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ONLINE IMPEDANCE MEASUREMENT OF BATTERIES
USING CROSS-CORRELATION TECHNIQUE

SUMMARY

Although the foundation of battery technologies had been laid out quite a long time
ago, the recent increase of the interest for technologies such as renewable energies,
portable devices, electric vehicles urged the battery technology to emerge as a major
research topic.

Moreover, for such applications, the batteries generally considered to be one of, if
not the most crucial component of the system. This can be attributed to the fact that
the energy stored within the batteries ensures the continuity of system operations.
Additionally, the lifetime of such systems is generally directly correlated with the
lifetime of batteries utilized thereof.

Consequently, the assessment of battery condition is a crucial aspect for the durability
and stability of a very wide range of applications. However, as most of the parameters
regarding the status of the batteries are not directly measurable, the battery status
generally has to be estimated. This task is generally undertaken by a battery
management system (BMS), which often runs some tests on the battery to predict
certain parameters such as state of health (SOH) and state of charge (SOC).

Electrochemical Impedance Spectroscopy (EIS) principally presents the complex
impedance values of a battery over a frequency range of interest and it is widely
accepted as the most advanced testing technique for batteries as it allows a foundation
for the estimation of various battery parameters such as battery temperature, SOC
and SOH. However, very often, these measurements have to be accompanied with
advanced estimation algorithms for ensuring reliable and accurate estimation of
parameters.

This thesis aims to provide a practical implementation of EIS measurements. For this
purpose, the study presented in this thesis implements the suggested method into the
DC-DC converters, which are almost always present in the systems deploying batteries.
The implemented method is based on cross-correlation calculations.

In the first part of the thesis the motivation and the objectives of the study is elaborated
and a literature overview of the state of the art is provided for representing the current
approaches and for emphasizing the need for improvements.

The first part is followed by a theoretical background section, where the principles of
the cross-correlation calculations and it’s adaptation to battery EIS measurements are
explained in detail. Several improvements for the method, especially aimed for battery
applications, are also provided.

In the subsequent part, the theoretical findings are supported by simulations, which
are created in MATLAB by using the Simulink graphical programming environment.
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In this part, the theory is preliminarily tested by simulations regarding impedance
measurements of a passive RLC circuit.

In the latter part, a test bench is designed for performing experiments to serve as
proof of concept for the suggested approach. The test bench comprises a digitally
controlled boost converter that is configured for charging a 12-V, 7-Ah sealed lead-acid
(SLA) battery. The boost converter is controlled by an FPGA based platform, namely
the Nexsys 4 DDR of Xilinx. The digital controller also comprises subprogram for
injecting the necessary signals to the battery. The waveforms that occur during the
tests are then recorded by a data acquisition system based on NI cDAQ platform so
that the saved data can be processed in MATLAB environment for calculating the EIS
diagrams.

During the experiments, firstly, the battery is tested via the proposed method at 50%
SOC. It is shown that the results of the present approach coincide with those obtained
by a commercially-available, laboratory-type, high-precision instrument. Finally, the
tests were also repeated for 25% and 75% SOC values. Additionally, further results are
also presented to prove the validity of the approach even when the DC-DC converter
is configured to provide a constant current under closed feedback loop. In conclusion,
it is shown that the proposed approach can be reliably used to analyse the impedance
of batteries over a wide frequency range during battery charging process.
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CAPRAZ-KORELASYON TEKNIiGIiNi KULLANARAK
CEVRIMICI BATARYA EMPEDANSI OLCUMU

OZET

Batarya teknolojilerinin temelleri uzun yillar atilmis olsa da, yakin tarihte yenilenebilir
enerji teknolojileri, taginabilir cihazlar ve elektrikli araglar ve benzeri alanlara olan
ilginin biiylik bir ivme ile artmasi, batarya teknolojilerinin giiniimiizde ana akim
aragtirma alanlarindan biri olarak giindeme gelmesine neden olmustur.

Yukarida bahsedilmis olan uygulama alanlar1 kapsaminda bakildiginda, sisteme
saglanan elektrik enerjisinin genellikle temel kaynagi olan bataryalar, icerisinde
bulundugu sistemin en dnemli bilesenlerinden biri olarak diisiiniilmektedir. Buna ek
olarak, bu gibi sistemlerin 6mrii genelde icerisinde kullanilmig olan bataryanin omrii
ile direkt bir iligki igerisindedir.

Yukarida verigsmis olan nedenlerden 6tiirii batarya ile ilgili 6lctimler, hem bataryanin
hem de bataryanin igerisinde bulundugu sistemin saghgi ve devamliliginin 6n
goriilebilmesi agisindan biiyiik 6nem arz etmektedir. Ne var ki, bataryalarin durumu
ile bagintili olan degiskenlerin cogu maalesef dogrudan oOlciilebilir biiyiikliikler
degillerdir. Bu nedenden dolay1, bataryanin durum bilgileri genellikle yapilan dl¢timler
tizerinden kestirim yapmak vasitasi ile elde edilmektedirler.

Batarya durum kestirim iglemleri genellikle sistem icerisinde bulunan bir batarya
yonetim sistemi tarafindan istlenilmektedir. Batarya yonetim sistemleri batarya
tizerinde cesitli testler yapmak vasitasiyla bataryanin sarj durumu, saglik durumu
ve benzeri degerlerin kestirimi amaci ile kullanilabilecek baz1 degiskenleri 6lgmeye
caligirlar.

Bu gibi testlerden biri olan Elektrokimyasal Empedans Spektroskopisi, ilgilenilen
bir frekans araligi boyunca, bataryanin karmasik empedans de8erinin elde edildigi
bir 6l¢iim yontemidir. Elektrokimyasal Empedans Spektroskopisi genel anlamda bir
batarya ilizerinde uygulanabilecek olan en kapsamli test olarak kabul edilmektedir.
Bu baglamda yapilan dl¢iimler batarya durumu kestirimi i¢in kullanilacak olan bir
temeli teskil etmektedirler. Fakat, elektrokimyasal sistemlerin karmagiklig1 nedeni
ile, batarya durum kestirimlerinin giivenilir ve hassas bir sekilde gerceklestirilebilmesi
icin Elektrokimyasal Empedans Spektroskopisi Olgiimlerinin gelismis kestirim
algoritmalar1 tarafindan yorumlanmasi gerekmektedir.

Bu tez kapsamindan siirdiiriilen caligmalar ile Elektrokimyasal Empedans Spek-
troskopisinin batarya uygulamalarina elverigli bir yontem olarak onerilmesi amaglan-
misti.  Bu baglamda, Elektrokimyasal Empedans Spektroskopisi Olctimlerinin,
icerisinde batarya bulunan sistemlerde biiyilk oranda kullanilmakta olan DC-DC
doniistiiriiciilere entegre edilmesi hedeflenmistir. Boylelikle, tez kapsaminda onerilen
bu yontemin, sistem yapisi agisindan biiyiik degisiklikler yapilmasina gerek olmadan,
hali hazirdaki sistemlere kolayca entegre edilebilir bir yaklasim olarak literatiire
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katilmasi amaclanmustir. Onerilen bu yontem literatiirde bilinen capraz-korelasyon
hesaplarinin temellerine dayanmaktadir.

Capraz korelasyon hesaplarinin sistem transfer fonksiyonlarinin tespit edilmesi
amaci ile kullanilmas1 fikri temel sinyal isleme kitaplarinda ele alinmistir. Hatta,
yakin zamanda yapilan bazi ¢alismalar, bu yontemin DC-DC ceviricilerin transfer
fonksiyonlarinin bulunmasi amaci ile kullanilabilece8ini ortaya koymustur. Fakat,
bu tezin calisma konusunun Onerildigi tarihte bu yontemi batarya empedans
Olciimlerinin ¢cevrimigi tespiti amaci ile kullanimina dair bir caligmaya rastlanmamustir.
Bu tez kapsaminda, capraz-korelasyon teknigi batarya uygulamalar1 kapsaminda
tyilestirilerek kolay uygulanabilen ve yiiksek dogrulukta bir batarya empedans dl¢timii
yaklagimi ortaya koyulmustur.

Tezin ilk kisminda, tezin motivasyonlar1 ve hedefleri aciklanmig ve tezin konusu
ile alakali bir literatiir 6zeti sunulmustur. Literatiir 6zeti kapsaminda, hem batarya
empedans Olctimlerinin onemini vurgulayan calismalara yer verilmis olup hem de
DC-DC ceviriciler vasitasi ile bataryarlarin empedans Olciimlerini ¢evrimici olarak
yapmay1 hedefleyen yakin tarihli calismalar okuyucunun dikkatine sunulmustur. Bu
sekilde derlenmis olan literatiir 6zeti tez konusunun hem 6nemine hem de giincelligine
151k tutmaktadir.

Takip eden bolimde ise tezde sunulan yaklasimin temelini tegkil eden
capraz-korelasyon yonteminin temellerine ve bu yontemin empedans oOlgiimleri
icin kullanimina dair teorik bilgiler detayli bir bicimde verilmigtir. Bunlara ek olarak,
tez kapsaminda Onerilen yontemin batarya uygulamarinda kullaniminin iyilestirilmeini
hedefleyen onerilere de ayn1 boliim icerisinde yer verilmistir.

Bir sonraki boliimde, teorik kisimda islenmis olan yaklagimlar simulasyon ¢alismalari
ile desteklenmigstir. Bu kapsamda Matlab - Simulink yaziliminda pasif bir RLC
devresinin karmagsik empedans degerlerini genis bir frekans aralifinda oOl¢timii
amaci ile bir dc-dc cevirici simiile edilmis olup, bu ceviricinin kontrol kismina
capraz-korelasyon teknigine dayali olan empedans Ol¢iim algoritmas: entegre
edilmistir. Bu simiilasyon devresinin gergek diinyadaki uygulamasina yakin olmasi
icin Ol¢lim sisteminde meydana gelebilecek bazi hatalar da simiilasyon kapsaminda
hesaba katilmistir. Sonug¢ olarak, RLC devresi iizerinde yapilan simiilasyonlarin
RLC devresinin analitik olarak hesaplanmig empedans degerlerine ¢ok yakin sonuclar
verdi8i gézlemlenmistir.

Takip eden boliimde ise testlerin gerceklestirilmesi i¢in gereken bir test ortamininin
nasil tasarlandig1 gosterilmistir. Tasarlanan test ortami 7 Ah - 12 Volt bir kurgun-asit
bataryay1 (Yuasa NP7-12) sarj etmek i¢in programlanmig, dijital olarak kontrol
edilen bir boost doniistiiriicii devresi icermektedir. Boost doniistiiriicii bir Xilinx
firmasinin Nexsys 4 DDR isimli bir FPGA platformu tarafindan kontrol edilmektedir¢
Bu FPGA platformu Elektrokimyasal Empedans Spektroskopisi Ol¢iimleri amac ile
bataryaya zerk edilecek olan sinyalleri uygulayan bir alt programi da icermektedir.
Bu sinyallerin uygulanmasi sonucu bataryada olusacak olan dalga formlar1 ise NI
firmasinin cDaQ platformu temeline dayanan bir veri toplama sistemi tarafindan kayit
altina alinmaktadir. Kayit edilen veriler ise MATLAB ortaminda islenilerek empedans
Olctimleri elde edilmektedir.

Yapilan deneyler kapsaminda, ilk olarak bir 6nceki boliimde simulasyonlar ile dl¢timii
yapilmig olan RLC devresi bu sefer deneysel olarak test edilmistir. Bu testlerin
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sonuclart IET Labs firmasinin yiiksek hassasliktaki IET-1920 laboratuar tipi empedans
Ol¢iim cihazi ile referans teskil etmesi amaciyla alinan 6l¢iimler ile karsilagtirilmigtir.
Bu karsilastirma sonucunda gozlemlenen yiiksek uyum neticesinde, onerilen yontemin
pasif yiikler iizerinde bagarili bir bigimde calisti§1 sonucu ¢ikarilmistir.  Yapilan bu
ilk deney kapsaminda elde edilen sonuglar bir akademik konferans caligmasi olarak
yayinlanmugtir.

Pasif yiik iizerindeki bagirili dlgtimler neticesinde batarya iizerinde yapilacak testlere
baglanmistir. Bu baglamda, Oncelikle bataryaya yapilacak olan perturbasyonun
degerinin nasil belirlenecegi deneysel olarak gosterilmistir. Cesitli genliklerde yapilan
perturbasyonlarin sonuclart empedans Ol¢iimlerinin tutarliliina bir Olgek olarak
kullanilan Kramers-Kronig yontemi ile yorumlanmustir.

Batarya deneyleri iizerinde yapilan deneyler kapsaminda ilk olarak tez kapsaminda
onerilen yontemin dogrulugunu onaylamasi acisindan bir referans 6l¢iim alinmasina
karar verilmigtir. Bu referans dl¢timler icin piyasada bulunan yiiksek hassasliktaki bir
empedans spektroskopisi cihazi (Gamry Reference 3000) kullanilmigtir. Bu baglamda
referans Olclimler i¢in kullanilan batarya EN 50342-1 CENELEC standartlarina
uyularak % 50 doluluk oranmna getirilerek Ol¢timler alinmistir. Sonrasinda, ayni
doluluk oranindaki batarya tez kapsaminda 6nerilen yontem ile test edilerek alinan
Olciimler soz konusu referans ol¢iimler ile karsilagtirilmigtir.  Bunun neticesinde,
capraz-korelasyon teknigine dayanan oOlciimlerin referans ol¢iimler ile yiiksek oranda
uyustugu gosterilerek, tez kapsaminda Onerilen bu ¢apraz-korelasyon teknigine dayali
teknigin gecerliligi ispatlanmstir.

% 50 sarj durumunda yapilan Olciimlere miitakip olarak % 25 ve % 75 sarj
durumlan i¢in deneyler tekrar edilmistir. Sonug olarak, bu tez kapsaminda Onerilen
yontemin giivenilir bir bicimde batarya empedans Ol¢timleri icin kullanilabilecegi
gosterilmigtir. Ek olarak, onerilen yontemin DC-DC ceviricinin kapali ¢evrim olarak
calistig1 durumlarda da gecerli oldugunu gosteren Olciimler de bu boliim kapsaminda
sunulmustur.

Elde edilen sonu¢lar hem Bode Diyagramlart hem de Nyquist Diyagramlar seklinde
sunulmustur.  Son olarak, farkli sarj durumlart icin elde edilen sonuglar tek bir
grafik iizerinde kargsilagtirilarak diyagramda gozlemlenen degisikliklerin literatiirde
benzer bataryalar icin yayinlanan sonuclar ile benzer oldugu gosterilmistir. Ek olarak,
Olctimler literatiirde yakin zamanda yaymlanmig olan bir elektrik es deSer devre
modeline uygulanarak, bu modeldeki temsili elemanlarin biiyiikliikleri i¢in ¢ikarim
yapilmastir.
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1. INTRODUCTION

1.1 Motivation

In recent years, the increase of interest in environment friendly and efficiency oriented
technologies has urged the researchers to examine the battery technology extensively.
Technologies such as renewable energy sources (RES), electric vehicles (EVs), hybrid
electric vehicles (HEVs) may be considered as the main driving force behind this recent
push in the battery technology. Additionally, the recent popularity of portable devices,
which have been deeply penetrated into the market now, has further contributed to the

tendency towards the interest in the battery technologies.

Batteries can be comprised of various chemical substances such as nickel metal
hydride, lithium-ion, nickel cadmium and lead acid. The chemistry preference depends
on the performance demands and costs concerning the application. Users generally
expect short charging durations, long life cycle, long operating times and low costs
from these devices. Additionally, the issues related with battery technology and
infrastructure, such as the energy density influencing the range of EVs, are generally
the limiting factors on applications and commercialization of these technologies.
Thus, high-precision estimation techniques for battery-specific parameters are of major

importance for eliminating these factors.

Energy systems employing battery capabilities contain battery cells in series-parallel
combinations in order to supply electrical power at a desired level. The complexity
of battery cell network may require various monitoring and controlling techniques
to maintain the health, reliability and efficient operation of the battery. All these

necessities can be provided by a suitably designed battery management system (BMS).

One of the major tasks of the BMS is to provide an accurate information on the state of
charge (SOC) of the battery that is the measure of available charge left in the battery for
further operation. However, it is not a quantity that is available for direct measurement.

Depending on the application, accurate estimation of this value might be of crucial

1



importance since it provides protection by avoiding overcharging and deep discharging
to ensure the health of the battery. It also ensures the abilities for dynamic power

management, charging and discharging control.

One other important task of the BMS is to predict and to monitor the state of health
(SOH) of the battery. Although there are various SOH definitions, it is briefly the
measure of remaining energy storage capacity of a used battery compared to a new

one. Depending on the application and requirements the evaluation of SOH may vary.

Batteries are electrochemical devices with highly complex nature. Since these devices
are employed in electrical systems, expressing their complex nature from electrical
engineering point of view is crucial. Accurate state estimation of batteries enables
making right decisions concerning the power management of the battery and this helps

keeping the battery and consequently the system in good condition.

There are various methods adapted for testing the state of the batteries, where certain
methods may be battery specific. The electrochemical impedance spectroscopy (EIS)
is generally accepted as the most advanced method that could be applied for diagnosing
a battery. EIS is the process of obtaining complex valued impedance diagrams of

electrochemical devices, such as the batteries, over a frequency range of interest.

The EIS is generally accompanied by a parameter extraction stage, where the results
are fit to a electrical battery model in order to find the values of the model, where
these values are then associated to the battery state information. There are various
studies on the modelling of the batteries by using equivalent electrical circuits. By
many researchers it has been proven that the equivalent circuit elements of the batteries
change with varying battery states, such as SOC, SOH, temperature etc., and that
certain parameters derived from the electrical battery models may be directly or

indirectly related to these states.

However, it should be also noted that the EIS results are generally quite complex and
it requires extensive testing in advance as to be able to perform good associations
between battery states and the electrical battery model parameters. Furthermore,
conventionally the devices capable of performing EIS require the battery to be

disconnected from the system and tested separately.



1.2 Research Objective

For the reasons given above, one objective of the thesis is to provide a method that
is capable of performing reliable online EIS tests without the need for disconnecting
the battery system to be tested from the power system. Therefore, it is intended to
propose a testing method that can be performed even without needing to disconnect
the control loops that are governing the power system. This would enable the battery
to keep performing it’s provisioned tasks within the system so that the overall system

reliability would be improved.

However, one challenge with online EIS applications is that the state of the battery,
such as the SOC value, may change during the testing period, since the estimation
process is performed in course of the normal system operation. Abrupt changes of
system sates may cause significant variations in battery parameters and may influence

the testing process. Thus, the testing time for EIS should be kept as short as possible.

Furthermore, it is intended to implement the EIS method into the DC-DC converter
that is regulating the battery, considering that almost all power systems comprising a

battery would also comprise a DC-DC converter.

Traditionally, the devices that are capable of EIS measurements, besides not being
able to be implemented in the power system, are quite expensive and therefore their
use is generally limited to the laboratory use. Thus, another objective of the thesis is to
offer a method that could be implemented into the existing DC-DC converters so that
the proposed method should be reasonable in terms of costs and applicability. More
specifically, this thesis aims to implement EIS method into the digitally controlled

DC-DC converters.

A further objective of the thesis is to provide a method that can reliably operate
considering the nature of digital DC-DC converters, which may rise issues, such
as noise caused by switching or noise caused by quantization process due to
analog-to-digital conversion of measurement devices. In this thesis, it is planned to

overcome these challenges by using signal processing techniques.

Finally, given the complexity of the batteries, many testing methods and other
prognostic tools generally are specific for a battery type [2]. However, this thesis

intends to provide a method that is applicable for various battery types, as it is



already known that EIS can be performed for many battery types. It is pointed out
that extensive testing in advance and prior information on the battery is necessary to

perform logical state estimation procedures based on EIS.

1.3 State of the Art

1.3.1 EIS applications

There are various studies focusing on the analysis of battery complex impedances.
The earliest trials for battery impedance measurements are reported to be conducted in
1941 by E. Willihnganz, where an electrochemical battery cell was excited with a 5 mV
amplitude AC signal [3]. Such tests allow the scientists to evaluate and extract some
critical information concerning the battery dynamics and kinetics. Usually different
set of information can be obtained by measurements at various frequencies. The
process of obtaining the complex impedance for batteries are sometimes called the

Electrochemical Impedance Spectroscopy.

The measurements are performed in either galvanostatic or potentiostatic mode. While
the galvanostatic mode represents the case where a certain current is injected to the
battery as the voltage is observed, vice versa, in the potentiostatic mode a certain
voltage is injected to the battery and the current is observed. The galvanostatic mode
is usually preferred due to very low resistance values of the battery packs, so that the

current is limited in this measurement mode.

An electrochemical cell may be modelled by using electrical equivalent circuits for
mimicking their electrical qualities. These circuits generally comprise some resistive,
inductive and capacitive components, wherein the resistive components are generally
representative of the electrodes, current-collectors, electrolytes and transfer reactions
of electrons. On the other hand, the capacitive components are representative of
double-layer capacitance. Finally, the inductive components are utilized for modelling
the reactions due to porous nature of electrodes. Consequently, the total impedance of
such a cell comprises resistive and reactive components [3], as shown in Fig. 1.1. The
first circuit represents both positive and negative electrodes separately. In the second

circuit the components of both electrodes are united. The last circuit can be used to



express the battery impedance at lower frequencies, where the effect of the inductance

diminishes. The component denoted by "W" is Warburg Impedance.
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Figure 1.1 : Lead Acid Battery equivalent circuit model [3].

A sample Nyquist Diagram of a lead-acid battery [4] is given in Fig. 1.2. As it can
be seen, the diagram consists of a vertical line at the beginning, followed by two
semicircles. Corresponding frequency values are expressed in the figure. As it can
be seen, in high frequency region, the inductance is dominant. The first semicircle
usually corresponds to a frequency range of several hundred Hz to 10~! Hz. The
second semicircle occurs in very low frequency region, which is between Hz and

mHz.

The Warburg Impedance, which corresponds to the second semicircle at Fig. 1.2,
occurs due to diffusion mechanism in the battery and it is dominant in very low
frequency region. This low-frequency-dominant impedance can be one of three types

[5], shown in Fig. 1.3.

Fig. 1.4 illustrates a Nyquist Diagram of a Li-ion battery pack and equivalent battery

model. It also shows the relationship between the model and the Nyquist Diagram.
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Figure 1.2 : Nyquist diagram of the impedance of a lead-acid battery [4].
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Figure 1.3 : Three different types of Warburg Impedance [5].

In the recent literature, there are numerous studies reporting that essential information,
such as the state of charge (SOC), the state of heath (SOH) and even internal
temperature of various type of batteries can be estimated by careful interpretation
of these diagrams. These studies investigate the complex impedance of the
batteries generally try to correlate a parameter of the battery model derived by EIS
measurements to the states tha are desired to be estimated. Generally, either change
in the Nyquist Diagrams of battery impedance, or a variation in single parameter are

attempted to be correlated to SOC.
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Figure 1.4 : The relationship of the battery equivalent circuit and the Nyquist
diagrams for a Li-ion battery.
In one of the earlier studies [5] EIS measurements are utilized for deriving a battery
model based on Randle’s theory for a lead-acid battery. The EIS measurements are
performed with superimposed DC bias. The validity of the derived model is then
proven by comparing the experimental voltage waveforms with simulation results on
the derived model. Hereby, it is shown that EIS is a powerful tool for modelling the

battery behaviour.

In another earlier study [4] it is shown that impedance of lead-acid and nickel-cadmium
batteries are highly dependent on SOC and SOH values. It is also pointed out that the
temperature is also another factor affecting the impedance of these batteries. The tests
in high frequency exhibited correlation with SOC, while tests in low frequency region
revealed better correlated parameters. However, the low frequency region is found to
be highly dependent on the temperature, so that these tests are recommended to be
in a controlled environment. Otherwise, the study suggested to use relatively higher
frequencies (between 10 Hz and 100 Hz) for SOC and SOH testing in uncontrolled

temperature environments. Impedance diagram of a Lead-Acid battery for various



SOC values is shown in Fig. 1.5. As it can be seen SOC completely affects the complex

impedance of the battery.
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Figure 1.5 : Impedance diagrams of 2 V, 390 Ah lead-acid battery at various SOC
values [4].

Later, another study [3] elaborated the use of EIS measurements further with respect
to SOC estimation of several types of batteries, namely the lead-acid, nickel-cadmium
nickel-metal hydride and lithium batteries. The battery model used in their study
is illustrated in Fig. 1.1. Throughout the study, they demonstrated that different
parameters of the battery model can be related to SOC for various battery types.
Finally, they concluded that , although impedance parameters and their relation to
SOC variation is not unique for each battery system, EIS measurements are useful for
SOC estimation of the batteries. Fig. 1.6 illustrates the changing behavior of complex
impedance of a Li-ion battery for varying SOC values. However it should be noted
that, both studies [4], [3] referred to some controversial studies claiming that it was
hard to find some clear and environment-insensitive correlation between SOC and any

impedance parameter.

In a following study, [6], an attempt to correlate SOC variation to different parameters
of the battery models derived by EIS measurements is demonstrated. For various
parameters, the study came to the conclusion that no clear cut dependency of SOC
and a battery model parameter can be found, with the exception of the series resonance
frequency, f1, which is defined as the frequency where the impedance of the battery is

purely resistive.
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Figure 1.6 : Impedance spectra of lithium-ion battery at SoC =0 (1), 0.14 (2), 0.28
(3),0.42 (4) as frequency swept between 25 mHz and 100 kHz [3].

Later on, the same research group demonstrated the further uses of the EIS
measurements for diagnosing the batteries [7]. They concluded that that EIS
measurement is a powerful tool which can be used for estimation of various battery
states such as dynamic modelling, cranking capability, SOC and ageing affects. They
also determine the series resonance frequency, f=, to be a good indicator for SOC. The
relationship of f1 and SOC is shown in Fig. 1.7. Though, they also pointed out that
interpretation of EIS results needs comprehensive testing to achieve reliable results.
For this reason, they suggest to combine the impedance spectroscopy method with
other methods, such as self-learning algorithms, since the f. test is also dependent on

the temperature.
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Figure 1.7 : Relationship of f1 and SOC for a Lead-Acid battery [7].



In [8] Lithium-ion batteries are interpreted in relationship with the EIS measurements.
Similar to previous studies, this study also confirmed that SOC estimation can be
performed by EIS measurements with the expense of conducting comprehensive tests
in advance for gaining substantial knowledge about the battery that is intended to be

diagnosed.

As the lithium-ion batteries gained popularity, there has been numerous studies
evaluating the possibilities offered by EIS measurements. In such as study in [9], the
possibility of online EIS measurements for lithium-ion batteries are investigated. The
study compares the EIS results of static, meaning that the battery was rested before
EIS testing, and active batteries, implying the lack of a resting period, are compared.
It is then concluded that EIS can be used for both active and static batteries as a mean

for SOC estimation for lithium-ion batteries.

In a more recent study, [1], the relationship of EIS measurements with SOC
and temperature of lithium-ion batteries under various conditions, such as
charging/discharging rate and various aging states, are presented for a commercial
battery. They revealed that there was a correlation between the parameter SOC and
rqg, which was defined as The real part of the battery impedance at the point where
the negative imaginary part has its local minimum. This relationship depending on the

battery age and SOC was exhibited in Fig. 1.8.
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Figure 1.8 : Dependency of the resistance r d on the SoC (relative to its value at 50%
SoC) for Cell A (aged by 200 cycles), Cell B and Cell C (aged by 1900 cycles) [1].

10



In [10], the researches were able to derive linear relationship between the SOC and
some extracted battery parameters via EIS measurements. They also interpreted the
aging effects and demonstrated that the linear relationship is not distorted by the aging

effects. They concluded that EIS is suitable for SOH measurements.

A later study, [11], also demonstrated that internal temperature measurements can also

done reliably by online EIS measurements.

Finally, the paper [12] presents how online EIS measurements can be utilized for
battery status monitoring. Using the obtained EIS results and extreme learning
machine (ELM), they present how SOC of batteries during constant current and

constant voltage charging operation can be measured [12].

Briefly summarizing, the literature demonstrates that EIS measurements are the
most powerful technique for diagnosing various types of batteries. Though, the
interpretation of the results are not always straightforward and most of the time it
needs a comprehensive testing of the specific battery to be diagnosed in advance, so
that certain parameters of the battery can be related to specific state values of the battery
that are desired to be estimated. It is consistently shown that, once a clear relationship
between a certain parameter and a state value is established, these tests can be reliably

used for the diagnosis of the battery.

1.3.2 DC-DC converter system identification

As explained in the previous chapters, one aim of this thesis is to implement the
EIS measurement capabilities into the digitally controlled DC-DC converters. This
objective will be achieved based on system identification techniques directed to
the identification of DC-DC converter systems. The underlying principles of these
techniques are elaborated in the following chapter. For this reason, the literature on the

topic of DC-DC converter system identification is examined here.

One of the earlier studies directed to identify the power converters, [13], proposes the
cross-correlation method for identifying the transfer functions of the power converters,
which is intended to be used for automatic tuning of their control loops. The
study discusses the practical aspects for implementing the cross-correlation based

calculations into the digital controller of the power converters.
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Soon after, the same study group published a more detailed study [14], where
some requirements with respect to the system identifaction of DC-DC converters are
discussed. This study identifies some key requirements such as continuation of system
operation, immunity to switching and quantization noises and a low level need of
processing requirements. For this purpose, the cross-correlation based analysis method
is suggested again. Furthermore, the basic principles of the technique are given and
a practical example is presented, wherein a pseudo random binary signal (PRBS) is
injected to the duty cycle command of an digitally controlled forward converter. Some
key features of the applied PRBS signal is discussed and a good correlation of the

results with analytical models is illustrated.

Later on, the cross-correlation based system identification techniques are demonstrated
for a buck converter, where loop gain of the converter is derived under closed
loop control [15]. The study also discusses the applicability of the method into a

field-programmable gate array (FPGA).

In a later study, [16], the design of the injection signal that is used for converter
identification purposes is discussed in detail. The study presents design techniques
for the injection signal with respect tosome key characteristics, such as duration of the

signal, bandwidth, resolution and time-aliasing.

In another study, [17], some improvements for improving the identification accuracy
is proposed. These improvements are the delaying of output voltage sampling,
windowing the measured cross-correlation and correction of non-ideal input spectrum.
The improvements are proven by both simulation and experimental results of a digital

buck converter.

Another interesting study, [18], demonstrates that some known techniques from
audio engineering may be adapted for improving the accuracy of cross-correlation
based converter identification techniques. The study eloborates the improvements
achieved by pre-emphasis/de-emphasis stages for correcting the signal-to-noise ratio
of the injected signal, smoothing techniques for measured results and selection of
PRBS magnitude. Experimental results are presented for DCM and CCM modes of

converters.
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A futher study in the same domain, [19], discusses the identification of open-loop
and closed-loop transfer functions of the converter based on cross-correlation method.
Furthermore, it is demonstrated that the transfer function of the compensator can also

be derived.

A more recent study, [20], addresses the importance of the proper selection of
perturbation signal and proposes an automated technique for selecting a suitable
duty cycle perturbation amplitude in order to minimize the additional efforts for

pre-processing of the perturbation signals.

As seen from the above literature overview, there are various studies aimed at
identifying converter transfer functions based on the cross-correlation method. This
method was found to be quite powerful for the analysis of the converter. Generally,
these studies are directed to automated compensator tuning of the power converters.

Various techniques have been suggested for improving the identification accuracy.

1.3.3 Online EIS applications

While interpreting the EIS measurements, it has been found out that most of the
valuable information about the characteristics of batteries generally reside in the
low-frequency region. Depending on the battery type, the frequency of range of interest
generally resides in between a few mHz to a few hundred Hz. Furthermore, since the
impedance values at low-frequency region are generally in a few milliohm values, very

accurate measurements are needed.

There are commercially available EIS devices on the market that are capable of
providing very accurate measurements ranging from yHz to MHz frequency range.
However, these devices are generally very expensive. For example the EIS device that
is used for getting reference measurements for this study, Gamry Reference 3000, costs
nearly 20.000$, only for the base device. Moreover, generally such devices are not
suitable for online applications. Thus, there is an interest to propose different methods
that are in compliance with the research objectives expressed earlier. In this section, a

summary of current state of the art online EIS applications for batteries are presented.

There are several studies in literature offering online EIS measurements of batteries.

One of the preferred approaches is to excite the battery current with the help of an
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programmable electronic load and perform EIS with the resulting voltage and current
waveforms. Such an approach has been presented in [21], where broadband impedance
spectroscopy (BIS) that utilizes a signal comprised of multiple sine waves and EIS,
which is based on single frequency excitation, have been compared. The authors have
also discussed the optimization of the multi-sine excitation signal and gives a brief
summary to conventional battery tests. The proposed multi-sine signal is applied to

the battery via an electronic load.

A study, [22], investigates a method for online battery impedance measurement for
batteries. The study presents the measurement process by two different noise excitation
sources. In the former case, the battery is excited by an electronic load, which is
controlled by an external signal. In the latter case, the battery is excited by a motor
controller and a brushless permanent magnet motor operating in current control mode.
The complex impedance of the batteries are obtained by cross correlation technique.
The method was applied to two battery types, Lithium-iron-phosphate (LFP) and
nickel-manganese—cobalt oxide (NMC) batteries. Estimation of SOC for LFP batteries

found to be challenging, while it is stated that estimation is possible for NMC batteries.

There are more studies on the utilization of electronic loads for EIS analysis. One such

study, [23], presents how such an electronic load may be designed.

The study in [24] presents a measurement circuit and EIS calculation unit wherein a
battery charger is controlled to charge a battery with a sinusoidal current injected DC
current. The circuits extracts the AC parts of the battery current and voltage waveforms
There are also further peak detection and zero-crossing sensing circuits for detecting
the magnitude and the phase shift of the signals to calculate the impedance of a battery

at each single frequency.

A recent trend is to develop integrated circuits (ICs) that can equip power systems
with EIS capabilities by enabling sinusoidal current injections to the batteries. One
such study is demonstrated in [25], where each cell of a battery pack is accompanied

by a corresponding IC.

An alternative approach for online EIS systems is to integrate the EIS functionality
into the power converter, which regulates the energy transfer within the battery system.

One such study [26] intends to perform an online impedance spectroscopy for a sealed
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lead-acid (SLA) battery with the purpose of battery characterization. The impedance
spectroscopy is achieved by altering the controller reference of the DC-DC converter to
inject ac currents into battery charging current at varying frequencies. This procedure
is repeated separately for each frequency. In this case values are between 0.32 Hz and
1024 Hz. The test at 0.32 Hz approximately takes 15 seconds. The study successfully

obtains the complex impedance at different SOCs of the battery [26].

Another study, [27], presents a three level DC-DC converter that has a built-in EIS
functionality. The study also utilizes single frequency sinusoidal signal injection
technique to the duty cycle command of the converter in order to obtain the impedance
of the tested lithium ion battery for the frequencies of interest between 0.1 Hz to 2
kHz. The applied perturbated duty cycle signal is chosen to be 20% of the steady state

duty cycle to maintain the stability and the linearity of the system.

A further sinusoidal signal injection based online EIS approach is presented in [28].
In this study, the reference current signal of a DC-DC converter is perturbed with
a sinusoidal reference signal. Since the perturbation is applied to the reference
command, the study emphasizes the importance of the stability of the controller. The
study proposes a PI controller and a feed-forward compensation scheme and addresses

how an stable controller can be designed.

Huang and Qahouq [29] obtains the impedance magnitude of a Lithium-Ion (Li-Ion)
battery by injecting an ac duty cycle perturbation and measuring the current and voltage
waveforms. The method uses the obtained information (the value of the charging
current and DC-DC converter output voltage) to estimate the open circuit voltage
(OCV) so that the SOC can be predicted. The study claims that the method can be
applied to various battery types such as Li-Ion, SLA and nickel-metal-hydride (NiMH)

batteries.

In [30], a sinusoidal signal excitation based online EIS approach for a phase shifted
full bridge converter, wherein the sinusoidal perturbation signal swept over the range
of interest, is presented. Experimental results for a lead-acid battery between 0.1 Hz

to 1 kHz are presented.

Another online EIS application for a synchronous buck converter by sinusoidal current

injection to the output of the converter is presented in [31]. Similar to [30], the
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perpetuated signal is swept over the frequency range of interest. For demonstrating
a practical example, a lithium-ion battery is tested for a frequency range of 0.1 Hz to
5 kHz. The results are compared with respect to offline measurements, which shows a

deviation from the online results in higher frequencies.

Another swept sinusoidal signal perturbation based approach is presented in [32].
Similarly, the perturbation is applied at the reference command of the controller.
Experimental results from 0.1 Hz to 1 kHz for a lead-acid battery are presented,
which shows a good correlation to the results obtained by a commercially available

EIS device.

Lee et al. [33] integrated an online impedance measurement system into a high power
battery charger by injecting an ac current ripple on a DC charging current. The
frequency of the injected ac current ripple is swept from 0.1 Hz to 100 Hz. The
impedance data are obtained by transferring the current and voltage signals into a

stationary rotating coordinate system.

Reference [34] presents the results of an online EIS capable boost converter operating
at open loop, wherein the EIS is performed by injecting single sinusoidal perturbations
to the duty cycle, at the frequencies of interest. The study discusses the effects of signal

perturbations to the duty cycle.

A further study utilizing sinusoidal current injection is also demonstrated in [35]. This
study focuses on a linear battery charger, which is also used to amplify the desired AC
current signals for being injected onto the battery. As traditionally, the study again

proposes to inject sinusoidal AC currents for each frequency of interest.

Application of multi-sine signal injection is also a popular concept in the field. One
such study, [36], demonstrates that a perturbation signal, which is comprised of a sum
of multiple sinusoidal signals, can be injected to duty cycle command of a bidirectional
DC-DC converter in order to obtain EIS measurements for a lithium-ion battery. The
results are then compared with EIS results obtained by excitation of the battery with

an electronic load, wherein a good correlation is observed.

Another interesting study presents a design methodology for DC-DC converters

specifically aimed at performing online EIS measurements [37] by taking into account
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some factors such as minimum switching ripple need, end of charge conditions and

proposes an optimization process for possible suitable design parameter sets.

In addition to the sinusoidal current/voltage injection techniques, some non-sinusoidal
signal injection techniques has been also discussed in the literature with respect to
online battery impedance measurement appplications. In one such study [38], the
authors explore the possibility performing EIS measurements on batteries via the help
of an additional circuit comprising a mosfet and a resistor, wherein the resistor is
basically switched on/off for drawing a square wave current from the battery. The
same research group later on compares the method with square waves injected via

duty cycle perturbation to the duty cycle of the converters [39].

The study [40] compares non-sinusoidal excitation of the battery currents with regards
to the suitability to the EIS. Moreover, a practical online EIS system consisting of
commercial components, such as battery charger/discharger, power controller and
data acquisition system, has been set up for performing EIS measurements on a
kilowatt-class battery system. In this study, periodic square, triangular and sawtooth
waveforms are investigated. It is concluded that the square wave current injection on

battery is the most convenient option.

A further EIS measurement application implemented for an bidirectional battery
charger based on the half-bridge topology is presented in [41]. The study aims to
provide a guideline for designing a precise controller that is able to excite the battery
with a triangular current waveform, so that it is be possible to identify the battery

impedance by making use of fourier transforms.

Another popular method is to implement a functionality into DC-DC converters that
would enable injecting a square wave voltage signal at the output of the converter.
One such study, [42], demonstrates the application of square wave voltage injection
implemented into a power DC-DC converter operated at closed loop. The study points
out that instead of single sinusoidal signal injection, the method offers to obtain results
for a plurality of frequencies in a single test. The study also shows that a square wave

voltage injection is easier to implement.

Another study, [43], proposes to inject a square wave signal to the duty cycle command.

The proposed approach is demonstrated for a boost converter. They also point out
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that the testing time is significantly shorter than applying single frequency sinusoidal

perturbations.

Similar to the square wave signal injection approach, [44] demonstrates that the pulse
waves which already occur during cell balancing process in a multi-level converter
(MMC) may be used for deriving the complex impedance of the battery. The study
further demonstrates the possibility of reconfiguring a part of the MMC to inject

sinusoidal currents to the battery over the inductances of the motor windings.

In [45], again the square-wave-like waveforms occurring during cell equalization
among battery cells are used for performing EIS calculation. In the study, it is proposed
to deploy a simple flying capacitor circuit in addition to the existing switch-matrix
flying capacitor equalizer circuits, so that EIS can be performed on each individual
battery cells. Similarly, [46] demonstrates that EIS measurements may be integrated

into the existing battery cell equalizaiton circuits for performing EIS on each cell.

In [47] the researches apply a ternary sequence signal and a PRBS signal to the
reference current command of a bidirectional power supply. They conclude that the
results obtained by ternary sequence are better, especially in the low frequency region,
while being able to maintain a lower current injection amplitude at the output of the

converter. They validate their results by performing Kronig-Kramers compliance tests.

A further study, [48], proposes not to inject any signal and to perform EIS calculations
based on ripple signals that naturally exist in a DC-DC converter system. The
study points out that, this approach is only suitable for high frequency impedance

measurements.

1.3.4 Concluding remarks

The literature survey presented above reveals that the general approach of online
battery impedance identification studies utilizing DC-DC converters is based on
injecting a sinusoidal AC current or an AC perturbation signal in the control loop with
a specific frequency on the battery charging current and to identify the phase shift and
impedance magnitude from the voltage and current waveforms. However, this method

requires the applied ac current to be repeated for all frequencies of interest.
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Although there are several studies aimed at overcoming the shortcomings of sinusoidal
signal injection approaches by using square-wave or multi-sine signals, there is still

room to improve the EIS methods in online applications.

In the light of the literature survey given above, this thesis intends to implement the
EIS capabilities to digitally controlled DC-DC converters for eliminating the need for
extra circuits. Since DC-DC converters are very often utilized for charging/discharging
purposes in power systems containing batteries, the study is directed to a very wide

range of applications covering both mobile or stationary systems.

With this purpose in mind, it is proposed to benefit from the capabilities of the
cross-correlation method, which has been already mentioned to be a viable solution

for converter transfer function identification applications by the literature.

The cross-correlation-based identification procedure enables gathering information
over a wide frequency range via single test, since all frequencies can be injected
at the same time. The data range and resolution of the obtained results depend on
sampling parameters and testing time [49]. Although cross-correlation-based converter
identification techniques has been already acknowledged in the literature, there are
only few studies aimed at implementing the technique on for identification of network
impedances [50] and passive impedance networks [49]. The study presented herein
is an improved application of cross-correlation technique for identification of battery

impedances. The technique proposed here has been published in [51].
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2. CROSS-CORRELATION BASED SYSTEM IDENTIFICATION

This section aims to explain the basic principles on which the proposed EIS

measurement system will be based.

2.1 Convolution Theorem

As it will be clearer in the succeeding chapters, system identification methods are
highly related to the convolution theorem, which is used to define the system transfer

functions. Thus, a brief overview of the convolution theorem is included in this chapter.

2.1.1 Convolution

The impulse response is may be described as the response of a linear system to an
unit impulse. Let’s consider a system having an input port and an output port, as
illustrated in Fig. 2.1. The output of a system corresponding to any given signal may
be calculated, given that the impulse response is known. This calculation process of

the output response of a system is called convolution.

Unit Impulse Impulse Response
| | I L3
=0 =0 : | I
TRANSFER
Input Terminal SYSTEM Output Terminal
. | | 1 1 | | : . | | 1
| T 7] i T
Input Sample Sequence Qutput Sample Sequence

Figure 2.1 : Illustration of convolution theorem [52].

The output response of the system to a single impulse can be calculated by multiplying

the unit response of the system by the magnitude of that said single impulse. In real
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life, systems do not generate an output before the start of an input signal entry. Such
systems are called causal systems, where the impulse response is always zero for t < 0,

t = 0 being the start of the input signal.

When a signal with more than one impulse is applied to the system, the system
output is calculated as follows: each output sequence caused by each single impulse
equals to the impulse response that is scaled by the magnitude of each corresponding
impulse signal. Furthermore, each individual output sequence is also shifted by the
lag of each corresponding input impulse. Finally, each calculated output sequence is

superimposed, given that the system is linear. This operation is illustrated in Fig. 2.2.

IMPULSE
RESPONSE

INFUT
SEQUENCE

Response to X7-3

Response to.x1-2 )

Response to X1-1)

Response to X7 0)

Response to.xT 1)

Response tox1 2]

Response to X7 3)

Response to X7 4)

OUTFUT

F () SEQUENCE

N=-3-2-1.01 2 3 4.5 6 7 8DISCRETETIME
= wWindow Lengthn

Figure 2.2 : Illustration of convolution theorem [52].

Mathematically, this calculation process can be expressed as:
m—1
y(n) =} x(n—p)h(p) @.1)
p=0

where x(n) corresponds to the input sequence, y(n) corresponds to output sequence,

h(n) is the impulse response of the system and m is the signal length. The convolution
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operation is often expressed as:
y(n) = x(n) xh(n) = h(n) *x(n) (2.2)

The above given equations relate to digital systems. The corresponding representation

of the convolution operation is as follows:
T
W) = / x(t = T)h(t)dT 2.3)
0

The above given formula corresponds to causal systems, however it may be also
rewritten in a more general formula for any system of A(z) as follows:

~+oo

W) = / x(t — ©)h(t)dT 2.4)

—o00

2.1.2 Fourier transform of the convolution

The FFT of the convolution is a powerful tool for reducing the computational load by
performing the major part of the calculations in the frequency domain. Thus, here the

FFT of the convolution operation will be studied.

The FFT of a convolution of x(¢) and A(z) is given by:

FTx(t) h(t)] = /_ :m /_ J:Ox(t—’c)h(r)dr T2 gy 2.5)

The above given equation may be rewritten as follows by using the transformation of

u=t-—rm.
foo oo )
FTx(t) h(t)] = / (u)h(t)d e~ D) gy 2.6)
_ [ / +mx(u)e—f'z"f Wh(t) e 2O gudr 2.7)
= /Jroox(u)e_jz”f”du/erh(r) e 12Tt (2.8)
= +o°x(u) (1) % h(t)]e 7™ dr = X (f)H(f) (2.9)

—00

Here H(f) represents the transfer function of the system A(¢) in the frequency domain.
By applying the inverse Fourier transform the following equation is then derived:
~+oo

x(0)<h(t) = [ X(OH()eP e =IFTX(DH()] @10

—o0
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Moreover, by taking into account that the Fourier transform is symmetrical, the
following equations can be derived:
—+oo

X(Oh(0) = [ X H(PIP d = IFTX () + H(P) @.11)

—o0

FT[x(t)h(r)] = / J:ox(t)h(t)e_ﬂ”f YAt =X (f)«H(f) (2.12)

While the above equations are derived for continuous functions, they are also valid for

discrete sampled sequences as well.

For the discrete systems, the convolution operation was already defined as:

m—1

y(n) =Y x(n—p)h(p) (2.13)
p=0

The DFT of discrete time convolution is:
m—1m—1

Y(k)=Y Y x(n—p)h(p)e */N (2.14)

p=0p=0

By introducing the parameter ¢ = n — p, the above equation is rewritten as:

m—1m—1
Y(k)=Y Y x(q)h(p)e HarPIN (2.15)
p=0 p=0
m—1 m—1
= Z x(q)e_ij/N Z h(p)e_jkp/N (2.16)
p=0 p=0

This equation is expressed simply as:

Y (k) = DET[x(n) « h(n)] = X (k)H (k) (2.17)

The inverse Fourier transform operation trivially results in:

y(n) =x(n)«h(n) = IDFT[X (k)H (k)] (2.18)

Similar to the continuous case:

N—1 N—1
(n)h(n) = ]% Y X (k)N Y i (p)ermon/N (2.19)
k=0 p=0
1 N—1N-1 )
= Y Y X(k)H(p)e2mktrin/N (2.20)
k=0 p=0
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Now, by defining another parameter, r = k 4 p, the following equations are derived:

1 N—1N-1

x(n)h(n) =~ Y Y X()H(r—k)e/>m N (2.21)
r=0 k=0
1 N—1 ]
= Y [X(r)« H(r)]e2=m/N (2.22)
r=0
1
= mIDFT[X(k) * H (k)] (2.23)

The difference between the time domain and frequency domain versions of the above
given equations is that the number of calculations are reduced by the FFT version,

especially for the longer data lengths.

2.2 Correlation

2.2.1 Similarity of two signals

In principle, correlation is a function for representing the relationship between two
functions, such as x(n) and y(n). Although, these two signals does not necessarily
need to be time signals, since the primary interest generally lies in them, it will be
assumed that x(n) and y(n) are considered to be samples of time signals. It is evident
that the case of two signals being identical represents the highest similarity situation.
This degree of similarity may be assessed by calculating the squares of differences
between these two signals with respect to the corresponding times, and by adding up

these differences.

However, when the case of two signals being same with the exception of being different
in magnitude would be considered, it would be trivially concluded that there would
be differences in the signals at corresponding times, this may inaccurately cause the
analysis to indicate a low correlation between the signals, even though in reality they
would be only different in the magnitude. Thus, a need for normalization process
arises, so that the analysis focuses more on the similarity between waveforms of the

signals rather than their magnitudes.

With this respect, the normalization process comprises the division of signals by their
respective standard deviations, which may be seen as the effective amplitude of a

signal. In this way, the influence of the magnitude difference between the signals
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may be eliminated. Furthermore, it is also possible to remove the DC components of

the signals, if the interest lies in the changes of the waveforms.

The standard deviations of the signals may be calculated as:

Oy = \ 7 Y (x(n) —%)? (2.24)

oy = \ 7 2 6(m) —3)? (2.25)

where X and y are mean values and L is the length of the signals. In the sake of

simplicity, it is now assumed that the mean values are zero for both signals.

Consequently, the following formula can be derived for expressing the sum of squares

of the differences between two signals, x(n) and m-time shifted signal y(m+n).

15! x(n)  y(m+n)
21 B 2
em’ = Ln;){ . o } (2.26)
) 1 L—1
em” =2{1— Lo, nzb(x(n)y(m—kn))} (2.27)

When the two signals, x(n) and y(m+n), are identical this equation equals to O,

therefore giving an indication of the similarity between them.

2.2.2 Cross-correlation

As it can be understood trivially from the Equation (2.27), only a part of the equation

can be used for the evaluation of the degree of similarity:

L—-1
rom) = Lo X (el ) (.28

_ Lao(my(m+n) (2.29)

VEN L2 () [EN ) v )

The above given equations are defined as the cross-correlation function, ry,(m), where

the m is defined as the lag.

Furthermore, it can also be seen that this function is quite similar to the convolution

function. Both functions are illustrated in Fig. 2.3 for comparison purposes.
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Figure 2.3 : Illustration of convolution and cross-correlation operations in a
comparative context [52].

As it can be seen from the figure, the cross-correlation operation of x(n) and y(n)
requires that each x(n) is multiplied by its corresponding A(n) that is shifted by m

samples to forward, and all the product terms are then added.

On the other hand, the convolution operation requires that each x(p) and its

corresponding A(n — p) is multiplied.

When we consider the cross-correlation of two sequences, which are identical except
the lag m, meaning that y(n) = x(n — m), the cross-correlation of these signals will be

equal to 1 for the lag m.

This is illustrated on a random number sequence in Fig. 2.4 for different lengths of

random sequence.

As it can be seen from the figure, a large number of averaging is quite necessary for
obtaining reliable results by cross-correlation, as low values of averaging number, L,

cannot detect the correlation of two signals.

2.2.3 Auto-correlation

The auto correlation of a signal means that the correlation operation is performed on

the same signal, which can be expressed as follows:

1 L—1

x(n)x(m+n) (2.30)

rec(m) = Lo,2 A
n—=

Obviously the result of auto-correlation is a sequence that is equal to 1 at m = 0.
Furthermore, if the sequence is random the auto-correlation must be zero except for

m = 0. Fig. 2.5 illustrates auto-correlation of different functions.
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Figure 2.4 : Cross-correlation of a random sequence and the sequence shifted by
25-samples, illustrated for various averaging numbers L [52].
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Figure 2.5 : Auto-correlation of different functions [52].

2.2.4 Cross-correlation between input and output signals

Now, for a system having a transfer function of %(n), an input signal of x(n) and an
output signal of y(n), while calculating the cross-correlation of the input and output

signals, we should take into consideration that y(n) can be expressed in terms of x(n)
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and h(n):

K-1
y(n) =Y x(n—p)h(p) (2.31)
p=0
1 L—1
o) = gy A (vim+m) (2.32)

By combining the both equations above, we can derive the cross-correlation between

and input and output signal of a system as follows:

1 L—1 K—1

Fey(m) = Lo, ngbx(n) pzz"ox(n +m—p)h(p) (2.33)
1 K—1 L—1

ro(m) = 156 pZ_()h(p) L x(n)xtn+m=p) (2.34)

2.2.5 Fourier transform of auto-correlation

Up to this point, all the equations are derived considering that the sequences have been
formed by real numbers. However, for future uses, it is also quite useful the consider

the case where these sequences may be formed by complex numbers.

However, in the case where the sequences of the functions include complex numbers,
the resulting auto-correlation function will also be bound to include such numbers. A
trick to avoid that is to the conjugate of the sequence. Thus, the Eq. 2.30 may be

rewritten as follows:

Z x*(n)x(m+n) (2.35)

where x*(n) represents the conjugate of x(n).
y

Furthermore, for a continuous function the auto-correlation may be expressed as:

B 1
- To,?

rxx(f) /()Tx*(t>x(t+f)dl (2.36)

where T corresponds to the range of the waveform. Additionally, if the signal is
indefinite, the limits of the integration may be defined to be between —oo to oo.

Furthermore, the above given standard deviation, o, may be expressed as:

_ 1 T
Oy = 7/0 x*(t)dt (2.37)
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Once we have a formulation for the auto-correlation of a continuous signal, we can

also derive a formulation for the Fourier transform for that formulation:

Hoo pfoo 5
Tr) = / / )x(t + t)dte 2 Tdr (2.38)

This equation may be manipulated by replacing # + 7 by u:

foo  pooeo
Tlr] = / / u)dte 200 gy (239)

~+oo ~+oo
- / / u)e/ 2 dre= 12 gy (2.40)

The above equation would then correspond to:

1

FTrw] = Ru(f) = @X*(f)X(f) (2.41)

which is basically calculated by the Fourier transforms of the F T [x(¢)] = X (f).

Furthermore, we can even take a step further to calculate the Discrete-Fourier
transforms (DFT) of the auto-correlation, which may be very useful, as the discrete

time sampled systems are quite often utilized.

So far, the term L has been used to represent the number of averages for calculating
the auto-correlation. From this point on, the L is replaced by N, which corresponds to

the data number of the DFT.

Consequently, the DFT of auto-correlation is defined as:

1 N—1N—-1 _jzn-m_k
Ru(k) =DFT[ro]=——= Y, ) x*(n)x(n+m)e N (2.42)
Noy m=0m=0

By using the conversion of p = n+ m and by replacing the x(p) with x(p — N):

pk nk
1 NSS! —jam— jom—
Ryx (k) NG2 Z Z x*(n)x(p)e Ne N (2.43)
Ox p=0 p=0
nk pk
= Vol Y ) x(n)e Nx(p)e N (2.44)
Ox p=0 p=0
1 1
= X* (k)X (k) = X (k)[? 2.45
oz X (0X(0) = S [X() 2.45)
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2.2.6 Fourier transform of cross-correlation

Similar to the auto-correlation case, the cross-correlation for complex numbers can be

expressed as:

1 L—1
Fey(m) = oo Z x*(n)y(m+n) (2.46)
XYY n=0

Consequently, the cross-correlation of a continuous function may be written as:

B 1
- Toy0y

T
Ty (T) /o X" (t)y(t+ 7)dt (2.47)

Analogous to the auto-correlation case the Fourier transform of the cross-correlation

can be expressed as:

1
FT[rxy] :ny(f) = 0,0,

XA (Y (f) (2.48)

Now, going back to Eq. 2.9, which states that FT [x(¢) «h(t)] = FT[y(t)] = Y(f) =

X(f)H(f), we can rewrite the above equation as:

1
0,0y

Ry (f) X (HX(NH(F) (2.49)

According to Eq. 2.41, X*(f)X(f) = Ru(f)0(x)?, so that the above equation may be

rewritten as:

Ry(f) = ZRu(HH(F) 250)

Y

Furthermore, the DFT of the cross-correlation is also expressed as:

1
~ No,o,

Ry (k) X* (k)Y (k) (2.51)

where X (k) and Y (k) correspond to DFT of x(n) and y(n).

Consequently, similar to the FT case, te above equation may be rearranged as by

considering Eq. 2.17 and Eq. 2.45:

Ruy(k) = ~Ryc(k)H (k) (2.52)
y
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2.3 Cross-Correlation Based Identification

As it is given in the previous chapter, a formulation can be derived representing
a relationship between the transfer function of an LTI system and the correlation
functions. Furthermore, this relationship may be also used for identifying the transfer

functions of these systems [53], [54].

However, in real-life, all the systems are influenced by the some noise which may
be modelled as disturbances. Lets now consider such a sampled LTI system with a

transfer function of %[n|, having an output response y[n], to the input signal x|n]:

y[n] = x[n] Z hin — k|x[k] 4+ v[n] = i hlk]x[n — k| +v[n] (2.53)
. S

The unwanted disturbances, such as the noise, are represented as v[n|. The cross

correlation of input x[n] and output y[n] is defined as:

Wyy[m Z x[n]y[n+m] i h[n]wyx[m — n] + wy, [m] (2.54)

n=1 n=1
Here, wy.[m| represents the auto-correlation of input signal, whereas the
cross-correlation of input signal and disturbances are disturbances represented as
wy[m]. Please also notice that the correlation functions defined above differ from
the ones presented in the previous chapter in that they are not normalized. Thus, they
are represented with a different symbol, w. These correlation terms are mathematically

defined as:

x[n+m] (2.55)

Wxx

vin+m| (2.56)

va

As shown in the previous chapter, Equ. 2.54 can be represented in frequency domain

by performing the Fourier transform:

WXY(f) = H(f>Wxx(f) + va(f) (2.57)
— ny(f) —va(f)
H(f)= WeelF) (2.58)

When the input signal is white noise, the auto-correlation and cross-correlation

functions exhibit the following properties:
wy[m] =0 (2.59)
Wex[m] = 62 8[m] (2.60)
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where o is the standard deviation of the input signal. Considering the mentioned

properties, the Eq. 2.58 can be expressed as:

H(f) = gﬁi g,; = W’g(zf ) (2.61)

As shown above, the system transfer function is now represented in frequency domain

as H(f).

2.4 Identification of DC-DC Converter Transfer Functions

As shown in previous section, the transfer functions of systems can be derived
by stimulating the system with white noise at the input and calculating the

cross-correlation of the output signal.

A DC-DC converter operating in steady state may be regarded as an LTI system.
By applying small-magnitude signals, a small-signal transfer function of the DC-DC

converter may be derived using the cross-correlation technique.

In this context, for the purpose of analysing the converter transfer functions, the input
signal is considered to be the duty cycle command of the converter while the output
signals may be regarded as the disturbances of the output voltage and output current

waveforms.

Therefore, by applying a noise-like perturbation signal, cfper, to the duty cycle

command of a converter, D.,;, which results in a total duty cycle of D, the control to

i0s)
d(s)

output voltage transfer function of the converter, G,4(s) = , and control to output

current transfer function, G;;(s) = %, can be derived.
Consequently, the converter duty cycle to output transfer functions can be formulated

as:

Gvd(s) = af,\(s) = W = o2 (2.62)
I Wxi Wxi
Gials) = C}((?) == (2.63)

where W,,, W,; and W,, are the Fourier transforms of the output cross-correlation of

the output voltage signal with duty cycle signal (w,,), cross-correlation of the output
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current signal with duty cycle signal (wy;) and the auto-correlation of the duty cycle

signal (wy,), respectively.

2.5 Impedance Measurement

As mentioned previously, the cross-correlation technique is based on applying a
white-noise (WN) signal at the input of a system and observing the output of the
system. For the intended use in this study, applying a WN as current/voltage to a
battery and observing the voltage/current waveforms would be required. However,

it may not be practical to build a circuit that could directly inject a white-noise-like

current/voltage.
Iout + Z'oult
.
Dec-dc +
Converter Vout + Uout DUT
D
dper Dcnt
_>

Figure 2.6 : Impedance measurement utilizing cross-correlation technique.

Thus, the impedance of a device under test (DUT) that is connected at the output of a
DC-DC converter can be calculated by finding the both control to output voltage G, ,(s)
and control to output current G;4(s) transfer functions of the converter and dividing the

first one by the second.

As formulated below, the impedance of the load at the output of the DC-DC converter

can be calculating by the division of these control transfer functions.

Q

vd

Z(f) = G, (2.64)
Gya(s) = xz (2.65)
Giul(s) = Vﬂé‘; (2.66)

2() = &= 3 2.67)



the Fourier Transforms of the cross-correlation functions W,, and W,,, can be expressed

as;

Wy, = FT[x(n)] FT[v(n)] (2.68)

Wyi = FT[x(n)] FT[i(n)] (2.69)

Consequently, the Equation 2.67 can be simplified as:

_ FT[x(n)] FT[v(n)]
ZU) = FT )] FTi()] (2.70)
_ FT[v(n)]  v(f)
2= F i) ~ i) 70

In the ideal case, the input perturbation to duty cycle command is a WN signal, which
exhibits previously mentioned properties. On the other hand, an ideal WN signal is
impossible to derive. Many studies utilize pseudo-random-binary-sequence (PRBS)
or other approximations. In this study, a random integer number WN approximation,

which is added to the steady state duty cycle, is utilized for the intended application.

As mentioned previously, the cross-correlation technique excites all the frequencies in
a single test, rather than testing the battery separately for each frequency. The upper
limit, fy,p, lower limit, fq, and resolution Af of the obtained frequency spectrum
depend on the sampling frequency, f; and number of acquired data points, K. Same
quantities may also be expressed in terms of perturbation frequency, f,., and length of

perturbation signal, N, as follows:

fper _ é

f:vlart = T K (2.72)
Sstop = Jg (2.73)

_ Jper _ S5
Af = N K 2.74)

One other critical parameter is the testing time of the DUT, which can be calculated as:
N K 1
T = —= — =
et f 0 f s f start

(2.75)

As it can be seen from equations above, the qualities of the EIS measurements by
proposed approach depend on perturbation noise data length, perturbation frequency

or sampling total number of recorded data points and sampling rate.

35



2.6 Pre- and Post-Processing Techniques for Improving the Battery Impedance

Measurements

Within the scope of this thesis, some improvements for the cross-correlation method
are proposed for the battery-specific impedance identification application. These
suggestions aim to achieve better results considering the dynamic behaviour of the

batteries.

2.6.1 Performing two separate tests with different noise colours

The literature survey reveals that, most important parameters for applications such as
SOC and SOH estimation generally reside in the low-frequency region. Thus, it is of
great interest for researchers to obtain impedance variation in the low-frequency region

more precisely.

Consequently, it is proposed to perform two separate tests specifically aimed for
low- and high-frequency impedance information as a further improvement. For this
purpose, a red-noise (RN) signal, which has a higher power spectral density (PSD) in
low-frequency, and a WN signal is injected separately into the duty cycle, D.,;,. The
PSDs of produced RN and WN are illustrated in Fig. 2.7.
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Figure 2.7 : Spectra comparison of applied perturbations for both tests.

It should also be noted that, since the power spectral density of the RN injection is very
low in higher frequencies, the high-frequency impedance information during this test
would be highly attenuated by the DC-DC converter, which would then result in an
invalid data in this region. Therefore, the data from two tests are processed separately
and then merged into one final dataset to have a clear representation of impedance

information over a wide range of frequency.
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The noise signals were prepared by using a set of random integers, which are added
to the counter of the PWM generator during the testing procedure. The magnitude of
the designed noise data are limited to be less than 10% of the maximum duty cycle, to

enable stability and linearity [36].

For obtaining a RN dataset, the set of random integers is transferred to the frequency
domain by taking the fourier transform. Afterwards, it is multiplied by a desired
slope, which in this case is -20 dB/dec, so that the signal is more powerful in the
low-frequency region. After taking the inverse fourier transform, the dataset for RN
signal is achieved. As seen in Fig. 2.7, the intersection point of power spectral densities
of two signals that are used in this study are around 100 Hz. Thus, the final data set
is obtained by merging the RN injected test results up to 100 Hz and WN injected test

results starting from 100 Hz.

2.6.2 Performing moving average on measured battery voltage and current

waveforms

As mentioned previously, batteries are highly non-linear and dynamic devices. The
first major issue in an on-line application is the fact that battery open circuit voltage

continues to increase as the battery is being charged while it is under test.

For the impedance identification of the batteries, it is intended to utilize the
perturbation-caused voltage and current waveforms during the test. Thus, other effects
on the voltage and current waveforms, such as the increase in the open circuit voltage,
should be somehow eliminated since they are not related to the impedance of the

battery.

The cut-off frequency of the moving average filter is equal to f., = f;/M, where M
is the window size of the filter. Using this equation, the correct window size can be

chosen with regards to the frequency range of interest.

Although it is one of the most common filters, performing moving averages on the
test data and subtracting it from the test data would be an effective way to obtain the
voltage and current waveforms that are related to the perturbation of the duty cycle.

dper. In Fig. 2.8 the battery voltage data during a test (blue curve) and the calculated

moving average (red curve) is illustrated. The calculated moving average is then
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Figure 2.8 : Application of moving average on measured battery voltage.

subtracted from the original data, so that the result would be a good representative of

the waveforms that are caused by the duty cycle perturbation for identification purpose,

A

dper.

2.6.3 Post-processing the obtained frequency response data

In real-world applications, some mechanisms, such as noise from switching and
EMI/EMC, ADC quantization process and measurement errors, might distort the
obtained results. Therefore, some data processing techniques are generally required to
smooth out the obtained results. The background work for some of these techniques

have already been presented in [49].

2.6.3.1 Performing moving averages

Application of moving averages on the obtained results is a basic, simple way to
smooth the obtained impedance diagrams. However, it is advised to care for choosing

a suitable window size.

Moreover, for avoiding filter lag and consequently a shift in the frequency of the
obtained results introduced by this filter, it is suggested to utilize the zero-lag moving
average. A zero-lag moving average can be obtained by calculating the moving
average, MAy, of desired window size, L, and a second moving average, MA; /25 with a

window size of L/2 [55]. Then the zero lag moving average, MAy is equal to:

MAo = MAL, — (MAL, — MAy ) (2.76)
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2.6.3.2 Median filter

Another useful technique is the median filter that principally checks each data point
whether or not it is representative of its surrounding data points. The median filter
replaces data that are not representative of its neighbors with the median value.
Application of this technique ensures a further improvement in the processing of the

obtained impedance data when a filter with a suitable window size is applied.

2.6.3.3 Fractional-decade processing

As mentioned in the explanations of previous techniques, choosing a reasonable
window size is an important key to have affective results. To be able to smooth the
obtained data, a reasonable window size should be determined concerning the number
of data points and the frequency resolution. Clearly, a fixed window size over the

complete frequency range should be avoided.

Consequently, it is suggested to choose different window sizes for each decade
of the obtained impedance diagram which would assure better results. For the
post-processing of the results obtained in the framework of this study, the total
number of data points in each decade is calculated. Afterwards, for each decade
one-hundredths and one-thousandths of these numbers are utilized as the window sizes

for median filter and moving average filter, respectively.

2.6.3.4 Curve fitting based on an equivalent model

For further improvement, it is suggested to fit the obtained results also into an
equivalent model. This way, it would be possible to clear the obtained results even
further and enable more precise parameter estimation, on which a lot of EIS based

applications rely on.

The equivalent battery model should be chosen carefully, depending on the battery
type, so that a high correlation between the obtained results and fitted model could be

achieved.

The equivalent battery model, which is chosen for fitting the obtained data, is given in
Fig. 2.9. In a recent study, Aksakal and Sisman [56] reports that the electric equivalent
circuit model comprised of inductance L., resistor R,, Bisquert Short (BTS) elements

Zprs and Constant Phase Elements CPE; in parallel with a resistor R constituting

39



Zcpg||r- exhibits the best correlation between the measurements and the models for
enhanced flooded lead-acid batteries. For the test frequency range of this study, it
has been seen that one CPE and one BTS element was enough to model the battery,
whereas [56] suggests to use two CPEs and two BTSs for modeling a wider frequency

range.

BT S,

CPE;
Figure 2.9 : The model used for curve fitting.

The BTS model utilized here is generally used for modeling transmission lines [57].
Bisquert showes that it can be used for modeling electrochemical devices [58]. On the
other hand, the CPE models are used for imitating the non-ideal capacitor behavior,
which appears as semi-circles on Nyquist plots [56]. The equations for CPE with a

parallel resistor are given below:

R

ZcpE|R = 1+ (j0)%0R (2.77)

For the CPE models; the R and Q used for modeling the resistive and non-ideal
capacitive behavior to the order o, respectively. On the other hand, the BTS component

is formulated as:

Zprs = \/ C% tanh(LBTS\/%) (2.78)

‘- BTS
1+ (jw)%rsqprsrprs

(2.79)

where Lpry is the depth of the pore within a porous electrode, J is the impedance of
the electrolyte within the pore, { describes the impedance at the active interface region
on the surface of the electrode. Please note that { is actually a CPE element that is
implemented into the BTS component. For avoiding any confusion, the parameters of

{ is denoted as; rgrs, gprs and agrg instead of R, Q and a, respectively.
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2.7 Concluding Remarks

The cross-correlation technique reviewed in this chapter has already been proven to
be compatible for measuring the DC-DC converter transfer functions, which in turn
can be used for measuring the impedance. Additionally, as shown in this chapter, the
final equation for the impedance is simplified to the division of fourier transform of the

output voltage disturbance by the fourier transform of the output current disturbance.

Moreover, this technique seems to be a promising concept for obtaining impedance
diagrams of the devices under test. Specifically, it’s ability scan a wide range of
frequencies at one testing instance makes it a very good candidate for battery EIS
measurements, as the dynamic behaviour of the batteries require the testing times to

be relatively short.

As further shown in the chapter, with pre- and post-processing techniques, which are
specifically aimed for improving the EIS results with of batteries of dynamic nature, a

highly accurate and stable battery EIS measurement is envisaged.

41






3. VERIFICATION BY COMPUTER SIMULATIONS

This section aims to provide a first verification step by computer simulations for
confirming the validity of the proposed approach. The simulation software used for

this section is MATLAB Simulink.

3.1 Obtaining DC-DC Converter Transfer Functions

The principles of the proposed approach relies on identification of DC-DC converter
transfer functions. Thus, this basic principle of the approach is demonstrated by a
simulation designed for obtaining the control-to-output transfer functions of a DC-DC

converter. For this purpose a boost converter model is built as shown in Figure 3.1.

1

Curent Mess urement
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Figure 3.1 : The model of tested converter in the simulation.

The parameters of the boost converter are given in Table 3.1.

The control-to-voltage output transfer function of the converter is expressed as [59]:

Gao(1— )

AR id 3.1)
52 M
o3 T om 1
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Table 3.1 : Parameters of the simulated boost converter.

Parameter Value [Unit]
Input Voltag,e Vg 15 Volts
Duty Cycle, D 0.5
Boost Inductor, L 100 uH
Output Capacitor, C 70 uF
Switching Frequency, f; 100 kHz

where
Gao = (0 YD) (3.2)
Wy = (1_\/L_(?) (3.3)
W, = w 3.4)

C
0=(1 —D)R\/; (3.5)

The corresponding Bode Diagram of this transfer function is illustrated in Fig. 3.2.

Bode Diagram
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Figure 3.2 : Analytically calculated control to output transfer function of tested boost
converter.

In order to test the cross correlation method, the model show in Fig. 3.3 is built
MATLAB Simulink environment. As it is seen in the figure, a white noise signal
is sampled and applied as a perturbation to the control signal of a converter. The

perturbation signal is saved to workspace with variable "u".

At the output of the converter, the output voltage signal is run through a digitization

block to simulate the behaviour of analog-to-digital converters (ADCs) and the
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digitized values are saved to workspace. Both duty cycle perturbation and converter
voltage output signals are sampled using the same clock and sample and hold blocks.
Moreover, the switching frequency of the converter and sampling rate are 100 kHz.
The perturbation frequency is also 100 kHz, meaning that a perturbation to the duty

cycle command is performed in each switching period.

Cortinuous

Ideal Switch
Clock1 Sfiubber, Ron,\

A
£ A
In S/H Tt 16 bits
Band-Limited L vour "M ¥ Aﬁ

White Noise ( :
_'_uk_“-—b perturb. signal (settings: dig_bit_no-bit converter

Clock out Vmin: 0, Vmax dig_vmax)
T - [
i SH A P 4.|:|

Converter to be tested

(settings: dig_bit_no-bit converter
Vmin: 0, Vmax dig_vmax

Figure 3.3 : The general overview of the Matlab-Simulink Model.

The auto-correlation of the input signal, which corresponds to the duty cycle
perturbation signal, R,,, and cross-correlation of input and output signal, which is
the converter output voltage, R,,, are illustrated in Fig. 3.4. In the ideal case the
auto-correlation of the input signal should be a delta function, where the signal is
equal to zero except the midpoint. However, it is impossible to generate a ideal white
noise signal. Thus, R, is slightly different from the ideal case due to the non-zero
values except the midpoint. This non-ideality causes the cross-correlation, R,,, to be

distorted, which alters the obtained transfer function.

In order to suppress the non-ideal parts of Ry, it is determined to divide R, by R,,,
which would yield better results than dividing the cross-correlation with a constant, as

mentioned in theoretical background section:

FFT{R,,
Gu(jo)= WM (3.6)

The obtained transfer function is illustrated in Fig. 3.5. The result is very similar
to the analytically calculated bode diagram. However, as it is seen in the figure, the
obtained plot starts to diverge from the analytically calculated one at higher switching
frequencies. This is due to fact that the pulse-width-modulation (PWM) block adds an

extra transfer function since the PWM acts like a zero-order-hold.
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Figure 3.5 : Obtained bode diagram of boost converter by simulation.
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3.2 Obtaining Circuit Impedance at Open-Loop Operation

For demonstrating the impedance identification capability of the approach, it is decided
to perform the method to obtain the impedance of a basic passive filter network, as

shown in Figure 3.6.

L =48 uH
Lout
Vour C =100 uFA< R=80Q

o,

Figure 3.6 : The circuit to be tested.

The passive RLC network is connected at the output of the boost converter, and the
simulation is run as shown in the previous section. However, this time both converter
output voltage and current waveforms are recorded and they are used for identification
of the impedance, as explained in the previous chapter. Similar to the previous
case, where the converter cotrol to voltage output transfer function is identified, the

switching frequency of the converter and sampling rate are 100 kHz.

The results of the simulation are illustrated in Fig. 3.7. As it can be seen, the
simulation results are very similar to the analytically calculated transfer function of
the passive RLC network. As observed in the previous simulation, the PWM caused

some distortions at higher frequencies.

3.3 Obtaining Circuit Impedance at Closed-Loop Operation

The results demonstrated in the previous section are achieved under open loop
operation of the converter. However, it is also of great interest whether similar results
can be achieved under the closed loop operation of the converter, since it would
mean that online impedance identification could be performed without interrupting the
normal operation of the converter at all. Thus, it is decided to demonstrate the method
with the addition of an feedback control in the simulation. The added feedback loop is

illustrated in Figure 3.8.
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Figure 3.7 : Analytically calculated bode diagram of battery equivalent circuit.

t—a— Ay

Loy

(D

Figure 3.8 : Simulation model of the boost converter circuit with feedback control.

On the other hand, it should be noted that the closed loop controller has to be able to run
the converter in a stable manner. Thus, a MATLAB script automatically designing a
stable controller is written. The script calculates the control-to-output voltage transfer
function, G, of the boost converter that has the RLC filter circuit at the output and

designs a feedback controller according to the required phase margin.

The control to output transfer functions of the simulated converter and the designed

controller are illustrated in Figure 3.9 and 3.10.

The said script also calculates the transfer function of the digitally controlled boost
converter, G4, since it would deviate from the ideal transfer function, which in return
could result in poor performance of the controller if it is designed according to the

continuous time model.
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Figure 3.9 : Control-to-output voltage transfer function (Gvd) of the boost converter
with ideal resistive load (blue line) and with RLC filter load (red line).
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Figure 3.10 : Transfer function of the designed controller (yellow line) and the

resulting forward loop gain (blue line).

Before running the test for identifying the impedance of the RLC network, the

operation of the converter under closed loop is confirmed to be stable. The results

of the identification process under closed loop operation are illustrated in Figure 3.11.
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As it can be seen in the figure, the method was able to identify the transfer function of

the RLC filter circuit at the output, even under closed-loop operation.
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Figure 3.11 : Simulation results for the RLC filter at the input (red dashed line)
compared to analytically calculated RLC circuit impedance (blue line).

3.4 Concluding Remarks

The operations principles of the proposed approach are successfully verified by the
simulations studies that are presented in this chapter. As it can be seen from the
results, the measurements by the proposed method substantially match the analytical
calculations of the converter transfer functions and the tested passive RLC networks.
Furthermore, some conditions regarding to the real experiments, such as the sampling
rate and quantization of measured waveforms by the ADCs, that might expose
challenges are implemented within the simulations so that their effects are already

have been accounted for.

Additionally, it is also shown that the proposed approach is capable of having correct
measurements even under the closed loop operation of the DC-DC converter. This,
enables a true online impedance measurement capability since the feedback loop of
the converter does not need to be broken and the converter is able to continue the

operation.
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However, the simulations did not cover the dynamic behavior of the batteries, which
may effect the measurements in the experiments. Thus, some improvements for the
method are provided in the "Pre- and Post-Processing" Section of the previous chapter.
Moreover, controller implementation of the PWM perturbation will be given in the

next chapter, which is also a crucial part of the proposed approach.

Another important part of the study is also correct capturing of the battery voltage and
current waveforms. This issue is addressed in the next chapter, where the measurement

setup and a specialized circuit for conditioning the waveforms are explained in detail.

51






4. TEST SYSTEM DEVELOPMENT

In this section, the test setup that is utilized for verifying the theoretical background
and simulation studies is explained in detail. The tests are performed on a digitally
controlled boost converter that operates as a battery charger The test waveforms are
recorded with a data acquisition hardware stored in a computer and analyzed via

MATLAB.

4.1 Test Bench

The general overview of the test bench where the experiments are conducted is shown
in Figure 4.1. The test bench is comprised of an FPGA controlled boost converter that
is charging a commercial lead acid battery, the Yuasa NP7-12, which is rated at 12
Volts and 7 Ampere Hours. The boost converter is supplied by a regular bench top
DC power supply. The FPGA is utilized for precisely implementing the duty cycle
perturbation into the PWM signal of the boost converter.

F ;’\“_‘,’5 -
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= Boost Converter §
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%

Figure 4.1 : Final test bench setup.
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A battery voltage and current measurement circuit is also designed for conditioning
the battery voltage and current waveforms for recording. The battery voltage and
current waveforms during the testing of the battery are recorded with a data acquisition
hardware. The recorded waveforms are transferred to a computer for analysis, where

they are processed with MATLAB.

4.2 Data Acquisition Hardware

For recording the waveforms during the testing of the battery, it is decided the use one
of the modular data acquisition systems of National Instruments (NI), namely the NI
cDAQ. This system provides a modular platform, where different types of modules
depending on the need can be installed on a chassis board, which handles all the

communication between the computer and the data acquisition hardware.

For the purpose of this thesis, it is decided to utilize the NI cDAQ-9174 chassis, shown
in Figure 4.2(a), which has four slots for mounting different types of modules such as
analog input/output modules, digital input/output modules, communication modules

and relay modules.

‘7HATIDNAL
P* INSTRUMENTS
)l DAQ-S1

(b)

Figure 4.2 : (a) NI CDAQ-9174 chassis and (b) various NI CDAQ compatible
modules.
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This data acquisition system is used for recording four voltage waveforms; battery
voltage, battery current, test start signal and PWM signal of the converter. Moreover,
it is also recommended to sample the waveforms simultaneously so that no additional
delay function is introduced to the results. Thus, it has been decided to utilize NI 9222

voltage input module, shown mounted in Figure 4.3.

Figure 4.3 : Mounted NI CDAQ modules.

NI 9222 module can be mounted on a single slot of the NI cDAQ-9174 chassis. It is
capable of simultaneously sampling four analog inputs between +10 and -10 Volts. In
contrast to more common data logging hardware, it can sample all four channels at
the same time each with maximal 500 kSamples/second. Furthermore, the sampling
frequency is independent of the channels being used. The resolution of each channel
is 16 bits. The Matlab scripts for data acquisition and processing is given in Appendix

C.1-C4.

4.3 Boost Converter Design

A 30 Watt boost converter that is capable to supply up to 15 Volts, 2 Amperes output
is also designed to be utilized as a battery charger. The converter comprises a silicon

MOSFET and an optocoupler at the gate driver for protecting the digital controller.

The converter is designed to operate at a switching frequency of 20 kHz. The
assembled printed circuit board of the boost converter is shown in Figure 4.4. The

layout of the circuit was designed carefully and capacitors, comprised of electrolytic
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capacitors and multi layer ceramic capactiors (MLCC) of high quality was used for

correcting the waveforms.

a 0z

B 0K

Figure 4.4 : The produced PCB of the designed converter.

4.4 FPGA-Based Digital Controller Design

As explained in the theoretical background, the cross-correlation method utilized in
this thesis relies on the perturbations into the duty cycle of the PWM signal, as shown
in 4.5, applied to the boost converter. Although the method can be implemented in
most of the common digital controllers, such as DSPs or PIC32 based platforms, these
devices do not have a dedicated hardware for applying perturbations on the PWM
signal.

Steady State Duty Cycle
r [ Perturbated Duty Cycle
I 1

I
1 |
& <—JI o
: |
1

I r= ==

=

Test Signal ~— ...,

Figure 4.5 : The operation of duty cycle perturbation.

Consequently, although these controllers are quite fast in the sense that run at high
clock rates, they may not be able to apply the duty cycle as precise as required. For

example, during testing of the battery, the controller is required to change the duty
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cycle of the boost converter at the same rate with the switching frequency, 20 kHz in

this case.

However, it takes some time for the controller to change the relevant registers regarding
to the PWM signal. Moreover, since the program of the above mentioned controllers
are generally written in high level languages, the commands are run in sequence.
Therefore, the software may be doing another operation, whereas it may needed to
perform the perturbation operation. Thus, the quality of the applied perturbation signal
may deviate from the originally anticipated one, which in return could decrease the

quality of the results.

For these reasons, it is decided to utilize an FPGA as the controller of the boost
converter to be able to precisely control the perturbation signal. FPGAs consists of
thousands of logic blocks that can be programmed to perform a specific task. So, a
programmed FPGA is actually an integrated digital circuit that can be reconfigured.
FPGAs offer a lot of flexibility with the compromise of programming complexity. In
this context, it is decided to utilize a Digilent FPGA platform, the Nexys 4 DDR that
is shown in Figure 4.6. The block diagram of the designed PWM module is shown in
Fig. 4.9.
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Figure 4.6 : NEXYS 4 DDR platform by Digilent Inc. utilizing an ARTIX-7 FPGA.
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The FPGA platform is programmed using VHDL (Very high speed integrated circuit
Hardware Description Language) programming language. A PWM module that is able

to precisely apply the required perturbation signal is written in VHDL.

The PWM module comprised of two prescaler submodules, a counter submodule,
a perturbation submodule and finally a PWM generator submodule. The prescaler
submodules are clock dividers that are used to generate the base pulse signals at PWM
frequency, fy,, and the perturbation frequency, f,, which is the rate at which the
perturbation data is applied to the PWM signal. The implemented PWM module is

represented as given by Fig. 4.7 in Vivado environment.

PWM_wn_0
| e SDO_AXI M_LED_16b[ 15:0] mwmme
—==m_BTNC m_Outl m=——o
e 1) _Slide_SW[15:0] m_Out2 p=——ro-
e 11_W_data[7:0] m_Out3 m=—o
w1 _bn_data[7:0] m_Qutd me=——o
e 1 _pn_data[7:0] m_Out7 =——-o-
e 11_rn_data[ 7:0] m_Out8 m=——
e 1) _dUtY_SS[31:0] mM_Qut9 m=——o
—==s00_axi_aclk m_Out10 m=——o-
—Qs00_axi_aresetn m_read_address[15:0] me—

N

.

Figure 4.7 : The block design of the designed PWM module.

The process performed by the perturbation submodule of the PWM module is
illustrated in 4.8. This submodule firstly checks the states of the switches on the Nexys
4 DDR platform for interfacing the PWM module with outside world, so that some
properties of the applied signal can be changed by adjusting the position of switches
provided on the board. Moreover, the start signal for performing the perturbation
process is also received in this submodule. If it is detected that the start module on the
FPGA platform is pressed, a debouncing procedure is performed in order to filtering
out glitches. After that a test start signal is generated for starting the perturbation
process, wherein at each PWM cycle the corresponding perturbation amount from the

perturbation signal data is added to the duty cycle input of the PWM generator.
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The PWM module also sets the start and stop numbers for the counter submodule,
which counts each pulse of the main clock of the system that is set to 100 MHz. The
counter submodule resets the count number after reaching the stop number that relates

to the required switching frequency.

Furthermore, the counter submodule is also designed to produce different types of
PWM modulations, such as trailing edge, leading edge and centered pulses. These
different types of PWM modulation may be requested by changing the corresponding

register.

Finally, the PWM generator submodule, creates the PWM signal depending on the
defined duty cycle. The written VHDL codes are given in Appendix A.1 - A.5. The
designed module is interfaced to the FPGA system, as illustrated by the simplified
general overview of the final FPGA block design is illustrated in Fig. 4.10, whereas
the complete overview of the final FPGA block design is given in Appendix B.1. The
FPGA is programmed in Vivado 2016.4, which is the official development software
offered for Xilinx FPGAs.

As it can be seen from the figure, the final design utilizes a Microblaze module and
it’s peripherals that is provided in the library of Vivado. The Microblaze module offers
a lot of flexibility, since it is soft-core microprocessor, imitating the capabilities of a
real processor. Moreover, an XADC module, which is also provided in Vivado library,
is also used to be able to read the analogue inputs of the FPGA platform, enabling to

create a feedback loop for the voltage or current control mode.

It is also worth mentioning that a PID module written in C++ was implemented by
using Vivado HLS, which is a software offered by Xilinx to convert C++ programs
into VHDL or Verilog programs that can be interfaced to the rest of the FPGA design.

This way, the PID program will be included in as a hardware component of the FPGA.

As this concludes the hardware side design of the FPGA module, what further remains
is to write a simple program that will be ran on the soft-core MicroBlaze CPU for
calling some functions, such as initializing the XADC module, and setting up the

registers.
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4.5 Current and Voltage Measurement Circuit Design

As mentioned earlier, the waveforms are recorded with a voltage input ADC of +10
Volts. Thus it is required to convert the current waveforms into voltage waveforms.
Moreover, since the tested battery is rated at 12 Volts, the battery voltage waveforms
have to be scaled to fit within the acceptable voltage range of the data acquisition
equipment. For this purpose, a current and voltage measurement circuit is designed.
The designed circuit utilizes a two channel programmable-gain amplifier, namely
the THS7002 of Texas Instruments (TI). The block diagram of this high bandwidth

amplifier is given in Figure 4.11.

PREAMP PGA-A PGA-A
OUTA PGA-AREF IN-  GgA GjA GzA GND

L1 |
i CLAMP+ (VH)

-
PREAMP Vic+ I Nﬂ,
[ ———— . —— — —— —
PREAMP A IN- -
P'“E'_ f PGA-A OUT
PREAMP A IN+ /{
SHDN-A ®
SHDN-B *
PREAMP B IN+ :&'\
Preamp
PREAMP B IN- -
PREAMP VGc— _____%;___—

PREAMP PGA-BREF PGA-B GoB G1B G2B PGA PGA PGA-B
ouTB IN- Vce+ Vec- GND

Figure 4.11 : Block diagram of THS7002.
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For confirming the behaviour of the designed circuit, the circuit is simulated using
circuit models offered by the manufacturer in the SPICE-based analogue simulation
program of TI, TINA-TI. The schematic of the designed circuit is given in Figure
4.12. As illustrated in the figure, the channel for converting the current waveform into
voltage waveform includes a low inductance shunt resistor of 100 m< for being able to
correctly measure the waveform even at high frequencies. The voltage measurement
points are connected in a differential manner to the pre-amplification stage of the
amplifier. Moreover, two sets of three slide switches are provided on the board for
being able to program the gain of the amplifier so that the designed circuit is quite

flexible to be used with other component which may require lower or higher gains.
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Figure 4.12 : Simulated circuit in TINA-TIL.

The PCB layout of the designed measurement circuit is demonstrated in Figures 4.13
and 4.14. The PCB is designed to be fit directly to the battery terminals, so that the
parasitic effects are minimized. Moreover, the outputs are designed as regular BNC
connectors as to improve the connectivity. This way, the readings of the circuit can be

directly interfaced to an oscilloscope or to the data acquisition unit.

imp_meas wvi.1

Figure 4.13 : The PCB layouts of the designed measurement circuit in 2D view.
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imp_meas vi.1

Figure 4.14 : The PCB layouts of the designed measurement circuit in 3D view

4.6 Testing Process

Here, a general overview of the testing process is also included in this section. As
illustrated in Figure 4.15, first, a perturbation data is generated based on a white
noise sequence in MATLAB environment. The generated perturbation data is then
pre-processed for reconditioning of the data to be more suitable for battery tests, such
as generating perturbation signals with other noise colours. This, pre-processed data is
then saved to the FPGA controller, where the same perturbation data will be used for

all the tests.

When a test request is received during normal operation of the boost converter, the
FPGA applies perturbation to the duty cycle of the converter. The current and
voltage waveforms during the test are then recorded via NI cDAQ module, and
transferred to MATLAB for the impedance calculation. For improving the calculations,

a post-processing is performed for smoothing out the impedance diagrams.

Lastly, this data is then used for fitting the measured battery impedance to a suitable
battery equivalent electrical model, from which electrical parameters of the model can

be extracted.
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Figure 4.15 : General overview of the testing process.



4.7 Concluding Remarks

In this chapter, the underlying reasons for selecting an FPGA based platform for the
implementation of the approach is explained. Additionally, a detailed view of the
designed controller software, which is able to apply perturbations to the duty cycle
command of a switch mode converter, is presented. Further explanations on the
selection of a data acquisition system are also presented. The provided explanations on
this topic may guide the designers in the process of selecting components for practical
implementations of the presented method. Finally, an exemplary circuit for voltage

and current measurements is also provided.
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5. EXPERIMENTAL STUDIES

In this chapter, the validity of the proposed approach is confirmed via experimental
results. First, the method is tested on the RLC filter that was utilized as the device
under test in the simulation studies. After that, several tests on a lead-acid battery for

various SOC values are performed.

With regards to the battery tests, firstly it is shown how the duty cycle perturbation
magnitude can be selected. After that, the battery at 50% SOC is tested for both
open-loop and closed-loop operations. The results are compared with the reference
measurements that are gathered for the same SOC value by a high accuracy commercial
EIS measurement device, Gamry Reference 3000. The similarity of the results that are
fetched by the proposed method and the reference device are compared in order to

confirm the validity of the method and test setup.

Once the method has been proven to be valid as mentioned above, further tests for
different SOC values, 75% and 25%, are performed in order to demonstrate that the

proposed method can also be applied for a wide range of SOC.

As it is common practice, the results are presented in both Bode and Nyquist
Diagrams, giving the opportunity to evaluate them in view of different point of
views. Additionally, the measurements are then fitted to the battery model mentioned

previously. These results are also presented in comparison with the measurements.

5.1 Experiment with RLC Filter

The first experiment is set up for measuring the impedance of the RLC filter that was
simulated in previous chapters. The experiment is arranged in the same manner as
in the simulation environment, where the RLC filter is connected at the output of the

designed boost converter.

For this test, the perturbation signal was a 2!4 long white noise signal, which was

applied to the duty cycle command at 20 kHz.
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In order to be able to confirm the measurements, the impedance of the same circuit

was also measured by a high precision LCR-meter as the reference. The results are

presented in Fig. 5.1.
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Figure 5.1 : Results for the RLC circuit impedance measurement by the proposed
method (blue), by IET-1920 (red dots) and by analytical calculations (black).

As it can be seen from the figure, the results exhibit a good correlation between the
reference measurements and the proposed method. Although, slight deviation between
the reference measurement and the test results are observed around the resonance
frequency of the filter, it is clear that both devices exhibit very similar results. The
small deviation at resonance frequency may be attributed to different setups of the
devices, wherein even the impedance of the connections may play a big role since the
impedance of the filter is at it’s lowest around this region. Thus, it may be concluded
that the proposed approach is preforming as expected, similar to the simulations, for a

passive load.
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5.2 Experiments with Battery

The battery impedance measurement experiments are performed for various SOC.
For each of the experiments, the battery under test is conditioned for measurement
using the EN 50342-1 CENELEC standard: firstly, the battery is fully charged with
a constant current of 1.75 Amperes up to 14.8 Volts and then it is discharged with a
constant current of 0.7 Amperes for two and a half, five and seven and a half hours so
that the SOC is determined to be 75%, 50% and 25%, respectively. Afterwards, the
battery is left to a relaxation period until it the open circuit battery voltage is less than
1 mV/min before the measurements. Hereby it is pointed out that this procedure is
strictly complied in order to create a routine for being able to repeat the tests under
same conditions and for being able to make a fair comparison with the reference

measurements.

For each experiment at a specific SOC, the impedance of the batteries are measured
with two different tests, where the first test utilizes a white noise signal with a length
of 212 points applied to the duty cycle command and the second test utilizes a red noise

signal with a length of 2!° points.

The boost converter is operated at switching frequency, f;, of 20 kHz and the a
perturbation is injected into the duty cycle command at each switching period, so that

the perturbation frequency, f), is also 20 kHz.

For checking the validity of the results, a reference measurement was made by a
commercially available high precision impedance analyzer, a Gamry Reference 3000
system, at 50% SOC, between 10 mHz and 10 kHz and this reference measurement is

always compared with the measurement results at 50% SOC.

5.2.1 Determination of noise perturbation magnitude

One key parameter for the obtaining dataset of good quality is the magnitude of
the perturbed noise data. If the perturbation magnitude is too small, then the data
acquisition system might not be able to capture all the dynamics during the test, which
in return would affect the measurements significantly. On the other hand, if the noise

magnitude is too big, the linearity of the system might be compromised.
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Thus, the choice of noise magnitude is a compromise between precision and system
integrity. Consequently, it has been decided to perform tests with different noise

magnitudes to find the better option.

Previously, it was mentioned that the literature suggests to limit the value of the applied
noise data to be less than 10% of the maximum duty cycle, for enabling stability and
linearity [36]. For this purpose, the magnitude of the designed noise data is set to be +4
% of the maximum duty cycle. Furthermore, a scaling coefficient for the perturbation
data is also implemented in FPGA so that the proposed system can be tested under
different perturbation magnitudes by multiplying the designed noise data by a the scale

factor.

For this purpose, the battery was analysed by tests utilizing different WN magnitudes.
As explained previously, a scaling factor that multiplies the WN signal was already
implemented into the FPGA. In Fig. 5.2, the results for two WN tests with scaling

factors of one and four, are presented.
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Figure 5.2 : Results of WN test for different noise excitation magnitude level, where
blue and black curves have scaling factors of one and four, respectively.
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For checking the measurement quality and displaying the difference of measurements
with different perturbation magnitudes, it has been decided to perform Kramers-Kronig
(KK) analysis, which is often used for EIS measurements. The KK-test provides a
quick check for measurement quality and validity [60], [61]. It relies on the fact that
the imaginary part of the impedance can be derived from real part and vice versa,
given that the system is linear, time-invariant and causal. The derived results are then
compared with the measurements and the difference is presented as residual plots. The

residual plots for both tests are illustrated in Fig. 5.3.
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Figure 5.3 : Residual plots of Kramers-Kronig Analysis for the tests with the
perturbation scale of (a) one (b) four.

As it can be seen both from Fig. 5.2 and Fig. 5.3(a) and Fig. 5.3(b) the measurement

with a scale factor of four (corresponding to a perturbation magnitude of F16%)
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has provided much more reliable results, whereas the measurement with scale factor
(corresponding to a perturbation magnitude of F4%) one yielded noisy results. Thus,

it has been decided to proceed further with the scaling factor of four.

The corresponding battery voltage- and current waveform magnitudes over the whole
frequency bandwidth are also illustrated in Fig. 5.4. It can be seen that, the noise
perturbation causes really small excitation, especially on the voltage. Therefore, a data
acquisition system with high resolution is necessary. Please also note the switching

disturbance in both current and voltage waveforms at 20 kHz.
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Figure 5.4 : Voltage and current waveforms during tests, where DC values are
discarded.

Now that an appropriate perturbation magnitude has been selected, the tests for

measuring the impedance of the battery may be performed.

5.2.2 Experiment 1: 50% SOC, open-loop operation

For assessing whether the closed loop controller of the boost converter is influencing
the measurement, it is decided to test the battery under open-loop operation firstly. Fig.
5.5 illustrates the results of the test at 50% SOC under open-loop operation, presented

in comparison with this reference measurement.
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Figure 5.5 : Illustration of measurements at 50% SOC under open-loop operation for
WN test (blue line), RN test (red line) and combination of both tests (green dashed

line).
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Figure 5.6 : Illustration of combined measurements (green dashed line) at 50% SOC
under open-loop operation with comparison to reference measurements (pink line).
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As it can be seen in Fig. 5.5 two tests are performed, one utilizing the white noise signal
as the perturbation and the other using the blue noise signal. The results of both tests
are then merged to obtain a wideband impedance spectra. The resulting measurement
obtained by both tests are illustrated in comparison to the reference measurements in

Fig. 5.6.

As elaborated earlier, the results are finally fitted to the equivalent electrical model.
The model fitted curve, the battery impedance measurements and the reference

measurements are then presented in comparison in Fig. 5.7.

Moreover, the model fitted results are also presented as a Nyquist Plot in Fig. 5.8 in

order to assess the results from another point of view.

As it can be observed from both figures, the reference measurements and the battery
impedance measurements under open-loop operation as proposed by this work show a

high correlation. The only deviation is observed at the lower frequency end.
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Figure 5.7 : Illustration of model fitted results (blue line) and combined

measurements (green line) at 50% SOC under open-loop operation in comparison
with reference measurement (pink line).
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Figure 5.8 : Illustration Nyquist Plot for model fitted results at 50% SOC under
open-loop operation with comparison to reference measurements.

5.2.3 Experiment 2: 50% SOC, closed-loop operation

Now that there is a good starting point for the open-loop operation results, the validity
of the approach is to be confirmed under closed-loop operation too. The boost
converter is set up to operate under current control, wherein the current is set to 0.75
Amperes.Moreover, the battery is reconditioned to be at 50% SOC again in order to be
able to make a fair comparison. The results of the tests under closed-loop operation is
presented in Fig. 5.9, where both the WN test, BN test and the combination of both

tests are illustrated.

Fig. 5.10 provides a comparison of the reference measurement with the results
obtained by the combination of WN and BN tests. Finally, the results are fitted to
the equivalent battery model, which is illustrated in Fig. 5.11. Moreover, the model
fitted results are also presented as a Nyquist Plot in Fig. 5.12, where the results from
open-loop and closed-loop tests are compared with the reference measurements. As

shown in open-loop tests, a high correlation of all the results are observed, whereas a
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small deviation from the reference measurements are observed for both the open-loop

and the closed-loop tests.
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Figure 5.9 : Illustration of measurements at 50% SOC under closed-loop operation
for WN test (blue line), RN test (red line) and combination of both tests (green dashed

line).
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Figure 5.10 : Illustration of combined measurements at 50% SOC under closed-loop
operation (green dashed line) and under open loop operation (red dashed line) with
comparison to reference measurements (pink line).
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Figure 5.11 : Illustration of model fitted results (blue line) and combined
measurements (green line) at 50% SOC under closed-loop operation in comparison
with reference measurement (pink line).
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Figure 5.12 : Illustration Nyquist Plot for model fitted results at 50% SOC under
open-loop operation (red dashed line) and under closed-loop operation (blue line)
with compparison to reference measurement (pink line).
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5.2.4 Experiment 3: 25% SOC, closed-loop operation

After confirming the validity of the approach under closed-loop operation of the
converter, the proposed method will be tested for various SOC conditions as to prove
the validity of the method even with different battery parameters. In this context, it
is decided to perform EIS measurements at further SOC of 25% and 75%. The test
results will be compared in the end to see the change of the impedance spectra of the

battery.

Consequently, the battery is tested at 25% SOC and Fig. 5.13 illustrates the results
of the test at 25% SOC under closed-loop operation. The results are then fitted to an
equivalent model circuit, which is illustrated in Fig. 5.14. Finally, the model fitted

results are also presented as a Nyquist Plot in Fig. 5.15.
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Figure 5.13 : Illustration of measurements at 25% SOC under closed-loop operation
for WN test (blue line), RN test (red line) and combination of both tests (green dashed
line).
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Figure 5.14 : Illustration of combined measurements (green line) and model fitted
results (blue line) at 25% SOC under closed-loop operation.
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Figure 5.15 : Illustration Nyquist Plot for model fitted results at 25% SOC under
closed-loop operation.
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As it can be seen from the figures, a dramatic change in both the Bode and Nyquist
Plots is observed in comparison with the impedance measurement results obtained for
50% SOC. Basically, the curve on the Nyquist plot seem to shift to the right-side,

representing an increase in the real part of the impedance.

5.2.5 Experiment 4: 75% SOC, closed-loop operation

Finally, the battery is tested at 75% SOC. Fig. 5.16 illustrates the results of the test
at 75% SOC under closed-loop operation. As usual, the results are then fitted to an
equivalent model circuit, which is illustrated in Fig. 5.17. Finally, the model fitted

results are also presented as a Nyquist Plot in Fig. 5.18.

As it can be seen from the figures, again a dramatic change in both the Bode and
Nyquist Plots is observed in comparison with the impedance measurement results
obtained for 50% SOC. However this time, contrary to the case of 25% SOC, the
curve on the Nyquist plot seem to shift to the left-side, representing a decrease in the

real part of the impedance.
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Figure 5.16 : Illustration of measurements at 75% SOC under closed-loop operation
for WN test (blue line), RN test (red line) and combination of both tests (green dashed
line).
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Figure 5.17 : Illustration of combined measurements (green line) and model fitted
results (blue line) at 75% SOC under closed-loop operation.
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Figure 5.18 : Illustration Nyquist Plot for model fitted results at 75% SOC under
closed-loop operation.
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5.3 Concluding Remarks

The extracted parameters from each tests has been illustrated in form of Nyquist Plots

in Fig. 5.19 for demonstrating the behaviour of the impedance by the change of SOC.

-0.02

-0.015

-0.01

-0.005

imag [Ohm]
o

Z

0.005

0.01r

25% SOC
50% SOC
75% SOC

002 1 1 1 1 1 1 1 1
0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Z  [Ohm]

real

0.015

Figure 5.19 : Comparison of impedance measurements at 25%, 50% and 75% SOC.

As it can be clearly seen from the figure, the SOC affects the obtained Nyquist Plots
of the battery. As also demonstrated in the literature [56], the increasing SOC causes
the Nyquist plot to shift to the left-side, representing an decrease in the real part of the

battery impedance.

Finally, Table 5.1 demonstrates the variations of the extracted parameters according
to the previously presented battery equivalent model in response to the change of the
SOC. As pointed out in the literature survey, the EIS results need a comprehensive
interpretation of the results in order to derive a good relationship between a specific
battery parameter and SOC. However, this thesis only aims propose an improved

methodology for implementing the EIS capability to the DC-DC converters.
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Table 5.1 : Extracted Parameters for different SOC values.

Parameter | 25% SOC || 50% SOC || 75% SOC
Lo [uHenry] || 1.9678e-7 || 1.9370e-7 || 2.0254e-7
R, [Q] 0.0372 0.0321 0.0259
Ry [Q] 0.0517 0.0318 0.0333
01 [F] 1.5597 1.5948 1.5804

o 0.4770 0.5653 0.6552
x [Q/mm] 0.2619 0.0016 0.00028
Lprs [mm] 3030.5 64.47 447.5171
rprs [Q.mm] 405.9 28.524 1049.5
gprs [F/mm] || 329.3198 1.61 0.53
oBTS 1.0507 1.0140 1.1765

As, SOC estimation based on EIS results are not within the scope of the thesis and thus

the results will not be elaborated further.
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6. CONCLUSIONS AND RECOMMENDATIONS

This work contributes to the current state of the art by offering an alternative method
for the integration of online EIS measurement capabilities into the digitally controlled
DC-DC converters. As EIS is considered to be the most powerful tool for the diagnosis
of the batteries, this work relates to a crucial aspect of battery management systems by
providing a very powerful diagnostic tool for the battery which can be utilized without

interrupting the operation of the system.

The proposed methodology is firstly examined by computer simulations. Afterwards
the methodology was demonstrated on an experimental setup comprising an FPGA
controlled, boost converter based battery charger connected to a 12-V, 7-Ah Yuasa
NP7-12 lead-acid battery. The battery was tested at 25%, 50% and 75% SOC values.
The test results exhibit a strong correlation between the proposed method and the
reference measurements that were taken by commercially available and high precision

instruments.

Within the scope of the presented study, a few improvements regarding
cross-correlation based EIS measurements, in particular regarding EIS of batteries,

have been presented:

* It has been demonstrated that the moving average filter can be effectively used for
removing unwanted dynamic effects, such as the varying open circuit voltage of the
battery, during testing period: As the battery is operational during testing, the open
circuit voltage is not fixed and thus the moving average filter performed on the
battery voltage and current waveforms are essential for isolating the perturbation

based waveforms.

* It has been proposed to perform two subtests with different noise types within one
testing cycle: A red noise test in addition to white noise test has been found to
be very effective for improving the measurement quality in low frequency band.

Furthermore, this approach also enables to adjust the measurement resolution in the
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low frequency range. As it is generally more preferred to have a smaller resolution
in low frequency, this can be achieved by increasing the perturbation data length
of the red noise test. For example in the experiment section of this work, the red
noise data length is determined to be 2!6 resulting in a resolutin of Af = 0.3052 Hz,
while the white noise test comprises a data set of 2! length yielding a resolution of

Af =4.8818 Hz.

* The perturbation data generation and preparation has been discussed. Additionally,

it has been demonstrated how a proper perturbation magnitude can be chosen.

 Effective post-processing tools are discussed and demonstrated. In this regard, a

fractional decade post-processing method has been suggested.

* Although the proposed technique is not a model based approach, meaning that the
measured data does not have to be interpreted according to an equivalent electrical
model, a model fitting application has been demonstrated which enables parameter

extraction which is generally utilized for various estimation procedures.
The benefits of the proposed approach are:

* The method does not require frequency sweeping. In other words, instead
of performing individual tests for each frequency, the cross-correlation based

identification enables obtaining measurements containing a wide frequency range.

» Testing time is significantly lower than that of the techniques requiring separate

tests for each frequency of interest.

* The proposed technique is applicable to online applications so that the battery to be

tested may remain operational during the tests.

* No extra circuitry is needed in the power stage, as the approach is fully integrated
into the DC-DC converters. Consequently the offered approach is a low cost

application.

* The approach may be retrofitted to already existing systems.

On the other hand, there are also a few challenges that need to be taken into

consideration for implementing the proposed approach:
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Although not considered a challenge specific to the proposed method, the proposed
technique requires high resolution ADCs in order to be able to detect small

magnitude, perturbation based voltage and current waveforms.

The proposed technique is not able to analyse a single given frequency. The
cross-correlation based identification technique always result in a measurement

containing a certain range of frequency.

The resolution of the results depend on the total sampled data points. Analyzing
very low-frequencies (less than mHz range) may cause a lot of computational effort.
This might be avoided by decreasing the sampling frequency with the cost of less

precision at high-frequency impedance analysis.

Analogous to most online applications, the proposed approach is not suitable for
analysing very low frequencies, as the testing time would be too high. Higher
testing times are not suitable for such applications because the state of batteries
(such as SOC and temperature) may change during the testing period and in turn
this would invalidate the measurements. Thus, online applications are not expected
to reach Hz levels in contrast to off-line EIS devices, which maintain the states of

the battery under test.

The proposed method requires precise duty cycle control, as a perturbation has to
be applied to duty cycle command at each switching cycle. This perturbation could
be challenging to implement into some digital controllers. As widely utilized in

similar works, an FPGA is suggested for this approach.
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APPENDIX A.1: Main Program
library IEEE;

use IEEE.STD LOGIC_ 1164 .ALL;
use IEEE.NUMERIC_STD.ALL;

entity main is

Port (

BTNC: in std_logic :='0";

CLK100MHZ: in std_logic :='0";

SW: in unsigned (15 downto 0); -- swlb5-7 (9bit) —--> M ||
s sw6-4 (3bit) —--> fsw ayari || sw3-0 (4bit) ——-> fp

-~ ayari
LED: out unsigned (15 downto 0);

JAl: inout std_logic :='0';
JA2: inout std_logic :='0"';
JA3: inout std_logic :='0"';
JA4: inout std_logic :='0';
JA7: inout std_logic :='0';
JA8: inout std_logic :='0';
JA9: inout std _logic :='0"';
JA10: inout std _logic :='0"';

duty_ss: in std_logic_vector (31 downto 0);
perturb_scale: inout std_logic_vector (31 downto 0);
main_data_length: in integer range 0 to 1000000;
main_read_address: out std_logic_vector (15 downto 0);
main_wn_data: in std_logic_vector (7 downto 0);
main_bn_data: in std_logic_vector (7 downto 0
main_pn_data: in std_logic_vector (7 downto 0
main_rn_data: in std_logic_vector (7 downto 0
) i

end main;

architecture yapisal of main is

signal s_prescale_rate: unsigned (26 downto 0);
signal s_prescale_rate2: unsigned (26 downto 0);
signal s_CLK_prescaled: std_logic := '0';
signal s_CLK_prescaled2: std_logic := '0';
signal s_enable_count: std _logic;

signal s_start: unsigned (26 downto 0);

signal s_stop: unsigned (26 downto 0);

signal s_deadtime: unsigned (26 downto 0);
signal s_count_te: unsigned (26 downto 0);
signal s_cnt_type_te : unsigned (1 downto 0);
signal s_signal: std_logic;

component perturb
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Port (

def_CLK100MHZ: in std_logic;

def_ CLK _prescaled: in std_logic;

def_CLK _prescaled_perturb: in std_logic :='0";
def_sw: in unsigned (15 downto 0);

test_start: in std_logic;

def_signal: out std_logic;

def_start: inout unsigned (26 downto 0);
def_stop: inout unsigned (26 downto 0);
def_deadtime: inout unsigned (26 downto 0);
def_debug: inout std_logic :='0";

def_debug2: inout std_logic :='0"';

def_pre: inout unsigned (26 downto 0);
def_pre_perturb: inout unsigned (26 downto 0);
def_duty_ss: in std_logic_vector (31 downto 0);
def_perturb_scale: inout std_logic_vector (31 downto 0);
data_length: in integer range 0 to 1000000;
read_address: out std_logic_vector (15 downto 0);
wn_data: in std_logic_vector (7 downto 0);
bn_data: in std_logic_vector (7 downto 0);
pn_data: in std logic_vector (7 downto 0);
rn_data: in std_logic_vector (7 downto 0)

) i

end component perturb;

component prescaler

port (

prscl_CLK100MHZ: in std_logic;
prscl_prescale_rate: in unsigned (26 downto 0);
prscl_CLK_prescaled: inout std_logic

) i

end component prescaler;

component counter is

generic (cntr_type: in unsigned (1 downto 0));
port (

enable: in std _logic;

cntr_CLK: in std_logic;

cntr_CLK_prescaled: in std_logic :='0"';
cntr_stop: in unsigned (26 downto 0);
cntr_type_out: out unsigned (1 downto 0);
cntr_count: inout unsigned (26 downto 0)

) 7

end component counter;
component pwm_module is

port (
pwm_CLK: in std_logic :='0"';
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pwn_start: in unsigned (26 downto 0);
pwm_stop: in unsigned (26 downto 0);
pwm_deadtime: in unsigned (26 downto 0);
pwm_count: in unsigned (26 downto 0);
pwm_pre: in unsigned (26 downto 0);
pwm_cntr_type: in unsigned (1 downto 0);
pwm_pwm_out: out std_logic;
pwm_pwm_out_comp: out std_logic

)

end component pwm_module;

begin

LED <= SW;
s_enable_count <= '1"';
JA3 <= s_CLK prescaled;
JA7 <= s_CLK_prescaled?Z;
JA8 <= s_signal;

Pertur: perturb port map (

def CLK100MHZ => CLK100MHZ,

def_ CLK_prescaled => s_CLK prescaled,
def_CLK_prescaled_perturb => s_CLK_prescaled?2,
def_sw => SW,

test_start => BTNC,

def_signal => s_signal, ——test_request in perturb @ JAS8
def_pre => s_prescale_rate,
def_pre_perturb => s_prescale_rate?2,
def_start => s_start,

def_stop => s_stop,

def_debug => JA4,

def_debug2 => JA9,

def_deadtime => s_deadtime,
def_duty_ss => duty_ss,
def_perturb_scale => perturb_scale,
data_length => main_data_length,
read_address => main_read_address,
wn_data => main_wn_data,

bn_data => main_bn_data,

pn_data => main_pn_data,

rn_data => main_rn data

) ;

PRSCL: prescaler port map (
prscl_CLK100MHZ => CLK100MHZ,
prscl_prescale_rate => s_prescale_rate,
prscl_CLK_prescaled => s_CLK_prescaled
) i
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PRSCL2: prescaler port map (
prscl_CLK100MHZ => CLK100MHZ,
prscl_prescale_rate => s_prescale_rate?,
prscl_CLK_prescaled => s_CLK_prescaled?
) i

CNTR_te: counter generic map (cntr_type => "00")
port map (

enable => s_enable_count,

cntr CLK => CLK100MHZ,

cntr_CLK_prescaled => s_CLK_ prescaled,

cntr_stop => s_prescale_rate,

cntr_type_out => s_cnt_type_te,

cntr_count => s_count_te

) ;

PWM_GEN_te: pwm_module port map (
pwm_CLK => CLK100MHZ,

pwm_start => s_start,

pwm_stop => s_stop,

pwm_deadtime => s_deadtime,
pwm_count => s_count_te,

pwm_pre => s_prescale_rate,
pwm_cntr_type => s_cnt_type_te,
pwm_pwm_out => JAlL,
pwm_pwm_out_comp => JA2

) ;

end yapisal;
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APPENDIX A.2: Subprogram for Applying the Perturbation
library IEEE;

use IEEE.STD LOGIC_1164.ALL;

use IEEE.NUMERIC_STD.ALL;

entity perturb is

Port (

def_ CLK100MHZ: in std _logic := '0';

def_ CLK_prescaled: in std_logic :='0"';

def_ CLK_prescaled_perturb: in std_logic :='0";
def_sw: in unsigned (15 downto 0);

test_start: in std_logic :='0";

def_signal: out std_logic := '0';

def_start: inout unsigned (26 downto 0);

def_stop: inout unsigned (26 downto 0);

def_deadtime: inout unsigned (26 downto 0);

def_debug: inout std_logic :='0';

def_debug2: inout std logic :='0"';

def_pre: inout unsigned (26 downto 0);

def_pre_perturb: inout unsigned (26 downto 0);
def_duty_ss: in std_logic_vector (31 downto 0);
def_perturb_scale: inout std_logic_vector (31 downto 0);
data_length: in integer range 0 to 1000000;
read_address: out std_logic_vector (15 downto 0);
wn_data: in std_logic_vector (7 downto 0);

bn_data: in std_logic_vector (7 downto 0
pn_data: in std_logic_vector (7 downto
rn_data: in std logic_vector (7 downto
)i

end perturb;

architecture davranissal of perturb is

shared wvariable random_integer_array: integer range -255

« to 255 := 0;

signal button_delay: unsigned (26 downto 0) :=

- "000000000000100111000100000";

signal button_count: unsigned (26 downto 0)
"000000000000000000000000000";

signal random_temp: integer range -2000 to 2000 :=0;

signal s_pre: unsigned (26 downto 0) :=

- "0000000000000000O0O11I1I1101000";

signal s_pre_perturb: unsigned (26 downto 0) :=
"000000000000000001111101000";

signal s_deadtime: unsigned (26 downto 0)

«~ :="000000000000000000000000000™;
signal s_start: unsigned (26 downto 0)
-~ :="000000000000000000000000000™;
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signal s_stop: unsigned (26 downto 0); —-

- :="000000000000000000111110100";

signal s_stop_temp: integer range -100000 to 100000 :=0;
signal test_request: std_logic := '0';

signal test_request_temp: std_logic := '0';

shared variable test_request_hold: std _logic_vector (2
~» downto 0):= "000";

shared variable i: integer range 0 to 1000000 := O;

shared variable k: integer range 0 to 10000 := O;

signal s_duty_ss: integer range 0 to 10000 := 500;

signal M: integer range 0 to 1000; -- repeating M times

begin

test_request_temp <= test_request;

def start <= s_start;

def deadtime <= s_deadtime;

def_pre <= s_pre;

def_pre_perturb <= s_pre_perturb;

M <= 1 + to_integer (def_sw (13 downto 7)) ;

s_duty_ss <= to_integer (unsigned(def_duty_ss));

button_delay <= "000000000000100111000100000";

test_req delay: process (def_CLK_prescaled)

begin

if rising_edge (def_CLK_prescaled) then

test_request_hold(2) := test_request_hold(1l);

test_request_hold(l) := test_request_hold(0);

def_signal <= test_request_hold(1l);

test_request_hold(0) := test_request_temp;

end if;

end process test_req delay;

button_delay_process: process (def_ CLK_prescaled)

begin

if (rising_edge (def_CLK_prescaled)) then

if (test_start = '1l') and (button_count < button_delay)
- and (test_request = '0') then

button_count <= button_count + 1;

elsif (button_count >= button_delay) and (test_request =
< '0') then

button_count <= (others => '0");

end if;

end if;

end process button_delay_ process;

test_request_signal:

~ process (def_CLK _prescaled_perturb,button_count,button_delay)
begin
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if (rising_edge(def_CLK prescaled_perturb)) and
- (button_count = button_delay) then
if (k <=M - 1) and (i < (data_length - 1)) then

test_request <= '1";

elsif (i = (data_length - 1)) and (k = M - 1) then
test_request <= '0';

end if;

end if;

end process test_request_signal;

duty_perturb: process (def_CLK_prescaled_perturb)

begin

if (rising_edge (def_CLK_prescaled_perturb)) then

case def sw(l5 downto 14) is ——- 00 white noise, 11 red
o noise

when "00" => random_integer_array :=
-+ to_integer (signed (wn_data));

when "01" => random_integer_array :=
~ to_integer (signed (bn_data));

when "10" => random_integer_array :=
~» to_integer (signed (pn_data));

when "11" => random_integer_array
-+ to_integer (signed (rn_data));

when others => random_integer_array :=
-~ to_integer (signed (wn_data));

end case;

if (test_request = 'l') then

random_temp <= random_integer_array;

read_address <= std_logic_vector (to_unsigned(i, 16));
def_debug2 <= '1";

elsif (test_request = '0') then

read_address <= (others => '0');

random_temp <= 0;

def_debug2 <= '0';

end if;

end if;

end process duty perturb;

i_count: process (def_ CLK_prescaled_perturb)

begin

if (rising_edge (def_CLK_prescaled_perturb)) then

if (test_request = '1l') and (i < (data_length - 1)) then
i =1 + 1;

elsif (i = (data_length - 1) ) then

i = 0y

end if;

end if;

end process i_count;

104



k_count: process(def_CLK_prescaled_perturb)

begin

if (falling_edge(def_CLK_ prescaled_perturb)) then
if (k < (M - 1)) and (test_request = '1') and (i =
o (data_length - 1) ) then

k := k + 1;

elsif (k = (M - 1)) and (i = (data_length - 1) ) then
k := 0;

elsif (test_request = '0') then

k := 0;

end if;

end if;

end process k_count;

update_stop: process(def CLK100MHZ)

begin

if (rising_edge (def_CLK100MHZ)) then

s_stop_temp <= (to_integer (unsigned (def_perturb_scale (5
~» downto 0)))*random_tempx* (to_integer (s_pre)) +
~ s_duty_ss* (to_integer (s_pre)))/1000;

def_stop <= to_unsigned(s_stop_temp,27);

if (random_temp /= 0) then

def_debug <= '1l'; --BURADA
elsif (random_temp = 0) then
def_debug <= '0'; ——-BURADA
end if;

end if;

end process update_stop;

update_prescale_rate:
~ process (def_CLK prescaled_perturb, test_request)

begin
if (rising_edge (def_CLK_prescaled_perturb)) and
~ (test_request = '0') then

if (to_integer (def_sw(6 downto 4)) > 0) then

s_pre <= to_unsigned (1000« (to_integer (def_sw (6 downto
o 4))) . 27);

end if;

if (to_integer(def_sw(6 downto 4)) > 0) and
-+ (to_integer (def_sw(3 downto 0)) > 0) then
s_pre_perturb <= to_unsigned(1000* (to_integer (def_sw (6
—» downto 4)))+*to_integer (def_sw(3 downto 0)),27);

end if;

end if;

end process update_prescale_rate;

end davranissal;
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APPENDIX A.3: Prescaler Subprogram for Dividing the Clock

library IEEE;
use IEEE.STD_LOGIC_1164.ALL;
use IEEE.NUMERIC_STD.ALL;

entity prescaler is

port (

prscl_CLK100MHZ: in std_logic;
prscl_prescale_rate: in unsigned (26 downto 0);
prscl_CLK prescaled: inout std_logic :='1"

) i

end prescaler;

architecture davranissal of prescaler is

signal s_prscl_prescale_rate: unsigned (26 downto 0) :=
-~ "000000000000000000000000001";

shared variable prscl_count: unsigned (26 downto 0)
-~ :="000000000000000000000000000";

begin

prescaler_ proc: process (prscl_CLK100MHZ)

begin

if (rising_edge (prscl_CLK100MHZ)) then

prscl_count := prscl_count + 1;

if (prscl_count >= s_prscl_prescale_rate / "10") then
prscl_CLK_prescaled <= not prscl_CLK prescaled;
prscl_count := "000000000000000000000000000";

end if;

end if;

end process prescaler_proc;

end davranissal;
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APPENDIX A.4: Counter Subprogram

library IEEE;
use IEEE.STD LOGIC_1164.ALL;
use ieee.numeric_std.all;

entity counter is
generic (cntr_type: in unsigned (1 downto 0));

port (

enable: in std_logic :='0";

cntr_CLK: in std_logic :='0"';
cntr_CLK_prescaled: in std_logic :='0"';

cntr_stop: in unsigned (26 downto 0);
cntr_type_out: out unsigned (1 downto 0);
cntr_count: inout unsigned (26 downto 0)
- :="000000000000000000000000001"

) ;

end counter;
architecture davranissal of counter is

shared variable cntr_main_count: unsigned (26 downto 0)

-~ :="000000000000000000000000000™;
signal reset: std_logic :='0"';
begin

counter: process (cntr_CLK,enable)

begin

if (enable = '1') then

if (rising_edge(cntr_CLK)) then

if (cntr_main_count < cntr_stop ) then
cntr_main_count := cntr_main_count + 1;
if (cntr_main_count >= cntr_stop ) then
cntr_main_count := "000000000000000000000000000"™;
end if;

end if;

end if;

end if;

case cntr_type is

when "00" => c¢ntr_count <= cntr_main_count; —- trailing
—» edge modulator

when "01" => c¢cntr_count <= cntr_stop - cntr_main_count;
~» —— falling edge modulator

when "10" => cntr_count <= cntr_main_count; ——- triangle
—~ modulator

if (cntr_main_count <= cntr_stop / "10") then

cntr_count <= cntr_main_count + cntr_main_count;
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elsif (cntr_main_count > cntr_stop / "10") then

cntr_count <= (cntr_stop - cntr_main_count)+ (cntr_stop -
< cntr_main_count) ;

end if;

when others => cntr_count <= cntr_main_count; - trailing

«» edge modulator
end case;
end process;

counter_ reset: process (cntr_CLK,cntr_CLK_prescaled)

begin

reset <= '0';

if (rising_edge (cntr_CLK_prescaled)) then
reset <= '1";

end if;

end process counter_reset;

cntr_type_out <= cntr_type;
end davranissal;
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APPENDIX A.5: PWM Generator Subprogram

library IEEE;
use IEEE.STD_LOGIC_1164.ALL;
use IEEE.NUMERIC_STD.ALL;

entity pwm _module is

port (

pwm_CLK: in std _logic :='0";

pwm_start: in unsigned (26 downto 0);
pwm_stop: in unsigned (26 downto 0);
pwm_deadtime: in unsigned (26 downto 0);
pwm_count: in unsigned (26 downto 0);
pwm_pre: in unsigned (26 downto 0);
pwm_cntr_type: in unsigned (1 downto 0);
pwm_pwm_out: out std_logic;
pwm_pwm_out_comp: out std_logic

)

end pwm _module;

architecture davranis of pwm_module is

begin

pwm_module_proc: process (pwm_CLK)

begin

if (rising_edge (pwm_CLK)) then

if (pwm_cntr_type = "00") or (pwm_cntr_type = "01") then

if (pwm_count >= pwm_start + pwm_deadtime) and (pwm_count
~» <= pwm_stop - pwm_deadtime) then

pwm_pwm_out <= '1'";

else

pwm_pwm_out <= '0';

end if;

elsif (pwm_cntr_type = "10") then

if (pwm_count >= pwm_start) and (pwm_count <= pwm_stop -
— pwm_deadtime) then

pwm_pwm_out <= '1"';

else

pwm_pwm_out <= '0';

end if;

end if;

end if;

end process pwm_module_proc;

pwm_module_comp_proc: process (pwm_CLK)

begin
if (falling_edge (pwm_CLK)) then
if (pwm_cntr_type = "00") or (pwm_cntr_type = "01") then

if (pwm_count >= pwm_stop + pwm_deadtime) and (pwm_count
~» <= pwm_pre — pwm_deadtime) then
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pwm_pwm_out_comp <= '1';

else

pwm_pwm_out_comp <= '0';

end if;

elsif (pwm_cntr_type = "10") then

if (pwm_count >= pwm_stop + pwm_deadtime) and
— <= pwm_pre) then

pwm_pwm_out_comp <= '1"';

else

pwm_pwm_out_comp <= '0';

end if;

end if;

end if;

end process pwm_module_comp_proc;

end davranis;
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Figure B.1 : Complete overview of the implemented block design on the FPGA.
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Figure B.2 : Complete overview of the implemented block design on the FPGA.

112



APPENDIX C.1: Matlab Script for Data Acquisition From NI cDAQ

clc;
clear;

s = dag.createSession('ni'");
addAnalogInputChannel (s, 'cDAQIModl', 0, 'Voltage'),; %wl
» —> perturbated duty cycle info
addAnalogInputChannel (s, 'cDAQIModl', 1, 'Voltage'); w2
—» —> current info
addAnalogInputChannel (s, 'cDAQIModl', 2, 'Voltage'); %w3

» —> test start stop signal
addAnalogInputChannel (s, 'cDAQIModl', 3, 'Voltage'),; $Sw4
- —> voltage info

s.Rate = 500000;

s.DurationInSeconds = 10;

S

[data,time] = s.startForeground;

figure

plot (time, data) ;

xlabel ('Time (secs)');

ylabel ('Voltage')

wl = transpose(data(:,1
w2 = transpose(data(:,2
w3 = transpose(data(:,3
wé transpose (data(:,4
fsampling = s.Rate;

enable = 0

if enable > O

1lh = addlistener (s, 'DataAvailable', @(src,event)
-+ plot (event.TimeStamps, event.Data));
s.startBackground() ;

s.wait ()

delete (1h)
s.IsNotifyWhenDataAvailableExceedsAuto = true;
1lh = addlistener (s, 'DataAvailable', @stopWhenExceedOneV) ;
type ('stopWhenExceedOneV.m'")

s.IsContinuous = true;

s.startBackground ()

while s.IsRunning

pause (0.5)

fprintf ('"While loop: Scans acquired = %d\n',
- s.ScansAcquired)

end

fprintf ('Acquisition has terminated with %d scans
~ acquired\n', s.ScansAcquired);
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delete (1h)
displayEndOfDemoMessage (mfilename)
end
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APPENDIX C.2: Matlab Script for Preprocessing the Experimental Data

d_sample = 0;

d_sample_factor = 1; %do not change

if d_sample > O

d_sample_factor = 10;

wl0 = wl; w20 = w2; w30 = w3; w40 = w4,

wl = downsample(wl,d_sample_factor);
w2 = downsample (w2,d_sample_factor);
w3 = downsample (w3,d_sample_factor);
w4 = downsample (w4,d_sample_factor);
end

size_data=length (wl);
n = 1l:1:size_data;

figure

plot (n,wl, 'y',n,w2, 'b',n,w3, 'm',n, w4, 'g');
xlabel ('Samples') ;

ylabel ('Voltages');

start_point =
— ceil(cursor_infol.DatalIndex/d_sample_factor);
finish_point =
— cell(cursor_info2.DatalIndex/d_sample_factor);

wl_test = wl(:,start_point:1l:finish_point); legnthl =

- length(wl_test);
wl_test (legnthl+l:2+x1legnthl) = 0;
w2_test = w2 (:,start_point:1:2xfinish_point-start_point);
w3_test w3 (:,start_point:1:2xfinish_point-start_point);
wd_test wéd (:,start_point:1:2xfinish_point-start_point);

window_size = 100;
w2_movavg0 = tsmovavg(transpose (w2), 's',window_size,1);
w2_movavgl = tsmovavg (transpose (w2), 's',window_size/2,1);

-~ w2_movavg0 = w2_movavg0 - (w2_movavg0-w2_movavgl);
w2_movavg =

- w2_movavg0 (start_point:1:2xfinish_point-start_point, :);

w4_movavg0 = tsmovavg(transpose (w4d), 's',window_size,1);
wd_movavgl = tsmovavg (transpose (wd),'s',window_size/2,1);
-~ wé4_movavg0 = w4_movavg0 - (w4_movavgO-w4_movavgl);

wi4_movavg =
- wi4_movavg0 (start_point:1:2xfinish_point-start_point, :);
vmean_mov =
— linspace (w4 (start_point),wd (finish_point), (finish_point
- — start_point +1));
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imean_mov =
- linspace (w2 (start_point),w2 (finish_point), (finish_point
- — start_point +1));

size_data = length(wl_test);
n_test = 1l:1l:size_data;
n_test_actual = 1:1:(finish_point - start_point);

dl = dutycycle(wl_test(:,1:(finish_point-start_point)),
n_test_actual, 'Polarity', 'positive');

dl (length(dl)+1:2x1length(dl)) = 0;

sizedl = length(dl);

d2 = 0.5+ (ones(1l,sizedl));

dl_perturb = dl - ones(l,sizedl) xmean (d2);

length (dl_perturb)

o\e

rr

wl = transpose (wl);

w2 = transpose (w2) ;

w3 = transpose (w3) ;

wié transpose (w4) ;

wl_test transpose (wl_test);

w2_test transpose (w2_test) ;
)
)

w3_test transpose (w3_test) ;

wi_test transpose (w4_test
dl = transpose(dl);
dl_perturb = transpose(dl_perturb);

4

length_dl = length (dl_perturb)
vmean_mov = transpose (vmean_movV) ;
imean_mov = transpose (imean_movV) ;
show = 0
if show >= 1

figure

plot (n_test,wl_test,'y', n_test,w2_test, 'b"',
» n_test, w3_test, 'm', n_test, wi_test,'g');
xlabel ('Samples');
ylabel ('Voltages');
end

show = 0
if show >= 1
figure
subplot (2,1,1)
plot (n_test, wi4_test, 'b', n_test, wi_filtered,
S ')
xlabel ('Samples');
ylabel ('Voltage');
subplot (2,1, 2)
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plot (n_test,
'r');

xlabel ('Samples');
ylabel ('Current');

oy

w2_test,

'b', n_test, w2_filtered,

end
show = 0;
if show>=1
figure
subplot (2,1,1)
plot (n_test, w2_test/4.7,'b', n_test,
~ w2_movavg/4.7,'m', n_test, imean_mov/4.7,'r")
subplot (2,1,2)
plot (n_test, 2+w4d4_test, 'b',n_test, 2+wd_movavg,
< 'm', n_test, 2*vmean _mov, 'r')
xlabel ('Samples') ;
ylabel ('Voltages');
end
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APPENDIX C.3: Matlab Script for Transfer Function Calculation

SSETTINGS
fperturb = 20e3; fsw = 20e3; fs = fsampling;

smoothing window_size = 0;
freg_limit_number = 400;
method = 1;

alpha = 0;
fract_smooth = 1;
pad_factor = 0;

Rsense = 8;

Rparasitic = 0;

resample_required = 0;

size_datal = length(dl_perturb);
period_count = size_datalj;
size_data_original = length(w2_test);
size_data = size_data_original;

$%DUTY CYCLE PERTURBATION DEGERININ ZAMANA GORE YAYILMASI

total_sample = size_data;

data_per_period = size_data/period_count;
data_per_period = round(data_per_period);
i=1;

first = 1;

last = 1;

while i<period_count

last = ixdata_per_period;
dl_perturb_time(first:last+1l,1) = dl_perturb(i);
first = last+1;
i=i+1;

end

dl_perturb_time(first:size_data) = dl_perturb(i);

unew = dl_perturb_time;

if resample_required>=1;
vnew = w2_test_resample;

else
vnew = wéd_test;
inew = w2_test;

end

%$1lst METHOD
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if method

vmean = mean (w4 (l:start_point));
~ 1mean = mean (w2 (l:start_point));
vnew_p = vnew — ones (length (vnew), 1) xvmean;
-+ 1inew_p = inew - ones(length(inew), 1) *imean;
inew_p = inew_p/Rsense;
elseif method == 2
%2nd METHOD
vhew_p = vnew — w4_movavg;
inew_p = inew - w2_movavg; inew_p =
-~ 1inew_p/Rsense;
elseif method == 3
vVhew_p = vhew — vmean_mov;
inew_p = inew - imean_mov; inew_p =
~ 1new_p/Rsense;
elseif method == 4
vhew_p = wi4_filtered; %
« w4 _filtered; %vnew — w4 _filtered;
inew_p = w2_filtered/Rsense; %

—

(Y

w2 filtered/Rsense;
w2_filtered)/Rsense;

% (vhew -

end;

Ruu = xcorr (unew,unew, total_sample);
Ruv = xcorr (unew, vhew_p, total_sample);
Rui = xcorr (unew, inew_p, total_sample);
win = gausswin (2xtotal_sample+1,alpha);

pad_size

Ruv_p

Rui_p

Ruu_p

vd
id
uu

clearvars £ m p mag_tf phase_tf Q Z m_fract p_~fract

round (pad_factorxlength (Ruv)
= padarray (Ruv.*win, [pad_size 0],
padarray (Rui.*win, [pad_size O
padarray (Ruu. win, [pad_size O

= ] ’
1,

vd
id
uu

vd (1
id (1
uu (1

fft (Ruv_p);
fft (Rui_p);
fft (Ruu_p);

)

0
0
0

~ Gzoh2;
f = (fs/1)+linspace(0,1,length(vnew_p));
w_rad = f£x2xpi;
Z = (fft(vnew_p)./fft (inew_p));

clearvars f;
(fs/1)+1linspace (0,1, length (vnew_p));

f =
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Z = 7Z — Rparasitic;

m = abs(Z); p = (angle(Z));
imp_real = real(Z);
imp_imag = imag(Z) ;

if (fract_smooth >= 1) && (smoothing_window_size <= 0)
fract_dec_smooth_old();
end

test_data = Exp2;
k = length(test_data);
i=1;
while i<=k
f iet = test_data (3, :);
egq_model = test_data(4,1);
if eg_model == 1
Ls = test_data(l,1i);
Rs = test_data(2,1i);

measurement = tf([Ls Rs], [1]);

w = 2xpixtest_data(3,1);

[mag, phase] = bode (measurement,w) ;
output (1,1) = mag; Smagnitude data
output (2,1) = phase; $%phase data
output (3,1) = test_data(3,1); %freqg
elseif eqg model == 2

Cs = test_data(l,1);
Rs = test_data(2,1);

measurement = tf([Cs*Rs 1], [Cs 01);
w = 2xpixtest_data(3,1);
[mag, phase] = bode (measurement,w);
output (1,1i) = mag; Smagnitude data
output (2,1) = phase; $%phase data
output (3,1i) = test_data(3,1i); 2%freqg
end;
i=i+1;

end;

%$Analytical Calculation
enable = 1;
if enable > 0
Z_analytic = tf ([CxLxR1 (L+CxR1xR2)
< (R1+R2) ], [CxR1 11);
w = 2xpixf;

[mag, phase] = bode(Z_analytic,w);
sizemag=size (mag) ;
i=1;
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clearvars mag_tf phase_t£f;
while i<=sizemag(3)

mag_tf (i) = mag(l,1,1);
phase_tf (i) = phase(l,1,1);
i = i+1;
end
end;
figure

subplot (2,1,1)

semilogx (f,mag2db(m), 'b', f_iet, mag2db (output(l,:)),

- 'r.', £, mag2db(mag_tf), 'k")

grid on

set (gca, 'XColor', [0.5 0.5 0.51)

set (gca, 'YColor', [0.5 0.5 0.51])

ylabel ("Magnitude [Ohms]")

subplot (2,1,2)

semilogx (f, p*180/pi, 'b', £, (phase_tf), 'k', f_iet,

-~ (output(2,:)), 'r.")

ylabel ('Phase [deg]')

xlabel ("Hz') ;

grid on

set (gca, 'XColor', [0.5 0.5
5

0.51)
set (gca, 'YColor', [0.5 O. 0.5

1)
show = 1;
if show > O

x=1:1:1length (Ruu) ;

figure

subplot (3,1,1)

plot (x,Ruu) ;

title ('Ruu')

grid on

subplot (3,1, 2)
plot (x,Ruv);
title ('Ruv')
grid on

subplot (3,1, 3)
plot (x,Rui);
title('Rui')
grid on

end;

SREAL IMAGINAR AXIS PLOT (NYQUIST)

show = 1;
if show > O
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figure

plot (Z_bat_exp_real, Z_bat_exp_imag, 'r',
o~ imp_real (2:freq_limit_number),

-~ iImp_imag(2:freq_limit_number), 'b')
set (gca, 'Ydir', "reverse')

ylabel ('Z_{imag} [Ohm]")

xlabel ('Z_{real} [Ohm]"')

grid on

figure
set (gca, 'Ydir', 'reverse')
plot3 (imp_real (2:freq limit_number),
< imp_imag(2:freqg_limit_number),
- f(2:freq_limit_number), 'b'")
grid on
end
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APPENDIX C.4: Matlab Script fract_dec_smooth_old.m for Postprocessing the
Transfer Function

clearvars window_size n_dec fract_index m_fract p_fract
& IM_mov_ave p_mov_ave;

delta_f = f£(2,1); %checking resolution

start_decade = floor(loglO(delta_f));

stop_decade = floor(loglO(fs/2));

n_dec = start_decade:1:stop_decade;
k = 1;
while k <= length (n_dec)
fract_index (k) = ceil (10”n_dec (k) /delta_f);
k = k+1;
end
i =1;
while i <= length (n_dec)
if i == length (n_dec)
End = length (m);
else
End = fract_index(i+1);
end
data_per_dec (i) = End - fract_index (i) ;
window_size (i) = ceil (data_per_dec (i) /100);
i =1 +1;
end
med_filt_size = (n_dec + 1).72;
j o= 1;
while j <= length (n_dec)
if j == length(n_dec);
fract_stop = length (m);
else
fract_stop = fract_index (j+1);
end
Z_mov_ave(:,]) =
~ tsmovavg(z2, 's',window_size(3),1);
m = abs(Z_mov_ave); p = unwrap (angle (Z_mov_ave));
m_mov_ave = medfiltl (m,med_filt_size(]j));
p_mov_ave = medfiltl (p,med_filt_size(]));
m_fract (fract_index (J) :fract_stop,1l) =
~ m_mov_ave (fract_index (7j) :fract_stop, j);
p_fract (fract_index (]j) :fract_stop, 1) =
- p_mov_ave (fract_index (7) :fract_stop, j);
J o= J+1;
end
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