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Abstract

Conventional battery energy storage systems (BESSs) connected to medium-voltage ac grids,
whether integrated with renewable energy sources (RESs) or used in battery charging applications,
face several challenges, including the need for bulky low-frequency transformers (LFTs) to
connect to the medium-voltage ac (MVAC) grid and high current stress. These issues arise because
voltage source converter-based approaches typically operate at low battery string voltages due to
constraints on the series connection of them. While multilevel topologies with independent
batteries, such as cascaded H-bridge and modular multilevel converters, raise voltage by stacking
series-connected modules, they introduce substantial complexity because continuous energy and
state of charge (SoC) balancing are required through control or added hardware. To ensure reliable
and stable operation, systems often use active balancing, coordinated control, and additional
balancing circuits, and often include spare modules or module overdesign to enable bypass of
faulty units. These measures increase hardware count, cost, and control burden, and can still be
insufficient under multiple faults or severe SoC mismatch. Moreover, the proposed LFT-less
solutions for charging batteries in battery swapping stations often rely on offline balancing
methods during low-demand periods, leading to unnecessary charge-discharge cycles and
accelerated degradation.

This work presents current source converter-based solutions for MVAC-connected applications
that address these limitations without requiring LFTs, balancing controllers, or offline operation.
First, a current source inverter-based BESS is proposed for the grid integration of RESs. The LFT
requirement is removed, using a string of modular low-voltage battery packs to increase the voltage
of the dc-link. By using the variable dc link, the system operates without SoC balancing

requirements and tolerates pack bypass under faults or depletion without requiring additional



modules. Second, a current source rectifier-based battery charging system is proposed for a battery
swapping station, addressing key challenges of the application. Third, a current source converter-
based BESS is presented to address bidirectional power flow and energy arbitrage with the grid.
The systems provide regulated currents and offer inherent short-circuit protection while interfacing
with the MVAC grid. The proposed system's operating principles, control strategies, and design
considerations are discussed, and their effectiveness for the next generation of grid-connected
battery energy storage applications is demonstrated through theoretical analysis, simulation

studies, and experimental validation.

il



To my family.

il



Acknowledgements

“Whoever enters the Way without a guide will take a hundred years to travel a two-day journey.”
— Rumi

With deep appreciation for those who have significantly contributed to my academic journey, I
wish to extend my sincere gratitude.

First and foremost, I would like to thank my supervisor, Dr. Qiang Wei, for his invaluable
supervision, guidance, and encouragement throughout the course of my doctoral studies. His
expertise, insightful feedback, and patient mentorship have been instrumental in shaping my
research and helping me grow as a scholar. Conducting this work under his supervision has truly
been an honor.

I am grateful to my colleagues and friends, whose encouragement, constructive discussions, and
support have enriched this research and made the journey more rewarding.

Most importantly, I owe my heartfelt gratitude to my beloved parents and sisters for their
unwavering love, prayers, and encouragement. Their belief in me has been a constant source of
strength, and their happiness has remained the greatest motivation in my life. Words cannot fully

express how grateful I am for their support throughout this long and challenging journey.

v



Contents

List of Tables......ccccceevuerrueernecnnne. viii
List of Figures .......cccocveeevvuercrcnnccnnns ix
LiSt 0f ADDIeVIAtIONS c.cccuuviieivuriiiinricssnninssnninssnnssssnnessssissssiosssssssssssossssssssssssssssssssssssssssssssssssssnss xii
LiSt Of SYMDOIS..ccuuiiiiiiiiiniiiiniininiinisnninsnnesssncsssncsssisssssnssssssssssssssssssssssssssssssssssssssssssssssssssans Xiv
Chapter 1: INtroduction.......eceeeniiiieiseensensseinsenssnesssecsssesssesssassssesssssssssssssesssessssssssassssssss 1
1.1 Application Domains 0f BESSS........cccoiiiiiiiiiiiiiiieceet e 1

1.1.1  BESS for Grid Integration of RESS ..........cccceviiiiiiiiiiiiiiciieeeeee e 1

1.1.2  BESS Chargers for Battery Swapping SyStems..........ccceeeeveerireriveenieenreenreennneenn. 2

1.1.3 BESS Using Retired Lithium-ion EV Batteries...........ccccccceevveriienieenieeieeenen, 4

1.2 LAterature REVIEW.......cocuiiiiiiiiiieieciietee ettt 4

1.2.1  Conventional StrUCIUIES ......c..eeouiriertieieiierteteee ettt s 4

1.2.2  Modular Multilevel-based Transformerless Converters .........cc..cceceevveriueennncnne 8

1.2.3  VSI-based Transformerless CONVETLETS .........ccceerueerieriieeniieiieienieesieeeieeen 13

1.3 Technical Challenges and Research ObjectiVes ........cccceecvveeeciieeriiieiniieciie e 17

1.4 Chapter SUMMATY .....ccc.oieiiieeiiie ettt tre et reeereeesreeeenseeenseesnseeens 21
Chapter 2: A Current Source Inverter-Based BESS for Grid Integration of RESs..... 22
2.1 Principle of OPeration............cecuvieeiieeeiiiieeiie et seae e 22

2.2 Design ConsSiAETatiONS .......c..eeerveeeeiereeeiiieeeitieeeiieesieeesreeesseeeeseeesaseeessseesssseesseens 26

2.3 (070701270 BN 8 21 157 o USRS 28

2.4 Comparison and DISCUSSION........cccuieeiiieeiiieeiieeeiieeeiieeeiteeereeesveeesereeesreeesaseeens 29

2.5 Simulation and Experimental Verification ...........cccccceeeviieeiieincie e 30
2.5.1  Simulation ReSUltS ........cooiiiiiiiiiiii e 31



2.5.2  Experimental VerifiCation.........cccvieiiiieiiieeiiie et 34
2.6 Chapter SUMMATY .....cccveiiiiiieiiieeciee ettt et ee e e ree e e v e e saeeessreeessseeenseeenseeens 40

Chapter 3: A Current Source Rectifier-Based Modular Battery Charging System for

3 41
3.1 Principle of OPeration............cccuiieeiiieeeiiieeie ettt eee e e e e e e e eneaees 41

3.2 Design ConsSiAETatioNS .......c..eeecvereeiiieeeiieeeitieeeteeesiteeesreeesreeessseeesaseeessseesnsseesseeas 44

33 CONLIOL SLALEZY ..ottt ettt ettt st 45

34 Comparison and DISCUSSION........cccueeeiiieeiiieeiiee e e eieeeeieeeeveeeereeesereeesreeesaseeens 47

3.5 Simulation and Experimental Verification ............cccocceeviieiiiniiiiieniieceieeee 48
3.5.1  Simulation RESUILS .......cooiiiiiiiiieiee e 48

3.5.2  Experimental VerifiCation..........ccceeecuiieeiiiieeiiieeeiieceieeeeiee e e 51

3.6 Chapter SUMMATY ......cceociiiiiriiiieitee ettt ettt sb et eane s 56

Chapter 4: A Current Source Converter-Based Modular Battery Energy Storage System

for Bidirectional Grid INteg@ration.........eeeeeneenseninecnsenssnncsaenssncssseessnssssessssssssessssssssssssacsss 57
4.1 Principle of OPeration........c..cocuevieriiriinienienienteeet ettt 57

4.2 Design Considerations ..........cocueveerueriinienienieneenie ettt ettt 60

4.3 CONLIOL SLALEZY ..ottt ettt sb ettt 62

4.4 Comparison and DiSCUSSION. ........ccviruiirierieriiiieeienitete ettt 64

4.5 Simulation and Experimental Verification ...........c.ccccceevieniininiiniininicneccnne 66
4.5.1  Simulation RESUILS .........ccoeiiiiiiiiiiiiiiicceeeeeeeet e 67

4.5.2 Experimental Verification.........cccceeviieriieriieniieeiienie ettt 73

4.6 Chapter SUMMATY .......c.cooiiiiiiiieeieee ettt e eebeeneeas 77
Chapter 5: Conclusions and Future WorK.......eiineenniennnennsennennnecnennsenseeseeses 78

Vi



5.1 Contributions and CONCIUSIONS ...cvennnneeeeeeeee e e e e e eeeee e e e e e eeveeeens
52 FULUIE WOTK oo e e e e e e e e e e e e eera e e e e
References ...cccceeeeeeeenneeenenneneenes

vii



List of Tables

TABLE 1-1. Utility-scale battery string by HUQWEI .......ccceeeviiiriiiiiiiiiiiiieeceee e 9
TABLE 2-1. Comparison of different MVAC grid-tied inVerters ...........cceceeverevervenieeeeneene. 30
TABLE 2-2. Simulation parameters and COMPONENLS..........coeevuerierierierienieienienieeieeie e 32
TABLE 2-3. Experimental setup parameters and COMPONENLS .........cceevveeerierieerieenveenieennnenn. 37
TABLE 3-1. Comparison of different MVAC-Tied battery charging systems......................... 48
TABLE 3-2. Simulation and experimental parameters ............ccvevveerueenveerieeneeesieeneeenneenneeenne 49
TABLE 4-1. Comparison of different MVAC-tied BESS systems..........cccocceverienienennieneenne. 65
TABLE 4-2. Simulation and experimental parameters ............ccvevveerueenieerieeneeenieeneeeeneesneeenns 66
TABLE 4-3. Simulation battery parameters............ccvereeeiierieriieenieerieenreeieeseeeseesreesseessneenne 67

viii



List of Figures

Fig. 1-1: Types of BESS integration in MVAC-connected RES-based systems. (a) RES with
grid-interactive BESS and bidirectional energy arbitrage. (b) RES output firming and load shifting
USING BESS. Lottt ettt e ettt e st e e aeeerbe e tae et e e aaeenbeensaeenraens 2

Fig. 1-2: Battery SWapPINg SYSLEITL. ......cccuieriieriieriieeiieeieeeteerieeseteeseessaeeseesseeesseesssesseesssessseensens 3

Fig. 1-3: Conventional BESSs. (a) A distributed ac-dc system with a common ac bus. (b)

Centralized ac-dc system with a common dc-linkK. ..........ccceeciiiiiiiiiiniiiniieie e 5
Fig. 14 et ettt ettt et b e e aa e bt e tb e e beeetaeenbeeerbeenbeensaeenseenneas 6
Fig. 1-4: Utility-scale battery energy storage system using PCS100 ESS. .........ccccovieriieneennen. 8

Fig. 1-5: Utility-scale battery energy storage system using LUNA2000-213KTL-HO converter
and JUPITER-9000K-HO transfOrmer. ..........cocuerieiiirieriieiieieieeie et 8
Fig. 1-6: Grid-tied BESS. (2) CHB. (b)) MMC . ......cccooiiiiiniiiiiieeeeeeeseeeee e 10

Fig. 1-7: Grid-tied BESS. (a) Direct series packs. (b) Pack bypass method. (c) Packs with a

central dc-dc converter. (d) Packs with modular de-dc converters..........ccceeveveeeriieiniiieinieeciee 14
Fig. 1-8: Two-mode offline balancing charger for BSS systems. ........ccceccveeviiiiniiieiniieinieenne 16
Fig. 1-9: Offline balancing the MMC SYSteM. ........cccviiiriiiieeiieeeiieecie et 17
Fig. 1-10: thesis structure and design progression flowchart. ..........ccccceeveviieniiiiniiiiniiecieeee 20
Fig. 2-1: Proposed CSI-based MVAC-tied BESS. ..o 23
Fig. 2-2: Battery modules’ modes of Operation. ............ccocueeriiiiieiieiiiienieneeeeeeee e 24
Fig. 2-3: Example of the system Operation............ccccceeiiiiiiiiiiiieiieiieeieeee e 25
Fig. 2-4: Control strategy of the proposed grid-tied SyStem..........ccccveeeiieerciieeniiieeciie e 28
Fig. 2-5: CCD operation mode of the proposed SyStem. ..........cccvueeerveeeiiieeriieeriie e e 33
Fig. 2-6: CPD operation mode of the proposed SYStem...........cccccuveerieeriiiieniieeriie e e 34

1X



Fig. 2-7: Experimental setup. (a) Schematic diagram. (b) Experimental circuit....................... 36

Fig. 2-8: Experimental waveform of the proposed system in CCD mode. ........c.ccceveeeenveeneen. 38
Fig. 2-9: Experimental waveform of the proposed system in CPD mode..........c.ccccvvvvureenneen. 39
Fig. 3-1: Proposed BSS charger SyStem. ..........ccccuiriiiieeiiieeciee et 42
Fig. 3-2: Module modes of operation. (a) Bypass. (b) ACtiVe........ccccveeveriieeiiieeeiieeeee e, 44

Fig. 3-3: Control scheme of the proposed system. (a) Grid-side control. (b) Module-level control.

link current (idc), modulation index (m.), dc-link voltage (Vac), and battery voltages (V1 ...,
Fig. 3-5: EXperimental SELUP. .....ccc.eeiiiiiiiiiieieeie ettt e 51
Fig. 3-6: Experimental waveforms for the system operation. (a) Dynamic operation. (b) Three

active modules in CC mode. (c) Three active modules with two in CC mode and one in CV (ipci

= 0.8 pu). (d) Three active modules with two in CC mode and one in CV (ipc1 = 0.2 pu). (e) Two

active modules in CC mode. (f) One active module in CC mode............cceeeeveeeviieeniieieiieeiens 53
Fig. 3-7: Pulsed charging scenarios for a slower rate of charging. ........ccccceceveriiniinenncnnene. 55
Fig. 4-1: Proposed modular CSC-based BESS..........cccooiiiiiiieecceceee 58

Fig. 4-2: Modes of operation of the dc chopper. (a) Discharging. (b) Bypass. (c) Charging. (d)

BYP@SS. ettt ettt e st e et et naees 59
Fig. 4-3: System modes of operation. (a) Discharge. (b) Charge. ...........ccceceeriieiienieeniennne 61
Fig. 4-4: Control strategy of the proposed SYStem. ..........cccceevueririiirieneniienieeeeeeeeeeee 63

Fig. 4-5: Simulation results of the proposed system in discharging mode, illustrating dc-link

voltage (Vac), SoCs (SoCi,

ey



Fig. 4-6: Simulation results of the proposed system in discharging mode, illustrating battery
CUITEIES (IB1, ..., B6 ) cveeervreeesureeessseeesuseesasseeasssesassssesssseesssseesssssesssssesssssesssssesssesessseessssesssssessssesssssesnns 70
Fig. 4-7: Simulation results of the proposed system in charging mode, illustrating dc-link voltage
(Vde), SoCs (SoCy, ..., 6), module voltages (Vmi, ...,
Fig. 4-8: Simulation results of the proposed system in charging mode, illustrating battery
CUITEIES (IB1, ..., B6 ) cveeervreeessreeessreessseesasseeassseeassssesssseesssseesssssesssssesssssssssssssssesessseessssesssssessssessnssessns 72
Fig. 4-9: EXperimental SELUP. ......cc.coiiiiiiiiiiiiieie ettt 73
Fig. 4-10: Experimental waveforms for the system operating in discharge mode. (a) Dynamic
operation. (b) Three active modules in CC mode. (c) Two active modules in CC mode. (d) One
active module in CC mode. (e) Dynamic operation without a rate limiter. (f) Dynamic variation of
the dC-TINK CUITENL. ...oooiiiiiiii et ettt ettt e st e e beeseeas 74
Fig. 4-11: Experimental waveforms for the system operating in charge mode. (a) Dynamic

operation. (b) Three active modules in CC mode. (c) Two active modules in CC mode. (d) One

ACtIVE MOAULE IN CC MO, ...ttt e e e e e e e e e e e e e e e e e e ea e aaaeeeeeeeeeaeaaaaeeeaeeneans 76

X1



List of Abbreviations

2LVSI

ANPC

BESS

BSS

CC

CCD

CHB

CPD

CSC

CSI

CSR

Cv

EV

LFT

MMC

MVAC

MVDC

RES

SGCT

SLB

Two-level voltage source inverter
Active neutral point clamp
Battery energy storage system
Battery swapping system
Constant current

Constant current discharge
Cascaded H-bridge

Constant power discharge
Current source converter
Current source inverter
Current source rectifier
Constant voltage

Electric vehicle
Low-frequency transformer
Modular multilevel converter
Medium-voltage ac

Medium voltage dc

Renewable energy source

Symmetrical gate-commutated thyristor

Second-life battery

Xii



SoC State-of-charge
SVM Space vector modulation
VSI Voltage source inverter

7SV Zero-sequence voltage

xiii



List of Symbols

de

di
Vdc
Vae
Ide
Ldc
IDCl
Lac
Ver-L
Vims
iwl

I wl

Ow

- 5k

lc

dc-link inductor

Filter inductor

Filter capacitor

Battery in module i

Switch in module i

Bypass diode in module i

Gate signal in Module i

String voltage

Average string voltage

dc-link current

Average dc-link current

Current of the first battery

Average dc-link current

RMS value of the grid line-to-line voltage
RMS value of the grid line-to-neutral voltage
CSC fundamental output current

RMS of CSC fundamental output current
CSI fundamental output current angle

Phase displacement between the grid voltage and the CSI fundamental
output current

dc-link current reference

Xiv



iB

Vs
Trated
Viated
Vi

Ma

pu

Grid output power reference
Grid output power

output power of the dc-link
battery's current reference
battery's current

battery's voltage

battery's rated current
battery's rated voltage
module voltage
modulation index

Per unit

XV



Chapter 1: Introduction

This chapter begins by examining the conventional structure of high-power medium-voltage ac
(MVAC) grid-tied battery energy storage systems (BESSs), followed by a review of existing
literature and recent advancements in the field. It highlights key technical challenges observed
across current systems, their causes, and overall impact. Various solutions proposed in prior
studies are also discussed. Based on this foundation, the chapter concludes by defining the primary

research objective that frames the scope of this thesis.

1.1 Application Domains of BESSs

BESSs have emerged as a critical component in modern power and energy infrastructures,
supporting a wide range of applications beyond conventional storage. This section highlights three
distinct yet complementary use cases: (i) integration of renewable energy sources (RESs) into the
grid; (i1) battery charging systems for electric vehicle (EV) swapping stations; (ii1) second-life
deployment of retired EV batteries, which enables cost-effective and sustainable energy storage

solutions. Each application is discussed in detail in the following subsections.

1.1.1  BESS for Grid Integration of RESs

The intermittent nature of RESs presents stability problems for the grid. Integrating BESS into
the grid can mitigate these issues. BESSs are generally integrated with RES in two main
configurations, as shown in Fig. 1-1, in which the integration of RESs, battery storage, and MVAC
grid is illustrated. In the first type, the BESS interacts directly with the grid to perform bidirectional
energy arbitrage, charging during periods of low electricity prices or surplus generation and

discharging during peak demand. In the second type, the BESS is integrated alongside RES for



output firming, curtailment mitigation, and energy shifting, improving the system's overall
stability. The second type of configuration allows excess energy generated during high production

periods to be stored and later supplied during low generation intervals or high load conditions [1].

.

RESs l I MVAC Grid

Batteries

()

\*@‘/

RESs I I MVAC Grid

Batteries

(b)
Fig. 1-1: Types of BESS integration in MVAC-connected RES-based systems. (a) RES with
grid-interactive BESS and bidirectional energy arbitrage. (b) RES output firming and load

shifting using BESS.

1.1.2  BESS Chargers for Battery Swapping Systems

Electric vehicles (EVs) offer zero emissions, lower lifetime costs, enhanced safety, and the
ability to integrate into RESs, making them a promising alternative to traditional vehicles. In recent
years, this has motivated a significant shift toward EV adoption [2]. Conventional plug-in EVs
face constraints that can be resolved using the battery swapping system (BSS), though it has certain
drawbacks.

A BSS can considerably reduce charging time, which remains a major holdup for EVs.

Moreover, by separating the EV and the battery from each other, the car owners are relieved of



concerns related to battery degradation [3]. Optimized charge scheduling can help reduce costs by
enabling off-peak charging and avoiding peak grid demand, thereby improving grid stability [4].
BSS can also service the power grid through frequency regulation [5], [6]. However, challenges
include the high initial cost of stations, the need for battery standardization, and the requirement
to maintain sufficient inventory during peak hours [7]. As a result, BSSs are more suitable for
commercial fleet applications [8]. A BSS includes a station where depleted EV batteries are
removed and replaced with fully charged units. The charged and discharged batteries are managed
through a storage system and are then connected to a charger for recharging. The battery-swapping

method for EV charging is presented in Fig. 1-2.

00

o
DD D )

G O 2
Battery Swapping E‘D E‘!j' E‘!j'

Charging Station

/

AN

Charged Batteries

Fig. 1-2: Battery swapping system.

Battery swapping is active commercially. In China, two major providers have deployed
extensive networks. NIO opened its first station in May 2018 and operated 190 stations by March

2021. Its second-generation station accommodates 13 battery packs and supports up to 312 swaps



per day. Aulton has commissioned more than 300 stations in cooperation with automakers and

commercial EV operators, with deployments tailored to specific vehicle and battery types [7].

1.1.3  BESS Using Retired Lithium-ion EV Batteries

The increasing adoption of EVs has led to a corresponding surge in lithium-ion battery
deployment. As these batteries reach the end of their automotive service life, typically when their
capacities drop to around 70-80% of their nominal values, they can be repurposed for second-life
battery energy storage systems, as they are insufficient for EV performance but still viable for less-
demanding stationary applications [9]. Repurposing them for second-life applications has become
a promising strategy to extend battery life, reduce environmental impact, and support growing
energy storage demands.

Robust battery management systems tailored for heterogeneous cells are required to manage
performance. Deploying second-life lithium-ion batteries (SLBs) is constrained by safety concerns
and a higher probability of failure, which may result in system breakdowns or even catastrophic
incidents. Partial charge-discharge strategies are adopted to mitigate these risks and reduce further
degradation, wherein batteries operate within specifically restricted state-of-charge (SoC) and
depth-of-discharge windows. This controlled cycling regime promotes safer operation and helps

maintain long-term battery health [10].

1.2 Literature Review

1.2.1 Conventional Structures

Battery packs can be connected in parallel or in series to increase the power and energy capacity
of the system. The capacity of each BESS string is limited by the battery pack with the lowest

capacity; otherwise, battery overcharge or over-discharge may occur. The variation in battery pack

4



characteristics is caused by natural discrepancies in production, which increase as the batteries age

[11], [12]. Block diagrams of two conventional systems are presented in Fig. 1-3

( ) ( p
ac-dc Dc-dc |+ Unit
#1 #1 _—I—. 4]
_ ) \_ )
) ( A .
(Optional) Batteries
i ! !
y, \_ y, ! ! .
MVAC 4 N\ e ~
Grid LET ac-de de-de [ _Ls Unit
#n #n II #n
\ y, L J
(a) (Optional)
)
dc-dc __|_+ Unit
#1 II #1
—/
) (- A ) .
(Optional) Batteries
ac-dc
\ ) | :
J \ y ! |
MVAC —
Grid i dde [ _ls Unit
#n I' #n
—
(Optional)
(b)

Fig. 1-3: Conventional BESSs. (a) A distributed ac-dc system with a common ac bus. (b)

Centralized ac-dc system with a common dc-link.

Conventional utility-scale BESSs with a common dc-link typically employ a centralized power
conversion architecture, where multiple battery strings are connected to a common dc-link and
interfaced with the grid through two-level or three-level inverters, followed by low-frequency
transformers (LFTs) for the MVAC connection. Common ac bus systems require multiple ac-dc
converters [13]. The topology of the two-level voltage source inverters (2LVSI) and three-level

active neutral point clamp (ANPC) BESS is presented in Fig. 1-4.



I+

1
1

3 o)
Mg 0
IBss=o0s )

_|

5

(a)

3 A |
4&4 S
R
— 3R CE 3G TIT W
(b)

Fig. 1-4: Voltage source-based BESSs. (a) 2LVSI. (b) Three-level ANPC.
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However, these systems suffer from high input current in high-power applications, and step-up
dc-dc converters are required to eliminate the possibility of circulating current between parallel
packs [14]. Additionally, centralized systems with parallel battery configurations offer limited
flexibility in managing battery packs with heterogeneous characteristics [15], [16]. A dedicated
connection of battery packs to the dc-link of the power conversion system through dc-dc converters
enables independent control of charging and discharging power [14]. The LFTs are bulky, lossy,
heavy, and require a large footprint [17] [18]. Also, the no-load operation of the transformer, which
could be substantial in BESS, may increase the system's power loss [14]. Even though the ac bus

system is more mature, systems with a common dc-link offer several advantages, including more

6



efficient integration of RESs, simplified control due to the absence of reactive power on the dc-
link, and a single grid connection point. A similar classification can be extended to battery charging
systems, where centralized and distributed configurations also exhibit comparable trade-offs. The
same limitation of the LFT requirement for the MVAC connection also applies [19].

A few common industrial battery storage system configurations are illustrated here. One
example is the PCS100 ESS, manufactured by ABB [20] , which consists of multiple parallel two-
level voltage source inverters (VSIs). Its power rating ranges from 100 kVA to 4000 kVA,
depending on the number of modules. The PCS100 is available in two dc voltage ranges: 250 V—
820 V and 250 V-1120 V. The complete system design is shown in Fig. 1-5. An LFT is used to
connect the system to the MVAC grid. The PCS100 does not incorporate a dc—dc stage;
consequently, all batteries operate at a single operating point.

The LUNA2000-213KTL-HO converter, manufactured by Huawei, is a dual-stage system
integrating a boost converter with a three-level inverter [21]. This configuration raises the dc-side
voltage to 800—1500 V and produces an ac-side output of 800 V. Each unit delivers up to 213 kW
of power. For grid connection, Huawei offers step-up transformers such as the JUPITER-9000K-
HO. This 9 MVA transformer supports up to 44 low-voltage inputs and has a total weight of less
than 28 t. The complete system configuration is shown in Fig. 1-6. Huawei also supplies battery

strings compatible with this system, an example of which is summarized in Table 1-1.
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Fig. 1-5: Utility-scale battery energy storage system using PCS100 ESS.
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Fig. 1-6: Utility-scale battery energy storage system using LUNA2000-213KTL-HO converter

and JUPITER-9000K-HO transformer.

1.2.2

Modular Multilevel-based Transformerless Converters

A cascaded H-bridge converter (CHB), as presented in Fig. 1-7(a) [22], [23], [24], [25] or a

modular multilevel converter (MMC) [26] (Fig. 1-7(b)) can be used to increase the voltage levels

and eliminate the need for an LFT in BESSs or hybrid RES + BESSs [27], [28], [29]. As shorter

battery strings can be used, each cell's input and power output can be controlled separately.



High-voltage level ground insulation for the converters and battery packs would be required, as
the battery strings are not grounded, which is provided by additional insulation measures between
the cells, and the ground support brackets [14].

TABLE 1-1. Utility-scale battery string by Huawei

Battery string name LUNA2000-2.0MWH-2HO
DC rated voltage 1200 V
DC maximum voltage 1500 V
Nominal energy capacity 2064 kWh (6 x 344 kW)
Rated power 2064 kW
Rated voltage of a battery rack 1075.2 'V (907 — 1227 V)
Number of battery racks per ESS 6

One battery rack is configured with

Battery pack configuration 21 battery packs (126 packs in total)

Battery pack rated voltage 512V
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Fig. 1-7: Grid-tied BESS. (a) CHB. (b) MMC.

Even though the modular structures have advantages such as low switching frequency and low
switch voltages, complex control of each module is required. Using constrained cycling methods
to help preserve battery health when using second-life batteries (SLBs) can further aggravate this

issue [30], [31], [32], [33]. Variations in allowable SoC ranges and capacities among system
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battery modules can cause energy imbalances across converter arms and submodules. This
complicates power sharing and may result in voltage and power mismatches, waveform distortion,
reduced system capacity, and increased control complexity. To ensure reliable and stable operation
while using SLBs, sophisticated active balancing schemes, coordinated control strategies, or
additional balancing circuits are required [34], [35], [36], [37], [38], [39].

Another drawback of directly connecting the batteries to the half-bridge or H-bridge modules in
CHB- and MMC-based BESSs is the presence of second-order harmonics in the battery current,
leading to faster battery degradation [40], [41]. Besides, the fault tolerance capability of the
inverter is essential because of the possibility of battery module failure. Bypassing faulty modules
could lead to output voltage and current distortion or even system shutdown. As a result, extra
redundant modules or module overdesign would be necessary for modular converters to bypass
the faulty ones [42].

In modular BESSs, individual batteries may reach their end-of-life (EoL) at different times due
to inherent differences in degradation rates, especially in SLB applications, where remaining
useful life variation is inherently larger. Weaker modules experience higher stress, which
accelerates their degradation and can potentially trigger premature EoL for the entire system [12].
Compared to parallel topologies, this limitation reflects a key shortcoming of CHB and MMC
modular BESS architectures, where series-connected submodules could constrain system
performance based on the weakest module. Since all submodules contribute to the output voltage,
the failure or early EoL of a single battery module can compromise the operation of the entire
string, often requiring costly bypass mechanisms and redundancy provisions. This may include
redundant units and circuitry [43] or control schemes that, upon fault detection, bypass the affected

converter cell and generate alternative switching states to restore voltage balance.
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Recent studies have proposed various converter topologies and control strategies to address these
issues. A modular boost multilevel buck converter integrated with a grid-tied inverter is presented
in [44], where each dc-dc module contains one SLB, and the modules are connected in series to
form a common dc-link. A control strategy is also implemented to regulate battery charging and
discharging while balancing SoC across modules. To address the SoC imbalance within CHB
architectures, [45] proposes a coordinated modulation strategy to equalize SoC at both the
interphase and interbridge levels. This approach mitigates interphase imbalances using a zero-
sequence voltage (ZSV) injection technique. At the same time, individual cell-level balancing is
achieved by injecting small sinusoidal voltages into each H-bridge cell within a cluster. The sum
ofthese injected voltages across all cells in a cluster is zero, ensuring that the phase voltage remains
unaffected.

An alternative SoC balancing approach is presented in [46], where optimized modulation
techniques are applied to CHB BESSs. The control algorithm dynamically selects among multiple
switching configurations that synthesize the same output voltage level, enabling SoC-dependent
modulation in which higher-SoC batteries are subjected to increased discharge duty. The authors
in [47] present a model predictive control (MPC) scheme for star-connected CHB systems,
embedding a coordinated battery cell selection mechanism into the MPC framework to adjust each
battery’s contribution based on its SoC dynamically. Similarly, in [24] a dual-stage MPC strategy
is proposed for SoC balancing in a delta-connected CHB BESS. The first stage computes an
optimal circulating current reference to reduce interphase SoC imbalance, while the second stage
determines modulating signals for inter-bridge balancing. [48] presents a SoC balancing method

tailored for MMC architectures. This approach injects controlled ac and dc circulating currents
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into the converter. The dc component equalizes SoC across different converter legs, while the ac
component balances SoC between each leg's upper and lower arms.

These balancing control systems encounter limitations under extreme SoC imbalance or battery
fault conditions, primarily due to power transfer boundaries inherent in multilevel converter
structures. References [49], [50] discuss the issue of constrained power distribution in modular
BESSs and propose methods to ensure that submodule power references remain within converter-
imposed disparity limits and safe operating regions. ZSV injection methods are commonly applied
to improve system resiliency during faults, too. Among various ZSV techniques, the fundamental
frequency ZSV injection is the most widely employed technique [25], [42]. Nevertheless, even
these advanced balancing mechanisms do not ensure reliable operation under severe imbalance or
fault scenarios.

In [51] a three-port converter that balances power between the upper and lower arms of the
MMC is proposed. However, it does not resolve intra-arm mismatches, as power imbalances
among modules within the same arm remain unaddressed. Next, in [52] a bidirectional three-port
MMC-based converter is introduced, designed to maintain power balance across the converter.
While effective in achieving global balancing, this approach involves a complex interface and

control architecture, which can limit its practicality for large-scale applications.

1.2.3 VSI-based Transformerless Converters

The other solution for a transformerless MVAC connection is to use a string of battery packs,
directly connected to the medium-voltage dc (MVDC) grid, connected to a two-level or three-level
VSI. Series-connected switches can be used to increase the voltage level of the inverter. Due to
the voltage-boosting nature of these rectifiers, the dc-link voltage of the system becomes

substantially high. Various types of configurations, including direct series pack connection, pack
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bypass method, centralized dc-dc converter, or modular de-dc converter, could be used, as shown

in Fig. 1-8 [14], [53].
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Fig. 1-8: Grid-tied BESS. (a) Direct series packs. (b) Pack bypass method. (c) Packs with a

central de-dc converter. (d) Packs with modular dc-dc converters.

VSIs with a series connection of packs (see Fig. 1-8(a)) have the advantage of simplicity, and
they can be connected to the MVAC grid using a long string of battery packs. The battery string
length and the inverter require considerable overdesign due to the inherent large variations in
battery voltages. Also, in a large string of battery packs, the capacity of the string would be limited
by the weakest pack. Furthermore, the failure of a pack or a cell will necessitate the elimination of
the string by the battery management system, reducing reliability [54].

The pack bypass method proposed in [55] (see Fig. 1-8(b)) uses two IGBTs in parallel and in

series of each battery pack to disconnect the cells in case of failure or pack depletion. Online
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battery management could also be implemented to balance battery packs. However, in cases where
several packs are disconnected, the voltage of the string would be reduced to below the minimum
requirement of the inverter due to the variable voltage of the cell. This issue necessitates using an
extra dc-dc stage (see Fig. 1-8(c)) to increase the voltage of the dc-link. Adding a central dc-dc
converter would require a converter that supports high voltage and power stress.

Another method to incorporate separate battery packs instead of a long string is modular dc-dc
converters (see Fig. 1-8(d)). The modular structure has the benefit of reduced voltage stress on the
converters. However, in case of a large power mismatch between the modules or module failure,
some modules may be bypassed. In that case, the dc-link voltage falls. The remaining modules
must then raise the voltage to the inverter setpoint, which demands converter overdesign or
additional backup modules and therefore increases cost [56].

To address the over-design issue in input-series BSS chargers, a charging system was proposed
in [57], [58], as shown in Fig. 1-9. In this system, half-bridge modules operate at a constant duty
cycle. Once batteries are fully charged, they are swapped with empty ones. However, charging is
halted when the number of empty batteries falls below the required MVDC voltage threshold,
indicating a period of low swapping demand. To solve this issue, a two-mode balancing control
scheme is introduced. Specifically, the system switches to off-grid mode during such periods,
enabling an internal energy transfer loop that charges low-SoC batteries using energy from high-
SoC ones to equalize the SoCs and increase the number of swappable batteries. However, this
internal circulation leads to unnecessary discharge cycles for the batteries, which reduces battery

lifespan.
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Fig. 1-9: Two-mode offline balancing charger for BSS systems.

Power-balancing strategies proposed for CHB and MMC topologies [42], [59], [60] primarily
developed for renewable energy systems, battery storage systems, or fault-tolerant applications,
remain limited and are ineffective for BSSs under low-demand conditions or when the number of
available batteries is low. Offline SoC balancing can also be implemented in MMCs using
circulating current, as shown in Fig. 1-10 [61]. In this case, however, the system is disconnected
from the grid and operates in offline mode, where redundant charging and discharging of high-

SoC batteries occur, which negatively affects battery lifespan.
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1.3 Technical Challenges and Research Objectives

High-power BESSs are increasingly deployed to support grid applications such as renewable
energy integration and supporting emerging electrification needs. Conventional BESS
architectures typically interface with the MVAC grid using LFTs. While this approach is well
established, it introduces limitations in terms of increased system cost, size, and current stress.
LFTs are bulky, heavy, and inefficient under light load conditions.

Transformerless topologies, such as MMC-based and CHB-based systems, provide an
alternative by enabling direct connection to the MVAC grid. However, their integration with
battery storage systems, especially those utilizing heterogeneity SLBs, presents several challenges.

SLBs exhibit wide capacity variations, leading to SoC and power imbalance across modules. This
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complicates power distribution among modules and can lead to voltage imbalance, power
mismatch, waveform distortion, greater control complexity, reduced system utilization, or even
system shutdown. To ensure reliable and stable operation, sophisticated active balancing schemes,
coordinated control strategies, overdesigned components, additional balancing circuits, or
redundant converter cells to bypass faulty or degraded modules are required to address reliability
and voltage constraints. Proposed balancing schemes, such as circulating current control,
coordinated modulation, and ZVS injection methods, partially mitigate inter-arm and inter-phase
imbalance but remain inadequate under extreme mismatch or battery faults.
The objectives of this research are to:
e Develop a high-power MVAC-connected BESS architecture that eliminates the need for
LFTs
e To eliminate the need for complex balancing control strategies and hardware by
enabling reliable operation under SoC and capacity imbalance without active balancing
circuits, coordinated modulation schemes, or redundancy provisions. including in
applications where second-life lithium-ion battery modules are used.
e Investigate the performance of the proposed system under various grid-connected
charging/discharging scenarios through simulation and experimental studies.
e Demonstrate the feasibility of the converter topologies and control methods in various
use cases.
Building on the literature review and defined research objectives, this thesis introduces three
novel low-frequency transformerless BESS architectures tailored for different applications,
designed to eliminate module-level power imbalance. Fig. 1-11 presents a flowchart that

summarizes the thesis structure and design progression. It begins with the identified gap and
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objectives, followed by the three research contributions. The chart highlights the main targets of
each chapter while indicating shared methods.

e The first contribution of this thesis is a current source inverter (CSI)-based BESS
proposed for the grid integration of RESs. The system eliminates LFT and leverages the
variable dc-link to operate without SoC balancing and is capable of bypassing depleted
or faulty modules. The BESS operates with RESs to smooth output and shift energy,
acting as a buffer between variable sources such as PV and wind and the MVAC grid.

e The second contribution is a current source rectifier (CSR)-based charger for battery
swapping stations. This topology similarly removes the transformer and mitigates the
SoC imbalance and the offline balancing challenges of conventional designs. It provides
charging for non-uniform batteries with various charging profiles.

e Finally, a CSC-based modular BESS is presented to support second-life battery

applications, bidirectional power flow, and energy arbitrage with the MVAC grid.
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Ch. 1: Research objectives

Ch. 2: CSI-based BESS for grid integration of RESs
e Smooth output and shift energy

¥:‘,> e Direct MVAC connection without LFT

e Series LV modules, variable dc link

e No SoC balancing, use pack bypass method

Vi

Ch. 3: CSR-based battery charger for BSS
e Direct MVAC connection without LFT
¥:‘,> e Series LV modules, variable dc link

e No off-line balancing

e Charging sequence

Shared methods carried forward:
e Current source converters
e Series-connected modules

e Variable dc-link

Ch. 4: CSC-based grid-tied BESS
e Bidirectional power-flow and energy arbitrage
> e Direct MVAC connection without LFT

e Series LV modules, , variable dc link

e Second-life batteries applied

[

Fig. 1-11: thesis structure and design progression flowchart.
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1.4 Chapter Summary

This chapter introduced the motivation and background for developing a new high-power BESS
architecture suitable for direct MVAC grid connection. The discussion began with an overview of
the conventional LFT-based structures and application domains of BESSs, followed by a review
of transformerless modular converter topologies, such as CHB and MMC, and discussed their
challenges related to SoC imbalance, fault tolerance, and converter-level power mismatch. Based
on this analysis, the chapter concluded by formulating the research problem and outlining the main

objectives of this thesis.
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Chapter 2: A Current Source Inverter-Based BESS for

Grid Integration of RESs

The previous chapter provided an overview of conventional high-power BESS architectures for
MVAC grid integration, including LFT-based, LFT-less, and modular systems. It outlined key
technical limitations such as high current stress, system cost, complex balancing requirements, and
vulnerability to SoC imbalance.

This chapter presents a transformerless battery storage system for renewable energy integration
utilizing a CSI and series-connected modular battery packs, which removes the requirement for an
LFT and adeptly addresses the previously identified challenges. The topology is designed to
accommodate the removal of failed or depleted battery packs without experiencing any adverse

effects, and it eliminates the need for additional balancing control or circuits.

2.1 Principle of Operation

The configuration of the proposed system is presented in Fig. 2-1. The proposed system is based
on the second type of integration shown in Fig. 1-1, where the BESS operates alongside RES to
firm output and shift energy. In this configuration, batteries serve as an intermediate stage between
the variable output of RESs, such as photovoltaic and wind systems, and the MVAC grid. The
figure outlines the system configuration that enables the subsequent implementation of a modular
CSI-based BESS, where energy from distributed sources is aggregated and delivered to the grid
through a CSI. The proposed system consists of series-connected modules and a grid-tied CSI
inverter. The CSI comprises a dc-link inductor (Lac), six reverse-blocking switches, and filter

inductors and filter capacitors (L; Cy). The CSI is a well-proven inverter commonly used in high-
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power medium voltage applications, and it can be adapted for the proposed system. The CSI
benefits from a simple structure, inherent short-circuit protection, and a grid-friendly waveform.
CSI is well established for operation within the 2.3 to 6.6 kV range and typically handles power
levels between 1 MW and 4 MW [62]. Commercial implementations further validate their
practicality. For instance, Rockwell Automation Canada employs CSI-based drive systems that
use series switch configurations—four switches per leg for 4.16 kV and six per leg for 6.6 kV grid
connections. The reverse-blocking switches are implemented using symmetrical gate-commutated
thyristors (SGCTs) rated at 6.5 kV. The current rating of the SGCTs varies depending on the drive
specification, options include 400 A, 800 A, and 1500 A devices. This highlights the scalability
and adaptability of CSI technology, making it a strong candidate for integration into the proposed

system architecture.
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Fig. 2-1: Proposed CSI-based MVAC-tied BESS.

The module comprises a battery pack (B;) with a series-connected switch (Q;) and a bypass diode

(D;). In the proposed structure, battery packs serve as the intermediate stage for integrating
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intermittent RESs such as photovoltaic and wind systems. Isolation stages are not required between
the battery packs and the MVAC grid with the implementation of an insulation layer between
modules and ground [14]. Series-connected modules produce a variable voltage medium voltage
dc-link (MVDC).

By connecting several low-voltage modules in series and achieving an MVDC voltage, the
requirement for an LFT is eliminated. In the proposed topology, each battery pack can either be
included in the string or bypassed if it is empty or faulty. The proposed topology inherently avoids
power and voltage imbalance issues, as it is not constrained by the performance of any single pack
in the series string. This operation is enabled by a variable dc-link voltage of CSI, which allows
the system to maintain continuous operation by bypassing depleted packs without the need for
additional balancing mechanisms. The inverter can support the grid current even with lower string
voltage owing to CSI's inherent boosting capability.

The operation modes of the battery module can be divided into two categories, as shown in Fig.
2-2. In mode (a), the module is active, the switch conducts, and the battery is connected, allowing
it to be charged from RESs and to supply power to the grid. In mode (b), the battery is bypassed
by the diode and isolated from the circuit. Once adequately charged, it can be reconnected to supply

the grid.

(a) (b)

Fig. 2-2: Battery modules’ modes of operation.
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An example of the operation condition in the proposed converter is presented in Fig. 2-3, in
which n battery modules are connected in series to the MVAC grid-tied CSI. Each battery pack
module works in two modes. If a battery's state of charge (SoC) is below the threshold or the
battery is at fault, the switch will be turned off, and the continuous current operation of the string
will turn on the parallel diode. Otherwise, the switch will stay on, and the battery pack will remain
in the string. The switch does not have a high-frequency switching operation, so the module does
not have switching losses. In Fig. 2-3, the first module operates in bypass mode, and its battery
(B;) is disconnected, while the second and last modules are in active mode, and B> and B, are
discharging. All the active packs will have similar currents due to the constant current operation

of the CSI dc-link. If the number of active modules decreases, the voltage of the string will decline.
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Fig. 2-3: Example of the system operation.
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2.2 Design Considerations

A comparison between designing the battery string for the proposed CSI-based system and a
VSI-based one is made to express the effectiveness of the operation. Considering V. as the average
string or dc-link voltage, /4 as the average dc-link current, Vs as the RMS value of the grid line
to neutral voltage, and a as the phase displacement between grid voltage, m. as the modulation
index of the CSI, i,,; as CSI’s fundamental output current, and /,.; as the peak fundamental output

current, the grid output power (Pg) can be expressed as:

P, = 3Vipslyy1cos (@) (2-1)

The dc-link output power is equal to,

2-2
Pac = Vaclac (2-2)
Neglecting the power losses, the grid and dc-link power outputs should be equal, thus,
Iy
Vac = 3Vims 7 cos (@) (2-3)
1 dc
The modulation index is equal to:
V2I
Mg = W1 (2-4)
Idc
from which:
Vac = (S/ﬁ)w‘msmacos (a) (2-5)

Considering m, < 1, the proposed system is operational as long as the voltage of the string

satisfies:
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Vae < (3/V2D)Vemscos (@) (2:6)
Comparatively, two-level VSIs (2LVSIs) require a Vg that is:
Vae = (V6) Vo @-7)

For a practical comparison, several assumptions are made.

e The MVAC line-line voltage of the grid (Vez-) is 4160 V.
o The operating range of a Li-ion battery cell is between 3 V and 4.2 V. Each battery pack
consists of 200 cells (600-840 V), consistent with the voltage range of 800 V batteries.

Based on these assumptions and equations (2-6) and (2-7), the proposed system can operate with
up to six series-connected battery packs, while a VSI-based system requires at least ten. As a result,
the proposed system can reduce the number of series-connected cells by at least sixty percent,
assuming all battery packs are discharged simultaneously. In this way, the proposed system
requires a shorter battery string and a lower dc-link voltage. However, in the case of unbalanced
SoCs, some battery packs may deplete faster. Also, some battery packs may become faulty and
have to be bypassed. In such cases, the VSI-based system requires additional redundant series-
connected packs, increasing the string length to support the grid or risk system shutdown.
However, the proposed system has no such drawback and can continue operation even to the last
available module. Also, no complex active balancing strategies are required.

The switch and diode inside the modules only have to withstand the maximum voltage of the
battery pack. As a result, a single 1200V IGBT and diode can be utilized, and the system's
modularity is preserved. The design of the CSI and its dc-link inductor and other passive
components has been well-studied in the literature. Typical sizes generally range from 0.5 to 0.8
per unit (pu) for the L, 0.3— 0.6 pu for Cy, and 0.1-0.15 pu for Ly with a switching frequency of

several hundred hertz.
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2.3 Control Strategy

The control scheme for the proposed system is presented in Fig. 2-4. On the grid side, a
conventional grid-tied system controller is applied, capable of active (dc-link current) and reactive
power control. A conventional control scheme can be applied to the system [63].

On the battery side, each battery pack module has an independent control that checks the SoC
of the battery to determine its operational condition. If SoC exceeds the threshold, the switch Oi's
gate signal (d;) is on, and the battery supplies the output. On the other hand, when SoC goes below
the threshold, d; turns to zero, the battery will be disconnected, and the diode will bypass the
module. The condition for reconnection of the battery could be varied depending on the
requirements. For example, the batteries could be disconnected until fully charged or reconnected

at certain lower SoC levels if necessary.

SOC,%
= dn -
Threshold,

) |
: SOC,% —»| |
| > >»d—»
| Threshold; —»| |
| - |
| : Ly ig Lf
' 0 ) | 9>
| SOC2 % —>| | i
| > |>d,—>, ¢ Y Grid
I Threshold, —»| |
| — |
| i I i
. | : JiH
| | ' :
| | 4
| > |
' [
' |
|
| |

Ve Vg
—————————————————— ' l O, l 0,
Modules control " i — ¢ L 2
- i " ; 0. abe/dq  |[ /i

g g
H . Current ¢ ¢ v
+ * Ved, Veq Vdg, Vqg ~ @Wg
Ve Q* lgg t| Control | .
g a
% S
-1.5 Vdg Ved,Veq Qg

Fig. 2-4: Control strategy of the proposed grid-tied system.
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The grid-tied CSI can operate either with a constant dc-link current reference (i) or a constant
output power reference (Fy). All active battery packs operate at a constant current determined by
the grid-tied CSI. While working with a constant i}., when modules get bypassed, the modulation
index (ma) of the system changes, and the system continues to operate with a similar battery current

with lower Ve and output power. On the other hand, for constant P,, when modules get bypassed,

ijc will increase to mitigate the reduction in the input power. The maximum allowed ijy. is
determined based on the capability of the battery packs. The dc-link current is limited by the
modules' maximum current capability. Under nominal operating conditions, m, remains close to
one. Importantly, the removal of the LFT is achieved through the use of a long string of low-

voltage modules.

2.4 Comparison and Discussion

A comparison between the proposed converter and the existing one is presented in TABLE 2-1.
The main criteria of comparison are:

LFT: Similar to CHB and MMC-based systems, the proposed converter does not require an LFT
to connect to the MVAC grid. This is due to the use of a string of series-connected low-voltage
battery modules and high-power MV (2.3-6.6 kV) CSI. CSI is a well-proven converter that can be
scaled to higher voltages easily.

String length: A higher string length could have a negative effect on the performance of the
inverter, as the weakest battery pack could limit the string. The proposed converter does not require
a long string because it uses modular battery systems that can be bypassed.

Battery pack mismatches and power balancing scheme requirement: Unlike the conventional
converters with short strings, such as CHB and MMC, the proposed converter inherently operates

without power or voltage imbalance issues and is not limited by the weakest pack in the string. It
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also eliminates the need for balancing strategies or topologies to manage varying SoCs across
packs. This advantage stems from its variable dc-link voltage, enabling the system to seamlessly

bypass depleted packs while maintaining operation.

TABLE 2-1. Comparison of different MVAC grid-tied inverters

2LVSI 2LVSI MMC Proposed
Item [14] 557  CHBI#L 5o system

LFT requirement Yes Yes No No No

String length Slmgle Sl}ort Shon Shon Short strings
ong strings strings strings
Power balancing requirement - Yes Yes Yes No
Redundanf:y/overratlng Yes Yes Yes Yes No
requirement

Failure protection (Redundant module/ module overrating): Failure protection can be
implemented in CHB and MMC-based systems either by using redundant modules or module
voltage overrating. Unlike conventional systems, the proposed system is protected against module
failure or de-link voltage reduction, as it can bypass all failed modules without negatively affecting

the system's performance.

2.5 Simulation and Experimental Verification

Simulation and lab-scale experimental verifications are performed on the proposed system to
validate its performance and effectiveness. The battery system can deliver up to 1.25 MW to the

grid in simulation, while the maximum power of the experimental setup is 600 W.
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2.5.1 Simulation Results

The proposed topology is simulated using MATLAB Simulink software. The specification of
the system for the simulation is presented in TABLE 2-2.

The system is simulated with six series-connected modules, each containing batteries at different
SoCs. The proposed converter operates in two control modes. In the first mode, constant current
discharge (CCD) operation, a desired battery discharge current is set without consideration for the
power delivered to the grid. Consequently, the system's output power varies based on the addition
or elimination of modules. In the second mode of operation, the system works in constant power
discharge (CPD) operation, where the system supplies fixed power to the grid. This mode is
feasible only if the battery modules do not reach their rated current. However, when depleted
batteries are bypassed, the system cannot deliver additional power, causing the battery's current to
be limited to its rated value, Jrated.

Fig. 2-5 presents the simulation result of the proposed system in mode 1, with all battery modules
discharging at Jraed. The initial SoCs of the modules are SoCi = 100%, SoC> = 80%, SoC3 = 50%,
SoCs=40%, SoCs =30%, and SoCs = 20%, demonstrating the step-by-step elimination of depleted
batteries and its effect on the system. All batteries are disconnected when their SoC reaches 3%.
Different minimum SoC thresholds can be selected based on the desired operating range of the
batteries.

The figure shows that the batteries discharge and disconnect sequentially. Module voltages
decrease gradually until the module is bypassed, at which point its output voltage drops to zero,
reducing the voltage of the dc-link. The inverter adjusts the m. and iw1 angle (6w) according to the
required phase displacement and voltage gain. Since the system operates at Irated, €liminating

modules decreases the input power.
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TABLE 2-2. Simulation parameters and components

Parameter/Component Value
VeLL 4160 V
Number of battery modules (n) 6
Modules' rated voltage (Vzated) 800 V
Modules' voltage range (Vm) 840-600 V
Modules' rated current (/rated) 250 A
Lac 30 mH
Cr 100 pF
Ly SmH
CSI switching frequency 540 Hz
CSI modulation scheme SVM

Fig. 2-6 presents the simulation results of the system operating in CPD mode, where one battery
is fully discharged. The remaining batteries continue supporting the grid at a reduced power level
of 500 kW. The battery SoCs are SoC; = 80%, SoCz = 60%, SoCs = 40%, SoC4 = 30%, SoCs =
20%, and SoCs = 3%. At ¢; and #2, two modules are bypassed, reducing the dc-link voltage. This,
in turn, causes the current to rise to maintain constant output power. However, at #4 and ts, the
system current has reached the rated current and cannot surpass it. As a result, the system

transitions to CCD operation mode at the rated current, leading to a reduction in the output power.
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Fig. 2-5: CCD operation mode of the proposed system.
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Fig. 2-6: CPD operation mode of the proposed system.

2.5.2 Experimental Verification

Experimental validation is conducted on a downscaled setup depicted in Fig. 2-7, which consists

of both a schematic representation and a practical laboratory implementation. The system is
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powered by a DC power supply with three independent outputs (DCi, DCz, and DCs), each
supplying a dedicated module. The output voltages of these modules (Vm1, Vm2, Vm3) are combined
to form the total input voltage (¥in). On the output side, the CSI is connected to a resistive load
(R;) to emulate a practical load. The grid-connected operation of CSIs has been extensively studied
in existing literature and, therefore, is not repeated in this work. An OPAL-RT real-time simulator
is used to implement the system's control strategy. Additional details of the experimental system

are provided in TABLE 2-3.
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Fig. 2-7: Experimental setup. (a) Schematic diagram. (b) Experimental circuit.
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TABLE 2-3. Experimental setup parameters and components

Parameter/Component Value
Number of modules () 3
Modules’ voltages (DCi, DCz, DCs) 21V
Modules' rated current (Zrated) 10 A
Lac 30 mH
Cr 100 pF
Ly SmH
CSI switching frequency 540 Hz
CSI modulation scheme SVM
IKW30N65ESS
IGBT
650 V/ 30 A
R 21.2Q

Fig. 2-8 presents the experimental waveforms of the proposed system operating in CCD mode.
In this mode, the input current is maintained at its rated value of 10 A. Modules #1 and #2 transition
between bypass and active modes sequentially, simulating the system's response when batteries
are temporarily disconnected due to a low SoC or a fault condition, and subsequently, reenter
operation once recharged. The voltages of the modules are represented as Vimi, Vm2, Vm3. The
waveforms show that as the modules are bypassed, Vac decreases accordingly. Since the system
operates at the constant rated current, the input voltage and power reductions are reflected in a

corresponding decrease in power output.
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Fig. 2-8: Experimental waveform of the proposed system in CCD mode.

Fig. 2-9 presents the experimental waveforms of the system operating in CPD mode. In this

mode, the system maintains a constant input power by adjusting the input current based on the

number of active modules. Initially, the input current remains low with all the modules in active
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mode. As the first module switches to bypass mode, followed by the second, the current through
the remaining active modules increases. When only the last module remains active, its input

current reaches the maximum limit while the required input power is sustained.
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Fig. 2-9: Experimental waveform of the proposed system in CPD mode.
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2.6 Chapter Summary

In this chapter, a CSI-based BESS was proposed for the grid integration of high-power RESs. By
utilizing a string of modular low-voltage battery packs, the design eliminates the need for an LFT.
This enables direct connection to MVAC grid levels while reducing system bulk and cost. Battery
packs can be bypassed in the event of a fault or depletion without disrupting system operation. The
proposed design eliminates the need for balancing controllers or circuits using the variable dc-link
feature of CSI. Other key advantages of this design are its high scalability and inherent short-
circuit protection. Both simulation and experimental results validate the converter's performance,

demonstrating its effectiveness and the performance of the control scheme.
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Chapter 3: A Current Source Rectifier-Based Modular

Battery Charging System for BSSs

While chapter two focused on developing a CSl-based BESS topology for direct MVAC
integration of RESs, the emphasis now shifts toward the modular battery charging systems,
particularly for EV battery-swapping applications. Chapter three addresses key challenges of
charger designs for BSSs interfaced with MVAC grids. Building on the modularity and
transformerless operation explored previously, this chapter introduces a CSR-based charging
system capable of reliable operation even under partial-load or low battery availability conditions,
eliminating the need for overdesign or complex offline SoC balancing strategies. The proposed
systems allow battery packs to be independently removed and replaced with empty ones without
operational issues. Also, a two-stage control strategy is proposed that enables flexible constant
current (CC) — constant voltage (CV) charging, supports pulsed current operation, and ensures
stable performance under dynamic load conditions.

The chapter then presents the operating principle of the proposed CSR-based BSS battery
charging station, along with key design considerations. Simulation results are provided to evaluate
system performance under various operating conditions, and experimental validation is conducted

to confirm the feasibility of the approach.

3.1 Principle of Operation

The proposed CSR-based BSS system is presented in Fig. 3-1. It consists of an MVAC grid-tied
CSR and multiple series-connected battery charging modules. The CSR includes an LC filter on

the input, six reverse blocking switches implemented using SCGTs, and an La.. Series-connected
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switches are used to evenly distribute voltage stress across devices during MVAC grid operation.
The CSR provides inherent short-circuit protection, low voltage rise rates, and grid-friendly

waveforms due to its near sinusoidal input current.
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Fig. 3-1: Proposed BSS charger system.

CSR has wide applications in high-power and medium-voltage applications and can be utilized
in the proposed system. MV CSRs are well-established industrial solutions for high-power
medium-voltage applications in the 2.3—6.6 kV range, typically handling power levels from 1 MW
to 4 MW. Industrial-grade implementations are already available; for instance, Rockwell

Automation Canada offers a CSR-based drive topology that employs four switches per leg (two
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per arm) for 4.16 kV and six switches per leg for 6.6 kV grid applications, demonstrating the
practicality and scalability of such designs [62].

In contrast to voltage source rectifiers, which operate in boost mode, CSR is a buck-type rectifier
that reduces the dc output voltage. Ve of the rectifier is regulated through two techniques: varying

the m, or adjusting a between the grid voltage and iwi. Vi can be calculated as follows:
Vae = 3V2Vmsm, cos a (3-1)

Therefore, the output voltage of the CSR can be reduced as the number of charging batteries
plummets.

Each charging module comprises a battery pack (Bn) in series with a diode (D;) and a parallel
bypass IGBT (Qi). An additional inductor is not required, as the CSR provides a smooth and
continuous current to the modules. Due to the modular configuration, the total system voltage is
distributed across multiple modules, significantly reducing voltage stress on individual
components. As a result, low-voltage switches and diodes can be used within each module. The
proposed system offers significant design flexibility. Using a stacked configuration of low-voltage
modules eliminates the need for an LFT.

After a depleted battery is inserted into the charging module, Q; turns off, D; conducts, and the
battery begins charging through the dc-link current. This process continues until the battery
reaches the desired SoC. Then, Qi turns on, D; turns off, and the battery is bypassed, thereby
stopping the charging process. As a result, the battery can be disconnected. Each time a battery is
added or removed from the chain of series-connected batteries, Ve adjusts accordingly. However,
the dc-link current remains constant. Consequently, no offline balancing strategy or overdesign is
required even when the number of charging batteries is low. The two modes of operation are

illustrated in Fig. 3-2.
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Fig. 3-2: Module modes of operation. (a) Bypass. (b) Active.

Each module's Qi can also operate with a variable duty cycle ranging from 0 to 1, enabling buck-
mode regulation of the charging current. By modulating the duty cycle of Q;, the charging current
can be precisely adjusted to deliver a controlled pulsed current to each battery. This enables
independent, variable-current charging across all modules. Pulsed-current charging has been
demonstrated to enhance battery lifespan and can be implemented using a range of switching

frequencies [12].

3.2 Design Considerations

Considering a maximum of m, = 1, the maximum voltage allowed on the dc-link, Vg max =

m Vi L. In this way, the buck-type operation of the CSR ensures system functionality even as
the number of charging batteries decreases. The CSR in this study is designed for a 1.5 MW,
4160V grid-connected application. The rated number of series-connected batteries is constrained
by the maximum Vg voltage CSR allows. The CSR requires series-connected switches capable of
withstanding the grid voltage, which depends on the switch type and voltage rating. For instance,
ina 4160 V grid, assuming 6.5 kV-rated SGCTs are used, a minimum of four devices in series per
leg (i.e., two per arm) is required to ensure sufficient voltage-blocking capability and design

margin. In high power medium voltage CSRs, Ly is in the range of 0.1-0.15 pu, and Cr is in the
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range of 0.3-0.6 pu. Also, L4 is in the range of 0.5 to 0.8 pu to reduce the current ripple to an
acceptable range (less than 0.15%) [62]. The IGBT and diode of each module must withstand the
Lqc current and battery voltages; as a result, for systems using typical 800V Li-ion batteries, 1200V
semiconductors can be employed. Under these conditions, a maximum of six series-connected

modules can be connected to the dc-link.

3.3 Control Strategy

A control scheme is designed for the proposed system, as presented in Fig. 3-3. The proposed
control scheme consists of two parts. The first part (Fig. 3-3(a)) regulates iqc and the input reactive
power, using m, and a. iqc is set based on the rated current required by the charging batteries. The
phase angle is compensated to correct the displacement introduced by the filter. Gate signals are
produced using the space vector modulation (SVM) algorithm. It is worth noting that, under rated
operating conditions, the modulation index approaches unity. The elimination of the LFT is not
achieved by reducing m. but rather by employing a long stack of low-voltage modules.

Battery current control for each module is shown in Fig. 3-3(b). The module-level control system
consists of two stages. Initially, the batteries are charged in constant current (CC) mode until their

voltage reaches the nominal battery voltage. The reference current for each battery (I;) is compared

with the battery current (Z,, ). Thus, the control system operates in three modes.

o If I; = ide, then Q; will be constantly OFF, and full current will flow through the battery.
o If/ is zero, Q; will be constantly ON, disconnecting the battery from the charging loop.

o If0 </, <i4, then a PI controller is used to regulate the current.
A slew-rate limiter is incorporated into the control loop to limit the rate at which the battery

current reference changes, thereby preventing the introduction of large transients into the dc-link
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current from the fast removal of batteries. Since the total dc-link voltage changes with each battery
insertion or removal, the controller output must be updated accordingly. Once the battery voltage
reaches its nominal value, the controller transitions to CV mode. In this mode, an outer voltage
control loop regulates the battery voltage and generates a current reference, which is then tracked

by the inner current control loop.
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Fig. 3-3: Control scheme of the proposed system. (a) Grid-side control. (b) Module-level control.
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3.4 Comparison and Discussion

The proposed CSR-based BSS system significantly improves several key aspects of
conventional and state-of-the-art topologies as presented in TABLE 3-1. Conventional systems
(Fig. 1-3) rely on LFTs and low-voltage distribution, resulting in bulky designs and high current
ratings. Input-parallel (Fig. 1-10(a)) and input-series (Fig. 1-10 (b)) BSS structures enable direct
MVDC connection, eliminating the need for LFTs. However, in the parallel configuration, each
converter must handle a high step-down ratio, leading to elevated voltage stress. In contrast, the
series configuration is susceptible to voltage imbalance when modules are bypassed due to battery
removal or mismatch. These challenges require significant overdesign in both systems to ensure
safe and reliable operation.

Offline SoC balancing via energy circulation proposed in the two-mode BSS system (Fig.
1-10(c)) attempts to solve the overdesign issue. Still, it accelerates battery aging due to redundant
charge-discharge cycles. CHB and MMC-based systems provide modularity and reduced switch
stress but are also prone to voltage imbalance when modules are removed, which compromises
system reliability. The MMC-based BSS system presented in [61] (Fig. 1-10(d)) also relies on
offline balancing. The proposed system eliminates the need for LFTs, supports independent
connection and disconnection of batteries, avoids both overdesign and offline SoC balancing
requirements with always-online operation, and offers inherent short-circuit protection and grid-

friendly sinusoidal grid current.
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TABLE 3-1. Comparison of different MV AC-Tied battery charging systems

VSR Two-mode = MMC-based Proposed
Item [13] VSRIITL  ysR [58] [61] system
LFT requirement Yes No No No No
Current rating High Low Low Low Low
Ofﬂlne'balancmg No No Yes Yes No
requirement
Redundancy/overrating No Yes Yes Yes No

requirement

3.5 Simulation and Experimental Verification

The proposed system is evaluated through simulation in MATLAB/Simulink and validated using
a lab-scale experimental prototype to confirm its functionality and performance. In the simulation,
the battery system is capable of absorbing up to 1.5 MW from the grid, whereas the experimental
setup achieves a maximum power intake of 450 W. The complete system specifications are
provided in TABLE 3-2.

3.5.1 Simulation Results

The proposed system is simulated based on the design procedure described in Section II.B with
six series-connected charger modules, each charging a battery. The initial SoC values of batteries
B\ through Bg are set to 80%, 70%, 60%, 20%, 10%, and 0%, respectively. Although all batteries
have the same capacity, the nominal charging current of the last battery is limited to half that of
the others (150A). Each battery is charged to 98% SOC before being disconnected from the series

string. Simulated waveforms of the proposed system are presented in Fig. 3-4.
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TABLE 3-2. Simulation and experimental parameters

Parameter/ Component Simulation Value Experimental Value
VerL 4160 V/ 60 Hz 60 V/ 60 Hz
Number of modules (n) 6 3
Modules' voltage (Vrated) 840-600 V (800 V) 15V
Modules' rated current (Zrated) 300 A 10 A
Lac 30 mH 30 mH
Cs 100 pF 100 pF
Ly 5SmH SmH
CSI switching frequency 1080 Hz 1080 Hz
CSI modulation scheme SVM SVM
Switch SGCT ) ks>
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Fig. 3-4: Simulation results of the proposed system illustrating battery currents (/s1, ..., Bs), dc-link

current (idc), modulation index (m.), dc-link voltage (V4c), and battery voltages (Vs ..., B6)-
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to-t;: The simulation begins with all batteries operating in CC mode at the rated current (1 pu),
while B charges with a pulsed current of 0.5 pu due to its lower current reference until #;. This
demonstrates the system's ability to accommodate unequal charging currents across modules.

ti-t4: Once the voltages of Bi reach the maximum charging voltage threshold (Vrawed) at ¢;, the
controller transitions to CV mode, Q; begins switching operation, and the battery receives.

t4-ts: After reaching its final SoC, B is disconnected from the charging path. To avoid sudden
transients in the dc-link current, the slew-rate limiter gradually reduces the battery current to zero
over the interval ¢4 and #5. The dc-link current remains constant throughout the operation, as using
a slew-rate limiter effectively prevents abrupt changes in load conditions that could otherwise
result in overcurrent.

B> and Bs follow the same sequence between #2-ts and #3-17, respectively, as they switch to CV
mode upon reaching the voltage limit, receive pulsed current, and disconnect once their SoC
targets are met. /g4 and /s are similar to iqc as the corresponding batteries are still in CC mode of
operation. This simulation scenario demonstrates the system's ability to operate under non-uniform
battery conditions and dynamic events, including varying initial SOC levels and unequal current
references, without compromising stability or requiring additional coordination mechanisms.

The simulation results confirm that the proposed system eliminates the need for offline SoC
balancing, even when the number of active batteries is low. CSR-based topology dynamically
adjusts the dc-link voltage to match the number of connected modules, and it has been verified
that the system continues to operate with a low number of actively charging batteries. It can be
observed that the system maintains a high modulation index when all modules are active, with a

gradual reduction only as modules are bypassed and the resulting V4. decreases.
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3.5.2 Experimental Verification

Experimental tests were conducted on a lab-scale prototype of the proposed system. The
implemented circuit and hardware setup are shown in Fig. 3-5. The experimental platform consists
of a grid simulator, a CSR, and three charger modules connected to bidirectional independent dc
sources (DCi, DC,, DC3). The system's control strategy is implemented using an OPAL-RT real-

time simulator.

+
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Vi C,

+ o+
T CSR Vie Vi | Module #2
- ] DC2
Vg L L +|:—
L] 7.+ | Module #3 E%
CS — C3

Auxiliary Power

. OPAL-RT Oscilloscope
Supplies

Wi,

DI

3-phase grid Proﬁosed Three Independent
simulator Circuit Loads

Fig. 3-5: Experimental setup.
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Fig. 3-6 presents the experimental waveforms of the proposed system operating under various
stages of CC and CV charging modes with different numbers of active modules. The waveforms
include the grid voltage (v¢) and current (i), the dc-link voltage (V4c) and current (iqc), and also the
current of the first battery (ipc1).

Fig. 3-6 (a) shows the dynamic performance of the system during the full charging sequence of
operation, while modules are in active mode with CC and CV operation and in bypassed mode.
The details of each stage of the operations are further discussed in Fig. 3-6 (b) through Fig. 3-6
(f). Across all cases, ig waveform closely follows vg while the overall igc remains smooth, validating
the system's operation.

Initially, all three modules operate in CC mode, each actively charging its corresponding dc
sources via igc with the same current level, as shown in Fig. 3-6(b). This operation stage continues
till #;, demonstrating steady-state operation under full load conditions. The result confirms the
effectiveness of the series-connected charging architecture in achieving a high V. and grid voltage
without the need for an LFT, which aligns with the outlined design objectives.

As charging progresses, the first module transitions to CV mode at #;, continuing until the load
is fully charged and enters bypass mode at #2. During this stage, i¢c remains constant. A pulsed
charging scheme with a variable duty cycle is used to maintain CV regulation while gradually
reducing the charging current. This approach produces pulsed current and voltage waveforms,
enabling precise voltage regulation and preventing overvoltage during this charging phase. The
average current gradually falls to zero as charging completes. Fig. 3-6(c) shows the CV operation
with the bypass switch operating at 20% duty cycle, resulting in a battery current of 0.8 pu. As

charging slows, the duty cycle increases, and the charging current decreases. Fig. 3-6(d) illustrates
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the battery current dropping to 0.2 pu in the last charging stage before #,. It is demonstrated that

the system can flexibly modulate individual battery currents while maintaining a constant iqc.

vg (25 V/div) vae (20 V/div) iy (10 A/dv) ige (10 A/div) inci (10 A/div)
: "

n ,vg\~ j_ /\
[\\u/ \/ / \/

Tde (5 A/div)
\

(10 ms/dlv)

= _—.—_,_—n_..———a—-o-—r—-w-—-—‘—-—-*——-‘-"“ '__'__‘____L____ — i f——— pp——
= o e L \v;'{c - H-'_ Ve
oAy e (0AdY

Fig. 3-6: Experimental waveforms for the system operation. (a) Dynamic operation. (b) Three

active modules in CC mode. (¢) Three active modules with two in CC mode and one in CV (ipci
= 0.8 pu). (d) Three active modules with two in CC mode and one in CV (ipc1 = 0.2 pu). () Two

active modules in CC mode. (f) One active module in CC mode.
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After bypassing, the module output is disconnected, and the bypass switch is fully turned ON to
ensure continuity. Fig. 3-6(e) shows the system with two modules in CC mode, following the
bypassing of one module. The resulting reduction in the Ve and i is observed accordingly, while
the igc remains constant at 10A. Fig. 3-6(f) presents the most extreme case where only one module
remains active. Despite the reduced module count and lower vqc, the CSR continues to regulate
current effectively, and the system remains stable. the remaining dc source continues charging.
This verifies the system's ability to function without requiring offline balancing under a reduced
module count under partial-load conditions.

In Fig. 3-7, one of the batteries is charged with a lower average current of 5 A by applying a
pulsed current with a 50% duty cycle, while the other two are charging at full capacity. This figure
showcases the system's ability to regulate and deliver a lower average battery charging current
compared to the constant dc-link current, demonstrating its suitability for flexible and controlled

charging scenarios.
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Fig. 3-7: Pulsed charging scenarios for a slower rate of charging.
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3.6 Chapter Summary

A new CSR-based BSS charger system was proposed and validated for MVAC-connected
applications. The topology addresses key limitations of conventional and state-of-the-art BSS
designs, including the need for LFT and high current handling requirements, overdesign for
voltage imbalance, or reliance on offline balancing during periods of low swapping demand. A
two-part control system was developed to regulate both grid-side and module-level operation. On
the grid side, the CSR modulates the dc-link current and reactive power. At the module level, a
two-stage control scheme enables CC-CV charging and supports pulsed-current modulation,
allowing precise current shaping for each battery. Simulation results and experimental tests
confirm the system's ability to maintain a constant dc-link current during dynamic events such as
module insertion, removal, and CC—CV mode transitions. These capabilities make the system a
strong candidate for high-power battery swapping infrastructure that operates reliably under partial

loading and non-uniform battery conditions.
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Chapter 4: A Current Source Converter-Based Modular
Battery Energy Storage System for Bidirectional Grid

Integration

Chapter three introduced a modular CSR-based battery charging system for high-power BSS
applications. The design eliminates the need for LFTs and addresses challenges such as
overdesign, voltage imbalance, and offline SoC balancing requirements. A two-stage control
scheme enabled flexible CC—CV charging and pulsed current operation, while maintaining reliable
performance under partial-load and dynamic conditions.

From this basis, in this chapter, we introduced a bidirectional BESS converter based on a high-
power medium-voltage current source converter (CSC), using series-connected battery modules.
Operating with a variable dc-link voltage, the system maintains stable performance even under
significant SoC imbalance or battery faults. It eliminates the need for redundancy, overrating, or
complex balancing schemes. This architecture offers a robust and practical solution for SLB

integration in grid-tied applications.

4.1 Principle of Operation

The proposed system is depicted in Fig. 4-1. It comprises two main parts, the battery-side
modules and the grid-side converter. On the grid side, a high-power medium-voltage CSC is
employed.

The CSC consists of a dc-side inductor to smooth the current flow, six reverse-blocking
semiconductor switches, and an ac-side filter. CSC technology is well-established in industrial

medium-voltage applications and is commonly used in systems dealing with high power levels.
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Multiple devices are connected in series within each phase leg to satisfy medium-voltage

requirements.
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Fig. 4-1: Proposed modular CSC-based BESS.

The system supports bidirectional power flow with the MVAC grid, depending on the system’s
operating mode. During discharge mode, energy stored in the battery modules is transferred to the
grid through the CSC. In charging mode, energy is absorbed from the grid and directed to the
active battery modules for replenishment. Throughout operation, iqc remains regulated, while V.
varies with the number of connected modules. This current-controlled and variable-voltage
operation enables continued functionality even when certain modules are bypassed due to faults
or SoC limits.

On the battery side, several battery modules are connected in series to form Vgy.. Each module
includes an SLLB connected to a bidirectional dc chopper, composed of two IGBT switches and

two diodes. The dc chopper regulates both the magnitude and direction of the battery current. The
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operating modes of the modules are illustrated in Fig. 4-2. Since iqc always flows in a positive

direction, all modes exhibit unidirectional current flow, and continuous current operation of CSC

must be maintained.

Fig. 4-2: Modes of operation of the dc chopper. (a) Discharging. (b) Bypass. (c) Charging. (d)

Bypass.

The modules operate in four distinct modes, depending on the switching states of 01 and QO».
In mode I, both switches are off, and diodes D: and D> conduct. The battery charges, and

assuming ideal components, the module output voltage is equal to -, as shown in Fig. 4-2(a).

e Inmode II, Q1 is on and O is off. Under this condition, D; is reverse-bias, and D> conducts.

The module is in bypass mode with zero output voltage and no battery current, as shown in

Fig. 4-2(b).
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e In mode III, both switches are on, and the diodes are reverse-biased. The battery discharges,
and the module output voltage equals Vs (Fig. 4-2(c)).
e Mode IV is similar to mode II, but Q> is on and Qi is off, resulting in current conduction
through D (Fig. 4-2(d)).
By increasing the number of series-connected battery modules, the total V. rises proportionally.
This modular stacking approach enables the system to reach the required voltage levels for
medium-voltage applications. As a result, medium-voltage CSC can interface directly with the

MVAC grid without requiring an LFT.

4.2 Design Considerations

The proposed system supports bidirectional energy exchange with the MVAC grid, enabling
both power injection through battery discharge into the grid and power absorption through battery
charging from the grid, depending on operating conditions. Each battery module operates
independently, and the system dynamically adapts to the number of active modules. Importantly,
during either charging or discharging modes, individual modules may engage in charging or
discharging based on their local SoC and control commands, enabling decentralized and flexible
operation.

Two examples illustrating the operation of the proposed system in charging and discharging
modes are presented in Fig. 4-3. In Fig. 4-3 (a), the system operates in discharging mode, where
all active modules are discharging the batteries and contribute positive voltage to the overall Vi,
while one module is bypassed. in Fig. 4-3 (b), the system is in charging mode, with most modules
charging the batteries, except one, which is bypassed. These cases highlight the system’s ability to
maintain continuous operation even when some modules are bypassed due to faults or SoC-related

conditions, thanks to the variable nature of Vac in CSC. As modules are removed from the string,
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whether due to failures or early depletion/full charge, the CSC maintains power delivery by
adapting to a lower modulation index. Nevertheless, the maximum power delivery may be reduced

based on the power demand and the remaining battery capacity.

Fig. 4-3: System modes of operation. (a) Discharge. (b) Charge.

The proposed system remains operational as long as the total string voltage satisfies the

following conditions:

Vae = 3V2Vmsm, cos a (4-1)
ma 1s equal to:
V2l 4-2)
my = —
ldc

In the series-connected topology, V. is the sum of the voltages of the chopper modules, and thus

it cannot surpass equation (4-1), considering m. is less than one. V4. becomes:
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v (4-3)
Vael = ) di. Ve,
i=1

where d] is the duty ratio of modules. This relation is valid in both charge and discharge operations
based on the power-flow direction and the active switches.

This flexibility eliminates the need for complex balancing strategies and removes constraints
typically imposed by SoC equalization requirements. As a result, the system operates reliably

across a wide range of conditions without being limited by the performance of individual modules.

4.3 Control Strategy

A hierarchical control scheme is proposed for the coordinated operation of the proposed
bidirectional modular BESS. The control scheme for the proposed system is illustrated in Fig. 4-4.
The control objective is to regulate the dc-link voltage and current such that the power reference
Pg* is met while maintaining safe operation of each battery module. The control structure operates
over several steps as outlined next.

The control cycle begins by determining the power-flow direction. If Pg*is positive, the system
enters the discharge or source mode, supplying power to the grid. If P.* is negative, the system
enters the charging or sink mode, absorbing power. This decision dictates which switches and
modes of operation in the bidirectional choppers are active.

The duty cycles of both switches in the active module are set to:

e if ;>0 (4-4)
i_{o if By <0
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If the module is required to be bypassed, the duty cycles would be complementary, and either
switch can be turned on. In sink mode, as the battery storage in each module depletes, the
corresponding module transitions from active mode to bypass mode.

The dc-link voltage will be set to maximize the instantaneous voltage of the string. i4c is regulated
based on the desired output power, in which the discharging requirements of the battery are

reflected. The corresponding string current is

K (4-5)
lagc =
dc
Ly v Ly NN
g c | . .
Vg Grid p CSC _rrrr\_ri\*_ Load | Pg —» - —P-—P ldc_discharge :
ig i I
PLL ¢ G 7 . | Trae !
Ve Vg Ide | I
Oy * . % |
v Oy I Ipi Max lic_charge |
SVM | |
[ d/dt abc/dq L]
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Fig. 4-4: Control strategy of the proposed system.

During battery charging, the modules operate in two sequential modes. Initially, while each cell

voltage is below V,.4¢eq, €very module is driven in CC mode. With charging currents equal to igc,
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or pulsed current charging based on the maximum safe charging current of the battery. The
supervisory controller sets a common i4c, and each module tracks the local reference with its inner
current loop.

ipi = d;.lgc (4-6)

As soon as the terminal voltage reaches V,.4t04, that module switches to CV mode. In CV mode,
the module controller adjusts the duty cycle to hold the battery voltage constant. When all batteries
transition to CV mode, batteries are charged through variable duty cycle PWM pulsed current
charging to keep the battery voltage at nominal until fully charged. The dc-link current is steadily

reduced to match the declining charge demand.

4.4 Comparison and Discussion

This section provides a comparative analysis of conventional and modular BESS configurations
with respect to their scalability, fault tolerance, balancing requirements, and suitability for
heterogeneous SLBs, as presented in TABLE 4-1.

Grid interface: Both modular-based systems and the proposed CSC architecture support
transformerless integration with the MVAC grid, eliminating the need for bulky LFT used in
conventional VSI-based BESSs.

Adaptability to battery heterogeneity: Adaptability is limited in centralized BESSs with LFT,
where battery strings are connected in parallel to a common dc-link, which prevents individual
control. Decentralized LFT-based BESSs solve this issue using decentralized rectifiers or
additional dc-dc stages. In modular converters like CHB and MMC, battery heterogeneity leads to

power imbalance between modules, requiring complex balancing strategies or hardware. The
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weaker cells can be bypassed or throttled in the proposed system, and the power is redistributed to
the rest of the modules. As a result, it provides adaptability to battery heterogeneity.

Balancing complexity: CHB and MMC-based topologies require complex balancing strategies,
including ZSV injection and circulating current control. The proposed control strategies in the
literature face limitations under extreme cases due to the power transfer boundaries of these
systems. LFT-based and the proposed systems enable simpler control at the module level, making
them more manageable in SLB applications.

Fault tolerance: In CHB and MMC systems, the failure of a single submodule can compromise
the operation of the entire converter string unless redundancy is employed. The proposed system

maintains operation even under module faults by supporting selective bypass.

TABLE 4-1. Comparison of different MVAC-tied BESS systems

Grid Battery Adaptability to SoC balancing Impact of failed
Feature . : i
interface connection heterogeneous cells complexity modules
. . Low, packs must be . .. .
Centralized dc-ac LFT-based  Parallel strings matched Not possible Minimal (remove string)
Decentralized dc-ac LFT-based Single strings IR, Sl None (independent) SR S
control module
Decentralized dc—(?c with LFT-based Sttt st High, independent e (i) Minimal Isolated to that
a common dc-link control module
Direct . . o . String output degraded;
Modular CHB / MMC MVAC Single strings Limited High o
Direct . . . . . ..
Proposed system MVAC Single strings High, variable dc-link None Minimal, bypasses faults
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4.5 Simulation and Experimental Verification

The proposed system is validated through MATLAB/Simulink simulations and subsequently
verified using a scaled experimental setup. TABLE 4-2 outlines the full set of system specifications
applied.

The proposed system was simulated using batteries with heterogeneous capacities with different

levels of SoC and depth of discharge as presented in TABLE 4-3.

TABLE 4-2. Simulation and experimental parameters

Parameter/ Component Simulation Value Experimental Value
VerLL 4160 V/60 Hz 60 V/60 Hz
Number of modules (n) 6 3
Modules' voltage (Vrated) 840-600 V (800 V) 15V
Modules' rated current (/rated) 300 A 10 A
Lac 30 mH 30 mH
Cs 100 pF 100 pF
Ly 5 mH 5 mH
CSI switching frequency 1080 Hz 1080 Hz
CSI modulation scheme SVM SVM
Switch SGCT IKW30N65ESS
650 V/30 A
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TABLE 4-3. Simulation battery parameters

Module battery Capacity (pu) SoC range
By 0.375 pu 10%-90%
B 0.5 pu 10%-90%
B3 0.625 pu 20%-80%
By 0.75 pu 30%-70%
Bs 0.875 pu 20%-80%
Bs 1l pu 3%-97%

4.5.1 Simulation Results

All batteries are considered depleted in charging mode and are charged from their minimum
SoC. Similarly, in discharging mode, all batteries are considered full and are discharging for the

maximum SoC level.

Discharge Mode:

The simulation results of the discharging mode are presented in Fig. 4-5 and Fig. 4-6. The
simulation starts with all battery modules fully charged and operating in discharging mode at their
rated current. Each module continues discharging until its SoC reaches the predefined minimum
threshold, at which point the module is bypassed. As modules transition into bypass mode, Vic
decreases accordingly. The influence of the rate limiter is evident in the V. profile, which ensures
a controlled reduction in output voltage and prevents transients. As a result, iqc supplied to the grid

remains unaffected during individual module disconnections.
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Similarly, the simulation results for the charging mode are presented in Fig. 4-7 and Fig. 4-8.
In the charging mode simulation, all battery modules begin at their initial SoC and charge at the
rated current. As each module reaches its maximum SoC threshold, it is switched to bypass mode.
The bypassing of modules leads to a gradual reduction in V.. The rate limiter effectively smooths
the transition instances and achieves a smooth ig.. CC to CV mode is implemented on batteries that
achieve their rated voltage before being fully charged.

The simulation results show that the system can operate using heterogeneous batteries with
variable capacity and SoC ranges. The simulation results also confirm that the proposed system

eliminates the need for LFT and does not require complex balancing schemes.
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Fig. 4-5: Simulation results of the proposed system in discharging mode, illustrating dc-link

voltage (Vac), SoCs (SoCi, ..., ), module voltages (Vmi, ..., ms), and dc-link current (igc).
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Fig. 4-6: Simulation results of the proposed system in discharging mode, illustrating battery

currents (I1, ..., B6).
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Fig. 4-7: Simulation results of the proposed system in charging mode, illustrating dc-link voltage

(Vac), SoCs (SoCy, .., 6), module voltages (Vmi, ..., ms), and dc-link current (iac).
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Fig. 4-8: Simulation results of the proposed system in charging mode, illustrating battery

currents (I1, ..., B6).
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4.5.2 Experimental Verification

Experimental validation was carried out on a laboratory-scale prototype of the proposed system.
The complete hardware setup is shown in Fig. 4-9. The setup includes a grid simulator, CSC, and
three modules, each connected to an independent bidirectional dc source (DCi, DC», DC3). The

control strategy for the entire system was executed in real time using an OPAL-RT simulator.

Module #1 :CIQDC
Iy R 1
CSC Module #2
o __ —DC
v, L Lot I:— 2
£ o LT Module #3 :C‘Q)
C; Cs

Auxiliary Power

. OPAL-RT Oscilloscope
Supplies

NN

3-phase grid Proﬁosed Three Independent
Simulator Circuit Sources

Fig. 4-9: Experimental setup.
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Fig. 4-10: Experimental waveforms for the system operating in discharge mode. (a) Dynamic
operation. (b) Three active modules in CC mode. (¢) Two active modules in CC mode. (d) One
active module in CC mode. (e) Dynamic operation without a rate limiter. (f) Dynamic variation

of the dc-link current.
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Fig. 4-10 illustrates two discharging scenarios in which modules transition between active and
bypass modes. The waveforms include the grid voltage (v¢) and current (ig), the dc-link voltage
(V4ae) and current (iac), and also the current of the first battery (ipci). In both cases, the output
current is maintained at a constant 10 A. The operation of the system with a different number of
active modules is presented in Fig. 4-10(b), Fig. 4-10(c), and Fig. 4-10(d). In Fig. 4-10(e), the
impact of a rapid transition on the dc-link current is evident: a sudden change in module state
introduces a transient in the current. When a rate limiter is applied, this effect is effectively
mitigated, resulting in a smooth dc-link current profile without noticeable transients. In Fig. 4-10(f)
The result of the system changing the iqc current reference is shown as it is reduced to 0.5 pu. These
results demonstrate the proposed system’s ability to operate without an LFT and the need for
complex balancing controls.

Similarly, Fig. 4-11 illustrates the operation of the system in charging mode, with a varying
number of active modules. As charging progresses, the first and second module switches from CC
mode to CV mode using pulsed current modulation, its current gradually reduces, until it is
completely bypassed, with corresponding reductions in Ve and iz. While igc stays at 10 A. even in
the case with only one active module, the CSR still regulates current effectively despite reduced

Vice, confirming stable operation.
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Fig. 4-11: Experimental waveforms for the system operating in charge mode. (a) Dynamic
operation. (b) Three active modules in CC mode. (¢) Two active modules in CC mode. (d) One

active module in CC mode.
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4.6 Chapter Summary

This chapter has presented the design, control, and validation of a CSC-based modular BESS
topology capable of bidirectional operation with an MVAC grid. The proposed system integrates
a series-connected battery configuration with a transformerless CSC interface, eliminating the
need for bulky LFTs and complex SoC balancing hardware or controller. The architecture supports
heterogeneous SLB modules by dynamically bypassing units, maintaining continuous operation
and stable performance under various conditions. A hierarchical control strategy was developed to
coordinate both grid-side and module-level operation, CC—CV regulation, and pulsed current
operation. The variable dc-link voltage capability of the CSC allows the system to adapt to changes
in the number of active modules without compromising dc-link current regulation. Simulation
studies verified the system’s performance under different scenarios, with the rate limiter
effectively suppressing transients. Experimental validation on a scaled laboratory prototype further
demonstrated the system’s bidirectional operation, stable current regulation, and adaptability to

different numbers of active modules.
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Chapter S: Conclusions and Future Work

The increasing deployment of utility-scale BESS for RESs integration and BESS charging
applications has shown several technical challenges and practical limitations in existing
architectures. Conventional low-voltage systems require step-up LFTs to interface with the MVAC
grid, which are bulky, heavy, and costly. Modular high-voltage systems, while capable of
operating without LFTs, introduce the need for complex balancing control strategies and additional
hardware to manage variations in SoCs. These challenges lead to increased control complexity,
reduced system flexibility, and potential limitations in scalability. These issues become more
pronounced in systems directly interfacing with RESs, in modular battery charging infrastructures
for BSSs, and in second-life BESS deployments, where variability in performance and reliability
can undermine system stability and operational lifespan. Addressing these shortcomings formed

the core motivation for the research presented in this thesis.

5.1 Contributions and Conclusions

This thesis presented the development, modeling, simulation, and experimental validation of
three power conversion systems for large-scale MVAC-connected battery energy storage
applications. The work addressed the limitations of both low-voltage architectures and LFT-less
systems. The proposed system eliminates the need for LFTs and avoids the need for complex
balancing control strategies or redundant hardware. and enabling stable operation under

heterogeneous battery conditions. The research was divided into three main parts:
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1. A Current Source Inverter-Based BESS for Grid Integration of RESs (Chapter 2):

The first part of the thesis developed and validated a CSI-based BESS architecture for direct
MVAC connection in renewable energy applications. The design uses a string of modular low-
voltage battery packs to achieve medium-voltage operation without an LFT. A detailed system
model was built in MATLAB/Simulink, incorporating the grid interface, converter, and battery
modules. Simulation studies demonstrated that the proposed topology maintains regulated output
current and power under varying SoC conditions. Battery packs can be bypassed upon fault or
depletion without disrupting operation. And the system was shown to handle severe SoC
imbalances by bypassing depleted modules without disrupting grid current, and without requiring
additional balancing hardware. Additional advantages include high scalability and inherent short-
circuit protection. Both simulation and experimental results confirm that the CSI-based approach
offers a viable alternative to LFT-based systems for direct RES—BESS grid integration, with

reduced control complexity and improved fault tolerance.

2. A Current Source Rectifier-Based Modular Battery Charging for BSSs (Chapter 3):

The second part addressed the specific requirements of BSS charging infrastructure, which
demands fast, scalable, and reliable battery charging. Conventional centralized and distributed
charger systems share the same LFT dependency, while modular charging solutions require
complex balancing or depend on offline balancing during low swapping demand. This work
proposed a new modular CSR-based charging system directly interfaced to MVAC without an
LFT. The architecture supports independent module operation and smooth disconnection of fully
charged batteries through controlled CC/CV The proposed topology uses a two-part control

system: a grid-side CSR controller for de-link current and reactive power regulation, and a module-
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level two-stage controller for CC—CV charging and pulsed-current modulation. This enables
precise shaping of charging current for each battery and smooth handling of dynamic events such
as module insertion, removal, and charging mode transitions. Simulation and experimental results
confirmed operation under all tested scenarios, demonstrating its potential for a reliable, high-

power BSS infrastructure that accommodates partial loading.

3. A Current Source Converter-Based Modular BESS for Bidirectional Grid Integration

(Chapter 4):

A transformerless bidirectional CSC-based topology was developed for MVAC-connected
BESS using heterogeneous second-life lithium-ion battery modules. The system supports both
charging and discharging modes and allows bypassing weak modules based on SoC or health
constraints without affecting the overall system operation. Simulation and experimental results
showed that the system maintains stable grid operation without the need for LFT or complex
balancing strategies under severe SoC range and capacity mismatches, and improves fault

tolerance, confirming its suitability for SLB integration in medium-voltage grid-tied applications.
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5.2 Future Work

Several opportunities exist to expand and enhance the concepts developed in this thesis. Potential
research directions include extending system capabilities and exploring new deployment scenarios

for the proposed MVAC-connected BESS architectures.

1. Parallel String Operation and Coordination
Extend the proposed architecture to support multiple BESS strings operating in parallel at
the MVDC level. This includes developing coordinated current-sharing algorithms to ensure
uniform current distribution among strings despite differences in modules and
synchronization of the dc-link variables.

2. SOH Prediction and Degradation Modeling
Incorporate advanced state-of-health (SoH) estimation techniques to predict remaining
useful life. SoH prediction will be essential in assessing operational boundaries of retired
EV batteries, and optimization strategies can be designed to balance energy throughput,
thermal conditions, and charge/discharge profiles across modules to minimize degradation
rates. Al-based approaches can support SoH estimation and optimization, and an SOH-
driven optimization framework would enhance the reliability of large-scale BESS

deployments.
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