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Abstract:  
This paper proposes the design of a cascade control using   fuzzy logic.  A new set of fuzzy logic rules 
are added to a conventional Fuzzy Logic Controller (FLC) to build the Fuzzy Controller with 
Intermediate Variable (FCIV). The proposed controller is tested in the control of a nonlinear chemical 
process, and its performance is compared to other controllers. 
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1   Introduction 
The well-known PID controllers are still the most 
adopted in the process industries. However, real 
systems often have nonlinearities and contain high-
order dynamics and dead time, all of which diminish 
the performance of these controllers.   
Fuzzy logic is a technique that uses language and 
reasoning principles similar to the way in which 
humans solve problems [1]. This technique provides 
means to deal with nonlinear functions, and flexibility 
and simplicity that makes it suitable for many 
industrial applications [2, 3, 4]. In the process control 
field the boom started in 1974 when Mandani 
controlled a steam engine using fuzzy logic [5]. In 

recent years, the technique has been applied 
successfully in the area of nonlinear process control 
[6, 7]. 
Feedback Control (FC) is the simplest form of 
automatic process control. However in many 
processes with slow dynamics and with too many 
upsets, the control performance provided by feedback 
control often becomes unacceptable. It is necessary in 
these cases to use other strategies to provide the 
required performance. Cascade control is a strategy 
that improves, in some applications significantly, the 
performance provided by conventional feedback 
control. Recently, some works have been developed 
applying fuzzy logic into cascade control strategies to 
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control mechanical suspension systems, using Takagi-
Sugeno fuzzy models for predictive purposes [8, 9]. 
paper proposes a controller that uses new set of fuzzy 
rules with an intermediate process variable, referring 
to this controller as a Fuzzy Controller with 
Intermediate Variable (FCIV), the FCIV can be used 
instead of a cascade controller to control processes 
with import disturbances. This controller is tested in 
the control of a nonlinear chemical process, and its 
performance is compared to that of a PID controller, 
FLC controller, PID’s in cascade, and FLC’s in 
cascade.   
 

2 Fuzzy Controller With Intermediate 
Variable  
 
Figure 1 shows a control system with the FCIV as the 
controller. 

 
 
 
 
 

 
 
 
 

Fig.1. Cascade control loop using the 
FCIV  

 
The controller consists of two fuzzy logic units as 
shown in Fig 2. The first unit (FLC) is a regular fuzzy 
logic controller with the inputs being the error of the 
primary controlled variable, e(n) and its change, 
∆∆∆∆e(n). The second unit (FI) handles the intermediate 
variable. The input to this unit is the change in the 
intermediate variable, ∆∆∆∆c2(n). The output to the valve, 
∆∆∆∆m(n), depends on the contributions from the FLC, 
∆∆∆∆mFB(n), and from the FI, ∆∆∆∆mINT(n), units. 

 
 
 
 
 
 
 
 
 
 

Fig. 2.  Scheme of the FCIV. 
 

The input and output terms for this controller are 
defined as follows: 

 
)()()( 1 ncnrne −=  

)1()()( −−=∆ nenene  
)1()()( 222 −−=∆ ncncnc  

where:  
=)(nr Desired response, or set point 

=)(1 nc Main, or primary, variable response 

=)(2 nc Intermediate variable response 
 n = sampling period. 
 n-1 = previous sampling period. 

 
Tuning the FCIV requires five scaling factors, one for 
each of the inputs e(n), ∆∆∆∆e(n) and  ∆ ∆ ∆ ∆c2(n), and one for 
each of the outputs ∆∆∆∆mFB(n) and ∆∆∆∆mINT(n).  We also 
refer to these scaling factors as tuning parameters.  

 
2.1 Fuzzy Rules Set for FCIV  
The rule matrix used by the FLC unit is based on the 
Macvicar-Whelan matrix [10]. The meanings of the 
linguistic variables involved are: negative big (NB), 
negative medium (NM) negative small (NS), zero (Z), 
positive small (PS), positive medium (PM) and 
positive big (PB). Table 1 shows the distribution rules 
to obtain ∆∆∆∆mFB(n). 

 
Table 1 Fuzzy Rules For The First 

Unit 
∆e(n)

NB NM NS Z PS PM PB

NB NB NB NB NB NM NS Z

NM NB NB NB NM NS Z PS

NS NB NB NM NS Z PS PM

e(n) Z NB NM NS Z PS PM PB

PS NM NS Z PS PM PB PB

PM NS Z PS PM PB PB PB

PB Z PS PM PB PB PB PB

 
∆∆∆∆mINT(n) is obtained using another set of rules shown 
in Table 2. These rules were chosen to correct the 
changes of the intermediate variable, ∆∆∆∆c2(n), 
independent of the error, e(n) and its change, ∆∆∆∆e(n).  

 
                           Table 2. Basic Rules For The Fci Unit 

∆ c 2 (n) ∆m INT (n)
NB PB
NM PM
NS PS
Z Z

PS NS
PM NM
PB NB  

 
Five triangular membership functions and two 
trapezoidal membership functions are used for both 
inputs and outputs (see Fig.3).  
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Figure3. Membership functions for the 
inputs and outputs of FCIV. 
 

 

3 Process Model  
 

The process selected, shown in Fig. 4, consists of a 
preheating tank followed by a chemical reactor where 
the reaction A�2B+C takes place. This process is 
quite nonlinear and therefore useful for our purposes. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 4. Process Diagram 
 

The main controlled variable is the output concentration 
of the component C, CC(t), the manipulated variable is 
the input flow of steam, w(t), and the intermediate 
variable is the temperature in the preheating tank, T1(t). 
Mass and energy balances in each process unit are used 
to model the process. Other engineering relations such 
as kinetic reactions, heat transfer, valves and sensor 
equations, are also used to complete the mathematical 
description of the process.  
 

A. Preheating Tank 
Total mass balance: 

( ))()(

)()()()()(

11

1101

tth
dt

d
A

tftftfttf

HT

rrii

ρ

ρρρρ

=

−−+
                         (1)        

        
Mole balance on component A gives us: 

( ))()(

)()()()()(

11

111

thtC
dt

d
A

tCtftCftCfCtf

AHT

AAorAriAi

=

−−+
                       (2) 

 
Mole balance on component B: 

( ))()(

)()()()(

11

111

thtC
dt

d
A

tCtftCftCf

BHT

BBorBr

=

−−
                                   (3) 

 
Mole balance on component C: 

( ))()(

)()()()(

11

1110

thtC
dt

d
A

tCtftCftCf

CHT

CCrCr

=

−−
                                (4) 

 
This preheating stage is considered as an adiabatic 
process. The enthalpy reference for all solutions is 
liquid phase at 0F (255.55K), and the heat capacity, Cp, 
is assumed the same value for all the streams. The 
energy balance on this section is: 

[ ] ( ))()()()()(

)()()()()()()()(

1111

11111

thttT
dt

d
CvAtTtTUA

tCpTtfttCpTfttCpTftCpTtf

HTWc

orrriii

ρ

ρρρρ

=−+

−−+
 

                                                                             (5) 
 

The utility used to heat the content of the tank is 
vapor. We assume that the superheat in this vapor is 
negligible compared to its latent heat. The energy 
balance around the coil is: 

[ ] ( ))()()()( 1 tT
dt

d
CtTtTUAtw WmWc =−−λ                    (6) 

Where 
mcm mCpC =  is the heat capacitance of the 

metal coil. 
 

The equation for density of the fluid in the preheating 
tank is giving by: 

)()()()( 1312111 tCtCtCt CBAo αααρρ +++=                 (7) 

 
Equation for valve A: 










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−−++−=

OH

x
A

t

hthgththgtPPa
Cvtf

2

)(

])([)(])([)(
)(

1

32411
1

ρ
ρ

ρρ

 
                                                               (8) 

 
B.  Reactor: 
Overall mass balance on reactor: 

( ))()()()()()( 211 tth
dt

d
Atfttft R ρρρ =−            (9)    
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Mole balance on component A: 

( ))()(

)()(
2

)(
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2

211

thtC
dt

d
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tCtf
tr
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−−
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           (10) 
Mole balance on component B: 

( ))()(

)()()()()()(

2

211

thtC
dt

d
A

tCtftrthAtCtf

BR

BBRB

=

−+
                  (11) 

           (11) 
Mole balance on component C: 
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)(
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2

211
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d
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tCtf
tr
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Energy balance: 
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2R111
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Reaction Rate: 

RtT

E

BAB etCtCktr )(
0 )()()(

−

=                (14)           (14) 

 
Equation for valve B: 





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                                                (15) 
The equation for density of the fluid in the 
reactor is obtained as: 

)()()()( 3210 tCtCtCt CBA αααρρ +++=        (16)           (16) 

 
C. Recycle: 
The recycle is carried out by means of a pump which 
supplies a constant recycle fluid, fr. Because of length 
of pipe, the variables involved in this fluid have a delay 
time when they arrive at the preheating tank. The 
mathematical model includes this effect.  

 
Mole balance on component A: 

)()( 0ttCtC ArA −=                                 (17)         

           (17) 
Mole balance on component B: 

)()( 0ttCtC BrB −=                                 (18)                         (18) 

 
Mole balance on component C: 

)()( 0ttCtC CrC −=                                (19)                                    (19) 

 
Density of the recycle fluid: 

)()( 0tttr −= ρρ                                    (20)                                    (20) 

 
Temperature of the recycle fluid: 

)()( 0ttTtTr −=                                     (21)                                (21) 

 

Dead time equation: 

min4.0
*

0 ==
r

piper

f

AL
t                                 (22) 

                 

The final control element is an equal percentage valve 
with a maximum flow of 3.6 times the steady state flow 
and time constant of 0.2 minutes.  The equation for this 
valve is: 

[ ] 






 −
=+

1
100

)(

25*329.3)()(2.0
tm

twtw
dt

d           (23)

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

 
The analyzer transmitter has a first order dynamics with 
a time constant of 0.35 minutes and a range on CC(t) 
from 6.413 to 32.066 kgmoleC/m3. Thus, the equation 
for the analyzer transmitter is: 

[ ] [ ]1 1

100
0.35 ( ) ( ) ( ) 6.413

25.653

d
c t c t Cc t

dt
+ = −    (24)  

 
Where the main variable, c1(t), is the signal from the 
sensor in %TO1 (percentage of transmitter output 1). 
Finally, the temperature transmitter also has a first order 
dynamics with a time constant of 0.25 minutes and a 
range on T1(t) from 50F (283.33K) to 250 F (394.44K). 
The respective equation is: 

[ ] [ ]2 2 1

100
0.25 ( ) ( ) ( ) 283.33

111.11

d
c t c t T t

dt
+ = −    (25) 

 
The variable c2(t) is the signal from the sensor of the 
temperature in %TO2 (percentage of transmitter output 
2), 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 
 
The results reported in this paper are based on 
simulations done using Simulink 5.0. A sampling time 
of 0.25 min was used for all the controllers. The input 
temperature to the preheating tank is assumed to be the 
main disturbance.  Five control strategies were 
implemented: PID feedback, PIDs in cascade, PIs in 
Cascade, FLC feedback, FLCs in cascade, and the 
proposed FCIV.  

 
All tuning parameters were optimized to obtain the best 
performance of each controller. Table 3 shows the 
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optimized parameters values for all Controllers. The 
Integral of the Absolute Value of the Error (IAE) was 
used as the optimization criterion. The optimization 
method used for this purpose was Fminimax from 
Matlab 6.5.   
 
Table 3 optimized parameters values for all Controllers 
Controller\Parameters
PID Kc = 10.2 Ti =12 Td = 3.5
PIDs Cascade Kc1= 1,51 Ti1=25 Td1= 3.1 Kc2=20 Ti2=14.9 Td2=2.9
PIs cascade Kc1= 1,15 Ti1=24.5 0 Kc2=19 Ti2=15.1
FLCs Cascade Ke1=0,25 Kde1=15,5 Km1=0,125 Ke2=0,15 Kde2=10 Km2=2,5
FCIV Ke=1,29 Kde=43,78 Kc2=8,83 Km1=3,99 Km2=12,8  
 
Figure 5 shows the responses when the input temperature 
to the preheating tank increases by 10 oF (5.56 K). The 
controlled variable, Cc(t), is recorded from the 
transmitter in %TO1. The IAE is reported for each control 
strategy.  
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Fig. 5. Responses for different methods 
used to control the output concentration. 

 
Figure 6 shows the responses when the input 
temperature to the preheating tank is changed at 
different times and for different values. The response 
for the control under FLC feedback is not shown 
because in all cases was much worse. The figure also 
shows the IAE values. 
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Figure.6 Responses of different methods used to 
control the output concentration for changes of +10 
oF (+5.56 K), -20 oF (-11.11 K), +15 oF (+8.33 K), 
and -25 oF (-13.89 K) in the main disturbance, 
Ti(t). 

 
For another comparison, Fig 7 superimposes the 
response of the three schemes. 
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Fig. 7 Responses of cascade control strategies to 
control the output concentration for the 
mentioned disturbances. 

 
Figure 7 shows that the control provided by FCIV 
reaches the desired steady state value faster than the 
other strategies, and it also maintains its set point, once 
it is reached, without undesired oscillations. The IAE 
obtained by FCIV (26.19) is less than the other three 
controllers, PID Cascade (42.5), PIs Cascade (42.76) 
and FLC Cascade (41.42).  
 
5 Other Disturbances 

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

 
To briefly study the effect of noise, Gaussian noise 
with standard deviation of 0.4%TO was added to the 
signal from the analyzer transmitter.  Fig. 10 shows 
both curves with and without noise when the FCIV 
controller is facing the disturbances mentioned in 
Fig 8. The presence of this particular noise does not 
make a significant difference on the performance of 
the FCIV.  

 

0 200 400 600 800 1000 1200 1400 1600 1800
49

49.5

50

50.5

51

51.5

52

52.5

time, min

%
T
O

1

FCIV controller noise
no noise

 
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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