

  electronics-07-00268




electronics-07-00268







Electronics 2018, 7(11), 268; doi:10.3390/electronics7110268




Review



Electrical Circuit Modelling of Double Layer Capacitors for Power Electronics and Energy Storage Applications: A Review



Immanuel N. Jiya 1,*, Nicoloy Gurusinghe 2 and Rupert Gouws 1





1



School of Electrical, Electronic and Computer Engineering, North-West University, Potchefstroom 2520, South Africa






2



Faculty of Engineering and Physical Sciences, Queen’s University Belfast, Belfast BT7 1NN, UK









*



Correspondence: jiyahills@gmail.com; Tel.: +27-7206-51493







Citation: Jiya, I.N.; Gurusinghe, N.; Gouws, R. Electrical Circuit Modelling of Double Layer Capacitors for Power Electronics and Energy Storage Applications: A Review. Electronics 2018, 7, 268. https://doi.org/10.3390/electronics7110268



Received: 31 August 2018 / Accepted: 19 October 2018 / Published: 23 October 2018



Abstract


There has been increasing interests in the use of double layer capacitors (DLCs)—most commonly referred to as supercapacitors (SCs), ultra-capacitors (UCs), or hybrid capacitors (HCs)—in the field of power electronics. This increased interest in the hybridization of energy storages for automotive applications over the past few years is because of their advantage of high power density over traditional battery technologies. To facilitate accurate design and simulation of these systems, there is a need to make use of accurate and well validated models. Several models have been postulated in literature, however, these models have various limitations and strengths, ranging from the ease of use down to the complexity of characterization and parameter identification. The aim of this paper is to review and compare these models, specifically focusing on the models that predict the electrical characteristics of DLCs. The uniqueness of this review is that it focusses on the electrical circuit models of DLCs, highlighting the strengths and weaknesses of the different available models and the various areas for improvement.
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1. Introduction


The effects and threats of global warming to the world have driven the increased development of high efficient and environmentally friendly alternative sources of energy for use. This has fueled the research into renewable energy sources for both domestic and industrial use [1,2,3,4,5,6,7,8,9]. Energy storage seems to be the biggest challenge in the advancement towards renewable energy solutions. Hybridization of energy storage has been the theme of many research studies in the field of power electronics and energy management [10,11,12,13,14,15,16,17,18,19,20,21,22,23], as it is considered to have great promise as an effective economic solution towards improving the performance of energy systems. Double layer capacitors (DLCs) have been proved to be very useful in hybridization of energy storages; this is due to their higher power density characteristics as compared to batteries [10,11,12,24].



DLCs are energy storage devices that use a double layer formed on a large surface of microporous material, such as activated carbon [25,26,27,28,29]. DLCs currently are of two major types, the supercapacitors (SCs) or ultra-capacitors (UCs) and the hybrid capacitors (HCs). The distinctive differences between the SCs and HCs is that the negative and positive electrode (anode and cathode, respectively) of the SCs are both made from activated carbon, whereas in the case of the HCs, the electrodes (either the cathode or anode, or both) are made from a lithium doped material—this results in the HCs having more energy density than the SCs [30,31]. This difference is illustrated in [32]; the HC’s chemistry exhibits a combination of the lithium-ion battery and a SC. However, in spite of the differences in their energy and power characteristics, it has been established that they both have the same electrical model and characterization method [30].



With the growing interest in the use of DLCs for power electronics and energy storage applications, power electronic designers and engineers are constantly faced with the vital task of accurately designing and selecting suitable DLCs for their applications. More often than not, the design process is carried out in a simulation environment using high fidelity computer software. However, in order to accurately simulate the electrical behavior of the components in a software environment, it is important to correctly use the electrical models of the components in order to get an accurate view of their electrical behavior in response to a load. Unfortunately, many models of DLCs exist in literature and choosing the right DLC model to use is an exhausting task. New designers in DLC design and selection for various applications will find the content of this paper very helpful, as it will bring them up to speed on the state of the art and what parameters are required for the use of any of the electrical models. This paper is unique because it focusses on the electrical applications and end use models rather than the models that focus on predicting chemical characteristics of the DLCs. Considering these factors, the timeliness and uniqueness of this review cannot be overemphasized. The goal of this paper is to review the many available electrical models of DLCs for power electronics applications in order to bring to light both their limitations and advantages, as well as the opportunities for further research into the subject of electrical modeling of DLCs. Additionally, this paper also seeks to raise awareness regarding the need for more research into the existing electrical models in order to address the limitations of these models, which are highlighted in this paper.



This paper is presented in the following order: the second section provides a brief history and an overview of the structure of DLCs, the third section reviews the modelling of conventional capacitors and presents the various double layer capacitor models, Section 3.8 compares all the models of the DLCs reviewed in order to bring to light their comparative advantages as well as their disadvantages. The conclusion and recommendations of this review paper are presented in the fourth section.




2. History and Structure of DLCs


The concept of double layer capacitance was first described by Hermann von Helmholtz, a German physicist, in 1853 [33]. One hundred and four years later, General Electric Company received the first patent of electrochemical capacitors based on the structure of double layer capacitance as described by Hermann von Helmholtz; their capacitor utilized porous carbon electrodes, using the double layer mechanism for charging [34]. In the same year, a Japanese company, Nippon Electric Company (NEC), received a license to use a technology that had been initially patented to Standard Oil; this technology was a device that stored energy in double layer interface. With this technology, the first market-ready electrochemical capacitors were produced for application in memory back-ups of computers in the same year, 1957 [35,36]. However, this was not a successful attempt until in 1971, when the same Japanese company, NEC, produced the SC, which then became the first commercially successful double layer capacitor [36,37]. Since then, the development of DLCs has been quite rapid. With improvements as the years went by, other companies, such as Maxwell technologies, Panasonic, Nesscap, AVX, Cap XX, Taiyo Yuden, Yunasko, etc., to mention just a few, have joined the race to push the frontiers of DLCs further.



The schematic construction of DLCs is shown in Figure 1. A DLC consists of three basic layers: the electrolyte, the separator, and the positive and negative electrodes. It exploits the double layer of charge formed when a voltage is applied to an electrode immersed in an electrolyte [38]; this is most likely where the name double layer capacitors originate.



The electrolyte and electrodes used in the construction of DLCs have to be selected interdependently, as these two largely directly affect the power and energy density of the capacitor cell. There are two types of electrolytes currently in use for DLCs and they are the aqueous and organic electrolytes. However, the organic electrolyte is most commonly used in commercial devices; this is because the organic electrolyte gives room for achieving higher voltages and very low self-discharge, and does not require chemical modification of the electrode [39]. There are various types of materials being used for the electrodes, such as metal-oxides, conducting polymer, and carbon, to mention just a few. However, carbon has been more commonly utilized because of its low cost and availability [36]. Different treatments of carbon are being researched for the improvements of the electrode, which has a direct impact on the power density of the cell [38,40]. The separator provides electrical isolation between the two electrodes; however, it is an ion-permeable membrane, giving room for ionic charge transfer between the two sections of the electrolyte. The materials used for the separator usually depend on the electrolyte used and they include polymer and paper for organic electrolytes and ceramic and glass fiber for aqueous electrolytes. More details on the structure and construction of DLCs can be found in Sharma and Bhatti [36], Signorelli et al. [38], and Yoshida et al. [40].



Currently, the two major DLCs are the electrochemical double layer capacitor (EDLC) and the HC. The EDLC, often referred to as a SC or UC, has both its positive and negative electrodes made from carbon. The most common HC is the lithium-ion capacitor (LiC); this is formed from the combination of the intercalation mechanism of a lithium ion battery with the cathode of an EDLC; the anode of the LiC is doped with a lithium ion, hence the name LiC. Other materials used for the electrodes of HCs include potassium-ion and other lithium-containing materials such as Li4Ti5O12, TiO2, LiMn2O4, and LiFePO4 [41]. The other type of DLC is the pseudo capacitor. Contrary to the EDLC and the HC, storage of charge is done faradically through the transfer of charge between the electrode and the electrolyte [42]. This faradic charge storage in pseudo-capacitors presents the potential for higher energy densities than the EDLCs. However, the low cycling stability and huge prohibitive costs have limited the successful adoption of pseudo-capacitors in the market [43].



The performance of energy storages in regards to their specific energy and power densities is usually compared using a graph called the Ragone plot. It consists of two axes, the energy density and power density axis. The different energy storage devices are then plotted on the graph according to their respective characteristics; with this, their performances can be easily compared at a glance. The Ragone plot presented in Figure 2 [44] shows the major differences between the LiC and the EDLC (also known as SC). The LiC has a much higher energy density than the SC, while the SC has a higher power density than the LiC.



The applications of DLCs are very wide and cannot be exhaustively discussed, as new applications are being introduced in research year in and year out. Their applications include, but are not limited to, the following: applications in memory backups of computing devices [45], energy storage hybridization in electric vehicles [46,47,48], applications in static synchronous compensators (STATCOMs) for improved power quality in power distribution systems [36,49,50].




3. Double Layer Capacitor Modelling


Before diving into the world of double layer capacitor modelling, it is important to briefly review some modelling methods of conventional capacitors. This will give a complete perspective when looking at the DLCs, since the basis for the double layer capacitor is the conventional capacitor.



3.1. Conventional Capacitor Modelling


Capacitors are usually modelled as lumped RLC (resistor-inductor-capacitor) networks, with the resistor representing the series resistance or ESR (equivalent series resistance) of the capacitor, the inductor representing the inductance of the capacitor leads and the current path through the capacitor, while the capacitor’s value is the rated capacitance of the capacitor being modelled. However, results from recent experiments indicate that the inductance or equivalent series inductance (ESL) in the lumped RLC models is quite inaccurate, and hence can be misleading [51].



Due to this fact, a more distributed model of capacitors is introduced by Sullivan et al. [51] in their research. This distributed model was derived in the form of a standard lumped transmission line model. Figure 3 describes the progression of the derivation of this distributed model from the standard lossless transmission line model in Figure 3a, through to the proposed distributed capacitor model. In the standard lossless lumped transmission line model, each individual capacitor plate pair is modelled as a discrete capacitor and then an inductance is added between these discrete capacitors. The inductance is calculated using Equation (1)


  L =    μ o  ·  (    x l  w   )   



(1)




where µo is the permeability of free space, l is the length of the capacitor that is parallel to the current path, w is the width of the capacitor, and an assumption is made that w >> x, where x is the height.



However, although the standard lossless transmission line is the most basic distributed model of the capacitor, it does not match the behavior of actual capacitors in practical. This obviously is due to the fact that actual capacitors are not lossless. In Figure 3b, two resistors are introduced in the standard lossless transmission line model R’p, representing the leakage resistance, and R’s, which represents the vertical path along the end metallization of the capacitor. Both resistances are very small and are reported to have very little effect on matching the simulated results to the experimental results. The model is further tweaked in Figure 3c by introducing resistor R’D to model the dielectric losses and the metallization resistance on each plate. It is reported that this model gives a more closely related result in simulation to experiments when compared to the model in Figure 3b. A more improved model was developed and is as shown in Figure 3d. This model is obtained through comparison of the measured and simulated step-response results. In this model, inductor L’D is placed in parallel to resistor R’D. This was done to indicate a frequency dependence in the loss effects; this was based on the principle that losses in the ceramic dielectric increase rapidly with frequency.



In the same study, the authors introduced another capacitor model that was based on measurements of the dielectric characteristics in the frequency domain as opposed to just matching the overall step response of the system, as was done in the model presented in Figure 4. Although a great improvement was reportedly achieved by using both models proposed by the authors when compared with the lumped RLC model, the distributed models still show a significant difference between the simulated and experimental data. The authors suggest that a more comprehensive model of the eddy current losses could match the actual behavior of the capacitor. The authors report that their models fit better to experimental data when compared to the alternatives, although their models still need to be refined further to fully capture the actual behavior of capacitors. There are two major problems with the models proposed by the authors. Firstly, the models have only been validated for one type of capacitor. Secondly, there is no specific number of lumped sections that is satisfactory to obtain best results; this would make the research quite difficult to replicate in simulation.



In another study by Perisse et al. [52], two models were developed for electrolytic capacitors taking into account the temperature and aging of the capacitors. Their motivation was that since in many applications of the electrolytic capacitors, such as transport and aerospace engineering, the degrading characteristics and temperature variations become significant with time, a model taking these degrading characteristics into consideration is very important. Figure 5 presents the two models that were used. The parameter identification was carried out using a genetic algorithm integrated into Matlab®, and this was done also using the frequency data measurements. In Figure 5a, C1, represents the total capacitance between the anode and the cathode. Resistance Ra is a combination of a number of terms, which include the resistances of the terminals, the tabs, the foils, the impregnated electrolyte paper, the tunnel electrolyte, and the dielectric. Rc is the leakage current, which is dependent on the quality of the dielectric material. Rb was not stated to represent anything but was reported to be essential in obtaining a physical representation of the model, even though it did not have much influence in the range of measurement.



Capacitor C2 and resistors R2a and R2c were added in Figure 5b in order to factor in the effect of temperature reduction so as to obtain better results throughout the temperature range, especially for negative temperatures. The exact method of their parameter identification and characterization is detailed in the study by Perisse et al. [52]. It is important to state that although the results reported by the authors are positive, the models have been validated for only electrolytic capacitors, therefore they cannot be applied to other capacitor types unless further research is carried out to validate the model for other capacitor types.



Looking at these four capacitor models, it can be said that the lumped RLC circuit model is still the simplest and most basic model for conventional capacitors, since other more detailed models fall short in their validations and simulations. Now that we have established the background of conventional capacitors, the next few subsections will focus on modelling of DLCs.




3.2. Classical Equivalent Circuit Model


The classical equivalent circuit model of DLCs is the most common, simplest, and probably the most basic model of a double layer capacitor [53]. This model is represented in Figure 6 [25]. It consists of just three parameters: a capacitor (C), a series resistance R, and a parallel resistance (Rp). The three circuit parameters can be obtained from the datasheet of the manufacturers of the devices. Ri is the equivalent series resistance, C is the rated capacitance of the device, and Rp is calculated by dividing the nominal voltage by the leakage current, which are both presented in the datasheets of the manufacturers.



The ease of parameter identification for the classical equivalent circuit model makes it very easy to implement in simulation. The classical equivalent model has been validated to have a closely relatable response to the actual response of a physical model [53,54]. However, in his research, Rodolfo [55] came to the conclusion that the classical equivalent circuit model does not perfectly match the behavior of DLCs as compared to other electrical models. Therefore, for basic simulation studies the classical equivalent circuit model can be used, especially in preliminary design calculations.



Cultura and Salameh [56] suggest that for short duration experiments, the classical equivalent circuit model can be further reduced by removing the leakage resistance, thereby reducing the model to just the equivalent series resistance and the capacitance of the DLC. This is because the leakage resistance is much larger than the series resistance, therefore it has no significant effect on the performance of the model for an analysis lasting for a short duration. Another derivation from the classical equivalent circuit model was done by Nakajo et al. [57]. The authors replaced the capacitance C in the classical equivalent circuit model with a variable capacitor. The capacitance was varied depending on the discharge current through a lookup table. The model was validated with a 200 F Lithium-ion capacitor and the results obtained were reported to be impressively above 98% correlation for both charging and discharging of the DLC.



A slight deviation from the classical equivalent circuit model is the first order circuit model, which is also a derivation of the lumped RLC model used for conventional capacitors. Figure 7 shows the schematic representation. The series inductor L is added to represent the equivalent series inductance (ESL) of the capacitor. The ESL is a representation of the inductance of the capacitor leads and the current paths through the capacitor just as it is in conventional capacitors.



Another variation of the classical equivalent circuit model is shown in Figure 8. Cultura and Salameh [56] claimed that this model can adequately describe the performance of capacitors in slow discharge applications. This model was used to determine the terminal behavior of a double layer capacitor. The total cell capacitance (Ccell) was calculated using (2), which is expressed as the sum of a constant capacitor (Co) and a variable capacitor (Vc) whose value changes linearly with the cell voltage.


   C  c e l l   =  C o  + k  V c   



(2)







Just as it is in the classical equivalent circuit, Resr is the equivalent series resistance (ESR), which brings about the loss of energy during charging and discharging, Rp accounts for the capacitor self-discharge, and inductance (L) is a result of the capacitor construction, which is the inductance of the capacitor leads and parallel current paths. This model has been validated for a SC bank (more detail is reported in [56]).




3.3. Ladder Circuit Model


Nelms et al. [53] investigated the use of ladder circuits to model DLCs. This investigation was justified by the success achieved from modelling nickel fiber electrodes in electrochemical capacitors in previous research. The ladder circuit model is presented in Figure 9. Part of the ladder circuit looks like the circuit of the classical equivalent circuit model, but the circuit parameters of the ladder circuit were determined from alternating current (AC) impedance measurements and EQUIVCRT (a computer program developed at the University of Twente). This program uses the nonlinear least squares fitting technique as opposed to direct derivation from the datasheets, as is in the case of the classical equivalent circuit. More details of the AC impedance characterization and parameter identification technique used for the ladder circuit model are presented in the study by Nelms et al. [53].



The ladder circuit model was evaluated using two different applications: a pulse load and a slow discharge. The results obtained were further compared with the classical equivalent circuit model. It was discovered that the classical equivalent circuit model better predicted the capacitor voltage under slow discharge than the ladder circuit model. This might have been due to the number of rungs on the ladder circuit, since the authors proposed more resistor-capacitor (RC) branches on the ladder circuit to enhance the ability of the ladder circuit model to better predict the characteristics of the DLCs.



The use of ladder circuits to model DLCs looks promising from the reports in literature. However, there is no fixed number of RC branches that must be used to obtain accurate results in the prediction of the characteristics of DLCs; this makes the use of this model difficult, and secondly, the parameter identification technique is complex. More research is needed to determine the minimum number of RC branches required to accurately predict the electrical characteristics of DLCs.




3.4. Transmission Line Model


A transmission line model also exists for DLCs just as it does for conventional capacitors; this is because the capacitance of the layers shows a non-linear relationship with their surface area, as reported by Cultura and Salameh [56]. This non-linear relationship is primarily due to the porous materials forming the electrodes of the DLC, causing the resistance and capacitance to be distributed and not lumped. Hence the proposal that the theoretical model of a double layer capacitor be treated as a transmission line with voltage dependent distributed capacitance.



The schematic of the transmission line model of DLCs looks very similar to the ladder circuit model previously discussed. Figure 10 represents the theoretical transmission line model of DLCs. The parameter identification is unclear, but it most probably makes theoretical sense, since the conventional capacitors are also modelled using transmission line models.




3.5. Zubieta Model


The Zubieta model is named after Luis Zubieta, a Venezuelan researcher. He proposed what would become the Zubieta model for DLCs [58]. The Zubieta model consists of three RC branches and a parallel leakage resistance, to model its self-discharge property. The Zubieta model is illustrated in Figure 11 [59,60]. The three RC branches of the model represent three different time constants to model the charge and discharge of the DLC for up to 30 min.



The first RC branch is modelled as a voltage dependent differential capacitor consisting of a fixed capacitance (Ci0) and a voltage dependent capacitor (Ci1 * V). This first branch determines the behavior of the DLC in the initial time of operation lasting just a few seconds. The second RC branch, parameterized by Rd and Cd, is referred to as the delayed branch; this branch is responsible for the response of the DLC immediately after the initial time of operation of a few seconds up to 10 min. The third RC branch, with parameters (R1) and (C1), is responsible for the behavior of the model for times longer than 10 min.



The parameter identification process is carried out branch by branch starting with the immediate branch. The parameters of the immediate branch are determined by charging an uncharged DLC with a high constant current over a period of about 20 ms. This is under the assumption that all the charge over this period of time is stored in the immediate branch. After the first charging under constant high current for 20 ms, the terminal voltage is measured and Ri as described in Figure 3 is calculated by dividing the measured terminal voltage by the high current used to charge the DLC. To obtain the value of Ci0, the DLC is further charged under the same constant current until the terminal voltage increases by 50 mV. Ci0 is then calculated using (3). To determine Cil, the DLC is further charged until the terminal voltage is equal to its rated voltage, then the high constant current source is turned off, a fall time of 20 ms is allowed, and then the terminal voltage is measured and Cil is calculated using (4).


  C i 0 = I c h ∗   Δ t   Δ V    



(3)






  C i l =  2   ν 1    ∗  (    I c h *  (  t 1 − 20   ms  )     ν 1     )  − C i 0  



(4)




where   I c h   is the constant high current,   Δ t   is the time period it takes to increase the charge of the DLC by 50 mV, and   Δ V   is 50 mV.    ν 1    is the terminal voltage at t1, while t1 is the time it takes the DLC to charge up to its rated voltage during charge plus a further 20 ms after the charging current has been isolated. It was assumed that when the DLC reaches full charge, a charge redistribution occurs and that this redistribution of charge goes into the delayed and the long-term branch, respectively, starting with the delayed branch. The whole parameter identification procedure is a rather complex process and it is outlined in detail by Zubieta and R. Bonert [59,60].



The model was validated for a number of 470 F and 1500 F DLCs to eliminate the probability of manufacturing defects affecting the characterization results. The results reported from the validation show a very close correlation of both simulation and experimental responses. The model was further validated by Negroiu et al. [58] in their research, and they also came to very similar conclusions. They further suggested that the Zubieta model be extended on multiple branches in order to be able to predict the operation for longer than 30 min. However, this would be unnecessary, since DLCs traditionally have enough charge in them to last just a few minutes, except for the simulation of very large DLC banks with massive energy storage abilities.



The Zubieta model has been further validated by Weddel et al. [61] and Diab et al. [62] in different independent studies for different applications and the results are all coherent. It has been introduced in some simulation packages as a DLC block, specifically the Matlab® Simulink® software [63], therefore it can be said that the Zubieta model is very suitable for electrical design simulations and it has come to stay. However, the characterization and parameter identification process of the model is very complex and cannot be carried out without having the physical DLC device handy. This is because of the measurements that need to be taken from the DLC and calculations that are done; these values cannot be found on the datasheets of the manufacturers, thus making it difficult to use the model for simulation.



Since the parameter identification for the Zubieta model can be very challenging, manufacturers of DLCs should be encouraged to carry out the characterization of their products and present the parameters in their datasheets to facilitate easy implementation of the Zubieta model in design and simulations.




3.6. Two-Branch Model


The two-branch model, as its name suggests, consists of two RC branches. This looks very similar to the first two RC branches of the Zubieta model. Figure 12 shows the two-branch model with its two RC branches arranged in parallel. Just like the Zubieta, the first RC branch consists of two different capacitors, but in this model the first branch is responsible for the main energy storage and the second RC branch is responsible for the medium- and long-term response of the DLC [64,65].



The parameter identification of the two-branch model can be done using two different methods as is described in detail in Faranda et al. [64] and Pucci et al. [65]. Although the structure of the two-branch model is very similar to the structure of the Zubieta model, it has very different parameter identification techniques. Faranda et al. [64] claim that the process of parameter identification is more precise, easier, and faster than other models, perhaps including the Zubieta model. This is probably because only five parameters are required as opposed to the seven parameters in the Zubieta model. This claim has yet to be verified.



Pucci et al. [65] used the least-squared method for parameter identification of the two-branch model (this identification method is prescribed in detail in [65]). The authors also claim that the employed parameter identification method is fast, easy, and robust to noise and measurement errors.



The two different research studies that examined the two-branch model sound very promising, but the two-branch model must be compared with the Zubieta model to verify the claims of the propagators of the two-branch method. Again, just like the Zubieta model, since the circuit parameters are determined experimentally this makes it difficult to use the model without having the physical device on hand in order to take the measurements and perform necessary calculations.




3.7. Unique Models


All the models discussed previously focus strictly on predicting the electrical characteristics of the DLCs, particularly the terminal voltage of the capacitor. There are some very complex models that look at other characteristics, such as thermal effects and life cycle characteristics [66,67,68,69,70]. Some of these complex models employ the use of high tech solutions like frequency impedance spectroscopy for their characterization and parameter identification (see, for example, [31,66,71]). These models are unique because most of them do not focus on the electrical characteristics but instead on other characteristics affecting DLCs.



In German et al. (2012) [68] and German et al. (2016) [72], the authors proposed the interpretation of DLC ageing using the multi-pore (MP) model. The focus of their research was strictly to monitor the ageing characteristic of the DLC. Of the two methods currently used to accelerate the ageing of an energy storage system (cycling and floating ageing), they used the multi-pore model to predict the floating ageing of the DLC. The authors also used the constant phase element (CPE) model developed by De Levie [73] to interpret the floating ageing of a DLC. They further validated their approach by comparing the MP model to the CPE model, thus validating their approach. They concluded that the ageing of DLCs is primarily a result of the redox reactions between the reactive parasitic elements present on the surface of the electrode and the electrolyte. In other studies Hwang et al. [74] and Uno and Kukita [75] used accelerated ageing and degradation tests to evaluate and estimate the cycle life of DLCs. Specifically in the study by Hwang et al. [74], the authors compared eight capacitors of the same capacitances but from different manufacturers. This was done to predict the failure time and life time under normal condition using the accelerated degradation test. Their research is particularly interesting because their method could be used in selecting the best alternative when comparing DLCs of the same capacitance across different manufacturers. In the study by Uno and Kukita [75], the authors applied the cycle life prediction model proposed in a study by Uno and Tanaka [76] to predict the cycle life of a DLC and evaluate its performance as an alternative to rechargeable batteries. The authors stated that the cycle life trends obtained in their research correlated effectively. However, no specific values were presented to tell how effective these correlation reports are.



The thermal modelling of DLCs has been presented in various previous literature [66,67,77,78,79,80]. In the thermal modelling of DLCs, AC impedance spectroscopy was used for the characterization analysis. In a paper by Funaki [80], the dependence of the voltage of DLCs on temperature during charge and discharge was evaluated, as well as their efficiency. An n-stage RC equivalent circuit was also proposed. The RC circuit looks quite similar to the ladder circuit model; the circuit parameter identification was also done using AC impedance measurements. It was concluded that the temperature dependency of the equivalent series resistance of the DLC can be expressed using a quadratic function of temperature. The number of stages required for the equivalent circuit was also determined to be three, since the frequency characteristics of the DLC were adequately represented with suppressed error. The authors in Guillemet et al. [67] proposed using compact thermal modelling to predict the thermal responses of the DLC under cycling. They further used finite-element method (FEM) simulations to further verify their proposal, and their results are reported to be that the temperature deviations did not exceed 8%. In Omar et al. [71], the characterization of DLCs is done with the hysteresis effect as a major factor. The parameter identification is also done using impedance spectroscopy, and more detail is presented in the literature. Another very interesting thermal model is the electro-thermal model proposed in Parvini et al. [81]. This model combined the classical equivalent circuit with the reversible and irreversible heat generation in the DLC cell. The parameter identification of the electrical characteristics was carried out using pulse-relaxation data obtained from experiments in the DLC cell. Although the authors report a high accuracy in their model (and the graphs presented suggest so), there are no specific values presented to give a good picture of the level of correlation.



In Akar et al. [23] and Omar et al. [31], the authors used AC impedance spectroscopy to model the DLC in the frequency domain. Firouz et al. [82] used the non-linear least square method with trust-region-reflective algorithm for the identification of parameters. An Nth order RC circuit was also proposed for the modelling in time domain. The authors propose combining both the frequency and time domains in the analysis and characterization of DLCs. Their proposal is hinged on the limitations of implementing the individual domains. Nelms et al. (2001) [83] also used AC impedance spectroscopy in combination with the parameter identification topology described in Nelms et al. 2003 [53] to predict the performance of a DLC. They proposed a model which was referred to as the Debye polarisation cell (DPC). They compared the performance of the DPC to that of the classical equivalent circuit model and found that although the results followed a similar trend, the classical equivalent circuit model better matched the measured data. The only advantage of the DPC over the lumped parameter models was that some of the elements of the DPC could be associated with the chemical reactions in the DLC. However, no correlation results are presented for either the equivalent circuit model or the DPC model, which makes it difficult to evaluate the accuracy of the models.




3.8. Comparison of Models Reviewed


Eight electrical models of DLCs have been reviewed in detail in this review paper, excluding the models for conventional capacitors and the other unique models. Table 1 is a brief comparison of these models. All of the eight models can be used for power electronics and energy storage applications, however, only the classical equivalent circuit and the Zubieta models have been reportedly used in literature.



The classical equivalent circuit model is the simplest model for DLCs, requiring only three parameters as compared to the number of parameters required in the other models reviewed in this paper. Its parameter identification technique is also very simple, since all the parameters required are all presented in the datasheet of the manufacturer, therefore it would be very useful for preliminary design calculations and simulations. However, for a more detailed prediction of the electrical responses of DLCs, a more detailed model is required. Two variations of the classical equivalent circuit models that would probably give a more detailed view of the DLC behavior were discussed, but the inductor value might be difficult to obtain from the datasheet in the case of the first order circuit model while the second variation, which introduced a variable capacitor, needs its parameters determined by experimentation, which can be cumbersome for end users, especially for calculations in conceptual designs.



The ladder circuit model uses a minimum of seven parameters and its characterization and parameter identification is carried out using impedance spectroscopy, which is quite complex. The RC ladder circuit model has not been applied in any project in literature. It is suggested in literature that the more rungs on the ladder circuit, the more accurate the prediction of the model, however, more work needs to be done to determine the minimum number of rungs required on the ladder to achieve perfect results in the simulations.



The transmission line model is a rather theoretical model, however, it makes sense to have a ladder circuit model for DLCs, since there is a ladder circuit model for conventional capacitors. The transmission line model looks a bit similar to the ladder circuit model, with very few differences. The parameter identification method is not so clear, but most likely AC impedance characterization is also applicable to the transmission line model, since it is used for the ladder circuit model. The transmission line model has not been applied in literature, but it might better describe the behavior of DLCs, since it takes into account the inductance of the leads and the current paths through the capacitor.



The Zubieta model is arguably the most common electrical model for DLCs, consisting of eight parameters, which are determined by a cumbersome experimental process. It has been applied in literature, validated several times, and even adopted by Matlab® Simulink® as block devices for DLCs for simulations; however, since the parameter identification process is experimental, it is difficult to utilize the model without having the physical limitation, which is a huge limitation.



The two-branch model is quite similar to the Zubieta model but consists of two fewer circuit parameters. The parameter identification is also experimental, just like the Zubieta model, but uses different techniques. There are two different identification techniques in literature for the parameters of the two-branch model. These techniques are both shorter than the technique used in the Zubieta model, perhaps because of the reduced number of parameters.



Summarily, looking at the comparison presented in Table 1, the only comparable metric aside from the number of parameters required and the complexity of their identification is the reported accuracy. However, only a few of the authors actually report specific values of accuracy or levels of correlation with the experimental data. Looking at the capacitance of the DLCs reportedly used for validation by the authors, they differ widely across the different models. These differences make it difficult to specifically highlight a DLC model as the best or most accurate for power electronics and energy storage applications. There is need for more research that would compare the electrical circuit models and validate them specifically for the same capacitance value so that the most accurate can be determined. At this stage, it would be improper to point out one of the models as the most effective in predicting the voltage of a DLC. However, it can be stated categorically that the classical equivalent circuit model remains the simplest DLC electrical circuit model, as its parameterization is easy.





4. Conclusions


The aim of this paper was to review the many available electrical models of DLCs for power electronics applications. This was done to bring to light their limitations and advantages and the opportunities for further research into the subject of electrical modeling of DLCs. The different prevalent electrical models of DLCs have been reviewed and their characteristic circuits have been presented. Their limitations and strengths have been discussed, which has allowed us to reach the following conclusions:




	
The classical equivalent circuit models can be used for basic preliminary design calculations, as the circuit parameters are presented in the manufacturers’ datasheet.



	
More research is needed to determine the minimum number of RC branches required to obtain accurate results and thereby validate the potency of the ladder circuit model.



	
The transmission line model has the potential to give better results than the ladder circuit model, however, it has not been tested. Therefore, researchers are encouraged to test the transmission line model and compare the results with the ladder circuit model in order to clear the air in this grey area.



	
The two-branch method must be further compared against the Zubieta model to verify the claims of its propagators.



	
Since the Zubieta model has been validated widely and is gaining ground in simulation software like Matlab® Simulink®, DLC manufacturers should be encouraged to characterize their products using the Zubieta model and present the parameters in their datasheets to facilitate easy and accurate design and simulation of the DLCs.








The focus of this paper is the electrical model for DLCs, therefore only the models that satisfy these criteria are reviewed in detail. However, the more complex models, which look at the thermal, ageing, and hysteresis characteristics, are highlighted but not reviewed in detail, since they fall out of the scope of this review. It is anticipated that the key issues raised in this review will stir up a chain of new research into resolving issues around the adoption of the electrical DLC models. Furthermore, this review is a call to action for all the stakeholders in the DLC industry like manufacturers, power electronic designers, engineers, and researchers.
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Figure 1. Basic structure of double layer capacitors (DLCs) showing the four main components of its construction. 
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Figure 2. The Ragone plot of some energy storage devices showing their characteristics in regard to their energy and power densities (adapted from [44]). 
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Figure 3. Schematic of (a) the standard transmission line model (b,c) improvements to the transmission line model, and (d) the distributed capacitor model formed on the basis of the standard transmission line model. 
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Figure 4. Schematic of the distributed capacitor model based on frequency characterization of the dielectrics. 
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Figure 5. Electrical model of electrolytic capacitors with parameter identification done by applying genetic algorithm on the frequency data. Note that (b) is an extended version of (a) with the extended circuit parameters allowing room to factor in the effects of temperature. 
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Figure 6. Classical equivalent circuit of a double layer capacitor showing its three basic characteristics: the internal resistance (R), its capacitance (C), and its self-discharge resistance (Rp). 
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Figure 7. First order circuit model of DLCs, which can be described as a variation of the classical equivalent circuit model, taking into account the inductance of the capacitor leads and the inductance of the current paths in the capacitor. 






Figure 7. First order circuit model of DLCs, which can be described as a variation of the classical equivalent circuit model, taking into account the inductance of the capacitor leads and the inductance of the current paths in the capacitor.



[image: Electronics 07 00268 g007]







[image: Electronics 07 00268 g008] 





Figure 8. Variation of the classical equivalent circuit model of DLCs taking into account the linear change in cell capacitance of the capacitor, represented by a variable capacitor. 
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Figure 9. Ladder circuit model of a DLC. 
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Figure 10. Transmission line model of DLCs. 
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Figure 11. The Zubieta model of DLCs showing the three different RC branches. 
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Figure 12. The two-branch model of DLCs showing the configuration of the two RC branches. 
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Table 1. Comparisons of the different electrical DLC models considered.






Table 1. Comparisons of the different electrical DLC models considered.





	DLC Model
	Parameters Required
	Complexity of Parameter Identification
	Reported Accuracy (%)
	Validation Capacitance (F)





	Classical equivalent circuit
	3
	Very easy (from datasheet)
	Not reported
	5 and 500



	First order circuit model
	4
	Easy (from datasheet)
	Not reported
	Not reported



	Classical equivalent circuit II
	5
	Experimental measurements
	98
	200



	Ladder circuit
	≥7
	AC Impedance
	Not reported
	50



	Transmission line
	≥10
	Theoretical (AC characterization)
	Not reported
	140



	Zubieta
	8
	Experimental data
	90
	470 and 1500



	Two-branch
	6
	Experimental data
	97
	110, 200, 350, and 600
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