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Abstract—To obtain a full exploitation of battery potential in en-
ergy storage applications, an accurate modeling of electrochemical
batteries is needed. In real terms, an accurate knowledge of state
of charge (SOC) and state of health (SOH) of the battery pack is
needed to allow a precise design of the control algorithms for en-
ergy storage systems (ESSs). Initially, a review of effective methods
for SOC and SOH assessment has been performed with the aim
to analyze pros and cons of standard methods. Then, as the trade-
off between accuracy and complexity of the model is the major
concern, a novel technique for SOC and SOH estimation has been
proposed. It is based on the development of a battery circuit model
and on a procedure for setting the model parameters. Such a pro-
cedure performs a real-time comparison between measured and
calculated values of the battery voltage while a PI-based observer
is used to provide the SOC and SOH actual values. This ensures a
good accuracy in a wide range of operating conditions. Moreover, a
simple start-up identification process is required based on battery
data-sheet exploitation. Because of the low computational burden
of the whole algorithm, it can be easily implemented in low-cost
control units. An experimental comparison between SOC and SOH
estimation performed by suggested and standard methods is able
to confirm the consistency of the proposed approach.

Index Terms—Adaptive algorithms, energy storage systems
modeling, runtime model, state of charge, state of health.

NOMENCLATURE

BMS Battery management system.
Cn Rated capacity (Ah).
C1 Nominal capacity, discharge time 1 h (Ah).
C20 nominal capacity, discharge time 20 h (Ah).
Q Coulomb charge (As).
EKF Extended Kalman filter.
v(t) Measured battery voltage (V).
i(t) Battery current (A), positive during discharge.
T Temperature (°C).
VRLA Valve-regulated lead acid battery.
Li-ion Lithium ions battery.
Ni-MH Nickel metal hydride.
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I. INTRODUCTION

IN recent years, addressing smart-grid applications such as
renewable energy power plants and plug-in electric vehicles,

energy storage system (ESS) based on electrochemical batteries
have been extensively studied and used, playing a key role in
resources exploitation as well as energy consumption optimiza-
tion [1], [2].

Availability of an accurate model of ESS is essential for con-
trol strategy optimization in power electronics systems. This
is also aimed at obtaining the maximum energy recovery and
extend battery lifetime. The ESS operation can be modeled in
many different ways: a first important category is represented
by electrochemical models using the equations governing the
physicochemical phenomena occurring in a battery [3], [4]. The
implementation of these models involves a specialized knowl-
edge on electrochemistry, hence their exploitation in the field
of electrical and electronics engineering is rare. Instead, the
models based on equivalent electrical circuit become the most
suitable choice because of their simple implementation in popu-
lar simulation tools. Also, they can be easily integrated in control
algorithms of battery management systems (BMS).

To properly describe ESS operations, a consistent number of
suitable equivalent electrical circuits have been reported in lit-
erature [5]–[8]. In general, the basic battery models are based
on the connection in series of a constant voltage generator and a
resistor [6], [7], [9], [10]. The generator represents the no-load
voltage E0 , i.e., the electrical potential at battery terminals with-
out load, while the resistor takes into account the voltage drop
related to internal and terminals resistance. The approaches of
Sheperd, Unnewehr, and Nernst improve the voltage value pre-
diction provided by the previous simple models by adding one
or more controlled voltage sources set by state-of-charge (SOC)
values [5], [11]–[13]. In the so-called “RC linear models,” series
RC elements are added in the circuit to better track voltage tran-
sients during current steps [5], [7], [9], [11], [14]–[18]. These
models also reproduce the dependency of E0 from the SOC of
the battery. In parameter-varying models, more complex circuits
are introduced in order to obtain a good accuracy both in dy-
namic conditions and for battery operation in the long term [7],
[9], [19]–[29]. In such a case, the values assigned to some of the
circuit parameters cannot be considered as constants since they
depend on the actual SOC and state of health (SOH) and on the
external conditions such as imposed current rate, working tem-
perature, and so on. Other more sophisticated models are used
to reproduce the ESS operation in particular applications (e.g.,
charge of lead-acid batteries in stand-alone photovoltaic plants)
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or specific phenomena (e.g., temperature effect) and therefore
their use is limited to specific cases [10], [30]–[33].

According to the previous analysis, the accurate estimation
of SOC and SOH is a key issue to properly reproduce ESS
operation. In the aforementioned demanding applications where
ESS nonlinearity becomes relevant, the current counting method
used as standard algorithm to estimate SOC shows significant
limits [10], [38]–[40]:

1) accurate knowledge of initial value of SOC and actual
capacity are needed;

2) measurement errors lead to wrong estimation due to the
integral calculation;

3) current acquisition must be performed continuously.
In order to overcome such drawbacks, alternative and more

advanced methods have been proposed and some of them also
perform a continuous SOH estimation [39], [40]. Basically, full
discharge test methods described in [39], [41], and [42] are nor-
mally used to estimate the SOC and SOH of a ESS by forcing
a full discharge while the charge is counted until the battery
terminal voltage reaches the “end of discharge voltage” value
provided by the manufacturer. The current shall be maintained
at a constant value during the discharge. To properly operate the
procedure, the battery must be fully charged before the test and
a temperature compensation technique is required. Open circuit
voltage methods are based on the measurement of no-load curve
SOC(E0) that can be defined for each ESS. The main drawback
is represented by the long period of time necessary to reach
the final relaxation voltage E0 after a charge or discharge [17],
[40], [43], [44]. An improvement can be obtained by exploiting
terminal voltage analysis methods, which analyze the voltage
waveform in both charge and discharge operations, i.e., these
kind of methods can be easily implemented online [40], [45],
[46]. In such circumstances, the accuracy is strongly affected by
the current rate (e.g., Peukert effect) and environmental condi-
tions (e.g., working temperature).

Impedance methods are based on a different approach because
ESS models work with internal impedance at different frequen-
cies identified by analyzing the response to the pulsed current
test [31], [39], [40], [46]–[48]. This class of methods ensures
good accuracy, but it can often be too sensitive to measurement
noise. More advanced methods have been developed from evo-
lutionary computing including genetic algorithms, neural net-
works, fuzzy logic, and so on [3], [40], [48]. In such an instance,
great accuracy can be obtained only if a big computational bur-
den can be accepted. A significant reduction in the amount of
training data can be obtained by applying current pulse response
methods [38], [49]. These perform the SOC and SOH estima-
tion from the analysis of the terminal voltage waveform when
ESS is forced by a predefined low-frequency pulsed current. The
implementation of these methods requires some preliminary ex-
perimental tests necessary to map the expected ESS behavior.
In doing so, the accuracy strongly decreases if actual operat-
ing points differ from the predefined ones. The methods based
on Kalman Filter and observers (sliding-mode observer, Luen-
berger observer, PI-based observer, etc.) represent other classes
suitable for accurate ESS estimation. Their implementation can
be easily matched with parameter-varying circuit models with

a significant noise rejection [26]–[29], [50]–[56]. In several ap-
plications, observer-based methods can ensure good precision
and an acceptable computational burden. Finally, another class
represented by hybrid methods properly merges the previous
methods while overcoming their limitations, especially during
prolonged ESS operation [57]–[60].

It is important to consider that neither models nor methods
are able to fulfill the performance required by demanding ap-
plications. Therefore, the selection of the appropriate algorithm
is up to the designer, mainly depending on his or her knowl-
edge of the addressed application. To this aim, the information
provided earlier can help in choosing the best approach. Among
circuit models, the runtime-based ones classified into parameter-
varying models category can be considered a good compromise
between performance and complexity [61].

Starting from such a category, a novel SOC and SOH estima-
tion method has been developed. In particular, the combination
of a modified version of the circuit model described in [21] and
a PI-based observer approach is used to correctly estimate bat-
tery dynamic as well as SOC and SOH. The result is a flexible
method able to ensure a good accuracy with a low compu-
tational burden, allowing its easy implementation in low-cost
control units. Furthermore, the proposed method requires some
preliminary operations for model initialization, based on simple
measurements.

PI controllers are used in the observers as an effective solu-
tion to yield the estimation method suitable for several battery
technologies and applications by means of a simple PI tuning
procedure. Effective examples of PI-based observers used in
ESS state estimation are in [54] and [55]. In [54], battery is
modeled by the Thevenin equivalent circuit described in [7],
[9], and [11]. This kind of model allows for simple implemen-
tation but can lead to large errors if the operating conditions
differ from the rated ones. A single RC network is included
to track dynamic behavior, i.e., ESS can be properly modeled
only within a limited frequency range. No information about
actual SOH is available. In [55], the proposed SOC estimation
method is a combination of an open-loop current integrator and
a PI-based observer. It also uses a drifting current corrector to
restrain the influence of the drifting current. In several cases,
due to the mixed methods, the implementation of the entire al-
gorithm could be too expensive from a computational point of
view. Again, no information about SOH is provided.

Finally, the main difference between the algorithm proposed
in this paper and other works in literature including PIs, is the
exploitation of an advanced parameter-varying circuit model
whose parameters are tuned in real time by the proposed PI-
based observer. The analysis of circuit parameters variation
during battery operation leads to SOC and SOH simultaneous
estimation by means of simple formulas. This is also the case in
variable working conditions.

II. MODEL-BASED ESTIMATION OF SOC AND SOH

The proposed battery model, shown in Fig. 1, is derived from
the circuit model described in [21]. An additional resistive ele-
ment Rcap has been connected in series with Ccap . The voltage
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Fig. 1. Proposed circuit model.

drop associated to Rcap allows to better represent the reduction
of the ESS capacity at high currents, known as Peukert effect
[35]. Moreover, to take into account the variation of internal re-
sistance with actual SOC, Ri value is related to the voltage VSOC
[9], [37]. The voltage VSOC is the SOC value expressed in terms
of voltage variation at the terminals of the series Ccap − Rcap ,
multiplied by a factor 100.

The parameters Rts , Cts , Rtl , and Ctl are used to describe the
ESS dynamic behavior. Their values can be easily determined,
as described in [16], by performing simple preliminary tests and
then by analyzing the voltage waveform during current steps.
The modification of the value of these parameters during battery
operation can be often neglected. This assumption leads to sig-
nificant model complexity reduction while maintaining good ac-
curacy. Whenever the operating conditions of ESS considerably
differ from the rated ones, the tuning of the circuit parameters
can be easily performed as described in [16] and [21]. The circuit
model can be simulated by considering its state-space represen-
tation where the capacitors voltages vC t s , vC t l , and vcap are the
state variables, as in (1). The current and terminal voltage are
considered the input and output variables, respectively

⎡
⎢⎢⎣
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where

A33 = − 1
Ccap (Rsd − Rcap)

B31 =
Rsd

Ccap(Rsd − Rcap)

C13 = m

(
Rsd

Rsd − Rcap

)
D = −Ri − RcapC13

E0 = m · VSOC + n. (2)

Fig. 2. Proposed real-time SOC and SOH estimation scheme.

The constants m and n are used for linear approxima-
tion of E0 (VSOC ), as well as E0(SOC) relationship. Such
an assumption can be coarse for some kind of Li-ion batter-
ies [43], [60]. In such a case, different curve-fitting methods
or polynomial expressions can be used [54]. Transfer func-
tion G(s) of the aforementioned representation in s-domain is
given by

G(s) =
num(s)
den(s)

+ D

num(s) = num1(s) + num2(s) + num3(s)

den(s) =
(

s +
1

RtsCts

)(
s +

1
RtlCtl

)
(s − A33) (3)

where

num1(s) = − 1
Cts

(
s +

1
RtlCtl

)
(s − A33)

num2(s) = − 1
Ctl

(
s +

1
RtsCts

)
(s − A33)

num3(s) = C13B31

(
s +

1
RtsCts

)(
s +

1
RtlCtl

)
. (4)

SOC and SOH are evaluated by using the PI-based estimation
scheme shown in Fig. 2 that includes the circuit model of Fig. 1.
During the operation of the ESS, the algorithm acquires voltage
v(t) and current i(t). Then, v(t) is compared to the value pro-
vided by the circuit model vmodel(t) and amplified by the PI1
controller, providing a correction term ΔE0 , which is used to es-
timate the no-load voltage E0 . This quantity is used to estimate
the SOC by using the relationship SOC(E0), usually provided by
data sheets. If the actual working temperature is quite different
from the expected one, it is recommended to define SOC(E0)
curves at different temperatures [54], [60]. In practice, these
curves can be included in SOC(E0) block in Fig. 2, by using
a look-up table with two inputs E0 and T. Therefore, SOC(E0)
is compared to the value obtained by the charge counting rela-
tionship (5), the error is amplified by the PI2 controller and the
output ΔVRi

is used as a correction factor of the model output
during charge and discharge (not-zero current operation). ΔVRi

represents the increment of the internal resistance Ri at low
SOC values [9], [37]

SOC(t) = SOC(t0) −
1

Ccap
·
∫ t

t0

i(t)dt. (5)
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Fig. 3. Identification of voltage drop ΔE0 due to a pulsed discharge.

In the proposed method, Ccap is continuously updated and
its actual value is provided by the block Ccap tuning of Fig. 2.
From the basic formulation of the electrical capacitance, Ccap
is generally expressed in (6) where the charge Q and the no-load
voltage drop ΔE0 , related to VSOC by (2), are evaluated during
a single or a sequence of charge–discharge operations. Also, in
(6), SOH calculation is expressed as the ratio of the actual Ccap
to the rated capacity Cn

Ccap = f [Q(i(t)),ΔE0(t)]SOH =
Ccap

Cn
. (6)

More precisely, Ccap value can be calculated as the ratio of
the charge Q removed (stored) during a discharge (recharge) to
the variation of voltage VSOC(t), related to E0 by (2), caused by
the discharge (recharge) [18], [27]. Although Q can be simply
calculated from (7), being the time integral of the current dur-
ing a period t = [t1 , t2 ],ΔE0(t) cannot be evaluated by simply
measuring v(t) due to its large relaxation time, as shown in Fig. 3

Q[t1 ,t2 ] =
∫ t2

t1

i(t)dt. (7)

As the proposed method solves this problem by performing a
continuous estimation of E0 , related to VSOC by (2), even during
charge or discharge of the ESS, Ccap can be estimated in real
time with no delay using (8)

Ccap =
Q[t1 ,t2 ]

VSOC ,t1 − VSOC ,t2

=
m · Q[t1 ,t2 ]

E0,t1 − E0,t2

. (8)

Whenever the proposed scheme is applied, ESS state is up-
dated in terms of SOC and SOH estimation while the parameters
of the equivalent circuit are properly settled. In order to increase
the estimation accuracy, data from several discharge operations
are averaged.

Preliminary coarse tuning for PI controllers can be achieved
in a simple but effective way by exploiting the transfer func-
tion of the estimation scheme and alternatively considering two
subsystems, each one related to a single PI controller. Suitable
approximations can be considered, such as:

1) analysis is performed on fixed operating points; conse-
quently, some variables and circuit parameters are as-
sumed as constants;

2) due to the previous statement and from appropriate selec-
tion of control variables and input for subsystems, recip-
rocal interaction between controllers can be neglected;

3) subsystems transfer functions can be simplified in case of
dominant poles;

4) closed-loop subsystems can be approximated with
second-order transfer functions.

Tuning procedure is performed by using an analytical ap-
proach. Accordingly, PI gains are calculated in order to obtain
specific closed-loop subsystem poles. Optimal position of these
poles, named pa and pb , is calculated from design requirements
assigned to voltage waveform during transients.

Referring to PI1 and its closed-loop subsystem, E0(SOC)
represents the control variable while its dynamics is mainly
affected by Ccap , Rcap , and Rsd parameters related to VSOC
variation. The closed-loop transfer function is given by (9) where
Gc1 is referred to the PI controller, Gss1 is the plant transfer
function derived from the circuit model taking into account the
approximations mentioned earlier

Gcl1 =
Gc1Gss1

1 + Gc1Gss1
Gc1 = kp1 +

ki1
s

Gss1 ∼= Rα +
mR2

sd

CcapR2
β (s − (1/CcapRβ ))

Rα =
mRcapRsd

Rβ
− RiRβ = Rcap − Rsd . (9)

Considering VRi
as control variable, a similar analysis can be

performed for PI2 . In such a case, system dynamic is mainly af-
fected by Ctl and Rtl parameters related to voltage response
during current step. Referring to a specific operating point,
E0(SOC) can be treated as a constant input. From the described
analytical formulation, gains kp and ki for each PI are calculated
as algebraic solutions of the linear systems:

⎧
⎪⎪⎪⎨
⎪⎪⎪⎩

mkp1R
2
sd + ki1RαR2

β Ccap− kp1RαRβ − Rβ

kp1RαR2
β Ccap + R2

β Ccap
= pa1 + pb1

mki1R
2
sd − ki1RαRβ

kp1RαR2
β Ccap + R2

β Ccap
= pa1pb1

⎧
⎪⎪⎨
⎪⎪⎩

kp2(Rtl/Ri) + kp2 + ki2CtlRtl − 1
kp2CtlRtl − CtlRtl

= pa2 + pb2

ki2(Rtl/Ri) + ki2
kp2CtlRtl − CtlRtl

= pa2pb2 .

(10)

The observability and stability analysis behind the proposed
method has been performed by considering the same approxi-
mations used for PI tuning. Again, the estimation scheme shown
in Fig. 2 can be divided into two separate subsystems, each one
including a single PI observer. Hence, reciprocal interaction be-
tween controllers has been neglected in the following analysis.

The observability and stability have been evaluated by using
an approach similar to that described in [54]. In particular, the
first step is to assess the observability, i.e., to establish if the
estimation scheme is able to determine the ESS states from
the observation of the output over a certain time interval. From
the state-space representation of the battery circuit model, the
observability matrix has to be calculated and analyzed: if such
a matrix is always full rank under any operating condition, the
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battery model is observable and it is possible to estimate the
internal state.

The second step is to assess stability by considering the
state-space representation of a generic observer system,
including PI [54]

{ ˙̂x = Ax̂ + Bu + kpi (y − ŷ) + w

ẇ = kii (y − ŷ)
(11)

where w is the integral of the difference between the measured
output y and the output provided by the observer ŷ. The
observer error is defined by

ẽ = x̂ − x. (12)

so that{
˙̃e = Aẽ − kpiCẽ + w

ẇ = −kiiCẽ
�→

(
˙̃e

ẇ

)
= Ae

(
ẽ

w

)
. (13)

Therefore, the observer dynamics is governed by matrix Ae

Ae =

[
A − kpiC 1

−kiiC 0

]
. (14)

Since observability has been previously proved, PI gains can
be properly assigned in order to ensure Ae is a Hurwitz matrix,
which means that the observer system would asymptotically
converge, i.e., the estimated states would asymptotically con-
verge to the true states.

Finally, in order to comply with both PI tuning procedures
described earlier and stability requirements, it has to be verified
that PI gains calculated as algebraic solutions of the linear sys-
tems (10) ensure observability and stability under any operating
condition.

Referring to the subsystem whose controller is PI1 , the ESS
state-space representation matrices can be calculated from plant
transfer function Gss1 (9), obtaining

A = − 1
Ccap (Rsd − Rcap)

B =
Rsd

Ccap(Rsd − Rcap)

C = m

(
Rsd

Rsd − Rcap

)
D = −Ri − m

(
Rsd

Rsd − Rcap

)
.

(15)

The observability matrix is given by

O1 =

[
C

CA

]
=

⎡
⎢⎢⎣

mRsd

Rsd − Rcap

− mRsd

Ccap(Rsd − Rcap)2

⎤
⎥⎥⎦ . (16)

It can be stated that the observability matrix is always full rank
because under no circumstance, a linear dependence between
rows can be recognized. The battery model is observable under
any operating condition, i.e., it is possible to estimate the internal
state of the battery.

To assess stability for the subsystem whose controller is PI1 ,
the matrix Ae must be analyzed. This can be easily calculated

TABLE I
BATTERIES USED FOR EXPERIMENTAL SETUP

ID Technology Nominal Voltage (V) Nominal Capacity (Ah)

Battery 1 VRLA 12 7.2 (C20)
Battery 2 VRLA 12 27 (C20)
Battery 3 Li-ion 51.2 40 (C1)
Battery 4 Ni-MH 12 4.8 (C20)

by (14)

Ae1 =

⎡
⎢⎢⎣
− 1

Ccap (Rsd − Rcap)
− kp1

mRsd

Rsd − Rcap
1

−ki1
mRsd

Rsd − Rcap
0

⎤
⎥⎥⎦. (17)

Since observability has been previously proved, kp1 and ki1
can be assigned in order to ensure Ae1 is a Hurwitz matrix:
in this way, the estimation states asymptotically converge to the
true states. During experimental testing of the proposed method,
it has been verified that tuning of PI1 , performed accordingly to
(10), satisfies the stability criterion described here.

A similar analysis can be performed for the subsystem whose
controller is PI2 . By repeating the same procedure used for the
subsystem including PI1 , the observability matrix can be easily
calculated

O2 =

[
C

CA

]
=

⎡
⎣

−1
1

CtlRtl

⎤
⎦ . (18)

Once again, it can be stated that the observability matrix is
always full rank because under no circumstance a linear depen-
dence between rows can be recognized. Therefore, the battery
model is observable. From (14), the matrix Ae2 governing ob-
server dynamics can be easily determined

Ae2 =

⎡
⎣− 1

CtlRtl
+ kp2 1

ki2 0

⎤
⎦ . (19)

Since observability has been previously proved, kp2 and ki2
can be assigned in order to ensure Ae2 is a Hurwitz matrix, i.e.,
the estimation states asymptotically converge to the true states.
It was experimentally verified that tuning of PI2 performed ac-
cording to (10) satisfies the stability requirements under any
operating condition.

III. EXPERIMENTAL VALIDATION

Performance of the proposed estimation method has been
experimentally validated by using VRLA and Li-ion and Ni-MH
batteries whose technical specifications are listed in Table I.

The effectiveness of the proposed approach has been proven
by analyzing the results of experimental tests in terms of estima-
tion accuracy and computational effort in comparison to EKF.
EKF represents one of the most commonly used approaches in
the context of battery estimation due to several inherent advan-
tages such as the adaptability to nonlinear systems, compensa-
tion for inaccuracies in model, and measurements and ability to
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Fig. 4. Experimental tests performed with battery 1, VRLA 12V 7.2 Ah,
working temperature 20 °C. Comparison between EKF and proposed method
used for SOC estimation during discharge operation. Estimated SOH is about
83% in both cases.

track changes in circuit parameters [26]–[29]. The selected EKF
algorithm has been implemented, as described in [27]. The tun-
ing of PI controllers has been performed by applying (10). Due
to the slow dynamic behavior observed during current steps for
the batteries listed in Table I, a preliminary coarse assignment
leads to values typically around 0.1 for kp1 and kp2 and around
1 for ki1 and ki2 . However, a fine-tuning is highly recommended
for each battery considering the actual operating scenario.

Fig. 4 shows the current, measured and estimated voltages,
and SOC during a random discharging sequence applied to bat-
tery 1 at a working temperature of 20 °C. The result confirms
that SOC estimation performed by the proposed method matches
the one provided via EKF in long term. As an advantage, the
relevant initial settling time showed for EKF due to its recur-
sive procedure has been largely reduced, as it can be noted on
the initial SOC responses of the last plot in Fig. 4. Moreover,
the profiles of SOC highlight the ability of the estimation al-
gorithms to consider SOH. In fact, the current counting in its
basic implementation totally neglects the ageing, i.e., the SOH
value is equal to 100% and the related SOC profile deviates to
wrong values, while on the contrary, the other two methods con-
verge. Similar results are obtained during a sequence of charge
operations, as shown in Fig. 5.

Consistency of the proposed approach is confirmed but
achievable accuracy is typically lower in comparison to dis-
charge operation, as expected. Indeed, modeling of ESS
behavior during charge is typically more complicated due to
well-known additional phenomena, as reported in [5], [21], and
[24]. Circuit model tuning during charge operations leads to
increased values of internal resistance Ri , as expected [5].

The estimation of actual SOH for battery 1 has been per-
formed during the experimental tests: the estimation carried out

Fig. 5. Experimental tests performed with battery 1, VRLA 12 V 7.2 Ah,
working temperature 20 °C. Comparison between EKF and proposed method
used for SOC estimation during charge operation. Estimated SOH is about 83%
in both cases.

TABLE II
ESTIMATION OF PRESENT SOH FOR BATTERY 1

Method Actual Capacity Estimation (Ah) SOH Estimation (%)

IEEE 1188-2005 5.8 81.2
EKF 6.0 83.0
Proposed method 5.9 82.7

Fig. 6. IEEE 1188-2005 experimental tests performed for battery 1, VRLA
12 V 7.2 Ah. Xa = 5 A, Xt = 6.5 A, Kc = 1.056, working temperature
20 °C.

by applying the proposed method is close to that provided by
EKF and by the IEEE standard 1188-2005 full-discharge test
[41], [42], as shown in Table II. The implementation of the
IEEE standard 1188-2005 is shown in Fig. 6. In this analysis,
the “rate-adjustment capacity determination” method has been
considered

SOH =
XaKc

Xt
100 (20)
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Fig. 7. Experimental tests performed with battery 1, VRLA 12 V 7.2 Ah,
working temperature 20 °C. Comparison between EKF and proposed method
used for SOC estimation during charge operation performed by a professional
charger device. Estimated SOH is about 80% in both cases.

Fig. 8. Experimental tests performed with battery 1, VRLA 12 V 7.2 Ah.
Comparison between EKF and proposed method in SOH estimation during
accelerated ageing tests. Each working cycle includes a complete discharge
(depth of discharge is 100%) and a full recharge. Working temperature is 20 °C.

where Xa is the actual current rate used for the test, Xt is the
rated one, and Kc is the temperature correction factor.

Fig. 7 deals with the results obtained for battery 1 considering
a real operating situation when the charge process is performed
by a charger device specifically designed for intermediate-size
VRLA batteries. It is confirmed that the proposed method is
able to carry out an accurate estimation of the ESS state even in
this practical case.

In order to evaluate the proposed method capability to model
variation of SOH during lifetime, several accelerated ageing
tests have been performed by continuously repeating a wide
number of working cycles. Each working cycle includes a com-
plete discharge (depth of discharge is 100%) and a full recharge.
Temperature is maintained at 20 °C (see Fig. 8).

The effects of ambient temperature have been pointed out by
the following test. Several SOC(E0) curves have been collected

Fig. 9. Experimental tests performed with battery 1, VRLA 12 V 7.2 Ah.
SOC(E0 ) curve is extrapolated at different temperatures; also, the curve provided
by manufacturer is reported (25 °C). SOC deviation due to temperature effect
is highlighted considering both high and low SOC levels.

Fig. 10. Experimental tests performed with battery 2, VRLA 12 V 27 Ah,
working temperature 25 °C. Comparison between EKF and proposed method
used for SOC estimation during discharge operation. Estimated SOH is about
92% in both cases. Different initial SOC values are assigned: 70.6% for current
counting method, 89% for EKF, and 50% for the proposed method.

at different temperatures (20–60 °C) by means of a climate
chamber and some temperature sensors. The results are shown
in Fig. 9. Two different regions of these curves have been high-
lighted in order to show the temperature effects at low and high
SOC values. It is worth noting that, while SOC variations at
high SOC values are limited to 2%–3% and could be considered
negligible in many applications, the response is different at low
SOC levels. Therefore, a compensation is strictly recommended
in this operating region due to significant temperature depen-
dence. In order to consider such an effect, the information of
Fig. 9 has been included in the look-up table SOC(E0) of Fig. 2.

Figs. 10–12 show other experimental results obtained with
batteries having different technology and size, addressing dif-
ferent operating scenarios.
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Fig. 11. Experimental tests performed with battery 3, Li-ion 51.2 V 40 Ah,
working temperature 25 °C. Comparison between EKF and proposed method
used for SOC estimation during discharge operation. Estimated SOH is about
97% in both cases. In the zoom windows, it is highlighted the waveform of
model output during fast transients.

Fig. 10 shows a pulsed discharge for battery 2, where ran-
dom SOC values have been assigned to initialize the estimation
methods. The results confirm the effectiveness of the proposed
method in the cases of unknown or wrong initial SOC value. As
a matter of fact, the convergence to final value is obtained after
an acceptable settling time.

Fig. 11 deals with battery 3 whose electrochemical technol-
ogy is LiFePO4 . In such a case, the E0(VSOC ) relationship is
no longer linear, but its waveform can be easily divided into
several periods, where each segment can be considered linear
[54]. The model response during fast transients has been high-
lighted using zoomed windows. The proposed method is also
able to track the real voltage while providing an accurate SOC
estimation. If the current pulse repetition frequency increases
to values outside design specifications, PI gains should be set-
tled again by means of a simple fine-tuning. On the contrary,
the other estimation methods could involve more complicated
setting procedures, for example, as reported for EKF in [51].

The proposed method has been also used for Ni-MH batteries
and the effectiveness is again verified, as the results shown in
Fig. 12 confirm.

IV. CONCLUSION

In many applications dealing with electrical energy storage,
a key point in the management of electrochemical batteries is
the widening of both energy capability and lifetime. Accurate
modeling of ESS is essential since it allows to optimize control
strategy in power electronics systems.

In this paper, a review has been performed concerning both
equivalent circuits to model ESS and methods to estimate SOC

Fig. 12. Experimental tests performed with battery 4, Ni-MH 12 V 4.8 Ah,
working temperature 25 °C. Comparison between EKF and proposed method
used for SOC estimation during discharge operation. Estimated SOH is about
98% in both cases.

and SOH. From this background, a novel technique for ESS
state estimation has been developed. It is devoted to main elec-
trochemical technologies. The method mainly consists of a PI-
based observer scheme, in which SOC and SOH values are de-
termined by a suitable algorithm. PIs elaborates data provided
by a real-time comparison between the measured ESS voltage
and its calculated value determined by an improved extended
runtime circuit model. The result of such a comparison is used
to suitably tune the main parameters of the ESS circuit model,
in order to compensate for inaccuracies related to measurement,
variable environmental conditions, and so on. Moreover, a sim-
ple start-up identification procedure is necessary. Some of the
advantages of the proposed method are accuracy, real-time SOC
and SOH estimation capability, as well as model compliance for
several applications involving ESS.

Finally, the proposed approach can be considered a good
tradeoff between desired accuracy and complexity of the estima-
tion algorithm while avoiding the time-consuming procedures
implemented by other methods. Comprehensive experimental
tests confirm the adaptability of the algorithm to a wide number
of real applications and also in a number of different operating
conditions.
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