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Abstract This article presents design and analysis of various PI controllers for a pilot plant binary distillation 

column. These PI controller has been tuned using Routh Hurwitz, Gain margin-Phase margin and Coefficient 

diagram methods. Due to the loop interaction and system with dead time designing a multi-loop controller is 

a challenging task.  The diagonal elements in the overall open loop transfer function of the system, are reduced 

to first order model with dead time (FOPDT) model.  This work aims on the comparative analysis based upon 

various performance measures such as integral of absolute error(IAE), integral of square error(ISE), integral 

of time square error (ITSE) and integral of time absolute error(ITAE) for a pilot plant binary distillation 

column.   
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1. INTRODUCTION  

Most of the process industries are multiple input multiple output process.  Design of controller for such 

processes is more complicated when compared with SISO processes, because of the interactions among the 

input-output variables. Therefore tuning of one loop cannot be carried out separately. Decentralized controllers 

are easy to implement, such design process consists of selections of control structure and design of SISO 
controller for each loop. In this current research, a simple decoupler plus a decentralized PI controller for tray 

temperature based on Routh Hurwitz stability criteria is presented for an interacting distillation column. In 

addition, expected closed loop performance of the processes is achieved through simulating the designed 

controller along with decoupler. 

Distillation is frequently used segregation process in petrochemical industries. This process takes the 

difference in the boiling points to separate mixtures into two or more components. The vertical column consists 

of plates/trays, reboilerto provide necessary vaporization for the proces, reflux drum to collect the condensed 

vapor and condenser to cool the vapor leaving the top.  Initially the feed F is introduces in the middle of the 

column, which divides the column into a rectifying section and stripping section. Heat is added to the bottom 
of the column as reboiler heat. In the present research, a mixture of Isopropyl alcohol and water in the ratio of 

30% and 70% are considered for the distillation. The article considers the transfer function model for 

simulation. The reflux flow rate (L) is measured as LPH and reboiler power rate (Q) measured in KW are the 
manipulated variable (MV), whereas the temperature of tray 5 (T5) and tray 1 (T1) in deg.cel. are the controlled 

variable (PV). The research presents the simulation of control algorithm using MATLAB/Simulink software. 

All the four performance indices are analyzed for all the three different PI controller for closed loop servo 

response.  

The remainder of this article is organized as follows: Section2 gives a summary on decoupler design method.  

Section 3 details the derivations of tuning relations. Section 4 represents the comparison and simulation of 
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various PI controller for the lab scale interacting distillation process and the performance indices are tabulated, 

followed by conclusion in Section 5 

2. DECOUPLER DESIGN 

Decoupler design is one of the widely accepted technique to diminish the interactions in the control loop. 
These are utilized to decouple the interacting or coupled processes. Also, decoupler decomposes a MIMO 

process into independent single loop sub-systems. The Wang et al. method is utilized to design the decoupler 

for TITO processes.  Let the TITO process is as follows 

GP(s) = [
g11(s)e−τ11s g12(s)e−τ12s

g21(s)e−τ21s g22(s)e−τ22s]                      (1) 

Let the off-diagonal elements of GP(s) have no RHP poles and diagonal elements of GP(s) have no RHP 

zeros then decoupler matrix is as   

D(s) = [
ϑ1(s) d12(s)ϑ2(s)

d21(s)ϑ1(s) ϑ2(s)
]                      (2) 

Where ϑ1(s), ϑ2(s), d12(s)and d21(s) are determined from the following equation 

ϑ1(s) = {
1                             τ21 ≥ τ22

e(τ21−τ22)s             τ21 < τ22
             (3) 

ϑ2(s) = {
1                             τ12 ≥ τ11

e(τ12−τ11)s              τ12 < τ11
             (4) 

d12(s) = −
g12(s)

g11(s)
e−(τ12−τ11)s              (5) 

d12(s) = −
g21(s)

g22(s)
e−(τ21−τ22)s                       (6) 

 

3. CONTROLLER DESIGN METHOD 

3.1. Routh Hurwitz Method 

Consider a MIMO processes with time delay given as  

𝐆(𝐬) = [
𝐠𝟏𝟏𝐞−𝛉𝟏𝟏𝐬 𝐠𝟏𝟐𝐞−𝛉𝟏𝟐𝐬

𝐠𝟐𝟏𝐞−𝛉𝟐𝟏𝐬 𝐠𝟐𝟐𝐞−𝛉𝟐𝟐𝐬
]                (7) 

The overall open loop transfer function is 

𝐪𝟏𝟏(𝐬) =
𝐠𝟏𝟏𝐠𝟐𝟐

𝐠𝟐𝟐
−

𝐠𝟏𝟐𝐠𝟐𝟏

𝐠𝟐𝟐
              (8) 

𝐪𝟐𝟐(𝐬) =
𝐠𝟏𝟏𝐠𝟐𝟐

𝐠𝟏𝟏
−

𝐠𝟏𝟐𝐠𝟐𝟏

𝐠𝟏𝟏
              (9) 
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These open loop transfer function obtained are approached into FOPDT model as 

𝐪𝐢𝐢(𝐬) =
𝐊𝐢𝐢𝐞−𝐋𝐢𝐢𝐬

𝐓𝐢𝐢𝐬+𝟏
             (10) 

It is convenient to first approximate the dead time terms using Pade approximation given as 

𝐞𝐱𝐩 (−𝐋𝐢𝐢𝐬) ≈
𝟏−𝛂𝐬

𝟏+𝛂𝐬
                         (11) 

Where 𝛂 = 𝟎. 𝟓 ∗ 𝐋𝐢𝐢, considering the ideal form of PI controller 

𝐆𝐜(𝐬) = 𝐊𝐜 (𝟏 +
𝟏

𝛕𝐈𝐬
)                             (12) 

Where  Kc and 𝝉𝑰 represents the gain and reset time of the controller.  The characteristic equation of the closed 

loop is given as 

𝟏 + 𝐪𝐢𝐢(𝐬)𝐆𝐜(𝐬)=0             (13) 

Using (10), (11) and (12), the characteristic equation becomes 

𝟏 + (
𝐊𝐢𝐢

𝐓𝐢𝐢𝐬+𝟏
) ∗ (

𝟏−𝛂𝐬

𝟏+𝛂𝐬
) ∗ 𝐊𝐜 (𝟏 +

𝟏

𝛕𝐈𝐬
) = 𝟎          (14) 

The simplified characteristic equation (8) becomes 

τITiiαiis
3 + [Tii + αii − αiiKcKii)]τIs

2 + [τI + KcKiiτI − KcKiiαii]s + KcKii = 0     (15) 

Eq. 10 gives the condition for controller parameters such as integral time and gain of the controller. 

𝟎 < 𝐊𝐜𝐊𝐢𝐢 < 𝐓𝐢𝐢 𝛕𝐃⁄         𝛕𝐈 > 𝛂   𝛕𝐃 > 𝛂          (16) 

The necessary and sufficient condition of Routh-Hurwitz stability is given by 

τI > max (α, τI,min A)              (17) 

𝛕𝐈,𝐦𝐢𝐧 𝐀 =
𝐊𝐜𝐊𝐢𝐢𝛂

𝟏+𝐊𝐜𝐊𝐢𝐢
[𝟏 +

𝐓𝐢𝐢−𝐊𝐜𝐊𝐢𝐢𝐓𝐢𝐢

𝛂+𝐓𝐢𝐢+𝐊𝐜𝐊𝐢𝐢𝐓𝐢𝐢−𝐊𝐜𝐊𝐢𝐢𝛂
]          (18) 

The scaling parameters 𝐫𝐩 and 𝐫𝒊 are used to determine the tuning parameters for a PI controller. 

Kc =
rp

Kii
(

Tii

τI
) , 0 < rp < 1                      (19) 

𝛕𝐈 = 𝐫𝐢 (
𝐓𝐢𝐢

𝐋𝐢𝐢
) ∗ [𝐦𝐚𝐱 (𝛂, 𝛕𝐈,𝐦𝐢𝐧 𝐀)],      𝐫𝐢 > 𝟏                      (20) 

4. SIMULATION RESULTS 

4.1. VA Model 

Figure 1 shows the real time setup of lab scale interacting distillation column.  The open loop test is performed 

on the column in order to determine the process model.  The manipulated variable are reflux flow and reboiler, 

the top and the bottom tray temperature T5 and T1 are the two process variables.  
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Figure 1. Lab scale interacting distillation column setup. 

 

The FOPDT model of the pilot plant binary distillation column identified by Vinaya and Arasu is given by 

[3,4]. 

G(s)= [

-0.13e-0.03s

1.14s+1

0.18e-0.03s

0.64s+1

-0.34e-1.22s

1.23s+1

0.18e-0.03s

0.32s+1

]            (21) 

 

The model parameters like dead time and time constants are measured in hours hence the open loop data were 

converted into hours and the process gain is measured in °C/%.  The open loop transfer function obtained in 

the form of FOPDT model as for Loop 1 and Loop 2 is  

q
11

=
0.21e-2s

1.35s+1
            (22) 

 

𝑞22 =
−0.29𝑒−1.545𝑠

0.735𝑠+1
                   (23) 

Based on the necessary and sufficient condition of Routh Hurwitz stability consider the scaling parameters as 

for  Loop 1 and Loop 2 as 𝐫𝐩 = 𝟎. 𝟔 and 𝐫𝒊=2  respectively. The PI Controller is obtained as 

Kp= [
1.9286 0

0 -0.9843
]    KI= [

1.428 0

0 -1.339
]        (24) 

By substituting Eq. 14 and Eq.15 in Eq.8, the closed loop characteristic equation for VA model is obtained as 

L𝐨𝐨𝐩 𝟏 ∶ 𝟏. 𝟖𝟐𝟓𝟓𝐬𝟑 + 𝟐. 𝟔𝟐𝟓𝐬𝟐 + 𝟏. 𝟒𝟗𝟏𝐬 + 𝟎. 𝟒𝟎𝟓 = 𝟎        
 (25) 

𝐋𝐨𝐨𝐩 𝟐 ∶ 𝟎. 𝟒𝟏𝟕𝐬𝟑 + 𝟏. 𝟏𝟒𝐬𝟐 + 𝟎. 𝟕𝟑𝟓𝐬 + 𝟎. 𝟐𝟖𝟓 = 𝟎         (26) 
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From Eq.19 and Eq.20 the coefficients of the characteristic equation obtained are positive. From the Routh 

array table shown in Table 1, it is obsereved that the elements in the first column are positive so that system is 
stable. 

Table 1. Routh array. 

 
Loop 1 Loop 2 

𝑠3: 1.8225 1.491 𝑠3: 0.417 0.735 

𝑠2: 2.625 0.405 𝑠2: 1.14 0.285 

𝑠1: 1.2098  𝑠1: 0.63075  

𝑠0: 0.405  𝑠0: 0.285  

Figure 2 and Figure 3 shows the closed loop servo response for the transfer function model of the process for 

the various PI controllers. Table 2 shows the tuning parameters values. 

Table 2. PI Tuning parameters for various controller method. 

Process Model Controller Method Controller Values 

Kp Ki 

VA Model 

 

Routh-Hurwitz Method [
𝟏. 𝟗𝟐𝟖𝟔 𝟎

𝟎 −𝟎. 𝟗𝟖𝟒𝟑
] [

𝟏. 𝟒𝟐𝟖 𝟎
𝟎 −𝟏. 𝟑𝟑𝟗

] 

Gain Margin-Phase 
Margin Method [6] 

[
𝟎. 𝟖𝟒𝟏𝟓 𝟎

𝟎 −𝟎. 𝟒𝟐𝟗𝟓
] [

𝟎. 𝟗𝟓𝟑𝟖 𝟎
𝟎 −𝟎. 𝟖𝟎𝟐𝟔

] 

Coefficient Diagram 
Method [5] 

[
𝟏. 𝟕𝟎𝟔 𝟎

𝟎 −𝟎. 𝟑𝟑𝟕𝟒
] [

𝟏. 𝟐𝟒𝟒 𝟎
𝟎 −𝟏. 𝟎𝟔𝟖

] 

 

 

(a) 

 

(b) 

Figure 2. Servo response of Y1 and Y2 when input R1=1 and R2=0. 
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(a) 

 

(b) 

Figure 3. Servo response of Y1 and Y2 when input R1=0 and R2=1. 

Table 3. Comparison of performance index for servo response. 

Method IAE ISE ITAE ISTE 

Routh Hurwitz 10.16 8.39 27.69 16.32 

Gain Margin-Phase Margin 10.45 8.79 32.28 17.79 

Coefficient Diagram 10.42 8.58 36.25 16.53 

5. CONCLUSION 

In this article the simulation studies has been carried out for the identified model using decentralized control 

algorithm based on Routh Hurwitz, Gain margin-Phase margin and Coefficient Diagram. It is observed that 
controller gives good closed loop time domain response.  This has been validated by comparison analysis of 

the performance indices for the various types of controller and is tabulated in Table 3. 

FUTURE WORK 

The above mentioned decentralized PI control methods can be extended for higher order stable process with 

time delay and also for unstable systems. 
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