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Abstract: Refining industry uses advanced control techniques because of the need to improve processes and
get better quality products at lower cost. Distillation consumes much energy, for that reason, new control

altermatives that provide better process efficiency are being sought. The new control techniques are oriented
to improve response times and reduce system the energy consumption. The application of adaptive controllers
for this type of process opens a wide field of study to verify their versatility and robustness using sumulation
programs, through these 18 easy to test the effectiveness of the controller and determine, if their behavior are
the desired. In this study, the performance of a MIMO MRAC controller is shown from Lyapunov laws applied
to a binary distillation column, introducing the mathematical development of the plant, its linearization,

decoupling and obtaming the controller functions. Also, implementation of the scheme plant-controller 1s
performed and its subsequent simulation, analyzing the behavior of the responses to verify the effectiveness

of this type of controller.
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INTRODUCTION

The distillation processes are looking the separation
of substances, manipulating their boilng pont and
condensation. The energy used to obtain the
products, 18 considered the highest in chemical processes
(Seban et al., 2015). Refining mdustries use advanced
control technicques to improve the product quality and
reduce operating costs (Yamashita ef al., 2016).

The interaction between variables make these types
of processes multivariable, getting hard the application of
control techniques (Morilla et al., 2013). The distillation
columns have been point research in recent years, where
they have developed methods to decouple in independent
groups, forming loops for working with decentralized
systems and facilitating the implementation of control
systems (Dorrah et al., 2012).

Adaptive control 18 usually used in processes where
some perameters are unknown and cannot be obtamned
with certainty the total plant model (Selivanov et al., 2016)
to distillation processes have been applied this type of
controllers where have advantages over the dynamic
response of the system compared to traditional controllers
(Murlidhar and Jana, 2007).

The Model Reference Adaptive Control (MRAC)
establishes a model to be followed by the plant, it has to
meet appropriate requirements for operation based on a
simple structure using a fast and stable configuration
(Zhang et al., 2015).

The MRAC works to ensure that the error converges
to zero, using an adaptation algorithm to reference model
which does not require the full knowledge of the plant
(Montanaro and Olm, 2015). A solution to algorithm is the
implementation of the law of Lyapunov (Costa et al.,
2003).

Some research related to the theme are design of an
adaptive predictive control strategy for crude oil
atmospheric distillation process where the proposed
methodology to coupled system  reduces the complexity
of the control structures (Raimondi et al, 2015). On
adaptive optimizing control of an ideal reactive column
was demonstrated that the
successfully track the optimum operating pomt of the
system (Valluru et al., 2015). Synthesis of nonlinear
adaptive controller for a batch distillatio, the controller
with a simple structure and easy adjustment, obtained
good results in controlling the concentration (Tana,
2007).

Next, it is going to be presented, the design of a
MRAC MIMO system control for binary distillation
column. The state space model is applied linearization
and decoupling matrices, from this, calculations are
performed to develop the adaptive controller using the
laws of Lyapunov. The responses obtamned from the
concentration of background and distillate are
analyzed to determine the efficiency of this type of
controller.

scheme 15 able to
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MATERIALS AND METHODS

Model of the distillation column: The design of adaptive
control system for a binary distillation requires knowledge
of the behavior of the plant (Klau; er ai., 2015) in order to
determine the reference model is going to be propose the
nonlinear model based on Fig. 1

The vapor-liquid equilibrium is applied by Eq. 1 to
obtain the linear model. The xn is the concentration of
liquid and yn vapor concentration as a relative volatility
o (Mehta efal., 2011). Considering the above is expanded
using the Taylor series, the difference xnxn can be
assumed minimum (Sivananaithaperumal and Baskar,
2014):

axn
= 1
m 1+(a-1)xn W

For the calculation of the model proposed by
Skogestad (1991, 1997), the following values to system
variables are established.

e Methanol-water mixture

e Dishes (NT) =41

*  Dish Feeding (NF) =21

e Alpha constant = 1.5

e Feed Flow (F) = 1 mol/min

« Volatile concentration (ZF) = 0.8 mol fraction
* Reboiler flow (R) =2.706 mol/min

e Feed state (Qf) =1 (Saturated liquid)

The Linearized material balance for each plate would
be equal to presented in Eq. 2:

Mixl =L, 0x,, - (L, +KiVi)ax;+
Ki-lvi-laxi+(XiH_Xi)_(yi'yi-l)aV

2)

Where:

Ki=

Iy @ (3)
dax, (L+(ad)xiy

yi, xi, 1i y Vi are steady-state values at operation point.
Writing in state space variables:

x=Ax+ Bu (4)
y=Cx
Where:
x =[8x(i), ..., 3x(n+1)]™= Composition dishes
Ut =[dL, oV]" = Manipulated variables input

yt=[9xD, 3xB]" = Qutput controlled variables

" Condenser

Product D, XD

Reflux
L

_
—

Feed F, ZF — NF

roduct B, XB

Reboiler

Fig. 1: Schematic binary distillation column

A is tridiagonal matrix of order NT = 41 is calculated
taking account Eq. 5 (Selivanov ef af., 2016; Zhang ef al.,
2015) where1=1:

(RIERL
M) )
V(2)*K(2)
A(1,2)7(Ni(2)
With 1<i<NT-1:
L
A(1,1-1):%
A(i,i)—L(i)+1\fI<(i()i)v(i) (©)
Afii+1)- K(i;dzi))"(i)
Fori1=NT:
L(NT
A(NT,NT-1)=ﬁ
7
_-0.5+K(NT)V(NT) "
A(NTNT) = —— e

The matrix B[NT, 2] is calculated considering the
Eq. 8 and 9. Withi=1:

B(1,1)= 0y B(1,2) =0
For 1<i<NT-1, NT is the number of dishes:

1y X)X
M(i)

2= YD ()
M(i)

(3)
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Fori=NT:
B(NT. 1) (X(NT-1)-X({NT))
M(NT) ©)
B(NT, 2)- (X(NT)- Y(NT))
M(NT)
The output matrix C is:
c{o 00 1} (10)
1 00 0

The system can be expressed as a reduced system of
2 mputs and 2 outputs, using the following Eq. 11:

{XD} 1 G(O){L} (11)
xB 1+Ts v

where, G(0) = -CA"'B and T, represents the time constant
calculated in Eq. 12:

_ M, +MD(1-XD)XD +MB(1-XB)XB
IIn, I

T (12)

[
s g

Variables represent the amount of liquid in the column
(M,), condenser (MD) and reboiler (MB), I, is the
sum of iumpurities and y S is the separation factor.
With1,=1.975(h). Equation 13 illustrates equality for
obtaining the matrix P:

1 _ Pi(s) Pu(s) 13
— Lam(s) Pzz(s)} (13)

Where:
A

. Ke™ . .
Pij(s) = =1 (1,j=1,2) (14)

Applying the fimction, matrix P 1s obtained:

12.8¢% -18.9¢™
Pi(s) Pu(s)|_|167s41 21s+1
{PM(S) Pzz(s)} 6607  -19.4e”
109541  14.4s+1

(15)
The complete linear system represented in a 2x2
system in the frequency domain is:

12.8¢° -18.9¢™
{Xd(s)}z 16.7s+1  21s+1 {L(s)} (16)
Xb(s) 6687 -19.4e | Vis)
10.9s+1 14.4s+1

where, Xd and Xb represent the mole fraction of
methanol-water mixture, in the distillate and background.
L 1s the liquid flow from the condenser (reflux) and V the
reboiler vapor flow.

To control the distillation column is necessary
calculate a decoupling functions D ,(s) y D,,(s), in order
to compensate the mnteractions between system variables
and obtain mdependent control loops. Equation 17 and 18
show the calculation:

D, (s) - Py(s) 33e* (144541 an
! P, (5) 97(10.9s+1)

-28
D, (s) = P, (3] _189¢™(16.7s+1)

(18)
P,(s)  128(21s+1)

To set the controller, estimate the model taking into
consideration the coupling according to the Eq. 19

Xdsy|_[T,{s) 0 [ul(s) (19)
Xb(s) 0 Tzz(s) u2(s)

T, v T,; express independent control loops as illustrated
mEq. 20 and 21:

T“(s):Pll(s)Jr PIZ(S)DZI(S) (20)
T,,(8)=P,,(s)+ P, (s)D,,(s) (21)

MRCA using Lyapunov stability: The MRCA 1s
performed based on the development of Lyapunov
stability extubited by Astrom and Wittenmark (1995) y and
its implementation for a control system by Anbu and Jaya
(2014).

The reference model and the process are expressed in
first order differential Eq. 22 and 23:

dy7m = _amym «P[)muc (22)
dt
g = -ay+bu (23)
dt

The Lyapunov control law 1s the difference between
the 1nput signal and the output of the plant, multiplied by
the parameter 8. The error is the subtraction between the
process and the reference model. Equation 24 and 25
express the above:
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u=06u-90,y (24)
e =¥y, (25)

Deriving the error:
% = -, -(b0,+a-a_ )y + (b8, b, Ju (26)

The error converges to zero when the parameters
obtained the values shown in the following Eq. 27:

g, = ln 27)
b

91 _d,-a (28)
b

The quadratic fimction of Eq. 29 i3 introduced, to
determine the Lyapunov stability and calculate the
parameters of adaptation:

Vie,0,,0,)= 1 e +Lﬂ)82 +a-a_ )Y JrLCbel—bm)2
2 by by

(29

The function V 1s zero when the error 13 zero and the

parameters comply with the set values, the function
derivative 1s illustrated in Eq. 30:

V& 10 taa, ) 222+ L (b0 b, ) T (30)
dt dt vy dt vy dt

If the function has a negative derivative, it is
considered a Lyapunov function. In Eq. 31 1s shown the
expression -ae’ replacing values of the Eq. 24-26:

v_ -ameerl(bEJ2 +a- am){de2 -we}rl(bel—bm){delmce}
ke ke

dt dt dt
(3D
For to this derivate become negative 1s necessary to
update the values of the parameters, the derivative will be
equal to -a,e’ when the following equations are satisfied:

e, _ (32)
5 e
e, _ (33)
a e

Therefore, the value of the derivative is semi-defined,
where error values and the parameters are limited, the

value v can be varied to adjust the adaptation of the
system. In this way the method solves the Lyapunov
stability problems presented using gradients.

The adaptation of the system to a second order plant
is the extension of the previous method where a new
parameter 1s included to the control law as expressed in
Eq. 34

u=0u,-0,y-0,y (34)

Using the method, the derivative 1s obtamned:

o _ . (35)
d b °

o, v (36)
dt b

48, _ ¥ g, (37)
it b

Applymg the integral to the previous functions, the
parameters for adaptation of the plant are as shown
below:

8, = %jucedwel © (38)
6, = %IyedHez (0) (39)
0, = %J.j/ed‘ﬁej ©) (40)

The reference model representing the desired
behavior of the plant. For its design should take mto
account the response time in open loop and the following
Eq. 41:

z

R=— "o (41)
§°+2pw stw
w, =20 (42)
P,

The p is the damping constant of the system, 4.6
represents the time constant where the plant is maintained
within 1% error.

RESULTS AND DISCUSSION

Figure 2 shows the whole system including the
MRAC, the plant, decoupling matrices and disturbances.
The controller represents the Eq. 38-40. The values used
are observed in Table 1.
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Fig. 2: Schematic plant-controller
Table 1: Parameters of controller B 0.40
Parameters Values = 838 =5
Distillate controller % ’ i
1/, ¥ab, s/ 0.007, -0.01, -0.01 202 /
Background controller 5 0.20 /
1b, yalb, b -0.03, 0.38, .38 5015 /
‘g’ 0.05 /
£ 0.00
The reference models of Eq. 43 and 44 were calculated 8 £ 4
0 50 100 150 200 250 300

with p = 0.6 and with open-loop step response of 75 sec
for distillate and 60 sec for background:

2
MR, - 0.1022 (43)
8% +2%0.6%0.10225+0.1022°
2
MRf 0.1277 (44)

T 2%0.6%0.12775+0.1277°

In Fig. 3 the background concentration is observed,
compared with the reference signal in molar fraction (sp),
in an mnterval of 300 sec.

The background concentration has a stabilization
time of 3.71 minand a 12.16% of overshoot. In Fig. 4, the
control signal is observed for background concentration
of 0.3 at an mterval of 600 sec.

In Fig. 5, the distillate concentration versus the
reference signal in an interval 300 sec is observed. The
distillate concentration has a stabilization time of 4.28 min
and 12.94% overshoot. In Fig. 6 the control signal 1s
observed for distillate concentration of 0.7 at an interval
of 600 sec.

The control signals are low because the loops are
adapted to the models as illustrated in Fig. 7 with the
distillate concentration. Errors are the differences between

Time (sec)

Fig. 3: Concentration background (Blue) vs. sp (Black)
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Fig. 4: Control signal for the background
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Fig. 5: Distillate concentration (Blue) vs. sp (Black)
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Fig. 8: Variation in the background concentration (Black
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plants in an instant of time; this prevents an excess
control because variations are lower than when a constant
reference is used.

To analyze the behavior of the developed controller,
is compared with a PTD fuzzy exhibited by Mishra et al.
(2015), sunulating the same changes made to the fuzzy
control.

To the background concentration was applied a
variation from 0.48-0.4, the fuzzy control has a stabilization
time of 4.8 min; the adaptive controller obtains 2.66 min,
illustrated in Fig. 8.

The vanation in concentration of distillate 1s from
0.9-0.8. MRAC stabilizes at 2 min as shown in Fig. 9 while
the PID fuzzy stabilized at 2.4 min.

MRAC controller improves the stabilization time,
having designed a reference model and adaptability
algorithm generated from a stability law.

o
©
a

o
__8

0.85| \

\/

0.80

Concentration (mol fraction)

0.75

0 50 100 150 200 250 300 350 400

Time (sec)
Fig. 9: Variation in the distillate concentration (Black vs.
Blue)

CONCLUSION

Based on the Lyapunov stability laws; the controller
design and system reference models was performed. The
results demonstrate the feasibility of this application to
distillation processes.

To implement a MRAC is necessary to know the
behavior of the open loop plant to design the appropriate
reference model for adaptation.

One advantage of adaptive controllers is that have
good stability and robustness without requiring extensive
knowledge of the mathematical model from the plant
unlike predictive controllers.

These controllers help to reduce energy consumption
by using control signals in function to the variation of a
model reference, making them more efficient over
traditional controllers.
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