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ABSTRACT The interest in photovoltaic (PV) pumping systems has increased, particularly in rural areas
where there is no grid supply available. However, both the performance and the cost of the whole system are
still an obstacle for a wide spread of this technology. In this article, a hybrid photovoltaic (PV)-thermoelectric
generator (TEG) is investigated for pumping applications. The electric drivetrain comprises a synchronous
reluctance motor and an inverter. A control strategy for the drivetrain is employed to execute two main tasks:
1) driving the motor properly to achieve a maximum torque per Ampère condition and 2) maximizing the
output power of the PV system at different weather conditions. This means that the conventional DC-DC
converter is not used in the proposed system. Moreover, batteries, which are characterized by short life
expectancy and high replacement cost, are also not used. It is found that the motor output power and the pump
flow rate are increased by about 9.5% and 12% respectively when the hybrid PV-TEG array is used compared
to only using PV array. Accordingly, the performance, cost and complexity of the system are improved. Mea-
surements on an experimental laboratory setup are constructed to validate the theoretical results of this work.

INDEX TERMS Photovoltaic pumping system, thermoelectric generator, MPPT, synchronous reluctance
machines, motor drives.

I. INTRODUCTION
In the last decades, the global warming has become a
major issue. In addition, the prices of the fossil fuel has
also increased significantly. Therefore, there is an increased
demand on using the renewable energy sources to cover the
world need of electricity and to reduce the dependence on the
fossil fuel [1], [2]. Solar energy is completely free, accessible
by everyone and inexhaustible. The Sun light can be con-
verted directly to electric energy by using photovoltaic (PV)
cells. However, this conversion process has a low efficiency
and high capital cost. Several progress in this field has been
made to increase the efficiency and to minimize the cost of
the energy produced by the PV systems [1]–[5].
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In rural areas, where no possibility to receive an elec-
tricity from the grid, the PV standalone systems have been
become a promising solution compared to the traditional
methods like diesel generation systems. This is thanks to
several merits, among them the reduction in the PV modules
price, no noise, low running cost and low cost or almost
free maintenance [1], [2]. PV arrays convert directly the sun
irradiation to electric energy that can be consumed in home
appliances, lighting and pumping water for human needs
and agriculture. However, the PV array has a low efficiency
i.e. between 4-18% depending on the components of the PV
cell. This results in a lower efficiency of the whole PV sys-
tem. Therefore, there is a necessity to increase the harvested
energy from PV arrays in order to enhance the performance
of the whole system [2], [3].
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The PV cells convert only a small amount of the incident
solar irradiation to electric energy. The remainder part of solar
irradiation is converted to heat, resulting in an increased PV
cell temperature: up to 40 ◦C above the ambient tempera-
ture [4]. The harvested energy from the PV cells reduces
with the higher cell temperature; hence, a cooling system
is sometimes mandatory [6]. Instead of installing a cooling
system for the PV arrays that could increase the whole system
cost, thermoelectric generator (TEG) modules to convert the
generated heat from the PV cell to electrical energy could be
a promising solution. The TEG modules are mounted in the
backside of the PV modules to form the so-called ‘‘hybrid
PV-TEG array’’ [4]–[6].

In the literature, various research work has been presented
about the hybrid PV-TEG system, for example, [1], [4],
[5], [7]. In [1], it is proved that using the heat from the
PV panel to generate electricity using the TEG is possible.
In addition, both PV and TEG arrays are connected in parallel
to feed a resistive load and a battery. The output power of
each of both arrays is maximized for the different operating
conditions. However, this hybrid system has twoDC-DC con-
verters with two controllers to increase the harvested energy
from the arrays, which increase the cost and complexity of
the system. The theoretical assessment of the hybrid PV-TEG
system is shown in [5] based on the commercial data of the
PV and TEG modules. It is shown that the integration of PV
and TEG leads to an increased efficiency and output power
compared to the standalone PV system: about 5% and 6%
respectively. The performance of hybrid PV-TEG system is
investigated in [7] via a thermodynamic approach. The effect
of different conditions and structures of both PV and TEG
modules is reported. It is found that the hybrid PV-TEG
system has a higher output power, an improved efficiency and
a lower emission of the wasted heat.

In the PV systems, it is recommended to use maximum
power point tracking (MPPT) technique for maximizing the
harvested output power of the PV arrays. Several MPPT
methods have been presented in the literature e.g. pertur-
bation and observation technique etc. [8], [9]. Maximizing
the output power of the PV array is often done by intro-
ducing a DC-DC converter. By modifying the duty ratio of
the converter, the impedance that is seen by the PV array
will be varied and hence their maximum available power
could be extracted [10]–[13]. Further, in the PV pumping
system, it is also possible to maximize the output power of
the PV system using only the inverter that drives the electric
motor, without introducing additional DC-DC converter. The
maximum power of the PV array is extracted by controlling
the motor inverter [14]–[18]. Thus, there is no need for a
DC-DC converter.

In the PV pumping system, many types of electric motors
have been employed, starting from the early direct cur-
rent (DC) motors to the recent various types of alternating
current (AC) motors. The DC motors have the well-known
disadvantages of using brushes and commutators, which
require a frequently maintenance and thus a running cost.

Consequently, they are rare to be used in the recent days.
Several types of AC motors are used in the PV pump-
ing system such as induction motors, brushless direct cur-
rent motors, switched reluctance motors, permanent mag-
nets synchronous motors and recently synchronous reluc-
tance motors [13], [14]. Each motor has its own advan-
tages and disadvantages among them the cost, the con-
trol, the converter, and the size. Synchronous reluctance
motors (SynRMs) have been receiving a great interest in
variable speed drive applications such as pumping systems.
This is thanks to their several merits such as no magnets
and windings/cages in the rotor and they use the conven-
tional stator and drive system of the conventional electric
machines e.g. induction motors. Consequently, they have
a much better efficiency than the induction machines and
less or comparable cost compared to the other types of
AC machines [19]–[22].

To the best of the author’s knowledge, there is no research
work presented in the literature about the hybrid PV-TEG sys-
temwhen connected to SynRM for pumping application. This
article investigates the performance of the hybrid PV-TEG
array supplied SynRM for pumping applications. The system
has neither batteries nor DC-DC converters. The maximum
power tracking of the hybrid PV-TEG system is done by a
proposed control strategy for the motor inverter. Eventually,
the proposed system has an improved performance and could
be a promising solution for pumping applications in remote
areas.

II. SYSTEM DESCRIPTION
The system under study consists of PV modules, TEG mod-
ules, three phase voltage source inverter, three phase SynRM,
centrifugal pump and control system as sketched in Fig. 1.
The TEG modules are installed directly at the backside of the
PV modules as seen in Fig. 1 (bottom).

In order to investigate the performance of the whole sys-
tem, the mathematical model of the different components is
necessary. The complete mathematical model is presented
in [15]–[19] and briefly mentioned here.

A. PV MODULE MODEL
The PV module is represented by a single diode with series
and parallel resistances, as sketched in Fig. 2.

The current-voltage (Iph-Vph) behavior of the PV module
is given by [3], [4]:

IPV =

 Iph − Io

[
exp

(
VPV + RsIPV

Vta

)
− 1

]
−
VPV + RsIPV

Rp

 (1)

where:

Ipv: The current Io: The saturation current
Vpv: The voltage Iph: The photo current
Vt : The thermal voltage Rs: The series resistance
a: The diode ideality factor Rp: The parallel resistance

146980 VOLUME 7, 2019



M. N. Ibrahim et al.: Hybrid PV-TEG Powered Synchronous Reluctance Motor for Pumping Applications

FIGURE 1. (Top) Hybrid PV-TEG pumping system, and (Bottom) an
example of series wiring connection of PV array (2 series modules and 2
parallel strings) and TEG array (2 series and 2 parallel strings).

FIGURE 2. Equivalent circuit of the PV module.

FIGURE 3. Equivalent circuit of the TEG module.

FIGURE 4. Equivalent circuit of the VSI module.

B. TEG MODULE MODEL
The basic unit of a TEG is the thermocouple, which consists
of a couple of a P-type and a N-type pellets interconnected
by a metal. It comprises of thermocouples arrays, which are
connected in series to increase the operating voltage and in

parallel to decrease the thermal resistance. Further, it is sand-
wiched between two ceramic heat exchanger plates for uni-
form thermal expansion. The simple basic model of the TEG
module is represented by the following equation [4]–[7]:

VTEG = Voc − RTEG × ITEG (2)

where Voc is the open circuit voltage which depends on
the Seebeck effect and the temperature difference between
the hot and cold sides of the TEG module; RTEG and ITEG
are the internal resistance and current of the TEG module
respectively.

The open-circuit voltageVoc is obtained from the following
equation:

Voc = α × (Th − TC ) = α × DT (3)

where Th and Tc are the temperatures of the hot and cold sides;
DT is the temperature difference across the two junctions;
α denotes the Seebeck coefficient.

C. THREE PHASE VOLTAGE SOURCE INVERTER
The three phase voltage source inverter (VSI) is modelled
by the relation between the input DC bus voltage (Vdc) and
the output voltage of the three phases (van, vbn and vcn).
This relation is governed by the status of the IGBT switches
(X1, X2 and X3) as follows [9]: vanvbn

vcn

 = Vdc
3

 2 −1 −1
−1 2 −1
−1 −1 2

X1X2
X3

 (4)

D. THREE PHASE SYNRM MODEL
It is common to model the AC machines in the dq-axis
reference frame to avoid the variation of the inductance with
time. However, in SynRMs, the dq-axis inductances vary with
the dq-axis current components. This variation is well-known
as the magnetic saturation effect. It is proved in [19] that
the magnetic saturation influence on the inductances of the
SynRMmust be considered in the model for a correct predic-
tion of SynRM performance. The accurate SynRM model is
presented in [19] and it is used in this work. The equivalent
dq-axis circuit of SynRM is shown in Figure 5 and the main

FIGURE 5. Equivalent circuit of the SynRM.
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FIGURE 6. Flux-linkage components of the SynRM versus the current
components.

governing equations are as follows:[
vd
vq

]
=

[
Rm 0
0 Rm

] [
id
iq

]
+

[
p −ωrP
ωrP p

] [
ψd
ψq

]
Te =

3
2
P(ψd iq − ψqid )

ψd = Ld (id , iq)id
ψq=Lq(id , iq)iq

Te=J
dωr
dt
+ Bωr + TL


(5)

where:

v: The voltage d, q: The direct and quadrature
axis components
respectively

i: The current Rm: The stator phase
resistance

ψ , L: The flux linkage P, p: The pole pairs and the
and the inductance differential operator
respectively respectively

Te: The SynRM torque J, B: The moment of inertia
and viscous coefficient of
the system respectively

TL : The load torque ωr : The rotor mechanical
speed

The magnetic saturation influence on the dq-axis flux link-
ages of the machine is taken into account in (4). This can
be done by either measurements or finite element modelling
(FEM). Here, the FEM is used to obtain the influence of
the magnetic saturation on the dq-axis flux linkages. This
is included in (4) by lookup tables (LUTs) for the dq-axis
flux linkages as function of the dq-axis current components
as reported in Figure 6.

E. CENTRIFUGAL PUMP MODEL
The centrifugal pump (cp) is modelled by its torque-speed
curve as follows:

Tcp = Kpω2
r (6)

Tcp represents TL in (4).

III. CONTROL SYSTEM
As mentioned in the introduction that in the PV-TEG system
mostly two MPPT schemes based on two DC-DC converters
are employed to maximize the output power of the PV and
TEG arrays. In contrast, in this paper, only oneMPPT scheme
is integrated with the motor control technique to drive the

FIGURE 7. Representation diagram of the field oriented control (FOC)
technique.

motor inverter to execute two tasks: 1) driving the motor
properly and 2) maximizing the output power of the hybrid
PV-TEG system at different weather conditions. This means
that no DC-DC converters are used.

In the proposed system, the control part plays a very essen-
tial role in the whole system performance. The operating
point of both the hybrid PV-TEG system and the motor
depend on the control and thus the performance of the whole
system is affected accordingly. Firstly, there are several meth-
ods to control the SynRM so that it achieves a condition
of maximum torque per Ampère (MTA), maximum power
factor (MPF), minimum losses (MLs) or maximum efficiency
(ME). In this work, the MTA condition is used in SynRM.
To do so, the field oriented control (FOC) method is used
to drive the motor inverter so that the SynRM works at the
MTA condition. Representation diagram of the FOC tech-
nique is presented in Fig. 7. The MTA condition is achieved
in the FOC technique based on a lookup table (LUT) that is
generated from FEM. This table correlates the d-axis current
set point component (i∗d ) as a function of the required load
torque. The speed set point of the FOC is however obtained
from the MPPT control of the PV-TEG system, see Fig. 5.
Secondly, In order to extract the maximum available power
of the hybrid PV-TEG array, a MPPT approach is necessary.
The perturbation and observation (P&O) MPPT scheme is
employed. Figure 8 displays the schematic diagram of the
perturbation and observation (P&O) MPPT scheme. It is
obvious from Figure 8 that the measured voltage and current
of the PV array are the inputs of the P&O scheme while the
speed set point of themotor FOC is the output. Figure 9 shows
the complete schematic diagram of the whole system.

IV. BEHAVIOR OF THE PV-TEG ARRAY
Asmentioned before that the proposed system has no DC-DC
converter. Consequently, it is essential to understand the
behavior of both PV and TEG arrays so that the optimal
connection can be made to be able to maximize the power
of both arrays using only the motor inverter.

The PV and TEG arrays can be connected either in series
or in parallel. The parallel connection may require addi-
tional unidirectional power electronic switches and a DC-DC
converter for each array is probably mandatory for voltage
constraints. In contrast, the series connection doesn’t require
additional power electronic switches and the number of series
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FIGURE 8. Schematic diagram of the perturbation and observation (P&O)
MPPT scheme.

and parallel modules of both PV and TEG arrays can be
selected and arranged optimally so that the motor inverter
can be used to maximize the output power of the hybrid
PV-TEG system. To do so, it is substantial to check the behav-
ior of the PV and TEG arrays under the site conditions.

The following assumptions are used:
• Uniform irradiation level (IL) distribution over the
whole PV modules;

• The ambient temperature (T) of the PVmodule is 30◦ C;
• The difference in the temperature (DT) of the TEG
modules is 45◦C.

The power rating of both PV and TEG arrays depends
on the load requirements. Based on the design procedure
mentioned in [14], [15], the peak power of the PV and
TEG arrays are selected to be 5.034 kW and 404.70 W
respectively. The ‘‘KD135SX-UPU’’ PVmodule type and the
‘‘TE-MOD-1W2V-40S’’ TEG module type are considered in
this work. Clearly, the main source of the power is the PV
array, which contributes by about 92% of the required rated
load power. Thus, the arrangement of the series modules and
parallel strings of the PVmodules to achieve the requirements
of the motor voltage and current is necessary. Consequently,
the number of series and parallel modules of the PV array
is 42 and 1 respectively. Figures 10 and 11 show the power
and voltage versus the current of the PV array at various
irradiation levels and at an ambient temperature of 30◦ C. The
maximum power locus is depicted in both figures and clearly
demonstrates the linear variation between the current and the
maximum power of each irradiation level. The reason is that
the voltage of the array is approximately constant at the maxi-
mum power point for the different irradiation levels as seen in
Figure 11. Consequently, the MPPT can be done based on the
PV array so that the maximum power locus of Figure 10 can
be achieved, and then the series and parallel arrangements of
the TEG modules can be done based on the maximum power
locus of the PV array as will be shown hereafter.

The number of the TEG modules to achieve the required
power (404.7W) is 1000. Four series and parallel connections
are possible for this number of modules to achieve a maxi-
mum power of 404.7W. This is reported in Figures 12 and 13
that show the power and voltage versus current at various
series and parallel connections and at a temperature different
of 45 ◦C respectively. It is evident that the maximum current
limit depends on the number of parallel strings. It is necessary
that the maximum current limit of the TEG array is not lower
than the maximum current of the maximum power locus
of the PV array i.e. 7.63 A. This can be achieved by two
connections: either using 25 series modules and 40 parallel
strings or 50 series modules and 20 parallel strings. However,
the output power of the TEG array varies based on the current
flowing through it. This current is the current of the PV
array at the maximum power point, which varies based on the
irradiation level as seen in Figure 10. Therefore, the 50 series
modules and 20 parallel strings connection is the optimal
selection.

The output power versus the current of this TEG array is
shown in Figure 14, with indicating the values of the power
and current for 4 irradiation levels i.e. 250 W/m2, 500 W/m2,
750 W/m2 and 1000 W/m2. It is evident from Figure 10
that when the irradiation level varies from 1000 W/m2to
250W/m2, the PV array output power reduces by about 78%.
However, the output power of the TEG array reduces by about
56%. This means that the reduction is even low at higher
irradiation levels: for example, it is about 4.5% when the
irradiation level varies from 1000 W/m2to 750 W/m2. This
proves that there is no need to complicate the system and
increase the cost using the conventional methods of maximiz-
ing the PV-TEG hybrid system. The proposed method in this
paper could be considered valuable.

V. PERFORMANCE OF THE PROPOSED SYSTEM
The mathematical model presented in section II, the control
system shown in section III and the details of the PV-TEG
hybrid system mentioned in section IV are used to simulate
the performance of the whole system in MATLAB environ-
ment. Two cases are compared; in case 1, the motor is fed
from only the PV array while in case 2 the motor is supplied
from the hybrid PV-TEG system. The assumptionsmentioned
in section IV are applied. It is also assumed that the sun
irradiation level is varied from 500W/m2 to 924W/m2.When
the system is switched on, the MPPT starts to provide an
initial set point for the motor speed. Themotor starts to rotate.
The MPPT increases the set point speed and compares the
measured output power of the PV array at each time step with
the previous step. Thereby, the motor speed increases as seen
in Fig. 15 until the maximum output power of the PV array is
achieved. Then, the motor speed becomes constant. Figure 15
shows the speed and torque of the motor as a function of time
for the two cases. It is clear that the motor speed follows
accurately the set point speed at the two irradiation levels.
Further, the speed of the motor is higher by about 3.63% and
2.88% at IL = 500 W/m2 and 924 W/m2 respectively, when
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FIGURE 9. Schematic diagram of the whole system.

FIGURE 10. Output power versus current of the PV array at several
irradiation levels and at T = 30◦C.

FIGURE 11. Output voltage versus current of the PV array at several
irradiation levels and at T = 30◦C.

the hybrid PV-TEG array is used compared to the PV array.
Consequently, the pump load torque is higher by about 6%
and 5.7% respectively. This results in a higher output torque

FIGURE 12. Output power versus current of the TEG array for various
series (S) and parallel (P) connections and at TD = 45◦C.

FIGURE 13. Output voltage versus current of the TEG array for various
series (S) and parallel (P) connections and at TD = 45◦C.

from themotor to cover the load torque. Eventually, the motor
output power is increased by about 9.5% and 8.5% at IL =
500 W/m2 and 924 W/m2 respectively.
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FIGURE 14. Output power versus current of the TEG array of 50 series
modules and 20 parallel strings connection and at TD = 45◦C.

FIGURE 15. Response of speed and torque of the motor versus time at
two irradiation levels (500 W/m2 and 924 W/m2).

FIGURE 16. Power versus time of the motor and PV array at two
irradiation levels (500 W/m2 and 924 W/m2).

Figure 16 reports the output power of the PV and PV-TEG
arrays and the input power of the motor for the two irradiation
levels i.e. IL = 500 W/m2 and 924 W/m2. It is obvious that
the system works at the maximum power point of the PV
array in the two cases, see Fig. 10. Further, the TEG array
produces the maximum output power at IL = 924 W/m2.
However, when irradiation levelmoves away from 924W/m2,
the TEG output power is not maximum. For example, when
the irradiation level is 500 W/m2, the output power of the
TEG is reduced by about 23%, as seen in Figure 16, which

FIGURE 17. Motor current components of the motor versus time at two
irradiation levels (500 W/m2 and 924 W/m2).

FIGURE 18. Pump flow rate versus time at two irradiation levels
(500 W/m2 and 924 W/m2).

FIGURE 19. Motor losses of the motor versus time at two irradiation
levels (500 W/m2 and 924 W/m2).

can be accepted situation for such high difference in irra-
diation level. Figure 17 shows the current components ver-
sus the time of the two cases. It evident that the current is
similar in both cases. The flow rate of the pump is shown
in Fig. 18 for both cases at the two irradiation levels. It is
observed that the flow rate of the pump increases by about
12% and 9% at IL = 500 W/m2 and 924 W/m2 respectively,
when suing PV-TEG array compared to PV array. The motor
losses are displayed in Fig. 19. As seen in Fig. 17 that the
current is similar between the two cases (PV and PV+TEG),
hence the copper losses are similar. However, due to the
higher speed in case of PV-TEG array, the iron losses are
slightly higher. The dominant losses in the SynRM are the
copper losses. This results in a slight increase in the motor
losses when using PV-TEG array as illustrated in Fig. 19.
Figure 20 shows the efficiency of the motor for both
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FIGURE 20. Motor efficiency (percentage value) of the motor versus time
at two irradiation levels (500 W/m2 and 924 W/m2).

cases at the two irradiation levels. It is observed that the
motor efficiency increases slightly in case of PV-TEG array:
about 0.3%.

VI. EXPERIMENTAL VALIDATION
Experimental test bench is constructed to validate the theo-
retical work presented before. The test bench consists of the
following main components: 1) 3-ph SynRM, of the specifi-
cations shown in Appendix section, fed from a SEMIKRON
inverter, 2) 3-ph induction motor fed from a commercial
inverter, 3) power analyzer to measure the voltage, current
and power, 4) torque, speed and current sensors, 5) dSpace
controller board and 6) a controlled (current, voltage and
power) DC supply. The induction motor is controlled to emu-
late the characteristics of the pump load while the DC supply
is employed to emulate the behavior of the hybrid PV-TEG
array. A photograph of the complete test bench is depicted
in Fig. 21.

FIGURE 21. Experimental test bench.

The simulated results in case of PV-TEG array at
IL = 924 W/m2 presented before are validated by the mea-
surements hereafter. Figure 22 shows the measured and set
point of the motor speed. Figures 23 and 24 report the current
components of the motor. It is clear that the motor follows
accurately the set point values. The torque of the motor and
load is shown in Figure 25. The measured torque corresponds
well with the simulated result of Fig. 15. The measured
efficiency map of the motor for torque and speed values up to
the rated value is reported in Fig. 26. The working simulated
point is depicted in the Figure as ‘‘Point’’. The measured

FIGURE 22. Measured motor speed versus time.

FIGURE 23. Measured motor current component of d-axis versus time.

FIGURE 24. Measured motor current component of q-axis versus time.

FIGURE 25. Measured torque of motor and reference load value versus
time.

efficiency value is about 2% lower than that obtained from
the simulation, see Fig. 20. Several reasons can lead to this
difference among them the mechanical and PWM losses that
are neglected in the simulation while they are inherently
included in the measurements.
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FIGURE 26. Measured motor efficiency map up to rated torque and speed.

VII. CONCLUSION
In this paper, a hybrid Photovoltaic (PV) -Thermoelectric
Generator (TEG) system fed synchronous reluctance motor
for pumping applications is presented. The system has neither
DC-DC converters nor batteries. In addition, instead of using
cooling system to cool the PV modules, the TEG modules
are used that convert the heat generated by the PV mod-
ules into electric energy. Moreover, proposed control strategy
is presented to drive the system in an appropriate way by
controlling the motor inverter. It is observed that the motor
output power and the pump flow rate are increased by about
9.5% and 12% respectively when using the hybrid PV-TEG
array compared to only using PV array. Eventually, the whole
system performance and cost are improved. Experimental
measurements are obtained to validate the simulation results.
The results prove the potential of using hybrid PV-TEG sys-
tem driving SynRM for pumping applications.

APPENDIX
The SynRM parameters are as listed in Table 1.

TABLE 1. SynRM parameters.
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