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Abstract

This paper presents a Linear Matrix Inequality (LMI) tuned PI controller for real-time control of a coupled-tank
liquid level system. The proposed approach is based on the transformation of the PI controller design problem to a
state feedback controller design problem, which is further solved using convex optimization approach. The model of
the coupled tank system has been developed based on system identification technique that employs least square
error method (LS) for parameter estimation. The proposed controller algorithm has been applied on the identified
model. The performance of the proposed control algorithm has been compared with that of a Ziegler-Nichols tuned
PI controller. From both the simulation as well as the experimental results, it is observed that the performance of the
proposed PI control is more efficient than the widely used Ziegler-Nichols approach.

Keywords: System identification; Least square estimation; Linear
matrix inequality (LMI); Coupled tank system

Introduction

Controlling liquid level and flow in tanks of a coupled tank system
is considered as an important benchmark control platform due to
their wide spread applications in the process control industries [1].
The control objective of the coupled tank system is to maintain the
liquid level at the desired level. The coupled tank system dynamics has
interaction characteristics as it is a MIMO system [2]. This dynamics is
nonlinear due to valve characteristics and also exhibits non-minimum
phase behaviour [3]. The nonlinearity and the non-minimum phase
behaviour makes the associated control problem very challenging. A
number of PI controllers have been extensively used in process control
industries. These PI controllers exploit several tuning methods for
obtaining appropriate control parameters. Among the several methods
reported, Ziegler-Nichols based tuning method is widely used because
of its simple structure [4-6]. However, this Ziegler-Nichols based tuning
method fails to provide appropriate system response. To overcome this
difficulty, various control techniques have been proposed in literature,
these includes an auto adjustable PI controller using MRAC technique
[7], a standard two DOF PID with decoupling [8], PI controller tuning
by CRA technique (characteristics ratio assignment) [9], an inverting
decoupling technique [10]. The existing techniques are inadequate to
provide robust responses, in the presence of disturbance in the plant
dynamics. To eliminate the drawbacks of above-reported controllers,
this paper presents a design methodology for tuning of a PI controller by
using LMI (an optimization approach) in order to provide appropriate
response considering disturbances. In recent times, LMI has emerged
as a powerful design tool for solving many convex problems [11,12].
The basic idea behind LMI the problem is that to translate a given
control problem to a standard semidefinite problem (SDP) [11-15]. In
general, the systems are modelled by the common approach i.e, state
space or a system matrix form [16]. In most of the applications, the
system matrix is used with a low order transfer function that leads to the
loss of some accuracy in the modelling. Hence, modelling of nonlinear
systems such as NARMAX [17], and ANFIS model [18] have been
suggested for better accuracy. It is, in general, difficult to treat various
nonlinearities under a unified framework. Also in some practical
situations, due to limited knowledge about certain nonlinear physical
phenomena, it is difficult to describe the nonlinearities precisely. Due
to this complexity, the nonlinear controllers are very rarely used in
industries. In this paper, modelling is accomplished by linear system

identification technique [19,20]. Here the performances are compared
with conventional PI Controller in terms of time domain specifications
and also different performance index criteria such as Integral Square
Error (ISE) and Integral Average Error (IAE).

The rest of the paper is organized as follows. Section 2 provides
development of a simplified mathematical model of coupled tank
system (CTS). Section 3 presents the control algorithm. Section
4 presents both the simulation and experimental results. Finally,
conclusions are made in section 5.

Coupled tank process modelling

Figure 1 gives a sketch of the experimental set-up of the coupled tank
system used in the present work. It is a challenging benchmark control
device that is commonly used in many process control industries. The
control objective of the coupled tank system is to maintain the level
of the tanks at the desired level, during inflow and outflow of water. It
consists four translucent tanks, and each tank is fitted with an outlet
pipe to transmit the over flow water to the reservoir. In this process,
the fifth tank is used for water storage purposes i.e., as a reservoir. A
level sensor is also attached at the base of each tank to measure the
water level of the corresponding tank. The output of the level sensor is
converted to 0-5 volt DC by the help of a signal conditioning circuit.
There are two pumps installed in the reservoir to drive the water from
bottom to top of the tank. A scale is attached in front of all individual
tanks for the purpose of monitoring the water level. It works under
two basic modes of operations i.e., local mode and remote mode. In
local mode, two tanks are controlled by two separate potentiometers
that are applied to two tanks to drive water to respective tanks (Figures
4-6). In the present work, the system is used in the remote mode of
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Figure 1: Generalised Structure of Pl like State feedback controller.
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Figure 2: A basic representation of Black box model Identification.
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Figure 3: Basic Representation of Output Error Model Structure.

operation for carrying out experiments. The simplest nonlinear model
of the coupled tank system can be obtained by considering the mass
balance equation, which is relating the water level h , h, and the applied
voltage ‘v’ to the pump.
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" s h =water level in tank 1
h,=water level in tank 2
+ K, a,=outlet area of tank 1

a,=outlet area of tank 2
A=cross-sectional area of tanks
g=gravitational constant

n=constant relating to the control voltage

For real time implementation a linear model is considered for the
controller design. Hence, the above nonlinear model can be converted
into a linear model by using Taylor series expansion using two working
points.

2
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In order to obtain, transfer function model, we take Laplace
transformation of above equations (4) and (5) which yields the
followings.

SAH, ()= [%j 77% CAH (s)+7. AU(s) (6)
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Figure 4: Schematic diagram of the experimental set-up showing each hardware.
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During linearization by Taylor series expansion, higher order
terms are omitted (1) and (2). Also some parameter of the coupled
tank system are not known perfectly. Hence there is an obvious need
of obtaining an accurate dynamics model of the system. To overcome
the above mentioned difficulties, in this paper system identification is
accomplished using a black box model approach. We consider pump
control voltage as an input and water level as the output for the system
identification. An output error model is considered and parameters of
the model are determined by using least square estimation algorithm
[19]. The obtained model is validated by different validation techniques
such as mean square error and residual analysis (Figure 2). In the
present work, a second order output error (OE) model has been
considered [20] for model identification since it is found to give a better
fit to experimental data as compared to ARMAX and ARX model. The
output error model structure (Figure 3) describes the system dynamics
separately and also in this model structure, no parameters are used for
modelling the disturbance characteristics. In the simplest form, the OE
model is represented as below.

y(t) =%u(t) (10)

The parameter b and f are determined by a least square estimation
algorithm, as it minimizes the error between the model and plant
output in the sense of minimum square error. The parameter vecter
can be obtained using the following equation.

b.=(¢"0) o'y an

b,(q)=-0.004711"' +0.0048774"
fi(@)=1-1.991"'+0.99114
b,(g)=0.06481¢™"' —0.0624"

£, (@)=1-1.901"+0.901747

(12)

Control Algorithm

The PI controller design problem is converted to a state feedback
control design problem and further solved using convex constraint
optimization approach. Convex optimization can be efficiently
solved by interior point LMI solver (MINCX) [11-13]. It is a state
space approach control design technique, here PI controller design is
considered as a static feedback controller and the static feedback gain
‘K’ vector contains all the parameters of PI Controller.

Consider an LTI system given by

x=A(t)x+B(t)u (13)

y=Cx

In the feedback control strategy (u=Kx), the static feedback gain K

contains only proportional gain for inner and outer feedback loops. To
transform the system into a PI like a framework, an extra state variable
must be included which is usually chosen as the integral of necessary
output, for which zero steady state error is desired.

Let x is the selected output, for which zero steady state error is
desired. If the augmented state is chosen as r=— [(» — x) > where r is the
desired trajectory for z output, then the PI like state feedback control
problem can be described as depicted in Figure 5.

Let us consider an objective function for equation (13) such as
J= j (1) 0x(t) +u(t)| Ru()dt (14)
0

where Q and R are symmetric positive semi-definite matrices.
The control law is given by
u=—Kx=—R"'B"P (15)

In the above P is a positive definite solution of the Algebraic Riccati
Equation (ARE).

A"P+PA-PBR'B"P=-0 (16)

The minimum quadratic cost is given by

Join=%0 Pxq (17)

min

The above LQR problem can be recast as an optimization problem
over 13 and Y, which is stated as follows.

min x"(0) P~ x(0)
PY

Subject to
AP+A'P+BY+Y'B" P YT
P 20"+ |<0,P>0 (18)
Y * R

The cost objective (17) can be rewritten as

X Px,=x, P'x,<y (19)
By using Schur, compliment the above equation (19) can be written
as
T
X,

Fo%sy (20)

xI P
K=-Y'(P)".K =[K, K,] (21)

Results and Discussion

The controllers, LQR-LMI based PI and Ziegler-Nichols based PI
controller were implemented on the real -time coupled tank set up. In
the present work a step input is given to the system and the response
of both controllers is recorded and compared with each other. All the
identification results as well as the model validation results are also
presented here. The parameters of the CTS (Coupled tank system) as
given in Table 1 are used for simulation studies (Tables 1-3).

The coupled tank system is excited by white noise for performing
system that covers a broad range of frequencies for whole dynamics in
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Symbol Quantity Value
A Cross-sectional area of the tanks 0.01389
a, Tank 1 outlet area 0.1245
a, Tank 2 outlet area 0.1245
g Gravitational Constant 9.8
Constant relating the control voltage with the water flow
n 0.1194
from the pump
Table 1: Parameters of the coupled tank system.
PerfI:Lme)a(nce Tuning based on ZN Method Tuning Based on LMI Method
ISE 43.55 (Tank 1) 27.81 (Tank 1)
65.20 (Tank 2) 17.81 (Tank 2)
IAE 65.599 (Tank 1) 62.82 (Tank 1)

59.33 (Tank 2) 43.22 (Tank 2)

Table 2: Response analysis by different performance index.

Performance (Sec) Tuning based on ZN Method Tuning Based on LMI

Method
o 5.123 (Tank 1) 2.9 (Tank 1)
Rise Time 15.5 (Tank 2) 1.78 (Tank 2)
. 20.87 (Tank1) 21.5 (Tank 1)
Peak Time 27.88 (Tank 2) 26.5 (Tank 2)
Setting Time 27.77 (Tank 1) 10.5 (Tank 1)

113.8 (Tank 2) 20.93 (Tank 2)

Table 3: Response analysis by Time domain specification.

Valve Coupling probe
Tank 1 i ‘ Wi
Level Sensorx ! WTM
Ll QOutlet Area
Tank 2 | T ;—Tank 4
H

Pump 1 <] Pump2

Figure 5: Schematic Diagram of a Coupled Tank System.

the identification of parameters. The excited input signal is as shown
in Figure 8. The outputs of the both tanks are as shown in Figures 9
and 10. The experiment is performed for 250 secs with a sampling time
of 0.1 sec i.e., a record of 2500 experimental samples is considered.
After getting the identified model, the model was validated by using
Mean Square Error (MSE) approach that is shown in Figure 11 and
nonparametric approach technique i.e., auto-correlation method. In
Figure 12, the mean square error (MSE) validation technique (Figure
11) ensures that the output error model i.e., (OE-221) gives superior
fitting characteristics as compared to the corresponding ARMAX (2 2
2 1]), [Auto-Regressive Exogenous Moving Average] and ARX (22 1),
[Auto Regressive Exogenous] model. Where Auto-Regressive means
current output has a relationship to the previous values of the output,
Exogenous stands mean that the system relies not only on the current
input values but also the history of output and moving average is stands
for noise [19]. Usually, the output error model structure defines the

dynamics of a system separately and also in this model structure no
parameters are used for modelling the disturbance characteristics. On
the other hand, in both the ARX and ARMAX model structure the
dominating disturbance is a part of the process input. In generally both
the ARX and ARMAX model structure will be considered whenever a
higher order model is desirable. In above-reported model (2 2 1), (2
2) represents the order of the model parameter and (1) represents the
input-output delay.

From Auto correlation analysis (Figure 12) it is observed that all
lags (which is the time difference (in samples) between the signals at
which the correlation is lies inside 90% of the confidence interval (where
the 90% confidence level means, the region around zero represents the
range of residual values that have a 90% probability of being statistical
insignificant). Hence, from both the obtained responses it is envisaged
that the selected model is the suitable one for the controller design
(Figures 7-15).

Figures 8 and 9 illustrate simulations of these two tank models
(Tank-1 and Tank-2) compared to real time data obtained from the
model identification. It is clearly observed that from the simulation
results shown Figures 13 and 14 as well as from the experimental
response results (Figure 15) that the performances of the proposed
control algorithm deliver best performances as compared to the
Ziegler-Nicholas based conventional PI controller. Since by the
presented LMI tuned PI controller algorithm the system can reach the
set point in a short time with no overshoot. Also that also the system is
settled in the steady state with a small settling time. On this contrary,
the Ziegler-Nicholas based conventional PI controller system can reach
the set point with a significant rise time and more steady state error as
compared to LMI tuned PI Controller and along with the system is
settled at steady state by taking large settling time with more overshoot
as compared to the proposed controller algorithm. The gain parameters
obtained from the presented algorithm is given as Eq. (22).

K={[0.2761 0.4542],

(22)
[0.8265 0.6640] }

Conclusions

In this paper, an approach ie., Linear Matrix Inequalities is
addressed for tuning of a PI controller for controlling liquid levels in a
coupled tank system. From the obtained results it is observed that when
the conventional PI controller is applied in real- time it takes more
time to settle the desired level. On the other hand, the proposed control
algorithm requires less control effort to achieve the desired level with
no overshoot. Thus, the obtainable control algorithm provides better
liquid level control performance.

Desired

Step Input + + e
% Coupled Tank Lovel o

-A

Figure 6: Structure of the LMI tuned PI Controller.
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Figure 7: Linearization Response plot of both tanks.
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Figure 8: Experimental Input Data.
Identification Response of model-1(Tank1)
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Figure 9: System Identification response plot of Tank 1.
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Figure 10: System Identification response plot of Tank 2.
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Comparisition of error for different model
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Figure 12: Model validation response by correlation analysis.
Simulation Response of PI using (LQR-LMI approach)
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Figure 13: Simulation response of Pl using (LQR-LMI) approach of both Tanks.

Simulation response of PI using ZN method
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Figure 14: Simulation Response of Pl using (Ziegler and Nicholas) approach of both Tanks.
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Experimental Response of PI using (LMI approach) for Tank 1
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Figure 15: Experimental Responses LMI Tuned Pl and Ziegler Nicholas Tuned PI.

J Chem Eng Process Technol

ISSN: 2157-7048 JCEPT, an open access journal Volume 7 - Issue 1 - 1000266



Citation: Soumya Ranjan M, Bidyadhar S, Subhojit G (2016) Pl Controller Design for a Coupled Tank System Using LMI Approach: An Experimental
Study. J Chem Eng Process Technol 7: 266. doi:10.4172/2157-7048.1000266

Page 8 of 8

References

1.

Wayne BB (2003) Process Control Modelling design and simulation. PHI
Publication.

Coupled tank system control experiment manual. Engineering teaching
solutions. Feedback Instruments Ltd.

Johansson KH (2000) The quadruple-tank process: a multivariable laboratory
process with an adjustable zero. IEEE Transaction on Control system
technologies 8: 456-465.

Astrom KJ, Johansson KH, Wang QG (2002) Design of decoupled PI Controllers
for two-by-two system. IET Control Theory and applications 44: 74-81.

Yun Li G, Chong G (2005) PID control system analysis, design, and technology.
IEEE Transaction on Control System Technologies 13: 559-576.

Ko CC, Ben M, Tan K (2001) Development of a web-based laboratory for
control experiments on a coupled tank apparatus. IEEE Transactions on
Education 44: 76-86.

Kaganat S, Tipsuwannapom V, Numsomran A (2010) Design of PI controller
using MRAC techniques for coupled-Tanks Process. International Conference
on Control Automation and Systems (ICCAS), IEEE: 485-499.

Numsomran A, Suksri T, Thumma M (2007) Design of 2 DOF PI Controller with
decoupling techniques for Coupled Tank Process. International Conference on
Control, Automation and systems: 339-344.

Chaoraingern J, Numsomranana A, Suesut T, Trisuwannawat T (2005) PID
Controller Design Using Characteristics Ratio Assignment Method for Coupled
Tank Process. IEEE Conference on Computational Intelligence for Modelling
Control and Automation 1: 590-594.

20.

. Numsomran A, Tipsuwanpom V, Tirasesth K (2011) Design of PID Controller for

the Modified Quadruple-Tank Process using Inverted Decoupling Technique.
International Conference on Control, Automation and systems (ICCAS): 1363-
1368.

. Boyd S, Ghaoui LE, Feron Balkrishna EV (1994) Linear Matrix Inequalities in

System and Control Theory.SIAM, Philadelphia.

.Boyd S, Vandenberghe L (2004) Convex Optimization. Cambridge University

press.

. Gahinet P, Apkarian P, Chilali M (2014) LMI Control tool box for use with MAT-

LAB.

.Ming GE, Chiu MS, Wang QG (2002) Robust PID controller design via LMI

approach. Journal of process control 12: 3-13.

. Vandenberghe L, Boyd S (1996) Semi-definite Programming. SIAM Review

38: 49-95.

.Rauova L, Cirka M, Fikar L (2009) Real time model predictive control of a

laboratory liquid tanks system. 17th International Conference on Process
Control, Slovak.

. Harris TJ, Yu W (2007) Controller assessment for a class of nonlinear system.

Journal of Process Control, Elsevier 17: 607-619.

.Engin SN, Kuvulmaz J, Omurlii VE (2004) Fuzzy Control of an ANFIS model

representing a nonlinear liquid level system. Journal of neural computing and
application 13: 202-210.

.Ljung L (1999) System lIdentification: Theory for user. Prentice-Hall, New

Jersey, USA.

Soderstrom T (2002) Model validation and model structure determination.
Journal of Circuits, Systems and Signal Processing 21: 83-90.

J Chem Eng Process Technol
ISSN: 2157-7048 JCEPT, an open access journal

Volume 7 « Issue 1+ 1000266


https://books.google.co.in/books?hl=en&lr=&id=PdjHYm5e9d4C&oi=fnd&pg=PR25&dq=Process+Control+Modelling+design+and+simulation&ots=CwuoXBcSW6&sig=4astFYwF4u_AoLJgiB4Uh_KCtD0#v=onepage&q=Process Control Modelling design and simulation&f=false
https://books.google.co.in/books?hl=en&lr=&id=PdjHYm5e9d4C&oi=fnd&pg=PR25&dq=Process+Control+Modelling+design+and+simulation&ots=CwuoXBcSW6&sig=4astFYwF4u_AoLJgiB4Uh_KCtD0#v=onepage&q=Process Control Modelling design and simulation&f=false
http://www.feedback-instruments.com/pdf/brochures/33-041_Datasheet_CoupledTanksSystem_MATLAB_10_2013.pdf
http://www.feedback-instruments.com/pdf/brochures/33-041_Datasheet_CoupledTanksSystem_MATLAB_10_2013.pdf
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=845876&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D845876
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=845876&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D845876
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=845876&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D845876
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=993584&url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel5%2F2193%2F21432%2F00993584.pdf%3Farnumber%3D993584
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=993584&url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel5%2F2193%2F21432%2F00993584.pdf%3Farnumber%3D993584
https://www.researchgate.net/publication/3332664_PID_Control_System_Analysis_Design_and_Technology
https://www.researchgate.net/publication/3332664_PID_Control_System_Analysis_Design_and_Technology
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=912713&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D912713
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=912713&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D912713
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=912713&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D912713
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5669909&url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel5%2F5656240%2F5669634%2F05669909.pdf%3Farnumber%3D5669909
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5669909&url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel5%2F5656240%2F5669634%2F05669909.pdf%3Farnumber%3D5669909
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5669909&url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel5%2F5656240%2F5669634%2F05669909.pdf%3Farnumber%3D5669909
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=4406934&url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel5%2F4406492%2F4406493%2F04406934.pdf%3Farnumber%3D4406934
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=4406934&url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel5%2F4406492%2F4406493%2F04406934.pdf%3Farnumber%3D4406934
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=4406934&url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel5%2F4406492%2F4406493%2F04406934.pdf%3Farnumber%3D4406934
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1631327&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1631327
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1631327&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1631327
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1631327&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1631327
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1631327&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1631327
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6106138&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6106138
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6106138&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6106138
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6106138&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6106138
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6106138&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6106138
http://epubs.siam.org/doi/abs/10.1137/1.9781611970777.fm
http://epubs.siam.org/doi/abs/10.1137/1.9781611970777.fm
https://books.google.co.in/books?hl=en&lr=&id=IUZdAAAAQBAJ&oi=fnd&pg=PR11&dq=Convex+Optimization&ots=HMJzjl9FIm&sig=ie0uVYQjybte-lJf16uAXSQqkVE#v=onepage&q=Convex Optimization&f=false
https://books.google.co.in/books?hl=en&lr=&id=IUZdAAAAQBAJ&oi=fnd&pg=PR11&dq=Convex+Optimization&ots=HMJzjl9FIm&sig=ie0uVYQjybte-lJf16uAXSQqkVE#v=onepage&q=Convex Optimization&f=false
https://www.researchgate.net/publication/3611303_LMI_control_toolbox_user's_guide
https://www.researchgate.net/publication/3611303_LMI_control_toolbox_user's_guide
http://www.sciencedirect.com/science/article/pii/S0959152400000573
http://www.sciencedirect.com/science/article/pii/S0959152400000573
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5612806&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5612806
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5612806&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5612806
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5612806&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5612806
http://www.sciencedirect.com/science/article/pii/S0959152407000285
http://www.sciencedirect.com/science/article/pii/S0959152407000285
http://link.springer.com/article/10.1007/s00521-004-0405-4
http://link.springer.com/article/10.1007/s00521-004-0405-4
http://link.springer.com/article/10.1007/s00521-004-0405-4
http://link.springer.com/chapter/10.1007/978-1-4612-1768-8_11#page-1
http://link.springer.com/chapter/10.1007/978-1-4612-1768-8_11#page-1
http://link.springer.com/article/10.1007%2FBF01211653?LI=true#page-1
http://link.springer.com/article/10.1007%2FBF01211653?LI=true#page-1

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction 
	Coupled tank process modelling 

	Control Algorithm 
	Results and Discussion 
	Conclusions 
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1
	Table 2
	Table 3
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12
	Figure 13
	Figure 14
	Figure 15
	References

