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The mix estimation algorithm for battery State-of-Charge estimator
— Analysis of the sensitivity to measurement errors.

Fabio Codeca, Sergio M. Savaresi and Vincenzo Manzoni

Abstract — The problem considered in this paper is the
analysis of a battery State-of-Charge estimation algorithm: in
particular the mix estimation algorithm. This algorithm
provides the estimation mixing two estimation approaches:
namely the Coulomb-Counting and the Model-Based. The mix
algorithm is qualitatively able to provide a more robust and
accurate estimation with respect to the estimation provided by
the approaches the algorithm mixes together.

The aim of this paper is to analyze the differences between
the three algorithms and the advantages produced by the
mixing procedure. In particular the paper presents the
comparison of the mix algorithm behavior with the Coulomb-
Counting and the Model-Based behaviors in case of measure
errors.

I. INTRODUCTION

definition does not exist. The State-of-Charge is

usually intended as the ratio of the available capacity
of a cell respect its maximum attainable capacity. It is an
abstract energetic concept more than an actual physical
variable; for this reason it is not directly measurable and it
has to be estimated. Ever since rechargeable batteries have
existed, many efforts have been invested in developing
accurate SoC models. An accurate SoC estimation method is
of paramount important in modern Electric Vehicles, Hybrid
Electric Vehicles and Plug-in Hybrid Electric Vehicles
(EVs, HEVs, PHEVs), since it improves the performances,
reliability, and lifetime of the Battery-Pack, and allows the

Technically, a unique battery State-of-Charge (SoC)

development of better algorithms for the energy
management of the vehicle.
The State-of-Charge is mathematically defined as:
Ahnom—fgl(t)dt (D

SoC(t) = JT—

where I(t) is the current extracted from the battery (which is
assumed positive while discharging the battery), and Ah,, ..,
is the nominal battery capacity. Definition (1) assumes that
the current integration starts at SoC(t) = 100% when t = 0.

Even if the problem seems relatively simple, actually it is
not. Several algorithms are known in the art of determining
the State-of-Charge of a cell or of a battery of several cells
([11[21[3][4]1[5][6]). Some of them are not feasible in a HEV
application, because they require to disconnect the battery.
Some others, like the one based on voltage measures, are
more suitable in small-power electronic application, where
the required power is usually near to be constant and small.
Using Neural Networks, Fuzzy Logic and Kalman Filter it is
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usually possible to have a good SoC estimation, but they
need an high computational power, which is not usually
available in an embedded system. The Coulomb-Counting
method (current integration) is still the most used method
and the main information source, since it provides a simple
way to estimate the variation of SoC. However it is
impossible, with this method, to have an initial SoC estimate
and any error on the current measure, most of all offset
errors, can highly affect the estimation accuracy.

In [7] a new estimation algorithm has been proposed: it is
called mix estimation algorithm since it is based on a mixing
scheme which allows to combine two simple approaches,
namely the Coulomb-Counting and the Model-Based. Its
advantages are the low computation power requirements and
the ability to provide an accurate estimation, combining the
qualities of the approaches it mixes.

This paper presents an analytical analysis of the mix
estimation algorithm. The analysis aims to compare the
ability of the mix algorithm to deal with measure errors
respect the Coulomb-Counting and the Model-Based
approaches. All the results are based on the evaluation of the
algorithm applied to a specific lithium-ion battery
technology: a phosphate-based lithium-ion battery. However
the same conclusions can be found using other battery
technologies.

The paper is so organized. In Section II a reference test
and the measurement errors we considered to perform the
former analyses are described. In Section III the Coulomb-
Counting approach, the Model-Based approach and the mix
estimation algorithm are described: a qualitative analysis of
their behavior applied to the reverence test is provided. In
Section IV some analytical analysis of the algorithms are
provided: analysis of their stability and their sensitivity to
measurement errors are described.

II. MEASUREMENT ERRORS AND REFERENCE TEST
DESCRIPTION

In order to qualitatively analyze the algorithms’
performances (provided in Section III), the reference test
shown in Fig. 1 has been designed: the test current profile
and its SoC are shown. Notice that the current has been
measured with a high accuracy sensor (I(t) =
Irestpench (£)); the same sensor has been used to compute the
State-of-Charge, evaluated through the definition (1.1).
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Fig. 1 - Reference test.

To analyze the algorithms’ behaviors in case of current
measurement errors, both for a qualitative performance
analysis and the sensitivity analysis, we supposed the use of
a less accurate current sensor. In particular we supposed to
use an open-loop Hall current sensor, which provides a quite
good measurement with low energy consumption (a key
factor in EVs and HEVs). Usually the Hall current sensors
measurements are characterized by an error constituted by
high-frequency components, bursts and spikes, and a low-
frequency offset trend [8]. Accordingly to some
experimental analyses, we can define Iy4ji50ns as follows:

2
Inansens () = Itestench (V) + Wy (©) + lepr, @
where T is a constant offset, which depends on the sensor
accuracy and w, (t) is a white measurement noise.

A less accurate sensor is supposed also for the voltage
measurement. In particular we supposed to use an ADC with
a limited resolution. Its measure is defined as:

(3)
VADC(t) = VrestBench ® + W» ® + verr

where w,(t) is a white measurement noise, Vyestpencn (t) is
the true voltage and V., is a constant offset, which depends
on the ADC resolution.

III. Mix COULOMB-COUNTING AND MODEL-BASED
ALGORITHMS

The mix algorithm provides a robust SoC estimation with
respect to noisy measures, wrong initializations and
modeling errors, with a low computation complexity. It
combines (in a closed-loop configuration) the Coulomb-
counting and a Model-based method. The following
paragraphs describe the three algorithms and show their
behaviors when applied to the reference test previously
described.

A. Coulomb-Counting and model-based approach
The Coulomb-Counting approach basically implements
the definition (1.1) to evaluate the State-of-Charge. It uses a
more general definition, defined as:
1t
SOC(t) = SOC(O) - K'fo Im(t)dt,

om

“
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where SoC(0) is the starting value of SoC and I, (t) is the
measured current. This algorithm has the advantage of being
the simplest and closest to the definition, but it also has the
following drawbacks:

1. It needs the initial SoC wvalue, which is often not
available;

2. It is based on a simple integrator, which is an unstable
system: if fed with a constant input, its output diverges
with a ramp trend.

Considering the previous drawbacks, even if S0C(0) is
known, the flaws characterizing the less accurate measure
Igansens (t), in particular the offset I,,,., would make the
SoC estimation to diverge.

Fig. 2 shows how the Coulomb-Counting behaves when it is
applied to the reference test. The picture shows the real SoC,
the SoC estimated using Iy 4;i5ens () and the right SoC(0),
the SoC estimated using Iy 4;isens () and the wrong SoC(0).
The effects of the low accurate current measure are clearly

visible, with high estimation errors.
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Fig. 2 - Coulomb-Counting estimation behavior (reference test).

The Model-Based method is an indirect methods because
it uses the relationship between the battery voltage, usually
the Open-Circuit-Voltage (OCV), and the battery State-of-
Charge to provide the estimation. The Model-based method
uses a battery model to compute the OCV: the model
proposed in [7] has been used. Accordingly to that model,
the OCV can be computed as:

Vocy (S0C) = Vin (1) — G(8)Im (D),
where G(s) = (Ro + %Rllcl + %RZZCZ) and I,(t) and
Vin(t) are the measured current and voltage of the battery.
Based on the Open-Circuit-Voltage, the SoC value is then
estimated using the relationship between OCV and SoC
shown in Fig. 3.
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Fig. 3 - Lithium-ion phosphate OCV-SoC relationship.

The Model-Based algorithm is more complex than the
Coulomb-Counting, because it performs an interpolation;
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however it can theorically provide a more accurate
estimation, because uses more information. Even though it
still has some drawbacks:

1. It needs an accurate battery model to estimate the Open-
Circuit-Voltage.

2. It uses the relationship between the Open-Circuit-
Voltage and SoC, which usually in lithium-ion batteries
is highly constant over the most part of their SoC range
(which amplifies the impact of the noise on the
estimated SoC).
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Fig. 4 - Voltage-Based estimation behavior (reference test).

For these reasons, even if we assume to have a highly
accurate model, the estimated SoC will be affected by the
measurements noise. This is clearly visible in Fig. 4, where
the Model-Based algorithm is used to estimate the SoC with
the reference test and Iygisens(t) and Vype(t) are used.
Notice how, even if the estimated SoC is close to the real
one, it is highly noisy, even if it is filtered. This
characteristic affects the algorithm capability to copy the
real SoC behavior during short periods of time.

B. Mix algorithm

The complementary behavior of the two algorithms is
exploited by “mixing” the two approaches in a more
complex estimation architecture. The mix estimation
algorithm[7] is based on a closed-loop rationale; its block-
scheme representation is shown in Fig. 5.
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Fig. 5 - Pictorial representation of the mix estimation algorithm.
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It is interesting to notice that the main idea of this method
is to use the Coulomb-counting estimation for the basic SoC
estimation, which is then corrected with a closed-loop
control system, which tries to regulate the direct-model
output voltage at the value of the actual measured voltage.
The Coulomb-Counting estimation allows a fast reaction of
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the estimated SoC, while the closed-loop control system
allows to slowly correct estimation problems due the
Coulomb-Counting approach: by this way the algorithm is
able to have good local and global performances.
Accordingly to Fig. 5, the Coulomb-Counting part of the
SoC estimation is a kind of feed-forward component of the
control variable of the control system.

In Fig. 6 the way the algorithm performs when applied to
the reference test is shown: the case in which SoC(0) is
known and not known are shown. The algorithm uses
Iyaiisens(t) and Vyp-(t). The mix estimation algorithm
clearly performs better than the Coulomb-Counting and the
Model-Based method: the estimation is locally more
accurate while the influences of the measurement noise
remains low.
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Fig. 6 - Mix algorithm behavior (reference test). In the top the case of
right SoC(0); in the bottom the case of a wrong SoC(0).

IV. MIX ALGORITHM ANALYSIS

As shown in the previous Sections, the mix estimation
algorithm provides better results than the Coulomb-
Counting and the Model-Based algorithm. The previous
Section only provided experimental/qualitative analysis.
This Section is addressed to analyze some characteristics of
the mix estimation algorithm in an analytical way: in
particular its stability characteristics and its sensitivity to
measurement errors. For all the characteristics, the
comparisons with the Coulomb-Counting and the Model-
Based algorithms are provided.

This Section is so structured. In Section A the
linearization of the mix estimation algorithm is described:
this step is necessary to perform the further analysis since
the algorithm, and in particular the battery model, is a non-
linear system (notice that the linearization results are
necessary also for the analysis of the Model-Based
algorithm). Section B is focused on the analysis of the
algorithms stability. Sections C describes the sensitivity to
measurement errors of the algorithms.

A. Mix algorithm linearization

The mix estimation algorithm characteristics are the
following:
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e It is a MISO system, since it has as input the current
(I,) and the voltage (V,,) of the battery and as output
the estimated SoC (SOC).

e It is a non-linear algorithm since the battery model is
non-linear: in particular, the relationship defined by
Vocy (SOC) is non-linear.

To perform the stability and the error sensitivity analysis
the algorithm, and specifically V,, (SOC), has been first
linearized). The linearization is performed as:
VOCV(SOC):VOCV_DC(SOC) _

= VOCV_DC (SOC+8SOC) (6)

SVOCV DC «~
N 8
550c (500)850C

= KSOCSSOC,
where §SOC = SOC — SOC.
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Fig. 7 - Ko for the phosphate-based battery.

The value of Kggc, as well as the algorithm behavior,
depends on the selected working point (SOC). As shown in
Fig. 7, different behavior zones can be defined: usually the
low and high SoC values zones are characterized by high
Ksoc values. Notice that the relationship between SoC and
the Open-Circuit-Voltage is monotonically increasing, thus
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Fig. 8 - Mix algorithm schematic: linearized detailed scheme.

Using the linearization result, the algorithm scheme can
be modified. It is shown in Fig. 8.

B.  Mix algorithm behavior analysis: stability analysis

The stability analysis of the algorithm has been carried
out in the frequency domain. Accordingly to the
superposition principle, this analysis is performed evaluating

FrC03.5

the influence of each input on SOC: if for each input the
transfer function is asymptotically stable, the algorithm is
asymptotically stable.

The mix estimation algorithm uses two inputs: the
measured voltage V,, and the measured current I,,. The
transfers function between V,, and SOC is:

sOC K, )
Vo 5+ KiKsoc

while the transfer function between I, and SOC is:
SOC _ K(G(s) + Kec (®)

Im B s+ KIKSOC '
For both the inputs, the stability of the related transfer
function is defined by the sign of K{Kgq¢. Since accordingly
to the previous considerations Kgo- > 0, the stability
depends on K, value. Two different situations can be
underlined:

e K; =0: in this situation the algorithm behaves
exactly as the Coulomb-Counting algorithm, since
the closed-loop around the battery model results to
be opened. In this case the mix algorithm is just
simple stable as the Coulomb-Counting algorithm.

e K; > 0: in this situation, which describe the typical
way of usage of the mix algorithm, both the transfer
functions are asymptotically stable.

The case K; = 0 is an extreme condition in which the mix
estimation algorithm degenerates to a Coulomb-Counting
algorithm, hence it is not considered. Then, accordingly to
the superimposition principle, the mix algorithm is
asymptotically stable.

The same stability analysis can be performed on the
Coulomb-Counting and the Model-Based algorithms.
Avoiding the details of this analysis, the conclusions are that
the Coulomb-Counting algorithm is only simply stable while
the Model-Based algorithm is asymptotically stable. This
result underlines one of the advantages of the mix estimation
algorithm, which provides the advantages of the Coulomb-
Counting algorithm while increasing its stability
characteristic.

C. Mix algorithm behavior analysis: measurement errors

This Section describes the sensitivity to measurement
errors of the mix estimation algorithm compared to the
Coulomb-Counting and the Model-Based algorithms. The
analysis has been performed in two phases:

e In the first phase, the analysis has aimed to evaluate the
static sensitivity to the measurement errors, both for the
current and the voltage inputs: the effects have been
evaluated separately and at different working conditions
(identified by the SOC value). We call it a static error
analysis.

e In the second phase, the analysis has aimed to evaluate
the overall estimation errors on the reference test due to
the measurement errors We call it a dynamic error
analysis.
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For both the analyses, the estimation error has been used as
performance index. It is defined as:

esoc(t) = (S0C() — SOCV)),

where SOC(t) is the right State-of-Charge and SOC(t) is the
estimated one. The measurement errors characteristics
previously defined have been used.

©)

Measurement errors: static evaluation.

The static error analysis has been performed in the
frequency domain, evaluating how each measurement error
(in particular I, and V,.) affects the estimation error
esoc(t): the final value theorem has been used to perform
this analysis. To analyze the impact of V.. on esoc(t), the
transfer function defined by (1.8) is used. The application of
the final value theorem leads to the following equation:

Verr KI _ Verr (10)

s = .
S s+ KKsoc Ksoc

lim egy(t) =lim
t—oo s—0

The same result is obtained performing the analysis to the
voltage-based algorithm. Notice that the effect of Vg, on the
estimated SoC does not depend on K;: the mix estimation
algorithm is not able to improve the estimation error with
respect to the one produced by the voltage-based algorithm.
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Fig. 9 - egoc in case of V,,..(t) = 0.01V.

esoc !

Fig. 9 shows the values assumed by eg,.(t) accordingly
to different working conditions (identified by the SOC
value). The effect of V., is provided.

To analyze the impact of I on egoc(t), the transfer
function defined by (1.8) is used. The application of the final
value theorem leads to the following result:

Tei —K,G(s) — K¢¢

fim esoc (1) = lim s s + K Ksoc (i
S
_1 —K;G(0) — K¢
e KIKSOC .

Notice that the effect of I, on the estimated SoC depends
on K;. Two boundary conditions can be defined: K; = 0 and
K; = co which respectively identify the case in which the
loop around the battery model is opened (the mix estimation
algorithm behaves as the Coulomb-Counting algorithm) and
the case in which the contribution of the Coulomb-Counting
do not affect the estimation, since the gain of the closed-loop
is the higher as possible (the mix estimation algorithm
behaves as the Model-Based algorithm). In these two
conditions, the effects of I,,, are:

FrC03.5

lim T —K,G(0) — K¢¢ __ G(0) B
K0 °F KiKsoc " Ksoc (12)
= —OO,
.- —KG(0)— K¢ - G(0)
lim [(p———————— = — gy —
Koo KiKsoc Ksoc

They correspond to egoc(t) in case of I, for the
Coulomb-Counting algorithm (the top one) and for the
Model-Based algorithm (the bottom one).

Fig. 10 shows the effects of I,,.,. for different SOC values:
the effect for K; = oo is underlined by a red line. Notice that
there exists a value of K; which neutralizes the effect of I,
on egoc(t). It is then clear that the mix algorithm is able to
improve the estimated SoC in case of a constant error on the
current input with respect to the Coulomb-Counting and the
Model-Based algorithms.
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Fig. 10 - egoc in case of I,,,..(t) = 0.16A.

Measurement errors: dynamic evaluation.

The dynamic error analysis aims to compare how the
measure errors (I, V) affect the estimation provided by
the mix algorithm with respect to the Coulomb-Counting
and the Model-Based algorithms evaluating the estimation
error on the reference test shown in Fig. 2. The dynamic
error analysis aims to evaluate the overall performance of
the algorithms in a real test, in which the SoC changes. The
algorithms’ performances have been evaluated using as the
performance index E[egoc(t)]. Since the mix algorithm
behavior depends on K;, the mix algorithm performances
have been evaluated with different K; values.

The test we used is the reference test. It is a simulated test
since it has been designed a priori, defining the current
profile and then computing both the voltage and the SoC
using the following reference battery models:

K,
S0C = —%I(t),

V(t) = Voey(SOC) + G(s)I(t).
By construction, the SoCs computed by the Coulomb-
Counting algorithm and the Model-Based algorithm on the
simulated test provide E[egyc(t)] = 0.
The analysis has been performed in three different
conditions:

(13)

e In the first condition an error (¥,,,-) on the voltage input
has been considered. The test voltage input is defined
as (1.3).
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e In the second condition an error (I,,,) on the current
input has been considered. The test current input is
defined as (1.2).

e In the third condition both the errors have been
considered.

Mix Algorithm
Coulomb Counting
====2= Voltage Based

[ 0.5 1 1.5 2 25 3 35 4
K,

Fig. 11 - Dynamic test results: voltage error.

The results of the first testing condition are shown in

Fig. 11. As expected the Coulomb-Counting algorithm
provides the exact SoC, while the Model-Based algorithm
performs worst. Accordingly to the K; value, the mix
algorithm behaves in different ways. As expected, with
K; = 0 the performances are almost perfect: it behaves as
the Coulomb-Counting since the closed-loop is opened.
Increasing the value of K;, the mix algorithm performances
worsen, matching the performances of the voltage-based
algorithm.

.
Mix Algorithm
= Coulomb Counting |
------ Voltage Based

Elegod

0 0.5 1 15 2 25 3 35 4
K

Fig. 12 - Dynamic test results: current error.

The results of the second testing condition are shown in
Fig. 12. As expected by the static error analysis both the
Coulomb-Counting algorithm and the Model-Based
algorithm do not provide a perfect estimation. With K; = 0
the performances of the mix algorithm are almost equal to
the performances of the Coulomb-Counting algorithm while
for high K; wvalues, the mix estimation algorithm
performances match the performances of the Model-Based
algorithm. As underlined by the static error analysis, there
exists a K; value which allow to neutralize the effect of I,
on SOC.

The results of the third testing condition are shown in Fig.
13: in this test both the measure errors are considered. The
results, even with different performances’ values, confirm
the results of the previous testing condition.

From the above results, it is clear that the mix estimation
algorithm is able to improve the estimation performances in
case of a constant current measurement error, while it cannot
do anything on a constant voltage measurement error. From
the knowledge of the battery model, it is possible to identify
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the value of K; which allows to neutralize the impact of a
constant current error on the estimated SoC.

25

Mix Algorithm
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Fig. 13 - Dynamic test results: voltage and current error.
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