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SUMMARY

This thesis investigates the integration of electric vehicle (EV) charging,
photovoltaic (PV) power, and battery energy storage (BES), using a direct
current (DC) integrated multi-port power converter. The goal is to aid the
energy transition using the intelligent operation of the aforementioned
components to provide a more cost-effective system that helps increase the
penetration of small-scale local PV system and increase the sustainability
of local loads, such as EV charging. To achieve this, this work focuses on
two parts: the power electronic converter and the smart charging control,
including battery degradation.

POWER ELECTRONICS

In this thesis a modular DC-integrated multi-port converter is developed.
The DC integration allows to reduce the amount of power converters hereby
reducing its costs, while increasing efficiency and power density. All con-
verters ports are developed for bidirectional operation to maximize its
flexibility. a two level DC-AC converter is used for the bidirectional AC
grid connection. Next, a 4-phase interleaved flyback converter is used for
isolated EV charging. Finally, two interleaved four-switch buck-boost (FSBB)
converters are used for both the PV and BES ports. All DC-DC converters
utilize quasi-resonant boundary conduction mode (QR-BCM), combined
with silicon carbide semiconductors to achieve efficiencies up to above 99%.
A novel control method for the interleaved FSBB converter is proposed to
enable multi-mode QR-BCM operation. Based on an experimental com-
parison with three other soft-switching modulation schemes it is shown
that the proposed modulation and control achieve the highest efficiency
(up to 99.5%) with little to no compromise in power density and control
complexity.

SMART CHARGING
Next, a two-level smart charging structure is proposed to utilize the flexibil-
ity obtained from the multi-directional power electronic hardware. The first
level is a non-linear programming (NLP) model that optimizes the charging
powers of the EV and BES in a moving horizon context, to minimize the
operational costs, including primary frequency control market participation
and battery degradation. To minimize the battery degradation, a literature

vii



survey study has been done on lithium-ion ageing mechanisms and how
to model it. Based on this survey the best suited degradation model is
chosen and integrated in the NLP model. The second level of the proposed
smart charging structure recalculates the setpoints based on grid frequency
deviation, and PV forecasting errors.

Both the theoretical and experimental results show that the proposed con-
trol method is effective in reducing the lifetime system costs. In combination
with optimal sizing of the components the total lifetime system costs can
be reduced up to 460% compared to conventional non-optimal charging
methods.
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SAMENVATTING

Dit proefschrift onderzoekt de integratie van het opladen van elektri-
sche voertuigen (EV), fotovoltaisch ("photovoltaic" PV) vermogen en accu-
energieopslag ("battery energy storage" BES), met behulp van een geinte-
greerde gelijkstroom ("direct current” DC) multi-poort vermogensomvormer.
Het doel is de energietransitie te ondersteunen door het instaat stellen van
de intelligente werking van de bovengenoemde componenten. Met als re-
sultaat een meer kosteneffectief systeem dat helpt met de toename van
kleinschalige lokale PV-systemen en de verduurzaming van lokale belas-
tingen, zoals het opladen van EV’s. Om dit te bereiken richt dit werk zich
op twee onderdelen: de vermogenselektronische omvormer en de slimme
laadregeling, inclusief batterijdegradatie.

VERMOGENSELEKTRONICA

In dit proefschrift wordt een modulaire DC-geintegreerde multipoortcon-
verter ontwikkeld. De DC-integratie maakt het mogelijk het aantal ver-
mogensomzetters te verminderen, waardoor de kosten worden verlaagd,
terwijl de efficiéntie en vermogensdichtheid toenemen. Alle omvormers
zijn ontwikkeld voor bidirectionele werking om de flexibiliteit te maxi-
maliseren. Een DC-AC-converter met twee niveaus wordt gebruikt voor
de bidirectionele AC-netaansluiting. Vervolgens wordt een 4-fase interlea-
ved flyback converter gebruikt voor het geisoleerd opladen van EV’s. Ten
slotte worden twee interleaved four-switch buck-boost (FSBB) omvormers
gebruikt voor zowel de PV- als de BES-poorten. Alle DC-DC converters
maken gebruik van quasi-resonante grensgeleidingsmodus ("quasi-resonant
boundary conduction mode" QR-BCM), gecombineerd met siliciumcar-
bide halfgeleiders om rendementen tot boven 99% te bereiken. Er wordt
een nieuwe regelmethode voor de FSBB-omvormer voorgesteld om een
multimodale QR-BCM-werking mogelijk te maken. Uit een experimen-
tele vergelijking met drie andere soft-switching modulatie methodes blijkt
dat de voorgestelde modulatie en regeling de hoogste efficiéntie bereiken
(tot 99,5%) met weinig tot geen compromissen in vermogensdichtheid en
regelcomplexiteit.

SLIMME LAADREGELING
Vervolgens wordt een slimme laadstructuur op twee niveaus voorgesteld
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om de flexibiliteit te benutten die wordt verkregen door de multidirectionele
vermogenselektronica. Het eerste niveau is een non-linear programming
model (NLP) dat het laadvermogen van de EV en de BES optimaliseert in
een moving horizon context, om de operationele kosten te minimaliseren,
met inbegrip van deelname aan de markt voor primaire frequentieregeling
en inzicht in de degradatie van de batterijen. Om de batterijdegradatie
te minimaliseren is een literatuuronderzoek gedaan naar lithium-ion ver-
ouderingsmechanismen en hoe deze gemodelleerd kunnen worden. Op
basis van dit onderzoek is het meest geschikte degradatiemodel gekozen
en geintegreerd in het NLP-model. Het tweede niveau van de voorgestelde
slimme laadstructuur herberekent de setpoints van het laadvermogen op
basis van afwijkingen in de netfrequentie en PV-voorspellingsfouten.
Zowel de theoretische als de experimentele resultaten tonen aan dat de
voorgestelde regelmethode effectief is in het verminderen van de levens-
duurkosten van het systeem. In combinatie met een optimale dimensio-
nering van de componenten kunnen de totale levensduurkosten van het
systeem tot 460% worden verminderd in vergelijking met conventionele
niet-optimale laadmethoden.
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INTRODUCTION

1.1 BACKGROUND & MOTIVATION

To reduce emissions from sectors such as the built environment and trans-
portation, it is critical that they are electrified and powered by renewable en-
ergy sources (RES). However, this electrification and decentralization, poses
significant challenges on the existing infrastructure as it is not equipped
for this increased electrical demand and generation. This is visualized in
the congestion heat map of the Netherlands shown in Fig. 1(a)-(b). The
heat maps are directed to electricity producers or consumers, from here on
abbreviated as prosumers, requiring a grid connection larger 3x80A. The
figures show that already the majority of the large-scale Dutch prosumers
are already facing congestion issues on a regular basis. Even worse, for a
significant part of the country it is already prohibited to install new con-
nections of above 3x80A for feeding in energy, such as large-scale solar-PV
installations.

FIGURE 1: Heat maps of congestion in the dutch electricity network, (a): demand
and (b): generation. Yellow indicates that there is thread of scarcity of
transport, orange is a pre-announcement of structural congestion, and
red indicates that congestion is a structural problem in the grid [1].
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To put this in perspective, in 2021 only 12.28% of the national energy
consumption in the Netherlands was powered by RES [2]*. Additionally, in
sectors such as transport, the majority (91% in 2021) is still directly powered
by burning fossil fuels and, therefore, first need to be electrified* before they
can become sustainable. Fortunately, the share of electric vehicles in new
car sales has drastically increased over the last five years, from 1.1% in 2016
to 21.6% in 2021, and this number is expected to increase in the future [3].
However, the electrification of transport will result in a drastic increase of
electrical power and energy. In 2021 the energy used for transportation was
approximately equal to all electrical energy [2]. A complete electrification
of transport would therefore significantly increase the total electrical energy
demand. In the future this will further increase as the number of electrical
loads increases, e.g. electrical heating & cooling.

To sum up, the electrical energy demand is expected to significantly in-
crease in the near future. However, the current electricity grid in the Nether-
lands is already regularly facing issues regarding congestions. Densely
populated areas, like the west of the Netherlands, are mostly congested in
terms of demand, hereby holding back the electrification of major loads
such as transportation. Similarly, the less densely populated areas face
problems with feeding in power, which is holding back the generation of
sustainable energy. Therefore, to meet the agreements made in the Paris
Accords, and further increase the penetration of RES, as well as the electrifi-
cation of the energy demand, decentralized and local solutions are required.
As will be discussed in the next section.

1.1.1  Quercoming the challenges of a decentralized energy system

One solution of the above-mentioned problems is reinforcing the electrical
infrastructure. However, this is only a temporary solution which does not
directly increase the penetration rate of RES. Additionally, the high amount
of manual labor required makes this an ineffective solution both in terms of
cost and time [4]. Reinforcing the grid is therefore only considered a partial
and long term solution.

So, if grid reinforcement and large scale generation do not solve the prob-
lem, it needs to be solved locally. This means local renewable generation for
local demand, hereby reducing the stress on the electricity grid, reducing
transportation losses, and reducing emissions. For small-scale local gen-

1 The actual number is even slightly lower if biomass fuels are not considered.
2 or powered from truly sustainable fuel
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eration, solar PV is the best suited option as it can be easily installed on
rooftops and its levelized cost of energy is lower than the price of ‘gray’
grid electricity [5].

However, PV has an intermittent character and is often not fully simul-
taneous with its demand. Therefore, energy storage is required to prevent
excessively feeding in energy, and power loads when PV power is not
available. Unlike solar PV, and despite decreasing prices, battery energy
storage (BES) is still not very cost effective when used in combination with
small-scale PV generation [5], due to multiple reasons:

¢ The lifetime of BES systems are in the range of 5-15 years, significantly
shorter than PV system which have a lifetime of >25 years [6]. A
reduced lifetime results in a lower return of investment.

¢ Additionally, the diurnal and seasonal variations of PV result in a
poor utilization of the BES capacity. In summer, production often
significantly exceeds demand. Whereas in winter, generation is low
and demand is high. As a result, the battery is often fully depleted in
winter, and almost always fully charged in summer [7].

e Finally, as long as feeding in energy is remunerated, through schemes
like annual net metering, small scale BES systems do not have a strong
business case when combined with local PV generation. Feed-in tariff,
however, this will be phased-out in the future to discourage prosumers
feeding in energy [8].

One possible solution to incentivize installation of prosumer BES systems,
is to start using them for previously untapped business cases such as
peak-shaving, the day-ahead market, or the frequency containment reserve
(FCR) market. This could potentially reduce the return on investment
period, and help in increasing RES integration. Currently, these markets are
only available for large MW-scale systems, but the increasing amount of
prosumers in the decentralized energy systems allows to aggregate their
flexibility by energy management systems or by third party aggregators.
However, these business cases require a high level of controllability, which
is currently missing in conventional prosumer PV-BES systems.

Another option for increasing RES penetration could be to use EVs as
energy storage. As the EV fleet increases, their charging demand is ex-
pected to cause congestion during peak hours. Charging EVs from local
PV power could serve multiple purposes by alleviating the grid stress
of both EV charging and PV power feed-in, while powering EVs with a
truly sustainable source of energy. Additionally, using bidirectional EV
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charging systems, the large energy capacity of EVs can be used for renew-
able energy storage. This is called vehicle-to-grid (V2g), or vehicle-to-x
(V2x). The obvious advantage of V2x is that it does not require additional
stationary BES systems. However, EVs are not always on site of the PV
system. Furthermore, the additional battery wear due to V2x is a potential
limiting factor. Nonetheless, V2x has attracted great societal and technical
attention [9], with an increasing amount of Vax-ready charges and vehicles
being developed.

It is concluded that, despite the individual challenges of local PV gen-
eration, PV energy storage, and EV charging, the combination of EV, PV,
and BES shows great potential and synergy. However, this potential and
synergy needs to be untapped by proper integration and control.

1.1.2  Smart Direct Current Integration of EV, PV, and BES

The most conventional solution is to integrate EV, PV and BES is to use
multiple DC-AC converters, such as solar inverters and alternating current
(AC) EV chargers, such as shown in Fig. 2(a). However, all these compo-
nents are all fundamentally based on direct current (DC). Therefore an
AC integrated solution requires several DC-AC conversion steps, which
reduces the efficiency and power density and increases the cost. This can
be improved using a DC-integrated solution, as shown in Fig. 2(b).

(a) (b)

W - W T

FIGURE 2: (a): AC integration, (b) DC integration of EV, PV and BES

However, only integrating EV, PV, and BES does not solve the high grid
load, intermittent supply of renewable power, limited energy storage life-
time, and increased ageing due to V2x. To solve these problems the solution
requires a high level of intelligence, such as knowledge of: future demand
and supply, energy prices, and the effects of battery ageing. Additionally,
it requires the controllability to act on this knowledge. Only when all of
these things are combined the appropriate actions can be determined. In the
context of EV charging, such a high level of controllability is often referred
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to as smart charging.

This thesis investigates how to intelligently integrate local PV power,
bidirectional EV charging, and BES, to mitigate their individual challenges
by optimizing the synergy between the components.

1.2 RESEARCH OBJECTIVE

To mitigate the challenges of a decentralized energy system with an in-
creasing electrical demand, the main research objective of this thesis can be
formulated as follows:

To enable intelligent operation of photovoltaic panels, bidirectional electric vehicle
charging, and battery energy storage using a DC-integrated multi-port power
converter.

The main research questions to achieve the research objective are:

To be able to enable the intelligent operation of PV energy, EV charging,
and BES, the power electronic hardware needs to be developed with a good
trade-off between efficiency, power density and costs. Since the PV and BES
do not require galvanic isolation, the development costs could therefore
be reduced if it possible to design one DC-DC converter suitable for both
applications. In this regard, the first research question is stated as follows:

RQ1: How to design a highly-efficient and compact 10kW converter suitable for
both PV and BES applications?

After the design of the non-isolated DC-DC converter, the design of the
EV charger and DC-AC converter needs to be explored together with their
integration into one multi-port converter. This is investigated in research
question 2.

RQz2: How to design a DC-integrated multi-port converter for a 10kW EV, PV,
BES, and AC grid-integrated smart charging system?
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The second part of the thesis focuses on the intelligent control of the
multi-port converter. As mentioned above, the multi-directional nature of
the power converters requires a smart charging control scheme in order to
utilize its high degree of freedom. Furthermore, truly intelligent control
needs to be able to assess the trade-offs in its system. One of these trade-offs
is the amount of battery power used versus its effect on battery lifetime. To
understand this trade-off, a battery degradation is required. Therefore the
third research question is stated as:

RQs3: How to model Li-ion battery degradation and how to mitigate it?

Once the processes in battery degradation are known, and a suitable bat-
tery degradation model is chosen, this knowledge can be used to determine
how to optimize the control and dimensions of the system, and hereby
achieve intelligent operation. This is investigated in the fourth research
question.

RQg4: How to optimally size and control the integrated EV, PV, BES smart charging
system to reduce the cost of energy and provide ancillary services?

Finally, the power electronic hardware and the smart charging control
need to be integrated in order to quantify the benefits of the proposed smart
charging system and verify its operation experimentally. This is the topic of
the final research question.

RQs5: What are the benefits of the proposed smart charging system compared to a
conventional AC-integrated charging system?

The outline of the thesis is discussed on the next pages.
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1.3 THESIS OUTLINE

The five research questions above are each answered in a corresponding
chapter. These chapters are divided into three parts, as shown in Figure 3.
The first part focuses on the power electronic hardware. The second part
focuses on the control system in place to optimally utilize the flexibility
in the system. This includes a study on Li-ion battery degradation, to
accurately assess the operational expenditure of energy storage. Finally,
Part I and Part II are combined in Part III which includes the integration of
the hardware and control and its experimental validation.

Introduction

Research Motivation
& Objective
I

Chapter 1: }

v

Part I: Power Electronics Part II: Smart Charging
Chapter 2: Chapter 4:
FSBB Converter Modelling Battery
Design Degradation
¥ v
Chapter 3: Chapter 5:
Multi-port Converter Optimal
Design Sizing & Control
L I
Part III: Integration
Chapter 6:
Integration
Chapter 7:
Conclusion

FIGURE 3: Outline of the thesis.

Part. POWER ELECTRONICS

¢ Chapter 2: Four-Switch Buck-Boost Converter Design (RQ1)
The goal of Chapter 2 is to design a non-isolated buck-boost converter
applicable for both PV maximum power point tracking and battery
charging. The buck-boost capability ensures that the converter is
suitable for both single-phase and three-phase applications and a
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wide range of PV and BES voltages. The focus of this chapter is on
the derivation of a highly efficient quasi-resonant modulation scheme
and its implementation. The modulation consists of three distinct
operating modes, which ensure a high efficiency for any voltage.
Additionally, a mode transition technique is presented that allows the
converter to smoothly transition between the operating modes with
different switching frequencies, without a loss of output power or
large output ripple. Finally, an experimental comparison with three
other-soft-switching modulation schemes for the same converter is
performed.

Chapter 3: Multi-port Converter Development (RQz2)

This chapter discusses the selection of multi-port converter topology
based on a review of related studies. Afterwards it summarizes the
design of the corresponding converter. Finally, the design of the closed
loop control and protective measures are discussed.

Part II: SMART CHARGING
¢ Chapter 4: Modelling Battery Ageing (RQ3)

This chapter begins with an description of the main ageing mecha-
nisms in Li-ion batteries. Next, a detailed review of empirical and
semi-empirical battery ageing models is discussed, with a focus on
operational stress factors and their interdependence, modelling tech-
niques, limitations, and challenges. This allows the models to be used
accurately at the relevant operating conditions.

Chapter 5: Optimal System Sizing and Control (RQ4)

Chapter 5 discusses the developed hierarchical smart charging algo-
rithm. The three level algorithm consists of an optimal scheduling
algorithm that optimizes the power flows inside multi-port converter
in a moving horizon window, a real-time controller that deals with
forecasting errors, and the embedded control loops that ensure closed
loop control and protection. This chapter focuses on the top two levels,
as the embedded control is part of the power electronics section and is
discussed in Chapter 1. The goal of the optimal scheduling algorithm
is to minimize the cost of energy. This includes multiple business
case, such as energy trading, FCR market participation, and battery
degradation minimisation including second-life value. Additionally,
it is also used to optimally size the components in the system.
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Part I: INTEGRATION & EXPERIMENTAL VALIDATION

¢ Chapter 6: Integration & Experimental Validation (RQ5)
Chapter 6 aims to bridge the gap between smart charging algorithms
and power electronic converters. This chapter discusses the implemen-
tation of the algorithm onto the multi-port converter. The experimental
results show the operation and necessity of all three control levels.
Finally, a comparison is made with between fixed-rate charging and
direct-PV charging.

¢ Chapter 7: Conclusion
In the final chapter the key outcomes obtained from this thesis are
discussed, and used to answer the main research questions of this
thesis. Additionally, recommendations for future work are included.

1.4 SCIENTIFIC CONTRIBUTIONS

The key contributions of this work can be summarized as follows:

1. A novel soft-switching modulation scheme for the four-switch buck-
boost converter: Most studies regarding soft-switching modulation
schemes for the four-switch buck-boost converter (FSBBC) focus on
constant frequency modulation schemes that allow for full zero-
voltage-switching of the power switches. However, our work has
indicated the short comings of constant frequency operation for wide-
voltage range applications and proposed a novel variable-frequency
multi-mode modulation scheme based on quasi-resonant boundary
conduction mode. This includes a new mode transition technique that
facilitates the multi-mode operation and hereby allows to simplify
the switching pattern compared to constant frequency modulation
schemes, without an imperative requirement of high-frequency cur-
rent measurement.

2. An extensive comparison of four-switch buck-boost modulation
strategies: The proposed FSBBC modulation is compared to three
other soft-switching modulation schemes, including triangular cur-
rent mode (TCM), bipolar quasi-resonant boundary conduction mode
(B-QR-BCM), and constant-frequency quadrilateral current mode (CF-
QCM). The proposed modulation strategy achieves the highest effi-
ciency, and reduces the losses up to 60% compared to B-QR-BCM
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and CF-QCM, with little to no compromise in terms of complexity
and power density. Additionally, the obtained efficiency matches the
highest reported efficiency of the FSBBC in the literature, despite a
significantly higher power per phase and voltage range.

. A comprehensive review of battery degradation models: Li-ion

battery ageing, and empirical ageing models, are intensively studied
in the literature. Several studies have proposed review papers on
the ageing mechanisms of Li-ion batteries and the different types
of ageing models used. However, for the first time, empirical and
semi-empirical models are thoroughly reviewed and the correlations
between different studies are investigated to highlight the limitations
of the models, and focus on the reasons for the observed trends and
insights. Due to the simplicity and widespread use of EMs, these
limitations can potentially result in significant modelling errors.

. Integration of a novel smart charging control structure on the multi-

port converter For the first time in the literature, an actual industry
compatible charging system is equipped with a smart charging control
algorithm that optimizes its power flows and component ratings
based on a unique combination of business cases such as, PV power
forecasts, time-varying electricity prices, FCR market participation,
and battery degradation. Our results show that the proposed system
can significantly reduce the systems’ return on investment period
and improve lifetime revenue for the prosumer, while supporting the
decentralized electricity grid.

. The integration of EV, PV, and BES using a 10kW DC-integrated,

modular, multi-port converter: The developed multi-port converter
improves upon existing work by developing a modular, DC-integrated,
four-port converter that integrates EV, PV, BES and DC-AC converter.
In contrast to most studies in the literature the developed converter is
compliant with industrial standards regarding EV charging and grid
integration.

Publications
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FOUR-SWITCH BUCK-BOOST CONVERTER DESIGN

This chapter discusses the derivation of a new modulation and its control imple-
mentation for the four-switch buck-boost converter, used for both the PV maximum
power point tracking and BES charging. First, an analysis of a variable-frequency
modulation is used to analyze and derive all degrees of freedom in the design.
Conventional QR-BCM buck and boost operation proves the most efficient, but
includes a power control discontinuity for voltage gains close to unity. To overcome
this a new three-mode QR-BCM operation is derived. Additionally, a new mode
transition technique for interleaved, multi-mode, variable frequency operation of the
FSBBC is presented. The presented mode transition techniques enables the closed-
loop operation of three-mode modulation, and hereby enables optimal efficiencies in
all three modes.

This chapter is based on:

J2 W. Vermeer, M. Wolleswinkel, J. Schijfellen, G.R. Chandra Mouli, P.
Bauer, Three-Mode Variable-Frequency Modulation for the Four-Switch
Buck-Boost Converter: a QR-BCM vs. TCM Case Study and Control Im-
plementation, 2022, (under review for) IEEE Transactions on Industrial
Electronics
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2.1 INTRODUCTION

This chapter focuses on the design of the converter used for both the PV
and BES ports. Because of the similarity in specifications, the same 10kW
interleaved FSBBC can be used for both non-isolated ports. The FSBBC is a
common topology for applications with overlapping in- and output voltages
because of its bidirectional buck and boost capabilities and relatively low
component stress. Fig. 4 shows the FSBBC topology with switches S1_4,
and their parasitic drain-sources capacitances Cjg1_4.

FIGURE 4: The cascaded buck-boost converter, with current transformers (CTy)
for measurement and protection.

2.1.1 Related Work

In most parts of its operating region, the FSBBC can be controlled similarly
to a conventional half-bridge buck or boost converter. However, a third
mode is often required for voltage gains close to one [10] due to practical
duty cycle limitations. The transitions between these modes cause disconti-
nuities in power control, and achieving smooth mode transitions during
operation is still an ongoing topic in research. Table 12 summarizes the
related studies regarding different modulation strategies for the FSBBC. The
comparison criteria are whether they can switch softly, either zero-voltage
switching (ZVS), or zero-current switching (ZCS) the number of control
variables (N), include interleaving (Interl.), the control scheme used (Con-
trol), maximum power (Power), and peak efficiency (i7,¢). The first part
regarding continuous conduction mode is mostly focused on achieving
smooth mode transitions. For example, the authors of [10] present a tech-
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nique to compensate for the transition region discontinuity and boost region
non-linearity. In [11], the authors present a digital adaptive on-time con-
troller for smooth mode transitions and fast reference tracking performance.
Multiple 3- and 4-mode modulation schemes are derived in [12], which are
compared based on inductor current ripple. However, these hard-switching
strategies are limited in their power density and efficiency and have only
been validated on low-power single-phase prototypes and, therefore not
necessarily applicable to higher powers.

Study Modulation ZNSs Negrp Interl. Control Power pk
[10] CCM X 1 X PI 2W X
[12] CCM X 1 X PI 60W 99%
[13] CCM X 1 X PI <50W X
[11] CCM X 1 X PI 700W 98.5%
[14] CCM X 1 X PID 25W 96%
[15] CCM X 1 X PID & FF <3W 97%
[16] VE-CCM X 2 X PI 100W 99.3%
[17] CCM+DCM X 2 X MPC 25W 93.5%
[18] CCM X 2 X PI 300W 98%
[19] CCM X 2 X type-III & FF 3W 95%
[20] CF-CCM v’ 3 x PI 220W 95%
[21] CF-QCM v’ 3 X x 3kW 99.4%
[22] CF-QCM N 3 N LUT 12kW 98.3%
[23] CF-QCM v’ 3 x LUT 300W 98%
[24] CF-QCM v’ 3 x X 200W 97.8%
[25] CF-QCM v’ 3 X PI 300W 98.5%
[26] CF-QCM v’ 2 X LUT 200W 98.8%
[27] VF-QCM v’ 3 x x kW 99.6%
[28] QCM+QR-BCM v’ X X 3kW 98.1%
[29] CF-QCM N 3 X type-I 500W 98.7%
[30] CF-QCM v’ 3 X LUT 280W 98.1%
[31] TCM+B-QR-BCM v’ 1 X x 1kW 99.5%
[32] QR-BCM v’ 1 x X 500W 97%
Prop. QR-BCM v’ 1 v’ type-IIl & FF 10kW 99.6%

TABLE 1: Related studies regarding modulation strategies for the FSBBC.
Acronyms: Look-up table (LUT), Feed Forward (FF), Proportional (P),
Integrator (I), derivator (D), Variable (V)/Constant (C) frequency (F),
Model Predictive Control (MPC)
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OR-BCM: TCM: B- QR -BCM:

—
ix(t) i,(1) i(t) iy (1)

FIGURE 5: Gate signals and inductor current for QR-BCM, TCM, bipolar QR-
BCM (B-QR-BCM) and QCM [28]. The grey area under the current
waveform represents the amount of power transferred. For simplicity,
all switching instances are depicted as ideal. However, all strategies
employ quasi-resonant switching to achieve ZVS or ZCS.

At higher powers, soft-switching strategies provide much better per-
formance. For the FSBBC, these studies can be divided into two parts,
constant-frequency (CF)quadrilateral current modulation (QCM) and trian-
gular current modulation (TCM) (or similarly boundary conduction mode
(BCM), or quasi-resonant BCM (QR-BCM)). The basic implementation of
these modulations is shown in Fig. 5. QR-BCM and TCM are widely ap-
plied with buck or boost converters, in literature and industry, due to
their high efficiency and relative simplicity. However, when applied to
the FSBBC, the multi-mode operation poses additional control challenges
due to discontinuities in the switching frequency. In [31], the authors use
unipolar TCM in the buck and boost regions and bipolar TCM (B-TCM)in
the buck-boost region. Despite high peak efficiencies in buck and boost
mode, the high frequency and increased inductor root-mean-square (RMS)
current in buck-boost mode forms a thermal bottleneck in the overall design.
Additionally, the authors do not present a way to overcome the switching
frequency discontinuity. It is likely that because of this discontinuity, no
study has yet shown closed-loop operation for (QR-)BCM or TCM, includ-
ing voltage variations near unity voltage gain, using the FSBBC, as shown
in Table 12. On the contrary, the QCM modulation strategies operate at a
constant frequency and do not require any mode transitions. Furthermore,
the high degree of freedom (the duty cycle of each half-bridge Dgi, Dg3
and the phase-shift 8 between them) can be used to minimize inductor
RMS current [23], freewheeling current [24], or overall total losses [30].
However, the resulting switching patterns are very complex and can have
up to three independent control variables (Dgy, Ds3, and 6), as shown under
Nty in Table 12. As a result, regular controllers alone are insufficient and
complex 3D look-up tables (LUT) are required. Also, sufficient care has to
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be taken when designing these look-up tables to prevent discontinuities
and instabilities [22]. Additionally, for applications with wide voltage- and
power ranges the look-up tables become very large, and require external
RAM/storage [25]. This complicates digital hardware design, and the data
latency limits possible controller bandwidth. In [25] the authors have over-
come this by simplifying the switching pattern. Similarly, in [29] the authors
simplified the QCM switching pattern by defining a continuous and dis-
continuous QCM operating mode, with corresponding mode transitions, in
order to negate the necessity of a look-up table. Finally, it is concluded in [23,
29, 30] that the RMS current under QCM can be minimized by reducing
the circulating current period (T in Figure 5) and by shortening the initial
rising flank. In [28] Ty is even set to zero to minimize peak current. The
downside of the resulting variable frequency QR-BCM modulation is that
it requires multiple operating modes and corresponding mode transitions,
which were not proposed in [28].

To conclude, significant efforts have gone into optimizing and simpli-
fying the QCM modulation strategies. However, the constant frequency
operation is an inherent limitation of efficiency. On the other hand, vari-
able frequency modulation strategies show very high potential efficiencies
but have multiple operating modes and research into mode transitions for
variable frequency modulation strategies is lacking (in contrast to CCM
schemes).

2.1.2 Contribution

Based on the literature review presented above, the main contributions of
this chapter are summarized as follows:

¢ The first design of a 10kW interleaved FSBBC converter operating in
closed-loop quasi-resonant BCM, including smooth mode transitions
for multi-mode variable-frequency operation.

* A new control scheme is proposed that allows to simplify the switch-
ing pattern compared to QCM strategies and does not require any
look-up tables. Furthermore, it does not have an imperative require-
ment for high-frequency current measurement.

* Our calculations show that adopting QR-BCM with zero-current
switching allows simplifying the converter design and control, with-
out a decrease in efficiency, compared to zero-voltage switching trian-
gular current mode (TCM).
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2.2 MODULATION STRATEGY

The converter specifications are shown in Table 2. To improve power density
and efficiency, a 2-phase interleaved converter will be developed. However,
all analysis in this section is generic for single- and multi-phase converters.
Hence, a 5kW single-phase converter is used for the derivation.

%] Vs P Nppase  min-max fs

300-900V  300-900V  10kW 2 20-400kHz

TaBLE 2: FSBBC specifications

2.2.1  Deriving the proposed modulation

In this section, the proposed modulation strategy is derived. To do this the
following assumptions are made:

¢ Switching instances are ideal, i.e. instant and lossless.
¢ The inductance, and in- and output voltages are constant.

¢ Power transfers from side 1 to side 2, i.e. I;; > 0.

The four switches of FSBBC allow for a wide variety of possible modulation
strategies. To narrow down the options of potential modulation strategies,
the following criteria are set:

* Based on [23, 29, 30], S; and S4 should not be conducting simultane-
ously to reduce the RMS current values.

¢ Additionally, all turn-on instances of all switches should be ’soft’,
either zero-voltage or zero-current.

* The converter should be able to operate in the specified voltage and
power range in Table 2.

A generic representation of the only modulation strategy that fulfils all
these requirements is shown in Fig. 6. However, this strategy still has several
degrees of freedom that need to be optimized, as will be discussed in the
remainder of this section.

First, the volt-second balance is calculated to get the voltage transfer
ratio. It turns out that the voltage transfer ratio Vg, is independent of the
phase-shift between the half-bridges J, and for I; > 0 equals:

Vs Dy
V L = — = ,
gain Vi 1-D,

With, 0 S D4 S Dl -0 (1)
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i, (t)

N v
t, t, t tot
FIGURE 6: Gate signals and inductor current waveforms of the investigated

variable-frequency modulation scheme.

Eq. (1) shows that multiple solutions exist for the same voltage gain %

Additionally, Vg, is independent from ¢ and Iy and these are therefore
additional degrees of freedom. The resulting D; — Dy solution space for
a fixed output voltage of 600V is shown in Fig. 7(a). Next, the values of
the four currents Iy — I3, as shown in Fig. 6, can be calculated according to
Eq.(2)-(5), with inductor voltage V, current flank period D,, and frequency
1

-
= TN @)

L=IL+ @ (3)

Lo (nmh) £D1 ~ )T, W

L=1+ M (5)

For achieving ZVS or ZCS turn-on of S; and Sy at t; it is required that
I; < 0. As a result, any increase in J requires a further decrease of I to
still achieve quasi-resonant operation. Since Iy should be minimized to
minimize iX™, and § does not affect voltage gain, it is set to zero.

This leaves Dy, D4 and Ij as free variables in the design. Now, based on
Eq. (2)-(5), and using the general RMS of a waveform i(t) and rewriting it
to a piecewise linear form, with segment lengths Dy and current values Ii

according to Eq.(6), I} can be calculated according to Eq. (7).
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Irms = T (6)

1 4

= % le Dy (I3 + Inly—1 + 15,1) (7)
n=

Next, to calculate fs = 1/Ts, Eq.(9) is derived by solving Eq.(8) for Ts, using

current segments Iy — Iy written as functions of time. Eq.(8), describes the

input power based on inductor current [22].

Vlz(/DJs‘ Bt +

2LP

T:
* " Vi(Vi(D3 43X + 2Dy Dy — 2D?) — Va(D} +3Y + D3)) ©)

Irms

DT,
(Il + iz(t))dt) (8)

DyT;

with,
X=DD}—-D?Dy & Y =DiDy—DiD} (10)

To choose the values of Dy, D4 Eq.’s (7) and (9) are plotted in Fig. 7(a)-(c)
for P = 5kW and L = 100uH, with I set to zero. Note that the value of I
can be considered as a near constant offset to the contour plot of i}, hence
D1, Dy can be determined independently of Iy. Fig. 7(c) shows that for most
voltage gains, f; can be minimized by choosing the maximum allowable
value for D;.

b) zR’US

(c) fo [Hz]

%10
40 1 12

E BN
20 : ]Q
.

0.4
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FIGURE 7: Solution spaces of: (a) Eq (1), (b) Eq. (7), and (c) Eq.(9). The solution is
displayed for V, = 600V, P; = 5kW single phase converter (or 10kW
2-phase) with an 100pH inductor.The minimum RMS value is indicated
by the red line in (b).
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However, the minimum value of I} for any voltage gain is obtained by
slightly increasing Dy from its minimum value. A trade-off therefore exists
between minimizing conduction losses at the cost of increasing switching
frequency’, and corresponding frequency-dependent losses, such as core-
and switching-losses. Therefore, Fig. 8 shows the variation of losses over
the solution space, as calculated according to Appendix B. From Fig. 8 it
is concluded that the effect of increasing fs, by increasing Dy, has a much
more drastic effect on the losses than the slight decrease in RMS currents.
Therefore, the total losses can be minimized by minimizing D4, which
coincides with triangular BCM or TCM.

) Conduction b) Core [W
1 [“ 1 ( ) m ] 120
150 100
08 08 80
- 100 60
S 0.6 S 0.6 10
50 2
0.4 0.4
400 600 800
I/l V Vi [V]
) Switch [W d) Total [W
1 M] 3 1 ( ) m} 600
. 2 — 0.8 400
: 1 06 200
X 0 0.4
400 600 800
I/l V Vi [V]

FIGURE 8: Surface plot of (a): Conduction loss, (b): Core loss, (c): Switching loss,
and (d): Total loss at 5kW. The red line indicates the minima.

Finally, the last remaining degree of freedom in the modulation is the
choice of Iy. Obviously, Iy should be minimized to reduce RMS currents.
However, for the conditions® specified in Eq.(11) A negative value of Iy =
v is required to achieve full ZVS [33].

1
1< Vguin <2 & Vguin < 2 (11)

1 Using 71um litz-wire, combined with a maximum switching frequency of 400kHz, the skin-
effect can be neglected in this analysis.

2 These conditions apply in case of triangular QR-BCM or TCM. Different conditions apply to
the trapezoidal current shape of Fig.7, as seen in Fig. 8(c)
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To analyze the effect of Iy on efficiency, the total losses for both BCM and
TCM are shown in Fig. 9. Here, the minimum required value of I,,s in boost
mode can be calculated according to Eq.(12) [33].

CVa(2V) — Vs
Izvs - % (12)

Here C,; is the combined capacitance of one half-bridge (C, = 2Cy;). At an
output voltage of 600V and an input voltage range of 300-9o0V, I,;s ranges
from o-1.7A. Based on Fig. 9, it is concluded that the increased conduction
and core losses of TCM outweigh the capacitive switching losses under
QR-BCM (ZCS). Naturally, the switching losses will increase when the
switching frequency increases under partial load. However, the effect of
Ivs with TCM relatively also increases under partial load. In terms of
complexity, QR-BCM is significantly easier to control and more robust as it
does not require any high-frequency current measurements or additional
circuitry to ensure full ZVS under any given operating condition. Therefore
QR-BCM is the preferred modulation strategy.

o —— QR-BCM — TCM ——QR-BCM — TCM
= 40 10
” =
£ 30 E
o @
.2 2 5
*g 20 %
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FIGURE 9: Comparison of losses under triangular QR-BCM and TCM modulation,
for V; = 600V and 300 < V7 < 600, so that 1 < Vg, < 2. Outside this
region QR-BCM and TCM are equal, i.e. I;ys = 0. 35m(2 switches are
assumed.
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To conclude this section, losses can be minimized by choosing the mini-
mum value of Dy for any voltage gain, resulting in conventional buck- and
boost-operation with either S; or S3 always on. Next, QR-BCM is preferred
over TCM in terms of efficiency and complexity. However, both QR-BCM
and TCM introduce a problem for voltage gains close to one as the switch-
ing frequency will approach zero, as shown in Fig. 7(c) and 10. The next
section discusses how this discontinuity is overcome with the proposed
modulation scheme.

©10° —Proposed --std. BCM

Buck Buck-boost,

2kW

-

1 (2]

2

FIGURE 10: witching frequency when operating in QR-BCM, proposed vs standard
(no transition).

Vaain [

2.2.2  Proposed buck-boost modulation

Since fs is inversely proportional to the output power, a power control
discontinuity for Vg, = 1 exists for QR-BCM operation. Additionally, the
operation of the converter is constrained by minimum and maximum on-
time limitations of the microcontroller, and audible switching frequencies
are preferably avoided. To overcome this issue, a buck-boost transition
region is introduced where D is slightly decreased, and D is increased
accordingly. After including 3% hysteresis, the linear curve drawn between
the two outer limitations of the duty cycle (D™ = 0.98 and D}'" = 0.03)
is used to determine the desired Dy in the transition region, while staying
close to the theoretical optimal operation. The resulting duty cycles and
switching frequency are shown in Fig. 11 and 10, respectively. The increase
in D4 changes the current shape in buck-boost mode to a trapezoidal current,
as shown in Fig. 10. Due to the hysteresis and duty cycle constraints, it
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is impossible to have a continuous gradient of switching frequency over
the entire voltage range. Even though the change in D, is minimal, the
resulting jump in frequency is still very significant. For example, an increase
in fs of 80% is required when transitioning from boost to buck-boost at
full power, as shown in Fig. 10. Therefore, additional measures must be
taken to prevent overcurrents or large output power swings. The next
section discusses the implementation of the proposed control scheme and
the techniques used to achieve these smooth mode transitions.

Vgain [-]

F1Gcure 11: Course of duty cycles Dy and Dy (surface), near the transition region,
including hysteresis.

2.3 IMPLEMENTATION & CONTROL

The switching frequency discontinuity, shown in Fig. 10 causes a discontinu-
ity in power control and, additionally, it can trip the over-current protection.
This section discusses the measures implemented to provide smooth and
fast mode transitions. To do this, first, the general implementation of the
digital control for 2-phase interleaved QR-BCM is discussed, after which
the mode transitions are explained.

2.3.1 Digital Control for Interleaved QR-BCM

The proposed 10kW FSBBC operates in three distinct modes and utilizes
two interleaved phases to increase the efficiency and power density, by
power sharing and ripple cancellation, respectively. Buck operation will
be discussed as an example. However, the operation is similar in all three
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modes. The fundamental waveforms for the converter in buck mode are
shown in Fig. 12.
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F1GURE 12: Key waveforms for a 2-phase interleaved FSBBC in buck mode. The
always-on switches/timers are not shown.

Depending on the operating mode, a different switch operates as the
master switch, e.g. S1 of phase 1 in buck mode (and S, for boost mode).
The switch node voltage (ZV Dy in Fig. 4) of this master switch is measured
using the capacitive divider circuit shown in Fig. 13. By delaying the
measured flank of ZVDy, the edge of the external event EEV, can be
synced to half the L-Cy; resonance period (Ty.s) of each half-bridge. The
resulting rising- or falling-edge of the EEV, then triggers a reset of the
master switch pulse-width-modulation (PWM) timer (TIMA) and the master
timer (MTIM), starting a new cycle when the drain source voltage is at
its minimum. To ensure correct timing, a 470pF capacitance is placed in
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parallel to the FET. Additionally, the parasitic Cy4, flattens out above the
minimum voltage of 300V, and hence the total parallel capacitance can be
considered constant. Under full ZVS conditions body diode conduction will
ensure ZVS before %Tm has been reached.

The EEV is also used to update the master compare (MCMP) registers,
which holds the required phase shift of all three slave timers (half-bridges)
with respect to the master timers, e.g. the phase shift between TIMA and
TIMB in Fig. 12. Using the EEV, the phase shift is updated every PWM cycle,
independently from the control loop using an interrupt request (IRQ) 3. As a
result, the phases are always shifted by 120 degrees and perfect interleaving
is ensured. Depending on the operating mode, and corresponding active
master switch, either the falling- or rising-edge of the EEV is used.

Switch-node voltage measurement

ZVD.
+3V3

L A

E _|—I a [ "EEV

T 1 - ;

Overcurrent protection and synchronous rectification
3V3

nOCP,

=2

F1Gure 13: Control circuitry for drain-source voltage valley detection, syn-
chronous rectification, and overcurrent protection.

Next, the overcurrent protection and synchronous rectification (SR) cir-
cuits for each switch, are shown in Fig. 13. Here CT corresponds to the
secondary side of the current transformers placed on the drain or source of
each FET, as shown in Fig. 4. Since the converter operates in QR-BCM, the
control can be simplified by turning off the synchronous switch just before

3 An IRQ is a signal that temporarily stops the running program to execute a special program
or function; an interrupt handler
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the current drops to zero. This is done using the hysteresis comparator
shown in Fig. 13 with threshold V};, (and current threshold I;;) and results
in the SRy signal. The SR, signal, together with the PWM signal from
the microcontroller, the channel activation signal CH,tj,., and general OK
signal OK, are then used to determine the gate voltage Gy, as shown in Fig.
13. Finally, all PWM registers operate in pre-load mode and therefore are
only updated when the accompanied timers are reset at every EEV. This
allows the control loop to run at a fixed 25kHz rate, and decouple it from
the PWM frequency. In the next section, the feed-forward mode transitions
are described.

2.3.2  Feed-forward Mode Transitions

To operate continuously in the entire voltage region, mode transition mecha-
nisms have been implemented. To prevent overshoots, the mode transitions
of each phase need to be executed when the inductor current of that phase
equals zero. This is achieved using IRQ handlers triggered by the cor-
responding EEV of each phase whenever the voltage thresholds of the
operating mode are exceeded. Depending on the required operating mode,
every transition is slightly different. However, the general procedure con-
sisting of actions A1 to A6 is the same and is discussed in this section. The
corresponding EEV will trigger the mode transition interrupt of each phase.
An exemplary buck to buck-boost transition is shown in Fig. 14.

A1—>A3 A4 A5 A6

i (t)

. /L
| A4 7/

FIGURE 14: Buck to buck-boost mode transition. All actions A1-A6 are indicated.
During actions A1-A3 several periods might have past.

A1: The existing operating mode voltage threshold is exceeded and the
transition procedure is initiated.

A2: Next, the switching period and on-times of the first cycles in the
next operating mode are calculated. The on-time of the switches is
calculated according to Eq.(9) and Fig. 11. During boost operation
D; =1, and during buck operation D3 =1
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A3: The controller output, gain, and its internal variables are fed forward
based on the calculations of action A2. Actions A1-A3 might take
several switching periods depending on the switching frequency, as
indicated by the broken x-axis in Fig. 14. In this time, a control update
might be due. Therefore, a control update exception is activated to
prevent register updates based on outdated information.

Ag:

As:

After A1-A3, the IRQ handler is fully initialized, therefore any previ-
ous IRQ flags are cleared and the IRQ of the master phase is enabled.
This will start the IRQ handler at the next EEV.

At the next EEV, the IRQ handler is executed. Inside the IRQ handler
the following actions are taken:

1.

The IRQ handler is disabled, preventing future EEVs from trig-
gering an interrupt.

The corresponding PWM channel of the next master switch is
activated with "CH " in Fig. 13.

The pre-load registers of the PWM timers and phase-shift are
updated based on the calculated values (Ty,, Tpp, and Tpy,).

the PWM timers (TIM A-D), phase shift controller (MCMP),
the EEV, and the EEV sensitivity are reconfigured for the next
operating mode.

The corresponding timers are reset, which updates the PWM
timer registers based on the pre-load registers. Additionally, the
set/reset configuration of the timers is updated, corresponding
to the required operating mode.

The phase 2 IRQ is enabled. By nesting the IRQ handler, it is
ensured that the master phase IRQ is executed first.

A6: The EEV of the second phase initiates its IRQ handler, following a
similar procedure as the master phase (As).
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F1GURE 15: Top and bottom side of the 10kW interleaved cascaded buck-boost

converter. The converter is 48cm long and 13cm wide.

2.4 EXPERIMENTAL VERIFICATION

The proposed modulation and closed-loop control scheme of the interleaved
FSBBC are implemented on the 10kW prototype shown in Fig. 15. Fig.
16(a)-(c) show the three different operating modes, switching with full
ZVS (under the measured conditions, full ZVS can be achieved with QR-
BCM). Additionally, two example closed-loop mode-transitions at 10kW
are shown in Fig. 16(d)-(e). Finally, Fig. 16(f) shows how the control can
maintain a constant output current while traversing all three operating
modes under a 200V output voltage step. The results demonstrate how each
phase can transition smoothly and separately, with an instantaneous change
in switching frequency while preserving output power. By triggering the
transition using the EEV, large current spikes are prevented, and each
interleaved phase can transition at its own inductor current zero-crossing.
Additionally, the feed-forward mode transitions take care of the power
control discontinuity as they facilitate the discontinuous step in switching
frequency. Note that the current amplitude in buck-boost mode is lower for
the same output power due to the trapezoidal current shape.

Next, all efficiencies are measured with a Yokogawa WT500 power ana-
lyzer with 0.1% specified power accuracy. The achieved efficiency is shown
in Fig. 17. The buck-boost region shows the lowest efficiency due to the
higher switching frequency and RMS currents. These results confirm the
conclusion from section II.A that the highest efficiency can be achieved for
minimal on-time of S4 for a given voltage gain. The high overall efficiency
and peak efficiency (99.5% at full power, 99.6% at partial load) of the proto-
type match the highest peak efficiency in the literature for the FSBBC [27,
31], despite significantly larger power per phase and input voltage range, as
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FIGURE 16: (a)-(c):Inductor currents and drain-source voltages at 10kW, V, =
600V. (a): buck V; = 700V, (b): buck-boost V; = 550V, (c): boost V; =
300V. (d)-(f): Closed-loop mode transitions at 10kW V, = 600V. (d):
buck-boost to buck mode, (e): boost to buck-boost, (f): buck to buck-
boost.Here Vj; , denotes the drain-source voltage of switch x, and I ,
the inductor current of phase x, and V;, I denote side 2 voltage and
current, respectively.
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shown in Table 7. Additionally, these studies do not present a way to control
their converters in a closed loop. The following section will compare two
other closed-loop FSBBC modulation schemes, presented in [25] and [28].

Efficiency [%], Vo = 600V

900 99.5
800 99
\/ 995 ——— 995 ——— 995
00— 95— 995 g95 98.5
£ 600 8
=
500 -4 97.5
400 97
300 96.5
4 6 8 10 12 14 16
I [A]

FIGURE 17: Interpolated efficiency measurements of the proposed modulation
over its operating range.

Parameter proposed [27] [31]

Vi 300-900V  300-500V 400V

%) 300-900V  200-600V  100-500V
Maximum power  10kW 3kW 3kW

pk @ max P 99.5% 99.5% 99.5%

TABLE 3: Prototype specifications compared to existing studies.

proposed B-QR-BCM QCM
Inductance  100pH 275uH 35uH
Core 077614A7 0077615A7 0077614A7
Litz wire 1000X0.071 1000X0.071 1000X0.071
FET UF3C120040K4S  UF3C120040K4S  UF3C120040K4S

Capacitor WIMA MKP-4 WIMA MKP-4 WIMA MKP-4

TABLE 4: Components used for the converter design and comparison.

33



34

FOUR-SWITCH BUCK-BOOST CONVERTER DESIGN

2.4.1  FSBBC Modulation Comparison

To further examine the effectiveness of the proposed control, a comparison
based on efficiency and power density is done with three other modula-
tion schemes: QCM, B-QR-BCM and TCM. To begin, Fig.18 shows that
the difference in efficiency between the proposed QR-BCM and TCM is
negligible. At full power, QR-BCM performs slightly better, whereas at
partial power, TCM performs marginally better. However, in both cases,
the difference is negligible. This is a significant conclusion since most stud-
ies in the literature always strive for full ZVS switching, even though the
efficiency improvement compared to ZCS is negligible. And, importantly,
ZCS QR-BCM is significantly easier to implement since it does not require
high-frequency current measurement or any ZVS tracking circuitry. The
remainder of this section will be focused on the comparison with the QCM
modulation presented in [28], and B-QR-BCM.

¢ QR-BCM ¢ QCM e B-QR-BCM « TCM

Efficiency [%]

97 - '
300 400 500 600 700 800 900

Vi V]

Ficure 18: Efficiency comparison of QR-BCM, QCM, B-QR-BCM, and TCM.

The modulation proposed in [28] provides a simplified QCM approach
which allows to minimize the inductor RMS current while still having
only one control variable. Secondly, B-QR-BCM is implemented. The main
advantage of B-QR-BCM is that it only requires one operating mode for
any voltage gain. All modulation schemes in this comparison can operate
continuously over the entire voltage range and are controlled by a single
control variable and therefore do not require look-up tables of any sort. The
experimental waveforms under identical conditions are shown in Fig. 19(a)-
(c). The same single-phase prototype is used for all three schemes, apart
from the inductor, which is optimized for every scheme. The inductance
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FIGURE 19: (a): The proposed modulation (buck mode), (b): QCM modulation,
(C) B-QR-BCM modulation, all measured at 50% partial load with
7ooV input voltage and 600V output voltage. (d)-(f): Loss distribution
based on measured quantities for the proposed control (QR-BCM),
B-QR-BCM and QCM, respectively. (g)-(i): Passive component sizes
(in- and output capacitor and inductor), for all three modulations.
Here Vj; , denotes the drain-source voltage of switch x, and I x the
inductor current of phase x.

values and components used for each scheme are given in Table 4. For
B-QR-BCM higher permeability cores were used to achieve the higher
inductance value. The achieved efficiencies for full power and 50% partial
power are shown in Fig. 18, and the calculated losses are shown in Fig.
19(d)-(f). The calculations are done according to Appendix B. Additionally,
the potential power density for each modulation is estimated based on the
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passive component sizes, calculated according to Appendix C. The findings
of the comparison are summarised in Table 5.

2.4.1.1  Efficiency

Overall, the proposed modulation shows the highest efficiency for most
voltage gains. This is achieved due to the low RMS current combined with
significantly lower switching frequency (at maximum power), as shown
in Fig. 20(a)-(c). Only for voltage gains close to 1 the QCM modulation
performs slightly better. The reason for this is twofold. Firstly, the QCM
modulation appears to be operating at its best for voltage gains close to
one. For Vg,ﬂ-n =1, Ty = 0, and almost the entire period is used for power
transfer. Additionally, the buck-boost mode for QR-BCM operation is less
efficient due to the trapezoidal current shape, resulting in higher frequency
and RMS current than buck- or boost operation. The effect of T, on QCM
efficiency is visible from Fig. 20(a)-(d): for voltage gains diverging from one,
Ty increases which results in higher peak- and RMS currents, especially
at high voltages. Fig. 19(e) shows that the core losses are most affected by
this, as the high peak currents and high switching frequency result in a
very high equivalent frequency (fe; in Eq. 112). Physically, this is due to
high magnetizing losses resulting from high ‘fi—? in the magnetic core. The
effect on conduction losses is less significant due to the short duration of
the peak currents. This is an inherent limitation of the constant frequency
behaviour of QCM. Note that lowering f; does not solve this, as it would
again increase Ty. Another ‘disadvantage’ of the QCM modulation scheme
is the negative current offset I,,s to achieve full ZVS, which as shown
above does not necessarily outweigh the capacitive switching losses under
Z(CS. Regarding B-QR-BCM,, its efficiency is compromised by a very high
inductor current which is inherent to the switching pattern of B-QR-BCM.
For example, in an ideal scenario, the peak inductor current of a QR-BCM
boost converter is twice the input current, i.e. max(I;) = 2I;. However,
using B-QR-BCM the peak inductor current is equal to max(I;) = 21, /D;.
The full input power needs to be delivered in a relatively shorter part of
the switching period, resulting in higher peak currents and resulting RMS
currents. This naturally results in increased losses, especially due to the
already higher inductance value.

2.4.1.2 Power Density
From Fig. 19(g)-(i) it is concluded that in terms of power density, the QCM
modulation requires the lowest passive component volume. Assuming that
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FIGURE 20: Measured variation of the following variables for each modulation
scheme: (a) RMS currents, (b) ratio of RMS- to input current, (c)
switching frequency. Additionally, (d) shows the ratio of T,/ Ts with
QCM. All were measured at 5kW output power with varying input
voltage.

the inductor can be scaled based on the work W} done and not its power
dissipation. The proposed modulation requires slightly larger capacitances
and inductors since its switching frequency is lower at maximum power.
The B-QR-BCM requires the largest passive components, as both in- and
output capacitors must carry the full in- and output current for substantial
parts of the switching period. Additionally, a higher inductance is required
compared to QR-BCM and QCM, resulting in more work done by the
inductor. Since the maximum FET losses are similar, all modulation can
utilize similar heatsinks.

2.4.1.3 Complexity

At the cost of reduced efficiency and power density, the B-QR-BCM scheme
is the easiest to implement and control. Despite variable frequency be-
haviour, it does not require mode transitions and does not have an im-
perative requirement on high-frequency current measurements. Next, the
proposed QR-BCM scheme is slightly more complicated as it requires mode
transitions but is very simple in hardware design. Finally, the reviewed
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QCM scheme requires mode transitions to transition between CCM and
DCM mode and is dependent on multiple high-frequency current measure-
ments with both positive and negative thresholds.

Proposed QCM B-QR-BCM

Efficiency ++ + -
Density + + -
Complexity + - ++

TABLE 5: Summary of modulation comparison results

2.5 CHAPTER CONCLUSION

In this chapter a three mode variable-frequency modulation for the FSBBC
is proposed. Based on a loss analysis it was concluded that QR-BCM
synchronous buck and boost operation is the most efficient modulation.
More specifically, QR-BCM operation is preferred over TCM both in terms
of losses and in terms of complexity.

To overcome the problem of power control discontinuity for voltage
gains close to unity, a new buck-boost mode was proposed. Additionally,
a smooth mode transition technique based on the digital, interleaved QR-
BCM implementation was proposed to provide smooth and continuous
power control over the entire voltage range. The experimental results show
that the proposed closed-loop QR-BCM control scheme for the FSBBC,
solves the problem of power control discontinuity under multi-mode, vari-
able frequency, operation. Additionally, it is applicable for both single- and
multi-phase converters, as shown using the developed two-phase 10kW
experimental prototype. Additionally, with 99.5% peak efficiency, the mea-
sured efficiency equals the highest in literature, despite a larger power-
and voltage-operating range and based on a significantly simpler modu-
lation scheme. This, in turn, is made possible by the ability to transition
between different operating modes and optimize the modulation based on
the voltage gain.

Finally, a comparison with a QCM and B-QR-BCM modulation scheme
has been performed. It is concluded that the proposed modulation scheme
shows the highest overall efficiency, especially for wide-voltage-range appli-
cations, with limited- to no compromise in power density and complexity.



MULTI-PORT CONVERTER DEVELOPMENT

This chapter discusses the hardware and control loop design of the DC-integrated
multi-port converter. First, the different topologies of multi-port converters are
discussed and the best-suited multi-port converter topology is chosen based on
survey of related studies. After that, it summarizes the design of the corresponding
converter. Finally, the design of the closed loop control and protective measures are
discussed.

This chapter is based on:

J1 W. Vermeer, M. Wolleswinkel, J. Schijfelen, G.R. Chandra Mouli, P.
Bauer, Design of a 10kW Multi-Port EV Smart Charging System Integrat-
ing EV, PV, and Battery, 2023, (under review for) IEEE Transactions on
Transportation Electrification
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3.1 INTRODUCTION

The previous chapter discussed the design of the converter used for the PV
and BES ports. In this chapter this converter will be integrated with the EV
charger, and the multi-port converter control loop will be discussed.

To fully utilize the flexibility in the multi-port converter, it should be
designed for multi-directional power flows. This includes bidirectional EV
charging, also known as vehicle-to-X (V2X), such that both the EV and BES
can act as renewable energy storage. Additionally, the converter should be
designed to achieve a high efficiency and power density.

The goal of this chapter is to determine the best suited multi-port con-
verter topology, and discuss the hardware and control loop design of the
DC-integrated multi-port converter.

3.2 RELATED WORK

First, the related literature is reviewed to find the best suited multi-port
topology and identify the contribution of this chapter. An overview of
studies integrating EV, PV, and BES is shown in Table 12, which summarizes
which ports are included, the multi-port converter topology, the DC-AC
converter topology (single-phase or three-phase (¢)), the maximum charging
voltage of the EV, whether the converter provides galvanic isolation (iso.),
and whether they authors have included experimental results (exp.). Based
on Table 12. three different methods for integrating the different ports can
be distinguished:

¢ 50Hz AC grid integration
¢ High-frequency transformer integration
¢ DC integration
A schematic representation of these three methods is shown in Fig. 21. The

next subsections discuss the related studies of all three methods in more
detail.

3.2.1  AC integration

The most conventional solution is integration using the AC grid [34]. How-
ever, this requires several DC/AC conversion steps, resulting in reduced
power density, reduced efficiency, and increased cost. Additionally, it is
more difficult to implement integrated control such as smart charging. For
this reason, this option is not investigated in detail. Several studies improve
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FIGURE 21: Different methods of integrating EV, PV, and BES. (a): 50Hz AC grid
integration (b): high-frequency transformer integration, and (c): DC
integrated solution.

upon this by integrating EV, PV and BES (or any combination of these) into
one multi-port system.

3.2.2 High-frequency transformer integration

In [35—39], high-frequency, multi-winding, transformers are used in combi-
nation with multiple active bridges (MAB) to integrate the different ports.
The advantage of these MAB converters is that ZVS can be achieved in
a large part of the operating region, and they are well suited for high
voltage-gain conversions and applications requiring isolation. However,
the multi-winding transformers are limited in their maximum power ca-
pability, have complex coupled control loops, and due to their multiple
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windings, are prone to high-frequency magnetic losses like the proximity
effect, resulting in relatively low average DC-DC efficiencies (90 — 96%) [40].
Furthermore, galvanic isolation is only required for EV charging. Using a
HFT based multi-port converter would lead to unnecessary isolation for the
PV and BES ports, resulting in unnecessary additional complexity.

3.2.3 DC integration

Other studies focused on DC-integrated topologies, which allow for simpler
decoupled designs. Additionally, it allows for modularity, where each ports’
power rating can be easily increased and tailor-made for different smart
charging applications. The disadvantage of the DC-integrated topology is
that it requires more design effort to individually design each ports’ con-
verter. is that Based on the summary of DC-integrated multi-port converter
studies shown in Table 12, the following conclusion can be drawn:

¢ Only four out of 17 DC-integrated topologies provide galvanic isola-
tion with respect to the EV.

* Just seven out of 27 studies can charge batteries above or around
400V. As a result, combined with the galvanic isolation requirement,
only 15% of the reviewed studies comply with modern EV charging
standards.

* Only five out of 27 studies focus on three-phase systems and are
therefore able to fast-charge and fully utilize the modular nature of
the DC-integrated topology.

¢ Finally, despite integrating BES and bidirectional EV chargers, no
study has focused on optimal power management, also known as
smart charging. Multiple studies have shown that without proper
power management, it is impossible to unlock the full potential of
BES and vehicle-to-grid (V2G), making it cost-ineffective.

3.2.4 Contribution

Based on the literature review above, the main contribution of this chapter
is the design of a multi-port converter that integrates 10kW PV, EV, and a
BES, while connected to the AC grid. The designed converter is compliant
with modern EV charging standards, such as galvanic isolation, voltage
requirements, and EMC requirements. The design will be discussed in the
next sections.



3.3 DESIGN OF THE MULTI-PORT CONVERTER

Study EV PV Batt. Topology ¢ VC';:”X iso. Exp.
[34] 12kw 3kW 3kW AC 3 X X X

[35] 500W 500W 500W HF-AC X 200V v’ v
[36] 2kW 2kW 2kW HF-AC X 200V v’ v’
[371 50kW 50kW 50kW HEF-AC X 96V v’ X

[38] X 60W 60W HF-AC 1 28V X v’
[39] 1kW X 1kW HF-AC 3 400V v’ v’
[41] 400W 250W x DC X 12V v’ v’
[42] X 250W 200W DC X 48V x v’
[43] 1.92kVA X x DC 1 105V X v’
[44] 1.44kVA X X DC 1 400V X v’
[45] skW 5kW X DC 1 200V X v’
[46] 4kW 4kW 4kW DC 1 360V X v’
[471 5kW 5kW X DC 1 200V X X

[48] 4kW 4.8kW x DC 1 12V X v’
[49] 3.3kW 2.8kW X DC 1 400V v’ v’
[50] 50W 50W X DC 1 9V X v’
[51] 3.3kW 3.3kW 3.3kW DC 1 250V X v
[52] 3.3kW 3.3kW x DC 1 240V X v’
[53] 3.6kW X X DC 1 400V X v’
[54] 8kW 5kW X DC 1 400V v’ X

[55] 600kW 20kW X DC 3 40V X X

[56] 8.4kW 3.7kW x DC 3 240V X v’
[571 12.6kVA 5kW 12.6kVA DC 3 400V x v’
[58] 10kW 10kW x DC 3 500V v’ v’
prop. 10kW 10kW 10kW DC 3 500V v’ v’

TABLE 6: Related studies regarding the DC-integration of EV, PV, and BES.
Acronyms: ¢ indicates a single- or three-phase system, V/** indicates
the maximum EV charging voltage, iso. indicates whether the converter
provides galvanic isolation, Pwr. management indicates the power man-
agement strategy, finally Exp. indicates whether experimental results
were included.

3.3 DESIGN OF THE MULTI-PORT CONVERTER

Based on the literature review presented above, the DC integrated multi-
port topology is selected as it requires the least amount of conversion steps
and allows for a modular design thanks to the decoupled control loops and
scalability of the DC link. The modularity of the DC-integrated topology
allows to customize the power ratings of each port (EV, PV, and BES),
making it applicable to a wider range of applications, which can reduce the
overall system cost.
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The specifications of the system are given in Table 7. The rated power of
each port is selected at 10kW as a balance between EV charging requirement
and PV generation [7]. For powers above 10kW, more modules can be added.
The EV port is designed to be compatible with CCS and ChaDeMo charging
standards. Next, both the PV and BES ports are designed for a wide voltage
range, ensuring that these are applicable for a wide range of configurations.
Due to the similarity in PV and BES specifications, the same non-isolated
DC-DC converter can be used for these ports. This again reduces the overall
cost.

Parameter Value
Nominal power 10kW
AC connection 400V, 50Hz, 16A

Total Harmonic Distortion < 5%

Internal DC link voltage 750V

EV battery voltage 50-500V

EV current -30A to 30A

EV voltage ripple <500mV

EV current ripple <1A RMS @ 10kW
BES battery voltage 300-900V

BES current -33A to 33A

BES voltage ripple <500mV

BES current ripple <1A RMS @ 10kW
PV MPPT voltage 300-900V

PV current -33A to 33A

PV voltage ripple <500mV

PV current ripple <1A RMS @ 10kW

TABLE 7: Specifications of the 10kW EV, PV, BES integrated charging system.

This thesis focuses on the design of the PV and BES converters, and
continuous the existing work done in [59]. Therefore, the design of the
DC-AC converter and EV port are only summarized here, and are based

on [59].

3.3.1 DC-AC Conuverter

A standard three-phase two-level DC-AC converter, as shown in Fig. 22,
is used for grid connection. The converter controls its grid current using
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sinewave PWM at a switching frequency f; of 47kHz. The main task of
the DC-AC converter is to maintain the power balance on the DC link, by
maintaining a DC link voltage of 750V. To ensure that all control loops can
be decoupled, six 470uF electrolytic capacitors are used as energy buffers
on the DC link (two in series, three in parallel). On the AC side, three LCL
filters are used to filter out the harmonics of each phase. Since the operation
and loss modelling of the DC-AC converter operated with sinewave PWM
is well known, it is not explained in more detail in this chapter. More
information on this topic can be found in [60, 61].
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F1GURE 22: Power schematic of the two-level DC-AC converter.

3.3.2 EV Converter

The EV-port requires galvanic isolation, therefore, based on [62], the in-
terleaved flyback (IFBC) topology is selected. Four interleaved phases are
used, each utilizing a 2.5kW three-winding transformer, with two series-
connected windings on the DC-link side. A schematic representation of the
topology is shown in Fig. 28. On the EV side, two MOSFETS are placed in
parallel to reduce the conduction losses.

To achieve a high-efficiency and power density, all power-semiconductors
are made from Silicon-Carbide (SiC). Additionally, the IBFC is operated
with quasi-resonant boundary conduction mode (QR-BCM). With QR-BCM
operation, the converter operates at the boundary of continuous conduction
mode and discontinuous conduction mode. The inductor current therefore
always drops to zero ampere. After that, the LC resonance caused by the
HFT leakage inductance and the parasitic drain-source capacitance Cy, of
the FET, discharges C,, until zero-voltage-switching (ZVS) or low-voltage-
switching is achieved. Fig. 24 shows the QR-BCM operation principle. The
resulting variable-frequency operation reduces, or completely eliminates,
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DC

FIGURE 23: Power schematic of the interleaved flyback converter.

the switching losses and switching harmonics, resulting in improved effi-
ciency and a lower electromagnetic interference (EMI).

During 0 < t < (D + D;)T; the MOSFETs Sx and Sy are conducting and
the inductor current rises. After t = DT;, the energy stored in the inductor
is transferred to the secondary side, and the inductor current reduces to
zero ampere. At t = (D + Dq)T;, the inductor current has fallen to zero.
At this time, the LC-resonance starts to exchange energy from the parallel
capacitances of the FETs, Csp, C33,C35, Cs6, to the primary inductance of
the transformer. Once the voltage over the FETs has reduced to zero or
its minimum resonance voltage, the FETs are turned on again at t = Ts.
Depending on the ratio of Vry and Vpc, either full zero-voltage switching
(ZVS) or low voltage switching (LVS) with zero-current switching (ZCS)
is achieved. The switching frequency ranges between 40kHz at maximum
power and up to 350kHz for partial power. For even lower powers, valley
skipping is implemented. The operation principle in V2x (discharging) is
similar. Only then switches S3; and S3g are turned on first.

More details on the design and loss modelling of the IFBC with QR-BCM
operation can be found in [58].
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FIGURE 24: Waveforms for quasi-resonant operation for the interleaved flyback
converter.

3.3.3 PV & BES converter

The specifications of the PV and BES ports are very similar. Both do not
require galvanic isolation, the PV and BES voltages are equal, and their
power rating is equal. Therefore, it is decided that the same DC-DC con-
verter can be used for both the EV and BES. Since the output voltage ranges
above and below the DC link voltage, a buck-boost topology is required.
The four-switch buck-boost converter (FSBBC), shown in Fig. 4, is chosen
because of its relatively low component count and non-inverting output
voltage.

Naturally, the design of the FSBBC is dependent on the modulation of the
switches. Since the FSBBC has a high degree of freedom in terms of switch-
ing modulation, it requires further investigation. In the next chapter a new
modulation scheme for the FSBBC will be derived and its implementation
will be discussed.
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The full power schematic of the multi-port converter is shown in Fig.
25. It is comprised of the four-phase IFBC for the EV port, two two-phase
interleaved FSBBC for the PV and BES port and the two-level DC-AC
converter for the grid connection. The next section, will discuss the closed-
loop control and protections of each port.

FIGURE 25: Power electronic hardware schematic of the multi-port converter

3.4 CLOSED LOOP CONTROL

Fig. 26 shows the V-I control loops of all converters. All DC/DC converters
have multiple cascaded control loops in parallel for voltage- and current
control. Only the minimum setpoint of each control loop is active at a time
to ensure stability, as depicted by the common anode diodes.

3.4.1 DC/AC converter

As said above, the DC/AC converter maintains the power balance on the DC
link. Thanks to the DC-integration, this can be easily done by controlling
the DC-bus voltage. If the DC-bus voltage control is sufficiently fast to
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FIGURE 26: Here all four embedded V-I control loops for shown. Each port has its
own control loops. (a): Stationary BES charger, (b): PV MPPT converter,
(c): EV charger, and (d) DC/AC converter. The primary task of the
BES and EV converter is to control their charging current, whereas the
PV converter performs maximum power point tracking by controlling
the PV panel voltage. Finally, the DC-AC converter maintains power
balance by controlling the DC-link voltage. Besides their primary tasks,
the DC-DC converters also include in- and output voltage control
loops, cascaded with their primary loops. This allows the design to be
designed modularly while maintaining power balance.

Mode:
V2G/Ch

negate any disturbance from the DC/DC ports, all control loops can be
decoupled, and the design can be considered modular. To ensure this, three
parallel by two series 470uF 450V electrolytic capacitances are used as DC-
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link energy buffers. The DC bus voltage is controlled to 750V by the grid
current [4csin(@). Here a PLL is used to estimate the voltage phase angle
and maintain a high power factor. In case of a power direction change, the
control is reset at zero current to prevent overshoots on the DC link.

3.4.2 BES converter

For the BES port, two cascaded V-I control loops operate in parallel, one for
battery voltage control and the other for DC bus voltage control, both used
in cascade with the output current. The battery voltage control reduces the
charging current when the maximum charging voltage is reached (CC-CV
charging). The latter, DC bus voltage control, is used as a safety measure to
curtail power in case of inverter overloading. This is required despite the
RTC efforts to compensate the EV and BES setpoints based on forecasting
errors due to its communication delays and limited resolution of two sec-
onds. In this time, the intermittency of the PV can still overload the DC-link
/ DC-AC converter. If, in that case, the EV or BES power is not curtailed
accordingly, an under or over-voltage will blow the converter components
(either by exceeding the component voltage rating in case of over-voltage
or by exceeding the thermal limitations in case of under-voltage). Since the
EV and BES are both bidirectional, both under- and over-voltage control is
required. As discussed above, this is a critical feature for a smart charging
system, especially in case of no other inverter constraints, as the optimiza-
tion will often use the full power of the inverter to utilize an advantage.
To prevent controller interference between the DC/AC converter and the
BES charger, the minimum and maximum DC-bus voltage setpoints of the
BES charger are set to 730V and 770V, respectively, deviating 20V from the
nominal voltage setpoint. As a last resort, all setpoints are reset to zero
at voltages below 700V or above 800V to prevent a breakdown in case of
failure.

The resulting setpoints control the on-time T, of the switches. Next, the
zero inductors current detection (ZCD) and QR-BCM detection circuits
determine the off-time. Based on the resulting variable switching frequency,
the phase shift block maintains the desired phase shift between the inter-
leaved phases.

3.4.3 PV converter

The PV converter has three parallel control loops. The main loop performs
MPPT based on a perturb & observe algorithm [63]. It takes PV current and
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voltage measurements as inputs and perturbs the voltage setpoint to find
the MPPT. Additionally, it has a DC-bus voltage and PV current control
loop to limit the duty cycle based on its maximum current and DC-bus
voltage. The latter has a setpoint even higher than the BES converter DC-bus
voltage controller and is merely used as a safety measure to shut down
in case of a DC-bus over-voltage. Since the PV converter utilizes the same
hardware as the BES converter, the zero current detection and QR-BCM
detection are identical.

3.4.4 EV converter

Four parallel control loops determine the bidirectional EV charger setpoints.
The primary function is to control the EV charging and discharging current.

Additional functions include DC bus over-voltage control and EV battery
voltage control when the maximum battery voltage is reached. Finally, it also
has protections in place to shut down in case of under- and overvoltages.

Since the inverter primarily maintains the power balance, and every
connected converter has multiple parallel control loops, safety and stability
can be ensured even when the number of converters is increased, and the
resulting topology can be considered modular. The experimental results
related to the multi-port system control loops are discussed in the next
section.
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3.5 EXPERIMENTAL VERIFICATION

The EV-PV-BES integrated prototype is shown in Fig. 27.

FIGURE 27: Experimental prototype of the DC-integrated EV-PV-BES multi-port
converter. From left to right: the DC-AC converter including LC-filters
for the grid connection, the 4-phase IFBC for isolated EV charging,
and two the two phase FSBBCs for both the PV and EV.

3.5.1 Interleaved Flyback Converter

In Fig. 28(a)-(b) the drain-source and gate-source voltages of the EV charger
are shown, for a 750V input voltage, 10A output current and 400V EV
voltage. Under these conditions, full ZVS is achieved. If the output current
and voltage are reduced, the maximum switching frequency of 400kHz will
be reached and the converter will start valley skipping. The control will
then wait till the second zero-crossing (or minimum) of the corresponding
drain-source voltage before turning on the switch again. This way, low
power loads can be achieved while limiting the switching frequency. An
example of the flyback converter valley-skipping at 1A output current and
100V EV voltage is shown in Fig. 28(b).

3.5.2 DC-AC Conuverter

Fig. 29 shows the three phase grid currents and EV current during an
EV load step from -8A to 8A. Fig. 29 shows the capability of the DC-AC
converter to maintain power balance, even during a power direction change.
When the EV current has a linear slope it is limited by the maximum
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(a) (b)

FIGURE 28: Drain-source voltages and gate-source voltages of the IFBC, at (a):
750V input voltage and 400V EV voltage, at 10A output current, and
(b): 100V, 1A output voltage and current, respectively. Under the
reduced load conditions the IFBC can start valley-skipping to limit
the switching frequency.
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FIGURE 29: The AC grid currents and EV charging currents during a bidirectional
EV load change from -8A to 8A (DC).

setpoint rate of change of 30A /s. By introducing a maximum rate of change
the controller gains can be increased, resulting in fast and accurate control
for both small and big load changes. Additionally, Fig. 29 also shows that
the controllers are reset whenever the load current approaches zero. This
allows the DC link voltage control to reset and prevent overshoots.

The primary task of the BES and EV converter is to control their charging
current, whereas the PV converter performs maximum power point tracking
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by controlling the PV panel voltage. Finally, the DC-AC converter maintains
power balance by controlling the DC-link voltage. Besides their primary
tasks, the DC-DC converters also include in- and output voltage control
loops, cascaded with their primary loops. This allows the design to be
designed modularly while maintaining power balance.

3.5.3 Cascaded Control & Protection

Fig. 30(a)-(b) show the experimental verification of the cascaded control
loop shown in Fig. 26. As mentioned in the previous section, the primary
task of the EV and BES is to control their charging current. However, in case
their combined charging or discharging power overloads the inverter, the
cascaded voltage control loops step in their current setpoints are adjusted
to maintain power balance (by controlling the DC link voltage). The first
converter to step is the FSBBC converter used for the BES, when the DC
link voltage deviates more than 20V from its nominal 750V.

In Fig. 30(a)-(b) the FSBBC has a fixed output current setpoint of 14A,
while the setpoint of the EV is increased from 8A to 18A. The combined
power exceeds the maximum power of the DC/AC converter and when
the DC bus voltage decreases the under-voltage control of the BES charger
curtails its power to maintain a constant bus voltage of 770V, as shown in Fig.
30(a). The AC currents show that the output power of the DC/AC converter
is not exceeded and is therefore not overloaded. In Fig. 30(b) the EV setpoint
is again reduced to 8A, after which the BES stops curtailing its power and
the DC link voltage is again controlled by the DC/AC converter. Please
note that the DC bus voltage here is measured with an AC coupling. The
cascaded control-loops allows the system to be modular, as all protection is
performed on a module level.

3.5.4 Multi-port System Efficiency

Finally, the resulting port-to-port efficiencies are shown in Fig. 31. The
non-isolated FSBBC (PV or BES) shows the highest efficiency with a peak
efficiency of 99.5% at full power, next the IFBC has peak efficiency of 98.7%
and the DC/AC converter has a peak efficiency of 98%. Combined this
results in port-to-port peak efficiencies shown in Table ??2.

3.6 CHAPTER CONCLUSIONS

This chapter has summarized the hardware and control loop design of the
multi-port converter. First, based on a literature survey, it has been decided
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(@)

(b)

FIGURE 30: Cascaded V-I control loop of the FSBBC showing (a): power curtail-
ment (DC link voltage control) in case of inverter overloading, (b):
reset to current control, with the DC-AC converter again controlling
the DC link voltage, after the EV setpoint has been reduced.

Direction
PV — EV
PV — BES
PV — grid
grid — EV
BES — EV
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FiGure 31: Efficiency of the flyback converter (EV), the four-switch buck-boost
converter (PV/BES), and the DC/AC converter.
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that the DC-integrated multi-port converter is the best suited topology for
this application, since it requires the least amount of conversion steps and
the modular design allows it to be scalable for different use cases.

Next, the experimental verification of the proposed 10kW four-port con-
verter is discussed. The experimental results show the operation of all
converters, and show the ability of the cascaded control loops to curtail BES
power in case of inverter overloading. The proposed converter exhibits a
peak efficiency of 98.2% for PV — EV, 99% for PV — BES, 96.7% for grid
— EV, and 98.2% for BES — EV.
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MODELLING BATTERY DEGRADATION

This chapter introduces the various modelling techniques used to model battery
degradation and provides a detailed review of empirical and semi-empirical battery
degradation models. The chapter focuses on empirical and semi-empirical models
because their relative simplicity makes them applicable for use in optimization
problems, such as smart charging. However, at the same time, this simplicity is
the pitfall of these models as they tend to oversimplify the degradation behaviour.
Therefore, a good understanding of battery degradation behaviour and modelling
limitations is required for correct implementation and use.

This chapter is based on:

J1 W. Vermeer, G.R. Chandra Mouli, P. Bauer, A Comprehensive Review on
the Characteristics and Modelling of Lithium-ion Battery degradation, 2022,
IEEE Transactions on Transportation Electrification
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4.1 INTRODUCTION

Over time and use, lithium-ion batteries (LIBs) loose part of their energy
capacity and power handling capability as a result of parasitic side reactions.
This is called battery degradation, and the time it takes before a specific
energy capacity threshold (or power handling threshold) is reached is
called the lifetime of the battery. Unfortunately, battery lifetime is often
a trade-off with other desired characteristics, such as maximum current
rating, maximum cycle depth, and density. Therefore, from a application
perspective, a direct trade-off exists between momentarily achieving the
highest gain by heavily using the LIB, versus reducing the load of the
LIB and achieving a longer lifetime. This is directly applicable to smart
charging as well. For example, the objective of a smart charging system
could be to minimize the cost of energy, if the cost of electricity would them
temporarily drop, the smart charging system would like to fully captivate
on that moment and start charging its energy storages, both vehicular and
stationary, at maximum power. As a result, it bought relatively inexpensive
energy. However, the operational expenditure of heavily loading the LIBs is
not taken into account, and the total cost of acquiring that energy might be
sub-optimal.

The goal of this chapter is to get a good understanding of LIB degradation
behaviour and its modelling, so that the effects of LIB degradation can be
taken into account in the control and sizing of the EV-PV-BES integrated
smart charging system, discussed in the next chapter. This is achieved by
reviewing empirical and semi-empirical modelling techniques and degra-
dation studies, focusing on the trends observed between different studies
and highlighting the limitations and challenges of the various models.

4.1.1  Modelling of Battery degradation

Methods for modelling LIB degradation behaviour are divided into four
different categories:

1. Physics-Based Models (PBM)

2. Equivalent Circuit Models (ECM)

3. Machine Learning Models (MLM)

4. Empirical Models (EM)

A comparison of these models is given in Table 9. Physics-based models,
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Model  Complexity Accuracy Amount of data  Applications
PBM high high low battery design
ECM medium medium high SoH estimation
MLM  medium-high medium high SoH estimation
EM low low-medium  high System design

& Optimization

TaBLE 9: Comparison of different degradation model techniques.

also known as electrochemical models intend to model the electrochemi-
cal and physical processes in the battery. The first PBM was developed by
Doyle and was based on the porous electrode model [64, 65]. The psuedo-2D
model expanded on this by adding a thermal model [66], including diffu-
sion kinetics and Butler-Volmer kinetics [65]. Later, the effect of parasitic
side reactions, such as solvent oxidation [67] or SEI layer growth [68, 69]
were added to these equations to account for degradation. Others have tried
to reduce the computational complexity for these models to be more widely
applicable [70]. PBMs can achieve high accuracy, but they require many par-
tial differential equations and a thorough understanding of all physical and
chemical mechanisms. Furthermore, LIB degradation is frequently caused
by multiple factors, making molecular modelling even more difficult and
prone to miss out on macro-level effects [71]. As a result, electrochemical
models are generally not used by non-chemical engineers/researchers [72].

Equivalent circuit models (ECM) do not require this information and
instead model the transient response of the battery using passive circuit
components such as resistances, capacitances, and inductances. More com-
plex models can also be used to simulate the internal diffusion and charge
transfer processes. And based on impedance data, degradation can be in-
corporated using variable components. This, however, requires large test
matrices to quantify the degradation with respect to operational conditions.
Due to their mathematical simplicity, they are frequently used in real-time
applications, such as battery state estimations [73]. Often combined with
state-estimators such as Kalman- or particle filters [71, 73].

Another common state-of-charge (SoC) and state-of-health (SoH) esti-
mation technique involves machine learning (ML), such as support vector
machine or neural networks. Different ML approaches exist, some train
the algorithm to extract the SoH from the differential voltage curve or
incremental capacity curve of the battery [74, 75]. The advantage of these
approaches is that they only require easily obtained parameters such as



62

MODELLING BATTERY DEGRADATION

voltage, current and temperature. Others combine ML with different models
to train the algorithm based on model parameters such as ohmic resistance,
polarization resistance and polarization capacitance [76, 77], or combine em-
pirical modelling techniques with regression models to predict the SoH [78].
High accuracies can be obtained with ML methods, however, large data
sets are needed to train the algorithms [71, 79]. Finally, empirical and semi-
empirical models (abbreviated as EM) curve-fit the relationship of various
stress factors onto the data resulting in a relatively simple analytical for-
mula. Their simplicity allows using EMs in a wide variety of studies, such
as system-level design problems, optimization models, battery management
systems, among other things. Additionally, the analytical formulae give
an intuitive feel to the effect of various stress factors. However, large test
matrices are required to decouple their impact (if even possible), which is
generally limited by the available equipment. As a result, EMs are prone to
oversimplify the complex behaviour of LIB degradation and the correlation
between stress factors, this is discussed in more detail in the next section.

4.1.2  Challenges of Empirical and Semi-empirical degradation Models

Without a good understanding of LIB degradation behaviour and modelling
limitations, the simplicity of EMs can pose challenges as they can easily
lead to significant modelling errors. A summary of these challenges is given
below:

1. Accelerated test conditions: degradation tests are frequently per-
formed under accelerated degradation conditions such as high tem-
perature, high C-rates, and high voltages to speed up degradation.
While this reduces the amount of time required for testing, it also
reduces the accuracy of the models when they are utilized outside of
the test conditions. For example, models are often developed based
on temperatures of 40°C and higher. Whereas very rarely models are
tested below 25°C, and even fewer studies have evaluated multiple
operating conditions below 25°C. As will be demonstrated in this
study in section IIl.4, the use of testing conditions at temperatures
that will never actually be reached or sustained for longer periods
of time during normal operation can cause unreliable results. Espe-
cially at temperatures below room temperatures, where the effect of
high-temperature degradation mechanisms will decrease, and other
degradation mechanisms take over.
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2. Limited test conditions: large test matrices are required to accurately
model the effect of multiple stress factors, which are generally limited
by the amount of available equipment. Here a good understanding
of the expected degradation behaviour can help to determine the test
conditions more strategically.

3. Stress factor interdependency: a good understanding of the interde-
pendencies between stress factors is required to select an appropriate
model and testing conditions for a particular use case. For example,
based on the reviewed studies in this paper, it is observed that a
strong correlation between the effect of temperature and C-rate exist.
However, not many models model the interdependency of these stress
factors. As a result, the actual operating range of the model might be
limited to only the accelerated testing conditions. Furthermore, even
within the test condition range, significant errors might occur when
these interdependencies are not considered.

4. Modelling limitations: besides the effect of operational conditions, a
good understanding of the model’s fundamental limitations is also
required. For example, depending on the chosen parametrical fit, EMs
might be limited to a specific part of the battery lifetime or might
be less suited for applications with very irregular charge cycles or
applications with a different calendar- to cyclic degradation ratio.

4.1.3 Related Work & Scientific gap

In [80o, 81] an in-depth review of the main degradation mechanisms on a
material level is discussed. These studies are elaborated in [82, 83], where
the authors also review the factors influencing degradation on a cell and
battery pack level. The authors of [65, 71, 84] review the main degradation
mechanisms and provide an overview of different degradation estimation
techniques, including electrochemical models, equivalent circuit models,
empirical models and statistical models. A similar approach for data-driven
health diagnostics and prognostic techniques is performed in [79]. In [85]
a comparison of several EMs is performed based on a conceptual smart
grid framework. Furthermore, several studies have reviewed the various
techniques for state-of-health estimation [86-89]. In [88] the authors discuss
different types of self-adaptive SOH monitoring techniques, such as support
vector regression, neural networks, or particle filter method. Additionally,
a more broad overview of different types of SOH and remaining-useful-
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life (RUL) estimation techniques is given in [86, 87, 89], including direct
measurement techniques, model-based techniques, and adaptive filtering
techniques.

All of the studies mentioned above aim at providing a broad overview
of different kinds of degradation mechanisms or degradation estimation
techniques, whether that includes model-based techniques, data-driven
techniques are self-adaptive techniques. In most of them, EMs are briefly
mentioned as a part of this. However, given the scope of these studies,
they do not provide an in-depth review of different empirical models,
nor do they provide any insights into the correlations found between
different studies. Even [85], which is entirely focused on EMs, provides a
simplified description of the effect of operational stress factors. Furthermore,
none of the above mentioned studies actually review and compare the
degradation behaviour of different degradation studies, which makes it even
more difficult to provide generalizations in terms of impact of operational
conditions, or modelling accuracy. As explained above, this is especially
problematic for EMs, since without a proper understanding of battery
degradation, empirical degradation modelling, and its limitations and
challenges, the simplicity of EMs can easily lead to significant modelling
errors in a wide variety of studies.

4.1.4 Contribution

LIB degradation is an important factor for developing new LIBs and optimiz-
ing their techno-economic performance. In this regard, multiple studies have
reviewed the various methodologies for degradation estimation. However,
based on the aforementioned challenges and related work it is concluded
that a significant scientific gap still exists. Since no study has yet thoroughly
reviewed empirical and semi-empirical models and has investigated the
correlations between different studies, to highlight the limitations of the
models, and focus on the reasons for the observed trends and insights. Due
to the simplicity and widespread use of EMs, this can potentially result in
significant modelling errors. To this extent, the main contributions of this
study are summarized as follows:

1. A comprehensive review of empirical and semi-empirical modelling
techniques for LIB degradation, with a focus on operational stress
factors and their interdependence, modelling techniques, limitations,
and challenges, so that these models can be used accurately at the
relevant operating conditions.
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2. A detailed review of the degradation behaviour of various LIB cells, in-
vestigating the correlations between different degradation studies and
examining the relationship with operating conditions, degradation
mechanisms, and modelling techniques.

In the remainder of this chapter the main degradation mechanisms
for LIBs are summarized in section 2.2. Next, the review of degradation
behaviour and different modelling techniques is discussed in section 2.3.
Here, a distinction is made between calendar and cyclic degradation. The
modelling techniques, limitations and challenges, and key insights are
discussed per stress factor for both calendar and cyclic degradation. Lastly,
the current challenges and future trends regarding LIB degradation and
degradation modelling are described in section 2.4.

Current ——3

Separator Cathode

FIGURE 32: A simplified representation of a lithium-ion battery consisting of an
anode, cathode, separator, and electrolyte (the electrolyte is not shown
for clarity, as it fills the entire battery). The arrows indicate a charging
process where the Li-ions intercalate into the anode, resulting in an
opposite electron flow.

4.2 MAIN DEGRADATION MECHANISMS

Figure 32 shows a simplified representation of an electrochemical battery.
The four main components of a LIB are the:

1. Anode, the most often used material is graphite [80, 9o, 91], other
common materials are lithium-titanate-oxide (LTO) or Silicon [92].

2. Cathode, which is made of a composition material that contains
Lithium. Commonly used materials are Lithium Iron Phosphate (LFP),
Lithium Nickel Manganese Cobalt Oxide (NMC), Lithium Manganese
Oxide (LMO), and Lithium Nickel Cobalt Aluminium (NCA).
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3. Electrolyte, a composition of lithium salts and organic solvents [85].
The electrolyte is mainly used to transfer ions between the cathode
and the anode.

4. Separator, a porous plastic that separates the anode and cathode to
prevent short-circuiting the electrodes.

During charging, Li-ions deintercalate’ from the cathode, move through
the electrolyte and separator before they intercalate at the anode. The
resulting flow of ions creates an electrical current opposite to the flow of
electrons, as shown in Figure 32. The degradation of LIBs occurs during both
cycling and idle state and is caused by physical stress, and chemical side
reactions [82, 93]. Additionally, many factors influence battery degradation,
such as cell chemistry, cell design, pack design, and operating conditions.
LIB degradation is commonly categorized into three different degradation
modes [80, 82, 90, 94, 95]:

1. Loss of Lithium Inventory (LLI): represents the loss of active lithium
ions that are no longer available for cycling. Causes for LLI can be
parasitic side reactions such as, surface film formation, decomposition
reactions, lithium plating, among other things. LLI is associated with
capacity fade, i.e. the loss of effective mAh of the cell.

2. Loss of Active Material (LAM): represents the loss or structural
degradation of the available anode or cathode material. Possible
causes include electrode surface layer growth or cycling induced
cracks/exfoliation. LAM can cause both power and capacity fade.

3. Conductivity Loss (CL): also known as contact loss [80], describes the
degradation of electrical parts such as the current collector corrosion
and binder decomposition.

A fourth addition could be the loss of electrolyte, which would lead to
LAM and CL after a certain point and is therefore not separately mentioned.
Even though differentiated into three categories, the degradation modes
often interact, and a single degradation mechanism such as surface layer
formation can trigger multiple degradation modes. A summary of oper-
ational conditions, the corresponding degradation mechanisms and their
effect on LIB degradation is shown in Figure 33. Furthermore, A graphical
representation of all degradation mechanisms is shown in Figure 34. The
following two subsections will discuss these degradation mechanisms, here
a division is made between the mechanisms that occur at the anode and

1 Intercalation is the insertion of molecules into the electrodes
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FIGURE 33: Overview of the correlation between operational stress factors (the
causes for degradation), the corresponding degradation mechanisms,
degradation mode, and their effect on LIB degradation. Based on a
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the cathode, respectively. The degradation of the electrolyte and its effect
on battery degradation mainly takes place at the electrodes [80] and is
therefore not separately discussed.

4.2.1  Anode degradation

The majority of LIBs use graphite as their anode material [80, 84, 96], so
this section focuses on graphite based LIBs.

4.2.1.1  Solid Electrolyte Interphase Layer

The operating voltages of various common electrode materials in compar-
ison to the electrochemical stability window of organic electrolytes are
shown in Figure 35 . The operating voltage of graphite anodes is in the
0.05V-1V range [93, 97], which is outside the organic electrolyte stability
window of 1V-4.5V. As a result, graphite-based LIBs are thermodynami-
cally unstable, resulting in a reductive electrolyte decomposition reaction.
This reaction consumes Li+ ions and forms a surface layer on the anode,
resulting in LLI and LAM [80, 91, 93]. Especially in the first few cycles,
the reaction rate is high, creating a surface layer permeable for Li-ions
but less permeable for electrolyte components. This reduces the rate of
decomposition and further electrode corrosion [8o, 98-100]. However, even
though the reaction rate reduces, the transport of solvated lithium and
other electrolyte components through this semi-permeable layer continues
throughout the battery’s life. This reaction mainly occurs at the interphase
between the electrolyte and the anode and is called the Solid Electrolyte
Interphase (SEI) layer. The Solid Electrolyte interphase (SEI) layer’s growth
is often one of the main degradation factors of graphite anodes. It reduces
the battery’s available energy capacity and power handling capability. An-
other type of anode surface layer grows on the basal plane surface and is
impermeable for Li-ions and therefore sometimes referred to as the non-SEI
layer [101]. However, often the SEI and non-SEI layers are both referred to
as SEI layer [80]. Therefore this convention is followed here as well.

After the initial formation of the SEI, it continues to grow during both cy-
cling and idle conditions. The rate at which the SEI layer grows is dependent
on the operating conditions of the cell [104, 105]. During idle conditions,
SEI growth is mainly driven by temperature and state of charge (SoC). At
a higher SoC, more Li-ions are intercalated into the anode, decreasing the
anode potential and increasing the reductive reaction rate [97]. Additionally,
an increasing temperature also increases the reaction rate and might cause
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FIGURE 35: Voltage versus energy capacity of five common electrode materials,
compared to the electrochemical stability window of liquid organic
electrolytes, adapted from [102, 103]. It shows that graphite is outside
the electrochemical stability window of organic electrolytes, render-
ing graphite-based Li-ion batteries thermodynamically unstable and
causing SEI layer growth.

the less stable organic SEI components to change into more stable inorganic
products, reducing the SEI layer’s ionic conductivity. At extreme tempera-
tures above 60°C even thermal runaway can cause the cell to catch fire or
explode. Aside from SoC and temperature, volume changes caused by the
(de-)intercalation of Li-ions during cycling cause mechanical stress on the
electrodes. These volume changes can crack the SEI, allowing new reactions
to occur. As a result of this crack and repair, the SEI continues to grow,
resulting in additional LLI and LAM [80, 106, 107]. Furthermore, cycling,
especially with high C-rates, creates a more porous SEI layer compared to
idle conditions [104, 105]. This increased porosity allows for more reductive
reactions to occur, whereas a more dense SEI layer reduces the reaction
rate. Other factors influencing the reaction rate are electrolyte composition
and electrode balance [100, 108]. Two opposing theories exist regarding
SEI formation: 1. The first theory assumes that the formation takes place
at the electrode/electrolyte interface and that the electronic conductivity
of the SEI should be the limiting factor of formation [81]. 2. The second
theory states that SEI formation takes place at the anode-SEI interface and
is limited by the solvent diffusion process [109]. However, both theories
result in an degradation behaviour that follows a v/time relationship, which
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is typical for the passivation character of the SEI layer and similar to what
is often observed in experiments.

4.2.1.2  Lithium plating

At lower temperatures, generally below 20°C, the diffusion rate of lithium
into the anode or electrolyte reduces, and the intercalation potential of
graphite material approaches that of metallic lithium. Metallic lithium
plating may occur as a result of this. Lithium plating is especially likely
to occur at low SoC, low temperature, and high C-rates [9o]. Furthermore,
after a certain age, the anode resistance can reach a critical limit. After this
limit, the anode potential drops below oV vs Li/Li+, and lithium plating
starts to occur [105, 110].
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FI1GURE 36: Effect of lithium plating on remaining capacity and internal resistance
for two LCO cells: after a certain age lithium plating can start to
occur, causing an increased degradation rate (inflexion point) in both
capacity and resistance deterioration [81].

Unlike SEI layer growth, lithium plating is a positive reinforcing phe-
nomenon: as it occurs, it deposits on the anode, reducing the active surface
area and resulting in a higher current density at the remaining available
pores, further increasing the metal plating. As a result, a knee-point in the
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degradation behaviour is frequently observed at the age at which lithium
plating occurs. An example of this is shown in Figures 36 (a)-(b), where two
inflexion points are observed in both the capacity and impedance deteriora-
tion. Lithium plating causes LLI and possibly reduces the cell’s safety, as
lithium dendrites can start to grow, leading to internal short circuits [80].

4.2.1.3  Mechanical Stress at Anode

The intercalation of lithium ions into the anode can result in abrupt changes
in volume as the particles undergo a phase transition [80, 111]. During a
phase transition, the orientation of the molecules changes as more lithium
is inserted, resulting in different geometrical and electrical properties. This
causes volume change induced mechanical stress, which can lead to anode
structural damage (LAM), surface layer cracking (LLI and LAM), and
contact loss with the composite electrode (CL). The active material’s volume
change may also result in a decrease in electrode porosity, which is required
for the electrolyte to reach the bulk of the electrode. [80].

4.2.1.4 Transition Metal Dissolution

Most lithium batteries” cathodes contain transition metals such as iron,
nickel, cobalt, manganese, and vanadium. Similarly, most battery elec-
trolytes contain the salt LiPFs. The cycling and storage of these cells, partic-
ularly at high cell voltages and high temperatures [112], can result in the
formation of hydrogen fluoride (HF) from impurities inside the electrolyte,
which increases the acidity of the electrolyte. The resulting HF corrodes the
cathode and dissolves the transition metals, contributing to several degra-
dational mechanisms in both the anode and the cathode, causing capacity
fade and impedance rise. To begin, metal dissolution can cause structural
degradation of the cathode (LAM), resulting in reduced lithium insertion
capability [113]. Furthermore, after dissolution, the metals can migrate
through the electrolyte and deposit on the anode, acting as catalyzers for
the reductive decomposition reaction that causes SEI layer growth [114].
Finally, the deposition of transition metals on the anode during this reduc-
tive process may induce the formation of lithium metal dendrites on the
deposited metals (LLI and LAM). These dendrites can cause internal short
circuits, posing a significant safety risk.

Particularly spinel-containing chemistries, such as LiMn,Oj are vulnera-
ble to transition metal dissolution, as the extent of dissolution can be much
greater, resulting in more structural degradation of the cathode (LAM).
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Although transition metal dissolution is unavoidable during the charging
process, it can be reduced by reducing impurities in the electrolyte, using
dopants, and using protective coatings around the cathode to reduce direct
contact between the cathode and the electrolyte. [114].

4.2.1.5 Other degradation Mechanisms

Other degradation mechanisms at the anode include graphite exfoliation:
the structural degradation of graphite (LAM) as a result of high current
densities or solvent co-intercalation, particle cracking (LAM) as a result from
mechanical stress or high current load, binder decomposition (CL) caused
by high temperatures and high cell voltages, corrosion of current collectors
(CL) and loss of electrical contact (CL). For more details, interested readers
are direct to [80o, 81, 90].

4.2.1.6  Lithium-Titanate-Oxide and Silicon-based Anodes

The main advantage of Lithium-Titanate-Oxide (LTO) anodes over graphite
anodes is their higher potential, as shown in Figure 35. As a result, these
anodes are not thermodynamically unstable and therefore do not form
an SEI layer [115]. Furthermore, LTO is a zero-strain material that does
not change volume when charged or discharged. As a result, LTO-anode
batteries can handle extremely high C-rates while still retaining a long
lifetime. This comes at the cost of a lower energy density due to their higher
potential [116].

On the other hand, silicon (Si) based anodes have a superior energy
density, with a theoretical capacity of 3580 mAh/g, compared to 350mAh/g
for graphite-based anodes and 175mAh/g for LTO-based anodes [117].
However, during cycling, the volume of the silicon particles can change by
up to 280 percent. These volume changes cause excessive mechanical stress,
reducing their lifetime significantly [92].

4.2.2  Cathode degradation

The cathode is the lithium-containing part of a cell, and the limiting factor
during charging as its maximum voltage determines the end of charge
voltage. Similarly, the anode is the limiting factor during discharge due to
its minimum discharge voltage limit [9o, 118]. In terms of degradation, the
cathode is generally regarded as less significant [119, 120].
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FIGURE 37: (a-c): Voltage and differential voltage profile of an NCA (a), NMC
(b), and LFP (c) full cells during low current charging, including a
reconstructing of full cell voltage based on half-cell voltage profiles
(dotted lines). (d-f): Differential voltage spectra of the three different
cells. Figures (c) and (f) show that the cathode voltage profile of
an LFP cell is very flat compared the other two chemistries, due
to the two-phase regime. The figure is obtained from the publicly
available material of P. Keil et al. in [23], under the Creative Commons
Attribution 4.0 License CC-BY.

Common cathode chemistries are LCO, LFP, NMC, LMO and NCA. These
chemistries all have their strengths and weaknesses, varying in energy- and
power-density, toxicity, safety, cost and natural abundance, among other
things. Although many more chemistries exist, this review focuses on the

most common materials.

The main degradation mechanisms of cathode materials include surface
film formation, mechanical stress, and transition metal dissolution. Other
degradation mechanisms on the inactive components include current collec-
tor corrosion, binder decomposition, and conducting agent oxidation [8o,
111], as seen in Figure 34. The most significant degradation mechanisms

are discussed below.
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4.2.2.1  Cathode Surface Layer Film

Surface layer films (also known as Cathode Electrolyte Interphase (CEI)
layer) can form on the cathode, similar to the anode, but due to electrolyte
oxidation and salt deposition [80, 121, 122]. In contrast to the SEI layer, the
cathode surface layer shows low lithium-ion conductivity, increasing the
impedance. Furthermore, also gas evolution is possible [80, 81]. According
to the authors of [81], organic products formed by reduction at the anode
may also be transported to the cathode, where they are oxidized and de-
posit on the cathode surface, resulting in LAM and LLI. Similar findings
have been made in [123]. Unfortunately, due to the higher voltage of the
cathode, this surface film layer is more difficult to detect [121, 122].

4.2.2.2  Mechanical Stress at Cathode

The cathode, like the anode, can go through phase transitions during the
intercalation and deintercalation of Li-ions, which can result in LAM and
CL. The amount of volume change varies depending on the chemistry.
LFP cells, for example, only have a two-phase regime consisting of FePOy
and LiFePOy [124]. As a result the (cathode) voltage and differential volt-
age profile of these cells is very flat, as shown in Figure 37. Because of
this two-phase regime, LFP cells exhibit only a slight increase in volume,
around 6.8% [125] and have a very high rate capability as well as a good
lifetime [124]. Other chemistries, such as NCA or NMC, show multiple
phase transitions in both cathode and anode voltage profiles.
Manganese-containing chemistries, particularly LMO, exhibit additional
mechanical stress as a result from Jahn-Teller distortion of Mn3+ particles.
This results in a phase change from cubic to a tetragonal form. In the case
of LMO, this can increase the cathode volume by approximately 16% [8o,
93] resulting in additional LAM [126, 127]. Jahn-Teller Distortion occurs at
low SoC. By controlling the end-of-discharge-voltage (EODV) and adding
dopants, the capacity fade caused by volume change can be reduced .

4.2.2.3 Transition Metal Dissolution

As mentioned above, transitions metals in the cathode can dissolve resulting
in structural degradation of the cathode (LAM).
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4.3 REVIEW OF EMPIRICAL DEGRADATION MODELLING

This section discusses the most common empirical and semi-empirical mod-
elling techniques and their limitations. Furthermore, the cells” degradation
behaviour is discussed, and where possible, explained using the described
degradation mechanisms. LIB degradation can be divided into two different

types:

¢ Calendar degradation: the degradation which occurs when the cell is
in an idle state. Calendar degradation results from side reactions that
take place due to thermodynamic instability of the materials [81].

* Cyclic degradation: includes the degradation as a result of cycling the
battery. Various kinetically induced effects, such as volume variations
or concentration gradients, result in additional degradation [81, 97].

Following the reviewed studies, this paper focuses more on capacity fad-
ing than resistance increase. A summary of all studies and their testing
conditions can be found in Tables 10 and 11.

4.3.1  Calendar degradation

Capacity fading due to calendar degradation can be separated into two
parts: reversible and irreversible capacity loss. By recharging the battery, the
reversible part can be restored, whereas the irreversible part cannot. This
review focuses on the irreversible part of calendar degradation. Reversible
capacity loss is studied in more detail in [128, 129]. The three factors that
influence calendar degradation are 1. Temperature, 2. SoC and 3. Time. In
the following sections, the impact of these stress factors will be discussed
separately. However, it is important to note that their degradation behaviour
is not entirely independent of one another but is strongly correlated. A
summary of all reviewed calendar degradation models, including their
range of test conditions is shown in Table 10.

4.3.1.1  Time

MODELLING TECHNIQUES: TIME

It is widely reported in the literature that the major degradation effect
for graphite anode based LIBs is the formation and growth of the SEI
layer [123, 131, 142, 143, 148, 149]. As mentioned above, SEI layer growth is
generally associated with a v/time degradation behaviour. To this extend,
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Study Chemistry Cap. Res. Factors Conditions
Temp. SoC Time
[130] LFP N X SoC, T, time 30-60°C 30-100% 850 days
[131] LFP v’ X SoC, T, time 40-55°C 10-90% 8oo days
[132] LFP v’ v’ SoC, T, time 30-60°C 30-100% 450 days
[133] LFP v’ X SoC, T, time 30-50°C 30-90% 300 days
[120] LFP v’ v’ SoC, T, time 30-60°C 30-100% 225 days
[134] LFP v’ v’ SoC, T, time 25-55°C 30-100% 305 days
[135] LFP X v’ SoC, T, time 40-55°C 10-90% 225 days
[136] LFP v’ X SoC, T, time 40-60°C 40-80% 105 days
[137] LFP v’ X SoC, T, time 40-55°C 10-90% -
[138] NMC v’ v’ SoC, T, time 30-60°C 30-100% 480 days
139 - X 0C, T, time 0 10-100% 252 days
NMC-LMO v’ SoC, T, ti 60°C % day:
[140] NMC-LMO v’ v’ SoC, T, time 30-50°C 30-90% 290 days
[141] NMC N v’ SoC, T, time 0-45°C 25-100% 450 days
[72] NMC v’ v SoC, T, time 35-50°C 0-100% 520 days
[142] NMC v’ X SoC, T, time 35-50°C 0-100% 520 days
[143] NMC v’ v’ T, time 10-46°C 50% 520 days
[144] NMC-LMO v’ v’ T, time 30-60°C 30-100% 1200 days
[145] NCA X v’ SoC, T, time 30-55°C 90-110% 219 days
[146] - v’ X SoC, T, time 30-60°C 30-100% 8oo days
[147] - v’ X SoC, T, time 0-60°C 5-100% 9 year

TABLE 10: Overview of studies investigating empirical and semi-empirical calen-
dar life models

the time dependency off calendar degradation is most often modelled using
a power-law relationship with z in a range of 0.5 to 0.8 [131], as shown in

Eq.(13).
Qloss = f(SOC' T)tz (13)

Where,
® (Qjyss: lost charge.

* f(SoC,T): function describing the state of charge and temperature
dependency of calendar degradation
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® {: time

* z: power exponent

An example of a corresponding degradation curve is shown in Figure
38. The exponential or pre-exponential components are often functions
of SoC and temperature. In general, a higher SoC or higher temperature
results in an increased calendar degradation rate. At a higher SoC, more
lithium is intercalated in the anode resulting in a lower anode potential
(V vs. Li/Li+) ? and higher reaction rate. Similarly, as the particle collision
rate increases at higher temperatures, the reaction rate increases. This is
confirmed by the results of [72] shown in Figure 38. It also shows that for a
lower SoC the capacity retention follows a more linear curve. Comparable
results were observed in [130-132, 141, 150]. A possible explanation for the
linear decay is cathode surface film growth, which has a non-passivation
character. Therefore its reaction rate does not decrease over time 3 [151].
Another explanation could be transition metal dissolution as a result of
high-temperature storage.

LIMITATIONS & CHALLENGES: TIME

An occasionally observed result is a slight increase in capacity when the
cell is still relatively new. This is most commonly observed for lower SoC
storage, but is also observed under cycling conditions [72, 128, 141, 142,
152]. Again this is also shown in Figure 38, for the 0% and 10% SoC lines.
After this initial increase in capacity, the capacity fading generally follows a
similar trend as for other conditions, and therefore the found empirical fit
is often still valid, even though it has been offset by the initial increase. The
authors of [142] mention electrochemical milling as a potential cause for
the increase in capacity. In [153] the so-called relaxation effect, due to the
long resting period after cycling, is mentioned as a possible explanation.
This relaxation effect can be caused by a change in local charge equilibrium,
a drop in concentration gradient of active material and electrolyte, and a
change in double-layer capacitance structure. Another explanation given
in [128] denotes the passive electrode effect as a possible explanation; here,
a slow movement of active lithium particles between the passive and active
part of the anode is given as an explanation for the rise in capacity.

lithium metal composites have a negative potential; therefore, voltages are measured with
respect to this potential

A material becoming passive means that it is getting less affected or corroded by its environ-
ment
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F1Gure 38: Normalized capacity and resistance over time for calendar degradation
test of NMC cells performed at 50°C and various SoC [72]. Their
results show a clear correlation with SoC, where higher storage level
results in higher degradation rate.

KEY INSIGHTS ON THE EFFECT OF TIME
The effects of time on the calendar degradation of LIBs can be summarized
as follows:

» SEI layer growth is reported as the main cause for the degradation
rate following a v/time curve. Higher temperature and SoC result in a
faster degradation rate.

¢ At lower SoC, the degradation of the cathode might be an explanation
for the more linear decay of capacity.

* An initial increase in capacity is occasionally observed. Different
explanations for this phenomenon are given in literature.

4.3.1.2  Temperature (Calendar)

The most critical stress factor for LIB degradation is temperature; all reaction
rates, parasitic and non-parasitic, are related to temperature. It, therefore,
affects all other stress factors.

MODELLING TECHNIQUES: TEMPERATURE (CALENDAR)
The most common semi-empirical technique to model the degradation due



4.3 REVIEW OF EMPIRICAL DEGRADATION MODELLING

to temperature is using the Arrhenius law [132, 141, 150, 154], given in
Eq.(14). The Arrhenius law models the effect of temperature on chemical

reaction rate. £
. —Lg
k=Aexp RT (14)

Where,

¢ k is the reaction rate constant

T is the absolute temperature

A is the pre-exponential factor

E, is the activation energy

R is the universal gas constant

The activation energy here refers to the additional energy required for a
reaction to take place. The Arrhenius equation is often related to the rate of
all parasitic side reactions leading to SEI growth [80] in LIB degradation
research. Other models based on exponential or power-law relationships
are also often utilized [94, 144].

LIMITATIONS & CHALLENGES: TEMPERATURE (CALENDAR)

Based on the summary of the testing conditions presented in Table 10
it is clear that the majority of the papers have investigated accelerated
calendar degradation at elevated temperatures, ranging from 30°C-60°C.
This is probably done to reduce the calendar life to a better manageable
period. However, this raises the question of whether the degradation rate at
50°C-60°C is translatable to the degradation rate at 15°C-25°C. A rule of
thumb is that the degradation rate doubles for every 10°C Celsius increase
in temperature [72, 131, 144, 150, 154]. For studies using the Arrhenius law,
this would result in an activation energy close to 50 k] /mol. In some cases,
this assumption is even used to derive the degradation model [155]. To test
this hypothesis, the degradation data of the reviewed studies is sampled
and analyzed according to Eq.(15).

T C(n)T2-T1 (15)
Here,

C(Tr)

* oy the ratio of percentage capacity loss between temperatures.
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¢ Tj,: temperatures of samples 1 and 2.

e «: factor to test the hypothesis.

An « equal to 2 would indicate twice as much capacity degradation for
every 10°C Celsius. Using Eq.(15) the data of each study is compared,
only to cells from the same study, tested at the same SoC, and measured
around the same time, such that only the temperature is variable. Figure
39 concludes that the given hypothesis often overestimates the calendar
degradation, as the peak occurs at approximately a« = 1.5, which means
that most tested cells increase degradation by 50% every 10°C. Further
investigation did not show any other correlation between age or SoC.

Occurence

F1GURE 39: Found results for & of Eq.(15). In the tested studies, 60% of calculated
values of & were below 2, and a peak around alpha = 1.5 was observed,
which means that most tested cells have an increased degradation
rate of 50% for every 10° increase. The spread of values confirms
the interdependency with other stress factors such as age and SoC,
however, no clear correlation was found

Due to the complex nature of LIB degradation, it is challenging to give
a rule of thumb figure as the degradation rate will always depend on
multiple correlated factors. For this reason, the testing conditions, especially
temperature, should be as close as possible to the operating conditions of the
application, as extremely high temperatures result in different degradation
mechanisms and therefore different degradation behaviour. An example of
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this is shown in [144]. Here the authors show that for an NMC cell stored
at a temperature of 60°C, the degradation rate increases tenfold when
the cells are stored at 100% SoC compared to 20% SoC. In comparison,
this difference at 30°C Celsius is negligible. A possible explanation could
be the restructuring of the SEI layer as it starts to break down at higher
temperatures, dissolves and re-precipitates. Furthermore, in [80] it is also
reported that organic SEI products are changed into more stable inorganic
products, thereby reducing the reaction rate but also reducing the ionic
conductivity of the SEI and thus increasing the resistance.

KEY INSIGHTS ON THE EFFECT OF TEMPERATURE (CALENDAR)
The effects of temperature on the calendar degradation of LIBs can be
summarized as follows:

* The Arrhenius law (or similar exponential forms) is the most com-
mon form of modelling the temperature dependency of calendar
degradation.

* Temperature has a strong influence on all other stress factors and
degradation mechanisms. To this extend, test conditions should be as
close as possible to operating conditions in order to avoid modelling
errors.

4.3.1.3  State-of-Charge (Calendar)

The last stress factor related to calendar degradation is the SoC (or analo-
gously terminal voltage). Table 10 shows strong similarities between studies
regarding testing conditions since most studies have modelled the effect of
SoC based on three to four conditions.

MODELLING TECHNIQUES: SOC (CALENDAR)

In [138], the authors have modelled the SoC dependency as a polynomial
function, where the interdependency of temperature and SoC is included
by multiplication, as shown in Eqs.(16)-(18).

G(8) = A(T, SoC)ePT00 4 Co" o)
with,

A(T,S0C) =ay-SoC+ap-T+asz-SoC-T (17)

B(T,S0C) = by - SoC + by - T+ b3 - SoC - T (18)
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Here,

e G(t): calendar degradation over time

SoC: state of charge

e T: temperature

A(T,SoC), B(T, SoC): function to model temperature and SoC inter-
dependency

® a1_3,b1_3, C, D: curve fit parameters

In [94, 156] calendar degradation is modelled as exponentially dependent
on SoC, following Eq.(19).

S50C—5S0Cy T-Ty

A = Age 5 -Age © V't (19)

Here,
e Ay calendar lifetime
* Ag: specified calendar lifetime under conditions SOCy and T
* b, c: curve fit parameters

Eq.(20) shows how [130, 157-159] modelled the pre-exponential factor in the
Arrhenius law to be SOC dependent. [130, 157] also model the activation
energy to be dependent on SoC, as shown in Eq.(20).

~Eq+C-50C
Quoss(t, T, S0C) = Aeb5C. Etfith (20)

here,
® Qs : lost charge
* A,B,C: curve fit parameters
® k: Gas constant

¢ T: temperature
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In [132] the authors observed a linear increase for the SoC-dependent
degradation. Therefore the kinetic dependency of (T,SoC) is modelled
using an Arrhenius equation multiplied by SoC. The SoC dependency
of calendar age-induced capacity degradation is modelled as a power-
law relationship in [131, 137, 147, 154]. In contrast, the decrease in power
capability is modelled in a linear relationship in [137].

Although diverse modelling methodologies are documented in the litera-
ture, the general trend suggests an increase in degradation with increasing
SoC, especially at higher temperatures, [72, 144].
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FIGURE 40: Graphite anode potential vs. SoC of three different half-cells. A strong
correlation between anode potential and degradation rate is observed
for all cells, especially the phase transformation around 60-70% marks
a significant change in degradation rate.. The figure is obtained from
the publicly available material of P. Keil et al. in [97], under the
Creative Commons Attribution 4.0 License CC-BY.

LIMITATIONS & CHALLENGES: SOC (CALENDAR)

Most reviewed studies only perform tests with three to four different SoC
conditions due to practical constraints on testing capacity. This incorrectly
leads to the belief that the rate of capacity and resistance deterioration
for higher SoC’s increases continuously. However, in [97, 154] calendar
degradation was investigated with a higher resolution in SoC. Both these
studies found a direct correlation between the graphite anode potential and
capacity degradation.
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In Figure 40 the results of [97] are shown for three different chemistries. As
expected, an increase in storage temperature increases the capacity fading.
However, more importantly, the results also show different plateaus with
respect to storage SoC. There seems to be a direct correlation between
the rate of capacity fading and the graphite anode stages for all three
chemistries. These stages occur due to the different compositions of the
lithium and carbon molecules, resulting in a different volume and potential.
A schematic representation of the different stages, along with the anode
potential during charge and discharge, is shown in Figure 41 [160].

The results of [97, 151] confirm that SEI growth results from electrochem-
ical instability of the electrolyte-electrode interface. In both studies, these
plateaus were not observed in the resistance increase. For the LFP cell this
increased independently of SoC, whereas the rate of resistance increase
for the NMC and NCA cells was found to be substantially larger at higher
SoC, especially around 9o-100%. The cathode surface film layer could be a
possible explanation, which for LFP cells is much less SoC dependent due
to the more stable crystal lattice and two-phase regime. Based on the results
of [97, 154] it can be concluded that curve fitting the SoC dependency with
only three test conditions is insufficient to accurately capture capacity fade
as a function of SoC, as it will lead to significant under- and overestimations
in certain SOC regions. The advantage, however, is that the anode potential
can be determined prior to performing the degradation test. For example,
the anode potential or differential voltage analysis (DVA) can be used. Once
the anode potential is known, the choice of SoC testing conditions can
be made strategically. Furthermore, knowing where the phase transition
occurs during the operation of a LIB can help reduce calendar degradation.

Another observation on the results shown in Figure 40 is the drastically
increased degradation at 100% SoC for the NMC chemistry. This was not
observed in the other chemistries, and similar results have been found in
other degradation studies of NMC cells [142, 144, 150, 154]. The increased
degradation appears to be independent of anode potential. A possible ex-
planation could be other degradation mechanisms driven by a high cell
voltage, such as electrolyte oxidation, transition-metal dissolution, or struc-
tural damage to the cathode due to a high degree of lithiation [83, 161]. Due
to the disproportionate increase in degradation at high temperature and
very high SoC (>95%) it is not recommended to test NMC cells at 100%
SoC, if the amount of testing conditions is limited as it will result in large
overestimations for conditions below 95% SoC.
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FIGURE 41: Schematic representation of the staging phenomena observed at the
anode [160]. Because the arrangement of carbon and lithium molecules

differs in each phase, each stage has a different potential and volume,
and therefore a different degradation rate.

KEY INSIGHTS ON THE EFFECT OF SOC (CALENDAR DEGRADATION)
The effects of SoC on the calendar degradation of LIBs can be summarized
as follows:

* The anode potential appears to be the main factor determining the
rate of degradation in graphite-anode-based cells. This demonstrates
that SEI layer growth is the dominant degradation mechanism for
these cells.

* Modelers should be cautious when developing models based on a
limited number of testing conditions. Because the degradation rate
is determined by the anode potential, which is not a continuously
changing potential but instead follows the stages determined by the
anodes’ phase transitions.

* A significant amount of studies testing NMC cells at 100% SoC, ob-
served a disproportionate increase in degradation, for a slightly lower
SoC. To this extent, higher accuracy over the entire SoC range can be
achieved when the maximum SoC tested is 90-95%.
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4.3.2  Cyclic degradation

Table 11 summarizes the cycling degradation studies and their testing
conditions. The relevant part is discussed in the accompanying section for
studies that discuss both calendar and cyclic degradation.

4.3.2.1  Combining Cyclic and Calendar degradation

Based on the reviewed studies, no single idea about the correlation between
calendar and cyclic degradation can be derived. In [144], degradation is
modelled using Dakin’s approach. Here cyclic and calendar degradation
are modelled to be multiplicative. The authors of [72, 80, 136, 143, 156] have
mentioned that cycling results in additional (cyclic) degradation due to
added mechanical stress and lithium plating. In most cases, such as [143],
cyclic degradation is added on top of the previously calculated calendar
degradation. Furthermore, various studies show that the SEI layer’s growth
and morphology alter according to the operating conditions. During cy-
cling conditions, the SEI layer stays more porous, whereas a much denser
layer is formed under storage conditions [104, 105, 154]. While cyclic and
calendar degradation are mentioned to have a strong superposition for high
temperatures or high SoC in [154, 166]. For milder conditions, especially at
lower temperatures and increased C-rate, cycling degradation is probably
dominant.

Note that studies that only discuss cyclic degradation have inherently
incorporated calendar degradation as well. In this case, the superposition of
calendar degradation is assumed to be non-existent [156, 183] or negligible
compared to the cycling induced degradation. However, in these cases,
the fast sequential cycling tests mask the effect of calendar degradation
and, therefore, lead to estimation errors in applications with significantly
more time between cycles. In practice, every modeller should determine the
best practice for themselves, depending on their application and operating
conditions.

4.3.2.2  Addressing Irreqular Cycles: Rainflow Counting Method

Often, cyclic degradation studies are performed under fixed conditions.
However, in reality, degradation is not as static as these test conditions.
One way of dealing with highly irregular power profiles is using the rain
flow counting method. Rainflow counting is a common fatigue analysis
technique used to calculate the combined fatigue of a summation of different
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Study Chem. Cap.  Res. Factors Conditions
Temp. SoC DoD C-rate Throughput
[152] LFP N X SoC, DoD, C, Ah, T 25-40°C 30-70% (avg) 12.5-75%  1-1.82C 900 FEC
[131]) LFP v v SoC, DoD, Ah, T 35-50°C 27.5-72.5% (avg) 10-60% 4C 1k-7k FEC
[162] LFP N X DoD,C, T -30-60°C 100% (start) 10-90% 0.5-10C 1k-6.5k FEC
[163] LFP NG v’ DoD, T, C -18-40°C 100% (start) 20-100% 1-15C 550-2900 FEC
[99] LFP v’ X T, Ah, C 25°C 100% (start) 100% 0.5-5C 550 FEC
[155] LFP v’ X T, Ah, C 25°C 100% (start) 100% 0.5-5C 1.2k-10k
[164] LEP v’ X SoC, T, Ah, C 36-45°C 38.5-60% (avg) 100% 2.82-6C 4k-20k FEC
[165] LFP v’ N SoC, DoD, T, Ah 30, 45°C 125V-2V 100% 4C 200 FEC
3.65V-3.95V
[166] LFP v’ v’ DoD, Ah, C 30°C 100% (start) 5-100% 1-3.5C 2k-5.5k FEC
[167] LFP v’ X SoC, Ah, C 55°C 0-30% 10-30% 4-8C 3.9k-12.5k
[168] LFP v’ X CT 25,45°C 100% (start) 100% 1C 4.5k FEC
[137] LFP v v SoC,DoD, T 35-50°C 10-90% (start) 10-80% 4C 8k
[136] LFP v’ v’ C, Ah, 25°C 40-80% (start) 3,6% 0.5-1C -
[169] LFP NG X SoC,T, C,Ah 22.8°C - 51.6°C 100% (start) 60,100% 14C 654-4286 FEC
[170] LFP N v’ X 22.8°C-51.6°C 100% (start) 60,100% 14C 654-4286 FEC
[159] LFP v’ x T,C, Ah 40-50°C 60-85% (start) 20-65% 0.4-4C 4k
[100] LEP v’ X SoC,DoD,T, Ah 20°C 75-100% (start) 50-75% 1C 4k-8k FEC
[171] LFP v’ v’ SoC, Ah, 5,44°C 100% (start) 100% 1.5C 990 FEC
[100] NMC v’ X SoC,DoD,T, Ah 20°C 75-100% (start) 50-75% 1C 4k-8k FEC
[171] NMC v’ v’ SoC, Ah, 5,44°C 100% (start) 100% 1.5C 990 FEC
[72] NMC v v SoC,DoD, Ah, T 35°C 10-95% (avg.) 5-100% 1C 1.5-4.5k FEC
[144] NMC NG v’ DoD, Ah, T, C 40,50°C 100% (start) 20-40% 10,20C -
[142] NMC v X SoC, DoD, C, T -10-50°C 20-80% (avg.) 10-100% 1/3-2C 9oo-1k FEC
[172] NMC N X SoC, T, Ah, C 10-45°C 100% (start) 55-75% 1/3-5C  8o0-1400 FEC
[151] NMC v’ v’ SoC, T, Ah, C 10-45°C 40-70% (avg) 20% 5-20C -
[173] NMC v’ X SoC, T, Ah, C 10-46°C 100% (start) 50% 0.5-6.5C  1.3k-1.7k FEC
[143] NMC v’ X T, Ah, C 10-46°C 100% (start) 10-90% 0.5-6.5C  900-4.3k FEC
[150] NMC v’ v~ SoC,DoD, T, Ah, C 40°C 5-90% (avg) 10,60% 1C 2k FEC
[140] NMC-LMO v~ v’ SoC, T 30-50°C 100% (start) 10-70% 4C -
[159] NCA v’ X T,C, Ah 40-50°C 60-85% (start) 20-65% 18C 4k
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Study Chem. Cap. Res. Factors Conditions

Temp. SoC DoD C-rate Throughput
[144] NCA v’ v’ DoD, Ah, T, C 40,50°C 100% (start) 20-40% 9,16C
[174] NCA v’ v’ SoC, DoD, Ah, T 20°C EOCV: 3.9V-4.1V 20-80% 9,16C
[175] NCA v’ X SoC, DoD, T 20°C 80,100% (start) 60-80% - 782 FEC
[176] NCA N X DoD, T, Ah, C 0-50°C EEODV: 2425V 60-80% 0.2-1C 782 FEC

EOCV: 4.1-4.3V

[100] LMO v’ X SoC,DoD,T, Ah 20°C 75-100% (start) 50-75% 1C 4k-8k FEC
[171] LMO v’ v’ SoC, Ah, 5,44°C 100% (start) 100% 1.5C 990 FEC
[158] LMO v’ X SoC, T, 25°C 35-50% (avg.) 20-95% 1C 900 FEC
[177] LMO N X Ah 25°C 100% (start) 100% 1C 700 FEC
[178] LMO v’ X DoD, T, C 20-50°C 100% (start) 20-100% 1-5C 900 FEC
[179] LCO v’ X SoC, DoD, T, C 25°C EOCV: 4.1V-4.3V 100% 0.5-1.4C 9oo FEC
[180] LCO v’ X DoD, T, Ah, C 25-45°C 100% (start) 20-30% 0.6-1.2C 500-800 FEC
[147] LCO v’ X SoC, DoD, T 0-60°C 0-100% (start) 3-80% 1/5C 10k FEC
[181] LCO v’ X Ah, C - 100% (start) 100% 0.5-1C 550 FEC
[182] LCO v’ X SoC, C 25°C EOCV: 4.2-4.35 100% 1C 250-500 FEC

TaBLE 11: Overview of studies investigating empirical and semi-empirical cycle
life models (Part 2).

stress cycles. Several studies have used the rain flow counting method to
calculate the combined degradation of an irregular power profile [100, 131,
152, 184, 185]. An example of this is shown in Figure 42. Here the rainflow
matrix is shown for a randomly generated load profile, which shows the
amount of cycles of a particular current rate [A] and throughput [A*s].
Other output quantities could be DoD, average SoC, or idle time. Next,
the degradation can be determined based on the number of cycles with a
specific amount of stress. The advantage of this technique is that it allows
assessing the degradation of irregular profiles more accurately. However, it
assumes that the sequence of cycles does not influence the outcome, e.g. the
degradation due to a high DoD cycle followed by a low DoD cycle is similar
to a low DoD cycle followed by a high DoD cycle. Furthermore, it assumes
that the effect of a particular cycle (or sum of cycles) is independent of the
current age of the battery. Interested readers are directed to [186] for more
information on the rain flow counting technique.
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FIGURE 42: Example of a rainflow matrix histogram based on a randomly gener-
ated load profile. In this case, the rainflow matrix counts the number
of cycles of a specific cycle-depth with a specific current load.

4.3.2.3 Throughput

Throughput describes the net Ah delivered by the battery over multiple
cycles. As a result, it is one of the critical stress factors for cycling degrada-
tion.

MODELLING TECHNIQUES: THROUGHPUT
Similar to time for calendar degradation, the relationship for throughput
is often modelled using a power-law relationship [72, 99, 159, 162, 164], as
described in Eq.(21) or Eq.(22). Furthermore, throughput is also modelled
in terms of number of cycles combined with depth-of-discharge. Often with

similar power-law equations [131, 142].
Qcyet = f(SoC, T, DoD, I) Ah* (21)
Qcyel = f(S0C, T, DoD, I) Czyde (22)
Where,
* f(SoC,T,DoD, I): degradation due other stress factors.

o Ah: the total cumulative throughput of the cell.

® Neyele: the amount of performed cycles, sometimes expressed in terms
of depth-of-discharge.
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e zZ: power—law exponent.

The typical values of z are in the range of 0.5-0.8, which is generally
associated with SEI layer growth. The authors of [72], found the best fit for
z around o.5, after subtracting calendar degradation. Meaning that as the
battery ages, the SEI thickens, and the capacity fade due to cycling induced
stress on the SEI decreases. In [180] values of z in the range of 0.8 have
been reported, following a less logarithmic and more linear degradation
rate. A possible explanation could be an increased share of cathode surface
layer film growth [151]. In [167], the authors found the best curve fit using
z = 1.23. Here the degradation due to the charge-sustaining (CS) mode of
plug-in hybrid electric vehicles (PHEV) has been investigated. Here the CS
mode of a PHEV was characterized by low SoC and very high C-rates. The
resulting degradation showed an increasing degradation rate, resulting in
an exponential factor z > 1. Because of the low SoC, combined with the
high C-rate, this increasing degradation rate is potentially dominated by
metallic lithium plating, which in contrast to SEI growth, is a self-reinforcing
process.

However, not all studies have reported non-linear cyclic degradation
characteristics. In [152, 155] the cyclic degradation is modelled as linearly
increasing with throughput, even though the results show a very slight
saturation. Furthermore, in [175] cycling degradation is assumed to be
linearly dependent on the number of cycles. This is, however, not confirmed
by the experimental data shown in the paper. Finally, the authors of [104]
have found a linear correlation between cycling induced capacity fade and
the number of cycles (on top of a t*° time dependency). A destructive
physical analysis showed that damage to the cathodes’ active material
was the leading cause for the cycle induced degradation. Additionally,
the authors of [104] observed a linear increase in resistance, whereas the
capacity fading showed a t°? correlation. This indicates that the degradation
mechanisms between capacity fade and resistance increase are different [72].
This difference between capacity and resistance deterioration was found in
several studies [131, 154, 163, 172]. Unfortunately, no explicit explanation
for this observation was given.

LIMITATIONS & CHALLENGES: THROUGHPUT

For studies investigating only cyclic degradation [131, 158, 162, 164, 172],
it could be argued that the superposition of calendar degradation has a
strong effect on their results, especially at higher temperatures and SoC.
According to [162, 180], time is inherently incorporated in throughput, as
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every charging instance with a particular C-rate is also a function of time.
However, this is only valid if the cell is cycled continuously, which is rarely
the case in practical applications.

Most of the above-described studies use some form of the Arrhenius equa-
tion, combined with a power-law relationship on throughput or number of
cycles. This form of modelling is generally well suited to predict degrada-
tion due to long term storage or cycling during a post-process calculation.
However, for online calculations over a shorter period, or fast-changing
operating conditions, it is less suited as the current age of the battery is
not taken into account at every new iteration/calculation. This has been re-
solved by the authors of [159] by differentiating the Arrhenius/Power-Law
over time. Starting with Eq.(23), this results in the linearized form as shown

in Eq.(23)-(25) [159].

—E; +«a|l
Qloss = B(I) exp TfmAhz (23)
1
Qloss o Qloss 1=z
_ |1] _Ea + alI|

Another limitation of the Arrhenius/power law is that it only captures the
degradation in the first stages of battery life, during which the degradation
rate decreases as the battery ages. However, at a certain age, all LIBs
experience an increase in degradation rate due to lithium plating, as shown
in Figure 36. The authors of [142] model this inflexion point as a polynomial
equation based on the number of cycles and DoD, according to Eq.(26).
Figure 43 shows that this results in a good fit on their degradation data,
and shows the inflexion points which start to occur around 3000 cycles.
However, note that this is not observed in the data, and therefore the age at
which plating starts to occur remains unknown.

RCD(x,y) 2 a;x' + by’ (26)
i=0,j=0

Where:
* RCD: Relative capacity degradation (%)

e x: full equivalent cycle number
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y: DoD (%)

® g;: constants for x

bj: constants for y

* 1, m: order of X, y

» 100% DoD « 80% DoD 65% DoD « 50% DoD « 35% DoD « 20% DoD
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FIGURE 43: degradation and fitting result from [142]. In contrast to many exponen-
tial models this polynomial model takes into account the increasing
degradation rate at later point in battery life, due to lithium plating.

Another option is to linearise the various stages seen in LIB life, such as
done in [100]. Here the authors distinguish between four different stages,
each modelled as linear functions dependent on various stress factors, see
Figure 44.

KEY INSIGHTS ON THE EFFECT OF THROUGHPUT
The most important insights on the effect of throughput can be summarized
as follows:

e Often an Ah* relationship, with 0.5 < z < 1, is found for studies
modelling the effect of throughput on cyclic degradation. Even though
this may result in good accuracy in the first stages of battery life, it
fails to capture the degradation in later stages, where an increased
degradation rate is generally observed after an inflexion point.

¢ Studies investigating only cyclic degradation inherently include the
effects of calendar degradation in their models. Depending on the
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application of the model, this can potentially lead to inaccurate results.
Other studies have subtracted the expected amount of calendar degra-
dation from their cyclic degradation test results to more accurately
curve the degradation due to cycling.

Remaining capacity [%]

cycle life

FIGURE 44: Modelling battery degradation based on four different linear stages
(stages (A)-(D)), this allows to linearize the degradation model over
the entire lifetime of the battery [100]

4.3.2.4 Temperature

MODELLING TECHNIQUES: TEMPERATURE (CYCLIC)

Also for cycling degradation the Arrhenius law [72, 99, 100, 142, 150, 162],
or similar exponential relationships [131, 144, 155], are most often used
to model the temperature dependent reaction rate. An example of an
Arrhenius law model is given in Eq.(23). Also polynomial relationships,
such as the example given in Eq.(27) and (28), are occasionally used [143].

Qioss = By (T)eP2(Dhare AR (27)
with,
Bi(T) =aT?>+bT+c¢, & By(T)=dT +e (28)

where:
* Qjoss: Lost capacity.
¢ T: Temperature.

® [.t0: C-rate.

Ah: Throughput.

a,b,c,d,e: curve fit parameters.
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LIMITATIONS & CHALLENGES: TEMPERATURE (CYCLIC)

In the studies mentioned above, good accuracies are achieved when using
the Arrhenius law to model the temperature dependency at temperatures
above room temperature. However, different to calendar degradation, the
Arrhenius law is not a good indicator for the temperature-dependent degra-
dation rate at temperatures below room temperature [100, 144, 152] (and
occasionally also at higher temperature rates [180]). Where for calendar
degradation, lower temperatures reduce the reaction rate of parasitic side
reactions, under cycling conditions, the lower temperatures also reduce
the battery’s ionic conductivity, leading to an increased impedance and
reduced performance [187-189].

In [152, 190] a temperature around a 20 — 25°C was found to be the dividing
limit at which the impedance starts increasing for lower temperatures, and
above which the impedance decreases for lower temperatures. As a result,
the least (cyclic) degradation is generally observed at around 20 — 25°C [142,
144, 152, 162, 163]. An example of this is shown in Figure 45, where the
pre-exponential and exponential factors B1(T) and B(T) from Eq.(27)((28))
are shown [143]. Therefore, cycling degradation models utilizing exponen-
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FIGURE 45: The pre-exponential and exponential factors B;(T) and B, (T) from
Eq.(27) show that the lowest degradation rate is observed for temper-
atures around room temperature. Additionally, a decreasing By (T)
shows that the effect of current rate decreases at higher temperatures.
The shown results are obtained for NMC-LMO cells cycled at 50%
DoD and 1C.

tial relationships, fitted on test results above room temperature, can often
not be used for conditions below a 20°C as this would result in severe un-
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derestimations. Nevertheless, the Arrhenius law can also be used at lower
temperatures if combined with positive activation energy. An example
obtained from [176, 191] is shown in Eq.(29).

_EH

Ep z
Qloss = ALeRT + Age R (29)

Here, the letters H and L denote the found parameters for high and low
temperatures.

In [190] the authors showed, using post-mortem analysis, that differ-
ent degradation mechanisms are dominant above and below 20°C for an
NMC-LMO blended cathode cell. Their results show that lithium plating is
the dominant degradation mechanism at low temperatures, caused by an
increasing polarization near the electrode due to the slow diffusion and low
ionic conductivity [105]. Whereas at higher temperatures, transition metal
dissolution and SEI growth are the dominant degradation mechanisms.
Similar results have been found in [192] for LCO cells.

A couple of studies have even performed degradation tests at subzero
temperatures. However, most of them have not included these results in
their models due to the extremely short cycle life (below 100 equivalent
full cycles) [105, 142, 152, 162]. [188] Showed that the anode’s diffusion rate
is the main limiting factor at temperatures below zero. At temperatures
above 20°C, the intercalation potential of graphite anodes often prevents
lithium plating [192], until a certain age. At higher temperatures, active
material loss and SEI growth are dominant [120, 138]. Especially, cathode
chemistries containing manganese are sensitive to higher temperatures (and
higher SoC) due to Mn-dissolution.

Not only the effect of temperature changes around 20 — 25°C, also the
interdependency of temperature with other stress factors such as C-rate.
At higher temperatures, the impact of C-rates becomes less significant, as
shown in Figure 45, and the effect of calendar degradation becomes more
pronounced [144]. Whereas for lower temperatures, the detrimental effect
of C-rate increases [143, 144]. More on this is discussed in the next section.

KEY INSIGHTS ON THE EFFECT OF TEMPERATURE (CYCLIC)
The most important insights on the effect of temperature can be summarized
as follows:

* The majority of papers model the degradation rate to be exponentially
dependent on temperature.
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¢ Temperatures around 20 — 25°C are a tipping point below which a
lower temperature increases the impedance and above which higher
temperature increases the battery’s impedance.

* As a result, models utilizing an exponential relationship to model
the temperature dependency for cells cycled above room temperature
might lead to significant underestimations when used for tempera-
tures below room temperature. A possible solution could be to use
both a positive and negative activation energy (or exponential factor).

4.3.2.5 C-rate

C-rate or the rate of (dis)charge is defined as the ratio of power (W) to energy
capacity (Wh). Generally, higher C-rates are believed to be more detrimental
to battery degradation. This has been confirmed in the majority of the
reviewed studies, for C-rates above 2-3C. In [193] the authors cycled LCO
cells with 1, 2, and 3C at room temperature. Using an electron microscope
and impedance analysis, they showed that the increasing C-rates caused
structural damage on the graphite anode of an LCO cell, resulting in
the crack and repair of the SEI layer. The rate of capacity and resistance
degradation was proportional to the C-rate. Similar results were found
in [179, 180].

MODELLING TECHNIQUES: C-RATE

In [143, 144, 163, 164, 173], among other studies, the authors modelled an
exponential increase in degradation with respect to C-rate, often combined
with an Arrhenius like equation, where the activation energy (or in general
the exponential component) is modelled as a linear function of C-rate as
shown in Eq.(23) [159]. Others also included a linear dependency on C-rate
in the pre-exponential factor [173, 180], as shown in Eq.(30).

—Ea(C)

Qigss = A(C)e kT n®7 (30)
with:
A(C) = AC7+bC+e (31)
E.(C) = xe¥© 4z (32)
where:

® Qjoss: Lost capacity.
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T: Temperature.

C: C-rate.

Ah: Number of cycles.
* a,b,c,x,y,z: curve fit parameters.

The authors of [152, 155] inherently incorporated C-rate by using the nor-
malized standard deviation in SoC (S0Cy,,(f)) per time unit, as shown in

Eq.(33)(34)

Qloss =
k150Ce0 €xp k250Caug + k3 exp k4S0Cpey (33)
Where,
50Cer =
Ahm
\/ v / nAm (S0C(Ah) — S0Caug)2d Al (34)
Where,

50Cj,,: the normalized deviation in SoC

S0Cpyg: the average SoC of a cycle.

AAhy,: the amount of charge processed in cycle m.

® J1_4: curve fit constants.

A different approach was taken in [164] (LFP), for C-rates of 2, 20 and
28C at temperatures above 36°C. The authors model the effect of C-rate to
be more detrimental than temperature and SOC. Furthermore, according to
their model, the impact of C-rate increases at higher temperatures. However,
no accompanying data is shown to verify this. Note that the effect of cell
self-heating becomes very significant at these C-rates, leading to increased
calendar degradation due to significantly elevated cell temperature. Some
authors even neglect the effect of C-rate, as it is incorporated in the temper-
ature dependency [100]. This might be a valid assumption for lower C-rates,
but for very high C-rates, the effect of mechanical and kinetic stress might
be non-negligible.
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FIGURE 46: Cycling degradation results of the NMC studies in [143]. The results
show the interdependency of C-rate and temperature. At tempera-
tures of 34°C and 46°C the effect of C-rate decreases and the least
degradation is observed for 2C and 3.5C.

LIMITATIONS & CHALLENGES: C-RATE

Before discussing any limitations and challenges regarding C-rate depen-
dent degradation, the differences between chemistries should be pointed
out. LFP cells, for example, are well-known for their ability to handle
large amounts of power. Furthermore, LIBs using LTO anodes can sustain
extremely high C-rates with negligible degradation. However, when con-
ducting cyclic degradation tests, readers and modellers should be aware of
the effect of energy density on C-rate. As for the same cell size, with each
equal electrode surface area, higher current densities are experienced for
cells with a higher energy density for the same C-rate, potentially leading
to an unfair comparison between cell chemistries [97].
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Although most of the reviewed studies found an exponentially increasing

degradation rate at C-rates above 2C, a significant part found a negligible
increase in degradation for C-rates below 2C and temperatures between
30 — 45°C, for both LFP and NMC chemistries [105, 142, 152, 162, 166,
172, 173, 178]. In [105] the increase in C-rate from 1C to 2C was found
negligible at 45°, but non-negligible at 20°C. Showing the temperature
dependency on C-rate. The authors report that the increased reaction rate
and ion diffusion kinetics at these temperatures might reduce the stress
caused by an increasing C-rate.
To this extend, to adequately explain the effect of C-rate, a distinction
between above and below room temperature should be made. At lower
temperatures, the ionic conductivity and intercalation rate decreases [162],
whereas the higher current density as a result of higher C-rate requires
faster diffusion kinetics [105]. As a result, lower temperatures accelerate the
detrimental effects of increasing C-rate, resulting in increased mechanical
and kinetic stress on the electrodes and an increasing polarization gradient,
potentially leading to lithium plating [194]. Similarly, the effect of C-rate
often decreases for increasing temperatures, as was found by the authors
of [143]. Their results are shown in Figure 46. At 10°C it shows a clear
dependency on C-rate, whereas for an ambient temperature of 34°C and
43°C the difference between C-rates decreased. Also, the capacity retention
trajectory is distinctly different at 10°C and higher C-rates, pointing to an
increasing rate of lithium plating. Finally, it is also noteworthy that the least
degradation is not necessarily observed at the lowest C-rates.. Nevertheless,
also at higher temperatures, the effect of C-rate can cause detrimental effects
such as crack propagation of the SEI layer, cathode overcharge (as a result
of an increasing polarization gradient), or structural damage to the anode
and cathode such as graphite exfoliation [90, 195-197].

Some authors have accounted for the interdependency between C-rate
and temperature. In [144] NMC and NCA cells were cycled at temperatures
of 40 — 50°C and C-rates of 10 and 20C. The authors found an exponentially
increasing degradation rate for higher C-rates. However, decreasing at
higher temperatures. Therefore the temperature-dependent C-rate effect

More studies report less degradation at higher C-rates. In [166] (NMC), at 60% DoD the
least degradation was observed for 3.5C, followed by 1C than 2C. Whereas at 100% DoD no
difference was observed between 1C and 2C, and only a small difference was observed for
cells tested with 10% DoD. All cycling tests were performed at 30°C. A complex correlation
between C-rate and DoD was found; the authors mention that further investigation is required
to determine this correlation
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was modelled as a linear function of temperature, as shown in Eq.(35).
Similar methods have been used in [143].

ke = exp (a(T)I) (35)
Where,
¢ kc: C-rate induced cyclic degradation.
* a(T): Linear expression to describe temperature dependency of C-rate.

e [: C-rate.

KEY INSIGHTS ON C-RATE
From the above-described results, several conclusions can be drawn:

¢ The effect of C-rate is often modelled to be exponentially dependent.

¢ A strong interdependency with temperature is observed. Therefore,
models obtained using temperatures above 20° are likely not to
be valid at temperatures below this threshold due to an increasing
impedance.

* For temperatures above 20°, the effect of C-rate decreases. Some stud-
ies even report less degradation is observed at higher temperatures or
higher C-rates. Modelling C-rate as a temperature-dependent function
can therefore increase accuracy.

* When performing cycling tests at very high C-rates, cell self-heating
should be taken into account.

¢ Readers and modellers should be cautious when using exponential
relationships with respect to C-rate, at C-rates below 2. Several studies
have shown that this relationship is not valid for C-rates below the
2C threshold.

4.3.2.6  State of Charge (Cyclic)

Table 11 demonstrates that a considerable amount of studies did not inves-
tigate the effect of SoC on cyclic degradation, but instead always start their
cycle at 100%. These studies are likely to have a larger calendar degradation
superposition. Additionally, users should check whether this is suitable for
their application, as battery management systems do not always charge
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the cells up to this point. The reviewed studies are divided into two cate-
gories: 1. Studies investigating the influence on End-of-Charge-Voltage and
2. Studies investigating the influence of average SoC.
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FIGURE 47: Comparison of the capacity degradation (A) and resistance increase
(B) of LCO cells tested at 1C, 25°C and various EOCV. significant
increase in degradation is observed for the cells cycled up to 4.3V, and
therefore too high EOCV should be avoided. Based on data obtained
from [179]

MODELLING TECHNIQUES: END-OF-CHARGE-VOLTAGE

The final voltage at which the battery is maintained during the constant
voltage (CV) charging region is the End-Of-Charge-Voltage (EOCV). In [193]
it was found that 90% of cycling losses resulted from the CV charging region.
In [165, 174, 176, 179, 182] the effect of end-of-charge-voltage (EOCV), was
investigated for LFP, LCO, and NCA chemistries. In these studies the EOCV
ranged from 4.1V to 4.3V and all studies concluded that a higher EOCV
lead to increased degradation. According to the authors of [176], a high cell
voltage causes a higher potential in the cathode and a lower potential in the
anode, which increases the electrolyte oxidation and reduction rates at the
cathode and anode, respectively, resulting in surface film layer formation.
Furthermore, in [179], a significant increase in degradation was found with
an EOCV of 4.3V, compared to 4.1V and 4.2V, respectively. The results
of [179] are shown in Figure 47. Based on a differential voltage analysis,
the authors conclude that lithium plating is the cause of the increased
degradation rate. At this very end of the charging process, the reduced
diffusion capability of lithium into the graphite anode is said to cause
lithium plating.
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All of the above mentioned studies use different methods to model the
degradation due the EOCV or EODV (End-Of-Discharge-Voltage). In [165],
the authors develop an degradation model based on the addition of multiple
single factor stress models. The total cycle life CL is calculated according to
Eq.(36).

CL

_1(1 1+1+1+1>(6)
SSFg\SSFr ~ SSFi4 = avg},, SSFic  copdcy, ’

where:

¢ CL: total cycle life.

® SSFE,: Single stress factor model of x, where x
discharge current rates.

I3, Ic; charge and

* a,b,c,d: curve fit parameters
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FIGURE 48: (A): degradation results for three different cells cycled with 35% DoD,
4C at 42.5°C around an average SoC of 27.5%, 50% and 72.5%. (B):
Curve fitting coefficient b(SoC) in eq.(37) for the three different degra-
dation tests. Based on data obtained from [131].

MODELLING TECHNIQUES: AVERAGE SOC

Other studies have investigated the effect of different starting or average
SoC. In [131] three different average SoCs were investigated, 27.5%, 50%
and 72.5%, all cycled with 35% DoD, 4C. Their results shown in Figure 48,
show an increasing degradation rate for lower SoC, modelled as inversely
exponentially dependent on SoC, as given in Eq.(37).

b(SoC) = 0.2943 exp(—0.0194350C) (7)
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This increasing degradation rate at lower SoC can be explained by the fact
that the impedance of the cell increases as the cell is discharged [xus9,
80, 193]. This results in reduced power capabilities and more self-heating.
This is also temperature-dependent, and higher C-rates might aggravate its
effect.

In [172] the effect of minimum SoC on various CS cycles for plug-in
hybrid electric vehicles was tested on NMC-LMO cells at 30°C, 25-45%
minimum SoC with varying C-rate. Their results show an exponentially
increasing degradation at higher SoCs. Similar results are found in [152] for
LFP cells cycled at 1-1.8C, 30°C. In both [152, 172] the calendar degradation
was not subtracted, which might be a possible explanation for their results.
In [164] a very slight increase in degradation was observed at higher SoC
for cells cycled with a C-rate of 10C, whereas for lower temperatures and
lower C-rates, the effect of SoC was found negligible. The authors followed
an Arrhenius equation, where the degradation was linearly dependent on
SoC, as shown in Eq.(38).

—E,+nl
Qloss = (“SOC + .B) exp R( o 7 Ah* (38)

273.15.4+T)
The authors of [72] cycled NMC cells with various DoD at 1C, 35°C, and
subtracted the expected calendar degradation results from their cycling
degradation results. The resulting data showed the lowest degradation
around an average SoC of 50%. Similar results were found in [142, 154].

LIMITATIONS & CHALLENGES: SOC (CYCLIC)

Concerning the effect of EOCV, a consensus exists that a higher EOCV
leads to increased degradation. However, at these high SoC levels, battery
chargers charge with a decreasing average current to maintain a constant
voltage instead of constant current charging in the majority of the SoC range.
Therefore, the effect of EOCV might be attributed primarily to calendar
degradation mechanisms.

Less consensus on the effect of average SoC on LIB degradation is ob-
served. Partially due to the influence of other parameters such as temper-
ature, DoD, C-rate, and chemistry. But also due to the other mechanical
and kinetic changes inside the cell. Such as an increased impedance at
lower SoC, and volume changes due to the different electrode intercalation
compounds [198, 199], as shown in Figure 41. In [198], the authors analyzed
five NCA cells each cycled with 20% DoD around evenly distributed SoC
intervals. The highest degradation was observed for the cells cycled in stage
2 (see Figure 41).
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FIGURE 49: (left): Differential voltage analysis of an NMC cell, and (right): the
degradation rate of cycles with 10% DoD for 10 different SoC intervals.
The orange bars illustrate the strong SoC dependency on the effect of
DoD. The most degradation is observed at the place where the anode
potential is the lowest or where there is a phase transition at the anode.
These cells are cycled with 10% DoD, 1C, 45°C, around 10 different
SoC regions. Based on data obtained from [105]

A similar investigation was done in [105], where 10% DoD cycles are spread
out evenly over the entire SoC range. The results are shown in Figure 49,
and are in line with what was found in [198]. Here the bars show the
total degradation per SoC range, whereas the lines show the DVA of both
electrodes and the complete cell. However, the results of Figure 49 oppose
their results for cells cycled with a DOD of 50%, which showed the least
degradation with an average SoC 75%. This shows that SoC and DoD’s
effect have strong interdependencies that are hard to capture in empirical
degradation models, as the effect will always be different depending on
the starting point and cycle depth. Aside from a high interdependence,
testing for only a limited amount of time or cycles may also lead to false
conclusions on total lifetime, as was demonstrated in [105]. Here, NMC
cells were tested around 25-75% SoC with 1C at 20°C. In the first 300 full
equivalent cycles (FEC), the most degradation was observed at the highest
SoC. Nevertheless, the highest cycle lifetime was observed at the highest
average SoC as well. Further investigation showed that a more stable SEI
is formed at higher cell voltages, whereas the SEI formed at lower cell
voltages evolves to be more porous. Especially the SEI formed in the CV
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region is said to better protect the anode material from the electrolyte. As a
result, longer cycle life’s were observed for higher cell voltages.

KEY INSIGHTS ON SOC (CYCLIC)
The following key insights can be summarized based on the above review:

* A higher EOCV results in increased degradation; due to the reduced
current rate in the CV region, this is expected to be due to increased
calendar degradation.

* The effect of SoC is strongly dependent on other operating conditions,
such as C-rate, temperature and DoD. More specifically, cells tested
at low C-rates, higher voltages, and higher temperatures are likely to
have a significant calendar degradation superposition, resulting in less
degradation at lower SoC. In contrast, cells cycled with higher C-rates
or higher DoD appear to be more affected by the lower impedance at
lower SoC. Probably having a higher cycle life when cycled around
50% SoC.

* A fast initial decrease in capacity due to high cell voltages does not
necessarily have to result in a reduced lifetime, as higher cell voltages
may lead to a more stable SEI layer.

4.3.2.7 Depth-of-Discharge

The final stress factor to be discussed is the DoD, sometimes also called
cycle depth 5. In this study, DoD is defined as the percentage of extracted
charge with respect to the maximum available amount of charge. A usual
rule of thumb is that an increasing DoD reduces the cycle lifetime [8o,
137, 163]. However, as will be discussed, this is not valid for all reviewed
studies. Generally, two different testing approaches exist to determine the
detrimental effect of DoD: 1. starting from 100% SoC, or 2. cycling around a
mean SoC. Both methods are limited because the starting point of the cycle
determines the corresponding effect of DoD, as discussed in the previous
section. Depending on the application of the model, one of the two methods
can be preferred.

Existing DoD definitions in the literature are contradictory, and at least four conflicting
definitions are used, namely 1) the inverse of the SoC, 2) the energy discharged from the
battery compared to 100% SoC, 3) the full cycle consisting of one equal discharging and
charging event or 4) the half-cycle consisting of one charging or discharging event [200]
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MODELLING TECHNIQUES: DOD

An often found correlation between DoD and degradation follows the
Wohler curve, also known as the S-N curve or Palmgren-Miner rule [85].
Originating from mechanical stress in railway-engineering, this curve de-
scribes an objects lifetime, expressed in terms of the number of cycles (N)
and cyclic stress (S) [151]. For LIB degradation, it is frequently used to
describe the battery cycle-life as a function of DoD. Here the degradation
rate decreases as the DoD increases. Various papers have found good corre-
lation with this dependency [104, 131, 137, 155, 156, 163, 175]. Some of their
results are shown in Figures 60(a)-(b).
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F1GURE 50: Comparison of the effect of DoD in two different studies. Top figure:
DoD versus cycles (a), and bottom figure versus full equivalent cycles
(b). Even though many studies find a good correlation with the Wohler
curve in terms of number of cycles, in terms of total charge throughput
cycle life does not necessarily decreases for higher DoD.

When plotted as a function of number of cycles, a good correlation with
the Wohler curve is observed. However, when plotted as a function of full
equivalent cycles, this behaviour is not always seen. Therefore in terms of
total charge throughput, cycle life does not necessarily have to decrease for
a higher DoD.
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Based on the Wohler curve, several studies have modelled the degrada-
tion to be exponentially dependent on DoD [152, 155, 163], an example
from [163] is shown in Eq.(39).

CL(DoD) = ae?P°P 4 ¢ePoP (39)
Here,

e CL(DoD): cycle life as function of DoD

* a,b,c,d: curve fit parameters

Others, such as [131], have modelled the DoD dependency using a power
law relationship as shown in Eq.(40)

Cfage = 0.0123 - 7162 . 0% (40)

here,

* Cfage: percentage capacity fade
* cd: cycle depth / depth of discharge

* nc: number of cycles

LIMITATIONS & CHALLENGES: DOD

Even though the Wohler curve has shown a good correlation with degra-
dation data in several studies, readers and modellers should be aware that
these results are also dependent on other stress factors and therefore cannot
be generalized or extrapolated to other operating conditions.

In fact, in [105, 151, 198] it is argued that one of the causes of degradation
due to DoD is the traversing between different phases of the anode and
cathode. As a result, the effect of DoD is heavily SoC dependent. Following
this analysis, for a given DoD it could be possible that the battery stays in the
same voltage plateau, resulting in negligible effects between various DoD.
Or a slight change in SoC might lead to a considerable capacity decrease (or
resistance increase), as shown in Figures 49 and 51. Two observations are
made: 1. The most degradation is observed at higher SoC, where the anode
is in its second stage according to Figure 41 and the largest change in anode
volume is observed [198]. 2. Secondly, regions where phase transitions occur
lead to additional degradation. In [201] it was confirmed for an NMC cell
that traversing of the voltage plateaus resulted in more volume changes
of the cell, whereas the volume change is low if the cycle stays within a
particular plateau region. These volume changes can cause particle cracking,
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Ficure 51: Differential voltage curve for an NMC cell under slow charge and
discharge rates. The number of phase transitions depends on the DoD
and the starting SoC, as indicated by the different intervals.

resulting in an accelerated growth of the SEI layer [105, 202]. Therefore,
the authors of [201] conclude that the stresses per full equivalent cycle are
dependent on the number of voltage plateaus traversed.

Similar conclusions for NMC cells were drawn in [151], where an in-
creased DoD showed an increased degradation. For all cases resulting in
an almost linear course of degradation for both resistance and capacity.
DVA showed that cycles that cross anode voltage plateaus caused addi-
tional degradation due to mechanical stress. Over time the voltage peaks
decreased. The authors conclude that the disordering of the anode lat-
tice could be a possible explanation. Another explanation could be an
in-homogeneous load over the electrode, as was shown in simulation in [64,
203]. Overall the lowest degradation was observed for cells cycled around
an average SoC of 50%, probably caused by a strong superposition of other
SoC-dependent mechanisms caused by cell voltage or impedance.

A similar linear course of degradation was observed in [104], where the
cycle life of batteries for satellite applications was investigated by cycling
NCA cells with only 1-4 cycles per day. The authors noticed that as the
cycling frequency increased, a linear component on top of v/time behaviour
started to arise. This linear degradation of capacity and resistance increased
as the DoD increased. Based on a destructive physical analysis, the authors
argued that damage to the cathode’s active material reduced lithium ad-
sorption capability. Furthermore, Transmission Electron Microscopy showed
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that, compared to calendar degradation, the amorphous® layer was less
thick and consisted of two layers of active material. A linear component
as a result of cyclic degradation was observed in other studies as well [72,
104, 142, 163, 180]. An example of this is shown in Figure 43, where an
increasing DoD results in an increasing linear degradation. Unfortunately,
no further investigation on the root cause of DoD-dependent degradation
was performed in [72, 104, 142, 163, 180].

Due to the complex correlations between SoC and DoD it is incredibly
challenging to model their correlations. To this extend, none of the above
described models can accurately model these effects outside the conditions
at which these models are tested, which shows the importance of carefully
selecting test conditions.

So far, all studies discussed have reported an increase in degradation for
higher DOD, given that all other conditions are equal. However, in [105,
166] a higher DoD actually lead to less degradation. In [105] significantly
less degradation was observed for cells cycled with 100% DoD compared
to other DoDs, independent from C-rate and temperature. Using electri-
cal impedance spectroscopy, the authors discovered that the resistance
remained constant for a long time despite a fast initial increase. The cells
cycled with a DoD of 50%, showed a more linear increase in resistance. As a
result, it also reached the critical SEI layer resistance earlier, causing lithium
plating and a reduced lifetime. Further investigation showed that the CV
region played an important role in forming a stable SEI layer, indicating that
its formation is strongly voltage-dependent and kinetically slow. Therefore,
the cells cycled at 100% DoD might have a more stable SEI layer resulting
in longer cycle life.

The effect of DOD on an LFP cell’s cycle life was also tested in [166]. Their
results are shown in Figure 52 and 53. The DoD-dependency on cycle life
is shown in Figure 60(b), showing an increased cycle life for a DoD>50%
around an average SoC of 50%, at 1C 30°C. In contrast to some of the studies
mentioned above, the authors did not find any clear correlation between
the anode stdegradation phenomena and the DoD dependent degradation.
Note, that these cells were tested at a starting SoC of 100%. Therefore, the
reduced degradation at higher DoD’s might result from a lower average
cell voltage. Also, following the results of [105], it could be argued that a
higher average voltage results in faster but more stable growth of the SEI
layer. The total cycle life of these cells could therefore be improved on the
long term. This is supported by the fact that only the cells cycled at 100%

6 without a clearly defined shape or form
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FIGURE 52: Number of full equivalent cycles for different DOD ranges obtained
in [166], before reaching 9o% remaining capacity. Remarkably, less
degradation is observed for high DoD cycles. The cells have been
cycled with 1C at 30° around 50% average SoC.

DoD showed an increase in degradation (both capacity and resistance) after
3000 FEC, possibly resulting from electrolyte depletion or lithium plating.

Figure 53 also shows that the cells with a moderate increase in resistance
only experienced low structural damage due to cycling [120]. Another
possible explanation for the discrepancy in the results of [166], can be
that the lattice structure of LFP cells better allows for complete delithi-
ation compared to NMC cells, resulting from higher stability. [204, 205].
Furthermore, manganese-containing chemistries, such as the cells studied
in [105, 151, 201], are more prone to SoC induced degradation. Due to
degradation mechanisms such as Jahn-Teller distortion, transition metal
dissolution, structural damage due to complete delithiation, and electrolyte
oxidation [80, 93, 111]. Of course, additional testing and analysis should be
carried out to pinpoint the exact cause of degradation.

KEY INSIGHTS ON THE EFFECT OF DOD
Based on the section above, the following key insights on the effect of DoD
on LIB degradation can be summarized:

* Most often, the cycle life decreases as DoD increases. However, in
terms of total charge throughput, different optima are observed at
various DoD’s.

* DoD effect can also be perceived differently due to the coexistence of
various degradation mechanisms and the interdependency with other
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FIGURE 53: Degradation of LFP cells cycled with varying DoD, 1C, 30°. The
results show a reduced degradation for cells cycles with a DoD above
50% [166]. However, the increase in resistance for the cells cycled
with 100% DoD around 3000 FEC could indicate the onset of lithium
plating and therefore significantly reduce its lifetime.

stress factors, such as high and low cell voltage, different tempera-
tures, or various current rates. As a result, assessing DoD-dependent

degradation can be very difficult, especially for highly varying power
profiles.

¢ The effect of DoD is strongly SoC dependent. More specifically, the
traversing of voltage plateaus, or the transitioning between electrode
phases, has increased mechanical stress due to volume changes. Often
resulting in a linear component in degradation behaviour. Addition-
ally, the CV region can play a significant role in providing a stable SEI
layer and therefore affect the degradation due to DoD.

4.4 CURRENT CHALLENGES & FUTURE TRENDS

This section provides an overview of the current challenges and future
trends with respect to LIB degradation, and degradation modelling.
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4.4.1  New Battery Chemistries

For EV and RES applications, two of the most common cathode materials
are Lithium-Nickel-Manganese-Cobalt-Oxide (NMC) and Lithium-Iron-
Phosphate (LFP) [206], with graphite as anode material. The main objective
in the development of new chemistries is to improve performance. However,
also the environmental and societal footprint of the raw materials will
start to play a more significant role as the LIB market increases. Therefore
the use of rare and toxic elements, such as Cobalt and Nickel, should be
avoided as much as possible [206—208]. In the future, some promising new
anode materials could be based on LTO, Silicon (Si) or Tin (Sn), or other
carbon-based structures such as graphene or carbon nanotubes [207]. The
list of future cathode materials is smaller, and will probably involve new
combinations of the existing materials mentioned in section II, page 7 of
this paper [208]. Another possible improvement could be the use of nanos-
tructures. Besides incremental changes to existing technology, other more
disruptive chemistries include Li-Air and Li-Sulfur, which achieve very
high energy densities. Modelling the degradation behaviour of these new
chemistries will play an important role in quantifying their performance.
Si-C based anode materials for example, provide exceptional energy density
at the expense of a significantly reduced lifetime due to structural dam-
age [92]. For more information, interested readers are directed to [92, 207,
208].

4.4.2  Second-life Batteries

Besides new battery chemistries, another way to reduce the cost and en-
vironmental impact of LIBs is to use second-life batteries (SLB). SLBs are
repurposed EV batteries deemed unfit for EV applications but still have
sufficient capacity for other stationary applications such as grid reinforce-
ment. Reusing these batteries lowers the cost of LIBs while also lowering the
environmental impact by reducing the demand for raw materials. In [209,
210], the authors showed that first-life battery performance is a critical
parameter to assess the remaining value and state-of-health for second-life
applications. As a result, modelling and optimizing battery degradation
in both first- and second-life can reduce the environmental impact of LIBs.
However, most of the studies currently only investigate degradation be-
haviour in the first part of LIB life. For example, studies that model the
degradation behaviour as a function of v/tine or v/Ah, tend to miss out on
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degradation effects in the later part of their life, such as lithium plating,
and are therefore less or not suitable for second-life applications.

4.4.3 Fast Charging

Range anxiety and long charging times are two of the main challenges
for electric vehicles at this moment [211]. Fast charging is an effective tool
for relieving EV users’ range anxiety. Currently, most EVs can withstand
maximum charging powers in the range of 50-150kW. However, new top-
end vehicles, such as the Porsche Taycan or Audi e-tron GT, can charge
with powers up to 350kW [212]. These maximum charging rates and total
charging time are currently limited by the battery’s rate capability and the
thermal management of the EV. Naturally, charging at these high rates is
far more damdegradation to the battery and to mitigate this, more and
more EVs have thermally managed battery packs. Therefore, correlating the
effects of temperature, C-rate, and DoD is important to accurately calculate
the deteriorating effect of fast charging.

4.4.4 Thermally Managed Systems

Thermal management is becoming more common as a way to improve the
lifetime of LIB systems. Thermal management for fast charging is an exam-
ple of this. However, thermal management is also used at lower charging
rates to prevent lithium plating at low temperatures. Other applications
include stationary applications, such as RES integration or ancillary ser-
vices. These systems generally have climate control systems, that control
the temperature to be around 20-25°C to have optimal cycling performance.
To this extend, extensive testing of degradation behaviour around room
temperature could be argued to be vital for good modelling accuracy.

4.4.5 Artificial Intelligence for degradation Estimation

As mentioned in the introduction, the different degradation estimation
techniques such as PBMs, ECMs, or EMs all provide different trade-offs
between modelling accuracy, complexity, and computational demand. Re-
cently, various Al techniques have been investigated as ways to achieve
high accuracy with low computational demand. These techniques can be
differentiated into two groups. The first group train there Als on model-
fitted features, such as internal resistance and SoC, to estimate the SoH.
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These models then require other models to extract these internal parameters.
The second group uses external features, such as open-circuit voltage and
incremental capacity curves, to estimate SoH [79]. The latter do not rely on
other models to calculate the internal parameters and therefore have a lower
computational complexity, and as a result are better suited for real-time
applications.

4.5 SELECTION OF DEGRADATION MODEL

Based on the presented review of battery degradation models, the model
presented in [143] has been selected as the best fitting model for the smart
charging algorithm, because of the following reasons:

* The model has been designed for the NMC-LMO chemistry, a chem-
istry which is considered a viable candidate for both EV and stationary

applications [213]. Similarly, the same model can thus be used for
both the EV and BES.

¢ The test conditions described in [143] match with real-life conditions
for both EV and BES applications. More specifically, most cells were
cycled between 10°C and 34°C. Whereas, a lot of studies focus on
accelerated testing conditions with temperatures above 35°C. Addi-
tionally, at every temperature a variety of different C-rates and DoDs
were used. Again not only focussing on accelerated testing conditions,
but also including low C-rates (0.5C-6.5C) and DoD (10%-90%). An
additional advantage is that cells were tested with maximum 90%
DoD. As seen in the review presented above, cycling up to 100% SoC
can be far more detrimental, and as a result this operating point is
often avoided. This DoD-dependence was not originally included in
the model presented in [143]. However, based on their presented data,
this dependency will be added in the next chapter.

e It is one of the few models which has modelled the temperature
dependence of C-rate. As shown in Fig. 46, a strong correlation exists
between C-rate and temperature. More specifically, the effect of C-rate
is much more pronounced at lower temperatures. Unfortunately, as
seen in Table 11, many models have not tested their cells at temper-
ature below room temperature. Furthermore, even less studies have
included this interdependency in their model.

* The model is part of the few models which separate calendar degrada-
tion and cyclic degradation, by subtracting the calendar degradation
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results from their cyclic degradation results. The result is a more
accurate model which can be used for both cyclic and calendar degra-
dation studies. This is especially useful for smart charging studies, as
it is expected that the charger will not be continuously charging.

The model is shown in Eq.27-28, and repeated here for clarity:
Qioss = By (T)e(The Al (41)

with,
Bi(T) =aT?> +bT+c, & By(T)=dT +e (42)

where:

* Qjoss: Lost capacity.

¢ T: Temperature.

Ligte: C-rate.
Ah: Throughput.

a,b,c,d,e: curve fit parameters.

4.6 CHAPTER CONCLUSIONS

In this chapter, a review on the behaviour and empirical modelling of LIB
degradation was presented, focussing on the effect and interdependency of
operational stress factors. The presented review concludes that it is very
difficult to generalize degradation behaviour, with respect to the effect of
operational conditions. Usually, the resulting degradation is caused by a
combination of stress factors rather than attributable to a single stress factor.
To this extent, users of empirical and semi-empirical battery degradation
models should be cautious of their models” limitations and the correlations
between the stress factors. To summarize some of the key findings:

* SEI growth is considered to be the most important degradation mech-
anism for both cycling and calendar degradation. A strong correlation
with anode potential is observed during idle conditions: a higher
SoC results in increased SEI layer growth. However, other kinetic
effects during cycling can accelerate degradation at low SoC. SoC-
dependent calendar degradation is often modelled to exponentially
dependent, whereas its effect on cyclic degradation can have different
forms depending on the operating conditions.
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* Because of the passivation character of the SEI layer, the degradation

behaviour is most commonly modelled using a t* or Ah* relationship,
with 0.5 < z < 1. Unfortunately, many cyclic degradation models do
not differentiate between cyclic and calendar degradation, and there-
fore measure their combined effect. Others have subtracted calendar
degradation from their cyclic degradation results to model the effect
of cyclic degradation only, resulting in higher modelling accuracy.

The Arrhenius law is an effective model for the temperature depen-
dence of calendar degradation. However, during cycling, different
degradation mechanisms are observed above and below room temper-
ature. These should be considered when modelling cyclic degradation
below room temperature. Since most studies are based on accelerated
test conditions, this is frequently overlooked. Possible solutions in-
clude combining positive and negative activation energy in Arrhenius
laws or including parabolic temperature dependencies.

The effect of C-rate is often modelled to be exponentially dependent.
Several studies, however, have found insignificant differences at C-
rates less than 2. Furthermore, multiple studies have found a strong
correlation between C-rate and temperature; as temperature rises, the
impact of C-rate decreases significantly. Many models do not take this
into account, which is in part due to accelerated testing conditions.

Several studies modelled the DoD dependent degradation based on
Wohler curves or other exponential curves. However, the effect of DoD
is directly related to other SoC associated mechanisms and is therefore
probably the most difficult stress factor to model. Additionally, the
impact of DoD is affected by volume change due to electrode phase
transitions and is thus also related to C-rate and temperature.

The model presented in [143] was chosen for application in the smart
charging model.
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This chapter introduces the hierarchical smart charging control. The top level
consists of a 24 hour ahead optimal scheduling algorithm, in the form of a non-
linear programming (NLP) model, the second layer consists of a real-time controller
used to deal with forecasting errors. Both the system sizing and smart charging are
done by the same NLP model. This allows the system sizing to be determined based
on its power management. The NLP model minimizes the total system cost and
incorporates multiple business cases, such as energy trading, primary frequency
control, and second-life battery value. The second-life value of the battery system is
determined using the battery degradation model discussed in the previous chapter.

This chapter is based on:

J3 W. Vermeer, M. Wolleswinkel, J. Schijfelen, G.R. Chandra Mouli, P.
Bauer, Design of a 10kW Multi-Port EV Smart Charging System Integrat-
ing EV, PV, and Battery, 2023, (under review for) IEEE Transactions on
Transportation Electrification

J2 W. Vermeer, G.R. Chandra Mouli, P. Bauer, Optimal Sizing & Control of
a PV-EV-BES Charging System Including Primary Frequency Control and
Component Degradation, 2022, IEEE Open Journal of Industrial Electronics

J1 W. Vermeer, G.R. Chandra Mouli, P. Bauer, Real-time Building Smart
Charging System Based on PV forecast and Li-ion Battery Degradation,
2019, Energies
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5.1 INTRODUCTION

The bidirectional EV-PV-BES charging system, discussed in chapters 2
and 3, is capable of a high variety of different power flows thanks to the
bidirectional nature of the multi-port converter. However, the converter
it self relies on external setpoints to determine when to charge and with
what power. Current day EV-PV charging systems generally use one of the
following two charging schemes:

1. Constant-current constant-voltage (CC-CV) charging: when plugged-
in the EV is charged with the constant maximum current, until the
maximum voltage limit of the battery is reached. Afterwards, the
charging current is reduced to maintain a constant battery voltage.

2. PV charging: instead of charging with a constant current, the EV is
charged with the available PV power, until the maximum voltage of
the battery is reached.

Two simplified versions of these charging methods are shown in Fig. 54a
and 54b. Here it is assumed that the EV is available between 08:00h-18:00h at
an office building with load Pj,,s and PV power Pp,. The BES is charged or
discharged based on the net power in the system Py calculated according
to Eq. (43).

Pgps = Puet = Ppy — Pev — Pioaa (43)
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FIGURE 54: Two example days for (a): Fixed rate charging (assuming a constant

battery voltage), and (b): PV charging. Assuming the 10kW EV-PV-BES
integrated converter is installed at a building with load Pj,,,.
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Based on Fig. 54a and 54b, the following short comings of these charging
schemes can be identified:

* For both direct PV charging and fixed rate charging it can be con-
cluded that the BES is hardly used. Only during the night and early
morning, the residual capacity in the BES is used to power the load.
However, in both cases, the BES is barely charged after it is depleted,
simply because there is no excess power. This points to the conclusions
made in earlier studies [7], which state that stationary BES are not
cost-effective for EV-PV charging applications when simple heuristic
control schemes are used.

¢ Similarly, both charging schemes have no way of utilizing the energy
capacity available in the EV. Using EVs as a movable energy storage is
expected to play a major role in the energy transition, as they can be
used to store renewable energy and provide energy to different loads
when needed. This is called Vehicle-to-grid (V2G), or Vehicle-to-X.
However, to utilize the benefits of V2g additional control is required.

* The PV charging scheme achieves a very high PV self-consumption
rate. However, it has no knowledge of future PV power production.
As a result, it has a high risk of not meeting the energy demand. On
the other hand, fixed rate charging has a low risk of not meeting the
energy demand, put charges partially from grid energy and causes a
high amount of PV power to be fed in to the grid.

To summarize, existing charging schemes lack “intelligence’. They are
not able to fully utilize the synergies of combining EV, PV and BES. In
recent years, smart charging has been investigated as a way to overcome
these shortcomings. Smart charging is often implemented using optimal
scheduling programs, which optimize the power flows inside the charging
system.

This chapter presents a two-level smart charging system (SMS) that
minimizes the total cost of energy by finding the optimal charging and
discharging rate of the EV and BES, based on a forecast of energy prices,
PV power, LIB degradation, and participating in the frequency containment
reserve market. Additionally it also determines the optimal component
ratings. A schematic representation of the proposed system is shown in Fig.

55-
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BES WPV

AC
DC

FIGURE 55: Schematic of the proposed smart charging system (SMS).

5.1.1  Chapter Organisation

The remainder of the chapter is organized as follows: Section 4.2 describes
the proposed control structure. The two parts of this structure are explained
in more detail in sections 4.3 (Non-linear Programming (NLP) model), and
section 4.4 Real-time control. Next, the use cases will be specified in Section
4.5. After which the obtained results are discussed in Sections 4.6 and 4.7,
followed by the Conclusion in Section 4.8.

5.1.2  Related Work

The related literature is divided into two different categories 1. Studies
regarding the optimal power management of integrated SMSs and 2. Studies
regarding the optimal sizing of integrated SMSs. An overview of all related
studies and their features is shown in Table 12. The studies are compared
based on whether or not they include the following features: optimal
control, optimal component sizing, optimal energy arbitrage (Ar), optimal
integration of FCR markets (Apcr), optimal EV smart charging (EV s.c.), PV
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Reference Opt. control Opt. sizing Opt. Ap Opt. Apcr EVs.c. PV self. BES/EV aging SLB value PV aging
[214-218] v’ v’ N

[219] v v v v

[220, 221] v’ N

[218, 222-224] v’ N

[225, 226] v’ v’ v’ N

[227, 228] v’ v’ v’ v’ v’

[229] v’ N v’

[230] N v’ N N

[231] v’ v’ v’ N
[232] v’ v’ v’ v’ v’
[233, 234] v’ v’ v’ v’ v’

[235, 236] v’ v’ v’ v’

[234] v v’ v’ v’

[237] v’ v’ v’ v’

[238, 239] v v v

[240] v’ v’ v’ NG

[241, 242] v’ v’ v’ v’

1243, 244] v v v

[245] v v v

[246] v’ NG

1247, 248] v v

[249-251] v v v
[252-254] v’ v’ v’

[255] v v v
[256] v’ v’ v’
Proposed v’ v’ v’ v’ v’ v’ v’ v’

TABLE 12: Summary of related studies

self-consumption, BES or EV degradation, second-life battery (SLB) value,
and PV system degradation.

5.1.2.1  Optimal power management

SMSs or demand response systems are widely investigated in the litera-
ture [214, 215, 218—224, 257]. Among some of the common objectives is to
optimize costs [215, 220, 221, 257], achieve net-zero energy [219, 222-224],
or peak shaving [222]. Often using smart control of storages such as BES
systems or EVs in combination with renewable energy resources to achieve
these objectives [215-217, 219-222]. However, as seen from Table 12, many
of these studies do not take into account the effects due to battery degrada-
tion, which can lead to nonoptimal results and false impressions on usable
capacity, and total costs. Several studies have overcome this by a including
battery degradation model. For example, to minimize operational cost of a
battery swapping EV charging station [225], optimize vehicle-to-grid (V2G)
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charging aggregation [226], or minimizing the operational cost of an EV
charging station integrated with PV and BES [227]. A different approach is
used in [229] where a deep reinforced learning model is used to optimize
battery energy arbitrage. Similar studies have been conducted in [228, 230].

Another effective way to reduce the total cost of energy are SLB [231,
232], which are repurposed batteries deemed unfit for their first application
(generally EVs), but still have enough capacity left for other applications.
In [232] a degradation model is used to assess the remaining lifetime of
second-life batteries in EV charging stations. Their results show that using
SLBs can reduce the total investments costs, and that degradation models
are useful in prolonging battery life and maximizing their utilization.

Aside from optimized smart charging based on RES, prosumer partic-
ipation in regulatory markets has recently been investigated as a way to
increase revenue and overcome stability issues associated with a decen-
tralized energy system. This is currently mainly done by utility scale BES
systems or large factories. However, with the increasing amount of EVs
also EV charging systems have shown to be very valuable assets for the
FCR market [233, 243, 244]. Furthermore, a few studies have investigated
combining the FCR market with other revenue streams. In [233] it is shown
that the integration of EV smart charging, including V2G and the FCR mar-
ket can save up to 317 percent on annual costs, compared to uncontrolled
EV charging. Additionally, the authors of [240] show that FCR market
integration can improve revenue streams by up to three times, compared
to PV self-consumption alone. Similar results, on the integration and co-
optimization of the FCR market and other business cases such as energy
markets are obtained in [234-236, 239, 241].

5.1.2.2  Optimal Sizing

Because PV and BES systems are typically the most expensive components
of integrated SMSs, optimizing their dimensions is critical for having a cost-
effective system. [258]. In [249] the authors investigated the techno-economic
feasibility of DC nano-grid by sizing the PV, EV and BES systems using a
multi-objective particle swarm optimization. A similar approach was used
in [247, 248]. Some studies used battery degradation models to determine
BES lifetime and further optimize the BES system [249—251], and others
have investigated the optimal size of SLBs to mitigate the intermittency
of PV power in a PV-BES system [255], or for SLB assisted EV charging
stations [256]. All of the above-mentioned studies use rule-based power-
control schemes to determine the optimal DER dimensions. However, many
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studies have shown that their revenue is significantly lower then optimal
power control schemes, and as a result, will lead to suboptimal results when
used for sizing of optimal SMSs. Unfortunately, due to daily and seasonal
variations, sizing studies require large data sets, making them unsuitable
for some deterministic optimization models. This could be a potential
reason why only [252—254] have investigated the combined optimization
of power management and component sizes using, as shown in Table 12.
Furthermore, Table 12 also shows that although multiple studies have been
conducted to investigate the optimal control based on energy markets, FCR
markets, and DER-powered EV smart charging, no study has yet addressed
the optimal sizing for any of these business cases based on optimal power
management.

5.1.3 Contribution

From the literature review above, it is concluded that several studies have
shown the effectiveness of EV-PV smart charging, optimal FCR market
participation, or DER integration using EVs and BESs. Some studies have
even looked into combining some business cases, as summarized in Table
12, and found that this can result in significantly higher gains. Next, battery
degradation models have been found to be effective in prolonging lifetime
and reducing the cost of ownership in both optimal control and sizing,
while other studies have shown that even after batteries have degraded
significantly, they still have value in second-life (SL) applications and can
thus be used to reduce costs in both first- and second-life applications. Even
though all these aspects have proven to reduce the total costs and help with
DER integration, no study yet has integrated all of these into one optimal
power management method. Furthermore, no study has yet addressed the
sizing for a PV-EV-BES integrated SMS, for business cases based on optimal
power management such as, smart charging, FCR market participation, PV
self-consumption, or any combination of these.

Therefore, the main contributions of this chapter can be summarized as
follows:

1. A comprehensive model for the simultaneous optimization of compo-
nents ratings and their power management is proposed. Improving
upon current literature, the proposed method integrates multiple busi-
ness cases for smart charging such as local PV self-consumption, PV
powered smart charging (including vehicle-to-grid), optimal sizing
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based on optimal power management, the FCR market, and second-
life battery value.

2. By incorporating accurate energy storage models for both EVs and
BES, and including the effects of degradation and the effect of SoC
on power availability, current research regarding optimal sizing and
control is extended. Due to the comprehensive model the degradation
model serves multiple purposes: 1. Firstly, the degradation is mini-
mized, and the effect of BES size on degradation is taken into account,
2. Secondly, the actual remaining capacity is known throughout the
simulation time, resulting in a more accurate trade-off between en-
ergy arbitrage and balancing reserves, 3. The BES lifetime is estimated
based on its operating conditions, 4. The second-life value of the
BES is assessed based on its remaining capacity, resulting in a more
accurate estimation of operational and investment costs.

3. For the first time, a lifetime cost and performance analysis is per-
formed, including the effect of component degradation on FCR mar-
ket participation and total lifetime revenue. The results show that EV,
BES, and PV degradation and BES second-life value are significant
parts of the total costs in their lifetime. To this extent, this is the first
optimal sizing/control study of a new PV-EV-BES system to address
the importance of second-life BES value and optimize its value during
the design of the energy management system.

5.2 CONTROL STRUCTURE

The bidirectional power capabilities of the four-port system allow for a high
number of possible power flows. It, therefore, requires an adequate control
structure to utilize its flexibility optimally. The DC/AC converter maintains
the power balance on the DC link, which allows the design to be modular.
Furthermore, the PV-port performs maximum power point tracking (MPPT)
to maximize renewable energy production. The setpoints of the two remain-
ing ports, the EV and BES, can then be calculated independently from each
other as long as the power balance constraint on the DC link is satisfied.
The three-level control structure, as shown in Fig. 56, is proposed. At the
highest level is the 24-hour ahead optimal scheduling algorithm operating.
This non-linear programming (NLP) optimization problem is solved in a
moving horizon window and is solved using ANTIGONE. The second level
is the real-time error handler control, abbreviated as RTC. The main goal of
the RTC is to re-calculate the setpoints within each 15-minute optimization
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step by comparing the forecasted values with the actual, or measured,
values. Finally, the lowest level are the control loops embedded on the
power electronic hardware. These ensure closed-loop control, as well as
protection, and were discussed in Chapter 2. Both the optimal scheduling
and RTC are implemented on a PC, the final setpoints calculated by the
RTC are send to the converters over a CAN-bus using a CAN-to-USB
converter, as shown in Fig. 55. In the coming sections each control level will
be discussed in more detail, starting with the optimal scheduling.

- Power factor correction - EV & BES voltage setpoint

-1/V closed-loop control - Current/Voltage measurements

- Under/Overvoltage protection Ve O
Outputs:

- EV, PV, BES, DC/AC control v I

gains

Features: Inputs: - - A
- 24 hour moving horizon window - PV power forecast Optimal scheduling M
- 15 min. resolution - Energy prices Ay 1
-NLP cost minimization - User input: EV departure SoC, in. C(x) bt _\I K
- incl. EV & BES degradation. EV arrival and depature time min. C{x), st i > |
- incl. BES 2nd life value a(x) <0 | |
-incl. V2g Outputs: b(x) =0
- 15 min. EV & BES power Iy
setpoint. = —>
> + — —~ t
— ~
Features Inputs
~15 minute time horizon - 15 min. EV & BES power Error handler p
- 2 second resolution setpoint.
- updates optimal setpoint - actual energy prices
based on actual measurements - actual PV power @\
©
Fo»
~actual EV & BES current SESING i
setpoints. +
Features: Inputs: Embedded control
-DC link power balance - EV & BES current setpoint Tset < 0.5 sec

FIGURE 56: The three layers of the control hierarchy. The top level is an optimal
scheduling algorithm, followed by a real-time error handler which
sends the setpoints to the embedded V-I controllers.

5.3 OPTIMAL SCHEDULING

This section discusses the highest level of control structure; the optimal
scheduling. This is done with a 24, or 48 hour ahead moving horizon
window, with a 15 minute resolution. The same NLP model is also used for
optimal system sizing. In that case, a one hour resolution is used in order
to total problem size.

In the coming section Cx stands for the cost of X, Vx is the value per
kW or kWh of X, Px is the power of X, Ex is the energy of X, and Ax
is the price of X. Furthermore, superscripts rated declare the optimally
determined rated value of X, superscript min/max declares the time (e.g.
SoC) dependent minimum or maximum of X. 4/ — Declares a positive or
negative direction, At stands for the timestep and i indicates a particular
EV instance.
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5.3.1  Objective Function

The model’s objective is to minimize the overall cost of energy to increase
the attractiveness of integrated energy systems. The overall costs include
the total PV and power converter costs Cpy_cony, BES degradation costs
CpEs, grid electricity costs Cgig, interest costs Cjyy, and income from the
primary frequency containment reserve (FCR) Crcr market. A distinction
for Cpps is made, as its performance cannot be presumed to be constant
over their lifetime. The total objective function then results in:

min (Crotar) = min (Cpy s cono + Cpes + Cev + Cyrig + Cint — Crcr)  (44)

5.3.1.1 PV - Power Converter Costs

The optimization determines each multi-port converter component’s rated
power, denoted as Py, where X indicates the converter. In this study the
converter performance is assumed to be constant over a 15 year lifetime
Tiife [259]. Therefore, the total PV and converter investment costs are de-

noted using (45). Here ﬁ is used to annualize the cost, based on a

half-year simulation period. Here Ty;,, is the number of simulation periods
in a year (equal to two). The PV costs per kWp Vpy comprise the panel cost
and converter costs. Additionally, it is assumed that all values also include
all possible related costs such installation costs, maintenance, development,
etc, as energy outlook reports [260, 261] often combine these. The total
converter investment costs are then equal to:

mted mted rated rated
CPvtcony = (2 V Pprs” + Vi Pl + Vpy Ppy >

(45)

Tszm T, ife

5.3.1.2 Energy Storage Degradation Costs

The costs of battery degradation are calculated to account for the loss of
capacity and loss of value, for both the BES and every ith EV. The same
method is applied to all, hence the subscript X = EV,BES is used for
conciseness. The degradation cost Cx consider:

® The cost due to the reduction of energy capacity in kWh, calculated
based on a cycle- and calendar life degradation model described in
Section I.B.3.
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* The cost due to the reduction of value per kWh, calculated according
to the model presented in [260]. Here the remaining value per kWh is
calculated based on the remaining capacity of the battery.

Based on the model presented in [260] it is assumed that the remaining
value per kWh value decreases linearly with remaining capacity, the battery
is in its first life, ending at 70% remaining capacity: E¥" = 0.7, at 50%

remaining value per kWh: V%”d = 50%Vy°? [210, 260] as shown in Fig.
57. The total degradation costs are then calculated according to (46)-(47).

100

Vi %)
<
k4
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|
1

100 Remaining Capacity (%] 70

FIGURE 57: Decay of value per kWh according to the model presented in [260]

AERL. and EF4% indicate the total degraded capacity and maximum initial
capacity, respectively, and will be calculated in section IL.B.3.

(Van Vnew)

Wl =T g gy

AEtot( )+Vnew (46)

n

G = 3 (7 = Vlio) (B~ EE'G0) ) )

i=1

5.3.1.3 Grid Energy Costs

Besides cost due to degradation, another part of the operational expenditure
are the grid electricity costs. A distinction between Pgr 4(t)and P i () is
made in order to account for the difference in price. The resulting cost are
given in (48).

grzd _2 grzd At/\buy E grzd B AtAge Yt (48)

127



128

OPTIMAL CONTROL & SIZING

5.3.1.4 Interest Cost

The cost of interest is equal to the potential income received if no expendi-
ture had been made. Here the EVs are not taken into account, as they are
assumed to be bought independently from the proposed SMS. An annual
interest po, of 1% is taken into account, the resulting interest cost is then
calculated according to (49)-(50). If the simulation period covers multiple
years, Eq((50)) can be multiplied with an amortization rate A as shown in

(51)

Cinvest = Vgﬁfg %aégd + CPV+cunv (49)
1
Cint(t) = Cinvestp%Til vt (50)
sim
n
4~ Polpetl) (51)

(poo +1)" =1

5.3.1.5 Frequency Containment Reserve

The last part of the objective function is the revenue obtained from the pri-
mary frequency containment reserve (FCR) market. Based on a pilot study
regarding prosumer FCR market participation in the Netherlands [262],
it is assumed that a third party acts as an aggregator, combining several
systems to reach the minimum bidding power requirement for FCR market
participation. Revenue is then generated by reserving a part of the available
power capacity for up/down-regulation [263], here denoted as Pﬁég and
P;igzé,’”, respectively. The up/down-regulation prices are: A,p, Ay, (obtained
from [264]), respectively, and €440 is a margin between o and 1, used to
denote the cost of aggregation. Based on regulation prices, the operational
costs, and the current demand, the optimization will determine how much
of the available power capacity to reserve for regulation. Calculated in the
constraints below. The total obtained revenue is then equal to:

T
Crcr = (1 - eagg)ﬂinv’?ch Z <Pup(t))\up(t) + Pdwn(t)/\dwn(t)>Vt (52)
=1

Note that only the revenue obtained from acting as reserve is taken into
account as the net energy delivered is assumed zero. This concludes the
objective part of the model. The next section discusses the model constraints.
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5.3.2 Constraints

5.3.2.1 Power Balance & Limitations

Fig. 55 shows a schematic representation of the proposed system. In this
study, positive BES/EV power denotes charging operation, and positive
grid power is equal to feeding power to the grid. For the given system, two
power balances exist: 1. The first power balance is on the DC link of the
multi-port converter:

Pino(t) = Ppy(t) — Ppes(t) — Pey(t) Wt (53)

(54)-(55) model the maximum power point tracking of the PV converter.
The model becomes more flexible by allowing PV power curtailment during
negative electricity prices or oversized PV systems. Here the symbol 7t is
used to model converter efficiency, which equals 98% [63]. Apy () represents
the degradation of the PV panels, which is included as a linear decay of 1%
a year [265].

Ppv (t) < ttmppt(1 — Apy (t)) PErTmee (1) Pited vt (54)
Ppy(t) >0 WVt (55)

Next, for all bidirectional converters, a distinction is made between
positive and negative powers to account for the converter’s efficiency. This
is described using (56)-(58). Here nprs,jcv, and #;,, are equal to 97.5%
(initially), 97.5%, and 97% for the BES charger, EV charger, and inverter,
respectively. For the EV and BES it also includes the battery losses of a
single charging or discharging instance [266]. Furthermore, the BES and
EV’s internal resistance increases due to degradation. This is accounted for
by making it dependent on E{ (t), according to 58). It is assumed that the
internal resistance is doubled, when the battery reaches 70% of its nominal

capacity [144, 150].

. . 1 __ .
Px (i, t) = nxPy (i, t) — 77—XPX (i,t)  Vt (56)
. . |
Pinv(lr t) = ﬂinvpi:v(l/ t) - Pim;(lr t) vt (57)
77171'0

where,

B (i) — E(i 1

i, t) = —0.025

vt (58)
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with X equal to EV or BES.

Besides being limited by the converter’s rated power, the EV and BES
are also limited by the maximum amount of power that can be drawn from
their batteries. This is dependent on the size of the battery combined with
its maximum C-rate. For stationary applications, this is often limited to 1C
(or lower) [266]. Apart from ultra-fast charging applications, EV charging is
usually below 1C as well. Therefore, a maximum C-rate of 2 is considered
and modeled using (59). Additionally, the maximum charging powers Py'**
and maximum discharging power P{" are dependent on the State-of-charge
(50C) of the battery. This dependency divides the (dis)charging regions into
the regions known as precharge region (very low SoC), constant-current
(CC) region, and constant-voltage (CV) region. Because the maximum C-rate
is 2C, the maximum power in the CC-region is restricted by the converter’s
operational power limit PY” rather than the battery’s, and is thus a constant
power. These are often neglected in battery sizing and smart charging
studies, but impacts the available power. The charging regions are modelled
using (60)-(65). Here D,y 4is denote the upper and lower SoC limit of the
CC-region.

pigtet < 2Ee (59)
Py (it) < PY™(it) V't (60)
PR (it) < P (i) V't (61)
0 :
PE (i) < f’{;m) <EEX;§ZZ) - 1) vt (62)
Py (it) < PR™(it) V¢ (63)
PYm i) < PY () Yt (64)

in - Py (i) Ex(t)
P?gm(l’t) < ]XD . rated
dis EX

Vi (65)

Here Py is used to divide the rated power of Pi#**? into an operational
part Pg(p, and a reserve capacity (FCR) part P§CR. Pg(p is then the power
available for the operational scheduling of X, where is PR is reserved for
FCR capacity. This ensures that there is always enough power available for
FCR provision and SoC-management. During FCR provision, both regions
are available depending on the frequency deviation. The distinction is made
according to (66).

P (i) = PYY (i) + PLER (i) (66)
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FIGURE 58: Graphical representation of Py (t) and Py (t), where Dyis = 0.1, Dy, =
0.8, and Pi#td = 15.75

The second power balance in the system is on the AC side between the
inverter and the meter. Here the appliance load Pj,,;(t) and heating load
Ppeqt are connected, as modelled using (67).

Pgrid(t) = Pinv(t) - Pappl.(t) - Pheat(t) vt (67)

In this case, both the appliance load and heating load are considered

inflexible and therefore do not require any additional constraints. Using

P+ /—,max
grid

dynamically allowing for power curtailment.

(68)-(70) the grid power is constrained by , which can be allocated

Pei 41 < ngﬁ”"(t) vt (68)
Pra(t) S PLa™(t) vt (69)
1
. — + _ -
Pgnd(t) = Ucablepgrid(t) Heable Pgrid(t) vt (70)

Due to the difference between retail electricity price and feed-in tariff (FIT),
it is important to distinguish between positive and negative grid power.
Often this is done using binary variables [233, 267]. However, the use
of binary variables, especially in combination with nonlinear constraints,
drastically increases the solving time of any deterministic optimization
problem. In order to solve this problem the efficiency 7.4, is introduced as
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a soft constraint to let the optimization recognizes the efficiency loss and
prevents simultaneous nonzero values for P;;l. 4(t) and Py,; ;(t). This is valid
on the condition that the FIT is always below the retail price. However, in
any practical scenario, this will be true.

5.3.2.2 Energy balance & limitations
The degradation model used in this study is developed for a single Li-ion

cell. Therefore it is assumed that N :ﬁ;ﬂllel by N (fg’l’l"es of these cells make up

the total battery pack of the BES. The energy capacity of the battery pack is

then determined by the variable N fg’;;a”d, and N39ies = 100 cells are used to

produce the required battery voltage, as modeled by (71). The equation is
divided by a thousand in order to obtain a kWh unit. Here V7] and Q777
are the nominal open-circuit voltage and charge of a single 18650 NMC cell,

in this case 3.7V and 1.5Ah, respectively.

Nseries Nparallel

ted 11 11
EEIEE = 100C0€ Vcr;(l)lchell,nom (71)

(71) describes the initial maximum energy capacity. However, over time
this maximum capacity will decrease by AEggs(t), which is determined by
the battery degradation model discussed in Section II.B.3. Updating the
maximum available capacity is modelled using (72)-(73).

d —
Eg?s(t) - Elraaég ’ fort=1 2)
Elim (t —1) — AEpps(t), fort>1

Epes(t) < Effs(t) vt (73)

Next, to calculate the degradation and power limitations, the SoC needs to
be calculated based on the newly found maximum capacity, for the EVs
Eéém = EFy*. This is done using (74). It is assumed that the all SoCx are
allowed to range from 10-100%, see (75). Furthermore, (76) is used to equate
the beginning and endpoint SoC to have a fair comparison of energy costs.
Again the subscript X is used to denote the BES, or any ith EV.

Ex(it)
Elim(it)
0.1 < SoCx(it) <1 vt (75)

SoCx(it) = vt (74)
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init (; .
Ex(i,t) = EY'(i), fort=1 o
Eggld(l)/ fOI' t= T

Finally, the amount of energy inside the BES and EV at each timestep is
calculated according to (77) and (78), respectively.

Epps(t) = Epgs(t — 1) + Ppes(t)At  fort > 1 (77)

Epv(i,t) = Epy(i,t = 1) + (v(i, ) Pev (i, t) — Parive (i, 1))At  fort >1
(78)
in (78) parameter (i, t) is used to set Pry(t) to zero when the EV is
not available and Py, (i, t) is used to model the reduction of energy due
to driving when the EV is not available. Additionally, Py, (i, t) helps by
ensuring that (78) is valid over the entire simulation period, therefore
preventing the use for conditional statements in case the EV is unavailable.
Finally, a minimum departure charge can be set by the user using (79).

Egv(i, t) = Ezlc};mrt

for t > tdep/zrt (79)
5.3.2.3 Energy Storage Degradation Model

The remaining capacity of the BES and every ith EV is required to determine
the cost of degradation and to accurately optimize power management.
The used model is based on the one presented in [268]. However, a depth
of discharge dependency is added based on data presented in the same
study. Fig. 60 shows the improved accuracy. The model is based on a single
NMC cell; therefore, the power Px(i, t) is translated into the voltages and
currents of a single cell using (80)-(81), assuming perfect cell balancing. In
order to reduce the solving time, (80) is the linearized form of the open-
circuit voltage of an NMC cell [269], as shown in Fig. 59. Next, the cyclic
and calendar aging are calculated according to (83)-(85). Here a calendar
degradation rate of 2% per year at 20°C is assumed [270]. This is linearized
to a fixed percentage per time step c4. For every EV, the degradation due to
driving is calculated based on the WLTC profile, assuming 2 trips of 23km
on every weekday. The resulting degradation is averaged per time step and
added to cg. Since the power rating of the EV and BES chargers is limited to
1C, which is far below the maximum C-rate of the cells, the power handling
capability of the BES/EV will not be affected in its lifetime. However, to
account for the increase in internal resistance, the efficiency is modelled
as a function of remaining capacity, using (58). Here it is assumed that the
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internal resistance is doubled when it reaches 70% remaining capacity [144,

150].
Valmeor (i, £) = N3 (i) (342 4+ 0.750Cx (i, 1)) Vit (80)
ig(e”(i/ t) = arullefX(l’ t.) Vit (81)
N ™ (i) Viinear (i, t)
AE (i) = e 60 SPX D e i wie s
4
) Erated H
AE;{ycle(i/ t) = AE)/é’(i, t) Xi(l) Vit (83)
100
Emted (l) Erated (l)
AES (i 4) — te 2I/RT ) 2X_ NV — (o Ap) =X 7 b
X (i) (CS\[‘f 100 c6 100 Vit (84
T I
AER! () =) (AEE?”(Z’J) + AEY! (i,f)> Vit (85)
t=0
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FIGURE 59: Open circuit voltage for a NMC battery cell [269] and its linearized
variant

5.3.2.4 Frequency Containment Reserve Constraints

Finally, the primary frequency containment reserve (FCR) constraints. The
available reserve capacity is determined as the difference between the
components’ maximum positive, negative or rated power (P, P¥i" and
Pjfted) and the current/scheduled power Px(t). Taking into account power
ratings, SoC limitations, both AC and DC power balances in the system,
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FIGURE 60: The dots indicate the results of the cell aging tests presented in [268].
The cells are tested at a C-rate of 3.5C, T = 34°C and with a DoD equal
to 30, 50 and 70%.

and the total appliance and heating load. This concept per component is
shown in Fig. 6 and is calculated analogously for up- and down regulation
using (86)-(93) and (94)-(102), respectively.

CACERT)S (PPCR())Vt (56)

n mted
PEV < (i, t) Z (E EEV(Z t)> (87)
RIS < BIEE v o

Epps(i,t) — Efted

(89)

At
P (t) >0, Pr/(t) >0, Pyp(t) >0 vt (90)
Put) < i (PEY 0+ BIESD)) e (o)
Pyp(t) < Pz%ed() Piyo(t) Vit (92)
Pup(t) < Pyig (£) — Pino () + Pappi (£) + Prear (£)V t (93)

n
Pl (t <vzt2(” ) vt (94)
i=1
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FIGURE 61: Concept of available reserve capacity shown per component (EV, PV,
BES). The black arrows indicate the instantaneous powers, whereas
the blue and red arrows represent the down- and up-regulation, re-

spectively

In some countries FCR should be contracted symmetrically, in those
cases (103) should be included. Finally, in order for the model to work in a
moving horizon context, Eq(104),(105) are added to ensure that the power
reserved in the day-ahead is actually available. Here f + t1 : t 4 t, indicates

the time frame in which the powers are reserved.

Pup(t) = Pdwn(t)

(103)
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Peeg(t+t s t+t2) = Pplp (12 £2) (104)
PICR(t+ty 1 t+tp) = PEeR | 4(t1:42) (105)

This concludes all constraints of the NLP model, and that concludes the
section on optimal scheduling. In the next section the real-time control is
used.

5.4 REAL-TIME CONTROL

Two different real-time control schemes have been developed, for the case
with, and without, FCR. Both cases will be discussed separately in the
following subsections.

5.4.1 without FCR

In case FCR is not included in the optimal scheduling, the main goal of
the real-time control (RTC) error handling heuristics is to re-calculate the
setpoints within each optimization step based on forecasting errors. This
prevents drawing too much grid energy at high prices or feeding at low
prices. Additionally, it prevents overloading the DC/AC converter by the
optimal scheduling algorithm, which often tends to maximize inverter uti-
lization based on forecasted average PV power. Fig. 62 shows the heuristics
used in case no FCR capacity is reserved. The RTC inputs are the optimal

e(t) >0
yes no
e J [Amm :
Use grld yes Pi)‘ Use grid ‘

[ ) < maxz( Py (t ] [e ) < max(Poqt(t )]
yes yes

Pj

’ Use batt. [ < maz(Pey( ] [6 < maz(Pey(t )} Use batt.
) : YV ~_J° /\‘yeb .

{U%e batt.+EV ‘ Use grid+batt. fEVl ‘U%e batt.+EV ‘

FIGURE 62: Flowchart of the real-time control scheme. Based on the forecasting
error, the electricity price, and the available power from the EV and
BES, the setpoints are recalculated.

setpoints of the current timestep, the predicted PV power and energy prices.
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Next, based on the actual measurements and updated data, the real-time
controller will update the EV and BES setpoints to account for the differ-
ences. This must be done as fast as possible to achieve the best results.
Therefore, the simple but effective heuristics, shown in Fig. 62, are used.
First, it checks whether the error e(t) is positive, i.e. an excess of energy,
according to Eq.(106).

e(t) = (PR} — PEL(H) + (PLS, — Picty (1)) (106)

Next, the current energy tariff Ay, () is compared to the expected average
tariff A of that day. Depending on the outcome, and the maximum available
power from the BES or EV, the error is compensated using the BES, EV, or
grid power. If the error exceeds the maximum available power of the BES
(or EV), the total available power is used, and the remainder is compensated
with the EV or grid.

P

up/down

A L .
Prediction Horizon

_ Day-1 ; e Day J,

|||||I||I|||||||I >
t

1=0h = l h 'E—l-lh T:;‘rBh

FIGURE 63: Moving horizon control window, with a prediction horizon equal to
48h. The FCR is procured every day at 17:00h the day ahead.

5.4.2 with FCR

When FCR is included in the optimal scheduling, a certain amount of
reserve capacity is procured at 17:00h the day-ahead: ‘day-1" in Fig. 63.
Please note, if FCR is included, a minimum moving horizon window of 48
hours is required. The reserved FCR capacity has to be available during
the contracted time (‘day’ in Fig. 63). Therefore, the EV and BES power
are not recalculated based on forecasting errors. Instead, based on the grid
frequency and the contracted reserve power, the total power provided for
FCR is calculated based using a linear droop curve. Here the maximum
contracted power is provided in case of a frequency deviation of +-200mHz.



The resulting additional FCR power is shared between both the EV and BES,
and added to the optimal power setpoint. The additional power provided
for FCR, causes the EV and BES energy capacities to deviate from the
optimally calculated value. To prevent infeasibilities, and maintain the
desired reserve capacity, a linear SOC management is added. The flowchart

describing this is shown in Fig 64.

=)

FI1GURE 64: Flowchart representing the moving horizon control scheme incorpo-
rating optimal scheduling and FCR provision based on droop control

5.5 CASE STUDIES

The effectiveness of the proposed methodology is demonstrated using an
office building with three EV chargers. Due to its fixed working hours and
multiple EV charging spots, an office building is well suited for integrating
regulatory services. The results will be compared using three use cases.

I
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5.5 CASE STUDIES
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¢ case 1: The proposed model, assuming asymmetrical reserves.
¢ case 2: The proposed model, assuming symmetrical reserves.
¢ case 3: The proposed model, without FCR constraints (Eqs.(86)-(102).

* case 4: A particle swarm optimization (PSO) based component size
optimization, combined with a rule-based power control algorithm
based on the algorithm described in [249].

The simulations are run for a half year, based on data from January to June
2018, to capture all diurnal and seasonal variations. Here, we assume that
the seasonal fluctuations in the first half of the year are similar to those in
the second half of the year to reduce the solving time. Further examination
shows that this does not affect the component sizes and therefore is a
reasonable assumption. The electrical and heating demand profiles (Pjo,4(t)
and Pp(t), respectively) are considered non-flexible and are obtained
from [271], see Fig. 65 for two exemplary days. The EV charging patterns
are obtained from [272] [273] and are summarized in Table 13. The PV
irradiance data is obtained from the Dutch Meteorology Institute [274].

20
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—— Heating
—— Total
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8 16 24 32 40

X 16 o1 137 182
Time [h] Days of the year
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Power [kW]
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Price [Enro/kWh]|
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FIGURE 65: (a) Two exemplary days of the appliance and heating load
(Pappi (), Preat (t)) obtained from [271]. (b): Energy buying price Ay,
and selling price Ay,

The electricity prices (Apyy,Ase) are based on the Amsterdam Power
Exchange (APX) day-ahead market, though yearly averaged around 20
cents/kWh to be comparable with current retail electricity prices. For the
same reason, the FIT is chosen such that its average lies at 50% of the
average retail price tariffs [249], see Fig. 8. Finally, the regulation prices are
obtained from the Dutch frequency regulation market [264].
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Quantity Value

availability weekday 08:00h-18:00h
availability weekend -

number of EVs 3

energy demand weekday (EV1-3)  15,30,5kWh

TaBLE 13: EV demand [272] [273]

Type Bounds Price

PV system 0-50kWp 1500 €/kWp [275]
Battery system  0-200kWh 500 €/kWh [261]
BES charger 0-200kW 300 €/kW [276]
EV charger 0-200kW 350 €/kW [276]
Inverter 0-200kW 300 €/kW [259]

TABLE 14: Sizing variable prices and bounds

56 RESULTS: OPTIMAL SCHEDULING

In this section, the results will be discussed based on the three use cases
described above. Besides the optimal power management, the optimization
will determine the:

* Battery energy capacity E;'i* [kWh]

* Battery charger power rating P70 [kW]

* PV system power rating Pp{7* [kW]
* EV charger power rating Ppy/* [kW]

* Inverter power rating P//7*[kW]

The variable bounds are given in Table 14. The model has been solved with
the CONOPT4 solver on the Generic Algebraic Modeling System (GAMS)
on a desktop computer with a 3.6GHz Intel Xeon 4 core and 16GB RAM.

5.6.1  Optimal Power Management & Component Size

The power flows for the four cases are shown in Fig. 66-69, the optimal
component sizes are given Table 16, and the optimal cost components are
given in Table 15. The ratio’s of operational capacity (Py’) to rated capacity
(Pated) for the BES and EV1-3 equal are also given in Table 16. The PV size
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Variable  case 1 case 2 case 3  case 4
Cerid €2280 €3233 €2808 €4131
CaEs €1224  €1545 €334 <o
Cgy €975 €972 €1060 <€1037
Cpviconn €4620  €4065 €3218 €3060
Crcr €-4337 €-4710 €0 <o
Cint €1002 €997.5 €567 €461
Crotal €5764  €6102.5 €7987 €8689

TaBLE 15: Cost component for each use case

Variable case 1 case 2 case 3 case 4
Py 50 kWp 44 kWp 50 kWp 50 kWp
ERES 123.6 kWh 156 kWh 33.7kWh o kWh
pyited 100 kW 91 kW 10 kW o kW
PP, 25 kW 188kW  10.kW  okW
ppated 10 kW 5 kW 7.2 kW 2.8 kW
Pt 6 kW 5 kW 72kW  okW
Pg‘fz 2.5 kW 3 kW 7.2 kW o kW
Pg}’; 5.7 kW 5 kW 7.2 kW o kW
prex 77 kW 78 kW 36.6 kW 46 kW

TABLE 16: Optimal component sizes for each use case

is equal to the maximum 50 kWp for all cases. This can be explained by
the levelized cost of energy (LCOE) of PV, as calculated according to (107).
Since the LCOE is lower than the FIT for 82% of the time, the PV system is
a profitable investment and the optimization maximizes it size.

Vv Ppy*
Yo (PevAt) Ty feTsim

Notice that the PV-inverter power ratio is greater than one for cases 3 and 4.
This is a result of the often low irradiance of the Dutch environment. By
having a smaller inverter it better utilizes its entire power range. Another
reason is that the EV, BES, and PV are all connected on the inverter’s
DC side and can therefore absorb part of its power. Contrary to the PV
system, the BES is not a profitable investment for case 4. This is a result
of the fact that there is already a good simultaneity between supply (PV)
and demand (load, heating & EV). In combination with the fact that the

LCOE =

= 0.0931€/kWh (107)
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BES is operated based on the net power in the system. Consequently, the
BES is seldom used in winter; when heating demand is higher and solar
irradiance is lower. This is different for cases 1-3, as the control anticipates
on future supply and demand, it optimizes the BES’s (dis)charging to
take advantage of differences in electricity price. Similarly, the charging of
the EVs is also optimized, and vehicle-to-grid (V2G) is used to minimize
operational costs. As a result, the cost of grid energy for cases 1-3 is 44.8%,
21.7% and 32% lower compared to in case 4, respectively. The benefit
of optimal power management is even higher for use cases with lower
supply-demand simultaneity and/or lower PV output, such as residential
buildings. Table III also shows the effect of the FCR market constraints;
the power- and energy ratings of cases 1 and 2 are significantly higher
than case 3, especially for case 1. Obviously, higher component ratings
result in more reserve power available to be exchanged on the FCR market
and more energy available to be arbitrated. Due to this increased revenue,
the total costs were reduced by 27.8% and 23.6%, compared to case 3.
The difference in power ratings demonstrates the importance of including
the FCR constraints when optimizing component sizes. Note that optimal
power management at the same time further lowers costs, as it calculates
the optimum trade-off between operating capacity, reserve capacity, and
degradation. The BES SoC profiles in Fig. 66-67 and the SoC histograms in
Fig. 70 are an example of this.

I Case 1 [ Case 3

Ol'l'lll'(‘llt‘(‘

0 0.2 0.4 0.6 0.8 1
SoC [1/h]

F1GURE 70: Occurence of BES SoC [%)] for cases 1 and 3. The case 1 BES operates
mostly in the 30-80% region, to ensure that it always has reserve
capacity available for FCR market participation.
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These figures show that the case 1 BES is seldom completely charged or
discharged, but remains mostly in the 30-80% SoC area. As a consequence,
the BES always has up/down-regulation power available. Whereas the
BES in case 3 generally uses its entire allowable SoC range. Based on the
results presented so far it is concluded that FCR market participation can
significantly increase the scheduled revenue. However, so far the effects
of FCR provision, in terms of grid electricity costs and degradation, have
not been taken into account. To analyze these additional costs, the optimal
scheduling has to be performed in a moving horizon window, including
the real-time control. This is discussed in the next section.

5.7 RESULTS: REAL-TIME CONTROL

In the following sections the real-time control (with FCR) is used to analyze
the effect of FCR and component degradation on lifetime system costs.

5.7.1  Lifetime Net Present Costs

To consider the additional costs due to FCR provision and PV forecast
uncertainty, the total lifetime Net Present Costs Cnypc and Return On
Investment (ROI) periods are calculated using the proposed model in a
moving horizon context as shown in Fig. 64. Here, the rules from a pilot
study on prosumer FCR market participation in the Netherlands [262] are
adopted, assuming asymmetrical aggregation and day-ahead procurement
(as shown in Fig. 63) are used. The FCR power is bid hourly but provided
in a one-minute resolution. In this analysis, 1-minute resolution PV data
accounts for the PV forecasting errors. Consequently, the resulting power
flows are all in a 1-minute resolution. Furthermore, the EV degradation is
minimized, but the related costs are not factored in as the EVs are privately
owned. The moving horizon window is simulated for a 15 year period.
After which, Cypc is calculated using (108).

Cnrc = Cinvest — (Cbase - Ctotal) (108)

Here Cp,, is the demand only expense (appliance, heating and EV), and
thus (Cpgse — Crorar) are the energy management system’s savings. Fig.
71b(a) shows that the ROI period equals 11.7 years, 12.3 years, 10.2 years,
and 12.5 years for cases 1-4, respectively. Therefore all cases are profitable
investments, achieving total lifetime profits of €22.7k, €-7.5k €42.7k, €17.4k,
respectively. However, after including the remaining second-life values of
the BESs, as calculated according to (46)(47), the profits of cases 1-3 increase
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further to €80k, €68.8k, €58.7k, respectively. The total savings, ROI, and
lifetimes of cases 1-3 are summarized in Table 17. Different to the results
obtained in Table 15 these results include the additional costs (or reduction
in revenue) due to component degradation, PV forecasting errors, and FCR
power provision. An example of the difference between optimal scheduled
grid power and actual grid power is shown in Fig. 71a, which shows
that power provided for FCR significantly deviates the grid power from
its optimal schedule. As a result, the total grid energy cost increases by
29.4% and 22.2% for cases 1 and 2, respectively. As shown in Fig. 72b. This
difference in grid power is provided by the BES and EVs, and this additional
cycling can also increase the degradation of their batteries. As summarized
in Fig. 72b, the BES degradation has increased by 2-4.5%, compared to the
same case without FCR provision. Since the mean frequency deviation is
close to zero, the additional degradation of the battery is less significant than
the increase in grid energy costs. Nonetheless, despite these increased costs,
it can be concluded that the FCR market can be effectively integrated with
other revenue streams such as energy arbitrage and PV self-consumption
and is an effective method for lowering overall costs. Furthermore, our
results show that BES and EV 2nd-life value is a significant part of the
overall lifetime profit. The effect of component degradation and 2nd-life
value is discussed in more detail in the next section.

case 1

case 2 case 3 cased

Actual F,

Scheduled P,q, "
30 d x 100
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0 4 8 12 16 20 24 1 3 5 7 9 11 13
Time [h] years
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FIGURE 71: (a): Actual grid power including FCR power provision, versus opti-
mally scheduled grid power. (b): Net Present Cost of the four analyzed
cases (excluding second-life BES values).
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case 1 case 2 case 3 case 4

Cost savings[%] 460%  395%  337% O
ROI [years] 11.7 12.3 10.2 12.5
Lifetime BES [years] 13.5 14.5 13.8 n.a.
Lifetime EV1 [years] 10.6 10.7 10.2 11.9
Lifetime EV2 [years] 8.2 8.6 8.6 9.5

Lifetime EV3 [years] 10.6 10.7 10.2 11.9

TABLE 17: Summary of results for cases 1-4. The percentage cost savings are
calculated by comparing them with case 4.
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FIGURE 72: (a):Scheduled charging rate occurrence for the case 1-2 BES. The
reduced charging rate of the case 2 BES is a reason for the reduced
degradation. (b): Grid energy costs C,; and FCR revenue Cpcr of
the case 1 model in the first half year, versus the C,,i4 and Cpcr in the
first half of year 13, just before BES replacement.

5.7.2  Effect of Component Degradation

The degradation of the EV, BES, and PV systems are calculated over the
entire moving horizon period (15 years), and once these reach their end-of-
life criteria of 70% remaining capacity, they are replaced and sold for their
second-life value. This is observed in Fig. 71b(a) as the stepwise increase in
cost. The resulting lifetimes of the EVs and BES are summarized in Table 17.
The reduced degradation of case 2 with respect to case 1 can be explained
by the fact that the case 2 BES operates at a lower C-rate, as shown in
Fig. 72a. Additionally, the normalized throughput per cell of the case 2
BES is almost 52% lower compared to case 1. This is because the model
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tries to maximize the FCR revenue, and due to the symmetrical bidding
constraint, has less capacity available for other revenue streams such as
energy arbitrage. Finally, please note that for both cases, the C-rates are
much lower than the maximum allowable 2C, due to the BES degradation
model.

B year | [lyear 13

- - B ——Podun —— B - - < P P - Bt plen . pveas 5000

. \ 1 = 4000

Power (kW]

Costs/Revenue [euro

Crer
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FIGURE 73: (a): Average scheduled reserve powers per hour in a day. The striped
lines indicate the reserved powers of an aged system. (b): Grid energy
costs Cgrjy and FCR revenue Crcr of the case 1 model in the first half
year, versus the Cg,jy and Crcg in the first half of year 13, just before
BES replacement.

To analyze the effectiveness of the degradation model, the case 1 model
has been run without BES degradation model assuming a fixed 15 year
lifetime over which the costs are annualized. The optimal BES size now
became g7kWh with a rated power of 113kW, and since the 2nd-life value
was not considered Cprg increased by 32%. When the degradation of the
resulting BES profile was calculated, it was 17% higher than the case 1

BES, which would result in a 2 year and 4 month reduction of lifetime.

Another important feature of the degradation model is calculating the
available energy capacity. To examine the effect of component degradation
on revenue, we examine the differences in revenue for case 1 in the first
half year versus the first half of year 13, just before BES replacement. The
resulting difference in grid energy costs and FCR revenue are shown in
Fig. 73b , the regulation revenue decreased by 27.7% an almost one-to-one

ratio with the degradation of the battery. Whereas C,,4 increased by 14.9%.

This shows the importance of calculating the degradation of components
and the actual costs over their lifetime. Finally, the effect of PV and BES
degradation on reserved capacity is shown in Fig. 73a. Here the dashed
lines indicate the daily average, reserved capacities in the last half-year
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before BES replacement. The degradation results in an almost one-to-one
equivalent decrease of 29% and 14.5% of the reserved power for the BES
and PV systems, respectively. Reducing total FCR revenue by 27.7%.

Phat Ebat Pev Ppv Pinv —— Cost
200 ’fiﬂﬂﬂ 7000
= — - - -
= = E =
& 150 % 6000 § X 100 6500 5
= L= =
Z . =z =
;100 1000 3 7 6000 &
g S 8 _/‘/ S
4 = F 50 <
2000 £ ceon &
g %0 w0 5 & / 3500 5
S &)
0 0 5000
200 400 600 800 1000 1200 1400 1600 1800 2000
BES system price [Euro/kWh| PV system price [Euro/kW]
- 8000
= 150 =
z - =
= o =1 7500 5
Z 100 " * 2z
= z
= = * 7000 Z
& s000C 8§ 5 S
.50 2 0 B
E \ wo S § 6500 5
0 3000 0 G000
5 10 15 20 20 40 60 80 100
Calendar life [years] Aggr. margin (%]

FIGURE 74: Sensitivity on input parameters and assumptions. The units on the
y-axis or [kW] for all power related component sizes, [kWh] for energy
related component size (Ebat), and [Euro] for the Cost.

5.7.3  Sensitivity Analysis

The last part of the results include a sensitivity analysis on the effect of the
following input parameters and assumptions.

1. BES price per kWh: Vi7¢

2. PV system price per kWp: Vpy
3. BES Calendar life assumption: ¢4

4. Aggregator profit margin: €;¢¢

Fig. 74 shows the result of varying these input parameters on the optimal
component sizes. It is concluded that the PV system price does not affect the
result, apart from costs. Furthermore, if the battery prices fall in the future,
the BES becomes even more profitable and also higher lifetime revenues
can be obtained. Finally, the aggregator profit margin is concluded to be
a very important parameter. Up to 30% it does not affect the component
sizes much, apart from the revenue. However, for higher profit margins
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the component ratings decrease, up to the point that they are equal to the
values obtained for case 3.

5.8 CHAPTER CONCLUSIONS

This chapter presents the proposed two-level smart charging structure. The
first level optimizes the power flows in a moving horizon window. Addition-
ally, it finds the optimal component sizes based on the power management.
The model includes constraints that allow it to reserve power for the FCR
market. Based on our results, it is concluded that the highest revenue can
be obtained when all aspects are optimally integrated. Additionally, our
results show that the return on investment for BES systems is still too high
for the simulated case without proper control. However, optimal power
management adds additional business cases for the BES, such as energy
arbitrage and FCR market participation, making the BES very profitable.
The second level recalculates the EV and BES setpoints based on grid fre-
quency deviation or PV forecasting errors, inside the optimization time
steps. By implementing both levels in a moving horizon window, the sig-
nificance of PV and BES degradation on total lifetime revenue has been
investigated. It is concluded that including the FCR market increases life-
time cost-saving by 36% and 460% compared to optimal power management
without FCR market participation and nonoptimal power management, re-
spectively. Furthermore, our results showed the importance of including
component degradation and FCR power provision on lifetime revenue.
Investigating the effect of degradation on the reserved powers showed an
almost one-to-one correlation, resulting in a total decrease in FCR market
participation of 27.7% at the end of the BES lifetime.
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INTEGRATION & VALIDATION






SMART CHARGING INTEGRATION

This chapter, the final part of this thesis, discusses the integration of the two
preceding parts: the power electronics and the smart charging algorithm. The
result is a three-level smart charging algorithm that includes th optimal scheduling
algorithm and real-time error handler proposed in Chapter 5, and the embedded
control layer presented in Chapter 3. The results show the importance of the
proposed three-level control structure, and its protections. Finally, the proposed
smart charging scheme is compared to two other charging schemes: direct PV
charging and fixed-rate charging. The results show that the proposed charging
scheme reduces the total cost of energy, and solves the problem of poor BES
utilization of existing charging methods.

This chapter is based on:

J3 W. Vermeer, M. Wolleswinkel, J. Schijfelen, G.R. Chandra Mouli, P.
Bauer, Design of a 10kW Multi-Port EV Smart Charging System Integrat-
ing EV, PV, and Battery, 2023, (under review for) IEEE Transactions on
Transportation Electrification

J2 W. Vermeer, M. Wolleswinkel, J. Schijfellen, G.R. Chandra Mouli, P.
Bauer, Three-Mode Variable-Frequency Modulation for the Four-Switch
Buck-Boost Converter: a QR-BCM vs. TCM Case Study and Control Im-
plementation, 2022, (under review at) IEEE Transactions on Industrial
Electronics

J1 W. Vermeer, G.R. Chandra Mouli, P. Bauer, Optimal Sizing & Control of
a PV-EV-BES Charging System Including Primary Frequency Control and
Component Degradation, 2022, IEEE Open Journal of Industrial Electronics

153



154

SMART CHARGING INTEGRATION

6.1 INTRODUCTION

This chapter comprises the final part of this thesis: the integration of part I:
the multi-port converter, and part II: the smart charging algorithm, to de-
velop the proposed EV-PV-BES integrated smart charging system. First the
integration of the algorithm, communication and converter are discussed.
After which, the smart charging results are discussed, and compared to two
other charging schemes.
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FIGURE 75: The three layers of the control hierarchy. The top level is an optimal
scheduling algorithm, followed by a real-time error handler which
sends the setpoints to the embedded V-I controllers.

6.2 INTEGRATING SMART CHARGING CONTROL

Fig. 75 shows the schematic of the proposed smart charging system. The
final setup used for the smart charging experiments is shown in Fig. 76. The
first two layers of the control scheme are implemented on a lab computer.
Here a Python script is used to implement the moving horizon window,
including the CANopen implementation for communication with the con-
verter. In this moving horizon window GAMS is called to solve the NLP
problem discussed in Chapter 5. In this case, the component sizes are fixed
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to 10kW, with a 20kWh BES and assuming EVs with 8okWh energy capacity.
The output of the NLP model includes the optimal power setpoints of the
EV and BES, the forecasted PV power, and forecasted energy price of the
current optimization timestep. These are recalculated using the real-time
controller. Finally, the control loops presented in Chapter 3 ensure closed
loop control. In this chapter, FCR market participation and component
sizing are not included, hence the objective function of the smart charging
algorithm is reduced to Eq.(109).

Ctotat = Cgria + Cy + Cs (109)
here,
® Cjoal is the total cost to be minimized
e CY, represents the operational cost due to EV battery degradation
. Cg g represents the operational cost due to BES battery degradation

Next, in the RTC, these power setpoints are converted to current set-
points, by measuring the voltages of the EV and BES. Additionally, the
actual PV power is measured and compared to the forecasted power. Then,
the flowchart, shown in Fig. 62 in Chapter 5, is used to recalculate the
EV and BES setpoints based on the forecasting error and current energy
price. Finally, the resulting setpoints are send over the CAN bus, to the
corresponding converter.

To ensure continuous control, the real-time controller is implemented in
a separate Python thread in parallel to the MHW. This way, the real-time
controller is always running, even when the optimization is still solving.
This is especially useful for problems with long solving times, such as
mixed-integer or stochastic optimization problems. The timestep of the
real-time controller is set to the lowest possible value. Still, it has to include
the round-trip delay of measurement reading, calculation, setpoint writing,
and setpoint settling time. For this reason, the timestep is set to two seconds.
After the RTC has sent the setpoints, the embedded control ensures fast
and safe control of the converter currents and voltages.

63 RESULTS: SMART CHARGING

Fig. 76 shows the experimental setup with the proposed power electronic
converter. The smart charging script runs on a PC with python and GAMS.
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FIGURE 76: Experimental setup consisting of the proposed multi-port converter, a
PC running the smart charging algorithm, power supplies emulating
the EV, PV and BES, a CAN2USB converter for communication, and
an auxiliary supply.

Here the optimal setpoints are calculated in a 24-hour ahead moving hori-
zon window. Next, the real-time control updates the optimal setpoints
based on the measurement of actual PV power. The updated setpoints are
then sent using a CAN-to-USB converter to the power electronic hardware,
which uses the embedded control to the current and voltage. The PV, EV,
and BES ports are emulated using the power supplies. To account for PV
forecasting errors, a pseudo-random forecasting error is added on top of
the measurement. This error is randomly sampled every optimization step,
with the minimum and maximum error percentage converging from 1-40%
to £10% as the forecasts approaches the current time. Fig. 77(a) shows
the EV, PV, and BES output currents as controlled by the proposed smart
charging system. Additionally, the horizontal bars show the calculated (and
forecasted in case of PV) optimal charging powers in 7.5 minutes resolution,
for optimization steps k = 1..4. The experimental waveforms are a part of
the full-day simulation shown in 77(b), as indicated by the striped box. To
explain the operation, the results shown in Fig. 77(a), are discussed per
optimization timestep k:
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* During k = 1, the forecasted PV power is significantly higher than
the actual power. As a result, the power balance on the DC-link
(Pac = Ppo — Pey — Py) is significantly exceeded in the majority of
the period. However, the real-time control continuously updates the
BES and EV setpoints, based on the PV power measurement. If the
power balance then still is exceeded within the real-time control time
step, the BES power is further curtailed using the cascaded DC-bus
voltage control loop. At the end of k = 1, the PV power exceeds its
forecast, but since the energy price is lower than the 24-hour mean,
the real-time control prevents feeding in power and therefore first
increases the charging power of the BES, followed by increasing the
EV setpoint.

¢ In the next optimization step k = 2, the PV forecast was more accurate.
In the first half, the excess PV power increases both the EV and BES
charging power. In the second half, the PV power drops below its
forecast and the BES power is again curtailed to prevent overloading
the DC/AC converter.

* During k = 3, the BES setpoint is reduced. In this case, the PV power
exceeds its forecast. This excess power is used to increase the BES
power since the energy prices are still below average, and the BES still
has plenty of capacity available. The BES power is increased based on
the excess PV power, resulting in a net DC-link power of 10kW.

* The same holds during k = 4 when the forecasted PV is lower than
its actual value and the control is tracking the available PV power.

Throughout k = 1..4, the energy price is low and to optimally utilize this
temporal advantage all three control layers are required to keep the inverter
operating at its maximum capacity, but not exceed it. In this example, the
maximum BES charging power was artificially limited at 7kW to show the
heuristic steps of the real-time control (at the end of k = 1). Furthermore,
the results show that the EV setpoint is relatively constant, as the real-time
control first tries to use the BES for error handling. This helps to ensure
that the EV departure charge setpoint is met.

Finally, Fig. 77(a) shows a couple of communication failures, indicated
by the asterisks. These were caused by a failing CAN-to-USB converter, the
cause of which is out of the scope of this paper. These failures, however, can
result in a time-out of a CAN node and temporarily stop the operation of the
corresponding converter. Such failures can lead to under and overvoltages
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FIGURE 77: (a): Experimental waveform and (b): theoretical simulation based on
the proposed optimal charging scheme including real-time control
and protection.

on the DC link, resulting in semiconductor failure. However, thanks to the
cascaded control loops all modules shut down when the failure occurs.

6.3.1 Charging Scheme Comparison

The effectiveness of the proposed charging scheme is analyzed by compar-
ing it to two other charging schemes: Firstly, direct PV charging, shown
in Fig. 78(a) and (b). Here the EV is charged directly based on PV power
and the battery power is determined based on the net power, as calculated
according to Eq.(110).

Pggs = Puet = Ppv — Ppy — Ploga (110)

Secondly, with fixed rate charging the EV is charged with a fixed charging
power and the battery is charged based on the net power P, as shown in
Fig. 78(c) and (d). For all three cases, it is assumed that the EV is available
between 08:00-18:00h [277].

For both direct PV charging and fixed rate charging it can be concluded
that the BES is hardly used. Only during the night and early morning,
the residual capacity in the BES is used to power the load. However, in
both cases, the BES is barely charged after it is depleted, simply because
there is no excess power. This points to the conclusions made in section
LA, which states that stationary battery storage is not cost-effective for
EV-PV charging applications when simple heuristic control schemes are
used. Using the proposed control scheme the BES power is optimized to
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FIGURE 78: (a): experimental waveform of constant charging. (b): full day simu-
lation of the proposed control, (c): full day simulation of direct PV
charging, (d): full day simulation of constant charging. In the ex-
periments, the EV and BES voltages are constant at 475V, and 450V
respectively. The PV voltage is determined by the MPPT algorithm
and varies between 375 and 420V.

utilize energy price differences, resulting in better utilization of the available
energy storage capacity. To compare, the BES is idle for 6.6%, 65.5%, and
72.8% for the proposed charging, PV charging, and fixed rate charging,
respectively. This increased utilization, however, reduces the lifetime of the
battery. Therefore, a battery degradation model is included in the optimal
scheduling algorithm to calculate the trade-off between operational costs
such as energy trading, battery lifetime, and battery second-life value. [278].
The degradation model often reduces the charging power, to find the trade-
off between temporal advantages in energy price and battery degradation.
The final costs, as calculated according to eq.(109), are summarized in Table
18. Using the proposed smart charging method, it was possible to reduce
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the total costs by 44.7% and 48.7% compared to PV- and fixed-rate charging,
respectively, despite an increase in battery degradation. This cost reduction
was achieved by trading energy between high and low prices. This, however,
also reduced load autonomy 7 by 66% and 28%, with respect to PV- and
fixed-rate charging respectively, as calculated according to eq.(111).

t=24h
Z Ploaddt + Eev
t=0

Y= T
Eo ‘Pgridd”

(111)

Here dt represents the timestep in hour, Py,s the grid power in kW, and E
is the charging requirement of the EV in kWh.

—— Pt —— Poy —— Py —— Pypid v+ Epat wove- B

Power kW]

Time [h]

FIGURE 79: Full day simulation of the proposed control with reduced FIT.

Cost  Prop. high FIT  Prop. low FIT PV Fixed

Ceria  €11.9619 €12.55 €189 €204y
Cév €1.43 €1.32 €130 €1.307
CgES €2.33 €1.85 €1.37 €132
Ciotal  €15.73 €15.73 €216 €232

TaBLE 18: Cost comparison for the three charging schemes under high FIT.

Note that the reduced load autonomy is a direct result of the high feed-in
tariff (FIT), When the FIT drops below the energy buying tariff, as is the case
for the low FIT , the objective of the proposed smart charging method shifts
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from energy trading towards energy preserving, i.e. it tries to minimize grid
energy intake and maximize PV-self consumption to reduce the cost, and
as a result also automatically increases the load autonomy. The results for
the proposed charging method are shown in Fig. 79 and Table 18. Despite
slightly larger grid energy costs, the total costs are approximately equal due
to the lower cost of degradation. Additionally, in case of lower FIT the load
autonomy is increased by 15% and 17% compared to PV- and fixed-rate
charging. It is therefore concluded that the smart charging can significantly
lower the total cost of energy in solar-powered smart charging systems,
especially, when the FIT and solar production are low.

64 CHAPTER CONCLUSIONS

This chapter discussed the integration the two-level smart charging al-
gorithm onto the solar-powered EV-BES charger. It is concluded that the
cascaded V-I control loops are especially important for smart charging ap-
plications as our results indicate that the optimal scheduling often tends to
maximize inverter utilization, based on a forecast of PV power. As a result,
forecasting errors can lead to overloading, if not dealt with accordingly. The
results show that inverter overloading can be prevented using the proposed
cascaded control loops.

Finally, the proposed smart charging scheme is compared to direct PV
charging and fixed rate charging. The results show, that despite a slightly
higher battery degradation, the total cost (including the cost of degradation)
can be reduced by 44.7% and 48.7% compared to PV and fixed charging,
respectively. Furthermore, it was shown that without smart charging the
energy storage utilization is poor. Previous studies have already shown that,
as a result of poor utilization, the return on investment period of stationary
energy storage combined with rooftop PV and EV charging can be too
long. The proposed smart charging system can improve the business case
of stationary storage, by reducing the total cost. As a result, it also helps by
increasing load independence, especially in the case of low FIT.
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It was concluded in Chapter 1 that, due to congestion and the inability to
reinforce the entire electricity grid, a smart and local solution was required
to help with the increasing electrification of the energy demand, while also
increasing the penetration of RESs. More specifically, the solution should
promote the supply of local demands by locally generated renewable energy.
It was also argued that due the intermittent and temporal variability of RES,
energy storage, both vehicular (EV) and stationary (BES), is required to re-
duce energy feed-in and increase PV self-consumption. However, currently,
PV-BES systems are often less cost-effective for small-scale prosumers due
to the poor utilization of the available flexibility in the system.

The goal of this thesis was to incentivize small-scale prosumer EV-PV-BES
integration through their intelligent operation using a multi-port power
converter. This goal was divided into three parts. First, the power electronic
hardware was discussed in part I. Next, part II discussed the smart charging
control system. Finally, the integration of parts I and II, and their exper-
imental results, were discussed in Part III. In the following sections, the
main findings obtained from all proceeding chapters are summarized for
each research question.

7.1 REGARDING RESEARCH QUESTIONS

How to design a highly-efficient 10kW converter suitable for both PV and BES
applications?

Both PV and BES voltages are specified from 300 to gooV, this wide
voltage range increases the operating range of the proposed multi-port
converter. Additionally, since both PV and BES do not require galvanic
isolation, it allows the same buck-boost converter to be used for both the
PV and BES ports, in both single-phase and three-phase converters. This
reduces the design effort and can therefore help in reducing the overall
system cost.
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7.1.1  Multi-mode QR-BCM modulation

The FSBBC was chosen for this application because of its bidirectional
buck and boost capabilities, relatively low component count, and relatively
low component stress due to its non-inverting nature. In Chapter 3, the
different modulation strategies for the FSBBC were summarized. It was con-
cluded that the highest efficiencies reported in the literature were achieved
with variable-frequency operation. Additionally, it was concluded that the
constant-frequency operation has an inherent disadvantage in terms of
higher peak and RMS currents. For this reason, the focus of Chapter 2
was on deriving a variable-frequency modulation scheme that maximizes
efficiency. Based on a loss analysis, multi-mode QR-BCM operation was
chosen. The multi-mode operation resulted in power control discontinuities
at the borders of each operating mode. To overcome this, a feed forward
mode transition control scheme was implemented. This control scheme
utilized the drain-source voltage of the switches to generate a trigger that
allowed each interleaved phase to transition towards the new operating
mode, at the inductor current zero crossing of the corresponding phase.

7.1.2  Modulation comparison

The experimental results of Chapter 2 showed that it was possible to transi-
tion between operating modes at full power, without a loss of output power,
no output voltage swing, and limited output current ripple. Furthermore,
our results show that the proposed prototype matches the highest reported
efficiency of the FSBBC in the literature, despite of a higher power per phase
and input voltage range. To further test the proposed modulation, it was
benchmarked with three other soft-switching modulation schemes; TCM,
B-QR-BCM, and QCM. The results show that the adoption of QR-BCM
allows to simplify the converter control without a loss of efficiency. Addi-
tionally, it achieved higher efficiency compared to B-QR-BCM and QCM
in the entire operating range, apart from unity voltage gain, where QCM
achieved the highest efficiency. In terms of power density, QCM required a
slightly smaller input capacitor and inductor, and B-QR-BCM required the
largest passive component volume.

How to design a multi-port converter for a 10kW EV, PV, BES, and AC grid-
integrated smart charging system?
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7.1.3 Topology selection

The DC-integrated multi-port topology was chosen in this thesis. The
advantage of the DC bus is the modularity and scalability of the DC link
capacitor bank, that allows to easily scale up the power rating of each port
without completely redesigning the system. Additionally, it requires the
least amount of conversion steps, four in total, one for each port. Whereas,
the high-frequency transformer and AC-grid integration require 5 and 6
conversion steps, respectively. The modular design allows each port to be
designed independently. This simplifies the design, but increases the design
effort required.

In this work, a two level DC-AC converter controlled using sinusoidal
PWM is used for the bidirectional AC grid connection. Next, a 4-phase
interleaved flyback converter is used for isolated EV charging. Finally,
two interleaved four-switch buck-boost converters are used for both the
PV and BES ports. To achieve a high power density and high efficiency,
QR-BCM modulation is applied to all DC-DC converters in the system.
Furthermore, all power semiconductors are made from silicon carbide, and
koolmu powder iron cores are used.

7.1.4  Closed-loop control

A crucial aspect of a multi-port converter is to maintain power balance in the
coupling link. For the DC-integrated topology this means a power balance
on the DC bus. In the proposed converter, this is done by controlling the DC
bus voltage, primarily using the DC-AC converter. This is significantly easier
to control than preventing magnetic core saturation using a MAB converter.
As long as the DC-AC converter can maintain the DC bus voltage, the
control of the other ports is completely decoupled and they can be designed
independently. This allows the PV port to have an independent control
loop that performs maximum power point tracking, to maximize renewable
energy generation. Additionally, it allows the setpoints of the EV and BES
points to be optimized by the smart charging algorithm. However, in the
proposed converter all ports are made up of 10kW modules. Therefore, the
combined power of the PV and bidirectional EV and BES ports exceeds the
power rating of the DC-AC converter. It is therefore vital that power balance
is always ensured, especially because of the intermittent nature of PV. To
achieve this, all ports are equipped with cascaded I-V control loops that can
curtail their current based on the DC-link voltage, and output voltages. This
is done sequentially. Primarily, the DC-AC converter maintains balance by
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controlling the grid current. If the nominal power of the DC-AC converter is
exceeded the DC-bus voltage will start to deviate. When the DC bus voltage
deviates more than 20V from its nominal setpoint, the BES converter starts
curtailing its current. If it deviates any further the PV and EV will start to
curtail and if necessary shutdown. This sequential cascaded control ensures
stability, safety and modularity. This modularity enables the converter’s
design to be divided per port. The experimental results of Chapter 3 validate
the operation of the proposed control loops and its protections.

How to model Li-ion battery degradation and how to mitigate it?

In Chapter 1, LIB degradation was identified as a crucial characteristic
that could hold back the integration of BES and V2x. Therefore, to properly
assess the operational cost of energy storage, it is required to model how
LIBs age over time and how this is affected by the operating conditions. In
Chapter 4, four different methods for ageing estimation were introduced.
It was concluded that empirical and semi-empirical models are the most
relevant for the use in smart charging applications, as their relative sim-
plicity makes them applicable in optimization problems. However, they
require large test matrices in order to accurately fit the model onto the data.
Since test conditions are usually limited and based on accelerated testing
conditions, EMs are prone to oversimplifying the ageing behaviour. The
goal of Chapter 4 was to review EMs and obtain a good understanding
of ageing behaviour, and empirical modelling techniques for LIB ageing.
Focusing on operational stress factors and their interdependence, modelling
techniques, limitations, and challenge.

For smart charging applications it is important to make a distinction
between calendar and cycle life, as charging is often not a continuous
operation. For calendar ageing temperature, SoC and time are the main
stress factors. Whereas for cyclic ageing also C-rate, DoD, and throughput
have to be taken into account. The role and interdependence of these
operational stress factors was reviewed, to better understand the potential
modelling limitations and the effect operating conditions have on battery
lifetime.

First, the main ageing mechanisms were identified. In most studies, SEI
growth is identified as the largest contributor to degradation in the first
part of a battery’s lifetime. Later, when the SEI layer has passivated the
rate of ageing reduces, until other processes such as lithium plating start
to occur. In contrast to the SEI layer, lithium plating has a non-passivation
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character and often becomes the dominant aging factor later in the battery’s
lifetime. In this thesis, the focus was on the first part of the battery life.
Therefore, the main ageing mechanisms to focus on was SEI growth.

It was concluded that SEI growth is most often modelled using a power-
law relationship with respect to time for calendar ageing, and with respect to
throughput for cyclic ageing. Here an exponential factor, in the range of o0.5-
1, is generally used to model the passivating character of SEI layer growth.
For temperatures above 20-25°C, the Arrhenius law is most often used.
Generally, the rate of ageing increases for higher temperatures. However,
for cyclic ageing low temperatures induce other ageing effects such as
lithium plating, and ageing again increases when temperatures drop under
room temperature. Since many studies used accelerated ageing conditions,
such as high temperatures, this was often not modelled. Furthermore,
temperature showed a strong correlation with C-rate. In general, higher
C-rates result in more degradation. However, multiple studies showed
that the effect of C-rate reduced as the temperature increased. Similarly,
the effect of C-rate increases for low temperatures. This was again not
modelled in most studies. Finally, it was demonstrated that the effect of
SoC on calendar ageing is frequently oversimplified to an exponentially
increasing curve with respect to SoC, due to the limited number of testing
conditions. In reality, the rate of ageing is strongly related to the anode
voltage, which rather increases in discrete steps. This is further complicated
during cycling as low SoCs result in increased impedance, which aggravates
ageing. Additionally, during cycling, the effect of SoC was closely related to
the DoD. Often an increasing DoD is presumed to increase ageing. However,
in reality, the effect of DoD seemed closely related to the traversing of the
electrode phase changes, or plateaus.

To conclude the model presented in [143] has been selected as the best
fitting model for the smart charging algorithm, because of the following
reasons:

* The model has been designed for the NMC-LMO chemistry, a chem-
istry which is considered a viable candidate for both EV and stationary

applications [213]. Similarly, the same model can thus be used for
both the EV and BES.

¢ The test conditions described in [143] match with real-life conditions
for both EV and BES applications. More specifically, most cells were
cycled between 10°C and 34°C. Additionally, at every temperature a
variety of different C-rates and DoDs were tested. Not only focussing
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on accelerated testing conditions, but also including low C-rates (0.5C-
6.5C) and DoD (10%-90%). This DoD-dependence was not originally
included in the model presented in [143]. However, based on their
presented data, this dependency has been added in the next chapter.

e It is one of the few models which has modelled the temperature
dependence of C-rate.

® The model is part of the few models which separate calendar ageing
and cyclic ageing, by subtracting the calendar ageing results from
their cyclic ageing results.

How to optimally size and control the integrated EV, PV, BES smart charging
system to reduce the cost of energy and provide ancillary services?

To achieve intelligent operation, and obtain a cost-effective system, it
important to have a control structure that optimally utilizes the flexibility
obtained from the multi-directional smart charging system. Similarly, it is
important that the component ratings are properly sized based on each
use case. A tool is therefore required that utilizes the modular, and multi-
directional, nature of the multi-port system, and adapts it based on specific
use cases. The smart charging algorithm proposed in Chapter 5 achieves
this, by being able to simultaneously optimize the component ratings based
on the optimal power management of the components. When used for
sizing the components, only the NLP model is required. For optimal power
management, and implementation on the converter a three-level control
structure is used. The first two-layers are discussed in Chapter 5, whereas
the third embedded layer is discussed in Chapter 2.

7.1.5 Optimal sizing

The optimal sizing results of Chapter 5 show that for all four cases the PV
system was sized to its maximum. This is due to the fact that the LCOE of
the PV installation is lower than the cost of grid electricity, resulting in a
profitable investment. The sensitivity of the PV system costs was analyzed,
but showed almost no variability in component ratings when varying from
1000 euro/kWp to 2000 euro/kWp.

Next, it was concluded that the highest revenue can be obtained when
all aspects are optimally integrated. Furthermore, the simulation results
showed that the return on investment for BES systems is still too high for
the case without optimal power management. This supports the argument
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of Chapter 1, which mentioned that the low LCOE of PV-BES systems
discourages the use of BES for prosumer PV applications. When optimal
power management is included into the optimal sizing algorithm the com-
ponents ratings were increased to increase the flexibility of the system.
Despite higher investment costs and increased battery degradation, the
optimal power management resulted in a 44.8%, 21.7% and 32% reduction
in total cost, for cases 1-3 with respect to case 4 respectively. The highest
cost savings were obtained for case 1, which included asymmetrical FCR
reserve. In this case, the algorithm finds an optimal battery power and size
of 100kW and 123.6kWh , a 371% increase in battery capacity compared to
case 3. The algorithm uses 75% of its power rating and a significant part of
its battery capacity for FCR scheduling. The optimal scheduling algorithm
operates the battery mostly in 30-80% SoC region, to have both up- and
down regulation capacity available.

7.1.6  Smart Charging Control

The first level of the proposed smart charging control system consists of the
NLP model, which is being solved in a 48-hour-ahead moving horizon win-
dow to continuously recalculate the setpoints based on changing conditions
and forecasts.

The second layer consists of a real-time controller that recalculates the
NLP model setpoints, in between the 15-minute optimization timesteps. The
RTC can fill two primary tasks. When FCR market participation is included,
the main tasks of the RTC is to adapt the EV and BES setpoints to ensure
that the correct amount of FCR power is provided. Without FCR market
participation, the RTC adapts the setpoints of the EV and BES based on a
comparison of the actual and forecasted conditions of the energy prices and
PV power.

Finally, the third layer is the embedded control layer. As mentioned above,
and in Chapter 2, the embedded control layer is used to provide closed-loop
control of the smart charging setpoints. Additionally, the cascaded control
loops are also used to protect the inverter from overloading.

It is concluded in Chapter 5 that the optimal power management signifi-
cantly increases the cost-effectiveness of the integrated system compared
to non-optimal power management. This is achieved by adding additional
business cases, such as energy arbitrage and FCR market participation,
making the system very profitable. For the simulated case including FCR
market participation, the lifetime cost-saving were increased by 36% and
460% compared to optimal power management without FCR market partic-

169



170

CONCLUSION

ipation and nonoptimal power management, respectively. If the second-life
value of the BES system is taken into account. Furthermore, by using the
moving horizon window combined with the proposed real-time control
over a 15 year simulation period, the significance of PV and BES degrada-
tion on total lifetime revenue has been investigated. The results showed an
almost one-to-one correlation, resulting in a total decrease in FCR market
participation of 27.7% at the end of the BES lifetime (70% remaining energy
capacity).

In Chapter 6, the implementation of the proposed control structure on the
multi-port converter is discussed, and the experimental results are shown.
The experimental results prove the necessity of all three levels of control.
First, the optimal layer optimally utilizes the flexibility gained from the
energy storages, and provides the smart charging of the EV and BES. Next,
the RTC recalculates the setpoints based on forecasting errors. However,
occasionally the embedded control still had to curtail the BES power to
account for the fast changing PV power.

What are the benefits of the proposed smart charging system compared to con-
ventional AC-integrated charging systems?

7.1.7  Modular DC-integrated multi-port converter

To begin, the DC-integrated multi-port converter reduces the amount of
DC-AC power converters required. Additionally, the modular design of the
power electronic hardware allows to easily scale up the system up to above
100kW. This modularity allows the optimal sizing algorithm to customize
the design based on different applications, without redesigning the system.
Based on the lifetime cost reductions achieved in Chapter 5, it is concluded
that this can significantly lower the cost of the system. Furthermore, by
designing a FSBBC that can be used for both PV and BES applications, the
flexibility gained from similar specifications is utilized to reduce the total
design effort and hereby reduce the cost of the system. Additionally, a novel
modulation scheme is proposed for achieving high efficiencies over a wide
voltage and power range. The large operating range increases the flexibility
of PV, BES, and DC/AC converter configurations.
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7.1.8 Integrated Hierarchical Smart Charging Control

As indicated by in Chapter 1, and supported by the optimal sizing results
of Chapter 5, power electronic integration alone does not fully utilize the
flexibility obtained from energy storage. Therefore, the most significant
advantage is obtained by integrating the smart charging algorithm on the
multi-port power converter. As shown in Chapter 5 and 6, the proposed
smart charging algorithm significantly reduces the lifetime system cost by
optimally utilizing the flexibility from the components. Additionally, as
shown in Chapter 6, the proposed smart charging control increases the
energy independence of the local loads.

In this thesis, a cost minimization objective was chosen for the smart
charging system. This objective was chosen to increase the incentivize for
prosumers to install the proposed system, and hereby indirectly promote
RES integration and sustainable transportation. Additionally, the advantage
of cost minimization is that it allows for the autonomous integration of
multiple business cases, all previously inaccessible by conventional charg-
ing systems. A summary of these business cases integrated in the smart
charging algorithm is included below:

1. Energy Arbitrage.
2. FCR market participation.
3. Peak shaving.

4. Battery lifetime optimization.

The capability to find the trade-off between multiple business cases
increases the employability of the system, and gives the prosumer the
flexibility for a wider variety of applications. However, most of all, it
significantly increases the revenue obtained by the system, which show that
smart charging can significantly reduce the operational cost by increasing
the utilization of energy storage and optimizing its performance over the
entire lifetime of the EV and BES. It herewith overcomes the short comings
of conventional PV-BES systems, which often show a very poor utilization
of the energy storage capacity. This is confirmed by the results of Chapters 5
and 6 Finally, the integration of peak shaving and FCR market participation
supports the decentralized energy grid.

To conclude, the flexibility gained by the proposed smart charging sys-
tems begins with the power electronic hardware, which offer great potential
flexibility in terms of configuration and by allowing vehicular energy stor-
age using V2x. Next, this potential flexibility is optimally utilized by the
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smart charging algorithms which not only adapts based on current con-
ditions, but also includes the optimization of future operation, and even
battery lifetime, as well.

7.2 FUTURE WORK

Smart charging has become increasingly popular in recent years. However,
existing studies generally focused on either hardware or algorithms. This
thesis tried to bridge that gap by improving both power electronic hardware
and smart charging technology, followed by integrating them. Now that
this is done, future work can focus more on practical integration and
improvements.

7.2.1  Ancillary service control for DC-AC converter

To begin, some of the features included in the smart charging algorithm
were not yet possible to implement in the hardware. Peak shaving, for
example, was integrated in the optimal scheduling and real-time control.
However, to provide a hard constraint on the metered grid power, the
embedded control requires fast and accurate metering of the local load and
PV power. Furthermore, appropriate control needs to be integrated to deal
with the intermittency of the local load and PV generation, to be able to
provide a hard cap on grid power.

7.2.2  Stand alone off-grid operation

Additionally, the converter can be adapted for stand-alone off-grid oper-
ation. To achieve this, the DC/AC converter controls should be updated
to include islanded operation, including the ability to transition between
grid-connected operation and grid-forming operation, for both balanced
and balanced three-phase loads. Additionally, the cascaded control of the
BES system should be updated to be able to maintain power balance on the
DC link, whenever the DC/AC converter is in grid-forming mode.

7.2.3 Benchmarking smart charging algorithms

Now that the smart charging is not only in the theoretical realm anymore, it
is important to benchmark different smart charging approaches using hard-
ware. One of the current trends in optimal scheduling problems is the use
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of stochastic optimization. Stochastic smart charging problems calculate the
charging powers taking into account the stochastic probability of different
variables. The solving time of stochastic problems is usually longer than
deterministic problems, but might provide a higher accuracy.

7.2.4 Artificial Intelligence for parameter estimation

In this thesis, many input parameters such as EV arrival and departure
time were considered known. This is a fair assumption, considering that
it could be provided by the user. However, the flexibility and autonomy
of the system could be improved by estimating similar parameters, using
artificial intelligence for example.
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APPENDIX

8.0.1 Loss modelling

Total losses are comprised of the conduction losses P4, core losses Peoye,
switching losses (under ZCS) Pszwcifch, capacitor losses Py, and auxiliary
losses (only for experimental measurements: PCB and fuse conduction
losses). These are calculated according to Eq.(112)-(114).

Plona = I%ms,xRon(Tl I) & Peore= leef’;—lé,ﬁfsv (112)

co

Here x denotes switch Sy. The core losses are calculated according to [279],
using:

2 (TdB? ., OB
feq = m 0 E dt, with B = 7 (113)

Finally, the switching and capacitor losses are calculated by:

switch —

1
pzCs ECdszs & Py = RMS(Icx)*ESR(fs) (114)

Here Vj; is the turn-off voltage under quasi resonance, and ESR(f;)
denotes the electric series resistance of a capacitor as a function of switching
frequency fs.

8.0.2 Passive component sizing

The inductor power density is based on the energy they process per period,
according to Eq.(115). Here I is the peak inductor current. Next, the
capacitors are sized to achieve a maximum voltage ripple of 4V = 10V.
Their capacitance Cy is then determined according to Eq.(115), here Qy is
the total charge stored during one cycle, of side x.

W = %max(iL(t))z & Cy=Q,/dV (115)
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