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Abstract

Most of the real systems exhibit non-linear nature; conventional controllers are
not always able to provide good and acceptable results. This paper presents a
hybrid control strategy of Model Predictive Control (MPC) and Fuzzy Logic
Control (FLC). The Fuzzy Model Predictive Control (FMPC) approach is
developed to control various distillation column models. The performance
measures like settling time, peak overshoot, Integral Square Error (ISE) and
Integral Absolute Error (IAE) of FMPC is validated with MPC, FLC and
conventional multi loop PI controller. The simulation results shows that the
FMPC has better performance than other controller on various distillation
column models.

Keywords: Predictive control, Fuzzy model predictive controller, Distillation
column; Control horizon; Model horizon

1. Introduction

Distillation is the separation method in the petroleum and chemical industries for
purification of final products. The schematic for the distillation column is based
on L-V (Liquid-Vapour) structure or the energy balance method. In this control
configuration the vapour flow rate (V) and the liquid flow rate (L) are the control
inputs. Here FMPC has been selected for controlling the distillation column [1-3].

This paper presents specific details about the simulated case study of MPC for
the Wood and Berry distillation column model, Benzene Toluene Model and
Vinante Luyben model. The Wood-Berry is a 2x2 transfer function model of a
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Nomenclatures

B Big

d(s) Disturbance variable

e Error

eD Change in error

F Feed flow rate

L Liquid flow rate

M Control horizon

Mp Maximum peak overshoot
N Negative

P Predictive horizon

Po Positive

R(s) Reflux flow rate

S Small

S(s) Steam flow rate

t Settling time (sec)

\Y Vapour flow rate

xB Bottom composition

xD Distillate composition

Z Zero

ZF Mole percentage

Greek Symbols

de Change in error
Abbreviations

FLC Fuzzy Logic Control
FMPC Fuzzy Model Predictive Control
IAE Integral Absolute Error
ISE Integral Square Error
L-v Liquid Vapour

MIMO Multi Input Multi Output
MPC Model Predictive Control
Pl Proportional Integral

pilot plant distillation column that separates methanol and water. Then it is
extended to Distillation Column model of Benzene Toluene and Vinante —
Luyben. The system outputs are distillate xD and bottoms compositions xB,
which are controlled by the reflux and steam flow rates R and S [lb/min]. The
unmeasured feed flow rate F acts as a process disturbance.

A non-linear 2 input 2 output system Distillation Column (MIMO system) is
controlled with FMPC and compared all the performance like settling time, peak
overshoot, ISE and IAE with conventional multi-loop Pl controller. The MPC
simulation was performed using MATLAB and the Model Predictive Control Toolbox.
The FLC simulation was also performed using MATLAB and the Fuzzy Toolbox.
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2. Distillation Column

Distillation is a process that separates two or more components into an overhead
distillate and bottoms (Fig. 1). The bottoms product is most probably a liquid,
while the distillate may be liquid or a vapour or both.
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Fig. 1. Schematic diagram of distillation column [3].

The feed contains a mole percentage of the component called zF. The product
stream at the top contains a composition of xD. The product stream leaving the
bottom has a composition referred as xB of the light component. The important
aspects of the steady-state operation, dynamics and control of continuous
distillation columns are summarized in [4].

The initial process used in this work is Wood and Berry Distillation Column.
Wood and Berry Distillation Column is actually designed and meant for the
separation of Methanol and water from the mixture. The top product is Methanol
whereas the bottom product is usually water. Methanol has the boiling point of
148 °F (64.7 °C) whereas water boils at 212 °F (100 °C). Since Methanol having
low boiling point, it vaporises and forms the top product of the Distillation
Column. It is then allowed to condense and the solidified form is taken. Water
being the bottom product is in the liquid state and easily it can be measured out.

3. Fuzzy Model Predictive Controller

Fuzzy Logic Controller (FLC), can control the plant model with no overshoot,
lesser error and in faster way. The controller response of MPC also has smoother
response for selected processes. Here FMPC is implemented, in such a way that the
controlled output of the intelligent FLC controller is given as the input or
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manipulated variable to the MPC. Thus the combined effect of both the controllers
makes the FMPC to outperform the individual effect of controllers [5-7].

MPC uses a dynamic plant model to predict the effect of future reactions of
the manipulated variables on the output and control signal is obtained by
minimizing the cost function. An optimal input sequence is calculated. The
measurements are then sent back to the controller, and a new optimizing problem
is solved [8-10].

Fuzzy reasoning is capable of handling uncertain and imprecise information.
Fuzzy logicis a form of many-valued logic; it deals with reasoning that is
approximate rather than fixed and exact. Compared to traditional binary sets
(where variables may take on true or false values), Fuzzy logic variables may
have a truth value that ranges in degree between 0 and 1. A fuzzy logic based
scheme or Fuzzy Inference System is a computer paradigm based on fuzzy set
theory, fuzzy if then- rules and fuzzy reasoning.

In this work, a fuzzy predictive controller based on Takagi and Sugeno fuzzy
models is considered where a linear predictive controller is derived for each rule of
the fuzzy model. Therefore, the fuzzy controller includes the same premises as the
fuzzy process model and the consequences are given by the resulting control action.

3.1. Parameters

FMPC includes both MPC and FLC. The control horizon and prediction horizon
are tuned and accordingly select the control interval value. The prediction horizon
(P) tells the controller how many sample steps ahead should be used when
minimizing the object function. The control horizon (M) tells the controller how
many control steps should be used when minimizing. The larger M is compared to
P, the bigger the chance is that the controller will find an input sequence to
minimize the function.

In Fuzzy side, the rules are framed first and the FIS file should import into the
controller. Now the output of the Fuzzy Controller is given as the input of the
MPC. Again this MPC controls the whole system and thus the final output.

3.2. Prediction

FMPC networks combine the advantages of both intelligent techniques and
predictive techniques. The effective modelling and identification techniques,
based on fuzzy structures, combined with MPC strategy result in effective control
for nonlinear MIMO plants. MPC contributions like explicit handling of
constraints, shorter development time, special ability to anticipate future events
and can take control action, along with FLC’s robustness, better stability, small
overshoot, and fast response makes FMPC to take a step further than others.

3.3.FMPC tuning parameters

The closed-loop MPC and FLC simulations are performed using MATLAB
Model Predictive Control Toolbox and Fuzzy Control Toolbox. The MPC
controller is tuned based on trial and error method and General Predictive control
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method (GPC). This approach shows that the tuning values of Control Horizon
(M) = 4, Prediction Horizon (P) = N = 96 produce considerably fair response.
Takagi and Sugeno based FIS has been taken for fuzzy part.

Each element of this rule table represents ‘IF’-‘THEN” rule. For example: ‘IF’
error is Z and Rate of change of error is N ‘THEN’ output is S. Manipulated
variables for top composition loop are the error (eD(k)) and the rate of change of
error (AeD(K)). The output variable for the top composition controller is the
variation in reflux flow rate (Ar(K)).

These variables are defined as:
eD(K) = xDr(k) — xD(K) (1)
A eD(k) = eD(k) — eD(k-1) 2)
where xD is composition of top product, xDr is setpoint for xD and AR(k) is
variation in reflux rate.

Manipulated variables for bottom composition are the error (eB(k)) and the
rate of change of error (AeB(k)). The output variable for bottom composition
controller is the variation in steam flow rate (As(k)).

These variables are defined as:
eB(k) = xBr(k) - xB(k) (3)
A eB(k) = eB(k) - eB(k-1) 4)
where xB is composition of bottom product, xBr(k) is setpoint for xB and As(k)
is variation in steam flow rate.

Three values have been taken in associated with each crisp variables eB(k),
eD(k), AeB(k) and A eD(k) variables. The fuzzy set associated with all these
variables are taken as [N, Z, P] where N- Negative, Z- Zero, Po-Positive.

In FMPC, model rules are tuned by a reinforcement learning method which has
been applied for SOC (Self-organising fuzzy Controller) successfully. The
difference between them is the evaluation target as the FMPC evaluates the model
prediction performance whereas SOC learns control rules by evaluating the control
performance. The fuzzy model proposed by Takagi and Sugeno the input variables
of the premises of each rule are combined by “and” operators and the output
variables represent linear models. Thus, the fuzzy model rules are the following:

R : If (eB(k) =N and AeB(k)=NthenY =B
R,: If (eB(k) =Z and AeB(k)=ZthenY =B
R3: If (eB(k) =P and AeB(k)=Pthen Y =S

The entire rules are given in table form as shown in Table 1.

Table 1. Rule table for bottom and top composition control.

o N z Po
N B S S
Z B B S
Po B B S
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The defuzzification approach which has been used here is Centre of Gravity
method. After completion of firing of each rule, fuzzy form output is converted to
crisp form by centre of gravity method.

4. Simulation Results
4.1. Wood and Berry Model

The Wood and Berry distillation column model (Fig. 2) is taken as primary
model, which is a 2x2 transfer function model of that separates methanol and
water.
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Fig. 2. Performance of Wood and Berry column.

Table 2. Controller response of Wood and Berry column.

Top product Bottom product
t(s) M, ISE 1AE  ts) M, ISE IAE
PID 78 0.365 3346 46.13 102 -0.13 61.28 57.92
MPC 35 0.15 3177 41.36 65 0.15 60.36  54.63
FLC 70 0 30.06 40.13 60 -0 5876 52.79
FMPC 64 0 29.14 38.04 55 0 5731 51.24

4.2. Benzene Toluene model

As the name suggests, Benzene-Toluene distillation column model (Fig. 3) is to
separate out benzene and Toluene from the mixture. Benzene having the boiling
point of 80°C vaporises fast and forms the top product of the Distillation Column
whereas Toluene boils only at 110°C so it forms as the bottom product. It is then
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allowed to condense and the solidified form is taken. Toluene being the bottom
product is in the liquid state and easily it can be measured out.
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Fig. 3. Performance of Benzene Toluene model.

Table 3. Controller response of Benzene Toluene model.

Top product

Bottom product

t(s) M, ISE IAE  t(s) M, ISE IAE
PID 6 107 268 6.12 5 135 167 563
MPC 3 105 246 567 35 127 121 498
FLC 2 -185 203 492 15  -1.750 101 4.12
FMPC 2 0 189 432 15 0 098  3.89

4.3. Vinante Luyben model

Vinante and Luyben in 1972 developed this model and thus the name Vinante

Luyben Distillation Column model (Fig. 4).
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Fig. 4. Performance of Vinante Luyben model.
Table 4. Controller response of Vinante Luyben model.
Top product Bottom product

t(s) M, ISE IAE ts(s) M, ISE IAE
PID 30 1.2 10.74 18.63 25 1.8 8.4 14.72
MPC 27 0 9.63 17.47 23 0 8.1 13.92
FLC 27 0 9.12 1598 27 0 7.8 12.62
FMPC 23 0 8.16 15.06 23 0 7.6 12.12

5. Conclusion

In this work, an attempt is made to control various 2x2 distillation column
models. A hybrid controlling method (MPC + Fuzzy) is proposed and its
performance is validated with traditional MPC, FLC and conventional PI
controller. Performance indices like settling time, maximum peak overshoot, ISE
and IAE is compared with different controllers. The simulated result depicts the
FMPC Controller performances are better than other controllers.
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