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ABSTRACT An improved performance of a photovoltaic (PV) pumping system employing a synchronous
reluctance motor (SynRM) under partial shading conditions is proposed. The system does not include the
dc–dc converter that is predominantly being utilized for maximizing the output power of the PV array.
In addition, storage batteries are also not contained. A conventional inverter connected directly to the PV
array is used to drive the SynRM. Further, a control strategy is proposed to drive the inverter so that the
maximum output power of the PV array is achieved while the SynRM is working at the maximum torque
per Ampère condition. Consequently, this results in an improved system efficiency and cost. Moreover,
two maximum power point tracking (MPPT) techniques are compared under uniform and partial shadow
irradiation conditions. The first MPPT algorithm is based on the conventional perturbation and observation
(P&O) method and the second one uses a differential evolution (DE) optimization technique. It is found
that the DE optimization method leads to a higher PV output power than using the P&O method under the
partial shadow condition. Hence, the pump flow rate is much higher. However, under a uniform irradiation
level, the PV system provides the available maximum power using bothMPPT techniques. The experimental
measurements are obtained to validate the theoretical work.

INDEX TERMS Photovoltaic pumping system, maximum power point trackers, synchronous reluctance
machines, motor drives.

I. INTRODUCTION
In the recent days, solar photovoltaic (PV) systems have been
played a key role in the renewable energy systems, due to
the availability of the solar irradiance in contrast to the other
renewable energy sources (RESs). They have many advan-
tages such as free access to them, inexhaustibility, cleanness
and low maintenance [1]–[4]. Further, thanks to the progress
in the production technology of the PV cells, their price is
decreasing dramatically [1].

The solar system could work as a standalone (off grid)
or connected to the grid. The standalone PV systems are
employed in several developing countries e.g. Egypt, Sudan,
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Algeria, India etc. [2], [5]–[8], particularly in the remote
areas from the grid [1], [4]. Several developing countries,
in particular African countries, have a quite availability of
the sun. For instance, Egypt has an average sun irradiation
level of about 600 W/m2 [9], [10]. This encourages to install
standalone PV systems for pumping applications. A detailed
analysis about the investigation on a site-specific application
of solar PV pumping systems in different countries are given
in [2]. The main conclusion from [2] is that the solar system
is an effective, sustainable and easy way to pump the water
for irrigations and house needs. Nevertheless, the price of the
solar PV modules and the efficiency of the whole system are
still great challenges. Accordingly, various literature research
is being carried out to improve the whole efficiency of the
solar pumping system as well as to minimize the cost.
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Several authors have addressed the selection of the elec-
tric motor that is employed in PV pumping system [2]–[4],
[9]–[18]. In the past, the solar pumping system used mainly
the brushed DC motors. The main advantage of this system
is that the DC motors can be simply directly connected to
the solar array. However, in this case the system performance
might be not optimal. Hence, a DC-DC converter could be
used to drive the system in an efficient way [11], [19]–[24].
The transient and steady state performances of direct cou-
pling of several types of DC motors to a PV supplied water
pumping systemwere investigated in [19]–[24]. These papers
showed the influence of different irradiation levels, load-
ing conditions and several controllers on the PV system.
It was found that the separately excited and PMDC motors
are more appropriate than both the shunt and series DC
machines for PV water pumping systems [22]–[26]. Never-
theless, DC motors experience several disadvantages due to
the brush contacts and commutator. This requires frequent
maintenances and increases running cost that reduces the reli-
ability and efficiency of the system [25]–[27]. Consequently,
the brushless machines are receiving a great attention in the
pumping systems because of their merits, particularly the low
running cost and the high efficiency [4].

Considerable literature publications have been inves-
tigated the solar pumping systems when brushless DC
motors (BDCMs), induction motors (IMs), PM synchronous
motors (PMSMs) and switched reluctance motors (SRMs)
are employed [12], [13], [14], [15], [27]. The solar pumping
systems using BDCMs have been extremely investigated in
the literature. This is because they have several advantages
such as high robustness and efficiency. A single stage PV
array fed BDCM driven water pump is presented in [28].
This system does not use the conventional DC-DC converter.
However, there is a need for three hall sensors to accom-
plish the electronic commutation to drive the system at the
maximum power point of the PV array. The IMs are utilized
in solar systems in [29] and [30] for water pumping based
on an inverter without using a DC-DC converter. However,
as known, the IMs experience a relatively lower efficiency,
in particular under partial loading cases due to the domination
of the copper losses [17]. Consequently, these disadvantages
motivate using the PMSMs. In [14], a PMSM fed from a solar
array and driven a water pump, as an example of a standalone
solar system, is studied. However, this study does not take
into account the inverter losses. In addition, the PMs suffer
from the unstable market in terms of the availability and the
prices. Furthermore, the demagnetization due to the weather
conditions – in particular in the harsh environments where
the ambient temperature might be high– is a great challenge.
Hence, reluctance machines have been considered as good
candidates in the pumping systems [30]–[33].

For pumping systems in developing countries, syn-
chronous reluctance motors (SynRMs) offer many merits in
contrast to the various kinds of electric motors. These merits
include a simple structure and a low cost. Besides, they do
not have windings, cage and magnets in the rotor, hence they

have a better temperature distribution. Furthermore, they have
acceptable efficiency, which is better than that of IM and
behind that PMSM [31]. However, limited research work was
done regarding the PV pumping systems using SynRMs [3],
[4], [32]. The design considerations of a solar pumping sys-
tem using SynRM is shown in [3]. In addition, [4] presented
a control method to enhance the performance of the solar
system shown in [3]. However, both [3] and [4] considered a
SynRMof axially laminated caged rotor. This rotor type leads
to an increased losses and it is difficult to be manufactured.
Besides, an approximated model of the SynRM was used
in which the core saturation impact on the inductance of
the machine was neglected. This results in a deviation in
the predicted SynRM output power, hence the whole per-
formance of the system [18]. Further, the geometry of the
SynRM and the PV modules arrangement were not opti-
mally designed. Furthermore, maximizing the output power
of the PV array is done using a boost converter which makes
the system more costly and complex. Recently, the authors
of [32] presented an analysis and design of a PV pumping
system using a SynRM. However, the PV pumping system
includes DC-DC boost converter to maximize the PV output
power. Moreover, [33] has presented an investigation of PV
pumping system utilizing a SynRM, without using batteries.
The conventional inverter is employed to drive the motor and
to maximize the PV output power of the array. However, a
uniform solar irradiation distribution over all the PVmodules
is assumed i.e. no partial shadow on the PV modules is
occurred. In addition, a conventional maximum power point
tracking method (MPPT), i.e. perturbation and observation (P
and O) method, is used to maximize the PV output power.

To this end, the presented manuscript extends the work
in [33] and aims to further investigate the influence of par-
tial shadow condition on the performance of the PV system
employing SynRM. Compared to the conventional P and
O MPPT method, an optimization technique is proposed to
further improve the whole system performance. In this paper,
section II provides the design of the various components of
the whole system; section III investigates the control of the
proposed system; the performance of the whole system using
two different MPPT techniques under uniform and shadow
conditions is presented in section IV; experimental validation
is shown in section V. Finally, conclusions of this work are
highlighted in section VI.

II. DESIGN OF THE PROPOSED PV PUMPING SYSTEM
The schematic diagram of the proposed PV pumping system
is sketched in Fig. 1. The system consists of the following
components:
• PV array;
• Conventional voltage source inverter (VSI);
• Three phase synchronous reluctance motor (SynRM);
• Centrifugal pump;
• Control system
The proposed PV pumping system is employed for pump-

ing water for the purposes of irrigation and human needs in
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FIGURE 1. Schematic diagram of the proposed PV pumping system.

the rural regions in which the connection to the grid is not
possible or costly. It is well-known that the required amount
of water depends on the area of the agriculture land and
the number of persons. It is assumed that the mean required
amount of water is about 350 m3/day. To achieve this amount
of water (350 m3/day), it is necessary to know approximately
the available period in which the motor drives the pump.
This depends on various factors e.g. weather, season, country
etc. Hence, the number of sunny hours is assumed to be
10 hours/day. Consequently, the mean pump flow rate is
35 m3/hour. The height difference (the head) of the water
is 35 m as an assumption. Hence, the required mean output
power of the pump can be computed based on the flow rate
and the height difference as will be shown later.

A. DESIGN OF THE CENTRIFUGAL PUMP
Using the flow rate and the total head, the output power of the
pump is expressed as follows [34], [35]:

Pp =
ρg
3600

QH (1)

where ρ is the water density (kg/m3); g is the gravitational
constant (9.81 m/s2); Q is the flow rate (m3/h); H is the total
head (m) of the pump.

According to the aforementioned flow rate (Q) and the total
head (H ) of the pump (35 m3/hour, 35 m), the output power
of the pump can be determined that equals to 3.33 kW. Hence,
the input power of the pump can be calculated; it is 4.16 kW
at an assumed pump efficiency of 80%.

B. DESIGN OF THE SYNCHRONOUS RELUCTANCE
MOTOR (SynRM)
The rating of the SynRM is selected based on the charac-
teristics of the pump (input mechanical power and speed).
In addition, it is evident that the output power of the PV
modules varies with both the sun irradiance and temperature
levels. This means that the motor output power varies as well.
Hence, the motor will not operate at the rated power during
the whole operation period. Consequently, the motor rating is
chosen to be a 5.5 kW so that the required amount of water can
be achieved. Notice that, a margin factor is also considered in
this power rating to cover the problem of lower irradiation
levels. The SynRM geometry is sketched in Fig. 2 and its

FIGURE 2. Schematic diagram of the SynRM geometry.

geometrical parameters are shown in Table 1. The initial
motor geometry is selected based on the induction motor of
similar rated power. The rotor geometry is optimized using
finite element method (FEM) [18].
TABLE 1. SynRM specifications.

In order to control the motor in an efficient way in the PV
pumping system, it is essential firstly to examine its perfor-
mance. The SynRM performance is simulated using FEM.
In the simulation, the current controlled inverter that supplies
the SynRM is emulated by injecting a pure sinusoidal currents
in the stator windings. In addition, the rotor speed is constant
at the given value. This analysis neglects the harmonics in
the injected currents of the stator coils. Eventually, the output
power, power factor, torque ripple and efficiency can be
obtained.

Figure 3 shows the output power of the SynRM as a
function of the current angle for several stator currents at the

FIGURE 3. SynRM output power versus current angle at various stator
current amplitudes and at the rated speed.
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rated speed. The angle of the stator current vector with respect
to the d-axis, as shown in [18], is defined as the current
angle. For a fixed stator current amplitude, the variation of
the current components (d and q axis) with the current angle
results in a different SynRM output power. Besides, it is
evident from Fig. 3 that the current angle of the maximum
output power of the SynRM (MPL in Fig. 3) is not a fixed
value but it depends on the current level because of the core
saturation behavior of the machine. This can be noticed when
comparing the current angle at 25% and 100% of the rated
current: it is 45◦ at 25% of the rated current compared to 55◦

at the rated current. The green line shown in Fig. 3 indicates
the maximum power locus (MPL) of the SynRM at various
current amplitudes i.e. maximum power per Ampère.

Figure 4 displays the power factor of the motor versus
the current angle and various stator current amplitudes and
at the rated speed. It is obvious that the power factor of the
motor increases when the stator current amplitude increases;
it is also increases when the current angle increases up to a
specific value and then it deceases. This means that there is
an optimal current angle at which the SynRM is working at a
maximum power factor. However, the optimal current angle
of the maximum power factor is not constant, and it depends
on the stator current level, similar trend as the output power
(Fig. 3). The maximum power factor locus (MPFL) is shown
in Fig. 4 (a cyan line). Figure 5 presents the torque ripple
of the SynRM as a function of the current angle for various
stator current amplitudes at the rated speed. For low and high
current angles, the motor produces a high torque ripple. This
is because the SynRM torque ripple is inversely proportional
to the average torque, which is rather low for low and high
current angles (see Fig. 3).

FIGURE 4. SynRM power factor versus current angle at various stator
current amplitudes and at the rated speed.

From Figs. 3, 4 and 5, it is evident that at a given current
amplitude the SynRM can be controlled to deliver the maxi-
mum available power, to work at the maximum power factor
or to produce low torque ripple depending on the application.
These features can be obtained by controlling the dq-axis
current components of the motor via the current angle value.

The total losses and the simulated efficiency of the SynRM
as functions of the current angle at the rated current and speed
are reported in Figs. 6 and 7 respectively.

FIGURE 5. SynRM torque ripple % versus current angle at various stator
current amplitudes and at the rated speed.

FIGURE 6. SynRM total losses versus current angle at various stator
current amplitudes and at the rated speed.

FIGURE 7. SynRM efficiency % versus current angle at various stator
current amplitudes and at the rated speed.

The efficiency is computed using the output power and the
total machine losses (core and copper losses). Notice that,
the losses of the mechanical part and pulse width modulation
of the currents are not taken into account. To compute the iron
core losses, the flux density magnitude B is obtained from
FEM solution of the SynRM. Thereafter, the iron core losses
are determined using the method mentioned in [5]. The cop-
per losses are calculated simply using the resistance and the
current of the SynRM. It is observed that the SynRM losses,
shown in Fig. 6, decreases when the current angle increases.
This is because the flux density amplitude decreases, result-
ing in a decrease in the iron losses. Notice that the copper
losses are constant for the same current amplitude. From
Fig. 7, the SynRM efficiency is about 94.74% at the rated
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current and speed and at the optimal current angle (maximum
torque per Ampère). Moreover, the simulated efficiency map
of the SynRM at the optimal current angles for currents and
speeds up to the rated value is reported in Fig. 8. It is observed
that the SynRM efficiency is about 84% for low speed and
torque: which is rather high for such motor rating compared
to the induction machines.

FIGURE 8. Simulated efficiency map (in percent) of the SynRM at the
optimal current angles up to the rated current and speed.

C. DESIGN OF THE THREE PHASE VOLTAGE SOURCE
INVERTER (VSI)
A conventional VSI is used in the proposed system. Figure 9
displays a sketch of the VSI that includes three legs
of 2 IGBTs each.

FIGURE 9. Schematic diagram of the VSI.

The rated power and power factor of the SynRM are used to
calculate the rating of the inverter (kVA). A 10 kVA inverter
is selected based on the output power (5.5 kW), efficiency
(94.74%) and power factor (0.66) of the SynRM. In addition,
an increase of a 10% is also taken into account in the inverter
rating (10 kVA) as a margin factor. The DC link voltage of the
inverter is 800 V to achieve the required motor rated voltage,
considering a margin factor. The efficiency of the inverter is
assumed to be 96%. The DC link capacitor is selected to be
1000 µF [1].

D. DESIGN OF THE PV ARRAY
The PV module mentioned in Table 2 is employed to con-
struct the PV array. The voltage-power and voltage-current
curves of the PV module at different solar irradiation levels

TABLE 2. PV module specifications.

and temperatures are shown in Figs. 10 and 11 respectively.
Evidently, the irradiation level affects the output power of the
solar PV module much more than the temperature.

FIGURE 10. PV module characteristics at three solar irradiance levels
(G = 200 W/m2, 400 W/m2 and 1000 W/m2) and one temperature
(T = 25◦C).

FIGURE 11. PV module characteristics at three temperatures (T = 25◦C,
35◦C and 45◦C) and one solar irradiance level (G = 1000 w/m2).

Based on the previous analysis (a, b and c), the required
output power of the PV array is selected to be 5.66 kW.
Consequently, the required number of PV modules is 42 of
135 W each (see Table 2). All the modules are connected
in series in order to provide the necessary DC bus voltage
and the motor current. The characteristics of the PV array are
shown in Fig. 12 for various solar irradiance levels at T =
25◦C, assuming a uniform distribution for the irradiation over
all the PVmodules. The green marker line in Fig. 12 indicates
the maximum power line (a) and the corresponding voltage
and current (b). Figure 13 shows the PV array characteristics
under three different partial shadow patterns at T = 25◦C.
The total number of modules (42) is divided into two parts
in Pattern 1 with two irradiation levels (G = 1000 W/m2
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FIGURE 12. The PV array characteristics at various solar irradiance levels
(G = 250 W/m2, 500 W/m2, 750 W/m2 and 1000 W/m2) with assuming a
uniform irradiance distribution over all the modules and T = 25◦C.

and 300 W/m2), three parts in Pattern 2 with three irradiation
levels (G = 1000W/m2,G = 800W/m2 and 400W/m2) and
four parts in Pattern 3 with four irradiation levels (G = 1000
W/m2, 800 W/m2, 600 W/m2 and 300 W/m2). It is clear
from Fig. 13 that the PV array output power under shadow
condition has a global maximum power point.

FIGURE 13. The PV array characteristics under three different shadow
patterns (Pattern 1: G = 1000 W/m2 and 300 W/m2, Pattern 2:
G = 1000 W/m2, G = 800 W/m2 and 400 W/m2, and Pattern 3:
G = 1000 W/m2, 800 W/m2, 600 W/m2 and 300 W/m2) and T = 25◦C.

It is observed from Fig. 1 that the proposed system has
neither DC-DC converter that is always used to maximize the
output power of the PV array nor storage batteries. This is
to reduce the losses and the cost of the system. Notice that,
in some industrial application, a regulated DC- bus voltage
and/or a battery storage is necessary. However, in case of the
pumping system, both DC-DC converter and batteries could
be removed [25]–[28].

III. THE CONTROL SYSTEM
The sketched of the whole system components is reported
in Fig. 14. It is well-known that the SynRM is not a self-
starting machine. This means that a control system is always

FIGURE 14. Sketch of the complete system.

necessary to drive the motor to work properly. In addition,
the operating point of the PV array must be near maximum
power point (MPP) to maximize the output power of PV
system. Therefore, MPP tracking (MPPT) system is highly
required. Use of MPPT leads certainly to increase PV system
efficiency, accordingly reduces the total number of required
PV modules, and therefore minimizes the capital system
cost [36]. The control system of the proposed PV system
includes two main parts: (a) the first part is based on the
conventional field oriented control to drive the SynRM to
maintain the maximum torque per Ampère condition, and
(b) the second part is using a maximum power point strategy
for maximizing the output of the PV array.

A. FIELD ORIENTED CONTROL (FOC) TECHNIQUE
The conventional field oriented control (FOC) technique is
employed to drive the SynRM. The diagram of FOC is shown
in Fig. 15 in which two reference signals are required.

FIGURE 15. The diagram of the FOC.

The first set point signal is the speed (ωr∗) that is an
effective factor in the PV pumping system; because the pump
load torque is a function of the motor speed. The second
set point of the FOC is the d-axis current (id∗) which is
responsible for driving the SynRM at the maximum torque
per Ampère (the marker green line in Fig. 3). The set point
of the current (id*) is obtained using the pump load torque
from the lookup table (LUT), which is built from FEM.
Three proportional integral (PI) controllers are employed: one
PI controller for the speed loop and the remainder two PI
controllers are used in the d and q axis current components
loops. The parameters of the PI controllers can be obtained
by several ways. A trial and error method is used to obtain
the PI controller parameters in the simulation. However, an
experimental method is implemented to obtain the param-
eters of the controllers in the experimental measurements.
Moreover, a MPPT is necessary for maximizing the output
power of the array. To drive the system efficiently, the locus
of the maximum power of the PV array (i.e. the green marker
line in Fig. 12) and the maximum power per Ampère of the
SynRM have to be matched (the green marker line in Fig. 3).
This can be done as follows. 1) The set point of the motor
speed is obtained from the maximum power point tracker;
2) the set point of the d-axis current is obtained from the
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lookup tables that is constructed from FEM simulations, in a
similar manner as Fig. 37 (appendix section) [5].

B. MAXIMUM POWER POINT TRACKERS
The solar system contains several PV panels that are intercon-
nected in series and/or in parallel to fulfill the desired system
rating. Consequently, the conditions of partial shadow (CPS)
can easily occurs. It takes place when a part of the PV array
collects a non-uniform solar radiation [37]. The PV system
should be built in a region free from shadow. It is commonly
built in urban regions; thereby PV system can exposed to CPS
e.g. caused by adjacent buildings. Consequently, the power-
voltage curve of PV array has some local maximum points
and one global point. This problem decreases the efficiency
of conventional MPP tracking techniques [38], [39]. The
conventional MPPTs were proposed to increase PV system
efficiency under normal conditions [40]. Such techniques
comprise as an example: hill climbing and P&O method.
Although, the conventional MPPTs are successfully extract
MPP under uniform irradiance, where only a unique MPP
appears at power-voltage curve. In contrast, such MPPTs
cannot deal very efficient under CPS, where the PV charac-
teristics include several MPPs [42]. Consequently, PV sys-
tem efficiency is reduced. To solve this dilemma, employing
meta-heuristic optimizers for extracting global MPP has
been initiated [36]–[53]. Such algorithms include for instance
Flower Pollination [42], Differential Evolution [41], Cuckoo
Search [37], Shuffled Frog Leap Algorithm [43], Particle
Swarm Optimization [38], Ant Colony Optimization [44],
Teaching–Learning-Based Optimization [49] and Mine Blast
Optimization [50]. Twomaximum power point tracking tech-
niques are compared in this study: (a) conventional pertur-
bation and observation (P&O) method and (b) differential
evaluation (DE) based global technique.

1) CONVENTIONAL PERTURBATION AND OBSERVATION
(P&O) MPPT TECHNIQUE
The flow chart of the conventional P&O MPPT strategy
is shown in Fig. 16. In this technique, first, the PV array
voltage and current are measured. Then, the output power of
the array is computed. The present value at time instant m
of the measured PV power and voltage are compared with
the previous values at time instant m-1; the time difference
between the two instants is one sample time (1e-5 s). At the
end, the reference speed of the motor is obtained as shown
in Fig. 16. This speed ensures maximizing the output power
of the PV array.

2) DIFFERENTIAL EVOLUTION (DE) BASED GLOBAL
MPPT TECHNIQUE
The DE based global MPPT technique is considered one of
the most popular optimizers that is employed to tackle global
optimization problems. It starts the solution process with ran-
dom population. Next, the mutation, crossover, and selection
stages are taken place tomodify the population throughout the
evolution in the direction of the optimal solution.More details

FIGURE 16. The MPPT strategy at time instant m.

about the DE optimizer applied to global MPP for PV system
is presented in [42] and [41]. Implementation of mutation and
crossover stages creates a trial vector ωui for each target
vector. Then, a selection stage is carried out between trial
and target vectors. The mechanism of the solution process
for DE algorithm is explained as fellows; the motor speed is
employed as a target vector and the solar PV output power
represents the fitness function. Through the maximum and
minimum speed limits [ωmin,ωmax], the target vectors are ran-
domly positioned. Then, the generated population of motor
speeds is applied to PV pumping system. Then, the PV power
is estimated via sensing PV current and voltage. After the
initialization stage is completed, the largest PV power is
nominated as Pbest and the obtained motor speed ωi is kept as
the best choice ωbest . Then, two diverse population are arbi-
trarily chosen. A mutation factor F is employed to weight the
difference among the chosen target vector. Next, the weighted
difference is inserted into the best motor speed for generating
donor vector ωvi. The mutation stage that generates the donor
vector (ωvi) can be represented as fellows [38], [41]–[47].

ωvi = ωbest + F × (ωr1 − ωr2 ) (2)

where indexes r1 and r2 represent two different integers and
F is ascale factor.

Then, the following equation can be used to check if the
generated element is located in the specified range.

ωvi =

{
ωvi = ωmax→ if ωvi greater than ωmax

ωvi = ωmin → if ωvi smaller than ωmin
(3)

Then, the crossover stage is applied to create the trail vector
ωui based on the following equation.

ωui =

{
ωvi if rand ≤ Cr
ωi

(4)

Cr in (4) denotes the crossover control parameter.
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TABLE 3. The description of different partial shading patterns.

The final stage is the selection. It can be applied based
on (5). The comparison among target and trial vectors is
applied. Each trial vector is evaluated via PV pumping system
and corresponding output power is estimated. Based on the
comparison, the motor speed that matches the greatest value
of the PV power is employed as the next target vector;

ωi+1 =

{
ωui if f (ωui) ≥ f (ωi)
ωi otherwise.

(5)

The optimization process continues until an ending crite-
rion is met. The solution process of DE technique can be
summarized by Fig. 17.

It is worth mention that the values of ‘‘Maximum Itera-
tions’’ and ‘‘Population Size’’ are problem dependent and
usually chosen by trial and error. The maximum iteration
and population size are selected to be 10 and 5 respectively.
The DE has only two main control parameters; the mutation
scale factor and crossover control parameter. In our study,
the mutation factor and crossover parameters of the DE are
set to be 0.6 and 0.67 respectively based on [41].

IV. PERFORMANCE OF THE PROPOSED
PV PUMPING SYSTEM
For evaluation and test the performance of the aforemen-
tioned system, extensive MATLAB simulation work is done.
Here, we compare the performance of the system under two
different MPPT algorithms i.e. P&O and DE. The system is
studied under uniform irradiation and partial shadow con-
ditions. In uniform irradiation case, the standard irradiance
level (1000W/m2) is considered (see Fig. 12), while in partial
shading case three different patterns for the irradiance is
investigated as shown in Fig. 13. Under shadow condition,
the bypass diodes which are parallel connected with each
PV module will be forward biased and carry the generated
current instead of shaded panel [49], [50]. On the other hand,
these diodes have no influence under uniform distribution of
solar irradiance since they are reversing biased. The studied
PV pumping system comprises of 42 series-connected solar
modules. Each module consists of 36 series-connected cells
with a peak power of 135 Watt. The ideal output power of
the PV system is 5.6 kWp (i.e. 42 × 135 W). To assess the
influence of CPS, three various partial shadow patterns are
used, as shown in Table 3. Figure 18 shows the power-voltage
curves of PV system under uniform and partial shadow con-
dition (three different patterns of CPS). It can be noticed that,

FIGURE 17. The solution process of DE technique.

the first, second and third patterns contain two, three and
four peaks respectively, depending on the number of various
levels of incident solar irradiance. The main idea of using the
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FIGURE 18. The power against voltage curves of solar array under
uniform irradiance and three various patterns of CPS.

various patterns of CPS is to vary the position of the global
MPP from left to middle to right to evaluate the performance
of the DE-based tracker under different conditions as well as
to assure the reliability of the DE-based tracker to extract the
global MPP for any case of shadow effect.

A. UNIFORM IRRADIATION CASE
Under uniform irradiance case, one irradiance level, i.e.
1000 W/m2, is used. Figures 19 to 21 show the performance
of the system under a uniform irradiation level. Figure 19
shows the speed and torque response of the motor using the
P&O and DE MPPT techniques. It is clear that the motor
works at the rated speed (3000 rpm) and delivers the rated
torque (17.38 N.m) successfully. Notice that, using P&O
technique the motor speed increases until the PV output
power is maximum, then it becomes constant. The time taken
to catch the MPP using P&O is about 1.2 ms. However,
using DE technique the motor starts with random speed and
based on DE technique eventually, the optimum speed that
maximizes the PV output power is obtained. The time taken to
reach the MPP using DE technique is definitely much longer

FIGURE 19. Run-up response of SynRM under uniform irradiation level.

FIGURE 20. dq-axis current components of SynRM under uniform
irradiation level.

FIGURE 21. PV output power (a) and pump flow rate (b) under uniform
irradiation level.

than the time taken using the P&O strategy under uniform
irradiation levels over the PV modules. The presented results
based on DE technique shown in Figs. 19 to 21 and in the
rest of the paper are only of the final obtained speed that
maximizes the PV output power. Figure 20 shows the dqaxis
currents of the motor using the two MPPT techniques. It is
clear that the motor currents follow accurately the reference
signals. In addition, the dq axis currents are similar using
the conventional P&O and DE MPPT techniques. The PV
array output power and the pump flow rate are shown in
Fig. 21(a) and (b) respectively. Obvious, the PV array out-
put power is maximum (see Fig. 18) based on both MPPT
techniques.

Moreover, in this case, if the irradiation level is reduced,
e.g. from 1000 W/m2 to 750 W/m2, the maximum available
power of the PV array will be reduced as presented in Fig. 12,
hence the output power of the motor will be reduced as shown
in [33].

B. FIRST SHADOW PATTERN CASE
Figures 22 to 24 report the performance of the system under
the first shadow pattern condition. Two different solar irra-
diation levels of 1000 and 300 W/m2 are imposed to the PV
array as a first shadow pattern. Under this case as illustrated
in Fig. 18, the power against voltage curve has two peaks of
MPPs. The global MPP of 2836 W exists at 371.91 V.
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FIGURE 22. Run-up response of SynRM under shadow condition (First
pattern).

FIGURE 23. dq-axis current components of SynRM under shadow
condition (First pattern).

FIGURE 24. PV output power (a) and pump flow rate (b) under shadow
condition (First pattern).

Figure 22 shows the speed and torque response of themotor
under the first shadow pattern using the conventional P&O
and DE MPPT techniques. Clearly, the motor speed using
DE technique (Fig. 22(b) is much higher than the conven-
tional P&O method (Fig. 22(a)) by about 14.81%. Conse-
quently, the torque of the pump in case of using DE technique
(Fig. 22 (d)) is higher than using P&O method (Fig. 22 (c))
because it is proportional to the motor speed. The dq-axis cur-

FIGURE 25. Run-up response of SynRM under shadow condition (Second
pattern).

rents of the motor are shown in Fig. 23 using the two MPPT
techniques. It is obvious that the motor currents follow accu-
rately the reference signals. In addition, the dq-axis currents
are different in the twoMPPT techniques. This is because the
torque of the motor is different. Figure 24(a) and (b) show the
PV output power and the pump flow rate respectively. It is
evident from Fig. 24(a) that the PV array can deliver much
output power using the DE MPPT technique than P&O by
about 41.90%. This also results in a high flow rate of the pump
as shown in Fig. 24(b). The flow rate of the pump using DE
MPPT technique is much higher than using P&O method by
about 52%.

C. SECOND SHADOW PATTERN CASE
Figures 25 to 27 show the performance of the system under
the second shadow pattern condition. Three different solar
irradiance levels of 1000, 800 and 400 W/m2 are imposed
to the PV array as a second shadow pattern. In this case, the
power versus the voltage curve of the PV array has three peaks
ofMPPs as displayed in Fig. 20. The globalMPP of 3145.1W
exists at the center point of 504.05 V. Figure 25 shows the
speed and torque response of the motor under the second
shadow pattern using the conventional P&O and DE MPPT
techniques. It is noticed that the motor speed using DE tech-
nique (Fig. 25(b) is higher than the conventional P&Omethod
(Fig. 25(a)) by about 10.58%. Thereby, the torque of the pump
in case of using DE technique (Fig. 25(d)) is higher than using
P&O method (Fig. 25(c)) as explained before. The dq-axis
currents of the motor are shown in Fig. 26 using the two
MPPT techniques. It is clear that the motor currents follow
accurately the reference signals. Figure 27(a) and (b) show
the PV output power and the pump flow rate respectively.
It is obvious from Fig. 27(a) that the PV array can give much
output power using the DE MPPT technique than P&O by
about 32.48%. This also results in a high flow rate of the pump
as shown in Fig. 27(b). The flow rate of the pump using DE
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FIGURE 26. dq-axis current components of SynRM under shadow
condition (Second pattern).

FIGURE 27. PV output power (a) and pump flow rate (b) under shadow
condition (Second pattern).

MPPT technique is much higher than using P&O method by
about 32.77%.

D. THIRD SHADOW PATTERN CASE
Figures 28 to 30 report the performance of the system under
the third shadow pattern condition. Four different solar irra-
diance levels of 1000, 800, 600 and 300W/m2 are imposed to
the PV array as a third shadow pattern. In this case, the power
versus the voltage curve of the PV array has four peaks of
MPPs as seen in Fig. 18. The global MPP of 2812W exists at
603.4 V that is corresponding to the second right point on the
power against voltage curve (see Fig. 18). Figure 28 displays
the speed and torque response of the motor under the third
shadow pattern using the conventional P&O and DE MPPT
techniques. It is clear that themotor speed usingDE technique
(Fig. 28(b) is higher than the conventional P&O method
(Fig. 28(a)) by about 17.88%. Therefore, the torque of the
pump in case of using DE technique (Fig. 28(d)) is higher
than using P&O method (Fig. 28(c)) as explained before.
The dq-axis currents of the motor are shown in Fig. 29 using
the two MPPT techniques. It is clear that the motor currents
follow accurately the reference signals.

Figure 30(a) and (b) show the PV output power and the
pump flow rate respectively. It is obvious from Fig. 30(a) that
the PV array can givemuch output power using the DEMPPT

FIGURE 28. Run-up response of SynRM under shadow condition (Third
pattern).

FIGURE 29. dq-axis current components of SynRM under shadow
condition (Third pattern).

FIGURE 30. PV output power (a) and pump flow rate (b) under shadow
condition (Third pattern).

technique than P&O by about 50.48%. This also results in a
high flow rate of the pump as shown in Fig. 30(b). The flow
rate of the pump using DE MPPT technique is much higher
than using P&O method by about 61.60%.

The updating process of the motor speed during searching
process of DE MPPT technique for the aforementioned cases
are shown in Fig. 31. Notice that, each color in Fig. 31 repre-
sents one particle (motor speed) of the population size (five
particles).
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FIGURE 31. The updating process of the motor speed during searching
process of DE-based tracker.

It is observed in the previous figures that higher transients
in case of DE compared to P&O are seen. This is because the
variation rate of the speed set point from 0 to the steady-state
value is much higher in case of DE. This results in higher
transients in the current and hence the torque.

V. EXPERIMENTAL VALIDATION
To validate the theoretical work shown in this paper,
the experimental setup in Fig. 32 is constructed. A 5.5 kW
prototype SynRM is connected via a torque sensor with a
9.3 kW induction motor. A conventional inverter (VSI) is
utilized to drive the SynRM. The control system shown before
in Figs. 15 and 16 is implemented in DS1103 platform and
is employed to drive the SynRM. An incremental encoder
of 1024 sample/revolution is employed to measure the speed
of themotor. Three current sensors (LA25-P) are used tomea-
sure the SynRM currents. The electrical components of the
system such as voltage, current, power factor are measured
by a power analyzer. A DC controlled supply is emulated the
PV array; the maximum allowed voltage and current of the
DC supply are 605 V and 17 A respectively. The induction
motor is driven by a commercial inverter in the torque control
model in order to emulate the various loading conditions of
the pump.

The four studied cases before, i.e. uniform irradiance, first
shadow pattern, second shadow pattern and third shadow pat-
tern, are implemented experimentally on the test bench shown
in Fig. 23. The simulated results using P&O and DE MPPT
schemes are shown in Table 4 for the different cases. In the
Table 4, the IPh, Nr, Po and Vdc stand for the phase current,
speed, output power of the SynRM and the DC bus voltage
of the inverter respectively. To validate the simulated results,
the DC bus voltage of the inverter and the reference speed of
the SynRM control are given based on the obtained simulated
values using P&O and DE MPPT schemes (Tables). Notice
that, the maximum permitted DC voltage in the experiments

FIGURE 32. A photograph of the experimental setup.

TABLE 4. Comparison between simulated and measured results of
different cases.

(605 V) is used for all simulated points having a DC voltage
higher than 605 V. Further, the induction motor, that emulates
the pump, is controlled to provide the load torque that makes
the SynRM absorbing the phase current listed in Table 4.
Thus, the output power of the motor is measured for each
case, see Table 4. A good matching between the measure-
ments and simulations is evident. The measured results val-
idate the operating conditions of both P&O and DE MPPT
schemes.

To better understand the results in Table 4, as an example,
the result of uniform irradiance case using P&O method is
shown here. The load torque produced the induction motor
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FIGURE 33. Measured SynRM speed versus the time.

FIGURE 34. Measured torque versus the time.

FIGURE 35. Measured dq- axis currents versus the time.

FIGURE 36. Measured efficiency map of the whole drive using SynRM.

is set at the rated value of the pump and the rated speed
(3000 rpm) is given as a set point for the SynRM control
of Fig. 15. The current set point id∗ in Fig. 15 is obtained
from a lookup table (from FEM) based on the load torque
to fulfill the maximum torque per Ampère condition for the
SynRM. Figure 33 shows the measured speed of the reference
and the motor at a steady state operation. The motor speed
follows accurately the set point. Figure 34 shows the mea-
sured torque of the given load and the motor as a function
of time. The motor can provide the required load torque.
The measured dq-axis currents are shown in Fig. 35. The
measured efficiency map of the whole drive (prototype+
inverter) is reported in Fig. 36. For different load torque,

the d-axis current is obtained to achieve the maximum torque
per Ampère condition. It is clear that the efficiency of SynRM
is good even for low load torque and speed. Consequently, the
whole solar system efficiency will be improved.

VI. CONCLUSIONS
In this paper, an improved performance of a solar photovoltaic
system employing synchronous reluctance motor (SynRM)
for pumping application is shown. The system does not use
the DC-DC converter for maximizing the output power of the
PV array. In addition, storage batteries are not included as
well. The conventional voltage source inverter is employed to
drive the system in an efficient way using a proposed control
system. The performance of the proposed system under two
different MPPT methods i.e. perturbation and observation
(P&O) and differential Evolution (DE) techniques is stud-
ied under uniform and partial shadow irradiation conditions.
Three different partial shading patterns are investigated.

It is found that under the first shadow pattern, the motor
speed using DE technique is higher than the conventional
P&O one by about 14.81 %. Consequently, the PV array
delivers much output power using the DE than P&O by about
41.90%. This results in a higher flow rate of the pump by
about 52%. Under the second shadow pattern, the motor
speed using DE technique is higher than the conventional
P&O method by about 10.58 %. Hence, the PV array gives
much output power using the DE by about 32.48%. Accord-
ingly, the flow rate of the pump is increased by about 32.77%.
Under the third shadow pattern, the motor speed is increased
by about 17.88%. Therefore, the PV array supplies much out-
put power using the DE compared to P&O by about 50.48%.
Thus, the flow rate of the pump increased by about 61.60%.
However under uniform irradiation level, both MPPT tech-
niques can enable the PV array to provide the available
maximum power. In general, it can be concluded that the
MPPT based on DE method improves the PV pumping sys-
tem performance compared to P&O method under the partial
shadow condition. Experimental measurements are obtained
to validate the theoretical work presented in this paper.

APPENDIX
MODELLING OF THE PROPOSED PV PUMPING SYSTEM
In this section, the mathematical model of the different com-
ponents employed in the proposed system is given:

1) PV ARRAY MODEL
The solar cell model of a one diode sketched in Fig. A11 is
used. The practical PV module includes several series-
connected solar cells.

The solar cell output current can be represented as
fellows [2], [3]:

IPV = Iph−Io

[
exp

(
VPV+RsIPV

Vta

)
−1
]
−
VPV+RsmIPV

Rpm
(A11)

77112 VOLUME 7, 2019



M. N. Ibrahim et al.: Solar Array Fed Synchronous Reluctance Motor Driven Water Pump

where Ipv and Vpv are the current and voltage of the solar
module; Io and Iph are the saturation and photocurrents; Vt
is the thermal voltage of the module; a is the diode ideality
factor; Rsm and Rpm are the series and parallel resistance of
the module.

The photocurrent depends mostly on the solar irradi-
ance intensity and cell temperature. It can be formulated as
fellows [4]:

Iph =
(
Isc + ki

(
Tc − Tref

))
G (A12)

where Isc is the module short-circuit current at standard
conditions (25

◦

C and 1000 W/m2); ki is the temperature
coefficient of the short-circuit current (A/

◦

C); Tref is the cell
reference temperature;G is the solar irradiation level (W/m2).
Moreover, the following relation can be used to estimate

the diode saturation current [4]:

Io = Irs

(
Tc
Tref

)3

exp
(
qEG
kA

(
1
Tref
−

1
Tc

))
(A13)

where Irs is the cell reverse saturation current at the reference
temperature and the solar irradiation and EG is the bang-gap
energy of the semiconductor used in the cell.

The PV array is a series and parallel connection of themod-
ules. Hence for a given number of series (Ns) and parallel (Np)
modules, the equivalent I-V relation can be as follows [4]:

IPV = IphNp − IoNp

exp
VPV + RsmIPV

(
Ns
Np

)
VtaNs

− 1


−

VPV + RsmIPV
(
Ns
Np

)
Rpm

(
Ns
Np

) (A14)

2) THREE PHASE INVERTER MODEL
The output voltage of the inverter can be represented in terms
of PV array voltage as follows [3]; with K1, K2 and K3 the
switching states of the 3 inverter legs, being either 1 or 0.
When the switch state (K1, K2 or K3) equals 1, it means that
the corresponding upper switch is ON while the lower one is
OFF and vice versa. The IGBTs of the inverter are assumed
to be ideal which means that the conduction losses of the
inverter are not taken into account.

van =
1
3
(2K1 − K2 − K3)Vdc

vbn =
1
3
(−K1 + 2K2 − K3)Vdc

vcn =
1
3
(−K1 − K2 + 2K3)Vdc (A15)

3) SYNRM MODEL
The SynRM ismodelled in dq-axis rotor reference frame. The
detailed model given in [18] is used in this study. The main
SynRM model equations are as follows [18]:

vd = Rsid + pλd (id , iq)− ωrPλq(id , iq)
vq = Rsiq + pλq(id , iq)+ ωrPλd (id , iq)

Te =
3
2
P(λd (id , iq)iq − λq(id , iq)id )

 (A16)

FIGURE 37. One diode solar cell equivalent circuit.

FIGURE 38. Direct (d) and quadrature (q) axis flux-linkages of the SynRM
versus the current components.

where (vd , vq), (id , iq) and (λd , λq) indicate the voltage,
current and flux linkage of the direct and quadrature axis
components of the motor respectively; Rs and Te denote the
winding resistance and the electromagnetic torque; P and p
are the pole pairs number and the differential operator; ωr is
the rotor mechanical speed.

It is clear from (A16) that the SynRM performance
depends mainly on the dq-axis flux-linkages which in turn
to be the magnetic saturation behavior of the machine; this is
explained very well in [18]. Consequently, a model to include
the magnetic saturation behavior of the machine is necessary.
Here, the magnetic saturation of dq-axis flux-linkages of the
machine is considered as shown in Fig. 38 using lookup tables
(LUTs). These LUTs are generated from FEM. In FEM,
both id and iq are varied within a range up to double rated
current to obtain the corresponding behavior of the dq axis
flux-linkages (ψd , ψq). This way is efficient in including the
correct behavior of the magnetic saturation in the SynRM
modelling.

4) CENTRIFUGAL PUMP MODEL
The torque (Tcp)-speed (ωr ) relation of the centrifugal pump
is represented by [6]–[8]:

Tcp = Kpω2
r (A17)

where Kp is the proportionality constant of the pump and ωr
is the rotational speed of the rotor in rad/s. The Kp value is
calculated based on the rated torque and speed offered by the
motor.
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