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ABSTRACT

This paper presents the optimal operation of a photovoltaic pumping system. The operation of a permanent magnet
brushless DC motor driving a centrifugal pump is investigated. The motor is controlled through a hysteresis current
loop and an outer speed loop with a Pl type controller. The proportional and integral gains are set to their optimal
values. In order to optimise the overall system efficiency, a Maximum power point tracker is also used. Simulation is
carried out by formulating the mathematical model for the photovoltaic source, MPPT, motor and pump load. System
performances are investigated under different levels of solar insolation. The effectiveness of the proposed controller is

also demonstrated.

1. INTRODUCTION

It is well known that the sun provides almost all the
energy needed to support life. On average, the earth
receives about 1.2 10" KW of solar power. The
challenge for a sustainable future is to tap atiny fraction
of this energy to supply the relative modest demands of
human activities. Probably the most elegant way known
of doing this is to convert it straight into electricity
using solar cells.

The first efficient solar cell was made by Bell
Laboratories in 1954. Recent advances in solid state
technologies has given a boost to solar cells
implementation. High efficiency  solar cells are
nowadays available with acceptable price. The PV
modules production is rising steadily and is expected to
reach 10GW by 2010 if the current trends continues [1].

Due to the initial installation price, one has to
properly size and optimise the system operation. Most
of the research work concentrates on the optimal use of
photovoltaic generators which exhaust about 60 to 80%
of the global price depending on whether storage means
are used or not. The PV systems can be operated as a
stand-alone, hybrid or grid connected systems. The first
schemes found a wide application in remote regions to
meet small, but essential electric power requirement
such as water pumping systems [2-5].

Early studies have concentrated on ways of sizing,
matching and adapting PV pumping systems since a
proper match between the installed capacity with the
isolated load is essential to optimise such installations.
Various studies have been done on the choice of the
drive system, which suits PV source, type of pumps to

use and ways to control and optimise the whole
system [6-17]. This was firmly related to the existing
technologies

At the early stage, only DC motors were used to
drive pumps. Direct coupling of series, shunt, and
separately excited DC motor PV pumping systems were
studied [06-10]. Steady state and transient
performances were considered. It was found that the
overall performances are totaly different of those
obtained when these motors are connected to a constant
voltage source. The separately exited and permanent
magnet motors were found the more suitable for PV
system, the PM motor offering a high power/weight and
torque/current ratio. Recent implementation showed that
the PM motors are well suited for PV pumping, [12-
14,33]. They features high level dynamics, fast
response, and high efficiency which lend them naturally
suited for PV pumping systems mainly for low power.

Similar work was curried out later feeding motors
through a DC/DC converter [8, 10-14] for a better
adaptation of the load to the source. Steady state and
starting current and torque ratios, efficiency
improvement, and control implementation  were
analysed. The use of the adaptation techniques not only
optimises the output power from the PV generator but
also improves motor characteristics such as starting
torque and steady state parameters.

Many types of power converters are being used
such buck, boost and buck boost chopper. Recent
research has dealt with most of theses converters in
order to find the one most compatible with the PV
conversion system in matter of power efficiency [29-
32]. It was stated that the boost converter is the most
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convenient for maximum power tracking. Furthermore,
if the required output voltage is less than the generated
one, it was recommended to use a two stage conversion
unit, boos+step down converter [29].

For PV pumping, two types of pumps are widely used:
the volumetric pump and the centrifugal pump. It is
found the energy utilisation of the PV generator by the
centrifugal pump is much higher than by the volumetric
pump. The operation of the former takes place for
longer periods even for low insolation levels and its
load characteristic is in closer proximity to the max
power locus of the generator [7,15-17].

Later, AC motor were introduced mainly for larger
powers [?7]. Steady state and transient characteristics
were considered [17-19]. The motor characteristics are
severely affected by the PV source which was
considered as a current generator with dependent
voltage source. Two way were adopted, either to
optimise the power of the generator or the motor
efficiency. Different relationship was deduced in each
case. However it was found that if maximum motor
efficiency is amed for, the PV generator operates
efficiently in a small range only and the period of solar
utilisation is unacceptably reduced (= 50%). For such
applications, an inverter should be included in order to
perform the DC/AC conversion stage [17-20]. Mainly,
the six steps quasi-square wave inverter was used. Of
course, a PWM inverter yields better waveforms at no
real increase in cost.

For small appliances, and in parallel with the recent
advances in power electronics, new types of pumps are
used such as the vibratory pump, used in conjunction
with DC/AC resonant converters. [31

This paper presents a hysteresis current controller
for optimal operation of a brushless PM DC motor PV
pumping system with an outer speed loop. Maximum
power tracker is also included to optimise the PV
generator efficiency as well. The mathematical models
for individual blocks like PV generator, motor, pump,
..etc are presented. Simulation results and conclusion
follow thereafter.

The combined system mainly consists of the Solar
cell array generator, DC/DC converter, PMBLDC motor
coupled to a centrifugal pump as shown in Fig.1.
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Fig 1: The PV Scheme Structure
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2. PV GENERATOR MODEL

The PV scheme structure is shown in Fig.l. It
consists of solar cell Array, DC/DC converter and a PM
brushless DC motor coupled to a centrifugal pump load.

The solar cell represents the fundamental power
conversion unit of a PV system. For practical use, they
are usually assembled into modules. About 36 cells are
typically interconnected in series in order to give a
charging voltage for a 12V battery. For a high power
requirement, the modules are interconnected in
series/parallel to form a DC power-producing unit array
known as an array or PV generator.

The equivaent circuit of a PV Module is shown in
Fig.2. In normal application, resistance Ry, is assumed
high and can be neglected [5]. Therefore the 1V
characteristic for a generator formed by Ns series
modules and N, parallels ones, is given by:

V+R_I
I =1 _—I [ex;{s J—ll
p o Y

th
where |, is the photovoltaic current |, the reverse
saturation diode current R; the series resistance and Vi,
the thermal voltage given by
AKT
V.

th —

)

where A is the completion factor, K Boltzman constant,
T absolute temperature and g the electron charge

Equation (1) is used to obtain the output
characteristics of the PV generator. The main
characteristics which identify a PV generator are shown
in Fig3. As it is clealy seen, the |-V output
characteristic of a PV module is highly non-linear. It
behaves as current source for the left zone and as a
voltage source in the right zone. The output power in
theses regions is far below the optima values which
could be generated if the solar array works around the
knee of the |-V characteristic. The effect of solar
insolation and temperature is shown on Fig.4:ab
respectively. The simultaneous effect of both is also
shown in Fig.4:c-d since, practically, any rise in solar
insolation level is accompanied by an increase in
temperature.

The simplest way to achieve a PV pumping system
is to perform a direct coupling of the load, i.e. motor-
pump, to the PV source [6-11]. This is the cheapest
solution. However, even if the size of the PV generator
isinitially optimised, it is shown that the efficiency falls
heavily if temperature, insolation or drive parameters
change.

In order to optimise the output power, i.e. to track
the maximum power of the PV generator, various
Maximum Power Point Tracker techniques or MPPT are
used such as: fixed voltage control, power calculation ,
incremental conductance etc ...[27].
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Fig.3 : Photovoltaic module characteristics
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Several ways have been suggested to implement
MPPT's using analogue circuits, digital electronics
through microcomputer, DSP's and single ship
micropcontroller. Modern control approaches, such as
Fuzzy Logic, Neura Network and robust control are
nowadays used to fulfil the function of tracking the
maximum power point of hybrid and grid connected PV
system. [20-28].
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3. PERMANENT MAGNET BRUSH-LESS DC
MOTOR MODEL

The simplified schematic of the motor is shown in
Fig.5. Since the brushless PM DC motor has a
trapezoidal electromotive force, the use of Park
transform is not the best approach in modelling the
machine. Instead the natural approach is used where the
em.f is generated with respect to rotor position
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[12,14,18,23]. The operating sequences of the machine
can be subdivided into six cycles with respect to rotor
position. Fig 6 shows the back emf and current
waveforms for phase a, b and ¢ and Table.2 summarises
all the sequences.

[
T1 D1 DZ T3, D3}&
ay 5 = n
i L L stator
MR ECE:
rotor
Commutation E
Circuit | E
Hall Effect
Transducer.
Fig.5 : Brushless PM DC motor and its drive
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Fig.6 : Back e.m.f and current waveforms
The electric part of the motor can be described by [17,
19, 24].:
Van = Rig + Pl + €4 2
Vo= Rp* P+ &, &)
Ven = Rig + PAc + & 4
with Van =V, 5=V, (5)
Vbn =Vbo ~Vno ©)
Ven = VcO N VnO )

where R: per phase stator resistance ipc: phase
currents of phasesa,b and c.
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Aabc - total flux linkage of phases a, b and c. p:
L aplace operator

The flux expressions are given by the following
expressions:

Ja=Lda-M(i, +ic) ®
2p = Lip ~M(ig +ic) ©)
¢ = Leic —M(ig +iy) (10)

where Ls: the self inductance and M : the mutua
inductance.

and g +iy +ic=0 (11)
Therefore by substituting Eq.10in Eqs7,8and 9 ;

Aa =ig(Ls+M) (12)
Ay =ip(Ls + M) (13)
e =lc(Lg+M) (14)

From the electrical equations 1,2 and 3, the following
system is obtained

R 0 0fia] [Lg O 0 [ia] [ea
=0 R Ofip|+p O Leg O |iy|+|8,|(15)
0 0 RJi 0 0 Lyglic] &

with Leg=Ls+ M

from this system, the decoupled phase equations are
obtained and the explicit current equations are given by:

ia] [Hy O O [[Van] [R O OTia| [e
ip|=| 0 Ky O [[Vn|-|O R O)iy|-|& |26
ic] | 0 0 Xg|[[Ven) [0 O Rlic] [&

The mechanical part is expressed by the following
equation:

192, BQ=T,-T, 17)
dt

dQ

E=( o—T; -BQ)/J (18)

with:  Te: electromagnetic torque.

Tr : Load torque

Q speed

J. moment of inertia.

B : viscose friction coefficient.
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Neglecting the frictional coefficient and taking Q :Qp’

where p is the pole pairs number, (18) can written as:

dw

praile (Ce-C,)/3 (19)
The developed torque can be expressed by
Te:(eaia+ebib+ecic)/a) (20)
and the angular position is expressed by

de

E =w (21)

4, HYSTERESIS CURRENT CONTROLLER
(BANG-BANG CONTROL)

Several techniques can be used to control the phase
current of the brushless PM DC motor. In this paper a
hysteresis current controller is used. It has the major
advantage of not requiring the machine parameters to be
known. However the commutation frequency is not
constant. [20,21,26,27]. It depends on many factors such
as the applied voltage, the back emf, hysteresis band
Al...etc.

The maximum value of frequency is obtained at starting
and isgiven by [28] :

fmax = UIBLAI (22)
The commutations are obtained by comparing actual
currents i,pc to a rectangular reference i*a,b,c and by
keeping them in an hysteresisband Al ., Fig.7, [20-21]

The commutation sequences are summarised in the
following table, Tab.1.

values with a critical damping ratio &=1

Ifig < (ig—Al) Tion Taoff V=UR2
If ia > (i; +Al) T,off T,on  Vg=-U2
If ib < (iZ —AI) T,on Tsoff V=UR
If ib > (i; +Al)  Tpoff Tson Vi=-Ul2
Ifig <(ic—Al) Taon Teoff Ve=UR2
Ifig > (ié +Al)  Tsoff Teon Ve=-UR2

Table.1l: Commutation sequences of the switches

Fig.7: Rectangular hysteresis current control

Table2 summarises al the six possible operating
sequences of the motor including the phase voltages ,
back emf and reference currents for the hysteresis
current controller.

For speed regulation, a Pl controller is used. The
proportional and integral gains are set to their optimal

Rotor position 6° Phase voltages, back emf and reference current values

Voo e ia | Vbo & ib | Veo e ic

0°-60° U/2 Kew " | -ur2 - Kew 17| 0 | -BKwb/n+ K| O
60°-120° u/2 Ke® I 0 | 6Kw0/m-3Kew | O |-U/2 - Ko -
120°-180° 0 |-BKewb/m+5Kaw| 0 | U2 Ko 1" |-ur2 - Kew -I°
180°-240° Ur2 - Kew -0 u2 Kem " | 0 [-6Kewb/n + 7K O
240°-300° ur2 - Kew AT [ 0 |-BKewb/m + K| O | U/2 K e I
300°-360° 0 |6Kewb/n-11Kew| 0 | U2 - Kew -1 [ ur2 K o I

Table.2 : Operating Sequences of the brushless PM DC motor.

21



A. Mouss and al.

5 PUMPMODEL.

The pump used is of centrifugal type which can be
described by an aerodynamic load and is characterised
by the following eguation:

T=Ad (23)

where A is the pump constant.

The pump mechanical characteristic is shown in
Fig.8 together with the canalisation characteristic. The
head versus capacity H=f (Q) characteristics are shown
for the pump for different speed values using the base
speed data and the affinity laws, Fig.9.

T 3
(Nm)
2.5 3

157 1

O L L
50 100 150 200 250 300
® (rd/s)

Fig.8: Pump shaft torque versus speed
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Fig.9 : Multispeed family of pump head capacity curves showing
operating points and canalisation characteristic.

6. SIMULATIONRESULTS

Using fourth order Runge-Kutta numerical
resolution method under Matlab, the overall system
shown in Fig.10 was simulated. The system was first
simulated without the hysteresis current controller and
Pl speed regulator and then using them in order to see
the effectiveness of this controller.

Fig.ll:azc = shows the simulation results without
regulation, The phase current and torque high ripples
are clearly seen. The torque pulsation are more than

15% of the average value. The source current is highly
discontinuous and the speed presents an overshot in
addition to its moderate response.

t —* MPPT ¥
Inverter

PV Generator

VY

Fig.10: Overall system configuration
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Fig.11: Simulation results without regulation
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After, the speed and current regulations are introduced,
results are shown in Fig.12. The current and torque
ripples are distinctly reduced. The current oscillation are
around 0.1A and the speed of response isimproved with
no overshot.
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a) Phase current
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Fig.12: Simulation results with Pl speed and hysteresis current
controllers regulation

Fig.13 show the PV generator |-V and P-V
characteristics , the generator output current, the drive
speed and the motor torque for a solar insolation of
1000W/m? It is seen that the maximum power is
efficiently tracked, and the motor performances are
quiet good. At starting, the current rises to the short
circuit value of 4.82A with a time constant which
depends on motor electrical parameters and decreases as
the motor starts to run to stabilise at the value of 4.41A
corresponding to the optimal current and optimal
voltage of 175V. The corresponding maximum power of
the PV generator is 772W. The final steady state speed
of 314rad/s is reached with no overshot.

Fig.14 is similar to the previous one but for a solar
insolation of 500W/m?. In this case the current rises at a
value of 241A and then settles down to 2.17A
corresponding to the optimal current. The optimal
voltage is about 170V and the maximum power is
373W. The steady state speed is 270rad/s
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7. CONCLUSION

Performances of a brushless PM DC motor
connected to a photovoltaic array and driving a
centrifugal pump is investigated. A hysteresis current
controller and a standard Pl speed controller were used.
Optimal operation of the PV generator was insured by
an MMPT. Simulation results showed the effectiveness
of the proposed controller giving maximum power
efficiency , reduced torque ripple and better speed
response of the motor.
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APPENDI X

The PV generator, motor and pump used in this study
have the following parameters:

PV generator Modules AEG-40.

(For a Temperature T=25°C and solar insolation

E=1000W/nm?.)
Open circuit voltage 2240 V
Short circuit current 2410 A
Series resistance 0.450 O
Current temperature coefficient 0.06%/°C
Voltage temperature coefficient 0.40%/°C
Centrifugal pump
Rated speed 3000 rev/min
Rated power 521W
Flowrate 25971/s
Head 1411 m
Efficiency 69%
Brushless DC motor
Rated power 690 W
Rated speed 3000 rev/min
Rated voltage 200-220V
Rated current 48A
Per phase resistance 1Q
Per phase inductance 5mH
Poles number 6
E.m.f constant 0.47



