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l. Introduction

Electric doublelayer capacitorsalso known asupercapacitorselectrochemical dable layer
capacitordEDLCs) or ultracapacitorsre electrochemical capacitors that have an unusually high
energy density when compared to common capacitors, typically several orders of magnitude
greater than a higbapacity electrolytic capacitor.

Theelectric doubldayer capacitor effect was first noticed in 1957 by General Electric engineers
experimenting with devices using porous carbon electrode. It was believed that the energy was
stored in the carbon pores and it exhibited "exceptionally higlaat@nce", although the
mechanism was unknown at that time.

General Electric did not immediately follow up on this work, and the modersion of the

devices wasventually developed by researchers at Standard Oil of Ohio in 1966, after they
accidental re-discovered the effect while working on experimental fuel detligns. Theicell

design used two layers of activated charcoal separated by a thin porous insulator, and this basic
mechanical design remains the basis of most electric déay®e capaitors to this dayWith
advances made on both materials and manufacturing process, todayGrecgtEowerBirst®

product show a superior advantage amongst all other ultracapacitors in the market.

1. Description of Double Layer Capacitor

A. Operating Principles

Generally capacitors are constructed with a dielectric placed between opposed electrodes,
functioning as capacitors by accumulating charges in the dielectric material. In a conventional
capacitor, energy is stored by the removal of charge carriersallypgtectronsirom one metal

plate and depositing them on another. This charge separation creates a potential between the two
plates, which can be harnessed in an external circuit. The total energy stored in this fashion is a
combination of the number aharges stored and the potential between the plates. The former is
essentially a function of size and the material properties of the plates, while the latter is limited
by the dielectric breakdown between the plates. Various materials can be insertezhkibtwve
plates to allow higher voltages to be stored, leading to higher energy densities for any given size.
For example laminum electrolytic and tantalum electrolytic capacitors, use an aluminum oxide
film and a tantalum oxide film as tlikelectric, respctively. In contrast Electric Double Layer
Capacitorsdo not haveany dielectrics in generalbut rather utilizethe phenomena typically
referred © as the electric double layer. In the double layer, the effective thickness of the
Adi el ect r hgtydthin,iasd becauseeoktiieirpos nature of the carbon the surface area

is extremely high, which transletgo a very high capacitancélowever, the double layer
capacitorcanonly withstand low voltage (typically less than 2.7V peell), which meanghat
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electric doubldayer capacitors rated for higher voltages must be made of matched series
connected individual capacitors, much like sedesnected cells in highemwltage batteries.

There are 2 types of electrolytes used by EDLC manufacturees.iOwatersoluble and the
other is noawatersoluble. The nowater soluble electrolytdoesincrease the withstand voltage
per cell compared to that of a wasalubleelectrolyte hence producing a higher energy density
TecateGroup PowerBurs® cells are made with nomater soluble electrolytes, and feature a
smallsize and light weight.
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Figure 1: Ragone Plot

As can be seen in Figure the Ultracapacitors reside in between conventional batteries and
conventional capacitors. They are typically used in applicatidrere batteries have a short fall
when it comes to high power arie] andconventional capacitorsannotbe used because af

lack of energy. EDLCs offer a high power density along ailequate energy density for most
short term high power applications.
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B. Advantages and Disadvantages of EDLC

Many users compare EMIs with other energy storage devices including batteries and
conventional capacitor technology. Each product has its own advantages and disadvantages
compared to othettechnologies. Each application needs to be evaluated based on its
requirements. Below arsome of the advantages and disadvantages when considering the use of
EDLCs:

Advantages:

1 High energy storageCompared to conventional capacitor technologies, EDLCs
posseses orders of magnitude higher energy density. This is a result ofaising
porousactivated carbon electrode to achieve a high surface area.

1 Low Equivalent Series Resistance (ESRpompared to batteries, EDLCs have a low
internal resistangédnenceproviding high power density capability.

1 Low Temperature performancelecateGroupPowerBust® productswith their use
of patented technologgre capable alelivering energy down tet0°C with minimal
effect on efficiency.

1 Fast charge/dischargeSince EDLCs achieve charging and discharging through the
absorption andeleaseof ions andcoupkdwith its low ESR, high current charging
and discharging is achievable without any damage to the parts.

Disadvantages:

1 Low per cell voltageEDLC cells have a typical voltage of 2.7V. Sinfte most
applicatiors a higher voltage is needed, the cellsentovbe connected in series.

1 Cannot be usedh AC and high frequency circuitsBecause of their time constant
EDLCs are not suitabl®r usein AC or high frequency circuits.

Specifications subject to change without notice. Always consult with the factory or your sales representative prior to purchase.
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C. Construction of PowerBurst® cells

The specifics of ultracapacitor consttion are dependeinin the manufactureand theintended
application The materials maglso differ slightly betweemanufactures or due to specific
applicationrequirementsThe commonality among all ultracapacitors is that they consist of a
positive eéctrode, a negative electrode, a separator between these two electrodes, and an
electrolyte filling the porosities of thevo electrodes and separators.

Individual
Ultracapacitor Cell

Current
Collector

Elecrolyte

Porous
Electrode

Separator

Figure 2: Internal Cell Construction

Today, in generaimost manufacturers have adopted a cyloalrconstruction method for their
EDLCs. Howeverthere are still produsin the market that use a prismatic design. Each method
has its own advantages and disadvantages which may or may not affect their use in specific
applicat i ®owerBurs® pradacts eseé she round or cylindrical construction method.
The cells are constructed from activated carbon particles, mixed with a binder and then deposited
on aluminum foil.In this methogas showrnn the following figure the electrodes are wound into

a jellyroll configuration very similar to an aluminum electrolytic capacitor. The electrodes have
foil extensions that are then welded to the terminals to enable a quaitbt the outside of the
capacitor.
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Figure 3: Cell Construction

D. Equivalent Circuit

EDLCs share the same equivalent circuit as conventional capacitors. The first order model is
represented by the circuit below. Itdesmprisedof four ideal components. Thseries resistance

Rsis also referred to as the equivalent series resist@®R). This is the main contributor to
power loss during charging and discharging of the capacitor. It iscalsprisedof a parallel
resistance Rwhich affects the self discharge, a capacitance C and a series induttat Is
normally very smalbsa result of the cell construction.

Rp

W
RS ._ l l
. Y. T | N
s _ c

Figure 4: First Order Equivalent Circuit

Since R is alwaysmuch larger than &t can be ignored. Alsdecause of the porous material
used on the electrode of EDLQbeyexhibit norideal behavior which causes thapacitance

and resistance to be distributed such that the electrical response mimics transmission line
behavior. Therefore, it would beecessaryo usea more general circuitasshown in the figure

5, for representing the real electrical response.
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Figure 5: Ladder Network

However to simplify the circuit we can model the EDLC as an RC circuit. In this case the charge
stored is Q=CV. The energy stored in the capacitor in Joules-§e@ind) = 1/2C¥ Other
useful formulas are discussed more in thengizection.

lll.  Applications

Over the year EDLCs have found their way into many applicatsoffom consumer electronics
to military andthe automotivesector They are used either as the primary energy source or to
augment other energlevices. Some of theare common applications use today include:

Consumer

Electronics Transportation

*Digital Camera «AMR. *Hybrid Vehicle
*Tovs +UPS +Cold Start
+Cordless tools *Power Quality *Rail
*Telecom + Electric Vehicle
*Solid State backup
*Wind power

*Solar power

Figure 6: Application Breakout
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As seen above EDLQOsenefit many applications, from those involving short power putses,
those requirindow-power support of critical memory systemi$ie cells can besedalone, or
with other power sources. EDL@srmit faster accelerain, increases range, and extdradtery

life by freeing it fromstressful high power tasks. For exampldyyarid vehicle might usehis
power burst to accelerate and climb a steep hillkadétpacitors can also absorb regenerative
brakingenergy and thus limit the otherwise very high charging current to the battery.

Iv.  Calculation of charge/discharge time

A. General Description

An ultracapacitor can be charged from any DC power sources, DC papgyy, battery or solar

cell. There is no limitation in current and voltage within its maximum current and voltage rating
as referred to in the specification sheet of each productomaiimustensure that the charging
voltage does not exceed its ratadtage. The time required for the constant current and constant
resigance charging/discharging aepresented by equati®(l) and (2) below:

Constant current discharge
t=C x (VO-V1)/ | (1)

Constant resistance discharge
t=-CxRxIn(V1/VO0) (2)

Where t = charge/discharge time (s), VO = initial voltage (v), V1 = finatage after t(s) (v), | =
constant current | oad (A) and R=constant resi

The above equations may not always be accurate, as the internal resistance drop is not calculated
with the above. Depending on the application this loss can be sighifftar example in the
constant current model the loss related to the equivalent series resistance (ESR) can be added as
follows:

t=[C x (VO-V1)i (I x ESR)]/I(3)

Specifications subject to change without notice. Always consult with the factory or your sales representative prior to purchase.
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B. Effect of Self Discharge

As with most electrochemical capacitors, BeverBurs® product does exhibit a self discharge
characteristic that is also related to the leakage current. This is the rate the capacitor will lose its
energy without any load. In most applications this loss is negligible and can be ignored. This is
based on the fa¢hat most ultracapacitor applications require the part to be charged by a main
source and only discharge farshort period of time (several seconds). During this short period
there is not enough energy dissipatecffect your calculation. In longer termpplicatiors this

leakage current will need to be added in to the equations above. More information can be
obtained by contacting Tecate Group directly.

V. Life Calculation

Although Ultracapacitorsare knownto have mucHonger lifetime thartypical battey systems

their life is still limited.Unlike batteries ultracapacitors do not have a sharp end of life decline,
but rather have a gradual degradation over its lifetime. The lifetime &fltesccapacitor is
greatly affectedby ambient temperature, appliesoltage and operating current. By reducing
these factors as much a@essible,ultracapacitor lifetime can be lengthendgelow we will
review each point separately

A. Temperature

The Ultra@pacitor life is affected byhe operating temperature. lgeneal, lowering ambient
temperature by T@ will double the life of a ultracapacitor.Figure 7 shows a typical life
performance for dferent voltage and temperaturéhus designing the ultracapacitors in
locatiors where they are protected from extreme heiditgreatly increasdheir useful life. It is

not recommended to operate the call®ve the maximum specified temperaturkis will not

only shorten capacitdife, but can also cause serious damage such as electrolyte leakage
rupture Care should béaken not only to look at the ambientemperaturgbut alsotaking into
consideratiorfactorssuch aghe radiation from heat generating elements insideutiite(power
transistor s, | C 0 sheating elwe itosripptercwrrenilso,tcadion) shauld de s e |l f
takennot to placeheatgenerating elements across from the capacitor on the opposite side of the
PCB.

Specifications subject to change without notice. Always consult with the factory or your sales representative prior to purchase.
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B. Voltage

Operating voltage affects the useful life of an ultracapacitor similar to tempesaissl above.

In general, lowering # operating voltage by 0.1 V from the rated voltage will double the life of
an ultracapacitor. Care should be taken when designing the ultracapaciimisrauits to not
expose them to voltages abotreeir rating. Figure 7 shows a typical life performae for
different voltage and temperature.

Typical Voltage and Temperature influence
on Life- PowerBurst ®Series

s |\ \
N\ A\

14 +— 2.6V —\TZ.SV—— 2.4V\
1.2

0.8 \\ \\ \\ —2:6
06 - — N\ N\ N 25
o 2.7V \ \‘ ~N iy
0:2 S~ ~—

Life Factor

25 35 45 55 65

Temperature C°

Figure 7: Influence of Voltage and Temperature on Life
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C. Operating Current

One of the key attributes of an ultracapacitor is its low internal resistance and its ability to supply
high power/currents. Althah this is true, care needs to be taken when charging and discharging

the capacitor with high currents. This high current can induce self heating inside the capacitor
which will increase its operating temperature rapidly. Sufficient cooling should heagpring

high current high duty cycle applications.

VI. Specification

Tecate Group provides the latest data sheet and specification for eachPowisBurst®
products on its websithttp://www.tecategroup.com/ultracapacitors/powerburst.jiigch data
sheet provides a range of specificatiavhich are described in more detail in tHellowing

section.

A. Specification Description

Capacitancé a measurement @nergy storage in joule€ = Q/

Voltagei the voltage provided in the specification is the maximum operating voltage for a single
capacitor. The rated voltage is the voltage in which the performance data is measured. It is
possible for the capacitors to experience voltagesxaess of the rated voltage. The impact is
dependent on the time and temperature during this exposure. At no time should the capacitor be
subjected to voltages in excess of 10% of the rated voltage.

Equivalent Series Resistance (ESR)XC i the resistancecorresponding to all the resistive
components within the ultracapacitor, Rtot. This measurement is taken after 5 seconds. Since the
time constant of the ultracapacitors is approximately 1 second, it takes approximately 5 time
constants or 5 seconds toezffively remove 99.7% of the stored energy. Rtot is compromised of
resistive components attributed to contact, electrode, electrolyte, and other material resistances.

Internal resistance, 100 hz or 1 khis a measure of the high frequency resistancepoment

and is mainly attributed to contact resistance. Because of the time constant of the ultracapacitors,
operation at this frequency is highly inefficient. This measurement is provided because it is
simple to measure and correlates easily with the €33tance.

Leakage Currerit stable parasitic current expected when capacitor is held indefinitely on charge
at the rated voltage. This value is voltage and temperature dependent. Data sheet measurement is
at rated voltage and 5.
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Operating Temperate Rangd represents the operating temperature range of the ultracapacitor
and may not reflect the ambient temperature.

Storage Temperature Rande represents the safe storage temperature without affecting
ultracapacitor performance when no voltagepiglied to the ultracapacitor.

Endurance, Capacitantghe maximum capacitance change expected if the ultracapacitor is held
at rated voltage for the specified time and temperature which is intended to be the upper
operational limits.

Endurance, Reseihcel the maximum resistance change expected if the ultracapacitor is held at
rated voltage for the specified time and temperature which is intended to be the upper operational
limits.

Life Time© expected performance change for the ultracapacitotdfataated voltage and 25
for 10 years.

Life T expected performance change after cyclingkc@ithes from rated voltage to halfated
voltage. Cycling performed at a duty cycle resulting in no heating of the ultracapacitor with the
ultracapacitor maimtined at 2%C.

B. Measurement

The methods utilized for obtaining the data specifadthe data sheets are outlined below.
Alternative methods are possible but naapieveslightly different results.

1. Capacitance

Capacitance is measured during dischafy¢ghe ultracapacitor with a constant current source
from its rated voltage to half its rateoltage.Referringto figure8 and using th basic equation
for average current in a capacitor:

DV
ly =C(—
s =Cl57)
Solvingfor C:

DT
C=l,(=—

o(5)
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Wereas
l¢=current (A)
C=capacitance (F)

& \EV,-Vi (V)
& Fty (s)

2. Resistance
Referring again to figur8 the dc resistance, or ESR, is calculated from the following:

Vf - V min
Id

ESR=

The resistance measurement considers all resistive components over approximately five time
constants bthe product and is inclusive of all resistive elements. The actual resistance measured
would be lower if measured over a shorter duration than the 5 seconds indicated.

A =thh

=04 . I=034
i

Figure 8: Constant Current Testing Profile
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3. Leakage Current

Due to the extremgllarge surface area of the electrode the time constant of the last 0.5% of the
electrode area is extremely long due to the pore size and geometry. The longer the ultracapacitor
is held on charge the lower the leakage current of the device. The repakagdeeurrent is a
measurement of the charging current after holding the device at rated voltage for 72 hours
continuous at room temperature. The measured leakage current will be influenced by the
temperature during the measurement, the voltage in whéictiebice is measured and the age of

the product.

VIl. Performance Characteristics

The performance of ultracapacitors is affected with voltage and temperature. This section will
describe the performance of the ultracapacitors under operating conditiorssseictperature,
dc life and cycling.

A. Temperature Effect on Initial Performance

One of the key attributes of ultracapacitors is its stability and performance over a wide
temperature range. All of theowerBurs® products exhibit very similar behavior s they

have similar chemistry and construction. In the figure below the capacitance and ESR behavior
of the part is exhibited over th@eratirg temperature ranged0°C to +638C):
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(%) Capacitance/ESR Change vs. Temperature

60%

50%
—&— Capacitance

0,
R -ll— Resistance
S0 oo ro -SR-S P -0 D e B0 T 0§ O T S B T F R TS S e T e e e e = 1]

20% |- B
10% f--------- TSR oo
0% = = —
A0% b
-20% ' '
-50 -30 10 10 30 50 70

Temperature(C)

The temperature basic point is 25 “C (Room Temp.)

Figure 9: PowerBurst® Performance over Operating Range

B. DC Life

One type of application for ultracapacitorsfas useasa backupenergy source. In this type of
application the cedlare exposed to a set voltage for a long period of time and @sdiiatge
when needed. Below is a typicdklgraph for thePoweBurst® cells
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Figure 10: Capacitance Degradation at 2.7V, 65C

Figure 11: ESR Increase at 2.7V, 652
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