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ABSTRACT

The most widely used desalination processes are based on membrane separation via reverse osmosis (RO) which
has become an important process for desalting seawater and cleaning brackish water. The use of these processes
requires an efficient control system. Consequently, it is necessary to establish a dynamic model of the system with
experimental validation. This paper deals with a new modelling approach of a small photovoltaic reverse osmosis
(PV-RO) desalination unit. The proposed model considers the unit as a Multi Input Multi Output (MIMO) process.
The relations between the output variables and the input variables are given by the use of empirical transfer
matrix. A state model of the unit is also given. Some experimental results are presented to validate the proposed
model. As result, the obtained unit model can be easily used for a process control loop implementation in order to
assure an optimum operating condition and to reduce the water product cost.

Keywords: Modelling; Photovoltaic; MIMO process; Desalination; Reverse osmosis, Renewable energy.

NOMENCLATURE

j  Process gain; unitless

Tjj Time constant; s

&,  Damping coefficient; unitless
o102 Natural throbbing; rad.s’!

II Osmotic pressure; Pa

Q, Angular pump speed; rps

0,, Reject brine valve aperture; rad.
Q, Product water flow; m’.s™!

P Pressure; Pa

1. INTRODUCTION

Water can be considered as one of the basic elements
supporting life and the natural environment, a primary
component for industry, and a consumer item for
humans and animals. Consequently to improve as
maximum as possible its quality we need to
implement automated control techniques to make
easily the management of water resources and
decision making process. The control procedure
requires the development of systems models. In
Tunisia the quality of potable water is a critical

Cs  Product water salinity; ppm
C,  Feed water salinity
T, Pump torque; N.m
T Temperature; K
Qe  Feed water flow; m>.s™
u Chemic potential; J.mol™
\% Solution volume ; m’
Di Diffusion coefficient ; m2.s™!
R Molar constant; J.mol'.K!

problem especially in the southern part of the country
(salinity ranging is between (1.000-3.000 ppm)
Bouguecha (2004), the use of small scale PV-RO
desalination units (product capacity less then 2 m*/d)
represent a possible alternative for potable water
supply for such areas where there is no access to
electricity grid. The main reason for this is the poor
energy efficiency that is typical of small scale PV-RO
systems.

The desalination is a highly complex process that
requires the knowledge of several parameters such as
the pressure, the flow rate, pH, temperature, salt



concentration etc... Awed et al (2002). Therefore, the
desalination unit is considered as a Multivariable
system.

Because of the concern for energy consumption, it is
becoming increasingly important to operate the
desalination units as close as possible to target
Alatiqui et al (1999). Since advanced control systems
are keys to improve operation of these units, there has
been a growing interest in recent years to present
different mathematic models.

Several preliminary studies can be found in the
literature, where many approaches of desalination
units modelling are given. Alatiqui et al (1999) have
described a model for the sea water desalination
systems where the manipulated variables are pH and
feed pressure.

Calangelo et al (1999) have described a mathematical
model so that the governing equations can be solved
using average hourly solar insolation and ambient
temperature value. The application of this theoretical
model to define a control strategy taking into account
the temperature as a manipulated variable is difficult.

Mandler (2000) has developed a Single In Single Out
(SISO) model for the small reverse osmosis
desalination systems. Although this model can be
used for control techniques, it does not allow the
control of the salinity which is the most important
quality parameter.

Robertson et al (1996) have developed a dynamic
matrix control algorithm based on the manipulation of
the pH and the pressure. This later was used to drive a
sea water reverse osmosis desalination pilot plant.
However, this approach can not be used in the case of
RO plant for brackish water desalination. In fact, the
salinity is less than that of the sea water and the
variation of pH is not remarkable.

Thomson and Infield (2002) have presented a Matlab-
Simulink model of a PV-RO system but without
battery. They have developed a maximum power
point tracking for the photovoltaic array. The
application of the desalination in line of sun is still
difficult. Indeed; the variation of the period of
sunshine provokes the sealing of membranes.

Ballannec et al (1999) have presented a representative
modelling with salt solutes based on an experimental
study. The model presents convection-diffusion
equations associated with the osmotic theory
equations and describes the mass transfer mechanism
in the polarisation layer. This model with non linear
equations can not be used to implement classical
automated control techniques which need the
introduction of manipulated variables.

However the use of all these respect models to
develop an advanced control strategies for the RO
desalination plants presents also some difficulties due
to either the choice of the system parameters which
should be monitored and controlled or to the limited
number of these parameters such as the SISO models.

The present study gives a new approach of modelling.
It’s firstly based on experimental results, thus the
choice of the manipulated parameters was tested.
Secondly, it takes into account the mathematic
formulation of the solubilisation-diffusion
phenomenon. Finally, it presents the unit as a Multi
Input Multi Output system which is the nearest
representation of the system dynamic.

This paper is organized as follows:

First, we present, a description of the desalination
system and the RO phenomenon, then we give the
equivalent diagram of the energetic system.

The fifth section is devoted to the modelling of the RO
unit where two models are given: the transfer model
and the state space model.

The last section is dedicated to the validation and
discussion of results.

2. DESALINATION SYSTEM
DESCRIPTION

The desalination system that we present is composed
by:

- A photovoltaic generator
- A DC/AC converter
- Accumulator batteries
- The RO desalination unit
The system configuration shown in fig.1. is composed
by three compartments: the photovoltaic generator, the
electrical adaptor and the desalination unit.

The PV generator consists of an array of photovoltaic
cell modules connected in series-parallel combination
to provide the desired DC voltage and current.

The adaptor converts the continuous voltage delivered
by the battery to an alternative voltage in order to feed
the motor pump group which provides pressurized
water to the membrane.

The desalination unit is composed by three RO
modules, each one of them is composed by a
membrane which is constituted of a thin film
composite modified polyamide type able to purify
feed water containing up to 3,000 ppm of total
dissolved solids. These modules have a nominal

capacity 1500 L/d at 800 kPa.
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Fig.1. Desalination system coupled to a
photovoltaic generator



3. REVERSE OSMOSIS
3.1 Principle

In order to determine the input and the output
variables of the desalination unit, we present briefly
the reverse osmosis principle.

When we try to separate pure water and a salt solution
through a semipermeable membrane, the pure water
diffuses through the membrane and dilutes the salt
solution. The membrane rejects most of the dissolved
salts, while allowing the water to permeate.

This phenomenon is known as natural or direct
osmosis. As water passes through the membrane, the
pressure on the dilute side drops, and the pressure of
the concentrated solution rises. The osmotic flux
continues until an equilibrium is reached, where the
net water flux through the membrane becomes zero at
equilibrium; the liquid level in the saline water will
be higher than that on the water side. The amount of
water passing in either direction achieved is equal to
the effective driving force causing the flow, called
osmotic pressure noted I which is due to the
difference between the salt concentration of both of
the feed and the product water. This pressure is a
strong function of the solute concentration and the
temperature, and depends on the type of ionic species
present. Applying a pressure P in excess of the
osmotic pressure to the saline water section slows
down the osmotic flow, and forces the water to flow
from the salt solution into the water side. Therefore,
the direction of flow is reversed and that is why this
separation process is called reverse osmosis. (Fig. 2).
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Fig. 2. Principle of the reverse osmosis :(a)natural
osmosis, (b) osmotic equilibrium, (c) reverse
osmotic

3.2 Mathematical Formulation

In order to evaluate the component (i) flow through
the osmosis membrane, the used model is a
solubilisation — diffusion model. Sure enough both of
the solvent and solute flows Q; are represented by the
following equations:

0 ="PC IffTCf grad(u) M

0 ==PC e +verad Py @
RT JC,

In the case of the solvent, water in our application, the

term of grad (C;) is negligible thus the water flow

through the membrane is given by the following

equation:

DCV AP —-Ax
.= 3
o, RT ( AX ) 3)

For the solute, the term of V. grad (P) is negligible and
the solute flow is given by the following equation

AC
. =—-DK—=B(C,-C “
0, ax B -C)

4. PHOTOVOLTAIC GENERATOR
MODEL

The use of PV generators makes easily the use of solar
energy, free, clean and inexhaustible. For the best
exploitation of this energy and for a continuous
production of water, we must install the recharged
batteries Richards et al (2002).

The coupling of the battery with the PV generator is
realized through a charge regulator. The equivalent
electrical diagram of the total energetic system is
shown in Fig. 3.
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Fig .3. The energetic system equivalent diagram

The corresponding I-V characteristic, strongly non
linear can be represented by the following equation
Sellami et al (1998)

Vp = VD - RSIp
v )
Ip = Ip/l -1, - R:/x
V +RI1 V. +R1
Ip = p/x_Ig |:eXp[q( I:4KTV p)j—1i|—p R =r (6)
sh

Where [, is the photo current, I is the reverse
saturation current, g is the elementary charge, V, is
the terminal voltage, Ry, is the shunt resistance caused
by the cell surface state, R is the serial resistance
caused by the based resistance of the junction face, A
is the idealist factor, K is the Boltzmann constant and
T is the absolute temperature.

For the battery there are several models in literature
among them we carry this presented by Borowy et al
(1997) relative to a Plumb battery where the
equivalent electrical diagram is composed by a
voltage generator coupled in series with an internal
resistance r, and a capacity c, which represent the
electrical charge and discharge of the battery.

5. THE DESALINATION UNIT
MODEL

Because of the variety of parameters, the present
study proposes the introduction of a new model which
presents the brackish water desalination small unit as
a multi Input Multi Output (MIMO) system. The
output variables or set variables are the product flow
Q, and the product water salinity C,;. These two
parameters are fundamental to control water quality
Thomson (2002), while the input variables or
manipulated variables are the motor pump angular
speed 2 , and the reject valve opening 6,, . The water
feed salinity C, is considered as a disruptive input.
The choice of these parameters is based on the
experimental results that we’ll present in this paper.
These results show the dependence of the water
quality with these parameters.

In addition to these variables, there are others which
may need to be monitored or controlled such the feed
pH and temperature. The present study does not
address the influence of these additional variables.
Then, our interest is to develop a representative model
for the RO desalination unit only which is the
principal part of the whole system.
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Fig. 4. The desalination unit configuration.

The choice of the motor pump angular speed 2p as an
input variable is based on the relation between the
speed £, the water flow Q and the pump torque

T=K 2,0 )
The pressure P applied at the membrane is
P=KQ,’ ®)

Where K is a constant depending with the pump
characteristics and the fluid density.

The following figure shows the unit static model
which presents the input and output variables.
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Fig.5. The unit static model

5.1. The desalination unit transfer model

The unit dynamic model is given by a transfer function
matrix. The relations between output variables and
input variables are based on elementary first or second
order transfer functions noted Gy Robertson et al
(1996). This MIMO process, with m=2 input variables
and n=2 output variables, has the following
representation:
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Where the outputs vector Y and the control vector U
are given by the following representations:

U= ®

N vr

The transfer matrix [T] is represented by:

[T]:{G11 qﬂ (10)

GZ 1 G22

Thus, the process will be described by the following
equation:

Y=/T]U (11)

In order to determine the elementary transfer
functions, we have realized a serial of experimental
measurements using a control and a data acquisition
system. Then, we have used the identification
procedure ““ ident ” based on the recursive least
square with Matlab software, Zilouchian (2001).

The G;; expressions are:

G“ = & :L (12)
Qp 1+7,p

8,,..C,=cte

0 kot
Go 2| e W
0‘” Q,.C=te p +2§1a61p+aé
C ka4,
(;21 =< = (14)
% 6,..C,=cte p +2éa&zp+agz
C k
G, =|—= =—2 (15)
6"" Qp ,C,=cte 1 + 2-22 p

The parameters values given by the identification
procedure with the disturbed parameter fixed at its
least value in practical conditions C, =1,000 ppm and
its maximum value C, =3,000 ppm as follows:

Table 1 Model parameters values at C.=1g/L. and

Ce=3g/L
Parameters Values at Values at
Ce=1g/L C.=3g/L
ki 2.50 3.00
Ti1 1.00 1.10
155 -0.20 -0.16
T2 1.00 1.10
|SP) -0.25 -0.28
®o1 1.50 1.20
&
0.50 0.30
ks
-0.17 -0.20
o2
2.15 1.72
& 0.75 0.45

The analysis of these expressions shows that the motor
pump speed £, has a negative action on the water
product salinity, but a positive action on the water
flow according to Eq.(3) and Eq.(4).

The reject valve opening has also a negative action on
the water product flow as

0=0.-0; (16)

Where Qr is the reject flow and Qe is the feed water
flow.

This last expression shows the effect of the reject
valve opening on the direction of the change of the
product and the reject flow rates.

5.2. The desalination unit state space model

The input variables are disconnected thus the process
can be represented by the following state equation:

X=AX+BU
Y=CX

a7

Where the state vector X and The control vector U are
defined as



0,
0, Q
X = Uu=| " (18)
Cs 6vr
C,
The constants matrices A and B are defined as
1
- 1 0 0
7
4 —w; 26w, O1 0
0 0 - 1
Ty
0 0 —o; 2§ 0,
kA 0
Tl 1
5 0 ky,@;
0 ki
T22
k, o] 0

2

If we replace the parameters with their values at the
least value of the feed salinity Ce=1,000 ppm we
obtain

Thus, the parametric disturbance has an important
influence on the state matrix values.

6. EXPERIMENTAL RESULTS AND MODELS
VALIDATION

6.1. Results and discussion

In order to have an idea about relations between inputs
and outputs variables, we have realized at the first time
several measure serials using a control and a data
acquisition system. In each measure serial, one of the
inputs is variable but the others are taken constants
Ballannec et al. (1999).

Figures 7, 8 and 9 show that the product water salinity
C, decreases with the aperture reject brine valve 6,
and the motor pump speed £, consequently these two
input variables have a negative action at Cs according
to the expressions Eq.(14) and Eq.(15) where k;; < 0
and k,,<0.
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Fig. 7. Product water salinity vs aperture reject
brine valve for various feed salinity for 2,=18 rps
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The state matrix C is defined as

1 0 0 O
C =

0o 0 1 O
The choice of the least value of C, to valid the given
model is based on the quality of the brackish water in
the region where the unit was installed. However, to
model the disturbed input we must develop an
uncertain model which takes in to account the two

extreme values of the feed salinity and determine
consequently the matrices of parametric disturbance.
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Fig. 8. Product water salinity vs aperture reject
brine valve for various feed salinity for 2,=24 rps
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Fig. 9. Product water salinity vs aperture reject
brine valve for various feed salinity for 2,=30 rps

Figure 10 shows that the motor pump speed has a
positive action on the water product flow, this is
confirmed by the Eq.(3). The aperture reject brine
valve has a negative on the product water flow from a
position where the product flow is maximum B.
CHAABENE (1994) The product water flow
decreases in all cases with feed salinity.
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Fig. 10. Product flow vs aperture brine valve for
various feed salinity at £, =18 rps

6.2 Models validation

To valid the established models, we have applied step
type signals for the input variables than we take the
output values with the data acquisition system. In
order to minimize the difference between the model
and the experimental data, the developed acquisition
software calculates the average of values serial of
each parameter and stores them in files. Then, these
files of measured values are used by Identification
MATLAB Toolbox.

Figures 11 and 12 valid the Qs and the Cs models
when a profile of step input is applied to the motor
pump speed £, the aperture reject brine is fixed at
the optimum value given by the Fig.10 .

Then we have applied a profile of a step input for the
aperture reject brine valve, the motor pump speed was
fixed at its nominal value £, =30 rps.

Figures 13 and 14 show the validation of the Qs and
the Cs models.

Cs model B
------ Cs measured

Product water salinity Cs (g/l)

Time (s)

Fig. 11. Cs model validation on a step response of
the reject valve aperture
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Fig. 12.Qs model validation on a step response of
the reject valve aperture
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Fig. 13. Cs model validation on a step response of
the motor pump speed
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7. CONCLUSION

In this work we have developed a Multi Input Multi
Output model for the dynamic of the desalination
unit. The presented model shows the effect of the
disturbed input at the system dynamic.

To establish this model we are interested in the two
essential quality parameters of the product water
which are the product water flow and the product
water salinity. The experimental results show clearly
the effect of the manipulated variables on the system
behaviour.

The development of control strategies for the
desalination system will be simplified by the use of
each of the transfer model or the state space model.

An immediate extension of this study is the
development of a general model which gathers all
parts of the system. The state space model must be
uncertain to take in to account the parametric
disturbance.
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