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Long-Term Wide-Temperature Supercapacitor Ragone Plot Based on
Manufacturer Datasheet

N. Reichbach, M. Mellincovsky, M. M. Peretz, and A. Kuperman

Abstract—Methodology for obtaining realistic supercapacitor
(SC) Ragone from manufacturer datasheet only is presented in this
letter, allowing to predict long-term wide-temperature SC power
and energy performance for given terminal voltage limits. Analyti-
cal derivations are based on the simplified RC equivalent SC model,
connected to a constant power element, taking into account man-
ufacturer provided age and temperature parameter dependences.
The main goal of the proposed approach is to allow practical energy
engineer to quickly design a SC pack according to the desired long-
term performance without performing further tests or requesting
additional data. Simulation and experimental results are presented
in order to validate the suggested methodology.

Index Terms—Ragone plot, supercapacitor, temperature and age
dependence.

I. INTRODUCTION

UPERCAPACITOR (SC) sizing is often accomplished ac-
S cording to nominal power and energy densities provided in
the manufacturer’s datasheet. Nevertheless, these values neglect
device internal resistance as well as ageing and temperature
dependences [1]-[4]. Moreover, discharge from rated voltage
down to zero is assumed in nominal datasheet values, which is
practically impossible since in power load applications termi-
nal voltage decrease implies current escalation and must thus
be limited. On the other hand, pushing upper voltage limit to-
wards rated value leads to cycle life deterioration. Consequently,
SC is usually cycled between two voltage levels, set according
to these trade-offs, hence energy and power capabilities of the
device must be calculated accordingly. This letter presents a
methodology of creating realistic SC Ragone plots [5] based
on manufacturer provided datasheet taking into account device
losses as well as temperature and age dependences without con-
sidering transient phenomena such as the decay voltage asso-
ciated to the self-discharge and redistribution, making possible
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Fig. 1. SC connected to a power load.

to predict long-term, wide temperature range power and energy
capabilities of a SC for given terminal voltage limits.

II. METHODOLOGY

Consider a SC equivalent circuit, consisting of equivalent ca-
pacitance C and equivalent series resistance (ESR) R, connected
to a positive constant power load P (cf., Fig. 1). Denote initial in-
ternal capacitance voltage as v (07) = Vj. Assuming that the
device is resting prior to connection to the constant power load
at t = 0, initial terminal and internal capacitance voltages are
equal, i.e., v (07) = Vj. The discharge time is then given by [6]

t=C@2P)" (V2 =v*(t)) + RCIn (Vi 'o(®), (1)

where
Vi = ve(07) = 0.5V, (1 +1/1—4RP (1/0)2> 2)

is the SC terminal voltage after the constant power load P
was applied (note that internal capacitance voltage remains
unchanged, ve (07) = ve (07)). The energy delivered to the
load can then be expressed as

E(t)= P-t=05C (V{ —*(t))
— PRCIn (Viv™'(1)) . 3)

In general, initial SC voltage V) must be equal to or lower than
manufacturer declared rated voltage Vi and may consequently
be symbolized as

Vo =pVr “)

with 0 < 3 < 1. On the other hand, designating lower SC ter-
minal voltage limit as

Vo = aVy = afBVi )

0885-8969 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 31, NO. 1, MARCH 2016

with 0 < a < 1, the energy delivered to the load a constant rate
of P while swinging the SC terminal voltage from V|, down to
Vs is given by

2
4RP
(1—1— 1-— ﬁQ_VJ%) —a’ BV

1 / 4RP

The maximum value of constant power load that a SC is
capable of supplying is limited by initial and final capacitor
voltage. For a > 0.5, the power capability is limited by [1]

Piax” = R (1-a) Vg, ()

o C 52‘/2
E(P)oit, = 5 | ="

If P = Pyax is applied, the terminal voltage would instan-
taneously drop to V; = V5 and no energy would be delivered
to the load. Theoretical global maximum power is obtained for
a = 0.5as

Pin%’ = (4R)' V3, (8)

instantaneously dropping terminal voltage from SV down to
% (BVr, which is the highest possible initial voltage drop. Note
maximum power capability provided by the manufacturers (so-
called matched impedance power) is usually calculated accord-
ing to (8) with =1 and hence has no practical use. For
a < 0.5, the maximum power is given by

Piix’ = R e’ Vi, ©9)

Nevertheless, since maximum initial voltage drop is limited by
0.5 VR, incase of @ < 0.5 drawing maximum power necessary
implies energy delivery.

For a given rated voltage, E—P relation (6) depends on «, 3,
C and R. The former two are selected by the designer according
to application and energy-cycle life trade-off (increasing up-
per voltage limit shortens SC life while increasing its energy
density). On the other hand, device capacitance and ESR are
temperature and age dependent. These dependences (either es-
timated or manufacturer provided) should be combined with (6)
in order to obtain a long term, wide-temperature range Ragone
plot in order to provide the full picture of SC expected perfor-
mance. In general, power and energy performance of a SC at
beginning of life (BOL) would be higher than of a device at end
of life. Similar conclusions may be drawn when comparing hot
and cold temperature operations.

III. EXAMPLE

Consider a 16.2 'V, 61 F, 20 m{2 SC, operated with 3 = 0.926
and o = 0.5, i.e., cycled from V; = 15 V.downto Vj = 7.5 V.
Matched impedance power of the device is then 2813 W. As-
suming Maxwell-provided capacitance and ESR dependence on
cycle life and temperature (see [1, Figs. 11 and 12]), three-
dimensional (3-D) Ragone plot, shown in Fig. 2, may be
constructed, where each surface corresponds to a specific tem-
perature (0 and —40 °C are shown; note that temperatures above
0 °C has negligible influence on device parameters). Alterna-
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Fig.2. Three-dimensional Ragone plot for different age and temperature con-
ditions.
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Fig. 3.  Two-dimensional Ragone plot for different age and temperature con-
ditions.
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Fig. 4. Theoretical versus experimental Ragone plots at BOL, 25 °C.

tively, classic 2-D structure may be preserved while demonstrat-
ing a family of plots for each specific temperature, see Fig. 3.
In order to validate the presented methodology,a 16.2'V,630 g
BMODO0058-E016-B02 Maxwell SC at BOL with rated capac-
itance and ESR of 58 F and 22 m(2, respectively, was used in
the experiments. The device was discharged at several constant
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power rates (80-800 W range) from 15 down to 7.5 V (similar to
the example above), at room temperature (circa 25 °C). Actual
device capacitance and ESR were estimated prior to constant
power discharge experiments as 61 F and 20 m(2, respectively,
by several charge-discharge tests. This should not be surprising
since exploring the device datasheet reveals that parameter tol-
erances are given in —0%/4-20% range, hence the inaccuracy is
acceptable [1]. The results are summarized in Fig. 4 along with
theoretically estimated outcomes, calculated according to actual
and rated SC parameters, respectively. As expected, experimen-
tal results overlap with actual parameters-related theoretically
estimated Ragone plot and demonstrate performance superior-
ity over rated parameters-related theoretically estimated Ragone
plot. Consequently, rated-parameters related results may be con-
sidered as the worst case to be expected.

IV. CONCLUSION

Methodology of creating SC Ragone plots based on manufac-
turer datasheet was proposed, taking into account device losses
as well as temperature and age dependent parameter variations.
The approach allows predicting long-term wide temperature
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range power and energy performance of SC cycled between
certain terminal voltage limits.
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