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CAPACITOR STORAGE
ENERGY STORAGE IN ELECTRICAL POWER SUPPLY SYSTEMS

Energy storage can be used to solve problems of mismatch
between supply and demand. The availability of energy stor-
age is particularly beneficial in electrical power supply sys-
tems which suffer disturbances or fluctuations. On the other
hand, intrinsic energy storage in the power system can also
cause problems during fault conditions. In transport applica-
tions, energy recovered during braking can be used during
acceleration to supplement the primary energy source; for ex-
ample, the overhead supply system for an electric locomotive
or the internal combustion (i.c.) engine for a hybrid/electric
vehicle. In this way, the primary power source can be buffered
from the peak power requirement.

In power engineering, the three main objectives of energy
storage are:

* To reduce the overall cost of delivered energy in trans-
mission and distribution systems,

* To reduce the overall cost of fuel input, by charging from
less expensive base load generators at night and during
weekends and discharging such inexpensive energy daily
instead of using more expensive oil, gas, or coal, and

* To improve the operation of a utility, by following the
instantaneous variation in the demand for system regu-
lation.

Surges in demand for electricity at certain times of the day
can put a significant strain on the power generation system.
Combined-cycle gas turbine (CCGT) plants, which can come
on line rapidly and operate efficiently for short periods, are
used to cope with increases in demand such as in the early
evening when people return home and start to prepare a
meal. One could argue that the energy stored in the gas is
released and converted into electricity for distribution. Pump
storage systems are used for similar purposes. In this case,
water is stored in a large reservoir, often high up in moun-
tainous areas. When demand rises, the water is allowed to
fall down a large shaft to a turbine which drives the genera-
tor. The water is later pumped back to the reservoir during
off-peak periods ready for the next surge in demand. Again,
very rapid but short-term power generation is available
through such environmentally friendly schemes.

Other disturbances experienced by electrical power supply
systems include short periods of local disconnection during
faults. Examples on an even shorter time scale (up to a few
seconds) include dips in system voltage due to sudden in-
creases in demand or again during faults and increases in the
local system voltage due to a large regenerative load such as
a container crane lowering a container. Alternative energy
sources, particularly wind turbines, also create disturbances
in the electric power supply. The fact that over a period of
days and sometimes hours wind conditions can vary from
light or no wind to gales generally causes few problems unless
the only available source of power is a wind turbine [see, for
example, Somerville (1)]. The gusting effect of the wind, how-

ever, results in large power fluctuation over periods of per-
haps 2 s to 5 s. A range of problems can arise due to these
fluctuations, particularly where many wind turbines are con-
centrated in a small area (2—4).

CCGT and pump storage schemes are not able to deal with
such short-term problems. A variety of energy storage tech-
nologies have been proposed to absorb excess energy during
periods where supply exceeds or is adequate to satisfy de-
mand for release during periods of excess demand over sup-
ply. Pneumatic systems, in which excess energy is used to
compress air, have been reported [see, for example, Musgrove
and Slack (5)]. Such schemes involve large numbers of high-
pressure gas cylinders to store significant quantities of en-
ergy. Flywheel systems, in which energy is stored in a rotat-
ing mass, have been the subject of considerable interest (6—
11). Excess energy in the system is stored as kinetic energy
by accelerating the flywheel and released by decelerating the
flywheel. The key to success in such schemes is the ability to
control the flow of energy into and out of the flywheel effi-
ciently. Other issues include the safety aspects of containing
a high-speed rotating mass (in some cases, rotating at over
50,000 rpm), the need to maintain a vacuum within the
containment housing to reduce losses, and the electrical
power conversion equipment. As a result, the flywheel energy
storage systems which have been developed have strug-
gled to achieve the cost targets at which they become
viable.

Electrochemical batteries are also used to store energy in
electric power supply applications. Of course, electrochemical
batteries are direct current devices and power conversion
equipment is required to control the flow of energy between a
battery pack and a power distribution grid system (12). Elec-
trochemical batteries are widely used as the power source in
a range of other applications. The lead acid battery still com-
mands a major position in the market, particularly for vehicle
starter batteries, in uninterruptible power supply units, in
electric vehicles (e.g., fork lift trucks, milk floats, and golf
buggies, as well as evaluation electric cars and vans) and
electric/hybrid vehicles whilst new forms, particularly lithium
batteries, have taken a major share of the portable equipment
market. However, all forms of an electrochemical battery gen-
erally suffer from the disadvantage of poor cycle life and low
specific power, particularly on charge. They suffer when sub-
jected to cycling about a partially charged stated or deep dis-
charge.

Energy is also stored whenever magnetic or electric fields
are produced. A magnetic field is created by flow of current in
an electric circuit. The strength of the magnetic field, and
hence the energy stored in the field, is determined by the di-
mensions of the field and the material in which it exists. The
energy stored in the magnetic field is proportional to the
square of the current flowing in the electric circuit. For effi-
cient energy storage based on this principle, large quantities
of current must flow in the circuit with minimal loss. This
requires a circuit with very low resistance. To achieve low
resistance, superconducting materials must be used to form
the circuit. The resistance of superconducting materials be-
comes very small at very low temperatures within a few de-
grees of absolute zero [—273°C or 0 K (kelvin)]. Superconduct-
ing magnetic energy storage (SMES) has been developed [see,
for example, De Winkel and Lamoree (13)]. Materials used
are based on niobium which becomes superconducting at 9.2
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Figure 1. Use of capacitive energy storage for voltage waveform
smoothing.

K. The viability of such technology depends to a great extent
on the outcome of research to develop materials which become
superconducting at higher, more easily maintainable temper-
atures. About 1987, it was discovered that oxides, such as yt-
trium barium copper oxide (YBa,Cu30O;), become supercon-
ducting at temperatures as high as 80 K or 90 K, and thus,
can be cooled by liquid nitrogen, [see Matthias (14) and Ta-
naka (15)].

An electric field is created and energy is stored when a
potential difference exists across a region. The relationships
between the potential difference, the electric charge, and en-
ergy stored in the field are functions of the dimensions of the
field and the material in which the electric field exists. The
ratio of electric charge to potential difference is referred to as
capacitance. As will be shown in this article, the energy
stored in an electric field is proportional to the square of the
potential difference or the square of the electric charge in the
region of the field. This is analogous to energy storage in a
magnetic field; however, since the energy stored in the elec-
tric field is a function of potential difference (voltage) not cur-
rent, superconducting materials and their associated re-
fridgeration systems are not required in this case. Capacitive
energy storage systems, however, require the development of
structures (capacitors) which possess high values of capaci-
tance but also techniques for efficiently charging and dis-
charging the system.

A simple approach to the application of capacitive energy
storage is found in electronic power supplies. A capacitor is
placed after the rectifier in the power supply circuit (see Fig.
1) to smooth out the direct but fluctuating rectified voltage.
The capacitor stores energy during the period when the recti-
fier output voltage, V,,, is high and supplies the load during
the period when V,, is low.

The voltage across the capacitor varies as energy is stored
or released. In the previous example, a small variation in volt-
age is tolerated in a trade-off between regulation performance
and cost. Only a small portion of the energy stored is used
since the voltage across the capacitor varies by only a small
amount. More of the stored energy can be used if the capaci-
tor voltage is allowed to change over a greater range. Whilst
some systems will tolerate a wide variation in voltage, it is
more common for the system voltage to be fixed within a nar-
row band. In such cases, a power electronic converter may be
used in combination with the capacitor to control the flow of
charge (current) into and out of the capacitor whilst main-
taining the voltage presented to the system within which the
energy store operates. This topic is expanded later in the ar-
ticle.
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THEORY OF CAPACITOR ENERGY STORAGE

Fundamental Relationships

Conceptually a capacitor consists of two adjacent parallel con-
ducting plates, as shown in Fig. 2(a), which are separated by
an insulator called a dielectric. As the plates are electrical
conductors, each contains a large number of mobile electrons,
some of which are bouncing freely on the surface, and have
a small negative charge. These plates can be charged either
negatively or positively. For a plate to become charged nega-
tively, extra electrons must be drawn from a source of nega-
tive charge to create a surplus of electrons. During this pro-
cess, those electrons that have already entered the plate
oppose or repel other electrons which try to join them. The
flow of electrons will stop when the negative repelling force
equals the charging force. Similarly, for a plate to become pos-
itively charged, electrons must be withdrawn toward a source
of positive charge, to create a deficiency of electrons. The flow
of electrons ceases when the positive attracting force equals
the charging force.

The plates are then said to be charged. The difference in
charge across the gap between the plates results in a poten-
tial difference and hence an electric field. Figure 2(b) shows
lines of electrical flux between the plates which represent the
field. Charges on the plates, such as those shown in Fig. 2(b),
are associated with the electric field which appears as a po-
tential gradient across the dielectric and potential difference
between the two plates. The stored charge g (in coulombs) on
a capacitor is proportional to the potential difference or ap-
plied voltage v (in volts), that is

q=Cv 6)

The constant of proportionality C in Eq. (1) is referred to as
the capacitance of the capacitor. The units of capacitance are
farads (F); although uF (10°¢ F) and pF (102 F) are more
commonly used in practice.
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Figure 2. (a) Parallel plate capacitor. (b) Charge storage and electric
field in a parallel plate capacitor.
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As the capacitor is charged, a current i (in amperes) flows
where

i = dq/dt = Cdv/dt @)

The current is proportional to the rate of change of voltage
(in volts per second, V/s). For example, if the voltage across 1
F changed by 1 V/s, the current is 1 A. To supply a current of
1 mA to 1 F, the voltage will rise at 1000 V/s.

The electric field strength E (alternatively referred to as
the electric force, electric stress, or voltage gradient with
units of volts per meter, V/m) is given by

E=v/d 3)

where v is the potential difference across the dielectric or be-
tween the two plates and d is the dielectric thickness or spac-
ing between the two electrodes.

The electric flux density D (also known as the total charge
density with units of Coulombs per square meter, C/m?) be-
tween the two electrodes, is expressed as

D=gq/A 4)

where ¢ is the stored charge on a capacitor and A is the area
of one plate.

In electrostatics, the ratio of total electric flux density D to
electric field strength E is called absolute permittivity, €, or
dielectric constant, K, of a dielectric.

K=¢=D/E=Cd/A 5)

C=KA/d=€A/d (6)

Permittivity of free space, sometimes referred to as the dielec-
tric constant of a vacuum, is a constant ¢, = 8.85 X 10712 F/m.

Energy Storage, Work Done, and Energy Density

If the voltage across a capacitor of capacitance C is raised,
the charging current i is given by Eq. (2) and the instanta-
neous power p (in watts) received by the capacitor is

p=vi=vCdv/dt

The change in energy stored by the capacitor (in joules) in
time dt is

dW =uvC(dv/dt)dt = Cvdv

The total energy stored by a capacitor when potential differ-
ence is increased from v = 0 to v = V is given by

v
W=/ Cvdv = 1C?)}y = 1CV? (7)
0

W =3CQ/C)* = 3Q*/C ®)
where @ is the total charge stored in the capacitor when the
applied voltage is V.

The energy is supplied by the source and corresponds to
work done by charges moving through distance d in the elec-
tric field with force (in newtons) of attraction or repulsion F.
This force of attraction between oppositely charged plates is

written as
F=W/d=1Q%/Cd = 1Q*/eA = 1E?A

Volumetric energy density W° (in units of joules per cubic me-
ter, J/m?) for a capacitor with a dielectric thickness d and
plate area A, will be

WO = W/Ad = [1CV %]/(Ad)
and since C = A/d, E = V/d, and D/E = ¢, it follows that
W = 1¢E? = 1DE = 1D?/c 9)

Energy storage capacity is often expressed in watt-hours (Wh)
rather than joules and relates to the ampere-hour (Ah) capac-
ity of the cell for a fixed system voltage such as a battery.
Energy density or specific energy is defined as the energy that
can be stored in a given weight (Wh/kg).

Properties of Dielectric Materials in
Relation to Energy Storage Capacity

From Eq. (6), three parameters determine the storage capac-
ity of a capacitor. These are

* The thickness of the dielectric material d: that is, the
closer the plates are, the greater the capacitance (and the
stronger the electric force that exists between the plates),

» The area A of the plates since a larger area of plate accu-
mulates more charges than a small plate, and

* The dielectric material as defined by the absolute per-
mittivity € or dielectric constant K. Dielectric materials
commonly used are air, vacuum, mica, paper, ceramic,
plastic of certain types (polystyrene, polycarbonate, etc.),
and metallic oxides. A good dielectric has
» A very low electrical conductivity, hence a high insulat-
ing resistivity, to avoid leakage conduction which
causes the dissipation of the stored energy in heat,

* A high permittivity, and

* A high electric strength to withstand large voltage gra-
dient.

For determination of dielectric constant, all dielectric materi-
als are compared to that of air as a reference. For example (if
the gap between two electrodes is filled with any other dielec-
tric material, the capacitance is multiplied by a factor, known
as the dielectric constant.

The absolute permittivity of any medium may be expressed
in terms of ¢, as

€ = €yér

where €, is the dimensionless relative permittivity of the me-
dium. It is given by

¢, = (flux density of the field in the dielectric)/
(flux density of the field in the vacuum)

Dielectric Strength. The thickness of the dielectric in a ca-
pacitor determines its voltage rating. Before the voltage is ap-
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Figure 3. Polarization and breakdown in a dielectric material. (a)
No p.d.; dielectric molecules unstrained, (b) p.d. applied; molecules
polarized, (c) p.d. increased; molecules disrupted.

plied to the electrodes, the molecules of the dielectric material
are neutral and unstrained. As the voltage is raised from
zero, these molecules under the influence of electric field, ro-
tate, stretch, and separate from each other and subsequently
orientate their negative and positive charges in opposite di-
rections. This is referred to as polarization of the dielectric. If
the voltage is increased beyond the maximum voltage gradi-
ent of a dielectric, the dielectric breaks down (fails to insu-
late). The result of break down is a crack or puncture in the
material which causes a flow of current in the dielectric.
These processes are shown in Fig. 3.

The maximum voltage gradient is known as the dielectric
strength (in V/m). This is given by

Emax = max/d

In high voltage engineering where capacitors are subject to
high pulse powers, the problems associated with areas that
are under high stress can be overcome by using a high per-
mitivity material and avoiding sharp corners in conductors
where the gradient tends to be high. In capacitor bushing, the
use of an intersheath maintains the voltage at a suitable
level. These improvements in the dielectric performance are
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Table 1. Properties of Dielectric Materials

Dielectric Constant Dielectric Strength

Materials K) (V/em)
Air 1 32,000
Paper (oiled) 3-4 600,000
Paper (pressboard) 2 —
Cotton tape (rubbered) 2 —
Polyethylene 2-3 —
Mica 4-8 720,000
Glass 5-10 80,000
Porcelain 7 300,000
Titanates 100-200 40,000
Ceramics 6—-1000 —
Polyvinyl chloride (PVC) 3-8 —
Ethylene propylene 2.8-3.5 —

called grading. Table 1 shows the dielectric constant and di-
electric strength of various insulating materials.

Dielectric Absorption and Hysteresis. In the previous section
it was mentioned that the dielectric molecules under the in-
fluence of an electric field become polarized and the effect of
this is that some apparent charge is stored within the dielec-
tric of the capacitor. This phenomena is called absorptive ca-
pacitance of the dielectric. If the power supply is alternating,
each reversal of voltage will cause a reversal of polarity and
electrical energy from the supply will be converted into heat
within the dielectric. This loss is referred to as dielectric hys-
teresis.

Dielectric Leakage and Conduction Currents. In general no
dielectric is a pure insulator and every dielectric possesses a
very high resistance in excess of 100 M(). Hence, the number
of free electrons is low. If a voltage is applied between the
plates, those free electrons in the insulator drift from cathode
to anode. This is known as conduction current, which pro-
duces power loss within the dielectric. The presence of con-
duction current will be evident, if the applied voltage across
a charged capacitor is maintained and the current settles at
a small constant value, instead of falling to zero.

Another current which flows between the two plates is the
leakage current. This current flows over the surface of the
dielectric. The magnitude of the current depends on the ap-
plied voltage, the dielectric material, but not its resistivity,
and the moisture content of the dielectric and the air between
the two plates. An equivalent circuit of such a capacitor is
shown in Fig. 4.

Although the effect of leakage current within a circuit is
very small, if the voltage across a charged capacitor is mea-
sured regularly, decrease in voltage can be noted although
with a very large time constant.

C R;

Figure 4. Equivalent circuit of capacitor with leakage.
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The dielectric within a capacitor has a resistance R; which
is given by

R, =dp/A (10)
where p is the resistivity of the leakage path (in ohm-meters),
d is the dielectric thickness (in meters), and A is the area of
one plate (in square meters).

Combining Eq. (6) for capacitance with Eq. (10) gives

R, =¢p/C
where € is the dielectric constant.
If a voltage V is applied across a capacitor which has a
resistance R; between its two plates, a leakage current I; will

flow. The value of this current is determined from the follow-
ing relation

I, =V/R,
or
I, =CV/ep

This indicates that the leakage current of a capacitor is pro-
portional to its capacitance value. The power loss due to this
current is I?’R;, which is dissipated as heat in the capacitor.

Composite Dielectric Capacitors. Figure 5(a) shows that the
space between plates 1 and 2 is filled by dielectric @ and di-
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Figure 5. (a) Vector diagram of pure capacitor. (b) Vector diagram
of imperfect capacitor.

electric b with a thickness of d, and d;, respectively. Assume
that E, and E, are electric field strengths in dielectrics a and
b. If the relative permittivities of dielectrics ¢ and b are e,
and €, respectively, electric field strength in dielectric a is

E,=V,/d, =D/eyeq
and electric field strength in dielectric b is
E, =V, /d, =D/eye,

This capacitor, as shown in Fig. 5(b), may be regarded as
equivalent to two capacitances, C, and C,, connected in series.
The electric field strengths E, and E, are represented in Fig.
5(c) by the lines XY and YZ, respectively. If the dielectric be-
tween plates 1 and 2 is homogeneous, the electric field
strength is the XZ line.

Connection of Capacitors

An individual capacitor may not be sufficient for applications
requiring large amounts of energy storage. In other cases, the
voltage rating of the individual capacitor may not be large
enough to cope with the system voltage. In such examples,
capacitors can be connected in parallel and series combina-
tions.

Capacitors in Parallel. If a bank of capacitors of capacitance
C,, Cy, Cs,. . ., C, are connected in parallel and the potential
difference of each is raised to V volts, the total charge is the
sum of the individual charges.

Qipta1 = @1+ Qo+ -+ &@n
or from Eq. (1)
CiialV =CV+CV +---+C,V
The equivalent capacitance is therefore
Ciotar =C1 +Co+ -+ Cp

The capacitance of n capacitors in parallel is the sum of their
individual capacitances.

Capacitors in Series. For n capacitors connected in series,
the total potential difference is the sum of their individual
voltages.

Vit =V1+Va+---+Va

The charge @ on each capacitor is the same when connected
in series and again using Eq. (1)

Q/Ctotal = Q/Cl + Q/CZ +ooet Q/Cn
The equivalent capacitance is therefore
l/Ctotal = 1/C1 + 1/02 +eeet l/Cn

Graphical Representation of Voltage, Charge, and Current

In a Direct Current Circuit. If a direct voltage V is applied
to a capacitive circuit which contains a very small resistance,



the capacitance C must accept a charge @ = CV immediately,
resulting in a very large current flowing for a very short pe-
riod. If the voltage across the capacitor is increased or de-
creased uniformly, the charge @ will follow these changes
with a constant charging or discharging current. Figure 6(a)
shows these changes graphically.

In an Alternating Current Circuit. If an alternating voltage
V = V9, cos 27ft with a constant amplitude and frequency is
applied to a circuit containing a capacitance C and a very
small resistance, the steady-state relations for charge and
current are expressed as

Q = Qmax Cos 27Tft
where, from Eq. (1), Q. = CV,ay and
I =dQ/dt = d(CVmaxcos 2nft)/dt = —2xfCV . sin2xft

respectively. All quantities are sinusoidal in shape. The maxi-
mum current is given by

Imax = 27f CV 1 = ©CViax
and the root mean square (rms) current is
Iims = CUCVrms rms/(l/wc) = Vrms/Xc

or Irms=

where X, = 1/wC is the capacitive reactance.
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Figure 6. (a) Composite dielectric capacitor. (b) Equivalent circuit.
(c) Potential distribution.
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Figure 7. Relation between capacitor voltage, current and charge for
(a) variable dc conditions, (b) ac conditions.

The graphical representation of voltage, charge, and cur-
rent is shown in Fig. 6(b) while Fig. 6(c) shows the vector
diagram of a pure capacitor.

Losses Across a Capacitor. If a voltage is applied across a
perfect dielectric, no dielectric loss can be detected and the
induced capacitance current I, leads the voltage by the phase
angle ¢ = 90°, as shown in Fig. 7(a). As a perfect dielectric
cannot be achieved in practice, a small current I, that is in
phase with voltage V will exist. The summation of these two
current vectors, as shown in Fig. 7(b), gives the current vector
I that leads the voltage by the phase angle ¢; = 90°-6. The
cosine of the phase angle ¢, is the power factor of the dielec-
tric, and & is the dielectric loss angle. For a good dielectric,
¢y is close to 90°.

With an ideal capacitor, the current is given by

I=1 =wCV
With a nonideal capacitor, the loss is

P, =VIcos¢, =VIcos(90—8) = VIsin§ = wCV?siné

When 6 is small, it is expressed in radians and the power loss
approximation is

P =CV?3

loss

The losses of the capacitor are also expressed by the dissipa-
tion factor, which is defined as

tans = wR,C

where R, is the dielectric resistance or the resistance between
the two plates.

Classification of Conventional Capacitors

Capacitors are often classified according to the material used
for their dielectric. The main types include air, mica, paper,
plastic, and ceramic and are used in electronic circuits where
small value capacitors (farads, nanofarads, or picofarads) are
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normally required. Electrolytic capacitors have traditionally
been used for storing large amounts of energy, particularly in
electronic power supplies. In power engineering, where more
energy storage is required, capacitors values are often quoted
in farads. More recently, double layer capacitors (supercapaci-
tors) have become available offering the potential for storing
significantly larger quantities of energy than previous types
although they are currently limited to low voltage applica-
tions.

Capacitors are generally manufactured to have a fixed
value of capacitance but variable capacitors are used in some
specific application. Producing capacitance values within
close tolerance is quite difficult particularly for larger values.

Air Capacitors. These consist of two metal plates (i.e., alu-
minium). The capacitance of such capacitors is generally low,
typically 1 pF to 500 pF. This is because their plates are
spaced far enough apart to prevent arcing. In variable air ca-
pacitors one of the plates is fixed, the other viariable. Variable
air capacitors are used where a variable capacitance and low
losses are needed; typical examples are in radios and other
electronic circuits.

Mica Capacitors. These capacitors consist of two metal foil
plates with a sheet of thin mica between them. In their con-
struction, alternate layers of metal foil and mica are clamped
tightly together. Usually the whole capacitor is impregnated
with wax, to exclude moisture, and placed in a bakelite case.
For larger values, several layers of plates and thin sheets of
mica dielectric are used. Mica is a good insulator but is expen-
sive and is not used in capacitors above 0.1 F. In newer types
of mica capacitors, a thin layer of silver is sputtered on both
sides of the mica dielectric to form the plates. The capacitance
of these capacitors is stable and does not change with temper-
ature or age. They have high working voltage ratings. These
capacitors can be manufactured as fixed or variable capacitors
and are normally used in high-frequency circuits. A typical
construction is shown in Fig. 8(a).

Paper Capacitors. A typical paper capacitor is shown in Fig.
8(b). The electrodes are layers of metal foil interleaved with
paper. The length of the roll corresponds to its capacitance.
The paper is usually impregnated with oil or wax and is
placed in a plastic or aluminum container for protection.
These capacitors are commonly used in the power circuits of
household appliances. Paper capacitors up to 1 F are made in
various working voltages. The capacitance of these capacitors
changes with temperature and they deteriorate faster than
most other types of capacitors.

Plastic Capacitors. Plastic capacitors such as polyester,
polystyrene, and Teflon are relatively new as capacitor dielec-
trics. They are manufactured in very thin films, and met-
allized on one side. Two films are then rolled together, similar
to the construction of paper capacitors. These capacitors can
operate well under conditions of high temperature, have high
working voltages rating (i.e., a few thousand volts), and their
leakage resistance is high, around 100 M().

Ceramic Capacitors. These are made in various shapes and
sizes. All have basically the same construction. For example,
for smaller values, a thin ceramic dielectric is coated on both

Metal foil
Mica sheets (lead or aluminum)

—

Ceramic
semiconductor

Metal

R}

N\

N\

Depletion layer

(c)

Figure 8. (a) Mica capacitor. (b) Paper capacitor. (¢c) Ceramic ca-
pacitor.

sides with a metal and they are usually cup or disc shaped
[see Fig. 8(c)]. Larger values are obtained by stacking up
these ceramic layers. Each layer is separated from the next
by more ceramic; these are normally a tube shape. In both
arrangements, the plates are connected by electrodes and a
final coating of ceramic is then applied to the outside to form
a solid device for protection.

Certain ceramic materials such as compounds of barium
titanate have a very high permitivity, thus enabling a very
small separation between the plates and capacitors of high
capacitance to be made from relatively small physical size.
Ceramic capacitors are available in the range 1 pF to 1 F with
a high working voltage rating up to a few thousand volts. The
leakage resistance is typically 1000 M(). Ceramic capacitors
are used in high-temperature situations and in high-fre-
quency applications.

Polarized or Electrolytic Capacitors. According to the dielec-
tric used, these capacitors are characterised as wet electro-
lytic capacitors or solid electrolytic capacitors. Wet electro-
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Table 2. Types of Capacitor and Ratings

Capacitance Voltage
Type Range Range Comments
Ceramic 10 pF-1F 50-1000 V Small, cheap
Mica 1 pF-0.01F 100-600 V Good for RF
Glass 10 pF-1000 pF 100-600 V Good for signal filter
Tantalum 0.1 F-500 F up to 100 V Small, polarised
Electrolytic 0.1F-02F up to 600 V Polarised, MV filtering
Oil 0.1 F-20F 200 V-10 KV Large, HV filtering

lytic capacitors are generally made of two metal foil sheets
(usually of aluminum) separated by a layer of paper saturated
with a chemical liquid, such as ammonium borate, called the
electrolyte as shown in Fig. 9(a). The foils and the paper are
rolled up together and sealed in a container. To determine the
polarity of the capacitor, a dc voltage is applied between the
two foils. The current flow causes a thin layer of aluminum
oxide to develop on one foil sheet forming the positive elec-
trode. The absorbent paper between the two metal foils is a
conductor and does not act as a dielectric. The oxide layer is
the dielectric. As the thickness of an oxide layer is small, for
example for a working voltage of 100 V, only about 0.15 m, a
high capacitance in the range of many thousand microfarads
is achievable in a small space. The typical working voltage
range is 6 V to 500 V.

The main disadvantage of this type of capacitor is that the
insulation resistance is relatively low and that they must only
be used where the applied voltage is direct. The most com-
monly used type is aluminum electrolytic capacitors. These
capacitors are mainly used where a very large capacitance is
needed, such as in rectifiers for reducing the fluctuating direct
voltages. In ac systems, these can only be safely used if two
capacitors [see Fig. 9(b)] are connected back to back, negative
to positive and positive to negative.

Presently, solid electrolytic capacitors [see Fig. 9(b)] are
much smaller in value but they do not possess some of the
disadvantages of the wet electrolytic capacitors. For tantalum
electrolytic capacitors, the wet electrolyte is replaced by
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Figure 9. (a) Wet electrolytic capacitor. (b) Solid electrolytic ca-
pacitor.

layers of manganese dioxide and graphite. The anode plate
consists of pressed, sintered tantalum powder coated with an
oxide layer which forms the dielectric and the cathode is
made of silver or copper plate. The layers of manganese di-
oxide and graphite have electronic conduction rather than the
ionic conduction of the liquid electrolyte in the wet polarized
capacitors. In these capacitors, the layer of manganese di-
oxide is coated on the oxide layer and the layer of graphite
forms the connection with the cathode. Normally the whole
structure is enclosed in a sealed container. Table 2 shows
some advantages and disadvantages of traditional dielectric
material used in capacitors.

Intrinsic Capacitive Energy Storage

Where ever an electric field exists, capacitance is formed.
Thus the power distribution system itself possesses capaci-
tance. Although the intrinsic capacitance of a section of the
power supply system is relatively small, the energy stored in-
fluences the behavior of the system under fault conditions and
cannot be ignored.

Capacitance within Cables. Cables may have one or more
conductors within a protective sheath. The conductors are
separated from each other and from the sheath by insulating
materials.

For a single conductor cable, assume that a potential dif-
ference V exists between the conductor and the sheath of a
cable. If the charge on the conductor and the sheath are +@
and —@ C/m of length according to Coulomb’s law, the electric
flux density at a radius of x (in meters) is

D =Q/2nx
Since from Eq. (5), E = D/e
E =Q/2rex
If the potential gradient at radius x is dv/dx, the potential

difference between the conductor with radius R and the
sheath with radius r is given by

R
V=/ E dx

or
V =(Q/2m¢)In(R/r)

where € is absolute permittivity of the insulator.
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Figure 10. (a) Three conductor belted cable. (b) Equivalent circuit.
(c) Representation of three phase overhead transmission line.

The capacitance between conductor and sheath is

C=Q/VorC=2re)/[In(R/r)] F/m

Three Conductor Belted Cable. As shown in Fig. 10(a), in
three conductor belted cables, there are two insulators; one is
the conductor insulation with thickness T' and the other is the
belt insulation of thickness ¢. Because of these two insula-
tions, there are capacitances of C, between the conductors and
capacitances of C, between each conductor and the sheath as
shown in Fig. 10(b). Further derivation of appropriate formu-
lae is beyond the scope of this article but can be found in
Ref. 16.

Overhead Lines. Calculation of all the parameters for de-
termination of capacitance are again beyond the scope of the
present discussion. A single-phase overhead line consists of
two identical conductors 1 and 2 with radius r; and r, respec-
tively, separated by a distance D. With a potential difference
V1, between the two conductors, and charges of +@ and —@
C/m carried by conductors 1 and 2 respectively, the capaci-

tance (in farads per meter) between conductors is
Ciy=Q/Viy0rCiy =2me/In[Dy/r; - 1yl
If ry = ry = r, then
Ciy=me/InD/r)

Figure 10(c) shows a representation of a three phase line with
equal spacing D. The line to neutral capacitance is given by

Ch,=2r¢/In(D/r) F/m

If the spacing between the conductors is not the same, D is
replaced by D, = (D1 Dy3 - D3;)"® in the above equation.

Power Capacitors

The reactive power of capacitors is used to improve power fac-
tor and voltage, thereby reducing the losses, in power supply
systems. If capacitors are connected in series with the line,
the reactive power is proportional to the square of the load
current whilst for shunt (parallel) connected capacitors, it is
proportional to the square of the voltage.

The electrodes of power capacitors are usually made of
high purity annealed aluminium foil or metal spray. The di-
electric is made of paper, mixed paper—plastic film, typically
polypropylene, or plastic film. These dielectrics are designed
to have a working voltage gradient of 10 to 50 MV/m.

Normally, these capacitors are in the form of banks and
can be connected in a number of configurations such as
grounded star, ungrounded star, double star with neutral
floating, double star neutral grounded, and delta. For high
voltage, star connections are normally used. In star connec-
tion banks, the neutral of the capacitors is grounded only if
the system or substation transformer is effectively grounded.
The capacitors may be of the switched and nonswitched type,
depending on the loading, voltage, etc.

On long and heavily loaded 11 kV distribution systems, the
shunt capacitors are usually pole mounted. If a number of
capacitor banks are used in parallel, it may be necessary to
use series reactors to limit the inrush current.

With 0.415 kV distribution systems, capacitors are in-
stalled on individual lines or at consumer loads to reduce sys-
tem losses and improve the system voltage. These also pro-
vide a reduction in kilovolt-ampere demand. For example the
capacity (kVAR) required to improve the power factor of an
existing kilowatt system, say from cos¢. to a desired power
factor cos¢q, can be calculated from the following equation:

kVAR = kW(tan ¢, — tan¢,)

Also, where there is variation in load demand, the voltage at
various buses must be controlled in order to keep the receiv-
ing end voltage (Vy) at a specific value within a permissible
band of voltage variations. To achieve this, a local VAR gener-
ator which consists of a bank of three phase static capacitors,



as shown in Fig. 11, must be arranged. The VAR balance
equation at the receiving end is

QR+QCZQD

Where @y is the a fixed amount of VARs drawn from the line
by the load, @y is the varying VAR demand of the load, and
Q¢ is the varying VAR provided to the line to compensate
for Qp.

If Vi is the line voltage in kilovolts and X is the per phase
capacitive reactance of the capacitor bank (star connection),
the desired reactance of the capacitor bank can be determined
by compensating for total inductive reactance of the load and
even the transmission line. The expression for the VAR fed
into the line can be written as

I. =L -1
that is
Io = jVR/@
or

JQ(3-phase) = 3V (—I%)/vV3

Therefore, Q¢ (3-phase) = Vi/X; and C = 1/wX.

Local capacitive compensation similar to the one shown
previously can be made automatic by using the signal from
the VAR meter installed at the receiving end of the line. Now-
adays, the capacitor bank switching is achieved using silicon
controlled rectifiers (SCR).

Supercapacitors

The term supercapacitor is commonly used to describe double
layer capacitors. These are electrochemical energy storage de-
vices that are able to store more energy per unit weight than
traditional capacitors. For capacitance values larger than
1000 F, the term ultracapacitor is also used. For clarity, the
term supercapacitor will be used in the following sections.

In supercapacitors, energy is stored by distributing
charges across a relatively larger surface area than in conven-
tional devices. They are also capable of delivering and ab-
sorbing energy at higher power rating than electrochemical
batteries and possess far longer cycle life. Quite early in the
development of supercapacitors, in 1994, charge and dis-
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Figure 11. Power capacitor used as VAR generator at distribution
busbar.
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Figure 12. Basic configuration of a double layer capacitor.

charge cycles in excess of 500,000 repetitions were reported
by Murphy and Kramer (17), some 500 times greater than a
well-developed battery system. This emerging energy storage
technology is increasingly being used for pulsed, high-energy,
and high-power applications.

In a supercapacitor, an electronic conductor is immersed
in an electrolytic solution. Ions from the solution naturally
align themselves with electronic charges on the surface of the
electronic conductor. This alignment leads to a layer of
charges on the surface of the conductor and a layer of charges
in the electrolytic solution, hence the term “double layer.” In
general, positive charges and negative charges are distributed
facing each other at an extremely short distance in the bound-
ary between the solid and liquid material (18). The amount of
charge stored in the double layer can be increased if a poten-
tial is applied between the solution and the conductive mate-
rial. This can be achieved by placing a second electrode in the
solution. When a potential is applied between the two elec-
trodes, charge is absorbed in the double layer region on both
electrodes. The basic configuration of a double layer capacitor,
shown diagrammatically in Fig. 12, resembles a battery con-
struction rather than a traditional capacitor. As shown in Fig.
12, this system is equivalent to two capacitors in series sepa-
rated by an internal resistance.

Activated carbon fiber or powder is the most commonly
used electrode material in supercapacitors because it is rela-
tively inert and offers a very high surface area of conductive
material. The manufacturing process of activated carbon can
easily be modified to control the porosity, surface area, den-
sity, pore size, and pore volume of the fiber or powder. Control
of the manufacturing process allows activated carbon mate-
rial to be produced to match particular electrolytic solutions.
To prevent short circuiting of the two electrodes, a porous sep-
arator which is permeable to ions but provides electrical insu-
lation is placed between the electrodes. Both the separator
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and the electrodes are impregnated with an electrolytic solu-
tion (electrolytic solutions determine the maximum with-
standing voltage: that is, the voltage at which electrolysis
takes place). The separator allows ionic current to flow
through the cell while preventing electrical conduction be-
tween the two electrodes. On the back of each active elec-
trode, a current collecting plate is often added to reduce ohmic
losses in the capacitor. If these plates are nonporous, they can
be used as part of the capacitor seal. Voltage is then applied
to the polarized electrodes through the collector.

A supercapacitor is very much the same as a battery ex-
cept that the nature of charge storage in the electrode active
material is capacitive: that is, the charge and discharge pro-
cesses involve only translation of ionic and electronic charges
through electronically or ionically conducting domains, re-
spectively. Energy is stored in a supercapacitor by charge sep-
aration within the micropores of the high surface area materi-
als. These materials typically do not undergo chemical
changes as do the materials in batteries. This storage mecha-
nism is the primary reason supercapacitors are capable of ex-
tremely high cycle lives. Energy densities of supercapacitors
are much higher than those of ordinary capacitors, but typi-
cally lower than those of advanced batteries. Supercapacitors
store several hundred times the energy of conventional capac-
itors.

Supercapacitors can be classified with respect to the mate-
rial being used in the electrodes (19). Currently, the materials
being used include carbon/metal fiber composites; foamed
(aerogel) carbon, activated, synthetic, monolithic carbon;
doped conducting polymer films on carbon cloth; and mixed
metal oxides coating on metal foil (e.g., Ru/Ta-oxide). All of
these materials are used with organic electrolyte. Other mate-
rials used are conducting polymers, noble metal oxides, or re-
dox polymers (20).

The energy density of supercapacitors employing aqueous
solutions (18) is limited by the low breakdown potential of
water. In practice, this limits the voltage rating of such de-
vices to less than 1 V. The low operating voltage also limits
the power density of a capacitor stack as more cells must be
connected in series to obtain the same operating voltage.
Among the other disadvantages of aqueous-based capacitors,
the highly corrosive nature of these solutions also necessi-
tates the use of very expensive materials within the structure.

Organic-based electrolytic solutions offer a much higher
operating voltage than aqueous-based systems (21). Cell volt-
ages as high as 2.5 V to 3.0 V are achievable, leading to in-
creases in both energy and power capability. These solutions
also allow aluminum to be used in the composite electrodes,
current collector, and cell casing, resulting in greatly reduced
material cost of the capacitor.

Other research has focused on a class of materials that
combine the characteristics of a capacitor and a battery
(22,23). In redox supercapacitors, faradic charge transfer
takes place as in a battery. In these devices, capacitance
arises from faradic reaction and is known as pseudocapaci-
tance. Redox supercapacitors store more charge than a con-
ventional double layer capacitor and discharge more quickly
than a conventional battery. The versatility of the electroni-
cally conducting polymers (ECP) enables different configura-
tions to be used. Arbizanni et al. (24) report three different
redox supercapacitor configurations with an increasing

charge storage capacity and operating potential range. These
are

» A symmetric supercapacitor based on a p-doped ECP.

* An unsymmetric supercapacitor based on two p-doped
ECPs which are dopable at different potential ranges.

* A symmetric supercapacitor with a p- and n-doped ECP.

In the so-called Evans hybrid capacitor, the cathode in an
electrolytic capacitor is replaced with a large capacitance
value electrochemical cathode. Because the electrochemical
requires little volume, available space is used to increase the
size of the anode. The resulting capacitor has several times
the energy density of the original.

Supercapacitor Technology. In 1991, the US Department of
Energy (DOE) established a program to develop and evaluate
supercapacitors as an enabling technology for electric/hybrid
vehicles. Near-term and advanced goals for energy density (5
Wh/kg and 15 Wh/kg), power density (500 W/kg and 1600 W/
kg), and volumetric energy density (11 Wh/L) were set. Devel-
opment, testing, and evaluation activities have been coordi-
nated by the Idaho National Engineering Laboratory (INEL)
from where a substantial collection of publications has
emerged, particularly from Burke (now Institute of Transport
Studies, Davis, University of California) including, for exam-
ple, Refs. 25 and 26. Progress within the program to 1997 is
reviewed by Murphy et al. (27).

A number of industrial groups have supercapacitor devel-
opment programs including, in Japan, Panasonic (28) and, in
the United States, Maxwell Laboratories Inc. (29,30), Ar-
gonne National Laboratory (23), and SAFT (31).

Maxwell Laboratories, Inc. has fabricated nonaqueous, car-
bon-based, 24 V supercapacitors. With eight cell, bipolar
stacks they have achieved specific energies of 4.5 Wh/kg and
specific powers in excess of 1 kW/kg.

At Idaho National Engineering Laboratory, as reported by
Burke (19), research on a 3 V cell has resulted in an energy
density of 5 Wh/kg at a constant power density of 2.5 kW/kg.
In his paper, Burke (19) suggests that up to an energy density
of 200 Wh/kg with low cost and long life cycle can be
achieved.

Presently, supercapacitors are manufactured in the form
of single cell (spiral wound) and multicell (prismatic and bipo-
lar). The bipolar cell arrangement is used to increase the op-
erating voltage of supercapacitors, in which individual cells
are stacked in series. Because one side acts as the positive
electrode and the other side acts as the negative electrode in
an adjacent cell, this type of arrangement is called bipolar (H.
I. Becker, US Patent No. 2,800,616,1957).

The optimum design is to reduce ohmic losses. This is usu-
ally achieved by separating adjacent cells with only current
collector plates. These plates must be nonporous so that no
electrolytic solution is shared between cells (18,26).

With the prismatic cell (wound design) arrangement, a
thin, large surface area cell forms a continuous winding curve
around a central axis in a single cell housing (A. Yoshida and
K. Imoto, US Patent No. 5,150,283,1992). Blank et al. (32)
report that bipolar design has increased efficiency over the
wound design. This is because, in prismatic cell arrangement,
cells are stacked in series and the resistance of the lead wires
adds to ohmic losses.



In order to increase the efficiency of supercapacitors, the
contact resistance which is the resistance between the parti-
cles in the electrode structure must be low. Also, the resis-
tance must also be small between adjacent cells in stack
structure. These two resistances are called internal resis-
tance.

For large capacitance, a large surface area is needed,
whilst to increase the working voltage, a solution with high
potential breakdown is necessary. The organic-based electro-
lytic solutions provide the best performance. These solutions
possess a much larger operating voltage range than aqueous-
based systems (33).

Researchers at Lawrence Livermore National Laboratory
(LLNL) have applied carbon aerogel material to an aerocapac-
itor. Carbon aerogel is one of the world’s lightest materials
and its large surface area can fulfill the need for compact ul-
tracapacitor size. Aerocapacitors are inexpensive and have
shown potential to be easily produced. Because of the large
surface area provided by an aerogel, it can deliver at least 50
times more power in a given space than batteries. In addition,
its conductivity is higher than that of capacitors made from
other forms of carbon and carbon powders because of a honey-
comb structure. LLNL researchers have developed carbon
aerogels the size of grapes with effective surface areas the
size of two basketball courts. The aerocapacitors have shown
capacities of up to 40 F/ecm?® and excellent performance at tem-
peratures as low as —30°C. Power densities have been shown
to be more than 7 kW/kg. Aerocapacitors also hold onto stored
energy over a period of weeks (21).

Recently, Lassegues and co-workers (21) studied the possi-
bility of replacing the liquid electrolyte by a proton conduct-
ing polymer electrolyte. Their main interest was to build an
all-solid thin-film device free from problems of leaks and cor-
rosion. Their results so far suggest that the lifetime of such a
supercapacitor is unlimited. Rudge and co-workers (20) dem-
onstrated that electrochemical capacitors with a combination
of high capacitive energy density and low material cost can
be constructed using conducting polymers. They have demon-
strated that energy densities of up to 39 Wh/kg can be
achieved using a combination of both n- and p-doped conduct-
ing polymers for a capacitance ranging up to 1000 F.

Research suggests (Refs. 11-14 of Ref. 34) that for energy
densities considerably greater than 5 Wh/kg in combination
with low resistance (<0.01 - cm?) devices may require pseu-
docapacitance which requires an active electrode material.
Materials could be carbon composites, mixed Ru/Ta-oxide,
conducting polymers, redox powders, or fibers or other high
surface area materials.

Supercapacitors offer considerable potential for energy
storage systems: however, most commercially available super-
capacitors, designed for much lower power applications, are
small and store only several hundred joules (tens of milliwatt
hours). The largest commercially available device, manufac-
tured by Panasonic, stores 1.1 Wh of energy (28). For power
supply applications, high voltage stacks (many supercapaci-
tors connected in series) capable of much higher quantities of
energy must be developed.

Basic Equivalent Circuit of a Supercapacitor. The system of
two electrodes in an electrolytic solution represents the basic
constituents of a supercapacitor. This system is equivalent to
two capacitors in series separated by an internal resistance.
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Figure 13. Power electronic converter for bidirectional power control
in capacitor energy storage.

The capacitance of each electrode can be represented by the
following equation:

C =K./dA

Where K, is the effective dielectric constant in the interface
region, d is the distance of charge separation across the dou-
ble layer, and A is the active interfacial surface area of the
solution and electrode. Typically K./d is in the range of 10
F/em? to 30 F/cm?.

The electric double layer capacitor has a very large capaci-
tance. Hence it cannot be measured by using an LCR
(inductance/capacitance/resistance) meter as would be the
case for conventional capacitors. To determine the capaci-
tance of a supercapacitor with a maximum usable voltage E,
(in volts), the charging time constant 7 of capacitor C is mea-
sured and the capacitance found from

C=1/R,

where 7 represents the time in seconds elapsed until V,
reaches a value of [1 — (1/e)] E,, and R, is the series protection
resistor which is fixed for a specified type of the superca-
pacitor.

Integration of Supercapacitor Energy Storage. In the case of
an electrochemical battery, energy is absorbed and delivered
at approximately constant voltage. For a supercapacitor, as
for any other capacitor, the voltage across the device varies
as energy is stored or released. A power electronic converter
must be used in combination with the supercapacitor to con-
trol the flow of charge (current) into and out of the superca-
pacitor whilst maintaining the voltage presented to the sys-
tem within which the energy store operates (35,36). The form
of power electronic converter which can achieve bidirectional
energy flow between a supercapacitor and the main power
system and load is shown in Fig. 13. Power devices SW1 and
SW2 control the energy flow into and out of the supercapaci-
tors. Energy is stored in the supercapacitors by appropriate
switching of power device SW1 [forward converter mode (37)]
and returned to the link with the main power supply system
by appropriate switching of power device SW2 [boost con-
verter mode (37)].

The exact configuration of supercapacitor, power electron-
ics, and load depends on the application. For example, in an
electric/hybrid vehicle, by appropriate control of the power
electronic converter, energy from the supercapacitors can be
used to accelerate the dc motor which drives the wheels. The
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Figure 14. Practical demonstration of energy storage discharge. (a)
Top trace; supercapacitor voltage. (b) Middle trace; load voltage. (c)
Bottom trace; load current.

motor would be connected to the supercapacitor system by a
second power converter. The main system power source would
include an i.c. engine-driven generator in an electric/hybrid
vehicle or an electrochemical battery in a purely electric
vehicle. In such a system, regenerated energy can be returned
to the supercapacitors during braking. For an uninterruptible
power supply application, a second power converter would be
required to feed an ac load. The discharge of the supercapaci-
tors can be controlled such that the link between the two con-
verters can be maintained at a set voltage, hence mimicking
the action of a battery.

Figure 14 shows results from a test in which a supercapac-
itor converter is controlled to maintain the link voltage at 10
V. The supercapacitors (four 3 V, 60 F devices connected in
series) are initially charged to about 8 V (top trace): that is,
about 480 J of stored energy. The voltage to the load is main-
tained at 10 V for about 11 s (trace 2) and the load draws a
current of about 2 A during the 11 s period (bottom trace).
The energy returned from the supercapacitors during this
time is 220 J. The system cannot control the link voltage be-
yond this point and the remainder of the energy is delivered
with a reducing link voltage. With optimization of the system,
the load voltage can be maintained at the specified level for
longer resulting in a more effective energy storage device. Op-
timization involves the application of sophisticated control al-
gorithms and reduction in losses in the power converter (38).

SOME APPLICATIONS

Capacitors can potentially be used as primary energy store
in applications from portable equipment through low power
lighting to meeting the problems of fluctuating energy de-
mand in electrical power systems and electric/hybrid vehicles.
The need now is to develop high-voltage versions capable of
storing much larger quantities of energy.

For electric/hybrid vehicles, supercapacitors could accept
and store high-energy pulses recovered from regenerative
braking. Other applications would include pulse power
sources for starting an i.c. engine or energization of a coil for
the projection of a weapon. Capacitor storage could find appli-
cation in most of today’s electronic devices for storing electri-
cal energy, for example in communications and medical appli-
cations.

When supercapacitors are available which are capable of
high-voltage operation and peak power density around 500
W/kg to 700 W/kg, they could be used in power systems. The
supercapacitors would receive energy from and deliver energy
to a three phase ac electric grid network using a power elec-
tronic converter. Overall cost efficiency of the system will be
the key to future success of capacitor energy storage.

Capacitor Storage in Transport Applications

Capacitors are already extensively used for voltage smoothing
and power factor correction purposes. There is now wide-
spread interest in their use as intermediate energy storage
devices in a variety of heavy duty applications, including elec-
tric and hybrid vehicles. The reason is their superior power
density and cycle life relative to their nearest counterpart, the
electrochemical battery. The hybrid vehicle provides a good
example on an application where such properties are re-
quired. In a hybrid vehicle, operating under urban conditions,
an energy storage device is required to provide for the rapidly
fluctuating power demands made by the vehicle traction sys-
tem and, in particular, to provide the capacity to absorb large
transient levels of regenerated power during braking. Such
energy storage devices could be subjected to several charge/
discharge cycles per minute, which would render electrochem-
ical batteries unsuitable for this purpose.

A disadvantage of capacitors as energy storage devices is
their relatively low-energy density. However, in the interme-
diate storage applications mentioned here, high-energy den-
sity may not be a critical requirement, particularly, as in a
hybrid scheme, where it can be combined with a high-energy
low-power device, such as a generator set, to give the required
ratio between energy and power levels. This ratio, which has
the units of time, is a useful parameter in the specification of
an energy storage system and is often referred to as the time
constant, being the time for which it can deliver its rated
power.

In hybrid vehicles, energy storage is required to provide
for vehicle acceleration and deceleration, which, in urban con-
ditions, takes place over a period of 5 s to 10 s. This suggests
the required time constant and also indicates the unsuitabil-
ity of electrochemical batteries for this application, which
generally have charge times of at least 20 min. The suitability
of various types of energy storage for a particular application
can be illustrated by a Ragone plot of specific energy (Wh/kg)
versus specific power (W/kg). Figure 15 shows such a plot for
batteries and supercapacitors on logarithmic scales (29).

Projected onto this plot is a locus corresponding to a time
constant T of 10 s. The power requirement for a 1 tonne vehi-
cle is estimated to be 50 kW (supplemented by about 25 kW
of primary power). In order that the mass of the energy stor-
age should be no more than 10% of the total vehicle mass,
the specific power should be at least 500 W/kg for adequate
performance. This indicates that most projected ultracapaci-
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ergy storage.

tors (i.e., in excess of 1000 F) would meet the specific power
and energy requirements for hybrid vehicles and could be
manufactured to have the required time constant so as to
minimize the overall weight. Electrochemical batteries are
shown to be lacking the required specific power and this is
particularly the case during charging. Battery-based systems,
therefore, tend to suffer a weight penalty, which is a disad-
vantage in mobile applications and can generally increase in-
stallation and maintenance costs.

Capacitors as Intermediate Storage

Capacitors compare favorably with other forms of energy stor-
age, as is shown on Fig. 16, where similar data for a variety
of forms, including i.c. engine/fuel tank systems, are plotted
using linear scales. The line joining two energy sources forms
a locus on the plot for a variable combination of the two. As
an example, in conventional vehicle design, a fuel tank is
combined with an i.c. engine to give a propulsion system with
a time constant of about 2 h, representing the time taken to
use up the fuel running the vehicle continuously at maximum
power. Therefore, by use of a hybrid combination of a primary
power supply of high specific energy with an intermediate en-
ergy storage system of high specific power (possibly based on
the supercapacitor), power supply units can be designed with
a specified time constant, in which weight is minimized.

The incorporation of supercapacitors as intermediate en-
ergy storage, in combination with a primary power source,
could lead to significant weight reductions, improved perfor-
mance, and reduced maintenance costs in comparison with
other forms of electrical energy storage. Only the flywheel/
alternator system can provide comparable power density and
cycle life. This has the advantage of a higher output voltage
capability and that its ac output permits state of the art
power conversion methods. This form of energy storage is al-
ready finding applications in hybrid bus propulsion systems.
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Supercapacitors potentially offer the opportunity for weight
reduction but considerable development is required to provide
controlled power conversion between the relatively low and
varying voltages across the capacitors (typically 1.5 V to 3 V
per capacitor) and the prime mover, without unacceptable
power losses in conversion.

Pulse Power Units

Capacitors are also used for the generation of high-voltage
and high-current pulses. In operation these capacitors are un-
der stress of high electromagnetic and electric field strength
and therefore need to have the ability to withstand high peak
currents and voltages. For this reason they need to possess a
high voltage breakdown strength, high dielectric constant,
and low dissipation factor.

Controlled current pulse powers are already being used for
nuclear and conventional firing sets, weapons, laser excita-
tion, communication radar, welding, and for the actuator of
air bags. High-voltage pulses are used in rail guns and parti-
cle accelerators. Another application of pulse power is in
power engineering, where integrity of equipment such as
transformers, switchgears, bushings, and cables which are in-
stalled in generation, transmission, or utilization systems are
examined. Transient disturbances such as lightning strokes
and switching operations are usually followed by a steep
fronted travelling wave on the system. For example, if a volt-
age wave of this type reaches a power transformer, unequal
stress distribution could appear along its windings which may
lead to break down of the insulation system. The most severe
test that equipment used in power engineering will be sub-
jected to during its lifetime results from the superimposition
on the system of transient voltages.

There are a number of circuits available for the generation
of these pulses. Figure 17 shows the basic circuit of a high
voltage pulse unit which primarily consists of two coils, L,
and Ls, and two capacitors C, and C,, where C; > C,. The high
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Figure 16. Design of energy storage systems for given time constant.
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Figure 17. Simple high voltage pulse generator.

voltage side coil has a larger number of turns. The capaci-
tance C; is charged from a direct current and the frequency
of the pulse is controlled by MOSFET and its associated trig-
gering circuits. The pulse shape in terms of rise, decay, and
duration is controlled by R; and R, as well as the electronic
circuitry shown in Fig. 17.

The approximate voltage relationship is given by:

VZ/VI = \/ECI/CZ

where V; is the maximum voltage to which C, is charged, V,
is the maximum voltage to which C, is charged, 7 is the effi-
ciency of the energy transfer from the low voltage side to the
high voltage side of the circuit, and C; and C, are the capaci-
tances for C; and C,, respectively.

SUMMARY

Capacitor storage is widely used for power conditioning where
relatively low levels of energy storage are needed, and in cer-
tain applications where high power pulses are required. Elec-
trolytic capacitors are available with capacitance up to the
order of 1 F. However, supercapacitors of up to 1500 F are
now under development. Once the problem of internal resis-
tance and voltage rating can be overcome, these devices could
well become the prime candidate for primary and intermedi-
ate energy storage applications in the future.

BIBLIOGRAPHY

1. W. M. Somerville, Operating experience of the Fair Isle wind tur-
bine, Proc. IEE, Part A, 134 (5): 413—-426, 1987.

2. T. S. Davies and R. M. Mayer, Power quality and the interaction
of WT'GS with the grid, Proc. Eur. Wind Energy Conf., Thessalo-
nika, Greece, 1994.

3. T. S. Davies, R. M. Mayer, and H. Nouri, Integration of wind
turbines into L-V networks, Proc. Univ. Power Eng. Conf., Univer-
sity of Greenwich, London, 1995.

4. T. S. Davies, H. Nouri, and C. M. Jefferson, Alternative Ap-
proaches to Wind Energy Conversion Systems, Wind Eng. J., 19
(5): 265-271, 1995.

5. P. Musgrove and G. Slack, Long-term performance modelling of

a wind-diesel system with hydraulic accumulator storage, Proc.
8th British Wind Energy Assoc. Conf., 1986, pp. 43-50.

6. T. S. Davies, C. M. Jefferson, and N. Larsen, A regenerative fly-
wheel drive for energy storage applications, Proc. 22nd Inter-Soc.
Energy Conversion Eng. Conf., “Energy—New Frontiers”, Philadel-
phia: 1987.

7. T. S. Davies, C. M. Jefferson, and R. M. Mayer, Use of flywheel
storage for wind diesel systems, J. Wind Industr. Aerodyn., 27:
157-165, 1987.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

. T. S. Davies et al., Experience with the wind turbine flywheel

combination on Fair Isle, Proc. Eur. Wind Energy Conf., Glas-
gow, 1989.

. P. A. C. Medlicott, Development of a lightweight low cost flywheel

energy storage system for regenerative braking applications,
Proc. 20th Inter-Soc. Energy Conversion Eng. Conf., Miami
Beach, 1985.

R. Dettmer, Spinning reserve, IEE Rev., 43 (1): 36-37, 1997.

P. P. Acarnley et al., Design principles for a flywheel energy store
for road vehicles, IEEE Trans. Ind. Appl., TA-32: 1402-1408,
1996.

S. J. Chiang, S. C. Huang, and C. M. Liaw, Three-phase multi-
functional battery energy storage system, IEE Proc. Electric
Power Applicat., 142 (4): 275—-284, 1995.

C. DeWinkel and J. D. Lamoree, Storing power for critical loads,
IEEE Spectrum, 30 (6): 38—42, 1993.

B. T. Matthias, The search for high-temperature semiconductors,
Physics Today, 24: 23—-28, 1971.

S. Tanaka, Research on high-T' superconductivity research in Ja-
pan, Physics Today, 40 (12): 53-57, 1987.

Z. A. Yamayee and J. L. Bala, Electromechanical Energy Devices
and Power Systems, New York: Wiley, 1994.

T. C. Murphy and W. E. Kramer, US Dept. of Energy ultracapaci-
tor development program for load leveling electric vehicle propul-
sion systems, Proc. 4th Int. Seminar Double Layer Capacitors Sim-
ilar Energy Storage Devices, Florida Educational Seminars, 1994.
M. Aoki, K. Sato, and Y. Kobayashi, Long-term reliability testing
of electric double-layer capacitors, IEICE Trans. Fundamen.,
E77-A (1): 208-212, 1994.

A. F. Burke, Characterisation of electrochemical capacitors for
electric/hybrid vehicle applications, AIAA-94-379, 1994, pp.
784-1789.

A. Rudge et al., Conducting polymers as active materials in elec-
trochemical capacitors, J. Power Sources, 47: 89—-107, 1994.
J.-C. Lassegues et al., Supercapacitor using a proton conducting
polymer electrolyte, Solid State Ionics, 77 (1): 311-317, 1995.

C. Arbizzani, M. Mastragostino, and L. Meneghello, Performance

of polymer-based supercapacitors, Proc. Mat. Res. Soc. Symp.,
369: 1995.

D. R. Vissers et al., Materials for electro-chemical energy storage,
Electr. Hybrid Veh. Technol. *96.

C. Arbizzani, M. Mastragostino, and L. Meneghello, Performance
of polymer-based supercapacitors, Proc. Mat. Res. Soc. Symp., 369:
605-612, 1995.

A. F. Burke and E. J. Dowgiallo, Ultracapacitors for electric and
hybrid vehicles—A technology update, Proc. 11th Int. Electr. Veh.
Symp., Florence, 1992.

A. F. Burke, Electric/hybrid super car designs using ultracapaci-
tors, Proc. Inter-Soc. Energy Conversion Eng. Conf., 1995.

T. C. Murphy, W. E. Kramer, and R. B. Wright, Electrochemical
capacitor developments, Electr. Hybrid Veh. Technol. ’96.
Panasonic, Tentative specification, December, 1993.

E. Blank, C. J. Farahmandi, and A. P. Trippe, Ultracapacitors—
The much needed boost, Electr. Hybrid Veh. Technol. *95.

E. Blank, C. J. Farahmandi, and J. Dispennette, Material and
processes of ultracapacitors for high energy and high power appli-
cations, Proc. 27th Int. SAMPE Tech. Conf., 1995.

G. Chagnon, SAFT supercapacitors: Design and Performance,
SAFT presentation, 37th Power Source Conf., 1996.

E. Blank, C. J. Farahmandi, and J. Dispennette, Materials and

processes of ultracapacitors for high energy and high power appli-
cations, 27th Int. SAMPE Tech. Conf., 1995, pp. 769-780.



33

34.

35.

36.

37.

38.

. J. C. Lassegues et al., Supercapacitor using a proton conducting
polymer electrolyte, Proc. Solid State Protonic Conduct., VII:
1994, 311-317.

E. J. Dowgiallo, Ultracapacitors for electric and hybrid vehi-
cles—A technology update, Proc. 11th Int. Electric Veh. Symp.,
Florence, 1992.

M. Schmid, Electric double-layer capacitors in a hybrid vehicle,
Proc. 30th Int. Symp. Automotive Tech. Autom., Florence, 1997.
T. S. Davies et al., Dc-dc power conversion for supercapacitor en-
ergy storage system, Proc. Universities Power Eng. Conf., Crete,
1996.

N. Mohan, T. M. Undeland, and W. P. Robbins, Power Electron-
ics—Converters, Applications and Design, New York: Wiley, 1995.
T. Coutier and M. D. Mayer, Autonomy enhancement of a lead-
acid battery EV-ultracapacitors contribution: A simulation

study, Proc. 30th Int. Symp. Automotive Tech. Autom., Florence,
1997.

HassaN NouURI

TERRY S. DAVIES

CoLIN M. JEFFERSON

University of the West of England,
Bristol

CAPACITOR STORAGE. See ELECTROTHERMAL

LAUNCHERS.

CAPACITY, CHANNEL. See CHANNEL CAPACITY.
CARDIAC ARRHYTHMIAS, TREATMENT. See DEFr-

BRILLATORS.

CARRIER MOBILITY. See ELECTRON AND HOLE MOBILITY

IN SEMICONDUCTOR DEVICES.

CARRIERS, HOT. See HOT CARRIERS.
CARRIER TRANSPORT IN SEMICONDUCTORS.

See TRANSPORT IN SEMICONDUCTORS, DYNAMICS OF CARRIERS.

CARRY CIRCUITS. See BICMOS LOGIC CIRCUITS.

CARRY LOGIC

49



