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Abstract:

This paper proposes the design of a cascade carsirgd fuzzy logic. A new set of fuzzy logic esl
are added to a conventional Fuzzy Logic Contro(leLC) to build the Fuzzy Controller with
Intermediate Variable (FCIV). The proposed conéolk tested in the control of a nonlinear chemical
process, and its performance is compared to othdrallers
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1 Introduction recent years, the technique has been applied
The well-known PID controllers are still the most Successfully in the area of nonlinear process obnir
adopted in the process industries. However, reall6, 71 _ )

systems often have nonlinearities and contain high-Féedback Control (FC) is the simplest form of
order dynamics and dead time, all of which diminish @utomatic process control. However in  many
the performance of these controllers. processes with slow dynamics and. with too many
Fuzzy logic is a technique that uses language anHPSets, the control performance prowde_d by fegldbac
reasoning principles similar to the way in which control often becomes unacceptable_. It is necessary
humans solve problems [1]. This technique providedhese cases to use other strategies to provide the
means to deal with nonlinear functions, and fidijpi  réquired performance. Cascade control is a strategy
and simplicity that makes it suitable for many that improves, in some applications significantlye
industrial applications [2, 3, 4]. In the processizol performance provided by conventional feedback
field the boom started in 1974 when Mandanicontrol. Recently, some works have been developed
controlled a steam engine using fuzzy logic [5]. Inapplying fuzzy logic into cascade control stratedie
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control mechanical suspension systems, using Takagi

Sugeno fuzzy models for predictive purposes [8, 9]. e(n) =r(n) —c,(n)
paper proposes a controller that uses new setzaf/fu Ae(n) =e(n) —e(n-1)
rules with an intermediate process variable, rafgrr Ac,(n) =c,(n) —c,(n-1)

to this controller as a Fuzzy Controller with \yhere:

Intermediate Variable (FCIV), the FCIV can be used,  -pesired response, or set point
instead of a cascade controller to control processe
with import disturbances. This controller is testad i i
the control of a nonlinear chemical process, aad it ¢.(n) =Intermediate variable response
performance is compared to that of a PID contrpller N = sampling period.

FLC controller, PID’s in cascade, and FLC's in n-1 = previous sampling period.
cascade.

¢,(n) =Main, or primary, variable response

Tuning the FCIV requires five scaling factors, doe

2 Fuzzy Controller With Intermediate each of the inpute(n), 4e(n) and 4cy(n), and one for
Variable each of the outputdmgg(n) and Amnr(n). We also

refer to these scaling factors as tuning parameters

Figure 1 shows a control system with the FCIV &s th 2 1 Fuzzy Rules Set for FCIV

controller. The rule matrix used by the FLC unit is based an th
_ Macvicar-Whelan matrix [10]. The meanings of the
Disturbances . L. . . . .
Controller + linguistic variables involved are: negative big (\NB
Set point negative medium (NM) negative small (NS), zero (2),
> Folv|Sgaovavem o) proCESS > positive small (PS), positive medium (PM) and
positive big (PB). Table 1 shows the distributiofes
f | ntermediate variable, C2 | to ObtainAmFB(n)A
Maln varlable, 1 Table 1 Fuzzy Rules For The First
Unit
Fig.1. Cascade control loop using the Adn)
FCIV NB NM NS A PS PM PB
NB NB NB NB NB NM NS 4
The controller consists of two fuzzy logic units as NM| ne | e | ne | oww | Ns | oz | ops
shown in Fig 2. The first unit (FLC) is a regulazty an) B S B R v e
logic controller with the inputs being the errortag ps T T 2 T os v [ ve | vo
primary controlled variableg(n) and its change, Ml ns | 2z | ps [ em [ pe | Ps | pe
4e(n). The second unit (FI) handles the intermediate PB] z | Ps | P | PB ] PB | PB | PB

variable. The input to this unit is the change lie t _ _ _

intermediate variabledc,(n). The output to the valve, 4Mint(n) is obtained using another set of rules shown

Am(n), depends on the contributions from the FLC in Table 2. These rules were chosen to correct the

Ames(n), and from the FLAMr(n), units changes of the intermediate variabledc,(n),
independent of the errag(n) and its changede(n).

FCIV Table 2. Basic Rules Fbe Fci Unit
AC,(n) | AMyr(n)

emn) NB PB
NM PM

2en) : L+ Amin) NZS st
ooy — i o
PB NB

Fig. 2. Scheme of the FCIV. Five triangular membership functions and two

trapezoidal membership functions are used for both

The input and output terms for this controller areinputs and outputs (see Fig.3).
defined as follows:
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g R A/ A. Preheating Tank
2o
£ Total mass balance:
802 pifi(t)+ oy (1) fr = p1(t) fo = pa(t) fa(t)
e BUE T = At (hy (1) o1 (1)) @)
1 08 06 04 -g(.:)' As(fn). zi(n) 04 06 08 1 HT dat 1 P1
goe Mole balance on component A gives us:
S0 fiOC A + rCa; (1= 1C ag (1)~ F1(C py (V)
502 d (2)
Bo——— LAV YV VN = Aur < Cm 0, )
-1 -0.75 0.5 -0.25 0 0.25 05 0.75 1
Big(n) . Bmrl)
] ] ) Mole balance on component B:
Figure3. Membership functions for the f,Ch, (1) = foChy(t) = f1()Cpy (1) 3)
inputs and outputs of FCIV. - Aur j—t(csl(t)hl(t))
Mole balance on component C:
3 Process M odel ) comp
frCcy (1) = foCcy(t) = f2()Ccq (1) (@)

The process selected, shown in Fig. 4, consist of “HT %(Ccl(t)hl(t))
preheating tank followed by a chemical reactor wher

the reaction A>2B+C takes place. This process iThis preheating stage is considered as an adiabatic
quite nonlinear and therefore useful for our puesos process. The enthalpy reference for all solutioms i
liquid phase at OF (255.55K), and the heat capaCipy

is assumed the same value for all the streams. The

Preheating tank . e
energy balance on this section is:

) ' ‘ Recycle
fT(t()t)Cﬂl T A ————— p1 i (OCPT; + ¢ (01 CPT: (1) = £1(1) FoCPTL(V) ~ 1 () 1 (ICPTA 1)
n0ueo Vo [V +UAG [T (0 - To(0]= A O3 (21O )
wo R ©)
Sat. vap. g'_' hut) Ca(t).%TG, . .
; = -] | ‘ C,1.%TQ The utility used to heat the content of the tank is
- ' @ 4 vapor. We assume that the superheat in this vapor i
g’ig)) Ca(t) negligible compared to its latent heat. The energy
ha Czll(t) g‘;ﬁg balance around the coil is:
N =Sy 0) w2 ~UAT, () - T,0] = €, 5 (1 () ()
1 ot T _ _
fo ! f1& : fé)) Where C_ =mCp,,. is the heat capacitance of the
- : :
<—lg_ A @ X metal coil.
@—B
Reactor The equation for density of the fluid in the pretiveg
A>2B+C tank is giving by:
Pi(t) = 0y +@,Cpy(8) + ,Coy (1) +@,Cey (1) @)

Fig 4. Process Diagram
Equation for valve A:

The main controlled variable is the output concatian ;) - ¢, [Pa~P* AM9M® + hl - A, - h]
of the component C, &), the manipulated variable is \/ PA0)
the input flow of steam, w(t), and the intermediate Pro
variable is the temperature in the preheating ta&i(k).
Mass and energy balances in each process unisate u (8)
to model the process. Other engineering relatioch s
as kinetic reactions, heat transfer, valves anda@en B. Reactor:
equations, are also used to complete the mathexhaticOverall mass balance on reactor:

description of the process. P (1) FL(1) = p(D) T (1) = A, :—t(hz(t)p(t)) 9)




Mole balance on component A:

fl(t)CAl(t)_ARhZ(t)L;U_ fOCAM (10)

= Ar < (CAWN)

Mole balance on component B:
f1(t)Cpy (1) + A2 rg (1) — F()C (1)

11
= Ar S (Ca M) (11)

Mole balance on component C:
f1()Ccq (O + Aha(t)Lz(t)* f(Cc ) (12)

= Ar - (Cc 2 (1)

Energy balance:
P1(t) f1(HCPT1(t) - AH R Arhy ()rp (1) = (1) f (H)CpT (1)

13
= ARGV TP (1) 13
Reaction Rate:
ra (1) = koC A (1)C, (t)e T OF (14)
Equation for valve B:
f(t) = Cv, p(t)ygh, + P, -14.7
p(t)
P 0
115

The equation for density of the fluid in the

reactor is obtained as:
P(t) = p, +a,C,(t) + a,Cy (1) + a,C. (1) (16)

C. Recycle:
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Dead time equation:

L *A_
- r pipe  _ . (22)
—————=0.4min (10)

tO
r

The final control element is an equal percentaggeva
with a maximum flow of 3.6 times the steady stdosvf
and time constant of 0.2 minutes. The gquatiortHiw

valve is:
m(t)

0.2%[W(t)] +w(t) = 3.329 2550 (23)

Where m(t) is the signal from the controller to tave
in %CO (percent of controller output) and w(t) et
steam flow in kg/s.

The analyzer transmitter has a first order dynarmwitis
a time constant of 0.35 minutes and a range g(t) C
from 6.413 to 32.066 kgmalém®. Thus, the)equation
for the analyzer transmitter is:

d _ 100 _ 24
0.35_[c, (] + & )= 55 [Ce(t) 6.41(:-}-5)( )

Where the main variable(€), is the signal from the
sensor in %TE(percentage of transmitter output 1).
Finally, the temperature transmitter also hassa @irder
dynamics with a time constant of 0.25 minutes and a
range on T(t) from 50F (283.33K) to 250 F (394.44K).

The respective equation is: (16)
d =100 - 25
O'stt[C2 t)+c, (t)-lll_ll[Tl(t) 283.33 (25)

The recycle is carried out by means of a pump whic
supplies a constant recycle fluifl, Because of length
of pipe, the variables involved in this fluid haaelelay
time when they arrive at the preheating tank. Th
mathematical model includes this effect.

hI'he variable gt) is the signal from the sensor of the
temperature in %TQ(percentage of transmitter output
e2), and it is the intermediate variable signal.

D. Steady state model values
Steady state values and constants for the process
variables are shown in Tables 3, 4, and 5.

4 Results (17)

Mole balance on component A:
C, (1) =CL(t-ty) a7

Mole balance on component B:

Cq, (1) = Cy(t - t,) (18) The results reported in this paper 418) based on
simulations done using Simulink 5.0. A samplingdim

of 0.25 min was used for all the controllers. Thput
temperature to the preheating tank is asgugyed thene
main disturbance. Five control strategies were
implemented: PID feedback, PIDs in cascade, Pls in
Cascade, FLC feedback, FLCs in cascade, and the

proposed FCIV.

Mole balance on component C:
Ce (1) =Cc(t-t,) (19)

Density of the recycle fluid:
P (1) = p(t—t) (20)

Temperature of the recycle fluid:

All tuning parameters were optimized to obtain Ilest
T (M) =T(t-t) (21)

performance of each controllef2Bable 3 shows the
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optimized parameters values for all Controllerse Tt
Integral of the Absolute Value of the Error (IAEpsv

used as the optimization criterion. The optimizatic
method used for this purpose was Fminimax fro
Matlab 6.5.

Table 3 optimized parameters values for all Coldrsl

Controller\Parameters

PID Ke=102 |Ti=12 Td=35

PIDs Cascade Kel=151 |Til=25 Tdl=31 [Ke2=20  |Ti=149  [Td2=29
Pls cascade Kel=115 |Til=245 0[Ke2=19  |Ti2=15.1

FLCs Cascade Kel=0.25  |Kdel=155 [Km1=0125 |Ke2=015 [Kde2=10 |Km2=25
FCIV Ke=129  |Kde=4378 |Kc2-883 |Km1=399 [Km2=128

Figure 5 shows the responses when the input temoper
to the preheating tank increases by°EQ(5.56 K). The
controlled variable, Cc(t), is recorded from

transmitter in %TQ The IAE is reported for each contro

strategy

53

52,5+
Controller IAE

52 / PD

PDs Cascade
51.5 /
-
d\
PIDs Cascade

Pis Cascade
51

36.46
8.92
9.62
95.47
8.89
2.65

FLC
FLCs Cascade
FCNV

%TO

50.5

50 Fciv
FLCs Cascade

. . . I I
100 120 140 160 180
time, min

L L L L
20 40 60 80 200

Fig. 5. Responses for different methods
used to control the output concentration.

Figure 6 shows the responses when the i
temperature to the preheating tank is changec
different times and for different values. The resgm

for the control under FLC feedback is not shown
because in all cases was much worse. The figure als

shows the IAE values.

the

40

L |
| I | | PID
g soF | \ i
[ I [ | \[ IAE =144
asl! . | . | . | .
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S ! ! ! ! AE=42.5
| | | |
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|
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Figure.6 Responses of different methods used to

I control the output concentration for changes of +10
°F (+5.56 K), -2C°F (-11.11 K), +15F (+8.33 K),
and -25°F (-13.89 K) in the main disturbance,
Ti(t).

For another comparison, Fig 7 superimposes the

response of the three schemes.

51

T T
PIDs Cascade
Pls Cascade |

50.8

50.6

FCIV B

f\ — — — FLCs Cascade
I

50.4

50.2+

%TO

50+

49.8

49.6 -

49.41 ' ! i

49.2 I I I I I I I
0 100 200 300 400 500 600 700

time, min

Fig. 7 Responses of cascade control strategies to
control the output concentration for the
mentioned disturbances.

800

Figure 7 shows that the control provided by FCIV
reaches the desired steady state value fasterttiean
other strategies, and it also maintains its settpoince

it is reached, without undesired oscillations. TA&
obtained by FCIV (26.19) is less than the otheeeghr
controllers, PID Cascade (42.5), Pls Cascade (32.76
and FLC Cascade (41.42).

5 Other Disturbances

Figure 8 shows the control performance using a PID
controller, PID controllers in a cascade environtnen
and the FCIV controller for different disturbances;
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Figure 9 shows the manipulated variable signale Th
FCIV controller reaches the steady state faster and
offers better stability in all cases.

52

51.5F

51r

50.51

%TO,

50

Disturbances:

100min) -10 °F |
300min) 20% inlet conc. up

600min) +5 °F

800min) 20% inlet flow up

1200min) -5 °F

1500min) +5 °F

49.51

49+

860 10‘00 12‘00
time, min
Figure. 8 Responses of PID, PIDs in
cascade and the FCIV to control the output
concentration for the mentioned
disturbances.
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Figure 9. Signal to the valve from PID,

2PIDs and the FCIV to control the output
concentration for the disturbances of Fig. 10.
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To briefly study the effect of noise, Gaussian aois
with standard deviation of 0.4%TO was added to the
signal from the analyzer transmitter. Fig. 10 sbow
both curves with and without noise when the FCIV
controller is facing the disturbances mentioned in
Fig 8. The presence of this particular noise dass n
make a significant difference on the performance of
the FCIV.

41

FCIV controller — — noise
| —— No noise

%TO1

L L L L
1000 1200 1400 1600

!
800
time, min

260 460 660 1800
Fig. 10 Signals of the main variable (the output
concentration) with and without noise for the FCIV

controller.

6 Conclusions

A new fuzzy logic controller using an intermediate

variable has been proposed in this paper. Several
performance tests were done on a simulation of a
highly nonlinear chemical process. The control

performance provided by the FCIV was superior to

the performance provided by other conventional

controllers.
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