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ABSTRACT The two challenges facing human life are water and energy. Reverse osmosis (RO) desalination
systems are popular owning to their unique advantages. However, robust performance and power supply are
the two main challenges in this desalination system. This power is used to drive an induction motor that
rotates a centrifugal pump to apply the required back pressure to the RO membrane. To solve these two
challenges, a complete RO system powered by a photovoltaic (PV) system was considered, and for each
subsystem, a robust controller was designed based on their dynamic models. A fuzzy controller optimized by
the invasive weed algorithm (IWA) was designed to track the maximum power in the photovoltaic subsystem
under different environmental conditions. A fuzzy-PID controller was used to control the motor-pump
subsystem. Furthermore, it is focused on designing a robust controller with the ability to compensate for large
set-point changes, reject external disturbances, and cope with parametric uncertainties, such as variations in
feed water salinity. Hence, state-dependent Riccati equation control (SDRE) was used to control the reverse
osmosis system. The simulation results for different scenarios show that the proposed controller performs
well under different operating conditions and can remove the effects of disturbances on the system.

INDEX TERMS Fuzzy control, maximum power point tracking, photovoltaic system, reverse osmosis
desalination, SDRE control, artificial intelligence.

the main solutions to achieve freshwater are desalination and
reusing the water [4], [5]. The desalination process, which

I. INTRODUCTION
Water and energy are the two main needs of human life. Only

1% of water in the world is suitable for drinking or industrial
purposes [1]. There are various methods for the desalination
of salt water, and each of them has its advantages and disad-
vantages [2]. Based on the UNESCO report, by 2030, up to
40% of the world people will be influenced by water short-
age [3]. Since about 97% of water in the world is saline water,
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refers to the process of separating a special part of a water-
soluble salt, is categorized as membrane-based methods and
evaporation-based methods [2]. In both of them, the incoming
saline water is divided into freshwater and water with higher
salinity (Brine water). But, in some cases, pre-treatment units
are required before the water enters the desalination unit, and
then a post-treatment unit is required [6]. The reverse osmosis
desalination system, despite its high maintenance cost, has
advantages; its design and operation is simple and has low
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energy usage [7]. Also, with the development of membranes
that need lower pressure behind them, the use of such systems
in desalination will become more pervasive [8].

In desalination systems, consumption of energy is a crucial
factor, and even the presence of this barrier has sometimes
prevented the use of such systems. Reverse osmosis (RO)
systems require electricity to run their electric motors. There-
fore, in places that do not have access to electricity, it is
practically impossible to use such systems. In many parts of
the world, people will be forced to move to another place due
to the lack of electricity. Also, due to the lack of freshwater,
agriculture will practically disappear in such areas. Using
renewable energy such as solar energy can overcome this
issue which is available in many places [9], [10], [11], [12].
Solar energy accounts for up to 57% of the market of the
renewable energy-based desalination, which the main is RO
desalination system supplied by photovoltaic (PV) energy
[11], [13]. A technical-economic feasibility study has been
done for a PV-RO system in [14]. In [15],a state of the art
in wind and solar energy-driven RO is presented. Therefore,
in this paper, the energy supply of the RO system is regarded
as the photovoltaic system [11], [12].

However, this system has some limitations similar to other
systems. Some limitations are related to the system. For
example, the performance of the PV system is related to some
parameters such as the temperature and the sunlight intensity,
which differ from one place to another; the maintenance of
the RO system is costly, and pre and post-treatment may be
essential.

There are some researches on controlling the reverse osmo-
sis system process which many have regarded the linear
model of the RO system. For example, In [16] and [17],
the authors have considered an industrial RO system using
traditional PID controller. The controller for stabilizing the
linear reverse osmosis system around the desired point was
proposed in [18]. However, some papers have considered
the control of the nonlinear model of the reverse osmosis
system. In [19], a nonlinear feedback/feedforward control is
provided. In [20], a controller based on a nonlinear model
has been designed and implemented on the reverse osmosis
desalination laboratory system which used geometric control
methods. The influence of the variable frequency drive (VFD)
and the pressure regulating valve on the reverse osmosis
desalination system were experimentally studied in [21]. The
combined photovoltaic-reverse osmosis (PV-RO) system was
studied in [22], but only the maximum power point track-
ing of the photovoltaic system was considered. The Model
Reference Adaptive Control (MRAC) method was used for
controlling the combined PV-RO system in [23]. In [24], the
model predictive control approach was used for fault-tolerant
control of a small reverse osmosis system.

The disadvantage of these researches is that they do not
include the necessary elements for the reverse osmosis system
such as power supply, pumping process, and some others like
them. From our knowledge, only [25], [26] has considered
these elements. In [25], the super-twisting approach has been
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considered in controlling the RO desalination system besides
other elements.

A slap optimization-based PID controller has been
designed in [27] for a PV-RO system. However, the linear
model of the system has been considered and there are no
details of other elements in the system.

A new control strategy for minimization of energy was
proposed in [28] by manipulating feed pressure and reject
valve opening. In [29], energy management and control of
renewable energy-powered reverse osmosis desalination sys-
tems without batteries are proposed.

According to the above points, in this paper, the complete
set of the photovoltaic solar system, pump and electric motor
system, and reverse osmosis system membrane are examined
together. Maximum power point tracking (MPPT) in dif-
ferent environmental (temperature and radiation) conditions
of the PV solar system, an optimized fuzzy controller with
an invasive weed algorithm (IWA) is used, which is much
more efficient than classical algorithms such as hill-climbing
[30]. A fuzzy-PID controller is considered to control the
motor-pump subsystem. This controller is more robust than
the classical PID controller and performs better in nonlinear
systems. Moreover, a novel application of state-dependent
Riccati equation (SDRE) control is also proposed to regulate
the flow rates in the reverse osmosis system in integration
with the motor-pump subsystem and photovoltaic subsystem.

Therefore, the main contributions of this paper are as
follows:

- Considering the PV-powered reverse osmosis (RO)
desalination system in integration with other essential
elements

- Using the SDRE method for control of the reverse osmo-
sis subsystem

- Using Fuzzy-IWA controller for MPPT of photovoltaic
subsystem

- Evaluating the closed-loop system in dealing with dif-
ferent uncertainties and disturbances

The aim of the proposed control design is to reach proper
dynamic performance and compensate for the effects of noise
and uncertain parameters.

The structure of the paper is as follows. In the next section,
the combined RO system powered by photovoltaic system is
presented. The controller design for each part is presented in
section 3. The simulation results are in section 4, and then the
conclusions are in the final section.

Il. THE COMBINED REVERSE OSMOSIS-PHOTOVOLTAIC
SOLAR (PV-RO) SYSTEM
Fig. 1 shows the structure of the closed-loop system.
As shown in this figure, the system has the following
components:
- A photovoltaic solar generator with an energy manage-
ment block
- DC-DC boost converter, which the MPPT is done by
adjusting its duty cycle in different radiation and tem-
perature conditions.
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FIGURE 1. Combination of the reverse osmosis desalination system and the photovoltaic system.

- DC-AC three-phase inverter
- Induction motor-centrifugal pump subsystem
- Reverse osmosis membrane

In this configuration, a system that can produce freshwater
from various water sources using sustainable energy is con-
sidered.

In the following, we will describe each of the components
in more detail.

A. PHOTOVOLTAIC SOLAR SUBSYSTEM

The solar system is used to generate electricity to power the
induction motor connected to the centrifugal pump. Several
mathematical models have been proposed to describe the
performance of a photovoltaic generator [31], [32], [33].
Fig. 2 shows the single diode circuit of a solar cell.

L
® v I

FIGURE 2. Equivalent circuit of a solar cell, single diode circuit.

The generated photovoltaic current equation is as fol-
lows [34], [35]:

Voo + Ry X 1,
Ipy = Ipn — Io [exP%]
t

B (Vo +I§Rhs x 1)) "
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where;
v, = NgKT ?)
q
Lon = (Lo, rer + (Kp,5¢ X (T — Trep))) Gror 3
Io = Io,ref <T;f>3 exp [Zx—f‘z <Ti,, — %)] (Ch)
lo,ref = Lsc.res )

Voc,ref
exp (—me Xa) -1
The parameters of the solar system are given in Table 1.

B. THE MOTOR-PUMP SUBSYSTEM
Variable speed centrifugal pumps are widely used in RO
desalination systems due to their simplicity and reliability.
They supply the desired pressure behind the RO membrane.
An induction motor is used to drive a high-pressure pump,
which supplies seawater or brine water to the reverse osmosis
unit. High-efficiency induction motor control can be achieved
with the help of field control (FOC) methods. However,
knowing the speed of the rotor is essential for using this
method. In this control approach, the following relations are

satisfied on the d-axis: [36]:
Gy=®, and d,; =0 (6)

The dynamics of the induction motor by field orientation are
determined by the following equations [36]:

dig 1 Lo\ .\ .
= —(—(r,+ (=) R
di oL, ( ( ot (L,) r)tsd

. LR
+ (Sstslsq + %er + Vsd) @)

r
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TABLE 1. Photovoltaic solar system parameters.

Parameter Description
Ipy The final current generated at the output in amperes
Ipn Current from light radiation in amperes
Lphres Nominal current from light radiation in normal condition in amperes
Iy Diode current in amperes
lores Nominal saturation current of the diode in amperes
Iscrer Short circuit current in normal condition in amperes
T Cell temperature in Kelvin
Trep Nominal cell temperature in Kelvin
G The amount of radiation in watts per square meter
Grep Nominal amount of radiation in watts per square meter
q Electron electric charge in Coulomb (=1.602 x 1071%)
Eg Gap band energy (=1.381 x 10723)
K Boltzmann constant in joules per Kelvin (=1.381 x 10723)
Kise Ratio of short circuit current to thermal coefficient
a The ideal coefficient of the diode
Ve Thermal voltage
Vpy The final voltage produced in volts
Vocrer Open circuit voltage in volts
R; Equivalent series resistance in ohms
Ry Equivalent parallel resistance in ohms
disg 1 SL (Lm >2 . nonlinear differential equations (ODEs) [37], [38], which can
= o sWslsq Ri+|—) Ry )isa . . - .
di 8L L, describe the process described in Fig. 3 as follows:
2 2
_L_’"erwr+vsd) 8) dLbzA_P(vf_vb_vb)+A_PAn_l’m
L, di— AnKnV oV 2 v
ra = Lnbr Isd — &@r ©) dﬁ = —AP (Vf —vp — Vb) + A—P Amr — lA—Pewvb
dt L, L, dt  ApKnV oV 2V
Te = %lfqgr (10) an
L

Bypass flow speed v, and concentrated fluid speed v, are
the system state variables. V is the total internal volume, A, is
the area of the membrane, K, is the membrane mass transfer
parameter, pis the density of the fluid, e,, is the concentrated
flow valve resistance, e,y is the bypass flow valve resistance,
vr is the feed rate, and Arm is the osmotic pressure. Low
salinity water flow velocitiy v, and system pressures Pjy; are
defined as follows:

where isq, isq are the stator currents, @, is the flux of the
rotor, and Te,,% is the electromagnetic torque. The parameter
c=1- % is known as the leakage coefficient. In the
pressure controller design process (sub-section 3-2), load
(T1) is considered as the disturbance. Fuzzy-PID controller
is used to make the controller robust and also to consider

nonlinear effects in the model.

Ame

vp = (Psys — AT) (12)
C. REVERSE OSMOSIS MEMBRANE PAP
A membrane which is fed by a pump and two control valves Py = PAPp (Vf — vy — vr) + A (13)
are the elements of the RO subsystem. Neither pre-treatment AnKm
nor post-treatment unit is considered. T the osmotic pressure is computed as follows:

The inlet water is pressurized by a high pressure pump and

then fed into the membrane (Fig. 3). This flow is divided into Arr = 8Co (T +273) (14)
two parts, one part of which enters the bypass part with speed where:
vp, and the other part enters the membrane (Vfr). The current (1= R)+R(vf —vp)
Vs is separated into a stream with low salinity and a stream Ceff = Cfoed (a—i—(l —a) ( o )) (15)
with high salinity in speed v,. All output flows are discharged vf

at atmospheric pressure [18], [37].
Reverse osmosis systems are modeled using energy and
mass balance equations. The model consists of two ordinary
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where Cyeq shows the TDS (total amount of dissolved solids)
of the in the inlet water, § is related to the effective concen-
tration to osmotic pressure, a is an effective concentration
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FIGURE 3. Schematic diagram of the desalination process in the reverse osmosis system.

weighting coefficient, R is the minimum salt excretion from
the membrane, and T is the temperature of the process.

Ill. CONTROL STRATEGY

The PV-RO desalination system should be able to withstand
different uncertainties in all parts of the system; in the PV sys-
tem, such as changing the radiation intensity and temperature,
in the motor-pump system, such as changing in rotor resis-
tance, and RO system, such as inlet water temperature, inlet
water TDS (sea or brackish water). Therefore, a robust control
strategy is essential to have a safe and reliable performance.

To achieve maximum power in the solar photovoltaic
system in dealing with radiation and temperature changes,
a boost converter is used. The duty cycle of the boost con-
verter is controlled by an optimized fuzzy controller. The
fuzzy controller is optimized using the invasive weed algo-
rithm (IWA). The induction motor is controlled by the field-
oriented control (FOC) strategy. Field-oriented control (FOC)
or vector control is a variable-frequency drive (VFD) control
strategy that the stator currents of a three-phase AC are iden-
tified as two orthogonal components.

The inverter produces a wave with variable frequency out-
put. The mechanical energy is converted to hydraulic energy
by the pump-motor subsystem and provides the pressure
required for the reverse osmosis membrane.

The control system has three outputs, two of which are
related to the output flow rates of the reverse osmosis
membrane, and the other is the pressure behind the mem-
brane. The pressure is controlled using a fuzzy-PID con-
troller, and the two discharge outputs are controlled using the
state-dependent Riccati equation control.

For each part, a robust control strategy is considered using
its dynamic model.

A. OPTIMAL FUZZY CONTROL FOR PV SUBSYSTEM
(MPPT CONTROLLER)

A maximum power point (MPP) tracker is an electronic
device that permits the PV-system to work at its highest power
in different temperature and sun radiation conditions. The
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maximum power is achieved by adjusting the duty cycle of
the boost converter [39], [40], [41].

The goal of MPPT problems is to ensure that the maximum
power transfer theorem in electrical circuits is established.
This theorem states that to reach the maximum output power
from a source with a certain internal resistance, the load
resistance must be equal to the internal resistance of the
source, which is called impedance matching.

When the load resistance and source resistance as well as
load reactance and source reactance are equal, the maximum
power is transferred based on maximum power transfer the-
orem. In a DC circuit, only the resistances must be equal for
satisfaction of the theorem conditions. A boost converter can
do this. The duty of a boost converter is setting up the input
voltage to a higher level required by the load. This is done by
adjustment of the duty cycle; sorting energy in an inductor
and releasing it to the load.

Because the current and voltage produced by the panel are
highly dependent on environmental conditions, the internal
resistance of the panel changes due to changes in the voltage
and current produced by the panel. Therefore, assuming the
load resistance is constant; the manufacturer’s side resistance
must be adjusted. One method of impedance matching is
the use of power converters that equalize the resistance of
both the consumer and the producer. This paper uses a boost
converter (chopper circuit).

Various controllers have been introduced so far for MPPT,
but one of the simplest is the hill-climbing (HC) method.
In this method, the basis of the search is the slope of the
diagram, i.e., if it (dP/dV) is positive, the system is on the
path to the hill, but if it is negative, it means that the movement
is in the opposite direction of the peak, and the power value
is moving away from its apex, and zeroing the slope means
being at the peak of the P-V diagram [33]. Changes in the
duty cycle are applied by subtracting or adding a constant
number (assuming 0.05 here) to it. Then, the power change
is analyzed; if the power is higher than before, the following
change will be applied in the same direction. Otherwise,
it will be in the opposite direction of the first perturbation.
This method is straightforward, but when it reaches the peak
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FIGURE 4. Inputs membership functions for the PV system MPPT fuzzy controller.

point, each change, no matter in which direction, leads to a
decrease in power, which causes fluctuations in the output
and thus increases power losses.

Recently, it is shown that using the feedback control strate-
gies gets better performances in MPPT. A comprehensive
review on the application of sliding mode control was done
in [42]. Moreover, a review of topologies for I-V curve tracer
was presented in [43]. There is a review on the intelligent
solar photovoltaic MPPT techniques in [44]. Intelligent con-
trol strategies are very popular due to their ease of use and
their robustness [45]. Besides, the use of optimized fuzzy
controllers with meta-heuristic algorithms has received much
attention [46], [47], [48], [49]. These methods have a much
better performance compared to classical methods such as
the hill-climbing method. In this paper, we use an optimized
fuzzy controller with the invasive weed algorithm to reach the
maximum power point in different radiation and temperature
conditions.

Error (E) and the change of error (CE) are the inputs of the
fuzzy controller and defined as follows:

P — P

E= "=l (16)
Vi —Viz1

CE == El‘ - Etfl (17)

where P; is the power and V; is the voltage at time t. In other
words, E shows the slope of the P-V diagram. When error and
its change become zero, the system is at its maximum power.
For each input, three membership functions are considered as
shown in Fig. 4; Negative (N), Zero (Z), and P (positive).

In the proposed fuzzy MPPT controller, as shown in Fig. 4,
only three membership functions in the range [-1,1] are con-
sidered for simplicity in structure. Then, the two gains, K
and K>, are considered for adjusting the performance of the
system (Fig. 6). In other words, the proposed fuzzy MPPT
controller not only has a simple and low computational-cost
structure but also it can be used for other PV systems by only
adjusting the two gains, K7 and K5.

The output of the fuzzy controller is the duty cycle of the
boost converter. The membership functions of the output are
presented in Fig. 5; Small (S), Medium (M), and Big (B).

The structure of the fuzzy controller is shown in Fig. 6.
As shown in this figure, two tuning gains K; and K, are
regarded. These two gains and the fuzzy rule-base should
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Output membership functions for the PV system MPPT fuzzy

be adjusted to optimize the performance of the controller.
The invasive weed algorithm (IWA) is used to optimize the
performance of the fuzzy controller considering the following
performance index:

2
100 ) (18)

Poyr

The flowchart of the IWA is shown in Fig. 7.

The optimized gain are K1 = 0.15 and K> = 70. The
optimized rule-base is presented in Table 2.

For example, as shown in Table 2, when the error and its
change are exactly zero, the following rule is activated:

Cost Function = Z(

if EisZ and CE is Z then D is M

If the error and its change be exactly zero, being at the
maximum power, the duty cycle will be 0.5, i.e. the center
of the membership function M.

When the error is negative, the system is at the left of the
pick power in the P-V curve based on Eq. 16. The value of
the duty cycle D is dependent on the change of error value
(Table 2). If the change of error value is exactly zero, the
system is in the vicinity of the maximum power, and the duty
cycle is computed based on the following rules:

if Eis Z and CE is Z then D is M
ifEisN and CEis Zthen D is §

B. THE MOTOR-PUMP SUBSYSTEM FUZZY CONTROLLER

The dynamics of the pump and motor are coupled. More-
over, the pump load (77) is unknown and is considered as
a disturbance. So, a fuzzy-PID controller is designed which
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TABLE 2. Optimized rule-base for the Fuzzy-IWA controllers.
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is robust and suitable for nonlinear systems. In fuzzy-PID
controller, the controller gains are derived based on IF-THEN
fuzzy rules [50].

In this subsystem, the pressure of the system should be
regulated at a desired value which is essential for the RO
subsystem performance. The block diagram of this part is
shown in Fig. 8. As shown in this figure, two fuzzy controllers
are used for speed and pressure regulation. The desired motor
speed is derived from pressure loop.

C. RO SUBSYSTEM CONTROLLER

The feed flow rate is considered constant and to control the
feed flow into the membrane an actuating bypass valve is con-
sidered. The objective of the controller in this subsystem is to
stabilize both bypass flow rate and retentate flow rate (flow
speeds) as the outputs of the subsystem to their desired values
by adjusting the bypass valve and retentate valve (eyp, €y,)
as the control inputs (Fig. 3). The proposed controller should
not only stabilize the outputs of the subsystem to their desired
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values but also should be able to compensate for the uncer-
tainties and disturbances.

The SDRE is a sup-optimal controller for nonlinear sys-
tems [51], [52], [53], [54]. Its design is systematic and is
similar to the LQR theorem for LTI systems.

The SDRE controller is a generalization of the infinite-
horizon time-invariant LQR controller for nonlinear systems.
The weighting matrices and the algebraic Riccati equation
(ARE) are state-dependent. At each time step, these matrices
are constant, and the LQ optimal control problem is solved
in each time step. Moreover, the LQR controller is robust in
dealing with disturbances and uncertainties. In the SISO case,
the LQR design has >60° phase margin, infinite gain margin,
and a gain reduction tolerance of —6dB. Hence, the SDRE
controller is robust similarly.

The nonlinear optimal regulator control method or the
State-Dependent Riccati Equation (SDRE) controller solves
an algebraic Riccati equation to generate the optimal con-
trol law. The unique feature of this method is that due to
the state-dependent nature of the coefficients, the Riccati
equation is solved in each step with different coefficients.
This means that the feedback control gain at each stage is
different from the previous stage. The control law is able to
actively adjust itself in response to changes in system param-
eters. In addition, the degrees of freedom of the controller
design increase due to the existence of non-unique and state-
dependent coefficients.

Consider a nonlinear system as follows:

x=f@+g@u(),x0)=ux (19)
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FIGURE 8. Pressure and motor speed control loops.
TABLE 3. Parameters of the system used in simulations.
Parameters of the PV subsystem
mp 7.61A
Prax 200.143 W
I 8214
Voo 329V
N 54
N, 4
Parameters of the motor-pump subsystem
P 750 W
Ry 11.3085 Q
R, 11.8Q
Lg 0.5578 H
L, 0.6152 H
Ly 0.5578 H
J 0.0020 kg.m?
F 31165 x 10—
rad s
p 1
Q m
max 30 T
H 80m
N 2900rpm
Parameters of the RO subsystem
14 1000 %
4 0.04 m3
A, 1.27 cm?
A 30 m?
Kn 9.218 x 10‘gi
m
a 0.5
T 25°C
R 0.993
) 0.2641

Suppose g (x) = B(x). Here, x € R”, and u € R™ are the
state and the control inputs vectors, respectively. Also, f :
R" - R", B: R" - R and B # 0, Vx. The aim of the
controller is to regulate the system outputs to their desired
values while optimizing the following performance index:

L f - <xTQ @) x +u' R (x) u) dt (20)
0

J

2
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where Q(x) is a positive semi-definite weighting matrix and
R (x) is a positive-definite weighting matrix. As shown in
Eq. (20), a tradeoff between states and control input impor-
tance can be considered using Q(x) and R(x) which are

state-dependent.
Assumption 1: Function f(x) is continuous differentiable

with respect to x for all values of x.
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FIGURE 10. Behavior of the motor-pump subsystem; a) Tracking of the desired speed by the induction motor, b) Electromagnetic torque,
) Rotor flux, d) Direct current of the stator.

Assumption 2: The equilibrium point of the system with the nonlinear differential equation (19) can be written

u = 0,is x = 0. This means f(0) = 0, and as (21):
B(0) # 0.

These two assumptions imply the existence of a gen- x=AXx+B@ux), x(0)=x,fx)=Ax)x
eral state-dependent parameterization for f (x). Therefore, (21)

VOLUME 10, 2022 95593



IEEE Access

H. D. Nejad et al.: FSDRE Control of the Reverse Osmosis Desalination System With Photovoltaic Power Supply

=y
o
T

(=]
T

Feed stream velocity (m/s)
£ o

N
T

0 .

0 5 10 15

Time (s)
(@

5 T
@
Eaf
2
S
o
g3
£
1]
<
B2
2
8
3
B
14

0 .

0 5 10 15

Time (s)
(©

-
N

Bypass stream velocity (m/s)
o o o
kN o o -

o
)

o

Time (s)

(b)

Permeate stream velocity (m/s)

Time (s)

(@

FIGURE 11. Behavior of the Ro subsystem; a) Feed stream speed, b) Speed of the bypass stream, c) Speed of the retentate stream,

d) Speed of the permeate stream.

A (x) and B (x) are state-dependent matrices. The following
definitions are used for the state-dependent parameterization:

Definition 1: A (x) is a controllable parameterization of the
nonlinear system if the pair {A (x), B (x)} is controllable for
all x.

Definition 2: A (x) is a stabilizable parameterization of the
nonlinear system if the pair {A (x), B (x)} is stabilizable for
all x.

Definition 3: If for all values of x, eigenvalues of A(x)
locate in the left hand of imaginary axis, A(x) is Hurwitz.

Also, some more assumptions are made as follows:

Assumption 3: A(0), B (0), Q(0), and R(0) are matrix rated
functions C!(R").

Assumption 4: The pairs A (x), B (x) and {A (x), Q% (x)
are point stabilized, and observable parameterizations of the
nonlinear system (19) for all values of x.

The representation of the matrix A(x) is not unique when
the order of the system is 2 and more. When A1(x) and A (x)
are two different representation of f(x), another representa-
tion cab be as follows:

A)=aAi () + (1 -a)A2(x), O=a=1 (22)
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The parameter o should be chosen such that the pair
A (x),B(x) has more degree of controllability. In other
words, the controllability matrix ($.) determinant becomes
maximum, where:

®, = [B )A@)B@X)... A (x) B(x)] (23)
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The feedback controller will have the same form as the linear
mode:

u@x)=—-R"T"@)BT (x)P(x)x (24)

P(x) is the positive definite solution of the following
equation:

P@)A@)+AT ) P(x)—P (x) B(x) R~ (x) BT (x) P (x)
+0@) =0 (25)
The closed-loop dynamics is as follows:
i= [A ) =B R x)BT (x)P (x)] X (26)
So, the feedback gain is as follows:
K (x) =R ' (x) BT (x) P(x) (27)

As can be seen from these equations, the control gain depends
on the x-vector. The advantages of this technique include its
simplicity and effectiveness. As observed, no attempt was
made to solve the Hamilton-Jacobi-Bellman equation. When
the coefficients and weight matrices are constant, the non-
linear optimal regulator problem becomes the well-known
linear optimal regulator problem. Asymptotic stability in this
method is proved by Lyapunov stability theory.

Stability Proof: Assume that Q(x) is large or R(x) is
small enough, so that:

P—-0Q—-PBR'BTP <0 (28)

Therefore, for any state-dependent parameterization, if the
nonlinear system is controllable and observable, the closed-
loop solution will always be asymptotically stable.

Suppose:

Vx)=xIPx)x (29)

where, V (x) is the Lyapunov candidate function and P (x) is
the solution of Riccati equation (25). Due to the observability

of A (x):
Vix)>0, P(x)>0 (30)
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The derivative of V (x) is:
V =x"Px+x"Px+xTPx
=x"Px+xTP (Ax - gR_lgTPx>
+ (Ax - gR_lgTPxT) Px
_— (P +PA—PBR'BTP+ATP PBR’IBTP> x
=7 (P—Q—PgR*lgTP)x 31)

Therefore, V < 0 and since parameteriza}ion A(x) is control-
lable and observable, there is a constant P > 0 such that:

Vx)=x"P@)x >x"Px (32)

The above equation determines that when ||x|| — oo,
V (x) — o0. So, the equilibrium point in the origin is always
asymptotically stable [55]. |

To track the desired output, the integral controller is used
as follows:

€h = Vb — Vb.des (33)
ér =V, — Vr.des (34)

where vp, ges and v, g are the desired values of v, and v,. So,
the dynamics of the RO subsystem is as follows:

d A2 A 1 Apv?
ﬁ: P (Vf—Vb—Vr)“r‘_PAn__ Pbevb
di ~ AnKuV " oV 2V
d A A 1A
i: P (Vf—vb—vr)+—PArr——P—vrevr
di ALKV oV 27V
dey,
_t = Vb — Vb,des
€r
E = Vr — Vr. des
(35)
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Matrix A(x), B(x), Q(x), and R(x) are considered as follows:

A
where K, :manngz% v
mSm
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A=

2

—K
-K;
1
0

r 2
Kovy,

0
0

S O =

(=)

-K; 0 O
-K; 0 O 16
0 0 0 (36)
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0
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0 37
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1 0 O 38
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FIGURE 15. System pressure in dealing with changes in the feed water

salt concentration.

IV. SIMULATION RESULTS
In this section, several simulations have been done to show
the robustness and effectiveness of the proposed controllers.
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FIGURE 16. Behavior of the system in the presence of noise; a) implemented noise, b) Speed of the motor, c) Speed of the feed stream,
d) Speed of the bypass stream, e) Speed of the retentate stream, f) Speed of the permeate stream.

MATLAB/Simulink environment is used for simulation by The performance of the IWA-optimized MPPT fuzzy
the parameters of the system are presented in Table 3. (Fuzzy-IWA) controller in comparison with the hill-climbing
The block diagram of the whole system is shown in method in different radiation intensities is shown in Fig. 9.
Fig. 1. Solar radiation is started with E = 1000 W /m? and changed to
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d) System pressure.

800 W /m? attime t = 3 s and then to 900 W /m? attime t =6s
at a constant temperature T = 25 °C. As shown in this figure,
the optimized fuzzy controller with the IWA (Fuzzy-IWA)
has better performance in achieving maximum power points
in comparison with the hill-climbing method. The proposed
fuzzy controller not only has fewer fluctuations but also is
more robust than the hill-climbing method.

The proposed fuzzy-IWA controller is not only optimal
but also has simpler structure and less membership functions
which causes faster response time in comparison with other
MPPT fuzzy controllers [44], [56], [S7]. The fluctuations
of the hill-climbing method can be decreased by lowering
the sampling time but it increases the rise time. These two
problems (rise time and fluctuations) have been eliminated
by the fuzzy-IWA controller.

In designing the MMPT controller, the performance of the
system may be better by adding more membership functions
or using better optimization algorithms. However, it causes
more computational costs. Considering a new control struc-
ture may cause better MPP tracking. However, the proposed

95598

controller does not need the model of the system; in other
words, it is a model-free controller.

The behavior of the motor-pump subsystem is presented
in Fig. 10. Tracking of the desired speed is done perfectly
by the induction motor and the dynamics of tracking is
good. As shown in Fig. 8, the desired speed comes from the
pressure control loop. So, the appropriate flow rate is fed
by the pump into the membrane to supply desired pressure
for the RO membrane. The electromagnetic torque, direct
stator current, and rotor flux are shown in Figs. 10b-d.
The electromagnetic torque is settled to a higher value than
T; to attenuate the effect of friction. As shown, the direct
flux is kept constant which is in accordance with the FOC
method.

The desired system pressure is Py = 457.51 psi [25]
which should be reached by adjusting the feed flow rate; and
the feed flow rate depends on the induction motor speed.
In this study, the feed flow speed is constant (Fig. 11-a) and
the feed flow rate into the RO membrane is adjusted by a
bypass valve.
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FIGURE 18. Behavior of the system in dealing with faults in bypass valve; a) Speed of the bypass stream, b) Speed of the retentate

stream, c) Speed of the permeate stream, d) Pressure of the system.

The desired values of the bypass and retentate flow speeds
are set to 1.123 m/s and 4.511 m/s respectively [25]. The
behavior of the RO subsystem is shown in Fig. 11 which
shows the good performance of the SDRE controller.

Although the SDRE controller is a suboptimal controller
with many advantages, especially in practical implementa-
tion, it needs the mathematical model of the system. If the
mathematical model of the system has many uncertainties,
it will affect the performance of the system.

The response of the permeate stream speed is shown in
Fig. 11d, which depends on the bypass and retentate stream
speeds (Figs. 11b-c). The behavior of the pressure of the
system is shown in Fig. 12. As shown in these figures, the
rise time and overshoot are appropriate.

The response of the pressure of the system (Fig. 12) shows
the good performance of the fuzzy-PID controller. The sys-
tem pressure is adjusted to its desired values after some
deviations which are due to the transient phase of the system.
It should be noted that reaching the desired system pressure
is essential for the RO subsystem.

VOLUME 10, 2022

The control inputs for the RO subsystem are shown in
Fig. 13 which shows that the variation of e,; is more than
e,r. At first, e,, is zero and then rises to its final value while
eyp increases sharply at first and then settles to its final value.

A. ROBUSTNESS OF THE PROPOSED CONTROLLER

In this section, some variations on the parameters of the
system are applied to show the robustness of the proposed
controllers. To this aim, changes in feed water concentration,
rotor resistance, and noise in outputs are applied.

The performance of the system in dealing with changes
in the feed water concentration is shown in Fig. 14. The
feed water concentration varies from its nominal value up to
four times the nominal value. As shown in this figure, the
SDRE controller can overcome the uncertainty in feed water
concentration.

As expected, by increasing the feed water concentration,
the permeate stream speed decreases (Fig. 14d). This is due to
an increase in osmotic pressure which increases the resistance
of the flow inside the membrane. So, the feed flow rate must
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be decreased to preserve the system pressure at its desired
value (Fig. 11a). Moreover, the outputs track their desired
value with no steady-state error that presents the robustness
of the SDRE controller (Figs. 11b-c).

The behavior of the system pressure in dealing with
changes in the feed water salt concentration is shown in
Fig. 15. As shown in this figure, the fuzzy-PID controller reg-
ulates the system pressure to its desired value. Fig. 15 shows
that the increase in the feed water salt concentration makes
the rise time in the system pressure behavior decreases.

One of the problems in real-world applications is mea-
surement noises. To show the performance of the closed-loop
system in the presence of measurement noise, a large white
Gaussian noise signal is added to the retentate flow sensor
measurement. As shown in Fig. 16, the SDRE controller
removes almost 93% of the noise (Fig. 16e) and the outputs of
the system track their desired values (Fig. 16b and Figs. 16d-
e). As shown in this figure, the bypass stream speed is not
affected by noise (Fig. 16d) and the system pressure is near
its desired value (Fig. 16f). However, the system pressure
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is regulated to its desired value. It is proved that the SDRE
controller is able to immune the system in dealing with large
measurement noises.

B. FAULT TOLERANT CONTROL

The real PV-RO system maybe deals with different faults. So,
in this section, the performance of the proposed controller in
dealing with faults is considered.

At first, to test the fault-tolerant control of the field-
oriented controller (FOC), variations in rotor resistance are
considered. Two increases in rotor resistance are imposed, a
50% increase at t=5s and then to 100% at t=10s (Fig. 17a).
The behavior of the system in dealing with changes in rotor
resistance is shown in Fig.17. As shown in this figure, the
closed-loop system has appropriate performance in dealing
with changes in rotor resistance.

The tracking of the desired speed is shown in Fig. 17b
which shows that the small effect of rotor resistance changes
on system behavior. Moreover, the electromagnetic torque
remains constant and just a small drop occurs while the rotor
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resistance changes. The effect of rotor resistance changes on
the system pressure is very small (Fig. 17d).

Fault in the bypass valve is also considered by imple-
menting a 20% and 30% loss in their effectiveness at times
t=>5s and t=10s, respectively. The behavior of the system in
dealing with faults in the bypass valve is shown in Fig. 18.
As shown in this figure, the SDRE controller is robust in deal-
ing with faults in the bypass valve. The faults in the bypass
valve induce only small deviations in the system response.

In comparison with [25], the SDRE controller has no chat-
tering and its implementation is easier. Moreover, the design
flexibility in the SDRE method is higher. The comparison
between the super-twisting sliding mode (STSM) control
and the state-dependent Riccati equation (SDRE) control is
presented in Fig. 19. As shown in this figure, the rise time of
the STSMC is smaller than the SDRE method. However, the
fluctuations of the system outputs in the STSMC are higher.
Moreover, both control inputs e, and e,, in the STSMC are
highly chattering and their changes are more drastic.

V. CONCLUSION

In this paper, the whole subsystems of the PV-RO desali-
nation system consisting of PV generator, induction motor,
centrifugal pump, and RO membrane were considered. For
each subsystem, i.e. PV subsystem, motor-pump subsys-
tem, and RO subsystem, a controller was designed. For the
MPPT of the PV solar system, a new optimized fuzzy con-
troller was designed. The proposed fuzzy controller has a
simpler structure and is optimized with the invasive weed
(IW) metaheuristic algorithm. For the speed control loop
and the pressure control loop, a fuzzy controller was used.
Then, a novel application of the SDRE method was used
in controlling the RO subsystem. In the RO subsystem, the
controller manipulates the bypass and retentate valves. The
performance of the whole system was tested numerically in
MATLAB/Simulink environment in different uncertain and
faulty conditions. Simulation results show the robustness and
effectiveness of the proposed controllers.
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