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ABSTRACT

Battery energy storage system (BESS) plays a critical role in grid applications,
where it can perform services such as mitigation of the intermittency of renewable
energy, grid frequency regulation, peak shaving, and grid voltage support/var
compensation. To interface the BESS to the grid, Modular Multilevel Converters
(MMC) are being widely considered, particularly for medium and high voltage
applications. This dissertation develops power strategies and energy requirements for a
BESS-MMC. The work starts from developing battery models for grid applications to
system-level operation, including BESS and the electric grid.

A novel methodology to estimate the parameters of the equivalent circuit model
(ECM) for lithium-ion battery cells focusing on their use in grid applications is
developed. Parameter dependencies on the state of charge (SoC) and temperature are
included in the proposed methodology and correlated through polynomial regression.
Accelerated degradation tests are performed to obtain the parameter variation as the
battery ages. The obtained information is helpful to design components in the BESS-
MMC, controller parameters, SoC, and State of Health (SoH) estimation.

The dissertation also investigates the precise capacitor energy requirements for
various operations of BESS-MMC, which include arm/phase power transfer. Further,
the relation between the controller design and the submodule’s capacitor sizing in terms
of its energy requirements is also explored. Design guidelines for the module level
voltage control to attenuate battery ripple and a detailed analysis of the capacitor energy

requirement in each operating mode are presented.

v



Aiming to improve the BESS-MMC resiliency by maintaining it connected to
the electrical grid, faulty scenarios involving asymmetric grid voltage conditions and an
asymmetric power available in each phase and arm are considered. Several power and
SoC balancing techniques with defined active power limits to avoid battery overuse are
proposed and verified through C-HIL results.

The use of BESS-MMC as an interlinking converter (IC) between AC and DC
microgrids in a hybrid microgrid environment is explored. This avoids the connection
of battery modules into either DC or AC microgrid and provides complete decoupled
operation between grids. Control strategies, as well as possible power management

strategies, are proposed and verified through C-HIL results.



TABLE OF CONTENTS

ACKNOWLEDGMENT ......ccccotnnnmmnnmmiieicccsssssssssssssssscssssssssssssssssssssssssane ii
ABSTRACT .....oiiiiiiinnnnnnnniiiiiccsssssssssssssssssssssssssssssssssssssssssssssssssssasssssssssss iv
TABLE OF CONTENTS ...oitinnnnennntiiiccsssssssssssssssssssssssssssssssssssssssssssssses vi
LIST OF TABLES....teeiiiiiiiiiinnnnsnssensssicccssssssssssssssssssssssssssssssssssssssssssss ix
LIST OF FIGURES ....uuuueiiiiiiiiiiinnnnnnsnstsieccsssssssssssssssssssssssssssssssssssssssssssane X
1. INTRODUCTION ...cutueeeeiiiieccicsssssssssssssssscesssssssssssssssssssssssssssssssasns 1
1.1 Background and moOtiVation ...........cccuieeiiieeiiieeeiieeeiie e eeiee e 1

1.2 Review of Battery Energy Storage Systems for Grid Applications 1.2.1
Battery Chemistry for Grid Applications...........ccoeeveevienieeiiienieeieeieeve e 4
1.2.2 POWET CONVEILETS .....eeeuiiieeiiieeiieeeitee ettt e et e st e e st e e st e et eesibeeesabeesareeeas 6
1.2.2 Review of MMC OPEIation ........ceevuveeeruieeriiieeniieeeiieeeieeeeiee e esneeeaeees 13
1.3 Research ContribULIONS ...........oovieeiieriieiiieie et 18
1.4 Dissertation OULINE .......ccceeiiiiiiiiiiiieeeeeeee e 21
2 BATTERY IMPEDANCE PARAMETER ESTIMATION FOR
GRID APPLICATIONS ...ciiiirrnnnnnenieicccssssssssssssssssssssssssssssssssssssssssssssane 23
2.1 TEOAUCTION ...ttt sttt ettt st 23
2.2 Proposed SoC-dependent Equivalent Circuit Modeling ............ccccecvvveeveennneen. 25
2.2.1 Equivalent Circuit Model............ccceeviieiiiiiiieiieiiecieece e 25
2.2.2 Performed TeStS ....c.eeiuiaiiieiieie ettt 28
2.2.3 Lumped Parameter Model (Methodology 1).......cccccceevevieiiiiniiienienieeee 30
2.2.4 Subspace Identification Method (Methodology 2) ........ccccveevvieeeieennnnen. 32
2.2.5 Proposed Methodology (SoC-dependent parameters) .............cceeeeveneen. 33
2.3 Experimental RESUILS .......ccceoeviiiriiiiiiiiicice e 33
2.4 Accelerated degradation teSt ...........ceevieeiiiiriieiiienie e 42
2.4.1 Load profile and degradation teSt SEtUP ........ccceerveerrierueeriienieeniieeieeeeans 42
2.4.2 Accelerated degradation test reSults...........ceeveeriieriieniieeiiienieeee e 45
2.4.2.2 Internal resistance Change .........cceccveeevieriieiienieeieecie e 47
2.5 CONCIUSIONS ...ttt et ettt et e st e b e sneeebeesaeeenne 49
2.6 PUDIICALIONS ...ttt ettt ettt 50

Vi



3. REDUCED CAPACITOR ENERGY REQUIREMENTS AND
BATTERY BIDIRECTIONAL DC-DC CONVERTER CONTROL

OF BESS-MMC ...cuuuuuueeeiiiiiicsssssssssnsssssesccsssssssssssssssssssssssssssssssssssssssssssssone 51
3.1 INEEOAUCHION ...ttt ettt ettt et e s e e e e 51
3.1.1 Bidirectional converter voltage loop........cceecvrerieeriieniieeiieiieee e 54

3.2 Connection of batteries t0 MMOC .........ccooiiiiiiiiiiiiieieceeee e 57
33 BESS-MMC CONIOL ....eouiiiiiiiieiieiecieteee e 58
3.4 Bidirectional converter modeling and control.............cccceveieiiiniienieniieeeeee, 60
3.5 BDC Controller and Filter Design Procedure...........ccoeoveviieviienciienieeieeeeee, 62
3.5.1 PI Controller Design of Current 100p.........ccccevvevienieriieniinenienecieeeee 62
3.5.2 PI Controller Design of Voltage lo0p ......cceevvieeriieiiiiieieeeieeeeeeiee 63

3.6 Capacitor energy requirements for the operation of BESS-MMC................... 69
3.6.1 Power transfer t0 AC Grid .......cocevieriieiiinieiieieeeeeee e 74
3.6.2 Phase pOWET tranSTer .......ccouiiiiiiiiieiiecie e 75
3.6.3 Arm POWET traANSTET ......vviiiiieeiiieeiicecee e 78
3.6.4 BESS-MMC capacitor energy requirement remarks ...........coceeeeveennenne. 81

3.7 Controller hardware-in-the-100p results...........cceoieriieiiieiiieiecie e, 82
3.7.1 BDC controllers parameters and NF design..........ccccceceveeninienenniennenne. 83
3.7.2 Capacitor sizing validation............cccecciieriiiieriieeiiieeiee e 86

3.8 CONCIUSION ..ttt ettt ettt e st eteesateebeeseeas 92
3.9 PUDLICALIONS ...ttt st e 93

4. POWER AND STATE-OF-CHARGE (SOC) BALANCING
STRATEGIES FOR BESS-MMC UNDER ASYMMETRIC

CONDITIONS oorrnnennniiieccsssssssssssssssssscssssssssssssssssssssssssssssssssssssssssssssssne 94
4.1 INErOAUCLION. ..c..eiiiiiieiceit e 94
4.1.1 Operation under grid-voltage asymmetry ..........cccecveeeevveercreeencveeesveeennen. 94

4.1.2 Operation under asymmetric phase and arm power conditions................ 96

4.2 Phase power and SoC balancing under ac grid voltage asymmetry.................. 98
4.2.1 Balancing active power externally to the MMC ...........cccceviiiiniincnnnene. 99

4.2.2  Balancing active power internally to the MMC ...........c..cccvvennennne. 101

4.2.3  Proposed SOC-balancing strategy with per-phase power limiter .....104

4.3 Controller hardware-in-the-loop results for asymmetric grid voltage
SCEIMATIOS 1. vteateeuteette bt et et et e et et e st e et ea e b e et e eatesbeea b e ebeenbeeabeeaeenbeenseeb e e bt enteennenas 108

vii



4.4 Power balancing under asymmetric phase and arm power conditions .....117

4.4.1 Available phase power asymmetry ..........ccceeeeveerieervieneenieeneeeieesneenenes 118
4.4.2 Available arm pOWer aSymMmMELIY .........cceeveerieeniienieeniieneeeiee e eiee e 119
4.4.3 Combined available phase and arm power asymmetry (general
TS 1 F: 1 (o) USRS UPP 120
4.4.4 Asymmetry caused by different number of modules............cccccvvenneeneee. 120
4.4.4 The role of the power transfer efficiency.........cccceeveevieniiiiieniicencenn, 121
4.5 Controller hardware-in-the-loop results for asymmetric power
COMAITIONS ..ttt ettt ettt ettt et e et e bt e sab e e bt e sabe e bt e enbeebeesnaeenseeeneeenne 121
4.6 CONCIUSION ....oiiiiiiiiiiiiiieiicie ettt s 126
4.7 PUDLICALIONS ...ttt ettt ettt ettt ettt et e st et esate e e e ssaeenneens 127

S. POWER MANAGEMENT STRATEGIES FOR HYBRID
AC/DC MICROGRID WITH MMC BASED INTERLINKING

CONVERTER INTEGRATED WITH BESS ......cccceivviicnccnnicscnnece 128
5.1 INErOAUCHION ...t sttt 128
5.2 Control strategies for the MMC based IC...........cccooviieiienieniiieieeieeeee 131

5.2.1 Grid following CONtrol ..........cccueeeiiieiiiiieciieeee e 135
5.2.2 Grid forming CONtrol ........cccueeiiiiiieeiiieiie ettt 136
5.3 Power management strategies for the proposed HMG structure .................... 137
5.3.1 Utility grid-connected undispatched power mode ..........cccccvevuiernenen. 139
5.3.2 Islanded Mode ........cooeiiiiiiiiiiee e 140
5.4 Hardware-in-the-100p validation.............ccocouieriiiiiieniiiiieiecee e 141
5.4.1 Resilient and decoupled microgrid operation ...........ccceeeevveeecveeenveeennnen. 142
5.4.2 Power management StrateZieS ........ecueerueeerueeruieeiieeniieereenieeeeeesieesneenenens 145
5.5 CONCIUSION ...ttt ettt ettt ettt e eae e 147
5.6 PUDLICALIONS ...ttt et 148

6. CONCLUSIONS AND FUTURE WORK........cccceevcnnrrecscnnnenes 149
6.1 CONCIUSIONS ...ttt ettt ettt e bt e st e b e it e 149
6.2 Scope for future WOrk.........coocvieiiiiiiiiiie e 151

REFERENCES ...ccoiiiiiiiiiiniinniiicnnsnnntnicsssssnnecssssssnecsssssssssssssssssssssssses 153

viii



LIST OF TABLES

Table 2.1 Lithium-ion Iron Phosphate Cell Specifications............cccceeevveerveennneen. 34
Table 2.2. Lithium-ion Iron Phosphate Cell Model RMSE and PKE................... 41
Table 2.3. Internal resistance value during degradation test............cccccveervrennnne. 48
Table 3.1 Notch Filter gains and phases ...........ccceveeeiiieniiniiiiiieiee e 68
Table 3.2 MMC based BESS parameters..........c.cccoveeveerieeiienieeiienieeie e 84
Table 3.3 Weony assessment for different SCENarios ..........cceeeeeeevverieeieenieennnnne. 92
Table 4.1 Available arm POWET .......cc.cevviiieeiiiieciie e 122
Table 4.2 Power transfer effiCiency ........cocceevieiiieiiieniieieeeece e 122
Table 4.3 BESS-MMC Parameters .........cccceeveerieiiieenieiieenieeieesee e 123

X



LIST OF FIGURES

Figure 1.1. BESS capacity projected increase (2015-2030). ...cccvveverveencreeencveeennnen. 3
Figure 1.2. Lithium-ion battery cost trend. ............cccveviieriiriiieiieeieeeeceee e 4
Figure 1.3. BESS integration to electrical grid through 2L-VSC DC-AC

STAZE. ettt et e e et e e e et e e s abbee e e 7
Figure 1.4. Examples of 3-Level converters: (a) T-type; (b) NPC. .........cccueeene. 7
Figure 1.5. Series connection of semiconductors............cceevveereenieeniienieenirennenn 8
Figure 1.6. Dual Stage (DC-DC and DC-AC) BESS.......ccoooiieiiieeeeeee e, 9
Figure 1.7. DC-DC stage PEC possibilities: (a) Boost converter; (b)

Interleaved Boost Converter; (¢) Dual Active

Bridge CONVEIter. .....cccviieiieeiieiieeiieeie ettt 9
Figure 1.8. Dual Stage (DC-DC and DC-AC) BESS........cooviiiiiieeee e, 10
Figure 1.9. Modular Multilevel Converter topologies. (a) SSBC. (b)

SDBC. (€) DSCC. ..ottt 12
Figure 1.10. Basic MMC with ideal voltage source as DC-link for each

MOAUIE. ... e 14

Figure 1.11. Modes of operation: (a) S1 on, current out; (b) S2 on, current

out; (¢) S1 on, current in; (d) S2 on, current iN........c.cccccveeeenrennnee. 15
Figure 1.12. Single-phase representation of MMC..........ccccoviriiniiniiiienicncnene. 16
Figure 1.13. MMC power €XChange. ..........cccveevveeerieeeiiieeiee e eevee e 18
Figure 1.14. Dissertation CONtribULIONS. .......eevieruierieeriienieeiieeieeieesveeieesve e 19
Figure 2.1. Battery equivalent circuit model...........ccceevvvieeiieeniieinieeeee e, 26
Figure 2.2. Dither signal for SoC calibration. ..........cccceeceeveenerieneenenncnecncnnene 29
Figure 2.3 OCV-SoC relation at different temperatures. ..........c.ccceeeeveerrieereennens 30
Figure 2.4. Dynamic load profile for a given SOC. .........ccccoiiiiniininiinicncnene. 30
Figure 2.5. Terminal voltage rise/drop for a given pulse..........cceevvevcvieniienneennens 31

Figure 2.6. Experimental setup: (a) Battery testing unit and thermal
chamber; (b) Batteries under test. ..........ccceevieriiienieniieieeieeens 34

Figure 2.7. rint variation as a function of SoC for different C-rate at
T=25°C using methodology 1........ccccevveiiiiiiiiiiiie e, 35

Figure 2.8. rint variation as a function of C-rate for different SoC at
T=25°C using methodology 1........ccccerviiiiiiiiiiiiee e, 36

Figure 2.9. r1 variation as a function of SoC for different C-rate at
T=25°C using methodology 1. .......ccccocirviriiniininiiniiccneeee 36



Figure 2.10. r1 variation as a function of C-rate for different SoC at
T=25°C using methodology 1........cccoouiriiiiniiiiiiiieeieeeeeieeee 37

Figure 2.11. Proposed methodology SoC and ECM parameters
COTTEIALION. ..ottt 38

Figure 2.12. Battery terminal voltage obtained for complete load profile

AL 35%C e 39
Figure 2.13. Terminal voltage estimation at 35°C and 90% SoC: (a) 2C-

Pulse (b) Discharging period...........cccceecveevieniienieniieieeieeeeee. 39
Figure 2.14. Terminal voltage estimation at 35°C and 50% SoC: (a) 2C-

Pulse (b) Discharging period...........cccceeevievieniienieniieieeieeeeee, 40
Figure 2.15. Terminal voltage estimation at 35°C and 30% SoC: (a) 2C-

Pulse (b) Discharging period...........cccceeeuierieniienieniieieeieeeeee. 40
Figure 2.16. Degradation load profile as suggested...........cccoevveiiiriieencieeenieenne. 43
Figure 2.17. Battery test setup for degradation tests. ..........cccceevueveeneriieneenennene 44
Figure 2.18. Capacity fade obtained for the batteries under test..............cc........... 46
Figure 2.19. Internal resiStance iNCIeASE. .......c.eevveerveerieerieeriienieeieesieereeseveeeeens 48

Figure 3.1. Different types of battery connection to the MMC
submodule: (a) direct connection as DC-link; (b)
connection in parallel with capacitor; (¢) connection with
bidirectional converter with L filter. ...........ccccccoeriiieiieniiiine, 53

Figure 3.2. MMC side current control.(a) Grid current;(b) Circulating
CUITENL.. .uvveeeeeeeireeeestteeeeesreeeeeseaaeeeeensaeeeessaeeeeanssseeeesssseeesessssneeanns 59

Figure 3.3. (a) Bidirectional converter; (b) Operation stage (Sdc, 1 ON);

(c) Operation stage (SAc, 20N).....cccveviieciierieeieeieeie e 60
Figure 3.4. Simplified linearized system representation without analog

filters and transport delay.........ccccceevueeiiiiiiienieiieieeeeee e 62
Figure 3.5. Notch filter characteristics. (a) Magnitude;(b) Phase......................... 66
Figure 3.6. Relation between (Enom/, Enom'’) for Enom. .........c.ccccccooouevene.... 73

Figure 3.7. Energy requirements assuming that the arm currents are only
With @rid CUITENTS. ....oooviiiiieiiciecee e 75

Figure 3.8. Energy requirements assuming that arm currents are grid and
DC circulating CUITENtS. ........eecvveeieeriierieeiieeeie e ere e ereeaee e 77

Figure 3.9. Energy requirements assuming that arm currents are grid and
AC circulating CUITENLS. .....c.eevvieeiieriieeieeiee e eiee e eieeereeaee e 81

Figure 3.10. C-HIL setup. a) Experimental testbed; (b) Implementation
in Typhoon and microcontrollers. ...........ccceevverriienieecieenienieenens 83

Figure 3.11. Voltage loop controllers and filter analysis. (a) Open-loop
response for different PI controllers;(b) GC frequency

xi



impact on attenuation;(c) Phase margin impact on

AMETIUATION. ..ottt 86
Figure 3.12. Bode plot: (a) PI and PI+NF; (b) Open-loop Gvi with PI and

PIHFNF . e 87
Figure 3.13. C-HIL results under grid power exchange (PI). .........cccccoevieeieennnn. 88
Figure 3.14. C-HIL results under grid power exchange (PI+NF)..........c.............. 88
Figure 3.15. C-HIL FFT ripple: (a) Capacitor voltage; (b) battery current

with PI; (¢) battery current with PI+NF. ..........ccccooiiiiiiinn 89
Figure 3.16. C-HIL results under grid and phase power exchange...................... 90
Figure 3.17. C-HIL results under grid and phase power exchange

(circulating CUTeNt).........eeviieiiieieeieeie et 90
Figure 3.18. C-HIL results under grid and arm power exchange.......................... 91
Figure 3.19. C-HIL results under grid and arm power exchange

(circulating CUTENL).......c.eeviieiieeieeie ettt 91
Figure 4.1. Single-phase analysis of the interaction between MMC based

BESS and grid. ......cccoooiiiiiiiiiieieeeeeeee e 99
Figure 4.2. Positive and negative-sequence grid current control. ....................... 101
Figure 4.3. Average active power flow for the MMC based BESS................... 102
Figure 4.4. Active power balancing reference calculation..............cccccceeueeneenee. 104
Figure 4.5. Circulating-current control Structure. ..........c.cceeevvevveecieereeecveereeennne. 104
Figure 4.6. Per-phase SOC balancing flowchart..........c.ccocevieniiiiniinincnennnns 107

Figure 4.7. (a) DC circulating power reference calculation; (b) balancing
flowchart DC circulating current reference calculation. ............. 108

Figure 4.8. Arm power transfer deviation from expected value for
different conditions. ..........cceeveiiiiiiiiieiiee e 110

Figure 4.9. Scenario 1 - External power balancing. (a) Grid voltages
(100V/div) and grid currents (10 A/div); (b) Grid active
and reactive power (2 kW/div) and per-phase battery
POWET (0.5 KW/AIV). oottt 113

Figure 4.10. Scenario 2 - Internal power balancing. (a) Grid voltages
(100V/div) and grid currents (10 A/div); (b) Grid active
and reactive power (2 kW/div) and per-phase battery
POWET (0.5 KW/AIV). oottt 114

Figure 4.11. Scenario 3 — SoC balancing. (a) Per-phase grid average
active power (1 kW/div) and per- phase battery power
(1 kW/div); (b) Grid voltages (100V/div) and per-phase
SOC (0.025/A1V). 1eeuteeiieeiieieeie et 115

xii



Figure 4.12. Arm power transfer during grid voltage asymmetry. (a) Arm
power transfer (100W/div); (b) Grid voltages (100V/div)
and per-phase SOC (0.025/diV)......cccveevrieriienieniieiieeie e, 117

Figure 4.13. Scenario 1 — Phase power balancing to achieve maximum
power transfer to the utility grid. (a) Circulating current
(2 A/div) and grid active power (1 kW/div); (b) Battery
power in each arm (0.5 KW/div). .....ocoevviiiiiiiniiiicciieeecieee, 124

Figure 4.14. Scenario 2 — Arm power balancing to achieve maximum
power transfer to the utility grid. (a) Circulating current
(2 A/div) and grid active power (1 kW/div); (b) Battery

power in each arm (0.5 KW/div). ....cocoevviiiiiiiniieiceiieeeeiee 125
Figure 5.1. Commonly studied Hybrid Microgrid architectures. (a)

Coupled AC; (b) Decoupled AC........ccceeviieviieniieiieeieeieeeen, 129
Figure 5.2. Hybrid AC/DC microgrid under study. ........cccceeceeveriuenienennicneennns 132
Figure 5.3. Interlinking converter control scheme. ............cccoevvevciieniencirenieennen. 133
Figure 5.4. Interlinking converter control scheme. ............ccccoovieviiiiiiniiienennee. 133

Figure 5.5. IC control under grid-connected mode (PQ control with
positive and negative sequence current control). ...........cc.ceeuee.. 136

Figure 5.6. IC control under grid-islanded mode (V-f control with
positive-negative sequence voltage and current control)............. 137

Figure 5.7. Overview of power management of the hybrid AC/DC
microgrid under Study. .........cooceeiiiiiieni e 139

Figure 5.8. Power management strategies for utility grid-connected
undispatched power mode. (a) High SoC; (b) Low SoC. ........... 139

Figure 5.9. Power management strategies for islanded mode. (a) HMG
sinking; HMG sourcing: (b) Both DC and AC sourcing.
(c) DC sinking and AC sourcing. (d) DC sourcing and AC

SINKINE. .ottt et ettt e 141
Figure 5.10. Typhoon HIL testbed. ..........cccevviieiiieniiiiieniecieeee e 142
Figure 5.11. Hybrid AC/DC microgrid implementation. ..........ccccceceevereeneennens 142

Figure 5.12. Grid-connected operation under grid-voltage asymmetry
scenarios. (a) Grid voltages and currents; (b) DC
microgrid voltage and current, battery current, AC (3-
phase), and DC microgrid active pOWET.........cccceevereereerveneeennens 143

Figure 5.13. Islanded operation mode under unbalanced loads. (a) AC-
grid voltages and currents; (b) DC microgrid power and
MMC based IC per-phase active power (battery power
EVIATION). Leiiiiiieiiieeiie ettt e e e e e e e ae e eareeens 144

Figure 5.14. DC link voltage under AC grid power step (decoupling)............... 145

xiii



Figure 5.15. Power management for Islanded mode: (a) Battery SoC,
interlinking converter power, DC microgrid power, and
battery power; (b) DC microgrid voltage, DC microgrid
current, and AC grid Currents. ..........ccoeeveevieeneencieeneenie e

Figure 5.16. Power management for utility grid-connected undispatched
power mode: (a) Battery SoC, interlinking converter
power, DC microgrid power and battery power; (b) DC
microgrid voltage, DC microgrid current and AC grid
CUITEIIES. .. veteenttenteeteesteenteeeee bt enteseeeteentesseenbeeneesseenseeneesseenseeneenes

X1V



1. INTRODUCTION

1.1 Background and motivation

Greenhouse gas emissions have been steadily increasing since the beginning of
the 20™ Century. In the United States, carbon dioxide (CO2) generated by the use of
fossil fuels are responsible for 80% of the total amount of greenhouse gas emissions,
nearing 5.2 billion metric tons in 2020 [1]. Furthermore, the burning of oil, natural gas,
and coal for the electricity and heat sector account for 25% of the global emissions [1].
In 2020, 4 trillion kWh of electricity was generated in generation facilities across the
United States [2]. This number did not significantly change in 2021 when 4.12 trillion
kWh was generated [3]. According to the U.S. Energy Information Administration
(EIA), in 2021, 60.8% of the generation came from fossil fuels, 18.9% from nuclear,
and 20.1% from renewable energy sources (RES) [3]. Based on this data, it can be stated
that fossil fuel plays a major role in generating electricity. However, fossil fuels not only
have effects on climate change but can also lead to air pollution and ocean acidification
[4], [5]. Therefore, an eventual shift to more usage of RES can be beneficial in the short
and long term.

Wind power generation (380 billion kWh), hydropower (260 billion kWh), and
solar (115 billion kWh) were the leading RES in the electricity generation sector in 2021
[3]. Furthermore, small-scale solar photovoltaic systems (not connected to a power
plant, e.g., rooftop) account for 49 billion kWh. Given RES incentives and decreased

technology costs, by 2050, renewables are expected to supply 44% of U.S. electricity

[6].



One of the major disadvantages of solar and wind power generation is its
intermittency [7]. The electrical grid operates based on supply and demand, which
means that generation and electrical loads must be met at all times to ensure system-
wide stable operation and avoid blackouts [8]. Since the output power of RES cannot
be perfectly predicted, especially in longer time horizons, the integration of RES can be
considered challenging for grid operators’ planning [9]. Similarly, predicting the total
demand in residential areas can also be challenging, especially with the increased
popularity of electric vehicles (EV) [10].

Storing energy during periods of elevated production and lower demand is a
possible solution to balance the power fluctuations. The most common types of Energy
Storage Systems (ESSs) are pumped hydroelectric, compressed air, flywheels, batteries
energy storage system (BESS), and thermal storage [11], [12]. Pumped hydroelectric is,
by a large margin, the most significant contributor to ESSs capacity, with 94% out of
the total 25.2 GW available in the United States. The other 6% is split mainly between
thermal storage (669 MW) and BESS (733 MW) [11]. The main difference between
pumped hydroelectric and BESS in terms of their usage to solve the power fluctuation
problem relates to their time scale use. BESS is primarily used in short to medium-term
storage, commonly defined in seconds to hours. On the other hand, pumped hydro can
be used for long-term energy storage, lasting from hours to weeks [13], [14].

Although pumped hydro have higher power and energy density, it has a very
slow response time (on a scale of minutes [15]), and cannot be localized due to the site
requirements. On the other hand, BESS can have response times in fractions of seconds,

which makes it a good solution for short-term reliability services, such as the operating



reserves primary frequency response (seconds) and regulation (minutes to an hour) [16],
[17]. In addition to operating reserves, applications of BESS in utility-scale grids are
arbitrage (purchase off-peak energy and sell it during high prices), firm capacity
(reliable power capacity supply), and blackstart (start-up system after failure) [16].
According to the International Energy Agency (IEA) and highlighted in Figure
1.1, globally, the BESS capacity reached 17 GW in 2020 [17], with China, Europe, and
the United States leading the way. Seven gigawatts are classified as behind-the-meter
(BTM), that is, BESS that is connected to the distribution system on the customer’s side
of the utility’s service meter (e.g., rooftop solar PV with battery energy storage for later
use). According to the Net Zero Emissions 2050 Scenario, the projected BESS capacity

installed by 2030 should increase 35-fold to 600 GW [17].
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Figure 1.1. BESS capacity projected increase (2015-2030).

The following subsections review the technologies involved in BESS for utility
grid applications, covering both battery chemistries and the power electronics involved.
Each subsection also highlights the technologies used in this dissertation. Finally, the
last two subsections discuss the research contributions of the dissertation, together with

the dissertation outline.



1.2 Review of Battery Energy Storage Systems for Grid Applications

1.2.1 Battery Chemistry for Grid Applications

Lithium-ion (Li-ion) batteries are the most commonly used type of batteries in grid
applications in terms of total installed power capacity. Li-ion batteries accounted for
about 81% of all electrochemical storage in 2017 [18]. Compared to other common
battery technologies (such as Lead Acid), Li-ion batteries have greater overall
performance, providing higher power and energy density, efficiency, and relatively high
lifetime [19].

Another contributing factor to the popularity of lithium-ion batteries is their
decreasing costs. According to economic reports, the average price of lithium-ion
batteries has fallen by 89% since 2010, from $1100/kWh to $137/kWh [20].
Nevertheless, as of 2021, the volatile price of the metals utilized in the batteries’

cathodes can threaten this continuous decline [21].
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Figure 1.2. Lithium-ion battery cost trend.

Several subcategories exist within Lithium-ion batteries. These subcategories
mainly difference concerns the material used in the cathode manufacturing process.
Currently, many Lithium-ion batteries technologies are available: Lithium Iron

Phosphate (LFP/LiFePO4), Lithium Nickel, Manganese Cobalt (NMC), Lithium Nickel
4



Cobalt Aluminum (NCA), Lithium Cobalt Oxide-based (LiC002), Lithium Manganese
Oxide-based (LiMn204), among many others [19]. According to [22], Lithium Iron
Phosphate (LFP/LiFePO4) and Nickel Manganese Cobalt (NMC) are the current
mainstream options for storage applications and, together, are expected to make up 90%
of the storage market.

Typical parameters to assess battery performance are efficiency, power density,
lifetime, cost, and energy density. According to [19], [23], [24], NMC batteries have
greater power and energy density and higher efficiency when compared to LiFePO4
batteries. However, in terms of battery cycles, LiFePO4 batteries can have up to four
times greater lifetime when compared to NMC. Additionally, while [19] reports similar
costs for LFP and NMC batteries at around $300/kWh, market reports suggest that LFP
batteries are about 20-30% cheaper [25], [26], with the lowest price confirmed to be
around $80/kWh [20].

According to [27], between 2018 and 2020, NMC and LiFePO4 batteries
account for 60% and 11% of the safety incidents in electric vehicle applications. One
reason that can potentially justify the differences between NMC and LiFePO4 batteries
accidents is the thermal stability of the materials used in each technology. Battery tests
performed in [28] and [29] have concluded that the thermal stability of LiFePO4 is much
higher than that of NMC, which implies that LiFePO4 batteries ignite at much higher
temperatures. Given all the aforementioned characteristics of LiFePO4 batteries, many
researchers and engineers consider that this technology will continue to be the
mainstream option during the next decade [27]. Consequently, this dissertation focuses

on LiFePO4 batteries for all the battery-related tests and considerations.



Environmental concerns also arise while disposing of lithium-ion batteries.
Lithium-ion batteries should be recycled at a dedicated battery recycler: a facility that
receives batteries and separates components for reuse [30]. In [31], it is stated that only
6% of lithium-ion battery cells are being recycled, with the main focus on recovering
copper, aluminum, and cathode materials. Improvements in the recycling process are
required. However, it can be more challenging when manufacturers do not fully disclaim
the materials within the batteries [32]. Finally, an intermediate step before recycling
batteries would be repurposing them for different applications. A repurposing
possibility that has been gaining attention is the use of degraded vehicle lithium-ion
batteries in grid applications [33]-[35], which can delay the disposal of batteries while

also providing economic benefits.

1.2.2 Power converters

Power Electronic Converters (PECs) are the technology employed to interface
BESS to the electric grid [36]-[40]. Due to the decreasing cost of battery cells, the cost
of PECs is expected to become more relevant to the system’s overall cost. According to
[41], PECs already account for 28 to 35% of the cost of lithium-ion based BESS, thus
rivaling the cost of cells, which can vary from 35 to 46%. Given this economic scenario,
there is a continuous push for increasing the efficiency and reliability of PECs.

The connection of batteries to the electric grid can occur at both low voltage
(LV) and medium voltage (MV). LV networks have voltage levels defined as less than
1 kV, while MV levels are considered from 1 kV to 69 kV. In the literature, commonly
considered MV are 3.3 kV, 11 kV, 13.8 kV and 33 kV [37]-[39]. Since the battery is a

DC voltage source, a DC to AC voltage conversion stage is required for meeting the AC



utility grid voltage and frequency requirements. One of the most popular PEC

topologies utilized to interface BESS and the utility grid is the 2-Level Voltage Source

Converter (2L-VSC), shown in Figure 1.3.
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Figure 1.3. BESS integration to electrical grid through 2L-VSC DC-AC stage.

According to Figure 1.3, the batteries are connected in parallel to the DC-link

capacitor. Similarly, the 2L-VSC can be replaced by 3-Level PEC topologies, such as

the Neutral Point Clamp (NPC) and T-type, shown in Figure 1.4. Five-Level PEC

topologies are also found in the literature [42]-[44], providing further improved

harmonic performance to the detriment of increased costs and operational complexity.
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Figure 1.4. Examples of 3-Level converters: (a) T-type; (b) NPC.



After the DC-AC stage, the connection to the utility grid can be performed with
or without transformers. For LV networks, the operator may request LV-LV
transformers for galvanic isolation of the BESS [43]. For MV networks, commonly, an
LV-MV step-up transformer is utilized. However, a transformerless connection can also
be achieved through a series connection of semiconductor devices, as shown in Figure
1.5. By having multiple devices connected in series, the maximum blocking voltage
requirement can be reduced as the voltage across each device is only a fraction of the
DC-link voltage. However, the complexity of ensuring each device is turned on and off
synchronously by the gate drivers and the higher switching losses are disadvantages of

this solution [37].

3 | g spp

Figure 1.5. Series connection of semiconductors.

Considering a BESS connected to an MV network through a step-up line
transformer (380V-11 kV), a DC-link voltage requirement can be established close to
600 Vdc. Since a single Li-ion battery cell has voltage levels that vary from 3 to 3.7 V,
around 200-300 cells are required to be connected in series to meet the DC voltage
requirement [40]. More cells must be connected in series if considering transformerless
topologies. Figure 1.8 shows an additional DC-DC conversion stage that can be
introduced between battery and DC-link to reduce this requirement. The DC-DC
conversion stage boosts the voltage level of the batteries to meet the DC-link voltage
requirements. Various topologies are available for the DC-DC stage. The synchronous

boost converter, interleaved boost converter, and Dual-Active Bridge (DAB), shown in



Figure 1.7, can be listed as some of the most popular options because of their efficiency.
The latter has the additional benefit of a medium/high-frequency transformer, thus
providing galvanic isolation for the batteries and potentially replacing the bulky, costly,

and lossy line-frequency transformer.
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Figure 1.6. Dual Stage (DC-DC and DC-AC) BESS.
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Figure 1.7. DC-DC stage PEC possibilities: (a) Boost converter; (b) Interleaved Boost Converter; (c)
Dual Active Bridge Converter.

The connection of DC-DC PEC can also be modular. Connecting several battery
packs in series can be avoided by utilizing DC-DC stages for each battery pack. Figure

1.8 shows two scenarios for the modular connection: series or parallel-connected output
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[43]. Reliability improvement, system reconfiguration, and higher efficiency and power

density can be listed as potential advantages of this connection [43].
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Figure 1.8. Dual Stage (DC-DC and DC-AC) BESS.
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Another possibility to integrate low voltage battery packs into medium voltage
electrical grids is by utilizing a family of converters known as Modular Multilevel
Converters (MMC) [44]-[46]. The most common types of MMC are 1) the Single-Star
Bridge Cell (SSBC); 2) Single-Delta Bridge Cell (SDBC), which is also known in the
literature as Cascaded H-Bridge (CHB), and the 3) Double-Star connection, specifically
the Double-Star Chopper Cell (DSCC). The different topologies are shown in Figure
1.9.

In many published research papers, including those that initially proposed the
topology, the DSCC is referred to as simply MMC [47]-[49]. For convenience purposes,
this terminology is also utilized interchangeably with DSCC throughout the dissertation,

unless otherwise specified.
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Figure 1.9. Modular Multilevel Converter topologies. (a) SSBC. (b) SDBC. (c) DSCC.

Figure 1.9 highlights that the energy storage elements are distributed among the
different modules within this family of converters. Furthermore, these topologies are
highly efficient. In a study presented in [37], a 30 MW BESS is integrated into a 22 kV
electric grid. Five topologies are considered to interface with the grid: 2L-VSC, 2L-
VSC with transformer, 3-Level, DSCC, and SSBC. The same number of DC-DC
converters are considered for all topologies (for centralized topologies, the DC-DC
converters have cascaded output to form the DC-link). This study shows that the DSCC
and SSBC topologies have higher efficiency in all considered switching frequencies
(from 2 to 6 kHz). The DSCC has a slight advantage with efficiency higher than 98%
across all frequencies. The remaining 2L with transformer and 2L have efficiency lower

than 96% at its highest, while the latter drops to 91% at its lowest. The 3L topology also
12



has considerably high efficiency, with 96.5% in the high switching frequency scenario.
In terms of different outputted power, the DSCC also has the advantage when
considering outputted power greater than 0.4 pu. According to this study, the main
downfall of the MMC topologies is the capacitor requirements. Specifically, the MMC
topologies require large capacitors to endure the harmonic oscillations in instantaneous
power [37].

Because of high modularity, another critical advantage of the MMC is the fault-
tolerant operation. Whenever a module fails, it can be removed from the process without
impacting the system’s operation by bypassing them [50], [51]. Finally, as the number
of levels of the voltage synthesized by the converter increases with the number of
modules, the MMC topologies have an overall much lower harmonic content when
compared to 2L and 3L topologies. Given the listed advantages, this dissertation focuses
on using the MMC topology as the DC-AC conversion stage between batteries and the
utility grid. It must also be highlighted that the DC-DC bidirectional stage can be
implemented in each module of the MMC, thus allowing even lower voltage batteries

to be connected to the electrical grid.

1.2.2 Review of MMC operation

The MMC is comprised of n modules per arm, each containing a DC-link element
(capacitor or battery energy storage element) and a half-bridge (chopper cell). Figure
1.9 shows an MMC with ideal voltage sources across each module. The voltage across
the DC-link is Vy./n.

There are four modes of operation for the MMC module assuming the use of IGBT

technology switches:
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e Current flows out of the module, and the upper switch is on: the DC-link
discharges (Figure 1.11(a)).

e Current flows out of the module, and the upper switch is off: the module is
bypassed (Figure 1.11(b)).

e Current flows into the module, and the upper switch is on: current flows
through the diode and the DC-link is charged (Figure 1.11(c)).

e Current flows into the module, and the lower switch is on: the module is

bypassed (Figure 1.11(d)).
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Figure 1.10. Basic MMC with ideal voltage source as DC-link for each module.
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Figure 1.11. Modes of operation: (a) S1 on, current out; (b) S2 on, current out; (¢) S1 on, current in;
(d) S2 on, current in.

From Figure 1.10, the voltage across the upper and lower arms are

no di (t
vuak (t) = Z [S;’k ’ v%] * Larm “;t( ) + Rarmiu,k (t)
Jj=1

u

(1.1)

u,k

and

n di (t)
\% N .
vl,k (t) = Z [slj,k ’ %] + Larm l(;t + Rarmll,k (t) ’
J=1

Uy

(1.2)

where the subscripts u and 1 indicate upper and lower arms, respectively; the subscript
k indicates phase (a, b or c). The superscript j indicates the module number. The
constants L., and R, indicate arm inductance and resistance, respectively. The
variable s whether a module in a specific phase and arm is connected or bypassed;
therefore s assumes either the value 0 or 1. The variables u, ;(t), u;,(t) are the
voltages synthesized by all inserted modules in the upper and lower arms of a specific

phase. Finally, v, (t), v, (t) are the voltage across the upper and lower arms.
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Figure 1.12. Single-phase representation of MMC.

In the paper where this topology is proposed [48], a single-phase representation
is used to understand the output voltage of the MMC. The model is shown in Figure
1.12, from which Kirchhoff's Voltage Law (KVL) can be applied to obtain two

expressions. The resulting expressions are

Vd,
<=u ()+L
2 u,k() ‘arm

di, . (2) .
dt + Rarmlu,k (t) + vcnnv,k (1 3)

and

diy (1) :
dt + Ra"mll,k (t) - vcnnv,k - (1 '4)

Va
—~=u,, (H+L
2 l,k() arm

From the current dynamic analysis presented in [48], the upper and lower arm

currents are

iu,k = 7’ + icirc,k (1 5)
and
. ig,k .
ll,k - _7+ lcirc,k f (1 6)
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where the subscript g indicates grid and circ indicates circulating current. These
variables are inherent in the operation of the MMC. They are commonly used to describe
the two degrees of freedom of the converter. The first degree of freedom relates to the
operation of the MMC with the AC utility grid through the grid currents. The second
degree of freedom is the current that circulates among the different phases of the
converter, or simply the circulating current. Assuming the grid current direction
indicated in Figure 1.10, the expression relating the AC utility grid side to the converter

terminal is

v

conv,k

di,, )
:vg,k+LT7+RTlg‘k’ (17)

where the Ly and Ry are the total lumped inductance and resistance in the system

(addition of filter and grid). Note that for simplification purposes, iyc grig 18 simply
written as iy. Substituting (1.5), (1.6) and (1.7) into (1.3) and (1.4), and then both adding

and subtracting the resulting equations, leads to

dicil‘ck .
Ve =y +u,  +2L —+2R, i (1.8)

arm arm " cire,k
dt

and

di,, ' di,, .
O=w,, —u,, +L,, o +R,, 1 —2v,, +2L, ” +2R0, ;- (1.9)

The results shown in (1.8) and (1.9) highlight that first-order differential equations
govern both the circulating current and grid current. Furthermore, based on the
superposition principle, the control variables u,;, and u,  are used to independently
control the current components. Particularly, the additional degree of freedom related

to the circulating current can be exploited to transfer power between different modules
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to achieve several objectives, such as balancing the state-of-charge (SOC) of batteries
and power balancing strategies. Specifically, the circulating current can be used to
exchange power between the different phases and arms of the MMC, as shown in Figure
1.13. The additional degree of freedom is fully utilized throughout the dissertation when
proposing novel power balancing and SoC balancing techniques under specific

scenarios that are described in the following chapters.
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Figure 1.13. MMC power exchange.

1.3 Research Contributions

This dissertation focuses on different aspects of a BESS-MMC operation. The
research contributions vary from an analysis at the battery level to the system level,
highlighted in different colors in Figure 1.14. The research contributions are
summarized below:

o At battery level: A novel methodology to estimate the equivalent circuit

model parameters (ECM) of an LFP battery focusing on their use in grid
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applications is presented. The parameters dependency on the state-of-charge
(SoC) and the temperature are included. Correlation between parameters and the
SoC is obtained through polynomial regression, with the goodness of fit
measured by the coefficient of determination (R?). Comparisons with classical
approaches are drawn and showcase the accuracy of the proposed model. In
addition, the battery cells are degraded based on the grid frequency regulation
profile, aiming to identify the parameter value change over the battery usage.
Identifying battery parameters, specifically its impedance, is helpful for fine-

tuning control gains and designing circuit parameters in Battery Energy Storage
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Figure 1.14. Dissertation contributions.
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. At the MMC module level: Determining the sizing of the module’s DC-
link capacitor is of crucial importance for the safety and operational purposes of
the BESS-MMC. A mathematical analysis is carried out in which the intrinsic

relationship between battery impedance parameters, bidirectional converter
controller, battery current ripple, and module’s DC-link voltage fluctuation is
fully exposed. Based on this relationship, the sizing of the DC-link capacitor can
be found based on any configuration of MMC, irrespective of power and voltage

level and the number of modules integrated.

o At BESS-MMC (including AC grid) level: Fault-tolerant and
asymmetric (concerning the number of modules in the MMC) operation of the
BESS-MMC is proposed in this thesis. The first scenario considers the
continuous operation of the BESS-MMC during an asymmetric AC grid fault,
which leads to asymmetric grid voltages. Because of the modular connection of
batteries, power balancing is required to avoid power unbalance between the
three phases of the converter, thus hindering phase SoC asymmetry.
Additionally, if the phase SoC already has deviation during the grid faults, the
battery charge must be balanced to prolong the operation during the adversity.
The proposed strategies take the batteries’ power limits as an input to avoid their
overuse and triggering protection mechanisms. Asymmetric power available in
each arm and phase is considered within the MMC in the second scenario. Given
the symmetric operation with the grid, to inject the maximum power available,
a novel strategy is proposed making use of power exchange between the

different phases and arms.
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o At Hybrid Microgrid level: Utilization of the MMC-BESS as an
interlinking converter (IC) between the utility grid (or AC microgrid in grid-
disconnected mode) and DC microgrid is proposed. With the MMC-BESS as
IC, the topology’s two degrees of freedom can be used to their full potential, i.e.,
achieving decoupled operation between AC and DC grids. This is possible
because the circulating current is responsible for regulating the DC grid voltage
while depending on the availability of the utility grid, the grid current control is
used to either regulate AC grid frequency and amplitude (grid-disconnected) or
any grid following operation (e.g., PQ control). This operation allows the
resources connected on both AC and DC sides to operate in the grid following
mode since the references are set either by the IC or the utility grid. Finally,

power management strategies are proposed and discussed thoroughly.

1.4 Dissertation Outline

The dissertation is organized as follows:
1. Chapter 2 presents a state-of-charge (SoC) dependent equivalent circuit model (ECM)
for LiFePO4 batteries based on statistical data obtained for a BESS providing grid
frequency regulation. The dataset is obtained using an experimental setup with LiFePO4
battery cells, Arbin’s battery testing unit, and a thermal chamber. Furthermore,
accelerated aging tests are performed based on grid frequency regulation profile at
temperatures near the safety operational limit of LiFePO4 batteries. In addition to the
previously mentioned setup components, Gamry’s galvanostat is used for

electrochemical impedance spectroscopy (EIS) analysis. Results showcase the
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appropriateness and accuracy of the proposed model and the impedance change of
batteries over time.

2. Chapter 3 presents an analysis of the BESS-MMC with interfacing bidirectional
converters for each modular-connected battery. Battery current ripple reduction
requirements and implementation are obtained through digital filter-controller
combinations without degrading the loop performance in terms of gain crossover
frequency and phase margin. The chapter also presents the mathematical analysis to
identify the MMC capacitor sizing. Results are validated through Controller Hardware-
in-the-loop (C-HIL) results within the Typhoon HIL environment and using Texas
Instruments Digital Signal Processors (DSPs).

3. Chapter 4 presents the operation of BESS-MMC under grid voltage asymmetry. Both
power balancing and SoC balancing schemes with well-defined battery power limiters
are presented. Furthermore, the proposed operation of the BESS-MMC with asymmetric
power available in each arm and phase is also presented. C-HIL results are obtained for
validation of the proposed strategies.

4. Chapter 5 presents the operation of the BESS-MMC as a salient feature of a hybrid
DC/AC microgrid, i.e., as an interlinking converter between microgrids. Control
strategies to highlight system resilience, decoupling effect between grids, and the power
balancing strategies for both operating modes, are proposed and validated through
Typhoon HIL results.

5. Chapter 6 summarizes the dissertation contributions, highlighting the principal

features. The thesis is concluded after briefly discussing the future scope of research.
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2. BATTERY IMPEDANCE PARAMETER ESTIMATION FOR

GRID APPLICATIONS

2.1 Introduction

In Chapter 1, the current trends in BESS for grid applications are discussed.
Further, Lithium-ion batteries, more specifically, LiFePO4, have been identified as one
of the most commonly employed technologies for power exchange with the grid. The
reason relates to its higher energy and power density compared to other technologies
such as lead acid, nickel cadmium, nickel-metal hydride, etc. [52]. Furthermore, Li-ion
batteries have extended life cycle capability. The combination of these characteristics
makes Li-ion batteries highly desirable in grid energy storage and numerous
applications such as portable electronics - laptops and smartphones, cordless power

tools, and electric vehicles (EVs) [53].

Obtaining battery models is a fundamental step for the implementation of PEC
controller design, DC-link capacitor/filter sizing, and Battery Management Systems
(BMS). The latter can also be used for State-of-Charge (SOC) and State-of-Health
(SOH) estimation. Battery models can be an electrochemical model (EM) or an
electrical equivalent circuit model (ECM) [54]. Though EM is highly accurate, it is more
complex and requires high computation to implement in real-time applications like
BMS [54]. Nevertheless, there is a continuous effort to minimize the computational
burden of such models as BESS are usually expensive and large, and any improvement
can lead to economic gain [55]. ECM with simple electrical circuit components is an

excellent alternative to EM for real-time applications and real-time emulator platforms.
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However, the accuracy of ECM is highly dependent on the tested load profile. Hence, a
model deemed accurate for a particular load profile may not have the same accuracy

when used with a different load profile [55].

ECM parameters estimation can be divided into offline and online methods [56].
Offline methods use archived data to estimate the battery parameters, while online
methods find the battery parameters in real-time. The offline method's limitation is the
need for the load profile for the estimation, while the online method requires higher
computational power and storage. Furthermore, although there is continuous research
on the use of different algorithms for online estimation, the stability, robustness, and

computational cost is still a challenging task [57].

The load profile is a critical aspect of characterizing the battery. For EV
applications, numerous load profiles can be used to characterize the battery, such as the
urban dynamometer driving schedule (UDDS) [58]. However, the load profiles for the
grid energy storage applications are different from that of the EV applications [59]. In
[60], a statistical data profile over a 3-year usage of a IMW Battery Energy Storage
System (BESS) is assessed. This chapter utilizes this statistical information to obtain a

load profile for grid energy storage applications.

The parameters obtained for the ECM through the load profile can be dependent
on the C-rate (magnitude of the current), the SoC, and the temperature. Genetic
algorithm-based parameter estimation has been utilized to identify the ECM parameters
with SoC dependency [61]. However, the correlation between the parameters and SoC
using this methodology could not be represented by a simple linear curve. In [62], the

ECM is identified as a “lumped parameter model,” in which the parameters are
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correlated with the SoC and C-rate. However, the temperature is not considered. In
[63], the parameters are identified using an iterative method based on the computation
of the linear-parameter-varying state-space model. However, the results fail to converge

and might result in instability.

In this chapter, an offline methodology that utilizes the load profile data,
containing a range of C-rates, for obtaining ECM parameters that are dependent on
temperature and SoC is proposed. To ensure the uniqueness of the solution, subspace
identification has been used [64]. The parameter dependency on SoC is represented by
a trend curve obtained using polynomial regression. Finally, two models are derived,
one with SoC-dependent parameters and another with SoC-independent parameters.
The experimental results for the proposed and conventional methods are discussed in
detail. In addition, accelerated aging tests are performed at high temperatures to estimate
the ECM parameter variation over the battery lifetime. The tests consist of continuously
imposing a load profile (in this case, grid frequency regulation) over an extended period.
Obtaining the maximum variation of the ECM parameters can be helpful in the design

of components in BESS-MMC (e.g., capacitors) and control gain parameters.

2.2 Proposed SoC-dependent Equivalent Circuit Modeling

2.2.1 Equivalent Circuit Model

Equivalent circuit models (ECMs) are empirical models derived with a reduced
number of battery parameters. ECMs have gathered attention for their simplicity and
accuracy. The most common ECMs comprise a DC-voltage source (V,., i.e., open-

circuit voltage), a series resistance (7;;,;) to represent the ohmic drop in the battery cell,
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and a series connection of multiple parallel r¢ components. The time constant of a
parallel rc is given by T = rc. ECMs differ by the number of r¢ pairs considered. In
this chapter, two of the most popular ECMs are considered: one based on a single rc
pair configuration and another based on two rc¢ pairs. The single ¢ model, also called
the “first-order r¢ model,” is one of the simplest ECMs used to characterize battery
behavior. The double ¢ model is widely known as the “second-order rc model” in the
literature. The rc pairs for the second-order model (usually one with a short transient
time and another with a long transient time) are sometimes associated with the charge
transfer and diffusion electrochemical effects of the Li-ion battery. However, since
ECMs are only empirical models and not electrochemical models, the rc pairs cannot
be associated with any specific electrochemical effects [65]. Instead, the rc pairs can be
seen simply as an emulation of the overall polarization effect of the terminal voltage

when subject to a specific load. Figure 2.1 shows the general ECM configuration.
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Figure 2.1. Battery equivalent circuit model.

The discrete-time state-space equations of the cell model are

SOCiiq [1 0 SOCk —nAt/Qrom
Viksr | _ 10 e Ticx Vlk (1 — e~At/me) |

ol o o 5 pat  (2.1)
Vnk+1 0 0 Tnfn 1, (1 — e~At/men)
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and

Vt,k+1 = I/OCR(SOC) - Tint(SOC)Ibatk = Vi == Vi (0), (2_2)

where the subscript k and k + 1 represent the k™ and (k+1)™ samples, respectively, V,
is the voltage across the n'" rc¢ pair, At is the sampling time, V; is the terminal voltage
of the cell, Q0 1s the nominal capacity of the cell, I;,; is the battery current, ;, and
cy, are the respective resistance and capacitance values of the nth rc¢ pair. As mentioned

previously, a single rc pair ECM (n=1) and a two rc pair ECM (n=1,2) are considered.

The ratio between discharge capacity and charge capacity can also be taken into
consideration in ECM. This ratio is known as coulombic efficiency and is represented
by the variable 7 in (2.1) [65]. The coulombic efficiency varies with the cell chemistry
and the temperature. However, the experimental results in Section 2.3 have shown that
this value is found to be near unity. The ECM parameters are usually assumed as a
constant value for simplicity. However, the parameters are needed to be considered as
a function of temperature and open-circuit voltage for increased accuracy. The tests
need to be performed under different temperatures to obtain the temperature-dependent

parameters.

Most ECMs, such as the models analyzed in the comparative work presented in
[54] do not take into consideration the parameters’ dependency on the SoC and the C-
rate. The C-rate is the rate at which the battery is discharged relative to its maximum
capacity. For example, a battery with a capacity of 3.3Ah has C-rate 1C = 3.3 A.
References [61]-[63] show the effect of the C-rate and the SoC on battery parameters.

This can be visualized from equation (2.1), where the parameters can be considered as
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constant values (e.g., 7y, = Rine) Or varying with respect to SoC (e.g., i = f(S0C))

or with both SoC and C-rate (e.g., f(SoC, C — Rate)).

2.2.2 Performed Tests

Two different tests need to be performed to obtain each parameter of the ECM:
a static test and a dynamic test. The static test is carried out to obtain the open-circuit
voltage (Voc) as a function of the SoC, while the dynamic test is carried out to obtain
the parameters of the ECM.

The static test is performed by following the procedure presented in [65]. Under
this procedure, the battery is slowly discharged (the discharge is done with a constant
current profile at a C/30 rate) from its initial fully charged state until it reaches the
minimum voltage specified by the manufacturer. The low C-rate makes the polarization
effect to be minimal in scale. Similarly, the battery is slowly charged at a C/30 rate from
its initial discharged state until it reaches its maximum voltage specified by the

manufacturer.

To ensure that the battery is fully charged or discharged, the polarization effect
has to be entirely eliminated. This can be achieved by applying a dither voltage signal
at the battery terminals, as shown in Figure 2.2. The dither voltage signal is a repetitive
frequency sweep with a peak-to-peak amplitude of 20 mV over the manufacturer’s

specified discharge and charge voltage limits.

The static test provides two open-circuit-voltage versus SoC curves: one curve
during charging and another curve during discharging. These curves are combined to

obtain a single curve that represents the relation of the open-circuit voltage and the SoC.
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Figure 2.2. Dither signal for SoC calibration.

In this work, this test is repeated for three different sets of temperatures.
According to the manufacturer’s specification, the LFP battery should operate with
maximum temperature of 45°C [66]. Considering the static operation of the battery (grid
energy storage), it is feasible that a robust thermal management system can be employed
to maintain the battery within safe temperature range [67]. Therefore, for this test, the
chosen temperatures are 15°C, 25°C and 35°C. Figure 2.3 shows the result of the static

test.

The dynamic test requires a dynamic load profile that must be representative of
the grid energy storage application for obtaining parameter values that will yield more
accurate results. The dynamic profile presented in Figure 2.4 is repeated for the cell at
different SoCs (beginning from 90% down to 20%, with a 10% SoC step). The dynamic
profile is obtained through three-years statistical data of a BESS [60]. The data suggests
that most of the current pulses have a duration of less than 10 seconds, while their
current amplitude varies with an average maximum value of C-rate 3C. Similar to the
static test, the dynamic test is performed at three different temperatures (15°C, 25°C and

35°C).
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Figure 2.3 OCV-SoC relation at different temperatures.
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Figure 2.4. Dynamic load profile for a given SOC.

2.2.3 Lumped Parameter Model (Methodology 1)

The first methodology considered to calculate the ECM parameters is presented
in [62]. The model considers only a single rc pair in series with the internal resistance
1... The parameters can be calculated directly from a pulse profile. Figure 2.5 illustrates

a pulse profile voltage response from which the parameters are obtained.
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Figure 2.5. Terminal voltage rise/drop for a given pulse.
Using this methodology, the internal resistance is

AV,

_)
Ibat

(2.3)

Tint =

where AV, is the voltage jump caused by the applying current pulse and I, is the

amplitude of the pulse. The resistance r, of the rc pair is

AV, + AV,
n=—"""""Tn (2.4)

Ibat

where AV; + AV, is the voltage difference at the end and beginning of the pulse. The
capacitance of the rc is calculated during the relaxation period. The approach in [65] is
implemented, where the relaxation period (the time period until the next pulse appears)

is used to calculate the time constant, and, consequently, the capacitance value is

c = Atrelax
1T 4R, (2.5)
where At,.,;,, 15 the relaxation period in seconds.
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With this methodologys, it is possible to calculate the parameters for every pulse
at every SoC. As such, for each pulse application, it is possible to obtain the correlation
between the parameters and the SoC, and the correlation between the ECM parameter
and C-Rate. A detailed study on the results using this method is discussed in Section

2.3.

2.2.4 Subspace Identification Method (Methodology 2)

The second methodology considered to calculate the ECM parameters is based
on the subspace identification technique [64]. This technique uses linear algebraic
operations (such as singular value decomposition (SVD)) to identify the parameters
based on the input/output information under the load profile. For the battery
characterization, the input is the battery current and the output is the terminal voltage.

The steps to obtain the parameters are briefly described as follows:

1) Based on the load current and terminal voltage sample vectors, Hankel
matrices are formed.

2) Using the projection of the matrices and SVD, the order of the system and
state sequences are determined.

3) Least squares method is used to obtain the numerical value of the state-space
matrix of the system, from which the ECM parameters can be directly computed.

A detailed mathematical analysis and derivation of the subspace identification
can be referred in [64]. This technique has become quite popular for applications across
different engineering areas, and its implementations are available in Python and

MATLAB libraries.
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2.2.5 Proposed Methodology (SoC-dependent parameters)

A new approach to the subspace identification method has been applied by
considering separate datasets for different SoCs. Instead of having a single value for
each parameter in the ECM, different sets of parameters for each SoC are identified.
Hence, multiple ECMs that would accurately represent the battery behavior under
specific SoC are derived. The correlation between the parameter values and the SoC can
be described by a simple polynomial function (a quadratic function is considered). The

ECM parameters are function of the SoC and described as follows:

Tint (S0C) = Tingz X (SoC)* + Tinga X (S0C) + Tine o) (2.6)
1,(S0C) = 12 X (S0C)* + 17,1 X (S0C) + 13,9,, 2.7)

and
cn(S0C) = cypy + (S0C)? + ¢y X (S0C) + Cpp. (2.8)

From the above previous equations, 7i,:(S0oC), 1,,(SoC) and c¢,(SoC) are the SoC-
dependent parameters, which are described by a quadratic function. The coefficients are
obtained through polynomial regression. The quadratic function is chosen, and the

fitness of the function is analyzed in the following section.

2.3 Experimental Results

The experimental tests are conducted using the Arbin battery testing unit
LBT22023. Since three different temperatures are considered (15°C, 25°C and 35°C),

the TestEquity temperature chamber model 123C is also employed to soak the battery
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to the predetermined temperature. The experimental setup is shown in Figure 2.6(a). The
Li-ion iron phosphate cell 26650 from Dakota Lithium, shown in Figure 2.6 (b), is used
for the tests performed. Table 2.1 indicates the specifications of the cell provided by the

manufacturer.

Battery Test Unit

(@) - (b)

Figure 2.6. Experimental setup: (a) Battery testing unit and thermal chamber; (b) Batteries under test.

Table 2.1 Lithium-ion Iron Phosphate Cell Specifications

Parameter Specification
Nominal Capacity 3.4 Ah
Nominal Voltage 32V

Discharge Cut-off Voltage 2V
Charge Cut-off Voltage 3.65V
Max. Discharge Current 99 A

Max. Pulse Discharge Current 5C
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The first methodology is used to investigate the dependency of the battery
parameters on the C-rate and the SoC. The calculations are done for every pulse in the
load profile. For this test, the ambient temperature of 25°C is considered. The battery
parameter r;,, as a function of SoC for different C-rate is shown in Figure 2.7. The
battery parameter r;,, as a function of C-rate for different SoC is shown in Figure 2.8.
It can be inferred from Figure 2.7 and Figure 2.8, that the obtained r;,,, values are closely
confined within a region of 5 mQ. Figure 2.8 shows that the variation of r;,, as a
function of C-rate cannot be tracked by lower-order polynomial regression. These
results contrast with the one obtained for r;, in Figure 2.9 and Figure 2.10. In this case,
it is observed that the variation of this parameter both as a function of SoC and as a

function of C-rate can be described by a correlation curve.
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Figure 2.7. r;,,; variation as a function of SoC for different C-rate at T=25°C using methodology 1.
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Figure 2.8. r;,,; variation as a function of C-rate for different SoC at T=25°C using methodology 1.
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Figure 2.9. r; variation as a function of SoC for different C-rate at T=25°C using methodology 1.
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Figure 2.10. r; variation as a function of C-rate for different SoC at T=25°C using methodology 1.

The methodology 1 requires the calculation of every single parameter for all
possible pulses, which illustrates the change of parameters under different scenarios.
However a methodology that can find a single solution is more attractive with respect
to battery modelling. This can be achieved with the methodology 2.

The values of r,,, and r; parameters of the battery using methodology 2 and the
proposed method are shown in Figure 2.11. The results for different temperatures are
also presented in Figure 2.11. Using polynomial regression, a quadratic function is
obtained to describe the correlation between the parameters and the SoC. To quantify
the described function for parameter change, the coefficient of determination, known as
RZ2, is used. In the worst-case scenario, the quality of the fitting is found to be R? =
0.86, using this methodology, while the best case fit is found as R? = 0.86. This
indicates that the parameter values calculated based on the experimental results at

different SoC are found to be near the trend line obtained.
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Figure 2.11. Proposed methodology SoC and ECM parameters correlation.

The measured terminal voltage during the dynamic test is shown in Figure 2.12.
The terminal voltage estimated by methodology 2 and the proposed method for 90%,
50% and 30% SoC, along with measured voltage, are shown in Figure 2.13, Figure 2.14

and Figure 2.15, respectively, at T=35°C.
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Figure 2.12. Battery terminal voltage obtained for complete load profile at 35°C.

The transients shown in Figure 2.13(a), Figure 2.14(a) and Figure 2.15(a) are for
the discharge and charge pulses with an amplitude of 2C. The transients shown in Figure
2.13(b), Figure 2.14(b) and Figure 2.15(b) are for the 10% discharging period. The
model considered for this analysis is comprised of a single rc pair. From Figure 2.14(b)
and Figure 2.15(b), it can be observed that the SOC-dependent model has better
estimation of the terminal voltage during the discharge periods. Furthermore, for the 2C

pulse transient, the SoC-depent model has shown to be more accurate in all scenarios.
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Figure 2.13. Terminal voltage estimation at 35°C and 90% SoC: (a) 2C-Pulse (b) Discharging period.

39



38 3.5 T r T
=—Terminal voltage =—Terminal voltage
= =1RC Model 3 45 L= =1RC Model
36 = =1RC-50C Model = =1RC-50C Model
7 34
s34 =
o Py
= - - =}
= 8
232 £
3 LY
3.15
2.8 - : . 31 . - * .
3.03 3.04 3.05 3.06 3.07 31 32 3.3 3.4 3.5
Time (hours) Time (hours)

(@) (b)

Figure 2.14. Terminal voltage estimation at 35°C and 50% SoC: (a) 2C-Pulse (b) Discharging period.
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Figure 2.15. Terminal voltage estimation at 35°C and 30% SoC: (a) 2C-Pulse (b) Discharging period.

Finally, assuming the whole dataset, the root-mean-square error (RMSE) as the
main metric is used to assess the accuracy of the model. This value needs to be as low
as possible to estimate SoC and SoH accurately. Another comparison metric is the
instantaneous peak error (PKE). The PKE, essentially, indicates the worst-case scenario

terminal voltage estimation error obtained through the whole dataset. The PKE occurs
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during the pulse train in the dynamic test.Table 2.2 summarizes the RMSE and PKE of
the terminal voltage for the model obtained using methodology 2 and the proposed
modification with SoC-dependent parameters. In addition to the results shown in Figure
2.13 through Figure 2.15, where only single r¢ models were considered, quantitative

results for models with 2 rc pairs are also obtained and shown in Table 2.2.

In the best-case scenario, the RMSE obtained for the proposed SoC-dependent
models are 8.3 mV (single rc) and 7.3 mV (double rc). This happens for the test with
temperature T=35°C. The addition of the rc pair reduces the RMSE by 1 mV. The
RMSE obtained for the proposed method is approximately 50% lower than that of the

methodology 2 (17.6 mV, for single rc and 14.4 mV for double rc).

Table 2.2. Lithium-ion Iron Phosphate Cell Model RMSE and PKE

Model
Error
IRC 2RC IRC-NL 2RC-NL
T=35°C
RMSE 17.6 mV 14.4 mV 8.3 mV 7.3 mV

PKE 109.7 mV 96.7 mV 57.5mV 57.5mV

T=25°C

RMSE 23.3 mV 18.8 mV 9.9 mV 8.4 mV

PKE 148.7 mV 132.7 mV 86.3 mV 84.7mV

T=15°C

RMSE 35.5mV 30.3 mV 15.5mV 13.1 mV

PKE 2283 mV 2199 mV 133.7 mV 134 mV
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It can be concluded that the inclusion of the SoC correlation in the ECM can
greatly increase the overall accuracy of the model. The highest RMSE obtained for the
proposed method occurs at T=15°C with 15.5 mV (in case of single ¢ model) and 13.1
mV (in case of double r¢ model). Finally, the SoC-dependent models also reduce the
PKE by a large margin (from 109.7 mV to 57.5 mV for the single r¢ model). However,
it is observed that further addition of the r¢ pair does not decrease the PKE significantly,

as when compared to the single r¢ model (they are almost the same).

2.4 Accelerated degradation test

The LiFePO4 batteries considered in this dissertation have a lifetime that can
last for years, which makes it challenging to obtain desired information regarding the
degradation behavior of the battery within a reasonable timeframe [68], [69]. To
circumvent this issue, accelerated ageing tests can be employed, where specific stress
factors are imposed to the battery. Specifically, the main stress factor to achieve faster
degradation for batteries is the temperature. Other commonly considered stress factors
are SoC at which the battery is stored, SoC swing and pulse amplitude (C-Rate) [70].

In the following subsection, accelerated life tests for LiFePO4 batteries under
frequency regulation mission profile is performed. Trend curves for capacity fade
(degradation) under different stress factors, and specific battery parameter changes over

time are obtained.

2.4.1 Load profile and degradation test setup

A load profile based on a frequency-regulation application of an energy storage

system, presented in [71], is utilized. The profile is normalized in power and presented
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over a 24-hour period. The dataset suggested in [71] is based on real data obtained over
one year and provided by PJM Interconnection. A 24-hour standard deviation was used
to measure the aggressiveness of the profile. Each profile was categorized into days with
low, average, and high standard deviations. Based on the 24-hour profiles, 2-hour
representative load profiles are obtained with low, average, and high standard deviation.
As suggested by [71], a 24-hour profile is obtained by considering three 2-hour average
profiles, one 2-hour high deviation profile, three 2-hour average profiles, one 2-hour
high deviation profile, and four 2-hour average profiles. It is important to highlight that
all profiles are energy neutral, which means that the SoC is retained back to its original
value (assuming coulumbic efficiency near unity) after the two-hour cycle. The overall
standard deviation of the profile obtained is 0.4. Figure 2.16 shows the implemented

load profile for the battery degradation.
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Figure 2.16. Degradation load profile as suggested.
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To achieve accelerated aging of the LiFePO4 batteries, cycling tests are
performed at high temperatures (Tmax=43°C). Furthermore, the maximum C-rate
selected is 1C. These temperature and C-rate values are chosen as per the manufacturer’s
specifications.

Besides temperature, SoC is also considered a stress factor. Since the load profile
is energy neutral, the SoCs deviate around specific preset values. Three preset SoC
values of 75%, 50%, and 25% are chosen. The batteries are soaked in a Yamato
DVS602C drying oven at the selected temperature, while the Arbin LBT22023 battery
testing unit is used to cycle the batteries with the chosen load profile. The batteries are
soaked in a Yamato DVS602C drying oven at the selected temperature, while the Arbin
LBT22023 battery testing unit is used to cycle the batteries with the chosen load profile.

The battery test setup is shown in Figure 2.17.

Figure 2.17. Battery test setup for degradation tests.

The list of batteries under test and stress factors can be summarized below:
J Battery 1: Aggressiveness: Standard deviation of 0.4, base SoC 75%,

temperature 43 °C.
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o Battery 2: Aggressiveness: Standard deviation of 0.4, base SoC 50%,
temperature 43 °C.
o Battery 3: Aggressiveness: Standard deviation of 0.4, base SoC 25%,

temperature 43 °C.

2.4.2 Accelerated degradation test results

After eight 24-hour cycling periods, a performance check is completed.
The performance check comprises of capacity test and Electrochemical Impedance
Spectroscopy (EIS) test, which is performed by the Gamry potentiostat/galvanostat,
shown in Figure 2.17.

The capacity test is performed at ambient temperature (25°C) to obtain a trend
curve to describe the capacity fade under different stress factors. The obtained values
are then utilized to estimate the remaining useful life of the battery.

The EIS tests are performed both at 43°C and at ambient temperature. The EIS
tests are performed to track the impedance changes of the battery after each degradation
cycling period. Specifically, ECMs are designed based on the EIS results, from which
the internal resistance of the battery is estimated. The internal resistance is of crucial
importance since it determines the battery power capability and can be correlated to
battery capacity fade [68], [70]. Within the scope of this dissertation, this impedance
information is useful for designing circuit parameters of the BESS-MMC and, since the

battery impedance is part of the system’s plant, optimization of controller parameters.
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2.4.2.1 Capacity fade results

The tests are performed during a period equivalent to 120 days (4 months).
Figure 2.18 shows the capacity fade for the different batteries. Each horizontal division

of Figure 2.18 is equivalent to 8 days.
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Figure 2.18. Capacity fade obtained for the batteries under test.

Similar to the findings presented in [72], batteries that are stored or operated at
higher SoC levels degrade faster. This behavior is due to the relationship between
electrode potential and the rate of parasitic side reactions. Since the battery has a higher
voltage at higher SoCs, the parasitic reactions also increase, leading to faster
degradation [73]. The maximum degradation obtained over the period under test is 5.3%
for SoC = 75%, while the minimum occurs for SoC = 25% with 3.4%. Even though the
batteries are under increased stress conditions, the degradation rate is considerably low
because of the more realistic load profile. In [72], more aggressive profiles are
considered, in which case the batteries are able to degrade at faster rates. However, the
profile is based solely on charging and discharging pattern that does not necessarily

follow a specific application. The capacity fade to determine the end of life (EOL) of
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the battery is a design parameter. An arbitrarily chosen value, but commonly considered
in the literature, is a capacity fade equivalent of 20% [72]. This EOL criterion is based

on the criterion used in electric vehicle applications [74], [75].

2.4.2.2 Internal resistance change

The internal resistance is obtained through the EIS dataset. After every eight
days, Gamry Instruments Interface 1010E galvanostat performs an EIS test to obtain the
frequency response of the bode plot. The galvanostat excites the battery by injecting an
AC current, thus obtaining the battery voltage as an output. Furthermore, the galvanostat
performs an AC frequency sweep. Thus, the battery impedance can be obtained across
a predetermined frequency spectrum. In this test, the frequency range considered is from
10 kHz to 10 mHz. The amplitude of the galvanostat current is chosen as C/5, with the
intent to avoid triggering non-linear behaviors of the battery [65].

Two-RC models are implemented within the Gamry Echem Analyst
environment. The battery impedance parameters are obtained using simplex solvers
based on the EIS dataset. The internal impedance increase is shown in Figure 2.19. Note
that to compress the data, the increase is shown for every 32 days (i.e., the results are
shown after four 8-day degradation tests). The battery internal resistance increase
follows a similar pattern to that of the capacity fade. Therefore, the battery with the
highest capacity fade also experiences the highest internal resistance increase (up to
11.5% after degradation of 5.3%). When considering an EOL of 20%, the internal
resistance of the battery can increase up to 80% [70]. Table 2.3 compiles the actual

values obtained for the internal resistance during the test.
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The results obtained are for a single LiFePO4 battery cell. When considering a
battery pack comprised of several series-connected cells, a comparable internal
resistance increase occurs. More details regarding the use of the battery impedance

information are presented in Chapter 3.

Internal Resistance Increase (25°C)
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Figure 2.19. Internal resistance increase.

Table 2.3. Internal resistance value during degradation test

SoC 75 SoC 50 SoC 25

Initial 30 mQ 30.0 mQ 29.7 mQ
Month 1 31.2mQ 30.9 mQ 30.7 mQ
Month 2 34.0 mQ 32.5 mQ 32.0 mQ
Month 3 37.4 mQ 34.5 mQ 33.6 mQ
Month 4 41.6 mQ 36.9 mQ 35.5 mQ
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2.5 Conclusions

This chapter proposes a new offline methodology to obtain SoC dependent
battery parameters for grid energy storage applications. Using the subspace
identification technique, the proposed method correlates the SoC and the battery
parameters under different temperatures. The SoC-dependency is well described by a
trend curve obtained by the polynomial regression. In the worst scenario, the fitness
obtained is R? = 0.86, which indicates that the trend curve is within closed proximity
of the calculated discrete values. Finally, the accuracy of the proposed method is
validated by comparing it with the conventional model. In addition, the proposed
method has been tested for single and double resistive-capacitive pairs-based battery
models. Results have shown that the proposed model improves the accuracy of the
terminal voltage estimation by approximately 50%. The proposed modeling could be
used to design circuit parameters, controller gains and implement BMS algorithms (e.g.,
SoC and SoH) of BESS in grid energy storage applications. Finally, accelerated aging
tests at high temperatures are performed to obtain the ECM parameter (internal
resistance) change over the battery lifetime. The tests are performed with three battery
cells at different SoC stress conditions, 75%, 50%, and 25%. Over a period of 4 months,
it is obtained that the battery with higher SoC has degraded the most (5.3% capacity
fade). During the same period, the internal resistance of the battery cell increased by

almost 11% of its original value.
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3. REDUCED CAPACITOR ENERGY REQUIREMENTS AND
BATTERY BIDIRECTIONAL DC-DC CONVERTER

CONTROL OF BESS-MMC

3.1 Introduction

Power Electronic Converters are the technology employed to interface BESS to
the electric grid. Modular Multilevel Converters (MMCs) are becoming increasingly
popular as a means to integrate low-voltage battery packs into higher voltage grids.
However, one of the main disadvantages of the MMC as compared to other topologies,
is that the MMC requires higher capacitance values. The reason is that each capacitor
experiences current component oscillations at mainly grid frequency and its second
harmonic [37]. These current components cause voltage oscillations that need to be
maintained within certain limits for safety and operational purposes. The voltage ripple
is commonly set to 10% of the DC voltage in each submodule [76]-[78]. To limit the
ripple to this design value, a capacitor energy requirement of 30-40 kJ/MVA is
commonly considered for the design of the capacitor in each submodule [79]. However,
this guideline was envisaged for HVDC-MMC applications. Many papers related to the
integration of batteries with this topology utilize the same energy requirement [76], [80],
[81], while other researchers do not mention whether any guideline was utilized or if
the sizing was chosen empirically [82]-[84], [85].

The expected operation of the MMC impacts the capacitor energy requirements.
In [86], the energy requirements are calculated for different operating power factors. It

is shown that the highest capacitor energy requirements occur when the MMC provides
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reactive power compensation. Therefore, it can be hypothesized that a similar situation
might occur when considering the BESS-MMC. However, as an extension of [86],
additional operational requirements for BESS-MMC are the prolonged power transfer
between the different MMC phases and arms. The phase power transfer and arm power
transfer are used to perform per-phase power balancing and per-phase/arm SoC
balancing [83]-[85], [87]. In both scenarios, the power transfer occurs through the
additional degree of freedom of the MMC, i.e., the circulating current. The phase power
exchange is commonly performed with a DC circulating current, while the arm power
transfer is achieved through AC (at grid frequency) circulating currents [87]. Therefore,
different from the analysis presented in [86], the currents that flow within the MMC are
not limited to the ones related to the grid operation but also include the DC and AC
circulating currents. This scenario results in different capacitor energy requirements for
the BESS-MMC.

The capacitor energy requirements are also closely related to the current that
flows through the DC-link. However, there are different possibilities for battery
connection to a module, as shown in Figure 3.1. Batteries can be directly connected to
the submodule with or without a DC-link capacitor or through bidirectional DC-DC
converter (BDC) [88]. Connection without a DC-link capacitor (Figure 3.1(a)) results
in low and high-frequency battery current ripple, potentially leading to premature aging
[88], [89]. If the batteries are connected with DC-link capacitors (Figure 3.1(b)), the
current that flows into the submodule is shared between the capacitor and battery
according to their impedances. This scenario might lead to different capacitor energy

requirements, as the battery impedance is dependent on many factors such as SoC, SoH,
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and chemistry, as described in Chapter 2 and [90], [91]. Finally, with an interfacing

BDC (Figure 3.1(c)), more flexibility can be obtained as it is possible to ensure that

(c)

Figure 3.1. Different types of battery connection to the MMC submodule: (a) direct connection as DC-
link; (b) connection in parallel with capacitor; (c) connection with bidirectional converter
with L filter.

battery current ripple is minimal and only the capacitor experiences current ripple, or
increase the battery current ripple and possibly reduce the ripple flowing into the
capacitor. To ensure no impact on the battery lifetime, the first scenario is considered in
this chapter.

When connecting energy storage elements to the MMC, there are mainly two
ways to control the DC-link voltages in each module. The first one can be performed
using an outer average voltage loop of the grid current control. This is virtually the same
way that an MMC without energy storage would be controlled. Thus, energy control
loops may be required to suppress energy deviation amongst arms and phases of the
MMC. Further, sorting algorithms may need to be utilized to balance capacitor voltages
within each arm. In [76], such a strategy is employed for a single-phase MMC. The

energy storage elements are controlled directly through a current-control strategy of the
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interfacing DC-DC converter. The current reference is calculated based on the BESS
power, the number of modules, and the energy storage voltage. This strategy requires

bidirectional communication between modules and the main control of the MMC.

Another approach, which has been described in [77], [78], is to control the
module’s voltage through the interfacing DC-DC converter using an outer voltage loop.
The voltage loop controller outputs the battery current reference for a high gain
crossover (GC) frequency inner current loop. With this strategy, the battery power is
not regulated through the module. Instead, it is indirectly selected based on the power
demand of the grid. This can cause a few issues for the operation of the BESS-MMC.
First, if the outer voltage loop is much slower than the grid current control, large load
steps may cause the DC-link voltages to reach unsafe operation regions. This can be
alleviated by having feed-forward terms (requiring communication between MMC and
module control) for the battery-current control since they have a much higher GC
frequency. However, coordinating the GC frequency of the module’s voltage loop and
the MMC output power loop (adding a transient to the reference of the current loop) can
be an alternative to the increased communication requirements. Because of the reduced

requirements, the outer-voltage loop strategy is utilized in this dissertation.

3.1.1 Bidirectional converter voltage loop

An issue caused by the voltage loop controller strategy is due to the DC-link
voltage feedback. The BDC controls the submodule’s DC-link voltage through a dual-
loop structure with an inner current and outer voltage loop. During normal operation of
the MMC, the DC-link voltages contain significant 60 and 120 Hz components [92].
The low-frequency ripple in the sensed DC-link needs to be suppressed for the reference
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current of the inner loop, as it can lead the inner current loop to inadvertently track the
reference oscillation and cause a low-frequency battery current ripple to appear. A PI
controller designed at low frequencies can be utilized to damp the oscillations. However,
the amount of damping is limited or severely affects the gain crossover frequency and
phase margin of the voltage loop. Cascading finite impulse response (FIR) and infinite
impulse response (IIR) filters with the voltage PI controller is an option to dampen the
incoming low-frequency ripple [83], [84], [93]-[97]. With the disadvantage of increased
microcontroller memory requirements, FIR filters such as the moving average (MAF)
filter and FIR comb filter can be potentially used for this task [96], [97]. However, IIR
filters such as a Butterworth low pass filter (LPF) and notch filter (NF) have more design
flexibility. In [83],[93], an LPF is added in series with the PI controller or directly at the
feedback of the voltage sensing. The LPF, however, adds significant phase lag to the
system, requiring the voltage loop to have low gain crossover frequencies to obtain a
high phase margin. In [84], [94], and [95], notch filters (NF) are utilized at grid
frequency and second harmonic. In [84] and [95], notch filters at 60 and 120 Hz are
considered cascaded with the voltage loop PI controller. However, design guidelines are
not discussed. In [94], a novel BDC interface is proposed, where additional components
such as half-bridge, inductor, and buffer capacitor are considered. Furthermore, an NF
at grid frequency is designed based on the quality factor. However, in terms of gain and
phase decay, the impact on the voltage loop is not assessed. The attenuation that needs
to be provided by the NF is intrinsically related to the voltage variation experienced by
the DC-link capacitor, which depends on the capacitor sizing. Improving the

performance of the voltage loop relies on firstly determining the capacitor voltage
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variation, followed by analyzing the NF design requirements and their impact on the

voltage loop performance in terms of gain and phase margin.

In [85], the BESS-MMC operates with phase power exchange and BDC

controllers designed with NF at 60 and 120 Hz. Neither the NF design requirement nor

the capacitor sizing is discussed. This chapter additionally presents systematic design

considerations for digital controllers in BESS-MMC, alongside the impact of BESS-

MMC operation on the capacitor energy requirements. Therefore, the main

contributions of this chapter include the following:

1)

2)

3)

4)

Identifying that capacitor energy requirements are different for systems with
batteries coupled to DC-link directly and systems with batteries connected
through a DC-DC converter.

The required attenuation that needs to be provided by the digital controller of
BDC at different frequencies is calculated to minimize battery current ripple.
The capacitor energy requirements while minimizing the battery current ripple
are estimated assuming the operation of BESS-MMC injecting active and
reactive power, i.e., as an Energy Storage — Static Compensator (ES-STATCOM
[98], [99]) with: 1) Grid currents only; ii) grid currents and phase power transfer;
ii1) grid currents and arm power transfer.

The capacitor energy requirement is independent of power, voltage level, and
number of submodules. Further, the analysis can be reutilized to obtain
requirements for any ratio of battery power to MMC rated power.

This chapter is organized as follows: Section 3.2 briefly discusses the different

types of battery connections and the reason for using BDC to interface battery and
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MMC. Sections 3.3 and 3.4 concisely show the modeling of the MMC and BDC
structure under study. Section 3.5 shows the design considerations for the controllers of
BESS-MMC bidirectional converters, considering both PI controllers and NF,
emphasizing their impact on the loop gain and phase margin. Section 3.6 discusses the
capacitor energy requirements for the operation of BESS-MMC, assuming power
exchange with the grid, between phases, and between arms. Finally, the control and
study are validated on a Typhoon-HIL platform with embedded controllers in Section

3.7. The conclusions are drawn in Section 3.8.

3.2 Connection of batteries to MMC

As discussed in the previous subsection and shown in Figure 3.1, there are different
battery connection possibilities for the MMC-BESS. Each connection leads to different
types of current and voltage ripple in the battery, causing the battery to have unnecessary
charge and discharge cycles [88]. The most common approaches for connecting the
batteries are connecting a battery in parallel to a capacitor or through a BDC, shown in
Figure 3.1(b) and Figure 3.1(c), respectively. The first option splits the SM current

between battery and capacitor. Accordingly, the capacitor current is

© Z

. _ . bat, o
lcsm o Z lsm,ﬁa) Z

, 3.1
f=-0 bat, fo + ZCsm ,Bo )

where i, is the current flowing into the SM, S is an integer, w is the grid frequency,
and Z represents impedance. Equation (6) implies that a capacitor with a much lower
impedance than the battery at a specific frequency will experience greater power and

energy ripple at that particular frequency.
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By including the BDC, the battery voltage level can be boosted to the required
nominal value of the DC-link voltage while also controlling the currents that flow into
the battery. The low-frequency battery ripple is suppressed by having high-bandwidth
current control, thus effectively increasing the impedance of the battery-BDC and
causing the current at these frequencies to flow only through the capacitor. This scenario
also hinders the impact of the battery impedance on the current ripple by ensuring that
controllers consider the battery impedance variation in their design. Given the
advantages mentioned earlier, the connection with BDC is chosen for this dissertation.

Modeling and control design of the BDC are presented in Section 3.4 and Section 3.5 .

3.3 BESS-MMC control
In Chapter 1, the dynamic equations that govern the grid and circulating currents
are defined (Equations (1.8) and (1.9), respectively). In (1.9), ignoring the grid-voltage
disturbance and assuming u;, — U, = 2y, the transfer function that relates grid
currents and the converter voltage is

1
(L2+Lj+[Rz+Rj (3.2)

The grid current control strategy is employed in the synchronously rotating

i
£L(s) =
Vi

reference frame. As such, additional cross-coupling elements are present that need to be
considered in the control structure. Figure 3.2(a) shows the grid current control strategy
utilized in this chapter. An outer power loop is commonly employed to generate the grid

current references.
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Similarly, for the -circulating current equation presented in (1.9), by
defining —u;, — Uy = 2Vcirck. The Vg, disturbance is ignored, and the transfer

function that relates the circulating current and its related voltage is

cire,k (S) _ 1
v sL,, +R,, (3.3)

cire,k arm

Given the 120 Hz oscillations in the DC-link voltage, the circulating current
control needs to suppress the oscillating components of the circulating current, thus
decreasing power losses. The control loop is designed with high bandwidth with the aid

of a PI controller [100]. Figure 3.2(b) shows the per-phase circulating current control.
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Figure 3.2. MMC side current control.(a) Grid current;(b) Circulating current..
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Finally, adding the v, disturbance, the modulating signals for the upper and

lower modules are

* *
u,k =—-m k +m cire,k

]
+_

2

1’ (3.4)
+_

2

*

* *
m,,=m,+m

cire,k

where my, and m;,. x, are the normalized modulating signals related to the grid current

control and circulating current control, respectively.

3.4 Bidirectional converter modeling and control

The operation stages of the interfacing synchronous boost converter are shown

in Figure 3.3.

Sdc’1 ON (D)

|4
Vdc,sm = _dc
n

Sdc,l
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Rint RL dc de | dc,smI
(a) i Cacn R
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Figure 3.3. (a) Bidirectional converter; (b) Operation stage (Sz.,; ON); (c) Operation stage (Sg. 2, ON).
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Assuming continuous conduction mode, small-signal modeling through state-

space averaging [101] is utilized to obtain the converter dynamics. The obtained transfer

functions are

A

lde
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(3.5)

where the hat superscript indicates linearized variables and the ones with bar superscript
indicate average values. Note that D is related to the duty cycle of the top switch.
Furthermore, P = U5 ,,/R and is equal to the submodule power. Finally, Ry is
defined as the sum of the internal resistance of the battery, R;,; (discussed in Chapter

2), the inductor resistance, R4, and the switch drain-source resistance Rgg)on-

A dual-loop control strategy is employed, in which an outer-loop voltage
controller provides the current reference for the inner-loop current controller. The

transfer function that relates the voltage and the inductor current is

_p*?
X s+ T e + Ry
_Pde de P

V,
G, (s) = C (s) = - J . (3.6)

Figure 3.4 shows the simplified linearized system (not accounting for analog
filters or transport delay). Besides the feedforward related to the duty-cycle, a
feedforward for the inductor current can also be included. For the BESS-MMC under

study, the feedforward proposed is calculated based on the AC power (Pggss), the total
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number of submodules (n), the submodule voltage (V4. s,) and the duty-cycle of the

buck/boost converter.

P
BESS

Vi

* D i* _Voc
T Ly, fr Vdc,sm i
t‘sm . ’de d . de
9?., Filter [-»| Cv(s) 4>§>_> Ci(s) Gid(s) [+—

"4
desm_t Gvi(s)

A

Figure 3.4. Simplified linearized system representation without analog filters and transport delay.

The feed-forward is crucial as it allows faster dynamics for load steps. As such,
the submodule’s voltage transient (overshoot and settling times) can be significantly
reduced. However, it must be highlighted that this requires communication between the
individual module’s control and the overall BESS power. Therefore, this can potentially

decrease the reliability of the BESS.

3.5 BDC Controller and Filter Design Procedure

Both compensators C;(s) and C,(s) represent PI controllers. The main
considerations for designing the voltage and current loop controller are discussed in the

next subsections.

3.5.1 PI Controller Design of Current loop
While designing the inner-loop current controller, the following remarks apply:
o If the feedforward component is not present, the current controller’s
performance relies on how fast it tracks the reference provided by the voltage
loop. Thus, the GC frequency requirement can be simply selected to be much

higher (at least 5-10 times) than that of the voltage loop. However, if the
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feedforward component is considered, the loop GC frequency should be
greater than the power loop frequency. This design allows the module’s
current control to quickly match the MMC side load demand with minimal
impact on the DC-link voltage.

The current-control performance is subject to the 60 and 120 Hz voltage
disturbances caused by the MMC operation. This may lead to low-frequency
oscillations in the battery current. In order to significantly reject these
disturbances, the current control should have a GC frequency much greater
than 60 and 120 Hz. Empirical results have shown that good performance can
be achieved by selecting the GC frequency to be 10-20 times higher than the
oscillating component to be suppressed. Note that this requirement can be
reduced if the feedforward term v,./v4.smis added at the output of the

current controller [83].

3.5.2 PI Controller Design of Voltage loop

The outer loop voltage controller can be designed to guarantee that the loop has

a GC frequency less than a fifth to a tenth of that of the inner current loop, thus

guaranteeing decoupled operation [102]. Further, if no feedforward term is considered

for the current reference, the GC frequency for the voltage loop needs to be at least 5-

10 times faster than the grid power loop. Thus, significant transient in the DC-link

voltage is avoided. In [103], the time constant of the power loop is considered to be

between Sms-500ms. Assuming a first-order system characteristic for the power loop,

this leads to a required voltage loop GC frequency variation from 10-20 to 1000-2000

rad/s. In addition to the decoupling requirements of the loops, the voltage controller
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must suppress the DC-link voltage ripple, ensuring no ripple in the current reference

input, i; ;.. To achieve this requirement, both a PI controller and PI+NF are considered.

3.5.2.1 Required voltage attenuation

According to [76]-[78], a 10% voltage variation around the nominal value is
expected for the operation of the MMC. Enough attenuation must be provided between
the voltage feedback and the current reference generation, guaranteeing that the battery
current ripple is greatly limited with respect to the battery current rated value. The
required attenuation changes according to the amplitude of the voltage oscillation at a

particular frequency and can be calculated as

G _ aCurr—ripple,a} X lbat,rated

att, > (3‘7)

aVolt—ripple,m X vdc,sm

where @;ippe indicates the percent of voltage and current with respect to rated DC link

voltage and rated battery current. Based on the capacitor energy, and knowing

oscillations are mainly at 60 and 120 Hz, @y 41t—rippie can be approximated to

Ae

— [9)

aVolt—ripple,w - CVC ’ (38)

sm

where Ae,, is the energy ripple at frequency w and can be obtained as shown in Section
3.6. For simplification purposes, it is possible to consider a scenario where mainly grid
frequency is present. Therefore, defining @ypi¢—rippie to be 10% of the rated DC-link
voltage will lead to the highest attenuation requirement [104]. The same requirement

can be considered for the remaining frequency components (e.g., 120 Hz).
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The attenuation found through (3.7) can be adjusted accordingly to the design
specifications. As the voltage ripple considered decreases, the attenuation requirements

are also reduced.

3.5.2.2 PI controller design

The PI controller transfer function and the gain of the transfer function as a

function of the frequency are described as

(s+7)
Pl(s) =K, (3.9)

and

T.
|PI|(0) =K, % (3.10)

The zero location, determined by the parameter T;, can be placed at a frequency
below the grid frequency to obtain maximum attenuation of oscillations at grid
frequency and its second harmonic [105]. The attenuation at frequencies beyond the
zero location is set by the gain Kj,, which should be below unity to ensure damped
oscillations.

Designing the voltage loop PI controller to attenuate the capacitor voltage
oscillations may cause the loop dynamics to be poor in terms of gain crossover
frequency and phase margin. It is more advantageous to design the voltage loop to
achieve good performance and verify whether the obtained PI controller provides
enough damping afterward. If the damping provided is insufficient, the loop can be

redesigned iteratively until both gain crossover frequency, phase margin, and oscillation
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damping are satisfactory. However, meeting the three design specifications might be

challenging, in which case, the addition of the NF can be beneficial.

3.5.2.2 Notch filter design

The NF can be designed to attenuate the most relevant oscillating components
(60 and 120 Hz). The continuous time-domain transfer function of the notch-filter is

5%+ 2D.wps+ cof2

Gnotch (S) = (3 . 1 1 )

2 27
ST+ 2Dpwfs + C()f

where wy is the notch-frequency, D, is the zero-damping coefficient, and D,, is the pole
damping coefficient. The latter two can be designed as a function of a,, a,r and Awy,
as shown in Figure 3.5. For this application, Aw; can be chosen to be a function of the

grid frequency. Therefore, it is assumed that the grid-frequency variation is around +1.2
to +2.4 Hz. Further, following the guidelines presented in [106], it is assumed that

Ay fap= 20p,qp- Therefore a,r is chosen to provide minimum attenuation considering

the expected grid variation.
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Figure 3.5. Notch filter characteristics. (a) Magnitude;(b) Phase.
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The notch filters add phase lag and change the gain at frequencies around the
notch frequencies. Assuming a combination of h cascaded NF structures, the gain and

frequency responses are

|NF|() = f[ \/(_“’2 r’) +(2D40,0)
= \/

— ; (3.12)
-0+ g ) +(2Dpha)pha))
and
J o+w,\1-D,,° w—w,~1-D,,°
ZNF(a))zZ tan™ | —— N T g AN T
= @D, @y D,
b
| : : (3.13)
Z/: an! a)+a)ﬂ1,/1—Dph I a)—a)fh,ll—Dph
= @Dy @Dy

where the subscript wgp, D,p, and Dy, are the parameters of the NF designed at the ht
multiple of the grid frequency. Table 3.1 shows the gain and the phase lag of several
NFs combinations designed at 60 Hz. Note that all filters also include a cascaded NF at

120 Hz with ap = —20dB and Awy = 2.47 rad/sec.

From Table 3.1, it can be observed that the designed filters with attenuation of -
20dB (NF1 and NF3) have minimal gain attenuation for frequencies up to 20 Hz.
However, a phase lag up to -17.98° is introduced (NF3). As such, when designing a PI
controller, the influence of the filters’ gain can be neglected. At the same time, for higher
GC frequency systems (12 and 20 Hz), the phase margin drops significantly. Therefore,
if a certain phase margin constraint has to be met, the phase lag introduced by the NFs

must be added to the design.
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Table 3.1 Notch Filter gains and phases

Notch Gain and Phase at different frequencies
Filter 5 Hy 12 Hz 20 H7
NF1
-0.005 dB -0.031 dB -0.1 dB
ap = —20dB
-2.34° -5.78° -10.24°

Awy = 2.41 rad/sec

NF2
-0.448 dB -2.24 dB -5.03 dB
a, = —40dB
-18.7° -40.52° -57.81°
Aws = 2.4 rad/sec
NF3
-0.019 dB -0.11 dB -0.358 dB
a, = —20dB
-4.15° -10.24° -17.98°

Aws = 4.8 rad/sec

NF4
-1.528 dB -5.588 dB -9.767 dB
a, = —40dB
-33.46° -59.42° -72.95°
Aws = 4.87 rad/sec

When increasing the desired attenuation to -40dB (NF2 and NF4), a significant
phase lag is introduced even at lower frequencies. Further, the effect of the filter gain
also needs to be considered in the controller design, especially at higher frequencies.
This greatly increases the complexity of the PI design. As such, these filters should be
avoided for higher GC frequency systems, as they lead to very poor performance. This
is the case since the maximum achievable phase margin is greatly reduced. This scenario
is possible if the power loop GC frequency is too high and the feedforward component

is not present.
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Note that given the boost characteristic of the DC-DC converter, a right-hand
plane (RHP) zero is added. The addition of the NF combination (at 60 and 120 Hz) leads
to significant phase decay around 60-120 Hz. Therefore, designing a controller for GC
frequencies near/greater than 60 Hz can be almost impossible unless either the pole or
RHP zero are located at much higher frequencies. Finally, details regarding the digital

implementation of the NF are discussed in [106].

3.6 Capacitor energy requirements for the operation of BESS-MMC

The capacitor energy requirement analysis assumes the presence of a BDC
between the DC-link capacitor and the battery, as shown in Figure 3.1(c). In accordance
with Section 3.5, the BDC is controlled so that the battery current ripple is limited,
leading to the submodule current (i,,) ripple to flow entirely through the capacitor.

The primary purpose of the MMC is to synthesize sinusoidal voltages at grid
frequency. The average switching functions that dictate how S; and S, switch are
originally defined in (3.4). However, under the assumption that the modulating signal
related to the circulating current is much smaller than the remaining components

(|ma-m j| & [0.5 £ m;|), (3.4) is rewritten for the upper and lower arms as

1 m .
S s apper (1) = 55 s (w1 +6,)

(3.14)

and

1 m .
S.l',lower (t) = 5+581n(a)t + 0\} )’ (315)

where j indicates the converter phase, m is the modulating index related to AC grid

operation, and 6, is the phase angle of the synthesized voltage. Equations (3.14) and
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(3.15) imply symmetrical operation of submodules within the same arm. The submodule

and capacitor currents are

ism,upper (t) = Sj,upper (t)iarm (t) (316)

and

i, (1) =1, e (1)- (3.17)

In (3.17), the superscript ~ indicates oscillating components. These oscillating
components in the SM’s capacitor cause a power ripple, which leads to energy ripple,
and voltage variations. In most scenarios, the voltage ripple is designed to be limited to
10%. Under this assumption, the voltage ripple effect on the power ripple is limited, and

the power ripple in each module is

qum () = ch ic“.m ().

(3.18)
The energy ripple for the whole arm is defined as
A€,y @) =V, [ic, (0. (3.19)
The overall energy for the arm is
Eppo ()= E,, +Ac,, (), 520)

where Aeypper (t) is the energy ripple around the nominal energy, which is defined as

E nCvm ng
nom T . (3 2 1)
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Note that Aeyp,per (t) takes positive and negative values. As such, the minimum

and maximum values E ¢, (t) can assume are

Eupper,max = Enom + max (Aeupper (t)) (322)
and
Eupper,min = Enom - |min(Aeupper (t))| (323)

During the BESS-MMC operation, it must be ensured that the voltage does not

go beyond specific limits for protection and control purposes. The limits are

(1=Kk)Ve,, <Ve,, <(I+k)V,,, (3.24)

where k can theoretically vary between 0 to 1. Selecting k to be 0.1 leads to a maximum
voltage of 1.1V_ and a minimum voltage of 0.9V;__ (max. 10% voltage ripple). Note,
however, that (3.18) may not hold for significant ripple amplitudes. According to the
specified minimum and maximum voltage limits selected, the corresponding minimum

and maximum values for the energy in the arm are

nC, (1- k)’ VCZV nC, (1+ k)’ VCZV
2 — EUPPW (t) < 2 - (325)

The variable Eyppermax €an be, in the worst case, equal to the right term of
inequality (3.25), while Eyppermin be, in the worst case, equal to the left term of

inequality (3.25). By substituting (3.20) in (3.22) and (3.23) and assuming the

previously discussed worst condition of Eypper min» @nd Eyppermax> €Xpressions that
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relate the maximum and minimum values of energy ripple, k, capacitor voltage, n, and

capacitance can be obtained. The expressions are

2

2 ncsm VC.
(2k+ k) === > max (Ae,,.. () (3.26)
and
) nC,, chm )
(2h = k)2 > |min (A, )] (3.27)
Equations (3.26) and (3.27) lead to the minimum capacitance requirements
2 max (Aeupper (t))
Tl (2k+ ) (3.28)
and
c s 2 |min (Aeupper (t))|
"o (2k-K) (3.29)
Substituting (3.28) and (3.29) into (3.21), the minimum nominal energy values
are

_ max(Ae,,,)

C |min(Aeu , per) (3.30)

Enom _—2
(2k—-k7)

To ensure that the minimum and maximum voltage values are within limits

defined in (3.24), the nominal energy is defined as

Enom = maX(E"lom 2 E’:Om ) (3 3 1)
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Figure 3.6 illustrates the regions where E,,,,, takes either E;,,, or E;,,, as a
function of k and the ratio between max(Aeypper) to min(Aeupper). Within the E},,,, =
E',om region, the maximum voltage (1 + k)V,. is reached, whereas the minimum
voltage will be greater than (1 — k)V,.. Alternatively, the E,,m = E''om region
implies that the minimum voltage is reached, while the maximum voltage will be less
than (1 + k)V,;.. From Figure 3.6, if k = 0.1, E,,,, will be equal to E",,,,,, unless
max(Aeypper) is 10% greater than min(Aeyy,er). The energy storage requirement in

terms of total energy storage per transferred VA [86] is calculated as

I/Vconv - S nom * (332)

].5 T T T T T T
=E nom FE8ION

nom

)

upper
—
.
T
1

nom nom

fmin(Ae
—
Y]
t
I

)

upper
—
(3]
T
1

1.1t ]

max(Ae

E =E"  region
nom nom

0 005 0.1 015 02 025 03 035 04

Figure 3.6. Relation between (Eygm, Enom) for Enom.

The following subsections describe the capacitor energy storage requirements

for the different types of operation for a BESS-MMC system.

73



3.6.1 Power transfer to AC Grid

If the only currents that flow through the BESS-MMC arms are related to the

operation of the MMC with the utility grid, the upper arm current in phase A, iy, 1S

I
i (t)= Tgsin(wt +9), (3.33)

where I, is the peak value of the grid currents, and ¢; is the grid current phase angle.
Based on this assumption, the energy variation is expressed as

1 ml
A HN=V, | ——cos(wt+¢)+—2sinRot+6, +¢) |.
eupper() dc[ 4a) ( ¢l) 160) ( v ¢1)j

(3.34)

Equation (3.34) is function of V., which can change depending on the grid
voltage. The variable V. can be replaced by the MMC rated three-phase power, current

magnitude, and modulating index. The new expression for the energy variation is

Sconv _418 mIg :
Ae,,,. (1) = —— cos(wt +¢,)+ sin(Qot+6,+¢,) |.

12mo| 1 (3.35)

g,nom g,nom

According to (3.30)-(3.32), the capacitor energy storage requirement per
transferred VA (W, ) 1s dependent on the modulating index, grid current amplitude
(in p.u.), and the grid current phase angle. Figure 3.7 shows the energy requirement
change as a function of the aforementioned variables, assuming 6, = 0. Increasing the
arm current amplitude or decreasing the modulating index increases the energy
requirement. The current phase angle ¢; also affects W,,,,, where the worst-case

scenario occurs when injecting mainly inductive currents to the grid (¢p; = 90°). Taking
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Figure 3.7. Energy requirements assuming that the arm currents are only with grid currents.

a modulating index of 0.8, the energy requirement obtained for the worst scenario is 42

kJ/MV A, which is near the requirement considered in most designs.

3.6.2 Phase power transfer
If the only currents that flow into the MMC arms are the grid currents and the
DC-current component utilized for phase balancing, the arm current for the upper arm

of phase A can be defined as

I, .
Ly (1) = ?gsm(wt+¢i)+1dc~ (3.36)
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Considering the connection of a BESS-MMC with only a virtual common DC-
bus (i.e., without connecting any component to the DC-ports), the DC currents for each

phase must satisfy

> 1,.()=0.
i=a,b,c | (337)

The DC current in each phase is described as the ratio between the DC power
transfer between a specific phase and the remaining two to the DC link voltage
(Pgc/Vac)- The variable P, can be rewritten as a function of the nominal per phase

active power and the per phase grid active power. The resulting expression is

S ) A
f)dc — kl ( COI’lVg 3 COS(¢1)) s (3.38)

where k; is the utilization factor of the available active power and ¢ is the ratio between
P.ony and S;pny- Assuming a lossless system, the variable ¢ correlates the rated power
of the batteries and the rated power of the MMC. Dividing (3.38) by V. and replacing
the latter by its expression as a function of rated power, modulating index, and nominal

grid current, the DC current for a specific phase is

_ m]g,nomkl SCOS(¢1‘)
le =" (5‘ s j (3.39)

conv

The relation Scos(¢;)/S.on» can be defined as the ratio between the active
power at a given condition and the rated apparent power of the converter, with an
interval range of [0, £]. To maximize the DC current, it is assumed that cos(¢;) = 0, as

the greatest energy requirement occurs with (¢;) = 0. Under this assumption, a new
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expression can be obtained for the energy ripple. The energy ripple expression is

obtained as

g

ml
cos(wt + @) +—=-sinQwt + 6, + §) +
Scanv g,nom g,nom
upper( ) =T~

B ’ 3.40
t2me 2m’k, (5 —SCO—S(¢")J cos(wt+6,) ( )

conv

The following result assumes that & = 1/+/2, indicating that the MMC can inject
the maximum active power from the batteries while providing the same reactive power.
The variable ¢ can be modified for any combination as per the BESS-MMC design.
Figure 3.8 illustrates W,,,, for different values of modulating index and k; while
assuming ¢; = 90° and nominal grid currents.

Figure 3.8 shows that the energy requirement, while assuming k; = 0, matches
with those related to grid current only since there is no phase power transfer.

Furthermore, as k, increases to 1, the energy requirement also increases. However, this

& = 90°

150

100 42 kJ/MVA

(kJIMVA)

conv

Figure 3.8. Energy requirements assuming that arm currents are grid and DC circulating currents.
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increase is only marginal, which indicates that the DC phase power transfer hardly

affects the capacitor energy requirements.

3.6.3 Arm power transfer

The arm power transfer strategy is based on developing circulating AC (at
fundamental frequency) currents of positive and negative sequence that, by interacting
with the synthesized voltages on the upper and lower arms, result in active power
transfer [87]. The synthesized voltages on the upper and lower arms are related to the
operation with the AC grid. The arm current for the upper arm phase A is

1
i, ()= %sin(wt +@)+ 1, sin(wt+6, +y")
(3.41)

+1, sin(wt+6, +y")
where I} and I} are the positive and negative sequence circulating current amplitude,
respectively, and y* and y~ are the positive and negative sequence phase displacement
with respect to the synthesized grid voltages, i.e., the phase displacement with respect

to 6,,. From the expressions presented in [87], the variables I}, Iy, y*, and y~ are

IZ_ 4 (PAa+PAb+PAc)

B 3mV,,

N ( 0 J (3.42)

y =tan | —

})Aa +PAb +1)Ac

and
_ 4
1= gy NP = Pu =B #3(Py =P )

- — tan” V3(P, - P,) (3.43)

(2P, Py, -P,)
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where P,; is the active power transferred between upper and lower arms for a specific
phase. Similar to the phase power transfer analysis, the arm power transfer is rewritten
as a function of the nominal per arm active power and the per arm grid active power.

The arm power transfer is

(S,mE—Scos(g))

B =ky 6 ) (3.44)

where kj; is the utilization factor of the available per arm active power. Note that
assuming a positive value for P,; leads to the upper arm providing power to the lower
arm, while the opposite occurs for a negative P,;. Inherently, k5; can vary from -1 to 1.
Replacing (3.44) into (3.42) and (3.43), and V. by its expression as a function of rated

power, modulating index, and nominal grid current, the variables I}, Iy, y* and y~ are:

A T 6 S j(k&z +k3b +k3c)

( 0 (3.45)
y* =tan”' —J

k3a + k3b + k3c

7 — Loson {g _ Scos(4)

and

— ] nom S i
IA - g’6 [5_ (;OS(¢ )j\/(2k3a _k3b _k3c )2 +3(k3b _k3f )2

conv

. ( V3 (ky, —ky,) ] (3.46)
Yy =tan ( }

2k3a - k3b - k3c )

For a complete analysis, all phases and arms need to be assessed. The reason for
that is because each arm experience a different energy ripple, given by the interaction
of the arm’s synthesized voltage and the arm current. For convenience purposes only

the upper arm of phase A is considered in this dissertation. Nevertheless, the energy
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ripple for the remaining arms can be easily obtained using the same steps. Therefore,

the energy ripple across the capacitor for the upper arm of phase A is

S, 121 3ml,
Ae, (t)=—| ——% cos(wt+¢)+—=sinRaot + 6, + )+
e 36mew| 1

g,nom g,nom

+[§_S<:Sos(¢z)

conv

J(kh +k, +k, )(—4 cos(wt+0, +y")+msinwt + 26, + y+)) +

+[.§_SCO—S(¢I')J\/(2I¢3H —ky, — k) +3(ky, —ky, ) (—4cos(et +6, + ) + msinQot +20, + 7)))

conv

(3.47)

The capacitor energy requirement can be obtained as a function of k3, k3p, k3.,
the modulating index, and the p.u. value of the grid currents. Since the worst-case
scenario for the grid currents occurs with ¢; = 909, the following is considered under
the arm power transfer analysis: 1) Scos(¢;)/Scony = 0; 2) and Iy /I nom = 1 p-u; 3)
m = 0.8. Under these assumptions, W,,,, is function of only ks,, k3,, k3., as
illustrated in Figure 3.9.

Note from Figure 3.9 that as k3, increases, both the maximum and minimum
energy requirements also increase. Furthermore, for all scenarios, the maximum energy
requirement occurs when k3, = 1 and k3. = —1, whereas reversing the sign of these
variables leads to the minimum energy requirement. Figure 3.9 also highlights that
W,onp almost doubles the previous conditions, being estimated at 81.1 kJ/MVA. This
implies that if the original energy requirement was utilized to design the capacitor and

the arm power transfer was utilized, the voltage ripple would surpass the specified limit

of 10%.
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Figure 3.9. Energy requirements assuming that arm currents are grid and AC circulating currents.

3.6.4 BESS-MMC capacitor energy requirement remarks

As mentioned in the introduction, according to current literature guidelines, the
capacitor energy requirements for BESS-MMC should be around 30-40 kJ/MVA.
However, it is clear from the analysis that this might not be the case for a system where
the battery is connected to the DC-link capacitor through a bidirectional converter. In
the scenario where only grid currents are flowing, the minimum requirement obtained
is 42 kJ/MVA, which is numerically closer to the higher limit presented in [79].
Furthermore, for a BESS-MMC, prolonged phase power transfer and arm power transfer
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are required to achieve power and SoC balancing. The impact of these two operating
modes was not previously investigated.

Considering both grid currents and phase active power transfer, the requirement
marginally increases to 42.4 kJ/MVA. This result implies that the capacitor sizing
increase is almost negligible irrespective of the active power exchange level. Therefore,
any system designed with a capacitor energy requirement closer to 40 kI/MVA would
also meet the phase power transfer requirement.

Finally, considering grid currents and arm power transfer, the capacitor energy
requirement almost doubles to 81.1 kJ/MVA. Therefore, if such an operation is
expected, the capacitor sizing needs to be doubled as it is directly proportional to the
energy requirement. This has substantial implications for the cost of the MMC-BESS
since, according to [37], the capacitor cost is a significant disadvantage. However, one
possible way to reduce the requirement is by limiting the active power exchange levels.
Figure 3.9 shows that by limiting the arm active power exchange to only half the
available power, the energy requirement reduces to 60.6 kJ/MVA, which is only a 44%
increase in the operation with grid and phase power transfer. Limiting the arm active
power exchange, however, would lead to slower arm SoC balancing can be achieved.

Therefore, there is a trade-off between fast SoC balancing and capacitor sizing.

3.7 Controller hardware-in-the-loop results

A system comprised of AC grid and BESS-MMC is implemented using two
Typhoon HIL604 devices, as shown in Figure 3.10(a). Three TMS320F28335
microcontrollers are utilized to control the MMC-BESS converters (an additional

microcontroller is utilized for protection/enable purposes). The implementation within
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the C-HIL environment is shown in Figure 3.10(b). The system parameters are shown

in Table 3.2.
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Figure 3.10. C-HIL setup. a) Experimental testbed; (b) Implementation in Typhoon and
microcontrollers.
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Table 3.2 MMC based BESS parameters

Parameter description Specification
Parameter
MMC-side
Pggss BESS rated active power 4.2 kW
Sconv MMC rated power 6 kVA
Uy Grid phase voltage 120 Vrms
Lsc + Loym/2 | MMC equivalent inductance 2 mH
Ryc + Rgrm/2 | MMC equivalent resistance 75 mQ
n Number of SMs per arm 2
Voe DC-link voltage (Total MMC) 400 Vpc
- Bidirectional converter-side
Lac BDC inductance 560uH
Ry BDC equivalent series resistance 0-1Q (0.5Q nom.)
Ve Battery open-circuit voltage 51.2 Vde
P SM power 1 — 350W (rated)
d Duty ratio 0.2-0.3 (0.25 nom.)
ipat Rated inductor/battery current 7TA

3.7.1 BDC controllers parameters and NF design

margin for all systems is selected as 70°.

84

The BDC controllers are designed according to (3.5) and (3.6). The current loop
is designed with a high gain crossover frequency (f,.) and phase margin, 2.1 kHz and

70°, respectively. The f;. for the grid current loop is 2.1 kHz with a phase margin of

Different PI controllers are designed for C,,;(s). Figure 3.11(a) shows the open-

loop system frequency response with f, criteria of 5 Hz, 12 Hz, and 20 Hz. The phase




Figure 3.11(b) shows the attenuation provided by each of these controllers. The
attenuation to 60 and 120 Hz components, provided by the PI controllers, is seen to
decrease with the increase in gain cross-over frequency of the open-loop system. For
fgc = 5 Hz, the maximum attenuation observed is -20 dB. To observe the effect of the
phase margin on the attenuation of the oscillating components, Figure 3.11(c) shows
different PI controllers with f;. =20 Hz and phase margins from 60° to 90°. It can be
observed that by decreasing the phase margin, the PI controller provides more
attenuation. However, this effect is not as noticeable as changing the system’s f;.. The
controller with f;c =5 Hz and 70° phase margin is selected for the results in this

subsection.

For the values presented in Table 3.2, assuming @cyyr—rippie 0 (3.7) to be 1%
and @y o1t —rippie to be 10% of the rated DC-link voltage, the required attenuation at grid
frequency is at least -42 dB. A similar approach can be utilized to determine the
attenuation at 120 Hz or by directly calculating the required attenuation making use of
the energy ripple information shown in Section 3.6. Figure 3.12 shows the controller
with f;. = 5 Hz and 70° phase margin, which is selected for the results in this chapter,
with the addition of NF1 from Table 3.1. By adding NF1, as designed following the
guidelines in Section 3.5.2.2, the voltage loop is not significantly affected, as

highlighted in Figure 3.12.
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Figure 3.11. Voltage loop controllers and filter analysis. (a) Open-loop response for different PI
controllers;(b) GC frequency impact on attenuation;(c) Phase margin impact on
attenuation.

3.7.2 Capacitor sizing validation

Three scenarios are investigated for each MMC arm current condition: 1) grid
only currents; 2) grid and phase power transfer; 3) grid and arm power transfer. All

scenarios assume the injection of inductive currents towards the grid at the MMC’s
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Figure 3.12. Bode plot: (a) PI and PI+NF; (b) Open-loop G,; with PI and PI+NF.
maximum power rate, as this is the expected worse scenario. Based on the

estimated capacitor energy requirement, the capacitor for each scenario is calculated as

C, = Z"En% .
" (Ve )’ (3.48)

3.7.2.1 Grid currents only

In the first scenario, the capacitor energy storage requirement in terms of
transferred VA is 42 kJ/MVA. The corresponding capacitor value is estimated as 1.1
mkF. Figure 3.13 and Figure 3.14 show the phase A upper arm current, the battery current
(assuming PI and PI+NF configuration), circulating current, and capacitor voltage
variation. Since the aim is to limit the capacitor voltage to 10% of its nominal value, the

strategy ensures that the maximum or minimum voltage limit is reached. In both Figure
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3.13 and Figure 3.14, the lower limit of 180 V is obtained. These results validate the
analysis since severely limiting the current ripple leads to mainly SM’s current ripple
flowing into the SM capacitor. The capacitor voltage FFT is shown in Figure 3.15. The
amplitude of the oscillations at 60 Hz and 120 Hz are 15.3 V and 3.2 V, respectively.
The attenuation obtained at 60 Hz for the battery current ripple is almost -60 dB (-20
dB from the PI controller and an additional -40 dB from the NF). For a BDC with only
a PI controller, the oscillation at 60 Hz and 120 Hz is 1.47 A and 0.3 A, respectively (-

20 dB attenuation), highlighting that the PI controller cannot attenuate the current ripple.

Figure 3.14. C-HIL results under grid power exchange (PI+NF).
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Figure 3.15. C-HIL FFT ripple: (a) Capacitor voltage; (b) battery current with PI; (c) battery current
with PI+NF.

3.7.2.2 Grid and phase power transfer

In the second scenario, the capacitor energy requirement in terms of transferred
VA does not significantly change from the one where only grid power exchange is
considered. Results shown in Figure 3.16 are obtained utilizing the capacitor value of
1.1 mF. Even though the phase sinks its rated value of 1.4 kW (Figure 3.17), the
capacitor voltage ripple is kept within the 10% oscillation. The minimum voltage value

of 180 V is not surpassed, in accordance with the analysis presented in Section 3.6.
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Figure 3.17. C-HIL results under grid and phase power exchange (circulating current).

3.7.2.3 Grid and arm power transfer

In the third scenario, W_,,,,, is 81.1 kJ/MVA, which leads to a capacitor value of
2.2 mF. This increase can be limited by reducing the maximum arm power transfer.
Figure 3.18 shows a power exchange at half the power rating of the arms (350 W), thus
assuming k3, = k3. = 0.5 and k35, =-0.5. The circulating currents are shown in Figure

3.19. At this condition, the energy requirement drops to 60.6 kJ/MVA, leading to a
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capacitor of 1.5 mF. The capacitor voltage ripple is kept within the limitations as

designed.

""""""""" u"la’r‘m / E u
R i BN - lvat ( SM,}) o peire
;5 """ e R~ e et oo RS } """"""""""""""""""""""" s
> S N e
llllllllllllllll 4dms/div. N i (SM3) N
U A R R , I , o
5 A/dw;t - o i s o am

rrrrrrrrrrrrrrrrr

——————————————————————————————————

Figure 3.18. C-HIL results under grid and arm power exchange.
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Figure 3.19. C-HIL results under grid and arm power exchange (circulating current).

3.7.2.4 Capacitor sizing comparison

As discussed in Section 3.6, the capacitor energy requirement, W,,,,,, is the same
irrespective of converter power level, number of modules, and DC-link voltage.
Therefore, Table 3.3 highlights a comparison between different capacitor designs in
BESS-MMC with BDC in terms of W,,,,,,- The sample references included did not state

W,onv- However, based on the parameters given (number of modules, power level,
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voltage level, and capacitance value), the equivalent W,,,,,, can be calculated. Note that
the BESS-MMC papers do not assume the operation as discussed in the previous
sections. Instead, the papers focus on either control strategies or modeling. Table 3.3
should be viewed as how the different configurations should be changed to conform
with the scenario established for BESS-MMC operation under the different operation
modes discussed throughout the previous sections. In two cases ([107] and [93]), the
less stringent scenario with W,.,,.,, = 42.4 kJ/MVA is not observed. This indicates that
the operation of BESS-MMC as an ES-STATCOM would cause a capacitor voltage
deviation greater than 10%. For the third case [87], the W,,,,, obtained is 92.8 kI/MVA,
which is greater than the worst-case scenario, i.e., ES-STATCOM operation with arm

active power transfer, which only requires 81.1 kI/MVA.

Table 3.3 Wony assessment for different scenarios

. W conv required
Reference Scenario W conv change
n=2;
VC =60 Vv
Ref [107] sm +85 % (phase)
Sumc =2.83 kVA 23 KIMVA 954 94 (arm)
Csm=3 mF
n =10;
Ref[93] Ve. =80V +121 % (phase)
sm 19.2 kI/MVA
Sumc =21 kVA +323 % (arm)
Cop=2.1 mF
n = 6;
Ref [87] Ve =44kV -54 % (phase)
sm 92.8 kI/MVA
Sumc =37.2 MVA -12.6 % (arm)
Com=9.89 mF

3.8 Conclusion

This chapter discusses design considerations of the controllers related to a
BESS-MMC with the energy storage elements connected through a half-bridge

(buck/boost) bidirectional converter. Models for both MMC and BDC are derived from
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which the controllers can be designed. Further, the relation between the BDC current
ripple and the submodule capacitor voltage ripple is described to obtain guidelines for
the design of the BDC control to improve controller performance and reduce current
ripple. By ensuring this optimal operation, a detailed analysis of the capacitor energy
requirement in terms of transferred VA (W,,,,,) of a BESS-MMC, with full active and
reactive power capabilities, is developed and validated through a C-HIL environment.
The minimum capacitor energy requirement is found to be very similar while
considering only grid power exchange and both grid and phase power exchange.
However, BESS-MMC operation using grid and arm power exchange leads to doubling
the requirements. Limiting the arm power exchange rate can be a good option to mitigate

the capacitor sizing increase.
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4. POWER AND STATE-OF-CHARGE (SOC) BALANCING
STRATEGIES FOR BESS-MMC UNDER ASYMMETRIC

CONDITIONS

4.1 Introduction

Modular Multilevel Converter (MMC) is a flexible topology that can be used as a
power conversion for Battery Energy Storage Systems (BESS). Based on the
arrangement of batteries, there are two types of BESS-MMC: one centralized on the
common dc link of MMC and one distributed on the dc side of each module. The latter
is the most common approach as it guarantees higher efficiency, reduced voltage
requirement, and higher battery redundancy [108], [109]. Because of this advantage, the
distributed approach is utilized throughout the dissertation. Although there are clear
advantages of using the distributed approach, power management strategies based on
the power transfer between the different phases and arms of the MMC are required to
achieve flexible operation. This chapter addresses the operation of the BESS-MMC

under grid-voltage asymmetry and asymmetric available phase and arm power.

4.1.1 Operation under grid-voltage asymmetry

Clear guidelines are available for the low-voltage ride through (LVRT)
operation of RES (e.g., wind and solar power generation) under stringent grid-code
regulations. These guidelines are not directly translated to BESS applications, given
their bidirectional operation characteristics. Nevertheless, few proposals regarding the
operation of BESS, including scenarios for LVRT, are reported in [84], [110]. In [110],

a strategy utilizing a three-phase two-level converter topology as an interface between
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energy storage and the grid is deployed. The strategy involves injecting positive
sequence components of active and reactive power in a symmetric grid voltage scenario.
In [84], a BESS-MMC with both DC and AC ports is considered. The LVRT scenario
considers a short-circuit on the AC side. Thus, the control strategy prevents power

exchange between BESS and AC grid.

During an asymmetric grid voltage scenario, a BESS-MMC can experience a
severe power imbalance. This is because the batteries are connected in a modular
fashion and can experience uneven charging/discharging operation in each phase.
Furthermore, the power imbalance is closely related to the LVRT strategy employed.
The operation under asymmetric grid voltage conditions can cause uneven SoC of the
batteries among phases, affecting the resiliency of the BESS operation with the grid
over the long run. Therefore, balancing the SOC in each phase is essential under this

scenario.

SoC balancing techniques for a BESS-MMC under DC and AC grid fault
conditions are reported in [84], [111]. However, both strategies assume a balanced AC
grid active power for their operation, which may not occur during an LVRT scenario.
In [112], the SoC balancing strategy does not consider the fact that the grid active power
limits for each phase may be different. The previously mentioned strategies are
developed based on the calculation of the mismatch between average phase SoC and the
average BESS SoC, multiplied by a coefficient, thus leading to power references for
per-phase SoC balancing. No clear guidelines on selecting this coefficient are presented
in the literature. Choosing a high coefficient value may result in power references that

exceed rated power limitations or overmodulation.
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To overcome the abovementioned issues, this chapter investigates different
control strategies to balance the active power among the phases of the BESS-MMC
during AC grid voltage asymmetry. This involves control strategies that are external
and internal to the converter. The external strategy is achieved through grid-current
control. The internal strategy balances the active power of the BESS, making use of
circulating currents that flow internally to the converter. Finally, a per-phase SOC
balancing strategy is proposed in which per-phase power limits are well defined. Safe
and quick per-phase SoC balancing is achieved while still meeting the faulty grid power
demands. The proposed active power and SOC balancing strategies are discussed in

Section 4.2 and Section 4.3. Section 4.4 presents the results of the proposed strategies.

4.1.2 Operation under asymmetric phase and arm power conditions

As mentioned in Chapter 3, each module’s DC-link voltage is controlled through
the bidirectional DC-DC converter (BDC). Given this scenario, the battery power in
each module is not controllable through the BDC. Irrespective of the grid voltage
conditions (either symmetric or asymmetric), the MMC operates symmetrically when
exchanging power with the grid from the upper and lower arm perspectives. In other
words, if a phase injects a certain power into the grid, it is expected that half of the
power is provided by each arm. However, this operation may not be ideal under
asymmetric arm power conditions. If one-quarter of the total available power in a phase
is contained in one of the arms (consequently, three-quarters is available in the
complimentary arm), the battery power of the arm may go above limits while providing

rated power towards the grid. A similar scenario occurs if the rated power of the BESS-
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MMC is not evenly split among the three phases. A generalized scenario combines both

phase and arm asymmetric power conditions.

A particular case of phase and arm power asymmetry is with a different number
of modules per arm/phase. If the power available in each module is the same, but n
number of modules are connected in the upper arm of a certain phase, and (n — ny) are

connected in the lower arm, an asymmetric condition arises. This scenario may occur

by design or by assuming fault-tolerant operation of the MMC where n; modules have

failed and are bypassed.

Power balancing strategies can be deployed for all the mentioned scenarios to
make the operation more flexible. Different control objectives can be selected while
developing the power balancing strategies: 1) injecting the BESS-MMC maximum
power available, 2) obtaining the same power utilization ratio with respect to its
available power, 3) obtaining the same SOC utilization ratio (i.e., the batteries are
charged and discharged at the same rate with respect to SOC). Among the three
identified strategies, strategy 1 is the most critical as it deeply impacts the power
setpoint range that the grid operator can request. Therefore, this strategy is discussed in

this chapter.

Asymmetric MMC conditions have been discussed in the literature [113]-[117].
The scope of the study for BESS-MMC configurations is 1) all modules are integrated
with batteries; 2) a combination of modules with integrated batteries and without
batteries (only DC-link and MMC side half-bridge) [113]. Note, however, that the
second scenario requires the DC-link voltage to be controlled by the grid current control,

the use of energy loops to balance power, and the power of each battery to be controlled
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by the BDC [113]-[117]. However, in this chapter, since the batteries’ power cannot be
directly controlled, power coordination is obtained using the circulating current. The
proposed strategies are discussed in Section 4.4, while the results are shown in Section

4.5.

4.2 Phase power and SoC balancing under ac grid voltage asymmetry

If each phase has the same modulating signal, phase-shifted by 120°, the
converter can be simplified to a voltage-source interacting with the grid (at the point of
common coupling) through the filter impedance (Lf), as shown in Figure 4.1. Assuming
that the two voltage sources are phase-shifted by J, the power that flows from the BESS
to the grid in each phase is

ViV secssin(6)

conv,k” pce

P =——"——
ek oL, (4.1)

Note that, in a grid voltage asymmetry scenario, V.., differs among the
different phases. Thus, if V4, 1s the same for all phases, the grid active power will
differ among the different phases. Because the active power is unbalanced, without
properly addressing this issue, there will be an uneven use of the batteries within each

phase of the converter.

Given this condition, it is possible to differentiate two ways to balance the active

power among the BESS: externally to the MMC and internally to the MMC.
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Figure 4.1. Single-phase analysis of the interaction between MMC based BESS and grid.

4.2.1 Balancing active power externally to the MMC

The basis for achieving active power balancing externally to the MMC involves
synthesizing an unbalanced voltage at the output. For instance, if phase a (V¢ o) has a
different magnitude than that of phases b and ¢ (V¢ and Vyec o), it is possible to
synthesize V.opny o different than Vioyny,, and Voony ., While achieving the same Py
among the different phases. In real-time control applications, this idea is implemented
by decomposing the unbalanced system into three balanced systems with different
sequences (positive, negative and zero). It must be noted that for the system under
consideration, there is no zero-sequence path for the current to flow. Hence, the
equivalent zero-sequence system is not addressed in this chapter. According to [118],

the three-phase active and reactive power are

P, = F + P, sin2wt) + P, cos(2wr)

{Qg =Q, + 0., sinQwt) + 0., cosRat)’ (4.2)
where Py, P, and P., are the amplitudes of the average, sine, and cosine active power
components, respectively. Further, Q,, Q, and Q., are the amplitudes of the average,
sine, and cosine reactive power components. If a system is completely balanced with
only positive-sequence components, the oscillating components are not present.
However, in unbalanced systems, the oscillating components appear by the interaction
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between currents and voltages of different sequences. The relation [118] can be

described by
E)* Vpcc,d+ Vpcc’,q+ vpcc,ai vpcc,q7
Q()* vpcc,qJr _vpcc,dJr Vpcc,q7 _vpcc,a; ig,d+*
PcZ* — 3 vpcc,a: Vpcc’q7 vpcc’d+ Vpcc,q+ ig,qu’k
PS‘Z* 2 vpcc,q7 _vpcc,d7 _vpcc,q+ vpcc,dJr ig,di* ’ (43)
ch* vpcc,q7 _vpcc,d7 vpcc,q+ _Vpcc,d+ ig,qi*
_Qszil< _vpcc,d7 —Vpcc,q7 vpcc’dJr Vpcc,q+

where, the subscripts d,q indicate direct and quadrature components on the
synchronously rotating reference frame (SRF), and the superscripts +, — indicate either
positive or negative sequence components. From (4.3), it is possible to calculate current
setpoints for different objectives: 1) constant reactive power (by setting Q3, and Qz,to
zero); 2) constant active power (by setting Py, and P/, to zero); 3) inject only positive
sequence current to the grid (iy, ; = ig, ;z 0), thus having oscillating components in both

grid active power and reactive power.

By selecting the constant active power objective, the current setpoints that would
draw the same grid active power among the different phases of the converter can be
obtained. This strategy is selected in order to externally balance the power of the MMC
based BESS. The structure that controls both positive and negative sequence currents is
shown in Figure 4.2. Furthermore, to obtain the positive and negative sequence voltages,
the dual second order generalized integrator frequency-locked loop (DSOGI-FLL) with

a positive/negative sequence calculator is utilized [119].
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Figure 4.2. Positive and negative-sequence grid current control.

It must be pointed out that the above-mentioned strategy cannot fully balance
the phase active power, but it can mitigate. This is due to the fact that asymmetric
currents flow during the operation. Thus, the power losses internally to the MMC are
different among the phases. Therefore, the per-phase SOC will eventually deviate if the

system operates at this grid adverse scenario for an extended period.

4.2.2 Balancing active power internally to the MMC

Regardless of the grid current control objective (LVRT strategy) selected, the
MMC can internally balance the average active power by making use of the DC
component of the circulating current. For instance, if By, # Py, # Fy ¢, it is possible to
redistribute the power through Py 4, P4, and Py, -, in such a way that the overall phase
power, P,, P, and P. are equal. However, it may be noted that these expressions are only
concerning the single-phase average values of the per-phase power at BESS and grid

sides. Furthermore, the per-phase BESS power can be obtained as a function of the
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redistributed power as well as the power that is injected to the grid by the phase.

Therefore, the overall expression is

F=F.,+F,,, (4.4)

where

n

n
Pk = szmu,j 'lsmuJ +Z]:vsml’j 'l.&‘m,,j .
j=

j=1

(4.5)

upper arm lower arm

In (4.5), the bar superscript indicates the average value. In real-time, (4.5) is
obtained by multiplying the module’s voltage and current and by making use of
moving-average filters (MAF). Figure 4.3 illustrates the interaction among the

different powers from the aforementioned discussions.
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Figure 4.3. Average active power flow for the MMC based BESS.

102



It should also be highlighted that the DC component of the circulating current

must meet the condition defined by

i, =0.
Z (4.6)
It follows from (4.6) that
P, =0.
(4.7)

The DC power reference in each phase is calculated by tracking the mismatch between
the average power of the BESS and the actual power of a specific phase. The power

reference is

F+B+E

AR === B (4.8)

A PI-controller is utilized to regulate the power mismatch, by outputting the dc
circulating current reference ij. ). Finally, this current reference is utilized in the
circulating-current control which uses a high bandwidth current loop with a PI controller
thus tracking the DC-circulating current reference and suppressing the most significant
circulating current harmonic component [120], [121]. Figure 4.4 shows the steps to

obtain the current reference, while Figure 4.5 illustrates the designed control structure.
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Figure 4.5. Circulating-current control structure.

The proposed strategy is valid if the per-phase power does not surpass its
maximum limit during the grid-adverse scenario, thus grid-current limiters need to be

employed.

4.2.3 Proposed SOC-balancing strategy with per-phase power limiter

The previous strategies can be employed for scenarios in which the per-phase
SOC is balanced, and a grid-voltage asymmetry condition is present. However, per-
phase SOC balancing would be required if the grid-adverse scenario starts and the per-
phase SOC has deviated. As such, instead of calculating the active power mismatch and

regulating it to zero through DC active power (Pg. ), a SOC balancing strategy can be
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deployed by intentionally promoting the per-phase average active power to be different
among phases. Similar to the power balancing strategy shown in Section 4.2.2, the dc
circulating current is utilized to perform the SOC balancing, thus (4.6) and (4.7) must

be met.
The per-phase SOC deviation for a given phase k from the BESS average SOC
is

SOC, + SOC, + SOC,

ASOC, = 5

~50C,. (4.9)

where the per-phase average SOC for any given phase k is calculated as

SOC, = SOC, .+ ) SOC, . | /2
L =| 450C,, + 250G, | f2n. (4.10)

upper arm lower arm

The SOC balancing strategy takes place if at least one of the deviations is greater
than the threshold defined by the accuracy of the SOC estimator. The estimation relies
on the battery chemistry, mathematical model, and estimation method. The accuracy
has been found to be as low as less than 0.25% for LiFePO4 batteries [122]. For this
work, it 1s assumed that the SOC accuracy is 0.5%. As such, if all per-phase SOC
deviations are less than this value, no SOC balancing is performed (in case of grid-
voltage asymmetry, active power balancing is performed instead). It should be pointed
out that once the threshold requirement to start the SOC balancing is met, and a single
phase has deviation below the threshold, it will still be employed in the SOC balancing

scheme.

105



From (4.9),if ASOC;, > 0, phase k needs to be charged. Conversely, if ASOC, <
0, phase k provides power to the remaining phases. Based on this, two conditions are
possible: 1) two phases charge while one discharges; 2) one phase charges while two

discharge.

Different from the per-phase SOC balancing strategies presented in [84], [111],

and [112], the developed strategy is based on the average active power available in each
phase (Pyimk)-

The available power is

P

BESS ,rated
P

Tim & :iT_Pg,k’ (4.11)

where Pgrgs rateq 15 the BESS’ rated active power. Therefore, for the following analysis,
the power values are the same for the three-phases, however, different values amongst
the phases can also be set. Furthermore, the sign of this variable flips according to
ASOC. If the phase charges, Pggss rqteqa/3 has a negative sign, while it would have a

positive sign if the phase discharges.

In each phase, the per-phase grid average active power is

3

Pg,k = E(vconv,ka lg,ka + vconv,k/; lg,kﬂ ) (4 12)

The components in the af-stationary reference frame are obtained by making

use of the quadrature signal generators based on the SOGI structure [119].

After identifying the power available for each phase, P, is set according to the

flowchart shown in Figure 4.6. Further, the actual value for P ; and the DC circulating
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Figure 4.6. Per-phase SOC balancing flowchart.

current reference are calculated as shown in Figure 4.7. Note that the strategy utilizes
all the available power and is limited by (4.7). Thus, it can safely perform the per-phase
SOC balancing at the fastest condition possible (power margins can be provided by

slightly modifying (4.11) thus giving higher flexibility to the strategy). Furthermore,
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since the grid-power conditions are continuously monitored, the reference setpoints are

updated in real-time in case grid-power setpoints are modified.
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Figure 4.7. (a) DC circulating power reference calculation; (b) balancing flowchart DC circulating
current reference calculation.

4.3 Arm power transfer under ac grid voltage asymmetry

In the previous chapter, the arm power transferred is discussed for the purposes
of sizing the module’s DC-link capacitor. The strategy utilized is first presented in [87].
The arm power transfer occurs through the interaction of the circulating current and
synthesized arm voltage concerning the grid. In a more general way, the synthesized
AC voltages concerning the grid have positive and negative sequence components
(which are inherent during the operation under asymmetric grid voltage conditions). The
voltages are:

v, ()=-v,()=V, cos (a)t +o? ) +V cos (a)t +o" )

v, =—v, @)=V, cos(a)t+(p(/’) —27[/3)+ v cos(a)t+ o™ + 27[/3) C(413)
v, (==, )=V, cos(a)t +o" 27/ 3)+ 4 cos(a)t +o" =21/ 3)

where V}, and V;, are the amplitudes of the positive and negative sequence components,

respectively. Furthermore, ¢® and ¢(" represent the phase displacement of the
positive and negative sequence voltages, respectively. In addition, the circulating
currents are also defined as having positive and negative sequence components. These
circulating components guarantee that the current does not flow through a fourth wire
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in case a DC-link is connected across the positive and negative poles of the MMC. The

circulating currents are

i :Ipcos(a)t+7/(p))+lncos(a)tﬂ/(”))

circ,a

[ :Ipcos(a)t+7(”)—27r/3)+ln cos(a)t+7(”)+27z/3), (4.14)

circ,b

Lo =1, cos(a)t+7(”)+27r/3)+ln cos(a)t+}/(”)—27z/3)

circ,c

where I, and I, are the amplitudes of the positive and negative sequence components,

respectively. Furthermore, y® and y™ represent the phase displacement of the
positive and negative sequence currents, respectively.
In [87], only positive sequence voltages are considered. Furthermore, ¢® is

assumed to be zero. Therefore, the arm’s active power transferred in each phase are

PAb:%Cos(y(p))-l-%cos(}/m_27[/3)' (4.15)

P, =%cos(ﬂ’”)+%cos(7(") +27r/3)

Similarly, the reactive power transferred in each phase are

0, = Vol sm(}/("))— V”zl" sin(y("))

O Z—%sin(;/”’))—%sin(y(")—27z/3) e
' 4.16

0, = —%sin(y(”)—%sin(y(") +27r/3)

ZQZ—%VPIP sin(y(”))
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Rearranging the abovementioned expressions, the circulating current references

are calculated by

P, 1, cos(y")
Py |_ [ 1,sinG™)
PAC In COS(Q/(n)) ’ (4.17)
2.0]  |[1,c0s(y™)
where
(1 0 1 0 |
A=V _
P 1 NG (4.18)
1 0 —— —
2 2
10 -3 0 0 |

Note that if negative sequence voltage is present, a power mismatch from the

expected value occurs. Defining @ =V, /V,, the arm power deviation from the expected

value can be observed for different a and ¢ ™ conditions in Figure 4.8.
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Figure 4.8. Arm power transfer deviation from expected value for different conditions.
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A solution for the problem can be found if the negative sequence voltage is

considered, leading to a new A matrix, defined as

A_Vp ay Ay Ay Uy
Ty . (4.19)

where:
a, = cos((o(‘”)) +a cos((p(")),

=cos(p”) — cos((p(”)) + ;/_ sin(p™),

a;, = cos(p'") — ZCOS((D(")) ;/7 sin(p""),
a, =3sin(p'"),

a, = sin(go(”)) +a sin(gz)(")),

=sin(p'”) - sm((o(”)) ;/— cos(p™),

= sm(go(” )) sm((p(")) + ;/7 cos((p("))

a,=-3 cos((o“’)),

= cos(¢p'”) + a cos(p™), (4.20)

3 —cos((p(p)) f

ay, = 5 sm((p(p)) +acos(p™),
() \/_
—cos n
o= go ) s1n(go‘p "+ acos(p™),

a,;, =3asin(p"),
=sin(p"”) + a sin(p™),

sm((o(" )) \/_

= 5 cos((p(”)) +acos(p™),
—sin(o'?’ .,
a,, = %) - 7005((0(’7)) +a cos(gp( )),

W =—3acos(p™).
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4.4 Controller hardware-in-the-loop results for asymmetric grid voltage scenarios

To validate the strategies, a downscaled BESS-MMC is implemented using the
same C-HIL setup described in Chapter 3. A three-phase low voltage (120V;, 1, 5/60
Hz) grid system is considered. The complete parameters for the BESS-MMC are the
same as shown in Table 3.2. The battery capacity is 0.033Ah, selected to speed-up the
SOC deviation for this study.

Two control target scenarios are considered to validate the proposed strategies. In
both scenarios, the BESS is operated at rated power when a grid voltage asymmetry is

introduced. The scenarios are: 1) Py = 3 kWand Q4 = 0 var, with constant active

power control (external power balancing) and balanced average per-phase SOC at 65%.
2) Bj =3 kW and Qg = 3 kvar, with balanced grid-currents, with internal ~ power
balancing and without power balancing. The balanced average per-phase SOC at 65%.

Results for scenario 1 are shown in Figure 4.9. The power mismatch among the
converter phases can be limited while maintaining the grid active power constant during
grid voltage asymmetry. A small transient in the grid active power can be observed
immediately after the asymmetry starts. This is due to the detection of the grid fault
detector, which takes about 50 ms to take However, it must be pointed out that the
mismatch cannot be entirely suppressed as power losses in each phase are different
(given that the amplitude of grid currents in each phase are different), thus eventually
deviating the SOC.

By introducing the internal power balancing strategy (Figure 4.10), the power

deviation is limited, which leads to a balanced SOC operation.
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Figure 4.9. Scenario 1 - External power balancing. (a) Grid voltages (100V/div) and grid currents (10
A/div); (b) Grid active and reactive power (2 kW/div) and per-phase battery power (0.5
kW/div).

A third scenario, shown in Figure 4.11, is considered to assess the performance
of the developed SOC-balancing strategy (assuming SOC,=0.8, SOC,=0.65 and SOC_.=
0.6). As soon as the asymmetry starts the power setpoints is Py = 3kW and Qg =
0 kvar. During this procedure, the positive-sequence injection LVRT strategy is
utilized (balanced grid-currents), which leads to different average active power values
in each phase (shown in Figure 4.11(a)). Regarding SOC balancing, three different

SOC-balancing operation points are identified after the initial faulty scenario condition.
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Figure 4.10. Scenario 2 - Internal power balancing. (a) Grid voltages (100V/div) and grid currents (10
A/div); (b) Grid active and reactive power (2 kW/div) and per-phase battery power (0.5
kW/div).

Region I. Figure 4.11(b) indicate the following SOC deviations: ASOC,< 0
(discharge), ASOC,, > 0 (charge), and ASOC, < 0 (charge). Based on the grid average
active power measurements shown in Figure 4.11(a), P;. for each phase is identified
based on the proposed balancing structure. Figure 4.11(a) shows that phase A discharges
at its rated value, whereas the remaining phases that absorb power from phase A charge

at a slower rate.
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Figure 4.11. Scenario 3 — SoC balancing. (a) Per-phase grid average active power (1 kW/div) and per-
phase battery power (1 kW/div); (b) Grid voltages (100V/div) and per-phase SOC
(0.025/div).

Region II: While in Region I, SOC,, > SOC,_, in Region Il SOC, > SOC,. During
this region, phase C starts to be charged at a faster rate than phase B, as indicated in

Figure 4.11(a). Note that only Pj. , setpoint for SOC balancing is still the same as in

Region L.
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Region III: All SOC variations are within the 0.5% threshold. Therefore, no per-
phase SOC balancing is performed. However, since the grid-voltage asymmetry is still

present, the power balancing strategy (internal to the converter) is employed.

It can be seen from Figure 4.11(a) that the power for each phase did not exceed

its rated limit with the proposed algorithm.

Finally, Figure 4.12 showcases the arm power transfer strategy during the grid
voltage asymmetry. The setpoints for this scenario are Py, = 150W, Py, = —150W,
Ppre = —150W, and £Q = 0 var. At some point, a grid voltage asymmetry starts, and
the positive sequence injection (balanced currents) LVRT strategy is utilized. Before
the asymmetry starts, the maximum deviation from the desired setpoint occurs in phase
C, where 31 W from the expected power transfer setpoint is observed. This significant
deviation can be assigned to round-up errors during the calculation of setpoints within
DSP. The original strategy is still utilized as soon as the asymmetry starts. This leads to
a maximum deviation of 61 W from the expected -150W in phase B. Phases A and C
also observe a significant error, with 56 W and 54 W mismatch. This leads to almost
33% error during the voltage asymmetry while using the original strategy. Finally, the
proposed method is implemented. The arm power transfer mismatch is 11 W for phase
A, 8 W for phase B, and 21 W for phase C. This is a significant reduction and validates
that the proposed strategy can improve the arm power transfer reference tracking during

the grid voltage asymmetry.
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Figure 4.12. Arm power transfer during grid voltage asymmetry. (a) Arm power transfer (100W/div);
(b) Grid voltages (100V/div) and per-phase SOC (0.025/div).

4.5 Power balancing under asymmetric phase and arm power conditions

The scenarios discussed in Chapter 3 and Section 4.2 of this chapter assume that
the battery power available in each phase and arm is the same. However, asymmetric
conditions can occur in power available in each phase, each arm, and each module
within the arm. In this chapter, asymmetry in the first two cases is addressed through

the circulating current control.
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To inject the maximum power available in the BESS-MMC to the utility grid,
power must be transferred from the phase and arms with higher available power to the
ones with lower available power. The following subsections discuss the battery power

transfer setpoints.

4.5.1 Available phase power asymmetry

The phase power asymmetry scenario assumes that the power available in a
particular phase, Pjjy, x (k = a, b or ¢), is numerically different from the others. If no
phase power transfer is performed, the maximum power that could be injected into the

grid is
P, =3n, min (Plim,a s B> B )a (4.21)

where 14 is the efficiency of the grid active power transfer (from the battery to the point

of common coupling). To inject the actual maximum power available, phase power must

be transferred. The phase power transfer is

P +P . +P

lim,a lim,b lim,c ) P

3 Tim, e * (4.22)

Pdc,k = (

The new power available in each phase (Pjjy, ) is

Pliym,k =Fh +Pdc,k — if phase injecting ’ (4.23)

lim, k

{an,k = By + P74 = if phase absorbing

where 14, 1s the efficiency of the phase power transfer (assuming that phase k absorbs

power).
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Finally, the grid active power setpoint is

P =3, (min( Py 0 By P ) (4.24)

4.5.2 Available arm power asymmetry

The arm power asymmetry scenario assumes that the power available in any
arms (Plimyk and Py k) is numerically different. If no arm power transfer is

performed, the maximum power that could be injected into the grid is

R B ..B . P

timas> Fimacs Fima> P hm,lc))' (4.25)

lim,ua *

P =6n, (min(P

To inject the actual maximum power available, arm power must be transferred. The arm

power transfer is

(f)lim,uk + })lim,lk )
By =B ~ 5 , (4.26)

where Py, is the power transfer from the upper to the lower arm of phase k. The new

power available in each arm is

Plim,uk =

s
Plim,lk = Rim,lk + Pyl

P =P

lim,uk lim, uk -

P

imuk ~ 1 Ak

— if upper arm providing

: (4.27)

Byn
AIAR s if upper arm absorbing

Plim,lk = Plim,lk + PAk

where 7, is the efficiency of the arm power transfer in phase k.
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Finally, the grid active power setpoint is

P! =60, (min (Bl B P P Prs o)) (4.28)

4.5.3 Combined available phase and arm power asymmetry (general scenario)
The scenarios described in the previous subsections can occur at the same time.
When this occurs, the superposition theorem can be applied. This is only possible
because the phase power transfer is performed with DC circulating current, while the
arm power transfer is performed with AC circulating current. The grid active power
setpoint for the generalized scenario is the same as presented in (4.29). However, the

available power in each arm is now described as

{ Plilm,uk = Plim,uk - PAk + 0'5Pdc,kﬂdc,k
' : 4.29
Bk = B T Bl + O'SPdC,kndc,k (4.29)

4.5.4 Asymmetry caused by different number of modules

When considering a different number of modules, such as a post-module failure,
an inherent phase, and arm power asymmetry are present. Nevertheless, the setpoints
for phase and arm power transfer, obtained in the previous subsections, are still
applicable.

As discussed in Section 4.1.2, assuming that ny modules have failed in an arm,
only (n —ny) modules are available. For a BESS-MMC, this results in a DC-link
voltage in each module change from Vy./n to Vg./(n —ng). Accordingly, if a

bidirectional DC-DC converter interfaces the DC-link and the battery, the maximum
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number of failed modules so that the BESS-MMC is still fully operational is obtained

by

: de
Ny SH=CEIl| —— |, (4.30)

max  oc

where Gy« 1S the maximum gain of the bidirectional converter and V. is the battery

voltage. For the bidirectional converter considered in this dissertation, G,q, = 4.

4.5.5 The role of the power transfer efficiency

The power transfer equations obtained in the previous subsections consider the
efficiency of each power transfer (grid, phase, and arm). Furthermore, the efficiency
varies depending on the different operational conditions. Examples of how efficiency
can be impacted are scenarios with a unity power factor and non-unity power factor. For
the asymmetric number of modules scenario, the efficiency of the bidirectional
converter may significantly change depending on the voltage gain. For maximizing the
active power that can be transferred, information related to the efficiency in each type
of transfer is required. However, this information may be challenging to obtain.
Alternatively, assumptions concerning efficiency can be made. Specifically, if
efficiency details are not available, it is essential to assume a lower efficiency to

guarantee that the power limits of the batteries are not surpassed.

4.6 Controller hardware-in-the-loop results for asymmetric power conditions

Two scenarios are considered for the validation of the strategies presented in

Section 4.5. The first scenario assumes grid phase power asymmetry, while the second
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scenario assumes arm power asymmetry. The power available in each arm for both

scenarios are presented in
Table 4.1. The efficiency assumptions are presented in Table 4.2. Finally, the

overall BESS-MMC parameters are shown in Table 4.3.

Table 4.1 Available arm power

Parameter Scenario 1 Scenario 2
Plimua 1.4 kW 14 kW
Plim,la 1.4 kW 14 kW
Plimub 1 kW 14 kW
Plim,ip 1 kW 14 kW
Plimuc 1.2 kW 1 kW
Plim,ic 1.2 kW 1.8 kW

Table 4.2 Power transfer efficiency

Parameter Value
Npe 0.94*
Nak 0.94*

Ng 0.96*

*Includes BDC efficiency
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Table 4.3 BESS-MMC Parameters

Parameter description Specification
Parameter
MMC-side
Vg Grid phase voltage 120 Vrws
Lyc + Loym/2 | MMC equivalent inductance 2 mH
Ryc + Ryrm/2 | MMC equivalent resistance 75 mQ
n Number of SMs per arm 2
Voe DC-link voltage (Total MMC) 400 Vpc
- Bidirectional converter-side
Lgc BDC inductance 560uH
Ry BDC equivalent series resistance 0-1Q (0.5Q nom.)
Ve Battery open-circuit voltage 102.4 Vdc
d Duty ratio 0.4-0.6 (0.5 nom.)
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Figure 4.13 shows the result for the phase power transfer scenario. Phase C has

the same average as the total power available from the BESS-MMC, i.e., Py, =
However, according to (4.22), Pgcq = —400 W and Py, = 400 W. Note that
according to the notation adopted for the circulating current, negative Py indicates
that phase k sources power to the other phases. The power that is transferred from phase
A to phase B is calculated according to (4.22), where new Py, 4, and Py, 5, are obtained.

Finally, the grid active power setpoint P is calculated based on (4.24). Figure
4.13(a) initially highlights the original maximum power available based on the

minimum phase power, calculated by (4.21). Afterward, the phase power transfer starts
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Figure 4.13. Scenario 1 — Phase power balancing to achieve maximum power transfer to the utility

grid. (a) Circulating current (2 A/div) and grid active power (1 kW/div); (b) Battery power

in each arm (0.5 kW/div).

to allow more power to be injected into the grid. Figure 4.13(b) shows that the battery

power limits in each arm are not surpassed.

According to Table 4.1, the BESS-MMC in the second scenario does not contain
phase power asymmetry. However, it can be observed that Phase C has arm power

asymmetry. Therefore, arm power transfer is required to achieve the maximum grid

active power.

124



_l
e ! - R Lcirc |
! i i ' : o
] : | i rr,rHJ1|lJlJH![H.:IrJlll1[||Ul:ll“' Hlu.
| ] | it :_'.‘ | | T" i nllill
: g AR RS A b il i fAn
T ; Jif lru»hmlm er L i lﬂ:ﬂi‘rﬂ“Lﬂ H? H!}EJIL'] I»i;ﬂ
I 1 i ' AT ihi i I .\I-II.. o l :l. SRR
: : ] ”HH[{ nf.mlni:l”m!m.mwl
1 ] £A
1 : aA
l H
: b : Pg : mwwwwumm A
A
: / : ,\N"NM -
! ; " \ ; -
3 corapresssnssdacnne . ereererebeseennrsneee BEN
I : . - b . 1 a
_________ v/ |Original max, power A MaXpoweraﬂer:
: ; —— 1 arm power transfer 2w
: 1 1w
- ! ow
1 o 200 ma 400 ms 600 ms 800 ms ! 1 13 14 16

I
I
4
i
1
y ; ; : .
. : : i .:P.bat,ubf&.- .Pbat,lb Sy e ﬁ:'. .
............. s (R ]
. w =1
! o 2
i2 i
' ; St : =
: — Pratuc & Pratic i d(1 kW Popo
, . i surpasse ( )
1 L 200 my 00 e 600 e 1% 13 143 14

(b)
Figure 4.14. Scenario 2 — Arm power balancing to achieve maximum power transfer to the utility grid.
(a) Circulating current (2 A/div) and grid active power (1 kW/div); (b) Battery power in

each arm (0.5 kW/div).

According to (4.26), P, = 400 W, which indicates that the upper arm of phase
C transfers active power to its corresponding lower arm. The new limits for P}y, ,,¢, and
Pjim,ip are calculated as described in (4.27). Finally, the grid active power setpoint Fy is
calculated based on (4.28). Figure 4.14(a) initially highlights the original maximum

power available based on the minimum arm power, calculated by (4.25). Afterward, the
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arm power transfer allows more power to be injected into the grid. Figure 4.14(b) shows

that the battery power limits in each arm are not surpassed.

4.7 Conclusion

This chapter proposes control strategies to balance the active power and the per-
phase SOC of a BESS-MMC operating under asymmetric grid voltage conditions. This
strategy ensures resilient operation of BESS by maintaining uniform SOC among the
battery modules distributed in each phase. Power balancing strategies are performed
using controlled power exchange with grid and internal phase power exchange of
converter. External balancing technique is achieved by maintaining constant three-
phase active power. However, this LVRT strategy leads to mismatched internal losses,

thus causing SOC deviation over a long period. This issue can be completely suppressed

by internally balancing the power through the DC-circulating current (power).
Balancing power internally has the advantage of allowing any LVRT strategy to be
utilized. Finally, the DC-circulating power can also be used for per-phase SOC
balancing under defined active power constraint limits. Based on the unbalanced grid
active power information for each phase, the per-phase SOC balancing is performed

based on power availability, which speeds up the balancing procedure.

Finally, this chapter also proposes power balancing strategies to achieve the
maximum power available from the BESS-MMC to the electrical grid. The proposed
strategies make use of both DC-circulating currents for phase power transfer and AC-
circulating currents for arm power transfer. The power setpoints are calculated
considering the efficiency of the power transfer strategies, thus avoiding that the battery

operates above its rated limits. The BESS-MMC is implemented in Typhoon HIL604,
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while the control and the proposed power management strategies are implemented with

TI DSP28335 control cards.
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5. POWER MANAGEMENT STRATEGIES FOR HYBRID
AC/DC MICROGRID WITH MMC BASED INTERLINKING

CONVERTER INTEGRATED WITH BESS

5.1 Introduction

For the past few years, there has been a significant advancement in the grid
integration of energy storage systems and renewable energy resources (RERs) [123],
[124]. Most of the research focuses on AC microgrids since these microgrids can be
developed from the existing structure/technology (transformers, protection devices,
etc.) already available for the utility grid, with better feasibility in implementation.
However, AC microgrids require synchronization of the RERs, multiple conversion
stages, and there is an inherent circulation of reactive power. To increase the efficiency
of connecting DC energy sources and overcome the limitations of AC microgrids, DC
microgrids have also been explored. However, installing DC microgrids requires
significant modification to the grid structure, thereby significantly increasing the cost.
Combining both AC and DC microgrids would facilitate the connection of both AC and
DC-based RERs, loads, and energy storage. Therefore, hybrid microgrids (HMG) can

potentially be a less expensive alternative to implementing DC microgrids.

Given the relative novelty of the topic, several possible HMG architectures are
explored in the literature. In [123], different types of HMG architectures are classified
in an effort to identify trends and the different research contribution focus. The most
common architectures are: coupled AC and decoupled AC. This classification relates to

whether the utility AC grid is directly connected to the AC microgrid (coupled AC) or
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connected through AC/DC-DC/AC stages (decoupled AC). Figure 5.1 shows the two
types of HMG. To connect the DC microgrid to the AC microgrid and AC utility grid,

the coupled AC HMG utilizes an interlinking converter (IC), as shown in Figure 5.1(a).

| | Hybrid MG|
I |
| |
1 v Interlinking :
5 =] Converter |
] I 1"""""""7;
' AC PV wind Energy| I N
| Loads Storage ér i !
I = = = Il
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| i DC K EE]E] i :
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(b)
Figure 5.1. Commonly studied Hybrid Microgrid architectures. (a) Coupled AC; (b) Decoupled AC.
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However, Figure 5.1(b) shows that for the decoupled HMG architecture, the AC/DC IC
connected to the AC utility grid decouples both microgrids. An additional DC/AC
converter is required to form the AC microgrid. For a HMG of the same power, one key
disadvantage of using the decoupled AC HMG is that the AC/DC IC has to process the
power of both AC and DC microgrid instead of only the AC microgrid. Although Figure
5.1 shows full galvanic isolation for both coupled and decoupled AC, partial isolation
is also possible to reduce transformer sizing. Research papers that utilize coupled AC
HMG architectures mainly focus on energy management, sizing, and system-level
stability analysis [123]. For decoupled AC, the focus changes to the topology of the IC,
its operation, and efficiency [123], [125], [126].

In HMG, battery energy storage system (BESS) connection is limited to either
DC or AC microgrids, when 2-level Voltage Source Converters (2L-VSC) are employed
as interlinking converters [127]. However, with the use of modular multilevel converter
(MMC) topologies, there are additional ports available for integrating more DC output-
based energy sources. One of the main MMC topologies, and the one considered
throughout this dissertation, is the Double-Star Chopper Cell (DSCC). For HMG, the
major advantage of utilizing DSCC as the MMC topology is that it allows low voltage
BESS integration directly to the IC, instead of having to utilize either high voltage

batteries or high gain bidirectional DC-DC converters (BDC).

Although several research papers focus on the MMC topology with the
integration of ES, there is a limited discussion on its application towards HMGs, where
both AC and DC generation and loads are present. According to [128], the power

management strategies that are applicable to HMG architectures under utility grid-
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connected (dispatched and undispatched modes) and islanded modes need to be
evaluated. In [83], [107], the power flow from DC to AC side (and vice-versa) are
discussed, while [84] goes further by extending the operation of such a system by
considering grid fault scenarios. However, power coordination between AC and DC
microgrids is not discussed. Further, operation under islanded conditions and related

power management strategies are also not addressed.

This chapter proposes the use of an MMC based IC for a hybrid AC/DC
microgrid. The chapter focuses on 1) increasing the resiliency of the MMC based IC for
HMG and 2) analyzing the proposed power management strategies for the architecture
under study. To achieve that, Section 5.2 provides the main details of the proposed
architecture and control strategies for the operation under grid-connected and islanded
modes. Section 5.3 proposes the power management strategies for the HMG under grid-
connected and islanded modes. For validation purposes, Section 5.4 provides controller
hardware-in-the-loop results of the implementation of the HMG within the Typhoon

HIL environment. Finally, the conclusions are presented in Section 5.5.

5.2 Control strategies for the MMC based IC

The HMG architecture shown in Figure 5.2 is capable of operating in both grid-
connected and islanded modes. Loads and RERs are connected in both DC and AC
grids. One of the key aspects of the DSCC control is related to the module’s DC-link
voltage regulation. With the addition of the ES elements connected through a BDC (as
shown in Figure 5.2), the DC-link capacitor voltage of each module is regulated by the
DC-DC converter within the IC modules. This is the same strategy utilized in Chapters
3 and 4, which is selected based on the reduced communication requirements and no
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Figure 5.2. Hybrid AC/DC microgrid under study.

need for additional energy control loops/sorting algorithms. Similar to the previous
chapters, the battery power is not regulated through the module. However, in this
scenario, the power is now indirectly selected based on the power demand of both AC

and DC microgrids.

During islanded mode, the utility AC grid is not available. Therefore, an AC
grid-forming converter needs to be employed to create the AC grid. This can be either
from AC microgrid RERs or through the IC itself. Since the grid-forming converter
requires a reliable active source, the IC with integrated ES would be an obvious choice

to operate as AC grid forming. Therefore, because of the simplicity to realize the control

in both grid forming and grid-following modes, the strategy that utilizes the
batteries/DC-DC converters to regulate the individual module’s capacitor voltage is

chosen. During any operating mode, the IC can be utilized to regulate the DC microgrid
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voltage. In contrast to ICs based on 2L-VSC, the DC and AC microgrids are decoupled

since the DSCC topology has two degrees of freedom (AC grid currents and circulating

currents), as shown in Figure 5.3 and Figure 5.4.
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Figure 5.3. Interlinking converter control scheme.
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Figure 5.4. Interlinking converter control scheme.

The decoupling effect is guaranteed by making sure that the AC microgrid power
steps do not affect the DC microgrid voltage. Alternatively, the DC microgrid power
steps should not affect the AC microgrid. The metric utilized to observe decoupling is

through the individual module’s DC-link voltage. When a power step on either
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microgrid happens, the DC-link voltage should not be affected. Therefore, the

bandwidths of the DC grid voltage control loop, the AC grid power loop (in utility grid-

connected mode), and the AC voltage loop (in grid-islanded mode) must be slower than

that of the bidirectional converter’s voltage loop.

According to Figure 5.3, the DC microgrid voltage regulation is performed
through the circulating current control. The voltage controller outputs the current
reference for regulating the DC microgrid voltage. This current can be equally split
between the three phases of the MMC based IC if symmetrical use of each phase is
preferred for the regulation. In addition to the DC microgrid voltage control, the
circulating current control contains the following strategies to improve the resiliency of
the IC: 1) SoC balancing (per-phase [85], inter-arm [87], and intra-arm), 2) Power
balancing (per-phase) [85], and 3) Faulty SM circulating current suppression for

asymmetric faulty SM operation [51].

The AC grid control selects the mode of operation according to the availability
of the utility grid and the services to be performed. This can be split between grid-
following (GFL), grid-forming (GFM), and grid-supporting modes (GSP). This includes
PQ control with a low-voltage ride through capability (GFL) [118], V-f control with and
without droop controls (GFM) [118], and virtual synchronous generator (VSQG)
emulation (GSP) with droop control loops [129]. In this chapter, both grid-following
mode and grid-forming mode are considered for operations under utility grid-connected

mode and grid islanded mode, respectively.

134



The modulating signals for the IC are the same as presented in Chapter 3. For
convenience, they are also described in this chapter. Therefore, the modulating signals

for the BESS-MMC are

* * * 1
m wk —-m k +m cire,k +E

S (5.1)
m,’k=mk+m +E

cire,k

where m,, and m_ ;.. x are the normalized modulating signals related to the grid current

control and circulating current control, respectively.

5.2.1 Grid following control

During grid-connected mode, the IC can operate in grid-following (PQ control). The
control schematic for this operation mode is shown in Figure 5.5. To increase reliability,
besides basic operation with the AC grid, low-voltage ride (LVRT) through strategies
may be required during faulty AC grid scenarios. During these scenarios, several
possibilities related to the control of the IC are possible. Positive sequence injection
(PSI) and balanced 3-phase AC grid active power strategies are among the popular
control objectives [118]. They both utilize positive and negative sequence current
control. Another possible approach is the positive and negative sequence injection
(PNSI), which may be a good option for compensating unbalanced loads in weak grids
(high short circuit ratio). It should be pointed out that the DC microgrid voltage should

not be affected during these scenarios.
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Figure 5.5. IC control under grid-connected mode (PQ control with positive and negative sequence
current control).

5.2.2 Grid forming control

During grid-forming mode, the IC operates in V-f control. As such, both microgrids
are formed by the same converter. This is one of the key features of utilizing the MMC
with integrated ES as an IC. The power exchange between AC and DC microgrids is
indirectly controlled by the IC. This means that there is no power balancing command
that needs to be sent to the IC. Instead, the battery power within the IC and its state-of-
charge (SoC) need to be monitored and sent to higher-level (microgrid) controls.

The control structure of the V-f control is shown in Figure 5.6. Note that positive
and negative sequence voltage control is required as unbalanced loads may be
connected. The negative-sequence voltage control regulates the negative-sequence
voltage to zero in order to obtain balanced AC-grid voltages. Furthermore, note that
because of the modular fashion in which the batteries are connected to the IC, the
connection of unbalanced loads on the AC grid leads to power deviation in each phase
of the IC. Ultimately, this result can cause per-phase SoC deviation. As such, the

circulating current needs to be employed to balance out the power in each phase.
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Figure 5.6. IC control under grid-islanded mode (V-f control with positive-negative sequence voltage
and current control).

5.3 Power management strategies for the proposed HMG structure

The HMG may operate in either utility grid-connected (dispatched or
undispatched) or islanded mode. The main difference relates to the different power
coordination strategies, which focus on the power exchange between microgrids, IC, and

the utility grid.

For this architecture, the net power of both AC and DC grids are

Pac = Pac,gen + PacLoap (5.2)

and

Ppc = Ppcgen + PocLoans (5.3)

where Py¢ cgn and Ppc ggy represent the generation on the AC and DC side, respectively.
Loads on AC and DC sides are represented by Pac 104p and Ppc 10ap respectively. Note
that generation is assumed to be positive, while loads are assumed to be negative. The

rating of the MMC based interlinking converter is defined as Pyc. Assuming that the

137



generation capability in either microgrid is greater than their respective loads, the active

power rating of the interlinking converter is
Pymc = max(Paceen, Ppccen) + Ppar, (5.4)

where Pg 47 is the overall rating of the batteries coupled to the MMC and defined as:

6n

Ppar = ) Pparmy, (5.5)
=1

where n is the number of modules in each arm and Pgyr ,,, 1s the rated power of an
individual battery pack connected to an MMC module. Further, the active power
exchange between the interlinking converter and AC microgrid is defined as Pj. It
should be emphasized that the previous set of equations implies that the power rating of
the interlinking converter can differ from the power rating of the batteries connected to
it. Another consideration is that the batteries are capable of charging and discharging at

the same rate.

In this chapter, any non-dispatchable power source (at either DC or AC microgrid)
is operated under maximum power point (MPPT) or controlled PQ mode. For RERs
connected to the DC microgrid, the power would naturally flow towards the ES within
the IC unless the power is transferred to the AC side through the AC power loop (when
the IC operates under PQ control). If the power ratings of the batteries are not surpassed,
the AC grid can also be used to charge the batteries. Finally, in islanded conditions, the
IC forms both DC and AC microgrids. As such, the power output of the IC is not
regulated. This requires power coordination between the RERs and loads so that the

system does not operate over its specified limits. Figure 5.7 summarizes the power
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management overview for each scenario. In this chapter, two possible scenarios are

addressed: utility grid-connected undispatched power mode and islanded mode.

Hybrid AC/DC Microgrid operation modes |
AC grid power dispatch required HAC grid power dispatch not required H Islanded operation H
1) IC forms DC grid | 1) IC forms DC grid ” 1) IC forms DC and AC grids [
2) RER on both AC and DC operate H 2) RER operate on MPPT (AC and DC)|| 2) RER on both AC and DC H
with PQ/MPPT control H 3) IC operates with AC Power control [/loperate with PQ/MPPT control H
3) IC operates with AC Power controllf |Reference set to charge the batteries. [|3) ES charges/discharges following II
Reference set by power coordination ii Ii grids (bat power/SoC limits loads) Ii

Figure 5.7. Overview of power management of the hybrid AC/DC microgrid under study.

5.3.1 Utility grid-connected undispatched power mode

During utility grid-connected undispatched power mode, the batteries can charge
unrestrictedly. The generation on DC and AC microgrid sides can operate under peak
power tracking. As such, the only power setpoint that must be defined in every situation
is the interlinking converter AC grid power exchange, P;-. This value must be set
according to the DC microgrid power at which the batteries are to be charged. Figure

5.8 indicates the power setpoint for the interlinking converter for every possible

scenario.
SOCBESS>:8O%
Ppc>0 Ppc<0
Pyc injects Ppcsurplus to [P, absorbs Ppcdeficit from
utility grid utility grid
(a)
S0Cyprss<80%
PDC>0 PDC<O
Ppe-Ppar>=0 Ppc-Ppar<0

P,c injects (Ppc-Pgar) Py absorbs (Ppc-Par) P, absorbs Pp-deficit and Py,
to utility grid to abide from utility grid to charge | from utility grid to supply DC loads
battery power limits. battery at rated value. and charge battery at rated value.

(b)

Figure 5.8. Power management strategies for utility grid-connected undispatched power mode. (a) High
SoC; (b) Low SoC.
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5.3.2 Islanded mode

During islanded mode, the interlinking converter power is not controlled on both AC
and DC sides, as it is forming both grids, i.e., the MMC is regulating both the DC
microgrid voltage and the AC microgrid voltage and frequency. Therefore, to guarantee
the system stability and ensure that the battery power is operated within its limits, the
AC and DC-side generation need to be well controlled. Furthermore, in case generation
is not available, the battery needs to be sized in such a way that it is capable of supplying
power to essential loads for a certain period. To extend the period in which essential
loads are powered, non-essential loads must be shed as the SoC of the batteries reduce.
In this chapter, it is assumed that only essential loads are powered when SoCgggs < 80%.
Shedding must also occur in scenarios where the AC and DC generation is not capable
of fully powering the non-essential loads. Figure 5.9 shows a possible power

management strategy that can be employed for this architecture.

PpctPac<0
PpartPpctPac>0 PpartPpctPac<0
S0Cpess>80% S0Cgess<80%
Ppc gen PEaK power track Ppc gen Peak power track

P yc gen Peak power track Non-essential load shedding | Pxc .., peak power track

(a)
PpctPac>0
SoCppss>80% S0Cpprss<80%
P supplies DC load Poc*Prar PocPrar
Pp>0 o : Pac>Ppc-Paar Pac<Ppc-Pear
DC PAc.gen SUpplies AC load P lies batt
> DC,gen SUPPTICS battery Ppe een peak power track | Ppc qen peak power track
PAC 0 and DC loads DC,gen p p DC,ger p p
P sc gen SUpplies AC loads P 5c.gen SUpPlies battery P Ac gen PE2K pOWeT track
’ and AC loads

(b)
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(d)
Figure 5.9. Power management strategies for islanded mode. (a) HMG sinking; HMG sourcing: (b) Both
DC and AC sourcing. (c) DC sinking and AC sourcing. (d) DC sourcing and AC sinking.

5.4 Hardware-in-the-loop validation

For the following results, an MMC based IC with battery power (Pg4r) of 6 kW
is considered. The MMC is comprised of 2 modules per arm. The batteries have a
nominal voltage of 100V and a capacity of SAh. The AC grid voltage is considered to
be 220 V;.,,s. The DC-link voltage is selected to be 400 V, thus each module is regulated
to 200 V (2 modules per arm). Three Typhoon HIL 604 units are operated in parallel,
emulating the AC microgrid, IC, and DC microgrid separately. The HIL testbed is
shown in Figure 5.10, while Figure 5.11 shows the implementation of the power circuit
within the different devices. For control purposes, the microgrid level power
management strategies are implemented using Typhoon SCADA. The MMC based IC
is controlled with four TI TMS320F28335 control cards, where two are utilized for
controlling the twelve bidirectional converters, one for controlling grid-current and
circulating currents, and the last one is utilized for protection, gate enable, and

communication purposes. The AC and DC microgrids’ resources are implemented
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through 2L three-phase inverters and DC-DC converters (voltage-fed). Linear loads are
considered on both AC (resistive-inductive) and DC sides (resistive), and the generation
is 12 kW for both DC and AC sides. According to (4), the active power rating of the
MMC based IC is 18 kW, and the maximum load for both AC and DC microgrids is 6

kW (12 kW in total), where 2 kW from each side is considered to be essential.
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Figure 5.10. Typhoon HIL testbed.
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Figure 5.11. Hybrid AC/DC microgrid implementation.
5.4.1 Resilient and decoupled microgrid operation

The resilient and decoupled microgrid operation results focus on observing the effect
of the AC grid operation on the DC microgrid voltage stability and islanded mode with
unbalanced AC loads. Three scenarios are considered for verifying the operation of the
system.

The first scenario assumes the presence of the utility grid. The DC microgrid

sinks 1 kW while the IC provides 3 kW of active power to the electrical grid. The overall
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power to be provided by the batteries within the IC is 4 kW. At some point, an AC grid-
voltage asymmetry scenario starts where positive sequence injection (PSI) and balanced
AC grid power LVRT strategies are applied to the IC. It can be observed throughout
this ordeal that the DC microgrid is not affected under both LVRT strategies, as shown

in Figure 5.12.

rrrrrrrr Bal‘anced P - ‘LVRT

WLV AN ’\.\/ \ M/\/“'l‘\/'\‘\)
v, Ly,m 120V/d1v ,,,,,,,,,,,,,,,,,,,,,,
f-d 10A/d|v

dc,grid

Vdc,srr w
X,

Figure 5.12. Grid-connected operation under grid-voltage asymmetry scenarios. (a) Grid voltages and
currents; (b) DC microgrid voltage and current, battery current, AC (3-phase), and DC
microgrid active power.

The second scenario is shown in Figure 5.13, where the HMG is also operating

in utility grid-connected mode. The result shows the SM’s DC-link voltage transient
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response for an AC grid rated active power step. It can be observed that by properly
matching the power bandwidth and SM DC-link voltage control bandwidth, the SM DC-
link voltage is hardly affected. This leads to the DC microgrid voltage not observing

significant transients, thus effectively decoupling AC and DC microgrids.
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Figure 5.13. Islanded operation mode under unbalanced loads. (a) AC-grid voltages and currents; (b)
DC microgrid power and MMC based IC per-phase active power (battery power deviation).

Finally, in Figure 5.14, the HMG operates under grid forming mode in islanded
operation. The DC microgrid sinks 1 kW, while the AC microgrid sinks 3 kW when an
unbalanced load is connected to the system. The power internally to the IC deviates in

each phase, which requires the phase power balancing scheme to operate.
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Figure 5.14. DC link voltage under AC grid power step (decoupling).

5.4.2 Power management strategies

To highlight the power management strategies, two scenarios, one in utility grid-
connected mode and another in islanded mode, are considered.

The utility grid-connected mode assumes that the 6 kW DC-side load is
connected to the DC microgrid while the DC generation is equal to 2 kW. Therefore,
Ppc= -4 kW. Furthermore, SoCgpss= 0.75; as such, the interlinking converter needs to
absorb power from the AC grid equivalent to -10 kW (supplying both DC microgrid and
charging the battery with Pg,r). At some point, the DC generation starts to increase at

1 kW/s from 2 kW to its rated value of 12 kW. Therefore, Pp¢(enay= 6 kW. Accordingly,

P, is adjusted from -10 kW to 0 kW, as the power surplus from the DC microgrid will
inherently charge the batteries (because of its DC microgrid forming capability). Figure
5.15 shows the results for this scenario. The notations are as defined in Section 5.3 .
The islanded mode assumes that SoCggss= 0.5 and only the essential loads are
connected on both sides. The DC generation remains at 1 kW throughout the whole

scenario, therefore, Ppc= -1 kW. The AC side generation is initially at 0 kW. Since an
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essential load of 2 kW is connected to the AC side, the battery needs to provide an
overall 3 kW active power to the grid. At some point, the AC generation increases from
0 to 3 kW, and since the MMC forms the AC microgrid, the AC side power surplus will
inherently replace the battery usage at a rate of 1 kW/s. The results for this scenario

are shown in Figure 5.16.

v E_fgs(O.E»pu/diﬁv) N

2 s/div

(b)

Figure 5.15. Power management for Islanded mode: (a) Battery SoC, interlinking converter power, DC
microgrid power, and battery power; (b) DC microgrid voltage, DC microgrid current, and
AC grid currents.
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Figure 5.16. Power management for utility grid-connected undispatched power mode: (a) Battery SoC,
interlinking converter power, DC microgrid power and battery power; (b) DC microgrid
voltage, DC microgrid current and AC grid currents.

5.5 Conclusion

This chapter proposes the power management and control strategies related to
an MMC based IC with integrated energy storage for HMG applications. The proposed
architecture is capable of forming both AC and DC microgrids, while obtaining
decoupled operation of AC and DC microgrids through its two-degree of freedom
control loops. The power management strategies are discussed for grid islanded and
grid-connected modes. HIL results that showcase the resiliency of the system under

LVRT scenarios in utility grid-connected mode and unbalanced load conditions in grid-
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forming mode are presented. Furthermore, results show the decoupled operation during
AC grid power steps, where the module’s DC link voltage is hardly affected. Finally,
the implemented power management strategies highlight the power exchange between
the DC and AC microgrids, IC, and utility grid (when available). The results show that

the proposed architecture is capable of maintaining system-wide stability.

5.6 Publications

e J. M. L. Fonseca, S. R. P. Reddy and K. Rajashekara, “Resilient Operation of
Hybrid AC/DC Microgrid with Interlinking Converter Based on Modular
Multilevel Converter with Integrated BESS,“. 2022 IEEE Applied Power

Electronics Conference and Exposition (APEC), Houston-TX, 2022.
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6. CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

Battery energy storage systems (BESS) have a variety of essential applications
related to the electrical grid, such as regulating grid frequency, reducing peak power,
and mitigating the intermittency of renewable energy. The grid voltage support and var
compensation of BESS are other functions that have gained much attention in recent
years. Numerous studies have also been reported on the combined active and reactive
power support operation from BESS. Hence, researchers have focused on developing
high power and energy density lithium-ion (Li-ion) batteries for various applications
including integration intthe o grid. This dissertation develops power strategies, and
energy requirements for Modular Multilevel Converter (MMC) based BESS for grid
integration. The presented work initially starts from developing battery models for grid
applications to system-level operation, including BESS and the electric grid.

A novel method is presented for estimating the parameters of the equivalent
circuit model (ECM) for lithium-ion battery cells, which is focused on their use in grid
applications. The effect of temperature and state of charge (SoC) on parameters is
incorporated into the proposed methodology and correlated using polynomial
regression. It has been demonstrated that the proposed model increases the accuracy of
terminal voltage estimation by approximately 50%. To obtain the parameter variations
as the battery ages, accelerated degradation tests are performed. After a capacity fade of
only 5.3%, the battery impedance is estimated to increase by 11%, indicating that the
maximum variation should also be considered while designing circuit parameters,

controller gains, and BMS.
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A close correlation between the voltage oscillation in the DC-link of the MMC
module and the battery current ripple is investigated in the context of the BESS-MMC.
This dissertation examines the exact capacitor energy requirements for various
operations of BESS-MMC, including arm/phase power balancing and State of Charge
(SoC) balancing. The carried-out analysis assumes that the current ripple flowing into
the MMC module only flows through the DC-link capacitor. This operation ensures that
the battery current ripple is minimized and is achieved through the bidirectional DC-
DC converter control. Given this scenario, it is found that for a BESS-MMC, the
capacitor energy requirement can increase by almost 100% compared to a grid-
connected MMC. This result implies that the capacitance value for each DC-link module
has to be doubled for a fully operational BESS-MMC.

An attempt is made to improve the resiliency of BESS-MMC by maintaining its
connection to the electrical grid. Fault scenarios that may result in asymmetric voltage
conditions on the grid and an asymmetric number of modules connected in each arm are
considered. Techniques for power and SoC balancing with defined active power limits
are proposed and verified in a Controller-Hardware-in-the-Loop (C-HIL) environment.
Both external (through grid currents) and internal (through circulating currents) power
balancing techniques are possible for the asymmetric grid voltage scenario. However,
only the internal power balancing allows different low voltage ride-through (LVRT)
strategies to be employed. The proposed per-phase SoC balancing under the same
asymmetric grid voltage scenario also benefits from using circulating currents. The SoC
balancing power reference can also be set to the battery power limits, speeding up the

balancing procedure. The proposed power balancing strategy for an asymmetric number
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of modules per arm ensures that the maximum available power of the BESS can be
injected into the AC grid. Furthermore, the transient from symmetric to an asymmetric
number of modules per arm is also investigated. This transient result shows that the
injection of harmonics to the AC grid due to the operation of the MMC in a nonlinear
region can be limited by safely increasing the DC-link voltage level through the
bidirectional DC-DC converter (BDC).

The BESS-MMC can be used to interconnect microgrids in a hybrid microgrid
environment by acting as an interlinking converter (IC). As a result, there is no need to
connect battery modules to either a DC or AC microgrid. Additionally, the inherent two-
degrees of freedom of MMC result in a complete decoupling of the two grids. The
decoupling effect between microgrids is corroborated by the resilient operation of the
HMG under adverse AC grid scenarios, namely the AC grid voltage asymmetry (utility
grid-connected mode) and unbalanced load (AC grid forming mode). Power
management strategies are proposed for utility grid-connected (undispatched) and AC

grid forming mode and validated in the C-HIL environment.

6.2 Scope for future work

1. Expand the BESS-MMC system to 6 modules per arm (36 modules total) by
utilizing three Typhoon-HIL 604 units. Each unit emulates a specific phase of the
converter, while two additional HIL 604 units can emulate the AC utility grid (and AC
microgrid for Chapter 5). By expanding the BESS-MMC, a medium-voltage grid can

be considered, with higher power levels.

2. Chapter 2 proposes a novel ECM for lithium-ion batteries that are used
throughout the dissertation to design controller parameters and capacitor sizing, both
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with the intent to minimize the battery current ripple. The estimation of SoC and SoH

can be further investigated.

3. The operation of a hybrid microgrid can slightly impact the MMC DC-link
capacitance sizing. The main difference from the analysis presented in Chapter 3 is the
DC circulating current flowing into or out of the DC microgrid. Although the DC
circulating current does not significantly impact the capacitor sizing, the precise

increase in capacitor energy requirements can be generalized for this operation.

4. PI and PI+NF controllers are designed in this dissertation based on Laplace
domain plants and then discretized for implementation in DSP. Two-degree-of-freedom
(2DOF) PID digital controllers designed based on discretized plants can potentially
improve the performance by both attending to the battery current minimization

requirements and disturbance rejection (load steps).

5. The proposed hybrid microgrid under dispatched power grid-connected

operation mode can be investigated.

152



REFERENCES

[1] “Greenhouse Gas Inventory Data Explorer,” EPA. [Online]. Available:
https://cfpub.epa.gov/ghgdata/inventoryexplorer/#electricitygeneration/entiresector

/allgas/category/current. [Accessed: 13-Apr-2022].

[2] “U.S. Energy Information Administration - EIA - independent statistics and
analysis,” State Electricity Profiles - Energy Information Administration. [Online].

Available: https://www.eia.gov/electricity/state/. [Accessed: 13-Apr-2022].

[3] “U.S. Energy Information Administration (EIA),” Frequently Asked Questions
(FAQs) - U.S. Energy Information Administration (EIA). [Online]. Available:
https://www.eia.gov/tools/faqs/faq.php?id=427&t=3. [Accessed: 13-Apr-2022].

[4] F.P.Perera, “Multiple threats to child health from fossil fuel combustion: Impacts
of air pollution and climate change,” Environ. Health Perspect., vol. 125, no. 2, pp.
141-148, 2017.

[5] S.C. Doney, V. J. Fabry, R. A. Feely, and J. A. Kleypas, “Ocean acidification:
the other CO2 problem,” Ann. Rev. Mar. Sci., vol. 1, no. 1, pp. 169-192, 2009.

[6] V. Linga, “EIA projects that renewable generation will supply 44% of U.S.
electricity by 2050,” U.S. Energy Information Administration (EIA), 18-Mar-2022.
[Online]. Available: https://www.eia.gov/todayinenergy/detail.php?id=51698.
[Accessed: 13-Apr-2022].

[7] B. K. Sovacool, “The intermittency of wind, solar, and renewable electricity

generators: Technical barrier or rhetorical excuse?,” Util. policy, vol. 17, no. 3—4,

pp. 288-296, 2009.

153



[8] M. Almassalkhi, J. Frolik, and P. Hines, “How to prevent blackouts by
packetizing the power grid,” IEEE Spectrum, 15-Feb-2022. [Online]. Available:

https://spectrum.ieee.org/packetized-power-grid. [Accessed: 13-Apr-2022].

[9] L. Bird, M. Milligan, and D. Lew, “Integrating variable renewable energy:
Challenges and solutions,” Nat. Renew. Energy Lab., Golden, CO, USA, Tech. Rep.

NREL/TP-6A20-60451, 2013
[10] A. H. Mohsenian-Rad and A. Leon-Garcia, “Optimal residential load control

with price prediction in real-time electricity pricing environments,” [EEE Trans.

Smart Grid, vol. 1, no. 2, pp. 120-133, 2010.

[11]  “Electricity Storage in the United States,” Environmental Protection Agency.
[Online]. Available: https://www.epa.gov/energy/electricity-storage. [Accessed:
13-Apr-2022].

[12] S. Koohi-Fayegh and M. A. Rosen, “A review of energy storage types,
applications and recent developments,” J. Energy Storage, vol. 27, no. 101047, p.

101047, 2020.

[13] A.Blakers, M. Stocks, B. Lu, and C. Cheng, “A review of pumped hydro energy
storage,” Prog. Energy, vol. 3, no. 2, p. 022003, 2021.

[14] K. Zare and S. Nojavan, Operation of Distributed Energy Resources in smart
distribution networks /{U200B}. London: Academic Press, an imprint of Elsevier,
2018.

[15] G. B. Gharehpetian, M. A. S. Mohammad, and G. B. Gharehpetian, Distributed
generation systems: Design, operation and grid integration. Oxford, United

Kingdom: Butterworth-Heinemann, an imprint of Elsevier, 2017.

154



[16] T. Bowen, I. Chernyakhovskiy and P. L. Denholm. Grid-scale battery storage:
frequently asked questions. No. NREL/TP-6A20-74426. National Renewable

Energy Lab.(NREL), Golden, CO (United States), 2019.

[17] G. Kamiya, S. Hassid and P. Gonzales. “Energy Storage Report,” [Online].
Available: https://www.iea.org/reports/energy-storage [Accessed: 13-Apr-2022].
[18] I Tsiropoulos, D. Tarvydas and N. Lebedeva. “Li-ion batteries for mobility and
stationary storage applications,” EUR 29440 EN, Publications Office of the

European Union, Luxembourg, 2018.

[19] M. Stecca, L. Ramirez Elizondo, T. Batista Soeiro, P. Bauer, and P. Palensky,
“A comprehensive review of the integration of battery energy storage systems into
distribution networks,” IEEE Open Journal of Industrial Electronics Society, pp. 1—
1, 2020.

[20] “Battery pack prices cited below $100/kwh for the first time in 2020, while
market average sits at $137/kwh,” BloombergNEF, 14-Dec-2020. [Online].
Available: https://about.bnef.com/blog/battery-pack-prices-cited-below-100-kwh-
for-the-first-time-in-2020-while-market-average-sits-at-137-kwh/. [Accessed: 13-
Apr-2022].

[21] “EV Battery Prices Risk Reversing Downward Trend as Metals Surge,”
Bloomberg.com, 14-Sep-2021. [Online] Available:
https://www.bloomberg.com/news/newsletters/2021-09-14/ev-battery-prices-risk-

reversing-downward-trend-as-metals-surge. [Accessed: 13-Apr-2022].

155



[22] U.S. Energy Information Administration, “Battery Storage in the United States:
An Update on Market Trends,” U.S. Energy Information Administration,
Washington, DC, USA, 2020.

[23] IRENA, “Electricity Storage and Renewables: Costs and Markets to 2030,
International Renewable Energy Agency (IRENA), Abu Dhabi, UAE, Oct. 2017.

[24] E. Chemali, M. Preindl, P. Malysz, and A. Emadi, “Electrochemical and
electrostatic energy storage and management systems for electric drive vehicles:
State-of-the-art review and future trends,” [EEE J. Emerg. Sel. Top. Power
Electron., vol. 4, no. 3, pp. 1117-1134, Sep. 2016.

[25] J. Song, “Charged choices: The LFP vs NMC question,” IHI Terrasun Solutions,
16-Feb-2022. [Online]. Available: https://www.ihiterrasun.com/charged-choices-
the-1fp-vs-nmc-question/. [Accessed: 13-Apr-2022].

[26] B. D. M. Holland, “Tesla's efficiency advantage: Cheap & abundant LFP
batteries will power mass-market EVS,” CleanTechnica, 23-Jul-2020. [Online].
Available: https://cleantechnica.com/2020/07/23/teslas-efficiency-advantage-
cheap-abundant-Ifp-batteries-will-power-mass-market-evs/. [Accessed: 13-Apr-
2022].

[27] Y. Chen, Y. Kang, Y. Zhao, L. Wang, J. Liu, Y. Li, Z. Liang, X. He, X. Li, N.
Tavajohi, and B. Li, “A review of lithium-ion battery safety concerns: The issues,
strategies, and testing standards,” Journal of Energy Chemistry, vol. 59, pp. 83-99,
2021.

[28] M. Brand, S. Glaser, J. Geder, S. Menacher, S. Obpacher, A. Jossen, and D.

Quinger, “Electrical safety of commercial Li-ion cells based on NMC and NCA

156



technology compared to LFP Technology,” 2013 World Electric Vehicle Symposium

and Exhibition (EVS27),2013.

[29] S. R. Ferreira, H. Barkholtz, Y. Preger, J. L. Langendorf, L. Torres-Castro, B.
Chalamala and J. Lamb. “Thermal stability study of commercial lithium-ion
batteries as a function of cathode chemistry and state-of-charge”. Sandia National
Lab, Albuquerque, NM, USA, Tech. SAND2019-5905C675836, May 2019.

[30] United States Environmental Protection Agency (EPA), “An Analysis of

Lithium-ion Battery Fires in Waste Management and Recycling,”, Office of

Resource Conservation and Recovery, Tech. Rep. EPA 530-R-21-002, Jul. 2021.

[31] K.Mongird, V. Viswanathan, J. Alam, C. Vartanian, V. Sprenkle, and R. Baxter,
©¢2020 grid energy storage technology cost and performance assessment,”” United
States Dept. Energy, Pacific Northwest Nat. Lab., Richland, WA, USA, Tech. Rep.
DOE/PA-0204, Dec. 2020.

[32] K. Gur, D. Chatzikyriakou, C. Baschet, and M. Salomon, “The reuse of
electrified vehicle batteries as a means of integrating renewable energy into the
European electricity grid: A policy and market analysis,” Energy Policy, vol. 113,
pp. 535-545, 2018.

[33] C. White, B. Thompson, and L. G. Swan, “Comparative performance study of
electric vehicle batteries repurposed for electricity grid energy arbitrage,” App!.
Energy, vol. 288, no. 116637, p. 116637, 2021.

[34] T. Alharbi, K. Bhattacharya and M. Kazerani, "Planning and Operation of
Isolated Microgrids Based on Repurposed Electric Vehicle Batteries," in IEEE

Transactions on Industrial Informatics, vol. 15, no. 7, pp. 4319-4331, July 2019.

157



[35] M. A. Hannan, M. M. Hoque, A. Hussain, Y. Yusofand P. J. Ker, "State-of-the-
Art and Energy Management System of Lithium-Ion Batteries in Electric Vehicle
Applications: Issues and Recommendations," in IEEE Access, vol. 6, pp. 19362-
19378, 2018.

[36] S. Stynski, W. Luo, A. Chub, L. G. Franquelo, M. Malinowski and D. Vinnikov,
"Utility-Scale Energy Storage Systems: Converters and Control," in /EEFE Industrial

Electronics Magazine, vol. 14, no. 4, pp. 32-52, Dec. 2020.

[37] G. Wang, G. Konstantinou, C. D. Townsend, J. Pou, S. Vazquez, G. D.
Demetriades and V. G. Agelidis “A review of power electronics for grid connection
of utility-scale battery energy storage systems.” IEEE Transactions on Sustainable
Energy, 7(4), 1778-1790, 2016.

[38] M. Stecca, L. R. Elizondo, T. B. Soeiro, P. Bauer and P. Palensky, "A
Comprehensive Review of the Integration of Battery Energy Storage Systems Into
Distribution Networks," in /EEE Open Journal of the Industrial Electronics Society,

vol. 1, pp. 46-65, 2020.

[39] L. S. Xavier, W. C. S. Amorim, A. F. Cupertino, V. F. Mendes, W. C. do
Boaventura, and H. A. Pereira, “Power converters for battery energy storage systems
connected to medium voltage systems: a comprehensive review,” BMC Energy, vol.
1, no. 1, 2019.

[40] E. Chatzinikolaou and D. J. Rogers, "A Comparison of Grid-Connected Battery

Energy Storage System Designs," in [EEE Transactions on Power Electronics, vol.

32, no. 9, pp. 6913-6923, Sept. 2017.

158



[41] M. Miiller, L. Viernstein, C. N. Truong, A. Eiting, H. C. Hesse, R. Witzmann,
and A. Jossen, “Evaluation of grid-level adaptability for Stationary Battery Energy
Storage System applications in Europe,” Journal of Energy Storage, vol. 9, pp. 1—-

11,2017.

[42] G. Haines, “Basic Operation of a Battery Energy Storage System (BESS).” The

Australian Energy Storage Knowledge Bank Technical Report. 2018.

[43] R. Ayyanar, R. Giri and N. Mohan, "Active input-voltage and load-current
sharing in input-series and output-parallel connected modular DC-DC converters
using dynamic input-voltage reference scheme," in IEEE Transactions on Power

Electronics, vol. 19, no. 6, pp. 1462-1473, Nov. 2004.

[44] H. Akagi, “A review of developments in the family of modular multilevel
Cascade Converters,” IEEJ Transactions on Electrical and Electronic Engineering,
vol. 13, no. 9, pp. 1222-1235, 2018.

[45] M. Hagiwara and H. Akagi, "PWM control and experiment of modular
multilevel converters," 2008 IEEE Power Electronics Specialists Conference, 2008,
pp. 154-161.

[46] M. Hagiwara and H. Akagi, "Control and Experiment of Pulsewidth-Modulated
Modular Multilevel Converters," in IEEE Transactions on Power Electronics, vol.
24, no. 7, pp. 1737-1746, July 2009, doi: 10.1109/TPEL.2009.2014236.

[47] A. Lesnicar and R. Marquardt, “A new modular voltage source inverter

topology,” in 10th European conference on power electronics and applications,

EPE 2003, 2003.

159



[48] A. Lesnicar and R. Marquardt, "An innovative modular multilevel converter
topology suitable for a wide power range," 2003 IEEE Bologna Power Tech
Conference Proceedings, 2003, pp. 6 pp. Vol.3.

[49] M. Glinka and R. Marquardt, "A new AC/AC-multilevel converter family
applied to a single-phase converter," The Fifth International Conference on Power

Electronics and Drive Systems, PEDS 2003, 2003, pp. 16-23 Vol.I.

[50] G.S. Konstantinou, M. Ciobotaru and V. G. Agelidis, "Effect of redundant sub-
module utilization on modular multilevel converters," 2012 IEEE International

Conference on Industrial Technology, 2012, pp. 815-820.

[51] F. Deng, Y. Tian, R. Zhu and Z. Chen, "Fault-Tolerant Approach for Modular
Multilevel Converters Under Submodule Faults," in [EEE Transactions on

Industrial Electronics, vol. 63, no. 11, pp. 7253-7263, Nov. 2016.

[52] M. A. Hannan, M. M. Hoque, A. Hussain, Y. Yusof and P. J. Ker, "State-of-the-
Art and Energy Management System of Lithium-Ion Batteries in Electric Vehicle
Applications: Issues and Recommendations," in /IEEE Access, vol. 6, pp. 19362-
19378, 2018.

[53] N. Nitta, F. Wu, J. T. Lee, G. Yushin. “Li-ion battery materials: present and
future,” Materials today. Jun. 2015.

[54] X.Hu, S. Li, and H. Peng, "A comparative study of equivalent circuit models
for Li-ion batteries.” Journal of Power Sources, 198, 359-367, 2012.

[55] M. T. Lawder, B. Suthar, P. W. Northrop, S. De, C. M. Hoff, O. Leitermann, M.

L. Crow, S. Santhanagopalan, and V. R. Subramanian, “Battery Energy Storage

160



System (BESS) and Battery Management System (BMS) for grid-scale

applications,” Proceedings of the IEEE, vol. 102, no. 6, pp. 1014-1030, 2014.

[56] R. Xiong, F. Sun, H. He, and T. D. Nguyen, “A data-driven adaptive state of
charge and power capability joint estimator of lithium-ion polymer battery used in

electric vehicles,” Energy, vol. 63, pp. 295-308, 2013.

[57] M. Ali, M. Kamran, P. Kumar, Himanshu, S. Nengroo, M. Khan, A. Hussain,
and H.-J. Kim, “An online data-driven model identification and adaptive state of
charge estimation approach for lithium-ion-batteries using the Lagrange multiplier

method,” Energies, vol. 11, no. 11, p. 2940, 2018.

[58] “The EPA wurban dynamometer driving schedule (UDDS),” tech. rep.,
Environmental Protection Agency (EPA), 2010.

[59] K. Smith, A. Saxon, M. Keyser, B. Lundstrom, Ziwei Cao and A. Roc, "Life
prediction model for grid-connected Li-ion battery energy storage system," 2017
American  Control  Conference (ACC), 2017, pp. 4062-4068, doi:
10.23919/ACC.2017.7963578.

[60] M. Dubarry, A. Devie, K. Stein, M. Tun, M. Matsuura, and R. Rocheleau,
“Battery Energy Storage System battery durability and reliability under Electric
Utility Grid Operations: Analysis of 3 years of real usage,” Journal of Power

Sources, vol. 338, pp. 65-73, 2017.

[61] Y. Hu, S. Yurkovich, Y. Guezennec, and B. J. Yurkovich, “Electro-Thermal
Battery Model Identification for automotive applications,” Journal of Power

Sources, vol. 196, no. 1, pp. 449-457, 2011.

161



[62] J. H. Kim, S. J. Lee, J. M. Lee and B. H. Cho, "A new direct current internal
resistance and state of charge relationship for the Li-ion battery pulse power
estimation," 2007 7th Internatonal Conference on Power Electronics, 2007, pp.
1173-1178, doi: 10.1109/ICPE.2007.4692563.

[63] Y. Hu and S. Yurkovich, “Linear Parameter Varying Battery model
identification using subspace methods,” Journal of Power Sources, vol. 196, no. 5,

pp. 2913-2923, 2011.

[64] V. Verdult and M. Verhaegen, “Subspace identification of multivariable linear

parameter-varying systems,” Automatica, vol. 38, no. 5, pp. 805-814, 2002.

[65] G.L.Plett, Battery Management Systems. Boston MA ; London ; Norwood, MA:

Artech House, 2015.

[66] A.Jay, “Lithium Iron Phosphate (LFP) battery cell - Dakota Lithium,” Dakota
Lithium Batteries. [Online]. Available: https://dakotalithium.com/product/lithium-

iron-phosphate-1fp-battery-cell-26mm-x-65mm-26650/. [Accessed: 14-Apr-2022].

[67] M. Henke and G. Hailu, “Thermal management of Stationary Battery Systems:

A literature review,” Energies, vol. 13, no. 16, p. 4194, 2020.

[68] M. Swierczynski, D. 1. Stroe, A. 1. Stan, R. Teodorescu, and S. K. Keer,
“Lifetime estimation of the nanophosphate LiFePO4 /C battery chemistry used in
fully electric vehicles,” IEEE Trans. Ind. Appl., vol. 51, no. 4, pp. 3453-3461, Jul.

2015.

[69] C. Vartanian and N. Bentley, “A123 systems’ advanced battery energy storage
for renewable integration,” in Proc. 2011 IEE/PES Power Syst. Conf. Expo., Mar.

20-23, 2011, pp. 1-6

162



[70] D. L. Stroe, M. Swierczynski, S. K. Kar and R. Teodorescu, "Degradation
Behavior of Lithium-lon Batteries During Calendar Ageing—The Case of the

Internal Resistance Increase," in IEEE Transactions on Industry Applications, vol.

54, no. 1, pp. 517-525, Jan.-Feb. 2018.

[71] S. R. Ferreira, D. M. Rose, D. A. Schoenwald D A, "Protocol for uniformly
measuring and expressing the performance of energy storage systems." Sandia

National Laboratories technical report, SAND2013-7084, 2013.

[72] D. L Stroe, “Lifetime Models for Lithium-ion Batteries used in Virtual Power

Plant Applications,” Thesis, Aalborg University, Aalborg, 2014.

[73] J. S. Edge, S. O’Kane, R. Prosser, N. D. Kirkaldy, A. N. Patel, A. Hales, A.
Ghosh, W. Ai, J. Chen, J. Yang, S. Li, M.-C. Pang, L. Bravo Diaz, A. Tomaszewska,
M. W. Marzook, K. N. Radhakrishnan, H. Wang, Y. Patel, B. Wu, and G. J. Offer,
“Lithium ion battery degradation: What you need to know,” Physical Chemistry
Chemical Physics, vol. 23, no. 14, pp. 8200-8221, 2021.

[74] L. Ahmadi, A. Yip, M. Fowler, S. B. Young, and R. A. Fraser, “Environmental
feasibility of re-use of electric vehicle batteries,” Sustainable Energy Technologies
and Assessments, vol. 6, pp. 64—74, 2014.

[75] J. Neubauer and A. Pesaran, “The ability of battery second use strategies to
impact plug-in electric vehicle prices and serve utility energy storage applications,”
Journal of Power Sources, vol. 196, no. 23, pp. 10351-10358, 2011.

[76] S. K. Chaudhary, A. F. Cupertino, R. Teodorescu, and J. R. Svensson,
“Benchmarking of Modular Multilevel Converter Topologies for ES-STATCOM

Realization,” Energies, vol. 13, no. 13, p. 3384, Jul. 2020.

163



[77] T. Tanaka, K. Ma, H. Wang and F. Blaabjerg, "Asymmetrical Reactive Power
Capability of Modular Multilevel Cascade Converter Based STATCOMs for
Offshore Wind Farm," in I[EEE Transactions on Power Electronics, vol. 34, no. 6,
pp. 5147-5164, June 2019.

[78] D. Vozikis, G. P. Adam, P. Rault, O. Despouys, D. Holliday and S. J. Finney,
"Enhanced Modular Multilevel Converter With Reduced Number of Cells and
Harmonic Content," in IEEE Journal of Emerging and Selected Topics in Power
Electronics, vol. 8, no. 3, pp. 2954-2965, Sept. 2020.

[79] CIGRE Working Group B4.57, “Guide for the development of models for
HVDC converters in a HVDC grid,” 2014.

[80] A. F. Cupertino, W. C. S. Amorim, H. A. Pereira, S. I. Seleme Junior, S. K.
Chaudhary and R. Teodorescu, "High Performance Simulation Models for ES-
STATCOM Based on Modular Multilevel Converters," in /EEE Transactions on
Energy Conversion, vol. 35, no. 1, pp. 474-483, March 2020.

[81] J.H.D.G.Pinto, W. C. S. Amorim, A. F. Cupertino, H. A. Pereira, S. . S. Junior
and R. Teodorescu, "Optimum Design of MMC-Based ES-STATCOM Systems:
The Role of the Submodule Reference Voltage," in IEEE Transactions on Industry
Applications, vol. 57, no. 3, pp. 3064-3076, May-June 2021.

[82] Z. Wang, H. Lin, Y. Ma and T. Wang, "A prototype of modular multilevel
converter with integrated battery energy storage," 2017 IEEE Applied Power

Electronics Conference and Exposition (APEC), 2017.

164



[83] M. Vasiladiotis and A. Rufer, "Analysis and Control of Modular Multilevel
Converters With Integrated Battery Energy Storage," in /[EEE Transactions on
Power Electronics, vol. 30, no. 1, pp. 163-175, Jan. 2015.

[84] Q. Chen, R. Li and X. Cai, "Analysis and Fault Control of Hybrid Modular
Multilevel Converter With Integrated Battery Energy Storage System," in /[EEE
Journal of Emerging and Selected Topics in Power Electronics, vol. 5, no. 1, pp.
64-78, March 2017.

[85] J.M.L.Fonseca, S. R. P. Reddy, K. Rajashekara and K. Raj, "Active Power and
SOC Balancing Techniques for Resilient Battery Energy Storage Systems under
Asymmetric Grid Voltage Scenarios," 2021 [EEE Applied Power Electronics
Conference and Exposition (APEC), 2021.

[86] K.Ilves, S. Norrga, L. Harnefors and H. Nee, "On Energy Storage Requirements
in Modular Multilevel Converters," in IEEE Transactions on Power Electronics,
vol. 29, no. 1, pp. 77-88, Jan. 2014.

[87] T. Soong and P. W. Lehn, "Internal Power Flow of a Modular Multilevel
Converter With Distributed Energy Resources," in /[EEE Journal of Emerging and
Selected Topics in Power Electronics, vol. 2, no. 4, pp. 1127-1138, Dec. 2014.

[88] Z. Ma, F. Gao, C. Zhang, W. Li and D. Niu, "Variable DC-Link Voltage
Regulation of Single-Phase MMC Battery Energy-Storage System for Reducing
Additional Charge Throughput," in /IEEE Transactions on Power Electronics, vol.
36, no. 12, pp. 14267-14281, Dec. 2021.

[89] S.De Breucker, K. Engelen, R. D’hulst and J. Driesen. “Impact of current ripple

on Li-ion battery ageing,” World Electric Vehicle Journal, 6(3), 2013.

165



[90] M. Coleman, C. K. Lee, C. Zhu and W. G. Hurley, "State-of-Charge
Determination From EMF Voltage Estimation: Using Impedance, Terminal
Voltage, and Current for Lead-Acid and Lithium-lon Batteries," in [EEE
Transactions on Industrial Electronics, vol. 54, no. 5, pp. 2550-2557, Oct. 2007.

[91] F. Huet, “A review of impedance measurements for determination of the state-
of-charge or state-of-health of secondary batteries,” Journal of Power Sources, vol.
70, no. 1, pp. 59-69, 1998.

[92] S. Debnath, J. Qin, B. Bahrani, M. Saeedifard and P. Barbosa, "Operation,
Control, and Applications of the Modular Multilevel Converter: A Review," in [EEE
Transactions on Power Electronics, vol. 30, no. 1, pp. 37-53, Jan. 2015, doi:

10.1109/TPEL.2014.2309937.

[93] N. Herath, S. Filizadeh and M. S. Toulabi, "Modeling of a Modular Multilevel
Converter With Embedded Energy Storage for Electromagnetic Transient
Simulations," in [EEE Transactions on Energy Conversion, vol. 34, no. 4, pp. 2096-
2105, Dec. 2019.

[94] S. Qiuand B. Shi, "An Enhanced Battery Interface of MMC-BESS," 2019 IEEE
10th International Symposium on Power Electronics for Distributed Generation
Systems (PEDG), 2019, pp. 434-439.

[95] Z. Wang, H. Lin, Y. Ma, Z. Ze and T. Wang, "Seamless Transfer of Control
Mode for Modular Multilevel Converter with Integrated Battery Energy Storage
System," 2019 IEEE Applied Power Electronics Conference and Exposition

(APEC), 2019, pp. 1494-1499.

166



[96] R. Pefia-Alzola, D. Campos-Gaona, P. F. Ksiazek and M. Ordonez, "DC-Link
Control Filtering Options for Torque Ripple Reduction in Low-Power Wind
Turbines," in IEEE Transactions on Power Electronics, vol. 32, no. 6, pp. 4812-
4826, June 2017.

[97] A. Prodic, Jingquan Chen, D. Maksimovic and R. W. Erickson, "Self-tuning
digitally controlled low-harmonic rectifier having fast dynamic response," in /EEE
Transactions on Power Electronics, vol. 18, no. 1, pp. 420-428, Jan. 2003.

[98] M. Beza and M. Bongiorno, "An Adaptive Power Oscillation Damping
Controller by STATCOM With Energy Storage," in I[EEE Transactions on Power
Systems, vol. 30, no. 1, pp. 484-493, Jan. 2015.

[99] S.Feng, X. Wu, P. Jiang, L. Xie and J. Lei, "Mitigation of Power System Forced
Oscillations: An E-STATCOM Approach," in IEEE Access, vol. 6, pp. 31599-
31608, 2018.

[100] J. Li, G. Konstantinou, H. R. Wickramasinghe and J. Pou, "Operation and
Control Methods of Modular Multilevel Converters in Unbalanced AC Grids: A
Review," in IEEE Journal of Emerging and Selected Topics in Power Electronics,

vol. 7, no. 2, pp. 1258-1271, June 2019, doi: 10.1109/JESTPE.2018.2856505.
[101] R. W. Erickson and D. Maksimovic, Fundamentals of Power Electronics.
Norwell, MA: Kluwer, Mar. 1, 1997.
[102] M. Liserre, F. Blaabjerg and A. Dell’ Aquila, “Step-by-step design procedure for
a grid-connected three-phase PWM voltage source converter,” International

Journal of Electronics, 91:8, 445-460, 2004.

167



[103] M. A. Zhao, X. Yuan, J. Huand Y. Yan, “Voltage dynamics of current control
time-scale in a VSC-connected weak grid.” IEEE Transactions on Power systems,

31(4), 2925-2937, 2015.

[104] J. M. L. Fonseca, S. R. P. Reddy and K. Rajashekara, "Design of Digital
Controllers for the Reduction of Low-Frequency Harmonic Currents in Double Star
Chopper Cell-based Battery Energy Storage Systems," 2021 I[EEE [2th
International Symposium on Power Electronics for Distributed Generation Systems
(PEDG), 2021, pp. 1-8.

[105] C. Liu and J. -S. Lai, "Low Frequency Current Ripple Reduction Technique
With Active Control in a Fuel Cell Power System With Inverter Load," in /[EEE
Transactions on Power Electronics, vol. 22, no. 4, pp. 1429-1436, July 2007.

[106] J. Dannehl, M. Liserre and F. W. Fuchs, "Filter-Based Active Damping of
Voltage Source Converters With LCL Filter," in /EEE Transactions on Industrial
Electronics, vol. 58, no. 8, pp. 3623-3633, Aug. 2011.

[107] Y. Ma, H. Lin, Z. Wang, and Z. Ze, “Modified State-of-Charge Balancing
Control of Modular Multilevel Converter with Integrated Battery Energy Storage
System,” Energies, vol. 12, no. 1, p. 96, Dec. 2018.

[108] L. Baruschka and A. Mertens, "Comparison of Cascaded H-Bridge and Modular
Multilevel Converters for BESS application," 2011 IEEE Energy Conversion
Congress and Exposition, 2011, pp. 909-916, doi: 10.1109/ECCE.2011.6063868.

[109] A. Hillers and J. Biela, "Optimal design of the modular multilevel converter for

an energy storage system based on split batteries," 2013 15th European Conference

168



on Power Electronics and Applications (EPE), 2013, pp. 1-11, doi:
10.1109/EPE.2013.6634660.

[110] Y.Bak,J.S. Lee and K. B. Lee. “Low-Voltage Ride-Through Control Strategy
for a Grid-Connected Energy Storage System”. Appl. Sci. 2018, 8, 57.

[I11] H. Liang, L. Guo, J. Song, Y. Yang, W. Zhang and H. Qi. “State-of-charge
balancing control of a modular multilevel converter with an integrated battery
energy storage”. Energies, 11(4), p.873, 2018.

[112] L. Zhang, F. Gao and N. Li, "Control strategy of MMC battery energy storage
system under asymmetrical grid voltage condition," in Chinese Journal of Electrical
Engineering, vol. 2, no. 2, pp. 76-83, Dec. 2016.

[113] G. Liang, H. D. Tafti, G. G. Farivar, J. Pou, C. D. Townsend, G. Konstantinou,
and S. Ceballos, “Analytical derivation of Intersubmodule active power disparity
limits in modular multilevel converter-based Battery Energy Storage Systems,”

IEEFE Transactions on Power Electronics, vol. 36, no. 3, pp. 2864-2874, 2021.

[114] G. Liang, G. G. Farivar, G. N. B. Yadav, E. Rodriguez and J. Pou, "Battery Fault
Tolerance of Modular Multilevel Converter-Based Battery Energy Storage Systems
with Redundant Submodules," IECON 2021 — 47th Annual Conference of the IEEE
Industrial Electronics Society, 2021, pp- 1-6, doi:
10.1109/TECON48115.2021.9589060.

[115] P.D.Judge and T. C. Green, “Modular multilevel converter with partially rated
integrated energy storage suitable for frequency support and ancillary service

provision,” IEEE Trans. Power Del., vol. 34, no. 1, pp. 208-219, Feb. 2019.

169



[116] Z. Ze, H. Lin, Y. Ma, and Z. Wang, “Assessment of modular multilevel
converter with partly integrated battery energy storage system,” in Proc. of ECCE,

pp. 2956-2962, Sep. 2018.

[117] Y.Ma,H. Lin, X. Wang, Z. Wang, and Z. Ze, “Analysis of battery fault tolerance
in modular multilevel converter with integrated battery energy storage system,” in
Proc. of 20th European Conf. on Power Electron. and Appli. (EPE’18§ ECCE

Europe), pp. 1-8, Sep. 2018.

[118] R. Teodorescu, M. Liserre and P. Rodriguez. Grid converters for photovoltaic
and wind power systems (Vol. 29). John Wiley & Sons, 2011.

[119] P. Rodriguez, A. Luna, R. S. Munoz-Aguilar, 1. Etxeberria-Otadui, R.
Teodorescu and F. Blaabjerg, "A Stationary Reference Frame Grid Synchronization
System for Three-Phase Grid-Connected Power Converters Under Adverse Grid
Conditions," in IEEE Transactions on Power Electronics, vol. 27,no. 1, pp. 99-112,
Jan. 2012.

[120] S. Li, X. Wang, Z. Yao, T. Li, and Z. Peng, “Circulating current suppressing
strategy for MMC-HVDC based on nonideal proportional resonant controllers under
unbalanced grid conditions,” IEEE Trans. Power Electron., vol. 30, no. 1, pp. 387—
397, Jan. 2015

[121] J. Pou, S. Ceballos, G. Konstantinou, V. G. Agelidis, R. Picas, and J. Zaragoza,
“Circulating current injection methods based on instantaneous information for the
modular multilevel converter,” in IEEE Trans. Ind. Electron., vol. 62, no. 2, pp.

777-788, Feb. 2015.

170



[122] R. Zhang, B. Xia, B. Li, L. Cao, Y. Lai, W. Zheng, H. Wang, and W. Wang,
“‘State of the art of lithium-ion battery SoC estimation for electrical vehicles,”
Energies, vol. 11, no. 7, p. 1820, Jul. 2018.

[123] E. Unamuno and J. A. Barrena. “Hybrid ac/dc microgrids—Part I: Review and
classification of topologies.” Renewable and Sustainable Energy Reviews, 52,
pp-1251-1259, 2015

[124] “IEEE guide for the interoperability of energy storage systems integrated with
the electric power infrastructure”, IEEE Std 2030.2-2015, June 2015, pp. 1-138.

[125] L. Wang, D. Zhang, Y. Wang, B. Wu and H. S. Athab, "Power and Voltage
Balance Control of a Novel Three-Phase Solid-State Transformer Using Multilevel
Cascaded H-Bridge Inverters for Microgrid Applications," in /[EEE Transactions on
Power Electronics, vol. 31, no. 4, pp. 3289-3301, April 2016, doi:
10.1109/TPEL.2015.2450756.

[126] F. Briz, M. Lopez, A. Rodriguez and M. Arias, "Modular Power Electronic
Transformers: Modular Multilevel Converter Versus Cascaded H-Bridge
Solutions," in IEEE Industrial Electronics Magazine, vol. 10, no. 4, pp. 6-19, Dec.
2016, doi: 10.1109/MIE.2016.2611648.

[127] M. Faisal, M. A. Hannan, P. J. Ker, A. Hussain, M. B. Mansor and F. Blaabjerg.
“Review of energy storage system technologies in microgrid applications: Issues
and challenges.” IEEE Access, 6, pp.35143-35164, 2018.

[128] F. Nejabatkhah and Y. W. Li, "Overview of Power Management Strategies of
Hybrid AC/DC Microgrid," in IEEE Transactions on Power Electronics, vol. 30,

no. 12, pp. 7072-7089, Dec. 2015.

171



[129] Q. Zhong and G. Weiss, "Synchronverters: Inverters That Mimic Synchronous

Generators," in IEEE Transactions on Industrial Electronics, vol. 58, no. 4, pp.

1259-1267, April 2011.

172



173



	ACKNOWLEDGMENT
	ABSTRACT
	TABLE OF CONTENTS
	List of Tables
	List of Figures
	1. INTRODUCTION
	1.1 Background and motivation
	1.2 Review of Battery Energy Storage Systems for Grid Applications 1.2.1 Battery Chemistry for Grid Applications
	1.2.2 Power converters
	1.2.2 Review of MMC operation

	1.3 Research Contributions
	1.4 Dissertation Outline

	2. BATTERY IMPEDANCE PARAMETER ESTIMATION FOR GRID APPLICATIONS
	2.1 Introduction
	2.2 Proposed SoC-dependent Equivalent Circuit Modeling
	2.2.1 Equivalent Circuit Model
	2.2.2 Performed Tests
	2.2.3 Lumped Parameter Model (Methodology 1)
	2.2.4 Subspace Identification Method (Methodology 2)
	2.2.5 Proposed Methodology (SoC-dependent parameters)

	2.3 Experimental Results
	2.4 Accelerated degradation test
	2.4.1 Load profile and degradation test setup
	2.4.2 Accelerated degradation test results
	2.4.2.1 Capacity fade results

	2.4.2.2 Internal resistance change

	2.5 Conclusions
	2.6 Publications

	3. REDUCED CAPACITOR ENERGY REQUIREMENTS AND BATTERY BIDIRECTIONAL DC-DC CONVERTER CONTROL OF BESS-MMC
	3.1 Introduction
	3.1.1 Bidirectional converter voltage loop

	3.2 Connection of batteries to MMC
	3.3 BESS-MMC control
	3.4 Bidirectional converter modeling and control
	3.5 BDC Controller and Filter Design Procedure
	3.5.1 PI Controller Design of Current loop
	3.5.2 PI Controller Design of Voltage loop
	3.5.2.1 Required voltage attenuation
	3.5.2.2 PI controller design
	3.5.2.2 Notch filter design


	3.6 Capacitor energy requirements for the operation of BESS-MMC
	3.6.1 Power transfer to AC Grid
	3.6.2 Phase power transfer
	3.6.3 Arm power transfer
	3.6.4 BESS-MMC capacitor energy requirement remarks

	3.7 Controller hardware-in-the-loop results
	3.7.1 BDC controllers parameters and NF design
	3.7.2 Capacitor sizing validation
	3.7.2.1 Grid currents only
	3.7.2.2 Grid and phase power transfer
	3.7.2.3 Grid and arm power transfer
	3.7.2.4 Capacitor sizing comparison


	3.9 Publications

	4.  POWER AND STATE-OF-CHARGE (SOC) BALANCING STRATEGIES FOR BESS-MMC UNDER ASYMMETRIC CONDITIONS
	4.1 Introduction
	4.1.1 Operation under grid-voltage asymmetry
	4.1.2 Operation under asymmetric phase and arm power conditions

	4.2 Phase power and SoC balancing under ac grid voltage asymmetry
	4.2.1 Balancing active power externally to the MMC
	4.2.2 Balancing active power internally to the MMC
	4.2.3 Proposed SOC-balancing strategy with per-phase power limiter

	4.3 Arm power transfer under ac grid voltage asymmetry
	4.4 Controller hardware-in-the-loop results for asymmetric grid voltage scenarios
	4.5 Power balancing under asymmetric phase and arm power conditions
	4.5.1 Available phase power asymmetry
	4.5.2 Available arm power asymmetry
	4.5.3 Combined available phase and arm power asymmetry (general scenario)
	4.5.4 Asymmetry caused by different number of modules
	4.5.5 The role of the power transfer efficiency

	4.6 Controller hardware-in-the-loop results for asymmetric power conditions
	4.7 Conclusion
	4.8 Publications

	5. Power management strategies for Hybrid AC/DC Microgrid with MMC BASED interlinking converter integrated with BESS
	5.1 Introduction
	5.2 Control strategies for the MMC based IC
	5.2.1 Grid following control
	5.2.2 Grid forming control

	5.3 Power management strategies for the proposed HMG structure
	5.3.1 Utility grid-connected undispatched power mode
	5.3.2 Islanded mode

	5.4 Hardware-in-the-loop validation
	5.4.1 Resilient and decoupled microgrid operation
	5.4.2 Power management strategies

	5.5 Conclusion
	5.6 Publications

	6. Conclusions and future work
	6.1 Conclusions
	6.2 Scope for future work

	References

