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UInteraction of heat transfer lags 

Heat balance on the bulb and using deviation  

𝑀𝑀 𝐶𝐶𝑝𝑝
𝑑𝑑𝜃𝜃3(𝑡𝑡)
𝑑𝑑𝑑𝑑

= 𝑈𝑈𝑈𝑈�𝜃𝜃2(𝑡𝑡)− 𝜃𝜃3(𝑡𝑡)� 

𝐶𝐶2 = 𝑀𝑀 𝐶𝐶𝑝𝑝  ,𝑈𝑈𝑈𝑈 =
1
𝑅𝑅2

                  

𝐶𝐶2
𝑑𝑑𝜃𝜃3(𝑡𝑡)
𝑑𝑑𝑑𝑑

=
𝜃𝜃2(𝑡𝑡)− 𝜃𝜃3(𝑡𝑡)

𝑅𝑅2
          (1) 

Heat balance around shield : 

heat rate in –out=heat accumulation 

𝑈𝑈𝑠𝑠𝐴𝐴𝑠𝑠�𝜃𝜃1(𝑡𝑡)− 𝜃𝜃2(𝑡𝑡)� − 𝑈𝑈𝑈𝑈�𝜃𝜃2(𝑡𝑡) − 𝜃𝜃3(𝑡𝑡)� = 𝑀𝑀𝑠𝑠  𝐶𝐶𝑝𝑝𝑝𝑝
𝑑𝑑𝜃𝜃2(𝑡𝑡)
𝑑𝑑𝑑𝑑

 

𝑈𝑈𝑠𝑠𝐴𝐴𝑠𝑠 =
1
𝑅𝑅1

  ,𝑀𝑀𝑠𝑠  𝐶𝐶𝑝𝑝𝑝𝑝 = 𝐶𝐶1  ,𝐶𝐶2 = 𝑀𝑀 𝐶𝐶𝑝𝑝  

𝐶𝐶1
𝑑𝑑𝜃𝜃2(𝑡𝑡)
𝑑𝑑𝑑𝑑

=
𝜃𝜃1(𝑡𝑡) − 𝜃𝜃2(𝑡𝑡)

𝑅𝑅1
 –
𝜃𝜃2(𝑡𝑡)− 𝜃𝜃3(𝑡𝑡)

𝑅𝑅2
       (2)  

L.T of the eq.(1),(2) 

𝐶𝐶2𝑠𝑠𝜃𝜃3(𝑠𝑠) =
𝜃𝜃2(𝑠𝑠)− 𝜃𝜃3(𝑠𝑠)

𝑅𝑅2
         (3)  

𝐶𝐶1𝑠𝑠𝜃𝜃2(𝑠𝑠) =
𝜃𝜃1(𝑠𝑠) − 𝜃𝜃2(𝑠𝑠)

𝑅𝑅1
 –
𝜃𝜃2(𝑠𝑠)− 𝜃𝜃3(𝑠𝑠)

𝑅𝑅2
       (4) 

𝐺𝐺(𝑠𝑠) =
𝜃𝜃3(𝑠𝑠)
𝜃𝜃2(𝑠𝑠) =

1
𝜏𝜏𝑎𝑎𝜏𝜏𝑏𝑏𝑠𝑠2 + (𝜏𝜏𝑎𝑎 + 𝜏𝜏𝑏𝑏)𝑠𝑠 + 1 

 Step change in  

𝑄𝑄1(𝑡𝑡) = 𝑄𝑄𝑖𝑖 𝑠𝑠�  
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𝜃𝜃3(𝑡𝑡) = 𝜃𝜃𝑖𝑖 �1 +
𝜏𝜏𝑏𝑏𝑒𝑒

− 𝑡𝑡
𝜏𝜏𝑏𝑏 − 𝜏𝜏𝑎𝑎𝑒𝑒

− 𝑡𝑡
𝜏𝜏𝑎𝑎

𝜏𝜏𝑎𝑎 − 𝜏𝜏𝑏𝑏
� 

USecond order system 

A 2P

nd
P order system is one whose output , y(t) ,is described by the solution of linear . a 

2P

nd
P order differential eq. .for example ,the following eq. describes a 2P

nd
P order linear 

system: 

𝑎𝑎2
𝑑𝑑2𝑦𝑦
𝑑𝑑𝑡𝑡2 + 𝑎𝑎1

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 𝑎𝑎0𝑦𝑦(𝑡𝑡) = 𝑏𝑏𝑏𝑏(𝑡𝑡)    𝑖𝑖𝑖𝑖 𝑎𝑎0 ≠ 0 

𝜏𝜏2 𝑑𝑑
2𝑦𝑦
𝑑𝑑𝑡𝑡2 + 2𝜁𝜁𝜁𝜁

𝑑𝑑𝑦𝑦
𝑑𝑑𝑑𝑑 + 𝑎𝑎0𝑦𝑦(𝑡𝑡) = 𝑘𝑘𝑘𝑘(𝑡𝑡)              (1) 

Where 𝜏𝜏2 = 𝑎𝑎2 𝑎𝑎0�   , 2𝜁𝜁𝜁𝜁 = 𝑎𝑎1 𝑎𝑎0  � 𝑎𝑎𝑎𝑎𝑎𝑎 𝑘𝑘 = 𝑏𝑏 𝑎𝑎0  �  

𝜏𝜏: natural period of oscillation of the system 

𝜏𝜏 = 1 𝜔𝜔𝑛𝑛�      ,𝜔𝜔𝑛𝑛 = 2𝜋𝜋𝑓𝑓𝑛𝑛  

𝜔𝜔𝑛𝑛   :   natural freq.   rad/s 

𝑓𝑓𝑛𝑛    : cyclical freq. (Hz) 

ζ: damping factor  

k : steady state ,or static ,or simply gain of the system  

𝐺𝐺(𝑠𝑠) =
𝑦𝑦(𝑠𝑠)
𝑓𝑓(𝑠𝑠) =

𝑘𝑘
𝜏𝜏2𝑠𝑠2 + 2𝜁𝜁𝜁𝜁𝜁𝜁 + 1 

 

 


