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MODEL BASED STATE OF CHARGE ESTIMATION OF
ZINC-AIR BATTERIES

SUMMARY

Electric vehicles have increased their popularity in the last 30 years. They provide
more environmentally friendly and sustainable transportation than internal combustion
engine vehicles and have led the transportation industry to research this area.

Today, batteries in lithium-ion chemistry are widely used in electric vehicles. However,
although it is widely used, researchers have led researchers to research different battery
chemistries due to the raw material problems encountered in the production processes,
the inability to reach the desired range, long charging times, and high costs.

As a result of these researches, batteries in metal-air chemistry have started to gain
importance recently. It is foreseen that it will be used widely in the future due to
its energy density advantage against lithium-ion chemistry, its much shorter charging
times, and its environmentally friendly nature.

Since it is known that a single cell of this battery chemistry, which is expected to be
used in the future, cannot meet the energy needs of electric vehicles due to theoretical
limits, multiple cells will be connected in series and parallel to form a battery pack.
Controlling this structure formed by bringing together many cells through a battery
management system is a natural requirement due to safety, efficiency, and performance
criteria. Battery management systems, which control each cell’s charge and health
status, ensure that the system operates safely and in ideal conditions.

Battery management systems measure the values of the cells such as voltage, current,
temperature, and control the batteries over observable parameters and monitor the
battery charge status, which cannot be measured directly by making a model-based
estimation. The accuracy of these estimations is crucial because it allows the battery
to be used within safe limits and is directly related to the range of electric vehicles.

In this study, a LPV cell model created for the zinc-air type batteries, which are
thought to be used frequently in the future because of their high specific energy,
cost-effectiveness, and environmental friendliness by using experimental data. Then,
proposed model is validated against validation data.

After reaching the desired cell simulation model, the battery state of charge is obtained
by using two different methods, the ampere-hour counting method, and the extended
Kalman filter method. Ampere hour counter method is a reliable model in the
simulation environment since there is no disturbance is present. The Extended Kalman
filter method is good at estimating state of charge in the noisy, real-world environment.
By comparing the ampere-hour counting method, and the extended Kalman filter

XiX



method, the confidence of the estimation is gained. Then, the performance of extended
Kalman filter method is tested against noisy measurement data.
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CINKO-HAVA TiPi BATARYALARDA
MODEL TABANLI SARJ DURUMU KESTIRIMI

OZET

Elektrikli araglar, i¢cten yanmali motorlu araglara gore daha ¢evreci ve siirdiiriilebilir
bir ulasim saglamasi nedeniyle gectigimiz 30 yilda popiilerligini arttirmis ve ulagim
endiistrisini bu alanda arastirmalar yapmaya yoneltmistir.

Giintimiizde, elektrikli araclarda yaygin olarak lityum iyon kimyasindaki bataryalar
kullanilmaktadir. Yaygin sekilde kullaniliyor olmasma kargin iiretim siireclerinde
karsilagilan hammadde problemleri basta olmak iizere, kullanicilarin istedigi menzile
ulagilamamasi, uzun sarj siireleri ve yiiksek maliyetler nedeniyle arastirmacilar1 farkl
batarya kimyalarini aragtirmaya yoneltmistir.

Yapilan bu arastirmalar sonucunda metal-hava kimyasindaki bataryalar son zaman-
larda 6nem kazanmaya baslamigtir. Lityum-iyon kimyasina kargst sahip oldugu enerji
yogunlugu avantaji basta olmak iizere, ¢ok daha kisa sarj siirelerine sahip olmasi
ve gorece ¢evreci olmasi nedeniyle ileride yaygin olarak kullanilmaya baslanilacagi
ongoriilmektedir.

Lityum-iyon batarya tipinin teorik olarak sahip oldugu enerji yogunlugunun bir dizel
yakita olduk¢a yakin oldugu bilindiginden, arastirmacilar nihai hedeflerini bu batarya
kimyasinin kullanilmasi olarak belirlemislerdir, ancak var olan hammadde sikintisi
ve lityum kaynaklarina olan erisimin limitli olmasi nedeniyle cesitli metaller de
arastirmacilarin radarina girmistir. Yapilan bu arastirmalarin sonucunda, lityumun yeni
nesil bataryalar icin tek kaynak olmadigi, cesitli metallerin de lityum-iyon batarya
kimyasindan daha iyi karakteristikler vaadettigi goriilmiistiir. Bu sebeple, 6zellikle
lityum-hava tipi bataryalara gecis siirecinde kullanilmasinin beklenildigi, iilkemizde
de hammaddesi bulunan, ¢inko-hava tipi bataryalar lizerinde bir calisma yapilmustir.

Ileride cokca kullamlacagi ongoriilen bu batarya kimyasmin, tek bir hiicresinin
elektrikli araclarin enerji ihtiyacim1 karsilayamacagi teorik limitlerden dolay1
bilindigiden, birden ¢ok hiicre birbirlerine seri ve paralel baglanarak bir batarya paketi
olusturularak kullanilacaktir. Pek ¢ok hiicreyi bir araya getirerek olusturulan bu
yapimun bir batarya yonetim sistemi vasitasiyla kontrol edilmesi, giivenlik, verimlilik
ve performans kriterlerinden otiirii dogal bir gerekliliktir. Her bir hiicrenin sarj ve
saglik durumunu kontrol eden batarya yonetim sistemleri, sistemin giivenli ve ideal
kosullarda calismasinm1 saglamaktadir.

XX1



Batarya yonetim sistemleri, hiicrelere iliskin gerilim, akim, sicaklik gibi degerleri
Olcerek, gozlenebilir parametreler iizerinden bataryalar1 kontrol etmekle beraber,
dogrudan dl¢iilemeyen batarya sarj durumunu model tabanli kestirim yapmak suretiyle
gozlemektedir.  Yapilan bu kestirimlerin dogrulugu, bataryanin giivenli sinirlar
icerisinde kullanilmasini saglamasindan otiirii ve elektrikli araglarin menziliyle
dogrudan iligkili oldugu i¢in 6nem arz etmektedir.

Ikinci boliimde, literatiirde bulunan, giiniimiizde sik¢a kullanilan batarya kimyalari
incelenmis, metal-hava batarya kimyasi ve tercih edilen batarya tipinden ayrica
bahsedilmistir.

Sonrasinda, sarj tahminlemede kullanmak iizere hiicrenin dinamik davranisim
modellemenin gerekli oldugu bilindiginden, hiicre modellemesi iizerinde c¢alisma
yapilmuigtir. Esdeger devre modeli basta olmak iizere cesitli modeller tanitilmus,
sonrasinda ise parametreleri bataryadan cekilen akima bagl degisken bir model yapisi
kurgulanmigtir. Kurgulanan bu modelin parametrelerinin belirlenmesi i¢in deney
verilerinden yararlanilmig olup, ¢esitli calisma noktalar1 belirlenmisti. MATLAB
parameter estimation toolbox yardimiyla belirlenen ¢esitli calisma noktalar1 icin
dogrusal modeller elde edilmistir.

Elde edilen bu modellerin yalnizca belirlenen calisma noktas: etrafinda bataryanin
dinamik davranigini basartyla modelledigi, calisma noktasindan uzaklastikgca model
davraniginin batarya davranigindan farkli oldugu goriilmiistiir. Batarya davranisinin
desarj akimiyla degistigi bilindiginden, model parametrelerinin desarj akimina bagh
olarak degistirilmesi planlanmis ve her bir model parametresine birinci ve ikinci
dereceden polinomlar uydurulmustur. Elde edilen nonlineer batarya modeli, egitim
veri setinden farkli veriler kullanilarak dogrulanmis ve batarya davramisini, cesitli
akimlar ¢cekilmesine ragmen basariyla temsil ettigi goriilmiistiir.

Dordiincii boliimde ise endiistride sik¢a kullanilan yontemlerden biri olan akim sayma
yontemi ele alinmis olup, bu yontem kullanilarak, acik devre gerilimi ve bataryada
bulunan akim sensorii verileri kullanilarak batarya sarj durumu tahminlemesi
yaptlmugtir. Simulasyon ortaminda ¢ok yiiksek dogrulukla calisan bu model, daha
sonrasinda genisletilmis kalman filtresinin validasyonunda kullanilmigtir. Giiriiltiilere
kars1 hassasligi ve gercek hayatta karsilagilabilecek zorluklart minimuma indirmek
amach bir filtre yapisinin kullanilmasina ihtiya¢ duyuldugu tespit edilmis olup, buna
¢Oziim olarak genisletilmis kalman filtre yapisi incelenmistir.

Model tabanli bu filtre yapisinin uygulanabilmesi icin Oncelikle sisteme iliskin
durum-uzay denklemleri c¢ikarilmis olup, taylor serisi ac¢ilimi yardimiyla kalman

denklemleri elde edilmigtir. Elde edilen bu denklemler MATLAB/Simulink ortaminda
gerceklenmis olup, deney verileri ve akim sayma yontemi kullanilarak dogrulanmistir.
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Sonug¢ olarak, elde edilen veriler gercek sonuglarla kargilastirilmis olup, batarya
kimyasinin stabil olmamasindan kaynaklanan ve laboratuvar tipi bir batarya setinin
verilerinin kullanilmasina ragmen batarya sarj durumu kestirimi basarili bir sekilde
yapilmistir.

Son boliimde ise yapilan caligmaya iligkin bilgiler verilmis olup, ¢alismanin limitleri
anlatilmig ve gelecekteki arastirmacilara yonelik olarak cesitli iyilestirme secenekleri
belirtilmistir.
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1. INTRODUCTION

In recent years, electric vehicles have become a phenomenon of society transfor-
mations towards a sustainable future. Vehicle manufacturers and policymakers are
increasing their attention and action on electric vehicles (EVs). This is because EV

technologies are attractive options to achieve environmental, societal, and health goals.

EVs are not only two to four times more efficient than conventional internal
combustion engine models, but they can also reduce dependence on petroleum-based
fuels and, when powered by low-carbon electricity, lead to significant reductions in
greenhouse gas emissions. In addition, because EVs produce no tailpipe emissions,
they are well suited to solving air pollution problems. In addition, EVs are driving
advances in battery technology, a key issue for industrial competitiveness in the

transition to clean energy. [13]

Today, battery technology is the bottleneck of electric vehicles. In order to overcome
that problem, the academy and industry are widely researching on that topic. Even
though lithium-ion batteries are widely used today, the other battery chemistries are

promising in order to reach a longer range and environment-friendly goals.

1.1 Purpose of Thesis

The purpose of this thesis is to investigate one of the promising battery chemistry,
zinc-air batteries. Due to properties such as high energy and high power density and the
environment-friendly production possibilities, zinc-air batteries are gaining attention

from society.

However, the advantages of the batteries come with safety concerns. Batteries could
be sensitive to overcharging, undercharging, short circuits, and temperature deviations.
[14] [15] In order to operate the batteries in secure and optimal conditions, the Battery

Management Systems(BMS) are used to monitor battery cells.



BMS could monitor battery temperatures, voltages, and currents but the state of charge
cannot be measured directly. A robust and precise model needs to be employed to

ensure safe and secure battery operation.

In this work, a robust model for zinc-air is obtained. From that model, state of charge

estimation with Extended Kalman filters are employed and results are compared.



2. LITERATURE REVIEW

2.1 Terminology

Battery and hybrid electric vehicle terminology are defined at SAE J1715. [16] In this

section, a few of the common ones will be introduced.

2.2 Battery Technologies

Table 2.1 : Comparison of the Different Batteries.

Battery Chemistry Voltage(V) Specific Energy Density (Wh/kg)

Lead Acid 2.1 30-50
NiCd 1.2 50-75
NiMh 1.2 70-95

LiFePO4 3.2 120
NMC 3.6 118-250
Zinc-Air 1.65 1085

2.2.1 Lead acid batteries

French physician Gaston Plante invented in 1859. Lead-acid batteries comprise of flat
lead plates immersed in a pool of electrolytes. This pool of electrolytes consists of
water and sulfuric acid. As the battery discharges the electrolyte coats the lead plates
and this process is called lead sulfate(sulfation). Lead sulfate is a soft material and
can be reconverted back into the lead and sulfuric acid. But to reconvert it the battery
should be recharged immediately. If the battery is not promptly recharged, the lead
sulfate will begin to form hard crystals and will be unable to be converted back to
regular voltage levels. Most of the LA batteries are formed by two 6 volt batteries
or a single 12 volt battery. Both of these varieties are constructed from several cells
connected next to each other while each cell produces approximately 2.1 volts. LA
is used as a 12V power supply system of vehicles, uninterruptible power supplies,

and several back-up power supplies. Energy density values are different based on the



technology but they are between 30 to 50 Wh/kg with up to 1500 cycle life and cell

voltages are around 2V [17].
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Figure 2.1 : Lead Acid Battery Structure [3].

2.2.2 Nickel based batteries

2.2.2.1 Nickel-cadmium batteries

Nickel-based batteries invented by Waldemar Jungner in 1899. It has several
advantages over the lead-acid type of battery. Because of the high discharge rates,
capacity advantages, and stability advantages over the lead-acid battery, it was the

preferred battery choice for the airline industry, medical industry for many years.

The Nickel Cadmium type batteries have nickel species as positive electrodes and
cadmium or electrodes species as negative electrodes and alkali solution KOH as the

electrolyte.
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Figure 2.2 : Nickel-Cadmium Battery Structure [4].



Most of the nickel-based batteries have 1.2V nominal cell voltages. Usually, it consists
of 10 series of battery cells to use as a 12V power supply. They are mostly preferred
for client electronics because of their resilience and low maintenance needs. Energy

density values are between 50-75 Wh/Kg with over 3500 cycle life.

Even though NiCd type of battery offers good technical specifications, it has major
drawbacks such as considerable costs over lead-acid batteries (> 10 times) and toxicity

of the battery materials [4].

2.2.2.2 Nickel-metal hydride batteries

That battery chemistry is similar to the Nickel Cadmium type of batteries. The main
difference comes from the electrolyte, by eliminating the cadmium from the battery,

toxicity level decreases during battery capacity increases.
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Figure 2.3 : Nickel-Metal Hydride Battery Structure [5].

With the metal electrolyte, Nickel-Metal Hydride chemistry offers 70-100 Wh/Kg
energy density with around 1000 cycle life. Because of the high volumetric energy
(170-420 Wh/L) and discharge capabilities, that batteries are mostly employed in

electric vehicles and various power sources in the industry [4].



Figure 2.4 : NiMH Battery utilized Toyota Prius [5].

2.2.3 Lithium based batteries

Lithium-ion batteries were first proposed in 1912 by G.N. Lewis. Even though
extensive researches were conducted, the first commercial rechargeable battery
produced in 1991 by Sony. Lithium-ion batteries have superior cycle life, power

density, and low power loss capabilities.

The cells are made from anode cathode plates, filled with liquid electrolytes, and
plates are separated by a separator. Usually, the cathode is a metal oxide, and the

anode material is graphite.
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Figure 2.5 : Basic Working Principle of Lithium Ion Batteries [6].

As shown in Figure 2.5, during discharging lithium ions goes from anode to cathode

through the electrolyte, while charging it works other way around.



Because of the promising technical capabilities, that chemistry is extensively
researched from both academia and industry and has been used for almost all
applications. However, lithium-ion batteries have major safety issues. Due to the
nature of the lithium, handling of that batteries is critical because metal oxides are
thermally unstable, and poor handling could lead to the thermal runaway. To minimize
that risk, lithium-ion batteries usually comes with a separate battery management
system to monitor system states, avoiding over-voltage, under-voltage errors, and

safely handling of the lithium-ion batteries.

Each application and industry has its own special requirements. Those could be
the specific energy, specific volume, eco-friendliness, cycle life, etc,. to meet each

requirement, different cathode structures are also employed.

2.2.3.1 Lithium iron phosphate(LiFePO,)

Lithium-ion phosphate(LFP) type batteries invented in 1996 by Texas University
researchers. It was commercially available in 1999, considering the longer lifespan,
low maintenance requirements, and high specific power than other types of batteries it

gained a lot of attention at that time.

Due to the low specific energy, packaging of the batteries for electric vehicles is
problematic, hence LFP was mainly used by electric trucks and caravans because of
the packaging volume. It has 90-120 Wh/kg specific energy with more than 2000 cycle
life.
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Figure 2.6 : Lithium Iron Phosphate Battery [7].



2.2.3.2 Lithium nickel cobalt manganese oxide(NMC)

The lithium nickel cobalt manganese oxide(NMC) batteries were introduced in the
early 1980s but their first commercial appearance was in 1995. The main advantage
of that chemistry is combining nickel and manganese specifications in one battery.
Nickel is known for its high specific energy capacity, while manganese has low internal
resistance [18]. Thus, combining both metals enhanced each other’s capabilities and

NMC chemistry became the most successful lithium-ion battery chemistry.

Even today, NMC chemistry is leading the battery market. Almost all of the available

electric vehicles are using that chemistry because of its advantages.

Ni

Mn

Co
NMC 111 NMC622 NMC811
Nickel 33.3% Nickel 60% Nickel 80%
Manganese 33.3% Manganese 20% Manganese 10%
Cobalt 33.3% Cobalt 20% Cobalt 10%

Figure 2.7 : Different NMC Battery Variations.

Industry leaders are widely researching and have been improving new NMC
combinations to compete against next generation battery technologies, improve energy

efficiency, and reduce costs.



2.2.4 Metal-air batteries

Even though lithium-ion battery technologies have been widely researched, industry
and academia still improving the battery technologies. Safety issues, high energy

needs, raw material problems, and price leads to the research of metal-air batteries.

In comparison to lithium batteries, the density of energy and price advantages are

significantly better for metal-air batteries.

The way of working is different from other kinds of batteries. Metallic ions are
transformed from the anode to the cathode in classic ionic batteries. Metals or alloys
change into metallic ions at the anode of metal-air batteries, while oxygen transforms

into hydroxide ions at the cathode. [8].
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Figure 2.8 : Schematic Diagram of MAB Battery Variations [8].

Different packaging, different cathode variations are still in the development phase,

road blockers are mainly safety and aging-related issues.



Table 2.2 : Comparison of the Different Metal Air Batteries [1].

Battery Chemistry Voltage(V) Theoretical Specific Theoretical Energy
Capacity (Ah/Kg) Density (Wh/Kg)
K-Air 248 377 935
Wa-Air 227 487 1105
Al-Air 27 1030 2791
Mg-Air 3.09 920 2843
Zinc-Air 1.65 6358 1085
Li-Air 296 1170 3463

As shown in Table 2.2, even though lithium-air battery chemistry has shown superior
theoretical capabilities. In reality, it is far from commercial use because of the safety,
rechargeability, and cost issues. In that sense, reliable, safe, and cheap cathode

materials are gaining attention from researchers.

2.2.4.1 Zinc-air batteries

Zinc-air batteries have attracted interest over recent years as a possible commerciable
alternative of lithium-ion technology. Zinc-air batteries are promising because of the
environmental friendliness, theoretical energy density(1085 Wh/Kg), considerably low

cost(<10$ potentially), and inherent safety. [19]

Primary zinc-air batteries have been employed effectively in the fields of the hearing
aid industry, GPS systems, and railway signal equipments. Rechargeable zinc-air
batteries have just recently evolved and have seen tremendous growth. Furthermore,
by physically swapping the battery electrode and liquids, this sort of battery may be
manually refilled. Because mechanical recharging has no significant challenges, it is

possible to have quick refueling capabilities similar to petrol refill. [10].
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Figure 2.9 : Structure of zinc-air battery cell [9].

Researchers from all around the globe have lately addressed these zinc battery
topologies with the goal of overcoming long-standing drawbacks like as low cyclability
by inventing novel electrode materials, formulations, and battery designs. This
newfound interest in zinc-based battery technology is gathering researchers from

several sorts of backgrounds, bringing interesting new insights to the quest. [20]
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Figure 2.10 : Schematic of zinc-air battery cell [10].

The basic working principle of these batteries is, during discharge the zinc anode gets
oxidizes and interacts with OH™ to produce soluble zincate ions. When these zincate
ions get supersaturated in the electrolyte, they decompose spontaneously to generate

an insoluble zinc oxide. [10]

Due to the inherent safety characteristics and high volumetric energy density, zinc-air
batteries can be employed to work in the electric vehicle industry. In this work, cell

from this chemistry is going to be employed.
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3. CELL MODELLING AND PARAMETER IDENTIFICATION

In this chapter, a model that represents the battery will be developed. The model will
be developed by using the discharge data of the zinc-air battery. First, We will start
to employ the 1st order RC model, and then the parameter varying model will be
employed to represent the high non-linearity of the model. This chapter introduces the

most common models and describes the employed model for this thesis.

3.1 Utilized Battery Cell

As discussed in the previous chapter, zinc-air chemistry is capable of take-over the
market in upcoming years. Because of that, in this thesis, a zinc-air type battery is

going to be used. Characteristics and cell structure is given below.

Table 3.1 : Summary of cell parameters [2].

Parameters Values
KOH Concentration 8M
Seperator Thickness 0.1lmm
Cathode Thickness I mm
Cathode Length 9.5cm
Cathode Active Surface Area 29.83 cm?
Catalyst Loading 3 mgem 2
Amount of Zinc 6g
Electrolyte Volume 15 cm?
Anode Current Collector Diameter Smm
Anode Current Collector Full Length 20.5 cm
Zinc Pellets Bed Length 13.5cm
Anode chamber diameter 10 mm

13
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Figure 3.1 : Utilized battery cell.

3.2 Equivalent Circuit Model

Batteries are known for complex and highly nonlinear behaviours. Although the
non-linearity & complex electrochemical chemistry that batteries have, basic electrical

components can be used to represent the dynamic behaviour of the batteries.

Battery equivalent circuit models are widely employed in industry and academia to
represent the complex electrochemical behaviour of batteries. [21] There are many
equivalent circuit models are available to represent battery behaviour, some of them are
using passive elements while other structures are using active components or adaptive

functions.

The fundamental model uses only voltage source as a function of the state of charge

but to increase accuracy different model structures can be obtained.

14



3.2.1 Basic model

The basic model is built by only internal resistance and voltage source dependent on
the state of charge of the battery. The basic model can only represent the voltage drop

of the battery -if current occurs-.

As shown in Figure 3.2, implementation is simple, but accuracy is not enough to

estimate the state of charge of the battery.

Figure 3.2 : Basic Battery Model.

UL = UOC<SOC) — ILRO (3.1)

To increase model accuracy, internal resistance can be employed dynamically with

respect to the charging, discharging state, and state of charge of the battery.

15



3.2.2 R;,;; model

As illustrated in Figure 3.3, R;,; model consists of the same elements as the basic model
but the differences are, either battery open circuit voltage and resistance elements are

functions of the state of charge, charge current, and discharge currents. [22]

AW — ®

Figure 3.3 : R;,; Battery Model.

UL = U(,C(SOC) —ILR()(SOC) (32)

Even though that model structure gives better performance than the basic model,
transient dynamics of the battery can not be represented by using that model structure.

Thevenin model structure could also capture the transient model dynamics.

16



3.2.3 Thevenin model

A typical thevenin based battery model structure consists of DC resistance Ry and
from one to multiple RC pairs to represent battery dynamics. The first order RC model

shown in Figure 3.4.

S
Figure 3.4 : First Order RC Model.
I; =Ic+1Ig (3.3)
UL = UOC(SOC) —R()IL — Uth (3.4)

Internal resistance represented by Ry, RC branch is used to catch transient response
of the battery mostly during current changes. To capture all dynamics of the battery,

increasing the order of the model is possible.

But due to the computational effort, first and second order RC models are widely used

in applications.
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Figure 3.5 : Third Order RC Model.

3.3 Linear Parameter-Varying(LPV) Model

Linear parameter varying model type is a generic type of the LTI form, constructed
based on the notion that dynamic attributes vary depending on the operating conditions.
[11] The dynamic properties of the battery are current, temperature, and state of charge

of the battery.

With respect to the experimental results from the test cell, the discharge current is
selected as a scheduling parameter for the battery model. The general state space

representation could be written with respect to the scheduling function p, as below;

x(k+1)=A(p(k)).X (k) + B(p(k)).u(k) 3.5)

y(k) = C(p(k)).X (k) +D(p(k)).u(k) 3.6)

3.4 Parameter Determination

The parameters of the battery cell will be determined by using experimental data. [2]
To be able to model precisely, various scheduling spaces were selected then linear

models were obtained & assigned to the respective points.

Given experimental data is only available from 100mA to 1000mA. Operating points

were selected as 100mA, 450mA, and 900mA discharge currents.

18



State space representation of the linear model is given below;

x(k+1) =AX(k) + B.u(k) 3.7)

y(k) =C.X(k)+ D.u(k) 3.8
where u is an input vector, y is output. Hence, input is current, the output is the
potential loss of the battery, u is current, y is the potential loss of the battery cell.

Training experiment data are used to estimate model parameters by using the

parameter estimation toolbox in MATLAB Simulink.
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Figure 3.6 : State Space Model Implementation.

As shown in Figure 3.6 & Figure 3.7, the linear model implemented in Simulink. At
the initial state, model parameters are selected from random variables, then test data is
fed through the model, where input is current, the output of the model is selected as a

potential loss across the battery.
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Figure 3.7 : State Space Model Implementation.

The test data for one of the selected operating point is shown in Figure 3.8.

Voltage (V)

Figure 3.8 : Test Data for 100mA Operating Point [11].

After assignment and intensive optimization procedure, model parameters are

estimated with less than % 2 sums of squared error.

Then that estimation procedure is applied for all selected operating points. For each
operating point, three different models are obtained from different training data. In

total, 18 different models were obtained for respective operating points.
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Table 3.2 : Obtained Model Parameters.

Operating Point A B C D

100mA Discharge-1 0.8884 0.6472 0.3354 0.1289
100mA Discharge-2 0.8754 -0.5749 -0.3609 0.4943

100mA Discharge-3 0.8771 -0.5085 -0.4326 0.4338
100mA Charge-1 0.9503 -0.1232 -0.6526 0.4655
100mA Charge-2 0.9567 0.0972 0.7609 0.4657
100mA Charge-3 0.9583 0.0953 0.7491 0.5067

450mA Discharge-1 0.6433 -0.5054 0.3494 0.5297

450mA Discharge-2 0.7362 0.2783 0.5664 0.4718

450mA Discharge-3 0.7421 0.2123 0.8705 0.3711
450mA Charge-1 0.9132 -0.0506 -1.1848 0.3504
450mA Charge-2 0.9349 -0.0357 -1.2178 0.4012
450mA Charge-3 0.9421 -0.0313 -1.2382 0.4174

900mA Discharge-1 0.7885 -0.1840 -0.1394 0.6378

900mA Discharge-2 0.6926 0.1188 0.9818 0.3954
900mA Discharge-3 0.7572 0.0947 0.9454 0.4209

900mA Charge-1 0.9251 -0.0220 -1.2967 0.3702
900mA Charge-2 0.9426 -0.0166 -1.4480 0.3545
900mA Charge-3 0.9208 0.0258 1.4075 0.3191

Comparison of the results are showing that linear models are representing the battery

potential loss behaviour with high precision around the operating point of the battery.

When models are used for a different condition than the operating condition, model
behaviour is poorly estimating the actual response. Thus, the linear models could

properly foresee the response behaviour, if the current level is arranged accordingly.

From that point, it could be understood that the linear model is only capable to imitate
battery behaviour around the same operating point. Because the gain of the model is
differentiating from each other. To obtain one model that is capable to work for each
operating condition, all of the obtained linear models need to be combined. In this

situation, LPV model parameters need to be found.

21



LPV model parameters are shown in Table 3.2 above. For each model parameter, a
polynomial function needs to be assigned with respect to the LPV equations 3.7 and
3.8.

Parameter A and D were having consistent behaviour, second order polynomial could
be fitted. However, parameters B and C were showed are inconsistent trend. To address
that issue, C is fixed as unit gain, B and C multiplied together to have a consistent

model parameter. [11]

After that assignment, the LPV model becomes;

x(k+1) = A(p(k)) X (k) + BC(p(k)).u(k) (3.9)

y(k) = X (k) + D(p(k))-u(k) (3.10)

Thus, model parameter surface is found below;
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Figure 3.9 : Fitted Function for Model Parameters.
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Now, the LPV model is obtained. To validate that model, test data is used. Results are

shown below;

Figure 3.10 : Model Output Over Test Data.

Results show that obtained & validated model is capable to represent battery potential
loss accurately. To reach a complete cell model, SOC-OCV curve implementation

needs to be added.

Figure 3.11 : Voltage Derivation against State of Charge.

Consequently, that curve is implemented and a complete battery cell is developed.

23



Current

soc »( 1)

Cell_percSOC
ocv B
Cell_uOCV

AhCounter

|+
> -

Cell_uTerminal

.
[ —» curen Gell_ubyn {— )

Cell_uDyn

Battery Potential Loss Model
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4. STATE OF CHARGE ESTIMATION

As mentioned, the state of charge is not directly measurable but it is an important
parameter. Having an accurate and reliable state of charge parameter helps efficiently

handling of the battery and ensures safety.

In the literature, there are several methods are proposed. Each method has some
advantages and disadvantages. For that work, the coulomb counting method will be
compared with the extended Kalman filter method. These methods are explained in

this chapter.

4.1 Coulomb Counting Method

This method is also known as the ampere-hour counter. It is widely used in the industry
because of its simplicity. That method focuses the output of the current sensor that
measures during the battery’s charge or discharge current and integrates to derive the

state of charge.

SOC(t) = SOC(t —1) + %St @.1)

The implementation of the Coulomb counting method is straightforward and memory

efficient, but it has drawbacks.

Noisy current measurements could have big impacts due to the integrator in the

formula.

Error drift due to the previously incorrectly estimated values.

Current loses inside the battery and auxiliaries also taken into account into the

formula.

Battery degradation and temperature changes could influence the precision of the

method
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By using re-calibration points and providing reliable current measurement, that

method could provide an accurate state of charge values.

The implementation as follows:

o e |
& Delta SOC il e =

Current . =
discrete integrator

ini |
initSOC + u |

i total SOC

Capacity W Y +
S

seconds 1-D T(u)

Figure 4.1 : Coloumb Counting Implementation.

4.2 Extended Kalman Filter Method

The Kalman filter is an estimation theory for estimating the immeasurable states of the
system. The filter uses linear optimal filtering to give a recursive solution for predicting
system state variables. If the system is nonlinear, at each step a linearization procedure
is used to approximate the nonlinear system by linear time-varying system. [23] Using
this linear time-varying system in Kalman Filter results in an extended Kalman filter

for a nonlinear system.

In this case, the state of charge parameter is estimated by using current and voltage
measurements. The estimated cell voltage is going to be compared to the actual
measured voltage, then the obtained error term is also considered inside the state of

charge estimation algorithm.

The extended Kalman filter algorithm consists of two main steps:

e State Prediction Step

e Measurement Correction Step
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Figure 4.2 : Procedure of Extended Kalman Filter Algorithm [12].

The implementation procedure starts with finding state space model equations of the

system, then the EKF procedure can be constructed as explained in Figure 4.2.

4.2.1 Implementation

The model that proposed in previous chapter as shown below:

7
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g mmmm—————a
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rd
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Figure 4.3 : First Order Thevenin equivalent battery model.

System equations could be written as follows:

Veclk+1)=(1— Vee(k) + =—Ic.1(k 4.2)
rRe(k+1) = ( RCC,,) re(k) c, et (k)
Vrcr(k) = Vre (k) + Rolcen (k) 4.3)
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Now, equations will be written to have a state space model of the system.
ot
SOC(t) =SO0C(t—1)+ El(t)

dVrc _ Icar  Vrc
i C, RC,

As a result, the following state equation is obtained for the battery model.

5t

d [soC(k+1)] _ |0 0 P
0 — VRC CT, cell

dr | Vee(k+1) RCy

b

Vrcr = f(OCV,SOC) — Role11 — Ve

The equations of extended Kalman filter written as following:

X1 = f (o, ug) +wg

Yk = 8(X, ug) + v

(4.4)

4.5)

(4.6)

4.7)

(4.8)

4.9)

W 1s zero mean Gaussian white noise that represents the non-measurable process noise

that affects the system response, u; is Gaussian white noise with a mean of zero that

represents the sensor measurements and affects the system output and it has no memory

effect on the system state.
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At each time step, f and g functions are linearized around the operation point by using

the Taylor series approximation. Thus, A, B, C, and D functions are expressed as

follows:

Ag

By
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_ 9 (x, i)

_ 9f (%, i)

_ 980, we)
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1 0
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Hence, the specified equations are implemented in MATLAB-Simulink.
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Figure 4.4 : Extended Kalman Filter Block.
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Figure 4.5 : Extended Kalman Filter Implementation in Simulink.

4.3 Simulation Results

It is known that in the simulation environment, the coulomb counting method works
perfectly since there it is ideal conditions. Hence, obtained EKF model can be

validated by comparing the coulomb counting method.

Figure 4.6 : EKF model validation against Coulomb Counter Method.

Now, confidence in our EKF model is gained.

To be able to simulate real life scenarios as much as possible, noisy measurement data
is applied to the system to see the state of charge estimation behaviour of EKF. As it
can be seen in Figure 4.7 and Figure 4.8, the applied extended Kalman filter precisely

estimates the state of charge value.
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Figure 4.7 : EKF SoC estimation against measurement data.

Figure 4.8 : EKF Obtained SoC Error Signal.

Due to the nonlinear nature of the model, small voltage and current deviations or

measurement noise could create a big difference in the state of charge estimation.

But, with the help of the extended Kalman filter approach, noisy data could be filtered

and state of charge estimation can be done precisely with less than 2 percent value.
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5. CONCLUSIONS AND RECOMMENDATIONS

The purpose of the thesis is to provide an accurate state of charge estimation for zinc-air

batteries.

First, cell modeling by using equivalent circuit modeling methods is studied. Then,
an LPV model was developed for zinc-air type battery from different linear models
to predict the nonlinear dynamic behaviour of the battery. After validating the model
against test data, results showed that identified LPV model is able to represent the

dynamic behaviour of the battery.

Thus, the battery model is used to estimate the state of charge estimation by using
the ampere-hour counter method. After that, Extended Kalman Filter is applied to the
developed model and compared to the real data. Even though the nature of the battery
chemistry is not stable and having only an in-house battery data set, it is shown that

the state of charge could be estimated accurately.

5.1 Recommendations for Future Work

As future work, the training data could be improved by using standardized load
profilestHPPC, NEDC, WLTP), testing against temperature changes, adding aging
parameters. Also by only using available test data, charge behaviour could only be
partially modelled. With the future improvements in the zinc-air battery chemistry in

the literature, charging behaviour could also be modelled more in detail.

The study is also open for further improvements such as creating battery packs that
represent real electric vehicles that could also give hints about the usability of the

zinc-air batteries in real vehicles and systems.

Also for future reference, the battery industry will expand in favour of metal-air battery
chemistry, and those chemistries are going to be employed in almost all secondary

battery applications.
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