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Abstract: Ultracapacitors are low voltage devices and 
therefore, for practical applications, they need to be used in 
modules of series-connected cells. Because of the inherent 
manufacturing tolerance of the capacitance parameter of 
each cell, and as the maximum voltage value cannot be 
exceeded, the module requires inter-cell voltage 
equalization. If the intended application suffers repeated 
fast charging/discharging cycles, active equalization 
circuits must be rated to full power, and thus the module 
becomes expensive. Previous work shows that a series 
connection of several sets of paralleled ultracapacitors 
minimizes the dispersion of equivalent capacitance values, 
and also the voltage differences between capacitors. Thus 
the overall life expectancy is improved. This paper 
proposes a method to distribute ultracapacitors with a 
number partitioning-based strategy to reduce the dispersion 
between equivalent submodule capacitances. Thereafter, the 
total amount of stored energy and/or the life expectancy of 
the device can be considerably improved. 
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1. Introduction 

Compared with batteries, ultracapacitor modules offer 
higher power densities and cycling capabilities, but lower 
energy densities, so they are preferred when high power 
discharge and/or charge is required [1-6]. Some examples 
of applications are energy recovery systems [1,2], buffering 
of energy source fluctuations [7,8], hybrid vehicles [4,9] 
and others. 

Ageing of the ultracapacitor module, which depends 
mainly on the temperature and voltage level of each cell 
[10], is one of the main concerns of engineers. The ageing 
is manifested by an increment of the Equivalent Series 
Resistance (ESR) and a decrement of the capacitance of the 
cell. Ultracapacitors are low voltage devices, usually below 
3V, and hence they must be serialized up to 50 to 200 
elements, depending on the required nominal voltage [11]. 
Tolerance in capacitive value leads to different voltage 
levels in series-connected capacitors, which results in two 
main undesirable effects [12]. First, the overall voltage 
level is limited to a value below the theoretical maximum 
voltage. Thus, the practical stored energy, which depends 
on the square of the voltage, is smaller than the 
theoretically installed energy. Second, the ageing process is 
accelerated, as it is shown below. 

Fig. 1.a shows an example of two ultracapacitors 
connected in series, with vCi the voltage across the cell, 
ESRi the equivalent series resistance, Phi the power losses at 
each ESRi and Tci the case temperature. Fig. 1.b depicts the 
equivalent thermal circuit of a cell, being Cthi the thermal 
capacitance and Rthca the case to ambient thermal resistance.  
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Fig. 1. Equivalent models: a) equivalent electrical circuit of 
two ultracapacitors connected in series, b) thermal model of 

a cell 
 
The ageing of the capacitance C of any ultracapacitor 

can be generally described by equation (1). It depends on 
the voltage of the cell and on its temperature, and it is 
always negative. 

 

 , 0aC C c

dC
f v T

dt
   (1) 

 
In the same way, the ageing of the ESR depends also on 

the voltage and the temperature of the cell but it is always 
positive, see equation (2).  

 , 0aR C c

dESR
f v T

dt
   (2) 

 
The temperature of any cell Tc depends on the heating 

power generated at the ESR by its own current iC and on the 
ambient temperature Ta, as represented by equation (3). 

 , ,c T a CT f T ESR i  (3) 

 
Fig. 2.a shows the ageing loops between parameters and 

variables. Sloping arrows describe the type of variation that 
the related variable undergoes during the ageing process. 
The capacitance parameter evolves towards smaller values 
and therefore, for a given current profile, the resulting 
voltage increases. Considering that the ageing process 
depends on the voltage value, capacitance reduction is 
accelerated. A similar behavior can be observed when 
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analyzing the evolution of the ESR. For any given current, a 
higher ESR value leads to a higher heating power, which 
generates higher temperatures at the cell, and therefore the 
ESR growth is accelerated. 
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idt
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Fig. 2. Ageing process: a) closed-loop interrelations 
between ageing variables and parameters of a cell, b) 

ageing proces of two ultracapacitors in series with identical 
initial parameters and c) the same as b) but with different 

initial capacitances, C1(0)<C2(0) 
 
Moreover, there is a cross coupling between the 

capacitance degradation and the ESR increment. A higher 
voltage due to a lower capacitance has a negative impact on 
ESR and a higher temperature due to a higher ESR leads to 
a lower capacitance. It can be concluded that the ageing 
process is inherent to any ultracapacitor device and that 
there is no way of avoiding it. The point is that, unless 
some basic precautions are adopted, the ageing process of 
serialized cells can get worse. Let’s analyse the example of 
Fig. 1.a where two ultracapacitors are connected in series. 
Two cases can be studied. In the first case both 
ultracapacitors are identical, and therefore if they handle the 
same current and ambient temperature, their ageing 

processes are identical, see Fig. 2.b. In this figure capacitor 
voltage and temperature curves refer to the maximum 
voltage and temperature values when operating under 
identical charging-discharging cycles. CEOL refers to the 
capacitance value that is considered to be the end-of-life of 
the ultracapacitor. Actually, in a practical case initial ESRs 
do not differ significantly from each other but dispersion in 
capacitance is quite large and falls in the range from 20% to 
30%. Fig. 2.c depicts the case where initial capacitances are 
different, being C1(0)<C2(0). As it can be observed, an 
initial lower capacitance C1 leads to a higher initial voltage 
v1, thus its ageing is boosted and C1 and ESR1 degenerate 
faster than C2 and ESR2. Therefore, initial parameter 
dispersion is amplified during the ageing process, and the 
initially worst suited ultracapacitor goes faster through a 
destructive feedback loop, thus reaching the end of life in a 
relatively short time span. The fast failure of a single cell 
belonging to an all-in-series configuration implies the 
premature end-of-life of the entire module. In order to 
avoid the premature failure of the module, engineers must 
take into account the initial dispersion of capacitances and 
formulate voltage equalization solutions. 

Voltage equalization strategies belong broadly to two 
families: the passive ones and the active ones [11]. Passive 
equalization networks can be built by clamping diodes that 
draw current when the related cell voltage goes above its 
maximum safe value. The main drawback of this strategy is 
that if the module does not operate at its usual maximum 
voltage level, the imbalance in voltage cannot be avoided. 
Thus, this strategy has to be complemented with equalizing 
resistors, which lead to energy consumption and slow 
balancing strategy.  

Active equalization strategies, on the other hand, are 
based on DC/DC converters that can achieve efficient 
energy exchange from most charged capacitors to those 
with lower voltage levels. They are complex and could be 
expensive too, depending on the required equalizing 
dynamics (i.e. power).  

The imbalance problem must be carefully addressed 
during charging processes, although it has no significant 
impact during discharging process. Charging processes are 
of two types: high power processes and low power 
processes. In dealing with a low power charging case, a 
low-power, low-cost equalizing system will be the most 
effective solution. Typical applications are pulsed power 
discharge devices [6], ride through systems [13], wherein 
the energy can be slowly stored and where an abrupt high-
power discharge is often needed. 

On the other hand, in energy recovery applications, such 
as regenerative braking [1,2,4,9], or in pulsed load cycling 
applications [3,5], a high-power charge is required. 
Therefore, a fast voltage rise occurs and the maximum 
permissible level is easily reached. In such fast charging 
and discharging situations, high-power voltage equalizing 
systems, based on active DC/DC power converters, should 
be the solution. But in most cases the required equalizing 
power is equal to that of the installed power, so the device 
cost almost doubles, and the reliability is reduced. 
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This paper addresses this issue and proposes a method 
for ultracapacitor cell-grouping and placement in such a 
way that dispersion of equivalent capacitances is minimized 
and thus intrinsic voltage equalization is achieved avoiding 
the use of extra equalizing electronics 

 
2. Optimal module topology 

Any energy storage system must generally fulfill two 
requirements: (i) a given energy storage capability and (ii) 
the ability to exchange this energy at a given rate, i.e. its 
nominal power [11]. These two figures, together with the 
thermal cycling profile, determine the total number of 
ultracapacitors to be installed, say N. At this point, the 
designer must decide how the cells are distributed, i.e. the 
number of cells in series and/or in parallel and the overall 
voltage. The distribution so chosen directly impacts the 
module reliability, its fault tolerance behavior, the resulting 
voltage balance, and therefore, its ageing [14]. 

The total amount of energy nW  that an ultracapacitor 

can store at nominal voltage nV  is equal to 

 

21

2n nW CV  (4) 

 
For a given power exchange, the current/voltage 

relationship follows the well-known hyperbolic law (5), so 
the lower the module voltage level, the higher the current 
rating would be. 
 

min maxnP V I  (5) 
 

Due to current limitations, nominal power exchange at 
very low voltages is not possible, and consequently, part of 
the energy storage capability cannot be exploited. The 
minimum voltage is typically limited to half the nominal 
value ( nV ), resulting in “usable” energy uW  equal to: 

 
2

21
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u n n
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         
 (6) 

 
That is, 75% of the installed storage capability is 

theoretically available. Considering the typical low nominal 
voltage of ultracapacitor cells, most of the designers try to 
obtain voltage/current levels that are compatible with 
industrial standards by means of a single string of serialized 
ultracapacitors (see Fig. 3.a). 

As the cells are in series, all of them are equally charged 
and therefore their voltage level will depend on their actual 
capacitor value,  
 

i
i

Q
v

C
  (7) 

 
Supposing the “worst” case of only one capacitor with a 

20% lower capacitance, the overall maximum voltage is  

max
max
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0.8n n
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i n
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C C
    (8) 

 
So, the maximum usable energy is 
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and the actual usable energy, compared to the 

theoretical ideal case of (6), is  

0.52u

u

W

W


  (10) 

 

C1

C2

CN

i

v1

vt

+

-

+
-

+
-

v2

vN
+
-

C11 C12 C1m

C21 C22 C2m

Cn1 Cn2 Cnm

submodule 1

submodule 2

submodule n

i

+
-

+
-

+
-

v1

v2

vn

vt

+

-

a) b) 
Fig. 3. Different module topologies: a) series connection of 

N cells and b) first parallel then series configuration 
 
Thus, in the all-in-series configuration of Fig. 3.a, initial 

dispersion of capacitances limits the practical energy 
exchange capability to half the theoretically available one. 
To make things worse, the “bad” cell with a higher voltage 
suffers faster ageing, going through a destructive ageing 
loop. Another known issue of the all-in-series configuration 
is that, as all the cells have the same current, those with the 
higher ESR withstand higher temperatures, undergoing 
accelerated ageing in another destructive loop. 

The work presented in [14] shows that the optimal 
distribution is a combination of n submodules, built by m 
parallel connected ultracapacitors, which are then 
connected in series (see Fig. 3.b). This configuration has 
several advantages in terms of ageing and reliability. 
Considering a capacitance tolerance of C , the equivalent 
capacitance dispersion between the submodules is 
statistically reduced to  
 

eq

C
C

m


   (11) 

 
This means that the voltage differences between 

different submodules are reduced equally, and the ageing 
dispersion is reduced too. In the same way, differences in 
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ESR lead to different currents through paralleled capacitors, 
in such a way that the capacitor with the lowest ESR gets 
higher current and vice versa, thus avoiding the above 
mentioned destructive ageing loop. 
 
 
3. Optimal grouping of ultracapacitors by partitioning 

algorithm 
Previous section identifies the drawbacks of the all-in-

series topology, and recapitulates the optimal topology 
identified in [14]. The advantages of the first-parallel then-
series connection strategy are statistics-dependent and can 
be obtained in whichever way this topology is used. But, 
there is still scope for improving the results, i.e. to 
minimize the dispersion between equivalent capacitance 
values of submodules. This improvement can be achieved 
by simply answering this question: “Considering a module 
built by n submodules in series, being each submodule built 
by m cells in parallel, that is, a population of N n m   
ultracapacitors, and knowing the individual capacitance Ci 
of each cell, is there any grouping method that minimizes 
the dispersion between the equivalent capacitances of each 
submodule?” The work presented herein answers this 
question and confirms that scope for improvement does 
exist. The improved grouping strategy is based on heuristic 
approach, followed by a recursive algorithm, which is 
inspired by number partitioning strategies [15]. 

 
3.1. Heuristic distribution algorithm 

Considering that there are N capacitors to be grouped, 

 1 2, , , NC C C C   (12) 

 
the capacitors are organized in their decreasing order of 

capacitance values, as follows: 

1 2 NC C C    (13) 
 
This set of organized capacitors is on the left side of 

Fig. 4.a. The ultracapacitor module is symbolized by the 
matrix M and it is at the center of Fig. 4.a. It has n files 
corresponding to the n submodules, and m columns related 
to the m capacitors in parallel (see Fig. 3.b). On the right 
side of Fig. 4.a, the array S summarizes the sum of the 
capacitance values of each line (or group or submodule), 
see equation (14): 

1

m

i ij
j

S M


  (14) 
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Fig. 4. Grouping process: a) initial heuristic distribution of 
capacitors and b) flow chart of the recursive distribution 

algorithm. 
 
It is noteworthy that this value has been used during the 

distribution of the capacitors, i.e. even if the module is 
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partially occupied by capacitors, the sum of each group is 
computed and used as the key input during distribution 
steps.  

The initial distribution algorithm starts with placing the 
largest n capacitors in the first column, that is 

1,1 1 2,1 2 n,1, , ... nM C M C M C   . If the dispersion 

between the sums is to be minimized, the next natural step 
is to place the next largest capacitor, i.e. Cn+1, in the group 
with the minimum sum, that is, in the nth group (see Fig. 
4.a). This way, the second column is filled by capacitors 
ranging from C2n down to Cn+1. The next larger capacitor to 
be located is C2n+1, and the strategy to be followed remains 
the same: the capacitor is placed in the group with the 
minimum sum, in this example, the 3rd group. The 
algorithm concludes with placing all the capacitors in the 
module. 

 
3.2. Grouping improvement by number-partitioning based 

algorithm  
The flow chart of Fig. 4.b shows the recursive algorithm 

employed to reduce the dispersion between the sums of the 
groups of capacitors. It is based on number-partitioning 
strategies [15]. First, all the groups are sorted in the 
descending order of sum values, i.e.: 

 

1 2 1... n nS S S S     (15) 
 
Hence, the maximum dispersion between equivalent 

capacitors is the difference between the first and the last 
sums. Therefore, the algorithm must find a capacitor 
permutation that decreases the sum of the first group S1 or 
increases the sum of the last group, Sn. The first loop looks 
for improvement in the first sum. The index of the group to 
permute 1 (igp1) points permanently toward the first group, 
whereas the index of the group to permute 2 (igp2) goes 
through all the groups, from the last one up to the second 
one. Fig. 5.a shows an example of two groups whose 
capacitor-permutations are to be tested.  

Each capacitors of group 1 can be permuted, one-by-
one, with all the capacitors of group 2. Fig. 5.a shows the 
case where the third capacitor of group 1 is permuted by 
capacitors of group 2. The sum of all the capacitors 
distributed within the groups G1 and G2 remains constant: 

 

1 2 1 2
1 1

constant
m m

i i
i i

S S C C
 

      (16) 

 
After each permutation, the resulting sums S1 and S2 are 

computed. Considering equation (16), if one of the sums 
increases, the other one must decrease. This way, after a 
permutation, if the sums of the first and second groups S1 
and S2 become smaller than the maximum of the initial 
sums, then the new maximum equivalent capacitor will 
become smaller, and thus an improvement will be achieved. 

Fig. 5.b shows an example with the sums and dispersion 
values of three different cases. First, the initial sums and 
dispersion values are shown. The maximum initial sum 

(S0max) is computed. In the permutation case (a), the new 
sums are smaller than the initial maximum one, and hence 
smaller dispersion D is achieved. Therefore, the 
permutation must be retained. In the permutation case (b), 
one of the new sums is larger than the maximum initial 
sum, and hence larger dispersion D is obtained. Therefore, 
this permutation must be discarded.  
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Fig. 5. Permuting test procedure: a) example of possible 
permutations between the third capacitor of group 1 and all 
the capacitors of group 2, b) sums (S1, S2) and dispersion 
(D) of the algorithm of Fig. 10 before permutation test 

(initial distribution), and after two permutation examples 
(better new [a] distribution and worse new [b] distribution) 

 
After a successful permutation test, the algorithm stops 

permuting, keeps the new capacitor configuration and 
activates a flag signaling that an improved grouping has 
been identified.  

When the high-level algorithm of Fig. 4.b receives a 
flag signaling improvement, it retains the new module 
configuration, computes the new sums, sorts all the groups 
in descending order of the resulting sums and goes through 
a new interaction process. If interactions with the first 
group (larger sum) do not lead to any improvement, 
interactions with the last group (smaller sum) are tested. In 
this case an improvement is achieved when the new sums 
are larger than the initial smaller sum of the last group. 
Once an improvement is identified, it is retained and, as the 
group composition is modified, the algorithm goes back to 
the starting point of (see Fig. 4.b) and re-evaluates again 
any possible improvement, repeating all the steps explained 
in this section. 

The distribution obtained is considered final, when the 
partition is tested under all possible permutations and it is 
found that no further improvement is possible. It has to be 
pointed out that the proposed algorithm involves 
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unnecessary repetition of some tests; so, it does not offer 
the optimum execution time. But, it is very simple, reliable 
and can be used with any personal computer. Besides, it is 
fast enough for designing any practical ultracapacitor 
module.  

 
4. Examples of partitioning 

In this section, several examples are presented to show 
the advantages of the proposed algorithm. A module of 18 
series-connected groups, each of 3 capacitors, is to be 
designed. There are 54 capacitors (3×18) to be distributed 
in 18 groups. The nominal value of each capacitor is 
Cn=350F with a manufacturing tolerance of +20%, that is, 
the actual capacitance will be always greater than the 
nominal one. Fig. 6.a shows the normally distributed 
capacitance values of the capacitors to be grouped. ¡Error! 
No se encuentra el origen de la referencia.6.b depicts the 
relative deviation from the average value of the equivalent 
capacitance of each group under different grouping 
strategies. 
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Fig. 6. Grouping example: a) normally distributed initial set 
of capacitor values, b) resulting equivalent capacitor values 

of each group under different distribution strategies, 
percentage deviation from the average value 

 
As can be seen, the more elaborate the grouping 

strategy, the lower is the dispersion achieved between the 
equivalent capacitors of different groups. The randomly 
grouped case has a total dispersion of 6.8%, which is close 
to the statistically predicted 6.66% [see equation (11)]. The 
heuristic distribution strategy decreases the dispersion 
down to 1.36%, whereas, when recursive partitioning 
algorithm is used, it decreases to 0.137%, that is, ten times 
better than the previous case. It is obvious that the higher 
the number of capacitors in parallel, the lower the 
dispersion achieved. In this case, with only three capacitors 
in parallel, the proposed algorithm leads to a negligible 
dispersion of 0.137%, thus achieving a remarkable 

matching between serialized submodules. In this example, 
the execution of the distribution algorithm takes only 
80msec (Intel Core 2 Duo CPU E7500 @2.93GHz). 

In order to check whether the initial distribution of 
capacitances has any important impact or not in the results, 
100 cases, with different normally distributed populations, 
are processed. Fig. 7.a summarizes the maximum 
dispersion percentages in all the studied cases. It can be 
seen that the random-type distribution leads to dispersion 
levels of a minimum of 4% and a maximum of 10%, 
average being 6.6%, as predicted. Fig. 7.b shows the 
vertical zoom of both heuristic-type and recursive-type 
results. Heuristically, a maximum dispersion of 2.2% is 
possible, against less than 0.3% by using the proposed 
recursive algorithm. Thanks to the partitioning-based 
algorithm, quasi-identical capacitances are assured among 
different submodules, and thus it is possible to build a 
module that minimizes the voltage equalizing problem. 
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Fig. 7. Maximum dispersion percentage results from a 

broad set of different initial populations. In all cases the 
solid line refers to random grouping, dotted line 

corresponds to the heuristic distribution strategy and dashed 
line comes from the proposed algorithm: a) normally 

distributed 100 initial populations, b) zoom of Fig. 7.a, c) 
randomly distributed 100 initial populations 

 
Though manufacturing processes lead to normally 

distributed parameters, it is also interesting to check the 
behavior of the proposed method with randomly distributed 
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capacitances. Because of that, 100 additional cases of 
randomly distributed populations of capacitances have been 
considered. Fig. 7.c shows the maximum dispersion 
percentage for both heuristic-type and recursive-type cases. 
Heuristically, a maximum dispersion of 1% is possible, 
whereas the number partitioning-based algorithm achieves 
a maximum dispersion below 0.2%. It can be concluded 
that the proposed algorithm, though simple, achieves 
practically negligible levels of dispersion. 
 
5. Impact of partitioning-type distribution on expected 

life 
As has been stated in the introduction, the minimizing 

of capacitance dispersion between series-connected 
submodules leads to intrinsic voltage equalization and thus 
to improvement of overall life expectancy of the module. 
This section shows the expected ageing of different types of 
modules.  

 
5.1. Electrical and thermal models 

Fig. 1.a shows the basic electrical model of the 
ultracapacitor cell. Considering the simulation step (17) 

 

     1t k t k t k     (17) 

 
The voltage at the cell at simulation step k+1 can be 

computed using equation (18) 
 

       
 

1 C
C C

i k t k
V k V k

C k


    (18) 

 
When a given current iC(k) crosses the cell some power is 
lost due to joule effect at its ESR, thus heating the cell by a 
heating power Ph(k) equal to: 
 

      2

h CP k ESR k i k     (19) 

 
A simple thermal model of a cell is shown at Fig. 1.b, 
where Ta is the temperature of the air surrounding the cell, 
Tc represents the cell temperature, Rthca is the thermal 
resistance from the cell case to the air and Cth considers the 
thermal capacitance of the cell. Thus, the cell temperature 
at simulation step k+1 can be computed using equation (20) 
 

     
     

1 c a
c c h

th thca

t k T k T
T k T k P k

C k R

   
    

 
 (20) 

 
The ambient temperature has been kept constant at 

35ºC; so, temperature differences will be only due to 
differences in ESR parameters, which lead to different self-
heating phenomena. Though thermal aspects have 
considerable impact on the ageing of ultracapacitor cells, no 
further discussion on thermal analysis is proposed here as it 
would be beyond the scope of this paper. 

 

 
5.2. Ageing model 

The ageing has been computed using the equivalent 
ageing time proposed in [16]. As it is already known from 
experiments and data provided by manufacturers, under 
constant voltage and temperature operating conditions both 
the capacitance C and the equivalent series resistance ESR 
exhibit a constant degradation rate. This effect can be 
modelled by equations (21) and (22),  

 

      0 1 C eqC k C a t k   (21) 

      0 1 R eqESR k ESR a t k   (22) 

 
where C(k) and ESR(k) stand for capacitance and ESR 
values at simulation step k, C(0) and ESR(0) are their initial 
values and aC and aR represent the ageing coefficients if the 
cell is operated under constant temperature and voltage 
levels, i.e. T=T0 and V=V0, which will be herein denoted as 
the reference conditions, see equations (23)-(24). 
 

0 0@ ,R

ESR
a T T V V

t


  


 (23) 

0 0@ ,C

C
a T T V V

t


  


 (24) 

 
The variable teq(k) represents the equivalent amount of life-
time that has already been used up, that is, if the operation 
conditions are harder than the reference ones then teq(k) > 
t(k), and reciprocally, if the operation conditions are better 
than the reference ones we get teq(k) < t(k). Under constant 
operating conditions the rate of ageing depends, 
exponentially, on the temperature and on the voltage. The 
higher the voltage or the temperature, the higher the ageing, 
i.e. the larger the total amount of life-time that is being 
consumed. This phenomena can be modeled by equation 
(25), 
 

00 V VT T

VT
eq T Vt t c c


  (25) 

 
where cT  and cV are coefficients that are empirically 
obtained through tests when the operation conditions differ 
a givenT and V from the reference conditions T0 and V0  
[16]. The reference conditions are arbitrarily chosen but it 
is a common practice to set them close to the nominal 
voltage and to the maximum operating temperature. 

In practical cases the temperature and voltage of the 
cells are not kept constant so equation (17) cannot be 
directly applied. This problem can be overcome if the 
simulation step is small enough as to consider quasi-
constant temperature T(k) and voltage V(k) values within 
the simulation step T(k). From (25) it is straightforward to 
compute the total amount of life-time teq(k) that is being 
consumed with the simulation step k as: 
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   
    00 V k VT k T

VT
eq T Vt k t k c c


    (26) 

 
Thus the equivalent time teq(k+1) of any cell at the end of 
the simulation step k will be equal to the equivalent time at 
the beginning of the simulation step teq(k) plus the 
equivalent time that has been consumed within the 
simulation step, teq(k), see equation (27). 
 

     1eq eq eqt k t k t k    (27) 

 
The work presented in this paper has been carried out 

using the BCAP350 ultracapacitor from Maxwell 
Technologies, with the ageing parameters of Table 1. 

 
5.3. Ageing results 

Simulations have been run under the MATLAB-
SIMULINK environment. The simulation step is set to 
t(k)=1sec, which is small enough to take into account 
electrical and thermal dynamics but large enough to 
perform practical simulations. Anyway, it has to be pointed 
out that a personal computer (Intel Core 2 Duo CPU E7500 
@2.93GHz) requires more than 8 hours if a period of 800 
days has to be simulated. 

This section shows the expected ageing of three 
modules, built by the same set of ultracapacitors, but with 
different topology or grouping strategy. A total of 54 
ultracapacitors, with the capacitance distribution shown in 
Fig. 6.a, have been considered for this purpose. First, the 
behavior of the all-in-series 54×1 topology has been 
studied. 

Tests conditions have been chosen in such a way that a 
fast ageing is assured. The 54x1 module is charged and 
discharged at a constant power of 2.5kW whit a cycling 
period of 60 seconds. The voltage level of each individual 
cell is monitored and the charging process stops when any 
of them reaches the nominal voltage level Vn=2.7V. The 
discharging process is completed when the voltage of any 
of the cells falls down to the 40% of the nominal voltage, 
i.e. down to 1.08V. The charging process lasts around 22 
seconds, then the module stands during 8 seconds. Next, the 
discharging process takes 22 seconds and after a standby of 
8 seconds, another cycle starts with a charging process. The 
resulting power profile is recorded and used as the power-
requirement when simulating other modules. 

Fig. 8.a shows the evolution of the capacitance 
parameter of each ultracapacitor. As it has been previously 
mentioned, the manufacturer provides a positive +20% 
tolerance range for the capacitance parameter, so initial 
capacitances at t = 0days are above the nominal Cn=350F 
value. Looking at Fig. 8.a it is possible to identify the 
destructive ageing loop: the capacitors with the lower 
capacitance present the fastest ageing processes. In the 
example of the figure the worst capacitor has an initial 
capacitance of C=355F and after 800 days it has fallen 
down to C=283F, a degradation of 72F. Looking at the best 
capacitor, it evolves from 410F down to 391F, losing only 
19F during its ageing. Consequently, the initial dispersion 

of C0=410-355=55F grows up to C=391-283=108F at 
the end of the test, which represents a 30% of the nominal 
value. 

Fig. 8.b shows the percentage deviation of the 
capacitance of each ultracapacitor from its initial value. 
After 800 days of power cycling, one of the capacitors has 
suffered a deterioration of 20%, which is considered the 
end-of-life. This capacitor has suffered the destructive 
ageing loop mentioned earlier. Thus, the entire module 
must be discarded. 

Next, the randomly distributed 18 series of 3 parallel 
ultracapacitors topology (18×3 topology) has been studied 
(see Fig. 8.c). As already reported in the literature [14], the 
statistical minimization of the dispersion between 
equivalent capacitances, plus the current equalization 
through different parallel paths, has been responsible for a 
more homogenous ageing. Thus, after 800 days of 
operation, the worst capacitance degradation is only 10.2% 
of the initial capacitance.  

Finally, the ageing of an 18×3 module, with 
partitioning-based distribution of capacitors, has been 
analysed (see Fig. 8.d). Thanks to the improvement on the 
capacitance dispersion, the ageing is homogeneous, and 
therefore the module reaches an ageing of 8.5% after 800 
days of operation. Note that even an ideal module built by a 
set of ideal capacitors with a 0% of manufacturing tolerance 
suffers an unavoidable ageing of around 8.5%. 

From the point of view of module engineering, the 
proposed distribution strategy avoids ageing acceleration 
due to voltage imbalance and, as all the ultracapacitors 
share almost the same voltage, they can be operated at 
nominal voltages during fast charging processes. It is 
possible to compare the energy storage ability of different 
modules. The theoretical usable energy offered by an ideal 
module built by N cells of Cn capacitance each, evolving 
from Vmin to Vn, is: 

 

 2 2
_ min

1

2Mu th n nW N C V V   (28) 

 
The actual usable energy, WMu can be computed as  
 

 2 2
max min

1

1

2

N

Mu i i i
i

W C V V


   (29) 

 
Due to ageing phenomena, individual capacitance 

values Ci decrease and the dispersion between serialized 
capacitors or submodules increases. The increment of the 
capacitance dispersion implies lower maximum voltages Vi 

max and higher minimum voltages Vi min. Therefore, due to 
ageing phenomena all the parameters involved in equation 
(29) evolves in such a way that the actual usable energy 
WMu decreases. 

It is possible to define the so called “efficiency of use”, 
u , as the relationship between the actually usable energy 
WMu (29) and the total amount of energy WM max (30) that 
theoretically can be stored in an ideal module built by ideal 
capacitors, see equation (31). 
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W
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Fig. 8.e shows the evolution of the efficiency of use of 

the studied modules during the ageing process. The ideal 
module built by ideal capacitors of Cn=350F leads to a 
theoretical and constant efficiency of use of 84%. As actual 
initial values of capacitors are above the nominal one, 
initial efficiency of use of modules are higher than the 
theoretical one. The optimally distributed 18×3 module 
offers an initial 92% efficiency of use, the randomly 
distributed 18×3 module has an initial efficiency of use of 
90% and the all-in-series 54×1 module exhibits the lowest 
initial efficiency of use of 85%. After 800 days of ageing 
the improved 18×3 module has the best figure with an 
efficiency of use of 84%. This means that, thanks to the 
initial positive tolerance (initial capacitances higher than 
the nominal one) and the adequate grouping strategy, the 
improved 18×3 module offers, after more than two years of 
ageing, the equivalent of the initial theoretical efficiency of 
use. The 54×1 module is below the nominal efficiency of 
use after only 80 days, and after 800 days the efficiency of 
use has fallen down to 68%. 
 
5.4. Discussion 

The module building method proposed herein offers 
several advantages and some drawbacks. The main 
advantages are obtained when applied to cases with high-
power charging rates, where it is possible to increment the 
expected life-time of modules that do not include a full-
power active balancing system. This advantage can be 
inversely exploited, that is, given a targeted life-time, a 
more economical version of the module can be built. 
Additionally, full-power voltage equalizing circuits can be 
downgraded or even completely removed. As it has been 
previously pointed out, full-power voltage equalizing 
methods are expensive but are usually required when a 
conventional ultracapacitor module needs to operate up to 
its maximum theoretical usable energy. Thanks to the 
intrinsic voltage equalization achieved, the proposed 
method improves the efficiency of use, maximizing the 
available usable energy. 

If the thermal engineering assures a quasi-homogenous 
ambient temperature surrounding all the cells, the 
dispersion of parameters is negligible and, therefore, no 
voltage-equalizing device is required. If this is not the case 
and ultracapacitor cells withstand important temperature 
differences, parameter dispersion will increase and, 
consequently, an active voltage equalizing device would 
still be required. 

It has to be noted that, in the presence of parameter 
dispersion, if a perfect voltage balance is required, the 
equalizing power must match the nominal charging power. 
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Fig. 8. Ageing results: a) capacitance evolution of the all-

in-series 54×1 configuration, b) per-unit capacitance 
evolution of the all-in-series 54×1 module, c) per-unit 
capacitance evolution of the 18×3 randomly grouped 

topology, d) per-unit capacitance evolution of the 18×3 
module with partitioning-based ultracapacitor distribution 

and e) evolution of the efficiency of use 
 
A downgraded equalizing power leads to imperfect 

voltage equalization; the voltage dispersion level will 
depend on the part of the power that is not equalized and on 
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the capacitance dispersion level. Thus, even in the case that 
a thermal issue generates some parameter dispersion, 
thanks to the proposed method, the resulting efficiency of 
use could be inside the required specifications. If this is not 
the case, a downgraded equalizing system could be enough 
to achieve the desired efficiency of use. 

One of the possible drawbacks of the proposed method 
is that, apparently, it should be more complex and 
expensive to place several cells in parallel instead of a 
single larger cell with an equivalent capacitance. E.g., 
considering the 18×3 module previously studied, built by 
capacitors of 350F, it should be possible to get an 
equivalent 18×1 module built by single 1050F capacitors. 
At first sight, the 18×1 equivalent topology should be 
simpler, cheaper and, as there are fewer elements, more 
reliable. But a thorough analysis shows that actually things 
are not this way: 
 It is true that the manufacturing cost per farad decreases 

when the capacitance increases, but production volume 
must be also considered. The fact is that thanks to a 
larger production volume, ultracapacitors around 310-
350F offers the same cost per farad than larger 
ultracapacitors of around 1500 or 3000F. Actually, 310-
350F ultracapacitors lay in a low-cost niche within the 
ultracapacitors range. 

 In the same way, it is apparently cheaper to connect 
only one large ultracapacitor instead of three or more 
small ones in parallel. But ultracapacitors around 310-
350F can be still soldered to PCBs whereas larger cells 
require screw-bolt connections in complex mechanical 
set-ups, which are more expensive. Additionally, 
voltage monitoring electronics must be added, which is 
simpler and more reliable to achieve in the all-in-one 
PCB topology of small ultracapacitors than in the 
screw-bolt mechanical structure of larger ultracapcitors, 
where multiple signal connectors are required. 

 Considering reliability, it has been already proven [14] 
than the topology adopted herein is more reliable and 
robust against faults than the single string of larger cells 
in series.  
 
The proposed method has some drawbacks related to 

two additional manufacturing steps. First, each single cell 
must be labelled and its capacitance must be measured 
before the module is assembled. Second, cells must be 
inserted according to its optimal position. The individual 
measuring process is the only item that could add a 
significant cost to the overall manufacturing process. As a 
matter of fact, some manufacturers offer measured and 
labelled cells with a cost increment of only 10%, which is 
smaller than the savings achieved by the improvement of 
the efficiency of use and by downgrading or removing the 
active voltage equalizing device. Therefore, the advantages 
of the proposed method prevail.  
 
6. Conclusions 

When an ultracapacitor-based storage module is 
intended for high power-cycling applications, active voltage 
equalizing systems must be rated at full power, and thus the 

module becomes expensive. This paper has shown that an 
alternative method, based on a judicious grouping of the 
capacitors, can be used. Thanks to partitioning-based 
algorithms, it is possible to build an ultracapacitor module 
with several submodules in series, having almost the same 
equivalent capacitance value; in other words, intrinsic 
voltage equalization can be achieved. This improvement 
can be exploited in two ways: First, more energy can be 
stored in the same set of ultracapacitors; second, the overall 
ageing of the module can be improved. The proposed 
method does not add relevant costs but achieves important 
improvements.  
 
References 
[1] E. Oyarbide, I. Elizondo, A. Martinez-Iturbe, C. Bernal,

J. Irisarri, Ultracapacitor-based plug & play energy-
recovery system for elevator retrofit, 2011 IEEE 
International Symposium on Industrial Electronics, June 
2011 Gdansk, Poland, pp: 462-467. 

[2] P. J. Grbovic, P. Delarue, P. Le Moigne, P. 
Bartholomeus, The ultracapacitor-based regenerative 
controlled electric drives with power-smoothing 
capability, IEEE Trans. Industrial Electronics 59 (2012) 
4511-4522 

[3] d. Shin, Y. Kim, Y. Wang, N. Chang, M. Pedram, 
Constant-current regulator-based battery-supercapacitor 
hybrid architecture for high-rate pulsed load 
applications, J. Power Sources 205 (2012) 516-524 

[4] A. Santucci, A. Sorniotti, C. Lekakou, Power Split 
strategies for hybrid energy storage systems for 
vehicular applications, J. Power Sources 258 (2014) 
395-407 

[5] I. J. Cohen, J. P. Kelley, D. A. Wetz, J. Heinzel, 
Evaluation of a hybrid energy storage module for pulsed 
power applications, IEEE Trans. on Plasma Science 42 
(2014) 2948-2955 

[6] M. Ristic, Y. Gryska, J. V. McGinley, V. Yufit, 
Supercapacitor energy storage for magnetic resonance 
imaging systems, IEEE Trans. Industrial Electronics 61 
(2014) 4255-4264 

[7] G.L. Park, A. I. Schäfer, B. S. Richards, Renewable 
energy-powered membrane technology: Supercapacitors 
for buffering resource fluctuations in a wind-powered 
membrane system for brackish water desalination, 
Renewable Energy 50 (2013) 126-135 

[8] B. Hredzak, V. Agelidis, G. Demetriades, Application of 
explicit model predictive control to a hybrid battery 
ultracapcitor power source, J. Power Sources 277 (2015) 
84-94 

[9] M. Ceraolo, G. Lutzemberger, Stationary and on-board 
storage systems to enhance energy and cost efficiency of 
tramways, J. Power Sources 264 (2014) 128-139 

[10] N. Rizoug, P. Bartholomeus, P. Le Moigne, Study of the 
ageing process of a supercapacitor module using direct 
method of characterization, IEEE Trans. Energy 
Conversion 27 (2012) 220-228 

[11] I.D. Oltean, A.M. Matoi, E. Helerea, A Supercapacitor 
Stack-Design and Characteristics, 2010, 12th

International Conference on Optimization of Electrical 



Oyarbide, E., Bernal, C., Molina, P., Jiménez, L. A., Gálvez, R., Martínez, A., Voltage equalization of an 
ultracapacitor module by cell grouping using number partitioning algorithm, JOURNAL OF POWER SOURCES Vol. 
301 p. 113‐121 
 

and Electronic Equipment, OPTIM 2010, 214-219 
[12] O. Bohlen, J. Kowal, and D. U. Sauer, “Ageing 

behaviour of electrochemical double layer capacitors. 
Part II. Lifetime simulation model for dynamic 
applications” J. Power Sources 173 (2007) 626–632. 

[13] Z. Yin, M. Han, Y. Du, Z. Zhang, A practical approach 
for ride through of super capacitor energy storage based 
ASD system, IEEE Transmission and Distribution 
Conference and Exhibition, Dallas, May 2006, pp: 744-
746 

[14] Zhang Enhui, Qi Zhiping and Wei Tongzhen, Research 
on combination of series and parallel with 
Supercapacitor Module, 2010 2nd IEEE International 
Symposium on Power Electronics for Distributed 
Generation Systems, pp: 685-690  

[15] R. E. Korf, Multi-Way Number Partitioning, 
Proceedings of the Twenty-First International Joint
Conference on Artificial Intelligence, IJCAI-09, 
Pasadena, California, 2009, USA, pp. 538-543 

[16] O. Bohlen, J. Kowal, and D. U. Sauer, “Ageing 
behaviour of electrochemical double layer capacitors. 
Part I. Experimental study and ageing model,” J. Power 
Sources 172 (2007) 468–475. 

 


