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a b s t r a c t

The latest advances in the field of supercapacitors (SCs) have made them a feasible alternative to be used
in hybrid, energy storage systems. Sizing SCs in such systems is not obvious, especially in the case of
banks comprising several series-parallel configurations. In this paper, a new algorithm for sizing a SC
bank in high fluctuating power demand applications is proposed. The algorithm utilizes the expected
discharge power profile, usually obtained from measurement campaigns, and a set of resistance (R) and
capacitance (C) values of the equivalent circuit of the SC, which are provided by the manufacturer.
Instead of yielding specific values for R and C, the method determines the RC limit curve which identifies
the area of the RC-plane where the range of acceptable solutions can be found for a particular appli-
cation. Thus, the internal resistance can be easily included in the design process. The validity of different
cell combinations, including those not regarding each series-connected element as a sole cell, can be
directly checked with this method, enabling the selection of the most suitable solution from an economic
point of view.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Supercapacitors (SCs) are devices able to provide high power for
short periods, which make them suitable in applications where it is
necessary to supply transient current peaks and to absorb fast
fluctuations of energy demand. The latest advances have made
them a feasible alternative in a good number of energy storage
applications [1]. Specifically, SCs are becoming a crucial part in the
development of hybrid energy storage systems (HESSs), where they
can be found combined with batteries [2e6], compressed air [7] or
fuel cells [8]. In all of these cases, the SC compensates for the
transient peaks and rapid load fluctuations, while the main storage
device is in charge of average components. HESSs are becoming
popular in many applications such as electric vehicles [9e11], but
they can also be found in electric grids [8] or, even, in hybrid electric
construction machinery [12]. In those systems, the combination of
batteries and SCs is specially interesting, since the former are
exposed to damage when subjected to sudden changes in their
charge/discharge processes. SCs present clear advantages, such as
drayes).

Ltd. This is an open access article u
high charge/discharge currents and specific power values, low in-
ternal resistances [13,14], and long life expectancy. Indeed, SCs
expected charge/discharge cycle life is typically around a million,
while batteries can hardly withstand 400-4000 cycles, depending
on technology [15]. Thus, the use of a HESS based on a battery-SC
configuration can be extremely useful to enlarge the life expec-
tancy of the setup [9].

When it comes to optimizing the capacitance needed for a
specific application, some sizing methods calculate the required
value by considering the cells as ideal conventional capacitors [16]
and regarding only the stored energy. However, as is demonstrated
in this proposal, such methods may be not suitable when working
with high power values because of the constraint imposed by the
internal resistance of the cells.

Regarding SC models that can be found in the literature, some of
them are developed to analyze the behavior of the cells when being
subjected to currents with high and low-order harmonic compo-
nents [17] or to a wide range of temperatures. Other models are
non-linear [18] or use a variable capacitance dependent on the SC
internal voltage [19,20]. The series-RC is the most widely used
model for sizing issues, where the utilized capacitance is consid-
ered as a constant parameter. The values of both the capacitance
and the resistance of the different cells are provided by the
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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manufacturer [21e26]. Some existing models include the parallel
resistance to take into account the self-discharge of the cells
[27,28], but this feature is normally neglected in the sizing process.

Other sizing methods utilize the so-called “state of charge” [29]
or “state of energy” [30]. More specifically, in Ref. [30] a non-
iterative sizing strategy where the resulting cells are slightly
oversized is used; series-connected components are regarded as
just one cell, the possibility for such components to be a combi-
nation of different parallel-connected cells being dismissed.

In this paper, a new sizing algorithm based on the calculation of
the RC limit curve is proposed. The curve identifies an area
comprising infinite theoretical acceptable solutions and is obtained
from the worst-case RC values of the cells, i.e. those expected at the
end of their service life. The proposed method allows verifying
whether different cell combinations are valid for a specific appli-
cation. Thus, the proposal greatly simplifies the selection of the
final solution from an economic point of view. The method regards
the possibility for series-connected components to be a combina-
tion of various parallel-connected cells, which expands the range of
possible solutions and enables the design of the most suitable
configuration. Moreover, the method provides the tools to calculate
additional parameters of the proposed solution in the context of its
particular application, which can be used to check the compliance
to particular constraints such as current discharge limits.

The paper is structured as follows: Section 2 describes the use of
SCs for compensating the power oscillations of a load, which is
usually known in the literature as load leveling or peak shaving. In
Section 3, the behavior of a SC connected to a constant-power
source is approached. Section 4 introduces the concept of RC limit
curve and formulates its calculation, which is exemplified in Sec-
tion 5 by means of a case study. Section 6 shows a summary of the
advantages of this method and finally, the conclusions of this paper
are drawn and presented in Section 7.

2. SCs and power oscillations compensation

The use of SCs is particularly interesting when it comes to
compensate for load power oscillations. In Fig. 1, an example,
usually known as load leveling, is shown. The SC bank aims to
smooth the power demand as seen from the grid to the greatest
possible extent. The power absorbed by the SC bank, pðtÞ, com-
pensates for the oscillating power, pBðtÞ, absorbed by the load
(system B), its mean value, pAðtÞ, thus being supplied by the main
p(t)

pA(t)Main source
System A

Bidirect
DC/D

Conve

SC bank

Lf

Cf

Fig. 1. Use of a SC bank for the com
source (system A),

pAðtÞ¼meanðpBðtÞÞ (1)

In this case, the calculation of the required capacitance is not
straightforward. The SC bank, initially charged with a stand-by
voltage, is successively charged and discharged according to the
power profile given by pðtÞ. In this process, the internal voltage of
the cells must be within the acceptable maximum and minimum
limits supplied by themanufacturer. Moreover, the current through
the cells must be lower than a specific value to avoid damage due to
overheating.

The power profile given by pBðtÞ represents the input data of the
sizing problem. This profile can be obtained by measuring the po-
wer consumption directly, in the case of existing loads, or using
simulations or estimated calculations of the process during the
design stage. The response of the DC/DC converter is assumed to be
much faster than the load power oscillations. Then,

pðtÞ¼pAðtÞ � pBðtÞ ¼ pB � pBðtÞ; (2)

where pB is the average value of. pBðtÞ:
3. Behavior of SCs at constant power

The SC bank power profile given by pðtÞ. is regarded in this
section as a succession of power values that are constant for a
specific time interval. Therefore, the SC bank can be assumed to be
charging/discharging at constant power during such intervals.
Notice that the accuracy of the latter statement will be acceptable
provided that the appropriate sampling rate is selected when
capturing the dynacs of t power profile. Fig. 2 shows the equivalent
resistance, R., and capacitance, C, and the internal, u, and external,
uco, voltages of the SC bank when charged at a constant power
value, P.

According to the scheme shown in Fig. 2,

P�R,i2 ¼ u,i; (3)

du
dt

¼ _u ¼ i
C

(4)

By combining (3) and (4),
pB(t) Load
System B
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C
rter

UBUS

pensation of power oscillations.
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Fig. 2. Charge of a SC at constant power.
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Fig. 3. Example of a SC bank power profile.
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R ,C2, _u2 þ C,u, _u� P ¼ 0 (5)

Dividing (5) over R,C2 yields

_u2 þ u
R,C

, _u� P
R,C2 ¼ 0; (6)

where P>0 for a charge and P<0 for a discharge. Solving (6) for _u
yields

_u¼ �u
2,R,C

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ 4,P,R

p
2,R,C

(7)

In solving (7), the time, t, needed for the internal voltage to
change from its previous voltage, up, to its final value, given by u,
can be obtained, and is shown in (8). That time depends on the
power given by P and on the resistance and capacitance parameters
of the equivalent cell.

t¼ C
4,P

,

2
4u2 � u2p þ u,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ 4,P,R

p
� up,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2p þ 4,P,R

q

� 4,P,R,ln

0
@up þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2p þ 4,P,R

q
uþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ 4,P,R

p
1
A
3
5 (8)

As can be deduced, an infinite number of RC combinations meet
(8) for specific given values of P and t.
4. RC limit curve: description and calculation

The standard sizing problem regards a SC bank subjected to a
succession of charges and discharges. The power profile can be
always discretized according to a selected sample time, either fix or
variable. Fig. 3 shows an example of a power profile given by P ¼
½P1;P2…;Pn�,t ¼ ½T1;T2…;Tn�.

The maximum and minimum acceptable values of the internal
voltage are required to size the SC bank. The maximum internal
voltage, UMAX , is usually set by the dc-bus voltage, UBUS , and de-
termines the number of series-connected components to be used in
the bank. As for the minimum internal voltage, UMIN , it has to have
a value such the voltage of each cell must be no lower than 50% of
the rating value, USCN , as recommended by the manufacturer. The
typical range of values for USCN is 2.7e3.0 V. From UBUS and USCN ,
the number of series-connected components of the SC bank, nsc , is

nsc ¼ floorðUBUS=USCNÞ: (9)

Therefore, the maximum and minimum values of the internal
voltage that are considered in the sizing process are given by

UMAX ¼nsc,USCN; (10)

UMIN ¼0:5,nsc,USCN: (11)

The stand-by value of the internal voltage U0, is set by the DC/DC
converter and must be calculated by the proposed algorithm
because of its dependence on the power profile. The new value of
the internal voltage, once the time step corresponding to Pi (see
Fig. 3) is completed, is Ui (see Fig. 4). Therefore, there exist nþ 1
internal voltage values within the profile to be determined. In order
to avoid oversizing, two of them, Uh and Uk, should be forced to be
the maximum and minimum voltage values, as seen in Fig. 4.

Equation (8) can be applied to each time interval for both the
charging and the discharging processes,

C
4,Pi

,

2
64U2

I � U2
i�1 þ Ui,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2
i þ 4,Pi,R

q
� Ui�1,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2
i�1 þ 4,Pi,R

q

� 4,Pi,R,ln

0
B@Ui�1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2
i�1 þ 4,Pi,R

q
Ui þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2
i þ 4,Pi,R

q
1
CA
3
75� Ti

¼ 0i ¼ 1;…;n:;

(12)

Equation (12) represents an n-equation and (nþ2)-unknown
system to be solved for different values of R and whose unknowns
are the nþ 1 internal voltages in Fig. 4 and the capacitance, i.e.

8>>>>>><
>>>>>>:

f1ðU0;…;Un;CÞ ¼ 0
«

fiðU0;…;Un;CÞ ¼ 0
«

fnðU0;…;Un;CÞ ¼ 0:

(13)

The two additional equations needed to solve the system in (13)
are obtained by forcing two of the internal voltages, corresponding
to undetermined indexes h and k, to be the limit values,

Uh ¼ UMAX ; (14)

Uk ¼ UMIN (15)

Values of the capacitance pertaining to the RC limit curve can be
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Fig. 4. Internal voltage of the SC bank.
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obtained by solving the system in (13)e(15) for different values of
resistance, R, within the range 0� Rmax. Rmax is the maximum in-
ternal resistance that the SC bank can have to ensure that it is
capable of supplying the maximum discharge power. Notice that
this limit does not apply during the charging process. According to
the Maximum Power Transfer theorem, in order to guarantee the
maximum discharge power, Pmax, even with the minimum internal
voltage, Umin, the internal resistance of the SC bank cannot exceed
the value Rmax. This threshold can be calculated as

Rmax ¼ U2
min

4,Pmax
(16)

Pmax being the absolute value of the maximum discharge power,

Pmax ¼ absðmin½P1; P2…; Pn�Þ (17)

Note that, according to the references assumed in this work,
negative values P stand for discharging powers. Thus, the absolute
value of the minimum of the sequence Pi provides the maximum
value of the discharging power, Pmax. Fig. 5 shows the RC limit curve
which splits the RC-plane into two areas, limiting the range of
acceptable solutions.

In a SC bank whose RC-pair belongs to the acceptable area (see
example in Fig. 5, Ra and Ca), the internal voltage is within the
range imposed by the maximum and minimum limit values. The
C

Cmax
Ca

Cmin
Clim

RRmaxRa0

Forbidden area

Acceptable area

RC limit curve

Fig. 5. RC limit curve.
minimum valid capacitance for the resistance in the example is
given by Clim. Capacitance values lower than Clim lead to internal
voltages in the cells beyond the acceptable limits. Therefore, once
the limit curve is obtained, it is simple to assess the validity of cell
combinations from the point of view of the internal voltage values.
Then, the maximum current in the cells must be assessed to assure
that it complies with the limit recommended by the manufacturer.

The Newton-Raphson method can be efficiently used to solve
the system in (13)e(15). Let ½X�T be the transpose of the column
vector, ½X�, containing the unknowns, i.e, ½X� ¼ ½U0;…; Un; C�. The
values of ½X� can be obtained iteratively from

½X�jþ1 ¼ ½X�j � ½J��1
j ,½F�j (18)

where ½J� is the Jacobian matrix and ½F� is a column vector whose
elements are the n functions in (13) particularized for iteration j,

fiðjÞ
�
U0ðjÞ;…;UnðjÞ;CðjÞ

�
(19)

To determine the starting solution of the iterative method, a
vector, ½Wð0Þ�, containing the energy initially stored by the cells at
the end of each time interval, Wið0Þ, is obtained, ½Wð0Þ� ¼ ½W1ð0Þ;
W2ð0Þ;…;Wnð0Þ�, where

Wið0Þ ¼
Xi

m¼1

Pm,Tm; i ¼ 1; :::;n (20)

If losses are assumed to be negligible, the energy balance for
time interval i yields

1
2
,Cð0Þ,

�
U2
i�1ð0Þ � U2

ið0Þ
�
¼ �Pi,Ti (21)

Since there exist n values of Pi and nþ 2 unknowns (nþ 1
voltages and the capacitance), the following system, with n� 1
equations and without the capacitance, can be obtained by dividing
each equation over the subsequent one,
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U2
i�1ð0Þ �

�
1þ Pi,Ti

Piþ1,Tiþ1

�
,U2

ið0Þ þ
�

Pi,Ti
Piþ1,Tiþ1

�
,U2

iþ1ð0Þ ¼ 0 i

¼ 1; :::;n� 1

(22)

From vector ½Wð0Þ�, indexes h and k, corresponding to the
maximum and minimum voltages, are obtained, the two required
additional equations thus being rendered,

Whð0Þ ¼max
�
W1ð0Þ;…;Wnð0Þ

�
/Uhð0Þ ¼ UMAX ; (23)

Wkð0Þ ¼min
�
W1ð0Þ;…;Wnð0Þ

�
/Ukð0Þ ¼ UMIN: (24)

Once the nþ 1 voltages are obtained, the initial value of the
capacitance can be calculated from (21) by utilizing any of the
intervals,

Cð0Þ ¼
�2,Pi,Ti�

U2
i�1ð0Þ � U2

ið0Þ
� (25)

Once the initial values of all the variables are known, the iter-
ative process can be started. The Jacobian matrix can be expressed
as the combination of three matrices,

½J� ¼

2
64 ½J1�½J2�

½J3�

3
75

Submatrix ½J1� has n rows and nþ 1 columns and is obtained by
deriving each function fi with respect to voltages Ui�1 and Ui at
iteration j,

vfi
vUi�1ðjÞ

¼ � CðjÞ
2,Pi

,

�
Ui�1ðjÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2
i�1ðjÞ þ 4,R,Pi

q �
(26)

vfi
vUiðjÞ

¼ CðjÞ
2,Pi

,

�
UiðjÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2
iðjÞ þ 4,R,Pi

q �
; i ¼ 1; :::; n (27)

Submatrix ½J2� is a column vector with n rows that are obtained
by deriving functions fi with respect to the capacitance,

1
4,Pi

,

2
64U2

i � U2
i�1 þ Ui,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2
i þ 4,Pi,R

q
� Ui�1,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2
i�1 þ 4,Pi,R

q

� 4,Pi,R,Ln

0
B@Ui�1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2
i�1 þ 4,Pi,R

q
Ui þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2
i þ 4,Pi,R

q
1
CA
3
75

(28)

Submatrix ½J3� has two rows and nþ 2 columns, and corresponds
to the derivative of equations 23 and 24 with respect to voltages Uh
and Uk,

½J3� ¼

2
64
0 0 … 0 1|{z}

Index h

0 … 0 0

0 0 … 0 … 0 1|{z}
Index k

… 0

3
75 (29)

The indexes h and k can vary from one iteration to another.
There may be a change in the step of considering the calculation of
Ui without taking into account the resistances with respect to the
case of considering them but, once losses are included in iterations,
those indices will be the same. Once a set of points in the RC limit
curve is obtained by solving the system for various values of R
between 0 and Rmax, the curve can be adjusted by using themethod
of least squares to a polynomic function,

C¼ a0 þ a1,Rþ…þ am,Rm cRεð0;RmaxÞ (30)

A polynomial with a degree of 2 or 3 results in an accurate
adjustment for this application and avoids overfitting issues which
may arise with higher orders. The value of the coefficient a0 cor-
responds to an ideal capacitance, i.e. the capacitance of a lossless SC
(R ¼ 0), that complies with the voltage and power constraints. Any
real design must include a higher capacitance value that the one
imposed by this threshold. A pre-condition to select a feasible
design is to assure that the combination of cells leads to an
equivalent capacitance of the SC bank higher than the ideal one.
Once the number and connection of those cells are obtained, their
equivalent resistance is calculated. Then, it must be verified that the
RC pair is above the limit curve. Otherwise, the number of parallel-
connected cells of each series-connected element can be increased
both to decrease the series resistance and to increase the
capacitance.

Fig. 6 shows the flowchart of the algorithm, where np stands for
the number of points utilized to create the RC limit curve. The value
of np can be arbitrarily chosen by the designer. A higher value of np
increases the accuracy of the curve resulting from the fitting pro-
cess. However, a lower value of np can be used to boost the
execution time of the design algorithm. Input data are the power
and time interval vectors, the dc-bus voltage, the rated voltage of
the capacitance of the selected cells and the number of points of the
RC limit curve, np. The values ε1 and ε2 are thresholds used to stop
the iterative process in the calculation of internal voltages and ca-
pacity, respectively, and can be defined by the user.
5. Case study

In this section, a case study is presented in order to illustrate the
utility and effectiveness of the described method. The sizing of a SC
bank, intended to compensate the power oscillations of an
adjustable speed drive (ASD) guiding an industrial lift, is tackled
here below. A record of the active power absorbed by this facility,
was taken during 17min with a time step of 3 s. Thus, the charging
power vector used as an input to the algorithm includes a total
number, n, of 340 elements. The resulting power profile is shown in
Fig. 7, which allows confirming that the dynamics of the process has
effectively been captured.

The key values of the power profile are highlighted in Table I. If
the SCs bank is in charge of the oscillations in the power of system
B, pBðtÞ, the main source must generate a constant power equal to
the mean value of pBðtÞ, pB, which is 5.25 kW in this case. However,
should the SCs bank were not installed, the main source must
supply up to 28.85 kW, which provokes higher losses and voltage
drops in the network. Moreover, such high power fluctuations in-
crease the network harmonic contents, which can trigger pro-
tections, increase transformer and motor losses, etc.

From the aforementioned record, the power profile to be used in
the design of a SC solution with load leveling purposes, which is
shown in Fig. 8, can be easily obtained. The SC set is connected
directly to the 540 V DC bus of the ASD through a DC-DC bidirec-
tional converter. Thus, according to (2), the power demanded by the
SC set, pðtÞ, follows the oscillations of the load excluding its mean
power, which, on the other hand, is efficiently provided by the grid
on an constant basis.

In the design of the present solution, the SC cells offered by
Maxwell Technologies have been considered [31,32]. These cells
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Fig. 7. Power profile of an industrial lift driven by an ASD, pBðtÞ. The mean value is.pB ¼
5:25kW ¼ pAðtÞ:

Table 1
KEY VALUES OF THE POWER PROFILE OF THE LOAD.

Maximum Minimum Mean

Power (kW) 28.85 �13.31 5.25
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Fig. 8. Power demand profile used for the design of a SC set with load leveling pur-
poses, pðtÞ ¼ pB � pBðtÞ.
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have a rated voltage of 2.7 V. Thus, 200 individual cells or shunt
associations of cells are connected in series leading to a maximum
voltage of 540 V and a minimum voltage of 270 V (in order to
comply with the lowest voltage limit recommendations of the
manufacturer, i.e. 50% of the rated value).

According to Fig. 8, the maximum discharge power to be sup-
plied by the SC set is 23.6 kW. Thus, considering (16), the maximum
acceptable value for the internal resistance of the set, Rmax, results
in 772.25mU. Taking these data as a basis and applying the
algorithm described in Section IV, the internal-resistance/
capacitance (RC) curve, which delimitates the range of acceptable
solutions, is obtained. Before conducting the curve fitting process a
number of discrete solutions, np, equal to 20 are obtained. This
implies solving the problem for 20 resistance values using a step of
DR ¼ 40:52mU. As can be seen in Fig. 9, together with the
constraint imposed by Rmax, those points are capable of character-
izing the RC limit curve in a proper way.

Using curve fitting, the RC curve can be approximated by poly-
nomial equations. Table II shows the parameters of a first degree
and second degree polynomial approximation, together with the
determination coefficient, R2. According to the latter values, both
possibilities are acceptable for the present case.

Once the RC curve is available either in a graphical or mathe-
matical formulation, stating if a specific RC pair complies with the
requirements is straightforward. Furthermore, with the proposed
method the effect of the resistance of connections and wiring can
be easily considered in the design stage. The RC limit curve to use is
the same, since it only takes into account the generic values of the
resistance and capacity of the set. This also allows to verify very
easily if a certain combination of cells is valid at different temper-
atures. Since both R and C vary with temperature, and this variation
is provided by the manufacturer, then it is possible to know if the
chosen RC pair is valid or not. It can happen that a combination
whose RC pair is in the acceptable area at 20 �C, and yet go to the
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Fig. 9. RC curve. Acceptable and forbidden areas for the range of solutions.

Table 2
Curve Fitting parameters and correlation coefficients.

Poly. degree Fitting parameters R2

a0 a1 a2

First 6.3859 3.0934 e 0.9991
Second 6.4282 2.7464 0.4493 0.9999

Table 3
Set of combinations over the RC curve.

Case SC bank

Req (U) Ceq(F)

CLIM1 0 6.428
CLIM2 0.3658 7.495
CLIM3 0.7723 8.818
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forbidden area at �30 �C, due to the increase in internal resistance.
For the present case study, the ideal capacitance of the SC set at

the end of its useful life is 6.4282 F (i.e. one with a negligible in-
ternal resistance). Therefore, each of the series connected elements
should provide 1285.64 F in this ideal case. For a better compre-
hension of the phenomenon, Fig. 10 shows the internal voltage
profile for three different cases located over the RC curve. The
specific values used in those simulations are highlighted in Table III,
and correspond to the ideal case, i.e. Req ¼ 0, CLIM1, a case with an
internal resistance close to the stability limit, CLIM3, and an inter-
mediate value, CLIM2.

In order to obtain the curves shown in Fig. 10, the procedure
shown in Fig. 6 has been used. In the present case, R and C are
already known for each particular combination under analysis. The
internal voltage at the end of each sample, together with the initial
internal voltage (i.e. the stand-by voltage U0), are obtained from the
system of equations described in Section IV. However, a degree of
freedom already exists in this case, as there are nþ 1 unknowns and
only n equations. To turn this undetermined system of equations on
a fully determined one, a sensible choice is to impose that the
resulting curve remains centered, at each iteration, j, within the
acceptable range, i.e.
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Fig. 10. Internal voltage for three borderline combinations. CLIM1: ideal case, CLIM2:
intermediate resistance value, and CLIM3: resistance value close to the stability limit.
UhðjÞþUkðjÞ ¼ UMIN þ UMAX : (31)

For this set of borderline combinations, the maximum and
minimum internal voltage values are exactly met, but never
exceeded. Specifically, the minimum internal voltage is reached at
888 s for the three cases, while the maximum value is reached at
351 s for CLIM1 and at 204 s for CLIM2 and CLIM3. As can be seen in
Fig. 10, each combination has a stand-by voltage, U0, different. If
each curve had started with another value of the initial voltage,
some internal voltages would go beyond the limits.

Most of themanufacturers provide values of the capacitance and
internal resistance of their SC cells at the start of their useful life, CN ,
RN . Thus, in order to guarantee a proper performance of the solu-
tion during its entire lifetime, an estimation of those parameters at
the end of this period, CEOL, REOL becomes mandatory. For the case
under study, the capacitance is expected to suffer a reduction of
20% while the internal resistance an increase of 100%, according to
the manufacturer Maxwell Technologies, [31,32]. These figures can
be slightly different for the cells of other manufacturers, so their
particular specifications should be followed in this calculation.
Table IV shows the specific values of capacitance and internal
resistance for a set of SC cells by Maxwell Technologies ranging
from 25 F to 2000 F, given at 25 �C.

From the data shown in Table IV, some of the possible combi-
nations of cells that may be used in the design of a SC solution for
the application under study can be easily analyzed. Only the pa-
rameters estimated for the end of life of the cells are considered in
the analysis. If the requirements are met in this extreme condition,
a proper performance is assured for the entire lifetime. Obviously,
all the combinations selected for this study shows a capacitance
higher than the one calculated for the ideal case, i.e. 6.4282 F. A
lower value would undoubtedly fail to meet the requirements.
Table V shows six of the possible combinations, C1 to C6, which can
be achieved by using the cells in Table IV. The second column in
Table V states the number of cells in parallel connection used to
build each of the 200 series elements used in the SC solution.
Furthermore, the said column shows the rated capacitance of the
selected cells.

The internal-resistance/capacitance (RC) pairs of the different
combinations are displayed in Fig. 11. As it is straightforward
derived from this figure, combinations C4 and C5 do not comply
with the requirements, despite their capacitance is higher than the
required by the ideal case. Conversely, combinations C1, C2, C3 and
C6 are valid solutions, since all of them lie within the acceptable
area. Notice that C3 is the one with a lower internal resistance, so
this solution provides the best behavior in terms of power losses.

The internal voltage values in the time domain for cases C1, C2
and C4 are depicted in Fig. 12. To obtain them, the system given by
(13) and (31), for a known RC pair, has been solved in the same way
as in the previous example. For the latter case, the internal voltage
of the SC bank clearly exceeds the admissible voltage limits. On the
contrary, C1 and C2 are able to maintain the internal voltage value
within the required acceptable range.

In cases C1 and C2, the resulting selection of the stand-by
voltage leads to the highest security margin, i.e. the probability of



Table 4
SC cell values drift during their lifetime.

Start of life (SOL) End of life (EOL)

CN (F) RN (mU) CEOL (F) REOL(mU)

25 42 20 84
50 20 40 40
100 15 80 30
150 14 120 28
650 0.8 520 1.6
1200 0.58 960 1.16
1500 0.47 1200 0.94
2000 0.35 1600 0.7

Table 5
Cases for the analysis of the design of a SC bank.

Comb. Serial element Individual cell param.
(EOL)

SC bank param.
(EOL)

CEOL (F) REOL(mU) Ceq (F) Req (U)

C1 1� 2000 F 1600 0.70 8.0 0.1400
C2 2� 1200 F 960 1.16 9.6 0.1160
C3 3� 650 F 520 1.60 7.8 0.1067
C4 11� 150 F 120 28 6.6 0.5091
C5 12� 150 F 120 28 7.2 0.4667
C6 13� 150 F 120 28 7.8 0.4308

Fig. 11. RC pairs for six possible combinations of SC cells. Acceptable solutions (green),
invalid solutions (red).
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Fig. 12. Internal voltage value, uðtÞ, for different combinations of SC cells.
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Fig. 13. Current profile for the SC bank designed according to the specifications of case
C1.
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remaining within the limits under a spurious excursion of the po-
wer profile is maximized.

Starting from the internal voltage, the current of the SC bank
can be easily obtained from (4) and (7). In Fig. 13, the current
profile for the case of a valid RC pair such as C1 is shown. The
absolute peak current to be handled by this combination is thus
evaluated in 65.4 A.

In a discharge process, Pi <0, the maximum current will be
given at the end of the interval, Ti, when the internal voltage is
minimum, that is

imax i ¼
�Ui

2,R
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2
i þ 4,Pi,R

q
2,R

: (32)

On the contrary, in a charging process, Pi >0, the maximum
current will occur at the beginning of the interval, and it can be
obtained with Ui-1, instead of Ui in (32).

In order to summarize the results for the six cases specified in
Tables V, VI shows the maximum and minimum internal voltage,
stand-by voltage and absolute peak current, both for the SC bank
and for the individual cells. As a final verification, the designer
should check that the maximum current of the selected cells does
not exceed the recommendation of the manufacturer. This limit is
quite far from the present values for the current case study.

The proposed method also allows a fast assessment of the en-
ergy processes derived from a particular solution. Thus, by simply
applying Joule's Law, the total energy losses caused by the internal
resistance of the proposed SC solution can be evaluated. Through an
energy balance in each time interval, Ti, the energy dissipated in the
internal resistance is easily obtained. In a charging process, Pi >0, it
can be written:

Pi , Ti ¼
1
2
,C,

�
U2
i � U2

i�1

�
þWlosses: (33)

Substituting the value of Ti given by (12), the dissipated energy
is obtained according to the initial and final internal voltages,



Table 6
Main results for the different SC solutions under analysis.

Case Min. voltageUk (V) Max. voltageUh (V) Stand-byU0 (V) Max. current
SC bank (A)

Max. current
Cell (A)

Individual cell current limit (A)

C1 289.82 520.18 463.27 65.40 65.40 1500
C2 309.94 500.00 450.68 64.30 32.15 960
C3 288.59 521.40 462.49 65.68 21.89 680
C4 243.43 566.57 509.25 64.16 5.83 65
C5 258.95 551.05 496.67 64.46 5.37 65
C6 271.75 538.24 486.56 64.54 4.96 65
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Wlosses ¼
C
4
,

2
64U2

i�1 � U2
i þ Ui,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2
i þ 4,Pi,R

q

� Ui�1,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2
i�1 þ 4,Pi,R

q

� 4,Pi,R,Ln

0
B@Ui�1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2
i�1 þ 4,Pi,R

q
Ui þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2
i þ 4,Pi,R

q
1
CA
3
75 (34)

In the discharge process, the formula is the same, changing the
sign of the power. To calculate the efficiency in the charging pro-
cesses, the following expression will be used

hch ¼
Pn

j¼10:5,C,
�
U2
j � U2

j�1

�
Pn

j¼1Pj,Tj
; Pj >0: (35)

In the discharge processes, the efficiency is given by

hdch ¼
Pm

k¼1jPkj,TkPm
k¼10:5,C,

�
U2
k � U2

k�1

�; Pj <0 (36)

Finally, the mean dissipated power of each combination can be
easily calculated with the following expression

Plosses mean ¼
Pn

i¼1Wlosses iPn
i¼1Ti

; (37)

where the term Wlosses i is given by equation (34) for each time, Ti.
All this values are shown in Table VII. Only those combinations
which comply with the constraints of the particular application of
the present case study are displayed in the said table. Thus, case C3
results in the combination with the lowest power losses. This
design is built with series elements formed by 3 cells connected in
parallel, each with a rated capacitance of 650 F. On the opposite
side, case C6, which is built with series elements made up from the
parallel combination of 13 cells of 150 F results in the solution with
the lowest efficiency.

The proposed method gives all the necessary tools to take the
final design decision, which can be finally selected considering
financial concerns (including both the annualized investment and
operational costs from power losses), or even reliability issues
(number of elements in the final set).
Table 7
Losses for the different SC solutions under analysis.

Case Dissipated energy (kJ) Av. power losses (W)

C1 60.3 58.2
C2 50.6 48.9
C3 45.8 44.2
C6 185.6 179.3
6. Advantages of the proposed method

The advantages of the proposed method are summarized as
follows:

1) The method solves the most general case in a simple way, i.e.
when the SC or SCs bank is subjected to a succession of positive or
negative constant power values of any duration. Therefore, any
particular case can be solved with the proposed method just by
modifying the number of values in P, their signs or the duration of
the corresponding time intervals.

2) The method does not provide just one particular solution;
conversely, the method demarcates the area in the RC plane
where the infinite possible solutions fall within, which allows
the designer greater freedom of choice when selecting an RC
pair to meet the system requirements.

3) Themethod does not restrict elements in series to be considered
as just one single cell. Most authors in the bibliography resort to
seeking for RC pairs within those provided by manufacturers of
a specific SC series. In the proposed method, the RC limit curve
depends only on the power profile and the mínimum and
maximum internal voltages. Therefore, once the RC limit curve
has been obtained, different RC pairs from diverse manufac-
turers can be assessed.

4) The method allows the evaluation of the RC pair selected at
different temperatures from the data provided by the
manufacturer.

5) The method enables the assessment of the effect of the increase
in R due to the resistance of cables and connections.

6) The method enables the assessment of any solutions proposed
by other methods just by using the RC limit curve. For instance,
in Ref. [30], a SCs bank subjected to a power profile comprising
three 5-s discharge values, PðWÞ ¼ ½� 105; � 213; � 319�, is
sized.Therefore, TðsÞ ¼ ½5;5;5�. The method in Ref. [30] starts
from Vmax ¼ 16:65 V and the internal voltage is forced not to get
below Vmin ¼ 10 V. The solution proposed in Ref. [30] is a SC
whose parameters are R¼ 0.059U and C¼ 52.6 F. If the RC limit
curve is calculated under these circumstances, the result can be
assimilated to a 3rd-order polynomial, C¼ 5877,3 R3 -
145,39 R2 þ 62,075R þ 35,926. For R ¼ 0.059 U, the capacitance
at the RC limit curve is 40.289 F; therefore, for C ¼ 52.6 F, the RC
pair falls within the acceptable area and, as said in Ref. [30], the
solution is slightly oversized.
Efficiency on charge (%) Efficiency on discharge (%)

99.32 98.86
99.43 99.04
99.48 99.14
98.02 96.48
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7) The method enables the calculation of the stand-by voltage,
which is the target of the so-called peak saving application. In
this application, the value of the stand-by voltage needed for the
SCs to face the power profile while complying with the limits is
calculated along with the RC pair. Apart from considering the
total charged or discharged energy at the SCs, the order inwhich
those charge and discharge processes occur is crucial. For
instance, if all the charge processes occur first, U0 ¼ Umin.
Conversely, if all the discharge processes occur first, U0 ¼ Umax.
Finally, if the charge and discharge processes alternate with
each other, Umin<U0<Umax.
7. Conclusions

In this contribution, a new method for the correct sizing of SC
banks is proposed. A general case is taken as a basis, in which the
power profile is known in advance. This is a common case in
popular SC applications such as those devoted to load leveling or
peak shaving, in which a simple measurement campaign can pro-
vide the required data. The procedure shown is not limited to giving
only one of the infinite possible solutions, as it can be found in the
literature, but it allows to calculate an internal-resistance/
capacitance curve which separates the acceptable set of solutions
from those which are not able to comply with the requirements.
From this RC curve, it is straightforward to check if a specific
combination of real SC cells is suitable for the application of in-
terest. The proposed method is not restricted to the use of single
cells in series combination but to any shunt association. Thus, the
losses from different commercial alternatives can be assessed and a
selection based in financial concerns may be conducted. This pos-
sibility is particularly interesting for high power applications, in
which high capacitance and low internal-resistance series elements
are required. In this case, it is unlikely to succeed in meeting the
needs with the individual elements offered by the marketers;
therefore the use of cells in parallel connection may become
mandatory. In addition, the algorithm allows easily the designer to
check the current values in each section, in order to ensure that the
recommendation of the manufacturer is not exceeded. Further-
more, with the proposed method the effect of the resistance of
connections and wiring can be easily considered in the design
stage, and it is also easy to verify if the chosen combination of cells
is valid at different temperatures.
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