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Toépicos a serem abordados

J Variaveis de estado (status) da bateria;

d Metodologias de estimacio de estados;

. Discussao.
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Por que o estado de carga nao é o bastante?
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J Estado de carga — carga armazenada na bateria — integral da corrente;

J Nio se tem o valor de energia ou da poténcia que pode ser fornecidal

[ Conclusio: outras métricas sao necessarias! A
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Estados de uma bateria

v' SOP — State of power;
v SOC - State of Charge; v SOT — State of temperature;

v" SOF — State of function;
v' SOH — State of health; v" SOS — State of safety.

v" SOE — State of energy.

J Sistemas praticos: medicao de tensao, corrente e a temperatura;

J Conclusao: Estados devem ser estimados! A
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Estimacao dos diferentes estados de uma bateria
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Fonte: X. Hu et. al. “State estimation for advanced battery management: Key challenges and future trends.” Renewable & Sustainable Energy Reviews. 2019.
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Defini¢coes formais — Estados de uma bateria

J Estado de carga (SOC):

dt

SOC (1) = SOC(t) + I 1(3”

Onde 1 ¢é a eficiéncia coulombica ou eficiéncia faradica.

J Estado de poténcia (SOP):

max(t) max (f) 11m1t(f)= k S {discharge, Charge}

» Limitado pelas condicoes (temperatura, estado de carga, tempo, etc);
» Conceito anilogo ao SOF;
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Defini¢coes formais — Estados de uma bateria

d Estado de energia (SOE):

[ P(0)dr
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Fonte: X. Hu et. al. “State estimation for advanced battery management: Key challenges and future trends.” Renewable & Sustainable Energy Reviews. 2019.
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Exemplo de SOA
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Fonte: S. Park et. al.. “Review of state-of-the-art battery state estimation technologies for battery management systems of stationary energy storage systems”.
Journal of Power Electronics. 2020.
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Defini¢coes formais — Estados de uma bateria

d Estado de energia satude (SOH):

C R,
SOHcqp = 7= % 100 SOHges = — % 100
(0]

» Pode-se definir a RUL — remaining useful life;

» Indicador de substituicao das baterias.
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Defini¢coes formais — Estados de uma bateria

d Estado de temperatura (SOT): oF " Pulses |
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Fonte: C. Forgez et.al. “Thermal modeling of a cylindrical LiFePO4/graphite lithium-ion battery”. Journal of Power Sources. 2010.
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Defini¢coes formais — Estados de uma bateria

J Estado (status) de seguranca (SOS) I unsafe warning safe I
» Definicao mais recente; 0 ' e !

SOS — 1.0 completely safe (all functions are 1.0),

» Uso de funcoes de abuso;

SOS — { warning (one function may be at J),

SOS — " minimum (all functions are %),

» Indice que permite tomada de dec1soes; SOS <" unsafe (all functions are below ).

> Desafio: analise multivariavel = como combinar em um unico indice?

Fonte: E. Cabrera-Castillo et. al.. “Calculation of the state of safety (SOS) for lithium-ion batteries.” Journal of Power Sources. 2016.
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Exemplo de fun¢ao de abuso

 Estado (status) de seguranca (SOS)
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[1] X. Hu et. al. “State estimation for advanced battery management: Key challenges and future trends.” Renewable & Sustainable Energy Reviews. 2019.
[2] E. Cabrera-Castillo et. al.. “Calculation of the state of safety (SOS) for lithium-ion batteries.” Journal of Power Sources. 2016.
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Método de contagem de carga

SOC(t) = SOC (t,) + [ I I((;Jdr

J Assume que a capacidade da batetia é conhecida (ou a eficiéncia couldbmbica);
J Facil implementacao;

J Problemas:
» Depende do conhecimento do estado de carga inicial;
» Acumulo de erro = recalibracio.

J Método utilizado em combinacio com outras técnicas (por exemplo, OCV).

Fonte: X. Hu et. al. “State estimation for advanced battery management: Key challenges and future trends.” Renewable & Sustainable Energy Reviews. 2019.
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Método baseado na tensao de circuito aberto (OCYV)

J Baseia-se na relacdo entre a tensido da bateria e o estado de carga;

J Vantagens: 3.36 ; ; ; ;
. .. e ()°
» Simplicidade; o ,
» Pode ser combinado com a contagem de carga; 3.34}
%‘ 3.32'F
L Limitacoes 7
: 3.3
» OCV depende da temperatura e envelhecimento; =l g A= |
/ ' SOCIO c—47 8%
3.28
SOC40 c—25 6% /OCO oc=57.3%%
3.26
30 80
SOC (%)
Fonte: J. Meng et. al. “An Overview of Online Implementable SOC Estimation Methods for Lithium-ion Batteries”. OPTIM. 2017.
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Método baseado na tensao de circuito aberto (OCYV)

J Baseia-se na relacdo entre a tensido da bateria e o estado de carga;

3.6¢ r
@

J Vantagens:
» Simplicidade;

» Pode ser combinado com a contagem de carga;

Almost the same voltage

=~ 32
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D L1rn1ta§oes g} ? hysteresrs ft|::r SOCs between 35% - 60%
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Fonte: J. Meng et. al. “An Overview of Online Implementable SOC Estimation Methods for Lithium-ion Batteries”. OPTIM. 2017.
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Comparagao OCV — Chumbo acido e Litio ion

Open Circuit Voltage : Lithium-lon vs Lead Acid
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Fonte: PowerTech Systems.
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Métodos de estimacao de estado de carga

Methods
/7 || Direct calculation approach Key benefits Drawbacks
T ( Look-up tables method J . Difficult to measure the
Easy to be implemented e e
5 ( Coulomb counting method )--- P P =
‘ﬁ Highly accurate SOC ocV, Q,)
.E Model-based approach ESAIELIN __ Intensive computational
h Ability to capture efforts
w : ) ul
B C Electrochemical model ) T e
‘-; ( Equivalent circuit model :} Simple structure ul Parameters require to be
= i
O : o adjusted
_ High bilit B
F., Data-driven approach e
a0 — -
( Artificial neural network }- Sensitive to optimization
i Flexible methods
\\i/ ( Support vector regression )- ]—[ Potential over-fitting
( ) Powerful matching ability problems

Fonte: X. Hu et. al. “State estimation for advanced battery management: Key challenges and future trends.” Renewable & Sustainable Energy Reviews. 2019.
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Fonte: ]. Meng et. al. “An Overview of Online Implementable SOC Estimation Methods for Lithium-ion Batteries”. OPTIM. 2017.

Comparagao - métodos de estimativa de estado de carga

Cf;:f;’;ﬂi of Principles Advantages Disadvantages
Carren
I :\_//—\ Computational Accurate initial SOC
! ) effectively; 15 needed;
Coulomb i i
counting | ASOC i ) - Direct SOC calculation; Current sensor error
method | - accumulated during
| : Easy to understand the process.
I I
L l!ll ,_I_:-
4 Open Circuit Voltage
Long relaxation time
One to one relationship for OCV i
between OCV and SOC; messuroment
Open circuit T ature. aoe and
computation. the measurement
result of OCV,
-
Imaginary { Z ) . Hard for online
Sensitive to SOC
Impedance vanation; S
Spectroscopy J . Different with battery
) Diverse parameters . ime
based Method indicate SOC I:T:dlmwr';r:nlal
Real | 2§ '
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Comparagao - métodos de estimativa de estado de carga (cont.)

| Cﬂ;;i‘;:;;i of Principles Advantages Disadvantages
I/ U
T | Battery . Insensitive to mitial SOC; | e Rely on modeling
accuracy,
Model based - good robust;
method Battery U z . High computation
model ” '—‘ . High accuracy cost
C
Input  Hidden layer Output
. Do not need previous 5 tl;:rgxien;nm1:sfis
knowledge about battery; needed:
ANN :af’ed . Easy transplant to :
metho s Mo e T . Hard to generalize to
PesCEie different dnving
g cycles.

Fonte: J. Meng et. al. “An Overview of Online Implementable SOC Estimation Methods for Lithium-ion Batteries”. OPTIM. 2017.
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)

Estimadores de SOE

Battery SOE estimation

C

Fonte: X. Hu et. al. “State estimation for advanced battery management: Key challenges and future trends.” Renewable & Sustainable Energy Reviews. 2019.

Methods

Direction calculation aparoach

( Power integration method :}

Key benefits

( Characteristic mapping method }

Adaptive algorithm based approach

Easy implementation

Drawbacks

Ope~oog error accumulation

Error selfcorrection

Fragile to aging

Saneitive to parameter
inaccuracy

Large calibration work

Longterm reliability

=ensitive to environment
and load

Noise immunty

High computational complexity

Flexible

1L

( Kalman filters & Particle filter :,"
i N
( Observers )
( N\
J

Machine learning method
. N\
( Artificial neural network )
( hY
J

Powerful nonlineer fitting

Sensitive to training method

L

Potential over- and under- fitting
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Fonte: X. Hu et. al. “State estimation for advanced battery management: Key challenges and future trends.” Renewable & Sustainable Energy Reviews. 2019.

ﬁ\\l
/

Battery SOP estimation

Estimadores de SOP

Methods

CMs-based approach

Static interdependences
between SOP and other
battery state variables

Key benefits

Challenges

Easy to be implemented

Difficult to consider the
battery past and current
information

Straight forward
characteristic

Model-based approach

C ECM isthe main choice )

Amounts of information
require to be stored in
multi-dimensional form

Kalman filter (EKF, UKF),
particle filter, least square,
model predictive control...

Simple structure

| | Parameters of ECMrequire

to be adapted

High expansibility

Hard constraints must be
satisfied

CM — mapa caracteristico
ECM — modelo baseado em circuito equivalente

SOP estimation based on
EM is still scarce

23/02/2021
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Estimadores de SOH

Methods Key benefits Drawbacks
o~ Physics-based models
' \ PDEs to describe \ i Heavy computational load,
T h |
Side reactions that result in Hig accuracy, clear difficult model
) meanings -
- battery degradation parameterization
o
© Empirical models
= - g
B | Expe{;"'l"'e"tsl data f;_ttu;g Simple structure, easy Poor robustness, relative
L MOCELs and specialize implementaion low accuracy
T observers
3 et
> DVA/ICA-based methods
9 Battery health features Indicative of intercalation ng"t] reqmr;ment c;:f
o based on DV/IC curves process voftage and curren
an measurements
Data-driven approach Sensitive to quality and
~— L Massive data setsand A. | kr;:iqduglfﬂr?ir: dit‘ltr:gg _l EAS
methods such as ANN, etc. hani ¥ Potential over-fitting
mechanisms pmhlems

PDE — Equacao diferencial parcial

ICA — analise de capacidade incremental
Fonte: X. Hu et. al. “State estimation for advanced battery management: Key challenges and future trends.” Renewable & Sustainable Energy Reviews. 2019.
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Estimadores de SOT

Methods
Drawbacks
— ITD-based approach
f \ Only average temperature
Empirical formula KE}’ benefits Y cagturedp
BE establishment between Simple relationship, no P

c impedance characteristics thermocouples . .

o requirement of high-

= and temperature L

o precision instruments

=

P Model-based approach

(1]

=aun | Simplified thermal models ) Poor robustness,

Q | L Simple structure, easy ,

v and specialized observers or . . requirement of sensors,

. ) . ) implementation )

el estimation algorithms be vulnerable to noise

e

o

@ Integrated approach

Simple structure, Take some drawbacks of
N and filtering based on the del-based hod i
thermal model J T E| e model-based method into
temperature distribution account

ITD — impedance-temperature detection

Fonte: X. Hu et. al. “State estimation for advanced battery management: Key challenges and future trends.” Renewable & Sustainable Energy Reviews. 2019.
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Estimadores de SOS

Methods

Qualitative evaluation

Specialized organizations \

Key benefits

Drawbacks

Easy implementation

Qualitative description,
deficient accuracy

assign hazard levels to
confirm SOS gualitatively )

Reference standards are
available

Battery SOS estimation

f__.-‘_
]
S

Fonte: X. Hu et. al. “State estimation for advanced battery management: Key challenges and future trends.” Renewable & Sustainable Energy Reviews. 2019.

Quantitative calculation

(" In light of definition of SOF
and hazard modes & risk

Probability of existing
different standards

Quantitative description,
sufficient accuracy

Lack of accurate
subfunctions

mitigation analysis, a
quantitative way is taken to

\_ depict SOS Yy,

Online calculation is
available

Incremental computational
complexity of concerning
more battery states

23/02/2021

Prof. Allan Fagner Cupertino

27



Tendéncias futuras — Sistemas de monitoramento

Muiu-field coupling

FOﬂtCS: kSmmt learning and opu'm‘uan’on)

[1]]S. Park et. al.. “Review of state-of-the-art battery state estimation technologies for battery management systems of stationary energy storage systems”.
Journal of Power Electronics. 2020.
[2] X. Hu et. al. “State estimation for advanced battery management: Key challenges and future trends.” Renewable & Sustainable Energy Reviews. 2019.
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