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Abstract

With the advent of power electronic converter-based generation technology in the power
utility industry, there is an increasing need for sources of dynamically controllable real and
reactive power to maintain stability of electric power systems. Static Synchronous
Compensators (STATCOMs) improve the stability of electric power systems by
dynamically controlling reactive power supply to the system. However, they cannot provide
dynamic real power control. In this dissertation, a device capable of both dynamic real
power and reactive power control is presented. The device consists of a modular multilevel
converter (MMC) -based STATCOM combined with a hybrid energy storage system that
combines a battery energy storage system with a supercapacitor energy storage system.
Matlab/Simulink is utilized to examine the stability of the response of an electric
transmission system under fault conditions without compensation, with a STATCOM alone
and with the enhanced energy storage system. Simulation plots show that the system
stability improves significantly when the hybrid energy storage system is combined with the

STATCOM for dynamic real and reactive power compensation.



Acknowledgments

I would like to thank enormously my advisor, Dr. Brian K. Johnson, for his endless advice,
guidance and inspiration throughout my research work. | am also appreciative to the
committee members Dr. Herbert L Hess, Dr. Yacine Chakhchoukh, and Dr. Daniel Conte de
Leon for creating time to review and make recommendations on my dissertation.

I am thankful to Pacific Gas and Electric Company for the financial assistance and to my co-
workers for their technical support and encouragement throughout the research process.

| am especially appreciative to my entire family for always being there for me and enduring
those long night vigils. Above all, the biggest appreciations go to the almighty God for

successfully walking me through the long journey of the doctoral program.



Dedications

To Mum and Dad,
Rudolf Enang and Lucy Enang

In loving memories



Vi

Table of Contents

Authorization to SUDMIE DISSEITALION .........cvviieiiieieiie e I
N 01 1 - Uo! PSSP iii
ACKNOWIBAGMENTS ...ttt 1\
D=0 [ Tor: A o] £ 1O PUROPSTSOR v
I 1 0] L) O] 01 (=] ] PSS Vi
LISE OF FIQUIES ...ttt sttt et e s b e s beebeeneesreeneeenee e X
LISE OF TADIES ... e et e e naees XV
Chapter 1:  INrOAUCTION.......cuiiii ettt te e sneenas 1
1.1 Problem Statement ........ccueiiiiiieie e 3
1.2 Research Objectives and Main ContribUtioNs............cocovirininiiniencsc s 5
1.3 State Of the Al ... re e 5
1.4 Dissertation OULIING ......ccviiiei e 7
Chapter 2:  OVerview 0f FACTS DEVICES ........ccouiirieiiieiie ettt 10
2.1 SerieS CONIOIIEIS .....c.viiieceee et 11
2.2 SNUNECONTIOIIETS ... et 12
2.3 Combined Series-Series CONtrOlIErS .......cccoviveiiere e 13
2.4  Combined Series-Shunt Controllers..........ccccovviiieiiiicie e 14
2.5 Benefits of SVC and STATCOM in Electric Utility Applications......................... 15
2.5.1  Basic Description 0f an SVC........ccoiiiiiiiiiiiieiee s 15
2.5.2  Basic description 0f a STATCOM ......c.cooeiiiie i 19
2.5.3 The MMC-based STATCOM at a Glance............cccoevvevveieiieiie e 24
2.5.4  Performance Characteristics of STATCOM and SVC........cccoocevivevvniininennns 29

P2 ST U 1 010 -1 VPSRRI 32
Chapter 3:  Power Converter TeChnology ........cccvoveiieiiiieiecceee e 34
3.1 Definition of POWEr CONVEIEIS .......ccveeciieiieciiie sttt ettt sree e ne e 34
3.2 Voltage Sourced ConVerters OVEIVIEW. .........ccveiueeiieiiiieiiesiieesie e e seessveeseeanneens 36
3.3 Control Schemes FOr STATCOMS .......cciiiiiiiie ittt 38
3.3.1 PWM Switching Scheme for two level VSC.........cccooiiiiiiiiec 39
3.3.2  Real and Reactive Power Control of STATCOM .......cccceiiviiieiviecieecee e, 41
3.3.3  Dynamic Model of Real and Reactive Power Controller..............ccccevvevnnnne. 44

3.4 Modular Multilevel Converter History and BenefitS...........ccoovvvvvvieiencneninnnine 46



vii

3.5  Multilevel Inverter TOPOIOGIES ......cveivieiieeieiie e 46
3.6 Equivalent Circuit of Half Bridge VSC.........ccooveii i 48
3.7  Sinusoidal Approximation of Multilevel COnVerter ............ccoooveveieiencneniiene 49
Chapter 4.  MMC-based STATCOM with Hybrid Energy Storage.........ccccceevevevierirennenn. 52
4.1  Introduction of the E-STATCOMY/BES3SC........ccceoiiiiiiiniiinieieie e 52
4.2  Overview of the E-STATCOM/BE3SC DESIGN .....c.oovveiviriiiiiiiiieieieie e 55
4.3  Mathematical Representation of E-STATCOM/BE3SC Control ........c.ccccovevvvennne 57
4.4 Principles of Operations of MMC with Separate DC SOUICES............ccevveivereennnnn 60
4.5  Total Harmonic Distortion (THD) CalCulation...........cccccoveiieniieninie e 61
451  THD CalCUIALION......cciiiiiiieieieiese e 61

O TV 1 011 0T 1Y OSSPSR 64
Chapter 5:  Hybrid Energy Storage System (HESS) ......cccccoiiiiiiiiiiiiiiec e 66
5.1 Hybrid Energy Storage SYSIEIMS ........ccveiieiiiiiieireie et 66
5.1.1  Supercapacitor DeSCIIPLION.........ccuciveieiieie e 66
5.1.2  Battery DeSCIIPLION ......ciiiiiieiesie et 69
5.1.3 Combining Batteries with SUPErcapacitors ............cccceevvereeresieseese e s 70

5.2 The RAGONE PlOt......cciiiiceee et 70
5.3  Sizing Energy Storage System for the E-STATCOM/BE3SC .......c.ccccovcvvivvivennnne. 71
5.3.1  Energy Stored in a SUPErcapacitor ..........ccccveverieieeiie e ese e 73
5.3.2  SupercapacCitor MOEl ..........c.ccoueiieiiiicceece e 74
5.3.3  Battery MOEl ........ccooiiiiieie s 74

5.4  Battery and Supercapacitor Power and Energy EqQuations.............ccccccceevvevieennenn. 76
5.5  Supercapacitor Charge and Discharge Characteristics ..........ccccoovvvievieivieiiesinennean, 77
5.6  Battery CharaCteriStiCS .......uoiuriiiiiiiiirieiiirii e 80
5.6.1 Battery DiSCharge CUIVE..........coeiiiiiiiiccecce e 80
5.6.2  Battery Temperature CharaCteristiCs ..........cccevviieiieiieiieie e 82
5.6.3 Battery State of Charge (SOC) and State of Health (SOH)..........c.ccceevvvvennens 84
5.6.4  Battery Life...ociiiiiie e 84
5.6.5  State OF Health ......ccooiii e 87
5.6.6  Sizing the Energy Storage SYSIEM........ccooiiieiiiiiene e 89

T A 11 1110 - VSRR 91
Chapter 6:  Bidirectional dc-dc Converter Control in ..........ccoovvevieiiieiic e 92
Battery-Supercapacitor Hybrid Energy Storage SYStem .........coocoveiiiieiinenienene e 92

70 R 191 1 0 1o 11 Te3 {10 ) o FTRTTTTTR TR TR TR TR TR TR TRTRRTTRTRTRRRTRT 92



T T ] Tl I 1= [ USSR 94
6.3 POWET FIOW MOUES ..ottt bbb 95
6.3.1  Charge Supercapacitor and Battery Mode..........ccccuevviieniniinin e 95
6.3.2  Discharge Battery and Supercapacitor MOUE ...........cccoevvevveieiieieeie e 96
6.3.3  Charge/disCharge MOE ..........ccceiieiiiiieiieie e 96
6.3.4  NOIMAl MOUE ......c.eoiiiiicie e e ee s 96
6.4  Bidirectional dc-dc converter CONIol ..........ccovvrieieni i 97
6.4.1  CONLrOl STFAEQY ...eocveeeieiie ettt sreene s 99
6.5  Sizing the hybrid energy Storage SYSteM.........cccooeiiiiiinininieieee e 101
6.6 SIMUIALION FESUITS.......iiuiiiieiieiieie e 106
6.7 SUIMMAIY .eeiiiiieiitiie ettt sttt sttt e et e s e e snb e e nb e e e nbb e e e nab e e e nb e e e nnne e e s 109
Chapter 7:  Enhanced STATCOM Model Implemented in Matlab/Simulink.................. 111
7.1 INEOTUCTION ...ttt reene e 111
7.2 The 500 KV Grid MOEL.........coooiiiiiiiiiiiiseee e 111
7.3 MMC STATCOM ..ottt renneene e 115
7.3.1  MMC STATCOM Parameters........c.cociueiuieieeriiesiee e siee e 118
7.3.2  STATCOM Gain Parameters..........cccvurieeerierieniesiesiesiesieseeneesee e siesiesiessessens 119
7.4 Hybrid Energy Storage SYStEM SIZING .......cccueveiieiuerieierienieniseeee e 121
7.5 Bidirectional dc-dc Step-Up CONVEIEN ........cccviieiieieciece e 122
7.6 SUIMMAIY ©oeiiiiieiiiiie ettt sttt e et e et e e st e e sa e e snb e e sb b e e e nnbe e e nab e e e nbeeennaee e s 123
Chapter 8:  Evaluation and Analysis of Simulation Results............cccccovieniiinnincnene. 124
8.1 Dynamic response to Moderate Step Change in Reactive Power Command ....... 125
8.2  Submodule Capacitor Voltage COmMPariSON..........ccceceeeeiierieiieieeiesee e 126
8.3  Impact of Increasing Number of Submodules on AC Voltage Waveform........... 127
8.4  Verification of Converter Ouput Current Against Reactive Power Command .... 128
8.5  Response During Recovery From a Close-In Three-Phase Fault......................... 129
8.6  Control of Hybrid Energy Storage System Charge/Discharge Operations........... 134
8.6.1  Control of charge/discharge operations when no power transfer is required 134
8.6.2  Control of charge/discharge operations at Pcommand #0......cc..ccecceeuenee. 137
8.7  System Voltage Magnitude Response to Changes in Solar Generation Output ... 138
8.8  System Frequency Response to Changes in Solar Generation Qutput ................. 139
8.9 E-STATCOM/BE3SC connected to mitigate high voltages...........ccccooevveieenen. 143

8.10 E-STATCOMY/BE3SC used to mitigate low frequency issues due to Loss of PV 145
8.11 Summary of SImulation RESUILS ..........cccveiiiiiiieiie s 148



8.12 Assumptions, Challenges and Validation ..............ccccceeveeiieieiicseese e 150
Chapter 9: Summary, Conclusions and Future WOork...........cccccovveiviveiieveece e 152
0.1 SUMMEAIY it 152
0.2 CONCIUSIONS ...ttt bbb bbbttt nnesb et st ns 154
0.3 FULUIE WOTK .ttt et 155
RETEIBINCES. ...t ettt b et e st be et et nre e teene e re e reenae s 157
N 0] 01 0 LG USRS 165

N o] 01 00 DG = USSR 166



List of Figures
Figure 1.1: MMC with four power modules and generated ac voltage...........ccccceevvvvevirennene. 2
Figure 2.1: Series control of FACTS device [1].....covoviiniiiii e, 11
Figure 2.2: Phasor diagram of series control device [1].......ccccoocviveviiiieiiieie e 12
Figure 2.3: Shunt (Parallel) control of FACTS device [1] ..ccceveiieviiiieiieie e 13
Figure 2.4: Phasor diagram of shunt control device [1] .....c.cccoveiieiiiiieiicieee e 13
Figure 2.5: Series - shunt control of FACTS deVvice [1]....ccccooveveiieieiiiceeceee e 14
Figure 2.6: Phasor diagram of the series - shunt control of FACTS device [1] ......c..cccco...... 14
Figure 2.7: Basic representation 0f an SVC [L4]......ccovooeiiiiicieiece e 18
Figure 2.8: Simplified diagram of a STATCOM .......cccvoiiiiiiicccecce e 19
Figure 2.9: Simplified Principal Arrangement of STATCOM........cccoveviiieciciiece e 20
Figure 2.10: Basic operation of the STATCOM ..o 21
Figure 2.11: Waveforms of a two-level, three-level and four-level STATCOM [20] ......... 26

Figure 2.12: High and low voltage operating ranges of STATCOM versus SVC [20][21]. 28

Figure 2.13: V/I characteristics of STATCOM versus SVC [20][21]......ccccvvevveiieiveiiecrienne. 28
Figure 2.14:V-I characteristics 0f a STATCOM [22] ...cvooveiieieiiecece e 30
Figure 2.15: V-1 characteristics of an SVC [23][24] .....cooeovveiieieieeeeee e 30
Figure 2.16: STATCOM and simple utility system equivalent circuit..............c.ccccvevrrnnnen. 31
Figure 3.1: Schematic diagram of the single-phase, full-bridge, two-level VSC............... 37
Figure 3.2: Evolution of switch converters for HVDC and FACTS [3].....ccoovvvieviiiiiveinnnn, 38
Figure 3.3: Carrier-based PWM switching technique [31].......ccccoiieiieiiiciie e 40

Figure 3.4: VSC real and reactive power CONtroller...........cooveveiiieiie i 41



Xi

Figure 3.5: Voltage-mode control of real and reactive power for VSC .........cccocevveveinenne. 42
Figure 3.6: Current-mode control of real and reactive power for VSC [31] .......cccecvevvvrnnnne. 43
Figure 3.7:Multilevel Inverter TOPOIOGIES ........ccovviieiiiieiie e 48
Figure 3.8: Equivalent circuit of multilevel voltage-sources converter ............ccccccvevvernnenee. 49
Figure 3.9: Example multilevel sinusoidal approximation [47] .......ccccccvvevieiveiieeieeie s 50
Figure 4.1: Basic diagram of an E-STATCOM/BES3SC...........ccooviiiiiiiiiiiiee . 53
Figure 4.2: Single-phase, two-submodule topology of E-STATCOM/BE3SC..................... 54
Figure 4.3: MMC With Separate dC SOUICES .......ccveiveerieeieitreiteeiesteeste e sreesre e sreesreeaesseesnas 60
Figure 4.4: Plot of THD of SINEWAVE [52] ......ccviiiiiiiieie e 63
Figure 5.1: Schematic of an electrochemical double-layer capacitor........................... 68

Figure 5.2: Ragone plot showing performance of a range of electrochemical devices [57]..71

Figure 5.3: Basic diagram of an E-STATCOM/BE3SC with 4 MMC submodules per phase

............................................................................................................................................... 72
Figure 5.4: Equivalent circuit of supercapacitor ladder [65].........ccccceveviiiieivciiece e 74
Figure 5.5: Equivalent circuit of Lithium lon Battery used in the Research [66] ................. 74
Figure 5.6: Supercapacitor SOC for a 10,000 F supercapacitor .............cccccevveveereeireervesreenne. 78
Figure 5.7: Supercapacitor discharge voltage for a 10,000 F...........cccoviiiiiiininenineee 79
Figure 5.8: Supercapacitor discharge current for a 10,000 F .........ccoovviiiiiiiencienieee 79
Figure 5.9: Battery discharge characteristics for a Lithium lon battery [67] ...........cccvnnne. 82
Figure 5.10: Performance of Lithium ion batteries at different operating temperatures [57]

............................................................................................................................................... 83



Xii

Figure 5.12: Depth of discharge versus cycle life for Lithium ion battery [57].................... 86
Figure 5.13: Impact of battery aging due to charge-discharge operations [74][75] .............. 87
Figure 6.1: Basic design and power flow modes..............ccoooiiiiiiiiiiiii 95
Figure 6.2: Bidirectional dc-dc converter for hybrid energy storage system (HESS)........... 99
Figure 6.3: CONLrol STTALEQY ......civveieiiece et e e e e 100
Figure 6.4: Control block diagram............cccooeiiiiiiicieee e 101
Figure 6.5: DC link voltage for supercapacitor connected alone ............ccccovevveieiieesieennns 107
Figure 6.6: DC link voltage for battery connected alone.............ccccocvveveiiiiieciecie e 107
Figure 6.7: DC link voltage of hybrid energy storage system (HESS) ..........cccccocevieinennnns 108
Figure 6.8: Battery Charging .........coceiviiiiie e sre e 108
Figure 6.9: Supercapacitor diSCharging ..........cccveviiieieeie e 108
Figure 6.10: Negative discharge current Of HESS..........c..coco oo 109
Figure 7.1: 500 KV system StUdied............cooeiiiii i, 113

Figure 7.2: Single-phase, three-submodule MMC STATCOM topology with hybrid energy

storage connected to two SUDMOUUIES ..........ccveiiiieiiicie e 116
Figure 7.3: Converter output voltage per Phase..........ccocviveiieieciie i 117
Figure 7.4: Schematic representation of full-bridge dc-dc converter transformer .............. 118

Figure 8.1: Dynamic response for moderate step change in Qref in MMC STATCOM

(0] L= LA Lo RPN 126
Figure 8.2: Capacitor voltage of three submodules with E-STATCOM/BE3SC................. 127
Figure 8.3: Capacitor voltage of three submodules with MMC STATCOM alone ............ 127
Figure 8.4: Converter output voltage per phase with 22-submodules.............ccccoveiieennnns 128

Figure 8.5: Converter output voltage per phase with 11-submodules............ccccoevveiiieinnnns 128



Xiii

Figure 8.6: Converter output peak current with 22-submodule E-STATCOM/BE3SC...... 129
Figure 8.7: Voltage measured at SUB L for a three-phase fault on the 500 kV line........... 130
Figure 8.8: Fault current measured at SUB L for a three-phase fault on the 500 kV line... 130
Figure 8.9: Voltage measured at SUB L for a three-phase fault on the 500 kV line........... 131
Figure 8.10: Fault current measured at SUB L for a three-phase fault on the 500 kV line. 132
Figure 8.11: Voltage measured at SUB L for a three-phase fault on the 500 kV line......... 133
Figure 8.12: Fault current measured at SUB L for a three-phase fault on the 500 kV line. 133
Figure 8.13: Battery state of charge providing charge balance between battery and

U0 LcT (= - o | (o SRS 135
Figure 8.14: Battery discharge current providing charge balance between battery and

U0 LcT (= - o | (o SRS 135

Figure 8.15: Battery voltage providing charge balance between battery and supercapacitor

Figure 8.16: Supercapacitor state of charge providing charge balance between battery and

U0 L=T (o= - o | (o SO ST TURP 136
Figure 8.17: AC power cOmMMand = 0 ......c.ccoveiiiiiiiieieee s 136
Figure 8.18: Supercapacitor state of charge discharging to the grid ............cccccooiiiiiinnns 138
Figure 8.19: Supercapacitor current when discharging to the grid.............ccccoocviiiiniinnnns 138
Figure 8.20: Supercapacitor voltage when discharging to the grid ...........cccccooeiiiiniiinnns 138

Figure 8.21: RMS voltage response for all generation (3,170MW) with E-
STATCOMYIBESSC ...ttt st st te e a e e et st e sresrenneeneens 139
Figure 8.22: Low frequency variations at SUB G, for reduced PV at SUB G, without

COMIPENSALION ...tttk bbbt b et e ettt bt bbbt e bt et e et e b et b et et enes 140



Xiv

Figure 8.23: Low frequency variations at SUBS L, G, D, and M ........c.ccoovvevviiciicneennnns 141
Figure 8.24: Frequency increase at SUB G with reduced PV, ........cccccoveviiivicic e 142
Figure 8.25: System frequency response for full generation restored at SUB G ............... 143
Figure 8.26: High voltages without E-STATCOM/BES3SC .........cccccoeiiiiieiieseeie e 144
Figure 8.27: E-STATCOM/BE3SC used to regulate system voltage..........c.ccccceeevereennnns 145

Figure 8.28: Low voltages at SUB G and SUB L due to reduced PV generation at SUB G

Figure 8.29: E-STATCOM/BE3SC installed at SUB G to mitigate low voltages............... 147



XV

List of Tables
Table 2.1: Comparison of MMC STATCOM and SVC.......ccccccoiviiiiieiiinie e 23
Table 4.1: Amplitudes of harmonics of distorted Sine wave................cooevviiiiiiininnnn.n 63
Table 6.1: Supercapacitor SPeCIfiCatioNS. ..........c.viiriiii e, 105
Table 6.2: Battery SPECITICAtIONS ........ccvoiiiiieieieiise e 106
Table 6.3: Bidirectional dc-dc converter SPeCIfICAtIONS ..........ccceveriiiieiiciiene e 106
Table 7.1: Operating voltage ranges of the 500 KV system..............ccoceviiiiiiiiininn. 114
Table 7.2: MMC STATCOM PArameters .........cccoriierieieieniesesiesiesieseseseesee e 119
Table 7.3: Battery SPECITICAtIONS ........cccoviiiiiiiiieiiseeie e 121
Table 7.4: Supercapacitor SPECITICALIONS ........c.coviieiieiesie e 122
Table 7.5: Bidirectional dc-dc converter SPeCIfiCatioNS ..........cccovvririniiieiiene e 122
Table 7.6: High frequency transformer SpecifiCations ...........cccovvvvieresinniene s 123
Table 8.1: Bus voltages comparison without compensation, with MMC STATCOM...... 148

Table 8.2: Frequency response without compensation and with E-STATCOM/BE3SC.... 149
Table 8.3: Comparison of 11-submodule MMC STATCOM and 22-submodule MMC
STATCOM L.t e e e e e e s e e e st e e e ssbe e e snteeeanteeesneeeesneeeennneeans 149
Table 8.4: Low level capacitor out voltage level for the MMC STATCOM and E-

STATCOMYIBESSC ...ttt bbbttt b ettt 150



Chapter 1: Introduction

In ac power systems, there is an increasing need to efficiently control reactive power that
is consumed in every component of the power system, from the generating centers to the load
centers. Flexible AC Transmission System (FACTS) devices such as Static VAR
Compensators (SVCs) and Static Synchronous Compensators (STATCOMS), have seen
significant applications in accomplishing dynamic reactive power control [1]. Other FACTS
devices such as Thyristor Controlled Series Capacitors (TCSC) and Unified Power Flow
Controllers (UPFC) have seen some application. There is an extensive number of papers
published proposing additional applications.

With the advent of improved semiconductor technology and modern voltage sourced
converter (VSC) topologies, STATCOMs build on the proven benefits of speed, modularity
and small footprint with improved response time and lower harmonics over the other FACTS
devices. STATCOMs continuously provide variable reactive power in response to voltage
variations, supporting the stability of the grid. They generate or absorb reactive power by
electronically processing voltage or current waveforms in the VSC, using relatively small ac
capacitors and inductors as filters, without the need for larger ac capacitor and reactor
elements for generating and absorbing reactive power [2].

Modular multilevel converter (MMC) - based VSC applications have attracted a lot of
interest for increasing ratings for high voltage and high-power applications with reduced
switching losses and reduced harmonics. Both the size of voltage steps and related voltage

gradient are minimized if the ac voltage generated by the converter can be selected in small



increments. Having smaller voltage increments at each switching instance reduces losses and
reduces voltage harmonics, and indirectly reduces current harmonic distortion. This is
accomplished by increasing the number of submodules connected in series [3].

Figure 1.1 shows the power modules in a four-module MMC and the generated ac
voltage waveform. Transmission level MMCs have several hundred modules, but a case with

four modules is shown for simplicity.

+Udc/2

Udc

- Udc/2

(@) MMC power modules (b) Generated ac Voltage

Figure 1.1: MMC with four power modules and generated ac voltage

Combining an MMC STATCOM with an energy storage system (ESS) could provide
capability to dynamically inject both real and reactive power to the medium or high voltage
grid for better power quality and stability [4]. Energy storage could also provide improved

flexibility for integration of renewables to the electric grid.



This dissertation proposes a device that will dynamically control both real and reactive
power injections, improve the performance of the electric transmission system during normal
and abnormal conditions and help meet a state’s utility mandates for clean energy storage.

The proposed device, Enhanced STATCOM (E-STATCOM) with hybrid energy storage
system combines battery energy storage with a supercapacitor (BE3SC). This design will be
discussed in later sections of the dissertation. Choosing appropriate ratings for the energy
storage devices is important for accomplishing accurate results.

Matlab/Simulink is utilized to simulate the stability of the response of an electric
transmission system under fault and line outage conditions for the following cases: without
compensation, with a STATCOM alone, and with the enhanced STATCOM with energy
storage. Simulation results show that the system stability improves significantly when the

STATCOM is combined with the hybrid energy storage system for power compensation.

1.1 Problem Statement

As power flows from generation to load centers, reactive power is consumed through the
conductors and equipment linking the centers. This can result in low voltages and stability
issues in the electric system, especially during disturbances under high loadings. The severity
of the issues depends on the operating state of the system. During peak demand periods, a
fault on the electric system should result in more serious stability issues than during off-peak
demand periods. There are mechanically switched devices such as shunt capacitors and shunt
reactors that can be switched ON and OFF to control slow voltage fluctuations as needed.
Synchronous condensers are synchronous machines where field current is continuously

varied slowly to control voltage fluctuations. This slow response poses a burden to system



operators and may result in cascaded outages if the devices are not switched accurately and in
a timely manner. There are also automatic controls and transformer tap changing to help
regulate voltages, but they are slow and limited in operations per day or hour.

Stand-alone STATCOMSs have also been utilized to provide dynamic reactive
compensation. However, stand-alone reactive compensation does not always suffice to
mitigate a stability issue or to recover from a serious fault condition other than in localized
cases. In most cases, real power injection is also needed to recover from a serious disturbance
or to make the system stable to avoid cascaded outages [5]. Operating the system by
monitoring and manually switching reactive power devices is not fast enough and it is not an
effective technique in today’s modern electric system operations.

With the advent of power electronic converter-based generation technology in the
power utility industry, there is an increasing need for dynamically controllable real and
reactive power to maintain stability of electric power systems [5]. Static STATCOMs and
SVCs have been vital in dynamic reactive compensation, but they cannot provide dynamic
real power support. This research will propose a device capable of both dynamic real and
reactive power control.

The device consists of a modular multilevel converter based STATCOM combined with a
hybrid energy storage system that combines battery energy storage with a supercapacitor
energy storage system. The proposed device will provide capability to control both active
and reactive power flows as well as provide more flexibility and versatility in operating the

power system [5].



1.2 Research Objectives and Main Contributions

The objective of this research is to develop a device that will efficiently enhance
stability of the electric power system without the need to build new infrastructures such as
transmission lines and substations. This device should be capable of dynamically controlling
real and reactive power flows with the power system at medium or high voltage, for better
power quality, stability, maintenance, and operational flexibility.

This potential new application will be useful in electric utility power applications where
compensation is needed in bulk electric power transmission and would provide system
operators the leverage to schedule routine maintenance activities without risking system
exposure to voltage or stability issues during certain disturbances or contingencies.

Utilizing modular multilevel converters in the design will increase the rating of the device
and make it suitable for high voltage applications, increase reliability, modularity, and future
expandability of the system.

In addition to providing a source for real power, adding energy storage to the design
will help mitigate the “intermittency” issues that have plagued the solar and wind generation
technology for several years. The energy storage system would help prolong the night time

usage of stored solar energy.

1.3 State of the Art

Previous work explored the use of MMC-based STATCOMSs to improve reactive
compensation in power systems and they are now commercially available. To meet today’s

growing operational needs, there is a need to integrate an energy storage device that will play



the imperative role of enhancing the control and operation of the power system [6]. In [7],
various energy storage systems and their integration with FACTS devices were presented.

In [8], a new cascaded multilevel inverter to integrate and manage grid level energy
storage systems was developed. This design reduced the number of separate dc

sources seen in most cascaded multilevel inverters but still made them unattractive for solar,
wind and other renewable energy generation integration.

In [4], some work was performed to enhance the performance of the STATCOM by
adding supercapacitor energy storage to the dc-link of the conventional 2-level STATCOM.
This topology provides quick compensation for both real and reactive power changes, but it is
only suitable for short lasting stressed conditions in power systems.

Previous work explored integrating battery energy storage with diode-clamped
multilevel inverters [9]. If the inverter runs under pulse width modulation (PWM), the diode
reverse recovery of the clamp diodes becomes a major design challenge. As a result, this
topology is not suitable for high voltage applications as the output voltage is limited.

In [10], studies were performed on static synchronous compensators combined with
battery energy storage system (STATCOM/BESS), to regulate four-quadrant active and
reactive power, which is an ideal scheme to solve problems of wind farm integration. The
control strategy could coordinate charge or discharge of batteries with reactive power
compensation of STATCOM.

A model of STATCOM with hybrid battery energy storage (STATCOM/HESS) was
designed by using two bidirectional dc-dc converters [11]. This design utilized a combination
of conventional STATCOM with battery energy storage and supercapacitors for fast

enhancement of voltage stability. In the case studies, the voltage compensation capabilities



were demonstrated by varying loads with various STATCOM design topologies. Further
studies are needed with an MMC-based STATCOM design to determine the impact of high
voltage power system disturbances and line outages to the system stability.

Previous work in [12] and [13] described the MMC as a new generation STATCOM.
However, these designs were limited to reactive power compensation only.

My research will extend the current state of the art by utilizing an MMC-based
STATCOM with enhanced energy storage. The design will be compact and modular,
versatile and expandable, meet modern standards of state-of-the-art technology and it will be
cost effective.

1.4  Dissertation Outline

The primary goal of this dissertation is to introduce a device capable of dynamically
controlling both real and reactive power to meet dynamic needs in a power system.

This dissertation is divided into seven chapters. Chapter 1 provides an introduction of
the class of power system problems to address, research objectives, main contributions and a
review of the state of the art. Chapter 2 provides a general overview of FACTS devices
including series and shunt controllers, with emphasis on Static VAR Compensators and
Static Synchronous Compensators. Their characteristics and controls are also discussed. In
addition, the MMC-based STATCOM is analyzed.

Chapter 3 presents an overview of power converter technology with emphasis on
voltage sourced converters with MMC topologies. The VSC is the main building block of
the STATCOM. The control scheme of the STATCOM and PWM techniques are also

discussed. Modular multilevel converter benefits and topologies such as cascaded, diode-



clamped and flying capacitor designs are covered. The cascaded MMC topology has several
distinct benefits over the other options and is a widely utilized converter technology.

Chapter 4 covers the enhanced MMC STATCOM with a hybrid battery and
supercapacitor energy storage system. A mathematical representation of the STATCOM
control and principles of operation are discussed.

In Chapter 5, the energy storage system is covered. The benefits of combining
supercapacitors and batteries are described. A Ragone plot illustrates performances of the
energy storage devices in regard to their specific energy and power densities. Sizing of
supercapacitors and batteries will also be covered to meet performance expectations of the
enhanced STATCOM. The battery and supercapacitor characteristics will be illustrated in
relation to discharge rate, temperature, state of charge and impact on battery life.

Chapter 6 will cover the bidirectional dc-dc converter to control the supercapacitor
hybrid energy storage system. In this chapter, the basic design and control strategy of the
bidirectional converter, power flow modes, charge and discharge operations of the energy
storage system will be discussed.

Chapter 7 will discuss implementation of the enhanced STATCOM maodel in
Matlab/Simulink. The MMC STATCOM parameters and gains are calculated. In addition,
the sizing of the hybrid energy storage system is calculated based on the system needs, to
mitigate stability issues such as low and high frequencies due to generation and load
imbalance. Mitigation of these frequency issues could require very large storage levels,
unless this was on a small isolated grid.

Chapter 8 presents an evaluation and analysis of simulation results. A 500 kV

transmission system is analyzed for dynamic stability response of STATCOM after a three-



phase fault and after a line outage. Dynamic response is analyzed without compensation, with
STATCOM alone and with the enhanced MMC STATCOM connected to an energy storage
system. Simulation studies are performed for 22 power modules and 11 power modules of the
MMC STATCOMs. This chapter also covers the research assumptions, challenges and

validation. Chapter 9 presents a brief summary of the research, conclusions and future work.
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Chapter 2: Overview of FACTS Devices

Flexible Alternatiing Current Transmission Systems (FACTS) simplify to a
combination of power electronics components with traditional power system components.
They are intended to improve power system reliability, power transfer capability, transient
and dynamic stability as well as voltage regulation. With the advent of improved
semiconductor technologies, these FACTS devices have improved in their speed and
flexibility [1].

The semiconductor switching technology has evolved from mercury valves in the
1950s, thyristor valves in the 1970s to Integrated Gate Bipolar Transistors (IGBTS) in the
early 2000s for VSC topologies. The current FACTS technology is prevalently based on
the IGBT as the switching device in voltage sourced converters due to the proven speed
and reliability.

FACTS devices can provide series and shunt compensation when connected to the
power system. Series compensation on transmission lines modifies the line impedance and
the transfer capability of the line. Shunt compensation injects or absorbs reactive power to
regulate the voltage at the point of connection.

FACTS devices are classified into four main classes of controllers [1]:

e Series
e Shunt
e Combined series-series

e Combined series-shunt


https://electrical-engineering-portal.com/facts-devices-to-enhance-power-system-performance#shunt-controllers
https://electrical-engineering-portal.com/facts-devices-to-enhance-power-system-performance#combined-series-series-controllers
https://electrical-engineering-portal.com/facts-devices-to-enhance-power-system-performance#combined-series-shunt-controllers
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2.1 Series Controllers

Controllers connected in series with the line are meant to inject voltage in series with
the line. If the injected voltage is in phase quadrature with the line current, then the
controller only supplies or consumes variable reactive power. To handle real power, other
hybrid devices may be involved, which will be discussed later. These reactive power-only
devices could be variable impedance devices, which include Thyristor-Controlled Series
Capacitors (TCSC), Thyristor-Controlled Series Reactors (TCSR), Thyristor-Switched
Series Capacitor (TSSC) and Thyristor-Switched Series Reactor (TSSR). The Static Series
Synchronous Compensator (SSSC) is a series voltage source controlled to look like a
variable capacitor or inductor. Figure 2.1 represents series compensation on a system where
the power transfer capability (P) is controlled by varying the controlled series impedance
Xeries @dded to the transmission line, where X..;.s Can be either capacitive or inductive.
Figure 2.2 shows the phasor diagram of the series control system. The phasor labelled I, is
perpendicular to the phasor difference between V1 and V2, both phasors being dashed lines
in this figure.

V1 V2

X series

/v X

Loc1l Loc 2

Vs eries

Figure 2.1: Series control of FACTS device [1]
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Figure 2.2: Phasor diagram of series control device [1]

If Xseries 1S Capacitive, the power flow from Loc 1 to Loc 2 is given by:

P12 _ V1V, sin(6) (2.1)

X—Xseries

The power control capability from Loc 1 to Loc 2 (P;,) is proportional to the voltage
magnitude V; at Loc 1, the voltage magnitude V, at Loc 2, the sine of the phase angle
between V/; and V., and inversely proportional to the reactance between them. The line
resistance is assumed insignificant for this relation and is left out of the equation. Increasing
the effective capacitive reactance X, ;. increases the power flow on the line. On the other
hand, an inductive injective for X,,,;.s increases the effective reactance between the two
terminals and lowers power transfer.
2.2 Shunt controllers

Shunt controllers connected in shunt with the line are meant to inject current into the
system at the point of connection. If the injected line current is in quadrature with the line
voltage, variable reactive power supply or consumption could be achieved. Examples of
shunt controllers include STATCOMs and SVCs. The common SVCs are made up of
Thyristor-Controlled Reactors (TCRs), Thyristor-Switched Reactors (TSRs), Thyristor-
Switched Capacitors (TSCs) and Mechanically Switches Capacitors (MSC). Figure 2.3

represents a shunt control system where reactive power is injected into the system and
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increases the voltage V,, by injecting capacitive current at the midpoint of the transmission

line. The voltage at the midpoint where the shunt compensator is connected increases. There
is an inductive impedance between Loc 1 and V; that is not shown in the figure. The phasor
diagram in Figure 2.4 shows that the injected current from Q is perpendicular to the voltage

at the point of connection.

Vil Vig V2
X/2 X/2
Loc 1 I I+1Q Loc 2
P
Mo

Figure 2.3: Shunt (parallel) control of FACTS device [1]

>\
- I
//?6 Q \\
= )

Figure 2.4: Phasor diagram of shunt control device [1]

Power flow from Loc 1 to Loc 2 with a shunt compensator is given by:

P, = V1VM;i/I;(5/2) (2.2)

2.3 Combined Series-Series Controllers

This category of controllers comprises of separate series controllers controlled in a
coordinated manner in the case of a multiline transmission system. It can also be a unified

controller in which the series controllers perform the reactive power compensation in each


https://electrical-engineering-portal.com/facts-flexible-ac-transmission-systems
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line independently. An example of this controller is the Interline Power Flow Controller

(IPFC) in which the dc terminals of the controller converters are connected together [1].

2.4 Combined Series-Shunt Controllers

This category is a combination of separate series and shunt controllers operated in a
coordinated manner. Hence, they are capable of injecting current into the line using the
shunt part and injecting series voltage using the series part of the respective controller. An
example of this controller is the Unified Power Flow Controllers (UPFC). A UPFC can
inject a series voltage that is not in quadrature with line current, thus behaving as a phase
shifting transformer that also provides shunt voltage compensation. Figure 2.5 represents a
combined series and shunt control system where reactive power is injected into the system
via the shunt controller and the line impedance is modified via the series controller. Figure

2.6 represents the phasor diagram of the series-shunt controller.

V1 V2
| X series
) X
Q !
Loc 1 Loc 2
Vs eries

Figure 2.5: Series - shunt control of FACTS device [1]

V1
Vi %
\
L
///’/ \-wr
—- \
- 1Q \
6 \
V2

Figure 2.6: Phasor diagram of the series - shunt control of FACTS device [1]
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In recent years, FACTS devices such as STATCOMSs and SVCs have been widely
utilized by electric utility companies to accomplish reactive power control. To enhance the
performance of these devices, there is a need to combine them with real power sources to
improve dynamic stability of the transmission system and to prevent cascading outages.
Before discussing the enhanced configuration, the benefits of shunt compensation in the

form of SVCs and STATCOMs in electric utility applications are covered.

2.5 Benefits of SVC and STATCOM in Electric Utility Applications

Static VAR Compensators are shunt connected controllers used extensively to control
the ac voltage in transmission networks. Power electronic equipment such as the TCR and
TSC have gained a significant market, primarily because of well-proven robustness to
supply dynamic reactive power with fast response time and with low maintenance [14].
With the advent of high-power Gate Turn-Off thyristor (GTO) and transistor devices such as
IGBTSs, a new generation of power electronic equipment, STATCOMs, began to be applied

in the early 1990s for power system applications [15][16].

2.5.1 Basic Description of an SVC

The SVC regulates the voltage by controlling the amount of reactive power absorbed
from or injected into the power system. For example, it generates reactive power by
switching capacitor banks when the system voltage is low, or loads are inductive.
Consequently, the reactive power demand of the lagging load is supplied by the SVC —
relieving the distribution or transmission lines from delivering it. Thus, the voltage drop on

the line decreases and the voltage at the load terminals shall improve. Likewise, the SVC
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absorbs reactive power when the system voltage is high, or loads are capacitive. In this case,
the SVC uses the reactors to consume the VARS from the system, thereby lowering the
system voltage.

Typically, an SVC comprises one or more banks of fixed or switched shunt capacitors
or reactors, of which at least one bank is switched by thyristors. The SVC consists of the
following elements:

e Thyristor-Controlled Reactors (TCR), air-cored

e Thyristor Switched Reactors (TSR) - optional

e Thyristor Switched Capacitors (TSC) - optional

e Harmonic filters

e Mechanically switched capacitors or reactors (MSC or MSR) (switched by

circuit breaker)

The primary benefits of SVCs are the ability to provide continuous dynamic support. The
TCR element varies the reactive power by controlling the thyristor’s firing instants and
accordingly, the current that flows in the reactance.

The TSC consists of capacitor bank sections switched by thyristors. A discrete cycle by
cycle variation of the reactive power can be attained, but not a continuous change like that of
a TCR. Nonetheless, by providing a suitably large number of small sections, the required
resolution of reactive power variation for a single step can be achieved. In both the TCR and
the TSC, the control of the SVC is based on measuring the reactive component of load
current at the instant of voltage zero. Then, the measured current is used to determine the
firing angle or turn ON/OFF for the TSC, so that the SVC absorbs or injects the amount of

reactive power required for compensation.
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The harmonic filters are high-power passive filters utilized to smooth the current
waveforms resulting from undesired odd-order harmonics generated by the TCR. Since the
filters themselves are capacitive at 60 Hz, they also export MVARS to the power system.

The mechanically switched capacitors (MSCs) provide steady-state VARs and they are
typically switched by circuit breakers.

Figure 2.7 shows a possible basic representation of a Static VAR Compensator. The
compensators include the TCR, TSC, harmonic filters and MSCs. The harmonic filters (for
the TCR-produced harmonics) are capacitive at fundamental frequency. The TCR is
typically larger than the TSC blocks so that continuous control is realized.

Other possibilities are fixed capacitors (FCs) and TSRs which are switched cycle by
cycle and don’t provide harmonics. Usually a dedicated step-up transformer is used, with the
compensator equipment at medium voltage [14]. The transmission side voltage is controlled,
and the MVAR ratings are referred to the transmission side. The rating of an SVC can be
symmetrical or asymmetrical to meet the required power system demands. An example of a
symmetrical rating for a transmission application is + 500 MVVAR (capacitive) and -500
MVAR (inductive). Also, an example of an asymmetrical rating is +600 MVVAR (capacitive)

and -500 MVAR (inductive).
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Figure 2.7: Basic representation of an SVC [14]

In transmission applications, the SVC is used to regulate the grid voltage. If the power
system's reactive load is capacitive (leading) and the voltage is too high, the SVC will use
TCRs to consume VARs from the system, lowering the system voltage. Under inductive
(lagging) conditions, the capacitor banks are switched in by the SVC controls, thus
providing a higher system voltage. By connecting the TCR, which is continuously variable,
along with a capacitor bank step, the net result is continuously variable leading or lagging
power.

By means of phase angle variation when switching the thyristors in the TCR, the reactor
may be variably switched into the circuit and so provide a continuously variable inductive
scheme used in VAR absorption from the electrical network [17]. The switching scheme
used in TCRs generate undesirable odd-order harmonics and so as noted above, banks of
high-power filters are usually provided to reduce lower order harmonics and smooth the
current waveform. Addition of filters increases the footprint of SVCs compared with those

of STATCOMs. The reduced space need is a chief advantage of STATCOMs.


https://en.wikipedia.org/wiki/Capacitive
https://en.wikipedia.org/wiki/Volt-ampere_reactive
https://en.wikipedia.org/wiki/Inductance
https://en.wikipedia.org/wiki/Harmonic
https://en.wikipedia.org/wiki/Electronic_filter
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2.5.2 Basic description of a STATCOM
A STATCOM is a voltage sourced converter-based device which converts a dc input

voltage into an ac output voltage in order to compensate the active and reactive needs of the
system [18][19]. The STATCOM consists mainly of:

e Semiconductor switching devices such as IGBTs in VSC circuit topology

e dc capacitor for small energy storage to make the dc bus a stiff voltage source

e ac coupling reactor for ac voltage harmonic suppression and to make the ac

system appear as a current stiff.

Figure 2.8 shows a simplified diagram of a STATCOM. The leakage inductance of the
transformer acts as the ac coupling reactor. Many different VSC topologies can be used. This

dissertation will use the MMC topology from Figure 1.1 [14, 15].

Utility

Ll
MM

Tr

AC VSC
DC Converter

Cdc

Figure 2.8: Simplified diagram of a STATCOM

The voltage sourced converter is the main building block of the STATCOM. Modern

VSCs for utility applications use IGBT semiconductor switches.
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When viewing the VSC from the dc side, assume the dc capacitors are charged at a
controlled voltage. The capacitor voltage is used to synthesize ac voltage as shown in Figure
2.8. The angle difference between the created ac voltage waveform and the ac system
voltage can transfer energy to and from the grid, to control charge on the dc capacitor. The
VSC is able to perform independent control of active and reactive power with suitable
controls, able to implement black start capabilities given an energy supply on the dc link.
This makes the VSC suitable for connection to weak ac networks. Figure 2.9 shows a

simplified principal arrangement of a STATCOM.

Network mima fomim R Point of common coupling (PCC)

Coupling T >
Reactor

IGBT
Converter

DC Capacitor .._._..._._._._ > \_”J

Figure 2.9: Simplified Principal Arrangement of STATCOM

The STATCOM control normally keeps the converter voltage in phase with the grid
voltage in normal operation. When the amplitude of the converter voltage is higher than the
grid voltage, the STATCOM acts like a capacitor or an over-excited synchronous machine
and generates reactive power to the grid. On the contrary, when the amplitude of the converter
voltage is lower than the grid voltage, the STATCOM acts like an inductor or an under-excited

synchronous machine and absorbs reactive power from the grid. The maximum amount of
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reactive power generated or absorbed depends on the switching control of the VSC, as well
as on the dc bus voltage, which is controllable by the VSC, within limits. Figure 2.10 shows

an illustration of the basic operation of a STATCOM connected to an electric grid.

STATCOM
acts like a
capacitor

Amplitude of
converter
voltage higher generating
than grid bus reactive

voltage power

Figure 2.10: Basic operation of the STATCOM

The STATCOM operation is based on the principle of injection or absorption of
reactive current at the point of common coupling (PCC) to the power network.
Although the SVC and STATCOM are both used in electric power applications for reactive
power compensation, the STATCOM has better characteristics than the SVC for low voltage
conditions.

Both the STATCOM and the SVC can regulate current over a set range, as will be
discussed later. Outside the control range, the SVC looks like a fixed impedance. The
compensating current of the STATCOM does not depend on the voltage level of the PCC
since it is not dictated by voltage over an impedance, thus the compensating current

capability is not lowered as the voltage drops. This can be an advantage in a few situations.



22

Other reasons for preferring a STATCOM instead of an SVC are somewhat faster
performance, smaller footprint and the ability to provide both short term active and steady
state reactive power, thereby providing additional control.

In recent years, costs for STATCOMs have come down as have switching losses with
adoption of MMC topologies. These take away part of the chief advantages of SVCs,
making STATCOMS increasingly attractive.

Inherently, STATCOMs have a symmetrical rating with respect to inductive and
capacitive current, and as a result for reactive power; for example, +500 MVAR (capacitive)
and -500 MVAR (inductive). For asymmetric ratings, STATCOMSs need a complementary
reactive power source. This can be realized for example with mechanically switched
capacitors [14].

Table 1.1 provides a comparison of the MMC STATCOM and the SVC installation
characteristics. The choice of either device would depend on the specific needs of the power

system.
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Table 2.1: Comiarison of MMC STATCOM and SVC

Application

Fast dynamic compensation and
voltage recovery during faults

Fast dynamic
compensation and voltage
recovery during faults

Switching Device and
Design

IGBT, VSC, cascaded

Thyristor, series

Response time

1.5-2cycles

2 - 3 cycles

Equipment Harmonics

Normally insignificant with
MMC topology. Harmonically
self-compensated; filters needed
with 2 or 3-level VVSC using
PWM

TCR is source of
harmonics (ac filters
required).

If TSR is used instead, no
harmonics are present

Losses

Higher than SVC,;
reduced significantly with MMC

Lower than STATCOM

Installation Space

50% - 60%

100%

Equipment Location More indoor More outdoor
Maintenance Rate 20 - 30 hrs per year 40 - 50 hrs per year
Modular Unit Yes No
. Overall higher than
Installation Cost Overall lower than SVC STATCOM

Range Symmetrical Asymmetrical
V/I characteristics Superior undervoltage Good overvoltage
performance performance
Control range Symmetrical output: Adjustable Adjustable by branch
range ranges
Redundancy Inbuilt redundancy in power Inbuilt _redundancy in
modules thyristor valves

Siemens, ABB and GE are the main vendors of transmission level STATCOM devices.

In [20], a marketing document by Siemens covers a multitude of benefits of the SVC PLUS,

their name for STATCOM with MMC technology. The benefits include:

e Improved dynamic stability of transmission systems

e Increased power quality; reduction in risk of voltage collapse and blackout

e Highly efficient flicker reduction in distribution applications
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e Low harmonic generation and low noise emissions, when using MMC technology
e Minimized engineering efforts due to standardized component design

e Fast, efficient, modular, and cost-effective solution

25.3 The MMC-based STATCOM at a Glance

The MMC-based STATCOM uses voltage sourced converter technology based on a modular
converter design. Given enough levels, the MMC provides a nearly ideal sinusoidal-shaped
voltage waveform on the ac side. Therefore, there is little (if any) need for high-frequency
filtering and no need for low order harmonic filtering. The MMC topology allows for low
switching frequencies, with small changes in voltage at each switching instance, which
reduces system losses. The MMC technology provides a high degree of flexibility in
converter design and station layout. The MMC STATCOM uses robust, proven standard
components, such as typical AC power transformers, reactors, capacitors, and industrial
class IGBTSs (Insulated Gate Bipolar Transistors) that are widely used for traction and
industrial drives. This design reduces the time and resources required for project
development. The relatively low number of components simplifies design, planning, and
engineering tasks [20].

An MMC STATCOM or SVC can help system operators meet the demands of
increasingly distributed generation sources and liberalized markets. Power producers and
system operators all over the world are faced with increasing demands for bulk power
transmission, low-cost power delivery, and high system operational security. At the same
time, congestion and bottlenecks cause limitations in power transmission. A STATCOM or

SVC can provide a solution to such problems when properly sized and located. MMC
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STATCOM design can be customized more easily than SVC or conventional STATCOM to
meet individual reactive power demands.

Figure 2.11 shows waveforms of the MMC design compared with conventional two-
level and three-level designs. In Figure 2.11c, the ac voltage waveform of the four-level
STATCOM is a close approximation of the reference sinusoidal waveform, compared to the
waveforms in Figures 2.11a and 2.11b. This is because the four-level STATCOM has more
submodules connected in series, performing multiple switching steps. Increasing the number

of switching steps improves the voltage waveform.
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Figure 2.11: Waveforms of a two-level, three-level and four-level STATCOM [20]
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Figures 2.12 and 2.13 compare the voltage regulation ranges and the V/I characteristics
of a STATCOM and SVC. As voltage decreases, the shaded region of the STATCOM
extends to the bottom left (capacitive side). The ac portion is a benefit for STATCOMS.
Similarly, as voltage increases, the shaded region of the SVC extends to the top right
(inductive side). The ac portion is a benefit for SVC. This shows that the STATCOM shows
better capacitive voltage performance and the SVC shows better inductive voltage
performance (Figure 2.12). Similarly, the V-1 characteristic curves of the STATCOM and
SVC show that the continuous operating area of the STATCOM is larger than that of the
SVC due to very low voltage operation capabilities. This is primarily of benefit for

supporting voltage recovery from faults.
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Figure 2.12: High and low voltage operating ranges of STATCOM versus SVC [20][21]
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Figure 2.13:

V/I characteristics of STATCOM versus SVC [20][21]
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2.5.4 Performance Characteristics of STATCOM and SVC

2.5.4.1 V-1 Characteristics

Figure 2.14 shows the ability of the STATCOM to regulate current along the voltage
slope. The lower end of the slope is in the capacitive portion of the graph because at lower
voltages, the STATCOM performs better in this portion by injecting capacitive current to
regulate voltages.

The STATCOM can be specified with an increased transient current rating in both the
capacitive and the inductive-operating regions. The maximum attainable transient
overcurrent in the capacitive region is determined by the maximum current turn-off
capability of the converter switches and converter cooling system [22]. The transient
overload rating can be available both in the capacitive and inductive ranges only if specified
when starting projects, as vendors don’t add the cooling for that for free.

In practice, the semiconductor switches of the converter are not lossless, so either the
energy stored in the dc capacitor is eventually used to meet the internal losses of the
converter and the dc capacitor voltage diminishes, or power is drawn from the ac system to
supply the losses [22].

In the SVC characteriestics shown in Fgure 2.12, the capacitive output current
changes linearly with ac voltage magnetude once the low voltage limit of the control range

is hit, when the thyristors are not gated and all the capacitors are switched in.
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Figure 2.14:V-1 characteristics of a STATCOM [22]

In the V-I characteristic of the SVC, the transient overload capability is only in the inductive

range, but not in the capacitive range as shown in Figure 2.15.
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Figure 2.15: V-1 characteristics of an SVC [23][24]
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2.5.4.2 V- Q Characteristics

Figure 2.16 shows a simplified diagram of a STATCOM connected to a utility system.
The output current of the STATCOM is proportional to the magnitude and angle difference
of the converter and the utility voltages.

V1 is the voltage of the system, V; is the terminal ac voltage of the VSC or STATCOM,
X, Is the series reactance of the coupling transformer and § is the angle of /; with respect
to V,. V, is the fundamental component of the VSC terminal voltage and § is controlled by

the converter.

7 (8) V, (0) Utility System

Figure 2.16: STATCOM and simple utility system equivalent circuit

STATCOM

In power systems, transmssion lines or coupling transformers typically have a series
reactance given by R + wL. The X/R ratio is approximately 10 — 12 times (or bigger in
transformers). Since the reactance (X) is significantly larger than the resistance (R) in a
power system, in the example that follows, R is neglected to simplifythe calculation. By
definition, series reactance has no R.

Assuming the voltage angle of the STATCOM, §, is larger than the voltage angle of the
utility system, power will flow from the STATCOM to the utility system.

For simplicity, the circuit impedance and current flow are given by:

Zy ~jX,, (2.3)



32

In =20 (2.4)
Z
The active power injected by the STATCOM is given by:
P21=Re(72* E) (2.5)
which, upon substituting (2.4) in (2.5) and simplifying results in:
Py, = WzlValsin (6-0) (2.6)
X21
The reactive power (Q,,) injected by the STATCOM to the utility system is given by:
Q21 = Im(vz* E ) (2.7)
Substituting (2.4) into (2.7) and simplifying results in:
0,1 = V2> [Vz]IV4] cos (6-0) 2.8)

T Xy X21
During steady-state operation as a STATCOM, the voltage V, generated by the VSC is
in phase with V; (6 = 0) so that only reactive power is flowing (P = 0). If [V,] is lower
than |V, |, Q is flowing from V; to V, (STATCOM is absorbing reactive power). On the
reverse, if |V,| is higher than |V |, Q is flowing from V, to V; (STATCOM is generating

reactive power.

2.6 Summary

FACTS devices are classified into series, shunt, combined series-series or combined series-
shunt controllers. Series controllers connected in series with the transmission line are meant
to inject voltage in series with the line. If the voltage is in phase quadrature with the line
current, reactive power could be supplied or consumed. These devices can vary the line
impedance and impact the magnitude of power transferred. An example of a series controller

is the Static Series Synchronous Compensator.
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Shunt controllers connected in parallel with the line are meant to inject current into
the PCC. If the current is in phase quadrature with the line voltage, the voltage at the PCC
could be increased or decreased. Examples of shunt controllers include STATCOMSs and
SVCs. Combined series-series and series-shunt controllers are capable of injecting both
current and voltage into the system to vary the amount of reactive power in the power
system.

In recent years, STATCOMs and SVCs are predominantly used to dynamically
control reactive power injection into the system and reactive power absorption from the
system. Compared with the SVC, the STATCOM has the main benefit of small footprint
requirements for installation. The VSC is the main component of the STATCOM. The VSC
allows the STATCOM to be designed with MMC. The larger the number of converter
submodules, the higher the power output capability of the MMC STATCOM and the
smoother the output voltage waveforms.

The STATCOM and SVC have different ranges of voltage regulation and V-1
characteristics. The STATCOM demonstrates better capacitive voltage performance and the
SVC demonstrates better inductive voltage performance. Also, in STATCOMs, transient
overload rating is available for both the capacitive and inductive ranges while in SVCs,

transient overload rating is only available in the inductive range.
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Chapter 3: Power Converter Technology

3.1 Definition of Power Converters

A power converter is an electronic device or circuitry that changes power from one
form to another for efficient power transfer. A power inverter transfers power from direct
current (dc) to alternating current (ac) [25]. Since the power in an inverter is produced by the
dc source, it is required that the dc power source be stable and capable of supplying
approximate voltage and current for the intended power demands of the system.

The input voltage depends on the design and purpose of the inverter. Common dc voltage
levels include:

e 12V to 48V for smaller consumer and commercial inverters for home energy systems

200V to 400V for photovoltaic solar panels

300V to 450V for electric vehicle battery applications in vehicle-to-grid systems

Tens of kilovolts for VSC based FACTS

Hundreds of kilovolts for high-voltage direct current (HVDC) power transmission
systems.
There are two basic designs of converters for producing household ac voltage from a
voltage dc source. The first design uses a dc-dc boost converter to increase dc voltage and
then converts it to ac voltage via an inverter. The second design converts dc voltage to ac via
an inverter and then uses a line-frequency transformer to increase the output voltage [26].
An HVDC converter transfers electric power between high voltage alternating current
and high voltage direct current. HVDC is used as an alternative to alternating current for

transmitting electrical energy over long distances or between ac power systems of different
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frequencies [27]. HVDC converters are bidirectional as they can convert either from ac to dc
(rectification) or from dc to ac (inversion). Electronic converters for HVDC are divided into
two main categories.

e Line-commutated converters (LCC) made with electronic switches that have
controlled turn-on and uncontrolled turn-off. LCC used the mercury valves for
switching until the 1970s but now uses thyristors [28].

e \oltage-sourced converters (VSC) made with switching devices that exhibit controlled
turn-on and turn-off. Modern VSCs now use the IGBTs for fast switching [29].

As of 2012, both the line-commutated and voltage-source technologies have seen
significant application; with line-commutated converters used mainly where very high
capacity and efficiency are needed, and voltage-sourced converters used mainly for
interconnecting very weak ac systems, for connecting large-scale offshore wind-power to
the grid, or for HVDC interconnections that are likely to be expanded to become multi-
terminal HVDC systems in future. The market for voltage-source converter HVDC is
growing fast, driven partly by the surge in investment in renewable power, with one
particular type of converter, the modular multilevel converter emerging as a front-runner due

to its benefits of lower harmonics, lower losses and modularity [30].

In STATCOM applications, the voltage-sourced converter is the main building block in
a STATCOM. The VSC enables the STATCOM to regulate the local voltage magnitude of a
utility grid by controlling reactive power injection to the grid when the terminal voltage
magnitude of the VSC is higher than that of the local grid, or by absorbing reactive power

from the local grid when the voltage magnitude of the VSC is lower than that of the local
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grid. This can be achieved by keeping the dc voltage constant and controlling the reactive
output current directly by controlling the converter output voltage through pulse width
modulation (PWM) or some other direct voltage control scheme. PWM is a technique that
compares a high frequency waveform (carrier signal) with a slow-varying waveform
(modulation signal) for switching. The PWM technique is used in this dissertation.

3.2  Voltage Sourced Converters Overview

The VSC is built from of half-bridge switch submodules. Each submodule is composed
of self-commutating switches in antiparallel connection with diodes. The dc system that
provides a voltage source to the VSC dc bus capacitor can be a supercapacitor, a battery
unit, photovoltaic or wind generation system or an ac/dc converter system [31].

Figure 3.1 shows a schematic diagram of the full-bridge, single-phase, two-level VSC
(also known as an H-bridge converter). Two half-bridge VSCs are connected in parallel
through their dc sides to realize the full bridge converter. One advantage of interfacing the
ac side with full bridge converters is that for a given dc voltage, the synthesized ac voltage is
twice as large and more efficient in comparison with half bridge VSC. The fundamental
component of the ac-side voltage of a full bridge converter is usually controlled based on a

pulse width modulation technique [31].
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Figure 3.1: Schematic diagram of the single-phase, full-bridge, two-level VSC

The switching device and configuration for transmission applications has seen
remarkable evolution from the 1940s with mercury valves, to thyristor valves in the 1970s
and to applying voltage-sourced converters in the 1990s, with improvements, reliability,

controllability, compactness, and ease of system interface. Figure 3.2 shows a representation

of the evolution of switch converters.
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Figure 3.2: Evolution of switch converters for HYDC and FACTS [3]

With the application of VSC technology to transmission applications, it is important to
understand the control schemes of VSCs, and for this work, more specifically for
STATCOMs, the challenges in incorporating a real power source such as an energy storage
system to the dc link.

3.3  Control Schemes For STATCOMs

There are challenges in designing a reliable and stable STATCOM with an energy
storage system, and effectively controlling the device to achieve the objectives for the
system applications. There are two typical STATCOM control schemes:

e Indirect control method (older method)

e Direct control method
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1) The indirect control method controls the reactive output current indirectly by controlling
the dc capacitor voltage via controlling the angle of converter output voltage;

2) The direct control method keeps the dc voltage constant and controls the reactive output
current directly by controlling the converter ac voltage magnitude through pulse width
modulation or some other direct ac voltage control scheme. With the emergence of high
voltage devices that could be connected in series, the advent of multilevel converter
topologies and variant PWM technologies, the direct control method has been widely

utilized. It is also the focused control method in this dissertation [32].

3.3.1 PWM Switching Scheme for two level VSC

PWM can be implemented using numerous techniques. The simplest technique to
compares a high frequency periodic triangular waveform, the carrier signal, with a slow-
varying waveform known as the modulating signal [31]. The intersection of the carrier and
modulating signals determine the switching instant of the IGBT switches. Figure 3.3
illustrates the PWM process where the switching function of a switch is defined as:

S () = { 1, if the switch is commanded to conduct
0, ifthe switch is turned off

Once the modulating signal is smaller than the carrier signal, Switch S1 is turned off and
the Switch 4 turn-on command is issued. Switch 4 will only turn ON if the command is
issued. Similarly, once the modulating signal is greater than the carrier signal, Switch S1
turned-on command will be issued and Switch 4 will receive a turn-off command. This
PWM strategy controls switching in the ac direct voltage control method. Real converters
include a blanking time where neither switch is turned on to prevent shorting the dc link

[31].
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Figure 3.3: Carrier-based PWM switching technique [31]

Where Figure 3.3 shows the following:
(a) Carrier and modulating signals;
(b) Switching function of S1;
(c) Switching function of S4;

A complete two level, three-phase PWM VSC would consist of three of the single-
phase half-bridge modules with modulating functions consisting of sinusoids shifted by 120
degrees between phases. Frequency control in a PWM converter is accomplished by
changing the frequency of the input modulating voltage. A PWM converter switches states
many times during a single cycle of the resulting output voltage. This rapid switching means

that PWM converters require fast components such as IGBTs for proper operation. IGBTs
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are preferred components for building high voltage, high MVA converters due to their

combination of high-speed turn-on/turn-off and high-power switching capabilities [33].

3.3.2 Real and Reactive Power Control of STATCOM

To control the real and reactive power, P;(t) and Q4(t), that the VSC exchanges with the
ac system, the dc side of the VVSC is connected in parallel with a dc voltage source. Figure 3.4
shows a VSC system that will be used to describe the real and reactive power control scheme

[31].

-t VSC system -
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Figure 3.4: VSC real and reactive power Controller

There are two commonly used methods to control the P, and Q transfer at the PCC for
high power applications as seen in Figure 3.4: voltage-mode control and current-mode
control.

The voltage-mode method was used in early high voltage and power VSC applications
such as in FACTS controllers and some industrial applications [34][35][36]. In the voltage-
mode control method, the real and reactive power are controlled, respectively, by the phase

angle and the amplitude of the VSC ac-side terminal voltage relative to that of the PCC or ac



side voltage [37]. If the phase angle and amplitude of V., and that of V. are close to
each other, the real and reactive power are almost decoupled, and two independent
compensators can be employed for their controls, as seen in Figure 3.5. The main
disadvantage of this control is that there is no closed control loop on the VSC line current,

and therefore, the VSC is not protected against overcurrent, and the current may undergo
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large current excursions if the power commands are rapidly changed or faults occur in the ac

system or between the converter and the PCC [31].
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Figure 3.5: Voltage-mode control of real and reactive power for VSC

N

Phase Shifter

| AC system
-

@

In the ac current-mode control method, the real and reactive power controllers determine

current references for fast current regulators implemented in the synchronous dq reference

frame. In this method, the VSC line current is tightly regulated by the dedicated current-

control scheme, synchronized to the ac voltage at the PCC. Therefore, the VSC is protected

against overcurrent [31].
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In this dissertation, the current control mode method is performed in the synchronous dg-

frame. The synchronous dg-frame control has many advantages, one of which is that the

control variables are dc quantities in steady-state, resulting in easier control design, compared

to tracking sinusoidal quantities. Figure 3.6 shows a schematic diagram of a current-mode

real and reactive power controller in the synchronous dg-frame.
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me| my | me

Saturation at +/-1
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Compensators in dg-frame

Reference signal
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Figure 3.6: Current-mode control of real and reactive power for VSC [31]
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The Py and Qg quantities are controlled by regulating the line current components 14 and

I4 determined from Ig.e¢ and Igref. First, the feedback and feed-forward signals are

transformed to the dg-frame and then processed by compensators to produce the modulating

signals in dg-frame. Finally, the modulating signals are transformed to the abc-frame and fed

to the VSC. The reference commands Iq.er and Iqre¢ limited by saturation blocks are used to

protect the VSC [31].
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3.3.3 Dynamic Model of Real and Reactive Power Controller

From Figure 3.6, the ac system voltage at the PCC can be represented as [31]:

Vsa(t) = Vs cos (wot + 6y) (3.1)
Ve (£) = ¥; cos (wot + 6, — =) (3.2)
Vee(t) = %, cos (wot + 6 — ) (33)

Where V is the peak value of the line-to-neutral voltage, w, is the AC system (source)
frequency, and 8, is the source initial phase angle.

The space-phasor differential equation of the dynamics of the AC side of the VSC can be
expressed as:

=RV T, (3.4)

Assuming the space-phasor equivalent of V,_g,. is Vi(t) = V, e/(@ot+60)

Substituting V, = V e/ (@ot+0) jn (3.4) gives:

L= (R 4V, — Ve ot+00) (3.5)

To express (3.5) in dg-frame, we substitute 7 = iz e/? and V; = V,q,e’” in (3.5)

o= ~(R)igge!? + Viggel® — T ef(@ot+0) (3.6)

Assuming fuq = fa + jfq and simplifying further, the real and imaginary components can be

expressed as:

Ldi Ldp | . =
d—;d = (d—tp) ig — (R)ig + Vig — Vscos (wot + 65 — p) 3.7)
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<= (52) ia — (R)ig + Viq = Visin (wot + 6 — p) (3.8)
If p(t) transforms the quantities to the synchronous rotating reference frame, the values V.4,
Viq, iq and i are constant in steady-state as the product terms involving V; in the equation.
The mechanism used here to ensure p(t) = wyt + 6, synchronized with the PCC is a
phase-locked loop (PLL).

Figure 3.8 shows the schematic diagram of a 3-phase implementation of a PLL [31].
The PLL transforms Vg, to Vg, and adjusts the rotational speed of the synchronous dg-
frame transformation through a PI controller, such that V;, is forced to zero in the steady
state when synchronized. The result is that p = wot + 8, and V4 = V.

The integrator in Figure 3.7 is realized by means of the voltage-controlled oscillator
(VCO). The VCO is a resettable integrator whose output, p (t), is reset to zero whenever it

reaches 27 [31].
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Figure 3.7: Schematic diagram of the PLL [31]
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3.4 Modular Multilevel Converter History and Benefits

Modularity, in general, refers to a technique to develop comparably large systems by
combining smaller subsystems. For power converter topologies, a cascaded connection of
converter cells is an interesting solution to reach high voltage with high quality waveforms
with minimum complexity [38]. The term multilevel converter was created with three-level
converter designed for traction applications [5]. Subsequently, several multilevel converter
topologies have been developed [39][40][41][42].

Since the 1990s, multilevel inverters have slowly gained prevalence in the high MVA
power electronics industry. Compared with conventional inverters, multilevel inverters have
two distinguished features that make them more suitable for high MV A applications
requiring good waveform quality:

e Reduced switching losses
¢ Standard building block; meaning that vendors don’t need a custom converter and

filter design for every application

3.5  Multilevel Inverter Topologies

Multilevel inverters have been developed and utilized in various topologies. Three
typical topologies are: diode-clamped multilevel converters, flying capacitor multilevel
converters, and cascaded multilevel converters. Each of these topologies has applications
they are well suited for. Overall, the cascaded topology has several advantages over the

diode-clamped and flying capacitor topologies for transmission level applications. Some of
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the advantages are that the cascaded topology with half bridge submodules needs fewer
components compared with diode-clamped and flying capacitor inverters. Cascaded
converters have reduced switching losses at high voltages compared to the other two
designs. Due to modular design and maybe weight, the price of the cascaded inverter is less
than those of the other two inverters for high voltage applications. But that applies to all
three and requires modifications to the design. Soft switching is possible by some of the new
switching methods [43].

The general concept of multilevel inverters involves producing an ac waveform from
voltage steps created by utilizing a bank of series capacitors or separated dc sources [44].
Multilevel inverters perform power conversion in multiple voltage steps, which improves
waveform quality and lowers total harmonic distortion (THD) in output voltage, and lowers
switching losses. With these advantages, multilevel inverters have been gaining
considerable popularity in recent years for high voltage transmission applications [45]. One
of the challenges of multilevel inverters is simplifying the complex control scheme as the
number of levels increases.

Figure 3.7 shows the three multilevel inverter topologies mentioned above. In recent
years, the cascaded multilevel inverter topology has been the most prevalent of the three
topologies for transmission applications. It consists of a combination of power modules in
series and parallel. This configuration does not need extra capacitors and diodes for
clamping. The output waveform is quite sinusoidal in nature with a sufficient number of
levels or application of PWM and does not need filtering. One of the major issues of the
cascaded topology is that the separate dc sources may seem to create an increase in the

number of components and a burden to the system. This issue has been resolved by having
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fewer dc sources and a separate DC (SDC) topology has also be proposed [46]. On the other
hand, the separate dc sources make multilevel inverters suitable for integrating battery

energy storage, solar, wind and other sources of renewable energy.

(a) Cascaded full bridge (b) Diode-clamped (c) Flying capacitor
Figure 3.7:Multilevel Inverter Topologies

3.6 Equivalent Circuit of Half Bridge VSC

Figure 3.8 shows an equivalent circuit of a half-bridge submodule-based multilevel
VSC. A bidirectional, single-pole, multi-throw switch is a key element of the multilevel

model. By controlling the way in which the switch is connected to a portion of the string of
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capacitors, a number of output voltage levels can be synthesized. To generate a negative
output voltage, the reference of the output can be connected to different segments of the

capacitor string [38].

Vd cN

i -~ ik

Vdcz

+

Vdcl

Figure 3.8: Equivalent circuit of multilevel voltage-sources converter

3.7 Sinusoidal Approximation of Multilevel Converter

Figure 3.9 illustrates an example of a multilevel converter output voltage waveform. In
this figure, the waveform shown has a peak-to-peak voltage of 1.0 kV. In this case, the
multilevel converter produces a fair approximation to a sinusoidal waveform. The multilevel
converter output stepped waveform contains sharp transitions. This phenomenon results in
harmonics at multiples of the switching frequency, which can be eliminated by filters. With
enough levels and the resulting relatively small steps, the internal impedances of the
converter and its line connections and their relationship to the loads tends to filter much of
the switching frequency harmonics, without much further filtering effort. Filters may be

unnecessary, depending on the load and line topology.
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Figure 3.9: Example multilevel sinusoidal approximation [47]

Both the size of voltage steps and related voltage gradient are minimized if the AC
voltage generated by the converter can be selected in small increments. Having smaller
voltage increments at each switching instance also reduces losses. This is accomplished by
increasing the number of submodules connected in series. Reducing the voltage step size also
reduces harmonic voltage distortion [3].

Although the MMC-based STATCOM can provide the needed reactive power support
in high voltage applications, the ability to support real power control is limited due to
limited energy storage capability of the submodule dc-link capacitors. This energy storage
deficiency can be mitigated by connecting an energy storage system (ESS) in parallel with
the dc-link capacitor [7]. Combining the MMC STATCOM with an energy storage system
would provide capability to dynamically inject both real and reactive power to the medium
or high voltage grid, for better power quality and stability [5][6][7][11][48]. Energy storage
would also provide improved flexibility for integration of renewables to the electric grid. An
enhanced modular multilevel converter based STATCOM with hybrid energy storage
system (E-STATCOM/BE3SC) is proposed, which will be described in more detail in
Chapter 4. In addition to dynamically controlling real and reactive power, the proposed

enhanced STATCOM design also reduces the depth of discharge (DOD) of a battery and
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prolongs the battery life by combining with an appropriately sized supercapacitor. This
additional benefit of adding supercapacitors improves upon what has been presented in other

papers that combine STATCOMSs with ESS.
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Chapter 4: MMC-based STATCOM with Hybrid Energy Storage

4.1 Introduction of the E-STATCOM/BE3SC

An MMC STATCOM connected to a hybrid battery energy storage and supercapacitor
system can control both active and reactive power flow, providing more flexibility and
versatility in power transmission operations as shown in [5][48]. Recent technological
advances make it more reasonable to utilize STATCOMs with a hybrid combination of
battery and supercapacitors (HESS), in high power applications.

Combining an MMC STATCOM, battery and supercapacitors allows active power
output and power input control. The design is an ideal tool for providing fast frequency
response in the first few seconds of a major grid disturbance. While the STATCOM part
provides inductive or capacitive reactive power, the electrical energy in the battery and
supercapacitors is injected into the grid in order to secure the grid from needing load
shedding or even prevent a blackout. Adding supercapacitors is potentially an economical
solution to combine with batteries, to provide fast responding high power density storage.
Due to the low losses and easy maintenance, improved energy efficiency can be achieved
with supercapacitors.

Figure 4.1 shows a basic diagram of the proposed E-STATCOM/BE3SC, and Figure 4.2
shows a single-phase, two-submodule topology of the E-STATCOM/BE3SC design which
are described in greater details in the next section. The design in Figure 4.1 consists of a dc-
capacitor connected in parallel with the VSC and is used to build the ac voltage. The figure
does not show the MMC submodules. A hybrid combination of battery and supercapacitor is

connected in parallel with the dc-capacitor via bidirectional dc-dc converters to efficiently
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control real and reactive power to and from the ac system, based on the control of the VVSC.
The bidirectional dc-dc converter allows two directional power flow to charge and discharge
the energy storage system based on the system needs. One of the applications employed in
this dissertation is to measure the grid frequency and send an active power command to allow
the flow of power from the grid to the ESS (charging) when the grid frequency is above a set
point, or to allow the flow of power from the ESS to the grid (discharging) when the grid
frequency is below a set point. Details of this control scheme will be discussed in Chapter 6.
The VSC consists of fast switching IGBTs which allow exchange of power between the ESS

and the grid as well as controlling reactive power injection.
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Figure 4.1: Basic diagram of an E-STATCOM/BE3SC
The design in Figure 4.2 shows a single-phase, two-submodule, full bridge topology of
the enhanced STATCOM with a hybrid combination of battery and supercapacitor energy
storage. Each submodule consists of four IGBTs switches with antiparallel diodes arranged in

the form of an “H” (sometimes called H-bridge). The submodules are connected in series to
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increase the power capability and flexibility of the design as well as to improve AC
waveforms. Among other benefits, this makes the design suitable for high and medium
voltage transmission applications. Hundreds of submodules can be connected in a multilevel
topology for improved waveforms. Some transmission applications have seen designs that
consist of over 400 submodules of converter for each of the three phases [31]. For ease of
simulation, this dissertation will use 22 modules for each MMC STATCOM branch and
PWM switching. The ESS is comprised of batteries and supercapacitors connected through
bidirectional dc-dc converters and can be connected across the dc link capacitor of each
submodule. Each ESS has a dedicated bidirectional dc-dc converter to facilitate sizing and
flexibility of control. For simplicity, the HESS is connected to only 2 of the 22 modules of

the MMC STATCOM.
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Figure 4.2: Single-phase, two-submodule topology of E-STATCOM/BE3SC
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4.2 Overview of the E-STATCOM/BE3SC Design

The proposed design, which is capable of both dynamic real and reactive power control
on the electric grid, consists of five basic elements:
e \oltage Sourced Converter (VSC)
e dc capacitor
e ac coupling reactor
e Hybrid Energy Storage System (battery and supercapacitor) (HESS)
e dc-dc converter stages
The voltage sourced converter, dc capacitor and ac coupling reactors are components of
the MMC STATCOM. The HESS, battery-supercapacitor hybrid, provides a source for real
power control and the STATCOM provides a source for reactive power control. The battery
and supercapacitor energy storage devices are each connected via dc-dc bidirectional
converters to the dc link capacitor. The advantage of adding the dc-dc converter is to
efficiently control the real power outputs of the storage devices individually for optimum
operation.
Using Figure 4.1 and references [49] and [50], the following expressions represent the

STATCOM mathematical responses for the ac side (4.1) — (4.3) and the dc side (12)

behavior:
Ls-ias = =Rsias + Vas = Var (4.1)
Ly < ips = —Ryips + Vs — Viy (4.2)
Lsoics = —Ryics + Ves — Ve (4.3)
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L (LCVED) = ~[Vasias + Visivs + Vesies] — 42 (@4

Where:
R = Series resistance of the transformer windings
Ls = Transformer leakage inductance
R, = Resistance in parallel with DC — link capacitor; represents a switching loss term
Vais» Vs, Ves = STATCOM three phase output voltages at converter terminal
Va1, Vb1, Va = Bus voltages at point of interconnection
ias,1ps,ics = STATCOM AC currents

The ac currents are transformed to the synchronous two-axis reference using the Park’s
transformation. The state equations of the VSC can be represented in the synchronous

reference frame using (13) [14].

[ — % w (Lﬁ) cosa] ]
g [fas ’ Rs K\ as 1 Vay
o lqs“ =| —w — L_s (L_s) sina llqsl — L_s Vql] (4.5)
Vac (— ﬁ) cosa (— ﬁ) sina - Vac 0
2C 2C R.
Where:

lgs, lqs are the STATCOM synchronous reference frame direct and quadrature axis currents,
respectively, Vy; Vg, are the synchronous reference frame direct and quadrature axis
voltages corresponding to V,;, Vy,;, V. at the point of interconnection as the high side of the
transformer

V4. is the voltage across the dc link capacitor,

a is the phase rotating angle (@ = wt)
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w is the angular speed at system normal frequency

As discussed in Chapter 3, Section 3.3, the synchronization circuit regulates the converter
voltage V,;; = 0.

Therefore, the real and reactive power equations can be written, respectively, as:

3 .
P = Elelds (4.6)

-3 .
Q= 7lelqs (4.7)

The STATCOM real and reactive control strategy can be obtained from these equations.

The DC side current equation can be written as [11]:

. d 1%
lac = CEVdC + RL; (48)

4.3  Mathematical Representation of E-STATCOM/BE3SC Control

The bidirectional dc-dc converters in Figure 4.1 control the amount of power supplied or
received by the battery and supercapacitor. The dc-dc converters are controlled relative to the
dc link voltage of the inverter module, V. which is regulated by the STATCOM so that
there will be no change in the STATCOM control strategy [11]. The STATCOM control
chooses an active power command which would cause V.. to change and cause the dc-dc
converter to charge or discharge the ESS. Details of the control strategy are presented in

Chapter 6.
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The following equations can be utilized to calculate the current drawn by the dc-dc
converter connected to the battery and the dc-dc converter connected to the supercapacitor
[11].

From Figure 4.1, the differential equation for the voltage of the DC bus is given by the

expression:

d , Vac
CEVdC =lgec — Td (49)

(C is the capacitance of the DC link capacitor)

lac = lpatt + Isc T Lstatcom (4-10)
From (4.9) and (4.10)
d Vac . . .
CEVdc + R, = lpatt T lsc T+ lstatcom (4.11)

, d Vac 4. ,

lpatt = C EVdc + R_dc _(lSC + Lstatcom) (4-12)
. d Vac . .
lsc = CEVdc + R_c _(lbatt + istatcom) (4-13)

Where:

ipate 1S the current drawn by the dc-dc converter connected to the battery

isc is the current drawn by the dc-dc converter connected to the supercapacitor
Assuming m, and m, are the modulation functions of the respective dc-dc converters, L,
and L, are the dc-dc converter filter inductances and r; and r, are the respective internal
resistances of the smoothing inductors, the average model of the dc-dc converters can be
represented by equations (4.14) and (4.15):

Vl = Tn1 VdC (4. 14)
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Vo = myVy, isc = (4.15)

mi iLsc
(Where subscript 1 denotes SC and subscript 2 denotes battery)
The current through the battery is a product of the modulating function and the current

through the smoothing inductor of the battery.

. 1 .

lpatt = E lLbatt (416)
The average model equivalent for the energy storage systems in Figure 4.1 can be
represented in terms of the voltage across the supercapacitor by the relationship in (4.17)

and voltage across the battery by (4.18)

d

LSCE iLSC+r1iLSC =V1_I/SC (417)
a . .
Lbatt E lLbatt + rZLLbatt = VZ - Vbatt (418)

The supercapacitor voltage V. delivered to the system is given by:
. 1 .
Vse = Tsclse + C_scf iscdt (4.19)

From [51] and columbic algorithm, the state of charge (SOC) of the supercapacitor and

battery can be calculated as:

VSC

SOCsc% = -

SCmax

x 100 (4.20)

100
3600

SOCpaee% = SOChaee inic% + [ L2 dt x (4.21)

(Since 1Watt-hour = 3,600 Joules, the term in (4.21) is divided by 3,600 to convert it to

Watt-hours.)

Where:

Tse, Cgc are the internal resistance and capacitance of the supercapacitor, respectively



60

Vser Vec,, @€ the supercapacitor voltage and maximum supercapacitor voltage,
respectively

n is the Faradaic efficiency

C,, is the storage capacity of the battery

4.4  Principles of Operations of MMC with Separate DC Sources

An MMC configured with separate dc sources is discussed here. Figure 4.3 shows the
basic structure of a three-phase Y-configured VSC made from cascaded inverters with
separate DC sources. In this application, each separate dc source is associated with a single-
phase full bridge VSC. The ac terminal voltages of submodule inverters are connected in

series [45].

+Vdc,
S1 S1

VCb
o > Via () y

+
— \Vdc

\ VCb1 J@SS |
-vdc

s1
by
VCb2 J@S\” |

VCn

VCc

V1b o——1 Vic
+ +

S4 vCel |

S4 vCe2 |
VCa2|

] e
2

Figure 4.3: MMC with separate dc sources

Different combinations of switch positions for each single-phase full bridge inverter

determine three different levels of voltage output levels:
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+Vac, 0, =Vac

This is made possible by connecting the DC sources to the ac side via the combination
of the four semiconductor power devices (IGBTs). Two switching combinations are present
for 0 volts, S; and S, closed, connecting the ac output V; to positive dc voltage rail or
S; and S, closed, connecting the ac output V; to negative dc voltage rail [46]. The other
combinations are (from Figure 4.3):

e Dbyturning ON S; and S, V; = +V,,;

e Dbyturning ON S, and S5, V; = —Vy,;
Similarly, the ac output voltage for each level can be obtained in the same manner with
appropriate submodules.

The challenges of this hybrid design are to ensure that the battery and supercapacitor
devices are adequately sized to maintain the desired power system stability. The power
electronic devices will similarly need appropriate voltage and current ratings. This will be
covered is Chapters 6 and 7. Also, it is important to ensure that total harmonic distortion
meets an acceptable minimum when selecting the number of levels and the VSC switching

scheme.

45  Total Harmonic Distortion (THD) Calculation
45.1 THD Calculation

In designing the enhanced STATCOM it is important to ensure that THD is reasonably
low. The tradeoff is with number of levels, switching control scheme and losses. THD is a

calculation that determines how much distortion in a voltage or current is due to harmonics
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in the signal. THD is an important aspect in power systems with power converters. The
lower the THD, the smoother the ac waveform.

THD is defined as the ratio of equivalent root mean square (RMS) voltage of all the
harmonic frequencies (from the second harmonic on) over the RMS voltage of the
fundamental frequency (the fundamental frequency is the main frequency of the signal, i.e.,
the frequency that you would identify if it were a pure sinusoid. Equation (4.22) shows
commonly used mathematical definition of THD (note that voltage is used in this equation,
but current could be used instead) [52]. Assume no non-integer harmonics are present.

THD ~ Zn=2Vims (4.22)
Vund,ms
V2. is the RMS magnitude of the nth harmonic

Vfundrms is the RMS magnitude of the fundamental frequency voltage

Since the amplitudes of the harmonics are needed to calculate the THD, Fourier analysis
can be used to help determine individual harmonics. The Fourier terms must be calculated to
determine the magnitudes of the fundamental frequency and the harmonics up to

predetermined maximum frequency [52].

Figure 4.4 shows an example of a 1 kHz frequency spectrum of a distorted sine wave.
The amplitudes of even-numbered harmonics and harmonics above the 15th are nearly 0 in
this specific case, so they are not included in the calculation. The 1% harmonic is the
fundamental frequency while the 3", 5™ | 7th... harmonics are the frequencies of the
distorted sinewave. The bigger the fundamental frequency, the smaller the THD. The

amplitudes of the distorted sinewave are tabulated in Table 4.1 and plotted in Figure 4.4.
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Figure 4.4: Harmonic amplitude charts [52]

Table 4.1: Amplitudes of harmonics of distorted sine wave

Harmonic Amplitude (V)
1 3.08

3 0.308

5 0.159

7 0.09

9 0.0487

11 0.0253

13 0.0164

15 0.01

63
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THD can be calculated from (4.23)

VTmSwi out—fundamenta
THD — thout—f d tal (4.23)

rms fundamental

Vpeak

Note that voltage amplitudes can be used in place of rms values since V}.,,s = N

v0.305240.1592+0.092+0.048%+0.0523%+0.0164%+0.0102
THD = 308 x 100

THD = 11.8%

4.6 Summary

In this chapter, the enhanced STATCOM with a hybrid combination of batteries and
supercapacitors is discussed. This design allows the STATCOM to dynamically control
injected real and reactive power transfer with the ac system. The design employs the use of
MMC topology. Each module of the MMC has a coupling reactor, a dc capacitor, with the
hybrid ESS connected in parallel through dc-dc converters. The bidirectional dc-dc
converter for each of the ESS efficiently controls the power outputs of the ESS between the
supercapacitor and the battery. The bidirectional dc-dc converter controls generate a power
command that regulates real power exchange between the ESS and the STATCOM, and
therefore with the grid. The STATCOM controls also command the exchange of reactive
power between the STATCOM and the grid to maintain system voltage stability.

The full bridge MMC topology consists of multiple levels of submodules. Each
submodule consists of four IGBTs and the modules are connected in series to increase the
voltage capability as well as improving ac waveforms. For ease of simulation, this

dissertation will use 22 modules per phase and implement a PWM scheme. The MMC is
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implemented with separate dc sources, where modular hybrid ESS are connected to 2 of the
22 modules of the MMC STATCOM.
The MMC design will be done to ensure that THD is reasonably low and the output ac

waveform is as close as reasonable to a sinusoid.
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Chapter 5: Hybrid Energy Storage System (HESS)

5.1  Hybrid Energy Storage Systems

A hybrid energy storage system composed of batteries and supercapacitors has been
recognized as a promising solution to mitigate life cycle degradation of batteries in electric
vehicle applications, provide voltage regulation of the dc bus for the photovoltaic energy
applications, used to smooth wind power fluctuations in power generation applications and
provide stability in electric power systems [53][54][55][56].

In power system applications, the supercapacitor handles the fast charge/discharge
operations to regulate the dc bus voltage it is connected to, while the battery handles slower
charge/discharge operations at a steady rate over time. The benefits of the battery and
supercapacitor complement each other when combined in power system applications.

The HESS takes advantage of the beneficial properties of supercapacitors and the

batteries to offset the weaknesses of each.

5.1.1 Supercapacitor Description

Supercapacitors are also known as ultracapacitors, electric double-layer capacitors or
electrochemical double-layer capacitors. A supercapacitor is a high-capacity capacitor with
capacitance values much higher than other capacitors, bridging the gap between electrolytic
capacitors and batteries. Supercapacitors typically store 10 to 100 times more energy per unit
volume or mass than electrolytic capacitors, can accept and deliver charge much faster than

batteries, and can tolerate many more charge and discharge cycles than batteries.
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Supercapacitors are used in applications requiring many rapid charge/discharge cycles
rather than long term compact energy storage: within cars, buses, trains, cranes, and elevators
where they are used for regenerative braking, short term energy storage or burst-mode power
delivery. Charge time for supercapacitors is typically cited as ranging from 1 to 10 seconds
compared to 10 to 60 minutes or longer to reach a full charge on a battery. Typically,
batteries have 500-1000 charge-discharge cycles in life while supercapacitors can reach up to
one million cycles [57].

Unlike ordinary capacitors, supercapacitors do not use a conventional solid dielectric
but rather, they have both electrostatic double-layer capacitance and electrochemical
pseudocapacitance.

The high value of capacitance that is attainable through electrostatic double-layer
capacitors (EDLC) is a result of the combination of double-layer capacitance and
pseudocapacitance. Regular double-layer capacitance arises from the potential-dependence of
the surface density of charges stored electrostatically (non-Faradaically) at the interfaces of
the capacitor electrodes [59].

As illustrated in Figure 5.1, a double-layer capacitor device employs two double layers,
one at each electrode interface, working one against the other on charge or discharge

[58][59].
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Figure 5.1: Schematic of an electrochemical double-layer capacitor

References [53][60][57][58][59] describe the construction and operation of

supercapacitors in greater details.

Supercapacitors have the following benefits:

Large capacitance

Quick charge and discharge capabilities in bursts
High power density compared to batteries

Light weight

Ability to charge and discharge over a very high cycle life without degrading.

However, there are disadvantages too, including cost and relatively low energy density. Also,

supercapacitors have very small breakdown voltages per cell, which can pose problems for

STATCOM applications.
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5.1.2 Battery Description

A battery is a device consisting of one or more electrochemical cells with external
connections provided to power electrical devices [61]. A battery system is made up of a set of
low-voltage power modules connected in parallel and in series to achieve a desired electrical
characteristic. Batteries are “charged” when they undergo an internal chemical reaction under
a potential applied to the terminals. They deliver the absorbed energy, or “discharge,” when
they reverse the chemical reaction. Key factors of batteries for storage applications include
high energy density, high energy storage capability, round trip efficiency, cycling capability,
life span, and initial cost [62]. Several types of batteries such as lead-acid batteries, Nickel—
cadmium battery, Nickel-metal hydride battery, Lithium-ion polymer battery, and Lithium-
ion battery are in use. Lithium-ion batteries are the choice in many consumer electronics and
have one of the best energy-to-mass ratios and a very slow self-discharge when not in use.

Due to the chemical kinetics involved, batteries cannot operate at high power levels for long
time periods. In addition, rapid, deep discharges may lead to battery failure and early
replacement of the battery, since heating resulting in this kind of operation reduces battery
lifetime. There are also environmental concerns related to battery storage due to toxic gas
generation during battery charge/discharge [7]. A discussion of management of hazardous

materials in batteries is beyond the scope of this dissertation.

Batteries have the following benefits:
e Efficient compared to supercapacitors

e High energy density compared to supercapacitors
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e Potential to supply bulk energy over a long period of time

e Becoming more affordable over time, depending on the specific type. Some
Some disadvantages of batteries are:

e Environmentally unfriendly

e Heavy weight compared to supercapacitor of equivalent peak power rating. (will

be lighter than supercapacitors of equivalent energy rating)

5.1.3 Combining Batteries with Supercapacitors

Although these devices have limitations, the combining benefits cited provide some
reasons why batteries and supercapacitors can be used to complement each other and can be
used in conjunction for energy storage and active power injection in electric grid and other
power applications. The batteries are used to fulfill the energy requirements for a distinctly
long length of time, while the supercapacitors are used to fulfill the immediate electricity
demands [55]. In photovoltaic or solar applications, a HESS system using supercapacitors to
meet short term ramping can help prolong the state of charge of the batteries and makes
energy available during peak demand periods in the night when there is no solar energy
available. This would help mitigate the “intermittency” issues which have plagued the

renewable energy industry.

5.2  The Ragone Plot
The performance of energy storage options regarding their specific energy and power
densities can be compared using a graph called a Ragone plot. It consists of two axes: energy

density and power density. The capabilities of different energy storage devices are plotted on
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the graph according to their respective characteristics, allowing analysis of performance
characteristics at a glance [63].

Figure 5.2 shows a Ragone plot that compares the performances of a range of energy
storage devices. It shows that supercapacitors (ultracapacitors) can deliver high
instantaneous power but their energy density is very limited. On the other hand, batteries can
store larger amounts of energy but have a relatively low power density. The sloping lines on
the Ragone plots indicate the relative time to get the charge in or out of the device. At one

extreme, power can be pumped into, or extracted from capacitors in microseconds.
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Figure 5.2: Ragone plot showing performance of a range of electrochemical devices [57]

5.3  Sizing Energy Storage System for the E-STATCOM/BE3SC
In Figure 5.3, the ESS are each coupled to individual bidirectional dc-dc converters to

facilitate individual adjustments of voltage or current to control power output. In this



72

dissertation, the hybrid ESS are connected to two submodules based on the system needs, as

shown in Figure 5.3.
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Figure 5.3: Basic diagram of an E-STATCOM/BE3SC with 4 MMC submodules per phase

Application of the HESS introduces complex sizing, energy management and integration

problems [54]. In electric vehicle applications, the sizing objective of HESS is to find the
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appropriate number of supercapacitor banks and battery cells that minimize cost and
maximize efficiency of system or maximize the battery life [54]. In wind power generation
applications, the sizing method is based on the magnitude of average fluctuation of wind
profiles of a specific wind station which consequently creates fluctuations in the generated
wind power [53]. In electric power transmission systems, proper sizing of the HESS is based
on specific operational needs that can’t be addressed with less costly alternatives.

In the battery-supercapacitor hybrid design, it is imperative to size the battery and
supercapacitor devices adequately in order to get the acceptable quality of performance in
terms of net stored energy and peak power and also increase the lifetime of the battery

[53][64].

5.3.1 Energy Stored in a Supercapacitor

The energy stored in a supercapacitor (E,.) depends on the capacitance and the square of

the voltage applied to the terminals.

q = CsV (5.1)
€A

Csc = a (5.2)
1

Es. = ECSCVZ (5.3)

Where:
Csc = Capacitance of the supercapacitor
q = Stored Charge
V = Voltage applied across the plates
D = Distance between the capacitor plate

€ = dielectric constant
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5.3.2 Supercapacitor Model

Many equivalent models have been developed for supercapacitors, but the ladder model

shown in Figure 5.4 [65] is the equivalent circuit for a supercapacitor that is chosen for this

research [67].

i(f) L gs

—

i e i
T T T T T

Figure 5.4: Equivalent circuit of supercapacitor ladder [65]

5.3.3 Battery Model

Batteries are characterized in terms of power density, energy density and life cycle [53].

Figure 5.5 [66] shows the equivalent model of a Lithium ion battery used in this analysis

[67].
, I
Rseries R, batt
—
VW VVV °
Crat ||
S .
= +
“ <> Vbatt
b~
b?
i O
Figure 5.5: Equivalent circuit of Lithium lon B;ttery used in the Research [66]
Where:

V,. is the no load voltage of the battery

Rqeries 1S the internal series resistance of the battery
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R, and Cy,, are the polarization resistance and capacitance, respectively
Ipaee 1S the battery current

Up is the voltage across the capacitor plates

The model consists of a single voltage source and a combination of resistors and a
capacitor. After 200 to 1000 cycles of charge/discharge which may take around 4 to 5 years
in the application at hand, the batteries may need to be replaced [53]. If more advanced
technology of Lithium-ion phosphate batteries is used, the batteries may last around 10 years
with 7000+ charge-discharge cycles [68]. Future applications of the proposed design will
utilize this advanced technology.

The HESS design focuses on controlling charging and discharging behavior to improve
current output quality and increase battery life. When batteries work continuously, the cells
warm up and the internal resistance increases which results in more losses [53]. Also,
frequent deep depth of discharge (DOD) can degrade the life of the battery for many battery
chemistries. A control scheme can resolve the loss issues and prevent the deep DOD by
controlling the battery operation by taking advantage of supercapacitors. This can be
accomplished by controlling the upper and lower bounds of the supercapacitor’s SOC to
adjust the energy distribution of the battery to the system and thus the current to and from the
battery. For example, when the battery DOD is more than 50%, the controller increases the
lower bound of the supercapacitor’s allowable SOC. This will help the battery be discharged

less.
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5.4 Battery and Supercapacitor Power and Energy Equations
In a HESS system, the supercapacitor can be sized with respect to power, considering

equations (5.4) and (5.5) [53]:

i(f) = e 22 (5.4)
P(t) = V(t) xi(t) (5.5)

To size the supercapacitor with respect to energy, consider equations (5.6) and (5.7) below:

Eer = [J P(D)dt (5.6)
E(t) =3 CocV (1)? (5.7)

E., is the energy exchanged with time t, E is the instantaneous energy stored by the

supercapacitor.

Assume that the maximum voltage discharge of a supercapacitor can be up to
approximately 80% of its maximum voltage. The maximum exchange energy (Eamax) Of @

supercapacitor is calculated as shown in (5.8) [69]:

1
Ersc—max = 3 sc(Vrrzlax - Vrflin) (5-8)

Increasing Exs.—max decreases the operating time of the batteries in a hybrid system
and can also result in need for smaller batteries in the design [53].
Where:
Csc = Capacitance of the supercapacitor

V = Voltage applied across the terminals
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Vihax = Maximun allowable voltage

Vinin = Minimun allowable voltage

Similarly, equation (5.9) shows that the battery size is proportional to the power rating of
the system, P,.4;04, dc-link voltage, V,.—_iink, total duration of battery charge (TDC); and it is

inversely proportional to the supercapacitor size, C,. [53].

Coar X (Prated* TLZ‘:: Vdc—link) (5.9)
Pratea = Chat” Csc (5-10)

TDC*Vgc—tink

Assuming a 10% safety factor for the calculated capacity of the supercapacitor, the

energy stored in the HESS can be calculated from Equation (5.11).

Eness = Pratea ¥ TDC * 10% (5.11)
ChatCsc

Engss = tpey—— TDC x10% (5.12)

Engss = % * 10% (5.13)

Esc = Eypss * SC% (5.14)

Where:

SC% is the percentage of the HESS energy stored in the supercapacitor.

55  Supercapacitor Charge and Discharge Characteristics

The charge and discharge time of a supercapacitor is similar to that of any ordinary

capacitor. However, high charging and discharging currents can be achieved due to the
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minimal internal resistance offered by the supercapacitor. While batteries generally take a
long time to be fully charged, supercapacitors can be charged to full stable state of charge in
under two minutes assuming supply can provide sufficient current [70].

Figures 5.6, 5.7 and 5.8 show the SOC, voltage and current characteristics, respectively,
of a 10,000 Farad supercapacitor charged over a period of 0.3 seconds, through a 1 mQ
series resistor from a 480V supply. This is the rating of the capacitor used in the research.

Rated Capacitance (C,4teq) = 10,000 F

Rated voltage (V,4teq) =480 V

Initial charge = 240 V (50%)

Equivalent dc series resistance (Rgeries) = 1 mQ
Time =0.3s

Notice that after 0.3 seconds, the supercapacitor discharges via an external load to roughly

2325 V.

49.98

SOC%
S

49.04 L -
0 005 0.1

0.15
Time (seconds)

Figure 5.6: Supercapacitor SOC for a 10,000 F supercapacitor
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Figure 5.8: Supercapacitor discharge current for a 10,000 F
supercapacitor via an external load

Since the capacitance for supercapacitors is larger than that for regular capacitors, the
charge is much larger for supercapacitors, but it takes correspondingly longer for
supercapacitors to attend full charge compared to regular capacitors, due to the higher
capacitance. However, charging faster or providing more energy faster means the external
circuit has to be able to supply more power. This can be a limiting factor.

The charging time of a supercapacitor can be mathematically calculated from the

following relationship [71]:

79
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t
O —1-—e® (5.15)

Qmax

Where:
Q = Charge in supercapacitor (Coulombs)
Qmax = Maximum charge capacitor can hold (Coulombs)
t = time elapsed (seconds)
R = Internal resistance of circuit (Ohms)
C = Capacitance of capacitor (Farads)

RC = Time Constant (seconds)

5.6  Battery Characteristics

Battery performance depends on how the battery is used and on the environmental
conditions under which it is use. These conditions are rarely, if ever, specified in mass
market advertising. Some of the parameters used to characterize batteries and how their

performance varies with temperature are discussed below [57].

5.6.1 Battery Discharge Curve

Energy cells have been developed for a wide range of applications using a variety of
different technologies, resulting in a wide range of available performance characteristics.
There are several types of batteries, including Lithium ion, Lead acid, Nickel-zinc, etc. The
Lithium ion battery is widely used at present due to its lower self-discharge rate, faster
charge rate, and longer life, compared to its counterparts. When specifying a battery to
match the performance requirements of an application, the voltage discharge characteristics

for the different types of batteries should be taken into account. The actual voltage appearing
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at the terminals at any time, as with any cell, depends on the load current, internal
impedance of the cell, temperature, state of charge and age of the battery [57].

Battery C-rate refers to the rate at which a battery is charged or discharged or the value
of ampere hour rating. For example, a 40 Ah rating battery has the following discharge
current ratings:

e 0.5C-rate =0.5x40 =20 Amps
e 1C-rate =1x40=40Amps

e 2C-rate =2x40=80Amps

Figure 5.9 shows an example from applying a Matlab model
(parallel_battery_SC_boost_converter) used in this dissertation [67]. The battery discharge
characteristics of a Lithium lon battery with a maximum capacity of 2500 Ah, and a nominal
discharge current of 1,187 Amperes are presented in this dissertation. The second graph
shows how the discharge rate varies with different discharge currents. Overall, the higher the

current, the faster the discharge rate.
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Nominal Current Discharge Characteristic at 0.43478C (1086.9565A)
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Figure 5.9: Battery discharge characteristics for a Lithium lon battery [67]

5.6.2 Battery Temperature Characteristics

Battery performance can change dramatically with temperature. At a lower temperature,
batteries with aqueous electrolytes may see the electrolyte itself freeze, setting a lower limit
on the operating temperature. At low temperatures Lithium batteries suffer from Lithium
plating of the anode, causing a permanent reduction in capacity. At the upper extreme
temperature, the active chemicals may break down, destroying the battery. In between these
limits the cell performance generally improves with temperature. Figure 5.10 shows how the

performance of Lithium ion batteries deteriorates as the operating temperature decreases.
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Figure 5.10: Performance of Lithium ion batteries at different operating temperatures [57]

The Arrhenius equation in (5.16) defines the relationship between temperature and the

rate at which a battery chemical action proceeds. It shows that the rate increases

exponentially as temperature rises.

Where

k = A e~Ea/RT (5.16)

k = rate at which the chemical reaction proceeds

A = frequency factor related to the frequency of collisions between molecules, usually

taken as a constant over small temperature variation ranges.

e = mathematical constant = 2.71828

Ea = activation energy. A constant representing the minimum energy needed for the

reaction to occur.

R = Universal Gas Constant

T = temperature in degrees Kelvin

RT = average kinetic energy of the reaction
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5.6.3 Battery State of Charge (SOC) and State of Health (SOH)

Knowing the amount of energy left in a battery compared with the energy it had when it
was full gives the user an indication of how much longer a battery will continue to perform
before it needs recharging. It is a measure of the short-term capability of the battery. Using
the analogy of a fuel tank in a car, the State of Charge (SOC) estimation is often called the
"Gas Gauge" or "Fuel Gauge" function [57].

To avoid battery failure and keep the battery lifetime intact, a Battery Management
System (BMS) needs to control its use by considering several parameters of such as State of
Charge and State of Health (SOH). The State of Charge provides the percentage of battery

capacity, while the State of Health estimates the long-term battery health [72].

Mathematical equations for the Thevenin battery models are as follows [73]:

r— _ M Ibawe
Uy = R, + e (5.17)
Vhate = Voc — Up — Ipaee Rseries (5.18)
R
Vpatt () = Voc () = Ipaee (s) (Rseries + m) (5.19)

5.6.4 Battery Life

That batteries have a finite life is due to occurrence of the unwanted chemical or
physical changes to, or the loss of, the active materials of which they are made. Otherwise
they would last indefinitely. These changes are usually irreversible, and they affect the

electrical performance of the individual cells. Battery performance deteriorates over time
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whether the battery is used or not. This is known as "calendar fade." Performance also
deteriorates with usage and this is known as "cycle fade." [57].

a) Battery Calendar Life

There are two key factors influencing calendar life, namely temperature and time, and
empirical evidence shows that these effects can be represented by two relatively simple
mathematical dependencies. As derived from the Arrhenius Law formula in equation (5.16),
the rate at which a chemical reaction proceeds doubles for every 10 degrees rise in
temperature. In this case it applies to the rate at which the slow deterioration of the active
chemicals increases. Similarly, the t¥2 (or v/t) relationship represents how the battery
internal resistance also increases with time, t. The graph in Figure 5.11 illustrates these

effects [57].
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Figure 5.11: Battery calendar: Increasing internal resistance with time and temperature [57]

b) Battery Cycle Life
Battery cycle life is defined as the number of complete charge - discharge cycles a
battery can perform before its effective capacity falls below 80% of its initial rated capacity.

Key factors affecting cycle life are time, t, and the number, N, of charge-discharge cycles
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completed. Another significant factor is the Depth of Discharge (DOD) applied to the
battery, which is a simple reciprocal mathematical relationship, but there are many more
complex factors which can also influence performance. The relation between the cycle life
and the depth of discharge appears to be logarithmic as shown in Figure 5.12. In other
words, the number of cycles yielded by a battery goes up exponentially for applications with
consistently applied shallow DOD [57].
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Figure 5.12: Depth of discharge versus cycle life for Lithium ion battery [57]

The lifetime of the battery also depends on several other parameters, such as peak
current, transients of the peak current, the number of peak currents, temperature, charge and
discharge cycles, etc.

Although battery life can be extended by preventing or reducing the cause of the
unwanted parasitic chemical effects in the cells through the conditions described above, the
battery life can also be extended by connecting with a supercapacitor, to limit exposing the
batteries to the most stressful conditions.

The “power_battery aging” example in Matlab is used to illustrate the impact of aging
due to cycling on a 12.8V, 40Ah Lithium-ion battery. The battery is submitted to several

discharge-charge cycles at ambient temperature of 25 degrees celcius, and at various depths
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of discharge and discharge rates over 1000 hours. As observed from the plots in Figure 5.13,
the impact of DOD and discharge rate on the battery life is as described.
Overall, the battery ages rapidly as the DOD (inverse of SOC) and discharge rate

increases, and this quickly reduces the battery capacity [74][75].
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Figure 5.13: Impact of battery aging due to charge-discharge operations [74][75]

5.6.5 State of Health

The State of Health (SOH) is a "measurement” that reflects the general condition of a battery
and its ability to deliver the specified performance compared with a fresh battery. It takes
into account such factors as charge acceptance, internal resistance, voltage and self-
discharge [57]. It is a percentage of the ratio of the present actual battery capacity to the

maximum battery capacity. The actual capacity is determined by the DOD, cycling rate, age,



88

discharge current, battery cell temperature as discussed earlier. The higher the actual battery

capacity, the higher the SOH of the battery and vice versa.

The state of health can be calculated from the expression below [76].

SOH, = %<t x 100% (5.20)
c

cap

Where:
SOH., is the value of state of health
C,c: 1S the present actual capacity

Ceqp 1S the battery maximum capacity

During the lifetime of a battery, its state of health deteriorates over time whether the
battery is used or unused, until eventually, the battery is no longer useful or dead. As
mentioned earlier, this is known as battery cycle fade and battery calendar fade,
respectively. The SOH is an indication of the point which has been reached in the life cycle
of the battery and a measure of its condition relative to a fresh battery. This state is also
impacted by the DOD and the cycle usage.

Battery manufacturers do not specify the SOH because they only supply new batteries.
The SOH only applies to batteries after they have started their ageing process either on the
shelf or once they have entered service. The SOH definitions are therefore specified by test

equipment manufacturers or by the user [57].
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5.6.6 Sizing the Energy Storage System

There are several approaches in sizing energy storage systems. Section 5.4 showed relevant
equation used in the sizing ESS. Chapter 6 will cover more on sizing the ESS for the
application.

In this dissertation, a modular HESS is used to generate real power to the grid to
improve system performance. In this dissertation, HESS can be increased by adding more
modules. Having standard sized modules will lower application cost compared to
customizing for every application. This is a selling point for MMCs with a large number of

modules.

The HESS also helps to regulate the transmission system frequency during certain
conditions. Since the 500 kV grid system described in Chapter 7, Section 7.3 has a lot of
solar generation, there are cloudy days when solar generation is reduced, varied rapidly or
lost. When there is a loss of solar generation in the area, say approximately 1.26 GW, this
may result in low system frequency which may result in load shedding. Operation engineers
may have roughly 24 seconds (0.0067 hours) to address the situation before shedding load.
The amount of energy storage needed for this grace period is roughly 1.26 GW x 0.0067

hours = 8.4 MWh.

The hybrid energy storage system used in this dissertation is connected to two
submodules per phase based on the total power and energy needs (standard sized modules).
Energy storage system may not be needed on all submodules. This could impact harmonic
behavior of the system. The two HESS submodules have a total energy supply capacity of
2.8 MWh per phase. The 3-phase HESS has a total energy supply capacity of 3 x 2.8 MWh

= 8.4 MWh and this is needed to avoid possible load shedding on the grid.
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The battery is designed for roughly 1.2 MWh for the two submodules modules, per
phase, and the supercapacitor is designed for roughly 1.6 MWh for the two submodules per

phase.

The reason for sizing the supercapacitor higher than the battery is to allow the
supercapacitor to handle more of the charge/discharge operations in order to increase the

battery life.

Below are calculations of the HESS used in this dissertation.
Battery energy sizing per submodule per phase is calculated below:
Rated capacity = 1,250 Ah
Nominal voltage = 480 V

Battery energy = 1,250 Ah * 480 V = 0.6 MWh

Supercapacitor energy sizing per submodule per phase is calculated below:
Nominal voltage = 480 V
Rated capacitance = 5,000 F
Number of parallel capacitors =5

Total capacitance = 25,000 F

0.5%25,000%4802
3600

Supercapacitor energy = = 0.8 MWh

The energy supply capacity of the HESS per submodule, per phase is:
0.6 MWh + 0.8 MWh = 1.4 MWh

For simplicity, only two HESS submodule per phase are used in this simulation.
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The energy supply capacity of the HESS for two submodules, per phase is:
2x 1.4 MWh = 2.8 MWh

For the 3-pahse power system, the total energy supply capacity of the HESS is:
3x 2.8 MWh = 8.4 MWh

Note that the residual charge (and voltage) that should be left in the battery and
supercapacitor when completely discharged (to improve lifespan), should be considered
when sizing the HESS.

5.7 Summary

In this chapter, the design of a hybrid energy storage system, composed of batteries and
supercapacitors, is discussed. The HESS takes advantage of the beneficial properties of the
supercapacitors and batteries to offset their weaknesses. Although these devices have
limitations, the combining benefits provide some reasons why they can be used to
complement each other. The supercapacitors have benefits of quick charge/discharge
capabilities, high power density and high cycle life without degradation. The batteries have
benefits of high efficiency, high energy density, and capability to supply bulk power over a
long period.

In the HESS design, it is imperative to size the batteries and supercapacitors
appropriately, to get the acceptable quality of performance and improve the lifetime of the
battery.

When connected to a power grid, the HESS can perform real power exchange with the
grid, to improve stability. It is important to adequately control the amount of real power
injected to the grid, or absorbed from the grid, to improve stability. This control can be

achieved by connecting the HESS with bidirectional dc-dc converters.
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Chapter 6: Bidirectional dc-dc Converter Control in
Battery-Supercapacitor Hybrid Energy Storage System

6.1 Introduction

This chapter is from a conference paper accepted for presentation at the 2020 IEEE PES
Innovative Smart Grid Technologies conference meeting in Washington, DC, in February 2020
[77]. The paper will be published in the conference proceedings.

In recent years, the application of batteries has seen rapid increases in use in electric
vehicles, photovoltaic generation, wind power generation, peak load shaving and power system
stability applications. Power system disturbances caused by equipment outages may result in
system instability as power supplied by the grid generators may no longer match the load
demand. This may result in unacceptable frequency fluctuations, cascading outages or even
local blackouts, if a remedial action is not taken promptly. Batteries are increasingly used to
enhance performance of power systems to enable better leveraging clean energy sources.
However, high numbers of rapid, deep charge/discharge battery operations result in battery
degradation and eventually reduce the battery life span. Another energy storage technology is
the supercapacitor (SC) [78][79]. Combining a supercapacitor with a battery provides a
superior energy storage system where the supercapacitor can respond to very fast
charge/discharge operations and the battery can respond more slowly but with larger net energy
transfers. However, the supercapacitor technology provides design challenges due to its lower
energy density compared to batteries [80]. This paper proposes the design of an energy storage
system (ESS) that will combine batteries, supercapacitors, and bidirectional dc-dc converters

for use in a power system dynamic compensation application. The two energy storage systems
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are each coupled to individual bidirectional dc-dc converters to facilitate individual

adjustments and sizing [81].

The bidirectional dc-dc converters control the flow of power between the energy storage
system and the grid. If the grid frequency exceeds a maximum set point, the controller allows
flow of power from the grid to the ESS. This excess energy charges the appropriate energy
storage system based on the energy transfer needed. Similarly, if the grid frequency drops
below a minimum set point, the controllers allow the flow of power from the energy storage
system to the grid. In this paper, the maximum and minimum frequency set points are 60.2 Hz
and 59.8 Hz, respectively; the desired grid frequency is 60 Hz. The bidirectional dc-dc
converters allow for both energy storage elements to discharge and recharge within their limits
[80]. The system is designed such that the supercapacitor charges/discharges first before the
battery. This reduces battery activity and prolongs its life. In the case where power is flowing
from the ESS to the grid, if the supercapacitor is completely discharged and the grid frequency
is still below the minimum set point, the battery will start discharging while the supercapacitor
will start charging. A single hybrid energy storage system might not be able to solve the

frequency deviation, but many working in a similar fashion could do so.

As a precautionary measure to avoid cascaded outages, some utility companies install Under
Frequency Load Shedding (UFLS) schemes to drop load blocks if the system frequency
decreases below the minimum threshold for over 6 cycles. Dropping customers is not a
preferred alternative. The design presented in this paper will mitigate the need to drop

customers during such unacceptable frequency fluctuations by using the energy storage system.

Section Il of this paper presents a basic block diagram of the proposed control scheme and

a brief description of the functionality of the bidirectional dc-dc converter controls.
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6.2 Basic Design

The design shown in Figure 6.1 consists of a battery and a supercapacitor, each connected
to a dedicated bidirectional dc-dc converter, which are in turn connected to a common inverter.
These could possibly each be separate submodules in a modular multilevel converter (MMC).
The two ESS are each coupled to separate bidirectional dc-dc converters to facilitate flexibility
of charge and discharge controls, as well as other adjustments. This ensures that the output
power of the battery and supercapacitor are controlled independently, which in turn controls
the charge/discharge operations. The alternate charge and discharge operations of the battery
and supercapacitor would prolong the availability cycle of stored energy and extend battery
life. The bidirectional dc-dc converter shown in Figure 6.2 consists of self-commutated power
electronic switches S1 and S2 made from power MOSFETS or IGBTS, an inductor L to smooth
current ripple, and a capacitor C for filtering voltage ripples and smoothing output waveforms.
The capacitor maintains the dc voltage level at the converter output, while the inductor acts as
a smoothing reactor for the converter current [82]. The current source represents the current
injected by or drawn by the Voltage Sourced Converter (VSC) in Figure 6.1 and the resistor,
R, approximates the converter losses.

To mitigate the impacts of frequency instability, the control scheme is designed such that
the system frequency is continuously measured, and signals are sent to a comparator to
compare the measured and the reference frequency (60 Hz) as shown in the flow chart in Figure
6.3. If there is a change in frequency, the error is passed through a Proportional-Integral (PI)
controller which continuously calculates the error value and applies a correction, based on the

proportional and integral terms. If the power system frequency increases above 60.2 Hz, the PI
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controllers, as shown in Figure 6.4 send a command to allow flow of power from the grid to
the dc side to charge the ESS. Alternatively, if the grid power system frequency is less than
59.8 Hz, the controllers send a command to discharge the energy storage system. Figure 6.1

illustrates four possible power flow modes between the ESS and the grid.
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Figure 6.1: Basic design and power flow modes

6.3 Power flow Modes

Four main power flow modes are presented.

6.3.1 Charge Supercapacitor and Battery Mode
In this mode, the grid generation is more than the load demand and power flows from the

grid to the ESS; the measured system frequency is higher than the maximum allowable
frequency1 fmea > fmax

P

grid > Pbatt + Psc (6-1)
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6.3.2 Discharge Battery and Supercapacitor Mode
In this mode, the grid generation is less than the load demand and power flows from the

ESS to the load; the measured system frequency is lower than the minimum allowable

frequency; finea < finin

Pgrid < Pbatt + Psc (62)

6.3.3 Charge/discharge mode

In this mode, the battery is used to restore the supercapacitor to the nominal state of charge
following an event where it was used to respond to a system event. Since we want to discharge
the supercapacitor first, there might be circumstances where the battery can be discharged
slowly, and the supercapacitor charged to get the supercapacitor back to a preferred state of

charge.

Pbatt > Psc (6.3)

6.3.4 Normal mode
In this mode, the measured system frequency is within the acceptable range and the energy

storage is not acting.

fmin =< fmea = fmax (6-4)

There is a variation of the normal mode where the control scheme will allow both the battery
and supercapacitor to be charged or discharge to their nominal state of charge in order to be

ready for the next event or disturbance.

If the measured grid frequency is less than or equal to the reference frequency (60 Hz) but

more than or equal to the minimum allowable frequency (59.8 Hz) as in (6.5), the control
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scheme should allow the ESS to be at a nominal SOC of between 50% and 80%, to be ready

to discharge and deliver power to the grid for the next event.

fmin < fmea = fref (6-5)

Similarly, if the measured grid frequency is less than or equal to the maximum allowable
frequency (60.2 Hz) but more than or equal to the reference frequency (60 Hz) as in (6.6), the
control scheme should allow the ESS to be at a nominal SOC of between 20% and 50%, to be

ready to charge and absorb power from the grid for the next event.

fref = fmea =< fmax (6-6)

The Probability of Power Supply Loss of the Grid (PPSLG) is chosen to evaluate the power

supply reliability of the power system as defined in (6.7) [83].

N
> [Pgrialtd=(Poare(t)+Pec(t)]
PPSLG = ==t (6.7)

N
Yiz1Pgridat;)

Where t;~ty is the operating time of the power system. The assumption is that under normal
conditions, the grid is operating 8,760 hours in a year, 24 hours a day. The lower the PPSLG,
the higher the reliability of the power system and the more satisfied the customers are. The
higher the PPSLG, the lower the reliability of the power system and the less satisfied the
customers are.
6.4 Bidirectional dc-dc converter control

Figure 6.2 shows the schematic diagram of the bidirectional dc-dc converters used in this
design. Bidirectional dc-dc converters are utilized to allow both directional power flow to
charge and discharge the energy storage system. The battery and supercapacitor each have

separate bidirectional dc-dc converters to facilitate individual control of the ESS. The
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bidirectional dc-dc converter response should be fast enough to compensate for the slow
dynamics of the ESS, especially the battery.

The controllers sense the measured frequency from the grid power system and compare it
with the reference frequency. The error is passed through a PI block generating a reference
modulating signal. This reference signal is compared with the PWM carrier signal in the
operator box and the generated signal passed to the logic box. In the logic box, if the reference
signal is greater than the PWM signal, switch commands are generated to switches S1 and S2

to perform the desired charge/discharge operation.

The novelty in this design is that each energy storage device has its own bidirectional dc-dc
converter to increase resiliency and flexibility of control of charge/discharge operations. The
downside is higher cost for separate bidirectional dc-dc converters. However, the benefits are
expected to exceed the costs. The benefits of separate bidirectional dc-dc converters are:
flexible control that allows the supercapacitor to discharge while the battery is charging, and
vice versa, individual control and sizing based on the system needs, improved reliability and
redundancy in case of equipment failure, eliminate need of installing several equipment in

separate locations.

To improve the power transfer capabilities of the bidirectional dc-dc converter and to be
able to handle the frequency variations, several bidirectional dc-dc converters and ESS can be
connected in a modular multilevel converter topology. The MMC topology also has benefits
of improved dynamic stability, increased power quality, reduced switching losses, as well as
fast and efficient operations of the power system. Also, a high frequency transformer with a

high turns ratio can be utilized to increase the output voltage of the converter.

The output voltage of the bidirectional dc-dc converter can be calculated as [89]:
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Where N and N, are the transformer secondary and primary turns, respectively.
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Figure 6.2: Bidirectional dc-dc converter for hybrid energy storage system (HESS)

6.4.1 Control strategy

Figure 6.3 shows a simplified block diagram of the control strategy.
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Figure 6.3: Control strategy

The P.ymmana 1S the required power command to keep the grid within an acceptable
frequency range, between 59.8 Hz and 60.2 Hz. To generate the P.,,mana, the controller
senses the grid voltage, V,,;4 and grid current, I,.;; and multiplies the components. The
resulting grid power, Pg,.;q Which is equivalent to the grid power or generation capability, is

compared with the grid load, Ld ;g If P,

gria 1S more than Ld 4, the grid frequency increases;

If Pyyiq is less than Ld .4, the grid frequency decreases. Minimum and maximum frequency
thresholds are set. If the measured frequency, fneq, IS greater than the maximum frequency
threshold, f,ax, OR  fineq 1S l€ss than the minimum frequency threshold, fin, @ Peommana 1S
generated to charge or discharge the ESS, respectively. If neither of these conditions is met,

the controller will continue to sense and measure the grid frequency.

Figure 6.4 shows the control block diagram with the generated P.,;,mana @S iNput to each
of the bidirectional dc-dc converters. The controller divides the P.,mmana DY the measured

ESS voltage, V,,..—Ess, 10 generate the reference current signal, I.ommand- The lcommand N
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turn is compared with the measured ESS current, I,,,.,s—gss and the error signal is passed
through a Pl controller, generating a P1 output reference signal which is compared with a PWM
signal in the operator box. The resulting modulated signal is passed through a logic block and
if the P.ommana CONitions are met, the resulting signal is sent to the switches S1 and S2 of

the bidirectional dc-dc converter to perform the appropriate charge/discharge operations.

|_command
- PWM

P_command—» | X L ]
- » + Switch

- - PI > | Operator [ ™| Logic [ ™
V_meas ESS— > | © > P J

|_mea_ESS

Figure 6.4: Control block diagram

6.5 Sizing the hybrid energy storage system

It is imperative to size the battery and supercapacitor adequately to satisfy the energy and
power requirements of the grid and to prolong the battery life. Supercapacitor cells have low
rated voltage and low energy density compared to batteries [84]. The cells are connected in
series to increase the output voltage and in parallel to increase the capacity [85]. The more the
number of cells, the higher the output voltage and capacity. The total number of cells is driven
by the nominal voltage of each cell, rating of the bidirectional dc-dc converter and the power

demand of the grid.

The battery and supercapacitor terminal voltages are restricted by the bidirectional dc-dc

converter input voltage ranges [86]. In this control scheme, the bidirectional dc-dc converter
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utilized has a high side operating voltage range of 60 V - 1200 V and a low side operating
voltage range of 10 V - 1150 V [87].

The batteries are sized based on (6.9) and (6.10).

Vbatt- Nbatt = Vhs—min (6-9)

Vbatt- Nbatt < Vhs—max (6-10)

Where V 4+ IS the battery voltage of a single cell, Ny, is the number of series connected
battery cells, Vis_min and Vis_mar are the minimum and maximum high side operating

voltages of the bidirectional dc-dc converter, respectively.

For example, the battery utilized in this control scheme has a nominal dc voltage of 48 V.
Assuming each cell has a nominal dc voltage of 4.8 V, the number of series connected battery
cells is 10. The high side voltage of the converter is the dc link voltage, which is roughly

1,100V.

For areas that have historical low frequency issues, the supercapacitor is set at an initial
SOC of roughly 80%. This high initial SOC provides a good starting point in preparation for
an event that has a high likelihood of requiring discharging the supercapacitor. The initial SOC
is not set at 100% because the device won’t have the capability to respond to high frequency

conditions of the grid. Generally, the supercapacitor can be sized based on (6.11) and (6.12).
SOC% X (Vge.Ng¢) = Vig_min (6.11)
SOCY% X ( Vge-Neo) < Vis—manx (6.12)
HESS sizing is based on combining battery energy and supercapacitor energy (6.13).

Epatt + Esc = Eness (6-13)
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Where E 4. IS the energy stored in the battery, E . is the energy stored in the supercapacitor.

The energy stored in a supercapacitor depends on the capacitance and the square of the

voltage applied to the terminals and is calculated as in (6.11) (6.12) (6.14):

1
Es. = ECSC(I/SC * N )2 (6-14)

Increasing E,. decreases the operating time of the batteries and results in smaller batteries
in design [88].
C,. can be calculated from (6.14) and (6.15), assuming the rated power P(t) of the system is

known.

Esc = J; P(Ddt (6.15)

Similarly, the battery energy size E,,: IS proportional to the rated power of the system

P,.:eq @nd the percentage of time the battery is operating PTBO (6.16).
Epatt = Pratea * PTBO (6.16)
From (6.9), (6.10) and (6.16)
Epare = (Vpate- Npate) * Ipaee * PTBO (6.17)
Where I, 1S the current rating of the battery.

The proportion of battery and supercapacitor energy in the hybrid energy storage system is

given as:

Esc = X% . Eygss (6.18)

Epatt = Engss — Esc (6-19)
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Where X% is the percentage of supercapacitor energy in the HESS. The ESS is designed
such that a higher percentage of the energy is attributed to the supercapacitor than the battery.
The larger the supercapacitor energy, the smaller the battery energy and the smaller the battery

design.
In this scheme, 60% of the HESS energy is stored by the supercapacitor.
Esc = 60% . Eqgss

The battery size is proportional to the rated power of the system, the dc link voltage, annual

percentage of battery operating time, and inversely proportional to the supercapacitor size.

Prateq- BOT. Vg,

Epate @
Esc- Vrated—sc

Where BOT is the annual percentage of battery operating time. BOT, in addition to other

factors, depends on the grid reliability and supercapacitor SOC.

The maximum power transfer capabilities and the maximum energy storage capabilities for

the supercapacitor and the battery can be calculated from (6.20) (6.21)(6.22) and (6.23).

Vrfomina
Brax—sc = rseri; (kW) (620)
1C'Vrfomina
Emax-sc = 23,6—001 (kWh ) (6-21)
Prax-patt = V2 ominai (kW) (6.22)

Rinternal

Emax-batt = Pratea-t (kWh ) (623)
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Where Py ax—sc and P ax—pare are the maximum power capabilities of the supercapacitor
and battery, respectively; E,,ax—sc aNd Epax—paee @re the maximum energy storage capabilities
of the supercapacitor and battery respectively; R.q—series IS the equivalent series resistance,

Rinternar 1S the internal resistance, V,,omina: 1S the nominal voltage, P,.4:eq IS the rated power

and t is the operating time.

The HESS is sized based on the needs of the grid. The grid consist of solar generators which
are not available during a cloudy day. Solar generation is typically available between 12 noon
and 5 pm. In a cloudy day, solar generation decreases and may cause a deficiency of 500 MW
generation. This translates to roughly 500 MW x 5 hours = 2500 MWh of energy unavailable
and it may result in a frequency drop below 59.8 Hz. To avoid dropping load, the energy storage
system is sized to deliver 3000 MWh to account. This size will also account for possible losses.
Tables 6.1, 6.2 and 6.3 show the supercapacitor, battery, and bidirectional dc-dc converter

parameters, respectively.

When connecting the batteries or supercapacitors in series, we assumed perfect sharing
among the series connected batteries or supercapacitors in strings. The balancing mechanisms

are outside the scope of this research.

Table 6.1. Supercapacitor specifications

Nominal DC voltage 480 V
Rated capacitance 1,000 F
Energy storage capacity 32 kWh
Initial SOC 50%
Equivalent DC series resistance | 1 mQ




106

Table 6.2. Battery specifications

Nominal DC voltage 48 V
Battery capacity 450 Ah
Energy storage capacity 22 KWh
Initial SOC 50%
Internal resistance 1.1mQ
Nominal discharge current 195 A
Cut-off voltage 36 V

Type Lithium-ion

Table 6.3: Bidirectional dc-dc converter specifications

Inductance L (battery) 1mH
Inductance L (SC) 100 mH
Output capacitance C 1,000 uF
Equivalent inverter losses 1 kQ

6.6 Simulation results

The simulation results of the bidirectional dc-dc converter for the battery and supercapacitor
are analyzed in this section. Power of the battery is limited by a rate limiter block; therefore,
the transient power is supplied to the DC bus by the supercapacitor. The simulation time is 20

seconds and the simulation time step is 25us.

The scheme is modelled such that the required power will output a repeating sequence of

numbers specified in time-value pairs.

Figures. 6.5, 6.6 and 6.7 show plots of the dc link voltage of the bidirectional converter
connected with the supercapacitor alone, battery alone and the hybrid energy storage system,
respectively. In this scenario, the battery and supercapacitor are both discharging. Notice that
in Figure 6.7, the dc link capacitor voltage is higher when the battery and supercapacitor are

combined than when the battery alone is connected as in Figure 6.6. With the battery alone
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connected to the converter, the dc link voltage is roughly 800 V. With the supercapacitor
combined with the battery, the dc link voltage is roughly 1,100 V. When this high dc link
voltage is input to the inverter, it helps to improve the stability of the grid during low frequency

situations.

Notice that the dc link voltage waveform of the HESS in Figure 6.7 is similar in shape to
the combined waveforms of the supercapacitor alone and the battery alone, in Figures 6.5 and

6.6, respectively.
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Figure 6.5: DC link voltage for supercapacitor connected alone
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Figure 6.6: DC link voltage for battery connected alone



Figure 6.7: DC link voltage of hybrid energy storage system (HESS)

1200 T T T T

wof [ /\\ /\ 7
2 N [N
fal T T |
| \ | N\
o 60 | \‘ |
§ \ | \
)E( 400 \ |
; \_ g \\7

0 2 4 6 8 10 12 14 16 18 20
Time (seconds)

108

Figure 6.8, 6.9 and 6.10 show the battery in charge mode, the supercapacitor in discharge

mode, and the discharge current of the HESS, respectively.
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Figure 6.9: Supercapacitor discharging
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In the discharge mode, the current is negative while in charge mode, the current is positive.
The change in current is due to the inverter control of the dc link voltage. When the voltage
increases due to discharging the ESS, it will transfer more power to the grid, changing the

current in the current source.

Figure 6.10: Negative discharge current of HESS

6.7 Summary

Batteries and supercapacitors are increasingly used to enhance performance of power
systems due to benefits of high energy density and high-power density, and better leveraging
clean energy sources. In this design, the ESS is controlled to generate or absorb power during
unacceptable frequency fluctuations. The two energy storage devices are each coupled to
separate bidirectional dc-dc converters to allow flexible control of the battery and
supercapacitor operations. Each of the battery and supercapacitor control schemes can be
adjusted independently based on the needs of the grid.

The bidirectional dc-dc converters enable bidirectional control of power flow between the
energy storage system and the grid and enable efficient charging and discharging of the energy

storage system. The controllers sense the measured grid frequency and compare it with the
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reference frequency. If the measured frequency is not within an acceptable frequency range,
the controllers send a command to charge or discharge the appropriate energy storage system.
This enhances the dynamic performance of the grid and maintains the grid frequency within

the desired range.

A single hybrid energy storage system might not be able to solve the frequency deviation,
but many working in a similar fashion could do so. Combining several modules of the hybrid
energy storage system in a modular multilevel converter topology will increase the power
capability of the system and make them suitable for such frequency variation mitigations in

medium or high-power transmission applications.

These modular multilevel converters can be combined with Static Synchronous
Compensators (STATCOMs) and other Flexible AC Transmission Systems (FACTS) devices,
to dynamically control the exchange of both real and reactive power with the grid, to enhance
stability. The STATCOM provides reactive power compensation while the HESS provides real
power compensation. Renewable energy sources such as solar and wind generation can be

connected to the MMC and the energy can be stored in the HESS and used later.

This scheme provides a cost-effective solution for modern power systems as power
generation, energy storage and power compensation devices can all be installed in one location,

rather than installing several standalone systems at different locations.
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Chapter 7: Enhanced STATCOM Model Implemented in
Matlab/Simulink

7.1 Introduction

This chapter will describe how the enhanced STATCOM design was implemented in
Matlab/Simulink. The enhanced STATCOM model was implemented by building modular
multilevel converter submodules in combination with battery and supercapacitor energy
storage system. Built-in models were used in some cases by adding components and
modifying controls to meet requirements. A typical 500 kV system in the Western
Electricity Coordinating Council (WECC) region that has experienced very high and low
voltage issues during normal and abnormal conditions was modelled. The system was tested
with the Positive Sequence Load Flow (PSLF) software and the results are consistent with
the system modelled in Matlab. The enhanced STATCOM was connected to the 500 kV
system. In addition, bidirectional dc-dc converter controls were designed to manage the
charging and discharging operations of the batteries and supercapacitors. The following
sections describe how the enhanced STATCOM project was implemented and how the
model was validated.

7.2 The 500 kV Grid Model

The 500 kV grid is modelled to approximate a real life situation currently experienced in a
500 kV system in the WECC. The local 500 kV grid used in the simulation consists of four
major substations separated by between 60 miles and 150 miles from each other and with
compensation consisting of FACTS devices such as shunt capacitors and shunt reactors.

There are also generators and loads connected to the underlying 230 kV system.



112

e Shunt capacitors are connected to some of the substation buses to generate reactive
power to the grid and increase bus voltage

e In other substations, shunt reactors are connected to the substation buses to absorb
reactive power and reduce bus voltage

Installing multiple FACTS devices poses a challenge to operate the system and this can
result in complex interactions. The proposed enhanced STATCOM will mitigate these
challenges and risks by using a single installation and provide dynamic real and reactive
power support to the grid. The design will have a centralized device location to dynamically
regulate voltages, frequencies and stability of the power system area in question.

The area of study is a solar generation-rich area and experiences high and low voltage
issues during both normal and abnormal conditions. The total generation in the local area
simulated is roughly 3,170 MW and the total load is 3,100 MW. Total transmission losses are
approximately 70 MW under normal conditions. Figure 7.1 shows a simplified single line

diagram of the 500 kV system simulated in PSLF and in Matlab/Simulink.
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Figure 7.1: 500 kV system studied

The 500 kV system experiences voltages as high as high as 1.12pu (554 kV) due to high

PV generation. The normal operating voltage range in the 500 kV system is between 525
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kV and 540 kV, and the emergency operating voltage range is between 495 kV and 551 kV.

Table 7.1 shows the operating voltage ranges of the 500 kV system.

Table 7.1: Operating voltage ranges of the 500 kV system
Nominal Normal operating voltage range Emergency operating voltage range
voltage Low limit High limit Low limit High limit
500 kV | 525kV [1.05pu | 540kV [1.08 pu |495kV [0.99pu |551kV | 1.1 pu

The enhanced MMC STATCOM will help regulate the voltage through its reactive capacity
to keep the system within the voltage set limits.

During summer peak conditions, approximately 2,000 MW generation is connected to
SUB D, power is transferred to the southern region of the grid via the south intertie at SUB
M. There are plans to retire the two generation units at SUB D. This will cause a power
generation deficiency in the local area and power will need to be imported from the southern
region to the northern region, resulting in higher voltages in the local area. During spring off
peak conditions, overall load levels are expected to be lower and the high voltage issues will
be worse. PSLF studies show that installing a +/- 600 MVAR MMC STATCOM with 8.4
MWh energy storage at SUB G will provide dynamic real and reactive power support in the
area and mitigate the voltage issues projected when the generation units are retired. This
design will also help stabilize frequency issues experienced during a partly cloudy day if
solar generation is lost intermittently.

In a partly cloudy day, when solar generation penetration is reduced, the system
experiences a deficiency in generation which may lead to low frequencies in the area.
During certain contingencies like loss of critical equipment or transmission lines, the
generation output is more than the load demand. This may result in high frequency

situations. The desired system frequency is 60 Hz. If the system frequency drops below the
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minimum set point of 59.8 Hz for more than 12 cycles, an under-frequency load shedding
scheme is activated and blocks of load are dropped in the BUS G area, to balance the
generation and load levels.

To avoid the need to drop load, the proposed enhanced STATCOM will include a

hybrid energy storage system enough to mitigate frequency deviation issues.

7.3 MMC STATCOM

Matlab has models available for different types of STATCOMS and energy storage
systems. In this dissertation, the “power_statcom 22PM” and “parallel_battery SC_Boost
converter” models are used to implement the enhanced STATCOM. The
“power_statcom_22PM” is an MMC designed with 22 full bridge modules, each having
internal dc link capacitors. This model was modified by replacing the MMC module model
with internal capacitors with an MMC full bridge module model with access points for
external dc link capacitors. These MMC modules with external capacitors are used to enable
connection of the energy storage system in parallel with the dc link capacitor of the MMC
submodules. Initially, 11 modules connected in series were used; as a result, the expected
converter output voltage and current waveforms exhibited few steps. As a comparison, 22
modules were used; the converter output current and voltage waveforms exhibited more
steps as expected. If more modules are utilized, the output waveforms will approach a
sinusoidal shape. Each MMC submodule has a dc link capacitor. Since the 22 submodules
are connected in series, the output voltage of the MMC STATCOM is approximately the
sum of the dc link voltages of the 22 submodules. Figure 7.2 shows a simplified schematic

representation of a single-phase, three-submodule MMC STACOM with hybrid energy
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storage system connected on the submodule dc link. For simplicity, the hybrid energy

storage system is connected only to two submodules of the MMC STATCOM.
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Figure 7.2: Single-phase, three-submodule MMC STATCOM topology with hybrid energy storage connected
to two submodules

To improve the waveform quality, a PWM scheme with a switching frequency of 1.2 kHz

was used for the MMC STATCOM.
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Since the enhanced STATCOM will be regulating the voltage, frequency and power
exchange with a 500 kV system without a step-up transformer, the output voltage of the
converter is expected to be greater than 500 kV per branch. Figure 7.3 shows a plot of the
converter output for each of the phases of the MMC STATCOMs. The impact of the PWM

is visible in the waveform.
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Figure 7.3: Converter output voltage per phase

A hybrid energy storage system is connected to the dc link capacitor of the submodule
via a high frequency transformer. The transformer is designed to have a primary to
secondary turns ratio of roughly 1/58, to give the desired output voltage. Figure 7.4 shows a
schematic representation of the full bridge dc-dc converter, high frequency transformer,
inverter and rectifier connected between the HESS and the MMC STATCOM. In Figure 7.4,
the ESS is connected to only two submodules based on the total power and energy needs of
the system and to avoid impacting harmonic behavior. The converter and transformer each

have a switching frequency of 1.2 kHz.
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Figure 7.4: Schematic representation of full-bridge dc-dc converter transformer

7.3.1 MMC STATCOM Parameters

As noted earlier, the MMC STATCOM is implemented with 22 submodule per branch.

The nominal dc voltage (V,om ) Per submodule is set at 28 kV and the nominal power

(Prom) s Set at 12 MVA per submodule. The base impedance (Z4s.) IS calculated as:

2

Pnom

Where Vnomgrid is the nominal grid voltage = 500 kV

Vnom i
_ grid
Z base — Q

(7.1)
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The per unit branch reactor is set at 0.12 pu with an X/R ratio of 50. The actual values of

branch reactor (Lg;4;) in Henries and branch reactor resistance (Rg.,:) in ohms can be

calculated as:

_ (Lstatpu*zbase)
Lstat -

2+ Trxf
Rgtar = Rstatpu * Zpase

Where f is the grid frequency.
The dc link stored energy constant H = 1/(f * Z) [90]

The capacitance of the dc link capacitor per module is calculated as:

Cac = (Pnﬂ) * H * Z/Vnomzc

3%Nm

Table 7.2 shows the MMC STATCOM parameters used in the simulation.

Table 7.2: MMC STATCOM Parameters

Number of power submodules per branch | 22
Nominal capacitor voltage per submodule | 28 kV
Apparent power 800 MVA
Base Impedance 313 Q
Branch reactor 0.12 pu
Branch reactor resistance 0.024 pu
DC link capacitance per module 5.8 uF

7.3.2 STATCOM Gain Parameters

(7.2)

(7.3)

(7.4)

The STATCOM has a closed loop control scheme for I, and I, , implemented in the

synchronous rotating d-q reference frame. The STATCOM gains K; and K,, are determined
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by tuning with the total branch resistance and inductance values R, and L, respectively,

between the converter terminals and the point of interconnect. 7 is the desired time constant

for the control response.

K _Rs
Kp Ls
Kp _ 1
Lg T
LS
From (7.6) K, = -

From (7.5) K=K, %

Example: Using the MMC STATCOM design parameters in from Table 7.2:

Rs = = = 0.0024 pu, Lg = 0.12pu, ©=0.01

Voms = 500 kV | P, = 800 MW

500 kV
V=5 =289kV, Vi =vV2x()p)

Vimns
Zpase = P_s v Zpase =313 Q

(7.5)

(7.6)

(7.7)

(7.8)

The values of Rgand Lg in ohms and Henries are calculated from the per unit values and

system base impedance as below:

R, = 0.0024pu x 313 Q=075 Q
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L 0.12 pu x 3130Q

= 0.1H
s 2nf 0
From (7.6) K,==,  K,=¢=10
From (75)  Ki=K,~, K =10x (*2)=75

7.4  Hybrid Energy Storage system sizing

The hybrid energy storage consists of batteries and supercapacitors each connected through
a bidirectional dc-dc converter to enhance flexibility of control of charge and discharge
operations. To avoid shedding load during outage of 1.26 GW solar generation in a partly
cloudy day, the HESS is sized with a sufficient power rating and sufficient energy capacity
to mitigate frequency deviation issues that may result on load shedding.

In Chapter 5, we covered calculations for sizing the HESS. Tables 7.3 and 7.4 show
specifications of the battery and supercapacitor used in the implementation of the
simulation. The initial SOC is set at 50% to ensure the HESS is ready for the next

charge/discharge activity.

Table 7.3: Battery specifications

Nominal DC voltage 480 V
Battery capacity per phase 2,500 Ah
Energy storage capacity per phase 1.2 MWh
Initial SOC 50%
Internal resistance 1.92 mQ
Nominal maximum discharge current 1.1 kA
Cut-off voltage 360 V
Type Lithium-ion
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Table 7.4: Supercapacitor specifications

Nominal DC voltage 480 V
Rated capacitance per phase 10,000 F
Number of parallel capacitors 5

Energy storage capacity per phase 1.6 MWh
Initial SOC 50%
Equivalent DC series resistance 1 mQ

7.5  Bidirectional dc-dc Step-up Converter

The bidirectional dc-dc converters consist of self-commutated power electronic switches
connected in H-bridges, an inductor L to smooth current ripple, capacitors for filtering voltage
ripple and smoothing output waveforms, and a high frequency transformer for stepping up

HESS output voltage via a DC/AC converter. Table 7.5 shows the converter parameters used

in simulation.
Table 7.5: Bidirectional dc-dc converter specifications
Inductance L 1 mH
Output capacitance C 1,000 uF
Switch FET Resistance 0.1Q
Switch internal diode resistance 0.01 Q

To get the required dc link capacitor voltage roughly 28 kV per submodule (that is 22 x
28 kV =616 kV for a 22-submodule MMC), a high frequency transformer is used to step up
the voltage. Since the transformer cannot be connected to a dc system, VSC is used to
convert dc to ac before connecting the transformer. The inverter consists of IGBTs
configured in an H-bridge. After transforming the ac voltage to the desired level, a second
H-bridge is used to convert the ac voltage back to dc. The arrangement is bidirectional as

covered in Chapter 6; the transformer turns ratio is set to obtain the desired output voltage:

Ny

2 Vin (7.9)

Vour =
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Tables 7.6 shows the specifications of the high frequency transformer used in the

simulation.

Table 7.6: High frequency transformer specifications

Nominal power 1 kVA
Freguency 1.2 kHz
Primary winding nominal voltage 480 V
Secondary winding nominal voltage | 28 kV
Primary winding resistances 0.005 pu
Secondary leakage inductances 0.02 pu

7.6 Summary

In this chapter, implementation of the enhanced STATCOM model in Matlab/Simulink
and PSLF is discussed. The model is implemented by building a modular multilevel
converter model in combination with battery and supercapacitor energy storage models. A
typical 500 kV system in the WECC that has experienced high and low voltage issues is
modelled and connected with the enhanced STATCOM via bidirectional dc-dc converters.

The model consists of a 500 kV transmission grid with sources and loads, a 22-
submodule MMC STATCOM, a HESS consisting of batteries and supercapacitors, and a
bidirectional dc-dc step-up converter.

The enhanced STATCOM is rated adequately and the parameters of the components are
set appropriately to control system stability and mitigate frequency variation issues during
transmission line or generation outages. The design also helps mitigate load shedding due to
reduced solar generation during a cloudy day.

Chapter 8 will test the performance of the system over a range of simulations scenarios

and evaluate the simulation results.
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Chapter 8: Evaluation and Analysis of Simulation Results

This chapter demonstrates performance of the proposed E-STATCOM/BE3SC on a set

of cases requiring the capabilities of both real and reactive power control. As described in

Chapter 7, the 22-submodule MMC STATCOM model in Matlab is modified to both

connect an external dc capacitor across the entire bridge to provide a connection point for

the hybrid energy storage system. This model is a compromise to demonstrate connection of

the energy storage system with a reasonable initial simulation effort. As discussed earlier,

the preferred solution is to use standard sized modular hybrid energy storage systems

connected to each submodule of the MMC STATCOM.

This chapter will analyze the simulation results of the response of the electric

transmission system with the following cases:

1)

2)

3)

4)

5)

6)

Dynamic response of the STATCOM controls to varying Q..¢ Setpoints

Case comparing the converter dc capacitor voltages with the MMC STATCOM alone
and with the E-STATCOM/BE3SC.

Compare ac converter output voltage with 22 MMC submodules and with 11 MMC
submodules

Verification of converter output current against measured reactive power (Qmea)
Comparison of dynamic response to three-phase fault conditions without
compensation, with a STATCOM alone and with the enhanced STATCOM with
hybrid energy storage system.

Response of E-STATCOM/BE3SC to variations in the P.omana and the response of

the charge and discharge controls of the battery and supercapacitor
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7) Voltage magnitude response at select buses with reduced solar generation output
The Matlab Simpower Systems block set simulations were validated with PSLF for
the following cases
8) E-STATCOM/BE3SC connected to mitigate overvoltages
9) Power system frequency response of system with variation in solar generation without

compensation and with the E-STATCOM/BE3SC.

In order to speed-up simulation while keeping simulation fidelity, a switching
function MMC model in the Simpower Systems blockset is selected for the MMC
STATCOM. The switching function emulates the responses to the firing pulses produced
by PWM generator as voltage and current steps without representing the details of the
switching behavior. This is a quasi-switching model for the MMC-VSC, but a switching

model is used in the dc-dc converter stages.

8.1  Dynamic response to Moderate Step Change in Reactive Power Command

Dynamic reactive response for a moderate step change in the reactive power command
is tested by varying Q,r from -5 MVARs to 10 MVVARs. While this is a small step relative
to the rating of the MMC STATCOM, it demonstrates the response. The MMC STATCOM
initially operates in inductive mode following its set-point Q... of -5 MVARs. At 0.5
seconds, the set-point is changed from -5 MVARs to 10 MVARs. The MMC STATCOM
controls modify the converter output voltage and current to vary reactive power. Figure 8.1

shows the dynamic response of the MMC STATCOM. The average value of the measured
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reactive power tracks the step change in the reference. It takes roughly 1 millisecond for the

MMC STATCOM to respond.
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Figure 8.1: Dynamic response for moderate step change in Q,..r in MMC STATCOM operation
8.2  Submodule Capacitor Voltage Comparison
The low-level capacitor voltage was measured for a case with three submodules with
the E-STATCOM/BE3SC and with the MMC-STATCOM alone. Figures 8.2 and 8.3 show
the steady-state capacitor voltage behavior of the E-STATCOM/BE3SC and the MMC
STATCOM, respectively. The low-level capacitor voltage is higher in Figure 8.2 than in
Figure 8.3 due to the additional real power injected by the hybrid energy storage system

onto the STATCOM dc link. These results are expected.
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Figure 8.2: Capacitor voltage of three submodules with E-STATCOM/BE3SC (at 40kV)
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Figure 8.3: Capacitor voltage of three submodules with MMC STATCOM alone (at 39.5kV)

8.3 Impact of Increasing Number of Submodules on AC Voltage Waveform
Figures 8.4 and 8.5 show the phase converter output voltage waveforms for a 22-
submodule and an 11-submodule MMC STATCOM, respectively. Both cases use a PWM
switching frequency of 1.2 kHz. The 22-submodule case will have an effective switching
frequency twice as high as that of the 11-submodule system. The size of the voltage steps in
the waveforms are proportional to the number of submodules in the MMC STATCOM
design. The larger the number of submodules, the more the steps in the waveform and the
more the waveform approaches a sinusoidal shape. Notice that the 22-submodule waveform

in Figure 8.4 has more steps and visually shows a better approximation of a sinusoidal
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waveform, compared to the 11-submodule waveform in Figure 8.5. Based on these results,

later simulations will use the 22-submodule design.
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Figure 8.4: Converter output voltage per phase with 22-submodules
E-STATCOM/BE3SC
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Figure 8.5: Converter output voltage per phase with 11-submodules
E-STATCOM/BE3SC

8.4  Verification of Converter Ouput Current Against Reactive Power Command
The converter output current per phase can be calculated from Q,.., and the converter
terminal line to neutral ac output voltage, Veop,. FOr Q.; = 100 MV AR capacitive and

Voony = 465 kV:

_ _Yrer
ICOTLV - Vconv*\/3 (81)
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I __ 100MVAR
CONV ™ 465KV V3

= 124 Amps

Figure 8.6 shows the ac current for the 22-submodule E-STATCOM with a reactive
power setpoint of 100 MVVAR capacitive. The calculated converter output current per phase
is 124 Amps. This is the RMS current at the converter output per phase. The waveforms of
Figure 8.6 show the peak current of the converter output per phase. Assume the waveform

is sufficiently close to a single frequency sinusoidal due to the action of the 22 level PWM

MMC.
Ipeak = \/E * L (8-2)
200
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£
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Figure 8.6: Converter output peak current with 22-submodule E-STATCOM/BE3SC
for Q. = 100 MVAR

8.5  Response During Recovery From a Close-In Three-Phase Fault

In this section, three cases are studied to examine the system response following a fault
on the 500 kV system: (1) with no compensation, (2) with MMC STATCOM alone and (3)
with enhanced MMC STATCOM.

Case 1. System without compensation
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In Case 1, the 500 kV system in Figure 7.1 is subjected to a three-phase fault for 5 cycles
(between 20 cycles and 25 cycles), 72 miles from SUB L, on the line between SUB L and
SUB M, without compensation. Figures 8.7 and 8.8 show waveforms of the voltage and
current measured at SUB L, respectively. Notice the initial current imbalance during the

fault due to the decaying dc offsets from the transient response.
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Figure 8.7: Voltage measured at SUB L for a three-phase fault on the 500 kV line
between SUB L and SUB M, without compensation
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Figure 8.8: Fault current measured at SUB L for a three-phase fault on the 500 kV line
between SUB L and SUB M, without compensation
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Case 2: System Recovery from Fault with MMC STATCOM
In Case 2, an MMC STATCOM is connected at SUB G and a three-phase fault is applied on
the line between SUB L and SUB M as mentioned in Case 1. Figure 8.9 shows waveforms

of voltage and current, measured at SUB L.
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(b) Current waveform with MMC STATCOM

Figure 8.9: Voltage and current measured at SUB L for a three-phase fault on the 500 kV line
between SUB L and SUB M, with MMC STATCOM

Figure 8.10 shows real and reactive power waveforms of the high-level control, with
a three-phase fault applied from 20 cycles to 25 cycles, between SUB L and SUB M,
with the MMC STATCOM. Notice that during the fault, the STATCOM does exchance
real power with the system through the dc link capacitor, but the power goes to zero
after the fault is cleared other than supplying losses to the STATCOM. Also notice the
reactive power behavior at the onset of the fault and at the time the fault is removed.
The STATCOM is controlled to supply a fixed reactive power, so it does not try to

increase reactive power to support voltage during the fault.
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Figure 8.10: High-level control real and reactive power with three-phase fault, with MMC STATCOM

Case 3: System with E-STATCOM/BE3SC

In Case 3, the enhanced STATCOM with hybrid energy storage system is connected to the

500 kV system at SUB G. Recovery from the three-phase fault is similar to Cases 1 and 2 as

seen in Figure 8.11, because the enhanced STATCOM is controlled to maintain constant

reactive power in Matlab/Simulink.
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(a) Voltage waveform with E-STATCOM/BE3SC
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Figure 8.11: Voltage and current measured at SUB L for a three-phase fault on the 500 kV line

between SUB L and SUB M, with E-STATCOM/BES3SC

Figure 8.12 shows real and reactive power waveforms of the high-level control, with a

three-phase fault applied from 20 cycles to 25 cycles, between SUB L and SUB M, with E-

STATCOM/BE3SC. The real and reactive power is the same as in Case 2 due to the control

settings used.
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Figure 8.12: High-level control real and reactive power with three-phase fault, with E-STATCOM/BE3SC



134

8.6  Control of Hybrid Energy Storage System Charge/Discharge Operations
As discussed in Chapters 6 and 7, bidirectional dc-dc converters are utilized to allow

both directional power flow to charge and discharge the energy storage system. During
certain abnormal conditions, total power generation less than the load demand will result in
low system frequency. Similarly, total generation more than load demand will result in high
system frequency. A frequency that is not within the acceptable range between 59.8 Hz and
60.2 Hz may result in system instability and possible outages. System operations would
normally respond with generator runback if the frequency is too high or load shedding when
the frequency is too low.

To avoid the need for load shedding or generation tripping and reduce the potential for
system instability, the bidirectional dc-dc converters are controlled to facilitate power
exchange between the ESS and the grid. The following subsections cover the power controls

for the charge and discharge operations.

8.6.1 Control of charge/discharge operations when no power transfer is required
During steady state conditions, when power generation and load demand balance each
other, power exchange between the grid and ESS is not required. In this case, P.ommana=0
(P,ero)- However, the battery and supercapacitor can exchange power to ensure that the
initial SOC on each is at a level appropriate to respond to the next disturbance. Figures 8.13,
8.14, and 8.15 show the SOC, current, and voltage waveforms, respectively, in a case where
the battery SOC is too high and it is discharging to charge the supercapacitor. The battery
SOC decreases from 50% to roughly 49.8% in 1 second as seen in Figure 8.13. During this

time, the discharge current for the equivalent battery representing all of the submodule
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banks increases from 0 A to roughly 20 kA as seen in Figure 8.14 and the battery voltage
decreases from roughly 520 kV to 420 kV in 1 second as seen in Figure 8.10c. The battery is
rated at 2500 Ah and the supercapacitor is rated at 10,000 F, per phase Figure 8.11 shows a

plot of the supercapacitor SOC in charge mode and Figure 8.12 shows a plot of P.,mmand=

0.
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Figure 8.13: Battery state of charge providing charge balance between battery and supercapacitor
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Figure 8.14: Battery discharge current providing charge balance between battery and supercapacitor
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Figure 8.15: Battery voltage providing charge balance between battery and supercapacitor

As the battery initially discharges from SOC of 50%, the energy is used to charge the

supercapacitor. Figure 8.16 shows the corresponding supercapacitor SOC increasing from

0%.

Figure 8.16: Supercapacitor state of charge providing charge balance between battery and supercapacitor
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8.6.2 Control of charge/discharge operations at P.,mmana # 0

During an abnormal condition on the grid, when the measured system frequency is less than
the minimum acceptable frequency, the bidirectional dc-dc converter controls the hybrid
energy storage system to transfer power to the grid to keep the restore the system frequency.
To achieve this, the P.,mmana 9enerates a current command, I.ommanda, Which is processed
via a PI controller as discussed in Chapter 6. In this simulation, the P.,nmana 1S Set at a
maximum value of 900 kW for both the battery and the supercapacitor so both discharge
power into the grid to mitigate the low frequency issue. While the battery is discharging, as
shown in the state of charge in Figure 8.13, the supercapacitor is also discharging as shown
in Figure 8.18. Note that the supercapacitor discharge current is initially high, and then
decreases as the battery current increases as shown in Figure 8.19. This initial peak of the

current waveform is due to initial transients.

In this simulation, notice that the discharge current of the battery is roughly 8 times more
than the discharge current of the supercapacitor. Figure 8.14 shows that the discharge
current of the battery is roughly 20 kA while Figure 8.19 shows that the discharge current of
the supercapacitor is roughly 2.5 kA and Figure 8.20 shows the supercapacitor voltage is

roughly 237 kV when discharging to the grid.
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Figure 8.20: Supercapacitor voltage when discharging to the grid

8.7  System Voltage Magnitude Response to Changes in Solar Generation Output

The response of the grid system is analyzed with total generation of 3,170 MW installed

and with reduced system generation; predominantly 1,259 MW solar generation dropped at
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SUB G of the system shown in Figure 7.1, Figure 8.21 shows waveforms with all generation
installed in the system. Notice that the initial RMS voltage at the 500 kV bus is roughly 532

kV (1.06 pu). This is the required scheduled voltage of the bus.

Also, voltage drops are experienced due to reduced generation. This causes a voltage
drop as low as13% (from 532 kV to 463 kV as will be discussed in Section 8.9, and it is a
voltage violation based on the North American Electric Reliability Cooperation (NERC)
reliability standards. If this reduced generation occurs during routine system maintenance
when some equipment is out of service, the system frequency may drop below the minimum

setpoint of 59.8 Hz, resulting in stability issues.
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Figure 8.21: RMS voltage response for all generation (3,170MW) with E-STATCOM/BE3SC

8.8  System Frequency Response to Changes in Solar Generation Output

Figure 8.22 shows system frequency drops with reduced generation at SUB G during
outage of the line between SUB L and SUB M. Notice that the frequency at SUB G initially
drops from 60 Hz to 59.845 Hz and the synchronous generators try to regain stability by
increasing speed to increase the system frequency to 59.965 Hz. Figure 8.23 shows
frequency fluctuations at SUBS L, G, M and D. Notice that the lowest frequency of 59.800
Hz is experienced at SUB L due to the highest load-generation imbalance experienced at the

substation. If additional PV was reduced from the system or an outage of a critical



140

equipment were to occur during this time, this could result in system instability and system

operators may need to shed load to avoid local blackout.
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Figure 8.22: Low frequency variations at SUB G, for reduced PV at SUB G, without compensation
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Figure 8.23: Low frequency variations at SUBS L, G, D, and M
for reduced PV at SUB G, without compensation

To increase the system frequency, the E-STATCOM is connected at SUB G. Figure
8.24 shows that the frequency measured at SUB G for reduced PV barely drops below 60 Hz
with the enhanced STATCOM connected at SUB G, with a minimum frequency of 59.9917
Hz. This mitigates the risk of possible load shedding due to the next outage. The E-

STATCOM injects roughly 340 MVAR, 8 MW power into the system to improve the
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system stability. Figure 8.25 shows the waveform of the frequency at SUB G when all the

generation and the system is restored in its normal configuration. Notice that the frequency

is at 60 Hz and this is the desired frequency.

Frequency (Hz)

60.0050
60.0045
60.0040
60.0035
60.0030
60.0025
60.0020
60.0015
60.0010
60.0005
60.0000
59.9995
59.8990
59.9985
59.9980
59.98975
59.8970
59.9965
59.9960
59.9955
59.8950
59.8945
59.9940
5909935
59.8930
59.8925
59.6920
599915

59.8910
0

2 3 4 5 8 T8 9 10 11 12 13 14 15 16
Time (Sec)
[—222:6T:500.0:0: 100 11 :1:fbug:fmeta]
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Figure 8.25: System frequency response for full generation restored at SUB G

8.9 E-STATCOM/BE3SC connected to mitigate high voltages

As mentioned in Chapter 7, the 500 kV system under studies experiences both high and
low voltage issues under certain operating conditions. The high voltages are due to high
solar penetration in the area at buses G and L and the low voltages are due to certain
outages. The PSLF schematic in Figure 8.26 show high steady-state voltages on the system

without the enhanced STATCOM, and Figure 8.27 shows the regulated case. The orange
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color at the buses signifies high voltages above 500 kV and the red color signifies low
voltages below 500 kV. For this 500 kV system, nominal voltages between 525 kV and 540
KV are acceptable to ensure that the underlying 230 kV system has adequate voltage levels.
Notice that the high voltage on BUS G is of greatest concern due to high PV generation and
as a result, this is where the enhanced STATCOM is installed.

The power flow results in Figure 8.26 show that the highest voltage in the system is at
SUB G (roughly 554 kV and angle 6.86 leading). This voltage is above the acceptable limit
under normal operating conditions. This location is chosen to install the enhanced
STATCOM because it has the highest voltage issues due to high PV generation; it is around

the midpoint of the area of interest, and it has space to accommodate the enhanced

STATCOM device.
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Figure 8.26: High voltages without E-STATCOM/BE3SC
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Figure 8.27 shows power flow results with the enhanced STATCOM connected at SUB
G. The rating of the device is +/- 600 MVAR, 8.4 MWh. As seen in the plot, the E-
STATCOM/BE3SC designated (V1) is absorbing roughly 531 MVAR , 8 MW from the
system to reduce the bus voltage from 554 kV to 526 kV; a 5% voltage reduction. The
voltage levels in the rest of the system are within an acceptable normal operating range of

between 525 kV and 540 kV.
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Figure 8.27: E-STATCOM/BE3SC used to regulate system voltage

8.10 E-STATCOM/BE3SC used to mitigate low frequency issues due to Loss of PV
In a partly cloudy day, if solar generation is suddenly reduced in the area (by roughly
1.26 GW) while the transmission line between SUB L and SUB M is out of service for

maintenance, this will result in low voltages at SUB L (462 kV or 0.93 pu) and SUB G (479
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kV or 0.96 pu), and a low frequency on the system. The enhanced STATCOM connected at
SUB G injects real and reactive power into the grid to increase the system frequency and
increase the system voltage respectively.

As described in Section 6.4.1, the P,,;mmana 1S the required power command to keep the
grid within an acceptable frequency range, between 59.8 Hz and 60.2 Hz. To generate the
Pcommana, the controller senses the grid voltage, V4 and grid current, I,,.;,; and multiplies
the components. The resulting grid power, P,.;q Which is equivalent to the grid power or
generation capability, is compared with the grid load, Ldg4. In this case, Pg,.;4 is less than
Ldgyig- The Peommana OFf 8 MW is generated to discharge the ESS into the grid to increase

grid frequency. The enhanced STATCOM will also need to inject 365 MVAR into the
system to raise the voltage. This will eliminate the need to shed customer load. Figure 8.28
shows power flow results for the system without the enhanced STATCOM, and Figure 8.29
shows power flow results for the system with the enhanced STATCOM connected at SUB

G.
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8.11 Summary of Simulation Results

Table 8.1 summarizes the PSLF voltages of the 500 kV system without compensation,
with MMC STATCOM and with E-STATCOM/BE3SC connected to the system. Notice
that the enhanced STATCOM shows better results during both low voltage and high voltage
than either the case with the MMC STATCOM or for the system without compensation. Due
to the small size of ESS used in this simulation, the frequency performance for the enhanced
STATCOM and MMC STATCOM do not show a significant difference. If the energy
capacity of the ESS were to be increased to a magnitude of hundreds of megawatts-hours,
there would be significant difference in frequency performance between the two

STATCOMs.

Table 8.1: Bus voltages comparison without compensation, with MMC STATCOM
and with E-STATCOM/BE3SC

Contingency Without Compensation With MMC STATCOM _

BUS L BUSG | BUSM | BUSD | BUSL | BUSG [ BUSM | BUSD | BUSL | BUSG | BUSM | BUSD

No contingency 552KV | 554KV | 540KV | 541KV | 532KV [ 527KV | 541KV [540KV [531 KV | 526 KV | 540KV | 540 KV
(High voltage issue) 1.10pu | 1.11pu | 1.08 pu | 1.08 pu | 1.06 pu [1.05 pu| 1.08 pu |1.08 pu(1.06 pu| 1.05 pu | 1.08 pu | 1.08 pu

Outage of PV at SUB G with
outage of 500 kV Line 462KV | 479KV | 540KV | 536KV | 528 KV | 533KV | 540KV |538 KV |529KV| 534 KV | 540KV | 539 KV

between SUB Land SUBM| 0.93pu | 0.96 pu | 1.08 pu | 1.07 pu | 1.06 pu |1.07 pu | 1.08 pu |1.08 pu|1.06 pu| 1.07 pu | 1.08 pu [ 1.08 pu
(low voltage issue)

Based on Table 8.1, the following can be concluded:
I) The E-STATCOM/BE3SC improves both high voltage and low voltage
performances during normal system operations and during contingencies
I1) The E-STATCOM/BE3SC and MMC STATCOM provide dynamic voltage
compensation nearly equally well. The E-STATCOM/E3SC has the capability for

both real and reactive power exchange based on the system needs.



I11) A major advantage of the E-STATCOM/BE3SC over the MMC STATCOM is in

frequency control.

Table 8.2 summarizes the frequency response of the system with reduced PV

generation:

Table 8.2: Frequency response without compensation and with E-STATCOM/BE3SC

Without Compensation

PV reduced and line outage

59.861 Hz - 59.750 Hz

59.991 Hz — 60.001 Hz

Risk of load shedding

High

Low

Maintenance flexibility

Low

High

Based on Table 8.2, the following can be concluded:

) The E-STATCOMY/BE3SC increases the frequency of a system to reduce the risk of load

shedding during low frequency conditions.

I1) The risk of load shedding is higher in a system without power compensation and

lower in a system with the enhanced STATCOM connected.

[11) Flexibility for performing routine maintenance is higher in a system with the

enhanced STATCOM connected because the device provides capability of the

system to control and regulate frequencies for the next contingency.

Table 8.3 compares the attributes of the number of the 11-submodule MMC STATCOM and

the 22-submodule MMC STATCOM.

Table 8.3: Comparison of 11-submodule MMC STATCOM and 22-submodule MMC STATCOM

11 submodules MMC

22 submodules MMC

Number of submodules

11

22

Voltage waveform

few steps

more steps, close to sinusoidal
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From Table 8.3, the higher the number of submodules, the higher the number of steps and
closer the voltage waveforms are to sinusoidal shape, reducing filtering needs or the need for

pulse width modulation. This represents a trade off in capital cost versus operational costs.

Table 8.4 shows that the low-level capacitor output voltage for the enhanced STATCOM is
pretty much same as that for the MMC STATCOM.

Table 8.4: Low level capacitor out voltage level for the MMC STATCOM and E-STATCOM/BE3SC
MMC STATCOM E-STATCOM/BE3SC

Low level capacitor voltage 39.5 kv 40 kv

This chapter presented simulation results when a hybrid energy storage system with
MMC STATCOM provided real and reactive power compensation when connected to a 500
kV system. The enhanced STATCOM has bidirectional dc-dc converters that controlled the
exchange of power between the hybrid energy storage system and the grid to control power
exchange to maintain frequency stability of the grid. The simulation results show that the
enhanced STATCOM has better frequency control than the system with STATCOM alone
and better dynamic voltage performance and frequency control than the system without

compensation.

8.12 Assumptions, Challenges and Validation

The assumptions made in the research are that the model is correct, and the actual
devices operate correctly. Also, it is assumed that the devices are installed in a fenced
substation, protected from external access or attack. The communication system has

redundancy and has reduced failure risk.
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The challenges running this system are to determine the number of submodules to
connect the HESS to, in order not to cause unacceptable levels of harmonic distortion. This
is a good topic for future research. Another challenge is balancing voltages when sharing
series connection of batteries and supercapacitors. In this research, perfect sharing among
the series connected batteries and supercapacitors is assumed.

The E-STATCOMY/BE3SC can be validated in the field by using regular STATCOM
response first and comparing with the E-STATCOM/BE3SC response. To validate regular
STATCOM response, the HESS is removed by disconnecting the terminals of the
bidirectional dc-dc converters from the dc-link capacitors of the STATCOM submodules.
As discussed in the cases in Chapter 8, one approach is to reduce PV generation by
disconnecting solar generation at SUB G. The system frequency and voltages are measured
at various substations. To validate the E-STATCOM/BE3SC response, HESS is added by
connecting the terminals of the bidirectional dc-dc converters to the dc-link capacitors of the
STATCOM submodules. With the same amount of generation reduced, measure the system
frequency and voltages at the substations. Notice that the system frequency and voltages are
higher with the E-STATCOM/BE3SC connected. The assumption is that the frequency and

voltage measurements are made under identical load demand levels and system conditions.
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Chapter 9: Summary, Conclusions and Future Work

9.1 Summary

There is an increasing need for sources of dynamically controllable real and reactive
power to maintain stability of electric power systems. FACTS devices such as SVCs and
STATCOMs are presently used improve the stability of electric power systems by
dynamically controlling reactive power supplied to the system. However, they cannot
provide dynamic real power control. In this dissertation, a device capable of both dynamic
real power control and reactive power control was discussed. The device consists of a
modular multilevel converter-based STATCOM combined with a hybrid energy storage
system that integrates a battery energy storage system with a supercapacitor energy storage
system.

The STATCOM generates or absorbs reactive power by regulating ac voltage and
current waveforms using a VSC. Modular multilevel converter - based VSC applications
have attracted a lot of interest for high-voltage and high-power applications with reduced
switching losses.

However, the STATCOM alone cannot provide dynamic real power control. In the proposed
approach, battery and supercapacitor energy storage devices are utilized with the STATCOM
to add dynamic real power control. The devices in the hybrid storage system are sized in order
to get the acceptable quantity of output power and controlled to increase the lifetime of the
battery.

Supercapacitors have benefits of large capacitance, quick charge and discharge

capabilities in bursts, and high-power density. Supercapacitors can accept and deliver charge
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much faster than batteries and tolerate many more charge and discharge cycles than
rechargeable batteries. However, supercapacitors have poor energy density compared to
batteries and are not as cost effective for bulk energy storage applications.

Batteries have benefits of high energy density and the ability to supply bulk energy over a
long period of time. However, in many cases, battery life and performance is degrading with
frequent fast charging and discharging operations, conditions that also tend to lower turn-
around efficiency. Although batteries and supercapacitors have limitations, the hybrid energy
storage system combined benefits cited in a complementary fashion for energy storage and
active power injection in electric grid applications.

Matlab/Simulink was utilized to simulate the response of an electric transmission
system under fault conditions and with a line outage, without compensation, with a
STATCOM alone and with the enhanced STATCOM with energy storage. Simulation plots
show that the system voltage magnitudes improved significantly when the hybrid energy
storage system was combined with the STATCOM for power compensation. A few results
for bidirectional dc-dc converter control for charging and discharging of the hybrid energy
storage system were also presented. This control allowed the exchange of power between
the hybrid energy storage system and the grid, thereby mitigating system stability issues
during abnormal conditions. PSLF was used to perform some of the simulations that could
not be performed with Matlab due to limitations of Matlab. PSLF results were consistent

with Matlab outcomes.
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Conclusions

This dissertation discussed the enhancement of the MMC STATCOM to improve low

and high voltage issues, system stability during reduced PV generation, frequency imbalance

and three-fault conditions. The dynamic performance of the power system was analyzed

based on the following attributes:

System recovery following a three-phase fault
Charge/discharge controls of the bidirectional dc-dc converters

Dynamic response of the system with varying Q,.r values

System response with reduced solar generation output

These attributes were simulated, and the following conclusions can be drawn:

1)

2)

3)

4)

The steady-state waveforms improved when the enhanced STATCOM (hybrid
energy storage system was combined with the STATCOM for power compensation).
The low-level capacitor voltage is pretty much the same for the enhanced MMC
STATCOM with hybrid energy storage as with the MMC STATCOM alone.

These charge/discharge operations help maintain steady-state stability of the system
The enhanced MMC STATCOM might be a promising technique for electric utility
applications. The ability to connect real power sources (such as batteries with
supercapacitors) in modular multilevel submodules makes the devices versatile and
suitable for many applications. The batteries and supercapacitors share benefits of
high energy density and high-power density. The battery life can be significantly

increased by combining them with supercapacitors and controlling the
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6)

9.3
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supercapacitors to provide fast, frequent charge and discharge operations since they
have higher tolerance for charge/discharge operations than batteries.

Incorporating real and reactive capabilities into one device provides operational
flexibility, reduces possible unstable control interactions when operating multiple
devices from different manufacturers at different locations

This design also supports incorporation of renewables and clean energy into the grid

and helps meet state mandates for clean energy emission and storage.

Future Work

For researchers who will be interested in working further on this topic, the following

areas could be further studied:

i)

Additional research is needed to compare the performance and relative costs of
connecting energy storage system across the dc link capacitor for each MMC
submodule versus connecting energy storage system across the dc link capacitor of
the entire series combination of MMC submodules.

Future studies should look at advanced control of real and reactive power balancing
during charge and discharge operations of the ESS. Controls should be designed to
determine the best combination of real or reactive power needed, based on the system

needs.

iii) Future studies should look at what connecting the HESS to a subset of the MMC

submodules does to harmonic distortion. The studies should determine if the needed

energy storage should be lumped and connected to one submodule or if it should be
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spread out to each submodule of the MMC STATCOM. Determine how the harmonic
distortion of the waveforms be impacted in either case.

Further study is needed to evaluate the trade-off on cost/performance having more
supercapacitors versus more batteries. Supercapacitors are not cheaper than batteries
for an equivalent power rating or energy storage rating. Having more supercapacitors
than batteries will increase cost of the design but will also improve performance of
the system and improve battery life. The study should look at the benefit-to-cost ratio
of the design.

When connecting batteries or supercapacitors in series, it can be a challenge to
balance voltages when sharing them. Perfect sharing among the series connected
supercapacitors or batteries in strings was assumed in this dissertation. Future work

should look at the voltage balancing mechanism.
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Appendix A

Major components of STATCOM Power Module [From Siemens]

Sub-module

Power Module including

= 4|GBTS
Frmrmmmememe—e, B Gate drivers
i:t _F_ ® 4 Free Wheeling Diodes
F s3] Heat sinks
e R 4 ® fast Bypass

DC capacitor
= Dry type (no oil filing)

e | part of the submodule

Restricted © Siemens Industry, Inc. 2018
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Appendix B

Typical STATCOM System [Siemens]




