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Supervisory Predictive Control for Long-Term
Scheduling of an Integrated Wind/Solar Energy
Generation and Water Desalination System

Wei Qi, Jinfeng Liu, and Panagiotis D. Christofides, Fellow, IEEE

Abstract—In this work, we design a supervisory control system
via model predictive control (MPC) for the optimal management
and operation of an integrated wind-solar energy generation and
reverse-osmosis (RO) water desalination system. The supervisory
MPC is able to coordinate the wind and solar subsystems as well as
a battery bank to provide enough energy to the RO subsystem so
that enough desalinated water can be produced to satisfy the water
consumption and storage demands. Optimality considerations on
system operation and energy savings are also taken into account via
appropriate constraints in the controller formulation. Moreover, in
the supervisory MPC design, a two-time-scale property of the dy-
namics of the integrated system is taken advantage of to improve
the computational efficiency of the control problem formulation.
Simulations are carried out to illustrate the applicability and ef-
fectiveness of the proposed supervisory predictive control design.

Index Terms—Model predictive control (MPC), solar energy sys-
tems, supervisory control, water desalination systems, wind energy
systems.

I. INTRODUCTION

A LTERNATIVE energy technologies, like wind/solar
energy generation systems, are receiving national and

worldwide attention owing to the rising rate of consumption
of fossil fuels. In particular, drivers for wind/solar energy
generation systems are the environmental benefits, reduced in-
vestment risk, fuel diversification and energy autonomy. On the
other hand, reverse osmosis (RO) membrane desalination has
emerged as one of the leading methods for water desalination
due to the low cost and energy efficiency of the process (e.g.,
[1]). Even with advances in reverse osmosis membrane tech-
nology, maintaining the desired process conditions is essential
to successfully operating an RO desalination system.
Wind and solar energy are attractive choices for providing

energy to RO desalination systems for communities in remote
areas that have access to sea- or brackish-water. In the past
few years, several studies have been done on the integration of
wind and solar energy generation systems with RO desalination
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systems (e.g., [2]). However, the combination of renewable en-
ergy sources and water desalination systems requires addressing
challenges in the operation of the integrated system. Specifi-
cally, unexpected drops or increases in energy production of a
solar or wind energy generation system may require quick start
units to cover the shortfall or absorb the unscheduled energy
generation. One way to deal with these issues is through the use
of integrated energy generation systems using both wind and
solar energy.
With respect to previous results on control of wind and solar

systems, most of the efforts have focused on control of stand-
alone wind (e.g., [3]) or solar systems (e.g., [4]). With respect
to the control of RO water desalination systems, a nonlinear
model-based control technique was recently proposed to deal
with large set-point changes and variations in feed water salinity
and was experimentally implemented [5]. In our previous work
[6], we proposed a supervisory predictive control method for
standalone wind-solar energy generation systems. However, the
results obtained in [6] focused on short-term system operation
and the approach adopted there cannot be extended to long-term
operation because of the high computational burden involved in
solving the full, integrated system nonlinear dynamic model.
This work focuses on the design of a supervisory control

system for the optimal management and operation of an inte-
grated wind-solar energy generation and RO water desalination
system. We propose to design the supervisory control system
via model predictive control (MPC) because it can take explic-
itly into account optimality considerations and handle state and
input constraints [7]. In this work, the supervisory MPC coor-
dinates the wind and solar subsystems as well as a battery bank
to provide enough energy to the RO subsystem so that enough
permeate water can be produced to satisfy the overall water con-
sumption and storage demands. In addition, optimality consid-
erations on system operation and energy savings are also taken
into account via appropriate constraints in the controller formu-
lation. To reduce the computational demand of the supervisory
MPC optimization problem, a two-time-scale property of the
dynamics of the integrated system is taken advantage of to sim-
plify the control problem formulation. Simulations are carried
out to illustrate the applicability and effectiveness of the pro-
posed supervisory predictive control design.

II. INTEGRATED SYSTEM DESCRIPTION

A schematic of the integrated wind/solar/RO system is shown
in Fig. 1. This system has two operating modes: standalone op-
erating mode and electrical grid-connected operating mode. In
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Fig. 1. Integrated wind/solar/RO system.

the standalone operating mode, the wind-solar energy gener-
ation system and the battery bank provide energy to the RO
water desalination system. In the electrical grid-connected op-
erating mode, the wind-solar energy generation system as well
as the battery bank provide energy to the RO water desalination
system, and the wind-solar system also sends, if the generation
capacity permits, extra energy produced to the electrical grid.

A. Energy Generation System Description

In the energy generation system, there are three subsystems:
a wind generation subsystem, a solar generation subsystem and
a lead-acid battery bank.
In the wind generation subsystem, there is a windmill, a

multipolar permanent-magnet synchronous generator (PMSG),
a rectifier, and a DC/DC converter. The converter is used to
control indirectly the operating point of the wind turbine by
commanding the voltage on the PMSG terminals. The dynamic
behavior of the wind generation subsystem can be character-
ized by three nonlinear ordinary differential equations (ODEs)
involving the quadrature current, , the direct current, , in a
rotor reference frame and the electrical angular speed, . For
the detailed mathematic description of the wind subsystem,
please refer to [8]. The power generated by the wind subsystem
can be expressed as follows:

(1)

where denotes the current in-
jected to the DC bus by the wind subsystem, is the voltage
on the battery bank terminals, and is the control signal (duty
cycle of the DC/DC converter).
In the solar subsystem, there is a photo-voltaic (PV) panel

array and a half-bridge buck DC/DC converter. Similar to the
wind subsystem, the converter is used to control the operating
point of the PV panels. The dynamic behavior of the solar gen-
eration subsystem can be characterized by two nonlinear ODEs
involving the voltage level on the PV panel array terminals, ,
and the current injected into the DC bus, . For the detailed
mathematic description of the solar subsystem, please refer to

[9]. The power injected into the DC bus by the solar subsystem
can be computed by

(2)

Note that this power indirectly depends on the duty cycle of
the half-bridge buck DC/DC converter, , which is the ma-
nipulated input for the solar subsystem.
The battery bank is modeled as a voltage source connected

in series with a resistance and a capacitance . The DC bus
voltage can be written as follows:

(3)

where is the current across the battery bank, is the voltage
in capacitor , and its dynamics is as follows:

(4)

The state of charge (SOC) of the battery bank can be cal-
culated as follows:

(5)

where is the maximum capacity of the capacitor corre-
sponding to the maximum voltage, , that can be tolerated
by the capacitor. We also introduce the concept of depth of dis-
charge of the battery bank and denote it as , which is calcu-
lated as follows:

(6)

The DC bus collects the energy generated by both the wind
and solar subsystems and delivers it to the water desalination
system and, if necessary, to the battery bank as well as to the
electrical grid. The voltage of the DC bus is determined by the
battery bank.
We use a binary variable to indicate the operating mode

of the integrated system. When , the integrated system is
connected to the electrical grid; and when , the integrated
system works in standalone mode. Assuming an ideal voltage
inverter, we can write an energy balance equation in the form of
current balance as follows:

(7)

where and are the currents injected to the RO water
desalination system and the electrical grid, respectively.

B. Water Desalination System Description

In the RO water desalination system, there is a high-pressure
pump, a membrane module and a water storage tank. Salt water
enters the pump, which is equipped with a variable frequency
drive, and is pressurized to the feed pressure [5]. The pressur-
ized salt water stream enters the membrane module where it
is separated into a low-salinity product (or permeate) stream,
and a high-salinity brine (or retentate) stream. The RO system
model can be obtained via a mass balance taken around the en-
tire system and an energy balance taken around the actuated re-
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tentate valve, which involves one ODE describing the dynamics
of the retentate flow velocity, . The detailed mathematic mod-
eling of the RO system can be found in [5]. Various control tech-
niques can be applied using the valve resistance value as
the manipulated input.
In this work, we operate the RO system at energy optimal

water recovery , which implies that the ratio of the permeate
flow velocity to the feed flow velocity is being adjusted
in real time; please see [1] and [10] for discussions on how to
compute and achieve the energy optimal water recovery in real
time. Based on the Bernoulli equation and ignoring the water
elevation change, we can obtain the power needed for the water
desalination system as follows:

(8)

where is the overall power efficiency of the pump of the RO
desalination system, is the feed pressure, is the permeate
flow rate (i.e., desalinated water production rate which is used
to satisfy the water consumption and storage demands), is
the pipe cross-sectional area and is the fluid density. If we
denote the water consumption demand as and water storage
demand as , then we obtain the following equation from a
steady-state mass balance:

(9)

Note that the water storage demand can take positive or
negative values.
Based on the (9), the dynamics of thewater level in the storage

tank, , can be obtained as follows:

(10)

where is the cross-sectional area of the water storage tank.
Similarly, we define the state of storage (SOS), , for the
storage tank as follows:

where is the maximum water level in the storage tank.

C. Dynamics of the Integrated Wind/Solar/RO System

The dynamics of the integrated wind/solar/RO system can be
written in the following compact form:

(11)

where , and,
are nonlinear vector functions whose explicit forms are

omitted for brevity. We note that the dynamics of the integrated
system exhibits a two-time-scale behavior. Specifically, the dy-
namics of the states and are relatively fast
(in the order of seconds); and the dynamics of the states and
are relatively slow (in the order of minutes). Based on this

Fig. 2. Structure of the closed-loop system.

two-time-scale property, we can rewrite the integrated system
of (11) as follows:

(12)

where

and . This two-time-
scale property will be taken advantage of in the formulation of
the supervisory MPC where the model of (12) with will
be used.

III. CONTROL PROBLEM FORMULATION AND CONTROLLER
DESIGN

A. Control Problem Formulation and Approach

In this section, we design the supervisory control system to
regulate the integrated energy generation and RO water desali-
nation system. The primary control objective is to regulate the
integrated system to produce enough desalinated water to sat-
isfy the total water consumption and storage demands. The sec-
ondary objective is to take into account optimality consider-
ations on system operation, for example, battery maintenance
and energy savings (so that more energy can be sent to the elec-
trical grid). The supervisory control system computes the oper-
ating trajectories for all the subsystems in the integrated system.
These operating trajectories are sent to the local controllers as-
sociated with the subsystems which force the subsystems to
track the operating trajectories. A schematic of the structure of
the closed-loop system is shown in Fig. 2.

B. Design of Local Controllers

For the wind subsystem controller, the objective is to force
the wind subsystem to track the operating trajectory, which is
the desired power generation (power reference) computed
by the supervisory control system.We follow the nonlinear con-
troller design proposed in [11] to design the local controller for
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the wind subsystem. For the solar subsystem controller, the ob-
jective is to force the solar subsystem to track the operating tra-
jectory, which is the desired power generation computed by
the supervisory controller. We follow the nonlinear controller
design proposed in [9] to design this local controller. For the
local controller associated with the RO water desalination, the
objective is to regulate the retentate valve resistance to track the
reference retentate flow velocity, computed by the supervi-
sory controller. We adopt the method proposed in [5] to design
a nonlinear model-based controller for the RO subsystem.
The supervisory control system also sends a reference charge/

discharge current trajectory to the battery bank; however,
this reference is not always used in the local controller associ-
ated with the battery bank. From (7), we can see that in the cases
where the integrated system operates in standalone mode (i.e.,

), and when there is no extra energy to send to the elec-
trical grid and the system operates in grid-connected mode (i.e.,

and ), the current across the battery bank is deter-
mined by the current balance which implies that the local con-
troller associated with the battery bank is inactive. We assume
that the local controller operates based on real-time measure-
ments of and adopts the following control strategy:

if
if (13)

The reader may refer to [12] for the design of controllers for
battery banks.

C. Supervisory Predictive Controller Design

The objective of the supervisory control system is to deter-
mine the operating power references for the wind
and solar subsystems, the reference retentate flow rate for
the RO water desalination subsystem, and the charge/discharge
current of the battery bank. We propose to design the su-
pervisory control system via MPC because it can take into ac-
count optimality considerations and handle state and input con-
straints.
In the supervisory MPC design, we explicitly account for the

following considerations on the battery bank maintenance ac-
cording to [12], [13].
1) Small charge/discharge currents are favorable, as large
charge/discharge currents result in more energy dissipated
in the battery internal resistance.

2) The charge current should be constrained under a certain
upper bound which is a monotonically increasing function
of the depth of discharge (DOD) of the battery bank. In this
work, we set the upper bound of the charge currents based
on a simple taper charging approach [12].

3) The DOD of the battery bank should not exceed in
order to protect the battery bank.

4) The battery should be charged if extra generated power is
available (in addition to satisfying water production power
demand).

To take into account energy savings considerations, we try
to operate the RO water desalination subsystem at the energy
optimal water recovery so that the energy consumption
of unit water production is minimized [1]. This implies that if
the system is connected to the electrical grid, the energy sent

to the grid is maximized. In addition, we assume that there is
a preferred SOS, , of the storage tank which is a balance
between the capacities of the tank to supply unexpected water
consumption demand and to store extra water production. We
consider the case where the future water consumption demand
of the RO subsystem is known; that is, , is known. We also
assume that future hourly weather conditions (i.e., wind speed,
insolation, photovoltaic cell temperature) forecast information
is available.
The supervisory MPC is evaluated at discrete time instants

, with being the initial time and
being the sampling time. At each sampling time, piece-wise

constant trajectories of the operating trajectories of the different
subsystems (i.e., , and ) for a certain time pe-
riod (prediction horizon) are obtained but only the first piece of
the trajectories are sent to the local controllers and implemented.
Note that the operating trajectories are restricted to belong to
piece-wise constant functions in order to get finite dimensional
MPC optimization problem. Before we discuss the formulation
of the supervisory MPC, we present the cost function used in
the MPC. Specifically, the proposed form of the cost function is
as follows:

(14)

where is the prediction horizon of theMPC, is the sampling
time, , and are positive weighting fac-
tors, and are positive constants. In this cost function, the
first term, which is only active in standalone operating mode, is
used to penalize the difference between the energy generated by
the wind-solar system and the total power demand from the RO
subsystem and the battery bank, thus driving the wind and solar
subsystems to satisfy the total power demand to the maximum
extent; the second term, which is also only active in standalone
mode, implies that the wind subsystem is operated as the pri-
mary generation subsystem and the solar subsystem is activated
when necessary; the third term implies that the battery should
be charged if the battery is not fully charged; the fourth term is
used tomake sure that the water level in the storage tank is main-
tained around the optimal water level; the fifth term takes into
account that small charge currents are preferred; the sixth term
penalizes the power consumption per unit of permeate water
produced; the last two terms are only activated when the inte-
grated system is connected to the electrical grid, and force the
wind and solar subsystems to operate at their maximum power
generation points.
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The proposedMPC design for the supervisory control system
at time is as follows:

(15a)

s.t.

(15b)

(15c)

(15d)

(15e)

(15f)

(15g)

(15h)

(15i)

(15j)

(15k)

where denotes the family of piece-wise constant func-
tions, is the predicted future state of the
integrated system, is the state measurement at time ,
and denotes the steady-state control inputs obtained based
on the optimal references computed by the MPC.
The constraints of (15b) and (15c) require that the computed

wind and solar subsystems’ power references should be smaller
than the minimum of the maximum available within each sam-
pling interval, which means that the power references should
be achievable for the wind and solar subsystems. Note that the
future maximum available power for the wind and the solar sub-
systems are estimated using the information of future weather
conditions forecast [9], [11]. The constraint of (15d) puts upper
and lower bounds ( and , respectively) on the per-
meate flow rate , which is used to guarantee the equipment
safety of the membrane module in the RO water desalination
subsystem. The constraint of (15e) requires that the depth of
discharge of the battery bank should not exceed . The con-
straint of (15f) imposes upper and lower bounds on the water
level in the storage tank. The constraint of (15g) places an upper
bound on the charge current of the battery bank and this upper
bound is a function of the current depth of discharge of the bat-
tery bank. Note that in the supervisory MPC design, only the
slow system dynamics is taken into account [i.e., the constraints
of (15h)–(15k)]; and the fast system states that are (explicitly or
implicitly) used in the MPC are estimated by the computed fu-
ture operating trajectories (decision variables of the MPC) [i.e.,
the constraint of (15i)]. For example, in the calculation of future

, the fast state is assumed to be equal to . Note also
that in the implementation of the supervisory MPC, the order
of the model used in the optimization problem of (15) may be
further reduced by taking into account the specific structure of
the system.
We denote the optimal solution to the optimization problem

of (15) as , and
. The references of power generation from the

wind and solar subsystems, of battery charge/discharge current,

and of RO retentate flow rate sent to the local controllers by the
supervisory controller of (15) are defined as follows:

(16)

Note that the constraints of (15b)–(15k) are inspired by re-
sults on the design of Lyapunov-based model predictive control
systems (please see [14], [15]).

Remark 1: In this work, we consider that the integrated
system already operates in normal operating conditions, and do
not address the issues related to system startup or shut down.
The stability of the system is ensured by the local controllers
and the main purpose of the supervisory MPC is to coordinate
the actions of the local controllers to improve the overall
operation performance.

Remark 2: Note that in order to carry out real-time long-term
(e.g., in the size of hours) optimization of the integrated wind/
solar/RO system, it is essential to reduce the model used in the
supervisory MPC formulation by taking into account the two-
time-scale behavior of the integrated system. If a full system
model is used in the MPC formulation, it is impossible to carry
out real-time long-term optimization because very small inte-
gration step is required in order to get a stable and accurate nu-
merical integration of the fast dynamics.

Remark 3: Note that the local controllers are standard (they
do use the set-points computed by the supervisory controller).
Even though the fast dynamics of the integrated system will
have different transient behaviors when different local con-
trollers are used, the performance of the supervisory MPC with
different local controllers is not expected to exhibit signifi-
cant differences because the supervisory MPC deals with the
long-term behavior of the integrated system which is weakly
dependent on the transient behavior of the fast dynamics.

IV. SIMULATION RESULTS

We carry out several sets of simulations to demonstrate the
applicability and effectiveness of the supervisory MPC system
for the integrated wind/solar/RO system. The prediction horizon
and the sampling time of the MPC are chosen to be
and 1 hr taking into account that the water demand (for
example, of a community) usually presents periodic fluctuations
with a period of 24 hr. The weighting factors in the cost function
are chosen to be

, and
. The values of the weighting factors of the different terms

were determined through a trail-and-error approach. Note that in
all the simulations, the optimization problem of the supervisory
MPC is solved by the open source interior point optimizer Ipopt
[16] and the average evaluation time of the supervisory MPC is
about 7 s.
The overall RO system pump power efficiency is assumed to

be , the upper bound on is , the lower
and upper bounds on are 0.1814 m /hr and

m /hr, respectively, and the lower and upper bounds on
are and , respectively. The upper bound
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Fig. 3. Upper bound on battery charge current.

Fig. 4. Forecast of weather conditions and water demand. (a) Wind speed �.
(b) insolation � . (c) PV panel temperature � . (d) water demand � .

on the battery charge current is a function of and is shown in
Fig. 3.
We carry out simulations for one day starting at 8 am. In the

simulations, we assume that weather forecast and water demand
information of future 24 hr is available. We note that hourly
weather condition forecast is available commercially and future
water demand can be estimated based on previous water con-
sumption data when the RO subsystem is used to provide water
to a community. A two-day forecast of wind speed, insolation,
PV cell temperature andwater demand is shown in Fig. 4.We in-
troduce hourly deviation and high frequency disturbances to the
forecast information to simulate realistic fluctuations of weather
and water demand for the first 24 hr, as shown in Fig. 5.

A. Standalone Operating Mode

In this subsection, we consider a standalone operating mode
scenario , where the power generated by the wind/solar

Fig. 5. Weather conditions and water demand. (a) Wind speed �. (b) insolation
� . (c) PV panel temperature � . (d) water demand � .

subsystems can only be consumed by the RO water desalination
subsystem and/or stored by the battery bank. In such a scenario,
the references of the wind and solar subsystem power supply
and retentate flow rate are optimized by the supervisory MPC,
while the reference for the battery current is inactive in theMPC
optimization problem and the current across the battery bank is
determined by the current balance around the inverter as shown
in (13).
Fig. 6 shows the time evolution of wind and solar subsystem

power generation and RO subsystem power consumption. For
each hour of operation, the wind/solar local controllers operate
to drive the wind mill and the PV panel array to generate power
according to the reference values, respectively. However, when
the weather condition does not permit sufficient generation,
for example during 15–21 hr and during 3–7 hr for the wind
subsystem as shown in Fig. 6(a), the local controller switches
to the operation mode of maximum power point tracking. In
Fig. 6(c), when wind/solar power delivery alone cannot meet
the RO power demand such as during 8–13 hr and during 4–8
hr, the battery discharges current to compensate for the short-
fall; at other times, extra power generation is used to charge the
battery.
An advantage of the supervisory MPC is that it is able to

schedule the water production to be smooth (nearly uniform
with respect to time) by taking into account future state vari-
ation and by coordinating the subsystems. It can be seen from
Fig. 7(a) that water production is relatively smooth despite dra-
matically varying water demand and weather conditions during
a day. This is largely due to the optimized utilization of the ca-
pacities of the battery bank and of the water tank which act as
buffers against external fluctuations. The state of charge of the
battery bank and the state of storage of the water tank are shown
in Fig. 7(b).

B. Electrical Grid-Connected Operating Mode

Next we carry out simulations where the integrated wind/
solar/RO system is operated in electrical grid-connected mode
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Fig. 6. Power generation and consumption in the standalone operating mode.
(a) Power generated by wind subsystem � (solid line) and wind power ref-
erence � (dashed line). (b) Power generated by solar subsystem � (solid
line) and solar power reference � (dashed line). (c) Generated power � �

� (solid line) and total power demand � (dashed line).

Fig. 7. (a) Rate of water demand � (solid line) and permeate flow rate �
(dashed line). (b) Battery state of charge � (solid line) and tank state of storage
� (dashed line).

. In this case, the supervisory MPC forces the wind/
solar subsystems to track the maximum power generation points
all the time and optimizes the trajectories of battery current and
retentate flow rate at each sampling interval.
In this subsection, we compare the proposed supervisory

MPC with a reference control strategy which does not take
into account optimality considerations. The reference control
strategy is as follows:
1) the wind/solar subsystems track their maximum power
generation points all the time;

2) if the tank state of storage exceeds 0.8, the RO water de-
salination subsystem produces water at ; if it is
below 0.6, the RO water desalination subsystem produces

Fig. 8. (a) Power generated by the wind subsystem � . (b) Power generated
by the solar subsystem � . (c) Generated power � � � (solid line) and total
power demand � under the supervisory MPC (dashed line) and under the
reference control strategy (dashed-dotted line).

water at ; else the RO water desalination sub-
system produces water according to the forecast average
water demand of the next hour;

3) if necessary, extra produced energy is first used to charge
the battery bank; andwhen the battery bank is fully charged
or the charge current hits the upper bound, the extra pro-
duced energy is sent to the electrical grid.

The simulation results under the supervisory MPC and the
reference control are shown in Figs. 8 and 9. From Figs. 8(c)
and 9(a), it can be seen that the RO water desalination has a
smoother water production under the supervisory MPC com-
pared with that under the reference control, which results in re-
duced average energy consumption as shown in Fig. 9(b). In
the time periods from 13–14 hr and from 22–7 hr, the power
consumption per unit water production (denoted as ) under
the simple reference control is less than that under the super-
visory MPC because the permeate flow rate with the former is
closer to the optimal level. However, during the first hour and
the period from 0–5 hr, the reference control operates the RO
subsystem with a permeate flow rate below the optimal value,
which results in low water production and relatively high power
consumption. For the entire day, the average power consumption
per cubic meter of water production is J/m under the
reference control and is J/m under the supervisory
MPC, which is 7.06% less than that under the reference control
strategy.
In addition, we compare the battery charge/discharge currents

under the supervisory MPC and the reference control as shown
in Fig. 10. As a result of optimization considerations for battery
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Fig. 9. (a) Permeate flow rate � under the supervisory MPC (solid line) and
the reference control strategy (dashed line), and � corresponding to the min-
imum power consumption per unit water production (dashed-dotted line). (b)
Power consumption per cubic meter of water production � under the super-
visory MPC (solid line) and under the reference control strategy (dashed line),
and the corresponding minimum power consumption (dashed-dotted line).

Fig. 10. (a) Battery charge/discharge current with supervisory MPC. (b) Bat-
tery charge/discharge current with the reference strategy.

maintenance, it is evident that the charge/discharge process is
smoother under the supervisory MPC.
Finally, we study the dependence of the performance of the

supervisory MPC on the future weather and water demand fore-
cast information. We consider two different cases. The first case
is that we only have water demand forecast information for the
next hour and the daily average water demand instead of the fu-
ture 24-hr forecast information; the second case is that we only
have access to weather conditions forecast information for the
next hour and the correspondingwind speed daily average value,
insolation and PV cell temperature daytime and nighttime av-
erage values. The evolutions of the permeate flow rate and of
the corresponding power consumption per unit water production
for the two cases are shown in Fig. 11(a) and (b), respectively.
It can be observed that the permeate flow rate trajectory in the
case of less water demand forecast deviates from the trajectory
obtained with 24-hr weather and water demand forecast infor-
mation available, while that in the case of less weather forecast

Fig. 11. (a) Permeate flow rate� under the supervisoryMPCwith future 24-hr
forecast weather conditions andwater demand information available (solid line),
with only 1-hr water demand forecast and 24-hr weather forecast information
available (dashed line) and with only 1-hr weather forecast and 24-hr water de-
mand forecast information available (dashed-dotted line). (b) Power consump-
tion per cubic meter of water production � under the supervisory MPC with
future 24-hr forecast weather conditions and water demand information avail-
able (solid line), with only 1-hr water demand forecast and 24-hr weather fore-
cast information available (dashed line) and with only 1-hr weather forecast and
24-hr water demand forecast information available (dashed-dotted line).

information almost overlaps with the trajectory obtained with
24-hr weather and water demand forecast information available.
Moreover, the average power consumption per cubic meter of
water production in the first and the second cases exceed the
casewith 24-hr forecast information available by 2.92% and less
than 0.1%, respectively. From this set of simulations, we found
that the performance of the supervisory MPC has stronger de-
pendence on the forecast of future water demand than on the
forecast of future weather information.

Remark 4: In the simulations, we compared the performance
of the proposed supervisory MPC with that of an intuitive and
standard reference control strategy. We note that the use of
linear control (or of other control strategies) at the supervisory
layer would potentially lead to improved results over the stan-
dard reference strategy but still it would not make possible the
incorporation of constraints and complex cost functions in the
control problem formulation and solution, as it is done with
the proposed supervisory MPC. We also note that linear MPC
could also be used as the supervisory control system but the
system model is nonlinear and repeated linearization would be
required to implement linear MPC.

V. CONCLUSION

In this work, a supervisory MPC was designed to optimally
operate an integrated wind/solar/RO system. The supervisory
MPC is able to coordinate the wind/solar subsystems and the
battery to provide enough energy to the RO subsystem to meet
desired water production demand. Optimality considerations on
system operation and energy savings were also taken into ac-
count. Moreover, in the supervisory MPC design, the two-time-
scale property of the dynamics of the integrated systemwas con-
sidered to improve the computational efficiency. Simulations
were carried out to illustrate the applicability and effectiveness
of the proposed supervisory MPC. In our future work, we will
consider distributed control of renewable energy generation sys-
tems connected to the electrical grid.
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