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Summary
This deliverable contains discussion of mathematical models available for batteries and
supercapacitors (SC), having the main purpose of evaluating the battery State Of Charge
(SOC) and State Of Health (SOH).
Different models, drawn from literature and from direct partners’ experience, are presented
and discussed. Finally, a reference model is chosen both for the battery and the
supercapacitor, with specific attention devoted to the models complying with the
specifications for both storage systems that will be found out by task 3110 (and reported in
deliverable 3100.1).
In the final part of the deliverable, the test matrices needed to obtain the parameters of the
chosen models are detailed.
.
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Nomenclature
1. Acronyms
DC
Direct current; design capacity
FCC full charge capacity
LFP lithium-iron phosphate (a cell chemistry)
MST Multiple-Step test
NCA lithium cobalt aluminium (a cell chemistry)
NMC nickel manganese cobalt (a cell chemistry)
OCV Open-Circuit Voltage
SC
Super-Capacitor
SOC State-of-Charge
SOH State-of-health
2. Other quantities
C
electric capacitance (of the battery or supercap cell equivalent circuit)
Cn
rated battery capacity (e.g. in Ah)
Em Main-branch electromotive force
Im
Main-branch battery current
Ip
Parasitic battery current
K
K-factor for capacitance voltage variation in supercapacitors
Kn
rated value of K-factor
Qe extracted charge
R0
Algebraic battery internal resistance
Ri
(i>0) i-block battery internal resistance
Ci
(i>0) i-block battery internal capacitance
Cn
Nominal capacity (batteries), nominal capacitance (supercapacitors)

inner cell temperature
a
ambient temperature
Voc Open-circuit voltage (similar to OCV)
Zm Main-branch battery internal impedance
Zp
Parasitic-branch battery internal impedance
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Introduction
This deliverable is prepared in the framework of task 3140 of WP 3100, with inputs from the
other tasks of WP 3100.
The DOW programme for this task was as follows:
Arsenal, ENEA, Volvo and UPisa will collect and analyze models for determining SOC (stateof-charge) and SOH (state-of-health) of Li batteries and SC. In addition, mathematical
models will be also looked as optimal control strategies for improving cycle life and safety of
the storage systems. The results of this task will be the definition of a complete set of tests
(test matrices) on cells and/or modules aimed at developing and validating storage system
models and advanced control strategies.
This document follows the pattern indicated by this programme, and first concentrates on
modelling, then on the test matrices required to validate the adopted models, and to find
actual numerical values for the model parameters. It has been decided to use the simplest
versions of the available models, just because in practice it was seen that the higher
complexity implied large management burden while bringing just negligible or little increase
in precision. Indeed when a lot of tests are used to estimate battery parameters, typically at
the end of them the battery has changed its behaviour from the one it had at beginning, and
therefore no increase in precision is obtained.
Inputs from other tasks will be as follows:
from task 3110: detailed specifications of batteries and SCs that are going to be used
from task 3130: input on tests required for SC. Cooperation between task 3130 and 3140 will
be close.

Technical progress
Modelling Li batteries
General
To understand well how to size and manage vehicle lithium batteries, suitable mathematical
models of their behaviour must be available, as well as and techniques to experimentally
evaluate the numerical parameters to be inserted in those models to obtain realistic
reproduction of the battery’s behaviour.
General models, normally are mathematical systems that, when subjected to the actual
battery current and environmental temperature, are able to give as output realistic profiles of
the battery’s voltage, and when subject to the battery voltage (as well as the temperature
again) give as output realistic profiles of the battery’s current.
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Figure 1. Different kinds of models of the battery’s electric behaviour.
(left: battery as black-box; centre: causal models, right: acausal model).
As happens to every system modelling battery modelling can be approached basically in two
ways (fig. 1): causal modelling, that requires to define ahead which is the input and which is
the output and acausal modelling, that defines a set of equations that just describe the
interaction of the battery with the external world [1, 2]. Acausal battery models are usually
expressed in terms of equivalent electrical networks, and have the advantage that, in
simulations as well as at run time, no beforehand choice must be made to what should be
the input and what the output.
The difference in meaning of the arrows reported in the sections of causal and acausal
models (such as reported in fig. 1) is rather obvious, but very important: in causal models,
such as those reported at the centre of figure 1, arrows indicate actual the flows of different
signals; in acausal ones, the arrow reported next to the current indicates just a references to
evaluate the numerical value of the current (that is a positive number when in concordance
with the arrow), just as the polarities give a reference for the evaluation of the actual sign of
the voltage.
This section contains a discussion of the mathematical models available for SOC and SOH
evaluation of lithium batteries, with indication of techniques to evaluate the numerical
parameters to be determined.
Both models that can be found in literature and that are specific know-how of the project
partners will be dealt with.
While, as said earlier, these general- purpose mathematical models can be used to evaluate
the battery performance in on-line and off-line simulators, more specific models, because of
their importance, are needed to estimate the battery’s state Of Charge (SOC) and State Of
Health (SOH).
It often, but not always, happens that SOC estimators are derived for general-purpose
mathematical models, while normally different knowledge is needed to evaluate the battery
SOH, since it implies estimation of modifications of battery behaviour during its life, while
causal and acausal battery models of their electrical behaviour are normally time-invariant.
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For either general purpose, and SOC-specific and SOH specific battery models, it is
mandatory to have at disposal a procedure to determine the model numerical values so that
the model is not just a generic representation of battery’s behaviour, but models the actual
battery considered.
The process can be discussed with reference to fig. 2, that refers, for simplicity just to the
case models of the generic battery electric behaviour (not SOC or SOH specific models).
Parameters

U
Qe

Battery
Model

Identification
algorithm



I

Um

a

Real
Battery

m*

Figure 2. Parameters identification for a model of battery electric behaviour.
Electric behaviour models
A list of recent papers relating to battery electrical modelling is reported in the Reference
chapter. Although this list concentrates to different kinds of lithium-based batteries, some
papers related of other types of batteries (more often the lead-acid ones) are enclosed,
whenever the models present general structures that might be easily enough be adapted to
lithium- batteries (of different kinds).
A lot of the models found in literature are bases to equivalent electrical networks, whose
general structure is of the kind shown in fig. 3.
Im

R0

Zm(s,,S OC)

Ip
Zp (s, ,SOC)

+

I

+
U

+
Em( ,SOC )

Ep (,SOC )

-

Figure 3. A generic electrical network often used to model electrical behaviour of different
kinds of batteries.
In fig. 3 there are:
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 the variable s is the Laplace variable, indicating the dependence of the reported
impedance on frequency.
 the branch, containing the battery electromotive force Em, that represents the main,
reversible reaction of the battery: the charge stored in the battery during the charge
process is the time integral of the current Im entering that branch. This branch is
modelled as an electromotive-force, function of the battery state-of-charge SOC and
the electrolyte temperature supposed uniform) T., in series with an impedance, again
function of SOC and temperature;
 the branch, containing the battery electromotive force Ep, that represents the other,
parasitic reactions inside the battery, that are not associated to the charge
accumulation inside the battery. For instance, for lead-acid batteries, the parasitic
reaction is constituted by the water electrolysis that occurs at the end of the charge
process. This branch also contains an electromotive force in series with an
impedance, in general both function of frequency, SOC, temperature; the diode
indicates that that branch always dissipates power (since Ep is always positive in
value).
In large regions of the battery operating states the parasitic reaction effects can be
neglected. For instance, in the case of lithium batteries it can be neglected during the
discharge process and during the first part of the charge one (for instance, all the models
surveyed in [19] neglect parasitic reaction effects).
For this reason, a simplified model of the kind shown in fig. 4 can be used.
Im

R0

I
+

Zm(s,, SOC)

U
+
Em(,SOC)

-

Figure 4. Simplified battery electric equivalent (neglecting the parasitic reactions).
The model shown in fig. 4Error! Bookmark not defined. can be used for batteries that show
a very high coulombic efficiency: that means that the parasitic reactions have little influence
on the battery behaviour.
If the battery, for a given state-of-charge and temperature, has a linear behaviour, the branch
impedance is a function of the Laplace variable s only. In several battery types, the lithium
battery included, however, more complex modelling is necessary, as will be detailed in the
following.
In case of modelling of the Zm as a function of Laplace variable s very often the dependence
Zm(s) is rendered explicit using networks of parameters depending only on state-of-charge
SOC and temperature T; just to give an example, in [9] the main branch of a Lead-acid
battery model is expressed in terms of resistors and capacitors, as shown in fig. 5.
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Figure 5. Electric network applicable when parasitic reactions are absent (parameters
depend in general on SOC and inner battery temperature).
It must be however said that a large number or Rk-Ck blocks makes it very difficult to evaluate
with experiments the numerical parameters of resistances and capacitances, according to
the scheme of fig. 2. A reasonable compromise between quality of model and ease of usage
is to use n=1, i.e. to adopt for evaluation of the battery electrical behaviour the electric
network shown in fig. 6. The functional dependence of electrical parameters on temperature
and SOC will depend on the particular lithium battery considered and will be inferred as part
of the research, based on experimental evaluation of the considered cells.
C1(SOC, )
Im

R0(SOC,  )

I

I1
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+
Em(SOC, )

+
U
-

Figure 6. Electric network chosen for HCV lithium battery modelling (dependence on SOC, T
and numerical parameters to be determined based on lab tests).

SOC models and evaluation
The State Of Charge of a battery can be estimated based on electrical models, as those
discussed in the previous section, or with ad-hoc techniques.
In principle, the use of a well-tuned equivalent electrical network for a battery gives gratis an
SOC evaluation: is the well-tuned battery model is subject to the current measured on the
actual battery, it reproduces the inner battery behaviour, and the SOC can be simple read in
the model. However this process has a lots of difficulties linked to the very non-linear and
complex behaviour of the battery.
Another very important problem to be tackled is the issuing of a clear definition of “State-ofcharge”.
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Everyone agrees that SOC is an indicator that should be 1 (one) when the battery is full, and
0 (zero) when empty. However, the complexity of battery behaviour renders things more
difficult.
A typical behaviour depicting this difficulties is as follows if a battery:
1. is first discharged at a high rate current (e.g. a current factor I/Cn 1 A/Ah)
2. is then put at rest for a rather long time (e.q. one hour)
3. it is discharged again
in phase 3 it will be able to still deliver non-negligible amounts of energy.
So when a battery is really fully discharged must be defined by convention.
This issue might be treated considering the capacity of a battery, i.e. the charge it can deliver
under given conditions, to be a function of ambient temperature and discharge current time
profile.
To keep things reasonable easy, a lot of studies consider the battery capacity under constant
ambient temperature and discharge current, and consider the capacity itself to be a function
of both:

C  C ( , I )
It is important to note that the battery capacity, i.e. the charge the battery can deliver under
given conditions, is an always decreasing function of the discharge current: the lower the
discharge current, the higher the delivered charge.
As a consequence of all this a SOC definition should be made according to the conditions in
which a battery is supposed to be discharged.
All the SOC definitions can start from the charge a battery is able to deliver under given
conditions, starting from battery fully charged) (cfr. [9, 22]):
t

SOC(t )  1  Qe (t ) / C where Qe (t )   I ( ) d

(1)

0

(the battery is supposed to be full at t=0)
It is observed that for lithium batteries the integral of the battery terminals current I can be
reasonable used instead of the main reaction current Im because the coulombic efficiency of
these batteries is very high and therefore the Ip can be, for simplicity sake, be neglected.
HCV partners are considering the following two definitions, among which they will choose
one to be used onboard the Power Management Module of the future Vehicle prototypes:
definition 1: SOC1  1  Qe / C(0, )
(2.1)
With definition 1 reference is taken to the maximum charge the battery can deliver at
the given ambient temperature,
definition 2: SOC2  1  Qe / C ( I av , )
(2.2)
With definition 2 reference is taken to the charge the battery can deliver at the given
ambient temperature, under given average discharge current.
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It is explicitly noted that definition 2 includes the one used by some authors (e.g. [22]):

SOC  SOC0 

1
Cn



t

t0

 ( I  I p )d

(SOC0 is SOC(t0), Cn is the rated battery capacity)

and is compatible, when coulombic efficiency is set to unity to that from [25]:

SOC  SOC0 

1
Cn

t

 Id
t0

( is the coulombic efficiency)

Usage of integral of the current.
The definition itself of SOC (by means of definitions (1) and (2.x)) gives an immediate hint on
how SOC can be on-line estimated onboard hybrid vehicles:
Simply the battery current I() is measured continuously of time , its integral numerically
computed so that Qe is determined using (1) and correspondingly SOC1 or SOC2 can be
computed from (2).
The problem with the usage of the integral of battery current is that this evaluation is subject
to several causes of errors that accumulate with time (well resumed in [7]):
 noise and errors on the current measurement (including sensor precision, resolution,
Digital-to Analog conversion, rounding errors)
 errors due to numerical integration
 errors due to the non-unity coulombic battery efficiency (i-w the non –zero Ip current in
the above-discussed equivalent battery electrical networks).
Therefore some means must be provided for error correction. Since the SOC is based on an
integral quantity, and errors accumulate with time, error correction can be made also at
discrete times, since between these times it can be assumed that all the causes of errors
have had a negligible effect on the SOC.

Error correction based on a Luenberger state estimator
The availability of a suitable battery model allows a Luenberger state estimator to estimate
the inner battery SOC.
The technique is still to evaluate the extracted charge by integration of the battery current
and correcting the resulting value somehow.
The Luenberger state estimator allows to perform this correction continuously, as the actual
and predicted battery voltages are compared to each other and the resulting error activates a
feedback on the charge computed. Details on this technique can be found in [20].
The principle logic of this SOC evaluation is shown in fig. 7 drawn, with simple graphic
modifications, from [20].
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Figure 7. Principle scheme of a Luenberger battery state observer.
Basic comment: this method, that appeared to be very promising at the time of paper [20], is
not very used and is not quoted in more recent papers.
Probably the reason resides on the difficulty in realising a battery model accurate enough for
this method to give good results.

Error correction based on SOC-OCV relationships
Another way to perform this error compensation, that can be very effective with some lithium
battery types, is the use of a correlation between SOC and Open Circuit Voltage (OCV).
A possible test to evaluate this correlation is shown in fig. 8 which reports actual
experimental data. The battery is first charged (positive current), then subject to partialdischarge – rest phase cycles. At the end of each rest phase the voltage is independent on
previous battery current, and is a good indication of battery state-of-charge.
The test shown in figure is able to give a lot of information on the battery, much more than
only the OCV-Correlation curve. For its importance it is given in this document a name of its
own: it will be called Multiple-Step Test (MST). This test can be performed exactly how is
reproduced in fig. 8, or starting from a fully–discharged battery and using charging current
steps, instead of discharging current steps. Therefore the MST can be charge-based and
discharge –based.
From the knowledge of the current drawn from the battery at each step and the measure of
the corresponding rest voltage, the correlation curve shown in fig. 8 can be derived.
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Figure 9. OCV-SOC correlation for a lithium battery, from results of fig.8 .
When the used battery shows an OCV-SOC correlation of the type shown in figure,
monotonically decreasing this curve is a very effective and simple way to correct the SOC
errors accumulated during current integration.
However, the following issues must be tacked:




some lithium batteries (especially the LiFePO4-based) might show significant
hysteresis phenomena, so that the OCV_SOC correlation curve is significantly
different if the test indicated in fig. 8 is made while charging the battery instead of
discharging
accurate evaluation must be made of the maximum time between two consecutive
error correction actions based on OCV-SOC correlation: this time is typically in the
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hours range, but depends on a lot of details of the actual system (sensor
characteristics, ADC conversion, actual battery current profile, etc.)
Some batteries, however can hardly take advantage of this error-correction method, because
of the shape of their OCV-SOC correlation curve.
A battery from Magna, for instance, a good candidate to be used onboard prototypes, has
the OCV-SOC correlation shown in fig. 10. The following issues make it very difficult to use
this curve for error correction:
 there is a very large zone in which the curve is very flat, showing no OCV variations
over wide SOC ranges
 hysteresis is very marked

For instance, a OCV reading of 3,3 V can well correspond to a SOC of 30 to 65%.
Moreover, as Magna states, the battery should be maintained SOC in the range of 30%-60%,
exactly the zone in which the OCV gives no usable information on SOC:

Figure 10. OCV-SOC correlation curves for some Magna Lithium batteries.
Basic comment: this method is very often quoted in literature and has been successfully
adopted by University of Pisa. However, as already noted, in case the OCV-SOC correlation
is characterised by big hysteresis and large parts of near zero slopes, such that the ones of
fig. 10, this method cannot be applicable, except in cases in which the SOC indication has
interest only in the extremes of its range, i.e. for SOCs near 0 or 1.
In general, LiFePO4 batteries suffer the following drawbacks, which make task of modelling
its SOC more challenging:
(1) a very flat OCV vs. SOC curve for most of the operating window; and
(2) a pronounced hysteresis phenomenon.
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Paper [36] demonstrates use of a very simple battery model to emulate the SOC of a
LiFePO4 battery, even with the above-mentioned drawbacks. This model however operates
at a constant temperature. This model could be used to estimate the SOH accurately.

Other error correction methods
Other methods have been proposed to evaluate the battery SOC, or a combination of SOC
and SOH. these are surveyed in [22]. Mainly they are:
- impedance spectroscopy: the behaviour of the inner impedance has a good correlation
with SOC; this method has been proposed with acceptable accuracies (errors within
5%) for nickel/metal hydride cells. In principle it may be promising also for lithium
cells. The main disadvantage is the impedance curves are strongly influenced by
temperature effects. Therefore the best utilisation of this method is with batteries in
temperature controlled environments.
- internal resistance. This method is related to impedance spectroscopy; the “resistance”
R is conventionally defined as R  U / I , i.e the variation of voltage as
consequence of a current step. This variation is evaluated after a given time after the
step. In case this time is below 10 ms, it might be said that only ohmic part of the inner
impedance is measured, and this differentiates this method from impedance
spectroscopy. This method gives a combination of SOC and SOH, although it has been
used and discussed mainly for lead-acid batteries.
- Kalman filters. Kalman filters can be seen here as algorithms to estimate the inner
states of any dynamic system. Therefore the Kalman filter approach is similar to the
Luenberger state estimator previously discussed. As for the Luenberger case, the
Kalman filter approach requires the availability of a good model of the considered
battery.

Some summarising remarks
The analysis performed in this section of the available methods for SOC determination have
shown that:
 the measure of the charge exchanged by the battery is a parameter that must always
be taken into consideration. It is very simple and cheap to use, and it is particularly
suitable for batteries with very high coulombic efficiencies, such as lithium batteries.
However, it cannot be used without some correction algorithm, since all the causes of
errors accumulate during the battery current integration;
 correction of the Ah-based SOC evaluation can be successfully made with lithium
batteries having modest hysteresis effects and reasonably high OCV–vs– SOC
slopes; in other cases it might only signal big deviations from the central region of
SOCs This method will be called Ah-OCV
 other algorithms, (e.g. internal resistance, impedance spectroscopy, Luenberger and
Kalman state estimators, fuzzy logic or neural network based estimators) are much
more complex to use, but might be necessary in the cases in which the OCV-SOC
curve does not suit the requirements of SOC estimation. One definite drawback is
that they have mainly been studied and experimented for lead-acid batteries, so more
study is needed to use them in a commercial realisation based on lithium batteries.
For HCV the Ah-OCV method is provisionally chosen; in parallel kalman filtering techniques
are taken into consideration. the final choice will depend on the actual lab results on the
cells.
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Estimation of error with the Ah-OCV
In case a OCV-SOC correlation of the type reported in fig. 9 is found, the Ah-based method
would operate satisfactorily due to the sufficiently high slope of the OCV-SOC correlation and
the high coulombic efficiency of lithium batteries.
For this method the main cause of error is due to the integration of current, while the
reliability of SOC-OCV correction is considered to be total.
The Ah evaluation can be made using rather precise current sensors, since only two sensors
are to be provided per vehicle, and therefore their usage will not cause large costs on the
vehicle.
the considered A123 battery is expected to have a maximum current of 200 A; a sensor with
a precision of 0,05% can today be accomplished for DC currents, provided that periodic
offset reset is done. During vehicle operation sensor offset reset can be performed when the
vehicle is stopped, e.g. every night.
Such sensors would therefore have a maximum error on the current measure of 0,1A;
imagining to make the OCV-SOC error correction each 6 hours, the maximum expected SOC
error immediately before the correction would be below 14%. It is not so good, but
acceptable for a hybrid vehicle. After the correction the error should be negligible.
Estimation of the Kalman filter option
In case, however the actual OCV-SOC correlation curves are found to be more problematic
such as that reported in fig 10, the Ah-OCV technique is totally unacceptable and kalman
filtering based ones will be tried. Errors on SOC cannot be estimated by now.
Obviously enough, in case the Kalman filtering technique shows to be able to produce errors
that are below the one estimated using the Ah-OCV technique, or in case the precision is
comparable at lower costs, it could be used even in case of favourable OCV-SOC
correlation.

SOH models and evaluation
Accurate prediction of the remaining battery capacity, as the battery ages with time is one of
the most important requirements for the battery power management module in a HEV. It
must provide an accurate indication to avoid causing irrevocable damage to the battery
through battery overcharging, overheating etc, and to favour planning battery substitution on
time.
However, this task is made difficult with the battery aging dependent upon a number of
factors..
There are different types of cathode materials used for lithium ion batteries –LiCoO2,
LiFePO4 (LFP) or mixed LiNixCoyAlzO2 (NCA), LiNixMnyCozO2 (NMC) etc. Unfortunately, there
is very few literature on State of Health (SOH) of lithium batteries, and lesser for olivine
based lithium batteries, such as LFP, which is one of the batteries under consideration.
These olivine based cathode materials for lithium batteries are more promising instead of
cathodes based on rare-metals or other conventional cathodes in terms of power density,
costs, thermal stability, environmental friendliness and life cycle. However, their energy
density is lower than other Li batteries due to lower operating voltage (2.5 – 3.6V). Another
unusual feature of LFP based electrodes is their constant Open Circuit Voltage, which is
nearly independent of the SOC. In fact, the OCV changes less than 100mV in the range of
20-80% SOC [35].
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Definition of SOH
First of all, it is necessary to clearly define the State of Health (SOH) concept for this
document. Due to aging, the full charge capacity (FCC) may be significantly less than the
design capacity (DC), where DC denotes the FCC of a newly manufactured battery. Then,
SOH is defined as the ratio of FCC of a aged battery to its DC.
There are, however, many factors which are important, when trying to predict SOH or
evaluate it based only on the stress the battery has undergone, including the periods of
charging / discharging, periods of rest, test cycles, ambient temperatures, SOC operation
window etc.
Literature review
Though each Li-ion chemistry may behave differently, there are a few basic phenomena,
which account for the general aging phenomena in Li ion batteries. These are summarised in
Table 1. However, it is mentioned that there are some contradicting properties as well.
Table 1. Li-ion aging effects as reported in literature.
Cathode
LiCoO2 based
NCA
LiFePo4 /
natural graphite

Characteristic
Active lithium loss is the main decay mechanism [33]
Strong increase in cell resistance [33]
Temperature decrease accelerates fading rate [33]
Resistance increases dominate cell aging behaviour [45].
Active lithium loss is the main decay mechanism; but there is a
lack of impedance or low frequency resistance increase.
However, there is a slight increase in high frequency resistance
[43].

Paper [29] validates the relationship between capacity decline and change in impedance at
various frequencies of a battery, and provides the possibility of using a low-cost battery
impedance monitoring device to estimate capacity loss. The model proposed by Rong et al.
[30] is accurate only for fixed average currents drawn by the battery, and hence cannot be
applied for this project.
The majority of the considered papers describe the mechanisms associated with SOC and
SOH variation; some of them, however, namely [26, 30, 39, 41] deal with techniques for online determination of these parameters and thus are more interesting for HCV purposes.
The underlying chemical changes which cause the process of aging have been explained in
[32, 33, 35, 43]. However, these are rather abstract and cannot be formulated directly into
models for SOH of lithium batteries.
Method for determining SOH
As discussed above (in Other error correction methods paragraph), there are two
predominant approaches to estimate the SOH of an olivine based lithium battery:
a. Using battery impedance measurement: ambient temperature affects the battery
impedance, especially at low frequencies. In environments of uncontrolled temperature, the solution is to use high frequency impedance measurement (between 10
and 100 Hz) for determination of the ohmic resistance, or its reciprocal which is the
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conductance. In this frequency range, the influence of temperature is less than 10%
of the absolute impedance/conductance value [42]. At frequencies above 10 Hz, the
impedance parameter is close to the ohmic resistance of the battery cell.
b. using ohmic resistance of a battery: it may be defined as:

IR  V / I

(T  10 ms)

(3)

i.e. if V is instantaneously measured ( T  10ms) , only the ohmic effects are
involved. Preliminary studies in using ohmic resistance to predict SOH have been
successful [26].
The method that will be adopted in the HCV experience will be chosen after analysis of the
experimental results on cells and batteries

Modelling Supercapacitors
General
Supercapacitors store energy in an electrostatic field and are characterized by higher power
and lower energy density than traditional electrochemical batteries. Due to the absence of
electrochemical reactions during the charging and discharging processes, supercapacitors
are suitable for continuous charging and discharging cycles, also characterized by a high
dynamic. A model able to properly represent Supercapacitors behaviour in each conditions,
from dc up to dynamic of several hundreds Hz, is needed.
Models in literature are based on an equivalent electric circuit able to represent the
voltage/current profile when a current/voltage profile is imposed to its terminals. In modelling
two general approaches are followed: one based on means of analysis in time domain [48][54], the other in frequency domain [55]-[57]. The attention has been focused on a model
with the following characteristics:
- to represent the full dynamic of the device;
- a low number of independent parameters easy to determine with simple test or with the
information contained in the manufacture’s datasheet
- the possibility to easy adapt the model according to the dynamic to represent.
Due to the technology and in particular the very limited influence of the temperature on the
electric parameters variation, the estimation of state of charge (SOC) of the device is mainly
related to the voltage across its terminals.
Supercapacitors electric Behaviour models
In the SC Modelling literature survey (see References), the list of current scientific articles
regarding supercapacitor models is reported.
The attention is focused on [55] representing a full frequency range model based on the
Electrochemical Impedance Spectroscopy. As shown in Fig. 11 the frequency response of a
supercapacitor cell at different polarization voltage is reported. It is clear how the internal
resistance and capacitance of the device are dependent on both the polarization voltage and
frequency.

HCV Hybrid Commercial Vehicle – D3100.5, Rev_7

page 19 of 33

__________________________________________________________________________

Figure 11. Frequency response of Maxwell BCAP0010 cell (2700F@2.7V).
Besides this, the effect of charge redistribution and self discharge has to be taken into
account.
The model, able to represent all these effects, is represented in fig.12 [55].

Figure 12. Complete electric model of Supercapacitors.
It consists of three branches: the first branch consists of the series connection of a resistance
Ri, a capacitance C(V), and a series of “n” parallel RC branches representing the transfer
function Zp j ,V  [57]. This branch takes into account the frequency response of the device
in the frequencies ranging from 10-2 to 103 Hz (high frequencies).
Despite of the number of elements, the number of independent parameters of the first branch
is only 3 and in particular:
- Ri is the resistance of the device at high frequencies (several hundred Hz);
- C(V)=C0+K·V is the capacitance of the device at low frequencies (0.01-0.1 Hz) as linear
function of the polarization voltage (C0 and K constant).
- τ(V) is a time constant equal to 3· (Rdc-Ri)·C(V), with Rdc the resistance of the device at
low frequencies (0.01-0.1 Hz).
As shown in [55] and in Supercapacitor test matrices paragraph, all these parameters can be
determined by a simple charging test and by the information contained in manufacturer’s
datasheet.
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For frequencies tending to 10-2 Hz the first branch can be simplified with the electric circuit of
Fig. 13 [55].

Figure 13. First branch model for frequencies tending to 10-2Hz.
In particular the resistance Rdc is equal to the sum of all resistive elements of the first branch
of the complete model of fig. 12. This simplification will be used to determine various
parameters.
The second and third branches take into account the slow dynamics, and they are
represented by a R2-C2 branch and an Rleak branch, both in parallel with the first one. The
second branch takes into account the dynamics of the device for frequencies between 10 -3
and 10-6 Hz that is the redistribution phenomenon, for which the charges of the electrolytic
solution accommodate in the structure of porous carbon after fast charging/discharging.
Finally, the third branch is characterized by the leakage resistance R leak; it accounts the self
discharge phenomenon of the device which effect becomes clear for frequencies below 10 -6
Hz.
These parameters are determined by measuring the voltage profile at the terminals of the
device at open circuit after a fast charge starting from the device fully discharged.
In case of no interest in considering the slow dynamic of the device, the third or second+third
branches of the model can be neglected, that means considering only the first+second or
only the first branch.
SOC of supercapacitors
Based on the absence of electrochemical reaction, evaluation of the State of Charge of
supercapacitor is simpler than an electrochemical battery. The state of charge is mainly
related to the open circuit voltage of the device.
According to the required level of confidence in estimating the available energy stored in a
supercapacitor, two expressions can be used. The first evaluates the stored energy
considering the device characterized by an ideal capacitance of constant value; the second
one, more accurate and in accordance with the reference model previously described,
considers the variation of capacitance according to voltage. In the first case the available
stored energy can be expressed as:

1
Wstored _ 1  C  Voc 2
2

(1)

where:
C:
device capacitance;
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Voc: open circuit voltage of the device.
Considering C=C0+K·V, the expression of the stored energy becomes:

1
1
Wstored _ 2  Co Voc 2  K Voc 3
2
3

(2)

The relative error between the expression (1) and (2) is about 10 %.
Consequently the SOC, as ratio between the stored and the rated energy, can be expressed
as:

SOC _ 1 

C  Voc 2
Cn  Vn 2

(3)

where:
Cn: rated capacitance
Vn: rated voltage

SOC _ 2 

C0 Voc 2 K Voc 3

C0 n Vn 2 K n Vn 3

(4)

where:
Con: rated coefficient C0
Kn: rated coefficient K.
Last two expressions show how the SOC is function of the real capacitance of the device and
the open circuit voltage. In particular the parameters C in (3) or C0 and K in (4) have to be
referred to a nominal value. This is due to a capacitance variation related not to the operative
temperature variation but to ageing factors. As shown in next section and in manufacture’s
datasheets the range variation is within 20% between a new supercapacitor and one at the
end of life.
Over sizing the storage system of a factor 1.2 it is possible neglecting the capacitance
variation during the life of the system, because it’s ensured the rated capacitance value at
the end of life. Consequently it’s possible defining the SOC as:

SOC _ 1* 

Voc 2
Vn 2

(5)

SOC _ 2 

Voc 2 Voc 3

Vn 2 Vn 3

(6)

SOH of supercapacitors
First of all the definition of END OF LIFE is given:
SUPERCAPACITOR END OF LIFE: A supercapacitor module or cell is at the end of life
when one or both two following conditions are verified:
- a capacitance lower than 80% of nominal value
- an internal resistance greater than 200% of nominal value. The state of health of
supercapacitors is related to the operative conditions of use.
The main ageing factors are:
- operative voltage;
- operative temperature;
- cycles number.

HCV Hybrid Commercial Vehicle – D3100.5, Rev_7

page 22 of 33

__________________________________________________________________________
Dimac Red, as project partner, can give the information regarding the expected lifetime using
a Maxwell Technologies property spreadsheet. This information can be matched with the
experimental data collected in the abuse tests.
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Results and discussion
The lithium battery and supercapacitor matrices to be defined are needed for modelling
purpose, and therefore they should be able to reveal all the main aspects of their behaviour.
All the previous paragraphs have shown that these components have non-linear behaviour,
since the battery parameters depend on temperature and state-of-charge, and the supercap
capacitance depend on voltage.
The more effective approach to evaluate the component’s performance in a comprehensive
and effective way, is to submit them to tests that show their linearised performance around
significant points, e.g. at different SOC-temperature combinations, for batteries and different
voltage levels for supercaps.
Since around each point the behaviour is supposed to be linear (i.e. the battery is linearised
around each point), its evaluation can be made in time-domain or Laplace-variable domain:
mathematical treatment of results obtained on any of these two approaches allows building
the corresponding result in the other,
Taking for instance the batteries, good results can be obtained for each temperature from the
test type shown in figure 8, that was called Multiple-Step Test: it is able to show for each
state-of-charge the step response (voltage response to current steps).
From each voltage response a lot of parameters can be inferred (fig. 14).

U0

U1

Voltage

U2
~
I

U4
U3

Current
~t

t

Figure 14. Evaluation of battery parameters from step response.
If, for instance, the battery model shown in fig. 6 is taken as reference:
 the resistance R0 is easily determined at beginning and end of the shown partial
~
~
discharge as R0 beg  U 0  U 2  / I , R0 end  U 4  U 3  / I


the resistance R0+R1 is easily determined at the end of the shown partial discharge as
~
R0end  R1end  U1  U 3  / I i.e. as the ratio of voltage variation to current variation



the electromotive force at the end of the shown partial discharge is Eend  U1

Therefore the lithium battery test matrices are defined according to this procedure, based on
the response of fig. 8.
An additional comment must be made: if the test of the kind reported in fig. 8 is repeated
starting from fully discharged battery and recharging it, the values of the circuit parameters
are different. The differences can be very small (for instance in the case of Nickel-Cobalt-
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Aluminium, or NCA-type lithium batteries) or rather large (for instance in the case of Ironphosphate lithium batteries). This very fact jeopardises the idea behind these tests, that the
battery can be effectively linearised around operating points; however, since this approach is
still considered the only one able to give acceptable results with reasonable testing effort, it is
maintained; however, test of fig. 8 will be performed, for each temperature using both starting
from battery full, and using discharge steps, and starting from battery empty, using charging
steps.

Li battery test matrices
The battery test matrices for modelling purposes are based on the Multiple-Step Test (MST),
as discussed in par 6. Each MST will be performed, both in charge and discharge ad
different temperature. Moreover, they will be basically performed on single cells, to evaluate
actual cell performance, independently on the effects of the Battery Management System
(BMS)
The test matrix is therefore that shown in Table 2.
Table 2. Test matrix at different temperatures for batteries.
temperature/°C
-15
0
20
test
charge-based MST
x
x
x
discharge-based MSTx
x
x

40
x
x

The tests reported in Table 2 will be performed in these cases:
 for 3 different new cells to evaluate not only the cell performance, but also its
statistical spread
 for some (1-3) cells having given fault types inside, such as ion-loss or electrode
active-material loss
 for 3 different old cells to evaluate cell performance and statistical spread for old
batteries.
Normally MST’s will be performed at a unique current, the best candidate being 4,4 A, i.e the
one-hour discharge for the project cell.
However, since the chosen cell will be able to deliver and absorb up to 50 times that value,
for the more common temperature, i.e. 20°C, an additional test at much larger current (e.g.
10 times the current used for the majority of tests) will be made.
Aging of the cells will be done according to the deliverable D.3100.2.

Supercapacitor test matrices
Model parameters identification
The test procedure for the parameters identification consists of two series of test. The first
ones to determine the model parameters of the first branch (Fig. 12), while the second one to
determine the parameters of the second and third branch.

First branch parameters identification
The test consists of a constant current charging test, starting from device fully discharged at
initial voltage of 0V up to the rated value, during which the terminal voltage is measured.
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To determine these parameters is necessary that slowest dynamics (redistribution and self
discharge) can be neglected, that means a charging time lower than 20 s.
Whit this consideration the charging current can be set as:

I ch arg e  Cn

V
t

(7)

where:
Cn: rated capacitance;
ΔV: voltage variation between 0V and nominal voltage
Δt: charging time, equal to 20s.
To identify the charging current in (7) the supercapacitor is considered with an ideal constant
capacitance equal to the rated value (Cn).
By measuring the voltage profile it is possible to obtain the information collected in next
figure:

Figure 15. Supercapacitor terminal voltage charging at constant current.
Considering the equivalent simplified circuit of the first branch of fig. 13, the resistance Rdc
can be calculated as:

Rdc 

Vend of ch arg e

(8)

I ch arg e

that means to consider the terminal voltage drop when the current isswitched off.
Always considering the simplified circuit in Fig. 13, the absorbed current can be written as:

i( t )  ( C0  K V )

dV
dt

(9)

The result of the integration, in case of a constant current charge (Icharge), is the following:

t

C0
I ch arg e

V

1 K
V2
2 I ch arg e

(10)

that is function of the two unknown parameters Co and K. By fitting the measured voltage
profile (net value without the internal resistive voltage drop on Rdc) with the expression in (10)
it’s possible to determine the two coefficients Co and K.
Finally last parameter of the first branch of the complete model (Fig. 12), that is the high
frequency resistance Ri can be determined in two way:
- measuring the supercapacitor impedance at high frequency (100-1000Hz)
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- using the high frequency resistance value contained in manufacturer’s datasheet.
At this point all the parameters of the first branch can be determinate:
- Ri from the information contained in manufacturer’s datasheet
- C(V)=C0+K·V
- τ(V) = 3· (Rdc-Ri)·C(V).

Second branch parameters identification
After charging the supercapacitor with the constant current Icharge up to the nominal voltage
Vn, the charging current is set to 0 and the terminal voltage is measured for a time depending
on the time interval to be modeled.
First the time constant τ2=R2·C2 must be chosen according to the time interval to be modeled.
If the time constant is too small, a good accuracy in the medium term would be reached, but
rough errors would be performed in the long period. Choosing instead a time constant too
high, the exact contrary would happen. For this reason the value must be mediated
opportunely. Assuming the redistribution process of the branch 2 is completed the total
charge supplied to the supercapacitor during charging can be written as:

K

Qtot  I ch arg e  Tch arg e  C2 V2 f   C0  V2 f
2



 V2 f


(11)

where V2f is the final voltage after 3 times τ2. In (11) all quantities are known except C2 that
can be easily determined.
The parameter R2 can be determined as:

R2 

2
C2

(12)

Third branch parameter identification
The third branch parameter, leakage resistance Rleak, can be determined by the information
contained in manufacturer’s datasheet. In particular this value is usually the leakage
resistance estimation considering the voltage discharge within 72h.

Test matrices
With the previous procedure, the parameters identification has to be conducted at different
temperature according to Table 3.
The same procedure can be used both for cell and module.
Table 3. Test matrix at different temperatures for supercapacitors.
temperature/°C test
-40
-20
0
20
40
Cell parameters identification
x
x
x
x
x
Module parameters identification
x
x
x
x
x

60
x
x

The tests reported in Table 3 will be performed in these cases:
 for 3 different cells (BCAP3000P270 that is a 3000F cell at 2.7V) to evaluate not only
the cell performance, but also its statistical spread
 for 1 module (BMOD0063 that is a 63F module at 125V)
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Conclusions
The report allows to characterize the storage systems (lithium battery and supercapacitors)
in terms of electrical characteristics, by using simplified models for each of the two storage
systems: Li cells and supercapacitor cells. This preliminary approach will be further analysed
and developed as part of the modelling activities for energy storage systems in the HCV
project.
The sequence of tests described aims at identifying the electrical parameters of the two
models.
The modelling has the aim of correctly simulating the electrical performances/dynamics of
the two storage devices according to the application. In this way it is possible to integrate
them in a more complex system where more different storage systems and/or different loads
are connected and, consequently, to quantify the benefits in using them.
The models are finally a valid support in the choice of the storage size according to the
wanted electrical vehicle mission.
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