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Introduction

Nowadays, smart cities focus on using a clean source of energy such as solar-
powered membrane distillation plant (see Fig. 1) while reducing the need for fos-
sil resources. Parabolic trough solar collector systems are part of a strategy for
global regenerative power generation. The main objective is to gain a high-efficiency
production despite the effect of external factors such that humidity or dust accu-
mulation. To ensure economic and safe operation of parabolic solar collector
systems advanced control strategies can result in a high efficiency of the outlet tem-
perature.

Proposed Method 
Based on energy and mass conservation laws, a  

dynamic model was developed and then validated  

against experimental data, results are shown below. 

 

 

 

 

 

 

 

 

 

 

 Process Efficiency Optimization 
When coupling the MD process with a solar thermal collector, weather 

variations affect the salty feed inlet temperature, which in turn influence the 

distilled water flux. Optimal control strategy is needed to optimize the 

efficiency of the process under disturbed operating conditions.  

Consider the following objective function: 
𝑦 = max  (𝛼1𝐽 − (𝛼2𝑀𝑓𝑖𝑛 + 𝛼3𝑀𝑝𝑖𝑛) )  

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Inaccessible Temperatures and 
Membrane Properties Estimation 
Temperature measurement at the membrane 

surfaces is not accessible in practical setups. In 

addition, as the MD process runs, accumulation of 

particles on the membrane surface area causes the 

performance to deteriorate and changes the 

membrane properties. 

Using an adaptive observer, the states and model 

parameters can be simultaneously estimated. 

...Water, water, every where, 

Nor any drop to drink ... 

Why Desalination?! 
Many water-stressed countries heavily rely on 

desalination plants  

to meet the ever  

increasing fresh water  

demand.  

In 2010, it was  

estimated that about  

55% of the total 

desalinated seawater in world was produced in 

Gulf Cooperation Council (GCC) countries. 

 
 
 Green Alternatives 
Sustainable alternatives to the conventional 

energy intensive thermal desalination methods                    

have to be developed.  

 

 

 Membrane  
Distillation (MD) 
This is a hybrid between thermal 

and membrane based desalination 

methods. The driving force in this process is the 

pressure gradient across a hydrophobic membrane 

caused by the temperature difference. One of the 

many advantages of the MD process is the low 

thermal energy requirements which can be 

harnessed from solar thermal collectors. 
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To capitalize on the stated advantages of MD, 

these objectives are set:  

1- Model the DCMD process. 

2- Optimize the process efficiency. 

3- Estimate the unmeasurable states and 

membrane properties. 

𝐽 

Figure 1: Solar-powered membrane distillation plant

To enhance the efficiency of heat production, we propose an intelligent
proportional-integral (i-PI) control which is based on the so-called ultra-local sys-
tem description.

Objectives

•Build a robust and sustainable system that ensures high production rate by provid-
ing the desalination system with the desired temperature despite the atmospheric
disturbance.

•Design and evaluate an intelligent controller called i-PI controller to improve the
temperature tracking compared to i-P controller.

•Ensure economic and safe operation of the solar collector system

Intelligent PI controller design

A parabolic trough solar collector system is composed of parallel loops of parabolic
troughs. Each trough consists of a parabolic mirror which focuses incoming sun-
light onto a pipe containing thermal oil, which is pumped through the pipe and used
for generation of electric energy (see Fig. 2). The dynamics of the approximate
parabolic solar collector model based on radial Gaussian functions is given as fol-
lows [1] {

ξ̇(t) = Aξ(t)u(t) +B(t)
y(t) = Cξ(t)

(1)

where ξ(t) is the fluid temperature, u(t) is the control input, y(t) is the outlet fluid
temperature and B(t) is the disturbance.
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Abstract— To ensure economic and safe operation of
parabolic trough collectors a precise control of the output
temperature of the troughs is necessary. Here, promising
control algorithms as the recently proposed bilinear Lyapunov
controller have been formulated. Drawbacks of this controller
design are a row of simplifying assumptions along with a rough
system description, which results in strict limits of the controller
gain, as the control loop tends to high frequent oscillation
otherwise. Those problems are treated in this work by use
of model reduction involving proper orthogonal decomposition
and alternative formulations of the control problem, which relax
some of the assumptions. In consequence, an improved version
of the bilinear Lyapunov control - with robust performance and
zero tracking error proven - and potentially higher controller
gains is proposed. Realistic simulations confirm the theoretical
results while showing shorter rise times without the risk of high
frequent oscillations.

I. INTRODUCTION

The public debate about energy comsumption and
climate change is dominated by the need to find clean yet
effective methods of creating electrical power. Parabolic
trough solar collector systems are part of a strategy for
global regenerative power generation. The global trends in
renewable investments report 2018 [1] shows a high interest
in investment into sources of renewable energy, making the
solar trough technology more and more attractive.

A parabolic trough solar collector system is composed of
parallel loops of parabolic troughs. Each trough consists of
a parabolic mirror which focuses incoming sunlight onto
a pipe containing thermal oil, which is pumped through
the pipe and used for generation of electric energy. A
simplified representation of one parallel loop is displayed
in Fig. 1. In order to achieve high efficiencies in electrical
power generation, a high oil temperature at the outlet is
desirable. However, as the oil decomposes when above a
critical temperature, it cannot be heated to arbitrarily high
temperatures [2]. Here, sudden changes in cloud coverage
influence the solar intensity and thus create an influential
disturbance onto the output temperature with high volatility.
Accordingly, the incorporation of feedback control becomes
necessary.
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Fig. 1. Single parabolic trough taken from a solar collector system with
parallel loops

An extended overview of control approaches for parabolic
trough collectors can be found in [3]. The range of applied
control schemes ranges from PID controllers in [4] to more
advanced methods such as model predictive approaches
based on linearized plant models (see, e.g., [5]) or on
nonlinear models, e. g., [6]. Also approaches with explicit
consideration of system nonlinearities [7] or robust control
[8] can be found. Furthermore, a very promising approach
based on bilinear Lyapunov control has been presented in
[9] and [10] with the benefits of proving robust stability and
zero tracking error. Unfortunately, the bilinear Lyapunov
control only allows very small controller gains, as the
description of the plant relies on several assumptions and
the use of rough approximate models. Hence, despite the
beneficial theoretical foundation, the bilinear Lyapunov
control from [10] needs to be improved.

In this work, three improvements of the bilinear
Lyapunov control are presented. First, the approximate
models are improved by use of the proper orthogonal
decomposition (POD) as model reduction technique.
Second, the formulation of the controller in [9] and [10] is
generalized such that some assumptions can be dropped.
And third, a dynamic approach to parameter selection is
applied. The improvements achieve possible selection of
higher controller gains.

The structure of this paper is as follows: Beginning with a
brief description of the plant model in Section II, the recently
proposed bilinear Lyapunov control is presented in Section
III. Thereafter, an improving model reduction procedure is
presented in Section IV. In Section V the extensions of the
bilinear Lyapunov control are presented. Simulation results
for the designed controller in Section VI and the summary
in VII conclude the paper.
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Figure 2: Solar thermal collector plant

Ultra local model

The ultra local has been already applied and used quite successfully in various ap-
plications. It is based on the following ultra-local description [2]

y(ν)(t) = F (t) + αu(t) (2)

where F represents the effects of unmodeled dynamics and disturbances, it is es-
timated using the information from the control input u and the controlled output y.
α is chosen such that αu and y(ν) are of the same order of magnitude, and ν is the
differentiation order.

Intelligent PI controller

The differentiation order ν of the ultra local model is fixed to 1. This is because the
relative degree of system (1) is 1 and an i-PI controller is used in the parabolic solar
collector control system (1). Setting ν = 1 in equation (2), we have

ẏ(t) = F (t) + αu(t) (3)

Hence, the corresponding i-PI can be written as

u(t) = − 1

α

(
F̂ (t)− ẏd(t) +KPe(t) +KI

∫ t

0

e(τ ) d τ

)
(4)

• yd is the desired reference trajectory, KP and KI are the PI gains,

• F̂ is the estimate of F which is described as follows,

F̂ (t) = ˆ̇y(t)− αu(t) (5)

• ˆ̇y is the estimate of ẏ, e(t) = y(t)− yd(t) is the trajectory tracking error.

As illustrated by Fig. 3, the ultra-local model in (5) will compute the value of F̂ on
every iteration of the closed-loop controller. The updated value will inject a proper
change in the control input of the parabolic solar collector plant.
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Fig. 2. Schematic diagram of i-PID model-free control of laser beam plant.

where K = 2200 mm/(Vs) is the open-loop steady-state gain
and T = 0.005 s is the open-loop time constant.

IV. INTELLIGENT PID BASED MODULATING FUNCTION
CONTROLLER

A. Intelligent PID controller

In this paper, the differentiation order ⌫ of the ultra local
model is fixed to 2. This is because the relative degree of
system (3) is 2 and an i-PID controller is used in the laser
beam control system (3). Setting ⌫ = 2 in equation (1), we
have

ÿ(t) = F (t) + ↵u(t) (4)
Hence, the corresponding i-PID can be written as

u(t) = � ( bF (t) � ÿd(t) + KP e(t) + KI

R t

0
e(⌧) d ⌧ + KD ė(t))

↵
(5)

where
• yd is the desired reference trajectory,
• bF is the estimate of F which is described as follows,

bF (t) = b̈y(t) � ↵u(t) (6)
• b̈y is the estimate of ÿ,
• e(t) = y(t) � yd(t) is the trajectory tracking error,
• KP , KI and KD are the PID gains.

Once bF is obtained, the loop is closed by (5) and the modified
expression of (4) is given as (6). Fig. 2 depicts the model-free
control scheme for the laser beam stabilizer. As illustrated by
Fig. 2, the ultra-local model in (6) will compute the value of
bF on every iteration of the closed loop controller. The updated
value will inject a proper change in the control input of the
laser beam plant. Substituting equation (6) in (5), adding and
subtracting the derivate of the controlled output ÿ yields

ë(t) + KP e(t) + KI

Z t

0

e(⌧) d ⌧ + KD ė(t) = eF (t), (7)

where eF (t)= ÿ(t) � b̈y(t)=F (t) � bF (t). Subsequently, with
a good estimate bF (t) of F (t) i.e eF (t) = F (t) � bF (t) ' 0,
equation (7) yields

ë(t) + KP e(t) + KI

Z t

0

e(⌧) d ⌧ + KD ė(t) ' 0, (8)

which ensures an excellent tracking of the reference trajec-
tory. This tracking is moreover quite robust with respect
to uncertainties and disturbances which can be important
in a laser beam pointing and stabilization setting such as
considered here. This robustness feature is explained by the
fact that F includes all the effects of unmodeled dynamics and
disturbances, without trying to distinguish between its different

components. Furthermore, the approximation of PID design
parameters becomes therefore quite straightforward. This is a
major benefit when compared to “classic” PIDs.

B. Modulating function-based i-PID controller

The estimation of F which represents the overall estimate
time-varying disturbance effects of the system is obtained
thanks to the knowledge of the input and the controlled
output derivatives. Due to the fact that output signal could
be infected by substantial amount of noise, differentiating
that signal might not be suitable in most concrete situations.
In this paper, the MFBM is used to online estimate the
effects of unmodeled dynamics and disturbances. Thanks to
the advantages of the MFBM, the derivatives from the noisy
measurements are transferred to the modulating functions,
consequently, differentiating noisy measurements is avoided.
It is worth noting that the involved integrals from MFBM
can work as a noise filter to reduce the effect of the random
disturbances on the estimation of F . Subsequently, the online
estimate value F will ensure a proper change in the control
input of the laser beam plant.
In order to estimate F while the system is operating, the
moving-horizon strategy of the MFBM given in [39] is applied.
The main idea of this strategy is to implement the MFBM on
a time window that moves one sampling time forward. That is,
F is estimated on [k�t, ⌧+k�t], k = 0, 1, . . . , where �t and
⌧ refer to the sampling time and the window size, respectively;
then the control u is updated at a future time instant based on
the last estimated F . More details are given the next theorem.

Theorem 1: Let
IX

i=1

�i⇠i(t) be a basis expansion of F (t) in

(4) where ⇠i(t) and �i, for i = 1, · · · , I , are basis functions
and basis coefficients, respectively. Let �M = {�m(t)}m=M

m=1

be a class of linearly independent modulating functions with
M > I . Then, the unknown coefficients �i, i = 1, 2, · · · , I ,
can be estimated at each window [k�t, ⌧+k�t], k = 0, 1, . . . ,
by solving the system:

A� = K, (9)
where the components of the M ⇥ I matrix A have the
following form:

Ami =

Z ⌧+k �t

k �t

⇠i(t)�m(t) dt, (10)

for m = 1, · · · , M and i = 1, · · · , I; the components of the
vector K 2 RM are given as:

Km =

Z ⌧+k �t

k �t

y(t)�̈m(t) � ↵u(t)�m(t) dt, (11)

and � is the vector of the unknowns �i, i = 1, · · · , I .
Proof 1: First, equation (4) is multiplied by �m(t) and

integrated over the window [k�t, ⌧ + k�t]:
Z ⌧+k �t

k �t

F (t)�m(t) dt=

Z ⌧+k �t

k �t

ÿ(t)�m(t) dt

�
Z ⌧+k �t

k �t

↵u(t)�m(t) dt. (12)

u
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Experiment Set-up : Lab Equipment

Solar driven MD plant
A mature technology with high e�ciency

Our Experimental setup

Fig.10 Solar collector.

Figure 3: Reference tracking diagram of i-PI model-free control.

Performance evaluation under different working conditions

Three different tests have been carried out to evaluate the performance of the pro-
posed i-PI controller using smooth, time-varying and abrupt solar irradiance profiles
(see Fig. 4). The detailed control design procedure is similar to the control strategy
proposed in [1] combined with a phenomenological representation of the system.
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Test I: Smooth conditions Test II: Time-varying conditions Test III: Abrupt conditions

Figure 4: Solar irradiance profiles.

Fig. 5 shows that the enhanced i-PI controller outperforms the i-P controller and
ensure a quite good performance despite the effects of the solar irradiance noise.
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Test I: Smooth conditions Test II: Time-varying conditions Test III: Abrupt conditions

Figure 5: Temperature trajectories tracking results: a) smooth, b) time-varying and
c) abrupt conditions.
The flow rate inputs in Fig. 6 present reasonable behavior and the changes con-
cerning the variations in the temperature reference can be clearly noticed.
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Figure 6: Flow rate control inputs trajectories.

Table 1 shows that the performance of the i-PI controller improves the outlet temper-
ature error by more than 80% from the i-P outlet temperature error.

Table 1: RMS reference tracking errors under different working conditions.

Solar irradiance profiles Smooth conditions Varying conditions Abrupt conditions
Intelligent proportional controller (i-P) [1] 0.5394 0.4423 0.5543

Intelligent proportional-integral controller (i-PI) 0.4842 0.3779 0.4272
Improvement 10.23 % 14.56 % 22.93 %

Conclusion

The design and performance of the proposed robust i-PI controller have been eval-
uated through numerical tests under different working conditions. The proposed
robust control forces the trajectory of the output temperature to track a predefined
reference under random solar irradiance variations affecting the thermal dynamics.
The proposed closed-loop control presents satisfactory results in terms of tracking
efficiency and convergence time.
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