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Abstract 
 
   Day by day, the energy storage system (ESS) is critical due to its massive 

applications in real-time, like a hybrid car, WSN (Wireless Sensor Network), 

a Capa bus, etc. The supercapacitor is gaining popularity in this relationship 

because of high power density, low ESR (Effective Series Resistance), and 

rapid charging with a long-life cycle. This makes supercapacitor a hot subject 

for research. This paper deals with the electrochemical characterization of the 

supercapacitor with a short debate concerning the supercapacitor as a backup 

power supply for a different system. Here we have considered a buck 

converter system which is used to generate and supply a 2-3 Amp current 

requirement in the industrial system with the backup power by the 

supercapacitor. The fluctuation of the topology is fully controlled by CMOS 

logic gate circuits. The whole system is working with a frequency of 1MHz 

and a current output draw of 2.5A. 
 

Keywords: Supercapacitor, Electric double layer capacitor (EDLC), 

CMOS, DC-DC converter, Electro-Chemical 
 

1. Introduction 

Supercapacitors are high-energy density energy storage devices. For the 

fast charging of supercapacitors, a variety of circuits have been invented [2].  

As compared to batteries, supercapacitors are more environmentally efficient 

and have a longer life span. 
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Aside from that, the supercapacitor can inject a lot of current at low voltages, 

which is why it's used in so many industrial applications. Due to the ability to 

supply a steady voltage at a constant current as well as step up and step-down 

dc voltages to the desired degree, DC-DC converters have a wide variety of 

industrial applications. Since supercapacitors have a high-power density, they 

can be used to pump large amounts of power at low voltages [3]. The only 

issue with supercapacitors is that high capacitance supercapacitors have a 

poor working voltage, necessitating the use of boost converters in cascade of 

supercapacitors to drive industrial applications. In today's automotive uses, 

such as electric engines, batteries and supercapacitors are used as hybrid 

devices [4-6]. 

           In this work, a dc-dc buck converter system is being used to 

supply an industrial, automotive application. So, the output has a current 

draw of 2A to 3A at 5V. A control loop [3] has been designed for this buck 

converter that varies the duty ratio proportionately with changes in input 

voltage in order to yield a constant output. If the input voltage falls below the 

desired output voltage, the input voltage is cut off, and the output load gets 

supplied by a supercapacitor module via a boost converter circuit. This boost 

converter circuit also has a control loop that yields a constant voltage 

irrespective of the decaying voltage across the supercapacitor module. The 

supercapacitor module is created by the parallel combination of 

supercapacitors of 2.85V and 3400F in order to store higher energy. 

 

2. Prior Related Work 

 

2.1 Electro-Chemical Characteristics 

Here, we discuss the electrochemical behavior of various energy storage 

systems additionally the specification and advancement of supercapacitor 

technology [7].  We addressed different energy storage systems in Table. 2 

[8], such as lithium-ion, plum acid, Vanadium Redox, and NaS battery 

(sodium and sulfur). Power, energy, lifetime, discharging time, and 

efficiency have been considered as four parameters to evaluate their 

advantages and utility. Table 2 in the first and second columns display the 

energy storage system's power and capacity. It has found more the power, is 

smaller in capacity. So that the lithium-ion battery has high energy, and the 

NaS battery capacity is higher than other systems. But the life of the battery 

system with lead-acid is relatively longer than other systems, i.e., 20 years. It 

is important to mention any energy storage device listed has certain 

characteristics with both advantages and disadvantages.  Researchers 

absorbed the benefits and sought to minimize the downside. So here we 

defined one more energy storage system, i.e., supercapacitor, that can 

combine with the above-mentioned storage systems (table I) for a more 

effective system in any application in real-time [9-10]. 

The supercapacitor is structurally and functionally identical to a regular 

capacitor. However, ultracapacitors with the value of large capacitance  
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(kilofarad) [11] with a high power-density are considered supercapacitors. 

The supercapacitor's specific power is about 1000–2000 W/kg with an 

efficiency of 95.5%, and the life cycle is nearly 40 years which is the longest 

among the ESSs. The supercapacitor's effective series resistance (ESR) is 

very less so that the fast charging and discharging profile can be achieved. 

This helps supercapacitor to be used in hybrid cars [4], smartphones [2], 

WSNs [12], and other consumer electronics applications. 

 
Table 1 Different electro-chemical energy storage systems in modern power system 

[8] 

 

 

 

 
Fig. 1  Schematic view of supercapacitor or electric double layer capacitor. 

 

The schematic view of a general supercapacitor is shown in Fig 1. A 

supercapacitor differs from a normal capacitor in two ways. First, the parallel 

plates have a greater surface area; second, much smaller in the interpolate 

distance. The activated carbon powder is mounted by the electrodes, and at  

Energy 
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(Years) 

Discharge 

time 

(hours) 

Efficiency 

(%) 

Advantage 

Lithium-

ion 

≤ 100 ≤ 0.25-25 ≤ 15 ≤ 1 ≤ 90 Long life cycle with high 

storage capability 

Lead acid ≤ 100 ≤ 0.25-25 ≤ 20 ≤ 4 ≤ 85 Low cost and 

high recyclability 

Vanadium 

Redox 

≤ 50 ≤ 250 ≤ 10 ≤ 8 ≤ 80 Compatible and used in 

various renewable 

energy sources 

NaS ≤ 50 ≤ 300 ≤ 15 ≤ 6 ≤ 80 Low cost and 

high recyclability 
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the interface between the activated carbon and the electrolytes, an electrical 

double film forms. The +ve ions are arranged around the negative electrode 

and the -ve ions on the positive electrode line as we charge the 

supercapacitor, as seen in Fig. 1. An "electric double layer" is the term for 

this type of cation and anion arrangement. The aim of "activated carbon" is to 

increase the electrode's surface area. The greater the capacitance, the larger 

the charge storage and the higher the surface area. There are no chemical 

reactions in this sheet, as in a conventional lithium-ion battery, because it is 

caused by the actual movement of electrons. It increases the supercapacitor's 

charging and discharge (life cycle) relative to other battery technologies [9]. 

In contrast to conventional lithium-ion batteries, the double-layer structure 

leads to lower ESR (series resistance equivalent), enabling the supercapacitor 

to charge easily [13]. 
 

2.2. Energy Storage Mechanism 
 

To establish the energy storage mechanisms in supercapacitors, a wide 

range of materials are used to create electrodes and electrolytes. It is 

important to be aware of these processes in order to comprehend and use 

supercapacitors efficiently. There are two main scientific experiments that 

characterise the supercapacitor electrode, both of which are useful tools for 

understanding different energy storage mechanisms. The first is cyclic 

voltammetry (see figures a, b), and the second is galvanostatic discharge (see 

figures c and d). We must calculate current vs. applied voltage using the 

cyclic voltammetry process, which is derived from a cyclic voltammogram 

trace. The galvanostatic discharge, on the other hand, is characterised by a  

continuous current discharge between electrodes. The three basic behaviour 

types that supercapacitor electrodes will exhibit are listed below. On the 

basis of cyclical voltammetry and galvanostatic discharge methods, their 

electrical properties are compared and contrasted. 

 

2.3. Pseudocapacitance Behaviour 
 

Pseudocapacitive electrodes exhibit a capacitor-like behaviour as their cyclic 

voltammogram is similar to their double-layer rectangular form (see Fig. 3 (a)) and 

also have a linear galvanostatic discharge, which can observe from fig. 3 (c). Pseudo-

capacitive electrodes can give a considerably greater specific-capacitance compared 

to double-layered electrodes; this makes them appealing for high specific density 

applications. Still, they suffer two major problems i.e., lesser cyclability and lower 

power-density that associated with the electrochemical reactions. This 

electrochemical reaction involves with irreversibility and which allows the electrode 

to age more rapidly as the dynamics of the reaction decrease its strength. The 

development of pseudocapacitive electrodes is a result of RuO2's peculiar 

electrochemical behaviour. Several cheap metal oxides have also been tested for 

pseudocapacitors as possible electroactive materials [14]. The metal-oxide materials 

and hydroxides are of considerable importance because of their abundance, the high 

value of specific capacitance, and low toxicity  materials currently being studied. 

Metal carbides  and conducting polymers  are inherently shown pseudo-capacitive  
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behaviour, in comparison to the metal oxides. Compared to inorganic materials, 

the major downside of conductor polymers is that although all of them have zero 

volumes for ions to cross, the conductive polymers that do not have an adequate 

amount of spaces to carry their ions and the intercalation creates extreme changes in 

the thickness of the electrode. One of the pioneering conduction materials is 

Polyaniline (PANI). Due to the progress made in technology in integrating PANI 

with other electroactive materials to improve the electro-chemical efficiency of the 

supercapacitor, this material has been paying more attention in the past few years. 

The plurality of available supercapacitor‘s electrode must be taken into account, as 

the existence of functional groups contributing to a pseudocapacitive secondary 

response, which is a marginal part of the pseudocapacitive category. 

 

 
Fig. 3 The numerous mechanisms for the capacitive energy storage are shown: (a) 

Carbon elements, (b) Carbon with pores, (c) pseudocapacitance with redox reaction, 

(d) pseudocapacitance due to intercalation. 

 

 

3. Supercapacitor as Backup Power Supply 

        In this paper, the designing of a closed-loop dc-dc converter system [14] 

having a feed-forward [15] path has been discussed. The feed-forward path 

varies the peak of the triangular wave [16] or saw-tooth wave with the 

fluctuation in input voltage. As a result of which the duty ratio of the 

switching pulse adjusts accordingly in order to yield a constant or regulated 

output. The dc-dc converter system comprises a primary power source 

powered buck converter system supplying constant power to an application 

at a constant voltage, and a secondary or backup boost converter system 

powered by a supercapacitor module for proving backup power to the 

application in case of failure of primary power source. A logic circuit has 

been designed to switch the power source from primary buck converter to the 

supercapacitor module-powered boost converter system in case of primary  
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system failure. Many control strategies for buck converter have been 

reviewed for varying the duty ratio proportionately with the fluctuations in 

input and output. The PWM control loop needs a saw-tooth wave generator 

[15] which will vary the peak of the triangular wave with fluctuations in 

input and a way to increase the reference voltage for PWM with the increase 

in load current beyond the desired limit. The generation of triangular or saw- 

tooth waves could be rather cumbersome for a wide range of input voltage 

fluctuations. These repeating periodic triangular waves could generate using 

ICs but not for a wide range of voltage or voltages exceeding 5V. Another 

control strategy involves comparing the inductor current of the dc-dc 

converter [17]. 

 

 

 
 

 

Fig. 4  Buck converter system with automated supercapacitor backup system [13]. 

 

constant current at some point says at the output or through the output filter 

capacitor. In CCM [18-19] the inductor current waveform is triangular in 

nature, whose peak and slope would vary with changes in input voltage. But 

this system is not feasible for a wide range of voltage fluctuations and due to 

issues like converter operating in DCM.   
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3.1. Proposed System Circuit Diagram 

In fig. 4, a dc-dc converter system has been shown that is designed to 

supply load drawing a current of 2.5A at 5V. 

This is the specification of industrial, automotive load. The circuit 

system shown in fig. 4 comprises of three parts. The part of the circuit 

bordered by green is the main muck converter system supplying the load. 

The part of the circuit bordered by blue is the supercapacitor powered boost 

converter system providing backup power to the load in case of failure of the 

main buck converter system. And the part of the circuit bordered by red is the 

sequential switching circuit responsible for cutting off the main power source 

and the buck converter system in case of failure and simultaneously 

connecting the supercapacitor module powered boost converter system with 

the load so that the load can function without interruption. The part of the 

circuit bordered by red is a digital circuit and is responsible for sequential 

switching. ‗N_1‘ and ‗N_2‘ are NOT gates, ‗AN_1‘ and ‗AN_2‘ are AND 

gates and OR is an OR gate. In this circuit ‗N_1‘ has been designed to handle 

a maximum voltage of 2.85V gate while ‗N_2‘ is designed to handle a 

maximum voltage of 5.7. These NOT gates operate in off condition if input is 

below half of their maximum operating voltage and has been shown in table 

I. In fig.1 ‗V_i‘ is the input voltage of the main power source ‗S_1‘, ‗M_1‘, 

‗M_2‘, ‗S_3‘, ‗M_3‘, ‗M_4‘, ‗S_6‘ and ‗S_9‘ are MOSFETS, out of which 

‗M_1‘, ‗M_2‘, ‗M_3‘ and ‗M_4‘are controlled by the sequential circuit 

bordered by red for switching between the main power source and back-up 

power source with the load. S_2, S_4, S_7 and S_8 are Schottky diodes. 

Schottky are preferred to general purpose diodes due to lower voltage drop 

and fast recovery. ‗L‘ and ‗C‘ are the inductance and capacitance of the buck 

converter and ‗R_L‘ and ‗R_C‘ are their equivalent series resistances. ‗L_1‘ 

and ‗C_1‘ are the inductance and capacitance of the boost converter and 

‗〖RL〗_1‘ and ‗〖RC〗_1‘ are their equivalent series resistances. All the ‗R‘ are 

resistances of same value, ‗R_T‘ and ‗R_T1‘ are also resistances of same 

value.  
               

Table 2 Gate Operation with on and off Conditions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NOT Gate ON Condition OFF Condition 

 

N1 Input voltage >=2.85V Input voltage < 2.85V 

N2 Input voltage >=2.85V Input voltage < 1.43V 
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Table 3 Operation of the circuit (see fig. 4) 

 

 

 

 

 

 

 

 

 

 
 

Fig 3. (a) Buck converter input voltage source till 270 seconds, (b) output voltage 

source till 270 seconds. 

 

The ‗Z‘ ‗Z_1‘ and ‗Z_3‘ in fig. 4 represent Zener diodes that are used for 

voltage regulation. Their main purpose is to rid the circuit of any unwanted 

overshoot in the output voltage. ‗V_CS‘ denotes the voltage of the 

supercapacitor module. ‗V_0‘ denotes the output voltage of the entire circuit 

system while ‗I_0‘ is the current drawn by industrial application. The value 

of ‗V_t‘ is chosen to be twice the output voltage ‗V_0‘. ‗A_1‘, ‗A_2‘, ‗A_3‘ 

and ‗A_4‘ in the circuit are Op-amps out of which ‗A_1‘ and ‗A_4‘ in the 

circuit behaving as comparator. Till the input voltage ‗Vi‘ remains above the 

output voltage any change in ‗Vi‘ will lead to change in the peak of saw-

tooth wave at point ‗C‘ which in turn will adjust the duty ratio 

proportionately thereby keeping the output voltage constant. Similarly, when 

‗Vi‘ falls below ‗V0‘, ‗VCS‘ acts as the power source for the load, the duty 

ratio of boost converter changes accordingly to keep the output constant. The 

circuit operation has been shown in table 2 and table 3. 

 

 
 

Condition M1 M2 M3 M4 Input 

 

   Vi >= VO ON OFF ON OFF Vi 

 

Vi >= VO OFF ON OFF ON VSC 
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Fig  4. (a) Input voltage across supercapacitor till 270s, b) Output voltage source till 

270s 

 

4 Simulation Result 
 

All the results are shown for the output current draw of 2.5A, although 

the design can sustain up to a current draw of 7A. 

 

 

4.1 Simulation Results for 270 Seconds 
 

In fig. 3(a) the blue curve represents the piecewise linear voltage or 

fluctuating input voltage obtained at node ‗A‘ of fig. 2 and the red dashed 

curve is the duty ratio that changing proportionately with changing input 

voltage in order to yield a constant output voltage which is shown in fig. 

5(b). The duty ratio curve of fig. 4(a) is obtained at node ‗E‘ and the output 

voltage waveform shown in fig. 4(b) is obtained at node ‗Y‘ of fig. 2. The 

waveforms shown in fig.4 (a) and (b) are for the first 270s till V_i>=V_0.    

 

4.2 Simulation Results 270 Seconds Onwards 
 
The blue curve represents the piecewise linear voltage or fluctuating input 

voltage obtained at node ‗F‘ of fig. 4 and the red dashed curve is the duty 

ratio that is changing proportionately with the changing input voltage in 

order to yield a constant output voltage and this output voltage has been 

shown in fig. 4(b). The duty ratio curve of fig. 4(a) is obtained at node ‗N‘ 

and the output voltage waveform shown in fig. 4(b) is obtained at node ‗Y‘ 

of fig. 4. The waveforms shown in fig. 4 (a) and (b) are the waveforms 

obtained 270s onwards i.e. when Vi<Vo.       

 



 
 

 

 

2283 Sambit Satpathy et al 

 

    

5 Conclusion 

An innovative method is developed, which consists of an Analog Buck 

Circuit and a Digital circuit. The objective of the digital circuit is to make 

sure that whenever the input voltage drops below a certain voltage then the 

bank of supercapacitors or supercapacitor module kicks in to maintain the 

constant output voltage, which in our design is about 5V with an output 

current draw of 2.5A. This is evident from simulation results or waveforms 

shown in fig. 3 (b) and fig. 4(b). This module can supply from 12.5 Watt to 

35-Watt power for the load maintain the constant voltage at the output. This 

circuit is unique because it can handle high output current (2 to 5 Amp) at 

constant output voltage, which is 5V. The digital design was an innovative in 

our case to switch the input power supply from wall power or any power 

module like battery to the charged supercapacitor bank. This part is mostly 

done using logic gates, comparators and reference signals, which are 

normally difficult is practical applications when all the voltages are 

fluctuation. We have also tested the circuit through simulation and found that 

switching occurs when the voltage drops below 5 Volts.        
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