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Abstract

The modern grid system or the smart grid islyike be populated with multiple distributed
energy sources, e.g. wind power, PV power, Plugliectric Vehicle (PEV). It will also
include a variety of linear and nonlinear loadse Titermittent nature of renewable energies
like PV, wind turbine and increased penetratiorEtdctric Vehicle (EV) makes the stable
operation of utility grid system challenging. Irder to ensure a stable operation of the utility
grid system and to support smart grid functioneditsuch as, fault ride-through, frequency
response, reactive power support, and mitigatiopasver quality issues, an energy storage
system (ESS) could play an important role. A fasing bidirectional energy storage system
which can rapidly provide and absorb power andfAR¥ for a sufficient time is a potentially
valuable tool to support this functionality.

Battery energy storage systems (BESS) are oneraige suitable energy storage system
because it can provide and absorb power for seffictime as well as able to respond
reasonably fast. Conventional BESS already exighengrid system are made up primarily
of new batteries. The cost of these batteries aarhigh which makes most BESS an
expensive solution. In order to assist moving tolwaa low carbon economy and to reduce
battery cost this work aims to research the oppdrés for the re-use of batteries after their
primary use in low and ultra-low carbon vehicle¥{HEV) on the electricity grid system.
This research aims to develop a new generatioearsl life battery energy storage systems
(SLBESS) which could interface to the low/mediunitage network to provide necessary
grid support in a reliable and in cost-effectivenmer.

The reliability/performance of these batteriesas ¢lear, but is almost certainly worse than
a new battery. Manufacturers indicate that a mectaf gradual degradation and sudden
failure are both possible and failure mechanisneslikely to be related to how hard the
batteries were driven inside the vehicle. Theresaneral figures from a number of sources
including the DECC (Department of Energy and Clien&ontrol) and Arup and Cenex
reports indicate anything from 70,000 to 2.6 millielectric and hybrid vehicles on the road
by 2020. Once the vehicle battery has degradedrdand 70-80% of its capacity it is
considered to be at the end of its first life apgiion. This leaves capacity available for a
second life at a much cheaper cost than a new B¥sS&ning a battery capability of around
5-18kWhr (MHEV 5kWh - BEV 18kWh battery) and appmmate 10 year life span, this
equates to a projection of battery storage capglailiailable for second life of >1GWhrs by
2025. Moreover, each vehicle manufacturer hasreifitespecifications for battery chemistry,
number and arrangement of battery cells, capaaiiyage, size etc. To enable research and
investment in this area and to maximize the remairlife of these batteries, one of the
design challenges is to combine these hybrid bestento a grid-tie converter where their
different performance characteristics, and paramedgation can be catered for and a hot
swapping mechanism is available so that as a patteis it second life, it can be replaced
without affecting the overall system operation. sTimtegration of either single types of
batteries with vastly different performance capgabtr a hybrid battery system to a grid-tie
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energy storage system is different to currentlystaxg work on battery energy storage
systems (BESS) which deals with a single type dielbawith common characteristics. This
thesis addresses and solves the power electrosigndehallenges in integrating second life
hybrid batteries into a grid-tie energy storage tori the first time.

This study details a suitable multi-modular powéectonic converter and its various
switching strategies which can integrate widelyfeddént batteries to a grid-tie inverter
irrespective of their characteristics, voltage Isvand reliability. The proposed converter
provides a high efficiency, enhanced control fldiypand has the capability to operate in
different operational modes from the input to otitpu

Designing an appropriate control system for thigdkof hybrid battery storage system is also
important because of the variation of battery typiE$erences in characteristics and different
levels of degradations. This thesis proposes argksed distributed power sharing strategy
based on weighting function aims to optimally usseaof hybrid batteries according to their
relative characteristics while providing the neeeggrid support by distributing the power
between the batteries. The strategy is adaptiveatare and varies as the individual battery
characteristics change in real time as a resuldegradation for example. A suitable
bidirectional distributed control strategy or a ratedindependent control technique has been
developed corresponding to each mode of operafitimeqoroposed modular converter.

Stability is an important consideration in contodl all power converters and as such this
thesis investigates the control stability of theltrmaodular converter in detailed. Many

controllers use PI/PID based techniques with figedtrol parameters. However, this is not
found to be suitable from a stability point-of-vievgsues of control stability using this

controller type under one of the operating modesléa to the development of an alternative
adaptive and nonlinear Lyapunov based controlfemhodular power converter.

Finally, a detailed simulation and experimentalidetion of the proposed power converter
operation, power sharing strategy, proposed costrattures and control stability issue have
been undertaken using a grid connected laboratsgdmulti-modular hybrid battery energy
storage system prototype. The experimental vabidatas demonstrated the feasibility of this
new energy storage system operation for use imdgtid applications.
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Initial state-of-charge af" battery module
Instantaneous state-of-charge'dbattery module
Initial open circuit voltage of" module
Instantaneous open circuit voltage 'Bimodule
Minimum open circuit voltage af' module
Maximum open circuit voltage éf' module
Impedance of" battery module

Weighting factor of" module currents

Bandwidth

Gain crossover frequency

Proportional gain for voltage controlleri8fmodule
Integral gain for module voltage controller
Current controller delay

Proportional gain for inner module current congoll
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Battery failure rate

Switch failure rate

Dc-dc converter failure rate
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Converter filter failure rate
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Total converter reliability
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Short term operating reserve
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Firm frequency response
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1 Introduction

1.1 Smart grid system and challenges

Due to the increasing shortage of fossil fuels tredimpending issues from environmental
pressure, new generation sources with higher effey such as fuel cells, micro-gas turbines,
and renewable energy sources (RESs) such as wihda@ar power, are becoming more
important as distributed energy resources (DERKg distributed and renewable energy
sources are set to take an increasing portion ennilarket at electric power generation in
coming years as summarised in [1] — [4] which dis&s the economic benefits of DER into
the grid system. Today, the most prolific renewadslergy sources are wind and PV systems
as discussed in [5] — [10]. The proliferation ofrremt and planned distributed generation
along with future concepts such as Vehicle-to-GWaG) interfacing [11] — [12] is leading to
the push for a better co-ordinated, better monit@mart grid. Some for the key review
papers on topic are [13] — [17] which act as exasf proposed smart grids of the future
around in the literature. Many researchers agratthie key features are shownFHig. 1.1
[18].

Grid
Power
converter Other embedded
4/ ~ . -
{ll _Ir (G ),/ generation
| PCC [ B J‘} |V
4{} | | | converter ENVs
PV module /o i
modules : i ‘;
' converter e * i Customer Loads

S S |
ST | S
BESS v ‘j— “{i

Power
converter

Fig. 1.1 A Smart grid concept with multiple embedded generations

However, the power generated from wind and solar is intermittent and uncertain in nature,
which presents challenges to normal power systems operation. Fig. 1.2 shows some examples
of the load mismatches that could occur due tarttegmittent nature of wind power and PV
systems as reported in [19], [20]. This can causltage rise/dip problems in low voltage
networks [21] — [27] whereas in medium/high voltage networks it can eafiequency
stability problemas reported in [28] —[30]. The most commonly used approach in mitigating
the variability of renewable generation is using medium and fast-ramping generators, such as
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diesel combined-cycle combustion turbines and gas turbines [31]. However, having a
generator operating as spinning reserve offsets a proportion environmental benefit of
renewable energy. Moreover, these existing generators are of low efficiency and may
introduce time lag in their AVR/governor control system. An alternative to using spinning
reserve generation is employing an energy storage system (ESS) in order to mitigate against
this variability. Therefore it is an important addition to the smart grid as shown in Fig. 1.1.

5500, : :
.. — Production
5000/ lfl’ir;}?:rmm;}iZn ----- Consumption || g (a) PV output power profile —
450011 demand (kW (b) Residential load profile -~
4000 \ 438 i -
~ 3500 b)Y,
36 LY
= 3000 A A Y . y
5 YN\ I Y
g 2500 3 :'\-"\ { &' L
a VU 24 \
2000+ '..'
1500/ 12 4
1000 Production is "‘-.,.__. .
lower  than "and’
500} demand 1 00 "'; —*;a '24
0 L I
0 1 2 3 4 5 6 7 (hours)
Time (hours) (b)

(a)

Fig. 1.2 Typical renewable energy and load demand: a) wind power case [32], b) PV power case [19]
1.2 Importance of energy storage system in the smart grid

Large-scale energy storage systems (ESS) are widely regarded as a potential technology in
improving the flexibility and receptivity of the power grid and solving the coordination
problem of intermittent energy. In particular the energy storage systems (ESS) can be used on
two different time scales: a) long term support, b) short term support. Over a long time scale
(e.g. in days/hours), bulk energy storage systems, can be “charged” by the excess renewable
energy generation during off-peak hours and “discharged” during peak hours and over a short
time scale (e.g. minutes/seconds), fast-response energy storage systems, such as batteries and
flywheels, can help smooth the output of renewable energy generators. Moreover, the ESSs
can also be used to address the power qualitysgsue grid [33] — [36]. The main roles of
an ESS in the smart grid have been summarise€ign1.3. Brief descriptions of these
services are described as follows.

21



Chapter — 1: Introduction

Generation Transmission/Distribution
Capital deferral Asset deferral
Spinning reserve Phase balancing

Frequency regulation

. Loss reduction
and load levelling

: voltage regulation
Renewable Integration

End User Stability
Connection costs
Power Quality

Market mechanisms
UPS functionality

Peak load reduction

Fig. 1.3 Uses of energy storage system in smart dri

Frequency regulation/Spinning reserve/stability Spinning Reserve is the on-line reserve
capacity that is synchronized to the grid systenh rady to meet the electric demand when
necessary. Spinning Reserve is needed to mairtt@irsystem frequency stability during

emergency operating conditions and unforeseen $@adgs. An inverter connected energy
storage unit is well suited for this purpose beeaof the speed of the power electronic
interface. Due to the large amount of researchhism drea, references [37] — [43] are quoted
as giving examples related to the research andwsions on this area.

Load Levelling/Peak shaving Energy storage has been used to flatten an iel@cioad by
charging the storage when the system load is low @giacharging the storage when the
system load is high as described in the referefls— [49]. This technique is known as
load levelling. The load levelling is also referreml as peak load shaving, includes using
energy storage to eliminate the peaks and valleygheé load profile [49], [50] — [54].
Therefore, it is similar to load-levelling, excepstead of constant power draw from the grid
to supply the daily average load, less power isvdrérom the grid during peak demand
times. Consequently more power needs to be drawlbwatdemand time to replace the
expended stored energy during peak times. Thidipeacffers direct and indirect benefits to
utilities in generation costs, line loss reductiangd voltage support as reported in [55] — [56].
The net effect is a significant reduction in peakvpr levels drawn from the grid which
reduces the peak power cost charged by the utility.

Renewable Energy Integration An ESS unit could be placed within a wind or sola

generation installation, effectively converting td a constant power source. There are
significant recent researches on this area coretérgron both the control aspect as well as
the economic aspect [57] — [61]. All these reseaaghee on the placing energy storage
systems along with renewable energies to competisafiuctuation of power to improve the

power quality and grid stability.
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Asset/Capital deferrat An ESS can be used to defer investment into métwo customer
asset upgrades through the use of energy storagenechanism similar to load levelling as
asset overload conditions are removed by localggnsiorage [62] — [64].

Power quality/phase balancing/voltage regulationThe influence of the wind or PV power
sources in the grid system concerns the power quality such as the active power, reactive
power, and variation of voltage, harmonics, and electrical behavior in switching operation.
The power quality problems when wind turbine installed to grid side can be resolved using an
ESS for example, a Static Compensator (STATCOM) is connected at a point of common

coupling with a battery energy storage system (BESS) can rectify the power quality problems
[65] — [67].The combination of battery storage with wind energy generation system can
synthesize the output voltage and current waveform by absorbing or injecting reactive power
and enable the real power flow required by the load.

Loss reductiont A localised ESS can reduce power flow throughdis¢ribution network to
reducel’R losses. The references [68] — [70] discuss thesacenic benefits and also the
optimal location of an ESS on the distribution natkv

Connection cost/Market mechanismAn energy storage system can be used by customers
looking to minimise energy costs through tariff npamation by adjusting load demand at the
peak time as discussed in [71] — [73].

UPS functionality: All the above mentioned services are applicable when the grid is present.
However, there is additional opportunity to be gained from also using ESS in grid
independent mode when the main power source is not present e.g. feeding islanded industrial
plants or localized loads as reported in [74] — [79]. In grid independent mode also, there could
be multiple loads including motors in pumps, fans and compressors which may be operated
frequently. Therefore, such industrial plant can undergo voltage and frequency fluctuations
under both normal and fault operation. For large establishments, multiple power

sources/generators can be used and it is practical to use an ESS to provide short term power
and then, after run up time, to switch to other generators such as reported in [80].

1.3 Types of energy storage systems

To fulfill these above mentioned grid based functions, the energy storage system is required
to be cost effective with a reasonable life cycle, reliable, safe and with sufficient ramp times.
There are thousands of references for energy storage technology on the grid both formally
published and available on manufacturers and interest group websites. Energy storage
technology can be summarised into the following categories below [81] —[84]:
*  Pumped Storage (>20GW worldwide)
e Compressed air (>400MW worldwide)
e Batteries
0 NaS (> 200MW worldwide)
0 Redox Flow (>11MW worldwide)
0 Lead Acid, Lead Carbon (> 125MW)
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o Lithium ion (>100MW worldwide)
o NiMH (sub 25kW level only)
o NiCad (>27MW worldwide)
* Flywheels (>3MW Worldwide)
» Electromechanical capacitors (450kW, 30s demorst(a)
» Superconducting Magnetic Energy Storage (SMW detnaias in Texas + smaller
units)

References [83] and [85] — [87] are good examplesomprehensive reviews of these
different energy storage systems and their possplaications. Table 1-1 shows a brief
comparison of the different energy storage solstiom terms of their key parameters;
efficiency, energy density, power density and resgotime based on these research. The
most literatures such as [19], [85] — [87] agres flywheels and super-capacitors have good
energy efficiency. However, a flywheel respondsha order of seconds while the super-
capacitor is capable of responding quickly in théeo of 100’s ofus to few ms. The energy
densities for these two solutions are low which msethey cannot be employed to provide
the long term power backup. On the other hand, cessed air energy storage system
(CAESS) is a low efficiency, low energy density,opalynamic response solution which
makes it unsuitable for fast response, but goodbtitk storage. Fuel cells have a low energy
efficiency but good energy density and power dgn3ihe fuel cells may be a unidirectional
ESS and has a slow response time. Super-conductagnetic energy storage solution
(SMES) has been used in the past because of hseffigiency and reasonably fast response
time. However, a SMES coil is inductive in naturkieth can be bulky and expensive which
limits its application. Batteries provide high egerdensity, high efficiency and power
density as well as fast dynamic response. Thergiionatility applications the battery energy
storage system (BESS) offers a good compromisedastvall the desired features. Within
BESS there are different battery chemistries oesywhich have differences in performances
both in terms of power density and energy densigalise of differences in chemical
compositions, internal impedances and capacitiegchwinfluence their efficiency and
power/energy density. Fig. 1.4 shows a comparisiwden different energy storage system
in terms of energy density and power density [I8hpared to fuel cells and capacitors. Fig.
1.4 is similar to many other general figures putdisin the literature around this topic.

Table 1-1 Comparison among different energy storaggystems

Type Energy Energy  density Power density Speed  of

Efficiency | (Wh/kg) (W/kg) response
Flywheel ~ 95% 30 1000 In seconds
Compressed Air ~40-50% | 20 - In seconds
Fuel Cell ~60-70% 60-70 200-300 In 100’s ms
Batteries =70 —90% | 90-200 300-500 10 — 50ms
Super-capacitor ~95% 20-30 4000 1-10ms
Super conducting magneticc 90% - - 20 — 50ms
elements
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Fig. 1.4 Power versus energy density characteristics of different energy storage systems [19]

It was reported in [19] that fuel cells have véow power density but the highest energy
density compared to batteries and super-capacitéosvever, no information about the
associated accessories such as, fuel cell tanksnalasled in that research. This could have
an impact on the overall energy density of the aa#l energy storage as reported in [88]. On
the other hand, capacitors have the lowest enezggity but have very high power density.
From this comparison it can be seen that a battiéeys a good compromise between energy
density and fast speed of response which are imodriterion in fast acting grid support

applications. For these reasons, the focus othleisis is around BESS.

1.4 Battery technology

Battery energy storage systems have been the focus of extensive attention in literature in grid
based applications as a power system stabiliser, ancillary applications [89] — [90], renewable
energy system [91] — [92], power quality conditioners [93] — [94], [36] and automotive or
V2G applications [95] — [98]. Since 2008, heavy US and EU investment in battery
technology R&D for transport applications has placed increasing focus on battery technology
[100] —[102]. There are well over 60 different types of battery [ 103]. Around half of these are
primary batteries (no recharge available) and the remainder are secondary (capable of
recharge) [103].

An illustration of the cost against energy density (more important for transport than energy
storage) for common types of battery is shown in Fig. 1.5 [99] — [108]. What is clear is that
Lead Acid battery costs are the lowest and consequently, vehicle based lead acid batteries
dominate the market. In recent years, lithium-ion (Li-ion) batteries have emerged as a key
contender for both vehicle and electricity storage. Lithium-ion battery technology presents a
number of advantages over traditional lead-acid, nickel-metal hydride and nickel-cadmium
rechargeable batteries, including high energy density, low self-discharge rate, light weight
and flexible battery shape, and absence of ‘memory effect’ (batteries not recharging to their
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original maximum capacity when repeatedly re-chadrgier only partial discharge) [109] —
[110]. The most common lithium ion battery type lighium iron phosphate (LiFePO4)
battery [111].

Comparison of cost and energy
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Fig. 1.5 Comparison on energy density and cost [1P8

However, there are also some disadvantages dfiithon batteries which include reduction
of cell capacity over time and increasing internegistance, along with vulnerability to
overheating and over-discharge and the high cosbofponents such as cobalt (LIGOO
Recent technical innovations have addressed thesees, including more stable and
conductive materials for the cathode, anode and electrolyte; the development of advanced
battery management systems to regulate outputgestevithin strict limits [112] — [113].

Sodium-sulfur (NaS) batteries are primarily mantufeed by one group, the NGK/TEPCO
consortium in Japan, producing around 90 MW of ager capacity each year [114].
However, there is no other large scale manufactiviegawatt scale NaS Battery Systems
were first operated in the field more than 10 yeays. Although the basic design concept of
NaS battery cells and modules has not changedgetmology has been improved through
many field demonstrations and commercial instateai Initially, the target application for
NaS batteries was load levelling, which remainspitsnary use. Recently, NaS Battery
applications have focused on stabilising fluctuafower from renewable energy resources,
such as wind turbines or photovoltaic generatorereMithan 300 MW of NaS Battery
Systems have been installed globally. However, Naiferies mostly operate at over 300
and contain highly corrosive chemicals [115] — [[116

A 27 MW 15 minute (6.75 MWh) nickel-cadmium derstrmation battery bank was installed
at Fairbanks Alaska in 2003 to stabilize voltag¢hatend of a long transmission line [117].
However, there are no other large installations.eWthcompared to other forms of
rechargeable battery, the Ni—Cd battery has a nuoflalistinct advantages: The batteries are
more difficult to damage than other batteries, ratiag deep discharge for long periods. This
is in contrast, for example, to lithium ion batésj which are less stable and will be
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permanently damaged if discharged below a minimoftage. Ni—Cd batteries typically last
longer, in terms of number of charge/dischargeeasjdhan other rechargeable batteries such
as lead/acid batteries. However, a Ni—-Cd battesyshhigher self-discharge rate especially at
a high temperature. Therefore, it is recommendddeép them in cooler environments [118]
compared to other battery types. The primary trafflevith Ni—Cd batteries is their higher
cost and the use of cadmium (an environmental Haxeghly toxic to all higher forms of
life). They are also more costly than lead—aciddoes because nickel and cadmium cost
more. One of the biggest disadvantages is thab#tiery exhibits a very marked negative
temperature coefficient. This means that as thieteelperature rises, the internal resistance
falls. This can pose considerable charging probjgragticularly with the relatively simple
charging systems employed for lead—acid type hatsi¢t19]. Nickel-metal hydride (NiMH)
batteries are the newest, and most similar, conapéti Ni—Cd batteries. Compared to Ni—Cd
batteries, NiIMH batteries have a higher capacity lass toxic, no memory effect and are
generally more cost effective. But NiMH batteriessé high self-discharge rate compared to
Ni-Cd batteries [120].

Rechargeable flow batteries can be used asid-megponse storage medium. Vanadium
redox flow batteries are currently installed at kyxHill wind farm (Australia), Tomari
Wwind Hills at Hokkai@ (Japan), as well as in other non-wind farm appbees [121] — [122].
These storage systems are designed to smooth amdiant fluctuations in wind energy
supply. The main advantages of the Vanadium redattety are that it can offer almost
unlimited capacity simply by using larger and largorage tanks, it can be left completely
discharged for long periods with no ill effectscén be recharged simply by replacing the
electrolyte if no power source is available to gesait, and if the electrolytes are accidentally
mixed the battery suffers no permanent damage. i@ disadvantages with Vanadium
redox technology are a poor energy-to-volume radod the system complexity in
comparison with other types of batteries [123].

Hydrogen Bromide has been proposed for use uriligdy-scale flow-type battery as an
alternative to a Vanadium flow battery [124]. Thedtogen/bromine energy storage system
has some advantages over other battery systemshytltegen and bromine electrodes are
fully reversible, the cell is capable of operatatga high current and high power density and
the components are low cost (plastics and com®)sitthe major disadvantage of the
hydrogen/bromine energy storage system is its diseramine. Bromine is reactive and
corrosive and has a substantial vapor pressumoat temperatures.

When a battery is first developed in a laboratatryis treated with care, in an ambient
temperature environment and loaded using load benkelp determine the energy density
and performance. Batteries within the field do hate such an easy life and are frequently
subject to real life events that occur due to systéfects such as harmonics from the power
electronics, short circuits, high/dt, thermal cycling either with or without charge&harge
occurring and vibration. The battery itself maydaksignificant period of time to charge and
durability and variability of cells may increasesttime and reduce life further. Consequently
not all batteries in the lab make it through to aoencialisation. Batteries can be expensive,
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or have high maintenance, or have limited lifespan [126]. Other issues with using battery
energy storage include; regulation and market forces (for example difficulty in formulating a
bidding strategy) and lack of experience with energy storage by the Utilities hampering
growth opportunities.

With the great variety of battery chemistries and the push in the vehicle industry for high
power and energy density, such as the research towards lithium-ion batteries [127], the only
certainty is that battery chemistry is unlikely to be fixed within the next 10 years and research
in this field needs to take into account of battery evolution so as not to render itself obsolete.

1.5 Battery Energy Storage Systems (BESS) components

A typical battery energy storage system consists of three stages as shown in Fig. 1.6: a)
battery management system, b) power electronic converter and c¢) a centralised
controller/control system. The description of each is provided in detail.

_____ i
i C | fl
- | — —
B —
| fo
S | fo
- BMS ) |
Iy
| | ! Grid
;o
i r— V=
. 1 I N
| R N |
Optional

Fig. 1.6 Typical grid connected BESS

1.5.1 Battery management systems (BMS) and its operation

In any battery system, the BMS is a key elenber@nsure all cell/battery voltages are kept
within the limits (maximum/minimum) for safe opecat and to maximise the cycle life.
These can be undertaken through two key functidnthe BMS— monitoring and charge
equalization. The operational of a BMS has beenvahtrough a simplified diagram ifig.

1.7 . First, the BMS monitors the status of all theeseconnected battery cells in a module.
The parameters being monitored include cell voltagell temperature, charging or
discharging current. The voltage, current and teatpee information are then processed by
the BMS controller to determine the state-of-chd®@C) which a measure of the amount of
electrochemical energy left in a cell or battettyisl expressed as a percentage of the total
available battery charge. Secondly, the BMS appleedive or passive balancing
circuit/control to equalize the charge and/or vidis of the cells in the pack and to ensure all
the cells operating within the designed SOC ramgg. Gay 10 — 90%) as reported in [125] —
[132].

It has been a long-standing challenge for theebaindustry to precisely estimate the SOC
of batteries. The electrochemical reaction insidédnies is very complicated and hard to
model electrically. There are various ways SOC lmariound as discussed in [133] — [136].

28



Chapter — 1: Introduction

Table 1-2 shows a summary of different SOC calahatmethods based on the
comprehensive review presented in [134]. Amondhalpractical techniques, the SOC-OCV
relationship based method is considered to be actzsty and accurate method for online
estimation of SOC where the battery capacity isacwourately known. However, it requires a
pre-characterisation to be performed prior to oj@na
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Fig. 1.7 A typical battery management system

Owing to the fact that voltage in a single batteell is inherently low, the battery cells are
connected in series for many practical applicati¢t@®vever, within a series connection of
large number of cells, cell voltage imbalance canaltributed to the differences of cell
internal resistance, imbalanced state-of-chargeC)Sketween cells, degradation, and the
gradients of ambient temperature of the batteryk pdwering charging and discharging.
Imbalanced cell voltage will cause overcharge oepdgischarge, and decrease the total
storage capacity and consequently the total cyideof a battery. Equalization or balancing
among the cells in a series connected batterygstsirtherefore necessary to minimize the
mismatches across all the cells to help extendaltery lifecycle.

The balancing methods can be classified into ¢ategories: active [139], [125] — [132]
and passive circuits [140] — [142]. The passivabeaihg circuit consists of resistor, capacitor
or diodes and is connected across each cell. Tieeitcis connected to the positive and
negative terminals of each cell in a battery strifgis essentially acts as a two terminal
voltage controlled current shunt. It provides eeelh with an alternate current path for string
float current. The principle concept of this ciftcig to divert the excess energy from the
higher voltage battery to the lower voltage batterthin a string. It can be explained this
way also: aell requiring less float current to maintain kgjuired voltage level increases the
current flow through the passive shunt, therebyetesing the cell’'s float current during the
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discharging to prevent deep discharge and viceaveos prevent overcharge. It is a
straightforward approach to implement and alsopedeent of battery types and widely used
especially when a large string of batteries presanh as in automotive applications. On the
other hand, active cell balancing circuit helpsabak the cells in a battery module to
maintain the same voltage or SOC by monitoring iafetting appropriate balancing current
into individual battery cell based on the balancieheme. This active cell balancing circuit
can be divided into two groups: unidirectional dndirectional cell balancing as shown in
Fig. 1.8. Among these schemes, multiple-windinggfarmer-based solutions are attractive
for their effective low-cost equalization. Howevalt,is difficult to implement multiple
windings in a single transformer when a batteringtconsists of more than 100 cells such as
in electric vehicle (EV) application. The switche@pacitor-based solution is also not
considered for the long equalization time. Theasad bidirectional dc-dc converter regulates
from the battery stack voltage to each individuall woltage. The average current mode
control is employed such that the average inductorent is regulated to the command
current, which is set by the active cell-balanagtrol algorithm.

Compared to the traditional passive cell batmapproach, the active cell balancing
approach offers advantages of higher system effigi@nd faster balancing time. However,
active balancing is difficult and more expensivarplement if there is a large number of
battery modules present. Moreover, the selectionadive balancing methods is also
dependent on the battery types or chemistry, elghiam-ion battery types requires more
advanced balancing method and management systepacedto other battery types because

of safety.
Table 1-2 Comparison of different SOC estimation mods [134]

Technique Summary of the method Advantages Drakgbac
Discharge Discharge with DC current and | Accurate Cannot be performed

measure time to reach a certain online

threshold point
Coulomb Counting charges that have been | Online method Inaccuracy can ocgur
counting injected/pumped out of a battery due to measurement of

initial SOC
Open circuit | SOC-OCV look-up table or a|inexpensive and Pre-characterisation
voltage derived relationship Online method is needed
ANN based| Adaptive artificial neural network | Online method Pre-defined training
method system data needed
Impedance Frequency response plot is used toAccurate Expensive and
spectroscopy characterise the battery temperature sensitive
Impedance basedUses an impedance based batie@ives indication Temperature sensitive,
method model of state-of-heath e.g. impedance varies
(SOH) and SOC | with temperature

Kalman filter Averaging information using a Online method Large computation and

Kalman filter and observer — can
handle inaccurate data better

ig

matrix calculation
needed
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There have been extensive researches done on different active equilisation control along
with developing different active equilisation circuit, as reported in [147] — [155]. This type
of control has been predominantly based on employing a dc-dc converter/cell or using a
modular dc-ac converter [155] — [156]. The control structure can be explained with the help
of Fig. 1.9.These controls aim to equalize the mismatch of instantaneous SOC’s, between the
modules by controlling the individual module converter. The effect of this control can be
explained with the help of Fig. 1.10. It can be seen how the balancing current references are
generated from the differences between average SOC and module SOC. The main idea is to
force the difference between average SOC and individual SOC (ASOC) to zero. It can be seen
how the module SOC’s are made equal by using individual module currents, e.g. the higher
module SOC is discharged at a higher rate and the lower module SOC is discharged at a
lower rate until all the SOC’s become equal.

Charge equalizer

Passive (Dissipative) Activel (Nondissipative)
| | | |
Resistive Analog Unidirectional Bidirectional
shunt shunt L |
141 142 |Charge Discharge Switched  Bidirectional
l I I I_I_I capacitor converter
seC J . . o) 7 Tnidir .
Seuon'dar) Multiple Swiidhed Pum'ar) Unidirectional | 140 139 146
111'11151'1) le transformers transformer 111.111(;}p le ERESE
windings indings 145
140 137 140 139
143 144
Fig. 1.8 Classification of different charge equilisation methods
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Fig. 1.10 Effect of equilisation or balancing contl during discharging

It should be noted that this strategy is only aggtlle with the same type battery cells and
assume equal capacity and charge/discharge limitghis will not be feasible if the battery
capacity, charge/discharge limits are widely ddfer However, such a situation (dealing with
widely different batteries) is not considered torbkevant in the existing literature. Within
this thesis an active balancing through the BM&ided and passive resistive shunt type
balancing method is used depending on battery types

1.5.2 Power converter topologies

In a battery energy storage system, a bidirectidnalc and/or ac-dc converter topology with
a proper charging-discharging control is requiredtransfer energy between the battery
system and the ac grid. Different power convedpologies have been used in conjunction
with BESS, hybrid energy storage systems in gradygr quality, automotive, UPS and DC-
micro-grid applications have been summarised iV][15[209]. Different applications use
different converter topologies to interface withe thtility grid system or with the load
because the control flexibility, efficiency, powaquality reliability etc. are dependent on
choice of topology as discussed in the review [19He topologies may include a dc-dc
converter on the battery side or could directlegrate the battery bank to an inverter. The
topologies are split into two types: non-isolated ésolated converters. Isolated topologies
are useful to obtain the galvanic isolation betwaemrid and dc source which is mandatory
in some of the applications, such as, aircraftpuative for safety. However, this isolation
increases the size and cost of the system as we#idaucing efficiency of the overall energy
storage system. In a grid system where fault cumeagnitude is important for protection co-
ordination, it may be necessary to use a non-isolaystem. Due to the nature of this thesis
in providing grid support, a non-isolated configioa is taken as the main focus of this
research and used in the following topology desionig. However, the theory is equally
valid for an isolated system. Moreover, the naated converters offer advantages because
these systems are lower in cost, size, more comaadt more efficient than isolated
topologies.

It is necessary to consider a wide range of tgiek not just in BESS because topologies
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applicable on hybrid energy storage system and pRlications are also quite relevant in
BESS. In order to study all the converter topoledies7] — [209] used in BESS or in hybrid
energy systems, they are divided into two broadsara) modular configurations, b) non-
modular configurations. Non-modular configuratimas be further divided into four groups:
i) single-stage configuration using only a dc-aowter between the battery bank and grid
[160] — [167], ii) two-stage configuration whichassa front-end dc-dc converter before dc-ac
converter to boost the battery voltage [169] — [17i§ three-stage configuration where a
high frequency transformer is used along with dagtive bridges (DAB) in between the
battery bank and dc-ac converter for the purposgro¥iding isolation as well as boosting
the low battery bank voltage to the grid usingtia@sformer turns ratio [192] — [196] and iv)
topologies with cell bypassing [180] — [182]. Thedhlar topologies can be divided into two
groups: i) dc-side modular converters [183] — [186H ii) ac-side modular configurations
such as, cascaded H-bridge converters [192] — [@Q8]parallel converters [210] — [214] in
high voltage applications such as, in medium veltggd connection (3.3kV/4.16kV).

Topology
i A
Modular Non-modular
} y ! | ! }
De-side modular Ac-side modular Single-stage Twoistagc [192]-[196] [180]-[182]
I 1 I l v /
[187]-[190] || [183]-[186] | [192]-[206] | [210]-[214] [172])-[178],[169] | [170]-[171]
Two-level Multilevel

[160], [165], [166] [161], [162], [164], [167]

Fig. 1.11 Classification of different converter toplogies bidirectional energy storage system

Some applications (e.g. wind energy or PV withdrgtistorage) employ multilevel inverters

(such as, NPC, flying capacitor multilevel etc.) the grid side instead of H-bridge to

integrate energy storage systems as described6if] B [171]. Some published work on

multi-stage or interleaved/coupled inductor based@ converters on the battery side [173] —
[176] to achieve high power quality, reduce switsiness and increase boost ratio. A
comprehensive summary of the converter topologaes lbeen presented in Fig. 1.11 with
their different classifications. Each group is dssed separately in the following sections.

1.5.2.1 Single-stage

A single-stage configuration is commonly usedconventional BESS or energy storage
systems especially where a large battery bank bigh input voltage (e.g. >400V) is
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available [160] — [168]. The configuration is shownFig. 1.12 where a battery bank is
directly connected across the dc-link of a bidiawl dc-ac converter before interfacing with
the grid. Since it uses a single power converstage from the input to output, it is referred
to as single-stage configuration. The principleaadsages of this scheme are high efficiency
due to single power conversion stage, straightfoiwaontrol structure, a low number of
switches/drivers, low complexities in power elentoostage. This topology requires a
suitable number of series batteries to directlerfisice with the grid and cells of similar
characteristics are needed. The main limitationthisf topology are: a) the reliability of the
converter is greatly influenced by the reliabiliby battery bank, b) a high dc-link filter
capacitor is required to filter any AC-componentofrent from the battery bank (e.g. double
frequency component in @-systems), c¢) the modulation index of the line eoter is
entirely dependent on the battery bank voltage ead cause distortion in the line side
current if the system is on over-modulation reginrthe case of a wide variation in the
battery terminal voltage.
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battery bank converter filter

Fig. 1.12 Single stage BESS

1.5.2.2 Two-stage

Fig. 1.13 shows another widely used converter fatang scheme for BESS suitable for a
lower voltage battery bank, e.g. < 300 — 400V [169178]. The main difference compared
to the single-stage scheme is that a lower batienk voltage can be used because a dc-dc
boost converter decouples the main DC-link voltafythe inverter to the battery bank which
ensures a stable dc-link voltage and allows the gide power converter to operate over a
wide and stable modulation index. Battery charglisgharging current can be controlled
through the dc-dc converter which can also filtey AC-component drawn from the battery
bank. However, due to the extra power conversiagesthe efficiency of this interfacing
scheme is lower than the single-stage configurafitis configuration also demands similar
characteristics of cells.
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Fig. 1.13 Two-stage BESS

1.5.2.3 Three-stage

Another popular converter interface topology is tivee-stage high frequency link converter
based scheme as shown in Fig. 1.14 [177], [1792][+ [196] primarily used when the
isolation is important and when two or more soustese the same input voltage to avoid the
circulating currents. This converter interfacingpesme uses dual active bridges where the dc
voltage of battery is first converted to high freqay ac and then is again transformed back
to dc before being inverted to the grid. This cgufation provides isolation and necessary
boosting from low voltage battery bank to the ghdough the high frequency transformer.
The main limitation of this topology is lower efiency and potentially higher cost compared
to single-stage or two-stage configurations dughéohigh frequency transformer, increased
number of power electronic switches and driverss ind configuration is useful where
isolation is mandatory for safety between the enpstgrage element and ac-source such as,
in aircraft applications.
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Fig. 1.14 Three-stage BESS based on high frequenligk transformer
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1.5.2.4 Conventional topologies with cell bypassing

All the topologies mentioned above would requirér&switches such as those in the two-
stage converter in Fig. 1.13 to encompass a bygagsability in the event of cell failure. The
two stage configuration can include cell bypassiagability through switches as shown in
Fig. 1.15 [180] — [182]. This arrangement is somes referred to as a smart battery [180].
The main advantage of this configuration is fagkyls can be bypassed when required. This
type of configuration is not usually used excepwvamny low power levels (up to couple of
Watts) for example in computers, smart phones wadesv series connected cells are present
because bypass switches over each cell increaseothplexity and cost in a large series
string of batteries.
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Fig. 1.15 Two-stage BESS with cell bypassing funotiality

1.5.2.5 Modular Configurations

The modular configuration can be two types: a)ide-snodular with a line side inverter and
b) ac-side modular converters. Therefore, theseiaoeissed separately.

Dc-side_modular_converters The dc-side modular converters achieve moduldhtgugh
dc-dc converters. They are of two types: a) castadeseries type and b) parallel type. This
type of converters has been used both in energggaaand PV applications. Therefore, both
are studied. The power circuit of parallel dc-denerter based BESS are shown in Fig.
1.16(a) as reported in [183] — [186] while the eakex or series type configuration is shown
in Fig. 1.16(b) as reported in [187] — [188]. Tlype of converter is suitable to integrate
heterogeneous dc-sources either of same type Wfiiéneht characteristics such as PV panels
under partial shading conditions or different types: grid-tie inverter or machine drive. It is
a popular converter structure in PV applicationshsas reported in [189] — [190] because
PV panels seldom have equal characteristics, ag déine subjected to varied radiation
conditions which causes differences in output poamat modular dc-dc converters can be
used to cater for such differences by controlling individual module converters. However,
in a conventional BESS, batteries do not have sigtificant differences in characteristics,
and only a few researches [187] — [188] considaetedgide modular converters in BESS
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applications. Predominantly a dc-dc boost converteremployed in dc-side modular
configurations because for most of the cases astezpin [187] — [188], [189] — [190], the
battery bank voltage or the input voltage (in casfV panels) is considered lower than the
central dc-link voltage of the inverter. The casmhdc-dc converter provides advantages of
lower cost (employing low rated semiconductors, nedig components), higher efficiency
and is lower in size compared to the parallel tgpaverters for low input voltages [189].
However, the control and protection of paralleldiceonverters are more straightforward
than the cascaded dc-dc converters. Moreover, #rallgl dc-dc converter structure is
inherently fault-tolerant with respect to sourciuf@ compared to the cascaded or series type
of dc-dc converters which needs additional bypasshanisms to block the source failure.

Al

-|'|
(a) (b)

Fig. 1.16 Dc-side modular converters: a) parallelpe, b) cascaded or series type

AC-side_modular_converters Modular configurations like in Fig. 1.17 to Fi$.19 have
received attention in high power (from 100’s of KWMMW levels) or in medium-high voltage
(3.3kV/11kV) grid connection [192] — [201]. Low dickk voltage per module (<1kV), low
switch stress and low number of series batteriediileo are employed in this type of
converters as shown in Fig. 1.17. The main advastafthis scheme are the inherent ability
to bypass a module as shown in [202], high efficyedue to the low voltage semiconductors
with lower on-state resistancByf,) can be used in each module. Apart from the riikigb
related advantages, the converter can have a sniiibe at the output before interfacing
with the utility grid compared to single-stage avotstage converters because of the
multilevel voltages giving less harmonic contene.(ibetter THD) at the output which
reduces the overall size and cost of the converter.

Another type of modular converter configurati@parted in the literature is cascaded H-
bridge with integrated dc-dc converters [203] —gR@s shown in Fig. 1.18. The dc-dc
converter can be a standard dc-dc boost convertém some cases HF-link converter to
achieve the necessary isolation. The principle aigge of this configuration is the less
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number of modules are required to interface with ghd without a transformer because of
the presence of the front-end dc-dc boost converittr each module. Moreover, a module
battery current can be directly controlled using tlc-dc converter without depending on the
line side converter and the overall dc-ac convestar operate in a wide modulation index.
Traditionally each module of the cascaded convestéaken to be identical to each other in
terms of battery voltage, battery type etc. Howgbeth these kinds of modular topologies
are capable of integrating heterogeneous energagasystems together unlike single-stage,
two-stage or three-stage configurations which gitlesm extra advantages like better
reliability, more efficient over the traditional dalevel design. Moreover, it is possible to
independently control each module according to dharacteristics of each module while
providing necessary grid support which providesamaed control flexibility. Therefore,
these kinds of topologies are gaining popularitiiybrid energy storage system such as those
reported in [207] — [209] where different typessoiurces like PV, batteries, super-capacitor
or fuel cells are integrated together in a gridesys
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Fig. 1.17 AC-side modular: Cascaded H-bridge convesr

Another widely used ac-side modular convertascstire is parallel dc-ac converters which
employ multiple parallel dc-ac modules instead afaaded modules as shown in Fig. 1.19
[210] — [214]. This type of converter may or may mzlude a front-end dc-dc converter with
each module before interfacing with the line sideerter depending on the available dc-
voltage. This is a very popular converter structurenicrogrid because of having multiple
generating units. Main advantages of such struchweeeasier protection, high reliability,
enhanced control flexibility and scalability as oejed in these literatures. However, the main
problem of parallel inverter based system is thalIsharing, therefore, the main focus of
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parallel inverter based has been confined to cbatmmong the multiple modules such as

reported in [212

1-[214].

I |

I |

I |

I I

I |

1 I—’ ol e :

| " batt = . T

1 s £¥si

) S S ——
JB SIS,

Voarr J; T —
P 3
T = I | |

I *‘n’ no. of :
i modules :
1
l
|

Ayl
Al

bart I /}

[ |

¥

I

-

Single
Module

Vgrm’ @

a

Ve

RN
o
N

-
L]
LT

I
e
MM

]

k|

P

Lo
T

3
El

Lo
LT
3

131

A
/1

Fig. 1.19 AC-side modular configuration:

39

\
Do
N\
Do
\
el |

paralleldc-ac topology



Chapter — 1: Introduction

Table 1-3 Comparison of different configuration inBESS

converter type

Advantage

Disadvantage

Applications

Single stage

[161] — [168]

Low number of switche
and drivers, simplé
control, high efficiency

> bank, high
capacitor, less
flexibility

sLow reliability of battery
dc-link
controlsystem (e.g. > 98%)

High battery voltage Mpatt >
400V) and high efficiency

Two-stage

[169] — [178]

Good control flexibility,
low battery voltage

Reduced efficiency, higherMajority of BESS application

cost than single-stage

to date including renewab
energy, dc-microgrid, PHE\
automotive

Three-stage

Good control flexibility,
low battery voltage an

Reduced

dreduced reliability,

efficiency
highe

. Aircraft, automotive etc.
r

[177],  [179],] isolation from input tg cost than single-stage and

[192] - [196] | output two-stage,

Cell High reliability more complex control,Low power applications such

bypassing/smatrt reduced efficiency as, Laptops, smart phones,

batteries integrated circuits

[180] — [182]

Modular High reliability, high| High number of switches,High power applications and
efficiency, flexible| drivers, more complexhybrid energy storage systems

[183] - [209] control capability control

A brief overall comparison between different typefs configuration is given in Table
1-3.Within all these configurations it is possilite vary the topology of both the dc-dc
converter and dc-ac converter within the topologiesady discussed. Common variations on
these converters are discussed for completendiss imext sections.

1.5.3 Dc-dc converters

Within the conventional converter classificatioerid are many different topologies based on
variations in design of each converter stage —anoomexample includes the variation in dc-
dc converter topology from Fig. 1.13. This sectpravides some of the other variants of dc-
dc converter family as discussed in [215]. A dcedaverter can be of three basic types as
shown in Fig. 1.20. A boost type converter (Fi®0fa)) is used where the input voltage is
lower than the output voltage. A buck type conwe(tgg. 1.20(b)) is employed where the
input voltage needs to be higher than the outplthge and buck-boost converter can be used
where input voltage could be higher or lower thaa dutput voltage. Among different types
of dc-dc converters a buck-boost type of convdreer a drawback of poor switch utilisation,
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lower efficiency and higher cost compared to baodiuck type configurations [215]. A buck
type module has not been found much applicatiogrid-tie BESS because a high voltage
battery bank needs only an inverter to interfact whe grid without needing an additional
dc-dc buck converter. On the other hand, a dc-distboonverter has found an extensive
application in BESS [216] — [234] and is the mosinenonly employed dc-dc converter in
interfacing the energy storage system with the dpétause energy storage systems or
batteries predominantly have low module or celtagé (< 300V) and it has a better switch
utilisation and higher efficiency than a buck-boasinverter. Moreover, it provides a
continuous input current which eliminates the neécdigh input capacitor and makes it
suitable in BESS or in energy storage systemsthese reasons a dc-dc boost converter has
been discussed in detailed. There could be a veidger of dc-dc boost converter as reported
in [216] — [234] which could be broadly categorisadive major groups as shown in Fig.
1.21. Each one has its own advantages, drawbackapmptications as discussed briefly in the
following section.
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Fig. 1.20 Family of bidirectional dc-dc convertersa) boost, b) buck, c) buck- boost
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Fig. 1.21 Classification of different dc-dc boostanverter topologies

1.5.3.1 Standard DC-DC boost converter

The switchesS, and S, are switched in complimentary fashion in boostvester in Fig.
1.20(a). This converter performs well for low-madioost ratios (3-6) depending on the
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input voltage such as shown in [216] — [220]. Hoerethe performance such as input current
ripple increases and switch utilisation, efficierstgrts to degrade in higher boost ratio (>10)
applications. Moreover, a high input side curr@pple current may impact the battery life in
BESS, increases noise and a high boost ratio (>el@@ands a high boost inductor (e.g. 5 —
10mH) which can make the system bulky/costly andsea poor dynamic response from
control point of view.

1.5.3.2 Multi-stage DC-DC boost converter

A multi-stage dc-dc converter can provide a higbeost ratio with lower inductor current
ripple using two or multiple dc-dc converters irscade (i.e. connecting the output of one
stage as an input of another). Some of them arengiu [221] — [223]. The converter
structure is shown in Fig. 1.22. Each stage care lealower boost ratio which leads to a
lower inductor current ripple and better switchlisgition while achieving a high overall
boost ratio from the input to output. However, altiple number of power stages cause a
lower overall system efficiency because the togatesm efficiency is a product of individual
power stages.
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1.5.3.3 Quadratic DC-DC boost converter

A quadratic dc-dc converter is shown in Fig. 1.28 & similar to a cascaded structure and
also suitable for high boost ratio applicationsl(® such as in fuel cell where a low voltage
input source is available, for example reportefPv] — [226].S andS; are the main power
switches which are used in complementary fashibe. detailed operation of this converter is
reported in [224] — [226]. Performance of this cerer is similar to a two-stage dc-dc
converter. Moreover, an additional advantage efgbadratic boost converter is, a coupled
inductors (e.gLpoost,1@NdLpoost 2iN Fig. 1.23 could be coupled) can be used toexeha high
boost ratio (e.g. 20) such as shown in referen@b][2However, increased magnetic
components can cause the overall converter to lbg bad poor efficiency.
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Fig. 1.23 Quadratic boost dc-dc converter
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1.5.3.4 Multiphase DC-DC boost converter

Multiphase dc-dc converters are commonly emplopddw voltage, high current, high boost
ratio applications such as reported in [227] — 2Rl reduce individual inductor current
rating and current ripple using multiple inductanseach leg as shown in Fig. 1.24 which
shows a two-phase system. This type of configundtias applications in automotive, aircraft
and certain energy storage system such as, supacit@s which are predominantly low
voltage and high current applications. An interlewr ripple cancellation technique using
phase shifted carriers among the parallel halfgaritegs is often used to reduce the total
input current ripple drawn from the energy storatgment. This reduced current ripple in
turn helps to reduce the size of magnetic compaenamd to increase the effective switching
frequency. However, the problem of current sharamgong the inductors is one of the
challenges of this topology which makes the contnore complicated compared to other
types of dc-dc converters.
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Fig. 1.24 Two-phase dc-dc converter

1.5.3.5 Multilevel DC-DC boost converter

Multilevel boost converters have received somendtie in the literature in high voltage,
high boost and/or high power applications compaced traditional dc-dc boost converter
because of the size, cost and efficiency relatedams. These types of converters have an
advantage of achieving higher output voltage leusisig less magnetic components e.g. a
single inductor as shown in Fig. 1.25. The prireiptivantage of this structure is the ability
to produce multilevel (here two levels) output % 2NVya Where ‘N’ is the boost ratio, and
Vo = 2Vhatt USing different switching states [232] — [234]. whver, it uses more switches
than a conventional dc-dc converter but at a loweitage. Moreover, the multilevel
operation helps to reduce the size of the boosticiod compared to a traditional boost
converter because the effective switching frequeoay be increased. Due to having
multiple voltage levels, it is suited with multikelvinverters such as, NPC or flying capacitor
converters as reported in [235]. This dc-dc comrestructure is best suited at power levels
greater than 50kW and at voltage levels more thievi hecause low voltage, low cost
switches, drivers, magnetics components can be wégch helps to reduce the cost and
enhances the converter efficiency.
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Fig. 1.25 An example of multilevel dc/dc converter

A summary of different dc-dc converter variatibas been shown in Table 1-4 to help
understanding their relative advantages and disddges.

Table 1-4 Comparison of different types of dc-dc bast converter

dc-dc converter Advantage Disadvantage Applications

type

Standard boost | Low number of switchesLow  efficiency, high| Low-medium boost rati
and drivers, simplecurrent ripple and podrapplications such as in BES

[216] - [220] control, low number of switch utilisation at high Modular converters
inductor/capacitor boost ratio

S.

Two-stage
(cascaded)

[221] — [223]

High boost ratio (> 10
at low current ripple
low inductor size

Poor efficiency if multiple
stages are present

Low input voltage application
such as, fuel cell, PV

[72)

Quadratic boost

[224] — [226]

High boost ratio (>10)
low number of switches
good switch utilisation

, Bulky due to increase
,magnetic component, lo
efficiency

dMicro-source application such «
vfuel cell

Multi-phase
boost

[227] - [231]

Can handle high curren
low current ripple, high
efficiency (> 95%)

tHigh number of switche

and drivers, high numbe
of inductors, contro
complexity

sAutomotive, aircraft,
rrcapacitor based ESS

super

Multilevel boost

[232] — [234]

Low current ripple, low
inductor size, can hand
high boost ratio

High number of switche
eand drivers, high numbe
of capacitors

sHigh power (> 10kW), medium
2rhigh voltage (> 1kV
applications in conjunction wit
multilevel inverters

=)

It can be seen that the advanced dc-dc boost denvtepologies are employed in high boost
ratio, high power, and high current applicatiom$owever, it is not very common to employ
these kinds of dc-dc converters in modular convedecause modular converters generally
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have multiple modules connected in cascade orlphvehere each module should be low in
size, compact and is not desired to handle a hastbratio, high switch stress or high
current. Therefore, predominantly the applicatibmhese types of dc-dc converters has been
confined in non-modular configurations to date.

1.5.4 Dc-ac Converters

Two-level converters (Fig. 1.12.) have been wsddnsively in energy storage systems and
DER applications, for example those reported ir2]17[178], [169], [236] — [240]. The two-
level converters can be of single phase type andhofe-phase type depending on
applications. The application of single-phase texel inverter is mainly confined to low
power applications (<10kW) because of the currenitation of the devices in single-phase
system. On the other hand, three-phase conveitasapplication up to 100 kW power
levels. However, it is impractical to use theseetgp converters in high power applications (>
100kW to MW) because of available semiconductoingatand switching frequency
limitations at such power levels.

In order to address these issues with two-legelerters, multilevel converters have found
extensive application in high power motor driveplagation such as those reported in [241] —
[243] and have also been receiving attention ieweble energy systems and energy storage
systems too [244] — [246], [170] — [171], [161]6[], [164], [167]. Multilevel converters
have multiple advantages over the conventional lavet design such as: potentially higher
efficiency, higher reliability, better power quglireduced EMI and reduced switch stress.
However, it has disadvantages like: a larger nurobgower switches and drivers, increased
control complexity and the need for multiple isethtc sources.

Several topologies have been proposed for rauétll converters which could be broadly
categorised into three distinct groups: a) diodenged converter (also known as neutral
point clamped/NPC), b) capacitor-clamped conveferFlying capacitor) and c¢) cascaded
converter (also known as a chain-link converterachlE one has specific applications,
advantages and drawbacks which are discusseduivaysreported in [241].

Inverter Topology

! '

Two-level NPC/diode-clamped Capacitor-clamped Cascaded-chain link
[172]-[178], [169], [247]-[251], [252]-[255] [256]-[258],
[23¢€1-124C01. [167-[171] [192]-[20€]

Fig. 1.26 Classification of different inverter topdogies

1.5.4.1 Diode-clamped/NPC Multilevel Inverter

Fig. 1.27 shows a three-level diode-clampedItapoalso known as neutral-point-clamped
(NPC) which was proposed first in [247]. It was fhiet widely used multilevel converter in
industrial applications and had been continuedecektensively used in many applications
such as industrial drives, FACTS devices [248]eLahe NPC inverter was generalised for a
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higher number of levels using the same concepttnegunto the current designation of a
diode-clamped converter. For ‘N’ level convertérraquires 2(N-1) switches, (N-1) (N-2)
clamping diodes, (N-1) capacitors. This type of\varters have been receiving attention in
recent years as a line side inverter in conjunciwth BESS and other ESS applications as
reported in [167] — [171] for its potential advayea over the conventional two-level
inverters at high power or medium voltage grid aions.

The disadvantage of this topology is the necgg$sit capacitor voltage balancing (floating
of neutral point ‘0’) when the capacitors are flogt[249] — [250]. Apart from this, the
clamping converter structure requires clamping e#odh order to clamp the voltage to
particular levels which may increase losses esfheamhigh-current applications. However,
this drawback can be overcome using an Active Médoint Clamped (ANPC) converter
which uses extra switches in the place of diodeshwhelps in reducing the overall loss and
increases the efficiency of the converter [251].

1.5.4.2 Capacitor-clamped/Flying Capacitor based multileveinverter

The structure and characteristics of this typeverter are dual of diode-clamped (NPC)
converters. This structure does not require additiodiodes but requires additional
capacitances in place of diodes to clamp the veltsgshown in Fig. 1.28. This topology has
several attractive properties compared to the NB@erters, such as: a) more redundant
switching states which provide the opportunity tetribute the switching stresses equally
among the semiconductor devices, b) these redursfeitthing states can also be used to
enhance the fault-tolerance/ reliability as repbite[252]. For ‘N’ level converter, it requires
2(N-1) switches, N (N-1)/2 clamping capacitors. Hwer, the capacitor voltages are required
to be maintained all the time. Therefore, this @ter finds a wide application where the
reactive power support is necessary such as inpguadity applications as reported in [253]
— [255]. It can also be used in active power supppplications provided the capacitors are
fed from isolated dc-sources. However, it needsusdp dc-sources for each capacitor which
may not be available all the time. For this reasdmas not received much attention in energy
storage systems compared to the NPC type conwetere active power support is more
important.

1.5.4.3 Cascaded Multilevel Inverters

Cascaded H-bridges are used within this topolodnys Topology has been shown in Fig.
1.17. The main advantages of this configuration Ea&st number of components/switches
(including diodes) among the topologies, and féalktrant/modular structure. For ‘N’ level

converter, it requires 2(N-1) switches and (N-19&pacitors. This configuration has been
extensively used in utility application, renewaleleergies like PV, Fuel Cell as well as in
FACTS devices for its potential advantages oveeotiype of converters when there is
multiple dc-sources present as reported in [29@p8], [192] — [206].
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Fig. 1.28 Capacitor-clamped multilevel inverter

However, the multilevel inverters like NPC and fligi capacitor are seldom considered in
modular converters as a module because each mimdoiedular converter is not desired to
handle high voltage or high power such as repomnted256] — [258], [192] — [206].
Predominantly two-level configuration (e.g. a fblidge or a half bridge) is considered in
one module. This thesis mainly looks at low voltagel connection (either 230V for single
phase or 415V for three-phase), therefore, NPC typitying capacitor type configurations
have not been considered.

47



Chapter — 1: Introduction

Table 1-5 Comparison of different dc-ac converterdpologies

Dc-ac

converter type

Advantages

Disadvantages

Applications

Two level
[172] — [178],
[169], [236] —
[240]

Simple control scheme, lo
number of switches/drivers

low complexity

MUnavailability of
-semiconductor device
at higher power an
higher voltage levels
high EMI, higher filter

size

Pre-dominantly at 230V or 440

dlevels.

sand level up to 100kW powe

vV

Diode-
clamped
(NPC)

[247] — [251]

Low switch stress, low EMI

single dc-source is required

diodes, uneven los

distribution betweer

switches and diodes

, Large no. of clampingHigh

or medium voltagé

§3.3kV/11kV) grid connecte
1 renewable energy system such
wind power, medium voltag

drives, high power HVDC

A4

as

D

Flying
Capacitor
[252] — [255]

Low switch stress, low EMI
fault-tolerant due to havin
multiple redundant switchin

states

gcapacitances or isolatg

gdc-sources are essenti

, Large no. of clamping Reactive power

compensatd

2duch as active power filter

AFACTS devices

rs

Ul

Cascade/chain
link

[256] — [258],
[192] — [206]

- Fault-tolerant, enhance
reliability due to modular i
contr

structure, enhanced

flexibility

d.arge no. of isolatet
inputs or dc-sources

otequired

1 Medium voltage drives such :
sopen-end  winding inductio
machine system, modular ES
hybrid energy system, renewal

energies such as PV system

S’

e

1.5.5 Power converter control

The converter control is an important part in tHeSB because it influences the direction of
power flow, speed of response, type of grid supmtability, and also battery lifespan. The
overall control of a battery energy storage systambe broadly divided into three stages: a)
active balancing control (if applicable) as disagsén 1.5.1, b) dc-side or dc-dc converter
control and c) dc-ac converter control or line stdaverter control.

1551

Control of BESS

Dc-dc converter controt Previous work has concentrated on energy stosggems with

batteries in conjunction with other power sourcashsas wind and PV where the energy
storage medium is used as a mechanism for eitheotiimg the power from the system or to
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compensate power mismatch between generation angdired dispatched amount though
dc-dc converter control [217] — [218]. The dc-daeerter’s power reference (in terms of
voltage or current) is generated the mismatch betwihe load and the generation. A
cascaded control loop consisting of an outer andritoop has been employed to control the
converter associated with the battery. In somes;as®attery/super-capacitors combination
is used in a hybrid energy storage system to iser¢he battery useful life especially in
automotive applications [219] — [220]. These reslkeas have also considered a single type of
battery with a single dc-dc converter and have pagoncentrated on optimizing the
performance of each source.

Dc-ac _converter control Most of the past work in BESS has focused omside-control
rather than on the dc-side control in keeping whit& single-stage, two-stage or three-stage
topologies of Fig. 1.12, Fig. 1.13 and Fig. 1.J#tHose researches a single battery bank has
been used in grid support applications and hasopnethntly concentrated on the line side or
inverter control system to provide a frequency supf259] — [260], voltage support [261],

to act as a power quality conditioners [262] inleggpions such as in DVR (Dynamic voltage
restorer), renewable energy applications [217] 48]2 In all these researches the
performance implications on the batteries have lgeored.

1.5.5.2 Different types of controller in power converter

The different control methods were discussedhénliterature to control the power converter
both in BESS and in other energy storage applioatia) linear control such as proportional-
integral (PI) control, b) proportional-resonant jPgontrol, c) non-linear control, such as
sliding mode control, Lyapunov based control, sigietia modulation method and hysteresis
control.

Pl control is the most widely used control metHor dc-ac converters as well as dc-dc
converters [217] — [222], [259] — [262]. Althoughet PI control can provide good dynamic
response with zero steady-state error, its dinggli@bility is limited to a dc-system as it can
handle only dc errors. It can be used in ac-systlsm with a proper transformation such as
Park Transformation. However, this indirect apploagcreases the control computation.
Moreover, it has poor disturbance rejection cajggbithich means if a system has some low
frequency oscillations, the PI controller canndlyfmitigate against that as reported in [263].

The drawback of Pl controllers in mitigating tHew frequency oscillations and
applicability in ac-system was overcome by intradgdR (proportional resonant) controller
which produces high gains (ideally infinite gain)tlae desired frequencies to produce better
disturbance rejection capability and to elimindtie steady state error in case of any low
frequency oscillation present as reported in [26469]. However, this control scheme
suffers from two drawbacks: a) the numerical accyia actual implementation because the
accuracy of this control method depends on the matm of resonance peak which is
difficult to implement some time because a higlonesice peak or a very high is prone to
enhance the system noise inside the digital cdatrahd b) the application is only limited to
a dc-ac converters because it can handle onlyrarcser
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In control theory, sliding mode control is a naehr control method that alters the
dynamics of a nonlinear system by application alistontinuous control signal that forces
the system to "slide" along a cross-section ofsiygtem's normal behavior. Sliding mode is a
variable structure control method as described2if0] — [275]. It provides fast dynamic
response and robustness to parameter variatiohd, isudifficult to design and analyse the
control performance and stability by applying camvenal feedback method [275].
Therefore, its application is limited in power d@leaics. For similar reasons, this thesis does
not look at using the sliding mode control.

The hysteresis band control is often used ingva@nverters n various applications starting
from machine drives, grid connected to standalopstems very often because it is
straightforward to implement and generate switchsignals with minimum computation
[276] — [281]. It also provides a fast tracking foemance (i.e. a fast dynamic response)
because it controls the tracking error on an iratsous basis. Also, besides fast dynamic
response, the method does not need any knowledgacdfparameters. For this reason it has
received attention pre-dominantly in current cointiapp in power converters where it
requires a fast response. However, the currentraowith a fixed hysteresis band has the
disadvantage that the PWM frequency varies withisaad because peak-to- peak current
ripple is required to be controlled at all poinfglee input voltage. If input voltage varies in a
wide range the switching frequency also varies wide range. It can be used in both dc-dc
converter and also in dc-ac converters. Howeveanakes the switching frequency variable
according to the input voltage. This variable shiitg frequency spectrum makes the output
filler design challenging. There have been somearef on adaptive hysteresis control
which aim to keep the switching frequency conshanvarying the hysteresis band according
to the input voltage for example reported in [282]283] but it may sacrifice the overall
control bandwidth compared to the fixed hysterdmad control (because the switching
frequency is made fixed) and also may lead to amdit complexities in calculating the
accurate hysteresis band. Therefore, it is not irs#ds thesis.

Sigma-delta modulation is another type of contrithod used in power converters as
reported in [284] — [285]. However, this type ohtwl is pre-dominantly used in very high
frequency applications such as audio frequencya@imgMHz) and not a common method of
controlling power converters. Such frequency raiggaot considered in this research and
therefore, it is not considered in this thesis.

Lyapunov based control has been reported astamative to the Pl based approach in
certain applications [286] — [290] where convendibRI control approach has proven to be
providing a slow dynamic response in order to namstability and good power quality. The
main advantage of this control is the guaranteakiilgly along with a fast dynamic response.
However, the application of this approach is limite power electronic application because
of the complexity of the design and difficulty imding an appropriate Lyapunov function to
meet the control requirements.
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Table 1-6 Comparison of different controller

Controller type

Advantages

Disadvantages

Appbozs

PI/PID

Straightforward design and ea

siPoor disturbance rejectig

rRange of dc-dc, dc-ac

[217] — [222],] tuning capability, cannot mitigateconverters
[259] — [262] low frequency oscillation
Proportional Good disturbance rejectigmAccuracy depends  onGrid connected
Resonant (PR) | capability, good for mitigating resonance peak which camverters, matrix
[264] — [269] harmonics vary and difficulty in| converters
implementing  accurately
because of noise
Sliding Mode Robust and fast dynamjdifficult to formulate,| Very limited
[270] — [275] response design and implement
Hysteresis Fast dynamic response andariable switchingl dc-dc buck converter,

[276] — [281]

simple to implement

frequency spectrum, EM

problem

Imultilevel inverters,
motor drives especiall

in DTC (direct torque

<

control) based system

Adaptive Fixed switching frequency Difficult to get an exgili| Machine drive system
Hysteresis expression of hysteresiand grid connected
[282] — [283] band and design converter

Sigma-delta Very high switching frequency isHigh switching loss in Audio frequency and
[284] — [285] achievable and also simple [thigh power applicationswireless power transfer

implement

and also difficult to desig
driver at this frequenc

range.

napplications

y

Lyapunov
[286] — [290]

Stable, robust and fast dynanm

iDifficult to design and tq

response

Limited - PFC converter,

find a Lyapunov function

active power filters

The comparison of different types of controlleshbeen shown in Table 1-6 with their
relative advantages and disadvantages. This tadejsts a Pl based approach on the dc-side
for the initial part of the study for simplicity dnaccuracy but in later parts of the study
shows the limitations of Pl-controller based applo@n certain circumstances because of
stability reasons and therefore, employs a Lyapuesed nonlinear control design approach
to mitigate that. A rotating frame based approactud’-domain using a Pl controller is used
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on the ac-side throughout the study for grid suppmplications which provides a fast
dynamic response and accurate reference tracking.

1.6 Introduction to second life battery energy storage system (SLBESS)

Conventional BESS mostly use new batteries as an energy storage element. The main
drawback to more widespread use of conventional BESthe cost. If cost issues can be
overcome, battery energy storage systems couldmaitgple benefits which include deferral
of system upgrade, optimisation of renewable angraving power quality.Therefore,
investigation has started in recent years into re-use of the EV/HEV batteries in grid support
applications after their primary usage in the vehicle [291] — [295].

There are several figures from a number of sources including the DECC and Arup and
Cenex reports indicate anything from 70,000 to 2.6 million electric and hybrid vehicles on the
road by 2020 [296]. Once the vehicle battery has degraded to around 70-80% of its capacity it
is considered to be at the end of its first life application. Assuming a battery capability of
around 5-18kWhr (MHEV 5kWh - BEV 18kWh battery) and a 10 year life span, this equates
to a projection of battery storage capability available for second life of >1GWhrs by 2025.
There is a significant interest in industry (e.g. ABB with GM, Sumitomo Corporation with
Nissan) also in using second life batteries in an energy storage system [297] —[299]. With so
many more electric cars on the road, reusing the battery would increase the overall value and
green credentials of the car. It might also give a boost to the renewable energy market and the
current generation of secondary application batteries will fulfil the requirements for many
applications such as grid frequency support, voltage support, off-grid applications such as
feeding an islanded microgrid etc. However, although several potential applications exist for
secondary use the financial cost needs to be balanced against the income generation.

In the coming years, particularly as the electric and hybrid vehicle market grows there
could be a substantial market of second life batteries. The challenge is establishing the supply
chains that can take redundant relatively good performance batteries (which have sufficient
amount of capacity left) from the automotive and transportation markets and extract
maximum value for secondary market applications, from collection, testing and qualification,
to modification, refurbishment and reselling of batteries. In addition to large global industrial
firms such as Siemens and ABB, other specialist companies are well placed to help establish
a second life battery market. The likely recycling route for ex-transportation batteries is that
the vehicles will be returned to the manufactures and they will supply the batteries directly or
pass the batteries through contracts to a battery re-cycler as shown in Fig. 1.29. The battery
will be stripped down into modules and tested before being leased or sold on for a second life
application. It is probably impractical to strip the batteries down to cell level, however, within
a vehicle there are likely to be modularized units which the battery can easily be reduced into.
These modules will be likely tested and sorted at the recycler or manufacturer before being
sent on for a second life application.

1.6.1 Key Advantages

Key advantages of 2™ life batteries include
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> It lowers the effective cost of batteries by intnoohg a realizable residual value,
maximizes the use. Moreover, it is possible to lowe cost of integrating renewable
energy into the electric grid through low-cost gyestorage, contributing to the reduction
of greenhouse gas emissions (e.g)d8y assisting with electrifying transportationiig
first life and enabling renewable energy in itsesetlife.

» Uninterruptible power supply (UPS), for example farspitals, cell phone towers and
data processing centers, as a potential applicatere these batteries could be used to
provide a cleaner solution compared with diesekgaiion with low maintenance costs.

» Multiple grid ancillary services as discussed icte® 1.2 can also be met using these
batteries into the grid system

There has been a recent study by multiple orgaaisabn technical feasibility and financial
viability in the UK as reported in [300]. According that, different services are presented in
Table 1-7 where second life batteries could be .u&atbng the different services, the firm
frequency response (FFR) as indicated in Tablesltfe most profitable service.

‘ Second life
/ Application

Recycler

Fig. 1.29 Second life battery supply chain

1.6.2 Challenges of SLBESS

The reliability and performance of these battedee not clear and are certainly lower than a
new battery. Manufacturers indicate that a mixtfrgradual degradation and sudden failure
are both possible and failure mechanisms are likelge related to how hard the batteries
were driven. The condition of the batteries atghmt of second life application, even if they
are of the same type and from the same manufactmiiebe dependent on driver behavior
and first life drive cycle.
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Day/night
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with
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Table 1-7 Revenue stream

switch on/off |measurement
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.. Red rate
TRIAD tariff DUOS STOR
Pass througPass through antally
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contract contract
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Specified
grid
12
3,000
TRIAD
warning Daily
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1.6.2.1 Reliability issue

P
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Automatic - grid
freq.

btAny

30

3,000

FFR

Automatic
grid freg
measuremen

Any

30

10,000

1,500
events/year

Network charging
/discharging

Charging off pea
- discharging peak

FFR, FCDM, etc.

5.30-10.30pm

300

375

Daily - 4
months/year

The remaining quality and life span of a batterierafts first life can be dependent on a
number of factors including, but not limited to; the battery chemistry, the number of cycles,
the discharge current, the State of charge (SOOgepth of discharge (DOD) swing, and the
cell temperature. There exists many publicationgiltg at some or all of these variables for
a range of chemistries under a variety of lab basedlitions [301] — [307]. Typically the
temperature is held to be constant either ambi@!@ »r around 4% — 50C with either a
constant charge-discharge regime to a set SOC @ & constant drive cycle (to simulate

vehicle behaviour).

Battery chemistry and even #@me chemistry from different

manufacturers due to different manufacturing preesshow differences in life cycle, failure
modes and capacity fade. In addition to the otletofs listed above, the failure rate of
second life transportation batteries are also dig@non failure mechanisms related to how
hard the batteries were driven inside the vehistgresent most published data is based on
VRLA or Li lon chemistries. Previously publishedpesis on battery lifecycle testing are
largely split into the following categories;

» Small scale testing (small numbers of cells) urickexd conditions including typical drive

cycles.

» Theoretical failure rates adjusted from experimied&ta, like that in 1, to take into
account factors such as temperature and even mopoaintenance strategy which may
be compared to either lab or field tests.
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> Field testing experience.
> EV experience on a drive cycle.

A large proportion of the tests, especially on VRh#teries, are also undertaken on behalf of
the telecommunications industry and their use ickbp supplies which traditionally float
until needed and which is less relevant to the iegipbn presented in this thesis as most
second life batteries are considered to be fronicleehpplications. The previous work on life
cycle testing was used to estimate the failure kbmteause it is difficult to get a fixed
expression for battery failure rate, especiallysththat have completed a first life and are in a
second life application. The remaining number afley was suggested to be one method to
predict the battery life [308]. However, this ispg@dent on how batteries would be used in
their second life application and the proposed Ddb2ach cycle.

A sample of previously published data is shownabl& 1-8 “?” marks where the data is not
known and “(T)” and “(V)” indicate telecoms and vek applications respectively. The
estimated lifespan for the purposes of this thiedimsed on the “capacity at start - end of test
column” in Table 1-8. The failure rate is basedtmmestimated life span extrapolated linearly
to 0% capacity. It may not be always true but limisar extrapolation provides a good way of
predicting the trend of unknown data. Therefores iised in this thesis. Where lifespan is
given in cycles as opposed to years, a nominal @@les per year (from a typical EV
application) is used to estimate failure rate. Tarege of failure rate values goes from 0.2 to
60x10°. Within this thesis, this range is used to ingse the effect of the variation of
failure rate on second life battery energy stosgtem design.

Table 1-8 Range of inferred failure rates of batteies

v ® © E
= e e
: g N 2 E5 |Efg
T © > S < oD
g |5 = g 2 .. |Eg |ESsT
= G 2 o == 4= =
3 | & 2 & 2 S&e il fHEES
Varied | Varied - 1x10° to
1 [302] 20C VRLA M 50% 2-9 years 6x10°
7 years to 6
? ? -500,
1 [301] : VRLA : New-50% 50% 8x10
7
1 [303] | 20C/4P°C | VRLA | Varied | New-80% | 3010100} 2x10" o
years 7x10
25°C to 80% . |
2 [304] 40°C VRLA V) New-80% | 200 cycles 2x10
Varied o 1x10°to
3 [305] 20C VRLA M New -50% | (11years) o e 1o
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[306] ? VRLA 2 (T) ? 4-6 years  2- 3x10
[307] ? VRLA V?\';')ed New-80% ‘(‘:8’0?32 1x107
6
[303] | 20C/APC | VRLA | Varied | New-80% | 41036 | 1x10'fo
years 1x10
25%
from
25°C - : 0 o | AProx.100 7
[308] AP Lilon 90% | New to 90%| oo oycles 2x10
initial
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[310] 43C Lilon | 50% | NewtoEol 1300 2x10°
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3000 5
0 —
[311] 28C Lilon 550?/0 New to EOL| /500 4;‘)}?020
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[312] 20C Lilon | 80% New 30,000 | X0 o
7x10
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[313] 25C Lilon | 40% (V)| New to 80% 10,000 2x10°
cycles
[313] 45 - 58C Lilon 100% | Newto 64% 800 cycles 2x10
0/ -
[308] ? Lilon 26%0//00 Newto 80%| 1lyear | 2x10

1.6.2.2 Difference in characteristics

Another important issues with SLBESS is the abilo deal with heterogeneous battery
clements because there are three main considerations with second life batteries; 1. The
electric vehicle battery chemistry is continuallyolvying and research is underway on many
different types of battery chemistries. 2. The odiog chain has not been fully established
for second life batteries and is unlikely to be unatuntil the uptake on new EV’s and HEV'’s
is in sufficient numbers to warrant the investmeetessary [296]. 3. The condition of the
batteries at the point of second life applicatewven if they are of the same type and from the
same manufacturer, will be dependent on driver Wehand first life drive cycle. Moreover,
different vehicles use different battery chemistrie.g. lead acid, nickel metal hydride
(NiMH), lithium-ion etc. and these come in a rangkesizes (both power and energy)
depending on the application (e.g. EV, HEV, bustarioke). Therefore, batteries in second-
use applications may have different chemistriegactdies, nominal voltages, internal
impedances, state of health, charging/dischargmigsl and physical size.

To enable research and investment in this aredaaanthximize the remaining life of these
batteries, it is necessary to combine the batténtesa single grid-tie converter where their
different performance characteristics can be cdtinewhile providing an uninterrupted grid
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support and a hot swapping mechanism is available so that as a battery ends it second life, it
can be replaced without affecting the overall system operation. This integration of either
similar batteries with vastly different performance capability or a hybrid battery system
widely different characteristics and reliability is different to currently published work on
battery energy storage systems which pre-dominantly uses homogeneous battery module. The
power electronics design both in terms of converter topology and control system of such an
energy storage system is much more challenging compared to that of conventional BESS and
as such many of the topologies in section 1.5.2 have been analysed for use in this application.

1.7 Research summary

This research aims to investigate, simulate, design and build a new generation of multi-
functional second life battery energy storage systems (SLBESS) which could interface with a
low (or medium) voltage distribution network to provide frequency and/or voltage support to
the grid. There have been couple of recent researches which report about the feasibility
studies of second life batteries in grid support applications both in industry and in research
papers [314] — [318], [294] which shows the advantages and some of the challenges of using
these batteries on the grid system. However, the practicality of such a system as a grid-tie
ESS has not yet been published or developed. This thesis studies the power electronic
topology, control and their inherent design issues of SLBESS. And in particular focuses on
the challenges of a hybrid energy storage system using different types of batteries integrating
through a single grid-tie converter and their associated control considering the relative
performances and parameter variation.

This thesis aims to address the shortfalls in current research which are delaying 2" life
battery energy storage system development contributing in the following areas to help
integrating second life batteries to the grid.

* Converter topology

Power converter topology is an important aspect of designing this type of energy storage
system because it can be used to overcome reliability and performance issue with such
battery systems. Moreover, a converter topology greatly influences efficiency, reliability,
dynamic response and fault-tolerance of such a hybrid energy storage system. This thesis
presents a suitable multi-modular converter topology to integrate the second life hybrid
batteries to the grid system through a cost-reliability analysis. Thereafter, this research looks
at different multiple operational modes of the proposed converter and discusses which are
suitable for integrating widely different batteries with a grid-tie inverter in a reliable manner.

* Hybrid battery control strategy

After getting these batteries from different vehicles, their past history will most likely be
unknown. Information is available from initial strip down and preliminary testing or pre-
characterization and includes; a) battery module type/chemistry, b) battery module remaining
capacity, c) battery module nominal open circuit voltage d) battery module lumped internal
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impedance e) possible state-of-health (SOH) and f) initial battery module SOC. Each module
contains battery cells of similar chemistry and performance. However, there could be widely
different such module present in SLBESS.

Thereafter, one of the design challenges is to develop a utilisation or a power sharing
strategy of the hybrid batteries in grid connected system so that individual module are utilised
in the best manner because these hybrid battery module will charge or discharge at different
rates and have different levels of degradation. Therefore, the existing balancing and/or
equilisation strategy published to-date for similar battery modules will not be applicable in
this case where modules are significantly different. This thesis provides the theory for
utilising the hybrid batteries within a grid-tie converter while providing uninterrupted grid
support through a line side inverter.

¢ Parameter estimation

Parameter variation is quite common in second life applications. Capacity and internal
impedance are the two most important parameters in a battery which can vary. This thesis
also provides a method to estimate these parameters which helps to track the level of
degradations or state-of-health (SOH) online during the converter operation.

¢ Converter control structure

The closed control of modular energy storage systems has been previously undertaken using
a single type of battery or super-capacitors with equal nominal module voltages and
capacities where set points are largely constant between modules or the differences are fairly
minimal. This means each converter module operates at similar current and voltage levels.
However, a mix of widely different modules could be present in the second life applications
where such a strategy is not applicable. Therefore, this thesis introduces two new distributed
control architectures to the proposed converter topology which enables control of individual
modules according to their characteristics in a particular grid support application.

1.8 Thesis Structure
This thesis is structured as follows:

Chapter 2 discusses the converter topology selection. A range of multi-modular topologies
are investigated which could be suitable in the present application and compared to find a
suitable multi-modular converter topology. A reliability-cost optimisation approach has been
followed with subsequent numerical analysis to identify the best converter topology for use in
this application considering a wide range of second life battery failure rate. The proposed
approach also provides a suggestion on redundancy, number of modules and number of series
batteries per module.

Chapter 3 explores the different operational modes of the proposed converter topology.
Three different operational modes have been described and are dependent on the set of
available batteries in the second life application. Thereafter, the design of the individual
modules and associated loss or efficiency calculation has been provided corresponding to
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each operational mode. Simulation and experimemadédations of two operation modes have
been presented and the measured loss/efficiendydmscompared with the calculation.

Chapter 4 proposes a distributed power sharirgtesty based on a sample-by-sample
weighting factor which adaptively distributes thatal grid side power into the hybrid
modules according to their characteristics to fake account differences in battery capacity,
state-of-charge and chemistry. The detailed deamadf the weighting factor is provided.
Thereafter, simulation and experimental studieeHaen presented to validate the proposed
strategy.

Chapter 5 proposes two different distributed wanstructures which can independently
utilise the modular dc-dc converter module accaydim the desired weighting and is also
capable of bypassing the faulty battery module comtrolled manner. A distributed voltage
based control structure is proposed which imples#m distributed current sharing strategy
for the hybrid batteries in boost mode of operatidhe detailed controller design and
dynamic response are presented to maintain theecmmvstability and to achieve a fast
dynamic response. Secondly, a concept of distrtbdigty ratio is proposed in boost-buck
mode which offers a wider operational envelope cameg to the boost mode of operation.
The suitability of the boost-buck mode is discussedr the boost mode of operation. A
comparison between boost and boost-buck mode hes resented to suggest a suitable
operational mode of the converter depending ors¢hef batteries. All the operational modes
have been experimentally implemented to validageptioposed claims.

Chapter 6 investigates possible stability issueshen different modes of operation of the
converter. It was found that the boost mode of apamn suffers from a stability issue. This
also limits the speed of response in the boost noddeperation. Therefore, two solutions
have been proposed to mitigate this issue: a) a@aPt controller based approach, b) a non-
linear robust Lyapunov controller based approache Ttomparison between the two
approaches has been presented to suggest a switaidtel mode of the converter in boost
mode.

Chapter 7 provides the details of the hardware empintation. The detailed description of
the laboratory built prototype and components aozuchented. The overall control
architecture and implementation issues and interfaith the digital controller have been
described.

Chapter 8 describes the key conclusions of thisishend also suggests possible future work
in this area.
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2 Power Converter Topology for SLBESS

2.1 Introduction

A converter topology can greatly influence the reliability, efficiency, size/weight and overall
cost of an energy storage system. In a SLBESS application, batteries are expected to be lower
in cost but have lower capacity, degraded performance, lower reliability and be
heterogeneous in nature compared to conventional new batteries. Therefore, the selection of
converter topology is an important step in designing such an energy storage system. This
chapter addresses the challenges in selecting a topology for a second life battery energy
storage system (SLBESS) through reliability analysis. Finally this chapter uses reliability
analysis to determine a suitable converter topology to integrate second life batteries to the
grid system while attempting to optimise the overall converter reliability/cost. Within
industry FMEA (failure mode effect analysis) is sometimes used as an alternative to
reliability calculations because it offers a more pragmatic approach. However, it does not
allow for a numerical comparison and therefore makes it difficult to compare topologies.

2.2 Reliability issues of Second Life Batteries and the effect of converter
topologies

Most battery storage schemes use new batteries where the reliability of individual batteries is
considered to be high. The batteries can therefore be connected in series, even though this
arrangement is not the most efficient in terms of system reliability. This research looks at
using second-life batteries that have previously been utilised in electric or hybrid vehicles.
The main problem with these batteries is poor reliability compared to new batteries as
described in chapter 1. This reliability issue greatly influences the reliability of the overall
converter. This section uses a reliability based analysis of the existing BESS topologies to
help determine the best topology for a 2™ life application.

2.2.1 Reliability calculation background

Failure rate of electronic components is the key to reliability calculations of power electronic
systems. It is essential to have the knowledge of failure rates of different components in order
to predict the overall reliability. The MIL-HDBK217F handbook [319] lists the approximate
basic failure rate 4, of typical electronic components like capacitor, inductors, switches,
diodes etc. and is freely available in an early version (1991). Although it has been upgraded
the values in this version are considered accurate enough for this initial analysis. The failure
rate of the second life battery cells is assumed to be in the range of Ay, =0.2 — 60x10° with
7.7x10° with considered a reasonable figure based on discussion presented in chapter — 1 and
previous work [315]. The failure rate of the driver, controller and sensors have not been
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included in the analysis as these are assumed tteelb®ame in each case and are considered
negligible compared to the reliability of the poveacuitry.

The overall failure rate of a componéptcan found from the failure rate of that component
using (2.1) whera is the number ofi factors (numerical factors from the MIL-HDBK217F)
for each device which are dependent on factors sy of device, operating environment
(such as, temperature), power loss etc. The rétiabif the component can be found using
(2.2) over a specified time period and the meare timfailure (MTTF) is defined by (2.3).
The reliability calculation has been performed gssnmethod similar to that described in
[319].

Ap =2 (ITiz1 mp) (1
R(t) = et (2.2)
MTTF = ["R() =4, (2.3)

The reliability of any power electronic system coising of a number of different power
components can be expressed in (2.4) winei® the total number of components and the
term R corresponds to the individual reliability of thengponents. In the case of a
conventional BESS (single-stage/two-stage configumy the reliability block diagram is
shown in Fig. 2.1.

Rp = Ty R; (2.4)
DC-DC Converter DC-AC Converter Filter and
Battery Bank
’ = (optional) > = Switchgear
R; R> R; Ry

Fig. 2.1 Reliability diagram of a conventional BESS

o |Module -1

Module — 2 @—p

Y

» Module — n

Fig. 2.2 Reliability diagram of modular BESS

The reliability diagram of a modular BESS is shownrFig. 2.2. If there isr number of
modules in a system and out of that akymodules have to in operation for successful
operation of the system, then the system is salthtek-out-of-n redundancy. This method
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greatly enhances the overall system reliabilityhe Toverall system reliability of such a
structure can be calculated using equation (2.8reRR, is the reliability of one module.
n

R(k,n) = ;;k(l.)Rmi (1- R vVn>k (2.5)

2.2.2 Component failure rates

The key components in a power electronic systerthés power semiconductor switches
(MOSFET, IGBT etc.), electrolytic capacitors, fike The MIL-HDBK217F handbook [319]
lists most of the components’ failure rate exp@ssi Failure rate/reliability of the power
semiconductor devices can be found from (2.6) wherer, za, 7o andzg are respectively
the basic failure rates of a particular switch, penature factor which depends on the junction
temperature T;), application factor which depends on power ratoighe device, quality
factor and environmental factor. The basic faila A, also differs from one type of device
to another, e.g. FET type to transistor type. Isweported in [320] that a transistor type
device is more reliable than a FET type devicesn&of the new transistor types of devices
such as, IGBT/IGCT etc which are widely used in plogver electronic converter nowadays
are not listed in MIL-HDBK217F. The failure rate thiese devices was found to be much less
than FET type devices by practical experience. this reason, IGBT failure rate was
assumed to be almost half that of a MOSFEds( = 0.5lmosrey) as suggested by [320].

ASW = /1b7TTT[AT[Q7TE (26)

Among all ther factors in (2.6), the temperature factor is a variable quantity for a

particular type of switch and is dependent on tiperating junction temperature. This
junction temperature is also depends on the dedidpeatsink for a particular power device.
The range of possible failure rate is given in Bl assuming a range of practical
operating junction temperature (e.g. 80 —°Qfbr MOSFETs and 80 — 180 for IGBTS).

The electrolytic capacitors are often consideretieédhe weakest link in a power converter
circuit because of their limited lifetime [321]. ©&mway to predict the failure rate of the
capacitor is to use manufacturer datasheets sudboasell Dubilier [322] — [323]. The
lifetime of electrolytic capacitors can be calcathtfrom the manufacturer datasheet along
with the Arrhenius equation as shown in (2.7) whexeéM,, Tn, T, are the expected operating
life for rated voltage and temperature (generglgcified in datasheets, e.g 3000 — 5000hrs at
105°C), voltage multiplier for voltage derating, maximwperating temperature and actual
temperature of operation respectively. The failtage can be found from this lifespan as
shown in (2.8).

Tm-Ta

Llife = LbM,,Z 10 (27)

Acap = — (2.8)

Liife
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The numerical values of these failure rates depeaitly on operating condition and lifespan
at maximum operating temperature. The dc-link cépesc are put very close to power

switches and heat-sink in a practical converterergéfore, the average temperature of
operation remains higher than the ambient temperatissuming a range of operating
temperature (40 — 8G) for an ambient temperature of°@0) the range of failure rates of

electrolytic capacitor are calculated in Table 2-1.

Table 2-1 Range of failure rate and average failureate of different components

. Failure ratex 1-10°
Component Range of Faléure Rate hrs (used in
x 1-10° hrs :
calculation)
. 2.47
Switch Qsw) — MOSFET 1.8-3.14
Switch () — IGBT 0.9-1.22 1.06
DC-link Electrolytic capacitor 28_55 4.15
(Xcar)
Filter capacitance (AC capacitor 0.042
0.042
(xcapacitanc)
Filter InductanceXnquctancd 0.0004 — 0.0006 0.0005
dc-dc converter 6.4 —11.5 (MOSFET based 9 (MOSFET)
dc-ac converter (H-bridge) 10-17.5 (MOSFET based 14 l()l\a/llsoe?j;: ET
(Aoc-ac) 2 (Dhsw + heagt ML) 6.4 — 10.38 (IGBT based) 8.4 (|GB1")
Transformer (high frequency link
+ two H-bridges Joas 8.53 8.53
; ; 7.7
Second Life bitery failure rate 0.2 — 60
att

2.2.3 Reliability Estimation of Different Topologies

This sub-section performs an example reliabiliticgi@tion of different BESS topologies for
a transformerless 230V @-grid connection over a period of 5 years and thepost
comparison at 10MW power level in order to meet 9&di@bility. The battery cell voltage
was taken as 3.3V and current rating is taken @sc2btinuous. This power level and the
desired reliability target have been taken as an example; the calculation is similar for any
power levels and any reliability target.

2.2.3.1 Failure rate for Single-stage Configuration

The unit failure rate of the single-stage BESS .(Eid2 in chapter — 1) is given by equation
(2.9). In order to connect to 230V grid system witha line side transformer, there has to be
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a minimum dc-bus voltage (around 350 — 400V). Ttoees around 120 series connected
cells have been assumed to be in series to acthie/eoltage level. It is clear from equation
(2.9) that the series connection of the cells mehasthe overall system reliabilityl{) is
strongly influenced by the reliability of a singtell (Abar) and hence the total number of
cells.

Ar = (NApger) + (ADC/AC) + (Aritter) (2.9)

ADC/AC = 4Aswitcn + Acap (2.10)

/1Filter = 2Ainductance + Acapacitance (2-11)
2.2.3.2 Failure rate for Two-stage Configurations

This configuration (Fig. 1.13 in chapter — 1) hasirailar format of total failure rateif) but
includes the failure rate of a dc-dc converter la®a in (2.12). A lower number of series
batteries is sufficient for transformerless grichgection in this case because the dc-dc
converter can be used to boost the low battery aiftlage to the required dc-link voltage
unlike single-stage configuration. However, it sldobe noted that the number of series
connected batteries cannot be reduced indefinitetause of the need to boost the voltage to
a sufficient value for inverting to the grid andryédiigh boost ratio of the dc-dc converter
could reduce the system efficiency to a very loluga

Ar = (NApger) + (ADC/DC) + (ADC/AC) + (Aritter) (2.12)

The battery bank voltage is created by connectthgddls (3.3V each) in series to achieve a
reasonable voltage (say around 200V) before ugiegdc-dc boost converter. The dc-dc
converter boosts the 200V to 400V (boost ratio)ah2rder to form the main dc-link for the
inverter. It is also possible to connect even aglomumber of series batteries but that will
need a higher boost ratio to achieve the desirétdge level. Therefore, the boost ratio of 2
has been considered as an example. The switchegudncy of the dc-dc converter is
assumed to be 10 kHz. Equation (2.13) and equé2idd) gives the failure rate for the dc-dc
and dc-ac converters. The same switches are useldef®C-AC and DC-DC converters as
in the single stage topology.

/1DC/DC = Ainductance T 2Aswitcn (2.13)
/1DC/AC = 4Aswitcn + Acap (2.14)

2.2.3.3 Failure rate for Three-stage Configuration

The failure rate of this topology (Fig. 1.14 in pkar — 1) is described by (2.15) where N is
the number of cells connected in series; Apag IS the failure rate of the dual H-bridges and high
frequency transformer.
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Ar = (NApger) + (Apap) + (ADC/AC) + (Apitter) (2.15)

The battery side voltage is assumed to be the sanige two-stage configuration (60 cells in
series) for a fair comparison with the two-stagefiguration. As a result the high frequency
link transformer will have a 1:2 turn ratio (similéo boost ratio of 2). Most of the
components are the same as in two-stage BESS.i&uj(2116) gives failure rate for the dual
active bridgesipas) and the expression dhciac is the same as (2.10) or (2.12).

Apap = Aswitcnzoov + 4Aswitchaoov + Aurr  (2.16)

2.2.3.4 Failure rate for a cascaded multilevel configuratio

This topology (Fig. 1.17 in chapter — 1) can udeva number of series batteries and a high
number of modules in cascade. This configurationinalude redundancy (or extra modules)
to increase reliability. Therefore, a large numbkbatteries may be needed. Equation (2.17)
describes the unit failure rate of a single moduléhe number of cells (N) connected in
series/module has been taken as 10 and 24 suchieadths been considered (10x24 = 240
cells) for transformerless grid connection. Out2df modules 12 modules can be bypassed
(=120 cells to meet the voltage), to create 12edt#4 redundancy. This number has been
taken as an example to show the ability of thiokogy to go into bypass mode and will be
considered in more detailed later in the chapter.

Aunit = (NApger) + (ADC/AC) (2.17)

2.2.3.5 Failure rate for cascaded multilevel configuration with integrated dc-dc
converters

This topology (Fig. 1.18 in chapter — 1) requirebwaer number of modules compared to
simple cascaded H-bridge converter to meet therik wltage using individual module
integrated dc-dc convertefBherefore, the total number of batteries per uait lbe same as a
two-stage or three-stage configuratiofguation (2.18) describes the module failure rate
where ‘N’ is the number of cells connected in s&per module in Fig. 1.18. Total number of
cells has been taken as N = 60 where 10 cells/madakes 6 overall modules. Out of that 3-
out-of-6 module redundancy has been taken. Here #iss redundancy is just an example
with more detailed described later in the chapter.

Munit = (NApger) + (ADC/DC) + (ADC/AC) (2.18)
2.2.3.6 Reliability comparison

Reliability calculation based on the example tog@e has been presented in Table 2-2 using
their corresponding failure rate (equations (23)12), (2.15), (2.17) and (2.18)) expressions.
It can be observed that a high number of serieefieg is the limiting factor in achieving a
good reliability especially wheiy,,, is high (e.g. 7.7x18 or 60x10°). However, it is not a
serious issue wheh,;; is low (0.2x1). It can also be seen that the topologies withicic-
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converters provide a better reliability figure whiyy,, is high because they can avoid a high
number of series cells. The three-stage configumatilways provides a lower reliability
compared to the two-stage configuration due toiticeeased number of power electronic
components. Moreover, the modular topologies emjagh better reliability figure compared
to the single-stage, two-stage or three-stage ogpes for a given battery failure rate. The
modular configuration can employ a higher levelreflundancy i{/k) to achieve a good
reliability even if the battery failure rate is higlt is interesting to note that the cascaded
multilevel converter (CMC) topology is better thdme CMC with integrated dc-dc converter
based topology when the battery failure rate is (6v2x10°. This is because the reliability
of power electronic components (e.g. switches, dépa) dominates over the battery failure
rate (0.2x10) at this range. On the other hand, the CMC witlegrated dc-dc converter
based topology provides a better reliability fige@mpared to the CMC topology when the
battery failure rate is high. Therefore, in sectifedapplications where the battery failure is
expected to dominate over the power electronic @rapts due to their limited lifespan,
CMC with integrated dc-dc converter based topolpgyvides the best reliability among
common BESS topologies.

Table 2-2 Reliability comparison of different topdogies for transformerless grid connection

Converter Total numbet Reliability % after| Reliability % after
Redundancy 5-years fpatt= 5-years fpatt=
Topology of cells (N) 0.2x10% 7.7x10°)
. 0.242 16
Single-stage 120 N/A (Eq. 2.9 and 2.2) 1.83x10
Two-stage 60 N/A (Eq 2%‘2:’;“] 422 9x10°
0.28
Three-stage 60 N/A (Eq. 2.15 and 2.2 7.76x10°
Conventional 0.58
CMC 240 12'3‘2'“‘ (Eq. 2.17 and 2.5 2 55x1H
CMC with 60 0.45
integrated DC- 3-out-of-6 | (Eg. 2.18 and 2.5 0.012
DC converter

2.2.3.7 Overall reliability/cost comparison of existing BESS topologies

Due to the requirements to have different numbérbattery cells to support a particular
voltage level and different levels of redundandye teliability of an individual unit (as
calculated in Table 2-2) was calculated and thentotal number of such units required (in
parallel) to meet a particular power level (say JVat a set reliability target (say 96% over
5 year time) was determined. From this figure thtaltnumber of batteries and switches to
meet the overall target was compared. This allowes tbtal cost of a full system to be
estimated and compared fairly rather than basimglosions on a single unit comparison.
This is done in two steps

Step — 1: Calculate how many units are requiregrémluce unit power at 96% reliability.
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Suppose, the reliability of a single unit k&, (<0.96) and ‘y’ number of such units are
required in parallel to get a reliability of 96%sidg equation (2.19) for 1-out-of-y structure,
allows the required number of units required tcegive reliability through equation (2.20).

R=1-(1—-Ry) (2.19)

In (1-R)

= R (2.20)

Step — 2: Determine the total number of units (egassary to meet the given power ‘P’ (e.g
10MW) is given in (2.21) wher®, is the unit power. The cost indicator of a patacu
converter topology is given by (2.22). It is to beted that variation of ‘m’ is linear and
variation of ‘y’ is nonlinear.

m=— (2.21)

Pm
Cost indicator = mxy 42)

For an example, a high number of series batterm$ite reduces module reliabilityR{f)
which in turn demands a high number of redundandutes () to meet a desired reliability
target (according to (2.19)). On the other handlpva number of series batteries/modules
increases the module reliability but it reduces thedule power R,,) rating which then
demands a high number of modules to meet overallepaating (according to (2.21)).
Therefore, depending on the relative valueRpandPy, the total cost varies.

2.2.3.8 Sensitivity study

Fig. 2.3 shows a surface plot with a cost indicagémresented as the log of the total number
of switches needed in a system to produce 10MWbiarep for a given reliability and battery
failure rate. Each of the surfaces refers to aedkfiit configuration. The battery failure rate
and reliability target both have been varied betw2g10-6 /h to 7.7x10-6/h (higher than
switch failure rate) and 0.1 (low reliability taty@o 0.9 (high reliability target) respectively.
The single stage converter offers the least vatmarfoney because of the high number of
series strings of batteries. The three stage ctervier always slightly less reliable than the
two stage converter because of the addition ofrdresformer and the extra switches for what
is essentially the same battery configuration. Addiedundancy to the two stage converter
helps with the reliability but is not as good asliag redundancy through the use of the dc-dc
and CMC configuration. The CMC configuration is agtreliable at high battery failure rates
due to the fact that it always requires a high nemdf modules (k) to meet the voltage
levels. However, as the battery failure rate drgpbecome close to that of the switches the
CMC converter becomes more attractive and the tetability is more dependent on the
power electronics configuration and therefore thans against the CMC with dc-dc
converter which has more switches/unit. As battailyre rate increases it is clear that the
CMC with dc-dc converter is the most suitable togglamong the existing BESS topologies
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to use when the battery reliability is poor. The effect of increasing overall system reliability is
to increase the number of units required.

AR :i Three-stage
4% Two-stage
| Switched cell

T

——T" 1

] !
S ! 5.x 1076

4.x10°°

L}
6.x10°°

1
3.x10°®

Battery Failure Rate

2:56100"

Fig. 2.3 Overall cost comparison of different topologies at 10MW power level meeting 96% reliability

2.3 Multi-modular Topologies

A multi-modular converter topology either with or without dc-dc converter offers the best
value for money compared to a more conventional BESS especially when the battery failure
rate is high. Moreover, it can also integrate heterogeneous sources in a single converter and
also utilise each module independently. However, various types of modular configurations
could be used. For these reason, this section investigates other types of modular topologies
and performs a cost comparison based on their VA rating in order to meet a minimum
reliability, voltage (for transformerless grid connection) and power, to find the optimum
modular converter topology. This section also discusses the best values of x, k and n (where x
= number of series cells/module, £ = number of essential modules to meet voltage and power,
n = total number of modules to meet the desired reliability target).

2.3.1 Different Multi-modular Topologies

Different multi-modular topologies are shown in Fig. 2.4. These topologies can be broadly
divided into two categories: cascaded form and parallel form. Fig. 2.4(a) shows the
conventional cascaded multilevel converter where each battery bank is directly connected to
the main dc-link of a dc-ac module. Fig. 2.4 (b) shows a parallel structure where dc-ac
modules are connected in parallel. Fig. 2.4 (¢) shows the cascaded multilevel converter with
integrated dc-dc converter while Fig. 2.4 (d) shows the parallel form of Fig. 2.4(c) where dc-
ac modules are connected in parallel on the grid side. Fig. 2.4(e) and Fig. 2.4 (f) show dc-side
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modular converters, cascaded and parallel forments@ly where only a single dc-ac
converter is used on the grid side.

All these topologies may have redundancy agairts¢fdyafailure. The battery failure could be
a high impedance open circuit failure or a shortwt failure. In parallel topologies (Fig.
2.4b, Fig. 2.4d and Fig. 2.4f), the battery failae be handled simply by shutting down the
individual module converter but in cascaded topi@sdgt cannot be performed in the same
fashion due to the fact that a common current fldwsugh all the modules which cannot be
interrupted. Therefore, a bypass current path cessary to handle the source failure for the
cascaded topologies. For ac-side modular cascagedbygies such as, (Fig. 2.4a, Fig. 2.4c)
this can be done by turning ON the two top switotiesvo bottom switches simultaneously
in an H-bridge module (i.e. employing a zero swiighstate). However, it is not possible in
the cascaded boost converter (Fig. 2.4e) becaase ihno such bypass path available in the
entire converter module. This can be done by usuagmethods: a) bypassing only the faulty
battery module by using bypass switches directlyparallel with battery module, b)
bypassing the whole module integrated dc-dc coaxeFhe later approach is followed in this
work for multiple reasons: i) a converter bypasgmghnique can handle any malfunctioning
of the associated converter’s components whichroffemore flexible protection, ii) it is a
more efficient bypassing method because the cuftews only through a bypass switch
rather than through the whole converter as welthesugh the inductor as shown in shown in
Fig. 2.5 and iii) switches of the same rating can used in a module if the converter
bypassing method is adopted (essentially an H-bratgucture, Fig. 2.5b) which simplifies
the modular converter design rather than two dffiesswitch ratings are needed in the other
method (Fig. 2.5a).
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2.3.2 Topology Optimisation

Previous work on reliability of power converterathncludes the power source, is mostly
based on wind power and PV applications, where viired speed and inhomogeneous
radiation (or partial shading) affect the failurtess of the power converter operation as
described in references [320], [324]-[326]. Worlattis more closely related to this
application includes previous optimisation work amarallel converter configuration [321]
using converter failure, a fixed reliability targabhd optimising the overall system cost.
However, this method is not directly applicable tms current context because of the
interdependencies between a) the number of eskentidules K), b) number of series
batteries/modulexf, ¢) module power ratingP{, c) voltage level and d) desired range of
reliability (R). For example, the number of series batteries/meodx) directly affects
module reliability Ry). A high number of series batteries/module redunedule reliability
which in turn demands very high number of redundaodules if) to meet desired reliability
target. On the other hand — a low number of sdyateries/module increases the module
reliability but it reduces module power rating whithen demands very high number of
modules to meet overall power rating. Apart frorattlthere is another challenge to meet the
desired voltage for transformerless grid connect@rine-line peak). Therefore, a careful
selection of series batteries strings and conveetlwindancy is essential is necessary to meet
a desired power, minimum voltage level and religbdll at a time.

As discussed earlier a general means of creathgnd&ancy is to use a ‘k-out-of-n’ system,
where any K’ modules must be operating to ensure the systemepoutput is assured and
‘n" number of modules is required to meet the desiedidbility. In a ‘k-out-of-n’ reliability
structure, there are four conditions which affdwt pverall reliability: a) topology b) total
number of modulesnf, ¢) number of essential moduldg, (d) module reliability Ry). The
magnitude olR,, depends on the number of series batteries/modyl¢he power electronic
configuration and failure rate and the second biéttery failure ratei(ar). The number of
series connected batteries' is related to the K’ term to ensure a minimum power output
and to ‘h” to ensure a minimum reliability. The failure raiedifferent battery cells could be
different for different cells but for simplicity lalhe batteries are assumed to have the same
failure rate.

The challenge is to select the best topology asdvalues ofn, k and x to ensure an
acceptable reliability targ&® > R* at a minimum power leveR) keeping cost to a minimum
value. The power electronic system cost is consdiéo be proportional to the VA (volt-
Amp) rating of the power electronic switches, egestpred in the components (such as,
inductors/capacitors), associated gate driverssaenetc. The cost of the driver is usually
neglected in high voltage/high power applicatidmes;ause the cost of high voltage switches
(such as, IGBT modules) is significantly higherrtliae drivers. However, this is not the case
in low voltage applications where the commercialv looltage switches (such a LV
MOSFETSs) can be cheaper than some drivers (orrdi@)eor at least comparable in value.
Apart from driver IC’s, each gate driver requireslation and protection especially in the
modular converter (where a common ground refereacmot be used for all the modules)
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which increases the cost. Therefore, the cost dfiger has also been included in this
analysis. Additional system costs due to digitaitoallers etc. are considered to be common
across the solutions for the purposes of this rekea

The system codt(cost) has been determined as a function of sviit¢hrating (fi(kVA) ,
inductor and capacitor energy ratinfg(Joule) and f4(Joule), driver cost as a function of
switch voltage rating,f{(VA)) and sensor costs] (which can be constant) by plotting costs
against size from the different component supplard deriving the line of best fit. The
component suppliers RS (http://uk.rs-online.comveind Farnell (http://uk.farnell.com/)
have been chosen to identify different componérits. 2.6, for example, shows the costs of
different components as a function of their ratamgl associated curve of best fits.
Therefore, the problem is to minimise the systest aad find valuek, n, and »such that:

e Min f(Cost), Subject to
. . - n n i i %
e Minimum ReliabilityR = 7., (i)Rm (1-=R)"'=R"ForvVk<n

«  Minimum voltageV; (k,x) = 340 (= 230 X V2 + AwLI;) € Nominal 14 grid
voltage (230V)

. N
e Minimum powerP (k,x) = P (2.23)
Switch Driver
13 F10)= 0.0139KVAZ + 0.2795KVA + 0.132 * .
" 2()=0.8e-5VA%-0.002VA+0.8379
s
. 30
e £
% S 20
< .
15
0 i
L
5
0
o 5 10 15 0 15 30 0 00 10040 1500 2000 2500
KVA— N
(a) (b)
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42 0
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Fig. 2.6 Cost of components: a) power electronic #ehes, b) drivers, ¢) inductors, d) capacitors

Joule —+
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Table 2-3 Reliability and voltage functions for diferent multi-modular topologies

Topology | Min  Power Reliability (R) Module reliability Rqy) Min dc voltage
Output ) condition {/7)
Fig. 2.4a ng (M ] —(*adpatttApc-ac)t 340
g kaxaVcellIbatt Zi:a( ia) Rm’al (1 - e * Xmin,a > —k v
_ Rm a)na—i a’cell
Fig. 2.4b n ny j —(xpApatt+Apc-ac)t 340
g kbbecellIbatt Ziﬁkb( i )Rm’bl (1 — e tt xmin,b - ¥
- Rmb)nb_i cell
Fig. 2.4c | kcox Veenulpart ne  (Me R_i(1— e~ cApate+Apc-pe+Apc-ac)t | x .
e bckCVcell
Fig. 2.4d | kyxgVeenl ng (Na i (1 _ | e~®abate+Apc-pc+Apc-ac)t 340
g aXaVceulpatt Zl.:kd( ; )Rm'd (1 Xmind > 77
Rmd)nd—i dVcell
Fig. 2.4e | kox.Veoulpart Zr_lek (Tle) Rmei (1- e~ (XeApatt+Apc-po)t Xmine
ke \ i ST 340
R )ne—l + e~ *pc-act >
me bekchell
Fig. 2.4 | kexV..;;1 ng  (My j ~(*fAbate+Apc-polt 340
g X Veeulpatt Zi:kf( i )Rm,fl (1— |e Xominy >
—i -2 bfVcell
Rm,f)nf U 4 e~ 4Dc-act
Table 2-4 Expression of cost indicators for differat multi-modular topologies
Approximate cost indicator (switch+ inductor/cajp@rc+ drivers + sensors)
Fig' 2.4a 4nafl(xalbal:thell) + 4naf2 (xalbattvcell) + %f3(c(xavcell)2) + 2naf5
Fig. 2.4b | an, £, (eplpaecVeen) + 40 fo o IpareVeen) + %f3 (CxpVeen)?) + 30y f5
- na
Flg' 24c chfl(xclbattbcvcell) + 6ncf2(xclbattvcell) + 4ncf1 (xcbb_cttbcvcell) +
% 4(Lboost1batt2) + %f3 (C(bcxcvcell)z) + 3ncfS
- o
Fig. 2.4d 2ngfi (xalpaeebaVeen) + 4nafi (xd l;_dttbdvceu) + 6ngfr (xalpatebaVeen) +
% (Lvooselpate”) + %fg (C(baxqVeen)?) + 4ngyfs
i Ipa Ipa
Flg' 2.4e Znefl (xelbattbevcell) + 2'nefl (xebb_:tbevcell) + fl (4kexebb_:tbevcell) +
(4’ne + 4)f2(xelbattvcell) + %ﬁl(l‘boostlbattz) + %f3 (C(xebevcell)z) + 3nefS
Fig. 2.4f Ipa Ipa
g 20 f1 (X lparebpVeen) + 20 f1 (xf l;_fttbfvcell) + f1 (4‘kfxf l;,—fttbfVceu) +
n e 2
(4nf + 4)f2(xf1batthell) + 7ff3 (Lboostlbattz) + n?f's (C(xfbfvcell) ) + 3nffs
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The values oRy, Vr andP are different for different topologies. The vokagnd reliability
function have been derived in the Table 2-3 andctis function is presented in Table 2-4.
Since there is no explicit mathematical solutiondquation (2.23), a numerical solution has
been found. The results are generated assuminga lhiattery type, a fixed cell voltage, and
a constant boost ratio. However, with respect tmisé life battery context — all of this may
not be necessarily the case, but it acts as a t@wlogy indicator for comparison purpose.
Since the battery failure rate is uncertain, a eaofjfailure rate has been used to show the
effect of topology choice. The losses or efficiemtyeach converter type are not explicitly
included in this optimisation routine and are cdesed separately in later chapter (chapter —
3). The following conditions are used in this example;

Minimum time period = 5 years

Cell description = 3.3V, 20Ah (minimum module size)
Minimum system reliability = 70%

Minimum power = 1kW

Boost ratio of all dc/dc converters)(= 5

2.3.3 Numerical Analysis

The results are generated at different batteryraitates to see the effect of battery failure on
the cost, total number of modules),(level of redundancyn(k) and number of series
batteries/modulexf. Two set of results have been generated: a)dimdupower converter
reliability, b) excluding power converter relialbflito see how the power converter reliability
and the battery reliability separately affectsdkierall cost, level of redundancy and topology
choice.

The results using a very low battery failureeré0.2x1() have been presented in Table
2-5. The optimum point of the cascaded topologieg. (2.4a, Fig. 2.4c, Fig. 2.4e) isat
1(or at minimum module size) for both the caseslutiing and excluding power converter
reliability. This means the converter per minimunoedule size provides the lowest cost
solution for this kind of topologies. One reasontfus is a large number of cascaded/series
connected modules with smaller boost ratio (helis &) or even with no boost ratio (Fig.
2.4a) can provide the minimum voltage for transferess grid connection. On the other
hand, the optimum point for parallel topologiesg(R2.4b, Fig. 2.4d, Fig. 2.4f) reaches<at
21 orx= 104 because parallel topologies cannot meet ds&etl dc-bus voltage at a low
number of series batteries/module. However, thedeeg represent the lowest number of
series connected cells to meet the voltage lintits Tiigh number of series batteries/module
reduces the module reliabilityrg). Due to this reason, the parallel topologies eghigh
level of redundancy (high/K) to meet the desired reliability. Among the paatalbpologies,
the dc-side modular converter (Fig. 2.4f) providbe lowest cost solution. It is also
important to notice that all parallel topologiesun much higher cost compared to cascaded
topologies even with a lower number of modul@shiecause the cost largely depends on the
product ofn and x (as shown in Table 2-4) where tReis much higher for the parallel
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topologies compared to the cascaded topologies.cbbkeis higher (both for cascaded and
parallel topologies) when the power converter bglity is included in the analysis as
expected. However, the trend in results is the samd the cascaded dc-side modular
converter (Fig. 2.4e) provides the lowest costtsmuamong all the topologies.

Table 2-5 Optimisation result for different topologes — 1

Topology Lowest cost solution fag.;= 0.2x10°

Excluding power electronic components |imcluding power electronic components

reliability calculation reliability calculation

X k n n/k Cost X k n n/k | Cost

indicator indicator

Fig.2.4a | 1 104 110 1.05 1004 1 104 | 208 2 1825
Fig. 2.4b | 104 | 1 3 3 1876 104 1 4 4 2571
Fig.2.4c | 1 21 22 1.04 433 1 21 63 |3 1240
Fig. 2.4d | 21 1 42 2 915 21 1 42 4 1373
Fig. 2.4e | 1 21 22 1.04 390 1 21 42 |2 1045
Fig. 2.4f | 21 1 63 3 412 21 1 147 |7 1431

The result using a higher battery failure rat&XZ0° has been presented in Table 2-6. It
can be noticed from the table that the parallebkogies (Fig. 2.4b, Fig. 2.4d and Fig. 2.4f)

cannot provide a feasible/practical solution as thattery failure rate because a high number

of series batteries demands impractically highlkweé redundancyn(k) to meet a minimum
reliability target which makes the cost functiorrywéigh. The optimum point for cascaded
topologies is still ak= 1 (or at minimum module size) and here also,décaded dc-side
modular converter provides the lowest cost solutidowever, the cost and the level of
redundancyr{/kK) are higher than compared to when the batteryriailate is low.

A third result has been generated for when #teeby failure rate is very high (60x1p It
was found that the optimum solution reached stit a 1 (or at minimum module size) for
the cascaded topologies when the power convelttabiteéy was not included but the overall
cost and the level of redundancylj was found to be very impractically high. Moregveo
practical solution was found when the power corerertliability was included for any
topologies because the module reliability becanrg kv when using such high failure rate
which needed impractically high level of redundartieik > 10) compared to earlier cases.
Therefore this would not be considered to be féasibpractical applications.
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Table 2-6 Optimisation result for different topologes — 2

Topology Lowest cost solution fdga= 7.7x10°
Excluding power electronic components |imcluding power electronic components
reliability calculation reliability calculation
X k n n/k Cost X k n n/k | Cost indicator

indicator

Fig.24a | 1 104 149| 1.43 1360 1 104 312 3 2546

Fig. 2.4b | No practical solution (very high n/k and| No practical solution (very higm, n/k and
cost value) cost value)

Fig. 2.4c | 1 21 31 1.47 611 1 21 84 4 1733

Fig. 2.4d | No practical solution (very high n/k and| No practical solution (very higm, n/k and
cost value) cost value)

Fig. 24e | 1 21 31 1.47 554 1 21 63 3 1537

Fig. 2.4f | No practical solution (very higm n/k and| No practical solution (very higm, n/k and
cost value) cost value)

The following conclusions can be drawn from theabanalysis:
If the battery reliability is low (e.gdpar = 60x10°%) then it is impractical to use second
life batteries within any application because @& tost of the power electronics needed

to overcome the low system reliability.

A series cascaded converter is a better optiondhazarallel connected converter because
of the high series number of batteries neededttonathe voltage level in the parallel
configuration and the impact of this on reliability

Configurations with a boost converter present offdyetter option than without for the
same reason (i.e. reducing the number of seri¢srlzst to attain the voltage levels).
Topology Fig. 2.4e) offers the best cost valuet@®imbines the cascaded configuration
with a boost converter. This is even with the eklypass switches present.

If the power electronics is removed from the raligbcalculation then then/k ratio
result for Fig. 2.4 (e) is equal to Fig. 2.4 (c} the cost is lower because the VA rating of
the large dc/ac converter is equaktanultiplied by the module VA rating as compared to
n multiplied by the module VA for topology Fig. 2(d) in Table 2-5.

The choice of topology is independent of the batfarlure rate and also the power
electronics reliability within the fixed bounds this example.

Not visible by the results table — but also underdable is that having seto the lowest
possible valugk is also a minimum value in order to meet the \g@tat minimum cost.

Due to similarities between the cascaded topolodies results of the cascaded dc-side
modular converter (Fig. 2.4e) have been plotte@0nplane to better visualize the results
obtained from the numerical analysis. For the sagason the results of the parallel dc-side
converter (Fig. 2.4f) have also been presented.réfelt of the numerical analysis has been
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plotted showing the variation cost againgt againstx using the equations given in Table
2-4. The ration/k is chosen because the cost is dependent onnbatitlk for the topology
and it is not practical to plot in 4-D. Fig. 2.708fs8 a set of numerical solutions of cost
against ratin/k againstx for all those solutions for the cascaded dc-sidelutar topology

(at Apar= 0.2x10° which meet a minimum reliability, power and oMede bus voltage with
and without power converter reliability. It can been from Fig. 2.7(a) that the solutions
appear primarily as a series of lines of constasstarting atx = 1. The set of solution
gradually moves upwards &sncreases. This is because the cost increasemasases. The
result of Fig. 2.7b shows the set of solutions cedu(solutions become less dense on 3D
plane) and the cost goes high when the power cterv&iability is included as expected.

Another set of solutions is presented in Fig. 28the same topology atax= 7.7x10° It
can be seen that the set of solutions reduces gemhpa ati.:= 0.2x10°. Fig. 2.8b clearly
depicts that the solution exists mainlyxatl. There is a reduction in the number of soligion
when the power converter reliability is includedhidis because the single dc-ac converter in
this topology limits the overall reliability.

A similar trend can be observed from Fig. 2.9 wehitie solutions have been plotted for high
battery failure ratépa:= 60 x10°. There are very few solutions found betwaen1 tox = 4
because a single module becomes very unreliabléniat failure rate which demands
impractical level of redundancy (very higfk) to meet the desired reliability.

A different representation can be used in Hh@to show separately the variation of cost
againstn/k with constantx, and cost against with constanin/k when the power converter
reliability is included at 0.2xI8 It can be seen from Fig. 2.10a and Fig. 2.10bttiecost is
monotonically increases witi'k and withx whenn/kincreases as shown in the cost function
in Table 2-4. Due to the need for integer numbérs 0 andk the solutions appear primarily
as a series lines of constanstarting atx = 1 (Fig. 2.10b). These plots also show how the
cost increases withinstead of having the constant lingk (Fig. 2.10a).

The results for the parallel topology (Fig. 2.4f¢ ahown in Fig. 2.11. The solutionsigf;=
0.2x10°is shown both with and without power converteratellity. The solutions for parallel
topologies start to appear at a higher value ¢£21). The result is shown up to= 30
because the costs function become excessivelywingimx increases because the reliability
of the battery bank decreases. More dense solu@wasfound when power converter
reliability is excluded but the difference is ngtsagnificant as compared cascaded topologies
because the battery bank reliability dominates (doe higher number of series
batteries/module) in parallel topologies.

Similar representation in the 2D plane for thisckof topologies is shown in Fig. 2.12a and
Fig. 2.12b. A similar trend of variation of costaagst n/k and cost against is found
compared to cascaded topologies. However, in tlke oc& a parallel topology, the rate of
variation of cost withn/k is higher compared to cascaded topology for angiwand vice-
versa. This means, the cost is more influencech/Byand x (refer to Table 2-3) This is
understandable because the parallel topology ugesrrated power electronic components
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(high voltage switches) in contrast to cascadedltyy which uses low rated power
electronic components.
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To validate the topology selection an FMEA (Failuviode Effect Analysis) has been
undertaken (in chapter 7) to prove that this dessgalso valid under alternative selection
criterion and to assist with hardware protection.

2.3.4 Conclusion

This chapter provides an overview of different center topologies for BESS analysing each
topology for use in a second life application. Fritms analysis, a multi-modular converter is
determined to be the best solution for this kindapplication. An approach to find out the
best choice of multi-modular topology and assodiatalues forx, k andn at a lowest cost
factor for transformerless grid connection at aimum power and reliability was used. It
concludes that minimizing andk as far as possible is the best method to redueslbost
and that a series configuration or cascaded cagwvixtbetter than a parallel configuration.
Among the cascaded converters, the fault-tolerandide modular converter with a single
inverter connected to the ac-side comes out asgtimum topology regardless of the battery
reliability (within a feasible range) and power attenics reliability (since uncertainty in
calculation is removed by considering the both vaitid without power electronic reliability).
The optimum solution in terms of number of seriastdyies/module reaches at x =1 or at
minimum module size. However, it may not alwayssilae to strip down a battery module
to cell level or access of each cell and also,cinverter efficiency could be low when a
converter per cell approach is followed. Therefargractical design method may not always
support converter per every cell approach but fflsesn should be designed based on the
lowest available battery module size as far asiplestor second life applications.
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3 Proposed Topology: Operational Modes

3.1 Introduction

In the second life context, a battery could come from any supplier and/or manufacturer. The
module voltage range of these batteries could be in any range starting from as low as 1.8V,
3.3V, 12V, 24V to as high as 220V or 600V upwards. It is impractical to strip down a battery
to cell level or there may not be access to the cell level. Therefore, it would be beneficial to
integrate these hybrid/heterogeneous automotive batteries (which would be coming through
the supply chain) with different reliability and performances through a single power
electronic unit/converter irrespective of their voltage, characteristics or type to build a
flexible hybrid SLBESS. This type of hybrid battery integration within a BESS has not been
specifically considered, not even with new batteries because the majority of research reports
using homogeneous batteries with equal module size, type and characteristics both in grid
connected and grid independent mode [83] — [84], [327] — [329]. Therefore converter
topology design for this type of hybrid battery integration has not received attention in
previously published literatures.

According to the analysis presented in the last chapter, a cascaded dc-side modular
converter is the optimum topology from a cost and reliability perspective. Therefore, all
further analysis in this research uses this topology. To overcome the reliability problem, a
bypass switch network is used with the existing cascaded dc-side modular converter to deal
with the second life battery reliability aspect previously described and in the FMEA.
However, apart from reliability related reasons, there are multiple challenges that the
converter has to deal with especially in second life applications namely: a) to integrate
unequal battery module voltages with different number of modules together to a common dc-
bus with an inverter. This needs to handle two situations: i) when the sum of the battery side
voltage is less than the desired dc-link voltage of the inverter (X, Vyqre; < V) and ii) when
the sum of the battery side voltage is greater than the desired dc-link voltage of the inverter
(X Vpatti > Vg4.) depending on the second life supply chain, b) to control hybrid modules
independent according to their characteristics so that they are utilised optimally while
providing the necessary grid support, ¢) to achieve good converter efficiency.

Depending on a set of batteries present the overall dc-side modular converter demands
boost as well as buck capability to integrate to a single grid-tie converter. For this reason, it is
necessary to investigate multiple operational modes which can cope with a hybrid battery
configuration. This chapter explores the topology in more depth, namely: a) different modes
operation especially in the context of second life application, b) the design of each module
and c¢) power loss/efficiency.

3.2 Different modes of operation of the Converter
Cascaded dc-side modular converter considered in this work uses four active switches per
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module to handle the reliability and protectiorusss described in chapter 2. As a result, the
topology looks like an H-bridge structure per madul

The first leg §, Si) of each module acts a boost converter to forndthbnk voltages Vqc. 1,
Vic2 .- Ve, then the modules are cascaded through the tialelant legs T;, T;) and
thereafter, all the module are connected to thdraledc-link of an inverter through an
additional inductor as shown in Fig. 3.1. Primatite control signals ofF;, T; are either O or

1. However, this fault-tolerant led;( T;) at the output of each module can be exploited to
achieve additional operational flexibilities alowgh providing necessary bypassing of faulty
battery modules. This H bridge combination alontghwhe magnetics can be used to get a
wide operational range. The details of the diffeigrerational modes are described below.

Boost module

s \
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network
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Fig. 3.1 Power circuit of the proposed topology
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Mode — 1 (boost) The converter can be operated in boost mode ahéehe batteries meet
the condition), V4t < Vg by operatings andS; in PWM mode and keepinD, T; in idle
mode {; is ON andT; is OFF). This mode of operation is shown in Fi@a3 In this caséd;,

T provides the bypassing to the battery modules.edmmth abnormal condition, such as
battery failure, the controller turiig ON andT; OFF, which in turn bypasses tifemodule.

In this mode, a common dc-link curreigt flows through all the modules. However, apart
from the voltage constraint, a major limitationtbis mode is, thé,a:; cannot be made lower
than the dc-link currentiy,,; > I,.) which means an individual module cannot deliver the
desired power when a mix of different modules aesent such that the modules requires a
current in one module lower than the dc-link curr@gn). The operational range of this mode
is shown in Fig. 3.3a.

Mode — 2 (buck) The converter can also be operated only in bucklenwhen all the
batteries present operate under the cond}itp,..; = Vj. In this mode,S and §; are
operated in idle modeS(is OFF andS; is ON) and switchind;, T; in PWM mode along
with the dc-link inductotgcas shown in Fig. 3.2b. In this case, a commorirdcdurrentl g
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can be decoupled from the module battery curreingusppropriate PWM patterns of, T;.
However, the limitations of this mode also suchads,ai is always less than the link current
(ivacei < lac), b) the total battery side voltage has to be highan the central dc-link voltage
of the inverterThe operational range of this mode is shown in §igb.

Mode — 3 (boost-buck) There could be another mode of the converter vlsdoost-buck
mode when both of the legs of a modufeand S; as well asT;, T are operated in PWM
mode. This mode is more generalised becauseappdicable for both of the conditions
2 Vhatti = Vg Or X Vigeri < V4. due to boost and buck capability. The principleaid
behind this mode of operation is to make the suth@imodule dc-link voltages greater than
the central dc-link voltage(V,.; = V,.) using the module integrated boost converters and
then use the legr{( T;) to buck it down tdVg. . Therefore, unde}. Viatti < Vg, condition,

all the module converters operate in a higher boaigi and undey; Vyq¢; = V. condition

all the module converters operate in a lower boatgh. The switching operation &, S; and

T;, Tii can be totally independent and because of thedy Beodule curreni,,; can be either
greater or lower than the link curremf; = I Of ipaee; < Igqc) @s desired. This provides
wide control flexibility especially when heterogens/hybrid battery modules are present
which demand widely different module currents lgfives rise to the lowest efficiency of all
the operational modes due to additional switchossés. The operational range of this mode
is shown in Fig. 3.3c.

Mode — 4 (hybrid): In this mode of operation, some of the moduleegrited boost
converters works in idle mod&§ (OFF andS; ON) and some of then§( §;) work in PWM
mode while all thd;, T; work in PWM mode as shown in Fig. 3.2c. This m&eeferred to
as hybrid mode of operation where any wide rangebaitery module voltage can be
integrated more effectively (such as 12V/24V moduin 200V/400V module) However, in
this mode of operation the sum of the module dk-Moltages must be higher than the
desired dc-link voltage) V. ; = V).
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Fig. 3.2 Multiple modes of the proposed converterém the input to output: a) Cascaded boost mode, hultilevel buck mode, ¢) Boost-multilevel buck mod
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The functional block diagram of the overall converter can be re-presented in Fig. 3.4 which
essentially shows multiple dc-dc converters connected through a combined multi-input dc-dc
converter before integrating to the dc-link of an inverter.
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Fig. 3.3 Operational diagram for each mode: a) control range of boost mode, b) control range of buck
mode, ¢) control range of boost-buck mode
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3.3 Design of module inductor and capacitors

The design of each module inductor and capacitor within a set voltage and current operating
envelope is important for several reasons: a) an improper design of module inductor and
capacitor value may increase the size and cost of the converter, b) an improper design may
also cause increased voltage and current ripple on the battery side which may degrade the
battery lifespan and can cause EMI issues, c¢) the dynamic response and/or overall stability of
the modular converter can be adversely affected by the improper selection of module inductor
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value or capacitor value.

3.3.1 Design of module inductor

The design of module inductdr)(is challenging because of the potential for ua¢guodule
voltages and due to the fact that each module doeldtilised independently accordingly to
their module battery characteristics. As a restithes, current handled by different module
could be different. There are two approaches: aigdeng different module inductor
according to individual module current and voltag®sdesigning the same inductor for all
the modules. The later approach has been followedhis work because: a) different
inductors in different modules complicates the glesif the modular converter because under
the distributed utilisation, different modules maydergo same or different boost ratio at the
same time depending on the control system opetdbpnsing the same inductor for all the
modules increases the flexibility of the systemakhshould allow batteries to be replaced in
any module when bypassed which means by choosaagnanon inductor any batteries can
be swapped in any module when a module fails wluchld be an advantage in this
applications where any batteries could be availdelgending on the supply chain, c) using
the different inductors the dynamic response/respdme of the individual modules could
be different which may cause significant voltagel aurrent overshoot in some of the
modules while responding to a sudden change in lpa&d poor disturbance rejection
capability). On the other hand, the dynamics resplrasponse time and stability margin
could be kept the same for all the modules whengusie same magnetics in all the modules
which ensures better converter stability and belyeamic response.

The design of the boost inductor for each modsleumes CCM (continuous conduction
modes) of the converter. The design is undertakechbosing a maximum module voltage
and current. The current ripple can be used togdethe inductor. Therefore, the boost
inductor in (3.1) corresponding to a maximum duwdia condition is given 5% ripple (for
example).

L = Doy MTS Where
Aipatt,i
Aibatt,i = 0.05 X maX(ibatt,i) (31)

The maximum allowable duty in a boost converter lsamear unity but this is not practical
to use such an extreme duty ratio in a dc-dc cdevdrecause the output voltage will be
impractically high and can cause poor switch wtiens. The maximum allowable output
voltage is limited by the maximum switch ratingaimodule. Therefore, the expression of
LhoostCan be modified to (3.2).

L = (1 _ max(vbatt,i)) % max(Vpatt,i) T, (3.2)

Vew 0.0SXmax(ibattli)

Now let us assume the case with unequal modulg¥, 3.2V, 12V, 24V and 20A, 6.5A, 16A
etc. module currents where maximum switch ratingaig, 100V. The value dfyoost can be
found as follows
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24V
0.05%20

L=0.76

100u = 1.82 mH

3.3.2 Design of module capacitor in boost mode

The design of the module capacitor is also undertadssuming maximum module dc-link
capacitors for all the modules. Since the modulrdcvoltages could be different due to the
fact that each module is to be utilised indepergeamtcordingly to their module battery
characteristics. In boost mode (Fig. 3.2a), eaculecapacitor sees a constant load current
l4c across it as shown in Fig. 3.5(a). For single ph@seration, there may be 100Hz ripple
current on it but for the purpose of capacitor gegshis is neglected. The expression of the
capacitor current i&; = ig.; — Iz.. The maximum value of the capacitor current wdagd
dependent on this constant load current and thk pe#he module inductor curremgay;

which meansi, ;| max = (Ibatt,l-+“”;“"')—ldc as shown in Fig. 3.5(b). Therefore, the

capacitor design consideration has to take carthisf magnitude. This type of current
generates voltage ripple across the capacitor.efore, the design of the capacitor should
correspond to the maximum allowable ripple on thedule (set to 1% of dc-bus voltage).
This magnitude of ripple is taken just an exampleehsure a stable dc-link voltage. The
design of module capacitor is as follows:

C = Diax 1T, Where AV = 0.01 x max(Vge;)  (3.3)

Let's assume unequal module input voltages 3.3%,712V, 24V with dc-link voltages
20V,40V, 60V, 80V with a maximum switch voltage 10@ndl4. = 10A. The value o€ can
be found as follows:

C = 0.76%100;1 = 950uF

3.3.3 Design of module capacitor in buck/boost-buck mode

In boost-buck mode (Fig. 3.2c) or in buck mode (Adb), the capacitor design could be
different because the magnitude of the capacippleicurrent is different. In that case, the
switchesT;, T in Fig. 3.1 work in PWM mode. As a result of thesy approximate nature of
the load current across each module capacitorbeil pulse type constant load current as
shown in Fig. 3.5(c). It is difficult to predict axact behaviour of capacitor current in this
case because it is very much dependent on theralibyof T;, T;. Therefore, the module load
current is approximated to its average vadidy. for predicting the behaviour of capacitor
current as shown in Fig. 3.5(d). This is a reastmnabsumption because the switching ripple
on l4c will be small due to multilevel operation. The appmate expression of the capacitor
current would bei.; = iz.; — Dy I4. as shown in Fig. 3.5(b). The maximum valueigf

Alpgeti

would bei,;|max = lacilmax OT (Ibatt,l- + ) because the minimum; can be zero.

This means that the peak of the capacitor curnecieases in buck or boost-buck mode
compared to the boost mode of operation for theesawmdule current, .. ;. This peak of the
capacitor current influences the lifespan of a capabecause a high ripple current causes
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high 1°R losses which increases internal heating and tigeretiucing the lifespan of the
capacitor.
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Fig. 3.5 Nature of load current in module capacitodesign: a) boost-mode, b) boost-buck mode
The design of module capacitor is as follows:

D

C = Diax LT, Where AV = 0.01 x max(Vye,)  (3.3)

A

Let's assume unequal module input voltages 3.3%,712V, 24V with dc-link voltages
20V,40V, 60V, 80V with a maximum switch voltage 304, = 10A andD; = 0.5 (for an
example). The value @& can be found as follows:

5
C = 07651004 = 475uF

The magnitude of the capacitor could be less irkfnoost-buck mode iD; is less than
unity. Therefore, it can be concluded from thisigiesnd analysis that the boost mode of the
converter (Fig. 3.2a) requires high capacitor véluepeak current in the capacitor is low and
on the other hand, buck/boost-buck mode (Fig. 3=#p/ 3.2c), requires less capacitor value
but the peak current in the capacitor is high wimay reduce the reliability of the capacitor.

3.3.4 Capacitor ripple current and life expectancy

The most commonly used capacitor in the power aderes electrolytic type because of its
higher energy density and lower cost compared erotype of capacitors such as, Film
capacitors. However, the reliability of this typkecapacitor becomes an important issue. The
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life of an electrolytic capacitor was expressed using (2.7) in chapter — 2. However, that
expression did not take the ripple current of the capacitor into account. The temperature rise
in the surface of a capacitor can be expressed in (3.4) due to ripple current [330].

AT, = LR 3.4

c ﬁxs ( . )

Where T, = Heat rise in the case (°C), B = Heat radiation factor (W/°C.cm?) and S = Surface
area of the capacitor (cm?®), I = Ripple current applied (A) and R = ESR of the capacitor ().
Therefore, it can be seen that temperature rise is proportional to the °R loss of the capacitor.

The explicit expression of the lifespan considering the ripple current can be expressed as
ATs—AT(

(3.5) [330]. The factor (2 10 ) in (3.5) is due to the ripple current of the capacitor.

Tm-Ta ATs—AT¢
Llife = LbM,,Z 10 X (2 10 ) (35)

Where Ly, M,, T,,, T,, AT, and AT, are the expected operating life for rated voltage and
temperature (generally specified in datasheets, e.g 3000 — 5000hrs at 105°C), voltage
multiplier for voltage derating, maximum operating temperature, actual temperature of
operation, heat rise at rated temperature and actual heat rise respectively. Therefore, it is clear
from (3.5) that the ripple current magnitude greatly influences the lifespan of a capacitor. In
the present context, the boost and boost-buck/buck mode have different ripple currents which
clearly implies different R losses in the capacitor and consequently different capacitor

lifespan as shown in (3.6) and (3.7) for the same operating conditions.

ATclpoost—buck
Lijfelboost 2 10 (3 6)
- AT .
Llife|boost—buck %

2

I’R |boost—buck
Liifelboost 2 10 (3 7)

- 2
Llife'boost—buck I“R |poost
2 10

3.4 Power loss/efficiency

Power loss or efficiency is an important criterion in the design and operation of a practical
converter. The proposed converter has multiple operational modes where different control
modes use different switching combinations of S;, S;;, 7; and T}; which give rise to different
losses in the modular dc-dc converter. Therefore, an analysis of power loss/efficiency is
useful because the overall power loss of the configuration is the sum of dc-dc converter and
dc-ac converter. However, the inverter power loss or efficiency remains the same for all the
three control modes because the inverter operates with the same dc-bus voltage for all the
operational modes. Therefore, only the dc-side efficiency or power losses have been
compared.

In addition on the number of series batteries/module or module input voltage also affects
the efficiency. For an example, very low battery module voltage demands very high number
of modules to meet a desired voltage and power levels or in other words, very low input
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voltage requires a higher converter boost ratiméet a desired dc-bus voltage which reduces
the efficiency. Therefore, in this section the povass or efficiency of the main three
operational modes of the converter have been edéulilfor different numbers of series
batteries/module or different module voltages. Equadule size in terms of voltage and
current has to be assumed for the purpose of edieglthe power loss/efficiency when using
different number of series batteries/module. Finathe power loss and efficiency has been
calculated by considering a hybrid mix of modulasngore practical scenario in hybrid
SLBESS).

3.4.1 Theoretical calculation of Mode — 1 (boost Mode)

An expression of the power losses in mode — 1 @asvehin (3.7). The power losses in this
mode comprises of: a) losses in module boost ilduls) conduction and switching losses of
S and S§;, ¢) conduction losses il or T;, d) losses in the dc-link inductandeyd). It is
assumed all the switches in the H-bridge are idah&ind have the same turn on and turn off
times.

. . , Ton+T,
P = (2?21 lgatt,i)RL + (2?21 lgatt,i)Rds(on) + (2?21 Vdc,ilbatt,i) (MTW) +

NIdcszs(on) + Idcszc (37)

The proposed converter can make use of low velsamiconductors which have low on-
state resistance and low switching time. The otestasistance of commercial MOSFETs
gradually reduces with the blocking voltage as ghow Fig. 3.6. Apart from using low
voltage semi-conductor devices (LV MOSFETSs) suatoafiguration can use a low boost
inductance due to the low input voltage. An exangalkeulation of boost inductor has been
presented in Table 3-1.The calculation of powerslder a range of fixed battery
voltages/module is shown in Table 3-2 using Tableddsuming that each cell voltage is 3V.
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Fig. 3.6 Approximate variation of on-state resistane of commercially available MOSEFTs with their
voltage rating [331]
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Table 3-1 Boost inductor values with a consideredange of input voltages

Module input voltage Module Current | Number of modules tdnductor values
(assuming equal modules) meet 1kW power level | (calculated from (3.2))
3V (1-cell) 19.6A 17 ~0.3mH R = 4mY)
6V (2-cells) 18.5A 9 ~0.6mH R =8mY)
12V (4-cells) 16.66A 5 ~1.2mH R = 16n)
24V (8-cells) 13.88A 3 ~2.8mH R =20n)

Table 3-2 Efficiency/power loss calculation in boasnode (equal module) at 1kW power level

module input| Module | Module Number  of| Boost Active Switch| dc-link Efficiency
voltage Current | dc-link modules  to| inductor (Approximately current
(assuming voltage meet  1kW lowest availablg (I40)
equal (Mdc,) power level on-resistance
modules) MOSFET)
3V (1-cell) 19.6A 23.5V 17 0.3mH R | SIS410DN Rys| 2.5A ~ 94.0%
(= 400/17) = 4mQ) = 4mQ), Ton +
Tots = 85ns
6V (2-cells) 18.5A 44.44V 9 0.6mH R | CSD18531Q5A | 2.5A ~ 96 %
(= 400/9) = 8mQ) (Rgs = 5mQ2), Ton
+ To = 35NS
12V (4-cells) 16.66A | 80V 5 1.2mH R | AON7280 Rys=| 2.5A ~ 96%
(= 400/5) =16m) | 6.5MY), Ton +
Tots = 80Nns
24V (8-cells) 13.88A | 133.33V 3 28mH R | FDMS86250 2.5A ~ 97.0%
(= 400/3) =20mQ) (Ris = 20m),
Ton + Tost = 80NS

Different voltage batteries need different devicHsis device selection has been done based
on to commercially available MOSFET'’s with the I@wen-resistanceR{so) to get the
highest possible efficiency. It can be seen thafF({g. 3.6) on-state resistance reduces as the
voltage reduces (100V). However, the rate of radnadf on-state resistance decreases at the
very low end. For this reason, the efficiency oé ttonverter reduces when using a low
number of series batteries per module as showmlaeT3-2. The highest efficiency reaches
at 24V input voltage (i.e. 8-cells in series) irsthase. Efficiency again starts to reduce when
the module input voltage increases gradually bextius MOSFET on-state resistance starts
to increase at higher voltages. Table 3-3 showspthwer loss calculation using unequal
modules. A particular set of batteries was takemefwicate the hardware setup and afford
comparison in this case.

It can be concluded that calculated efficiencyhaf tonverter has a reasonable value across a
range of voltages within the accuracy of the catah.
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Table 3-3 An example calculation in boost mode (@yual module) at 1kW power level

Modes | module Current in| Boost Active Switch| dc-link Theoretical
input the modules| inductor (MOSFET) current Efficiency
voltages (o)
Boost 12v, 24V,| 8.0A, 17A,| 1.5mH FDPFO85N10A | 2.5A 98.0%
7.5V 4.5A (R.=20mMQ) (Rgs = 8.5n10),
Ton+ Tot=77nS

3.4.2 Theoretical calculation of Mode — 2 (buck mode)

The expression of the power losses in mode — Basvs in (3.8). The power losses in this
mode comprises of: a) losses in module inductodmduction losses if;, ¢) conduction
and switching losses i andT;j, d) losses in the dc-link inductandeyd. It is assumed all
the switches in an H-bridge are identical and hasene turn on and turn off times.
Therefore, an expression of power loss can beenrdts follows wherdl represents the total
number of modules:

. . . TOTL+TO
P = (B iare)Re + (T 1 iBaeei)Rascony + (et Vacilbatei) (Tff) +
NIdCZRds(on) + Idcszc (38)

In this mode the overall voltage of the batteryedids to be greater than the central dc-link
voltage BN Viae: > Vae')- Therefore, either extremely large numbers oftied low
voltage (3V/12V etc.) modules or low number of higiitage (200V/400V etc.) modules is
required as a result of this voltage constrainter&fore, each module will have to deliver
much less current to achieve the same power |&k8V/) as shown in Table 3-4. However, it
should be noted that the dc-link currehf)(will remain to the same value as before. The
input boost inductance becomes almost inoperativéhis mode becaus&,(Si) do not
operate in PWM fashion. Assuming a minimum 400Vlidk-voltage has to be met, two
cases have been studied: a) 3V cell (standard/akdtlge) with 150 modules at 2.20A current
(X129 Viaees = 450V), b) 150V (a standard voltage of EV battery/batteharger), 3 modules
at 2.20A currentX;_; Vyaie: = 450V). The loss/efficiency result has been presentéhivie
3-4 at the same power level as earlier. It carele@ shat the calculated efficiency is very high
(99%) because the increase in number of modul&rgsly compensated for by the lower
Rusony cOmponent and low module current. However, it may feasible to build a power
converter with such a high number of modules undglising the semi-conductors
particularly at lower power levels (< 10kW). Thered, this operational mode is mainly
suitable for higher power levels.
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Table 3-4 Efficiency/power loss calculation in bucknode at 1kW power level

module input Module Active Switch| dc-link Efficiency

voltage Current (MOSFET) current (gc)

(assuming  equal

modules)

3V 2.20A SIR494DP Hys =|2.5A > 99.0%
1.5mY), Ton + Tog =
88ns

150V 2.20A RJK2057DPA Rys = | 2.5A > 99.0%
85mQ), Ton + Torr =
128ns

3.4.3 Theoretical calculation of Mode — 3 (boost-buck moe))

The power losses in this mode comprises of: a)ebsa module boost inductor, b)
conduction and switching lossesSnandS;, ¢) conduction losses and switching losses; in
andT;, d) losses in dc-link inductanckyf). The expression of the power loss in mode — 3 is
shown in (3.9). It can be noticed that, the powesslincludes the switching losses of all the
four switches in a module. Therefore, the powes laghis mode is higher than mode — 1 and
mode — 2 for the same power level.

. . , Ton+T,
P53 = (2?21 ll%att,i)RL + (2?21 lgatt,i)Rds(on) + (2?21 Vdc,ilbatt,i) (ORTW) +

TontTo
(Zivzl Vdc,i)ldc (Tﬁ) + Nldcszs(on) + IdczRL QB

In this mode, the voltage of the battery side bargreater or less than the central dc-link
voltage BN Viparei > Vac™ or Yiei Vparei < Vac')- As a result, this operational mode is
suitable at low as well as at high number of moslulgach module is operated at higher boost
ratio (say > 5) when working with a lower numbernoddules, compared to mode — 1 and
modules are operated with a lower boost ratio (243)e working with a higher number of
modules. In order to compare with the mode — 1,stmee case has been studied as before:
e.g. a) 3V cell with 17 modules 19.6A current. fist, equal modules have been assumed
and efficiency has been calculated. Thereaftease aith unequal modules has been taken to
calculate the loss. Since there could be a largefssmequal modules, therefore, the same set
as mode — 1 has been considered.

It can be seen from Table 3-5 that the efficieatthis mode is approximately less than 1 —
2% compared to mode — 1. Moreover, the efficienay vow module input voltage is very
low (similar to mode — 1 with the same set of b#&t). The loss or efficiency calculation for
unequal modules has been presented in Table 3-6.
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Table 3-5 Efficiency/power loss calculation in boost-buck mode (equal modules)

module input | Current | No. of | Boost boost Active Switch | de-link | Efficiency
voltage modules  to | inductor inductor (MOSFET) current
(assuming meet (Lae)
equal minimum
modules) 1kW
3V 19.6A | 17 0.3mH (R, = | 0.15mH AO4726  (Rys 2.5A ~93.0%
4mQ) (Ri=0.75m | 4.5mQ), Tpy + Top =
Q) 108ns
6V 18.5A |9 0.6mH (R, = | 0.3mH (R, | CSD18531Q5A (R4 | 2.5A =~ 95.0%
8m{2) =1.5mQ) | =5mQ), T,, + Ty =
35ns
12V 16.66A | 5 1.2mH (R, = | 0.6mH (R, | AON6452  (Ry 2.5A ~95.0%
16mQ) =3mQ) 18mQ), Ty, + Top =
38ns
24V 13.88A |3 28mH (R, = | 1.2mH (R, | FDMS86250 (Rs; = |2.5A ~97%
20mQ) = 6mQ) 25mQ), T,, + Ty =
44.5ns)
Table 3-6 Efficiency/power loss calculation in boost-buck mode (unequal modules)

Mode module Current in | Boost Active Switch | dc-link | Theoretical
input the modules | inductor (MOSFET) current | Efficiency
voltages (Lc)

Boost- 12V, 24V, | 8.0A, 17A, | 1.5mH FDPFO85N10A 2.5A ~97%

buck 7.5V 4.5A (R=20mQ) (R4s = 8.5mQ), T,,

+ T,;="77.0ns

3.5 Validation of different modes of operation

The converter operation has been validated under fixed conditions in keeping with equipment
availability. the power loss/efficiency reading has been measured at a particular operating
point. A hardware set-up using the prototype described in chapter —7 has been built using
three battery modules as detailed in Table 3-7. The two operational modes have been
validated: a) cascaded boost, b) boost-buck mode. Buck mode has not been separately tested
due to the fact that building a high number of modules (e.g. > 10) or using a high voltage
battery system (e.g. > 200V) is difficult in the available laboratory test environments.
Experimental analysis was carried out to validate different modes of operation and the power
loss and efficiency. Both simulation and experimental has been provided for comparison and
completeness of the study.

3.5.1 Boost Mode

In order to demonstrate the operational of this mode, all the dc-link voltages (V,.;) and total

dec-link voltages were measured. Simulation and experiments have been performed using
specifications presented on Table 3-7 . The validation is performed in two stages: a) module
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dc-link voltages VYq4c,) and the central dc-link voltag®«) have been measured; b) the dc-
link current (4¢) and voltage across A and Ba) in Fig. 3.1 are measured.

It can be seen from Fig. 3.7 and Fig. 3.8 thastima of all the dc-link voltages is the total dc-
link voltage. This cross-checks that all the modudge in series/cascaded aRidrl; are
operating in idle mode. Moreover, the voltage in Fig. 3.1 and dc-link curremg. has been
shownVag is a continuous dc voltage \(x ) (due toT; ON andT; OFF) andlq. is a dc
current with 100Hz ripple on it due to thepleperation. Fig. 3.9 shows the simulation result
of cascaded boost mode. Similar experimental resighown in Fig. 3.10. Simulation and
experimental results show a reasonable match.

Table 3-7 Components specifications used in experental validations

Type/Name Rating/specification
Boost inductors of dc-1.5mH, 15A,R. = 201
dc modules

Switching frequency of 10kHz
the dc-dc modules

Operating central dg-150V

bus voltage
Grid Voltage 120 (peak), 50 Hz
Test Power Level ~ 500W
Battery module -1 12V, 10Ah lead acid/ma, = 13.8VVpin = 9.6V, Znor = 0.0152
Battery module -2 24V, 16Ah lead acid/ma, = 29V Viin = 19V, Znon = 0.022
Battery module -3 7.2V, 6.5Ah NiIMH W4, = 8.5V Vhin = 5V, Zyor = 0.0110
200
180
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16(}’ \\ ]
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< 120
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Fig. 3.7 Cascaded boost mode of operation: Simuiah result — 1
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Fig. 3.9 Cascaded boost mode of operation: Simtilan result — 2
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3.5.2 Boost-buck Mode

In boost-buck mode also the voltaggs and the dc-link currerit. act as a representative of
this mode of operation. In this mode, the volt&fg is a multilevel waveform due to PWM
switching of T;, T in contrast to earlier ant is a continuous dc current without having
100Hz ripple due to the control of dc-dc convertgg. 3.11 shows a simulation result of
boost-buck mode of operation. It can be seen\thgashows a multilevel dc-dc operation per
switching cycle (four levels of operation can bersewith three modules) anld. is a
continuous current with switching ripple on it. Timltilevel operation is possible due to the
fact that individual modules have been switchedwlifferent duty ratios (due to distributed
control of the hybrid batteries). On the other haRdy. 3.12 shows the corresponding
experimental result. This multilevel dc-dc operatiproves the functionality of switching
operations all the four switch& S; T; andT;. However, there is a clear difference between
the simulation and the experimental steps in nawiél dc-dc waveform. This is because of
relative distribution of duty ratios fali, T in simulation and in experiments. This difference
appears because of the closed loop control of vkeath multilevel converter and the battery
operating conditions in practice which are subjcte change as a battery module
charge/discharge. The experimental result was oaghtat a particular operating point which
was very difficult to match with the operating pbin simulation. However, these results
show the functionalities of multilevel dc-dc conesr The details of this control system are
presented in chapter 5.
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current scale 2A/div)

3.6 Validation of Power loss/efficiency

The converter power loss/efficiency can be estimated using the ratio of output power to input
power of the converter. This does not provide a very accurate result but it acts as a good
indication of efficiency. More accurate methods have been investigated in the literature which
uses calorimetric power loss measurement (CPLM) methods as described [332] — [334].
These methods are used in specific applications where a precise measurement of efficiency is
needed such as high efficiency power converters. However, this equipment was not available
for use.

In this work, the former estimation approach has been followed to get an indication of
converter efficiency in different operational modes. The converter losses and efficiency was
measured using a high precision LeCroy oscilloscope and multi-meters. Cascaded boost
mode and boost-modular multilevel buck mode were tested.
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3.6.1 Switching Loss Measurement

Switching loss has been estimated using voltagecarrént measurement on an oscilloscope.
The product of voltage, current and switching tithe, energy loss has been used to estimate.
Therefore, the method is similar to [335]. The siant between turn ON and turn OFF as
shown in Fig. 3.13. There is a current overshabb(t two times of the nominal current)
observed during turn ON of the device. This is thereverse recovery of the body diode.
This reverse recovery slightly increases the switghoss. There is a little voltage overshoot
is observed during turn OFF due to the parasitituatance of the PCB. The transition is
shown for only for one module, similar result candbtained for remaining modules because
all the modules use identical switches in the desigprototype.

G voltage

voltaﬁew ! t W\" “‘( 4 i i
I curren\ Z S e An s s e

I f“ current e rVWﬂ g |
| M‘“ P < -
#-\3-4‘-”‘4!‘,\:”.7‘ B R, sl Ny e e

(a) 7 (b)
Fig. 3.13 Switching transients of FDPFO85N10A: a)ufn ON transient b) Turn OFF transient (scale time
200ns/div, voltage 40V/div, current 10A/div)

3.6.2 Conduction loss measurement

In order to estimate the conduction losses of actwthree steps have been followed: a) first
estimate the total loss of a switch, b) estimate switching loss, and c) estimate the
conduction loss = total loss — switching loss. phecedure has been detailed as follows:

i) At first, the case temperaturé:) of a switch is measured using a thermocoupletiagano
camera.

i) Approximate junction temperaturd;) is predicted using the thermal coefficient found
from the device data sheet.

iii) Then the total power loss in the switch isadated using?,, = T’;J whereTa is the
jA

ambient temperature (taken asS@p

iv) The conduction loss is taken as the differebewveen the total estimated power loss and
switching loss measured by above mentioned method.

3.6.3 Inductor Loss Measurement

Inductor loss can be of two types: a) high freqye®C loss — eddy current or hysteresis loss
and, b) conduction loss — due to leakage resistahaa inductor. The former loss generally
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becomes significant when the switching frequencyeisy high (> 50 kHz) [336]. Therefore,
in this research, only conduction losses have lwessidered as a potential inductor loss.
This loss has been measured as a product of measdrector voltage and current through it.

3.6.4 Overall loss

Power loss in the modular dc-dc converter was medsat the same power levets J00W)

for boost and boost-buck mode at the same battpeyating point. Fig. 3.14 shows the
comparison between the two modes. It is found leaist-buck mode has higher losses and
lower efficiency (about 1 — 2%) compared to boosidm as expected. However, the
difference comes down in higher power levels. Thgoal and experimental estimation
comparison is provided in Table 3-8. The detailess|distribution along with calculated
values is presented in Table 3-9 where the logmah part of the converter has been shown
separately along with corresponding calculatedeslihe measured case temperature of the
switches is presented in Table 3-10 to providenaication of losses in each module. It can
be seen that the second module which takes a hglitee of current has the higher case
temperature as expected.
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Table 3-8 Theoretical and experimental efficiency sing different modes at a particular operating poir

Modes | module | Current | module Boost Active Switch| dc-link | Theoretical | Measured
nominal | in  the| capacitor | inductor (MOSFET) current | Efficiency | Efficiency
input modules| voltages (lao) (from input
voltages to output)

Boost | 12V, 8.0A, 60V, 70V,| 1.5mH FDPFO85N10A| 2.5A ~ 98% ~ 97.0%
24V, 17A, 20V (R.=20mQ | (Rys= 8.5mN)
7.2V 4.5A )

Boost- | 12V, 8.0A, ooV, 90V,| 1.5mH FDPFO85N10A| 2.5A ~ 96% ~ 95.0%

buck 24V, 17A, 0V (Ri=20mQ | (Rys= 8.5nM2)
7.2V 4.5A )
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Table 3-9 Detailed Loss distribution in the converter

Modes | Conduction loss Switching loss Inductor loss Total loss
Boost | Calculated | Measured | Calculated | Measured | Calculated | Measured | Calculated | Measured
3.5W ~ 4W 1.3W ~2W 7.5W ~9W 12.3W ~ 15W
Boost- | Calculated | Measured | Calculated | Measured | Calculated | Measured | Calculated | Measured
buck | 3.5W ~5W 3W ~4.0W 7.5W ~9W 14W ~ 18W
Table 3-10 Measured case temperature of the module switches under real operatizing condition
Modes module  nominal | Current in the | module capacitor | Measured case temperatures of
input voltages modules voltages module switches
Boost 12V, 24V, 7.2V 8.0A, 17A,4.5A | 60V, 70V, 20V S1/S11 = (40/30°C)
T,/T;; = (26/20°C)
S1/82; =2 (70/40°C)
T5/T>, = (26/20°C)
S3/S33 = (28/24°C)
T5/T33 = (26/20°C)
Boost-buck 12V, 24V, 7.2V 8.0A, 17A,4.5A | 90V, 90V, 90V S1/S11 = (40/30°C)
T,/T;; = (38/30°C)
S1/82; =2 (70/40°C)
T,/T>, = (36/30°C)
S3/833 2 (28/24°C)
T5/T33 = (32/24°C)

3.7 Conclusion

This chapter has presented the practical operational modes of the proposed converter for
second life battery energy storage systems. The proposed converter has cascaded H-bridge
dc-dc modules where both of the legs can be switched independently to get every possible
operational mode (e.g. boost, buck, and boost-buck). The detail of each operational mode has
been described. The proposed converter is capable of integrating widely different batteries
(with equal or unequal modules) to a common dc-bus with an inverter where differences in
the sum of the total battery voltages (> or < dc-link voltage) can be accounted for. The
converter design has been undertaken in a manner such that any batteries within a pre-defined
operating envelope can be swapped if any of the modules fail during the operation.

Power loss and efficiency have also been analysed and experimentally validated in
different modes as far as the equipment available. A careful selection of module size is
important to maximise converter efficiency. Moreover, different operational modes can give
rise to different efficiency figures for a set power level. The boost mode of operation is more
efficient compared to boost-buck mode of operation at all power levels. However, the latter
mode of operation provides a wide range of control flexibility which will be helpful to
control widely different batteries.
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4 Distributed Power Sharing Strategy for Second

Life Hybrid Batteries

4.1 Introduction

To enable research and investment on hybrid new/second life batteries systems, prior to a
significant second life market, requires that these different batteries with different
characteristics and reliability be combined within a single energy storage system that allows
the differences in performance to be taken into account. This is unlike a new battery system
which has homogenous units formed together into modules, with batteries likely to react the
same way. A hybrid second life system has different modules of different ages and sizes
which are more prone to vary (e.g. capacity fade, impedance increase) during the second life
operation. This makes the control strategy significantly different compared to existing BESS.
This chapter concentrates on a power sharing strategy development for the hybrid batteries or
in other words, the way of distributing the total converter power among the heterogeneous
battery modules so that each individual module is utilised optimally.

Previous research related to dealing with déffiees in the performance of a hybrid system
has been focused around three different areagading with batteries with slightly different
performance, b) dealing with batteries in conjumctwith other power sources such as,
PV/wind or super-capacitors etc. and c) dealindh WiV panels under conditions of partial
shading.

Batteries with slightly different performanceor(fexample voltage or state of charge
imbalance) are typically dealt with through eitlaative or passive balancing/equalization
circuits without considering the overall energyrage system [125] — [131], [155] as
described in chapter — 1. However, these systerabk wiligh one type of battery and the
differences between cells is fairly minimal. Thispeoach can be used within the same
battery cell type but isn’t feasible across diffarbatteries where the performance differences
are greater than just voltage and SOC balancing.

Energy storage systems with batteries in conjunction with other power sources such as,
wind/PV typically use the energy storage medium as a mechanism for either smoothing the
power from the system or to compensate power mismatch between generation and the
required dispatched amount [259], [218]. In some cases, the battery/super-capacitors
combination is used in hybrid energy storage systems (to increase the battery useful life)
[219] — [220]. Most of these researches use a common dc bus and the power sources are
connected in parallel. Reference [261] presents a supervisory control technique to optimize
the power output of a wind-PV hybrid generation system. It uses a single type of lumped
battery system connected in parallel with a central dc-bus and mainly concentrates on
optimizing the performance of each source while ignoring the performance implications of
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the battery. Another set of research [337] — [338] discuss similar hybrid energy storage
system with PV panels using parallel dc-dc converter which allows maximising the energy
extracted from the PV panels in grid connected and islanded modes.

Previous researches into PV panels mainly coratenbn peak power tracking in the event
of some of the PV panels operating under partstigded conditions. Early research set the
output voltage of each panel based on a weightiagpf designed vary directly with the
irradiance [338]. More complicated control algomih under varying irradiance look to limit
voltages under an adaptive supervisory controlesystere reported in [339]. However, the
control strategy for a PV system is unidirectioaatl dependent only on radiation condition
which is not applicable in BESS.

There are no published research till now reportgliedy on a grid-tie hybrid energy
storage system using different types of battewgether (new/second life) together, with a
suitable power sharing and its control strategysmmring widely different performance
characteristics. This shortfall is addressed is tiapter where a distributed power sharing
strategy based on weighting function is proposedichvhrepresents instantaneous
characteristics of a battery module. This weightifagtor based strategy enables the
utilisation of any set of hybrid batteries accoglio their characteristics while providing the
uninterrupted grid support.

4.2 Preliminary characterisation

After getting these batteries from different vehicles, their past history will most likely be
unknown. Information is available from initial strip down and preliminary
testing/characterization and should include; a) battery odule type/chemistry, b) battery
module capacity, ¢) battery module nominal open circuit voltage, d) maximum and minimum
safe voltages, d) battery module lumped internal impedance and e) initial battery module
SOC. Each module of the converter should contain similar batteries (in terms of capacity,
nominal voltage etc.) with proper balancing among of the series connected cells.

4.2.1 Capacity

The initial capacity of a battery can be deteedifrom a number of different methods such
as; discharge characteristics [341], open circoitage (OCV) [342], internal impedance
[345]. The discharge method calculates the totakétto fully discharge a battery from the
fully charged condition at a constant current drehttakes the product of time and current to
estimate the capacity. The takes a long time tdopar but was found to be reasonably
accurate. The second method uses an OCV-SOC lodéblg or a derived relation to find
the SOC and then a coulomb counting equation tbtfie capacity. The method is accurate
but suffers from a drawback in measuring the ihB@C accurately. However, the drawback
of initial SOC measurement can be overcome usingpkaby-sample approach as reported
in [343]. The third method is based on the intenmapedance of a battery. At first the
internal impedance is estimated and then a pree@ficapacity-impedanceQgax — 2)
relation is used to calculate the capacity. Thiati@nship can be a linear relationship as
reported in [344] or can be a nonlinear relatiopgB¥1]. This thesis adopts the method of
discharge characteristics to determine the ind#dacity because it is simple to perform on
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an unknown battery and is the only method whichsdos require any characterisation to be
performed prior to the test. The accuracy of thethnd depends on the temperature, e.g.
high temperature of operation increases the battapacity and vice-versa. Therefore, the
experiment was performed at around@0

4.2.2 SOC-OCV relationship

SOC determination is necessary for use in the pasharing strategy. The methods for
calculating SOC were described in chapter — 1. hWithis thesis it is deemed sufficiently
accurate to use the SOC-OCYV relationship becausedasy to use a derived relationship
online and also widely used method to estimateSth€ [346] — [350]. To generate an OCV-
SOC look-up table, the following steps are used.

a) SOC was determined through the coulomb coumtgugtion for a known capacity

b) Discharge the battery with a small current (adicA) on small regular intervals and keep
at rest for about 10 — 15 min to att&dCV. Some cases it takes a long time (e.g. hours) to
attain OCV depending on the battery types especially aftdeep discharge as reported in
[351]. However, such deep discharge situation isided here while performing the
experiments and therefore, such situation has een bonsidered in this work.

c) Terminal voltages were measured on regularvatsr
d) Plot the voltages and the SOC.

Fig. 4.1 shows a sample result for a 12V, 10Ah lead and 7.2V, 6.5Ah NiMH batteries that
were used in the experimental prototype. It carsdxen that the curve appears to be linear
within the 10 — 90% SOC range. Therefore, a cufveest fit has been taken to simply the
relationship. This relationship is later used ttneate the SOC from the OCV.
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Fig. 4.1 SOC-OCV relationship for Lead acid and NiMH batteries
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4.2.3 Initial impedance

Internal impedance of a battery can be used asmdication of state-of-health (SOH)
determination, both with and without capacity d@45]. Moreover, this internal impedance
value can be used to help detect the battery &jld52]. Battery impedance tends to vary
with the age, usage and ambient conditions suchteasperature. In the laboratory, the
experiments are performed at’@0ambient conditions. Therefore this temperatuedfanent
has not been taken into consideration at this stage

There are many methods to estimate the impedahtattery: a) a pulse current based
method [353], b) an online impedance method simitaf{354] and [359], c) EIS based
techniques [355]. Among the different methods,ués@ current based method is simple,
inexpensive and is suitable when a battery isastatly i.e. when a battery is not connected to
a load. EIS based technique [355] is also suitétmewhen a battery is stationary but it
requires an expensive equipment.

Within this work, a pulse load test as described353] has been used to find the initial
impedance of a battery because of simplicity anavaitability of EIS equipment. A dc-dc
converter can be controlled according to a pulsesatireference as shown in Fig. 4.2. The
terminal voltage is measured at every instancet@@dmpedance is found from the ratio of
sudden voltage drop to curre(rﬂ = ATV) .This is reasonable approach because SOC does not
change instantaneously, therefore the battery O&@Vhbe considered to be constant during
this small time interval and the instantaneous dinderminal voltage is due to the intert@l
drop only during discharging. However, this methednly used for pre-characterisation to
ensure the starting condition is correct and aerrditive method is used for online-
calculation (described later) which tracks impeaangline.
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Fig. 4.2 Pulse load test to find initial internal mpedance using a dc-dc converter control
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4.3 Proposed distributed sharing strategy

Battery charging or discharging thoroughly depends on the current and all the battery
parameters under investigation SOC, impedance, voltage, capacity can be related to the
battery current through equations or lookup tables and therefore it is appropriate to distribute
the total power using the individual module current. Therefore, a current sharing strategy is
adopted in this thesis.

There is a hybrid mix of modules within the BESS. Therefore each of these module types
will charge/discharge at different rates and have different maximum/minimum safe amounts
of charge and voltages. Ideally none of the modules should be bypassed unless an abnormal
condition or a fault is detected, so each battery module should take a proportionate share of
the total power contribution relative to each other.

Therefore, the charging/discharging strategy psed in this thesis is to ensure that the
charging/discharging trajectory of the hybrid madutluring a charging or discharging cycle
will all arrive at their respective maximum and imim values (in terms of voltage or SOC)
at the same time. This means all the modules waadh theilSOG,ax 0r VimaxandSOGn Or
Vmin at the same time.

Before developing a sharing strategy, the following terminology and assumptions are listed,

* A battery is a collection of identical cells types

* A battery module is a collection of identical battery types

* A battery capacity has been taken as the maximum charge left (O, in C or Ah) that a
battery can deliver to a load

* A module battery is modelled as an open circuit voltage (OCV) with series impedance (2)
as shown in Fig. 4.3 or in other words Vy,y; = OCV; £ ipyy; Z;. There are other battery
models as reported in [356] — [358] which are specific to battery types. However, this
impedance based battery model is commonly used in the control system study with
reasonable accuracy such as in [184] because it is straightforward, widely used and easy
to estimate the OCV from the terminal voltage and the current measurement within a
controller.

* Each battery module have different initial SOC (or OCV,;) at start, different
maximum/minimum voltage limits and also different capacity (Qax.i)-

* The instantaneous charge (Q) available in a module is represented by the maximum
charge available (Q,,,) times the SOC (as a per unit representation).
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Fig. 4.3 Impedance based battery model

Each battery and module contains a balancing n&tand it is assumed that within each
modules the following parameters are equal and evhezcessary known from pre-
characterization:

*  Maximum and minimum voltage limitOCVmax, OCVin.)
e Maximum and minimum charge limits or Capaci@fx )
* Relationship betweeBOCand open-circuit voltagedCV)
* Initial internal impedance

The concept of the proposed power sharing stratagybe explained with the aid of Fig. 4.4,
which shows batteries with different capacity atattsrg charge, finishing their discharge
cycle at the same time.
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Fig. 4.4 Proposed strategy to deal with the hybrithatteries trajectory

Let's assume that the total remaining time to changdischarge (say can be considered to
be divided into a number of small equal time pesi@fil), dependent on the sample time, i.e.
t = NAT as shown in Fig. 4.4. During discharging, in tinsttime step the required change in
charge oh™ module is4Qy (), where
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Qmaxn,(0)SO0Cn,
AQu o) = 050 i (4.1)

So that an equal change in charge per time stagsismed an@,,,, ,SO0C, o represents the
total remaining charge in moduteat timet = 0 andN is the total number of sample periods
before the battery is fully discharged.

A similar expression can be obtained for charging=a0 as shown in (4.2):

Qmax,n, (1—SOCn )
AQncoy = e (4.2)

Charging/discharging depends on the module curRnetvious research shows battery SOC
and capacity are related through a linear couloounting equation [353]. The fundamental
charge equation, the relation between charge ar@ 80©a module is given by (4.3) where
the Qo is the initial charged stored.

Q () = Qo+ Jy ipare dt (3.3
Over a small sample periofT, (4.3) can be re-written as

AT .
fo lpattn dt = AQ, (%4

Within the small time periodAT, it is reasonable to assume the current is constan
Substituting from (4.1) into (4.4) for t module, with a small discharging current gives:

_ AQn0) _ Qmaxn,0) SO0Cn,(0)
Iyattn(0) = AT VAT 4.5)

A similar expression could be obtained for the gy current,

Ibatt,n,O = Qmax,n,(o)l\f:TSOCn,(o)) (4.6)
Due to the fact that we require the charge or diggh time to be the same between the
modules, the remaining timg=NAT) will be same across all the modules. It can les skat
the current needs to be split in proportion tordgraaining capacity@may and SOC available
at a certain instant.

To calculate the expression for the desired oarfer a given total power, the converter
power balance equation over each sample periodhearsed as shown below.

P = er;z=1 Vbatt,m(o)lbatt,m(o) (4.7)

Wheren is the number of active modules and each moduylenrshas a different voltage,
Vpattmand currentpat m

Now, substituting (4.6) into (4.7) for each modmielischarging, gives:

110



Chapter — 4: Distributed Power Sharing StrategySeecond Life Hybrid batteries

Qmax,m(o) SOCm(O) (4 8)

P=Xn1_1 Vbatt,m(O) NAT

To find, say, lpait1,0 and eliminateNAT from (4.8) which is equal for all modules, suhggt
for NAT from (4.5):

Q (0 SOCm(o
— n max,m
P = Zm:l Vbatt,m(O) ((Qmax,m(o) socm(o))> (49)

Ipatt,1(0)

Re-arranging gives:

SOC
Ibatt,l,o — P( Qmax,1(0) 1(0) ) (410)

Y ih=1Vbatt,m(0)@maxm(0) SOCm(o0)

The desired current for th& module will therefore be:

Qmax,i(0) SOCi(0)
I 0o=P < . = Pw; 411
batt,i,0 Z%:l Vbatt,m(O)Qmax,m(O) SOCm(O) i(0) ( )

A similar expression for charging can be derived:

_ Qmax,i(0)(1— SOC;(g)) _
Ipatt,io = P( m SOC = Pwj(g) (4.12)
Zm:l Vbatt,m(O)Qmax,m(O) m(0)

Therefore, the desired current sharing of the maxdednverter can be written for discharging
and charging respectively as follows:

Ibatt,l(o): Ibatt,z(o): Ibatt,n(o) = Qmax,l(O)Socl(O): Qmax,Z(O)SOCZ(O): Qmax,n(O)SOCn(O)

Ibatt,l(o): Ibatt,z(o): Ibatt,n(o) =
Qmax1(0)(1 = SOC1(0)): C@max.2(0)(1 = SOC20)): -t Crmaxn0)(1 — SOCr(0y)

After the first time instant the current has diggea the battery and Fig. 4.4 turns to Fig. 4.5.
The charge used in the first time step is calcdldtem the product o5OC and Qmax as
detailed later. Two different equations have beseduo calculate these parameters so avoid
cross-coupling.

During the time step fromT to 2AT the equations can be re-written as follows:

Equation (4.1) becomes

0 soc
AQn = —PERCL—HED (4.13)

Again over a small sample perioda:nat Can be considered constant and (4.5) becomes
(4.14).

Qmax,n S0 Cn
Ipaten(o) =~ (4.14)

From the equations (4.7), (4.8) and (4.9) can r&tew (eliminating N — 1)AT) to give
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Fig. 4.5 Proposed trajectory during discharging at t = AT

It is important to note that the current is in the same format as the first time, but uses the
calculated values of O,y and SOC from the start of time. This equation (4.15) can therefore
be generalised for each time step to be

Qmax,1,(kaT) SOCq,(kaT) ) (4.16)

I =P (
batt,1(kAT) Ym=1Vbatt;mkaT)@max,m,kaT) SOCim,(kaT)

Similar expression can be obtained for charging,

Qmax,1,(k)ar (1= SOCq (jyaT) ) 4.17)
=1 Vbatt;mkar)@max,m,(kaT)(1=SOCom (kat) )

Ipatt,1(kary = P (

In the expressions (4.16) and (4.17), k is an integer number which represents the time step.
Moreover, the relative magnitude of the module currents is independent of power and
individual battery terminal voltages. This means if a module fails, the currents re-distribute
between the modules and end up getting fully charged and discharged at the same time. The
method works to compensate for battery degradation, because as the battery degrades the
estimated Q4. drops through the calculation and this in turn allows the current at the next
time step to reduce or a lower current share is taken.

Now, the module battery SOC, a7 1s some function /() of its open-circuit voltage OCV,aar)
within the sample time and w;xa7) is the weighting function over a sample period AT and
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depends on instantaneous SOC and Q. It is important that the battery capacity (or QOpy)
and internal impedance (Z) are tracked during the battery operation because long term battery
degradation and/or temperature variation will affect capacity [341]. As a result, the module
current will vary throughout the period and the controller has to generate references based on
the instantaneous weighting factors which are different in charging and discharging mode.

To determine the SOC and capacity the following method is used step-by-step:
» Estimate the internal impedance using the method described in the 4.4.1 section.

» Estimate the corresponding OCV using the impedance based battery model and using
the measured value of Vi, 1.6. OCV = Vipyy + ipanZ (discharging) and OCV = Vi, -
iranZ. (charging)

» Determine the SOC using an OCV-SOC look-up table or derived function.
» Estimate the capacity using the method described in 4.4.2.

This SOC can be obtained using a look up table or derived function f (OCV). An example
curve between SOC and OCV has been shown in where the experimental results for two
different battery types are presented. The line of best fit can be taken to simplify the function
f () [148]. However, more accurate curve fitting (or a look-up table) can also be used to
calculate SOC from the OCV.

4.4 Online Battery Parameter Tracking

In second life battery applications, the battery parameters are prone to vary. Among the
different parameters, there are two parameters such as, a) internal impedance (Z) and b)
battery capacity or maximum charge left (O,u4), indicate the battery state-of-health (SOH).

4.4.1 Internal impedance estimation

In second life applications, this parameter tends to go high with time compared to the
nominal value. Impedance estimation has been undertaken using EIS techniques, pulse load
test methods etc. previously [353] — [355], [311] when a battery is stationary (disconnected
from a power circuit). These tests use external excitation signals (such as pulse current or
high frequency AC signal) to measure the impedance without involving a power converter.
Therefore, these are difficult to apply during the grid-tie energy storage system operation. To
overcome this shortfall, this work uses a high frequency converter ripple based online
impedance estimation method similar to [359]. The principle concept is to use the high
frequency inductor ripple current of the associated dc-dc converter and corresponding to high
frequency ripple of the battery terminal voltage to calculate the internal impedance. The
switching frequency is in kHz, so it can be assumed that the SOC does not change
significantly during this small switching interval. This means OCV can also be considered
constant within that interval. Therefore, two different equations can be written, a) at # = 0 and
b) at t = dT; as shown in (4.22) and (4.23). The internal impedance can be calculated using
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(4.24). The ripple components of battery currend aoltage can be extracted from the
measured current and the voltage using a LPF (&sg filter) with a cut-off frequency 1/40
of the switching frequency as shown in Fig. 4.6teAfextracting the ripple part of voltage
and current, the magnitude impedance can be cétcula

Vbaftmax/min =0CV %+ ibattmin/maxz att=0 (4.22)
Vbattmin/max == OCV i ibattmax/minz at t = dTS (423)
7 = (V.baftmax_‘./baffmin) — |(A‘{batt)| (424)
(battmax—tbattmin) [(Aipgee)l
Vbaﬂma.\‘ I/banmm
voltage ripple  ——w BAINASLADG A2 -
current ripple ~ —e WM..
=i ~
1;-:{7," i Lbattmax Lbattmin
:4—F':
5
LEPF
. =5
Lpatr ———E‘-—_—O—~ Aipan
Ler
thh‘ —(}—’ A !'r’hmr
Extracting ripple
Fig. 4.6 Ripple based impedance estimation
ON/OFF
r———=7="7="=7 ‘_Z____l A
I
: : Zw:r
. AMN— o)
I : +
I
I + - :
: 1 oct : mer
i | (Measured voltage)
. : o)

Battery

Fig. 4.7 Validation of ripple based impedance estiation method using external impedance

It is important to note that this voltage and cotreipple are always present when the
converter runs and therefore, this method can tlatgcchange in internal impedance online.
The battery terminal voltage ripple always showshange with impedance variation
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(because of the battetiR drop). Even though the method is designed assumry the
ohmic part or dc-impedance of the total batteryedence, but it is capable of detecting the
total impedance of the battery.

In order to experimentally validate the proposedhmé an external resistangg, has been
put through an ON/OFF dc-breaker as shown in Fig. Zherefore, the battery terminal
voltage seesZ(+ Zqy) When the breaker is OFF and odlyvhen the breaker is ON. The Fig.
4.8 shows the experimental results of using a 2dNeby withZe,; = 0.0332 in series with

the battery. It can be seen that the voltage&ighbws a sudden change when the impedance
varies and this change is used to estimate thedamme. The speed of tracking or estimation
depends on the bandwidth of the LPF. In this casbandwidth of 100Hz is used. The
sensing should be accurate when using this mehaote. the accuracy of this method reduces
with the increase of switching frequency becausthefmeasurement accuracy because it is
difficult to sense very high frequency signals tigb the voltage and current sensors unless
specifically deigned to. It is assumed that the sueaments\{parr andipay) at the switching
frequency (here it is 5 — 10 kHz) are accurateughothe sensors due to high bandwidth (=
50 KHz) sensors. Therefore, the switching frequehayg to be limited when using such
method. However, this limitation is not a seriouaveback in high power applications (e.g. >
10kw) because: a) the switching frequency is uguathited because of high switching
losses, and b) the magnitude of voltage and curigpie is high which can be sensed with a
reasonable accuracy.

")
5=
O
10
Time (s) ==
e “.l T T T T T
z change in ripplec> i E> \/\N
':‘:E @ j i
S B
-
0
0 2 -+ 6 8 10 12
Time (s) =>
0.06 T T T T
@ H
283 Z=0.021R Fi
= E,é 0.02F ; oo W~
- 0 1 i l 1
0 2 4 6 8 10 12
Time (s) =>

Fig. 4.8 Experimental validation of impedance estimtion method for 24V battery (Z,om = 0.0X2) at 10
kHz switching frequency: a) measured current ripple b) measured voltage ripple, c) estimated impedarac

4.4.2 Capacity or charge estimation

In the second life battery application, the capaoit the maximum charge left in a battery
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can also vary during operation. The initial capatias to be known but it is necessary to
track theQmax for the power sharing strategy. The method adoptedis paper is similar to
that in [343] where the SOC-capacity coulomb cauyptequation is used to estimate the
capacity when the SOC is obtained from a SOC-O@WK-ap table. The method is explained
in steps:

» Find corresponding SOC Vs OCV look-up table or aveel function as explained in
section 4.3

> After obtaining SOC from the above, the capacity f@ximum charge left) can be
found using (4.25) which is essentially a coulorobrting equation.

t,
Jo ibatedt
50€(0)-S0C(¢)

Qmax -

(4.25)

In order to validate this method, two identicaltbaes with equal voltage (12V) and equal
capacity (L0Ah) have been put in parallel througticebreaker as shown in Fig. 4.9. As a
result the combination behaves as 12V, 20Ah battelg-way through the discharging
experiment one battery has been disconnected tdatamine change in capacity. Fig. 4.10
shows the validation of the capacity estimationcpes when two 10Ah batteries are put in
parallel at a constant current (here it is 5Ardh be seen that the process can able to detect
the battery capacity. In order to show the adaptalnf this method, suddenly one of the
battery modules was taken out to reduce the oveaglhcity.ipa is the overall current which

is monitored as shown in Fig. 4.9. It can be séan the process is capable of tracking such
variation approximately. The error in the estimatmocess is mainly due to SOC estimation
process and current measurement process. Thisecanpooved if more accurate estimation
and measurement process are employed.

Battery — 1

Battery — 2

Fig. 4.9 Validation of capacity estimation method sing two identical batteries in parallel
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Fig. 4.10 Experimental validation of capacity estimation process using two 12V, 10Ah batteries and
dynamic change in capacity

4.5 Modelling and validation

In order to validate the proposed power sharing strategy with the hybrid batteries, a
simulation study and then subsequent experimental studies have been presented. The
modelling is composed of two stages: a) modelling of batteries, b) modelling of the modular
dc-dc converter and ¢) modelling of the line side inverter.

4.5.1 Battery modelling

Due to the linear OCV-SOC assumption, a battery module can be modelled as a high
capacitance with small series resistance where the voltage across capacitance the will
increase or decrease depending on the current flowing through it. Therefore, the model can be
expressed by following equations (4.26) — (4.28). The OCV),; is the initial capacitor voltage
which represents battery open circuit voltage and Cp,y 1s the equivalent battery capacitance.
Fig. 4.11 shows the Matlab/Simulink battery model using (4.26) — (4.28) which uses a
dependent voltage source with a series resistance to model a battery.

1 .
0CV; = 0CVo; + - [ iparedt (4.26)

Q .
Chatt = Y (4.27)
OCVmax,i_ OCVmin,i

ocCvV; = Vbatt,i + ibatt,izi (4.28)

4.5.2 Modelling of estimation

Fig. 4.12 shows the Matlab/Simulink model of the battery capacity estimation process. The
SOC and integration of current have been used to estimate the capacity during the online
operation as described in section 4.4.2. On the other hand, the internal impedance estimation
process is shown in Fig. 4.13. The ripple extraction and impedance estimation have been
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shown separately for a three-module system.
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Fig. 4.11 Battery Model in Matlab/Simulink during discharging
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Fig. 4.12 Matlab/Simulink model for the online capaity estimation
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Fig. 4.13 Matlab/Simulink model for the online impelance estimation
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Fig. 4.14 Overall Matlab/Simulink model of the bi-drectional hybrid battery energy storage system
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4.5.3 Modelling of modular dc-dc converter and inverter

One of the stages of the proposed energy storagfersyis the converter modelling. The
overall converter structure consists of: a) moddiesdc converter and b) line side inverter.
The modular dc-dc converter consists of three caervenodules. Each module is essentially
an H-bridge as described in earlier chapters. Tladiad/Simulink model is shown in Fig.
4.14. The battery model in each converter modugame as in Fig. 4.11. It can be seen that
the three modules are in cascaded in form the aed¢rlink of the inverter. The proposed
power sharing is implemented in the central cordra estimation block shown in the figure.
There is a separate control block for the line sidlerter. The inverter is controlled to meet a
certain grid side power demand. The modular dceshwerter is controlled in such a way that
the current is drawn from the individual module @ppropriate proportion. The detailed
description of the control system and associatedrcbarchitecture will be presented in later
chapters.

Table 4-1 Component specifications used in simulat and/or experimental validation

Type/Name Rating/specification Sim/Exp
LV Trench | 100V 40A —Ryson=6M2, ton + tof =75ns (FDPFO85N10A)

MOSFET for H- Exp
bridge dc-dc

modules

Field Stop IGBT for| Vceay= 2.2V, Eon + Eof = 0.53mJ Exp
inverter

Boost inductors of 1.5mH, 15AR_= 20 Sim+Exp
dc-dc modules

dc-link capacitor in 2700uF, 100V Sim+Exp
each module

dc-link capacitor for 1200uF, 400V Sim+Exp
inverter

Total line  sidel 3mH, 15A Sim+Exp
inductance

Line side capacitor | 10uF Sim+Exp
Switching 10kHz Sim+Exp
frequency of the dc-

dc modules

Switching 10kHz Sim+Exp
frequency of

inverter

Operating  central 150V Sim+Exp
dc-bus voltage

Nominal grid| 120V (peak) Sim+Exp
voltage

Grid current 7.5A (peak) Sim+Exp
Battery module -1 12V, 10Ah lead acid/max= 14V Vmin = 9.6V, Ziom= 0.01%2 Sim+EXxp
Battery module -2 24V, 16Ah lead acid/max = 29V Vpin = 19V, Zom— 0.022 Sim+Exp
Battery module -3 7.2V, 6.5Ah NIMH Vax = 8.5V Vnin = 5.5V, Ziom = 0.0112 Sim+EXxp

120




Chapter — 4: Distributed Power Sharing StrategySeecond Life Hybrid batteries

4.5.4 Validation in grid connected mode under normal opeation

In order to validate the proposed strategy, laridybattery configuration was chosen based
on the available set of batteries. The parametses in simulation and experimental study
are shown in Table 4-1. The distributed sharingatsgy and it's the effect on
charging/discharging trajectory is validated fofixeed power reference (450W) on the grid
side. The overall validation is undertaken in two steps; part A validates the control system
implementation of the strategy under transient d¢ands. Part B validates the long term
distributed strategy and its effect on actual chahgcharge trajectory. This chapter presents
only the key results of the transient power shaand a detailed charging and discharging
trajectory to validate the theory developed in 48 later chapters provide more additional
validation of transient distributed sharing strgteglong with the full control system
description.

The experiment and simulation was run over two detepcycles to validate the
charging/discharging trajectory. All the modulesrevetarted at widely different initial SOC
and voltage levels at the start of the tests. £ith and Fig. 4.16 show the current distribution
at the moment of connecting to the grid. The edechanstantaneous state-of-charge (SOC)
is plotted with time to validate the full chargimgd discharging trajectory. The simulation
and experimental results of charging and dischgrggajectories are shown on the same scale
for easy comparison. Fig. 4.17 and Fig. 4.18 shtw simulation (solid line) and
experimental (dotted points) results for dischaggamd charging respectively. It can be seen
that a module with a lower initial SOC has a largipe compared to higher initial SOC
during charging and vice-versa during discharginghis way, all the modules stay together
while providing the necessary grid support andeheir fully charged or discharged state at
approximately the same time in the both simulatol experiments. Experimental results
show a sudden voltage change at the start of operahd some mismatch at the end of the
cycle compared to simulation. This is due to theuagption in the modelling and weighting
function calculation that the SOC is linearly rethto open circuit voltage. Other differences
between the simulation and experiment could betdube error in estimation of the exact
battery capacity and the difficulty of measuring thattery parameters.

ibatt,1 =
—ibatt,2 Tbatt,1

— ibatt,3 WA Tart,2
W han,3

I > charging

; Ipari (A) .

0.4 0.42 0.44 0.46 0.48 0.5 0.52 0.54 0.56 0.58 0.6

0.4 0.42 0.44 0.46 0.48 0.5 0.52 0.54 0.56 0.58 0.6
Time (s)
@ (b)

Fig. 4.15 Current sharing while connecting to gridduring charging: a) simulation, b) experimental resilts
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Fig. 4.16 Current sharing while connecting to gridduring discharging: a) simulation, b) experimental
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Fig. 4.17 Simulated and experimental charging trajetory using the distributed power sharing strategy

1
; ¢ 7.2V, 6.5Ah (Exp)

0.9Fs ' —7.2V, 6.5Ah (Sim)
\ * 24V, 16Ah (Exp)
0.8 _..vt* i —24V, 16Ah (Sim)
4 ° 12V, 10Ah (Exp)

0.7 X% \ —12V, 10Ah (Sim)

* % T~
\\ *‘*\
0.6~2:
* Ty
0.5 4555 q\:--\
L] ]
0.4 “’”X&”N‘H
o '#.)0' \“ua\t*
0“ o A %
0.3 - ‘%\w\‘“\:{t*
\ H.**
i i DO el X
L]

0.1 -

SOC (t) —>

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Time (hrs) =>

Fig. 4.18 Simulated and experimental discharging &jectory using the distributed power sharing stratgy
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4.5.5 Validation in grid connected mode under abnormal caditions

In second life applications, a battery module aihdt any time. Therefore, it is necessary to
investigate the effect of the proposed sharingtexsgsaon the remaining modules when a
module fails and is bypassed. The module bypassidgne by turning oitj and turning off

T, in the converter as explained in the chapter 3rtler to demonstrate the effect of module
bypassing, module — 3 (7.2V module) has been bgpabsth in the simulation and in

experiments. The transient result is shown in Bi@9 and Fig. 4.20. Note: the remaining
modules take a higher share of the current to miairthe same power output. Module — 3
current slightly goes to negative value during discharging mode and slightly above zero
during the charging mode before it settles downztyo because of changing the
corresponding module voltage references during heodypassing. The description of this
control will be presented in chapter — 5. The dff#ficthe module bypass on the discharging
and charging trajectory is shown in Fig. 4.21 aigl £.22. The simulation and experimental
results have been plotted in same scale. The kew pm note is that the current in the

remaining modules adjusts in proportion to the powquired as explained in section 4.3 and
the batteries end up fully charged/discharged aurat the same time. This shows the
proposed strategy is fault-tolerant in nature amdains valid even when one module fails.
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Fig. 4.19 Distributed sharing under module bypassig in charging mode: a) simulation, b) experimental
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Fig. 4.20 Distributed sharing under module bypassig in discharging: a) simulation, b) experimental

123



Chapter — 4: Distributed Power Sharing StrategySeecond Life Hybrid batteries

e

SOC (t) >

# 7.2V, 6.5Ah (Exp)

0.3+
: 5 —7.2V, 6.5Ah (Sim)
0.255 ; ; # 24V, 16Ah (Exp)
L i — 24V, 16Ah (Sim)
T | e s T . ES—— . . lz‘_‘lo;\h (E.‘p]
. | i i —12V, 10Ah (Sim)
0 0.2 0.4 0.6 0.8 1

Time (hrs) ﬂ>

Fig. 4.21 Simulated and experimental charging trajetory of the hybrid batteries: module bypassing

1
! ! i ° 12V, 10Ah (Exp)

i = * 24V, 16Ah (Exp)
0.8 —24V, 16Ah (Sim)

¢ 7.2V, 6.5Ah (Exp)
7.2V, 6.5Ah (Sim)

SOC () >

. i i
0 0.2 0.4 0.6 0.8 1 1.2 14

Time (hrs) =>

Fig. 4.22 Simulated and experimental discharging #jectory of the hybrid batteries: module bypassing

4.5.6 Validation under parameter variation

Parameter variation is an important phenomenoreaorsd life battery application. Among
the different parameters there are two parameag¢nstaximum charge or capacit@qay and

b) internal impedanceZ] that are likely to vary with time due to degradat In the case of
batteries,Qmax is related to Z [341] is this way an incrementZofeduceQmax The exact
relationship is very much dependent on the battdgmistry and it is difficult to find an
explicit mathematical expression between these Mareover, previous research show that
Qmaxrepresents an indicative to state-of-health (SGH) battery as it is tends to change with
the usage e.g. reported in [360]. Therefore, #ssumed that if the variation of capacity and
impedance is tracked online and considered in hlagirsg strategy, the variation of state-of-
health is automatically incorporated in the analysi

Online capacity and impedance variation In order to demonstrate the variation of capacity
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and impedance on the charging and dischargingctoaje two 12V 10Ah batteries were put
in parallel to achieve approximately 20Ah effectoagpacity and suddenly one of the battery
module was switched out during operation to redbeeoverall capacity to nearly 10Ah. This
variation affectfnaxandZ and changes the weighting factor according to6ahd (4.17).
This change in the weighting factor adjusts theenirshare of the individual modules. The
transient variation of current sharing is showrFig. 4.23 for the discharging and Fig. 4.24
for the charging respectively. The full charginglatscharging trajectories are shown in Fig.
4.25 and Fig. 4.26. It can be seen that the chamnd discharging slopes change slightly at
the point of parameter variation because of thengbés in current distributions. Note: the
batteries end up with maximum and minimum pointsuad at the same time both in
simulation and experiments. A good correlation basn found between the simulation and
the experiments and any difference between sinoumand experimental result is likely to be
related to the accuracy of the measurement anuha&sbin process.
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Fig. 4.23 Power sharing under capacity fade duringlischarging: a) simulated, b) experimental result
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Fig. 4.26 Charging trajectory under capacity fadea) simulation, b) experimental result

The grid
energy storage is employed to smooth out the pmseillation or demand. Therefore, an
ESS may require providing power in small intervalserefore, it is necessary to cross-check
the applicability of the proposed concept undenddsn change in power. Simulation studies
have been undertaken to see the effect of a sustdprchange in power on the charging and
discharging trajectory. Fig. 4.27 and Fig. 4.28wglthe validation of distributed strategy
with a sudden change in total power demand durischdrging and charging respectively. A
step change from 250W to 500W step has been apliedgh the side inverter to perform
that. It can be seen from Fig. 4.27 and Fig. 4h28 tharging and discharging trajectory show
a sudden change in slope and all the modules tbadhrespective maximum or minimum
points at the same time. This validates the coniceydriable power conditions also.

4.5.7 Validation with sudden power change

side power seldom remains constant in gedl system because many times the
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Fig. 4.27 Simulated discharging trajectory with a step change in power

1
—12V, 10Ah

—24V, 16Ah /%E
0.9 —7.2V, 6.5Ah :'>.step change in P/ 7
//’

-

L

-2 0.4 0.6 0.8 1 1.2
Time (hrs) ==
Fig. 4.28 Simulated charging trajectory with a step change in power

4.6 Conclusion

A generalised distributed power sharing strategy has been proposed to integrate hybrid
second life batteries to the grid system. The proposed power sharing is based on a weighting
factor which is found to be suitable for any set of batteries with widely different
characteristics. The distribution strategy aims to make the charging/discharging trajectory of
the hybrid battery modules reach their respective maximum/minimum points at the same
time. In this way, all the modules stay in operation unless under a fault is detected, so that
each battery module is undertaking a proportionate share of the contribution relative
characteristics and SOH.

The proposed strategy is adaptive in nature and is capable of detecting parameter variation
online such as, capacity fade, impedance increase and acts to change the current share of the
respective module. Moreover, the strategy is capable of bypassing a faulty battery module
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when necessary without interrupting the overallrgnetorage operations. The results show
the effectiveness of the proposed scheme. A ddtailmulation/modeling and experimental
study have been presented to validate the propols#eh both in normal and abnormal
conditions such as, module bypassing, capacity. fatidound through the simulation and
experimental studies that the strategy is fullypdida in nature and remains valid under all
practical conditions considered.
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5 Distributed Control Architecture

5.1 Introduction

In the second life hybrid battery energy storagplication, it is necessary to deal with each
battery module in an independent fashion accortbrfpeir state-of-health (SOH) and state-
of-charge (SOC) while providing the necessary gugport. To perform this, the previous
chapter has suggested a weighting factor basei@gyréo utilise any set of hybrid batteries
according to their module characteristics. Thisghieng factor indicates thgoodnessor
badnessof a battery module on an instantaneous basiss Thapter presents suitable
distributed control structure of the modular comeerwhich enables to control of each
converter module to be undertaken independentlgrdoty to the desired weighting factors
while providing uninterrupted grid support.

The closed loop control of a modular energy storage systems has been previously
undertaken using a single type of battery or super-capacitors with equal modules in terms of
voltage, capacity etc. Equalization and balancing control among the modules has been
considered to be relevant, for example, to balance the SOC/voltage among the modules using
a modular dc-ac converter [155] or modular dc-dc converters [361]. The main concept of
these researches was to control/distribute the total voltage (modular dc-dc converter) or total
modulation index (modular dc-ac) equally among the converter modules. Therefore, those
were termed as balancing/equilisation control. This type of module balancing control is
justifiable when similar energy sources are integrated. However, a mix of widely different
modules could be present in the second life applications where such strategy is not directly
applicable. Therefore, independent module control according to individual battery parameters
within the modular converter is an important function in this application. This is termed as a
distributed control of the modular converter.

Closely related work was previously undertaken, relates to distributed MPPT control of
cascaded dc-dc converter based PV systems where each dc-dc module performs MPPT
depending solely on radiation conditions and the line side inverter maintains the central dc-
link voltage [339], [362]. The power injected into the grid is solely decided by the PV-
modules. The drawbacks of this strategy are: a) bidirectional power cannot be handled when
the module converters on the dc-side are in cascaded/series because of module capacitor
voltage imbalance problem, b) line side inverter cannot respond to meet the line side load
demand or cannot actively participate in energy management which can cause overall slow
dynamic response on the grid side. Due to these reasons such a strategy is not useful for
SLBESS applications in the smart grid where a bidirectional control structure and line side
inverter control according to the grid side power demand are necessary. Therefore, a new
control structure is desired.

This chapter proposes different bidirectionastributed control strategies using the
cascaded dc-side modular converter and the line siderter considering charging and
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discharging separately.
5.2 Modelling of different control modes

The proposed converter in Fig. 5.1 is capable of operating in every control modes such as
boost, buck or boost-buck to meet all current and voltage requirements as described in
chapter — 3. Each control mode uses different switching strategies. Therefore, separate
control structures are investigated and compared.

Modular Multilevel

Boost
module id { (, Buck Converter
c,
\ . —
> Ly S +
=V,

Inverter

Fig. 5.1 Considered converter topology for hybrid second life batteries

5.3 Modelling in boost mode

The dynamic equations of the converter can be written on a module-by-module basis using
of Fig. 5.1 in (5.1) = (5.3) (7; ON and T}; is OFF).

Module current dynamics:

di att,i . i
L ll:lttt. + Rlbatt,i + (1 - di)VdC,i = Vbatt,i Vi=1..n (51)

Module voltage dynamics:

AV ) _
C—#— A —ddipare; = —lgcVi=1..n (5.2)

Total dc-link voltage:

Vie = Vdc,l + Vdc,z + e+ Vdc,n (5.3)
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The power balance equations of the modules arengn (5.4) whereys, 7, etc. are the
efficiencies of the dc-dc modules. In this caseséhefficiencies are very high 1) because
of the efficient LV MOSFET can be used in the cdschconverter. It is also to be noted that
for a constan¥y. and grid powerly. also remains constant. Therefore, the module dapac
voltagesVyc,is proportional to the module powf,iipari)-

Vdc,ildc =n; Vbatt,iibatt,i Vi=1l..n (5-4)

The overall power balance equation is given b¥)(5vhich relates the grid voltage and
central dc-bus voltage whesg, stands for the inverter efficiency.

Vaclac = NinwVsls = Vsls = P (5-5)

In this case, the common dc-link curréptacts as a combined load to all modules which is
dictated by the grid side power. Equations (5.6) @n7) provide small signal equations for
i"™ module whereVyc,, lvari and D is the steady-state values of module dc-link \gslta
current and duty ratio.

dipare

L dattm + lmlR + (1 - Di)V:i;,L - a\lVdC,i = Vbatt,L (}56
cWder (1 _ Dy &+ Tipoer; = Lo 7
Tqr ( Di)lbatt,L t+ Ailpatei = —lac (5- )

dt

There are two state variables choseni@g; andVyci per module, one control inpdf, one
power inputVpa; and one disturbance input. The state-space equation if module is
therefore:

_R _@a-Dby 1 Vaci 0
_ L L L L
X (1-Dy) 0 X+ 0 — lpatti 1 u
C Cc C
i . Vbatt,l
where, X = ( batt’l) U=| 4, (5.8)
Vdc,i —
Idc

Since the control input i, the transfer functions of interests are: é%% and b)
Vac (5)
di(s)
(5.10). These expressions can help to design tiheerduand/or voltage controller for a

particular module.

which can be directly derived from this state-gpaquation as shown in (5.9) and

SVdC,iC

—— 1+ —m—
i S I i (1-DpI i A
baﬁti( ) — batt,i - i baltjgl Vl — 1 n (59)
d,(s) (1-Dy) 1+S(Z)+SZ(1—D-)2
i
__Slpate,ik
Vac, () _ Vaci A-D)Vqc,i .
T = m, e vi=1l..n (5.10)
1(s) (1-Dy) 1+S(Z)+S AL
i
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5.4 Control in boost mode

Traditionally dc-dc converters in an ESS are controlled using an output capacitor voltage
control loop and/or an inner inductor current loop employing a fixed reference. However,
such strategy is not applicable in this case because there are multiple constraints including: a)
controlling the total dc-link voltage (V,.) to a constant value for uninterrupted line side
inverter operation, b) controlling of individual modules according to the desired current
references (ipa, 1*, ipart, 2* ibatt,n*) or weighing factors as described in chapter — 4, and c)
controlling of the module capacitor voltages (Vi.1, Vicz...Vaien) such that they meet the
constraint of a boost converter (Vye; > Viayi and ipe; > 1ie Vi = 1..1) to deliver the desired
power from a module.

5.4.1 Proposed DC-side control structure

The proposed control structure controls each module capacitor to different voltage levels to
distribute the total power among the modules because the same dc-link current (/) flows
through all the cascaded modules. Therefore, the control structure behaves like a voltage
sharing scheme which calculates the different module voltage references (Vy, 1*, Vdc,g*
Vien ) where the sum of all the references is a fixed central dc-bus reference (V') for the
inverter. The required module voltage references are generated to allow the control system to
share the current according to the desired ratio. These are derived using the power balance
equations (5.4) and weighting factors as shown in (5.11) for charging and discharging
respectively. Fig. 5.2(a) describes the proposed module dc-link voltage references (Vy, I
Vdc,g* Vdc,n*) generation from the weighting factors and Fig. 5.2(b) shows how the
individual module is controlled. Moreover, the reference generation makes use of the binary
control signal of the switches T}, T}; to adjust/re-calculate the weighting factors when any of
the modules bypasses because the control signals of the fault tolerant leg T}, T;; are either O or
1. Each module is controlled by an outer voltage control loop and an inner current control
loop as shown in Fig. 5.3. The output of each inner loop provides the desired duty ratio
command. The bandwidth of each inner current loop is set to several times higher than the
outer voltage loop to help to maintain module control stability.

WiVpate,iTi

ipatti X Wi, Vaei € Vpgreiw; = Vdc*z vi=1..n (5.11)

k=1 @KkVbattk- Tl
Since the module dc-link voltages are different, some of the module voltage (Vy.;) may
exceed the maximum switch rating during the operation and can cause failure of the module.
To avoid this, the control system needs to know the maximum duty ratio of a module so that
such a situation can be avoided. Expression (5.12) provides the limit of each module duty
ratio (d;) which is dependent on maximum switch stress (V). The V, is set up from the
choice of hardware and levels of redundancy. This limit also indicates the control range of the
converter. The Matlab/Simulink model of the proposed control structure in boost mode is
shown Fig. 5.4 where three control loops are shown separately. The simulation results are
generated using this model to compare with the hardware results.
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Fig. 5.2 Proposed distributed control architecturein boost mode: a) module dc-link voltage reference
generation, b) module based voltage control structe

5.4.2 Controller design
The controller design is performed in two-stagesmadule outer voltage loop design, b)
module inner current loop design.

5.4.2.1 Voltage controller design:

Fig. 5.3(a) shows the voltage control loop assgnmmer current loop delayl§) of around
four times sample timeT{). The open loop transfer functidH,(s) is shown in (5.13) to
help design suitable control parameters. It candieed thatGH,(s) is dependent on all the
battery parameters such as voltage, capacity. ®h&aal parameter can be designed using
symmetric optimum method as described in [363] kepphe same phase margin (PM) for
all the modules (‘a’ depends on the desired PMrisure the overall stability of the modular
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converter. The frequency response plot of theageltcontrol loop is shown in Fig. 5.5. The
PM of a stable control system is generally takebe@nything higher than 43n this case, it

is assumed to be around°Zhich gives rise to a = 6 to guarantee the modtability. As a
result of this the gain crossover frequency becoanesnd 35Hz which represents the closed
loop bandwidth. The Maltlab/Simulink model of thaentroller design method is shown in

Fig. 5.6.
1+ sT, 1 Viatti\ (1
() = Kot (=) (T () () wh
v(s) v\ ST, 14 sTy) \ Vae;i ) \sC where

Ky = 3<M)ic and T, = a’T,¥i=1..n (5.13)

a \Vpatt,i/ Ta

5.4.2.2 Current controller design

The current loop can be formed as shown in Figb%.®roportional control has been chosen
in the current loop to improve the speed of respamsd stabilityK; can be set from the
desired closed loop bandwidth (BW). In this cakes taken to be 2 kHz for all the modules.

The current loop transfer functiéﬁ% (derived from Fig. 5.3(b)) has been approximated

at high frequency to desidfx as shown in (5.14). Her&' represents the PWM carrier peak
inside the controller which is the taken\4g;. It can be seen from Fig. 5.7 that modules have
the same current loop bandwidth (same high frequesgponse). It is important to note that
the module current controller parameters are indéget of w;. As a result, the current
controller parameters do not need to be adaptiveaiture unlike the voltage controller
parameters.

— 1iparti(s) 1Vaci )
GH,;(s) = K. i A Keo= & At high frequency
dc,i
Inner loop delay 7
2 * / de
V -* e 1+sT, @”i 1 lban.i
de.i . ST —_— l+3'1;,'

carrier gainG = V. ;
batt i

ib['l".l' (S)

d (s)

Ih{m.i _

(b)
Fig. 5.3 Control loops per module: a) module voltagloop, b) current control loop
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5.4.3 Dynamic response

The response time as shown by the rise time ictédeby the closed loop bandwidth of a
system. The closed loop bandwidth can be takenoappately equal to the gain crossover
frequency if the system magnitude plot crosseti& axis at — 20dB/decade (as shown in
Fig. 5.5). This closed loop bandwidth then can §eduo estimate the response time.

In an SLBESS, the response time can be calculatecombining the response time of the
inverter and associated dc-dc converters. In tihweaxter, all the modules are controlled such
that their closed loop bandwidths are the same. (%i§). The inverter is controlled in
constant power mode responds and the dc-dc conwveate controlled in voltage mode.
Therefore, the response time of the line side tevetecided by the current loop bandwidth
and the response time of the dc-dc converter isrohted by the module voltage loop
bandwidth. The line side inverter when working unrent loop responds very fast to meet the
load demand with the dc-dc converters respondiogesl than the inverter. Therefore, the
total response timeT(j) =~ the response time of dc-dc convertefgy) Traditionally the
bandwidth of the voltage control loop in a convendél BESS is kept to a low valugl0Hz)
to ensure control stability [217] — [218]. Thiskecause a high value of boost inductance is
used (8 — 10mH) in conventional dc-dc converterschviimit the bandwidth of the inner
current control loop which in turn limits the outesltage loop bandwidth. This slow control
bandwidth makes the response time of a conventB&E&S in the range of 50 — 100ms or
higher.

In this work, the response time of each moduleagdt control loop can be made faster
compared to a conventional BESS by exploiting tdeaatage of the lower input boost
inductor/module (due to cascaded multi-modular eoi@r structure) which makes the inner
current tracking control of the modular dc-dc catees almost instantaneous. This provides
an opportunity to increase the outer module voltagetrol bandwidth to achieve faster
dynamic response. However, there is a limit ugvbach the bandwidth can be increased or
the boost inductance can be reduced. A low valuedafctance would increas@'dt and high
frequency noise such as current ripple in the msduwirrent which makes the protection
design more challenging and could be a drawback fiee practical implementation point of
views.

For stable second order systems, it is well kndvart the product of rise time and bandwidth
(Tr wge) is approximately constant and is given by (5[B&@]. The gain crossover frequency
(wge,) can be found by solving (5.16) for this case. Duehe presence of a higher order
equation, the gain crossover frequency is founchgusi numerical program (written in
MATLAB) and by directly entering the measured battealues and dc-link voltages found in
the experimental setup.

035 _ 22

T‘r,i == == (515)

few Wyc,i

. 1+(w c,iTv)Z
GH(jwge)| =1 = Xl N7 1 (5.16)

T, V4q.iC .
v VaciC \ (w00)? \/1+(wgc,de>2
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Fig. 5.7 Frequency response plot of the module inneurrent control loop

5.4.4 Proposed overall control structure including the Ine side inverter

The overall control structure while operatingpmost modeT, T; in idle mode) is shown in
two stages: dc-side distributed control in Fig.. 3t&an be seen that there is an interaction
between the line side inverter control and theide-sontrol. The grid side control depends
on the type of application of the energy storageesy, e.g., voltage control or the frequency
control and the rotating virtual rotatindd frame based approach has been followed for the
inverter as shown in Fig. 5.9.
The dynamics of the equation can be described u&épwhere 1, , VS are the line side
space vectors and,,,, is converter output space vector. Fhdenotes the angle of rotation
which comes from output of PLL. The grid voltageacp vector@ Is made to be aligned
with the ‘g’-axis (Fig. 5.9) which mearlg, = [V.|. This way the actual unit vect@rs made
equal to the estimated unit vectér) (@s shown in Fig. 5.10 and Fig. 5.11. So, tii@xis acts
as an active power axis aml axis acts as the reactive power axis in this céke line side
control structure is shown in Fig. 5.12. A low péiker (LPF) has been employed to generate
the ‘o’ (orthogonal components) in single phase appleati After generating theof’
components, the unit vecte’ has been employed to transform themdg frame. The
dynamic equation can be transformed ifg ‘ domain putting (isq + jisq)e’® , (Vsa +
JVsq)e’® and (Uinpa + jUinng )e’®which gives (5.17) to (5.20). It is to be notedtttizere
exists a clear coupling betweati-axis and §'-axis which requires appropriate feed-forward
terms to decouple those as indicated in Fig. 5.12.

LyZ2+ R+ Vo = Uy (5.17)
dis . .

Lsd_td-l' Rgisq — stlsq = Uinva .18)
dis ) .

Lsd—tq+ Rsisq + wlgisg = Uinyq .19)

- w (5.20)

dt

The expression of active and reactive power cafoled using (5.21) and (5.22). Therefore,
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controlling the active power requires controlliniy’ g-axis current while the reactive power

requires controllingd’-axis current.

1 .
Piny = 3 Vsqlsq (5.21)

Qinv = — % Vsqisd (5.22)
The output of the voltage or frequency controllesvides the reference for the inner g-axis
current loop. Thal-axis current reference is set from the reactivegrarequirements of the
converter (if any). The weighting factap;f of the proposed dc-side distributed control is
different in charging and discharging. The moded@n is performed in this thesis using the
sign of active line current referen@ through an edge detector becaua*eis positive for
discharging and negative for charging. This sebectmethod dynamically changes the
module dc-link voltage reference¥g; ) to alter the current sharing:;) while switching
from the charging to discharging and vice-versa Matlab/Simulink model of the inverter
control structure is shown in Fig. 5.13.

Reference Generation
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I VI 1,1 . T T T T control |
| o patt, _I V. i ControIV |
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| + Mode I
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; A (4.16) .° |
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Fig. 5.8 Proposed overall control architecture in bost mode: dc-side distributed control
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5.5 Modelling in buck mode

This mode of operation is corresponds to Y Vyge; > Vj.and the modeling has been
performed assuming S;, S; Vi = 1...n in idle mode in described in chapter — 3. The module
current and voltage dynamics of the converter are written in (5.23) — (5.24). It is to be noted
that the average value of Vy,,; and V,.; are the same here because S;; is ON and §; is OFF.
Therefore, in this mode, the dynamics of i,,; mainly depends on the dynamics of i,.;. There
are two types of duty ratio possible in this mode: a) average duty ratio (d,,) which maintains
the central dc-bus V. and, b) individual module duty ratio of 7}, T}; (d;) which controls the
individual module current (ip.;) using i,.;. The relation between these two is provided in
(5.25). The dc-link dynamics are given in (5.26) — (5.27) which describe how /;. and V. are
related.

LEEE 4 Ripaeei + Vi = Viares Vi=1..1 (5.23)
€4 = ey — lgei Vi=1..7 (5.24)
Aoy = ZZV“Td (5.25)
de% + Rucige +Vae = dap SVae; Vi=1..n (5.26)
Cac 2% = ige — iiny (5.27)

The power balance equations of the modules are given in (5.28). It should be noted that the
average value of V,.; and Vj,,; are the same which makes the average value of iy.; and ipuy;
are the same in this mode. Moreover, the efficiency #; is approximated to 1 based on the
results from chapter — 3 due to the efficient low voltage semiconductors in the cascaded
converter.

Vacilaci = Mi Voatt,ilpare,i Vi =1..1n (5.28)

The small signal modelling is performed in two-stages; module level (5.29) to (5.30) and dc-
link level (5.27) —(5.28).

dipatt, — T T i —

L= 4 Riparey + Vac, = Voare, Vi=1..7m (5.29)
dVdC,L . — —_ . — 7 — .

C dt lpatty — ldey = lbatty — duldc - Diildc Vi=1..n (5-30)

The state-space equation of i/ module is:
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R 1 1 0
@)= & Lo+t W)
1 0 0 Idc
C C
dl@,l. v
 _ dt _ batt,1
where, X = v, LU —< /1\1 > (5.31)
dt
ll;t\t,l. (s)

The transfer function of interests is because d;; is the main control variable. It can

du(s)
be derived from the state-space equation as shown in (5.32).

B ® _le 1 i qp (532)

dyu(s) LC SZ+S(§)+%

At dc-link level, the small signal equations are;

d /\C o~ — —_—

de % + Rdcldc + Vdc = (Dav) Z VdC,l + dav Z Vdc,i (5.33)
avac — —

Cac =gy = tae ~ by (5.34)

The state-space equation of buck converter can be written as following:

_@ _i Dy ZVdc,i 0 \
@)= e telaws b L L J@vi=1.n
—_— 0 0 0 -—
CdC CdC
l-’\ Z Vdc,i
where, X = (fﬁ), U=\ 4. (5.35)
Vdc /(ﬂ]
llTLU

. . oy Vaci ) .
The transfer functions of interests are: a) lddcg and b) % because d,, is the main
av av

control variable and is responsible for controlling the dc-link voltage V..

Tae (8) I 1 .
e = Y = — Vi=1..n (5.36)
day LacCac 52+s(ﬂ)+
Lac/ LacCac
Rdc
+_
SVaci(s) I ST .
e — Vi=1..n (5.37)
day Cdc ¢2 (ﬂ) 1
S“+s +
Lac/ LacCac

5.6 Control in buck mode

This control in buck mode is the dual of the boost control mode which is described in section
5.4 (applicable only when Y, Viyqer i > Vyc'). In this case, the module de-link voltages (Vac,;)
are automatically maintained by battery terminal voltages Viasy s, Viarr2 -.. Viaun. Therefore,

143



Chapter — 5: Distributed Control Architecture

the aim of this control mode are: a) to maintaia ¢entral dc-link voltage tdy. irrespective
of the set of battery modules present, b) to dista the total power to the hybrid battery
modules according to desired weighting factaj.(

The module independent control is achieved byibistied duty ratiogly;, dos ... doy Of Tj, Tii
which controls the module dc-link curreig; to controlipa,. As a result these duty ratios
become a function ab;. The overall dc-link voltag®/y. is maintained by the overall duty
ratio (da) as described in the dynamic equations (5.25).27j5The desired distribution of
duty ratios can be found from power balance eqngfo28) as shown in (5.38) and (5.39).
The exact expression of module duty ratio can lbedousing overall duty ratio as shown in
(5.39).

Vbattilaci = Vpattilbatei = laci = lbatt,i OF
ibatt,i* X w; — dii X w; Vi=1..n (538)
SVacidii v idii .
dav — dc,i%ii — batt,i%ii SO|V|ng fordil’
2Vac,i X Vbatt,
Yit1 Vbatei)
dii = a)id M Vi=1..n (539)

av vn
Yie1 @iVpatt i

Therefore, the module duty ratios continue to varlne with the battery weighting factor to
change the power sharing. As a result of thisibisted operation, the converter behaves as a
multilevel dc-dc converter per switching cycle hesma single carrier and multiple reference
signals are used to generate the control signatseo$witchesT;, Ti) as shown in Fig. 5.14.
For an n-module dc-dc converter connected in thelai fashion, maximumm+ 1 level is
achievable. The number of levels depends on thebeuraf modules as well as on the
distribution of duty ratios. In the case where #agne duty ratio is calculated for multiple
modules, the number of levels will be less tharil].
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5.6.1 Proposed DC-side control structure

The detailed control structure of the multileveheerter is shown in Fig. 5.15. The control
structure is composed of: a) control of centralemer dc-link voltage and b) control of
individual module according to the weighting fastofFhe control structure employs a central
dc-bus voltage loop and the output of that corgroprovides the overall duty ratial,()
command through an inner dc-link current loop whiontrolsVy. and then this overall duty
ratio is split into module duty ratiosli) using (5.39). It should be noted that input $idest
converters become inoperative in this case whicplieed; = d, = ... =d, = 0. The
weighting factor for charging and discharging ifedent and the change-over of weighting
factor between charging and discharging is perfdromng the sign oifsq* because the sign
of it acts as an indicative of the phase anglevéen the line side voltage and the current.

5.6.2 Controller design

In this mode of operation, the controller desigpeasformed in two-stages: a) central dc-link
voltage loop, b) inner dc-link current loop. Fig.1l6(a) shows the voltage control loop
assuming inner current loop delaly) is around four times of sample tim&)( The open
loop transfer functiosH,(s) is written in (5.40) to help design suitable cohfrarameters. It
can be noticed thabH,(s) is not dependent on any of the battery parametergeighting
factor. The control parameters can be designecefseousing symmetric optimum method
[363] selecting a particular PM&*depends on the desired PM). However, in thieclM

is taken as 45to get a fast dynamic response because no syapitiblem can arise due to
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weighting factor variation over the time unlikeinost mode of operation. This PM gives

4. The current loop can be formed as shown in %i6(b). A proportional control has been
chosen in the current loop to improve the spee@sponse and stabiliti{.q can be set from
the desired closed loop bandwidth (BW) of the inmerent loop.

GH,(s) = K, <1 al STdc)( ! )( ! ) where

STdC 1+ STd SCdC
1
ch = a_TdCdC and TdC = asz (540)
— 1 lac(s) 1 Vg ;
GH;(s) = K4 s “ Koo < At high frequency
BW)Lge
K.y = %G = (BW). Ly, (5.41)
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Fig. 5.15 Proposed DC-side control architecture ibuck mode
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Fig. 5.16 DC-link control loops: a) dc-link voltage control loop, b) dc-link current control loop

5.7 Modelling in boost-buck mode

This mode of operation is more generalised as it covers both boost and multilevel buck mode
together. As a result of this, it is applicable to X, Vygrr; < Vae© of X Vparri > Vo' H Bridge
switches (S;, Si; and T;, T;) in the module are all controlled in PWM mode. The dynamic
modeling of this system is composed of a combination of boost mode and buck mode.
Therefore, the equations (5.1) and (5.2) provide the dynamics of boost module and while
(5.23) — (5.27) describes the dynamics of the output side of the multilevel buck converter.
The expressions (5.13) and (5.14) are used to design the module voltage and current
controller. The expressions (5.40) and (5.41) are used to design the dc-link voltage and dc-
link current controller respectively.

5.8 Control in boost-buck mode

The proposed control structure uses the module integrated boost converters to boost the
overall battery side voltage higher than the desired dc-link voltage (3, Vyc; > Vy.") and then
uses the concept of distributed duty ratio (d; Vi = 1...n) of the buck converter switches (77,
T;) as a function of battery weighting factors (w;) to maintain the inverter dc-link voltage
constant. There are two separate cases which need to be considered in this mode: a) the
module input voltages are in similar range such as, 7.2V, 12V or 24V and all the input
modules can be operated in boost-buck mode (S;, S; in PWM and 7;, T;; in PWMV i =
1...n), b) the module voltages are widely different such as, 24V, 220V or 600V and not all
the modules can operate in boost/buck mode for example, when the switch rating is not
sufficient to allow the boost operation of a higher voltage connected battery (or to avoid extra
losses) — the control strategy to deal with this is: i) to operate the higher input voltage module
only in buck mode with the corresponding boost converters (k) in idle mode (i.e. Sk, Sk in idle
and Ty, T in PWM), ii) to operate the remaining modules (n—) in boost/buck mode as
previously described (S;, S;; in PWM and 7}, 7;; in PWM Vi # k).
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5.8.1 Case — 1: All the modules in boost-buck mode

The module battery voltages are boosted/d9;, Vyc2 ... Vacn USING the input side boost
converters §, §; Vi =1..n) and then the overall voltage V4.;) is bucked using the
multilevel buck converterT{, T;) to maintain the central inverter dc-link voltaggart from
maintaining the inverter dc-bus, it can achievedbasired module independent control using
the distributed duty ratid; Vi = 1...n.

All the module boost converters are controlled game voltage referendg. independent
of the weighting factors where the upper limit bistreference is limited by the maximum
switch ratingVs, of a module. The selection of this voltage refeeeiscaccording to (5.42).
Due to this uniform voltage control, lower modulgut voltages within a set of hybrid
batteries operate at a higher boost ratio comparétgher module voltages. The distribution
of duty ratio is derived from (5.28) as shown i@ — (5.45).

* * * Vac Ve *
Waem™ > Vac or Vagm™ > =2 = =25 <Vaem" < Vaw (5.42)
Vacm(di)lac = Viareilpatei 07 dii € Vpare ilpatt,i (5.43)
If ibatt,i* X w; — dii X inbatt,i Vi=1...n (544)

XVac,idii Vacm(say
From (5.19),  dg, = %t = nvd(cm ) Y d,; =nd,

Therefored;; = ndg, ——2ti v i=1...n (5.45)

av vn
Yie1 @WiVpatt i

5.8.2 Case — 2: Boosk-out-of-n modules only in buck mode

In this case, the module operates in a mix of PWilllidle mode using appropriate switching
combinations. The module voltage referendg &) will be according to (5.56) in this case.
The desired duty ratio distribution can be deriasdollows:

(Vac" =Yk=i Vbattk)
(n—k)

<Vaem <Vew ViEk (5.46)

From (5-22)!Vdc,i = Vdc,m B dii o6 inbatt,iVi * k=1...n
For the k) modules in buck mode, from (528
Vack = Vbattkr Vbattklack = Vbattkibatek = Ak X wx Vk #1 (5.47)

Now with the help of (5.25), following expressicare derived:
Vaem 2izk it + 2k VbatekQik = day ((n — K)Vaem + 2k Vbatt,k) (5.48

Equating, Vacm Xizk dii = dap(n — K)Vaem and Yx Viarex ik = day Xk Voarex (5.49)
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Yk Vbatt k9kk
Ziik dy = (Tl - k)dav anddg, = TV
kVbatt k

From (5.45), (5.47) and (5.4QY;; ;) = (= K)dgp ot Pt & gy = d,, P2k battk

av av
Yizk WiVpatt,i 2k WkVbatt k

Wheredy = day Wwhenk=1 (5.50

5.8.3 Control structure

The detailed control structure is shown in Fig.75wlhere the battery side and the grid side
control are separately described. The grid conteplends on the type of grid support needed
as described in boost mode, e.g. voltage suppdrequency support. The dc-side control is
composed of: a) control of the boost converter @hdcontrol of the multilevel buck
converter. The module boost converters are corttollsing a voltage referenc¥udm)
which is selected by (5.36). The control of multdebuck converter employs a central dc-
bus voltage loop. The output of that controllervides the overall duty ratial{,) command
through an inner dc-link current controller whicbntrols V4. and then this overall duty is
split into module duty ratiogl{) using (5.45) or (5.50). The weighting factor étvarging and
discharging is different. This change-over of wéigh factor between charging and
discharging is performed using the sign'sg*f as shown in Fig. 5.17. The control structure of
boost-buck mode is described in Fig. 5.18. Therieveand module control structure are not
shown separately because they are similar to FI§. &d Fig. 5.4.
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Fig. 5.17 Proposed dc-side control architecture iboost-buck control mode
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5.9 Experimental validation

It was discussed earlier that the boost mode is only applicable when X Vy,qer; < Vi, i.€.
when all the dc-sources are low voltages while buck mode is mainly for Y. Vpaee; > V. and
boost-buck mode is applicable for both the conditions: }; Viaeri < Ve or X Vigeei > Vae.
Due to the battery voltages available, the validation of boost and boost-buck modes are
considered to be adequate to validate buck mode because of the control system commonality.

5.9.1 Boost mode

A three-module set-up has been built in order to validate the boost mode as shown in Table
5-1. Constant power command has been used on the grid where appropriate.

Case — 1 zero to discharging transition mode (current dynamics): Fig. 5.19(a) shows the
simulation result for distributed control scheme at the moment of connecting to the grid (t =
0.50s). It is noted that the module currents are significantly different. The second module
shares the highest current while third module shares the lowest current among the three. The
current distribution is 1: 1.5: 2.5. The sharing is according to instantaneous state-weightages

which are calculated online depending on initial SOC, voltage, and capacity of the module.
Fig. 5.19(b) shows the corresponding experimental result at the time of connecting to the
grid. The module currents, grid current and steady state values are within 5-10% in
simulation and between the experimental result. The details are given in Table 5-2.

Case — 2 zero to charging transition mode (current dynamics): Fig. 5.20(a) shows the
simulation result when the converter switches to charging mode at the moment of connecting
to the grid (t = 0.5s). The second module is charged at a higher current than the remaining
modules because it has highest state weightage during the charging mode. Fig. 5.20(b) shows

the experimental result in the same operating conditions. It can be seen that the module
currents in the charging are less than that of discharging for a fixed grid side current because
the magnitudes of the battery voltages are higher when charging. The details are given in
Table 5-2.

Case — 3 charging to discharging transition mode (current dynamics): Fig. 5.21(a) shows the
simulation result when the converter switches from charging mode to discharging mode at
t=0.5s. It is important to note that the sharing between the modules is different in charging
and in discharging. The first module takes significantly higher current compared to rest of the

modules because of higher state-weightage. The steady state values are provided in Table 5-2
with their corresponding state weightages. Fig. 5.21(b) shows the experimental result of
mode-switching from charging to discharging mode. It can be observed from that both the
results have similar dynamics and steady state values are within 5%.

Case — 4 discharging to charging transition mode (current dynamics): Fig. 5.22(a) shows the
simulation result when the converter switches from discharging mode to charging mode. It is
to be noted that the three currents are different in discharging mode but when the converter
switches to charging mode, module — 1 and module — 2 share similar currents while module —
3 takes the lowest current as expected. The details are given in Table 5-2. Fig. 5.22(b) shows
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the corresponding experimental result. Importarntlgan be noticed that the simulation and
experimental results have similar dynamics anddytstate values.

Case — 5: Module bypassing (current dynamics): Nodhypassing could be an important
functionality in second life battery applicationeclhuse of the poor battery reliability. Fig.
5.23 and Fig. 5.24 show the experimental resultshoflule bypassing during charging and
discharging mode respectively. In this experimemidule — 3 has been bypassed. Note that
the remaining modules immediately take a higheresiud the currents to keep the same

power.
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Fig. 5.19 Distributed sharing (current dynamics): @ zero to discharging in simulation, b) zero to
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Fig. 5.20 Distributed sharing (current dynamics): @ zero to charging in simulation, b) zero to chargig in
experiment (scale: current 5A/div, time 20ms/div)
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Fig. 5.22 Distributed sharing (current dynamics): a discharging to charging in simulation, b) dischaging
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experimental result

Fig. 5.25 shows the simulation and experimentaliltesof module dc-link voltageV)
dynamics in the transition from charging to disgag. This is result is presented to show
how the module dc-link voltages are changed ta #fie current sharing as described in the
section 5.4.1. It is important to note that thedole capacitor voltagesd/{.;) are changed
dynamically while switching the operational modeislalso noticeable that module — 2 has
the highest module voltage. This is because thamadmoltage of module — 2 (24V) is much
higher than the remaining modules.
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Fig. 5.25 Distributed sharing (voltage dynamics): Jacharging to discharging in simulation, b) chargimy to
discharging in experiment (scale: voltage 50V/ditime 20ms/div)
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Table 5-1 Operating condition in boost mode

Operating central dc-bus150V
voltage

Experimental Grid voltage 120V (peak)
Grid current 7A (peak)

Battery module — 1 12V, 10Ah lead acCi?Vmax= 13.8VVpin = 9.6V, Zom= 0.01%2

24V, 16Ah lead aciVm= 29V Viin = 19V, Zoom— 0.022

Battery module — 2

Battery module — 3 7.2V, 6.5Ah NiMHViyax = 8.5V Voin = 5V, Zyom = 0.0112

Table 5-2 Theoretical and experimental comparisonfanodule currents at an instant in boost mode

Mode of | Calculated Experimentally Calculated overal| Experimental

operation steady-state measured steady-response time (from overall response
module  curren{ state modulg module voltage time (from module
references currents controller BW) voltage controller

BW)

case - 1: iban,f =6.5A ipatt1 = 7.0A Module — 1: 16.0ms| Module —1: 17ms
iban,z* =11.5A ipatt2 = 12.0A Module — 2: 16.0ms| Module — 2: 15ms
iban,; =2.2A ipatt3 = 2.4A Module — 3: 16.0ms| Module — 3: 15ms

case - 2: a1 = - 4.2A a1 = -4.8A Module — 1: 16.0ms| Module —1: 18ms
a2 = - 7.5A ipat2= -7.3A Module — 2: 16.0ms| Module — 2: 17ms
ibas = - 2.5A a3 = - 2.4A Module — 3: 16.0ms| Module — 3: 16ms

case - 3: iban,f =10.0A ipatt1 = 11A Module — 1: 16.0ms| Module —1: 18ms
iban,z* = 15A ipatt2 = 14.5A Module — 2: 16.0ms| Module — 2: 17ms
iban,; =2.5A ipatt 3= 3A Module — 3: 16.0ms| Module — 3: 16ms

case - 4: iban,f =-5A ipatt1 = -DA Module — 1: 16.0ms| Module —1: 18ms
a2 = - 4.8A ipat2= -5A Module — 2: 16.0ms| Module — 2: 17ms
ibas = - 2.9A ipatt3= - 3.0A Module —3: 16.0ms | Module — 3: 17ms

5.9.2 Boost-buck mode

A Four-module or five-level hybrid battery energgrage system has been built as shown in
Fig. 5.26 and tested in a grid connected conditiowalidate the proposed control. The line
inverter was controlled to a fixed power demandfeDént modules contain different types of
battery in terms of voltage, capacity as shownahl@ 5-3. One of the batteries (module — 2)
is significantly larger (in terms of capacity) thtre others to show the benefit of being able
to operate in boost-buck mode in terms of batteryent control range.
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Fig. 5.26 Laboratory built multi-modular converter based hybrid battery energy storage system

Case — 1 zero to discharging mode (current dyngnmiig. 5.27 shows the simulation and

experimental results for the distributed contrdiesne at the moment of connecting to the
grid. Table 5-4 shows the comparison of desired medsured module currents along with
their initial conditions. It can be seen that meadalrrents are almost in 1:10 ratio and the
converter is able to maintain such widely differeatrent levels.

Case — 2 zero to charging mode (current dynamkg): 5.28 shows the simulation and

experimental result when the converter switchesharging mode. The second module is
charged at a significantly higher current than teémaining modules. Module currents are
wide different (1:20 ratio exists between the hgjhend lowest module currents). The steady
state values of module currents are presentedile 4.

Case — 3 charging to discharging mode (currentmyes): Fig. 5.29 shows the simulation

and experimental result when the converter switdh@® charging mode to discharging

mode. It is important to note that the sharing leetvthe modules is different in charging and
in discharging. The details are given in Table 5-4.

Case — 4 discharging to charging mode (currentmyes): Fig. 5.30 shows the simulation
and experimental result when the converter switdh@s discharging mode to charging
mode. Itis to be noted that the all the moduleents in charging and discharging mode are
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different due to the differences in weighting fuons between the two modes. Importantly,
the current sharing changes after switching froseltiirging to charging mode.
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Fig. 5.27 Distributed current sharing: a) zero to dscharging in simulation, b) zero to discharging in

experiment (scale: current 5A/div, time 20ms/div)
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Fig. 5.28 Distributed current sharing: a) zero to barging in simulation, b) zero to charging in expeiment
(scale: current 5A/div, time 20ms/div)
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Fig. 5.29 Distributed current sharing: a) chargingto discharging in simulation, b) charging to dischaging
in experiment (scale: current 5A/div, time 20ms/diy
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Fig. 5.31 shows the simulation and experimentaultesof module bypassing during
discharging. In this experiment, module — 4 hasnblegpassed. The remaining modules
clearly take a higher share of the currents to kiep power. Momentarily drop in the
currents occur due to sudden dipsvir which causesl,, to drop and subsequenf}yd;;to
change suddenly. However, it recovers quickly duleaving a central dc-link voltage loop as
shown in Fig. 5.17. This shows the converter isabdgof bypassing a faulty module without
interrupting the overall system operation.
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Fig. 5.31 Module bypassing during simulation: a) irsimulation, b) in experiment (scale: current 5A/dv,
time 20ms/div)

Table 5-3 Operating condition in boost-buck mode

module dc-link voltageMgc m 80V

Operating central dc-bus voltagel50V
(Vdc)

Nominal Grid voltage\(s)

120V (peak)

Test power commandPy 450W

Battery module — 1

12V, 10Ah lead acCitVimax= 14V Vpin = 9.5V, Zyom = 0.01%2

Battery module - 2

Altairnano)

(From 24V, 60Ah lithium titanate V.= 27V Vpin = 18V, Z,orm— 0.022

Battery module — 3 (From Honda-7.2V, 6.5Ah NiMH,V s = 8.5V ,Vin = 5V, Z,om = 0.0110

Insight)

Battery module — 4

24V (2x12V), 16Ah lead acitlmay= 18V Vinin = 28V, Zom = 0.024)
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Table 5-4 Theoretical and experimental comparisonfanodule currents in boost mode

Cases Initial SOC beforeCalculated current references Experimentally mmeaku steady-
changing a mode state module currents

Case—1| SO&=38% ibas = 1.5A ipat1= 1.3A
S0G,,=46% ibas = 11.5A ipat2= 10A
S0G;=88% ibas = 3A ipat3= 2.5A
S0G4=55% ibats = 3.9A ipata= 3.5A

Case —2 | SQ&=73.4% ibas = - 0.6A ipat1 = - 0.5A
S0G,=70.9% ibaz = - 6.1A ipat2= - BA
S0G3=68.7% ibas = - 0.48A ipatt3= - 0.55A
S0G,=62.0% s = - 2.0A ipat4= - 1.8A

Case —3 | S0&=83.8% ipas = 2.3A ipatt1= 2.6A
S0GCy,=78% a2 = 9.5A ipa 2= 9.6A
SO0G;=76% iz = 1A ipat3= 1.5A
S0G,=72.4% ibata = 3.2A ipata= 3A

Case —4 | SO&=63% ibas = - 0.9A ipa1= - 0.7A
S0Gy,;=66.0% a2 = - 4.8A ipat2= - 4.8A
S0GCy3=73% ibas = - 0.5A a3 = - 0.4A
S0G,=52.6% ibats = - 2.1A ipata= - 1.9A

5.9.3 Charging and discharging trajectory

The charging/discharging trajectory results inptba— 4 were shown for the boost mode of
operation. These are replicated for the boost-bomdde for completeness due to the
differences in the control system. All the modukee started at different initifOCand/or
voltage levels at the start. The converter was fama long time using the distributed
strategy. The estimated state-of-char§©Q is plotted during discharging and charging
respectively. Fig. 5.32 and Fig. 5.33 show the drpental results for charging and
discharging respectively under normal conditiorcdh be seen that the module with a lower
initial SOC has a larger slope compared to the module withigheh initial SOC during
charging and vice-versa during discharging. It amo be seen that all modul8®C'sreach
their limits at around the same time using the bbask mode. There is some nonlinearity
has been found in the estimat8@Cat the beginning of charging and discharging mece
This happens because the power sharing and wejdflaittor calculation described in chapter
— 4 are based on the assumption 8@C—- OCV curve is a straight-line. However, it may not
be always the case in full SOC range or for sonteehyatypes (e.g. Li- ion). However, it can
be made linear if a non-line&0OC— OCV relationship has been considered in the weighting
factor calculation. Future research work would odesthis issue in more detailed.
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Fig. 5.33 Experimental results of discharging trajectory

It can be seen from the experimental results that the theoretically calculated values are within
+ 10% both in terms of steady-state and transient values. The hybrid battery modules are
utilised according to their instantaneous characteristics and the module currents dynamically
change depending on the corresponding battery parameters during charging/discharging in
order to optimally utilise the modules. Moreover the proposed strategy is capable of detecting
the battery failure and is able to bypass the corresponding module without interrupting the
overall energy storage operation.

5.10 Comparison between different control modes

It was found from the previous sections that each operational mode of the modular
converter (boost, buck or boost- buck) has a different operational envelop and different
switching strategy which gives rise to different applications, different control flexibility,
different converter utilisation as well as different power losses.

Among the different modes the comparison between the buck mode and the boost-buck
mode is possible because they can be applied for the same application (Z Vbatei > V;C). On
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the other hand, a direct comparison between bawkbaost-buck mode is possible because
of the similar reason. A comparison between thesband boost-buck mode is performed
here.

Under distributed utilisation of hybrid battery moels, different battery modules need to be
charged or discharged according to their statefwage or weighting factors. In case where
the weighting factors are widely different (diffatébatteries with widely different capacity or

SOC), the module currents could be substantiafferdint. Therefore, the distributed control

should have the capability to force the currentsoeting to desired magnitude as well as
should able to maintain a fixed dc-bus for the ke inverter. This allows an investigation

into the control range of each mode to be untaken.

To order to perform a comparison, the rangdp@f; is investigated. In a cascaded boost
mode, the lower limit Ofpar; IS limited by the common dc-link currefd. (due to boost
operation) and the upper limit afa; is limited by the maximum allowable switch
stress/boost ratio of a module. Therefore, the e@arfgoperation of module current in boost
mode can be written as shown in (5.44).

Vdc,ildc = Vbatt,iibatt,i - Idc < ibatt,i < %Idc (5-44)

On the other hand, in boost-buck mode the mocluleents can be controlled in wider range
compared to boost mode. In this case, the uppet &ifnipa; is limited by the maximum
switch stress/boost ratio of a module while ther@o lower limit as shown in (5.45). This
means a module current can be controlled as low ssdesired to be. Therefore, it can
concluded that the range of battery currents alld@aithin a boost-buck system is higher.

Vdc,i(dii)ldc = Vbatt,iibatt,i - 0< ibatt,i < %Idc (5-45)

The limitation of the boost mode can be shown ig. B.34 and Fig. 5.35 for a zero to
discharge step change, with widely varying weigitianctions cause the minimum current
rating from (5.44) to be breached. A comparisorhviibost-buck mode is shown alongside
whenipai range is significantly different. It can be seemmi Fig. 5.34(a) and Fig. 5.35(a) that
the boost mode cannot utilise the modules apprgbyidecause the module currents are
limited by I4c which contains a 100Hz component. This is bec#lisesingle-phase power
always contains a double frequency ac-componentli(@x frequency, e.g. for 50Hz grid
system, 100Hz component) super-imposed with theragee component. This double
frequency component appears in the dc-current mnde dc-link voltage. Even though the
state-weightages of all the modules are differastghown in Table 5-5), the same currents
flow through module — 1, module — 3 and module Hdwever, it can be seen that from Fig.
5.34(b) and Fig. 5.35(b) boost-buck utilises thedmes properly and forces different
currents to different modules (as shown in Tab&).5-
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Fig. 5.34 Simulation comparison in discharging modea) boost mode, b) boost-buck mode
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Fig. 5.35 Experimental comparison in discharging mde: a) boost mode, b) boost-buck mode (scale:
current 5A/div, time 20ms/div)

A similar set of results can be obtained for zeharging, discharging to charging and
charging to discharging conditions also. Fig. 58&l Fig. 5.37 show the simulation and
experimental results for distributed control scheahthe moment of connecting to the grid in
charging mode using boost and boost-buck contralesolt can be seen from Fig. 5.36(a)
and Fig. 5.37(a) that the boost mode fails to sdilihe modules appropriately because the
module currents are limited By, which contains 100Hz component. Even though tagest
weightages of all the modules are different (assshm Table 5-5), the same currents flow
through module — 1, module — 3 and module — 4. Hewdt can be seen that from Fig.
5.36(b) and Fig. 5.37(b) boost-buck utilises thedales properly and forces different
currents to different modules (as shown in Tablé. 5Fig. 5.38 and Fig. 5.39 show the
simulation and experimental result when the comveswitches from charging mode to
discharging mode. Fig. 5.40 and Fig. 5.41 showsthmilation and experimental result when
the converter switches from discharging mode tagihg mode.
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Table 5-5 Comparison of theoretical and experimentaralues of module currents in boost mode

2

Cases Desired  currentCalculated current Actual current| Experimentally
ratio references ratio measured steady
®1 Oz O3 04 ®1 0z O3 Oy state module current
Case—1| 1.38:6.94: 1: 3.05 b;n,f =-1A 1:32:1:1 Hatt 1 = - 1.5A
ibatt,Zi = -5A ibat,2= - 4.8A
ibaﬁy3 =-0.72A ibatt,3= -1.5A
ibats = - 2.2A ipatta= - 1.5A
Case—-2| 1.75:12:1:2.75 bani,f = 1.5A 1:382:1:1 Hatt 1= 2.5A
a2 = 9.6A ipat2= 9.55A
a3 = 0.8A ipat3= 2.5A
ibata = 2.2A ipat 4= 2.5A
Case — 3| 1.42:9.69: 1: 2.24 .40 = 1.4A 1:384:1:1 Hatt 1= 2.5A
iban,zz = 9.5A ipa 2= 9.6A
ipats = 0.98A ibatt 3= 2.5A
ibam{ =2.2A ipatta= 2.5A
Case — 4 1.42: 9.69: lipa: =-1.1A 1:32:1:1 Hatt 1= - 1.5A
2.24 a2 = - BA ipat2= - 4.8A
a3 = - 0.8A ipat3= - 1.5A
ibats = - 2.1A ipaa= - 1.5A

Table 5-6 Comparison of theoretical and experimentaralues of module currents in boost-buck mode

Uy

Cases Desired  currentCalculated current Actual current| Experimentally
ratio references ratio measured steady
®1 Oz O3 04 ®1 Oz O3 Oy state module current
Case — 1| 1.25:12.7:1: 4.1 piy; = - 0.6A 0.9:9.1:1:3.27 | piw1=- 0.5A
ibatt,2: = -6.1A ibatt2= - DA
ipatts = - 0.48A ibatt 3= - 0.55A
ibars = - 2.0A ipata= - 1.8A
Case—2| 1.5:96:1:2.1 bad',f =1.5A 142:7:1:1.8 bht 1= 2.0A
a2 = 9.6A ipa2= 9.7A
ibas = 1A ibata= 1.4A
s = 2.1A ipata= 2.6A
Case—-3| 2.3:95:1:3.2 batj,f =2.3A 1.73:64:1:1 bhtt,1 = 2.6A
a2 = 9.5A ipa 2= 9.6A
ibatt,f; =1A iba,3= 1.5A
ibatt,z‘f =3.2A ipatt.a= 3A
Case — 4 1.8:9.6:1:4.2 bani,f =-0.9A 1.75:12:1:4.75| pir1=-0.7A
a2 = - 4.8A ipat2= - 4.8A
ibas = - 0.5A ipat3= - 0.4A
s = - 2.1A ipaa= - 1.9A
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5.10.10verall comparison and Selection of control mode

Table 5-7 shows a summary of the comparison between the boost and boost-buck mode. It
can be seen from the table that the boost-buck mode is more versatile in terms of application
and control range. However, it gives rise to lower efficiency compared to the other modes (at
least 2 — 3% lower). In many applications where widely heterogeneous batteries could be
present (widely different weighting factors), the boost-buck control mode is the most
practical mode of operation. However, in the specific application where all LV batteries or all
HV modules with similar characteristics (or similar weighting factors) are present, boost or
buck mode should be chosen over boost-buck mode respectively in order to achieve higher
converter efficiency. Therefore, the choice of control mode is dependent on the weighting
factors as well as on the application. Table 5-7 shows the overall comparison of different
control modes of the converter. Such comparison helps a designer to find suitable control
architecture depending on available set of batteries.

Table 5-7 Overall comparison

Control Applicability Control range (the range of iy, ;) DC-side Peak Efficiency
mode (from chapter —3)
Boost & Vbarti < Vi) (ge < iparei < V:S‘:t.IdC) around 97 —98%
Buck C Vparei = Vie) (0 < ipares < lac) around 97 — 98%

Boost-buck Y Vparei = Vie) or , Vs around 94 —95%
( batet di ( 0< Lpatt,i < Vildc)
(Z Vbatt,i < Vdc) batt,i

5.11 Conclusion

This chapter presents the different distributed control architectures needed to operate the
proposed converter. To independently utilise each converter module according to their
desired weighting function so as to directly integrate any set of hybrid second life batteries in
a grid-tie energy storage system. Three control modes have been discussed: a) boost, b) buck
and c) boost-buck and their associated control structures have been introduced. A detailed
discussion of their applicability, range of control and suitability has been considered. A
comparison between the different control modes was performed. Simulation and
experimental studies are used to validate each control mode. This application is mainly
focused on low voltage grid systems. However, a similar control strategy is valid for
medium/high voltage grid applications.
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6 Stability Investigation of Distributed Control

6.1 Introduction

The closed loop control structure suggested in the chapter 5, employs cascaded control loops

per module: a) an outer voltage control loop and b) an inner current control loop. This chapter
investigates more comprehensively any stability issues associated with the control structure
both in boost and boost-buck mode and suggests possible mitigation techniques. There are
three previous types of studies which are considered similar to the present application: a)
modular converter with the same type of sources such as batteries/super-capacitors, b)
modular converters with different types of sources such as, PV with battery or wind/PV
hybrid system, ¢) modular converters with the same type of sources under different operating
conditions such as, PV panels in partial shading conditions.

In the first case, where the modular converter consists of the same type of sources
(batteries/super-capacitors), a converter module balancing strategy was reported to enhance
the overall performance of the system [155] — [156]. The differences between the modules
were minimal. So, all the module controllers are operated in the similar fashion. Since
batteries with similar nature with known parameters were considered, the parameter variation
had not been looked at. As a result, no module based and module-to-module control stability
issues was found in the literature due to parameter variation

In the second type of study, an energy management strategy between the multiple sources is
of some relevance to this work. Mainly the grid side converter control has been emphasized
[365] — [369] and the power mismatch between the multiple sources produces line side
voltage and frequency stability problem depending on the R/X ratio of the network. This issue
was addressed and was handled by employing energy storage systems in parallel to the
central inverter dc-link to smooth out the power oscillations if any. The grid impedance
variation was found to be one of the significant reasons for the inverter instability. This grid
stability was handled by an adaptive control strategy as reported in [372] — [373] which
adaptively tunes the controller parameters in accordance with the variation of grid
impedance. However, in those studies, no stability problems were found between multiple
types of sources due to their individual parameter variation.

In the third type of studies, distributed MPPT control of cascaded dc-dc converter based PV
systems has been investigated as most closely related to the work in this thesis. A weighting
factor based strategy similar to the present work was reported [339]. However, the weighting
factor was solely based on different radiation conditions where the only variable parameter
was the solar irradiation factor. It was reported that the inhomogeneous radiation could only
cause improper power sharing among the modules. As the converter modules were controlled
according to the MPPT algorithm depending on the irradiation factor and the total dc-bus
voltage was controlled by the inverter. No module based or module-module control stability
problems were reported for the cascaded dc-dc converter based structure due to the variation
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of weighting factor.

There are several researches which discuss the stability aspect of a modular dc-dc converter
based system, including interconnection problems such as, the voltage sharing or current
sharing issues of input parallel output series (IPOS) or input parallel output parallel (IPOP)
based systems [374] — [377]. These researches do not focus on control stability problem but
more on the operating stability such as, mitigation of circulating current among the multiple
modules, power balancing, and voltage balancing problem or current sharing issues. These
researches are not closely linked to the present application because these issues are irrelevant
when isolated sources are present and module integrated converters are employed.

The control stability aspect of a modular energy storage system or modular renewable
energy system due to uneven power sharing or parameter variation has not been reported in
literature as can be discovered. It is an important issue in the modular converter because the
uneven power sharing (e.g. voltage/current stress per module) among the modules can affect
the overall stability of the converter if there is any stability issue in one module. This makes
the guaranteed stability of the distributed control system is a challenging issue.

This chapter investigates the stability issues of the converter under the distributed power
sharing based on weighting factor in detailed and discusses why there is a stability issue
under certain conditions and how severe this problem can be for the converter. Thereafter,
two new control solutions: a) an adaptive PI controller based method and b) a Lyapunov
function based method has been proposed to mitigate these stability problem issues while
ensuring fast dynamic response. The Lyapunov based distributed control structure for the
cascaded boost converters is found to be promising in the present application as it guarantees
stability as well as providing a fast dynamic response irrespective of battery operating
conditions. On the other hand, the boost-buck mode is found to be more stable than the boost
mode of operation. Therefore, the conventional Pl-approach is found to be suitable for this
mode of operation. A detailed analysis of the stability problem and the proposed control
structure has been presented. Supporting simulation and experimental studies have been
provided to validate the claims.

6.2 Stability of boost mode

6.2.1 Analysis

The distributed control structure of this converter, as reported in chapter 5, is based on
distributed voltage control. The required module voltage references (V. 1*, Vae, 2* Vdc,n*) are
generated to allow the control system to share the current according to the desired references
(Tban, 1*, ibatt,g*... i;,an,n*). This reference generation is based on a weighting factor (w;). The
module voltage reference generation is shown in (6.1) — (6.2). Moreover, these module
voltage references continue to vary to change the current sharing among the modules because
the state-weightage varies when the battery parameter changes according to (6.3).

. * . .
Ifipaeei % i, Vacilac = Vpattilpare,i Vi=1... n (6.1)

Vaci” € Vpgeeiw; Vi = 1... nfor a constant [, (6.2)
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SVaei' = Vae's Vaed' = Vae gttt vi=1,n (6:3)
Each module consists of two cascaded control loapa: slow outer voltage module voltage
loop and b) a fast inner current loop. Fig. 5.Xadws the cascaded control loop structure.
The associated inner current loop delay'() has been taken as four times of the sample
time (Ts). The open loop transfer function for the voltagmtrol loop can be derived as
shown in (6.4). It can be seen that the open lcamster function for the module voltage loop
GH,(s) depend¥/4c i andVpai i according to (6.5).

GHu(5) = Ko (2) () () (2) (6.4)

w;: = S0Ci Qmax,i
i =
Z{(l=1 Vbatt,kSOCk Qmax,k

for discharging

_ (1_SOCi)Qmax,i
Z]E:l Vbatt,k(l_sock)Qmax,k

for charging (6.5)

Now, with the help of Fig. 5.3(a) the following agibn betweeVy.; andVy.; can be found.

Vdc,i _ GHy(s) (66)

Vdc,i* 1+GHy(s)

Substituting (6.6) in (6.4) gives,

GH,(s) = K, (1+ST")( : )( GHZ(’;S‘“"' >($) Re-arranging gives,

ST, 1+sT Ll AP ¥
v 4 \TrGHy (5" dei

GHy?(s) _ 1+5T, 1 Vpatt,i) (1
1+GH,(s) Ky ( STy ) (1+5Td) (Vdc,i*> (sc) (6.7)
Now solving (6.7) foiGH, (s),

GH, (s) = F(s) J_r\/FZ(S)+4F(S) WhereF(s) = K, (1+srv)( 1 )(Vbatt,i> (i) 6.8)

STy 14+5Tq/ \ Vaci* ) \sC

It can be seen from (6.8) that variatiorugfcaused/yc,; to change and which in turn changes
Vqc,i. This change inycj causes the open loop gain &H, (s) to vary which in turn varies
the set gain crossover frequency or closed looplwalth automatically. This change in gain
crossover frequency may result in a control stgblroblem. However, it is to be noted that
the expression (6.8) is not directly solvable i, (s) in terms of ‘s’. There is no closed
form solution ofGH, (s) as a function of weighting factor or in terms\6f,; . Therefore, a
range oV, andVqyc; has been considered to analyse the stability enobl

On the other hand, the inner current loop is showiig. 5.3(b). A proportional controller is
considered in the inner current loop for a faspoese and stability. The open loop transfer is
shown in (6.9) using the expression (5.9) in chapt® whereG is the converter gain(

Vdc,i)-
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Vdc,i€

i 1+S$——F—
GHI(S) — K(; l lbatt,i a DL)LL(I:)att,L (69)

i
16 (1-D; 2
(1=Dy) 1+s a7

In second life applications, an important issu@asameter variation. In the current context
two types of variations have been investigatedS@G or OCV, and b) capacityQmaxi
because the weighting factan;{ is predominantly a function of these two varigbl&he
variation of any of these two can give rise to ®mdr slow changes in the control
bandwidth or system stability margin. This can belaned using the gain crossover
frequency or phase margin (PM). Expression (6.h@ws the equation for gain crossover
frequency §gqc,) and (6.11) shows the expression of PM per coavenbdule. It is important
to note that the PM depends @, T, andTy. However, for a fixed set &f, andTy, the PM

is mainly governed byygi. and it varies withVqc; or weighting factor ;). Therefore, it can
be seen that the designed PM of the converter motgemain to a fixed value throughout a
charging or discharging cycle. Due to the presaidbe higher order equation, an explicit
expression ofog; is difficult to find and therefore, a frequencyspense plot or a bode plot
has been taken to analyse the effect of variatictability margin.

GH(j PG 1Y B R D 6.10
|GH(jwge)| =1 - T Vo iC | = (6.10)
v Vdei (wgc)z 1+(wgc,de)2

PM = < GH,(jwge,) + 1800 = tan~t 2eel7T0) o () ) (6.11)

1+wgc,i2Tde

6.2.1.1 Case — 1: Variation of SOC

The state-of-charge (SOC) in the weighting facsoupdated in every sample period and
can be anything between 0 to 100%. Therefore, & v SOC at the start, during the
operation or during the transition from chargingdischarging can cause a reductionupf
which in turn increases the open loop gain or gagssover frequency according to (6.10)
because the terw sits in the denominator of (6.4) and gets infllehby the change in;.

Vbatt,i
Vdc,i

variation of Vge; andVge,; with the weighting factor. Sinc¥y.,; varies with the weighting
factor, the voltagd/y.; also varies with the weighting factor. It can leers that variation of
Ve, IS quite higher compared W, becausd/sy, >> Vpari Which makes the ratiGpar i / Vic,i

in (4) to vary in a wide range. This wide variaticeses the outer voltage loop bandwidth to
vary and therefore it can cause the degradati@mom¥erter stability margin or phase margin.
Fig. 6.2 shows an example of such bandwidth vanatf the module control voltage loop
with module SOC using the gain crossover frequeticgan be seen that the bandwidth
varies in nonlinear fashion and reaches to a hahevat higher SOC during charging and
vice-versa during discharging. Fig. 6.3 shows teguency response plot to study the effect
on the PM by theoretically varying the SOC of thed module. It can be seen that the
stability margin (PM) of the third module goes doamd gain cross over frequency goes up
with the lower SOC. A similar change will happé&éany other module SOC is made to vary.

This makes the open loop gaﬂﬂ,%( ) in (6.4) variable. Fig. 6.1 shows the range of
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Vie,i

Vci*
de, A A
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Voan,i d
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Fig. 6.1 Range of variation of module dc-link voltge reference and actual voltage with weighting faot:
a) range odec,i*, b) range ofVy;
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Fig. 6.2 Variation of gain crossover frequency orlosed loop BW with SOC for 7.2V battery module

Generally, the inner current loop bandwidth is teeseveral times higher (typically 20-50
times more than the outer loop bandwidth) thanabier voltage loop for the control loop
stability. Therefore, the high frequency behaviobtithe inner loop is important. The inner
current loop bandwidth can be derived by approximgathe transfer function at a high
frequency as shown in (6.12). The tei@i depends on the carrier peak. Most of the cases, i
is considered to be fixed (a fixed carrier) and tgethe maximumVy.; However, it is
possible to vary the carrier gain dynamically (neodulated carrier gain). The inner loop
performance would be different in two cases. Trwrsfboth the cases are studiedvVa)/G

is nearly constant or a variable/modulated carig¥. /G is variable or a fixed carrier.

C,

In the former case (modulated carrier gain), theeinoop bandwidth= %Vdc’i) can be

considered to be constant ignoring the variatiorh @ind in the latter case, the inner loop
bandwidth cannot treated as constant. Fig. 6.4tithties the current loop performances for a
similar variation of state-of-charge (SOC) as tldage loop. Note that, the high frequency
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bandwidth of the current loop remains unaffectedvhyiation of any battery parameters
because all modules have the same inner loop bdttdwi

K:il Kci K. . .
GH,(s) | woo X f; dci = for BW = % < Variable/modulated carrier
- Kc,i 1 _ Kc,i 1 . .
GH;(S) | pooo = ~ g Vacior BW = —=-Vye; < Fixed carrier (6.12)

Fig. 6.5 illustrates the effect on the high frequebandwidth (BW) of the inner current loop
when using a fixed carrier gai). It can be noted from Fig. 6.5(b) that the vaoiatof SOC
causes the weighting factap;f to vary which in turn changes th&.; with the SOC This
variation causes the inner loop bandwidth to valgte from Fig. 6.5(b) that such a wide
variation of one SOC just causes a slight changbarcorresponding inner loop BW. In the
present case, inner loop bandwidth of module —dsgtown from 2 kHz to 1.6 kHz. This
variation may not cause a significant change inotherall system performance.

Therefore, it is found that due to the variationbattery parameters, the outer voltage loop
bandwidth tends to get faster while inner curreipl bandwidth remains almost unaffected.
It can be seen from Fig. 6.3 and the corresponBigg6.4 that the ratio of the inner loop to
outer loop bandwidth was 125 in the first case Whiteans the two bandwidths were well
separated. As a result, the outer loop sees ther mop as instantaneous and stability is
maintained. However, the ratio changes to 11.4énsiecond case and 3.15 in the third case.
As a result, it is difficult for the converter tai@antee stability if the ratio falls to a low valu

if using the cascaded control loop.

Moreover, the current loop bandwidth is limiteg the sampling frequency (related to the
switching frequency of the converter) and inductalue in each module. As a result, this
type of variation of outer voltage loop bandwidthnccause stability problem which are
difficult to handle using a set of fixed controllgarameters. Fig. 6.6 shows the variation of
outer voltage control loop bandwidth with the S@C4d 7.2V battery module. It can be seen
that as the SOC goes towards 100% during chartfiegghase margin tends to zero and vice-
versa during the charging mode. Therefore, thalgtaproblem is inevitable when using the
cascaded control structure after a particular dpgy@oint.

6.2.1.2 Case — 2: Variation of capacity Qmax,)

The variation of available battery capacity ioter important phenomenon in second life
applications. This variation @naxican also cause the weighting facigto vary. This also
causes variation of the gain crossover frequenghase margin. Fig. 6.7 shows the variation
of stability margin with capacity degradation.dtdlear that the phase margin also goes down
with the variation of battery capacity.

However, the variation is not as extreme asSB€ variation because it is unlikely that the
capacity is a fast variable and does not go dowa kow value so quickly. Therefore, this
effect can be considered to be less significantpaoed to the SOC variation. However, there
could be a cumulative effect from both low SOC dhd capacity-fade. Therefore, it is
difficult to ensure the converter stability usinged controller parameters.
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6.2.2 Other effects

It is not only important to ensure the stabilityarfe module but also to analysis the effect on
other modules. If one module becomes oscillatoeystiability of the remaining modules also
gets adversely affected in this converter. Thibasause the overall control of the modular
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dc-dc converter guarantees the total dc-link velt@gV,.; = V) is fixed. Therefore, if one
of the voltages\yc,) gets oscillatory that oscillation propagates linttee modules because
the instantaneous sum of these voltages is fixath dscillation inVyc; forces the remaining
module currents to be oscillatory because the ntumeference is always the output of the
voltage controller according to the module constolicture (as shown in Fig. 5.2). Therefore,
it is essential to maintain a uniform stability mjar for all the modules when using such
cascaded converter structure.

Apart from the stability issue, this dynamic out@op bandwidth variation also causes the
system to have poor dynamic response becausegbpense time is inversely proportional to
the outer voltage controller bandwidth as explairchapter 5. Any attempt to increase the
dynamic response could cause a similar stabilivplem.

6.2.3 Validation of fixed controller stability issues

In order to show the limitation of fixed controlldsased approach, simulation and
experimental studies have been undertaken. Twinefntodules were started from a low
initial SOC during discharging mode and high ini&®C during charging condition module
—10CV,1 = 9.75V (SOC = 3.4%), module —QCV,, = 19V (10%),0CV, 3 = 5.75V (7%)
during discharging mode. The simulation and expenital results are presented in Fig. 6.8(a)
and Fig. 6.8(b) respectively. It can be seen thatslystem is unstable while delivering to the
load in grid-tie mode. It can be seen that thearsps are quite oscillatory both in simulation
and experiments. The current oscillates close ¢opibsitive and negative controller limits.
Note that the current with the lowest initial SO@re module — 1) oscillates the most.

There is another test has been performed in clirgiode where the system were found to
be oscillatory even before connecting to the gFite result has been presented in Fig. 6.9(a)
and Fig. 6.9(b). The initial condition we@C\V, 1= 13.6V (SOC = 89%)QC\V, .= 27V (SOC

= 90%),0C\V, 3= 8.3V (SOC = 96.6%). The current were found tabelillating instead of
being zero before connecting to the grid. Simuratend experimental results show a
reasonable match. These results demonstrate thatdbility of the overall system stays at
stake when using a fixed controller based approabis validates the theory behind the
stability problem.
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The stability problem may arise gradually when gsinfixed controller parameter because
the state-of-charge (SOC) is subjected to changweny sample time and capacity also gets
affected in the long run. In order to validate tb@verter was run for a long time using a
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fixed set of control parameters as shown in Fig. 6.10. It can be seen that the converter was
stable and was sharing current among the module but starts to get oscillatory after a point of
time when the modules get close to fully charged.

It was found from the analysis, simulation and experimental study that any degradation in
stability margin in the worst case can result in an overall stability problem in the modular dc-
dc converter. Under this condition, the module current can be highly oscillatory in nature
which may result in inadvertent tripping of the converter leading to complete shutdown of the
system at any time. Moreover, such an oscillation may also be harmful for the battery life
because a battery is not intended to deliver such oscillatory current. Therefore, mitigation is
required.

6.3 Mitigation of stability problem — an adaptive PI approach

A fixed controller parameter based approach cannot guarantee the stability in all possible
operating conditions. Therefore, this section discusses an adaptive PI control based approach
where the controller parameters are tuned adaptively with the battery operating conditions or
with the weighting factor.

6.3.1 Adaptive tuning

Using the symmetric optimum method [363], the phase margin of each converter module can
be expressed as shown in (6.13) from (6.11) assuming 7, = aT,. To select a desired PM, the
parameter a can be calculated and used within (6.14) to set the controller parameters.
PM = tan™" % = tan"' {f (@ - D)} (6.13)

The proportional gain K,,; can be a function of battery parameters or weighting factor through
V4. which is measured Therefore, it is possible to keep a uniform phase margin for all the
modules by tuning the controller parameter according to the weighting factor. The
comparison between the fixed and adaptive control approach has been presented in frequency
domain as shown in Fig. 6.11. It can be seen that a non-adaptive controller based approach
can give rise to widely different phase margins within the converter this can either cause
stability problem or widely different response time which in turn may incur
overshoot/undershoot when responding to a load. On the other hand, adaptive controller
based approach maintains a uniform stability margin.

Ky;= = (Vd—) 2 CandT, = a’T, (6.14)

a \Vpatti/ Ta
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Fig. 6.11 Comparison of non-adaptive and adaptiveonitroller performance during discharging mode: a)
non-adaptive controller, b) adaptive controller: Operating condition OCV, = 9.8V(SOC, = 4.5%), OCV, =
19V (SOC; = 10%), c)OCV; = 7.8V(SOC; = 76%)

6.3.2 Validation of adaptive Pl-controller based approach

Pl-controller parameters have been tuned to meéight stability problem as shown in
simulation and experimental graphs in Fig. 6.12¢&] Fig. 6.12(b) for discharging and Fig.
6.13(a) and Fig. 6.13(b) for charging respectivé@lge initial voltage of the modules are:
OCV,1 = 10V,0CV,, = 22.2V andOC\, 3 = 6V during discharging an@CV, 1 = 13.4V,
OCV,2 = 26.2V andOC\V, 3 = 8V during charging. It can be seen that no Btalproblem
arises when using such an approach and the sysspunds as expected. The simulation and
experimental studies were found to be similar ithlibe operational modes.
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Fig. 6.12 Adaptive PI-controller in discharging: a) simulation study, b) experimental study OCV, ;= 10V,
ocCv,,=22.2V, OCV,;= 6V: scale 100ms/div, grid current 10A/div, module currents SA/div
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Fig. 6.13 Adaptive PI-controller in charging: a) simulation study, b) experimental study OCV, ;=13.4V,
oCV,,=26.2V, OCV,;= 8V: scale 100ms/div, grid current 10A/div, module currents SA/div

In spite of being a straightforward change design approach, this adaptive tuning approach
suffers from a shortcoming in the present applications — the controller parameter is very much
dependent on system parameters which can give steady state error and poor dynamic
response time if there are inaccuracies in the measurement, noise and/or estimation process.
The accuracy of this approach can be improved if a more accurate measurement and
estimation process is adopted.

6.4 Mitigation of stability problem — Lyapunov Approach

In order to overcome the drawbacks of cascaded control loops in the current distributed
control context, an alternative approach based on the Control Lyapunov Function (CLF) has
been investigated as a means to guarantee stability in all possible operating conditions. The
Lyapunov control structure has been employed successfully in the power electronic
converters to improve the slow response time of certain power converters such PFC (power
factor correction) converters. However, it is mainly focused on non-modular converters
where a single dc-dc or dc-ac converter is controlled [290], [379] — [380] and its application
in the context of distributed control has not been reported. The main aim of using the
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Lyapunov based control is to avoid the cascadedira@omoops so that the relative
dependencies of control bandwidths can be avoidedguarantee stability in the present
context.

6.4.1 Background

Lyapunov stability criterion is a useful approach analysing the stability of nonlinear

systems and designing nonlinear controller. Thigppropriate to use in the current context
because a boost converter is a non-minimum phastersyand its large signal model is
nonlinear [215]. Therefore, any linear control systcannot fully guarantee stability in all

possible conditions.

Lyapunov stability utilises two different approashelLyapunov indirect method and
Lyapunov direct method. For Lyapunov indirect methtbe idea of system linearization
around a given point is normally used and one chirese local stability with small regions.
On the other hand the Lyapunov direct method iseful tool for design and analysis of
nonlinear systems. This method can be applied thréz a nonlinear system and even to a
linear system. Lyapunov direct method deals dyegith nonlinear systems and can used to
gurantee global stability with reduced computations

Therefore, the direct approach is therefore widedgd in power electronics [378] — [380].
The fundamental concept of the Lyapunov direct il that if the total energy of a system
is continuously dissipating, then the system wiémtually reach an equilibrium point and
remain at that point. The direct approach consétéwo steps: a) firstly to construct a
suitable scalar function which is referred to dyapunov function [381], b) then to evaluate
its first order time derivative along the trajestaf the system to check the trend of variation
of the function of the system state variable. B therivative of the Lyapunov function is
decreasing along the system trajectory as timeasgs, this indicates that the system energy
is dissipating and the system will finally settl@ah which indicates the stability.

Consider a dynamic systeix, t) which satisfies the properties (6.15) and (6\Mbgref is a
given continuous function in

x=f(xt),t=0 (6.15)
x(ty) =X, to =0 (6.16)

A statex* is an equilibrium point of the systemfif(x*) = 0. Intuitively, let us assume an
equilibrium point is locally stable if all solutisrwhich start neax+ (meaning that the initial
conditions are in a neighbourhood>afremain neax* for all time. The equilibrium point:

is said to be locally asymptotically stablexifis locally stable and, furthermore, all solutions
starting neak* tend towards* ast — .

Now, define on an energy-like functidux), often termed as the Lyapunov function in terms
of the system states. Any linear or nonlinear sysite globally asymptotically stable [if(x)
satisfies the following properties [381].
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1HLO)=0
2)L (X) > 0 for allx # 0;

dL(x)

3) L8

< Oforallx#0;
4)L (X) 2 as |x|| — .

6.4.2 Lyapunov based control for cascaded dc-dc converter

There are two states per converter modulgpa) and b)Vyc .. Now, assume the reference
values of these states agg:; andVyc; . The dynamic equations at the reference point are:

d a l

L= 4 Ripgee;” + (1= D)Vaci" = Vparei Vi=1..m (6.37
dVdci* . * .

€= - (1= DY)ipatei” = —lgeVi=1..n (6)18

Let us define the following error functions for tbiates:
X1i = ibatti —ibati ANAXei = Vigei—Veei Vi=1..n,

Substitutingjpai = Xai + ivatti » Vaci = Xoi + Ve in (5.1) and (5.2) of chapter 5 respectively,

d(x1itiparei’ . * .

L (xl dl: tt ) + R(xll + lbatt,i ) + (1 - dl)(le + VdC,i ) = Vbatt,i (619)
d(x2i+Vaci" . .

¢ 2etae) — (1 - d)(x + pares’) = ~ac (6.20)

di is the control input of the converter, therefotecan be written as a combination of
reference and perturbed poidis= D; + d,. Substitutingd; in (6.19) and (6.20) gives

L% + R(xy; + ipaee”) + (1 =Dy — d) (%25 + Vaei”) = Voarey  (6.21)

d(xZL+VdCl ) (1 _ a\l)(xli + ibatt,i*) = _Idc (622)

Subtracting (6.17) and (6.18), from equations (b.2dd (6.22) gives (6.23) and (6.24)
respectively gives

d(xll)

L=222 4 Ry 4+ (1 — DY) (o) — dy (i + V) = 0 (6.23)

d(xy;)
dt

C — (1= D) (x1) + d,(xy; + lpaeey”) = 0 (6.24)

A suitable candidate as a Lyapunov function in #gplications is similar to [378] which also
looked at Lyapunov function of dc-dc converter:

L(x) = %Lxll-2 + %sziz (6.25)
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Taking the derivative,

dL(x) dxy; axsi
— =y LTl O (6.26)
Now substituting, (6.23) and (6.24) in (6.26) aedrranging gives:
dL(x) *\ T
dtx (xZLLbattl - xlinc,i )dl - R(xli)z (6)27

According to the criterion listed above, it reqs#%(:—) < 0 for the stability. Therefore, select
d, = K(xziipasei” — %1:Vac;") and substituting back into (6.27) gives

dL(x) o )2
ac —Rxy® — K(xzilbatt,i — X1iVac,i ) 6)2

The expression (6.28) is clearly negative defiattall the time provide# >0. Therefore, the
necessary and sufficient condition for module sitgtihecomeK > O.

6.4.2.1 Significance of K’in the Design

In order to study the importance Kf let us substitute, = K (xziipase;” — %1:Vac;") from
(6.28) in (6.23) and (6.24),

d( i) . * * . * *
L ;Ctl = —(1 = Di — Kipaeei Vaci ) (x20) + K(x20)iparei” — Kx1ixaiVaei” —
*2

x1i(R+ KVgei™") (6.29)

dxy) _ . %
C—— xz (1 - D + Klbattl Vdcz )(xll) + K(xll) Vdcz leixzilbatt,i -

2

szi(lbatt,i ) (6.30)

Now linearizing the following expressions by wriin,; = X;; + ¥;, andx,; = X,; + X3,

da( 1) — %2

L ;Ctl (1 —D; — Klbattl Vdcz )le x1l(R + KVdc,i ) (6.31)
d(le) o~ * 2

C—0 (1 — D; + Kiparei Vac,i )xll szz(lbatt,i ) (6.32)

Rearranging in the matrix form,

_ 2 . ek
d (%1, / _(R+KVai™) (1= Di = Kiparti Vac,i")
dt | _ L L X1,
d(z) |~ e Ve ;)2 %)
2 (1 — D; + Kiparei Vac,i ) K(lbatt,i ) 2t
dt I - I
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d(%1,)
dt

d (%)
dt

C(R+KVa™) (1= Di = Kiparti Vaei )@

= L Zo 5 (?) where
_K(ibatt,i ) 2

(1= Di + Kiparti Vaci ) wZo -
1

Z, = \/% and w = N (6.33)

Now, averaging (6.33) the matrix around the freqyen, the expression can be further
simplified.

@ _ (R+KVaGi™) 0 .
R _OL o (ﬁ:‘;) (6.34)
dt —C
Solving the average value xf andxy; from (6.34),
d(F114,) (R+KVaei?) (R+KVaci””)
= Wy, O T, (=€ L (6.35)
_ L a2 K(tyare )
d(x;;m;) _ _K(lbacrt,i ) T = T (£) = e—%t (6.36)

These equations are important because they cotftairexplicit expressions of the error
dynamics. These error dynamics are important tdipr¢he steady-state errors and dynamics
responses of their individual states. It can ben demm (6.35) and (6.36) that the average
values of steady state errors asymptotically to f@r any positive values &f. The higher is
the value oK the faster the rate of convergence. Thereforeindligidual control bandwidth

of module voltage BW;) and currentBW;;) can be taken proportional to these values as
shown in (6.37). Her& is the control variable and any changeKinnfluences the current
and voltage controller bandwidths proportionat&y, if one control bandwidth changes
(increases or decreases) due to change in thebatperating conditions, there will be a
subsequent change in the other control bandwidtichwineans the state variables are
controlled at the same time. As a result, this mdrdgystem always guarantees stability and
eliminates instability due to mismatches of thentrol bandwidths.

(R+KV ;") K(ibatti*)z
———=— and BW,,; « — (6.37)

BWC,i X
Moreover, if a uniform voltage controller bandwidghchosen for all the modules, then the
ratio of K among the three modules will be according to (6.38is means that the module
with a higher share of current has a lowecompared to the module with a lower share of
current.
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111

Ky1: Kyp: Ky = p (6.38)

. 2" . $2 ", *
lbatt,1 lbatt,2 thatt,3
6.4.2.2 An effect of parameter variation /inaccurate referece values on stability

It is necessary to investigate the effect of sysfmamameter changes in control stability
because any error in the measurement and/or esgiimptocess can result in inaccurate
references. These inaccurate references may makdetivative of the lyapunov function
non-negative according to (6.27) which in turneaia stability concern.

Assume the inaccurate references due to measnreand/estimation process, dguic
instead Ofipar; and Vgejc instead ofVye;. Therefore, under this situation the derivative

dL
4 hecomes:
dt
dL(x) _ . * * , * * 2
——= —K(Xailpart;" = %1iVaci") (Xailbartic” = ¥1iVacic”) = R (6.39

This expression can be written in the foxfQX for convenience of analysis wheXe= [x;
X2 andQ is the following matrix:

* * K .. * * . * *
_(KVdc,i Vdc,ic + R) ;(lbatt,i Vdc,ic + lpatt,ic Vdc,i )
E(lbatt,i Vdc,ic + lpatt,ic Vdc,i ) _K(lbatt,i lpatt,ic )
In order to fulfil the criteriof=> < 0, the matrixQ has to be negative definite which means

dt
(KViei Vaeie” + R) > 0 and det Q) < 0. The expressiofKVy.; Vye .. + R) > 0 if K >0 as

Vgei , RandVycie all are positiveDet (Q) is derived below.

2

K 2 %2 2. *2 . * * R . *
det(Q) = _T a“Vae;  + b lpatti — zablbatt,i Viei — 4Ealbatt,i where

a= ibatt,ic* and b = Vdc,ic* (6-41)
Rearranging (6.41) provides,
KZ * . * R . *
det(Q) = 7 [(anc,i — bipage,i )? — 4;albatt,i ] (6.42)
Therefore, necessary condition for whizht (Q) <0 will be:

* . * 2 R . *
(anc,i — bipait,i ) > 4Ealbatt,i or

K > AR Aipgees” (6.43)

. *
(avdc,i*_blbatt,i )2

dL(x)

It can be seen that if there is an errorMg; and ipai, —— is not always negative.

Therefore, the stability is not guaranteed. Theesgion (6.43) provides the minimum value
of K. Now, if there is @;,% ande;% error are assumed iigy:; andVgc; then the minimunk
needed from (6.43) can be further modified as below
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4R(1i£1)

2
Vdc,i* (e1~£2)?

(44)

Kmin,i =

Therefore, the following conclusions can be drawoud the proposed control:

- A high value of K provides better stability, faster convergence &etter control
bandwidth from (6.34) and (6.41).

- An appropriate design value & (K> Knin) is needed by considering the maximum
possible error in the measurement/estimation psodeseliminate any dependency
system parameter(s) in this control structure.

- However, an excessive high value Kfcan increase noise and ripple in the module
voltage and current because it enhances the patiombpart ofd; (= d,) Moreover, a
high value ofK can distort the reference duty ratio pdatin d; = D; + d, which can
cause improper voltage and current sharing amaongitidules.

- Therefore, the upper limit df is limited by the ripple/noise while the lower lins
determined from the stability criterion according6.44).

6.4.3 Control architecture development

After designing each converter module accordinth&ocontrol Lyapunov function (CLF), it
is necessary to build a control structure which saitably control each converter module and
also maintain the central dc-link voltage. The kld@agram of the proposed control approach
with measured signals is shown in Fig. 6.14. Eamtiverter module is controlled using the
Lyapunov function so that stability and dynamicp@sse are guaranteed at a module level.
Moreover, it is necessary to maintain the centrlirtk voltage to a constant value along
with the module independent control.

The individual references for the system statesganerated independently unlike in the
cascaded control approach (based on the PI-carirolVhere each outer voltage loop

generates the reference for the inner current hadotitput of the inner current controller

generates the duty ratio references. Thereforentral reference generation block as shown
in Fig. 6.14 is necessary in this control structure

The proposed control structure consists of fougestaa) reference generation for module
voltages, b) reference generation for module cisrer) reference generation for module
duty ratio, and d) actual control logic.

In the first stage, the module dc-bus voltagenesices can be generated using the central
dc-link voltage reference and weighting factorslagwn in Fig. 6.15a.

In the second stage, the module current refereacesggenerated from the output of an
overall dc-link controller which helps to maintahre central dc-link voltage as shown in Fig.
6.15b. The output of that controller generatesréierence for the common dc-link current
(I4e) which in turn generates the power reference &mhemodule. These power references
are then converted to individual current referencsg their module input voltages.
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Fig. 6.15c shows the reference generation formtleule duty ratio through the equation
(6.17). A small LPF (low pass fiIter?l— with a cut-off frequency (T#) 1/10" of sampling
+STf

frequency has been employed to eliminate the higljuency noise generated from the
differentiation. At last, the overall control of@damodule is described in Fig. 6.15(d).
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Fig. 6.14 Proposed distributed control approach fothe cascaded dc-dc converter

The Matlab/Simulink model of the module controusture is shown in Fig. 6.16. Each block
has been clearly marked showing the reference rhity generation and module control
structure. The dc-link control loop and module eatrreference generation is shown in Fig.
6.17.
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Fig. 6.15 Proposed distributed control structure fothe cascaded dc-dc converter: a) voltage refereac
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6.5 Simulation and experimental validation
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Fig. 6.17 Matlab/Simulink model of central dc-link control loop and reference generation

The simulation and experimental validations were performed on the setup using the same set
of batteries as in earlier chapters.

6.5.1 Lyapunov based control approach

The lyapunov function based approach has been validated using the theory from in 6.4.2
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under extreme conditions to prove stability. Thertsig SOC were kept to approximately to
similar values as befor€OCV,1 = 9.9V, OCV,, = 22.0V andOC\,3 = 5.9V during
discharging and®CV, 1 = 13.3V,0C\, = 26.0V andOC\, 3 = 8.25V during charging. The
responses using the proposed control approach e shown in Fig. 6.18 and Fig. 6.19
for discharging and charging mode respectively.réhg a noticeable improvement in terms
of dynamic response compared to Fig. 6.12 and@&i. The time scale both in simulation
and experiments are same as with Fig. 6.12 and & to help comparison with the
adaptive Pl-controller based approach.

Moreover, the charging to discharging transitiod discharging to charging conditions were
also captured as shown in Fig. 6.20 and Fig. 6l2tan be seen that smooth and fast
transition as well as fast dynamic response eveheaextreme conditions are possible. The
overall response time of the energy storage systamthe charging to discharging transition
and vice-versa was found to be around 18 — 20msaasedtling time around 30ms which is
faster compared to a conventional approach une@sethonditions. Importantly this response
time is found to be more uniform throughout therapiag points irrespective of parameter
variations. The value df in this Lyapunov control has been chosen diffdyeiatr different
modules to keep a uniform response time for allrtteelules according to (6.43) assuming
the maximum current measurement error and the gmltaeasurement errei, ¢, to be
around 20% and 10% respectively.
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Fig. 6.18 Lyapunov controller in discharging: a) sinulation study, b) experimental studyOCV,; = 9.9V,
OCV,,=20.2V,0CV,3= 5.9V: scale 100ms/div, grid current 10A/div, modle currents 5A/div
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Fig. 6.21 Lyapunov controller during discharging tocharging: a) simulation study, b) experimental stdy
OCV,,1=13.8V,0CV,,= 27.2V,0CV, 3= 8.3V: scale 20ms/div, grid current 10A/div, modie currents
5A/div
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The effect of the variation of the control parameie the lyapunov control has been
experimentally investigated to validate the thepmysented 6.4.2.1 and 6.4.2.2. The result is
presented in two stages: a) increasiigb) decreasin. Fig. 6.22 shows the effect of
increase oK. The value oK of module — 2 has been varied from a designedev@du=
0.015) to a higher valu&€0.04). It can be seen that the ripple contenteim®es due to the
variation and steady-state value also gets affe¢tediever, there is no effect on stability or
ripple on other modules as expected. A similarltesan be obtained in charging mode also.
The effect of decreasini§ has been shown in Fig. 6.23. The valu&adf module — 3 has
been reduced from 0.045 to 0.005. It was found gheery low value oK creates stability
problem. Therefore, it can be concluded that the® minimumK is needed to ensure the
system stability. Moreover, it is interesting totedhat if one module goes unstable, it also
impacts the stability of the other modules becabsemodule capacitor voltages are in series
as discussed earlier in the chapter. Thereforis, @éssential to keep the stability of all the
modules. It can be seen that the Lyapunov approachnly overcomes the stability problem
but it also maintains a more uniform dynamic resgothroughout the battery operating
conditions assuming suitable values Kf It is important to note that by choosing an
appropriate value oK can eliminate any need for online tuning in thepmsed approach
which simplifies the control complexity and paraerelependency.
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Fig. 6.22 Effect of very high value of K: a) simulton study, b) experimental study of variation of Kfor
module — 3: scale 500ms/div, grid current 10A/divnodule currents 5A/div
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Fig. 6.23 Effect of very low value oK: a) simulation study, b) experimental study of vaiation of K for
module — 3: scale 500ms/div, grid current 10A/diunodule currents 5A/div

Converter dynamic response or response time uem@roposed control approach has been
investigated experimentally and can be compardhlabin section 6.4.2.1. Fig. 6.24 shows a
transition from the charging to discharging botlsimulation and experiments. It can be seen
that the response time of the overall energy seosygtem is 22ms in simulation and 24ms in
experiments under normal operation. However, teparse time can increase if a low value
of K is used. The value & in module — 3 was changed from the designed val045 to
0.02 with a corresponding increase in response fimesases from 22ms to 32ms in
simulation and 24ms to 40ms in experimental coonsi

0.

ibatt,1 — 22 ms | |
. i
10 —ibatt,2 1 =
2 |—iba3 : V‘
o |
3 if i
w[ o)
[ O [ TS A
20 i
2 2.02 2.04 2.06 2.08 2.1 2.12 2.14 2.16 2.18 2.2
Time (s)

ﬁ.\ﬂﬂﬂwlvavw,
VIAVAVAYAVAVIASSECERAA

2.08 21 212 214 216 218 3
Time (s) (b)
(a)

Grid Current (A)

Fig. 6.24 Test of dynamic response — 1: a) simulati study, b) experimental study scale 20ms/div, gti
current 10A/div, module currents 5A/div
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Fig. 6.25 Test of dynamic response —2: a) simulation study, b) experimental study scale 20ms/div, grid
current 10A/div, module currents 5A/div

6.6 Stability of boost-buck mode

6.6.1 Boost converter analysis

The distributed control structure of the boost-buck mode was described in chapter 5, is based
on distributed duty ratio operation of the multilevel buck converter switches. The module
voltage control loop is shown in Fig. 6.26.

Inner loop delay id ,
c i

lbatt,i
(1-d.

L

+

Fig. 6.26 Module voltage control loop in boost-buck mode

Each module consists of two similar cascaded control loops: a) a slow outer voltage module
voltage loop and b) a fast inner current loop. The associated inner current loop delay (e™*" d)
has been taken as four times of the sample time (7) in this case also. The open loop transfer
function for the voltage control loop can be derived as shown in (6.45) from Fig. 6.26. It can
be seen that the open loop transfer function GH,(s) depends Vy.; and Vj,y; as in the boost of
operation.

o) = £ (5 () () () (645

Similarly, the current loop is shown in Fig. 6.27. A proportional controller is considered in
the inner current loop for a fast response and stability. The open loop transfer is shown in
(6.46) where G is the converter gain (X V. ;).
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It should be noted that in this mode of operattbe module voltage referenvg.m» and in
turn, Vyc,; are independent of battery weighting facter Therefore, the variation @; does

dc,i

unaffected by the variation @f;. As a result, the outer voltage loop bandwidthhar gain
crossover frequency remains fixed at the desigraddevall the time. Similarly the current
loop bandwidth according to (6.12) is always fixadthe inductor value anid.. Therefore,
therelative bandwidth between the voltage and atitep remains fixed all the time which
guarantees stable operation of the module boostectar.

. . 1(V i .
not influence the control loop performance becabseopen loop galrlfvz(%) remains

V. Converter Gain

batt,l: /

*

/ i, iy, (5)
N A p— b

ibatt,-i

Fig. 6.27 Module current control loop in boost-buk mode

6.6.2 Multilevel buck converter analysis

The control of the multilevel buck converter is wimoin Fig. 6.28. It employs a slow outer
central dc-link voltage loop and a fast inner duklicurrent loop. The open loop transfer
function is derived in (6.47) from Fig. 6.26. Itimportant to note that the open loop gain of

the voltage controKdC% is completely independent of the battery weightiagtor and

remains always fixed for a fixeHy.. On the other hand, the inner current loop transfe
function is shown in (48). The transfer functiomdse approximated at high frequency to get
the current loop bandwidth as shown in (6.49)ah be seen that buck converter’s inner loop
bandwidth is also independent of battery weightagjor.

Therefore, the stability of the multilevel buck eenter also remains affected by the battery
weighting factor and this guarantees stability loé boost-buck mode under all operating
conditions. Moreover, due to not having the stabiiiroblem, the dynamic response of the
boost-buck mode will be better than the boost whemg PIl-controllers. However, the
dynamic response of the boost mode can be mader fasing a Lyapunov approach if

required. The stability based comparison betweenlo control modes has been presented
in Table 6-1.
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Fig. 6.28 Control loop for the multilevel buck converter: a) outer dc-link voltage loop, b) inner current
loop
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Vv L
—dc 1+s%+szLC
liny Zdc

liny
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GHdc_I(S)lw—wo ~ ch_ (6-49)

SLgc

Table 6-1 Stability comparison between the boost and boost-buck mode of operation

Mode of operation Stability issue Mitigation Dynamic response
Cascaded Boost Due to outer voltage loop | Adaptive PI control Limited due to the stability
bandwidth variation issue in PI controller based

Lyapunov based control | approach  but  lyapunov
based design provides a
better response

Boost-multilevel buck N/A N/A Good dynamic response

6.7 Conclusion

This chapter reports on a stability problem with the distributed control structure of hybrid
second life battery energy storage system in boost mode. It was found that the variation of
SOC or open circuit voltage and capacity degradation could give rise to a control stability
problem at a module level and/or system level when using the conventional cascaded control
loop approach in boost mode. Two solutions have been discussed: a) an adaptive PI controller
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based approach where the stability is improveddyiuag controller parameters according to
the system parameters and b) control Lyapunov immdiased approach where stability is
always guaranteed irrespective of the system pdemmdt was found that the accuracy of
the adaptive Pl based approach is dependent ®yshem parameters which can cause either
poor dynamic response or steady-state errors.

It was found that a lyapunov based control apgroadetter than the adaptive Pl-approach
in performance in this application where widelyfeliént batteries are integrated because this
approach is capable of providing a fast dynamipaase without compromising the stability
irrespective of operating points. A detailed desagil analysis of the proposed approach has
been presented. A detailed simulation and expet@hestiudies have been performed to
validate the proposed claims.

On the other hand, the stability of a boost-bendde has also been analysed. It is found that
the control stability of the boost-buck mode remsaimaffected by battery parameter change
or weighting factor variation. Therefore, the bebatk control mode is a more stable mode
of operation compared to the boost mode of operatibh the conventional PI controller in
the current context.
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7 Hardware Implementation

7.1 Introduction

This chapter presents the hardware design and details used in the experimental
implementation of the hybrid battery energy storage system. The power converter described
in chapter 3 is modular in nature on the dc-side with a single inverter on the grid side.
Therefore, the overall converter hardware design consists of: a) hybrid battery modules which
were described in chapter 4, b) modular dc-dc converters, and c) the inverter. The associated
hardware based and software based protection for the battery, inverter and modular dc-dc
converter have to be included. The system architecture and controller interface with the
modular converter have also been discussed in detailed.

The system architecture consists of two-stages: a) boost mode and b) boost-buck mode as
shown in Fig. 7.1 which shows all the input, outputs, sensed signals and their interface with
the controller in the practical implementation. It can be seen that there are three signals
sensed from each module and three signals from the line side inverter. Based on these sensed
signals, the centralised controller generates the control signals/duty ratio command to control
each module and the line side inverter as described in chapter — 5 and chapter — 6. It can be
seen from that there are additional control signals/duty ratios d;;, ds; ... d,, generated in
boost-buck mode.

Table 7-1 shows the maximum rating of the dc-side and ac-side voltages and currents of the
designed laboratory prototype. . Fig. 7.2 shows the operational envelope. The minimum and
maximum battery modules are set to 7.2V, 6.5Ah and 24V, 60Ah respectively to encompass
the battery types that are readily available. Since the 24V, 60Ah module take a higher share of
input current and output voltages during the distributed utilisation/control (described in
chapter 5). Each converter module is designed according to this envelope. The hardware set-
up is mainly designed to support 1kW power. The 24V battery which can reach up to 28V
when fully charged. Therefore, the dc-side current is set to 35A when delivering the full
power. The grid voltage is taken as 100V (rms) or 141V peak in the scaled-down laboratory
based design.
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Table 7-1 Rating specification for maximum 1kW labeatory prototype

Absolute maximum rating

Power 1kwW
Battery voltage \par) 28V
Output voltage of a dc-module100V
(Vdc,i)

Battery currentlf.y) 35A

Inverter Dc-link voltage\{qo) 200V

Ac-side voltageV\y) 100V (rms)/ 141V peak
Ac-side currentlf) 10A (rms)/ 14A peak
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Fig. 7.1 System architecture implemented
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Fig. 7.2 Operational envelope for 1kW prototype: finput side region, b) output side region
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7.2 Converter design

7.2.1 Dc-dc Converter module design

Each dc-dc converter module schematic is shown in Fig. 7.3 which consists of an H-bridge
where devices of identical rating are used. The current handled by S, §;; is different from 7},
T;; because the module current (ipq. ;) 1s generally higher than the dc-link current (/;.) due to
boost operation. Therefore, the rating was set on maximum module dc-link voltage V,.; and
maximum module input current iy, ;.

The laboratory built H-bridge module with integrated driver and sensor is shown in Fig. 7.4.
The components used in the H-bridge dc-dc are shown in Table 7-2. A 100V, 40A OptiMOS
is used because it is one of the most efficient devices available within the voltage and current
specification. 35A is the maximum current that a module can draw under worst situation. A
2700 uF, 100V capacitor is used as it is one of the standard capacitor value available at this
range and above the designed value caculated in chapter 3. Each module has four integrated
drivers. Each driver consists of a driver ic and isolated dc-dc converter (5 to +/-15V). A low-
cost isolated Opto-coupler HCPL 3150 has used (isolation up to 1kV) to drive the MOSFETs.
This driver has a low peak current delivering capacity (e.g. 0.5A) which suits driving a low
voltage MOSFETs which has very low gate charge. There is a current sensor in the PCB to
measure the dc-link current (iz.;) of the H-bridge for protection purpose. An HX-25P PCB
based sensor was chosen because it has a small in size, good isolation voltage (3kV), good
accuracy (+/-1%) and good bandwidth (50 kHz).

G

Vy

att,i

capacitors

.
gt*

Integrated
drivers

Fig. 7.4 Laboratory built converter module with integrated driver
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Table 7-2 Components used per H-bridge dc-dc module

Components/Type Specification

Switches (MOSFET)| 100V 40A (FDPFO85N10A)
package TO 220

Drivers HCPL 3150 (0.5A peak current
driver)

Capacitors 2700uF, 200V Electrolytic

Isolated dc-dc converterlES0515S (15V)

for driver

PCB sensor HX-25-P, up to 50A (Isolatipn

voltage 3kV, Bandwidth 50kHzZ,
accuracy + 1%)

7.2.2 Grid-tie Inverter design

The single phase grid connected inverter usedarptksent work is shown in Fig. 7.5. The
inverter is made of three-stages: a) PWM/modulati@thod, b) line side EMI filters, c¢) dc-
link capacitor with bleeder resistors. Packagind earth leakage have been not considered
because the design and experiments done in lalbprbsed environment. However, it
should be carefully considered in real operatingditions. The description of each one is
provided in detailed.

) Leg -2 Leg—1
Bleeder resistors \‘

i\
Ric =y, p—— 2(,*&._':]S {} .

0 Ur’n Vv

Rdcé Va2 2Cye —K} {}

Fig. 7.5 Grid-tie single phase inverter

7.2.2.1 Modulation method for grid-tie inverter

A single phase grid-tie inverter (Fig. 7.5) can édawo types of modulation methods: a)
unipolar PWM and b) bipolar PWM. Both are generatisthg a carrier based method as
described in [382]. In unipolar PWM method haveethsstates at the outpU,, such as,
zero, V4. and —Vyc whereas the bipolar PWM method can have only tates at the output
e.g. V4. and —Vg4.. This means in unipolar PWM method, all the sweklexcept the top and
bottom switches of a leg can be turned ON/OFF atstime time whereas, in bipolar PWM
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method, only the top switch of a leg and the bottwwitch of another leg are turned ON/OFF
at the same time. The expression of duty ratioarofnverter leg can be written in (7.1) —
(7.2) for bipolar and unipolar PWM methods respatii. Note: bipolar PWM has only one
expression of duty ratio while the unipolar one tvas different duty expressions.

d = 0.5+ 0.5M cos(wt) (7.2)

dlieg1 = 0.5 + 0.5M cos(wt), d|ieg2 = 0.5 — 0.5M cos(wt) (7.2)

@) Both of the method is applicable

Vac
in the grid-tie inverter. However, unipolar PWM faifthe drawback of increased common

mode noise which can be a critical issue for tlaadformerless grid connected converter.
Therefore, more advanced circuit may be requirecdoice the common mode noise should
this method be employed in transformerless gridnections as reported in [383]. On the
other hand, the bipolar PWM method does not prodimgecommon mode noise, therefore is
a more preferred method in transformerless gricdi@verter. However, the later method has
increased current ripple and slightly more switghiosses compared to the former method.
In this present work which aims for transformerlgsisl connection, bipolar PWM method
has been chosen over the unipolar method.

Where,M is the modulation index of the inver(e-t

7.2.2.2 EMI filter and its design

Grid connected two-level inverters produce a higioant switching noise due to their PWM
operation therefore, an appropriate filter designmandatory to meet the power quality
standards such as, IEEE 519 or G5/4 etc. In theeptevork, an LC filter has been chosen
over the traditional L filter in grid-tie operatiobecause of better switching frequency
attenuation.

The design ofs has been performed to keep the current ripplehergtid side to be 5% of
the fundamentalid). The nature of the current ripple is shown in.Hdg. The expression
(7.3) can be used to find the induct@mwhereD is the duty of one leg of the inverter.

Vac D (1-D)

L. =
s fobis

(7.3)

The variation of current ripple with the duty ratsoshown in Fig. 7.7. It can be seen that the
maximum ripple is aD = 0.5, therefore, substitutiiy = 0.5,

Vac
lemax = ﬁ (7-4)

Now, in the present case, the operating dc-buakisnt as 150V, the maximum grid current
14A (Fig. 7.2). So, the required inductor will bexarding to (7.5).

150

Lelmaxr = ————— = 5.3mH (7.5)

4x10%(0.05%14)
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Fig. 7.6 Line side current ripple
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Fig. 7.7 Variation of output current ripple with the duty ratio of inverter leg

The line side capacitor (C;) is designed from the cut-off frequency of the LC filter which is
taken as the geometric mean of the fundamental and the switching frequency as shown in
(7.6).

fo= VIl fo = ey (7.6)

In this case, f; = 50 Hz and f;,, = 10 kHz, which sets f) = 707 Hz. Therefore, the desired value
of C; will be,

_ 1
ST Ly(2nfy)?

= 10uF (7.7)

Due to unavailability of single 5.3mH inductance, two 3mH inductors and one 10uF
capacitor have been chosen for the grid connected inverter as shown in Table 7-3.
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7.2.2.3 Dc-link capacitor and bleeder resistor design

Capacitor design The ripple current in the bus link capacitor ssentially the same as the
ripple current in the phase leg eAjs because the same current flows through the dc-link
capacitors. When the top left and bottom right slagt in Fig. 7.5 are turned ON, the current
flows from the bus link capacitor through the lgadl via top left and bottom right switches
and returns to the bus link capacitor. Similathe turrent flows from the bus link capacitor
through the load when the bottom left and top rigiitches are turned on. However, for
single phase inverters there is an additional 10€pjle present in the dc-link capacitor
because of double frequencyfJZomponent present in the power as illustrate@7ig) —
(7.9).

P = Vypism cos?(wt) = %Vsmism (1 — cos 2wt) (7.8)
. 1 Vsmism A
tae = 5=, (1= cos2wt) = Iy + laclioonz (7.9)

Therefore, the total ripple current that the dé-lbapacitoiCy. has to carry will be

Aig. = \/(Ais)z + (Caclioonz)? (7.10)

Now that the ripple current in the dc-link capacigknown, it is now simple to calculate the
resulting dc-link capacitor ripple voltagé/qyc.
AVac

Cdc T

, Aige
~4€ = Aige , Cae = ﬁcDTS (7.11)

Where,D is the duty ratio of one inverter leg. In the grscase, maximum possié,;.
has been calculated below using the maximum griihge and grid current from Fig. 7.2,

1141><14 — 6.584
2 150

1 Vsmism _

ldclmax,lOOHz = E Vae

Therefore Cyc can be designed using (7.9) assumindthg~ 1,

6.58 X 1004
Cac =~ = 658yF

This capacitor value is not standard size theeel@OQF capacitance has been used in the
hardware set-up.

Bleeder resistor design The bleeder resistoR{.) across the dc-link capacitor performs two
functions: a) discharge the dc-link voltage wheam ithverter is OFF, b) balance the capacitor
voltages. Discharge time constant can be takeesmdR,. as follows:

Assume the discharged time constant is about 3Uecdesigned value is provided in Table
7-3.
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I' = RqcCac ~ 30sec,Rge ¥ —— = 25 k2

7.2.2.4 Heat-sink design

Heat-sinks are mandatory for the line side invewiben using IGBTs because they are not
efficient compared to the low voltage MOSFETs. Heat-sink design has been performed
using the thermal model of Fig. 7.8 where all tdBTs/devices in the inverter share the
same heat-sink. The thermal coefficients have hesed from the datasheets to design the
heat-sink following the similar method to [382].

EP)(6jc+0cs+65q) =T — Ty (7.12)

Assuming theTj = 80°C andTx = 20°C, the desired value o, can be found as shown below

calculating the expected power loss in each dewicéne inverter. The power loss in each
device has been estimated from the datasheet wpdeating condition to be around 10 —
15W.

80-20

Oja = ——=12°C/W

The value of the designed heat-sink is shown ineras.

Qic C 0(75 S eca A

L wA— n—3aw—

) ) '}
by C) o C)P')C P Power loss of

—— T the Individual

\ .
device

o
Fig. 7.8 Electrical equivalent circuit to design a&ommon heat-sink for the inverter

The laboratory built inverter is shown in Fig. 7T%e component ratings of the inverter are
shown in Table 7-3. The inverter dc-link voltagemsich higher than the dc-dc modules so
IGBTs are used on the grid side instead of highaged MOSFETs (>200V) which are
expensive and inefficient because of their higherse recovery losses. A 600V, 20A IGBT
has been used because the inverter side maximuentus 14A (maximum 1kW operation
at 100V grid) and 600V is a standard IGBT voltageel. A heat-sink has been used because
IGBTs are not as efficient as low voltage MOSFEVIsreover, a common heat-sink causes
better heat dissipation than the individual heaksi Apart from that, a different drivéc
(HCPL 3120, 2A peak current) has been chosen wedtie IGBTs because they have a
higher gate charge compared to the low voltage MEJSF The schematic of the inverter
power circuitry has been provided in Appendix —ifhvintegrated drivers.
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Fig. 7.9 Laboratory built line side inverter

Table 7-3 Components used in the inverter

Components/Type Specification

Switches (IGBT), | 600V 20A (FGH20N60UFD
package TO —247

Drivers HCPL 3120 (2.5A peak current)
Heat-sink 1.2deg/°C

Line side filters

3mH, 3mH (L,/2), 10pF (C,)

dc-link capacitors (Cy.)

1200pF, 200V Electrolytic

Bleeder resistor

25kQ

Isolated dc-dc converter
for driver

IES0515S (15V)

PCB current sensor

HX-20-P up to 50A (Bandwidth
50kHz, accuracy + 1%)

7.3 Protection

The protection strategy deals with each converter protection stage separately. The protection
consists of three stages: a) protection in each battery module, b) protection on the modular
dc-dc converter, c¢) protection on the line side (or at the inverter side). A comprehensive
summery of the overall system protection is described in Table 7-4 and was generated by
FMEA. All protection is undertaken in hardware with backup protection through the control
system. There could be an additional battery side protection necessary in this kind application
to avoid the reverse connection of a battery. However, such connection has not been
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considered in this work and care has been takeanmve the faulty battery module in the
laboratory environment. Future work may includes giiotection in detalil.

Table 7-4 Different types of fault and proposed adbns

Fault Types Detection Action taken

module input overvoltage Picked up Wy i Trigger the Crowbar and
disconnect thé" module

module dc-link over voltage Picked up by, Trip S, Si and bypass™
module

module dc-link under voltage Picked up by, Trip S, S and bypass™
module

module shoot-through Picked up by Vg, | Trip S, Si and bypass™

and/orige module

module battery side overcurrent Picked up by Trip S, S and bypass™
module

module battery side open circuit/short circuit | Picked up bWya Trip S, S and bypass™
module

Overall dc-link overcurrent Picked up by Trip S, Siand TripT;, T;
Vi=1..n

Overall dc-link overvoltage Picked up by Trip the inverter

Grid side over current Picked up bys Trip the inverter

Inverter shoot-through Picked up by, Trip the inverter

Battery open circuit failure Picked up by, Bypass the module

Battery short circuit failure Picked upipa, Trigger the crowbar +
fuse+ bypass the module

7.3.1 Battery side protection

Depending on the battery operating condition, @ebptmodule can have broadly two types
of failure: a) open circuit failure, b) short-ciit@ailure a described in the Table 7-4. These
two types of failure does not occur at the same imthe same battery, therefore, the battery
module protection has to cope-up with both theufailmodes. Three types of protections
have been implemented for the second life battesgutes: a) crow-bar protection for the
over-voltage to avoid any sudden overvoltage whigty occurs across the battery terminals,
b) overcurrent or short circuit protection and pgp circuit failure protection based on online
impedance estimation and/or comparing the batemibal voltage \paij) with module dc-
link voltage Vqc,). The protection schematics are shown in Fig. aridFig. 7.11.
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SCR = CS45 (800V, 75A)
Fig. 7.10 Crowbar protection
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Fig. 7.11 logic circuit protection

7.3.2 Protection of modular dc-dc converter

The protection of the modular converter has beemedon a per module basis. There is
protection against two faults: a) overcurrent aakthrough protections, b) overvoltage and
under voltage protection. The protection logic sehtc for each module is shown in Fig.
7.12 to incorporate all the converter protectidr®e laboratory built protection card is shown
in Fig. 7.13. The protection settings are decidsidigia resistive divider circuit. The output
from a voltage or current sensor circuit provides input signals. The schematics of the
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circuit diagram have been shown in Appendix — 1.
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Fig. 7.12 Protection logic for each converter model
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Fig. 7.13 Laboratory built protection card for one converter module

7.3.3 Protection of line side inverter

The protection of the line side inverter is desdjfier two faults: a) overcurrent or shoot-
through fault, b) overvoltage/under voltage fauthitar to the dc-dc converters. A separate
protection card was built for the inverter to inporate the necessary protection using the
logic circuit shown in Fig. 7.14.

208



Chapter — 7: Hardware Implementation

/ max
lim-'
(Measured ) =1 (aormal)
[ = 0 (abnormal)
min

Trip signal for
inverter

switches
Vi:n'_mr_ 'i>_L
Ve
(Measured )
+
V;nin >—'_

Fig. 7.14 Protection logic for the line side inveer

7.3.4 Shielding and fusing protections

Apart from the logic based protection for the \eemer and batteries, there is additional
protection in the circuit: a) Fusing and b) shietdi This protection is needed to avoid any
unforeseen failure of the converter and the battein case the logic based protection fails.
Table 7-5 shows the details of such protections.

Table 7-5 Fusing and shielding protection

Type Where Why

Fuse Converter module To avoid direct short cirofiitop
and bottom devices + dc-bus
capacitor short circuit

Fuse Central power supply Avoid any short circnitie PCB
board
Fuse Between the inverter and the grid To avoidd gshort circuit +
overcurrent
Fuse Between the battery module antb avoid short circuit of the
the converter module bottom switch + battery short

circuit failure + reverse connectign
of a battery

Shielding Battery module Avoid any chemical leakage + fire
(Perspex cover) + explosion

Shielding Overall converter Avoid any damage due to exferna
(Perspex cover) disturbances + fire

7.3.5 Sensors

Two types of sensors have been used in the iexpatal set-up: a) current sensors, b)
voltage sensors. There are two types of currerdasrare used: i) PCB type and ii) non-pcb
type. The pcb type sensor (such as HX-25P) is tsel@tect the shoot-through between the
top and the bottom switches whereas the non-pcbk sgnsors (LA-55P) are employed
mainly for the control signals because it is adéd accurate, high bandwidth current sensor
at these current levels. The voltage transducer2bV) has been used for all the voltage
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sensing because it has a good level of isolation (>3kV) and a high degree of accuracy (£1%).

7.4 Interfacing digital controller

An OPAL-RT based digital controller has been used to run the converter and to implement
the closed loop control system. This controller has multiple in-built FPGA board to give a
large number of I/O ports which is suitable for fast prototyping. The specifications of the
controller are given in Table 7-6. It is programmed in Matlab and then that code is converted
to VHDL to run the in-built FPGAs. The controller is interfaced with the pc through an
Ethernet cable.

Table 7-6 Specification of OPAL-RT based digital controller

Type/Name of | Description Specifications
the board
OP5641 (x1) OP5600 HIL Box real-time computer XEON Quad cor¢ GHz ,| -
4 cores
OP5340 (x3) 16-channels, 16-bit A/D 2.5us sample time, +5 to
+100V input signal
OP5330 (x1) 16-channels, 16-bit D/A 1us sample time, +1 to +16V

output

OP5353 (x2)

32-channels, digital input Opto-coupler

4.5V to 30V range

OP5354 (x4)

64-channels, digital output or PWM output

0—5Vor0—12V range

Table 7-7 Controller interface with the converter

Signal name | Type Description Input and output range from | Interface with OPAL-
the sensors RT controller

Ipar, 1 Analog Battery current of | i/p: -40 / 40A (actual) Input to OPAL-RT
module — 1 o/p: -15/+ 15V (sensed)

Ipar,2 Analog Battery current of | i/p: -40 / 40A (actual) Input to OPAL-RT
module —2 o/p: -15/+ 15V (sensed)

ipar.3 Analog Battery current of | i/p: -40 / 40A (actual) Input to OPAL-RT
module —3 o/p: -15/+ 15V (sensed)

ipan4 Analog Battery current of | i/p: -40 / 40A (actual) Input to OPAL-RT
module — 4 o/p: -15/+ 15V (sensed)

Va1 Analog Battery voltage of | i/p: 0 —30V (actual) Input to OPAL-RT
module — 1 o/p: 0 — 15V (sensed)

Viat.2 Analog Battery voltage of | i/p: 0 —30V (actual) Input to OPAL-RT
module —2 o/p: 0 — 15V (sensed)

Viar.3 Analog Battery voltage of | i/p: 0 —30V (actual) Input to OPAL-RT
module —3 o/p: 0 — 15V (sensed)

Viats.4 Analog Battery voltage of | i/p: 0 —30V (actual) Input to OPAL-RT
module —4 o/p: 0 — 15V (sensed)

Vier Analog Capacitor voltage of | i/p: 0 — 100V (actual) Input to OPAL-RT
module — 1 o/p: 0 — 15V (sensed)

Ve Analog Capacitor voltage of | i/p: 0 — 100V (actual) Input to OPAL-RT
module —2 o/p: 0 — 15V (sensed)

Vies Analog Capacitor voltage of | i/p: 0 — 100V (actual) Input to OPAL-RT
module —3 o/p: 0 — 15V (sensed)

Vs Analog Capacitor voltage of | i/p: 0 — 100V (actual) Input to OPAL-RT
module — 4 o/p: 0 — 15V (sensed)
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Ve Analog Inverter de-link | i/p: 0 —200V (actual) Input to OPAL-RT
voltage o/p: 0 — 15V (sensed)
Vi Analog Line side voltage i/p: 0 —200V (actual) Input to OPAL-RT
o/p: 0 — 15V (sensed)
i Analog Line side current i/p: -20/20A (actual) Input to OPAL-RT
o/p: -15/15V (sensed)
S Digital Gate pulse for S; o/p: 0 -5V Output from OPAL-RT
Su Digital Gate pulse for S}, o/p: 0 -5V Output from OPAL-RT
S5 Digital Gate pulse for S, o/p: 0 -5V Output from OPAL-RT
S5 Digital Gate pulse for S5, o/p: 0—-5V Output from OPAL-RT
S Digital Gate pulse for S; o/p: 0 -5V Output from OPAL-RT
S3;3 Digital Gate pulse for S;; o/p: 0—-5V Output from OPAL-RT
Sy Digital Gate pulse for S, o/p: 0 -5V Output from OPAL-RT
Sy Digital Gate pulse for Sy, o/p: 0—-5V Output from OPAL-RT
T, Digital Gate pulse for T; o/p: 0 -5V Output from OPAL-RT
T, Digital Gate pulse for T, o/p: 0 -5V Output from OPAL-RT
T, Digital Gate pulse for 7, o/p: 0 -5V Output from OPAL-RT
T, Digital Gate pulse for 75, o/p: 0 -5V Output from OPAL-RT
T; Digital Gate pulse for T; o/p: 0 -5V Output from OPAL-RT
T33 Digital Gate pulse for T3; o/p: 0 =5V Output from OPAL-RT
T, Digital Gate pulse for T, o/p: 0 =5V Output from OPAL-RT
Ty Digital Gate pulse for 7y o/p: 0 -5V Output from OPAL-RT

7.5 Implementation issues

There are a couple of implementation issues with the proposed converter at the start-up
which should be highlighted. a) Start-up inrush current from the battery modules, b) start-up
in-rush current from the power electronic switches.

This happens under three situations due to step changes in the voltage across capacitors when
either batteries or switches are turn ON at: 1) switching in the batteries causes the module
capacitors voltage to go from zero to the battery terminal voltage, ii) if the power converter
starts with a fixed reference which is mismatched across the capacitor and iii) dc-link
capacitor is charged. This issue of in-rush current could be significant at higher power levels.
Therefore, a suitable pre-charging arrangement and soft-starting mechanisms should be
incorporated.

7.6 Overall prototype

The overall prototype is shown in Fig. 7.15. It consists of a) modular dc-dc converter, b)
inverter, c¢) hybrid battery modules, d) protection, e) controller and f) central power supply.
Fig. 7.16 and Fig. 7.17 show the hybrid batteries used in the experimental implementation
and the detailed modular converter built in the laboratory.
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lular Multilevel

(b)
Fig. 7.17 Detailed overall set-up: a) overall set-up, b) power converter part

7.7 Conclusion

This chapter has described the hardware setup used in the experimental implementation for
the scale down 1kW multi-modular laboratory prototype. The converter, associated
components and their protection have all been detailed. The converter’s interface with the
digital controller has also been described in detailed. Since each dc-dc converter module is
based on an H-bridge, each H-bridge has been designed on a PCB with integrated drivers and
sensors for reducing the space and increasing compactness. The converter is mainly based on
low voltage MOSFETs (such as OptiMOS) with IGBTs for the inverter which are available in
TO-220 or TO-247 package which is helpful to reduce the converter size and enhance the
efficiency. Due to the high efficiency of these devices, it avoided the need to use heat-sinks
on the modular dc-dc converter. However, a common heat-sink was used for the inverter
which uses IGBTs. A separate protection card was built for to each converter board. The
inductors were separated out of each PCB because the inductor is bulky. The entire closed
loop control system was run using an Opal-RT controller both under normal, transient and
fault conditions. However, it should be noted that this hardware design is at low power levels
and does not need to deal with the packaging issues and EMI issues which may arise when
implementing at a higher power levels. A similar converter structure and design can be used
in other energy storage systems like fuel cells and PV applications where a similar dc-side
modular converter may be preferred.

213



Chapter — 8: Conclusions and Future Work

8 Conclusions and Future Work

8.1 Introduction

The high cost of conventional new batteries for grid support has led to investigations of using
second life transportation batteries (used EV/HEV batteries) to provide an energy storage
capability. There is a significant interest in industry (e.g. ABB and GM) and research in using
second life batteries in an energy storage system. This thesigroposed an integration strategy
for the second life hybrid batteries in grid support applications such as, providing line side
primary/secondary frequency response, voltage control or constant active/reactive power
support. The thesis focuses on the power electronics design challenges in integrating such an
energy storage system to the grid system both in terms of converter topology and control
strategy. The proposed energy storage system consists of three hardware stages: a) the hybrid
batteries, b) the dc-side modular converter, c) the line side inverter in conjunction with the
control platform needed for the battery and grid side management systems. This chapter
summarizes the key conclusions of the research and the future research needed in this area.

8.2 SLBESS system summary

The research into second life battery systems highlighted that batteries in second-use
applications may have different chemistries, capacities, voltages, state of health,
charging/discharging limits and physical size. Therefore, integration of different batteries
from different sources in order to obtain a single hybrid second life solution is a key research
challenge. This thesis addresses this challenges can be summarised as:

» Reliability of these second-use batteries are expected be lower than new batteries,
therefore the power converter topology and associated control strategy needs to be
designed so that a faulty battery module can be replaced with a healthy one without
interrupting the overall operation of the energy storage system.

» A distributed control strategy needs to be implemented for this type of energy storage
system because published existing control strategies deal with homogeneous batteries
and this is not applicable in the present context.

» Parameters of the second life batteries such as, capacity and impedance could vary in a
wide range during the operation. Therefore, the control strategy and control structure
needs to adapt to deal with this.

8.3 Summary on converter topology

The research on converter topology has shown that a converter topology design is an
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important because of the unknown reliability and heterogeneous nature of the second-use
batteries. The major challenges in designing a converter topology are: a) ability to deal with
the poor battery reliability, (e.g. able to hot-swap a battery module once it fails during the
operation), b) ability to distribute the power from the hybrid batteries according to their
characteristics, ¢) good efficiency and d) low cost. This thesis studied different multi-modular
converter topologies and performs a reliability-cost optimisation with a numerical approach
to find out a suitable topology for use in this application. The key conclusions of the research
are:

» The cascaded H-bridge dc-side modular topology with an inverter is an appropriate
converter topology to integrate these batteries from reliability, cost and efficiency
perspective.

» The cascaded H-bridge dc-dc allows the topology to be fault-tolerant in nature with
respect to a battery module offering potential to hot-swap a faulty battery module. The
proposed converter structure provides a great flexibility and a wide operating region
because of its ability to work in boost mode, buck mode as well as in boost-buck mode.

» Minimising the no. of cells in a module is a good way of getting better reliability.

8.4 Summary on control strategy

This thesis proposed a novel concept based on distributed power sharing strategy and
distributed control architecture. The research into the control strategy of hybrid batteries can
be described in three stages: a) battery power sharing scheme which can optimally distribute
the required grid side power among the different battery modules, b) control of each
converter module independently while providing the uninterrupted grid support through an
inverter and c) stability issues.

8.4.1 Power sharing strategy

The key conclusions about the power strategy are summarised below:

» A weighting factor based strategy of power distribution was derived from first principle
to deal with hybrid batteries. This result is important because it is capable of distributing
the power between the batteries depending on their instantaneous characteristics to
optimally use a set of hybrid batteries.

» The proposed weighting factor is based on the instantaneous impedance and estimated
state-of-charge, and estimated battery capacity. It has been designed such that their
charging/discharging trajectory of each battery module meets at the same point.

» The weighting factor based strategy reacts to changes in capacity, voltage, SOC and
impedance to red-distribute the power share online by adjusting the weighting factor.
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» The proposed strategy has been simulated and exgreally validated including the
validation of battery parameter variation.

8.4.2 Control structure

The control system relating to the different opersl modes has been developed. The boost
and boost-buck mode control were validated in sathoh and in hardware. The key
conclusions about the control architecture are:

» A distributed voltage based control structure hesnbderived in the boost mode which
maintains the central dc-link voltage of the ineertonstant and is able to charge or
discharge the hybrid modules according to theirgiveng factor when the line side
inverter responds to the grid side power demand.mbdule capacitor dc-link voltages
were controlled in such a way that it able to dalithe current according to the
weighting function. However, the research showed this control architecture is valid
only in boost mode of operation where the totatdvgtside voltage is less than the
desired central dc-link voltage of the inverter.

» In boost-buck mode the control is based on distedbwaluty ratio of the multilevel buck
converter. The research uniformly controlled theuinside boost converters to make the
module dc-link voltages the same and thereaftéeread the duty ratios of the buck
converter switches as a function of battery werghfactor to utilise the hybrid battery
modules. This novel mode of operation has beerdall boost-multilevel buck. The
main advantage of this mode is it provides a wigerating envelope to deal with any
range of batteries. However, it has a higher pdosses and lower efficiency compared
to the boost mode of operation.

8.4.3 Summary Control stability

A key aspect of every control system is the abtiitymaintain stability especially in a high
reliability application such as, grid side contrMaintaining the overall converter stability
using such a distributed control structure has rmaaw control techniques have had to be
developed with this topology and power sharingtsga Two control techniques have been
investigated: a) an adaptive Pl-controller basgat@xrh and b) Lyapunov based nonlinear
approach. The key points are summarised below:

» Depending on the weighting factor which varies adow to the battery operating
conditions, this can cause control loop instabilitya. module in boost mode operation. It
is because the bandwidth of the outer voltage obldop varies over a wide range while
the inner control loop remains unaffected.

» An adaptive Pl-control approach has been investthais a means of tuning the outer
voltage loop dynamically to keep the control syss&able. However, this approach has
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some limitations such as, dependency on the battery parameters which can give errors and
stability problems if there are inaccuracies in the measurement or estimation process
along with reduced the dynamic response.

Therefore, in order to overcome this issue, an alternate approach based on a Lyapunov
function has been developed which not only overcomes this issue but also provides a fast
dynamic response irrespective of battery operating conditions. Moreover, an important
point is this approach can eliminate adaptive tuning which simplifies the design.

Both the proposed approaches have been validated both in simulation and in experiments.
It was found that Lyapunov approach more suitable than other approaches in this
application.

There is no such stability problem in boost-buck mode of operation. It is because a fixed
voltage reference based control is used in the boost converter, therefore, no control loop
performance is affected by the battery weighing factor or operating conditions. Therefore,
it has better dynamic performance than an equivalent boost mode of operation.

8.5 Scope for additional and future Work

This thesis has stated the research into hybrid second life battery energy storage systems.
However, because of the newness of the topic area there remains a significant number of
unanswered research question which would benefit from further work and there is significant

scope to take this work and apply it into other fields of study.
The ability to operate hybrid systems together could be of value to

>

>

Any hybrid energy storage system based around isolated dc-sources.

Fuel cell systems for example SOFC where the power distribution from each module
could be tailored to the temperature of each module to maximise efficiency.

PV systems and in particular organic solar modules which are significantly cheaper in
price than silicon PV panels but less efficient and therefore require a greater surface area
of active material to match the power. In order to compensate for this greater surface the
panels could be set on different surfaces e.g. roofs, windows, wall and be of different size
with different solar irradiation. This would benefit from the distributed power sharing
approach and the weighting function can be used to trade-off life against power output to
help their lifespan.

Hybrid system with dc generation and energy storage.

Other dc-generation including for example dc-generators driven by prime movers where
fault tolerance and magnetic balancing could be important such as in aero-engines
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In addition to advances in application additionegaarch into the SLBESS would benefit
from

> A better understanding of 2nd life battery reliagbibind failure including understanding
of 1st life driver cycle and owner behaviour infhee on M ife.

» A greater understanding is needed of how the hasteould be stripped down into sun-
module and the variability of module cells in teraisharacteristics.

» Research into pre-characterisations carried oot poi put the batteries into the converter
because the second life batteries have unknowabiktly and parameters. This work
performs an initial characterisation to find out thnitial parameters such as, initial
internal impedance, capacity and relationship betwae SOC and OCV.

> An analysis of how different" life battery failure rate rates could affect syste
reliability and what impact this could have on certer design.

» An understanding of how the behaviour of the bgtterits second life could impact its
failure rate

» The distributed power sharing strategy is one basecharging/discharging trajectory the
cells to end their trajectory at the different tsnélowever, there are improvement that
can be made to the accuracy of this method inctudin

* The proposed power sharing strategy assumes terivaeed straight line relationship
between the SOC and OCV from a look-up table ireotd simply the control design.
This is found to be a reasonable assumption. Howevenore accurate non-linear
relationship can be used based on pre-characterishOCV-SOC relationship could
increase the accuracy of the power distribution.

* Research into on-line capacity estimation, impedastimation and SOC estimation.

* Including the temperature explicitly into the powdstribution equation rather than
implicitly (assuming impedance and capacity chanigle temperature).

* Investigating whether humidity has an effect onrabteristics through better testing.

* This thesis uses a passive balancing techniquethfersimplicity. An optimum
balancing circuit using a combination of activeges balancing depending on the
individual battery types should be investigated.

» Alternative methods to distribute the power shoalslo be investigated. These could
include
» Charging/discharging each battery in turn at a éighte
» Charging in blocks of batteries with rest pericalgafiow the battery to stabilise
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» Charging/discharging the batteries based on optuinistrategies e.g. reducing re-
cycling cost based on battery chemistry.

» Charging/discharging based on the location of titéeby to assists with hot-swapping
(e.g. having a sacrificing battery similar to swjear component that is easy to
replace)

Research into alternative power electronic top@sgising multilevel boost converters

from chapter — 1 to try for better reliability wigddditional complexity.

Power electronic scale-up packaging and thermalagement research to understand
scale-up issues and investigate other reliabilistlisize combinations

Economic research into full cycle costing of a fedhle system and how the second life
battery market could impact back on EV/HEV sales.

Fast acting frequency response research to unddrltav fast acting energy storage can
displace slower conventional generation and theashgrid economics.

Alternative control strategies using alternativajhynov functions if possible

This research would also benefit from scaling uputaerstand if there are any issues
relating to

 Common mode noise

» Earth leakage

 EMIor EMC issues

* Thermal management

* Plant efficiency taking into account auxiliary slipp

Self-discharge is an important phenomenon in seddadbatteries especially some
battery types e.g. NiIMH when the battery in idlendition. This research does not take
into account the self-discharge phenomenon. Fuesearch work should take this into
account.

This research assumes there is no BMS associatbdthva battery modules. Therefore,
central control system estimates the essentiattyatiarameters such as, SOC, capacity,
impedance and distributes the power between hydaitery modules. However, some of
the commercial battery pack could come with thewnoBMS. In that case, the
communication between the BMS and the centralisedtral system needs to be
developed to monitor and use the data acquired fhenexternal BMS.

The reliability and efficiency of the proposed tagyy is limited by the inverter which is
assumed to be an H-bridge design in the preserk. Wbis two-level inverter is found to
be suitable for the low voltage grid connectiorg(€30V or 415V). However, it may not
a suitable inverter topology for the medium voltae3kV/1kV) grid connection.

219



Chapter — 8: Conclusions and Future Work

Therefore, a more efficient inverter e.g. interkeéwnverter or multilevel inverter can be
used to improve reliability and efficiency in gsdpport applications.

» There could be control stability and fault rideethgh issues because of the interaction
between multiple DERSs in the grid system. This aese does not take into account those
issues. Therefore, the inverter control system si¢gecbe modified accordingly if those
issues need to be catered for.
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9 Appendix — 1: Circuit Schematics
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10Appendix — 2: Sample Programs and Codes

10.1 Sample numerical program for the topology optimisation

clc;

clear all;

close all;

fbatt = 0.2e-6;

fdcdcl= 4.94e-6;
fdcdc= 9.1e-6;

fdcac = 8.1e-6;

Pcell = 3.3*20;

Vcell =3.3;

Ibatt = 20;

b=5;

C = 100e-6;

L = 0.16e-3;

Rdcac = exp (-fdcac*365*24*5);
% cost = zeros(60,30);
counterl=1;

for x=1:4
Rm = exp (-1*(fbatt*x+fdcdc+fdcdcl)*(365*24*5));
for n=22:70

for k=21:n
y(K)=0;

V = b*k*x*Vcell;
P = k*x*Pcell;
if (P > 1000) && (V >340))

for ii=k:n
ytemp= nchoosek(n,ii)*(Rm"ii)*((1- Rm)"(n-ii));
y(K)=y(k)+ytemp;
RT =y(Kk);
end
if (RT*Rdcac)>0.7)
cost(:,counterl)= [x n/k

(2*n*b*((x*Pcell/1000)"2*0.0126+(x*Pcell/1000)*0.29 87+0.0915)+2*n*((x*Pcell
/1000)22*0.0126+(x*Pcell/1000)*0.2987+0.0915)+
4*k*((x*Pcell/1000)"2%0.0126+(x*Pcell/1000)*0.2987+ 0.0915)+(4*n+4)*((b*x*Pc
ell/1000)*0.0029)+3*n*4+n*((-

0.5*C*(b*x*Vcell)*2)"2*0.0062+(0.5*C*(b*x*Vcell)*2) *0.9366+0.62)+n*(2.412%(

0.5*L*Ibatt"2)"2+28.0*(0.5*L*Ibatt"2)+2.7))];
counterl=counterl+l,
end

end
end

end
end
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xlswrite
(‘C:\Users\mukhern2\Desktop\Matlab_reliability _cost _program\Data_reliabilit
y_2.xIsx',cost’)

scatter3(cost(1,:),cost(2,:),cost(3,:))
xlabel('x")

ylabel('n/k")

zlabel(*Cost Indicator’)

grid on;

10.2Sample OPAL-RT code

Control logic Monitoring + online tuning
and Programs - /
» | |
P In1 isq isq Outt
isd isd
Vsg Vsq
P I50_ref Vdo Vdo lsq_ref
Vdc2 Vdc2
Ibatt1 ibatt1
= |batt2 ibatt2
P [5d_ref Ibatt3 ibatt2 lsd_ref
Vdc3 Vdc3
Vbatt1 Vbatt1
P freq Vbatt2 Vbatt2 freqi
Vbatt3 Vbatt3
z2 72
. . V-ripple V-ripple
| mod1_ratio ripple Hipple mod1
Vdc1 Vdc1
wel wcl
Pl maod?2_ratio we2 wc2 mod2
we3 w3
select select
| mod3_ratio Ség% 182501 mod3
Q3 a1
1 71
P T1 Vded _ref Vide_ref T1
Vdc2_ref Vdc2_ref
Vdc3_ref Vdc3_ref
ibatt1_ref ibatt1_ref
w72 inattaref inatt2_ref T2
ibatt3_ref ibatt3_ref
OCvo1 ocvo1
| T3 0cvz2 ocvoz T3 P
OCV3 OCvo3
wl wl
y w2 w2
grid_EN w2 w3 Grid_EN
oCcv11 ocvd
0Cv22 ocv22
im_OM 0Cc33 ocv33 inv_0OM |
SM_pwm SC_pwm

Fig. 10.1 Sample OPAL-RT program overview
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. Mukherjee, N.; Strickland, D., "Control of SecondeLHybrid Battery Energy Storage
systems Based on Modular Boost-Multilevel Buck Gmnter,” IEEE Transactions on
Industrial Electronics2014 (in Press)

. Mukherjee, N.; Strickland, D., "Adaptive Control éfybrid Battery Energy Storage
systems under Capacity Fad®bwer Electronics and Applications (EPE), 2014 16th
European Conference pAug. 2014

. Mukherjee, N.; Strickland, D.; "Second life BatteEpergy Storage System: Converter
Topology and Redundancy SelectioRgwer Electronics, Machines and Drives (PEMD
2014), 7th IET International Conference pwol., no., April 2014.

. Mukherjee, N.; Strickland, D., "Modular ESS withcead life batteries operating in grid
independent mode,Power Electronics for Distributed Generation Syste(REDG),
2012 3rd IEEE International Symposium, @ol., no., pp.653,660, 25-28 June 2012 .

. Mukherjee, N.; Strickland, D.; Cross, A.; Hung, \Reliability estimation of second life
battery system power electronic topologies for dreuency response applications,”
Power Electronics, Machines and Drives (PEMD 2018th IET International
Conference onvol., no., pp.1,6, 27-29 March 2012 .

. Strickland, Dani; Cross, Andrew and Mukherjee,Battery energy storage on the smart
grid future or fad?”:Zaytoonah University International Engineering Cenmgince on
Design and Innovation in Infrastructu@912.Jordan, Amman, 2012-06-18 - 2012-06-20.

. Strickland, D, Mukherjee, N.; “ Hybrid battery couitstrategy” -UK Patent Application
ref. 1308189.8 (Filed)
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