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𝐶 =
𝑄

𝑉
 

 

Figure 2: capacitors structures: 

 

 

Figure 1: owrking principle of capacitor 
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Figure 3: solid-liquid interface in an electric double layer 
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Figure 4: Stern model 
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𝑚2

𝑔
 ,

 

 
Figure 5: Supercapactirors structure 
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Figure 6: nanotube structures 
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Figure 7: tetraeliammonium salt properties 

 
Figure 8: Ragone plot 
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1. 

 

 

Figure 10: real and ideal behavior comparison 

Figure 9: RC Model 
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2. 

 

 

Figure 11: Model with n parallel RC branches 
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3. 

 

 

Figure 12: Levie model 

 

Figure 13: electric scheme of Levie model 
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4. 

 

 

𝒁(𝒋𝝎) = 𝑹𝒔𝒐𝒍 + 𝑹𝒔𝒆𝒑 + 𝑹𝒄𝒐𝒏 + 𝒁(𝝎) = 𝑹𝒔 +  𝒁(𝝎) 

 

Figure 14: RC model serie/parallel 
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Figure 15: Impedance behaviour n supercapacitors 

𝑍(𝑗𝜔) =  
𝜏 ∗ 𝑐𝑜𝑡ℎ√𝑗𝜔𝜏

𝐶 ∗  √𝑗𝜔𝜏
 

τ

τ
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Figure 16: Phase and Amplitude of the impedance 

 

Figure 17: Time constant dependence by temperature and time 
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Figure 18: Howland pump basic version 

 

 

𝐼1 = 𝐼2 + 𝐼𝑂𝑈𝑇  𝐼3 = 𝐼4  
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𝑉𝐼𝑁+ − 𝑉𝑋

𝑅1
=  

𝑉𝑋 − 𝑉0

𝑅2
+  𝐼𝑂𝑈𝑇 

𝑉𝐼𝑁− − 𝑉𝑋

𝑅3
=  

𝑉𝑋 − 𝑉0

𝑅4
 

 

 𝑉𝑋 − 𝑉0 = 𝐴,  

𝑉𝐼𝑁− − 𝑉𝑋

𝑅3
=  

𝐴

𝑅4

𝑉𝐼𝑁+ − 𝑉𝑋

𝑅1
=  

𝐴

𝑅2
+  𝐼𝑂𝑈𝑇 

𝑅2

𝑅1
=  

𝑅4

𝑅3
 

 

 

𝑉𝐼𝑁− − 𝑉𝑋

𝑅1
=  

𝐴

𝑅2
 

 

 
𝐴

𝑅2
 to find that: 

 

𝐼𝑂𝑈𝑇 =  
𝑉𝐼𝑁+ − 𝑉𝐼𝑁−

𝑅1
 

 

1

𝑅1
. 
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Figure 19: Improved Howland Pump 

 

𝑅11

(𝑅12 + 𝑅13)
=

𝑅14

𝑅15
 

 

𝑅12 𝑎𝑛𝑑 𝑅13  

𝑅15
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 

𝑉𝑥 =
𝑉0

2

 

 𝑉 = 𝑅 ∗ 𝐼2
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Figure 21: Howland pump with variable current 

 

𝐼𝑂𝑈𝑇 =  
𝑉𝐼𝑁+ − 𝑉𝐼𝑁−

𝑅13
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Figure 21: Howland Pump scheme 

 

𝐼𝑂𝑈𝑇 =  
𝑉𝐼𝑁+ − 𝑉𝐼𝑁−

0,1
 

 

Where the value of the current is given by

𝑉𝐼𝑁+𝑒 𝑉𝐼𝑁−  
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Figure 22: Simulation 1 

𝑉𝑂𝑈𝑇 = 2𝑉𝑋 
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Figure 23: Simulation 2 

 

 

Figure 24: Simulation 3 
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Figure 25: Simulation 4 
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Figure 26: Simulation 5 
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Figure 26: Simulation 6 

 

 

𝐼𝑂𝑈𝑇 =  
𝑉𝐼𝑁+ − 𝑉𝐼𝑁−
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Figure 27: Simulation 7 

 

Figure 28: Simulation 8 
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Figure 29: Operational Amplifier
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Figure 30: Transistor

Figure 31: Power resistance
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Figure 32: 4 wire characterization 
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Figure 33: Technical scheme
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