ to R)
to rebuild the PV bus voltage (from ¢ to ¢) and then tracks the
maximum power (from R to T"). The point X in the m, versus
P, curve is because, when the algorithm forces m,, to shift the
operation toward the voltage source region, it traverses through
the MPP.

Thus, the modulation index relates both the PV power and
the motor power as discussed earlier, and it takes care of the
nonlinearity between them. To conclude, the modulation in-
dex always maintains the stability of the system under all the
environmental conditions, either increasing or decreasing.

B. Simulation Results of the PV Pumping System at
PV Source Side and Load Side

With the aforementioned assumptions, the proposed single-
stage PV pumping system using OEWIM is simulated for
various possible (also worst) insolation and temperature con-
ditions. The Simulink model of the proposed system is built in
MATLAB using the following equations.

The PV module is realized by using the PV current—voltage
characteristic equation presented in [21] and is given by

wt (23)

(Vpv+Ipv Rs)
Iy =1Ip — Iy (67" R —1)

where I,,, is the current of the PV module, Iy, is the photocur-
rent, I is the diode saturation current, n is the diode quality

Vao
Gate Vbo
. =) Inverter-I V=V, i
signals ) e dq0 model —5
vco .
N v of ibp
PV bus =/ "l induction | .
A va‘rz Ves Lee!
voltage + Syl motor | —p
Vc'o
Gate Vi
. = Inverter-II [—22
signals v
2 dq0 model of OEWIM

Fig. 7. dq0 model of OEWIM along with the dual inverter [26].

- .
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1 T T T T T
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T T
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I I ! :

0
4000 Matehing BV T T
atching wer
2000 |- }K PV power, pp, (W) .
0 | |
0 5 10 15 20 25 30

Time (s) ——>

Fig. 8. PV-source-side waveforms from simulation.

or ideality factor, & is the Boltzmann constant, ¢ is the electron
charge, T" is the module operating temperature in kelvins, R is
the series resistance, and V},, is the PV module voltage.

The OEWIM model [26] is developed by using the popular
dq0 model of an induction motor and is shown in Fig. 7. The
two two-level inverters (inverter I and inverter II) shown in
Fig. 7 use ideal switches. In addition, the model for centrifugal
pump uses the affinity laws as given by (17).

The simulation results for the PV-source-side, motor-side,
and centrifugal-pump-side parameters are shown in Figs. 8—10,
respectively. The simulation is performed by considering two
worst cases: one is the condition of very low insolation i.e.,
0.1 Suns, and the other is the step increase/decrease in the
insolation and temperature. The simulation results demonstrate
the satisfactory performance of the proposed system even in
these worst situations.

In Fig. 8, the changing nature of PV power with respect to
insolation and temperature by changing the value of m,, verifies
the MPPT. Small oscillations in the value of m, near MPP
and the ripple content in the PV power confirm the operation
near optimum voltage. In addition, for every step increase or
decrease in insolation and temperature, the operating voltage
of PV array passes through the optimum voltage. This can
be justified with the matching values of peak power during
transient tracking and steady state near MPP as given in the PV
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Fig. 10. Centrifugal-pump-side waveforms from simulation.

power subplot. Furthermore, it can be observed that PV voltage
waveform shows a sudden rise and then fall in the value with the
step increase and decrease in insolation and temperature. This
can be attributed to the charging and the discharging of the PV
capacitor with excess or deficit PV power, respectively, during
transient condition.

The magnitude of the motor phase voltage shown in
Fig. 9 follows the changes in the PV array voltage for various
environmental conditions. In addition, the motor shaft power
follows the extracted PV power (see Fig. 8). Furthermore, the
motor slip power and the efficiency (calculated as the ratio
of motor output power to the input power) increase with the
increase in insolation. In addition, during sudden decrease in
the insolation and temperature, the motor slip reaches a large
value, which reduces the motor shaft power. This is because
the PV power reduces significantly during this condition as
the PV source operates in the current source region. It may be
noted that the integrated algorithm could still handle these worst
case environmental and operating conditions competently, and
within few second(s), the system shows the tendency to settle
and maintains the stability of the system. The stability of the
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Fig. 11. Harmonic spectrum of motor phase current (i,,/) at steady
state obtained from simulation at different environmental conditions.
(a) At 0.1 Suns and 25 °C. (b) At 1.0 Suns and 55 °C.

system can be ensured with the settled (constant) values of the
PV parameters and the motor parameters for various insolation
and temperature conditions. In the presented simulation studies,
the environmental conditions are changed in steps, which may
not be encountered in reality. This is to demonstrate the capacity
of the proposed integrated control strategy.

The motor generated torque and speed and the water flow rate
from the centrifugal pump are shown in Fig. 10. All these plots
follow the same environmental conditions as aforementioned.
The water flow rate is calculated by considering a constant head
of 30 m. The last subplot in Fig. 10 shows a positive discharge
even under the worst situations considered earlier. This proves
that the proposed system could be a viable proposition even un-
der worst environmental conditions for the applications where
water can be stored and used later.

As the proposed system uses the SAZE PWM algorithm, the
effect of zero-sequence current could be nullified, which can
be proved by the sinusoidal nature of the motor phase current,
as shown in Fig. 11. In addition, it can be observed that the
ripple content in the current is more during lower insolation and
the total harmonic distortion (THD) reduces as the insolation
increases. Thus, in short, the system performance improves
with increase in PV power. This can be observed in Table III,
where the simulation results are summarized.

IV. EXPERIMENTAL RESULTS

A prototype of the proposed system is developed to validate
the simulation results and shown in Fig. 12. The solar PV array
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TABLE 1l
SUMMARY OF SIMULATION RESULTS FOR THE PROPOSED SYSTEM

PV | Shaft . Flow |Current
Sl(li’ls (02) Power|{Power (J/]O) ?r};ii()i Fl(—;r_?;l; ?(}/:)I)’ rglte THD

W) | W) (m’/hr) | (%)
0.1 | 25| 329 | 239 [72.64| 560 | 4.2 |1.82| 2.05 | 20.45
0.4 | 35| 1384 | 1221 [88.22| 962 | 12.1 [2.95| 10.45 | 16.04
0.5]40|1717 | 1528 {88.99| 1036 | 14.1 |3.22| 13.08 | 15.31
0.7 | 45| 2406 | 2157 [89.65| 1161 | 17.8 | 3.65| 18.46 | 8.88
0.8 | 50 | 2713 | 2429 [89.53] 1209 | 19.2 | 3.91 | 20.8 7.39
1 | 55(3368 |3012(89.42| 1298 | 22.2 |4.26 | 25.78 | 4.95

Series rheostat
T~

Fixed Supply
to inverters
OEWIM with

centrifugal
type load

Data
acquisition

Fig. 12. Experimental prototype of the proposed system.

is emulated using a programmable dc power supply with a fixed
series resistance. This arrangement could approximate the P,
versus V), characteristics of the PV array. The programmable
dc power supply is operated in constant voltage mode with a
variable current limit. A 1-hp three-phase induction motor with
stator windings open from both ends and with specifications of
440 V, 1.5 A, 1440 r/min is used in the experimental proto-
type. The shaft of the OEWIM is connected to a fan type of
centrifugal load, which resembles the water pump. The motor
is powered through the dual inverter, where the gate pulses
required by the switches are generated from the signal con-
troller dSPACE 1006. The controller includes the MPPT and
SAZE PWM algorithms along with 1/ f control. The controller
requires source voltage and current for implementing MPPT.
To sense the source voltage and current, a Hall-effect voltage
sensor (LV25-P) and a current sensor (Tektronix A622) are
used, respectively. These voltage and current signals are given to
the controller through the analog-to-digital converters (ADCs).
Thus, two ADCs are sufficient to implement the proposed
integrated algorithm. The waveforms captured from the experi-
mental prototype are shown in Figs. 13 and 14.

Fig. 13 shows the source side and the controller parameters
captured from the experimental setup. The modulation index
m, in the controller is set to a minimum value of 0.2, and
a step change of 0.01 is considered to vary the value of m,.
The controller varies the value of m, and aid the motor load
to extract the maximum power possible from the source. The
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Fig. 13. Experimental results obtained from the developed prototype at
dc source side, i.e., modulation index (0.2/div), source voltage (50 V/div),
current (0.5 A/div), and power (50 W/div) (a) at starting condition
(z-axis: 4 s/div) and (b) at running condition (z-axis: 20 s/div) with
varying current limits (i.e., varying insolation values).

oscillatory nature of m,, as shown in Fig. 13(a), demonstrates
that the operating point is oscillating near MPP.

Fig. 13(b) shows the performance of the proposed integrated
control strategy with a variable environmental condition. The
variable environmental condition is emulated by varying the
current limit of the programmable dc power supply from 0.4
to 0.6 A and then back to 0.4 A. The condition of lower
insolation is emulated with lower current limit and vice versa.
From Fig. 13(b), it is evident that the modulation index m,,
and, hence, the source (PV) power adjust themselves as per the
set current limit (insolation). It can be also observed that the
value of m,, settles back to the previous value when the current
limit is set back to 0.4 A. Thus, the system displays stability for
both increasing and decreasing source (PV) power levels. The
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experimental results shown in Fig. 13 are in good agreement
with the simulation results shown in Fig. 8, validating the
concept of the proposed integrated control strategy.

The working of the SAZE PWM technique and the V/f
control can be observed from Fig. 14. The gate pulses shown
in Fig. 14(a) are of poles a and o’ (see Fig. 2) of inverter I and
inverter II, respectively. The clamping and switching pattern
verifies the implementation of the SAZE PWM technique,
which could reduce the switching losses in the dual inverter.
The nature of pole voltages is similar to the gate pulses, whereas
the three-level phase voltage is shown in Fig. 14(b). The motor
“aa’” phase current waveform and its harmonic spectrum at
starting and running conditions are shown in Fig. 14(c) and (d),
respectively. The harmonic spectrum at starting and running
conditions is comparable with the harmonic spectrum of current
at low and high insolation (see Fig. 11), respectively. It may be
also noted that the pattern of ripple in the current waveform
shown in Fig. 14(c) and (d) resembles the simulation results
given in Fig. 11.

V. CONCLUSION

A single-stage system for PV power fed pump drive using an
induction motor with open-end windings has been presented.
The detailed design of the devices and components used in the
proposed system is furnished. The proposed system is operated
by an integrated control algorithm (MPPT + SAZE PWM
with V/ f control). This control algorithm has the capability
of maintaining the system stability even under worst environ-
mental situations, which is discussed and presented using the
simulation studies. The simulation results are verified with the
experimental results obtained from the developed low-scale
prototype. In conclusion, a simple and effective PV pumping
system has been presented in this paper, which is operated with
an integrated control algorithm.
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