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KEYWORDS Abstract This paper presents the performance analysis of a photovoltaic (PV) energy source driv-
Photovoltaic energy source; ing a synchronous reluctance (SyncRel) motor. The design considerations of the PV array, suitable
Synchronous reluctance for driving a centrifugal pump, are studied. Three design approaches are proposed at an average
motor; insolation of 0.5 kW/m?. These approaches depend upon determining the system operating point
Design consideration; firstly and then maintaining this point on the PV generator characteristics. The first approach takes
Modeling; motor starting current into account as an additional design criterion. The second one is based on

Pumping system achieving the maximum power at the system operating point. The third approach considers main-

taining voltage regulation of the PV generator at a pre-specified suitable value. A sample of the sim-

ulation results is introduced using the SyncRel motor measured parameters and the estimated

parameters of the PV array. It has been found that the minimum number of cells can be achieved
using the second approach.
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Nomenclature

B viscous friction coefficient, N m/rad/s P, output power of the motor, W

C proportionality factor of the pump, N m/rad/s 0 flow rate, m’/h

H total pumping head, m Far, Tqr  direct and quadrature axis rotor resistance of

Iy, 1,s  direct and quadrature axis stator current respec- SyncRel motor respectively, Q

tively, A R, stator resistance of SyncRel motor, Q
I, current drawn from the array, A T, electromagnetic torque of the motor, N m
J inertia of the system, kg m? T, constant torque of the pump, N m

Ly, L, direct and quadrature axis stator inductance of
SyncRel motor respectively, H

L4 Ly, direct and quadrature axis magnetization induc-
tance respectively, H

P number of pole pairs

P differential operator (d/dt)

P, output power of the array, W
P, input power of the motor, W

Vas, V4s direct and quadrature component of stator voltage
respectively, V
Ve terminal voltage of the array, V

V... V' maximum and effective values of the motor input
voltage respectively, V

0 load angle, rad

w, motor speed, rad/s

1. Introduction

Recently, the implementation of renewable energy resources,
such as solar and wind, for electrical power applications has
received a considerable attention. Since solar energy is free,
inexhaustible and clean, it has a great potential to be a very
attractive supply option for industrial and domestic applica-
tions such as water pumping, heating and cooling. Solar pho-
tovoltaic system uses the PV modules in order to convert the
sunlight into electrical energy. PV generation is gaining in-
creased importance as renewable source due to its advantages
like little maintenance requirements, absence of fuel cost, no
noise due to absence of moving parts [1]. In particular, the
photovoltaic pumping systems are receiving more attention
in recent years especially in remote areas where connection
to the grid is technically not possible or costly [2].

The dc motor can be directly connected to the photovoltaic
generator and an adjustable dc drive is easy to be achieved.
However, this system suffers from increased motor cost and
maintenance problems due to the presence of commutator
and brushes. Therefore, brushless motors represent an attrac-
tive alternative due to its merits over dc motors. A synchro-
nous reluctance motor fed by a photovoltaic generator
represents a brushless scheme that should be analyzed under
different operating conditions.

The implementation of the PV energy sources for water
pumping and irrigation applications based on dc motor [3,4],

an induction motor [2,5] and permanent magnet (PM) syn-
chronous motor [6] has been found a considerable interest
from researchers.

However, the photovoltaic pumping system based on a syn-
chronous reluctance motor has not gained any significant
attention from researchers until to date.

The aim of this paper is to present a mathematical model by
which the performance analysis of a photovoltaic pumping
system, based on a synchronous reluctance (SyncRel) motor,
can be predicted. In addition, the paper aims at investigating
the design considerations of the photovoltaic (PV) array, suit-
able for driving a centrifugal pump at an average insolation of
0.5 kW/m>

2. System modeling

Fig. 1 shows a block diagram of the proposed system which
consists of the following parts:

PV 3-0 3-®
Generator | FWM || SyncRel || Load
Inverter Motor

Figure 1  Block diagram of the proposed system.
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Figure 2

Equivalent circuit of a PV cell.

e Photovoltaic (PV) generator.

e Three-phase pulse width modulation (PWM) inverter.
e Three-phase synchronous reluctance (SyncRel) motor.
e Centrifugal pump load.

2.1. PV generator model

The PV generator converts the solar insolation into electric dc
power. It consists of an array of PV cell modules connected in
series—parallel combinations to provide the desired dc voltage
and current. The terminal voltage, current and the internal
resistance of the array depend on the number of series cells
(Ny), the number of parallel strings (N,) and the insolation
of the region where the PV array is installed. The approximate
equivalent circuit of a single cell is shown in Fig. 2 [7].

The terminal voltage of the PV array is given by [7]:

T.N;kA L, — 1, + N,I N,
Vg: ( l )ln(ﬂ g+ } > - <7])Igrs (1)
q NPIS Nx

where T, is the cell temperature, I, is the photocurrent, I is
the saturation current, K is the Boltzmann constant
(1.38 x 1072 J/K), A is the solar cell ideal factor of the diode,
ry 18 the series cell resistance and q is the electron charge
(1.6x 107 Q).

The photocurrent depends upon the solar insolation and
the cell temperature. It can be described as [§]:

Iph = (Isc + ki(TL‘ - T‘lt’f))G (2)

where /. is the cell short-circuit current at 25 °C and the stan-
dard value of a solar insolation (1 kW/m?), k; is the tempera-
ture coefficient of the cell short-circuit current (A/°C), T,/ is
the cell reference temperature and G is a solar insolation
(kW/m?).

The saturation current varies with the cell temperature as
follows [8]:

Tc ’ C]EG 1 1
Iy =1 - e 3
<Tre_/) P < kA (Tref TL)) 3)

where I, is the cell reverse saturation current at the reference
temperature and the solar radiation and Eg is the bang-gap en-
ergy of the semiconductor used in the cell.

2.2. Inverter model

The inverter is used to convert the dc voltage to a three-phase
voltage with variable amplitude and variable frequency.

A natural Pulse Width Modulation (PWM) switching tech-
nique is used to drive the inverter. The effective value of the
fundamental motor phase voltage is given by [9]:

MV,
y=—"t
22

where the modulation index M is the ratio between the refer-
ence sine wave and the triangular carrier wave. In the present
work, M is assumed to be 0.85. In addition, the value % rep-
resents the inverter gain.

4

2.3. Synchronous reluctance motor model

In order to eliminate the time-varying inductances in the volt-
age equations, the machine was represented in the gd-axis ref-
erence frame. The ¢—d axis reference frame is fixed in the rotor,
which rotates at w, [10].

The ¢gd-axis voltage equations can be written as:

Vs = Rylgs + Plygs + 0 Pl (5)
Vs = Ryigs + phas — 0, Plys (6)
Vi = Farlgr + DAy (7
Ve = Tarlar + phar (8)
The gd-axis flux linkage relations are expressed as:
;”q-r = Lysigs + Linglyr (9)
Aas = Lasigs + Lingiar (10)
Agr = Larlor + Lingiys (11)
Adr = Layigy + Liyaias (12)

The electromagnetic developed torque can be obtained
from the relation:

3
T, = EP(AdSin — Agslas) (13)
The electromechanical equation is given by:
T, = Jpw, + Bo, + T, (14)

The machine power angle é can be calculated as:

0= /(w, — wy)dt (15)

The steady state gd-axis stator currents can be given by:

Iy = (g) X, sin(8) + R, cos(d)] (16)

Ly = <g) (X, cos(8) — R, sin(d)] (17)
where D = XX, + Rf.

The gd-axis supply {loltage can be expressed as a function of
the machine power angle as:

Vs = Vincos(9) (18)
Vd: = - Vm Sll’l(é) (19)
2.4. Centrifugal pump model

The hydraulic output power of the pump can be characterized
by [5]:
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P, =2.7250H (20)

The relation between the hydraulic output power (P,) of the
pump and the mechanical input power (P,,) can be defined as
the pump efficiency and is given by [11]:

P
= 7” (21)

On the other hand, the load torque of the centrifugal pump

is given by [7]:

T, =T,+Co'® (22)

where T, and C are constants.

3. Design approaches

Three approaches are proposed in the design process for select-
ing the PV generator parameters at an average insolation of
0.5kW/m?2 These approaches depend upon determination
the steady state operating point of the system (V,, I,) firstly
and then maintaining this point on the photovoltaic generator
characteristics. In each approach, another criterion should be
taken into account in order to complete the design process
and obtain the final PV generator characteristics.

In the first approach, the selection of the PV generator
parameters is based on the motor starting current in addition
to the system operating point. In this approach, taking the mo-
tor starting current into account in the design process ensures
the motor capability for starting with the rated conditions.
This results in increasing the required total number of PV cells.

On the other hand, in the second approach, the steady state
operating point (¥, I,) is assumed to be corresponding to the
maximum output power of the PV generator which equals to
the required motor input power irrespective of the motor capa-
bility for starting with the rated conditions. Therefore, the re-
quired total number of PV cells in this approach is expected to
be smaller than that obtained in the first approach.

In the third approach, the PV open circuit voltage is taken
into consideration in the design process in order to guarantee
the level of this voltage in a permissible range. The selection of
the PV generator parameters in this approach is based on
assuming a voltage regulation of 20% at an average insolation
of 0.5 kW/m?>.

4. Results and discussions

In order to confirm the validity of the proposed design ap-
proaches, a sample of simulation results is introduced. The
presented samples of the simulation results are obtained using
the measured parameters of a synchronous reluctance motor

Table 1 Parameters of PV cell.

Open circuit voltage, V. 0.54V
Short circuit current, I, 0.8 A
Series cell’s resistance, rg 0.05Q
Solar cell’s ideal factor, A 3.0191
Short circuit current temperature coefficient, k; 3¢ A/°C
Reverse diode saturation current, 7, 0.5¢ > A
Reference cell’s temperature, 7T, 25°C
Band gap energy, Eg 2

Table 2 Parameters of syncrel motor.

Rated power, P, 470 W
Rated voltage, V' 200 V
Rated current, 7 2A
Stator resistance, R, 10Q
g-Stator inductance, L, 0.2228 H
d-Axis stator inductance, L 0.6366 H
g-Axis rotor inductance, L, 0.0177 H
d-Axis rotor inductance, L, 0.0745 H
g-Axis rotor resistance, r, 19.29 Q
d-Axis rotor resistance, r, 38.9Q
g-Axis magnetization inductance, L,,, 0.2043 H
d-Axis magnetization inductance, L,,; 0.5621 H
Viscous friction, B 0.000005 N m/rad/s

Pole pairs, P 2

Moment of inertia, J 0.0015 kg m>
Table 3 Parameters of centrifugal pump.
C 0.0003

s s ; ; s
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Figure 3 Characteristics of the PV generator at different
insolation level corresponding to the first approach.

rated at 470 W, 400 V and four-poles. The rotor is an axially
laminated rotor type with cage to provide a starting torque.
The parameters of the PV array are estimated depending upon
the design approach. Appropriate parameters of the centrifu-
gal pump parameters are selected.

All system parameters including PV cell, SyncRel motor
and the centrifugal pump are given in Tables 1-4 respectively.

The PV generator operating point has been obtained for the
following assumptions:

e The motor runs at its rated output power of 470 W
e The motor efficiency is 0.83 so that input motor power
is 565 W.
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Figure 4  Variation of the motor input power with the load angle
corresponding to the first approach at different insolation level.
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Figure 5 Variation of the motor input voltage with the load
torque corresponding to the first approach at different insolation
level.

e The PV generator output equals the motor input power
(assume lossless inverter)

e Considering the inverter gain, approximately equals 0.3
in the present work, the PV generator operating point is
Ve = 6655V and I, = 0.85A.

e The motor is loaded by a suitable centrifugal pump
which can be used in an irrigation system or other
human needs. The used pump parameters are given in
Table 3.

A sample of the obtained simulated results corresponding
to the proposed three approaches can be presented as follows.

4.1. The first approach

According to the first approach, considering the motor starting
current and the daily average solar insolation level (G) of

2000

1500 N
1000

G=50%

a
o
o

Motor speed (rpm)

0 02 04 06 08 1 12 14 16 138 2
Time (sec)

Motor developped torque
(N.m)
(9]
=
ﬂ’ .

-5
0.8 1 1.2 1.4 1.6 1.8 2

Time (sec)

Figure 6 Run-up response of a SyncRel motor under rated
conditions corresponding to the first approach.
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Figure 7 Characteristics of the PV generator corresponding to
the second approach at different insolation level.

0.5 kW/m?, the number of parallel strings (N, ») and the number
of series cells (N,) which gives this operating point (665.5V,
0.85 A) are 9 and 1433 respectively so that total number of
cells are 12897.

Fig. 3 shows the characteristics of the PV generator at dif-
ferent solar insolation levels corresponding to the first ap-
proach. The variation of the motor input power with the
load angle and the variation of the motor input voltage with
load torque are shown in Figs 4 and 5 respectively. It can be
observed that the motor is capable to operate with the rated
load at insolation levels equal and higher than 50%.

Moreover, it can be observed from Fig. 5 that the no-load
voltage is slightly higher than the rated value and the voltage
regulation in this case is less than 20%.
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Figure 8 Variation of the motor input power with the load angle
corresponding to the second approach at different insolation level.
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Figure 9  Variation of the motor input voltage with the load
torque corresponding to the second approach at different insola-
tion level.

Fig. 6 shows the run-up response of the SyncRel motor
under rated conditions corresponding to the first approach at
an insolation level of 50%. It can be noted that the motor
works stably with the rated conditions at this insolation level.

4.2. The second approach

With respect to the second approach, the number of parallel
strings (N,) and the number of series cells (V,) which gives this
operating point (665.5V, 0.85 A) are 3 and 1730 respectively
so that the total number of cells are 5190. In this case, this
operating point corresponds to the maximum output power
of the PV generator.

Fig. 7 shows the characteristics of the PV generator corre-
sponding to the second approach at different solar insolation
levels. The variation of the motor input power with the load
angle and the variation of the motor input voltage with load

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2

Time (sec)

Figure 10 Run-up response of a SyncRel motor under rated
conditions corresponding to the second approach.
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Figure 11  Characteristics of the PV generator corresponding to

the third approach at different insolation level.

torque are shown in Figs 8 and 9 respectively. The obtained re-
sults ensure that SyncRel motor operates stably at steady state
with the rated load. However, it can be observed in this case
that, there is no restriction on the no-load voltage and the volt-
age regulation in this case is higher than 20% as shown in
Fig. 9. This is one of the problems exist in this approach and
can be solved using any control scheme.

Fig. 10 shows the run-up response of the SyncRel motor
under rated conditions corresponding to the second approach
at insolation levels of 50% and 75%. It is clear that the motor
is not stable with the rated conditions at an insolation level of
50%. At insolation levels equal or less than 50%, the starting
problem may be solved using any control scheme However,
this problem is solved at insolation levels higher than 50%.
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Figure 13  Variation of the motor input voltage with the load
torque corresponding to the third approach at different insolation
level.

As shown in Fig. 10, the motor works stably with the rated
conditions at an insolation level of 75%.

4.3. The third approach

On the other hand, according to the third approach, consider-
ing the voltage regulation of 20% and the daily average solar
insolation level (G) of 0.5kW/m? the number of parallel
strings (V,) and the number of series cells (V;) which gives this
operating point (665.5V, 0.85 A) are 6 and 1480 respectively
so that the total number of cells are 8880.

The characteristics of the PV generator, corresponding to
the third approach, at different solar insolation levels is shown
in Fig. 11. The variation of the motor input power with the
load angle and the variation of the motor input voltage with
load torque are shown in Figs. 12 and 13 respectively.
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Figure 14 Run-up response of a SyncRel motor under rated
conditions corresponding to the third approach.

Table 4 The final obtained results of the proposed three
approaches.

Main features Approach no.

1 2 3
Total number of cells 12897 5190 8880
Capability of starting with Stable  Not stable Stable
the rated conditions at 0.5 kW/m?>
Voltage regulation <20% >20% 20%

Fig. 14 shows the run-up response of the SyncRel motor
under rated conditions for N, = 6 and N, = 1480 at an
insolation level of 50%. It is obvious that the stating problem
is solved at this level of insolation.

5. Conclusions

This paper has presented a detailed modeling of a photovoltaic
pumping system driven by a synchronous reluctance motor. The
design considerations of the photovoltaic array, suitable for
driving a centrifugal pump, have been investigated. Three ap-
proaches have been proposed in the design process, depending
upon the operating point of the system. In these approaches,
staring current, maximum power point or pre-specified voltage
regulation has been taken into account. The final obtained re-
sults of the proposed three approaches can be concluded as
shown in Table 4.

It has been found that using either the first or the third ap-
proach the motor works stably with the rated conditions at an
average insolation level of 0.5 kW/m>. However, the number of
cells used in the first approach is higher than the third ap-
proach. Moreover, the voltage regulation equals or less than
20% using the third and the first approach respectively.

On the other hand, it has been observed that the minimum
number of cells can be achieved using the second approach.
However, the motor is not stable at an average insolation level
of 0.5 kW/m? and the voltage regulation is higher than 20%.
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This problem is expected to be solved when controlling the in-
verter output by changing the modulation index.
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