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Thesis Summary

A key challenge in a battery energy storage systemnderstanding the availability and
reliability of the system from the perspective loé tend customer. A key task in this process is
recognising when a battery or a module within aesysstarts to degrade and then mitigating
against this using the control system or batterpagament system. Battery characterisation
parameters such as internal impedance and sthtatith and state of charge of the battery are a
useful representation of the battery conditionsisTiesis investigates the feasibility of
undertaking Electrochemical Impedance Spectrosd@p$) methods online to generate an
understanding of battery impedance. In order téop@ran EIS measurement, an excitation signal
of fixed frequency must be generated and the veltagl current measured and used to calculate
the impedance.

This thesis proposed different methods of genegatitow-frequency excitation signal using
hardware found in most battery systems to exttathtarmonic impedance of a battery cell to
aim towards a low cost on-line impedance estimaiitis work focuses on producing impedance
spectroscopy measurements through the power atgetreystem, a battery balancing system and
the earth leakage monitoring system to attempt éb apmparable results to off-line EIS
measurements under similar conditions. To genaatexcitation signal through the power
electronic circuit, different control methods warsed including varying; the duty cycle, the
switching frequency and the starting position @f sivitched wave and the addition of an impulse
type function. Although utilising a variable dutyote to generate a harmonic impedance has been
previously published in literature, the other tdghes analysed within this these have not
previously been considered.

The thesis looks at the theoretical analysis ofdineuits and control techniques and then
follows this up with simulation and experimentaldies. The results showed that all the methods
investigated have the capability to generate affeguency perturbation signal to undertake on-
line EIS measurement. However, there are potemtde-offs, for example increased inductor
ripple current. Not all of the methods produce isightly accurate results experimentally.
However, five of the methods were used to gendteplots similar to those undertaken off-
line.
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1 Introduction

There is increasing pressure for society to mowatds a low carbon economy. To enable low
efficiency, carbon dioxide producing power plantb® removed from the energy cycle, it is
necessary to invest in renewable energy sourcesintérmittent and indeterminate nature of the
renewable generation means that to enable thetgrigherate reliably and stably with a large
proportion of renewables it is necessary to comsadéding energy storage to the system. For an
energy storage system to be of long-term valudéodistribution network operators (DNO) it

needs to be reliable and have a high degree obhildy.

A key challenge in a battery energy storage systemnderstanding the availability and
reliability of the system from the perspective loé tend customer. A key task in this process is
recognising when a battery or a module within &esysstarts to degrade and then mitigating
against this using the control system or battermagament system. Battery characterisation
parameters such as internal impedance and staealth (SOH) and state of charge (SOC) of the

battery are a useful representation of the battengitions.

The quantity of published literature in reputaldlerpals indicates that EIS measurements may
be a valuable tool in determining the impedance thedsubsequent states of the battery. This
measurement is mostly undertaken off-line but sattempt has been made in recent years to
reproduce an on-line version. This thesis investgathe feasibility of undertaking
Electrochemical Impedance Spectroscopy (EIS) matloodine to generate an understanding of
battery impedance. In order to perform an EIS messent, an excitation signal of fixed
frequency must be generated and the voltage aanossurrent through the battery measured and

used to calculate the impedance.

The aim of this thesis is to therefore to invesegthe feasibility of different methods of
undertaking EIS measurements online using existargware found within the system. As part
of this, it is necessary to look at how the exmtatsignal is generated from a theoretical
perspective, to ensure that the circuit operatexpscted through the use of simulation and then
to undertake experimental measurements to confienoperations of these circuits. To help with
this an appropriate equivalent circuit model of battery under different conditions has been

chosen to allow the EIS methods to be simulated this model.

The work in this thesis has been undertaken inlpata most of the published literature in this
field. The rapid independent development of knogéeih this area has meant there is a need for
classification of these methods. This thesis,sifi@s the different methods according to the

hardware and control used to provide the excitagignal.
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The proposed methods used in this thesis inclugledsing DC-DC converter hardware with
variable duty cycle, b) using DC-DC converter haadsvwith variable switching frequency, c)
using DC-DC converter hardware with variable pskseting position, d) using DC-DC converter
hardware with an added impulse function, e) usaqgcitive battery balancing hardware, and f)
using Earth Leakage Monitoring hardware. In allsthenethods, the DC-DC converter was
operated in continuous mode with a fixed duty cyehel load to allow comparable analysis
between the techniques. Although utilising variahléy cycle to generate a harmonic impedance
has been previously published in the literature,dther 5 techniques analysed within this these

have not previously been considered. This represenbvelty in the knowledge in this field.

The remainder of this thesis is divided into fiifedent sections; theoretical analysis of on-
line EIS techniques, Simulation of on-line EIS teicjues, experimental validation of on-line EIS

techniques, practical implementation issues, amdlasions and future work.

Chapter 2 establishes the background for why #search is necessary along with current
knowledge of energy storage systems, battery paeamestimation methods, and previously
published works on electrochemical impedance speabipy measurement methods for different

types of energy storage system.

Chapter 3 looks at different methods of injectiogydfrequency waveforms into the battery for
impedance measurement of the battery using existinguit hardware. For impedance
calculation, the voltage and current waveforms @meverted to the frequency domain using
Fourier analysis. This section represents a detaitalysis of the current ripple, converter boost
ratio, Fourier analysis is used to estimate thenbaics of the gate drive signal and battery and

converter ripple current.

Chapter 4 presents the modelling of these methsitlgy MATLAB Simulink using an EIS
equivalent circuit (EC) calculated representatibthe battery. These simulated waveforms are
compared with the theory. The impedance of theebativer the frequency range is then reverse
calculated through the circuit and compared to thatsured data by the laboratory EIS

equipment.

Chapter 5 validates these techniques experimengaltpntroller unit was used to generate the
control PWM signal and inject the low-frequency ieation signals. The battery waveforms are
then analysed to calculate the impedance over mbguéncy range of 1Hz - 2kHz. The

experimental data is compared to theory and sitaunlat

Chapter 6 looks at practical issues including tpplieability of this technique to different

battery chemistries and a solar panel. The thess gn to investigate what is required from a
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practical perspective to move this work forwardnirgroof of concept to demonstrator by
commenting on issues such as measurement throudataoanalysis. This includes practical
considerations for measurement implementation gssueh as prediction of the state of charge
of the battery, prediction of the equivalent citaomponent value using a least square method,
and exploring the possibility of detecting a poattéery cell from within a string using measured

impedance of the battery pack system.

Chapter 7 gives the conclusions of this thesissaiggjests possible future work.
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2 Background

2.1 Energy Storage

There is increasing pressure for society to mowatds a low carbon economy [1]. To enable
low efficiency, carbon dioxide producing power flém be removed from the energy cycle it is
necessary to invest in renewable energy sourceSgRgtich as the wind or solar power or larger
plant such as nuclear power [2]. With the socigspure and long lead times around nuclear
generation [3], there is a strong focus on renesvaa@neration and in particular low scale
distributed energy resources (DERs) such as wingepand solar panels. The intermittent and
indeterminate nature of the renewable generaticansithat to enable the grid to operate reliably
and stably with a large proportion of renewablés rtecessary to consider adding energy storage
to the system [4]. This can be based on long-téonage (storing power when the wind is blowing
and releasing when it is not) to intermittent stergresponding to grid frequency and assisting
with maintaining grid stability) [5]-[7]. Where thgeneration is within the distribution system,
energy storage may also be used to help prevestragnts (such as thermal ratings of lines/cables
or voltage constraints at busbars) as alternativééetwork reinforcement. Energy storage can
come in many forms, such as pumped storage, fll\wheempressed air and chemical storage
such as batteries and fuel cells. In particulattela energy storage deployment is increasing,
partly, because it can react very quickly and tueecassist with grid stability much better than
some of the other forms of storage [8]. The inaemsall forms of stored energy globally
including that from battery energy storage is shawiigure 2-1 [9]. This uses Data derived from
the Department of Energy (DOE), global energy gferdatabase in the USA [10] which currently
lists 1630 current energy storage projects ata tating of 193GW. These figures illustrate an

increasing trend in the uptake of energy storage.

In the UK, the introduction of the Innovation Fungilncentive (IFI) and Low Carbon Network
Fund (LCNF) by the electricity supply regulator CE® [11] has facilitated research into
electrical energy storage within the grid systemodigh a number of funded projects in
conjunction with the Distribution Network OperatdBBNOSs). In 2015 this scheme was replaced
with the Network Innovation Allowance (NIA) to allo Network Innovation to continue. A
number of electrical energy storage projects weated under this funding. A summary of these

is shown in Figure 2-2 [12].
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Nlustration removed for copyright restrictions

Figure 2-1: Summary of installed global energy storage projeci [9]

Aston University

lustration removed for copyright restrictions

Figure 2-2: GB DNO Deployment of Electrical Energy storage (at st December 2014[12]

The lessons learnt from undertaking research by DNO'’s on Electrical Energy Storage in the
UK was collected together by EA Technology [12] in the form of a good practice guide. For an
energy storage system to be of long-term value to the DNO it needs to be reliable and has a high

degree of availability.

Conventional reinforcement of distribution networks has traditionally been designed for an

anticipated peak demand and can potentially be over engineered, expensive, disruptive and
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inefficient. The Western Power Distribution (WPRHIFALCON project (Flexible Approaches
to Low Carbon Networks) looked at flexible waysoftimise the Network, by focussing on the
11kV Network around the Milton Keynes area. Sixemltitive techniques were deployed to
investigate alternatives to conventional reinforeeamOne of these techniques is the inclusion of
energy storage on the 11kV distribution networkteDaas collected from the energy storage
facility listed in Figure 2-2 as the Milton Keyng&50kW, 500kWh) project in order to investigate
the reliability and availability of the energy stge facility from the perspective of a Utility
customer [13]-[16].

As-installed, this project comprised of five enesgggrage units (inverter and battery module)
connected at existing substations on a single Ifékder as shown in Figure 2-3. The five sites
were set up with 50kW/100kWh energy storage baseiSodium Nickel) and inverters located
at the substations highlighted in Figure 2-3.

These units charge or discharge the batteriess@grd®ed times or triggers:

. As specified manually;

. At specified times regardless of network conditio

. When substation load is above a specified triggént (peak shaving operations); or
. When grid frequency is above or below pre-spedifrigger points.

In addition, the inverters can also import or expeactive power, influencing voltage at the point
of connection.

A key method of ensuring continued battery syst@eration and accurate available capacity
reporting is to have the battery undertake a maantee cycle. This is an operation through the
battery control system which takes the batteriénefand re-calibrates key parameters. This
maintenance cycle typically discharges and reclsatgebattery system. The necessity of running
batteries through a maintenance cycle, thereforpacts on the availability of the battery to the
Network Operator.

A maintenance cycle on the five Milton Keynes hatteites was recommended by the
manufacturer to be run every week. The maintenaycke is different for different battery
chemistries and the manufacturer will advise omesty This maintenance cycle was started at
a fixed time each week however, the control systenides how the cycle will proceed. Results
from two maintenance cycles are shown in Figure ®hich is the AC feeder rms current with

time. This results in two key unknowns;

1. Although the cycle may be set to a fixed tina sl the decision to discharge or charge

the battery by the control system could occur gtteme after this.
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2. The maintenance cycle period, if it occurs,asanfixed time period as shown by the red

arrows in Figure 2-4, and can vary from less thaha@ur to 12 hours.

It is not possible to know in advance if the battevill be undertaking a twelve-hour
maintenance cycle or none at all. From an avaitglgierspective — this means the battery cannot

be relied upon for service over the twelve houriquefrom the control system start of a
maintenance cycle.
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Figure 2-3: 11kV feeder from Fox Mile Primary with five connected Energy Storage Sites.

Battery maintenance cycles play an important roléhe re-calibration of the batteries for
operational purposes. The maintenance cycle raparte the FALCON batteries are more
extensive than typically reported for large scatgallations. However, they usefully illustrate the
key point that to understand and manage the peafocen of a battery system, a battery
management system needs to understand and cdméraitdate of the battery as accurately as

possible to minimise the requirement for batternycakbration and subsequent availability
downtime.
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Figure 2-4: A short and long battery maintenance ogle.

With the decarbonisation of the transport sectddjtoonal energy storage capability for grid
support applications may also be available throelgictric or plug-in hybrid electric vehicles
[17]. Additional schemes such as hybrid energy segewith a mixture of generation and storage
are becoming more widely available including schemging second life batteries [18]-[20]. A
second life battery is a battery which has beegirmally been used within an automotive
application, but where the capacity of the battexy reduced below 80% of the nominal reported
capacity of the new battery. Understanding theestaf the key parameters of a battery energy

storage system are key to its control and relighiggardless of the battery chemistry.
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2.2 Battery definitions

There are a number of different terminologies ia tesdescribe different characteristics of a

battery system. This section lists a definitioneys as used within this thesis to ensure clarity

of understanding.

Table 2-1: Definition of terminology

Term Abbreviation | Definition as used in this thesis
Battery Cell A single battery cell.
Battery String A series connection of batterysell

Battery Module

A series/parallel connection ofrgls.

Battery System

A combination of battery modules.

Nominal Battery

Capacity

The capacity of the battery in Ah or Wh
specified by the manufacturer at point
manufacture. This value may be charge /disch
rate dependent. In this document, this
considered to be the capacity available to the
rather than the capacity of the battery where s

of the capacity is unavailable.

as
of
arge
is
user

ome

Maximum Available

Battery Capacity

The maximum capacity of the battery in Ah or Vh

after the battery has been in use and may have

degraded when it is fully charging. In th

is

document, this is considered to be the capacity

available to the user.

Remaining Battery

Available Capacity

The remaining capacity of the battery in Ah or

after the battery has partially discharged. In

Wh
his

document, this is considered to be the capacity

available to the user.

Charge and discharge rg

The rate at which the battery charges

discharges with time in A/s or W/s.

Safe operating envelope

The battery operationaitdias defined by it
maximum and minimum voltages, charge &
discharge rates, temperature and any other

parameter as defined by the manufacturer.

State of charge

SOC

There are a number of defasitiof SOC in
literature [21], [22]. In this work, this is defidé

as the ratio of the remaining available batt
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capacity to the maximum available battery
capacity.
Depth of Discharge DOD The percentage of a battérgt has been

discharged expressed as a percentage of the
Maximum available battery capacity.
State of health SOH There are a number of defmstiof SOH in

literature. This term relates to the ability of the

battery to provide specific performance |in
comparison with a new equivalent battery. This
relates to the difference between the Nominal
battery capacity and the Maximum availaple
battery capacity and is a measure of power and/or
energy fade. The power capability fades as|the
internal impedance of the battery increase while
the energy fade occurs when the battery Igses
capacity. These factors may be calendric
(dependent on age) or cyclic (dependent| on

operational characteristic).

State of Power SOP The available power that thetyatan deliver at
a given time to the user.
State of Function SOF A flag indicating that thetdxy is available tqg

undertake a predetermined function [23]. Varipus

alternative definitions are available [24]-[26].

State of Life or] SOL or RUL | Indication of remaining estimated lifa the
Remaining useful life battery based on pre-defined charging and

discharging patterns maybe tied to DOD.

To understand and manage the battery performaredattery system a battery management
system (BMS) is typically used. In an energy stersgstem, many battery cells may be connected
in series and parallel in order to generate theireq power and energy levels. The role of the

battery management system may therefore include;

» Data Acquisition: measuring, collecting and cofigtbattery data
e Cell protection: ensure that the battery cells iemathin the safe operating envelope
» Cell balancing: equalise the charge across battly to maximise the capacity of the

system
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« Thermal management: control cooling systems or ¢gatpre gradients within systems

* Energy management: control the flow of energy artd out of the battery cells to meet
operational requirements

» Battery parameter estimation: determine key charatics of the battery for use by the
energy management function. This may include amglioation of SOC, SOH, SOP,

SOF, SOL, remaining available capacity and impedatatermination.

The following section includes a review as to pstdid methods of estimating the battery

parameters for use by the BMS.

2.3 Battery parameter estimation

2.3.1 SOC estimation

A selection of different SOC measurement technigueshown in Figure 2-5. These come in
two categories; direct and indirect. If the SO@stimated straight from a measurement variable
this is known as a direct technique. If the SO@isd through calculation of combinations of
variables then this is classed in this thesis dadirect technique. The methods may also be on-
line or off-line. The former results in better laayt availability, while the latter may be more
accurate. In other word, the availability of thetbey depends on minimisation of the battery re-
calibration and subsequent availability downtinguieements. This is possible by estimating and

controlling the state of the battery such as SO@casrately as possible.
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Parameter identification
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Figure 2-5: Different methods of battery SOC monitoring

Table 2-2 briefly summarises how these differenthoes work.

SOC is a function of many different parametersudeig battery state, capacity, charge and
discharge rate, temperature and therefore its agtimis difficult and can be inaccurate.

The main direct techniques are the coulomb coumtieghod and the OCV methods. The
former method may suffer from sensor noise andhlisation-induced offsets, while the latter
requires a period of disconnection to establisla@urate measurement for the battery’s OCV.
Consequently, these two methods are often comiamgdctice to form the basis for the indirect
model-based SOC estimation techniques. The impedssitnation is required for state of charge
calculation using some indirect methods as showthéyed arrows in Figure 2-5. The coulomb
counting can also be considered as an input fopolo&-keeping method for SOC prediction.
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Table 2-2 : summary of SOC determination techniques

Technique Summary On/
offline

Direct

Discharge The batteries are discharged with a fixed sma#l adtcurrent until Offline

[27] the battery voltage reaches a threshold value . SKD€ is estimated

as a product of discharge duration and current rate

Coulomb The state of charge is estimated by integratingecarover the Online

counting charge/discharge duration time from an initial S@@he battery.

[28]34]

Open Circuit| SOC is estimated using an OCV SOC look up table.8V maybe Online

Voltage estimated using the terminal voltage and a battecyit model.

(ocv)

[35]-40]

Internal As small current ripple is used to measure intemm@gledance at aOnline

resistance fixed frequency point to provide a value of imped&anThis is ther

[41]-47] used in conjunction with an impedance SOC lookbfetto generate

SOC.

Indirect

Book Uses pre-characterised lookup tables which reldferent battery] Online

Keeping characteristics to SOC. These may include parasmsigh as the

Methods coulomb counting data, battery discharge rate gclyfel, temperature

[21], [48]-| rate.

[52]

Model-based| Measurements are used as inputs to a model (fommgaan| Online

Estimation impedance based equivalent circuit) which is thegduo determing

eg the OCV of the battery for use with an OCV-SOC Ilgokable. An

impedance | impedance based estimation approach may use amecfénerated

based mode| impedance spectrum of the battery to produce ardapce model

estimation (equivalent circuit) to estimate the circuit paraene. The variation

[21], [41], | of these under different condition is used to estarthe SOC of the

[53]-57] battery.

Observer- Predicts the battery SOC using the componentdattary model. If Online

based works in two steps, prediction and measuremendi€réhe model

methods eg parameters and compares them with the measured biseprocess

Kalman filter | is updated once a corruption occurs between thdigteel and
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such as the battery current, voltage, and SOCs & multilayer
network system and uses pre-training data as as.iAp each laye
different functions are used to analyse the incogndata from the
battery to estimate the battery SOC.

Fuzzy logic [21], [81]-[87] - uses input parametstsch as AC
impedance and voltage recovery measurement, toastthe battery

SOC through fuzzy logic.

[37], [58]-| measured data. The corrupted data can be mininfigedsing a

[72] weighted average.

Machine This includes techniques such as Neural NetwotY, [73]-[80] -| Online
learning The SOC current of the battery is estimated ushegdefined data

Energy Loss
[42], [88]

The internal resistor depends on the heat genefiatedthe battery
when there is no other side reactions (i.e. undgh lturrent

condition). This generated energy can be calculateihg the

calculated difference between charge and disctengeyy.

Online

2.3.2 SOH estimation

The state of health is commonly used to reporhditator of the health condition of the battery.
It does not relate to one physical quantity anddliieno single rule in industry on how this should
be specified. It is however set on an arbitraryadeules based on what the battery designers
deem to be suitable. This may include combinatmngalues such as the ratio of the battery
capacity to the new battery nominal capacity orréi® of the aged battery internal resistance to
the new battery resistance. Within industry thikwation tends to be kept confidential. There
are a number of parameters and techniques usedp@stimate the SOH of a battery and these
are summarised in Figure 2-6 with examples ofdhmsthods summarised in Table 2-3. These
are similar to those used within the SOC calcutat®OC, OCV, and internal resistance of the
battery all appear to be key parameters of SOkhasitin [89]-[91]. The health condition of the
battery depends on a number of factors includingrmt limited to; recharging time, SOC,

internal impedance, voltage drop in discharge, tatpre and output energy under DOD [90],

[92].
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Figure 2-6 : Different methods of battery SOH monitoring
Table 2-3 : example summary of SOH determination tdmigues
Technique Summary On/offline
The fuzzy logic system is used to model the retestingp
between the maximum capacity and the internal teeste to
Fuzzy logic | estimate the SOH. In this method a combinationaaflamb
[84], [93]- | counting and OCV have been used. The battery duened Online
[95] voltage were used as input parameters to the foggy system
to measure the internal resistance and maximuncitgud the
battery.
Kalman filter | The Kalman filter has been combined with coulomintimg to
[91], [96]- | measure the internal resistance based on a batiedel and Online
[98] battery capacity to estimate SOH based.
Based on the battery type an equivalent circuit ehad
Model-based proposed and used. SOH can be estimated from| the
estimation o . Online
measurement of the battery circuit model componeritsthe
[99]-[102]
battery terminal voltage variation.
Coulomb | The maximum capacity of the battery is calculatadhetime
counting | the pattery is discharged to its minimum voltagesldcut-off Online
[103]-[106]
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voltage). The state of health is predicted from e of the
measured capacity to the maximum capacity of theetyaat

the beginning of life.

As the SOH of the battery decreases the internagédance o
the battery increases. This uses the OCV of theerdyato

Internal
resistance | measure the internal impedance. The SOH is preticien the Online
[104], [105] | measured internal resistance and initial chargee sté the
battery.
The terminal voltage and current of the battery rasasured
and used with parameter estimation methods suamaslinear
Remaining L
. least square method to produce a battery equivaiectit
useful life Mostly
(RUL) model parameters to predict the SOH. The estima@d and offi
- ine
prediction | other properties of the battery as a function ofetiand/or
[107}-{112] number of cycles are used to predict the end ef dif the
battery.
Neural The battery voltage, output energy and temperatrgaised as
networks | inputs to the neural network system to predict3m. Online
algorithms
[89], [90]
As the battery degraded, its impedance and capacitgased
and reduced respectively. The battery impedancecapdcity
Energy and | js then used to measure the power and energy &3Hdf the ,
power based battery. The impedance and capacity of the ba be Online
estimation y: P pactty toany

estimated using the methods mentioned in the fatigw

sections.

2.3.3 SOP, SOF and SOL estimation

These parameters are more recent in definitionsaswimmary is shown iRigure 2-7
and described in Table 2-4. The battery SOP in atlyndefined as an amount of power
that is available to the user. The state of povieh® battery suffers from the issues of
temperature variation, battery SOC, battery voliagés (minimum voltage limit given
by the manufacturer), sensitivity to the noise, aguhg of the battery. The SOP of the
battery has been reported to be estimated usingvthenethods of model based and the
book keeping methods. The state of function oftiieery is commonly used to monitor
whether the available power of the battery can eadde minimum threshold value

required for the battery system application to agolish the process. Reference [23]
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represented the SOF estimation as a comparisoheoévailable battery power peak
(SOP) to the minimum required power. The SOF egtonalepends on the open circuit
voltage, SOC and the impedance voltage drop diaftery [113]. The State of life (SOL)

or Remaining Useful Life (RUL) is described in fature as the remaining time before
the battery must be replaced or as a functioneohtimber of remaining charge/discharge
cycles. Recent works on such RUL prediction apgreadnclude [96], [107]—-[112],

[114], [115]. The main task is to estimate a SOH #en use this in a model which looks
at RUL possibly based on pre-determined data obdathrough battery aging and a

predicted load profile.

Parameter identification

SOC SOH SOP SOL SOF

A 4

Book
keeping

Model based
estimation

Figure 2-7: Different methods of battery SOP monitoring

Table 2-4: example summary of SOP determination tectiques

Technique Summary On/offline
Model-based One method used to estimate the battery parametar i
estimation | kalman filter approach which adapts from the edeng| _
[113], [116]- | model based of the battery. The state of powen@bhttery Online
[123] is then calculated from the obtained parameter.
Book This method uses the discharge current of the rigadted
keeping [21],| integrates it over time. It uses the current datd ather Online
[48]-[50], | properties of battery (e.g. cycle, SOC, capacisgland etc
[52], [124] | to estimate the SOP of the battery.
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2.3.4 Remaining Available Capacity estimation

Battery capacity is used as a factor to estimaesStiH, SOC, and SOP of the battery. This is
because the battery capacity rate changes depeadibgttery aging and different operational
conditions. There are a number of online and aflmethods of estimating the remaining

available capacity of a battery. These are sumediisFigure 2-8 and summarised in Table 2-5.

Battery capacity estimation approaches

\ 2 L 4
Online methods Offline methods
I I
\ 2 L 2 L 4
. Elef:trical . Incremental Differential
Adaptive equivalent OCV based Static cycle capacity voltage
algorithm circuit model based analysis (ICA) analysis
based (DVA)

Figure 2-8 : Different methods of available battery capaesgimation

Table 2-5: Summary of remaining available capacity dtermination technigues
Technique Summary

Online

The OCV of the battery changes due to the variatifotne SOC over th

D

OCV [36]-[40],

charge/discharge cycle. The capacity can be cagxlifeom the initial SO(C
[125], [126]

value and the integrated battery current over tiaege/ discharge time.

Adaptive The mentioned adaptive algorithm in section 1.8d. 3.2 such as kalman

algorithm [29], | fiiter and coulomb counting methods can be usecatoulate the battery
[30], [60], [127]- : .
[129] capacity from the battery dynamic model structure.

. . _..| An equivalent circuit model is used to calculate battery OCV. The OC

Equivalent circuit

model based [21]| vValue is applied to lookup table parameter to estinthe battery capacity
[41], [53] and its SOC.

Offline

This measures the amount of charge that batteeg lafer a full charge and

Static cycle based discharge cycle.

Differential A low constant current is used to discharge andgehdhe battery to

voltage analysis | c5|cylate the battery SOC. Then it calculates teglgal changes of the
(DVA) and

Incremental
capacity analysis| voltage (DV) curves as a function of temperatungatimn and battery SO(

(ICA)[130]-{134] | to once the OCV reaches to its final equilibriuniuea

battery cell behaviour using the incremental capa@C) or differential

L)
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2.3.5 Impedance estimation

As mentioned in section 1.3.1 and 1.3.2, the impedaf the battery can be considered as a
parameter for use in the estimation of battery SOEIC, SOP, SOL, and SOF. The impedance
of the battery changes based on different factb®0L level, capacity fade, self-discharge rate
differences, varying operation conditions, and terajure difference across the cells [135]-
[137]. Various methods have been published to nteate impedance of the batteries. These
methods are categorised into electrochemical madelelectrical equivalent circuit and EIS
methods which are applied online and/or offlineefhare a number of methods of estimating

the battery impedance. These are shown in Fig@rar®d examples are summarised in Table 2-6.

The electrochemical modelling uses numerical amabfshe underlying physical and chemical
equations to describe the battery behaviour. Thesenostly described through sets of partial
differential equations. The equations can be solmed number of ways including least square,
particle filters, and gradient-based methods. Tselts of this can be used to look at battery
dynamics directly or to estimate battery impedaioce given set of conditions. These methods

can be complex and don't easily relate to physjcaintities which are more easily understood.

Electrical equivalent circuit models (ECM) are coomly used in online battery state
estimation methods. There are a large number afalgnt circuit models as discussed later in
this chapter and they can be set up to repressatete parameters eg corrosion. This method
takes measured data (eg voltage and current) amduges mathematical techniques to turn this

data into an equivalent circuit.

Battery impedance estimation

v L 2 v
Electrochemical modelling Electrical equivalent circuit EIS
I |
\ 2 v v v v
Linear and Gradient Particle Offline Online
nonlinear least based filters Methods Methods
square method
A 4 A 4
Ml:tatt'.o n KF based Adaptive Generic Particle swarm Recursive
selection methods filters algorithm optimisation least squares
principle

Figure 2-9 : Different methods of impedance determination
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The Electrochemical impedance spectroscopy (El$hodecan be used in two ways, it can be
used to generate data for equivalent circuit modeiscan be used to look at processes and their
time constants. EIS is usually undertaken offlimat, more recent research has shown that this
could be a valid on-line technique [53], [56], [1:3840]. The offline EIS methods are performed
when the battery system is disconnected from thtery, and usually use expensive laboratory
EIS equipment to measure the battery state anddamoe. Various methods to replicate EIS

online are presented in section 2.5.

Table 2-6 : example summary of battery impedance detmination techniques

Technique Summary Onloffline
Linear/nonlin| This method is used to fit the battery EC impedgramameters  Offline
ear least to the impedance curve of the battery. The paraedes
square predicted based on reducing the error betweenktbereed data
[141]-{145] | and the fitted data. The least square method caappked in

nonlinear models as well as linear one. This methadged in

this work to predict the battery parameter in Caapt
Particle This method predicts the impedance based on ramiag Offline
filters [146]-| various sampled values from the unknown state spébea set
[148] of associated weights.
Particle This method is similar to particle filter but hawempler Online
swarm programming and requires fewer adjusting points.
optimisation
[149]-[151]
Impedance | A small AC signal is used to excite the battery ahd Mostly
spectroscopy| impedance is measured over the frequency range. Offline
[152]-[156]

EIS provides a mechanism for highly accurate impedadetermination and is widely used.
The next section contains a summary of publish&lr&sults in conjunction with energy storage

impedance determination.

2.4 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) i€thad of data measurement which looks
at the electrical characteristics of a materiaklecctrical component such as a battery or solar
cells. It is mainly used because of its high lesklccuracy and subsequent analysis allows
indication of different chemical processes. AnalElS technique could offer a possible method
of determining remaining charge in a battery whelebling the degradation process to be

characterised and an indication of state of hezlthe system to be output to the control system
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for power management or to the owner/operator @fstrstem. The high accuracy of the offline
EIS technique allows it to be used as a benchnaavklidate other techniques.

Electrochemical impedance spectroscopy measurerhamts been around since 1999 [157]
and can be undertaken through a couple of differethods; these include analogue analysis and
processing of the systems in the time and frequdbayain or digital computation using the EIS
equipment [158]. The main basis for the methodimeasure the frequency response of a test
piece to understand how its impedance changes ¢twer frequency domain. Digital
instrumentation has a better signal to noise ngjecind easier data post processing than the
analogue. The digital equipment used within th&sts, comprises an electrochemical interface
El (the Solartron 1287) with frequency responsdysea (FRA), and impedance analyser (the
Solartron1260).

An EIS test is usually performed by applying a $ma& excitation signal (AC potential or
current signal) into the electrochemical cell. The®impedance value of the system, is the ratio
of the applied signal and response, and is indegggraf amplitude and phase of the excitation
signal. The EIS technique can be a time-consumiegsorement method depending on the
frequency ranges and the system should ideallyireimahe same state during the measurement
time interval. A 4-wire measurement method is uaedshown in Figure 2-10 to ensure the
impedance of the connections, which can be of coalp@ magnitude, to the sample, are not
included in the overall measurement. In this mesment; the current passage across the battery
electrodes including a working electrode (WE) ammbanter electrode (CE) causes the potential
difference between two reference electrodes, @t RE) [159]. Reference electrodes provide

the measurement of voltage between the terminals.

RE, RE,

) {:

( _:':- j l
T
‘ = ::‘ ‘
\_CE WE_/

Figure 2-10: EIS Battery Terminal Connections [160]

EIS measurements can determine the resistive, tivdy@nd capacitive behaviour of
electrodes and electrolyte material under diffemmtditions. The EIS data can be manipulated
through equivalent circuits to represent theoréigatem reactions in which the extracted results
are correlated to a complex variable (e.g. corrgsidielectric properties, and material
conductance). An EIS characterisation procedurawas: (i) analysis of experimentally obtained

impedance data of the materials by applying aratinethods, (i) prediction of equivalent
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circuit model, and (iii) data fitting method forligating experimental data. It can be difficult to
analyse a system behaviour based on an equivdlenit ®f the measured impedance using
ordinary circuit elements because they present &leetrical response[158]. Traditional electric
circuit elements cannot always be used to desariperfect chemical process such as corrosion
and diffusion of the electric sources. Therefordsitusually necessary to use a complex
combination of elements to demonstrate the impelfelsaviour.

In an EIS process the quantified response of teeesyto an excitation signal present in the

time-domain, can be converted to the frequency dooing Fourier transforms.

F(jw) = \/%fjooo F(t)e /@t dt Equation 2-1

The impedance value is equal to the ratio of thpuwiuesponse and the input response:

.\ _E(jw) Equation 2-2
2(w) =70

Where E and | are potential and current measurétkifrequency domaingjis the complex
frequency and Z is an impedance function. If thmutrpotential is expressed Bs= E, sin wt,
then the output current is a function of time wiifferent amplitude and phase shiff =

Iy sin(wt + @),
The impedance can be written as:

7 = ? = Zoe_jd’ = ZO(COS wt +jSin O)t) = ZRe +]Zlm Equation 2-3

The real component is often represented using/&ile the imaginary term by ZThe results
of the EIS measurements can be expressed in a nofrdiferent ways. Typical methods include
as a 3-D plot, Nyquist, and bode plot. In the Nggjpiot, the real and imaginary components of
impedance are plotted over the range of frequenkiesting the imaginary and real component
of impedance in the complex plane diagram comm@nbduces semicircle based diagrams.
Some common impedance and their Nyquist equivallens are shown in Appendix A as these
are useful to understand the Nyquist plots obtaiaéet in this thesis. Appendix A includes
representation of common components such as consitase element (CPE), and Warburg
impedance, which represent impurity in capacitdeteviour and frequency distribution that are
presented in the impedance data [143], and adearatid diffusion effect.

Once impedance has been calculated as a functireaqfency this can then be represented
using equivalent circuit models. Equivalent cirsuite a useful pictorial representation of a real
life system. They are made up of electrical comptseesistors, capacitors, and inductors and

are widely used to represent the characterisafieteotrochemical cell. Connection of electrical
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elements can be estimated by considering the armop#dance and the shape of the curve in a
complex plot.

Some common shapes of plots for different elemsuth as batteries and PV panels from
literature are shown in Figure 2-11. These shapes heen represented as a variety of equivalent
circuit models as shown in Figure 2-12 from puldidhiterature. Within Figure 2-12 the CPE
constant phase element and Warburg impedance esented as a “Q” element in some of this
literature. A summary of the equivalent circuitsedisby different researchers for different
batteries and other systems are summarised ind=&y@B. Where the equivalent circuit model is
not specified in the literature this is shown as fmoposed EC model”. Many of the researchers
have published a Nyquist plot shape similar to eu8rom Figure 2-11 for different types of
batteries and supercapacitors. However, they haesl wifferent equivalent circuit model
representations for this curve. For a solar cellye 2 from Figure 2-11 is described by most of

the researchers in conjunction with equivalentusiref p and q from Figure 2-13.
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Figure 2-11: Common Nyquist shapes found in literature
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2.4.1 Lithium-ion Batteries

Work published in references [35], [37], [60], [6[3], [84], [153], [161]-[208] is based on lithmu

ion EIS characterisation. The excitation conditiansdescribed in Table 2-7 where explicitly repdrt

Table 2-7: Lithium-ion EIS testing Conditions used by varidugthors

References Frequency Range Excitation | Research investigation of
Amplitude
[161] 3mHz - 3 MHz 10mvV Various SOC
[162] 25mHz - 100kHz 5mV Various SOC
[163] 10mHz - 100kHz 5mV Variant Temperature 30, 488, 20°
[84] 0.1 Hz - 65 kHz 3A Different temperatures (0°C,
25°C/77°F and 45°C),
[164] 5mHz - 100kHz 10mV 40%, 20%, 80% of SOC
[165] 0.01 Hz - 10 kHz 10 mV, 20 mV different temptres (25° C, 35 °C
and 45 °C), SOCs 0% and 100%,
[166] 1mHz - 10 kHz 5mV Different discharge state
[167] 0.01 Hz - 100 kHz 5mV Different alloy
[168] 10mHz - 5kHz 0.1Ato 1A Temperature and SOC
[170] 10mHz - 5 kHz 10mA Temperature, SOC
[171] 100mHz - 1 kHz 3amv Temperature
[172] 0.1 Hz - 100 kHz sSmv Temperature
[175] 0.1Hz - 100 kHz 5mVv Temperature
[178] 3mHz and 10 kHz 10mv Degradation
[83] 0.1 Hz - 65 kHz 3A Various SOC, and Temperature
0.1 Hz - 10 kHz
[193] 0.1 Hz - 1638.4 Hz 62.5mA Various SOC
[194] 0.1 Hz - 2 kHz 20mV DOD

A summary of the change reported in Nyquist plaggEhwith SOC, temperature, cycling and starting
charge are sketched from this published researshasn in Figure 2-14 and Figure 2-15. These are
general summaries made by condensing the informditeon the references below. The frequency
ranges represented by authors were chosen bastte dast conditions and there was no specific

correlation of frequency range with battery chemngist
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References [37], [65], [83], [84], [161]-[164], [@ [178]-[181], [185], [190], [192], [202] studied
the impedance behaviour at different state of ahafgpe effect of the temperature on the impedance
spectra has been investigated by [35], [37], [1BB3], [165], [170]-[172], [175], [176], [178], FO],
[199], [204], [208]. Authors [167], [173], [174]1F7], [182], [185]-[189], [195]-[197], [201], [202]
[205], [206] characterised the lithium-ion battere different cycles of degradation. Variatiorthod
impedance data at different open circuit voltagagported by [166], [183], [192], [200]. Referesce
[164], [165], studied the electrochemical charasterof different electrode/electrolyte alloys dsa

lithium-ion.

In general it is to be expected from literaturd tha impedance increases with the number of cycles
a reduction in temperature, a reduction in SOCaddcreasing charge. When the battery is degraded
the conductivity of the electrolyte decreases bgeai electrolyte decomposition with battery aging.
Therefore battery impedance increases [167]. Theslaads to increase of battery internal impedance
The battery chemical process is affected with viamain temperature. Therefore when the battery is
operating at low temperature the chemical reactimtsease due to the low kinetic energy of ioms (i.
ions conduct slower in electrolyte), which leads itwrease of battery impedance. In SOC
characterisation, when the battery SOC decreasdt®ry voltage decreases. A decrease in voltage
causes the charge transfer to be slower which estsiftself as an increased impedance. At low eharg
rate the capacity of the battery decreases dumitation in active ions transformation due to euntr
drop, which is explained by [209]. Reduction in igjearate increases battery impedance. This result i
potentially helpful because as the SOC reducesiipedance of the battery will look higher and the
battery may assume a lower share of the power dépgron battery configuration. However the
accuracy with which the power sharing could occilr e reduced because of the uncertainty as to

what is causing the changes.
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Figure 2-14: Change in shape with SOC variation
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Figure 2-15: Reported change in shape with temperature, cyadecharge

2.4.2 Lead-acid Battery

Lead acid batteries are an older type of rechatgdaditery. Authors [210]-[220] have performed
EIS test methods to investigate the appropriateainpdrameter of the battery according to their
chemical process under various conditions of dffieSOC, open circuit voltages, and charge/diseharg
current. Table 2-8 shows a summary of the appliitEsting conditions reportedly undertaken by

these authors.
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Table 2-8: Lead-Acid Battery EIS Test Condition

Reference Frequency Excitation Test Condition

[210] 10mHz - 10 kHz 10mV SOC

[211] 1mHz - 100 kHz 10mvV Different SOC (100-10%}ygotential.
[212] 10 Hz - 10MHz 5mV Different Alloys

[213] 0.1 Hz - 10kHz 0.1A Discharge

[214] 0.1 Hz - 10kHz 10mV SOoC

[215] 0.1 Hz - 1kHz 10mv SOH

[217] 0.65 Hz - 65 kHz 5mv Different charge andcttiarge Cycle
[218] 0.1 Hz - 50 kHz 5mV SOC

[219] 0.1 Hz - 100kHz 10mv Different Potential

[220] 10mHz - 10kHz 60mA Fully charge 5mA (bias)lly discharge

A summary of the change in Nyquist plot with SOCC\Q and bias voltage (Figure 2-16),
temperature, cycling and discharge duration aréckkd below (Figure 2-17). Some authors report
changes to curve shape and subsequent changeivalequcircuit leading on from this [210], [211],
[214], [217], [220].

A summary is that the impedance increases witimtimeber of cycles, duration of discharge rate, a
reduction in OCV, a reduction in SOC and increasiisgharge duration. Increasing the voltage of the
battery leads to forcing more ions and chargestiastier. This causes an increases in internal termper
and an increase in the chemical processes (whighdaraage the battery cell [209]), therefore battery
impedance decreases. This is in contrast with tiaege rate effect on the impedance of the battery

which is mentioned in section 2.4.1. as the digghaate increase the impedance increases.
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Change in Shape with number of discharge cycles
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Figure 2-17: Change in shape with cycle and discharge duration
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2.4.3 Nickel Metal Batteries:

Nickel metal/hybrid batteries are rechargeablechias with nickel oxide-hydroxide as the cathode
electrode and metal/iron/cadmium as the negatigetrelde. However, they are increasingly being
replaced with other rechargeable battery typesusecaf their low energy rate, poor charge life eycl
and high cost. They are mentioned here for compéste Authors [152], [221]-[232] performed EIS
tests on nickel batteries under condition of déférSOC, temperature, discharge, open circuit gejta
and life cycle. Table 2-9 displays a summary ofapplied EIS testing conditions undertaken by these

authors.

Table 2-9: Nickel Meta/Cadmium Battery EIS Test Condition

Reference | Frequency Range Excitation | Test Conditions
Amplitude
[152] 60mHz - 600 Hz 100 mA Various SOC
[221] 0.01 Hz - 100 KHz 10 mv Additional Alloy
[222] 1mHz - 50 kHz 5 mv Different temperature8,(23, 33 °C)
[223] 10mHz - 100kHz 25 mv 25°Cand 70 °C
[224] 1mHz - 10kHz 10mvVv Cycling
[225] 1mHz - 1 kHz 10mv Depth of discharge (DOD)
0.5Hz-1kHz
[226] 1 Hz - 100 kHz 10mV Different SOC
[227] 5mHz - 10M Hz 5mv ocv
[228] 10mHz - 10 kHz 10mv Different Temperature
[230] 10mHz - 5 kHz 40mA Different SOC, Life Cycle
[231] 0.01 Hz - 3 kHz 3mV Different SOC
[232] 50 pHz - 10 KHz 5mV Different SOC

References [152], [222], [223], [224], [225], [22831] investigate the variation of the impedance
curve of the nickel batteries under the conditioht&emperature variation, different SOC level, tept
of charge and charge/discharge cycle. A summatigethange in Nyquist plot with SOC, OCV, and
bias voltage (Figure 2-18), temperature, cycling discharge duration are sketched below (Figure
2-19).

A summary is that the impedance increases witmtimeber of cycles, a reduction in temperature, a

reduction in SOC, a decreasing charge and depthasfje rise.
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Figure 2-19: Change in shape with temperature, cycle and ehagation

2.4.4 Super-capacitors (SC):

The summary of examples of applied EIS testing itmm$ on supercapacitors as reported in

literature is shown in Table 2-10.
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Table 2-1C:Super-capacitor EIS testing condition used byotagiAuthors

Reference| Rated Frequency Range Excitation Test Condition
Capacitance Amplitude

[233] 52 F 25mHz - 60kHz | 10mV Different SOC

[234] 1400 F 10pHz - 6 kHz 10mvV Temperature andedint
Voltage

[235] 1400 F 160mHz - 70Hz Different SOC,
Temperature

[236] 2600 F 10mHz - 1 kHz 10mv Different  Voltageand
different alloy

[237] 2600 F 10mHz - 1kHz 10mv Different SOC

A summary of the change in Nyquist plot with SO@ éemperature (are sketched in Figure 2-20).

A summary is that the impedance increases witllacten in temperature, and a reduction in SOC.
This result is good because as the SOC reducaesgeglance will look higher and the supercapacitor
may assume a lower share of the power dependirfigacation. However the accuracy with which the

power sharing occurs will be reduced because ofiticertainty as to what is causing the changes.
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Figure 2-20 :Change in shape with SOC and temperature variation

2.4.5 Solar panel:

In addition to energy storage devices, solar aalysis has also been subject to EIS testing. R.
Anil Kumar et al [238], Fabregat et al [239], [24Blyunwoong Seo et al [241], aMEhdi Lohrasbi
[242], and other authors [243]-[254%ed EIS test technique to characterize the dysitszsd solar
cell. The EIS testing conditions of these authoesshown in Table 2-11. All authors performed the

EIS test by applying the same ac amplitude alsa bhedertaken in different frequency ranges.
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Table 2-11:Solar Cells EIS testing condition used by varioush&rs

Reference Ac amplitude Frequency range DC bias
[238] 10mV 1 Hz - 60 kHz 0.1-5V
[239] 10mvV 1 Hz - 5mHz 0

[240] 10mv 10mHz - 10 kHz 0

[241] 10mvVv 10mHz - 1 MHz 0

[242] 10mvVv 0.1 Hz - 100 kHz.

[244] 10mV 20 Hz - 10 kHz 0

[245] 20mVv 0.01 Hz - 400 kHz 0

[246] 10mV 1MHz - 5MHz 0

[248] 10mV 100mHz - 100kHz 0-08V
[243] 10mV 5 Hz - 105 Hz 0-1V

[249] 10mV 0.1 Hz - 1 MHz 0.4-0.75V
[250] 10mVvV 0.05 Hz - 100 KHz 0.925-1.225V
[251] 10mV 100 Hz - 10 kHz 0.1-0.9v
[252] 10mV 0.1 Hz -100 kHz. 0

[253] 10mvV 10mHz - 100 kHz 0

A summary of the change in Nyquist plot with vokagnd temperature (Figure 2-21), and

degradation are sketched below (Figure 2-22). Arsam is that the impedance increases with the

number of cycles and a reduction in voltage.
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Figure 2-21 Change in shape with voltage and temperature vaniati
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Figure 2-22: Change in shape with degradation and illumination

2.4.6 Summary of published EIS

There is significant body of research looking & Bieasurements of electrochemical devices. The
value of having such data available is thereforpartant to the research community. This thesis is
therefore interested in developing this technioue an on-line version of impedance determinatfon.

summary of the findings in literature is listed dei

1. The range of measured impedance values publishiegtteries literature range vary from 0Gm
to 40MQ, -450nQ2 to 1.2K2, -10mMQ to 12, -50n1M to 17 for lithium-ion batteries, Lead acid
batteries, Nickel Metal Batteries, and Super capesrespectively. There is suspicion that some
of the units are reported incorrectly on the graprsome of the references.

2. The range of values published in Solar cells ltteearange from 0@ to 25KQ. These values are
higher than those quoted for the batteries andezprently the fault current available from solar
cells will be much lower.

3. The experimental work within this thesis delibelatgses excitation conditions to be within the
ranges published.

4. The EIS measurements show a variety of shapese®mepes can be represented by a number of
different equivalent circuits all of which will pvade a “curve fit” type solution that is
representative of the shapes.

5. Curve 2 and 5 are the most common shapes founadlam &ells literature and Curve 3 is the most

common found in battery and super capacitors tibeesbut authors have used a variety of models
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to represent this shape. The EIS shape associétebdatteries are subject to change in temperature
and model.

6. The EIS shape associated with a particular solaelpean change as it undergoes a change in
temperature, charge or degradation. The upshdii®fg that the model around that solar panel is

then also subject to change.

2.5 On-line EIS techniques

Some attempts to replicate an EIS method on-line leeen undertaken [53], [56], [142], [215],
[255]-[258]. Much of this work is recent in natyweithin the last two years) and has been developed
independently and in parallel with the work undestawithin this thesis. Some of these techniques ar
not specifically related to batteries but may baped. The offline techniques have mostly been used
to generate the results described in section 2k 3ection looks at the body of work looking to
replicate the EIS functionality on-line and showsane the work in this thesis fits and also whetarfu
work will in all probability take place. As the dime techniques are varied in nature, some means of

categorizing them has been attempted as showmyind-2-23.

The techniques are split first in offline and omeli The on-line techniques are then split into ¢hos
that require a separate excitation circuit and eghtbeat use existing hardware as a source of the

excitation.

The boxes with red text highlight the areas whevektas been undertaken within the thesis and has
not been previously reported. The boxes with grteghindicates where previously published work

exists and has been built upon.
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Figure 2-23 :Different battery EIS methods
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2.5.1 Separate Excitation

Figure 2-24 shows the main features of an onlirgedyktem with separate excitation hardware cirguitr
designed to run in parallel with the existing haadev There are known examples of commercially
available systems designed to be connected todtiery under operation but these can be expensive.

Separate circuitry|

for Excitation

G

O

Converter

Battery

(

Impedance

Measureren!

Figure 2-24: Separate excitation circuit topology for onlingiedance monitoring

A number of researchers have tried to overcomehigis cost by designing lower cost bespoke
systems. [259] used a separate excitation cirquecifically for EIS excitation. This work was
undertaken on a three phase induction machinerrdthe a battery. This method was used to calculate
the turns insulation parameters of the motor frbenéxperimentally measured impedance data. In this
literature, the excitation signal was reported aemdp generated between phase and ground using a
coupling circuit. The impedance of the motor whsnt calculated from measured data from the
measurement equipment. This injecting signal mettasichosen because of the possibility of injecting
a signal over a wide frequency range. The autHahsied that the choice of the injected amplitude. (i
small enough to not disturb the operation of théomdarge enough to make the measurement possible)
small signal to noise ratio as a result of the kwpply impedance are the main challenges of this
method.

[260] used a signal processing circuit to injecEd® excitation signal directly to a battery. Thgnal
processing circuit converted a voltage signal gateerfrom the Labview software into a current signa

and measured the voltage response to calculatiengiedance of the battery. The current excitation
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signal is injected each time with a different freqay. Sampling equipment was used to collect and
analysed the battery voltage response and curxeiiaton signals to calculate the impedance of the
battery through Labview. The key challenge of thiblished method reported by the authors is theat th

impedance values depend on the accuracy of thelisgngguipment and the designed circuit cannot

be undertaken under high frequency ranges.

[261] used a power amplifier and separate excitatiimcuit. The current excitation signal was
generated using the power amplifier as the bagierfurbation unit. Similar to [260] the impedande o
the battery was calculated by sampling the voltag current data through the signal processing but

differs in processing application unit.

There has been mention of sinusoidal charging ttéhes using sinusoidal ripple current (SRC) as
opposed to CV and CC (constant voltage and constament) as a means improving charging
performance [262]. This is done by adding a sepak@t excitation signal to the battery system. Recen
work [263] has looked at the possibility of usihgstto undertake EIS measurements. The methodology
lacks detail in the published literature. Althougin, EIS diagram is produced, it is not clear whethe
the method behind its production is online. Thidécause the EIS plot is shown for three OCV

conditions. However, there is no perceptible baageto why this shouldn’t be made online.

[264] also appeared to use a separate excitationitciln this work, an amplifier is used to gerera
and inject the current excitation signal and thpedance is calculated using a digital signal prsiogs
method. The digitised voltage and current respoifisiee battery are used to calculate the impedance.
Impedance data from a laboratory EIS unit is useg@ra-trained data for the impedance calculation
from the measured voltage and current signalsifmpedance values vary depending on the correction
results. The author claims that the implementatibthe published measurement algorithm is a key

challenge and needs to be improved.

Reference [265] and [266] employed a pseudo-ranBorary sequence (PRBS) current pulse
perturbation to measure the impedance of the lpattdine. This method used a band limited pseudo-
random noise signal to excite the battery curradtthen measure the voltage response of the battery
This noise signal can be superimposed either addition to the control signal or in isolation icie
the battery. The main disadvantage of this metedtié small signal to noise ratio as a result ef th
smaller amplitude of the measured battery voltagguency response compared to the amplitude of the
noise signal. This can be improved by using a lenye input which results in nonlinear behavior of

the system. Therefore this method is not commosgduwvith literatures for impedance estimation.
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Although a separate excitation circuit appears twkwthere are extra costs involved with the
implementation. Therefore this thesis chose to $amu using existing hardware within the circuit to

generate an EIS excitation signal.

2.5.2 Existing Hardware — Battery balancing

Battery balancing can be undertaken in a varietwajs. These are typically classified as passive
(using resistors) to equalise charge and activenguswitches in conjunction with energy storage

components)

Battery balancing

Circuit

®

£
-

Converter

Battery

L

Impedance

Measuremei

Figure 2-25: converter with battery balancing topology forioelimpedance monitoring

Koch et al [138] introduces three methods of oe-limpedance measurement. One of these uses
using battery balancing as a means of producirexeitation signal, to estimate the battery impedanc
over the specific frequency range. In battery b@tay a balancing resistor with a switch was uged t
excite the battery. This method is sensitive tdai@ncing current, which results in SOC changes af

each measurement. This is because the balancigt@an only discharge the battery.

References [142] and [267] are work by the saméaarstwho used an inductive based battery
balancing system for online EIS measurement. Twitehyacells were connected to a ladder inductor
battery balancing circuit using a switched-indudbadirectional buck-boost converter as a building
block of a ladder converter. The perturbation digvess generated by a digital signal synchronised in
an FPGA and injected by the controller to the swétcin the ladder circuit as shown in Figure 2-26.
When switch M1 is on, battery 1 is connected irafp@rwith the converter and the converter operates
for time DTs . The converter is connected in parallel with dxgt to shuffle the energy when switch
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M2 is on for a time (1-D)J where D is duty cycle that the balancing switciesoperates with. The
impedance of the battery was calculated from thasme=d voltage and current signals passed through

the digital processing chain. The authors repgraad performance.

Other forms of battery balancing have not yet lmmrsidered for on-line EIS measurement. However

this thesis considers the use of a capacitive basdamhcing method for looking at on-line EIS

measurements.
-~ ————=-=- 1
|
|
I & single stage of ladder
|
|
I M1
|
|
I M2
|
|
|
M3
|
l Converter .
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M4
2
U5
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2
"5

Figure 2-2€: Ladder circuit balancing operation

2.5.3 Existing Hardware — AC/DC Power Electronics

[53] and [138] are published works by the same @sthwho use a half bridge AC/DC converter to

inject the EIS signals to a battery. This proceami-directional and is undertaken on battery gimar
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only. The battery charger is connected to a nunobdrattery cells and excites the battery cells by
injecting a carrier frequency excitation signathe converter switches. The authors reported tiwat t
synchronisation of the battery current during tleasure is a disadvantage of the method (ie therpatt

cannot simultaneously charge and discharge) asutiient needs to be measured.

Koch et al [138] also described a half bridge caoterecircuit (similar to [53]).

Battery

©

DC/AC

Charger

(AC/DC Battery Converter

Converte)

(

Grid

Figure 2-27: Charger (AC-DC converter) topology for online impade monitoring

Reference [255] measured the impedance of therbéityaising a motor inverter to generate the low-
frequency excitation required to look at batterpé@dance as shown in Figure 2-28. The authors used
the motor inverter to generate and excite the byattéh the generated current perturbation sighaey
have used a shunt resistor to measure the batiengnt from the voltage response of the battery and
calculated the impedance from the captured date. KBy disadvantage of the methods is that the
excitation current is at the fundamental frequesfdire converter. So for example, the frequencyoain
be swept across a range of values under operdtaomotor and this will affect the driving or itqeires
a separate excitation circuit. The tradeoff betwibenaverage and maximum amplitude of the current
signal which results in the signal to noise ragi@amnother reported challenge of this published atkth
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Figure 2-28: motor inverter topology for online impedance nioring

2.5.4 Existing Hardware — DC/DC Power Electronics

The technique uses energy storage connected tover piectronics system (DC-DC converter),
which form an interface between an electricity sewsuch as a battery and the grid system to uraahekst
if the power electronics can be used to implemar&i® equivalent analysis. This research focuses on
the methods and impact of measuring battery impsslttirough the power electronics. The method of
introducing a small excitation signal through th€/DC power electronics is primarily a function of
different forms of control. These methods can Hé Bpo diagnostic mode and normal operational
mode.

Diagnostic mode

[268] used dc/dc converter hardware to controkhdell under normal operating conditions and also
to provide an AC excitation signal under a diagiwostting when the fuel cell was not operatiorsal a
shown in Figure 2-29 . The method was also apptiatifferent fuel cells and the results appeared to
show good agreement with the offline measured irmapeé values. However, if this method were to be

applied to a battery it would need to be takenlio#-to undertake the diagnostics.
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Figure 2-29: Diagnostic mode of online EIS using a DC/DC corefert

Operational mode — variable voltage set point

Nguyen et al [215] uses a bidirectional converfecuit with a control system to generate small
excitation signal for impedance measurement and $Gftination with no additional excitation
hardware. The excitation signal is a sinusoidatagd signal added by the voltage controller loop to
excite the battery over the frequency range. Thathod was introduced for the SOH prediction of the
battery, the impedance is measured only after aftedy is fully charged.

Operational mode — variable duty cycle

Similar to [268], references [256], [258] introddca method of low-frequency harmonics injection
to estimate the impedance and SOC of the batteri@serational mode. This is shown in Figure 2-30.
In this method, the battery impedance is calculétexh the measured battery voltage response and
excited current signal. The current is excited vaititation signal is injected to the converter by
varying the duty cycle of the switching PWM sigrithis method is explained in more details in chapte
3 (section 2.2).
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Figure 2-3C: Operational mode of online EIS using a DC/DC cotererith variable duty cycle

Reference [257] uses the same method, but uses-simal signals to measure the impedance of the
battery with multiple harmonics at the same tinteeathan at a single frequency point each time. Fo
example, the authors added three sinusoidal patiarbsignals with different frequencies at once to
calculate the impedance. [269] used the same haedwd used the control system to add a change to
the output voltage set point to create a pertushadf multiple frequencies to capture more data ave
shorter period of time. The proposed method sufiiens the lack accuracy as the frequency order
increases. Generated impedance values showedrsianilation as the measured impedance value with
the electrochemical equipment.

2.6 EIS equivalent circuit models

2.6.1 Different models at 100% SOC

As indicated inFigure 2-12there are many published equivalent circuits wai$pect to the
variation of the electrochemical reactions of tlegver sources under different conditions of
temperature, state of charge, and degradation. 8athers suggested single equivalent circuit
model for all different conditions they research@thile other reported literature suggested
that the equivalent circuit model should changd witerating conditions. Within this thesis it
is required to use an equivalent circuit to repnesiee electrochemical devices in simulation
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models to understand how the electrical circuits la@having. The curve shapes from the
experimental work conducted later in this thesisam#hose obtained by authors [161], [165],
[166], [171], [172], [242] who use popular modelghwhigh citation indexes. Future work
could consider alternatives to these. The modeisgure 2-12were tested for suitability with
the Nano-phosphate lithium-idrattery type used in this thesis.

Figure 2-31shows an example of the change of equivalent icirnodel of a battery for
different state of charge and different aging cyclEhese models are proposed as possible
models for use in this work based on the reporitedature and a comparison of the EIS

measured data for different battery SOC.
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Figure 2-31: Ideal Equivalent circuit models of a lithium-itattery at different SOC and degradation equivatentiit.
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Figure 2-32: Equivalent circuit model solar panel.

The equivalent circuit model of a solar panel ievgh in Figure 2-32 In this research data
fitting Zview software is used to find the best graeter fit of the equivalent circuit to the
measured impedance curve for the frequency rangeinto 2 kHz.
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Figure 2-33 : proposed equivalent circuits a) comparison afjiNgt plot of EC (equivalent circuit models a, bdge, f, e,
g, J) b) comparison of Nyquist plot of EC (equivaleircuit models k, I, m, g, r, s, u, v) for 100%30C
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The graphs show that most of the equivalent cincuitiels proposed by the literature from Figure
2-12 give a reasonable match to the Nyquist plottta&f original measured graphs, which is
experimentally derived at 100% SOC. However, i thiork, the circuit s is used because it is more
practical for use with Matlab and is used by adangmber of authors. The equivalent circuit models

k, m and v weren't suitable for this battery impeccurve as they didn’'t match the impedance curve.

2.6.2 Different levels of degradation

In order to avoid a sudden failure of the battetstesm and to improve the reliability of the battery
it is useful to monitor the impedance as it degsadehe performance of rechargeable batteries
deteriorates due to the capacity fade[270]. Thec&pfading of the battery described by Vettealet
[173] can be divided in two principles of calendtrage ageing (over the years) and cycle aginig. Th
is presented as the ability of the battery to stm@release the charge. The cycle life of theebattell
results in capacity decrease due to the numbeowiptete charging and discharging cycle. Over
discharging or/and over charging and elevated temypes, can accelerate the degradation of the
battery. This can be assigned to the loss of lotler active materials and balance between elexdrod
electrode conductivity, formation of a passive filmger, material decomposition at battery cellg] an
active material dissolution [187], [271], [272]. gI50H of the battery has a reported nonlinear
relationship with these factors [215]. The impedaotthe battery can be used to estimate the SOH of
the battery [53], [57], [153], [156]. Therefore thging process of the battery can be monitored by

periodically measuring the impedance of the battery
Different reported methods to investigate the Ipgatiée cycle have been published:

» Stored and held the battery at the same chargkdegenstant temperature [273], [274], in
this test the battery life is influenced by the pemature level and the number of cycles that
the battery is charged.

* Fully charged and discharged the battery to evaltrat effect of the temperature variation
on battery lifespan to compare with different btteells. There are different numbers of
published battery cycling test reports includingsta from IEC [165] and IEA [166]. In this
test procedure the battery cell is continuouslyrgba and discharge till its capacity falls
below 80% of its nominal capacity.

» Accelerating degradation method with consideratibaverheating the battery[174], [189],
[273], [277], deeper depth of discharge, and higtiesrge rate depending on type of
application[187], [278]. This will accelerate tharrhation of the surface film on electrodes
and increase the internal impedance of the battery.

In this research an A123 Nano-phosphate lithiumbiattery with a capacity of 2.5Ah 3.2V nominal
voltage was used. A comparison of the Nyquist spet of a lithium-ion phosphate battery for

different number of charge and discharge cyclggdsented in Figure 2-34. To study the effect ef th
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degradation on the battery electrochemical reastiloe new battery was charged/discharged a differen
number of charging/discharging cycles. The cycliest of the lithium battery cell was run at high
charge and discharge rate to accelerate the agitige doattery. The cycling test was run by Petalite
Company, the number of cycles for degraded anddegyaded batteries was not given by the company
for commercial purposes. The EIS tests at diffeoyotes were carried out in the same conditions of
full state of charge, constant room temperatur&|&ifrequency range of (1Hz-2kHz) using a constant
discharge current of 1.15A (the same as experimischarge current represented in chapter 6). The
Nyquist plot indicates that the series resistothef battery increased and the impedance shows more

capacitive behaviour over the frequency range.
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Figure 2-34 : EIS of new battery (blue line), degraded bat{gmsllow line), and very degraded battery over 1806les
(green).

The results of curve fitting the different circuitem Figure 2-12 to the degraded battery is shown
below.
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Figure 2-36 : proposed equivalent circuits a) comparison ofjiNgt plot of EC (equivalent circuit models a, bdce, f, e,
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SOC

Based on experimental results for the Li-ion bgttesed in this thesis — Model “s” has been chosen
as an acceptable means of representing the batteopth different state of charge and different
degradation. Different battery chemistries may negadditional investigative work.
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2.7 Summary

This chapter described the use of energy storaggerlectricity grid systems and its inherent
limitations and problems. These issues may berbatiderstood and dealt with through advancements
in battery management systems. Different paramébersnderstanding the state of the battery have
been described and compared. The quantity of fhddiditerature in reputable journals indicates that
EIS measurements may be a valuable tool in detérgnithe impedance and the subsequent state of the
battery. This measurement is mostly under takelirodf but some attempt has been made in recent
years to reproduce an on-line version. High colstemmercial products have resulted in some gitem

at using existing hardware to replicate the fummality.
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3 Theoretical analysis of on-line EIS
techniques

3.1 Introduction:

This chapter investigates the theory behind uskigting battery hardware to implement an on-line
impedance spectroscopy technique with the ultira@eof helping to understand the state of the batte
in real time, look for signs of degradation antiétp control the power flows into and out of thé&tdy
pack which includes second life batteries. Thidddelp with reliability and availability issues wh
may impact large scale adoption. The key to thi® idetermine how best to inject a low frequency
waveform into the battery without the use of aaaisil excitation hardware. Figure 3-1 shows a block
diagram representation of a typical battery systeowing where a low frequency waveform may be
sourced from existing hardware found in a systenkeg requirement of all the methods described
below are; that they have to generate a low frequeraveform of variable frequency (swept across a
range) while at the same time not impacting andmiging usual operation and using the hardware

already in-situ.

Battery pack Bi-directional
dc/dc converter

BMS Earth  Leakage
Monitor 3

Figure 3-1 : Block Diagram of a battery system showig where hardware may be used to inject a low freqgncy
waveform

Three possible locations include;

* The dc/dc power electronics
* The battery balancing circuitry

* The Earth Leakage Monitor
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An Earth Leakage monitor is a requirement of the Wring Regulations [279] for systems above 50V
that are unearthed. It is usual to leave the hafiack floating through high impedance resistors or
capacitors so that the dc bus is suitable for coimethrough an inverter to any ac system. Inipalidr
within the USA, it is not usual to have a corneowgrded LV system [280], [281] which would not
allow for direct connection of an inverter, withautransformer, adding additional cost, if the dxgtt
were grounded. This chapter considers all of thatlons in Figure 3-1 in turn and considers diffiere
methods for injecting a low frequency wave using éxisting hardware. The chapter describes each
method, shows how the operation of the circuit carap to traditional operation and then shows that a
low frequency harmonic has been introduced thrdaghrier analysis. There are always trade-offs
within Engineering and the impact of using existiragdware to inject a low frequency excitation sign

is that additional harmonics and dc ripple cureestintroduced. This chapter looks at quantifyhmegse
effects so that they can be considered at a cidegign phase. Chapter 4 and 5 then looks at heseth

methods work from a simulation and experimentapective.

The first hardware location under consideratidhésdc/dc power electronic converter, which usually
connects the battery to a drive train or an eleghtigrid system through an inverter. This workaséx
on using the hardware available in a standardreetional dc-dc converter topology. However, for
convenience, boost operation is examined in datrlg the simplified circuit shown in Figure 3-2.
This is used to analyse the effect of dischargirmglenon the battery performance for the different
presented methods in this work. A similar analgsis be used for the charging mode by considering

the buck operation but not presented in this work.

apoiq
P ——>

O
Ibatt .
Inductor, L B 5
LA B A g— []g
o —— K
- s
v3] T O
o
zle < £
-1 o
2

| L

Figure 3-2 : DC/DC topology used in analysis of bab operation

Under normal operation, the duty cycle would beduseset the output voltage of the converter. The
battery voltage is considered to be varying slottigrefore under steady state operation, the dutte c
can be considered constant for a fixed switchieguency giving a fixed boost ratio. The aim of the
work is to inject a low frequency signal and thereep this frequency across a range to replicate the

functionality of the EIS without the need for a aggie excitation circuit. However, at the same time
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the circuit should continue to produce a high festpy pulse train to boost the voltage. There are a
number of methods of injecting harmonics withiroaerter. This chapter will consider four different

methods;

Varying the duty cycle
Varying the switching frequency

Varying the time within a pulse when the circuibis

P w0 N PRE

Injecting a low frequency impulse train

Following the addition of a low frequency excitatisignal, the battery voltage and current can then
be measured and used to determine the harmonidanpe. Within the analysis of the dc/dc converter,
this work looks at how the low frequency componsribjected into the gate drive circuit controlling
the dc/dc converter and compares this to a moditittaal case with no injection. The work is then
extended to show how the gate drive circuit switghallows injection of this low frequency signatidn
the circuit by deriving the harmonic equationstfa circuit. Within Chapter 5, the measured harm®ni
are compared to those calculated using these egsaiihe impact of operation is examined with the

extra ripple component through the inductor beiegwdd where possible as an explicit expression.

The other methods presented in this chapter irgagstiusing the battery balancing and ELM circuits

to inject a low frequency signal. In each of theshods, the sections are divided into:

» Theoretical proof that a low frequency componerst been introduced by Fourier analysis,
e Theoretical impact on inductor ripple,

e Operational characteristics of the converter ctrcui

Harmonic analysis of gate drive signals and resglSawtooth waveform at the output of the
converter has previously been undertaken [282]4[28Bbis thesis derives the formula from first
principles because of the complexity of the wavefrThe analysis is based on an ideal case with no

losses and linear operation.
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3.2 DC/DC Converter with variable duty cycle PWM

The boost converter is operated such that the geedaty cycle is considered constant (as if the
system were operating in steady state), but thanteneous duty cycle is varied to add a low fraque
component in order to induce a low frequency haimono the circuit as described in Equation 3-1.
Reference [256] introduced this method of low fremey harmonics injection to estimate the
impedance and SOC of the batteries. However, thssproduced as a proof of concept and looked at a
single value point with no follow through to EISh&@work in this thesis extends this proof of concep

into a more rigorous analysis. The duty cycle efdhate drive is varied as:
d(t) = dgy + Agcos(w,t) Equation 3-1

Whered,, is average duty cycld,; is the offset amplitude, angj, is the low frequency component.
This gate drive duty cycle is used in the followisgb-sections to look at how the converter would
operate under this switching pattern and to conéiriow frequency component has been introduced to

the circuit.

3.2.1 Harmonic analysis of gate drive circuit PWM

A high frequency switching frequengy (switching time period ofy ) is used in conjunction with
the low frequency componefjt with a time period off,,. The number of high frequency pulses in one
low frequency cycle can be written as:

N, = % Equation 3-2

It is assumed that each pulse is switched at 2kidzaeryT; stays on for a period defined Byt)T.
The duty cycle varies from a maximum valuedgf, + A, to the minimum value o, — 44 (this is
to ensure a symmetrical waveform and continuesadipe). The value of Awas chosen according to
the design calculation in section 4.1 and was ocmefil with the experiment. An example of the
switching pattern of the proposed waveform defibgd (t) compared to a fixed duty cycle is shown

in Figure 3-3.
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Figure 3-3 : Comparison of a variable duty cycle &= 2 kHz, fo = 125 Hz, A= 0.01) with a fixed duty cycle

As the average duty cycle is set equal to a fixgtgt dycle the boost ratio over time will be the sam
However additional ripple and harmonics have bedroduced. These can be calculated using the

Fourier transform property of linearity as showrkiuation 3-3.
afi(t) + bf>(t) = aF;(w) + bF;(w) Equation 3-3

The repeating pulse signal train can be consideselsummation of \beriodic functions as shown in
Figure 3-4. The full derivation of the harmonicaadhtion is detailed in Appendix B, with only key

results replicated within this chapter.

To To

Ts Ty Time

Figure 3-4 : Periodic representation of a functior(first function in red) and (second function in blwe) through to Np
functions.
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The first function is a periodic square wave startit the origin and repeating after timga$ shown

in red in Figure 3-4, with a Fourier series repntéston of

o) = (

2471y
To

Equation 3-4

+ iznl (sin(nwgyty) cos(nw,t) + 1 (1 — cos(nw,yty))sin(nw, t)))
woTo n n

where:

A = Fourier series coefficient amplitude,

7o = The width of the first pulse, and

T,= The low frequency waveform period.

While the harmonic spectrum of the first functien i

2A
woTo

Equation 3-5

Con= Zn% (sin(nwyty) cos(nwyt) — j % (1 = cos(nwytyp))sin(nw,t))

Each subsequent periodic pulse, m (up o1, can be defined as a time shifted square waétvea
different pulse width,,,. The fourier series of the other functions carfduend using the time shift

property of Fourier analysis from Equation 3-6 :

f(t - tdtm) = F(a))e‘f“’tdtm Equation 3-6
As:
Equation 3-7

24t 24 1, ., 1
ftm) = ( Tom + mzn; (sin(nwy7,,) cos(nw,t) + - (1-

Cos(nworm))sin(nwot)> e~ Jnwotdem

As the time shift is relative to the start of timstfpulse, the time delay;,,, needs to be calculated
from Equation 3-8 (see Figure 3-5).

Ty
To Ty Tm To
S A <-> <>
1
| | |
— | | |
§+]
c I I I
oo I | |
i i I I
o | | | |
= | | |
= | | |
(]
e | | |
= | | |
,_% | | |
| | |
| | |
| tarm | |
e | |
F | 1 | |
. ]
t=0 T mT N, T

Time

Figure 3-5 : Time shift calculation for the m" function
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tarm = mTy Equation 3-8

Thus the frequency spectrum can be generalised to:

Np—12AT Equation 3-9
14 m
C —_— —
0 Zm=0 To
Np—1 2A . . i i -
Cph = E P (sm nwoty, —](1 — COS nworm))e Jnwo(M)Ts Equation 3-10

m=0 nw,T

T, and T, remains the same but the valuetgfchanges to represent the adjusted duty cycledh ea
pulse as:

Equation 3-11
Tm = Tsdm (1)

Where d,, (t) = the duty cycle at time equal t@T; and equals:

Equation 3-12
dp(t) = dgy + Ag cos(wmTy) = dgyy + Agcos(2mm/Ny)

It should be noted that using a fixed duty cyckdt{sg A: to 0) causes £&and G of Equation 3-9 and
Equation 3-10 to simplify back to the standard egpion of a periodic rectangular waveform. An
example of the results of the variable duty cyadse analysis solved using the expressions above
(Equation 3-10) at low-frequency of 125Hz, switahimequency of 2kHz and #of 0.01 pu within
Matlab is shown in Figure 3-6. The Fourier anaysi a rectangular waveform of fixed switching
frequency is shown in Figure 3-7. There is no losgliency component Figure 3-7, but the horizontal
axis has been made the same as that in Figur@Bdeasy comparison. The fundamental harmonic of

the normal switching signal is therefore shown a§sharmonic number.
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Figure 3-6 : Low frequency components of variable diy cycle a) Fourier coefficient G b) phase whend=125Hz , §
=2kHz and Ad¢ = 0.01 pu (the harmonic number = 1 relates to 125H)
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Figure 3-7 : Low frequency components of fixed dutyxycle Fourier coefficient G when ©t=125Hz , £ =2kHz and
Ad=0 (the harmonic number = 1 relates to 125H2

The comparison of both figures above shows thataffequency component ¢ is injected into
the PWM switching pattern of converter by varyimg tduty cycle. Although it is clear that a low
frequency component is being introduced into the gaive circuit, it is necessary to follow through
the analysis to the circuit and look at the impartthe saw tooth waveform generated as a result of
boost operation.

Note: If the number of high frequency pulses imwa frequency cycle Nis not an integer then the
Fourier analysis needs extending to the numbeteta the lowest common multiplier of the two time

periods.

3.2.2 Harmonic analysis of variable duty cycle PWM Currernt waveform

Fourier analysis can also be used to study thegtwaveform seen from the battery as shown in
Figure 3-8 . The first function is a periodic sattofunction with a period of sTand duratiorte from
Uo to w. The second function is a periodic sawtooth wavé whe opposite slope with a period of T
but shifted with respect to the first waveform y'dfrom \, to w. The second function is identical to
the first one but has an additional time shift. Tlaemonic spectrum of thext" function is shown in

Appendix C in full.
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Current Amplitud

Figure 3-8 : Battery Current Waveform showing the Time shift calculation for the ni" function

Wherem,,, ,, andm, s, are the gradients of the current and can be es@udess:

Vm — Un 1

=—=—"= _V,
mon,m mes L bat

Unm+1—Vm_1
Moffm = T Ubat — Vac)

(Ts_mes) L

Where:
Vpat = battery voltage, and

V4. = the converter output voltage.

L = boost inductor.

Time (s)

Equation 3-13

Equation 3-14

It is assumed that thg,, andV,. are constant. Figure 3-9 shows the FFT analysigwsMATLAB

script for a current waveform with 125Hz low-frequoy ripple.

The key parameters used in the Matlab script wietaimed from the hardware that was designed for

the experimental validation described later inisec#i.1. Results were also cross checked against a

model in excel to ensure no coding errors.

Table 3-1 : key parameters for theoretical analysisf current harmonics

Boost Converter Components | Specifications
L 380uH,
Vpat 3.21
Ve 8.03
Switching frequency; 2kHz
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Figure 3-9 : Theoretical harmonics of the Li-ion batery current signal at variable duty cycle with a lav frequency
of 125Hz with As= 0.01.

3.2.3 Cross check of circuit boost ratio using variable dty cycle method
The gain and variation in ripple in the circuit quemed to a fixed duty cycle can be calculated by
considering the equations of the circuit. In thaakde duty cycle switching method the currentds n

in equilibrium over one on and off switch cycleidtin equilibrium ovemn,, cycles.

In steady state condition the inductor current awee switching cycle in boost mode in an ideal

converter can be calculated as by using Equatibs 8~d Equation 3-16

. Equation 3-15
Alon,m = ZVbatmes

. 1 ; )
Niorfm = 7 (Voar = Vac) (Ts — dinTy) Equation 3-16

whereV,,, is battery voltagel/,. is the converter output voltagé; is the switching periodi,y, .,
increasing inductor current, add, s, decreasing inductor current over the" switching cycle

period,mTs. In equilibrium the change in inductor current oadow frequency cycle is zero:

%L pr:_ol Aif =0 Equation 3-17
Zivnp;ol Alpnm + prgol Aigrrm =0 Equation 3-18
Zﬁp:_ol Alonm = %Vb“t 271\']11_01 AmTs = %Vbathdast Equation 3-19
pr:_(,l Algrrm = Zi”:%(vhat = Vo) (Ts — dy, Ts) Equation 3-20
Zivnp;ol Algrrm = %Np Vpar — Vac)(A —dgy) Equation 3-21
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Summing the duty cycle ové¥, pulses is the same Bsd,,,, thereforezrl\rll”:_o1 dmTs = Npdgy T,

1 1 ] )
szathdast + szNp Vpat = Vac)(1 —dgy) =0 Equation 3-22

Simplifying gives:

1 1 1 ) )
(z TSNpVbat - ZVdCTsz + szcdastNp) =0 Equation 3-23

Vbat = Vae + Vdcdav =0 Equation 3-24
Vac _ 1 Equation 3-25
Vbat (1—dav)

The boost ratio is identical to a fixed duty cyalave of the same average duty cycle. However, the

peak to peak ripple compared to a fixed boost radrtes.

3.2.4 Inductor ripple calculation of variable duty cycle method

Prior to choosing an inductor value, the additiogeih in ripple in the circuit compared to a fixed
duty cycle can be estimated by considering the tepgswith ideal components. The boost ratio is
identical to a fixed duty cycle wave of the samerage duty cycle. However, the peak to peak ripple

compared to a fixed boost ratio varies as showkigare 3-10.

lmax

Figure 3-10 :Converter current waveform in continuous mode

Assume that a circuit with a fixed duty cycle hagoale current of magnitude 1pu over a switching

time period 1pu, such that on each intefva) N, to (m + d)/N,] the current increases at a steady
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rate of 1/da.y and in each intervé(m +d)/Nyto (m + 1) /Np] the current decreases at a steady rate
of 1/(1 — dgy).-

A ripple is now applied to the duty cycle as peru&pn 3-1. On each interval
[m/Nyto (m+d,,)/N,| the current increases at a steady rate oflal/and in each interval
[(m +dp)/Nyto (m+1)/ Np] the current decreases at a steady rate ofdk/1Fhe rate is the same
as for the fixed rate above, but applied for agtéht time periodOver a time interval equal to one low

frequency cycle, the total change in current i® zard is the sum of all the on and all the off ents.

0= ZNp_l (d_m _ l—dm) Equation 3-26
m=0 day 1-dgy

Substituting for ¢ gives

0= ZNp_l (da,,+Adcos(27rm/Np) _ 1—dav—Adcos(2nm/Np)) Equation 3-27
m=0 day 1-dgy

Over an interval of 1pu time the function increaBes uny to v, then decreases frow, tO Ums+1.
Thus the minimum will be one of the valuesugfat time period k, and the maximum will be onehaf t
values ofvmat time periodh. In a similar manner to Equation 3-27 the functimdlculate the minimum

current can be written as:

k—1 (GavtAgcos(2mm/Ny)  1-dgy—Agcos(2mm/Ny) Equation 3-28
te = Zm=0 d B 1-d
av —Yav
Ad k-1 2mtm Equation 3-29
Uy = —— =< -0 COS
k= Gonoagy 2m=0c0s(“" "/ )

j
This can be simplified by putting = e /NP so thatcos (an/N ) = (0?™ + w™?™)/2 and the
P

geometric progressions are

k-1 ,.2m _ w?k—1 _ w11 Equation 3-30
Zm=0w T owr-1 T w-w?

kel  —2m _ 0 2k-1  @-@™172k Equation 3-31
Lim=0 @ T w?-1 7 w-wl!

Giving
yk-—1 2mm _ wHlpli—@~12k Equation 3-32

m=0 03 /N - 2(w—w™1)

sin((Zk—l)n/Np) Equation 3-33

k-1 2mm 1
Xm=o COS ( /Np) 2sin(m/Np) + 2
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Substituting into Equation 3-33gives

B Ay sin((2k-1)m/Np ) . Equation 3-34
T 2dg,(1-dgy) sin(m/Np)

Uy

Note thatsin(”/N ) is TN, plus terms of ordem{N;)3. In practice ¥>10 SOSin("/N ) can be well
P P
approximated byvN, giving

U, = m (&sin ((Zk - l)n/Np) + 1)

T

Equation 3-35

To minimize this, k needs to be the closest intég€BN,+2)/4 so tha(2k — 1)rr/N,, will be close to
3172 and s&in ((Zk - 1)n/Np) will be close to -1. Provided thai, & reasonably large the +1 term

can be ignored giving

Ui 2 —AgNp Equation 3-36
min Zdav(l_dav)ﬂ'

Similarly we have
+A44N, Equation 3-37
Hmax = Zdav(l - dav)”

Vmis reached by starting at and increasing at a rate ofdk/ for a timedn, so

Aq Equation 3-38
——cos(2mm/Np)
dav

dm

VU = Uy +
dav

U, +1+

The last term has nophh the numerator so it will be small comparedre other terms. Thus we have

AgNp Equation 3-39

max max 2dgy(1-dgy)m

This gives a pu ripple magnitude above that faked duty cycle of
AgNp Equation 3-40
day(1-dgy)T

Umax — Umin = 1+
The value of theoretical inductor ripple is comphte experimental and simulation results and

further analysed in Section 5.3.

The purpose of this analysis is to understand ttra eipple the inductor could be subject to ptwr
understanding the design calculations. This vatuédcbe obtained from the Fourier analysis results
but requires that the inductor value is alreadygmecified. Similar analysis can be used for théeba
voltage ripple variation. The voltage ripple vaoat also depends on the low-frequency and A

variation.
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3.3DC/DC Converter with variable switching
frequency PWM

In this method of injecting a low frequency compainé the battery circuit, the same power
electronic system is used. However, the switchiaguency is no longer fixed but is allowed to vary.
The change of frequency changes the inductor neeet&lowever, the calculations below are based on
inductance rather than reactance, which is unchgngo this variation has been accounted for. Any
additional impact of the changing reactance woelddnsidered future work. The switching frequency
has the same average value but now oscillates @thisivalue with a low frequency to induce a low

frequency into the gate drive circuit accordindetpuation 3-41.
fs(t) = fav + Af cos(wgt) Equation 3-41
Wheref;, = the average switching frequency, ayd= the amplitude of the offset.

3.3.1 Harmonic analysis of gate drive circuit PWM

To analyse the gate drive harmonics, the same g as described in section 3.2.1 are used.
However, the duty cycle is now fixed and the switghperiod is allowed to vary, so the time that the
pulses are on for is varying. The pulses are switan at the start of each switching period angl sta
on for a period defined YT (t). Where T(t) = 1/i(t). An example of a switching pattern for the

proposed waveform defined Ify(t) compared to a fixed frequendy,is shown in Figure 3-11.
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Figure 3-11 : Comparison of a variable frequency & = 2 kHz, fo = 125 Hz) with a fixed frequency of 2kHz

The PWM signal is a summation af separate functions as shown in Figure 3-12.
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Figure 3-12 : Time shift calculation for the nf' function

Tois the on time for the first function amg. is the on time for thex!" function. The same definitions
as for section 3.2.1 are used to calculate theftiretion of the periodic function starting atgiri with

period ofT, and the second function is a periodic square wahiéied by timets,,, with a period off.
f(t - tftm) = F(a))e_j‘”tffm Equation 3-42

The Fourier series of a periodic square wave madhalysis is therefore:

Equation 3-43

24T, | 24 1, 1 , iy
f(tftm) = ( m + mzn; (sin(nwy ) cos(nw,t) + ;(1 - cos(nworm))sm(nwot)> e /M Wolsim

Wherer,, = the width of the rectangular pulse train, ddhe low frequency time period. The time
shift delay isty, for them?®" function withT, , the time between switching this function. Thindi

delay for them*function can be defined as:

teem = Ymeo Tsm Equation 3-44
The pulse width of rectangle wave can be calculaged

Tm =d X Tgp Equation 3-45
Where d is fixed and

1 _ 1 Equation 3-46
fs() " fav + Ap cos(wot)

Tsm =

Thus the frequency spectrum is equal to:
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Ny—1 (A i -
Co =3P ( Tm) Equation 3-47

m=0 T,
Np=1/( 24 . . —j Equation 3-48
Ch=X,"0 (nono (sin(nwgt,y,) —j(1 — cos(nworm)))) e /"@olsem .

The calculated frequency magnitude is shown in ifeigd+13 using Equation 3-48 for two low-
frequency cycles gfor an example case. In comparison with FiguretBeflow frequency component
of f, is induced in the PWM signal and the switching frexcy is now spread over a range defined by
fav = Ay as expected. The first harmonic represents treetiegl low frequency component and the

sixteenth harmonic represent the switching frequéramonic.
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Figure 3-13 : Low frequency components of variableréquency Fourier coefficient Cn for an average swithing
frequency of 2kHz, a low frequency component of 12% and As= 400

3.3.2 Harmonic analysis of variable switching frequency WM current waveform

The current waveform analysis is undertaken asmrstion of sawtooth functions. The first function
is a periodic sawtooth with a positive slope witripd of To. The second function is a periodic saw
tooth wave with the negative slope with a period abut shifted with respect to the first waveform by
dTsm from \, to w. The second function is similar to the first ong bas an additional time shift and
the “on”/"off” pulse time will have changed witheatvariable frequency. Figure 3-14 shows a sketch of
the current waveform with variable frequeniaythis figure,to is the “on” time for the first function

andtn.1 is the “on” time for the fhfunction.
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Figure 3-14 : Current Waveform for a variable switching frequency

The Fourier series of the periodic sawtooth fumct®shown in Appendix C. The harmonic spectrum
using the values set in hardware using Table 3shasvn in Figure 3-15 using Equation C-61 for two
low-frequency cycles.
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Figure 3-15 : Theoretical harmonics of the Li-ion batery current signal at variable switching frequencywith a low
frequency of 125Hz with A= 400.

3.3.3 Inductor ripple calculation of variable frequency

The boost ratio is identical to a fixed frequeneytshing period as the duty cycle has not changed.
However, the peak to peak ripple compared to alfsveitching frequency varies. The current ripple in
this interval is dependent on the switching frequyess shown in Figure 3-16. When the frequency is
lower than the average, the time period for thddegis longer than average and therefore the induct
current increase and decreases for a longer til@éveeto the fixed duty cycle. The peak to pegple

is therefore the ripple of the lowest frequencyrfrequation 3-41 (f — A).

101



. i i
i of Lpk—pk

Figure 3-16 : Example of current ripple over a lowfrequency cycle

Assume that a circuit with a fixed switching freqog and duty cycle has a ripple current of
magnitude 1pu over a switching time period 1puhghat on each intervzﬁdn/Np to (m+ d)/Np]
the current increases at a steady rate dfabd in each intervé(m +d)/Nyto (m+ 1)/Np] the

current decreases at a steady rate/¢f — d). The duty cycle stays the same but the switchargd

in pu now increases to a maximum with the redudtioswitching frequency to a minimum giving:

il , fav Equation 3-49
ripptie ratio = ———
fav - Af
The per unit current therefore both increases @utledises at the same steady rates but for therlonge

time period than a fixed switching signal:

1 fw Equation 3-50
Ion,max = E m
av
; 1 fow Equation 3-51
offmax — m ﬁw—_Af

Therefore the ripple increases by

fav Equation 3-52
fav - Af
Since the duty cycle and average frequency ardaatnshe increased theoretical ripple currenniy o

ripple increase =

a function of A As this increases then the ripple current in@sasd there is no dependency gn N

102



3.4 DC/DC Converter with variable starting point PWM

In this method of injecting a low frequency compainé the battery circuit, the same power
electronic system is used. The switching frequesdixed as is the duty cycle, but the startingipas
of the “on” signal varies within the switching padi Previously the pulse was turned on at the efart
the switching period. However this starting positltas been shifted to allow a sinusoidal variation

about the midpoint of the switching time periodishariation is shown in Equation 3-53.
tpn (t) = tay + Ag cos(wpt) Equation 3-53

Wheret,, = an average switching on timé; = the amplitude of the position offset ang = the

modulated frequency.

This method of introducing a low frequency harmdgigestrictive in nature because the “on” pulse
shouldn’t cross over to either of the adjacent dviitg periods, so the value of 5 limited by this.
Figure 3-17shows an example of this concept. Tdimes are the start of each switching period)avhi
the green dotted line is the average time in tlobecywhen the pulse is turned on. The blue linesvsho
the pulse at the start of the switching period thredend of the switching period indicating the @i
starting positions. In this case, if the switchiregjuency is 2kHz and the duty cycle is 0.6, tlagtistg

position equation has a maximum variation (notrtgknto account deadband) of:

tpn (£) = 0.0001 + 0.0001 cos(wyt) Equation 3-54

Earliest starting position Latest starting position

Scope to vary startin
position <«———»

-
~N

[y

o
o0

(]

pulse onfoff
o

o

o
N

(]

Figure 3-17 : Example showing limitation of A for a duty cycle of 0.6 in a switching frequencyf2kHz
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3.4.1 Harmonic analysis of gate drive circuit PWM

Similar to sections 3.2.1 and 3.3.1 the harmonidyesis is considered as a sum of a set of rectangul
pulses with period of Jshifted based on the starting position of thegalsd with “on” duration fixed
by duty cycle and switching frequency @ITAn example of the comparison of the time shifpedse
with a regular fixed start PWM signal is shown igi¥e 3-18.
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Figure 3-18 : Example showing comparison of varialel starting position and fixed starting position fora pulse with
duty cycle of 0.6, a switching frequency of 2kHz ahan A: = 0.00005.

In this case, because of the definition of thetisigupoint in Equation 3-54, the first pulse does$ n
start at the origin but is shifted by the delayiim on. The Fourier series of a periodic squareewa

(equivalent to the first rectangular pulse tram) i

2At

fo(t) = (T— + _wzx; Zn% (sin(nwy) cos(nw,t) + % 1- Equation 3-55
0 ofo

cos(nwyt))sin(nw, t))) g ~IMwolphem
Wheret = the width of the rectangular pulse train anRa=The time period ant},, ;o= tq, + A is the

time delay of the first pulse switching on.
The harmonic spectrum for this function is

Equation 3-56

Con= (% Zn% (sin(nwyt) cos(nw,t) + (1 — cos(nwor))sin(nwot)> e~ /M@otphtm

The time delay for the ¥function can be represented as:
tphtm = MTs + typ(t) = mTs + tgy, + Ap cos(wyt) Equation 3-57

The resulting M function is as follows
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fltm) = (ZTﬁ + %Zn%(sin(nwor) cos(nwyt) + (1 — cos(ncoo‘[))sin(nwot))) e~ In@olphtm Equation 3-58
0 ofo

The frequency spectrum is therefore equal to

_ wlp-1 (Z_AT) Equation 3-59
CO - Zm:() To
Np—1 24 . , —j i -
=" (sinnw,T — j(1 — cos nwyT))e jnwo (tppe+K)Ts) Equation 3-60

k=0 nwoTo

The full Fourier analysis calculations are presgimieAppendix B. Figure 3-19 shows an example of
the harmonics of the gate drive signal for a vammaof the starting point with a low frequency hamrc

using Equation 3-60. As can be seen, a low frequeamponent is visible.
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Figure 3-19 : Low frequency components of variabletarting point Fourier coefficient Cn for an averageswitching
frequency of 2kHz, a duty cycle of 0.6, a low fregqency component of 125Hz and & 0.00004.

3.4.2 Harmonic analysis of variable starting point PWM curent waveform

Similar to the variable duty cycle method, fouaealysis can be used to study the current waveform
seen from the battery as shown in Figure 3-20 .firbefunction is a periodic sawtooth function kit
a period of ' and duratiort from w, to Vo with the time shift of tph The second function is a periodic
sawtooth wave with the opposite slope with a peoib, but shifted with respect to the first waveform
by dTst+tphy from \, to w. The second function is identical to the first dng has an additional time
shift and the “on”/"off” pulse time will remain theame with the variable starting point. The harmoni

spectrum of them®" function is shown in Appendix C in full.
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Figure 3-20 : Current Waveform for a variable starting point
The current as seen by the battery follows a sathtpattern dependent on the switching pattern.
The harmonics of this waveform (which looks vemigar to that in Figure 3-8 but are not identical
due to the different methodology) can be analyseddimilar way. The derivation of the harmonie co
efficient is shown in Appendix C. This producesaarhonic spectrum as shown in Figure 3-21.
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Figure 3-21 : Theoretical harmonics of the Li-ion batery current signal at variable starting point with a low
frequency of 125Hz with A= 0.00004 and4,~= 0.00026 .

3.4.3 Inductor ripple calculation of varying start position

The analysis of the current peak to peak valuebeafound by considering a similar process to that
used to calculate ripple in the variable duty cylerent peak to peak ripple case.

Assume that a circuit with a fixed duty cycle, fixswitching frequency and fixed starting position
has a ripple current of magnitude 1pu over a switchime period 1pu, such that on each intetial
the current increases at a steady rate dfalid in each interval — 1 the current decreases at a steady

rate of1/(1 — d). Over the period of a high frequency pulse in Eouum the net current is zero.
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A change in starting position is applied withinstpulse as shown in Figure 3-19. However, the total
pu time that the pulse is on is unchanged atd over this interval the current continues twéase at
a steady rate of d/as shown by the red trace (on for the same anafuithe in each pulse with the
same gradient). The total pu time that the curdstreases remains constant at 1-d and the rate of
decrease remains constant at 1/(1-d). However,usecaf the change of start position, this decrease
can now be thought of as split into two sectionstasvn in Figure 3-19. Over the period of a pulfee t
net current remains zero as shown by the thickkdiae, and the total change in current over aguls
period remains unchanged at 1pu as shown by tleedstow. However, the effect of starting position
of the pulse introduces an increased ripple compioashown by the thick red arrow. The worst case
scenario (when the starting position changes betweminimum and a maximum position) as shown
in Figure 3-17 means that this can be as high asi2pwever, if the starting position doesn’t vagy b
this amount then the ripple can be calculated mgiclering the extreme cases from Equation 3-53.

Ymax

% 5

ref { A
Alofs \ \ \

Figure 3-22 : Variation of starting position on ripple

The peak current will be found wheg(t) is a minimum and the minimum current will be found
whentpy(t) is a maximum. The peak current is found when tagisg phase is at a minimum and
therefore the smallest reduction in current ocbafere the current starts to increase plus theass
in current. This value is equal to the minimum guigd of time the current is reducing, times thie ra

of reduction (1/(1-d)) plus the 1pu increases dwee 1/d (the current increase).
tav — At Equation 3-61

Imax=1—(1_—d)Ts

The minimum current is found at the time wheredtating phase is at a maximum and before the

current starts to increase. This is the pu timetti@current is reducing times the rate of reduncti
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Equation 3-62
tow + A¢

min = =0 =y,

The total pu ripple current is therefore the peaki& over the ref plus the minimum value below the
ref.

tav — At taw + A Equation 3-63
CA-DT, T A- DT,

ripple increase = Iygy — Imin = 1
Equation 3-64
24,

ripple increase = 1 + m

The ripple current for a fixed starting positioriisTherefore the pu increase in ripple curreniveet

24

a fixed starting position ofitand variable staring positionw.
- N
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3.5 DC/DC Converter with an Impulse Function

An alternative method of adding a low frequencyninamic into the gate drive circuit is to add in one
directly. Ideally it would be useful to add a loveduency impulse function. However, it's not poksib
within the control system to add an impulse functitirectly, but rather a low frequency square wave
pulse train with as small a width as possible cddcconsidered. There are several different ways of
doing this as shown in Figure 3-23. The first &t tthe impulse function is combined in an OR fumtti
with the usual switching frequency waveform. Howewecause the impulse function is on for a finite
amount of time, the circuit is switched on for lenghan the normal switching frequency duty cycle
and therefore the average duty cycle with time @eseral periods of a low frequency pulse increases
causing a change to the boost ratio. To overcoisagbue, either the duty cycle needs to be reduced
or an XOR function can be used so that the timéntipailse function is on is both added and subtchcte

at different times resulting in no net change wakerage duty cycle.

These methods are okay as long as the impulseidarfcequency isn’t a multiple of the switching
frequency such that the impulse function isn’t thruisible to the gate drive circuit as shown iguiie
3-24.

o

n 0o A AAa N ANE n nng n N1
V.0VZL L.0L& U.0L0 L.0LUS v.ul

time (s)

switched wave

mpulse function OR  =——XOR

Figure 3-23 : Example showing adding a low frequencimpulse stream to the switching pattern with an ® and
XOR function gate drive signal (low frequency wavé34Hz, switching frequency 2kHz, duty cycle = 0.6)
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time (s)

OR
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Figure 3-24 : Example showing adding a low frequerycimpulse stream to the switching pattern with an @ function
for an integer value of high to low frequency pulsg (low frequency 250Hz, switching frequency 2kHz)

Care is needed under this scenario to match thelgafunction timing to the switching frequency.
When the low switched wave is a function of thetsling frequency, one method is to increase the
size of the “impulse function” so it forms a squarave pulse that has a low frequency, but the duty
cycle is just sufficient so that when passed thhoaig OR function with the pulse train it resultsam

increase in the pulse width as shown in Figure 3-25

@)

0 0.002 0.004 0.006 0.008 0.01

Axis Title
— Pulse = |mpulse pulse width 0.00008 —OR

1 [ ] [ ]

[+] 0.002 0.004 0.006 0.008 001
Time (s)

Pulse Impulse pulse width 0.0004 ———0OR

Figure 3-25 : Example showing detecting a low fregency impulse stream to the switching pattern with a OR
function for an integer value of high to low frequaacy pulses for different duty cycle of a) 0.02, 1.1 (low frequency
250Hz, switching frequency 2kHz)

110



It is easier to analyse the impact of an impulsetion when it is at a low frequency that is amedgar

value of the switching frequency as this can beedexplicitly for comparison purposes with other

sections having a non-integer values gfr&sults in an analysis which need to be undertakeonde

because of the complexity of the pulse formatiotihweih OR or XOR function. Therefore the analysis

in this thesis will look only at integer values loiw frequency waveforms for convenience in

conjunction with an OR function.

Table 3-2: Comparison of using integer and non-integy low frequency in PWM with an Impulse function
simulation model

Current ripple OR

Current ripple XOR
combination

Fourier analysis

combination
fo as an integer Increase average duty cycl
multiple of f; due to additional impact of

eNot practical

O

pulse width
fo as a non-intege

No addition to

multiple of f;

average boost ratio

Straight  forwar
Fourier analysis
Complex Fourief
analysis

3.5.1 Harmonic analysis of gate drive circuit PWM
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Figure 3-26 : Impulse function combined with firstpulse in ser

Time

ies

When the low frequency is an integer of the switghrequency then the Fourier series of a periodic

square wave where the first function is the conimneof the impulse function and normal pulse train

as shown in Figure 3-26 is:
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T " LG la- Equation 3-65
o Y- (5in(nwoT,y) cos(nwot) +—(1

fo(®) =
cos(nwyT,yy))sin(nw,t))

Wherert,, is the width of the “OR” of the impulse and putsin which re-occurs again after time, T

The harmonic spectrum for this first function is

24 Equation 3-66

1, . 1 ,
oo (Zn; (sin(nwyt,;) cos(nw,t) + - 1- cos(na)oror))sm(nwot))

1,n=

The remaining functions are made up of the reguatangular pulse train with a time delgy,,,
which can be calculated from:

tarm = mTy Equation 3-67
These functions have a different pulse width tofitst one as they have no impulse component as:

Equation 3-68
flt,) = (—ZAT + 2 (Zni (sin(nwy1) cos(nw,t) + L 1-
To woTo n n

COS(non))Sin(nwot)>> o Inotaen

The combined frequency spectrum of all the pulseserefore equal to

241, Np—124t Equation 3-69
Co =2 yyr 28
2A ) ] Equation 3-70
C, = (sinnwgt,, — j(1 — cos nwot,,)) +
woTo
24

Np=1 T —jnwo(k)Ts
nwOTOZkzl (sinnwyt — j(1 — cosnwyt))e

The full Fourier analysis calculations are presgimieAppendix B. Figure 3-27 shows an example of
the harmonics of the gate drive signal for a vammaof the starting point with a low frequency hamrc

using Equation 3-70. As can be seen, a low frequeamponent is visible.

112



=
=]

i
-
T

Switching Frequency Componefyt

SNo

—
(R ]
T

-k
T

=
=]
T

Low Frequency

Componenf,

Fourier Coefficient amplitude
=
(a5

=
B
T

=
(g ]
T

0 leoeee@PPYYPY PR |Goonnnatosgannn
0 5 10 15 20 25 30 35
Harmonic Number

Figure 3-27 : Low frequency components of PWM with a Impulse function Fourier coefficient C,, with a 125Hz
impulse wave of width 0.0004s

The width of the impulse function is dependent ba simulation and experimental hardware
accuracy available. The work in this thesis use®palRT real time controller to generate and captur
waveforms operates, in real time with a fixed tstep solver [286], [287], with a minimum fixed time
step of 2Qis. In order to get accurate and repeatable impybeefunctions it is necessary to ensure that
the pulse start, end and pulse width, over thenddfilow frequency duty cycle and period are all
multiple integers of this minimum fixed time ste&pome examples of this are shown in Figure 3-28.
What this shows is that the duty cycle for the ilepdunction changes depending on the frequency of
the pulse required. This complicates the codingnndveeeping the frequency across a range to replicat
EIS.
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(a) 10Hz - duty cycle = 0.02%

20us
0.1¢
time
(b)
125Hz - duty cycle = 0.25%
20us
0.008:
>
(© 1kHz - duty cycle = 2%
20us

0.001
| 1 )

Figure 3-28 : Example showing how the impulse widtlean be chosen for a) 10Hz, b) 125Hz, c¢) 1kHz

3.5.2 Harmonic analysis of impulse PWM current waveform

The current waveform analysis is undertaken asmrgtion of sawtooth functions. The first function
is a periodic sawtooth function with a period efahd duratiort.: from w to Vo. The second function
is a periodic sawtooth wave with the opposite shfib a period of T but shifted with respect to the
first waveform by T+dTs from \, to w. The second function is identical to the first dng has an
additional time shift. As shown in Figure 3-29 thatery current increased at each interval the isgpu

function is added seen by the extra rise time erfitht pulser,,..
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Figure 3-29 : Current Waveform for a PWM with an impulse function

The harmonic spectrum of tha'* function is shown in Appendix C in full. This pracks a harmonic

spectrum as shown in Figure 3-30 using Equatior2@-1
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Figure 3-30 : Harmonics of the Li-ion battery currert signal with an impulse function added at 125Hz.

3.5.3 Cross check of circuit boost ratio

The boost ratio for this method is higher thangdixed duty cycle wave due to the extra “on” time

of the pulse over one low frequency impulse. Tlais either be considered negligible and ignored or

can be compensated for by reducing the boosthgtaoproportionate quantity. As the impulse funttio

only operates once every low frequency cycle, fitscés are transient in nature and the circuit then

settles back to a steady state condition as showigure 3-29.

In steady state condition the inductor current dkerfirst switching cycle in boost mode in an idea

converter can be calculated as by using Equatioh &d Equation 3-72
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. 1 Equation 3-71
Alon,l = ZVbat(de +T; )

. 1 ) )
Aigpra = I (Vpat = Vac)(Ts — T; — dTy) Equation 3-72

whereV,,; is battery voltagey,. is the converter output voltag& is the switching period; is the
width of the impulse functiondi,,, increasing inductor current amd,r, decreasing inductor
current over the siswitching cycle period. In equilibrium the charigeinductor current over a low

frequency cycle is zero:

; Moo laiz = Equation 3-73
ELZmZO AI'Lm =0
o Al MY Equation 3-74
Zmp=() Alon,m + Zmp=0 Aloff,m =0 quation
N,—-1 . 1 N.o—1 1 1
Zm=o Alonm =  Voar <(de T+ Ly dTS) =1 VbacNpdTs + 7 VpaeTi Equation 3-75

S Blogrm = + Vpar = Vae) (T = Ty = ATg) + Tt 2 (Ve = Vo) (T — dTy) - FUa0on 376
Zivnp;(,l Biggfm = %Np Vae — Vo) (1 — d) — % Ve — Vo) Equation 3-77
Summing the current gives:
L VoaeNpdTs + TVoaeTy + 3 NpWoar = Vae) 1 = d) = Vpar = Vae) = 0 Equation 3-78
Simplifying gives:

VpaeNp Ty — VaeNp Ty + Voo Ny Tod + Vg Ty = 0 Equation 3-79

setting T as a function of Nand T by including a constard; allows further simplification:

T; = C1N, T Equation 3-80
Voat = Vac + Vged + C1Vye =0 Equation 3-81
Vac 1 Equation 3-82

Vpar  (1-d—=Cy)

For example, at a low frequency of 125Hz in a @& a@ycle, 2kHz switched waveform with aj0
impulse pulse this equates to a constamtf@2.5x16 and a boost ratio of 2.58 compared to 2.5 without
the impulse function. The increase in duty cycldapendent on the pulse width which is a functibn o

the hardware.

3.5.4 Inductor ripple calculation of impulse method

The peak to peak ripple compared to a fixed bausi waries due to the extra “on” time of the pulse
over one low frequency impulse. This can be catedldy considering the extra rise time on the first

pulse. Assume that a circuit with a fixed duty eydixed switching frequency and fixed starting
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position has a ripple current of magnitude 1pu aveswitching time period 1pu, such that on each
intervald the current increases at a steady rate dfalid in each interval — 1 the current decreases
at a steady rate df/(1 — d). The extra time on due to the impulse functiomeases the current at the
same rate 1/d but for a longer time period. Thisopeis dependent on the width of the “impulse” in

relation to the regular switching pattern. The @ae in ripple is therefore

Tor _ AdTs+T; Equation 3-83

T dTg
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3.6 Battery balancing circuit

This section looks at using hardware in the batbaEiancing circuiting to inject a low frequency
excitation signal.

In battery systems, battery cells can be connentsedries and/or parallel depending on the type of
application they are used in. Charging and diséhgrigattery cells as a series string can causeyehar
imbalance in the battery cells. This is becaugh®imismatch in battery internal impedance, differe
state of charge level, capacity range, self-digghaate differences, varying operating conditi@ms)
temperature difference across the cells [135]-[13Bhttery charge imbalance may result in over
charging or over discharging of the cells with lowapacity. In imbalanced battery systems; theageait
of the individual battery cells could drift apartchlead to a decrease in lifespan and possibleréadf
the battery pack [137], [288], [289]. Thereforengsian equaliser or balancing system, is usual in
applications. Battery balancing uses extra hardimegualise the battery series strings.

Battery balancing system can be categorised inb@noups; passive and active balancing. In passive
balancing [290]-[292], a resistor is used to diaghe energy from the fully charged cell tilvtdtage
reaches the same level as battery with lower veltegue. This is also known as shunt resistor
balancing. This method is straightforward to impdstat low-cost, but system energy is dissipated as
heat within the resistors. Active balancing mayntime expensive and may require a control system.
In an active balancing group, battery cells arafedd by transferring the energy from the higher
energy to the lower energy cell. This is subcatiegdras capacitor based balancing [293]-[298],
converter based balancing [299]-[303], and indddtansformer based balancing [304]-[311].

Authors [136], [137], [312]-[314] compared and ewved current balancing methods. According to
[136], [137], a capacitor based balancing topolagyuires more straightforward control methods and
is well used compared to a converter based orfomamer based balancing. In this research, a capacit
based balancing method is therefore chosen forf pfamncept of the methodology. A comparison of
different active capacitor based balancing is priegkin Table 3-3. In inductor and transformer base
balancing topologies, inductors and transformeesusied to transfer the energy from single cells or
group of cells with higher energies to the loweergies. These methods can be sub categorised as
single/multi-inductor [293], [308], [309], singleimdings transformer , multi windings transformer
[304], [310], [313]. This balancing approach isgdpd as being more expensive, with fast balancing
speed with complex control systems and accuratag®lsensing. Energy converters namely: Cuk
converter [315], buck or/and boost converter [31#]8], flyback converter [319], [320], and ramp
converter [321], [322] are described as alternatmethods of cell balancing. These types of ciscuit
are complex and may contain stacked convertassniit clear at this stage if there is scope tmduice
low frequency excitation through battery balancaspect of the converter. There is scope for future
work to look at alternative battery balancing melhto produce a low frequency excitation signal but

this is considered beyond the scope of this these.
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Table 3-3: capacitor based battery balancing methodomparison

Balancing methods

Summary

Switched capacitor

Energy is transferred from tak with higher energy to the lower energy ¢
through the switching capacitor. n-1 capacitors andswitching component a
required to balance n cells. An example of the @dweitl capacitor balancing for

battery cells is shown in Figure 3-31 a. and dbscrin more detail below

ell
e
3

Single Switched

capacitor

Figure 3-31 b shows battery balancing using a sisglitched capacitor. Only or
capacitor and n+5 switches are used to balancéterypaells. A control system i
needed to detect the higher and lower voltage fiyatiells to transfer the energ

between the cells using the corresponding switches.

Where n is number of battery cell and m is numtbenadules.

e

[

Jy

Doubled-tiered This balancing topology is similar to the switclesgacitor method but requires n
capacitor capacitors. As illustrated in Figure 3-31 c, thstftapacitor tier is used to balance
the battery cells and the second tier capacitoses! to speed up the balancing time.
Modularised As shown in Figure 3-31 d, the battery cells anadéid into modules, in eagh
Switched Capacitor module the batteries are balanced with the sub-taedcells with a separate
balancing system. In this technique n-1 capacitdrzn+2m switches are required.

In this study, a straightforward switched capackialancing system is used to generate excitation

low-frequency signal as a proof concept due tpagsularity in literature. The schematic figure wbt

battery cells and converter with the switched capabalancing technique is shown in Figure 3-32.

The switched capacitor system is connected todktedy and it is proposed to use this circuit jedh

a low-frequency signal. The impedance of the battercalculated by harmonic analysis of the

measured battery current and voltage data atél@déncy point, then the frequency is swept to geaer

the EIS impedance measurement over the frequenggra
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Figure 3-31 : Examples of switched capacitor balameg: a) Switched Capacitor, b) Single Switched Captor, c)
Double-tiered Capacitor, d) Modularised Switched cpacitor[136]
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Figure 3-32 : Switched capacitor battery balancingircuit

3.6.1 Circuit Operation

For proof of concept, two series battery cellsdjpgosed to one, in contrast to the other methods in
this thesis) are connected to the load througlhdiost converter while the terminals of each bateey
connected to the balancing circuit (see Figure 3{82this battery balance circuit, one capacitod a
four MOSFET (switches) are used. The switch M1 — Wife operate to produce a low frequency
excitation signal. The value of the capacitor whgsen so that the low frequency switching allows
energy transfer between the two batteries. The tiomstant of the battery balancing system is set to
approx. 0.3ms so over several high frequency switcbperations the capacitor will have charged.
This was done by assuming a circuit resistanceppfax. 30n®2 made up of battery resistance,
capacitor ESR, MOSFETSs on resistance, leads antectors and choosing a capacitor at 10mF. The

system works in two stages as shown in Figure 3-33;
For example, when the voltage of the battery Iighdr than battery 2.

1) Switch M1 and M3 are turned on and M2 and M4 aredd off, the capacitor will connected in
parallel with the battery 1 through M1 and M3 ($&égure 3-33a). The capacitor then starts to
charge from battery 1.

2) Switches M2 and M4 are turned on and M1 and M3wareed off, the capacitor will be connected
in parallel with the battery 2 through M2 and M&dsFigure 3-33b). The capacitor starts to
discharge to battery 2.
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Two pulse signals with the duty cycle of less thamare used for controlling the switches M1-M4
[295]. The reason for choosing a duty cycle leas 1.5 is to avoid a short-circuit condition orreunt
shoot-through when all switches are turned on aeolm this system, a duty cycle of 0.45 is used fo
the pulse signals. One pulse signal is used famatathe capacitor from the battery cell with tegh
voltage. The other pulse signal is used for diggihgrthe capacitor to the battery cell with lower
voltage. The frequency of the battery balanciraf iz lower battery frequency than the boost corvert

switching frequency, to induce the low frequencyittion signal.

Ihattl lhattl » b
() (b)
A
M1 M1
= =]
= - = -~
3 T2 STz
- = - =]
M2 = M2 E— )
g E
- i
1 0% __Ug.
n]ba"z 2 I Ibatez 2
3 s
M3 = M3 2.
-4 - =2 -
5T E 5T E
[ ] [ ]
M4 M4 f—
—

Figure 3-33 : Switching capacitor battery balancingcircuit operation a) stage one b)stage two

In this thesis the duty cycle, d of the conveliefixed giving a traditional sawtooth pattern thgh
the inductor. However, the battery voltages argesibo a small perturbation caused by the balancin
capacitor charging and discharging low frequenggciion as shown in Figure 3-34. The minimum
voltage of the balancing capacitor is equal tolibgery with lower voltage valud/{,;,), and the

maximum value of the balancing capacitor is eqoighé battery with higher voltage valug{;,).
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t=0 T, Time

Figure 3-34 : Charging and discharging voltage Waverm for the Balancing capacitor at the low frequercy

When the switches M1 and M3 are on the capacitargds from battery 1 with a current equal to:

(Vbat1— Vbatz) - Equation 3-84

leb_charge = c T, e

When the switches M2 and M4 are on the capacismhdirges to battery 2, with a current equal to:

C dVCdischarging - _C (Vbatr — Vbat2) e_T_tc Equation 3-85

lch_disch = =
co_aiscnarge dt TC

3.6.2 Harmonic analysis of the battery balancing currentwaveform

Itis not necessary to look at the harmonics obihest converter gate drive circuit as this is apeg
with a fixed duty cycle at fixed frequency. The thanic analysis of the battery current is therefore
undertaken by considering the superposition ofbi@st converter current and the current caused by
the battery balancing circuit using the Fouriensfarm property of linearity. The current on thétegy
with the higher voltage increases at each intdo\ad the capacitor current added to the boost cterver
current. While the current on the battery with tberer voltage decreases when connected to the
capacitor. Figure 3-35 shows the charge and digeharrrent of battery 1 and battery 2. The curoént

each battery needs to be analysed separatelyléadating the impedance of the individual cell.
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Figure 3-35 : Current Waveform for a Battery Balandng method a) Battery 1 discharge current, b)Battey 2 charge
current

The converter current over one switching cycledandt mode in an ideal converter for battery 1 aan b
calculated traditionally as:

. 1 ) _
Bion = 7 (Vbae1 + Vpar2)dTs Equation 3-86
. 1 S
Aigpr = I (Vpat1 + Viarz — Vac ) (Ts — dTg) Equation 3-87
While the capacitor current is given by Equatio843and Equation 3-85. The current waveform of
the battery 1 is the sawtooth waveform with theosgmtial signal of the balancing capacitor. The

harmonic spectrum of the current waveform is showssppendix C in full. This produces a harmonic
spectrum as shown in Figure 3-36 and Figure 3-8Wusquation C-148.
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Figure 3-3€: Theoretically derived harmonics of the Li-ion bagtecurrent signal with a balancing capacitor ceasignal
at a low frequency of 125Hz,p%1=3.2V, Vbar= 3V
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Figure 3-37 : Theoretically derived harmonics of the Li-ion bagfecurrent signal with a balancing capacitor disde
signal at a low frequency of 125HzpM=3.2V, Vbat= 3V

3.6.3 Inductor ripple calculation of battery balancing method

There is a negligible extra inductor current as ¢herent from the capacitor will act to charge
/discharge the batteries because of the low impmdaath. This is dependent on the difference in
battery voltage, so it is not fixed with time batries as a function of the current. This gives tiisBvo

points:
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« The low frequency excitation is significantly reedcif the battery voltages are close. This
is ok as monitoring is most valuable when a batieryegraded and therefore likely to be

unbalanced.

* To keep this constant the low frequency which inp#lce exponential decay through, can

be altered based on the voltage difference to kemmstant ripple current.
¢ The method is dependent oé{achange in the capacitor. It is not clear if ti@shtnique can

be used with a resistive balancing method simid4488].

However, there is extra ripple current in eachdrgitThis can be calculated by considering the

increase in current due to the balancing capacuoent:

I, = ¢ Ybatr1=Viarz) e_% Equation 3-88
Tc
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3.7 Earth Leakage monitoring circuit

This section looks at a different method of injegtia low frequency excitation signal by
manipulating Earth Leakage Monitoring (ELM) hardeséinat may be present in the system. In the UK,
Earth leakage monitoring is required on any dcyldtesm, without an earth connection, with a voltage
of over 50V [279]. There are a number of commereath leakage monitoring relay’s on the market.
These are split between devices which detect amdtondooth ac and dc circuits [323], [324] and thos
that look only at dc systems [325]. An examplehaf tperation for these devices (there are others) i
shown in Figure 3-38. A low frequency power sowpplies a signal between the positive and negative
terminals of the dc system and ground. This isgiesl so that negligible current flows through the
monitor under normal operation when there is ndt.fauthe event of an earth fault, an earth legkag

current is detected by the instrumentation.

This research looks at a new method of using atih ésstkage monitoring system to inject the low
frequency component necessary for on-line EIS mreasent to the battery and then sweep this
frequency across a range of values to replicatduhetionality of the EIS without the need for a
separate excitation circuit, while maintaining daath leakage detection functionality. The battasy,
in the other sub sections, is connected througb/dcdconverter to a load. The battery voltage and
current are measured and used to determine theoharimpedance. The technique is conducted on-
line with the battery system operating under noroération. The changes to the earth leakage
monitoring method means that, similar to the cakere/there is a separate EIS excitation circugt, th
power electronic circuit and boost inductor wilkseharmonic component not present under tradltiona

ELM operation.

Battery To power
‘ electronic

converter

ELM

Figure 3-38 : A representation of Earth leakage momoring circuit operation
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3.7.1 Circuit Operation

The key requirement of this method is that it lagénerate a low frequency waveform of variable
frequency for the EIS calculation while at the sdaime ensuring normal operation of the remainder of
the power system, in this case, a boost conventkttee earth leakage monitoring system. The battery
is connected to a boost converter, while the teafainf the battery are connected to an earth leakag
monitor (ELM) to detect any leakage current betwdenbattery terminals and ground. The key to
using the ELM hardware is to generate a slightffedent voltage across the terminal of the battery
such that a low frequency signal can excite theudirUnder normal operation there is a high impeda
leakage to ground usually in the order d2MThis means that a small current exists in theudirDue
to the low impedance of the battery®mit is difficult to pick up any current flowing tbugh this in
normal operation. Figure 3-39 shows some ways ichwie circuit can be manipulated to increase the
flow of leakage current through the battery sysbgrdeliberately skewing the current in the impe@anc
connected to the positive and negative terminalhefbattery. The circuit looks like a Wheatstone
bridge circuit, and under traditional operatiothi impedance in each leg of the ELM is set edbal,
current through the battery would be zero as thkage impedance from both terminals to ground is
sufficiently high to be considered identical. A @nt source has a high impedance associated with it
and therefore under normal battery operation ttsegenegligible DC current flowing from the battery
through the ELM. The current source has been reglat this thesis with a voltage source to tie up
better with available laboratory equipment andhigh impedance to dc is provided by a capacitor in

series with the impedance in each leg of the ELM.

In this chapter the ELM is represented by the diiauFigure 3-39c¢ for convenience (this is assumed
reasonable as many ELM devices are protectionselag therefore have multiple power sources). The
AC sources have the same voltage amplitude but aguease shift with respect to each other. The
frequency of the ac source is swept over the fregueange for the EIS calculation. The ELM circuit
also sees the input impedance of the power convanie load and therefore there is an additional ac

component present in the power electronics.
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Figure 3-39 : Different methods of generating an etation signal through ELM equipment

The ELM signal adds to the normal circuit operatimough super-position to create additional ripple
across the battery. To determine what this exppleiwill be — it is necessary to consider the $mal
signal model of the boost converter under open tmorol (in this case with ideal components).

When the switch is on:

v ) dlpat Equation 3-89
bat —

dt
Vae v, Equation 3-90
R, T dt

When the switch is off:

alp Equation 3-91
Vpar = L dtat + Ve 5
Vac _ Loo—¢ AV Equation 3-92
RL bat dt

For a small signal model, averaging, perturbatind Bnear approximation are used. The averaged
equations are:

> d (Ipar) N Equation 3-93
Vpat = L% + (A =d)Vq,

Vdc _ NT dVdc
7, = (1= Dlhar = C—;

Equation 3-94
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In this thesis the duty cycle, d, is fixed, but thatageV,,, can be considered subject to a small
perturbation caused by the ELM low frequency ingett
Equation 3-95

= - d (Tpge+i = ~
Voat + UgLm = L% + (1 = d)(Vgct+Vac)

Vdc+T7dc d(_VdC+TJdC) Equation 3-96
R, dt

Using linearisation, a set of DC equations canlitained as follows:

=1 = d)Upgr + TeLm) — C

Vbat =(1- d)VdC Equation 3-97
Vdc Equation 3-98

Ry
Giving a DC input impedance to the power electraoicverter of:

= (1= Dy

_ v
Zpp = _I—bat =1- d)ZRL
bat

Equation 3-99

From the parameters in the simulation chapter®his approximates to:

Zpg = 16(1 — 0.6)% ~ 2.56Q > Zg,r Equation 3-100
A similar set of equations for the AC signal carobtained:

Ugim = SLigpy + (1 — d) Dy, Equation 3-101

Vac . - Equation 3-102
R (1 = d)lgLy — sCVqc
L

Substituting gives

YELM~ SLiELM 5 it Equation 3-103
(1-d) — _ ~ _ ELM ~ SLlpiym

T (1 —d)igy — sC EES N

~ ~ _ 2% ~ ~ i _

gy — SLigim = Ry (1 — d)“Tgiy — SCRy(Vprm — SLIgLym) Equation 3-104

ﬁELM(l + SCRL) = RL(l - d)ZiELM + SLiELM + SCRELM SLZELM Equation 3-105

P Dpw  Rp(1—d)?+sL+s%CRL L Equation 3-106

At a value of 125Hz using the parameters from thauksition chapter (section 4) this results in an

impedance of approximately:

16x0.16+785%3.8X10™%+785x785%0.0136X16X3.8X10~4 Equation 3-107
(1+785%0.0136X16)

Zpg =
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~ __ 256+03+51 Equation 3-108

ZrE = T 0 315mQ
This is again greater than the battery impedanieeréffore it can be assumed that the voltage praduce
by the ELM will produce negligible additional rigpbn the current. The impedance of the circuihéo t

ac perturbation is shown in Figure 3-40. Which gigevoltage across the battery of approximately:

Voat ae & —222 12 (sin(wt) — sin(wt + E)) Equation 3-109
! Zpattt+20 4
~ _Zbatt ; T\ cin(_ T Equation 3-110
Vbat,ac * Zpgert20 24 (sm (wt + 8) sin( 8))
~ _Zbatt : ( E) Equation 3-111
Vbat,ac Znati+20 9.2 (Sln wt + 2 )

This gives a peak of approximately 5mV which is Bimat detectable through the scope probes and of
similar magnitude to EIS excitation signals in Teabt7.

The earth leakage current in the event of a fasltshown for example in Figure 3-39c) would registe
a current of approx. 2A rms:

Igy = 1.2 (sin((ut) + sin(wt + %)) Equation 3-112
~ i T T Equation 3-113

Igiy = 2.4 (sm (wt + s) cos(s))

Igiy = 2.21 (sin (a)t + %)) Equation 3-114

Within this circuit it is therefore possible to det both an earth leakage current and a smalligitals

10MQ 10Q 12sin@t) V
| I— | E— m
N (a)
ZBAT ZPE
- =0
10MQ 10Q .
12sint+1/4) V
10MQ i
10Q O 12sint) V
Zgur Zoe
[ — ] /\ (b)
B NG
10MQ 10Q

12sint+1v/4) V

Figure 3-40 : An approximate circuit representationof the Earth leakage monitoring circuit under a) nomal
operation and b) under fault
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3.7.2 Harmonic analysis of the ELM current method wavefom

The current waveform seen from the battery usiegg@bhM methods is the superposition of the ELM
waveform and the sawtooth waveform. Fourier ansalgan also be used to study the current waveform
seen from the battery as shown in Figure 3-41. Adrenonic spectrum of the current waveform is
shown in Appendix C in full, but key equations acged here.

Vo

Current Amplitud:

Ts mT; Time (s)

Figure 3-41 : Current Waveform for a ELM method

In steady state condition the inductor current auee switching cycle in boost mode in an ideal

converter can be calculated as:

Aipy = %(Vbat + Uy dTs Equation 3-115
Alory = %(Vbat + Ugrm — Vac)(Ts — dTy) Equation 3-116
Aipp +Aigrr = %(Vbat + Ugp)dTs + % Vpat + Perm — Vae)(Ts — dTy) Equation 3-117
Aigp + Algrr = %Vbaths + %ﬁELMde + % Vgt — Vae)(Ts — dT) + Equation 3-118
g (T — dT,)

Ai,, + Aioff = %VbathS + %(Vbat — V) (Ty — dTy) + %ﬁELM(Ts —dT,) + Equation 3-119
T PeLmdTs

L

Simplification gives:

, , 1 1 1. ion 3-
Aigy + Aipp = ZVbaths + Z(Vbat — Vae)(Ts — dTg) + ZUELMTS Equation 3-120

Wheretig,, is the earth leakage voltage as seen by the yattel can be calculated using Equation
3-111:
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=~ — _Zbae . ( Z) Equation 3-121
UgLMm Zrret20 9.2 (sm wt + 5 )

Therefore Equation 3-119 can be defined as:

1 Zpase Equation 3-122

Aipn + Aioff = %Vbaths + %(Vbat - Vdc)(Ts - de) t+o—-92 (Sin (wt +

L Zpqee+20
A
-)|T.
8)) S

The Fourier analysis of the current waveform isvaian Appendix C. This produces a harmonic

spectrum as shown in Figure 3-42 using Equatiob{-1

1.6 ; ; ; .
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Figure 3-42 : Theoretically derived harmonics of theLi-ion battery current signal with an ELM signal at a low
frequency of 125Hz

3.7.3 Inductor ripple calculation of ELM

The extra inductor ripple current is negligible vitver, the increase in battery ripple current cduse
by the super-position of the ELM produced currentonjunction with the normal ripple current from
the boost converter operation. This can be seéigire 3-43 which shows the ripple current through
the inductor (blue) is equal to the super-positbthe inductor current with no ELM (orange) and th

small signal inductor current which is a functidrttee ELM (grey).
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~—inductor current with ELM «~—Inductor current no ELM inductor current small signal = small signal Vin
Figure 3-43 : Ripple current through the inductor

The increase in current compared to the scenatlorvai ELM is therefore:

i 2 Equation 3-123
] 1 l Zpap+20
ripple increase = 1 + 2% = 1 4 L=
Iba ZdeVbat

22 Equation 3-124

rivple increase = 1 +
pp (Zpare+20)dTsVpat

The ripple increase is a function of the impedaoicéhe battery. As the battery degrades this will

increase allowing a less accurate calculation peidance.

3.8 Summary

Six different methods of generating a low frequeexgitation signal using hardware found in most
battery systems have been analysed with regardhdis applicability for use in an online EIS

measurement system. These are:

Using existing dc/dc converter hardware but usiagable duty cycle

Using existing dc/dc converter hardware but usiagable frequency

Using existing dc/dc converter hardware but usiaigable pulse starting position
Using existing dc/dc converter hardware but addimgmpulse function

Using battery balancing hardware converter hardware

L T o

Using Earth Leakage Monitoring hardware

Generating a low frequency excitation signal byyirag the duty cycle in the dc-dc converter has
been previously considered. However, the other oasti{variable frequency, starting position and
impulse function) have not previously been congidel he other techniques, in particular utilising t
Earth Leakage Monitoring hardware and the battatgrizing hardware in this manner have not been

previously reported in literature and are a nowgitdbution of this thesis.
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As part of the analysis, focus has been givendkita at determining the harmonic current through

the battery using Fourier analysis and lookindpatstubsequent increased ripple current on the ioduc

In all these methods, it was assumed that the D@®@W®erter operates in continuous boost mode with

a fixed duty cycle to allow comparable analysisulnmary of the key points in this chapter are shown

in Table 3-4.
Table 3-4: low frequency excitation method compariso
Method | Battery current shape Summary | eiductor ripple| Fourier co-
Harmonics | increase efficient
amplitude
@125Hz
1 0.27
Main harmonics| Approximate expression
fs, fo, fs fo dependent on frequency and
duty cycle variation
The current increases and decreases 1+ Ade
at fixed rates but over different time dav(l - dav)Tf
periods defined by the varying duty
cycle within a fixed switching
period.
2 0.26
| Main harmonics| Approximate expression
fo, dependent on frequengy
|
o h ; variation and  average
The duty cycle is fixed — so the armonic spreag o
_ A — ftAs switching frequency
current increases and decreases nj oﬁ% st
at a lower frequency than a highg@dditional
oA —fh — Jav = Ay
fstAs + fo
3 0.055
Main harmonics| apnroximate  expression
fs, fo, fs xfo dependent on variablp
starting point variation, duty
! ! cycle and switching
The duty cycle and switching frequency
frequency are fixed. Therefore the
time the inductor is discharging |s 24
t
fixed but the time is split. This resulis 1+——
P (1 - )T,
is a skewed pattern compared |to

method 1
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The duty cycle and switchin

J
frequency are fixed. However the

first “on” time is higher and therefor

m

this increases the current.

Main harmonics
fs, fo, fs 2o

harmonic spread

0.15

Approximate expression

=

dependent on the width g
the impulse function and the
“on” time of the signal
dT, + T;
dT,

ol o
e

The duty cycle and switchin
frequency are fixed. However th
battery current is the superposition
the dc-dc converter system a
battery balancing circuit resulting i

an increase in current in one batte

and a decrease in the other in anti-

switching.

Main harmonics

fS) ny fS if0

Negligible increase in 0.2
ripple  but

batter

inductor
increased

current ripple.

Although the shape of the waveform

looks similar to method 1. It is ng
the same as formed by a differe
process and is the superposition
the boost converter saw too
waveform and the sinusoidal ELM

produce current

Main harmonics

fS; fO!

0.15

Negligible increase in
inductor current. Increase i

ripple of battery current.
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The theoretical results are a promising indicatingt it is possible to generate a low frequency
excitation signal in order to undertake on-line Biasurement. However, there are potential trade-
offs. The key trade-off is the increase in ripplerent through the battery and inductor. There are
however other issues, the variable frequency (ntk)goroduces a range of frequencies around the
switching frequency. This may make it more difficta deal with possible EMI issues. The results are
also potentially subject to hardware limitations. darticular, the fixed time step operation of the

controller at 2Qs, limits the accuracy that can be obtained whatingdan impulse function or




controlling where the starting position of a puisay be. Using the impulse function may also rdasult

an overall increase in the duty cycle which maydieebe adjusted to compensate.

Chapter 3 looks at simulating these circuits usM®TLAB Simulink to compare the theoretical
derived expressions in this chapter with simulateds. Chapter 4 then looks to determine equivalent

values through experimental investigations.
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4 Simulation of on-line EIS
techniques

4.1 Introduction

In-order to help understand the operation of tiheud with respect to the theory and experimental
work, it is necessary to look at modelling the witevithin a suitable package. For the purposesisf
work Matlab SIMULINK (R2014b) was chosen. To und&g a circuit simulation the impedance of
the battery was predetermined by EIS measuremehtegmesented in a MATLAB simulation as an
equivalent circuit in series with a dc voltage seuwhich represents the battery voltage level. The
different components of the circuit modelled in&wlBattery, the dc/dc converter and a load.

An A123 Lithium-ion phosphate battery with 2.5 Adpacity and 3.2V nominal voltage was used in

this work and the parameters were estimated usilkj&impedance analyser (solatron 1260 and 1287)
as shown in Figure 4-1.

-1.00E-02 CPEL
R1
o R2
AAA
vy
-5.00E-03
3
2
& 0.00E+00
5
5.00E-03
1.00E-02
5.00E-03 1.00E-02 1.50E-02 2.00E-02
Real (Q)

Figure 4-1 : Lithium-ion phosphate battery EIS impedaice plot and equivalent circuit model

The equivalent circuit in Figure 4-1 is the closastl most common representation for this battery
type [172]. There are alternative circuit model @PE representations in literature [326]-[32Bjis
includes a cascade connection of multiple par&I{es, a parallel connection of multiple cascade RC,
and a multiple parallel RC in parallel connectibfowever, in this work, the CPE, which normally

represents an impure capacitor element [143] isesgmted as a capacitor in MATLAB; to avoid
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complexity in battery model within MATLAB. Table #-represents the estimated values of these

components, where;@ set equal to CREnNd G is set equal to CRE

Table 4-1: Battery Model component specifications

Components Lithium-ion Battery
R.(Q) 0.0069
R, () 0.0056
R3(Q) 0.0000089
CPEL(S) 2.36
CPE,(S) 36.75

This battery model is included within an ideal cament system model as shown in Figure 4-2.
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Figure 4-2 : High level circuit simulation model wth ideal components
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To determine the circuit components and dc-convgraeameters the following design practice was
used [329].

1. Key design parameters were specified

The input voltage range of the convertep,:¥6 set to 3.2V to 2.8V (set by typical battery
operating range)

The output voltage, ¥ (voltage drop across diodep\and load M) was chosen to be
approximately 8V to limit the boost ratio and avtlieé complexities of a high boost ratio.

The ripple across the lodWi.aq is targeted to be approximately 0.01V (approxityates% of
output voltage) as a typical figure.

The maximum Output current is set to 450mA to kéeptotal output power low in keeping
with the low power rating of the battery.

The circuit is designed to operate in continuouslenso that the comparison with theory and
experimental results is more straightforward.

A switching frequency of 2kHz was chosen as thetrofiar struggles with complex
calculations if the switching frequency is set tbigher value and to avoid other trade offs of
a high switching frequency such as the switchisg laf the switch itself and the gate drive and

dropout voltage.

2. Inductor selection

This thesis is looking primarily at adjusting thpple current to inject a low harmonic waveform and

therefore the boost converter needs to be desigrahl with an unusually large ripple currentidey

to test all the different methods, as see the &tiait signal.

Based on the inductor ripple increase from se@idnfor the different methods of introducing a low

frequency harmonic, a value of ripple current iaseeof approximately 200% of the output current has

been chosen so that the low frequency ripple ibleis

v, ion 4-
Al = 2 x Ioyt max X out ~ 2.4A Equation 4-1

Vbat

This enables the inductor value to be calculated.

I = VbatX Vout—Vpar) _ _3x(8-3) 390uH Equation 4-2

AL x fsxVoye  2.4x2000x8

The nearest available inductor size380uH was used.

3. Maximum switch current
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Duty cycle, D is calculated from Equation 4-3 (améwyg 100% efficiency)

14 - 2.8 ion 4-
D =1— 2batmin _ 1 _ 2% < 0.65 Equation 4-3
Vout 8

A value of 0.6 was chosen so that there was mewedg to look at variable starting position as ahodt

of introducing low frequency ripple.

The maximum switch current can then be calculateah f

I = % + Io1:ll,t;n[1)ax ~ 2.4A Equation 4-4

4. Rectifier Diode Selection
The forward current needs to be equal to the maxirautput current and the power dissipation
rating has to be at least

Py =1IpxVg Equation 4-5

An HER204G Rectifier Diode with maximum 2A with a ¥ forward voltage drop was used because
of its fast recovery time and low forward voltagievas convenient to use as this was availabléén t

laboratory.
5. Output capacitor value

When the switch is on, the current of the capa@tdime,t = 1, is equal to the load average current.

Therefore, the voltage ripple of the capacitor bartalculated from:

_ 1T — lowtt Equation 4-6
Avipaq = Efo Tout = c .

The capacitor value can be calculated by substguti= }3 in Equation 4-6:

S

IoutD __ 0.45x0.6

= = = 13500 uF Equation 4-7
Avigadfs 0.01x2000

A capacitor with value of the 13600uF was usedhénttardware setup.
6. Output load resistor value

The load resistor is used to balance the capaailtage and also to provide a load to discharge th

battery when the switch is off. The value of loedistor is therefore output voltage/output current
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R, = ——~160Q
0.45

Equation 4-8

The chosen components used in the experimentaltath&pand replicated in simulation are

summarised in Table 4-2. The mosfet used was dlaila the laboratory.

Table 4-2 : Boost converter component specifications

Boost Converter Components

Specifications

Inductance 38H, 20 A ,Toroidal
Capacitance 13600, 16V Electrolytic
Load 182 resistor

Switch MOSFET

FDPFO45N10A, 100 V, 67 A, 4.%dm

Isolated dc/dc converter
derivers

fq

rIE0515S (15 V)

Drivers

HPCL 3140 (0.4A peak current driver)

Diode

HER204G Rectifier Diode with maximum 2A with a 1.1

forward voltage drop

Prior to investigating the different methods ofaatucing a low-frequency ripple, the base case with

fixed duty cycle of 0.6 and fixed switching frequgrof 2kHz was simulated. This provides a useful

comparison to the methods under investigationigtttesis. Table 4-3 shows the simulated waveforms

of this base case circuit. In this model, the dirboosts at a ratio of 2.27 compared to the design

equations, the simulated values of the load owtplidge and ripple and the load current and rippée

as per the design equations. The battery voltagébban set to the upper level of the battery veltag

range and the inductor ripple current is closeéntodalculated 2.4A from Equation 4-1. These result

are referred to as the “base” results by whichater results from the methods of introducing a low

frequency component of ripple will be compared.

Table 4-3: Simulated results of fixed duty cycle

Simulation

Fixed Duty Cycle ideal component

Average Value

Peak-Peak ripple

Ipatt 1.55 A 2.42A
Viatt 321V 16.8 mV
Lioad 456 mA 0.7 mA
Ve 73V 11.1mvV
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The simulated waveforms of the battery voltagerentr converter output voltage and load current
are shown in Figure 4-3 and Figure 4-4. The wawa$oshow the circuit is operating in continuous

mode as expected.

Simulated Battery Voltage Measurement

(LA L L A O A L e A O O A O A O O A s

Figure 4-3 : Simulated Li-ion battery Current and Voltage waveforms. The battery is excited with PWM as fixed
duty cycle of 0.6 and switching frequency of 2kHz.

Simulated \dic Measurement

Simulated Load Current Measurement

Figure 4-4 : Simulated Load Current and output Voltage waveforms. The battery is excited with PWM at aixed
duty cycle of 0.6 and switching frequency of 2kHz.

The calculated harmonics found from Fourier analgdithe battery current using the model from
Figure 4-2 is shown in Figure 4-5 using the FFTcualation MATLAB code. Under the normal

operation of the dc/dc converter, only the switghirequency harmonics are visible. This graph will
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be compared to the other simulated curved withnaftequency component and with theoretical and

experimental values.
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Figure 4-5 : Simulated current harmonics at switching frequency of 2kHz, Where the fundamental frequecy is
defined as 125kHz to enable comparison with low fopiency produced analysis.

The following sections will look at simulating thifferent methods of introducing a low-frequency

component into the battery.
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4.2 DC/DC Converter with varying duty cycle PWM

To generate a low-frequency component by varyiegdilty cycle, the gate drive control is replaced
with the model in Figure 4-6 (a). The gate drivelues a PWM generator block, a constant value,
which represents the average duty cycle and a aveWlock to generate the low-frequency variation
to the duty cycle. The PWM generator is a Simupinédefined function which creates a pulse signal
based on an input duty cycle and the switchingueegy, using a sawtooth function. In the sub block
of the PWM generator block the output rectangulaction is generated from the comparison of the
scaled sawtooth signal with the input duty cycle.

Variable Duty cycl

/ \ ( a)

0.6 D P
Constant PWM Generator
A (DC-DC)
K Sine Wave /

(b)

1) p ~=0

Compare To Zero

> AND »l d _,.
>= ouble 1
/M » 0.5 " (u(1)+1) > - g -
Relational Logical Operator
Operator

Sawtooth Fen
Generator

Figure 4-6 : (a) Variable duty cycle gate drive catmol (b) generating PWM signal sub-block

The circuit was simulated with 2kHz switching fremey and a duty cycle of 0.6 with a low
frequency sine wave of amplitude of 0.01 to prodiheevariable duty cycle signal. The comparison of
the simulated circuit data with a fixed duty cyéfeom section 4.1) and this variable duty cycle at
frequencies of 125Hz and 175 Hz are shown in Tébleand Table 4-5 respectively.
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Table 4-4: Comparison of simulated results of fixednd variable duty cycle at 125Hz with A =0.01,

Simulation

Fixed Duty Cycle

Variable Duty Cycle

Average Value| Peak-Peakripplé  Average Vdlue PesikFpple
Lyae | 1.55A 2.42 A 1.55A 272 A
Vpare | 3:21V 16.8 mV 321V 18.8 mV
Loaa | 456 MA 0.7 mA 459 mA 1.5 mA
Vace 7.3V 11.1 mV 7.3V 23.3 mV

Table 4-5: Comparison of simulated results of fixe@nd variable duty cycle at 175Hz with A =0.01

Simulation

Fixed Duty Cycle

Variable Duty Cycle

Average Value| Peak-Peakrippl¢  Average Vadlue PesmlkPpple
Iyae | 1.55A 2.42 A 1.56 A 2.67 A
Voare | 321V 16.8 mV 321V 18.5 mV
lipaa | 456 MA 0.7 mA 458.2 mA 1.2 mA
Vi 7.3V 11.1 mV 7.3V 18.7 mV

The results show that the load current and loathgel have the same average value but there is
additional ripple on the current when the inputrent ripple is increased through the use of vagiabl
duty cycle. The simulated variable duty cycle cotereboosts at the same ratio as the simulated base
model circuit. The injected low-frequency signatled ripple to the battery and converter waveforms
(Equation 3-40) which results in an increase in pleak to peak value ofpM; lbaty, Vde, and bac

However, the added ripple reduced as Np value deesx(Equation 3-40). The battery current has the

same average value, but there is an increasefile g 12% at 125Hz and 10% at 175Hz.

The simulated battery current and voltage, PWMdddloost converter load current, and output
voltage waveforms at switching frequency of 2kHz @ty cycle of 0.6 are shown in Figure 4-7 to

Figure 4-10. The waveforms clearly show an incréagbe ripple on the battery current of the same

shape as described in the theory section 3.2.4.
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Simulated Battery Voltage Measureme

Variable duty cycle PWM
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Figure 4-7 : Simulated Li-ion battery Current and Voltage waveforms. The battery is excited with PWM wh
variable duty cycle at a low frequency of 125Hz wit A¢ = 0.01.

Simulated V. Measurement

Simulated Load Current Measurement

Figure 4-8 : Simulated Load Current and Voltage (Vdg waveforms. The battery is excited with PWM with vaiable
duty cycle at a low frequency of 125Hz with A= 0.01.
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Simulated Battery Voltage Measureme

Variable duty cycle PWM
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Figure 4-9 : Simulated Li-ion battery Current and Voltage waveforms. The battery is excited with PWM with
variable duty cycle at a low frequency of 175Hz wit A¢ = 0.01.

Simulated ;. Measurement

Simulated Load Current Measurement

Figure 4-10 : Simulated Load Current and Voltage (\dc) waveforms. The battery is excited with PWM withvariable
duty cycle at a low frequency of 175Hz with A= 0.01.

Figure 4-11 shows the Fourier analysis of the sited battery current signal with an injected low
frequency component of 125Hz at a switching fregyeaf 2kHz using the variable duty cycle
technique. The simulated current harmonics in @1l can be compared to Figure 4-5 with a fixed
duty cycle, and show that a low-frequency compoheastbeen added.
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Figure 4-11 : Simulated current harmonics at varialte duty cycle of low frequency of 125Hz and switdhg frequency
of 2kHz

These and other results in this chapter will bepanad to theory and experimental results in chapter

5, along with more calculated sensitivity studies.
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4.3 DC/DC Converter with varying frequency PWM

The same simulated circuit from Figure 4-2 was usgH a variable frequency PWM gate drive
generated in the gate drive sub-block as showmgur€& 4-12. The variable frequency PWM generator
sub block consists of a pulse generator, an integkdock and an external reset point to genetae t
sawtooth signal as shown in Figure 4-13. The sifjoah the sawtooth and the duty cycle subtraction
is used as an input of the sign block to creatrtangular waveform. The gain and the constankbloc
are used for scaling the created rectangular wavefohe switching frequency of the pulse signal is

set to an average value of 2kHz with an added teguency component.

Variable switching frequen:

[A]

Sine Wave

Goto

Frequency [Hz]
Pwmf——of ]
.—»Duty Cycle

- PWM
Variable Frequency Waveform Mornitoring
PWWM Generator

Duty Cycle

Average
SwitchingFrequency

Figure 4-12 : Simulated Variable frequency gate dxie control
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1 |[Constant1
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Figure 4-13 : The subsystem model for a variable fopency PWM generator

The circuit was simulated with an average switclfiteguency of 2kHz with a sine wave of amplitude
of Ar = 400 to produce a variable switching frequengyai with a duty cycle of 0.6. The comparison
of the simulated circuit data with fixed duty cyded variable switching frequency at the low-
frequencies of 125Hz and 175 Hz are shown in Télleand Table 4-7 respectively.
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Table 4-6: Comparison of simulated results of fixeénd variable switching frequency at 125Hz

with At = 400

Simulation

Fixed Duty Cycle

Variable Frequency

Average Value|

Peak-Peak ripple

Average Vdlue PealkFpple

Ipatc | 1.55 A 242 A 1.63A 2.99 A
Vpare | 321V 16.8 mV 321V 20.7 mV
lioad | 456 MA 0.7 mA 458 mA 1.4 mA
Vie |73V 11.1 mV 73V 22.1mV

Table 4-7: Comparison of simulated results of fixeénd variable switching frequency at 175Hz

with At = 400

Simulation

Fixed Duty Cycle

Variable frequency

Average Value

Peak-Peak ripple

Average Value PesalicPpple

Ipatc | 1.55 A 242 A 1.62A 2.99 A
Vpare | 321V 16.8 mV 321V 20.7 mV
lioad | 456 MA 0.7 mA 459 mA 1.2 mA
Vie |73V 11.1 mV 73V 18.9 mV

Similar to the variable duty cycle technique, tlaeiable switching frequency increases the battery
ripple current. The current ripple increased by 2%oth low frequency values as indicated in secti
3.3.3 . The variation of the ripple current appdardepend on the amplitude of the sinewave in the

excitation signal from Equation 3-52. Thg:\dverage value remains the same as does the latiost r

from the base case circuit.

Figure 4-14 to Figure 4-17 show the simulated batéed load waveforms at the frequencies of
125Hz and 175Hz. The low frequency signal was iedut the system by varying the switching
frequency with a sinewave with amplitude af=A400. The current ripple waveform shows the ckang
in frequency from low to high as expected fromttieory in section 3.3.2. The current ripple incesas

at the time that the switching frequency of theegiive is reduced.
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Figure 4-14 : Simulated Li-ion battery Current and Voltage waveforms. The battery is excited with PWM \ith
variable frequency at a low frequency of 125Hz withAs = 400.

Simulated ;. Measurement

Simulated Load Current Measurement]

Figure 4-15 : Simulated Load Current and Voltage (\dc) waveforms. The battery is excited with PWM withvariable
frequency at a low frequency of 125Hz with A= 400.
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Simulated Battery Voltage Measureme
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Figure 4-16 : Simulated Li-ion battery Current and Voltage waveforms. The battery is excited with PWM \ith
variable frequency at a low frequency of 175Hz withAs = 400.

Simulated ;. Measurement

Simulated Load Current Measurement

Figure 4-17 : Simulated Load Current and Voltage (\c) waveforms. The battery is excited with PWM withvariable
frequency at a low frequency of 175Hz with A= 400.

Figure 4-18 shows the calculated harmonics of #iteby current with a low-frequency component
of 125Hz and switching frequency of 2kHz with-A400. The amplitude of the current harmonics are
smaller than the current harmonic using variabley dycle technique shown in Figure 4-11. Tfie
harmonic is spread across the range between 1680H22400Hz (e.g( fs = Af)) as previously

mentioned in section 3.3.1. This is not necessaridgsirable characteristic from an EMI perspective
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Figure 4-18 : Simulated current ripple at low frequency of 125Hz and switching frequency of 2kHz. #= 400.
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4.4 DC/DC Converter with variable starting point PWM

In order to induce a low frequency ripple to thédyy signals using a variable starting point mdtho
a pulse position modulation (PPM) signal was u$edyenerate the PPM signal in MATLAB Simulink,
a signal generator block was used to generate sosslwwaveform, a sine wave generator was used to
produce sinewave and a rational operator blockaandnostable is used (see Figure 4-20). The @dtion
operator block compares the amplitude of the sathtand the sinewave signal. When the value of the
sawtooth is bigger than the sinewave the statheoptilse signal is high and when it is lower, tia¢es
is low. This generates the pulse width modulatigmal. The PPM signal is at high state when the
PWM is at low state. This is shown in Figure 4-TBe monostable block is used to generate the PPM

signal at the falling edge of the PWM signal anddbthe duty cycle of the generated pulse.

i 1Falling Edge

[
r E (N B B T T - 1 o o o B L B T I T T
0 T 0.002 0.004 0.006 . 0.008 0.01 0.012 0.014
Time (s)
—sawtooth —sinewave PPM —PWM

Figure 4-19 : Example showing adding a low frequencvariable starting point using a sawtooth waveformwith
frequency 2kHz and a sinewave with low frequency wee 175Hz, duty cycle = 0.6.
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\ Sine Wave )

PPM signal generat

Figure 4-20 : Simulation model of the gate drive ccuit to generate a variable starting points pulse

The circuit was simulated under the conditions ofitmiuous mode operation with a switching
frequency of 2kHz with an average starting poind @0026s and amplitude of variatior=2.00004s
to produce a rectangular function with a varialigrtsng point and the duty cycle of 0.6. The
comparison of the simulated circuit data with fixaéuaty cycle and variable starting point at the low
frequencies of 125Hz and 175 Hz are shown in Télfleand Table 4-7 respectively.

The average value of load voltadg. remained the same as does the boost ratio. Thentuipple
increases by 25% with the addition of the low-frexaey ripple with no obvious variation due to low

frequency value as described in section 3.4.3 .
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Table 4-8: Comparison of simulated PWM with variablestarting point at 125Hz effects on
Current and Voltage ripple

Simulation
Fixed Duty Cycle Variable starting point
Average Value| Peak-Peakripple  Average Value PesmlicFipple
Iyae | 1.55A 2.42 A 1.58 A 3.02A
Vpare | 3:21V 16.8 mV 321V 21.3 mV
lipaa | 456 MA 0.7 mA 462 mA 2.2mA
Vace 7.3V 11.1 mV 7.38V 35.7 mV

Table 4-9: Comparison of simulated PWM with variablestarting point at 175Hz effects on
Current and Voltage ripple

Simulation
Fixed Duty Cycle Variable starting point
Average Value| Peak-Peakripplé  Average Vdlue PesikFpple
Iyae | 1.55A 2.42 A 1.59 A 3.13A
Vpare | 3:21V 16.8 mV 3.2V 22 mV
Loaa | 456 MA 0.7 mA 465 mA 2.5 mA
Vae 7.3V 11.1 mV 7.38V 40.4 mV

Figure 4-21 to Figure 4-24 show the simulated wanra$ of the battery and dc/dc converter using
the variable starting point method. Similar to wavms with variable duty cycle, the voltage and
current signals have sinusoidal shape. Howeverwthe shape is distorted. This is believed to be a
function of the accuracy by which MATLAB can handie variable starting position due to theu20

limitation in accuracy in the controller as desedhn section 3.5.3.

156



Simulated Battery Voltage Measureme

Ao AN A a O an e A e A Ao

Simulated Battery Current Measureme

M e A
DA AN
ARRN NN RARARARSY

Figure 4-21 : Simulated Li-ion battery Current and Voltage waveforms. The battery is excited with PWM \ith
variable starting point at a low frequency of 125Hzwvith A= 0.00004.

Simulated V. Measurement

Simulated Load Current Measurement|

Figure 4-22 : Simulated Load Current and Voltage (\c) waveforms. The battery is excited with PWM withvariable
starting point at a low frequency of 125Hz with A= 0.00004.
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Simulated Battery Voltage Measureme
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Figure 4-23 : Simulated Li-ion battery Current and Voltage waveforms. The battery is excited with PWM \ith
variable starting point at a low frequency of 175Hzwvith A= 0.00004.
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Figure 4-24 : Simulated Load Current and Voltage (\dc) waveforms. The battery is excited with PWM withvariable
starting point at a low frequency of 175Hz with A= 0.00004.

The battery current harmonic analysis at low-fremyeof 125Hz by varying the starting point of the
PWM signal with A= 0.00004 is shown in Figure 4-25. It is clear thath low frequency 125Hz and

the switching frequency of 2kHz harmonics are etéd from the simulated current waveform.
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Figure 4-25 : Simulated variable starting point curent ripple at low frequency of 125Hz and switchig frequency
of 2kHz

159



4.5 DC/DC Converter with an Impulse Function

In the simulation of the boost converter with arpuiise function, two pulse generator blocks were
used as shown in Figure 4-26. One of them is usiegeinerating pulse signals with a duty cycle 6f 0.
and frequency of 2kHz, the other pulse generatosesl to create an impulse signal. A logical operat

function block was use to OR the signals from thisg generator blocks.

N

Pulse Generator

OR

gl Goto
Logical
-I'LI'I- Operator |

Impulse Generator PWMWaveform Monitoring

Figure 4-26 : Example showing a simulation model fdmpulse function

A fixed time step of 20us is used in the OpalRTdhare, so the chosen duty cycle and the frequency
of the Impulse function must be chosen as a maliipleger of the time step as explained in section
3.5.1. For consistency with section 3.5.1, it isi@ato analyse the circuit when the low frequency

impulse is an integer multiple of the switchingguency. There are two ways to generate this impulse

* A small pulse width of 2@s can be used but the start of the pulse needstimb shifted.
» A pulse of slightly larger width than the 2kHz setiing frequency can be used but the start

of both pulses needs to be co-incident.

The latter is easier to generate through the OpaiRirol so will be used. For example at 125Hz the
impulse duty cycle must be chosen such that thelgepwidth is longer than the switching frequency
pulse which is 0.0003s. A duty cycle of 0.04 isdusegenerate a pulse width of 0.00032s. In thée ca
the low frequency component is then visible todhate drive after passing through the OR function.

The circuit was simulated under the conditions ofittiuous mode operation with the average
switching frequency of 2kHz and duty cycle of 0l&e simulation was run for OR combination of the
PWM signal and a pulse function with a low-frequenomponent set to be as an integer value of the
switching frequency. The comparison of the simwatgcuit data at the low frequencies of 125 Hz

with duty cycle of 0.04 and 166.7Hz with duty cyole0.06 are shown in Table 4-10 and Table 4-11

160



respectively. It was chosen not to carry out thewsd point at 175Hz as this is not an integer ef th

switching frequency so 166.7Hz was used as thestdsteger value.

Table 4-10: Comparison of simulated PWM with Impulse(OR-4 %) at 125Hz effects on Current
and Voltage ripple

Simulation

Fixed Duty Cycle Using impulse function

Average Value| Peak-Peakripplé  Average Vdlue PesikFpple
Lyae | 1.55A 2.42 A 1.56 A 2.7766 A
Vpare | 3:21V 16.8 mV 321V 18.2 mV
Loaa | 456 MA 0.7 mA 458.4 mA 1.4 mA
Vie |73V 11.1 mV 7.34V 22.2mV

Table 4-11: Comparison of simulated PWM with Impulse(OR-6%) at 166.7Hz effects on Current

and Voltage ripple

Simulation

Fixed Duty Cycle Using impulse function

Average Value| Peak-Peakrippl¢  Average Vadlue PemlkPpple
Lyae | 1.55A 2.42 A 1.56 A 3.43A
Voare | 321V 16.8 mV 321V 22.4 mV
Lipaa | 456 mA 0.7 mA 475 mA 2.8 mA
Vie |73V 11.1 mV 76V 45.3 mV

The peak to peak ripple increased with the extrdtlwof the impulse function according to the
Equation 3-83. The pulse width at 125Hz increasethf0.0003 to 0.00032s, while the pulse width
increased to 0.00036s at 166.7Hz. The ripple arabtbmtio of the 166.7Hz impulse function is
therefore higher compared to the 125Hz signal pe@®d, because the circuit is switched on fordong
time and therefore the boost ratio of the circhirnges due to the increase in the average dutg cycl
with time over the T pulses period.

Figure 4-27 to Figure 4-30 illustrate the simutkteaveforms of the battery and dc/dc converter for
an OR combination of PWM and Impulse signal. Thieedpg current increased at each interval of the

fo of the low frequency waveform as the switchingspukidth, Tis added as described in section 3.5.4.
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Figure 4-27 : Simulated Li-ion battery Current and Voltage waveforms. The battery is excited with an imylse signal
at a low frequency of 125Hz with pulse duty cyclef®.04.

V. Measurement

Simulated Load Current Measureme

Figure 4-28 : Simulated Load Current and Voltage (V@) waveforms. The battery is excited with an impuls signal
at a low frequency of 125Hz with pulse duty cyclef®.04.
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Simulated Battery Voltage Measureme
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Figure 4-29 : Simulated Li-ion battery Current and Voltage waveforms. The battery is excited with an ipulse signal
at a low frequency of 166.7Hz with pulse duty cyclef 0.06.

Simulated V. Measurement

Simulated Load Current Measurement]

Figure 4-30 : Simulated Load Current and Voltage (V@) waveforms. The battery is excited with an impuls signal
at a low frequency of 166.7Hz with pulse duty cyclef 0.06.

Figure 4-31 shows the harmonic analysis of theebatturrent using the Impulse method fgr=
125Hz and duty cycle of 0.04.
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Figure 4-31 : Simulated PWM with an Impulse functio current ripple at low frequency of 125Hz with puke width
of 0.0004s and switching frequency of 2kHz

4.6 Battery Balancing

The switched capacitor balancing method is modédibedhe balancing of two battery cells. To
balance these two cells, four MOSFET switching congmts with a capacitor are used. For each battery
two switches are needed as shown in Figure 4-32. Julse generator blocks are used to control the
MOSFETSs. One pulse generator with a duty cycle.4b@ontrols switches M1 and M3. The other
pulse generator controls switches M2 and M4. Bezaustches M2 and M4 should be turned off while
switches M1 and M3 are turned on, a logical operataction block is used to NOT the pulse control
signal with the duty cycle of 0.55. So the outpghal is a pulse signal with 0.45 duty cycle. A Tom
capacitor was used for the balancing capacitoméstioned in section 3.6, the value of this balagci
capacitor affects the speed of the balancing tBoee authors [295], [298] also use a series indueta
for soft-switching of the battery balancing. Thdyse the capacitor values based on the resonance
circuit design. In this research a series indu@av&sn’t used, however it would be consideredtiuréu
work. This method is presented as a proof of canaeg the use of the resonance circuit as a balgnci
method for EIS calculation adds complexity and nepufurther consideration which is out of scope of
this thesis. The model in Figure 4-32 was used. él@n using a voltage source within the battery
model does not allow the charge transfer to be asguart of the balancing. To specifically observe
this a high value capacitor could be used. Onenpiatadisadvantage, is that it may only be possible
detect the low frequency ripple on the batteriesef@ms when the batteries are not balanced. $his i
because when the batteries are balanced there ¢airnent to be shared between the batteries and

therefore the low-frequency ripple may not be seen.
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Switched capacitor battery balancing circuit
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Figure 4-32 : Example showing a simulation model foa switched capacitor battery balancing
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To keep consistency with the other methods, theeiitiwvas simulated such that the boost converter
is switched at a frequency of 2kHz and a duty cp€l@.6. The battery balancing is set as two pulse
signals with fixed duty cycle of 0.45 at the loveduency required. The voltage values of the batteri
were chosen such that the sum of the two battdtsiges has been set to 3.21V to allow comparison
with the fixed duty cycle case. Although, thesauealare smaller than the threshold voltage level of
the li-ion battery and are not safe for practiceémtion as used. The values of the two battery
voltages have been offset to simulate the processlancing, so that current flows through the
battery balancing circuit. The comparison of thawated circuit data with fixed duty cycle and
switching frequency at the low frequencies of 128Hd 166.7Hz are shown in Table 4-12 and Table
4-13 respectively. It was chosen not to carry batgecond point at 175Hz as this is not an integer
of the switching frequency so 166.7Hz was usedaséxt closet integer. This is again because of
the fixed time step 20us used by the Opal-rt uefe( to section 3.5.1).

Table 4-12: Comparison of simulated battery balancig excited signal at 125Hz effects on
Current and Voltage ripple

Simulation
Fixed Duty Cycle Battery with Balancing circuit
Average Value| Peak-Peak rippl¢  Average Value PemlkPpple
I 1.55A 242 A 156 A 2.73 A
Iyarer | 1.55 A 2.42 A 1.8A 351A
Lyates 1.4 A 3.88A
Viater | 321V 16.8 mV 1.7V 25 mV
Voatta 151V 26.7 mV
lipaa | 456 MA 0.7 mA 455 mA 0.8 mA
Vie |73V 11.1 mV 73V 12.5 mV

Current and Voltage ripple

Table 4-13: Comparison of simulated battery balancig excited signal at 166.7 Hz effects on

Simulation
Fixed Duty Cycle Battery with Balancing circuit
Average Value| Peak-Peak ripple  Average Vdlue PesikFpple
I 1.55A 242 A 1.56 A 273 A
Iyarer | 1.55 A 2.42 A 1.86 A 3.49A
Lyatez 1.34A 3.35A
Viater | 321V 16.8 mV 1.7V 24.8 mV
Voattz 151V 24 mV
Loaa | 456 MA 0.7 mA 456 mA 0.8 mA
Vie |73V 11.1 mV 73V 12.1 mV
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The boost ratio, load current and voltage remagnstime. The ripple in the inductor increases in
comparison to the theory because some of the dapatirrent passes through the inductor as a
function of impedance. The waveform of the battedad circuit waveforms are shown in Figure
4-33 to Figure 4-36. The waveforms show that thaeddipple to the battery waveforms, using the
battery balancing method as explained in secti6ér?3are visible in the simulation. The current in
battery 1 and battery 2 is the superposition oflialncing capacitor charging and discharging
currents with the boost converter current wavefo(re$er to section 3.6.2). When battery 1 is
connected and discharging to the balancing capatite current ripple of the battery follows an
exponential decay related to the time constanhefcircuit until the capacitor is disconnected. In
battery 2 which is charging from the capacitorrbaprocal action occurs.

Simulated Battery 1 Voltage Measuremet

imulated Battery 2 Voltage Measurement
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Simulated Balancing Capacitor Current

Figure 4-33 : Simulated Li-ion battery Current and Voltage waveforms. The battery is subject to battery
balancing at a low frequency of 125Hz.

167



Simulated V. Measurement

Simulated Load Current Measurement

Figure 4-34 : Simulated Load Current and Voltage (Va) waveforms. The battery is subject to battery bancing
at a low frequency of 125Hz.
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Figure 4-35 : Simulated Li-ion battery Current and Voltage waveforms. The battery is subject to battery
balancing at a low frequency of 166.7 Hz.
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Simulated ;. Measurement

Simulated Load Current Measureme

Figure 4-36 : Simulated Load Current and Voltage (Va) waveforms. The battery is subject to battery bancing
at a low frequency of 175Hz.

This method may not be useful for the batteriesnthere is a high voltage difference between the
two batteries, because this results in a high vafumpacitor current. For example, wHg ;1 =
3.18V andV, 4+, = 0.043V a large current flows as is shown in Figure 4-3d@ Bigure 4-38. But
the voltage value of 43mV is not practical and dafeli-ion battery. However, this is chosen for
proof of concept of the methodology. Additionalhetbattery low frequency current ripple is not
visible when there is a small voltage differenceneen the two batteries.
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Figure 4-37 : Simulated Li-ion battery Current and Voltage waveforms. The battery is subject to battery
balancing at a low frequency of 125Hz. With Wai =3.18V and \barz =0.043V
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Figure 4-38 : Simulated Load Current and Voltage (Va) waveforms. The battery is subject to battery bancing
at a low frequency of 125Hz.
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Figure 4-39 shows the Fourier analysis of the siteal current of both batteries using the battery
balancing circuit at switching frequency of 2kHzldow frequency of the 125Hz. The harmonics of

fo andf; are present in the harmonic spectrum of the sit@dleurrents.
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Figure 4-39 : Simulated current ripple at a low frequency of 125Hz and a switching frequency of 2kHzsing the
battery balancing method. a) Battery 1 current harnmonics, b) Battery 2 current harmonics
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4.7 Earth Leakage Monitoring

The ELM low-frequency injection technique was siatatl in Simulink. The same battery and
boost converter models, from section 4.1, were uBee earth leakage monitoring circuit simulation
includes two AC voltage sources to inject the leegtiency signal, and two ELM resistors and
capacitors. The voltage sources are then conntxtbd battery terminals through the resistors. The
AC voltage sources generate low-frequency sinewsayreals with the same amplitude of 12V but a
45° phase difference with respect to each othee. Fttery is connected to the boost converter as

shown in Figure 4-40.

ELM Circuit

Figure 4-40 : Example showing a simulation model foEarth leakage monitoring battery connected to the
converter.

The circuit was simulated with a boost converteitahving frequency of 2kHz, a duty cycle of 0.6
and the ELM circuit active. The comparison of timawdated circuit data with fixed duty cycle and
switching frequency at the low frequencies of 12%idd 175 Hz are shown in Table 4-14 and Table
4-15 respectively. The boost ratio and load curasat voltage remain the same as the base model.
There is no obvious low frequency dependence giajut the indication of increasing frequency

giving rise to decreasing ripple, is in keepinghaiiquation 3-124.
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Table 4-14: Comparison of simulated Earth leakage Matoring excited signal at 125Hz effects on
Current and Voltage ripple

Simulation
Fixed Duty Cycle Earth Leakage connected to the
converter
Average Value| Peak-Peak ripplé  Average Vdlue PesikFipple
Iyae | 1.55A 2.42 A 1.7A 3.323A
Viare | 321V 16.8 mV 3.21V 24.1 mV
Loaa | 456 MA 0.7 mA 455 mA 0.74 mA
Vie |73V 11.1 mV 73V 11.8 mV

Table 4-15: Comparison of simulated Earth leakage Matoring excited signal at 175Hz effects on
Current and Voltage ripple

Simulation

Fixed Duty Cycle Earth Leakage connected to the

converter
Average Value| Peak-Peak ripplé  Average Vdlue PesikFipple
Iyae | 1.55A 2.42 A 1.7A 3.321A
Vparr | 3:21V 16.8 mV 321V 23.9mVv
Loaa | 456 MA 0.7 mA 455 mA 0.71 mA
Vie |73V 11.1 mV 73V 11.4 mV

The waveform of the batteries and circuit wavefoaresshown in Figure 4-40 to Figure 4-44. At
first glance, the waveforms look similar to the wirms in the variable duty cycle method.
However, they are different, as in this method #ireusoidal waveform is the results of the

superposition of the generated ELM current andthast converter as described in section 3.7.3.
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Figure 4-41 : Simulated Li-ion battery Current and Voltage waveforms. The battery is excited with an Edh
leakage Monitoring signal at a low frequency of 128z.

Simulated ;. Measurement
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Figure 4-42 : Simulated Load Current and Voltage (V@) waveforms. The battery is excited with an Earth lakage
Monitoring signal at a low frequency of 125Hz.

174



Simulated Battery Voltage Measurement
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Figure 4-43 : Simulated Li-ion battery Current and Voltage waveforms. The battery is excited with an Edn
leakage Monitoring signal at a low frequency of 179z.
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Figure 4-44 : Simulated Load Current and Voltage (V@) waveforms. The battery is excited with an Earth
leakage Monitoring signal at a low frequency of 179z.

Figure 4-45 illustrates the Fourier analysis of #imulated current of the ELM method at a

converter switching frequency of 2kHz and a lowgtrency ELM signal of 125Hz. Both low

frequency and switching frequency harmonics areeesl in the harmonic spectrum of the

simulated current.
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Figure 4-45 : Simulated current harmonics at low fequency of 125Hz and switching frequency of 2kHzsing
the ELM method

4.8 Summary

This chapter looked at simulating the circuits led different presented methods for injecting a
low frequency harmonic from chapter 3. The DC- Dé@hwerter was modelled to operate in
continuous mode with a fixed duty cycle and 2kHitslhing frequency. The circuit and battery
waveforms under the different methods of adding fosgquency ripple were obtained through
simulation. This chapter also calculated the haiosoof the simulated current through the battery
using the Fourier analysis of the simulated batteryent using MATLAB. Key results compared to

a circuit with no low frequency ripple are summadsn Table 4-16.

In all these methods, the low-frequency componestiieen detected from the simulated battery
waveforms. This indicates the possibility of usthg low-frequency excitation signal methods to

undertake an on-line EIS measurement. Howevere thier some issues in using these methods;

e The variable frequency method produces a spreagkrahswitching frequency across the
(fs £ Ay) range. This may result in EMI/EMC issues.

* In the impulse function, starting position, andt&at balancing method, the accuracy of the
data is limited by the time step size of 20us.

« The battery balancing method can’t be used wherbé#iiery voltages are equalised as the
low-frequency ripple is not visible in the wavef@nAlso, using the battery balancing may
result in an increase in the current ripple whenvbltage difference between the batteries is

high.
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Table 4-16: key results from simulation

Method Boost ratio] Key controlling | Inductor current ripplel Ripple dependency on Fourier co-efficient
compared to| parameters increase @125Hz frequency amplitude @125Hz
base case

1- Variable Same A=0.01in D =| 12.4% Yes 0.16

duty cycle 0.6

2-  Variable Same A=400Hz inf= | 20% Not visible in| 0.047

frequency 2kHz simulation

3 - \Variable| Same A =4Qus in 26Qus | 42% Yes 0.27

starting point

4 - Impulse| Higher T = 0.00002s in g 14.7% Yes — but hardware 0.13

function pulse width of dependent

0.0003s

5 — Battery| Same voltage difference 14% (average) Not visible in 0.33

Balancing 0.19Vin 3.21V simulation

6 - ELM Same Fixed voltage 37% Not visible in| 0.46

difference of 9.2V simulation

Modelling of these circuits for the purposes of erstianding their viability as an on-line EIS
measurement technique has not previously beengtgldliin literature. The techniques for producing
the excitation signals through standard control panents which are then used in the experimental
section can be considered novel for this applicatidlthough simulation is a useful tool, but

experimental validation is needed to show full prafoconcept.

Chapter 4 looks at validation of these methodsutinoexperimental results. The measured data is
then compared with the simulated results from dhiapter and the theoretical expressions from
chapter 3. Chapter 4 also investigates using tteetmiques to generate an EIS plot by looking at
the measured and simulated results over a ran@feqpfencies and comparing this to off-line EIS

measurement.
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5 Experimental results of on-line EIS
techniques

5.1 Experimental setup

This chapter describes the experimental setup tsedlidate the feasibility of using existing
hardware to produce on-line EIS measurement. Figidrehows the experimental setup used to look
at on-line low frequency impedance measurementessribed in the theory in Chapter 3 and then
simulated in Chapter 4. The components used iml¢hdc boost converter are shown in Table 4-2.
The converter and balancing circuit representesertion 5.7 have integrated gate drivers. Each
drivers include a driver ic and an isolated dc/doverter (up to +15V). An isolated Opto-coupler
HCPL 3140 has used to drive the MOSFETs. The optpler can isolate up to 1kV. This driver
has a low peak current of 0.4A which can drivevavoltage MOSFETSs with a low gate charge. The
integrated gate driver is shown in Figure 5-2. Theedance at different frequencies was calculated
from a measurement of the battery voltage and ouoe a lecroy scope using a Lecroy CP031
100MHz current probe and a Tektronix P2220 200Mbltage probe but IL300 voltage sensor and
ACS712 current sensor measurement devices linkdtetoontroller have also been used to get the
same results. The manufacturer stated sensitifityeqorobes are 10mA/division and 2mV/division.
The gate drive signals were derived from an OpakBiitroller with a fixed time step of 20us.

—

A2, ; 2% e ~¢ S
Boost converter N <_ g
~ W =
Lithium-ion Phosphate Battery - = Voltage Probe

Figure 5-1 : Experimental setup

The methods previously described were applied t@dhaum-ion battery to investigate the
measured on-line impedance across a range of cumglitThe tests were conducted at room

temperature in a controlled temperature laboratog it is assumed this temperature remained
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constant through the experimental stages. Therpattes started at full state of charge and thestest
were conducted as close to this level as possilgadrd against variation in impedance due to SOC.
To investigate the proposed methods, the calculzatiéry impedance data from experimental and

simulation were compared with offline measured &% over a range of frequencies.

Isolated dc/dc converi

Isolated Opto-couple

=

S

Figure 5-2 : Integrated driver circuit
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5.2 DC/DC Converter operating with no low frequency
component

5.2.1 Circuit operation

The converter was first operated with a fixed skiitg frequency of 2kHz, duty cycle of 0.6 and
fixed starting position. This was to generate aebset of results from which all the methods of
introducing a low frequency excitation signal cobicompared against, to allow the impact of each
of the methods to be clearly seen. The measuréetpatirrent and voltage are shown with the PWM
signal in the oscilloscope trace in Figure 5-3 wiiile load current and voltage are shown in Figure
5-4. The waveforms show the circuit is operatingantinuous mode as expected.
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Figure 5-3 : Measured Li-ion battery Current (Green) and Voltage (Yellow) waveforms. The battery is exted
with PWM at a fixed duty cycle of 0.6 and switchingrequency of 2kHz (red).
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Figure 5-4 : Measured Load Current (Green) and Voltae (Blue) waveforms. The battery is excited with PW
at a fixed duty cycle of 0.6 and switching frequencof 2kHz.

Table 5-1 shows the experimentally measured waneframeters of the base case circuit. The
boost ratio is calculated as 2.14. Compared talésign equations and simulated results in section
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4.1, the experimental values of the load outputag@ and ripple and the load current and ripple are
lower than the design equations and the simulafi@ble 4-3 is reproduced in Table 5-2 for
comparison purpose. This is primarily as a restithe non-ideal and non-linear components eg
diode, mosfet, ESR resistances and leads in theriexgntal circuit compared to the ideal
components used in the theory and simulation chapidese results are referred to as the “base”
results by which the other experimental resultsnfithe methods of introducing a low frequency
component of ripple will be compared. Table 5-3vehithe simulated waveforms of this base case
circuit using non-ideal component. In this modeé tircuit boosts at a ratio of 2.12 compared ¢o th
experimental, the simulated values of the load witpltage and ripple and the load current and

ripple are as per the experimental results.

Table 5-1: Experimental results of fixed duty cycle

Experimental

Fixed Duty Cycle ideal component

Average Value Peak-Peak ripple
Ipate 1.18 A 1.49 A
Viact 321V 12.5 mV
Load 420 mA 6 mA
Ve 6.89 V 73 mv
Table 5-2: Simulated results of fixed duty cycle
Simulation
Fixed Duty Cycle ideal component
Average Value Peak-Peak ripple
Ipact 1.55 A 2.42 A
Vpatt 3.21V 16.8 mV
Lioaa 456 mA 0.7 mA
Vac 73V 11.1 mV
Table 5-3: Simulated results of fixed duty cycle usg non-ideal component
Simulation
Fixed Duty Cycle non-ideal component
Average Value Peak-Peak ripple
Iyt 1.1A 22A
Vpatt 321V 16.8 mV
Iioaa 422 mA 4.5 mA
Ve 6.8V 72 mV
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In comparison with the simulation circuit powerdes, the experimental output power loss is
higher. This additional loss as a result of the-i@mal components such as the ESR component of
the inductor, the switching MOSFET, and the diode be estimated to aid understanding. The
additional power losses in the experimental DC-@Gdb converter circuit can be thought of:

e Inductor resistor power loss

* MOSFET switching power loss
¢ MOSFET conduction power loss
» Diode switching power loss

» Diode conduction power loss

5.2.2 Harmonics

Figure 5-5 shows the harmonic analysis of the empartally measured inductor current under
fixed duty cycle operation of the boost convertsing the MATLAB FFT code for 16 cycles of
switching frequency. The harmonic spectrum of therant contains only switching frequency

harmonics similar to Figure 4-5, which is repeateBigure 5-5b for comparison purpose.
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Figure 5-5 : a) Experimentally derived harmonics ad b) simulated harmonics of the Li-ion battery current. The
battery is excited with PWM at a fixed duty cycle 0.6 and switching frequency of 2kHz.
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5.3 DC/DC Converter with varying duty cycle PWM

The circuit was operated with a varying duty cydéntroduce a low frequency component. The

results were then compared to those previouslyrgégetby theory and simulation from sections 3.2
and 4.2 respectively.

5.3.1 Circuit Operation

The battery and load voltage and current wavefdomsvo frequencies, 125Hz and 175Hz, were
captured and are shown in Figure 5-6 to Figure Bv# different frequencies are plotted to show
the effect of the frequency variation on the keguit and battery parameters.
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Figure 5-6 : Measured Li-ion battery Current (Green) and Voltage (yellow) waveforms. The battery is exi&d
with PWM with variable duty cycle at a low frequeng/ of 125Hz with A¢ = 0.01 (red).
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Figure 5-8 : Measured Li-ion battery Current (Green) and Voltage (yellow) waveforms. The battery is exigd
with PWM with variable duty cycle at a low frequengy of 175Hz with A¢ = 0.01 (red).

Comparison of the data shows that the experimentalel of the converter is performing in a
manner similar to the simulation in section 4.2eélat a lower battery current indicating an
understanding of circuit behaviour. The simulateslits from Table 4-4 are replicated in Table 5-6
for comparison purpose. The peak to peak currestimareased due to the addition of the low
frequency ripple compared to base operation as showsigure 5-3. The low-frequency ripple
indicates that the low frequency harmonic has lwetoduced to the system. A comparison of key

parameters from these figures compared to the impetal base case is replicated below in Table

5-4 and Table 5-5.
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Figure 5-9 : Measured Load Current (Green) and Voltge (Blue) waveforms. The battery is excited with P\M
with variable duty cycle at a low frequency of 175k with Aq = 0.01.
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Table 5-4: Comparison of experimental results of figd and variable duty cycle at 125Hz with A

=0.01
Experimental
Fixed Duty Cycle Variable Duty Cycle
Average Value| Peak-Peak rippl¢  Average Value PealkFpple

Ipaee | 1.18 A 149 A 1.19A 1.76 A
Vpare | 3.21V 12.45 mV 321V 14.14 mV
lipaa | 420 mA 6 mA 420 mA 6 mA
Vie |6.89V 73 mV 6.88 V 85 mV

Table 5-5: Comparison of experimental results of figd and variable duty cycle at 175Hz with A=

0.01.
Experimental
Fixed Duty Cycle Variable Duty Cycle
Average Value| Peak-Peak ripple  Average Vdlue PesikFipple

Ipate | 1.18 A 149 A 1.17 A 1.69A
Vpate | 321V 12.45 mV 3.21V 13.80 mV
Loaa | 420 mA 6 mA 460 mA 8 mA
Ve 6.89 V 73 mV 6.93V 105 mV

Table 5-6: Comparison of simulated results of fixednd variable duty cycle at 125Hz with A =0.01,

Simulation

Fixed Duty Cycle

Variable Duty Cycle

Average Value

Peak-Peak ripple

Average Vdlue PealkcPpple

Iyatc | 1.55 A 242 A 1.55 A 272 A
Voare | 3.21V 16.8 mV 321V 18.8 mV
lLoaa | 456 MA 0.7 mA 459 mA 1.5 mA
Ve |73V 11.1 mV 73V 23.3mV

The measurements were undertaken with a fully etbabgttery. Therefore the average value of
the battery voltage and the output voltage andééime boost ratio of the circuit can be considered
to remain the same. The converter boost is the sae as the base circuit in section 5.2. The
battery ripple (peak to peak) values have changeduse of the injected low frequency ripple. The
converter load current ripple have increased asldivefrequency ripple injected to the circuit

through the switching signal.
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5.3.2 Harmonics

Figure 5-10 shows the FFT analysis of the experiad@urrent waveform with the 125 Hz ripple.
Compared to Figure 5-5, the current harmonics shaivow-frequency ripple has been added. The
low-frequency and switching frequency harmonicsthe# experimental current is less than that
calculated through theory and simulation. As wiih base case, this is because of there is a reducti

in battery current of the experimental setup duta¢onon-ideal components.
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Figure 5-10 : Experimentally derived harmonics of he Li-ion battery current signal with a variable duty cycle at
a low frequency of 125Hz with A= 0.01.

5.3.3 Inductor Ripple

It is important to understand how the method impalee ripple current. For example, the ripple
current varies as the low frequency value changeshiawn in Figure 5-11. The value of i kept
fixed but the value Np is reduced from 18 (at 12btez11.4 (at 175Hz). These values from Table
5-4 and Table 5-5 can be compared against theghearincrease in ripple from Equation 3-40 as
shown in Table 5-7. Additional testing was usedrtderstand the impact oh&alue variation, also
shown in Table 5-7 and Figure 5-12 which showe#perimentally captured current ripple variation

based on adA, value variation at a low-frequency of 175Hz.
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Figure 5-11 : Comparison of the low frequency rippt at different low frequencies (a)d = 125Hz, (b) § = 175Hz,
With day = 0.6 and A = 0.01.
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Figure 5-12 : Comparison of the low frequency rippt at different Aq (a) Ad = 0.06, (b) A = 0.04, (c) A = 0.02,
and (d) Ad = 0.01. With dhv = 0.6 and § = 175Hz.

The ripple current increases agahd N increase according to Equation 3-40. A tradehdfefore
exists between the magnitude of the ripple on they adtycle and the effectiveness of the

instrumentation to measure the maximum and miniraurrent and voltage ripple on the battery.
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Table 5-7: Calculated increase in current ripple ag % with variable duty cycle compared to a fixed dty cycle

Frequency/A Experimental Simulation Theoretical
125Hz, A= 0.01 118% 115% 121%
175Hz, A/=0.01 113% 112% 115%
175Hz, A= 0.02 126% 123% 130%
175Hz, Av=0.04 149% 140% 160%
175Hz, Av=0.06 168% 155% 191%

The experimental results confirm the effect gf tNe variation of the ratio of the low frequency
wave to the high frequency wave on the currentigipgowever, the current ripple cannot increase
indefinitely as N increases in practice. The main reason for thisasthe theory is based on an ideal
case, whereas the real circuit contains non-idwaponents. For example, the ESR of the inductance
which would prevent the current from increasingnfonity. The theoretical equations would need to
be adapted to deal with this, however this is atereid further work beyond the scope of the thesis.

Figure 5-13 shows the % variation of the incredggple with low frequency component.
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Figure 5-13 : Variation on current ripple with Np with Theory (red) Simulation (black dash) Experimental (blue
dots)

Obviously if the value of Agets too large then the circuit enters discontisumode as shown in
Figure 5-14. Further work is needed to look atttiedretical analysis of a discontinuous circuit as
this is considered outside of the scope of thisithe
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Figure 5-14 : battery current low frequency ripple with Aq=0.1 at 6 = 175Hz

5.3.4 EIS Calculation

The main reason for undertaking this work is taestigate if it is possible to use this method to
produce an EIS plot of the battery. This methoprofiucing a low frequency excitation signal under
different frequencies was used to produce wavefdmns which the voltage and current ripple could
be measured to determine complex impedance. Figidre to Figure 5-17 show the calculated
complex impedance, amplitude and phase plotsigba battery from offline EIS measured data (in
red), experimental test data (in blue dots), ambkition (in black) during discharge mode. The
impedance of the battery was calculated for 36fil@guency points. The battery current and voltage
waveforms were measured and captured by the csmi®e probes at each low-frequency points.
The impedance of battery was then calculated byi&oanalysis of the waveforms at each frequency
points using the FFT MATLAB code. Results from slation and experimentally measured data
gives values similar to that produced using of&lEIS equipment.

A switching frequency of 2kHz was used while the foequency signaf, was varied from 1 to
2kHz. To ensure that the system is always operatiegntinuous mode a duty cycle of 0.6 with

set to 0.01 was used.
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Figure 5-15 : Impedance Nyquist plot of the lithiumion phosphate battery with EIS (red), Simulation (lback
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Figure 5-16 : Impedance Bode plot of the lithium-ia phosphate battery with EIS (red), Simulation (bla&), and
Experimental data (blue dots) for variable duty cyck
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Figure 5-17 : Impedance Bode plot of the lithium-ia phosphate battery with EIS (red), Simulation (bla&), and
Experimental data (blue dots) for variable duty cyck
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Figure 5-15 to Figure 5-17 show that it is feasibleise this method to generate an EIS plot of a

battery over a range of frequencies designed tmactexise the battery.

It is therefore possible to use this method to waéte EIS measurements on-line. This work has

extended the preliminary work in this area desctilmechapterl to show applicability to EIS.

5.4DC/DC Converter with variable switching
frequency PWM

The circuit was operated with a varying switchingguency to introduce a low frequency
component to look more closely at how the circ@héves in comparison with fixed duty cycle
operation and with the theory and simulation of tiiethod from sections 3.3 and 4.3 respectively.

5.4.1 Circuit Operation
The battery and load voltage and current wavefdanthe different frequencies of 125Hz and

175Hz were captured and are shown in Figure 5-Fgiore 5-21. The low frequency signal was
induced to the system by varying the switching fiestpy with a sinewave with amplitude of A

400. Similar to the simulated waveforms in secto®, the waveform ripple increases with the
injection of the low frequency. This ripple appeapproximately constant for different values of

low-frequency.
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Figure 5-18 : Measured Li-ion battery Current (Greer) and Voltage (Yellow) waveforms. The battery is evited

with PWM (red) with variable switching frequency at a low frequency of 125Hz and A= 400.
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Comparison of the data shows that the experimentalel of the converter is performing in a
manner similar to the simulation indicating an ustending of circuit behaviour. Compared to the
simulated results in section 4.3, the experimerghles of the load output voltage and ripple amd th
load current and ripple are lower than the des@ratons and the simulation. This is as a result of
the non-ideal and non-linear components eg diodsfenh, and ESR resistances and the voltage drop
of the diode in the experimental circuit comparedhte ideal components used in the theory and
simulation chapters. The peak to peak currentaseased due to the addition of the low frequency
ripple compared to base case operation as shofigume 5-18 and Figure 5-21. The low-frequency
ripple clearly shows that the low frequency harmohas been introduced to the system. A

comparison of key parameters from these figurespkcated below in Table 5-8 and Table 5-9.

Table 5-8: Comparison of experimental results of figd and variable frequency at 125Hz with A
= 400.

Experimental

Fixed Duty Cycle Variable Frequency

Average Value| Peak-Peak ripple  Average Vdlue PesikFipple
Lygee | 1.18A 1.49 A 1.18 A 1.79 A
Vate | 3.21V 12.45 mV 321V 14.4 mV
Loaa | 420 mA 10 mA 419 mA 6 mA
Vae 6.89V 67 mV 6.89V 80 mV

Table 5-9: Comparison of experimental results of figd and variable frequency at 175Hz with A

=400

Experimental

Fixed Duty Cycle

Variable frequency

Average Value| Peak-Peak ripple  Average Vdlue PesikFipple
Lygee | 1.18A 1.49 A 1.18 A 1.82 A
Viarr | 3.21V 12.45 mV 321V 14 mV
Loaa | 420 mA 10 mA 427 mA 7 mA
Vae 6.89V 67 mV 6.92V 96 mV

The measurement was undertaken with a fully chaog#teéry. So the average value of the battery
voltage, the output voltage and boost ratio ofdibeuit remain the same and only the ripple peak to

peak values increased due to the low frequencyagim.
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5.4.2 Harmonics

The Fourier analysis of the experimental and sitedlzurrent waveform with the ripple of the
125Hz, switching frequency of 2 kHz, and ripple &tapge of 400 Hz is shown in Figure 5-22.
Figure 4-15 is repeated in Figure 5-22b for congmaripurpose. The harmonics of the switching
frequency is spread over the range of the 1600kz2#00Hz as described in section 3.3.1. The
magnitude of the current Fourier coefficient uswayiable switching frequency is very small
compared to the current harmonic coefficient iruFegh-10 from variable duty cycle in section 5.3.2.
This indicates that the variation of the frequeadgled less ripple to the battery signals. Therefore
the impedance of the battery cannot be calculasealcaurately since the effect of noise from the

measurement instrumentation is included in the iEogpefficient of the battery voltage signal.

(@)

Range of switching frequency
componentsf; between harmonic
number 12 and 20.

0.8} g
Low /

06 .
frequency

0.4 L harmoni (—A—\ i
0.2—/ N o) I i
o) Yy - )] .

0 P G\QTT TTT T?G‘r\ aaPORA 0@

10

0 5 15 20 25 30 35
Harmonic Number

Fourier Coefficient Amplitude

1.6

14 (®)

Range of switching frequency
components f; between harmonic
number 12 and 20.

/

12}

-
T

Fourier Coefficient Amplitude
=)
=]

0.6 d—A—\
Low frequency
04l harmonic
D2} / T T
0 Peonian G)O(PT T T':Dm 2089 00
0 5 10 15 20 25 30 35

Harmonic Number

Figure 5-22:a) Experimentally derived harmonics and) simulated harmonics of the Li-ion battery currert signal
with a variable frequency at a low frequency of 128z with A= 400.
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5.4.3 Inductor Ripple

The effect of the Avariation on the added ripple to the current wakrefis shown in Figure 5-23.
As As is increased, the ripple of the waveform is insegl The relationship between ripple increase
and theory as per Equation 3-52 is shown in Taidl®.5The data indicates that the circuit waveform

ripple depends only on the variation of the injdcd&e wave amplitude to the switching frequency.

Table 5-10: Calculated increase in current ripple as % with variable duty cycle compared to a fixed dty

cycle
Frequency/A Experimental Simulation Theoretical
125Hz, A =400 118% 118% 125%
175Hz, A= 400 118% 118% 125%
175Hz, A= 600 137% 132% 143%
175Hz, A= 200 109% 110% 111%
175Hz, A=100 105% 104% 105%
(a) (b)
g 3.5 g 3.5F
é 3t g 3l
B2 |oepi= 205 A £2s |yep= 1-82 A
0.5 0.5 |
0 0.005 0.01 0.015 Ti;.gz{g] 0.025 0.03 0.035 0.04 o 0.005 0.01 0.015 Ti;],gz(g) 0.025 0.03 0.035 0.04
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4 41
g 3.5 g 3.5
é 3 | o= 164 A s o
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Figure 5-23 : Comparison of the low frequency rippt at different frequency (a) A= 600, (b) A= 400, (c) A=
200, and (d) A= 100. With fav = 2kHz and fo = 175Hz
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Figure 5-24 shows the variation of the signal ipploes not significantly change with low
frequency value as expected. From Equation 3-58p& changes remains constant over the range
of the low frequency interval. The comparison gfesmental, simulation and theoretical calculation
of the waveform ripple for the different Np valuisshown in Figure 5-25.
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Figure 5-24 : Comparison of the low frequency rippt at different frequencies(a) fo = 125Hz, (b) 6 = 175Hz,
With fay = 2kHz and Ar= 400Q
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Figure 5-25 : Comparison of the low frequency ripp¢ at different frequencies using theory (Line), Simiation

(dash), and Experiment (dots).A= 400

When the value of\; gets too large the battery current peak to pedikegainceases and the
converter starts operating in discontinuous modie Battery current waveform is shown in Figure
5-26 at a frequency of 175Hz wifly = 1500.
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5.4.4 EIS Calculation

In Figure 5-22, the derived value of low frequeheymonic component is very low. This in turn
leads to loss of accuracy. The resultant calculatggbdance plot based on this measured data is

therefore not sufficiently accurate to be usefuhaseans of looking at on-line battery impedance.
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Figure 5-27 : Impedance Nyquist plot of the lithiumion phosphate battery with Experimentally derivedresults

This method suffers from issues of accuracy. Tloeeeft is not recommended as a possible

method of undertaking EIS measurement.
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5.5DC/DC Converter with variable starting point
PWM

This method looks to vary the starting point of PVEMnal within a switching pulse to inject a
low frequency component. The circuit was used fmeeentally measure voltage and current and
to compare these with the base case and with g@rtland simulation from sections 3.4 and 4.4

respectively.

5.5.1 Circuit Operation

The battery current, voltage and circuit outputagé and current waveforms for two frequency
points of 125 Hz and 175Hz were captured and avenishin Figure 5-28 to Figure 5-31. The low
frequency signal was injected into the system hying the starting point with a sinewave with

amplitude of A= 0.00004s and an average start time of 0.0002@sripple values increased when

the low-frequency component was injected.

1 TELEDYNE LEERO\‘

Evenywhersyoulook” |

| | 1
."{r ; |r|‘1

- : |‘ s |
IIl‘lrl1‘lll \\Ilrllllll ‘I.lfl]lllilr ‘. i!]|]'|‘|| |

L AL |'J
l”"H | ||||| l"lll L Jl, V ',“J\ ’”“‘\I ‘l,‘ lklll

TW VTRV W}W T ”lﬂf VR lﬁ"Uh'W VIV UBW AT .

Al i
Measure F1meanict) P2pkpK(C1) P2mean(C2) P4pkpk(C2) PSimean(C3) PEpkpKIC3) FT:meani(C4) PEpIDKCA)
value 321003V 17197 mv 3575V 5114V =4 6595V >00my 11844 A 212204
v u ) I v

Sl poee  LEea M S ~ S
G Timebase 00
500 mividiv| o

-3.170000

Figure 5-28 : Measured Li-ion battery Current (Green) and Voltage (yellow) waveforms. The battery is exed
with PWM (red) with a variable starting point set to a low frequency of 125Hz and A= 0.00004s.
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(red) with a variable starting point set to a lowfrequency of 125Hz and A= 0.00004s.
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Figure 5-30 : Measured Li-ion battery Current (Green) and Voltage (yellow) waveforms. The battery is exed
with PWM (red) with a variable starting point set to a low frequency of 175Hz and A= 0.00004s.
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Figure 5-31 : Load Current (Green) and Voltage (Blug waveforms. The battery is excited with PWM with a
variable starting point set to a low frequency of I5Hz and A = 0.00004s.
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The comparison of results shows that the convesteperatingsimilar to the simulated model in
section 4.4. The simulated results from Table 46 raplicated in Table 5-13 for comparison
purpose. The current ripple is increased as theflequency ripple is added compared to normal
operation as shown in Figure 5-28 and Figure 5F8@. low-frequency ripple clearly shows that the
low frequency harmonic has been induced to theesysThe key parameters of the experimental
results of the variable starting point PWM and ltlase circuit signal for two low-frequency points
of 125Hz and 175Hz are given in Table 5-11 and &bl 2.

Table 5-11: Comparison of PWM with variable startingpoint at 125Hz effects on Current and
Voltage ripple

Experimental

Fixed Duty Cycle Variable starting point
Average Value| Peak-Peak rippl¢  Average Value PemlkFpple
Iygee | 1.18A 1.49 A 1.19 A 2.12 A
Viare | 3.21V 12.45 mV 321V 17.2 mvV
Loaa | 420 MA 10 mA 435 mA 8 mA
Vae 6.89V 67 mV 6.94V 123 mV

Table 5-12: Comparison of PWM with variable startingpoint at 175Hz effects on Current and
Voltage ripple

Experimental

Fixed Duty Cycle Variable starting point
Average Value| Peak-Peak ripplé  Average Vdlue PesikFipple
Ipgre | 1.18 A 1.49 A 1.21 A 2.14 A
Viarr | 3.21V 12.45 mV 321V 16.2 mV
lLoaa | 420 mA 10 mA 434 mA 7 mA
Vae 6.89V 67 mV 6.90V 95 mV

Table 5-13: Comparison of simulated PWM with variabk starting point at 125Hz effects on
Current and Voltage ripple

Simulation
Fixed Duty Cycle Variable starting point
Average Value| Peak-Peak ripple¢  Average Value PemlkFpple
Lyae | 1.55A 2.42 A 1.58 A 3.02A
Vparr | 321V 16.8 mV 321V 21.3 mV
Lipaa | 456 MA 0.7 mA 462 mA 2.2mA
Vae 7.3V 11.1 mV 7.38V 35.7mV
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The average value of the battery, load voltagethadboost ratio of the circuit remain the same as
the base circuit in section 5.2. The ripple vainegseased as the low-frequency component is induced

to the circuit.

5.5.2 Harmonics

Figure 5-32 shows the battery current harmonicyaiait low-frequency of 125Hz by varying
the starting point of the PWM signal with=240.00004. It is clear that both low frequency 12%idd
the switching frequency of 2kHz harmonics can bé&raexed from the experimental current

waveform.
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Figure 5-32 : Experimentally derived harmonics of he Li-ion battery current signal with a variable stating
position at a low frequency of 125Hz with A= 0.00004s.

5.5.3 Inductor ripple

The effect of the Avariation on the added ripple to the current wakmefis shown in Figure 5-33.
As A increased, the ripple of the waveform is increa3de relationship between ripple increase
experimentally, theory, and simulation as per Eguad-64 is shown in Table 5-14.

Table 5-14: Calculated increase in current ripple as % with variable starting position compared to afixed starting
position for a switching frequency of 2kHz and a4, = 0.00026

Frequency/A Experimental Simulation Theoretical
125Hz, A= 0.00004 142% 125% 140%
175Hz, A = 0.00004 143% 129% 140%
175Hz, A = 0.00005 149% 162% 150%
175Hz, A = 0.00008 160% 168% 180%
175Hz, A= 0.00002 121% 116% 120%
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Figure 5-33 : Comparison of the low frequency rippt at different frequency (a)A = 0.00008, (b) A= 0.00005, (c)
At =0.00004, and (d) A= 0.00002. With § = 2kHz and fo = 175Hz

Figure 5-34 shows the current ripple change overt#o low-frequency components. From
Equation 3-64, the ripple variation depends orctienges of the Aralue and therefore the ripple is

expected to remain constant over the low frequeacge.
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Figure 5-34 : Comparison of the low frequency ripple at differentfrequency (a) & = 125Hz, (b) ¢ =

175Hz, With tay = 0.00026s and\: = 0.00004

Figure 5-35 shows the expected variation of theetuiripple value based on Np value variation
over the low-frequency range. The data shows tiettrrent ripple value remains approximately

constant as the Np value changes. However, théengpiation is distorted at the lower frequency
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points and as the frequency approaches switchagyéncy as there is little scope to add variation
to starting position. This is believed to be a fiotof the accuracy with which MATLAB can handle
the variable starting position due to theu&0imitation in accuracy in the controller as désed in
section 3.5.3. This inaccuracy then propagatesfloeince the ripple component.
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Figure 5-35 : Comparison of the low frequency ripp¢ at different frequencies using theory (Line), Simiation
(dash), and Experiment (dots)

As the value of\; increases, the battery current peak to peak vahgeased and converter starts
operating in discontinuous mode. The battery curmaveform is shown in Figure 5-36 at a
frequency of 175Hz with aA; = 0.0002.
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Figure 5-36 : battery current low frequency ripple with At = 0.0002 atfo = 175Hz.

5.5.4 EIS Calculation

Figure 5-37 to Figure 5-39 show the derived compigedance, amplitude and phase plots of the
li-ion battery from off line EIS measurement equ@m(in red), experimentally measured data (in
blue dots), and simulation (in black). Experimelgtablculated impedance is similar in magnitude

to that calculated by offline EIS data. A switchifrgquency of 2kHz was used while the low
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frequency signaf, was varied from 1 to 2kHz. To ensure that theesysis always operating in

continuous mode the duty cycle is 0.6 withandt,, are set to 0.00004s and 0.00026s for the
lithium-ion battery. The impedance of the batteasvealculated for 20 low-frequency points. The
battery current and voltage waveforms were measaneldcaptured by the oscilloscope probes at

each low-frequency points. The impedance of batiery then calculated by Fourier analysis of the
waveforms at each frequency points using the FFTTM®B code.
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Figure 5-37 : Impedance Nyquist plot of the lithiumion phosphate battery with EIS (red), Simulation (lback),
and Experimental data (blue dots)
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Figure 5-38 : Amplitude bode plot of the lithium-ion phosphate battery with EIS (red), Simulation (blzk), and
Experimental data (blue dots)
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Figure 5-39 : Phase bode plot of the lithium-ion pbsphate battery with EIS (red), Simulation (black).and Experimental
data (blue dots)

The EIS plot is not as accurate as that producethdywariable duty cycle method. This is
thought to be due to the inaccuracy in start pmsitbcation and its follow on impact on the calteith

phase angle of the two waveforms. This methodse alore complex to set up with the control

system.
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5.6 DC/DC Converter with an Impulse Function

The method uses a gate drive signal controlled IBBAV signal with an additional impulse
function to induce a low frequency component. Thgeeimentally measured values are compared
to the base circuit and with theory and simulatioom sections 3.5 and 4.5 respectively. As
previously explained, the opal-rt unit runs atxaedi time step of 20us. A pulse with a pulse width
and frequency value that is a multiple integeeftime step as explained in section 3.5.1 was used

to allow comparison with theory and simulation.

5.6.1 Circuit Operation

The battery current, voltage and circuit outputagé and current waveforms for two frequency
points of 125 Hz and 166.7Hz for a PWM with addegulse signal were captured and are shown
in Figure 5-28 to Figure 5-31. A low-frequency &f5Hz with the pulse width of 0.00032s, and
166.7Hz signal with a pulse width of 0.00036s adeeal to the gate drive PWM signal. The
waveform peak to peak value increased with thefleguency ripple excitation. The ripple values
changes at the different frequency because of ¢gleel mo use different pulse widths. The battery
current increased each time an impulse functiois, 8dded to the switching pulse width as described

in section 3.5.4.
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Figure 5-40 : Measured Li-ion battery Current (Green) and Voltage (yellow) waveforms. The battery is eited
with a PWM (red) with an impulse function at a Low frequency of 125Hz, with 4% impulse duty cycle.
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Figure 5-42 : Measured Li-ion battery Current (Green) and Voltage (yellow) waveforms. The battery is eited
with a PWM (red) with an impulse function at a Low frequency of 166.7Hz, with 6% impulse duty cycle.
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Figure 5-43 : Measured Load Current (Green) and Volage (Blue) waveforms. The battery is excited with AWM
(red) with an impulse function at a Low frequency of1l66.7Hz, with 6% impulse duty cycle.
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The converter is operating in a similar mannehwgimulated model. The low-frequency ripple
shows that a low frequency harmonic has been irlanghe system. The experiment was run with
combinations of the PWM signal and an impulse finmctvith a low-frequency as an integer value
of fs. The key parameters of the experimental resultheflow frequencies of 125 Hz with duty
cycle of 0.04 and 166.7Hz with duty cycle of 0.06 shown in Table 5-11 and Table 5-12.

Table 5-15: Comparison of PWM with Impulse (OR-4%) a 125Hz effects on Current and
Voltage ripple

Experimental

Fixed Duty Cycle Using impulse duty Cycle
Average Value| Peak-Peak ripple  Average Vdlue PesikFipple
Lygre | 1.18A 1.49 A 1.18 A 1.72 A
Voate | 3.21V 12.45 mV 321V 13.6 mV
Loaa | 420 MA 10 mA 450 mA 16 mA
Ve |6.89V 67 mV 6.91V 262 mV

Table 5-16: Comparison of PWM with Impulse (OR-6%) & 166.7Hz effects on Current and
Voltage ripple

Experimental

Fixed Duty Cycle Using impulse duty Cycle
Average Value| Peak-Peak rippl¢  Average Value PemlkPpple
Lygre | 1.18A 1.49 A 1.22 A 2.16 A
Vpare | 3.21V 12.45 mV 321V 16.9 mV
Loaa | 420 mA 10 mA 460 mA 10 mA
Ve |6.89V 67 mV 8.86 V 250 mV

The waveform ripple values increase with thevdlue of the pulse function according to the
Equation 3-83. The pulse width at 125Hz increasexhf0.0003 to 0.00032s, while the pulse width
increased to 0.00036s at 166.7Hz. The ripple amdth@atio of the converter on the 166.7Hz pulse
function is therefore higher compared to the 125kmal as described in section 3.5.3. This is
because the circuit is switched on for longer tand therefore the boost ratio of the circuit change
due to the increase in the average duty cycle wmie over the § pulses period according to
Equation 3-82.

5.6.2 Harmonics

Figure 5-32 shows the battery current harmonicysmakt low-frequency of 125Hz by the pulse

function and the PWM signal with duty cycle of 0.04e harmonic spectrum of the current contains
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switching frequency and low frequency componeniruanics similar to Figure 4-31, which is

repeated in Figure 5-44b for comparison purposeit Asiown the low frequency component is

detected in both simulated and experimentally aaptwaveforms.
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Figure 5-44 : a) Experimentally derived harmonics ad b) simulated harmonics of the Li-ion battery current
signal with an impulse function at a low frequencyof 125Hz with d=4%.

5.6.3

Inductor ripple

The effect of the iTvariation on the added ripple to the current wasrefis shown in Figure 5-45.

As T increased, the ripple of the waveform is increa3atble 5-17 shows the relationship between

ripple increases experimentally, simulation, arebtitically as per Equation 3-83.

Table 5-17: Calculated increase in current ripple asa % with pulse function compared to a fixed Pulsdor a

switching frequency of 2kHz

Frequency/@hpuise Experimental Simulation Theoretical
125Hz, Ghpuise = 0.04 115% 116% 107%
166Hz, Ghpuse= 0.06 | 144% 142% 120%
166Hz, @mpuse 0.07 | 194% 200% 140%
166Hz, Ghpuse= 0.08 222% 232% 160%
166Hz, Ghpuse= 0.1 244% 249% 300%
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Figure 5-45 : Comparison of the low frequency rippd at different frequency (a) Ghpuise = 0.06, (b) Ghpuise = 0.07,
(C) dimpuise = 0.08, and (d) @hpuise = 0.1. With fs = 2kHzand fo =166.7Hz

As shown in Figure 5-46, the current ripple changeer the range of the low-frequency
components, because of the different duty cycleeslof the low-frequency pulse function. As
shown in Equation 3-83, the ripple variation depead the changes of the ialue and therefore
when T increases the current ripple value increases.
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Figure 5-46 : Comparison of the low frequency rippt at different frequency(a) fo =125Hz with dimpuise = 0.04

(b) fo =166.7Hz withdimpuse = 0.06and fs = 2kHz
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Figure 5-47 shows the variation of the currentlgggased on the Np value variation over the low-
frequency range. Because the different frequerreigsire a different duty cycle, the graph below
only shows those low-frequencies that allow a pulsith of the 0.00032s. The data shows that the
current ripple value remains constant as the Npevaicreases as expected.
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Figure 5-47 : Comparison of the low frequency rippt at different frequencies using theory (Line), Simiation
(dash), and Experiment (dots)

5.6.4 EIS Calculation

Figure 5-15 to Figure 5-17 show the calculated dempnpedance, amplitude and phase plots of
the li-ion battery from off-line EIS measuremenugemnent (in red), experimentally measured data
(in blue dots), and simulation (in black). Ressl®w that on-line measured data has a reasonable
correlation with the off-line measurement.

A switching frequency of 2kHz was used while the loequency signaf, was varied from 1 to
2kHz. To ensure that the system is always operaticgntinuous mode the duty cycle is 0.6 during
discharge mode. The impedance of the battery wiasilated for 22 low-frequency points. The
battery current and voltage waveforms were measaneldcaptured by the oscilloscope probes at

each low-frequency points. The impedance of batiery then calculated by Fourier analysis of the
waveforms at each frequency points using the FFTTM®B code.
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Figure 5-48 : Impedance Nyquist plot of the lithiumion phosphate battery with EIS (red), Simulation (lback),
and Experimental data (blue dots)
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Figure 5-49 : Impedance amplitude bode plot of théithium-ion phosphate battery with EIS (red), Simulation
(black), and Experimental data (blue dots)
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Figure 5-50 : Impedance phase bode plot of the lithm-ion phosphate battery with EIS (red), Simulation(black),
and Experimental data (blue dots)
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5.7 Battery balancing circuit

In this method, the battery balancing circuit wasdito generate a low frequency excitation signal.
The battery balancing circuit includes a 10mF capaand 4 switch MOSFETs. The Opal-RT was
used to generate the two low-frequency PWM sigwdtsthe duty cycle of with a duty cycle of 0.45
controls switches M1 and M3. The other pulse gedpereontrols switches M2 and M4. As it
mentioned previously in section 4.6, the switchesdnd M4 should be turned off while switches
M1 and M3 are turned on, a logical operator functitock is used to NOT the pulse control signal
with the duty cycle of 0.55. So the output sigisahipulse signal with 0.45 duty cycle. The switches
were connected to the opal-rt through the gateedrivcuits. A 10mF capacitor was used for the
balancing capacitor as previously mentioned in Bt& experimental setup is shown in Figure 5-51
and the block diagram is shown in Figure 3-32. battery balancing circuit was connected to the

battery terminals and to the boost converter.

Balancing circuit

Figure 5-51 : Experimental setup

5.7.1 Circuit Operation

This method is different from those previously dised as it doesn’t use the power electronic
components to generate a low frequency, but inatead the battery balancing circuit. This makes
it harder to directly compare as there are now batieries in the circuit. The combined battery
voltage of the two batteries are set equal to itgles battery to allow comparison against the same
base case. However this results in the battery $@i@g less than the 100% used in other
experiments. The EIS measurements of the batt@réeun at these reduced values of voltage to try

to make the comparison as valid as possible.
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The battery currents, voltages and circuit outmltage and current waveforms for two frequency
points of 125 Hz and 166Hz for a low frequency &@tmn signal from with duty cycle of 45% for
switches M1 and M3 and 45% for switches M2 and Mdexcaptured and are shown in Figure 5-52
to Figure 5-55. As mentioned previously in sectid® the ripple current in battery 1 and 2 is altes
of the superposition of the balancing capacitorging and discharging currents with the converter
sawtooth waveform. The current ripple of both biétefollows an exponential decay related to the

time constant of the capacitor balancing circuit.
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Figure 5-52 : Li-ion batteryl Current (Green), Li-ion battery2 Current (blue), Li-ion batteryl Voltage (yellow),
and Li-ion battery2 Voltage (red) waveforms, at Lowfrequency of 125Hz.
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Figure 5-53 : Load Current (Green) and output Voltag (blue) waveforms, the battery is excited at Low &quency
of 125Hz. (need to do this again).
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Figure 5-54 : Li-ion batteryl Current (Green), Li-ion battery2 Current (blue), Li-ion batteryl Voltage (yellow),
and Li-ion battery2 Voltage (red) waveforms, at Lowfrequency of 125Hz.
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Figure 5-55 : Load Current (Green) and output Voltag (blue) waveforms, the battery is excited at Low &quency
of 166Hz.

The circuit was run with a boost converter switchfrequency of 2kHz, a duty cycle of 0.6 in
continuous mode and the battery balancing ciraiive. Table 5-18 and Table 5-19 represents the
comparison of the key parameters of the experirheesalts at the low frequencies of 125 Hz and
166.7Hz. Table 4-12 is reproduced in Table 5-2@&mparison purpose. The results shows that the
experimental model of the converter and balancirgit are performing in a manner similar to the
simulation in section 4.6. The average value oldhd voltage and current and the boost ratio®f th
circuit remain the same as the base circuit in@e&.2. The measured data shows that the peak to
peak ripple value remained approximately constadifferent low-frequency values according to
Equation 3-95. In this example, the voltage valid6mV for battery 2 is not practical and safe
for the battery and this is only used for prootohcept and requires further consideration.

In order to observe the waveforms, the batteriee wet to have a large difference in voltage. This
is because the resistance in the experimentalitiscgreater than that in simulation which is lwhse
on an ideal case and as such Equation 3-85 indittaé¢ charging current will be reduced.
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Table 5-18: Comparison of the based circuit data wiit battery balancing at 125Hz effects on
Current and Voltage ripple

Experimental

Fixed Duty Cycle Battery with Balancing circuit
Average Value| Peak-Peak ripplé  Average Vdlue PesikFipple
I 1.18 A 149 A 1.18 A 1.59A
Iyaeer | 1.18 A 1.49 A 1.25A 2.44 A
Ipattz 0.99 A 2.35A
Viarer | 321V 12.45 mV 3.18V 17.7 mV
Vyatez 43.6 mV 26.7 mV
lLoaa | 420 mA 10 mA 397 mA 7 mA
Ve |6.89V 67 mV 6.8V 86 mV

Table 5-19: Comparison of the based circuit data wiit battery balancing at 166Hz effects on
Current and Voltage ripple

Experimental

Fixed Duty Cycle Battery with Balancing circuit
Average Value| Peak-Peak ripplé  Average Vdlue PesikFipple
I 1.18 A 149 A 1.18A 1.60 A
Lyarer | 1.18 A 1.49 A 1.31A 2.56 A
Ipattz 0.88 A 2.30A
Viater | 321V 12.45 mV 3.18V 18.24 mV
Voate2 33mv 25 mV
Loaa | 420 mA 10 mA 398 mA 7 mA
Ve |6.89V 67 mV 6.9V 78 mV

Table 5-20: Comparison of simulated battery balancig excited signal at 125Hz effects on
Current and Voltage ripple

Simulation
Fixed Duty Cycle Battery with Balancing circuit
Average Value| Peak-Peak ripple¢  Average Value PemlkFpple
I 1.55A 242 A 156 A 2.73 A
Iyarer | 1.55 A 2.42 A 1.8A 351A
Lyatts 1.4 A 3.88A
Viater | 321V 16.8 mV 1.7V 25 mV
Viatta 151V 26.7 mV
lipaa | 456 MA 0.7 mA 455 mA 0.8 mA
Vie |73V 11.1 mV 73V 12.5 mV
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The sum of the two battery voltages has been 2t/ to allow comparison with the base case.
The boost ratio, load current and voltage remaérstime. The waveforms show that the added ripple
to the battery waveforms, using the battery batamniethod as explained in section 3.6.2, are isibl
in the experiment. However, the battery voltagéhefsecond battery is set much lower than that in

simulation in order to observe the ripple.

5.7.2 Harmonics

Figure 5-56 shows the battery current harmonicyaigmkhowing the boost converter switching
frequency of 2kHz and battery balancing circuit{mequency of 125Hz. Both low frequency 125Hz
and the switching frequency of 2kHz harmonics ateaeted from the experimentally measured

current waveform.
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Figure 5-56 : Experimentally derived harmonics of he Li-ion battery current signal with battery balancing at a
low frequency of 125Hz (a) batteryl (b) battery2.

5.7.3 Inductor ripple

The effect of the balancing circuit low-frequenariation on the added ripple to the inductor
current waveform is shown in Figure 5-57. Accordim@quation 3-95, the inductor current variation
remain constant over the frequency range. As tdedior current ripple is independent of the
balancing circuit and the low-frequency compong&able 5-21 gives an estimate of inductor ripple
increase above the base case. As it is difficulihtdch the total voltage the base case current is

adjusted in proportion to the total voltage measagainst base voltage.
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Table 5-21: Calculated increase in current ripple ag % with battery balancing method compared to thebase case
for a switching frequency of 2kHz

Frequency g;ff Experimental Simulation Theoretical
125Hz,VrgraL =
104% 100% 100%
3.3V, Vdiff =3.15V
166Hz, VroraL =
104% 100% 100%
3.3V, Vdiff =3.15V
166HZ’VTOTAL =
104% 117% 100%
36V, Vdiff =2.74 VL
166HZ’VTOTAL =
102% 116% 100%
37V, Vdiff = 267\)’
166Hz,VroraL =
106% 119% 100%
4.0V, Vdiff =227\t
5 5
45 @) o (b)
4 4
T 1194 %,
2 2 o= 1.76 A
(= E 25
= =
LS) 15+ § 15
0 0.005 Lo 0.01 0.015 0 0.005 T 0.01 0.015
5 5
4.5 (C) 4.5 (d)
z 35+t % 35
g 3 I, =174 A E
£2s plevk fos | o= 1.5856 A
0 0.005 i om 0.015 0 0.005 e 0.01 0.015

Figure 5-57 : Comparison of the low frequency rippt at different voltage difference (a) Vi = 2.27V, (b) \4ifr =
2.67V, (C)Wirr = 2.74V, and (d) i = 3.15V. With fs = 2kHz and fo = 166.7Hz

! Battery 1 was kept at constant voltage but baergltage was increased to reduce the voltagerdifte. The increase in ripple has
been estimated with reference to the increaseémtioy multiplying the base case current by thie @&tV+ora /3.21 and then calculating
measured current as a function of adjusted baserdur
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Figure 5-58 shows the inductor current ripple appeanstant over two different low-frequency

values.
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Figure 5-58 : Comparison of the low frequency rippt at different frequency (a) fo = 125Hz (b) fo = 166.7Hz
With fs= 2kHz at Vit = 3.15V

Figure 5-59 shows the variation of the currentledgased on the Np value variation over the low-
frequency range. The data shows that the curngplervalue remains approximately constant as the
Np value increases as expected.
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Figure 5-59 : Comparison of the low frequency ripp¢ at different frequencies using theory (Line), Simiation
(dash), and Experiment (dots)

5.7.4 EIS Calculation

Figure 5-60 to Figure 5-62 shows the calculatedpermimpedance, amplitude and phase plots
of the li-ion battery from off-line EIS measuremeatuipment (in red), experimentally measured
data (in blue dots), and simulation (in black). ®&bm experimental tests show similar values
compared to the EIS data.

A switching frequency of 2kHz was used while the foequency signaf, was varied from 1 to

2kHz. To ensure that the system is always operatimpntinuous mode the duty cycle was set to
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0.6 during discharge mode. The impedance of thedyavas calculated for 21 low-frequency points.
The battery current and voltage waveforms were aredsand captured by the oscilloscope probes

at each low-frequency points. The impedance okbatvas then calculated by Fourier analysis of
the waveforms at each frequency points using tiieMATLAB code.
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Figure 5-60 : Impedance Nyquist plot of the lithiumion phosphate batteryl with EIS (red), Simulation black),
and Experimental data (blue dots)
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Figure 5-61 : Impedance amplitude bode plot of théthium-ion phosphate batteryl with EIS (red), Simulation
(black), and Experimental data (blue dots)
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Figure 5-62 : Impedance phase bode plot of the lithm-ion phosphate batteryl with EIS (red), Simulatio (black),
and Experimental data (blue dots)

220



As battery 2 was run at a low SOC it was not pdssdgenerate an EIS figure. More works needs

to be done on this method to properly appreciatenwthe balancing circuit is appropriate.

5.8 Earth Leakage monitoring circuit

In this method, the ELM circuit was used to gereeealow frequency excitation signal. The ELM
circuit includes two ELM loads and a function gexter to generate two low-frequency sinewave
signals with the same amplitude of 12V but a 4&sghdifference with respect to each other. The
AC signals were generated by using the signalraryitfunction generator (arbstudio 1104). The
voltage sources are then connected to the battenyirtals through the ID resistors and two
capacitors. ELM circuit and the boost convertecuwirwere connected to the battery terminals. The
experimental set-up is shown in Figure 5-63 andtbek diagram is shown Figure 3-38.

Arbstudio 1104 ‘

Converter circuit

Figure 5-63 : Experimental setup of ELM method

5.8.1 Circuit Operation

The measured battery current, voltage and ciraupuwd voltage and current waveforms for two
frequency points of 125 Hz and 175Hz are shownignilé 5-64 to Figure 5-67. The injected low-
frequency using the ELM added a ripple to the batend circuit waveforms. The resulting
waveform is the results of the superposition oftihest converter and the ELM current signals as

described in section 3.7.3.
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Figure 5-64 : Li-ion battery Current (Green) and Voltage (yellow) waveforms. The battery is excited whit fixed
duty cycle PWM (red) and a low ELM signal at 125Hz.
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Figure 5-65 : Load Current (Green) and Voltage (blug waveforms. The battery is excited with fixed dutycycle
PWM and a low ELM signal at 125Hz.
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Figure 5-66 : Li-ion battery Current (Green) and Voltage (yellow) waveforms. The battery is excited whit fixed
duty cycle PWM (red) and a low ELM signal at 175Hz.
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Figure 5-67 : Load Current (Green) and Voltage (blugwaveforms. The battery is excited with fixed dutycycle
PWM and a low ELM signal at 175Hz.

The circuit was run with the boost converter switghfrequency of 2kHz, a duty cycle of 0.6 in
continuous mode and the ELM circuit active. TablElSand Table 5-12 show the comparison of the
key parameters of the experimental results atdweflequencies of 125 Hz and 175Hz. The average
value of the load voltage and current and the b@igd of the circuit remain the same as the base
circuit in section 5.2. The peak to peak rippleueatemained approximately constant at different

low-frequency values as per Equation 3-124.

Table 5-22: Comparison of the based circuit data wiit the ELM circuit at 125Hz effects on
Current and Voltage ripple

Experimental

Fixed Duty Cycle Earth Leakage connected to the
converter
Average Value| Peak-Peak ripple¢  Average Value PemlkFpple
Lygre | 1.18A 1.49 A 1.25 A 1.77 A
Vpare | 3.21V 12.45 mV 321V 23.9mV
Loaa | 420 MA 10 mA 420 mA 6 MA
Ve |6.89V 67 mV 6.88 V 81 mV
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Table 5-23: Comparison of the based circuit data wit the ELM 175Hz effects on Current and
Voltage ripple

Experimental
Fixed Duty Cycle Earth Leakage connected to the
converter
Average Value| Peak-Peak rippl¢  Average Vdlue PesikFipple

Lygre | 1.18A 1.49 A 1.24 A 1.78 A

Voate | 3.21V 12.45 mV 321V 24.0 mvV

Loga | 420 mA 10 mA 420 mA 6 mA

Ve |6.89V 67 mV 6.88 V 83 mv

5.8.2 Harmonics

Figure 5-68 shows the battery current harmonicyasht the boost converter switching frequency
of 2kHz and ELM low-frequency of 125Hz using theNElcircuit method. Both the low frequency
125Hz and the switching frequency of 2kHz harmorios extracted from the experimental and

simulated current waveform. Figure 4-45 is repeatdelgure 5-68b for comparison purpose
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Figure 5-68 :a) Experimentally derived harmonics byimulated harmonics of the Li-ion battery current sgnal
with an ELM signal at a low frequency of 125Hz

5.8.3 Inductor ripple

The impedance of the power electronics to the Eigld is such that the inductor ripple current
increase is negligible. The results presented bslwmw the increase on ripple current for the batter
as opposed to the ripple on the inductor as thisdee useful in this case. The effect of thew
amplitude variation on the added ripple to the entrwvaveform is shown in Figure 5-69. As
decreases, the ripple of the waveform is decreashd. relationship between ripple increase

experimentally, theory, and simulation as per Equad-64 is shown in Table 5-24.
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Table 5-24: Calculated increase in current ripple as % with ELM circuit compared to the base case foa switching
frequency of 2kHz

Frequency/ ¥im Experimental Simulation Theoretical
125Hz, v = 12V 103% 117% 118%
175Hz, \Ev = 12V 104% 117% 118%
175Hz, \Ev = 8V 100% 103% 118%
175Hz, Ev = 5V 98% 102% 118%
175Hz, v = 3.5V 96% 101% 118%
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Figure 5-69 : Comparison of the low frequency rippt at different frequency (a)\elm = 3.5V, (b)\Vewm = 5V, (¢)
Vewv = 8V, and (d) Veuv = 12V. With fs = 2kHz and h = 175Hz

Figure 5-70 shows the current ripple for two lowefuency components. As determined in
Equation 3-124, the ripple variation depends onyrfactors ofzg;y, Zpe, Voars Zbar, L, @anddTy

values and therefore is less easy to predict thererental outcome.

225



5
45| (a) a5l (b)
4f al
T35 <35t
e 5
E o= 177 A 3 |epc= 178 A
s pk-p =
£ 25} o5
= <
¥ 2 E 2l
3 £
O 15 y O 1s
1 ‘ ! 1 |’ ~
0.5 05 |
0 0
0 0005 001 0015 002 0025 003 0035 004 0 0006 001 0015 002 00265 003 0035 004
Time (s) Time (s)

Figure 5-70 : Comparison of the low frequency ripple at differentfrequency (a) & = 125Hz, (b) 6 =
175Hz

Figure 5-71 shows the variation of the currentlepgmlue based on Np value variation over the
low-frequency range experimentally, theory usingd&en 3-124, and simulation. The valuezpf;
and z,,; changes depending on the variation of the frequeRige impedance of the battery and
power electronics is calculated for different loweeguency points to calculate the battery current

ripple theoretically. The data shows that the epplostly remains constant and the effect of the low
frequency value on ripple variation is small.
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Figure 5-71 : Comparison of the low frequency ripp¢ at different frequencies using theory (Line), Simiation
(dash), and Experiment (dots)

5.8.4 EIS Calculation

Figure 5-72 to Figure 5-74 show the calculated dermpnpedance, amplitude and phase plots of
the li-ion battery from off-line EIS measurementgumnent (in red), experimentally measured data

(in blue dots), and simulation (in black). Datanfrexperimental tests show similar values compared
to the EIS data.
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A switching frequency of 2kHz was used while the foequency signaf, was varied from 1 to
2kHz. To ensure that the system is always operatimgpntinuous mode the duty cycle was set to
0.6 andVy;,, was set to 12V. The method could be suitablerfgpiémentation. The impedance of
the battery was calculated for 23 low-frequencyni®iThe battery current and voltage waveforms
were measured and captured by the oscilloscopeguatieach low-frequency points. The impedance

of battery was then calculated by Fourier analggitie waveforms at each frequency points using
the FFT MATLAB code.
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Figure 5-72 : Impedance Nyquist plot of the lithiumion phosphate battery with EIS (red), Simulation (ltack),
and Experimental data (blue dots)
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Figure 5-73 : Impedance amplitude bode plot of th&thium-ion phosphate battery with EIS (red), Simulation
(black), and Experimental data (blue dots)
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Figure 5-74 : Impedance phase bode plot of the lithm-ion phosphate battery with EIS (red), Simulation(black),
and Experimental data (blue dots)

228



5.9 Summary

This chapter looked at implementing the methodadiicing a low frequency excitation signal in
hardware. The measurements were used to look diffeeent circuit operations, the ripple current
increase and its dependency on other variableallfFthe circuits were used to generate an EIS plot
by sweeping the frequency across a range from @2xkitz to try and understand the suitability of

each method to be further investigated as an @rieasurement technique.

These methods of using the existing hardware irptwveer electronics to produce an on-line EIS
measurement have not previously been reportedravadnsat this level of detail and is a contribution
of this thesis to knowledge in the area. Key rasoithe experimental data are shown in Table 5-25.
Comparison with Table 4-16 show that the simulaad experimental results follow the same
trends. The simulation has been carried out wigalidomponents and therefore the battery current

is lower in the experimental setup than that inuation.

Table 5-25: key results from experimentally derivediata

Method Boost ratio| Inductor current| Inductor  current| Fourier co-efficient| Ripple Suitability for
compared | ripple increase| ripple increasel amplitude @125Hz | dependency | On-line EIS
to base case @125Hz @125Hz on frequency

3- Variable Same A=0.01inD=| 17.7% 0.09 Yes yes

duty cycle 0.6

4-  Variable Same A=400Hz inf= | 19.7% 0.013 Not visible i no

frequency 2kHz experiment

3 — \Variable| Same A =4Qsin 26Qus | 41.8% 0.2 Yes yes

starting point

4 — Impulse| Higher T, = 0.00002s in g 15.1% 0.45 Yes - but yes

function pulse width of hardware

0.0003s dependent

5 - Battery| Same voltage difference 0% 0.16 Not visible in| maybe

Balancing 0.19Vin 3.21V experiment

6 - ELM Same Fixed voltage 0% 0.081 Not visible in| yes

difference of 9.2V experiment

The work contained with Chapters 3-4 looks at thethmds of introducing a low frequency
component into the battery circuit and deriving aatidating the impact that this has on the circuit
behaviour. This chapter has gone beyond thatlimtiek and has looked at using the low frequency
signals to generate an EIS type plot. However, lhis been done under ideal conditions (fixed

battery voltage and oscilloscope data capture wmingpen-loop control system and a fixed load).

Chapter 5 looks at expanding on this work to firstlestigate if this work can be used for diffdren
battery chemistries and also if it has a use wittier fields such as solar power generation. Gnapt

5 then goes on to explore the practical limitatiohan on-line system based on these methods.
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6 Practical implementation issues

6.1 Introduction

The work in chapters 2-4 has concentrated on pgothie feasibility of different methods of EIS
measurement for consideration towards on-line tigcies. These were undertaken with a single
battery chemistry under controlled conditions &iked SOC using a high speed oscilloscope. This
chapter builds on the feasibility studies to lobkther issues including:

* Applicability to different battery chemistries
* Applicability to different devices characterised B\5
* Working towards a practical on-line scheme inclgdssues with
0 Instrumentation
o Variable SOC
o Data processing
o Multiple cells

6.2 Applicability to other battery types

The variable duty cycle method was applied to measghe impedance of a 1.5V Ansmann
rechargeable AA NiMH (nickel-metal hybrid) battevith 2.86Ah capacity. The same circuit design
as presented in chapter 4, was used for the impedzaiculation of the NiMH battery.
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Figure 6-1 : NiMH battery EIS impedance plot and eqivalent circuit model
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The equivalent circuit used is shown in Figure 6xhich is the closest and most common
representation for the Nickel Metal Hybrid (NiMH)ZJ7] Table 6-1 represents the estimated values
of these components for use in simulation.

Table 6-1: Battery Model component specifications

Components Ni-MH Battery
R1(Q) 0.052
R,(Q) 0.0041
R3(Q) 0.0051
CPE,(S) 6.43
CPE,(S) 11.28

Using the variable duty cycle method, Figure 6-Ztgure 6-4 show the calculated complex
impedance, amplitude and phase plots of the NiMitebafrom offline EIS measured data (in red),
experimental test data (in blue dots), and simutatfin black). Results from simulation and
experimentally measured data give values similénabproduced using the off-line EIS equipment.

A switching frequency of 2kHz was used while the foequency signaf, was varied from 1 to
2kHz. To ensure that the system is always operaticgntinuous mode the duty cycle is increased
to 0.7 (as the voltage of the NiMH battery is loyyevith an4,; of 0.01.
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Figure 6-2 : Impedance Nyquist plot of the NiMH batery with EIS (red), Simulation (black), and Experimental
Validation (blue dots)
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Figure 6-3 : Impedance Bode plot of the NiMH battey with EIS (red), Simulation (black), and Experimentd
Validation (blue dots)
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Figure 6-4 : Impedance Bode plot of the NiIMH battey with EIS (red), Simulation (black), and Experimentd

Validation (blue dots)

The results indicate that this method is approgfiat consideration with other battery chemistries.
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6.3 Applicability to PV panels

To undertake analysis of a solar panel, two opmmaticonditions were chosen as shown in Figure
6-5 the maximum power point (MPP) and Point A wiagsen as alternative operating points by way
of comparison. Point A also lies on a more lineat pf the I-V curve, such that a small perturbatio

of current will result in a linear perturbationwafltage about this operating point [330].

An off-the shelf multicomp polycrystalline 800mW I8oPanel was used in these experiments.
The solar equivalent circuit parameters were obthmsing the EIS impedance analyser (solatron
1260 and 1287) as shown in Figure 6-6. The impezlahthe solar cell was excited by 73mA Ac
current and a dc discharge current of 140mA inftbguency interval of (500Hz to 100 kHz). The
dc discharge current value was chosen to matclnthector current of the converter under later
experimental conditions. The useful EIS data ig&@ioed over a much higher frequency range than

for a battery so an increased switching range nteelle considered.

0.3
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0.25
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0.2 1
< MPP s 2
p
5 0.15 T3
= 3
O A 06 =
0.1
0.4
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0.2
0 0
0 0.5 1 15 2 25 3 35 4
Voltage (V)

Figure 6-5: Solar Panel current (blue) and power réing (red) characteristic

The Nyquist diagram of the solar panel comprisesraicircle (represented as a parallel resistor
and constant phase element, CPE, due to impurigpacitor behaviour [143]) and a series resistor
[243][331]. Table 6-2 shows the EIS derived valoéshese components under the two operating

points.

233



-1.0
-0.9
-0.8
-0.7
-0.6
-0.5
-0.4

Reactance (£2)

-0.3
-0.2
-0.1

0.0
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0

Resistance (Q)

Figure 6-6 : Photovoltaic solar panel EIS impedancplot and equivalent circuit model

Table 6-2: Solar panel Equivalent Circuit Model compament specifications

Components \ Photovoltaic solar panel

MPP operation

R_1Q) 1.372

R_2@Q) 2.26

CPE,(F) 8.67e-5
Point A operation

R_1Q) 1.163

R_2@Q) 1.077

CPE,(F) 6.404E-5

In order to generate a set of comparable simulagsuolts the PV panel and boost converter are
modelled using Matlab Simulink software. The comgrarvalues in the simulation model are based
on the experimental hardware components. The coemamlues of the converter were selected to
ensure that for the purposes of the continuous ropdeation of the converter at a duty cycle of 0.5

at 100 kHz frequency.

The 0.8W polycrystalline solar panel was operatéth an output voltage of 3.4V. The dc-dc
converter was used to boost this to 7.19V withrmesponding load output current 68 mA. The
hardware setup was set to always operate the denwercontinuous mode with a boost ratio of 2.
Converter components were calculated accordingiscassumption. An HER204G Rectifier Diode
with maximum 2A forward current was used. The dpeations of the components are summarised
in Table 6-3.
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Table 6-3: Boost converter component specifications

Components Specifications

Inductance 360H, 20 A, Toroidal

Capacitance 470, 16V Electrolytic

Load 12 Resistor

Switch MOSFET FDPFO45N10A, 100 V, 67 A, 4.%dm

The experimental setup is shown in Figure 6-7 paokhge and current are measured every time
that the low frequency is changed for impedancesoreaent in the low frequency range. The
voltage and current were measured using a LecrOWIH2 current probe and a Tektronix P2220
200MHz voltage probe The gate drive signals werievelé from a signal generator because of high

frequency switching.

Light source

*\vﬂﬁ
ol

ﬂ —
'] _"3-'4

Solar panel

Boost converte

Figure 6-7 : Solar panel Experimental Set Up

The methodology was applied to a photovoltaic pem@ivestigate the impedance across a range
of low frequencies. The low frequencies were chasdhe frequency range of 500Hz to 90 kHz to
tie up with the EIS results. The tests were coretlicinder constant luminance with a fixed light
source in a dark room. The solar cell was operatt@dint A and MPP on its operational voltage and
current curve. The maximum measured power of tlee panel occurs at point MPP on the operating
chart. This occurs with a load resistance &2 Hnd an equivalent power of 0.798W under the same
illumination as the experiments above. This iselwsthe published manufacturers data. The short

circuit current was measured at 0.270 mA and tlem @ircuit voltage was 3.6V.
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Issues with the solar panel are that the relevaquincy range containing useful information is
much higher and therefore to cover this range ahnfiaster switching frequency is required for the
dc/dc converter. The switching frequency is therefthosen to be 100 kHz while the low frequency
signal f, was varied from 500Hz to 90kHz. To ensure that sistem is always operating in
continuous mode the duty cycle is set to 0.5 witillg= 0.012 for the solar panel. This increase in
switching frequency makes it difficult for other theds such as varying the start position to be used

as the control equipment generating the pulsesswilggle with the high level of fidelity needed.

Figure 6-8 and Figure 6-9 show the experimentadytared | and V waveform with a variable

duty cycle including a low-frequency ripple of 18Xkand a fixed duty cycle.
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Figure 6-8 : Solar Current (Green) and Voltage (ydbw) waveforms, the panel is excited with variableluty cycle

with a low frequency component of 10 kHz, A= 0.012.
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Figure 6-9 : Solar Current (Green) and Voltage (y¢bw) waveforms, the panel is excited with constartuty cycle

(no low frequency ripple is included)
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The experimental results show a component of l@guency ripple has been added to the solar
panel increasing the peak to peak ripple. A futhparison of the key parameters using a fixed duty
cycle and variable duty cycle under experimentdl simulated conditions at 10kHz low frequency

ripple are shown in Table 6-4.

Table 6-4: Comparison of fixed duty cycle with varidle duty cycle at 10 kHz effects on Current and Vaage ripple

Experimental
Fixed Duty Cycle Variable Duty Cycle
Average Value Peak —Peak| Average Value Peak —Peak value
value

P 486 mW 490 mW
Lsotar 135 mA 61 mA 140 mA 74 mA
Vsolar 3.6V 35V

Lioad 6.7 mMA 6.9 mA

Vie 719V 7V

Pt 48.17 mW 48.3 mW

Simulation
Fixed Duty Cycle Variable Duty Cycle
Average Value Peak —Peak| Average Value Peak —Peak value
value

P 459 mwW 476 mW
Lsotar 135.2 mA 57.1 mA 140.2 mA 68.4 mA
Vsotar 3.4V 3.4V

Livad 6.8 mA 6.75 mA

Vae 6.8V 6.75V

Pyt 46.24 mW 45.88 mW

Table 6-4 shows the values of the input and outputent, voltage and power of the boost
converter measured from simulation model and erprts. Comparison of the data shows that the
simulation model of the converter is performinganmanner similar to the experimental data
indicating a good understanding of circuit behaviand the validity of the EIS impedance in the

simulation.

The peak to peak current is increased due to thdrieguency ripple. The pu increase in ripple
between variable and fixed duty cycle is 1.2 whilslightly higher than the calculated increase
from Equation 3-40 of 1.15. To verify the proposeethod the calculated solar impedance data from
experimental and simulation was compared with teasured EIS data. Impedance data is presented
in three typical impedance formats; amplitude, phasd complex plots in Figure 6-10 to Figure
6-13 EIS measurement equipment (in blue), experiahést (in red dots), and simulation (in black).
These show the measured complex impedance of theaR¥l from EIS measurement equipment

(in blue), experimental test (in red dots), andudation (in black).
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Figure 6-10 : Impedance Nyquist plot of solar panelvith EIS (blue), Simulation (black), and Experimengl
Validation (red dots) operation at A
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Figure 6-11 : Impedance Nyquist plot of solar panelvith EIS (blue), Simulation (black), and Experimengl
Validation (red dots). operation at MPP
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Figure 6-12 : Impedance phase Bode plots of solaapel with EIS (blue), Simulation (black), and Expermental
Validation (red dots) operation at A
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Figure 6-13 : Impedance Amplitude Bode plots of saf panel with EIS (blue), Simulation (black), and

Experimental Validation (red dots) operation at MPP
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Figure 6-14: Impedance phase Bode plots of solar pal with EIS (blue), Simulation (black), and Experimental
Validation (red dots) operation at A
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Figure 6-15 : Impedance phase Bode plots of solaapel with EIS (blue), Simulation (black), and Experiental
Validation (red dots) operation at MPP

The key result is that the on-line method of pradgdmpedance spectroscopy through the power
electronics switching can give comparable resoltsffline measurements under similar conditions
and that circuit simulations using an equivalerduit derived from these values performs in a gimil
manner. This means there is scope to use this a@thgy in conjunction with other devices which
may benefit from EIS analysis and it allows the atipof degradation to be observed in real time in

a visual manner.
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6.4 Measurements over variable SOC

A practical on-line EIS technique needs to takexdiadm the battery under any condition using
low cost instrumentation and then turn this intefukdata which can be used by the controller, BMS
or battery system operator. The EIS techniquesitbestin this thesis produces measured data which
needs to be analysed and turned into useful infiomalt is suggested that a process similar to tha
shown below is employed to do this. Due to the derity of such a system it is beyond the scope
of this thesis to implement the full system in lveade. This chapter provides pointers as to the key
considerations that would be needed to be undertakgroduce a realisable and commercial system.
A full second life battery system, for example ¢anto that described in ref [332] uses batterfes o
different capacities, SOC and SOH in a cascadeattdg/stem. The system controls the import and
export of power to and from the batteries basetherrelative estimated states of the batteries. The
data from a real time EIS measurement could patinprovide an indication as to which batteries

should be charged/discharged and to what level.

Battery and power
electronic hardware

Y Use the EIS
data to predict
Gate drive Measured values such as the SOC
signals voltages and current
?
Use another
\ 4 v method to predict
Power electronic EIS data fo?dceg?:d;tsignas
controller/BMS < processing  ang
system Battery status | curve fitting 7

indication

Figure 6-16 :Path of measured values to information

Although it is possible to take an EIS measurena¢ftill SOC only, it is more desirable to have
a continuous real time indication of the battergemany SOC and, if possible to use the EIS data to
predict the SOC. Providing a real time indicatidrin@ battery condition using EIS is complicated
as the EIS impedance curves change with both temmyperand SOC [161], [163]. The EIS method
could therefore be used to predict the SOC or tenrgitive method of predicting SOC could be used
to allow the EIS to predict the degradation at avim SOC. Various methods of predicting SOC of

batteries have been presented in Chapter 1. EISuresmimpedance data of the battery over a
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frequency range using different charge/dischargeentirate. The measured impedance values of an
equivalent circuit model are correlated to the kndmpedance at different SOC levels [161], [168].
However, the accuracy of this method is affecteddmgperature variation and its not clear what
impact capacity changes have. In this thesis, & fedt that it was better to estimate SOC by
alternative means and then continuously sweepotidrequency EIS excitation to generate a set
of curves which go from fully charged to fully dierged. A simplification of this can be seen in
Figure 6-17which shows each low frequency exciation sweem adifferent colour, but the

impedance curves are changing dynamically as th@ &@tinuously changes.
— > —»  time

Im Z (ohms

»

W Re Z (ohms)r
SOC \

v

Time

Figure 6-17 :Real time EIS data continuously changes over a lofkequency excitation sweep

In this experiment the 100% SOC was set to 3.2\hiitagimum possible charging value to start.
The battery was discharged continuously with a w@onsdischarge current of 1.18A using the
variable duty cycle method till it reached 2.7V SO®e current and voltage of the battery were
measured over the frequency range at a sweep tit@eval of 3min. The impedance of the battery

over the range of the frequencies were calculagetyuhe measured voltage and current data. Figure
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6-18 to Figure 6-20 show the calculated impedaftieeobattery from the experimentally measured
data at the different frequency sweep conditiorse Turves show that battery EIS impedance
changes as the battery SOC changes, so as the SO€ lmattery reduced the impedance of the
battery increased. The process is continuous Idifeand therefore the next section discusses how

best to understand this changing data.
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Figure 6-18 : Battery Impedance Nyquist plot for diferent state of charge
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Figure 6-19 : Battery Impedance Amplitude bode plofor different state of charge
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Figure 6-20 : Battery Impedance Phase bode plot fatifferent state of charge

6.5 Integrating into a battery management strategy

Calculation of equivalent circuit parameters ustagve fitting gives useful values which can be
used by the BMS/power electronic controller. Th@aaance data of the battery can be used as a
basis to curve fitting battery model parameterseduivalent circuit of the battery impedance curve
is used to fit the impedance data over the freguéoenain. In this work, an equivalent circuit the
same as shown in Figure 4-1 in section 4.1 is u3ée. circuit includes two parallel RCPE
components (FCPE, RsCPE) in series with R To simplifying the model, capacitor components
are used instead of CPE components. The transfetidn from the presented equivalent circuit can

be written as:

Simplifying the Z(s) we have:
y(s) — R1+Ry+R3+S(R{R;C1+R1R3C2+R2R3C2+R2R3C1)+5*R1RyC1R3C; Equation 6-2
1+5(R3C2+R5C1)+52R;C1R3C;
Substituting s=p in Equation 6-2:
Ry+Ry+R3+jw(RyRyC1+R1R3Co+R3R3Co+R3R3C1)+jw?R R, C1R3C; Equation 6-3

‘W) =
y(] ) 1+jw(R3C2+R,C1)+jw2R,C1R3C,

A complex nonlinear least square method was urkiartéo predict the parameter values of the
battery equivalent circuit to match the measuregheidance data [141]-[145]. This method

244



minimizes the error between the measured datatenddtimated data using a set of battery model
parameters. The impedance of the battery moddbur& 4-1 can be written as:
Z(jw) = f(jw, 6;) Equation 6-4
Where 6; = Ry, R,, C4, R3,C, are the equivalent circuit parameter of the lithiiom
battery, and can be calculated from:
& = ¥ o[Re(y; — Z)? + Im(y; — Z))?] Equation 6-5
Wherey; is the measured impedance from the experiment dathZ;is the calculated
impedance data. In this method a Taylor series odetvas used to predict the parameters.
In the Taylor series, the impedance value can lmelleded from its previous value and the
variation of its approximation parameters. By defgnthe approximation values of the
parameters withh and using Taylor series the below expression earepresented as:

2(jw)j11 = 2(j); + 52 00, Faaton 6.
Where the value ofAf; can be calculated from the following expression:

AG; = a™1G Equation 6-7
Wherea and G can be calculated as:

@ = [(Zre) Zre + Zim)" Zim) Equation 6-8

G = [(Zre)"Dyre + Zim)" Ay 1] Equation 6-9

[Zrelij = Re (Z—Zf); [Z,];; = Im (Z—Zi) Equation 6-10

8], =Re i = Z)) ; [8y,,,], = Im (i = Z2)
The above process was performed using Excel ogetherated data from the measured experiments
impedance data. The first value of tflewas generated using the initial value of the
approximated equivalent circuits components ancatgsdof the value of the components
for the next repetition. The different estimatioatal of the battery model parameters is
shown inFigure 6-21andTable 6-5
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Figure 6-21 : comparison of different fitting curves

Table 6-5: Equivalent circuit components variation

Components Values from To
R, 1.18Q 0.0081Q
R;3 0.00000282 0.00095Q
Cy 0.02F 38F
C, 6.65F 457 F

Converting the measured data into useful infornmateo computationally complex and
requires data to go through an FFT process followyea curve fitting process. Before these
methods can be adapted large scale low cost méamslertaking these calculation online

must be realised.
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6.6 Investigating a degraded battery in a series
battery connection

In most practical systems there is more than ofteryecell depending on the type of application
many battery cells may be connected in series argHoallel. This leads to the possibility of
mismatch between different battery cells in a bpt@nk based on different temperature conditions
and variation on the batteries impedance, capanityetc. Battery charge and/or discharge imbalance
may result in over charging or over discharginghef cells with lower capacity. This research uses
the on-line EIS method to generate impedance tmafceach of the two cells one with low capacity
and the other with high capacity to consider if viagiation of cell impedance allows the detection
of the battery cell with the higher capacity frdme impedance data of the battery cells. The bagteri
were connected in series and connected to the DCdd@erter from section 5. The joint measured
impedance data of these two battery cells was toempared with the measured data using the
laboratory EIS equipment. The calculated complepedance, amplitude and phase plots of the Ii-
ion battery cells from offline EIS measured dataréd battery with higher capacity, black battery
with lower capacity, and yellow two battery celisseries) and experimental test data (in blue dots)
is shown in Figure 6-22 to Figure 6-24. Resultsrfrexperimentally measured data gives values
similar to that produced using off-line EIS equipmeHowever, it is unlikely there is sufficient
information to detect the battery with smaller aafma and requires further work considered outside

the scope of this thesis.
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Figure 6-22 : Battery Impedance Nyquist plot, impednce of two batteries in series connection experime(blue
dots), EIS of two batteries in series (red line), EI®f degraded battery (black dash), EIS of new battsr (yellow
dash)
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Figure 6-23 : Battery Impedance Amplitude bode plobf two batteries in series connection experimenblue dots),
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Figure 6-24 : Battery Impedance Phase bode plot ¢fvo batteries in series connection experiment (bludots),
EIS of two batteries in series (yellow line), EIS oflegraded battery (black line), EIS of new battery (gllow line)

6.7 Closed loop control model

It is typical to control the output voltage acrakss capacitor to a fixed value and to control the
inductor current with a faster inner control lo&y. adjusting the duty cycle to give a variable tgp
on the inductor at a slow speed there is the dahgeithe control system can negate the impact of
this by re-adjusting the average duty cycle moiieldyt A closed loop control system was added to

the boost converter to investigate this. A typicaftrent and voltage control system of a boost
converter is shown in Figure 6-25.
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Figure 6-25 :Typical control system model

Figure 6-27 shows that a low frequency rippleilsmtesented in the battery current indicatingttha
undertaking this technique in closed loop contsdigiasible. However the impact on the excitation

current needs further work.
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Figure 6-26 : Current (Green), PWM signal (yellow) fixed duty cycle and switching frequency using cked loop

control
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Figure 6-27 : Current (Green), PWM signal (yellow),variable duty cycle at low frequency of 125Hz usij closed

loop control
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6.8 Summary

This chapter looked at the complexity of takingifard the development of these new techniques
towards a practical real time solution for use véatheal system. Key areas that need investigation

include;

Instrumentation over different voltage and curmamges to a suitable level of accuracy to allow
work on all sizes of systems. Having measured #te itlis necessary to undertake a time consuming
FFT process to access the voltage and current measat for use. There is very little literature on
undertaking real time FFT and what there is suggdstt this is complex. In this work the OpalRT
controller was used to undertake this processhisiig not practical in a real system becausesof it
expense. Therefore a separate controller, will @edad to undertake these intensive calculations
before feeding the results back to the system P&hamtronic/BMS controller. The data itself is
changing in real time and is a function of tempeeatand SOC. Although lookup tables can be
generated to help understand what the data isrirgfeto, it is not clear how these tables would

change with aging and degradation.

There are still many areas to be solved within tifesis which is beyond the scope of this thesis.
Chapter 6 provides a summary of all the work cotegple@nd also provides a summary of the future

work needed to arrive at a commercially usefulayst
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7 Conclusions and Future Work

A key challenge in a battery energy storage systamderstanding the availability and reliability
of the system from the perspective of the end costoThis thesis started by taking a look at data
collected as part of the FALCON project in partaonuthe difference that a battery maintenance cycle
can make to the availability of a battefj/hp presented results represent a contributiomtmkedge
of this thesip A key task of a battery system is recognisingewla battery or a module within a
system starts to degrade and then mitigating apgdiis using the control system or battery
management system. Battery characterisation pagasnstich as internal impedance and state of
health and state of charge of the battery are fluspresentation of the battery conditions. These
representations can be used to estimate the batt@aining lifetime, energy storage capacity, and
degradation. Recent work in published literatures Istarted to investigate the feasibility of
performing Electrochemical Impedance Spectroscogthotds online to generate an understanding
of battery impedance. In order to perform an ElSasneement, an excitation signal of fixed
frequency must be generated and the voltage angntumeasured and used to calculate the
impedance. The work in this thesis has been uriderta parallel to most of the published literature
in this field. However, because of the rapid indefmnt development of knowledge in this area, the
techniques developed in parallel have been casgbeaccording to their hardware and contiidhe]

categorisation of different on-line EIS methodsresents a contribution to knowledge of this thHesis

This thesis proposed different methods of genegatinow-frequency excitation signal using
hardware found in most battery systems to extrecharmonic impedance of a battery cell to allow
low cost on-line impedance estimation. This workuges on producing impedance spectroscopy
measurements through the power electronics systebmttery balancing system and the earth
leakage monitoring system to attempt to get conipareesults to off-line measurements under

similar conditions.

The proposed methods included: a) using DC-DC avevbardware with variable duty cycle, b)
using DC-DC converter hardware with variable switghfrequency, c¢) using DC-DC converter
hardware with variable pulse starting positionuging DC-DC converter hardware with an added
impulse function, e) using capacitive battery beiliag hardware, and f) using Earth Leakage
Monitoring hardware. In all these methods, the DC-&nverter operated in continuous mode with
a fixed duty cycle and load to allow comparableysia between the techniques. Although utilising
variable duty cycle to generate a harmonic impeeldras been previously published in literature,
the other techniques analysed within this these mt previously been consideredrive new

proposed methods of on-line EIS methods represerustribution to knowledge of this thdsis
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Chapter 3 focused on the theoretical aspects girttypsed methods. This included looking at the
waveforms that would be generated by changingulitelsing of the power electronics, the battery
balancing or the earth leakage monitoring and tisgmgy these waveforms to determine the harmonic
current in the battery using Fourier analysis tdaratand how much excitation current would be
available The analysis of the harmonics in the battery curveaveform to show that an excitation

signal has been generated represents a contribatidkmowledge in this thegis

Explicit equations were derived to try to undanst the increase in ripple current on the inductor
— such that these can be used at a design phaségcdomponent choice to understand the impact
on the inductor. The derivation of explicit equations to describe thcrease in inductor current
ripple for each power electronic hardware basedhodtrepresents a contribution to knowledge of
this thesi$

The key conclusions from this chapter are thathberetical results indicate that all methods have
the capability to generate a low frequency pertiiobasignal to undertake on-line EIS measurement.
However, there are potential trade-offs. They kagé-off is the increase in ripple current through
the battery and possibly the inductor (dependingr@thod). The methods that used the power
electronics to generate the excitation signal all &in increase ripple on the battery which was
matched by an increase in inductor ripple. The oaghof using a variable starting point had the

potential to generate less excitation current.

Chapter 4 looked at using an equivalent circuthefbattery to allow each method to be simulated
and analysed with a DC- DC converter circuit. ieulation of the proposed methods for injecting
a low frequency harmonic were undertaken whiledbtwverter was deemed to be operating in a
continuous mode with a fixed duty cycle and 2kHztshing frequency. The harmonics of the
simulated current through the battery using thei€oanalysis of the simulated battery currentgsin
MATLAB were calculated. The detected low-frequeoynponent from the harmonic spectrum of

the simulated battery current matched that fourttienChapter 2.

As part of this work it was necessary within sintidia to determine how to generate the signals
needed to induce the excitation signals developetidpter 2.The method of producing the control
signals needed to generate the low frequency eiaitaf 3 of these methods (variable starting point
capacitive balancing and earth leakage monitorirgpresents a contribution to knowledge of this
thesig.

The key conclusions from this chapter can be reprttes as:
* In the impulse function method, the boost ratithef DC-DC converter increased depending

on the pulse width of the impulse function injectethe gate drive PWM. Therefore, the duty
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ratio of the impulse function may need to be adjdsHowever, in other methods the boost
ratio of the converter remains the same as basecoasiit.

The current ripple of the impulse function with tjete drive PWM signal highly depends on
hardware and frequency.

The variation of the current ripple in variableylaycle and variable starting position depends
on the injected low frequency signal. But depenglesicthe ripple variation on the low
frequency on methods of battery balancing, variditdguency, and ELM is not visible in
simulated current.

The inductor current ripple variation in ELM methaehd battery balancing method is
negligible over the low-frequency change, howewer éxcitation ripple can be seen in the
battery current.

There were issues identified through simulatiotheke methods;

0 The accuracy of the data is limited by the time stize of 20us for methods of
impulse function, starting position, and batteriabaing method.

o0 In the battery balancing method, when the batteftages are equal then there is
negligible low-frequency ripple on the battery wirens. Also, a high voltage
difference between the batteries results in areas® in the battery current ripple.

o0 The variable frequency method produces a spreagerah switching frequency

across the f; + Ar) range. This may result in EMI/EMC issues.

[The observations from the simulations on each ndettmal the realisation of the dependency of

inductor current with the frequency of the appligaple current in some methods is a contribution

to knowledge of this theis

All the proposed methods of inducing a low-frequer&citation signal were implemented in

hardware in chapter 5. The measurements were adedKk at the different circuit operations, the

ripple current increase and its dependency on othgables. Finally, the hardware was used to

generate an EIS plot by sweeping the frequencysa@drequency range to investigate the suitability

of each method. The experimental setup was runruwadlitions of fixed battery voltage and fixed

load and duty cycle to tie in with simulations asds possible. The key results of the experimental

data are:

The experimental results follow the same trendshassimulated results. However, the

battery current in the experimental setup is lowéiis is because the simulation has been
carried out with ideal components.

In all the proposed methods, the low-frequency camept has been detected from the
measured battery waveforms from the experimentapsé& his indicates the possibility of

using these methods to undertake and implemenbdin®EIS measurement.
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« The generated EIS results from the experimentaflgsured data indicates that the variable
duty cycle, addition of an impulse function, battbalancing method and the ELM can be
considered suitable as measurement to take forfaardurther testing. The variable

switching frequency method was less suitable adahdt generate good EIS results.

[The use of all these methods to produce or otheramson-line EIS plot of comparable quality to

off-line techniques is a contribution of this ttee® knowledge

Chapter 6 looked at expanding on the knowledgeraldbie experimental testing to further the

understanding on practical implementation issués.Key summaries of this chapter include:

e These new techniques are applicable to other pattygres and different devices
characterised by EIS such as a solar cell was tigatsd. There is only a small body of
previously published work on using this technigodobk at solar cells and none of these
considered an on-line conditioiifje use of all on-line EIS techniques to solarscela
contribution of this thesis to knowledge

* Instrumentation over different voltage and curramges was undertaken to work towards a
practical on-line scheme, and the measured by serdwmows good accuracy of the
measurement instruments.

e This methodology can be used to provide a real fimigcation of the battery SOC by
measuring the impedance of the battery over theerdifit frequency sweep interval.
However, the impact of the temperature variatiohenbattery capacity and the impedance
changes is not clear.

* The least square method was undertaken to prdaichattery model components values
which is useful for battery condition estimation.

« The data from the online method was used to seis possible to detect a degraded cell
in series with a normal cell. However this was inminediately possible and would require

further work.

To summarise, 1 previously published and 5 new authof performing on-line impedance
spectroscopy using existing hardware in the syskewe been proposed and analysed. This

represents a significant novel change in the kndgéen this field.

7.1 Future work

This work proposed different online impedance mesment methods. However, because of the
novelty of the proposed methods, there are stilyrareas to be solved within this topic area. The

following list gives a selection of ideas for cadesiation for further work:
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Theoretical analysis

* Inthe variable duty cycle method, the currentlepp defined as a function of, NHowever,
this value cannot increase indefinitely gsiftreases in practice. This is because the theory
analysis is based on an ideal case, whereas thein@#t contains non-ideal components.

Further theoretical analysis needs to be adaptdddbwith the circuit nonlinearity.

 There is a need to extend the analysis to invdstitfae analysis and impact of the
discontinuous mode operation of the DC-DC convestethe current ripple variation over

the frequency ranges.

» The harmonic analysis showed that some of the rdethv@re producing signals at multiple
low frequency components. This could be utilisedeiduce the sweep time of a signal and

look at more than one harmonic at a time.

Simulation

¢ The simulation looked at ideal components to al&asy comparison with the theory. The
next step would be to look at the simulation witimnsideal components in both boost and

buck mode.

Other hardware Systems

* Only a limited amount of research was done on batielancing. There is scope for future
work to look at other alternative battery balancimgthods than published methods to

produce a low-frequency excitation signal for imgeck measurement.

* In the same way — there are many published dc/deester systems and implementing the
methodologies on different circuit eg the flybadneerter could generate further means of

on-line analysis and extend its applicability.
* In a switched capacitor balancing circuit, a seresonant inductor may be considered for

soft switching. Further work is required to loakd the effect of the resonant switched

capacitor balancing circuit to produce a pertudrasignal.
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» The battery balancing used in this work neededearcloltage difference between two
battery cells to detect a signal. Alternative baiag circuit need to investigate the effect of

low battery voltage differences on the battery endldictor current ripple variation.

* The battery balancing circuit was designed to lidamo battery cell. A more sufficient

circuit design for balancing more battery cellaségded.

Implementation issues

» The hardware and control system lack accuracy &dpefor variable switching frequency
and variable starting pulse position. Further wenlequired to look at alternative controllers

and control methods to improve the system accuracy.

* The proposed methods were applied on one and tiwerpaells. An improved hardware
system needs to be adapted for bigger batteryraysiighis will have implications for the
I/O control count needed if all measurements ihdaattery is monitored independently or

the ability to use the method to pick out a degealeneeds to be refined.

» Improvements to the design of the DC-DC conventmhgthat the switching frequency is
increased to allow operation at higher frequencagtpavould allow the system to be applied

to different applications.

* In this research, it was difficult to implementlfaystem in hardware to calculate the state
of the battery. The full implementation of the gyatwould be needed to be undertaken to

produce an online realisable and commercial sy§tefmattery states calculation.

e This research assumes the constant room tempefatuttee battery impedance and SOC
estimation. Including the temperature variatioreef$ explicitly into the online techniques

analysis is required.
* The impedance data itself is changing in real @®e function of SOC. Although lookup

tables can be generated to help understand whalatiaeis referring to, it is not clear how

these tables would change with aging and degradatio
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New measurement devices and controller need tpédsfied, purchased and tested as part
of the next level demonstration. This is becausalRpcontroller is a rapid prototyping
system and unsuitable for a normal system. Thisldvbe replaced by a more standard
microprocessor or FPGA solution and an additiomal ¢ost controller may be needed to be
added to deal with the measurement signals andupeoa valid output to the FPGA card to
allow it to use the results of the measurementiwitis control. The reason for a separate
controller is because the low frequency signal sgede extracted from the measurements

by FFT which are dominated by the switching frequyeproduced ripple.
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Appendix A- Battery Nyquist plots

Despite dissimilarity in chemistry between differdatteries, there are key common elements;
porous electrodes, electrolyte and separator. @kygorous electrodes comprise the energy storag
materials and a conductive additive. The studyngdeédance of batteries based on their kinetics can
give a precise evaluation of impedance responseroponents and comparison of different chemistries
[158]. The kinetic steps of batteries were originatroduced for lithium ion batteries [158], [207
[333]. These steps are shown in Figure Al-1 ancbeaseparated into six areas:
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Figure Al-1: Typical Impedance spectra of electrode intercalation by Barsoukov et al [340], [207].

1. After electrode excitation, the separated chargaserinto the conductive section of the active
particle and ionized charges move into the actyen of the particles. This results in high
frequency performance of the material above 10 kHz.

2. A factor of inductive behaviour of electrodes wimglioccurs at higher frequency above
10kHz.
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The conducted ions diffuse via the insulated serfache particles layer.
The electron charges transfer from the active rnatéayer because of electrochemical
reaction in active particles surface.

5. lons diffuse into the solid phase and cause phassfer where a capacitive behaviour is
presented. This reaction presented as a semieintea straight line in frequency range of
0.15 kHz - 1mHz.

6. Creation of the crystalline layer in the battergda phase-transfer from 1mHz toub{r.

The key components in the Nyquist plot may incltieefollowing;

Inductor: At high frequency, the electrochemical impedanaefcell appears inductive. In some EIS
analysis, it is described as an inductive behawbtine system and in others, it is presented asran

in measurement due to non-ideal perturbation signdlmeasurement errors [334].

Charge Transfer Resistor: This is also called faradaic resistdy. This resistor represents the
interface between the electrolyte and the worklagteode (WE). In an equivalent circuit, it is gesiléy

presented in a parallel connection with a doubjer@apacitor.

Double Layer Capacitor: When the electrode is dipped into an electrolyie,gositive and negative
charge separate, due to effect of the electrotpims A fixed layer of positive ions cover the élede
surface. In the electrolyte, negative ions atttache bare surface and form a layer near therelet
bar. The interface between the fixed layer of leeteode surface and the diffused layer chara@eris

a double layer capacitady;.

Impedance of Electrolyte: Generally in the battery electrolyte, conductivéssare used to increase
the conductivity. Within the EIS process, condutfiof the electrolyte and its impedance is smadl a
is presented as a series resistor in the high éregyuregion. This is due to adsorption of ionshia t
charge and discharge reaction and the thin layegladtrolyte. To measure the conductivity and
impedance of electrolyte excluding electrode effe¢he four-terminal connection measurement

techniques should be implemented.

Surface Impedance: Particle surface impedance involves a double |&yenation, adsorption, and
electrochemical reaction. Because of the limit dsabed material diffusion inside active materials
especially in metal anodes [158], it is suggeshed the Warburg impedance be used to present the
adsorption effect. The Warburg impedance is a fstaqy dependant impedance created by the effect
of diffusion. It appears as a line with a phasdt shid slope of 45° in bode and complex plot. The
impedance is very small at high frequency and c¢dwy loe observed at low frequency [157], [335]. If

the diffusion has an infinite thickness in its lajtlge impedance is an infinite Warburg impedance.
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Diffusion Impedance: Crystals of the batteries materials are less gctivenpared to the material
surface because of their dense structure. longa&sity exchange within the open crystalline strectu
Further, solid-state diffusion is proposed to protbe crystalline structure from the compress fard
control the ion transfer inside the crystal. Inasttvord diffusion is presented as a result of fheces
concentration at the electrolyte/electrode intexfédepending on applied potential). It is generally
followed by a resistor (i.e. represent the charagesfer process between electrode and solutic®rias

in equivalent circuits. In case of semi-infinitéfdsion; the impedance of the diffusion is represdn

as positive real and negative imaginary part witlns magnitude and phase angle of -45°.

Corrosion: In electrochemical characterisation of the powesteay/batteries, some heterogeneity in
behaviour can be observed. This heterogeneity sauthe termination of the impedance curve and
looks like a negative resistor mode as the frequelecreases. This is due to sudden dissolution and
conduction of the mobile ions in electrolyte anelcilode surface, which leads to the low current flo

through the solution. This chemical process candéined as a result of three corrosion effect

mechanisms.

Corrosion types Description

Active dissolution This mechanism appeared whemnbtal dissolves into the solution
and electrolyte.

Active-Passive The active/passive mechanism generally happens wihern

Transition electrode-electrolyte interface of a battery iswaiuted and covered
by the product of corrosion. So the charge conduoctinto the
electrolyte is blocked and a passive layer dudn¢oconcentration
of the charges is created.

Passive State Because of electrical potential aodcentration of mobile
ions/charges; the ions from the metal-solutionrfates into the
electrolyte though the corroding surface exchanggantly.
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Figure A-2 : Example of corrosion effects (a), (b) impedance from EIS experiment on Lithium-ion battery (c)

impedance spectra of an electrode in NH4F solution presented by [326]

Constant Phase Element: Constant phase element (CPE) is an equivalentititicat is used for
impedance data fitting in EIS. It is used to représhe imperfection behaviour of the impedance
spectra which cannot be described by the simpletradecircuit elements such as capacitance,
resistance, and inductance. The heterogeneity pédiance can attribute to the boundary effects such
as current and potential distribution, inhomogenigitvariation of the electrode surface thickness]

time constant distribution.
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Example of Nyquist plot

R and C in series
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Othe total impedance becomes réal= Z,

0.7
0.5 +
i

0.3 -

s
0.1 /
0.1 O 0:2
03 > o0

-0.5

-0.7

04

0:6 08
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Two or more R and C in parallel

ClII C2 I
I I
R1 R2
1 1
Zt=

+
- Ry jwt, +1
JwT,; + R,

Wherer; = C;R;andt, = C,R,

An alternative is a nested circuit

R1

Y 3
-ImZ
71
(a)
T2
=0
2—— _
@ =® —-ReZ
A
—ImZ
T2
of
»=0 >
—ReZ

Series Connection of Two Parallel RC, (a) witiiR, reaction speed i
faster thanC,R,, (b) C; R, reaction speed is slower th@pR,, (¢) C; R,
reaction speed is the sameGR,, [143].

'

When the values of the resistors and capacitone (tonstants) merge
the two separate semicircles also merge resulting large semicircle
which behaves similar to one parallel RC circuit

Parallel RC in series with RC

C1
R1 Cc2
o I
1 1

7=

Yt
1+jwt, jwrt,

Where,r; = C,R,, T, = C,R,

( 1 1
1+4- for w <K —
7= iwT, T,
- i ! ! K w<K !
1+ jwt, for T, @ T4

fy-100 |-

50 |-

rali

° L
o s0 100 150 200
w = 00

The resistor Rand capacito; produce a semicircle from high to low
frequencies. At low frequencies the impedange,( of the circuit goes
to negative infinity because the Blocks the dc current flow through the
circuit.
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Parallel RC with diffusion effect

Warburg

C

o

1
; 1
](UC + /(Zw + Rl)

Zt=R+

Alternative diffusion effect

representations [336].

500 T T 1
400 -
300 wag= 0
- img)i
200 -
100~ -
1 1 ] ]
0 100 200 300 400 500

This effect can be represented by a circuit elensatied the Warburg

[337] impedance. The total impedance is illustrated asombination of a
semicircle due to parallel connection of RC andrentined line with a
r r r slope of 45° caused by the diffusion impedancehm low frequency
—’MIVWI"W‘V—I:‘ region in complex plot.
G G
Parallel R and CPE
Z =R+—1
£ 1+ ZcppRy il = = B
E —1 -
g 1 ]
£ 5 1
CPE & g | .
[ ] R FiaL .
R o - [ ]
Vv R1 T :
Lmj : | 1
éﬂmﬂn 22405 de+05 Ge+05 Be+«d5 1e+06
Z'(Ohm)

=1 n=0.9

Constant phase element (CPE) components are usteddinof capacitor
to represent the impurity in capacitance behaviand frequency
distribution that are presented in the impedance §443]. This
component only acts as pure capacitor when itstaohaumber is 1, an
for the values between 0 and 1 shows imperfect\behgB38].

)
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Appendix B — Gate drive signal Fourier
analysis

Fourier analysis of PWM function with varying duty cycle

Functionsto be analysed

The function set to be analysed is a set of squalses with period Jand varying pulse widths which
tie up with the varying duty cycle.

(A 0<t<T, Equation B-1
fo® _{0 o <t<T,

(t) = {A T;<t<t+T; Equation B-2
A =1 T+ Ty <t < 2T,

(t) = {A 2T <t <71y + 2T Equation B-3
R0 =1y T, + 2Tg < t < 3T, + 2T,

(t) = {A kT <t < 1) + kT Equation B-4
fi®) =79 T +kTy <t < (k+ DT,

A (Np — 1)TS <t< TN,-1 + (Np - DT, Equation B-5
_1(t) =
frup-1®) =1 Ty 1 + (N — DT < t < NT,

Fourier co-efficient calculation for first function
2 T. ion B-
Goo = [ Ade + [0 dt Equation B-6
0 0
2 T Equation B-7

2 Equation B-8
Qo0 = To [A7o]
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Qo0 =

an,O -

Ano =

To

n(l)oTo

ZATO

2 To Ts
o [fo A cosnwyt dt + fTO 0 cos nwyt dt]

j [fOTOA cos nwyt dt]
0

—sinnwgyT
[nwo 0 0]

sinnwgyTy

Fourier coefficient calculation for the kth function

Where k goes from 1to AL

Ank =

Tl.

(na)oTo

To

Tk+kTs (k+1)Ts

[ e, Adt + coikr, O dt]
Tk"'(k)Ts
Jaoyr, A dt]

_ T%[AT" + AT, — AU T

_ 2Atg

'ffk+(k) s

(fe+
Jioyr,  Acosnwgtdt + S

+(k)T " 0 cos nwyt dt]

| ka+(k)Ts

oo, A cosnwyt dt]

A A
7o, Sin nwy(tx + (k)Ts) — m—— nwo(k)TS]

24\ i .
) e In@o(0Ts sin nw, 1),

[ Tk+(k) s
(

or, | Asinnwgtdt + f

k+(k)T ' 0 sin nwyt dt]

Tk+ (®)Ts

(k)TS A sinnwyt dt]

A9

Equation B-9

Equation B-10

Equation B-11

Equation B-12

Equation B-13

Equation B-14

Equation B-15

Equation B-16

Equation B-17

Equation B-18

Equation B-19

Equation B-20

Equation B-21

Equation B-22

Equation B-23



_2]-A A Equation B-24
bur = ™ [n—wo cos nwy (7, + (k)Ts) + o, C0S nwo(k)Ts]

2A
nwoTy

Equation B-25

bn,k = ( )e_jna’O(k)Ts(l — cos leo‘[k)

Total coefficients

= Equation B-26
247y
aO =
T,
k=0 °
< Equation B-27
24 —jnwo(k)Ts ;i
In = e N0 s sinnwg Ty,
nwoTy
k=0
< Equation B-28
24 —jnao (k)T
b, = Z ( )e jnwo(k) 5(1 — cosnwyTy)
nwoTy
k=0
< Equation B-29
Cp = z o T (sinnwoty, — j(1 — cos nwgty))e/m@o®Ts
= "Wolo
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Fourier analysis of PWM function with varying frequency

Functionsto be analysed

The function set to be analysed is a set of squalses with period Jand varying pulse widths which
tie up with the varying frequency at a fixed duygle.

0<t<T, Equation B-30
fo® =10 To < t < Ty
£(t) = (A Too<t<Tt1+Ty Equation B-31
1 0 T+ T <t < Tgo+ Tsq
f (t) — ) 4 Tso+ Ty <t <13+ T50+ Ty Equation B-32
z 0 To+Tso+ Ty <t <Tso+Ts1 + Ty
£.(0) = {A e Tom <t <Tp + X6 LT . Equation B-33
0 Tk + an_zlo Tsm <t=s Zﬁz:o Tsm
N,—2 N,—2 Equation B-34
BE Ymeo Tsm <t < Ty,—1 + 2,00 Tom
pr—1(t) = N2 N1
0 TNy—1F Zpeg Tsm < <200 Tom

Fourier co-efficient calculation for first function

2 T. i -
(oo = . [f(;foA dt + fr 50 dt] Equation B-35
0 0

oo = T%UOTOA dt] Equation B-36

_ 2 Equation B-37
Qo0 = o [A7,]

_ 247 Equation B-38
Qo0 = To

2 T, ) )
Ano = - [foroA cos nwot dt + fToso 0 cos nwot dt] Equation B-39

All



Ano = TEOUOTOA cos nwyt dt]

2 A .
anlo = — _OSIH NnwogTy

2A .
a = SINNwgT
n,0 nweT, oo

b,o = T%[foTOA sinnwyt dt + f:;so 0 sinnw,yt dt]
bpo = TEO[fOTOA sin nwyt dt|

2[-4 A
b,o=— [— COSNwWyTy + —]
0 Nwo

24 24
b,o = - COSNWyTy
4 Tl(x)oTo Tl(x)oTO

Fourier coefficient calculation for the kth function

Qo = = [ 3£ Tk+2'" °T5’"A dt + mzf’,fi’" . 0dt]

TSm
Aok = T [ Tk+z'" 0%sm A dt]

2
Ao = T_o [ATk + A Tsm —A 2 Tsm]
2A
Qo = T—OTk

an’k = 3 J‘Tk‘l'zm 0 smAcosnthdt_I_J‘Zm 0Tsm OCOSTta)Ot dtl

Tsm k+2k - Tem

2 Tyl
App = — f,fl n=oTsm 4 cosnwotdt]
! To L —0Tsm
2 A . k—1 A . k—1
a = —|—sIinnwy(7; + _oT — —SInnw _oT
nk To lnw, 0( k m=0 sm) nwo OZm_O sm

A12

Equation B-40

Equation B-41

Equation B-42

Equation B-43

Equation B-44

Equation B-45

Equation B-46

Equation B-47

Equation B-48

Equation B-49

Equation B-50

Equation B-51

Equation B-52

Equation B-53



2

A i k-1 _ ( A
To) sinnwg (T + Yrazo Tsm) =

O) sinnwy Y& T, Equation B-54

Equation B-55

2A i k-1 .
an = ( ) e /1?0 Zm=0Tsm sin nw, Ty,
! nwoTy

bk =T£ frk+2m OTmASlnna)Otdt +f ﬁ;k S1m 0 sinnw,t dt] Equation B-56
0 sm

bur = T% frktZT:'; OTS’”A sin nwyt dt] Equation B-57

b = T% g €08 nwo(Tk + X6 Tom) + - cos nwg I Tsm] Equation B-58

by = (n::To) e/ Zno Tsm (1 — cosnwTy) Equation B-59

Total coefficients

pa Equation B-60
z ZATk
aO =
T
k=0 °
R Equation B-61
24 24 \ gk
an = SInnwoTo + Z ( )e Jnwo Xm=o Tsm sin nw, Ty,
nwoTo £ \nawoT,
b 24 24 Equation B-62
= - cosnwyt
" nweTy nweTy 0°0
Np—1
2A ) ket
nwoTy
k=
24 i i Equation B-63
Cn = (sinnwyty — j (1 — cosnwyty)) +
nwoTy

Np—1 24
%l nwo (Slnnonk — j(1 = cos nw,Ty))e w0 Zm=o Tom
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Fourier analysis of PWM function with varying starting location

Functionsto be analysed

The function set to be analysed is a set of squalses with period Jand fixed pulse width but starting
at different times. The first function is definamdtart when the wave switches on rather thanre ti
t=0

£i(D) = { tono < =ST+ tyno Equation B-64
O TH0 T+ by <ESTs+ tomg

A Ts +tpp <t ST+ tpp + T Equation B-65
A®) = {0 T+ tpn + T <t < 2T + tyn,

£ = {A 2Ts + typ, <t < T+ typy + 275 Equation B-66
2700 T tppy + 2Ty <t < 3Ty + typs

fap-1(t) = Equation B-67
{A (Np — DT + tppvp-1) <t < T+ tppvp—1) + (Np — DT
0 T+ tprvp—1) + (Np — DT < t < NpTs + tpno

Fourier co-€efficient calculation for first function

2 T+t Ts+t Equation B-68
aooz—[f PROAdt+ [° ”“°0dt] q
’ To tphO T+tph0
2 [ T+t Equation B-69
Qo0 = - [ft oA dt] !
0 pho
_ 2 Equation B-70
aOIO = T_o [A(T + tphO) - AtphO]
ann = 24t Equation B-71
0,0 = 7
2 [ T+t Te+t Equation B-72
Apo = —[f PR A cosnwot dt + [.°7 7" 0 cos nwyt dt] q
4 TO tpho T+tph0
2 T+t Equation B-73
Ano==|[ """ A cosnw,ytdt .
n, T t
0 pho

Al4



2 A . A . Equation B-74
a = —|—sinnwyl\t+t — —sSInnwgt ]
no 1, [n(uo 0( phO) nwo olpno

Equation B-75

: 24 .
An0 = fpors SO na)o(r + tphO) ~ nwyr, S nwo(tpho)
24 _j _ N
Ao = —— e /Mo sin nw, T Equation B-76
’ nwoTy
2 [T+t - Ts+t . Equation B-77
bpo==|[  P"Asinnwetdt+ [ > " 0sinnwyt dt] .
’ To L tphO T+tph0
2 [ o+t . Equation B-78
bpo==|[ " P"A sinnwyt dt] q
’ To L"tpho
_2[]-A A Equation B-79
byno = 7 lmaog €08 nwo (T + tppe) + s €08 nwotpho]
24 2A Equation B-80
bno = et COS Nwotyno — oot COS nwo (T + tpno)
24 —j Equation B-81
b,o = e IM@olpho (1 — cos nw,T) q
’ Tl(l)oTo

Fourier coefficient calculation for the kth function

oy = Tio[f(;;filtc:h(:)TsA dt + fr(f;lh):izgogskﬂ 0 dt] Equation B-82
=2 e
Ao = T%[A(r + tonk + (K)Ts) — A((R)Ts + tphk)] Equation B-84
Aok = % Equation B-85

ani =7, f(;;fﬁ:,f: ™ A cosnwot dt + fr(f;?:j“(“,g’i"“ 0cosnw,t de| ~ EHHNEE
anx = Tio (;;::I:;(:)TSA cos nwyt dt] Equation B-87
Qnje =1 % sinnwo(T + tyne + (T = 7= sinnwo ()T + )] T E
ng = (n(i?To) sin nwo(r + tonk + (k)Ts) — (n:::TO) sinnw, ((k)Ts + tphk) Equation B-89
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2A —j .
’ nwoTy

KTs , . K+1)T, .
bpi = Tio[fﬁt”hkﬂ s Asin nwyt dt + f( DTt Ephicts 0 sinnwgt dt]

(K)Ts+tpni-1 T+tphi+(K)Ts

_ i T+tphk+(k)Ts .
by = T [f(k)Ts‘l'tphk A sinnwyt dt]

2[-4 A
bnx = ™ [n—wo cosnwo (T + typr + (K)T) + n—wocos nwy((k)Ts + tphk)]

24 24
bpj = (nono) cosnwo((k)Ts + tpnk) — (nono) cosnwy (T + tppk + (k)Ts)
bn,k = (n(iAT ) e_jnwO(tphk+(k)Ts)(1 — cos Tl(UOT)
oo

Total coefficients

Np—1
24t
ClO = [
T
k=0 ©
Np-1 y
a, = 2 ( )e_jna)ﬂ((k)Ts+tphk) Sln na)o’l'
" — \nwoTy
Np—1 y
bn = z ( )e_jnwo(tphkﬂkﬁs)(l — COSNWET)
nwgTy
k=0
Np-1 -
Cn = Z ——— (Sinnwgyt —j(l — COS nwOT))e_jan(tphk+(k)Ts)
— nwoTo
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Equation B-90

Equation B-91

Equation B-92

Equation B-93

Equation B-94

Equation B-95

Equation B-96

Equation B-97

Equation B-98

Equation B-99



Fourier analysis of PWM function including an impulse function

Functionsto be analysed

The function set to be analysed is a set of sgpalses with period Jand the first function has an
increased pulse width while the other functionsehidne same pulse width.

(t) = A 0<t<T1,, Equation B-100
o) =10 Tor <t < Ty

(t) = (A T, <t<t+T; Equation B-101
O 0 T+ T, <t<2T,

(A 2T, <t <1+ 2T Equation B-102
LO=1 i <t<3T

{A (Np — l)Ts <t<71t+ (Np — DT, Equation B-103

_1(t) =
fip1® =17 T+ (N, — DT, < t < N,T,

Fourier co-efficient calculation for first function

2 T. i -
Qoo = o~ [fOT‘”"A dt + fTS 0 dt] Equation B-104
0 or

Qoo = TEOUOT"TA dt] Equation B-105

2 Equation B-106
Qoo = T_o [ATor]

_ 24Ty Equation B-107
Qo0 = To

- k Equation B-108
o = 7 [fOT"TA cos nwyt dt + fT:r 0 cosnwyt dt] quation

2 T i -
Ano = T_o [fo °" A cos nwyt dt] Equation B-109
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2[4 .
Ano = - 7o SINNWoTor

nwo

o o 24
0 ™ T,

sinnwg Ty

2 : Ts o
bno = - [fOTOTA sin nwgt dt + fT:T 0 sinnwyt dt]

bpo = T%UOTOTA sin nw,t dt]

2[-4A A
b,o=— [— COSNWoTyr + —]
’ To Lnwg nwy

2A

b, 0 =

nono

(1 = cosnwyt,,)

Fourier coefficient calculation for the kth function

2 [ t+()Ts (k+1)Ts
Qo = 7 [f(km Adt+ | 0 dt]

T+ (k)T

_ 2 T+(k)Ts
Qo =7 [f(k)Ts 4 dt]

Gox = 7 [AGT + (DT, — A((OT)]

[ T+ (k)T
Apk = To _f(k)TS

Acosnwytdt + |

T+(k)Ts

(k+1)Ts

0 cosnwyt dt]

_ 3 [ ~T+(K)Ts
e o A cosnwyt dt]
an s = = [ sinnwy(t + (k)T;) — ——sinnw (k)T]
nk = o g 0 S nwo 0 $
24 i 2A .
Api = (nono) sinnwy(t + (K)Ts) — (nono) sinnwy (k)T
24 -
— —jnwo(k)Ts ;
An ke (nono) e 0 SiInnwyT
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Equation B-110

Equation B-111

Equation B-112

Equation B-113

Equation B-114

Equation B-115

Equation B-116

Equation B-117

Equation B-118

Equation B-119

Equation B-120

Equation B-121

Equation B-122

Equation B-123

Equation B-124



b = Ti _ (Z;;k)TSA sinnwt dt + fr(f;:))TTs 0 sinnwgt dt]
ol s s
by k =T£ (;;k)TSA sin nwyt dt]
ol s
2[-4 A
bpx = Tc Lraog €08 nwy(t + (k)Ts) + g €OS nwo(k)Ts]
bpj = (miAT ) e m@oTs(1 — cosnwyt)
0f0

Total coefficients

Np—1
2AT 2AT
aO — T or + T_
0 k=1 °
Np—1
2A 24 B _
n = SINNwoTyr + ( )e Jnwo(OTs sin new,t
nwoTo nwoTy
k=1
b 2A a )
= — COSNw,T
n nonO 0tor
Np—l
2A )
+ Z ( )e_]nwO(k)Ts(l — COSNW,T)
nwoTy
k=1
24
Cp = (sinnwyTer — j(1 — cosnW(Tyr)) +
Wolo
24
Tl(x)oTO
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Equation B-125

Equation B-126

Equation B-127

Equation B-128

Equation B-129

Equation B-130

Equation B-131

Equation B-132

Np-1 ] . o
Yo7, (sinnwot — j(1 — cos nw,t))e /M@



Appendix C — Battery current Fourier
analysis

Fourier Analysis of Sawtooth wave with varying duty cycle

Functionsto be analysed

_ (Ug +mppt 0<t<T, Equation C-1
fO(t) - ‘1.70 + moff(t - To) To <t < TS

(t) = (Uy + Moy (t — Ts) T, <t<t+Ts Equation C-2
S -y +moff(t_T1_Ts) T, —Ts <t < 2T

Uy + Moy (t — 2T) 2T, <t <71, + 2T Equation C-3
f2(t) =

(%) + moff(t — Ty — ZTS) Ty + ZTS <t< 3TS

~ W, + My, (t — (K)T,) (T, <t <14 + (k)T Equation C-4
fie(®) = {vk +mopr(t —1 — (Ts) T + (T <t < (k+ DT

pr—1(t) = Equation C-5

{ U, 1+ Mon(t = (Np — 1)T) (Np = D)Ty <t <7y, 4+ N, = DT
Oy -1+ Mopr (= Tyos = (Ny = DTy) oy + (N — 1Ty < £ < (VT

Fourier co-efficient calculation for first function

Qg0 = %[IOT“ ug dt + J3° mont dt + [ vy dt — [ mopet dt + [ moppr, dt| Equation C-6
Qoo = %[uofo + %Toz +vo(Ts — 79) — @ (Tsz - Toz) + Mo rpTo(Ts — ‘[0)] Equation C-7
oo = Zu]f;‘ro n mT_,:l_L_Oz n ZVQ(;Z_To) . m;;f (Tsz _ Toz) + zn;—:ffto(Ts — 1) Equation C-8
g0 = T% [foro Ug + Mout dt + f:;s Vo — Morr(t — Tp) dt] Equation C-9
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T,
T% [fofo(uo + Mmyut) cosnwyt dt + fTOS(vo + myrr(t —10) ) cosnwyt dt]

2 T
Ano T—O[fOTOuO cosnwyt dt + fOT"mont cosnwyt dt +fT:v0 cosnwyt dt +

T, T
ffosmofft cosnwyt dt — frosmoffro cosnwot dt]

2 To .
Ano == [— sinnwyty + —1:0 sinnwgty — a‘j:)‘ fo ’sinnwyt dt +

To
—smna)oT - —smna)or + T sinnwyTs — Zoif To SINNwyTy —
nwg nwgy nwg
m
anff sinnwyt dt + TO sinnwyTs — J‘ro sin nwOTO]
[

2 m,
Apo = [— sinnwg Ty + —1:0 sinnwyty + > COSNWoTy —

Ty n?wy?
% sin nwoTs — % sin nwoTy + T sinnwyTs — Zoif To SINNwyTy —
nwg nwg nwy
Off > cosnwy Ty + f 5 COSNWoTo + —fro sinnwy Ty — JTO sin nwo‘ro]
2uy . 2Mon . 2Mon
Apo = siInnwyty + To SINNW(T +—cosna) T —
n,0 n(l)oTo 0%0 n(l)oTo 0 0°0 ZT 0%0 ™ nz(l)ozTo
. 2v
o Sin nwoTs — —— ——sinnwyty + w—off Ts sinnwgTg — nwoff To SINNwWgTy —
ofo O 0 0 O
2Mosf Moff ZMoff 2Moff
cosnwyTy +—cosna) Tg + To SinnwyTg — To SinnwyT
©0o2T, 0 2wy?T, oTo T 7501, O 0's T 2wy, L0 0To
-2m 2u 2m 2v . 2m
Ano = o ( : Ty — — )sm nwoTy + (—"”
’ n2wy2T, nweTy NnwyTy nwoTy n2wy2T,
2m 2, 2m )
—off) COSNwyTo + (—" - —fo) sinnw, T, + —off cos nw, Ty
n2wy2T, nweTy NwyTy
-2m 2u, 2m 2v Zm
a, = on ( 0 T — )smna)oro+( 8_ " off (T, —
n2wy2T, nweTy NnweTy nwoTy nwoTy n(uOTO
TO)) sinnwy T, — nzw:’;’; cosnwy T

2 : . T, :
bpo = T—O[fOT" Uy Sinnwyt dt + fOTO Mont sinnw,t dt + fTOS vy sinnwytdt +

Ts . Ts .
fTO Moprt sinnwot dt — fTO MofrTo SINNWot dt]

2 -Uu T
b =—[—°cosnw T cosnwyt dt —
n0 = 7 [, 0To 0 0

nwg
Wcos nwo Ty o cos nwoTy — W Ts cosnwTs + % T COSNW Ty +

Off

Dot (5 cosnawot dt +—

~To €OS nwyTs — n_ffTO cos nwOTO]
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Equation C-10

Equation C-11

Equation C-12

Equation C-13

Equation C-14

Equation C-15

Equation C-16

Equation C-17

Equation C-18



2
b,o = [ COSNW,yT
n,0 TO nwo 0%0 Nnwyo Nnwo

+

on .
2 Sin na)0T0 -

2 cos nwoTs + cos nwoyTy _W Ts cosnwyTs +
0

nwo
Moff Moff s Moff
— Tg COSNwWgTy + sinnwyT — Sinnwy Ty +
nwy 0 00 T p24y,2 0°s n2wg? 0%0

Z)ff To cosnwyTs — n—ffro cos nworo]

—2U, 2u 2m m .

b,o = L COSNW)Ty + —= — —2 T, COS Wy Ty + “—sinnwyT,

’ nwoyTy nwely NweTy n2wy2T,

Moff
cosnwyTy + COSNwWo Ty — Ts cosnwyTs +

oTo woTo To
2m . m .

— 7, cos nwyTy — —offsm nwoTs — —2LLsinnwyt, +
n(l)oTo (A)OZTO nZ(A)OZTO
2m 2m

o 7, cos nwyTs — —2L 1, cos nw,t,
nonO na)OTO

A 21 2ug 2Mmon 2Mmon
bro = nwoT, (nono T nweTy  nwoeT, TO) COSMWoTo + (nZwOZTo -
Off) off _2Moff o _ 2y

ol sinnwyty — T sinnwy Ty + ( oo, (Ts — 70) nono) cosnwy Ty

Fourier coefficient calculation for the kth function

2 [ pT+kTs (k+1)Ts
Aok =T—0[ k;‘s Upe + Moy (t — kTg) dt + [ ok, Vet Mopp(t — (i +
KTy)) dt|

Mon

o = Tio[—monkTsrk + 2 (1 + kTg)? = kPT2) + wyty + =L (e +
DT)? = (1 + kT9)?) + v (k + DT — (ty + kT)) + mppp (=74 — kT) ((k +

DT, — 7 + kTy)

(k+1)T;
(ug + Myn (t — kTy)) cosnwyt dt + fT T, (vk +meopp(t —

[ Tk+kT5

(T + kTS))) cosnwyt dt]
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Equation C-19

Equation C-20

Equation C-21

Equation C-22

Equation C-23

Equation C-24



2 |sin(nwo (T +kTs))nmenwoTr+ug sin(nwo(‘rk+kTs))w0n—uk sin(nwokTs)won

a = —
n,k To nZwy?2

cos(Mwq (T +kTs))Mon—cos(MwokTs)Mop +N%Tswo? v —Nn% w2 TV

> +

nZwq

sin(nw(k+1)T)nTsmo rrwo—sin(nwo(k+1)T)nmo rrwotk

+

n2wg?

cos(nwo(k+1)Ts))mg fp—cos(nwo (T +kTs)) My

n2wg?

(k+1)T;

ka+kTS(uk + Moy (t — kTy)) sinnawgt dt + |

2
b = -—
nk To LKTs

(T + kTs))) sinnwgyt dt]

b k = 2 [—cos(nwo(‘ck+kTs))nm0nw0‘tk—uk cos(nwo(tx+kTs) )won
w it — -

+
To

TLZQ)OZ

U cos(MwokTs)won+sin(nwg (T +kTs))Mon—sin(nwokTs)Mon
n2wg?

+

n2Tswo?vi—n? wo TV —cos(Mwo (k+1)TNTsmo f fwo+cos(Mwo (k+1)To)nmg s rwoTi

+

n2wqy?

sin(nwo(k+1)Ts))mg fp—sin(nwo (T +kTs))mo s s

n2wgy?

Total coefficients

Np-1

ag = } QAo i

k=0

Np—1

an = Z an,k

k=0
bn = Z bn,k
k=0

Np-11

(ank—ibnk)(nZ 1)
_ N 2k e
=) 2

k=0 E(an'k + ibnlk)(n < 1)
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KT (”k +mopr(t =

+

Equation C-25

Equation C-26

Equation C-27

Equation C-28

Equation C-29

Equation C-30

Equation C-31



Fourier Analysis of Sawtooth wave with varying frequency

Functionsto be analysed

_ (Ug +mppt 0<t<rt,
fo(t) = {UO + mgrr(t — 7o) To <t <Tg
f (t) _ {ul + mon(t - TSO) TSO <t< T + TSO
1 vy + Mopp(t — (11 + Tso)) T+ Tso <t <Tgo+ Ty
f (t) _ Up + mon(t - (TSO + Tsl)) TsO + Tsl <t< T2 + TsO + Tsl
2 Vo +Mopp(t— (Ta+Tso+ Ts1)) To+Tso+ Ts1 <t <Tso+Ts1 + Ty

Ug + mon(t - ﬁ;(l) Tsk) ﬁ;(l) Tsk <t< Tk + Zﬁ;(l) Tsk
Uk +Mopp(t— (T + 2820 Tsk))  Tre + 2kzo Tore <t < Xfioo Tsk

fx(©) ={

Fourier co-efficient calculation for first function

2 T T
0 =7 [foouo + my,tdt + fTOSO Vo + Mopr(t — Tp) dt]

2 (70 o Tso Tso

o = T—O[fo uo dt + [ mont dt + [ ¥ vy dt + [ ¥ mopst dt —
Tso

fTOS MoffTo dt]

m 2
2 (Tso® — T0?) — MorsTo(Tso —

_ 2 Mon 2
Qo0 = 1 [uoTo +—=770" + vo(Tso — 7o) +

To)]

2 2 2vy(Tso— m 2m,
Qgo = —0%0 | Ton70_ 4 Po(Ts0~To) + ;:f (Tso2 - Toz) - OffTo(Tso —Tp)

To To To 0

2 T T
o =7 [fo"(uo + my,t) cosnwyt dt + froso(vo + Mosr(t —

7o) ) cosnwyt dt]
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Equation C-32

Equation C-33

Equation C-34

Equation C-35

Equation C-36

Equation C-37

Equation C-38

Equation C-39

Equation C-40



2 T
Ano = T_O[foTO Uy cosnwyt dt + fOTO Mont COSNwot dt + fT:O vy COsnwyt dt +

T, T
fTOSO Moppt cOSNwot dt — fT:O MofrTo COSNWot dt]

me
== [— SinnwgT, +

. m, T .
%8 7o SinnwyTy — —=2 [ * sinnwyt dt +
nwgo wo nwgy Y0

Moff,0

v . D, . .
— sinnwgT.g — —=sinnwyt, + T.o sinnwgTeo —

04s0 0oto s0 04s0
Nwy Nwy

m 0 . m ,0 T.
Tolf0 10 sinnwyty — —2L2 [ sinnwot dt — —LL2 7 sinnw, Ty +

Nwy Nwy To [ON)

0
Toff0 7 sin nworo]
Nwy
my m

Ano = [— sinnwyty + —TO Sinnw,To + —=% cosNwoTo — nz—:)zz

Vo . Vo . moff .
—sinnwyTy, ———sinnwotg + —= T SinnwoTeg —
nwo 04s0 nwo 00 nwo s0 04s0

Moff mff mff

oo To SINNW( Ty + > cosnwoTsy — 5 COSNWoTy —
my
Tl(uff TO Sln nonSO + _ TO Sln nwofo]

0

2uy . 2m . 2m
Apo = —=SINNW(Ty + —=T( SINNWTy + 55— COS NW( Ty —
’ nwoTy nwoTy n“wop=Ty

2m 2v . v . 2m .
o ®_sinnwyTsy — —=sin nwTy + —2L Tyo sin nwTsg —
n2w02T0 nonO TO n(uOTo
Zmoff of f Moff
To Sinnw,T +—cosnw T, —cosnw T
magT, O 0To olso 0o?Ty 0To —
2moff Moff

—= Ty Sinnwy T + ool To SINNw( Ty

nonO

—-2m, 2u 2m, 2V, . 2m
Ano = 5 5= ( - Ty — —> )sm nwoeTy + (—2 o —
’ n“wo“Ty nwoTy nwoTy nwoTy n“wo“Ty
2Moff ) 2vy | 2Mggy 2Mofr
——— ] cosnwyT +(—+—)51nnw T + cosnwyT.
nzwozTo 0%0 nono nono 0%s0 ZT 0%s0

2 T . Ts
bpo = - [foo(uo + my,t) sinnwyt dt + fTOO(UO + mypp(t —

TO)) sinnwyt dt]

bpo = Tio[foro Uy sinnwyt dt + fOTO Mont Sinnwyt dt +

Tso . Tso . Tso .
fTO vy sinnwyt dt + fTO Moyrt sinnwot dt — fTO Mo rTo SINNWot dt]
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Equation C-41

Equation C-42

Equation C-43

Equation C-44

Equation C-45

Equation C-46

Equation C-47



+

b [— COSNW,yT
TLO TO nwo 0%0 nwo Nwy

m
n—;"f ° cosnwyt dt — J cos nw, Ty + - COSNWoTo =
0 0

m m T.

nz)ff Tso cos nwoTso + —2IL 70 cosnwyT, + ﬂff % cosnwyt dt +
wWo nwo 0

mey

nwff Ty cosnwoTgy — JTO cos nworo]

b, o == [_uo COSNW,T + sinnw,yT
0 ™ 1 [nw, 00 " nwe nwo n2wg? 0%0
Vo Vo moff
—cosnwyTsg + —cosnwygtyg — —— Teo COSNwyTo +
g ofso T 7~ 0To = 75, Iso 0lso
mey m .
~ Doff Ty COS W, T, + ff ssinnwgTso — offz sinnw,ty +
[ON)
m
L 7. cos nwyTsy — JTO cos na)oro]
Nnwo nw
—2U, 2u 2m,
bpo = —=coSnwyTy + —=— — —2 7, COSNW T +
’ nw OTO na)OTO nonO
sinnw,t cosnwyTso + COSNWTy —
nszZT 00 ™ TLU)()TO 0%s0 Tl(x)oTO 0*0
2mosr 2m ff Moff
Tso cosnwoTsy + ‘L'O COSNWTy — —sm nwoTsg —
nwoTy nw
2MoI sinnwoTy + —m2L 1 cos nw,T, 2Moff 1 cos nw,T
g2, oo ¥ 75 7, To olso — 7, L0 0To
2u 2v 2u 2Mmon 2m,
b,o=—2 ( < -0 T )cosnw T (+'"—
0 ™ nweT, nweTy nwely nweTy ° 0oTo + nZwg2Ty
Mofy_ sinnwyt ff sinnw,T. ( Off(T r)+ )cosnw T.
nzwozTo oto — T 04s0 nweTy s0 0 04s0

Fourier coefficient calculation for the kth function

[ Tk+2kk0TSk Wi + Mo (t = 242 Tore) dt + ka L Vet

0 Tsk

mosr(t = (zic + THSTo) dt

_ 2|1 2,1 2 1 2
Ao = 3 [Emofffk o MonTic = Mopp Tk sk + 5 MopfTop + ViTye —

VTi — uka]
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Equation C-48

Equation C-49

Equation C-50

Equation C-51

Equation C-52

Equation C-53



1

k—
fr,’flz"onSk(uk + Mon(t — XFZ3 Tsr)) cos(nwot)dt +
Zk:o Tsk

2 Equation C-54
Ank = T_o

Zkz Tsk k—
ka’jrzol,:;é - (vk +mypr(t — (T + ZRZS Tsk))) cos(nwgt) dt]

1 Equation C-55

1 . k—
e = 7. [2 <n2—wg (Tknmonwosm ((Zkz(l, Tsk)na)o) cos(nwyty) +

TNMyy W COS ((Z’,ﬁ;}) Tsk)nwo) sin(nwoty) +
: k-1
U NWySin ((Zk:o Tsk)na)o) cos(nwyty) +
k-1 :
UpNWyCOS ((Zk:o Tsk)na)o) sin(nwyTy) —

UNwoSin ((Zﬁ;é Tsk)na)o) + mypcos ((Zﬁ;é Tsk)na)o) cos(nwyty) —
monSin ((ZIIS;(l) Tsk)nwo) Sin(nwork) — MopCOS ((ZIIS;(l) Tsk)nwo))> +

e (—vknwosin ((Zkzd T )nwo ) cos(nwoty) -
V) NWoCOS ((Z’;ﬁ;% Tsk)nwo) sin(nwyty) —
WMy fSin ((2’,;=0 Tsk)na)o) -

nwomorr (X Tk )sin ((Z’l§=o Tsk)"‘“O) +
nwMopr(Zh—o Tor)sin ((Ehio T )newo ) +

VNw,ySin ((Zﬁ:o Tsk)na)o) — My fCOS ((Zﬁ;é Tsk)na)o) cos(nwyty) +

My fSin ((Zﬁ;(l) Tsk)nwo) sin(nwoty) + myrrcos ((Zﬁ:o Tsk)nw0)>l

1

2 [ (te+ZESs Tsk k-1 .
bn,k = T_o f (uk + mon(t - Zk:o Tsk)) Sln(nwot)dt +

k-1
Zk:o Tsk

Equation C-56

YK o Ts _ .
[0k (vk +mysr(t— (tp + ZRTS Tsk))) sin(nwyt) dt]

k—1
Tr+2g—o Tsk
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1
To

1 _
bpi = lZ (— ol (Tknmonwocos ((Zﬁzé Tsk)na)o) cos(nwoty) —

TNM W SiN ((Zﬁ;(l) Tsk)nwo) sin(nwyty) +

UpNWCOS ((Z’,ﬁ;}) Tsk)nwo) cos(Mwyty) —

U NwoSin ((Zﬁ;é Tsk)na)o) sin(nwoty) —

soncos (T2 T o) — monsin ((SE24 o) costroon) —
MpnCOS ((Z’,ﬁ;}) Tsk)nwo) sin(nwgty) + my,sin ((Z’,ﬁ;}) Tsk)nwo))> _

_1 —_—
Y (—vknwocos ((Zﬁz(l) Tsk)nwo) cos(nwoty) +

U Nwosin ((Z’,ﬁ;}) Tsk)nwo) sin(nwyty) —

TNWoMoffCOS ((Zﬁ:o Tsk)nwo) -

nwome s r(Xk=g Tsi)cos ((Zﬁ:o Tsk)nwo) +

nwomoff(2§=0 Tsk)COS ((Zﬁ:o Tsk)nwo) +

VNw,Ccos ((Zﬁ:o Tsk)na)o) + Myprsin ((Zﬁ;é Tsk)na)o) cos(nwyty) +

My rCOS ((Z’,ﬁ;}) Tsk)nwo) sin(nwgty) — Mygprsin ((Zﬁ:o Tsk)nw0)>l

Total coefficients

Np—ll
2
1 .

k=0 E(an'k +ibpr)(n < 1)

(an,k - ibn,k)(n = 1)
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Equation C-57

Equation C-58

Equation C-59

Equation C-60

Equation C-61



Fourier Analysis of Sawtooth wave with varying starting position

Functionsto be analysed

£(0) {uo + mon(t — tphO) tpno <t < T+ typo Equation C-62
0 =
Vo + Mopr(t — T — tyno) T+ tyno <t < Ty + tyn
() = Uy + Mo (t = Ts — tpny) Ts+ tpny <t < T4ty + T Equation C-63
! 1+ mops(t =T = tyna—Ts) Tty +Ts <t < 2Ty + topy
() = Uy + Mo (t — 2Ts — tpnz) 2T + typy <t < T+ typy + 27T Equation C-64
2 Vg + Mopp(t =T —tpny = 2T5) T+ tppy + 2Ts <t < 3Ty + Ly

frp-1(t) = Equation C-65

{uNp—l + rnon(tvL - (Np - 1)Ts - tthp—l) (Np - 1)Ts + tthp—l <t<t+ tthp—l + (Np - 1)Ts
Vnp—1 + Mopr(t =T = tpnwp-1 — (k = DT;) T+ tynnp-1 + (Np — DT < t < NpTs + tpno

Fourier co-efficient calculation for first function

Ts+tph0
T+tph0

2 [T+t Equation C-66
Qoo == [f PR 0o 4 Mo (t — tppo) dt + Vo + Mopp(t — T — tpno) dt] .

To L'tpho

2 [ T+t +t +t A
Qoo =17 [fT PRy dt+ [ P mopt dt — [ P my oo dt + Equation C-67

tpho tpho tpho
Ts+tpno Ts+tpno _ Ts+tpno ]
ity Vodt+ [0 PP mopptdt = [ 2, 7 Mogr (T + tpno)dt
_ 2 m 2 m 2 Equation C-68
o0 =7 [uo(T + tpno) = Uotpno + = (T + tpro)™ — = (tpro)” + vo (T + .

tono) = Vo (T + tpno) + L (T, + tono)” — =L (7 + tyno)” — Mop (T +

tpho)(Ts + tpho) + moff(T + tpho)z]

Equation C-69

2 m m m
Qo =1 [uor + %12 + voTs — VT + ;ff T — ;ff T2 —mopptTs +

moffTZ] e —Jjnwotpho

A 29



2uT |, Mopt? | 2v(Ts—T m 2m Equation C-70
of | MonT” o(Ts—1) + ;ff (TSZ _ TZ) _ TOffT(Ts _
0 0

Qoo = ( To T

T))e—jnwotpho

T+ tpho

[ Ts+tph0( n Equation C-71
n,0 tpho

(uo + Mon(t — tyno)) cosnwot dt + |

Mosr(t — T — typo) ) cos nwyt dt]

T+t T+t Equation C-72
0 [f phopho Uy COsSnwyt dt + f P Mo (t — tpno) COSNWot dt + duation
TS+tph0 TS+tph0 TS+tph0
ff+tpho v cosnwot dt + [ 7 Pm,prt cosnawgt dt — ff+tpho Morr (T +
tpho) COSNwyt dt]
— _ Mon Equation C-73
— [n—wo sinnwy(t + tpho) sm nwotyno + meog (T +
phO) sin na)O(T + tphO) tphO sin na)otpho
T+t
Ton PROsin nwyt dt +— sm nwO(T + tpho) - —sm nw,(t +

Nwy tpho

m . m .
tpno) + nz)f; (Ts + tppo) Sin nwO(TS + tphO) — jfof (T + tpno) sinnwy (T +

Moff *tpho
nwo T+ tphO

tpho) — sinnwyt dt — TZ"TfOf (T + tpno) sinnwy (Ts + typo) +

Mosf ; ]
oy (T + tpno) Sinnwo (T + tyno)

2 [ uy .. Ug . Mon Equation C-74
Ano = = |[—sinnwy(t + ¢ — —sinnw,t T
no = 1 [nwo o(T + tpno) g olpho T g ( +
me
phO) sin na)o(r + tpho) tpho sin nwgtypo +—_cos nwy(t +
tpho) — 5 COSNWotpno + +—sm nwO(T + tpho) - —sm nwy(t +

Mosf . Moff :
tpno) + anO (Ts + tppo) Sin nwO(TS + tpho) — nz)o (T + tpno) sinnwy(t +

—olL 5 oS Nwo (T + tppg) — off( +
0

pho) + cos nwy(Ts + tpho)

pho) SINNwo (T + tphO)]

tpno) sSinnwy (T + tyno)

2Ug . Uy . 2Mon Equation C-75
Ano = sinnwy(t + ¢ - sin nwgyt + T+
n,0 nwoTo 0( phO) nwoTo 0'ph0 (
on
phO) sin nwO(T + tphO) - tphO sin nwotppo + —cos nwy(t +
0
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2Mmon
tpho) —Wcos Nwotpno + —— o, sm nwO(T + tphO)

sinnwy (T + tyno) + off (T + tpno) sinnwo(Ts + tyno) —

woTo

Zmoff . 2Mmorf
ouTs (T + tpno) SiINNwo (T + typo) + Zao2T, O nwo(Ts + tppo) —

"ff - cos nwo (T + tpno) — "ff (T + tpno) sinnwy (T + tppo) +
2mofr .
—=(T+t sinnwy(t+t
nwoTo ( phO) 0( pho)
2u, . 2m 2m, 2m

Apo = (—=sinnwyT + —=7sinnw,t + —cos NweT — —5—5—

’ n(uOTO na)OTO ZT nszZTo

sinnwTs — sinnwyT + Zo/f Ts sinnwoTs —
n(l)oTo nonO T
my
I rsinnw,t + —ffcos nwoTs — ﬁcos nweT —
nonO ZT ZT
my —

2l 1 sinnew, Ty + ZZolf ¢ sin nw,t)e /M @otpho

nwoTy woToy
-2m 2u 2m 2, . 2m
0= (550 ( L porgp_ =20 )smnwor+(—"" —
ZTO nonO n(l)oTo nonO nZ(I)OZTO

2m 2V, 2m,
2—0’27) CoOSNwyT + (—0 4+ ==L (T, — 1) ) sinnw,Ts +
n<wop=Ty nwoTy nwoTy

Mosf —jnwot
—cosnw Ty)e 0*pho
n2wo2Ty 0 )

T+t h . T+t h
bno To[ t,,hop O(uO + Mop(t — tpho)) sinnwetdt + [ 57 0( +

Mosr(t— T — tpho)) sinnwyt dt]

+t +t _
bno = T [fT PR o sinnw,t dt + fT PR Mon (t — tpno) SInnwot dt +

phO
T5+tph0 J‘T5+tph0

TS+tph0
) Vo sinnwet dt + [ ettone Morr (T +

THtono Mosrt Sinnwot dt —

tpho) Sinnwyt dt]

Mon

(T + tpno) COS W (T +

)

2 |—u u
b =—[—°cosnw T+t +—>—
n,0 To Lnw, 0( phO) no

Mon f‘“‘ pho

D,
tpno) + " cos nwyt dt — n—(jo cos nwO(TS + tyno) +

v m z
—=c0s nwo (T + tyno) — ﬁfof (Ts + tpno) cos nwo(Ts + tpno) + anof T+

nwo
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Equation C-76

Equation C-77

Equation C-78

Equation C-79

Equation C-80



mOf f

tpho) COS W (T + typo) + cosnwyt dt + TZ"T’Z (t+

fr+tp

m
tpno) €08 nwo(Ts + tyno) — #fof (T + tpno) cOsnwo (T + tpho)]

2 |-up Ug Mon
b =—[—cosnw T+t + —cosnwy(t — T+
n,0 To Lnw, 0( phO) nwo 0( phO) nwo(

2

Zmon

tpho) COSNWq (T + typo) + (tphO) cos nwg (tpno) + >sinnwy (7 +

v v Mosf
tphO) — n—a‘jocos nwO(TS + tpho) + n—(zscos nwy(t + tpho) — nz)o (Ts +

phO) cos nwO(T +t pho) COSNWo (T + tppo) +

Moff
n2wq?

- Moff
sin nwO(TS + tphO) T g

: Mofr
sinnwg (T + type) + o (r+

m
tpho) COS na)o(Ts + tpho) - anOf (T + tpno) COSNwy(T + tpho)]

oS nwo(tpno) — 2Mon (1: +

—2u
b,o = % cosnwy(t + t
n,0 ot + pho)+ s

nwgyTy

phO) cos na)o(r + tpho) + 2Mon 2 (tpno) €OS Nwg (tppo) +- T sinnwqy(t +

nwoTy

2moff (TS +

tpho) — T cos nwo(T + tpho) t— - Cos nwo (T + tyno) — oo T,

phO) cos nwo(T + tpno) + Off (‘L’ + tpno) COSNWo (T + typg) —

off off 2moff

T sin nwo(T + tpho) T sinnwg (T + typo) +- (‘L’ +
Off
tpho) COS na)o(T + tphO) - (1: + tyno) COSNW( (T + tpno)
—2u, 2ug 2mg,, 2m,, .
bpo=1C( COSNwyT + - TCOSNWoT + ————SIiNNw,T
' nwoTy nwely nwyTy ncwy“Ty
2v, 2v, 2m,
- cosnwyTg + COSNwyT — T cosnwyTy
nwoTy nwoyTy nwoyTy
2m, 2m, 2m,
+ 1S TCOSNWT — — }ch sinnwTs — — jch sinnwgyT
nwoyTy ncwy“Ty ncwy“Ty
2m, 2m, .
+ ff‘rcosnons - ff‘rcosna)or )e~IM@otpho
nwyTy nwgTy
b c 2ug ( 21, 2ug 2mgy, )
= - - T)cosnwyt
0T MweTy  \nweTy nwely nweTy 0
( 2Mon - 2Mors )sinnw T——Zmoff sinnwgT,
n2wo2Ty n2wy2T, 0" n2w,y2T, 0°s

2m v .
C—2LL(T, — 1) + —2) cos nw, Ty )e ~/M@otpho
nwgTy nwgTy

A 32

Equation C-81

Equation C-82

Equation C-83

Equation C-84



Fourier coefficient calculation for the kth function

2 THtpnik+(K)Ts Equation C-85
Aok = 7 f Uk + mon(t - kTS - tphk) dt
TO (R)Ts"'tphk
(k+1)Ts+tphk+1
+ f Uk + moff(t - T— —kTS - tphk) dt
T+tphk—2+(k)Ts
) Equation C-86
Ao = A [_Zmofftphk + 2myrrtpnitpnis1 — 2MofrtpnkT
0
+ 2moprtoneTs — Mogfrtpnrs1” + 2Mofrtpni+1T
— 2Myprtpnesrls — MoprT% — MonT? + 2my 7T
— moffTsz + katphk+1 + ka‘[ — kaTS — Zuk‘[]
2 T+tpni+U)Ts Equation C-87
An g = T f Uy + Mo (t — kT — typ) COSNw,t dt
0 |/ (K)Ts+tpnk
(k+DTs+tphr+1
+] Vg + Mepr(t—7
‘L'+tphk_2+(k)T5
— —kTs — typi) cosnwyt dt
and
2 T+tphrit()Ts Equation C-88
by = T f U + Mo (t — kT — typi) sinnwot dt
0 V() Ts+tpnk

(k+DTs+tphr+1
+] Vg + Mepr(t—7
T

+tphr—2+)Ts

— —kTs — tyn) sinnwyt dt
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Ap k= Equation C-89

1
2
T, n” (o(')

+ u(k) nw cos(k Tonw,

(2 (u(k) ne, sin(k T.n coo) cos(n o, lph(k))

sin(n o, ph(k) )

)
—ntm, o sm(k Tx”“’o) cos(n(oolph(k) cos (nw t)
)

)
+ntm,, o sm(k T.no sin(nm tph(k))sm(nw t)

0

on 0

—ntm 6 cos(A T.n (oo) sm(: lph(k)) cos(nco 1:)
) )

—ntm,, o cos(k Tnw,

-+—lph(k)nm , sm(A? ncoo)
— tph(k) nm, o sm(A T n &)0)

cos(n(o ph(k) sm(nu) 1:)

cos(n T o

FON cos(na)olph(k+l))

iln(n T o sln(ncootph(k - 1))

+ tph(k) nm, @ cos kT, nmo)

+ tph(k) n M, cos(k Tn @,

+ l)nma/]m sxn(AT no ) s(nT o) )cos(n(oo tph(k + l)) + tph(k
o) sm(kT no, ) n(nT ® )sm(ncoolph(k - l)) — tph(k

)
)
sm(n T o ) cos(n o, tph(k + l))
cos(n T o ) sin nmo tph(k + I)) — tph(k

+1)n My

+ 1) nm, 0 cos(k T no ) sm(n 7?\,(00) cos(n o, ph(k + l)) — tph(k

+ 1) nm, 0, cos(k T ne ) cos(n T o ) sin(n o, phk + I))

+nTm,0 sm(k T nu)o) cos(n 7.0 ) cos(nwolph(k + l))

—nTm,0, sm(kT n wo) sm(n T, 0)0) sm(n o, tph(k + l))

+ntm,0, cos(I\ T no

o sm(n 7;(1)0) cos(nu)0 ph(k + I))

)
+ntm ”u)ocos(kT nmo) cos( T u)o) sin(nm ph(k + I))

—nT im0 sm(L T n coo) cos(n T o ) cos(nw tph(k + l))
+nT om0 sm(A Tn ‘”o) sm(n T ) sin nm tph(k + 1))
—nT, m”ﬂmocos(kT na)o) sm(n T ) cos(no) tph(k + I))

=T, m”mocos(AT no )cos(nT ® )sm(nw tph(k + l))

on ml

)
)

+m cos(k Tnw ) cos(n ® tph(k)) sm(k T no ) sin(n o, tph(k))

—u(k)nw, sm(k T n (1)0)
+ u(k) nw, sm(k T no )

(
(

anw
o)

kT no ) cos(n o, 1ph(k)
)

(k7 n o,
(

cos(n o, ph(k) cos(n ® t)

sm(n o, 1ph(k) sm(n [0 1:)

— u(k) no cos )sm(nwo tph(k) cos(nw t)

)
— u(k) nw, cos ) sm(nw )

+ v(k) n @ sin cos(nu) 1:)

kT nw cos(n o 1ph(k)
kT.n W,

+v(k) no, cos(l\ T n (1)0)
+ v(k) n @ cos l\ T, no)o)

)
— v(k) n @ sin sm(nwolph(k)) sm(n(o ‘t)

ﬁln(n(ootph(k))c s(n(n t)
cos(n o, tpll(k)) sm(nm ‘l:)

-m, cos(k T n 0)0) cos(n ©, tph(k) ) cos( no, 1:)

+m,, cos(k Tn mo) sm(n o, ph(k) sm(n ® 1:)

+m, sin(k Ton (oo)
+m sin(k T.no )

on 0

+m, cos(k T.n o,

)
sm(n o, tph(k)) cos(nw 1:)
cos(n o, lph(k)) sm(n o) t)
) cos(n 0N lph(k)) cos (nw ‘L')

—m, cos(k Tno,

)sm(nwolph(k) sm(na) t)
- ma”sm(k T.n (no)
- mo”sm(k T.nw )

)
sm(n o, tplr(A)) cos(n o) t)
o )

cos(n o, iph(k) sm(nu) 1)
)cos(n o) ) cos(nu) ph(k + 1))
) sln(n T o ) sm(na) tph(k + l))

0

kT no,

cos(k T.no
( )

+m ﬂcos

+m, sm(k T n u)o)
sm(kT n u)o)

sm(n T o )cos na) tph(k + l))

+m cos(n T )sm(nu) tph(k + l))

—v(k)no sxn(LT no)o)
+v(k) no sm(k T n(.ou)

cos(n T o, )cos(n o, tph(k + l))
sm(n T ,) sin (nwotph(k + l))

an(t)0

( )
—v(k)no cos(k T.n (”0) cos(n T.0 sm(n o, ph(k + I))))

)
= v(k) n e cos sm(n T o )c s(n(no iph(k + l))
)
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[z [ - "z'm; (nm,, @ cos(KT,n@y) cos(nw, ph(k)) cos(n, )
—ntm, o sin(kTann) cos(n o, lph(lc)) sin(n (not)
—ntm, o) sin(kT,nw,) sin(n o, ph(k)) cos(n o, T)
—ntm,, o cos(kT,nw,) sin(nw, (ph(k)) sin(n o, )
+u(k) n oy cos(kT,nw,) cos(nw, ph(k) ) cos(nw, )
— ulk) nay sin(kT,n @, ) cos(nw, ph(k)) sin(n o, T)
= ulk) neysin(kT,n @) sin(n o ph(k)) cos(n e, )

—ulk)no, cos(k T,_nmo) sin(n o, lph(k]) sin(nmo t)

~ u(k) nmucos(k 7}"“’0) cos(nmolph(k)) + u(k) n(nosin(k T;nmo) sin(nmolph(k])

—m,, sin(k T,na)o) cos(nwo rph(k)) s:os(n(x)0 t)
—m, cos(k T.n wu) cos(n o, lph(k]) sin(n(n)0 t)

—m, cos(k T.n wn) sin(n(s)0 Iph(k)) cos(n(a)o 1:)

+m, sin(l: Tx"“’o) sin(nwo Iph(k)) sin(nmo!) +m, sm(k T nm)) co;(nu)o Iplr(&))

+m, cos(k T.n u)u) sin(nmo lph(k)))

nzlmz (mq”sin(k Ts""’o) cos(n Ts""o) cos(nmolph(k + I))

- "”sin(k T‘_nmo) sin(n T_‘,o)o) sin(nmo ph(k + I))
m"”cos(k T.n “’o) sin(n Tx“’o) cos(n(no ph(k + l))

S

o”cos(k T.n “’o) cos(n T, “’o) sin(n(oo ph(k + l))
moysm(k T‘nmo) Cos(n(\)ulph(l()) cos(nu)ot)

+ mo”bm(k T;"“’o) sin(nu)o lph(k)) sin(n(uot)
mo”:.os(k T.n ‘”n) sin(no)“ lph(k)) cos(nu)o t)
- mo”cos(k T.n u)n) cos(n o, lph(k]) sin(nu)o 1:)
+v(k)noy, cos(k T'n(oo) cos(nu)olph(k)) cos(n (001)
—vk)no, cos(k T.n (oo) sin(n , lph(k)) sin(n(oo 1:)
—v(k)noy, sin(k Ts""’o) sin(nwo lph(l:)) cos(n(oo t)
—vik)nw sin(kT no, )cos(n(onlph(k)) sin(nmot)
+ tph(k) nm, 0 cos(kT no, )cos(n T‘wo) cos(nu)ulph(k + I))
— tph(k)nm, ) cos(kT no, ) sin(n 7;0)0) sin(nwo h(k + l))
~ tph(k) nm”u)osm(kT no, )sm(n rs“’o) cos(nu)ulph(k + l))
— tph(k) nm, 0 sm(kT nw, )cos(n Tx"’o) sin(nu)ulph(k + l)) ~ tph(k
+ I)nmoﬂ ocos(er’n(.n‘..) cos(n T’mo) cos(nu)u tph(k + l)) + tph(k
+ I)nm @ cos(kT nw, )sin(n Tx(”o) sin(nmolph(k + I)) + tph(k
+ I)nm @ sm(kT ne, )sin(n T w, )cos(nm wh(k + I))
+ (k) ney, sun(k7;r:u) )cos(n T w, ) sm(nm ph(k + I)) + ph(k
+ 1) nm g sin(k 7, n o )cos(n T o, )sm(nm ph(k + l))
+ ntmwwocos(kr no, ) cos(n T o ) cos(nu) iph(k + l))
—ntm, ocos(ki;n 0) sm(n T w, ) sm(nm ph(k + I))
—nTm, 0 sin(an )sin(nrw)cos(nm lph(lr+l))
—ntm, osm(& Tno, )cos(n T mo) sm(nm iph(k + I])
—nT,m,0,
+nT om0 cos(k Tn "’u) sin(n 7;,«»0) sin(nmo iph(k+1 ))
+nT om0 sin(k 7j‘nm0) sin(n T_‘vaso) cos(nu)o ph(k+1 ))
+nT,m, o sin(k T_‘nmo) cos(n 7}@0) sin(nu)o iph(k + I))
—v(k) n(oocos(k 1;::0)0) cos(n 1;010) cos(nn)olph(k + I))
+ v(k) noaocos(knnwo) sin(n wao) sin(n(oolph(k + I))

cos(lc Ton (”0) cos(n T, u)o) cos(no)o ph(k + l))

+v(k)noy, sin(k T‘nwn) sin(n T;wu) cos(n o, ph(k+1 )))))
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Equation C-90



Total coefficients

_ yhVp1
Ao = Lp—og %ok

Np-1

11

N 1_(ank - ibnk)(n = 1)
_ N 2k

Ch =

1
k=0 E(an'k + ibn'k)(n < 1)
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Equation C-91

Equation C-92

Equation C-93

Equation C-94



Fourier Analysis of Sawtooth wave with an impulse function

Functionsto be analysed

£ = Ug + Myt 0<t<rt,
0T T o + Mepr(t — Tor) Tor <t < Ts
£(6) = Uy +myp(t —Ts) T, <t<t+T;

kvl+moff(t—T—Ts) T+T5<tS2TS

(©) = Uy + my, (t — 2Ty) 2T, <t < 7+ 2T,
() = vy + mypp(t — T — 2T5) T+ 2T, <t < 3T,

o we tme(E— (K)TY) ()T, <t <1+ (k)T
fre(®) _{Uk+moff(t_r_(k)TS) T+ ()T <t < (k+ 1T,

Fourier co-efficient calculation for first function

2 T T.
Qo = [fo Uy + myp,t dt + fTOST Vo + Mosr(t — Tor) dt]

2 T T
Go0 = |15 ug dt + [} mont dt + [ vodt+ [.° moppt di —
T,
fTOr moff'l'or dt]

moff(Tsz_TOZ) _

_ 2 Mon 2
Qoo = 7 [uoror +o " Tor” + 1 (Ts — 1,5p) + >
0 Tor

MorrTor (Ts - Tor)]

2 T T.
o = - [fo Uy + Mynt) cosnwyt dt + frosr(vo + mypp(t —

Tor) ) cosnwyt dt]
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Equation C-95

Equation C-96

Equation C-97

Equation C-98

Equation C-99

Equation C-100

Equation C-101

Equation C-102



2 [T T Equation C-103
Ano = T—O[fo " uy cosnwot dt + [ mynt cosnwgt dt + 5

Ts Ts
fTOT vy cosnwyt dt + fTOT Mysrt COSNWgt dt —
[ tdt

e MoffTor COSNWg

2 [uy .. Mon . Mon Tor . Equation C-104
a,o0 = —|—SsInnwyt,, + —7T,,-SINNWT,r — — sinnwyt dt +
n,0 To [nwo 0tor nwo or 0tor nwo fO 0

v . v . m .
2 sinnwTs — —=sin nwToy + —2LL T, sin nw, Ty —
nwo nwo nwo

m _ morf (T
N 7, sinnwyT,, ——2L [*
nwy nwo “Tor

sinnwyt dt — n‘;ff

Tor SiNNwTs +

Moff

" Tor sin nworor]

Equation C-105

2 u .. Mon . Mon
a =—[—smnw Tor +—— T, SINNWHT,, + COSNwoT,r +
n,0 To lnw, 0tor nwo or 0tor n2w02 0%or

2 sinnw T — 2 sinnw,yt + T sinnwyTs —
e, 0 nw, oTlor 0
moff . moff
T, SINNWT,, + cosnwogl. — cosnwyT —
nwo or 0‘or nzwoz( 0ls 0 or)
Mosf f

Tor sinnwyT; + Tor sin nworor]

2 [ 7 . T, Equation C-106
by o = - [fo (ug + mynt) sinnwot dt + fT:r(vo + mopp(t — .

Tor) )sin nwyt dt]

Equation C-107

2

b,o = Tio[fororuo sin nwot dt + forormont sin nwot dt +

Ts : Ts . Ts .
ffor vy Sinnwyt dt + frw Mo srt sinnwot dt — frw Mo fTor SINNWoL dt]

[——Cosnw T m""f COSNWAT- + Equation C-108
nwo 0%or  pw, o7 otor
m, T
Zon [*O7 cos nwot dt — —= cos nwo T + s COSNWOTor —
nwo nwy
m T,

nOff Ts cos nwo T + f Tor COSNWoTor + off TS cosnwyt dt +

@ T
Moff Moff ]

Tor COSNWoTs — —= T, COSNW(T
nwy °7 0%s ™ hw, O olor
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m
bno = —— COSNWTor — — 2 Tyr COSNWOT o +
[On) n

To [ nwy

2 cos nwoTs + cos NWoTor — —iL Ts cosnwyTs +
nwo nwo

Moff Moff : ;

T, COSNWoT,Hr + sinnwy T, — sinnw,t +
nwo or 0tor nzwoz( 0is 0 or)
Morf moff ]

Tor COSNWoTs — T, COSNWT
nwo or 0 nwo or 0tor

Fourier coefficient calculation for the kth function

kTs+1
[f U + my, (t — kTy) dt
KT

(k+1)Tg
+] Vg + Mype(t — kTs — 1) dtl
k

Ts+T

kTs+1 kTs+T kTs+T
0.k [f U, dt + f mg,t dt — f My, kT dt
kT kT kT

(k+1)Ts (k+1)Ts
+ j Vi dt + j mofft dt
kTs+1 kTs+1

(k+1)Ts (k+1)Ts
- j moffkTS dt — j moffr dtl
kTs+1 kTs+1

Tz monkTS

ao,szio[ukT+M T+ v (T, — 1) + 2L "ff (T2 + 2kT”

2kT,T — 72) — Mok Ts(Ts — T) — Mg s, (Ts — ‘L')]

Qi = [fkTS+T( U + mey, (t — kTy)) cosnwyt dt + fk(’TcT)TS (v +
Myrr(t — kTs — 7)) cos nwot dt]
[ kTS+T Uy + Myn (t — kTy)) sinnwyt dt + fk(’TcT)TS (v +

Myrr(t — kTs — 7)) sinnwgt dt]
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Mon .
g7 SINMWoTor —

Equation C-109

Equation C-110

Equation C-111

Equation C-112

Equation C-113

Equation C-114



Equation C-115

an,k -

_ TO n12 mé (2 ( -ntm, o sin(kTsnu)O> cos(n 0, ’t) —ntm, o cos(kTSn(oo) sin(n (DOT)
+ntm,0) cos(kT n(no) sin(n o, T) —nT om0 cos(kT nu)o) sin(n ®, Ts)
+ntm,0) sm(kT nwo) cos(nco T) nT om0 sm(kT n(oo) cos(n ®, Tq)

+v(k)no sm(kT n cos(nm ‘C) +v(k)no cos(kT nwo) sm(nm ‘C)

0) 0 0
—vik)no cos(kT nmo) sin (nu) T) —v(k)nw sm(kT nu)o) cos(nmo TS)
)

—u(k)nw s1n(kT no

N cos(noo ‘c) u(k)no cos(kTSn(DO) sin(n(o ’E)

0 0

+ u(k) sm(kT no ) no, + mﬁ,cos(kTsnu)O) cos(n o, ’c)

—-m cos(kT ne, cos(no) t) ﬁsin(kTSan) sin(n(oo’t)

)
+m s1n(kT nmo) sm(nm 1:) ffcos(kTsn 0)0) cos(n o, Ts)
)

+m sm(kT no sm(nw T) +cos(kTSn0)0) mon))

0

by 1= Equation C-116

> 2 (2<-n‘cm0n0) cos(kTsn(oO) cos(nu) ‘c) +ntm, ® sin(kTsnu)O) sin(nco 1:)

0 0 0 0
TOn ®,

+ntm,0) cos(kT nwo) cos(n(o T) —n T m,0 cos(kT nwo) cos(n ®, TS)

—ntm ffwosm(kT no )sm(nco T) +nT.m /fwosm(kT nmo) sin(no)0 Ts)

v(k cos ‘E) vik)nw sm(kT nwo) sm(n(n r)

(k) (nu) o o
v(k) no,cos(kTnw cos(nu) 7;) v(k) no, s1n(kT nwo) sin(nu)o TA)
s(nu)

)
u(k) n e cos(kT n o )co

N r) u(k) no s1n(kTSnm0) sin(nw r)

(kT no )cos(nm ‘c)

0

+cos<kT no, )

I’l o ffSIIl

+m, sm(kT n(oo) cos(n(o ‘c) ﬁcos(kT,n(n )sin(n(oo‘c)
+m, cos(kT nooo) s1n(n0) r) cos(kT n(oo) sin(n(oo TT)

+m, s1n(kT nu)O) cos(na) T) —Sln(kT”wo) 0n)>
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Total coefficients

_ yhVp1
Ao = Lp—og %ok

Np-1

11

N 1_(ank - ibnk)(n = 1)
_ N 2k

Ch =

1
k=0 E(an'k + ibn'k)(n < 1)

A4l

Equation C-117

Equation C-118

Equation C-119

Equation C-120



Fourier Analysis of Sawtooth wave with Battery Balancing

Functionsto be analysed

This is a combination of the sawtooth function

_ (Up T+ Myt O0<t<srt
fo) = {vo + mypr(t — 1) T<t<Ty

And the battery balancing circuit equations

~CVaifs (e—t/rc) 0<t<O045T
fl(t) — Tc = VY. 0
0 045T, <t <T,

Fourier co-efficient calculation for first function

ap = Tis :fOTu + Myut dt + fTTsv + Myn(t — T) dt]

ap = Tis :fOTu dt + [T ment dt + [Fvdt + [Fmytdt — [ moffrdt]
ap = Tis :u(r) + %(1)2 + vTy — vt + @ T — @ T2 — mypptTs +
moffrz_

a, =T£S:ur+m2°”rz + vT, —vr+% T,? —@ T2 —mypptTs +
moffrz_

_2ut | mept? | 20(Ts—7T) | Moff 2 2\ _ 2Mmoss _
aO—TS+ T + T + T (TS T) T (T, — 1)

2

an = [fOT(u + m,p,t) cos nwgt dt + fTTS(U + Mypr(t — 1) )COS nwst dt]

2 T,
a, = T—S[fofu cosnwgt dt + formont cosnwst dt + [ °v cosnwst dt +

T. T.
J mopst cosnawgtdt — [ °m,rrT cosnwst dt]

= Tzn"" cos nwg(T) —

N on -
(n = - [nws sinnw,(7) + o, (7) sinnwg(t) + o2

mon++ v

n2wg? nwg

sin nw,(Ty) — anssin nws(t) + Y%Z (Ty) sin nwy(Ty) —
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Equation C-121

Equation C-122

Equation C-123

Equation C-124

Equation C-125

Equation C-126

Equation C-127

Equation C-128

Equation C-129

Equation C-130



"ff (T) sin nw,(7) + cos nwg(Ty) — ff 5 COS nwg(T) —
Moff ; Moff . ]
s (7) sinnw,(Ts) + o (1) sinnwg(7)
an = ni sin nws (1) + “on (‘L’) sinnwg(7) + - — cos nw(7) —
2Mmon . _ off
n2wg?Ts  nwsTs sin nws () Sm nws(7) + (T ) sinnws(Ts) —
2
nTZ)O’;f (7) sin nwg(7) + ff  cos nwg(Ts) — ff cos nws(t) —

2 "ff T smnws(T)+ "ff (T) sin nwg ()
nw

2Mon
n2wg2Tg

—2Mon ( 2u 2Mon

2v .
SinnwgT +
n2wg2Tg wsTs

a =
n ( nwgTs nwgTs

2m 2v 2m .
—off) cosSnwyT + (— 4+ (T, — 1) ) sinnw,Ts +
n2wy2Ty, nwsTs nwgTs

Zmoff
n2wgs2Ty

cosnw,Ty)

. TS
= Tis[for(u + m,, (1)) sinnwt dt + fT (v +mepp(t —

T)) sin nwgt dt]

: : Ts .
b, = Tis[foru sin nwgt dt + formon(t) sinnwgt dt + [ °v sinnwst dt +

T . T .
J i mopst sinnwgt dt — [ mype(7) sinnwgt dt]

Mon (T v v _
: fo cosnwgt dt — . COSNWs (Ty) + . COS s ()

Moff Moff Mosr Ts
o (T) cosnwy(Ts) + o (7) cosnwy(7) + v fT cosnwgt dt +

Moff _ Mofr ]
oo, (1) cosnw(T,) — (1) cos nwg (1)

2 m
b, = m [nws cos nw(7) + m —-—= (T) cos nw(7) +
m . v
+ nZ(ZZZ sinnwg(t) — . COS NWs (Ts) + n—ws cos nwg(7) —

Moff Moff Moff . _
oo, (Ty) cos nw(Ty) + -~ (1) cosnwy(T) + a2 SIS (Ty)

mff

> sin nwg (1) + (T) cos nwg(Ty) — off (‘L’) COS Nwg (‘L’)]
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Equation C-131

Equation C-132

Equation C-133

Equation C-134

Equation C-135

Equation C-136



-2Uu 2U
b, = cos nwg(7) +
nwsTs nwsTs nwgTs
2m . 2v
2 sin nwg (1) —
n2wsTs nwgTs

2v
cos nwg(Ts) + s

2L (T,) cos na(Te) + 2L (r) cos nuwy(r) -

nwgTs

off sm nws (1) + off (T) cos nwg(Ty) —

2u 2v 2u 2m
bn = ( + ( — — on
nwsTs nwsTs nwsTs nwgTs

Zmoff
SZTS

ff

) sinnwst — sm nwoTs —

2v
sTs) cos nwsTy)

- 2m_0; (1) cos nwg(T) +

Off

cos nwg(T) —
sm nw(Ts) —

Off (‘L‘) cos nwg (1)

2Mmon
) cosSnwgT + (—nzwssz —
Zmoff
(anTs (TS )+

Fourier coefficient calculation for the second function

__ 2 0.45T, CVaifr , ¢
a0,1 - T_o 0 (_T(e /Tc)) dt

_2CVy
Apq = o lé‘f (1 0.45To/‘rc))

2 (045To [ CVaiff , _
= (— TL:H (e t/TC)) cos nwyt dt

To

_ 2CVairr
To(n2wit 2+1)

cos(0.45nw0TO)e‘°-45To/Tc)

an, 1

2 0.45T, CVy; _ .
by = 7 Jo ° (—% (e t/Tf)) sinnw,yt dt
0 c
_ _ 2CVaisr —0.45T, /¢
bny = To(2wite2+1) (e c0s(0.45nw,Ty) nw,t,

sin(0.45nw,Ty)e 45T/
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(sin(0.45nw,Ty) nwor e~ 045T0/Tc + 1 —

— NweT, +

Equation C-137

Equation C-138

Equation C-139

Equation C-140

Equation C-141

Equation C-142

Equation C-143

Equation C-144



Total coefficients

ag = lec=0 Aok

an an,k

I
NgE

=
1l
o

S
S
Il
Mr—\
S
3
&

==
Il
o

(an’k - ibn’k)(n = 1)
(

an'k + ibn'k)(n < 1)

&
1]
o

a
S
M.—\

N, N]| -~
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Equation C-145

Equation C-146

Equation C-147

Equation C-148



Fourier Analysis of Sawtooth wave with ELM

Functionsto be analysed

This is a combination of the sawtooth function {&mto the battery balancing method)

Uy + Myt O0<t<rt Equation C-149
fo(®) _{vo + Mosr(t — 1) T<t<T,

And the ELM sine wave

9.2
Zpqtt20

Equation C-150

sin(w,t) 0<t<T,

f1(t) =

Fourier co-efficient calculation for first function

As per the battery balancing method

Fourier co-efficient calculation for second function

The magnitude of the sine wave for the bomponent only

Total coefficients

Equation C-151

Ao = Aok
an = Qug Equation C-152
1 Equation C-153
b, = Z bn,k
k=0
1 1 ] Equation C-154
E(an,k - lbn,k)(n > 1)
%221
k=0§(an,k + ibn,k)(n < 1)
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