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APPENDIX A 

Sample calculation of PID controller parameters using DS based PID controller design. 

Assuming a second order time delay transfer function with inverse response characteristics  

𝐺 =
(ି.ହ௦ାଵ)షభೞ

(ଵ௦ାଵ)(ଶ௦ାଵ)
= 

(ି.ହ௦ାଵ)షభೞ

ଶ௦మାଷ௦ାଵ
      (A1) 

The above process transfer function can be written into following form 
(௦ା)ష  ಐೞ

௦మା௦ାଵ
.  

Therefore, 𝑎 = 2, 𝑏 = 3, 𝑐 = 1, 𝑓 = −0.5, 𝑔 = 1 𝑎𝑛𝑑 𝑘 = 1, θ = 1      (A2) 

The controller parameters 𝑘 , 𝜏ூ 𝑎𝑛𝑑 𝜏 were estimated by the following experession taken 

from Eq. 3.36. 

                  𝑘 =  𝜑ᇱ(0),      𝜏ூ =  


ఝ()
     and       𝜏  = 

ఝ"()

ଶ
             (A3) 

   𝜑(0) = 
ே


 ,  𝜑′(0) = 

ேభ ∗ିభ ∗ே

మ
   and   𝜑"(0) = 

(ேమ ∗ିమ ∗ே)ିଶభ(ேభ ∗ିభ ∗ே)

య
       (A4) 

Where, N = c;  𝐷 = 𝑘𝑔(2𝜆 + θ);  𝑁ଵ =  𝑏;  𝐷ଵ = 𝑘 𝑔 ൬𝜆ଶ −


ଶ

ଶ
൰  +  𝑓(2𝜆 +  θ)൨;  𝑁ଶ =

2𝑎;    𝐷ଶ  = 𝑘𝑓 ൬𝜆ଶ −


ଶ

ଶ
൰          (A5) 

The tuning parameter 𝜆 = 1.3 was selected. Therefore, the parameters N, D, N1, D1, N2, and 

D2 can be calculated from Eq. A2 and A5 as follows:  

N = 1; D = 1×1×(2× 1.3 +1) = 3.6 ;  𝑁ଵ  = 3; D1 = 1×ቂ1 ቀ1.3ଶ −
ଵ

ଶ

ଶ
ቁ  − 0.5(2 × 1.3 +  1)ቃ =

 −0.61;  𝑁ଶ = 2 × 2 = 4;    𝐷ଶ  = 1 × (−0.5) ቀ1.3ଶ −
ଵ

ଶ

ଶ
ቁ = −0.595       (A6) 
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Now, by substituting the parameter of N, 𝐷, 𝑁ଵ , 𝐷ଵ , 𝑁ଶ , and 𝐷ଶ of Eq. (A6) into (A4), the 

parameters 𝜑(0), 𝜑′(0), and 𝜑"(0) were calculated as follows:  

𝜑(0) =
1

3.6
= 0.2778;  𝜑ᇱ(0) =

3 × 3.6 + 0.61 × 1

3.6ଶ
= 0.8804; 

𝜑"(0) =
3.6(4 × 3.6 + 0.595 × 1) + 2 × 0.61(3 × 3.6 + 0.61 × 1)

3.6ଷ
= 1.4554 

Therefore, from Eq. (A3)  

𝑘 =  0.8804,      𝜏ூ =  
.଼଼ସ

.ଶ
= 3.1694    and       𝜏  = 

ఝ"()

ଶ
=

ଵ.ସହହସ

ଶ×.଼଼ସ
= 0.8265 

APPENDIX B 

Sample calculation of PID controller parameters using IMC based PID controller 

design 

The transfer function was taken as in form of 𝐺 =
(ଵି௦)షഇೞ

భ௦మାమ௦ାଵ
 for the designing of IMC-

PID controller in the present work. 

The IMC filter was selected as 𝑓(𝑠) =
ఉమ௦మାఉభ௦ାଵ

(ఒ௦ାଵ)ర
  

ℎ = (4𝜆 − 𝛽ଵ + 𝜃 + 𝑝); 𝑥ଵ = (𝜆ସ − 𝑝𝜃𝛽ଶ)/ℎ;  𝑥ଶ = (4𝜆ଷ − 𝑝𝜃𝛽ଵ + 𝜃𝛽ଶ +

𝑝𝛽ଶ)/ℎ 𝑥ଷ = (6𝜆ଶ − 𝛽ଶ − 𝜃𝑝 + 𝑝𝛽ଵ + 𝜃𝛽ଵ)/ℎ;           (B1) 

 𝑥ଵ𝑠ଷ + 𝑥ଶ𝑠ଶ + 𝑥ଷ𝑠 + 1 = (𝛾𝑠 + 1)(𝑎ଵ𝑠ଶ + 𝑎ଶ𝑠 + 1)     (B2) 

𝑥ଵ = 𝛾𝑎ଵ;  𝑥ଶ = 𝛾𝑎ଶ + 𝑎ଵ ; 𝑥ଷ = 𝛾 + 𝑎ଶ                            (B3) 

The coefficients 𝛽ଵ, 𝛽ଶ and 𝛾 were calculated by solving Eq. (B1) and Eq. (B3), and given 

by Eq (B4). 
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𝛽ଵ =
௬ర௭భି௬మ௭మ

௬భ௬రି௬మ௬య
;  𝛽ଶ =

ఉభ௬భି௭భ

௬మ
     𝛾 =

௫భ

భ
   (B4) 

where,  

 𝑦ଵ = 𝑎ଵ𝑝𝜃 − 𝑎ଵ
ଶ; 𝑦ଶ = 𝑎ଶ𝑝𝜃 + 𝑎ଵ(𝑝 + 𝜃); 𝑦ଷ = 𝑎ଵ(𝑝 + 𝜃) + 𝑎ଵ𝑎ଶ; 𝑦ସ = 𝑎ଵ −  𝑝𝜃  

𝑧ଵ = 4𝑎ଵ𝜆ଷ − 𝑎ଶ𝜆ସ − 𝑎ଵ
ଶ(4𝜆 + 𝜃 + 𝑝);       (B5.1) 

𝑧ଶ = 𝜆ସ + 𝑎ଵ𝑎ଶ(4𝜆 + 𝜃 + 𝑝) − 𝑎ଵ(6𝜆ଶ −  𝑝𝜃)      (B5.2) 

Using the above steps the feedback controller 𝐺(𝑠) was simplified to a standard form of 

PID and given by Eq. (B6) similar approach was given by to simplify the controller into PID 

form.  

𝐺(𝑠) = 𝐾 ቀ1 +
ଵ

ఛ௦
+ 𝜏𝑠ቁ

ଵ

ఈ௦ାଵ
                 (B6) 

Where,  𝐾= 
ఉభ


 , 𝜏ூ= 𝛽ଵ, and 𝜏= 

ఉమ

ఉభ
  and 𝛼 = 𝛾 =

௫భ

భ
  and λ is the tuning parameter.  

Example: assuming the transfer function 𝐺 = 100(−0.2𝑠 + 1)𝑒ି.ଶ௦ (100𝑠 − 1)(𝑠 − 1)⁄ .  

Therefore, 𝑘 = 100, 𝑝 = 0.2, 𝜃 = 0.2, 𝑎ଵ = 100, 𝑎𝑛𝑑 𝑎ଶ = −101 and 𝜆 = 0.9 

Substituting these values into Eq. (B5), 𝑦ଵ, 𝑦ଶ, 𝑦ଷ, 𝑦ସ, 𝑧ଵ, and 𝑧ଶ can be calculated as follows:  

𝑦ଵ = 100 × 0.2 × 0.2 − 100ଶ = −9996,   

𝑦ଶ = −101 × 0.2 × 0.2 + 100(0.2 + 0.2) = 35.96,  

𝑦ଷ = 100(0.2 + 0.2) + 100 × (−101) = −10060,            𝑦ସ = 100 − 0.2 × 0.2 = 99.96,  

𝑧ଵ = 4 × 100 × 0.9ଷ − (−101) × 0.9ସ − 100ଶ(4 × 0.9 + 0.2 + 0.2) = −3.9642 × 10ସ  
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𝑧ଶ = 0.9ସ + 100(−101)(4 × 0.9 + 0.2 + 0.2) − 100(6 × 0.9ଶ −  0.2 × 0.2) = −4.088 ×

10ସ  

Substituting the value of these values into Eq. (B4), then 𝛽ଵ = 3.91,  𝛽ଶ = 15.4524, 𝑥ଵ =

0.4232, ℎ = 0.0898 and 𝛼 = 𝛾 = 0.0042 are obtained.  

Therefore, 𝐾= 
ఉభ


=

ଷ.ଽଵ

ଵ×.଼ଽ଼
= 0.4355 , 𝜏ூ= 𝛽ଵ = 3.91, and 𝜏= 

ఉమ

ఉభ
=

ଵହ.ସହଶସ

ଷ.ଽଵ
= 3.952   

The required PID controller with lag filter is 𝐺(𝑠) = 0.4355 ቀ1 +
ଵ

ଷ.ଽଵ௦
+ 3.952𝑠ቁ

ଵ

.ସଶ௦ାଵ
 


