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This paper presents a single-stage solution for a dual Maximum Power Point Tracking (MPPT) technique
for a solar Photovoltaic (PV) fed water pumping system. The proposed solar PV fed pumping system uses
a three-phase Open-End Winding Induction Motor (OEWIM) coupled to a centrifugal water pump. The
OEWIM is connected via two time tested two-level three-phase inverters powered by two independent
solar PV arrays. These two PV arrays can be configured independently and the employed dual MPPT algo-
rithm operate the two PV sources at or near maximum power point (MPP) irrespective of its configura-
tion. Usage of different array configurations may help in attaining more number of levels (greater than or
equals to three) in the inverter output voltage (OEWIM phase voltage). Furthermore, the system is oper-
ated using decoupled Pulse Width Modulation (PWM) technique with V/f control along with the proposed
dual MPPT technique. The maximum power extracted by the dual MPPT algorithm from two PV sources is
optimally utilized by the OEWIM. This can be supported by the low slip value at all the operating condi-
tions. The detailed analysis of proposed system and the simulation results are presented.

© 2016 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Today to meet the never ending and increasing demand of elec-
trical energy, most of the research is diverted towards the utiliza-
tion of renewable sources such as solar PhotoVoltaic (PV), wind,
fuel cells, thermo-generator etc. Among these sources, solar PV
technology is considered as the most viable solution to meet the
electrical energy demand. Noiseless operation, low maintenance
and zero pollution further adds to the popularity of solar PV source,
which directly converts the solar energy into the electrical energy.
The solar PV system can be used either in electric power grid-tied
mode or in the stand-alone mode. In grid-tied application [1-3] the
PV source feeds the high quality ac power into the grid. Whereas in
stand-alone systems, the generated PV power could drive the
stand-alone loads [4-8] like water pumps, air compressors, house-
hold etc using additional power sources like battery, fuel cell etc.
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However, for stand-alone loads like solar fed water pumping
applications [7,8] used in agriculture, industries, hydro power
plant and residential buildings gives the option of storing solar
PV energy without using additional power sources. The solar PV
energy can be stored in the form of potential energy by storing
water in the tank [9], dam etc at the required height above ground
level. The stored energy or water, then can be utilized with respect
to demand or requirement. Thus, in such systems additional power
sources for storing the electrical energy may not be required and it
also gives the option of continuously operating solar PV array at or
near MPP. Thus, the system effectively utilizes the solar PV power
for all the environmental conditions. Some of the solutions for the
PV fed water pumping systems were introduced since 1980s,
where a dc motor coupled to a centrifugal pump is directly pow-
ered from the PV source [10-12] and with a converter for MPP
tracking [13]. The use of dc motor may be overruled because of
its high cost and continuous maintenance [14]. The other option
to replace a dc motor could be the brushless dc (BLDC) motor
[15,16]. Presently, the use of BLDC motor in a PV pumping system
may not be a feasible solution because of its high cost and the
requirement of complex control circuitry. So, the use of 3-®,
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induction motor could be a feasible and better solution for PV fed
water pumping system.

The use of 3-® induction motor in the PV fed water pumping
system has been reported in the literature [17-19]. Most of the
research work includes the use of conventional induction motor
with the two or single power conversion stage. The two-stage sys-
tem [20-22] includes a dc-dc converter and an inverter in between
the solar PV source and the induction motor as shown in Fig. 1(a).
The dc-dc converter in two-stage PV system is used to boost the
voltage and helps in tracking maximum power from the PV source.
And the inverter is used to provide the required ac power to the
motor-pump load. The other solution includes the single-stage sys-
tem [23-28] where a single inverter is used as shown in Fig. 1(b). It
is an integrated solution in which the Maximum Power point
Tracking (MPPT) and motor control, both are governed by a single
inverter.

Most recently, the advantage of a single-stage system along
with the benefits of Open-End Winding Induction Motor (OEWIM)
[29-35] is incorporated in a PV pumping system and the work is
reported in [26,27]. The given solution uses a single solar PV array
to drive OEWIM through the dual-inverter giving only three-level
output as shown in Fig. 1(c). Also, the usage of single PV array
increases the risk of shading issues in the PV array configuration.
This risk/probability of shading in the PV array increases with
the increase in the size or power rating of the PV array. Further,
the operation under partially shaded condition deteriorates the
performance of the PV system. This is because of the presence of
multiple local peaks and a global peak in the p-» (power versus
voltage) characteristics of the PV array. The presence of local peaks
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in the p-v characteristic affects the performance of the MPPT algo-
rithm which further effects the overall performance of the system.
Further, there is no option for dual or multiple configurations for
PV arrays to minimize shading problem. One solution could be
the usage of dual or distributed Maximum Power Point Tracking
(MPPT) [36-42] at dc-dc converter stage in case 2-stage system.
However, this would increase the cost and complexity of the sys-
tem with the increased number of dc-dc converters. Thus, there
is a need for the single-stage system with simple control which
has the option of dual or distributed MPPT.

Thus, it is apparent that there is a need for low cost, high perfor-
mance single-stage low PV array voltage water pumping system
with dual/distributed solar PV arrays arrangement for minimizing
effect of shading problem. It should also have three or more num-
ber of levels in the phase voltage, wide band-width of PV source
operating voltage and should have the option of dual/distributed
MPPT. This paper introduces a PV pumping system which uses
OEWIM-pump powered by two electrically isolated PV sources
through two two-level inverters as shown in Fig. 1(d). The OEWIM
with two two-level inverters provide the three-level output volt-
age which improves the system performance when compared to
conventional two-level solutions in terms of torque ripple, power
ripple etc. Also, the number of levels in the output voltage can be
more than three if the asymmetrical PV array configurations are
utilized i.e., by using solar PV arrays with different size or power
ratings.

Most importantly, the implementation of dual/distributed
MPPT algorithm (limited to dual MPPT in this case) is made possi-
ble with the proposed system for PV pumping application. The dual
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Fig. 1. Block diagram of (a) two-stage single PV source powered centrifugal water pump (b) single-stage single PV source powered centrifugal water pump (c) single-stage
single PV source powered OEWIM-pump (d) proposed single-stage dual PV source powered OEWIM-pump drive with dual MPPT (e) extended version for (d).
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MPPT helps in the effective tracking of maximum power from both
the PV sources separately. Furthermore, the proposed configura-
tion can be extended to have multiple PV sources (m+n) as shown
in Fig. 1(e) with distributed MPPT technique given by Sonti et al.
[42]. This helps in the generation of ‘m+n+1’ or higher number of
levels in the output voltage [43]. However, the work presented in
this manuscript is limited to the basic two isolated solar PV
sources.

Rest of the paper is organized as follows. In Section 2, the math-
ematical modeling of all the major equipment used in the proposed
system is described. Section 3 consists of the detailed operation
and control strategy used for the proposed system. Simulation
results are presented in Section 4, whereas the fifth section con-
cludes the paper.

2. Modeling of the proposed system

The circuit schematic for the proposed system is shown in Fig. 2.
It consists of two sets of PV array. Each PV array power is condi-
tioned by their respective inverter connected to them. The two
inverters independently condition the PV power using their
respective MPPT algorithm'’s. Thus, both the inverters operate their
PV sources at or near MPPT. The extracted power from both the PV
sources is then used by the OEWIM-pump. The mathematical
model of PV array, dual-inverter and the OEWIM-pump used in
the simulation along with the analysis of the proposed system
are described in the following sub-sections.

2.1. Solar PV array model
The mathematical model of PV cell is described by the i-v
(current versus voltage) characteristic equation of the basic PV cell

unit. The i-v characteristic equation [44] of the PV cell is given by,

. . . q(vpy+ipyRs)
lpU:lL—l(,(eiAkT —1) (M
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‘q’ is the electron charge, ‘T" is the PV cell operating temperature,
‘R¢ is the PV cell series parasitic resistance, and ‘v, is the PV cell
voltage.

The given i-v characteristic equation is then modified with
respect to the series-parallel arrangements of the cells for the PV
array configuration used in the system. The two PV arrays PV1
and PV2 are individually connected to Inverter-1 and Inverter-2
respectively through the PV/dc-bus capacitor ‘C,,’ as shown in
Fig. 2. Now, applying KCL at nodal points ‘n1’ and ‘n2’ of
Inverter-1 and Inverter-2 respectively (Fig. 2) we have,

. dvpm .
lpyl = prd—ptl + liny1 (2)
. dvy, .
Ipy2 = prd_;;yz + linw2 (3)

where ‘v,,;" and ‘v’ are the PV/dc-bus voltage for PV arrays PV1
and PV2, respectively; ‘ip,;’ and ‘i,,>’ are the currents generated by
the PV arrays PV1 and PV2 respectively. Further, ‘ij,;’ and ‘i’
are the dc-bus current drawn by Inverter-1 and Inverter-2
respectively.

2.2. Three-level isolated dual-inverter model

Mathematical model for the electrically isolated dual-inverter
(Inverter-1 and Inverter-2) is derived using switching functions.
The switching function, Sw; (where j € {al, b1, c1} for Inverter-1
and {a2, b2, c2} for Inverter-2) hold the values 1 or —1, depend-
ing on top or bottom switch of leg ‘j’ in corresponding inverter
is turned ON respectively. Using the magnitude of dc-bus volt-
age and switching function ‘Sw; the pole voltage at respective
leg of inverter can be derived. For this a hypothetical ground
point ‘0’ and ‘0” for Inverter-1 and Inverter-2 respectively are
assumed as shown in Fig. 2. This simplifies the calculation of
pole voltage at output terminals for both the inverters. Thus,
pole voltage ‘v,;," at terminal ‘al’ of Inverter-1 can be written

as,
where ‘i,,’ corresponds to the PV cell current, ‘i’ is the generated v
photo-current, ‘i,’ corresponds to the diode reverse saturation cur- Vato = SWqq < l’“) (4)
rent, ‘A’ is the diode ideality factor, ‘k’ is the Boltzmann constant, 2
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Fig. 2. Schematic circuit diagram of the proposed system.
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Similarly, the pole voltages ‘v, for Inverter-1 and ‘y;,’ for
Inverter-2 can be derived for both the inverters. Once the pole volt-
ages are known, the common mode voltage of the Inverter-1 (,,)
and Inverter-2 (7,+,) are given by,

Vato + Ub1o + Vclo) (5)

Uon =

1
3(

Von = Va2o + Up2or + chu’) (6)

1
3(

where ‘n’ represents a hypothetical ground point of the OEWIM.
Now, using pole voltage and common mode voltage, the voltage
‘Ua1q2’ between terminals ‘al’ and ‘a2’ can be calculated as,

Vv 2 1
Vala2 = me { (§) SWai — 3 (Swp + SWcl)}

_ Vp2v2 { (%) Sway — % (SWis + chz)} (7)

This also represents the stator phase voltage ‘015425 of OEWIM
at phase ‘alsa2s’ (see Fig. 3). Similarly, the other stator phase volt-
ages ‘Upispas and ‘vegscos of the OEWIM at ‘b1sb2s’ and ‘cl1sc2s’
respectively can be derived. Once the phase voltages applied to
OEWIM are known, then the respective phase currents ‘igisqs,
‘Ip1sbzs and ‘ic;sezs’ can be calculated using motor dynamic model
as described in the next sub-section. The derived phase currents
can be used for the calculation of the inverter current ‘i;,,;’ and
‘Iinv2’ of both Inverter-1 and Inverter-2 respectively, as given below,

. 1 . 1 . 1 .
ling1 = i (SWal + 1 ) (lalsaZS) +§ (SWbl + 1 )(lblstS) + E (SWC] + 1 )(lclsCZS)
8)

. 1 . 1 . 1
ling2 = 5 (SWGZ + 1)(*lalsa25) + j (SWbZ + ])(*lblsb2s) + j (SWCZ

+ 1)(—i515525) (9)

2.3. Open-End Winding Induction Motor Model

An OEWIM can be realized physically by avoiding the shorting
of stator windings [45]. This facilitates to have six stator terminals
namely ‘als’, ‘a2s’, ‘b1s’, ‘b2s’, ‘c1s’ and ‘c2s’ as shown in Fig. 3. The
rotor winding is shorted and unaltered which is represented by ‘ar’,
‘br’ and ‘cr’ axes. The rotor is displaced with the stator by an angle
‘5, with respect to ‘als’ reference axis as depicted in Fig. 3. The
phase voltage applied to the OEWIM stator can be expressed as,

bs-axis
b2s
v~~
br-axis s,

ar-axis
als as-axis
—>
(Ref axis)
als

d-axis

Fig. 3. The machine model of OEWIM [26].

Vaisazs Ts 0 0 ia]sa25 lalsGZS
Upisbas | = | O s O | [dpispas | +P | Abisbas (10)
Uctsc2s 0 0 T's ic]chs lclchs

where ‘Za1sa2s’s ‘Ab1sps» aNd ‘Acrscas’ are the flux-linkage for respective
stator phase windings of the motor; ‘ry is the per phase stator wind-
ing resistance.

The three-phase stator voltages can be mapped into the d—q
space using power invariant transformation given below:

Vg 9 cos¢p cos(p —2m/3) cos(p+2m/3) Vatsa2s
vy | == |sing sin(p —2m/3) sin(g +271/3) | | Upisbas
Vo 1/2 1/2 1/2 Vctscas

(11)

where ‘q’ is the quadrature axis quantity, ‘d’ is the direct axis quan-
tity, the angle ¢ = ‘6 for stator transformation and ‘)’ for rotor trans-
formation. From Fig. 3, ‘¢’ is the angle between stator ‘als’ axis and
g-axis, ‘)’ is the angle between rotor ‘ar’ axis and g-axis, or other-
wise y = — ;. The voltage equations for dynamic model of OEWIM
can be expressed as,

. dJ,
Vgs = lgsT's + Wigs + d—t‘f (12)
V=11 + (0 — )/, +% (13)
qr — “qr'r r)%Mdr dt
. d’.
Vs = Tgsls — WAgs + d—?s (14)
, d,
Z/:ir = ldrr,r - (- cor);'qr + d? (15)

wom

where represent rotor side quantities referred to stator, ‘@’ is
the synchronous speed, ‘o, is the rotor speed or instantaneous
angular velocity of the motor shaft (rad/s). Here ‘v’y/, ‘v'¢/ are equal
to zero, since a squirrel cage induction motor is considered for sim-
ulation, in which rotor terminals are shorted.Now the equations for

flux-linkage for OWEIM are given by,

2 “qs Lm + Lls 0 Lm 0 iqS
)\,/ds _ 0 Lm —+ L[S 0 / Lm l:is (]6)
2y Ln 0 Ln+L, O i
A 0 L 0 Lu+L,/\i,

where, ‘L, ‘L’ and ‘L, are the magnetizing inductance, leakage
inductance of stator winding and leakage inductance of rotor wind-
ing referred to stator respectively.

The electromagnetic torque ‘mgy developed in the OEWIM is
expressed as

3plL M "
mg = 33 L—T (Agsigr — Adsigy) (17)
where ‘p’ is the number of poles of the machine.
The mechanical equation governing the OEWIM-pump drive is

expressed as
dow,
J dt

where ‘J' is the moment of inertia for OEWIM (kg-m?), ‘B’ is the coef-
ficient of centrifugal load torque, ‘m;’ is the centrifugal pump load
torque given by,

+Bw, +my =my (18)

my = K,,? (19)

where ‘K, is the centrifugal pump constant.
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3. Operation and control strategy used for the proposed system

The proposed system uses dual MPPT algorithm which is assim-
ilated with the decoupled PWM technique along with V/f control.
Since, the proposed system uses two isolated PV sources, the gen-
erated maximum power from these sources can be extracted sep-
arately using two independent MPPT algorithms (dual MPPT). As
the proposed system is a single-stage and uses two independent
MPPT algorithms, there is a challenge involved in the assimilation
of the dual MPPT algorithm along with the motor control. The dual
MPPT algorithm generates two different values of modulation
indices ‘mg;" and ‘mgy,’ for both the PV sources PV1 and PV2 respec-
tively. These two values of modulation indices ‘mg;’ and ‘mg,’ indi-
vidually controls the operating voltages of two PV sources or track
MPP for two PV sources individually. Further, the two modulation
indices ‘mg;’ and ‘mg,’ values are again used by the decoupled PWM
technique for the determination of common frequency of the mod-
ulating wave. In decoupled PWM technique, the reference output
voltage vectors of both the inverters are added. This may also help
in increasing the operating voltage range for the PV array. Also, the
usage of decoupled PWM technique with OEWIM gives the option
of using two sets of PV arrays with low PV/dc-bus voltage [46]. This
reduces the voltage rating of dc-bus capacitor and semiconductor
devices. As the system uses independently two individual sets of
PV array configurations, this helps in minimizing the shading prob-
lem. This can be supported by the usage of two independent MPPT
algorithms for the two sets of PV array. Thus, the proposed system
also facilitates the usage of different combinations of modules or
groups for the two sets of PV array. In other words, it distributes
the MPPT between the two sets of PV array configuration where
each source tracks MPP individually. Thus, dual/distributed MPPT
algorithm ensures the maximum utilization of both the PV arrays.
The maximum power extracted by using individual MPPT algo-
rithm, is then given to the motor-pump set via a dual-inverter.

In addition to the decoupled PWM technique, the usage of sim-
ple V/f control strategy in motor control, further ensures the high
performance of OEWIM-pump set. This can be attributed to the
fact that V/f control maintains the rated flux which helps in retain-
ing the rated torque capability of the motor. Thus, it effectively uti-
lizes the PV power by maintaining optimum torque with respect to
power generated at the PV sources. Details of the implementation
of dual MPPT algorithm along with the inverter and motor control
technique is described below.

The simple and robust Perturb and Observe (P and O) algorithm
was employed in the proposed system to extract the maximum
possible power from both the PV sources (see Fig. 4). The proposed
system consists of two sets of PV arrays and each array is con-
nected to an individual MPPT controller namely MPPT1 and MPPT2
as shown in Fig. 2. The dual MPPT algorithm modifies or decide the
corresponding modulation index (‘mg;" and ‘mgy’) for the isolated
dual-inverter. The algorithm requires the average value of voltages
and currents of the two PV sources employed in the system. Thus,
the algorithm first senses the average value of the PV voltages
(Vov1), (Vpv2), and currents (I,y1), (Ipv2) from two sets of PV arrays
PV1 and PV2 respectively. Then the individual PV power ‘Pp,;
and ‘P,,,’ for PV arrays PV1 and PV2 respectively are calculated.
The calculated individual PV power and sensed voltage are then
compared with their previous values for determining the sign of
the slope of the p-v curve for both the PV sources separately. With
respect to the sign of the slope (+ve or —ve) the values of modula-
tion indices ‘mg;’ and ‘mg,’ are modified (decreased or increased)
by a small constant value (Am,). The modified values of modula-
tion indices ‘mg;’ and ‘mg,’ for the individual inverters are further
processed with the operating voltage of the PV array for the calcu-

lation of resultant reference phase output voltage vector ‘Vy' as

given in (20). This is done because, the value of PV operating volt-
ages for both the sources are not equal and constant. So, the effect
of change in ‘V,,;’ and ‘Vp,,2’ together could be taken care by the
algorithm to get effective tracking of maximum power. Further,
as the decoupled PWM is employed, the resultant three-phase
voltage vector across the windings of the motor is the sum of the
two vectors ‘OP;’ and ‘OP,’ (Fig. 2) as given below,

|V5r| = (mal X prl + Mg X val) = |Vsr1‘ + |Vsr2| (20)

Thus, the challenge associated with the operation of single-
stage system with dual MPPT along with the motor control is
solved with the consideration of resultant vector. In other words,
the problem of common modulating frequency for both the invert-

ers can be resolved by using ‘Vsr‘ in calculating ‘f;,.s for both
inverters as described below.

od = ‘Vz| Xfrated (21)

‘ Vsr(rated) ‘

where ‘\75,(,amd)' is the maximum output phase voltage of the OEWIM
operating in the linear modulation region and ‘frated’ is the fre-
quency of the rated voltage at rated power output in the linear
modulation region. For a peak phase voltage of 325V, from the

dual-inverter configuration system, Vg rqreq) is calculated as follows:

Virrated) = (?) x Ve = (?) % 564 ~ 488 V (22)

where 564 V is the total required PV/dc-bus voltage to maintain the
peak phase voltage of 325V in the linear modulation range for the
proposed PWM technique. So, to implement the V/f control for the
proposed system the modulating frequency ‘fio4’ is calculated using
(21) and (22). The calculated value of ‘f,04 is then used by the
decoupled PWM algorithm of the individual inverters for the gener-
ation of required PWM pulses. The position angle ‘o’ (see Figs. 2 and
4) of the output voltage vector for Inverter-1 and Inverter-2 is cal-
culated based on ‘fi;0¢" and sampling time period, ‘Ty’. Decoupled
PWM then uses the reference voltage space vector ‘|Vs|Za’ that is
to be synthesized from the electrically isolated dual-inverter sys-
tem. This vector ‘|Vi,|Z«’ is resolved into two opposite components
‘|Vsr1lZe” (OP1 in Fig. 2) and ‘|V2|£(180° + o) (O'P2 in Fig. 2). The
decoupled components OP1 and O’P2 are then given as the refer-
ence voltage vectors for Inverter-1 and Inverter-2 respectively.
These vectors are then used by the carrier based space vector
PWM technique [47] to generate the required gating pulses for
the power semiconductor devices of the dual-inverter.

4. Simulation results

To study the performance of the proposed system operated with
dual MPPT, simulation is performed using MATLAB/Simulink soft-
ware. The simulation is done using the 48 samples per cycle of
the applied fundamental phase voltage irrespective of the magni-
tude of the resultant three-phase voltage vector across the wind-
ings of the motor ‘V;,’. Specifications considered in the simulation
for the PV system and the OEWIM motor are given in Table 1. To
verify the performance of the dual MPPT algorithm, asymmetrical
configurations for the two PV arrays (PV1 and PV2) are considered
as indicated in Table 1. Also, to study the dynamic behavior of the
system, four different environmental conditions were considered.
Fig. 5(a) and (b) show the insolation and temperature respectively
at which both the PV arrays are operated. Also, it can be observed
from subplots (c¢) and (d) of Fig. 5 that the value of PV current
increases with the corresponding decrease in its voltage. This
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Fig. 4. Flow chart of the dual MPPT and decoupled PWM algorithm used in the proposed system.

Table 1

Parameters of solar PV system and OEWIM.
PV module@ STC [44] OEWIM
Voe 210V Rated voltage(L-L) and power 400V, 4 kW
Ise 3.74A Rated speed, Nr 1430 rpm
Vvipp 171V Stator winding resistance, rg 1.405 Q
Ivipp 35A Leakage reactance, Xjs = X 1.8344 Q
Puipp 59.9W Supply frequency, f 50 Hz
PV1 array 22 x 2 No. of poles, P 4
PV2 array 11 x2 Rotor winding resistance, r, 1.395Q

nearly confirms the PV array characteristics. Another observation is
that by changing the insolation (G) and temperature (T), there is
corresponding change in the PV variables like current and voltage
of both the PV arrays. Furthermore, it can be observed from the
simulation results shown in Fig. 5 that modulation indices ‘mg;’

and ‘mgy’ for the individual inverter (Inverter-1 and Inverter-2) fol-
lows the respective PV power generated. Lower the value of PV
power, lower is the value of respective modulation index
‘Mmgr’(Where h € (1,2)) at MPP, and vice versa. Thus, an increase or
decrease in PV power leads to the respective increase or decrease
in the value of corresponding modulation index ‘mg;’. This justifies
that modulation indices ‘mg,;’ and ‘mgy’controls or tracks MPP for
the two PV sources individually. This can be observed from simu-
lation results in subplots (e) and (f) of Fig. 5.

Another useful observation from Fig. 5 is that the operating
voltage of PV arrays passes through optimum (MPP) voltage for
every step increase in insolation and temperature. Also, the small
oscillations in modulation indices (‘mg;" and ‘mg,’) clearly indicate
operation of both the PV sources near MPP. This can also be con-
cluded by the matching values of peak power during transient
tracking and steady-state near MPP as given in the PV power
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Fig. 5. Simulation results for the proposed

subplot (e) of Fig. 5. Low ripple content in PV power and matching
with peak PV power at transient and steady-state for both arrays
confirms the effectiveness of the dual MPPT algorithm. Further, it
can be noted that PV voltage waveform shows a sudden rise or fall
in its value during the step increase or decrease in insolation and
temperature. This can be attributed to charging and discharging
of PV capacitor ‘Cpy/ with excess or deficit PV power during tran-
sient condition. Last subplot of Fig. 5 shows the waveform for the
magnitude of modulating frequency, ‘f..q4". Effect of oscillations
and increase or decrease in value of modulation indices
(‘mg;’ and ‘mgy’) can be observed in the magnitude of modulating
frequency ‘fmoq- Also, the time interval between the change in
the values of modulation indices (‘m,;’ and ‘mgy’) increases with
the decrease in the value of ‘f;,,,4. This can be attributed to syn-
chronization of MPPT with V/f control.

Fig. 6 show the simulation results for motor-side parameters at
four different environmental conditions as shown in subplots (a)
and (b) of Fig. 5. Variations in the peak value of the motor phase
voltage can be observed in subplot (a) of Fig. 6. This is mainly
due to the corresponding variations in the resultant PV array volt-
age. The voltage of each individual PV sources with their corre-
sponding modulation index defines the reference voltage vector
Vi’ and ‘Vg,,' for Inverter-1 and Inverter-2 respectively as shown
in subplot (b). The other plot in (b) is of ‘V,’ which is the resultant
of ‘Vi;;" and ‘Vy,»'. The magnitude of the output reference voltage
vector for each inverter defines the power contribution of the

Time () ——>

system showing waveforms at PV source side.

respective PV source. Thus, an increase or decrease in the value
of inverter reference voltage vector will lead to respective increase
or decrease in the corresponding PV power. This can be verified
with subplots (e) of Fig. 5 and (b) of Fig. 6. Further, an interesting
observation is that the nature of ‘f;,,,4’ (subplot (g) of Fig. 5) and ‘V,’
(subplot (b) of Fig. 6) waveforms is same. This can also be attribu-
ted to the working of V/f control strategy.

The OEWIM is coupled to centrifugal water pump load, where
developed torque and output power are directly proportional to
square and cube of the motor speed respectively. Thus, any change
in the motor speed will directly affect the motor torque and the
output power. If the system performs effectively then change in
PV power should be reflected on the speed of the motor-pump.
This can be verified from the subplot (e) of Fig. 5 and subplots
(d), (e) and (f) of Fig. 6. This can also be observed from the peak
value of the motor phase current. The value of motor phase current
increases or decreases with respect to the torque requirements.
Thus, an increase or decrease in the torque value results in corre-
sponding increase or decrease in the phase current. Another way
to measure the system performance is with respect to the slip
value and slip power. The values of slip and slip power increases
or decreases with the respective increase or decrease in the value
of developed torque or generated PV power. This can be attributed
to the fact that slip value is mainly controlled by developed torque.
Increase in the value of developed torque will result in the corre-
sponding increase in slip value and therefore the slip power. This
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Fig. 6. Simulation results for the proposed system showing waveforms at motor-pump side.

can also be observed in Table 2 which summarizes the simulation
results obtained at four different environmental conditions. High-
est value of slip near rated PV power is 4.00% as given in Table 2.
Low value of slip (below 5%) as can be observed from subplot (g)
of Fig. 6 confirms the high performance of the motor with low slip
power losses. Last subplot of Fig. 6 show the efficiency curve of
motor power with respect to the input PV power. At steady state,
efficiency of the motor is near to 90% for various environmental
conditions as can be observed from Table 2.

Fig. 7 shows the expanded view of the motor phase voltage and
current waveform from the subplots (a) and (c) of Fig. 6 respec-

Table 2
Summary of simulation results for the proposed system.

G1 G2 PV n (%) Speed Torque Slip  Slip
(Suns)/ (Suns)/ Power (rpm) (N-m) (%) Power
T1(°C) T2 (°C) (W) (W)
0.3/30 0.2/25 1018 87.85 863.00 09.90 2.61 2335
0.6/40 0.5/35 2176 90.16 1121.75 16.70 341 66.88
0.8/45 0.7/40 2941 90.29 1241.00 20.43 3.79 100.60
1.0/50 0.9/40 3686 90.26 133840 23.74 4.00 134.40

tively. More than three-level operation can easily be observed in
the waveform of the motor phase voltage. This helps in reducing
the current ripple and improves the THD of the current waveform
compared to three-level operation. Diminution in phase current
ripple helps in reducing the torque and power ripple and which
in turn improves the motor performance. High magnitude of ripple
content in the current waveform at lower insolation can be attrib-
uted to larger magnitude of high frequency harmonics in the Fast
Fourier Transform (FFT) plot of the phase voltage. This can be
observed from FFT plots of the motor phase current and voltage
in Fig. 7. It can also be observed that the THD of the phase voltage
improves with increase in the value of modulating frequency ‘fiod’
or output power. Thus, the magnitude of ripple content and the
THD value in current waveform decreases with the increase in
modulating frequency ‘fi,04’ Or output power.

5. Conclusion

The solution for two independent PV source fed OEWIM for
water-pump load is presented in this paper. The proposed system
is operated using dual MPPT algorithm where the maximum power
from both the sources are extracted separately. This improves the
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Fig. 7. Motor phase voltage (v,142) and current (iz;42) With their FFT plot at steady state (a) at low insolation and (b) at high insolation condition.

performance of the PV water pumping system, since, maximum
power can be extracted effectively from both the PV sources. In addi-
tion, the operation at low value of the slip using V/f control justifies

efficient operation of the motor. High performance of the system for
different values of insolation and temperature can be observed in
Table 2. Another advantage of the proposed system is it gives more
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than three-levels in the phase voltage for asymmetrical configura-
tion with ratio of 2:1 dc-bus voltages for the two PV sources of the
OEWIM. This reduces the motor torque ripple content. Thus, it
improves the performance of the system. Therefore, a high perfor-
mance water-pump solution is proposed which utilizes both the
PV source and the motor efficiently. The given solution can also be
extended for multiple PV sources as given in Fig. 1(e).
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