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Design and Analysis of Supercapacitors Energy Storage
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Summary: Supercapacitors are the devices which can be store significant amounts of energy and
quickly release it, their main application is for short term power compensation application where
they can release a large amount of energy quickly and then can be recharged with smaller current.
In this paper the use of supercapacitors bank is explored for energy stabilization and maintaining
the voltage profile of the distribution system at the load point. The proposed supercapacitor bank
is designed to improve the voltage profile of a distribution system by supplying the energy in case
of demand and recharging the supercapacitors bank in valley period. The designed bank is of 50
kWh(180 MJ) of energy, 440 V voltages and peak power of 30 KW capacities for supply of energy in
case of instantaneous need. The result shows that the SCESS can supply the instantaneous power for
the back up the loads even though the voltage may drop up to 100 V; this SCESS can back up the

load from 1.60-9.9974 hours depending upon the power demand while maintaining the minimum
discharge voltage ratio and availability of useful energy

1. INTRODUCTION

Supercapacitor 1s a double layer capacitors, the energy 1s
stored by charge transfer at the boundary between electrode
and electrolyte. The amount of stored energy 1s a function
of the available electrode and electrolyte. The amount of
stored energy 1s a function of electrode surtace, the size
of the 1ons, and the level of the electrolyte decomposition
voltage. Supercapacitors are constituted of two electrodes,
a separator and an electrolyte. Two electrodes are made of
activated carbon provides a high surface area part, defining
the energy density. On the electrodes, current collectors
with a high conducting part assure the mterface between the
electrodes and the connections of the supercapacitor. The
two electrodes are separated by a membrane, which aliows
the mobility of charged 1ons and forbids electronic contact.
The electrolyte supplies and conducts the 1ons from one
electrode to the other.

The most important parameters of a supercapacitor
include capacitance(C), ESR and EPR (which 1s also called

8.9, 107

capacitance of supercapacitors.
The energy stored 1s:
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large equivalent series resistance, peak power 1s mainly
[tmited by joule losses in the equivalent series resistance of
the supercapacitors. When it 1s applied to large power density
discharge, dynamic equivalent series resistance and ultimate
discharge ability of supercapacitors 1s the dominating factor.
The high capacitance permits the storage of large amounts ox
energy which leads to a large number of new applications.

The voltage across a supercapacitor 1s given by:

Ue = %

Where Q 1s the charge stored in a supercapacitors and C 1s

(1)

E = %CU% (2)

When the super capacitor 1s discharged its voltage

leakage resistance) .Capacitance (C) decides the energy
storage capability of super capacitor. Usually ESR 1s consists
of electrode resistance, electrolyte resistance and contact
resistance that wastes power for internal heating when
charging or discharging in supercapacitors. ESR 1s almost
less than one million but influences the energy etficiency and
power density. EPR 1s an inner equivalent parallel resistance
usually hundreds of kilo-ohms and decides the leakage
current when the supercapacitor 1s 1n a stand by mode. ESR’s
1s usually put forward to describe internal resistance when
supercapacitor 1s estimated. The more layers separator has,
the higher ESR therefore multilayer separator is not suitable
for lower ESR. [1, 2, 3,4, 5,6, 7]

To obtain the higher voltages and proper energy storage
capacity, 1t 1S necessary to connect supercapacitors in series
and parallel combination. The huge energy stored in the
supercapacitors 1s unable to distribute to a load due to 1ts

decreases; theretore the conditioning 1s required to maintain
the output voltage and/or current of supercapacitor. Further
some of available supercapacitor in market 1s shown in Table
| and cost trend 1s also shown 1n Table 2.

2. MODELING & DESIGNING
OF SUPERCAPACITORS BANK

2.1. Sizing of the Supercapacitor bank

The maximum energy stored in the supercapacitor bank
depends on 1ts equivalent capacitance C, . The expression for
maximum energy storage can be represented as following:

E .= (C  XU5 )/ 2 (3)
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Table.1 Available Supercapacitors in Market [11, 12, 13, 14, 15]

SL.No. Manufacturer

] Power Star China Make (single Unit)

2 Panasonic Make (Single Unit)

3 Maxwell Make (Module)

4 Vinatech Make

3 Nesscap Make (module)
Table 2. Supercapacitor Cost Trend [16]

S1.No. Year Cost /Farad ($) Cost/kJ($)

1 1996 0.75 281.55

2 1998 0.40 151.23

3 2000 0.01 32

4 2002 J.023 7.51

5 2006 0.010 2.85

6 2010 0.005 1.28
Where:
E, . — 1s the maximum energy storage capacity.
Ceq —- 18 equivalent capacitance of supercapacitor bank

in Farad.
U, o — 18 maximum voltage of the supercapacitor
bank.

Practically 1t 1s not feasible to allow the supercapacitor
bank to discharge all this energy therefore minimum
allowable voltage limit 1s fixed that limits available energy.
The discharge voltage ratio for the supercapacitor bank is
represented as following:

%d — UHHH /U?H{II X 100 (4)
Where:
Yod — 18 percentage discharge ratio.
Uin — 1s minimum allowable voltage limit.
U, ox — 1S maximum voltage of the supercapacitor
bank.
The Depth of Discharge can be expressed as following:
DOD = (100 —d) =100 1 YUnin. (5)
\ Umfilx /

DOD 1s measure of how much energy has been withdrawn
from a storage device, expressed as a percentage of full
capacity. For example, 100Ah battery from which 30Ah
has been withdrawn has undergone 30% depth of discharge
(DOD). Depth of discharge 1s inverse of state of charge
(SOC); the example would be at 70% SOC.

In power controlled operation mode it 1s necessary to
maintain the minimum voltage so the a required power can
be discharged, therefore minimum discharge voltage can be
represented by following expression

26

Specifications of Supercapacitors

50 F/2.7V,
300F/2.7V,
600F/2.7 V, ESR less than 1m¢).

0.022-70F,2.1-5.5V,
ESR 200 mQ-350 €2

63F/125V,150A ESR 18 mQ
94F/75 V,50 A,ESR 15 mQ

10-600F/2.3V,ESR 400 -20 m£),
3-350F/2.7,ESR 90-8 mS2

15V/33F , ESR 27 mQ
340V/ 51F, ESR 19 mQ2

Umin — Req[D — \/(ReqPD ) (6)
Where:
U, .ir — 1s minimum discharge voltage permitted 1n
volt.
R,, — 1S equivalent series resistance of supercapacitor
bank in ohm.
Ip — 1s discharge current 1n amp.
Pp — 1s discharge power 1in kW,
P
J.o = |[ZD
D \ Req (7)
Where:
Req — 1s equivalent series resistance of supercapacitor
bank 1n ohm.
Ip — 18 discharge current in amp.
Pp — 18 discharge power in kW.

Now the percentage discharge voltage ratio can be
expressed using equation no. (7)

%d, . = IOOJREQPD /U, (8)
Where;
d,:, — 1s mmimum discharge voltage ratio.
R, — 1s equivalent series resistance of supercapacitor
bank 1n ohm.
Pp — 1s discharge power in kW.
U, . — 18 maximum voltage of supercapacitor bank
in volt.

The maximum power that can be withdrawn from the
supercapacitor bank can be expressed as following as per
maximum power transfer theorem:

2

PDmax — Umax / 4R€q (9)
Where:
Pp.... — 18 maximum dischargeable power.
U, — 18 maximum voltage of supercapacitor bank.
R, — 18 equivalent series resistance of supercapacitor

bank 1in ohm.
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Once the voltage constraints have been obtained 1.e.
U,.,<U<U,,,, thenthe useful energy that the supercapacitor
bank can provide can be expressed as following:

2
Eu — Ceq (Umclx* _Umfn) /2 (10)
Dividing equation (12) by equation (6):
Eu L (Umm: o Umin )2
Epex U2 ()
E (. U, )’
E. _ kl - %]mm:; (12)

Expanding equation no. (12) and neglecting other terms then
the expression would be:

E / | \2 ]
. l_um%
Emax _k HMAx ) |

Above can be expressed in term of depth of discharge:

(13)

E =FE

i max

1—(d /100

(14)

Theretore the total capacitance of supercapacitor bank can be
expressed in term of useful energy and maximum voltage:

E
2 4

U2 |1—(d /100)"

CTeq —

(15)

INAax

Here it 1s important to consider the etficiency ot the
supercapacitor bank which would finally decide the number
of cells to be connected 1n series to obtain the maximum
voltage of the bank and energy storage capacity of the
bank.

Let the storage efficiency of the supercapacitor bank n,:

E
C, =2 -

o UR, 1= (d/100)

(16)

X

2.2. Equivalent Capacitance of Supercapacitor bank

The capacitance (C) is the most important parameters
of a supercapacitor, though the supercapacitor can work at
high voltage without connecting many cells 1n series but
to interface the higher voltages and proper energy storage
capacity, it is necessary to connect supercapacitors in series
and parallel combination. The high capacitance permits
the storage of large amounts of energy which leads to a
large number of new applications like bulk electricity price
arbitrage, transmission congestion relief, distribution upgrade
deferral, transmission upgrade deferral, availability based
use, renewable capacity firming and etc.

In general, the number of series connected cells N, 1n
one branch are imposed by the rating of supercapacttor cells
maximum voltage available in the market or in the stack.

NS — Umax /Ur:e!! (17)
Where:
N, — are number of cell connected 1n series.
U, o — 1s maximum voltage of the supercapacitor
bank.
Ui — 18 rating of supercapacitor cell.

The number of parallel branch N, in the supercapacitor
bank can be found by:

Np — Nf;ceq /Cf:ei! (18)

To have sufficient energy storage capacity number of
parallel branches must be more than or equal to the one
(N, 2 1) and rounded upward side to nearest integer.

The equivalent capacitance of the supercapacitor bank is
represented by the following formula:

Ceq — (Np X Ccel! )/ Ns (19)
Where:
Ceg — 1S equivalent capacitance of supercapacitor bank
in Farad.
Clpir — 18 capacitance of each cell in Farad.
N, — are number of cell connected 1n series.
N, — 1s number of parallel arms 1n supercapacitor
bank.

From equation (19) 1t 1s clear that to have net higher
equivalent capacitance of the bank, number of the parallel
arms (V) should be always higher than N thereby higher
energy storage capacity.

Total numbers of cell in Supercapacitor bank would be:

NT:NSXNp (20)
Where:
Nr — 1s total number of cells required in
supercapacitor bank.
N, — are number of cell connected in series.
N, — 18 number of parallel arms in supercapacitor

bank.

2.3. Equivalent Series Resistance of Supercapacitor bank

ESR 1s consists of electrode resistance, electrolyte
resistance and contact resistance that wastes power
causes internal heating when charging or discharging in
Supercapacitor. ESR 1s almost less than one million but
influences the energy efficiency and power density. While
designing the supercapacitor energy storage bank numbers
of supercapacitor cells are connected in series and parallel
thereby total series resistance of bank increases, called
equivalent series resistance of the bank, which is represented
by following formula:

RE‘

, = (R, XNy )/N, (21)

Where:

Req — 1s equivalent series resistance of supercapacitor
bank in ohm.
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R, __ 1s series resistance of each cell in ohm.

N, __1s number of cell connected 1n series.

N, __1s number of parallel arms n supercapaciton bank.
From equation (21) 1t 1s clear that to have net lower

equivalent series resistance of the bank, number of the

parallel arms should always higher than N thereby lower

ohmic losses 1n the supercapacitor bank while charging and
discharging. |17, 18§, 19, 20]

2.4. Analysis of Supercapacitor Bank Charging
Efficiency

The equivalent representation of supercapacitor bank
would be by 1n series with equivalent resistance, the bank
would be charged at constant power (power controlled

mode).

Where:

U, — 1s the voltage across the supercapacitor bank.
P. — 1s constant power at which charging of

supercapacitor bank would take place.
Then the expression for charging current can be
expressed as:

dUu _ F
e = Co dt U

hY &

(22)

V — 1s voltage across the equivalent capacitance of

the supercapacitor bank can be expressed using
KVL

U=U_.—R, -— (23)

Differentiating the equation 23 with respect to V. can
be expressed as:

dU . Ry R

dU U?
or: (24)
| Req E; \1
dU =1+ =L U,

The equation (22) can be also be expressed as
tollowing:

B4
dU = - (25)

$C eq

After equating equation 24 & 25 1t can be represented as:

Eﬂ* ) dt — (14 RE‘? E? AU
| Y
USC’ CE:‘q \ USC‘ J
Or: (26)
( y
R, P
Pdt=C,U, 14 “sz ~|dU.,

28

Integrating equation 26 from minimum voltage U, ;, to

maximum voltage U, ,. within the charge time 7. would give
the charge energy W, expressed:

( Req P \
W = f P.dt = f C U1+ =5 \au,
mfﬂ' l\ USI‘: )
or: (27)
C.U
o eq ' max 2
W, = PT, =1 (1—-d* }- C,, R, F. log(d)

[t 1s to noted that d 1s the discharge voltage ratio defined such .
that U, ;= (1-DOD)U,, . with the constrant 0 <d < 1.

The effective energy W, that can be stored in the super
capacitor’s bank equivalent capacitance C,, be obtained as
integrating for charging time 7. while fulfilling the minimum
voltage critenai.e.U, ;. to U, ., since there would be voltage
drop across the equivalent resistance R, ot bank. Therefore

the expression can be shown as:

max

T
W, = f Uidi= | UC, dU (28)
0

nmin

In the above equation putting the value of U and dU
from the equation numbers 23 and 24 then above can be
expressed as:

max | P, Ry R
We= ) o Cea|Use = Reg || 1= 5| U

(29)

After integrating the above equation can be expressed 1n
term of discharge voltage ratio d:

2 2 ]
Req*})c
d? - U?

HIOX

W, = quUmﬂz(l#dz)-l

(30)

The charging efficiency ‘n,’ can be defined as ratio of
effective energy ‘W,” stored to the charge energy *W,." at
constant power mode P,. in the charge process, the expression
can be written as following:

Cequax (l_d2 )1 qu 22
W, 2 d* U’
Nle = L -
H/;' Ce Umax
P (1—d? )= Cpy Ry P log (d)
or: (31)
r —1
| qu Pf 2R, C, F. log (d)
e =
L d2 | U’iﬂx (1 o d2 )Ceq max

2.5. Discharging Efficiency of Supercapacitor Bank

The equivalent representation of supercapacitor bank
would be equivalent capacitance in series with equivalent
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resistance; the bank would be discharged at constant power
(power controlled mode) as per requirement of the load.
Where:
U, — 18 the voltage across the supercapacitor bank.
P, — 18 constant power at which discharging
of supercapacitor bank would take place.
Then the expression for charging current can be expressed as:

. dU_Pd
=l T

NC

(32)

V' 1s voltage across the equivalent capacitance of the
supercapacitor bank can be expressed using KVL:

P
U:USC_FR 4

“ U, (33)

Ditterentiating the equation 23 with respect to V. can
be expressed as:

dU —1 R‘Hq . Pd
dU Uz
or: (34)
{ 3
R, _-P
dU = [1-—2_“|qu
\ USC /

The equation (32) can be also be expressed as following:

P, dr
dU = —4_.
Usc Ceq

(33)

After equating equation 34 & 35 1t can be represented as:

y 3
P R, P
d_.dr |\ 4 4l

Us;c Ceq U2

\ SC /
Or: (36)
. R,P
Pddt e Ce*qUSC l > dUSC
. U..

Integrating equation (36) from minimum voltage U, ;. to

maximum voltage U, . within the discharge time 7; would
give the discharge energy W ; expressed.:

dt max Req ' Pd
Wd — Pddt — CEQUSC 1 2 dUSC
0 min \ /-
SC Y,
Or: (37)
Ceq ' U.im: 2
Wy =Pyl === (1-d* }+ C R, Py log (d)

It 1s to noted that d 1s the discharge voltage ratio defined
such that U, ;= (1-DOD)U,, .. with the constraint 0<d<1,
for particular discharge time.
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Theoretically available energy W, ; that can be stored in
the super capacitor’s bank equivalent capacitance C,, can be
obtained as integrating for discharging time 7 ; while fulfilling
the minimum voltage criteria 1.e. U,,;,, to U,, ., since there
would be voltage drop across the equivalent resistance R,
of bank. Therefore the expression can be shown as:

_ 2 .
- (K G

(38)

The discharging efficiency ‘n; can be defined as ratio of
discharge energy ‘W ; stored to the theoretically discharge
energy ‘W,; at constant power mode P, in the discharge
process, the expression can be written as following:

C, -U’
I (1= d? )+ C R Py log (d)
o H/}d (1 IR dz eq Uia.r
_.2m_
or: (39)

- W, |y R, F Zog(d)

H/;d (] o d2 ) Uiax

\ )

3. DESIGN & ANALYSIS OF SUPERCAPACITOR
ENERGY STORAGE SYSTEM

The load on the distribution system varies time to time;
turther 1t there 1s deficit of energy or power in the peak
hours the problem aggravates and the supply voltage profile
drops then without increasing the generation capacity the
system can be stabilize with the help of the supercapacitors
energy storage system. The proposed supercapacitors energy
storage system is designed to have storage 50 kWh (180
MJ) of energy, 440 V voitages and peak power of 30 kW to
work when no supply 1s available to the consumers as well
as there 1s voltage sag.

The tollowing data have been considered while designing
the supercapacitor bank in power controlled mode
tulfilling the minimum discharge voltage ratio criteria. The
supercapacitors used are of Maxwell Technology make
having product specifications, Nominal capacitance 63 F,
Rated voltage 125 V,ESR 18 m€2 ,Operating temperature
range -40°C to +65°C, P, . 4,700W/kg, £ 2.53Wh/kg
,Cycles 1,00,000, Lifespan 1,00,000 hours, Maximum
continuous current 150 A, Maximum peak current(1 sec)
750 A, Leakage current 5.2 mA . In the Figures 1, 2, 3, 4,
5, 6,7,8,9 and 10 curves are shown below for performance
analysis using the MATLAB.

In table-3 analysis of supercapacitor energy storage

system has been given which have been obtained using
MATLAB.
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4. CONCLUSIONS

The SCESS designed for energy stabilization and
maintaining the voltage profile of power distribution system
via inverter 1s of 50 kWh (180 MJ), 440 V voltages and peak
power of 30 kW. The design gives the required number of
series and parallel combination of supercapacitors in the
storage system. The supercapacitors energy storage system
can supply the instantaneous power for the back up the loads
even though the voltage may drop up to 100 V; this SCESS
can back up the load from 1.60-9.9974 hours depending
upon the power demand while maintaining the minimum
discharge voltage ratio and availability of useful energy , 1f

Tabela 3. ES TD 2005/2006

the charging power 1s maintained constant at 2kW for this
case the charging efficiency 1s quite good 95.89% and the
discharging efficiency i1s 89.32% while the storage cycle
etheciency would be 85.65% . The SCESS can supply energy
to the line no of hours in case of steady demand. As the cost
of the supercapacitors 1s predicted to fall with the time, it 1s
independent of charging and discharging cycle, life 1s very
much high and efficiency 1s also quite high so the SCESS will
prove a good option with the non conventional sources for

energy stabilization purpose and deferment of the expansion
of transmission as well as distribution line.
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